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The ar t ic le  d iscusses  the mechanism underlying the formation of condensation shocks.  It is 
shown that the formation of a condensation shock is ser iously  affected by the increase  in the 
speed of sound in the zone of intense condensation. 

The likelihood that some condensation p rocess  will be mater ia l ized is governed by the second 
law of thermodynamics ,  i . e . ,  by the statement that the entropy of the working fluid increases  in the pas -  
sage ac ross  the shock front.  This statement is satisfied by both adiabatic shocks in s ingle-phase super-  
sonic s t reams  and by condensation shocks occurr ing in a supersonic s t ream of supercooled vapor [1, 2]. 

In the case  of adiabatic shocks in a s ingle-phase medium, however, there  is available a somewhat 
different approach which accounts for the nature of the shock p rocess  and for the underlying mechanism.  
The gist  of this approach is that when there  exists a p r e s su re  distribution, such as indicated in Fig. la,  in 
some adiabatic system, the wave of increasing p r e s s u r e  must inevitably become t ransformed into a con- 
densation shock. Actually, the disturbances belonging to the h ighe r -p re s su re  zones propagate at a higher 
velocity (the t empera tu re  in those zones is higher) than disturbances belonging to l ower -p re s su re  zones 
(traveling wave). Contrariwise,  if there  exists a p r e s su re  distribution such as displayed in Fig. lb, in 
some adiabatic system, then this distribution will be inevitably t rans formed  in such a way that the gradient 
of the p r e s s u r e  in the disturbed region will diminish in absolute magnitude. In effect, the disturbances 
belonging to the lower -p re s su re  zones will move at a slower velocity, and the extent of the disturbed zone 
will increase .  This example is often invoked in gas dynamics in order  to i l lustrate the point that r a re fac -  
tion shocks cannot exist.  

When an oblique shock wave exists in a s ingle-phase s t ream, the speed of sound increases  and the 
flowspeed of the s t r eam slows down, so that the slope of the charac te r i s t i cs  must become steeper with in- 
c reas ing  p r e s s u r e .  This would have the resul t  that the subsequent charac te r i s t ic  would move out ahead of 
the preceding one. But in that case the cause would be leading the consequence - the charac te r i s t i cs  must 
merge  into an adiabatic shock .  A s imi lar  proof is invoked in the discussion of the p rocess  by which a shock 
wave forms in a supersonic s t ream flowing around a concave wall. 

Consequently, in the case  of adiabatic shocks occurr ing in a supersonic s ingle-phase s t ream, in addi- 
tion to the purely  thermodynamic justification for changes in the s t ream pa rame te r s  in the shock, we also 
have to deal with c learcut  gas-dynamica l  concepts which go a long way toward revealing the mechanism 
operat ive in the formation of the shock, even in such a comparat ively  complicated instance as flow of a 
supersonic s t r eam around a concave wall. 

We confront an entirely different pat tern in the case  of condensation shocks. According to current ly  
entertained concepts [3, 4], the reason behind the appearance of this mode of shock wave is provided by 
heterogeneous fluctuations result ing in the formation of nucleation droplets whose number  and size increase  
as the s t r eam expands, and at a par t icu lar ly  rapid rate  start ing with a cer tain c r o s s  section. Leaving a 
detailed analysis  of these concepts aside for the moment, we must note for the t ime being that such gas-  
dynamica lca tegor ies  as the speed of sound, the Mach angle, e tc . ,  do not come into play here  at all. But 
experimental  observations have shown that condensation shocks are  usually oblique shocks [5], that their  
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Fig. 1. T rans fo rma t ion  of c o m p r e s s i o n  waves  into con- 
densation shock (a) and of r a re fac t ion  waves  into the s ame  
s y s t e m  with a s m a l l e r  p r e s s u r e  gradient  (b): top: 1) ini- 
t ia l  p r e s s u r e  distribution; 2) final p r e s s u r e  distribution; 
bottom: 1) initial p r e s s u r e  distribution; 2) p r e s s u r e  d i s -  
t r ibution with lower gradient .  

angle of inclination depends on a whole s e r i e s  of ac to r s ,  and that they a r e  c l ea r ly  assoc ia ted  with wave p ro -  
c e s s e s  occurr ing  in the wake of the condensation shock. 

This  emphas izes  the need to throw some light on the mechan i sm at work in the format ion  of a conden- 
sation shock, taking gas  dynamics  as our point of depar ture ,  s imi l a r ly  to the approach re l ied  on in the gen-  
era l ly  f ami l i a r  schemata  of format ion  of adiabatic shocks in supersonic  s ing le -phase  s t r e a m s .  

We a re  requi red  to de te rmine  the speed of sound in a nonequil ibr ium supercooled  vapor .  

The speed of sound moving through mois t  vapor  is given by the formula  [2] 

i dp a*= 
x (  1 - ] - I ' x  c w ) x  e n dis" (1) 

To s implify the analys is ,  we a s s u m e  that the supercooled  vapor  is obtained as a resu l t  of adiabatic 
expansion of dry  sa tura ted  vapor  or superhea ted  vapor .  In that case  coa r s e ly  d i spe r se  moi s tu re  will be  ab-  
sent in the s t r eam,  and the condensation cen te r s  p re sen t  in the s t r e a m  will be v e r y  smal l  in s ize,  so that 
the f lowspeeds of the nonsupercooled vapor  and of the nuclei of the liquid phase  will be demons t rab ly  equal 
under those conditions, i . e . ,  c n = c w. 

We then readi ly  find, f r o m  Eq. (1) 

1 dp . 
a*"= dp (2) 

With a high degree  of accu racy  (since the volume occupied by the liquid phase  is quite res t r i c ted) ,  the 
density of the supercooled vapor  can be r ep re sen t ed  as 

P = Pn-{- nVdPw- (3) 

Formula  (3) can be r e s t a t ed  as 

p = pn(1 + Y ) ,  

where  y is the amount of liquid phase  in the condensation nuclei pe r  unit m a s s  of supercooled  vapor  p r o p e r .  
We then have, f r o m  Eq. (2) 

. ~ dp_n d y  
1 = (1 ~- ys ~ -t- Pn dp (4) C/~ 
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Note that, if the p rocess  by which the disturbance propagates is adiabatic in the case  of the s t r eam of 
supercooled vapor, then it is accompanied by an input of heat f rom the condensible phase in the case of the 
vapor phase proper ,  i . e . ,  when determining the derivative we have to take the fact that heat is supplied to 
the vapor  medium into account.  

The further  discussion will be l imited to the range of moderate  p r e s su re s  when the equation of state 
of an ideal gas is applicable to the vapor phase.  In that case  

dpn D71 1 p dT ) .  (5) 
dp ,x, 1 r dp 

The derivat ive dT/dp is determined f rom the f i rs t  law of thermodynamics ,  writ ten in the following form: 

rdg = cpdT - -  vdp. (6) 

(5) and (6) into account, we can reduce the equation for the speed of sound to the follow- When we take Eqs. 
ing form: 

We then end up with 

a 2 -- teRT ( l + y )  1 T co dp a p j  

a 2 = a2ad 

Here u = evT is the internal energy.  In the last equation, the fact that y ~ 0 in the ease of a supercooled 
vapor is taken into account, and the equation a2 d = kRT represents  the adiabatic speed of sound. 

We now present  the est imate of the cor rec t ion  to the adiabatic speed of sound. 

The quantities appearing in Eq. (7) a re  est imated on the basis  of the pa ramete r s  of the condensation 
shock. According to experimental  data [6], the p r e s s u r e  variat ion in the condensation shock Ap = (0.2 to 
0.3) Pt, while Ay = 0.03 to 0.04. In the case  of a condensation shock lying in the p r e s s u r e  zone (Pl) f rom 
0.1 to 0.5 atm (and it is p rec i se ly  at those p r e s s u r e s  that the broad experiments on condensation shocks 
propagating through water vapor have been staged), the rat io r/u fluctuates between 4 and 3 in the ease of 
water .  

Substituting those quantities into Eq. (7), we see readily that 

i 
1 

r 

Fig. 2. Typical distribution of speeds 
of sound in Laval nozzle: zone A) su- 
perheated vapor; zone B) supercooled 
vapor; C) condensation shock; the zone 
da+/dl ~ 0 corresponds to the sitewhere 
the condensation shock originates. 

a= (1,1--1.4) aad 

The correc t ion  for the p rocesses  typical of a nonequilib- 
r ium supercooled vapor thus turns out to be quite essential  in 
the zone of a condensation shock. 

It must  be emphasized that this cor rec t ion  can be either 
positive or negative, i . e . ,  it may lead to a speed of sound 
either fas ter  or slower than the adiabatic speed of sound. Ac- 
tually, as a supercooled vapor flows (adiabatic expansion takes 
place f rom the state of saturated vapor or f rom the superheated 
vapor region), the mois ture  of the vapor can only increase  be- 
cause of heterogeneous fluctuations and because of the growth 
of the condensation nuclei formed ear l ier ,  i . e . ,  dy > 0 in a 
supercooled vapor containing no coarse ly  disperse  droplets .  
On the other hand, the sign of dp can be either positive (com- 
press ion wave) or negative (rarefaction wave). This means 
that the speed at which the compress ion  disturbance propagates  
(a +) through a nonequilibrium supercooled vapor will be fas ter  
than the speed at which the rarefact ion disturbance (a-) propa-  
gates .  The size of the d iscrepancy between the two speeds of 
sound is decisively influenced by the value of the derivative 
(dy/dp). The number of condensation nuclei present  is still 
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small  immediately af ter  the s t r eam is intersected by the top boundary curve,  and nucleation takes place 
at a comparat ively  stow ra te  because  of the slight supercooling in p rog re s s .  The adiabatic speed of sound, 
the speed of sound in the case  of the compress ion  wave, and the speed of sound in the case  of the r a re fac -  
tion wave a re  all pract ical ly  the same in that zone. In the immediate vicinity of the condensation shock 
(upstream of the shock front), the absolute value of dy/dp begins  to climb steeply upward; the three speeds 
of sound r e f e r r e d  to naturally begin diverging substantially under those conditions. 

The approximate behavior of the sound-speed curves  as vapor flows through a Laval nozzle is shown 
in Fig. 2. The speed of sound for a compress ion  wave must  begin to increase,  theoret ical ly  speaking, 
start ing at some instant. But we know that the increase  in the absolute value of dy/dp is par t icular ly  steep 
in the zone of the condensation shock, and accordingly a fairly rapid increase  in the speed of sound for a 
condensation wave is found to occur in that zone. This means that a statement s imilar  to the one considered 
above in the case of an adiabatic condensation shock in a s ingle-phase s t r eam holds in this c a s e  as well. 

In other words,  the portion of the flow (here we have in mind shock-f ree  flow) corresponding to in- 
c reas ing  a + cannot be rea l ized under rea l  conditions. In effect, an increase  in a + means a decrease  in the 
Mach number in the case  of compress ion,  an increase  in the slope of the charac ter i s t ic ,  and a conversion 
of compress ion  waves to a condensation shock. It must  be pointed out that an increase  in dy/dp over the 
portion where intensive condensation begins (ahead of the front of the condensation shock) takes place in 
response  to a comparat ively slight variat ion in flowspeed and a considerable r i se  in the p re s su re .  The 
compress ion  waves of course  merge  into a condensation shock under those conditions. 

The condition da+/dp = 0 or  da+/dl = 0 thereby determines  the site where the condensation shock or ig-  
inates. The condensation shock must inevitably appear slightly below the point where da+/dl = O. This a l -  
lows us to dispense with the direct  rel iance on Oswatitsch integral formulas  [4] in order  to determine the 
site where the condensation shock originates.  This statement consti tutes the formulation of the gas-dynamic  
method of dealing with the mechanism behind the condensation shock, and determining the site where the 
condensation shock originates.  The role  played by the kinetics of phase t ransi t ions is not diminished in 
any way, since it still has a decisive effect on the value of dy/dp. This means that the p reh is to ry  of the flow 
determines the value of dy/dp for that c r o s s  section, in t e rms  of the kinetics of the phase t ransi t ion.  

It must be pointed out that the value of dy/dp, and consequently the values of a + and a - ,  appear to be 
affected to some extent by the shape of the disturbed wave. However, the problem of what effect the shape 
of the disturbed wave would have on the speed of sound is not decisive, since it in no way consti tutes any 
fundamental change in the important  concepts relating to the site where the condensation shock originates 
(da+/d/= 0) or the pat tern of formation of the condensation shock. 

N O T A T I O N  

a is the speed of sound; 
T is the temperature;  
p is the p ressure ;  
p is the density; 
x is the degree  of dryness;  
v d is the average volume of nucleation droplet; 
n is the number of condensation nuclei per  unit volume; 
k is the isoentropie index; 
Cv is the heat capacity at constant volume; 
r is the latent heat of vaporization; 
R is the gas constant; 
u is the  internal energy; 
q i s  the quantity of heat; 
c is the speed. 

S u b s c r i p t s  

n is the vapor  phase; 
w is the liquid phase.  
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