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Unsteady Shock Waves in Supersonic Nozzles 

Min-Gyoo Lee*, aong-Ho Park* and Miehio Nishida** 
(Received April 26, 1996) 

r i le  present paper describes the numerical and experinaenlal restihs on unsteady nozzle flows 

induced by nonstationary shock waves. The two-dimensional Navier-Stokes equations are 

numerically sohed u~,ing tile upwind TVD finite-difference scheme of the Harten-Yee type. For 

the purpose of computational visualization of shock waves in transient nozzle starlting process, 

computer shado'agraphs are de\eloped based on the principle of the optical shadowgraph. 

Visualization experiments emplo}ing a conventional shock tube are also performed. Compari- 

son of numerical and experimental results shows satisfactory agreement. Furthermore, the steady 

tlow establishment prc, cess around an airt\)il model installed inside the nozzle is numerically 

investigated. The simulated results successfully reveal the unsteady viscous flow structure around 

the model. 
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1. Introduction 

Recently there has been renewed interest in 

impulse-type high-enlhalpy aerodynamic facilities 

as a means of providing hypersonic flow condi- 

lions. Reflected-type shock tunnels have been one 

of the most successful types of hypersonic impulse 

test fi:tcilities that can economically produce 

hypersonic tlows. Therefore, these shock tunnels 

have been used successfully in xarious aer- 

odynarnic experiments(Takeishi et at 1994). As 

a variation of a shock tube, the expand'don of a gas 

behind an incident shock wave travelling through 

a non-reflected divergent nozzle was first em- 

ployed to generate hypersonic flows by tlertzberg. 

(t951) However, the starting process in the noz- 

zle of such a simple expansion mode leads to a 

reduction in flow duration. Thereafter Wittliff et 

a1.(1959) proposed a new operation lechnique of 
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a reflection mode that uses a high-temperature 

and high-pressure gas behind the shock wave 

reflected from the shock tube end wall as reservoir 

gas, whereby the flow duration is increased much 

more than that in the expansion mode. 

The principal problem regarding hypersonic 

shock tunnels is the so-called steady flow estab- 

lishment time and duration because of their 

extremely short running time ['or aerodynamic 

experiments. For example, the typical duration of 

the quasi-steady flow is of the order of a few 

millisecorlds. Therelk~fe the starting process of 

shock tunnels is an important and interesting 

problem. 

Concerning the starting process of a hypersonic 

nozzle, Smith(1966) analytically and experimen- 

tally studied a shock propagation problem, 

Amann and Reichenbach(1973), and Ikui and 

Matsuo(1971) also experimentally investigated 

the behavior of the shock waves in several two- 

dimensional nozzles by means of an optical 

Schlieren technique, ttolden(1971) conducted 

experiments with an aerodynamic model at the 

nozzle exit and proposed an experimental formula 

to estimate the flow establishment time around an 
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aerodynamic model. 

Using the random choice method (RCM), Ka- 

shimura et a1.(1986) numerically analyzed wave 

propagation in a Laval nozzle and a Ludwieg 

tube, and their treatment was quasi-one- 

dimensional. With the rapid development of com- 

putation environment and numerical methods, the 

multi-dimensional computations of the nozzle 

starting process have been conducted by several 

researchers. Recently, Jacobs(1992) numerically 

simulated the starting process in an axisymmetric 

nozzle. Prodromou and Hiller(1992) also con- 

ducted a numerical simulation using the 

Godunov-type scheme and compared their numer- 

ical solutions with the experimental results shown 

by Amann and Reichenbach(1973). We have 

also calculated the nozzle stating process taking 

into consideration on the bursting of a secondary 

diaphragm and the high-temperature effects.( Lee 

and Nishida, 1992. 1993, 1994) In the present 

work, our previous computational work(Lee and 

Nishida, 1992) of shock wave propagation in a 

nozzle using an inviscid flow model is extended to 

a viscous flow treatment. Thereby, viscous effects, 

such as the interaction of a secondary shock with 

a wall boundary layer and the separation of the 

nozzle flow, can be investigated. In addition, 

visualization experiments using a conventional 

shock tube are performed and comparisons 

between computer shadowgraphs and experimen- 

tal ones are made. Furthermore, the transient 

process around an airfoil model irtstalled inside 

the nozzle is numerically investigated. 

2 .  G o v e r n i n g  E q u a t i o n s  a n d  

N u m e r i c a l  P r o c e d u r e s  

2.1 Governing equations 
The flow model considered here is such that a 

shock wave travels to the right-hand side of a 

shock tube and then enters a nozzle connected to 

the end of the shock tube as shown in Fig. 1. Air 

is considered as working gas and the flow in- 

duced by the shock wave is treated as viscous. A 

two-dimensional flow is treated here for compari- 

son with the experiments which were carried out 
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in two-dimensional flow. Therefbre, the govern- 

ing equations are the tx~,o-dimensional Navier- 

Stokes equations in the generalized coordinate 

( ~ - , v , r ) .  

r og oz/ tvc \ ae, c)71 I 

,a, here 0 is a conservative variable, ~" and 

denote the flux vectors in the ~e and G direc- 

tions, respectively, and F,, and 0,, are tile viscous 

terms in the ~ and z) directions, respectively. 

The Reynolds number Re is given by :JlalL//tl 

and the subscript 1 indicates the state in front of 

an incident shock wave. The components of the 

aforementioned vectors are as follows(H. C. Yee 

1989): 

q=J '!p, au. :~u, A ' ] '  (2) 

/,2=] ' :)U, :,uU F &-k. :,v(: +-:#,.k 

(E-b b) U - & b ] '  (:~) 
b~=J  t ! p V ,  p u I ' +  zixp, pvVq ~.,,p 

(E fp) V 71@]~ (4) 
F , = J  ~[(), ~.,zz,-x+~,.z:~,,, ,~.,.r,.~ + .e.<,.,, 

&f, + 6.~a.' (5) 
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~],+17, t ~],.,~:~] s (<;I 

1) ( ~  1)_t3 / ) (e t~+r~) , /2]  (7) 

,,','here ? is t ime, /: pressure, :) density and E 

total energy per unit volume. /t and ~ are the 

velocity c o m p o n e n t s  in tile +v 

respectively, arid 

z - , l  

J &>, ?,++ 

1" ~Te T U~?I + e/,t' 

and y directions. 

(s) 

(9) 

io) 

I I )  

tlere. J is tile t ransform.hicobian,  and t.' and 

V are the contravariant  `,elocity components  in 

a computa t ional  domain. 

The components  of the kiscous vectors are :is 

follows 

z:,,,- /~(4zl~ 2u,,)/3 

"&.>, g~,v /z ( It,, ,~ ~'v) 

<,,~. I z (  2et.~ ~4v, , ) /3  

fa and .#~ are defined as 

/ ,  e t r , ,+r '&, .q  / * ( ; ' -  I) ~l'r ~(a'-').~ 

g,=<'tz;,,,: z'r,,,, f # ( 7  1) ' [ ' r  ' (az), ,  

12) 

13) 

14) 

i5) 

where the viscous coefficient It is ewthiated 

from Sutherland's  semi-empirical  formula and 

subscripts .v and .v imply +J/(J.v and cJ/()3', 

respectively. The speed of  sound is denoted by (z 

and the Prandtl number is set to Pr 0.72. In the 

above equations,  tile variables are nondhllen- 

sionalized using the properties in front of  an 

incident shock `,`,ave, The vert ical  length mea- 

sured f rom the central surface o f  a shock tube is 

selected as ti le reference length scale. 

2.2  The numerical methods 
Tile nunlerical Inethod t \ l r  spatial discretization 

employs tile second-order upwind T V D  scheme of 

the Harten-Yee type that can satisfactorily capture 

discontinuit ies ~i th less nutnerical smearing. The 

notion of  the stable T V D  scheme x~.as introduced 

by Har ten(1983) .  It was or iginal ly  proposed for 

a scalar hyperbolic partial dift'erential equation,  

based on the condit ion ( T V D  condi t ion)  suffi- 

cient t\~r the stability of  numerical  solutions. In 

the present work. `,~e adopt the thlr ten-Yee up- 

wind n o n - M U S C L  T V D  scheme that uses tile 

l inearized Riemann solver of  the Roe(1981) type. 

The viscous and dissipation terms appearing on 

the right-hand side of  the governing equation are 

treated by a convent ional  second-order central 

difference technique. The details on numerical 

procedures can be tbund in Lee(1995) .  

The second-order time integration by tile explicit 

fiactional step technique is employed,  because the 

time accurate solutions are sought to calculate 

actual unsteady flowfield under consideration. 

Fhe difference operators  for each spatial term and 

nonhomogeneous  term of governing Eq. (1) are 

split as l\)llo`,~s: 

~ q  3G(@) ~ 0 (18 )  L,, & ~ & l  

aii i ( a#~, 4 ~,~, ) 
L,, a T = ~ , , \ ~ ' -  & (19) 

Tile time integration formula using the above 

operators can be expressed as 

--  tz • 2 I1 h h h h h - -  *l q,,., L . ,LvL+L~L,~L~ q,..i (20) 

where h ~z-, n is the time step, and L~, L~,j, 

L~, denote operators  for the ~ and r]- directions 

and the `,iscous term, respectively. 

2.3 Initial and boundary conditions 
As shown in Fig. l ,  the flow is symmetric 

along the axis, so that only the upper half of  the 

l]owfield is taken into account. Elliptic partial 

differential equat ions (Poisson equat ion)  are used 

to generate a body-oriented grid system and are 

solved by a standard Poisson solver, that is, a 

successive overrelaxat ion (SOR) method(Steger 

and Sorenson, 1979) . As the computat ional  grid 

systems for nozzle A ,  two single-block grids with 

300 x 5 0  and 360x  60 grid points are used. The 

first one is for the unsteady nozzle flow computa-  

tion without an aerodynamic  model and the other 

one is l\)r the case with a model installed inside 

the nozzle. 

An incident shock wave is set initially in the 

left boundary of the computa t ional  domain. The 

initial distributions of  the flow properties are 

given by the shock j u m p  conditions.  No-slip and 

adiabatic condi t ions  are imposed on the wall of  a 
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shock tube and a nozzle. Symmetr ic  cond i t i ons  

are imposed on the central  line and tile inllox~- 

OUtf'iOV~ condi t ions :ire gixen on lhe left ai'id r ighl 

sides. 

3. Experimental  Method 

In order to val idate tile nurnerical ly calci i la led 

restilts, experimerlls on the shock i-)ropa{~alion 

problem in a nozzle were carr ied (;)ill tl,,,il]g ',1 

conven t iona l  shock lube with air  as lhe dr iver  and 

driven gases. The  dr iver  and dr iven sections are 

270 cm and 370 cm in length, respectively The  

cross sect ion of the nleast l rement  seclion is a 

square  of 4..g c m x  4..4 cm. The  a r r angemen t  of  tile 

appa ra tu s  tBr '<isualixation exper iment  is shown  

in Fig. 2. Optical  shado \vgraph  pictures were 

taken at an incidenl  shock ~ a v e o f A . / <  2.2 The  

nano-spa rk  1400 (Miyash i ro  et al..1992) was used 

as light source tbr the optical  system. Because tile 

flash t ime of  tile nano-spark  is approx ima te ly  50 

ns, it is app ropr i a l e  tBl the present high-,cpeed 

p h e n o m e n o n .  

The  initial  pressure in the dr iven sectior~ was 

set to /J~:::6.5~ 10 :~ Pa, and tile d r i \ e r  scclion 

pressure was set to /~4-5.1 5 l0 s Pa to p roduce  

incident  shock \~aves with ,.L/~ =2.2. Incident  

shock speeds haxe been measured  by t ime of  flight 

betx~een two the piezo electric pressure sensors 

(PCB model 131A21) thai  d is lance  is 239mm 

close to the end of  tile low pressure tube. Signals 

[ 'rOIll e a c h  p r e s s k i r e  1 f,~t I1 d LICe f,, i l l p t i {  IO 

s to ragescope(Tek t ron ix  Model  7623A) and fllen 

s a v e d  i l l  personal  computer .  

4. Results and Discussion 

4.t Unsteady staring process in a nozzle A 

l h c  present numer ica l  ca lcu la t ions  were con-  

ducted for moving  shock ~ a','es of  :11,: :: :2.2 and 3. 

2 I raxel ing inil ial ly in the low pressure section of  

a shock lube with /~ := 6.5 ~,:10 :~ Pa, and T~: 288 

tq. T h e  Re'>nolds n u m b e r  is 3.3 > 10L I-or a 'tyro- 

d i men s i o n a l  rio,,,,, the cont ras t  of the opt ical  

, , h a d o ~ g r a p h s  is proporliorl:a] to ,_//~(,,.J: La- 

p l a c i a n ) .  We calcula ted the quant i t ies  of  Z/l> 

l+rom numer ica l  data on all grid points  fi+r the 

purpose  of c o m p u t a l i o n a l  viscialization of  un- 

steady shock v~a~es in the s tar t ing process. Thus  

s h a d o ~ g r a p h s  were generated on a compute r  

based on tim pr inciple  of  die optical  shadow-  

graph.  Fhis  may be reterred to as compute r  shad-  

o\', ~ralp]l. Tht ls  prodt iccd compute r  d l a d o w -  

..... r'!'/~" 

Fig. 2 Ixpenmental -~etup Vig. 3 (,mlinu,.'d 
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Fig..3 Computer shadowgraphs showing transient flows 
in a nozz leA,  M., 2.2,[a) / ' -  1 .32(b)  g' 1.42 

I c ) [ ' :  1 .63(d)  l '  ] . 9 0 ( e l l '  2 . 2 1 ( f ' ) t '  2 . 32  

(g) l '  2.62 

graphs are presented in Fig. 3. Though  optical 

shadowgraphs  and Schlieren pictures are usually 

compared with density contours  drawn from 

numerical results, we consider  that employment  of  

computer  shadowgraphs would  be more appropri-  

ate for qual i ta t ive comparison with experimental  

results. One can understand from the figure that 

the dark side of  the wave is thcing tile propaga- 

tion direction, specifically it denotes the low 

density side. 

The time given in Fig. 3 is nondimensional ,  

namely t ' - - l a ~ / L ,  where L is the vertical length 

of  the shock tube measured from the centerl ine 

and a~ is the speed of  sound in front of  the 

incident shock wave. The incident shock wave 

propagates from the left side of  the figure. One of  

the present research objectives is to obtain the 

fundamental  knowledge of  the shock wave propa- 

gation behavior  f lom the shock tube section to the 

nozzle section; thus we do not consider  a secon- 

dary d iaphragm that is usually mounted in actual 

shock tunnels. At first ( (a) :  1" 1.32), the upper 

and lower port ions of  the incident shock wave are 

partially reflected fiom the shock tube end wall 

and the rest port ion propagates into the nozzle. 

The shock wave reflected from the nozzle throat 

exhibits a Mach reflection. After some time, the 

shock wave reflected from the upper throat and 

that reflected from the lower throat intersect at tile 

central surface and propagate upstream. The blot 

image in front of  the reflected shock wave (R.S.) 

is not physical and it is numerical,  namely, it is 

due to a decrease in numerical  accuracy, because 

the numerical accuracy at the boundary on the 

axis is decreased to the first order  and the grid 

interval is relatively coarse compared to that of  

the wall. 

In Fig. 3(c), the front of  the primary shock 

wave (P.S.) propagat ing in the nozzle becomes a 

curved, smooth front. At t ' = l . 9 0  (Fig. 3(d)), a 

secondary shock wave (S.S.) is observed. 

There is a difference in pressure, which is high 

behind the primary shock wave and low in the 

gas expanded through the nozzle throat. Thereby, 

a secondary shock wave is generated by the 

pressure difference. The left-hand side of  the 

secondary shock wave is dark, which indicates 

that the secondary shock wave is upstream-facing 

(left-facing). However,  the secondary shock wave 

is propagated by a supersonic flow expanded 

from the nozzle throat. Therefore,  as shown in 

Figs. 3(e) to (g), the speed of  the secondary shock 

wave is low compared with that of  the primary 

shock wave. After the secondary shock wave 

reaches the nozzle exit, a steady supersonic flow 

can be obtained at the exit. The interaction 

between the upstream-facing secondary shock 

wave and the wall boundary  layer results in the 

flow separat ion from the wall, and a separation 

shock wave(Sep.S.) is formed that is well resolved 

in the numerical  results (Fig. 3(d) to(g)). 

Figure 4 shows the time course of  the density 

distr ibution on the nozzle axis. The nozzle throat 

is placed at , v / L  - 2 . 9 8 .  The letters in the figure 

denote a: 1 '=1.32,  b: I '=1 .63 ,  c: 1'--2.02, d: t '  

2.32, e: t '  2.62. At l ' - 1 . 3 2 ,  the flow prop- 

erties on the axis is not affected by the reflected 

shock wave and are determined by the j u m p  

condit ion of  the incident shock wave (primary 

shock wave). Therefore,  the density behind the 

primary shock wave in the nozzle is the same as 



Unsteady Shock [Val'es in Super,sonic ,.Vozzh,.~ 10l 

<:7 

if) r 
ID 

II1 
N 

O 
z 

�9 'b ' i . . . .  i . . . .  i 

4 ~ Ms=2'2 

Id 
, . . . .  ; ,  . . . .  ; ,  

Normalized diatance, x / L  

Fig. 4 ()n-axb, den,,it$, dislribulions. ,tl. " 2 2 

E 

"O 
Q) 

O 
z 

Fig. 5 

i i i I i i I i i i i i i i i 

1.2 ~ ' / >  

S. 

~'S" 

. . / 'p.s .  
0 . 4  ! 1 I I I i I I I I I I I I I - s  

3 4 5 
Normalized distance, x/L 
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thai behind the incident shock v,'a',e (see Fig. 

3(a)). We can identif,,r lhe secondary shock wave 

(S.S.) t'rom the densiLv distr ibut ion at l ' : -2.02. 

Because the gas behind  ille rellecled shock ,,',ave is 

expanded  inlo the nozzle, it can  be unders tood  

from the density' d i s i r ibu l ion  that  the densi ty  

beh ind  the reflected shock wave decreases \~ith 

lime. 

The  ca lcu la t ion  using ano the r  .-,hock Much 

n u m b e r  was alxo carr ied out  to invesi igale  Ihe 

effect of  the incident  shock s t rength  on the shock 

wave propagatic, n beha,.ior vciihin lhe no.,'zle. 

The incident shock Mach nunlber ol 'M,. ~,2 is 

used for this  in,>estigmion. T h e  tia.jeciories of  the 

Fig. 6 ({Ir l l r l ; l r i~Ofl i~lt'[v,t.'Cll Ctl l l lpl l t{ l l i l l l la[ ,Ifll.I 13kpCrJ- 

nl?[l l, l l  ",hadot~graf'~hs. (a) I '  I . ~ l )  upper; 

~.-~m~l~.ita:Icwt;ii. htt~ct-: expcr imenla l  (b) i" i .<'4]. 

uppcl :  c'oml'qllLillOlla[, h~Cl ' ;  c/ \pel l l l lonlal  

primary it'.S.) and secondar.,,. ,,hock w,l~es (S.S.) 

,ire ph'qled in Fig. 5. The primary and ~,econdary 

s h o c k  WLI\eh p r o p a g a l e  lit i l e a r l }  c o n M a n t  veloc- 

il~. As expecled, lhe piopagal ion ~elocil) of lho 

primary and ~,econdary nhock ~sa~es iiict-cases 

with ;.ill increase in the incidenl shock sl ionglh. 
t:urlhormore. Ihe propaTaliOil xelocii~, of lime 

semondal-\: shock ~,l~e in slightl ) nlole sensilive lo 

the strength of the incident shock ~ ave comp;.tred 
with lhcil o1 Iho prinlai-y ~hock x~a~e. 

In I:ig. 6, tl~e molnpalison,~ bot',~een the 

computa[ional clnd experimental shado\~graphs 

are ~hm~,n. 1he times given in lhe l']TLlre tire lhose 

in the numerical simtllation. Satisl';ict~>r~ agree- 

nleill between the Ill.lnlerical Lind experimental 

resuhs is c)blained, tlence the numerical sinlula- 

l ion ~tlcces,qull) predicts Ihe ~hc)ck x~civr prop;.lga- 

lion behavior in t111 tlnMei.idy starting process. The 

physical time inier~al boDAoell Pig, (~l,i) and Fig. 

6(b) i~> O.025msec. The t ime in a computational 
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R.S.~ 

laj (b) (e) 

(c) ~~ (f) 

Fig. 7 
R ~ I  (d) 

lsopycnics showing transient nozzle flows induced by shock wave, ,,~.I~: 2.3, N(, 2.5 xI0". (a) I" 
1.34 (b) 1 "  1.60 (c) 1' 1.92 (d) l' 2.24 (e) /' 2.56 (t3 1" 2.87 (g) 1'=3.19 

P.S. 

R.S. 

plane between the two instants is /_./ l ' - -0 .32 ,  

which is equivalent  to z/ t=O.021 msec in a 

physical plane. From this compar ison ,  the present 

numerical  results simulated the wave propagat ion  

velocity fairly well. 

4.2 Uns teady  shock waves  in nozzle B 

The computat ional  resuhs for nozzle B ( F i g .  

l(b))  are shown in Fig. 7. The  geometry of  the 

nozzle B is:  throat radius 17ram, throat length 

10mm, half  angle 15', nozzle length 180 

mm. The incident shock Mach number  is M,~ 2. 

3 and the Reynolds number is 2.5 ~ l0 s . Since the 

normalized throat length of  the nozzle B is consid- 

erably narrow compared to the nozzle A, the 

computa t ional  domain is divided into two regions 

to avoid the potential  numerical error due to 

excessive grid skewness. The two regions are the 

region near the side wall of  the shock tube section 

and the remaining region, respectively. As the 

numerical grid system, the two-block grid with 

120•  and 300•  grid points is generated. 

Figure 7 represents the time evolut ion of  un- 

steady flowfield induced by shock waves. The 

flowfields are shown as the series of  isopycnics. 

the shock wa\e  structures are essentially same to 

those in the nozzle A .  At 1 ' =  1.34, The incident 

shock reflects from the nozzle throat and shows 

regular rel]ection. The upstream-facing reflected 

shock (R.S.) represents regular reflection a! 1"::: I. 

60 and transits io Math  reflection at t '  1.92. In 

Fig. 7(d), the secondary shock wave (S.S.) is 
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observed.  Fhe  shape o f  t i le upstreanl-17.icmg secon- 

dary shock is s l igh l l y  dil l 'erenl I l om those sh<lwn 

in Fig. 3 l l l e  i ]on [  o f  t i le ~econdary shock is 

convex Iov, ard Ill(. > nt ' , / l le  Ih roa l  (I ig.7(e) Io ig) ) .  

I h i s  is due to the i n l e l ac l i ,m  of sectmdar)  sl!ock 

with lilt" hOl l l ld ; l l }  hl)cl" de \e loped  in tilt;" nt /z le 

wal l .  Fhe  secoildar~ ~hock ~ s l c ' m  there iore,  

becomes the Sllt lCll lrc ' ,k i th  lhe fronl-lc'g and [ear- 

Imlb shocks  l!-ii,~ shock Mrl lClt l re i-, s im i la r  lo 

thai o f  l lie b i furcated shock rel]cctcd l ] om the end 

wa l l  oi" shock lube The hi i 'urcaled ~h~>ck ( B S . ) i ~  

shown in lhc side ~; i t l  l eg ion  o f  the ~hock tube 

section(l-i~ ~. Tie) lo (g)) 

4.3 T r a n s i e n t  f l o ~ s  around an a e r o d y n a m i c -  

model  

W e  h a v e  a l s o  c o n d t l c l c d  sonic n L l m e r i t : a l  c a l c u -  

l a t i o n s  to exan l ine  ti le t ransient  l lc)u process, 

a lo t l nd  an air l 'o i l  mode l  insta l led inside the rioz- 

zle. l hus  the I ] o ~  eMabl ishmcn[  process and 

shock wave p ro p ag a t i o n  behav io r  a round  the 

ae ro d y n ami c  model  are numer ica l ly  inw:stigated. 

The t ~ o - d i m e n s i o n a l  a i r fo i l  o f  N A C ' A  0012 is 

u4ed as II/e a e r o d } n a m i c  moclel, l h e  ca lcu la t ion  

cond i t ions  in this case are ,'1]'.~ .t.2 al ld lee : 5 >< 

10:L T h e  leading edk',e of  the airflfil is placed at 

. ~ / L  5.04 and the normal ized  cord length is c '  

~0.5(~'" ,' L ) .  T h e a i r t b i l  instal led h a s a z e r o  

angle o f  altack. 

In l:ig. X the time course t)l" llo~lields are 

shov, n ~i~ cornpu le r  shadowgrap i ls .  In Fig. 8(a). 

t i le pr imar) ,  shock wave (P.S.) has j t lst passed 

o~er the airfoil  model  and  a new shock wave is 

l])rnled at the leading edge. hi addit ion,  a secon- 

dar)  shock ~ a v e  (S.S.) is clearly identifie, d and  is 

found to be a p p r o a c h i n g  the model.  At I '--~1,97 

(P ig .8 (b) ) ,  die model  is located between the 

pr imary  'and secondary  shock waves, so lhal  the 

i]ow a r o u n d  the nlodel is not yet sleady. T h e n  ttle 

secondary  shock ware reaches the model  ai!d 

merges with the shock wave at Ihe leading edge, 

as showrl in Fig. 8(c). A recompress ion  shock 

~a~e  is observed in the vicinily of  the t ra i l ing 

edge ( ind ica ted  as a r row in Fig. 8(c)). Figure 8(d) 

indicates  thai  a steady nozzle flow has been 

e s t a b l i s h e d  11 can be seen that  the flow is greatly 

separa ted  fronl the wall, and a separa t ion  shock 

Fig. 8 (omputer ~lmdm\!~Japh- qlo~4i%,I~:m~iem IM,a. 
art / t rod ~te[od\mH,ik !m~dr .]L 3 2 (:l) / I .(~(~ 

(b l  : 1 .~7 (c!  / 3 2 <~I (d)  ~' 2. ~'q 

~ Ms=3"2 
~- Re=5xl 0 5 
g 
o~ 

~ 1 0  
"O 

N 

z 

( ' l /  , I I I ~ I i 
% 2  

1.6 2 .0  2:.4 

N o r m a l i z e d  t ime,  W(L/al) 
l:il{. 9 Imw \;tri~lliolls el  '4at ic pressm-e on th ree  petal, 

~1 model ~urface 
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wave is generated. This separation shock 

wave interacts with the shock generated from the 

leading edge of the airfoil. A simple theory assum- 

ing an isentropic expansion predicts the flow 

Mach 

number of Me=2.39 at the nozzle exit. 

The time variations of a static pressure on the 

model surface are presented in Fig.9. The num- 

bers in the figure mean I: leading edge (.v/L--5. 
04), 2: upper surface (x/L=5.29), and 3: trai- 

ling edge(x/L--5.54). At t ' =1 .56 ,  the jump of 

the pressure monitored at the leading edge 

denotes the passing of a primary shock wave. 

After the transient variation, the pressure at the 

leading edge (1) approaches a steady value at t '  

--2.16. The first pressure jumps at the model 

surface (2) and the trailing edge (3) also indi- 

cates the passing of the primary shock wave. The 

quasi-steady flows around the airfoil are estab- 

lished at t '  2.52. 

5. Conclusions  

The unsteady starting process of nozzles in- 

stalled in a shock tube has been investigated 

numerically and experimentally. Computer shad- 

owgraphs have been developed for the purpose of 

understanding the transient flow structure in the 

nozzle. Satisfactory agreement between numerical 

and experimental results was obta{ned. In addi- 

tion. numerical simulations were conducted to 

examine the steady flow establishment process 

around an airfoil model installed inside the noz- 

zle. The simulated results successfully revealed the 

unsteady viscous flow structure around the model. 
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