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Resul t s  of an invest igat ion of the c h a r a c t e r i s t i c s  of a carbon dioxide gas s t r e a m  produced in 
supersonic  nozzles  with cryogenic  boundary l aye r  suct ion a r e  p resen ted .  

At low gas s t r e a m  densi t ies  the growth of a thick boundary l aye r  on the nozzle walls  p roduces  g rea t  
inconveniences in c a r ry i ng  out invest igat ions .  The absence  of a suff icient ly l a rge  i sen t rop ic  nucleus r e -  
sul ts  in compl ica t ing  the exper imen ta l  technique. Meanwhile,  a lower  l imi t  of a cce s s ib l e  Reynolds n u m -  
b e r s ,  de te rmined  f rom the conditions of  boundary l aye r  c losure ,  exis ts  for each nozzle.  I t  b ecomes  dif -  
ficult  to r each  hyperson ic  va lues  of the Math  number  in such nozzles  [1]. One of the means  to d iminish  
the influence of nea r -wa l l  v i scous  ef fec ts  is cooling the nozzle  wall  to t e m p e r a t u r e s  at which f reez ing  of 

p a r t  of the working gas occu r s  [2]. 

Data avai lab le  in the l i t e r a tu r e  on the in te rac t ion  between gas s t r e a m s  and cryogenic  su r f aces  r e f e r  
main ly  to the case  of flow around bodies  [3, 5] and to the in terac t ion  of f r ee  jets  with s u r f a c e s  [4]. T h e r e  

a r e  p rac t i ca l ly  no r e su l t s  for  internal  flows. 

We t r i ed  to invest igate  the c h a r a c t e r i s t i c s  of CO 2 condensat ion and the s t r e a m  p a r a m e t e r s  in a s u p e r -  
sonic nozzle  with cryogenic  boundary l a y e r  suction.  To do th is ,  we used  th ree  copper  conical nozzles  with 
identical  c r i t i ca l  sect ion d i a m e t e r s  (d.  = 25 mm) ,  49 ~ and 10 ~ ha l f -ang les  of the subsonic and supersonic  
sec t ions ,  r e spec t ive ly ,  and a R = 50 m m  radius  of cu rva tu re  a t  the c r i t i ca l  sect ion.  Start ing with a d i s -  
tance of 15 m m  f rom the c r i t i ca l  sect ion,  the supersonic  pa r t  in all  the nozz les  was cooled by liquid n i t r o -  
gen. The d i a m e t e r s  of the exi t  sec t ions  and the lengths of the supersonic  por t ions  w e r e  the following for 
the nozzles :  nozzle No. 1 D = 44 m m ,  L = 64 m m ;  No. 2 D = 50 m m ,  L = 81 ram;  No. 3 D = 56 m m ,  L = 98 
m m ,  which co r r e sponds  to the geomet r i c  Mach number s  Mg 1 = 2.5; Mg 2 = 2.77; Mg3 = 3. Nozzle No. 3 had 
four cooling sect ions  whose gradual  d isconnect ion pe rmi t t ed  invest igat ion of the influence of the length of 

the cooled por t ion  on the s t r e a m  p a r a m e t e r s .  

In  s i ze ,  the pe r fo r a t ed  nozzle  (nozzle No. 4) was ident ical  to nozzle  No. 3 however ,  the supersonic  
por t ion  had pe r fo ra t ions  (1115 holes  at a 2 m m  diameter )  s t a r t i ng  with 18 m m  f rom the c r i t i ca l  sect ion.  
The g a s  sucked out through the holes  w~as f rozen  onto a cyl indr ica l  su r face  of 190 cm 2 a r e a  cooled by liquid 

ni t rogen.  

Carbon dioxide with a 0.2% volume f rac t ion  of impur i t i e s ,  supplied to the f o r e c h a m b e r  f rom a h igh-  
p r e s s u r e  tank through a heated r e d u c e r  and an a lumogel  des iccant ,  was  used  as working gas.  The  carbon 
dioxide gas was heated  to 480-500~ by using a tubular  ohmic hea t e r  to p reven t  poss ib le  condensat ion during 
expansion in the nozzle.  Liquid ni t rogen was supplied f rom Dewar  v e s s e l s  under  p r e s s u r e  to the nozzle  
cooling jacket .  The  liquid ni t rogen d i scharge  was 15 l i t e r s  pe r  hour.  Af te r  evapora t ion  in the cooling 
jacket ,  the gaseous  n i t rogen was  vented to the a tmosphe re .  The nozzle  wall  t e m p e r a t u r e  during the e x p e r i -  

men t s  was 78~ 

The gas  being a c c e l e r a t e d  in the nozzle  was evacuated  through a vacuum seal  by a s y s t e m  of BN-4500 

and BN-6G pumps .  

Nozzles  Nos.  1, 2, 3 had dra inage  holes  along the gene ra to r  of the superson ic  p a r t  in o r d e r  to m e a -  
su re  the p r e s s u r e ,  the p r e s s u r e  in nozzle  No. 4 was  m e a s u r e d  at  two points  in the suct ion cavi ty:  a t  a 18 
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Fig.  1. Distr ibution of the m a s s  condensation rate  ~ / A F  k g  
/ s e c  .m 2 over  the nozzle length L,  mm (a) and dependence of 
the volume condensation rate  S, m / s e c  on the p r e s s u r e  at the 
wall Pw, mm Hg (b). The dashed line is the free molecu la r  
value of the condensation rate  S = 3 6 . 4 f T / # ,  m / s e c .  

mm distance from the critical section and at the nozzle exit. The pressure at the drainage points was mea- 

sured first by a LT-2 converter calibrated by a MacLeod manometer to • accuracy. The pressure in 

the forechamber ahead of the nozzle (P0) was measured during the experiments by a U-shaped off mano- 

meter as well as a manometer converter MT-6 to • 10-15% error. The pressure in the endface Pitot tube, 

to determine the stream Math number, was measured by the same converter. The profile of the carbon 

dioxide frozen on the nozzle-wall was also found. A thermocouple probe, which is a thermocouple fastened 

in a holder and mounted on a coordinate grid was used for this purpose. 

The quantity of frozen carbon dioxide was determined as follows. After a specific drainage time, 

the gas supply ceased, the seal connecting the working chamber to the vacuum pumps was covered over 

and the electrical heating of the nozzle was switched on. The frozen carbon dioxide was evaporated and 

the pressure in the closed volume of the working chamber increased. The quantity of frozen gas was com- 

puted from the formula 

m = (P~ - -  P, /Tx)  V_V__ (1) 

where  P and T a re  the gas p r e s su re  and t empera tu re  in the working chamber ,  V is its volume, and R is 
the gas constant;  the subscr ip ts  1 and 2 r e fe r  to the state before and after  the evaporat ion of CO 2. The 
total re la t ive e r r o r  in the determinat ion of m was • 12%. 

Determinat ion of the Condensation Rate.  A cer ta in  drop in the condensation ra te  with t ime was noted 
during the exper iments ,  especial ly  noticeable as the p r e s s u r e  increased ,  which is visibly assoc ia ted  with 
an increase  in condensate thickness.  

The use of three nozzles  of different lengths (Nos. 1, 2, 3) permi t ted  the determinat ion of the mean  
m a s s  ra te  of condensation over  the a rea  ~ / A F  = ( A m / A r ) / A F ,  in addition to the total quantity of f rozen 
gas ,  where  Am is the quantity of gas f rozen in the t ime AT, AF is the difference between the a r ea s  of the 
nozzles  investigated. 

Exper iments  showed that the quantity ~h/AF grows substantial ly as the c r i t ica l  sect ion is approached 
for the whole p r e s s u r e  range studied (curve 1 in Fig.  l a  has been obtained at the p r e s s u r e  P0 = 0.4 m m  Hg, 
2) at  P0 = 0.9 m m  Hg, 3) at P0 = 1.85 m m  Hg). Since the quantity r h / A F  is propor t ional  to the thickness 
of  the f rozen  l ayer ,  the la t te r  should also increase  as the cr i t ical  sect ion is approached.  

Only the mean  Value of l :n/AF over  the length could be determined for the per fora ted  nozzle.  The 
resu l t s  of its de terminat ion,  presented  in the r ight  side of Fig. l a ,  indicate the l e s s e r  efficiency of the 
nozzle d i ag ram with ]3erforations. Reduction of the m a s s  condensation ra te  occu r s  because of equi l ibra-  
tion of the p r e s s u r e  in the f reez ing  cavity and its diminution in the a rea  of the cr i t ica l  section.  

Measuremen t  of  the p r e s s u r e  distr ibution along the nozzle genera tor  afforded the possibi l i ty  of de-  
te rmining  the magnitude of the volume condensation ra te  8 = ( A V / A T ) / L k F ,  where  AV is the volume of gas 
being f rozen in the t ime A r  at the p r e s s u r e  Pw; &F is the a rea .  Since the nozzle wall t empera tu re  (Tw 
= 78~ differs  s t rongly f:com the t empera tu re  at  which the p r e s s u r e  m e t e r  is operat ing (T = 293~ during 
the p r e s s u r e  m e a s u r e m e n t s ,  a the rmot ransp i ra t ion  effect  could be observed  in the measu r ing  channel. A 
cal ibrat ion of the drainage channel showed, however ,  that the influence of this effect could be neglected 
for  p r e s s u r e s  Pw < 2 �9 10 -2 mm Hg for a 2 mm drainage hole d iameter ,  a 10 m m  measu r ing  channel d i am-  
e te r ,  and a 100 mm length. 
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Fig.  2. F r o z e n  gas prof i le  y 
= f(L), m m .  

M e a s u r e m e n t s  of  the volume condensat ion ra t e  (curve 1 in 
Fig.  lb) showed that  it depends e s sen t i a l ly  on the p r e s s u r e .  I t  
should be noted that  the achievable  condensat ion r a t e s  for  Pw 
< 2 �9 10 -2 m m  Hg exceed the f r e e - m o l e c u l a r  value iS= 36.4~[T 
/;~], m / s e c ) ,  which is v is ib ly  a s soc ia t ed  with the poss ib i l i ty  of 
acce l e ra t ing  the gas in the d i rec t ion  to the wal l s .  The drop in 
S as  the p r e s s u r e  r i s e s  can be explained by an i nc r ea se  in the 
densi ty in the gas l aye r  nea r  the wall ,  which should hinder  the 
acce le ra t ion .  The r e s u l t s  of the p r e sen t  e x p e r i m e n t s  ag ree  
sa t i s fac to r i ly  with the r e su l t s  in [3] (curve 2 in Fig.  lb)  obtained 
during condensat ion of CO 2 on the su r face  of a sphe re ,  as  well  
as  with the r e su l t s  in [5] (curve 3) obtained dur ing condensat ion 
of ca rbon  dioxide on the su r face  of a disk.  

M e a s u r e m e n t s  of the f rozen  gas prof i le  by using the t h e r m o -  
couple probe  ve r i f i ed  the deduction about the nonuniformity in 
growth of the condensate .  The i nc r ea se  in condensate  th ickness  
as  the c r i t i ca l  sec t ion  is approached  (Fig. 2) because  of the in-  

c r e a s e  in the m a s s  condensat ion r a t e  r e su l t s  in a change in the actual  nozzle  geomet ry ,  and consequently,  
in a change in the s t r e a m  p a r a m e t e r s .  To c la r i fy  the poss ib i l i t i e s  of d iminishing this influence,  conden-  
sa te  p rof i l es  we re  de te rmined  for  di f ferent  lengths (measur ing  f r o m  the exit) of the cooled por t ion  of nozzle  
No. 3. The p ro f i l e s  m e a s u r e d  a f t e r  20 min  of  opera t ion  a r e  shown in Fig. 2 for  a P0 = 0.9 m m  Hg s t agna-  
t ion p r e s s u r e  (a r e f e r s  to the length L = 83 m m  of the cooled por t ion ,  b to L = 63 m m ,  c t o L  = 42 ram,  d 
to L = 21 m m ) .  The p ro f i l e s  a t  the o ther  p r e s s u r e s  inves t igated w e r e  analogous.  The obse rved  d iminu-  
t ion in the l a y e r  th ickness  at  the c r i t i ca l  sec t ion  as  the length of the cooled por t ion  d iminished is r e l a t ed  
to the r i s e  in wall  t e m p e r a t u r e  and the consequent  diminution in the condensat ion r a t e .  An i n c r e a s e  in the 
condensate  th ickness  in the a r e a  of the nozzle  exit  is caused  by a r i s e  in s ta t ic  p r e s s u r e .  

M e a s u r e m e n t s  of  the condensat ion ra t e  and condensate  th ickness  p e r m i t t e d  an es t ima t ion  of i ts  den-  
si ty.  The  m e a n  value of the densi ty  of the ca rbon  dioxide f rozen  a t  the t e m p e r a t u r e  Tw = 78~ was ~2 g 
/ cm 3 . 

Inves t iga t ion  of the S t r eam C h a r a c t e r i s t i c s .  The spec i f ics  of opera t ion  of a nozzle  with f reez ing  
which cons i s t s  of a drop in the condensat ion  r a t e  with t ime  on the one hand, and a change in the actual  
nozzle  geome t ry  with t ime  on the o ther ,  should r e s u l t  in a change in the s t r e a m  p a r a m e t e r s  at  the nozzle  
exit .  He re  if the d rop  in the condensat ion r a t e  should r e su l t  in a diminution in the Mach number ,  then the 

change in geome t ry  should r e s u l t  in a r i s e  in the number  M. 

To es tab l i sh  the actual  dependence,  M was de t e rmined  exper imen ta l ly  by using an endface P i to t  tube 
with a d / D  = 0.8 ra t io  between the hole and outer  d i a m e t e r s .  Since the p robe  read ings  depend on the de -  
g ree  of  ra refac ts  appropr i a t e  co r r ec t i ons  were  de t e rmined  which ag reed ,  in p r a c t i c e ,  with analogous 
co r r ec t i ons  for  a i r  [6]. The influence noted above of the two fac to r s  (the change in condensat ion r a t e  and 
the change in actual  nozzle  geometry)  is seen  c l ea r ly  in Fig.  3a, where  the change in the number  M with 
t ime  is shown for  the th ree  nozzle  d i a g r a m s  at P0 = 0.9 m m  Hg (curve 1 r e f e r s  to nozzle  No. 3 with a c o m -  
ple te ly  cooled supersonic  p a r t ,  2 to nozzle  No. 3 with cooling 42 m m  f rom the exit ,  and 3 to the p e r f o r a t e d  
nozzle) .  The initial abrup t  r i s e  in the number  M for  nozzle No. 3 is due to the appea rance  of powerful  

/~ ~ o e ~  f ~.~o ~ ~ ,~,.~.~ ~ ~ .  

J , w , . ~  - \ j  I i a / 

2~ 5 /0 /5 "~ fo g ~ S 8 x /d .  
Fig.  3. Dependence of the Mach number  on the t ime  r ,  min  
Ca) and on the dis tance to the c r i t i ca l  sec t ion  x / d .  (b) for  P0 
= 0.3 m m  Hg (i); P0 = 0,5 m m  Hg (j), P0 = 0.9 m m  Hg (k), P0 
= 1.85 m m  Hg (1). 
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Fig. 4. Dependence of the s t r eam nucleus d iameter  dn, mm 
(a) and degree  of r a re fac t ion  M 2 / R e  ~o/cm (b) on the s tagna-  
tion p r e s s u r e  P0, mm Hg. 

cryogenic  suction. Some fur ther  diminution in the number  M is associa ted  with the diminution in the con-  
densation ra te .  However,  a f ter  severa l  minutes the growth in the condensate resu l t s  in an inc rease  in the 
rat io between the a reas  and a r i se  in the number  M. As the length of the cooled par t  diminishes,  f luctua-  
tions in the number  M dec rea se ,  however ,  t henumbers  M reached  also diminish because of the decrease  
in the f ract ion of f rozen gas.  The g rea tes t  stabili ty in the number  M is observed  at the exit of the p e r -  
ro ta ted  nozzle ,  but for a lower  general  level of M it is t rue.  

The t r ansve r se  total p r e s s u r e  prof i les  va ry  toward a diminution in the d iameter  of the s t r eam nucleus 
at the exit of a nozzle with f reezing as t ime e lapses .  Because of the intense heat el imination to the wall,  
the question about the isentropy of the s t r eam obtained a r i s e s  in investigating a nozzle with freezing.  I n -  
vest igat ions of t r a n s v e r s e  t empera tu re  profi les  by using a thermocouple  probe showed that the exist ing 
t empera tu re  nucleus agrees  approximate ly  with the d y n a m i c .  The presence  of t empera tu re  and dynamic 
nuclei  eanbe explained, despite the high values of the Knudsen number ,  by the sl ight influence of the r e -  
flected molecules  on the s t r eam cha rac t e r i s t i c s  because of the f reez ing  of a signif icant  port ion on the noz-  
zle walls and, the re fore ,  it indicates no influence of v iscos i ty  and heat conduction on the s t r eam p a r a m e t e r s  
in the cent ra l  pa r t  of the jet. 

As follows f rom the resu l t s  obtained, g rea te r  Mach numbers  than the geometr ic  are  reached at some 
flow modes  at the nozzle exit. To explain this fact ,  it can be assumed  that the nozzle s t a r t s  to operate  as 
a d i s cha rge -geome t r i c  nozzle as the walls  a re  cooled to the t empera tu re  at  which f reezing of the working 
gas occurs. 

The relationship connecting the change in stream velocity to the external effects appears as follows 
in general  form [7]: 

(M ~ 1) d u  d A  d m  d L  ~ - -  1 d Q  n 
- -  - -  - -  ~ d L f r .  (2) u A m a S a 2 a ~ t 

In this case ,  the gas p e r f o r m s  no work,  hence d L =  O. Since the fr ict ion forces  a re  substantial  only 
in the domain nea r  the wall ,  and exer t  no influence on s t r eam acce le ra t ion  at the axis in the presence  of 
an isentropic  nucleus,  it can be assumed  that dLf r  = 0. Intensive heat exchange is also l imited by the 
boundary l ayer  domain, hence dQ = 0. In this case ,  under the assumption of the isentropic  nature of the 
flow, integrat ion of (2) easi ly yields 

~4 (1-t- x--1 M2) x+' /2 'x- ' '~2 
_-=- = , (3) 

where  X = A / A , ,  m = m / m , ,  m ,  = m + m b, A is the nozzle a rea  in the sect ion under considerat ion,  m 
is the gas d i scharge  through this section,  m b is the d ischarge  of the gas f rozen on a port ion p r io r  to the 
sect ion under considerat ion,  and the subscr ip t  * r e f e r s  to the c r i t i ca l  section.  

Computations c a r r i e d  out using (3) for nozzle No. 3 differ by 15% from the exper imental  values of 
the M numbers  and, the re fore ,  ver i fy  the assumpt ion proposed above that a nozzle with cryo'genic suction 
opera tes  in the d i s cha rge -geome t r i c  mode.  

To c lar i fy  the nature of the gas expansion in a nozzle with freezing,  the s t r eam cha rac t e r i s t i c s  p r o -  
duced by using the schemes  descr ibed  above a re  compared  with the s t r eam cha rac t e r i s t i c s  in a f ree CO s 
jet escaping from a sonic nozzle with sharp  edges with a d .  = 25 m m  hole d iameter .  Shown in Fig.  3b is 
the M number  dis t r ibut ion along the s t r e a m  axis for four acce le ra t ion  schemes  (conical nozzle without 
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f reezing - curve  1, pe r fo ra ted  nozzle . 2, nozzle with f reez ing  - 3, f r e e  j e t -  4). An o rd ina ry  nozzle 
(grad M = 0-0.14 cm -1) has the leas t  gradient ,  and the f ree  jet  (grad M = 0.18-0.6 cm -1) the grea tes t .  The  
magnitude of grad M for  a nozzle with f reez ing  is 0.16 cm - i .  Spoilage of  the s e l f - s i m i l a r  dependence M(x 
/ d . )  for  a f ree  jet,  s tar t ing  with 2-3 ca l ibe rs ,  occurs  because  of spoilage of the i sent ropy due to the in-  
fluece of the longitudinal v i scos i ty  (see [8], for  example).  F o r  these geomet r ic  dimensions this occurs  
for  grad M = 0.18-0.5 cm -1 as a function of P0. The fact  that grad M is only 0.16 cm -I a t  the exit  of a 
nozzle with f reez ing  at  the minimal  stagnation p r e s s u r e  a s s e r t s  that the longitudinal v i scos i ty  does not 
shape the s t r eam in this case .  

The p resence  of intensive cryogenic  suction r e su l t s ,  as  has been r e m a r k e d  above, in an increase  
in the s t r eam nuclei.  The nuclei  obtained in a m easu rem en t  by a Pi to t  tube a re  compared  in Fig. 4a (nota- 
tion is the same as in Fig.  3b). The domain in which the quantity P'0 va r ied  by not m o r e  than 2% was taken 
as  the magnitude of the nucleus.  The s t r eam nucleus for  a f ree  jet  was de te rmined  provis ional ly  at  the 
sect ion when spoilage of the i sent ropy occur red .  A 12 mm d iamete r  s t r e a m  nucleus was fixed at the exit  
of a nozzle  with f reezing (curve 3) a t  a P0 = 0.3 mm Hg p r e s s u r e  when joining of the boundary l aye r s  was 
observed  in an o rd inary  nozzle .  

One of the main demands imposed on a vacuum wind tunnel is the demand to obtain a s t r e am  with a 
high degree  of ra re fac t ion .  In this case  it  is in teres t ing  to compare  the g rea tes t  degree  of r a r e fac t ion  
achieved in the nozzles  invest igated.  Such a compar i son  is p resen ted  in Fig. 4 as  the dependence  M 2 
/ R e  oolcm = f(P0). A computation of M 2 / R e  oo for a f ree  jet  was p e r fo rm ed  at  that distance f rom the exit  
where  the assumpt ion  about i sent ropy was still  valid.  The compar i son  indicates the possibi l i ty  of m ore  
than one o r d e r  of magnitude inc rease  in M2~/Re ~ because of using boundary l aye r  f reez ing .  Use of a 
f ree  jet  can also yield a substantial  gain in investigations admitt ing of high longitudinal gradients .  

N O T A T I O N  

p, u, P,  T . a re  the densi ty,  veloci ty,  p r e s s u r e ,  and t empera tu re ;  
M is the Mach number ;  
Re is the Reynolds number ;  
V is  the working chamber  volume;  
/z is the mo lecu l a r  weight of the gas; 
m is the mass  of gas;  
r is the t ime;  
F is the a r ea  of the nozzle  side sur face ;  
A is the nozzle  c ro s s - s ec t i on ;  
L is the nozzle  length; 
D is the d iamete r ;  
S is the volume ra t e  of condensation.  

S__uper s e r i p t  s 

oo denotes the f ree  s t r e a m  p a r a m e t e r s ;  
0 denotes the adiabatical ly f rozen  gas p a r a m e t e r s ;  
, denotes the p a r a m e t e r s  behind the normal  compress ion  shock; 
, denotes the p a r a m e t e r s  in the nozzle c r i t i ca l  sect ion.  

1= 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
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