
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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FILM-TYPE THERMOELECTRIC AND 

THERMAL RADIATION SENSORS AND 

PARAMETERS 

V.  V.  B o r o d i n ,  D.  M.  G e l ' f g a t ,  
a n d  Z .  M. D a s h e v s k i i  

THERMOMAGNETIC 

THEIR OUTPUT 

UDC 53.087.92:536.3 

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  

T rans l a t ed  f r o m  Inzhenerno-F iz i ches td i  Zhurnal ,  Vol. 44, No. 4, pp. 573-580, Apri l ,  1983. Original  

a r t i c l e  submit ted May 18, 1981. 
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Fig. i Fig. 2 
Fig. I. Construction of "star"-type sensor. 

Fig. 2. Model of "star" sensor used in thermal calculation. 

to the branch width. The thermoba~tery cells  are  connected in se r i e s  by the overlapping of the branches  at 
the "hot" and "cold" junctions. 

The "hot" junctions of the the rmoba t te ry  are  located in the center  of the substrate  in the r ece ive r  area.  
To thermal ly  stabilize the "cold" junctions the substrate and attached the rmoba t te ry  are  fixed to a mass ive  
heat sink 3 about the outer  edge. 

To calculate the sensor  output p a r a m e t e r s  it is n e c e s s a r y  to determine the t empera tu re  of the active 
element,  which sat isf ies  the t rans ient  thermal  conductivity equation 

or  _ DAT, (1) 
Ot 

where D = ~ / cd .  

The sensor  construct ion descr ibed above can be represen ted  by a continuous isot ropic  disk (Fig. 2) with 
averaged proper t i es ,  considering the p resence  of the deposited layer  and substr~:te: 

cd = cxdlhl + c~d~h~ (2) 
hi + h2 

• + • (3) Z ~  

hi + h~ 
As will be shown below, for  fi lm th icknesses  h 1 -- 10 #m the ' thermal flux propagates  along the substrate  and 
semiconductor  layer  with prac t ica l ly  no component ac ros s  the disk, indicating the validity of the assumption 
made. It was also assumed that the semiconductor  fi lm has ideal contact with the substra te ,  there being no 
thermal  res i s tance  at the f i l m - s u b s t r a t e  boundary. We will also note that the calculation was per formed for  

operat ion in a vacuum. 

The "hot" junctions located in 'the central  a r ea  of a disk of radius r 0 are  subjected to the action of a 
constant radiation level beginning at 'the initial 'time. The "cold" junctions at the disk edge are  maintained at 
the constant t empera tu re  of the surrounding medium T o . Therefore ,  the t empera tu re  of the la teral  disk su r -  
face (its r im  of radius R) will be assumed given and equal 'to T 0. For  convenience we will use T o as a r e f e r -  

ence point in measur ing  tempera ture .  

In this case 'the ini'tial and boundary conditions in cylindrical  coordinates r ,  z appear as follows. At 

t = 0 

T (0, r, z ) =  0. (4) 

Onthe la tera /  surface 

T (t, R, z) = O. (5) 

On the lower  surface the thermal  flux reaching the surface f rom the disk volume is equal to the thermal  flux 
radiated f rom this  surface into the surrounding space: 

•  +4ec~T~T]~ = 0 ,  (6) 
W 
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Fig. 3 Fig. 4 
Fig. 3. Tempera tu re  distr ibution in disk (inner d iameter  r 0 = 1 mm,  
outer  d iameter  R = 5 mm) for  semiconductor  thickness  h~ = 5 ~m: 1) 
l aye r  on mica ,  th ickness  h 2 = 10 #m; 2) l ayer  on potynimide;  th ick-  
ness  h 2 = 10/~m; 3) l ayer  without substrate  at z = 0, h / 2 ,  h; 1, 2, 3, 
~= 1; 1 ' ,  2 ' ,  3 ' ,  same as 1, 2, 3 at ~ = 0.2. TW -1, deg K-m2/W; r ,  
m m .  

Fig. 4. Model of thermomagnet ic  sensor  used in thermal  calculation. 

where h = h i + h 2. On 'the upper surface the thermal  flux incider~t f rom the outside on the central  port ion of 
the disk of radius r 0 is equal to the a lgebraic  sum of the flux radiated f rom the surface into the surrounding 
space and the flux flowing into the volume of the disk: 

where  

OT 1 (7) --•  - -  + 4eoT3o T = WE (t) E (r o - -  r), 
OZ z=O 

E(t)_--{ 1 at t > O ' a n d E ( r o - - r ) - - - {  1 at r ~ r o ,  
0 at t = O  0 at � 9  o. 

Solution of Eq. (1) with the specified initial and boundary conditions, Eqs. (4)-(7), by the Green ' s  func- 
tion method revea led  that the t ime dependence of t empera tu re  is a complex exponential function. Fo r  a disk 
thickness  h --- ~ / 4 e a T ~  the sensor  t ime constant is given by: 

cdhR~ (8) 
tse t = 8eaTaR~ + • �9 

The t ime constant express ion,  Eq. (8), can be writ ten in the fo rm 

C 
t (9) 
set Grad + Gther m ' 

where G = cdh~rRZ; Gther m = ~x~Trh, Gra  d = 8saT~Trl=t 2. For  Gra  d >> Gther m t s e t  ~ cdh/SsoT30 and is indepen- 
dent of disk radius.  Equation (8) was used to calculate the t ime constant of a " s t a r " - type  sensor  for  various 
th icknesses  (h 1 = 0.1-10/zm) of the mos t  efficient sensor  ma te r i a l s ,  solid solutions BixSb2-xT% with p-  and n-  
conductivity.* Substrates were mica  or  polynimide f i lms 10/zm thick. As is evident f rom the calculated t ime 
constant values (Table 1), fo r  R -< 5 ram, even for  an active l ayer  thickness  of 0.1/zm on the mica  or  poly-  
nimide, due to heat t r ans fe r  by substrate  thermal  conductivity this case is not realized.  The t ime constant 
t s e  t ceased to depend on R only in the hypothetical case of absence of the substrate.  

Fo r  Gther m >> Gra  d, t s e t - -  dc /~  R2/x[ and is independent of ~, and also of h in explicit form. However,  
in the case of a two- laye r  f i l m - s u b s t r a t e  sys tem increase  in the active l ayer  thickness h i leads 'to a change 
in the effective p a r a m e t e r s  x and cd (see Eqs. (2), (3)). At small  th icknesses  h t = 0.1/zm ~ prac t ica l ly  coin- 
cides with the substrate  ' thermal eonduetivity coefficient ~4 2, and ed ~ czd z. Increase  in active layer  thickness 

�9 F o r  solid solutions BixSb2-xTe3 the quantity ~ /4 r  ~ 25 cm, so that  the condition h <- ~4/4~oT~ is sa t i s -  

fied. 
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with use of a polynimide substrate causes an increase in x, and at h i -> i0 #m, ~r ~ ~r Therefore, in this 

case, 9:t R - 3 mm (Gther m > Grad) the time constant tse t decreases with increase in semiconductor layer 
thickness hl. When time constants values are compared for semiconductor-mica and semieonductor-polyn- 

imide systems, where tse t is determined esserEially by radiation processes (disk radius R --- 3 ram, e = i) 

tse t for a polynimide sensor is less than tse t for a mica sensor because the heat capacity of the polynimide 
is less than that of the mica. When R decreases and e = 0, 2, i.e., the contribution of Gther m increases, 
the value of the polyrrimide sensor 'time constant becomes greater than that of the mica sensor because 34mica/ 

~polynimide > (cd) mica ~Cd)polynimide �9 

The steady-state temperature distribution is determined by the following expression: 

T (~ ,  r, z) - Wro Z x,~]~ (x,~) 
2eeTaoR ~=l (10) 

• 
( x,,• ,~2 h'~ x,,~ . /x~ , 

To determine the v o l t a g e - p o w e r  sensit ivity it is neces sa ry  to define the t empera tu re  of the "hot" j tmc- 
t ions (central disk region,  averaged over  area):  

The value of the v o l t a g e - p o w e r  sensit ivity S for  thermoelec t r ic  sensors  is given by the expression:  

S- -  rn(zv,~AT (12) 
WF 

In the presen t  case AT = T, while F = ,rr 2. A computer  was used to calculate t empera tu re  distr ibutions and 
v o l t a g e - p o w e r  sensi t ivi ty for  " s t a r " - type  sensors  using Eqs. (11), (12). The calculation was pe r fo rmed  for  
the same cases  as the t ime-cons tan t  calculations. 

To verify the assumption of absence of thermal  flux ac ros s  the disk due to the small  active l ayer  thick-  
ness  h i -< 10 pm the t empera tu re  distr ibution over  thickness of a semiconductor  l ayer  without substrate  was 
also calculated. As is evident f rom Fig. 3, t empera ture  values over  the layer  thickness p roved  identical,  
which conf i rms  the assumption made. Therefore ,  for  the f i l m - s u b s t r a t e  sys tem only the t empera tu re  d i s t r i -  
bution on the disk surface was considered.  It is evident f rom the curves  that this distribution is nonlinear. 
We note thut if heat t r a n s f e r  occu r r ed  only by thermal  conductivity the t empera tu re  would change along a 
branch l inearly.  The observed  t empera tu re  distribution is  re la ted to the significant contribution of radiant 
he~t t r ans fe r .  Because of this,  ~t r -> 3 (s = 1) fo r  both the mica  and pol~Amide sensor  the t empera tu re  p r a c -  
t ical !y  attains the "cold" junction tempera ture .  As a resul t ,  the vo l t age -power  sensit ivity (Table 2) ander -  
goes p r ac t i c a l l y  no change for  increase  in disk radius above 3 mm. 

The operat ion of thermomagnet ic  sensors  is based on the t r ansve r se  N e r n s t - E t t i n g s h a u s e n  effect in 
which an e lec t r ic  field EN_ E develops in a direction perpendicular  to the t empera tu re  gradient  VT and the 
direct ion of the magnetic  field B: 

E v_E = Q i_BvT. (13) 

Impor tant  fea tures  distinguishing such sensors  f rom thermoelec t r ic  ones are  the absence of commutation and 
use of mater ia l  of a single conductivity type,  which pe rmi t s  variation of the working element dimensions over  
a wide range. Fo r  such a sensor  the output signal UN_ E = EN_E / (where l is  the length of the working element) 
does not depend on the t emperg ture  head AT as in the rmoelec t r i c  sensors ,  but on the t empera tu re  gradient  
VT. The vol tage--power sensi t ivi ty of such a sensor  is defined by the express ion 

S = Q LBvTllWF. (14) 
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There fo re ,  when the t h e r m a l  flux is  c a r r i e d  along the working e lement  sole ly  by t h e r m a l  conductivity,  
the v o l t a g e - p o w e r  sensi t iv i ty  is  independent of working e l emen t  height: 

S "" Q•215 ~. (15) 

This  p e r m i t s  reduct ion in the height of the working etemer~t, which leads  to a sharp  drop in the t ime  constant  
t s e  t while maintaining 'the same  sensi t iviW S. 

A t he rmomagne t i c  s enso r  construct ion was  developed in which the act ive  e lement  is  in the f o r m  of a 
spec ia l ly  shaped f i lm located  d i rec t ly  upon a he~tsink. Bismuth ,  which has  a high N e r n s t - E t t i n g s h a u s e n  co-  
efficier~t Q I ,  was  used  as the working ma te r i a l .  The t h e r m a i  flux fa l ls  on the upper  sur face  of the f i lm,  and 
the magnet ic  flux i s  d i rec ted  pe rpend icu la r  to the t h e r m a l  flux. F o r  calculat ion pu rpose s  such a s enso r  can 
be r e p r e s e n t e d  as  a thin cyt inder  with cer~tral o r i f i ce  (Fig. 4). Such a cyl inder  is  a s sumed  to have ideal t i l e r -  
real r e s i s t a n c e  between 'the upper  and lower  su r f aces  and the he~:tsink base .  The re fo re ,  on these  su r faces  a 
constartt  ' t empera tu re  is  mair~tained, equal to that  of the surrounding medium.  At the initial  momen t  the upper  
cyl inder  su r face ,  which is  co~ted with a thin l a y e r  of b lack  p igment ,  i s  subjected 'to a constant  radiant  flux. 
A t e m p e r a t u r e  d i f ferent ia l  is  thus c r ea t ed  a c r o s s  the f i lm  th ickness  (i. e . ,  a c r o s s  the cyl inder  height h). The 
senso r  l~ tera l  su r face  exchanges  he~t with the surrounding med ium only by radiat ion.  

The initial and boundary conditions for  th is  p r o b l e m  (Eq. (1)) in cyl indr ical  coordinates  r and z have the 
following form.  At t = 0 

T(0, r o, z ) =  0. (16) 

On the ou te r  cyl inder  su r face  

T(t, to, z ) = 0 .  (17) 

On the lower  sur face  

T(t, r, O)= O. (18) 

On the l~ tera l  sur face  ~t any momer~t of t ime  the t h e r m a l  flux a r r i v ing  f r o m  the cyl inder  volume is  equal to 
'the t h e r m a l  flux rad ia ted  by the sur face  into the surrounding medium:  

[• +4e~TaoT]r=R=O" (19) 

On the upper  sur face  the t h e r m a l  flux incident f r o m  without is  equal to the a lgebra ic  sum of the flux radia ted  
f r o m  the sur face  into the surrounding space  and the flux conducted into the cyl inder  volume" 

• ~ @ 4(rTao T = WE (t). (20) 
Z=h 

In th is  case  fo r  cyl inder  heights  h << ~/4aT~0 (for Bi the quantity ~/4crT~ ~-. 100 cm) the senso r  t ime  constant 

i s  given by the expres s ion  
4 cd 1 

tse t h 2 
• 1 + -~-~- 

C o m p u t e r  calculat ion with Eq. (21) produced values for  the t i m e  constant  t se  t. F o r  an act ive  b i smuth  l a y e r  
th ickness  of 0.1, 1, 5, and 10 ~m the cor responding  t i m e  constants  p roved  equal to 0.81.10 -9, 0.81"10 -7, 0.2. 
10 -5, and 0.81" 10 -~ see. The r e s u l t s  obta ined indicate that  fo r  t h e r m o m a g n e t i c  s enso r s  in the express ion  for  
the t ime  constant ,  Eq. (21), the cor rec t ion  in the denominator  r e l a t ed  to he~t l ibera t ion  by radia t ion is  p r a c -  
t i ca l ly  z e r o ,  i .e . ,  'the er~tire t h e r m a l  flux in the sensor  is  de te rmined  by t h e r m a l  conductivity a c r o s s  the ac -  

t ive  l aye r :  

4_~ ~ h2 ' (22) 
/ se t  ~ '  32 

F o r  t h e r m o m a g n e t i c  s ens o r s ,  t he r e  is  no n e c e s s i t y  to calculate  'the t e m p e r a t u r e  dis t r ibut ion o v e r  the upper  
cyl inder  sur face  T( r ,  h, ~) to calculate  'the ' t empera tu re  dis tr ibut ion.  Since the ent i re  t h e r m a l  flux in the sen-  
so r  i s  d e t e r m i n e d  by t h e r m a l  conductivity a c r o s s  the ac t ive  l a y e r ,  i .e . ,  W = ~ 7 T ,  the v o l t a g e - c u r r e n t  sen-  

s i t iv i ty  is  defined with sufficient a ccu racy  by Eq. (15). 
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NOTATION 

D, thermal diffusivity of active element; c, ~4, d, average specific heat, thermal conductivity, and 
density; cl, ~4 t, d i, h i and c 2, ~42, d2, h 2, specific heat, thermal conductivity, density, and thickness of semi- 
conductor layer and substrate respectively; r0, radius of central disk portion; To, temperature of surround- 
ing medium; R, disk radius; e, disk emissivity; r Stefan-Boltzmann constant; W, radiant power incident 
per unit area; tset, sensor time constant; xl, first root of zeroth-order Bessel function; C, disk heat capa- 
city; Gra d and Gther m, heat liberation coefficients related to radiation and thermal conductivity; J0 and Ji, 
zeroth- and first-order Besse[ functions; Xn, roots of zeroth-order Bessel function; S, voltage-power sen- 
sitivity of thermoelectric sensor; AT, temperature differential between "hot" and "cold" thermoelectric 
sensor junctions; m, number of thermoelements in sensor; ap,n, thermo-emf coefficient of individual ele- 
ment; F, area of sensitive region; T, temperature of surrounding medium; R, disk radius; ~, disk emissi- 
vity; EN_ E, UN_ E, electric field strength and output emf produced by Nernst-Ettingshausen effect; Q• 
transverse Nernst-Ettingshausen effect coefficier~t; l, h, length and height of thermomagnetic sensor work- 
ing element; XTT, temperature gradient; ~i, first root of some dispersion equation. 
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GRAIN IN A CO2-GDL MEDIUM WITH WEDGE AND 

PROFILED NOZZLES, PART I. 

APPARATUS AND PULSE GAIN MEASUREMENT SYSTEM 

V. A. Akimov, V. T. Karpukhin, 
S. M. Chernyshev, and V. F. Sharkov 

UDC 621.375.826 

The apparatus is described together with the gain-measurement scheme. Weak shock waves 
are identified in the flow picture and probe locations are defined that are free from local in- 

homogeneity. 

The weak-signal gain k 0 is one of the most important laser parameters [i]. Determination of the maxi- 
mum gain constitutes a multifactor optimization on the stagnation parameters, the molar composition of the 
working mixture, and the geometrical dimensions and profile of the supersonic GDL nozzle. The nozzle pro- 
duces the supersonic flow in the cavity, and its design features are sources of various gasdynamic inhomo- 
geneities: shock waves, hot boundary layers, and wakes behind the edges. All these factors influence the 
state of inversion in the active medium and may increase or decrease the gain in accordance with the various 

line-broadening mechanisms [2]. 

There are many papers (see [i, 3] for reviews) on the theoretical and experimental multifaetor optimi- 
zation of the gain, and recently there have been papers [4-6] concerned with calculation and measurement for 
k 0 in a flow of a markedly inhomogeneous gas cor~taining solid particles and shock waves. 

There are several methods of measuring k 0 [7]. The maximum-loss method is based on measuring the 
absorption of calibrated attenuators introduced into the cavity that cut~off the lasing, and the magnitude of the 
loss is identified with the gain. This method requires high accuracy in measuring the introduced loss and 
does not make allowance for the line width, which substantially reduces the accuracy in determining k 0. The 
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