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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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Fig.  1. Schematic of sensor  in objectof  investigation. I) investigated surface;  II) 
disk; III) epoxy res in .  

Fig.  2. Dependence of 6~, %, on ~ .  

diameter  0.05 mm,  the copper  case 2, andthe wire 4 formedthe  thermoetect rode circui t  for measurement  of 
the temperature  T pa t  the per iphery of the thin element.  The method chosen for investigation of convective heat 
t r ans fe r  on the rotating disk was the constant heat-flux method. The main components,  measur ing  sys tem,  
measuremen t  procedure,  and t rea tment  of the experimental  data for investigation by the constant heat-flux 
method were the same as in [4]. We found that the experinaental data obtained by investigation of the convec-  
tive heat t ransfer  of a disk rotating in a closed case and subjected t oa i r  jets by measurement  with thin-walled 
sensors  by the method descr ibed in [3] were Ln good agreement  with the resul ts  of investigation by the constant 
heat-flux method and the dimensionless relations [5] for determination of the local hea t - t r ans fe r  coefficients 
over the disk radius.  

The rms  e r r o r  in [nvestigationby the method of [3] did not exceed8%. The value taken for the absolute 
e r r o r  of a single experiment  was the difference in the values of ~ obtained experimental ly and by calculation 
from the s imi lar i ty  equations [5]. 

The variable quantities inthe experiments  lay in the following ranges:  Re = 3 �9 104-2 �9 105; i =2, 4, 8; d= 
4, 6, 8ram; U/C 0 = 0 . 1 - 0 . 9 .  The metrological  potential of the sensor  was d e ~ r m i n e d  f rom the deviation of the 
actual geometr ic  charac te r i s t i cs  f rom the calculated values, the accuracy  of measurement  of AT 0 and (Bp, and 
the values of the ignored heatfluxes betweenthe thin element  andthe sensor  components connected to Lt. To 
analyze the ef fec tof  these factors  on the accuracy  of measu remen to f  ~ we turn again to the schematic  of the 
sensor  in Fig.  1. It can be shown by usLngEq. (2) that the relative e r r o r  of measurement  of ~, due to displace-  
ment of the point of at tachment of the thermoelect rode f rom the geometr ic  center  of the thin e lementby  an 
amount Ar, can be determined f rom the equation 

where 

6cr = [1 - -  (I  l ~  I 0 0 % , C  (3) 

C = ( A-~o + AT"~-- 2) (Io(m)-- l) ml~ (m). 

The relat ion between 5a and Ar, calculated from this formula,  is shown in Fig.  2 for differentvalues of m. 
Equation (3) can be useful in the designing of sensors ,  development of methods of construction,  and for analysis  
of the e r r o r s  in measu remen t  of a. 
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Fig.  3. Dependence of coeff icient  A on p a r a m e t e r  m and geomet r i c  
c h a r a c t e r i s t i c s  of insulation. 

Fig.  4. Dependence of 6a ,  %, on 5, %. 

Equation (1) for calculat ion of a was obtained in [31 fo r the  case  where  heat  exchange with the medium 
occu r r ed  only at  the face of the thin e l emen t  and heat  f luxes f r o m  the insulat ion and the rmoe lec t rode  were  ignored.  
The la t ter  fluxes can be calculated by regard ing  the insulation and the rmoelec t rode  as a finite cyl inder  and rod 
with boundary conditions cor responding  to the scheme in Fig.  1 in the s teady heat  r e g i m e .  In v iewof  the high 
the rma l  conductivity of copper  and the smal l  s ize of the sensor ,  we can a s sume  that in this case  the t empe ra tu r e s  
of the case 2 andthe plug 6 a r e  the s a m e a n d  equal to the t empe ra tu r e  Tpon  the pe r iphery  of the thin e lement .  
The t e m p e r a t u r e  distr ibution over  the radius  of the thin e lement  is de te rmined  f rom re la t ion  (2) 

I o (mr) 
ATe= [ (r) = 0P [ 1 10(m) ] '  (4) 

Then. assuming  Tp =0, we can r ega rd  the heat  insulation as a finite cyl inder  wi thboundary conditions: 

T i = T p = O w h e n r = r i ,  H > Z > 0 ;  

T i = T p =  0 when Z = H, r i > r > 0 ;  

Ti = ATe=f(r)  wheaZ =O, r ~ > r > 0  

provided that hi <<ke and, using the solution of the heat-conduct ion equation for  a finite cyl inder  [6], we can 
wri te  the express ion  for  T i in the fo rm 

H - - Z  
p ~ J O  (rj,) sh r, 

T i = 20 

n=i J~ (l,) sh _HH in 
r !  

where Jn a re  the posi t ive roots  of the equation J0(rljn) =0. 

A s a resu l t ,  we obta in the design equation 

r t  (* 

AQ i = 2rtki J dTi 
dZ(z=o) 

0 

l 

0 

rdr = 4utpr,OiA, 

(5) 

(6) 

where 

The dependence of coefficientA onthe p a r a m e t e r  m and geomet r i c  c h a r a c t e r i s t i c s  of the insulation, calculated 
f rom Eq. (7), is shown inFig .  3. A s i m i l a r  calculat ion enabled us to obta ina  working formula  for  the heatf lux 
a c r o s s  the end face of the the rmoe lec t rode  (Z =0) in the fo rm 
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Where 

1 2 

| c t h  --It ],, 

;o + 

j n a r e  the p o s i t i v e  r o o t s  of the t r a n s c e n d e n t a l  equa t ion  

] ,J i  (i,,ro) 4 ~ 1 Jo (],,ro) = O. 
r0 In - - _  

ro 

iS) 

(9) 

C a l c u l a t i o n s  f r o m  Eq.  (9 ) show tha t  fo r  s e n s o r s  wi th  any g e o m e t r i c  a n d 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  
K__< 1. R e f e r r i n g  to (6 )and  (8) we can  e s t i m a t e  the hea t  f lux f r o m  the t h e r m o e l e c t r o d e  by  u s i n g  the r a t i o  

AQ~ = .  ~:TT0 K A~0, 

f r o m  which i t f o l l o w s  tha t  the hea t  f lux f r o m  the t h e r m o e l e c t r o d e  to the thin e l e m e n t  is n e g l i g i b l e  and the e r r o r  
of m e a s u r e m e n t  of u is  d e t e r m i n e d b y  the hea t  influx f r o m  the i n su l a t i on ,  In view of t h i s ,  we can  w r i t e  the hea t  
b a l a n c e  equa t ion  fo r  a n a n n u l a r  s e c t i o n  of the thin e l e m e n t  with r = r 1 in the f o r m  

1(2[ = [Q']+lhQi[, (10) 

w h e r e  Q = ~e F dTedr (r=r,) is the hea t  flux a c r o s s  the a n n u l a r  s e c t i o n  of the th in  e l e m e n t  w h e n t h e r e  is no hea t  

influx f r o m  the insu la t ion ;  Q' = ~e F dTe (r rl) - - - ~ -  = is  the s a m e  w i t h h e a t  influx f r o m  the insu la t ion ;  T'e i s  the  t e m p e r -  

a t u r e  on the p a r t i c u l a r  r a d i u s  of the th in  e l e m e n t  wi th  hea t  influx f r o m  the i n s u l a t i o n .  

Us ing  r e l a t i o n s  (2) and(6 ) ,  we can  c o n v e r t  Eq .  (10) to the f o r m  

l i  (m) -- m' It (m') 2Ze m - -  ~ A, ( l l )  
I0 (in) I0 (m') 

w h e r e  m '  = r l q " ~ ' ~ e A  is d e t e r m  ined f r o m  (1); m = r14"~'~eA; a ' and  a a r e  the h e a t - t r a n s f e r  coef f tc  tents  m e a -  
s u r e d  w i t h o u t a n d  with  a l l o w a n c e  f o r  hea t  influx f r o m  the i n su l a t i on .  

Equa t ion  (11) a l l o w s  the e a l e u l a t i o n o f  ~ wi th  due a l l o w a n c e  fo r  the hea t  f lux f r o m  the insu la t ion  into the 
thin e l e m e n t .  W h e n t h e r e  is an a i r g a p  b e t w e e n t h e  in su la t ion  and the thin e l e m e n t ,  a s  was  the e a s e  in the e x p e r i -  
m e n t s  in [3], the e f f e c t o f  the hea t  i n su l a t i on  on the a e c u r a e y  of m e a s u r e m e n t  is n e g l i g i b l e  and a is c a l c u l a t e d  
f r o m E q .  (1). O p e r a t i n g  e x p e r i e n c e  showed ,  h o w e v e r ,  tha t  the low m e c h a n i c a l s t r e n g t h  of such  a s e n s o r  l i m i t s  
i ts  a p p l i c a b i l i t y .  T h e e f f e c t  of c e n t r i f u g a l  f o r c e ,  v i b r a t i o n ,  and  high p r e s s u r e  of the a t m o s p h e r e ,  e t c .  l e a d s  
to d e f o r m a t i o n  of the th in  e l e m e n t a n d  d e t a c h m e n t o f  the t h e r m o e l e e t r o d e .  The s o l i d l y  c o n s t r u c t e d  s e n s o r u s e d  
in the p r e s e n t  w o r k  and 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 i g .  1 is p e r f e c t l y  r e l i a b l e .  Hence ,  the va lues  of a fo r  the 
r o t a t i n g  d i s k  w e r e  d e t e r m i n e d  f r o m  Eq .  (11) wi th  due r e g a r d  to the h e a t  influx f r o m  the i n su l a t i on .  To f a e i l l t a t e  
the  e a l e u l a t i o n s  we c o m p i l e d  a t ab le  of va lue s  of mI l (m) /10(m)  =f(m) f r o m m  = 0 . 3 6  t o m  =4 a t  s t e p s  of 0 . 0 1 .  

C a l c u l a t i o n s  f r o m  Eq .  (1) and  Eq .  (11) showed  tha t  the e r r o r  of m e a s u r e m e n t  of ~ due to h e a t  influx f r o m  
the in su la t ion  o v e r  a l l  the e x p e r i m e n t s  was  1-5%, depend ing  on the va lue  of m .  The  e r r o r  i n c a l e u l a t i n g  a f r o m  
Eq.  (1) is a l s o  due to the e r r o r  of d e t e r m i n a t i o n  of AT0, which  in the g e n e r a l  e a s e  is  m a d e u p  of the i n s t r u m e n -  
t a l  e r r o r  of the m e a s u r i n g  c i r c u i t ,  the s y s t e m a t i c  e r r o r  of 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  a n d t h e  
t h e r m o c o u p l e  of i ts  c a s e  ( p e r i p h e r y  of thin e l e m e n t ) .  In th i s  c a s e  the m a x i m u m  r e l a t i v e  e r r o r  of m e a s u r e m e n t  
of ~ can  be  ca l c u l a t e d  f r o m  the equa t ion  obta  ined f r o m  (1): 

5~ = 2 --D- q- 100%, (12) 

w h e r e  5 = 5ATo 4- 60p; D = mli (m) - ~ o  

920 



Figure 4 shows 8~ as a function of 5, calculated from Eq. (12) for different values of m.  

An analysis of the charac te r i s t i c s  in Figs .  2 and 4 shows that an increase inm leads to a significant 
increase in the e r r o r  of measuremen t  of a .  The optimal value of m bathe designbagof a sensor  eanbe de ter -  
mined by means of Eqs.  (3) and(12) or  the relations shown inFigs .  2 and 4. 

By varying the geometr ic  charac te r i s t i c s  of the sensor  (r 1 , A)and selecting mater ia ls  with appropriate 
thermophysical  proper t ies  for the components of the differential thermocouple of the sensor ,  the value of p a r a m -  
e ter  m can be varied in a wide range.  For  instance, rep lacementof  the thin constantan element bya  copper 
one, and the copper thermoelect rode by a constantan one, leads to a reduction of m by a factor  of four.  

The resul ts  of the theoret ical  and experimental  investigation car r ied  out indicate that convective heat t rans-  
fer can be investigated with the aid of th in-wal ledsensors  not only on stat ionary,  but also on rotating, objects 
of investigation without pr ior calibration of the sensors  aga inst a known hen t flux. 

The obtained formulas and relat ions are  valid for the case where mater ia l  with ~i <<ke is usedas  heat 
insulation. 

In application to the design of a sensor  they can be used to determine its mos t  rational geometr ic  and ther -  
mophysical  charac te r i s t i cs  f rom the viewpoint of accuracy  of measurement  of (~ in accordance withthe exper i -  
mental conditions, and also to match them with the e r r o r s  of the measur ing c i rcui t .  

N O T A T I O N  

T, temperature ;  AT0, ATe, tempera ture  difference between periphery of thin e lementand center,  and 
between per iphery andpar t i cu la r  radius;  6p=Tp -- T s, 0 e =T e -- Ts,  tempera ture  difference between per iphery 
of thin element and surroundings,  and between thin element on par t icular  radius and surroundings;  A, thickness 
of thin element; rl,  r ,  effective and par t icular  radius of thin element; a ,  hea t - t r ans fe r  coefficient between thin 
element and surroundings;  ~., thermal  conductivity; d, nozzle diameter;  Re, Reynolds number calculated f rom 
f low-average velocity of outflow of air  f rom nozzles and parameters  in front of nozzles;  i, number of nozzles;  
R, radius of position of nozzles;  U =~R, c i rcu la r  velocity of disk at radius of position of nozzles;  C 0, velocity 
of adiabatic outflow of a i r  f rom nozzles;  At,  displacement of thermoelectrode relat ive to geometr ic  center  of 
thin element; 5a. 5AT 0, 50p, relative e r r o r  of measu remen to f  a of thin element with surroundings,  t empera -  
ture difference between per iphery of th inelement  at effective radius r I and center ,  temperature  difference 
between per iphery of thin element and surroundings;  H, height of insulation; Z, ordinate along axis of insulation 
and thermoelect rode;  AQi, AQT, heat flux into thin element f rom insulation andthermoelec t rode;  r0, radius of 
thermoelectrode;  F = 2TrlA, area of annular section at per iphery of thin element.  Relative quantities: A~? 0 = 
AT0/~ p. r = r / r  1, A t =  A r / r  l, ~T =Xi/h"f, r0--r0/rl  , ~e=Xi/)~e , A = A / r l ;  J0 (x), J1 (x), and J2(x), Bessel  func- 
tions of f i rs t  kind (ofzeroth,  f i rs t ,  and secondorders ) ;  I0(x), II(x), modif iedBesse l  functions of f i rs tk ind (of 
zeroth andf i r s t  orders) ;  ]n, roots of t ranscendental  equations. Subscripts:  i, insulation; p, per iphery of thin 
element; s, surroundings;  T, thermoelee t rode ;e ,  thin element.  
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