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A sudden discharge of mass flow from the exit of a duct can generate an impulsive wave,
generally leading to undesirable noise and vibration problems. The present study develops an
understanding of unsteady flow physics with regard to the impulsive wave discharged from a
duct, using a numerical method. A second order total variation diminishing scheme is employ-
ed to solve three-dimensional, unsteady, compressible Euler equations. Computations are
performed for several exit conditions with and without ground and wall effects under a change
in the Mach number of an initial shock wave from 1.1 to 1.5. The results obtained show that the
directivity and magnitude of the impulsive wave discharged from the duct are significantly
influenced by the initial shock Mach number and by the presence of the ground and walls.
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1. Introduction

A compression wave propagating in tubes, duc-
ts, piping systems, etc. can produce an impulsive
wave when it is suddenly discharged from their
open ends. This phenomenon can be encounter-
ed in a variety of unsteady internal flow devices
such as gun muzzles (Klingenberg and Heimerl,
1992), internal combustion engine exhaust muf-
flers (Sekine et al., 1989), dynamic pressure ex-
changers (Kentfield, 1993), pulse combustors
(Zinn, 1985), high-speed railway train / tunnel
system (Ozawa et al., 1991 ; Matsuo and Aoki,
1992), and pulse jet filters (Klingel and Léffler,
1983). In addition, pressure transients occur in-
side a flow passage due to the successive reflec-
tion of pressure waves generated between the
entrance and exit of the passage (Fox and Vardy,
1973). Both the impulsive wave and pressure
transients generally cause severe noise and vibra-
tion problems.

A pressure wave generated inside a duct pro-
pagates through the duct at a speed depending on
the amplitude of the pressure wave and local flow
conditions. As the pressure wave arrives at an
open end of the duct and discharges toward the
surroundings, it should meet the boundary condi-
tions given at the duct exit. The open-end boun-
dary conditions usually require two kinds of
wave systems (Rudinger, 1955 ; Rudinger, 1957),
a reflected expansion wave propagating back
from the open end of the duct and a dis-
charged pressure wave propagating into the
surroundings. In general, the reflected expansion
wave causes pressure transients inside the duct
while the discharged pressure wave is attenuated
into a pulse-like impulsive wave outside the duct.

An impulsive wave is usually characterised by
a high sound pressure level during short time
and propagates far away from the duct exit
(Raghunathan et al., 1998). This can cause hu-
man beings as well as flow devices to face a
serious noise problem and the reduction of the
noise is, therefore, an important consideration
to improve the performance of the flow devices.
The characteristics of the impulsive wave have

traditionally been examined by using the linear
acoustics of an infinitesimal amplitude wave,
usually with the hypotheses of negligible non-
linear effects and directional sensitivity of the
impulsive wave (Setoguchi et al., 1993). In this
manner, some reports have been made on the
blast wave resulting from a strong shock discharg-
ed from a tube exit (Pennelegion and Grimshaw,
1979 ; Britan et al., 1988 ; Cooke and Fansler;
1989). However, the impulsive wave that can
often be encountered in a number of engineering
applications has a character of a typical weak
shock wave and only a few researches (Kim et al.,
2003b) have been carried out on this problem.

(1998), and
Kim et al.(1999) performed some experiments

Recently, Kim and Setoguchi

using an open-ended shock tube and com-
putations using a TVD (total variation dimini-
shing) scheme. The impulsive wave generated by
the discharge of a weak shock was characterised
in terms of the peak pressure, open-end correc-
tion, directional sensitivity, and attenuation with
the propagating distance. Their ensuing experi-
mental research (Kim et al., 2004) showed that
the control technique using a cavity/helical vane
system reduced the peak pressure of the impul-
sive wave up to about 50% in comparison with
a straight tube and, thus, it was suitable for
alleviating the magnitude of the impulsive wave.

Most of researches on this topic have been
conducted regarding an impulsive wave discharg-
ed from a fully open exit configuration. Actually,
however, the circumstance near the exit of pulse
devices such as high-speed railway tunnels is
often under ground effects or influenced by other
objects placed in the vicinity of the exit. There-
fore, the characteristics of the impulsive wave may
not be clearly understood only through the results
established so far.

The main aim of the present study is to clarify
the influence of the ground or some objects plac-
ed in the near field of a discharging flow from
the exit of a duct on the propagation of an impul-
sive wave towards the surroundings. Euler com-
putations were conducted for three-dimensional,
unsteady, inviscid, compressible flow fields, using
a TVD scheme. Concerning a basic exit configu-
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ration of the duct, fully open towards the atmos-
phere, the objects affecting the impulsive wave
propagation were set up with three different types
of configurations, including a ground, ground-
wall and ground-walls. The results obtained
through the computations are compared with av-
ailable experimental data (Jiang et al., 1999) and
the visualisation of the wave propagation is also
presented in this paper.

2. Numerical Simulations

2.1 Governing equations

In order to simulate three-dimensional, un-
steady, inviscid, compressible flows characterised
by the propagation of an impulsive wave, Euler
equations are employed in the present study. The
governing conservation equations are given in
differential form as follows:
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and u, v and w are the velocity components in
the x-, y- and =z-directions, respectively. The
total energy e per unit volume of a perfect gas
is expressed as e=p/(y-1) +p(u?+v*+w? /2.
In computations, Eq. (1) is rewritten in non-
dimensional form by referring the quantities such
as pressure, density, etc. at atmospheric condi-
tions and the hydraulic diameter of a duct, as
given below :
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where the superscript (") and subscript 0 indicate

non-dimensionalized values and the atmospheric
condition, respectively, H is the hydraulic diame-
ter, and a is the speed of sound.

2.2 Numerical scheme

TVD schemes have been known to be very
effective for computing the phenomena of shock
waves without presenting spurious oscillations,
which are often associated with conventional sec-
ond-order schemes in the presence of discon-
tinuities. For the present computational analysis,
the Yee-Roe-Davis’s TVD scheme (Yee, 1987) is
employed to discretise governing equations. For
the computation of time-dependent flows, an
operator splitting technique, which was suggested
by Sod (1977), is used for temporal and spatial
derivatives, and then Eq. (1) can be given by a set
of one-dimensional equations:
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where the subscripts 7, / and £ and the supers-
cript # indicate the space nodes and time step,
and Lx, L, and L, are the differential operators
for the x—-, y- and z-directions, respectively. In
Eq. (5), At and Ax indicate the time interval
and the grid space in the x-direction, and E
denotes the numerical flux in the x-direction,
which is given by

-~

Etop=1(E1+El+Rbin- 0n]  (6)

where R712 is a matrix whose column vectors
are the right eigenvectors of the flux Jacobian
0F/3U, evaluated by a symmetric average of
Uisr and U se. The last term Riyyz- @z re-
presents the anti-diffusive flux contribution that
corrects the excessive dissipation of first-order
numerical flux in a nonlinear way. The numerical
flux vectors in the y- and z-directions, F,"H/z
and G%i12, can be similarly expressed.
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For Yee-Roe-Davis’s second-order symmetric
TVD scheme, the vector @% 1, is given as

Dipip=— [%(dmn) i TV (i) (@ss2—Girar) ] (7N

where a.412 is the eigen-value of the flux Jaco-
bian matrix in the x-direction, @i+12 is the for-
ward difference of the local characteristic vari-
ables in the x-direction, and g1z is a limiter
function. @i+12 and gi1y2 are defined as follows :

ai+1/2=Ri_+11/2 . (Ui+1,j_ Ui,j) (8)

Giriz=min mod (@12, Qurisz, Ai3r2) (9)
The function ¥ {@:1/2), called an entropy correc-
tion function, is defined as

|ai+1/z|, if ldi+1/2|25
@t ) /26, if |ampl<e

where ¢ is a small positive number. This func-

¥ (@isrp) ={( (10)

tion corrects entropy to prevent it from violating
solutions, such as expansion shock waves. The
TVD scheme has been validated well with various
physics regarding impulsive wave propagation
through the authors’ previous researches (Kim et
al., 2003a ; Kweon et al., 2003).

2.3 Computational domain and analysis

Figure 1 shows the testing exit configurations
of a duct with and without walls placed in the
near field downstream of the duct, aligned with
the duct axis. The duct exit of Case 1 is fully open
towards the atmosphere, and it is used for the
basic configuration for the comparison with the
others. Case 2, Case 3 and Case 4 include an exit
with the ground, walls and sidewall, respectively.
The ground and sidewall are in contact with the
duct while the walls of Case 3, except the ground,
surround the flow field.

In Fig. 2, the computational domain is shown
with the boundary conditions applied to Case 1
for instance. The entire domain comprises solid
boundaries forming a square cross—sectional duct
with a width and height of H and a length of
3H, and an outflow region (atmosphere) with
dimensions of 4H X7H X7H. Inflow and out-
flow conditions are applied to the duct inlet and

(d) Case 4 (sidewall)

(c¢) Case 3 (walls)

Fig. 1 Exit configurations of a square sectional duct
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Fig. 2 Computational domain with boundary and
initial conditions

outer boundaries, which are expressed as follows :
On1=0:11, On=0;: Inflow condition  (11)

0:=0n=0n+1 : Outflow condition (12)

where o is flow quantities such as pressure, den-
sity, velocity, etc., and the subscripts 7 and # refer
to the inner grid and imaginary outer grid, re-
spectively. A slip-wall boundary condition is ap-
plied to all of the solid walls, including the
ground and sidewall. As an initial condition, an
initial shock wave with the shock Mach number
M; begins to propagate from a position of x'=
—1.0 inside the duct towards the exit. For testing
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Fig. 3 Maximum pressure vs. nodes based on H

conditions, Ms was changed from 1.1 to 1.5. In
order to examine the directivity of a propagating
impulsive wave, pressure data have been obtain-
ed for several values of @, which is an angle
measured from the duct axis in the xy-plane.

Figure 3 shows the result of the preliminary test
to find grid independent solution. The present
computational grid system are built up using
square cells with a constant size, which is decid-
ed by H/N where N is nodes applied to the
height of the duct exit. For Case 1 at M,=1.2,
¥/D=2.0 and @=0°, the maximum pressure
(pmax) given here is the highest peak pressure
in a pressure-time history obtained as N in-
creases up to 24. In this test, with a grid density
over Ax=Ay=Az=H/20, no significant chan-
ges in the accuracy of the solutions obtained
have been found. The grid system was, therefore,
set up with the grid density (Ax=Ay=Az=
H/20) and the resulting grid size is about 0.9
to 2.7 million nodes, depending on the exit con-
figurations shown in Fig. I.

3. Results and Discussion

For Case 1 at M;=1.29, Fig. 4 shows the vi-
sualisation of wave propagation into the atmos-
phere with time obtained at the duct exit in the
yz-plane. The static pressure contours predicted
by the present CFD method (Fig. 4(b)) are com-
pared with the interferograms (Fig. 4(a)) ob-
tained by Jiang et al.(1999). The wave propaga-

t=20ps

(b) Present CFD

(a) Experiment
(Jiang et al., 1999)
Fig. 4 Interferograms and computed pressure con-
tours in the yz-plane (Case 1, M:=1.29)

tion inside the duct was not visualised in the
experiment while it is also presented in the CFD
results. In both interferograms and iso-pressure
contours, the inner and outer {oops with rounded
corners formed around the duct exit result from
vortex generation and impulsive wave propaga-
tion, respectively. The pressure distribution in-
side the inner loop in the CFD results is due
to the propagation of expansion waves towards
the upstream in the duct. As time increases, the
impulsive wave initially discharged from the duct
at about f=20 us propagates into the surroun-
ding atmosphere with further rounded corners
and shorter straight edges while the vortices de-
velop without a typical pattern like the impulsive
wave propagation. [t implies that the vortices
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developing around the duct exit have more sig-
nificant three-dimensional behaviour, compared
with the axisymmetric propagation of the im-
pulsive wave. At each instant, the present CFD
code gives a fairly good prediction of the boun-
dary shape of the impulsive wave as well as its
distribution. A slightly asymmetrical wave struc-
ture can, however, be observed in the experi-
mental results. It is mainly attributed to the opti-
cal setup employed in the experiment where an
object beam illuminated a flange surface sur-
rounding the duct exit with a small angle from the
duct axis (Jiang et al. 1999).

Another result for code validation is given in
Fig. 5, which shows maximum pressure values
obtained with a change in Ms at »/D=2.0 and
#=0°. The measured (Kashimura et al., 1999)
and computed maximum pressure values are in
good accordance quantitatively as well as quali-
tatively, which shows an almost linear increase
in pmax with increased Ms. From Fig. 4 and 5,
therefore, it is considered that the present CFD
analysis may provide proper simulations of im-
pulsive wave propagation from a duct.

For Case 2 at Ms=1.2, the static pressure con-
tours shown in Fig. 6 explain the physics of an
impulsive wave under ground effects, propagating
downstream of the duct. In order to provide an
understanding of the physics, three-dimension-
al pressure plots presented with static pressure

15
Present CFD /D=2.0, 6=0°
° eriment
14 P {Kashimura et al.(1999)]
- 13
&
;
& 12 ¢
®
11p
"
o
l'o F L A k4
1.0 1.1 1.2 1.3 14 1.5
“ Ms

Fig. 5 Computed and measured maximum pressure
vs. Ms (Case 1)

values, normalised by the atmospheric pressure,
are also given corresponding to the contours. In
the pressure plots, convex and concave regions
represent the propagating impulsive wave and
the vortical flow developing from the duct exit,
respectively. As time passes, the vortex loop be-
comes enlarged and the impulsive wave spreads
over a wider area with weaker strength. A fur-
ther rounded shape of the outer loop in the z-
direction indicates that the impulsive wave tends
to propagate into the upward space due to the
ground effects. In this situation, stronger pressure
gradients can be observed near the ground.

Figure 7 shows the pressure contours and
three~dimensional pressure plots obtained for
Case 3 at M;=1.2. Until £'=1.95, an impulsive
wave has not reached the walls enclosing the
near field of the flow discharged from the duct
and the characteristics of wave propagation is
very similar to those of Case 2. At t'=2.63, the
impulsive wave is reflected from the walls and
propagates back towards the duct axis. Compai-
ed with Case 1 and Case 2, the interaction be-
tween the reflected shock and the waves pro-
pagating towards the walls leads to a more com-
plicated flow structure near the duct exit.

In Fig. 8, at the same initial condition, the
exit configuration of Case 4 results in a reduced
space of wave propagation to approximately
1/4 of Case 1 (1/2 of Case 2) by the influence of
the ground and sidewall, which partially block
the wave propagation in the yz-plane. Observing
each figure set, especially at #'=1.24, it is consi-
dered that the impulsive wave has relatively no-
ticeable directivity in the axial direction and
stronger vortices develop from the duct exit when
compared with other cases.

At Ms=12, Fig. 9 shows pressure histories
with time, obtained at the locations of #=0°
—45° and —90° with a distance of x"=2.0, where
a negative value of # denotes an angle measured
clockwise from the duct axis. For §=0° (Fig. 9
(a)), static pressure changes in a similar trend
except Case 3. The pressure suddenly rises at
about #'=1.50 as an impulsive wave arrives at
the location and then decreases rapidly due to
ensuing flow expansion. Especially, in Case 3, a
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secondary peak pressure value can also be ob-
served at about ’=4.40 and it is attributed to the
reflection of the shock towards the duct axis in the
presence of the walls surrounding the discharging
flow. For the exit configurations of the duct tested
in the present computations, Case 4 gives the
largest primary peak pressure value in the duct
axis direction (§=0°). For §=—45° and —90°,
where an estimation point is at a distance from

13
y M=1.2, 6=0"
{ '\/ Case 4(side wall)

12 ¢ i\,‘ Case 2(ground) Case 3(walls)|
]

Case I(open air) /

i1 [
0 2 4 6 8
t r
(a) 6=0°
13 -
M=12, 6=-45
12k Case 1(open air)

Case 4(side wall)

W L1 Case 2(ground)
' Case 3(walls)
‘\‘_Q\ ‘i/_\
1.0 L .
1 -3 ~ \\
0 2 4 6 8
t'
(b) =—45°
13
M=12, 6=-90°
12k Case 1{open air)
- Case 4(side wall)
=W 1 Case 3(walls)
1 Case 2(ground) l
PR
1.0 -/ ™~
) et
0 2 4 6 8
tl
(c) 8=—90°

Fig. 9 Pressure histories in the xy-plane at x'=2.0

the axis (Fig. 9(b) and Fig. 9(c)), Case 3 has
multiple peak pressure values and the primary
peak pressure values of Case 2, Case 3 and Case
4 are observed to be almost same, dissimilar to the
result obtained at the location where 9=0°.
Figure 10 shows the effect of the existence of
the ground and walls on the directivity of im-
pulsive wave propagation. For x’=1.0 (Fig. 10
(a)), the maximum pressure of Case 1 is shown to
be lower than those of other cases in all directions
tested. For the other cases, Case 4 has the largest

—@— Casel{open air)
—O— Casel (ground)
|~y Case3{walls)
|~ Cased (dde-wall)

[-90°

pmax/p()

.| ~@— Case 1(open air)
‘| =O— Case Z(ground)

3 Case 3(w alls)

—7— Case 4(side-wall)

Prae’Po

—— Case 1{open air)
. | —O— Case 2(ground)
| —¥— Case3(walls)
| =5#— Case d(side-wall)
I

(c) x’=3.0

Fig. 10 Directivity of impulsive wave propagation

(Ms=12)
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maximum pressure at §=0° while the influence
of the exit configuration on the maximum pres-
sure becomes negligible as the angle increases.
The directivity of impulsive wave propagation
for x’=2.0 (Fig. 10(b)) is observed to be quali-
tatively very similar with that for x'=1.0. At the
locations with this distance, however, the differ-
ences in the values between Case [ and the others
are more significant. It implies that the existence
of the ground and walls leads to lesser dissipa-
tion of the impulsive wave. For x’=3.0 (Fig. 10
(c)). a different characteristic of wave propaga-
tion can be seen. The maximum pressure of Case
3 becomes the largest at a given location of
6>| —45°|, which is close to walls, due to the
effect of shock reflection from the walls. From
the results, it is considered that the peak pres-
sure value decreases in all directions as the
impulsive wave propagates away from the duct
exit and an exit configuration like Case 4 has
the most significant axial directivity of wave pro-
pagation amongst the configurations tested in this
CFD study.

Figure 11 shows the effect of the Mach number
of an initial shock wave on the peak pressure
under the exit configuration of Case 3, in terms of
the difference between primary and secondary
peak pressure values normalised by the atmos-
pheric pressure. A typical pressure history of Case
3 at a location in the duct axis is given in Fig. 11
(a). In this case, generally, there are two peak
values observed at §=0°. A largest peak pressure
is generated as the initial shock wave reaches a
given location and pressure increases sharply
again when the shock propagates back to the duct
axis after reflection. As shown in the figure, the
peak pressure values are defined by Apmax, and
Apuax,2, respectively, which are the pressure dif-
ferences between peak values and a base value
(atmospheric pressure). For x'=1.0 and 2.0, as
Ms increases, the peak pressure difference be-
comes larger. With a further increase in distance
(x’=3.0), primary and secondary peak values

are almost same for Ms up to 1.2 but there is a

range of M at which the secondary peak value is
slightly larger than the primary one. It implies
that the influence of the reflected shock on the

Primary peak pressure
()
] 0=0
I Y
Ap max,] Secondary peak pressure
f)
Apmax,Z
R 4
‘_Lp/pﬁ 1.0
(a) Typical pressure history of Case 3 in the duct axis
direction
1.2
——  x'=10 =0°
o ok —A— x=20
R, —— x'=3.0
S—
&

03 1 L 1
1.1 1.2 1.3 14 15

M;

(b) Difference between primary and secondary peak

pressure values
Fig. 11 Peak pressure vs M, (Case 3, §=0°)

main flowfield may become significant in a spec-
ific range of M. It is also noted that a change
in the peak pressure difference in the longitu-
dinal direction is relatively severe with a larger
M. To effectively alleviate impulsive noise and
vibration problems, therefore, the characteris-
tics of impulsive wave propagation under ground
and walls effects should be understood in consi-
deration of the range of the initial shock Mach
number which is obtained in a given situation.

4. Conclusions

The present paper describes the physics in-
cluded in the unsteady flow characterised by an
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impulsive wave discharged from a square cross-
sectional duct, using a numerical method. To
correctly predict the unsteady impulsive wave
propagation, the Yee-Roe-Davis’s TVD scheme
was applied to three-dimensional, unsteady, com-
pressible Euler equations. The results obtained
showed that the propagation of an impulsive
wave strongly depends on the Mach number of
an initial shock wave and the exit configura-
tions of the duct under consideration. Especially,
in the presence of the ground, single sidewall
and walls, the longitudinal directivity of impul-
sive wave propagation became more remarkable.
Concerning four different exit configurations em-
ployed in the present computational analysis, the
case with the ground-sidewall led to the largest
peak pressure value in the duct axis direction. For
the case with the ground-walls, multiple peak
pressure values were observed in pressure histo-
ries due to the reflection of the impulsive wave
from the walls. For this exit configuration, in the
region close to the walls, the maximum pressure
became larger than the other cases. From the
results obtained, it is considered that a detailed
understanding of specific characteristics of the
impulsive wave propagation formed downstream
of a given exit configuration of a flow passage is
indispensable to effectively reduce the impulsive
noise and vibrations or to improve the perform-
ance of pulse devices. ‘
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