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GENERAL INTRODUCTIOX. 
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" Measurement" plays the role of mod

ulator and investigator in many branches of science. 

In general, it seems to be the avocation of a natural 

philosopher to enunciate laws, and then by aeasurement 

to seek exceptions to them. These usually discovered 

exceptions and failures of applic4bility more often 

than not yield conclusions which may overshadow the 

fundamental generalization itself. This is very 

well illustrated in the developaent or the so called 

equations of state for gases, and the general appli

cations of the theoretical statements usually referred 

to on the whole as the Kinetic Theory or Gases. 

T.he combined laws or Boyle and Charles 

m~ be expressed in mathematical symbols, and yield 

what might be called the fundamental equation of state 

for gases. Gases which obey this le.JV exactly are 

referred to as ideal gases. 

The complete adherence to this equation 

on the part of a gas must presuppose certain conditions 

in the gas some of which are true, but all of which 

may be approached only in certain limiting cases. 

T.ne expression depends for correctness on the fact that 

the gas is composed of discrete particles called molecules 

and the rough approximations that these molecules may 

be treated as mathematical points, that is they have 

no real volume, and finally that the molecules have 



no attraction or repulsion for each other. 

Mea.surements, following the enunciation 

or the law, showed that at least two of these factors 
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must be in error. Some results or Boyle demonstrated 

that the equation was not entirely applicable to actual 

gases, but it remained for the classic researches of 

Amagat and others to evidence the amount of deviation 

that could be expected, and to offer sufficient data 

to make possible a second approximation, and the for

mulation of a second gas law equation. 
U) 

Amagat's data discloses that the equation 

of the ideal gas did not hold. These in the hands 

of Van der Waals resulted in a second, now famous, 

equation, the so called Van der Waals equation or state. 

Van der Waals postulated a solid spherical 

molecule which attracted another according to some 

inverse square 1~. This leads to two corrections 

to the gas law equation usually written 

------------(1) 

The first correction was applied to the term V to 

represent the finite size of the molecules, and the 

second to the term P to represent the influence of 

the attraction of the molecules for each other on the 

pressure at the boundaries of the gas. 

The need for the correction to the pressure 

term may be seen from the rough description that follows. 
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Consider a molecule at the centre of a. gas; this 

molecule is surrounded by a statistically equal field 

of force on all its sides granted that the same forces 

exsist between all the molecules. If however the 

molecule moves to one of the boundaries or the gas 

it becomes attracted to the centre more than towards 

the instrument used for measuring the pressure. This 

results in the pressure on a manometer being less than 

the pressure in the centre of the gas. This ar gwnen t 
''I) 

is fully explained by Jeans and others who show the 

origin of the adaitive correction term • 
In the same way, if the molecules have 

a volume the V term must be corrected to allow for this 

and the ideal gas equation then becomes, 

---------(2). 

where b is a constant and some function of the total 

volume of the molecules. 

Van der Weals' equation follows the 

experimental results of actual gases more closely 

that the ideal gas law equation, but does not hold 

rigidly enough. Subsequent investisation showed 

that neither a, nor b, were constant over all pressure 

and temperature ranges. The variation of b may be 

e~lained on the results of more recent theory that 

b does not represent a function of the actual volume 



of the molecules, but rather or the volume or the 

sphere or influence which varies at different temper-

atures, and pressures. Jones puts it, 

" A rigid sphere is merely a repulsive field 
of infinite magnitude concentrated within 
a thin spherical shell, so that the attrac
tive and repulsive forces of a Yan der Waals' 
molecule occupy separate compartments of 
space "• 

The variation of b has been measured recently by 

Maass and Mennie, and Maass and Carpenter. 

The recognition of these facts lead to 

the proposal of many other equations based on Van der. 
u Waals' model some of which portrayed the behav~~ of 

actual gases more accurately, but none of which had 

the applic4bility of Van der Waals'. Of these only 

one will be mentioned in detail since a somewhat 

-4-

similar one will be proposed later on in this discussion. 

A second general method of development 

has been used by Jones, Klesson, Core, and others, of 

which the work of Jones has the greatest applicability 

since it offers a clear physical picture or the equtaion. 

This method makes no assumption regarding the nature 

of a molecule except that it has a spherical field, 

obeying some inverse square law. From statistical 

reasoning Jones develops the equation 

PV=NRT~]l 
V -------(3). 

where B is some function of the temperature, and the 



other symbols have their usual significances. The 

value of B is 

7f Niao~ (. ~irr(tJ ) 
j tt ~ e _, a-, 

. , 
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Where a constant attractive force and a varying repulsive 

force is postulated. Jones points out that a separation 

of B into Van der Waals' a, and b, is impossible except 

in a purely mechanical manner. 

The molecular molels outlined above 

probably have uses peculiar to themselves, the first 

in conjunction with gases of high attractive fields 

the second in consideration of the more permanent 

gases of relative low molecular constants of attraction. 

It has been mentioned above that one 

equation based on a Van der Waals' molecule will be 

treated in some detail. This equation is that of Maass 

and llennie. It is explained fully in a publication 

by them. 

Kaass and Mennie arrived at the expression 

------(4) • 

• 
which by substitution of the value or ~ and the use 

/1'..£_ 
of Sutherlands constant t'-~..2::!.! reduced to 

Jr£.. 
T 

Pv,. -RTV .,.a. -Nr(1 (,., ~) - 0 ------(5). 

where 
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or 

If a first prder approximation is made, namely 

that 
( 

-1 
I~¥) = 

since .,l is large compared to r 

the equation reduces to the form 

(P-t : .. )(Y-fl2 n,.atl) = Ri 

ot-{P.,~.)(v-h) ~Rr 

---------(6). 

where 

an equation identical with that of Van der Waals. 

The measurements of Maass and Kennie on 

carbon dioxide, and those of Carpenter o~Sulphur dioxide 

served to test the validity of this equation. It was 

found to hold within experimental error at temperatures 

greater than 0°C but failed at temperatures below, due 

possibly to the fact that Sutherlands formula is not 

valid for temperatures below the ice point. It was 

the first equation that linked up deviations from the 

ideal gas laws with viscosity measurements. 
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II. 

Equations of state have been used for 

a second purpose apart from their applicability to the 

representation of the actual behavioF of gases, namely 

the determination of theoretical molecular weights from 

measurements of gas densities. 
, 

Guye and Frederlch develop the following 

relationship 

f { J-t4){1-h):: ,,_Jiflf ------(7). 

where ll is the molecular weight or a gas (0 = 32.000) 

and L is the weight of a normal litre or gas. 

This equation holds for actual gases to 

within the limits of experimental error, but it has 

been pointed out that both a, and b, which are constants 

calculated empirically may contain errors that compen-

sate one another. 

The use of this equation offers a means 

of extrapolatia~ the value of the weight of a normal 
1 

litre of gas, or more truly, Avagadros molecular weight 

under standard conditione, to a limiting density by means 

of Berthelot's equation which is considered to be rigid. 

Up to the present no data of sufficient accuracy to test 

these various hypotheses have been available. Data, 

with sufficient accuracy to do this Di~e presented herein. 
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III. 

The object of the experimental work was 

to obtain data of sufficient accuracy for several pur

poses, the first to test Berthelot's hypothesis, the 

second to determine if the isotherms were straight lines 

at low densities, and the third to test an equation of 

state as rigorously as possible over a relatively large 

temperature range, but at comparatively low densities. 

The gases chosen were carbon dioxide, 

and sulphur dio~de, largely because these have been 

the subject of many classical investigations, but also 

on account of the facts that they are relatively easp 

to purify, and are suitable ones to use with the method 

of measurement employed. 

A greater amount of attention has been 

paid to carbon dioxide, somewhat on account of its 

greater historical interest, but mainly on account of 

the fact that its viscosity has been measured with a 
(i~) 

great degree of accuracy. The need of accurate 

viscosity data will be apparent later. Unfortunately 

the da«a on the viscosity of sulphur dioxide are neither 

great in number nor consistent among themselves. 

Curves are shown which permit the deter

mination of the theoretical molecular weight to about 

.02% by direct extrapolation without the use of any 

equation involving empirical constants. Thus it is 

demonstrated experimentally for the first time that 
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Berthelot's assumption, namely that the molecular weight 

of a gas approaches ita theoretical value as its density 

becomes infinitely small, is true to within the present 

experimental error in determining atomic weights. 

The method of mea.aurement first devised by 

Kaass and Russel, and later used by Maass and Mennie, 

and Maass and Carpenter, seemed to offer the greatest 

advantages so a modification of this was used. Exper

imental technique had to be considerably revised and 

extended to give results of the desired accuracy. This 

resulted in several changes in apparatus design, necessitated 

several extraneous experiments, and required some changes 

in experimental manipulation. 

Improvements were made in all the four 

measurements contributing to the final result whiCh is 

expressed as apparent molecular weight. The size of 

the constant bulb wa.s increased five times end standardized 

with the same deviation. This in itself offered con-

siderable difficulty. The manometers were enclosed in 

a constant temperature bath to insure accurate temper

ature corrections to pressure readings. Temperatures 
0 

were read to the nearest 0.01 .C, with mercury thermometers 

at the higher temperatures, and with a platinum ther

mometer used with a Kueller bridge at the lowest temp• 

erature. The system of weighing was redesigned entirely. 

The l~tter was required not only from the point of view 
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of accuracy, but also from the point of view of the gEeater 

danger to person and equipment resulting from the hand

ling of relatively large quantities of gases enclosed in 

glass tubes at considerable pressure. A knowledge of 

the bursting point of Pyrex glass tubes was desiredj 

e set of experiments was carried out to determine this. 

The details of these improvements in apparatus design 

and experimental technique which enabled the desired 

accuracy to be obtained are described in detail in the 

section on experimental procedures. 



mTRODU.CTION TO ME.ASURE]tlENTS 



Consider the gas law equation 

PV= ~ RT 
M 

Which may be written in the form 

11'= wRT 
PV 

-----------(1). 

----------(1). 

where K~ represents the apparent molecular weight at 

any corresponding set of conditions Pi VJ and T. In 

effect M' is equivalent to the molecular weight or 

the gas under the specified conditions assuming the 

gas to be ideal. In general the molecular weight 

of an actual (non ideal) gas is a function of both 

the temperature and pressure, and a knowledge of the 

changes in M' admits of an extrapolation along any 

isothermal to infinitely small densities, and hence 

affords a means of determining theoretical molecular 

and atomic weights. Furthermore if the other terms 
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of the equation be known then a solution for V is 

possible, if V represents the actual volume occupied 

by a theoretical *olecular weight of the gas under the 

apecified conditions. This is the quantity used in 

testing the gas law equations. The experiments were 

designed to enable a calculation of M', and a discussion 

of the limits of measurement imposed by the necessary 

accuracy follows. 

Reference to equation 8 evidences that 
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there are five unknowns four of which are capable of 

direct measurement, and the fifth, K', may be calculated. 

A maximum experimental. error of not greater that 0.02% 

was indispens4ble for the reasons mentioned above, 

therefore each measurement had to be made with an accur-

acy of something better than 0.005%. This follows 

immediately from the fact that each term enters the 

equation directly and to the same power, and the approx

imate ass~tion that each unit may be measured to the 

same degree of accuracy. This is not true but is 

sufficiently accurate for a preliminary discussion. 

Reference to the section on the descrip• 

tion of the methods emplo~d to measure each term 

will show that the following maximum errors can be 

estimated:- in pressure t o.oo3 cm., in temperature 

:t. o.ol°C., in weight ! 0.0002 gm., and in volume 

! 0.0001 1. The lowest measurable quantity of 

each term is limited by the fact that each must contri• 

bute a deviation or not greater than 1/20000 to the 

final result, thus the lowest possible pressure that 

can be used with mercury as the manometer liquid is 

t atmosphere or rougbly 25 cm. of mercury. At this 

pressure the corresponding weight was round to be 

about 3.0 gm. This therefore is the lowest limit 

of measurement for single readings. In the actual 
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experiments it was found that the volume or 5.5 1. 

could be determined to ± o.ol ml. at the point of 

standardization, an~0.05 at other conditions. This 

justifies the measurement of pressures between 20 and 

25 cm. or mercury. 

As a result of the above, the apparatus 

may be described roughly as a unit for measuring sim

ultaneously the four terms, P, V, Y, and T. The 

measurement of each unit will be particularized suffic

iently to disclose the possible sources of error. 

A typical calculation for K' is shown 

on page 11• • All calculations were based on equation 

8 using the necessary corrections described later. For 

this reason it is well to discuss the units of the 

equation. 

The true value for K' ~ be defined 

as that value calculated from the above equation when 

p is expressed in atmospheres at 45 ° of la.ti tude, and 

sea level. All units of the equation must conform to 

this. For instance if P= P45°1at. sea level then 

the value of R must be calculated from the same unit , 

and not the normal atmosphere. and if R be expressed 

in 1. e.!;. V must be expressed in li tree and not in 
~olew so 

cm.3 T in degrees centigrade ~ 273.18 and w in gm. 

at 45 a la.t. and sea level. 

The following units were used in thee 



standardizations and calculations :-

g 
litre 
ice point 
dH,D 
R 

980.616 
1000.027 cm • 
273.18 ~A 
0.996460 ~at 27.29°C. 
0.082046 1. at. 

moles 0 c. 
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THE APPARATUS? AND EXPERIMENTAL MANIPULATION. 
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I. 

Standardization and Calculation of Volume. 

The constant volume bulb was constructed 

from a five litre round bottom Pyrex flask which had 

been aged for a sufficient length of time to allow 

for shrinkage. The neck of the flask was drawn 

down and sealed to a four mm. bore stop-cock. 

Standardization of the flask was carried 

out as follows. The balloon was carefully cleaned 

with strong cleaning solution, followed by a mixture 

of zinc and hydrochloric acid, then pure nitric acid, 

and finally washed with distilled water many times. 

During this procedure the stop-cock was allowed to 

remain in position. After complete washing the bulb 

was thoroughly dried by blowing through it a stream 

of carbon dioxide free, dry, air. When dry, the 

bulb contained only pure dry air at a known temper

ature. The pressure was read on an external barO

meter, and the stop-cock closed immediately after. 

This procedure permitted a calcu~ation of the weight 

of air enclosed in the balloon. The bulb was placed 

on the balance pan and allowed to remain there at least 

twelve hours before weighing. It was weighed on both 

scale pans and the mean of the weights1 corrected to 

the resting point of the balenc~ taken as its true 

weight in air against brass. The bulb was then 
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filled with pure distilled water. 

Filling, and washing the inside of the 

flask were conveniently carried out by partially evac

uating and allowing distilled water to run in. Several 

repetitions enabled the bulb to be filled almost to ~e 

top. At this point the bulb was connected to a good 

vacuum pump, and the water inside boiled under vacuum 

for an hour or more to remove any traces of air either 

in the water or adhering to the walls of the flask. 

The remainder was then fi~led with recently boiled water 

through clean surgical tubing. 

In order to secure the ~equired accuracy 

it was necessary to know the tem~erature of the water 
0 to o.o5 c. T.his was determined as follows. The 

bulb was placed in a constant temperature bath controlled 

to about o.004°C and running somewhat above room temp• 

erature. T.ne overflow rose into a tube of 2 ~ diam-

eter sealed to the stop-cock; readings of the meniscus 

were taken at intervals. When the position of the 

meniscus showed no change the water inside the flask 
b• 

was assumed to~at the temperature of that in the constant 

temperature bath. This required between six and 

eight hours. The temperature of the bath was read 

on mercury thermometer I PTR 3191 which was standardized 

as discussed mn the section on temperature measurement. 

After the bulb had reached constant 

temperature the stop-cock was closed, and a quantity of 



ice thrown into the bath immediately after. One could 

then assume that the bulb was completely filled with 

water at the temperature of the constant temperature 

bath, and that this temperature was known to ! o.Ol°C. 

The extension tube was cleaned with suction, and dried 

with good alcohol and ether, and final1y blown out 

with dry air. The outside of the bulb was carefully 

cleaned and the whole weighed in the same mgnner as 

before. The barometric height, and temperature of 

the balance case were read immediately after each 

weighing. 
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The standardization was repeated a second 

time. Again the stop-cock was removed and cleaned 

and the flask washed out and dried as before. T.he 

agreement between the results obtained shows that the 

absolute value is well within the limits of error. 

The balance used was of 10 kilo. 

capacity, with a sensitivity of .02 gm. per .1 division 

with 500 gm. on each scale pan. It was tested for 

the mnre common structural defects in the usual manner. 

It was solidly set up, and protected from direct radia-

tion by shades. It was reasonably free from temper-

ature variation, errors from which would in any case 

be eliminated by the method of double weighing used. 

The balance arms were fatigued in the usual manner 

before reading for the balance point in any weighing. 
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The weights were a tolerance set purchased 

especially for -tandardizations. They were made of 

laquered brass, and were compared against the set used 

to weigh the small weighing tubes, directly to 50 ~ 

and then by intercomparison in the usual manner. 

The following results were obtained in 

two complete experiments one of which is given in 

detail below. 

True weight water 
in vacuo gm. 

5425.43 
5425.40 

Mean volume = 5444. '10 

Temperature 

27.29°0 
27.29° 0 

if the density of water at 27.29°0 be 0.996460 gm./ml. 

~allowing are the details of a complete 

eXperiment. 

Weight full bulb and holder 
gm. 

lett pan 
right pan 

6076.800 
6076.440 

][ean 

Weight empty bulb and holder 
gm. 

left pan 
right pan 

Mean 

Coreected weights to R.P. 
gm. 

60 '16.815 
60'16~ 428 
60'16. 62 

656e880 
656.910 
656.89 

Weight water uncorrected :: 5419.73 

Weight dry air in globe 5419.7 le .OOlalO c: 6. 50 gm. 
Weight air displaced by weights 5.42/8.39~.77 gm. 



True weight water in vacuo 5425.43 gm. 

Volume in ml. 5425.43/0.996460::::.5444.71 

Corrections to the Volume used in Calculations. 

Two corrections are necessary to obtain 

the true volume corresponding to the temperature and 

pressure of any single run. The first is a correction 

for temperature and corresponding contraction or 

expansion of the bulb, and the second a small correc

tion for the contraction of the bulb due to differences 

in pressure between the inside and the outside. 

The first corr,ction was calculated from 

the equation of Keyea, and roughly checked by using 

the approximate form of the equation involving the 
,6) 

linear coefficient of expansion of Pyrex glass. Both 

methods gave values which agreed sufficiently. 

The second 4G~nedtion was measured 
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directly by the method of Raleigh, which was investigated 

by Koles and Miravalles and adopted by them. Great 

care was taken to free the water from air. The method 

wbich is particularly· suitable in this case showed 

that the function of the decrease in volume of the 

bulb with differences in pressure was a straight line. 

The following results were obtained 

by direct measurement, and when corrected tor the 

expansion of water were those used in the calculations; 
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Table I. 

Change in volume of the constant volume bulb with 
differences in pressure between the inside and outside. 

AP. 

75 
50 
25 
10 

Il. 

AV. 

o. 70 
0.46 
0.23 
0.09 

Measurement of Pressures. 

Reference to numerous tables will show 

that one of the pit-falls to be avoided in the construe-

tion of mercury manometers is the use of narrow bore 

tubes, since it is nearly impossible to clean a tube 

of the desired size sufficiently to prevent distortion 

of the mercury meniscus. At the same time too 

large a tube will cause loss of accuracy in reading 

the meniscus with a telescope and cross hair. The 

optimum size lies possibly between 13 and 20 mm. 

diameter in consequence of which the menometer arms 

were constructed of PJ_rex tubing 15 mm. in diameter. 

In the actual manometers used it was proved that read-

ings could be repeated even when the menisci were 

made to vary considerably in height, that is of the 

order of o.lmm •• 



PICIURE 1. 

The tliMOnie'ter 1a 1ta tlaell tona. 
Wot clrawu to aQRle. 
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The original form of the manometer was 

that more comaonly used, so constructed that the 

two arms lay aide by side. This form was tried, and 

failure of agreement in many experiments led to the 

conclusion that the necessary rack motion of a cathe

tometer bar which was slightly off vertic&4 would 

cause considerable error in reading large differences 

in height. Finally the original form of manometer 

was replaced by one constructed as shown in figure 1 

Which required no motion of the cathetometer bar in 

reading original pressures. The small auxilliary 

arm used in reading residual pressures, placed as 

shown, required a small turaing of the bar, but the 

difference in height being small, this caused no 

appreciable error in the difference. 

The manometers and control resevoir 

were enclosed in a well stirred bath, the ~e~erature 

of which was read immediately after each pressure 

reading. This was necessary to insure accurate 

temperature corrections. A variation of greater than 

o.l°C causes an appreciable error. 

Some interest is attached to the con

struction of the manometer bath and its lighting system 

since in a sense this controlls the accuracy of reading. 

The bath of galvanized iron, was secur)y 
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brac~d to prevent distortion. Five feet in height, 

with one foot square ends, it accommodated one or 

two manometers without crowding. The front was 

pierced and two plate glass windows set in. These 

were free from distortion. The back of the tank 

was similarly fitted with a large piece of plate glass 

Immediately back of this glass was placed a frame of 

larger size the face of which was covered with a layer 

of white tissue paper. The back of this frame was 

grooved to allow a slide of opaque material 4 x 12 

inches to travel in a verticle plane parallel to the 

back of the taak. This slide was controlled from 

the cathetometer. Before any reading of the meniscus 

was attempted it was adjusted so that with the telescope 

( focused and free from parallax), a slight movement 

of the slide either up or down did not affect the 

apparent position of the meniscus as seen through the 

telescope. 

The lighting system was fixed back of 

this slide. This system was so constructed that 

light from a, 75 watt clear glass lamps was distributed 

evenly over the whole surface of the glass wa.l of the 

tank after being diffused through the thin tissue paper. 

A sheet metal reflector which enclosed the lights on 

three sides prevented undue lighting of the room. It wae found 
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that with this arrangement, and proper adjustment of 

the slide, telescope, and lights, readings of one 

meniscus could be repeated to 0.002 cm. even when the 

cathetometer had been thrown completely out of adjust• 

ment. 

The cathetometer was purchased espec-

ially for the determination. The bar, of hard white 

brass was standardized by the department of Geodesy 

and Surveying, and showed a maximum correction of 

40 u over the whole range, and lc5 U over the interval 

used in the pressure readings. The corrections 

were therefore negligible in all cases. 

Table 2. 
Corrections to cathetometer bar. 

Space cm. Lenfth at Scale error 
0 .c. in microns. 

0-5 4.999 -9 
o-10 9.998 -1'7 
0-15 14~998 •24 
o-a> 19~998 -25 
0-25 24.999 •15 
0-30 30.001 12 
0-35 35.001 9 
0-40 39~998 -5 
0-45 44~998· -23 
0-50 49.996 -40 
0-55 54.997 -37 
0-60 59.998 •21 
0-65 64.998 •24 
0-70 69~997 •35 
O-S5 '74.99-6 -42 
0-80 79.996 •39· 
0-85 84.998 -26 
0-90 89.999 -14 
0-95 95.000 -5 
0-100 100.0005 0 
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The bubble sensitivity of the bubble on 

the telescope was given as 0.1 div./30" of arc. When 

received, the telescope had a minimum focal length of 

one meter which was too long to permit reading to .001 

cm. with the bubble sensitivity shown. The lenses 

of the telescope were substituted by others which gave 

a minimum focal ~ength of 13 c~. Assuming that the 

bubble could be set to 0.1 div. this permitted the 

desired accuracy. 

This was tested by clamping a standard 
) 

meter bar in a fixed position and repeating readings 

on a fixed point, throwing the cathetometer completely 

out of adjustment between each reading. The following 

typical readings show that the required accuracy could 

be obtained. 

Table 3. 
Rea.dings on fixed points. 
Bar. Cathetometer -

95.000 
95.000 
9?.000 
97.000 

Readings 
Bar in terva.l 

90.000 
90.000 

84.305 
84~305 
96.836 
96.836 

of intervals. 
Cathetometer 

89.9?0 
89.968 

interval 

.Corrections to Pressure Readings. 

Four corrections must be applied to all 

pressure readings to give the value used in the calculations 
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These are, a correction for the density of the mercury 

at the temperature of the manometer bath, a small cor

rection for the residual pressure, a correction for 

latitude, and for height above sea level. 

The correction for temperature was made 

by using the equation 

fo. P...- PT rr ... t;.. -re tc -J ' l,..,. r .... r,.- re.-t. ---------(9). 

in which ~::: .0001817, and Tc..:: .0000189. 

Each value was calculated independently using the 

temperature of the manometer bath, and the temperature 

of the cathetometer scale. 

The two final corrections, which together 

are very small were combined into one by the use of 

g as determined in the 0bser•atory. The sizes of the 

corrections were calculated from the fundamental equation, 

---------------(10). 

"g" at the laboratory being taken as 980.652. 

I I I. 

Determination of Mass. 

The greatest advantage of this method 

of determining apparent molecular weights lies in the 
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method of the determination of mass. It will be 

apparent from the detailed description given below 

that it offers considerable advantage in this particular 

over any of the classical methods used by Guye, Ioles, 

and others. 

The gas was condensed into weighing tubes 

as described later. These were sealed off and weighed 

at room temperature. The vapor pressure of carbon 

dioxide at roo~ temperature is of the order of 60 atm. 

In view of this considerable pressure, and consequent 

danger from explosion, it was thought adviatble to 

secure some data on the bursting strength of Pyrex 

glass tubing made into tubes of sufficient yolume to 

hold the condensed gas. An apparatus was designed 

'" and several experiments made. 

The tubes were sealed to a hydraulic 

press by means of the following arrangement. The 

press was fitted at the pressure end with a threaded 

nipple to which extraneous apparatus could be fixed. 

A brass tube of requisite diameter and length, was 

threaded to fit this outlet. A length of Pyrex 

capillary just sufficient to extend through this tube 

was bulged at one end, and covered for about five 
. .. 

centimeters of its length with gold china paint. 
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When the laquer had been burned off a thin layer of 

gold was left adhering strongly to the outside wall of 

the capillary. This was heavily copper plated and 

tinned with ordinary solder. The tube was then cantered 

inside the brass tube, which had been previously tinned 

on the inside, and the surrounding space filled with 

molten solder. When the solder had solidified, the 

tube was firmly held. The capillary was then sealed 

to one of the tubes to be tested, and the whole filled 

with water by means of suction. and fixed to the 

press. 

T.ne pressure was raised by means of a 

hand pump, and the point of rupture noted on a gauge 

attached to the press. Table 4 shows the results 

of the experiments. 

Table 4. 
Pressures required to rupture Pyrex Glass tubes 

of the nature shown. 

Breaking iressure \fall Diem. Length. 
lbs/ in mm. mm cm. 

1900 1.0 7~0 30 
1750 1.0 7~0 30 
1000 1.0 7~0 30 
1500 1.0 . 7.0 15 
2000 1.0 7.0 20 
rooo 1.0 7.0 20 
2500 1.0 7.0 20 
1100 3.0 30 15 
3000 1.2 10.0 15 
3000 1.2 10.0 15 
2200 1.2 10.0 15 
2100 1.2 10.0 15 
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It is evident that no reliance can be 

placed on bulbs made from stock Pyrex tubing, although 

the average allowed a considerable safety factor. 

Two such tubes were tried, but rupture of one,caused 

considerable damage, and resulted in their definite 

abandonment. 

It has been shown that complete annealing 

after shaping increases the strength of glass consider

ably. The tubes used in the later experiments were 

blown at the Corning Glass Works, annealed, and strain 

finder tested after completion. 

below. 

These are described 

The special tubes were shaped as shown 

in the diagram, the tube proper of 3mm. glass sealed to 

a capillary of 3 mm. wal.l and t mm. bore, in turn 

sealed to a tube of 4 mm. bore which enabled them to 

be fixed to the apparatus with ease. Each piece was 

especially annealed, and strain finder tested. On 

the whole they proved very suitable, some hundred of 

them from a possible 113 standing the strain without 

rupture, and offering small glass surface. 

The technique of handling was as follows. 

After the completion of the pressure readings, and 

during the evacuation of the dead space, the outside 

of the tube to be used was carefully washed with 

cleaning solution and distilled water, and finally 



FIGURE 2. 

The Weighing Tubes. 
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wiped dry with a lint free silk cloth. The appare~tus 

being ready, the tube was surrounded with li~uid air 

which came into direct contact with the glass wall of 

the tube. Experiments showed that the immersion 

of a weighed tube in liquid air, and reweighing without 

furthur treatment did not alter its weight within the 

limdt of error of experiment. 

After sufficient condensation, the bulbs 

were sealed off near the top of the capillary, and in 

the case of carbon dioxide, placed in a well cleaned 

corked gle.ss tubes for storage in carbon dioxide - ether 

mixture until they could be weighed. The procedure 

for sulphur dioxide was somewhat different and will 

be explained below. 

The ba~ance used was a Sari tor ius, with 

a sensitivity of .03mg. per 0.01 divisions with a load 

of 40 gm. on each ece~e pan. This was enclosed in 

a glass case one side of which had been removed, and 

substituted by a window of thin mesh copper gauze 

loosely covered with tissue paper. In the ca.se of 

ruptures of the tubes this offered mininum opportunity 

for damage to the balance. In fact in many cases of 

rupture, after the sca~e pan had been replaced, the 

be.lance point had not changed. The balance was 

carefully adjusted, and set up with the usual precautions. 



In measurements on carbon dioxide the 

tubes were not placed directly on t he scale pans, but 

were weighed using the follwwing arrangement. On the 

left scale pan was soldered a small loop of thin copper 

wire, and the balance adjusted to zero by a similar 

piece soldered on the other pan. The pan rest and 

bearing of the left pan were removed. An air tight 

copper lined wooden box was placed immediately below 

the balance so that a hole in its top was aligned with 

the hole left in the base by the removal of the pan 

rest bearing. This box was of one inc• oak stock 

18 inches in length, with square ends on six inch 

sides. It was bored as described at the top, and 

coaxia.lly with the whole in the top a three inch opening 

was bored in the bottom. When in use this kole could 

be closed by a slide moving between the two sections 

of the bottom which was double. One side of the box 

was pierced with three equally spaced holes which ad

mdtted tightly fitting glass tubes connected to a pure 

dry air supply. The box was connected to the balance 

by a tightly fitting glass tube which fitted the hole 

at the bottom, and butted the balance base immedie.tely 

below the pan. 

A thin glass rod hung from the loop 

on the bottom of the balance pan through the glass 

-30-
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tube and into the box. This rod was terminatmd at its 

lower end by a hook on which hung a small.basket made of 

Pyrex rod, with a suspension of constsntin wire. The 

whole system exclusive of the bulb weighed less than 

two grams, and did not change weight over long periods 

of time. A diagram of the arrangement is shown below. 

Yeighings on carbon dioxide were made 

as follows. The suspension equipment was carefully 

cleaned and suspended in such a position that when it 

held the bulb it came over the centre of the Whole in 

the bottom and about two inches above it. The stored 

tubes were taken out of their containers using silk or 

chamois gloves, examined for foreign material, cleaned 

if necessary in pure,oil free~ether, and placed in the 

basket while still cold. The dry air was turned on 

Qnd the whole allowed to warm up to room temperature. 

and remain in the balance box until it had reached 

constant weight. This usually required between 7, and 

10 hours depending on previous treatment of the bulb 

roome temperature and other variables. The bulb was 

weighed usually twice to insure that it had reached 

true equlibrium, fati~uing the balance arms in the 

usual manner each time. It was then ready to remove 

from the balance. To do this the slide covering the 

hole in the bottom was removed end a Dewar of carbon 



FIGURE 3. 

The Weighing System, showing a 
Basket in place. 



dioxide cooled ether inser~ed until it had surrounded 

the bulb and cooled it sufficiently to be safe for 

handling. The bulb was then lifted out, dipped in 

liquid air and opened. 

The method of measurement, finally 

adopted, was used in both sets of determinations, and 

was found to be the only suitable one. The tube 

was placed over a large sheet of glazed paper, and 

a thin scratch made near the tip of the capillary. 
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~he capillary could then be easily snapped off. The 

difference in weight due to such a scratch was measured 

and found to be of the order of .0001 gm.. Any small 

bits of glass were usually sucked into the tube, but 

in other cases were removed from the glazed paper, and 

transferred to the balance pan. After some experience 

1 t was possible to distinguish a good break very ee~Bily, 

After sublimation of the carbon dioxide, or evaporation 

of the sulphur dioxide as the case m~ be,the tubes 

were blown free from gas with a stream of pure carbon 

dioxide free air washed through sulphuriceacid, and 

dried by passing through P~O, • This was continued 

for at least twenty minutes, the tubes were then carefully 

cleaned, treated in the same manner as before ommitting 

the cooling, and allowed to remain in the balance case 
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until they had assumed constant weight. They were 

then weighed, removed, filled with distilled water, 

and weighed again for the purpose of correcting to 

vacuo. Readings of the barometer and temperature 

were taken at the same time. 

A second method of opening was tried 

but proved unsuccessful. In this case the bulbs 

were cooled so that the enclosed material had a vapor 

pressure slightly above atmospheric. A cool1 fin~ 

flame was turned on the side of the capillary, and 

a small hole blown through by the pressure of the 

gas from the inside. Experiment established that 

with Pyrex there was no loss in weight due to evaporation 

of the glass, and it was thought that this method 

would obviate the always present danger of losing 

very fine bits of glass which sometimes broke off 

in the first method. Tubes that were blown open 

were freed of gas by evacuating several times with 

the water pump, and refilling with good dry air. 

The results of many determinations showed that some 

error was present causing lack of agreement. Agreement 

with the first method was usually good so it was con

cluded that it was naarly impossible to free the 

small tubes from the gas by evacuating. This method 

of opening was therefore definitely discarded. 
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Owing possibly to the fact that the 

surface of the glass tubes was small, and the weighing 

conditions good, single weights could be repeated 

wi tjl an accuracy beyond the limits of experimental. 

error. Thus in one series on bulbs much larger 

than those finally used the following sets of weights 

were recorded. 

Table 5. 
Repeated weighings on a glass tube showing 
the accuracy of the determination of mass 
due to errors in manipulati~n of the balance. 

Time in case 
hrs. 
10 
22 
27 
34 
39 
59 

The last four readings 
atmospheric condition. 

Weight. 
gm~ 

118~79216 
118~79226 
118~79288 
118.79285 
118~79285 
118.79286 

were corrected to a definite 

This particular tube was then placed 

in a cooling mixture of carbon dioxide and ether, placed 

cold in ~he balance case and weighed again at the end 

of twelve hours. The weight was 118.79293 gm. Which 

remained constant for another twenty-four hours. 
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The method of weighing tubes containing 

the sulphur dioxide could be must simpler that that 

used for carbon dioxide due to the fact that danger 
. 

from rupture was almost neglig~ble. In this case 

the tubes were suspended in a constant humidity box 

while cold, and allowed to remain there until they 

had reached constant weight. They were then transferred 

to the balance using chamois gloves and weighed directly 

on the balance pan. The method of opening, and 

subsequent procedure was the same as described above. 

Corrections to Weignts. 

The weights used for weighing the small 

tubes of liquid were carefully standardized against 

a set of laboratory standards, and the departmental 

standards at the Department of Weights and Measures 

.Corrections for these were found to 
• 

be entirely neglig.ble. The comparison of these• 

weights against those used in the standardization of 

the constant volume bulb supplied a furthur check. 

The only other correction necessary is 

that needed to correct the weights to vacuum standard. 

T.his was done by direct measurement in all cases. 

After each weighing of the small tubes the tubes were 

cut open,blown free of gas, and filled with pure dry 
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air. During the weighing of these air filled tubes 

the barometer and temperature of the balance case were 

read and the amount of air enclosed in the tube calculated 

with the use of tables for the density of pure dry air. 

The volume of each individual bulb was determined imme

diately after the second weighing by determining its 

weight When filled with water. Corrections for the 

density of the brass weights were calculated from the 

difference in weights in the two cases, the density of 

brass being 8.39. 

The intercomparison of weights in the laboratory 

avoided the correction for latitude and height above 

sea level. 
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IV. 

The Measurement of Temperature. 

Temperature is the final measurement 

necessary to discuss, and of the measurements made 

probably involves the greatest residual error. 

It has been shown that it was necessary 

to measure temperatures to within ~ 0.01 c. This was 

comparatively eas; at the ice point, and at 25°C but 

more uncertain at the other temperatures. 

The Bath, in all cases consisted of 

a well lagged metal container of some 50 litre cap

acity, well lagged with insulating material, and 

stirred with two sets of two stirrers working against 

each other. The bath liquid was changed to suit 

the particular temperature desired. 

The arrangement at zero was as follows. 

The bath liquid was a solution of salt in water cooled 

to the desired temperature, and hand regulated by 

dropping in finely crushed ice or snow at appropriate 

times. A ~eckmann thermometer used as an indicator 

showed that the temperature could be held constant to 
0 within 0.006 c. Immediately before and after use 

in any set of experiments the Beckmann was calibrated 

in a Beckmann freezing point apparatus.using good 

distilled water. Its ice point was found to remain 
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constant over long periods of time. The motion of 

the stirrers in the bath sometimes caused aa slight 

movement of the mercury meniscus, so immediately before 

making a final setting of the cathetometer the stirring 

was stopped. Alter the pressure had been recorded, 

the· j)eapenat1meswas read; a variation was usually not 

notic&ble. 
0 

At 25 C the arrangement was somewhat 

different. In this case the bath was thermostated to 

.003°0 the absolute point of which was read on mercury 

thermometer # PTR 3191. 

Thermometer PTR3191, a mercury thermometer 

graduated in 0.1•c. possessed a certificate of calibration 

from the Reichsanstalt. In the first calculations 

these certificate corrections were assumed to be correct, 

but intercomparison showed that some constant error 

was present so the thermometer was restandardized in 

the laboratory. The ice point was determined in 

the usual manner in a Beckmann freezing point apparatus. 

The 25°0. point was fixed by the absolute method of 

Richards and Yngve, and also by comparison against 

a platinum thermometer which had been standardized 

by the same method. Both the above standardizations 

0 
yielded the same correction which was -0.10 c. The 

cettificate showed no appreciable correctj.on. The 
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ice point was determined from time to time in order 

to detect anf wanderin4 due to shrinkage of the glass 

or other causes. A£ter nearly two years of consistent 

use the ice point had not changed appreciably. At 

fifty degrees the thermometer was compared with several 

others which at lower temperatures showed the corrections 

as noted on the certificates to be true. The 75 ° c. 
point, read on a different thermometer, was checked 

by intercompariaon in the a~e manner. 

The temperature at -30".c wa.s controlled 

and measured as follows. The bath liquid in this 

case was 95% ethyl alcohol, cooled by carbon dioxide 

snow, and hand regulated in the same manner as the 

bath at zero • Temperatures were read on a 

platinum thermometer of 25 ohms resistance a.t o•.c 

used with a Mueller bridge. The set-up was sensitive 
0 

to a change or .002 C. Standardization or the ther-

mometer was made as follows. Resistance a at o• and 

25°0 WEre determined. These were used for the calculation 

of d in the equation 

'R T ~ R, { I .,. .J. t - (112) --------tlo) 

where fZ• 5. 8 X 10-7 end .t~ .0039275. Calculation 

on this basis established the absolute temperature 

IJ 
as -30.73 C • 
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The bath liquid at -a•c was a solution 

of salt in water cooled by the addition of snow, and 

hand regulated in the same manner as that at o•c •• 

A Beckmann thermometer served as an indics .. tor. The 

temperature could be held constant to .ol•.c. The 

absolute temperature was established by comparing 

a point at higher temperature on the Beckmann used 

against another Beckmann, the scale of which had been 

calibrated, and the ice point determined. 

of the second Beckmann was also calibrated. 

The scale 

The bath for the higher temperature 

isothermals consisted of water in all cases. This 

was usually covered with a layer of wax to prevent 

evaporation as much as possible. In each case 

the bath contained several electric heaters with 

external controls. These were arranged so with 

the stirrers running the temperature rose very slowly 

Constant temperature was maintained by adding small 

portions of cold water from time to time. Again 

a Beckmann thermometer served as an indicator, and 

showed that the temperature could be maintained to 

0 
within 0.02 c. Absolute temperatures were read on 

At-11 
stand~mercury thermometer, compared as described above. 

The errors judged to be present in 

the absolute temperatures are shown in the section 

on errors. 



v. 
Description and Manipulation of the Apparatus 

Proper. 
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Subsequent to the various stsndardiztions 

the sections of the apparatus were blown to-gether 

as shown in figure ~. This permitted the determination 

of the pressure and temperature of a gas in the known 

volume (D)., and allowed the gas to be condensed out 

leaving a known dead space to (H), Which was closed 

prior to the condensation of the gas into the weigning 

tubes (E). 

The procedure for an experiment is 

relatively simple. The gas was purified and conden-

sed into storage bulbs fitted with a pressure tap (B). 

and held there until ready for use. After conden-

sation each new lot of gas was pumped off several times 

to remove traces of air. With the storage system 

closed (F), the apparatus proper was evacuated as 

completely as possible, usually to about 10 mm. of 

mercury. The last traces of foreign gases were 

removed by rinsing several times with the gas to be 

used. The dead arm of the manometer (K) having 

been pumped out, the apparatus was then ready for 

a determination. 

Gas was a.dmi t ted slowly to the constant 

volume bulb (F? H, I) until its pressure approximated 

that required, and the dead space closed (H). The 
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mercury in the manometr,was adjusted by the external 

control acting through (C) until it was in the proper 

position, that is one meniscus in arm (K), the other 

in (L). The control was such that the positionnof 

the mercury menisci could be varied by applying either 

suction or air pressure to (.C). The lights were 

adjusted, the cathetometer levelled, the manometer 

bath stirrer stsxted, and the bath (M) adjusted to 

the temperature required. This bath was held at 

constant temperature, and pressure readings commenced 

at the end of fifteen minutes. These were continued 

at intervals until a constant value had been reached 

within the limits of reading. At this point the 

known volume was closed (I) • Temperatures of the 

cathetometer scale, manometer and constant temperature 

baths were recorded during the reading of pressures. 

The de~d space was evacuated and closed 

to the known volume (H) and the balloon (D) opened to 

the weighing tubes (E). These twbes were surrounded 

with liquid air and condensation of the gas continued 

until the residual pressure became sufficiently low 
• 

to make the dead space correction negligtble. The 

bulbs were then sealed off while still open to the 

apparatus, and the residual pressure read~ adjusting 



the mercury so that one meniscus was in the arm (K) 

and the second in the auxilliary arm (N). 

were then stored and weighed as described. 

The tubes 

It is well to emphasize the particular 

feature of this apparatus, namely that the dead space 

being completely evacuated, corrections for it, with 
. 

small residual pressures are entirely negligtble. 

The residual pressure sometimes did 

not reach a satisfactory value after somewhat lengthy 

condensation. This usually occurred after the 

first determination with a new lot of gas. When such 

happened the run was discarded and the apparatus 

cleaned again. Apart from this, it was usually 

possible, especially with sulphur dioxide, to reduce 
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the residual pressure to zero as shown on the cathetometer 

manometer system. 

Determinations were made on two gases 

carbon dioxide, and sulphur dioxide. The methods of 

purification differed, and are given below. 

Purification of Carbon dioxide. 

The method used for the generation 

and purification of this gas was essentially the same 

as that used by Maass and Mennie. The same type of 

condensation apparatus was employed, but the method 
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FIGURE 4. 
The Apparatus Proper. 
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of manufacture differed. In this case the gas 

was generalted from pure potassium carbonate, Eimer 

and Amend TP quality, and pure phosphoric acid. 

Analysis showed that the gas contained mo traces of 

chlorine or sulphur dioxide. During distillation, 

and before entering the apparatus the gas passed through 

several wash waters, and two tubes containing phosphorus 

pentoxide. The last fraction of the solid was never 

used for any experiment. 

Purification of Sulphur dioxide. 

Sulphur dioxide from a tank of the 

CP material was condensed in the usual manner in 

a bulb i~ersed in a carbon dioxide ether bath, and 

distilled under vacuum in an air free apparatus, 

until the vapor pressure of two successive fractions 

were the same. This was indicated on a differential 

manometer placed between two small condensation bulbs 

so arranged that they could both be immersed in the 

same constant temperature bath. The bath was a large 

Dewar flask of approximately 2 litre capacity, and 

was filled with 95% ethyl alcohol Which was used 

as the bath liquid. The alcohol was cooled by addition 

of carbon dioxide snow, and maintained constant by 
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hand reguaation in the usual manner. The bath was 

well stirred, and usually held at -10°C at which 

temperature the absolute vapor pressure of sulphur 

dioxide is about one atmosphere. After three or 

four distillations the vapor ~rassure of two fractions 

did not differ by an amount that could be read on 

the differential manometer. All gas was tested in 

this manner before distillation into the etarage 

tubes. 
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Results. 

The results for both gases are shown 

numerically in tables 6 to 14, and graphically in 

figures 5 and 6. The la.st column of the tables 

record the mean values of the apparent molecular 

we.ights for the temperatures and pressures shown in 

columns 1, and 2. 

The graphs show the mean values of 

the apparent molecular weights plotted as a function 

of the pressure, temperature being constant. Two 

types of isotherms indicate the two applications of 

the results. Those isotherms, the slope of which 

was determined definitely, by three sets of determin

ations at each of three pressures are shown as full 

lines. These have been used to establish the theor

etical molecular weight of the gas in question, along 

with their use for determining the apparent molecular 

weight. Those isothermals shown as broken lines 

were used only to establish the value of the apparent 

molecular. Their position was fixed by drawing 

through the mean value of the molecular weight at 

the highest pressure, a straight line which crosses 

the y axis at the theoretical molecular weight as 

determined by the others. 
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The isothermals are seen to be straight 

lines within the limits of ex perimenta~ error. 

Calculations were based on the equation 

IAI RI. 
PV --------- (1). 

A typical calculation is given. This shows the 

results of one complete experiment together with 

all the corrections necessary to make the calculations. 
ccr) 

From recent measurements by Moles and 

his eo-workers it e"ppears that in the c~tse of carbon 

dioxide any correction for the adsorption of carbon 
• dioxide on the wall of the known volume is neglig,ble. 

This is confirmed by the nature of the results obtained. 

The lowest isothermal of sulphur dioxide shows a 

definite indication of a.dsorpti on. This tends to 

make the molecular weight assume too high a value 

at the lowest pressures. This curve was not used 

for the determination of theoretical molecular weights 

as described later, but was fixed in the same manner 

a.s the high temperature isothermals. 

Ab equation of state for gases at low 

pressures he.s been developed which permits a. calculation 

of the amount of curvature to be expected in any iso

thermal due to molecular attraction and other kinetic 

theory phenomena. Unfortunately sufficiently accurate 
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viscosity data is not available to enable this equation 

to be applied to sulphur dioxide at the present time. 

When this is obtained it will be possible to calculate 

the amount of adsorption on the wall of the known 

volume bulb with some accuracy. 

Example of Typical Calculation. 

Tempere.ture of manometer bath 21. 92°.C. 
Temperature of cathetometer scale 23.7•c. 

Original pressure 
Resid~al pressure 

43.573 
o.ooo 

43.574 cm./Hg. 
o.ooo 

Temperature of known volume Beckmann*l. + 0.100 
Ice point of Beckmann .,. 0.100 
Temperature of known volume + 0 .ooo C. 

Weight tube and gas 
Weight tube and air 
Weight of gas uncorrected 

37.9854 gm. 
29.0005 gm. 
a. 9849 gm. 

Weight tube and distilled water 
Volume of tube 

48.265 gm. 
19.243 ml. 

Temperature correction to pressure - .154 cm. 
Gravity correction to pressure + .oo 2 cm. 

True pressure 43.422 c~Hg • 

Weight of air in tube 
Weight air displaced by weights 

True weight in vacuo 

• Q 230 gm. 
.0013 gm. 

9.00 66 gm. 

Apparent molecular weight M' 64.912 
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TABLE .§.. 

Pressure Temperature Volume W~ight M' 

75.427 297.61 5444.6 9.7851 44.216 
72.772 297.63 9.4385 44~209 
72.366 297.66 9.3827 44.198 
71.168 297.6-3 9~2274 44.194 
69.366 297.00 8~9956 44.199 
68.403 297.61 8.8689 44.191 

50.683 297.60 5444.3 -6.5631 44.138 
48.038 29?.49 " 6.2233 44.141 
48.993 297~49 6.347·4 44~144 
47.469 297.51 6.1486 44.13·6 
48.477 297.52 6. 2801 44.146 

24.908 297.61 5444.1 3.2211 44.081 
24.610 297~62 3.1824 44.081 
24.811 297.64 3~ 2070 44.064 
25.367 297~59 3.2802 44~0 74 
25.294 297 ~ 61 3. 270-6 44.076 
25.083 297~ 61 3~2436 44.080 
25~016 297.44 5444.0 3~2354 44~0·6~ 
25.202 297.44 3.2597 44~0 66 
22.698 297~45 2.9365 44.077 
22.325 297.45 2.8882 44.077 

TABLE 7. 

Pressure Temperature Volume Weight ]['. 

70.726 242.45 5441.4 11.3005 44.393 
70.986 " " 11.3430 44.39-6 
44.428 " 5441.2 7~0748 44. 24·6· 
45.791 " " 7~2937 44~256 
25.299 .. 5440.9 4.0087 44.151 
26.624 " " 4.2317 44.166 
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T.A:BLE a. 
Pressure Temperature Volume Weight ](t. 

n.7sa 223.11 5443.3 10.1569 44.277 
?0 .341 273~18 .. 9. 9530 44~279 
69.693 273.18 " 9. 8618 44.281 
'71. 60 9 273.04 " 10 .13?0 44.278 
70.166 273.18 " 9.9267 44.272 

50 .o 65 271.04 .. .. o ?~0721 44.188 
47.962 273.18 .. 6~7727 44.192 
49.828 2?3.11 " 7.0379 44.193 
50.482 273.01 " 7.1328 44.191 
50.051 273.11 " 7 .a 693 44.192 

26.129 273.04 5442.8 3.6851 44.117 
24.029 273.11 " 3.3853 44.082 
24.333 273.11 " 3. 4306 44.113 

TABLE 9. 

Pressure Temperature Volume Weight ~~. 

!8.689 322.29 5445.8 a. 2187 44.156 
67~814 322~30 " 8.1133 44.152 
68.885 322.53 " 8~2377 44.163 
69.686 322.54 .. 8.3333 44.163 

TABLE 10. 

Pressure Tempere.ture Volume Weigb.t Jlf. 

69.203 350.-57 5447.3 7~6083 44.11·7 

69.256 350.64 " 7~ 6119 44.115 

69.011 350.58 " 7.5881 44.127 
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Tables 6-10 record the values of K' 

for carbon dioxide. The mean values calculated as 

described later are shown in table 11 below. 

Table 11. 

Mean Pressure Mean 11I' Temperature. 

71.5836 44.2011 297 
48.7320 44.1410 297 
24.5314 44.0738 297 

70.7154 44.2774 273 
49.6776 44.1912 273 
24.8303 44.1040 273 

70.8560 44.3945 242 
45.1095 44~2510 242 
25.9265 44.1585 242 . 
68.7685 44.1585 322 

69.1566 44.1196 350 

Results for Sulphur Dioxide. 

Table 12. 

Pressure Temperature Volume Weight )[f. 

6~,6~ 298.33 5444.6 13.2524 6'5.039 
0 ~0'92 298~35 5444~6 12~95-?-2 6'5~019 
45~768 298~36 5444~4 8~ 6660 -64~ ?02 
46.145 ~98~ 40 5444~4 8~7357 64~ 699 
23.961 298.41 5444.1 4. 51-5·7 64.383 
23.137 298.41 5444.1 4.360 6 64.389 
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Table 13. 

Pressure Temperature Volume Weight }lt. 

70.978 273.18 ·5443.3 14.8484 6'5. 467 
72~015 273.18 5443.3 15.0735 65~ 501 
43.4-22 273.18 5443.1 9~00 6·6 -6-4~ 912 
43~698 373.18 5443.1 9~0 65-5 -64~'9'24 
23.787 273~18 5442~9 4. 9067 64~555 
23.975 273.18 5442.9 -· 4~ 94·80 '64.-585 
24.55-5 273.18 '5442~9 5~0 65'2 -64~557 
23.776 2?3.18 '5442~ 9 4~ 90 65 64~583 
24.279 273.18 5442.9 5.00 91 64.569 

Table 14. 

Pressure Tempera.ture Volume Weight l{f 

67.·5!# 265.46 5442.8 14.5541 6-5.566 
67."891 265.36 5442.8 14.6435 65.5?1 
41.499 265.36 5442~-8 8.8531 -64:952 
41.932 26-5.36 5442.6 8.9598 64.963 
23.159 265.36 5442.4 4.91?9 64.·58-B 
22.9?2 265.36 5442.4 4.8790 64.575 

Table 15. 

Press~ Tempera.ture Volume Weight M! • 

68.916 323.18 5445.9 12.0 659 64.786 
68.998 323~19 5445.9 12.0 791 64.780 
6-8.0 74 345~6'5 5447~1 11.1186 64.626 
68.746 345.65 544?.1 11.2302 64.635 
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Table 16. 

Mean values of molecular weights- sulphur dioxide. 
calculated from results in tables 12-15. 

Temperature Pressure M' • 

265.36 6? .-707 65.570 
265.3-6 41.690 64.957 
265.36 23.0 65 64.581 

273.18 71.496 65.488 
273.18 43.560 64.918 
273.18 24.0 74 64.570 

298.36 68.856 65.029 
298.36 4-5.956 64.700 
298.36 23.549 64.386 
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Discussion of Results. 

The discussion of the results is divided 

into three sections. The first is a discussion of 

errors which gives some indication of the value of the 

numerical results. The second is the discuaaion from 

the point of view of the determination of atomic weights, 

and the third from the point of view of the ideal gas 

law equation and deviations from it. A new equation 

of state for a gas at relatively low densities is 

put forw~d in the latter section. 

Discussion of Errors. 

Errors are calculated by two methods, 

namely the maximum error, and the average deviation 

of the mean. Each makes a definite contribution 

to a furthur discussion of results. This method 

of expressing errors is recommended by Birge for the 

type of experimental work involved. 

The first, or ~mum error, gives an 

indication of the maximum deviation to be expected 

between any single determine.tion of the apparent 

molecular weight and the mean value at the same temp-

erature and pressure. The second indicates the reliance 
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that may be placed on the absolute nu1nerical value of 

the mean. This value depends on the assumption that 

the residual errors are negligible, and constant errors 

absent. The first is approximately true for all 

isothermals except those in which the temperature was 
0 uncertain to greater than 0.01 C, for which allowances 

have been made, and every precaution was taken to 

eliminate the second. The fact that the numerical 

results for the atomic weights of the elements sulphur 

and carbon, are about equally spaced about the usuaJ.ly 

accepted value gives an added assurance that all constant 

errors were wliminated. 

No attempt is made to discuss the prob-

able or mean error the number of determinations required 

being beyond the possibility of completion at present. 

In the case of sulphur dioxide the number of determin

ations at each point were ins~fficient to justify 

a discussion of the deviation measure of the mean. 

The Maximum Error. 

The maximum error arises directly 

from a consideration of the various measuring 

instruments, and experiments especially designed 

to determine the contribution to it of each factor 

involved. 
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ReferenceLto each section on the dis

cussion Jf appara.tus will show that of the four meas

urements necessary the following deviations may be 

assigned to each one.-

Temperature of gas 
Temperature of gas 
Temperature of gas 
Temperature of gas 
Temperature of gas 
Temperature of gas 
Pressure or- gas 
Volume of gas 
Weight of gas 

-30° c 1. 00 25 
-7. a 2 ".c :t o ~ o 1 
o• c t o~oo5 

25•c t o.o1 
5o•e ! o .os 
75•e :! o .o 2· 

0~006 cm. 
0.10 ml. 
0.0003 gm. 

The value assigned to the error in weight is probably 

a maximum one and in many cases must have been less. 

The final method adopted for opening the tubes does 

not allow an accurate iuess of the amount of the 

deviation contributed by this factor, but the above 

is probably a generous one. 

Since the four measurements enter the 

equation directly, maximum errors in the apparent 

molecular weight may be calculated with ease. These 

are round to ve:ry at 25°0 and 0°.C from 0.015% at 

high pressures to 0.035 % at the lowest pressure. 

Examination of the tables shows that these are the 

the maximum deviations between any single value and 

the mean if the v~lues be compared at the same temper-

ature and pressure 
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The Average Deviation of the Mean. 

The average deviation of the mean for 

any values at the same temperature and pressure may 

be calculated as follows. 

Inspection of the general form of curve 

obtained shows them to be straight lines to within 

the limits of experimental error. They may be rep

resented by the general equation 

M: a P + Mo 

This permits an avera.ging of results along any isoth,rm 

according to the following method. The mean of the 

pressures and the corresponding molecular weight at 

each gives a value for the molecular weight measured 

at the mean value of the pressures. This value is 

plotted and the equation for the straight line drawn 

to any tentative value of the molecular weight at 

zero pressure obta.ined. The value of the molecular 

weight at any point near the mean is then corrected 

to its value at the mean value of the pressure. 

Table 17 below gives an example of how the apparent 

molecular weight is obtained for a mean pressure. 

The data is taken from table 6. 
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Table 17. 

Calculation of the Deviation of the Kean. 

Correction Value of- Deviations Pressures Mol. Weignts 
read. calc. to mean ll' at mean from mean M'. 

75.427 
72. 7?-2 
72.3e6 
71~ 168 
69.366 
68.403 

44.216 
44~ 209 
44.198 
44.194 
44.199 
44.191 

-.010 7 
-.0033 
-.0022 
+ .0012 
+~0059 
+.0089 

44.2D53 
44.20 56 
44~1958 
44~1952 
44~ 2049 
44.1998 

.+.004·2 

.... 0045 
-- oo·s3 . . 

-.0059 
+.0038 
-.0013 

:Mean pressure 71.5863 Mean molecular weight 44.2011 
Deviation of mean 0.0036 % 

The last column in the above table gives 

the deviations from the mean value which makes it 

possible to calculate the deviation of the mean in the 

usual manner. The devia.ti on of the mean in this case 

is .0036 %. All the data. on carbon dioxide has been 

trea.ted in the same manner end are tabulated below. 

Tabl.e 18. 

Mean Pressure Mean M'. Temperature Deviation 
Mean %. 

71.5836 44.2011 297 .0038 
48~ 7320 44.1410 297 :oo3s 
24. 51t 4 44.0738 297 .0050 

70.7154 44.2774 293 .004·3 

49.6776 44.1912 293 .0036 

24.8303 44.1040 293 .017 

70.8560 44.3945 242 .0014 

45.109·5 44.2510 242 .004-1 

·25. 9265 44.1585 242 .oo 6-2 

68.?685 44.1585 322 .0036 

69.1566 44.1196 350 .0063 

of 
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II. 

The Determination of Molecule~ and Atomic Weights. 

The first interest in the application 

of the results lies in the possibility of obtaining 

theoretical molecular weights from them without the 

use of any equation such as that used by Guye and 

Frederich which is mentioned in the introduction. 

From the genera.l graphs of the results 

it is seen that all isothermals which are drawn as 

full lines have been set by a number of values at 

each of three pressures. These are straight lines 

to within the limits of experimental error, and can 

be e~trapola.ted to zero pressure with some exactitude. 

The results along any isothermal may 

be represented by an equation of the form 

M~ aP-t Mo 
where a is the slope of the line, and M0 the theoretical 

molecular weight at zero pressure. The determination 

of M 0 depends on the de terminations of J! which are 

made as follows. 

In the case of carbon dioxide it is 

possible to calculate weights for each point on an 

isothermal. This is done in the usual manner from 

the a.verage devia.tion of the mean. The mean vs~lues 
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are plotted and a strRight line drawn through them 

such that the residual of any mean is distant from 

the line an amount proportional to its weight. In 

genera.! the point e.t or near atmospheric pressure 

showed the greatest calculated accuracy, but in some 

cases the larger number of determinations at the lower 

pressures gave to the means almost equal weights. 

Exe.mples of the first are seen in the -30°C isothermal 

for carbon dioxide, and for the second in the 25°C 

isotherm of the same gas. 

In the ease of sulphur dioxide the 

method employed differed somewhat. The number of 

determinations at each point did not warrant aalculations 

of the vsxious average deviations, and in consequence 

it was not thought advisable to a.ssign to each point 

a calculated set of weights. The points were weighed 

roughly as the maximum error would require. This 

agreed fairly well with the experimental results 

obtained. Moreover distinct evidence of adsorption 

on the wall of the known volume bulb is seen in the 

-7.82°.0 isothermal. This would tend to make all the 

low pressure molecular weights too high. This isothermal 

was not considered in the extrapolation for the mol

ecular weight of sulphur dioxide. 
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The method of plotting used is that 

recommended by Goodwin. 

Gas 
c 
C02 

The values of a and 1l o are shown below. 

Table 19. 

TemE a :M. 

25°0 2~ 70 6" 10-J 44.0083 
0°0 3. 907 ~ 1o·J 44.0001 

30°0 5. 446 ,. 10 ·.f 44.00 79 . 
o•c 2.009 X 10-~ -6-4.0'64 

25.2•c 1. 418 ,. 10 -~ 65.0 54 

The mean values for each are 

so 2 = 65.059 
C02::: 44.00 55 

The mean value for carbon dioxide must 

be changed slightly for this reason. In the calculation 

of the average deviation of the mean no allowance was 

made for the residual error contributed by the un -

certainty in the measurement of the absolute temper-

ature. The three values from which the mean have 

been calculated should not be assigned the same weight • .. 
Assigning equal values to the weight of the 25°C and 

o•c isothermals and a weight of 1/3 to the -30°,0 

isothermal the calculated value of the atomic weight 

of carbon is 12.004. 

With an estimated accuracy of something 

better than o.ol% in the molecular weight from all 

data this gives an estimated accuracy of o.o3 % in 



the atomic weights. 

The values given above a~ee within 

experimental error with those usually accepted ones 

given by Baxter, Birge, yearly reports of the 

Am.erica.l Chemical Society, a.nd others. 
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It is not intended that the values given 

for the atomic weights should be considered more accurate 

than those usually accepted ones, but of equal importance. 

The main interest lies in the determinations of the 

slopes of the isothermals and the proof that these 

are straight lines, as this is of especial importance 

from the point of view of the kinetic theory. Another 

consideration is that by this method the atomic weights 

of some elements may be determined from gaseous densities 

without the use of any equation involving assumptions 

or empirical constants. The experimental results give 

at the same time the numerical value and the justification 

for making the exjrapolation. 

In a planned extension of the experimental 

work the slopes of these curves will be used with more 

determinations to give a value for the atomic weights 

which will be ten times as a.ccurate. This will be 

done by replacing the present volume with one of fifty 

litre capacity, and the pr,sent manometer liquid with 

another of lees density. By this arrangement it will 
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be possible to getermine a point at or near one cm. of 

mercury. The extrapolation may then be made over the 

shorter range with a much greater accuracy using the 

slopes already obtained. 

It is pointed out that the ultimate 

accuracy in measurements on gas densities near 

atmospheric pressure has been reached in these exp-

eriments. No furthur increase in accuracy is 

possible until the design of a new manometer allows 

readings of pressure closer than .001 cm. At the 

same time this would require a new international 

nressure standard. 
~ 
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III. 

The measured aberrations from the ide~ 

gas laws obtained in these observations may be used 

to test the rigidity of equations of state at low 

pressures to a degree that has h-itherto been impossible. 

A new equation of state for gases at low pressures is 

used and tested in comparison with several others. 

Investigation of low pressure deviations 

offers more possibility for theoretical discussion 

than the examination of those at high pressures. 

Similarly the physical interpretation of equations of 

state designed to hold at low pressures over a long 

temperature range can usually be more sound than 

the inferences drawn from equations designed to hold 

at high pressures. These statements mB¥ be verified 

rougbly by some such considerations as are outlined 

below. 

A gas, the pressure of Which is infinitely 

close to zero, obeys the ideal gas law. As the pressure 

increases the ideal gas law fails, and aberrations 

become more pronounced. A representation of these 

deviations by some coreection terms applied to the 

ideal gas law presupposes partially analagous conditions 

in the actual gas under trea,tment to those in the ideal 
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gas. In order to assume anal.agous conditions the 

actual gas must be at low pressures where the terms 

molecular volume, mean free path, and molecular attraction 

retain some significance which they lose or which 

var~ at high pressures. In other words the 

conditions in the interior of a gas at high pressure 

are relatively unknown, and but few simplifying 

assumptions such as those used in the development of 

the ideal gas law are possible. It is therefore 

more suitable to base equations of state and theoretical 

reasoning on data for gases at low pressures. 

The larger number of equations have 

been developed to account for aberrations at high 

pressures and temperatures, and usually fail at the 

lower ranges. This is probably due to the fact that 

accurate data for the deviations at low pressures 

have been unavailable hitherto.until the completion 

of this present work. The data included in the 

results allow• critical examination of equations of 

state for low pressures, and a-e capable of indicating 

deviations of the order of o.Ol%. 

The development of a low pressure gas 

equation of ste.te may follow two methods, that of 

Van der Waals, and that of Jones and others. The 

difference lies in the consideration of the physical 
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structure of the molecule. The Van der Waals' 

molecule consists of a sphere of nearly definite radius 

possewsing mass, and an attractive field of force. 

The idea has undergone some change but the substitution 

of the term •collision radius" for radius, and the 

recognition that a change in this is apparently only 

a second or third order correction at low pressures 

and temperatures, allows the same general method of 

treatment. The second picture requires nothing or 

a molecule but an attractive and repulsive field. 

If one considers as the collision radius the distance 

from the mathematical centre of a molecule at Which the 

repuliive field becomes numerically equal to the attrac

tive field the two pictures may be brought into a 

displaced juxtrapositio.n. In this case the variance 

in the aberrations may be considered to be caused by 

a change in the collision radius where no separation 

of the correction constant into a Van der Waa~s' radius 

and attractive field is possible. 

The supposition is, that at aow pressures 

the attractive field is nearly constant so far as the 

pressure is concerned, and the collision radius of a 

van der Waals' molecule introduces only a second order 

correction since the mean free path is relatively large. 

It is advisable therefore to use this moiel in the 
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development of an equation of state for gases at low 

pressures. The fact that the second method of treatment 

fails at low temperatures increases the confidence that 

the development on a Van der Waals' molecule is more 

suitable. 

Development of an Equation of State. 

Maass and Mennie have shown that the 

pressure of an ideal gas on a manometer may be representated 

by the equation 

-----(9). 

where Y is the molecular radius, L the mean free path, 
I 

and ea. the Van der Waals' constant of attraction. 

It is known that ~ does not remain 

constant, and assuming a' and r to remain so at low 

pressures the variation in the last term is caused 

only by a change in .£ • This may be shown 

more clearly by writing the equation in the form 

r 2,.. - av'\ (Pv-RT)~lR7-;e ) -----(10). 

The change in £may be observed by 

viscosity measurements, in which case if Sutherland's 

viscosity equation holds the above may be chenged to 



the form shown by Maaes and Mennie 

P~ '-RTV -1 a'- RT j {t+ ~) = o 

llhere 

or 

::: 

,.,. .£ 
273 

Pv ~ -Rry -ta' -~trh' = o 
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-------(11). 

-----(12). 

Equation (11) fails a,t low temperatures. 

If the assumptions are correct this inexactness is 

due to the known fact that Sutherland's formula does 

not represent accurately the change in viscosity at 

low temperatures. It rems~ins theref•re to seek a new 

function of £w.nich is rigid over a long temperature 

rsnge. 

The mean free path, R, may be related 

to the viscosity,rz, by some formula such that 

1: K, m n J( ~ -----(13). 

or more accurately since viscosity changes more rapidly 

with temperature than J7. 

end since 

1 :: K, l'>'t 11 ~ .R f (T) 

-x cL JT 

1· Ks TJ'In IT~ ffr) 
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but 
Lo = 

.,_ 

where ~-some constant 

Ill ~'/o 
and L = ~" when ,.. assuming as before that the total 

change in 1_ is caused by a change in .L , 

therefore 

1o = yJ K, m n JT P (r) -----{14). 
J-1. v2- Ti r '2. n 

whence 

-----(15). 

where 1(
1 
= 'P K .,..I'Jit 

,., .r:a. 11 ,... "' 

or _1:. }(_~ ltr) 
fi The most accurate data of B. P. Sutherland 

was used to plot 

a straight line; 

therefore 

and we may write 

!l = ( ,.,. 1r r) 
;:; 

substitution in (9) gives 

and fb1was found to be 

-----{16). 

-----{17). 



but 

since , == N 
V 

1.£'. 

= 

R T b ( /.,.. lr ~) 

V ( l't'"KT) 

RTh ( 1-t-kTo) 
p V 

1 
1 Q. - I?TY - = 0 

JrKr 

and this may be written 

V {I r I( Tj ( P V- R T) = h liT- Q. ~ 4 l'f T 

where b - = b l '.,.le. "lo) # C"OnJ7. 

or V • { 1 .,. lr r) ( P v - R .,. ) = J~ r- Q. 

where )t .. b 11 + a le • cons~ 
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---(18}. 

---(19) 

---(20). 

---(21) 
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This is the equation that has been applied 

to the experimental data. 

very simply. 

The equation may be tested for rigidity 

Inspection shows that if the function of 

the right hend side is plotted against the temperature 

a straight line should result. This is true. The 

equation therefor~ holds over the range of temperature 

end pressure measured to within the limits of experimental 

accuracy. The eve~uation of the only unknown constant, 

the Van der Waals' constant of attraction may be made 

very readily from this line. The vaJ.ue of K may be 

determined from viscosity data by the use of equation 

(16). 

The function was calculated as follows. 

The volume V may be calcul~.ted from the e4ppe.rent mol

ecular weights by the use of the equation 

V ... M --, M 
RT -p 

where v represents the volume that would be contained 

by a theoretical molecular weight of the actual gas 

used at the corresponding conditions of T and P. 

The results are shown in teJble 20. The ve.lue of 

RT may be calcula.ted for each temperature in the usual 

manner, end the value of (1+- KT) calcplated from the 
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viscosity line obtained from equation (16). the constants 

of which are, 

1 + 4.0938 1. 10-l T 

The results lie on a straight line the equation of which 

is 

XT-a. = -~ 
1.616 X 10 - 11.34 

The numerical value of the results are shown in table 21. 

The equation therefore holds at all points. This is 

demonstre.ted furthur by a direct calculation of V shown 

in comparison with those calculated from some other 

equations in table 22. 

The equation for carbon dioxide is therefore 

v { ,.,. 1.1. o 9' J x ,,-3 r) ( Pv-Rr) :/. "'' r,D- ~T -11. a~ 

or written in a slightly different form 

0. 3 S' 9' ( ,.,. q. 6 91 l .r ,.- J To) 
pvl. --111. 3 ~-~TV -RT 

I r 1.1. 0913 JCIII- -.,T 

Table 20. 
Calculation of the observed volumes. The values 
of M' WEee read from a s~h curve of M' vs. T. 

Temperature 
243.18 
273.18 
293.18 
323.18 
343.13 

M' 
44.422 
44.295 
44.232 
44.167 
44.138 

V obs. 
19.764 
22.266 
23.930 
26.418 
28.071 



Table 21. 
Measured deviation from the ideal gas law and 
value of the function v{ I+HT) lPv-11 T) 

Temperature 
2'13.18 
273.18 
293.18 
323.18 
343.18 

Pressure 
1.0000 
1.0000 
1.0000 
1.0000 
1.0000 

PV/RT 
-0.188 
-0.148 
-0.125 
-o .099 
-o .oa6 

V{11-lf.,. J {PV-R T) 

-7.42 
-7.24 
-6.62 
-6.10 
-5.81 
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If the equation is written in the form 

of an isothermal by substitution of 

V ;I M RT ,. p 

we have by expansion by the binomial theorem 

~ : I+ ( 
4

- ~:r:: ) p r 2(4 
- :;_r;• ) p ~ 

M R T RaT2. 

where b 0 
:::t b (I+ lt'T.) 

... - . 

The second term represents the slopes of the isothermals 

Which at low pressures are known to be straight lines 

From the known constants in this term it should be possible 

to calculate the slope of any isothermal. This has been 

done in the case of the one at 0 °C and shows a calcula.ted 

slope of 6. 53 t. 10-3 against a measured value of 6. 54 JC 10 .. 1 
• 

A variation of 0.01% in the highest molecular weight of 

any isothermal causes a change in the slope of 18% so 

the calculated value is well within the error of measure-

ment. 
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A c&kculation of the second term or the expansion, which 

allows for a curvature in the isothermal at higher pressures 

shows that it does not become effective until five 

atmospheres wher~ it affects the results by o.Ol%. 

The expressions obtained by the expansion 

of the equations of Maass and Meanie, and Van der Waals' 

are given for comparison. 

In the case of Van der Waals' equation 

a first order approximation that PV= RT was required 

in order to p~_,form the expansion • 
.... .. ~~:. 

Kaass and Mennie. 

M' (a,-RTb') p ra-qTb')l. '2. ---
-;;; ~ I + n .. r.. r '2 Fl .. ,~ P .,. 

Van der Waals. 

M'- .,. ,._. -- - - - ---,~ 

A second method of treatment of the expanded 

form will be discussed later. 

A comparison of several equations is made 

in tables 22 to 24. 

Table 22 shows the calculated volumes 

against those observed. The values for the equation 

of Ma.a.ss and :Mennie, shown as V2 , were calculsJted by 

their original method using the data obtained herein. 

The discrepancy at -30°C is well outside the limit of 

experimental error. 



Table 22. 
Comparison of results Vobs. vs. V cal. e.t various 

temperatures. Pressure= one atmosphere. 
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V1 new equation; V2 Maass and Mennie; v3 gas law. 

Tempera.ture V obs. Vl v2 V3 
243.18 19.764 19.764 19.772 19.952 
273.18 22.266 22.266 22.265 22.414 
293.18 23.930 23.930 23.930 24.055 
323.18 26.418 26.418 26.418 26.517 
343.18 28.071 28.0 71 28.069 28.157 

Table 23 shows a comparison of the observed 

data with those calculated from the equation of Bridgeman. 

for carbon dioxide gas. The comparisons are made in 

the form of an isobar in Which form Bridgeman gives his 

constants. The discrepancies at the lower temperatures 

are outside the limits of error. 

Table 23. 
Comparison of results from Bridgemans 

equation for an isostere at V= 23.930 1. 

Temperature 
243.18 
273.18 
293.18 
323.18 
343.18 

P obs. 
0.82730 
0. 93098 
1.00000 
1.1035 
1.1724 

Peal c. 
0.82664 
0.93046 
0.99970 
1.1032 
1.1723 

Table 24 requires some considerable 

discussion. Considerable interest is attached to the 

values of the constants of Van der Waals equation. 

A1gebracia11y they are unique, that is only one value 

of each ~ and @ should satisfy the experimental results 
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The use of a slightly different .c. with a (J calculated 

to correspond alters the calculated volume very slightly. 

This is due to the nature of the equation. Hitherto 

it has been impossible to detect differences in the 

calculated values even with considerable differences 

in the constants used because of the fact that the 

experimental data were not sufficiently accurate. 

The data given above allows a calculation of the limits 

of variation in the constants. This is shown in Table 

24. A variation of 7% in the value of ~ causes 

a noticible discrepancy at the extreme tempe~atures 

when the volumes are calculated by use of a corresponding 

• 

In a simultaneous solution of Van der 

Yaals equation using the data given above the following 

values for the constants were determined; 

(J :: .166. The pressures calculated with the use of 

these constants follow the experimental values. They 

are shown in column 4. Column 6 shows the pressures 

calculated from the best representative values of the 

constants based on the work of Andrews and Amagat, and 

quoted by Jellinek. The discrepancies vary between 

o.~ at low temperatures to 0.03% at the highest. 

van der Waals equation does not hold over the Whole range. 
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The effect of a variation in constants is shown in 

columns 3 and 5, In column 3 the results were calculated 

by substituting the best representative v~ue of o<. in 

one set of the results and calculating the corresponding 

value of (J • Discrepa.neies of the order of 0.1)0 are 

noticible at temperatures fatkherest removed fDDm the 

substitution one. In column 5 a value of 7.56 for~ 

was assumed and a corresponding value of (l calculated. 

This shows that a change of 7% in oJ... makes a. noticible 

difference between the calculated and observed values. 

Thus a change in the constants of a Van der Waals equation 

makes the equation entirely inapplicable to calculations 

of the highest accurs.cy, This if the first demonstration 

of this fact, 

Table 24. 
Comparison of the observed pressures with those 

calculated from Van der Waals' equation using different 
values for the constants ~ and (3 • 

Temp. 

lf#.J.! 
273.18 
293.18 
323,18 
343.18 

Pressure 
obs, 

1.0000 
1,0000 
1.0000 
1,0000 
1,0000 

3 
cl: 4,208 
"~ .050 

1,0013 
1,0005 

(1.0000) 
,9996 
• 9995. 

4 5 6, 
7,06 7,56 4,208 

,166 ,188 ,0712. 

1,0000 1,0003 1,0024 
1,0000 ,9999 1,0014 
1,0000 (1.0000) 1.0009 
1.0000 1,0001 1,0004 
1,0000 1,0003 1.0004 
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Critic~l comparison of the three equations 

i.e. those of Maass and Mennie, Van der Waals, and Maass 

and Cooper, is aided by writing them in the following 

forms&-

Maass and Mennie 

P V'~ -14
1 

- R TV - R b1 
T:: 0 

Van der Waals 

pv 2 ~>« -RTV-PV,- '!..f!.::=o 
V 

Kaaas and Cooper. 

pv~ .,_a.- RT~- RJJ•r 
/-1- Kl 

The equations are similar when 

R Th 1 = PY(J- .tll = y 
t-rKr 

or making the first order approximation that 

R;b' • RrP- -!.f! = RTJJ• 

PV ::: RT 

V t'l'lt'T 

The term ~ affects the results to 1/6000 and neglecting 
V 

this 
RTb '• R Tt$ = Rr 1;, 0 

/rkr 

1 '-'r::(J t: .61/1 • e. ,.~ 
,,. 1fT 

bo c h~ we have b 1 ::- (.1.:- b"'~ 
1-l"k'T 

and the equation becomes identical with that of Maass 

end Mennie. At all other temperatures the first two 

suppose a constant correction term Whilst the latter 

demands a variable one. 
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It has been shown that Van der Waals 

equation may be made to fit the experimental data by 

a proper choice of constants. The same must be true 

of that of Maass and Mennie since they are the same to 

within the first order. A difference between these 

two and the new equation is apparent on consideration 

of the range over which the equation holds. This is 

shown in table 25 in which the values obtained by Van 

der Waals equation by use of the constants determined 

at low pressures are compared against the experimental 

values and those calculated by the new equation. 

Table 25. 
Comparison of Vobs vs V cal. at high pressures. 

Jressure 
obs. 
12.01 
13.22 
14.68 
20.01 
34.49 

Pressure 
V.der V. 
12.12 
1!.35 
14.86 
20.74 
30.86 

Pressure 
New. 

12.012 
13.197 
14.663 
19.945 
33.297 

Furthurmore whilst the constants of 

Van der Waals equation must be determined by some 

simultaneous solution involving a quadratic in V, 

those of the new equation may be determined very simply 

as explained above, and yield unique values. for if 

K be changed lOO% i.e. be placed equal to zero 

the calculated values of V do not agree with those 

determined experimentally. This is shown in table 26. 
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Effect of 
Table 26. 

change in K. 

Temperature Pobs. P. Pc ale. 
k= 0 k: 4. 50 

243.18 1.0000 .99884 1.00004 
343.18 1.0000 1.0015 .9999 

The forms of the equations of the isothermals 

allow another differentiation. The new equation allows 

calculations for the slopes as shown above, Van der Waals 

equation ha.s no such application due to the substitution 

of PV ISy RT. 

Comparison with the equation of Bridgeman 

is more difficult to make on account of the relative 

large number of semi empirical constants. Examination 

of table 23 shows that Bridgeman's equation probably 

crosses the new at approximately o•c. Whilst somewhat 

similar in form it fails at low temperatures and pressures 

but as Bridgeman has pointed out is quite sa.tisfactory 

at high pressuresJand temperatures above o·c. 

A more apparent difference may be detected 

by writing the equations in the form of isosteres thus 

for Maass and Mennie, and Van der Waals we have 

P·Br-a' 

and for the recently proposed equation 

p # 8, T ~ ,~.,. - A 
The first two equations demand that the 
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the isosteres to be straight lines, whilst the new equation 

allows for a curvature. In this respect the new equation 

probably represents the facts to a greater degree of 

'"' exactness since isosteres ar known to possess a curvature 

at higher pressures. No departure from a straight line 

can be detected in the results given herein, so no real 

value of .C, can be calculated. An upper limit was calculated 

and found to be of the order of 1~ 10-~. 

The equation lends itself to two furthur 

applications, namely the calculation of the molecular 

radius ,r, and the calculation of the viscosity constant 

K, as defined by equation (16). A knowleige of ,r, 

permits the calculation of the viscosity of the gas under 

examination at o•c, and this combined with equation 

~1€4 permits the calculation at any other temperature 

at which the equa.tion holds. In so far as the second 

application is concerned this is the first time that 

PVT results have enabled the calculation of viscosity 

at different temperatures. 

The calculation of the molecular radius 

may be carried out ae follows. 

From equation (20) we have 

p V , -f 4 _ R T t1 _ R r b (If' k r.j ~ o 
qJ( II'N'T') 

where b • i" v2 ii r 3 rl 

therefore IJ c 't/', V. 
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where ~o is the total volume of the molecules, and 

~ is a correction factor due to the fact that the 

molecules are ela.stic spheres, and allowing for a 
(Ill} 

persistence of velocity. Using Jeans calculation of~ 

we have 

PV" 1"' G. -/I TV' - • t/~ Vo (Irk" To) 
/.Jtt. ( t.;N7) 

from which ,r, is 2.28 .<l0-8 cm. The viscosity at 

zero degrees is therefore .00013~which differs from 
f 

the experimental val.ue of .00013,4 by 0 .. /f;'/. 

The second application, namely the calculation 

of ,K, from PVT data may be carried out as follows. 

therefore 

From the expanded form of the isothermal we have 

l'f I -
--- I+ 
lllf. 

lUll 
.!:.!.- = I t .!i f> 
/~11 '"'" 

and equating eque~ coefficients 

A • a- ST 

where 

The solution for Ki may be made as follows. 

Defining some quaJilti ty IJ such that S .: -f 
then 

and A may be eliminated between two such equations 



whence 

similarly 

= J.. -l ~ 
( i!J, .,. I() ( 8 J .,. k j 

and by division 
(8,·6:a)(eJ<~-k) _ )..-.la 
( e,- e 1) ( 82 .,-kJ A.-A, 
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and since A may be evaluated for each experimental isothermal 

K, may be calculated directly. 

The nature of the equation is such that 

K, may be calculated to one significant figure only. 

It is found to be 5 X 10-3 • Using this ve~ue for a 

calculation of b we have b = .412 from which the viscosity 
$' 

at zero = .000131 against a mee_.sured val.ue of .000134. 
A 

Using the vs~ue of K, obtained above the viscosity at 

-60°0 is found to be .000116 against a measured value 

or .0001160. Thus without the use of anf values other 

than the purely experiments~ ones used to determine the 

slopes or the isothermals viscosities may be calculated 

over a long temperature range to about 2%. 
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Application or the equation to sulphur dioxide. 

The equation was not applied to the results 

obtained for sulphur dioxide. This is due to the fact 

that viscosity measurements for sulphur dioxide agree 

neither with one another, not are any set of results 

consistent among themselves. Measurements are now 

in progress in this ~aboratory Which will give sufficiently 

accutate data, and when these are obtained the equation 

will be applied to sulphur dioxide using the PVT data 

obtained here. 

The application should be one of considerable 

interest in view of the fact that the PVT measurements 

are made very near the boiling point of the gas at which 

temperature aberrations may be expected to be greatest. 

Furthurmore the molecule of sulphur dioxide is considerably 

"softer" than that of carbon dioxide, and will probably 

disclose whether or not the •asumption of a constant 

moleculex radius was justifiable. 

In connection with the determination or 
molecular weights at infinitely small pressures, experiments 

in progress will yield points for Me near 3cm. of mercury 

with the same accura.cy as the other results. These will 

enable an extrapolation to zero pressure to be made witg 

much greater accuracy using the isothermals already obtained. 
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In these experiments the five litre bulb used heretofor 

is being replaced by one of fifty litre capacity, anpt 

the mercury of the manometers by a much lighter substance 

of very low vapor pressure. This will give approximately 

the same accuracy in determining both the pressures and 

the weights. 



sUMMARY. 
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The densities of carbon dioxide and 

sulphur dioxide have been nreasured with an accuract of 

better than .Ol% at pressures up to one atmosphere 

and over a temperature range of approximately 100°C. 

The accuracy of the results permitted 

a direct extrapolation to zero pressure for the theoretical 

molecular weight of the gas, end the atomic weights or 

carbon ~ulphur. This was done without the use of 

any equation and is the first experimental demonstration 

of the validity of Berthelot's hypothesis. 

A new equation of state is proposed. This 

involves a new function for the change in viscosity with 

temperature. The constants of the equation have been 

determined for carbon dioxide. 

A demonstration of the effect of a change 

in value of athe Van der Waa~s constants is shown. 

An equation is given which permits the 

calculation of ane slope of any isothermal provided 

the constants of the equation are known. 

An entirely new application of PVT data 

is demonstrate&, that is the calculation of viscosities 

of the gas under consideration at any temperature. 
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