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The ga s -dynam i ca l  s t ruc tu re  of je t s  of a low-densi ty d ia tomic  gas  beyond a sonic nozzle at 
l a rge  p r e s s u r e  d rops  under  conditions of a t ransi t ion f rom continuous med ium p r o c e s s e s  to 
r a r e f i ed  gas  p r o c e s s e s  is examined on the ba s i s  of exper imenta l  data  obtained in low-densi ty 
g a s - d y n a m i c a l  tubes  us ing e l e c t r o n - b e a m  diagnost ics  and the Pitot  tube method.  I somorph i sm*  
is shown in the densi ty dis t r ibut ion and total  p r e s s u r e  in a l l  c r o s s  sec t ions  of the jet  with r e -  
spect  to p r e s s u r e s  at a constant value of the complex  RL= R, /Nt /2 (R,  is the Reynolds num-  
b e r  in the c r i t i ca l  c r o s s  sect ion of the nozzle,  andN is the ra t io  of the Pitot  p r e s s u r e  and the 
p r e s s u r e  in the d i scharge  chamber) .  It is shown on the bas i s  of a compar i son  of local  Rey-  

�9 holds numbers  f o r  all  zones of the jet that this is an analog complex.  The exper imenta l  data 
on the va r ia t ion  in the jet  s t ruc tu re  a r e  p resen ted  as  a function of the number  RL in the range 
of 5-600. F o r  RL>  100 the flow in the jet  can be considered as  continuous; for  RL< 5-10 the 
flow cor responds  to a sca t t e r ing  p roces s ;  the range of 5-10 < RL < 100 co r re sponds  to a t r ans i -  
t ional  s tate.  Ranges of i s o m o r p h i s m  of the jet with r e s p e c t  to R ,  and N a re  indicated. Based 
on the r e su l t s  of the m e a s u r e m e n t s ,  i t i s  shown that the flow behind a Mach disk f o r  RL>  200 
r e m a i n s  subsonic on the axis  to a d is tance  of s e v e r a l  lengths of the p r i m a r y  cycle.  A t r ans i -  
tion to supersonic  veloci ty  on the jet axis  can occur  with a d e c r e a s e  in the number s  RL owing 
to eject ion acce le ra t ion  by the supersonic  r ing- shaped  compres sed  layer .  

1. A descr ip t ion  of the equipment and p rocedure  of the exper iments  is contained in [1-3]., Sonic nozzles  
of the type of an opening in a thin wall we re  used in the exper iments ,  with a ra t io  of wall thickness to open- 
ing d i a m e t e r  of l e s s  than 0.05. F o r  the Reynolds numbers  R . ,  calculated f rom the p a r a m e t e r s  at the mouth 
of the nozzle,  the condition R. ~ 200 was sat isf ied;  in this case  one can neglect  the boundary l aye r  effect  at 
the nozzle and take the flow r a t e  coefficient of the nozzle as equal to unity [4]. Nitrogen, a i r ,  and carbon 
dioxide were  used as the working gas  at a total t e m p e r a t u r e  of T O ~ 300~ 

It is known f rom calculat ions of a jet  of nonviscous gas  and f rom exper imenta l  s tudies  (see [4-6], fo r  
example) that fo r  l a rge  ra t ios  of the total p r e s s u r e  P0 to the p r e s s u r e  pj in the space  being flooded the c h a r -  
a c t e r i s t i c  g e o m e t r i c a l  d imensions  Li of d i f ferent  zones of the initial pa r t  of the jet  (the d i a m e t e r  of the sus -  
pended p r e s s u r e  drop, the d is tance  to the Mach disk, the thickness of the c o m p r e s s e d  l aye r  behind the sus -  
pended p r e s s u r e  drop, etc.) obey the functions L i ~  d, N1/2, where  d, is the d i a m e t e r  of the c r i t i ca l  c ro s s  
sect ion of the nozzle  and N =P0/Pj- The given re la t ionship  is sa t is f ied m o r e  exact ly  for  l a r g e r  N. Thus, 
according  to calculat ions ignoring v i scos i ty  [7] for  a fixed Mach number  M at the nozzle  mouth and a fixed 
ra t io  ~ of specif ic  heat capac i t i e s , t he  flow in the flooding je t  in the coordina tes  ~ = x / d ,  N1/2, ~? - -y /d .  Ni/2 
asympto t ica l ly  approaches  i somorph i sm with an inc rease  in N. In this case  the ga s -dynamica l  p a r a m e t e r s  
a l so  tend toward i somorph i sm,  except for  the low-en t ropy  l aye r  nea r  the boundary of the jet.  This  is con- 
nected with the fo rmat ion  in the zone bounded by the suspended p r e s s u r e  drop of flow f r o m  an extended 
source  in which the veloci ty  of the escaping gas  r eaches  i ts  l imit ing value along the flow lines.  

F o r  a jet  of r ea l  gas  at low dens i t i e s , t heg ivenf low pa t te rn  is complicated by v i scos i ty  effects  and 
re laxa t ion  p r o c e s s e s  connected with in ternal  degrees  of f r eedom.  Bes ides  the p r e s s u r e  ra t io  N, the Mach 

*This  word is apparent ly  in terchangeable  with " S e l f - s i m i l a r i t y " - T r a n s l a t o r .  
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number  M, and the heat capacity ra t io  y , t h e f l o w  depends 
on the Reynolds, Prandtl ,  and Schmidt numbers  and the 
tempera ture  factor  T0/T j. 

An analysis  of var ious  l i te ra ture  data and the ex- 
per iments  of the present  repor t  showed that in the t rans i -  
tion to raref ied  gas s tates  the nature of the flow in the 
different zones of the initial section of the jet depends 
essent ial ly  on the value of the local Reynolds number Ri, 
which is constructed f rom the values of the density Pi, 
velocity ui, coefficient of v iscos i ty  Pi, and dimension L i 
cha rac te r i s t i c  for each zone. Let us examine this c r i t e -  
r ion in turn for  the zone of the jet core  bounded by the 
suspended p r e s s u r e  drop and the Mach disk (zone 1), the 
zone of the mixing layer  behind the suspended p r e s s u r e  
drop (zone 2), and the zone behind the Mach disk (zone 3). 
We will take the law of variat ion of the coefficient of v i s -  
cosity with t empera tu re  in the fo rm p ~ T w. 

The following dependence [8] can occur for the density in zone 1 near the axis of the jet at a large 
distance from the nozzle mouth where the velocity u i is close to the maximum velocity: 

dOo = Bd ,2 /x  2 (1.1) 

Here  P0 is the density in the fo rechamber  of the nozzle, and B=B(7 ,  M), We will take the distance 
f rom the nozzle mouth to the Mach disk as  the charac te r i s t i c  dimension of this zone. According to [4] 

L 1 = 0.67 d,  N'/, (1.2) 

and for  the Reynolds number  constructed f rom the local values of Pl, ul, Pl, and the length L 1 we find 

Iii ~ MI2~R,/N '/' (1.3) 

where M I is the Maeh number at the point x. We note that this Reynolds number characterizes the longi- 
tudinal dissipative effects in one-dimensional flow. On the other hand, we also introduce the local Knudsen 
number K M =/M/X, determined from the mean free path of the molecules in the direction of flow of the gas 
l M = l M  [9] (1 is the mean free path inLagrangian  coordinates).  Since 

Ri ~ Mi~/K.~r (1.4) 

while w ~ 1 at low values of the static tempera ture ,  f rom a compar ison of (1.3) and (1.4) we have 

KM ~ N v , / R ,  

The complex R . / N  1/2 is convenient for  use in descr ibing the effects of v iscos i ty  and thermal  conduc- 
tion [10, 11], as well  as relaxation effects in the core of the jet. Thus, according to the es t imate  suggested 
in [12], the "f reezing in" of rotat ional  and translat ional  degrees  of f reedom of the molecules  occurs  at a d is -  
tance f rom the nozzle mouth determined by the relat ion 

(xi/d,p+(2~-l)(~-l) ~ (ZK,)-I (I .5) 
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in which K, =l , / d ,  is the Knudsen number with respect  to conditions 
in the cr i t ical  section, and Z:is the number of collisions necessary  
to establish equilibrium with respect  to rotational or translat ional  
degrees  of freedom. At w =1, 

~f -~ xl/d,NV, --~ R,/ZN1/~ (1.6) 

i.e., at an a rb i t ra ry  N but a fixed value of the complex R,/N1/2 , t h e  
freezing in occurs  in congruent cross  sections ~f =const.  

In zone 2 the Reynolds number can be determined f rom the 
distance from the nozzle along the boundary of the jet  R~s=p2u 2 s//~2, 
where P2, u2, and P2 are  some average values of the density, velocity, 
and coefficient of viscosi ty in the mixing layer  in the given cross  
section. At a large enough distance f rom the nozzle, s ~ x. Having 
made use  of the condition according to which at x/d.>>1 the flow 

Fig. 3 
rate  through the compressed layer  comprises  the grea te r  share of 
the total flow rate, we find the average value p2u2 f rom the continu- 

1 a 2 . 0 ~ - - ~  ity equation 

t p2a2 ~ p ,a ,d .2/DA (1.7) 

1 5 ~  " ~  where D and A are the diameter  of the suspended pressure  drop 
and the thickness of the compressed layer  behind the suspended 

~ i / . o l  I ~ I p ressure  drop, respectively.  Considering that D-~ d,  N1/2, A -., d, N1/2, 
! g 0.25 o.5 we obtain 

i R ~  ~ p.oR./p.~ N',; (1.8) 

i F o r  p~ one can take the value corresponding to the average 
tempera ture  in the mixing layer,  equal, for example, to the ar i th-  

0.25 o.5 metic  mean of the temperature  T s beyond the suspended p ressure  
Fig. 4 drop and the temperature  Tj in the submersion space. At l a r g e  

enough values of N and x /d , ,  the condition T s<< Tj often occurs.  Then 

R2~ -- (TolT~) ~ R./NV, (1.9) 

At T O = Tj in the congruent cross  sections R2x~ R , / N  1/2. 

In zone 3 we taken the d iamete r  D M of the Mach disk as the characte.ristic dimension for the Reynolds 
number R3= p3U3DlVl/P~. Here, when N>>I, the following conditions occur: 

~ t 3 ~ . ,  ua.-~u./Umax, p s ~ ( T  + t)Bpod.~/(T-- i ) L  2 

Using Eq. (1.2) and the condition D M,~ d.N 1/2, we obtain 

I{a ~ R , / N ' / ,  (1.10) 

The variat ion in the ra t io  of the th ickness  of the shock waves to the character is t ic  dimension of the 
jet is described in [3, 13] by the dimensionless numbers Ko N1/2 and To/d , (poPj)l/2 (Ko=lo/d , is the Knudsen 
number  and l 0 is the mean f ree  path inthe stagnation chamber). It is easy to show that at To=T j these com- 
plexes a re  inversely proport ional  to R . / N  1/2. 

Thus, the local Reynolds numbers fo r  the zones being considered and for  the different physical pro-  
cesses  prove to be proportional to R, /NI/2.  We shall take this complex as the determining cr i ter ion and 
will henceforth designate it as RL. 

According to the resul ts  of [14] , the f lowin  the mixing layer  near  the boundary of the jet  is laminar  
for  T0=T j and RL~ 103, andin the  range of 50 < RL< 103 at fixed values of R L an isomorphic variation oc- 
curs in al l  the geometr ical  dimensions of the initial section of the jet with respect  to N =po/Pj, when N_> 100. 

The experiments of the present  report  pursued the following objectives: 

1) to study the s t ructure  of the longitudinal and t ransverse  distributions of the gas-dynamical  param-  
eters  in the initial section of the jet and in par t icular  to determine whether these distr ibutions obey an iso- 
morphous law of variation as a function of Po/Pj at RL=eonst;  
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2) to investigate in detail the reorganization of the flow pat- 
tern in the jet upon a decrease in RL from 10 3 to values correspond- 
ing to scattering processes [13], during which the local free path 
length of the molecules becomes comparable with the characteris- 
tic dimensions of the flow. Some new information on the nature of 
the flow in the region of the Maeh disk was obtained in the realiza- 
tion of this program. 

2. In order to test the isomorphism with respect to N of the 
distributions of gas-dynamical parameters in the initial section of 
the jet in the laminar flow state, series of experiments were con- 
ducted in each of which for the case T 0= Tj the number R L was 
kept constant duringthe variation of the numbers R. and N in a broad 

range (R. > 100, N >100). It was established f rom the data of the measurements  that in generMized coo r -  
dinates the longitudinal and t r ansve r se  fields of density p and total head p r e s s u r e  p~ actually are  i somor -  
phous with respec t  to N at a fixed R L, In the analysis coordinates were chosen suchthat  the axial distr ibutions 
of p andp6 in the isentropic core  had aun iversa l  form.  Accord ing to  Eq. (1.1), f o r t he  axialdensi ty  distr ibution 

t p N p To i ( 2 . 1 )  
~2 = po z~ = p ~  T~ B 

F o r  the case  of large numbers  M in front of the Pi tot  tube P0' ~ PUre 2, f rom which, in light of the fo re -  
going, 

1 ~ - -  i p0' ( 2 . 2 )  
~ 2TB pj 

Thus, the experimental ly measured  distr ibutions of p and P0' const racted in the form of dependences 
of pN(P0B) -1 and p0'(Bpj) -I on the coordinates ~ and ~ are  c lear ly  general ized to the hypersonic region. F o r  
fixed values of M, y, and T0/Tj ,  for purposes  of s implici ty and c learness  it is sufficient to construct  depen- 
dences of the rat ios  p / p j  and P0'/Pj on these same coordinates ~ and ~. The resul ts  of measurements  of the 
longitudinal axial distr ibutions of density and total p r e s su re  in a nitrogen jet at R L =  140 are  presented in 
Fig. 1. The designations in this figure correspond to the following experimental  pa rame te r s  N and R, ,  r e -  
spectively: 1) 5000 and 10,300; 2) 900 and 4100; 3) 360 and 2460; 4) 100 and 1460. The dashed curves cor -  
respond to the axial distr ibutions of p and p0 r corresponding to the escape of a nonviscous diatomic gas into 
a vacuum. 

The results of the measurement of transverse density distributions in a nitrogen jet at RL= ii0 in 
three different cross sections: i) ~ = 0.38, 2) ~ = 0.55, 3) ~ = 0.75 are shown as an example in Fig. 2. Here 
the light points correspond to N=13,500 and R, =1260 while the dark points correspond to N=3040 
and R, =6030. Analogous designations are used for other values of R L. On the basis of the experi- 
mental data obtained, it can be asserted that in the case of a laminar state of flow in the initial sec- 
tion of the jet at fixed values of Tc/Tj and RL, the density distribution is isomorphous with respect 
to N if N -> I00. 

It should be mentioned that this conclusion is qualitatively confirmed by series of experiments on var- 
ious instruments differing in the configuration of the walls of the pressure chamber, the location of the noz- 
zles, the measuring apparatus, and the flow rate characteristics (from 0.i to 1 g/see). However, it was 
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a lso  found that among some  of the r e su l t s  obtained on d i f fe r -  
ent ins t ruments  smal l  d i f fe rences  can occur  in the c h a r a c t e r -  
is t ic  geome t r i ca l  d imens ions  of the je t  (up to 20%) with c o r -  
responding d i f fe rences  in the d is t r ibut ions  of gas -dynamica l  
p a r a m e t e r s .  Apparently,  one of the r ea sons  fo r  this is con- 
nected with the appearance  in the space  surrounding the jet  
of weak eject ion fluxes differing in nature  and intensity which 
could act  d i rec t ly  on the jet  i tself  and lead to e r r o r s  in de t e r -  
mining the t rue  values  of the p r e s s u r e  pj and, accordingly,  N, 
~, a n d s .  

3. A considerable  number  of expe r imen t s  were  con- 
ducted for  the purpose  of studying the reorganiza t ion  of the 
flow pa.~ern upon a d e c r e a s e  in the number  R L. The i r  analy-  
s i s  is g rea t ly  faci l i ta ted thanks to the i somorph i sm descr ibed  
above. 

As an example ,  sch l i e ren  photographs of the flow 
in a n i t rogen jet  R L=  365, 280, and 130 a re  p resen ted  in 
Fig.  3. The rapid changes in c o m p r e s s i o n  of the " b a r r e l -  
shaped" s t ruc tu re  of the initial  section, the boundary of the 
jet,  and the extended annular  l aye r  of dense gas  located be-  
hind the Mach disk a r e  well  seen. The flow in this annular  
l aye r  is  r a t he r  viscous ,  which is quali tat ively conf i rmed by 
the i nc rea se  in its th ickness  with a d e c r e a s e  in RL which is 
evident to the eye. 

The  r e su l t s  of quanti tat ive studies of the t rans i t ion  of 
flow in the jet  f r o m  the l amina r  flow s ta te  of a continuous 
med ium to the r a r e f i ed  gas  s ta tes  a r e  p resen ted  in F igs .  4 

and 5. The m e a s u r e d  t r a n s v e r s e  densi ty d is t r ibut ions  in two c r o s s  sect ions,  a) ~ = 0,6 in front  of the Mach 
disk and b) ~ = 0.83 behind the Mach disk, a r e  given in Fig. 4, a and b, respec t ive ly .  The  cu rves  in these 
f igures  co r r e spond  to the following numbers  RL: 1) 440, 2) 140, 3) 70, 4) 30, 5) 85, and 6) 40. 

F igure  5 d e m o n s t r a t e s  the change in the longitudinal axia l  d is t r ibut ions  of p (solid curves)  and P0' 
(dashed curves)  upon a d e c r e a s e  in RL f r o m  600 to 10. H e r e  curves  1, la ,  2, 3, and 4 cor respond to R L 
values  of 580, 365, 140, 65, and 13, r e spec t ive ly .  Each of the curves  1-4 fo r  densi ty was obtained th rough  
the averaging  of i somorphous  dis t r ibut ions  obtained in s e v e r a l  exper iments  at dif ferent  N but at a fixed RL, 
analogous to that shown in Fig.  1. A d is turbance  in the i somorph i sm with r e spec t  to N is observed in the 
dis t r ibut ion of the p a r a m e t e r s  at smal l  R L. 

Because  of the effect  of co r rec t ions  to the Pi to t  tube readings,  the d is turbance  in i somorph i sm in the 
dis t r ibut ion of m e a s u r e d  P0' at sma l l  R L se ts  in at l a r g e r  R L than for  the densi ty  distr ibution.  In view of 
th i s , t he  cu rves  Of P0' d is t r ibut ions  in Fig .  5 a r e  given only for  N= 5000. 

The r e su l t s  of the m e a s u r e m e n t  of the densi ty  and total  p r e s s u r e  show that for  RL_~ 200 i n the zone 
bounded by the v iscous  annular  l aye r  at a l a rge  dis tance behind the Mach disk (the m e a s u r e m e n t s  were  con- 
ducted up to ~ =2.5) , the  a l te rna t ing  r i s e s  and fa l ls  in p and P0' a r e  not so g r ea t  that one could speak of a 
t rans i t ion  through the speed of sound. This  leads  to the conclusion that a r a t h e r  extended (on the o r d e r  of 
s e v e r a l  L) region of subsonic  flow m a y  exist  here .  The stat ic  p r e s s u r e  in this zone nea r  the axis  of the jet  
de te rmined  f rom densi ty m e a s u r e m e n t s  is  about 1.3-1.5 t imes  g r e a t e r  than the p r e s s u r e  in the submers ion  
space .  Annular  flow behind the Mach disk without a cYclic s t ruc tu re  was a lso  recorded  in the exper imen t s  
of [17]. The p resen t  r e su l t s  indicate that a number  of the hypotheses[7,  15] r e l a t ive  to the nature of the flow 
behind the Maeh disk which a r e  adopted fo r  the de te rmina t ion  of i ts  location a r e  apparent ly  questionable.  

I t  follows f r o m  the r e su l t s  p r e sen t ed  in Figs .  4 and 5 that in the sect ion between the nozzle  exit  
and the Mach  disk when RL > 100, the effect  of v i scos i ty  is  man i fes ted  fo r  the mos t  p a r t  only in the mixing 
l aye r  beyond the suspended drop in compress ion .  In this case ,  the d i a m e t e r  of the suspended p r e s s u r e  drop, 
the dis tance to the Mach disk, and the dis t r ibut ion of the p a r a m e t e r s  in the i sen t ropic  core  fo r  R L ~ 200 
a r e  close to the va lues  calculated f rom a model  of an ideal fluid [7], while the th icknesses  of the rapid 
changes in c o m p r e s s i o n  a r e  negligibly smal l .  
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A compar i son  of the m e a s u r e d  va lues  of the m a x i m u m  densi ty P m a x  in the c o m p r e s s e d  laye r at ~ = 
0.6 and RL=440  and 140 (see curves  1 and 2 in Fig.  4a) with the calculated values Ps  behind the thin hang- 
iag p r e s s u r e  drop  showed that P m a x  > Ps" At the s a m e  t ime,  according to the exper imen ta l  r e su l t s  p r e -  
sented below, the posi t ion of the inner  boundary of the mixing l aye r  p roves  to co r respond  approx imate ly  to 
the value p ~ P m a x .  On this bas i s ,  i t c an  be  a s sumed  that fo r  RL>  100 the suspended p r e s s u r e  drop and the 
mixing l aye r  a r e  separa ted  by a zone of nonviscous flow. 

In o r d e r  to de t e rmine  the posi t ion of the inner  boundary of the mixing l aye r ,  m e a s u r e m e n t s  we re  made  
of the pa r t i a l  dens i t ies  of components  in a ni t rogen jet, containing a m ix tu r e  of N 2 and CO, escaping f r o m  a 
sonic nozzle  into the s u b m e r s i o n  space .  The carbon monoxide was supplied to the p r e s s u r e  chamber  
through a spec ia l  valve.  The  flow r a t e s  of N 2 and CO were  de te rmined  f rom the equi l ibr ium p a r a m e t e r s  in 
the c r i t i ca l  c r o s s  sect ion and the i r  d i a m e t e r s .  The r e su l t s  of m e a s u r e m e n t s  of the t r a n s v e r s e  and longi-  
tudinal d is t r ibut ions  a r e  p re sen ted  in F igs .  6 and 7. He re  the solid curves  designate  the total  densi ty of the 
mixture ,  the dashed curves  the n i t rogen density,  and the d o t - d a s h  cu rves  the CO density.  The t r a n s v e r s e  
distributions in Fig. 6a and b were measured in the cross section ~ = 0.55 and correspond to two different 
states: a) RL = 157, N= 8.85" 104; b) R L = 20, N= 8.5 �9 104. The parameters for the axial distribution (Fig. 7) 
are RL=20 and N=8.5-I04. 

It is clearly seen from Fig. 6a that for the case of RL=I57 the penetration of the CO component be- 
comes negligibly small at values of the coordinate 77 corresponding to p =p max on the total density curve, 
which allows one to determine this coordinate and the position of the inner boundary of the mixing layer. 

The rearrangement of the described flow pattern upon a decrease in the number R L can be traced 
through the series of curves in Figs. 4 and 5. Here one can see the gradual thickening of the suspendedpres- 
sure drop, the Mach disk, and the mixing layer. In this case, the diameter of the suspended pressure drop 
decreases, while the location of the Mach disk remains practically unchanged. F or RL < i00, the maximum 
density in the compressed layer measured in the experiments becomes lower than the calculated density 
behind the thin transverse pressure drop, which indicates the merging of the zones of the pressure drop 
and the mixing layer. The compressed layer becomes completely viscous, while its thickening upon a de- 
crease in R L along with the thickening of the Mach disk leads to the contraction of the transverse and lon- 
gitudinal dimensions of the core of the jet. A considerable change occurs simultaneously in the nature of 
the flow behind the Mach disk. It is seen from Fig. 4b that the thickening of the annular viscous layer re- 
sults in the flow behind the lViach disk becoming completely viscous. The closing in of the mixing layer on 
the axis leads to an increase in the measured density and total pressure and, as follows from the longitu- 
dinal distributions of p and P0' presented in Fig. 5, this increase propagates in the direction opposite to the 
flow upon a decrease in RL, although it does not reach the zone of the Mach disk. At RL ~ 1 O0, the closing 
in of the viscous layer on the axis even occurs immediately behind the Mach disk, which at RL~I00 cannot 
be considered as an isolated direct shock wave. The thickening of the viscous layer also leads to an in- 
crease in its ejecting effect on the flow near the axis, as a consequence of which a region of supersonic ve- 
locity can develop in the zone behind the Mach disk. 

Upon a decrease in the number R L to values on the order of 5-10, when the shockwaves degenerate in 
density and the flow in the jet becomes almost completely viscous, a transition occurs to the so-called scat- 
feting process [13]. Here the mean free path of the molecules in the submersion spacebecomes compar- 
able with the trm]sverse dimensions of the compressed layer, so that the penetration of the molecules into 
the core of the jet begins to take on a free-molecular nature. This effect is shown in Fig. 6b and Fig. 7 for 

RL=20. 

The described reorganization of the flow pattern upon a transition to small values of R L is illustrated 
qualitatively in Fig. 8 by a series of schlieren photographs of the jet flow at N ~ 3000 and R L = 155, 
77, 40, and 20. 

Flow into vacuum occurs in the limiting case R L ~ 0. 

4. It was noted above that adeparture fromisomorphism with respect to N was observed in the distri- 
bution of the parameters at low values of the number R L. The results obtained in the work make it possible 
to show the reasons for these disturbances. 

We note first of aH that the isomorphism of the distributions of the parameters with respect to N 
in the initial section has an approximate character, being more fully realized for larger N and greater dis- 
tances of the given cross section from the nozzle exit. At small distances from the exit, where the velocity 
of the escaping gas is still appreciablyless thanthe limiting velocity, and the density distribution function 
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differs  f r o m  the function (1.1) cor responding  to flow f r o m  a fict i t ious source ,  cons iderable  deviations f r o m  
i s o m o r p h i s m  occur .  

As shown above, a d e c r e a s e  in the number  R L leads to contract ion of the co re  of the jet  due to the 
thickening of the v iscous  c o m p r e s s e d  l aye r  and the Mach disk.  With a dec r ea se  in RL, it is poss ib le  for  
conditions to se t  in such that  the thickening of the v iscous  zone d is turbs  the nonviscous flow in the core  
to the point where  hypersonic  flow will f o r m  in it. 

An approx imate  e s t ima te  can be given fo r  the boundary of the d is turbance  in i somorph i sm.  F o r  this 
pu rpose  we suggest  that the d i s turbance  in flow in the core  be connected with thickening of the Mach  disk.  
Taking into account the thickening of the v i scous  c o m p r e s s e d  l aye r  hardly  changes the es t imate  which is 
f inally obtained. 

It  follows f r o m  the exper imen ta l  r e su l t s  of the p resen t  work,  as  wel l  as  those f r o m  a study of the 
spher i ca l  expansion of a gas  into the surrounding space  [16], that the th icknesses  of the Mach disk and the 
spher i ca l  shock wave axe desc r ibed  well  by the express ion  

TIn ~ 20/(20 + HL) (4.1) 

A s suming that the spreading of the s hock wave occurs mainly upstream from the continuous position, we 
obtain the following e s t ima te  for  the dimension x 1 of the undisturbed flow in the core:  

xl/d..~ 0.67 N'/~/(I § 20)RL) (4.2) 

AS a m e a s u r e  of app rec i ab l e  deviation f r o m  i somorph i sm we can take a 10% di f ference  between the 
veloci ty  in f ront  of the shock wave and the m a x i m u m  at ta inable  veloci ty  according to the stagnation p a r a m -  
e t e r s .  Then it can be a s s um ed  with an accu racy  of 10% that i somorph i sm occur s  when x l /d  , > 5. Compar -  
ing this with the l a t t e r  express ion ,  we find that cor responding to each value R L t he r e  is a range  of N in which 
i s o m o r p h i s m  of the d is t r ibut ion of p a r a m e t e r s  with r e spec t  to N mus t  be  sat isf ied:  

N ~ i00 (t + 20/RL) * (4.3) 

It  follows f r o m  the express ion  (4.3) obtained that with a d e c r e a s e  in the number  R L , a d e p a r t u r e  f r o m  
i s o m o r p h i s m  occur s  fo r  a l l  h igher  values  of N. This  conclusion is conf i rmed by the exper imenta l  data  p r e -  
sented above. 
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