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Abstract

Direct Numerical Simulations (DNS) were conducted of fully
turbulent flow exiting a long pipe into a laminar co-flow. The
inclusion of the pipe in the simulations with a fully turbulent
flow inside ensures that all possible noise generation mecha-
nisms are represented. In response to earlier results obtained
from this configuration showing contamination of the far field
noise field by interior noise from the pipe, the internal pipe walls
are acoustically lined using an impedance condition and the tur-
bulent inflow generation technique is modified. In this paper
it is shown that the combination of turbulent inflow generation
changes and the application of an acoustic liner results in con-
siderable suppression of the internal noise sources, thus allow-
ing for the development of a far field noise field more similar to
that expected for turbulent mixing noise. It is demonstrated that
the change in inflow boundary condition is mainly responsible
for the reduction of internal noise of the axisymmetric mode
while the main role of the acoustic liner is the absorbtion of
internal noise for higher azimuthal modes. The hydrodynamic
field appears unaffected by either measure.

Introduction

It is widely recognized that several different sources contribute
to the overall sound radiation from subsonic jets: (i) large scale
structures mainly occurring close to the potential core region,
(ii) breakdown of large scale structures into fine-scale turbu-
lence near the end of the potential core, (iii) fine-scale turbu-
lence within the initial shear layers of fully turbulent jets, and
(iv) trailing-edge noise resulting from the interaction between
flow and the solid wall at the nozzle exit. The contribution
of each individual source is known to vary with the direction
from the jet downstream axis and frequency, e.g. large scale
structures predominantly radiate low frequency sound in the
downstream direction, whereas fine-scale turbulence (shear lay-
ers, breakdown of the potential core) is mainly responsible for
the high-frequency sound that is considered to be less direc-
tional [1].

Sandberg et al. [2] described DNS of a canonical pipe/jet con-
figuration. The turbulent flow exited the pipe into a laminar
co-flow and served as a well defined turbulent inlet condition
for the study of sound radiation from fully turbulent jets. The
sound radiation from this configuration was studied for three
subsonic jet Mach numbers and varying co-flows at a diameter-
based target Reynolds number of 7,500. An unexpected result
was that the velocity scaling of mean square far-field pressure at
90 degrees was found to be similar for all cases over the range
of Mach numbers considered and not following the scaling law
expected for an isothermal jet.

Sandberg and Tester [3, 4] investigated the source characteris-
tics of the pressure field decomposed into its azimuthal modes
with the aid of a phased array technique. This technique sepa-
rated out the noise sources associated with jet mixing from addi-
tional noise source mechanisms that could be attributed to noise
generated in the nozzle or by turbulent flow interacting with the
nozzle lip, depending on frequency and azimuthal mode num-

ber. The strongest radiation levels were due to azimuthal mode
m = 0 and it was shown that this was dominated by internal
noise. Olivetti et al. [5] outlined a preliminary study of a lined
pipe aimed at suppressing the internally generated noise using
a canonical acoustic liner model. The time domain model de-
veloped by Tam and Auriault [6] was implemented in the DNS
solver. A number of subsonic pipe-flow simulations were con-
ducted with an injected tone source, in order to verify the acous-
tic attenuation due to the presence of the acoustic liner. The re-
sults showed good agreement with classic eigenvalue solutions
and attenuation of plane waves inside the pipe. In the current
paper, a new set of DNS of a fully turbulent pipe/jet configura-
tion using an acoustic liner boundary condition for suppression
of internally generated noise is presented. The main focus is
on evaluating the effect of the internal noise suppression on the
farfield noise.

Numerical Setup

Direct Numerical Simulations

The compressible Navier–Stokes equations for conservative
variables are solved in cylindrical coordinates using a mixed
finite-difference/spectral code. For the DNS presented here,
a 4th-order central difference scheme with Carpenter bound-
ary stencils is applied for the spatial discretization in the radial
and streamwise directions. A Fourier method is used for dis-
cretization in the azimuthal direction, enabling an axis treatment
that exploits parity conditions of individual Fourier modes [7].
Time marching is achieved by an ultra low-storage 4th-order
Runge–Kutta scheme.The stability of the code is enhanced by
a skew-symmetric splitting of the nonlinear terms. In addition,
an 11 point wave-number optimized filter is used after each full
Runge–Kutta cycle with a weighting of 0.2 to remove possi-
ble grid-to-grid-point oscillations. To generate a spatially de-
veloping turbulent pipe flow, turbulent fluctuations, calculated
using a digital filter technique [8] with parameters specified
from precursor periodic pipe simulations, were superposed onto
mean flow values. It was previously shown that this approach
produces flow conditions at the pipe exit that can be used as
well-defined turbulent upstream conditions for the jet calcula-
tions [9]. A key difference to our previous DNS of pipe-jet con-
figurations [10] is that the inflow perturbation velocities for the
axisymmetric mode m = 0 are now explicitly set to zero. This
avoids mass flow fluctuations in the pipe that result in strong
acoustic radiation of the axisymmetric mode and was found dif-
ficult to suppress with a liner at low Strouhal numbers. Remov-
ing velocity fluctuations of m = 0 has been shown to have no ef-
fect on the developed pipe flow downstream. More details about
the code and validation can be found in Sandberg et al. [10].

A time-domain impedance boundary condition based on a
mass-spring-damper analogy has been used, as defined by Tam
and Auriault [6]. It can be written in the form where the generic
resistance parameter R0 is identified as the dissipative term of
the mass-spring-damper model and the two reactance parame-
ters are identified as mass-reactance X1 and stiffness X2, which
are chosen to produce resonance at the required frequency or



Figure 1. Sketch of the computational domain; the shaded region at the
outflow denotes the region in which the zonal characteristic boundary
condition [11] was applied.

Block Lz ×Lr Nz ×Nr k/nzp N pz ×N pr
1 50.0×1.0 624×68 64/130 24×4
2 110×1.0 2808×68 64/130 108×4
3 110×0.042 2808×17 64/130 108×1
4 110×12.95 2808×357 64/130 108×21
5 50.5×12.95 624×357 64/130 24×21
6 110×67.55 2808×476 8/18 108×4
7 50.5×67.55 624×476 8/18 24×4

total N/A 3.14×106 3,936

Table 1. Size, number of grid points, Fourier modes k/collocation points
nzp and the number of processors for each block in the computational
domain (see figure 1, left). All dimensions are normalized with the pipe
radius R.

Strouhal number. In the current study, R0 = 4, X1 = 1.177 and
X2 =−33.49.

Simulation Geometry and Grid

The computational domain comprises seven blocks (see Fig. 1):
flow inside the pipe (block 1), jet development downstream of
the pipe exit (blocks 2,3,4 and 6), and co-flow and acoustic field
upstream of the pipe exit (blocks 5 and 7). The dimensions of
each block, along with the corresponding number of grid points
and number of subdomains in the streamwise (z) and radial (r)
directions, are given in table 1. In the azimuthal direction 64 or
8 Fourier modes corresponding to 130 or 18 collocation points
were used in the turbulent flow and acoustic regions, respec-
tively, resulting in a total of 225× 106 grid points. Following
preliminary turbulent pipe flow simulations [9], the length of
the pipe was chosen as Lpipe = 50R. Downstream of the pipe
exit, the physically useful part of the computational domain ex-
tended to z = 79R followed by an outflow zone (consisting of
180 grid points) which extended up to 110R. The maximum
radial extent of the grid is 80.5R.

A laminar Blasius boundary layer with a boundary layer thick-
ness δ/R= 0.0023 was prescribed at the inflow boundary on the
pipe outside. At the outflow boundaries (blocks 2,3,4 and 6) a
zonal characteristic boundary condition was applied [11], while
generalized characteristic boundary conditions were used at the
upper freestream boundary.

A total of three different cases were conducted (Tab. 2) to study
the effect of the liner and co-flow Mach number. The changes
in density and temperature were less than 5% of the wall values.
All DNS were run for 300 nondimensional time units (based on
radius and bulk velocity inside the pipe) to allow the initial tran-
sients to leave the domain. All three cases were then continued
for > 700 time units to achieve statistical convergence. The spa-
tial and temporal resolution of the simulations were rigorously
assessed and were found to be adequate [10].

Case M jet Mco uco u jet λexit Re jet
M84c2L 0.84 0.2 0.24 1.27 4.3 8,522
M84c2nL 0.84 0.2 0.24 1.27 4.3 8,529
M84c1L 0.84 0.1 0.12 1.27 9.6 8,492

Table 2. Simulation parameters; M jet , Mco, uco and u jet based on bulk
velocity in nozzle, local non-dimensional velocity excess λ at nozzle
exit, and Re jet based on u jet , nozzle diameter and kinematic viscosity at
pipe wall. Mach numbers based on reference speed of sound using wall
temperature. “L” in the case name denotes case with liner, “nL” without
liner.

Figure 2. Instantaneous contours of azimuthal vorticity component
(top) and streamwise density gradient (bottom) near the nozzle; Case
M84c2L.

Results

In figure 2 instantaneous contours of the azimuthal vorticity
component and streamwise density gradient are shown for the
near-nozzle region of case M84c2L, illustrating qualitatively
the fully developed turbulent pipe flow exiting the nozzle and
rapidly developing into a jet. It can be observed that the initial
shear layers of the jet are already turbulent and do not undergo
a laminar-turbulent transition.

Sandberg et al. [10] showed that the turbulence statistics at the
nozzle exit could be collapsed with profiles in the fully de-
veloped region, thus the flow exiting the pipe can be consid-
ered fully developed and therefore constitutes a well defined
turbulent upstream condition suitable for direct noise compu-
tations. Turbulence spectra within the hydrodynamic jet field
were investigated. The record length of the original time se-
ries is τ > 700 with a sampling interval of ∆t = 0.02. The time
record is split into 31 segments with a 50% overlap and the
time average of each segment is subtracted from the signal be-
fore applying a Hanning window. The modified data are then
Fourier transformed in time and an average over all segments
is taken. The power spectral density (PSD) is then obtained by
multiplying the point spectrum with its complex conjugate, di-
viding by a reference pressure and taking the natural log of the
argument, multiplied by 10. In figure 3 the pressure PSD for
several azimuthal Fourier modes m are shown at the location
(z/R,r/R) = (10,1), i.e. close to the end of the potential core
of the jet, for cases M84c2L and M84c2nL. Broadband spectra
can be observed including Strouhal numbers, based on bulk ve-
locity in the pipe and jet diameter, up to StD ≈ 50 and a decay
of energy of more than ten decades, indicating that the flow is
well resolved in time. Most of the energy is contained in the
axisymmetric mode m = 0 with modes m = 1 to m = 5 display-
ing very similar levels of energy. Importantly, the spectra, both
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Figure 3. Power spectra of pressure for individual azimuthal Fourier
modes within the hydrodynamic field of the jet (z/R = 10,r/R = 1).
Spectra were obtained using Hanning windowing and averaging over 31
segments with 50% overlap; Cases M84c2L (solid lines) and M84c2nL
(dashed lines).

in amplitude and shape, are very similar for the lined and un-
lined cases, providing evidence that the turbulent flow exiting
the pipe is unaffected by the presence of a liner.

For a qualitative impression of the resulting acoustic fields, in-
stantaneous contours of the dilatation field ∂ui/∂xi are shown in
figure 4 for a slice of the entire domain for case M84c2L and
the previous M084c02 case without liner and unmodified turbu-
lent inflow [10]. In both cases, sound waves can be observed
emanating from the nozzle corner and from the jet core. Impor-
tantly, the resulting sound fields appears to be very ‘clean’, i.e.
no interference from boundary reflections can be detected. The
sound can be observed to originate from the near-nozzle region
with noise radiation showing the highest intensity at roughly
θ = 40◦, where θ is defined with respect to the streamwise di-
rection. In addition, upstream radiating noise emanating from
the nozzle lip, although more weakly, can be detected. Com-
paring the new DNS with liner and improved turbulent inflow
boundary condition to the previous case reveals striking differ-
ences. Firstly, the dilatation field inside the pipe is significantly
weaker for the new case, in particular for z/R ≥−20. Secondly,
the acoustic waves emanating from the nozzle and near-jet re-
gions are considerably more directional, indicating a reduction
in nozzle-based noise radiation.

To scrutinize the far field pressure more rigorously, pres-
sure PSDs obtained in the acoustic field at a distance r̂ =√

(z/R)2 +(r/R)2 = 60, computed using the procedure de-
scribed above, were investigated at various angles. In order
to assess whether the new set of equations were successful in
reducing the nozzle-based noise sources, pressure PSDs for all
new DNS compared with the previous DNS data at θ = 90◦

are shown in figure 5 for the axisymmetric mode. At this angle
noise generated by fine-scale structures in the shear layers of the
jet and noise associated with the nozzle should be captured. In
contrast to the previous DNS with an unmodified turbulent in-
flow generation technique, for which the shape of spectrum of
the axisymmetric mode is complex and exhibits a significant dip
in energy between StD ≈ 0.8 and StD ≈ 1.3, the spectra obtained
from the new simulations show a broadband peak followed by
a monotonic decay of energy for increasing frequencies. The
fact that the spectra of cases M84c2nL and M84c2nL are very
similar indicates that the removal of the cut-on peak at higher
frequencies is due to the change in pipe-inflow boundary con-
dition and not due to the inclusion of the liner. Figure 5 also
reveals that the case with lower co-flow Mach number gener-
ates more noise, as expected due to the larger velocity of the jet
relative to the co-flow.

To assess the contribution of individual azimuthal modes to the

Figure 4. Instantaneous dilatation field for azimuthal plane Θ =

0◦,180◦, with levels [−5×10−4;5×10−4] ; the dashed line at z/R = 79
denotes the onset of the zonal characteristic boundary condition [11];
Previous unlined M084 case (top) [10] and current case M84c2L (bot-
tom) .
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Figure 5. Power spectral density of m = 0 of pressure at r̂ = 60 and 90◦

for different DNS cases.

overall noise the pressure PSDs were Fourier decomposed in
the circumferential direction. The resulting spectra for each az-
imuthal mode at 40◦ and 90◦ are shown in figure 6. The angle
θ = 40◦ was chosen as figure 4 suggested this to be the peak ra-
diation angle for the current cases. At this angle the sound field
is assumed to be mainly due to large-scale structures [1]. The
first observation to make is that in contrast to the pressure PSDs
obtained in the hydrodynamic field (fig. 3), the energy contained
in the axisymmetric mode exceeds that of other modes consid-
erably and the amplitudes of the azimuthal modes m ≥ 1 decay
quickly with mode number m. Comparing the data obtained
from the lined and unlined cases M84c2nL and M84c2L at two
angles, considerable differences can be observed. At θ = 40◦,
the shapes of the spectra for all azimuthal modes show a typi-
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Figure 6. Power spectral density of azimuthal Fourier modes m of
pressure at r̂ = 60 and 40◦ (top) and 90◦ (bottom) for cases M84c2nL
(dashed lines) and M84c2L (solid lines).

cal broadband behavior. The differences between the lined and
unlined cases are negligible. This indicates that the noise mea-
sured at the probe location is due to jet-mixing, which is similar
for both cases due to the similarity of the turbulence field exit-
ing the nozzle, and not contaminated by internal noise from the
nozzle. At θ = 90◦, however, the picture changes and higher
modes in the unlined case M84c2nL, most notably m = 1, dis-
play an increase in amplitude at frequencies above ‘cut-on’. All
cases conducted with an acoustic liner inside the nozzle do not
exhibit this cut-on behavior of the higher azimuthal modes and
are free from any dips in the axisymmetric mode. Thus is can
be concluded that the acoustic liner is able to suppress the un-
wanted internal noise sources. This will allow for the DNS data
to be more useful for the extraction of jet-mixing noise mecha-
nisms.

Conclusions

Direct numerical simulations of fully turbulent pipe-jet config-
urations were conducted for varying co-flow Mach number at a
target Reynolds number of Re j = 8,500. In order to suppress
possible internal noise sources emanating from the pipe exit and
contaminating the acoustic far field, an acoustic liner model is
applied to the interior nozzle walls. In addition, the turbulent
inflow generation technique is modified to be free of velocity
fluctuations of the axisymmetric mode that were found difficult
to absorb by the liner at low frequencies. Spectra in the hydro-
dynamic field of the jet show that the change in inflow bound-
ary condition and the use of acoustic liners in the pipe do not
affect the turbulent flow exiting the nozzle. It is demonstrated
that explicitly removing axisymmetric velocity fluctuations at
the pipe inlet considerably reduces the power spectral density
amplitudes of the axisymmetric mode in the far field at 90◦ at
low frequencies and results in a spectral shape expected for jet
mixing noise without cut-on of higher frequencies. The acous-
tic field was decomposed into its azimuthal modes and PSDs in
the farfield of the lined and unlined simulations were compared
at different angles. At the main radiation angle of θ = 40◦ the
data agree well, suggesting that the liner has a negligible ef-

fect on the jet mixing noise component. However, at θ = 90◦

the unlined case exhibits cut-on of higher modes at higher fre-
quencies. Simulations with liner do not display this behavior,
implying that the internal noise has successfully been removed
by the acoustic liner.
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