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A method of determining the specific heat of liquids is described. The 
test liquid is placed in a special steel container. The sample is heated 
by electron bombardment with an electron beam focused by electro- 
static lenses. 

A number  of p rob lems  of nonsta t ionary heat t r a n s -  
fe r  were  examined in [1-3].  The exper imenta l  solu-  
tion of these p rob lems  became poss ib le  only as a r e -  
suit  of the development  of a method of control l ing the 
heat flow to the tes t  sample ,  i . e . ,  of obtaining a given 
heat flow in the fo rm of a function of t ime.  E lec t ron  
bombardment ,  which is p rac t i ca l ly  ine r t i a l e s s  and, 
in pr inc ip le ,  pe rmi t s  an unl imited i nc r ea se  in heat 
flux intensi ty,  was se lec ted  for  this purpose.  

In our apparatus  the spec imen is placed in a vacu-  
um chamber  and plays the par t  of anode (Fig. 1). The 
e l ec t ron  source ,  an ox ide-coa ted  cathode, is placed 
at a ce r t a in  dis tance f rom the anode. Thanks to the 
potent ial  d i f fe rence  between anode and cathode, by 
means  of focusing e lements  it is poss ib le  to obtain an 
e lec t ron  flow in the d i rec t ion  of the spec imen (anode). 
Under  e l ec t ron  bombardment  the heat r e l e a s e d  in a s u r -  
face layer  s eve ra l  tenths or  hundredths of a mic ron  
thick is propagated into the spec imen  as a r e su l t  of heat 
heat conduction~ This  provides  the basis  for  t rea t ing  
the p rob lem as a case  of heat t r ans fe r  with boundary 
conditions of the second kind. 

The heat flow depends on the e l ec t ron  energy and 
the flux densi ty j = I / S ,  

q = ]Aq~. (1) 

Thus,  a p r e d e t e r m i n e d  var ia t ion  of the heat flow to 
the sample  sur face  can be obtained by varying the e l e c -  
t ron flux densi ty  or  anode voltage.  

In our  expe r imen t s  one of the methods of vary ing  
j was to v a r y  the control  e l ec t rode  (grid) voltage.  This  
makes  poss ib le  both a smooth var ia t ion  f rom ze ro  or 
some init ial  value and a pulsed var ia t ion  with var iab le  
pulse  shape, as well  as the rmal  waves of var ious  con-  

f igurat ion.  
Apar t  f rom the actual  magnitude of the heat flux, 

its d is t r ibut ion  over  the heat t r ans f e r  sur face  is a lso 
impor tant  in c rea t ing  given boundary conditions. Thus 
the cu r ren t  densi ty should be uniform over  the working 
sect ion of the e l ec t ron  beam. Accordingly ,  we in t ro -  
duced an auxi l ia ry  anode designed to surround the bom- 
barded sur face  so as to in te rcep t  some of the e lec t rons .  
In this way, on focusing the beam we were  able to obtain 
a broad max imum of the f requency of e l ec t ron  impact  
on the sample  surface .  As m e a s u r e m e n t s  of the c u r -  
rent  flowing through the sample  and the auxi l ia ry  anode 
showed, this a r r angemen t  made it poss ib le  to obtain 

e i ther  an a lmos t  uni form impact  densi ty  on the bom- 
barded sur face  or ,  given sui table  focusing,  a densi ty  
with a sharp max imum at the center .  

The effect  of the e r r o r s  poss ib le  in var ious  ope ra t -  
ing  r e g i m e s  were  analyzed in [1, 2] and co r r ec t i ons  de-  
terminedo These  include the e r r o r s  due to radiat ion,  
heat lo s ses  through the leads,  inaccura te  posi t ioning 
of the thermoeouple  junct ions,  secondary  e lec t ron 
emiss ion ,  etc, 

The poss ib i l i ty  of obtaining the r equ i r ed  boundary 
conditions enabled us to use the apparatus for  tes t ing 
and developing methods of calcula t ing heat t r ans fe r  
boundary conditions f rom the change of t e m p e r a t u r e  
in the spec imen  [2], ir~cluding such compl ica ted  p r o c e s -  
ses  as those in which heat  t r a n s f e r  is accompanied by 
phase changes a t the  surface  and when the heat  flow in the 
solid phase and the ra te  of migra t ion  of the phase t rans  i -  
tion front  a re  among the quant i t ies  to b e d e t e r m i n e d .  

In [1] e l ec t ron ic  heating was used to de t e rmine  the 
specif ic  heat and the rmal  conductivi ty of solids for a 
given constant heat flux. 

The tes t  spec imen  was a cyl inder  5 mm in d i a m e -  
ter  and 10-15 m m  long. One end of the cyl inder  was 
subjected to e l ec t ron  bombardment .  The l a te ra l  s u r -  
face  and the other  end were  sc reened .  The low p r e s -  
sure  inside the apparatus  (10-6-10 -7 mm) and s c r e e n -  
ing ensured  r e l i ab le  isolat ion of the l a t e ra l  sur face ,  
and thus the sample  could be r ega rded  as a model  of 
an infinite plate.  

In our view the method has the following advantages.  
The e l ec t ron ic  c a l o r i m e t e r  is sui table for  use as a 
r e ady -m ade  indust r ia l  test  ins t rument  as well as for  
use in the r e s e a r c h  labora tory .  Use of the re la t ions  
of nonsta t ionary  heat t r ans f e r  makes  it poss ib le  to de -  
t e rmine  speci f ic  heat and t he rm a l  conductivity s imul -  
taneously,  f rom the data of a s ingle exper iment .  T h e r e  
is no need to use a heat t r ans fe r  agent as the c a l o r i -  
m e t r i c  fluid. It is poss ib le  to use quite smal l  amounts 
of test  m a t e r i a l  without loss  of accuracy.  This  is often 
a dec i s ive  factor .  

Subsequent inves t igat ions  showed that the method 
is applicable to liquid heat t r ans fe r  agents as well as 
to sol ids.  F o r  a specif ic  heat de te rmina t ion  the liquid 
is p laced in a meta l  container .  This  is a cy l indr ica l  
ve s se l  with a prof i led  bottom (Fig. 2), so that the t he r -  
mocouple  junction can be located in the center  of the 
container .  

The tes t  liquid is introduced through a b ranchp ieee  
using a syr inge ,  af ter  which the branch is sealed~ The 
length of the branch is suff icient  to p reven t  s ignif icant  
heating of the m a s s  of liquid in the container  during 
sealing.  
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Fig. 1. Circuit diagram of electronic calor imeter :  1) spec-  
imen-anode, 2) device for automatically varying control 
electrode voltage, 3)control  electrode, 4)magnet ic  lens, 
5) guide coil, 6) oscillograph, 7) high-voltage rect i f ier .  

f 

Fig. 2. Container used for measuring spec-  
ific heat of liquids: 1) branch piece for f i l-  
ling container; 2) body of container; 3) ther -  

mocouple. 
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Fig. 3. Diagram showing the container mounting: 
1 and 2) screens;  3) furaace; 4 and 5) diaphragms; 
6) container with test  liquid; 7) thermoeouple. 
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The design of the container and the filling technique 
should provide for a perfect seal and sufficient me- 
chanical strength to avoid rupture whenthe coefficients 
of thermal expansion of the container material and the 
test substance are not the same. 

The container should be made of material with a 
low specific heat, and its mass should be as small as 
possible. These requirements are intended to ensure 
that most  of the energy  is absorbed by the tes t  sub-  
s tance.  Otherwise  the accu racy  of the m e a s u r e m e n t s  
would be cons iderab ly  reduced.  

The speci f ic  heat of the conta iner  m a t e r i a l  should 
be known on the t e m p e r a t u r e  in te rva l  inves t iga ted  with 
an accu racy  calcula ted not to reduce  the accuracy  with 
which the specif ic  heat of the test  substance is m e a -  
sured.  

In our expe r imen t s  we used a container  made of 
1Cr lSNi9Ti  s ta in less  s teel .  The  th ickness  of the con-  
ta iner  wall was about 0.1 mm.  The m a s s  of the con-  
ta iner  was 1 .2-1 .3  g. F o r  this grade  of s tee l  the t e m -  
p e r a t u r e  dependence of the speci f ic  heat is given by 
the fo rmula  [4] 

c~ = 117+5.8- lO--~t --0,21- lO-4tL (2) 

In the apparatus  we employed e l ec t ro s t a t i c  focusing 
of the e l ec t ron  beam. The object of focusing was to 
c r ea t e  a uniform dis t r ibut ion  of e l ec t ron  flux on the 
end face  of the conta iner  and also to e l imina te  the dy- 
natron effect  (Fig. 3). At l a rge  e l ec t ron  ene rg ie s  the 
dynatron effect (the knocking of electrons out of the 

container material) may be very considerable. 
In order to return secondary emission electrons 

back to the anode (container), a ring-shaped antidyna- 
tron electrode was mounted in its immediate vicinity. 
A potential of 15 V was applied to this electrode. Since 
the maximum secondary electron energy is of the or- 
der of i0 eV, this potential was sufficient to return 

secondary electrons to the anode. Thus, the errors 
associated with secondary emission can be reduced 
considerably. 

In order to exclude secondary-emission errors at 
the antidynatron ring itself, it was preceded by an- 
other ring of the same material. If a potential of +15 V 
is applied to this ring relative to the anode, then the 
two rings together will constitute a system of electro- 
static lens-diaphragms serving to collimate the beam 
of electrons from the cathode. For the electron flux to 
be parallel after leaving the second ring, it is neces- 
sary to arrange the lenses so that their focal points 
coincide. 

The focal length of an electron lens-diaphragm is 
given by the formula 

Lfl = 4 l u o ~  . (3) 
EL --- E0 

In our apparatus  it may be assumed that the field 
s t rength  on the d iaphragm axis  is de te rmined  only by 
the potent ial  d i f fe rence  between cathode and anode and 
hence is equal to Aqa/l, where  l is the d is tance  between 
cathode and anode. Remote  f r o m  the d iaphragm axis 
the field may be assumed homogeneous andits strength 
equal to 

15-- (--15) = 30 _ 15 

2} 2~ } 

F o r  the focal  length we have 

o r  

4-15 
f =  A~ 15 

[ f 

75I 
- - .  (4) f =  A~ 

In our e a s e l =  20 cm, A(fl =2000 V. We h a v e / =  
= 0.75 cm, and the d is tance  between the d iaphragm 
r ings  is 1.5 cm. F o r m e r l y ,  the e l ec t ron  beam was 
focused magne t ica l ly ,  but s ince this r e q u i r e s  a con- 
s iderab le  induction, the coi l  becomes  inconvenient ly 
c lumsy.  

In m e a s u r i n g  t he rm a l  p a r a m e t e r s  at t e m p e r a t u r e s  
above 150 ~ C it is n e c e s s a r y  to p rehea t  the container  
and tes t  substance.  This  is done with a furnace ,  a 
m a s s i v e  b ras s  ve s se l  with a n i c h r o m e  hea te r  coil .  The 
test  spec imen  or container  and sample  is placed in this 
ve s se l .  The ins ide  wal ls  of the furnace  fo rm a s c r e e n  
whose emiss ion  balances  the radiant  heat losses  f rom 
the sample .  

To es tabl i sh  even c lose r  equi l ib r ium between the 
heat fluxes emi t ted  and absorbed by the sample ,  one 
or  two additional b r a s s - f o i l  s c r eens  may be introduced 
into the furnace  (hetween the sample  and the ves se l  
walls).  Thus,  it was found poss ib le  to min imize  the 
rad ia t ive  l o s se s  through the side walls .  The ra te  of 
cooling p rov ides  a check on how smal l  these los ses  
are .  If during the t ime r e q u i r e d  to m e a s u r e  the spe-  
cific heat  on the g iven t e m p e r a t u r e  in terva l  the cooling 
ra te  is so smal l  that the t e m p e r a t u r e  reduct ion  can be 
neglected,  then the rad ia t ive  heat  l o s se s  through the 
l a t e r a l  sur face  a re  a lso  negl igibly smal l .  Such checks 
were  made in al l  our exper iments .  When the test  t e m -  
pe ra tu r e  is r a i sed  and the rad ia t ive  l o s se s  a re  l a rge  
and can not be neglected,  it is n e c e s s a r y  to introduce 
a c o r r e c t i o n ,  which is eas i ly  computed f r o m  the s a m -  
ple  cooling ra te .  

We employed the following m e a s u r i n g  apparatus.  
The cu r ren t  through the sample  was measu red  with an 
M-182 m i l l i a m m e t e r ,  the anode voltage with an M-91 
shunted m i e r o a m m e t e r .  The t e m p e r a t u r e  was r e g i s -  
te red  with an E P P - 0 9  po ten t iomete r  or  osc i l lographed 
on a S iemens  osc i l lograph.  The anode cu r ren t  and vol t -  
age were  also ose i l lographed.  

In conclusion we p r e sen t  a scheme  for calculat ing 
the speci f ic  heat and the de te rmina t ion  of the ins t ru -  
ment  e r r o r .  

The energy  of the bombarding e lec t rons  is d i s t r i b -  
uted over  the en t i re  container  and the tes t  liquid. Then 
the heat balance equation will  be 

Qtotal ~-- Qcontainer -~  Qliquid : 

= c c m ~ ( t ~  - t ~  ) + c, , ~  (t~ ~n - t ' ,  ~ ). (5) 

Determining Qtotal in terms of the specific heat flux 
from (i) and substituting in (5), we have 
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A~  I A* = c~m~A tr + c I m] A t I . (6) 

The t ime of l inear  t empe ra tu r e  r i s e  is taken as the t ime 
A~-. F o r  suff ic ient ly smal l  t empe ra tu r e  d i f fe rences ,  
if the heat t r ans f e r  p r o c e s s e s  in the sample  may be 
assumed r egu la r ,  the d i f fe rences  At c m,.d At 1 may be 
cons idered  equal. Then for exper iments  with the same 
container  the express ion  for the specif ic  heat may be 
wr i t ten  in the fo rm 

gl = kl Aq~IA~_k~,  (7) 
At 

where  k 1 and k 2 a re  constant  coeff ic ients .  
In this case  the r e l a t ive  measu r ing  e r r o r  

dq d (A~p) dI  d(AT) + d(k t) (8) 

C 1 Aq0 -~ T -j- AT -- A t " 

Assuming  that we a re  able to m e a s u r e  the quant i -  
t ies in (7) with an e r r o r  

d(Aq~) = 10V dI  = 2 . 1 0  -6 A d(AT) = 0.1 see  

d(At) = 10 -2 deg 

we can ca lcula te  the r e l a t ive  e r r o r  for the optimum 
operat ing r eg ime .  Thus,  for  example ,  in one of the 
expe r imen t s  to de t e rmine  the speci f ic  heat the values 
of the quant i t ies  in Eq. (7) were  as follows: 

A~p~2500 V I =1.5 .10  -3 A AT = 2 0  see At = 5  ~ . 

Then the r e l a t ive  e r r o r  

dc 10 2- 10 -6 0.1 0.01 

c 2500 1.5-10 -8 + 20 J' 5 

=0.0123 1.23%. 

We have tes ted conta iners  f i l led with water ,  g ly-  
ce ro l ,  and a number  of specia l  heat t r ans fe r  agents 
on the t e m p e r a t u r e  in terva l  f r o m  20 to 400 ~ C (in in-  
dividual cases) .  The ag reemen t  with the published data 
and the r e su l t s  of other  methods was found to be good. 
Thus,  the r e l a t ive  e r r o r  in de te rmin ing  the specif ic  
heat of water  on the in te rva l  20-100 ~ C did not exceed 
0.53% as compared  with the published data. 

NOTATION 

Aqo is the potent ial  d i f fe rence  between cathode and 
anode (container);  j is the e l ec t ron  flux density;  I is 
the cur rent ;  S is the a r e a  of bombarded container  s u r -  
face;  c is the speci f ic  heat; u 0 is the diaphragm poten-  
tial; E 1 is the e l e c t r i c  f ield s t rength on d iaphragm 
axis; E 0 is the e l ec t r i c  f ield s t rength  r emote  f rom dia-  
phragm axis; l is the d is tance  between cathode and 
anode; f is the focal length of the e lec t ron  l e n s - d i a -  

phragm; Qtotal is the quantity of heat expended on 
heat ing the container  and the specimen;  Qc is the heat 
expended on heating container ;  Q1 is the heat expended 
on heating the tes t  liquid; m c is the m a s s  of the con- 
tainer;  m I is the m a s s  of t h e t e s t  liquid; c c is the spe-  
cif ic  heat of the container;  e 1 is the specif ic  heat of 
the tes t  liquid; t in and tfc in denote the container  t e m -  
?~ra tu re ,  f i r s t  and second m e a s u r e m e n t s ;  tln and 
t 1" denote the t es t - l iqu id  t em pe ra tu r e ,  f i r s t  and s e c -  
ond m e a s u r e m e n t s ;  A~- is the t ime in te rva l  of l inear  
var ia t ion  in container  t empera tu re ;  At c is the v a r i a -  
tion of container  t e m p e r a t u r e  during the t ime n~'; 

At/ is the var ia t ion  in the t es t - l iqu id  t empe ra tu r e  dur -  
ing the t ime AT; d(A~o)., dI, d(AT), and d(At) a re  the 
absolute e r r o r s  in measu r ing  potential ,  t ime,  and t e m -  
pera tu re .  
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