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CALCULATION OF COMPRESSION SHOCKS AT LOW PRESSURE 
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UDC 536. 423.4  

A method of calculating compression shocks at low pressure is given, 
together with a nomogram for water vapor which permits rapid and 
quite accurate calculation of the basic parameters of the shock. 

In [ 1 ] a  g e n e r a l  method was  p r o p o s e d  fo r  c a l c u l a t -  
ing c o m p r e s s i o n  shocks  in a flow of s u p e r c o o l e d  v a p o r .  
The ma in  a s s u m p t i o n s  on which th i s  method r e s t s  a r e  
a s  fol lows:  As a ru le ,  in the  flow of m o i s t  vapor ,  
obl ique shocks  occu r ;  the  shock is  fol lowed by  a fan 
of expans ion  waves ,  whose  f i r s t  c h a r a c t e r i s t i c  co in -  
c i d e s  with the  shock f ront ;  the v e l o c i t y  of sound in the 
low humid i ty  r eg ion  i s  equal ,  with suff ic ient  a c c u r a c y ,  
to the ve loc i ty  of sound in the d r y  s a t u r a t e d  vapor ,  
which in t u rn  i s  g iven by a = ~/kRT; the equat ion pV = 
= RT is  app l i c ab l e  to the s u p e r c o o l e d  v a p o r  ahead of 
the shock and to the  s a t u r a t e d  v a p o r  behind the shock.  
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Fig .  1. Ca l cu l a t i on  of  l oca t ion  of  shock  and of  flow 
p a r a m e t e r s  ahead  of  i t :  1) s t a t i c  p r e s s u r e  (e); 
2) s t a t i c  t e m p e r a t u r e  of  flow; 3) s a t u r a t i o n  t e m p e r a -  
t u r e ;  4) ac tua l  s u p e r c o o l i n g ;  5) c r i t i c a l  s u p e r c o o l i n g  
a c c o r d i n g  to  (1); I - - s e c t i o n  at  which flow i n t e r s e c t s  
u p p e r  b o u n d a r y  c u r v e ;  I I - - t h r o a t ;  I I I - - s e c t i o n  at  which 

shock  o c c u r s .  

In the r e f e r e n c e  c i ted  the fo l lowing a s sumpt ion ,  
which  c o n s i d e r a b l y  s i m p l i f i e s  the  ca lcu la t ion ,  i s  made :  
a t  low p r e s s u r e  (for w a t e r  v a p o r  s t a t i c  p r e s s u r e  ahead 
of  the  shock  p < 0 .5  x 105 n / m  2) i t  m a y  be a s s u m e d  
tha t  the  s a t u r a t i o n  t e m p e r a t u r e s  ahead  of  and behind 
the  s h o c k  a r e  equa l .  Th i s  a l so  holds  for  the  l a t en t  
hea t  of  v a p o r i z a t i o n  r .  In fact ,  for  w a t e r  v a p o r  with 

Pl = 0 .05 x 105 n / m  2 and P2 = 0 .1  • 105 n / m  2 (PffPi < 2 
fo r  obl ique shocks,  a s  is  shown by e x p e r i m e n t a l  data  
and ca lcu la t ion)  T'2/T~ = 1.04,  i . e . ,  with r e s p e c t  to 
the  s a tu r a t i on  t e m p e r a t u r e s  i t  may  be a s s u m e d  that  

T ! 
T2/T 1 . 

In ca l cu l a t i ng  c o m p r e s s i o n  shocks the  given quan-  
t i t i e s  a r e  P0, To and the nozz le  g e o m e t r y .  T h e r e f o r e  the 
p r o b l e m  is  to d e t e r m i n e  the loca t ion  of the  shock.  The 
p r o b l e m  is  so lved  e i t h e r  on the b a s i s  of  the  k ine t i c s  
of  phase  t r a n s i t i o n  in a flow of s u p e r c o o l e d  v a p o r  [2], 
which i s  v e r y  d i f f icul t  and r e q u i r e s  a l a r g e  vo lume of 
ca l cu l a t i ons ,  o r  on on the b a s i s  of  e m p i r i c a l  r e l a t i o n s .  

A p o s s i b l e  e m p i r i c a l  f o r m u l a  fo r  w a t e r  v a p o r  [3] i s  

A T c r i t ( i c a l )  = b (1/1: )  0.2 . (1) 

The cbef f i c ien t  b t a k e s  va lues  f r o m  8 .8  to 9 .6 .  Ca l -  
cu la t ions  b a s e d  on th i s  f o r m u l a  a r e  c a r r i e d  out in the 
fol lowing o r d e r .  The s t a t i c  p r e s s u r e  and t e m p e r a t u r e  
d i s t r i bu t i on  a long the nozz le  i s  c o n s t r u c t e d  s t a r t i n g  
f r o m  a va lue  of the  ad i aba t i c  exponent  k = 1 .3 ,  then  
f r o m  the s ec t ion  at  which  the v a p o r  i n t e r s e c t s  the  
uppe r  bounda ry  cu rve ,  the  dependence  of s a t u r a t i o n  
t e m p e r a t u r e  on s t a t i c  p r e s s u r e  i s  c o n s t r u c t e d .  The 
d i f f e r ence  be tween  the  s a t u r a t i o n  t e m p e r a t u r e  and the 
s t a t i c  t e m p e r a t u r e  g ives  the  ac tua l  s u p e r c o o l i n g  of 
the flow at each  sec t ion  of the  nozz l e .  

The t i m e  fo r  the  flow to t r a v e l  a long the nozz le  
f r o m  the s e c t i on  w h e r e  the  v a p o r  i n t e r s e c t s  the  u p p e r  
bounda ry  c u r v e  to any  given sec t ion  i s  e a s i l y  d e t e r -  
mined :  

l 

"~ = t dl/c. 
r 

Thus,  the  c r i t i c a l  s u p e r c o o l i n g  can be found at  each  
s e c t i on  beyond the poin t  a t  which the flow i n t e r s e c t s  
the  u p p e r  b o u n d a r y  c u r v e .  The poin t  of i n t e r s e c t i o n  of  
the  c u r v e  of  c r i t i c a l  s u p e r c o o l i n g  and the  cu rve  of 
ac tua l  s u p e r c o o l i n g  of the  flow def ines  the  loca t ion  of 
the  shock.  T h e r e f o r e  the  flow p a r a m e t e r s  Pl, T~, c l 
ahead  of the shock  a r e  known (Fig .  1). 

F u r t h e r  c a l c u l a t i o n  of  the  shock  m a y  be  b a s e d  on 
the  equat ions  of gas  d y n a m i c s .  In t e r m s  of  the  a s s u m p -  
t ions  made  above,  t h e s e  equa t ion  m a y  be  w r i t t e n  as  
fo l lows:  

1. Equat ion  of con t inu i ty  

T I - - A T p ~  Mssin63 
�9 x~ --  7"; p, M~ sin ~ ' (2) 

w h e r e  M 1 - e l / ~ - - ~ 1  , M 2 = c J  k~-k-R-T 1 a r e  d i m e n s i o n -  
l e s s  flow v e l o c i t i e s .  
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2. Equation of m o m e n t u m  n o r m a l  to the shock front  

M 2 s i n ~ , = M l s i n ~  kMlsinl ,~: ( P ~ - - I ) .  

Since the f i r s t  c h a r a c t e r i s t i c  of  the fan of expansion 
waves  coincides  wi th  the shock f ront  and the ve loc i ty  
of  sound a 2 = ~(~-T2, we obtain 

M2 Sin I~, = V T; / (T; - -  A r ) ,  

and t h e r e f o r e  

TI -- A T kM1 sin [81 

3. The equat ion of m o m e n t u m  along the shock front  

M~ cos ~ = M, cos ~. (3') 

4. Toge the r  with (3'), the ene rgy  equat ion gives  

il § k~R 2 ( r; -- A r) M~ sin= ~31 = i, § -~-  ( Ti --  A T) M~ sin' ~J2 

or 

c; A T + - ~ -  (T; - -  A T) M~ sin = 151 = i; - -  (1 - -  x) r= -k i7 

? (T; -- A T) § 

Taking  into account  tha t  r2 = r l ,  and i~ = i[ ' ,  we 
obtain 

kR. (T;-- A T) (M~ sin' ~l - -  M~ sin' ~,) = (4) 
2 

= % A T - -  (1 --x)r, 

The o r d e r  of  obtaining the bas ic  equation for  ca l -  
cula t ing the c o m p r e s s i o n  shock is  as  follows. 

F r o m  the m o m e n t u m  equation (3) we obtain 

1 V I  T; [ l •  (5) 

/ 
=k[ / '  1 +  4 (T~--AT)kT] (-P-~'--t)k P~ ]. 

The minus  sign in f ront  of  the r ad i ca l  does  not 
hold for  superson ic  ve loc i t i e s .  
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Fig. 2. Nomogram for calculating oblique shocks at 
low pressure: a) calculated P~/Pl; b) Misin/~i; b) Ms x 
x sin B2 ; d) calculated dryness of vapor behind shock; 
1--pI = 0.01 • 105 n/m2; 2--0.05 • 105; 3--0.1 • 105; 

4 - - 0 . 6  x 10 5, 

Fig.  3. Static p r e s s u r e  d is t r ibu t ion  along a Lava1 
nozzle  with P0 = 0.95 x 105 n / m  2 and t o = 127 ~ C: 
1) e x p e r i m e n t ;  2) ca lcu la t ion  {k = 1.3);  I - - t h roa t ;  
H - - s e c t i o n  at  which shock o c c u r s ;  I I I - - s ec t i on  at  
which shock should o c c u r  acco rd ing  to the c a l c u -  

la t ion i l l u s t r a t ed  in Fig.  1. 

Taking the last relation into account, from the con- 
tinuity equation and the energy equation, respectively, 
we obtain 

I )7 o x,-2 I+ I~ 4(T;--AT) p, 
kr; 7 -i 

. T ~ -  AT P.~2 
T~ p~ 

x= = 1 --% ~----? 4 karl 
r 8r  

, 1+ i + - - - - - ~  ~ - l )  ]= ] 2r (6) 



2 9 8  

Therefore ,  

- - I  

Cp A T , kRTI 
r 8r 

2 

4 (T~ -- A T ) 1 ) kRTI 

After  s imple  t r a n s f o r m a t i o n s  we f inal ly  have 

= l--~-~-c"ATr, kRT; kT, (P2_~1__1) '-: 

(7) 

For  given va lues  o f p l  and AT, the equat ion con-  
ta ins  only one unknown P2. Thus the in tens i ty  P2/Pl 
of the shock is de t e rmined  by p r e s s u r e  Pl and the 
supercool ing  of the flow. For  convenience  of ca l cu la -  
t ion, Fig.  2 shows a n o m o g r a m  for  ca lcu la t ing  com-  
p r e s s i o n  shocks cons t ruc ted  on the b a s i s  of (7). 

Thus,  for given va lues  of Pl and AT, the ra t io  P2/ 
/P l  may be found f rom (7) or  f rom the nomogram,  and 
in  t u rn  the va lues  of x2 and Ml sin/31 may  be de t e r -  
mined .  

These  va lues  have been ca lcula ted  f rom (5) and (6) 
and a re  shown in  the second and fourth quadran ts  of 
the n o m o g r a m .  The angle fll of inc l ina t ion  of the shock 
for  a given value of M 1 is  de t e rmined  f rom the obvious 
re la t ion  
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q- leT] \ Pl - -  " 

T; (8) 
l t//- T; - -  A r 

The entropy i n c r e a s e  and the energy  loss  in the 
shock a re  de te rmined  on the ba s i s  of calcula ted va lues  
of P2 and x with the help of an i - s  d iagram.  

F igure  3 shows exper imen ta l  data on the p r e s s u r e  
d i s t r ibu t ion  in the nozzle .  The ag reemen t  between the 
expe r imen ta l  and calcula ted values  is  good. This  is  
conf i rmed by a la rge  body of exper imen ta l  data ob- 
ta ined in the Depar tment  of Steam and Gas Tu rb ines  
of the Moscow Power  Eng inee r ing  Ins t i tu te  [1, 3]. 

NOTATION 

a) Velocity of sound; R) gas constant; T) tereperat~e; p) pressure; 
k) isentropie exponent; AT) supercooling of flow; ZXTerit ) critical 
supercooling of vapor; x) degree of dryness; c) flow velocity; (B) angle 
of inclination of shock; r) time for vapor to traverse nozzle segment 
between section at which it intersects the upper boundary curve and 
section at which the shock occurs; i) euthalpy; ep) specific heat at 
constant pressure. Subscripts: 1 and 2 refer, respectively, to the state 
of the flow ahead of and behind the shock. 
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