
in the i sothermal  case (7 = 1)r t) has a power-law dependence on the time: 

o (k, t) = C~t ~ + C~t ~2, 

where al ,  2 = 1/2 =~1/4 -- 02k2)1/2 and C i, C~ are constants.  When ~ is complex,valued,  C i =~2- In the i so ther -  
mal case the motion is unstable, and the amplitude growth depends on the wavelength. 

If we express  the growth of the per turbat ions  in t e r m s ' o f  the relat ive compress ion  p/Po, we have 

(Ap/p)/(Ap/p)0 ~ (plpo) (~!4)r ~ (piP0) 1/4, 

because for  rea l  gases  1 _< T -< 2. 
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The investigation of the propagation of p r e s s u r e  per turbat ions  in a liquid sa tura ted  with vapor bubbles 
has produced two different models describing this p roces s .  In [1] the wave evolution p rocess  is analyzed f rom 
the point of view of a thermodynamic-equi l ib r ium model, in which the charac te r i s t i c  sound velocity is ca l -  
culated in the fo rm [2] 

.+ = (.p/'o)'<'O, 

where p and T are  the p re s su re  and tempera tu re  of the medium, p is the density, Cp is the specific heat,  r is 
the latent heat of phase t ransi t ion,  B is the gas constant,  and p is the molecular  weight. We use the indices 
! and 2 everywhere  to designate the liquid and the vapor  respect ively,  and the index 0 for  the unperturbed state.  
However, it is inferred f rom experiments  [3-5] that the gas dynamics  of a v a p o r - l i q u i d  medium with a bubble 
s t ruc ture  must  be formulated on the basis of a nonequilibrium approach.  A model has been proposed in [6] for  
the propagation of p r e s su re  disturbances with allowance for  the unsteady behavior  of the heat and mass  t r a n s -  
f e r  at the bubble- l iquid  phase interface during the t r ansmiss ion  of the p re s su re  pulse. As the charac te r i s t ic  
velocity in this model we adopt the "frozen" sound velocity c o , the value of which can be determined f rom the 
express ion 

t _ ( t  - ,~o) ~ § % ( i  - %) ~,~ 

in which ~0 is the initial vapor  content and 7 is the adiabatic exponent fo r  the vapor .  The experiments  r e -  
ported in [5] show that the model used in [6] for  the heat t r ans fe r  between a vapor  bubble and a liquid well de-  
sc r ibes  the dynamics of bubbles for  an a rb i t r a ry  variat ion of the external conditions (pressure  or  t e m p e r -  
ature). The same  experiments  also show that the behavior of bubbles in a p r e s s u r e  wave is s t rongly m i r r o r e d  
in the s t ructure  and evolution of the waves.  It was observed ear l ie r  [4] that under definite conditions the evolu- 
tion of a p r e s s u r e  perturbat ion in a liquid containing vapor bubbles can be affected not only by interphase heat 
and mass  t r ans fe r ,  but also by nonlinear and dispers ion effects,  which are  typical of a bubbling g a s - l i q u i d  me-  
dium [7]. 

Novosibirsk.  Translated f rom Zhurnal Prikladnoi Mekhanild i Tekhnicheskoi Fiziki, No. 3, pp. 84-90, 
May-June,  1982. Original ar t icle  submitted April  6, 1981. 
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F o r  the descr ip t ion  of the evolution of a f in i te -ampl i tude  p r e s s u r e  wave propagat ing in one direct ion in 
a bubbling v a p o r - l i q u i d  medium we have p rev ious ly  [6] der ived  an equation that  has  the following f o r m  in the " 
major i ty  of s i tuat ions of p rac t ica l  impor tance:  

, t 
8Ap j_ aAP-I- Y+----~t AnOA--~P--v 8~Ap ~ - g  8SAP a ] / 2 {  ' OAp/cgt" 

where Ap is the instantaneous p r e s s u r e  per turba t ion ,  a is the t he rma l  diffusivity,  m = 3?pocp~plTo/2nl/~p~r2i ~ = 

•  (1 - -  %); v = 2v1~/3% (t - -  %) nu yRoc]• ~ are ,  respec t ive ly ,  the d i spers ion  p a r a m e t e r  and the e f f e c t i v e  
v i s c o s i t y o f  the med ium assoc ia ted  with the v i scos i ty  v i of the  liquid and the acoust ic  radia t ion  f r o m  a pu l sa t -  
ing bubble of radius  R 0, and n = 1 / (1  + c~/ci2). 

The integral  t e r m  in (1) desc r ibes  re laxat ion ef fec ts  a s soc ia t ed  with unsteady heat  and m a s s  t r a n s f e r  
between the vapo r  bubble and the surrounding liquid. An equation s i m i l a r  to (1), but with an exponential  in -  
tegrand,  has  been obtained in [8] f o r  the descr ip t ion  of re laxa t ion  effects  in the propagat ion  of a signal in a 
liquid containing gas  bubbles.  

The re la t ive  contributions of nonlineari ty,  d i spe r s ion  due to  dynamic effects  a s soc ia ted  with the osc i l l a -  
t ions of the vapo r  bubbles,  d iss ipat ion assoc ia ted  with the effect ive v i scos i ty  of the medium,  and the re laxat ion 
p r o c e s s  to the evolution of the p r e s s u r e  pe r tu rba t ion  in a v a p o r - l i q u i d  medium can be e s t ima ted  by reducing 
Eq. (1) to d imens ion less  fo rm.  F o r  the length sca le  we use  a cha rac te r i s t i c  length l 0 of the initial per turbat ion,  
and fo r  the t ime  sca le  the ra t io  l 0 / c 0. We r e f e r  the instantaneous p r e s s u r e  per tu rba t ion  to  the intensity of the 
initial pe r tu rba t ion  Ap0. Then Eq. (1) can be wri t ten,  a f t e r  suitable t r ans fo rma t ions ,  in the d imensionless  v a r i -  
ables  r = c0t~/l  o, ~ = x a / l  o, p* = Ap /Ap  0 as follows: 

ap* -t. ap* ap" Ma asp * ~ O~p * _ ..... 1/2 {" ap*/a-q . 
a.r - -  a~ "-}- Mp* a~ l i e  a~ 2 - -  a~3 - -  o ( - -  'q- - -  ~ ivz j ~  a~. (2) 

The p a r a m e t e r s  ~ = lo(uo/~Co)~l ~, Re  ~- uolo/v cha rac t e r i ze  the d i spe r s ion  and diss ipat ion effects  typical  of a 
liquid containing gas  bubbles [7]. The amplitude u 0 of the initial  veloci ty  pe r tu rba t ion  is r e la ted  to the p r e s -  
sure  per tu rba t ion  A p o a s  Uo = (~/ + l)cohPo/2Vpo �9 T h e  p a r a m e t e r  fo r  the in tegra l  t e r m  W = [(~/ + 1) / 2 ]  • 
J a ( 3 a / 8 ~  ~0PeMS)~/~ accounts fo r  the ra te  of heat  and m a s s  t r a n s f e r  between the vapor  bubbles and the liquid 
[5, 6] (Ja = plcpl /ToAP2r is the Jakob number ,  Pe = u0/0/a  l, M = u0/c  0, and AT 0 and AP0 a re  re la ted  through 
the C l a u s i a s - C l a p e y r o n  equation). The main  contr ibution to the d imens ionless  group W is f r o m  the number  Ja ,  
which r ep rese r~s  a modif ied phase - t r ans i t i on  c r i t e r ion  K = r / c p I A T  0 [9]. 

An analys is  of Eq. (2) shows that in the asymptot ic  case  (W -~ 0) (2) goes over  to the B u r g e r s - K o r t e w e g -  
de Vr ie s  equation, which desc r ibes ,  f o r  example ,  the evolution of a p r e s s u r e  wave in a bubbling g a s - l i q u i d  
medium [7]. According to the conclusions of this paper ,  the shape of the  evolving per tu rba t ion  depends on the 
ra t io  between the p a r a m e t e r s  a and Re. In the low-diss ipa t ion  case  ( a / R e  < 0.1) for  a > a .  the initial p e r -  
turbat ion decays  into sol i tons,  and fo r  a < a ,  it i s  t r a n s f o r m e d  into a wave packet  ( a ,  is the cr i t ica l  value of 
the s imi l a r i t y  c r i t e r ion ,  calculated according to [10]). In the case  of apprec iab le  d i ss ipa t ion ,  in this case  due 
to acoust ic  lo s ses ,  the wave evolution p r o c e s s  will a lso depend on the value of the p a r a m e t e r  Re [7]. Es t ima te s  
show that  fo r  the ma jo r i ty  of v a p o r - l i q u i d  media  the acoust ic  l o s ses  do not exceed the lo s ses  due to heat  and 
m a s s  t r a n s f e r  at the outer  boundary of the vapor  bubble. Thus,  in a v a p o r - l i q u i d  med ium with ve ry  slow in-  
t e rphase  hea t -  and m a s s - t r a n s f e r  p r o c e s s e s  (such as a s t e a m - w a t e r  mix tu re  at high init ial  p r e s s u r e s  or  
cryogenic  sys tems)  the wave s t a t e s  typical  of g a s - l i q u i d  s y s t e m s  can exis t  [7]. F o r  la rge  values  of W ( s t e a m -  
wate r  mix tu re  at low p r e s s u r e s  or  liquid metals)  the dissipat ion assoc ia ted  with the effect ive v i scos i ty  of the 
medium and dynamic effects  can be d i s rega rded  in Eq. (2), so  that  only the in tegra l  t e r m  is left  in (2). The 
l inear  ve r s ion  of this  equation admits  an analyt ical  solution [6]. In this case  the powerful action of the hea t -  
and m a s s - t r a n s f e r  re laxat ion p r o c e s s  will cause  rapid  decay of the initial  perturbagion.  Thus, by cont ras t  
with a gas  - l i qu id  medium,  the behavior  of the p r e s s u r e  waves in a liquid containing vapor  bubbles must  be de-  
t e rmined  mainly  by the s imi l a r i ty  p a r a m e t e r s  a and W. 

We have studied exper imenta l ly  the evolution of wave s ta tes  in a v a p o r - l i q u i d  medium in the sa tu ra t ed  
s ta te  over  a wide range of va lues  of the d imens ion less  groups  ~ and W for  the purpose  of determining the 
boundaries  of influence of the hea t -  and m a s s - t r a n s f e r  re laxat ion  p r o c e s s ,  iner t ia l  ef fects ,  and nonl inear i ty  
on the wave dynamics .  The exper imen t s  were  conducted in a shock tube [5]; the p r i m a r y  pulse was genera ted  
by burs t ing  a d iaphragm separa t ing  the working sec t ion  f r o m  the h i g h - p r e s s u r e  chamber .  The p a r a m e t e r  
was  va r i ed  by varying the ampli tude and duration of the initial p r e s s u r e  pulse ,  and W was va r i ed  by varying the 
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TABLE 1 

Test 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

l0 
i i  
t2 
13 
i4 
t5 
i6 
t7 
i8 

Working ~ " c~ medium ~ To,~ 

Water 1,3 380,4 
~ f,8 390,t 
~) 5,25 [ 426,2 
)) 5,t 425,2 

" ~ 5 424,6 
Freon- 12 t3,2 326,6 

~) 13 325,7 
Freon-21 2,t n 302 
Water 1,9 I 39i,2 

~> 4,9 I 424 
Freon -12 6,85 I 300 
Freon -21 t,85 298,4 
Freon-12 t3,6 327,~ 

~) 7,05 i 30i 
Freon-21 t,7 I 296 
Freon-12 t [ 243 
Nitrogen t [ 78 
Water 1 / 373 

! 

1,5 
t,5 
t,4 
i,4 
t,4 
1 
1 
t,2 
t,5 
i,4 
1,3 
t,2 
i 
t,3 
1,2 
2 
3 
2 

0,26 
1,35 
0,i3 
i ,47 
4 
0,2 
i,9 
3,66 
0,i5 
0,49 
0,72 
0,68 
5,06 
5,05 
2,76 
6 
1,5 
l 

lo, m 

1t2 
162 
098 

,,107 
188 
08t 
A05 
2t2 

5I I W 

!0,18 10,47 
0,67 [ 0,t3 
0,02 I 0,65 
0,26 0,09~ 
0,72 0,04 
o,o14 i o,t2 
0,t3! 0,021 
t,63 ] 0,0t~ 
0,07i t 0,72 
0,09 I 0,24 
0,096 I 0,03~ 
0,34 0,05 c, 
0,35 [ 0,00(~ 

i o,67 I o,oo~ 
I i , 5  
I 5.64 

li ,281 - -  

i0.9 

9,5 
26,5 
2,5 

i0,5 
3i,6 
2,9 

ii,9 
55,2 

4 -- 
2 - -  

i . % 
L, m . 

0,34 0,052 
0,34 0,5i 
0,4 10,026 
0,425! 0,34 
0,4i5 0,68 
0,7 0,08 
0,445 1,51 
0,4i5 2,27 
0,485 0,085 
0,765 0,35 
0,9i5 0,68 
0,46 O,6 
0,485 5,5 
0,9i5 6,4 
0,i7 9,8 
0,62 N30 
0,i6 N20 
0,43 4 

thermophysical properties of the liquid. This was done by increasing the static pressure for a steam-water 
mixture and changing to liquids having a high thermal resistance: Freon 21 and Freon 12, permitting W to be 
varied in the experiments from 10 -2 to I. For identical values of ~, (~, = P0/P *, where p. is the pressure 
at the critical point of the substance) mud G the value of W was the same for the steam-water and vapor- 
Freon media. This fact evinces the possibility of modeling the process of evolution of a perturbation in a 
steam-water medium with a high initial pressure by a vapor-Freon medium existing at experimentally more 
accessible pressures. 

Our primary concern in the experiments was to maintain the worldng medium in the saturated state and 
to obtain a homogeneous bubbling mixture. Accordingly, the working section of the shock tube was placed in a 
double thermostat with electric heaters. The wall temperature of the section was maintained equal to the tom- 
perature of the working medium at the given pressure within 0.5~ error limits. The working section with a 
length of 1.8 m was assembled from blocks of stainless steel tubing with an inside diameter of 0.052 m and a 
wall thickness of 0.008 m. Vapor bubbles were generated at artificial vaporization centers situated below the 
working section. The average bubble radius in the experiments was varied according to the working condi- 
tions from i.I �9 10 .3 to 1.6 �9 10 .3 m. The average volume vapor content was maintained constant in all the ex- 
periments and was of the order of 1%. The variation of R and ~ along the height of the working section due to 
the presence of hydrostatic pressure turned out to be small, since all the experiments were conducted at above- 
atmospheric initial pressures. To facilitate rapid replacement of the burst disk (diaphragm) we developed a 
special bursting mechanism capable of operating withoutbreaking the seal of the equipment [5]. The length of 
the high-pressure chamber was varied up to a maximum of 2 m. 

The i n s t a n t a n e o u s  p r e s s u r e  in the p u l s e s  t r a n s m i t t e d  th rough the v a p o r - l i q u i d  m e d i u m  was  m e a s u r e d  
with LKh 610 p i e z o e l e c t r i c  t r a n s d u c e r  p r o b e s .  The analog  s igna l  r e c e i v e d  f r o m  the t r a n s d u c e r s  was r e c o r d e d  
on a S c h l u m b e r g e r  MP 5 5 2 1 / 2  tape r e c o r d e r  and then  p r o c e s s e d  on an M-6000 digi ta l  c o m p u t e r .  The de t a i l s  
of the p r o c e d u r e  for  m e a s u r i n g  the p a r a m e t e r s  of the m e d i u m  and  p r o c e s s i n g  the e x p e r i m e n t a l  data  a re  d e -  
scribed in  [5]. 

Using the , s imi la r i ty  p a r a m e t e r s  W and a ,  we can  r e p r e s e n t  all  the r e s u l t s  in  the  f o r m  of a map of the  
v a r i o u s  wave s t r u c t u r e s ,  as in F ig .  1, which shows the m o s t  c h a r a c t e r i s t i c  wave p r o f i l e s ,  c o r r e s p o n d i n g  to 
t i m e s  of the o r d e r  of 5 �9 10 -3 s ec  f r o m  the i n i t i a l  e n t r y  of the s igna l  into the m e d i u m .  The i n t e r v a l  a > 10 ~ 
c o r r e s p o n d s  to i n i t i a l  p e r t u r b a t i o n s  of the  Wstep-functionn type .  All  the data  on the  s t a te  of the v a p o r - l i q u i d  
m e d i u m  and the in i t i a l  p r e s s u r e  p e r t u r b a t i o n  a re  s u m m a r i z e d  in  Table  1, in  which L is  the d i s t ance  f r o m  the 
en t ry  into the m e d i u m  and APm is  the m a x i m u m  p r e s s u r e  in  the wave.  The value of a ,  i s  ca l cu l a t ed  fo r  each 
e x p e r i m e n t  and on the ave rage  is  of the o r d e r  of 10. 

The map  c l e a r l y  exhib i t s  the  r eg ions  in  which  h e a t -  and m a s s - t r a n s f e r ,  i n e r t i a l ,  and n o n l i n e a r  effects  
a r e  m a n i f e s t e d  m d i f f e ren t  d e g r e e s .  The f o r m s  of the  evolv ing  p e r t u r b a t i o n s  d i f fe r  accord ing ly .  
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Thus, fo r  large values of W (W .~ 1, tes ts  1 and 9 in Table 1) the predominant influence of the relaxation 
p roce s s  of interphase heat  and mass  t r ans fe r  resul ts  in considerable broadening of the shock front and the 
format ion of a rapidly decaying bel l-shaped perturbat ion in the case of a wave of finite duration. An increase  
in the nonlineari ty of such a medium, corresponding to an increase  of a and a decrease  of W (test 2), only 
slightly increases  the s teepness of the wave front.  With a fur ther  decrease  in W as a resul t  of, for  example, 
an increase  in the s tat ic  p r e s s u r e  of a s t e a m - w a t e r  medium (tests 3-5), nonlinear and dispersion effects begin 
to emerge ,  as are  typical of a ncold" liquid containing gas bubbles. However, the action of these effects is 
significant only in the initial stage of wave evolution. Subsequently, the influence of the relaxation p rocess  
tends to attenuate and broaden the nsolitont perturbation and causes the pulsations to vanish af ter  the shock 
front,  which eventually s m e a r s  out. In the event of a weak influence of interphase heat and mass  t rans fe r  
(W < 10,1) wave s t ruc tu res  s imi lar  to those in a g a s - l i q u i d  medium [7] are  formed (tests 6-8, 11, 14). A t r i -  
angular initial per turbat ion is converted, depending on the pa rame te r  ~, ei ther  into sol i tary  waves (tests 7 
and 8) or  into an oscil lating perturbat ion s imi lar  in profile to a wave packet (test 6). In the ease of an initial 
per turbat ion in  the fo rm of a ~step" a shockwavewith  a monotonic (test 11) or  oscillating (test 14) profi le is 
formed over  the entire length of the working section,  depending on the nonlinearity pa r ame te r  M. 

~ne behavior  of the p re s su re  waves in a low,dissipat ion vapo r - l i qu id  medium, namely their  velocity and 
profile,  are consistent  with the main conclusions drawn f rom an analysis of the  B u r g e r s - K o r t e w e g - d e  Vries  
equation. Fo r  example,  the experimental  and analytical resul ts  on the propagation velocity of solitons (points 
1) and shock waves (points 2) as a function of the i r  intensity are compared in Fig.  2a. It is seen that the ex-  
perimental  data are well general ized by the s tandard [7] equations for  the velocity of solitens u = c0[1 + 
(y + 1)Ap2/6yp 0] (line D and shock waves u =%[1 + (y + 1)Apl/43/p 0] (line ID, where z~p~ is the amplitude of 
the sol i tary  wave and Ap 1 is the postshock p re s su re .  The experimental  resul ts  shown here were obtained in 
Freon  12 saturated with vapor  bubbles at P0 = 6.6 �9 105 Pa. The profile of the result ing perturbat ion (test 7, 
solid curve) is compared in Fig. 2b with the soliton profile calculation according to the relat ion [7, 10] (dashed 
curve): Ap(x)= Ap2 sech2(x/6), where the half-width 6 of the soliton is specified in the form 
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The influence of the rate of interphase heat and mass  t r ans fe r  on the s t ruc ture  and evolution of shock 
waves can be t r aced  in Fig. 3, which, as in Fig. 1, shows the wave profi les for charac te r i s t ic  t imes of the 
o rder  of 5 �9 10 -3 see.  The dashed curves  in Fig. 3 show the scale for  the initial p r e s s u r e  perturbat ion and 
its profi le.  

An intense phase- t rans i t ion  p rocess ,  cha rac te r i zed  by values of the p a r a m e t e r  W ~ 1, produces rapid 
broadening of the shock front.  The wave in this case is highly t rans ien t  (test 9), and its profile is determined 
mainly by the p rocess  of heat and mass  t r a n s f e r  between the vapor bubbles and the surrounding liquid. With 
a decrease  in the p a r a m e t e r  W at a constant intensity of the initial profi le (test 10) the shock smear ing  effect 
is slowed down somewhat.  At these distances the wave profile becomes  increasingly s teeper ,  and with an in- 
c rease  in the wave intensity (test 12) d ispers ion effects begin to emerge  in connection with the inert ia  of the 
additional mass  of the vapor  bubbles. However, the eve r - inc reas ing  influence of interphase heat and mass  
t r ans f e r  tends to smooth the initially oscillating wave (test 12). 

A fur ther  decrease  in the rate of the t r a n s f e r  p rocess  at the vapor  bubble - l iqu id  interface resul ts  in the 
format ion of a quasis tat ionary shock wave over  the entire length of the working section.  Its profile is de te r -  
mined mainly by nonlinear and inertial  effects,  as are  typical  of g a s - l i q u i d  media  [7], and can be e i ther  mono-  
tonic (test 11) or  oscillating (tests 13 and 14). The value of the dimensionless  group MW <_ 6 �9 10 -3 can in this 
case be taken as the c r i te r ion  for  the onset  of a quasis ta t ionary wave s t ruc ture ,  and the quantity M ~ 0.3 as 
the cr i te r ion  of t ransi t ion f rom a monotonic to an oscillating wave profi le.  

In conclusion we note that for  large intensit ies of the initial per turbat ion (M > 1) a severalfold amplif ica-  
tion of the initial shock wave was observed in the experiments .  A typical profi le of the result ing wave is shown 
in Fig. 4, and the charac te r i s t i c s  of the medium and initial per turbat ion are  given in Table 1 (test 15). Similar  
amplification effects have been observed previously  in cryogenic liquids [11] (tests 16 and 17) and in the case 
of wave reflection f rom a b a r r i e r  in a s t e a m - w a t e r  medium [4] (test 18). The amplification of the initial p e r -  
turbatic~ can be attributed to the breakup of bubbles in the wave [11] or  to a decrease  in the compressibi l i ty  
of the v a p o r - l i q u i d  medium in the final stage of collapse of the vapor  bubbles and cannot be descr ibed within 
the scope of the model in question. 

Thus, the resul ts  of our investigations of the dynamics of p r e s su re  waves in a bubbling vapo r - l i qu id  
medium evince the s t rong influence of interphase heat  and mass  t r ans f e r  on the profile and evolution of the 
perturbat ion.  The resul ts  can be used to predic t  the behavior of waves in media  w i ~  various thermophysical  
proper t ies  over  a wide range of static p r e s s u r e s .  
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STRONG ACTION OF A STRONGLY UNDEREXPANDED 

LOW-DENSITY JET ON A PLANE OBSTACLE 

E. N. Voznesenskii and V. I. Nemchenko UI~C 532.525.6.0!1.5 

One o f  the fundamental cha rac te r i s t i c s  of the s t rong action of a f ree ly  expanding gas jet  or  a s t rongly 
underexpanded gas jet on an obstacle is the p ressu re  distribution on the surface .  For  a phenomenological 
descript ion of the interaction and development of engineering computation methods, it is also useful to know the 
shape of the shock which occurs  here .  Investigation of the interaction between a s t rongly underexpanded gas 
jet and a plane obstacle paral le l  to  the jet  axis should be extracted as a separate  problem.  All the resul ts  
published in the l i tera ture  [1-5] for  the analysis of this problem have substantially been obtained in dense jets .  
Examples of specific p r e s su re  distributions on an obstacle are presented in [1-3], and in addition, methods are  
given for  an approximate computation of the magnitude of the induced p re s su re .  As a rule,  different modif ica-  
tions of the Newton method or  the method of tangential wedges are  recommended.  According to es t imates  
[2, 4], the accuracy  of such computations is not more  than sa t i s fac tory  and drops rapidly downstream. A sea rch  
for  other means of solving the problem, par t icu lar ly  for  modeling the phenomena in wind tunnels with subse-  
quent representa t ion  of the results  in c r i te r ia l  form,  is of interest .  Such an approach is used in [4, 5], where 
s imi lar i ty  c r i t e r i a  are  const ructed for  the dimensionless  representa t ion of the shock and the extension of the 
p re s su re  distr ibution to a plate paral le l  to the je t  axis on the basis of s imi lar i ty  theory and the c r i t e r ia l  cha r -  
ae te r i s t ics  of a s t rongly tmderexpanded jet  der ived in [6], and appropriate empir ical  dependences are  proposed 
for  dense je ts .  

Data of an experimental  investigation of an analogous problem, pe r fo rmed  on low-density jets,  are  p r e -  
sented below. 

The Conditions charac ter iz ing  the jet  outflow (air is the working gas} are  the following: stagnation p r e s -  
su re  P0 = 4.13 �9 104-6.67 �9 104 Pa, stagnation t empera tu re  T o = 395-780~ p r e s s u r e  in the working chamber  
Poo = 1.33-13.3 Pa,  degree of flow expansion N = P0/P~ = 0.5 �9 104-4 �9 10 ~ for  nozzle Mach numbers  determined 
without taking account of the boundary layer ,  M a = 1.0-3.92. The distance h = H / r  a between the model surface 
and the jet  axis, expressed  in nozzle exit section radii  r a var ied  between 4-20. Under conditions of the ex-  
per iment  Re L = Re . /N1/~,  where Re .  is the Reynolds number  computed with respec t  to the cr i t ical  gas pa-  
r ame te r s  and the d iameter  of the nozzle cr i t ical  section,  var ied  between 14 and 160, i .e. ,  was substantially 
less  than the value Re L ~ 103-104 charac te r i s t i c  for  [1-5]. Therefore ,  according to the classif icat ion of the 
flow s t ruc ture  in a jet by the Reynolds numbers  Re L [7, 8], the investigation represented  occupies a domain be-  
tween the domain of interaction with a diffuse jet  surface  on the one hand, and a jet with a turbulent mixing lay-  
e r  on the other,  and corresponds  to the case of interaction of a completely laminar  je t  with an obstacle when the 
effects of viscosi ty  and rarefact ion still do not reach that par t  of the jet core  in every  case,  by which the s trong 
load on the obstacle is defined for  the range of values of h presented.  

Included in the paper  are  data of just  those experiments  in which the influence of a hanging shock or  the 
external p r e s su re  on the measurement  resul ts  is not detected. 

1. The experiments  were per formed in a vacuum wind tunnel, fo r  which the d iagram of the working sec -  
tion is shown in Fig. l a .  The gas goes through the leak 1 to the mixing chamber  2 equipped with a labyrinth 
type res is tance  hea te r  and closed by a cooled screen ,  then escapes  through the cooled nozzle 3 in the s t rong 
tmderexpansion mode into the working chamber  where the cooled model 5 is mounted on the plotting board 4 
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