EFFECT OF AN ELECTRIC FIELD ON THE DYNAMICAL VISCOSITY
OF DIELECTRIC LIQUIDS

B. V. Savinykh, R. N. Zarinov, UDC 532.13
and A. G. Usmanov

Experimental results on the effect of an electric field on the dynamical viscosity
of dielectric liquids are presented and the methods of measurement are described.

The direct action of an electric field is an important method of stimulating heat and
mass exchange in dielectric liquids [1]. However, the lack of accurate models of these
mechanisms, in particular, the effect of an electric field on the dynamical viscosity of a
liquid, has prevented the wide application of numerous investigations in this field to the
solution of practical problems.

Attempts at understanding the effect of an electric field on the flow of a dielectric
liquid were initiated near the end of the last century and have continued to the present time
[2-5]. The main deduction of the experimental results is that static and oscillating elec-
tric fields can lead to an increase in the resistance of the liquid to flow. According to
most authors, this effect is explained by the rise of electroconvective motion in the liquid.
The influence of the electric field on the molecular momentum transport is assumed to be
negligibly small, and is not taken into account in treating the behavior of the liquid in a
field.

On the other hand, there is the view that the field can lead to a perceptible change in
the molecular transport coefficients of the liquid; in particular, the coefficient of dynamical
viscosity. This view is supported by data on the effect of an electric field on heat con=-
duction [6], since this is a molecular transport characteristic, as is the viscosity.

We describe an experimental study of the effect of static and oscillating 50-Hz electric
fields on the dynamical viscosity of organic liquids. The dynamical viscosity was measured
by means of capillary viscometry techniques together with interference methods of controlling
the liquid flow. With the help of the latter, the image of a layer of liquid flowing through
the capillary could be observed, and the deviation from laminar flow (the instant of onset
of electroconvection) could accurately be determined.

The experimental set-up consisted of a measurement cell with overflow and measuring ves-
sels, a thermostat, a device for measuring time intervals, a commnecting valve with electro-
contacts, a frequency-meter—chronometer, a high-voltage source with electric measuring de-
vices, anoptical interferometer (IAB-451) and a light source (optical quantum generator LG-75).

The measurement cell is shown schematically in Fig. 1. It is a modification of a capil-
lary viscometer with a capillary of rectangular cross section formed by two hollow stainless
steel plates 1, and two optical glass slides 2. The plates formed the electrodes of a capaci-
tor; a high voltage was applied to one of the electrodes, and the other was grounded. The
sample liquid was allowed to flow down through the capillary from above. The electric field
vector was directed perpendicular to the flow. Plates 1 were given connecting tubes 3 for
inflow and outflow of a thermostatic-control liquid.

Hollow metallic plates 4 were mounted to plates 1 from above with insulating screws 5.
These plates formed the initial hydrodynamic flow stabilization section 7, before entry into
the test section 7. formed by plates 1. The values of l2 used in the experiments were
0.18825 and 0.13882 m, and 7, was 5°107% m. The capillary thickness 2h was varied between
0.492+1072 and 0.5°10"® m, and the width 2b was 8.5:10" > m.

Plates 1 were separated from plates 4 by insulating layers 6 of thickness 50 um. Above
and below the capillary were placed fluoroplastic covers 7. These were mounted to plates 1
and 4 by screws 8 and were provided with channels for the inflow and outflow of the sample
liquid.
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Fig., 1. Measurement cell,

The required high voltage was obtained by means of the constant voltage source B 5-24A
and the transformer NOM-10,

The following organic liquids were chosen for the study: carbon tetrachloride, benzene,
hexane, toluene, chlorobenzene, and acetone. The molecular dipole moments of these liquids
are, respectively, 0, 0, 0, 1.67-107%°, 5,20-107°°, 9.47.10%° C-m. The liquids were chemi~
cally purified, dehydrated with calcium chloride, filtered, and distilled at the boiling
point. Their indices of refraction were then measured on the refractometer IRF-22, Devia-
tions of the measured values from the accepted values [7] were less than 2<107%,

The dynamical viscosity was determined at temperature 293°K and atmospheric pressure.
The static and oscillating electric field strengths were between 0.8°10% and 57-:10% kV/m.

To test the rectangular cross section capillary in the measurement of dynamical vis-
cosity, we performed preliminary experiments following the methods described in [8]. 1In
these experiments, the correction to the kinetic energy of the liquid jet was determined,
as was the so-called "entry" correction. The preliminary experiments showed that the liquid
flow into the measurement cell was steady-state. This was as expected [9], because the capil-
lary was such that ly2h= 100.

A flow Q of the sample liquid through the capillary was created by a constant drop AH
between the levels of the liquid. The dynamical viscosity of the liquid in zero electric
field was determined from the formula

1 = 1.33 (673/Ql) pgAH — 0.093 (Qhybl) p. (1)

The values of the dynamical viscosity of the sample liquids in zero electric field dif-
fered from the accepted values of [10] by not more than 3.7%Z.

The electric field acted on the sample liquid only in section 7, (the electric field
was zero in section 7;). The dynamical viscosity of the liquid in the electric field was
calculated from the formula

0l = 1,33 (bh3/Q" 1y) pgAH — 0.093 (Q™ybly) p — nlufls. (2)

One of the principal factors that can distort the measurements of dynamical viscosity
under the conditions of our experiment is electroconvection in the sample liquid. Therefore,
in a preliminary experiment for each liquid, we determined the critical value of the electric
field E.,, above which electroconvection was observed.

Measurements of n and nel were done under isothermal conditions for a liquid layer
thickness of 2h ~ 0.5:107° m. The image of the liquid layer in this case was uniformly
bright. At a certain critical value Ecr (different for each liquid), an abrupt change in
the size of the image was observed. This is evidently explained by electroconvection.

In order to test this assumption and refine the values of Egr, we carried out additional
experiments with a gap between the electrodes of 2h = 0.96 mm. Visualization of the inter-
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Fig. 2. Dependence of nel/n+100% on E (in kV/m) for a static

electric field, (a): hexane (curve 1), carbon tetrachloride

(curve 2), benzene (curve 3), (b): acetone (curve 1), chloro-
benzene (curve 2), toluene (curve 3).

ference pattern was accomplished by thermostatic control of the walls of the capillary at
different temperatures (At ~ 0.2-0.4°K). Three to five interference fringes were seen in

the image of the moving liquid layer. In the test section of the capillary they were paral-
lel to each other, which corresponds to steady-state laminar flow of the liquid. For an ap-
plied electric field with E < Ecr, the interference pattern of the moving liquid layer did

not change; this indicates no electroconvection. For E = E.,, the interference pattern ab-~
ruptly changed. The interference fringes in the image vanished, and its size changed. . Turbu-
lent motion of the liquid was observed, which indicated the onset of electroconvection.

The values of E., of the sample liquids, measured under isothermal conditions and with
2h = 0.5°107% m, agreed (within *0.5.10% kV/m) with the values obtained for 2h = 0.96:10"> m
and At ~ 0.2-0.4°K, and ranged from 8°10% to 57:10® kV/m. The dynamical viscosity was not
measured for E = Ecr.

The experiment was performed in the following sequence. %he value of n for the sample
liquid in zero electric field was measured. Then the value n®% in the electric field was
determined. The effect of the electric field on the dynamical viscosity of the liquid is
given by the ratio n®“/n. The elapsed times T, 187 for a certain volume of liquid V to flow
through the capillary were measured. The flow rates Q = V/t and Q&l = v/tel were determined
and the values of n and n®’ were calculated according to (1) and (2). In the calculation of
n and nez, we used the arithmetic average of values for t and t®% obtained over many measure-
ments for a given series of experiments.,

For the calculation of neZ in (2) there appears the density of the liquid p. It is
well known that electrostriction occurs in a dielectric liquid in an applied electric field.
The liquid experiences a pressure, and hence the density changes. However, according to [11],
the change in p for an incompressible liquid can be ignored.

In a static or oscillating 50-Hz electric field, Joule heating of the dielectric liquid
can occur. However, the preliminary experiments described above showed that the interference
pattern of the moving liquid layer did not change in the applied field for E < Eqy, and so
Joule heating was not significant.

The experimental results are shown in Fig. 2 and Fig. 3. It can be seen that the elec-
tric field leads to an increase in the dynamical viscosity both for nonpolar liquids (Figs.
2a and 3a) and for polar liquids (Figs. 2b, 3b). The relative change of viscosity is much
larger for the polar liquids, and increases with increasing applied electric field and molecu-
lar dipole moment. For the maximum electric field used in the experiment, the dynamical vis-
cosity of the most polar liquid .(acetone) increased by a factor greater than its absolute
magnitude in the absence of the field., The absolute magnitude of the change in viscosity in
a static electric field was qualitatively similar to that observed in an oscillating field
of 50 Hz.

neZ was measured for E < E.y. When E Z=E.p, we observed a further increase in the "vis-
cosity" of the liquid, This effect was evidently caused by both molecular and electrocon-—
vective momentum transport. Hence from the experimental results, it follows that the effect
of an electric field on the flow of a dielectric liquid can be related to an increase in the
dynamical viscosity for E < Ecr, and to electroconvective flow for E = Ecr.
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TABLE 1. Values of n, AGp, AHp, EP, Z1s En for Acetone, Chloro~
benzene, and Hexane

Liquid mios, | AGg10-s | amg10-s, |EPL 1%, - .
Pa*sec |J/mole J/mole I t M
Acetone 0,32 { 9,92 8,92 30,52 7,53 9,7
Chlorobenzene; 0,83 13,03 12,40 20,66 7,45 19,7
Hexane 0,30 ; 11,18 10,22 10,07 7,56 33,6

TABLE 2. Values of nel, n®%/n, AG%Z, AHﬁZ, and E%Z for Acetone,

Chlorobenzene, and Hexane for Various Values of the Electric Field

. el ;qs el,.. el I - el
Liquid E-1072, SO LOwAl ag®hio-s, | arllio-s, | 7
kV/m Parsec 1100 9% 3/mole 17m01e 1
Acetone 7,84 0,72 296 11,93 10,92 l 11,8
Chlorobenzene | 20,33 1,00 121 13,52 12,87 20,6
Hexane 58,82 0,32 108 11,37 10,41 34,3
el el )
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Fig. 3. Dependence of nez/n-10OZ on E (in kV/m)
for an oscillating field of frequency 50 Hz. The
notation is the same as in Fig. 2.

The theory of molecular transport processes in liquids (such as momentum transport) has
not been completely worked out. Therefore, we give a qualitative interpretation of the ex-
perimental results using some essential assumptions about the mechanism of viscous flow and

the intermolecular interactions in a liquid. In particular, we start from the expression for
the dynamical viscosity given in [12]:

n= (AN[V.) exp (AGy/RT) = Aexp (AGy/RT). (3)

For our experiment T = const, A = hN/VyM and R is a constant. Therefore the effect of the
field on the viscosity must be due to the change in AGp:

1 = Aexp(AGEYRT). (&)

From experiment neZ > n and hence AGnezl>AGnv‘-=AHn — TASp. The latter can be interpreted as
the effect of the field on AHy, and ASy.

It can be shown that an increase in AG, in the electric field is fundamentally connected
with the increase in AHp, and

1l = Aexp [(AHS — TAS,)/RT]. (5)

The quantities AG:Z and AH%Z are calculated from the formulas:
AGE = RT In (V,TYEN), (6)
AHE = RT {In (V. PYRN) — (TIV ) 8V T}, (7)

Values of these quantities and others for the liquids used in the experiment are shown
in Tables 1 and 2.

In [13] the assumption was made that AH, is a certain fraction of the total intermolecu-
lar interaction energy. Therefore we attempt to relate AHp to the intermolecular interac-

tion energy of the liquid, and consider the possible causes of a change in AH, in an electric
field,
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The calculation of the intermolecular interaction energy in a liquid f{s a complicated
problem, and it can be done only approximately. We estimate the molecular interaction en-
ergy with the first coordinate sphere of the liquids under study using a potential of the

LondorrDebye—Keesom type assumed in [14]
er =2, 8P = 2, {(1/r}) [(3/4) (Jo?) + 2p’a + 2u4/3AT}, (8)

where z, and T, are the number of molecules and radius of the first coordinate sphere, aver=
aged over the volume of the liquid, In (8), with the help of the term Z,, the collective
molecular interaction is taken into account (the addit1v1ty of molecular interactions is as-

sumed).

Comparison showed that AHp > Eﬂ = 2,ePN/2 (the intermolecular interaction energy of the
liquid per mole with molecular interaction correlations taken into account within the first
coordinate sphere) or AHn/sM kn.

The shear stress in the liquid in laminar flow is apparently not high enough to change
molecular characteristics such as p, o, J, and hence also IP. On the other hand, in the
process of flow a certain deformation of the "supermolecular structure" of the liquid [15]
(short-range structure) must occur., Therefore, we write

AHy = knzy N/2 = 2 P N/2 = e,N/2, (9)

where En = knE1 and En = EnEP is the average number of molecules with interaction correla-
tions in flow and their energy, respectively. We have from (9)

Zg = AH(ePN/2) = AH,feX (10)

where Eﬁ = ePN/2. For the liquids in our experiment, En > z, (see Table 1) and En > El, S0
that in flow an increase in the short-range molecular cotrelations and an increase in the
interaction energy in comparison with that for a liquid at rest occurs. We then rewrite (3)

in the form
0= Aexp[(z, ey — TAS,)/RTI. (11)

An applied electric field will lead to an increase in the dipole moment of the molecule
ueZ y+ [a+ #2/3kT]E and therefore to an increase in eP. However, for the fields used in
the experiment, the change in €P did not exceed 0,5% for our liquids, and this can be ig-
nored, Hence one can assume that the increase in the viscosity in an electric_field is due
principally to an increase in short-range molecular correlations (increase in zn and en)

In analogy to (9), (10), and (11) we write

el el-
AHn =70 N2, (12)
z‘ﬂ = AHn ek, 13
n = AexplEe e — TASp/RT), (14)

where z el is the average number of molecules for which interaction_correlations occur for
flow in an electric field. It is seen from Tables 1 and 2 that z&° > z_ and thus cel > En’
Hence, according to our assumptions, the increase in viscosity in an electric field is due
to an increase in short-range molecular correlations and a corresponding increase in the in-
teraction energy in comparison to that in the absence of the field.

NOTATION

2h and 2b, thickness and width of the capillary, m; 1, L2, and 7 = 1, + 12, length of
the hydrodynamical stabilization section, test section, and total length of the capillary,
respectively, m; n, dynamical viscosity, Passec; T, absolute temperature, °K; E, electric
field strength, kV/m; AG,, AHp, ASp, free enthalpy, enthalpy, and entropy of flow activation,
J/mole; h = 6.6748°1073*, Plank's constant, Jesec; k = 1.3805-107%?, Boltzmann constant,
Jedeg™*; R = 8, 3144, gas constant, J/mole-deg; N = 6.0225¢10%% Avogadro number, knmle Yy VM,
molar volume, m®; J, ionization potentlal J3 a, polar1zab111ty of the molecule, C+m®/V; u,
molecular dipole moment, Cem; EP, average intermolecular pair interaction energy, J; p,
density, kg/m®; g, acceleration of gravity, m/sec?; Q, flow rate, m>/sec; Subscripts: el
and n, quantities in the electric field and in free flow, respectively; cr, critical value.
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LAWS FOR THE HEAT CAPACITY OF ELEMENTS OF THE PERIODIC
SYSTEM

I, M. Prikhod'ko and V. S. Koshman UDC 536.63:546

We show a correlation between the derivative of the heat capacity with respect to
the reduced temperature of elements and their group number at temperatures above
the Debye temperature. We derive a relation which reflects the character of the
variation of the heat capacity of the elements as a function of the characteristics
of their electron structure.

For a long time the fundamental rule for the heat capacity of elements at high tempera-
tures (T > GD) was the empirical Dulong and Petit law, According to this law the molar heat
capacities of monatomic solids at temperatures of the order of 300°K are approximately 25
J/mole*®K, However, experimental data at higher temperatures showed that deviations from
the Dulong and Petit law in a number of cases increase to tens of percent [1]. It has been
noted by many authors [2, 3, etc.] that the heat capacity of elements varies pericdically
with their atomic number. All this urgently required explanation. Since there is no single
reliably theory, it is evident that answers to the questions posed can most likely be ob-
tained by seeking new more general empirical relatioms.

Actually, by correlating accumulated experimental data Ivanova [4] showed that the Du-
long and Petit law is a special case of a more general law: the molar heat capacities of
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