FILTRATION OF RAREFIED GAS THROUGH POROUS BODIES

P. A. Novikov and V. A. Eremenko UDC 532.546

The filtration of a rarefied gas through porous bodies of various structures, porosities, and
geometries was studied under various flow modes with the Knudsen number ranging from
1074 to 2.5,

Problems concerning the filtration of a rarefied gas through porous materials are of definite theoreti-
cal and practical interest for the study of evaporation cooling and porous cooling under vacuum, for the
study of sublimation drying of capillary-porous materials, efc,

In analyzing the filtration of a rarefied gas through porous materials one distinguishes between vis-
cous, viscous-sliding, and molecular flow (in the case of high-porosity bodies, the authors of [7] con-
sidered pseudomolecular or quasi-Knudsenian flow). The difference between these modes is based on the
nature of interaction between gas molecules as well as between them and the pore walls,

It is to be noted that, inasmuch as the mechanism of interaction between rarefied gas molecules and
pore walls with an intricate geometry has not yet been sufficiently well explored, it becomes quite difficult
to derive a single theoretical relation for the flow of a rarefied gas within the transition range of pressures,
where the likelihood of viscous or molecular flow modes is the same and where, under certain conditions,
both modes may coexist,

In the case of isothermal viscous flow, the quantity of gas G passing through a porous body is usually
determined according to Darcy's law [L-4]. In the case of molecular flow, G is estimated quantitatively
according fo Knudsen's law,

The object of this study was the least explored mode of rarefied gas flow through porous bodies,
namely the transition mode. Nonuniformity is the basic feature of this mode.

—

F1g 1. Section through porous titanium (mag-
nified 120 times). Fig. 2. Schematic diagram of the test apparatus.
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Fig. 3., Mass flow rate of rarefied gas filtering through
a porous specimen, as a function of the pressure drop
(Ap, mm Hg) across the specimen, based on tests at
various entrance pressure levels (p,) for (a) the model
porous body consisting of glass balls 200 ym in diameter:
py = 600 mm Hg (1), 440 mm Hg (2), 360 mm Hg (3),

300 mm Hg (4), 200 mm Hg (5); for (b) porous titanium
(deff=10.1-107% m): p; = 600 mm Hg (1), 440 mm Hg (2),
360 mm Hg (3), 300 mm Hg(4), 240 mm Hg(5); for (¢) porous
titanium (degf= 3.74-1075 m): p; = 747 mm Hg (1), 600
mm Hg (2), 440 mm Hg (3), 300 mm Hg (4), 200 mm Hg
(5); for (d) porous graphite § = 4.5 mm thick (curves1-6) and
& = 21 mm thick (curves 1'-4"): p; = 730 mm Hg (1), 600
mm Hg (2), 440 mm Hg (3), 360 mm Hg (4), 300 mm Hg
{5}, 200 mm Hg (6). Solid lines represent test curves,
dashed lines represent theoretical curves.

Indeed, real porous bodies (Fig. 1) contain pores of various sizes (ranging from macro to micro)
and the flow of a gas through such porous bodies may be regarded as the sum of individual small streams,
The overall flow characteristics depend on the relative contributions of the flow modes in those individual
streams along each pore, For this reason, the flow of rarefied gas through a porous body can be analyzed
by a comparison of the mass rates here and in a well known viscous flow, the latter stringently obeying
Darcy's law.

In the test apparatus shown schematically in Fig, 2, rarefied air was sucked through porous bodies
at a definite velocity and at definite pressure drops. The air for the filtration tests was taken in from the
atmosphere by means of 2 model VN-4G vacuum pump 1, The air was passed through filter 5 for mechani-
cal purification and through diffuser 4 to the active porous specimen 3,

The porous body, sealed with a rubber O-ring 8, separated the region of higher pressure from the
region of lower pressure, The flow rate and the pressure of air entering the porous body were regulated
by means of a vacuum check valve 2 and a needle throttle 6, The pressure of air at the entrance to the
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TABLE 1, Characteristics of Porous Test Specimens

.. o N
[Permea=: L5 Specimen geo~ ]
bilit ity, |98 T gl ) .10%4
Porous specimen e/ Porosity, 88" Bmemy k 102 !
k.10%% % £ = e lthickness, [diameter| N/m
2 i s98 3
m i Ga4 . mm mm
Titanium 0,734 23 10,1 2,6 99 0.966
" 0,149 34,2 3’74 6.0 9 113
. 0,195 31,4 4,46 3.9 0 0.42
"o 0,0356 26,4 2,08 5,4 90 1.6
Aluminum 0,795 30,8 9,1 2.8 90 0.26
Aluminum 0,237 3 5,8 2,9 % 0,73
Stainless steel 1,15 28,4 11,4 3,1 90 0,2
Graphite 0,303 47.5 4 54 4,5 80 133
" 0,319 475 464 | 7.9 80 1,33
" gflé 47,5 4,8 10,9 80 1733
L ,40 47, 5,21 .
Model consisting of glass 5 2 80 1,33
balls 1000um in diameter 449 1000
Model consisting of glass w0 1l %0 10
balls200 pmindiameter 8,0 40 200 11 90 i0
Fireclay ceramics 0,01875| 36,6 1,28 12,5 90 —

porous body as well as the pressure drop across the body, as a function of the entrance pressure, were
measured with a vacuometer, with a differential mercury manometer, and with a differential oil manometer,
The air filtration rate was measured with model RS-5 rotameters (high flow rates) 7, by the volumetric
method [9], and with a model GSB-400 laboratory drum-type gas meter (low flow rates). The use of
several instruments for measuring the air flow rate ensured reliable readings and the possibility of
checking the results within the overlapping ranges by a comparison. The tests were performed with
specimens of various porosities and structures, at a room temperature about 18°C and under an entrance
pressure ranging from 40 to 760 mm Hg.

Each test series was performed over a wide range of pressure drops, under certain definite en-
trance pressure levels, The basic parameters of the test specimens are given in Table 1,

We estimated the error of our permeability measurements, This error was mainly due to instru-
ment inaccuracy. According to the estimate of all components, the maximum relative error in the per-
meability measurement was 6%.

The mass flow rate of filtering rarefied air, as a function of the pressure drop across the specimen
has been plotted from measurements and is shown in Fig, 3 by solid lines, This relation is represented
here by a family of curves, each corresponding to a definite constant entrance pressure, For comparison
with the test data, dashed lines are also shown here which represent calculations according to the Darcy
equation, These curves are based on a constant permeability, the latter having been determined from tests
with atmospheric pressure before a porous specimen and with small pressure drops across it. The devia-
tion of test points from the theoretical curves based on Darcy's law gives an indication about the flow mode,
At near atmospheric pressures before the porous body, according to Fig. 3b, ¢, test values can deviate
from calculated values in both directions, A lower mass flow rate can be explained here by higher inertia
losses [5, 6], while a higher mass flow rate can be explained by a sliding motion of gas along pore surfaces,
As the entrance pressure before a porous specimen is decreased (p; < 600 mm Hg), the test points deviate
from calculated values only toward higher mass flow rates. The magnitude of deviations depends on the
pressure range and, according to an analysis of test data, on some characteristic dimension of the porous

body.
As this characteristic dimension we have selected
2k
dest =4/ >
where k denotes the permeability of the porous body, determined from tests during a stringently viscous
flow of gas in accordance with Darcy's law. (The expressions for A and Re in [3] are also based on the
characteristic dimension degs = 4v 2k/m. Furthermore, the graph representing the various modes of gas
flow through various porous media indicates that all points of the ) = f(Re) curve for specimens, regard-
less of their porosity and permeability, lie on the same straight line when plotted in logarithmic coordi-

nates, if Darcy's law is obeyed.)
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Such a definition of the characteristic dimension is the most valid one, because it expresses the
macroscopical properties of the porous body in terms of statistical quantities determined by tests.

The parameter deff, defined in terms of porosity and permeability, represents the entire size and
shape spectrum of pores which make up the complex and random oriented system of channels,

For the granular model bodies composed of glass balls 1000 ym and 200 ym in diameter respectively
the test curves almost coincide with the theoretical one (Fig, 3a), For porous titanium, stainless steel,
and aluminum with the characteristic dimension degf ~ 107 m the test curves deviate only slightly from
the theoretical ones, which can be explained by a partial departure from a purely viscous flow mode. At
a gas entrance pressure of only p =100 mm Hg the measured mass flow rate is not more than 30%
higher. For porous bodies with deff = 5-107° m (porous titanium, aluminum, graphite) the test curves
deviate appreciably from the theoretical ones, withthe measured mass flow rate more than twice as high
as the mass flow rate calculated for the same entrance pressure (p; = 100 mm Hg), This can only be at-
tributed to a change of the flow mode,

In order to explain the pressure variation across the thickness of a porous specimen and the related
changes of flow modes, the authors performed an experiment with a porous graphite specimen of the same
structure but of an adjustable thickness (Table 1). The pressure profile was measured in the § = 21 mm
thick specimen. Into seven holes across the specimen thickness, drilled approximately 25 mm deep at
definite distances from the end face (Fig. 4), were installed injection needles 1.0 mm in outside diameter,
The entrance pressure before the specimen was atmospheric, the exit pressure behind the specimen was
varied by means of the vacuum valve 2 shown in Fig. 2.

The test data on the pressure profile across the specimen thickness are shown in Fig. 4. This pro-
file seems to be a parabolic one [8].

Corresponding to a parabolic pressure profile across the thickness of a porous specimen, the mean-
integral pressure can be expressed as

so 2=
L 3 (pi—pd)
It must be noted that, as p, —~ 0, the maximum difference between the integral mean and the arithmetic
mean pressure reaches approximately 33%.

These data on the pressure profile were checked against the relation G = f(Ap) (Fig. 3d) which had
been established experimentally for the 21 mm thick and for the 4.5 mm thick porous graphite specimens
as follows. The maximum mass flow rate through the 21 mm specimen was G= 2.8- 10~* kg/sec, while
the limiting pressures across the specimen thickness were as indicated in Fig. 4 by the bottom curve,
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According to the profile curve, an entrance pressure of 325 mm Hg is required to ensure the same mass
flow rate through the 4.5 mm specimen at the same exit pressure, Indeed, the G = f(Ap) test curve for the
4.5 mm specimen confirms this,

The pressure profile curve indicates also that, in order to ensure the same mass flow rate through
specimens of various thicknesses at the same entrance pressure, the pressure drop must be large
and, consequently, the relative significance of gas sliding along the exit segments of pores must increase,
This, for instance, explaing why the permeability of a porous specimen increases with increasing specimen
thickness, as has been revealed in an analysis of the test data,

This increase in the permeability of a porous body passing a rarefied gas can be interpreted physi-
cally as follows, While flowing near a wall, a rarefied gas does not completely adhere to it (vw = 0) but
has a finite velocity: the gas slides along the surface, The sliding velocity vg can be determined accord-
ing to the equation

vy =oT-d4

dy

Considering that ] ~ 1/p under isothermal conditions and that, to the first approximation, the transverse
velocity gradient is proportional to u,/d, we can write for the sliding velocity
a)
pd
where u, denotes the mean gas velocity without sliding in a pore of diameter d and ¢ is a proportionality
factor. A finite gas velocity at the wall has the effect of making the mean gas velocity in a pore higher at
the same pressure drop, namely

v =§

U= u,+ Au,
where Au denotes the increment of the mean gas veloeity in a pore due to sliding. It is logical to assume
that Au ~ vg and then to write

U
— 0
u=1u, %

t pd
Multiplying both sides of this expression by the gas density, and considering the integral nature of the gas
flow through a porous body, we obtain

G=Go(1+i), )
p

where coefficient k depends on the length of the characteristic dimension, on the surface structure, and on
the pore shape. The values of k have been established experimentally for the porous test materials and
are also given in Table 1, Here G, denotes the mass flow rate without sliding. The Darcy equation com-
bined with expression (1) yields

, FM - k 9 2
G Mnk(ur = )(Pl ). (2)
It follows from Eq. (2) that the effect of a higher mass flow rate due to sliding along pore walls be-
comes more significant as the mean-integral pressure decreases. This increase cannot be unlimited,
however, The free path length I serves here as a limiting factor, which increases with decreasing pres-
sure but cannot exceed degf. (The free path length must be determined by the mean-integral pressure.)
The increment of mass flow rate will be maximum, therefore, when ! = degf. As the pressure is decreased
further, 1 + k/p becomes constant, At the same time, however, during rarefaction with Kn > 1 the vis-
cosity, until now independent of the pressure [10], will become proportional to the pressure: y ~p. In
view of this, Eq. (2) can now be written as

/

k
FME(1 +T—)
FMA
( P (p—p}) = ==

2 2
= - s 3
SwRTL SRTLxp (Pt —rd) 3

where A =1 +k/p = const and p = Xp, X beinga proportionality factor. Egquation (3) reduces to

_FMA
RTLy,

Ap.
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We thus arrive at the Knudsen equation, which characterizes molecular flow when the mass flow
rate does not depend on the gas density but is determined by the pressure drop alone,

The general law of gas flow through a porous body in all possible modes is
pi—ps _ 2uRIG

L Mpk@-+il>
P

where the term g(G?/F?) accounts for inertia losses during filtration,

GZ
+B—

We note, in conclusion, that:
I. for viscous flow with predominant inertia losses

k

p = const; (1 “+ —:—) o~ 1; B = const.
p

1. for viscous flow according to Darcy's law
p = const; (1 —}—Tk—)gl; p=0.
p
III. for viscous flow with sliding
= const; (1 -+ —f—) = var; = 0.
j4
IV. for molecular flow
k
pe=var {1+ T-) = const; B = 0.
p

This analysis of various modes of gas flow through porous specimens shows that a transition from
one flow mode to another under changing conditions occurs smoothly, This is explained by the coexistence
of the various modes across a specimen section as well as across the specimen thickness.

NOTATION

is the permeability, m?;
is the porosity;
is the surface area of porous specimen, m?;
is the molecular weight of gas, kg/mole;
is the dynamic viscosity of gas, N-sec/m?;
is the thickness of porous specimen, m;
8.31+10° N-m/kmole-°K is the universal gas constant;
is the temperature, °K;
is the entrance pressure before the porous specimen, N/ m?;
is the exit pressure behind the porous specimen, N/m’;
is the filtration velocity, m/sec;
is the gas density, kg/m?®;
is the viscous drag coefficient, m?;
is the inertial drag coefficient;
is the hydraulic drag coefficient;
is the Reynolds number, '

i

HWEs 2mg &

H»weo 9D

[}
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