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REPLY TO STARKOV'S COMMENTS ON THE ARTICLE: 

"CALCULATING THE FLOW OF A TWO-PHASE STREAM IN AN 

AXISYMME TRIC SUPERSONIC NOZ Z LE" 

I.M. Kapura, V.I. Serebrennikov, 

and D.G. Chernikov 

In the derivation of the system of equations, Starkov objects to our assumption that no heat t ransfer  
takes place between phases. We resor ted  to this assumption not in order  to reduce computer machine t ime, 
as concluded by Starkov, but to ascer ta in  the effect of an exclusively mechanical action (the frict ion of the 
gas against the particles) on the p rogres s  of a two-phase flow in a nozzle. Consideration of the effect of 
heat t r ans fe r  clouds the issue.  In our paper we have presented a system of equations both with and with- 
out consideration of heat t ransfer .  Here,  however,  on the basis of computer  calculations,  it is demon-  
strated that consideration of heat t ransfer  leads to but a slight change in the adiabatic efficiency of the d is -  
charge p rocess  and in the specific impulse, as r e fe r r ed  to the gas phase. 

The equation of motion for a solid part icle ,  recommended by Starkov, is a special case of the one 
given in our paper.  The coefficient Cx in our equation is a function of Rere l ,  where 

Rere 1 = (~g-- ~s) dgTg 

Here we assumed that 

for 

24 
for Re.rel.~ 5.8 c x = l~erel 

13 
5,8 ~ Rere 1 ,~ 730 c~ = v~er~ ~-~- el ' 

for Rete l l730  c~ = 0,48. 
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Thus the formula  recommended by Starkov descr ibes  only the motion of par t ic les  in the region of laminar  
par t ic le  streamlining,  where the res is tance  is determined according to Stokes ' s law.  Using this equation to 
descr ibe  the region Rere I -> 5.8 leads to a g ross  e r r o r ,  since in this region dwg/dx is not proport ional  to 
[(wg/ws) - 1]. To be fair ,  is should be pointed out that here we used the data f rom the s treamlining of a 
single sphere in a gas flow. According to the data of [1], in the transit ion and turbulent regions the r e l a -  
tionship between the res i s tance  factor  and the Rere l  number for a system of moving spherical  par t ic les  
will differ from the analogous function for a single sphere in a gas flow. 

Since Starkov did not understand how we derived the second equation in system (3), probably because 
we failed adequately to detail the t ransformat ion  of sys tem (1) to the form of (3), we will again present  the 
derivation of this equation. Let us introduce the speed of sound a s  a 2 = dpg/dyg.  Substituting this expres -  
sion dp/dx from the momentum equation of system (1) into the continuity equation, we obtain the condition 
for the inversion of the effect in the form 

dwg _ 1 (~g_ dF g s M2 dws ) " 
dx M 2 - -  1 dx gg cIx 

It was not the purpose of our ar t ic le  to descr ibe  the methods involved in the numerical  calculation, 
and in par t icu lar ,  the passage  of the point M = 1, since this method is sufficiently well known. One of the 
sources  [2] in which the method for the passage of the point M = 1 is cited in the Starkov ar t ic le .  

As regards  the specific impulse,  in cer tain cases  it is convenient to re fe r  it to the gas phase. This 
makes it possible to more  completely  descr ibe  the essential  nature of the process .  It is c lear ly  indicated 
in our paper that the specific impulse is r e f e r r ed  to the gas phase. 

In conclusion, it should bepointed out that, unlike other papers ,  in our art icle  we presen t  an evalua-  
tion of the effect exerted by the t rans fe r  of heat between the phases on the efficiency of the discharge p ro -  
cess  for the two-phase flow and that the specific impulse is r e f e r r ed  to the gas phase; we have introduced 
the concept of an adiabatic efficiency for the discharge process  of the two-phase flow and we indicate the 
relat ionship of this coefficient to the weight composition of the two-phase flow and to the dimensions of the 
par t ic les ;  analysis  of the conditions for the inversion of the effect and of the executed calculations p r o -  
vides the basis  for an explanation of the influence exerted by the part icle  dimensions and the weight com-  
posit ion of the two-phase flow on the magnitude of the shift in the cr i t ical  cross  section in the diverging 
port ion of the nozzle; on the basis  of the caleulational resu l t s  we provide a qualitative explanation for the 
experimental  data of Komov [3]. 

These are our thoughts in connection with the problems touched on in the ar t ic le  by Starkov. 
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2. 

3. 
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R E P L Y  T O  S T A R K O V ' S  C O M M E N T S  ON T H E  A R T I C L E :  

"THE FLOW OF A GAS-LIQUID MIXTURE IN A SHAPED NOZZLE, 

WITH A CONSTANT PHASE VELOCITY DIFFERENCE" 

V . G .  S e l i v a n o v  a n d  S . D .  F r o l o v  

In a number of papers  dealing with the study of gas flows with par t ic les  in rocket  nozzles (including 
the works of Hassan and Kliegel, cited by Starkov), the equations governing the nature of the energy 
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