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A computational technique and the resul ts  of an experimental  study of a turbulent submerged 
plasma jet a re  presented. 

A study of the s t ruc ture  of a turbulent jet of low- tempera ture  plasma showed that the total flow field 
can be divided into three charac te r i s t i c  regions - initial, transit ion,  and main regions [1]. Each of these 
regions is charac ter ized  by its own behavior and it is therefore  impossible to obtain a single solution for 
the entire flow field. Investigation of the initial portion of a plasma jet was the concern of [2-8]. In [2-4], 
a solution of the problem of the initial portion of a plane-paral le l  jet was based on the differential equa- 
tions for a turbulent jet boundary layer.  In [7, 8], the same problem for a plane-paral lel  jet was solved 
by means of the integral  relat ions for a turbulent jet boundary layer.  In [5], an experimental  de te rmina-  
tion was made of the dynamic p res su re  profiles,  t empera tures ,  velocit ies,  and concentrat ions for a jet 
of argon plasma emerging into an accompanying flow of cold helium. Both the initial and main portions 
were  included in the experiments.  Similar measurements  were made [6] for a jet of nitrogen plasma emerg -  
ing into s ta t ionary air .  

A TSpler photograph of a jet of water plasma is shown in [4] and a Tbpler photograph of a jet of 
argon plasma in [7]. In both eases,  emiss ion was into s ta t ionary air  with the jet boundary, as determined 
from TtSpler photographs, being rect i l inear .  Results  of studies of the main portion of a plasma jet a re  
given in [2, 5, 6, 9, 10]. 

Prof i les  of dynamic p ressu res ,  velocit ies,  t empera tures ,  and changes in dynamic p res su re  and 
enthalpy along the jet axis a re  given in [2]. Measurements  of t empera ture  and velocity profiles and the axial 
var ia t ion of dynamic p ressu re  and tempera tu re  in an air  plasma jet a re  given in [9]. Resul ts  of a theore-  
tieal analysis  of the main portion based on the use of integral  relat ions a re  also given. Prof i les  of dynamic 
p re s su res  in a hydrogen plasma jet a re  given in [10]. The possibility of using the method for the equi- 
valent problem in the theory of heat conductivity for the analysis  of plasma jets is pointed out. 

There  a re  pract ical ly  no papers dealing with the analysis  of flow in the transi t ion region of a plasma 
jet. At the same time, it is impossible to join the solutions for the main portion and the initial portion of 
a plasma jet co r rec t ly  without a solution of the problem for the transi t ion region. 

In this paper, an at tempt is made to solve the problem of the transi t ion region of a plasma jet by a 
method developed in [1], and based on it, a computational method for a plasma jet is proposed for the en- 
t i re  flow field. 

A n a l y s i s  o f  P l a s m a  J e t  

We consider a subsonic, turbulent, submerged plasma jet flowing out of a c i rcu lar  cylindrical  nozzle. 
A diagram of the propagation of sucha j e t i s  shown in Fig. 1. Section 0 - 0  is the tip of the nozzle. The velocity 
and enthalpy profiles in this section are  assumed to be constant. Section H - H  separa tes  the initial portion 
with a kernel  of constant pa ramete r s  f rom the t ransi t ion region. Section P - P  separates  the t ransi t ion 
region f rom the main region. The jet boundaries in all regions a r e  assumed to be rect i l inear .  
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Analysis  is based on integral  re la t ions for a jet boundary layer  using Schlichting profiles. Con- 
s iderat ion of dissociat ion and ionization is accomplished by using in place of the equation of state an isobar ic  
relat ion between density and enthalpy obtained f rom an analytic approximation to data taken f rom [1]. This 
procedure,  given in [12], has been used in a number of papers [2-4, 7, 8]. 

Initial Portion. Under the assumptions made above, the jet can be considered as isobaric.  Thus the 
equation for conservat ion of momentum writ ten for sections 0 - 0  and H - H  will have the form 

g2H 
~v~opoU~o=2~ .I ~u'~vdv. (1) 

0 

This equation, the jet equation 

g = , = c . k . x , .  (2) 

the Schlichting profiles for velocity and enthalpy in the initial portion 

U o - -  U (1 - -  111.5)2, (3) 
Uo 

I o - I  - -  1 - - 1 ]  (4) 

I o - -  12 

and the equation for the i sobar ic  re lat ion between p and I 

A 
I n 

make it possible to solve the problem of the geometr ic  s t ruc ture  of the initial region. 

According to [1], the coefficient k H can be determined f rom 

Go 

Uav 
kH - -  

where the average  velocity Uav is calculated from: 

Uav 

g2H 
j" pU2gdg 
0 

Y2H 

.f pUg@ 
0 

(5) 

(6) 

(7) 

Using the fact  that I 0 >> 12 in all that follows, we find f rom Eqs. (1)-(7) 

2 1 2 1 
+ 

2.5--n 5--n 3 .5 - -n  4 - - n  
4 4 4 

1.68 + + 6 .5 - -n  5 .5 - -n  5 - - n  
in) 

8 - -  

(s) 

The factor  1.68 is introduced in the denominator so that the coefficient k H goes to one for  an isothermal  jet 
(n = 0). For  the radial  coordinate of the external boundary of the jet in the section H - H  and length of the 

initial portion, we obtain: 
go 

Y2n = V 2(B  2 - B 1 )  ' 

go (10) 
x ,  "= CHk, V 2 (B 2 - -  B1) ' 

where 

4 I 4 (11) 
B1--5--n+ 8~n  6 .5- -n  

_ 4 + 1 4 (12)  
B,2 4 - - n  7 - - n  5 .5 - -n  
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�9 I m p  

F i g .  1. D i a g r a m  of s u b m e r g e d  p l a s m a  j e t  p r o p a g a -  
t ion.  

The angle c~ H of the external boundary with respect to the axis of the jet in the initial region is found from 

the equation 

{ g % _  g2 . - -go  _ cHk~ [ 1 - - V  2 (B2 - -  B,) ]. (!3) 
X H 

Equa t ions  (3)-(5),  (9), and (10) enab le  one to c a l c u l a t e  a l l  g e o m e t r i c  and t h e r m o d y n a m i c  je t  p a r a m e t e r s  
in  the  i n i t i a l  r eg ion .  

Ma in  P o r t i o n .  The  equa t ions  fo r  c o n s e r v a t i o n  of m o m e n t u m  and e x c e s s  en tha lpy ,  w r i t t e n  fo r  the  
s e c t i o n  0 - 0  and an  a r b i t r a r y  s e c t i o n  in  the  m a i n  por t ion ,  w i l l  have  the  f o r m :  

Y2 

~,2~JoPo U2o = 2~ j" pU2ydg, 
0 

g2 

~<ooUo (Io - I0 = 2~ j ~ v  (r - I2) ~ y .  
0 

(14) 

(is) 

S c h l i c h t i n g  f o r m u l a s  a r e  used  fo r  the  v e l o c i t y  and en tha lpy  p r o f i l e s  in the  m a i n  por t ion :  

U = ( 1 - -  ~I5fi, 
U.~ 

I - -  12 
1 - -  ~z,5 

I , ~  - -  12 

(16) 

(17) 

Using  Eqs.  (5) and (14)-(17) and a s s u m i n g  I 0 >> 12 and I m >> 12, we ob ta in  fo r  the  v a r i a t i o n  of a x i a l  p a r a m -  
e t e r s  a l o n g  the  a x i s  of the  jet:  

U~ 

Uo 

where 

a 7 ,  ' 
1 2 

Ira. / B a 2-~ go 

P~ 2Ba Y2 / 

B 3 
2 (4 - -  n) (3 - -  n) (2 - -  n) P (2 - -  n) F (1.333) 

3 (5.333-- n) (4.333 - -  n) (3,333 - -  n) (2,333--n) F (2.333--n)' 

(19) 

(20) 

(21) 
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p U 2' 

pmvz, 
o,a 

- - I  
| 2 
t 3 
0 4 

a 5 

o e,e t,a ~0 Y/Yc 
F i g .  2. D i m e n s i o n l e s s  d y n a m i c  p r e s s u r e  p r o f i l e s  in the 
m a i n  p o r t i o n  of t u r b u l e n t  s u b m e r g e d  j e t s :  1) t h e o r y ;  2) 
p r e s e n t  w o r k ,  T O = 3900~ x / y  0 = 16-42;  3) the s a m e ,  
but  T O = 4400~ 4) f r o m  e x p e r i m e n t s  of V. Ya.  B e z m e n o v  
and V.  S.  B o r i s o v  wi th  a i r  p l a s m a  j e t  [2], T O = 4000~ 
x / y  0 = 16-33;  5) f r o m  e x p e r i m e n t s  of O ' C o n n o r ,  C o m -  
f o r t ,  and  C a s s  wi th  n i t r o g e n  p l a s m a  j e t  [6], T o = 5800~ 

x / y  0 = 14-28 .  

2 (3 - -  n ) ( 2  - -  n) r (2 - -  n) r ( 1 . 3 3 3 )  

B~ = 3 (4.333 - -  n) (3.333 - -  n) (2.333 - -  n) F (2.333 - -  n)" 

To e s t a b l i s h  a r e l a t i o n  b e t w e e n  Y2 and x, w e  u s e  the  je t  equa t ion  [1] 

dY2 - -  cok o = tg %. 
dx 

(22) 

(23) 

A c c o r d i n g  to [1, 9], the  c o e f f i c i e n t  k 0 can  be  found f r o m  

ko = . U.~ 
U a  V 

(24) 

w h e r e  

Uav= j' 9U2yd  pUydy,  
o "0 

(25) 

C o n s i d e r i n g  Eqs.  (16), (17), (24), and (25), we have  

(5.333 - - n )  (4.333 - -  n) 
k o -~- 

1.93 (4 --  n) (3 - -  n) 
(26) 

The  f a c t o r  1.93 in  the  d e n o m i n a t o r  i s  i n t r o d u c e d  f o r  the  s a m e  r e a s o n  a s  the  f a c t o r  1.68 in  the  e x p r e s s i o n  

fo r  k H. S ince  k 0 i s  i n d e p e n d e n t  of x, we ob t a in  a f t e r  i n t e g r a t i o n  of (23) 

Y2 = Y2 P +  coko (x - -  Xp). (27) 

Th i s  equa t ion  i s  only  va l id  fo r  the  m a i n  por t ion .  In  o r d e r  to u s e  i t ,  i t  i s  n e c e s s a r y  to know the  r a d i a l  and 
l ong i t ud ina l  c o o r d i n a t e  of  the  t r a n s i t i o n  s e c t i o n  P - P .  T h i s  can  be  a c c o m p l i s h e d  by so lv ing  the  p r o b l e m  

f o r  the  t r a n s i t i o n  r e g i o n .  

T r a n s i t i o n  P o r t i o n .  The  r e m a r k  has  been  m a d e  [1] tha t  in the  c a s e  of an  i n c o m p r e s s i b l e  f lu id ,  the  
e x t e r n a l  b o u n d a r y  of the  t r a n s i t i o n  r e g i o n  i s  a s t r a i g h t  l ine  which  i s  a con t inua t ion  of the  e x t e r n a l  b o u n d a r y  
of the  i n i t i a l  po r t ion .  In  the  c a s e  of p l a s m a  j e t s ,  t h i s  i s  c o n f i r m e d  by  T S p l e r  p h o t o g r a p h s  [4, 7]. On th i s  

b a s i s ,  the  equa t ion  

g2 ~ go + tg a . x ,  (28) 

which  i s  va l id  fo r  the  i n i t i a l  po r t i on ,  w i l l  a l s o  be  t r u e  fo r  the  t r a n s i t i o n  por t ion .  
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Fig. 3. Profiles of dimensionless excess temperatures in the main portion of turbulent sumberged jets: 

-) theory; e) present work, T O = 3900-1400~ x/y 0 = 21; O) experimental results of V. Ya. Bezmenov 

and V. S. Borisov for an air plasma jet [2], T O = 4000~ x/y 0 = 10-17. 

Fig. 4. External jet boundary Y2, m as a function of the longitudinal coordinates x, m: -) theory; O) 

present work, T O = 3900~ o) present work, T o = 4400~. 

Within the limits of the transition region, a gradual transition takes place from the behavior in the 

initial region to the behavior in the main region with the values of the axial parameters of the jet de- 

creasing during the transition from Section H-H to section P-P. To establish the nature of this decrease 

for an incompressible jet, it was recommended [1] that the lines of equal velocity values in the transition 

portion be considered as a continuation of the corresponding rays in the initial portion. Calculations made 

on the bases of this proposal for a plasma jet give an increase of dynamic pressure over the length of the 

transition region, which is in contradiction with the physical picture of the flow. For a plasma jet, it is 

physically more valid for one to consider that lines of equal dynamic pressure in the transition region are 

a continuation of the corresponding lines in the initial portion. Using this concept and Eqs. (3)-(5), we 
obtain for the axial variation of dynamic pressure in the transition region 

~ U ~  
�9 = ~-~12~.5 o3 ~2 (29) 
poUo2 , . . . . .  - -  . . . . .  

where  ~m y2/CHkH x is a d imens ion l e s s  ax ia l  coord ina te  in the t r ans i t i on  reg ion  which is  equal to ~ when 
y = 0; CHkHX is that  width of boundary l a y e r  of the in i t ia l  por t ion which it would have propagat ing to a given 
cross section in the transition portion. Using Eqs. (28) and (29), we have 

3 - - n  6 n 

If equality of the axial values of dynamic pressure and jet width at section P-P is required as a con- 

dition for matching the transition and main regions, we determine pmpU2mp/P0U~ and Y2P from a joint solu- 

tion of Eqs. (20) and (30). This solution is found most simply by a graphical method. The quantities xp, 

Ump/U0, and Imp/I 0 can be found from Eqs. (28), (18), and (19), if the value of Y2P is inserted in them 
in place of Y2. This data is used as input for the calculation of the main portion of the jet. 

Note that calculations based on Eq. (29) give values greater than unity for PmU2/P0U~ in the range 
0.7 < ~m < 1.0. As shown by an analysis of the data in [i], this is associated with the fact that Eq. (3) 

gives an overestimate for U/U 0 in comparison for experimental values in the indicated range of variation 

of ~, and Eq. (4) gives an underestimate for I/I 0. However, this situation does not lead to significant error 
in the determination of jet parameters at the section P-P since the section P-P for plasma jets corre- 

sponds to ~m ~ 0.6, which is a region of satisfactory agreement between Eqs. (3) and (4) and experiment. 

Analysis of the equations for conservation of momentum and excess enthalpy leads one to recommend 
the following approximate expressions for calculating the variation of axial velocity and axial enthalpy over 
the length of the transition region: 
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Fig. 5. Topler photograph of argon plasma jet. 

2 ( ol-n 
U.; ~ \ ~ /  (31) 

2 

X p - - X .  ~ 1  + Xp- -X~ Ump \ y~p ] 
2 

_ _  , ( 3 2 )  
2 2 

x p - -  X, \ tJ2. / X p - -  X. Imp \ Y2p ) 

The ve loc i ty  and enthalpy p ro f i l e s  in an a r b i t r a r y  sec t ion  of the t r a n s i t i on  port ion can be ca lcula ted  
f rom the app rox ima te  f o r m u l a s  

U Xp - -  x (33) __~.~ [2 (1__ ~)1.5 __ (1__ ~)3] + x - - x .  (1_~1.5)2 ' 
U m Xp ~ x~ Xp - -  x H 

] ~ Xp_---X ( l - - ~ ) +  X - - X n  (1--~ '5) ,  (34) 
/'m Xp ~ X n Xp - -  X H 

which a r e  obtained f rom the cons ide ra t ion  that  the p rof i l es  should co r re spond  to behavior  in the in i t i a l  p o r -  
t ion for  x = x H and to behavior  in the main  por t ion  for  x = xp.  

E X P E R I M E N T A L  R E S U L T S  

A study was made  of a subsonic  a i r  p l a sma  jet  emerg ing  f rom the cy l ind r i ca l  nozzle ,  12 m m  in d i a m -  
e te r ,  of a c o n s t a n t - c u r r e n t  p lasmot ron .  In the expe r imen t s ,  dynamic  p r e s s u r e  p ro f i l e s  we re  m e a s u r e d  in 
t r a n s v e r s e  sec t ions  of the jet  located at  d i s t ances  x = 101, 156, 190, and 256 mm f rom the t ip  of the nozzle.  
Sampling of the gas  in a wa te r  p i e z o m e t e r  was accompl i shed  by means  of a w a t e r - c o o l e d  copper  probe with 
an ex te rna l  d i a m e t e r  of 4 m m  and an in t e rna l  d i a m e t e r  of 0.9 ram. Rad ia l  va r i a t i on  of gas t e m p e r a t u r e  in 
the jet  was de t e rmined  only in c r o s s  sec t ions  mos t  d is tan t  f rom the nozzle  t ip by L - shaped ,  uncooled tung-  
s t e n - t u n g s t o r h e n i u m  and p l a t i n u m - p l a t i n o r h o d i u m  the rmocoup les ,  the junctions of which we re  placed along 
the flow. The rmocoup le s  and cooled probe  we re  moved in the v e r t i c a l  and hor izonta l  d i r ec t ions  in the jet  
flow field by a mechan ica l  device.  M e a s u r e m e n t s  we re  made  in a hor izonta l  plane which passed  through the 
point of max imum dynamic  p r e s s u r e .  

D imens ion le s s  p ro f i l e s  of dynamic  p r e s s u r e  and excess  t e m p e r a t u r e  a r e  shown in F igs .  2 and 3 which 
a r e  s a t i s f a c t o r i l y  approx ima ted  by t h e o r e t i c a l  curves .  Other  expe r imen ta l  data [2, 6] a r e  a l so  shown for  
compar i son .  The t e m p e r a t u r e  p ro f i l e s  shown a r e  equivalent  to enthalpy prof i l es  because  the t e m p e r a t u r e s  
a r e  low in the spec i f ied  jet c r o s s  sec t ions  and spec i f ic  heat can be cons ide red  to be constant .  

The sol id  l ine in Fig.  4 ind ica tes  jet  boundar ies  ca lcu la ted  on the assumpt ion  of inf in i te ly  l a r g e  in i t ia l  
heating. Also  plotted in the s ame  f igure  a r e  e xpe r i m e n t a l  points which show the posi t ion of the ex te rna l  
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boundary of the main portion as determined f rom our measurements  of the dynamic p re s su re  profile. It 
is  c lear  that the width of the jet inc reases  as the initiaI heating r i ses .  This conclusion is in agreement  with 
the resu l t s  of a theoret ical  calculation for  the main region. The experimental  points also indicate the 
ree t i l inear i ty  of the external jet boundary in the main portion. The existing discrepancy between theoret ical  
and experimental  jet boundaries in the main portion is explained by the c i rcumstance  that the assumption of 
an infinitely large  initial heating is too crude for the initial t empera tu res  actually occur r ing  in this work. 

An evaluation of a~ based on experimental  data of Zabudkina [10], and assuming the pole of the jet is 
located in the section 0 - 0 ,  gives good agreement  with the theoret ical  values for a0. This enables one to 
consider the theory presented above as valid for jets with an initial t empera ture  above 5000~ 

As confirmation of the assumption in the theory of the reaet i l inear i ty  of the external boundary of 
the initial and t ransi t ion portions of the jet, a TSpler photograph of an argon plasma jet taken f rom [7] is 
shown in Fig. 5. The photograph was made with an IAB-451 T0pler tube. 

x, y 

U 
T 
I 

P 
A,n 

ell, c o 
~ H ,  0~0 

k H, k0 
F 

V = (Y2 - Y)/(Y2 - Yl) 
= y/Y2 

NOTATION 

are the axial and radial coordinates; 

is the velocity; 
is the temperature; 
is the enthalpy; 
is the density; 
are constant depending on the kind of gas and the temperature range; 
are the experimental constants of initial and main sections, respectively; 
are the angle of inclination of external boundary to jet axis in initial and main 
sections, respectively; 
are the expansion coefficients of jet in initial and main sections, respectively; 
is the gamma-function; 
is the dimensionless ordinate of initial section; 
is the dimensionless ordinate of main and transition sections. 

S u b s c r i p t s  

0 
H 
P 
m 

1 
2 
C 

r e fe r s  to conditions at nozzle tip; 
r e fe r s  to section H - H ;  
re fe r s  to section P - P ;  
r e f e r s  to jet axis; 
r e fe r s  to internal boundary; 
r e fe r s  to external boundary; 
denotes position in jet when proper t ies  a re  half their values on jet axis. 
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