
F I L T R A T I O N  O F  R A R E F I E D  G A S  T H R O U G H  P O R O U S  B O D I E S  

P .  A .  N o v i k o v  a n d  V.  A .  E r e m e n k o  UDC 532.546 

The f i l t ra t ion of a r a re f i ed  gas through porous  bodies of var ious  s t ruc tu r e s ,  po ros i t i e s ,  and 
geomet r i e s  was studied under var ious  flow modes  with the Knudsen number  ranging f rom 
10 -4 to 2.5, 

P r o b l e m s  concerning the f i l t ra t ion of a r a re f i ed  gas through porous  m a t e r i a l s  a r e  of definite theore t i -  
cal and p rac t i ca l  in te res t  for  the study of evaporat ion cooling and porous  cooling under vacuum, for  the 
study of subl imat ion drying of cap i l l a ry -porous  m a t e r i a l s ,  etc.  

In analyzing the f i l t ra t ion of a r a re f i ed  gas through porous  m a t e r i a l s  one dis t inguishes between v i s -  
cous,  v i scous-s l id ing ,  and molecu la r  flow (in the case  of h igh-poros i ty  bodies,  the authors  of [7] con-  
s idered  pseudomolecu la r  o r  quasi -Knudsenian flow). The di f ference  between these modes  is based on the 
nature  of in teract ion between gas molecu les  as well  as  between them and the po re  wal ls .  

It  is to be noted that,  inasmuch as  the mechan i sm of in teract ion between r a r e f i ed  gas molecu les  and 
pore  wails  with an in t r ica te  geomet ry  has not ye t  been sufficiently well explored,  it becomes  quite difficult  
to der ive  a single theore t ica l  re la t ion  for  the flow of a r a r e f i ed  gas within the t rans i t ion  range  of p r e s s u r e s ,  
where  the l ikelihood of v iscous  or  molecu la r  flow modes  is the s ame  and where ,  under ce r ta in  condit ions,  
both modes  may  coexis t .  

In the case  of i so the rma l  v iscous  flow, the quantity of gas G pass ing  through a porous  body is usual ly  
de te rmined  accord ing  to D a r e y ' s  law [1-4]. In the case  of molecu la r  flow, G is es t imated  quanti tat ively 
accord ing  to Knudsen 's  law. 

The object  of this study was the l e a s t  explored mode of r a re f i ed  gas flow through porous  bodies,  
namely  the t rans i t ion  mode.  Nonuniformity is the bas ic  fea ture  of this mode.  

Fig. i. Section through porous titanium (mag- 
nified 120 times). Fig. 2. Schematic diagram of the test apparatus. 
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F i g .  3. M a s s  f low r a t e  of r a r e f i e d  gas  f i l t e r i n g  th rough  
a p o r o u s  s p e c i m e n ,  a s  a func t ion  of the  p r e s s u r e  d r o p  
(Ap,  m m  Hg) a c r o s s  the  s p e c i m e n ,  b a s e d  on t e s t s  a t  
v a r i o u s  e n t r a n c e  p r e s s u r e  l e v e l s  (Pl) for  (a) the  m o d e l  
p o r o u s  body  c o n s i s t i n g  of  g l a s s  b a i l s  200 p m  in d i a m e t e r :  
Pl = 600 m m  Hg (1), 440 m m  Hg (2), 360 m m  Hg (3), 
300 m m  Hg (4), 200 m m  Hg (5); for  (b) p o r o u s  t i t a n i u m  

(deft  = 1 0 . 1 . 1 0  -~ m) :  pl  = 600 m m  Hg (1), 440 m m  Hg (2), 
360 m m  Hg (3), 300 m m  Hg(4) ,  240 m m H g ( 5 ) ; f o r ( c ) p o r o u s  
t i t a n i u m  ( d e f t =  3 . 7 4 - 1 0  -6 m):  Pl = 747 m m  Hg (1), 600 
m m  Hg (2), 440 m m  Hg (3), 300 m m  Hg (4), 200 m m  Hg 
(5); f o r ( d )  p o r o u s  g r a p h i t e  5 = 4.5 m m  th i ck  ( c u r v e s  1-6)  and  
5 = 21 m m  t h i c k  ( c u r v e s  1 ' - 4 ' ) :  Pl = 730 m m  Hg (1), 600 
m m  Hg (2), 440 m m  Hg (3), 360 m m  Hg (4), 300 m m  Hg 
(5), 200 m m  Hg (6). Sol id  l i n e s  r e p r e s e n t  t e s t  c u r v e s ,  

d a s h e d  l i ne s  r e p r e s e n t  t h e o r e t i c a l  c u r v e s .  

Indeed ,  r e a l  p o r o u s  b o d i e s  (F ig .  1) con ta in  p o r e s  of  v a r i o u s  s i z e s  ( r ang ing  f r o m  m a c r o  to m i c r o )  
and  the flow of  a gas  t h rough  such  p o r o u s  b o d i e s  m a y  be  r e g a r d e d  as  the  s u m  of i nd iv idua l  s m a l l  s t r e a m s .  
The  o v e r a l l  flow c h a r a c t e r i s t i c s  depend  on the  r e l a t i v e  c o n t r i b u t i o n s  of  the f low m o d e s  in  those  i nd iv idua l  
s t r e a m s  a l o n g  e a c h  p o r e .  F o r  th i s  r e a s o n ,  the  f low of r a r e f i e d  gas  t h rough  a p o r o u s  body  c a n  be  a n a l y z e d  
by  a c o m p a r i s o n  of  the  m a s s  r a t e s  h e r e  and in a we l l  known v i s c o u s  f low, the  l a t t e r  s t r i n g e n t l y  o b e y i n g  

D a r e y ' s  l aw .  

In the  t e s t  a p p a r a t u s  shown s c h e m a t i c a l l y  in F i g .  2, r a r e f i e d  a i r  was  s u c k e d  th rough  p o r o u s  b o d i e s  
a t  a d e f i n i t e  v e l o c i t y  and  a t  d e f i n i t e  p r e s s u r e  d r o p s .  The  a i r  fo r  the  f i l t r a t i o n  t e s t s  was  t aken  in f r o m  the 
a t m o s p h e r e  by m e a n s  of a m o d e l  VN-4G v a c u u m  pump 1. The  a i r  was  p a s s e d  th rough  f i l t e r  5 for  m e e h a n i -  
ca/  p u r i f i c a t i o n  and t h r o u g h  d i f f u s e r  4 to the  a c t i v e  p o r o u s  s p e c i m e n  3. 

T h e  p o r o u s  body ,  s e a l e d  wi th  a r u b b e r O - r i n g  8, s e p a r a t e d  the  r e g i o n  of h i g h e r  p r e s s u r e  f rom the  
r e g i o n  of I o w e r  p r e s s u r e .  The  flow r a t e  and the  p r e s s u r e  of  a i r  e n t e r i n g  the  p o r o u s  body w e r e  r e g u l a t e d  
by  m e a n s  of  a v a c u u m  c h e c k  v a l v e  2 and a n e e d l e  hhro t t l e  6. The  p r e s s u r e  of a i r  a t  the e n t r a n c e  to the  
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TABLE i .  Charac te r i s t i cs  of Porous Tes t  Specimens 

Permea~ L ~ ~, ]Specimen g e e -  [ 
bility Porosity, I~ ~ "~ Elmetry " !k. 10 "4, 

Porous specimen k'10z2' I% ~.o ~ ~ickness ,  diameter! N/m 

Titanium 
m 

N 

r 

Aluminum 
Aluminum 
Stainless steel 
Graphite 

n 

n 

Model consistin~ of glass 
balls 1000~m in diameter 

Model consisting of glass 
bails200 ~m indiametes 

Fireclay ceramics 

0,734 
0,149 
0,195 
0,0356 
0,795 
0,237 
1,15 
0,303 
0,319 
0,341 
0,403 

I 

442 

8,0 
0,01875 

23 
34,2 
31,4 
26,4 
30,8 
23 
28,4 
47,5 
47,5 
47,5 
47,5 

40 

40 
36,6 

lO,1 
3 74 
4:46 
2,08 
9,1 
5,8 

11,4 
4,54 
4,64 
4,8 
5,21 

I000 

200 
i ,28 

2,6 
6,0 
3,2 
5,4 
2,8 
2,9 
3,1 
4,5 
7.9 

10,9 
21 

1i 
11 
12,5 

90 
90 
90 
9O 
90 
90 
90 
80 
80 
80 
80 

90 

90 
90 

0,~6 
1,13 
0.42 
1,6 
0,26 
0.73 
0,2 
1,33 
1,33 
1;33 
1,33 

10 

1O 

porous body as well as  the p r e s s u r e  drop ac ros s  the body, as a function of the entrance p r e s su re ,  were  
measured  with a vacuometer ,  with a differential m e r c u r y  manometer ,  and with a differential oil manometer .  
The a i r  f i l tration rate was measured  with model RS-5 ro tamete r s  (high flow rates) 7, by the volumetr ic  
method [9], and with a model GSB-400 labora tory  drum-type gas me te r  (low flow rates) .  The use of 
severa l  instruments  for  measur ing  the a i r  flow rate ensured reliable readings and the possibil i ty of 
checking the resul ts  within the overlapping ranges by a compar ison.  The tests  were per formed with 
specimens of various porosi t ies  and s t ruc tu res ,  at a room tempera ture  about 18~ and under  an entrance 
p res su re  ranging f rom 40 to 760 mm Hg. 

Each test  ser ies  was per formed over  a wide range of p r e s s u r e  drops ,  under cer ta in  definite en-  
t rance p r e s s u r e  levels .  The basic pa r ame te r s  of the tes t  specimens a re  given in Table 1. 

We est imated the e r r o r  of our permeabi l i ty  measurements .  This e r r o r  was mainly due to ins t ru -  
ment  inaccuracy.  According to the est imate  of all components,  the maximum relat ive e r r o r  in the p e r -  
meabil i ty measurement  was 6%. 

The mass  flow ra te  of fil tering raref ied  a i r ,  as a function of the p r e s s u r e  drop ac ros s  the specimen 
has been plotted from measurements  and is shown in Fig. 3 by solid lines.  This relat ion is represented  
here  by a family of curves ,  each corresponding to a definite constant entrance p re s su re .  For  compar ison  
with the test  data, dashed lines a re  also shown here  which represent  calculations according to the Darcy 
equation. These curves  a r e  based on a constant  permeabi l i ty ,  the la t ter  having been determined from tests  
with a tmospher ic  p r e s s u r e  before a porous specimen and with small  p r e s su re  drops ac ros s  it. The devia-  
tion of test  points from the theoretical  curves  based on D a r c y ' s  law gives an indication about the flow mode. 
At near  a tmospher ic  p r e s s u r e s  before the porous body, according to Fig. 3b, c, test  values can deviate 
from calculated values in both direct ions.  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 p r e s s u r e  before a porous specimen is decreased  (Pi < 600 mm Hg), the tes t  points deviate 
f rom calculated values only toward higher mass  flow rates .  The magnitude of deviations depends on the 
p r e s s u r e  range and, according to an analysis  of tes t  data,  on some charac te r i s t i c  dimension of the porous 

body. 

As this charac te r i s t i c  dimension we have selected 

V def  t -= 4 ~ - ,  

where k denotes the permeabi l i ty  of the porous body, determined f rom tes ts  during a str ingently viscous 
flow of gas in accordance  with Darcy ' s  law. (The expressions for % and Re in [3] a re  also based on the 
charac te r i s t i c  dimension d e f  t = 4 4 - ~ / m .  Fu r the rmore ,  the graph represent ing the various modes of gas 
flow through various porous media indicates that all points of the ;~ = f(Re) curve for specimens,  r e g a r d -  
less of their poros i ty  and permeabi l i ty ,  lie on the same s t raight  line when plotted in logari thmic coord i -  

nates ,  if Da rcy ' s  law is obeyed.) 
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Fig. 4. P r e s s u r e  profi le  ac ros s  
the specimen thickness:  p r e s s u r e  
drop 102 mm Hg (1), 470 mm Hg 
(2), 300 mm Hg (3), 705 mm Hg 
(4), calculated values (solid line). 
P r e s s u r e  p (ram Hg). 

Such a definition of the charac te r i s t i c  dimension is the mos t  valid one, because it expresses  the 
macroscopica l  proper t ies  of the porous body in t e rms  of stat is t ical  quantities determined by tests.  

The pa rame te r  deft, defined in t e rms  of poros i ty  and permeabi l i ty ,  represen ts  the entire size and 
shape spec t rum of pores  which make up the complex and random oriented sys tem of channels.  

For  the granular  model bodies composed of glass balls 1000 #m and 200 pm in d iameter  respect ively 
the tes t  curves  a lmos t  coincide with the theoretical  one (Fig. 3a). For  porous titanium, stainless steel,  
and aluminum with the cha rac te r i s t i c  dimension deft ~- 10 -5 m the tes t  curves deviate only slightly from 
the theoret ical  ones,  which can be explained by a part ial  departure  f rom a purely viscous flow mode. At 
a gas entrance p ressu re  of only Pl = 100 mm Hg the measured  mass  flow rate is not more  than 30% 
higher.  For  porous bodies with deft -< 5"10 -~ m (porous ti tanium, aluminum, graphite) the test  curves 
deviate appreciably  from the theoret ical  ones, withthe measured  mass  flow ra te  more  than twice as high 
as the mass  flow ra te  calculated for the same entrance p r e s s u r e  (Pi = 100 mm Hg). This can only be a t -  
tributed to a change of the flow mode. 

In o rde r  to explain the p r e s s u r e  var ia t ion ac ros s  the thickness of a porous specimen and the related 
changes of flow modes ,  the authors pe r fo rmed  an experiment  with a porous graphite specimen of the same 
s t ruc ture  but of an adjustable thickness (Table 1). The p re s su re  profi le was measured  in the 5 = 21 mm 
thick specimen.  Into seven holes ac ro s s  the specimen thickness,  dri l led approximately 25 mm deep at 
definite dis tances from the end face (Fig. 4), were  installed injection needles 1.0 mm in outside diameter .  
The entrance p r e s s u r e  before the specimen was a tmospher ic ,  the exit p r e s s u r e  behind the specimen was 
var ied  by means of the vacuum valve 2 shown in Fig. 2. 

The test  data on the p r e s s u r e  profi le a c ro s s  the specimen thickness a re  shown in Fig. 4. This p r o -  
file seems to be a parabol ic  one [8]. 

Corresponding to a parabol ic  p r e s s u r e  profi le ac ros s  the thickness of a porous specimen,  the mean-  
integral p r e s s u r e  can be expressed as 

2 

s t 

It must  be noted that, as  P2 ~ 0, the maximum difference between the integral mean and the ar i thmetic  
mean  p r e s s u r e  reaches  approximately  33%. 

These data on the p r e s s u r e  profi le were  checked against  the relat ion G = f(Ap) (Fig. 3d) which had 
been established experimental ly  for the 21 mm thick and for the 4.5 mm thick porous graphite specimens 
as follows. The maximum mass  flow ra te  through the 21 mm specimen was G = 2 .8-10 -4 k g / s e c ,  while 
the l imiting p r e s s u r e s  a c r o s s  the spec imen thickness were  as indicated in Fig. 4 by the bottom curve.  
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According to the prof i le  cu rve ,  an ent rance  p r e s s u r e  of 325 m m  Hg is requ i red  to ensure  the s a m e  m a s s  
flow ra te  through the 4.5 m m  spec imen  at  the s a m e  exit  p r e s s u r e .  Indeed, the G = f(Ap) t e s t  curve  for  the 
4.5 m m  spec imen  conf i rms  this .  

The p r e s s u r e  prof i le  curve  indicates a lso  that,  in o rde r  to ensure  the s a m e  m a s s  flow ra te  through 
spec imens  of var ious  th icknesses  at the s ame  ent rance  p r e s s u r e ,  the p r e s s u r e  drop mus t  be la rge  
and,  consequently,  the re la t ive  s ignif icance of gas sl iding along the exit  segments  of pores  m u s t  i nc rease .  
Th i s ,  for  ins tance,  explains why the pe rmeab i l i t y  of a porous  spec imen  inc rea se s  with increas ing  spec imen  
th ickness ,  as  has  been  revea led  in an ana lys i s  of the t es t  data.  

This  i nc rea se  in the pe rmeab i l i t y  of a porous  body pass ing  a r a re f i ed  gas can be in te rpre ted  phys i -  
cal ly  as  follows. While flowing nea r  a wall ,  a r a r e f i ed  gas does not comple te ly  adhere  to it (vw ~ 0) but 
has  a finite veloci ty:  the gas s l ides  along the su r face .  The sliding veloci ty  Vs can be de te rmined  a c c o r d -  
ing to the equation 

" - -  d u  
V s =-. ~ / - -  

ely 

Consider ing that [ ~ 1 / p  under i so the rmal  conditions and that,  to the f i r s t  approximat ion ,  the t r a n s v e r s e  
veloci ty  gradient  is propor t ional  to u0/d ,  we can wr i te  for the sliding veloci ty  

U s ~ /'lO 
pd 

where  u 0 denotes the mean  gas veloci ty  without sl iding in a po re  of d i a m e t e r  d and ~ is a propor t ional i ty  
factor .  A finite gas veloci ty  a t  the wall  has the effect  of making the mean  gas veloci ty  in a pore  higher a t  
the s a m e  p r e s s u r e  drop ,  namely  

u = u o § Au, 

where  Au denotes the inc rement  of the mean  gas veloci ty  in a pore  due to sliding. I t  is logical  to a s s u m e  

that  Au ~ v s and then to wr i te  
t/0 

u = u o §  ~ - -  
pd 

MUltiplying both s ides  of this exp res s ion  by the gas dens i ty ,  and consider ing the integral  na ture  of the gas 

flow through a porous  body, we obtain 

G = G 0 ( 1  + P-k ) ,  (1) 

where  coefficient  k depends on the length of the charac te r i ss  dimension,  on the su r face  s t ruc tu re ,  and on 
the pore  shape.  The values  of k have been es tabl ished exper imenta l ly  for the porous  t es t  m a t e r i a l s  and 
a r e  a lso  given in T a b l e  1. He re  G O denotes the m a s s  flow ra te  without sliding. The Darcy  equation c o m -  

bined with expres s ion  (I) yields  

G'= FM k ( 1  + - ~ - ) ( p ~ - - p ~ ) .  (2) 
2FRTL 

I t  follows f rom Eq. (2) that  the effect  of a higher  m a s s  flow r a t e  due to sl iding along po re  walls  be -  
comes  m o r e  signif icant  as  the mean- in t eg ra l  p r e s s u r e  d e c r e a s e s .  This  i nc rease  cannot be unlimited,  
however .  The f ree  path length ~ s e r v e s  h e r e a s  a l imi t ing fac tor ,  which i nc rea se s  with dec reas ing  p r e s -  
su re  but cannot exceed def f. (The f r ee  path length mus t  be de te rmined  by the mean- in t eg ra l  p r e s s u r e . )  
The inc rement  of m a s s  flow r a t e  will be  m a x i m u m ,  the re fo re ,  when 1 = deft.  As the p r e s s u r e  is d e c r e a s e d  
fu r the r ,  1 + k / p  becomes  constant .  At the s ame  t ime ,  however ,  during r a r e fac t ion  with Kn > 1 the v i s -  
cos i ty ,  until now independent of the p r e s s u r e  [10], will become  propor t iona l  to the p r e s s u r e :  g ~ p. In 
view of th is ,  Eq. (2) can now be wr i t ten  as  

G = ( p~ __ p~) = FM A ( p~ - -  p~), (3) 
2~tRT L 2RT L xp 

where  A = 1 + k / p  = const  and g = • • being a propor t iona l i ty  fac tor .  Equation (3) r educes  to 

FMA 
G Ap. 

R T L x  
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We thus a r r i v e  at  the Knudsen equation, which cha rac t e r i zes  molecular  flow when the mass flow 
ra te  does not depend on the gas density but is de termined by the p r e s s u r e  drop alone. 

The general  law of gas flow through a porous body in all  possible  modes is 

6~ 

where  the t e r m  ~ (G2/F 2) accounts  for  iner t ia  losses  during f i l t rat ion.  

We note,  in conclusion,  that: 

I. for viscous flow with predominant  iner t ia  losses  

~ = const; (1 + ~ - )  ~ t; ~ = const. 

II. for v iscous  flow according to Darcy ' s  law 

~ t = c o n s t ; ( l + ~ - ) ~ l ;  ~ 0 .  

III. for viscous flow with sliding 

IV. for molecu la r  flow 

~t--- const; ( 1 + ~ - )  = var; [~ = O. 

This  analysis  of var ious  modes of gas flow through porous specimens shows that a t ransi t ion f rom 
one flow mode to another  under  changing conditions occurs  smoothly,  This is explained by the coexis tence 
of the var ious  modes ac ro s s  a specimen sect ion as well as ac ros s  the specimen thickness.  

k is the 
m is the 
F is the 
M is the 
/~ is the 
L is the 
R = 8.31 �9 l0  S N.  m / k m o l e .  ~ is the 
T is the 
Pl is the 
p~ is the 
v e is the 
p is the 

is the 
B is the 

is the 
Re is the 

N O T A T I O N  

permeabi l i ty ,  m 2 ; 
poros i ty ;  
sur face  a r ea  of porous specimen,  m ~; 
molecu la r  weight of gas, k g / m o l e ;  
dynamic v iscos i ty  of gas, N. sec /m~;  
thickness of porous specimen,  m;  
universa l  gas constant;  
t empera tu re ,  "K; 
entrance p r e s s u r e  before  the porous specimen,  N/m2;  
exit  p r e s s u r e  behind the porous specimen,  N / m  ~ ; 
f i l t rat ion veloci ty,  m / s e c ;  
gas densi ty,  kg/m3;  
viscous drag  coefficient ,  m2; 
inert ial  drag coefficient ;  
hydraul ic  drag  coefficient;  
Reynolds number.  

L I T E R A T U R E  C I T E D  

1. L . S .  Leibenzon,  Flow of Natural  Liquids and Gases through a Porous  Medium [in Russian],  Gostek-  

hizdat (1947). 
2. A . V .  Lykov,  Theore t i ca l  P r inc ip les  of Structural  Thermophys ics  [in Russian),  Izd. Akad. Nauk 

ByelSSR, Minsk (1961). 
3. G . F .  Treb in ,  F i l t ra t ion  of Liquids and Gases  through Porous  Media [in Russian],  Gostoptekhizdat 

(1959). 
4. R. Collins,  Fluid Flow through Po rous  Mater ia ls  [Russian t ranslat ion] ,  Izd. Mir  (1964). 

1391 



5. E . M .  Minskii, "On turbulent filtration through porous media," Dokl. Akad. Nauk SSSR, 78, No. 3 
(1951). 

6. I . A .  Charnyi, Subterranean Hydrogasdynamics [in Russian], Gostoptekhizdat (1963). 
7. B . V .  Deryagin and S. P.  Bakanov, Dokl. Akad. Nauk SSSR, 115, 167 (1957). 
8. V . M .  Aravin and S. N. Numerov, Theory of Liquid and Gas Flow through a Nondeformable Porous 

Medium [in Russian] (1953). 
9. S . I .  Kosterin, Yu. A. Koshmarov, and Yu. V. Osipov, in: Heat and Mass Transfer [in Russian], 

Izd. l~,nergiya (1963). 
10. L.D. Landau and E. M. Lifshits, Mechanics of Continuous Media [in Russian], Gostekhizdat (1944). 

1392 


