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The density distribution over the height of a vessel has been investi- 
gated in a gravitational field using floats with magnetic suspension. 
The substance studied was carbon dioxide containing small amounts 
of added noncondensible gases. It is shown that near the critical point 
the density distribution over the height of the vessel depends to a large 
extent on the amount of additive. 

The s tudy of c r i t i c a l  phenomena  i s  of  spec i a l  i n t e r -  
e s t  both fo r  m i x t u r e s  of m a t e r i a l s  having s i m i l a r  
p h y s i c a l  p r o p e r t i e s  and fo r  those  which d i f fe r  wide ly .  
K r i c h e v s k i i  [2] has  c a r r i e d  out a thorough  i n v e s t i g a -  
t ion  of b i n a r y  m i x t u r e s  o v e r  a wide range  of  t e m p e r a -  
t u r e s  and p r e s s u r e s .  Schne ider  and Atack  [3] have 
o b s e r v e d  the dens i t y  change with  he igh t  n e a r  the c r i t i -  
ca l  point ,  whi le  P a l m e r  [4] has  c a r r i e d  out a s i m i l a r  
i nves t iga t ion  of the  dens i ty  d i s t r i b u t i o n  on the c r i t i c a l  
i s o t h e r m  us ing  the  T o e p l e r  method,  and a l so  d e t e r -  
mined  the dens i ty  d i s t r i b u t i o n  o v e r  the  he ight  of the 
v e s s e l .  O the r  s tud ies  [5, 6] have r e c e n t l y  been pub-  
l i shed  on th is  ques t ion .  

Among the l a r g e  n u m b e r  of me thods  a v a i l a b l e  for  
s tudying  the  dens i t y  d i s t r i b u t i o n  in a l iquid f r o m  the 
height  of a p i e z o m e t e r ,  the  h y d r o s t a t i c  s u s p e n s i o n  
method i s  the  s i m p l e s t .  Using  th i s  method  the dens i ty  
can be d e t e r m i n e d  f a i r l y  a c c u r a t e l y ,  but  a d i s a d v a n -  
t age  is  that  some  mix ing  o c c u r s  due to m o v e m e n t  of 
the  f loat  in the  v e s s e l  du r ing  the suspens ion  p r o c e s s .  
Unlike M a a s s  [1], we have d e t e r m i n e d  the  weight  of 
the f loat  in the e x p e r i m e n t a l  l iquid with a magne t i c  
ba l ance  (Fig .  1) r a t h e r  than with a s p r i n g  b a l a n c e .  

This balance made it possible to study the density dis- 
tribution close to the temperature at which the menis- 
cus disappeared, according to the minimum solenoid 
current necessary to hold the float within the solenoid. 

High-pressure glass tubing (3) containing carbon 

dioxide was placed along the axis of the solenoid {I). 
A hollow, sealed glass float (2), diameter 4.5 mm, 
wall thickness 0. I ram, and specific gravity about 
0o 5, was able to move freely inside the tube. In the 
lower part of the float was a ring made from trans- 
former iron; this interacted with the magnetic field 
of the solenoid. Current was supplied to the solenoid 

along flexible leads from a storage battery (4) and 
was measured with a precision ammeter (A), class 

0.2, correct to 0o001 A. Sliding rheostat (5) was used 
to regulate the current. The solenoid could be moved 

along the tube by means of a rod (6). The magnetic 
balance was calibrated with liquid carbon dioxide at 
temperatures at which its density is well known. 

The molybdenum glass tube (3) had an external di- 
ameter of ii mm and internal diameter 7 ram, and was 

placed in thermostatted water bath (7)0 The ends of 
the tube were clamped in collars (8)~ Carbon dioxide 

was purified by sublimation under vacuum at low tem- 
peratures in storage vessels (9), and from there was 
fed into the system through a valve in the lower collar. 

The metal frame of the thermostat bath was clamped 

between  two p l ex ig l a s  w a l l s  so that  the f loat  and the 
ca rbon  d ioxide  m e n i s c u s  could be  seen  ins ide  the  tube .  
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Fig. I. Diagram of the apparatus. 
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Fig. 2. Graph of the change of CO 2 density ? 
in kg/m 3 over the height of the experimental 
t u b e h i n c m :  a, b, c, d, e, f) a t30 .11 ,  
30.88, 31.58, 32.16, 32.84, and 33.30 ~ 
respectively, with 3.46% of additive; g, h, 
i, j, k) at 31.57, 32.61, 33.01, 35.19, and 

38.10 ~ C and 0.12% additive. 
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Fig. 3. Diagram of the  gas analyzer.  
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Water  was supplied to the t he rmos t a t  bath by a c e n t r i -  
fugal c i r cu la t ing  pump (10). The t e m p e r a t u r e  requ i red  
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Fig.  4. Graph of the change in the 
percen tage  of addit ive C in CO 2 with 
height along the vesse l  (initial  addi-  
t ive concen t ra t ion  0.37%; H is the 
approximate  point along the tube to 
which the sample  r e f e r s ,  in  cm;  V 
is the amount  of CO~ extracted,  in 

cm 3) . 

was achieved by heat ing the c i r cu la t ing  water  in r e s e r -  
vo i r  (11) with hea te r  (12), and held constant  us ing to l -  
uene regu la to r  (13) and a magnet ic  re lay .  T e m p e r a -  
t u r e s  were  m e a s u r e d  with a m e r c u r y  t h e r m o m e t e r  
placed in socket (14). T e m p e r a t u r e  f luctuat ions  du r -  
ing expe r imen t s  of 6 - 8  hours  durat ion did not exceed 
• ~ C o m m e r c i a l  ca rbon  dioxide was used, and the 
amount  of addit ive de te rmined  by p rec i s ion  gas analy-  
ses .  The amounts  of addi t ives  not absorbed by alkal i  
var ied  f rom 0.12 to 3.46%. 

In  o rde r  to inves t iga te  the na tu re  of the addit ive 
concen t ra t ion  d i s t r ibu t ion  over  the height of the v e s -  
sel ,  ana lyses  were  made of gas samples  taken f rom 
the upper  and lower pa r t s  of the tube at va r ious  t e m -  
p e r a t u r e s  above and below the t e m p e r a t u r e  at which 
the men i scus  d i s a p p e a r e d .  For  this  purpose  a valve 
(15) was fitted on upper  c o l l a r  (8), with a thin tube 
(16) at i ts  lower end en te r ing  the upper  par t  of tube 
(3) 15 m m  below the co l l a r .  Samples f rom the lower 
par t  of the tube were  taken Out through valve (17). 

The expe r imen t  was c a r r i e d  out as follows: the 
exper imen ta l  tube and the en t i r e  connect ing sys tem 
including the s torage v e s s e l s  (9) were evacuated b e -  
fore f i l l ing with ca rbon  dioxide. During cont inuous 
opera t ion  of the vacuum pump a ce r t a i n  amount  of 
ca rbon  dioxide was f rozen in one of the in t e rmed ia t e  

ve s se l s  by i m m e r s i n g  one th i rd  of it in a Dewar v e s -  
sel  con t a in ing  liquid ni t rogen,  and pass ing  through it 
a gentle s t r e a m  of ca rbon  dioxide f rom the cy l inder .  
After  enough ca rbon  dioxide had been f rozen in the 
lower  par t  of one of the s torage ves se l s ,  the main  

�9 cy l inder  was isolated,  the appara tus  shut off, and 
the carbon dioxide in the s torage v e s s e l  was  allowed 
to w a r m  up and to pass  into the exper imen ta l  tube, 
which was cooled with tap wate r .  The difference be -  
tween the tap water  temperature"  and room t e m p e r a -  
tu re ,  i . e . ,  the t e m p e r a t u r e  of the ca rbon  dioxide 
s torage vesse l ,  was large enough for  the ca rbon  di -  
oxide to dis t i l  over  into the exper imen ta l  tube.  For  
these  expe r imen t s  the tube was fil led with liquid c a r -  
bon dioxide such that at the t e m p e r a t u r e  of d i s appea r -  
ance of the men i scus  the speci f ic  volume of the c a r -  
bon dioxide was c lose  to the c r i t i ca l  vo lume.  

The carbon  dioxide densi ty  was measu red  at a 
fixed level  in the tube as follows: the solenoid was 
moved down to the lower posi t ion,  the c u r r e n t  switched 
on and main ta ined  at a level  suff icient  to hold the float 
in posit ion,  following which the solenoid together  with 
the float was ra i sed  to a p r e s c r i b e d  level  by means  of 
rod (6). The c u r r e n t  in the solenoid was then slowly 
decreased  us ing the rheosta t ,  the point at which the 
float began to drop (break away f rom the solenoid) 
was noted, and the c u r r e n t  at that  point  de t e rmined .  
The dependence of c u r r e n t  on densi ty  is l i nea r  and 
the re fo re  the densi ty  can be calculated f rom the ex-  
pe r imen ta l  data according  to the fo rmula  

Y -- Ycr - - / (  (i - -  icr)- 

The constant  K was de te rmined  f rom an expe r imen t  
at room t e m p e r a t u r e  according  to the re la t ionsh ip  

K = ( v v - - ~ z ) / ( i ~  - -  iv), 

where i is the c u r r e n t  measu red  in the exper iment ;  
i c r  is  the c u r r e n t  co r re spond ing  to the c r i t i ca l  den-  
sity; i I and i V a re  the c u r r e n t s  at which the float 
b reaks  away in the liquid and in the vapor,  r e spec -  
t ively;  Ycr is the c r i t i ca l  densi ty;  Yl and 7v a re  the 
dens i t i es  of l iquid and vapor  at room t e m p e r a t u r e .  
To allow for  the effect of addi t ives ,  two s e r i e s  of 
exper imen t s  were  c a r r i e d  out with ca rbon  dioxide 
containing different  amounts  of nonabsorpt ive  gases  
(air).  

Resul t s  a re  shown in Fig.  2 for two addit ive con-  
cen t ra t ions :  0.12% and 3.46%. The carbon  dioxide 
densi ty  is  plotted on the a b s c i s s a  and the height of 
the m e a s u r e m e n t  point calculated from the level  at 
which the m e n i s c u s  disappeared,  is  plotted on the 
ord ina te .  It can be seen f rom Fig. 2 that for 0.12% 
of additive the re  is a cons ide rab le  dependence of CO 2 
densi ty  on height at all  t e m p e r a t u r e s  above the m e n -  
i scus  d i sappearance  t e m p e r a t u r e ,  the dependence 
being g r e a t e r  the n e a r e r  the exper imen ta l  t e m p e r a -  
tu re  is  to the men i scus  d i sappearance  t e m p e r a t u r e .  
At 4.7 ~ above the m e n i s c u s  d i sappearance  t e m p e r a -  
tu re  the re  i s  s t i l l  an obse rvab le  va r i a t i on  of CO 2 den-  
si ty with height.  At about 6.6 ~ above the men i scus  
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d i sappearance  t e m p e r a t u r e  the density along the tube 
is  a lmos t  constant .  Fo r  an inc reased  amount of addi-  
t ive  the dens i ty-height  dependence is  many t imes  
g r e a t e r  for  the same t empe ra tu r e  excess .  It is  ob- 
vious f rom this  that the densi ty gradient  along the 
vesse l  g rea t ly  depends on the CO 2 pur i ty .  

Fu r the r  exper iments  with" CO 2 were  c a r r i e d  out 
with widely differing f loats;  in each case  the nature 
of the densi ty d is t r ibut ion  along the ve s se l  remained 
the same.  The curves  under  cons idera t ion  r e f e r  to 
exper iments  c a r r i e d  out with different  f loats .  The 
s e r i e s  of exper iments  using different  concentrat ions  
of admixtures  a r e  super imposed in Fig.  2, so that 
they can be  conveniently compared .  It is  in te res t ing  
to note that all  the curves ,  which re la te  to different  
exper imenta l  t empe ra tu r e s ,  i n t e r sec t  at a lmost  the 
same point, cor responding  to the meniscus  d i sap-  
pearance  point.  The densi ty at this  point cor responds  
to the c r i t i c a l  densi ty.  F rom the l a rge  effect of addi -  
t ives  on the densi ty dis tr ibut ion,  i t  can be assumed 
that the p resence  of addi t ives  is  the impor tant  fac tor  
de termining  the anomalous density dis t r ibut ion at t e m -  
p e r a t u r e s  above the meniscus  d isappearance  t e m p e r -  
a ture .  

Since taking a sample of gas for  ana lys is  causes  
some change in the s ta te  of the ma te r i a l  inside the 
tube, i t  is  obvious that  the volume of gas taken out 
must  be as smal l  as poss ib le .  Taking into account 
the fact that the amount of additive is  ex t r eme ly  small ,  
a p r e c i s e  method of gas analys is  had to be devised 
once the absorpt ion  apparatus  and sample  bure t  had 
been per fec ted .  

The gas ana lyzer  used in this  work is shown in Fig~ 
3. Before taking a sample  the gas ana lyzer  i s  evacu-  
ated through stopcock (1), while stopcocks (2) and (3) 
and valve (4) a r e  c losed .  The ana lyzer  is  f i l led f rom 
the exper imenta l  tube through valve (4), and the slow 
r i s e  in p r e s s u r e  in the ana lyze r  is  followed on m e r -  
cury  manomete r  (5), made up f rom a b a r o m e t e r  tube 
of in ternal  d i ame te r  2 ram. When the level  of the m e r -  
cury  in the left  l imb of the manomete r  is  h igher  than 
in the r ight  l imb, s topcock (2) is  opened and CO 2 
s t a r t s  to en te r  buret  (6). Before finally fi l l ing the 
buret  it  is  de s i r ab l e  to flush the sys t em with the gas 
being invest igated,  evacuate the sys tem once more,  
and then, repeat ing  the p rocedure  descr ibed  above, 
re f i l l  it  with the gas .  Excess  gas from the bure t  is  
let  out through valve (1) and the volume of gas i n t h e  
buret  is  f inal ly read  off, placing the rubber  bag (7) 
on the same level  as the liquid in the bure t .  When 
stopcocks (2) and (3) a re  opened and bag (7 ) i s  r a i sed  
to the highest  posit ion, gas is  t r a n s f e r r e d  f rom buret  
(6) into the absorpt ion  buret  (8), which is fi l led with 
a 50% solution of po tass ium hydroxide.  The e x t r e m e -  
ly smal l  volume of nonabsorbable  gas which remains  
is  measured  with mic robure t  (9). 

The total  volume of the mic robure t  is  1 cm 3, and 
one divis ion is equivalent to 0.01 cm 3. Thus, with a 
sample  volume of 25 cm 3 the gas can be analyzed with 

an accuracy  of 0.02%, measur ing  the volume of non- 
absorbable  gas c o r r e c t  to 0.5 division.  To achieve 
th is  degree  of accuracy  it is  n e c e s s a r y  for  the liquid 
in bure t  (6) to be sa tura ted  with CO 2 of approximate ly  
the same composit ion as  the CO 2 being invest igated,  
and the re fo re  the buret  is  flushed seve ra l  t imes  with 
the same carbon dioxide being analyzed f rom the s t o r -  
age ve s s e l .  Rubber bag (7) p ro tec t s  the wate r  in buret  
(6) f rom contact with a i r .  

Measurements  of the concentrat ions of addit ives 
not absorbable  by KOH, in gas samples  taken f rom the 
upper  and lower  pa r t s  of the appara tus ,  ver i f ied  the 
assumpt ion mentioned above. In fact, the impur i ty  
concentrat ion in the upper  par t  of the appara tus  proved 
to be 3 -5  t imes  l a r g e r  than the concentrat ion of these  
impur i t i e s  in the lower  pa r t .  Apparent ly  the p rocedure  
for  mixing the contents of the exper imenta l  tube does 
not lead to the formation of a homogeneous mix tu re .  
To es tab l i sh  the he ight -concent ra t ion  dis t r ibut ion,  ex-  
pe r iments  were  c a r r i e d  out by gradual ly  ext rac t ing  
gas only f rom the upper  par t  of the tube and taking a 
l a rge  number  of samples  for  ana lys i s .  The resu l t s  of 
these  measu remen t s  a re  shown in Fig.  4. The addi-  
t ive concentrat ion is plotted on the a b s c i s s a  and the 
amount of gas ex t rac ted  is plotted downwards along 
the ordinate .  Since the re la t ive  amount of gas ex t r ac t -  
ed can be cons idered  as  an "equivalent height," r e p r e -  
senting the product  of height by density, the curve in 
Fig.  4 can be cons idered  as the concentrat ion d i s t r i -  
bution along the ve s s e l .  It can eas i ly  be seen that the 
nature  of the concentrat ion d is t r ibut ion  is ve ry  s i m i -  
l a r  to that of the densi ty d is t r ibut ion  at the c o r r e -  
sponding average  addit ive concent ra t ions .  It is  con- 
s idered  that the exper imenta l  r e su l t s  ver i fy  the view- 
point expres sed  above and show that  hea r  the men i s -  
cus d i sappearance  point, at  t e m p e r a t u r e s  above the 
c r i t i c a l  t empera tu re ,  the concentrat ion dis t r ibut ion 
along the vesse l  and a cor responding densi ty d i s t r ibu -  
tion a r e  observed s imul taneously .  
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