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ABSTRACT
A new group of dimensionless parameteres, "the reduced
surface energies at zero absolute temperature”, for pure nor-
mal fluid substances is introduced.
A method is developned and demonstrated to calculate the
valuesof these parameters for six different pure normal fluid
substances.

The resulting reduced surface energies for the different

fluids investigated is remarkably constant.
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1. Introduction

Values of surface enercies at zero absolute temperature,
"zero-point enerqgy", were extrapolated from experimental
values of surface tension for six pure normal fluid substan-
ces, taken from papers of Macleod (1), and Sugden (2)*

The method of "least-squares” was employed to find the

proper exponent,#, and zero-point energy, E, , for the fluids

investigated, assuming a general formula of the form

G'--O;(]—T/Tc)/u (1)
relating surface tension and temperature.

Dimensionless groups of zero-point energies were formed
using critical properties of fluids and surface energy at
zero absolute temperature. The dimensionless groups of zero-
point energies are remarkably constant for the fluids inves-
ticated.

Values of surface tension for several fluids were cal-
culated, and compared to their published values, using one
of the dimensionless parametefes, namely

1/3 8712 1/4

Ena® EgfiPes Te iigaio ) (]

Macleod's data (1) were taken from the paper of Ramsay-
Shields (3) which was published in German. Sugden's data (2)

were taken from the paper of Ramsay-Shields (4) which was



i =

The results of this comparison are illustrated in Table 10

and Fig.]l

e

published in English. Suagden corrected the data given by
Ramsay and Shields which he believed were not accurate due

to an inadequate correction for the capillary rise in the
wider tube.
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2. Historical background

In 1886, E8tvls (5) deduced an equation for the
variation of surface tension with temperature from con-
sideration of “corresponding states” of liquids of similar
molecular consideration, in the form of:

213

-d[o(Mv) ]/dT=k (2)
where k is called E8tv8s constant.
Integration of Eq.2 givesthe following equation:

ol3
g(Mv) =k(Tc-T) (3)
Noticina that surface tension vanishes as temperature app-
roaches the critical temperature.

Ramsay and Shields (4) modified the equation of Eftvds,
taking into consideration the nonlinear behaviour of surface
tension at neighbourhood of the critical point. They sugges-
ted the followina formula:

2/3
o(Mv) =k(Tc-T-6) (4)

van der Waals (6) deduced relations between surface
tension and temperature for the liquids complyinoc with the
law of corresponding states.

-2/3 B
T=k, Te v&¢  (1~T/7c) (5).

1/3 2/3 B
ek, Te Pc  (1-T/Tec) (6)



e
where K , K, , and B are universal constants.

Katayama (7) modified the equation of E8tvl8s for the
effect of vapor pressure above the liquid surface, and
proposed the equation:

2}3
oM/ A=g k]l =k Te (1-T/1¢) | (7)

Gugaenheim (8) employed Katayama's relation to the
liquids complying to the law of corresponding states and
deduced the following equation:

11/9
=g (1-T/Tc) (8)
Guogagenheim showed that Eq.6 and Eq.7 were mutually inter-
dependent.

van der Waals' formula, Eq.5 and Eq.6, reduce to that

of Guggenheim-Katayama if B is given the value of 11/9, and

-2/3 173 2/3
O, 1s equated to K, Tc Vc , or to K;Tc Pc . van der Waals
-2/3 1/3 2/3
derived the K Tc vc term, and K, Tc Pc term by means

of dimensional analysis. He carried out the calculation by

using only two critical constants at a time.
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3. The reduced zero-point energies

The critical canstants Pc, Tc, and Zc.were used to
scale the zero-point energy. Employing only two of the

critical constants at a time, the following dimensionless

parameters were formed:

2/3 1/3

€% E(Pe 2 Te ) ( 9)
2 -1

Som B /LRC (e g) ] (10)
1°f2 &

€,= E [[Te {(pfc g) 1. (11)

Additional parameteres were followed by forming the

arithmetic means, and geometric means of the above parameters:

o = (€i+€y)/2 (12)
1 /2
€4y = e ey ) W13
and
6!135 = (€1+€2+€'3)/3 (]4)
3
€|zaj = (G.' 6;63) . (15)

Therefore, a sequence of 11 parameteres were formed for the
six fluids investigated, using the computed values of zero-

oint energies™, and published critical values (9).
p

*
See section 4.



the
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133

235

1233 =

1V
Below, the 4 geometric mean parameteres are shown in

calculated form:

4/3 1/6 -1/2

= EdPe e UEC IR T (16)
/3 &2 1/4

= E,/[Pc  Tc (pc g) ] (17)
1/4 -1/4

< g ffre o Te {pgc g} ] (18)
8/9 5/16 -1/6

E,/[Pe Tec (Pc g} . (19)
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4. Calculation of zero-point energy

The general equation relating surface tension to tem-

perature could be written as:

,a
T (1-T/Tc) , (20)
assuming the exponent, #, is not constant for different
fluid substances.
Equation 20 was substituted in the cgeneral thermodynamics

relationship between total surface energy,E and free surface

0’,

energy, o,

E, =0 - T doydT, (

ro
=
~—

to develop an equation for the variation of total surface

eneray with temperature. Total surface energy equation becomes:
AT

E0.=C§[]+(ﬂ-1) T/Tc] (1-T/Tc) (22)

Equations 20, and 22 show that total surface energy at

zero absolute temperature, "zero-point energy", has in fact

the same magnitude as surface tension at zero absolute tem-

perature. In other words,
E.= O (23)

Total surface eneray stays almost constant for a wide
ranage of temperature near the absolute zero temperature.

Therefore, a more stable value could be calculated for zero-



w13
point eneray than zero-point surface tension.

The total surface energies at various temperatures
for the fluids investigated were extrapolated from the
surface tension data, employing the method of numerical
differentiation*

Equation 21 was used to carry out the calculations.

In order to evaluate the values of zero-point energies,
the calculated values of the total surface energies, and
the proper values of exponent,/t, were substituited in
Eq.22. A sample calculation of zero-point energy, E, for
Ethyl acetate is presented in Appendix B.

The calculated value of zero-point energy, E, should
be, for each investigated fluid substances, independent of
the various values of the total surface enercy at different
temperatures. The method of "least-squares" was employed
to find the proper value of the exponent,u« , in order of

stabilize the value of zero-point energy, E A straight

o *

line relationship was assumed for E , and surface tension, g,

in the form of:

E = ag+ b . (24)

(o]

As a first try, value of 1.22 was tried for/J, and it
was varied by increments of *0.01, until the slope, a,

approached zero.

B I = T -
o — SIS —

*
See Appendix A.
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As "a" approaches zero, "b" represents the average
value of zero-point energy. This value of b was used in
calculation of the reduced zero-point energies.

A sample calculation of "b" for Ethyl acetate is pre-
sented in Appendix B.

Tables 2,and 3 show the calculated values of zero-point
energies, E_, and the exponents, «, for the investigated

fTluids:.
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5. Results and discussion

The procedure for calculation of surface eneragy at zero
absolute temperature is outlined in Appendix B.

Table 1 contains the published critical properties of the
six pure normal fluid substances (9) used in calculatios.

The calculated values of the dimensionless parameteres
are shown in Tables 4 Lo 9. for the investigated fluids.

The average values of the geometric mean parameteres are:

-8
€iag = 2.73 x 10
-3
€153 = 3.20 X 10
-6
w3 = }1.33 x 10
-6
€uasg= 4.87 x 10

énj is the most stable amongst the dimensionless para-
meteres. In order to examine the validity of the basic concept,
the average value of QH was used to calculate the surface
tension of several other fluids. The calculated values of
surface tensions were then compared to the ones published (10).

Solving for E, in Eq.17, and substituiting G, for E , the
followina equation is derived:

1/3 5/12 1/4

g, = 6,33 B AT e (25)

Substituiting Eg.25 in Eq.20 gives :



g

G =€ Pl/3 TE/]Z (pc q])/4 (l—T/Tc;]/g (26)

139 =

Equation 26 was used to calculate the values of surface
tension of several different fluids, taking the exponentvu ;
to be 11/9. Table 10 and Fig.1 presents the results.

A study of Table 10 and Figure 1 shows that the calculated
values of the surface tension are in the proximity of the

published ones.
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6. Recommendations

Other dimensionless groups of parameteres could be
formed using the arithmetic weighted mean and geometric

weighted mean of € ,¢,, and €,in the following form:

PR

€ g =°‘l€|+ﬂ.€1+ (]-o(‘-ﬂ')és, (27)

where u,and/q are less than 1.

and,

e L (28)
or

In €usy =4 InE+AINE + (1-%-4) Tn € (29)

where £ and 4 are less than 1.

Dependina on the choices of‘iland,q , or of < and /4, a more
stable value for the parameteres might result, resulting in
a more precise estimation of the surface tension for various

fluids.
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Table 1: Critical properties of the investigated f]uids*.
Mol. | Tc Pc Pc Ve P
Substance wt. i Atm. | dyne/cm? cm/g mole| a/cm’
7

Benzene 78.11 | 562.1 [48.6 | 4.93 x 10 260 0.300
Carbon tetrachloride | 153.84 | 556.4 | 45.0 | 4.56 x 107 276 D.557
Chlorobenzene 112.56 | 632.4 | 44.6 | 4.52 x 107 308 0.365
Diethyl ether 74.12 | 4566.8 | 35.6 | 3.61 x 107 274 0.271
Ethyl acetate 88.10 | 523.3 | 3168 | 3.83 x 107 286 0.308
Methyl formate 60.06 | 478.2 [ 59.2 | 6.00 x 107 172 0.349

*

sl b

Data are taken from Ref.(9)




usingonly Macleod's data.
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able 2: Zero-point energies of the investigated fluids;

Eo

Substance M erg/cmz
Benzene .19 66.54
Carbon tetrachloride .18 61.60
Chlorobenzene e 68.70
Diethyl ether bk 95 .20
Ethyl acetate .24 65.81
Methyl formate el 76.25

*Due to insufficient data points, value of 1.22 was assumed

for the exponent.
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Table 3: Zero-point energies of the investigated fluids;

using only Sugden's data.

Substance 3 g?‘g/cm2
Benzene +19 69.65
Carbon tetrachloride « 10 64.72
Chlorobenzene s D 74.45
Diethyl ether . 59.02
Ethyl acetate .24 67.47
Methyl formate e 775,54




e e e

ot &

Table 4 : Reduced zero-point energies of the investigated
fluids; using only Macleod's data.
First order parameteres
Substance & = €
-5 -12 -1
Benzene 6.00 10 .07 x 10 .64 10
-5 -11 -1
Carbon tetrachloride| 5.87 10 }.862 % .10 . e 10
-5 -11 -1
Chlorobenzene 6.31 10 1.20 » 10 44 10
-5 -11 -1
Diethyl ether 6.59¢ 10 1.13 % 10 « D7 10
-5 -11 -1
Ethyl acetate 7.18 10 133 x D .65 10
-5 -12 -1
Methyl formate 6.32 10 1.25 % 10 ¥ 10

————— e~ -
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Table 5.Reduced zero-point energies of the investigcated fluids; using

only Macleod's data.

Arithmetic mean parameteres

e e Al AR e R A R P - —

Substance €ua €ha €,5a €233
-5 -1 -2 -2
Benzene 3.00 x 10 8.18 x 10 8.17 x 10 5.45 x 10
-5 -2 -2 -2
Carbon tetrachloride| 2.93 x 10 5.59 x 10 5.59 x 10 3.73 x 10
-5 -2 -2 -2
Chlorobenzene 3.42 x 10 7.83 x 10 F.83 = 10 5.22 x 10
-5 -2 -2 -2
Diethyl ether 3.26 x 10 F.EB5 x 11 7.85 x 10 8.23 x 10
-5 -2 -2 -2
Ethyl acetate 3.59 x 10 8.28 x 10 8.27 x 10 5.52 x 10
-5 -2 -2 -2
Methyl formate P § IR S 9.34 x 10 9.34 x 10 6.23 x 10
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Table 6

only Macleod's data.

Geometric mean parameteres

Reduced zero-point energies of the investigated fluids; using

Substance € ag enm €133 6“35
-8 -3 -0 -6
Benzene 2.20 19 35 1.3 10 1.15 x 10 4.29 10
-8 -3 -6 -6
Carbon tetrachloridg 3.08 10 2.56 10 1.34 x 10 4.74 10
-3 -3 -6 -6
Chlorobenzene 2.75 10 3.02 10 .32 x 10 4.79 10
-8 -3 -6 -6
Diethyl ether A i 10 3.20 10 .32 x 18 4,87 10
| -8 -3 -6 -6
Ethyl acetate 06 B 10 3.45 10 1.50 x 10 5.44 10
-8 -3 -6 -6
Methyl formate 2.14 10 3.44 10 1.16 x 10 4.41 10
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Table 7 : Reduced zero-point energies of the investigated

fluids; using only Sugden's data.

First order parameteres

Substance € . €. € 4
-5 -12 -1
Benzene 6.28 x 10 8.45 x 10 1.71 x 10
-5 -11 -1
Carbon tetrachloride | 6.16 x 10 1.70 x 10 1.17 x 10
-5 -11 -1
Chlorobenzene 6.83 x 10 1.30 x 10 1.56 x 10
-5 -11 -1
Diehyl ether 6.97 x 10 1.20 % 10 1.68 x 10
-5 -11 -]
Ethyl acetate 7.36 % 10 1.39 % 18 1.70 x 10
-5 -12 -1

Methyl formate 6.43 x 10 7.97 % U 1.90 x 10

Ry et = e —t
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able 8

|

only Suaden's data.

Arithmetic mean parameteres

Reduced zero-point energies of the investicated fluids; using

Substance é,za e|3a 6133 é.zaa
-5 -1 -2 -2
Benzene 3.14 10 1.71 10 8.56 10 5.721 % 10
-5 -2 -2 -2
Carbon tetrachloride |3.08 10 S5:87% 10 5.87 10 3.92 x 10
-5 -2 -2 -2
Chlorobenzene 3.42 10 7.83 10 7.83 10 5.23 x 10
-5 -2 -2 -2
Diethyl ether 3.49 10 8.39 10 8.39 190 5.60 x 10
-5 -1 -2 -2
Ethyl acetate 3.68 10 1.70 10 8.48 10 8.45 x 10
-5 -1 -2 -2
Methyl formate 3.21 10 1.90 10 9.49 10 6.33 x 10
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Table 9 : Reduced zero-point eneragies of the investicated fluids; using

only Sucden's data.

Geometric mean parameteres

Substance Clzj él?j €13‘j 617_33
-8 -3 -6 -6
Benzene 2-30 % 10 3.28 x 10 1.20 x 10 4.50 x 10
-8 -3 -6 -6
Carbon tetrachloride| 3.24 x 10 2.69 x 10 1.41 x 10 4.97 x 10
-8 -3 -6 -6
Chlorobenzene 2.98 x 10 32T %1y 1.43 x 10 5.19 x 10
-8 -3 -6 -6
Diethyl ether 2.90 x 10 3.42 x 10 1.42 x 10 5.20 » 10
-8 -3 -6 -6
Ethyl acetate 3.20 x 10 2:53 x4 1.53 x 10 5.58 & 10
-8 -3 -6 -6
Methvl formate 2.17 x 10 3.49 x 10 1.18 x 10 4,48 x 10
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Table I0:€alulated values of surface tension for several

fluids using Eq.26.

g

In contact T ul dyn/cm
Substance with *C UDbs . *| CaTl.
Acetaldehyde vapor 20 21.20 18.42
Aceton air or vapor| 20 23 .10 22.25
Benzonitrile air 20 39.20 38.10
Bromobenzene air 20 36..5 39.89
Carbon dioxide vapor 20 1.16 1.18
Chlorine vapor 20 18.4 18.7
Chloroform air 20 27 .14 29.99
Cyclohexane air 20 £5 ¢ 24.7
Ethylbenzene vapor 20 29.20 29.10
Ethyl formate air or vapor |20 23.6 230
Helium vapor -269 8.12 0.63
Hydrogen vapor -255 2.31 2.91
Hydrogen cvanide vapor 17 18.2 16.42
Methyl acetate air or vapor |20 24 .6 22.88
Methvl chloride air 20 16.2 15.549
Methyl pnropionate air or vapor |20 24 .9 22 .51
Naphthalene air or vapor (127 28.8 28.8
Neon vapor -248 8.50 7.92
Nitrogen vapor 2183 6.6 /.06

* Taken from Ref.(10)




Table 10

(continued)

28

dyne/cm

In cntact T N
Substance with i ° Obs. Cal.
n-0ctane vapor 20 2139 21 .23
Oxygene vapor -183 1 3.2 15:17
Phenetole vapor 20 32.74 31.02
Tolune vapor 20 28 .8 28.6




no )P
LML

S0

500

4o.0

30.0

20.p

le.g

1.0 20.0 30.0 &40 50.0

O:Jbserved ( Published)

Fig.1l : Comparison between calculated values of

- surface tension and published values of
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Nomenclature

total surface eneragy
zero-point enerqy
acceleration of gravity
molecular weight
critical pressure
temperature

critical temperature

critical volume

surface tension

surface tension at absolute zero temperature
reduced surface energy at zero absolute temperature

exponent in surface tension equation

critical density
density of the liquid phase

density of the vapor phase
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Appendix A

On numerical differentiation™:

Numerical differentiation was employed to calculate
the total surface energies from data on surface tension and

temperature usinag the equation
E_ 0= T 4074y (30)

The general technique is outlined below:
If F(X) is a function passingthrough n+1 equally spaced

points X, , X, = X, -h, X, = X

| -—
feon _211, ooooooooooo . xk_h_ Xh_nl]’

]
-
—
>
S
w

using the abbreviation F for central difference

notation, we have:

r

F - Fr__, =6F,,_.1/2

2

8F,., - 6F., = OF

Y \/2 4

z 2 3
6Fr -(SF,._t =(5F|--I/2

so that the subscripts of a difference is the mean of the
subscripts of its parents.

& §

X = X,+ Sh

Then by "Interpolation of Gauss”

*

See Ref.(11).
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2 2 B
e = [S(5-1)/2116F +[S(S -1)/3116 F,+

fs2

ook

°

-n
P

><

(]

+

w

-
S

n

NN W

[S{5 -1) (5-2)/4!]645 S

F (X) = dF(X)/dX = h dF/dS

2 3
-1)/3116 F,

F (X +#S.h) = h (éwa + [2(S~1)/2!]52§ + [3(S
This equation was applied only to the data points which were
equally spaced.

Corresponding to the problem of zero-point energy the
following ecualities hold:
X =T

F =0

"

h= T ~T . 287
F(X_+S.h) = d0/dT
6F|/z= F1 = E;
5 Fa - 6 Fuz - SF-(.Q
3 2 2
&Fy, 28EF - BE,
S== 0,0 or 1,
"S" was assigned the value 0 whenever the number of data
points was sufficient for calculations. Otherwise S = 1.

Calculated values of dU/dT was multiplied by (-T), and

was added to T at the same temperature to arrive at Eg..
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Appendix B

Calculation of zero-point energy for Ethyl

acetate using Sugden's data

g T AT T Ler : -do do | E, =o-Tde
d/cm | °C ¢ A dT 4T | erg/emt 4T
15.74 | 90
30| -3.66
12.08 | 120 0.43 0.1129| 44.38 |56.46
30| -3.23 -0.35
8.85 | 150 0.08 0.1081| 45.72 | 54.57
301 «3.15 +0.31
5.70 | 180 0.39 0.0981| 44.46 [50.16
30| -2.76 -0.07
2.94 | 210 0.32 0.0863| 41.69 |44.64
30| -2.44
0.50 | 240
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Appendix B (Continued)

Assuming ~ = 1.23,

T g E_ A AxB E,
i d/cm

erqg /Cm
393.15 12.08 56.46 1.123 .726 0.852 66.27
423.15 8.85 54 .57 1.189 .684 0.811 67.29
543.15 5250 50.16 1.199 .630 0.755 66.44
483.15 2.94 44 .64 1.21& .554 0.672 66.43

- B 0.23 o

where A = (1 + 0.23 T/Tc), and B ( 1- T/Tc)

The followinag systems of equations

a(29.57) +4b

66.27 = a(12.08
67.29 = a( 8.85
66.44 = a( 5.70
66.43 = a( 2.94
266.4 =

Solving for a and b
a = 1.608 x 162

b = 66.48

were formed:

2
EoXU-_:" a<d + O-X_t)_

800.5 =a(145.9)+(12.08)b
595.5 =a(73.32)+( 8.85)b
378.7 =a(32.49)+( 5.70)b
195.3 =a( 8.64)+( 2.94)b
1970. =a(265.3)+(29.75)b
was

The value of the exponent was changed by =00l until a

at the vicinity of zero.



