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A sudden d~scharge of mass flow from the exit of a duct can generate an mapulstve wave, 

generally leading to undesirable noise and vlbratton problems The present study develops an 

understanding of unsteady flow physics with regard to the lmpulsive wave &scharged from a 

duct, using a numermal method A second order total varmtlon diminishing scheme ~s employ- 

ed to solve three-dtmensmnal, unsteady, compressible Euler equations Computations are 

performed for several extt condmons with and wLthout ground and wall effects under a change 

in the Mach number of an lnitml shock wave from t I to 1 5 The results obtained show that the 

dtrectlvtty and magmtude of the lmpulswe wave discharged from the duct are significantly 

influenced by the mmal  shock Mach number and by the presence of the ground and walls 

Key Words : Compressible Flow, Ground Effect, Impulswe Noise, Unsteady Flow, 

Wave Propagation, Weak Shock Wave 

Nomenclature  
G 

H 

M, 
p 

t 

U,U,W 
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At  , Mach number of an mmal shock wave 

Static pressure Ax " 

Time 7 
Velocity components m the x-,  y -  and z -  0 " 

d~rectmns P 

Cartesian coordinates 

Peak pressure measured from the atmos- 

pheric pressure level 

T~me interval 

Grid space m the x dlrectmn 

Specific heat ratm 

Azimuth angJe (deg) 

Density 
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I. 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 Helmed,  

1992), internal combustion engine exhaust inuf- 

tiers (Sekme et a l ,  1989), dynamic pressure ex- 

changers (Kentfield, 1993), pulse combustors 

(Zinn, 1985), high-speed railway train / tunnel 

system (Ozawa et at., ~991 , Matsuo and Aok:,  

1992), and pulse jet filters (Khngel and LSffler, 

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 nmse and wbra- 

t:on 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 g~ven at the duct exm The open-end boun- 

dary conditions usually requ:re two kinds of  

wave systems (Rudmger, 1955 ; Rudinger, I957), 

a reflected expansion wave propagating back 

from the open end of the duct and a dis- 

charged pressure wave propagating Into the 

surroundings [n general, the reflected expa~sLon 

wave causes pressure transients reside the duct 

while the discharged pressure wave is attenuated 

into a pulse-l~ke impulsive wave outside the duct 

An Impulsive wave is usually characterlsed by 

a high sound pressure level during short time 

and propagates far away from the duct exit 

(Raghunathan et a l ,  1998). This can cause hu- 

man beings as well as flow dewees to face a 

sermus noise problem and the reduction of  the 
noise is, therefore, an Important consideration 

to :mpro'0e the performance of the flow devices 

The characterlst:cs of the impulsive wave have 

tradit ionally been examined by using the linear 

acoustics of an lnfimteslmat amplitude wave, 

usually with the hypotheses of  neghglble non- 

linear effects and directional sensitivity of the 

impulsive wave (Setoguchl et al., {993) tn this 

manner, some reports have been made on the 

blast wave resulting from a strong shock discharg- 

ed from a tube exit (PennelegIon and Gnmshaw,  

1979; Brltan et a l ,  1988, Cooke and Fans ler ,  

1989) However, the ~mpulsive 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 (Kxm et al., 

2003b) have been carried out on this problem 

Recently, K~m and Setoguchl (1998), and 

Klm et al (1999) pelformed some experiments 

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 characterlsed 

in terms of the peak pressure, open-end correc- 

tlon, directional sensmvlty, and attenuation w:th 

the propagating distance Their ensuing experi- 

mental research (Kim et a l ,  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 c~rcumstance near the exit of pulse 

devices such as h~gh-speed railway tunnels :s 

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 

estabhshed 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 lmpul- 

rove wave towards the surroundings Euler com- 

putations were conducted for three-dimensional,  

unsteady, inwscld, 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 lmpuls~ve wave 

propagatmn were set up w~th three different types 

of configurations, including a ground, ground- 

wall and ground-walls The results obtained 

through the computatmns are compared w~th av- 

affable experimental data (Jmng et al ,  1999) and 

the wsuahsauon of the wave propagauon ~s atso 

presented in thts paper 

2. Numerica l  S imulat ions  

2.1 G o v e r n i n g  equat ions  

In orde~ to simulate three-dimensional, un- 

steady, mwsc~d, compressible flows characterised 
by the propagatmn of an ~mpuls~ve wave, Euler 

equattons are employed m the present study The 

governing conservauon equauons are given m 

d~fferentml form as follows 

aU F aE + OF + aG 0 
at ~2- -Oy -gE= ( ~ ) 

where 

L(e+p) uJ t(e+p) vJ L(e§ wJ 

and z~, v and w are the velocity components m 

the x- ,  y and g-d~rectlons, respectively The 

total energy e per untt volume of a perfect gas 

~s expressed as e- -P~(7-1)+p(uz+v=+w=)/2  

In computanons, Eq (1) is rewritten in non-  

d~mensional form by referring the quantmes such 

as pressure, density, etc at atmospheric condi- 

tmns and the hydrauhc dmmeter of a duct, as 

g~ven below" 

t ' - -  t , x , y z 
, Y = ~ ,  (It~no) ~ z'=-ff , 

U 
~ / j / '  (~) 

y w 
, W"  

v" ao/ ~ no~f7  

where the superscript (') and subscript 0 md~cate 

non-dlmenstonahzed values and the atmospheric 
condmon, respecnvely, H is the hydrauhc diame- 

ter, and a ~s the speed of sound 

2.2 N u m e r i c a l  s c h e m e  

TVD schemes have been known to be very 

effective for computing the phenomena of shock 

waves w~thout presenting spurious oscdlatlons, 

which are often associated with convennonal sec- 

ond-order schemes in the presence of dlscon- 

tlnnmes For the present computational analysis, 

the Yee=Roe-Davls's TVD scheme (Yee, 1987) is 

employed to d~screuse governing equatmns For 

the computatmn of rime-dependent flows, an 

operator sphttmg techmque, 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-dlmens~onal equations. 

8U OE o a U ,  aF 
L~ -N-+-ax  =u. L~. at ~-Oy -=u '  

(3) 
aU , aG o 

L~. at ' r T Z =  

U~+.~ =LxLyL~L~LyLxU~,k (4) 

L ~ U ~*1 " ~ A l ~ . ~  ~ = = u;,.,~ - ~ x  lZ~,+~/.-/~,-.~j (5) 

where the subscripts z, ] and k and the supers- 

cr~pt n md~cate the space nodes and time step, 

and Lx, Ly and Lz are the differential operators 

for the x- ,  y and z-directions, respecuvely In 

Eq (5), At and Ax indicate the time interval 

and the grid space in the x-dlreetmn, and /~ 

denotes the numerical flux m the X-dlrecUon, 

which ts gwen by 

~ 1 -  ~ E ~ , ,  ,+ij==-2 [E, -I- ,+l +/?,+,/~ ~ ~[~,~1/2] ( 6 )  

n where R,+L/2 ~s a matrix whose column vectors 

are the right elgenvectors of the flux Jacobean 

OF/OU, evaluated by a symmemc average of 

U,~,k and Umo, k. The last term R,+~je-li~,+~/2 re- 

presents the ant1 d~ffustve flux contribution that 

corrects the excessive dtss~patmn of first-order 

numerical flux In a nonhnear way The numerical 

flux vectols in the 2 -  and z-dlrectmns, i~f+u2 

and ~+~/2, can be s~milarty expressed 
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For Yee-Roe-Davis ' s  second order symmetric 

TVD scheme, the vector ~:~-t/2 is given as 

A t .  gi+ll2 ~(ai+ll2) g)i+ite=-[Ax{ai+ln)2+ ' (a/+,,2 g,+i,,) ] (7) 

where ai+ls2 is the elgen-value of the flux Jaeo- 

bian matrix in the x-direct ion,  1~i+1;2 is the for- 

ward difference of  the local characteristic vari- 

ables in the x-direct ion,  and gr,+~/2 is a limiter 

flmction, c',.,,12 and g~+~t2 are defined as tbllows : 

oti+l;2:R~llt2 �9 ( Ui4.l,j gi,5) (8) 

g ,+l /2-min mod (e~lt~, ai+l/2> ai§ (9) 

The function ~ (a~+~12), called an entropy correc- 

tion function, is defined as 

I a,§ if I a,+ltz I > e 
~'(ai+ttz) = (a{--,ia+d)/2e, if l a,+~l<e (10) 

where ~ is a small positive number. This func- 

lion 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 Computat iona l  domain and analys i s  
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, cxccpt the ground, 

sur,'ound the flow field. 

In Fig. 2, the computat ional  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 4 H • 2 1 5  Inflow and out- 

flow conditions are applied to the duct [Met and 

(a) Case 1 (open air) (b) Case 2 (ground) 

A 1 

(c) Case 3 (walls) (d) Case 4 (sidewall) 

Fig. 1 Exit configurations of a square sectional duct 

Slip-wall condition Outflow c o n d i t i o n  

condition / ~ / I ~ '  ' .," [ i  

:~ I I /" 

2: . . . . . . . .  . . . . . . . . . . . . . . .  

" I . . . . . . .  ~ H  . . . . . . . . . . . . .  ~ i 

,, ~ n e i a e n t  shock wave 

4 -2 o 4 - '~ /~  

Fig, 2 Computational domain with boundary and 
initial conditions 

outer boundaries, which are expressed as follows : 

~,,-1=6,t, d~,=a, : Inflow condition (11) 

a,~, '~. , - -~, , la  : O u t f l o w  ~on~Jid,on (12) 

where d is flow quantities such as pressure, den- 

sity, velocity, etc., and the subscripts i and ~ refer 

to the inner grid and imaginary outer grid, re- 

spectively. A sl ip-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 

Ms begins to propagate fl'om a position of x ' =  

-- 1.0 inside the duct towards the exit. For  testing 
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I . t 6  

1,14 

g 
1 , t 2  

1 . t 0  

10 12 14 16 18 20 22 24  

N(Node~') 

Fig. 3 Maximum pressure vs, nodes based on H 

conditions,  M~ was changed fi'om 1.1 to 1.5. In 

order to examine the dlrectivity of a propagating 

impulsive wave, pressure data have been obtain-  

ed tbr several wdues of #, which is an angle 

measured fiom the duct axis m the x y  plane. 

Figure 3 shows the result of the prel iminary test 

to find grid independent solution. The present 

computat ional  grid system are built  up usiJ~g 

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 Ms -.= 1.2, 

r / D = 2 . 0  and g - - 0  ~ the maximum pressure 

( ~ , x )  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 A x - - ~ y = A z = H / 2 0 ,  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 ( & ~ c - - A y - - A z =  

H/20)  and the resulting grid size is about 0.9 

to 2,7 mil l ion nodes, depending on the exit con- 

figurations shown in Fig. 1. 

3. Results  and Discuss ion 

For Case 1 at M s = l . 2 9 ,  Pig. 4 shows the vb 

sualisation of wave propagation into the atmos- 

rdxare with time obtained at the duct exit in the 
yz plane. The static pressure contours predicted 

by the present C F D  method (Fig, 4(b))  are corn 

pared with the interferograms (Fig. 4(a))  ob- 

tained by Jiang et a1.(1999). The wave propaga- 

t = 20#s 

. . ~ . : . ; ~ > : : . . .  

i[~ !~ 

t -  4 0 ~  

::,!~Z;-~:;-.;:'3 ?, ~ } .... 

: ":.',. i'-'," ' 

'4>" , , . : ~ , . ' ,  .'~ 

' P" ! f  ~ 7 ~ ' I  ;(i :".> 
l'i:i i i= 
,c "..... V ~&~ . ~.~ 't ~.'i ~, .< 

"<-.%>. ~, ,~ ; ., ::.e7 / 
">.? f , ~ .  ~%"-d4:.7-% "" 

t 60#s  

(a) Experiment (b) Present CFD 

(Jiang el al., 1999) 

Fig. 4 lnLertierogt'ams and compt, md pressure con- 

tours in the 5.'/7 plane (Case 1, Ms-1.29) 

tlon inside the duct was not visua]ised in the 

experiment while it is also presented in the C F D  

results, hi both interferograms and iso pressure 

contours, the inner and outer loops with rounded 

corners l imned around the duct exit result from 

vortex generation and impulsive wave propaga- 

tion, respectively. The pressure dlstr ibution 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 t = 2 0 / z s  propagates into the surroun- 
ding atmosphere witB further rounded corne~s 

and shorter straight edges while the vortices de- 

velop without a typical pattern like the impulsive 

wave propagation. It implies that the vortices 
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developing around the duct exit have more sig- 

nificant three-dimensional behavlour, compared 

with the axisymmetric propagation of the im- 

pulsive wave At each instant, the present CFD 

code glves a fairly good prediction of the boun- 

dary shape of the impulsive wave as well as its 

distribution A shghtly asymmemcal wave struc- 

ture can, however, be observed in the experi- 

mental results It ts mamly attributed to the opti- 

cal setup employed in the experiment where an 

object beam illuminated a flange surface sur- 

rounding the duct exnt with a small angle from the 

duct axis (Jlang et al. 1999) 

Another result for code vahdatlon is given m 

F~g 5, whnch shows maximum pressure values 

obtained with a change in M, at r/D=2.0 and 

0 = 0  ~ The measured (Kashimura et a l ,  1999) 

and computed maximum pressure values are in 

good accordance quantitatively as well as quah- 

tatively, which shows an almost linear increase 

in /~ax with mcreased Ms From Fig 4 and 5, 

therefore, it is considered that the present CFD 

analysis may provide proper simulations of im- 

pulsive wave propagatmn from a duct 

For Case 2 at Ms=l 2, the static pressure con- 

tours shown in Fng 6 explain the physics of an 

impulsive wave under ground effects, propagating 

downstream of the duct In order to prowde an 

understanding of the physics, three-&menslon- 

al pressure plots presented with static pressure 

1.5 [ Present CFD r / /~2.0,  0=0 ~ 

�9 Experiment 
1 4 [Kcshunura etgl,(1999)] 

ca, 1,2 

1ll ,,,, I I ~ I 

1.0 1 I 1.2 i 3 1 4 5 

g~ 

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

values, normahsed by the atmospheric pressure, 

are also g~ven 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 exnt, 

respecnvely 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-  

&rectlon indicates that the impulsive wave tends 

to propagate into the upward space due to the 

ground effects In this sltuatmn, stronger pressure 

gradients can be observed near the ground 

Figure 7 shows the pressure contours and 

three-dimensional pressure pIots obtained for 

Case 3 at Ms=-l.2 Until  t ' - I  95, an Impulsive 

wave has not reached the walls enclosing the 

near field of the flow &scharged from the duct 

and the characteristics of wave propagation ts 

very mmllar to those of Case 2 At 1'---2 63, the 

impulsive wave is reflected from the walls and 

propagates back towards the duct ax~s Compar- 

ed with Case 1 and Case 2, the interaction be- 

tween the reflected shock and the waves pro- 

pagatmg towards the walls leads to a more com- 

phcated 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 s~dewall, whmh partially block 

the wave propagation m the yz-plane  Obserwng 

each figure set, especially at t ' =  1 24, it is consi- 

dered that the impulsive wave has relatively no- 

ticeable dlrectlvlty in the axial direction and 

stronger vortices develop from the duct exit when 
c o m p a r e d  wl. th o t h e r  ~a~Sg;~, 

At Ms=l 2, Fig 9 shows pressure histories 

with time, obtained at the locations of 0 = 0  ~ 

--45 ~ and --90 ~ with a distance ofx'----2 0, where 

a negative value of/~ denotes an angle measured 

clockwise from the duct axis For 0 - -0  ~ (Fig 9 

(a)),  static pressure changes in a similar trend 

except Case 3 The pressure suddenly rises at 

about f f = l  50 as an impulsive wave arrives at 

the location and then decreases rapidly due to 

ensuing flow expansmn Especially, m Case 3, a 
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Fig. 6 Pressure contours  in the y g - p l a n e  (Case ~, ~ M , = I . 2 )  
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3~ 

2 ~ 
t,4 

i- 

�9 ~2 -1 0 I 2 
y' 
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1 

1 

L 

3 

(a) F=0.49 

3~ 

1 

3- 
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-2 .1 0 i 2 
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3 
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i, 

(c) r =  l,gs 

> . - Z s  ~--.-7. ..~ 

-2 -1 0 i 2 3 
y '  
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Fig. 7 Pressure eomovrs in the yz-pJa,e (Case 3, M~=I.2) 
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Fig. 8 Pressure comours  in ~he yz  p lane  (Case 4, M~.= 1.2) 
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secondary peak pressure value can also be ob- 

served at a b o u t / ' = 4 . 4 0  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 ( 8 = 0 ~  For  0 = - - 4 5  ~ and --90 ~ , 

where an estimation point is at a distance from 

1.3 

1.2 

1.1 

1.0 

0 

1.3 

1.2 

1,1 

1.0 

0 

1.3 

! 

2 

M~= 1.2, 0----0 ~ 
/(?Case 4(side wall) 

ase 2(ground) _ Case3(walls~ 

~ /Case  l(epen air)/\~r 

i I 

4 6 
t r 

(a) 0 = o  ~ 

M~=l.2, 0=-45 ~ 

Case l(open air) 
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Fig. 9 Pressure histories in the xy  plane at x'--2.0 
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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 ahnost same, dissimilar to the 

result obtained at the location where 0 - - 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 I is shown to 

be lower than those of  other cases in all directions 

tested. For  the other cases, Case 4 has the largest 

Fig. 10 
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maximum pressure at 0 = 0  ~ while the influence 

of the exit configuration on the maximum pres- 

sure becomes neghgtble as the angle increases. 

The directlvity of impulsive wave propagauon 

for x ' - - 2  0 (Fig 10(b)) is observed to be quah- 

tatlvely very slmdar with that for x ' - - l . 0  At the 

locations with th~s distance, however, the differ- 

ences in the values between Case 1 and the others 

are more significant It implies that the existence 

of the ground and walls leads to lesser dlsslpa- 

tmn of the Impulsive wave For x ' = 3 . 0  (Fig 10 

(e)), a different characteristic of wave propaga- 

tmn can be seen The maximum pressure of Case 

3 becomes the largest at a given location of 

0>1-45~ which is close to walls, due to the 

effect of shock reflection from the walls From 

the results, tt 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 dlrecuvity of wave pro- 

pagatlon amongst the eonflguratmns tested m this 

CFD study 

Figure 11 shows the effect of the Mach number 

of an mitral shock wave on the peak pressure 

under the exit configmatlon of Case 3, m terms of 

the difference between primary and secondary 

peak pressure values normahsed by the atmos- 

pheric pressure A typical pressure history of Case 

3 at a location in the duct axis is g~ven in Fig 11 

(a) In this case, generally, there are two peak 

values observed at 0 = 0  ~ A largest peak pressure 

~s generated as the mltml shock wave reaches a 

Dven location and pressure increases sharply 

again when the shock propagates back to the duct 

axis after reflection. As shown m the figure, the 

peak pressure values are defined by APmax,t and 

A&~ax, a respectively, which are the pressure dif- 

ferences between peak values and a base value 

(atmospheric pressure) For x ' = l  0 and 2 0, as 

Ms increases, the peak pressure difference be- 

comes larger W~th a further increase m 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 lmphes 

that the influence of the reflected shock on the 

APmax,1 

I 
-Lp/po = l,O 

Pnmary peak pressure 
tt 0 = 0  ~ 

S~ondary peak pressure 

(a) Typical pressure history of Case 3 m the duct axis 
direction 
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x'=3.0 

-02 I I I 
1.1 1.2 1 3 IA S 

M, 
(b) Difference between primary and secondary peak 

pressure values 

Fig. 11 Peak pressure vs Ms (Case 3, 8= 0  ~) 

main flowfield may become significant in a spec- 

ific range of Mr it is also noted that a change 

m the peak pressure difference in the lonDtu- 

dlnal direction is relatively severe with a larger 

Ms. To effectively alleviate impulsive noise and 

vlbratmn problems, therefore, the characteris- 

tics of impulsive wave propagation under ground 

and wails effects should be understood in consi- 

deration of the range of the initial shock Mach 

number which is obtained m a given SltUanon 

4. Conclusions 

The present paper describes the physics in- 

cluded in the unsteady flow charactertsed 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-Davls ' s  TVD scheme 

was apphed to three-dimensional,  unsteady, com- 

pressible Euier equations The results obtained 

showed that the propagatmn of an impulsive 

wave strongly depends on the Mach number of 

an lnmal  shock wave and the exit configura- 

tions of the duct under consideration Especially, 

in the presence of the ground, single sidewall 

and walls, the longmldmal  dlrectlwty 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 w~th the ground-walls ,  muluple  peak 

pressure values were observed m pressure hlsto- 

r,es 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 as considered that a detailed 

understanding of  specific characteristics of the 

impulsive wave propagat ion 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 dewces 
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