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The present study addresses the flow characteristics involved in the self-induced oscillations 

of the underexpanded jet impinging upon a cylindrical body. Both experiment and com- 

putational analysis are carried out to elucidate the shock motions of the self-induced oscillations 

and to find the associated major flow factors. The underexpanded sonic jet is made from a 

nozzle and a cylindrical body is placed downstream to simulate the impinging jet upon an 

obstacle. The computational analysis using TVD scheme is applied to solve the axisymmetric, 

unsteady, inviscid governing equations. A Schlieren system is employed to visualize the self 

-induced oscillations generated in flow field. The data of the shock motions are obtained from 

a high-speed video system. The detailed characteristics of the Mach disk oscillations and the 

resulting pressure variations are expatiated using the time dependent data of the Mach disk 

positions. The mechanisms of the self-induced oscillations are discussed in details based upon 

the experimental and computational results. 
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1. I n t r o d u c t i o n  

The underexpanded sonic or supersonic jet 

which impinges upon an obstacle has been ap- 

plied to a variety field of aerospace technologies 

and industrial manufacturing processes and has 

often produced the self-induced oscillations in a 

flow field. This kind of flow oscillation is usually 

associated with unsteady motion of the shock 

wave in front of the obstacle, turbulence, and 

shear layer instability, causing a strong noise and 
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vibration problem. The shock motions consist of 

low frequency-large amplitude components, com- 

pared with the oscillation components with re- 

gard to the turbulence and shear layer instability. 

The flow field which supersonic jet impinges 

on an obstacle is highly complicated and fully 

three dimensional, almost always accompanying a 

considerable scale of unsteadiness. Many works 

have been carried out to understand the interac- 

tion physics between a supersonic jet and an 

obstacle (Lamont and Hunt, 1980 ; Jennions and 

Hunt, 1980 ; Gummer and Hunt, 1974 ; Iwamoto, 

1990; Nishida and Matsumura, 1994). A time- 

mean behavior of the impinging jet is well known. 

For instance, the plate shock upstream of the 

obstacle, Mach disk and barrel shock are known 

well (Lamont and Hunt, 1980; Jennions and 

Hunt, 1980 ; Gummer and Hunt, 1974). Moreover 
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the separation bubble and reattachment formed 

on the impinging area of the obstacle are clarified 

by flow visualization (Lamont and Hunt, 1980; 

Jennions and Hunt, 1980; Gummer and Hunt, 

1974; lwamoto, 1990; Nishida and Matsumura, 

1994). With these time-mean data alone, no 

information can be deduced about the oscillation 

data, and understanding of how the time-mean 

data are generated is of practical importance in 

estimating wall loads and thereby in design of 

flow devices, since generally the underexpanded 

impinging jets are interpreted through them. 

Unfortunately the time-dependent flow beha- 

vior of the underexpanded impinging jet is not 

well understood to date. Only a few work has 

been done to elucidate the self-induced oscilla- 

tions of the underexpanded impinging jet (Po- 

well, 1988 ; Jungowski, 1978 ; Kim et al., 2001a). 

Recently some work has been carried out to in- 

vestigate the flow mechanisms involved in self- 

induced oscillations in the underexpanded impin- 

ging sonic jets and has revealed that the self- 

induced oscillations were mainly due to unsteady 

shock motions in front of the obstacle (Kim et al., 

2001b). 

However there are still many unsolved pro- 

blems; what parameters drive the shock to os- 

cillate in front of the obstacle? At what conditions 

do the self-induced oscillations occur? How are 

the position and size of the obstacle linked with 

the self-induced oscillations'? What kind of strat- 

egy should be applied to suppress such undesir- 

able oscillations, etc. There are countless other 

questions about the self-induced oscillations. The 

above list, though it is little more than the tip of 

an iceberg, can give some indication of the op- 

portunities, which exist for future investigations. 

The objective of the present study is to char- 

acterize the self-induced oscillations of the under 

expanded jet impinging upon a cylindrical body, 

to find major factors influencing the self-induced 

oscillations, and thus to give an insight into a 

proper means to suppress the self-induced oscilla- 

tions. The underexpanded sonic jet is made from 

a nozzle and a cylindrical body is placed down- 

stream to simulate the impinging jet upon an 

obstacle. The computational analysis using TVD 

scheme is applied to solve the axisymmetric, un- 

steady, inviscid governing equations. An experi- 

mental work is also made to validate the com- 

putational results. A Schlieren system is employed 

to visualize the self-induced oscillations gene- 

rated in flow field. 

2. Compuational Analysis  

The flow field of a typical sonic jet impinging 

upon a cylindrical body is schematically shown in 

Fig. 1. The sonic jet exhausting from the nozzle 

having a diameter of De accelerates to a super- 

sonic speed downstream of the exit of nozzle and 

decelerates to a subsonic speed by the shock wave 

having the Mach disk of a diameter of dm which 

locates at the distance Xm from a nozzle exit. The 

resulting subsonic flow impinges on the cylin- 

drical body of a diameter de, locating at the 

distance Xc from the nozzle exit. 

Along the axis of the nozzle the pressure steeply 

rises due to the Mach disk, as is also schema- 

tically shown in Fig. I. It is assumed that the 

pressures just upstream and downstream of the 

Mach disk are p~ and P,n, respectively. The flow 

behind the Mack disk is compressed, and the 

pressure steeply rises again up to Pa as the flow 

P 

Fig. I 
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Flow field of the underexpanded impinging 
jet 
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meets a pressure disturbance or a plate shock in 

front of the cylindrical body. Finally pressure Pc 

will be formed at the stagnation point of the 

cylindrical body. 

Considering the x-y cylindrical coordinate sys- 

tem originated at the center of the nozzle exit, the 

governing equation systems are the compressible, 

unsteady, axisymmetric, Euler's equation, given 

by the conservation forms next. 

au a G + W :  o (i) 
3t ax ay 

where 

p'u'Z + p" 

U= p,v l , F =  p,u,v," 
e' J L ( e + p ) u q  

(2) 

o'u" v' I w =  v' 
G= O'v'2+P' l" Y" P'v'z 

(e'+p') v'J (e'+p') ' 

The properties with symbol ' denote the. non :  

dimensional quantities which are normalized by 

the nozzle exit diameter D~ and the  supply con- 

ditions of pressure Po, density Po, and sPeed of  
sound ao at the nozzle inlet. Equal!on (1) is so- 

lved using the second-order symmetric Total Var- 

iation Diminishing(TVD) method (Yee, 1987) 

with the operator splitting technique (Sod, 1977). 

The square grid system is used and the time step 

zJt is decided by the CFL condition. For  simplic- 

ity of the present computations, the sonic jet 

conditions are assumed at the nozzle exit, Me = 

1.0. Further assumptions are made;  the ratio of  

specific heats x---- 1.4, the diameter of a cylindrical 

t Downstream 

-'1 
vail n 

Nt'~. slip-wall 
condition I 

(1,t~-z) =I ~ I l l i ~ l l  

Fig. 2 Flow Field for computation 

body d c : D e  and the position xc:2De.  The de- 

tailed boundary conditions (Kim et al., 2001b) 

used in the present computations are described in 

Fig. 2. The pressure ratio of the reservoir pressure 

Po and back pressure Pb is varied in the range of  

2 < ~b (=p0 /pb)  < 20. 

3. Experimental Work 

The schematic layout of the present experi- 

mental facility and measurement systems is illus- 

trated in Fig. 3. The nozzle and cylindrical body 

are placed inside the test chamber, which has an 

optical window for flow visualization. The test 

chamber is so large that it does not interference 

with the impinging jet. A convergent nozzle with 

the exit diameter of  De=4 mm is to obtain the 

underexpanded sonic jets in the test chamber. A 

cylindrical body of  a diameter of  dc=De is placed 

downstream of the nozzle. The location Xc of the 

cylindrical body is varied between l De and 4De. 
The compressed, dry air is employed as a test 

gas and the pressure ratio ff is varied in the range 

of 3~qb(:po/pb) <20. A pressure control valve 

is installed upstream of the plenum chamber to 

get a nozzle supply pressure needed. The plenum 

supply pressure upstream of  the nozzle is moni- 

tored to ensure that it is kept constant during the 

test. 

The impinging jet flow is visualized by a Sc- 

hlieren system, which is equipped with a high- 

Fig. 3 

X. l a m p /  

Experimental facility and flow visualization 
system 
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speed video camera (Photoron Inc., HVC-11B). 

The system is capable of scanning the instantan- 

eous images at the rate up to 2066 frames/s. 

Digitized data of the brightness of the Schlieren 

image is transmitted to PC via an image pro- 

cessing board (Photoron inc., FDM98-4) .  The 

data of flow visualizations give the instantaneous 

displacement of Mach disk which is generated 

inside the underexpanded jet. Detailed measure- 

ment technique is referred to tile previous work 

(Kim et al., 1992). 

4. Results and Discussions 

For the pressure ratios of q~=5.5 and 9.0 the 

typical Schlieren pictures are shown in Fig. 4. 

The flow is from left to right. The underexpanded 

jet from the nozzle impinges on a cylindrical bo- 

dy. Some turbulence structures are found around 

the cylindrical body. The Mach disk upstream of 

the cylindrical body, barrel shocks and retlected 

shocks are observed in these pictures. 

It is tbund from the optical observation that the 

flow is highly unstable at a certain pressure ratio 

and location of the cylindrical body. Figure 5 

presents the regime of the self-induced oscilla- 

tions of the impinging jet flows. Figure 5(a) 

shows the ranges of d and xc/De where the Mach 

disk oscillates in front of the cylindrical body. 

The experimental data show both the upper ~bup 

and lower limits ~blow of the pressure ratio where 

the self-induced oscillations are observed for each 

location of the cylindrical body. The hatched 

region indicates the regime of the sell-induced 

oscillations. 

For a given location of the cylindrical body 

Fig. 4 Schlieren pictures showing the underexpanded impinging jets 

20 

15 

-0-10 

E x p e r i m e n t a l  r e s u l t s  

1 2 3 
X,. /De 

(a) xc/D, vs ~b ('or Much disk oscillations 

Fig. 5 

1.0 

0.8 

0.6 

0.4!- 

0.2 • 

0 

: E x p e r i m e n t a l  r e su l t s  ! 
: N u m e r i c a l  resulL~ XdD,.= 2 ) ', 

" - -  - -  . : F r e e  j e t  ( A d d y  : R e f . 1 2 )  . . . . .  ~ . . . . .  

4- I 6 ' 8 ' 10 ~ 1,~ I 
¢ 

(b) X,n/Xe vs q5 for Mach disk oscillations 

Regime of Much disk oscilh, tions 

XdDe =3 

14 



1452 Heuy-Dong Kim, Hideo Kashimura and Toshiaki Setoguchi 

there is a certain range of the pressure ratio for 

self-induced oscillations. For instance, the self- 

induced oscillations are generated in the range of 

2<xc/De<3.5. It seems that the pressure ratio for 

the self-induced oscillations is 5 ~ b ~ 9  at Xc/ 
De=2.0, and 9 ~ b ~ 1 3  at xc/De=3.0, respec- 

tively. Thus it is evident that the pressure ratio in 

which the self-induced flow oscillations occur 

increases with xc/De. 
Figure 5 (b) shows the locations of Mach disk 

xm/xc during the self-induced oscillations. The 

ratio Xm/Xc means the upper and lower limits of 

the Mach disk positions in the region between the 

nozzle exit and cylindrical body. The lower limit 

means that the Mach disk locates nearly at the 

cylindrical body, the upper limit is when it locates 

nearly at the nozzle exit. Therefore, the hatched 

region indicates the possible regimes of the Mach 

disk oscillations observed during the test. 

The solid line represents the present computa- 

tional predictions and the dashed line shows the 

relation of the free jet obtained by Addy (1981). 

It seems that the present computations predict the 

experimented data with fairly good accuracy. The 

positions of Mach disk for the self-induced 

oscillations are in the range of 0.5 <xm/xc~0.8 at 

xc/De=2.0 and 0.4~x,~/xc~ 0.7 at xc/De=3.0, 
respectively. It seems that the Mach disk moves 

upstream from the cylindrical body toward the 

nozzle exit as xc/De increases. From the compar- 

ison with the results of free jet, it is found that the 

Mach disk for the impinging jets locates more 

upstream, compared with the corresponding free 

jet. 

For xc/De=2.0 and ~b=5.5 the predicted den- 

sity contours at several instants during a cycle of 

the self-induced oscillations are shown in Fig. 6. 

Since the density contours are presented by the 

black-white instead of colors, the light and black 

areas of the density contours may not be directly 

proportional to the real value of density, but just 

show density variation during a cycle of self- 

induced oscillations. Here, t '  denotes a nor- 

malized time defined by t ' =  t/(,/TDe/ao) and T 

is a period of the self-induced oscillation. 

It seems that the density contours considerably 

vary with time t'. At t ' = l / 8 T ,  the Mach disk 

occurs near the cylindrical body. For time to 

increase, the Mach disk seems to move upstream 

toward the exit of the nozzle. At t ' = 5 / 8 T ,  it 

(a) t ' =  IT/8 

(e) t '=ST/8  

(b) t '=2T/8  

(f) t'=6T/8 
Fig. 6 

(c) t '=3T/8  

(g) t '=7T/8  

(d) t '=4T/8  

(h) t ' = T  

Computed density contours at several instants during a cycle of the self-induced oscillations (xc/De= 
2.0 and ~b=5.5) 
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seems to locates most upstream. Then the Mach 

disk moves downstream toward the cylindrical 

body with time. 

It is interesting to note that the diameter of the 

Mach disk varies as it moves upstream or down- 

stream. For instance, at t ' = 6 / 8 T  and t ' = 7 / 8 T ,  

the diameter of the Mach disk seems to reduce as 

it moves toward the cylindrical body. At t ' = T ,  

a compression region is formed in front of a 

cylindrical body, leading to a plate shock there. 

This is resulted from coalescence of the compres- 

sion region with the Mach disk. However it is 

observed at / ' = 2 / 8 T  that the compression region 

and Mach disk are separated again from the plate 

shock. 

The resulting new pressure waves are formed 

outside the jet boundary, propagating back 

ward the nozzle exit. From (c) to (g), the pres- 

sure waves are reflected from the nozzle exit, 

propagating downstream toward the cylindrical 

body with a decrease in the strength. In (h), the 

other new pressure waves occur at the nozzle exit. 

It is found from (c) to (e) that the density of the 

compression region decreases with an increase in 

time t '  and the Mach disk moves toward the 

nozzle exit with a decrease in its diameter. 

Figure 7 shows the change of the Mach disk 

diameter din~De during a cycle of oscillation. The 

points of (a) to (h) correspond to the flow states 

shown in Fig. 6. The data are obtained by the 

present computations for xc/De=2.0 and ~b=5.5. 

It is known that din~De varies between 0.2 to 0.75 

times the diameter of the nozzle exit, and its value 

strongly depends on the movement direction of 

the Mach disk at a fixed xc/De. This results from 

the fact that the shock movement is associated 

with the pressure waves propagating outside of 

the jet boundaries. 

Figure 8 shows the predicted pressure distri- 

butions along the nozzle axis during a cycle of 

oscillation for the same conditions as in Fig. 7. 

Here Pc" is the normalized pressure at the stagna- 

tion point of the cylindrical body. The plate 

shock is formed by coalescence the compression 

region with Mach disk. At t ' = 3 / 8 T ,  p /  and p~' 

indicate the pressures just before and behind the 

Mach disk, respectively. Thus the sudden rise in 

Fig.  7 
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Fig. 8 Computed pressure distributions along the 
nozzle axis at several instants during a cycle 
of the self-induced oscillations (xc/De=2.0 
and ~b=5.5) 

pressure from Pi' to Pro' is due to the Mach disk. 

It is very likely that at t ' = 2 / 8 T ,  the compression 

region and Mach disk start to be separated from 

the plate shock. It seems that Pm' increases with 

time, but it decreases again at t ' = 5 / S T ,  conse- 

quently leading to the decrease in Pc'. 
At t ' = 6 / 8 T ,  the Mach disk moves downstream 

toward the cylindrical body and the pressure in 

the region between the Mach disk and cylindrical 

body decreases from Pro" to Pc" continuously. Pro' 
decreases with time and Pc' increases again due to 

the reoccurrence of the compression region. 
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Figure  9 shows the relat ionship among Pro', xm/ 
D~, and Pc'. It is found from Fig. 9(a) that pro, 

strongly depends not only on the posit ion of  the 

Mach disk, but also on the direction of  its move- 

ment. Pro' is increased as the Mach disk moves 

upstream, and decreased as the Mach disk moves 

downstream. For  a given value of  xm/De, there 

are two different values of pro'. In Fig. 9(b) ,  the 

Mach disk movement  also affects p / .  This p /  is 

increased as Pro" decreases and decreased as the 

Pro' increases. F rom the Mach disk locations,  it is 

found that p / > p f f  as the Mach disk locates near 

the cylindrical  body and Pc'<Pm' as the Mach 

disk locates near the nozzle exit. There is always 

an unbalance in the pressure dur ing the self- 

induced oscillations. It is, therefore, reasonable to 

conclude that the sel l - induced oscil lat ions are 

produced by unbalance of  the pressure. 

The predicted density contours  for ~b~--3 and 
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~b=9 are shown in Fig. I0. For  qt=3,  the cel l-  

structures of  the jet are due to the compression 

and expansion waves impinging upon the jet 

boundaries.  The Mach disk and barrel shock are 

clearly observed for ~b=9. Compared  with the 

previous case of  (;b----5.5, the diameter  of  the Mach 

disk seems to be much larger, but tbr ~b----9 the 

compression region just  behind the Mach disk 

does not seem to occur in front of  the cylindrical  

body. 

Figure 11 shows the t ime histories of  the 

pressure on the axis for the condi t ions  of  ~b=3 

and 9. This plot gives the instantaneous locations 

of  the Mach disk and the pressure waves as well, 

just like a convent ional  streak picture. PI is the 

location of  the nozzle exit and Pz the posit ion of  

the cylindrical  body. For  ~b=3, the compression 

region of  the black area and the expansion region 

Q v ,  

! 
1 / P t  "~ 

~- - -~g5) (" - ' . ,  ~ °.7//_ /. 

(a) ¢=3 .0  (b) 9.0 

Fig. 10 Computed density contours for if=3.0 and 

9.0 (xc/De=2.0) 

Expansion region Mach disk 

ession region lsentropic flow 

'T i i 

(a) ~b=3.0 (b) q~=9.0 

Fig. 11 Time variation of pressure distribution on 

the nozzle axis(xc/D~=2.0) 
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of the light area are repeated regularly. The posi- 

tion of the compression region in front of the 

cylindrical body seems to slightly vary with time. 

For ¢ = 9 ,  it is observed that the Mach disk 

oscillates regularly around a time-mean position 

and its amplitude is larger, compared with that of 

¢ = 3 .  In this case, the plate shock wave does not 

O c c u r .  

Figure 12 shows the predicted time histories of 

the pressure Pc' at the stagnation point on the 

cylindrical body. For ¢ = 3 ,  in which the cell- 

structures appear to be repeated, it seems that 

Pc' oscillates between 0.8 and 1.2, but for ¢=5.5,  

it varies between 0.2 and 0.64. It is known that the 

variation of Pc' decreases with an increase in ¢, 

and at ¢=20 ,  the variation of Pc" seems to nearly 

disappear, leading to no any appreciable self- 

induced oscillations. 

5. Conclusions 

The self-induced oscillations of the underex- 

panded sonic jet impinging on a cylindrical body 

were investigated by flow visualizations and com- 

putational analyses. The detailed characteristics 

ot" the Mach disk motions and the resulting 

pressure variations along the nozzle axis were 

elucidated. The major conclusions obtained are 

summarized as follows: 

(I) Depending on the pressure ratios, the self- 

induced oscillation occurs when the cylindrical 

body Xc locates between 2De and 3.5De. At 

Xc=2De, the pressure ratio for the self-induced 

oscillations is in the range of 5 < ¢ < 9  and at 

Xc=3De it is 9 < ¢ < 1 3 .  The pressure ratio in 

which the self-induced oscillations occur in- 

creases with xc/De. 
(2) The position Xm/Xc of the Mach disk 

increases with the pressure ratio ~b and it de- 

creases as the position xe/D~ of the cylindrical 

body increases. The present computations predict 

these experimental results with fairly good accu- 

racy. 

(3) The formation of the plate shock wave in 

front of a cylindrical body is due to coalescence 

of the Mach disk with the compression region 

downstream of the Mach disk. The pressure Pc" at 

the stagnation point of the cylindrical body and 

its variation range decrease with an increase in ft. 

For ~b=20, there are no any appreciable self- 

induced oscillations. 

(4) The pressure p / a t  the stagnation point of 

the cylindrical body and the diameter of the Mach 

disk strongly depend on the position of the Mach 

disk and on its movement path as well. 

(5) The self-induced oscillations of the under- 

expanded sonic jet impinging upon a cylindrical 

body are generated by unbalance of the pressure 

in the flow. 
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