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e, t he rma l  emf;  q, specif ic  heat  flux; l ,  length of the rmoelement ;  ~p, angle of inclination of l ayers ;  
6" = 5 2 / 5 t ,  l ayer  thickness rat io;  ~xy, nyy,  Pxx, nondiagonal components  of t he rmoe lec t r i c  coefficient,  t he r -  
ma l  conductivity,  and e l ec t r i ca l  r e s i s t i v i t y t e n s o r s ;  a x  o, ~Yo' ~xo' ~tYO' components of t he rmoe lec t r i c  coef-  
f icient and t h e r m a l  conductivity tensors ;  a l ,  ~2, hi ,  x2, Pl, P2, t he rmoe lec t r i c  coefficient,  t he rma l  conductivity, 
and e l ec t r i ca l  r e s  ist ivity of i n i t i a lma te r i a l s ;  Zxy, Z 1_2, t he rmoe lec t r i c  quality of anisot ropic  and longitudinal 
c l a s s i ca l  the rmoelement ;  D*, detectivity;  K, v o l t - - w a t t  responsivi ty ;  T = (Th +Tc)/2,  mean t e m p e r a t u r e .  
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E F F E C T  O F  N O N U N I F O R M I T Y  O F  H E A T I N G  O F  

F I L M  R E S I S T A N C E  T H E R M O M E T E R S  ON 

M E A S U R E M E N T S  O F  P U L S E D  H E A T - F L U X  D E N S I T I E S  

B . A .  G r i g o r ' e v  a n d  A .  A .  K o n ' k o v  UDC 536.24.08 

A method of co r rec t ion  for  the nonuniformity of heating of me ta l  and semiconducting film res i s t ance  
t h e r m o m e t e r s  of the c a l o r i m e t r i c  type in the m e a s u r e m e n t  of pu l sedhea t  flux densi t ies  is p roposed .  

Measu remen t s  of heat  flux densi t ies  by means  of f i lm re s i s t ance  t h e r m o m e t e r s  (FRT) of the ca lo r ime t r i c  
type a re  based  on determinat ion of the mean  excess  t e m p e r a t u r e  of the heated e lec t r i ca l ly  conducting fi lm and 
its f i r s t de r i va t i v e  with r e s p e c t  to t ime .  If the fi lm has an initial t e m p e r a t u r e  to, ~ (T 0, ~ unheated state 
the mean excess  t empe ra tu r e  of the f i lm, heated in the absence  of hea t l o s s ,  is 

3" (~) = T* (~) - -  to = tV(~)/cvv, (1) 

where W is the amountof  heat,  in J ,  r ece ived  by the fi lm; z is the t ime,  in see ,  m e a s u r e d  f r o m  the s t a r t  of 
the heat  pulse .  

When the heatf lux dens i tyq  is the same  over  the ent i re  heated su r f aceo f  a f i lm of a rea  s, 

W (~) = s .[ q (r do), (2) 
0 

where w is the t ime .  Substituting the value of W f rom (2) in (1) and taking the film thickness  as l ,  we obtain 

1 
~* (~) = ~ ! q (o)) d~. (3) 

If we different ia te  (3) with r e s p e c t t o  T, we eas i lyob ta in  

d~* (~) c~,l. (4) q (~c) = d'c 

The heat  loss by the f i lm by the t ime of m e a s u r e m e n t  is due to eonductionof heat  into the e lec t r ica l ly  insulating 
subs t ra te  and wire ,  and a i s o t o  h e a t t r a n s f e r  to the surroundings .  Reduction of heat  loss is achieved p r i m a r i l y  
by the use  of f i lms which a r e  not apprec iably  heated through by the t ime of m e a s u r e m e n t .  This  inevitably leads 
to a t e m p e r a t u r e  gradient  over  the film th ickness .  Heat  loss  to the wire  and surroundings can lead to t e m p e r a -  
ture gradients  along and ac ro s s  the f i lm.  The p r i m a r y  m e a s u r e d  quantity is the varying difference in voltage 
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Fig. I. Schematic of FRT and adopted sys- 

tem of coo rd ina t e s :  1) f i lm;  2) s u b s t r a t e ;  3) 
d i r ec t i on  of heat  flux; [) d i r e c t i on  of e l e c t r i c  
c u r r e n t .  

drops  on the hea ted  and unhea ted  f i lm of the F R T ,  with the e l e c t r i c  c u r r e n t  kept  cons t an t .  * The  voltage drop  
depends on the  e l e c t r i c a l  r e s i s t a n c e  of the f i lm,  which is r e l a t e d  to its t e m p e r a t u r e  f ie ld .  The  t e m p e r a t u r e  of 
the unhea ted  f i lm is u n i f o r m l y  d i s t r i b u t e d a n d  has a unique  effect  on its r e s i s t a n c e .  The  r e s i s t a n c e  of the hea ted  
f i lm even  with an  iden t ica l  m e a n  t e m p e r a t u r e  depends on the t e m p e r a t u r e  f ie ld .  Th i s  obvious fact  is u s u a l l y  
ignored  and the e l e c t r i c a l  r e s i s t a n c e  of the n o n u n i f o r m l y  heated FRT f i lm is un ique ly  r e l a t e d  to its m e a n  t e m p e r a -  
tu re ,  and the hea t  loss  is ignored ,  as was done, e . g . ,  in [1, 2]. Th i s  leads  to i n d e t e r m i n a t e  e r r o r s  in t h e m e a -  
s u r e m e n t  of p u l s e d h e a t  flux d e n s i t i e s .  

In this  pape r  we obta in  r e l a t i o n s  be tween  the e l e c t r i c a l  r e s i s t a n c e  and  the t e m p e r a t u r e  f ie ld  of the f i lm 
with due a l lowance  for  the hea t  l o s s .  T h e s e  r e l a t i o n s  enab le  us to e l i m i n a t e  or  eva lua te  the a b o v e - m e n t i o n e d  
e r r o r s .  The  s u b s e q u e n t  accoun t  r e l a t e s  to a f la t  F RT  c o n s i s t i n g  of a t w o - l a y e r  p a r a l l e l e p i p e d  of length 2h and 
width 2b. The  F R T  and the adopted s y s t e m  of coo rd ina t e s  a r e  s c h e m a t i c a l l y  shown in F ig .  1. The phys ica l  
p r o p e r t i e s  of the f i lm and s u b s t r a t e  a r e  a s s u m e d  cons tan t .  The pulsed  heat  flux ac t s  on the y0z p lane .  The 
e l e c t r i c  c u r r e n t  flows in the d i r e c t i o n  of t hea x i s  0z, and the c r o s s - s e c t i o n a l a r e a  of the conduc to r  ( f i lm) i s  2lb. 
F o r  m e t a l  f i lms  in the range  of pos i t ive  t e m p e r a t u r e s  a l lowed by m e t r o l o g i e a l  r e q u i r e m e n t s  we can use  in the 
g e n e r a l  ca se ,  a c c o r d i n g  to [3], a quad ra t i c  r e l a t i o n s h i p  connec t ing  the e l e c t r i c a l  r e s i s t i v i t y  p and the excess  
t e m p e r a t u r e  ~ = (t --  t 0) 

TABLE i. Values  of C o r r e c t i o n  F a c t o r  H in Re la t ion  to K and Fo  

K 
Fo 

0,02 0,03 0,04 0,08 0,09 0,1 

0,1 
0,2 
0,3 
0,4 
0,5 
0,6 
0,7 
0,8 
0,9 

1 
3 
4 
5 
6 
7 
8 
9 

10 
2O 
50 

100 

1,000 
1,003 
I,O05 
1,008 
1,009 
l ,Of l 
l,Oll 
1,013 
1,014 
1,015 
1,028 
1,032 
1,035 
1,038 
1,042 
1,044 
1,047 
1,049 
1,070 
1,109 
1,153 

1,000 
1,003 
1,007 
1,010 
! ,012 
1,014 
1,015 
1,017 
1,019 
1.019 
1,038 
1,045 
1,050 
1,055 
1,061 
1,064 
1,068 
1,072 
1,103 
1,161 
1,230 

1,000 
1,003 
1,007 
1.012 
1,014 
t ,017 
1,019 
1,022 
1,024 
1,026 
1,049 
1,058 
1,066 
1,073 
1,079 
1,086 
1,089 
1,094 
l ,  135 
1,217 
1,309 

1,000 
1,006 
1,011 
1,019 
1,024 
1,029 
1,034 
1,038 
1,042 
1,046 
1,095 
l , l l2 
1,127 
l, 142 
1,155 
1,166 
1,177 
1,188 
1,271 
1,439 
1,629 

1,000 
1,006 
1,013 
1,020 
1.028 
1.032 
1,037 
1,043 
1,047 
1,052 
I ,I06 
I, 126 
I, 143 
1,159 
1,174 
1,186 
l ,  199 
1,211 
l, 3O6 
1,495 
1,709 

1,000 
1,006 
1,015 
1,023 
1,029 
1,035 
1,042 
1,047 
1,050 
1,056 
1,117 
1,140 
l, 160 
1,177 
1,192 
1,206 
1,221 
1,235 
l, 339 
1,550 
1,792 

* The  vol tage drop on the o ther  pa r t s  of the e l e c t r i c  c i r c u i t  of the F R T r e m a i n s  c o n s t a n t d u r i n g  the m e a s u r e m e n t  
and,  hence ,  has no e f f e c t o n  the m e a s u r e d  va lue .  
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Fig. 2. Correct ion factor  GM as function of 
approximate mean excess temperature  $~ 
of a platinum film at d i f ferentFo of the film 
for K = 0 . 0 2 . . . 0 . 1  [1) Fo =0.1;  2) 0.2;  3) 0.3;  
4) 0.4;  5) 0 .7;6)  1; 7) 10; 100]. 

P = P0 (N + Dt~ + B~2), (5) 
where 

N = l + Ato + B t ~ ,  (6) 

D = A + 2 B t  o . (7) 

In (5)-(7) P0 is the res is t ivi ty  at t=0~ A and B are  the thermal  res is tance  coefficients.  

In approximate calculations,  and also for some metals  (copper, e tc . ) ,  we can take B =0 and relationship 
(5) becomes l inear .  For  semiconduct ing( thermis tor)  fi lms, according to [4], an exponential relation between 
p and the absolute tempera ture  is suitable: 

P = Po exp [C/(To + ~)], (8) 

where P0 is the res is t iv i ty  at  the charac te r i s t i c  absolute tempera ture .  

It follows from (5)-(8) that with increase in temperature  the res i s t iv i tyof  metal  films increases ,  white 
that of semiconducting films dec reases .  

The excess tempera ture  field of the heated film at each instant is given by the solution of the heatconduc-  
tion boundary-value problem for a two- layeredmodel  represent ing the FRT withboundary conditions cor respond-  
ing to the heatingand heat loss of the fi lm. The loca lexcess  tempera ture  ~ of the film can always be related 
to its mean excess  tempera ture  ~ bymeans  of a dimensionless factor  R on the basis of an ana iy t i c a lo rnumer i -  
cal solution of the heat conduction boundary-value problem, as was done in [5], for instance. Converting to 
dimensionless coordinates and the quantities 2 = x / l ,  O--~g/l, ~ = z / [ ,  6 = b / l ,  ~ = h / l  , we obtain 

~(x, y, z, "0 = ~(t~ R(x, V, z, ~), (9) 
1 ! + b  -~h 

0 --b --h 

Using the known physical relat ions given in [6], e . g . ,  we can easi ly write the expression for the e lectr ic  cur rent  
I flowing through the film and keeping a constant value: 

t +b l +b E (x, y ,  z, t )  

' :  S.l S <.,  o - b  _ p (x, y ,  z, "r) dxdy ,  

where j is the loca le lee t r ica l  cur ren t  dens ity in the c ross  section of the film; E is the loca le lee t r ic  field 
strength; p is the local res is t iv i ty .  The values of E and p vary in time alongwith the tempera ture  f ie ldof  the 
film. 

With sufficient accuracy  for engineering calculations,  neglecting t ransverse  and eddy currents ,  we can 
assume that the e lectr ic  field strength is constant in e a c h c r o s s  section of the film and take E(z, z) outof  the 
integrand in (11), and then determine its value: 
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E ( z ,  ~ ) = I  _ p(x, y, z, ~) " (1.,2) 

The voltage drop U along the film at each instant is 
+~ 

U (~) = S E (z, ~) dz. (13) 
- - h  

Substituting in (13) the value of E f rom (12) and convert ing to dimensionless coordinates  and dimensions,  we 
obta in 

= ~ .  (14) 
_~-L~_J~- p(x, V, z, ~) . 

The value of p f rom (5) or (8) is substituted in (14) using (9), which allows us towr i te  

U(T) = Upo/t) J (e ,  ~) (15) 

d imens ionless  in tegra l  for  meta l  f i lms is  

h b dxdy d'z, (16) 
JM~, T)= N-L D~)(T)R(x, y, z, ~)+ B~2(~)RZ(x, y, z, 3) 

_ g  L o _~ . 

and for semicondueting films is 

The voltage drop U(0) 0n the unheated f i lm is easily determined from (I5) by substituting ~(0) = 0 in the 
dimensionless  integrals  and per fo rming the  integration.  The difference in voltage drops on the heated andun-  
heated film 6U(r) = U(T) -- U(0). Fo r  meta l  fi lms 

~U~,(x) =(lPo/l) [J,,~(~, ~ ) - -N  ~ ]  > 0 ,  
(18) 

and for semiconducting films 

[ - -fib exp (C/To)]. < 0. (19) 6t~ (T) = ( l po / l )  lJs  (~, ~) - -  

We note incidently that the heat ing  of f i lms by e l e c t r i c  c u r r e n t c a n  be a s s e s s e d  m o r e  accura te ly  if(15) is used  
to determine the increase  inthe m e a n e x c e s s  t empera tu re  of the film: 

~ ( ~ )  = (I /41bhcu U (o)) do) = (Ppo/412bhcT) S J (-~' o)) dto. (20) 
0 0 

The approximate mean excess  t empera tu re  ~ of the film, which is determined without r ega rd  to the effect  of 
the t empera tu re  field andheat  loss,  and f o r m e t a l  f i lms,  in addition, by l inearizat ion of re la t ion (5), canbe r e -  
lated to the effect ive r e s i s t i v i ty  of meta l  f i lms 

t~(z) = p0[1 + Ate -f-A ~(*)l (21) 

and semiconducting films 

~(T) = P0exp [C/(To + ~ (T))]. (22) 

The voltage dropon the film at each instant is 

U (~) = Ip(*) h/lb. (23) 

The voltage dropU(0) on the unheated film cor responds  to the values offi(0) obtained f rom (21) or  (22)with ~(0) = 
0. The difference in voltage drops on the heated and unheated meta l  film is 

6Vr~ (~) = IpohA~ (,O/lb (24) 

and on the semiconduet ingft lm is 

6Us ('0 = (Ipoh/lb) {exp [C/(To -~-- ~ (~))} ~ exp (C/To) }. (25) 
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Since the left-hand sides of (18) and (24) or (19) and (25) containequal ,  measu red  values, we can, accordingly,  
equate the r ight-hand sides,  thus connecting the approximate m ean ex ces s  t empera tu re  with the true t empera -  
ture by the following re la t ions .  Fo r  meta l  fi lms 

and for semiconducting films 

(~) = -~-  (26) 

~ ( ~ ) = C l n - i [ ~ - J  (~, x ) ] - - T o ;  (27) 

whence it  is easy  to find the cor rec t ion  factor  G by which the approximate mean excess  t empera ture  mus tbe  
multiplied to determine the t rue t empera tu re .  F o r  meta l  f i lms,  according to (26), 

G~t~, , "c)= 7~(.c)~ = A~ ( ' c ) / [ b  j~(~. , -c) - -N] ,  (28) 
(~) 

and for semiconducting f i lms,  accord ingto  (277, 

~('r) ~(x) In [ b Js (~'' 'r) ] (29) 

6s(~,x)----~(----~ = C _ T 0 1 n [  b J~(~, x)] 

The value of the cor rec t ion  factor  when ~(r) tends to zero  tends to a constant Glim. Convincing evidence of this 
is obtained by determinat ion of the e r r o r s  ar is ing inthe r ight -hands ides  of (28) and (29) when ~(r)  =0. The 
determinat ion of the e r r o r s  requ ires the differentiat ion of the dimensionless  integrals with respec t  to pa rame te r  
~. Omitting the deduction we will indicate that G M lira =(l+2Bt0/A) -1 and differs  tittle f rom unity, while Gs l im = 
1. 

It is important  to note tha t there  is a fair ly wide region of comparat ively  low beatings of the films where 
G ~ Gtim and the e f fec tof  t empera tu re  fields on measurements  of heat flux densit ies is negligible. On the other 
hand, at  high heatings of f i lms,  close to the maximum permiss ib le ,  the value of the cor rec t ion  factor  differs 
great ly f rom the l imit ingvalue anddepends onthe s t ruc ture  of the t empera tu re  fields.  

Calculating the cor rec t ion  factor  as a function of ~ we can conveniently make the substitution "~=~/G and 
obtain G(,~, ~). The values of ~ a re  de termined according to (24) or (25) and depend only on the measu red  
values and constants of the FRT.  F o r m e t a l  f i lms 

(x) = 5U~ (x) tb/IgohA, (30) 

and for semicondueting films 

(x) = C In -~ [6U s (x) Ib/Ipoh + exp (C/To)] - -  To. (3D 

E r r o r s  in determinat ion of ~ have lit t le e f fec ton  t h eaeeu racy  of calculation of GM; i . e . ,  function GM(~) is 
ve ry  s table.  

To determine the requi red  mean excess  t empera tu re  of the film inthe absence of a heat toss ~* in the 
gen e ra l e a se  we mus t  introduce a second cor rec t ion  factor  to compensate  for  the heat loss ofthe film by the 
t ime of measurement :  

H (~) = O* (x)/f(x). (32) 

On the basis of (3), (10), and(32) for  fi lms of any mate r ia l s  

x l +o" +h- . -  

5 o -E -k" 

D imens ionle ss convers  ion of the t ime function q conta ined in the integrands of the numera to r  and denominator 
of the r ight-hand side of (33) allows the use of only the dimensionless  analog in the integration, andthe convers ion 

T 

scales  are  reduced.  In some cases  the value of the heat pulse u=fq((o)d~> is known and it can be substi tuted 
0 

in (33). I fheat  losses  can be neglected,  then H = 1. Thus,  according to(28), (29), and (32), 
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~* (T) = ~ (T) G (~, T) H (~). (34) 

After  determinat ion of ~*(T) calculat ion of the heat  flux density f rom (4) requ i res  differentiat ion,  p e r f o r m e d  

dt~* d~ ff the cor rec t ion  fac tors  in the differentiat ion interval  numer ica l ly  or  graphicoanalyt ica l ly ,  and ~ = 6 H  ~ -  

a re  prac t ica l ly  constant .  

As an example ,  f rom the data of [7] we give the values of the cor rec t ion  fac to rs ,  calculated by computer ,  
for  an FRT with a fi lm of "]~kstra" platinum (A = 3 .94 �9 10 -3; B =- -5 .8  �9 107), heated by a rec tangular  heat  pulse 
(q = const) f rom t o = 20~ to local t e m p e r a t u r e s  not exceeding 660~ F o r  the calculat ions we used the solution 
of the unidimensional  (in x) p rob lem of heat  conduction in the case  of ideal t he rma l  contact  of the fi lm {infinite 
plate) with the subs t ra te  (semiinfinite body) and the absence  of heat  loss in the wi res  and surrounding medium.  
The d imensionless  p a r a m e t e r s  of the solution a r e  the Four i e r  number  Fo =a "f / l  2 of the film and the s imi la r i ty  
number  K = ,/~.lclTlPA cT, w h e r e a  i s t h e t h e r m a l  diffusivity and X is the t he rma l  conductivity of the f i lm, andthe 
symbols  for  the t h e r m o p h y s i c a l p a r a m e t e r s  of the subs t ra te  a re  distinguished only by the  subsc r ip t  1. 

F igure  2 shows graphs  ofGM(~, Fo) f o r K  = 0 . 0 2 . . . 0 . 1 ,  GMlim ~ 1.006. The values of ~ corresponding 
to GM =1.05 increase  f rom 12.5 to 280~ with increase  in F o f r o m  0.1 to 1 0 . . . 1 0 0 .  At max imum beatings G M = 
1 . 1 . . . 1 . 4 8 .  

Table  1gives  values of H(K, Fo) suitable for  f i lms of any m a t e r i a l s .  The data of Table  1 indicate negl i -  
g ib lehea t  loss by the fi lm ( H ~ I )  when Fo ~ 0 .3 .  

Inconclusion,  we note that the cor rec t ion  fac tors  r emove  the sys t emat i c  e r r o r  due to theuse  of ~ instead 
of ~*. Hence, they should be used in calculat ions mainly  in cases  where the absolute difference I GH -- 1 I 
exceeds  the random re la t ive  e r r o r  of determinat ion of ~', or  is at  leas t  comparab le  to it. 

In addition, we r eca l l  that the solution of the heat-conduct ion boundary-value  prob lem requ i res  calculation 
of the cor rec t ion  fac tors  and the ass  ignment of boundary conditions, including the d imens ionless  analog of the 
t ime function of the heat  flux density.  The boundary conditions can usually be ass igned  only approximate ly ,  
which affects  the values of the cor rec t ion  fac to r s .  The m o s t  re l iable  a r e  calculat ions for l imitat ion of the 
region of p a r a m e t e r s  within whichthe cor rec t ion  fac tors  a re  close to unity, since the effect  of inaccuracy of the 
boundary conditions onthe resu l t s  of calculat ions here  is much l e s s .  In planning m e a s u r e m e n t s  in which high 
hearings of the f i lms a r e  expected,  and a sa t i s fac to ry  approximat ion  of the boundary conditions is imposs ible ,  
one m u s t  cons ider  whether  it might  be be t t e r  to rep lace  FRT of the c a l o r i m e t r i c  type by thin-f i lm r e s i s t a n c e  
t h e r m o m e t e r s ,  where  the heating of the film is i so the rmic ,  the the rmophys ica l  p r inc ip les  of the applicat ion 
of which a re  descr ibed  in [5]. 

NOTATION 

t, temperature, ~ to, ~ (T 0, K), initial temperature; t, mean temperature; ~, excess temperature; 
~*, mean excess temperature in absence of heat flux; ~, mean excess temperature with heat loss taken into 
account; 3, approximate mean excess temperature; R, dimensionless excess temperature factor; r ,  w, time; 
q, heat flux density, W/cm2; W, amountof heat; u, heat pulse, J/cm2; c, heat capacity, J/(g-~ T, density, 
g/cm3; ~., t h e r m a l  conductivity,  W / ( c m  �9 ~ a, t he rma l  diffusivity,  cm2/sec ;  Fo,  Fou r i e r  number  of film; 
K, s i m i l a r i t y n u m b e r ;  l ,  2b, 2h, th ickness ,  width, and length of f i lm,  cm; s,  v, a rea  ofheated  sur face ,  cm 2, 
and volume of f i lm,  cm3; x, y,  z, coordinates ;  x, y,  z, b, h, d imensionless  coordinates  anddbnens ions ;  p, P0, 
e l ec t r i ca l  r es i s t iv i ty ,  ~2. cm; ~, effect ive res i s t iv i ty ;  A, B, C, t he rma l  r e s i s t ance  coeff icients ,  deg -1 , deg -2, 
deg; N, D, d imensionless  coeff icients;  I, e l ec t r i c  cur ren t ,  A ; j, e l ec t r i c  cu r r en t  density,  A/cm2; E, e l ec t r i c  
field s t rength ,  V / c m ;  U, voltage drop, V; J ,  d imens ionless  integral;  G, H, cor rec t ion  f ac to r s .  Subscr ipts :  
M, meta l ;  s ,  semiconductor ;  1, subs t ra te .  

1o 

2. 

3o 
4. 
5. 
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A N A L Y S I S  O F  M E A S U R E M E N T  E R R O R S  O F  

C O N V E C T I V E  H E A T - T R A N S F E R  C O E F F I C I E N T  

U S I N G  A T H I N - W A L L E D  H E A T - F L U X  S E N S O R  

Y u .  I .  Y u n k e r o v  UDC 536 .24~  

A t h e o r e t i c a l  a n a l y s i s  of the  e r r o r s  is m a d e  and it is shown t h a t t h e  convec t ive  h e a t - t r a n s f e r  c o e f -  
f i c i en t  in s t e a d y  cond i t ions  on a r o t a t i n g  o b j e c t  of i n v e s t i g a t i o n  can  be m e a s u r e d  by  t h i n - w a i l e d  
s e n s o r s .  

T h i n - w a l l e d  h e a t - f l u x  s e n s o r s  [1] have  so f a r  been  u s e d  m a i n l y  fo r  m e a s u r e m e n t  of r a d i a t i v e  hea t  f luxes  
[1, 2]. An accoun t  of the m e t h o d  of i n v e s t i g a t i n g  convec t ive  h e a t  t r a n s f e r  in s t e a d y  cond i t ions  by m e a n s  of t h e s e  
s e n s o r s  and  the r e s u l t s  of e x p e r i m e n t a l  t e s t s  of t hem a r e  g iven  in [3]. 

F o r  a f u r t h e r  i n v e s t i g a t i o n  of the p o t e n t i a l  of s e n s o r s  we a n a l y z e d  the e r r o r s  of m e a s u r e m e n t  of the h e a t -  
t r a n s f e r  r a t e  and  e x p e r i m e n t a l l y  t e s t e d  the s e n s o r s  on a r o t a t i n g  o b j e c t  - -  a s t e e l  d i sk  of d i a m e t e r  500 m m  and  
t h i c k n e s s  15 m m .  T h i r t y  s e n s o r s  of the c o n s t r u c t i o n  i l l u s t r a t e d  s c h e m a t i c a l l y  in F ig .  1 w e r e  moun ted  in the  
d i s k .  

A th in  e l e m e n t  1 in the f o r m  of a d i s k  of cons t an t an  foi l  0 .05  m m  th ick  was  s o l d e r e d  into a c o p p e r  c a s e  2 
in the f o r m  of a c y l i n d r i c a l  bush  with a hole  5 m m  in d i a m e t e r .  A c o p p e r  t h e r m o e l e e t r o d e  3 of d i a m e t e r 0 . 0 5  
m m  w a s  w e l d e d  to  the  c e n t e r  of  the  th in  e l e m e n t .  The  c o p p e r  p a r t s  of the s e n s o r  - -  the c a s e  2, the  t h e r m o e l e c t r o d e  
3, the w i r e  4 c o n n e c t e d  to the c a s e ,  and the thin cons t an t an  e l e m e n t  1 - -  f o r m  a d i f f e r e n t i a l  t h e r m o c o u p l e  wi th  
j unc t i ons  a t  the c e n t e r  of the thin e l e m e n t  and  a t  i ts e f f ec t ive  r a d i u s  r t . 

The  i n t e r i o r  of the c a s e  was  f i l l e d w i t h  h e a t - i n s u l a t i n g  m a t e r i a l  5 and  was  c l o s e d  by a c o p p e r  plug 6. T h e  
i n v e s t i g a t e d  s u r f a c e  of the d i sk  was s u b j e c t e d  to j e t s  of a i r  f r o m  p e r p e n d i c u l a r  n o z z l e s  of a r a d i u s  of 200 m m .  
On the o p p o s i t e  s ide  hea t  was  d e l i v e r e d  to the d i sk  f r o m  a s t a t i o n a r y  e l e c t r i c  h e a t e r .  

The  a i r f l o w  r a t e ,  n u m b e r  and d i a m e t e r  of n o z z l e s ,  a n g u l a r  v e l o c i t y  of the d i sk ,  and  the d i s t a n c e  f r o m  
the n o z z l e s  to the i n v e s t i g a t e d  s u r f a c e  w e r e  v a r i e d  in wide r a n g e s .  In 20 s e n s o r s  p l a s t i c  foam was  u s e d  a s  h e a t  
i n su la t ion ,  and  in the r e s t  K e l - F  was  u s e d .  Hea t  t r a n s f e r  a t  the f ace  of the th in  e l e m e n t g i v e s  r i s e  to a t e m -  
p e r a t u r e  d i f f e r e n c e  be tween  i ts  p e r i p h e r y  a t e f f e c t i v e  r a d i u s  r 1 and the c e n t e r ,  which can  be d e t e r m i n e d  f r o m  
the t h e r m a l  e m f o f  the d i f f e r e n t i a l  t h e r m o c o u p l e  of  the  s e n s o r .  The  c o r m e c t i o n b e t w e e n  th is  d i f f e r e n c e  a n d t h e  
h e a t - t r a n s f e r  coe f f i c i en t  on the  face  of the t h i n e l e m e n t  is g iven  by the r e l a t i o n  

Io (m) = 1/(1 - -  hTo), (1) 

o b t a i n e d  in [3] f r o m  the equa t ion  

Op Io (roT) = Io (m) = const (2) 
0 e 

fo r  the t e m p e r a t u r e  f i e ld  of a thin e l e m e n t  in the c a s e  of convec t ive  h e a t  t r a n s f e r .  H e r e  the  p a r a m e t e r  m = 
r 1 ~  inc luding  the r e q u i r e d  quan t i ty  a ,  c h a r a c t e r i z e s  the t h e r m o p h y s l c a l  and  g e o m e t r i c  p a r a m e t e r s  of the 
s e n s o r .  

The  s e n s o r s  on the o b j e c t o f  i nves t i ga t i o n  w e r e  p l a c e d i n  g roups  of s i x a t  r a d i i  160, 180, 200, 215, and  232 
r a m .  To i n c r e a s e  the  a c c u r a c y  of m e a s u r e m e n t  of a and  r e d u c e  the e f f ec t  of the s t r a y  e m f  o f the  c u r r e n t -  
r e m o v i n g  dev ice  the s e n s o r s  of e ach  g r o u p  w e r e  c o n n e c t e d  in s e r i e s  and f o r m e d  d i f f e r e n t i a l t h e r m o p i l e s ,  con-  
s i s t i n g  of s ix  s e n s o r s ,  e l e c t r i c a l l y  i n s u l a t e d  f r o m  the d i sk  b y T e x t o l i t e  c o l l a r s  7.  A c ons t a n t a n  w i r e  8 of 

T r a n s l a t e d  f r o m  I n z h e n e r n o - F i z i e h e s k i i  Z h u r n a l ,  Vo l .  35, No.  2, pp .  243-249 ,  Augus t ,  1978. O r i g i n a l  
a r t i c l e  s u b m i t t e d  S e p t e m b e r  19, 1977. 
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