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The laminar flow and the near-field acoustics of an open cavity at Mach number 0.15 is computed by direct
solution (two-dimensional) of the compressible Navier–Stokes equations. The radiated sound is also computed by
an acoustic analogy, a modified version of Curle’s equation, and compared to the directly computed sound field. The
agreement is found to be good. The contributions from the various source terms in Curle’s equation are quantified,
and the terms involving wall-pressure fluctuations are found to account for most of the radiated intensity. These
main source terms are investigated further, and it is found that they are especially large in the downstream part
of the cavity, and for about two cavity lengths downstream of the cavity. The upstream dominance of the radiated
sound is explained by the fact that the downstream cavity wall contributes primarily to the upstream direction.
Correlations between the radiated sound and the source terms, coupled with where the source terms are large,
suggest that the near-field terms display a stronger upstream dominance than the far-field terms, and hence the
far-field directivity is expected to be flatter.

I. Introduction

A EROACOUSTICS, or the sound generated by fluid flows, is an
area of research that has received an increasing amount of at-

tention during the past decade. Most of the research has been aimed
at high-Mach-number applications, with jet noise being the most
typical case of interest. With the increases in performance of com-
puters, the numerical simulation of aeroacoustics, or computational
aeroacoustic (CAA), has become more popular.

The interest for aeroacoustics in the vehicle industry has increased
during the last few years, primarily because of customer surveys that
show wind noise to be a common complaint. In vehicle applications,
the Mach numbers of the flows are typically small, and the flows are
often heavily separated because of the complex geometries present.

The motion in a compressible fluid is determined by the gov-
erning equations, together with proper boundary conditions. While
being a trivial remark, this means that the acoustics and the flow are
intrinsically coupled, and it is, on a philosophical level, not possible
to think of acoustics and flow as two separate phenomena. For many
cases, however, it is possible to split the problem in two parts: the
fluid flow problem and the acoustic problem. If the problem can be
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split, there are two main approaches to describe the acoustic part of
the problem: by a scalar equation or by a system of equations (e.g.,
the linearized Euler equations). In this work, the scalar equation
approach is chosen because an analytical solution for the radiated
sound field is sought.

The scalar equations were pioneered by Lighthill,1 who, by rewrit-
ing the governing equations, derived

∂2ρ

∂t2
− a2

∞
∂2ρ

∂x2
i

= ∂2Ti j

∂xi∂x j
(1)

where Ti j = ρui u j − τi j + (p − a2
∞ρ)δi j and a∞ is the ambient

speed of sound. Equation (1) can be viewed as a wave equation
for the propagation of sound. Several others have proposed scalar
wave equations hence. Among others, the contributions by Phillips,2

Lilley,3 and Doak4 can be mentioned. Curle5 solved Lighthill’s equa-
tion on a bounded domain, and Ffowcs Williams and Hawkings6 ex-
tended Curle’s solution to include surfaces in motion. The present
work focuses on problems involving solid surfaces, but where the
surfaces are stationary relative to the observer. For such problems,
the solutions by Curle and Ffowcs Williams and Hawkings are
equivalent, and it is matter of preference which one to use. Here,
Curle’s equation will be used.

When working with the scalar acoustic equations, it is vital to un-
derstand the assumptions introduced. In the case of Lighthill’s equa-
tion, no assumptions have been made in the derivation, and hence
it is exact. When solving Lighthill’s equation analytically, however,
it is implicitly assumed that the source terms do not depend on the
acoustic field, and that the isotropic wave operator describes the
propagation of sound correctly. Mathematically speaking, the first
assumption is never true because the density appears on both sides
of the equation, as pointed out by for example Doak.4 Physically
speaking, it can be argued that the first assumption is a valid one
(i.e., that it introduces only small errors) when the sound is gener-
ated by hydrodynamic phenomena, which are almost independent
of the acoustic field. The second assumption is true only in regions
where the fluid is stagnant. In low-Mach-number flows, the second
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assumption is expected to be a good approximation because convec-
tion effects are a factor M slower than the propagation of the acoustic
waves. A more thorough discussion can be found in Larsson.7

A. Objectives
The objectives of the present work are to 1) investigate the

noise generation process, specifically the noise generation in wall-
bounded, separated, low-Mach-number flows; 2) derive a form of
the solution to Lighthill’s equation that is suitable for the compu-
tational applications of interest and valid in both the near and far
fields; and 3) quantify the importance of the sound sources existing
in the fluid, compared to that of the sources existing on solid walls.

B. Open Cavity
The test case chosen in this study is the open cavity, which has

been investigated theoretically experimentally, and computationally
by many researchers. Although making no attempt at reviewing all
of the work that has been done on the open cavity, included here is
some that is relevant to the current work.

Gharib and Roshko8 studied the incompressible flow in and
around axisymmetric cavities experimentally and found that the flow
in a cavity is heavily dependent on the length to depth L/D ratio.
At low L/D, a shear layer is formed along the upper part of the
cavity. The flow above the cavity is relatively undisturbed, and the
main unsteady flow feature is the convection of vortices in the shear
layer. The drag of the cavity is fairly low, typically CD ∼ 0.01. At
higher L/D, the flow becomes more violent and unsteady. A vortex
that fills the whole cavity is formed at the leading edge of the cavity,
and when it is large enough it is released at the trailing edge. The
flow above the cavity is affected by the flow inside the cavity, and
freestream fluid is periodically directed into the cavity. The drag
in this flow regime is much higher, typically CD ∼ 0.3. Gharib and
Roshko used the term wake-mode to describe this latter flow regime,
and some researchers use the term shear-mode to describe the first
one. Here, the terms shear regime and wake regime will be used,
in order to avoid confusion with the term mode, which is used for
dominant frequencies.

The review of Rockwell and Naudascher9 offers an excellent
overview of the various types of cavity flows and of what parameters
are important in determining the character of the flow. Included in
this review are the measurements and findings by Ethembabaoglu,10

Sarohia,11 and Rossiter.12 Ethembabaoglu performed incompress-
ible experiments with turbulent boundary layers and found that the
spectra of the wall-pressure fluctuations were highly organized with
clear peaks. This suggests that a feedback mechanism is present,
which couples the flow and the acoustics in a two-way manner (the
feedback mechanism will be explained at the end of this section),
and that the turbulence itself might be of secondary importance
to the oscillations. In experiments with laminar boundary layers,
Sarohia found that the influence of the cavity depth is insignificant,
unless it is of the same order of magnitude as the boundary-layer
thickness δ0.99. Rossiter stressed the importance of the boundary
layer upstream of the cavity and found that a thinner boundary layer
generates larger levels of fluctuations in the cavity.

Ahuja and Mendoza13 performed aeroacoustic measurements in
cavities with the purpose of using the results for validation of CAA
codes. Among other things, they studied the importance of δ0.99,
L/D ratio, the influence of the spanwise width of the cavity, and
the Mach number, on the radiated sound in several directions.

Especially during the past couple of years, several numerical stud-
ies of open cavity flows have been published. Rowley et al.14 per-
formed direct simulations of the flow in two-dimensional cavities
at fairly low Reynolds numbers, typically ReD = 1.5 × 103. Vary-
ing several parameters, including L/D, M , and δ0.99, they found
that the primary parameter deciding which flow regime (shear or
wake regime) that will be present is L/θ , where θ is the momentum
thickness of the boundary layer.

Shieh and Morris15 performed detached eddy simulations of cav-
ities with L/D = 2 and 4.4 at Mach numbers 0.4, 0.5, and 0.6. Their
presented Reynolds number is 2 × 105, but it is unclear from their
paper on what dimension this is based. They found that the mean

streamlines in the shear regime are virtually undisturbed above the
cavity but clearly not so in the wake regime. Also, they found the
mean pressure profiles along the bottom of the cavity to be distinctly
different between the shear and wake regimes.

Ashcroft and Zhang16 repeated Ahuja and Mendoza’s measure-
ments using unsteady Reynolds-averaged Navier–Stokes and were
able to capture the main flow features. This is yet another indication
that it is the feedback mechanisms of the low-frequency modes that
are controlling the cavity flow.

Many attempts at deriving feedback models that predict the dom-
inant frequencies have been made, with Rossiter’s12 being the first
one. These models typically try to model the convection of a vortex
in the shear layer, the impingement of this vortex on the downstream
cavity wall, the propagation upstream of an acoustic wave, and the
triggering of a new vortex near the leading edge. These models
are typically fairly successful in predicting shear regime flows, but
rather unsuccessful in predicting wake regime flows. This comes as
no surprise, because the feedback mechanism modeled only applies
to the shear regime. The current focus of feedback modeling seems
to be to find the criterion for the regime switching. Rossiter’s model
is

SrL = f L/U∞ = (m − φ)/(M + 1/κ) (2)

where f is the frequency, m is the mode number (integer), φ is the
phase lag between vortex impingement and emission of sound at the
downstream wall, and κ is the ratio of the eddy convection velocity
to the freestream velocity.

The case studied in the current work has a length to depth ratio
of L/D = 4, a Mach number of M = 0.15, and a Reynolds number
of ReD = 1.5 × 103. At this Reynolds number, the flow is laminar.
The incoming boundary-layer thickness is chosen to ensure wake
regime flow because the more violent flow in this regime is more
representative of the separated flows that are of interest.

Because no experimental or computational data exist for this par-
ticular case, a direct simulation (DS) that resolves both the flow
and the acoustics is performed. The term direct simulation is used
here to avoid confusion with direct numerical simulation, a term
normally used for the simulation of turbulence. The DS will be used
to compute the source terms in Curle’s integral solution and will be
used for the purpose of comparisons. Because of the high cost of
the DS, it is carried out in two dimensions.

II. Methodology, Direct Simulation
The code used for the direct simulation is based on the finite

volume code written by Eriksson.17 Versions of this code have pre-
viously been used to study jet noise18 and the sound emitted from
shear layers.19 Several modifications were made, including increas-
ing the spatial and temporal accuracy, making the code work in two
dimensions, and making the code parallel by the use of message
passing interface. The modifications are described in greater detail
in Larsson.7

A. Governing Equations
The compressible Navier–Stokes equations, written on a compact,

conservative form, are

∂ Q

∂t
+ ∂ E j

∂x j
= ∂ Fj

∂x j
(3)

where Q = (ρ, ρui , ρe0)
T is the state vector, E j = (ρu j , ρui u j +

pδi j , ρe0u j + pu j )
T are the inviscid fluxes, and Fj = (0, τi j , τi j ui −

q j )
T are the viscous fluxes. The viscous stress tensor is

τi j = µ

(
∂ui

∂x j
+ ∂u j

∂xi
− 2

3

∂uk

∂xk
δi j

)
(4)

and the heat flux qi is modeled by Fourier’s heat law

qi = − cpµ

Pr

∂T

∂xi
(5)

where cp is the specific heat at constant pressure. The total internal
energy is e0 = e + ui ui/2.
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Fig. 1 Computational domain, not to scale, coordinates normalized
by D.

B. Numerical Method
The governing equations are discretized using the finite volume

method. The inviscid fluxes are computed by the dispersion-relation-
preserving scheme of Tam and Webb.20 The viscous fluxes, being
orders of magnitude smaller than the inviscid ones in the major part
of the domain and less important for the acoustics, are computed by
a second-order-accurate, central scheme. The solution is stepped in
time using a fourth-order-accurate, four-stage Runge–Kutta method.

The boundary conditions are based on the characteristic variables
at the boundary and are similar to those developed by Thompson.21

These boundary conditions are nonreflective only for disturbances
normal to the boundary, but have been reported15,22 to be robust
for problems where large nonlinear fluctuations (vortices) have to
leave the domain. To minimize the reflections from the boundaries,
numerical buffer layers have been added. In the buffer layers, Eq. (3)
is replaced by

∂ Q

∂t
+ ∂ E j

∂x j
= ∂ Fj

∂x j
− σ0

a∞
Lb

ξ 2(Q − Q∗) (6)

where σ0 is a buffer parameter, Lb is the length of the buffer layer,
ξ is the nondimensional distance from the beginning of the buffer
layer (0 ≤ ξ ≤ 1), and Q∗ is the target state. At the end of every time
step, the field is also filtered in the buffer layers using a fourth-order
filter similar to the one used by Colonius et al.,22 where the filter
strength is increased gradually throughout the buffer layers using
the hyperbolic tangent function.

C. Computational Grid
The computational domain is shown in Fig. 1, where the flow

is from left to right. The resolution is roughly 80 cells per unit
length D in and around the cavity, and the grid is stretched less
than 1% per cell in the whole resolved domain. An upper limit on
the cell size (roughly three times the smallest cell size) is set to
avoid acoustic waves being reflected in the grid; if a high wave-
number wave reaches a region where the cell size is too large for it
to be resolved, it will be reflected in the grid and contaminate the
solution. The resolved domain extends between −4.3 ≤ x1/D ≤ 46,
and x2/D ≤ 12.5. The total number of cells is 1,120,080, of which
287,460 are located in the buffer layers.

D. Grid Independence
Grid-independence studies are important in all areas of compu-

tational fluid dynamics and especially so in direct simulations of
sound. The resolution has to be fine enough to resolve all important
physics, and the boundary conditions must not affect the solution
significantly. The latter is critical in CAA because sound waves
propagate over large distances. Although a boundary might be far
away from the region of interest, any reflected sound waves will
contaminate the solution in the whole domain.

The shortest wavelength of interest is λmin/D = (L/D)/
(M SrL) ≈ 7 because most of the energy is contained in SrL ≤ 4.
At this wavelength, the resolution is roughly 500 cells per wave-
length, which indicates that the resolution is, indeed, fine.

The influence of the locations of the boundaries is tested by a
simulation using a similar grid in and around the cavity, but with
the boundaries moved farther away. The downstream boundary is
moved 12D to x1/D = 58, and the freestream boundary is moved
2.2D to x2/D = 14.7. The lengths of the buffer layers and all buffer

Fig. 2 Grid independence, OASPL: �, standard grid and +, larger
grid.

Fig. 3 Grid independence, p′ vs time: —, standard grid and —·, larger
grid.

parameters are kept constant. The location of the upstream boundary
is kept because it determines the incoming boundary layer.

The main parameters SrL and C̄D are changed less than 0.2%,
which is encouraging, but expected. The real test is the sound at the
observer locations (shown in Fig. 1) because the boundary condi-
tions can reflect or generate sound that would contaminate the sound
at those (or any other) positions. The overall sound pressure level
(OASPL) is computed for both the standard grid and the larger one
and plotted in Fig. 2. The maximum difference between the two
grids is 0.2 dB and occurs for the observers located at x1/D ≤ 2.
The pressure signals from the two grids at location 4 (x1/D = 1) are
plotted in Fig. 3 because this is the observer for which the maxi-
mum difference occurs. It is seen that there are only slight changes
in amplitude at some times, and hence the solution is considered to
be grid independent to within approximately 0.2 dB.

Pressure signals from within, or very close to, the cavity are much
less sensitive to the location of the boundaries. In this case, the errors
are almost two magnitudes lower for pressure signals at x2/D = 0.
This is because the flow in the cavity is largely governed by hydro-
dynamic phenomena, which are insensitive to reflections from the
free boundaries.

III. Methodology, Curle’s Equation
Curle5 wrote the solution to Lighthill’s equation in three dimen-

sions as

ρ(x, t) − ρ0 = 1

4πa2∞

∂2

∂xi∂x j

∫
V

Ti j

r
dV (y)

− 1

4πa2∞

∂

∂xi

∫
S

n j

r
(pδi j − τi j ) dS(y) (7)
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where ρ0 is a constant of integration, r = |x − y| is the distance
between the source and the observer, and n j is the surface normal
pointing toward the fluid. The integrands are to be evaluated at
the retarded time τ = t − r/a∞. Despite the fact that the present
simulations are performed in two dimensions, the three-dimensional
formulation of Curle’s equation is used. The reason for this is simply
convenience because the work will move to fully three-dimensional
simulations later. Note that the two-dimensional equivalent to Eq. (7)
(for example, see Gloerfelt et al.23) is exactly equivalent to Eq. (7)
with the integral over the third dimension extending to infinity.

A. Modified Curle’s Equation
For numerical implementations, it is convenient to rewrite Eq. (7)

on a form where the derivatives are taken inside the integral.24 Also,
in the current simulations the resolution is higher in time than it is in
space, and hence it is desirable to transform the spatial derivatives
to temporal ones for purposes of accuracy.

If the observer in Eq. (7) is located in a region where the flow
is isentropic, the density fluctuation at this location can be written
ρ(x, t) − ρ0 = [p(x, t) − p0]/a2

∞. For a function f (τ ) the spatial
derivative can be converted to a temporal one by

∂ f (τ )

∂xi
= ∂ f

∂τ

∂τ

∂xi
= − 1

a∞

∂r

∂xi

∂ f

∂τ
(8)

The ∂r/∂xi term becomes

∂r

∂xi
= ∂

√
(x j − y j )2

∂xi
= (xi − yi )√

(x j − y j )2
= xi − yi

r
= li (9)

where li is a unit vector pointing from the source location to the
observer location. Using this, Eq. (7) can be written as

p(x, t) − p0 = 1

4π

∂

∂xi

∫
V

−l j

(
Ṫi j

a∞r
+ Ti j

r 2

)
dV (y)

− 1

4π

∫
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(
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a∞r
+ pδi j − τi j

r 2

)
dS(y)

= 1

4π

∫
V

[
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(
T̈i j

a2∞r
+ 2

Ṫi j

a∞r 2
+ 2

Ti j

r 3

)

− ∂l j

∂xi

(
Ṫi j

a∞r
+ Ti j

r 2

)]
dV (y)

+ 1

4π

∫
S

li n j

(
ṗδi j − τ̇i j

a∞r
+ pδi j − τi j

r 2

)
dS(y) (10)

The term ∂l j/∂xi is expanded to

∂l j

∂xi
= ∂

∂xi

(
x j − y j

r

)
= δi j − li l j

r
(11)

Inserting this into Eq. (10) yields

p(x, t) − p0 = 1

4π

∫
V

(
li l j

a2∞r
T̈i j + 3li l j − δi j

a∞r 2
Ṫi j

+ 3li l j − δi j

r 3
Ti j

)
dV (y)

+ 1

4π

∫
S

li n j

(
ṗδi j − τ̇i j

a∞r
+ pδi j − τi j

r 2

)
dS(y) (12)

Equation (12) is similar to formulations by for example Brentner
and Farassat24 and is well suited for the present simulations. The
first term in each integral has a 1/r dependence and will survive
into the far field, whereas the terms with 1/r 2 or 1/r 3 dependencies
are near-field terms.

The integrals in Eq. (12) should be taken over all space and all
solid walls, respectively. This is of course impossible in practical
applications, so that instead the integrals need to be taken over a
large enough region to ensure that they have converged. This will
be investigated in Sec. V.B.

B. Extension in the Third Direction
When using the three-dimensional formulation of Curle’s equa-

tion, the integral has to be taken to infinity in the third dimension.
Because this is exactly equivalent to using a two-dimensional ana-
log of Eq. (12) and because this two-dimensional analog exists and
is well defined, it is known a priori that the integral to infinity will
be convergent. In practice, the bounds in the third dimension are not
infinity, but rather large enough to ensure that the error involved is
smaller than all other errors (less than 1%). In the current case two-
dimensional flow is assumed, and hence the two-dimensional field
is assumed to be identical at all locations in the third dimension.

IV. Results: Flowfield
A. Cavity Drag

The drag of the cavity per unit width (being a two-dimensional
geometry) is defined as

CD = F1

/
1
2 ρ∞U 2

∞ D (13)

where F1 is the force per unit width in the x1 direction. After the
initial transients have disappeared, a statistically stationary state is
reached, as can be seen in Fig. 4a. The mean drag is C̄D = 0.377,
and the drag associated with pressure alone (no viscous stress) is
C̄ p

D = 0.402, that is, larger than the total drag. This is because the
flow along the bottom of the cavity is mainly toward the left, and

a) CD vs time

b) CD spectrum

Fig. 4 Cavity drag.
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hence the viscous contribution is actually to lower the drag. The
values computed in this study are in qualitative agreement with
other published results. Gharib and Roshko8 report C̄D ∼ 0.3 for
the incompressible flow in axisymmetric cavities. Rowley et al.14

report C̄D = 0.227 for a similar case but at M = 0.6.
The spectrum of the cavity drag is plotted in Fig. 4b, where the

amplitude ĈD of the drag is plotted vs the Strouhal number defined
by

SrL = f L/U∞ (14)

The fundamental frequency is SrL = 0.243, and all higher modes are
harmonics of this fundamental frequency. The first four modes are
the largest, which means that most of the energy resides at SrL ≤ 1.
The results compare favorably with other published results. Rowley
et al.14 report a fundamental frequency SrL = 0.256, which is very
close to the value computed here. Other results worth mentioning
are the ones by Ethembabaoglu,10 who got SrL ≈ 0.5 for the in-
compressible turbulent flow in a cavity with L/D = 4, and Shieh
and Morris,15 who got SrL = 0.216 in a cavity with L/D = 4.4 for
M = 0.6 and turbulent flow.

B. Incoming Boundary Layer
Most studies on open cavity flows show the importance of the

incoming boundary layer (BL), but few study it in more detail. An
attempt at doing this is included here. Because the incoming BL in
this study is laminar, the famous Blasius solution (for example, see
White25) is available for flat-plate flows. Comparisons between the
time-averaged BL in the simulation and the analytical solutions for
a flat plate can yield some insight into open cavity flows.

The momentum thickness θ at the beginning of the resolved do-
main (x1/D = −4.3) is used to compute the virtual origin of the
BL, and this virtual origin is then used to determine the analytical
solutions of the boundary-layer parameters.25

The computed BL parameters are plotted in Fig. 5 together with
the analytical solutions for a flat plate. It is seen that the time-
averaged BL behaves in a very different way compared to a flat-plate
BL. The growth rate increases downstream, instead of decreasing
like the flat-plate solution. The plot of the momentum thickness is
especially disturbing; because θ(x1) is a measure of the drag from
the virtual origin to x1, Fig. 5b suggests that the plate drag up to
x1/D ≈ −3.7 is negative, which it of course cannot be. The problem
here is that all of these theories are based on a uniform freestream
velocity U∞, but the freestream velocity is actually increasing slowly
with x1 in this case. The reason is the periodic buildup and shedding
of a vortex, which forces the freestream to accelerate around it.

From Fig. 5, it is seen that the boundary layer is affected by the
presence of the cavity quite far upstream, in fact all of the way
to the buffer layer. This indicates that the inlet needs to be placed
relatively far away from the cavity when wake regime oscillations
are of interest.

The fact that the incoming BL behaves as it does complicates
comparisons with other published investigations. Colonius et al.,26

for example, present the projected value of θ at the leading edge,
assuming laminar growth. Other researchers, especially the exper-
imentalists, present time-averaged values of δ0.99, δ∗, or θ at the
leading edge. From the figures, it is clear that these measures can
not be compared directly. The choice of Colonius et al. is specifi-
cally cumbersome because the projected values depend on how far
upstream they are computed from. In this study, the projected and
the actual parameters of the incoming BL are given in Table 1.

Table 1 Incoming boundary-layer parameters at x1 = 0

Parameter Actual value Projected value

δ0.99/D 0.741 0.316
δ∗/D 0.146 0.109
θ/D 0.0624 0.0419
H 2.34 2.59

a) Boundary-layer thickness δ0.99/D

b) +, Displacement thickness δ∗/D and �, momentum thickness θ/D

Fig. 5 Incoming boundary layer: ——, analytical solutions.

C. Flow Features
The flow in open cavities is truly fascinating, with many compli-

cated flow patterns despite the geometric simplicity. A sequence of
snapshots with instantaneous streamlines are shown in Fig. 6. The
time has been defined to be t ≡ 0 at the peak in CD (Fig. 4a).

Starting at tU∞/D = 12.35, a vortex is formed at the leading edge.
This vortex grows, and at tU∞/D = 0 a secondary vortex appears
at the lower corner of the upstream cavity wall. At tU∞/D = 2.06,
the primary vortex is large enough to deflect the flow above the cav-
ity, and the boundary layer upstream of the cavity separates (albeit
hard to see in the figures). At tU∞/D = 8.23, the secondary vortex
(rotating counterclockwise) has grown large enough to reattach the
upstream BL. At this time, the primary vortex has started to move
downstream. At tU∞/D = 10.29, the primary vortex impinges on
the downstream cavity wall, and during the next two snapshots it
is ejected at the trailing edge. Freestream fluid is pulled down into
the cavity at tU∞/D = 14.40, and it impinges on the downstream
cavity wall at tU∞/D = 0, which is when the maximum drag oc-
curs. The ejected vortices are convected along the wall downstream
of the cavity until they leave the resolved domain.

A sequence of snapshots of the instantaneous vorticity down-
stream of the cavity is shown in Fig. 7. The large vortices rotating
in the clockwise direction (negative vorticity, solid lines) located
roughly 5D apart are the two vortices seen leaving the cavity in
Fig. 6. These vortices move downstream at a fairly constant ve-
locity of about 0.6U∞. In addition, there are smaller vortices ro-
tating counterclockwise (positive vorticity, dashed lines), which in
general are located above the larger vortices. Being located farther
away from the wall, these vortices travel at a higher velocity of
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Fig. 6 Instantaneous streamlines: −−1 < x1/D < 14, x2/D < 2.

about 0.9U∞. At x1/D ≈ 12 (Fig. 7, tU∞/D = 12.35), x1/D ≈ 21
(tU∞/D = 0), and x1/D ≈ 29 (tU∞/D = 12.35); the smaller coun-
terclockwise rotating vortices overtake the larger clockwise rotating
ones. As it overtakes the larger vortex, the smaller vortex is essen-
tially swept along by the larger one. This increases the velocity of
the counterclockwise rotating vortices momentarily, and hence their
convection velocity is relatively unsteady.

The pressure coefficient cp is defined as

cp = p − p∞
1
2 ρ∞U 2∞

(15)

The mean value c̄p is plotted in Fig. 8. The parameter s in the figure
is the distance from the leading edge along the wall, and the vertical
lines outline the corners of the cavity.

The mean pressure c̄p is low on the upstream cavity wall and in the
beginning of the cavity. It rises steeply towards the end of the cavity
and reaches a maximum in the lower, downstream wall, corner. This
maximum is a result of the periodic impingement of freestream fluid,

which creates a stagnated region. The pressure decreases sharply at
the trailing edge because of the high acceleration around the edge.
Behind the cavity, the pressure rises slowly and reaches a small peak
at x1/D ≈ 12 (i.e., s/D ≈ 14), from where it falls off.

The c̄p along the bottom wall from Shieh and Morris15 is in-
cluded in Fig. 8. Despite being a different case (L/D = 4.4, M = 0.6,
Re = 2 × 105, δ0.99/D = 0.2), the mean pressure coefficients are re-
markably similar. Note that their results were for a longer cavity,
and hence their bottom wall extends to s/D = 5.4. The trends are
very similar: a minimum at x1/D ≈ 1 followed by a steep increase
as the downstream cavity wall is approached. Shieh and Morris got
a larger maximum value of c̄p at the downstream cavity wall, which
could be a result of their longer cavity, giving the flow a larger
distance for pressure recovery. This hypothesis is strengthened by
the fact that the profiles follow the same trend between x1/D ≈ 2
and x1/D ≈ 3.5. Another possibility is that the higher Mach num-
ber of Shieh and Morris’s case gives higher oscillations, an idea
that is emboldened by the fact that all peaks are stronger in their
results. A last possibility is the fact that their results were com-
puted using a turbulence model, which could have given erroneous
results.

The small peak of c̄p at x1/D ≈ 12 is probably an effect of a small
counterclockwise rotating vortex. This smaller vortex is only seen
in Fig. 6 as a small disturbance of the larger vortex as it travels
downstream from the cavity. At x1/D ≈ 12 (s/D ≈ 14), the smaller
vortex is located in the lower part of the primary vortex, and this
can enhance the entrainment of fluid towards the wall. This would
then increase the pressure on the wall at that location.

V. Results: Radiated Sound
One of the objectives listed in Sec. I.A is to analyze the acoustic

noise generation in detail, which is an area that has received remark-
ably little attention, at least in computational studies, judging from
published work. Among the few investigations dealing in detail with
the sources of sound, Freund’s27 study of the noise sources in a jet
and Mankbadi et al.’s28 investigation of supersonic jet noise are two
examples.

At the outset, the sound sources are highly nonlocal at this low
Mach number, and hence observations regarding the location of im-
portant sound sources are weak, whereas observations regarding the
relative strengths of different source terms are stronger. Neverthe-
less, it is still of interest to see where the sound sources are large
because this yields insight into the sound generation process.

A. Contributing Source Terms
From Lighthill’s theory it is possible to deduce scaling laws for

the intensity of different types of sound sources (for example, see
Crighton29). One consequence of these scaling laws is that the pres-
sure fluctuations on solid walls will be the primary sources of sound
at low Mach numbers. Lighthill1 also shows that Ti j ≈ ρ∞ui u j for
most flows at low Mach numbers. Because Curle’s equation is linear,
it is possible to compute the contributions from the various source
terms independently and compare their relative magnitudes. It is
then possible to quantify, for example, how dominant the surface-
pressure fluctuations are in generating sound (for this particular
flow).

Curle’s equation in its modified form (12) involves a total of
13 source terms: nine in the volume [T̈i j , Ṫi j , and Ti j , where each
consists of ρui u j , τi j , and (p − a2

∞ρ)δi j ] and four on the walls
( ṗ, τ̇i j , p, and τi j ). Furthermore, because the common simplifica-
tion of Ti j introduces ρ∞ Lighthill’s tensor is best written (for pur-
poses of comparing magnitudes) Ti j = ρ∞ui u j + (ρ − ρ∞)ui u j −
τi j + (p − a2

∞ρ)δi j , bringing the total number of source terms to 16.
To analyze the contribution of each source term, the radiated

sound at an observer located at x/D = (1, 7.16) is computed by
Curle’s equation. The sound intensity of each contribution is then
computed by the far-field approximation30

Ī = (p′)2
/

ρ∞a∞ (16)
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The use of the far-field approximation is strictly not valid, but is
necessitated by the fact that Curle’s equation only provides the fluc-
tuating pressure.

The results, scaled with the intensity computed at the same ob-
server from the DS, are presented in Table 2. As can be seen, the
viscous terms (terms 3, 4, and 7) are negligible, both on the walls
and in the volume. The assumption of ρ ≈ ρ∞ introduces a very
small error (term 6), and the entropy term (term 8) is negligible as
well. Because of these findings, the first- and zeroth-order tempo-
ral derivatives of the viscous, entropy, and (ρ − ρ∞)ui u j terms are
skipped and not included in the table.

The contributions of the volume terms (terms 5, 9, and 10) are
about 5% of the wall term contributions (terms 1 and 2). A compar-
ison like this one, however, does not take any cancellation effects
into account (i.e., it ignores phase information). To analyze the con-
tributions further, the pressure signals are plotted vs time in Fig. 9.

Figure 9a shows the contributions of terms 1 and 2, as well as
the sum of them. Note that some signals have been offset (moved
down) slightly for clarity. The sum is very promising because it
shows remarkable similarity to the signal computed in the DS. From
the individual contributions, it is seen that terms 1 and 2 are roughly
equally important (as indicated in Table 2), and that there exists a
phase lag between terms 1 and 2 at the main peaks.

Figure 9b shows the total contribution of both wall and volume
terms. When compared to the results from the wall terms alone, the
agreement between the signals computed by Curle’s equation and
the DS is better around tU∞/D ≈ 4, but worse around tU∞/D ≈ 16.

Table 2 Contributions from different source terms

Number Term Ī/ ĪDS

1 ∂p/∂τ |w 0.38
2 p|w 0.33
3 ∂τi j /∂τ |w ∼10−5

4 τi j |w ∼10−5

5 ∂2ρ∞ui u j /∂τ 2 0.0093
6 ∂2(ρ − ρ∞)ui u j /∂τ 2 ∼10−5

7 ∂2τi j /∂τ 2 ∼10−5

8 ∂2(p − a2∞ρ)δi j /∂τ 2 ∼10−4

9 ∂ρ∞ui u j /∂τ 0.025
10 ρ∞ui u j 0.027

Fig. 7 Instantaneous vorticity contours at times tU∞/D = 12.35, 0, 4.12, and 8.23: ——, negative and - - - -, positive contours.

So which terms are important in Curle’s equation? The wall-
pressure terms (1 and 2) are dominant and account for most of the
radiated sound, whereas the simplified volume terms (5, 9, and 10)
only modify the signal slightly. Whether the volume terms are im-
portant in terms of the radiated intensity will be analyzed in Sec. V.C.

B. Convergence of the Curle Integral
As mentioned in Sec. III.A, the upper and lower limits (in the

x1 and x2 directions; the x3 direction was dealt with in Sec. III.B)
when computing Curle’s integrals need to be located far enough
away as to ensure convergence of the integrals. Because the wall-
pressure source terms were found to be dominant, only this integral
is considered here. Also, because the incoming boundary layer is
laminar the upstream limit is not expected to be critical. Hence, only
the effect of the downstream limit is investigated.

In simplified notation, the pressure signal

p1,2(x, t) − p0 = 1

4π

∫
S:x1 < x1,d

li n j

(
ṗδi j

a∞r
+ pδi j

r 2

)
dS(y) (17)

Fig. 8 Mean pressure coefficient: −−, DS and +, Shieh and Morris.15
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a) −−, DS; – –, term 1 + 2; −−·, term 1 (offset −−0.04); :, term 2 (offset
−−0.04)

b) −−, DS; – –, term 1 + 2 + 5 + 9 + 10

Fig. 9 Radiated pressure signals at x/D = (1, 7.16).

Fig. 10 Convergence of OASPL from Curle’s integral for wall-
pressure sources; observer located at x/D = (1, 7.16).

is computed for x/D = (1, 7.16) and different downstream limits
x1,d . The OASPL [Eq. (18)] as a function of x1,d is plotted in Fig. 10,
and it is seen that even for the large domain used here the integral
only converges to within approximately 0.2 dB. Because this is the
same level as the estimated error from the grid resolution study,
Curle’s equation is considered converged to an acceptable level.

Aside from whether the integral has converged to accurate levels,
Fig. 10 yields some insight into the locality of the sources. The
fact that they are nonlocal is seen from the fact that the integral
converges only slowly with x1,d because the sources are correlated

Table 3 Observer locations

Observer x1/D x2/D

1 −2 7.16
2 −1 7.16
3 0 7.16
4 1 7.16
5 2 7.16
6 3 7.16
7 4 7.16
8 5 7.16
9 6 7.16

over large distances. On the other hand, the fact that inclusion of
the source terms past x1 ≈ 10 only changes the radiated sound by
small amounts suggests that despite the nonlocality of the sources,
the sources close to the cavity are dominant and account for most
of the sound. The coherence of the sources can also be seen, in that
the contributions from 4 < x1/D < 10 essentially act to decrease the
radiated intensity (for this particular observer). These sources must
then be out of phase with the sources inside the cavity.

C. Radiated Sound
The radiated sound to the observers, listed in Table 3 (see also

Fig. 1), is computed by Curle’s modified Eq. (12). Because only the
fluctuating pressure is available from Curle’s equation, the far-field
approximation of the OASPL

OASPL = 10 log10( Ī/Iref) = 20 log10(prms/pref) (18)

with pref = √
(ρ∞a∞ Iref) and Iref = 10−12 W/m2 is used. The OASPL

from the wall-pressure contribution in Curle’s equation is plotted in
Fig. 11a, and it is seen that the levels are underpredicted by between
0.3 and 4.3 dB. The shape of the radiated OASPL is in fairly good
agreement with the DS, but the underprediction is larger above the
downstream wall. The reason to this is not known, but it is hypoth-
esized that it might be caused by the lack of mean flow convection
(which would enhance the downstream radiation). Looking at the
individual contributions, the p/r 2 part (term 2) shows the largest dif-
ference between different observers. Because this term disappears
in the far field, the far-field directivity is expected to be flatter.

The radiated sound intensity when the volume terms are added
is plotted in Fig. 11b. Addition of term 5 changes little. The full
contribution, including all dominant wall and volume terms, has a
similar maximum underprediction as the two wall terms alone, but
the shape of the curve is in less qualitative agreement with that of
the DS.

VI. Acoustic Source Terms
The strength of the acoustic sources is defined here as

Sl ≡ 20 log10(�l,rms/�l,ref) (19)

where �l is one of the source terms listed in Table 2. With this
scaling, an increase of 10 dB is equivalent to a 10-fold increase
in intensity, and an increase of 3 dB means a doubling of the in-
tensity. �l,ref acts only to change the level of the source strength,
and so, as long as only relative information is of interest, it can be
chosen arbitrarily. Here, the reference for the wall-pressure fluctu-
ation (l = 2) is chosen to be the same as that for the OASPL of the
radiated sound, that is, �2,ref = pref = √

(ρ∞a∞10−12 W/m2). This
choice means that S2 is the OASPL at the wall. Because some terms
involve temporal derivatives, a factor U∞/D is included in �l,ref as,
for example, �1,ref = prefU∞/D.

A. Pressure Sources
The strengths of the wall pressure sources (S1 and S2) are plotted

in Fig. 12a. They are small at the inlet and grow about a factor of
10 as they approach the leading edge. The low levels at the inlet
are explained by the fact that the boundary layer is laminar, and
the increase closer to the leading edge is caused by the periodic
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a) �, DS; +, term 1 + 2; �, term 1; 
, term 2

b) �, DS; +, term 1 + 2; �, term 1 + 2 + 5; 
, term 1 + 2 + 5 + 9 + 10

Fig. 11 Overall sound pressure levels at nine observers.

separation of the BL upstream of the leading edge. The sources
grow even larger toward the end of the bottom cavity wall and reach
a peak at the upper part of the downstream cavity wall. After the
cavity, there is a small peak at x1/D ≈ 12 (i.e., s/D ≈ 14), behind
which they drop about 5 dB. This drop occurs at the same location,
where c̄p was found to have a small peak in Fig. 8 and where the
small vortex was found in Fig. 6. There is a second drop in source
strength at x1/D ≈ 29. Considering Fig. 7, it is interesting to note
that the two drops in source strength coincide with the locations
where the strongest counterclockwise rotating vortex overtakes a
larger clockwise rotating vortex.

Source term 1 (i.e., ṗ) is Fourier transformed, and the strengths
of the first four modes are plotted in Fig. 13. Modes 2 and 4 are
dominant behind the cavity, and they both have peaks and subse-
quent drops at x1/D ≈ 12 and, to a lesser extent, at x1/D ≈ 29. It
can then be hypothesized that the vortex interactions at these lo-
cations mainly affect modes 2 and 4. The fundamental frequency
(mode 1) is strongest around 1 < x1 < 3 but rather weak behind the
cavity. This is somewhat surprising because mode 1 is the strongest
at essentially all observer locations in the DS and in the radiated
sound from Curle. [Neither is shown, but the spectra are similar to
the spectrum of CD (Fig. 4b).]

The fact that the contributions of terms 1 and 2 were found to be
of similar magnitude in Sec. V.A is, of course, not a coincidence.
Assuming that terms 1 and 2 are affected similarly by cancellations,
the radiated intensities would scale as

Ī2

Ī1

∼ (Ap′/r 2)2

[(A/a∞r)(∂p/∂τ)]2
∼ a2

∞
r 2

p2
rms

ṗ2
rms

(20)

a) Pressure terms: −−, S1; −−·, S2

b) Viscous terms: −−, S4 (njτ1 j); −−·, S4 (njτ2 j)

Fig. 12 Wall source strengths.

where A is some sound radiating area. Equation (19) is used to write

p2
rms = p2

ref 10S2/10, ṗ2
rms = U 2

∞ p2
ref

D2
10S1/10 (21)

which yields

Ī2

Ī1

∼ a2
∞

r 2

D210S2/10

U 2∞10S1/10
∼ 1

M2(r/D)2
10(S2−S1)/10 (22)

In this case, with M = 0.15, r/D ≈ 8 (measured from the end of the
cavity to the observer), and S1 ∼ S2, the ratio would be Ī2/ Ī1 ≈ 0.7.
This is, at least qualitatively, in agreement with the results in Table 2
and can be taken as an indication that the contributions from terms
1 and 2 are, indeed, affected by cancellations similarly.

The wall-pressure source terms are within about 10 dB of
their peak values at 0 < x1/D < 29 and within about 5 dB at
2 < x1/D < 12.

B. Viscous Sources
The viscous source strength S4 is plotted in Fig. 12b. The corre-

sponding plot for S3 is omitted, partly because of the unimportance
of the viscous contribution and partly because S3 and S4 look re-
markably similar. As expected, the viscous sources are strongest
along the wall (as opposed to normal to the wall). The levels are
about 25 dB (a factor 1/300) lower than for the pressure sources.
Following the preceding arguments, the viscous contribution to the
sound intensity at x/D = (1, 7.16) should then be about 1/300 of
the contributions from the pressure sources. Table 2, on the other
hand, shows the viscous contribution to be about 10−5 of that of the
pressure. How can this discrepancy be explained?
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a) −−·, mode 1; – –, mode 2

b) −−·, mode 3; – –, mode 4

Fig. 13 Strength of source term 1, modal decomposition: ——, total
strength.

The critical point here is the fact that the viscous source strength
is large along the wall. Because the area radiating to an observer
is large when the observer is located nearly normal to the wall but
small when the observer is located nearly tangential to the wall, it
is clear that the viscous source strength normal to the wall is more
relevant in a comparison. The normal source strength is about 55 dB
lower than the pressure strength, which corresponds to about 10−5

lower intensity.

C. Correlations
In an attempt to gain further insight into the acoustics of the

open cavity, the sound signals at the observers (taken from the DS)
are correlated with the dominating sources on the wall, taking the
retarded time into account.

The correlation Rl(x, y) is defined as

Rl(x, y) ≡ p(x, t)�l(y, t − r/a∞)

prms(x)�l,rms(y)
(23)

where p(x, t) is the pressure signal at an observer location from the
DS, �l(y, t − r/a∞) is a source term at a source location, and the
bar denotes a temporal average. The correlations for some observers
are plotted in Fig. 14.

Before analyzing the correlations, some thought on what the cor-
relation actually means is necessary. A high value of Rl(x, y) means
that the signals have similar shapes and phases, which in this case
means that the source has acted constructively (or increased the am-
plitude). Rl(x, y) < 0, on the other hand, means that the source has
acted destructively and decreased the amplitude of the radiated sig-
nal. Whether the source has made a significant contribution cannot

be determined from the correlation; instead, the source strength in
Fig. 12 has to be taken into consideration.

Regardless of observation location, the correlations oscillate
around zero downstream of x1/D ≈ 10 (i.e., s/D ≈ 12). This is an
effect of the vortices being convected along the wall, generating
pressure fluctuations as they pass each point on the wall. Because
the length scale of these pressure fluctuations is much shorter than
the acoustic length scales, the contributions will change from con-
structive to destructive and back again for different points along the
wall.

The source strength is relatively constant downstream of
x1/D ≈ 12, and this fact coupled with the alternating construc-
tive/destructive behavior seen for x1/D > 10 indicates that this re-
gion, despite its large extent and the nonnegligible strength of the
source terms, will have little impact on the radiated sound. This was
also seen in Fig. 10, where the Curle integral was found to change
only moderately past this point.

R2 changes sign at the trailing edge for most observers, which
indicates that near-field pressure source p downstream of the cavity
is out of phase with the one inside the cavity.

Another interesting (but rather trivial) observation is the spatial
phase difference between R1 and R2; it is an effect of the temporal
phase difference between ṗ and p (differentiation of a signal with
respect to time changes the phase π/2).

In general, R2 changes more between different observation loca-
tions than R1 does. An example of this is the region x ≤ 0, where
R1 is positive for observers 1, 4, and 6, but where R2 changes from
positive to negative for the same observers. The reason to this is not
known.

D. Upstream Radiation
The fact that the radiated sound was found to be larger at the up-

stream observers is easier to understand in the framework of Curle’s
equation than directly from the DS. In direct simulations, there is
no way of telling where the sound originated from, but when using
a scalar equation this becomes possible.

The contribution from a wall-pressure source includes a term
li ni = cos ϕ, where ϕ is the angle between the wall normal and the
direction to the observer. Because of this and the geometry of the
cavity, it is clear that the contribution from the downstream cavity
wall grows larger upstream. Figure 12a shows that the strongest
source, S2, has its peak at the downstream cavity wall, which then
explains the increased radiation in the upstream direction. The fact
that the correlation R2 at the downstream cavity wall is very high
for observer 1, and becomes successively lower for observers 4 and
6, confirms this.

Because R2 is higher than R1 for observers 1 and 4, and especially
so for the observers farthest upstream, the main contribution to the
radiated sound at those observers is that of term 2. Because the
contribution from term 2 will disappear at larger distances (because
of the 1/r 2 factor) and because S1 has a less pronounced maximum
at the downstream cavity wall in Fig. 12a, the upstream dominance
is expected to decrease in the far field. This is also seen in Fig. 11a,
in which the shape of the OASPL is flatter for the ṗ term.

E. Volume Sources
The source strength of the volume sources is defined exactly as for

the wall sources, that is, by Eq. (19). The reference value is defined
in a similar way, so that, for example, �5,ref = pref(U∞/D)2.

The source strengths of some of the volume sources (the 1,2 com-
ponents) are plotted in Fig. 15. The volume source terms, especially
S5 (Fig. 15a), have their maximums right behind the cavity. When
compared with the instantaneous flowfield in Fig. 6, it is seen that
the region of maximum S5 is located slightly above the path of the
vortices ejected from the cavity. This is where the counterclockwise
rotating vortices were found to be swept along by the larger vor-
tices, and it is hence hypothesized that this interaction between the
vortices is connected to the largest volume sources.

The fact that the source strength is comparatively smaller in the
cavity is a somewhat surprising result; after all, that is the region
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a) Observer 1: −−, R1; −−·, R2

b) Observer 4: −−, R1; −−·, R2

c) Observer 6: −−, R1; −−·, R2

d) Observer 9: −−, R1; −−·, R2

Fig. 14 Correlations between radiated sound and wall source terms.

a) S5 (T̈12), 10 contours between 135 and 200 dB

b) S9 (Ṫ12), 10 contours between 135 and 175 dB

c) S10 (T12), 10 contours between 135 and 155 dB

Fig. 15 Volume source strengths.
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where the violent ejection of the vortices originates. The explanation
could perhaps be that the flowfield in the cavity is built up relatively
slowly, whereas it changes more quickly in the region into which
the vortices are ejected. This explanation is supported by the fact
that the lower-order temporal derivatives of Ti j (S9 and S10) have
less pronounced maximums in this region.

Some numerical, high-wave-number, oscillations are present in
Fig. 15a but not as much in the other two figures. That the T̈i j term is
especially affected by these grid-to-grid oscillations is not surpris-
ing because the temporal derivatives enhance higher frequencies.
Whether these numerical oscillations have an effect on the radiated
sound, and if so, how big it is, is not known. They could be removed
by adding artificial dissipation, but that would affect the accuracy
of the DS adversely.

VII. Summary
The more general findings of this study can be summarized as

follows:
1) The solution of Curle’s equation has been written on a form

with temporal derivatives, which is valid in the near field, and similar
to formulations by for example Brentner and Farassat.24

2) The main sources of sound in a low-Mach-number, wall-
bounded, flow are the pressure fluctuations on the walls. The viscous
contribution on the walls is found negligible because it mainly acts
along the walls. The sources in the fluid are small, about 5% of the
wall sources for this particular case.

3) The common simplification of Lighthill’s tensor Ti j ≈ ρ∞ui u j

introduces very small errors at the low Mach number in this case.
4) Being mainly effects of hydrodynamics, the main source terms

should be computable from the incompressible equations, but this
has not been investigated in this study.

5) The tool of correlations can yield further insight into aeroa-
coustic noise generation.

6) Curle’s equation is, at least in the near field, sensitive to the
size of the domain over which the source terms are integrated. This
sensitivity, however, is smaller than the sensitivity to boundary con-
ditions of the direct simulation.

The findings on the open cavity are as follows:
1) The sources of sound are largest on the downstream cavity

wall. They are also large along the second half of the bottom of the
cavity and for about two cavity lengths behind the cavity.

2) The upstream dominance of the radiated sound is explained by
noting that the regions of high source strength contribute primarily
to the upstream direction.

3) Correlations between the source terms and the radiated sound,
coupled with where the sources are large, suggest that the far-field
directivity will be flatter.

4) The incoming boundary layer behaves nothing like a flat-plate
boundary layer. A consequence of this is that it is hard to specify
the boundary-layer characteristics in a nonambiguous way.

5) The sound sources in the fluid, albeit small, are large primar-
ily downstream of the cavity and occur in a region where smaller
counterclockwise rotating vortices are being swept along by larger
clockwise rotating ones.
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