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AN E X P E R I M E N T A L  S T U D Y  O F  I N F L U E N C E  O F  D E G R E E  

O F  S W I R L I N G  O F  A P L A S M A  A I R  J E T  A N D  

I N T R O D U C T I O N  O F  N A T U R A L  G A S  I N T O  I T  ON 

T E M P E R A T U R E  A N D  V E L O C I T Y  F I E L D S  

S. P .  P o l y a k o v ,  P .  F .  B u l a n y i ,  
a n d  S. N.  P i s a n k o  

UDC 533.9.07 

The r e su l t s  of the m e a s u r e m e n t  of t e m p e r a t u r e  and veloci ty  f ie lds  of swir led  p l a sma  je t s  a re  
p resen ted .  An improved  method is p roposed  for  m e a s u r i n g  the t e m p e r a t u r e  of a p l a sma .  

The swir l ing  of gas s t r e a m s  finds appl icat ion for  the s tabi l izat ion of a r c  burning in p l a smot rons  [1], for  
i m p r o v e m e n t  of the p r o c e s s  of mixing gas j e t s  [2], and for  inc reas ing  the coefficient  of hea t  t r a n s f e r  to p a r t i -  
c les  in the spray ing  of a number  of m a t e r i a l s  [3]. In con t ras t  to s t ra ight - f lowing p l a sma  je t s ,  swir led je ts  
p o s s e s s  a higher  mixing intensi ty ,  a l a rge  expansion angle of the je t ,  and an inc reased  eject ing capaci ty ,  which 
is  pa r t i cu l a r ly  impor tan t  in the c rea t ion  of p l a s m a - c h e m i c a l  r e a c t o r s  and of devices  for  p l a sma  spraying.  

The p r o c e s s e s  of pa r t i c le  heat ing in the p l a sma  je t  of an obl ique-act!on p l a smot ron  can be invest igated 
only when the detai led pa t t e rn  of the gas- f low dynamics  and the th ree -d imens iona l  pa t te rn  of the t e m p e r a t u r  e 
field a re  known [4]. I t  has  now been es tab l i shed  that  the var ia t ion  in the veloci ty  prof i les  in a p la sma  je t  has  a 
complex c h a r a c t e r  depending on the degree  of swir l ing ,  the dis tance to the nozzle cut of the p l a smot ron ,  and 
the gas flow ra te  [5, 6]. Unfortunately,  the exis t ing  methods of calculat ing the propagat ion of swir led  turbulent  
j e t s  do not give sa t i s f ac to ry  r e su l t s  for  the main  sect ion of a p l a sma  jet.  T h e r e f o r e ,  the dynamic s t ruc tu re  of 
swir led  p l a sma  s t r e a m s  can now be es tab l i shed  on the bas i s  of expe r imen ta l  data obtained under  one or  another  
concre te  conditions. 

Dneprope t rovsk  Metal lurgical  Inst i tute.  T rans l a t ed  f r o m  Inzhenerno-F iz iches ld i  Zhurnal ,  Vol. 34, No. 2, 
pp. 260-264, F e b r u a r y ,  1978. Original  a r t i c le  submit ted  January  21, 1977. 
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Fig. 1. Block d i a g r a m  of the insta l la t ion for  
t e m p e r a t u r e  m e a s u r e m e n t :  SPS) s table  power  
supply. 
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Fig. 2. Radial  t e m p e r a t u r e  d is t r ibut ions  in 
a p l a s m a  a i r  j e t  at  a d is tance of 30 m m  f r o m  
the nozzle  cut of the p lasmot ron :  a,  b) a i r  
flow r a t e s  Gai r =5 and 2.8 g /sec ,  r e s p e c -  
t ively;  I) a i r  + 5% CH4; II) a i r ;  T .  10 -3, ~ 
r ,  r a m .  

Moreove r ,  the quest ion of the in te r re la t ionsh ip  between the gas- f low fields and the t e m p e r a t u r e  f ields 
has  not been c la r i f ied  up to now. The quest ion of the influence of combus t ib l e -gas  admix tu res  (such as  na tura l  
gas) on the c h a r a c t e r  of the flow in a s t rongly  swir led  je t  in the p re sence  of axial  r e tu rn  flow is a lmos t  en t i re ly  
uninvest igated.  The difficulty of a theore t i ca l  invest igat ion is aggrava ted  by the fact  that  with the introduction 
of combust ib le  gas the p r o c e s s  is accompanied  by a change in volume.  

The in te r re la t ionsh ip  between the t h r ee -d imens iona l  t e m p e r a t u r e  dis t r ibut ion and the dynamics  of a i r  
flow in weakly and s t rongly swir led  je t s  with and without na tu r a l -ga s  admix tu res  is invest igated exper imenta l ly  
in the p r e s e n t  r epo r t .  By the t e r m  weakly swir led  je t  we unders tand a j e t  such that  all  the max ima  in the rad ia l  
d is t r ibut ion of the axial  ve loc i t ies  lie at  the je t  ax is ,  while a s t rongly swir led je t  is one in which there  is a r e -  
gion of r e tu rn  flow of the gas.  

The m e a s u r e m e n t s  we re  made in a p l a sma  a i r  je t  d i scharg ing  f r o m  a t w o - c h a m b e r  p la smot ron  with 
vo r t i ca l  s tabi l iza t ion of the a r c  and with a power  of 30 kW. The n a t u r a l - g a s  admixture  (98% CH4) was in t ro -  
duced into the je t  rad ia l ly  at  a dis tance of 0.5d f r o m  the nozzle cut through an opening in the anode (d is the 
inner  d i ame te r  of the anode,  equal to 26 mm).  The a i r  flow ra te  was va r i ed  f r o m  1.2 to 5 g/sec.  The a i r  was  
supplied to the chamber  tangential ly through a ga s - swi r l i ng  disk. 

To m e a s u r e  the t e m p e r a t u r e  of the je t  we chose the method of a dynamic  the rmocoup le ,  which has a high 
spat ia l  resolut ion and s impl ic i ty  of the m e a s u r e m e n t s .  The thermocouple  m a t e r i a l  was P t - P t  + 10~0 Rh. The 
t e m p e r a t u r e  was calculated f r o m  equations suggested in [7]. One of the drawbacks  of the method of a dynamic 
thermocouple  is its des t ruc t ion  in a p l a s m a  je t  when heated above 1300~ On the other  hand, the higher the 
t e m p e r a t u r e  of heat ing of the the rmocoup le ,  the m o r e  p r ec i s e  the t e m p e r a t u r e  m e a s u r e m e n t  of the p l a sma  jet. 
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Fig. 3. Radial  d is t r ibut ions  of 
dynamic  p r e s s u r e  in the p l a sma  
je t  at  an a i r  flow ra te  of 5 g/sec:  
1, 2) 30 m m  f r o m  the nozzle cut 
of the p lasmot ron ;  3) 20 m m ;  I) 
a i r  + 3% CH4; II) a i r ;  P" 102 N/m 2. 

Rep lacemen t  of the des t royed  thermocouple  by a new one leads ,  as a ru le ,  to an i nc rea se  in the random m e a -  
s u r e m e n t  e r r o r s  owing to di f fer ing junction d i a m e t e r s ,  nonuniformity of the e lec t rode  m a t e r i a l ,  and inaccuracy  
in the p lacement  of the thermocouple  junction re la t ive  to the p l a sma  jet.  When m e a s u r i n g  t e m p e r a t u r e  p r o -  
f i les  in a je t  these e r r o r s  hinder  the explanation of the r e su l t s  obtained. The device developed for  the t e m -  
pe ra tu re  m e a s u r e m e n t  (Fig. 1) en t i re ly  e l imina ted  the des t ruc t ion  of the thermocouple  and made it poss ib le  
to obtain heat ing curves  in a wide t e m p e r a t u r e  range.  The m e c h a n i s m  for  the movemen t  of the thermocouple  
and the e l ec t romagne t s  re la t ive  to the axis and cut of the p l a smot ron  nozzle consis ted of a coordinator .  The 
thermocouple  and the loop osc i l lograph  were  ca l ib ra ted  with an auxi l ia ry  r e s i s t o r  shown in the d iagram.  

Before  the s t a r t  of the expe r imen t  the durat ion of the s tay of the thermocouple  in the p lasma  je t  suff i -  
cient for  the junction to be heated to the mel t ing  t e m p e r a t u r e  was se t  on an e lec t ron ic  t ime re lay .  When the 
"Star t"  button is p r e s s e d  the t ime r e l ay  C1 f i r e s ,  the N700 osc i l lograph  is connected by the contacts  C1.1, 
and power is supplied to the e l e c t r o m a g n e t  EM1 through the contacts  C1.2. The thermocouple  is inser ted  into 
the p l a sma  jet .  The r e l ay  C2 is se t  for  opera t ion  by the closing of the contacts  C1.3. The signal f r o m  the 
thermocouple  is supplied to the N700 loop osc i l lograph  through the r e s i s t o r  R. The r e s i s t o r  and the galvano-  
m e t e r  a re  chosen so that  when the thermocouple  junction is heated to 1300~ the r e sponse  of the light spot  on 
the N700 osc i l lograph  occupies  the en t i re  width of the photographic  paper .  The voltage drop f r o m  the r e s i s t o r  
R is fed to the d i r e c t - c u r r e n t  ampl i f i e r  (DCA), to the output of which the r e l ay  C3 is connected. The gain of 
the DCA is chosen in advance so that  the r e l ay  C3 f i r e s  when the the rmocouple  junction is heated to 1300 ~ C. When 
the r e l ay  C3 f i r e s  power  is supplied through the contacts  C3.1 to the r e l ay  C2, which through the contacts  
C2.1 disconnects  the power  supply to the NT00 osc i l lograph ,  the e l ec t romagne t  EM1 is de -ene rg ized  by the 
opening of the contacts  C2.2, and power  is supplied to the e l e c t romagne t  EM2 through the contacts  C2.3. The 
thermocouple  is r e m oved  f r o m  the jet.  To e l imina te  the re in t roduct ion of the thermocouple  into the p lasma  
je t  because  of a d e c r e a s e  in the signal  f r o m  the DCA due to cooling of the junction outside the jet ,  the contacts  
C3.1 a r e  blocked by the contacts  C2.4. The l amp N1 signals  the r ead ines s  of the device to make the next m e a -  
surement .  The ef fec t  of the connection of the DCA on the r e su l t s  of a m e a s u r e m e n t  of the thermocouple  t e m -  
pe r a tu r e  is insignif icant ,  s ince the input r e s i s t ance  of the DCA is m o r e  than four o r d e r s  of magnitude higher  
than the r e s i s t ance  of the r e s i s t o r  R ,  while the input capaci tance of the ampl i f i e r  is negligibly smal l .  

The dynamic  head of the je t  was  m e a s u r e d  with a nonsta t ionary  Ditot tube. A detai led analys is  of the 
e r r o r s  a r i s ing  in the m e a s u r e m e n t  of the dynamic  p r e s s u r e  by this method is p resen ted  in [8]. The axia l ,  
r ad ia l ,  and tangential  veloci ty  components  were  calculated f r o m  the m e a s u r e d  values  of the t e m p e r a t u r e ,  a i r  
flow ra t e ,  and dynamic  head. 

The r e su l t s  of the t e m p e r a t u r e  m e a s u r e m e n t  p re sen ted  (Fig. 2) show the location of the region with the 
m a x i m u m  t e m p e r a t u r e  in the p l a s m a  je t  depends on the a i r  flow ra te  and on the admix tures  of natural  gas. 
With an inc rease  in the a i r  flow ra te  the size of the region of m a x i m u m  t e m p e r a t u r e s  r eaches  8 m m  at a d i s -  
tance of 30 m m  f r o m  the nozzle cut for  the modes  of p l a smot ron  opera t ion invest igated.  At a g r ea t e r  dis tance 
f r o m  the nozzle  cut of the p l a smot ron  this region again approaches  the axis .  Fo r  sma l l  flow r a t e s  of the s t ab i -  
l izing a i r  the highest  t e m p e r a t u r e  is found at  the je t  axis  a t  any dis tance f r o m  the nozzle cut. The observed  
d e c r e a s e  in the axial  t e m p e r a t u r e  nea r  the nozzle cut upon an i nc r ea se  in the flow ra te  of the s tabi l iz ing a i r  
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a g r e e s  with the data of [9, 10], in which the r e su l t s  of spec t roscop ic  m e a s u r e m e n t s  of the t e m p e r a t u r e  of a 
n i t rogen p l a sma  a re  p resen ted .  

The m e a s u r e m e n t s  of the dynamic  head were  made in the same  sect ions of the p l a sma  je t  as the t e m -  
p e r a t u r e  m e a s u r e m e n t s ,  with the expe r imen ta l  conditions being unchanged. The expe r imen ta l  r e su l t s  showed 
the complex  dependence of these  p ro f i l e s  on the flow ra te  of the s tabi l iz ing a i r .  A zone with a negative dyna-  
mic  head develops  nea r  the nozzle cut at  the je t  axis at  l a rge  flow r a t e s  of the s tabi l iz ing a i r  (Fig. 3). At 
smal l  a i r  flow r a t e s  the m a x i m a  of the p ro f i l e s  of the dynamic  head lie a t  the axis r e g a r d l e s s  of the dis tance 
to the nozzle cut. 

The rad ia l  d is t r ibut ions  of the dynamic  head also depend on the const ruct ion of the ga s - swi r l i ng  d isk  [11]. 
Since na tura l  gas is introduced into a i r  p l a s m a  je t s  to intensify the p r o c e s s  of heat ing of pa r t i c l e s  of the solid 
phase [3], we studied the t e m p e r a t u r e  and ve loc i ty  f ields in the p r e sence  of admix tu res  of methane.  The m e a -  
s u r e m e n t s  were  made with the introduction of 5% natura l  gas by volume.  I t  was  found that  in a p l a sma  je t  when 
p r o c e s s e s  of methane combust ion a re  taking place in it the m a x i m u m  values  of the t e m p e r a t u r e s  and dynamic  
p r e s s u r e  lie at the je t  axis (Figs. 2 and 3). To c lar i fy  the influence of the t r a n s v e r s e  injection of na tura l  gas 
on the flow dynamics  we introduced ni t rogen into the je t  instead of CH4. The ve loc i ty  f ie lds  do not undergo 
signif icant  r eo rgan iza t ion  in this case .  One can thus conclude that  it is jus t  the p r o c e s s e s  of combust ion of 
the na tura l  gas which affect  the c h a r a c t e r  of the flow of the p l a sma  jet .  

On the bas i s  of the expe r imen ta l  data obtained the low values  of the t e m p e r a t u r e s  at the je t  axis  for  l a rge  
gas flow r a t e s  a r e  explained by the p r e s e n c e  of r e tu rn  flows of the gas. Thus ,  in calculat ing the p r o c e s s e s  of 
heat ing so l id -phase  pa r t i c l e s  in a swir led  p l a s m a  je t  with and without admix tu res  of combust ib le  gases  one 
m u s t  allow for  the mutual  va r i a t ion  of the t e m p e r a t u r e  and veloci ty  f ields as a function of the gas flow ra te .  
One can a lso  a s s u m e  that  in heat ing pa r t i c l e s  some of them,  having en te red  the region containing the r e tu rn  
flow of gas,  will  undergo deepe r  phase  t r a n s f o r m a t i o n s  than the o thers .  

T 
P 
r 

is the t e m p e r a t u r e ,  ~ 
is the p r e s s u r e ,  N/m2; 
is the dis tance f r o m  je t  ax i s ,  ram. 
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