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P rob l ems  of the gas dynamics  of two-phase  flow with cr i t ica l  d i scharge  conditions a r e  con-  
s idered.  The flow p a r a m e t e r s  (p ressure ,  density,  and veloci ty  of the gas) a r e  calculated 
in one-d imens iona l  approximat ion  in convergent  and cyl indrical  nozzles .  The calculated 
data a r e  compared  with the exper imenta l  r e su l t s  obtained by invest igat ing the d ischarge  of 
a mix ture  of a i r  and solid par t ic les .  

A method of calculat ing gas flows with solid par t ic les  in Laval  nozzles in one-d imens ional  approx i -  
mat ion is given in [1] and in two-dimensional  approximat ion  in [2]. When designing equipment for  cladding 
sand-blas t ing  d e v i c e s , a t o m i z e r s  and nozzles  for  s t e a m - w a t e r  flows the p rob lem frequently a r i s e s  of ca l -  
culating the p a r a m e t e r s  of a two-phase  mix tu re  discharging f r o m  convergent  and cyl indrical  nozzles.  The 
method of calculat ion in this case  differs  f r o m  the method of calculating the flow in a Laval  nozzle. The 
specia l  fea ture  is that the veloci ty  of the gas  phase a t  the outlet f r o m  the nozzle cannot be g r e a t e r  than a 
finite (crit ical) value,  cor responding  to a Mach number  of unity [4]. 

The problem of d i scharge  of a two-phase  mix tu re  st i l l  has been li t t le investigated.  In [3], the d i s -  
charge  of an a i r - w a t e r  mix tu re  through a cyl indr ica l  nozzle was discussed.  The authors  of this paper  a s -  
sumed that  a homogeneous mix tu re  is moving in the nozzle with no veloci ty  and t e m p e r a t u r e  lag of the liquid 
par t ic les .  Calculat ions in [1, 2] show that even for  ve ry  smal l  pa r t i c les  (less than 3 p) there  is a con-  
s iderab le  lag. There fo re ,  the exper imenta l  re la t ions  obtained in [3] r equ i re  co r rec t ing  when used for  two- 
phase flow calcula t ions  with other p a r a m e t e r s  (for example ,  for  flows with a c o a r s e r  a tomiza t ion  of the 
liquid). A calculat ion and exper imenta l  data a r e  given in [4] for  the d ischarge  of s t e a m - w a t e r  mix tu res  
through a tube with a tube length to d iamete r  ra t io  of m o r e  than 10. A two- l aye r  model  of the motion of a 
s t eam and liquid mix tu re  was used for  the calculation. It was assumed  that the phase veloci t ies  va ry  along 
the tube length l inear ly  and that there  a r e  no in te rac t ion  fo rces  between phases .  These  assumpt ions  and the 
invalidity of the two- laye r  model  at  high degrees  of d ryness ,  when the pa r t i c les  of liquid a r e  dis t r ibuted 
uni formly  in the c r o s s  sect ion of the 'channel, may be one of the causes  of d i sc repancy  found by the author 
between the calculated and exper imenta l ly  measu red  d i scharge  ra tes .  

A method is proposed in this p resen t  paper  for  calculat ing the p a r a m e t e r s  of a gas with solid p a r -  
t ic les ,  taking account of s tagnat ion and in terac t ion  fo rces  between the phases .  

In o rde r  to calcula te  the flow, a model  of a continuous medium was used, consis t ing of a gas phase 
and a "gas" of pa r t i c les  [5] having the following proper t i es :  the flow p a r a m e t e r s  depend on a single coo r -  
dinate x; the gravi ta t ional  fo rce  of the par t i c les  does not affect  their  motion;  the volume occupied by the p a r -  
t ic les  is negligibly small .  In addition i t  was assumed  that the par t i c les  a r e  spher ica l  and identical  in s ize  
and that  there  is no heat  exchange between par t i c les  and gas. The la t ter  s ta tement  is  valid for  par t i c les  
with a d i ame te r  o f m o r e t h a n  10 p [6]. {Part ic les  of this and l a rge r  s ize  a r e  considered in the presen t  
paper.)  The s y s t e m  of equations descr ib ing  the flow of a two-phase  continuous medium of a s imulated gas 
with par t i c les  has  the f o r m  
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Fig.  1. P ro f i l e  of a conve rgen t  nozzle :  1) (R~ = 5.0; R 2 = 2; O = 30 ~ and the prof i le  of 
a cy l i nd r i ca l  nozz le ;  2) (R i = 1; R 2 = 1; 0 = 45~ 

Fig.  2. D i s c h a r g e  of an  a i r - a l u m i n a  mix tu r e  (50 p) th rough  a cy l indr ica [  nozz le  [1) p 
= 1; 2) 2; 3) 4]. 
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H e r e  (1) and (2) a r e  the equat ions  of cont inui ty  f o r  the gas  and pa r t i c l e  phases ;  (3) and (4) a r e  the 
equat ions  of mot ion ;  (5) is the e n e r g y  equat ion fo r  the gas  phase;  (6) is the equat ion of  s ta te  of the gas .  
All  the quant i t ies  in the s y s t e m  (1)-(7) a r e  r e p r e s e n t e d  in d imens ion l e s s  fo rm.  Let  r*,  v*, and p* be 
the c h a r a c t e r i s t i c  d imens iona l  cons tan t s  fo r  d imens ions  of length, ve loc i ty ,  and densi ty .  Then,  in o r d e r  
to r educe  to the d i m e n s i o n l e s s  f o r m  the coo rd ina t e  x is divided by r*, the ve loc i ty  by v*, dens i ty  by p*, 
p r e s s u r e  by p*(v*) 2, en tha lpy  by (v*) 2, t e m p e r a t u r e  by (v*)2/R, and f o r c e  by (v*)2/r* [2]. 

The d r a g  coef f ic ien t  of a s p h e r i c a l  pa r t i c l e  o c c u r r i n g  in the e x p r e s s i o n  fo r  d e t e r m i n i n g  q~, takes  the 
f o r m  proposed  in [7]: 

1 

c --~ 24Re -1 + 4Re- "~- (8) 

We take as  c h a r a c t e r i s t i c  d imens iona l  cons tan t s :  r*  = re ,  P* = P0, and v* = ~R-T 0. 
f low p a r a m e t e r s  at  the nozz le  inlet  have the f o r m  

P0 = To = P0 -- t; Pro = const; 

The  va lues  of the 

Co = o~o = Mo V ~ ,  
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Fig. 3 Fig. 4 
Fig. 3. Discharge of a two-phase mixture  through a cylindrical  nozzle with r e = 2.5 
mm; air  flow ra te  1 �9 10 -2 k g / s e c ;  T O = 295~ [1) a i r - g r a p h i t e  0-0 ~); 2) a i r - a l u m i n a  
(50 p); 3) a i r - c o r u n d u m  (150 ~)]. 

Fig. 4. Discharge through a convergent nozzle with r e = 1.5 ram; air  flow ra te  5 .10  -3 
k g / s e c ;  T o = 295~ [1) a i r - g r a p h i t e  0-0 p); 2) a i r - a l u m i n a  (50 ~); 3) a i r - c o r u n d u m  
0_50 ~)]. 

The calculation was carr ied  out for PT0 = 0.5, 1, 2, and 4 for three types of mixture:  a i r - g r a p h i t e  
(average part icle diameter  10 p); a i r - a l u m i n a  (50 p) and a i r - c o r u n d u m  (150 p). The value of M 0 was 
chosen such that in the outlet section M was equal to 1. This corresponded to "idling" conditions of the 
nozzle, for which a reduction of p ressu re  in the surrounding medium did not lead to an increase  of the flow 
velocity. In this paper, only this cycle has been considered. The function r(x) describing the nozzle pro-  
file is shown in Fig. 1. 

The solution of sys tems  (1)-(7) with the s tar t ing conditions of Eq. (9) was car r ied  out by the Runge 
-Kut ta  method in a "Ural-2"  electronic computer.  

F igure  2 shows the change of basic pa ramete r s  of a two-phase flow along the axis of a cylindrical  
nozzle. 

In the experimental  investigation, the flow of a two-phase mixture through nozzles with the profiles 
shown in Fig. 1, the relat ions between the p ressu re  at the nozzle outlet, the velocity of the solid phase at 
the nozzle outlet and the concentration and size of the part icles  were studied. The particle velocity was 
determined f rom the express ion for the total momentum of a two-phase jet [8]. The magnitude of the 
momentum was measured  by means of a specially designed sensor ,  the operating principle of which is 
s imi lar  to that described in [9]. 

Figure 3 shows the calculated (continuous lines) and experimental  data for the ra t io  of the p ressure  
at the nozzle inlet Pro0 with mixture discharge to the magnitude of the p res su re  Pa0 in the case of discharge 
of pure air  through the nozzle. The flow ra tes  of the gas phase in both cases  a re  identical. 

The dependence of the velocity of the solid phase at the end of the nozzle on the concentrat ion and 
size of the part icles is shown in Fig. 4. 

Comparison of the resul ts  of calculation and experiment permit  the conclusion to be drawn con- 
cerning the acceptabili ty of the proposed method of calculation of a two-phase flow. The small  d iscrepancy 
between the calculated and measured values of p ressu re  and velocity is explained, clearly,  by the fact  that 
no account is taken in the calculations of f r ic t ion between the s t ream and the wall of the channel. 

The analysis  car r ied  out of the flow of a gas with solid part icles shows that an increase  of the pa r -  
ticle concentrat ion and a decrease  of part icle size, whilst the flow rate  of the gas phase is maintained, 
leads to a considerable increase  of the initial pressure .  The lag of the gas part icles  is s t ronger ,  the higher 
their concentration and the grea te r  their diameter.  Nozzle "idling" occurs  at  lower rat ios  of Pv/Pm0 than 
for a pure gas. 

X 

V, V T 

N O T A T I O N  

is a coordinate directed along the axis of the nozzle; 
a re  the velocity of gas and solid phase, respect ively;  
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P, PT 
P 
f is 
c 1s 
m 1s 
d IS 
h is 
T is 
R is 
k is 
r 1s 
Re is 
M is 
p is 
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4. 

5. 

6. 

7. 

8. 
9. 

are the density of gas phase and particle "gas"; 

is the gas pressure; 

the force acting per 1 kg of solid phase from the direction of the gas; 

the drag coefficient; 

the mass  of part icle;  
the d iameter  of part icle;  
the enthalpy of gas;  
the gas tempera ture ;  
the gas constant; 
the isentropy index; 
the radius of nozzle c ross  section; 
the Reynolds number;  
the Mach number;  
the rat io of part icle  flow rate  to gas phase flow rate. 

i p t s  

denotes the flow pa ramete r  at nozzle inlet; 
denotes the pure air ;  
denotes the solid phase; 
denotes the outlet section; 
denotes the ambient medium; 
denotes the mixture. 
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