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An exper imen ta l  method is shown by which the speci f ic  hea t  of aqueous HNO 3 solutions has 
been de t e rmined  a t  low t e m p e r a t u r e s .  

Visual  observa t ions  of HNO 3 - H 2 0 - N 2 0 4  solutions have revea led  that a t  low t e m p e r a t u r e s  the re  
exis t  two f o r m s  of " i ce"  and one t rans i t ion  s ta te ,  all  of which were  cha rac t e r i zed  in [1] as anomal ies .  
This  study h e r e  is concerned  with the speci f ic  heat  of aqueous HNO a solutions (25, 50, 78%) as well as  of 
pure  wa te r  and pure  acid.  

Expe r imen t s  with var ious  concentra t ions  have yielded a re la t ion  between the speci f ic  heat  and the 
re la t ive  content of  both components  and the t e m p e r a t u r e ,  making it poss ib le  to plot  c = f (T )cu rves  for  those  
va r ious  solut ions.  

Nowadays the speci f ic  hea t  is mos t  often measu red  by the adiabat ic  c a l o r i m e t e r  method, with the 
m e a s u r a b l e  heat  supplied e i ther  pe r iod ica l ly  or  continuously. The l a t t e r  mode was se lec ted  for  this p a r -  
t i cu l a r  case ,  the t e s t  t ime  being h e r e  much sho r t e r  than with per iodic  heating. 

The  said method provides  for  heat ing a conta iner  with the t e s t  subs tance  by a constant  t h e r m a l  flux. 
F r o m  the t e m p e r a t u r e  t h e r m o g r a m  one can de t e rmine  the spec i f ic  heat  of the subs tance  as a function of 
the t e m p e r a t u r e  (Fig. 1). 

A compar i son  of var ious  container  shapes  has revea led  the advantages  of a cyl indr ical  cell  h e r m e t i -  
cal ly  covered ,  with a hea t e r  and a t h e r m o m e t e r  a t  the sur face .  A cyl indr ica l  shape is convenient for  en-  
sur ing  adiabat ic i ty  and for  de te rmin ing ,  analyt ica l ly  and r a the r  s imply ,  the t e m p e r a t u r e  distr ibution as 
well  as the m e a n - o v e r - t h e - v o l u m e  t e m p e r a t u r e  during heating of  that  cell  [2]. 

The fo rmula  for  calcula t ing the speci f ic  heat  e at  t e m p e r a t u r e T  is [2] 

P -  Cob 
c , ( 1 )  

mb 

with b = d T v / d z  denoting the ra te  of change of the m e a n - o v e r - t h e - v o l u m e  t e m p e r a t u r e  in the t e s t  sub-  
s tance .  

During quas i s teady  heat ing of a spec imen  the r a t e s  of ehange of the su r face  t e m p e r a t u r e  T and of 
the m e a n - o v e r - t h e - v o l u m e  t e m p e r a t u r e  T v a r e  both equal: 

d T _  dTv b. (2) 
d~ d'c 

The t h e r m a l  capac i ty  of  the t e s t  cell  p r o p e r  C c is de te rmined  accord ing  to the fo rmula  

P (3) 

The  appara tus  is shown schema t i ca l l y  in Fig. 2. The adiabat ic  housing around the t e s t  cell  is 180 
m m  high and 85 m m  in d i a m e t e r ,  with a r emovab le  top par t .  The t e s t  cell ,  140 m m  high and 35 m m  in 
d i a m e t e r ,  fi ts in a th in-wal led  shel l  which is suspended inside the adiabat ic  housing and held in p lace  with 
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Fig. 1 Fig. 2 

Fig. I .  E l ec t r i c  c i rcu i t  for  measur ing  and record ing  the 
t e m p e r a t u r e  of the t e s t  cell: 1) l o w - r e s i s t a n c e  potent iometer ;  
2) au tomat ica l ly  opera t ing  e lec t ron ic  po ten t iometer ;  3) dc 
voltage s t ab i l i ze r .  

Fig. 2. Apparatus  for  adiabat ic  heating: 1) l o w - t e m p e r a t u r e  
vacuum vesse l ;  2) adiabat ic  housing; 3) r e s i s t a n c e  t h e r m o -  
me te r  for  measu r ing  the t es t  cell  t e m p e r a t u r e ;  4) hea te r  for 
the adiabat ic  housing; 5) th ree  d i f ferent ia l  the rmocouples ;  6) 
hea te r  for  the t e s t  cell; 7) shell  (case) for the t es t  cell; 8) 
t es t  cell  with the tes ted  subs tance .  

N i c h r o m e  wi res .  T h r e e  di f ferent ia l  the rmocoup les  for measu r ing  the t e m p e r a t u r e  d i f fe rence  be tween  
housing and cell  have  been cemented  to the r e s p e c t i v e  su r f aces .  The t h e r m a l  emfs  of the di f ferent ia l  
t he rmocoup les  a r e  fed to the input of a highly sens i t ive  dc ampl i f i e r  (model F 116/2) .  The ampl i f i e r  s i g -  
nal  is then fed f i r s t  to a vol tage ampl i f i e r  (model UIPP-2)  and f rom the re  to a power  ampl i f i e r .  The hea te r  
for  the adiabat ic  housing is connected to the output of that  power  ampl i f i e r  supplying its max imum 75 W to 
a 200 ~ (heater  r e s i s t ance )  load. 

The s y s t e m  for  control l ing the t e m p e r a t u r e  of the adiabat ic  housing, with the t e s t  cell  t e m p e r a t u r e  
as the r e f e r e n c e ,  is continually dr iving the d i f ference  between these  two t e m p e r a t u r e s  to a min imum and 
this minimum is in turn defined by the gains of the th ree  amp l i f i e r s .  The d i f fe rence  between these  two 
t e m p e r a t u r e s  does not exceed 1~ 

The t e s t  cell t e m p e r a t u r e  is measu red  and r eco rded  by means of a br idge c i rcu i t  M (Fig. 1) with 
the r e s i s t a n c e  t h e r m o m e t e r  R T in one a r m .  

The  br idge c i rcu i t  M shown he re  r e p r e s e n t s  one va r ian t  of connecting four conductors  and allows 
for  a p rope r  compensat ion  of the r e s i s t a n c e s  of  leads ,  inasmuch as these  become of the s ame  o rde r  of 
magnitude as r e s i s t a n c e  R T at  the boiling point of ni t rogen (R T = 4.37 ~,  t = -196~  

Res i s t ance  R T is de te rmined  f rom the ra t io  of br idge  a r m s  during balance:  

R~ 

Here  R 1 = 10,000 ~2 and R 3 = 2000 ~2, Res i s t ances  R 1 and R 3 should be much higher  than R 2 and R T. They 
a re  se lec ted  to mee t  the r e q u i r e m e n t  that  the measur ing  cu r r en t  in the br idge  mus t  not v a r y  by more  
than a-0.5~/0 as the r e s i s t a n c e  changes f r o m  its value at r oom t e m p e r a t u r e  to its value at the ni t rogen bo i l -  
ing point.  

The br idge is balanced by reducing the deflect ion of ga lvanomete r  G to ze ro .  
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Fig.  3. Specific heat  C ( k g / k g  
�9 deg) of aqueous HNO 3 solutions 
as a function of the t e m p e r a t u r e  
t (~ f r o m  - 1 9 6  to +20~ for:  
1) pure  water ;  2) 25% HNO3; 3) 
50% HNO3; 4) 78% HNO3; 5) 100% 
HNO S. 

The t e m p e r a t u r e ,  p ropor t iona l  to the br idge  M unbalance vol tage,  is r eco rded  au tomat ica l ly  through 
an e lec t ronic  po ten t iomete r  2 (model /~PP-09M3) with 10 m V  divisions on the sca le .  The measur ing  c u r -  
ren t  in the br idge  c i rcu i t  was se lec ted  so that  1 mV on the sca le  cor responded  to a I~ change in the t h e r -  
m o m e t e r  reading  R T. Voltages above 10 mV a re  recorded  through a l o w - r e s i s t a n c e  po ten t iomete r  1 as 
the vol tage s o u r c e  with a po l a r i t y  opposi te  to that  of the b r idge  unbalance voltage. The s y s t e m a t i c  e r r o r  
of data r e co rded  over  the 60-70~ t e m p e r a t u r e  range  can be de te rmined  during br idge  balance  and then 
e l iminated  by an ad jus tment  of the measu r ing  cur ren t .  

The  hea te r  power  for  the t e s t  cell is measu red  with a wa t tme te r  W. The hea te r  and the br idge c i r -  
cuit  a re  energ ized  f r o m  a common s tabi l ized dc voltage supply (model P136) 3. A more  thorough d e s c r i p -  
t ion of the appara tus  can be found in [3]. 

The t e s t  p r o c e d u r e  was as  follows. F i r s t  of al l ,  the t he rma l  capaci ty  of the t e s t  cell  p r o p e r  was 
de te rmined  f r o m  a heat ing t h e r m o g r a m  with the cell empty.  F r o m  a heating t h e r m o g r a m  taken w[th the 
t e s t  subs tance  fi l l ing this cel l ,  the speci f ic  heat  of that  subs tance  was de te rmined  according to fo rmula  
(1). 

The  t h e r m a l  capac i ty  was de te rmined  as follows. The t e s t  cel l  was placed in the adiabat ic  housing, 
which in turn was mounted through four thin w i r e s  to the flange of a l o w - t e m p e r a t u r e  vacuum vesse l  (Fig. 
2) and cooled with liquid n i t rogen down to the n i trogen boiling point. The cup of that  l o w - t e m p e r a t u r e  vesse l  was 
bolted to the cooled t e s t  cell  and its adiabat ic  housing on top, both he rme t i ca l l y  held together  at  the f langes.  
The  vesse l  was a lso  i m m e r s e d  in a Dewar  f lask  with liquid ni t rogen and a vacuum (0.1 mm Hg) was main-  
ta ined inside. The s y s t e m  of ampl i f i e r s  for controll ing the t e m p e r a t u r e  of the adiabat ic  housing with 
r e f e r e n c e  to the t e s t  cell t e m p e r a t u r e  was switched on during a tes t .  After  the ampl i f i e r  tubes had w a r m e d  
up, the t e s t  cell  continued to be heated adiabat ica l ly .  

The initial t e m p e r a t u r e  of the cooled t e s t  cell  was de te rmined  f rom the value of r e s i s t a n c e  R T during 
br idge  M balance  (Fig. D.  The measu r ing  diagonal of the br idge  c i rcu i t  was connected to po ten t iomete r  2 
by throwing switch S f r o m  posi t ion i t (nbalance the br idge")  to posit ion 2'  ( " r eco rd  the t e m p e r a t u r e " ) .  This 
in turn  actuated po ten t iomete r  2 and applied a voltage to the t e s t  cell  hea te r .  The hea te r  power  was h e r e  
3 W .  

The t h e r m a l  capaci ty  was de te rmined  as an ave rage  over  each 10~ in terval .  

The weight of a t e s t  spec imen was ~190 g, measu red  accura te ly  within 0.01 g. 

The  composi t ion of a subs tance  was checked before  and a f t e r  the exper iment .  It was found to have 
r ema ined  constant ,  within 1.5%, throughout.  
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The absolute  e r r o r  e in de te rmin ing  the spec i f ic  heat  did not exceed [2] 

= 0.03 c + 0.06. 

The  t e s t  r e su l t s  have yielded a re la t ion between speci f ic  heat  and t e m p e r a t u r e  (Fig. 3) for aqueous 
HNO 3 solut ions and have r evea l ed  the exis tence  of a negat ive spec i f ic  heat  in the case  of a 78% HNO 3 so lu -  
tion. This negat ive value of spec i f ic  h e a t  is obtained by different ia t ing the the rmodynamic  equation of en-  
thalpy 

X dH= = X dQ~ ~ ~ V~ dp + X X ~dm~, (4) 

where  s u p e r s c r i p t  a r e f e r s  to the phase  and subsc r ip t  i r e f e r s  to the i - th  component.  

The s y s t e m  is h e r e  in a nonequi l ibr ium s ta te  (self -heat ing) .  The preced ing  equation r ema ins  valid 
a lso  for  nonequi l ibr ium s t a t e s ,  ff the r a t e  of the r e spec t ive  p r o c e s s  in "not too fas t"  [4]. In our ease  the 
given phase  is a l m o s t  homogeneous at  e v e r y  instant of t ime.  The ex t r eme  conditions of turbulent  flow or  
v e r y  high t e m p e r a t u r e  and p r e s s u r e  grad ien ts  mus t  be excluded f rom considerat ion.  

Resolv ing  express ion  (45 and cons ider ing  that  the s y s t e m  is cha r ac t e r i z ed  by p a r a m e t e r s  T and p, 
we have 

( OH~ '1 dT (OH~ 1 @ 

Knowing that the composi t ion of both phases  is constant ,  we subst i tute  0H a / 3 x ~  = ~a in (55: 

OH ~ 0 (Gcc__TSr 0 [ ( OG ~ ) ] ( OV o;) 
oW-- op = W  = > - - r  \ aT l,.~?j \.~./p.m~' 

(5) 

and obtain 

o .o  / . r - -  avo t 
(6) 

The l a s t  exp re s s  ion yields  the spec i f ic  heat  of the he terogeneous  s y s t e m  

\ OT )p dT" (75 
o; o; 

A 7g~ HNO a solution in wa t e r  is a two-component  sys t em.  Fo r  the coexist ing phases  we have 

C v = CJ" + C~ ~ - -  (yr + V<~>~) AH ~W' (8) 

where  s u p e r s c r i p t s  1 and 2 r e f e r  to phase  1 and phase  2, r e spec t ive ly ,  

(OV) d p l h H  
-O-T ,, = ~Y, dT r A v '  

with AH and AV denoting the inc rements  of enthalpy and volume during phase  t rans i t ion ,  

The  express ions  for  AH and AV in a he te rogeneous  s y s t e m  will not  be analyzed here .  

The subcooled phase  2 p a s s e s  i n k  phase  1 in this pa r t i cu l a r  case .  If the hea t  of phase  2 - 1  t rans i t ion  
is g r e a t e r  than the heat  expended on heat ing these  phases ,  then se l f -hea t ing  will occur .  The total  heat  
capac i ty  of s y s t e m  (8) becomes  negat ive .  

The t he rma l  capac i ty  of  a he terogeneous  s y s t e m  depends on the value of the l a s t  t e r m  in (85. 

NOTATION 

C 

P 
is the spec i f ic  heat;  
is the power  supplied to the hea te r ;  
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1. 

2 ,  

3. 

4. 

is the temperature;  
is the mean-over- the-volume temperature;  
is the mass; 
is the time; 
is the thermal capacity of the test  cell; 
is the thermometer  res istance; 
is the absolute e r r o r  in determining the specific heat; 
is the enthalpy; 
is the quantity of heat; 
is the volume; 
is the pressure ;  
is the chemical potential of the i-th component; 
is the mass of the i-th component; 
is the Gibbs thermodynamic potential; 
is the entropy; 
is the thermal  expansivity; 
is the thermal capacity. 
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