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INVESTIGATION OF FLOW OF A DUST-LADEN STREAM IN A LAVAL 
NOZZLE 
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An experimental investigation has been made of the influence of the 
presence of solid particles in an air stream flowing in a Laval nozzle 
on the degree of expansion in the nozzle and on the noncatculability, 
i .e. ,  the degree to which the discharge fIom the nozzle cannot be 
calculated, for particle mass fractions varying in the range 0.2-0.5. 
Shadow photographs are presented of the compression shocks at the 
outlet section of the nozzle in a dust-laden stream composed of air 
and solid particles. 

In the des ign  of ce r ta in  e l ements  of power m a -  
chinery,  the pecu l i a r i t i e s  of the d i scharge  from a 
Laval nozzle of a dus t - l aden  s t r e a m  composed of 
gas and solid par t i c Ies  mus t  be taken into account .  
A study mus t  be made, in pa r t i cu la r ,  of the inf luence 
of the pa r t i c l e s  on the degree  of expansion in the 
nozzle and of the degree  to which the d ischarge  f rom 
the nozzle  cannot be calcula ted.  

Because  of the lack of r e su l t s  of such i nves t i -  
gat ions in the l i t e r a tu re ,  spec ia l  t es t s  were  c a r r i e d  
out on the equipment  shown in  Fig .  l a .  

A i r  (T = 288-290 ~ K) f rom the main  supply l ine 
3 r eaches  the powder d i s p e n s e r  5, where the pa r t i c l e s  

a re  in t roduced into the s t r e a m .  The r e s u l t i n g  sa tu -  
ra ted  s t r e a m  a r r i v e s  at the tes t  Laval  nozzle and 
exi ts  into chamber  10, which is equipped with a 
throt t le  valve 11. 

The in jec t ion of pa r t i c l e s  into the a i r  s t r e a m  in 
the d i s p e n s e r  is accompl i shed  as follows.  The a i r  
s t r e a m  passes  through the openings in the ro ta t ing  
disc  7 of the d i spense r ,  these be ing covered with 
wire  mesh .  The disc  cont inuously  suppl ies  powder 
to the s t r e a m  which e n t r a i n s  pa r t i c l e s  f rom the 
mesh .  The d i s p e n s e r  nozzles  6, which a re  in the 
form of s l i ts ,  may be rota ted and moved up and 
down, thus al lowing control  of powder f lowrate .  A 
de t e rmina t ion  of the powder m a s s  f lowrate  was 
accompl i shed  by cont inuously  m e a s u r i n g  the weight 
of the d i s p e n s e r  while the powder was being d ispensed .  
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Fig.  1. a) Diagram of the e x p e r i m e n t a l  equipment ,  
and b) of the exit par t  of the Laval  nozzle .  

For  this purpose it was suspended f rom s t r a in  gauge 
r ing  4 and connected to the supply l ines by flexible 
couplings 3 and 8. 
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Fig. 2. Dependence of the degree of non- 

calculability ps/Pb and of the ratio P'/Ps 

on % with m = 0.4, and ~rmin = 3.55: 1) 
for  a i r ;  2) a i r  and A1 pa r t i c l e s  (d m = 
= 14 �9 10 -6 m); 3) a i r  and Fe  pa r t i c l e s  
(fract ion 40); the two upper  l ines  a re  P s /  
/pB for equ i l i b r ium m i x t u r e s  of a i r - -A1  

and a i r - - F e ,  r e spec t ive ly .  

Before each expe r imen t  the d i s p e n s e r  was ca l i -  
b ra ted  by loading it with weights s imula t ing  the 
weight of the powder, and a ca l ib ra t ion  curve  was 
drawn.  The a i r  f lowrate  was m e a s u r e d  by means  of 
d iaphragm 2. 

The p r e s s u r e  p* u p s t r e a m  of the tes t  nozzle  was 
m e a s u r e d  with a s t andard  m a n o m e t e r  having a range 
from 0 to 10 6 N/m 2. The pressure at the exit sec- 

tion of the nozzle, Ps, and upstream of the exit 

section, p', were measured with vacuum gages 
having a range from -10 5 N/m 2 to 0. The pressure 

in the chamber Pb was measured with a vacuum ma- 

nometer having a range from -i0 ~ N/m 2 to +1.6 �9 10 5 

N/m 2. 

The readings of all the instruments during the 

experiment were photographed, the times of the 
photographs being noted on the strip of a chart re- 

corder which recorded dispenser weight, and on 

the record of an oscillograph which simultaneously 

recorded pressures. 
The experiment was carried out as follows. Air 

was supplied to the lines, and then the assigned back 

pressure was established in the chamber I0 by means 
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of th ro t t l e  11. The c a m e r a  and the r e c o r d i n g  i n s t r u -  
men t s  were  swi tched  on, a s  wel l  a s  the e l e c t r i c  m o t o r  
d r iv ing  the d i sc  of the d i s p e n s e r ,  so that powder  
began to feed into the s t r e a m .  The a i r  m a s s  f lowra te  
dur ing  the e x p e r i m e n t  was he ld  cons tan t  indepen-  
dent ly  of whe the r  o r  not powder  was  be ing  fed in, th is  
being a t t a ined  by c r e a t i n g  a c r i t i c a l  a i r  flow r e g i m e  
in the tubing ahead of m e a s u r i n g  d i sc  2. F o r  this  
p u r p o s e  a s p e c i a l l y  p ro f i l ed  body 1 was loca ted  in 
the supply  l ine .  A cyclone  in which about 99% of the 
powder  was caught was loca ted  at  the exi t  f rom the 
equ ipment .  
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Fig .  3. Inf luence  of p a r t i c l e  
m a s s  f r ac t i on  m on nozz le  
ope ra t i on :  a) on ~; b) and e) 
on Ps /Pb ,  r e s p e c t i v e l y ,  in 
unde rexpanded  and o v e r e x -  
panded condi t ions ;  1 -4)  s ee  

2 - 5  in F ig .  2. 

The  nozz le  u s e d  in the i nves t iga t ion  was  a s t r a i g h t  
a x i s y m m e t r i e  one with an a r e a  ra t io ,  t h roa t  to ex i t  
sec t ion ,  a p p r o p r i a t e  to d i s c h a r g e  of the a i r  with M 
n u m b e r  of 1.71. The  length of the convergen t  p a r t  
of the nozz le ,  con toured  a c c o r d i n g  to the V i to sh in -  
sk i i  f o r m u l a  [1], was  equal  to 200 m m .  The length 
of the expanding  con ica l  p a r t  ( total  cone angle  0.032 
t ad )  was 100 r am.  The d i a m e t e r s  of the e n t r a n c e  
sec t ion ,  th roa t ,  and exi t  s ec t ion  w e r e  80 mm,  20 ram, 
and 23.2 ram, r e s p e c t i v e l y .  

The  r a t i o  of a r e a s  of the nozz le  th roa t  to e n t r a n c e  
s ec t i on  in the t e s t  nozz le  was  0.0625, and t h e r e f o r e  
the s t a t i c  p r e s s u r e  in the nozz le  e n t r a n c e  s ec t i on  
was p r a c t i c a l l y  equal  to the to ta l  p r e s s u r e .  Thus,  
the to ta l  p r e s s u r e  ahead  of the nozz le  was  d e t e r m i n e d  
without in t roduc ing  heads  that  might  cause  o b s t r u c t i o n .  
The r a t i o  of d i a m e t e r  of c h a m b e r  I0  to that  of the 
nozz le  ex i t  s ec t ion  was  6. The a i r  p r e s s u r e  u p s t r e a m  
of the nozz le  v a r i e d  in the r ange  (3 -3 .5 )  �9 105 N / m  2. 
The fo l lowing p a r t i c l e s  w e r e  u sed  in the e x p e r i m e n t s :  
0.) s p h e r i c a l  a l u m i n u m  p a r t i c l e s  with mean  d i a m e t e r  
( d e t e r m i n e d  by m e a s u r i n g  the spec i f i c  s u r f a c e  a r e s  
in a PSX-2 i n s t r u m e n t )  of about  14 �9 10 -5 m;  b) low-  
ca rbon  i ron  p a r t i c l e s ,  n e a r  s p h e r i c a l  in shape  ( f r a c -  
t ion 40); the powder  was  s i f t ed  th rough  a s i eve  with 
ce l l  s i z e  0.04 • 0.4 mm,  and r e t a i n e d  on a s i e v e  

with s i ze  0.3 • 0.3 ram.  

Moreover ,  a s e r i e s  of e x p e r i m e n t s  was c a r r i e d  
out in which the s y s t e m  of c o m p r e s s i o n  shocks  
f o r m e d  in the dus t - l a de n  s t r e a m  behind the nozzle  
exi t  sec t ion  was photographed  by the shadow technique.  

C h a m b e r  10 was then withdrawn,  and the d u s t -  
laden  s t r e a m  d i s c h a r g e d  into the a t m o s p h e r e  (with 
subsequent  co l l ec t ing  of the j e t  into the cyc lone .  

In these  t e s t s  the nozzle  used  d i f fe red  f rom that 
d e s c r i b e d  as  r e g a r d s  t h e  length of the expanding 
sect ion,  which was 40 mm(the  a r e a  r a t i o  of the exi t  
sec t ion  to the th roa t  was the same) .  Moreover ,  
the nozz le  had a s h a r p  r i m  at  the exi t  sect ion,  and 
not an annu la r  su r f ace  (Fig .  lb ) .  

E x p e r i m e n t a l  r e s u l t s :  The flow r e g i m e  in a 
s u p e r s o n i c  nozzle  may  be d e t e r m i n e d  f r o m  g raphs  of 
the dependences  of the d e g r e e  of nonca lcu lab i l i t y  and 
of the r a t i o  P ' / P s  on the to ta l  d e g r e e  of expans ion  ~. 
T h e s e  dependences  w e r e  obta ined  in our  inves t iga t ion  
fo r  a i r  and for  the d u s t - l a d e n  s t r e a m  at va lues  of 
m a s s  f r ac t i on  of p a r t i c l e s  f r o m  0.2 to 0.5. The 
g raph  of one of these  (for m = 0.4) is  given in F i g .  2. 

The f igu re  a l so  shows t h e o r e t i c a l  c u r v e s  d e t e r -  
mined  on the a s s u m p t i o n  that  the ve loc i t i e s  and t e m -  
p e r a t u r e s  of the a i r  and the p a r t i c l e s  a r e  equal  (equi l -  
i b r i u m  m i x t u r e ) .  Under  these  a s s u m p t i o n s  the m i x -  
tu re  is  r e g a r d e d  as  a "v i r t ua l  w gas  with ad i aba t i c  
exponent  d e t e r m i n e d  a c c o r d i n g  to the f o r m u l a  [2] 

k ' =  [ (1- -m)  cp--k m c ] / [ ( 1 - - m ) c v + m c ] .  

The ca l cu la t ion  was  c a r r i e d  out a c c o r d i n g  to the 
formula.  

k" 

Ps/Pc _ 1 - - ~ ) ~  , 

r~ k'-+- I 

The r e d u c e d  ve loc i ty  of the e q u i l i b r i u m  m i x t u r e ,  

is  found f r o m  the e x p r e s s i o n  [1] 

l 1 
-w-L- - 

Frnin / k ' +  l~k'--I ( k ' - -  1 X~) k L 
F~ ~"2- ) l k ' + l  

The  flow of  an1 e q u i l i b r i u m  m i x t u r e  is  a l im i t i ng  
c a s e  of an ac tua l  d u s t - l a d e n  flow, in which the p a r -  
t i e l e s  l ag  behind the gas,  and the p a r t i c l e  t e m p e r a -  
t u r e  is ,  in g e n e r a l ,  not  equal  to that  of the gas .  The 
e q u i l i b r i u m  m i x t u r e  f o r m u l a s  a r e  u sed  in g a s d y n a m i c  
d e s i g n  of mach ine  e l e m e n t s  [2]. 

In the r e g i o n  of l a r g e  va lues  of ~ the e x p e r i m e n -  
ta l  poin ts  (F ig .  2) c o r r e s p o n d  v e r y  wel l  to s t r a i g h t  
l i n e s .  Th is  m e a n s  that  the back  p r e s s u r e  has  no 
inf luence  on  the flow p a r a m e t e r s  in s ide  the nozz l e .  
The p l ace  w h e r e  the po in ts  begin  to dev ia t e  f rom the 
l i n e a r  r e l a t i o n  d e t e r m i n e s  the m i n i m u m  value of 
to ta l  d e g r e e  of expans ion  ~rmi n fo r  which t h e r e  is  no 
back  p r e s s u r e  inf luence .  We a l so  note that  a t  th is  
p lace  t h e r e  is  a change in the na tu re  of the depen-  
dence  of the r a t i o  of P ' / P s  on 7r (F ig .  2). 

The e x p e r i m e n t s  have shown that  the d e g r e e  of 
expans ion  of the gas  phase  of a d u s t - l a d e n  s t r e a m  
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F ig .  4. C o m p r e s s i o n  s h o c k s  w i t h  7r = 2 . 9  (Trmi n = 2 .7 )  : b and  c) in  t h e  d u s t - l a d e n  s t r e a m  
w i t h  m = 0 . 3  (400 f r a c t i o n  F e  p a r t i c l e s ) ,  an d  w i t h  m = 0 . 5  (40 f r a c t i o n  F e  p a r t i c l e s ) .  

is less than that of the gas in the same nozzle. This 
difference increases (Fig. 3, a) as the particle frac- 
tion in the stream increases. 

The results shown in Fig. 3 allow a conclusion to 
be drawn regarding the influence of flow velocity 
nonuniformities associated with lag of the particles 
behind the gas on the quantities investigated. 

When larger and heavier iron particles are intro- 
duced into the stream, and lag behind more than the 
aluminum particles, the parameters of the dust- 
laden flow (Fig. 3) differ less from those of the gas 
without particles than in the case with aluminum 
particles, which are more forcibly entrained by the 
gas. In the limiting case of particle entrainment 
(particle velocity equals gas velocity), the change 
in flow parameters relative to their values in the 
gas without particles is the greatest (calculated 
curves in Fig. 3). 

The observed connection of the flow parameters 
with lag of particles from the gas is evidently ex- 
plained by the fact that a large amount of energy 
must be expended by the gas in causing the large 
entrainment of particles (for constant particle mass 
f r a c t i o n ) .  

I f  t h e  c a l c u l a t e d  o p e r a t i n g  c o n d i t i o n s  in  t he  L a v a l  

n o z z l e  (Ps = Pb) in  w h i c h  t he  d u s t - l a d e n  s t r e a m  i s  
f l o w i n g  a r e  d e t e r m i n e d  w i t h o u t  a l l o w a n c e  f o r  t h e  

presence of particles in the gas, then the nozzle 
will, in fact, operate in the underexpa.nded regime 
(the region Ps/Pb > 1 in Fig. 3). When the theoretical 
regime is determined using equilibrium mixture 
formulas, the nozzle will operate in the overexpanded 
regime (the region Ps/Pb < 1 in Fig. 3). 

Figure 4 shows photographs of compression shocks 
behind the nozzle in a flow of air without particles 
and in a dust-laden stream obtained with identical 
total degree of expansion. It may be seen that a 
bridge-type shock occurs in both the dust-laden and 
single-phase flows. 

The bridge-type shock in the dust-laden stream 
(with equal total pressures in the single-phase and 

dust-laden streams, at the nozzle entrance section) 
is located further upstream than in the single-phase 
flow. The reason is, apparently, that in the entrance 
section of the nozzle, the velocity of the gas phase of 
the mixture is less than that of the gas without par- 
ticles. 

It is clear that this difference will be greater, 
the greater the particle mass fraction, and the more 
vigorously the particles are entrained by the gas 
(the smaller the particles). The photographs ob- 
tained confirm this. Thus, in the flow more heavily 
laden (m = 0.5) with smaller (fraction 40) particles 
(Fig. 4e), the shock location differs more from its 
value in the flow without particles (Fig. 4a), than 
in the less laden (m = 0.3) flow with larger (fraction 
400) particles (Fig. 4]o). 

NOTATION 

p*--total pressure upstream of nozzle; pb-back  pressure; Ps and 
p ' - s t a t i c  pressure at nozzle exit section and at section ahead of 
exit section; ~r = p*/ps--degree of ~xpansion in nozzle; ~r = P*/Pb-- 
total degree of expansion; Vmin--minimum value of 7r at which 
Pb has no influence on Ps; ~s - r a t i~  of degree of expansion of gas 
phase of mixture to degree of expansion of air; ps/Pb-degree of 
nonealculabitity; M a and Mp--mass flowrate of air and particles, 
respectively; m = Mp/(M a + Mp)--mass f~action of particles in flow; 
dm--mean particle diameter; Cp, c v, and CK-speeifie heat of air 
(at constant pressure and constant volume) and of particles, respect- 
ively; w-velocity of equilibrium mixture; k- ra t io  of flow velocity 
to critical velocity; F--geomerxical axes of nozzle cross section; 
R--gas constant of gas phase of dust-laden stream; T*--stagnatfon 
temperature of equilibrium mixture~ 
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