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STUDIES ON THE OILINESS OF LIQUIDS. 1.
MEASUREMENTS OF THE STATIC FRICTION COEFFICIENTS.
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When two solid surfaces are brought into contact and made to slide the
one on the other, the friction force comes into play. The friction is generally
lessened by the presence of a liquid film between the solid surfaces. This
effect is expressed by the term ““ oiliness ”’ of the liquid and is the subject of
the present series of investigations.

Now if a solid body of weight W is made just to slide on a horizontal
surface by means of a force F whose direction is parallel to the surface, then
—;; is known as the coefficient of friction. Thus,

_Frictional resistance _ F _
Normal weight wo®

The coefficient of friction may differ according to whether motion is imparted
to the body at rest or whether the force F' is required to keep the bcdy in
motion. In the former case the coefficient is known as the static coefficient of
friction while in the latter as the kinetic coefficient of friction.

Although a large number of investigators have published data bearing on
the subject of lubrication, most of them conducted their experiments on the
standpoint of the practical application.® Moreover, the variations in their

(1) For example : Wilson and Barnard, Ind. Eng. Chem., 14 (1922), 682, 683 ; Hersey,
J. Franklin Inst., 219 (1936), 677; 220 (1936), 93, 187; Archbutt and Deeley, * Lubri-
cation and Lubricants,” (London); Nash and Bowen, ‘The Principles and Practice of
Lubrieation,”” (London).
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operating conditions and the indefiniteness of the chemical nature of the
liquids used thus prevented any correlation of their results.

In practice, there are two types of lubrication, complete or film lubrica-
tion in which the solid faces are completely separated by a thick film of an
oil, and incomplete or boundary lubrication in which the faces are separated
by a very thin film which may be sometimes only one molecule thick. The
theory of complete lubrication is a problem in hydrodynamics, and outside the
scope of the present investigation.

The friction coefficients of some chemically definite substances have been
measured by W. B. Hardy and his collaborators.® It seems necessary, how-
ever, to test their results and to extend the measurements to a larger number
of substances, with the hope of finding relations between oiliness and other
properties, especially molecular constitutions of the liquid.

We measure the boundary lubrications of chemically pure substances as
well as mixtures of known compositions. The static and the kinetic coeffi-
cients of friction are measured by using several different methods, which have
been designed in our laboratory. In the present paper one of the methods
for measuring the static coefficient of friction is deseribed.

Fig. 1.

Experimental Procedure. The apparatus is shown in Fig. 1. A is an
optical glass plate of plane surface which is settled on a suitable stand. B
is a slider made of a watch glass, and its weight is adjusted by putting lead
shots in it. C is a thin copper wire, one end of which is hitched to the cutting
of the watch glass B. The other end of C is connected with the middle part
of the pointer D of a preseription balance.

() W.B. and J. K. Hardy, Phil. Mag., 38 (1919), 32; W. B. Hardy, Phil. Mag., 40
(1920), 201 ; J. Chem. Soc., 127 (1925), 1207; Hardy and Doubleday, Proc. Roy. Soc. (London),
A, 100 (1922), 550; 101 (1922), 487; 104 (1923), 26; Doubleday, J. Chem. Soc., 121 (1922),
2875; Proc. Roy. Soc. (London), A, 106 (1924), 341; Hardy and Bircumshaw, Proc. Roy.
Soc. (London), A, 108 (1925), 1; *‘ Collected Scientific Papers of Sir William Bate Hardy,”
(Cambridge, 1936).
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Fig. 2.

Fig. 2 shows the upper and the side views of Band C. C is made of two
pieces of wire, short and long, each having a ‘small hook at one end and a
small ring at the other. The short piece is hitched to a cutting on the rim of
the watch glass, and stretched out through another cutting opposite to the
first one. The long piece is hooked to the ring of the short piece and to the
pointer of the balance.

A and B are put in a glass case, provided with a vessel containing calcium
chloride. A current of dry air is passed through the case during the observa-
tion to prevent the effect of moisture on the surfaces and the lubricating
liquid. The lubricating liquid is poured on A and then the slider B is put on
it. The position of the slider is adjusted so that the pointer D takes the
upright position, the right and the left pans being balanced.

Now, fine sand is poured in a thin stream from a reservoir to the right
pan E. The quantity of sand gradually increases until finally the right pan
goes downward, the pointer inclines to right side, and the slider A moves
rightward. Then C is detached from D and the weight of the sand on the
right pan E is measured by putting balance weights on the left pan G.

Let the weight of the sand be s, the length between a and b be /, and the
distance between b and ¢ be I/, then the force acting on the slider is expressed
by the following equation :

F;'s—l ~e

So the coefficient of friction u is obtained by
F

~ W ’

where W denotes the weight of the slider, i. e. the sum of the weight of
watch glass, lead shots, and one half of the wire C.
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It is one of the most important conditions that the sliding surfaces are
sufficiently clean and free from any greasy matter. The glass plate and the
slider are cleaned in the following manner before each observation. They are
boiled for half an hour with a chromic acid solution, washed and rubbed with
the finger tip under the running tap water, and finally rinsed with distilled
water. They are dried in a desiccator containing caleium chloride, a current
of dry air being passed. No grease is applied on the ground part of the
desiceator, to avoid the contamination of the sliding surfaces.

Measurement. The purest samples available were used in the experi-
ments. Most of the substances were distilled before the tests.

It is already known that the coefficient of friction is not seriously affected
by the change of temperature.® We conducted, therefore, our experiments
at room temperature without special adjustment of the temperature. The
temperature was between 17°C. and 24°C. For the measurement, we took
the readings of s several times for a definite value of W, and then took their
average. The value of I’/l was 1.23 for the balance used in the present meas-
urements, so we get F' = 1.23 5. Some of the actual examples are shown in
Table 1. The results are summarized in Table 2.

Table 1.

Value of s (g.) i P
Lubrieant W) |l————————— g) I”'
reading ‘ average (1.23 s) (F|W)
20.00
19.50

19.156
19.30 19.78 24.33 0.72

20.20
20.50

|
Ethyl aleohol [ 83.90

8.10
| 8.25
Glycol 22.00 9.30 8.31 10.22 0.46

7.20 [
8.70

(3) Hardy and Doubleday, Proc. Eoy. Soc. (London), A, 101 (1922), 487.
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Table 2.
Lubricant W(g'.}:F (g) & Lubricant Wig.) F(g.) pm
74 | 455| 0.62 | 29.7 11512 0.51
144 | 828 0.8 | gooondarcamy | 320 |17.21( 0.64
23.95 | 14.07| 0.60 aleohol 1883 [19.68| 0.51
248 14711 0.60 140.3 [19.33| 0.48
Methyl aleohol ; - CH,(CH,),CH(OH)CHj |
24.8 (16.05! 0.65 i Mean 0.51
CH,0H 29.9 |18.21] 0.61 ;
.!
g'gs ié'ﬁ g'ﬁg 93.3 |11.38] 0.49
. : : 26.3 [13.1 | 0.50
Mean 0.62 T . 30.1 [15.38| 0.51
ertiary amy
i ool 32.7 [17.51| 0.54
16.20  11.50| 0.71 35.2 [16.59| 0.47
228 [16.27| o1 | (CH)COMGHs |41 12104| o0.48
248 |18.82| 0.75 | 49.4 (2278 0.6
| Ethyl alcohol 33.8 |23.03 0.68 | Mean 0.50
| CQHSOH 33.9 :24.33 0.72 1 !.
zi'zs 23‘;’:‘ g';"g : 120 | 9.35| 0.78
0|2 aalll 116.0 [13.40] 0.8
Mean 0.71 |  n-Hexylalcohol [24.6 |15.14] 0.62
248 1678 0.64 38.6 |[18.77| 0.49
Propyl alcohol 33.9 22.28i 0.66 | Mean —
CyH,0H 33.95|21.08, 0.62 |
Mean 0.64 | 11.65| 7.89| (0.68)
! ] ’ 16.8 |10.57| 0.63
24.85|14.68| 0.59 n-Heptyl aleohol | 219 |11.59|  0.65
n-Butyl aleohol 33.9 [21.54| 0.64 30.0 |19.69| 0.66
CH,CH.,OH  |33:95[19.29| 0.57 CHy(CH:)OH | 3585|2183 0.61
Mean 060 | 38.6 [23.36| 0.60
...... — ! — h
19.95 11.54| 0.58 _ | Mean0.68 |
25.0 [14.46| 0.58 125 | 8.04] (0.69) |
28.6 169 | 0.66 oa1l %o
29.65(17.26| 0.58 17.6 o (0-531
30.0 [16.25| 0.54 22.75 | 12. .
n-Amyl alcohol 339 |19.84| 0.59 24.6 |12.71| 0.52
34.3 19-28 0-56 n-Octyl alcohol 26.7 |14.29 0.63
CH,(CH,),0H 358 |15.08| 054 36.3 [18.02| 0.50
X i ; CH4(CH,),0H 38.6 120.06| 0.52
377 |21.51| 0.67 | o
458 [25.4 | 0.55 48.0 |27, .
Mean 0.57 [ Mean 0.53
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Table 2.—(Continued)

] I
Lubricant W(g.)! F(g) p Lubricant (W(g.) F(g)
18.35|12.41| ¢0.68) 17.6 iu.’rz (0.67)
21.5 [12.80| 0.60 23.7 113.70| 0.58
22.8 (13.97| 0.61 | 26.3 115.13| 0.58
Acetic acid 26.7 |1514| 0.57 Caproic acid 30.0 [18.39] 0.61
CH,COOH 32,7 |19.03| 0.58 CHy(CH:)COOH |33:0 [19.46| 059
34.2 12060, 0.60 40.0 {23.09! 0.58
39.8 [23.99| 0.60 45.4 |27.05] 0.60
Mean 0.59 | Mean 0.59
E 7.60| 5.72| (0.75) 14.2 | 9.94| (0.70)
[11.95| 7.92/ (0.66) 17.9 |11.93| (0.67)
15.30| 9.57! (0.63) 23.3 [14.15| 0.61 |
23.16|1367| 0.59 L 27,75 17.71| 0.64
.. . Heptylic acid
Propionic acid 23.60 [13.46| 0.57 Py 8295 /20.78| 0.63
CH,CH.COOH |27.7 |1617| o058 | CHi(CHCOOH 1349 19949| 0.59
30.65|16.84 | 0.55 415 [24.81| 0.60
87.1 |21.39| 0.58 46.95 [ 30.48 | 0.64
)
Mean 0.58 Mean 0.62
176 |12.72| (0.78) 19.8 [10.47| 0.53
18.9512.49 | (0.66) |22.25 11.54! 0.52 |
24.1 [14.24| 0.59 24.05|12.45, 0.52
Butyric acid 26.15 [15.22| 0.68 27.85|15.48 | 0.56
CH&(CHQ)'_’COOH 27.8 [15.94 0.67 Caprylic acid 30.0 | 15.26 0.51
jss.s 21.14| 0.60 | CH,CH,),CO0H 33.05[18.00 | 0.54
40.0 |24.08| 0.60 [ 35.7 |19.09, 0.53
Mean 0.59 | 40.4 |22.73| 0.66
o 40.8 {19.94] 0.49
i i |
120.9013.60| (0.65) | Mean 0.53
22.95(13.64| 0.59 [22.25| 2.50] o6
26.85/16 64| 0.62 . ' )
22,6 {12.20( 0.54
Valerie acid 31.1 |18.04| 058 | o 5.8 116.49] 0.57
CHy(CH,).COOH 23‘35 ng ggﬁ Nonylic acid !29.7 1754 0.59
43'95 27'52 0'63 CHy(CH.),COOH 373 |21.40] 0.57
’ : | 41.25|23.61| 0.57
Mean 0.61 Mean 0.57
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Table 2.—(Concluded)

r
Lubricant Wig) F(g.}l 7 Lubricant Wig.)| F(g)
17.55 1218 | 0.69 247 119.71| 0.80
i 21.7 |14.59| 0.67 24.9 [18.45| 0.74
= 24.55 17.00| 0.69 25.7 120.01| 0.78
n-Hexane 25.1 |17.17| 0.68 28.1 (22.65| 0.81
CoHye 34.7 (223 | 0.64 Toluene 33.3 |24.7 | 0.74
34.7 |23.99| 0.69 | C.H.CH 34.7 |26.41| 0.76
| G445 3
37.6 [25.78| 0.69 -r 35.1 |25.83| 0.74
' | Mean 068 | 381 |29.26 "0.77
| 4.7 32.95! 0.74
| {
i 21.7 |16.72| 0.72 ' Mean 0.76
22.3 [14.93| 0.67
32.6 [20.32| 0.62 219 [15.12 (0.69)
nHeptane 3,7 |2540( 0.7 37.1 {2066 0.56
C;Hyg 41.7 (3018 0.72 40.2 [22.13| 0.56
43.6 |30.77| 0.71 Liquid paraffine 46.5 [26.70| 0.56
Mean 0.69 48.3 [26.71 | 0-55
, 57.3 |29.01 0.51
: |
22.9 |14.49| 0.63 Mean 0.55
27.0 {1641 0.61
152 | 7.81| (0.51)
n-Octane 38.0 (24.27| 0.64 22.0 }‘10.22 0.46
CyHs 421 |25.45| 0.60 Glycol BT s
Mean 0.62 | (CH,0H), 49.2 (22.23 0.45
Mean 0.46
238 113.82; 0.60 19.7 |13.76| 0.70
28.0 [18.27| 0.65 Ethyl acetate gg %g.gg g.gg
n-Nonane 33.6 |21.34| 0.64 36.2 24'89 0-69
CH,COOC.H .
C.H 37.4 |23.94] 0.64 3 o \
95120 H
_ 41.9 |21.62| 0.66 | | Mean0.70
| 1 1
= | Mean 0.64 23.1 | 7.55( (0.33)
r | Olete act 1243 | 6.46| 0.27
ciewid it | 02| 12
40. .36 | A
oy |12zl 018 CrHxCOOH  |511 |1530| 0.0
23.2 (19.33/ 083 »
Benzene 26.8 121.37, 0.80 | Mean 0.29
331 |25.0 | 0.76 s ‘
CsHe 34.0 |27.19| 0.80 Lubricant oil  [37.4 | 8.55| 0.23
41.4 |81.15( 0.76 |49.1 |10.18| 0.21
“Planet-RM |
Mean 0.78 medium ”’ | Mean 0.22
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The values of u in parentheses are excluded in the calculation of mean
values. The tangential force required to move the slider is proportional to
the normal force between the surfaces or, in our notation, x is independent of
W. This fact is designated by the name ‘“ Amontons’s or Coulomb’s law.”’
In the region, however, where the value of W is too small, this law does not
hold, giving large value of . The data in parentheses in Table 2 correspond
to this region. Fig. 3 and Fig. 4 show the relations between x and the
number of carbon atoms in the molecule of the substance. Further discussion
will be given in later papers.
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