
74 AXDREWS ON THE CONTINUITY OF THE GASEOUS 

XI.-On the Continuity of the Gaseous and Liquid States of Matter. 

By THOMAS ANDREITS, M.D., F.R.S., Vice-president of 
Queen's College, Belfast. 

(From the Philosophical Transactione for 1869.) 

IN 1822 M. Cagniard de  l a  T o u r  observed that certain liquids, 
such as ether, alcohol, and water, when heated in hermetically 
sealed glass tubea, became apparently reduced t o  vapour in a 
space from twice to four times the original volume of the 
liquid. He also made a few numerical determinations of the 
pressures exerted in these experiments." In the following 
year F a r a d a y  succeeded in liquefying, by the aid of pres- 
sure alone, chlorine and several other bodies known before only 
in the gaseous f0rm.t A few years later T hilorier obtained 
solid carbonic acid, and obsei-ved that the coefficient of expan- 
sion of the liquid for heat is greater than that of any azriform 
body.$ A second memoir by Faraday ,  published in 1845, 

* Annales de Chimie, 2&me sGrie, xxi, pp. 127' and 17d;  also xxii, p. 410. 
t Philosophical Transactions for 1823, pp 160-189. 
$ Annales de Chimie, 28me ssrie, lx, pp. 427, 432. 
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F’  AND LIQUID bThTES OF MATTER. I D  

greatly extended our knowledge of the erects of cold and 
pressure on gases.” R e g n a u l t  has examined with care the 
absolute change of volume in a few gases when exposed t o  a 
pressure of twenty atmospheres, and Poui l le  t has niade some 
observations on the same subject. The experiments of 
N a t t e re  r have cai-ried this inquiry t o  the enormous pressure 
of 2,790 atmospheres; and although his method is not alto- 
gether fiee from objection, the results he obtained are valuable, 
and deserve more attention than they have hitherto received.7 

In 1861 a brief notice appeared of some of my early experi- 
ments in this direction. Oxygen, hydrogen, nitrogen, carbonic 
oxide, and nitric oxide were submitted to  greater pressures than 
had previously been attairaed,in glass tubes, and while under these 
pressures they were exposed t o  the cold of the carbonic acid and 
ether bath. None of the gases exhibited any appearance of 
liquefaction, although reduced t o  less than of their ordinary 
volume by the combined action of cold and pressure.$ In the 
third edition of 11 ill e r’ s ‘‘ Chemical Physics,” published in 
1863, a short account, derived from a private letter addressed 
by me t o  Dr. Miller, appeared of some new results I had 
obtained, under certain fixed conditions of pressure and tempe- 
rature, with carbonic acid. As these results constitute the 
foundation of the present investigation, and have neT-er been 
published in a separate form, I may perhaps be permitted 
t o  make the followiiig extract from my original commuuication 
t o  Dr. Miller. ‘‘ On partially liquefying carbonic acid by 
pressure alone, and gradually raising at the game time the 
temperature t o  88’ Fahr., the surface of demarcation between 
the liquid and gas became fainter, lost its curvature, and at 
last disappeared. The space was then occupied by a homo- 
geneous fluid, which exhibited, when the pressure was suddenly 
diminished, or the temperature slightly lowered, a peculiar 
appearance of moving or flickering sti& throughout its entire 
mass. At, temperatures above 88” 110 apparent liquefaction of 
carbonic acid, or separation intc two distinct forms of matter, 

spheres was applied. N i t m u g  oxide gave analogom results.”$ 
could be effected, even when a pressure of 300 or 400 c t  4 t 1110- 

* Philosophical Transactions for 1845, p. 155, 
t Poggendorff’s Annalen, xciv, p. 436. 
$ Report of the British hebociation for 1861. 
§ Miller’s Chemical Ph?sics, 3rd edition, p. 328. 

Transactions of Sections, p 76. 
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76 ANDREW3 ON THE COKTINWITY OF TI-IE OASEOIfS 

The apparatus employed in this investigation is represented 
in the Plate opposite page 94. It is shown in the simple form in 
which one gas only is exposed t o  pressure in Figs. 1 and 2. In  
Fig. 3, a section of the apparatus is given, and in Fig. 4 another 
section, with the arrangement for exposing the compressed gas 
t o  low degrees of cold in racuo. In Figs. 5 and G a compound 
forin of the same apparatus is represented, by means of which 
two gases may be siniultaneously exposed t o  the same pressure. 
The gas to be compressed is introduced into a tube (fa) having 
a, capillary bore from a to  b, a diameter of about 2.5 millimetres 
from 6 to  c, and of 1-25 niillimetre from c to J’. The gas carefully 
c-lricd is passed for several hours through the tube open a t  both 
ends, as represented below. The presence of a column of water 

of two metres in lieiglit was neccssary to maintain a moderate 
stream of gas throiigli the fine capillary tube. In tlie case of 
carbonic acid, the ggs, after passing through the apparatus, was 
made t o  bubble by meaiis of a connecting-tube through mercury, 
rind a portion was collected from time t o  time, in order t o  ascer- 
tain its purity. The current was contiiiued till the residual air, 
after the action of caustic potash, was reduced t o  a constant 
minimum. In repeated trials I found that in the complicated 
arrangements I had to  adopt, the residual air could not be 
reduced t o  less than from t o  of the entire volume of 
the carbonic acid. Even after continuing the current for 
twenty-four hours this residue appeared ; and in discussing some 
of the results obtained by exposing the gas t o  high pressures the 
presence of this small quantity of air must be carefully taken 
into account. The capillary end at  a was then sealed, and the 
other end was also closed, and afterwards introduced under a 
surface of pure mercury contained in a glass capsule. The 
lower end, while under the surface of the mercury, was opened, 
and heat applied so as t o  expel a little of the gas. On 
cooling, contraction occurred, and a short column of mercury 
entered. The cnpsulc mid lower end of the tube were tlrlerl 
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AND LIQUID STATES OF RIATTER. 77 

placed under the rcceiver of an air-pump, and a partial vacuuin 
was formed till about one-fourth of tlie gas was removed. 011 
restoring the pressure, a column of mercury entered and occu- 
pied the place of tlie expelled gas. By withdrawing the end 
of the tube from below the surface of the mercury in the 
capsule, and again exhausting cautiously, the column of mercury 
could be reduced to any required length. The tube, when 
thus filled, had the form shown (Figure, p. 76.). 

Two file marks liad been made, one at  d, the other at  e, in the 
narrow part of tlie tube, about 10 millims. distant from each 
other, and the capacity of the tube from a mark ne:x cc t o  d, 
and also from the same mark to e, had been determined by 
filling it with mercury at  a known temperature, and weighing 
the mercury. The tube was now placed accurately in a hori- 
zoiital position and connected by an air-tight junction with 
one limb of a long U-tube filled with mercury. Each limb of 
the U-tube was 600 millims. long, and 11 millims. in diameter. 
By removiiig mercury from the outer limb of the U-tube, a 
partial vacuum was obtained, and the column of mercury (m n)  
was drawn into the narrow tube (d f). From the difference of 
capacity of this part of the tube, the column of mercury was iiow 
about four times longer than before. It was easy with a little 
care so t o  adjust tlie pressure that the inner end of ti  lie nier- 
curial column coincided with the mark e. When this wiis 
accomplished, the difference of level of the niercury in the 
two limbs of tlie U-tube was accurately read by means of it 

cathetometer, and the height of the barometer, as well as the 
temperature, were carefully noted. Similar observxtions were 
made with the gas expanded t o  the mark d. Two incleyendeut 
sets of data were thus obtained for calculating the vol~~nie of 
the gas at 0" C. and 760 niillims., and the results usually :igr.ec.d 
t o  less than TG&c part. The tube, after being cliscoimectecl 
with the U-tube, was cut across a little beyond e, as shown 
(Figure, p. 76), and was now ready to  be introduced into tlie 
pressure apparatus. 

The capillary tubes were calibrated with great care, and their 
mean capacity was determined by weighing a colunin of niercury 
whose length and position in the tube were accurately observed. 
One millim. of the air-tube used in tliese experiments liad an 
average capacity of 0.00002477 cub. centim., and 1 millini. of 
the carbonic acid tube of 040003376 cub. centim. A talde w w  
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711 ANDREWS ON THE CONTINUITY OF THE GASEOUS 

constructed showing the corrected capacity of each capillary 
tube from the sealed end for every millimetre of its length. An 
allowance of 0.5 millim. was made for the cone formed in sealing 
the tube. 

For the sake of clearness I have described these operations 
as if they were performed in the detached tube. In actual 
practice, the tube was in the brass end-piece before it was filled 
with gas (Fig. 7). 

The construction of the apparatus employed in these expe- 
riments will be readily understood from Figs. 3 and 4, which 
exhibit a section of the simple form. Two massive brass 
flanges are firmly attached round the ends of a cold-drawn 
copper tube of great strength, and by means of these flanges 
two brass end-pieces can be securely bolted t o  the ends of the 
copper tube, and the connections made air-tighi by the inser- 
tion of leather washers. The lo-wer end-piece (Fig. 7) carries a 
steel screw, 180 millims. long, 4 millims. in diameter, and with 
an interval of 0-5 millim. between each thread. The screw is 
packed with care, and readily holds a pressure of 400 atmo- 
spheres or more. A sinllilar end-piece attached to  the upper 
flange, carries the glass tube containing the gas t o  be com- 
pressed (Fig. 7). The apparatus, be€ore being Rcrewed up, 
is filled with water, and the pressure is obtained by screwing 
the steel screw into the water." 

In the compound apparatus (Figs. 5 and 6) the internal 
arrangements are the same as in the simple form. A. communi- 
cation is established between the two sides of the apparatus 
through a b. It is indifferent which of the steel screws below 
is turned, as the pressure is immediately diffilsed through the 
interior of both copper tubes, and applied through the movable 
columns of mercury t o  the two gases t o  be compressed. Two 
screws are employed for the purpose of giving a greater com- 
mand of pressure. In Fig. 5 the apparatus is represented with- 
out any accessories. In Fig. 6 the same apparatus is shown 
with the arrangements for maintaining the capillary tubes and 
the body of the apparatus itself at  fixed temperatures. A 
rectangular brass case, closed before and behind with plate 
glass, rJurroiinds each capillary tube, and allows it t o  be main- 

* The first apparatus mas constructed for me by Mr. J. Cumine, of Belfast, t o  
whose rare mechanical skill and valuable suggestions 1 have been greatly indebted in 
the wliole coime of this d d h u l t  investigation. 
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AND LIQUID STATES O F  MATTER. 79 

tained at  any required temperature by the flow of a stream of 
water. In the figure, the arrangement for obtaining a current 
of heated water in the case of the carbonic acid tube is shown. 
The body of the apparatus itself, as is shown in the figure, is 
enclosed in an external vessel of copper, which is filled with 
water at the temperature of the apartment. This latter arrange- 
ment is essential when accurate observations are made. 

The temperature of the water surrounding the air-tube was 
made t o  coincide, as closely as possible, with that of the apart- 
ment, while the temperature of the water surrounding the 
carbonic acid tube varied in different experiments from 13* C. to  
48' C. In the experiments t o  be described in this communica- 
tion, the mercury did not come into view in the capillary part 
of the air-tube till the pressure amounted t o  about forty atmo- 
spheres. The volumes of the air and of the carbonic acid were 
carefully read by a cathetometer, and the results could be relied 
on with certainty t o  less than 0.05 millim. The temperature of 
the water around the carbonic acid tube was ascertained by a 
thermometer carefully graduated by myself according to an arbi- 
trary scale. This thermometer was one of a set of four, which I 
constructed some years ago, and which all agreed so closely 
in their indications, that the differences were found t o  be alto- 
gether insignificant when their readings were reduced t o  
degrees. 

I have not attempted to  deduce the actual pressure from the 
observed changes in the volume of the air in the air-tube. For  
this purpose it would be necessary t o  know with precision the 
deviations from the law of Mario t t e exhibited by atmospheric 
air within the range of pressure employed in these experiments, 
and also the change of capacity in the capillary tube &om 
internal pressure. In a future communication I hope to have an 
opportunity of considering this problem, which must be resolved 
rather by indirect than by direct experiments. As regards the 
deviation of air from Mariott  e's law, it corresponds, accord- 
ing t o  the experiments of Regnaul t ,  t o  an apparent error of a 
little more than one-fourt,h of an atmosphere a t  a pressure of 
twenty atmospheres, and according t o  those of Nat te rer ,  to 
an approximate error of one atmosphere when the pressure 
attains 107 atmospheres. These data are manifestly insuf- 
ficient, and I have therefore not attempted to deduce the true 
pressure from the observed change of volume in the air-tube. 
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80 ANDREWS ON THE CONTINUITY OF THE GASEOUS 

It will be easy to  apply hereafter the correctiona for true pres- 
Sure when they are ascertained, and for the purposes of this 
paper they are not required. The general form of the curves 
representing the changes of volume in carbonic acid will hardly 
undergo any sensible change from the irregularities in the air- 
tube; nor will any of the general conclusions a t  which I have 
arrived be affected by them. It must, however, always be 
understood that, when the pressures are occasionally spoken 
of, as indicated by the apparent contraction of the air in the 
air-gauge, the approximate pressures only are meant. 

To obtain the capacity in cubic centimetres from the weight 
in grammes of the mercury which fillud any part of a glass 
tube, the following formula was used :- 

where C is the capacity in cubic centims., W the weight of the 
mercury which filled the tube at  the temperature t, 0*000154 the 
coefficient of apparent expansion of mercury in glass, 13.596 
the density of mercury at Oo, and 1*00012 the density of water 
at  4'. 

The volume of the gas V, at  0' and 760 millims. of pressure7 
was deduced from the double observations, as follows :- 

1 h-Gl v = c . -  .- 
1 + ut 760 , 

where C is the capacity of the tube (Figure, page 76) from a to 
d, or from a t o  e, t the temperature, tc the coeEcient of expan- 
sion of the gas for heat (0-00366 in the case of air, 0-0037 in 
that of carbonic acid), h the height of the barometer reduced to 
0" and t o  the latitude of 45", d the difference of the mercurial 
columns in the U-tube similarly reduced. 

Having thus ascertained the volumes of the air and of the 
carbonic acid before compression, at 0' and 760 millims., it was 
easy t o  calculate their volumes, under the same pressure of 760 
millims., at  the temperatures a t  which the measurements were 
made when the gases were compressed, and thence t o  deduce 
the values of the fractions representing the diminution of volume. 
But the fractions thus obtained would not give results directly 
comparable for air and carbonic acid. Although the capillary 
glass t'ubea in the apparatus (Fig. 6) communicated with the 
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AND LIQUID STATES OF MATTER. 81 

same reservoir, the pressure on the contained gases was not 
quite equal, in consequence of the mercurial columns, which 
confined the air and carbonic acid, being of different heights. 
The column always stood higher in the carbonic acid tube than 
in the air-tube, so that the pressure in the latter was a little 
greater than in the former. The difference in the lengths of 
the mercurial columns rarely exceeded 200 millims., or about 
one-fourth of an atmosphere. This correction was always ap- 
plied, as was also a trifling correction of 7 millims., for a differ- 
ence of capillary depression in the two tubes. 

In order to show more clearly the methods of reduction, I 
will give the details of one experiment. 

Volume of air at 0' and 760 millims. calculated from'the ob- 
servations when the air was expanded to ae,  0.3124 cub. 
c en tim . 

Volume of same air calculated from the observations when 
the air was expanded to  a d, 0.3122 cub. centiin. 

Mean volume of air a t  0' and 760 millims., 0.3123 cub. 
centim. 

The volumes of the carbonic acid, deducd in like manner 
&om two independent observations, were 0.3096 cub. centim. 
and 0.3094 cub. centim. Mean 0.3095 cub. centim. 

The length of the column of air after compression, a t  10'976, 
in the capillary air-tube was 2 72.9 millims., corresponding to 
0.006757 cub. centim. Hence we have 

0*006757 - 1 6' = 
0.3123 x 1.0394 - 48.04' 

Bnt as the difference in the heights of the mercurial columns in 
the air-tube and carbonic acid tube, after allowing for the differ- 
ence of capillary depression, was 178 millims., this result re- 
quires a further correction (%: of an atmosphere), in order to 
render it comparable with the compression in the carbonic acid 
tube. The final value for 6, the fraction representing the ratio 
of the volume of the compressed air a t  the temperature of the 
experiment to its volume at the same temperature and under 
the pressure of one atmosphere, will be 

1 
47.81' s = -  

The corresponding length of the carbonic acid at  13'922, in its 
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82 ANDREWS ON THE CONTINUITY OF THE GASEOUS 

capillary tube, was 124.6 millims., equivalent to  0*004211 cub. 
centim., from which we deduce for the corresponding fraction 
for the carbonic acid 

0*004211 - 1 -~ 
0.3095 x 1.0489 77-09' 

e =  

Hence it follows that the same pressure, which reduced a 
given volume of air at 10°*76 t o  n!si of its volume at  the 8ame 
temperature under one atmosphere, reduced carbonic acid at  
13O.22 t o  w!5T of its volume at the temperature of 13O.22, and 
under a pressure of one atmosphere. .Or assuming the com- 
pression of the air to  be approximately a measure of the pres- 
sure, we may state that under a pressure of about 47.8 atmo- 
spheres carbonic acid at  13"*22 contracts to  +,T of its volume 
under one atmosphere. 

In the following Tables, 6 is the fraction representing the 
ratio of the volumes of the air, after and before compression, t o  
one another, e the corresponding fraction for the carbonic acid, 
t and t' the temperatures of the air and carbonic acid respec- 
tively, I the number of volumes which 17,000 volumes of 
carbonic acid, measured at  0" and 760 millims., would occupy at  
the temperature a t  which the observation was made under the 
pressure indicated by the air in the air-tube. The values of I 
are the ordinates of the curve lines shown in the Figure, 
page 85". 

* As I is the entire volume to which the carbonic acid is reduced, it does not 
always refer to homogeneous matter, but sometimes t o  a mixture of gas and liquid. 
Its yalue in the example given in  the text i s  obtained as follows ;- 

0'00421 1 
0.3095 

I = 1'7000. - = 231.3. 

1 
When I is homogeneous, ; represents the density of the carbonic acid referred to car- 

bonic acid gas, a t  the temperature t', and under a pressure of one atmosphere. 
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AND LIQUID STATES OF MATTER. 

TABLE I.-Carbonic Acid at 13O.1. 

83 

t. 

15.75 

10.86 

10.86 

10.86 

10.86 

10.86 

10.86 

10-86 

10.86 

10.86 

10-86 

10.8 6 

10% 6 

I0*86 

e. t'. 

15-18 

13.18 

13.09 

13.09 

13.09 

13-09 

13.09 

13.09 

13.09 

13.09 

13.09 

13.09 

13.09 

13.09 

1. 

2 34.1 

221-7 

220.3 

168-2 

125.5, 

92-7 

66-3 

52.0 

46.3 

38.5 

37% 

37.1 

35.6 

34.9 

It will be observed that at  the pressure of 48989 atmospheres, 
as measured by the contraction of the air in the air-tube, lique- 
faction began. This point could not be fixed by direct obser- 
vation, inasmuch as the smallest visible quantity of liquid 
represented a column of gas at  least 2 or 3 millinis. in length. 
It was, however, determined indirectly by observing the volume 
of the gas OO.2 or 0°*3 above the point of liquefaction, and cal- 
culating the contraction the gas would sustain in cooling down 
t o  the temperature a t  which liquefaction began. A slight in- 
crease of pressure, it will be seen, was required even in the 
early stages to  carry on the process. Thus the air-gauge, after 
all reductions were made, indicated an increase of pressure of 
about one-fourth of an atmosphere (from 48.89 to 49-15 atmo- 
spheres) during the condensation of the first and second thirds 
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84 ANDREWS ON T H E  CONTINUITY O F  THE GASEOUS 

of the carbonic acid. According to  theory no change of volume 
ought t o  have occurred. This apparent anomaly is explained 
by' the presence of the trace of air (about &a part) in the car- 
bonic acid t o  which I before referred. It is easy t o  see that the 
increase of pressure shown in these experiments is explained 
by the presence of this small quantity of air. If a given volume 
of carbonic acid contain & of air, that air will he diffused 
through a space 500 times greater than if the same quantity of 
air were in a separate state. Compress the mixture till 50 
atmospheres of pressure have been applied, and the air will now 
occupy, or be diffused through, ten times the space it would 
occupy if alone and under the pressure of one atmosphere; o r  
it will be diffused through the space it would occupy, if alone 
and under the pressure of & of an atmosphere. While 
the carbonic acid is liquefying, pressure must be applied in 
order to condense this air; and t o  reduce it t o  one-half its 
volume, an increase of & of an atmosphere is required. 
The actual results obtained by experiment approximate t o  this 
calculation. From similar considerations, it follows that if a 
mixture of air and carbonic acid be taken, for example in equal 
volumes, the pressure, after liquefaction has begun, must be 
augmented by several atmospheres, in order to liquefy the 
\&ole of the carbonic acid. Direct experiments have shown 
this conclusion t o  be true. 

The small quantity of air in the carbonic acid disturbed the 
liquefaction in a marked manner, when marly the whole of the 
carbonic acid was liquefied, and when its volume relatively to 
that of the uncondensed carbonic acid was considerable. It 
resisted for some time absorption by the liquid, but on raising 
the pressure to  50.4 atmospheres it was entirely absorbed. If 
the carboiiic acid had been absolutely pure, the part of the 
curve for 13":l (Figure, page 85) representing the fall from the 
gaseous t o  the liquid state, would doubtless have been straight 
throughout its entire course, and parallel t o  the lines of equal 
pressure. 
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1 
46'70 

1 
wO'0.5 

1 

- 

__ 

G0.29 
1 

60'55 

1 
G1 00 

1 
62.21 

1 
62'50 

- 

- 

- 

- 
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TABLE II.-Cap'lronic Acid at 21O.5. 

85 

t. 

8-63 

8-70 

8.70 

8.70 

8-70 

8.70 

8.70 

e. t'. 

2?*46 

21-46 

21.46 

21.46 

21 *46 

21.46 

21.46 

1. 

2729 

160.0 

105.0 

76.3 
t >+'hj 

49.9 

41.7 
41-4 

The curve representing the results a t  21'95 agrees in general 
form with that for 13'01, as shown in the above figure. At 
13'01, under a pressure of about 49 atmospheres, the volume of 
carbonic acid is little inore than three-fifths of that which a 
perfect gas would occupy under the same conditions. After 
liquefaction carbonic acid yields t o  pressure much more than 
ordinary liquids ; and the compressibility appears to  diminish 
as the pressure increases. The high rate of expansion by heat 
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86 ANDREWS ON THE CONTISUITP O F  THE GASEOUS 

of liquid carbonic acid, first iioticed by Thilorier, is fully con- 
firmed by this investigation. 

The next series of experiments was made at  the temperature 
of 31@*1, or 0'02 above the point at which, by compression 
alone, carbonic acid is capable of assuiniiig visibly the liquid 
form. Since I first announced this fact in 1863, I have made 
carefil experiments t o  fix precisely the temperature of this 
critical point in the case of carbonic acid. It was found in three 
trials t o  be 30'092 C., or 8 7 O - 7  F. Although for a few degrees 
above this temperature a rapid fall takes place from increase of 
pressure, when the gas is reduced t o  the volume at  which it 
might be expected t o  liquefy, no separation of the carbonic acid 
into two distinct conditions of matter occurs, so far as any in- 
dication of such a separation is afforded by the action of light, 
By varying the pressure or temperature, but always keeping the 
latter abore 30O.92, the great changes of density which Q C C U ~  

about this point produce the flickering movements I formerly 
described, resembling in an exaggerated form the appearances 
exhibited during the mixture of liquids of different densities, or 
when columns of heated air ascend through colder strata. It is 
easy so t o  adjust the pressure that one-half of the tube shall be 
filled with nncondensed gas and one-half with the condensed 
liquid. Below the critical temperature this distinction is easily 
seen t o  have taken place, from the visible surface of demarcation 
between the liquid and gas, and from the shifting at the same 
surface of the image of any perpendicular line placed behind the 
tube. But above 30O.92 no such appearances are been, and the 
most careful exainination fails t o  discover any heterogeneity in 
&he carbonic acid, as i t  exists in the tube. 
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6. 

1 
54.79 

1 
55'96 

1 
57'18 

1 
58 4G 

1 

- 

- 

- 

- 

59.77 
1 

F1'1Y 

1 
W 6 7  

1 

__ 

~ 

a.27 
1 

66'90 

1 
67'60 

1 
69'39 

1 
71'2.i 

1 
73'26 

1 
73'83 

1 

- 

- 

~ 

~ 

- 

- 

75.40 

7FG 
1 

1 
79'92 
- 

1 
82'44 
- 
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TABLE III.-Cadonic Acid at 31'01. 

87 

t. 
--- 

101.59 

11.59 

11-58 

11.55 

11.41 

11-40 

11.44 

11-76 

11-73 

11-63 

11-55 

11.40 

11-45 

13-00 

11.62 

11.65 

11-16 

11.23 

11.45 

E .  

--- 
1 

so.j5 

-9 

86.5s 

90.01. 

i=EG 

1 

1 

1 

1 

1 
98'07 

1 
105'1 

1 
109'6 

1 
116'2 

1 
121'4 

1 
134'5 

1 
147'8 

1 
169'0 

1 
174'4 

1 

- 

_- 

__ 

- 

~ 

- 

- 

~ 

311.1 

5 1  

3xs.o 

395.7 

Z G  

1 

1 

1 

1 

t'. 

3q.17 

31.22 

31.15 

31-19 

31.18 

31-20 

31.19 

31.13 

31.19 

31-15 

31 -03 

31.06 

31 39 

31-08 

31.06 

31-06 

31-10 

31.07 

31-05 

1. 

235.4 

22 7.4 

2 19.0 

210.6 

202.0 

193.3 

183.9 

173.0 

163.2 

152.4 

140.9 

128.2 

112.2 

108.7 

60.9 

5 1.3 

49.4 

47.9 

46-7 

The graphical representation of these experments, it13 shown 
on page 85, exhibits some marked differences from the curves 
for lower temperatures. The dotted lines in the figure repre- 
sent a portion of the curves of a perfect gas {assumed to  
have the same volume at 0' and under one atinosphere as 
the carbonic acid) for the temperatiires of 1 3 O . 1 ,  31O.1, and 
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88 ANDREWS ON T H E  CONTINUITY OF THE GASEOUS 

48'01. The volume of the carbonic acid at  31O.1, it will be ob- 
served, diminishes with tolerable regularity, but much faster 
than according t o  the law of M a r i o  tt  e, till a pressure of about 
73 atmospheres is attained. The diniinution of volume then 
goes on very rapidly, a reduction to nearly one-half taking 
place, when the pressure is increased from 73 to  75 atmospheres, 
or only by -& of the whole pressure. The $all is not, however, 
abrupt, as in the case of the formation of the liquid at  lower tem- 
peratures, but a steady increase of pressure is required t o  carry 
it through. During this fall, as has already been stated, there 
is no indication, at  any stage of the process, of two conditions of 
matter being present in the tube. Beyond 77 atmospheres, car- 
bonic acid at 31'01 yielded much less than before t>o pressure, 
its volume having become reduced nearly to that which it ought 
t o  occupy as a liquid, at  the temperature a t  which the observa- 
tions were made. 

TABLE IV.--Carbonic A c i d  at 32O.5 

6. 

1 
57% 

1 
71'52 

1 
73'60 

1 

- 

- 

- 

74.02 

7 3  
1 

1 
78'52 

1 

- 

79.77 
1 
w90 
- 

t. 

1 k o  
12.15 

12.30 

12.30 

12.40 

12.50 

12-35 

12-35 

e. 

1 
b> YO 

1 
140'3 

1 
156.0 

1 
lW9 

1 

- 

- 

- 

- 

191.7 
1 

311'8 

1 
351'3 

1 
387'8 

- 

- 

- 

t'. 
--- 

3%50 

32.34 

32-45 

32.46 

32.38 

32-48 

32-54 

32-75 

1. 

221.7 

135% 

122.0 

11 9.1 

99.3 

61.1 

54.2 

49.1 
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6. 

E. 

AND LIQUID STATES OF MATTER. 

TABLE V.-Carbonic Acid at 35O.5. 

89 

t. 

15-68 

15.70 

15-66 

15-66 

15-75 

15-79 

15.52 

15-61 

15.67 

J5.67 

15.64 

15.61 

15-47 

e. 

1 
82.72 
1 

bti'Y4 
- 

1 
96'41 

1 
106'0 

1 
118'4 

1 
135.1 

1 
161'2 

I 
228'0 

1 
351.9 

1 

- 

__ 

__ 

__ 

__ 

- 

- 

373.7 
1 

387'9 

1 
411'0 

1 
430'2 

- 

- 

- 

t'. 

33-49 

35.54 

35.52 

35-51 

35.47 

35.48 

35-55 

35.55 

35-48 

35-50 

35.61 

35-55 

35.53 

TABLE VI.-Carbonic Acid at 48O.1. 

I E-  

t. 

18.67 

15-79 

15.87 

15.91 

15.83 

16-23 

1 
86-44 

1 

- 

9L1.39 

1 
117'8 

1 

- 

1p6.8 
1 

1985 

1 
298'4 

- 

- 

t' .  

47.95 

48.05 

48.12 

48.25 

48.13 

48.25 

1. 

232.5 

21 6.2 

199-5 

181.4 

162.4 

142-3 

119.3 

84.4 

54.6 

51.5 

49-6 

46.8 

44-7 

1. 

231.5 

201.4 

170.0 

136.5 

200-8 

67.2 

VOL. XXIII. H 
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90 ANDREWS ON THE CONTINUITY OF THE GASEOUS 

The curve for 32O.5 (page SS), resembles closely that for 
31'-1. The fall is, however, less abrupt than at the latter 
temperature. The range of pressure in the experiments at 35'05 
extends from 57 t o  above 107 atmospheres. The fa11 is here 
greatly diminished, and it has nearly lost its abrupt character. 
It is most considerable from 76 t o  87 atmospheres, where an 
increase of one-seventh ill the pressure produces a reduction of 
volume to  one-half. At 107 atmospheres the volume of the 
carbonic acid has come almost into conforniity with that which 
it should occupy, if it were derived directly from liquid car- 
bonic acid, according to  the law of the expansion of that body 
for heat. 

The fall shown in 
the curves for lower temperatures has almost, if not altogether, 
disappeared, and the curve itself approximates t o  that which 
would represent the change of volume in a perfect gas. At the 
same time the contraction is much greater than it mould have 
been if the law of Mario t t e had held good at this temperature. 
Under a pressure of 109 atmospheres, the carboiiic acid is 
rapidly approaching t o  the volume it  would occupy if derived 
from the expansion of the liquid; and if the experiment liad iiot 
been interrupted by the bursting of one of the tubes, it woiild 
doubtless have fallen into position at  a pressure of 120 or 130 
atmospheres. 

I have not made any measurements at  higher temperatures 
than 4 8 O . 1  ; but it is clear that, as the temperature rises, the 
curve would coiitinne t o  approach t o  that representing the 
change of volume of a perfect gas. 

I have frequently exposed carbonic acid, without making 
precise measurements, to much higher pressures than any 
marked in the Tables, and have made it pass, without break 
or interruption from what is regarded by every one as the 
gaseous state, t o  what is, in like manner, universally regarded 
as tlie liquid state. Take, for example, a given volume of car- 
bonic acid gas at  50' C., or at a higher temperature, and expose 
it t o  increasing pressure till 150 atmospheres have been reached. 
In this process its volume will steadily diminish as the pressure 
augmeiits, and no sudden diiniiiutioii of volume, without the 
application of external pressure, will occur at  any stage of it. 
When the full pressure has been applied, let the temperature be 
allowed to fill till the carl)onic a d  has i*e;iclied the ordinary tern- 

The curve for 48'01 is very interesting. 
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AND LIQUID STATES OF MATTER. 91  

perature of the atmosphere. During the whole of this operation 
no breach of continuity has occurred. It begins with a gas, and 
by a series of gradual changes, presenting nowhere any abrupt 
alteration of volume or sudden evolutioii of heat, it ends with 
a liquid. The closest observation fails to discover anywhere 
indications of a change of condition in the carbonic acid, or 
evidence, at  any periodeof the process, of part of it being in one 
physical state and part in another. That the gas has wtizally 
changed into a liquid would, indeed, never have been suspected, 
had it not shown itself t o  be so changed by entering into 
ebullition on the reinoval of the pressure. For convenience, this 
process Bas been divided into two stages, the compression of' 
the carbonic acid and its subsequent cooling; but these opera- 
tions might have been performed simultaneously, if care were 
taken so to arrange the application of the pressure and the 
rate of cooling, that the pressure should not be less than 76 
atmospheres when the carbonic acid had cooled t o  3 1 O .  

We are now prepared for the consideration of the following 
important question. What is the condition of carbonic acid 
when it passes, at temperatures above 31°, from the gaseous 
state down t o  the volume of the liquid, without giving evi- 
dence at any part of the process of liquefaction having 
occurred? Does it continue in the gaseous state, or does it 
liquefy, or have we t o  deal with a new condition of matter? If 
the experiment were made at  looo, or at a higher temperature, 
when all indications of a fall had disappeared, the probable 
answer which would be given t o  this question is that the gas 
preserves it gaseous condition during the compression ; and 
few would hesitate to declare this statement to be true, if tlic 
pressiue, as in N a t t  erer 's  experiments, were applied t o  snch 
gases as hydrogen or nitrogen. On the other hand, when the 
experiment is made with carbonic acid at  temperatures a little 
above 31°, the great fall which occiirs at  one period of the process 
would lead to the conjecture that liquefaction had actually 
taken place, although optical tests carefully applied failed at  
any time t o  discover the presence of a liquid in contact with a 
gas. But against this view it may be urged with great force, 
that the fact of additional pressure being always required for a 
further diminution of volume, is opposed t o  the known laws 
which hold in the change of bodies from the gaseous t o  the 
liqnid state. Besides, the bigher the temperature at which 
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92 ANDREWS ON THE CONTINUITY OF THE GASEOUS 

the gas is compressed, the less the fall becomes, and at last it 
disappears. 

The answer t o  the foregoing question, according to what 
appears t o  me to be the true interpretation of the experiments 
already described, is t o  be found in the close and intimate 
relations which subsist between the gaseous and liquid states 
of matter. The ordinary gaseous and ordinary liquid states 
are, in short, only widely separated forms of the same con- 
dition of matter, and may be made to pass into one another by 
a series of gradations so gentle that the passage shall nowhere 
present any interruption or breach of continuity. From car- 
bonic acid as a perfect gas t o  carbonic acid as a perfect liquid, 
the transition we have seen may be accomplished by a con- 
tinuous process, and the gas and liquid are only distant stages 
of a long series of continuous physical changes. Under certain 
conditions of temperature and pressure, carbonic acid finds 
itself, it is true, in what may be described as a state of in- 
stability, and suddenly passes, with evolution of heat, and 
without application of additional pressure or change of tem- 
perature, t o  the volume, which by the continuous process can 
only be reached through a long and circuitous route. In 
the abrupt change which here occurs, a marked difference is 
exhibited, while the process is going on, in the optical and 
other physical properties of the carbonic acid which has col- 
lapsed into the smaller volume, and of the carbonic acid not 
yet altered. There is no difficulty here, therefore, in distin- 
guishing between the liquid and the gas. But in other cases 
the distinction cannot be made ; and under many of the condi- 
tions I have described it would be vain t o  attempt t o  assign 
carbonic acid t o  the liquid rather than the gaseous state. Car- 
bonic acid, at the temperature of 3 5 O . 5 ,  and under a pressure of 
108 atmosphcres, is reduced t o  & of the volume it occupied 
under a pressure of one atmosphere; but if any one ask whether 
it is now in the gaseous or liquid state, the question does not, I 
believe, admit of a positive reply. Carbonic acid at 35"-5, and 
under 108 atmospheres of rpressure, stands nearly midway 
between the gas and the liquid; and we have no valid grounds 
for assigning it t o  the one form of matter any more than to the 
other. The same observation would apply with even greater 
force to the state in which carbonic acid exists at higher tempe- 
ratures and under greater pressures than those just mentioned. 
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In  the original experiment of Cagniard  de  l a  Tour ,  that dis- 
tinguished physicist inferred that the liquid had disappeared, 
and had changed into a gas. A slight modification of the con- 
ditions of his experiment would have led him to the opposite 
conclusion, that what had been before a gas was changed into 
a liquid. These conditions are, in short, the intermediate states 
which matter assumes in passing, without sudden change of 
volume, or abrupt evolution of heat, from the ordinary liquid to 
the ordinary gaseous state. 

I n  the foregoing observations I have avoided all reference to 
the molecular forces brought into play in these experiments. 
The resistance of liquids and gases t o  external pressure tending 
t o  produce a diminution of volume, proves the existence of an in- 
ternal force of an expansive or resisting character. On the other 
hand, the sudden diminution of volume, without the application 
of additional pressure externally, which occurs when a gas is 
compressed, a t  any temperature below the critical point, to the 
volume a t  which liquefaction begins, can scarcely be explained 
without assuming that a molecular force of great attractive 
power comes here into operation, and overcomes the resistance 
t o  diminution of volume, which commonly requires the applica- 
tion of external force. When the passage from the gaseous to 
the liquid state is effected by the continuous process described 
in the foregoing pages, these molecular forces are so modified 
as to  be unable a t  any stage of the process to overcome alone 
the resistance of the fluid t o  change of volume. 

The properties described in this communication, as exhibited 
by carbonic acid, are not peculiar to it, but are generally true 
of all bodies which can be obtained as gases and liquids. 
Nitrous oxide, hydrochloric acid, ammonia, sulphuric ether, 
and snlphuret of carbon, all exhibited, a t  fixed pressures and 
temperatures, critical points, and rapid changes of volume with 
flickering movements, when the temperature or pressure was 
changed in the neighbourhood of those points. The critical 
points of some of these bodies were above 100" ; and in order to 
make the observations, it was necessary t o  bend the capillary 
tube before the commencement of the experiment, and to heat 
it in a bath of paraffin or oil of vitriol. 

The distinction between a gas and vapour has hitherto been 
founded on principles which are altogether arbitrary. Ether 
in the state of gas is called a vapour, while sulphurous acid in 
VOL. XXIII. I 
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94 ANDREWS ON THE CONTINUITY OF TEIE GASEOUS 

the same state is called a gas; yet they are both vapours, the 
one derived from a liquid boiling at 35O, the other from a liquid 
boiling at  - 10'. The distinction is thus determined by the 
trivial condition of the boiling point of the liquid, under the 
pressure of the atmosphere, being higher or lower than the 
ordinary temperature of the atmosphere. Such a distinction 
may have some advantages for practical reference, but it has 
no scientific value. The critical point of temperature affords a 
criterion for distinguishing a vapour from a gas, if i t  be con- 
sidered important to maintain the distinction at  all. Many of 
the properties of vapours depend on the gas and liquid being 
present in contact with one another ; and this, we have seen, 
can only occur a t  temperatures below the critical point. We 
may accordingly define a vapour t o  be a gas at  any tempera- 
ture under its critical point. According to this definition, a 
vapour may, by pressure alone, be changed into a liquid, and 
may therefore exist in presence of its own liquid; while a gas 
cannot be liquefied by pressure, t,hat is, so changed by pressure 
as to become a visible liquid distinguished by a surface of demar- 
cation from the gas. If this definition be accepted, carbonic 
acid will be a vapour below 31', a gas above that temperature; 
ether, a vapour below ZOO", a gas above that temperature. 

We have seen that the gaseous and liquid states are only dis- 
tant stages of the same condition of matter, and are capable of 
passing into one another by a process of continuous change, A 
problem of far greater difficulty yet remains to be solved, the 
possible continuity of the liquid and solid states of matter. The 
fine discovery made some years ago by J a m e s  Thornson, of 
the influence of pressure on the temperature at  which liquefac- 
tion occurs, and verified experimentally by Sir W. Thomson, 
points, as it appears to me, to  the direction this inquiry must 
take; and in the case at  least of those bodies which expand in 
liquefying, and whose melting points are raised by pressure, the 
transition may possibly be effected. But this must be a subject 
for future investigation; and for the present I will not venture 
t o  go beyond the conclusion I have already drawn from dlrect 
experiment, that the gaseous and liquid forms of matter may 
be transformed into one another by a series of continuous 
and unbroken changes. 
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APPENDIX. 

The following experiments, made a t  temperatures differing 
from any of t'he foregoing series, are added, as they may here- 
after be useful for reference. 

6. 
-- 

1 
48.15 

1 
S'01 

1 

- 

h7.a5 

71.75 

73.88 
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