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Processing of a thermal plasma flow in a tube 

A .  Kanzawa 

Department of  Chemical Engineer ing,  Tokyo I n s t i t u t e  of  Technology 
Meguro-ku, Tokyo 152, Japan 

A b s t r a c t  - F i r s t ,  t h e  b e h a v i o r s  of  a t he rma l  plasma f l o w  i n  a 
wa te r - coo led  tube  a r e  shown accord ing  t o  both numer i ca l  and 
expe r imen ta l  r e s u l t s .  Next, two examples of  t h e  p r o c e s s i n g  of  
a t h e r m a l p l a s m a  f l o w i n a t u b e a r e  shown. One i s  t h e  p a r t i c l e  
h e a t i n g  by a the rma l  plasma f l o w  i n  a porous ceramic t u b e  wi th  
a t r a n s p i r a t i o n  gas ,  and t h e  o t h e r  i s  t h e  quenching e f f e c t  of a 
water-cooled t u b e  on t h e  y i e l d  of  CO from t h e  decomposi t ion of  
c02. 

INTRODUCTION 

A the rma l  plasma f l o w  has  been wide ly  used i n  many f i e l d s  because it has  
h i g h  e n e r g y  and  a c t i v i t y .  F o r  e x a m p l e ,  t h e y  a r e  p l a s m a  c u t t i n g ,  p l a s m a  
welding,  m e l t i n g  of m e t a l s ,  r e f i n i n g  of r e f r a c t o r y  m a t e r i a l s ,  producing of 
f i n e  p a r t i c l e s ,  s y n t h e s i s  and  d e c o m p o s i t i o n  by c h e m i c a l  r e a c t i o n s ,  p l a s m a  
c o a t i n g ,  s u r f a c e  t r e a t m e n t ,  e t c .  Some o f  t h e s e  a p p l i c a t i o n s  u t i l i z e  a 
c o n f i n e d  p l a s m a  f l o w  s u c h  a s  a p l a s m a  r e a c t o r  o r  a p l a s m a  f u r n a c e .  So t h e  
behav io r  of  an i n t e r n a l  plasma f l o w  needs t o  be i n v e s t i g a t e d .  

An i n t e r n a l  plasma f l o w  h a s  some f e a t u r e s  a s  f o l l o w s :  
( 1 )  t h e  f l o w  i s  conf ined  and does n o t  sp read  r a d i a l l y ,  and t h e  plasma r e g i o n  

becomes l o n g e r ;  
( 2 )  t h e  m a t e r i a l ,  which i s  t r e a t e d  by a the rma l  plasma f low,  r e s i d e s  i n  i t  

f o r  a l o n g e r t i m e ,  a n d  t h e h e a t  e x c h a n g e  f r o m t h e  p l a s m a  t o  t h e  m a t e r i a l  
i s  more e f f e c t i v e ;  

( 3 )  t h e  p l a s m a  f l o w  comes i n t o  c o n t a c t  w i t h  t h e  w a l l  o f  a c o n t a i n e r ,  and  
t h e  w a l l  i n t e r a c t i o n  problem becomes a s u b j e c t  of  d i s c u s s i o n .  
So f a r  t h e r e  a r e  some p a p e r s  a b o u t  a n  i n t e r n a l  t h e r m a l  p l a s m a  f l o w .  

They a r e  ma in ly  r e l a t e d  t o  t h e  t empera tu re  and v e l o c i t y  f i e l d s  of  t h e  plasma 
f l o w  i n  a t u b e  o r  t h e  h e a t  t r a n s f e r  f r o m t h e  p l a s m a  f l o w  t o t h e w a l l .  I n  t h e  
p r e s e n t  p a p e r ,  t h e  c h a r a c t e r i s t i c  b e h a v i o r  and  t h e  p r o c e s s i n g  o f  a n  a r g o n  
the rma l  plasma f l o w  i n  a water-cooled o r  porous ceramic t u b e  a r e  desc r ibed .  

NUMERICAL CALCULATIONS OF A THERMAL PLASMA FLOW IN A TUBE 

Procedure for numerical calculation 
An a x i a l l y  symmetr ical  t he rma l  plasma f l o w  i n  a water-cooled t u b e  can be 

s o l v e d  n u m e r i c a l l y  u s i n g  t h e  mass, momentum, energy and s p e c i e s  c o n s e r v a t i o n  
equa t ions .  I n  t h e  p r e s e n t  numerical  a n a l y s i s ,  t h e  f o l l o w i n g  assumptions a r e  
used :  ( 1 )  t h e  f l o w  i s  s t e a d y  and  l a m i n a r ;  ( 2 )  t h e  n a t u r a l  c o n v e c t i o n  a n d  
r a d i a t i o n  a r e  n e g l e c t e d ;  ( 3 )  boundary-layer  approximation;  ( 4 )  t h e  p r o p e r t i e s  
a r e  c a l c u l a t e d  by t h e  c o r r e c t e d  s i m p l e  k i n e t i c  t heo ry ;  ( 5 )  t h e  s e p a r a t i o n  of  
t h e  f l o w  does n o t  e x i s t ;  ( 6 )  ambipo la r  d i f f u s i o n ;  ( 7 )  LTE c o n d i t i o n  f o r  D > 1 
a n d  f r o z e n  s t a t e  f o r  D < 1 .  

A t  t h e  i n l e t  o f  t h e  t u b e ,  t h e  t e m p e r a t u r e ,  v e l o c i t y  a n d  p r e s s u r e  a r e  
uniform, and t h e  c o n d i t i o n  i s  i n  LTE. The c a l c u l a t i o n  was conducted f o r  t h e  
i n l e t  t e m p e r a t u r e  o f  1 0 , 0 0 0  K ,  12 ,500  K and  15 ,000  K ,  and  f o r  t h e  a r g o n  g a s  
f l o w  r a t e  o f  5 . 5 4 ~ 1  0 - 4  k g / s .  The w a l l  t e m p e r a t u r e  i s  c o n s t a n t  a t  3 0 0  K and  
t h e  w a l l  i s  e l e c t r i c a l l y  f l o a t i n g .  

Results and discussions 
The n o r m a l i z e d  s t a t i c  p r e s s u r e  i s  shown i n  F ig .  1.  A t  f i r s t ,  it 

d e c r e a s e s  i n  t h e  same manner a s  i n  a n  o r d i n a r y  t u b e  f l o w ,  b u t  i t  i n c r e a s e s  
downstream. The v a r i a t i o n  o f  t h e  s t a t i c  p r e s s u r e  i s  d e p e n d e n t  on t h e  
v i s c o s i t y  and  momentum change.  I n  t h e  e n t r a n c e  r e g i o n ,  t h e  p l a s m a  h a s  a 
h i g h e r  v e l o c i t y  and v i s c o s i t y ,  and t h e  s t a t i c  p r e s s u r e  d e c r e a s e s  a l o n g  t h e  
a x i s .  A t  downstream, t h e  plasma f l o w  i s  s u f f i c i e n t l y  c o o l e d  and t h e  s t a t i c  
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Fig. 1 Calculated pressure 

pressure is affected by the momentum 
change rather than by the viscosity. 

The heat flux to.the tube wall 
is shown inFig. 2. The heat flux 
decreases gradually in the region 
where the recombination reaction is 
considered to take place. 
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Fig. 2 Calculated heat flux 

PRESSURE A N D  HEAT FLUX MEASUREMENTS 

Experimental apparatus 
The test tube for the static pressure measurement is 8 mm i.d. and 

5 5 0  mm long, which is made of copper and cooled by water. This tube is 
attached to the nozzle exit of the argon plasma torch generated by an arc 
discharge. The static pressure is measured using a water manometer 
connected to the pressure taps ( 1 mm i.d. ) installed at the outside of 
the test tube at intervals of 2-10  cm. 

The heat flux to the tube wall is calorimetrically measured using a 
transient method. The test tube which has the same size as that for the 
pressure measurement is attached to the plasma torch. The several probes 
for the heat flux measurements, consisting of copper, 8 mm i.d., 1 4  mm or 
1 2  mm o.d., and 1 0  mm long, are installed along the tube. Each probe is 
insulated both thermally and electrically from the adjacent tubes using 
Teflon sheets. 

Results and discussions 
The measured static pressure is shown in Fig. 3. It is noticed that the 

static pressure does not vary monotonically, but the distributions show 
rather a minimum, as seen in the results of the numerical calculation. 

The measured heat flux is shown in Fig. 4. This result shows that the 
heat flux is much higher than that in an ordinary gas, and increases with 
the increasing arc power. 

EFFECTS OF G A S  INJECTION O N  A THERMAL PLASMA FLOW I N  A TUBE 

Experimental 
An argon, helium or nitrogen gas is injected into the plasma flow 

through the small tube ( 1  mm i.d.1 installed at the position of 5 - 6 cm from 
the cathode tip. The experimental apparatus and the method of the pressure 
and heat flux measurements are the same as mentioned in the previous section. 

Figure 5 shows the static pressure for argon, helium and nitrogen 
injection together with no injection. The variation for helium injection is 
the largest and that for argon or nitrogen injection is less than that for no 
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gas injection. This is caused by the 
fact that the increasing rate of the 
static pressure downstream is depen- 
dent on the temperature decrease of 
the plasma flow. 

The heat flux is shown in Fig. 6 
for argon, helium and nitrogen 
injection. The difference between heat 
fluxes with and without injection is not 
so obvious as a whole. 
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5 Measured pressure with gas injection 
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Fig. 6 Measured heat flux 
with gas injection- 0 0.1 0.2 
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Calculated 
Numerica 1 c a l c u l a t i o n s  a r e  

c a r r i e d  o u t  assuming t h a t  t h e  
i n j e c t i o n  gas  i s  c o m p l e t e l y  
mixed a t  t h e  s e c t i o n  of t h e  
i n j e c t i o n .  Argon, h e l i u m  and 
n i t r o g e n  g a s e s  a r e  a l s o  used a s  
t h e  i n j e c t i o n  gas. 

The c a l c u l a t e d  normalized 
s t a t i c  p r e s s u r e  i s  shown i n  
Fig.  7. The s t a t i c  p r e s s u r e  f o r  
he 1 ium i n j e c t i o n  i n c r e a s e s  
r a p i d l y  i n  t h e  same manner a s  
t h e  experiment.  

The c a l c u l a t e d  h e a t  f l u x  
i s  shown i n  Fig. 8. The e n t h a l -  
p i e s  a t  t h e  i n j e c t i o n  p o s i t i o n  
a r e  assumed t o  be uniform i n  t h e  
r a d i a l  d i r e c t i o n  and so t h e  h e a t  
f l u x e s  i n c r e a s e  t h e r e .  However, 
t h e  d i s t r i b u t i o n s  of t h e  h e a t  
f l u x e s  show l i t t l e  d i f f e r e n c e s  
between t h e  c a s e s  w i t h  and 
wi thou t  i n j e c t i o n  i n  t h e  same 
manner a s  t h e  experiment.  
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PARTICLE HEATING BY A THERMAL PLASMA FLOW IN A TUBE 

Experimental apparatus 
A schemat i c  drawing of t h e  expe r imen ta l  s e t u p  i s  shown i n  Fig.  9. The 

e x p e r i m e n t a l  s e t u p  c o n s i s t s  o f  a p l a s m a  g e n e r a t i n g  s e c t i o n  a n d  a p a r t i c l e  
h e a t i n g  s e c t i o n .  The p a r t i c l e  h e a t i n g  s e c t i o n  c o n s i s t s  of  a p a r t i c l e  
f e e d e r  a n d  a c e r a m i c  p o r o u s  t u b e .  An a l u m i n a  p a r t i c l e  o f  1 mm diam. i s  
i n j e c t e d  i n t o  t h e  t h e r m a l  p l a s m a  f l o w  w i t h  a c a r r i e r  g a s  and  i s  h e a t e d  
t h e r e .  The t e m p e r a t u r e  o f  t h e  p a r t i c l e  i s  measured c a l o r i m e t r i c a l l y  a t  
t h e  e x i t  o f  t h e  h e a t i n g  s e c t i o n .  



Processing of a thermal plasma flow in a tube 713 

Water 

\ 

Porous Ceramic Tube 
/ (L-10 cm, I.D.=8 mn) 

\ 
Po rce 1 a i n  
Cement 

In jec t i on  

Carr ier  
Gas 
c- 

- 
Y 
I 

r 

X W 

al 

k- 

r 0 

al L 
3 L, 

.I 

n 

e 
c 
W 

Plasma Gas 

0 W,C.T, 8 I i t e r s / m l n  
A W,C.T.  6 I i t e r s / m l n  

T 0 P.C.T. 8 I I t e rs /m in  

500 . 

- 
L 

U 

r 
0 a I Pow;, : 3 - 9  kW , 

0 2 4 6 8 i0 

Flow Rate o f  Transpi rot ion gas [ l/mln 1 

, 

.- 

300 

Fig. 10 Porous ceramic tube Fig. 11 Particle temperature 

Figure 1 0  shows the detail of the porous ceramic tube. An argon gas 
is transpired through the wall of the tube to enhance the heating of the 
part ic 1 e. 

Results 

noted that the porous tube is more effective for the heating of particle. 
Figure 11 shows the particle temperature of the exit of the tube. It is 

QUENCHING OF A CHEMICAL REACTION I N  A THERMAL PLASMA TUBE 
FLOW 

Experimental apparatus 
The decomposition of carbon dioxide to carbon monoxide is used as a 

typical reaction to study the quenching mechanism. 
The schematic diagram of the apparatus is shown in Fig. 12. The reaction 

tube has 8 mm i.d. and 12 cm long, and the water-cooled quenching tube has 4 ,  
6 and 8 mm i.d. and 40 cm long. Carbon dioxide gas is injected at the inlet 
of the reaction tube and decomposed into carbon monoxide. Product gases are 
analyzed and measured by gas chromatograph to determine the conversions. 
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Fig. 12 Quenching apparatus 



714 A. KANZAWA 

Cose I 

. 

-- co, -I 
Results 

Figure 1 3  shows the results of the 
conversion obtained by changing the 
quenching tube diameter. The conversion 
is higher in the smaller diameter of the 
tube because the higher heat transfer 
rate. 

Ar l lole F l o u  Rote 

J . W l  x lo-'  6101/5 

CO, llole Flow Rote 

v 7.44 x 10.' M l l S  

1.49 lo-' LOI /S 

<Nomenclature> 
D : Damkohler number 
P : pressure 
P.C.T.: porous ceramic tube 
q : heat flux 
T : temperature 
W.C.T.: water-cooled tube 
X : distance from tube inlet, 

distance from cathode tip 

<suffix> 
atm : atmospheric 
i : initial 
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Fig. 13 Conversion to CO 




