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A new method is presented for measurement  of local thermal  cur rents  on the boundary su r -  
face between a solid and a gas or liquid. The principles of measurement  are  explained, con- 
s t ruct ion of the device is descr ibed,  and resul ts  of experimental  test ing a re  offered. 

In prac t ica l  thermophysica l  studies it is often neces sa ry  to determine the local convective the rmal -  
cur rent  field on the boundary surface  between a solid and the surrounding medium. Measurements  of this 
type a re  hindered by significant technological  difficulties which become more  intense as t empera tu re  in- 
homogeneity within the working zone inc reases .  

At the present  t ime,  measurement  of such currents  is usually achieved by s ta t ionary ca lo r ime te r s :  
those with a conductive wall and e lec t r ica l  compensat ion of the thermal  current ,  and enthalpy flow devices 
[1]. The most  versa t i le  f rom the viewpoint of sensit ivity,  working t empera tu re  range, and low inert ia 
a re  the conductive wall ca lo r ime te r s .  Unfortunately, the construct ion technology for such ca lor imete rs  is 
quite complex and cannot guarantee reproducibi l i ty  of thermal  charac te r i s t i c s  in individual ins t ruments ,  
thus requir ing cal ibrat ion of each inst rument  under conditions close to those of the intended use.  Their  
use is justified in large  scale  measurements  of a technological nature.  However, for pe r fo rmance  of a 
se r i e s  of scientif ic studies,  ca lo r imete r s  operating upon other physical  pr inciples  may prove more  suit-  
able. In par t icu lar ,  for measurement  of local thermal  cur ren ts  on the boundary between a nonisothermal 
gaseous medium and bodies of a rb i t r a ry  form it is convenient to use nonstat ionary metal l ic  ca lo r imete r s ,  
as were f i rs t  descr ibed  brief ly in [2]. 

We reca l l  that in the case considered (Fig. 1), a thin metal l ic  plate (calorimeter)  1 is placed in the 
d i rec t  vicinity of the port ion of the object surface  to be studied 3, remaining separa ted  f rom the surface  
by a ~hin gas layer  2. The dimensions and form of the plate a re  chosen such that as far as possible it 
will not introduce distort ions into the hydrodynamic boundary layer  of the surrounding medium, and such 
that the port ion of the object surface  covered may be considered local and isothermal .  The emiss iv i ty  of 
the plate e T must  equal that of the sur face  a rea  studied E s (es = eT). 

It will be convenient to analyze the operat ion of the ca lo r imete r  with the aid of Fig. 2. We will con- 
s ider  the case where the surface  studied is heated higher than the medium (t s > tree). In the steady state 
the plate t empera tu re  tT must satisfy the condition tme < tT,~ < ts, and so before the experiment  the plate 
is heated somewhat re lat ive to the surface  a rea  (tT,0 > ts).  Then the plate (tT,0 > ts) cools freely along 
the curve tT(r) and at moment  r0, when tT = ts ,  its cooling is totally determined by heat exchange with 
the medium. 

If we neglect the heat capacity of gas in te r layer  2 (Fig. 1), the fundamental equation for the flux q 
at t T = ts will have the form 

q _ C~. bTO; Ib ~ < 0 I, (1)  
F, 
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Fig. 1. Thermal  model 
of measurement  device.  

t 

- - -  

l I I ~'me 
IAxl  
I -  I �9 

. . . . .  TO "t 

Fig. 2. Method of t h e r m a l - c u r r e n t  
measurement .  

where C T and F T a re  the total heat capacity and a rea  of the heat-  
l iberating surface of the plate; the flux is assumed positive when 

t s > tme.  

The direct ion of the flux q is determined by the sign of the 
ra te  of change of plate t empera tu re  b~.  In accordance  with Eq. 
(1) at b~ < 0 the flux q is directed into the medium and, converse -  
ly, at b~ > 0 it goes f rom the medium. Figure 2 corresponds  
to the b a s e  b ~  < 0. The second case (b~ > 0) indicates that t s 
< tme,  and so the ca lo r ime te r  must  be cooled before  the mea-  
surement  so that tT, 0 < t s.  

The ca lo r imete r  indications a re  independent of thickness 
and the rmal  conductivity of the gas layer  and depend solely on 
the pa rame te r s  CT and F T of the plate.  The plate form and di- 
mensions a re  a rb i t r a ry  in principle.  

Consequently, a ca lo r imete r  of this type may be con- 
s t ructed  as a universal  t r a n s f e r - m e a s u r e m e n t  device for convec- 

tive, conductive, and radiant  thermal  flux, not requir ing individual calibration. With sufficient minia tur-  
izat ion the ca lo r ime te r  need not introduce detectable hydrodynamic or thermal  res i s tance  into the boundary 
l aye r .  Aside f rom the smal l  dimensions and shape of the ca lor imete r ,  the brevi ty  of the t ime period over 
which it remains  near  the a rea  studied and the fact that there  is only a smal l  t empera tu re  difference be-  
tween plate and sur face  (the t empera tu res  coincide at the t ime of measurement)  tend to eliminate d i s to r -  
t ion of the experimental  conditions. 

E r r o r s  produced by the p resence  of the ca lo r imete r  as a foreign body may be completely eliminated 
if the plate can be direct ly  built into the a rea  of in teres t ,  without disturbing its surface  contours.  Such 

situations often occur  in l abora tory  studies.  

It is advantageous to const ruct  bui l t - in  ca lo r ime te r s  in a manner  such that the medium to be studied 
cannot penetrate  into the insula t ion- layer  cavity.  Hermet izat ion of the ca lo r imete r  is especial ly important  
when it is intended for use with liquid or  aggress ive  media.  It is thus appropr ia te  to general ize  Eq. (1) to 
the case  of an a r b i t r a r y  thermal ly  insulating layer  possess ing  significant thermal  capacity.  For  simplicity,  
we will a s sume that the in te r l ayer  is nominally planar  and is in ideal the rmal  contact with the ca lo r imete r  
plate and ring.  An equivalent the rmal  model of such a ca lo r imete r  is shown in Fig. 3. Being preheated 
before  the experiment  re lat ive to the sur face  (tT, 0 > ts), the metall ic  ca lo r imete r  plate T, together  with 
the insulating layer  I cool f reely  in the nonisothermal  medium with t empera tu res  ts and tme,  tending to a 
stable s tate  (dot-dashed line). According to the general ized theory of a regula r  thermal  reg ime [3], in 
such a sys tem,  long before  the s ta t ionary state there  is established a cooling regime,  in which all its 
l aye r s  change their  t empera tu re  differential  ,~(x, T) = t(x, r) --  t(x, r by an exponential law with a ra te  m 

common to the ent ire  sys t em.  

Consequently, in the so-ca l led  regula r  stage of cooling the t empera tures  of plate T and insulating 
l ayer  I must  obey the laws 

t~ (z) = t~ (co) -- Ae-~; t I (x, z) ---- t (x, co) -- B sin (vx - -  ~) e - ~ ,  (2) 
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Fig. 3. Equivalent  
t h e r m a l  model  of 
c a l o r i m e t e r .  

where  u2 = m / a i ;  a I is the t h e r m a l  diffusivi ty of the insulat ion l aye r .  

To  complement  Eq. (2) we use  the p r o b l e m  boundary conditions 

ti(0, ~) =t(0, ~ ) = t s ;  t i (h  I, r ) = t ~ ( ~ ) ;  

~"I diT dLr {3) ! = - -  crpTh r r (t r --/me), 
dx ]','=h I dx 

where  a is the h e a t - t r a n s f e r  coefficient  be tween plate  T and the medium;  c T 0T is the voIume heat  capac -  
ity of the c a l o r i m e t e r  plate;  X i is the the rma l -conduc t iv i ty  coeff icient  of insulat ing l aye r .  

With app rop r i a t e  subst i tut ion in Eqs.  (2), (3) we obtain 

t r (r) = l, (~)  + Ae-m';; 

sin vx (4) x 
t1 (x, -c) = t s --[ts  -- t~ (~)]  ~- I  -- A - - e - ' % s i n  p 

where  

P = v h I ;  P - - ( c ~ 9 , h T m - - ~ )  h i"  t s - I T ( c o ) =  ahI 

If the c a l o r i m e t e r  p a r a m e t e r s  sa t i s fy  the impor tan t  physica l  r e q u i r e m e n t  

C I .< 0.3 C T, ( 5 )  

the re la t ionships  of Eq. (4) may be s impl i f ied .  In pa r t i cu l a r ,  the exp re s s ion  for  s y s t e m  cooling ra te ,  with 
an  e r r o r  6 m -< 0.01, may  be wr i t t en  as  

m = (6) 
t 

C~ ! - T C I  

Here  CT and C I a r e  the total  heat  capac i t ies  of the pla te  and the insulat ing l aye r .  

F r o m  Eqs.  (4), (6) a f t e r  app rop r i a t e  t r an s fo rma t ions  we obtain the final working formula  for  ca lcu-  
lat ion of the t h e r m a l  flux of in te res t  q = a (t s --  tme) ,  namely :  

a,~ {g < ol. (7) 
q =  FT 

This  genera l i zed  formula  di f fers  f rom the initial  one, Eq. (1), only in a co r r ec t ion  for  the heat  capac -  
ity of the insulat ing l aye r .  Consequently,  the p r e s e n c e  of a t he rma l ly  insulating i n t e r l a y e r  whose heat  
capaci ty  sa t i s f i e s  the l imi ta t ions  of Eq. (5) does not compl ica te  use  of the c a l o r i m e t e r  or  reduce  its m e t r o -  
logical  capabi l i t ies  by any p rac t i ca l  amount .  However ,  use  of quite re l i ab le  data on heat  capaci ty  of not 
only the meta l l i c  p la te ,  but a l so  the insulat ing l aye r ,  is then n e c e s s a r y .  Thus,  in c a l o r i m e t e r  design it is 
expedient  to ut i l ize i n t e r l aye r s  with the min imum poss ib le  heat  capaci ty .  
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In par t icular ,  if the l imitation 

CI -(.- 0.03 CT, (8) 

is satisfied, then in prac t ice  we may neglect the heat capacity of the 
in te r l ayer  and rep lace  Eq. (7) with an e r r o r  6 m -< 0.01 by Eq. (1). 

The metrologie  capabilities of the ca lor imeter ,  unfortunately, do 
not depend only on the accuracy  with which the pa rame te r s  CT, CI, FT 
a re  known. No less significant is the effect of the relat ionship between 
the rmal  conductivity of the insulating layer  h i /h  I and the heat-exchange 
coefficient of the medium-~.  To verify this, we turn  again to the ca lo r im-  
e ter  model of Fig. 1. We will use the concept of heat-exchange coef-  
ficient and write the desi red thermal  flux in t e r m s  of the tempera ture  
difference between surface  and medium. 

q = a (t s - -  tree). {9) 

Fur ther ,  we assume that the ca lo r ime te r -p la t e  cooling rate  is 
measured  not exactly at the moment when tTff  0) = ts ,  but with a t empe r -  
a ture  difference At. This e r r o r  At, in the genera l  case,  is composed of 
sys temic  e r r o r  in plate and surface  thermocouple  indications and ins t ru-  
ment e r r o r  in the measurement  c i rcui ts .  But at a t empera tu re  level t T 
= t s + At the ca lo r imete r  a l ready records  a flux 

q-~Aq-~a(/s  : -A t - - tme  )~- ~._ I At. (10) 

Fig. 4. View of m e a s u r e -  Consequently, in measur ing  the flux q there  occurs  a relat ive e r r o r  6q 
ment apparatus .  = Zxq/q; 

6q= -I -~- ahI ] �9 t s__ tm,  e (11) 

Equation (11) may be used in ca lo r ime te r  design to reconci le  admissable  values of 6q, At and h i /k  I. In 
par t icu lar ,  if the expected values of ~min,  (ts --  tme)min, Atmax a re  known and the admissible  relat ive 
e r r o r  in thermal - f lux  measuremen t  6q is given, then the pa rame te r s  of the thermal ly  insulating in te r layer  
must  sat isfy the l imitat ion 

7,I [ ( i s -  tm~)~-L~Sq- 1]. (12) 

Since the ca lo r ime te r  cooling ra te  bT is de termined not at  a poin t ,  but within a t empera tu re  range 
a tT  and t ime range /x  r, i ncor rec t  select ion of these intervals  may lead to significant measurement  e r r o r s .  

�9 It can be shown that the re la t ive  e r r o r  in cool ing-ra te  measurement  5 T is equal to 

b0 ----- (mA~) 2 o r  5, = -~- ~0 - (13) 
tT - -  tT,oo 

Equation (13) pe rmi t s  select ion of optimal experimental  conditions at which 6 T will be minimum. 

The metal l ic  ca lo r ime te r  considered above was used for measurement  of local hea t - t r ans fe r  coeffi- 
cients in a i r  in te r l ayers  at var ious  ba rome t r i c  p r e s s u r e s .  

Measurements  were made of the coefficient of heat t r ans f e r  between two iso thermal  b r a s s  plates 
(200 x 200 x 15) mm, with t empera tu res  stabil ized by flowing water  to an accuracy  of § ~ The end s u r -  
faces of the gaseous in te r layer  between the plates were enclosed along the pe r ime te r  by four b r a s s  covers  
mounted to the plates by Teflon thermal - insu la t ing  space r s .  All internal sur faces  of the in te r layer  were 
given a polished chromium finish to reduce the radiant  component of the the rmal  flux. 

A genera!  view of the measuremen t  apparatus is shown in Fig. 4. The ca lo r imete r  is located in a 
cyl indrical  depress ion  17 mm in d iamete r  and 4 mm deep, formed in copper ring 1, which, in turn, is 
mounted in hea ter  plate 2 with a threaded coupling. 

The ca lo r ime te r  plate consis ts  of two copper disks 3, 4, 15 mm in d iameter  and 0.5 mm thick. Be-  
tween them is placed a N i c h r o m e - C o n s t a n t a n  thermocouple  5, which is a lso used as a hea ter .  The 
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thermocouple electrodes are formed of wires 0.I mm in diameter shaped into a bifilar spiral. Layers of 
tissue paper 5 serve to electrically insulate spiral 6 from disks 3, 4. Individual parts of the calorimeter 
(3, 4, 5, 6) were mounted with epoxy resin. In assembling the sensor special attention was paid to ensuring 
a reliable mechanical contact between the thermoeouple and disks 3, 4. The thermocouple-heater leads 

are brought out through porcelain insulator tubes 8, 9, 1 mm in diameter. The calorimeter is mounted 
to plate 1 with hard rubber dowel pin 7, 1 mm in diameter. Guard ring i0, made of copper foil 0.i mm 
thick, serves to limit the heat-exchange area. The rate of change of calorimeter temperature is mea- 
sured by a differential thermoeouple with one iunction in the calorimeter and the other thermally stabilized 
in a Dewar flask. Auxilliary equipment used consisted of a PPTN-I potentiometer with an M 195/1 gal- 
vanometer. Time was measured with a stopwatch with 0.l-sec divisions. 

Basic characteristics of the calorimeter were as follows: total heat capacity of calorimeter, 0.67 
J/deg K; heat-liberation surface area, 1.83 �9 10 -4 m2; the specific thermal flux at which the calorimeter 
tests were performed varied over the range 10-500 W/m 2. 

Control experiments were performed in the absence of convection, in which the thermal flux q trans- 
ferred between plate and interlayer was determined from the formula 

q -~ -~-h At s + ein.5.6 7 I [" T1 ~ 4 \  I00 ] - -  ( - ~ 0 ) 4  ] , ,  (14)_. 

where ~ is the the rma l  conductivity of a i r ,  W / m . d e g  K; 6 is the in t e r l aye r  thickness ,  m; T1, T 2 a r e  the 
t e m p e r a t u r e s  of plates  bounded by the in te r layer ,  ~ 

The c o r r ec t ed  emiss iv i ty  coefficient  of the in t e r l aye r  Ein = 0.045 was de termined  f rom separa te  ex- 
pe r imen t s  at a p r e s s u r e  of P = 1 �9 10 -4 t o r r ,  in which the t he rma l  conductivity of the a i r  could be neglected.  
Since the radiant  component of the the rma l  flux does not exceed 20% of q, the t e m p e r a t u r e  drop At s was 
measu red  direct ly ,  and the the rma l  conductivity of the a i r  was known to an accuracy  of 1% [4]; Eq. (14) 
allows calculat ion of q with an e r r o r  no more  than 2%. Exper iments  were  p e r fo rm ed  over  a wide range of 
conditions: Ats = 15-65 deg; a i r  p r e s s u r e  10, 100, 7 6 0 t o r r s ;  l aye r  thickness  5, 10, 15, 20 mm; l aye r  
or ientat ion ver t i ca l  and hor izontal  (with upper  and lower heated sur face) .  Deviations in ca lo r ime te r  indi- 
cations calculated with Eq. (7) and resu l t s  f rom Eq. (14) did not exceed 2.5%. This e r r o r  was obtained in 
the s t eady-s t a t e  r eg ime .  

In conclusion, it should be noted that the proposed method of the rmal - f lux  measu remen t  is applicable 
to measuremen t s  in both gaseous and liquid media, with var ious  conditions of flow over  the sur face .  Limi-  
tat ions on the measu remen t  t empe ra tu r e  range and the rmal - f lux  range a re  de te rmined  bas ica l ly  by physi-  
c a l  pecul ia r i t ies  of the actual c a lo r ime t e r  chosen. This method allows measu remen t  of unstable the rmal  
f luxes.  However,  such applicat ion will r equ i re  fu r ther  investigation.  

N O T A T I O N  

e is the sur face  emiss iv i ty ;  
t is the t empera tu re ,  ~ 
T is the t ime,  see;  
b~ is the cooling ra te ,  deg K/see ;  
q is the spec i f ic  heat flux, W/m2; 
C is the volumetr ic  heat capacity,  J/~ 
F is the a rea  of hea t - l ibera t ing  sur face ,  m2; 
m is the cooling ra te ,  s ee - l ;  
a is the the rma l  diffusivity,  m2/sec;  

is the t he rma l  conductivity, W / m "  deg K; 
c~ is the c a l o r i m e t e r - - m e d i u m  heat -exchange coefficient,  W/m 2 .deg K; 
h is the thickness ,  m; 
A, B a r e  the osci l la t ion ampli tudes of mean volumet r ic  t em p e ra tu r e s  of ca lo r ime te r  and 

insulating layer ;  
c is the specif ic  heat capaci ty,  J/kg" deg K; 

is the densi ty,  kg/m~; 
6q is the re la t ive  e r r o r  in the rmal - f lux  measurement ;  
P is the medium p r e s s u r e ,  mm Hg, 
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I n d i c e s  

s is the sur face  studied; 
me is the medium; 
r is the ca lo r ime te r  plate; 
I is the insulating in te r layer .  
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