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Abstract  : 
The v e l o c i t y  of propagation of small amplitude,  

s t e e p  f ronted p ressure  d i s tu rbances  ( t h e  velocSty o f  
sound) i n  a non- equi l ibr ium gas-sol id  sus  ension 1 flow has  been i n v e s t i g a t e d  t h e o r e t i c a l l y .  w e l l  es- 
t a b l i s h e d  approach t o  t h e  theory of compressible g a s  
s o l i d s  flow i s  t o  adopt t h e  equations f o r  t h e  one - 
dimensional f low of a compressible c lean gas  t o  a 
two-phase mixture. The equat ions  a r e  der ived,  t a k i n g  
t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n  i n t o  account ,  i n  t h e  
absence o f  s e v e r a l  assumptions which u s u a l l y  used by 
previous  i n v e s t i g a t o r s ,  such a s  ; t h e  s o l i d  p a r t i c l e s  
and t h e  gas  a r e  i n  equ i l ib r ium and neg lec t ing  t h e  
s o l i d s  volume. The v e l o c i t y  of sound i s  shown t o  
depend on t h e  propor t ion by volume of s o l i d  p a r t i c -  
l e s  i n  t h e  mixture, t h e  p a r t i c l e  v e l o c i t y  l a g ,  t h e  
p a r t i c l e  m a t e r i a l  d e n s i t y ,  t h e  d i r e c t i o n  of wave pro- 
pagat ion r e l a t i v e  t o  t h e  f l o w  d i r e c t i o n  and t h e  
amount of s o l i d  p a r t i c l e s  i n  t h e  mixture. The r e s u l t s  
were checked a g a i n s t  t h e  experimental  r e s u l t s , o b t a i n e d  
by previous i n v e s t f g a t o r s ,  and a good agreement has  
been obtained.  

1. In t roduc t ion :  

Gas-solid f lows assume t o  be important i n  s e v e r a l  
engineer ing problems a s  f low i n  rocke t s ,  nuclear  
r e a c t o r s ,  f u e l  sprays ,  pu lver i sed  f u e l  f e d  b o i l e r s  , 
a i r  p o l l u t i o n  e tc .  Also, with t h e  adrencemant o f  space 
technology, the  dynamhs of f l u i d - p a r t i c l e  systems 
h a s  found a p p l i c a t i o n s  i n  such e x t r a t e r r e s t r i a l  f i e l d s  
a s  l u n a r  a s h  f low and p red ic tab ly  i n  t h e  s t u d i e s  of 
other p l a n e t s  , PAL and Hesieh Ll3. 

-The Mach number concept i s  e very u s e f u l  one i n  
s t u d i e s  of compressible flows. I n  o r d e r  t o  make use of 
t h i s  i n  two-phase flow a n a l y s i s ,  it is  necessary t o  
have a n  express ion f o r  t h e  s o n i c  v e l o c i t y  i n  t h e  mix- 
t u r e .  v a r i o u s  a t t empts  have been made t o  d r i v e  such a n  
express ion f o r  t h e  speed of propagation of a small  
ampl i tude p ressure  d i s tu rbance  i n  both chemically 
r e a c t i n g  gases and two-phase flows. I n  chemically 
r e a c t i n g  gases ,  Hoglund 1 2  5 compared t h e  flow with 
t h a t  of e chemically r e a c t i n g  gas ,  where two sound 
v e l o c i t i e s  can be def ined ,  t h e  f rozen  sound v e l o c i t y ,  



associated with aero react ion r a t e s ,  which is associated 
with the dis turbance propagating i n  t h e  gas alone, and 
t h e  equilibrium sound ve loc i ty  where the react ion r a t e s  
a r e  so high tho& chemical equilibrium is reached every - 
where, which f o r  a two-phase flow would be t h e  equi l ibr-  
ium case  i n  which there a r e  no ve loc i ty  o r  temperature 
d i f fe rences  between t h e  phases. Kliegel 33 , f o r  a gas 
so l id  flow, defined two sperds of sound re la ted  t o  t h e  
response r a t e  of  t h e  solid pslrticles t o  t h e  passage of 
a am11 amplitude psessurs disturbance: 

(a )  The f r o s m  ape& of mund where t h e  p a r t i c l e s  a r e  
unaffected by the  pressure wave, and 

(bf  The equilibrium s p s d  of sound where the  p a r t i c l e s  
remein En k i n e t i c  ant9 thermal equilibrium with t h e  
gas ~ ~ P O U ~ ~ O U &  e 

Kliegal a l so  suggtmted that an  wPf raited number o f  
poas ib i l i tSs s  e x i s t e d  between t he se  two extremes. 

Re a l s o  neglected the s o l i d s  volume i n  comparison 
with t h e  gas volume. Rudirger E43 has derived a n  equi l i -  
brium speed of sound , taking the solids volume i n t o  
a c c o W .  Because the equilibrium case i s  not found i n  
pract ice,  some dnvestigatoss have t r i e d  t o  t ake  account 
af the l ags  between the pbses. K l i  egel 133, I n  h i s  
paper, considered i n  his a n a l y s i s  of flow through a 
convergent nozrle,  the  veslsc3.ty and temperature l ags  a r e  
constant over the  step length. fn M s  analysis ,  a l s o  h e  
defined a flow Mach numb= bas& on a constant f ract ion-  
a l  lag de f in i t i on  of.' t h e  sonic vs1ocWy. Mobbs, et.a1[5], 
i n  a comprehensive a n a l y d  s of gas-sol ids  flow, used t h e  
concepe of constant f race iona l  lag, which defined by 
Kliegel C33. They also attempted t o  account f o r  the res- 
ponce of' the so l id  pertic?ies t o  t h e  passage of t h e  dis-  
turbance by a constant f r ac t iona l  lag  assumption. It was 
assumed tbae t h e  r a t i o  of %he s o l i d s  ve loc i ty  t o  t h e  gas 
veloc i ty  would Be the same before and a f t e r  t h e  wave. 

I n  t h e  present paper, a ~atbgaratical model f o r  t h e  
speed of propagation af a sraall amplitude pressure die- 
turbance i n  a noa-equilibrium gas-solid flow is present- 
ed here, t h e  aPTect;s of s o l i d s  loading r a t i o l  aol ida 
volume, the, gartiells material density and the ve loc i ty  
l a g  on the sound v d o c i t y  have been considersd. The 
powders med aa a t e s t  pe r t i c l ea ,  in t h e  present inves- 
t i g a t i o n  (polystyrene , g la s s  spheres, s f l i c a  and s t e e l  
shot )  a r e  p o l y d i s p e r s ~  powders and t h e  p e r t i c l e  s i r e  
d i s turbut ion  has been taken i n t o  account. These powders 
were chosen a s  an a l t e r n a t i v e  s o l i d  phase t o  e s t ab l i sh  
the e f f ec t  of p a r t i c l e  mater ial  dens i ty  on t h e  speed of 
sound. 



Nomenclature: 

ag : Gas veloci ty  of sound. 
am : G a r s o l i d s  mixture speed of aound, ve loc i ty  

of propagation of a small  amplitude pressure 
wave i n  the  mixture. 

Cn : P a r t i c l e  drag coef f ic ien t  
C, : Speci f ic  heat  of t h e  sol id  pa r t i c l e s  
CV : Gas specif ic  h a i t  a t  constant volume. 
D : P o r t i c b  diemeter. 
K : Par t l c l e  ve loc i ty  l ag  = Ratio of  so l id s  velo- 

c i t y  t o  gas velocity.  
Kg : Them1 conductivity of the gae 
% : Mass r a t e  of flow of t h e  gas 
las : &as r a t e  o r  n o w  of t h e  so l id s  
na : Number of p a r t i c l e  a iaee considered 
Nu : P a r t i c l e  Nuasalt number. 

P : Q t e t i c  pr'ewure 
P r  : Prsndt l  number 
B : Gas coaeta'et 
t : TIrne 
Tg : Gas t e m p e ~ e t m e  
T, r Solids tempsrature 
n : Gas ve loc i ty  
V : 3ol id  partLcle veloci ty  
x : Distaaae e l o q  tb duet 
X : Ratlo o f  m s a  r a t e  of flow of s o l i d s  t o  uss 

rate  of f low of gas. 
y- *f Qr~p-ti~n. of s k l i d e  by volume. 

f : 
Qee deru l ty  I 

JP 
: Solid p a r t i c l e  dens i ty  

fa : Mstr lbuted  s o l i d s  density (based on gas 
volume 1 

: Re.t;io of gas spec i f ic  hea ts  

: Gas d m m i c  viscosity.  
Subscript: 

i : i t h  pr r t icZe  siaa. 



2. Analysis: 

2.1- Assumptions: 
The following assumptions apply t o  a l l  t h e  awaly- 

t i c a l  work described below: 
1- Flows a r e  one-dimensional continuum flows and 

steady. 
2 The densi ty  and spec i f i c  heat of the p a r t i c l e  

matexiel a r e  constant.  
3- The gas i s  considered t o  be a perfect  gas with 

constant spec i f ic  heats.  
I.- The p a r t i c l e s  a r e  e l e c t r i c a l l y  insprt, and do not 

i n t e r ac t  kine t i c a l l y ;  t h e m 1  motion of t h e  par- 
t i c l e s  does not contr ibute  t o  ths pressure of 
t h e  system. 

5- The so l id  p a r t i c l e s  a r e  o f  uniform s i z e  and shape. 
6- There i s  no mass t r ans fe r  between t h e  gas and t h e  

par t ic les .  

Consider a s ta t ionary ,  i n f in i t e s ima l  pressure dis-  
continuity,  propagating a t  a r e l a t i v e  ve loc i ty  equal 
t o  the  downstream gas ve loc i ty  i n  a constant area duct, 
Fig. (1). A head of t he  wave , t h e  so l td  particles a r e  
assumed t o  be i n  temperature and ve loc i ty  d isequi l ibr -  
ium with the  gas. The bas i c  epuetiolrs governing t h e  
motion are:  

The gas cont inui ty equation 

The so l id s  cont inui ty e m t i o n  
Js, dvi + vi d f si ' 0 ......( 2) 

The overa l l  momentum equation: 
n s  f Q udn + Z ( Vi . dvi) dP = 0 

or 
191 

Where, 
"'si vi *a 

xi ' ;;; ' ,.;r g 



The energy equations 
dP 

To determine the value o f  ; r ~ -  , it is necesdry  t o  

t o  use the energy equation which =takes the form. 

1 P R From t h e  equation of atate; dTa d(--1; and CVw *T; 
% 

the  energy equation mop ba url t ten  as: 

Where; 

K5 - Vi/u , and y - f g  f K 

The overall  momeat;um equation, Equ.(3) are be written, I af ter  considering t h  e so l ids  volume a s  fo lows: 

dP udu 8 - - ns  ...... .(8) 

Where; 



P a r t i c l e  morn8ntum equation: 

A single p e r t i c l a  moving i n  a gas  stream is  s u b  
jected t o  a force  due t o  the  pressure gradient  i n  the  
surrounding gas i n  addi t ion Lo viscous drag. The 
equation of motion fo r  e r t i c l e  my %herefore be 
m i t t e n  a s  (Rudinger C63 P 

I n  most cases of gas-solid Plow the Fessure gradid 
ent term is negligilble cornparod #ith the viscous drag 
term. However, I n  our case, when a p a r t i c l e  psse8 
through a s teep  f ron ted  pressure wave, t h e  pressure 
gradient  term in Equ. (11) all predominate over t h e  
viscous drag  term. Bccordimz t o  this aasumptlon,Equ. (111 - - 
reduces t;o .; 

dP 
dx 

The p a r t i c l e  ve loc i ty  change i s  

Conbining Equs(8) amri (12) ; 

dV.t 1 

P a r t i c l e  H a t  Transfer Equation: 
The partiicler hea t  crtansfes equation may be written 

- a s ,  C63 ; 



Where, 

It i s  the thermal re laxa t ion  time 

For a f l u i d  p a r t i c l e  subjected only t o  viscous drag 
and whose Reynolda number is su f f i c i en t ly  low f o r  stokes 
law t o  apply , t h e  equation of motion takes t h e  follow- 
ing form : 
25- 

d t  
......(16) 

Where, 

7; - i s  t b viscous drag relaxat ion t ime 

2P.X 
18 /cC 

......(17) 

Comperilg these  two r e l a l a t i o n  times, Equs(l5 )and (17). 

0 0 .  
3Pr 
Nu 

I n  most p a i o v a  s tudies  of gas-oolid flow; f o r  
example i n  l 3  - 6 3  ; Nu 2 a t  low Reynolds numbers, 
and Pr is  of order  2/3 f o r  most gases, Therefore, 

/ 7 1 , i th) t h e r m l  relaxat ion time and 
the  viscous drag r e h a t i o n  time a r e  of the  s a w  order. 
This  l w d s  t o  tb conclusion t h a t  If viscous drag  has 
a negl igible  e f f ec t  i n  producing a ch. nge i n  p a r t i c l e  
veloci ty ,  it my a l s o  be assumed t h a t  t h e  change i n  
p r t i c l e  temperature i s  negl igible ,  (krdaL7]), i. e. ; 

A rn 

The plus and minus signs i n  t h e  above equation a r e  
f o r  tb wave t rave l l ing  upstream and downstream, res- 
pectively, i. e. tlll ve loc i ty  of propagation var iea  with 



t he  d i r ec t ion  of  propagation r e l a t i v e  t o  the flow direc- 
t i o n  and a l s o  depends on the value of so l id s  loading 
r a t i o  (X), veloc i ty  l a g  (K) , gas/solid dens i t  r a t i o  
(SJ J P1 and t th. solid. volume ( y)  . From ~ q u ( 1 5 )  it is 
c l ea r  t h a t ,  i f  t h e  wave propagation fn e c l a n  pi, t h e  
value of am reduces t o  t h a t  f o r  t h e  gas phase only, i . e  
f o r  x 0.0 , am a eg - & i .  

For the case of  ' (y 0 j , 1. e. tb so l id s  volume is  
neglected, Equ 

p i-1 K i  
n s  ......(20) 

3 .  Results and Discussion: 

I n  the  c a l c u l a t i  on described below, the  following 
constants a r e  assumed throughout : 

1- For the  gas phase; 
A i r  is used a s  the gas phase with t h e  following 

propert ies  : 
Gas constant (R) = 287 J/kg .kO 
Ratio of spec i f i c  Aeats(K) = 1.4 
Speed of sound (ag) 340 d a .  

2 20 For the so l id  phase: 
I--- 

Powder I 9, &@) I !&, 

Glass spheres 
S t ee l  shot 

3.1- Effect; o f  ve loc i ty  lag (K) on the speed of 
propagation. 

Figs(2-5) i nd ica t e  tb var ie t lon  of t h e  theo re t i ca l  
mixture speed o f  sound a s  calculated from Equ (19) f o r  
d i f f  w e n t  values of  so l id s  loading r a t i o  (1) and f o r  
d i f f e r en t  type of powder meter lals ,  wlth t he  veloci ty  



1% (K). I n  order  t o  study the e f f e c t  of coarcidering 
t h e  sol&& volura on tlPs variaGion of rnkx.t;ure speed of 
round, the  calculat ions were mde uairg Equ (19),where 
the e f f ec t  o f  s o U d s  volume on t h e  ca lcu le t ion  i s  con- 
sidered. Sol id curves, which a r e  ~ e s c s n t e d  i n  a l l  f ig-  
ures ,  i nd i ca t e  t h i s  s i t ua t ion ,  while t h e  broken curves 
i nd ica t e  t h e  c a s e  where t h e  s o l i d s  volume is  neglected. 
A comparison between t he  r e s u l t s  i n  which t h e  so l id s  
volume was considergd i n  t h e  calculat ion and t h e  resu- 
l ts  where t h e  s o l i d s  volume was neglected.,  i l l u s t r a t e s  
t h a t ,  t h e  mixture speed of sound i s  affected by t h e  
so l id s  volume. The ve loc i t  of propagation has a smal ler  1 value, f o r  t h e  case of nsg ect ing t h e  so l id s  volume , 
than t h a t  i n  the, case of considering t h e  s o l i d s  volume 
This conclusion was a l s o  reached by Wardat73 i n  h i s  
ana lys is  of a atesdy norm1 shock wave and by Ibrahimle] 
i n  h i s  anelysio of unsteady nor 5. shock wave. They 
found t h a t  the r a t e  a t  which the ve loc i ty  f a l l s  increa- 
ses if the  velum@ of p a r t i c l e s  1s neglected. Varma and 
Chopra L 93 , a l s o  found t h a t  tb gas ve loc i ty  is higher 
i n  t h e  re laxa t ion  sone, behind t h e  shock wave , a s  t h e  
so l id s  volume is  increased. The present inves t iga t ion  
shows t h a t  t h i s  conclusion a l s o  app l i e s  i n  t h e  ana lys is  
of t h e  propagation o f  smell pressure disturbances i n  
a non-equilibrium suspension flow. For a high s o l i d s  
loading r a t i o ;  a comparison can be mde;  f o r  t h e  case 
of X LO , it is shown t h a t  some e r ro r s  a r e  encountered 
due t o  neglecting the so l id s  volume (y). This is  b e c a w  
the  amount o f  so l ids  is increased due t o  an increase 
i n  t h e  so l id s  loading r a t i o  a t  the same value of gas - 

' p a r t i c l e  dens i ty  r a t i o .  These e r r o r s  w i l l  be smell i f  
t h e  gas-part ic le  densi ty  r a t i o  is  a l s o  high. 

From t h e s e  f igu res  it can a l so  be seen t h a t  t he  
mixture speed of sound increases  with increasing p a r t i -  
c l e  veloci ty  l a g  [K) . This is a t t r i bu ted  t o  l e s s  in- 
t e r ac t ion  between t h e  two-phases a s  t h e  degree of dis-  
equilibrium incrsases  ahead of tb p e s s u r e  wave. 

3.2- Eff s c t  o f  so l ids  loading r a t i o :  
The e f f ec t  af chsl nging t h e  so l id s  loading on t h e  

propagation ve loc i ty  (em) is  shown i n  Figs(6-9). The 
r e s u l t s  a r e  f o r  differen& types of powder meter iels  . 
Solid curpea a r e  f o r  Lhe case where so l id s  volume is 
considered and broken eurves a r e  f o r  the case where t h e  
s o l i d s  volume i s  neglectxd. From these f igures  it can 
be seen tha t ,  t h e  speed of sound decreases with increa- 
s ing  the s o l i d s  loading r a t i o ,  t h e  effece becoming more 
marked a s t h e  degree o f  veloci ty  disequilibrium between 
the gas and t h e  so l id s  is increased. These r e s u l t s  can 
be explained a s  being due t o  an increese i n  t he  so l id s  
loading r a t i o  causing an increase  i n  the number of 
partfcles  i n  a given volulne of g a s  with a consequent 



provide an addi t ional  pressure drop component through t h e  
mechanism of  momentum exchange between the  two phases and 
the addi t iona l  turbulent  enargy produced i n  the flow. The 
combination of these e f f ec t s  causes t h e  speed of sound t o  
be lowered a s  t h e  so l id s  loading r a t i o  i s  increased.There- 
fore ,  the  maximum value of speed of sound 'occurs i n  pure 
a i r  flow, where X * 0.0, and decreases wlth increasing, X. 

. On ther bas i s  of previous r e s u l t s  reported by Hobbs, 
et.al. El03 , for  the flow of a polystyrene-efr mixture it 
was ant icipated tha t  (K) would assume e value o f  about 6.8. 
In t h e i r  imrestlgation, t h s  pe r t i c l e  veloci ty  was measured 
using s t reak phot raphg technique, using a high speed 
cine camem. ~ i g . 7 6 )  shows a cornpiirison batween t h e  ex- 
perimental r e s u l t s  and th theore t i ca l  r e s u l t s ,  f o r  a i r  - 
polystyrene mixburs, c a l m l a t a d  assuming K = 0.8. The 
agreemeat is  seen t o  be rmsomb1y goodt 

3.3- Effect of chaag%ng t so l id s  material: 

I n  order t o  investigate the ef fec t  of varying t h e  
so l id s  mter ia l l ,  t ha polystyrene powder is  assumed t o  bs 
replaced by one of t h e  folltowing mater ials ,  which usual ly 
used i n  the exper5mnt;al 5nvestigae;lon; g l a s s  spheres ; 
a i l h a  and s t e e l  shot powders. 

Fig.(lO) shows a theoref;icel r e s u l t s  fo r  t he  var ia t ion  
of mixture speed of  sou^ 8 d t k  the ve loc i ty  lag [IS), f o r  
X * 10 . Prom this f i g w e ,  %C can be seen t h a t  tb depres- 
s ion of  t he  v e l r n t t y  of propagation is g rea t e r  f o r  t h e  
higher gas-solids densi ty  r a t i o ,  toe. for t h e  l i g h t e r  
p a r t i c l e s  which occupy a la rger  volume. These r e s u l t 8  can 
be explained according t o  the va lue  ofwlr t ic le  number 
density, ,  which m y  ba calculated from t h e  following rela-  
t ion ;  

Where, n is the number o f  gw%f c les  Plowing per unlt 
volume OF flow and d ia t h e  p r t i c l s  diameter, rhlle I , 
I, Sr and fP a r S  dsffned i n  ths nomenclatura.Fwthu-more, 
s ince  the p a r t i c l e  number density is also dependant upon 
t h e  p a r t i c l e  ve loc i ty  l ag ,  K, aad other flow pwemetsrs, 
a s  shown i n  the a b w s  re la t ion ,  any change of e i t he r ,  K 
and , f p  , r e s u l t s  i n  a change i n  . npsf'or constant X , fg 
and dp . These effects dl1 be more e f f ec t ive  in t h e  
va r i a t i on  of  speed of sound .Zn suspension flow when t h e  
so l id  phaae has a var iab le  p a r t i c l e  nwrtarfal density.  



4 Conclusions: 

The smell amp11 tude  pressure diaturbanc e s  i n  a 
non-equilibrium a s  - so l id  suspension flow was 
s tudied nunsr$cahy. The ve loc i ty  of propagation o f  
a s t eep  fronted pressure wave depends on t h e  propor- 
t i o n  of the  t o t a l  volume occupied by t h e  so l id s  par- 
t i c l e s ,  the s o l i d s  loading ratfo , t h e  gas-part ic le  
densi ty  reZ10 (type o f  powder used), t h e  d i rec t ion  
of wave propagation r e l a t i v e  t o  t h e  flow d i rec t ion  
and the  degree of disequilibrium between the  two 
phases* 

Bee s o w  bly good agreement between theor7 and ex- 
perimert 1s ~ b t a i n e d  if the  behaviour of p a r t i c l e  is 
predicted by considering p a s a r e  forces  t o  predomi- 
na t e  over vdscoue drag during t h e  passage of a part- 
i c l e  t h r o ~ g h  d b  wats. 

Ref erenceg:, 
1. Pal, S.f  a %ad Hsteh, To , shock wave r e l a t i o n s  i n  

Lunar Ash flow w Tech. Note B4. 759, University 
of Maryland, 1975. 

2. Hoglund, RoF. , W BeceDIj Advances i n  gas-part ic le  
nosale flows w , 8,R.S.- Jorrmel, Vol. 32, No. 5, 
1962. 

3 K a l e g e l ,  J.8. , + Gee-particle Woasle Flow@ , 
The combustion I n s t i t u t e ,  9th spmposlm on comb- 
ust ion,  P. 811, BewYcrk, lw. 
Rudingm, G., Some e f f e c t s  of p e r t i c l e  volume 
on the  dynamic8 o f  gas-par t ic le  mtxtures ,AIAA 
J . ,  Bolo 3 . 9  P e  q17, 1965. 

5 .  b b b s ,  F.R.; Bowers, H . I .  and Cole,B.EJ.W A theory 
for t h e  high speed flow o f  gas-solids Plirturea 
under mnd i t ioas  of equilibrium and constsnt f r a c -  
t i o n e l  lagw, Ins t ,  of Itshe Bug. and Ins t -of  Chean. 

- Eag, J o i n t  sgaaposfnm on *-phase Flow, paper 
PO. 8 , ,  1969. . 

.6. Rudihger -O., Relaxation i n  g a s - p r t i c l s  910wJ', 
l i o n - ~ ~ i h b r i u m  Plows, Vol.1, Po r t  I P.P.We er, 
~ i t c r ,  m r c s l  ~ s ~ r a r ,  ~ a r . ~ o r k ,  P O  i19, ld? 

7. Werda H.A., w 8' study of gas-solids flow i n  sup- 
e r s o d c  n o o u b s  ", Ph.0. Theds. L r d s  University, 
197 5 



8, Ibrahlm, L A .  Shock wave propagation i n  gas - 
sol id ssupe.n~oona~, Ph.D. Thesis, Leeda Unlrersity, 
5980. 

9. Varma, T.D., and Chopra, N,K, Analysis o f  normel 
shock waves In  p a -  r t i c l r  mirturen, 2. Angw. 
'Math. ,Phys., Ool. LC P, 650, 1967. 

10, b b b s ,  F.R. , Bowers, HA., Riches, D.W. and Cole* 
B.N., n Influence of parti  c l e  size distribution oh 
the  high speed flow o f  gas-solid suspensions in a 
pipe*, Ins%. of Mach. Eag., and Inst .  of Chem. 

"*: Join% spmposim on Two-Phase flow, peper Ho.9, 19 9 



Fig.( I ) Pressure wave moving downstream 
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