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F I L T R A T I O N  O F  A C O M P R E S S I B L E  GAS IN 

A N  A P P A R A T U S  W I T H  A D I A P H R A G M  

V .  I .  E l i s e e v ,  V .  K.  Z h a r i k o v ,  
a n d  A .  P .  T o l s t o p y a t  

UDC 532.546.06 

Resul ts  of an expe r imen ta l  invest igat ion of the f i l t ra t ion  of a c o m p r e s s i b l e  gas  in an a x i s y m -  
m e t r i c  appara tus  with a d iaphragm mounted in the l aye r  of charge  or at the exit f rom the ap-  
para tus  a r e  p resen ted .  A dependence is given to compute the r e s i s t a n c e  of the appa ra tus - -  
cha rge  s y s t e m .  

Technological  p r o c e s s e s  rea l i zed  in an appara tus  with fluid or gas f i l t ra t ion through a charge  of finely 
d i spe r sed  or  bulk m a t e r i a l s  a r e  extensively  used in different  indust r ia l  b ranches .  The c o r r e c t  organizat ion 
of these  p r o c e s s e s  depends g rea t ly  on knowledge of the ae rodynamic  fluid motion conditions in such an appa -  
r a tus .  

The authors  of [1, 3, 4, 7, 11] inves t igated the condition of the influence of the side walls on the hydrau-  
lic drag  of the charge  in a uni form flow field of the f i l ter ing fluid when examining the charge  and the appara tus  
in combinat ion.  In addition to the conditions desc r ibed  above,  dif ferent  nonuniformit ies  at the entrance to and 
exit f r o m  the cha rge  a r e  produced mos t  often in r ea l  technological  appa ra tus .  A number  of papers  [2, 5, 6, 9, 
10] a re  devoted to a study of such technological  appara tus .  

Mathemat ica l  models  of a low-speed  f i l t ra t ion flow in an appara tus  a r e  cons idered  in [2, 9]. The r e s i s -  
tance of an appara tus  with p r e c o m p r e s s i o n ,  i . e . ,  when the  gas  is supplied to or  r emoved  f r o m  the charge  
through a hole s m a l l e r  than the c ro s s  sect ion of the appa ra tu s ,  is exper imenta l ly  studied on rec tangu la r  m o -  
dels in [5, 6, 10]. 

A number  of phys ica l  s t a t ements  of the p ic ture  of f i l t ra t ion  with p r e c o m p r e s s i o n  d i rec t ly  in a cyl indr ica l  
appara tus  a r e  ref ined in the p re sen t  s tudy,  and a dependence between the hydraulic drag  coefficient  and the pa -  
r a m e t e r s  of the gas  s t r e a m ,  the cha rge ,  and the appara tus  is se t  up. In compar i son  to [5], the var ia t ion  range  
of the p r e c o m p r e s s i o n  p a r a m e t e r  and of the working p r e s s u r e  in the appara tus  is hence extended to  quantit ies 
used in an indust r ia l  appara tus  of the f eeder  type in pneumat ic  t r a n s p o r t  s y s t e m s .  

The gas  flow pic ture  in an appara tus  with a charge  can be es t imated  by means of the p r e s s u r e  d i s t r ibu-  
tion. The m o s t  c h a r a c t e r i s t i c  pa t t e rn  permi t t ing  an a s s e s s m e n t  of the f i l t ra t ion  flow in an a x i s y m m e t r i c  ap -  
para tus  is the  p r e s s u r e  d i ag ram  along the appara tus  ax i s .  Such d i ag rams  were  r eco rded  on a unit {Fig. 1) 
consis t ing of in te rchangeable  s t ee l  sec t ions  with the following d i ame te r s :  D = 300, 100, 46 ram.  Diaphragms 
with a center  hole were  used to a s s u r e  different  p r e c o m p r e s s i o n  values .  They were  mounted both within the 
charge  l aye r  and at the exit f r o m  the appara tus .  The charge  was fo rmed  f r o m  spher i ca l  po lys tyrene  pa r t i c l e s .  
The mean suspended pa r t i c l e  d i a m e t e r  d was de te rmined  for  each f rac t ion  obtained between two s i eves .  The 
poros i ty  was de te rmined  by means  of the t rue  and the bulk densi ty of the m a t e r i a l  [1]. The geome t r i c  c h a r a c -  
t e r i s t i c s  of the f rac t ions  used in the r e s e a r c h  a r e  presented  in Table  1. The charge  was held in the appara tus  
by a me ta l  m e s h  with a poros i ty  g r e a t e r  than the l aye r  being studied.  Air  was used as the f i l te r ing agent.  The 
gas p r e s s u r e  at the appara tus  axis was m easu red  by means  of thin tubes pass ing through the s ide wall.  U- 
shaped and poin ter  m a n o m e t e r s  were  used as recording  devices .  

Dneprope t rovsk  State Univers i ty .  T rans l a t ed  f r o m  Inzhenerno-F iz ichesk i i  Zhurnal ,  Vol. 35, No. 6, 
pp. 980-986, D e c e m b e r ,  1978. Original  a r t i c l e  submit ted  March 9, 1978. 
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Fig.  1. Diagram of the experimental  se t -up:  1) interchangeable s e c -  
tions of the apparatus;  2) a i r  supply p rechamber ;  3) f low-meter ing 
nozzle;  4) levelling mesh; 5) charge;  6) diaphragm; 7) mesh to retain 
the charge in the apparatus.  1--1, 2--2 and 1 ' - - 1 ' ,  2 ' - -2 '  a re  sections 
for  measurement  of the gas pa ramete r s  for  p r ecompres s ton  and ex- 
pansion,  respect ively .  

Fig.  2. Shape of the p r e s s u r e  d iagram on the apparatus axis with 
p recompress ion :  I) f i l t rat ion zone f = 1; II) zone of influence of p re -  
compression P = P2/PI~. 

TABLE 1. Geometr ic  Charac ter i s t ics  of the 
Charge 

Size of sieve cells, m a, mm 

4--2,5 
2,5--1,9 
1,9--1,2 
1,2--0,8 
0,8~0,6 

C 

3,06 0.391 
2,29 0.386 
1,59 0,38 
l, 12 0,384 
0,74 0,376 

Since the p r e s s u r e  in the apparatus could vary  with height f rom 0-12 gauge atm as a function of the 
appara tus ,  charge ,  and gas d ischarge  pa r ame te r s ,  the gas compress ibi l i ty  was taken into account.  In 
this case  the gas p r e s s u r e  d iagram during fi l t rat ion was a s t ra ight  line on the graph Pa2tm = r (H) [8}. The 
p re s su re  distribution obtained on the axis of a cyl indrical  apparatus with p recompress ion  was constructed 
in the same  coordinates (Fig. 2). Two fil tration zones a re  shown in the figure.  The f i r s t  corresponds  to 
the f i l t rat ion modes in the same  apparatus ,  but without p recompress ion ,  while the second is charac ter ized  
by higher p r e s s u r e  gradients .  P r e s s u r e  measurements  along the radius of the apparatus exhibited a uni- 
formity  of the p r e s s u r e  distribution in t r a n s v e r s e  sections of zone I and spoilage of the uniformity in zone 
II. This affords a foundation for considering zone I as the zone of influence of p recompress ion .  The ex- 
tent of this la t ter  is denoted by h. The height of the influence of p recompress ion ,  determined in this man-  
ne t ,  was measured  in the range Ree = 1.5-103; f = 1-200; 5 = 30-400 on apparatus of th ree  d iamete r s .  The 
resul ts  obtained show that the height of the influence of p recompress ion  is proport ional  just to the appara-  
tus d iameter  

h =  h/D = 0.37. (1) 

The influence of p recompress ion  was propagated identically both along and against the s t r eam upon 
mounting the diaphragm within the layer .  

An analogous height of the influence of p reeompress ion  was determined in [7] .for a plane apparatus 
by means of a p r e s su re  d iagram recorded  f rom the wall of an apparatus with a charge,  and the dependence 
h = 0.17/~f was obtained for Re e > 10. As is seen,  for  large  Re numbers the value of h agrees  with the 
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Fig. 3 Fig. 4 
Fig.  3. Drag  coefficient  of the zone of p r e c o m p r e s s l o n  influence: 1) f = 1; 2) 2; 3) 5; 
4) 9; 5) 26; 6) 52; 7) 104; 8) 185. 

Fig.  4. The dependence B = B(f') in (7): 1) 5 = 34; 2) 46; 3) 65; 4) 94; 5) 140; 6) 400; 7) 
140; 8) 140; 1-5) p r e c o m p r e s s i o n ;  6, 7) expansion; 8) d iaphragm at  the exit  f r o m  the 
appa ra tus .  

quantity found for  the a x i s y m m e t r i c  appa ra tus .  A s ingular i ty  of the flow p ic ture  in plane appara tus  is 
evidently mani fes t  in the dependence of h on Re,  which was not detected for  the a x i s y m m e t r i c  appara tus  
although the range  of var ia t ion  toward  sma l l  Re numbers  had indeed been extended. 

The invest igat ions desc r ibed  above p e r m i t  a s epa ra t e  study of the p r e c o m p r e s s i o n  zone for  a x i s y m -  
me t r i c  appara tus  s ince  i ts  s i ze  is de te rmined  uniquely by the s ize  of the  appara tus .  

The r e s i s t a n c e  of e lements  of an appara tus  with a charge  but without p r e c o m p r e s s i o n  has been s tud-  
ted in a number  of exper imenta l  paper s  [1, 3, 4, 7, 11]. All these  paper s  were  produced under  condi- 
t ions when the gas  compress ib i l i t y  was not mani fes t  or  could be neglected.  Let  us show that  the drag  co-  
efficient of an a p p a r a t u s - - c h a r g e  s y s t e m  can be exp re s sed  in t e r m s  of the coefficient  for  an incompress ib l e  
fluid in the case  of s t r e a m  compres s ib i l i t y  

2 Ap Ue 

To do this we wri te  the  equation of f i l t ra t ion  gas  motion i n t h e  f o r m  

aP/ax = kiu + k2pu ~ v 2, 

aP/ay = ktv § k2pv V u 2 + v~, 

ax Oy 

(2) 

(3) 

Introducing the s t r e a m  function pu = 3r  pv = - - a r  we obtain 

aP ar a~ 2 

If a ba ro t rop lc  p roces s  is cons idered ,  i . e . ,  p =p (P), then the p r e s s u r e  can be e l iminated f r o m  the 
las t  two equations and an equation for  just  the s t r e a m  function can be obtained. T h e r e f o r e ,  in the case  of 
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identical boundary conditions, the s t r e a m  function for a compress ib le  fluid in a barotroplc  process  agrees  
with the s t r e a m  function for  an incompress ib le  fluid, and hence 

9i OP i OP 
Ox =9 0--~ 

Integrating this last  express ion and taking into account that p = P /RT 0 for T O = const,  we obtain 

2" 2 Pl --  Pz 
Pi(Pi t - -  Pz) - 2RTo (4) 

Rewriting (2) in the form 

G2L 6 (1 - -  e) 

it can be noted f rom (3) that 

P~ Pz~.. (5) 
h 

2Pt 

This equation can easily be obtained for  a rec tangular  channel by the direct  integrat ion of the f i rs t  
equation in (3) s ince v = 0, u = const.  

The re fo re ,  the final equation to calculate the drag coefficient with the compress ib i l i ty  and the con-  
dition for  determining p by means of the gas pa ramete r s  In Sec. 1 taken into account will have the form 

~i = Ap (Pt + P2) g dFzes (6) 
H6GZRTo (1 - -  e) 

As is seen,  to determine ~ in an experiment  it is sufficient to measure  the gas pa ramete r s  in s e c -  
tions 1, 2 for  known pa ramete r s  of the appara tus ,  the charge,  and the f i l tering a i r  d i scharge .  

Experiments  conducted to determine the res i s t ance  of apparatus without p recompress ion  for  p r e s -  
su re  drops to 10 gauge atm showed the validity of (2). 

The drag coefficient of just  the p recompress ion  zone is determined in this paper s ince the hydraulic 
drag coefficient of a layer  without p r ecompres s ion  is known. The diaphragm was mounted within the layer  
of charge or  at the exit f rom the apparatus .  The zone of influence was considered along as well as against 
the s t r e a m  with the diaphragm located in the layer  and at the exit of the apparatus .  In this case  the pos -  
sible appearance  of gasdynamic  effect in the total  drag of the zone was verif ied since high velocit ies were 
achieved in the diaphragm holes in the experiments .  

The gas pa rame te r s  were measured  in the diaphragm holes and in the layer  at the height h in o rder  
to de termine  the drag coefficient of the p recompress ion  zone. 

Starting f rom an analysis  of dimensional i ty ,  the dependence of the hydraulic coefficient was sought 
on the following dimensionless  pa ramete r s  

~p = qD2 (Re, f, 6). 

The available set  of appara tus ,  d iaphragms,  and charge fract ions permit ted conducting experiments  
in the following range of pa rame te r s :  Re e = 1-103; 6 = 30-400; F = 1-103. 

The experimental  data obtained were p rocessed  by means of (6) and superposed on graphs in the co-  
ordinates log Sp = ~03 (log Re). One such graph is shown in Fig. 3. The lower curve corresponds  to gas 
fi l trat ion in a charge without p recompress ion .  It is seen f rom the f igure that the dependence of the coeffi- 
cient ~p for  f > 1 can be sought for  f = 1 in the fo rm ~ = A/Re  + B. After the necessa ry  manipulations, 
approximation pa ramete r s  were found. The value of he quantity A obtained for  all the experiment condi- 
tions descr ibed is close to the value 36 determined for  f" = 1. It is established in an analysis  of values of 
the pa r ame te r  B that it is a function of just the p recompress ion  f and is independent of 6 in the range 
examined. The relat ion between B and f is expressed as a power law tending to the known value B = 0.45 
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fo r  f" = 1. The p a r a m e t e r s  of this dependence a r e  seen  f rom the g raph  (Fig. 4). In f inal  f o r m ,  the  approx i -  
ma te  dependence of the hydraulic  drag  coefficient  of the zone of p r e c o m p r e s s i o n  influence is wri t ten in the 
f o r m  

~p = ~f + 0,2 (~--- 1) I's. (7) 

As is seen  f r o m  Fig.  4, no r egu la r  s t ra t i f ica t ion  of the quantit ies B is observed  for  the ve r s ions  of 
the d iaphragm location and its induced p r e c o m p r e s s i o n  zone which were  cons idered .  The m a x i m u m  
sp read  in the s e p a r a t e  m e a s u r e m e n t s  of ~ did not exceed • 

Exper imenta l  r e su l t s  in which the magnitude of the ra t io  was b /d  < 10 were  not cons idered  in seeking 
dependence (7) s ince the value of ~ depends substant ia l ly  on the local  poros i ty  in the a r e a  of the d iaphragm 
hole and is not reproduc ib le  under  such condit ions.  

A dependence of the hydraulic d rag  coeff icient  on the governing p a r a m e t e r s  was obtained in [5] for  a 
plane model of an appara tus  with the height H = 0.4 m for  the cha rge  and a foundation is given for  extend- 
hag these  resu l t s  to any height of the cha rge  H > h: 

----- ~f [1 -I- T {f--  1) h/H], (8) 

where  T = 1 + 48/5.  

A detai led examinat ion of the p r i m a r y  resu l t s  in [5] shows that  the cons t r ic t ion  p a r a m e t e r  T = ~04(5} " 
could be neglected in the range  of var ia t ion  5 = 100-620. The value for  different  T falls on a l ine B = ~%(f), 
excluding the value f = 68 for  which b /d  < 10. Start ing f r o m  the above,  dif ferent  values of B = ~6(r} can 
be cons idered  for  f" = 68 as the sp read  in the  exper iment  under  specif ic  conditions.  Additional exper iments  
to study the influence of 5 on ~ showedthat  it cannot be taken into account for  the values  5 >- 20. 

Setting H = h in (8), we obtain a dependence for  the p r e c o m p r e s s i o n  zone and we compare  it to (7). 
The d i f ference  in the coefficients  for  the p a r a m e t e r  (f" = 1) does not resu l t  in any essent ia l  d i sc repancy  
in the quanti t ies ~p calculated by means  of (7) and (8} in the range  f = 1-34 examined in [5]. 

The drag  of the appara tus  with a cha rge  height H = (4.5-8.5)D and' f" = 1-6 was studied on rec tangu la r  
models  in [10]. The deduction made by the authors  about the lack of influence of p r e c o m p r e s s i o n  on the 
to ta l  d rag  of the appara tus  does not contradic t  the resu l t s  in this  paper  s ince the f rac t ion  of the d rag  of the 
p r e c o m p r e s s i o n  zone was sma l l  for  the p a r a m e t e r s  cons idered .  

The invest igat ions pe r fo rmed  pe rmi t  the conclusion that  the d rag  of an appara tus  with a d iaphragm 
for  the f i l t ra t ion of a c o m p r e s s i b l e  gas  is the sum of two e lements :  1) a charge  l aye r  with height H --  0.37D 
desc r ibed  by (5), and 2) d iaphragms  with adjoining zones of influence,  whose hydraulic d r ag  coeff icient  is  

desc r ibed  by (7). 

The r e su l t s  obtained can be used to compute  the drag  of an appara tus  with a dense  d i spe r sed  l aye r  
for  Re _< 10 3, f _ 103, 5 -> 30. 

N O T A T I O N  

D, appara tus  d i ame te r ;  b, d i am e t e r  of the d iaphragm hole; H, height of the charging layer ;  d, charge  
par t ic le  d i ame te r ;  e,  poros i ty ;  Ap, p r e s s u r e  drop;  P,  absolute  p r e s s u r e ;  h, height of the influence of p r e -  
compress ion ;  G, d i scharge ;  p ,  density;  R ,  gas  constant;  To, t e m p e r a t u r e ;  u and v, project ions  of the f i l -  
t ra t ion  r a t e  on the coordinate  axes ;  x and y ,  coordinate  axes ;  r  s t r e a m  function; g ,  acce le ra t ion  of g rav i ty ;  
F,  c r o s s - s e c t i o n a l  a r e a  of the appara tus ;  k 1, k 2, A, B,  coefficients;  Ree ,  equivalent Reynolds c r i t e r ion ;  
~, drag  coefficient .  Subscr ipts :  1 and 2, gas  p a r a m e t e r s  in appropr i a t e  sect ions  of the appara tus ;  l ,  f i l -  
t ra t ion  p a r a m e t e r s  for  an i ncompres s ib l e  fluid; f ,  f i l t ra t ion without p r ecompres s ion ;  p, f i l t ra t ion in the 
p r e c o m p r e s s i o n  zone; f = D2/b2; 5 = D/d; ~a = h /D.  
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A P P L I C A T I O N  O F  T H E  T H I R D  A P P R O X I M A T I O N  O F  T H E  

C H A P M A N - - E N S K O G  T H E O R Y  T O  C A L C U L A T I N G  T H E  

T H E R M A L  C O N D U C T I V I T Y  O F  B I N A R Y  M I X T U R E S  O F  

M O N A T O M I C  G A S E S  A N D  E S T I M A T I N G  T H E  I N F L U E N C E  

O F  T H E  D I F F U S I O N A L  T H E R M O E F F E C T  

T .  I .  Y a r o s h e n k o  UDC 536.22.083 

The coeff icient  of t h e r m a l  conductivity and the contr ibution of the diffusional  the rmoef fec t  
to the  t h e r m a l  conductivity of b inary  mix tures  of monatomic  ga se s  a r e  calculated within the 
f r a m e w o r k  of the second and thi rd  approximat ions  of the s t r i c t  kinetic theory .  The t h e o r e -  
t i ca l  r e su l t s  a r e  compared  with exper imenta l  r e su l t s .  

Iner t  ga se s  and the i r  mix tures  r e p r e s e n t  the mos t  sui table  subjects  for  tes t ing  the s t r i c t  Chapman--  
Enskog molecu la r - -k ine t i c  theory ,  s ince  it t r e a t s  phenomena occurr ing  in the in terac t ions  of molecules  with- 
out in te rna l  deg re e s  of f r eedom.  

Within the f r a m e w o r k  of this theory  the f i r s t  nonzero  approximat ion  for  one or  another  of the t r a n s f e r  
coeff icients  is designated as the f i r s t  approx imat ion .  This is not very  convenient ,  s ince  to obtain the lowest  
approx imat ions  of the t r a n s f e r  coefficients  in expansions by Sonine polynomials  one mus t  allow for  different  
numbers  of s e r i e s  t e r m s :  one t e r m  is enough for  the coefficients of v iscos i ty  and diffusion but two t e r m s  of 
the expansion must  be taken for  the coeff icients  of t h e r m a l  conductivity and thermodfffus ion .  Below, by s e r i e s  
approx imat ion  we unders tand the number  of s e r i e s  t e r m s  in the expansion by Sonine po lynomia l s ,  it being 
a s sumed  that  the grad ien ts  of all  the physica l  quanti t ies a r e  sma l l ,  i . e . ,  the heat flux and t e m p e r a t u r e  g r a -  
dient a r e  connected by a l inear  re la t ion.  Thus,  the lowest  approximat ion  for  the coefficient  of t h e r m a l  con-  
ductivi ty is the second: [~]2-  

An adequate  amount of exper imenta l  data on the t r a n s f e r  p rope r t i e s  of nonpolar  ga se s  [2-6] and of the i r  
binary mix tu res  [7-13] has appeared  in the las t  decade.  Some of the data have an accuracy  within 0.1% l imits  
for  the v i scos i ty  [12] and the t h e r m a l  conductivity [14], 0.2% l imits  for  the interdiffuslon F/, 8], and 1.0% for  
the thermodif fus lon  [9]. In a number  of r epo r t s  [15-17] it is shown that a second approximat ion  is inadequate 
for  a m o r e  p r e c i s e  ana lys i s  of expe r imen ta l  data on the the rmophys ica l  p rope r t i e s  of gas mix tu re s .  Calcula-  
t ions f r o m  higher approximat ions  a r e  especia l ly  n e c e s s a r y  in the case  of mix tures  containing very  light c o m -  
ponents [18], as wel l  as when es t imat ing  the t he rmophys i ca l  p rope r t i e s  of ionized gases  [15]. Replacing the 
f i r s t  approx imat ion  by the second for  the coefficient  of ord inary  diffusion improves  its accu racy .  But the use  
of the s a m e  approx imat ion  for  the coefficients  of t h e r m a l  conductivity and thermodiffus ion leads to e r r o r s  of 
up to 57% for  the coefficient  of thermodiffus ion for  an ionized gas  [15]. The r ea son  for  the cons iderable  d i s -  
a g r e e m e n t  between these  data for  gas  mix tures  evidently is the c lose  in te r re la t ionsh ip  between the p r o c e s s e s  
of heat conduction and thermodfffus ion,  as well as the use  of too low approximat ions  in the theore t i ca l  e x p r e s -  
s ions .  Neve r the l e s s ,  t he r e  a r e  ve ry  few r epo r t s  devoted to calculat ions f r o m  higher approximat ions  [18,20,21]. 
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