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R., R. principal radii of curvature

1% volume of liquid drop

14 weight of liquid drop

v surface tension

g contact angle

N wavelength of ripple wave
P density

2n-1, Tensile Strength. Historical and General. The maximum negative pressurc
(tensile strength) that a liquid can withstand has been the object of numerous investi-

gations. Experimental values are quite discordant among themselves and are
generally much lower than the theoretical estimates. The tensile strength of a liquid,
measured in a device known as a tonometer, is taken as that stress (negative pressure)
under which the liquid ruptures. A point of concern has been the possibility that
rupture occurs at the wall of the container rather than in the body of the liquid and
that therefore the observed negative pressure is a measure of adhesive force rather
than of the assumed cohesive force.

Methods of Measuring Tensile Strength. Brief descriptions of these methods are
given below, arranged according to the means used to produce the stress in the liquid.
Each method is given a code designation for identification in Table 2n-1.

A. STRESS PRODUCED BY COOLING AND THUS CONTRACTING THE LIQUID, In Berthe-
lot’s method (A-1) the liquid, sealed in a thick-walled capillary tube, is first warmed
until it just fills the tube and is then cooled until the liquid “breaks.”” The maximum
negative pressure is calculated from the kpown mechanical properties of the liquid,
assuining its extensibility to be the same as its compressibility. In Meyer’s method
(A-2) a spiral glass capillary is part of the tonometer and indicates the pressure exerted
by the liquid, which completely fills the vessel. Meyer calibrated his spiral manom-
eters under both positive and reduced pressure. Worthington, in a single experiment
(A-3), measured the tension by means of a mercury-in-glass dilatometer, the bulb of
which was enclosed within the tonometer. The calibration curve of the dilatometer,
obtained previously by applying positive pressure, was extrapolated into the negative
region. Vincent used a viscosity tonometer (A-4) in which the liquid completely filled
a glass bulb and a fine capillary tube attached to it. By controlled cooling of the bulb,
a gradually increasing tension is exerted on the liquid, measured at any time by the
rate of flow through the capillary. The maximum tension can be calculated from the
observed rates of flow before and after the liquid ruptures.

B. STRESS PRODUCED BY EXPANDING THE VOLUME OF TONOMETER. Vincent has
described a new method (B-1) which employs a metal bellows completely filled with
the liquid. Extension of the bellows exerts a pull on the contained liquid. An early
method (B-2) involved the use of a long (2-m) tube closed at one end with a semi-
permeable membrane. After being filled with air-free water the tube is inverted and
the open end is placed in a mercury trough. Evaporation of the water through the
membrane causes the mercury to rise in the tube. The tension is estimated from the
length of the column in excess of normal barometric height. Hulett (1903), in con-
nection with an experiment of this type, observed a marked decrease in rate of evapo-
ration as the mercury column rose and called attention to the analogy between nega-
tive pressure and osmotic pressure. This relationship forms the basis of a method
for measuring the osmotic pressure of a solution. Budgett (B-3) measured the force
required to pull apart flat steel surfaces wetted by a thin film of the liquid.

C. STRESS PRODUCED BY CENTRIFUGAL FORCE. Several experiments have becn
reported in which tension is developed by rotation of the tube containing the liquid.
Reynolds (C-1) used U tubes sealed at both ends, with one arm longer than the other.
One arm is filled completely with liquid; the other arm is only partially filled with
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liquid under its own vapor pressure. The tube is rotated about an axis positioned
somewhat above the open part of the U. Temperly used a similar method (C-2),
except that the short arm was open to the atmosphere. Recently Briggs (C-3)
employed a Z-shaped capillary tube, open at both ends, rotating in the Z plane about
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TABLE 2n-1. TENSILE STRENGTH oF LIQUIDS BY VARIOUS METHODS

o

L

Max Max
Liquid and | negative - Liquid and negative | o .
method pressure, method pressure,
atm atm
Water: Ether:

A-1* 50-150 1 A-2 72 1
A-1% 157 2 B-1 2.2 1
A-11 17-56 3 | Mineral oil:

A-1 68 4 A-1 119 2
A-2 34 1 A-19 24 2
A-3 17 1 A1 7.8 7
B-1 1.5 4 B-1 2.9 1
B-2 0.2-0.5 1 1§ Acetic acid, C-3 288 8
B-3 4 1, 8 { Benzene, C-3 150 8
C-1 4.8 1 | Aniline, C-3 300 8
C-1 6.0 5 | Carbon tetrachloride, C-3 276 8
C-2 5.6 5 | Chloroform, C-3 317 8
C-3 277 6 | Mercury, C-3 425 9

Alcohol:

A-2 40 1

A-3 17 1

B-1 2.4 1

C-1 7.9 1

* Values reported prior to 1941,

¥ Tubes boiled for 8 hr to expel air.

} Tubes filled by vacuum technique to eliminate air.
4 Tube sealed by liquid frozen in capillary side arm.

References for Table 2n-1

. Vincent, R.S.: Proc. Phys. Soc. 53,141 T1941).

. Vincent, R. 8., and G. H. Simmonds: Proc. Phys. Soc. 56, 376 (1943).
Scott, A. F., D. P. Shoemaker, K. N. Tanner, and J. G. Wendel: J. Chem. Phys. 16, 495
(1948). ’

Scott. A. F., and G. M. Pound: J. Chem. Phys. 9, 726 (1941).

. Temperly, H. N. V., and L. G. Chambers: Proc. Phys. Soc. 58, 420 (1946).
. Briggs, Lyman J.: J. Appl. Phys. 21, 721 (1950).

. Vincent, R. S.: Proc. Phys. Soc. 55, 41 (1943).
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an axis passing through the center of the Z and perpendicular to the plane. The
liquid menisci are located in the bent-back short arms of the Z. The speed of rotation
is increased gradually until the liquid in the capillary “breaks.”

" Afairly complete summary of the experimental measurements of the tensile strength
of pure liquids is tabulated above. Information and references pertaining to work
prior to 1941 are to be found in ref. 1 (Table 2n-1), a paper which describes method
B-1.
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Another experimental method which gives insight into liquid tension involves
measuring the pressure-amplitude threshold for sonically generated cavitation. This
threshold varies with conditions; values quoted in the literature vary over the same
range as for the maximum negative pressures recorded in Table 2n-1. It is found the
preexisting gaseous bubbles or cavitation nucle: are important; recently it has been
shown that such nuclei may be provided by cosmic rays or neutrons passing through
liquid.!-

2n-2. Surface Tension and Surface Energy of Liquids.® Definitions. Owing to
molecular attraction two fluids in contact adjust themselves so that the area of their
interface is & minimum consistent with other requirements. The work required to
extend the surface by unit area is called the “free surface energy.” In solving prob-
lems it is convenient to replace the concept of free surface energy by that of a hypo-
thetical tension, acting parallel to the surface. Named the surface tension and its
value denoted by 7, this is defined as the normal tensile force per unit of length across
any line traced on the surface. The free surface energy and the surface tension have
the same dimensions (M T-?) and are numerically equal; the units of v may be given
either as dynes/cm or as ergs/cm?.

Formulas Involving Surface Tension. When the interfacial surface between two
fluids is curved the pressure p; on the concave side exceeds that, ps, on the convex side
by the amount

pr — p2 = y(R™ + R:™Y) (2n-1)

where Ry, R are the principal radii of curvature. The pressure p due to surface ten-
sion within a liquid drop or gas bubble of radius R surrounded by liquid is

= 2—% (2n-2)

The velocity v of sinusoidal ripples on the surface of a liquid of great depth is given by*
2 o N 4 27y . (2n-

v 5 + oy (2n-3)

where A is the wavelength of the ripples, g is the acceleration due to gravity, and o is
the density of the liquid (cf. Sec. 2a).

Methods of Measuring the Surface Tension of a Liquid Relative to a Gas Phase.
1. Capillary-height method. If a vertical capillary tube whose bore radius r is suffi-
ciently small rests with its lower end below a liquid surface the liquid in it will rise to
a height k given approximately by

' _ 2ycos ¥
S grle — )
where p, is the density of the gas above the liquid, and 6 is the contact angle of the
meniscus with the tube wall (8 is often zero). If the tube is not sufficiently small, cor-
rections must be applied to the above formula.®

2. Maximum-bubble-pressure method. If & bubble is blown at the lower end of a
tube of small bore dipping into a liquid the pressure in the bubble reaches a maximum
value given by

(2n-4)

p =2 (2n-5)

p

1 H. G. Flynn, Physics of Acoustic Cavitation in Liquids, in *‘Physical Acoustics,” vol.
1B, W. P. Mason, ed., Academic Press, Inc., New York, 1964.

t D, Sette and F. Wanderlingh, Phys. Rev. 125, 409-417 (1962).

3 General references: Neil K. Adam, ‘“The Physics and Chemistry of Surfaces.” chap. IX,
Oxford University Press, New York, 1941; H. S. Taylor and S. Glasstone, ‘A Treatise on
Physical Chemistry,” D. Van Nostrand Company, Inc., Princeton, N.J., 1952.

¢ Rayleigh, Phil. Mag. 30, 386 (1890).

¢ Adam, loc. cit.
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where r, as before, is the bore radius. If 7 is not sufficiently small, corrections must be
applied to the above formula.!

3. Drop-weight method. The weight W’ of a drop falling from the tip of a vertical
tube is given by

= .
W 7 (2n-6)

where F is an empirical function! of (V/r3), V being the drop volume. When (V/r%)
is 5,000, F is 0.172; as (V/r%) decreases to 1.55, F increases steadily to 0.26; further
decrease of (V/r%) causes F to oscillate slightly around 0.25.

TABLE 2n-2. SuRFACE TENSION oF WATER AGAINST AIR*

Surface Surface Surface
Teorap., tension, Te:(r;p., tension, Teorgp., tension,
dynes/cm "dynes/cm dynes/cm
-8 77.0 15 73.49 40 69 .56
-5 76.4 18 73.05 50 67.91
0 75.6 20 72.75 60 66.18
5 74.9 25 71.97 70 64.4
10 74.22 30 71.18 80 62.6
100 58.9

Cl. General reference: ““Handbook of Chemistry and Physics,"” Chemical Rubber Publishing Company,
eveland,

TaBLE 2n-3. Surrace TENSION OF VARIOUS Liquins

In T Surface
Name ‘ Formula | contact |~ AP tension, Ref.®
. C
with dynes/cm
Aceticacid............. C;H0; | Vapor 10 28 8 - | AC(22,23,25);
Aceticacid............. C.H.0: | Vapor 50 24.8 GC(1); JS(14);
tPRS(1); 2C(1,6)
Acetone. .............. CsHO | Air or 0 26.21 AC(20,24,25);
vapor AdC(1); BF);
Acetone............... CiHeO | Air or 40 21.16 JP(5); JS(4,14);
{ wvaper : § 206
- Ammonia.............. NH;, Vapor 11.1] 23.4 JP(7)
Ammonia.............. NH, Vapor 34.1] 18.1 JP(7)
Argon................. A Vapor |—188 13.2 JS(15)
Benzene............... CeHs | Air 10 | 80.22 |AC(3,5,31,32,34);
Benzene.......... e CeH, Air 30 27.56 BF(2); JP(5);
JS(4,9,10,11,14);
PRS(2);tRIA(1);
tPRS(1); ZC(4,5)
Benzophenone.......... C1:H100 | Air or 20 45.1 AC(27); AS(1);
vapor ZC(5)
Bromine............... Br, Air or 20 41.5 AC(17); AdP(3);
vapor GC(1)
n-Butyric acid.......... CH;0. | Air 20 26.8 AC@27); GC(1);
JS4)

YAdzam, loc. ait.
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TaBLy 2n-3. Surrace Texsion oF Vanriovs Liquivs (Continued)

In Temp Surface
Name Formula | contact |~ .~ | tension, Ref.*
. C
with dynes/cm
Carbon bisulfide. . ...... CS; Vapor 20 32.33 AC(17,28); GC(1);
BF(2); JS(14);
PRS(2), ZC(6)
Carbon dioxide......... CO, Vapor 20 1.16 VK(1,2)
Carbon dioxide......... CO. Vapor --23 9.13 | VK(1,2)
Carbon monoxide. ...... CO Vapor |-193 9.8 JS(15)
Carbon tetrachloride....] CCl4 Vapor 20 26.95 | AC(3,5,6,28,31);
Carbon tetrachloride....| CCl, Vapor 200 6.53 PRS(1,2); ZC(5)
- Chlorine............... Cl. Vapor 20 18 .4 AC(11); JP(3)
Chlorine............... Cl, Vapor —60 31.2 AC(11); JP(3)
Chlorobenzene.......... CH.Cl | Vapor 20 33.56 | AC(6,20,28);
IP(); IS(11);
PRS(2); tRIA(L);
tPRS(1); ZC(5)

Chloroform............ CHCl; | Ailr 20 27.14 | AC(6,28,31);
AdC(1); PRS(2);
tRIA(1); ZC(6)

Cyclohexane........... CeHyy Air 20 25.5 PRS(1); ZA(1)

Ethyl acetate........... CH;50. | Air 0 26.5 AC(26,33);

Ethyl acetate........... CH;:0. | Air 50 20.2 AdC(1); AS(2);

: JP(5); tPRS(1);

ZC(6)

Ethy! alcohol........... C:H:O. | Air 0 | 24.05 |AC(22,23,25,32);

Ethyl alcohol........... C:H¢Q | Vapor 30 21.89 BF(2); JP(5);
tRIA(1);
tPRS(1)

Ethyl ether............ CH,0 | Vapor 20 17.01 1AC(4,15,28,31);

- Ethylether............ CH1O | Vapor 50 13.47 AdC(1); tPRS(1)
Glycerol............... C;H,0: | Air 20 63.4 JR(1); MB(1);
Glycerol........... .. .| CsHgO: | Air 150 51.9 ZA(1); ZC(3)
Helium................ He __ {Vapor |—269 0.12 cUL(2); PRA(2)
Helium................ 1 He “Vapor ]-—271.35] 0.353 |cUL2); PRAIZ)
n-Hexane.............. CsH,y, Air 20 18.43 AC(5,6,16);

AdC(1); AS(1)
Hydrogen.............. H. Vapor |—255 2.31 cUL(1); PRA(1)
Hydrogen peroxide...... H.0, Vapor 18.2] 76.1 AC»13)
Methyl alcohol......... CH.O Air 0 24.49 AC(22,23,25,32);
Methyl alcohol. . .. .. ...| CH:O Vapor 50 20.14 tPRS(1)
Neon....ooovevennon.. Ne Yapor |—248 5.50 cUL(3); PRA(3)
Nitric acid (98.89) HNO; Air 11.6/ 42.7 JS(2)
Nitrogen............... Ns Yapor |—183 6.6 JS(15)
Nitrogen............ N: Vapor |—203 10.53 [ JS(15)
Nitrogen tetra oxide....| N.O, Vapor 19.8. 27.5 JS(4)
n-Octane............... CsHiq Vapor 20 21.80 | AC(4,5,34); JS(4)
n-Octyl alcohol......... CsH,0 | Air 20 27.53 | AC(4,5)
Oxygen.....ooovnunnnn. 0. Vapor |—183 13.2 JS(15)
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TaBLE 2n-3. Surrace TrnsioNn oF Various Liquips (Continued)

In Tem Surface
Name Formula | contact o Cp ”| tension, Ref.*

with dynes/cm
Oxygen................ 0., Vapor |—203 18.3 JS(15)
Phenol........ R CsHeO | Air or 20 40.9 AC(18,19,25);

vapor JS(2,6,13); JP(4)
Phosphorus trichloride. .| PCl, Vapor 20 29.1 AC(17); GC(1);
’ . . JP(2); JS(4)
n-Propylamine.......... C:H:N | Air 20 22 .4 GC(1); JS(3)
Sulfuric acid (98.5¢)...1 H,SO, Air or 20 55.1 ACQ7a);

: vapor AdP(7); JS(2)
Toluene............... C:H, Vapor 10 27.7 AC(4,17,20,31)
Toluene......ooevvvnn. C;H, Vapor 30 27 .4 JP(5); PRS(2);

ZC(5,6)

* General reference: ‘‘Handbook of Chemistry and Physics,” Chemica! Rubber Publishing Company,

Cleveland.

A reference key is at end of article.

TaBLE 2n-4. Surrack TeNnsioN oF METALS

Substance T Surface
Name Svmbol Gas e%p o’ tension, Ref.*
dynes/cm
Aluminum..... Al Air 700 840 CR(1)
Antimony. .... Sb H, 750 368 ZA(4)
Antimony..... Sb H, 640 350 PM(1)
Bismuth..... .| Bi H. 300 388 PM(1)
Bismuth....... Bi H, 583 354 ZA(4)
Bismuth....... Bi CO 700-800 346 AdP(2)
Cadmium. ..... Cd H, 320 630 ACQ10)
Copper........ Cu H, 1131 1,108 ZA(4)
Gallium....... Ga CO, 30 358 AC(30)
Gold.......... Au H, 1070 580-1.000 | AdP(1); AdP(2); JI(1)
Lead. ... ...... Pb | H, 350 453 PM(1)
Lead.......... Pb H, 750 423 ZA(4)
Mercury....... Hg Vacuum 0 480.3 | AC(T)
"Mercury....... 1 Hg 1 Air P 487 AC(9); AdP);
’ AdP(6); CR(2)
Mercury....... Hg H, 19 470 PM(1)
Mercury....... Hg Vacuum 60 467.1 {AC(®7)
Platinum . ... .. Pt Air 2000 1,819 AdP(2)
Potassium. .. .. K CO. 62 411 AdP(3)
Silver.......... Ag Air 970 800 AdP(2); AdP(4); JI(1)
Sodium........ Na CO, 90 204 AdP(3)
Sodium........ Na Vacuum 100 206.4 | PR(1)
Sodium........ Na Vacuum 250 199.5 | PRQ1)
Tin........... Sn H. 253 526 PM(1)
Tin........... Sn H, 878 508 ZA®4)
Zinc........... Zn H, 477 753 ACQ0)
Zinc........... Zn Air 590 708 JI(1)

* General reference: "Hendbook of Chemistry and Physics,”” Chemical Rubber Publishing Company,

Cleveland.
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TaBLE 2n-5. SURFACE TENSIONS OF AQUEOUS SOLUTIONS AGAINST
AIrR—OQOrganic*

Substance °C v = surfsce tension for concentrations indicated
Acetic acid......... 30| 9 | 1.000] 2.475{ 5.001{10.01 30.09‘49.96'69.91 100.00
v |68.0 [64.4 |60.1 |54.6 |43.6 |38.4 [34.3 | 26.6
Acetone........... 25| % | 5.00 110.0 |20.00 |25.00{50.00{75.0 {95.0 {100.00
v 185.5 |48.9 (41.1 (38.3 130.4 |26.8 |24.2 | 23.0
Ethyl alcohol. ..... 30| 9% | 0.979] 2.143; 4.994{10.39:25.00;50.00/75.06;100.00
v |66.1 [61.6 |54.2 145.9 [34.1 127.5 {24.7 | 21.5
Sucrose............ 25! 9% 110.0 (20.0 |30.0 [40.0 |55.0
v {72.5 [73.0 [73.4 [74.1 |75.7

* General reference: “*Handbook of Chemistry and Physics,”” Chemical Rubber Publishing Company,

Cleveland.
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TaBLE 2n-6. Strracrk TENSION OF AQUEOUS SOLUTIONS AGAINST Alj—
INORGANIC*

(f = gram formula weights per 1,000 g of solvent)

For these aqueous solutions the values of Ay are given. A7 is the difference between the surface
tension of the solution and that of the solvent at the same temperature. Positive values of Ay mean
that the surface tension of the solution is greater than that of the solvent; negative values the reverse.
For convenience in computing the surface tension, the current accepted value for the surface tension of
water at the stated temperature is given in the second column.,

Formula (‘yH(iO) Ay for concentrations indicated
CaCl,......... 25 flo1] 05] 1.0| 2.0 3.0 50 11.2
(71.97) | Ay 0.35] 1.5| 3.2| 6.9 11.0 18.4 | 35
HCL........... 20 fl....] 0.5 1.0| 2.0 4.0/ 6.0 9.0l 17.7
(72.75) | Av|....|—0.2 |[—=0.3 |—-0.5/—0.9|—1.3 | —2.2| —
NH,OH.......| 18 fl.] 05| 10] 1.5 3.0 6.0| 15.0, 34.0
(73.05) | Ay |....|—1.4 |-2.4 [~3.1]—5.2/—7.8 '—12.0 —16.0
|
HNO;......... 20 b 0.7 1.5 2.8 ... ... 8.5
(72.735) | Ay —0.61—-1.11{-1.8".....|...... —4
KCl........... 20 7 0.1 0.5 1.0 2.01 3.00 4.0 ; 4.4
(72.75) | oy {0.16] 0.70, 1.4 | 2.8 4.2] 5.5, 6.0
KOH......... 18 f 05! 1.0/ 2.0 3.8 }
(73.05) | Ay 0.9 1.8 3.5 6.7
MgCla......... 20 Jl0.1] 05| 1.0| 2.0 3.0 3.65:
(72.75) | av 10.32| 1.52] 3.0 6.4/ 10.2] 13.0 |
MgSO¢........ 20 f 0.1 0.5 1.0 2.0 2.7
(72.75) | ay 10.26] 1.03| 2.1 | 4.6/ 6.5
NaBr......... 20 f 0.5| 1.0} 1.5 2.9
(72.75) | Ay 0.7 3| 2.0, 3.8
NaCl.......... | 20 sloi] 05] 1.0] 2.0 3.0 50 6.0
(72.75) | av [0.17) 0.82] 1.64] 3.3 4.9 8.2 9.8
Na:CO;....... 20 f 1025 0.5| 1.0 1.5
(72.75) | A+ 0.7 1.3 2.7 4.0
NaNQO;........ 20 7 10.1 0.5 1.0 2.00 3.00 5.0 7.0 12.2
(72.75) | Ay 0.12] 0,60 1.2 2.4, 3.5/ 5.6 7.5 11.3
NaOH........ 18 fi....} 0.7 1.5 (.....]..... 5.0 11.0] 14.0
(73.05) | Ay }....| 1.3 2.81.....0..... 10.0 23 28
|
Na.SO......... 20 f 0.2 0.5 1.0
(72.75) | Ay |0.5 1.4 2.7

* Genersl reference: *'Handbook of Chemistry and Physics,’ Chemical Rubber Publishing Company,
Cleveland.
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