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A method is proposed for  the calculat ion,  f r o m  exper imen ta l  data ,  of p a r a m e t e r s  c h a r a c t e r -  
izing the m a s s  t r a n s f e r  in the diffusional  sa tura t ion  of meta ls  in conditions where  the expe r i -  
menta l  t i m e  is l imi ted .  

The calculat ion of the kinet ics  of diffusional  ca rbur iza t ion  of s t ee l  reduces  to the solution of the diffusion 
equation for  carbon 

ac a ( D (c ) ac ) 
ot Ox -~x (1) 

with the init ial  condition 

C I~= 0 = ci (X), 

where  ci(x) is the  init ial  d is t r ibut ion of carbon in the s tee l ,  the boundary condition 

0c x'*| 0 

(2) 

(3) 

and the boundary condition at  the su r f ace  being sa tu ra t ed ,  where  x = 0. Here  D(c) is the diffusion coefficient  
of ca rbon ,  which is  a function of i ts  concentra t ion.  In view of the complexi ty  of the phys icochemica l  p r o c e s s e s  
occurr ing  in the ca rbur iza t ion  of s tee l  at  the su r f ace  of the component  (the fo rmat ion  of ac t ive  a toms in the 
sa tura t ing  med ium,  the i r  t r a n s p o r t  to  the s u r f ace  being sa tu ra ted  and adsorpt ion t h e r e ,  e tc .  ), the carbon flux 
densi ty through the s u r f ace  of the component  is usual ly  specif ied by boundary conditions of the th i rd  kind [1] 

- -  D O c  x = 0  = V ( c  o - -  c ! x ~ 0 ) .  
Ox (4) 

Here  V is the m a s s - t r a n s f e r  coefficient;  c o is the  ca rbon  concentra t ion which would be es tabl ished at the s u r -  
face  when u -* ~o. If diffusional sa tu ra t ion  is not accompanied  by phase  t r a n s f o r m a t i o n s ,  the su r face  concen-  
t ra t ion  of carbon Clx__0 tends to c o with i n c r e a s e  in the  t ime  of holding (t --~ ~o). As a ru le ,  equi l ibr ium is e s -  
tabl ished at the sa tura t ing  m e d i u m - - s t e e l  boundary when the concentra t ion c o is reached .  This suggests  the 
poss ibi l i ty  of calculat ing c o by equating the chemica l  potentials  of carbon in the sa tura t ing  medium and in s t ee l  
or  of finding it exper imen ta l ly ,  for  example ,  by sa tura t ing  a thin f i lm,  etc.  A number  of methods have been 
developed for  the exper imenta l  de te rmina t ion  of the m a s s - t r a u s f e r  coefficients  for  a known value of cO: f rom 
the sa tura t ion  kinet ics  for  a thin f i lm,  using the tangent  method developed in heat engineer ing,  f r o m  the t ime  
dependence of the su r f ace  concentra t ion,  etc.  (see [2], fo r  example) .  

In many cases  the diffusional m a s s  t r a n s f e r  of carbon in s tee l  is accompanied  by phase  t r ans i t ions .  F o r  
example ,  the deca rbur iza t ion  of s tee ls  may lead to  the fo rmat ion  of alpha phase  in the s t r u c t u r e ,  and c a r b u r i -  
cation to the fo rmat ion  and growth of carb ide  phase .  In this c a se ,  the si tuat ion is different  f r o m  that  desc r ibed  
above.  F o r  the f i r s t  s tage  of the diffusion p r o c e s s ,  when the diffusion of carbon occurs  in solid solution,  the 
value of c o cannot be found independently of the m a s s - t r a n s f e r  coefficient.  It is n e c e s s a r y  to  de t e rmine  c o and 
V s imul taneous ly  in conditions of l imited exper imenta l  t ime ,  so  as to avoid the appea rance  of new phase in the 
diffusion reg ion .  
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In such  c a s e s ,  these  p a r a m e t e r s  may be chosen by compar ing  the calculated and exper imenta l  d i s -  
t r ibut ions of the carbon concentra t ion in the diffusional  reg ion  for  d i f ferent  c o and V. 

The diffusion coefficient  of carbon depends s ignif icant ly on its concentra t ion ,  and Eq. (1) is non- 
l inear .  F o r  example ,  in [3] it was es tabl i shed that  neglecting the concentra t ion dependence of the diffusion 
coeff icient  leads to cons iderab le  e r r o r  in calculat ions of the ca rbur i za t ion  of ShKhlS-s tee l  rod in the t i m e  
of heating.  In [4] it was shown, by compar ing  a numer i ca l  calculat ion of the carbon dis t r ibut ion in ShKhl5 
s t ee l  a f t e r  deca rbur iza t ion  and r e s t o r a t i v e  ca rbur i za t ion  at 1150~ with the cor responding  analyt ic  solution 
of the Hnear  p rob l em  [5], that the l inear  approx imat ion  may only be used ff a spec ia l  value of the diffusion 
coefficient  of carbon is chosen for  each s tage of the p r o c e s s .  All this  indicates that  it is n e c e s s a r y  to 
so lve  nonl inear  diffusion p rob l ems  in calculat ing r ea l  technological  p r o c e s s e s .  

Before  proceeding to an invest igat ion of the p re sen t  method of choosing the p a r a m e t e r s  c o and V for  
the nonl inear  c a se ,  it will be analyzed for  the case  of constant  diffusion coeff ic ient ,  when it is poss ib le  to 
find an analyt ic  solution of the diffusion p rob l em.  

F i r s t ,  cons ider  the p r e l i m i n a r y  p rob lem of es tabl ishing how much the accu racy  with which the ini t ial  
concentra t ion  dis t r ibut ion ci(x) and the s u r f ace  concentra t ion c s (t) a r e  de te rmined  affects  the  r e su l t s  of ca l -  
culating the concentra t ion dis t r ibut ion for  a diffusion equation with a boundary condition of the f i r s t  kind 

cI~=~ = c~(t). (5) 

The solution of this well-known p rob l em  is wri t ten as follows 
t ( X2 ) 

c (x, t) : ci ~) G (x, ~, l) d}o + c s (l - -  [) d~, (6) 

where  

! 

/ J  

The d i f fe rence  between the two solut ions c(x, t) and c(x, t) may be de te rmined  f.rom the d i f fe rence  between 
the i r  init ial  ci(x) and ~i(x) and boundary cS(t) and 6s(t) condit ions.  Writ ing c(x, t) and c(x, t) in the fo rm 
in Eq. (6) y ie lds  

fc(x, t ) -  c(x, t)l ~ sup[ci (x ) - -c i (x) l - - sup icS( t ) - -c : ( t ) l  erfc ( 2 ~ ) "  fz) 

In many ca se s  of p rac t i ca l  impor t ance ,  the chemico the rma l  t r ea tmen t  p roceeds  in s tages  ( e . g . ,  the de-  
ca rbur i z ing  and r e s t o r a t i v e  ca rbur lz ing  of mechan ica l -eng inee r ing  s tee ls ) :  At a t e m p e r a t u r e  T 1 fo r  a 
t i m e  t l ,  and then at a t e m p e r a t u r e  T 2 for  a t i m e  t 2. Using Eqs.  (6) and (7) for  the concent ra t ion  d i s t r i bu -  
tion of ca rbon  a f t e r  the f i r s t  s t age  of diffusion (t _~ t l) ,  the following inequali ty is obtained for  the second 
s tage  

I c (x,  t) - -  c (x,  t) I <~ sup I ci (~) _ ci  (x) I + sup I c~ (t) - 

- - c ~  (,) ' erfc ( ~ ) .  x + sup,cS , t ) _ c ~ ( t , , , ( 2 l / ~ i ~ .  V.~ii__f,) ./-D~-i~t\ 
(8) 

Here  the s u p e r s c r i p t  ~ (~ = 1, 2) denotes that  the diffusion coefficient is taken at  the t e m p e r a t u r e  T a ;  cS(t) 
and c s (t) a r e  the su r f ace  concentra t ions  for  the f i r s t  and second s tages .  The function 

q~ (z, V) ---- 2 d~ exp ( - -  ~z _ .qZ) dq 

o -r ) 

d e c r e a s e s  monotonical ly  with i n c r e a s e  in z for  fixed y and 
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Fig.  1. Region of values  of c o and V 
found f r o m  Eq. (9) for  the f i r s t  (1) 
and second (2) m e a s u r e m e n t s  of the 
s u r f a c e  concentra t ion,  and fo r  both 
(3), with an e r r o r  +6: a) [cS(t 2) - -  c ~ + 
6]/r < [cS(t 1) --  c~--5]/r  b) [cS(t 2) 
- c ~ ] / ~  ~ [ c s r  

(z, ?) < $ (0, ~) = 2 arctg ~. 

In fac t ,  Eqs .  (7) and (8) i l lus t ra te  the well-known gene ra l  fundamental  r e su l t  that  parabol ic  equa-  
t ions (both l inear  equations with va r i ab le  coeff icients  and nonlinear  equations) a r e  s tab le  with r e spec t  to 
per tu rba t ions  of the ini t ial  and boundary conditions (see [6, 7], for  example) .  Unfortunately,  t he r e  is  a 
lack of e s t ima te s  of the min imum values of sup Ic s (t) - -  ~i(x) I and sup I cS (t) --  ~s (t) l p e r m i s s i b l e  in Eqs .  
(7) and (8) for  the given c lass  of functions appear ing  in the  equat ions,  not only for  nonlinear  equations but 
a l so  for  l inear  parabol ic  equations with va r i ab le  coeff ic ients .  It follows f rom Eqs.  (7) and (8) that, if the 
calculated concentra t ion dis t r ibut ion of an e lement  in the diffusion region is to  be  c lose  to the exper imenta l  
d is t r ibut ion,  it is n e c e s s a r y  to  choose a su r f ace  concentra t ion  cS r and an init ial  dis t r ibut ion ci(x) that  a r e  
c lose  to the cor responding  exper imen ta l  r e s u l t s .  This  is a l so  t rue  of non i so thermal  diffusional sa tura t ion .  

Thus ,  the p re sen t  method of de te rmin ing  the unknown p a r a m e t e r s  in the boundary condition in Eq. (4) 
at  the su r f ace  being sa tu ra ted  involves ,  f i r s t  of a l l ,  choosing these  coefficients  f r o m  a compar i son  of the 
numer ica l ly  calcula ted t i m e  dependence of the su r f ace  concentra t ion with the exper imenta l  function c s (t). 
This  al lows the bulk of exper imen t s  r equ i red  to be cons iderably  reduced.  It is impor tan t  to s t r e s s  that  
this method may a l so  be used to  find the  p a r a m e t e r s  in a nonl inear  boundary condition at the su r f ace  being 
sa tu ra t ed .  Because  of the difficulty of de termi~ing the min imum value of the coefficients p e r m i s s i b l e  in 
Eqs.  (7) and (8), it is  imposs ib le  to ru le  out the poss ib i l i ty  that  additional compar i son  of the calculated con- 
centra t ion dis t r ibut ion in the diffusion region with that  found exper imenta l ly  would improve  the e s t ima te  of 
these  p a r a m e t e r s  made sole ly  on the bas i s  of the m e a s u r e d  su r f ace  concentra t ions .  T h e r e f o r e ,  a f t e r  choos-  
ing the p a r a m e t e r s  in the boundary condition f r o m  the exper imen ta l  su r face  concentra t ion,  it is n e c e s s a r y ,  
if  such a poss ibi l i ty  ex i s t s ,  to com pa re  the  calculated concentra t ion  dis tr ibut ion over  the whole of the diffu-  
s ion region with the cor responding  exper imen ta l  data .  In the c a s e  of a constant diffusion coeff icient ,  this 
compar i son  cannot be made ;  s e e  Eqs .  (7) and (8). This  r e su l t  i s  a consequence of a spec ia l  f o r m  of the 
m a x i m u m  pr inc ip le ,  which is valid for  a b road  c lass  of parabol ic  equations [6, 7]. 

The next s tep is to de t e rmine  the uniqueness of the values  of the unknowns c o and V de te rmined  f r o m  
the exper imen ta l  s u r f ace  concentra t ions  in conditions where  the  exper imen ta l  t i m e  is l imited.  

The solution of the  diffusion p rob lem in Eqs .  (1)-(4) fo r  a constant  diffusion coefficient  leads to the 
following express ion  for  the s u r f ace  concentra t ion 

0 

where  

[z) = I - -exp(z  2) erfc(z); R -= 
oxp( / 

V~-gi 
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Fig. 2. Region of permissible values of c o (mass %) and V (m/sec) 
for the decarburization (a, b) and restorative carburization (c, d) of 
ShKhl5 steel at 900~ for 1 (a) and 5 (c) h at different distances from 
the external surface of the sample: 1) at the surface; 2) 100 ~; 3) 200p; 
4) 300~; and for the surface of the sample at different times: 1) 1 h 
(b, d); 3) 2 h (b), 5 h (d). The shading denotes the common region for 
several measurements. 

- - I /  exp erfc I/ -t-D 1 ,/- 

If the concentra t ion dis t r ibut ion is init ial ly un i fo rm,  this express ion  is s impl i f ied  

�9 ( 9 " )  

This  r e su l t  involves the use  of the re la t ion  

0 

Using Eq. (9), it is not poss ib le  to de t e rmine  the m a s s - t r a n s f e r  coeff icient  V and the concentra t ion c o 
s imul taneous ly  f r o m  a s ingle  m e a s u r e m e n t  of the s u r f a c e  concentrat ion;  it ks only poss ib le  to  find the 
region of poss ib le  values  of c ~ and V sa t is fying Eq. (9) within the l imi ts  of expe r imen ta l  a ccu racy  in m e a ,  
sur ing  cS(t). If dfffusional sa tu ra t ion  Is not accompanied  by phase  t r ans i t i ons ,  c ~ may be de te rmined  in-  
dependently of the m a s s - t r a n s f e r  coeff icient ,  and Eq. (9) can then be used to find V. 

Consider  the ease  when the s u r f ace  concentra t ion of the e lements  is measu red  at  s e v e r a l  dif ferent  
t i m e s .  Using the asympto t ic  fo rmula  for  er fc(z) ,  the following resu l t  is obtained 

0 

+77 
0 

l Z ' ~  [C O when l/ -.f >>,. 
0 

If the concentra t ion dependence is ini t ial ly un i fo rm,  then 
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#._/__ 
- T -  (cO --c") ~hen V 1/  -D- (( I, cS~-,c | + 2 V  

1 V D c | when  V V ~  ))1. . c ~ ~ c " f ,  - -h- i-(  c~ - 

Since the a sympto t i c  expansions for  V _< ~ and V >__ J ] ~  a r e  d i f ferent ,  the region of poss ib le  
values  of c o and V sat isfying Eq. (9) is reduced as the number  of su r f ace -concen t r a t ion  m e a s u r e m e n t s  in-  
c r e a s e s .  This may  be i l lus t ra ted  in m o r e  detai l  fo r  the case  when the init ial  concentra t ion dis tr ibut ion is 
uni form.  The su r f ace  concentra t ion va r i e s  o v e r  t i m e  in accordance  with Eq. (9) with s o m e  p a r a m e t e r s  c ~ 
and V ,  in the boundary conditions; these  values  a r e  found f r o m  two m e a s u r e m e n t s  of the su r face  concen-  
t r a t ion  at  t imes  t 1 and t 2 (t 2 > t l) .  The concentra t ions  a r e  found with an e r r o r  of +6. F r o m  Eq. (9"), the 
region of poss ib le  values  of  c ~ and V fo r  the  f i r s t  and second m e a s u r e m e n t s  is found 

,:s ( q )  _ c "  - - 6  ~ <  cO _ c|  ~ <  

~ g 

d (h) --e|  

cs (q) - -  c | + 8 

cs(t2)-- c" + 8  

( i 0 ' )  

(10 ~) 

If cS(t2) - -  5 > cS(t0 + 5, then as V -* *~ the region in Eq. (10) l ies below that  in Eq. (10"). Consider  the 
posit ions of these  regions  as V -* 0. Replacing the functions r (VJ~I~)  and ~0(Vjt--z7~ ) by the f i r s t  t e r m s  of 
t he i r  a sympto t ic  expansions as V - -  0, it is found that  the re la t ive  posi t ions of the  regions in Eqs.  (10') and 
(10") depend  on the re la t ion  between the quanti t ies 

c'(t,) - c | ( v ,  v tTYb) 
_ (c~-c-)v ,  ~v, V t -~  

c s (tz) - -  c | (c o - -  c | V ,  ep ( V ,  V ' ~ I D  

u t2/D V , I / t ,  ID 

- F r o m  the in tegra l  exp res s ion  

(p(z) 2 [i exp(--u)  du) 

it  is evident that  the function ~ (z ) / z  is monotonical ly  dec reas ing ,  and t h e r e f o r e  

cS (t~) - - c "  cs (tt) - - c "  

V tz/D <" ~ " 

Thus fo r ,  

c S ( t ~ ) - - c  | + 8  c S ( t O - - c  " - - 8  

V t , / O  < V t - T O  

the region in Eq. (10 v) l ies  above that  in Eq. riO") as V -~ 0. This  case  is shown in Fig.  l a .  If  both the 
m e a s u r e m e n t s  of the s u r f ace  concentrat ion a r e  made for  t 1, t 2 << D/V 2, then 

C s (t~) - -  c -  I c s ( t t )  - -  c | 
yrtz_7_ ~ ~ - - ~  (c~ - -  c | V,  ~ Vrfi/D 

and the regions in Eqs.  (10') and (10") p rac t i ca l ly  over lap  as V -,- 0 (Fig. lb) .  

1400 



C i a ! | c[ b : ] 

1GO 200 300 x !00 2,qO 500 x 

Fig. 3. Comparison of the distr ibut ion of the car -  
bon concentration (in Mass %) over the layer th ick- 
NeSS after decarburization (a) and restorat ive car -  
burization (b) of 8hKhl5 steel at 900~ with the pa- 
rameters c o and V marked by an as t e r i sk  (*) in Fig.  
2a for decarburizat ion and in Fig. 2c for ca rbur i za -  
tion: the ver t ical  lines show the e r r o r  of the exper i -  
mental determination of the carbon concentrat ion;  
the continuous lines show the resul ts  of computer  
calculation. 

For  a nonlinear diffusion equation, the region of possible values of V and c ~ is constructed by com-  
paring computer-ca lcula ted  surface  concentrat ions with experimental  values of cS(ti); i = l - -N,  where N is 
the number of measurements .  

The present  method has been used to determine the pa ramete r s  V and c o charac ter iz ing  the mass 
t r ans fe r  at the external sur face  of ShKhl5 steel for decarbur izat ion and res tora t ive  carbur izat ion at 900~ 
Prolonged decarbur iza t ion of this steel leads to the appearance of alpha phase at the sur face ,  and prolonged 
carbur izat ion to the g r o ~ h  of carbide phase. Therefore ,  the diffusion of carbon in a s ingle-phase  sys tem 
(at sufficiently high tempera tures  only a gamma region exists) occurs  in a limited t ime.  

The region of possible values of c o and V was calculated f rom the measured carbon distribution over 
the layer  thickness af ter  decarburizat ion.  Computer calculations were car r ied  out for  eight values of c o 
and for  ten values of V for each fixed c ~ The computer  p rog ram was described in [8]. The region of pos-  
sible values of c o and V chosen for 1 h and different distances from the sur face  is shown in Fig.  2a. In 
fact ,  as is evident f rom Fig. 2a, to descr ibe  the carbon distribution over the layer  thickness it is sufficient 
to find the pa rame te r s  c o and V at which the calculated and experimental  values of the carbon concentrat ion 
at the surface  a re  the same.  Increase  in the decarburizat ion t ime from 1 to 2 h does not lead to any signi-  
ficant improvement  in the values of c c and V (see, for compar ison,  Fig.  lb).  

Analogous investigations were made for a two-s tage  process :  decarburizat ion for 1 h and subsequent 
res tora t ive  carburizat ion (Fig. 2c, d). The values of c o and V marked by an as t e r i sk  (*) in Fig.  2a were 
chosen for the calculations of the carbon distribution after  decarburizat ion.  It is evident f rom Fig. 2c that 
for the descript ion of res tora t ive  decarbur izat ion it is again sufficient to measure  only the surface  concen-  
t rat ion of carbon. Increase  in the t ime of carbur izat ion f rom 1 to 5 h also leads to no significant improve-  
ment in the values of the m a s s - t r a n s f e r  pa ramete r s  (Fig. 2d). 

A compar ison (Fig. 3a, b) of the calculated carbon distributions af ter  decarburizat ion and ca rbu r i za -  
tion with the pa ramete r s  c o and V marked by an as t e r i sk  in Fig. 2a, c in the region of permiss ib le  values 
with the corresponding experimental  data shows the possibili ty of using the present  method for pract ical  
purposes .  
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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 
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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 .  
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