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INTRODUCTION

For predicting the filtration properties of porous
membranes, it is necessary to understand the laws of
flow of fluids through porous media and factors affect-
ing their permeability coefficient. In spite of a long his-
tory of experimental and theoretical studies in this field
[1, 2], the results of experimental measurements of the
hydrodynamic permeability (HDP) coefficient of
porous media still cannot be predicted from the data on
the fluid viscosity and the structural characteristics of
membranes. In theoretical approaches aimed at the
establishment of a correlation between the HDP and the
structure of porous media, the diverse methods of the
porous medium modeling have been used [1–5]. Occa-
sionally, new equations are derived which are usually
have the empirical character and are applicable only to
the porous medium of a particular type. Thus, the equa-
tions for porous media formed by a bimodal ensemble
of particles [6], high-porous particles [7], and fibers [8]
were derived. Specific equations were used to describe
a high-porous medium [9], a porous medium with the
structure deformed by the fluid flow [10], and a consol-
idated porous medium [11] which is generally charac-
terized by a high tortuosity, as well as a porous medium
with the wide or bimodal pore size distribution [11].
There are a few experimental works, in which the inter-
relation between the porous structure and permeability
was studied. In our opinion, this is explained by signif-
icant difficulties in determining the structural parame-
ters. Nevertheless, these studies are carried out regu-
larly, because they are needed for solving the applied
problems. For example, the experimental determination
of structural parameters (mean pore size, porosity, and
tortuosity) showed that the equation of type (1) (see
below) can be applied to describe the flow process in a
high-porous consolidated anisotropic medium (graph-
ite) [12]. The direct temperature effect on the perfor-
mance of porous membranes was revealed in [13, 14],

and, in addition to the temperature effect, the influence
of the fluid nature on the permeability of membranes
with small pore size was established in [15].

FORMULATION OF THE PROBLEM

It is known that the laminar flow of liquid or gas in
porous media under the pressure drop is described by
the Darcy law, whereby the flow rate is proportional to
the pressure drop on membrane, 

 

∆

 

P

 

, and is inversely
proportional to fluid viscosity 

 

η

 

 and membrane thick-
ness 

 

L

 

. The corresponding coefficient of proportional-
ity, which is called the hydrodynamic permeability
coefficient 

 

K

 

 is fully determined by the parameters of
the porous structure, i.e., pore volume (porosity ), tor-
tuosity 

 

τ

 

, and, for a capillary model, by the integral

mean-square pore radius  [1]
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or by the pore volume distribution over radii 

 

ε(

 

r

 

) [16]
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In our opinion, to explain the discrepancy between
the experimental values of 

 

ä

 

 and their deviation from
theoretical values, it is necessary to account for the fac-
tors affecting the fluid velocity profile but not directly
related to the parameters of porous structure. Among
these factors is the change in the structure of fluid lay-
ers adjacent to the solid surface compared to the bulk of
fluid phase due to the effect of the field of surface forces
[17, 18]. The introduction of the notion “structuring of
fluid” contributed significantly to the study of the flow
of fluids near interfaces [17–20]. Polar fluids with inter-
molecular hydrogen bonds, primarily water, are charac-
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terized by strong and long-range changes in the struc-
ture. In the boundary layers of water, the structural
changes manifest themselves by the variations in the
density, the number and the energy of hydrogen bonds
between molecules, and by the orientational ordering
which is different near the hydrophilic and hydrophobic
surfaces. In the first case, the dipoles of water mole-
cules in boundary layers are predominantly oriented
normally to the surface, the water density is higher, and
the molecular mobility is lower compared to the bulk
values that results in an increase in the effective viscos-
ity of water in thin capillaries [17].

In the vicinity of the contact surface between water
and hydrophobic phase (

 

n

 

-hexane, air, and hydrophobi-
zed quartz surface), the dipoles of water molecules are
predominantly oriented in parallel to the surface. In this
case, hydrogen bonds between water molecules are par-
tially broken. The density of water in the boundary
layer and its adhesion to the substrate are reduced due
to the absence of hydrogen bonds between the hydro-
phobic wall and water molecules. As a result, the
mobility of water molecules in the wall layers increases
that can be interpreted as a macroscopic reduction in
viscosity [18]. The latter fact can result also in the vio-
lation of the adherence boundary condition commonly
used in hydrodynamics that makes it necessary, when
solving hydrodynamic problems, to allow for the effect
of fluid slip along the surface [19].

The viscosity of water in thin capillaries decreases
with increasing temperature more sharply than the vis-
cosity in the bulk due to the disruption of the specific
structure of boundary layers under more intense ther-
mal motion. At 

 

65–70°

 

C, the viscosity of water in thin
capillaries is practically the same as the bulk viscosity
[20]. The effect of thermal damage of the specific struc-
ture of water, which is exhibited in a higher flow veloc-
ity and a corresponding rise in the membrane perfor-
mance was observed for fine-porous glasses [13] and
track-etched filters [14]. An increase in the HDP coeffi-
cient with temperature was revealed also for fine-
porous membranes made of silicon and zirconium
oxides when studying the flow of methanol, ethanol,
and propanol through these membranes [15].

Thus, the velocity of a fluid flow in pores is greatly
dependent on the orientation of molecules in boundary
layers, the presence of intermolecular bonds, and the
ratio between the interaction forces of fluid molecules
with each other and with the molecules of pore walls.
To describe the effect of the change in the properties of
a fluid near the solid surface on the general flow pattern
in porous media, a microhydrodynamic approach must
be used which relates transport coefficients not only to
the structural specific features of porous bodies, but
also to the physical properties of liquids and gases and
the forces of molecular interaction with the pore sur-
face.

Using non-Newtonian pseudoplastic fluids as an
example, let us consider in terms of microhydrody-

namic approach possible interpretation of the changes
in the flow velocity profiles via the changes in the fluid
properties. As is known, the flow of these fluids is
accompanied by the orientation of asymmetric mole-
cules with long axes parallel to the streamlines [21].
One of the distinguishing characteristics of the flow of
such fluids is the specific velocity profile of their flow
in a channel. It is much more uniform compared to the
Poiseuille profile. In this case, the presence of a steeper
profile in the near-wall region, where the mobility of a
fluid in a narrow zone increases abruptly from zero to
the maximal value, can be interpreted as a slip effect of
the fluid. Such shape of the flow velocity profile results
as a whole in a more efficient utilization of the channel
volume compared to the case of the Poiseuille flow,
which is characterized by a parabolic profile. There-
fore, the channel permeability for a pseudoplastic fluid
can be higher than for the Poiseuille fluid. The perfor-
mance ratio for the channel utilization upon the flow of
these fluids, in the limit, is equal to the ratio of the areas
enveloped by the rectangle and parabola, i.e., 1 : 2/3.

To develop the microhydrodynamic approach, the
direct determination of the velocity profiles is very use-
ful [22]. In particular, these measurements demon-
strated that, in the absence of polar molecules in a fluid,
the most typical profile, even on well-wettable surfaces,
is the profile that can correspond to the slipping plane
of the fluid. Here, the slip effect is also related to the
orientation of molecules along the flow axis that causes
an increase in their mobility and a decrease in the fluid
viscosity. In this case, the velocity profile is steeper
compared to the Poiseuille profile, and the total flow
velocity exceeds the velocity of Poiseuille flow. As fol-
lows from [22], the Poiseuille velocity profile is rather
atypical case, which is realized under the conditions of
the special purification of a fluid and the cleaning of
metal surface.

In addition to the effect of the dynamic orientation
of molecules, the velocity profile and the efficiency of
channel utilization can be affected by the structuring of
fluid near the solid boundary. The change in the mobil-
ity of a fluid can be interpreted as a macroscopic change
in the HDP coefficient. The drag of a laminar (“creep-
ing”) flow of fluid through a porous medium can be
reduced to the surface friction forces. By the summa-
tion of the friction forces over the whole of pore sur-
face, the HDP coefficient was calculated as a function
of the parameters of a porous medium and some other
parameters affecting the interaction between the fluid
and the pore surface [16]. The surface friction force
includes the (1 –
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) factor seemingly analogous to
that used in the kinetic theory of gases when calculating
the drag on a sphere moving in the gas in the hydrody-
namic regime with slip, where 

 

β

 

 is the slip resistance
coefficient [16]. The HDP coefficient expressed in the
form, which is convenient for the processing of the
cumulative curves of pore volume distribution over
radii 

 

ε

 

(

 

r

 

)

 

, can be written as
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(3)

 

The essence of concepts developed in this work on
the basis of experimental data lies in the fact that, as the
capillary diameter decreases and the fluid viscosity
rises, the contribution of the effect of surface structur-
ing to the total flow grows. As a result, with decreasing
viscosity of the fluid, for example, due to an increase in
temperature, the flow velocity does not increase in a
strict proportion, as predicted by the Hagen–Poiseuille
equation. On a macroscopic level, this discrepancy can
be interpreted as a change in the permeability of porous
medium, if the latter value is determined as a coefficient
of proportionality in the Darcy law. Moreover, in some
cases for glycerol in a specific temperature range, the
typical deviation from the Darcy law was observed; i.e.,
upon the flow in pores, the Newtonian fluid acquired
some features of pseudoplastic fluids.

OBJECTS AND METHODS OF STUDY

In this work, plane symmetric inorganic membranes
of two types, carbon membranes based on carbon black
and membranes based on silicon carbide, kindly sup-
plied by RNTS Prikladnaya Knimiya (Russian Scien-
tific Center Applied Chemistry), were used as filtering
elements. In addition, we used TRUMEM composite
ultrafiltration membranes [23] where the selective layer
20 

 

µ

 

m thick made of TiO

 

2

 

/

 

ZrO

 

2

 

 was deposited onto a
porous stainless steel with a pore diameter of about
2 

 

µ

 

m. The TRUMEM membranes were used in the ini-
tial state after thermal treatment at 

 

900°

 

C in the helium
atmosphere and the deposition of pyrocarbon formed
upon the pyrolysis of methane [24, 25]. The radius of
membrane pores was determined by dynamic desorp-
tion porosimetry [26]. The integral average radii of
transport pores of a carbon and silicon carbide mem-
branes were 55 and about 100 nm, respectively. The
integral average radius of a TRUMEM membrane equal
to 18 nm increased to 26 nm after thermal treatment and
decreased to 20 nm after the pyrocarbon deposition.

The measurements of the HDP coefficient of the
membranes were performed using the flow curves of
model fluids through the membranes in a unit assem-
bled according to a standard dead-end scheme of filtra-
tion experiments at different temperatures [16]. The
sample diameter was 47 mm. The viscosity of fluids
being studied was measured with a VPZh-3 capillary
viscometer. The effect of pressure on viscosity was not
taken into account because of the employed pressure
range. For each temperature, the HDP coefficient was
determined as a slope of the trend line for the experi-
mental curve in the 

 

Q

 

η

 

L

 

–
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P

 

 coordinates, where 

 

Q

 

 is
the volume flux and 

 

L

 

 is the thickness of a membrane
or its selective layer (in the case of composite mem-
branes) (Fig. 1). The linear character of the flow curve
coming from the coordinate origin allows one to con-
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firm the validity of the Darcy law along with the verifi-
cation of methodological aspects. The method for cal-
culating experimental error of the flow measurement is
described in [16]. Figure 1 shows the set of flow curves
for glycerol and Vaseline oil through the silicon carbide
membrane. After the approximation of the experimen-
tal data by the linear function using the least squares
method, the maximum deviation of the flow from the
trend line was 

 

±

 

2%

 

 (Fig. 1) that coincides approxi-
mately with the calculated experimental error.

RESULTS

Figure 2 presents temperature dependences of HDP
coefficients measured for polar and apolar model fluids
with three TRUMEM membranes and a carbon mem-
brane. As can be seen from Fig. 2, upon the filtration of
ethanol through all membranes, the HDP coefficient
grows with temperature that coincides with the analo-
gous data for polar fluids [13–15]. In some cases of the
flow of apolar liquids with a linear configuration of
molecules (heptane, decane, and dodecane), the tem-
perature dependence is absent, and in other cases, the
tendency to decrease the HDP coefficient with temper-
ature is observed, although the scope of this change
remains within the measurement error. When decane
flows through the initial TRUMEM membrane, the
HDP coefficient decreases faster with temperature and
exceeds the measurement error.

A more complex curve pattern was observed for
high-viscosity liquids (glycerol and Vaseline oil). Fig-
ure 3 shows the temperature dependences of the HDP
coefficient for the flow of decane, Vaseline oil, and
glycerol through the silicon carbide membrane. For
decane, the temperature dependence of 

 

K

 

 is qualita-
tively similar to the curves presented in Fig. 2. How-
ever, for more viscous fluids, the curves with maxima
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Dependences of 
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 on the pressure drop on the sil-
icon carbide membrane for (
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) are linear
approximations obtained by the least squares method.
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are observed. Vaseline oil is apolar liquid with a com-
position difficult to be determined (State Standard
GOST 3164-78). It is known [28] that the basic compo-
nents of Vaseline oil comprise branched molecules that
has an essential effect on its viscosity. The structuring
of such fluids near the surface due to the presence of
polar impurities extends to a significant distance and
influences the flow velocity in narrow pores more
strongly than the structuring of low-viscosity fluids.
Thus, an increase in the HDP coefficient in the temper-
ature range from 5 to 

 

35°

 

C could be explained by the
disintegration of the spatial structure of Vaseline oil
with temperature. Further drop in the HDP coefficient
with increasing temperature can be attributed to a sig-
nificant reduction in the viscosity that will be discussed
below in more detail.

For glycerol in the temperature range of 

 

40–70°ë

 

,
the extremal dependence was also observed with the
HDP coefficient exceeding the values measured for
decane and Vaseline oil (Fig. 3). The 

 

ä

 

 values first
increase that is typical of polar fluids [13–15]. Further
decrease in 

 

K

 

 with increased temperature was attributed
to the reduced viscosity, as in the case of Vaseline oil.
The temperature region below 

 

40° will be considered
further.

Experimental curves presented in Figs. 1–3 indicate
that, for their interpretation, the allowance for the fluid
structuring in pores and the corresponding change in
the effective viscosity is insufficient. Temperature
dependences of ä (both monotone and extremal) must
be explained using Eq. (3) obtained by the summation

of fluxes in single pores, Qi, which are determined by
the modified Hagen–Poiseuille equation [16]

(4)

where  is the average velocity in a pore. It follows
from Eq. (3) that the common Hagen–Poiseuille equa-
tion corresponds to the limiting case of the minimal
value of HDP coefficient ä0; the lower the viscosity of
a fluid and the larger the pore radius, the greater the
probability of this case to be realized.

With this approach, the β value is essentially a phe-
nomenological parameter accounting for the structur-
ing of fluid on the pore surface. Based on the analysis
of the dimensionality and physical meaning of this
parameter, one can suggest that it is proportional to the
viscosity gradient in the surface zone calculated for the
plane perpendicular to the surface. Then, the β parame-
ter can be measured directly in special experiments, for
example, similar to those described in [22].

In this work, the β parameter was calculated from
the macroscopic flow velocity by the following scheme.

Let us write Eq. (3) in the dimensionless form

(5)

where ä0 characterizes the dependence of permeability
on ε and τ, S = η/βr is the cumulative dimensionless cri-
terion characterizing the resultant effect of three param-
eters (bulk viscosity of fluid, its properties in boundary
layers, and pore radius) on the flow velocity. Experi-
mental data presented in Figs. 2 and 3 are summarized
in Fig. 4 in accordance with the structure of Eq. (5). In
this case, the minimal value of the HDP coefficient
obtained for each membrane from the data for all fluids
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Fig. 2. Dependences of HDP coefficient on temperature for
different membranes: (1) ethanol and (1') heptane in carbon
membrane; (2) ethanol and (2') decane in the initial TRUMEM
membrane; (3) ethanol and (3') decane in TRUMEM mem-
brane coated by pyrocarbon; (4) dodecane and (4') decane in
heated TRUMEM membrane.
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Fig. 3. Dependences of HDP coefficient on temperature for
silicon carbide membrane with (1) decane, (2) Vaseline oil,
and (3) glycerol.
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was taken as ä0. The resultant universal curve demon-
strates clearly the effect of fluid structuring on the effi-
cient utilization of the flow channel model and the order
of S value. The universal character of this dependence
could be confirmed by the independent determination
of the β value; however, it is beyond the scope of this
work.

Knowing the  value, one can calculate β by Eq. (5).
Figure 5 presents the dependences of β on the viscosity
of three fluids plotted by the data of Fig. 3 for the ä val-
ues beginning with the highest temperature. As is seen
from Fig. 5a, the points corresponding to experimental
data lie initially on the same line irrespectively of the
fluid type. For better illustration, the linear part of the
curve is shown in Fig. 5b. The upward deviations of the
curves from the line in Fig. 5a are caused by the struc-
turing of fluids at low temperatures. Based on Fig. 5a,
one can suggest that, for fluids much more viscous than
water, the β value is determined by two contributions:
“viscous” component βµ related only to the fluid vis-
cosity and “structural” component βs due to the fluid
structuring

β = βµ + βs.

The equation of the line approximating linear depen-
dence in Fig. 5b has the following form:

βµ = 0.0204η + 0.2632 (6)

and makes it possible, for a specific membrane, to
exclude β from Eq. (3) and to obtain the dependence of
K on the viscosity of an arbitrary fluid, providing that
the structuring in the studied temperature range is
absent

r

(7)

The calculated dependence (the line in Fig. 6) is com-
pared to the experimental curve plotted by the data of
Fig. 3. Figure 6 shows that the calculated curve ade-
quately fits the experimental points; however, it should
be emphasized that this line is not their approximation.
From the data in Fig. 6, we can estimate the range and
scope of the effect of fluid viscosity on the efficient uti-
lization of the flow channel model upon the flow that is
not complicated by the structuring processes. The effect
of viscosity is related to the leveling of the velocity pro-
file that is observed with an increase in viscosity. As
was shown above, this is the change in the velocity pro-
file that is responsible for changes in the HDP coeffi-
cient of porous medium irrespectively of its nature.

The βs parameter, which must be taken into account
upon the fluid structuring, depends in a complicated
manner on the fluid nature, the properties of interface,
and temperature, i.e., it depends on the ratio between
the forces of structuring and destructuring of a fluid.
Figure 7 shows the experimental data for the βs param-
eter as a function of temperature approximating the
dependences for Vaseline oil and glycerol. These data,
together with the temperature dependences of fluid vis-
cosity [28], would allow for the better understanding of
the mechanism of fluid structuring, as well as for a
more precise determination of the scope of this effect.

It follows from Eq. (3) that, upon the temperature
variations, the η and β values have opposite effects on K.
Figure 8 shows the dependences of ä, β, and S plotted
from the data presented in Fig. 3, as well as the depen-
dence of η on temperature for Vaseline oil. It is clearly
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Fig. 4. Dependence of dimensionless HDP coefficient on criterion S. The designations are the same as in Figs. 2 and 3.
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seen that, in the left-hand branch of the curve, ä
increases with temperature, because the β parameter
decreases more rapidly than viscosity η. On the con-
trary, in the right-hand branch of the curve, ä
decreases, since, in this temperature range, viscosity η
decreases more rapidly than the β parameter. On a
microscopic level, the observed change in the ä value
suggests that, as temperature rises, the flow velocity
profile is first expanded due to the initial large decline
in the fluid structuring near the surface. Further
increase in temperature tends to narrow the profile due

to the weakening of viscous forces, which can no
longer involve the adjacent surface layers of a fluid into
the flow. For the quantitative estimation of the resultant
effect of different factors including the pore radius, it is
convenient to use dimensionless criterion S. The unam-
biguous dependence of K on S expressed by Eq. (5) (see
Fig. 4) allows one to clearly explain the extremal char-
acter of the temperature dependence of K by the same
character of the S dependence on temperature (see
Fig. 8a).

The temperature dependences of K and S (Fig. 9)
obtained for the flow of decane through two ceramic
membranes with similar porous structures, but having
different surface properties due to pyrocarbon depos-
ited onto one of the membranes, illustrate rather clearly
the effect of S on K. In the case of decane, it is unlikely
that a decrease in K with temperature can be explained,
on a microscopic level, by the drop in the η value, as
was done for high-viscosity glycerol and Vaseline oil.
In our opinion, at low temperatures, apolar linear mol-
ecules of decane located near the polar surface of oxide
form a layered structure, where the molecules are ori-
ented along the flow axis in parallel to the pore surface
[22]. Evidently, this phenomenon tends to increase the
mobility of boundary layers of the fluid compared to the
case of a random orientation of molecules at high tem-
peratures. When the surface is coated with pyrocarbon,
the dominant orientation of molecules seemingly is not
observed.

For the flow of ethanol through the same mem-
branes (see Fig. 2, curves 2 and 3), the opposite situa-
tion takes place. The molecules of polar fluid in the
proximity to polar surface are predominantly oriented
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Fig. 5. Dependences of coefficient β on the viscosity for silicon carbide membrane at (a) low and (b) high temperatures: (1) Vaseline oil,
(2) glycerol, and (3) dependence (6).
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coefficient on the viscosity for silicon carbide membrane by
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perpendicularly to the flow axis, thus sharply decreas-
ing the flow velocity in the boundary layers. It is evi-
dent that, as temperature increases, the contribution of
the structuring effects lowers also for polar fluids. On
the pore surface coated with pyrocarbon, the polar
interaction is fairly weak and the effect of structuring is
less pronounced, thus correspondingly affecting the
temperature dependence of the HDP coefficient.

In conclusion, let us return to the most ambiguous
result, the temperature dependence of the HDP coeffi-
cient for glycerol (Fig. 3, curve 3). The HDP coefficient
changes nonmonotonously in the region of 30°C. We
believe that this result is due to the disclosed deviation
from the Darcy law upon the flow of glycerol (Newto-
nian fluid) through the pores of a silicon carbide mem-

brane at temperatures below 40°C. For three experi-
mental curves presented in Fig. 10, the trend lines used
for determining the K values at 26 and 40.1°C ade-
quately fit the experimental points, and, at 31.7°C, the
trend line is clearly different than the experimental
curve. Hence, the formally correct determination of the
HDP coefficient by the slope of trend line is erroneous
(therefore, in Fig. 3, the points on the curve for glycerol
at T < 40°C are connected by the dotted line).

The similarity in the behavior of glycerol and
pseudoplastic fluid in pores can be also interpreted in
terms of microhydrodynamic approach. It is well
known [18, p. 76] that the deviations from the Darcy
law observed for fluids in real porous bodies with a
rigid skeleton can be caused by the differences in the
rheological properties of a filtering fluid and Newtonian
fluids due to the presence of colloidal particles or poly-
mer molecules forming three-dimensional structures. A
similar effect can supposedly be caused by the structur-
ing of glycerol molecules near the surface due to polar
interactions whose range is extended far from the sur-
face. The disintegration of the glycerol boundary layers
occurs not only with an increase in temperature as in
the case of water, but also under the shear stresses aris-
ing due to higher flow velocity with an increase in pres-
sure. At relatively low temperatures, the velocity of
glycerol is so low and the boundary layers are still suf-
ficiently strong to conserve their structure throughout
the range of studied pressures; hence, the linear charac-
ter of the flow curve remains practically unchanged. An
increase in temperature tends to weaken the bonds
between molecules. As a result, for low ∆P, the struc-
ture of boundary layers is conserved, and, as the flow
velocity increases, the molecules in boundary layers are
oriented along the streamlines. This results in the effect
illustrated in Fig. 10, namely, the existence of the tem-
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perature range where the Darcy law is violated upon the
flow of glycerol in porous body. These violations disap-
pear at 40°C and the deviations from the trend line fall
again within the limits of the measurement error.

CONCLUSIONS

The phenomenological approach described in this
work made it possible to explain all the obtained exper-
imental dependences including the deterioration of the
rheological properties of the fluid in pores. In some
cases, we were fortunate to derive the relations, which
allow us to quantitatively predict the behavior of mem-
brane HDP coefficient depending on the fluid viscosity
and the pore radius of membranes.
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