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E X P E R I M E N T A L  I N V E S T I G A T I O N  OF L O W - D E N S I T Y  P U L S E D  

S U P E R S O N I C  J E T S  

V.  A .  K o c h n e v  a n d  I .  M.  N a b o k o  UDC 534.222.2 

1. The p r e s e n t  r e p o r t  is a continuation of [1, 2], in which we presen ted  the r e su l t s  of an exper imenta l  
invest igat ion,  by the method of e l e c t r o n - b e a m  probing,  of pulsed jets  of Ar  and N 2 formed by d i scharge  f r o m  a 
sonic nozzle  with a d i ame te r  d ,  = 0.25 m m  a t  an initial  p r e s s u r e  P0 = 7-8 a tm ,  an ambien t  p r e s s u r e  p~ = 
(1.5-2) �9 10 -5 m m  Hg, and t e m p e r a t u r e s  T O = T~o = 300~ 

A desc r ip t ion  of the exper imen ta l  complex  and the p rocedure  is given in [1]. In the p r e sen t  work  we 
expe r imen ta l ly  invest igated pulsed Ar  and N 2 je ts  d ischarg ing  through a conical  supersonic  nozzle  into a space  
with a c o u n t e r p r e s s u r e  p~ = 2 �9 10 -5 m m  Hg. The gas p r e s s u r e  P0 in the r e s e r v o i r  was 2 a rm and the expan-  
s ion r a t i o  was N = P0/P~ = 108. The rad i i  of the c r i t i ca l  and exit  c r o s s  sect ions  of the nozzle  were  r ,  = 0.835 
and r a = 4 ram,  r e s pec t i ve l y ,  and the expansion angle  was w = 43 ~ The calculated Mach numbers  we re  M a = 
4.9 for N 2 and 6.9 for A t .  An e lec t romagne t ic  va lve  employed a t  the FIRE, Academy of Sciences of the USSR, 
was mounted at  the nozzle  ent rance .  The va lve  was opened by a po ' / e r fu l  c u r r e n t  pulse supplied to the solenoid 
of the valve .  Then the plunger located inside the solenoid and cover ing  the nozzle en t rance  was shifted and the 
gas entered the nozzle .  

The s ignals  of e l e c t r o n - b e a m  absorp t ion  were  r eco rded  a t  d is tances  X = x , &  a = 50-320 along the axis and 
up to Y = y / r  a = 150 f r o m  the axis of the s t r e a m  in both d i rec t ions .  

Four  s tages  of the p roces s  a r e  r e co rded  on osc i l lograms  of b e a m - c u r r e n t  absorp t ion :  the appea rance  
and s teep r i s e  of the absorp t ion  signal ,  a reg ion  of sha rp  va r i a t ion  of the der iva t ive  of va r i a t ion  of the signal  
with a subsequent  slow r i s e  in the p roce s s  of deve lopment  of the flow, a r e l a t i ve ly  constant  level  of absorpt ion ,  
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last ing about a fourth of the total t ime of existence of the jet, and a sharp  dec rease  of the signal to the zero  
level, cor responding  to the closing of the valve. The total t ime of r ecord ing  of the absorpt ion signal comprised  
~3  msec  in all the experiments .  

As shown in [2], when the cha rac te r i s t i c  s ize  of the flows is L ~ 10 cm the lower l imit  of the recordab le  
var ia t ion  in the density p is 10 -1~ g/cm 3. Since the initial ambient  density is P~o -- 10 -11 g/cm 3, while the shock 
wave forming ahead of the f ront  of the escaping gas can r a i s e  the density by no more  than six t imes ,  the f i r s t  
d is turbance must  be identified with the a r r iva l  of the front  of escaping gas at  the investigated point of space.  

The t rea tment  of the experimental  data made it possible to determine:  the equations of motion of the 
f ront  of mater ia l ;  the t ime sequence of the var ia t ion  in the shape of the pulsed jet;  the density fields at  dif- 
fe ren t  t imes for severa l  c ross  sect ions.  

To bring out the laws of format ion and the proper t ies  of pulsed jets we compared the resul ts  obtained for 
a supersonic  je t  with the cor responding  ones for a sonic jet. 

2. The equations of motion of the gas front  in physical  coordinates were  found by the method of least  
squares  in the fo rm of a quadratic binomial.  The coeff icient  to the quadratic t e rm is different f rom zero  with 
a confidence coefficient  of 70%. The equations of motion have the fo rm 

t = t i . ix  ~- 0.023x 2 (Ar); (2.1) 

t = 9.7x ~-0,02x" (N~), (2.2) 

where t is the t ime in mic roseconds ;  x is the distance in cent imeters .  

A s ta t is t ica l  analysis  of the experimental  data, ca r r i ed  out on the recommendat ions  of [3], allowed us to 
de termine  the 98% confidence interval for (2.1) and (2.2). The maximum cor r ido r  width did not exceed 3% of 
the values of the functions. 

On the basis  of an analysis  of the collect ion of available experimental  data and the analysis contained in 
[2] we chose the dimensionless  variables in which the empir ica l  curves a r e  generalized best.  

As the cha rac te r i s t i c  veloci ty we took the gas velocity c ,  a t  the cr i t ica l  c ross  section, while as the 
cha rac te r i s t i c  s ize  we took the radius r a of the nozzle exit c ross  section. 

In the dimensionless  pa ramete r s  T = t c , / r  a and X = x/r a the functions (2.1) and (2.2) a re  expressed with 
an  e r r o r  of not more  than 5% by the one equation 

T ---- 0,3iX -~ 5.3.t0-5X ~-. 

It should be noted that the dimensionless  var iables  suggested in [4], which general ize  the calculated func- 
tions for the motion of the su r face  of a s t rong discontinuity for flow f rom a suddenly turned-on spherical  source, 
do not give general izat ions of the experimental  data under our experimental  conditions. 

In the investigated interval of the coordinates the veloci ty of motion of the f ront  of a jet, as in the case  of 
d ischarge  f rom a sonic nozzle [2], proves to be higher than the limiting veloci ty  of s teady discharge of the gas, 

l /  2 c Um~ ~ ~ 0, where y is the ra t io  of heat  capaci t ies ;  c0 is the speed of sound in the gas under stagnation 

conditions. At the same  t ime,  the veloci ty  is higher for d ischarge  f rom a sonic nozzle than for discharge f rom 
a supersonic  nozzle and, as noted in [2], exceeds the l imiting veloci ty of nonsteady discharge.  A tendency for 
an increase  in the veloci ty  of motion of the f ront  of the escaping gas may develop because of the influence of 
condensation on the flows being studied. 

As shown in [5[, devoted to a study of condensation, the complex pod~ "s5 is a general iz ing one for the p r o -  
cess of condensation in a s teady jet  of either Ar or N 2. A compar i son  of this complex for the eases  of d is -  
charge  f rom supersonic  and sonic nozzles shows that condensation should have a grea ter  degree of influence 

in the lat ter  ease .  

Measurements  in severa l  c ross  sections permit ted  the construct ion of curves  of space filling by the 
escaping gas at  different  t imes T (Fig. 1). Since the flow is symmet r i c  re la t ive  to the nozzle axis in the pulsed 
je t  under investigation, the curves  for different gases are  given in the same graph. The sequence of t imes c o r -  
responding to the separa te  curves  compr i ses  a ser ies  of values of T: 1) 40.9; 2) 47.9; 3) 54.9; 4) 61.9; 5) 
68.9; 6) 86.4; 7) 121.4 for Ar ;  1) 44.4; 2) 52.4; 3) 60.4; 4) 68.4; 5) 84.4; 6) 114.4; 7) 144.4 for N 2, It should 
be noted, however ,  that the curves  of Fig. 1 cha rac t e r i ze  the spreading of gas having a density no lower than 
the sensi t ivi ty  Iimit,  which does not rule  out the gas of lower density reaching the per iphera l  regions .  At fixed 
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t imes T in the proposed coordinates the pulsed jets of Ar  and N 2 have the same sizes along the axis but differ 
along the radius.  As follows f rom a compar i son  of the d iameters ,  N 2 jets a re  somewhat l a rger  than Ar  je ts .  
Variat ion of the boundaries of a je t  occurs during the entire measuremen t  process .  Curves of space filling by 
a gas discharging f rom a sonic nozzle [2] a r e  presented in Fig. 2. In this case  the curves have a charac te r  
analogous to the curves  of Fig. 1. A compar i son  of Figs.  i and 2 shows that in the chosen dimensionless co-  
ordinates,  when the geometr ica l  s ize  of a je t  is expressed in radi i  of the nozzle exit c ross  section, the re la t ive  
t r ansve r se  sizes of nonsteady jets d ischarging f rom a supersonic  nozzle a re  less than those of jets f rom a 
sonic nozzle. 

A second r i s e  in absorpt ion was observed on the osc i l logram of beam absorpt ion in the case  of d ischarge  
f rom a sonic nozzle in [1]. The s p a c e - t i m e  dependence of the spreading of the front of this second disturbance 
is represen ted  in Fig. 2 in the form of curves  1'-4% The curves  a r e  s imi la r  in spatial coordinates to thecurves  
corresponding to the f ront  of the escaping mater ia l ,  while the velocity of motion of the second dis turbance is 
lower than the veloci ty of the f i rs t .  

3. A p r og ram for numerical  integrat ion of Abel ' s  equation was compiled for  calculating the density field 
f rom the integral  absorpt ion data. As in [2], the integral absorpt ion curves  were  obtained f rom averaging a 
se r ies  of 6-10 experiments  with the same conditions. The e r r o r  of the integral absorpt ion curves  was ~20% 
with a confidence coefficient  of 0.95; the e r r o r  of the numerical  integration did not exceed ~ 2%, while the total 
e r r o r  of the determinat ion of the density was ~ 25%. The calculated density distributions were  verified by in- 
v e r s e  numerical  integration. The re la t ive  absorpt ion curves thus obtained differed f rom the experimental  ones 
by no more  than 5%. 

The distributions for Ar  and N 2 jets with a re la t ive  density ~ = P/P0 for a supersonic  nozzle in c ross  sec -  
tions X'  = x / r ,  = 380, 485 (At), 500 (N2) , and 620 a re  presented in Fig. 3a-c .  Since the flow is a x i s y m m e ~ i c ,  
half the densi ty-prof i le  field is given in each graph. Curves 1-3 cor respond  to t imes T'  = t c , / r ,  of 260, 326, 

! and T'-s~eaay- for Ar  and 326, 400-, and Tsmaoy-- " for N~.o The cha rac te r  of the var ia t ion of the density profi le  with 
t ime is the same  for all the c ross  sections.  

At  t imes c lose  to the moment  of a r r i va l  of the gas at the tes t  c ross  sect ion the t r ansve r se  density pro-  
files have a bell shape, which is distorted af ter  a cer ta in  time. Spreading with a density decreas ing  slowly 
away f rom the axis occurs  in the per ipheral  sections of flow as a r e su l t  of the subsequent variat ion.  At later  
stages of d ischarge  the jet broadens,  the distr ibution flattens out m ~re and more  in the per ipheral  sect ions,  and 
in the axial reg ion  a bel l-shaped density distr ibution forms,  a core ,  in which the main mass  of g-as of the jet 
lies. After  a cer ta in  t ime the density profi le  in the core  remains  constant  in each c ross  section,  according to 
the behavior of the beam-absorp t ion  cur ren t ,  i.e.,  some "qnas i s teady '  density distr ibution is established~ 

Relative density fields for a sonic nozzle [2] in the c ross  sect ion X' = x / r ,  = 480 a r e  presented in Fig. 4. 
Curves 1-3 cor respond to the times T'  = 235, 336, and T~teadv for the flow of Ar ,  while for N 2 the ser ies  of 
values 251,384,  512, and T~teady cor responds  to curves  1 - 4 . ' A  co re  with an increased density does not appear 
in this case ,  and the reg ion  in which the main mass  of gas propagates is considerably  wider than in the case  of 
a supersonic  nozzle.  The distorted density prof i les ,  observed in this case  also,  correspond to the t ime when an 
appreciable  pa r t  of the s t ream,  following behind the front of the second dis turbance (curves 1 ' - 4 ' ,  Fig. 2), 
reaches  the t e s t  c ross  section.  
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At later  t imes,  just  as for d ischarge f rom a supersonic  nozzle, a constant  "quasis teady" density d i s t r i -  
bution is established in the axial region,  while the profi le as a whole var ies  during the ent ire  measurement  
t ime. 

A compar i son  of Figs.  3 and 1, pertaining to the case  of d ischarge  f rom a supersonic nozzle, makes it 
possible to establish that a distorted density profi le  develops at  that moment  when the region of the jet  with 
the maximum diameter  is in the tes t  c ross  section, which can be explained by the formation of vor tex rings 
during d ischarge  f rom a supersonic  nozzle. 

The analysis  of the ent ire  collect ion of experimental  resu l t s  of the presen t  work, as well as those of 
[1, 2], allows us to suggest  a model of the d ischarge  of a pulsed jet. In the initial stage the gas coming behind 
the contact  sur face  forms a vor tex r ing  in the space near the nozzle cut as a r e su l t  of the interact ion with the 
r i m ,  and it moves along the axis s imultaneously as a whole and expands in the radia l  direction.  The conditions 
of formation of this vor tex a r e  determined by the re la t ion  between the impulse of the jet, the drag forces  of the 
ambient  medium, and viscous forces .  A second vor tex  cloud then begins to spread inside the cloud which has 
fo rmed .  The quasis teady density distr ibution is established as a r e su l t  of the spread of the two interconnected 
vortex r ings and the subsequent gas flow in the axial region.  

An osc i l logram of [1] for a sonic nozzle d i rec t ly  demonst ra tes  the existence of two vor tex r ings .  In 
many experiments a dip was recorded ,  corresponding to an increase  in beam cu r r en t  and hence a decrease  in 
absorpt ion,  before the second r i se .  Evidently, the r ings which were  discovered are  analogous to those ob- 
served through d i rec t  visual izat ion by the schl ieren  method in [6, 7], generated during the formation of a pulsed 
je t  under the conditions of a coun te rp re s su re  Poo = 10-40 m m  Hg. 

The fact  that under the conditions of our experiments  the discharge takes place into a deep vacuum allows 
us to conclude that the governing cause of the generat ion of vor t ices  in the p resen t  case  is the set  of boundary 
conditions and the proper t ies  of a rea l  gas. 

An examination of the quasis teady densi ty distributions in different  c ross  sections allowed us to de ter -  
mine the cha rac te r  of the var ia t ion  of the density ~ along the axis as a function of the distance f rom the nozzle. 
For  both a supersonic  and a sonic nozzle the var ia t ion of ~ is proport ional  to (x/r) 2 with a deviation of not more  
than 10%. A compar i son  of the quasis teady axial density distributions which were obtained with calculations 
made for a s teady jet  o f  nonviscous,  thermal ly  nonconducting gas discharging into a vacuum [8], as well as with 
isentropes ,  the coefficients for which were  found f rom experiment  in [9], showed that the experimental  curves 
obtained lie below the calculated curves  cor responding  to them. The absolute values of the density a re  two to 
three t imes lower than the cor responding  calculated ones. 

F r o m  the densi ty distributions in the tes t  c ross  sections (see Fig. 3) we constructed lines of equal densi-  
ties for a quasis teady N 2 jet  f rom a supersonic  nozzle (Fig. 5). Curves 1-4 correspond to ~ = 2.5" 10 -6, 10 -6, 
6" 10 -7, and 2.5" 10 -7. Curves 2 ' - 4 '  a re  calculated curves  f rom [8] and correspond to the same values of ]5 as 
2-4.  The shapes of the experimental  and calculated curves  differ considerablY. The fo rmer  a r e  flatter in the 
longitudinal direct ion and drawn out in the t r a n s v e r s e  direction.  Condensation in the s t r eam is the most  likely 
r e a s o n  for the broadening of the flow and the dec rea se  in density along the jet  axis.  Condensation in steady jets 
was studied in [5, 10, 11] in modes c lose to those investigated in the presen t  experiments .  As noted in [10, 11], 
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the flow veloci ty  can grow sharp ly ,  the s t r e a m  expand, and the densi ty d e c r e a s e  owing to the r e l e a s e  of the hea t  
of condensation.  

An e s t ima te  of the f rac t ion  of condensate  in the s t r e a m  can be obtained if one knows the excess  of the 
s t r e a m  veloc i ty  r e l a t i ve  to the m a x i m u m  poss ib le  veloci ty  in a noncondensing s t r e a m  [5]. If the broadening of 
the je t  is known, the i n c r e a s e  in ve loc i ty  is es t imated  with the help of the continuity equation. According  to [8], 
the main  m a s s  of a je t  expands within a cone whose ha l f -angle  is about half  as l a rge  as the max imum deflect ion 
angle for expansion into a vacuum with the given 7a and M a.  On the other hand, f r o m  the exper imenta l ly  d e t e r -  
mined density prof i les  (see Fig. 3) we can de t e rmine  the angle of the cone inside which the main  m a s s  of gas 
(~80%) is contained: the co re  of the jet .  Thus, the amount  of broadening of a condensing je t  can be obtained 
f r o m  a c o m p a r i s o n  of the angles .  

E s t i m a t e s  made for a quas i s teady  N 2 je t  showed that  the f rac t ion  of condensate  is c lose  to the maximum,  
which is in qual i ta t ive a g r e e m e n t  with the r e su l t s  of [7]. 

In the above analysis the influence of the boundary layer forming on the nozzle walls on the flow in the 
jet was neglected. The small size of the boundary layer was shown by estimates made on the recommendation 
of [12], from which it follows that the possible reduction of the exit cross section of the nozzle due to the 
development of a boundary layer should not exceed 5%. 

An analysis of the experimental data on the time variation of the density at the axial point of an individual 
cross section showed that up to times T' = 0.4Tst e d the density variation has an uneven character, evidently 
connected with the influence of vortex formation. ~t~r ' > 0.4T~tea d the density variation takes place with an 
exponential dependence. And this dependence, expressed through (~-p), has its own equation for each gas, 
common to supersonic and sonic nozzles. The equation also incorporates a dependence on the axial coordinate 
Xt: 

t --'p= K!(X')-I/4r -K~'T'(x')-I/~, K 1 = t 48"5 (Ar), K~ = 4.26.10 -~. 
~2i.2 (N~), 

Thus, it is shown that the fo rmat ion  of a pulsed je t  during the nonsteady d i scharge  of gas through a nozzle 
into a r a r e f i e d  space  is compl ica ted  by p r o c e s s e s  of vor t ex  fo rma t ion  and condensation.  With the evident c o m -  
plexi ty  of a theore t ica l  analys is  of the f lows, the exper imen t s  and their  ana lys i s  given in the p re sen t  r e p o r t  
p rove  to be useful for  es t imat ing  the p a r a m e t e r s  of nonsteady je ts ,  usable  in the solution of a wide c i r c l e  of 
scient i f ic  and technical  p r o b l e m s .  
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