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M E T H O D O L O G I C A L  P E C U L I A R I T I E S  O F  S H O R T  

M E A S U R E M E N T S  A T  T H E  S T A G E  O F  I R R E G U L A R  

T H E R M A L  R E G I M E  

G.  G.  S p i r i n  UDC 536.22.083 

The a r t i c l e  d i s cus se s  the pecu l ia r i t i es  of the rmophys ica l  m e a s u r e m e n t s  when low- iner t i a  heat -  
e r s  a r e  used; it a lso  p r e s en t s  the r e s u l t s  of m e a s u r e m e n t s  of t h e r m a l  act ivi ty.  

The p r e s e n t  technical  s ta te  and the technology of applying thin conducting f i lms open up broad  poss ib i l -  
i t ies  of using them in t he rmophys i ca l  expe r imen t s .  P a r t i c u l a r l y  p romis ing  is the i r  use  as low- iner t i a  e le -  
ments  for  shor t  impulse  m e a s u r e m e n t s  at  the s tage of i r r e g u l a r  t h e r m a l  reg ime.  With the i r  aid it is poss ib le  
to study the t he rmophys i ca l  c h a r a c t e r i s t i c s  of such objects  as liquids, gases ,  o r  sol ids that  ensure  adhesion 
to the l aye r s  that  had been vapor ized  on. Calculat ions show [1] that  when vapor i zed -on  r e s i s t o r  e iements  (RE) 
a r e  used,  the influence of the p r o p e r  heat  capaci ty  of the e lement  on the r e su l t s  of measu r ing  the the rma l  ac-  
t ivi ty of a solid or  liquid is p r ac t i ca l l y  insignif icant  a l r eady  when impulse  m e a s u r e m e n t s  l as t  10 -~- 10 -4 sec. 
When e lements  with e x t r e m e l y  sma l l  thickness  (70-80 ~ a r e  used, this t ime can be reduced to 10 -~ sec. 

In s h o r t - t e r m  the rmophys ica l  expe r imen t s ,  thin meta l  f i laments  can be used  together  with vapor ized-on  
l aye r s .  The technology of making such f i laments  has by now been well  mas t e red .  Evaluations of the influence 
of the p r o p e r  heat  capac i ty  of a f i lament  on the r e su l t s  of the m e a s u r e m e n t  of t he rma l  conductivity show [2] 
that  for  a f i l ament  with radius  10 -~ m the influence of the heat  capaci ty  is smal l  a l ready  whenthe impulses  las t  
so much as 10 -~ sec.  

Since the m e a s u r e m e n t s  a r e  shor t ,  the method is bound to have a number  of advantages.  In par t i cu la r ,  
f avorab le  conditions a r e  c rea ted  for  using t he rma l  m e a s u r e m e n t s  to diagnose dynamic p r o c e s s e s .  Some ex- 
pe r i ence  in using t h e r m a l  diagnost ics  for  studying chemica l  reac t ions ,  phase  t r ans fo rma t ions ,  diffusion and 
other  p r o c e s s e s  has a l ready  found express ion  in var ious  works  [3-8].  

The sma l lnes s  of the spat ia l  region in which the t e m p e r a t u r e  field is non - s t eady - s t a t e  is another  f avo r -  
able fea tu re  of these  m e a s u r e m e n t s :  heat  t r a n s f e r  occur r ing  under  such specif ic  conditions re f lec t s  the mo-  
l ecu la r  heat  t r a n s f e r  that  is only sl ightly d i s to r ted  by  radia t ion  [9, 10]. In consequence,  shor t  m e a s u r e m e n t s  
have an advantage as  a m a t t e r  of pr inc ip le  as compa red  with a number  of other  methods,  in pa r t i cu l a r ,  s t eady-  
s ta te  methods.  

On the other  hand, if  methods of shor t  m e a s u r e m e n t  a r e  to be  applied cor rec t ly ,  we mus t  examine the 
pecu l ia r i t i e s  of this applicat ion occas ioned by the smal l  length of diffusion of the t e m p e r a t u r e  field into the 
inves t iga ted  medium,  by the cons iderab le  t e m p e r a t u r e  gradient ,  etc. 

S. Ordzhonikidze Moscow Aviation Insti tute.  Trans la ted  f r o m  Inzhenerno-F iz ichesk i i  Zhurnal,  Vol. 38, 
No. 3, pp. 403-410, March ,  1980. Original  a r t i c l e  submit ted  March  11, 1979. 
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Fi r s t  of all we will examine the co r r ec tne s s  of using F o u r i e r ' s  basic  law q = -~,VT for  descr ibing heat 
t r ans fe r  in the spatial  region cha rac te r i s t i c  of s h o r t - t e r m  experiments .  For  this purpose we evaluate the 
values of the Knudsen numbers  (Kn = l / / e f ) .  When the measuremen t s  last  10-5-10 -3 sec,  for most  d ie lect r ics  
(liquids and solids), the length of diffusion of the t empera tu re  field into the investigated medium (l el) amounts 
to 10-6-10 .5 m, whereas  the mean free path length of a phonon (/) of the p a r a m e t e r  determining molecular  
heat t r ans fe r  is cha rac t e r i zed  by values of 10 -9 m. Thus, the Knudsen numbers  are  smal l  (10-3-10-4), and it 
is therefore  pe rmiss ib le  to view the medium as a homogenous continuum. 

It is known that the basic law of heat conductivity in its accura te  fo rm cor responds  only to infinitely 
large  speed of propagat ion of heat, whereas  the rea l  speed is finite. For  highly intensive p rocesses ,  the addi- 
tional t e r m  [11] 6q = -T(SCl/~t) h a s t o b e  introduced into the express ion for  the thermal  flux. 

We will examine to what extent it is justified to neglect  it under conditions of s h o r t - t e r m  exper iments .  
We es t imate  the relat ive magnitude of the additional t e rm on the assumption that it is smal l  (6q/q) << 1. For  
this purpose we presen t  the model thermal  problem on which the measurements  of thermal  activity are  based 
(we recal l  that these measurements  a re  b r ie fes t ) :  

OTi ai -02T- i = 0 (i = 1,2), t ~ 0, 
Ot Ox ~ 

Tt = T~ = 0 for t = 0, (1) 

T i=O,  T2=O for Ixl~oo, 

OTi __ ~2 07"2 
TI  == T~, ~i -~x Ox = q~ for x = O .  

The subscr ip t  1 cor responds  to the subst ra te ,  
s imple fo rm 

2 to the investigated medium. The solution of (1) has a 

1 

T (x, t) --  2qot ~- x ierfe - -  ( x / >  0). (2) 

Correspondingly,  the t empera tu re  in the interface between the subst ra te  and the medium (x = 0), i.e.,  
the t empera tu re  of the r e s i s t o r  element (whose thickness is assumed to be infinitesimal) is equal to 

I 

T (x = O, t) = 2qd-~/V'~-(e~ § e~). (3) 

Using (2), we wri te  the express ion  of the thermal  flux in the investigated medium 

q {x, t) = - -  )~z OT _ qoe2 eric x 
Ox ] / ~ ( 8 i  -t- ez) 2V------~- ' x > /o .  (4)  

Hence we have for  the relat ive magnitude of the additional term.. 

e x p - - - ~  Va2t 2t (5) 

For  approximate  es t imates  it suffiees to have the value of the ra t io  (5) only for the coordinate that is 
equal to the length of diffusion of the t empera tu re  field into the investigated medium / ef = (a2t) 1/2. In this 
ease,  (5) is simplified 

q tgf " (6) 

It can be eas i ly  seen that the additional t e r m  in the genera l ized Four i e r  law is small.  In fact, when 
le f  ~ 10-s m (for T ~ 10 -1~ sec) ,  we have (Sq/q) ~ 10 -s. 

It is known that the sur face  of a solid acts on an adjacent liquid by the forces  of in termolecular  a t t rac -  
tion or  repulsion.  Specifically, on the interface between a wetting liquid and a solid, a polymolecular ,  s t ruc -  
tura l ly  inhomogeneous layer  forms.  In [12, 13] it was shown that these layers  are  10-8-10 -7 m thick, and the 
macroscop ic  p roper t i es  differ f rom the proper t i es  of the bulk of the liquid. 

Thus, the boundary of the so l id  changes the thermophysica l  cha rac t e r i s t i c s  of the liquid, and this has to 
be taken into account in substantiating the method of short  measurements .  For  quantitative evaluations we 
r ep re sen t  the absorpt ion l ayer  in the fo rm of a fi lm with thickness L which is homogeneous as to its p rope r -  
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ties. Since the t ime of measu remen t  is chosen such that the influence of the p roper  heat capaci ty is small,  we 
will assume,  like in (1), that its thickness is infini tesimally small.  In that case,  the following model c o r r e -  
sponds to the measurement :  

OT~_a~ 02T~ ( i =  1, 2, 3,), 
ot 

Tt_--- Tz= T n for t = 0 ,  

Tt--~0 for x-*-- -oo ,  T t = T 3  for x = 0 ,  

T s = Tz for x = L, Tz--~ 0 for x ~ ~ ,  (7) 

OTs OT,Xs~=qo for x = 0 ,  
~ -~x 

OTs ~20Tz ~,3..ffX.-- ~ X - = 0  for x = L .  

This problem was examined in [14] in conneetion with the substantiation of the method of investigating the 
thermophys ica l  cha rac t e r i s t i c s  of thin l ayers  of a liquid. 

Fo r  our purposes  it is advisable to wri te  the t empera tu re  of the RE (x = 0) in the form of an expansion 
in powers of the smal l  magnitude 1 / v ~ o  (Fo = a3t/L2) o. 

_ 2qoV-t- [ V-~ (s~--s~) 1 ( 1 ) 1  

The influence of the adsorption layer  on the t empera tu re  of the RE is viewed here as a small  "d i s to r -  
tion." We want to point out that the factor  in front of the square  bracket  cor responds  to the solution of (3). It 
follows f rom (8) that the tes t  for  neglecting the adsorption layer  may be writ ten in the fo rm 

2 2 2 

Fo >> T L es (et + e2) .I 

Correspondingly,  the relat ive magnitude of the "distortion" is 
_ U ~ -  2 2 

l ~ 2 - - ~ s l  
I 2 s3 (ei + e2) V-F-ff" (10) 

An idea of the extent of the influence of the adsorption layers  with thickness L 1 = 10 -8 m and L 2 = 10 -7 
m is provided by Fig. 1. The calculation was ca r r i ed  out for the following conditions: e2 = 600 J / m  2 �9 deg K �9 see 1/2, 
e 3 = 1500 J /m 2. deg K �9 sec 1/2, a 3 = 10 -7 ran/see,  the difference in thermal  activity of the adsorption layer  and the 
bulk of the liquid was taken equal to 20%. The figure also shows, according to the resul ts  of [1], the influence 
of the p roper  heat capaci ty  of the RE on the resul ts  of the measurement  of its temperature .  The res is t ive  
layer  (nickel) was 200 A thick. The values of e 1 and e 2 were  the same as in the preceding example. 

A compar i son  of the dependences shows that when L 1 = 10 -8 m, the influence of the p roper  heat capacity 
predominates .  In this case  the selection of the minimum duration of the measurement  is determined by the 
heat capaci ty of the RE. When L 2 = 1 0  -7 In, the influence of the adsorption layer  is commensura te  with the 
dis tor t ions of the resul ts  of measur ing  the p roper  heat capaci ty of the RE. Naturally, it is possible to imagine 
a case when the influence of the adsorption layer  predominates .  This will d is tor t  the resul ts  of the investiga- 
tion because  the averaged thermophysieal  proper t ies  of the layers  near  the wall a re  measured,  and these dif- 
fer  f rom the proper t ies  in the bulk of the liquid. To eliminate this, it is neces sa ry  to increase  the length of 
the measuremen t .  It can be seen f rom Fig. 1 that the influence of the adsorption layer  decreases  noticeably 
with an increase  in time. 

Since the scale  of the investigated inhomogeneity in each actual case is unclear ,  it is expedient in setting 
up met ro logica l  measurements  with low-iner t ia  elements  to c a r r y  out control  experiments.  In the final analy- 
sis it is indispensable to compare  the resul ts  of measurements  ca r r i ed  out with different lengths of impulses,  
or  in other  words,  in sounding the liquid to different depths. A s imi lar  approach was applied by Filippov [15], 
who measured  the thermal  activity of a number  of organic liquids while sounding with tempera ture  waves of 
different  f requencies  (maximum frequency of the cur ren t  generati~ag the thermal  flux was 165 Hz). For  the 
experimental  detection of an inhomogeneity it is expedient to use a compensation circuit .  The experience of 
its application for studying surface  inhomogeneities of the bases  of res i s tance  sensors  with thin fi lms was 
examined in [16 ]. Thus it must  be pointed out that the influence of the adsorption layers  is slight and will be 
impercept ible  in measuremen t s  lasting 10-4 sec or  more.  However, in more  rapid measurements  (lasting 
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10- 5 or  10 -6 s e c ) ,  the influence of the adsorpt ion  l a y e r  in substant ia t ing the accu racy  of  the m e a s u r e m e n t s  has 
to be  taken into account.  

When low- ine r t i a  e l emen t s  a r e  used,  e spec ia l ly  vapo r i zed -on  r e s i s t i v e  l aye r s ,  at tention mus t  be p r in -  
c ipa l ly  given to the i r  s t ruc tu re .  It  mus t  be  borne  in mind that  the influence of the p r o p e r  hea t  capaci ty  of 
vapo r i zed -on  l a y e r s  in [1] was ba sed  on the homogenei ty  of the conducting l a y e r  a c r o s s . i t s  th ickness  and on 
the un i fo rm dis t r ibut ion  of the s ou rce s  of Joulean heat  throughout i ts  bulk. In consequence of this,  the p r e s -  
ence of flaws in the s t r u c t u r e  of the vapo r i zed -on  e lement  o r  i ts  nonuniform th ickness  may  lead to such d i s -  
tor t ions  of the t e m p e r a t u r e  field that  a r e  difficult  to take into account  in the theore t ica l  model.  

The s t r u c t u r e  of vapor i zed -on  meta l l i c  l a y e r s  may  change f r o m  f ine ,  gra ined,  which a re  detected only 
with magni f ica t ions  at ta ined in e l ec t ron  opt ics ,  to c o a r s e - g r a i n e d ,  obse rved  with o rd ina ry  optical  means .  The 
p r o c e s s  of vapor iz ing  on the f i lm in vacuum depends on a l a rge  n u m b e r  of f ac to r s  such as the c leanl iness  of 
the subs t ra te ,  its t e m p e r a t u r e ,  the p r e s e n c e  of an adso rbed  gas ,  the en t rance  angle of the me ta l  ions, the 
p r e s s u r e  in the sy s t em ,  etc.  To a cons ide rab le  extent  they a r e  not reproduc ib le ,  and the re fo re  the f i lm de-  
pends on the conditions of obta ining it. Consequently,  it is f a i r l y  compl ica ted  to work  out the technology of 
applying me ta l  coat ings that  r ep roduces ,  e.g.,  with sma l l  deviat ions  such ind ica tors  as r e s i s t a n c e  or  the r e -  
s i s t ance  t e m p e r a t u r e  coefficient .  However ,  the p r o b l e m  of producing f ine -g ra ined  s t ruc tu r e s  that have m e -  
chanical  s t rength  is s i m p l e r  and feas ib le .  Such f i lms  in p a r t i c u l a r  a r e  sui table  for  shor t  m e a s u r e m e n t s .  With 
the c h a r a c t e r i s t i c  g ra in  s ize  of 100 .~ and the i r  un i fo rm dis t r ibut ion  ove r  the su r face  of the base ,  the pa t t e rn  
of the t e m p e r a t u r e  f ield is f a i r l y  compl ica ted  only a t  the ini t ial  s tage  of heating the e lement .  As the t e m p e r a -  
tu re  field diffuses  into the medium,  the t e m p e r a t u r e  inhomogenei t ies  a r e  s t a t i s t i ca l ly  averaged ,  and when 
l ef  ~ 10-6 m,  we m a y  obviously speak  fa i r ly  s t r i c t l y  of plane s y m m e t r y  of such a field. 

Short  m e a s u r e m e n t s  a r e  c h a r a c t e r i z e d  by  sma l l  length of diffusion of the t e m p e r a t u r e  field into the 
medium;  this length is subs tant ia l ly  s m a l l e r  than the d imens ions  of the e l emen t  (length and width) and of the 
inves t iga ted  sy s t e m .  Since the d is t r ibut ion of the t e m p e r a t u r e  f ie ld and i ts  pecu l i a r i t i e s  a s soc ia ted  with the 
fulf i l lment  of the boundary  conditions a r e  a function of the d imens ion les s  t ime Fo = a t / L  2 (L is  the c h a r a c t e r -  
is t ic  d imens ion) ,  we m a y  say  that  with the s a m e  a c c u r a c y  of specifying the boundary  conditions, the c h a r a c -  
t e r i s t i c  d imens ion  of the e l emen t  and of the inves t iga ted  s y s t e m  d e c r e a s e  with dec reas ing  length of m e a s u r e -  
ment  by a f ac to r  ~ t  1/2. Thus,  we find ye t  another  fea ture  of sho r t  m e a s u r e m e n t s :  they can be effected with 
sma l l  s e n s o r s  and with sma l l  amounts  of  the substance .  It  is t he re fo re  of i n t e r e s t  to evaluate  the e r r o r  of the 
m e a s u r e m e n t s  a s soc ia t ed  with the fulf i l lment  of the boundary  conditions. In connection with l inear  heat  
sou rces ,  this p r o b l e m  was examined  in [2], and we will  t h e r e f o r e  confine ou r se lves  to the examinat ion of 
plane REs.  

We will  evaluate  the e r r o r  caused  by the deviat ion of a r ea l  phys ica l  model  of m e a s u r e m e n t  f r o m  the 
ideal ized unidimensional  model ,  i .e . ,  we take into account  the f in i teness  of t he  width of the r e s i s t i v e  base .  
Since in r ea l  e l emen t s  the length subs tan t ia l ly  (5-10 t imes )  exceeds  the width, this evaluat ion is decis ive .  We 
use  the r e su l t s  of Drozdov and Salokhin [17], whoexaminedhea t ing  with a constant  heat  flux of an infinitely 
long s t r ip  of  width l, s i tuated at  the in te r face  of two semibounded media .  For  the case  of equal media ,  e.g.,  
med ia  ident ical  with the b a s e  (this is admis s ib l e  for  evalua t ions) ,  the mean  t e m p e r a t u r e  of the e lement  is 
de t e rmined  by the expres s ion  

[ F~ 8F~ / 1 ) ] 1 1/~ qot~/2 1 + ~ exp - -  + . (Fo = at~t2). (11) 
T = - i -  .f T (x = O, y) as = V_ ~ e V - ~  V - ~  -4F-o- "" 

--1/2 

We want  to point out that  the f ac to r  in f ront  of the b r a c k e t  in (11) is  m e r e l y  the solution of (3) (the case  
of e I = e 2 = e) ,  and the va r i ab l e  t e r m s  of the s e r i e s  e x p r e s s  the influence of the edge effects .  Now it  is easy  
to wr i t e  the e x p r e s s i o n  fo r  the r e l a t i ve  e r r o r  caused  by heat  exchange at the edges of  the r e s i s t i v e  path: 

I6T/T[ ~ Fo'/~/V"~-: (12) 

Fo r  ins tance,  fo r  the case  of a g l a s s  b a s e  and durat ion of m e a s u r e m e n t  10 -4 see ,  with the e lement  10 -3 m 
wide, this e r r o r  amounts  to about 0.3%. If the m e a s u r e m e n t  las ted  1 see and the pa r t i a l  e r r o r  were  specif ied,  
the width of the e l emen t  would have to be  i n c r e a s e d  to 10 -1 m. 

Using the r e s u l t s  of [14], we can eas i ly  wr i t e  the condition Of semiboundedness  of the inves t iga ted  
medium.  In the model  p r o b l e m  (1) the med ium is  a s s u m e d  to be semibounded,  and in fac t  i t  has finite thick-  
ness  (L) bounded, e .g. ,  by  the wall  of the v e s s e l  The co r respond ing  t e s t  has the f o r m  
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8 T/ T 

o,~ z 

o,1 , / 

0 200 400 600 ~ 0 
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Fig. 1 Fig. 2 
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Fig. 1. Distort ion of the t empera tu re  of the r e s i s to r  e lement  by 
the adsorption l ayers  L 1 = 10 -s m (1), and L 2 = 10 -? m (2), and 
by the p roper  heat capaci ty  of the e lement  (3). 5T/T,  %; t, ~sec.  

Fig. 2. Change in the t empera tu re  of the plane element in de- 
pendence on the duration of heating. T ( ~  - T ( ~ ) ,  ~ ~ - -  
yr,'o, seci/2. 

(13) 

= (e, - -  e2) (88 - -  e2)l(e, + e2) (e3 + 82). 

When the layer is more than 10 TM m thick and the impulse lasts 10 -3 sec, the corresponding error is ex- 
tremely small (less than 10-2%), regardless of the properties of the material of the vessel or the medium 
bounding the investigated substance. 

It is an advantage to verify experimentally how the real physical process of measurement corresponds 
to its mathematical idealization. When plane elements are used, the result of such correspondence is the in- 
c r e a s e  in t empera tu re  of the element  according to the regular i ty  ~ t 1 /2 .  Naturally, the boundary conditions (1) 
have to be satisfied, too, in par t icu lar ,  a constant  heat output has to be effected on the element  in the course  
of the selected time. 

In accordance  with the method of [7] of determining the "instantaneous" values of the res i s tance  (tem- 
pe ra tu re ) ,  we investigated the increase  in tempera ture  of the heat sensors  vaporized onto glass.  The t emper -  
a ture  measuremen t s  of the element  were ca r r i ed  out for the following instants of t ime (this t ime is measured  
f rom the beginning of the heating):  t o = 5 .10  -s sec and t = 10 -4, 2 . 1 0  -4. 3" 10 -4, 4" 10 TM sec. The resul ts  of 
one of the experiments ,  c a r r i ed  out in the fo rm [ T ( ~  - Tbf~0)] - ( v ~ - - ~ ) ,  a re  presented  in Fig.  2. It can be 
seen f rom the f igure that the resul ts  of the experiments  well reproduce the l inear dependence (maximum de- 
viation of the points f rom the averaging s t ra ight  line does not exceed 0.3%); this indicates that the law (3) of 
the change of t empera tu re  of the element  in dependence on the heating time can be fulfilled. This confirms 
that the rea l  p roces s  of measu remen t  cor responds  well to its idealization. 

The slope of the s t ra ight  line in the graph (tan ~ = [T(r - W(v~0)]/(~--~rt-0)) determines  the thermal  a c -  
t ivity of the substra te .  A calculation procedure  analogous to [7] yielded that the thermal  activity of the inves- 
tigated base  amounted to i450 J /m 2. d e g K .  sec 1/2 (at20~ The e r r o r  of measuremen t s  included the evaluation 
of the following fac tors :  p roper  heat capaci ty  of the element, finite width of the res is t ive  path, and also the 
ins t rument  e r r o r  of determining the a rea  of the path, the s t r e s s  acting on the element, the res i s tance  t emper -  
a ture  coefficient,  and the magnitude of tan ~o. For  the investigated heat sensors  with the following pa rame te r s  
of the res i s t ive  path: thickness 200 A, width 2 ram, a n d l e n g t h 2 0 m m ,  the resul t ing e r r o r  of measuremen t  
amounted to no m o r e  than 2%. Heating of the element  at the end of the impulse did not exceed 2~ 

Analogous measurements ,  c a r r i ed  out with the heat sensors  i m m e r s e d  in the liquid, made it possible to 
determine its thermal  activity. Specifically, we ca r r i ed  out measurements  in toluene and obtained the value 
of its thermal  activity equal to 438 J /m 2. degK.  sec 1/2 (at20~ The corresponding analysis  of the e r r o r  of the 
given m e a s u r e m e n t  shows that with the e r r o r  of the thermal  activity of the base  taken into account, it does not 
amount to more  than 3%. 
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N O T A T I O N  

T, temperature, ~ q, specific heat flux, W/m2; k, thermal conductivity, W/degK .m; a, thermal diffusivity, 
m2/secl e, coefficient of thermal activity, J/m 2- degK- sect/2; t ,  t ime, sec; % relaxationtime, sec; x, y, running 
coordinates, m. Subscripts: 1, substrate; 2, investigatedmediumandliquid; 3, adsorption layer and material 
of the vessel wall or other bounding medium. 
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