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ABSTRACT 
 Direct numerical simulations are used to investigate 
transonic flow acoustic resonance in an open cavity. The 
numerical scheme minimizes the errors due to dispersion 
and dissipation of acoustic waves, and resolves both the 
unsteady flow and radiated acoustic field. Implicit 
solution of the compressible Navier-Stokes equations is 
obtained using a compact high-order spacial 
differencing scheme, coupled with high-order implicit 
filters. Second order temporal accuracy is achieved 
using a time-implicit approximately-factorization, and 
Newton-like subiterations. Computational results are 
presented at sequential times to show the vortical 
structure and shock waves at two transonic free stream 
Mach numbers. The corresponding acoustic response is 
presented for the pressure fluctuations and sound 
pressure level spectra near the rear bulkhead. 
Comparison of the computed discrete frequencies with 
Rossiter’s correlation indicates that the feedback 
mechanism, which induces self-sustained flow 
oscillations in the cavity is well captured. 
  
Introduction 
 High-speed flow over deep open cavities is 
characterized by shear layer instability and acoustically 
dominated flow oscillations. Strong pressure 
fluctuations inside the cavity, intensive noise radiation, 
and large shock motion negatively impact the operation 
and structural integrity. Recent interest in cavity 
acoustic resonance is motivated by the need to develop 
flow control strategies to reduce acoustic emissions 
from aircrafts and insure the structural integrity of 

weapons bays. Current bay spoilers fail to provide 
adequate acoustic suppression above Mach one.  Some 
degree of acoustic suppression control has been 
achieved experimentally by stimulating the shear layer 
spanning the bay with various actuators [1,2]. 
Optimizing the performance of these devices requires 
detailed knowledge of the unsteady flow field.  
 Many numerical investigations of high-speed flow 
over open cavities [3] are based on the solution of the 
time dependent Reynolds-Averaged Navier-Stokes 
equations [4,5]. Colonius et al. [6], used Direct 
Numerical Simulations (DNS) to study unsteady 
subsonic flow over two-dimensional cavities, and 
predicted transition from the shear layer mode to the 
wake for higher Mach numbers and cavity length to 
depth ratios. Shieh and Morris [7] used Detached Eddy 
Simulations (DES) to study subsonic cavity flow, and 
predicted the wake mode in the two-dimensional but not 
in the three-dimensional results. They reported better 
agreement with Rossiter’s correlation [8] for the three-
dimensional results. Henderson et al. [9] presented 
computational and experimental results for the Sound 
Pressure Level (SPL) at the cavity floor. 
 Direct numerical simulations are used in the current 
investigation to study   transonic flow over two-
dimensional cavities. The results obtained using high 
order compact differencing in conjunction with high 
order non-dispersive filters, are presented for the 
vorticity and Mach number contours to illustrate the roll 
up vortex structure in the shear layer and the shock 
waves motion at two transonic free stream Mach 
numbers. Sample pressure fluctuations, and sound 
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pressure level spectra are presented at the cavity opening 
near the rear bulkhead. The computed results are 
compared with Rossiter’s modified correlation for 
discrete frequencies. 
 
Methodology 
 Direct numerical solutions were obtained for the full 
compressible Navier-Stokes equations using FDL2DI, 
whose features are summarized in Table 1. In the 
present investigation a sixth-order compact formula 
(C45654). was used in the interior points, with fifth and 
fourth orders near the boundary [10]. The implicit 
filtering scheme (F100.3- 0.2.4.6.8.10) is tenth order in 
the interior [11], with a free parameter αf  = 0.3. The 
equations were normalized using the cavity depth, free 
stream velocity, and free stream density. The unsteady 
solution was advanced using implicit time marching 
with a non-dimensional time step of 2.0 x 10-3.  
 The computational domain for the cavity with a 
length to depth ratio of two (L/D=2), allowed the 
laminar boundary layer to develop on the flat plate, 
which extended 4.95D upstream of the cavity’s forward 
bulkhead. Characteristic conditions were applied for 
subsonic free stream, and first order extrapolation was 
applied for supersonic free stream at the upper 
boundary, which was at 9.35D above the cavity opening. 
First order extrapolation was applied at the downstream 
boundary, 10.41D behind the rear bulkhead. The 
computational grid included 143x129 points inside the 
cavity, and 330x95 points on and above the plane of 
cavity opening. The grid was clustered with a minimum 
spacing of 1.0 x 10-4 D. 
 
Results and Discussions 
 Results are presented for a Reynold’s number of 
3,000 based on the cavity length.  The momentum 
thicken, θ, of the incoming laminar boundary layer 
corresponded to L/θ = 52.8. Sample vorticity and Mach 
number contours from the direct numerical simulations 
are presented for two transonic free-stream Mach 
numbers of 0.9 and 1.1 in Figures 1 through 4. The roll 
up vortical structures in the shear layer and the counter 
rotating vorticity (opposing sign to the incoming 
boundary layer) near the cavity walls and floor can be 
seen in Figures 1 and 2. Comparing the two Figures one 
can notice the increase in vortex size with free stream 
Mach number. However large scale shedding reported 
by Colonius [6] for subsonic flow in the wake mode was 

not observed. The Mach number contours of figures 3 
and 4 show increased shock strength with Mach number. 
 The pressure fluctuations at the cavity opening, 
close to the rear bulkhead, are presented in figure 5. One 
can see that the pressure fluctuations amplitude doubles 
as the free-stream Mach number increases from Mach 
0.9 to 1.1. Figure 6 presents the, SPL spectra, calculated 
from the pressure fluctuations using 65536 sample 
points. The discrete frequencies determined from the 
spectra are presented in Figure 7, and compared to 
Rossiter’s modified empirical correlation for feedback 
frequencies [12] based on the coupling of the acoustic 
and vorticity fields: 
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where Stm is the Strouhal number, U∞, and M∞ are free 
stream velocity and Mach number, fm is the resonant 
frequency corresponding to the m mode. The constants 
α, and k were determined experimentally to be 0.25, and 
0.57 by Heller et al. [12], for cavities with L/D greater 
than four. According to Figure 7, the computed 
frequencies agree within 6% with Rossiter’s equation 
for the first mode, m=1. 
 The effect of free-stream Mach number on the 
computed SPL at the cavity opening is presented in 
Figure 8, including computed subsonic flow results [13]. 
Henderson et al. [9] presented experimental data for 
SPL at the cavity floor at Mach 0.85, 0.98, and 1.19 that 
exhibited similar trends, but the levels were higher for 
their L/D=5 cavity. 
 
Conclusions 
 The presented results for the unsteady two-
dimensional flow over a rectangular cavity demonstrate 
that the direct numerical simulations captured the flow 
main features including the vortex shedding, shock 
waves and coupling of the acoustic and vorticity fields. 
Future plans include Large Eddy simulations of acoustic 
suppression through high frequency forcing of turbulent 
supersonic flow over L/D = 4 cavity. 
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Table 1. Features of FDL2DI Code 

 
 

Numerics 
 

• = Finite difference discretization of compressible NS equations in strong conservation form and 
general  curvilinear co-ordinates. 

• = Pade-Type tri-diagonal based sixth and fourth order compact difference formulation. 
• = Provisions for 3rdorder MUSCL based upwind biased Roe scheme and standard 2nd order central 

differencing. 
• = Implicit filtering up to 10th order, based on the Pade type formulation 
• = Explicit low-storage form of the Runge-Kutta (RK4) method for time integration wave 

propagation problems. 
• = Implicit second order accurate approximately factored diagonalised Beam and Warming method 

with Newton-like subiterations for time integration of wall-bounded flows with highly clustered 
meshes. 

• = Multidomain decomposition with overset mesh capability 
 

Turbulence 

• = Baldwin-Lomax model 
• = k-ε formulation with compressibility/ vortical upgrades and low Re near wall formulations 
• = LES Subgrid Scale Models 
 

Validations 

• = Subsonic boundary layers 
• = Wave propagation of acoustic sources 
• = Direct Numerical Simulation of Forced Transitional jet 
• = Flow past a pitching airfoil using moving and deforming meshes 
• = Large Eddy Simulation of supersonic flow over compression ramp 
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Fig. 1 Vorticity contours for M∞∞∞∞ = 0.9 
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Fig. 2 Vorticity contours for M∞∞∞∞ = 1.1 
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Fig. 3 Mach number contours for M∞∞∞∞ = 0.9 
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Fig. 4 Mach number contours for M∞∞∞∞ = 1.1 
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Fig. 5 Perturbation pressure history at cavity opening  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7 Comparison of computed discrete frequencies 
with Rossiter’s correlation 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 6 Sound Pressure level (SPL)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 8 Variation of sound pressure level with Mach 
number 

 
 

 


