
Nomenclature
A amplitude of the disturbance−
c sound velocity−

jet exit diameterdj −
f frequency−
h distance between nozzle exit plane (NEP)−

and the duct entrance
mass flow ratem. −

 Mach numberM = V/c −
p instantaneous pressure−

mean pressurepm −

dimensionless acoustic pressure disturbancep ∏ = 2
(p − pm )

∞c∞2
−

r distance from the sound source −
jet exit radiusrj −
Reynolds numberRe = jujdj / j −
Strouhal numberSt = fdj /uj −

T temperature−
Cartesian velocity componentsu, v, w −
dimensionless velocity disturbance (scaledu∏, v∏,w∏ −
by )c∞
friction velocityu& = w/ −

V velocity−
Cartesian coordinatesx, y, z −
dimensionless distance from the wally& = yu&/v −

Greek Symbols
dynamic viscosity−
density−
kinematic viscosity= / −
wall shear stressw −
angular frequency of the disturbance−

Subscripts
j jet−
m time-mean−

ambient fluid∞ −

1. INTRODUCTION

In recent years there has been considerable interest in the
design of exhaust ducts for jet noise mitigation systems for
launch vehicles devoid of water injection. Clean (dry) launch
pads with ducted exhausts are preferable to those fitted with
water deluge systems for sound suppression with regard to
operational costs and the frequency of launches. Thus, the
overall process of sound emission from partially ducted
rocket exhausts is of great practical interest in the under-
standing of sound suppression systems for launch vehicles.
Detailed knowledge of the behaviour of the sound radiation
from these ducted exhausts is useful in the design and opti-
misation of the sound suppression systems.

The totality of the far-field sound from ducted exhausts is
composed of the transmission of sound from the free super-
sonic jet (upstream of the duct inlet) to the far-field, the
transmission of sound within the duct, and the radiation of
sound from the duct exit and the subsonic jet (exiting the
duct) to the far-field. Recent experiments on enclosed ducts
by Kandula et al.1-3 have indicated that the jet confinement
has a significant effect on sound emission and directivity,
suggesting that the duct modifies the sound generation and
propagation.

According to Sir James Lighthill,4,5 noise generation from
subsonic jets is mainly due to turbulent mixing, and is com-
prised of the contributions of large-scale and fine-scale struc-
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tures. The turbulent mixing noise is mainly broadband. In
perfectly expanded supersonic jets (in which the nozzle exit
pressure is equal to the ambient pressure), the large-scale
mixing noise is manifested primarily as Mach wave radiation
(Ffowcs Williams6; Tam7). The noise from Mach wave radia-
tion is caused by the supersonic convection of large-scale tur-
bulent eddies relative to the ambient fluid, and forms the
dominant noise component. In imperfectly expanded (shock-
containing) supersonic jets, additional noise is generated on
account of broadband shock noise and screech tones.

A number of studies have been reported on enclosed sub-
sonic flows typical of turbofan engine inlet/exhaust ducts8,9

and mufflers for engine exhaust systems.10 However, many of
the theoretical studies on sound emission from turbulent su-
personic jets are focused on unconfined (free) jets (Freund et
al.11; Gamet and Estivalezes12; Kandula and Caimi13). There
are very few reported studies on confined supersonic jets.14

Reference15 may be consulted for recent advances in aeroa-
coustics. The present study is concerned with experimental
and theoretical simulation of the effect of the enclosing duct
on the radiated noise from perfectly expanded cold super-
sonic jets. It summarises the effect of a rigid-walled exhaust
duct in mitigating the sound from a supersonic cold nitrogen
jet. In the present study the nozzle has an exit diameter of
25.4 mm, and is ideally expanded to an exit Mach number
of 2.5. Predictions of the sound pressure levels are compared
to the experimental data.1-3

2. DESCRIPTION OF THE EXPERIMENTAL PROGRAM

2.1. Nozzle and Duct Configuration
The test facility is outfitted with a chamber and a super-

sonic nozzle held in the vertical position. The chamber is fed
from pressurised gaseous nitrogen bottles (8000 psi) in con-
junction with two pressure regulators in series. The pneu-
matic system was modified to facilitate a continuous supply
of nitrogen for the duration of the tests. Necessary instrumen-
tation was provided for measurement of the acoustic and ex-
haust flowfields. The Mach 2.5 convergent-divergent nozzle
was designed on the basis of the method of characteristics,
and was made of stainless steel. The nozzle has an exit di-
ameter of 25.4 mm, which compares with about a 1 m exit di-
ameter typical of large rocket engines.

Figure 1. Geometry of the ducted exhaust jet configuration.

Figure 1 shows the geometry of the jet-duct configuration
considered in the experimental data.1-3 A scaled aluminum
exhaust duct with an upstream J-deflector (30 degree inclina-
tion to the vertical) was fabricated and installed under the
nozzle. The exit cross section of the duct is  mm.152% 305
The exhaust duct can be positioned at desired levels relative
to the nozzle exit plane (NEP). The origin of the coordinate
system lies in the ground plane, with the y-axis coinciding
with the jet axis. The jet impinges vertically on an upstream
J-deflector (30 degrees to the vertical) of the duct before exit-
ing horizontally through the duct. The nozzle exit is held
fixed at 73 jet diameters (1.85 m) above the ground level.
The duct inlet can be varied at 10, 5 and  jet diameters−1
relative to the nozzle exit plane. The last position refers to the
condition where the NEP is below the duct inlet.

Typical chamber and nozzle conditions for the scale-
model test series considered here are given in Table 1. The
Mach number of the exhaust jet was 2.5, and the jet Reynolds
number was 58,300. The jet is perfectly expanded (nozzle exit
pressure equals the ambient pressure  of  N/m2).p∞ 1.01% 105

The ambient temperature was 294 K. The exit static tempera-
ture of the jet was 123 K, indicating that it is a cold jet, since
the nozzle exit temperature is colder than the ambient tem-
perature.

Table 1. Summary of nozzle parameters.

4 % 106Jet exit Reynolds number 
2.5Nozzle exit Mach number

554.7Exit velocity, m/s
123Exit temperature, K

1.01 % 105Exit pressure, N/m2

25.4Nozzle exit diameter, mm
0.77Nozzle mass flow rate, kg/s
278Stagnation temperature, K

1.72 % 106Stagnation pressure
ValueParameter

Photographic views of the free jet and the ducted jet test-
ing with the Mach 2.5 cold nitrogen jet are presented in
Figs. 2(a) and (b), respectively.

2.2. Flow and Acoustic Measurements
The chamber conditions (pressure and temperature) were

measured by a pressure gauge and by a thermocouple
mounted on the chamber wall. The exit Mach number was
computed from the measurement of the total pressure and the
static pressure at the NEP with the aid of a pitot tube equa-
tion16 due to Lord Rayleigh. Brhel & KjFr microphones of
12.7 mm diameter were used for recording the sound pres-
sure. The acoustic field surrounding the nozzle/duct configu-
ration was measured with an array of acoustical transducers
(microphones 1 through 9) placed azimuthally at 22.5-degree
increments (Fig. 3). The sensors were placed azimuthally at
80 nozzle exit diameters from the NEP (thus representative
of far-field conditions), and at a height of 54 jet diameters
above the ground. The azimuthal array was setup in a plane
parallel to the ground and centred on the jet axis. Also, the
array was oriented at a polar angle of 76.6 degrees relative to
the downstream axis at the nozzle exit. This angle is not in
the peak noise radiation direction. This is about 50 degrees
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Figure 2. Photographs of the nitrogen supersonic (a) free jet and (b)
jet flowing through an enclosed duct.

for free supersonic jets, which is typical of standard chemi-
cal rockets.17 It should be pointed out that microphone 5
(at 0 degrees) is active only for the free jet, and is not active
for the ducted jet case.

2.3. Data Acquisition
Time history measurements were made of chamber pres-

sure, chamber temperature, and pitot and static pressures at
the NEP. These measurements serve to indicate the time at
which steady-state conditions are achieved. Generally, it
takes about 60 s for steady conditions to prevail. As soon as
the flow becomes steady, recording of acoustical data begins.
Pressure-time data from the microphones were processed by
the data acquisition system. The data were sampled at a rate
of 125,000 samples/s so that sound frequencies up to 60 kHz
could be recorded. The time domain data were processed in
the form of narrowband spectra, octave-band sound pressure
levels, and the overall sound pressure levels (OASPL) at each
location, with the aid of LabVIEW software.

3. COMPUTATIONAL SIMULATION
The three-dimensional numerical simulation presented

here is based on the computational fluid dynamics (CFD)
work reported in reference18. In the CFD analysis, only the
case of a ducted jet with  mm was considered. Allh = 254
computations were performed on an eight-processor SGI Ori-
gin 350 (700 MHz) machine.

Figure 3. Sound pressure measurement setup.

3.1. Grid System
A side view of the grid system is presented in Fig. 4. The

overall grid system consists of eight blocks with a total of
about  grid points. Individual grids for the jet, duct,4% 106

etc., were generated using the GRID-GEN grid generation
program. In particular, the jet grid size was set at 75% 85% 58
(axial, radial, and circumferential), and the duct grid size in-
cluding the upstream flow-through part was 86% 50% 50
(streamwise, and in the two cross section directions). The
inter-grid communication was established by the Pegasus
Code (Benek et al.19).

Figure 4. Grid system for the exhaust (side view).

For resolution purposes, grids were clustered in the re-
gions of the jet shear layer, the duct wall region (interior and
exterior), and the downstream section of the duct including
its shear layer. Some typical dimensionless grid sizes (and
distribution) scaled by the jet diameter are indicated as fol-
lows. For the jet grid, radial grid sizes were 0.01 near the
axis, 0.0001 in the shear layer, and 0.09 for the outermost
cell, while a uniform grid size of 0.3 was used in the axial di-
rection. Referring to the duct grid, the first cell distance from
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the wall was 0.01, and stretched to 0.35 near the centre. The
grid size (transverse direction) in the shear layer downstream
of the duct exit is maintained at 0.01. The first cell distance
from the duct wall provides a value of  of the order about 10.y+
This suggests that the resolution is inadequate for resolving
the viscous sublayer ( ). Since the primary interest herey+ < 5
was related to the pressure fluctuations in the boundary layer
and not skin friction and heat transfer, and since the flow in
the curved duct is not wholly a boundary layer type, it was
believed that the relative coarseness of the duct grid would
not appreciably affect the acoustical results.

3.2. Solution Procedure
The near-field solution for the mean flowfield and the

acoustic field was obtained by the OVERFLOW CFD
Navier-Stokes code (Kandula and Buning20). A multi-grid-
ding scheme was chosen for accelerated convergence. The
solution obtained is second-order accurate in space and time.
The one-equation turbulence model of Spalart and Allmaras21

was employed, which produces a solution for the turbulent
kinetic energy. The Spalart-Allmaras turbulence model is
used widely for external aerodynamics, and is known to be
overly dissipative for separated flows, such as those present
in the duct. Thus, it is likely that some error is encountered in
the unsteadiness predicted by the code. A two-equation tur-
bulence model such as the  model22 may be used to ob-k −
tain improved accuracy. Initially the steady mean hydrody-
namic flowfield is obtained by running the code with local
time-stepping. A steady-state hydrodynamic flowfield solu-
tion (based on Reynolds time-averaged Navier-Stokes equa-
tions, RANS) was achieved within about 2000 iterations. En-
trainment of the surrounding air into the jet becomes a part of
the solution through the specification of freestream boundary
conditions for the outer boundary.

Starting from the steady-state solution, a three-dimen-
sional periodic disturbance was applied at the nozzle exit for
exciting the shear layer as expressed by

     (1)u∏ = v ∏ = w∏ = A cos( t) exp − ln2
s/rj − h

b

2
,

where A denotes the amplitude of the disturbance, = 2 f
is the angular frequency,  is the jet exit radius, andrj

 is the distance from the jet axis. The distur-s = y2 + z2

bance frequency f was based on a Strouhal number St = 0.2
(which was observed experimentally) corresponding to the
most amplified large-scale instability waves (coherent struc-
tures) such as those of Kelvin-Helmholtz, which are respon-
sible for Mach wave radiation. Exciting the jet at a single
dominant frequency may not capture the true broadband
character of the turbulent jet, and consideration of several
frequencies (perhaps harmonics or random type) and of sev-
eral modes (axisymmetric, helical etc.) is desired. The form
of the exponential term (Gaussian profile) with , andh = 0784

 was chosen here based on previous work on super-b = 0.1
sonic jet simulation.13,18

The predicted sound pressure level (SPL) is sensitive to
the assumed levels of amplitude A, which depend on the noz-
zle flow conditions, and is unavailable in experimental data
on jet noise. Generally speaking, the magnitude of the chosen
amplitude of excitation must be sufficiently large to excite

the shear layer (for instability waves), but at the same time it
should be sufficiently small (weak) not to produce spurious
acoustic waves. A value of  was considered forA = 0.01
axisymmetric free jets.12,13,23 Experience with axisymmetric
supersonic jets by this author13 has shown that a value of

 predicts the observed peak radiation direction toA = 0.01
within one degree, but underpredicts the measured peak
OASPL by about 7 dB (in the peak radiation direction of
53 degrees and at 80 jet radii from the axis) for a Mach 2.0
free jet. Based on these considerations, the amplitude

 is considered in the present investigation. It may beA = 0.02
remarked that for modelling of imperfectly expanded super-
sonic jets, there is no need to prescribe the excitation at the
nozzle exit.

For the acoustic solution, appropriate time-dependent
boundary conditions were applied to minimise reflections
from the finite computational boundaries. Thompson’s out-
flow acoustic boundary condition (Thompson24) was applied
at the outflow boundary (downstream end of the grid), which
maintains the mean static pressure at the ambient level. The
acoustic radiation boundary condition of Tam and Webb25

was assumed for the lateral boundaries. At the supersonic in-
flow, all data are specified, such that all time variations of the
characteristic variables are set to zero because all waves are
incoming waves. These boundary conditions have been im-
plemented by the author in the OVERFLOW code.13 The
code was run time-accurately for about 22000 iterations to
ensure that a periodic state is approached.

In the far-field, the sound pressure levels were deter-
mined by the Kirchhoff formulation (Kirchhoff26) with data
on the Kirchhoff surface obtained by the CFD code. The
method is presented in Lyrintzis and Mankbadi27, and has
been considered by the author for an axisymmetric super-
sonic jet simulation (Kandula and Caimi13). The data on the
Kirchhoff surface (enclosing the nonlinear source region) in-
clude the time history of pressure, normal pressure derivative,
and pressure-time derivative. It is known that the Kirchhoff
method can yield poor results if there is significant vortical
flow passing through the surface (Brentner and Farassat28).
The Kirchhoff solver is linear in the far-field (outside the
Kirchhoff surface). Thus proper care needs to be exercised in
choosing the locations of the Kirchhoff surface, so that the
predicted far-field SPL is not dependent on its location. For
free supersonic jets, six jet radii for the location of the Kirch-
hoff surface are recommended.12,13,27 In the present simula-
tions, the Kirchhoff surface for each grid was taken to be
about seven grid cells from the outer boundary, at which the
computed results were found to be satisfactory.

4. RESULTS AND COMPARISON

4.1. Spectral Sound Pressure Level
The spectral content of the octave sound pressure level

(SPL) for the free jet and the closed-duct cases is shown in
Figs. 5(a) and (b), respectively. A peak frequency of about
4 kHz is noted in this case and agrees well with the estimated
value based on a Strouhal number ( ) of 0.2. Here fSt = fuj/dj
denotes the frequency,  is the nozzle exit velocity, and  isuj dj
the nozzle exit diameter. The free jet shows some asymmetry
in the spectra (2 to 5 dB) in the high frequency range of
4-8 kHz, which is perhaps due to the nonanechoic character
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of the experimental facility and to the presence of the neigh-
bouring structures. The relatively rapid decay in the meas-
ured SPL at 12.5 kHz is due to the fact that the present sen-
sors are designed for a maximum frequency of 20 kHz. The
measured SPL spectrum for the free jet is seen to be consis-
tent with widely used correlations given in NASA-SP
method.17 Good agreement is noted for the peak frequency.
The OAPSL obtained from using the NASA-SP method is
125.0 dB, which compares with the present measurement of
129.5 dB.

Figure 5. Spectral sound pressure levels for (a) the free jet and (b)
for the jet flowing in a duct.

In the ducted jet case, the peak frequency near  de-= 0
grees (corresponding to the duct axis) is about 4 kHz, which
is close to the free-jet value. However, the peak frequency in-
creases as the angle from the jet axis is increased. Differ-
ences in the spectrum for various angles are observed over a
wide range of frequencies (roughly 1.5 decades). 

4.2. Overall Sound Pressure Level (OASPL)
Figure 6 shows a comparison of the OASPL for the free

jet with those obtained for a jet passing through a duct, with
the NEP located at different heights relative to the duct inlet.
This figure shows the sound directivity in the ducted jet
system1-3 with data taken along a 2.03 m arc radius about the
jet axis, and in a horizontal plane 1.37 m above the ground
level. The quantity h refers to the height of the nozzle exit
plane above the duct inlet plane. The directivity for the free
jet is in a single plane perpendicular to the free jet axis and is

thus axisymmetric. While there is axial symmetry in the
OASPL for the free jet, there is considerable directivity in the
OASPL in the presence of the exhaust duct. The measured
directivity pattern for the ducted jet corresponds to a slower
jet (with entrained mass flow) rotated 90 degrees to the origi-
nal free jet axis. It thus resembles typical jet directivity in a
single plane, but now the angle is with respect to the horizon-
tal ducted jet axis.

Figure 6. Effect of nozzle height on the directivity of sound radia-
tion for a ducted jet.

When the NEP is held at 254 mm above the duct inlet, a
reduction in the maximum OASPL of about 3 dB (near the
ducted jet axis) is achieved relative to the free jet case. Rela-
tively large reductions in OASPL are noted at  degrees.!90
These findings suggest that there is an optimum location of
the NEP relative to the duct inlet plane, which results in the
largest reduction in the OASPL.

4.3. CFD/Kirchhoff Solution
Air entrainment. CFD calculations (for  mm)h = 254

show that there is significant entrainment of air into the duct.
It is seen that the entrained air flow is about 3.2 times the
mass flow rate of jet exit. This result is representative of en-
trainment in practical exhaust duct configurations.

Instantaneous flowfield. Figure 7 displays the instantane-
ous Mach number contours in the duct and in the region
downstream of the duct exit at a lateral location near the axis
of the duct. While the jet exit Mach number is 2.5, the flow
at the duct exit is subsonic around Mach 0.45.

Acoustic pressure. The acoustic pressure (obtained by
subtracting the mean pressure from the instantaneous pres-
sure) for the jet-duct system is illustrated in Fig. 8(a). The di-
rectivity of the Mach wave radiation from the initially super-
sonic jet (unenclosed portion) is seen. The plot also shows
the diffraction pattern of sound around the duct. Figure 8(b)
shows an expanded view of the sound pressures within the
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duct, showing the sound reflections and propagation within
the duct. It also reveals the sound pressure contours in the jet,
showing the three-dimensional character of the disturbance in
the jet. Calculations show that the OASPL at the location of
the jet impingement within the duct is of the order of about
180 dB.

Figure 7. Instantaneous Mach number contours in the exhaust jet.

Figure 8. Sound pressure contours (a) in the jet-duct system (ex-
cluding the duct) and (b) in the duct region.

4.4. Comparison of Theory with Experimental Data
The acoustic far-field computations of sound pressure

levels are based on the Kirchhoff surface integral. Figure 9
presents a comparison of the predictions of the directivity of
the OASPL with the test data1-3 for a ducted jet. The OASPL
data are presented as a function of the azimuthal angle meas-
ured from the axis normal to the duct exit plane. While the
free jet data for the OASPL show symmetry, the OAPSL for
the closed duct shows considerable directivity, with the OASPL
decreasing with the increasing angle. Satisfactory agreement
is noted between the theory and the data. The theory predicts
the OASPL with an accuracy of about 2 dB. At the 0 degrees
position, the predicted OASPL is considerably lower than
that of the free jet due perhaps to the effect of refraction. The
OASPL data at 0 degrees was not available for the ducted jet
case because the free-field microphone could not be installed

there due to the possibility of damage. The results and com-
parisons will be useful in the development of scaling laws for
ducted jet noise, such as those considered for free jets (McIn-
erny26, Kandula and Vu27).

Figure 9. Comparison of the directivity of the overall sound pres-
sure level.

Because of the storage problem associated with the com-
puting system employed, the spectral content of the predicted
radiated noise could not be extracted. The seemingly close
agreement in the absolute values of OASPL between the the-
ory and the data should be observed with caution in view of
the approximations and limitations inherent in the modelling.
Comparisons of the SPL spectra and the OASPL at several
polar angles are recommended for further validation of the
numerical model.

5. CONCLUSIONS

With the use of an exhaust duct containing an upstream
J-deflector, the measured maximum overall sound pressure
level of a Mach 2.5 supersonic jet is reduced by about 3 dB.
The measurements only suggest that the OASPL is reduced
in one plane at the particular polar angle considered. The ob-
served peak frequency is found to increase above the free-jet
value as the angle from the jet axis is increased. The results
also suggest that there is an optimum distance between the
nozzle exit plane and the duct inlet for minimising the sound
pressure. With increased duct lengths and absorbing liners,
larger reductions in sound pressure level may be realised.
Numerical simulation of sound for the ducted jet configura-
tion has also been carried out. Entrainment of air into the
duct, of the order of three times the jet mass flow rate, was
noted. The presence of the duct significantly modifies the
character of the far-field directivity of the overall sound
power level. Satisfactory agreement is noted between the the-
ory and the measurements for the far-field directivity. The
method has potential for the investigation of hot imperfectly
expanded jets in lined ducts with application to actual rocket
exhausts.
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