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The design and c h a r a c t e r i s t i c s  of a t h e r m o e l e c t r i c  t r a n s d u c e r  fo r  measu r ing  smal l  s teady 
f lows of liquid me ta l s  a re  examined.  

P r o b l e m s  of measu r ing  smal l  f lows of gaseous  and liquid media  a r e  encountered in different  a r e a s  
of science and technology.  The m o s t  complex p rob l em is  measu r ing  flows of liquid me ta l s ,  pa r t i cu l a r l y  
alkal i  me ta l s .  T h e r m o e l e c t r i c  t r a n s d u c e r s  a re  best  for  th is  purpose .  They mee t  seve ra l  cu r ren t  r e q u i r e -  
merits ,  in that  they a r e  monoli thic  and sufficiently accu ra t e ,  have a r e l a t ive ly  s imple  design,  and have a 
compact  inpt~t e lement  [1]. 

The c a l o r i m e t r i c  t h e r m o e l e c t r i c  s t eady- s t a t e  t r a n s d u c e r s  now used to m e a s u r e  smal l  (to 50.10 -6 kg. 
sec  -1) f lows of liquid m e t a l s  with an ex te rna l  hea te r  have seve ra l  shortcomings."  F i r s t ,  a change (an in-  
c r e a s e ,  for  example)  in the flow ra te  is accompanied  by a change (decrease)  in the t e m p e r a t u r e  at the loca-  
t ion of the hea te r ,  which leads  to a significant change in the sensi t iv i ty  of the f low-ra te  m e t e r  [1]. Second, 
the above type of t r ansduce r  is  fa i r ly  iner t ia l ,  since i ts  opera t ion  r e q u i r e s  complete  t he rma l  s tabi l izat ion 
of the en t i re  design,  i .e . ,  not only the pipe sect ion,  but also the hea t e r  and the heat shielding sy s t em (to 
reduce  heat  loss  to the environment) .  Also,  due to the complexi ty  and insufficiently p r e c i s e  the rma l  design 
of the t r a n s d u c e r ,  it has  to be carefu l ly  ca l ibra ted  within a broad range  of flow ra tes .  

The above p r o b l e m s  can be solved if the t e m p e r a t u r e  of the hea te r  is s tabi l ized and it is kept at the 
m a x i m u m  level  by instal l ing a the rmos ta t t i ng  e lement  on the pipe of the t r ansduce r .  Here ,  each liquid meta l  
flow ra te  will co r re spond  to a ce r ta in  t e m p e r a t u r e  dis tr ibut ion along the m e a s u r e m e n t  sect ion of the pipe,  
located ahead (upstream) of the t he rmos ta t .  The r e su l t s  of m e a s u r e m e n t  of the t e m p e r a t u r e  dis tr ibut ion can 
be used to r e l i ab ly  de te rmine  the flow ra te .  A change in flow ra te  leads  to dis tor t ion of th is  t e m p e r a t u r e  
d is t r ibut ion,  i .e . ,  to a change in the read ings  of the t h e r m o e l e c t r i c  t ransducer .  

Such a device (Fig. 1) includes the m e a s u r e m e n t  sect ion 3 of the pipe,  a h e a t - e x c h a n g e r - r a d i a t o r  2 
ins ta l led on the pipe,  a hea t e r  1, and a different ial  thermocouple .  The l a t t e r  cons is t s  of the sect ion of the 
pipe between the junctions 4 and 5, pe r fo rming  the function of a na tura l  t he rmoe lec t rode  with p r o p e r t i e s  
s im i l a r  to those of a s tandard  t h e r m o e l e c t r o d e ,  and two Copel e l ec t rodes  6. The liquid meta l  flow en te rs  
the pipe f r o m  the unit 7 with the : tempera ture  tin. The t e m p e r a t u r e  of the r ad ia to r  t r  is chosen in re la t ion  to 
the boiling point of the given liquid meta l  and the operat ing conditions. 

Much of the power  of the hea t e r  is consumed as  radia t ion f r o m  the sur face  of the h e a t - e x c h a n g e r - r a d i a -  
to r .  The propor t ion  of power  spent on heating the flow and t r a n s f e r r i n g  heat  along the pipe is roughly two 

/ 2 ~ L i q u ' i d  metal 

Fig. 1. D i a g r a m  of t h e r m o e l e c t r i c  t r a n s -  
ducer.  
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Fig. 3 
Fig. 2. General view of thermoelectric transducer in its shield (the transducer is 
shown with two radiators for measuring forward and reverse flows of liquid metal). 

Fig. 3. Calibration curves of the thermoelectric transducer: a) gallium-indium eu- 
tectic, air environment, t r = 398 • 2~ b) potassium, vacuum, t r = 433 •176 (A de- 
notes a reading of the transducer, mV; M denotes the flowofthe liquid metal, leg. sec-i). 

orders less. Here, 'the heat-exchanger-radiator is actually athermostat, since the energy radiated by the radiator 
is proportionaltothe fourthpower of the temperature of the radiator tr. This ensures that tr will be almost constal~t 
at relatively low flow rates of the liquid metal (5-50). 10 -6 kg. sec -I. Thus, with a change in flow rate, the temperature 
aroundthe junction 4 remains constalxt, while there is a change inthe temperature at the junction 5. The temperature 
difference atthe locations of the junctions 5 and 4 on the pipe is the quantity which determines the flow rate of the li- 
quid metal. 

To determine the optimum design parameters of the transducer and obtain its calibration curve, it is 
necessary to solve the problem of steady-state heat exchange along the pipe. We made the following assump- 
tions: 'the 'temperatures of the radiator t r and the unit tin during measurement of the flow rate were constant; 
the temperatures of the wall of the pipe t w and of the liquid metal flow tq were equal to each other in all sec- 
tions; the thermophysical coefficients X and c of the wall and liquid metal were independent of the temperature 
and did not change along the pipe; radiation from the outer surface of the pipe was negligibly small; the flow 
was steady and laminar. 

Given these assumptions, the equation describing the temperature distribution along the axis of the trans- 
ducer pipe on the section between 'the heat-exchanger-radiator and the unit (located a sufficient distance L 
from each other) has the form 

dZt + c q M dt O. (1) 

The x axis corresponds to the pipe axis, and the coordinate on the axis is reckoned from the junction 4 counter 
to the direction ofthe flow. Inthe absence of flow, i.e., when M = 0, Eq. (I) takes the form 

#t 
- = 0 .  ( 2 )  

dx 2 

The  so lu t i on  of  (2) f o r  the  po in t  x = l ,  c o r r e s p o n d i n g  to jun t ion  5, wi l l  be 

l--t 6 =  L r + (  1 - - + ) t i n  (3) 

T h e  so lu t i on  of  Eq.  (1), w i th  a l l o w a n c e  f o r  (3) f o r  the po in t  x = l ,  wi l l  be a s  fo l lows  wi th  M ~ 0: 

t_  L = exp (--AMl) ~ exp (--AML) 
- - ,  ( 4 )  

t r 1 - -  exp (--AML) 1 - -  exp (--AML) 

w h e r e  A = C q / ( k w F  w + k qFq) .  F o r  c o n v e n i e n c e  in  t he  c a l c u l a t i o n ,  the  t e m p e r a t u r e s  a r e  r e c k o n e d  f r o m  t in ,  
i.e., it is assumed that tin = 0. The measured temperature difference at points 4 and 5, with allowance for 
(4), is determined from the relation 
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A = t  r - h = t r  1--exp(--AMt) 
1 - -  exp ( - - AM L)  ' 

which is a s tat is t ical  cha rac te r i s t i c  of the t r ansduce r  and makes it possible to theoret ical ly  construct  its cal i -  
brat ion curve.  

We will write the expression for the sensitivity of the transducer: 

S =  d(ldtr)  t r = t r A L e x p ( - - A M L )  [ l e x p ( - - A M l )  exp(  A M l ) _ ~ e x p ( - - A M L ) ]  (5) 
dM 1--exp(--AML) x [ I - -  L exp ( - - A M L )  1 - -  exp ( - -AML)  J 

f r o m  which it is evident that the sensi t ivi ty of the t ransducer  is l inear ly  dependent on the t empera tu re  of the 
h e a t - e x c h a n g e r - r a d i a t o r  t r  and is a function of the thermophysica l  and design parameter .  Evaluation of the 
sensi t ivi ty of the t ransducer  with Eq. (5) shows that the sensitivity will be g rea t e r  at higher values of the com- 
plex AML, i.e.,  at large L. In the case AML >- 5, the small quantity exp(-AML) in Eqs. (4) and (5) can be 
ignored. Then we obtain 

---- exp (--AMI),  (6) 
tr 

S = - - A t  r l exp (--AM1). (7) 

Differentiating Eq. (7) with respec t  to l and finding the optimum value lop t, we obtain the condition for  c o r r e s -  
pondence of the design p a r a m e t e r s  of the t r ansduce r  to maximum sensit ivity during measurement  of flow rate 
at a specific t empera tu re  t r  = eonst: 

AMl  = 1 (8) 

Thus, within the chosen range of flow-rate values, Eqs. (6)-(8) can be used to determine the basic geo- 

metric parameters of the thermoelectric transducer and its theoretical calibration curve, ensuring the re- 

quired sensitivity of the transducer. 

The theoretical data obtained was used to design a thermoelectric transducer, a general view of which 

is shown in Fig. 2. The design parameters of the transducer were chosen with allowance for Eqs. (6)-(8). The 
pipe, made of steel KhI8NIOT, has an inside diameter of 1.2" 10 -3 m and a wall thickness of 0.2.10 -3 m. The 

distance between the junctions of the thermoelectrodes is I =22.10 -3 m, while the distance between the copper 

radiator, with an area of 3.10 -3 m 2, and the feed unit L = 40.10 -3 m. The heater, made of grade POZhNKh 

0.3 wire, has a resistance of i0 ~ and consumes 4-8 W of electric power (depending on the required temper- 

ature tr). The transducer was tested in both air and a vacuum. 

It is apparent from the calibration curve of such a transducer, obtained on a liquid gallium-indium eu- 
tectic in air at t r = 398 ~:2~ (Fig. 3), that the measurement sensitivity at a mass flow rate M ~ 3.106 kg.sec -i 

reaches S = 0.i.i06 mV.kg-t.sec. When the transducer is calibrated on liquid potassium in a vacuum at tr = 
433 :~3~ at a mass flow rate M ~ 3.10 -6 kg.sec -i (Fig. 3), we obtain a measurement sensitivity S = 0.2.10 G mV" 

kg-l.sec. It should be noted that if the differential thermocouple is replaced by special heat-sensitive elements 

the transducer can be made even more sensitive. 

The transducer is distinguished by the ease of its use and its satisfactory accuracy in measuring micro- 

rates of liquid metal flow. The reliability and ease of repair of the transducer compared to other types of 

transducers (rotametric, turbine, etc.) is the result of the lack of direct contact between the measurement 

elements and the flow. The measurement accuracy of the transducer depends on the following factors: the 

stability of the condition of the internal surfaces of the pipe, the calibration error of the differential thermo- 

couple, the stability of the voltage supply to the heater, and stray currents in the thermoelectrode leads. 

Three years of continuous use of a 'traditional thermal-type flow meter in a flow of liquid potassium 

showed [2] that the inside surface of the pipe remains almost unchanged. Thus, we may take Yi = 0.00% for 

the error of the transducer on the heat-exchange section between the pipe and the liquid metal. 

The instability of the temperature of the heat-exchanger-radiator is determined by the instability of the 

heater power supply and the conditions of heat exchange by the radiator with the environment. The power 

supply instability is taken as 0.01% [3]. In using a thermoelectric transducer in air, the heat-transfer co- 

efficient changes by about 0.03% with a I~ change in ambient temperature. We can therefore assume that 
a :~I0~ change in ambient temperature will produce a measurement error 72 = 0.01-0.6 = 0.61%. 
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The permissible calibration error of standard thermocouples with a thermostatted cold junction is 0.16 
mV for Chromel-Copel [4]. For a differential thermoeouple, we can assume a relative error ~/3 = 1.50% at 
At = 2~ Since the transducer will be used in compact equipment, we need not consider the effect of long 

leads. 

Thus, in using the thermoelectric transducer in control systems, i.e., without a recorder, the total 
relative measurement error will be: 7 = 71 + ~/2 + 73 = 0.00 + 0.61 + 1.50 = 2.11%. If the transducer is used 
with a class 0.5 recorder, the total error of the system in measuring microrates of flow will not exceed 2.11%. 

NOTATION 

A, coefficient determined in context; c, specific heat; F, cross-sectional area; L, distance between 
radiator and unit; l, distance between junctions of thermoelectrodes; M, mass flow rate of the liquid metal; 
S, sensitivity of the transducer; t, temperature; tin, temperature of the flow at the transducer inlet; x, co- 
ordinate along the pipe; 7, measurement error; A, temperature difference of the thermoelectrode junctions; 
k, thermal conductivity. Indices: w, pipe wall; q, liquid metal flow; r, heat-exchanger-radiator. 
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V o l t a g e - p o w e r  sens i t iv i ty  and t ime  constant  of a " s t a r " - t y p e  f i lm the rmoe l ec t r i c  s enso r  
and t ime  constant  of a f i lm the rmomagne t i c  sensor  a r e  calculated.  

T h e r m a l  radia t ion  s e n s o r s  a re  widely used in t h e r m o m e t r y  as p r i m a r y  t r ansduce r s .  The i r  mos t  i m -  
por tan t  output p a r a m e t e r s  a r e  the convers ion  coefficient  o r  v o l t a g e - p o w e r  sensi t iv i ty  and the i r  r e sponse  
t ime  or  t i m e  constant.  In recent  y e a r s  in t e re s t  has  i nc rea sed  in t h e r m a l - t y p e  s enso r s ,  in pa r t i cu l a r ,  in 
f i lm t h e r m o e l e c t r i c  and f i lm the rmomagne t i c  s e n s o r s  [t ,  2]. Such s e n s o r s  a r e  smal l  in s ize ,  re l iab le  in 
opera t ion ,  and of high tech lo log ica l  quality. D e c r e a s e  in geome t r i ca l  d imensions  and use of high eff ic iency 
f i lm m a t e r i a l s  p e r m i t s  ach ievement  of h igh-qual i ty  output p a r a m e t e r s .  

Using two types  of f i lm radia t ion senso r  construct ion ( the rmoe lec t r i c  and the rmomagne t i c ) ,  the authors  
have analyzed the t r ans ien t  t h e r m a l  p r o c e s s e s  which occur  within the senso r  when radia t ion is incident on the 
r e c e i v e r  a rea .  The re la t ionships  thus obtained have been used to calcula te  the output p a r a m e t e r s  of s enso r s  

using the mos t  eff icient  working m a t e r i a l s .  

One of the mos t  widely used f i lm t h e r m o e l e c t r i c  s enso r  cons t ruc t ions  is the " s t a r "  type [1]. The " s t a r "  
cons t ruc t ion  (Fig. 1) cons i s t s  of a subs t ra te  1 in the f o r m  of a disk with a f i lm t h e r m o b a t t e r y  2 deposited on 
i ts  su r face  by vacuum technology methods.  The b ranches  of the t h e r m o b a t t e r y  have the f o r m  of t ape red  seg-  
men t s  which converge  at the cen te r ,  with the gaps  between these  b ranches  being quite smal l  in compar i son  
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