
I N T E R A C T I O N  O F  A SHOCK WAVE WITH A RIGHT 
ANGLED BEND I N  TWO-PHASE FLOW 
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This  paper descr ibesthe predict ion of t h e  unst- 
eady, gas-solid suspension, flow f i e l d  r e su l t i ng  
from t h e  in t e rac t ion  d a shock wave with a r i g h t  
angled bend i n  two-dimensi ona 1 c a r t  es ian or  ax i  egmn 
metric cy l indr ica l  coordinatee. The f in i t e -d i f f a r e -  
ace computational technique, which h a been applied ; 
by previous inves t iga tors '  t o  the unsteady flow of 
a s ing le  phase comprrnssibie media, Ma been modified 
here t o  be applied t o  the ana lys ts  of suspension 
flow. I n  t h e  development of t h e  numerical t echniqus, 
t h e  solid phase propert ies  a r e  assumed t o  be contin- 
uous f i e l d s ,  s ince  the  inves t iga t ion  is not concern- 
ed with the behaviour of individual  par t ic les .  Xnts- 
rac t ion  between t h e  phases a r e  incorporated i n t o  t h e  
equations f o r  the changes i n  t he  proper t ies  of t h e  
mater ial  occupying the  ce l l s .  The so l id  p a r t i c l e s  
were found t o  have a s ign i f icant  e f fec t  on the  beha- 
viour of shock wave i n t e r ac t ion  with a 90° bend i n  
a shock tube. The r e s u l t s ,  f o r  gas phase, were chec- 
ked aga ins t  the experiments 1 resu l t s ,  obtained by 
previous inves t iga tors ,  and a good agreement has 
been obtained. 

1. INTRODUCTION : 
Unlike t h e  case of s ingle  phase flow, no experi- 

mental work has been published alld no ana lys is  mede 
of i n t e rec t ion  of a shock wave wlth bends i n  a gas - 
so l id  suspension flow shock tube. Very l i t t l e  has 
been published concerned with theo re t i ca l  s tud ies  of 
the  flow of gas-solid suspension around aolld bodies, 
11-33. Considering shock waves at tached t o  a wedge 
i n  a two phaae flow and t h e  problem of supersonic 
flow of a gas containing parP;icles pas t  a wedge is  
considered, i n  soma recent  papers, by Brobstein and 
Fassio [4J Pdd ie son  ard Lyu t 5 3 ,  Waldmen and 
Reinecke [b ]  , Spurk and Gerber E 73 and Morgenthtrlsf 
[a. 

Problems involving the behaviour of i n t e r ac t ion  
of shock waves with bends i n  t h e  pre-ow work a r e  
studied i n  the case of a i r  flow only. Hence t h e  
following l i t e r a t u r e  survey is  concerned with t h e  
behaviour of i n t e r ac t ion  shock waves with bends i n  
a i r  flow only. The s t d y  of pure gas shock wars 
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i n t e r a c t i o n  wi th  corners  has formed t h e  mein p a r t  of 
t h e  gas  dynamic resea rch  programme i n  the  school of 
mechanical engineering f o r  some years  ,[9 - 163. The 
unsteady, two-dimensional f low f i e l d  r e s u l t i n g  from 
the i n t e r a c t i o n  of a moving planar  shock wave wi th  a 
compression corner  i s  determined by Kutler  and 
Shankar [ 9 ]  . Thei r  r e s u l t s  of t h e  numerical s i m l a -  
' t ion  were q u a l i t a t i v e l y  very s i m i l a r  t o  t h e  experim- 
e n t a l  r e s u l t s  obtained by previous i n v e s t i g a t o r s .  
Exper imental is ts  [ 10'1 , C 113 end t h e o r e t i c i a n s  112 - 161 
have been studping tb problem of shock wave d i f f r a -  
c t i o n  t h a t  is, t h e  d e f l e c t i o n  of a shock wave whose 
n o m i  path has  been impeded by some obstacle .  Skews 
1171 descr ibed,  i n  h i s  experimental  s tudy,  a two 
dimensional I n t e r a c t i o n  o f  shock waves having Mach 
numbers o f  1.5 , 2.6 and 2.5 wi th  60 , 90 axrI 126 
degree  bends i n  a rec tangu la r  duct. The in f luence  of 
%he wal l  a n g l e  and shock Mach n-er were invest iga-  
t e d  photographically.  He descr ibed a l s o  t h e  behaviour 
of t h e  r e f l e c t e d  wave. 

I n  s p i t e  of the  above previous work, t h e  phenom- 
ena assoc ia ted  wi th  t h e  i n t e r a c t i o n  of a shock wave 
i n  gas - s o l i d  suspension f low is  not w e l l  understo- 
od. A l l  t h e  previous work was concerned wi th  a i r  
f low only or  two - phase flow around so l id  bodies . 
V i r t u a l l y  no work has  previously  been published which 
considers  the  e f f e c t  af sol id  p a r t i c l e s  on t h e  beha- 
v iour  of i n t e r a c t i o n  of shock waves with bends. Thus 
t h i s  paper w i l l  desc r ibe ,  t h e o r e t i c a l l y ,  t h e  e f f e c t  
of  so l id  powders on t h e  behaviour of i n t e r ~ c t i o n  
shock waves wi th  a 90" bend in  a shock tube. 

Nomenclature: 

a, Mixture speed o f  sound. 
CD = P a r t i c l e  drag c o e f f i c i e n t .  
cp,cv- S p e c i f i c  h e a t s  o f  gas phase a t  constant pres- 

s u r e  and a t  constant  volume. 
c, S o l i d s  s p e c i f i c  heat  
d a P a r t i c l e  diameter.  
I = Spec i f i c  i n t e r n e l  energy. 
i b  = Coordinate subscr ip t  of corner  c e l l *  
j Coordinate subscr ip t  i n  r -d i rec t ion .  
J P a r t i c l e  temperature lag.  
jb Coordinate subscr ip t  of corner  c e l l .  
K = P a r t i c l e  v e l o c i t y  lag .  - 
Kg - Therrnel conduc t iv i ty  o f  gas phase 
m = nun-1 ( see  F i g  1) 
nrm Maximum coordinate  subscr ip t  i n  r -di r  ec t ion .  
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Shock Mach number. 
nn-1 ( see  F ig  1). 
Maximum coordinate  subsc r ip t  i n  z-di rec t ion.  
Thermodynamic pressure .  
Radial  coordinate  
Gas constant  
P a r t i c l e  Reynolds number. 
Area, 5qs. (16 aKi 1 7 ) .  
Time 
Ga a t emperatwe. 
S tagne t ion  Izmperature. 
P a r t f  c l e  temperature . 
Resul tant  gas  v e l o c i t y  
Resultaxt  s o l i d s  
C e l l  volume 
S o l i d s  loading r a t i o  (weight; of so l id  s/weight 
o f  a i r ) .  
1 - f  
Axial  coordinate .  
P a r t i c l e  phase volume f r a c t i o n .  
Gas densi ty .  
P a r t i c l e  ma te r i a l  dens i ty .  
Mass of m r t i c l e s  pe r  u n i t  volume of mixture. 
P a r t i c l e  to g a s  s p e c i f i c  heat  - c,/cp 
C e l l  dimension ( s e e  F i g  ( 2  , 3 )  ) . 
C e l l  dimension ( see  Fig  ( 2  , 3 )  ) .  

Kinematic v i s c o s i t y .  
Rat io  of sea  spec i f i c  h e a t s  1 cp/cv. 

Subsc r ip t  a  : 
x : I n i t i a l  cond i t ion  behind shock wave. 
y : I n i t i a l  condit;&on-s-ahead of shock wave. _ _- - -- - - - - 

2. Assumptions and Basic Equations: 
The f o l l o w l ~  8smmptions  w i l l  p r e v a i l  throughout: 

(I) The motion i s  two-dimensional end unsteady. 
( 2 )  The gas fo l lows  the  pe r fec t  g a s  laws, with  const- 

ant s p e c i f l c  hea t s .  
( 3 )  The p e r t i c l e a  a r e  s p h e r i c e l ,  smooth, and of cona- 

tant d e n s i t y  and s p e c i f i c  h a t .  
(4) Viscous f r a c t i o n  and hea t  t r a n s f e r  due t o  t h e  

v e l o c i t y  and temperature  g r a d i e n t s  i n  t h e  d i r e c t -  
i o n  of t h e  flow a re  neglected.  The on ly  viscous  
a f f e c t  i s  t h e  b e a t  t r a n s f e r  between the  phases by 
convection. 



(5 )  There is  no m s s  t r a n s f e r  behween t h e  flaw and i ts  
surroundings o r  between t h e  two phases .  

(6) The p a r t i c l e a  do not i n t w a c t ;  wi th  each o t h e r ,  and 
t h e i r  shape does not change during f l i g h t .  

(7)  Gravity ani o t h e r  body f o r c e s  a r e  n e g l i g i b l e .  

I n  a non-equilibrium pas-solid f low t h e r e  always 
ex i  sts a c e r t a i n  degree of l a g  between t h e  gas  and t h e  
p a r t i c l e s ,  which can be expressed i n  the form o f  p a r t -  
i c l e  v e l o c i t y  and temperature l a g  p r e m e t e r s  K,J resp- 
e c t i v e l y ,  where; 

The cond i t ions  of  P;he eas phcrse a t  each i n s t a n t ( t )  
and pos i t ion  (z & r )  a m  descr ibed by r e s u l t a n t  g a s  
v e l o c i t y  u a d  any two o f  the  s t a t e  v a r i a b l e s  P ,  j' , Tg 
and am. T h e  p r t i c l e s  a r e  charac te r i zed  by V ,  T p  a n d C .  
T h e  b a s i c  equations governinp the  f low a r e  as  followa: 

Cont inui ty  equa ti ons 

Overa l l  momentum equations:  

Gvera l l  energy 'equations 

Equatfon of  s t a t e  

P ( v -  1)J-I 



- 223' - 
Phase i n t e r a c t i o n s :  - 
Regardless of t h e  mathematical model used t o  repr-  

esent  the  suspension flow, i t s  a p p l i c a b i l i t y  obviously 
depends on t h e  c o r r e c t  r e p r e s e n t a t i o n  of t h e  laws 
aoverning t h e  exchange of momentum and energy between 
t h e  phases. The equ.ation of motion f o r  the p a r t i c l e  
can be w r i t t e n  a s  i n  1211 ; 

I n  t h e  p rewnt  i n v e s t i g a t i o n  an  approximation 
standard drag curve (Cg q Fie\ f o r  a sphere was 
ed a s  i n  [ l sJ  a s  follows. 

D = 24/Re 0.66 f o r  R e e 0 . 1  
C, = (24 + 0.379Re ) / R ~  G . l c R e s 5 0 0  

. ( 1.0) 

t o  t h e  
a dopt- 

3 

The p a r t i c l s  Reynolds number, Re, i s  defined a s  

Heat t r a n s f e r  e f f e c t s  a r e  represented by formulas 
.which a i v e  the dependence o f  t h e  Nusselt number, Nu, 
on t h e  p a r t i c l e  Reynolds number end t h e  P r a n d t l  number, 
Pr , of  the  gas ,  [ ld] . 

0 . 5 5  6 - 3 3  
Nu 2 + 0.459 Re . Pr (13) 

The Prand t l  numher was assumed t o  be 0.7 over t h e  
expected temperature range a s  i n  I181 .With assurnptiong 
analogous t o  those  f o r  t h e  p a r t i c l e  motion, t h e  heat  
balance between t h e  gas  and t h e  p a r t i c l e s  is  given ,aa 
i n  t211 , by: 

3. Computational technique 

The f i n i t  e-dif f erence computational technique -used,  
t o  solve  t h e  governing egle t i o n s  ( 1 )  through (14) ' i s  
t h a t  descr ibed,  f o r  Keg phase, .by Gentry, st el. t19] . 
This technique,  which has  been developed 'he re  f o r  uee 
i n  susprngion flcm, k n ~ m  a s the  Fluid-in-cell(FL1C) 
method. 



3 .I; The computstional p r w e d u r e  

The computational method (FLICJ mey be  drawn 
a s  follows: 

The flow f i e l d  is divided i n t o  a  number of 
rep ions  o r  c e l l s  which a r e  f ixed 9n space. 
The m a t e r i a l  contained wi th in  a  c e l l ,  both g a s  
and s o l i d  p a r t i c l e s ,  i s  represented by a cfisc- 
r s t e  number of s e p a r a t e  gas  and sol id  mess 
points .  
The v e l o c i t y  of a l l  t h e  gas a d  s o l i d  m s s  
p o i n t s  i n  any c e l l  i s  ca lcu la ted  a f t e r  a  t ime 
i n t e r v a l  us ing  t h e  equation of motion. Th is  
equation inc ludes  the i n t e r a c t i v e  f o r c e  between 
the phases. 
The energy equation,  which a l s o  inc ludes  phase 
i n t e r a c t i o n  terms, i s  used t o  determino t h e  
i n t e r n a l  energy of t h e  gas  and s o l i d  a t  t h e  
end of t h e  time s tep .  
The t o t a l  momentum srd  t o t a l  energy o f  each 
phase a r e  then  c a l c u l t e d .  
A weighted average v e l o c i t y  f o r  each mess p o i n t s  
(gas & s o l i d )  1s obtained t ak ing  i n t o  account 
t h e  v e l o c i t i e s  i n  t h e  neighbouring c e l l  and 
t h e  d i s t a n c e  from t h e  c e l l  boundary. The d i s t a -  
nce t r a v e l l e d  by each mass point  d u r i w  t h e  
c a l c u l a t i o n  t i m e  s t e p  is then determined. 
The new l o c a t i o n  o f  a l l  gas  and s o l i d  mass 
p o i n t s  a r e  examined t o  s e e  whether they  have 
crossed over  t o  a new c e l l .  
Ths m a s ,  monentum an3 ernrgy of  each c e l l  a r e  
now re-calcula ted an3 new average m s s  point  
veloci . t ies  determined on t h e  b a s i s  of t h e  new 
t o t a l  mass and t o t a l  momentum. 
The process is repeated.  

The computing mesh. 
The computing mesh is ca lcu la ted  by t h e  numeri- 

c a l  technique a s  folLows : 
nn and mm give the  s i z e  of t h e  mesh, including t h e  

boundary c e l l s ,  while i b  and j b  a r e  the  coordinates  
of t h e  corner  c e l l ,  Fig.  (1). When allowance i s  made 
f o r  t h e  boundary c e l l s  it i s  e a s i l y  seen t h a t  the two 
l e g s  of t h e  duct a r e  ( j b  - 2 )  and (nn - i b  - 1) c e l l s  
wide. The ac tua l s i r res  can be found by mul t ip lying 
t h e s e  widths by t h e  c e l l  dimensions. 

F ig (  1) shows a l s o  the boundary c o r d i t i  ons, where 
boundary 5 and 6 i n d i c a t e  open (con t inua t ive  output)  
o r  closed ( r e f l e c t i v e )  boundaries, r e spec t ive ly  . 



Boundary 3 i s  always consid6red t o  h e  open and bound- 
a r i e s  1 , 2  and 4 closed. I n  t h e  c a l c u l a t i o n  t h e  cel.1 
i s  chosen t o  be i n  c y l i n d r i c a l  o r  c a r t e s j a n  cooriiina- 
t e s .  For t h e  c a r t e s i a n  case  each c e l l  of t h e  mesh i s  
a r i g h t  pa re l l e lep ipad  with dimensions ( s r  x 6  ) end F of u n i t  depth,  Fig. ( 2 ) .  I n  c y l i n d r i c a l  coordina e s  , 
Fig.  ( 3 ) ,  each c e l l  is a t o r u s  o f  rec tangu la r  s e c t i o n  
wi th  i n n e r  and o u t e r  r a d i i  ( j - 2)  S and ( j - 1 ) b r,. 
r e s p e c t i v e l y ,  and width 8 ,. The volume of - t h e  c e l l  
i s  then  given by. 

and t h e  a rea  of c o n t a c t  between c e l l s  ($,.I) a n d ( i + l ,  j )  
is : 

The average af t h e  a r e a s  of contact  between c e l l  ( i ,  j) 
and c e l l s  (1, j-1) and (i, j+l) i s  

3.3 : I n i t i a l  Flow Conditions : 
The f lowf ie ld  i s  i n i t i a l i s e d  so  t h a t  t h e  shock 

wave i s  s i t u a t e d  a t  t h e  corner  (between c e l l s  i a  and 
b  , Fig. 1 The inpu t  t o  the  numerical c a l c u l a t i o n  
has  been chosen t o  correspond c l o s e l y  with accepted 
experimental  parameters. Th i s  inpu t  c o n s i s t s  of t h e  
ambient pressure and temperature,  and t h e  shock Mach 
number (P PIs). Also required a r e  t h e  h y s i c a l  E o h s r a c t w ~ s d g ' o f .  g a s  and s o l i d  p a r t i c l e s .  ccording 
t o  Mobbs, et el. [ W j  , t h e  fol lowing r e l a t i o n s h i p s  
a r e  app ly  ; 

Pressure  r a t i o  a c r o s s  t h e  shock 

Px 2N 2 N - 1  
~ ; - ~ r l ~ s - ~ + 1  

Density r a t i o  a c r o s s  t h e  shock 

Temperature r a t i o  a c r o s s ' t h e  shock 



Velocity r a t l o  a c r c s s  the  shock 
u 2 + ( ~ - 1 1 ~ ~  
X = 
u Y (N + 1 

Where, N is t h e  i r d e x  of expansion &en the  prop- 
o r t i o n  of s o l i d s  by volume is not  small  (i. e. s o l i d s  
volume 29 co nsid ered ) 

The mixture s p e d  o f  sound is obtained by [a] a s  
fol lows ; 

4. Resu l t s  and Discussion: 
F ~ R  (4) shows t h e  shape of a Mach 1.5 shock wave 

1 0 C p s  a f t e r  it leaves  the open end of a c y l i n d r i c a l  
shack tube,  f o r  pure  a i r  flow ca lcu la t ions .  While Fig. 
( 5 )  sbws a r e s u l t  f o r  B suspension flow parameters, 
X T  = 1.0 ard polys tyrene powdar of ID0 microns par t ic le  
diameter. 

Fig. (6 1 shows the pr e s s w  e his  t o r y  25 mm down - 
s t ream of the  mouth of tb shock tube,  on the a x i s  of 
symmetry f o r  t h e  f i r s t  150,~ of t h e  roblem time . 
The r e s u l t s  a r e  f o r  pure a i r  (I - 0.07 arrl suspension 
flow with d i f f e r e n t  va lues  of s o l i d s  loading r a t i o s  , 
X. The r e s u l t s  a r e  comesponjing t o  1 0 0 ~  p a r t i c l e  
d iameter  suspended i n  a i r .  I n  F i g s ( 4  , 5 and 6) t h e  
shock t u b e  diameter was 100 mm the  mesh was chosen 

- t ~  be 40. x 60 cells and boundaries 5 and 6, F i g . ( l ) ,  
were considered t o  be open. The c e l l  is chosen t o  be 
i n  c y l i n d r i c a l  coordinates ,  F i g  ( 3  1, 'with dilrensions 
ca lcu la ted  through t h e  computer programme, s was 
found t o  be 3.57 x 10-3 m. ( f o r  jb a 16) and 6 a is 
ca lcu la ted  so  t h a t  the  point  where the  p ressure  h i s t -  
o r y  is required l i e s  i n  t h e  c m t r e  of a c e l l .  The 
ambient p essu e and tb abso lu te  gas  temperature a r e  5 5 0.82 x 10 ~ / m  and 2B0k, respec t ive ly .  The values 
of v e l o c i t y  l a g  k and p a r t i c l a  thermal l a g  J were 
chosen t o  be 0.98 asxi 0.95, respec t ive ly .  



From Fik.(6) it can be seen t h a t ,  t h e  pressure 
decreases, especial ly  when the proplem timer i n c r e a e w  
a s  the so l id s  loading r a t i o  increases.  This is due t b  
f r i c t i o n a l  e f f ec t s  throughout; the flow erd t o  tb 
pressnce of so l id  p e r t i c l e s  p.oviding an addi t ional  
pressure drop ~omponent t h r o w h  t h e  mechanism of mom- 
enbum exchange between the two phases and the  add i t i -  
onal turbulent energy produced i n  t h e  flow. The com- 
bination of these  e f fec ts  causes the value of pressure 
t o  be lowered a s  the so l id s  loading r a t i o  is incraased, 

Fig.(7) i nd ica t e s  the  va r i a t i on  of the gas and 
pa r t i c l e  temperature, a t  25 mm down-stream of t h e  mou- 
t h  of the shock tube, aga ins t  the problem time. The 
r e s u l t s  a r e  f o r  tb auapenaion flow conditions l i k e  
t h a t  i n  Fig ( 6 ) .  From these curves it can be seen the t ,  
t he  gas temperature i s  g rea t e r  than the  solid tempera- 
t u r e  an3 the so l id  temperature increases.  The behaviour 
of tihe gas temperature ,Tg, is par t icu lar ly  i n t e re s t ing  
The rTas t m p r a t m e  r i s e s  u n t i l  it reaches Its peak 
value, followed by a l e s s  rapid decl ine,  This is bec- 
ause, the ve loc i ty  l a g  (K) Is l a rge  ard the e f f ec t  o f  
exchange of momentum Is predominant. As (K) becomes 
progressively smeller  the heat t r r m f e r  increases  i n  
importanc e a d  eventually be comes the  dominant fac tor  
and the gas temperature s t a r t s  t o  fall again. 

Fig.($) shows the behaviow of the resu l tan t  gas  
and pa r t i c l e  ve loc i t i e s ,  at, 25 mm downstream of the 
mouth of the shock tube, a f t e r  the shock wave intera-  
c t i on  with a 909 bend, through the first 1 5 0 p  s of 
the problem time. The i n i t i a l  cord i t ions  f o r  tb s u s p  
meion flow parameters a r e  l i k e  the t i n  Fig 6).  In  
g U  these  curves the resul tant  gas veloci ty  I u) i s  
grea te r  than the resu l tan t  p a r t i c l e  veloci ty  (v)  ,while 
&%$)I of' u and v a r e  decreases with the increase  'of t h e  
$oloa;lnt o f '  solid s in the mixture. These r e s u l t s  can be 

la ined a s  being due t o  en increase  i n  ths so l id s  
mdlng  r a t i o  causltg an increase  i n  t h e  number of T 

w i c b s  i n  a given volume of gas with a consequent 
tfse i n  t o t a l  drag an3 heat t r ans fe r  r a t e .  The incrsa- 
W e f f ec t  of drag and heat t r ans fe r  causes a dec~eerrs  
b- flow properties. 

I n  order  t o  check the accuracy of' t h e  cornputatlo- 
ml technique used i n  t h i s  prper, the r e s u l t s  were 
&eaked agains t  t h e  experimental r e s u l t s  obtained b 
@&her inves t iga tors ,  fo r  pure a i r  flow only. F ige (9  
m a r 9 9  pressure rsadinga taken a t  a point 26 mm 

T 
g~wastream of th corner (on t h e  cen%re l i n e  of  t h e  
~pzttream l eg)  with the computed solut ion for a Mach 
3.5 shock wave. The r e s u l t s  show a good a greement 



with t h e  experimental d a t a ,  obtained by Skews 1173 , 
of shock wave i n t s r a c t i o n  with a r i g h t  angled bend i n  
a square t u b e  44 mm wfde. Fig  ( 9 )  a l s o  shows t h e  va r l -  
a t i o n  of pressure  f o r  the s u s ~ e n s i o n  f low i n  t h i s  squ- 
a r e  tube. Unfortunately no experimental r e s u l t s  f o r  
suspension flow have been published. Thereface, i n  
order  t o  check t h e s e  r e s u l t s  wi th  t h e  experimental ones, 
an experimental  i n v e s t i ~ a t i o n  based on t h e  i n t  e r e c t i o n  
of shock waves wi th  bends i n  yas-solid suspension flaw 
i s  suggested t o  c a r r y  out i n  t h e  f u t u r e  work. 

A two-dimensional a proximation to unsteady non- 
equi l ibr ium gas-solid d ow i n  a shock t u b e  has been 
shown t o  produce so lu t ions  which give  a reasonably 
a c c u r a t e  p red ic t ion  of t h e  shock wave i n t e r a c t i o n  nit4 
a 90° bend i n  a r e a l  gas-sol id  flow. The general  flow 
equations f o r  gas-solid sua pension flow along t h e  sho- 
ck tube were derived. The equat ions  a r e  formulated i n  
the  absence of t h e  common assumptions o f  neglect ing 
t h e  sol id  s volume and aesuming equi l ibr ium condi t ions  
p r i o r  t o  the  shock. An a n a l y s i s  based on t h e  Fluid  i n  
c e l l  method was used i n  the  computational technique . 
The r e s u l t s  of the  numberical method were shown t o  
agree  we l l  wi th  t h a t  experimentally obtained by previ-  
ous  i n v e s t i g a t o r s  f o r  t h e  gas  phase. The numerical 
method was discussed f o r  both cases  o f  c y l i n d r i c a l  and 
c a r t e s i a n  coordinates.  The v a r i a t i o n  of f low proper t i e s ,  
pressure ,  g a s  v e l o c i t y  , gas t empera twe ,  a c l i d  veloc- 
i t y  and s o l i d  temperature has been shown t o  depend 
s i g n i f i c a n t l y  on t h e  presence of s o l i d  p a r t i c l e s  i n  
t h e  a i r  flow, and a l s o  on t h e  amount of t h e s e  p a r t i c l e s  
Ln t h e  mixture. 

Sone, Y.,  n Flow of dus ty  gas  p a s t  a body J. of' 
Phy. Soc. o f  Japan, Vol. 33, Ps 242, 1972. 

Miura, H . ,  Supersonic flow o f  a d u s t y  gas over a 
s lender  wedge J.  of Phy. Soc. of Japan , Vol. 37, 
U0.2, P. 697, 1974. 

l i u r a ,  H. ,  n Suoersonic flow of  a l i g h t l y  d u s t  - 
Landen gas  pas t  a wedqe ", J e  of Phy-Soc. o f  Japan, 
Val. 38, NO,  1 , P. 252.. 1975. 

P robs te in  ff .F. and Fess io ,  F., * Dusty h r s o n l c  
f lows A ~ A A  J., Vol. 8, 10.4, P. 772.. 1E. 
Peddieson Jr. , J. and Lyu, C . H . ,  Dusty hyperson- 
i c  wedge flown , A I A A  J., Vol. 11, No.1, P.. 1l0,1973. 



Waldman, G.D. and Rsinecke, W.G., * P a r t i c l e  t r a j -  
e c t o r i e  s, h e a t i w  arxl breakup i n  hypersonic shock 
layers *, AJAA J , ,  Val. 9, P. 1040, 1971, 

Sourk. J.H. and Gerber, N .  ti Dust c o l l e c t i o n  e f f i -  
cienc y f o r  power law bodies i n  hypersonic f l i g h t  ", 
A I A A  J . ,  Val. 10, P* 755, 1972. 

M o r ~ s n t h a l e r  , J.H., Analysis of two-phase flow 
i n  supersonic exhaustsw,  Detonation awl two-phase 
flow., Progress i n  Astronoutics and Rocketry, Vol. 
6 ,  P .  145, 1962. 

Kut le r ,  P. and Shankar, V., * M f f r a c t i o n  of a 
shock wave h a compression corner : I. Regular 
Ref lect ionw XIAA J . ,  1 15 No.2, P. 197, 1977. 

Bertrand , B.P., Measurernerd; of p ressure  i n  Mach 
r e f l e c t i o n  of stfo shock waves i n  a shock tube", P B a l l i s t i c  Research a b s  Aberdeen Proving Ground, 
Md . , Memorandum Rept .2146, June  1932 

Bazhenova, T.V., Gvoedeva,L.G., Komarov,V.S., and 
Sukhov, B.G., " Dif f rac t ion  of s t rong shock waves 
by convex corners" Izves t iya  Akademii Nauk SSSR. 
Mekhanika Zhidkos t i i  Gaza, No. 4 July-Aug., PP. 
122-136, 1973- 

Pack, D.C. n The re f l . ec t ion  and d i f f r a c t i o n  of 
shock waves" J. of Fluid Mech. V01.18, P. 549,1964. 

Rusanov, V.V., " Calcula t ion o f  t h e  i n t e r a c t i o n  of 
Non-stationary shock waves an3 obst ruct ionsn,  J.of 
numerical Analysis and Nathematical Phys., Vol. 1, 
P. 267, 1961. 

14. Zumwalt, G.W., Weak wave Ref lec t ions  a t  Near 90° 
l e  of incidencen J. of appl ied Mechanics, P . l l42 ,  

w 4 .  
15. Zhigalko, Y .F., n Approximate l o c a l l y  Non-linear 

s o l u t i o n  of the  problem on I n t e r a c t i o n  between a 
shock wave and Rigid w a l l w  F l ~ i d  Mech. -Soviet 
Research, Vol. 4, P. d l ,  1475. 

16. Shankar, V.S.V., Kut ler ,  P., a n i  Anderson, D.A., " D i f f r a c t i o n  of a shock wave by a co ress ion  cor- 
n e r  p a r t  I1 s i n g l e  Mach r e f l e c t i . o n ~ , % ~ l  paper 
77-49 , Los A x e l e s ,  C a l i f . ,  1977. 

17. Skews, B.W., " Experimental s t v l y  o f  the  i n t e r a c t -  
i o n  of shock waves wi th  herds  I n  a duc t  ", Sumpos- 
ium on i n t e r n a l  f lows ,  u n i v e r s i t y  o f  s a l f o r d ,  Dbl- 
Dh5, naper 29 , 1971. 



18. Ibrahim, K. A ,  Mobhs, F. R. and Cole, 8. 1. 
w Theore t i ca l  Hnalysis cf unsteady Ges- solid 
suspension flow in a shock tube  4 in te rn -  
tional conference f o r  Mech. Power Eng., Cairo  
Univ., papeF (V - 271., 16 - 18 October 19d2. 

19. Gentry, R. A , ,  Hartin, 2- E. end Daly, 9. J.  
w An Euler ian differencinp,  msthorl f o r  unsteady 
compressibla flow prcblsms J. Corn . Phys., 
Vol. 1, No. 1, PF. 87 - 1 1 8 , ' ~ u l ~  1986. 

2C. Mobbs, F. R. Bowers, H. M. erd Cole, B. N. 
A theory f o r  the  high speed flow cf gas-sol- 

i d s  mixturss  under condi t ions  of equi l ibr ium 
and constant f r a c t i o n a l  lagn, I n s t .  af Mech. 
Engrs. and I n s t ,  of Chem; Engrs. J o i n t  Sympos- 
ium on Two-phase Fl.ow, Paper No. 8, 1969. 

21. Outa, E., Tajime, K. and K o r l i ,  H. Expsrim- 
e ~ t s  anri analyses  en shock waves propagating 
through a gas -par t i c le  mixturen,  JSME, Vol. 19, 
No, 130, P. 384, 1976. 



Boundary ce l ls .  
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Fig.( 1 ) The calculation Mesh. 

Fig. (2) Cartesian celL. Fig.(3) Cylindrical cell. 



Fig.(5) Isobar plot at t =I00 9 s  
X = 9.0 
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Fig.(6 ) Pressure history 25  mrn 
downstream of open end. 



d = 100 microns 
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Fig ( 7  ) variation of gas and particle temperatures 
at 25 mrn down st ream of open end. 



d = 100 microns. 

Fig.(8 1 variation of gas and particle velocities at 
25 mm down stream of open end 
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Fig .( 9 ) Comparison of experimental results 
and computed pressure history. 


