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Results  are  shown of an experimental  s tudy concerning the heat and mass  t r ans f e r  during 
the flow of p lasma of alkali metals thro ugh cyl indr ical and con ical channels.  

In many engineering applications one encounters  the problem of heat and mass t rans fe r  f rom a p la s -  
ma jet to channel walls of diverse geometry .  The resul ts  of a study concerning the flow of nonequUibrium 
plasma with condensation have been repor ted  ea r l i e r  in [1]. The purpose of this la te r  study was to further  
explore the problem of condensate and thermal  flux distributions in a p lasma s t r eam with a high conden- 
sation ra te .  

The plasma source  in this exper iment  was a coaxial p lasmatron operating at a power up to 100 kW. 
Lithium was used as the active substance.  According to spec t roscopic  and superh igh- f requency  m e a s u r e -  
ments,  the discharge veloci ty cor responded  to a Mach number  M = 3-10 at a t empera tu re  T = 5000~ (Te 
= 10,000~ * and a mass flow rate  m = (2-3).  10 -5 k g / s e c  at the exit. The apparatus is shown schemat i -  
cally in Fig. 1. 

The p lasmat ron  was placed horizontal ly  on the lid of a vacuum chamber .  A d c  genera tor  se rved  as 
the voltage supply, through a loading rheostat .  The active substance (lithium), in the liquid s tate ,  was fed 
into the d ischarge  zone of the p lasmat ron  f rom a displacer  at a p re sc r ibed  flow rate .  For  the purpose 
of checking the given flow rate ,  the feed sys tem was weighed before and after  a test .  The vacuum sys tem 
ensured a ra refac t ion  down to 5 �9 10 -3 to r r  at a leakage rate of 30 pl H g / s e c .  A p re l imina ry  rarefact ion 
(of the o rde r  of 10 -2 torr)  in the vacuum chamber  was produced by means of model VN-6G prevacuum 
pumps.  A vacuum of 5 �9 10 -3 to r r  was achieved by the operation of models BN-4500 and VA-8-7 high- 
vacuum aggregates .  

For  the study of heat and mass t r ans fe r  in the vacuum chamber ,  a channel model was mounted 
on a special  coordinate mechanism with which it could be inserted into the s t r e a m  after  the p lasmatron  
has stabil ized in the operat ing mode. 

The coordinate mechanism made it possible to va ry  the distance between the throa t  section of the 
nozzle  (plasmatron anode) and the channel entrance from 10 to 100 mm. For  our study of heat and mass 
t r ans fe r  we used channels of various shapes and dimensions,  as shown [I1 Fig. 2 and in Table 1, In the 
exit segment  was provided an annular slot  with an inlet section of 0.2 • 0.3 mm 2, for draining uncondensed 
gases  f rom the channel. The tempera ture  of a channel wall was measured  with C h r e m e l - A l u m e l  t he rmo-  
couples and then recorded  on a model OT-24 osci l lograph.  A model ISP-51 spec t rograph  was used for 
r ecord ing  the spec t rum.  

The tes ts  were pe r fo rmed  in the following sequence.  At a given fixed power haput to the plasmatron 
and a given f low ra te  of active substance,  a channel was inserted into the s t r eam for a definite per iod of 
t ime. The chamber  was then dehermet ized,  the channel was withdrawn, and the amotmt of condensate was 

*These spec t roscopic  and superh igh-f requency  measurements  were pe r fo rmed  by V. G. Mikhalev and 
Yu. P. Shurov. 
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Fig, 1. Sehematic diagram of the test apparatus: 1) plasmatron; 2) 
channel; 3) thermocouples;  4) oscil lograph; 5) vacuum chamber;  6) 
model VN-6G prevaeuum pumps; 7) models BN-4500 and VA-8-7 
pumps; 8) coordinate mechanism; 9) spectrograph;  10) feed of ac -  
tive substance.  

determined by t i t rat ing at the probe surface (in channels a and b or  a t  channel segments  (channel c). 
With channels a and b, the thermal  power of the jet and the condensate profile along the channel were  mea-  
sured with special  probes made of stainless s teel  or copper. These probes comprised  c i r cu la r  disks,  
0.65 cm 2 in a rea  and 1-2 mm thick, with welded-on thermocouples,  and spaced along the channel genera-  
t r ix  40-70 mm apar t ,  at tached to a special  device for opening and closing them during a test. The t e m -  
pera ture  of the channel walls was held constant at a 100-150~ level by means of water  cooling. 

The probes were exposed for 20-200 sec.  Since they were located sufficiently close to one another,  
hence it was permiss ib le  to regard  the channel sur face  as divided into zones,  each with its own probe.  It 
was also assumed that,  within any one zone, the condensation rate  j ( g / c m  2 �9 was  constant.  The amount 
of condensate precipi tated on the surface of each fictitious zone m i during the test  t ime could be found f rom 
the simple relation 

,~ = S~ ' ~ ,  
Spi 

with S i denoting the a rea  of a fictitious channel zone; mpi denoting the amount of condensate precipi tated 
on a probe; and Spi denoting the area  of a respect ive  probe. 

Unlike channels a and b, channel c consis ted of thermal ly  insulated copper segments .  Each segment  
se rved  as a probe for determining the mass  of condensate and the thermal  flux from the jet. In such a 
channel the distribution of condensate and thermal  flux could be measured  more  accura te ly .  The higher 
accu racy  was achieved here by a reduction of heat leakage along the channel. 

The thermal  flux profile along the channel was in all cases measured  by the ca lor imet r ic  method. 
In addition, we also measured  the angular profi les of thermal  flux and condensate mass ,  using for this an 
arcuate  instrument holder with a radius of 750 mm and car ry ing  15 probes.  These were spaced at equal 
distances apart ,  with their  sur faces  oriented normal ly  to the a rc  radius,  while the vertex of the conical 
nozzle (anode) was located at the center  of that c i rc le .  With the aid of the coordinate mechanism,  this 
arcuate  probe assembly  was inserted into the jet for 10-100 sec.  The function and the a r rangement  of 
probes was the same  here as in the ear l ie r  descr ibed experiments .  

In Fig. 2 are  shown the profiles of thermal  flux and condensate mass along channels of various shapes 
andat  conventional levels of p lasmatron input power. According to the graphs,  the profiles of thermal  flux 
and condensate mass  along channels a re  quite s imi la r ,  regard less  of the geometry .  Within a segment  L / D  
= 0.5-0.8 both q and m increase  up to a certain maximum and then sharp ly  decrease .  The locat ions where  
q and m are maximum depend on the p lasmatron  input power and on the distance f romthe  throat  section of 
the nozzle (anode) to the channel entrance.  The maxima of q and m shift far ther  away from the channel 

1234 



q.td ~ 

0 
X 1 

m./O 3 

0,6' ' 

o,a , .... 

0 ! 2 3 L/D 

F i g .  2. L o n g i t u d i n a l  p r o f i l e s  of  t h e r m a l  f lux (q, W 
/ m  2) and c o n d e n s a t e  m a s s  (m,  kg):  1~ channe l  a wi th  
N = 40 kW; 2) channe l  c wi th  N = 40 kW; 3) channe l  b 
wi th  N = 70 kW. 

T A B L E  1. G e o m e t r i c a l  D i m e n s i o n s  of  C h a n n e l s  

L 
Shape of channel D,mm d, mm L, mm ~- c~ S, rn 2 

Cylinder a 

Cone b 
Segmented cone c 

500 
400 
300 
300 
400 

550 

100 

I 
2,00 0 0 0  1,75 
2,00 

620 2,10 
150~) 3,75 

12 ~ 
6 ~ 

1,7 
0,88 
0,57 
0,83 
1,t8 

e n t r a n c e ,  a s  the p o w e r  input  i n c r e a s e s  a t  a c o n s t a n t  d i s t a n c e  f r o m  the n o z z l e  (anode) t h r o a t  to  the  channe l  
e n t r a n c e ,  o r  a s  t ha t  d i s t a n c e  is d e c r e a s e d  a t  a c o n s t a n t  input  p o w e r .  

In s e v e r a l  c a s e s  the  a m o u n t  of  c o n d e n s a t e  a t  the  channe l  ex i t  i n c r e a s e d  s o m e w h a t ,  wh i l e  the  t h e r m a l  
f lux d id  not .  Such a d i v e r g e n c e  be tween  m = f ( l / D )  and q = f ( l / D )  p r o f i l e s  a t  a channe l  ex i t  can ,  a p p a r e n t l y ,  
be  a t t r i b u t e d  to  the  r e f l e c t i o n  o f  p a r t i c l e s  a t  the  w a l l  n e a r  the  ex i t  and  to the  p r e s e n c e  of  end face  r e f l e c -  
t o r s .  

E x p e r i m e n t a l  s t u d i e s  m a d e  wi th  c h a n n e l s  of  v a r i o u s  s h a p e s  have  e s t a b l i s h e d  t ha t  the  c o n d e n s a t i o n  
of  a p l a s m a  j e t  is m o s t  n e a r l y  c o m p l e t e ,  when the d i s t a n c e  f r o m  the n o z z l e  (anode) t h r o a t  to the  channe l  
e n t r a n c e  r e m a i n s  wi th in  (0 . i  to  0.5)d n ,  a t  a p l a s m a t r o n  input  p o w e r  r a n g i n g  f r o m  30 to  70 kW and wi th  the  
channe l  d i a m e t e r  a t  the  e n t r a n c e  no t  s m a l l e r  than 1 .5dn.  

In c y l i n d r i c a l  o r  c o n i c a l  c h a n n e l s ,  a l m o s t  the  e n t i r e  j e t  e n e r g y  is r e l e a s e d  wi th in  a d i s t a n c e  equa l  to 
two to t h r e e  d i a m e t e r s  of the  e n t r a n c e  s e c t i o n ,  w h e r e  a l s o  the  e n t i r e  a c t i v e  s u b s t a n c e  c o n d e n s e s .  The  
c o n d e n s a t i o n  r a t e  is h i g h e s t  a t  the  s u r f a c e  of  c o n v e r g e n t  c o n e s ,  h o w e v e r ,  which  has  been  e x p l a i n e d  in [1] 
b y  the  h y d r o d y n a m i c  c h a r a c t e r i s t i c s  of  p l a s m a  f low in such  c h a n n e l s .  
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Fig, 3 Fig. 4 

Fig. 3. Prof i le  of condensate dens i ty  in a channel: 1) channel b with N = 70 kW; 
2) channel c with N = 35 kW; 3 )channe l  c with N = 38 kW; 4) channel e with N 
= 40 kW; 5) channel a �9 N = 40 kW; 6) channel a-with l~ - -30  kW. 

Fig. 4. Relat ion between condensation densi ty  and the rmal  flux: 1) channel a 
with N = 40 kW; 2) channel b with N = 70 kW. 

A pecul ia r  a spec t  of  analyzing the p r o c e s s  of p l a s m a  condensation in a channel in these exper imen t s  
is that,  because  of the difficulties in making m e a s u r e m e n t s ,  the e r i t e r i a l  number s  cha rac t e r i z ing  the 
p r o c e s s  in a je t  cannot be used .  This  makes  it n e c e s s a r y  to evaluate  the t e s t  data he re  by a method other 
than those of s i m i l a r  the rmotee lmica l  exper imen t s  in gases  and liquids to which Nu, Re,  P r ,  and other  
number s  a r e  appl icable .  It is well  recognized  that a c o r r e c t  use of these numbers  r equ i re s  the sect ional  
p rof i l es  of bas ic  p a r a m e t e r s  In the channel (density t e m p e r a t u r e ,  velocity) to be known. 

Another pecul ia r  a spec t  of analyzing the t es t  data of these exper imen t s  is that  the values of p a r a m -  
e t e r s  a r e  ave raged  ove r  the m e a s u r e m e n t  t ime ,  while the p r o c e s s e s  a r e  often t rans ient .  Such a si tuation 
leads  to cer ta in  e r r o r s .  In o rde r  to reduce  these e r r o r s ,  the exposure  t ime  of the p robes  in our e x p e r i -  
ment  had to be shor tened.  In the course  of m e a s u r e m e n t s ,  many data have been col lected which indicate an 
apprec iab le  effect  of the s y s t e m  g e o m e t r y  on the p l a s m a  condensation. The governing p a r a m e t e r s  include 
the in tegra l  p l a s m a t r o n  c h a r a c t e r i s t i c s :  the flow ra t e ,  the power ,  and cer ta in  quantit ies de te rmin ing  the 
p r o c e s s e s  in a channel (Tw, q, and j). A dimensional  analys is  of the quantit ies governing the m a s s - t r a n s -  
fe r  p r o c e s s e s  has yielded a l a rge  num ber  of d imens ional  s implexes  and complexes .  It is to be noted that,  
because  of the diff icult ies In making m e a s u r e m e n t s ,  it has not been poss ib le  to consider  the influence of 
all these groups.  The following express ions  r e l a t e  geomet r i ca l  ra t ios  to two d imens ion less  p a r a m e t e r s :  

7 =  ; _qd 
Ill n l V  2 

The f i r s t  of  them j- is propor t ional  t o t h e  ra t io  of condensation ra te  to jet  flow intensi ty a t  the nozzle  
~anode) throat ;  q r e p r e s e n t s  the fract ion of je t  ene rgy  diss ipated in the channel wall. Obviously,  these 
p a r a m e t e r s  do not  const i tute a complete  se t ,  if only because  they do not contain the the rmophys iea l  p r o p -  
e r t i e s  of the act ive subs tance  and because  the expansion p roce s s  depends in a pecu l i a r  manner  on the 
plas mat ron  p a r a m e t e r s .  

The j-= f (L /D)  prof i le  is shown in :Fig. 3 for  conical  and cyl indr ica l  channels .  According to the 
graph,  these  prof i les  follow a s i m i l a r  t rend and d iverge  only s l ight ly for different  channel shapes ,  dif- 
fe ren t  d is tances  f r o m  the nozzle  (anode) throa t  to the channel en t rance ,  and dif ferent  levels  of input power.  

The re la t ion  between m a s s  t r a n s f e r  and energy  is shown in Fig. 4. The j-= f(q) curve  comes  c lose  
enough to a s t ra igh t  line, for e i ther  a cyl indr ical  or  a conical channel.  When the p l a s m a t r o n  draws heavy 
power  (q > 15-10 e W/ m 2) ,  then, with the s a m e  t he rma l  flux, the p l a sma  condensation p roce s s  can be 
designed m o r e  eff ic ient ly  on the su r face  of conical  channels .  
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N O T A T I O N  

a re  the d i ame te r s ,  m; 
is the flow ra te  of the act ive substance,  k g / s e c ;  

condensation r a t e ,  k g / m  2 �9 
channel length, m; 
thermal  flux densi ty ,  W/m2;  
sur face  a r ea ,  m2; 
t empe ra tu r e ,  ~ 
flow veloci ty  at the nozzle (anode) throat  sect ion,  m / s e c .  

S u b s c r i p t s  

p denotes 
n denotes 
e denotes 
i denotes 
w denotes 

the probe;  
the nozzle  (anode) throat  section; 
the e lec t rons ;  
a fictit ious channel zone or  segment;  
the channel wall. 

1. 

2. 

L I T E R A T U R E  C I T E D  

S. D. Grishin,  L.  M. Piskalov,  A. A. Vas i l ' ev ,  L. E. Tsvetkova,  and M. M. Bogomolov, in: 
Prob lems  in Physics  of L o w - T e m p e r a t u r e  P lasma [in Russian],  Nauka i Tekhnika,  Mknsk (1970), 
p. 562. 
V. G. Pankratov,  L.  I. Zhulebin, and V. N. Stepanov, Teplofiz.  Vys. Temp. ,  9, No. 2, 246 (1971). 

1.237 


