
N O T A T I O N  

Om, Pph, Pe, densities ofdispersionmedium, d ispersed phase, and emulsion, respectively; kg/m3; 
~m, Pph, Pe, ViSCositiesofdispersionmedium, dispersed phase, and emulsion, respectively,  N,sec/m2; 
#ef, effective viscosity of emulsion, N.see/m2;  ~, volumetric concentration of dispersed phase; dav, aver-  
age volumetric diameter of globule, mm; ni, number of globules with diameter di; k, number of globule 
sizes;  w, average velocity of emulsion in a tube, m/sec;  Q, volumetric emulsion flow rate in a capillary, 
m3/see; r ,  l ,  radius and length of capillary, m; Ap, pressure  differential on capillary, N/m2; Vs, shear 
rate ,  sec-l ;  Ps, shear s t ress ,  N/m2; Pmin, Pmax' limiting minimum and maximum shear s t resses ,  N/m2; 
Po, additional shear s t ress ,  N/m 2. 
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IMPROVEMENTS IN THE DYNAMIC 

THERMOCOUPLE TECHNIQUE 

S. P. Polyakov and P. F. Bulanyi UDC 5;37.562.083 

The paF~er describes an improved method for measuring the temperature of a low-temperature 
plasma~ The method has been verified experimentally. An electronic method for inserting i~he 
thermocouple into the plasma is described. An e r ro r  analysis is given. 

Reiser  and Olsen [1] describe a method of measuring the temperature of a low-temperature plasma 
using a periodically heated thermocouple. The essence of the method is that a thermoeouple is inserted into 
Che plasma for a time tl, and then cools for a time t 2. The process is repeated a number of t imes,  and then 
the experiment is changed so that the time spent in the plasma is t 3 and in cooling, t 4. For this situation the 
energy-balance equation is 

0 0 0 0 

The heat flux values in Eq. (1) are replaced by the expressions 

Ol = ~ lS  (To-- (q) ,  Q~ = % s ( r l  - -  0), 

Qa = % S  ( T  c - -  T~), Q,= % S  (~F 2 - -  To). (2) 

From Eqs. (1) and (2), using the fact that T O is known, we finally obtain 

T c = ~ +  T1--T= (3) 
1 T l t l t4  

To implement the technique we developed a device for periodically exposing the thermocouple to the test plasma. 
The periodicity is generated by a light beam, interrupted by a synchronous rotating shutter and a photodetector, 
which controls the periodic insertion of the thermocouple. 
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Fig~  I~ S c h e m a t i c  e l e c t r i c a l  d i a g r a m  of t he  c o n t r o l  unit  (a) and 
of t h e  t e m p e r a t u r e  m e a s u r e m e n t  uni t ,  u s ing  the  i m p r o v e d  d y n a m -  
ic  t h e r m o c o u p l e  m e t h o d  (b): 1) c o n t r o l  uni t ;  2) h i g h - s p e e d  
e l e c t r o m a g n e t i c ;  3) r e c o r d i n g  d e v i c e ;  4) P t - -  Pt  + 10% Rh  t h e r -  

m o c o u p l e ;  5) p o w e r  s u p p l y .  

T h e  m a i n  d e f e c t  of t h i s  me thod  i s  t he  long m e a s u r e m e n t  t i m e  (on the  o r d e r  of 3-4  min) ,  and th i s  i n -  
t r o d u c e s  c o n s i d e r a b l e  e r r o r  when  one m e a s u r e s  the  t e m p e r a t u r e  of t u r b u l e n t  s w i r l i n g  j e t s .  The  use  of a 
s l o w  r e c o r d e r  l e a d s  to  a r e d u c e d  e q u i l i b r i u m  t e m p e r a t u r e ,  and t h i s  t e m p e r a t u r e  v a r i e s  for  d i f f e r e n t  c y c l i c  
f r e q u e n c i e s .  In  add i t i on ,  t h e r e  i s  a l a r g  e u n c e r t a i n t y  in  c h o o s i n g  the  m e a n  t e m p e r a t u r e ,  which  i n t r o d u c e s  

a me thod  e r r o r  in to  the  m e a s u r e m e n t .  

In  the  op in ion  of t he  a u t h o r s ,  i t  i s  m o r e  f a v o r a b l e ,  in  m e a s u r i n g  the  t e m p e r a t u r e  of a p e r i o d i c a l l y  
h e a t e d  t h e r m o e o u p l e ,  t o  u se  t he  fac t  t ha t  a t  a g i v e n  i n s t a n t  the  r a t e  of t h e r m o c o u p l e  t e m p e r a t u r e  i n c r e a s e  
i s  l e s s ,  the  l a r g e r  i t s  i n i t i a l  t e m p e r a t u r e .  T o  d e r i v e  the  m a t h e m a t i c a l  r e l a t i o n  b e t w e e n  the  p l a s m a  t e m -  
p e r a t u r e  and the  hot  t h e r m o c o u p l e  j u n c t i o n  t e m p e r a t u r e ,  we use  the  w e l l - k n o w n  e q u a t i o n  [2, 3] 

cP__dd d_T_T = a (Tc - -  T). (4) 
6 dt 

A s  was  done  in  [1], we s h a l l  a s s u m e  tha t  c ,  p, d,  and a do  not v a r y  d u r i n g  the  m e a s u r e m e n t .  T h e n  

f r o m  Eq.  (4) we have  

T 2 = T e - -  (T c - -  T,) exp ( - -  ktl), (5) 

w h e r e  k = 6 a / c p d .  H e r e  the  t h e r m o e o u p l e  is  h e a t e d  f r o m  t e m p e r a t u r e  T 1 t o  T 2 in  t i m e  t I .  If  the  t h e r m o -  

coup le  is  h e a t e d  f r o m  T z to  T 4 i n t h e  s a m e  t i m e  t 1, t h e n  

T 4 = T c - -  (T c - -  T3) exp ( - -  ktl). (6) 

A f t e r  s e v e r a l  s i m p l e  t r a n s f o r m a t i o n s ,  and u s i n g  the  fac t  t h a t  kt 1 = c o n s t ,  f r o m  E q s .  (5) and (6) we c a n  ob -  

t a i n  
Te = T1T4 - -  T2T3 , (7) 

A T  1 - -  ATe. 

w h e r e A T  1 = T  4 - T  3 a n d A T  2 = T  2 - T  i .  

S ince  we d id  not a ccoun t  fo r  a d d i t i o n a l  g a s  hea t ing  due to  f low s t a g n a t i o n  in  d e r i v i n g  Eq .  (7), we m u s t  
c o n s i d e r  t h e  t e m p e r a t u r e  t o  be  t ha t  fo r  j e t s  wi th  Mach  n u m b e r  M < 1 [6]. E q u a t i o n  (7) was  used  in  [4] fo r  
t h e  s p e c i a l  c a s e  T 2 = T~ in  d e t e r m i n i n g  p l a s m a  t e m p e r a t u r e  f r o m  m e a s u r e m e n t s  of t h e  hea t ing  r a t e  of a 
poir~ c a l o r i m e t e r  u n d e r  c o n d i t i o n s  w h e r e  T = f(t) i s  not l i n e a r .  H o w e v e r  , i t  i s  v e r y  d i f f i cu l t  t o  d e t e r m i n e  
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Fig. 2. Osc i l logram of the t e m p e r a t u r e  v a r -  
iat ion of a Pt - -  Pt + 10% Rh the rmocouple ,  in-  
se r ted  into an a i r  jet p l a sma  with t e m p e r a t u r e  
T c = 3000~ where  T1, T2, and T 3, T 4 a r e  the 
lowest and highest  t e m p e r a t u r e  values at hea t -  
ing f requencies  of F 1 = 0.81 Hz and F 2 = 2.32 Hz, 
r e spec t ive ly .  

T c f r o m  the re la t ion  T = f(t) sa t i s fac to r i ly ,  s ince this nonl inear i ty  in the heating curve  can  be observed 
only if the thermocouple  is placed in the p lasma  jet for a long period,  which can r e su l t  in des t ruc t ion  of 
the the rmocoup le .  

In order  to  de t e rmine  the p l a sma  t e m p e r a t u r e  using a per iodica l ly  heated the rmocouple  and Eq. (7) 
we developed a control  p r o g r a m  for  inser t ing  the thermocouple  into the p lasma  (Fig. l a ) .  The scheme 
al lows:  1) the heating f requency to be var ied  automat ica l ly  f r o m  0.2 to 3 Hz; 2) s teady t e m p e r a t u r e s  to 
be measu red  at t h r ee  cycl ic  f requencies ;  3) the d e v i c e  i tself ,  as  well  as  a type N-700 osc i l loscope  or  some  
other  record ing  system~ to be au tomat ica l ly  switched on and off at the t ime of m e a s u r e m e n t ;  4) the dwell t ime 
of the the rmocouple  in the p l a s m a  to  be adjusted smoothly  f r o m  20 msec  to  1 sec ;  5) the heating frequency 
to  be var ied  smoothly;  and 6) the t e m p e r a t u r e  to  be measured  in a t ime  1.5-2 sec .  

The control  unit is made up of the following subunits : a low-frequency g e n e r a t o r ,  embodying t r a n -  
s i s t o r s  PT l and t r r  2 with automat ic  f requency adjustment ;  a t ime  r e l ay  based on the mul t iv ib ra to r  formed 
by t r a n s i s t o r s  PT 3 and PT4; the e lec t ronic  switch r ep re sen ted  by t r a n s i s t o r  PT s whose Ioad is the r e l ay  
R L2, which controls  the opera t ion of a h igh-speed  magnet;  and the stepping switch with th ree  banks of non-  
separa t ing  contact groups a ,  b, and c.  When button KN t is dep res sed ,  t r a n s i s t o r  PTs o p e n s f o r a t i m e t t =  
0.7 (Ri4 + Rth)C s, r e l ay  RL2 opera t i e s  - it swi tches  onthe stepping switch to re lay  RL1, which ope ra t e s  ~nthe 
pulse-count  mode (without a mechanica l  chopper) .  The f requency of inser t ing  the the rmocouple  into the 
p l a s m a  jet is equal to the gene ra to r  f requency.  Var ia t ion of this f requency f r o m  0.2 to 3 Hz is achieved 
by switching r e s i s t o r s  R 5 or R 4 in pa ra l l e l  with r e s i s t o r  R 3 via contact group a .  Contact group b switches 
off the gene ra to r  supply, which is s tabi l ized by means of the semiconductor  s t ab i l i ze r s  D 2 and D 4. Contact 
g roup  c switches  on and off the record ing  device during the m e a s u r e m e n t .  Res i s t o r  Rt4 provides  fc~ 
smooth  control  of the swell  t ime  of the de tec tor  in the p l a sma  f r o m  20 msee  to 1 sec .  R e s i s t o r  R6 provides  
smooth  control  of the f requency  of inse r t ion  of the thermocouple  into the p l a sma .  The s y s t e m  prow[des for  
the de tec to r  to  be inser ted  with th ree  di f ferent  f requencies  during a single m e a s u r e m e n t ,  thus reducing 
the m e a s u r e m e n t  e r r o r .  At the expense of reduced accu racy  of p lasma t e m p e r a t u r e  m e a s u r e m e n t  one can 
a c c e l e r a t e  the m e a s u r e m e n t  p r o c e s s ,  using only r e s i s t o r s  H 3 and R 5 to va ry  the f requency.  A m e a s u r e -  
ment durat ion of four per iods  is used at  each f requency to measu re  steady the rmocouple  t e m p e r a t u r e s .  
This  is sufficient t ime  for  the de tec to r  to r e a c h  dynamic equi l ibr ium with the p l a sma .  

A block d i a g r a m  of the exper iment  is shown in Fig.  l b .  An osc i l log ram of values  of T = f(t), r e -  
corded on a type N-700 osci l loscope,  is shown in Fig.  2. As can be s een  f r o m  the f igure ,  as  the f requency 
of inse r t ion  of the the rmocouple  into the p l a sma  jet  is va r ied ,  keeping the dwell t ime  of the de tec tor  in the 
p l a sma  constant ,  the T1, T2, T3, and T 4 obtained a r e  di f ferent  and can be used to  de t e rmine  T c using Eq. 
(7). 

In this way we found a t e m p e r a t u r e  of 3000~ for  an a i r  p l a sma  at d is tance of 20 m m  f r o m  the nozzle 
exit  o n t h e  axis ,  with a p l a s m o t r o n  power of 25 kW, 80% eff iciency,  nozzle d i a m e t e r  10 mm,  and flow ra te  
1.5 g / s e c .  The t e m p e r a t u r e  at the s a m e  point was measu red  by the cooled c a l o r i m e t e r  [5]. The two meth-  
ods gave good a g r e e m e n t  within expe r imen ta l  e r r o r .  It is c l ea r  that the t e m p e r a t u r e  method using the 
per iodica l ly  heated the rmocouple  gives a value c lose  to the t rue  one , s ince  the method r equ i r e s  no data 
other t h a n t h e  measu red  quantit ies Ti ,  T2, T3, and T 4. 
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The e r r o r  in plasma t empera tu re  measurement  by this method is due mainly to e r r o r  in measurement  
of the thermoeouple  t empera tu re s  Tt ,  T2, T3, and T 4 and to the fluctuations i n t h e  dwell t ime of the t h e r m o -  
couple in the ~lasma i n t h e  two cases .  The f i rs t  e r r o r  is given by the re la t ion  

2 ( T i +  T2) AT 
g l  ~ 

TiT ~ -  T~T~ 

which may be simplified to the fo rm 

8AT 
g l  ~ -  

T i + T~ 

The e r r o r  due to fluctuations in the swell  t ime of the thermocouple  in the plasma is e 2 = (2At/t) [e 1 = 
*-(3.5-4)%, e 2 = *-(0.5-1)%], i . e . ,  the e r r o r  in determining the plasma t empera tu re  using this method does not 
exceed *-5%, 

(s) 

NOTATION 

Q1, Q3, heat fluxes to  the thermocouple  in the plasma; Q2, Q4, heat fluxes given out by the thermocouple  
to  the cooler ;  a l ,  a2, heat t r a n s f e r  coefficients in the plasma and in the cooler ;  S, thermoeouple  surface  
a rea ;  Te ,  plasma t empera tu re ;  T1, T2, average  t empera tu re s  of the thermocouple  for  different  heating f r e -  
quencies;  T1, T2, initial and final t empe ra tu r e s  at f requency Fi; T3, T4, initial and final t empera tu re s  at 
frequency F2; To, t empera tu re  of the cooler ;  c, p, d, specific heat,  density,  and d iameter  of the P t - -  lot + 10% 
Rh thermocouple ,  respec t ive ly .  
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