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The determinations of the viscosity of vapours of organic compounds 

with the boiling points lower than ordinary room temperature were al-

ready made by the present author.(1) The similar experiment has been 

further continued for the determination of the viscosity of the vapours 

of other organic compounds such for an example as benzene, ethyl al-

cohol, carbon tetrachloride and etc., which are in a liquid state at room 

temperature.

Experimental Procedure.

The measurements of viscosity were made by the traspiration method 

according to the principle devised by M. Trautz and W. Weizel,(2) which 

will be briefly explained by using the diagrammatical figure 1. Three glass 
bulbs A, B and C are connected to one another with glass tubes having a. 

large bore, and measured quantities of mercury are placed in them, as is. 
shown in the figure. The total bulb system is heated in a thermostat to, 

a constant temperature To. The lower bulb C is connected with a glass 

tubing to a preheating tube W and a glass capillary tube K, other end of

Fig. 1.

(1) T. Titani, this Bulletin, 4 (1929), 277; 5 (1930), 98. 
(2) M. Trautz & W. Weizel, Ann. Phys.; (4) 78 (1925), 305.
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which is opened to air, both W and K being placed in another thermostat 
T. The vapour of organic compound is drawn through the capillary K 
and the preheating tube W into a space in the bulb C partially filled with 
mercury, by drawing up the mercury high enough into the bulbs A and B. 

The vapour in the bulb. C is driven out, when it attains the same 
temperature as that of the thermostat T0, in the reverse direction into 
the air, by letting the mercury flow down from the upper bulbs A and B 
into the lower one C. The time t required for the mercury to travel a 
distance between m1 and m2 which are marked on the neck of the both 
ends of the bulb B is taken, while at the same time the temperature T 
of the capillary tube K, measured in the absolute scale, is recorded. Then 
the viscosity 7 of the vapour at the temperature T can be calculated by 
the formula(3) :

where K is a constant for a given apparatus so long as the temperature 

T0 of the bulb system remains constant. 

The total apparatus is shown in Fig. 2. The whole system is made 

of glass. The two bulbs A and B are of spheroidal form and the bulb 

C is a sphere having the dimensions : A 25 •~ 40 mm., B 30 •~ 50 mm. and 

C 50 •~ 50 mm. respectively. The three bulbs are connected to one another 

by glass tubes 6 mm. bore, which are somewhat contracted at the points 

of two marks ml and m2 and between the bulb B and C a small spheroidal 

bulb D having dimensions 15 •~ 30 mm. is inserted for the reasons which 

will be mentioned below. Exactly weighted quantities of mercury name-

ly 1000 grams, are placed in the bulb system which is sealed into a large 

glass jacket, to be heated to a constant temperature To by a toluene 

vapour produced in a large copper flask F. The vapour jacket support-

ed on a strong wooden stative is covered with an asbestos plate having 

several windows for observation. The upper opening of the bulb A can 

be communicated either to a high pressure H or a suction L or it can 

also be opened to air M through the three stoppers X, Z or Y respective-

ly. In a small bulb U above A are placed cotten wools in order to pre-

vent dust particles from falling into the bulb system. The lower bulb C 

is jointed to a preheating tube W by sealing with a glass tube G 3 mm. 

bore, which is bent at three points as is shown in the figure for the 

purpose of buffering, and is heated electrically by winding it with a 

nichrom wire and by wrapping it with asbestos paper.

(3) The derivation of this equation is referred to the original paper of M. Trautz 
and W. Weizel, loc. cit.
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Both the preheating tube W 3 mm. inner diameter and 86 cm. long 
and the glass capillary tube K about 0.1 mm. inner diameter and 83 cm. 
long are bent in U-form at the points about one third the distance from 
the ends and sealed together at the ends of the shorter limbs. They are 

placed in an electrical resistance furnace, consisting of a brass pipe hav-
ing a thick wall of 1 cm. and 1.5 cm. inner diameter and 68 cm. long. 
The outside of the pipe is wrapped with asbestos paper and then wound-
ed with a set of nichrom wires, which are parallel to each other and which 
have one common terminal E1 at one end and two separated terminals 
E2 and E3 at the other end, so that they may be communicated either 
in series or in parallel and also may be used quite separately by using 
the switch board S1. In the latter two cases the current can be regulat-
ed by the resistance R1 . The brass pipe is once more thickly covered 
with asbestos and is placed centrally in a large asbestos cylinder, the 
space between them being packed with asbestos wools. On the middle 

parts of both the outer asbestos cylinder and the inner brass tube are 
drilled holes to be used for inserting a thermometer T to measure the 

temperature of the furnace. The following device is made in order toy 
minimize for the mercury column of the thermometer T not in direct 

contact with the chamber of the resistance furnace the temperature cor-
rections which would be remarkably large at high temperatures. On the 
middle part of the column of the thermometer T is held another small` 
thermometer t. These two thermometers are placed within a glass: 
cylinder wrapped with asbestos paper over which a nichrom wire is 
wounded for heating purpose. Another glass cylinder of larger size 
wrapped with asbestos is placed over them. This whole system is heat-
ed electrically by means of nichrom wire wounded over -the inner glass. 
cylinder, the switch S3 and the resistance R3, to a known temperature 
which is easily read by the second thermometer t held on to the middle 

part of the first larger one T as is mentioned just before. In these two' 
respective asbestos covering the two glass cylinders are made windows; 

through which reading on the thermometers is made possible. 

The end of the capillary tube K is sealed to a long glass tube V 
3 mm. inner diameter, which is bent vertically downward to be connected: 
to a vapourising device PQR with a ground joint J. The vertical tube 

V wrapped with asbestos has a doubly winding of nichrom wires so as; 
to make electrical heating connection in series with that of the glass tube 
G by means of the switch S2 and the resistance R2. The vapourising-
apparatus consists of this vertical tube V together with a bulb apparatus 
PQR, which is separately shown in the upper corner of the right hand
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side of Fig. 2. The organic liquid the vapour of which is to be investi-
gated is placed in the bulbs PQR, which are kently warmed either with 
a small Bunsen burner or with an incandescent lamp. The loss of the 
liquid placed in the bulbs PQR through evaporation must be prevented 
and the entry of dust particles into it has to be also made impossible. 
For this purpose, over the bulb Q is fitted a water condenser whose run-
ning water is also used to cool the bulb R. 

The lower end of the vertical tube V is placed few millimeter below 
the surface of the organic liquid in the bulb P, so that the liquid may run 
up into the vertical tube V, when we connect the upper opening of the 
bulb A to the suction L by carefully opening the stopper Z. But, as the 
tube V is electrically heated, the liquid is vapourised as soon as it run 
upp into the tube V, the organic vapour thus produced being drawn 
through both the capillary and the preheating tube and finally collected 
over the mercury in the bulb C. When sufficient quantities of vapour 
are collected in the bulb C, this mixture of air and the organic vapour is 

pushed back through the capillary, tube into the bulb P, by the pressure 
brought about by letting the mercury flow down first from the bulbs A 
and B to C and then by the further pressure obtained by the opening of 
the stopper X to the high pressure bulb H, which process results in bring-
ing down the level of the mercury finally into the small bulb D. The 
organic vapour is then again drawn into the bulb C and when sufficient 

quantities of vapour get into it, they are pushed back by applying the 
pressure to the bulb C, as is mentioned above. With the repetition of 
this process number of times, the air in the whole system is 'gradually 
driven out by the organic vapour. As the total volume of the tube sys-
tem is only one tenth as compared with the volume of the bulb C, the 
replacement of air with the organic vapour by means of this method is 
very easy. As. a matter of fact, the time required for the mercury to 

pass a distance between the two marks ml and m2 becomes practically 
constant only after repetition of such processes five times. The present 
author has repeated the process at least ten times before the beginning 
of the actual measurement. Therefore it may be quite justified in stat-
ing that the system is filled with pure vapour of the organic compound. 

When sufficient quantities of vapour are collected over the mercury 
in the bulb C, after waiting for a while, about 15 minutes being found 
to be sufficient in addition to the time required for the collection of the 
vapour in the bulb C for the vapour to attain the temperature of the 
bath- T0, the vapour is finally driven back through the preheating tube 
W, the capillary K and vertical tube V into the liquid placed in the bulb 
apparatus PQR, with the pressure brought about by the mercury flowing
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from the bulbs A and B down to C. The time required for the mercury 

to pass the distance between two marks ml and m2 is measured by a 

stop watch and this observed value is reduced to an ideal value by adding 

some corrections which will be discussed below. The temperature T of 

the electrically heated thermostat, in which the capillary is placed, is re-

gulated and is read every three minutes during the run and the average 

of these readings is adopted after being corrected for the exposed column, 

which is greatly diminished with the devices mentioned before. 

The whole apparatus is carefully cleaned before each experiment with 

nitric acid and chromic mixture. It is then thoroughly washed with dis-

tilled water, alcohol and benzene and finally dried by passing dry air 

through the whole system alternatively in opposite directions. It will 

also be noted here, that when the experiment is interrupted the liquid 

in the bulb apparatus PQR must be drawn up into the one bulb R until 

the lower end of the vertical tube V becomes clear off the surface of the 

liquid. Otherwise, the liquid gets easily up into the measuring apparatus 

in the liquid form, thereby giving rise to -a trouble, when the total system 

is cooled down. 

Results of Experiments. 

The viscosity ƒÅ of the vapour at the absolute temperature T can be 

computed by means of the following formula :

(1),

where t is the time required for the mercury to travel a distance between 

the marks ml and M2, T the temperature of the capillary measured in 

the absolute scale and K a constant for a given apparatus. But as this 

formula is derived by supposing ideal conditions, some corrections have 

to be applied in the actual case either to the time t or the constant K. 

The present author has applied them to the observed value of t. The 

corrections to be made are as follows : 

(1) The correction due to the fluctuation of the temperature T0 of 

the bulb C from the mean value (108.0+273.1•‹ abs.) :

(2) The correction due to the fluctuation of the barometer readings 
from the mean value 760 mm. was experimentally determined and found 
to be:
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(3) The correction due to the thermal expansion of the glass capil-

lary tube when its temperature T is different from the standard tem-

perature (115.0+273.1•‹ abs.) :

where a is a linear expansion coefficient of glass. 

(4) The correction due to the kinetic energy of the vapour in the 
capillary tube has been calculated from thee consideration that the amount 
of the energy lost due to the molecular friction of the vapour in the 
capillary being equal to the total energy of the vapour entering the 
capillary minus the amount of the kinetic energy possesed by the vapour 
at the outlet of the capillary tube, and it has been found to be:

(2)

where V is the total volume of the vapour transpired during the time t, 
1 the length of the capillary, R the gas constant, M the molecular weight 
and T the temperature of the vapour. 

(5) The correction due to the deviation from the ideal gas state 
of the organic vapour employed(5):

(3),

where a and b are constants in the van der Waals equation, T the tem-

perature of the capillary, T0 that of the bulb C, ƒ¿ and ƒÀ being constants 

for a given apparatus. For the present apparatus they have been found 

to be: ƒ¿ = 880, ƒÀ = 1210. 

These corrections were made to the directly observed values of the 

time of passage t, and the reduced values of t thus obtained were put in 

the formula (1) to compute the viscosity ƒÅ. The constant K in eq. (1) 

was determined experimentally by using air as a standard substance 

which has given 1023 sec. at 115.0•Ž. to the value for reduced t. At 

this temperature the viscosity of air(6) is known to be ƒÅ = 2234 •~ 10-7. 

Therefore

(5) The derivation of this equation is referred to the original paper of M. Trautz 
and W. Weizel, loc. cit. 

(6) T. Titani, loc. cit.
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At the same time the apparatus has been tested by making measurements 

at several temperatures between 115.0•‹ and 278.9•Ž. using air as a speci-

men. And from these data together with those obtained in the preced-

ing paper (loc cit.) for Sutherland's constant 107 and for Reinganum's 

constant 84 were obtained. Then the measurements were continued for 

the other organic compounds. 

The specimen used were all obtained from reliable commercial sources 

and carefully purified in the ordinary way. Their purity were checked 

by measuring the normal boiling points: n-pentane, 33.5•‹•}3.2; n-hexane, 

69.0•‹•}0.3; hexamethylene, 80.90•‹•}0.3; benzene, 80.10•‹•}L0.0; methyl acetate, 

57.0•‹•}0.2; ethyl acetate, 77.1•‹•}0.1; ethyl ether, 34.55•‹•}0.05; methyl al-

cohol, 64.65•‹•}0.05; ethyl alcohol, 78.3•‹•}0.0; n-propyl alcohol, 97.1•‹•}0.1; 

isopropyl alcohol, 82.25•‹•}0.05; acetone, 56.05•‹•}0.05; chloroform, 61.05•‹

±0.05;  carbon tetrachloride, 76.7•‹•}0.0; carbon disulphide, 46.2•‹•}0.0.

The results of the measurements for benzene and carbon tetrachloride 

vapour are shown in Tables 1 and 2 as examples.

Table 1. 

Benzene.

Table 2. 

Carbon tetrachloride.
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The results of the experiments are tabulated below, together with 

the calculated value of viscosity either with the Sutherland's or with 

Reinganum's formula:

(4 ),

(5).

The constants K, C in eq. (4) and K', C' in eq. (5) were computed by 

means of the method of least square from the observed data of viscosity. 
The agreement with the observed values is found to be equally good in 

both cases. 

Table 3.

Air. (Free from carbon dioxide and moisture).

K = 144.4 •~ 10-7, C = 106.8; K' = 140.8 •~ 10-7, C' = 84.3

(7) The data between 20.0•‹ and 100.0•Ž. were taken from the preceding paper. 

(T. Titani, loc. cit.).
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Table 4. 

Normal pentane. 

K =90.30 •~ 10-7, C = 382.8; K'=78.32•~10-7, C'=212.4

Table 5. 

Normal hexane. 

K=92.16•~10-7, C=436.1; K' = 77.83 •~ 10-7, C'=228.3

Table 6. 

Hexamethylene (Cyclohexane). 

K =86.95 •~ 10-7, C=350.9; K'=76.56•~10-7, C'=201.6
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Table 7. 

Benzene. 

K = 108.2 •~ 10-7, C=447.5; K'=90.81•~10-7, C'=231.2

Table 8. 

Methyl acetate. 

K = 122.9 •~ 10'T, C=501.8; K'=100.4•~10-7, C'=245.9

Table 9. 

Ethyl acetate. 

K =114.7 •~ 10-7, C = 504.0; K' = 93.58 •~ 10-7, C'=246.1
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Table 10. 

Ethyl ether. 

K= 100.3•~10-7, C = 404.0; K'=86.36•~10-7, C',=220.5

Table 11. 

Methyl alcohol. 

K =145.7 •~ 10-7, C=486.9; K' =119.0 •~ 10-7, C' = 237.8

Table 12. 

Ethyl alcohol. 

K = 117.6 •~ 10-7, C = 407.3; K' =101.2 •~ 1b-7, C'= 222.3
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Table 13. 

Normal propyl alcohol. 

K = 119.1 •~ 10-7, C = 515.6; K' =95.50 •~ 10-7, C'=243.5

Table 14. 

Iso-propyl alcohol. 

K=113.2•~10-7, C = 459.9; K'=94.13•~10-7, C'=233.0
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Table 15. 

Acetone. 

K = 119.2 •~ 10-7, C=541.5; K'=95.45•~10-7, C'=254.7

Table 16. 

Chloroform.

K =132.9 •~ 10-7, C=373.0; K'=115.4•~10-7, C'=207.6

Table 17. 

Carbon tetrachloride. 

K=127.1•~10-7, C=365.4; K'=110.9•~10-7, C'=205.6
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Table 18. 

Carbon disulphide. 

K = 151.1 •~ 10-7, C^499.5; K' = 122.7 •~ 10-7, C'=241.3

Some results of the present author are compared with those of the 

other observers. The values of viscosity observed by the author at 100•Ž. 

are listed together with those of the other observers in Table 19.

Table 19. 

Viscosity at 100•Ž. •~10-7.

(8) Bleakney, Physics, 3 (1932), 123. 
(9) Nasini, Proc. Roy. Soc. London, A 123 (1929), 692. 
(10) Schumann, Wied. Ann., 23 (1884), 353. 
(11) Rappenecker, Z. physik. Chem., 72 (1910), 695. 
(12) Pedersen, Phys. Rev., 25 (1907), 225.
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Table 19.-(Concluded)

The agreement between the values of the author and those of the other 

observers is generally good except few cases. 

The Sutherland's and Reinganum's constants obtained by the author 

are listed in Tables 20 and 21 respectively, together with those reported 

by the other observers. Large differences between the values of the author 

and those of the other observers are often found. But it must be taken 

Table 20. 

Sutherland's constants.

(13) Braune and Linke, Z. physik. Chem., A148(1930), 195. 
(14) Sperry and Mack, J. Am. Chem. Soc., 54 (1932), 904. 
(15) loc. cit.
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Table 21. 

Reinganum's constants.

into consideration that in determining the values for Sutherland's and 

Reinganum's constants, the method based on the data at few successive 

temperatures, as was done by Rappenecker, would be more liable to lead 

to great errors than the method in which a greater number of observa-

tions are made. 

J. Arnold(17) has recently pointed out that the Sutherland's constants 

can be calculated from the viscosity determination at a single tempera-

ture T by the use of the molecular diameter calculated from the mole-

cular volume VS at boiling point, according to the formula :

(6),

where M means molecular weight. The values of C* calculated from the 

viscosity data at 100•Ž. are listed in Table 22 together with the values 

of C computed by the ordinary method. The agreement between C and 

C* is generally good, average deviation being 5%, except few cases 

i.e. hexamethylene, methyl alcohol, chloroform and carbon tetrachloride.

(16) Rappenecker, loc. cit. 
(17) J. H. Arnold, J. Chem. Phys., 1(1933) 170.



272 T. Titani. [Vol. 8,

Table 22 contains also the values of Sutherland's constants calculated ac-

cording to the rules of Rankine(18) and Vogel(19), the Sutherland's con-

stant being found to be roughly proportional either to the critical tem-

perature Trc or to the boiling point Ts, both of which are measured in the 
absolute scale ;

(7),

(8).

Table 22. 

Sutherland's constants.

The agreement with the observed values seems to be better for the 
Rankine's formula than for that of Vogel.

Collision Diameter.

The collision diameters of the molecules were computed by using the 

following equations all of which are derived from the kinetic theory of 

gases(20) :

(18) Rankine, Proc. Roy. Soc. London, A84 (1910), 181. 
(19) Vogel, Ann. Phys., 43 (1914), 1235. 
(20) Kuenen, ,,Die Eigenschaften der Gase", (1919), p. 136.
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(9),

(10),

(11),

where (12),

or (13),

and the symbols in the equations have the following meanings : 

u: mean velocity of the molecule at 100•Ž., 

p : atmospheric pressure, 

d : density of the vapour at 100•Ž. and under the atmospheric 

pressure, 

M : molecular weight, 

l: mean free path of the molecule at 100•Ž. and under the atmos-

pheric pressure,

η: viscosity of the vapour at 100•Ž.,

σ: collision diameter of the molecule,

n: number of molecules contained in 1 c.c. at 100•Ž. and under the 

atmospheric pressure.

The results of the calculation are listed in Tables 23 and 24, where

σs means the molecular diameter calculated by the use of the Sutherland's

formula (12) and ƒÐR that of Reinganum (13). The molecular diameter 

can also be computed from the constant b in the van der Waals equation(21) 

namely-:

(14),

where NA means the Avogadro's constant. The values ƒÐb are given in 

the forth column of Table 24, and it will be seen in most cases that ƒÐb 

is nearly equal to ƒÐs. The last column of - Table 24 contains the cube 

root . of the molecular volume Vs at boiling point, which may be propor-

tional to ƒÐs, as it was already pointed out in the preceding paper( 22). It

(21), (22) T. Titani, loc. cit.
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Table 23.

Table 24.
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is actually the case for most compounds listed in Table 24 except few 

cases. The compounds whose molecules are of extremely non-polar na-

ture, such as hexamethylene, chloroform and carbon tetrachloride seem 

to give ƒÐs too large a value as compared with ƒÐb ors 3•ãVs•E10-8. However, 

for the compounds of strong polar nature such as methyl alcohol the 

reverse is the case. These differences must result either from the func-

tion F(T) in eq. (11) or more directly from the Sutherland's constant 

C in F(T), which measures the work required to separate two molecules 

from each other against the intermolecular attraction. 

The collision diameter of benzene seems to be interesting in relation 

to its magnitude. It has become clear not only from the X-ray crystallo-

graphical study but also from the thermochemical investigations that the 

benzene nucleus is the same as the hexagonal carbon atom lattice in gra-

phite, the length of the one side of this hexagonal model being found to 

be 2.45 A. Therefore, its diameter is equal to 2•~2.45=4.9.A, when we 

assume the model to have a regular form. This value is very nearly 

equal to the collision diameter of benzene, ƒÐ = 4.7 - 5.1 A deduced from 

the viscosity measurement in the present research. 

The experimental part of the present research was carried out be-

tween April 1929 and April 1930 in the Katayama Laboratory of the 

Institute of Physical and Chemical Research, Hongo, Tokio. The delay 

of the publication is mainly due to the trip which the author made in 

Europe. . 

The author wishes to express his cordial thanks to Prof. Katayama 

for his interest and encouragement taken in this research.

Summary.

(1) An apparatus, based on the principle of Trautz and Weizel, 

was constructed for measuring the viscosity of vapours. 

(2) With this apparatus the viscosity of vapours of the following 

substances were measured at temperatures between about 120•‹ and 

300•Ž.: air, n-pentane, n-hexane, hexamethylene, benzene, methyl acetate, 

ethyl acetate, ethyl ether, methyl alcohol, ethyl alcohol, n-propyl alcohol, 

iso-propyl alcohol, acetone, chloroform, carbon tetrachloride and carbon 

disulphide. 

(3) From these measurements the constants of both Sutherland and 

Reinganum as well as collision diameters of molecules were calculated. 

(4) The collision diameters calculated from viscosity data were 

found to be nearly equal to those computed from the constants b in the
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van der Waals equation and they came out to be proportional to the .cube 
roots of molecular volumes at boiling points, as was already pointed out 
in the preceding paper except few cases. 

(5) Values obtained for collision diameters of non-polar compounds 
such as carbon tetrachloride and hexamethylene seem to be too large and 
those for strong polar compounds such as methyl alcohol too small as 
compared with the values of molecular diameters computed from b or 
from the molecular volumes at boiling points. 

Chemical Laboratory of the Osaka 
Imperial University, 
Nakanoshima, Osaka. 

June, 1933.


