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A linear calorimetric probe of improved sensitivity has been developed. It per- 
mits measurement of heat flux and pulsations in heat flux up to a frequency of 
160 Hz. 

Contact methods of measuring thermal flux are widely used in investigations of the in- 
teraction of a thermal plasma with a material [I-6]. The linear calorimetric probe (LCP) is 
the simplest of these methods touse. It permits determination of local values of heat flux 
for a stationary axisyn~netric stream by the conversion of empirical values using Abel's inte- 
gral equation [I-4]. Recently probe designs and methods of using them have been proposed 
that make it possible to determine the local value of heat flows from a stationary plasma 
stream of any configuration without conversions [5-6]. However, these probes are character- 
ized by a relatively high degree of inertia and are unsuitable for measuring pulsating ther- 
mal flows from a thermal plasma stream. 

Our goal was to develop a high-sensitivity linear calorimetric probe (HSLCP) for mea- 
suring pulsating and local values of heat flux. 

We used as a prototype the LCP design in [5] and added a second thermocouple C2 in the 
annular gap between the tubes at a distance I from the probe end (Fig. I) to improve its 
sensitivity. The width of the gap was chosen so that at a distance I from the probe end it 
would be equal to the thickness of the thermal boundary layer calculated from the formula 
i n  [7] 

k = 4 . 6 4 / V ~ .  

The diameter of the bead of thermocouple C2 was chosen from the condition 

@ ,~ kl(1.5 _ 2). 

The t h e r m o c o u p l e  b e a d s  w e r e  l o c a t e d  c l o s e  t o  t h e  o u t e r  t u b e  b u t  i n  s u c h  a way a s  t o  p r e c l u d e  
d i r e c t  c o n t a c t  w i t h  t h e  t u b e .  To r e d u c e  o v e r f l o w s  o f  h e a t  t h r o u g h  t h e  i n n e r  t u b e ,  t h e  l a t t e r  
was made of a material with a low coefficient of thermal conductivity (Alundum). 

A layer of alumina (0.2-0.3)-10 -~ m thick was deposited on the outside end of the probe, 
reducing the contribution of heat flow from the probe end to the total heat flow into the 
probe to 0.1%. This contribution was subsequently ignored. The location of the thermocouple 
in the annular gap in LCP leads to the fact that it records pulsations in the temperature of 
the boundary-layer water from a small region of the probe surface. The boundary of the heat- 
sensing region of the HSLCP was determined by moving a point source of heat over the probe 
surface. The region runs lengthwise along the probe from the end to thermocouDle C2 and is 
limited in the annular gap by the diameter of the thermocouple junction. 

The location of the thermocouple junction in the thermal boundary layer of the annular 
gap leads to the fact that the resulting measurements cannot be used to calculate local heat 
flux q. Thus, to calculate the latter the following formula is used 

q = B G t c A T " ,  (1 )  
2arl 

i n  w h i c h  t h e  v a l u e  o f  c o e f f i c i e n t  B m u s t  b e  d e t e r m i n e d  b y  e x p e r i m e n t .  F o r  t h i s  p u r p o s e ,  t h e  
end  o f  t h e  HSLCP was p l a c e d  i n  a med ium w i t h  a f i x e d  t e m p e r a t u r e  and  t h e  r e a d i n g s  o f  b o t h  
t h e r m o c o u p l e s  w e r e  r e c o r d e d .  H e r e ,  B was d e t e r m i n e d  a s  f o l l o w s  

B = AT'I /AT"L.  (2 )  

F o r  t h e  c o n d i t i o n s  u n d e r  w h i c h  t h e  HSLCP was c a l i b r a t e d  ( p r o b e  d i a m e t e r  ~ =  3 . 5  ram, d e p t h  o f  
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F i g .  1. L i n e a r  c a l o r i m e t r i c  p r o b e  o f  improved  
s e n s i t i v i t y :  1) o u t e r  c o p p e r  j a c k e t ;  2) i n n e r  
Alundum t u b e ;  3) m i x i n g  chamber ;  4) mount ;  5, 
6) w a t e r  i n l e t  and d i s c h a r g e  n o z z l e s ,  r e s p e c -  
t i v e l y ;  C~, C=) t h e r m o c o u p l e s .  

immersion of the probe in dry stream L = 50 mm, thickness of annular gap b = 0.35 mm, diam- 
eter of thermocouple bead ~= 0.2 mm), B proved to have a value of 0.2. 

In calculating local values of heat flux with Eq. (!), coefficient B will introduce a 
systematic error into the measurement results. The value of this error may be determined 
from the expression 

dB dT' dT" 
e -- { + - -  (3) 

B T' T" 

E s t i m a t e s  show t h a t  d T ' / T '  = d T " / T " - ~  2.5%, d L / L ' ~ 5 %  and e ~ 1 0 % .  

The t o t a l  e r r o r  i n  d e t e r m i n i n g  u n i t  v a l u e s  o f  h e a t  f l u x  w i t h  t h e  HSLCP may be  computed  
f rom the  f o r m u l a  

dq dT ~ dr 
- -  ~ = s §  - - §  ( 4 )  
q T" r 

T a k i n g  Eq. (3) i n t o  a c c o u n t ,  i n  a c c o r d a n c e  w i t h  Eq. (4) n ~ 1 7 . 5 % .  

E x p e r i e n c e  in  u s i n g  t h e  HSLCP has  shown t h a t  i t s  s e n s i t i v i t y  depends  c o n s i d e r a b l y  on 
the  l o c a t i o n  o f  t h e  t h e r m o c o u p l e  b e a d  r e l a t i v e  to  t h e  t h i c k n e s s  (w id th )  o f  t h e  a n n u l a r  gap .  
The s i z e  o f  t h e  h e a t - s e n s i t i v e  r e g i o n  d e c r e a s e s  w i t h  a d e c r e a s e  i n  gap s i z e .  

L e t  us examine  t h e  t h e r m o p h y s i c a l  c h a r a c t e r i s t i c s  o f  t h e  HSLCP compared  to  t h e  LCP. A l l  
c a l c u l a t i o n s  w i l l  be  p e r f o r m e d  f o r  t he  HSLCP and known n u m e r i c a l  v a l u e s  o f  t h e s e  c h a r a c t e r i s -  
t i c s  f o r  t h e  LCP w i l l  be  d i s p l a y e d  a l o n g s i d e  in  p a r e n t h e s e s  f o r  t he  s a k e  o f  c o m p a r i s o n .  The 
p r i n c i p a l  t h e r m o p h y s i c a l  c h a r a c t e r i s t i c s  t h a t  w i l l  be  c o n s i d e r e d  h e r e  a r e :  t i m e  c o n s t a n t ,  
p h a s e - - f r e q u e n c y  c h a r a c t e r i s t i c ,  s e n s i t i v i t y ,  and m e a s u r e m e n t  l i m i t s .  The t ime  c o n s t a n t  T, 
b e i n g  a m e a s u r e  o f  t h e  t h e r m a l  i n e r t i a  o f  t h e  p r o b e  and d e t e r m i n i n g  i t s  dynamic  c h a r a c t e r i s -  
t i c s ,  is the time in which the recorder shows 0.6231 the value of the measured quantity 
starting from the beginning of the measurement [8,9]. If regular thermal conditions are 
established in the working volume of the probe, then we can proceed on the basis of the de- 

termination of the time constant T at the thermocouple measurement point to describe the 
temperature with the equation [8,9] 

---~ o--j 
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Fig. 2. Dependence of value of 
error ~ (%) in measurement of 
heat flux due to averaging 
through probe radius: I, 4) 
R = 0.1Ro; 2, 5) R = 0.5Ro; 3, 
6) R = 0.9Ro; i, 2, 3) Ro = 
1.7-10 -2 m; 4, 5, 6) No = 2.5" 
10 -2 m. 
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Fig. 3. Distribution of heat flux q, W/cm 2, over a 
distance h from the edge of the plasmatron nozzle: 
a) through radius of plasma stream [I) heat flux ob- 
tained with LCP; 2) same, HSLCP]; b) with rotation 
of HSLCP about its own axis (arrow denotes direction 
of inflowing plasma stream). 

The time constant of the probe was determined according to its response to a thermal P- 
pulse by the following method. A heat-insulating gate moved by an electromagnet was installed 
between the probe and heat source. The operating time of the gate did not exceed 8-I0 -~ sec. 
With the gate open, we recorded the rate of increase in the temperature of the cooling water 
determined with thermocouples CI and C2. The measurements were used to plot the function 
in(T -- To) versus time. The time constant T was found from the slope tangent of the 
straight line in (T -- To) =t/T. The time constant of the probe changed within the range 
0.04-0.01 sec (0.3-0.7 sec) in relation to the rate of flow of the cooling water. 

The phase--frequency characteristic determines the phase shift introduced into the mea- 
surements in relation to the frequency of the signal at the input []0] 

Q0 . . . .  ~ § ~ 2  sin(~t-- arctg~t). (5) 

Under t he  c o n d i t i o n  Q1/Qo = 0 . 1 ,  f rom Eq. (5) we d e t e r m i n e  t h e  b o u n d a r y  f r e q u e n c y  ~2 = 
160 Hz. Thermal  s i g n a l s  w i t h  a f r e q u e n c y  no g r e a t e r  t h a n  8 Hz a r e  r e p r o d u c e d  w i t h o u t  d i s t o r -  
t i o n  o f  the  p u l s e  shape .  The a p p l i c a b i l i t y  o f  Eq. (5) f o r  the  HSLCP was v e r i f i e d  e m p i r i c a l l y .  
To t h i s  end,  the.  p r o b e  was p l a c e d  unde r  the  i n f l u e n c e  o f  a p u l s a t i n g  t h e r m a l  f l u x  w i t h  a 
smoo th ly  c h a n g i n g  f r e q u e n c y .  The shape  and r e p e t i t i o n  f r e q u e n c y  of  the  t h e r m a l  p u l s e  were 
d e t e r m i n e d  s i m u l t a n e o u s l y  by means o f  a p h o t o d i o d e .  The e x p e r i m e n t s  c o n f i r m e d  t he  v a l i d i t y  
of Eq. (5) for the HSLCP. 

Probe sensitivity was determined from the relation 

AT 
5 = - -  �9 1009/0, 

Tm 

and p r o v e d  to  be equa l  to  ~ = 0 . 5 - 7 . 5 %  (1-15%).  We w i l l  d e s i g n a t e  as t he  s e n s i t i v i t y  
t h r e s h o l d  the  minimum change  i n  h e a t  f l u x  i n  the  r e g i o n  of  t he  t h e r m o c o u p l e  s u f f i c i e n t  to 
cause a detectable change in the temperature of the coolant water. 

The measurement limits are determined by the sensitivity threshold and the greatest 
thermal flux that can be recorded without physical damage to the probe. The upper limit 
was determined by the rate of flow of coolant water through the probe, the geometric dimen- 
sions of the probe, and the thermal conductivity of the material of the outer tube. For a 
probe of the design under discussion, the measurement range is 0.2-2500 W. 

In measuring thermal flux with the LCP, the flux across the diameter of the LCP is 
averaged. Let us find the error introduced into the measurement by averaging: 

where 
R-J-2r 

qav = .[ q (R) dR/2r. 
R 
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Finally R+2r 

�9 100%. 
~l= 1- -  2rq(R + r) 

The v a l u e  o f  q(R)  f o r  a n  a i r - p l a s m a  s t r e a m  w i t h  v o r t i c a l  s t a b i l i z a t i o n  c a n  b e  a p p r o x i m a t e d  
b y  a t h i r d - o r d e r  p o l y n o m i a l  w i t h  an e r r o r  no g r e a t e r  t h a n  2%: 

q (R + r) = ~ -F qt (R @ r) + q~ (R -F r) = -F ~ (R + r) 3. 7) 

C a l c u l a t i o n s  w e r e  p e r f o r m e d  w i t h  Eq .  (6 )  w i t h  a l l o w a n c e  f o r  Eq .  (7 )  on  an  E S I 0 2 0  c o m p u t e r  
( F i g .  2 ) .  As c a n  b e  s e e n  f r o m  F i g .  2,  e v e n  a t  R o / r >  / 10 t h e  e r r o r  i n  t h e  m e a s u r e m e n t  o f  
t h e r m a l  f l u x  d u e  t o  a v e r a g i n g  t h r o u g h  t h e  p r o b e  d i a m e t e r  d o e s  n o t  e x c e e d  1%. 

H e a t  f l u x  was m e a s u r e d  i n  t h e  a i r  s t r e a m s  o f  a t h e r m a l  p l a s m a  c r e a t e d  b y  an  i n d i r e c t -  
a c t i o n  s i n g l e - c h a m b e r  p l a s m a t r o n  ( I  = 119 A; U = 176 V; G2 = 1 . 3 1 = / s e c ;  D = 1 . 5 - 1 0  -=  m) .  

When i n t r o d u c i n g  t h e  p r o b e  i n t o  t h e  h i g h - t e m p e r a t u r e  s t r e a m ,  we moved i t  a l o n g  i t s  own 
a x i s  a t  a c o n s t a n t  s p e e d  c o m p u t e d  f r o m  t h e  f o r m u l a  i n  [ 1 1 ] .  H e r e ,  t h e r m o c o u p l e  C2 was  t u r n e d  
t o w a r d  t h e  d i r e c t i o n  o f  s t r e a m  f l o w .  As c a n  b e  s e e n  f r o m  F i g .  3 a ,  t h e  h e a t  f l u x  d i s t r i b u t i o n  
on t h e  a x i s  o f  t h e  p l a s m a  s t r e a m  o b t a i n e d  w i t h  t h e  HSLCP was  1 .5  t i m e s  g r e a t e r  i n  m a g n i t u d e  
t h a n  t h a t  o b t a i n e d  w i t h  t h e  LCP. T h i s  i s  u n d e r s t a n d a b l e ,  s i n c e  t h e  b r a k i n g  t h e r m a l  f l u x  i s  
b e i n g  m e a s u r e d  when t h e r m o c o u p l e  C2 i s  p o s i t i o n e d  c o u n t e r  t o  t h e  d i r e c t i o n  o f  t h e  s t r e a m .  
We also made measurements of heat flux in the HSLCP on the stream axis with rotation of the 
probe about its own axis. The character of heat flux distribution for the thermal plasma 
stream in this case (Fig. 3b) is similar to curves obtained earlier for a stream of heated 
air [12,13]. 

NOTATION 

Re, Reynolds number with characteristic dimension b; Pr, Prandtl number; q, heat 
flux density; G, mass flow of cooling water; c, specific heat of water; T", excess 
temperature of thermocouple C2; r, probe radius; L, depth of immersion of probe 
in heated medium: T', excess temperature of thermocouple CI; To, initial temper- 
ature of thermocouple; t, time; QI, heat flux recorded with thermocouple; Qo, heat 
flux acting on the probe; w, angular frequency; Q =GcAT, sensitivity threshold; 
Qm = GcATm, maximumheat flux recorded by probe; q~ = q(R + r), local heat flux; 
Ro, radius of plasma jet; R, current radius of plasma jet; qo, q~, qi, q3, ap- 
proximation coefficients; h, size of the outlet nozzle of the plasmatron; ~ , 
angle of orientation of thermocouple C2 relative to incoming stream; Gi, rate of 
of air through plasmatron; D, outlet orifice of plasmatron nozzle. 
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