
N O T A T I O N  

p, density;  v, veloci ty;  p, p r e s s u r e ;  T,  t empe ra tu r e ;  T, densi ty of the m a s s  flow; Z, densi ty  of impulse  flow; q, 
densi ty  of heat flow; h, entha!py; k ' ,  effect ive coeff icient  of t h e r m a l  conductivity; a ,  surface- tension~ coef f ic ien t ;  vl,  
v2, v3, r a t e s  of change of the coordina tes  xi, x2, x3, r e spec t ive ly ;  ui, u 2, ave r age  ve loc i t ies  of liquid in front  of the 
f i r s t  men i scus  and column of liquid, r e spec t ive ly ;  vl ,  v~, ve loc i t ies  of v a p o r  in the v a p o r  plug and a t  the exi t  
f r o m  the capi l la ry ;  ~, condensat ion coefficient;  p ,  m o l e c u l a r  weight; R*, un ive r sa l  gas constant;  P(T), sa tu -  
r a ted  v a p o r  p r e s s u r e  at  the t e m p e r a t u r e  T; kv, kl, Xp.m, coeff ic ients  of t he rma l  conductivity of vapor ,  liquid, 
and m a t e r i a l  of the porous  mat r ix .  
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COMBINED MEASUREMENT 

OF FLUIDS 

V .  S. B a t a l o v  

OF THERMAL PROPERTIES 

UDC 536.2.023 

A d i l a tomet r i e  method for  s imul taneous  de te rmina t ion  of the heat  capaci ty  and the coefficient  
of t h e r m a l  expansion of fluids is descr ibed .  

Rapid d i l a tomet r i c  methods for  the de te rmina t ion  of the t he rma l  diffusivity of m a t e r i a l s  [1], which have 
demons t r a t ed  undisputed advantages  in the study of h e a t - t r a n s f e r  p a r a m e t e r s  [2], can be used as  a means  for  
combined m e a s u r e m e n t  of the p r o p e r t i e s  of t he rma l  expansion and heat  capaci ty  in fluids [3]. 

Among the pr inc ipa l  p roposa l s  for  such an expansion in the a r e a  of applicat ion of d i l a tomet ry  (while p r e -  
se rv ing  such impor tan t  qual i t ies  as  the nondest ruct ive  and highly accura t e  nature of the method,  which is not 
based on m e a s u r e m e n t  of t e m p e r a t u r e s  and t he rma l  fluxes in t e s t  objects) ,  one should cons ider  the c o m p a r a -  
t ive ve r s ion  involving t h e r m a l  change in the volume of two fluids - a s tandard  (with known va lues  for  the volu-  
m e t r i c  heat  capac i ty  c 0 and for. the coeff icient  of t he rma l  expansion/30) and a t es t  fluid (the the rmophys iea l  
c h a r a c t e r i s t i c s  c T and fliT of which a r e  subjec t  to determinat ion)  - under  conditions where  the var ia t ion  of heat  
content in each of them occur s  only because of heat  exchange through a boundary separa t ing  the fluids (a thin 
nondeformable  shell). 

As a specif ic  model  for  the rea l iza t ion  of the method,  it is convenient  to se l ec t  a s y s t e m  of two , ' im-  
bedded" thin-wal led meta l  v e s s e l s  made of a m a t e r i a l  with a negligibly smal l  coeff icient  of t he rma l  expansion 
in compar i son  with the s ame  p a r a m e t e r  for the fluids. The fluid with s tandard  p r o p e r t i e s  fil ls the outer  v e s -  
sel  1 (Fig. 1) in such a way that  the inner  v e s s e l  3 is comple te ly  i m m e r s e d  in the s tandard  fluid, which is in 
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Fig. 2 

Fig. 1. Block d i ag ram of d i la tometer .  

Fig. 2. Kinetic cu rves  for  vo lumet r i c  t he rma l  expansion AV0(t) 
of a s tandard  fluid and AVT(t) of a t e s t  fluid because  of heat  ex-  
change through a thin shell  separa t ing  them (t is t ime  m e a -  
su red  f r o m  the moment  the inner hea t e r  is tu rned  off). 

contact  with the en t i re  ex te rna l  sur face  of 3. The ro le  of dr iving force  for  expansion of both fluids is ass igned  
to e l ec t r i ca l  heating which is initiated by the e l ec t r i ca l  hea te r  4 mounted within the shell  separa t ing  the vo l -  
umes  of the inner  and outer  v e s s e l s .  The init ial  depar tu re  of the s y s t e m  f r o m  t h e r m a l  equi l ibr ium is p r o -  
duced by a shor t  power  pulse in the hea t e r  4. 

T e m p e r a t u r e  pe r tu rba t ions  in both fluids a f t e r  this hea te r  is shut off involve only the regions  adjacent  
to it  and the kinet ics  of t he rm a l  expansion in each  of the fluids depends only on the heat  exchange between them 
through the sheI1 3. Observa t ion  of the kinetic deta i ls  of the t he rma l  expansion of both fluids is accompl ished  
by means  of the measu r ing  tubes (capi l lar ies)  5 and 6 fit ted on the outer  and inner  ve s se l s .  It  is per t inent  to 
emphas ize  that  f i l l ing of the cap i l l a r i e s  with the fluids is by no means  a n e c e s s a r y  pa r t  of the exper iment ;  for  
example ,  i t  is comple te ly  s a t i s f ac to ry  to have cap i l l a r i e s  made of g lass  and a drop of fluid that  does not wet  
g lass  (in pa r t i cu l a r ,  m e rcu ry )  located halfway up each  of them. The buffer  region of gas  (air) f o rmed  in this 
way between the sur face  of the fluids and the m e r c u r y  drops  in the cap i l l a r i e s  is e x t r e m e l y  favorable  in two 
r e s p e c t s  a t  the s ame  t ime: f i r s t ,  by reducing p a r a s i t i c  heat  t r a n s f e r  to the surroundings  and, second, by r e -  
l ieving the e x p e r i m e n t e r  of the need to fill  the cap i l l a r i e s  with the fluids (which {s f requent ly  difficult f rom the 
opera t ional  a spec t  if  the t e s t  fluid is  a highly v i scous  mater ia l ) .  

The geome t r i c  s i zes  of the cap i l l a r i e s  were  chosen so that insignificant  changes in the vo lumes  of the 
fluids produced d i sp lacements  of the m e r c u r y  drops  that were  not iceable under  v isua l  observat ion.  It  is ob-  
vious that  the v i s ib i l i ty  of observa t ions  in this case  does not e l iminate  automat ic  r ecord ing  of the kinet ics  of  
fluid expansion,  for  example ,  by noninert ial  (fast-wri t ing) r e c o r d e r s .  

The f ea tu res  of heat  exchange between the s tandard  and t e s t  fluids a r e  such that  cessa t ion  of t he rma l  ex-  
pansion by one of them does not mean  cessa t ion  of vo lumet r i c  changes in the other .  Along with this,  the ab-  
sence of t he rma l  expansion of the fluid in the inner v e s s e l  is  evidence that  the total  t he rma l  flux through the 
shell  3 has become zero .  To e l iminate  the effect  of heat  exchange between the outer  ve s se l  and the su r round-  
ings, the additional e l ec t r i ca l  hea t e r  2 is provided,  which is combined with the outer  shell  1 of the outer  vesse l .  

During heat  exchange between the two fluids, t ime  and coordinate  nonuniformit ies  of the t e m p e r a t u r e  
f ields in both v e s s e l s  a r i s e  and it  t he re fo re  m a k e s  sense  to follow the p rev ious ly  p roposed  line of  reasoning  
[2] in calculat ing the behavior  of  the t he rma l  expansion of one or  the other  of the fluids. In par t icu la r ,  neg lec t -  
ing the rma l  deformat ion  of the walls  of the v e s s e l s  (which is faci l i ta ted by the e x t r e m e l y  smal l  amount of m a -  
t e r i a l  in the walls  as  c o m p a r e d  to the amount  in the fluids), i t  is p r o p e r  to cons ider  the change in volume dgVT 
of an infinitely smal l  vo lume e lemen t  dV of a fluid (of the t e s t  fluid, for  example)  in the inf ini tes imal  t ime dt: 

d2Vr= ~rd V OT dr, (1) 
at 

where  a T / a t  is  the instantaneous value of the t e m p e r a t u r e  r a t e  of change a t  the location of the se lec ted  fluid 
e l emen t  dV [2]. 

699 



If the m a x i m u m  t e m p e r a t u r e  drop in the fluid .at each m o m e n t  of the p rocedu re  is such that  there  is no 
ef fec t  on the t e m p e r a t u r e  dependence of the p a r a m e t e r s  3T and CT, the total  value of the r a t e  of t he rma l  ex -  
pansion W T fo r  the en t i re  vo lume V Of the fluid is ca lcula ted  f r o m  the obvious t r a n s f o r m a t i o n  of the initial  
equation (i): 

V 

WT= dV~_= f OT dV. (2) 
dt - oT  

0 

Subsequent ca lcula t ions  a r e  based on the use  of the known equation of t h e r m a l  conductivity,  which in the 
absence  of heat  sou rces  within the fluid contains the coeff ic ient  of t he rma l  conductivity k along with the heat  
capac i ty  c T [4], 

or = d.iv (k grad T). (3) cT 

T r a n s f o r m i n g  the volume in tegra l  in Eq. (2), a f t e r  substi tut ion in it  of the value of a T / 0 t  f r o m  Eq. (3), 
into the in tegra l  of the flux f teld q o v e r  the su r face  8 by means  of the O s t r o g r a d s k i i - G a u s s  t heo rem [5], i t  is 
e a sy  to obtain a s imple  fo rmula  for  calculat ion of the r a t e  of expansion WT: 

S 

= q d S .  (4) 
C T J 

0 

Under conditions of  heat  exchange between the fluids where  the change in the heat  content of each of them 
occurs  because  of heat  t r a n s f e r  through the sur face  S sepa ra t ing  them, the r a t e  W 0 of the t h e r m a l  expansion of 
the s tandard  fluid is a l so  propor t iona l  to the in tegra l  in Eq. (4) taken with a minus  Sign and to the ra t io  of the 

p a r a m e t e r s  fl0 and Co: 

S 

W o ~l~ ! qdS. (5) 
CO . 

0 

The obse rved  p r o p e r t y  of t h e r m a l  expansion of the fluids because of heat  exchange between them is not 
only seen  with a t h e r m a l l y  insulated (adiabatic) outer  shell  1, but also in the v e r y  init ial  s t ages  of breakdown 
in t he rma l  equi l ibr ium between the two fluids occu r r ing  a t  the boundary 3 and pa r t i cu l a r l y  when the t e m p e r a -  
ture  of the fluid nea r  the outer  shell  1 is the s a m e  as  the t e m p e r a t u r e  of the shell  while the t e m p e r a t u r e  of the 
fluid in the inner  v e s s e l  i s  different .  D i s r ega rd ing  the contr ibution f r o m  the rma l  deformat ion  of the hea te r s  
(and of the v e s s e l  walls) to the t he rm a l  expansion of the fluids (the coeff icient  of t h e r m a l  expansion for  the 
solid phase  m a t e r i a l s  is o rd inar i ly  two o r  th ree  o r d e r s  of magnitude l e s s  than that fo r  the fluids [6]) and then 
opera t ing  only with absolute  va lues  of the r a t e s  W 0 and WT, it is e a sy  to obtain f rom Eqs.  (4) and (5) 

We = Wr �9 c~r-- [3o (6) 
CO ~T 

I t  is e a sy  to obs e rve  that  for  a ce r t a in  ra te  of heat  r e l e a se  in the outer  hea t e r  2, an equi l ibr ium condi-  
tion se ts  inwhenthe  inner  hea te r  4 is  turned off, i .e. ,  a l l  the power  r e l e a s e d  in hea te r  2 is consumed in c o m -  
pensat ing for  heat  l o s s e s  to the surroundings.  At equi l ibr ium, obviously,  t h e r m a l  expansion of the fluids s tops 
and there  a r e  no t e m p e r a t u r e  grad ien ts  in the i r  vo lumes .  Thereby ,  the value of the t e m p e r a t u r e  r i s e  AT for  
each  of the fluids coincides fo r  an identical  (constant) initial  t e m p e r a t u r e  of the two. Consequently,  multiplying 
the n u m e r a t o r  and denominator  of the f rac t ion  in Eq. (6) by AT and cons ider ing  that  

" AVT,o (7) 
AT~r,o -- Vr.o ' 

where  AV T and AV 0 a re ,  r e spec t ive ly ,  the absolute  i n c r e a s e s  in the vo lumes  of the t e s t  and s tandard  fluids, 
the initial  vo lumes  of which a r e  V T and V0, we a r r i v e  at  a fix~l computat ional  fo rmula  for  de te rmin ing  the 
vo lumet r i c  heat  capaci ty  CT of the t e s t  f luid:  

W o AVT Vo (8) 
c r = Co -Wr AV 0 Vr 

which does not r equ i re  data f r o m  m e a s u r e m e n t s  of  t e m p e r a t u r e s  and t he rma l  f luxes in the fluids. 
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By per iodica l ly  repeat ing the a l te rna t ing  thermal  effect  on the sys tem through beth hea te rs  (a pulsed ef -  
fec t  by means  of the inner  hea te r  and through an inc rease  in e lec t r i ca l  power in the outer  hea te r  for  a shift in 
the equi l ib r ium heat  release},  i t  is  not difficult  to c a r r y  out a continuous study of the t empera tu re  behavior of 
heat  capaci ty  and of the coeff icient  of thermal  expansion for  the tes t  fluid. 

The high overa l l  accu racy  of the method (the r e l a t i v e  e r r o r  in measuremen t s  of absolute l inear  expan- 
sions during ider t ica l  t ime per iods  is no more  than 0.3-0.5% so that  the total e r r o r  of the method can be r e -  
duced to 0.5-1.5~o without special  effort} is fur thered  by the fact  that r ecord ing  of the r a t e s  W 0 and W T can be 
replaced by measu remen t  of the absolute inc reases  in volume AV0(t l) and AVT(t I) during the same time t 1. 

In fact ,  i t  is s imple  to conf i rm the val idi ty  of the important  p roper ty  

Wo AVo (tx) AV o (t~) (9) 
Wr AVr (tl) AVr (t~) 

by integrat ing both sides of Eq. (6) with r e spec t  to t ime over  the interval  t 1 or  t 2. 

Among other  advantages of the method, one should mention that the derivat ion of Eq. (8) did not requi re  
l imitat ion to any specif ic  beundary or  initial conditions determining the form of one o r  another  solution of the 
equation of the rmal  conductivity (3). 

In addition, the specif ic  fo rm of Eq. (8) makes  it  poss ible  to calculate the heat  capaci ty c T d i rec t ly  f rom 
exper imenta l  cu rves  for  AV0(t) and AVT(t) plotted by fas t -wri t ing  r e c o r d e r s  (in the p resen t  work, an N-327-5 
recorde r )  in an a r b i t r a r y  scale  of units without bringing in information about the design constants  of the am-  
plification sys tem or  of the equipment fo r  automatic  r ecord ing  of the kinetic curves  for  expansion of the fluids. 
In fact,  consider ing the p rope r ty  (9) cited, all design constants to which the r eco rded  signal containing the 
quantit ies AV T and AVT(ti) [the quantit ies AV 0 and AV 0 (t 1) also] in the fo rm of the ra t io  of these p a r a m e t e r s  in 
Eq. (8) is propor t ional  a r e  cancelled out, which considerably  s implif ies  the analysis  of the exper imental  data. 

The method descr ibed  above was used to study the p rope r t i e s  of analine in the t empera tu re  range 20- 
60~ Glycerine,  with a known vo lumet r ic  heat  capacity of 0.72 c a l / d e g ,  cm 8 [6], was se lec ted  as  the standard 
fluid. The typical  fo rm of the kinetic the rmal  expansion curves  fo r  both fluids is shown in Fig. 2 in the stage 
of heat exchange through a th in-wal led  glass shell  separat ing them. 

Windings of Nichrome wire  acting as e l ec t r i ca l  hea te rs  (see Fig. 1) were  p r e s sed  into beth the outer  and 
inner shells  (1 mm thick). The shape of both vesse l s  was chosen to be cyl indrical  with the height of the ve s -  
sels  being 10 and 5 cm, respect ive ly ,  and the d i ame te r s  being 10 and 6 cm. 

F o r  measur ing  tubes (glass capi l lar ies)  40 cm long, the d i ame te r  of each was 1 ram. The drop of m e r -  
cury  displaced in the capi l la r ies  shorted two platinum wires~ which changed the res i s tance  in an e lec t r ica l  
circui t .  The e lec t r i ca l  signal f rom the wire  de tec tor  was fed to the input of an N-327-5 r eco rde r .  

The measu red  value for  the vo lumet r ic  heat capacity of analine at  a t empera tu re  of 40-50~ was 0.52 
c a l / d e g ,  cm 3, which is in good agreement  with known data [6]. 

NOTATION 

fl, coefficient  of the rmal  expansion; k, coeff icient  of thermal  conductivity; c, heat capacity of mater ia l  
pe r  unit volume; q, the rmal  flux; t, t ime; V, volume; S, surface;  T, t empera tu re ;  W, rate  of thermal  expansion 
of samples.  
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