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ABSTRACT 
The aviation industry’s interest towards cavity control methods rose accordingly due to the acoustic attenuation 
potential of such methods. However cost effective control devices which are also efficient over a wide range aircraft 
operations are yet to be developed.  
This paper investigates the use of a sinusoidal surface modification application upstream of a cavity as a passive 
acoustics control device in approach conditions. Optimum sinusoidal amplitude and frequency were previously 
determined by the means of a two-dimensional computational fluid dynamics analysis for a cavity with a length to 
depth ratio of 4. A complete three-dimensional CFD analysis of this configuration as well as a base-line case without 
control device was carried out in this study. The overall sound pressure level was reduced with the surface 
modification at the majority of the points investigated.  

 

Keywords: Applied Aeronautics, Aeroacoutics, Landing Configurations, Cavity Noise. 

 
 

1. INTRODUCTION 
 

 Research has been made on flow over cavities for over a century, however after the Second World War the 
interest toward cavity aerodynamic and acoustics has been rising due to possible application to aircrafts. The 
oscillation within and surrounding cavities became an issue due to the generalisation of bomb bays and wheel wells, 
for instance. Along with a reduction of aircraft performance by drag increase, the presence of open cavity can result 
in the generation of adverse acoustic effects. Generation of high acoustic peaks results in high applied pressure 
which could induce moments depending on the location of the cavity as well as compromise aircraft structure at the 
cavity surrounding.  

Various flow control solutions have been elaborated over the years, from simple passive solutions generally 
based on geometry modifications to expensive active method requiring addition to operate. However, a cost 
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effective solution, which is efficient over a wide range of operations, is yet to be discovered. Most of the research 
previously made related to weapon and bomb bays. However, the need of the modern aircraft industry to reduce the 
acoustic generation of their designs due to the rising concerns regarding noise pollution surrounding airports resulted 
in a recent augmentation of subsonic flows over cavities studies. 

This study was carried out as a continuation of the two-dimensional computational fluid dynamics (CFD) 
analysis on subsonic flow over cavities and attenuation of self-sustaining oscillation occurring within them as 
described in [1, 2]. The attenuation method investigated consists of the application of a sinusoidal surface 
modification ahead of the cavity use as a control device.  

This research aims to improve the study made on the previously determined optimum control device by carrying 
out a full three-dimensional analysis.   

 

2. CAVITY FLOW FIELDS 
 

 Noise pollution became a major concern over the years. Organisations such as the Advisory Council for 
Aeronautics Research in Europe (ACARE), defined a range of objectives for environmental improvements by 2020 
as detailed in [3], including a 10 dB reduction per fixed wing aircraft operation. Topology of cavity flow fields, 
especially in subsonic conditions, are reviewed in this section in order to point out the main flow characteristics, as 
well as the oscillation prediction methods. 

 
2.1. Time-Averaged Flow 
 Despite the fact that flows over and surrounding cavities are unsteady by nature, information such as flow 
patterns and pressure distribution can be drawn out of time-averaged flow. As described in [4], the types of flows 
over rectangular planform cavities can be divided into two main categories with a range of transitional ones between 
them.  The length to depth ratio l/h is the cavity characteristic which mainly determines the flow type within it, 
which is  

 
2.1.1. Open and Closed Flow Types 

Open flow occurs within cavities with low l/h. As the flow enters the cavity the shear layer is separated from the 
leading edge, bridges the cavity and impinges near or at the top of the rear wall generating a stagnation point, and 
consequently a vortex is generated within the cavity, as shown in Figure 1. 

 
Figure 1: Subsonic open flow over rectangular cavity [5] 

 
Furthermore, it is important to note that in the case of really low l/h multiple superposed vortices can be 

generated. 
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Closed flow occurs within cavity with large l/h. As the flow enters the cavity the shear flow separates at the front 

wall and then impinges on the cavity floor. Then at the proximity of the rear wall the flow separates and hits the rear 
wall top region creating a stagnation point. This results in the formation of two vortices, next to the front and rear 
walls of the cavity, as presented in Figure 2. 

 

 
Figure 2: Subsonic closed flow over rectangular cavity [5] 

 
2.1.2. Determination of Flow Types 
 Throughout the years categorisation of flow regimes [6-8], at subsonic speeds, for different l/h cavity ratios has 
been achieved by analysing the floor pressure distribution curves. An example of this is the work described in [9] 
and is a main source of information in cavity flow type characterisation. Figure 3 shows the floor pressure graphs for 
subsonic speeds for an increasing l/h as given in ESDU 02008 defined in [10] by using data collected in [9]. 

 
Figure 3: Cavity floor pressure distribution for cavity flow field at types at subsonic speeds [9] 

 
Pressure distributions in Figure 3 present the following characteristic according to the topology of the Cavity flow 
field in Subsonics. 
 

(a) Open flow 

• The pressure is roughly linear for a substantial part of the floor 

• Closer to the rear wall the pressure distribution has a concave-up shape 
(b) Open/Transitional flow boundary (shown hatched to suggest uncertainty) 
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• Pressure over the floor remained almost the same to that of open flow apart from the final portion which 
has changed to a concave-down shape. 

(c) Transitional flow 

• At this stage of the flow the front part of the flow exhibits a negative pressure with a slight increase in 
pressure at the rear part. The overall shape of the graph is unchanged. 

(d) Transitional/Closed flow boundary (shown hatched to suggest uncertainty) 

• The pressure coefficient graph has a higher gradient than before changing from a negative value, at the 
front of the floor, to a positive value at the rear of the wall. It is also possible to note the start of the creation 
of an inflection, at mid cavity floor. 

(e) and (f) Closed flow 

• Further increase in l/h causes the inflection occurring at mid-length to reach a zero gradient. 

• This flat part of the graph changes to a minimum, close to the front of the cavity floor, followed by a 
change to maximum just before the rear of the floor. 

• The maximum floor pressure is unchanged at the rear part of the cavity floor. 
  
 
2.1.3. Three-dimensional Effects 
 In [6], the notion of three-dimensional flow away from the cavity borders was first introduced. This research on 
flows over cavity with large width to length w/l ratio using oil based medium on the cavity floor and lateral pressure 
distribution measurements led to discover cellular structured flows within the cavity. At a given w/l, the flow went 
from a mainly two-dimensional pattern to a three-dimensional one as the depth was gradually increased. The 
variation of pressure along the cavity width generated a wave-like oil pattern of the cavity floor. The pressure 
distribution along the cavity central line is therefore demonstrated not to be always representative of the pressure 
distribution within high w/l cavities. 

 
Figure 5: Example surface flow on cavity floor [6] 

 
 

 Effects of the decrease of length to depth l/h ratio on cellular structure formation were investigated. Wave 
structure was first observed at l/h =2.2, with further decrease in l/h steady wave pattern were only found when the 
wave length was allowing a finite number of cells. Intermediary stages were found to be unsteady. The following 
equation developed in [6] allowed determining the cell span s in function of the cavity dimensions:  
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The side walls have an important influence on three dimensional flow characteristics within cavity. Logically, 

flow over cavities with high w/h only experience effects of wall at their proximity. By opposition, flow over cavities 
with low w/h will be dominated by them. The schematic diagrams in Figure 6 of flow structures for small width 
open and closed rectangular cavities at subsonic speeds described in [10] illustrate the possible three-dimensional 
nature of the main flow. 

 

 
Figure 6: Main three-dimensional flow structures for rectangular  

                closed (a) and open (b) cavities (adapted from [10]) 
 

 Those structures have been extrapolated from various theoretical prediction results as well as flow visualisations 
as described in [11-14]. 
 The flow patterns suggest the following main flow structures within the closed and open cavities:  

• Closed cavity shown in Figure 6 (a) 
There are two main regions of vortical flow aft of the front wall and forward of the rear wall as shown in 
Figure 2. The impingement line is curved due to the side wall effects.  A  very  weak  lateral  vortex  forms  
between  the  front  wall  and  the  forward separation line, making a counter rotating flow region. On the 
cavity base just aft of the front wall and close to the side walls, there are two weak separation nodes, which 
are associated with a pair of counter rotating vertical vortices. There are two other separation nodes on the 
cavity floor, close to the side walls and at the extremities of the separation line, which are indicated by a 
pair of counter rotating vertical vortices. While the shear layer cascades over the front wall, the flow is 
entrained over the side walls. Due to the  recompression  action  of  shear  layer  rising  to  pass  over  the  
rear  wall,  some  of  the entrained flow is ejected from the side walls.  

 

• Open cavity described in Figure 6 (b) 
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There are tandem rotating vortices, in the central spanwise region. There is also a small, weak  corner  vortex,  
which  has  a  sense  of  rotation  opposite  to  that  of  the  strong  rear vortex. There are two separation nodes on the 
cavity floor just aft of the front wall, which indicate a pair of counter rotating vertical vortices. For deep open 
cavities, one large captive vortex usually dominates the flow and the two recirculation  areas  associated  with  
corner  vortices  are  either  small  or  negligible.  Therefore, the pressure on the centreline is quasi-uniform, and 
then increases near the downstream wall of the cavity as shown in Figure 3. However, for open-transitional flow 
regimes, the upstream recirculation zone has a non-negligible size. In these cases, the pressure distribution shows a 
lower pressure near the upstream wall when compared to the open cavity flow type. 
 
2.2. Unsteady Flow field 
 Unsteady cavity flow field consists of a combination of both random and periodic pressure fluctuations. Pressure 
fluctuations are by nature random for cavities with closed flow. On the other hand periodic fluctuations, responsible 
for cavity tones, are prevalent for open flow. Nevertheless such fluctuations are also common with transitional flows 
and can even occur with closed flow. In [15], it was determined and classified as resonant, cavity configuration and 
subsonic flow likely to produce significant tones. The figures below illustrate typical spectra for cavity with closed 
and open flows as well as a section of the resonant range classification presented in [15] corresponding to the cavity 
dimensions of interest for this study. 

 

  
Figure 7: Cavities with closed and open flows spectra examples and resonance range with cavities at various 

subsonic speeds [15] 
 
 

2.2.1. Self-Sustaining Oscillations and Types of Oscillations 
 The terms of self-sustaining oscillation is self-explanatory, however the principles behind it are rather complex. 
The impingement of the shear layer on the rear wall at the proximity of its edge generates an upstream propagation 
of the disturbances called feedback mechanism. These returning pressure perturbations generate vorticity 
fluctuations near the shear layer separation at the front wall, amplifying the instabilities within the shear layer which 
then impinge on the rear wall, closing the self-sustaining cycle. 
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Figure 8: Self-sustaining oscillations representation [16] 

 
In [16], the following three classes of cavity oscillations: fluid-dynamic, fluid-resonant and fluid-elastic were 
defined. 

• Fluid-dynamic oscillation, represented in the figure below, is an oscillation generated only by the 
shear flow instability.  

 
Figure 9: Fluid-dynamic oscillations [17] 

 
According to [18], fluid-dynamic oscillations will only occur if the ratio between the cavity length to 
acoustic wavelength is very small. The primary mechanism for this type of oscillation is the 
amplification of unstable disturbances in the shear layer. The additional feedback condition is also 
important in the generation of oscillations. The feedback is enhanced by the upstream propagation of 
disturbances, due to the cavity trailing edge. Pressure perturbations originating from the trailing edge 
of the cavity produce fluctuating vortices close to the shear layer, which in turn enhance the 
disturbances in the shear layer. This process is repeated over and over again.  

 

• Cavity oscillations are classified as fluid-resonant if the oscillations are affected by resonant wave 
effect also known as standing waves. In this case the shear layer oscillation is couple with either one or 
more acoustic resonant modes. These modes are length, depth or width related as represented in the 
following picture.  
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Figure 10: Fluid-resonant oscillations [17] 
 
Fluid-resonant oscillation can only occur if one of the cavity dimensions is of the same order or greater than 
acoustical wavelength; the standing waves generated then occur in the longest of the cavity dimensions. Finally it 
should be noted that fluid-resonant oscillation generally occurs at high speed. 
 

• Cavity oscillations are classified as fluid-elastic if the oscillations within the shear layer are coupled with the 
motion a part or the entirety of the cavity walls as represented in the figure below. 

 
Figure 11: Fluid-elastic oscillations [17] 

 
 

• Normal Acoustic Mode Oscillations consist of an excitation of the cavity normal acoustic mode by the shear 
layer instabilities. Such oscillation can occur at any speed however it generally takes place with deep cavities at very 
low speed. Note that a feedback mechanism is not required to generate normal mode resonance; on the other hand it 
can amplify the resonance if present. 

 
2.2.2. Prediction of Oscillations 
 In [19], an equation was derived enabling the prediction of mode frequencies. Two assumptions were made to 
derive the equation; the first one is that the frequency of the acoustic pressure wave response is equal to the vortex 
shedding frequency.  
 

         St � f� �
�� � ���

� �
������                       (2) 

 
Where St is the Strouhal number, m is the tonal mode number and fm is the frequency of the tonal mode. Both kv and 
ξ were determined empirically from wind tunnel testing as detailed in [19]. kv is the ratio of the average downstream 
vortex convection speed to that of the free stream and finally ξ is an empirical parameter used to take in account the 
phase difference acoustic wave arrival upstream and the vortex impingement on the rear wall. 
ξ was determined to be dependent on the length to depth ratio l/h however it was shown in [19] that ξ=0.25 a 
satisfactory value to assume independently to both l/h and width to depth ratio w/h. He also deducted the value of 
0.57 for kv from tests of l/h=4 cavities. 
Those two values have been widely accepted however it is possible that they might vary with increase of the 
boundary layer thickness ahead of the cavity δ.  As detailed in [20], seven cavities with l/h=4.5 and w/h=1 were 
tested at Mach 0.6 with seven different scaling factors to vary the cavity depth to boundary layer thickness ratio δ/l. 
The results obtained were in agreement with the kv value put forward in [19]. However the results given in [20] 
indicated that the value of ξ increased with increase of δ. 
When compared with test results, the predictions obtained by the equation defined in [19] with ξ = 0.25 and kv = 
0.57, were found to be in coherent up to approximately Mach 1.5.  The relationship between the speed of sound a 
and the acoustic pressure wave c described in [21] is given by: 
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Where r is the temperature recovery factor and γ is the specific heat ratio. The assumption taken in [19] that a= c 
consisted as assuming that r being equal to 0. But as detailed in [21], r  was determined to be equal to 0.9 and 0.95, 
respectively at Mach 0.8 and 3. Eq.  (2) was rearranged for supersonic flows assuming r = 1, as shown in [21]. 
 

        St � ���
�
���

&
'�(��	!)*�$&�

                        (4) 

 

3. MODEL DESCRIPTION AND SIMULATION METHODOLOGY 
 
3.1. Cavity Geometry and Monitoring Points 
 The CAD Package used to create the geometry and domains studied is UGS Solid Edge V20 and Ansys ICEM 
CFD. The domain consists of a rectangular shaped cavity included within a larger domain. The dimensions of the 
square cavity were taken from [22]. The width w and length l equal to 50.8mm (2inch) and with a depth h equal 
12.7mm (0.5inch), resulting with a length to depth ratio l/h of 4 and a width to length w/l ratio of 1. 

For the purpose of this study, two cases were examined. The first case which is designated as the “flat” case 
investigated and was used as a baseline is the square cavity described in [22]. 

The second case which is designated as the “wavy” case investigated the cavity acoustic control solution 
consisting of a sinusoidal surface modification upstream of the cavity over a length of 254 mm. Only one length of 
the wavy surface was investigated in this research which was based on the test case described in [22].  
 In [1, 2], different surface modifications were simulated by varying the amplitude and frequency in function of the 
length to depth ratio l/h. Hughes in [2] showed that the amplitude and the frequency of the wavy surface does not 
depend on the length to depth ratio.  It was then shown that the case with amplitude and frequency respectively 
equal to 3.25mm and 4.92x10-3 cycles per mm was observed as achieving the best reduction in cavity resonance at 
Mach 0.3.  

The surface modification was applied on the entire width of the domain. However it should be noted that this 
optimum design has the cavity leading edge higher than the trailing edge by 3.25mm, generating a step on the side 
of the cavity as shown in Figure below 

 
Figure 12: Cavity dimensions for l/h = 4 

 
 
Pressure fluctuations with time were acquired via a total of 70 monitoring points. As detailed in [1], 20 

monitoring points were used for the 2D cases; every tenth of the cavity length one monitoring point was placed in 
the alignment of the cavity edges and one on the cavity floor. This discretisation of control points inside of the 
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cavity was driven by the sound pressure level measurements.  A further study will require control points on the 
forward wall in order to characterise the cavity floor pressure.  

In this 3D analysis similar sets of points were placed, one on the cavity central line, one half way between the 
central line and the cavity side wall and the third one on the cavity side wall. Finally a set of 10 monitoring point 
was place at 12.7 mm from the cavity side wall at the level of the cavity edges. The following Figure illustrates the 
location along the cavity length and width as well as the logic behind the numbering of the monitoring points.  

 

     
Figure 13: Monitoring points location and numbering 

 
For the first set, the points bridging the cavity were numbered from 1 to 10 in the direction of the flow along 

with the cavity floor ones numbered from 11 to 20 in the direction of the flow. The other sets were numbered 
similarly, with points 21 to 40, 41 to 60 and 61 to 70 corresponding respectively to the set half way between central 
line and side wall set and cavity side set. 

 
 
3.2. Computational Mesh 

Figure 14 shows the computational domain and the grid structure for the Flat Case. The flat case mesh replicates 
the 2D parameters detailed in [1]. The 3rd dimension mesh has been obtained using the consecutive extrusions by 
normal element. For the first extrusion the entirety of the 2D surface mesh was selected then 20 layers with 1mm 
spacing between each other were extruded in the positive Z direction. Then all the cells of the 2D surface mesh 
except the cavity ones are selected and 40 layers with 1mm spacing between each other were extruded in the 
negative Z direction.  

The following figures and tables are respectively a scaled sketch of the cavity section and flat case sub-divided 
into blocks with labelled edges and table of the meshing parameters associated to the different edges. 

 

 
Figure 14: Side View of the Meshing Domain Sub-divided Into Four Blocks with Labelled Edges 

 
 

Edges A B C D E 
Nodes 101 50 254 254 88 

Mesh Law Geometric 1 BiGeometric Geometric 2 Geometric 1 BiGeometric 

Spacing 1 0.05 0.05 0.05 0.05 0.05 
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Ratio 1.2 1.2 1.2 1.2 1.2 

Spacing 2  0.05 0.05 0.05 0.05 0.05 

Ratio 2 1.2 1.2 1.2 1.2 1.2 

Max Space 1 1 1 1 1 

Table 1: Meshing Parameters 
 

 
Figure 15: Front View of the Meshing Domain Sub-divided Into Three Blocks with Labelled Edges 

 
 

Edges A B C D E 
Nodes 101 26 26 50 88 

Mesh Law Geometric 1 Geometric 2 Geometric 1 BiGeometric BiGeometric 

Spacing 1 0.05 0.05 0.05 0.05 0.05 

Ratio 1.2 1.2 1.2 1.2 1.2 

Spacing 2 0.05 0.05 0.05 0.05 0.05 

Ratio 2 1.2 1.2 1.2 1.2 1.2 

Max Space 1 1 1 1 1 

Table 2: Meshing Parameters 
 
 
This represents a total of 60 cells for the width of the model, a total of 75 cells were initially considered to match 

the general mesh density being used. However this reduction of 20% of the total number of cells within the mesh is 
justified by the proportional reduction of 44 hours to complete each CFD run as well as a reduction of 26Go of hard 
drive space required to store data produces by each run. The following Figure presents the detailed mesh for the Flat 
plate case. 
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Figure 16: Side and rear view of the flat case mesh 

 
 
The Computational mesh for the wavy case was generated to keep the same grid resolution defined for the flat 

case. Figure 17 and Figure 18 show the Mesh topology for the wavy case.  
 

                
Figure 17: Side and rear view of the wavy case mesh 

 

 
Figure 18: Wavy case central section mesh 

 
 
The time to run the solver being a crucial parameter of this study, the solver control was set in a way to optimize the 
time required without neglecting the accuracy. The convergence criterion was set as 1.E-4 RMS with a minimum 
and maximum coefficient loops respectively set as 2 and 5. This limits the approximately hundred first time steps to 
do too much iteration and forces the other one to do two iterations per time step. 
The following table compiles the solver control parameters incremented for pre-processing, common to both flat and 
Wavy Case. 
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  Tab Setting Value 

Solver 

Control 

Basic 

Settings 

Advance Scheme > Option Cartesian 

Transient Scheme > Option Second Order Backward Euler 

Convergence Control > Min Coeff. Loops 2 

Convergence Control > Max Coeff. Loops 5 

Convergence Criteria > Residual Type RMS 

Convergence Criteria > Residual Target E-4 

Table 3: Solver Control Parameters 
 
 
3.3. Turbulence modeling 

Anysy CFX Pre v 11 was used for the computations. Due to the topology of cavity flows Unsteady Reynolds-
Averages Navier-Stokes (RANS) modeling and Shear Stress transport (SST) modeling approaches were used. This 
turbulence model was chosen in order to represent appropriately the incoming boundary layer and, particularly, to 
resolve the subsequent shear layer and its instabilities, which is directly coupled with the oscillating pressure pattern 
in the cavity.  

Furthermore, time dependency is a crucial factor of this study due the unsteadiness of the flow field consisting of 
random and periodic pressure fluctuation occurring within the cavity. A transient simulation was therefore used, 
enabling the determination and exportation of the almost instantaneous pressure variations with time. Each time step 
was set as 5x10-5 seconds with initial time equal to zero and a the maximum time duration was set as 2048 time 
steps, cumulating a simulation time of 10.24 milliseconds. 

 
 
3.4. Data processing 
         The pressure fluctuations as a function of time, P(t), were recorded from the monitor points and were post 
processed as to achieve the power spectral density (PSD) and subsequently the sound pressure level as a function of 
frequency. The PSD describes how the power of a signal or time series, in our case the time dependent pressure, is 
distributed with frequency. 
         The PSD spectrum is determined by means of a Fast Fourier Transform (FFT) utilizing windowing as to 
smoothen the PSD estimate, in our case the Hanning window. The FFT of a signal P(t) is defined as 
 

                                    FFT!t, f$ = . P!τ$w!τ − t$e�45678dτ:
�:               (5) 

 
where w(t) is the Hanning window function, applied to obtain a clear definition of the fundamental frequencies.  
A relation exists between the SPL and the PSD which is defined  
 

SPL = 10log ?@AB@CDE� F                       (6) 

 
where Pref is the reference pressure for threshold of human hearing and has a value of  2×10-5 Pa. 
Time averaging the pressure fluctuations one would obtain the mean pressure 
 

      PG = #
H�HI

∑ PK!t$HKLHI                          (7) 
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where N is the total number of samples taken and N0 is the first sample number at which the time averaging starts. 
The root mean square pressure is therefore calculated via the equation: 
 

      P �M � #
H�HI

∑ !PK!t$ − PG$5HKLHI                        (8) 

 
Another important parameter which can be calculated is the overall sound pressure level (OASPL). This is defined 
by 

      NOPQR = 20 log ?TUVW
TUXYF                         (9) 

4. RESULTS AND ANALYSIS 
 All the computations were performed to simulate the approach conditions of an aircraft. Therefore a  freestream 
Mach number of 0.3 (99.44 m.s-1) and a temperature of the air equal to 25 ºC (298.15K) were used as initial 
conditions. 

 
  A total of 70 monitoring sub-divided into four sets along the cavity width were used for each case, however this 
study focused on two points at which the maximum SPL occurs, one located within the shear layer, the other one 
located on the cavity floor. As shown in [1], the monitoring points obtaining the maximum SPL values were the 
points 4 and 15. In the first set of monitoring points for the 3D cases, the maximum SPL occurs at point 5 and 15, 
though the SPL occurring at point 16 is comparable to the one occurring at point 15. This study therefore focused on 
points 4, 5 and 15 for the validation with the 2D cases then only on points 5 and 15 for 3D cases comparisons. 

 
 
4.1. Validation of results 

The following sections will in order aim to validate the 3D results obtained, analyse the evolution of the SPL 
along the width of the cavity and finally determine the effectiveness of the control method. 

 
4.1.1. Flat Plate Case 

Comparison of the two and three dimensional SPL spectrograms revealed a good conservation of the dominant 
tones for points 4 and 5. At monitoring point 4, the two tones respectively corresponding to the 1st and 2nd Rossiter 
modes were reduced by 14dB and slightly shifted by only 10Hz in the 3D case. Such reduction in SPL is to be 
expected when comparing 2D with 3D case due to dissipation in the 3rd dimension. Tonal peaks at monitoring point 
5 on the other hand were moderately increased in 3D, by 5dB for the dominant peak corresponding to the 1st 
Rossiter mode. The amplitude of the second dominant peak is similar in the 2D and 3D results. Finally monitoring 
point 15 spectrograms have similar features in the two cases. However a systematic dumping is perceptible in 3D, 
this is due to the dissipation acting on the cavity floor. Even so the 2nd dominant peak is still observable. 

 



INTERNATIONAL JOURNAL OF RESEARCH IN AERONAUTICAL AND MECHANICAL ENGINEERING 
Vol.2 Issue.8, 
August 2014.  
Pgs: 24-45 

 

 
Laurent Dala 38 

 

  (a)  (b) 

      (c) 
Figure 19: 2D/3D Comparison, Flat plate case SPL spectrograms at point 4(a), 5(b) and 15 (c) 

 
4.1.2. Wavy Plate Case  

 Once compared, two and three dimensional SPL spectrograms of points 4, 5 and 15 showed similar 
repartition to some extent of SPL over frequencies. The lack of fluctuation in SPL for monitoring point 4 could be 
explained by being relatively distant from the shear layer, this is due to inclined shear layer generated by the 
difference in height of 3.25 mm between the front and rear wall. The increase in SPL fluctuation as the points are 
located downstream would tend to confirm this theory. The reason why this phenomenon is more pronounce in the 
3D case is that the shear layer height varies along the cavity width and was noticed to be higher around the central 
line and at the side of the cavity. 

 

 (a)  (b) 
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 (c) 
Figure 20: 2D/3D Comparison, Wavy plate case SPL spectrogram at point 4 (a), 5 (b) and 15 (c) 

 
The spectrogram of point 5 which displays a tonal peak increased to 118.3dB at 1484.4Hz. The dominant peak 

amplitude therefore differs by 12dB between the two cases. As for monitoring point 15, the differences between the 
2D and 3D correlate with the differences obtained above. The dominating tone occurring at a frequency 1347Hz is 
still noticeable but is reduced from 105.5 to 96.2 dB.  

 
4.2. 3D effects and Sound Pressure Level (SPL) 
 This section analyses the relationship between the position along the cavity width and the SPL spectrogram 
extracted. To do so the central line monitoring points 5 and 15 was compared with corresponding points located 
along the width.  
 
4.2.1. Monitoring point 5 Comparison 
 Comparison SPL spectrograms of points 5 and 25, located half-way between central line and side wall, revealed 
similar characteristics. In both cases the dominant tonal peak is however attenuated, by 13 and 15 dB respectively 
for the flat and the wavy case.  

 (a)  (b) 
 
Figure 21: Comparison of points 05/25, SPL spectrograms for the wavy plate (a) and flat plate (b) 

 
 Relationship between spectrogram of monitoring points 5 and 45, located on the top of the cavity side wall, are 
less evident to determinate than for the other comparisons previously made. In the flat case the original dominant 
tone occurring at point 5 is attenuated at point 45, however three other tones and two of them have similar amplitude 
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as the point 5 dominant one, within 2dB. In the wavy case the peak present at point 5. However the amplitude of 
points 45 dominant peak reaches the impressively high value of 141.8dB. 

 (a) (b) 
Figure 22: Comparison of points 05/45, SPL spectrograms for the wavy plate (a) and flat plate (b) 

 
Comparison of SPL spectrograms for points 5 and 65 showed that at the resonant tone vanished point 65, even so 

the overall SPL (OASPL) seems to be increased.  In the wavy case two tonal peaks are generated, probably due to 
the impingement of the shear layer at the proximity. 

 

 (a)  (b) 
Figure 23: Comparison of points 5/65, SPL spectrograms for the wavy plate (a) and flat plate (b) 

 
4.2.2. Monitoring point 15 Comparison 
 By opposition to monitoring 5, the comparisons of monitoring point 15 are pretty straight forward. The 
dissipation on the cavity floor results in almost constant SPL spectrogram characteristics along the width for each 
case as the following figure demonstrates. The only noticeable difference in a tonal peak increase at the point 55 
located against the cavity side wall. The increases are by 2 and 5dB respectively for the flat and wavy case reaching 
a 106.7 dB, which is a negligible increase compare to the level reached at point 45.  
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 (a)  (b) 
Figure 24: Comparison of points 15/35, SPL spectrograms for the wavy plate (a) and flat plate (b) 

 
 
4.2.3. Analysis on modification effectiveness 
 The evaluation of the effectiveness of the control method used in this project is done by comparing the SPL 
spectrograms for the two points generating the maximum SPL values of the two cases studied. At point 5, the 
dominant tone which corresponds to the 1st Rossiter mode in the flat case has been shifted by 500Hz and reaches 
118.3dB, representing a 3dB increase. However the overall SPL seems to have been decreased, decrease is also 
noticeable at point 15. 
 

 (a)  (b) 
Figure 25: Comparison of flat and wavy 3D case, SPL spectrograms at point 5 and 15 

 
As a conclusion, the optimum surface modification previously developed by the use of a two dimensional 

analysis which provided a reduction in tonal peak by up to 24dB does not achieve such results in three dimensions. 
In fact the three-dimensional analysis shows an increase of a couple decibels in peak tones. On the other hand an 
decrease in OASPL extracted for the majority of the monitoring points.  

 
4.3. Flow visualisation 

Figures 24a-h show the flow structures generated by both cases. The reference case (flat case) is located on the 
left hand side and the wavy case is located on the right hand side.  
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 (a)  (b) 

 (c)  (d) 

 (e)  (f) 

 (g)  (h) 
Figures 26 (a-h): Velocity Vectors at 10ms for both Flat Case (left column) and Wavy Case (right column) 

located respectively from top to bottom at the cavity central line, half-way between central line and side wall, the 
side wall and at 12.7 mm to the side-wall 
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The large rear vortex exhibited by Figures 26a, c and d proves the presence that both cases experience an open 
flow.  One of the major differences between the two cases is the fact that the applied surface waviness accelerated 
the flow ahead of the cavity by up to 24.8m.s-1. Additionally the control device achieved to move up the rear wall 
the impingement of the shear layer at the level of the central line as shown in Figure 26a and in Figure 26b. Such a 
displacement in the location should theoretically reduce the feedback mechanism, However this might only be due 
to the 3.25mm difference in height between the front and rear wall.  

 
Figures 26e and 26g display the flow at respectively at the level span wise of the cavity sidewall and at 12.7mm 

away from the cavity in the baseline case. In both cases a light thickening of the boundary layer downstream the 
cavity is noticeable.  

 
Finally Figure 26f and Figure 26h show the flow at respectively at the level span wise of the cavity sidewall and 

at 12.7mm away from the cavity in the baseline case. This figure exhibit the presence of a recirculation located just 
at the corner of the 3.25mm step generated by the surface modification. In addition to this a low velocity flow 
tangential to the free stream flow can be observed at the proximity of the step, as shown in Figure 27. This flow is 
exiting the cavity and could be increasing vortices at the proximity of the cavity. 

 

 
Figure 27: Tangential Flow 

 

CONCLUSIONS 
 

A complete three dimensional analysis of both the baseline and the modified configuration were carried out. 
Pressure fluctuations were extracted from a total of 70 points for each case and the resulting SPL spectrograms were 
validated by the previous 2D study. Additionally the flow regime was demonstrated with success by the use of CFD 
flow visualisation. 

On the other hand the two-dimensionally optimised sinusoidal surface modification did not achieve a similar 
attenuation level in three dimensions. The overall sound pressure level seems to be reducing with the surface 
modification at the majority of the points investigated. However the dominant peak was increased by 3dB and 
reached 118.3 dB at the centre of the cavity.  Additionally the strongest peak observed occurred on the sidewall of 
the cavity and has a high value of 141.8dB.  

The 3.25 mm step appears to be the aspect of the design of the surface modification generating the most adverse 
effects. The presence of this step prevents the shear flow from bridging the cavity completely resulting on flow 
going out of the cavity at the proximity of the front wall and increasing the vortices at the proximity of the side wall. 
Therefore the two locations which should be focused on in further research are the side wall and the ending of the 
surface waviness. 
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To fully understand the wavy surface impact on the cavity flow control, the following further work is required: 

• Improving the accuracy at the proximity of the cavity side walls and around the central line 
with the use of an inflation factor for the extrusion of the 3D meshes 

• Increasing the mesh density and study the influence on accuracy of the results  
• Investigating the application of the surface modification on only the width of the cavity 

• Improving issues generated by the step by either: 
� Incorporating a 3.25mm step to the flat case 
� Investigating an application of the surface modification shifted 3.25mm downward 

• Wind Tunnel testing of an optimum 3D model 
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