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QUALITATIVE PROPERTIES
OF THE SHEAR VISCOSITY OF LIQUIDS

In this paper, two theses are substantiated. (i) The viscosity of liquids in the larger part of the
temperature interval, where this phase state exists, is governed by frictional effects between
the molecular layers that move relative to one another. (ii) Argon and water at temperatures
Tu < T < Tc (Tu = 315 K and Tc is the corresponding critical temperature) have kinetic
coefficients belonging to the same class of similarity. This is so because the behavior of the shear
viscosity in water is driven by the averaged interaction potential between the molecules. On the
basis of the similarity principle applied to the corresponding states of water and argon, the self-
diffusion and shear viscosity coefficients of water are calculated. The inadequacy of activation
mechanisms responsible for the formation of the viscosity and self-diffusion processes in water
and most low-molecular liquids is discussed.
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1. Introduction that this formula should possess a universal charac-
ter. In our case, the main assumptions are based on a
thorough analysis of the thermal motion of molecules
in liquids and the mechanisms of momentum trans-
fer between the layers that move relative to one an-
other. We would like to emphasize that the solution of
any problem can be considered complete if a detailed
microscopic theory of the phenomenon has been de-
veloped. However, in our cases, these are phenomeno-
logical theories, for which a clear physical meaning of
involved quantities is extremely important.

There are many publications, where the nature of the
shear viscosity in liquids was studied (see, e.g., works
[1-10]). However, there is no ultimate viewpoint on
this issue. It is so because the temperature intervals
are rather narrow in many cases, and a distinct choice
among the formulas of various types is not an easy
task. Bearing all that in mind, in this paper, an at-
tempt is made to formulate clear qualitative crite-
ria for the applicability of that or another approach.
Most attention is focused on the qualitative compar-
ison between the Batchinski formula [11] and the for-
mula that describes the shear viscosity of liquids in
the framework of our approach [12] and which is, to
some extent, similar to the former. The Batchinski

Not less important is a critical analysis of the wide-
spread application of formulas derived in the fra-
mework of ideas associated with activation mecha-
nisms. This issue is not new. It has been discussed in

formula was proposed on the basis of ideas that were
used by Van der Waals (VAW), when constructing his
equation of state. From this point of view, it seems

© V.M. MAKHLAICHUK, 2018
986

plenty of works [13-17]. The inapplicability of activa-
tion theories to the description of the shear viscosity
in argon and other atomic liquids seems to be gen-
erally recognized. But the properties of water and,
especially, alcohols differ from those of argon very
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much. Therefore, just those substances seem to be
objects of the activation approach. In any case, the
clear formulation criteria are required in order to un-
ambiguously resolve this issue.

There is another general point that repeatedly
prompts us to deal with the origin of the shear vis-
cosity in various liquids. This is the similarity princi-
ple for the corresponding states of liquids. A basis for
the similarity of thermodynamic liquid states is the
VAW equation. It satisfactorily describes the thermo-
dynamic properties of gases, and qualitatively cor-
rectly the properties of liquids. In particular, it brings
us to a conclusion that the coexistence curves are sim-
ilar for liquids that differ significantly from one an-
other by the form of the interaction potential between
the molecules [18-20]. For instance, water and alco-
hols possess argon-like properties. The physical basis
of this similarity lies in that they are governed by the
averaged potentials of intermolecular interaction, the
latter having the same structure of the Lennard-Jones
potential in both water and argon.

Analogously, one may expect that the properties
of the shear viscosity are also determined by the av-
eraged potentials. Really, the shear viscosity emerges
as a result of the friction between the molecular lay-
ers, when they move relatively slowly with respect to
one another. The relevant characteristic time corre-
sponds to a layer displacement by an intermolecular
distance, and this quantity is much longer than the
time required to change the intermolecular orienta-
tion. That is why the friction magnitude has to be
determined by the properties of averaged potentials.

In this work, a few qualitative arguments are for-
mulated. They allow one to clearly distinguish the
Batchinski and our approaches. They demonstrate
that the averaged character of the molecular thermal
motion in water is similar to that in argon, i.e. the
shear viscosity of liquid water has an argon-like be-
havior within almost the whole temperature interval
of this phase. Finally, the applicability of the similar-
ity principle to the calculation of the shear viscosity
of water is discussed.

2. Self-Consistency Criteria
for Shear Viscosity Formula

In works [12,18,21-23], it was shown that the shear
viscosity of low-molecular liquids is a result of the

friction between the surfaces of molecular layers (see
Fig. 1).
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Fig. 1. Schematic diagram illustrating the relative motion of
molecular layers with respect to one another

Note that the mechanism of viscosity formation
in liquids is mainly the “friction” of molecular lay-
ers rather than the transfer of the momentum of a
molecule that transits from one layer to another, as
it occurs in dense gases. Molecules in liquids cannot
transit from one layer to another because of the lack of
a sufficient free volume (see below). In works [12,18],
it was shown that the shear viscosity of argon and all
low-molecular liquids looks like

Q
(@ — 5 ()3 (1)
Gi= (1 — (i) /3,

where D(t) = v(t)/vir; i, is the kinematic shear vis-
cosity at the triple point; ¢ = T/T;, and ¥ = v/vg,
are the dimensionless temperature and specific vol-
ume, respectively; T and vy, are the temperature
and specific volume, respectively, at the triple point;
f)él) = v((f) /Ut(;); and v((f) is the excluded volume of
the system corresponding to its shear viscosity. This
formula describes well the shear viscosity in all lig-
uids, for which the averaged intermolecular potential
is similar to the Lennard-Jones potential in argon.

The temperature dependences of the self-diffusion
coefficient and the shear viscosity in liquids are usu-
ally described by an expression containing one or a
few exponential terms [1-3]:

1=Ar,w,...,

17 =1 exp(Eq1/ksT) + n2exp(Ea/ksT) + ..., (2)

where n is the shear viscosity, and F, the activa-
tion energy. In work [12], it was shown that formula
(1) reproduces the shear viscosity of such liquids as
benzene, nitrobenzene, nitrogen, liquid alkaline [24],
as well as transition metals [25], with a high accu-
racy. In work [22], it was shown that formula (2) also
describes well the shear viscosity of water in almost
the whole temperature interval of its existence in the
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Table 1. Values of the quantity 1 — Rg, which describes the difference
between the calculated and experimental values of the shear viscosity of argon, and the deviations
of the excluded volume and ¢!/ values from the corresponding expected ones for various &

Ar £=1/5 E=1/4 £=1/3 £=1/2 £=2/3 £=3/4 £=4/5 £=1
1 - R2 -3.102 0.384 0.989 0.912 0.822 0.792 0.777 0.745
o 1.000986 0.998571 0.988485 0.948130 0.890236 0.857348 0.836733 0.749570
cl/e 0.004372 0.008409 0.019107 0.054179 0.103043 0.131175 0.148983 0.225676
1— o ~0.00099 0.001429 0.011515 0.051870 0.109764 0.142652 0.163267 0.250430

liquid state, 315 K < T < 620 K. At temperatures
below 315 K, the character of the thermal motion of
water molecules becomes complicated, and the be-
havior of the shear viscosity changes [18].

According to Batchinski [11], the shear viscosity is
described by the expression
#(6,t) = —, 3)

v — Ty

where the denominator is similar to one of the terms
in the VAW equation of state. Batchinski also deter-
mined the excluded volume ), which turned out dif-
ferent from, although close to, the excluded volume in
the VAW equation. In our case, the value of excluded
volume differed from the value of specific volume at
the triple point in the third digit after the decimal
point. Therefore, we will consider the equation

Ge
(55— )¢

with an arbitrary power exponent &. This formula
corresponds to the smallest deviations of

(i) the normalized shear viscosity from the experi-
mental data (the parameter 1 — Rg),

(ii) the quantity fzéi) from unity (i.e. the excluded

volume from its value at the triple point), and

(iii) the parameter Cgl/g from (1 — vél)).

Note that all indicated criteria of the theoretical
approach adequacy are mutually independent. Real-
ly, a minimum value of the parameter R? does not
guarantee that the value of 175” is close to 1, which
has to be owing to its physical meaning. Concerning
the necessity of item (iii), it is dictated by the re-
quirement that formula (1) should be self-consistent
at the triple point.
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The values of all experimental and calculation pa-
rameters for the shear viscosity of argon are quoted in
Table 1. In the table, the quantity Rg is the relative
mean square difference between the experimental and
calculated parameters. One can see that

(i) the smallest deviations of the quantity 1 — Rg
from 1 are mainly observed at £ = 1/3, and

(ii) the values of the normalized excluded volume
are the closest to 1 in the case £ =1/3.

From the physical viewpoint, this conclusion is ex-
tremely important, because the specific volume of the
system at the triple point should be considered as a
physically substantiated estimate of the excluded vol-
ume. A value of 1/5 for the power exponent ¢ has
no physical sense, because the corresponding values
of the own volume exceed 1. The differences between
¢Y¢ and 1 — ¥y fall within the experimental error in-
terval; therefore, formula (1) should be considered as
self-consistent.

The corresponding values of the parameters for the
shear viscosity of water in the temperature interval
315 K < T < 620 K are quoted in Table 2. No ad-
ditional comments are needed here, because they are
the same as for argon.

3. Contradiction of Ideas
Concerning the Activation
Mechanism of Molecular Motion

Formula (2) reflects the application of quasicrys-
talline approach to the description of a thermal mo-
tion of molecules in liquids [4]. In this scenario, the
molecules fluctuate near their temporary equilibrium
positions during a certain characteristic time 7. Af-
terward, they jump to a new temporary equilib-
rium position. It is assumed that the jump-like tran-
sition requires that a molecule should overcome a
certain energy barrier, so that the corresponding ki-
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Table 2. Values of the quantity 1 — RZ, which describes the difference
between the calculated and experimental values of the shear viscosity of water, and the deviations
of the excluded volume and ¢!/ values from the corresponding expected ones for various &

H->O £E=1/5 £E=1/4 £E=1/3 £E=1/2 £=2/3 £=3/4 £§=4/5 E=1
1-— Rg 0.775 0.937 0.986 0.974 0.885 0.821 0.782 0.637
) 1.00001072 1.000009 0.99988 0.99759 0.98994 0.98373 0.97927 0.956671
¢l/¢ 9.63628E-06 3.159E-05 0.00017 0.00162 0.00586 0.00927 0.01173 0.02463
1—199 -1.0718E-05 -8.965E-06 0.00012 0.00241 0.01006 0.01628 0.02073 0.04333

netic coefficients become proportional to the factor
exp(E,/kpT). If the characteristic time 7, of those
transitions is substantially shorter than 7y, then this
approach is correct.

The transfer processes in such liquids are de-
scribed by the activation theory [4, 5|. A quantita-
tive agreement with experimental data is achieved
by introducing the temperature dependences for the
parameters 77 and 72, as well as FE,; and Fgs.
As a result, the agreement with experimentally ob-
served viscosity values is obtained for ionic liquids
and liquids that can transit into the vitreous state
[6-8]. However, unfortunately, the discussion of the
physical meaning of introduced parameters is often
omitted.

3.1. Shear viscosity

The behavior of the shear viscosity in liquid argon
on the coexistence curve, as well as on isochores and
isobars, has been studied in detail in work [26]. Here
are the arguments that demonstrate an evident dis-
crepancy between the specific features in the tem-
perature dependence of the shear viscosity of ar-
gon with the picture of the quasicrystalline charac-
ter of the molecular thermal motion. Really, the iso-
choric viscosity values correspond to the magnitude of
the dimensionless activation energy E,/kpT., which
is much lower than 1. In other words, the activa-
tion energy does not exceed the thermal noise en-
ergy, E, < or < kgT,, which is senseless. Moreo-
ver, the activation energy values turn out negative
on many isochores. At the same time, the activa-
tion energy values on the isobars and the coexis-
tence curve differ considerably from those on isochors
(Table 3).

Let us supplement these qualitative considerations
with the quantitative analysis of the relation among
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Table 3. Dimensionless activation energies
of argon on its isochors, isobars, and coexistence curve

Ar
- o Coexistence
p = const p = const

curve
p/pc Ea/kBTc P/Pc Ea/kBTc Ea/kBTc
1.12 -0.67 5.14 1.37 1.75
1.34 -0.55 10.28 1.25
1.49 —-0.46 15.42 1.17
1.87 -0.22 20.56 1.19
2.24 0.012
2.61 0.31

activation energy values for various mechanisms. Let
us proceed from the following expression for the kine-
matic shear viscosity on isochores:

v =vgexp(eq(n)/T),

where €,(n) = E,(n)/kp. When shifting along an iso-
bar, the activation energy value becomes equal to
7Td5a(n) dn/dp

dn dT/dp’

Eeff = Ea(n) (4)
Substituting the numerical values of corresponding
derivatives into this formula, we obtain .4 = 1.19,
which is in total agreement with the data in Ta-
ble 3. Hence, the effective activation energies for the
shear viscosity and self-diffusion considerably depend
on the direction of the system state change. In or-
der to determine the corresponding isochoric val-
ues, a relevant recalculation has to be done. This
circumstance was also marked in work [24]. The
E,/kpT.-values on argon isochores clearly evidence
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Fig. 2. Temperature dependences f(t) for water, argon, and liquid metals Sn, Bi, Ga, Zn, and Na

Fig. 3. Schematic representation of the particle motion in a
vicinity of the melting or triple point (a) and near the critical
point (b)

that the character of the thermal motion of argon
molecules differs drastically from the quasicrystal-
line one.

3.2. Voids in the molecular system

A substantial difference between the values of the self-
diffusion coeflicients in liquids near their triple points
and in the neighbor of crystalline states (see work
[27]) is often explained by the existence of voids in
the liquid structure. The fallacy of such notions fol-
lows directly from the temperature dependence of the
function f(t) = §/o, where § = (r12) — o is the av-
erage value of the gap between the nearest molecules
(ions), (ri2) the mean distance between the particles,
and o the particle diameter. In other words, this func-
tion describes the relative size of the gap between the
closest neighbor molecules. It is evident that
V1/3(4) — /3
sy = Ot )
Yo

where v is the specific volume per particle, and vg
the own particle volume. The latter parameter is very
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close to the specific volume at the triple point (or the
melting point for metals). The temperature depen-
dences f(t) for water, argon, and some metals are
shown in Fig. 2.

From Fig. 2, one can see that near the triple point
of argon or water (or the melting point for metals),
the relative value of the intermolecular gap does not
exceed 1%, which is practically the same value as for
the system in the crystalline state. In other words,
every molecule or ion is in a “cell” whose parameters
are close to those in the solid state. As a result, the
simple translational motion of molecules in liquids at
finite distances is impossible. At the same time, the
values of self-diffusion coefficients in the crystalline
and liquid states differ from each other by ten or-
ders of magnitude or more, which is difficult to ex-
plain by assuming the fluctuation character of the
void formation near the diffusing particle. The natu-
ral explanation of the difference between the values
of the dimensionless activation energies of the system
in the solid and liquid states is based on the liquid
fluidity or, in other words, on a much more probable
azimuthal motion of neighbor molecules at small an-
gles (see Fig. 3). A similar mechanism of self-diffusion
in a liquid was proposed for the first time in work
[28]. Jump-like displacements are also possible, but
their contribution to the self-diffusion coefficient is
expected to be approximately the same as in solids.

4. Similarity Relation

An important feature of the molecular thermal mo-
tion in water is the possibility of applying the resi-
dence time notion, 7y, to its description. This quan-
tity is required, for example, while analyzing the
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thermal neutron screening [29-31]. Since 7y has the
same temperature dependence as 74, we may con-
clude that this parameter is the lifetime of “estab-
lished” molecular vibrations. Within this time inter-
val, a certain configuration of hydrogen bonds re-
mains unchanged. It is essential that the break of a
bond and the formation of a new bond configuration
are also associated with a small displacement of the
center of mass of a water molecule, |Ar| ~ 0.1 A [32],
i.e. with a certain contribution to the self-diffusion
process.

In accordance with the aforesaid, a conclusion can
be drawn that the temperature dependences of the ki-
netic properties of liquid water has to consist of two
intervals: (i) T < Ty, where Ty =~ 315 K (this inter-
val includes the normal and supercooled states), and
(ii) Ty < T < T, i.e. this interval includes almost
all other liquid states of water. In the former inter-
val, when the temperature decreases, the character of
the thermal motion of water molecules becomes more
and more similar to that observed in hexagonal ice. In
the latter interval, the molecular thermal motion ap-
proaches the argon-like behavior as the temperature
grows.

Hence, in the temperature interval Ty < T < T,
the magnitude and character of the temperature de-
pendence of the self-diffusion coefficient in water are
assumed to be similar to those observed in liquid
argon:

D) (T,) = T (EW mAr)l/QD(Ar) (Tay)

5 A OAr \EAr My s Ak
Ty <T<T,
where T, and Tz, are the temperatures of the corre-
sponding states for water and argon, respectively,

(6)

Ty = 2T (7)
EAr

ear and oa, are the parameters of the Lennard-Jones
potential for argon; ¢,, and o,, the parameters of the
averaged interaction potential for water molecules,
which is similar to the Lennard-Jones potential [33—
36]; and ma, and m,, are the masses of an argon atom
and a water molecule, respectively.

The values of the parameters ¢, and o, for the
potentials that are used most often to describe the
properties of water are quoted in Table 4. The in-
dicated values were calculated at temperatures close
to room one. It should be noted that both ¢, and
o, are temperature-dependent, but this dependence
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Fig. 4. Experimental values of the water self-diffusion coef-
ficient(circles) and the result of corresponding calculations by
formula (6) using the values of &,, and o, for the SPC/E po-
tential (Table 4) (solid curve). The relative difference of the

exhibited data do not exceed 6%

is significant only in a narrow vicinity of the critical
point. In what follows, the temperature dependence
of g, and o, is ignored. The calculation results ob-
tained for the self-diffusion coefficient using formula
(6) and their comparison with experimental data are
exhibited in Fig. 4.

Note that the same relationship must exist for the
coeflicients of kinematic shear viscosity,

1/2
Ow Ew MAr
w(Tw) = — r(TAr),
v ( ) OAr (EAr mw) VA( A) (8)
Tu<T<T,.

The calculation results obtained for the kinematic
shear viscosity using formula (8) and their compar-
ison with experimental data are shown in Fig. 5.

5. Discussion of the Results Obtained

The results obtained in this work confirm our main
theses that

(i) the viscosity of liquids in the larger part of the
liquid state temperature interval is governed by the
friction between the molecular layers that move rela-
tive to one another;

Table 4. Parameters ., and o
of the averaged interaction potential for water
molecules, similar to the Lennard-Jones potential

Hy0 SPC SPC/E TIPS TIP3P
ew/kTm 5.05 5.66 4.05 5.07
ow, A 2.7 2.68 2.73 2.69
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Fig. 5. Experimental values of the water shear viscosity (cir-
cles) and the result of corresponding calculation by formula (8)
(solid curve)

(ii) argon and water belong to the same class of
similarity of their kinetic coefficients at the tempera-
tures Ty < T < T, (Ty ~ 315 K).

This conclusion follows from the consistency of ex-
perimental data for the self-diffusion and shear viscos-
ity coeflicients in water, which were calculated on the
basis of the similarity principle for the corresponding
states of water and argon. We would like to empha-
size that this similarity is based on the important
fact that the behavior of the shear viscosity of water
is determined by the averaged interaction potentials
between molecules, which were constructed in works
[33-35]. Those potentials are also responsible for the
behavior of the specific volume and evaporation heat
of water [19].

Not less important is the conclusion about the non-
adequate character of activation mechanisms for the
formation of the viscosity and self-diffusion processes
in liquids. In the case of rare argon, this fact is con-
sidered to be quite convincing [13,24,26]. At the same
time, the applicability of the similarity principle stim-
ulates us to conclude that the activation mechanism
has no grounds to be applicable in both water and
most low molecular fluids. A further analysis of this
issue will be carried out separately.

To summarize, I would like to thank Academician
Leonid Bulavin for a permanent support of our works
concerning the viscosity and self-diffusion in liquids,
as well as for the discussion of those issues at the
seminars of the Chair of Molecular Physics at the
Kyiv National University. I am also sincerely grate-
ful to Prof. M.P. Malomuzh for his consultation and
support.
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B.M. Mazxaatiwyx

AKICHI BJTACTBOCTI
3CYBHOI B’A3KOCTI PLJTUH

Pesmowme

V po6oti HaBeeHO OGIDYHTYBAHHs TOrO, IO 1) B’A3KicTh pi-
OuH B OlIbmIiil YacTHHI TeMIEpaTypHHUX IHTepBaJIiB iCHyBaHHs
IX pigKuX cTaHiB BU3HAYAETHCH edeEKTAMU TEPTs MiK MOJIEKY-
JISPHUMY IapaMi, 10 PYXalTbCs BITHOCHO OJMH OZHOIO; 2)
aprou i Boga npu temneparypax Iy < T < T, (Ty =~ 315 K)
HaJIe>KaTh JI0 OJIHOTO 1 TOr0 CaMOro KJiacy MOJiOHOCTI 1X KiHeTH-
aHuX KoedimientiB. 3a KOIOMOrono mpuHIUILY momibHOCTI Hjs
BIIIIOBIHUX CTaHIB BOJAM i aproHy pospaxoBaHi koedirienTn
camoaudy3il Ta 3cyBHOI B’s13KOCTi Bogu. B ocHOBI 11i€1 mo/1i6HO-
cri JeXuTh TON (aKT, IO ITOBEIiHKA 3CYBHOI B’SI3KOCTI BOJU
BU3HAYAETHCS YCEPEIHEHUMU ITOTEHIiaJIaMH Mi*KMOJIEKYISIPHOT
B3aeMo/il. B pobori 0OroBoproeThcs HEaJ eKBATHICTH aKTUBa-
mifiHUX MexaHi3MiB POpPMyBaHHsS IPOIIECIB B’I3KOCTI Ta camo-
nudysil gx y Boni, Tak i y OLIbIIOCTI HU3BKOMOJIEKYJISIPHUX
piauH.
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