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GAS FLOW IN A CAPILLARY WITH AN 

EXTERNAL DISTURBANCE VARYING THE 

COEFFICIENT OF MOLECULAR ADHESION 

V. V. Levdanskii and O. G. Martynenko UDC 532.63 

The effect  of change in the mo lecu l a r  adhesion coeff icient  on m a s s  t r a n s f e r  in a cap i l l a ry  is 
studied for  the f r e e - m o l e c u l a r  gas  flow reg ime .  

In r ecen t  y e a r s  the in te rac t ion  of l a s e r  radia t ion with ma te r i a l ,  leading to se lec t ive  occu r r ence  of 
many  phys icochemiea l  reac t ions ,  has a t t r ac ted  eve r  g r e a t e r  in te res t  of scient i f ic  inves t iga tors  [1-3]. Among 
such reac t ions  is a wide c l a s s  of p r o c e s s e s  which occur  on the boundary dividing two media .  This c l a s s  in- 
cludes phys ica l  and chemica l  adsorpt ion,  he te rogeneous  ca ta lys i s ,  evapora t ion  f r o m  the su r face  of sol ids and 
liquids, and diffusion in porous  bodies.  As was noted in [1] ,  a c o r r e c t  understanding of the m e c h a n i s m s  by 
which they occur  is e x t r e m e l y  impor tan t  for  l a s e r  control  of p r o c e g s e s  occur r ing  on the su r face  of solids.  
Using the molecu la r -k ine t i c  approach,  the p r e s e n t  study will cons ider  ce r ta in  quest ions re la ted  to the action 
of an ex te rna l  d i s turbance  (in pa r t i cu la r ,  l a s e r  radiat ion)  on m a s s  t r a n s f e r  in a cap i l l a ry  in the f r e e - m o l e c u -  
l a r  gas  flow reg ime .  

As was noted in [1, 2] there  a re  two poss ib le  va r i an t s  of l a s e r  action on heterogeneous  p r o c e s s e s :  1) 
the radia t ion acts  d i rec t ly  on the phase  boundary and the molecules  adsorbed  thereon (the b e a m  is incident on 
the sur face)  ; 2) the radia t ion acts  upon the gas  nea r  the su r face  (the b e a m  is  pa ra l l e l  to the su r f ace ) .  

in the f i r s t  case ,  as ide  f r o m  such poss ib i l i t i es  as desorpt ion  s t imulated by radia t ion and sur face  mo-  
bi l i ty of adsorbed  molecu les ,  one mus t  also cons ider  the poss ib i l i ty  of d i r ec t  radia t ion action on the adsorbent  
(producing changes in its catalyt ic  p rope r t i e s ,  heating, etc.) .  Since c l a r i f i c a t i ono fa l l  poss ib le  detai ls  of l a s e r  
action on the m a t e r i a l  is quite difficult,  in the f i r s t  approximat ion  we should se lec t  some p a r a m e t e r s  which 
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will cons ider  this action as a whole. Thus, in the f i r s t  type of interaction one of these pa rame te r s  could prob-  
ably be the mean durat ion of a molecule ' s  s tay upon the surface  (the adsorption t ime) .  

Below we will cons ider  the second possible type of l a se r  action on heterogeneous p rocesses .  In this 
case  the basis  of select ive action upon t r ans fe r  p roces se s  is the difference in the interaction with the surface 
of excited and unexcited molecules .  

Falling upon the surface,  a molecule may ei ther be e las t ical ly  reflected,  or  adhere to the surface (be 
adso rbed ) ,  with the probabil i ty of ref lect ion being dependent on the net energy of the molecule E, which in 
the genera l  case  will include nonequilibrium osc i l la tory  excitation energy which may be real ized by lase r  ac-  
tion [1, 2 ] .  

Following [1], for the adhesion coefficient  ~ we have the express ion  

~ =  1 - - [~=  1 - - e x p { - - - ~ ] ,  (1) 

where fl is the ref lect ion coefficient  and E s is the specific energy of molecular  interact ion with the wall. 

We note that according to Eq. (1) with fulfillment of the condition E s >> E the adhesion coefficient is 
close to unity. However when this inequality is not fulfilled, one must  consider  the possibi l i ty of elast ic r e -  
flection of molecules .  

The division into two c l a s ses  of l a se r  interact ion on heterogeneous p roces se s  introduced above is, of 
course ,  a rb i t ra ry .  A l a se r  beam incident on the surface  can natural ly also excite molecules  in the gas phase. 
On the other  hand, in the second type of interact ion heat l iberat ion may occur  because of deactivation of ex- 
cited molecules  on the surface  [4, 5], with consequent change in the adsorption time and surface diffusion co-  
efficient. However, for  a bet ter  understanding of the mass  t r ans fe r  p rocess  mechanism it is des i rable  in the 
f i r s t  approximation to consider  the individual effects of the various factors .  Mass t rans fe r  in a capi l lary with 
varying adsorpt ion t imes was considered in [6]. Here we will consider  the effect of change in the adhesion co-  
efficient, which cha rac t e r i ze s  the interact ion of gas molecules  with the surface,  upon gas flow in a capil lary.  

We will cons ider  the following model problem. Let the l a se r  radiation act upon the gas near  one end of a 
capi l lary  of length L and radius r (parallel  to the capi l lary  end face) .  We assume that the laser  beam 
passes  so c lose to the end sur face  that all molecules  entering the capi l lary  f rom this end (X = L) fall within 
the zone of radiation action. We will a ssume that the molecules which have entered the capi l lary f rom the 
l a se r  action zone a re  cha rac t e r i zed  by an adhesion coefficient c~ 1. The molecules  which enter  the capi l lary  at 
X = 0 will be assumed to be unexcited, with an adhesion coefficient a 2. Fur ther ,  we assume that the molecular  
osc i l la tory  relaxation t ime of molecules  adsorbed on the surface  is much less than the mean adsorption time, 
so that molecules  desorbed f rom the surface  are  also unexcited. 

It is well known that in sufficiently thin capi l lar ies  mass  t rans fe r  is accomplished both in the gas phase 
and by surface  diffusion [7]. Naturally, only molecules  adhering to the surface  part ic ipate  in surface  diffu- 
sion (i.e., only those molecules  which adhere to the sur face  for  some t ime ) ,  while molecules  which are  r e -  
flected elas t ical ly  f rom the surface  are  t r ans fe r r ed  into the gas phase. W e will consider  a sys tem c h a r a c t e r -  
ized by a constant adsorption time T, sur face  diffusion coefficient Ds, and identical values of molecular  flux 
entering the capi l lary  at X = 0 and X = L. In the absence of a source  of excitation for  osc i l la tory  degrees  of 
f reedom of the gas molecules ,  there  will be no mass  t r ans fe r  through the capi l lary  (the density of adsorbed 
molecules  will be the same everywhere) .  Upon action o f  a l a se r  which changes the adhesion coefficient of 
molecules  near  one end of the capi l lary  (X = L),  the density of adsorbed molecules  near  X = L changes, which 
leads to sur face  diffusion of molecules.  Equil ibrium in the sys tem is disrupted and a resul tant  mass  flux 
through the capi l lary  will be observed.  

In deriving the equations for  the degree  of coating of the cap i l l a ry ' s  in ter ior  surface by adsorbed mole-  
cules | we will make use of the p remise  of Langmui r ' s  monomolecular  adsorption theory  that molecules 
falling on a port ion of the surface  a l ready occupied by adsorbed molecules  will be ref lected back into the gas 
phase. However, in con t ras t  to the usual  assumption that all molecules  incident on spots on the surface  f ree  
of adsorbed molecules  will be adsorbed,  here  we will consider  the possibi l i ty of their  reflection, as outlined 
above. 

We wri te  the continuity equation for  an element  of the adsorption layer  in the s ta t ionary case 

- - d i v J 8  = Jd- -cz~  (1 - - 0 )  J-, (2) 
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where Js is the densi ty of the molecular  flux t r ans fe r r ed  along the surface in the adsorption layer ;  Jd, flux 
of molecules  desorbed per  unit channel length; J - ,  flux of molecules  incident upon a unit surface.  The quan- 
tity ~i in Eq. (2) ,  according to Eq. (1), is dependent on whether the molecules fall on the surface  in excited 
or  unexcited states.  The quantities Js,  Jd have the form: 

dO noO 
ds=--D,no - ~ ,  gd-- x (3) 

For  a cyl indr ical  channel the flux densi ty of depart ing molecules  J+, which includes desorbed (Jd) and 
ref lected (J) molecules ,  is re lated to the flux of incident molecules J- in the following manner  (all departing 
molecules  are  assumed distr ibuted over  a cosine law) [8 ]: 

1 

J-  (x) = ~ J+ (x') Ki (ix --x'i) dx' + NoK (x) + NiK (I - -  x), (4) 
0 

where x = X/L; No, N 1 a re  the flux densit ies of molecules entering the capi l lary  at x = 0 and x = 1, which we 
will assume equal to each other  in the future; Kt, K are  ffmctions charac te r iz ing  the probabil i ty of movement  
of molecules  f rom one surface  element  to another. 

With the aid of Eqs. (2) - ( 4 ) ,  to determine the degree of coating of the surface by adsorbed molecules  
we obtain a sys t em of equations 

1 

L ~ dx "~ ~: 
0 

1 

I 

Jl = [1--  a~ (1--  O)] IS J,K~(lx--x'l)dx' + N o K ( 1 - - x ) ] ;  
0 

1 

0 

Here J~, J2 are  the flux densit ies of e las t ical ly  ref lected moiecules in excited and unexcited states,  r e spec -  
tively. 

Following [9], on the end sur faces  we assign the conditions 

(5) 

(6) 

(7) 

where 

dO ~=o-- L d~- ~ [e (0) - e0e]; 

dO x=l L 
d~ -- v/D, * [@,e--@(1)], 

(8) 

(9) 

Ooe -- a2N~ ; {~le -- ~ 
no + a2Noz no + alN,z 

The total molecular  flux N r depart ing f rom the capi l lary  through the section x = 1 consis ts  of mole-  
cules which have passed  through the capi l lary  without colliding with the wall, molecules which pass through 
the section x = 1 af ter  desorpt ion or  elast ic reflection f rom the wall, and a surface  molecular  flux. Thus for 
N r we have the express ion  

1 

Nr=~re [NoKz(1) + 2 1 j '  (n~O -+,Jt+de) K(1- -x )  dx] ----~-2~r Dsno d@ x= " (10) 

0 

Now, for s implici ty we will analyze the solution of Eqs. (5) - (9)  for | << 1 (fulfillment of Henry ' s  law), 
and also assume that the adhesion coefficient of unexcited molecules c~ 2 is equal to unity. In this case Eqs. 
(5) -(9) may be rewri t ten  as: 

t I 

D,~ dZn _ n -  f nK{(tx--x'[) dx'--a,T ~ J~Ki(]x--x'l) dx'--'~NoK (x ) - -  ~ i ' ~ N o K  ( I  - -  x ) ;  ( 1 1 )  
L z dx 2 d J 

0 0 
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I 

J , : (1- -%)[5  J ,K , ( l x - - x 'Ddx '  + NoK(1- -x ) ]  ; 
0 

dndx x=o -- ~ L  [n (0) -- Nox], 

dn I L [~z~No'~ --  n (1)1. 
a-; . = , -  Y~ 

(12) 

(13) 

(14) 

In solving s y s t e m  (11)-(14) and calculat ing the resu l tan t  flux (10) we will approximate  functions K, K~, 
K 2 by exponential  express ions  [I0]. The solution of Eq. (12) then has the fo rm 

where  
J, = ci exp {-- l V ~ t  x} + c~ exp {l "V-~~ x}, 

(i + ~-~,) (V~ - 1) 2 No 
ci ( ~ _  1 ) 2 e x p { _ / V ~ } _ ( 1  + 1/~)2 e x p { / V ~  } , 

(1 + ] / ' ~ ) 2  ( 1 / ~ , _  1) No 

c2 = ( V ~ -  I)~ ~ x p { - l V ~ } - ( 1  + ~/~,)~ ~xp g V ~ }  

F r o m  Eqs. ( 1 1 ) ,  ( 1 5 ) ,  as in [ 9 ] ,  f o r  n we obtain the following different ial  equation: 

# n  _ l, d2n -- r exp {l V ~ T x } - - ,  exp{-/V'&'Tx}, 
dx~ dx= 

where  

F r o m  Eq. (16) we have 

where  

1 . "rD, =t,;cd_____.~ ~ afwdz 
~,=l=+. - -~- ,  G = u  ; ep -- G ; ~ = G 

_ ~  b, b2 exp {-- I V~-[ x} + &x + &, n = a--L~, exp {I/~x}, + exp {--V'~-x} + ~ exp {l y'j x} + lZa--- ~ 

(15) 

(16) 

(17) 

b,=___Z__~ ; t,,= ----~-* , 

while for  a 1, a 2, gl, g2, upon substi tut ing Eq. (17) in the original  equation (11) we obtain the following sys t em 
of a lgebraic  equations:  

at a2 _ gt  g_~_2 = 2o" bt b~ . 
" L ( 1 / f + t )  + X ( / - - 1 / f )  l - -g-+  l i Pa , (V~Tt+I)  /3at(1--V~&'7) ' 

ai exp {V'~--- l} a2 exp {-- (V'L+/)} - -  

1 1 " exp{-- /}--  g_~z exp {-- /} = - -  - -  
- g '  T +-7/- t t 

b, b, exp {-- l (V-~ + 1)}; 
- -  13a, (V-'~ - -  l) exp {l ( l / ' ~  - -  1)} + laa, (V-~ + 1) 

ai 
1 1 ) { 1 1)+gg~ 

V~- aV-~- - a ,  -~- -~  V-OZ~x V ~  

( 1 1 ) exp {]/-~-} ~a~  ( 1 1 ) exp,{~V-~} + 

( 1 ) 1 b,, exp { - - / V - ~ } - -  
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T A B L E  i. Quantity 6 v e r s u s  C a p i l l a r y  Radius  (L = 10 -5 era, D s = 
10 -5 cm2/sec ,  �9 = 10 -5 sec ,  a l = 0.8) 

10 -~ 2-10-"'3-10-6 4.i0 -6 5.i0-" 6.10-6 7.10 -~ 8.10-" 9.10 -8 10 -5 r, cm . ] 

8 1,334 0,669 ]0,447 0,335 0,267 0,223 0,191 ]0,167 0,148 0,133 

TABLE 2. Quant i ty  6 v e r s u s  Adso rp t ion  T ime  (L = 10 -5 cm,  D s = 
10 -~ cm~/sec ,  r = 10 -6 cm,  c~l = 0.8) 

T, sec 10 -6 

0,24 

2.10-" 13.10-6/4.10-6 5.10-" 6.10-G17"10-618"10-n ' 9.10-" 

04 [0 0  00401,0 0 
1 10-~ 

1,334 

TABLE 3. Quant i ty  6 v e r s u s  Adhes ion  Coeff ic ient  (L = 10 -5 cm,  
Ds = 10 -5 cm~/sec ,  r = 10 -6 cm,  T = 10 -5 sec)  

~z x I 0,55 1 0,6 t0,65 0,7 0,75 [0,8 [0,85 

8 t 3,0081 2,673I 2,337 2,003 1,6681 1,334 t 1 

0,9 0,95 1 

O, 667 O, 333 0 

w h e r e  

bi - -  exp {l V~~'i} 
1 [ bi bo 

NoT art  ( ci ca ') 
cr = -2 2 1--]/~1"~ + I + |/-~~ , ; 

c2 exp {t ( t f ~ ' - :  I)} N~ exp {-- I}. 
= VVc'+ 1 exp l -  l + 1)} V -l - - - 5 -  

The flux Nr  is ca lcu la ted  with Eq. (!0).  Tables  1-3 p r e s e n t  va lues  of  the quant i ty  5 = (N r - 7rr2No)/ 
7rr2No, which d e t e r m i n e s  the ra t io  of  the flux of mo lecu l e s  exi t ing the c a p i l l a r y  to the flux of  mo lecu l e s  en teg -  
ing the cap i l l a ry ,  and c h a r a c t e r i z e s  the ef fec t  of change  in the adhes ion  coef f ic ien t  on m a s s  t r a n s f e r  in the 
cap i l l a ry .  

As  is evident  f r o m  the tables ,  5 d e c r e a s e s  with i n c r e a s e  in r and c~l and i n c r e a s e s  with i n c r e a s e  in ~c. 
In the c a s e  of  a flow of a m i x t u r e  of g a s e s  th rough  the cap i l l a ry ,  whe re  under  the condi t ions  spec i f ied  above 
the m a s s  t r a n s f e r  of  the individual  componen t s  within the c a p i l l a r y  is independent ,  with the aid of 6 i fo r  the 
individual  componen t s  we can  c h a r a c t e r i z e  the ef fec t  of  mix tu re  s epa ra t i on  at the c a p i l l a r y  output. Since in 
p r inc ip l e  the value 6 i depends  on which componen t  is exc i ted  by the l a s e r  rad ia t ion ,  we have,  in p r inc ip le ,  
the pos s ib i l i t y  of  s e l ec t ive  s e p a r a t i o n  of  a gas  mix tu re .  

In conc lus ion ,  we wil l  note tha t  heat ing of the gas  within the vo lume ad jacen t  to the c a p i l l a r y  at  x = 1 
due to r e d i s t r i b u t i o n  of  e n e r g y  be tween  o s c i l l a t o r y  and t r ans l a t i ona l  d e g r e e s  of  f r e e d o m  p r o d u c e d  by  i n t e r -  
m o l e c u l a r  co l l i s ion  can  be neg lec t ed  g iven  a c e r t a i n  ra t io  be tween the gas  dens i ty  and the c h a r a c t e r i s t i c  d i -  
m e n s i o n s  of the s y s t e m .  In p a r t i c u l a r ,  [11] p r e s e n t s  an e s t i m a t e  of the p a r a m e t e r  r ange  ove r  which r e l a x a -  
t ion of  the o s c i l l a t o r i l y  exci ted  gas  n e a r  the wal l  can be no m o r e  s ign i f ican t  than the usua l  r e l axa t ion  con-  
nec t ed  with p a i r e d  co l l i s ions .  

N O T A T I O N  

n, dens i ty  of  a d s o r b e d  mo lecu l e s ;  n 0, dens i ty  of mo lecu l e s  in comple t e ly  coa ted  mono laye r ;  | = n/n 0, 
d e g r e e  of  s u r f a c e  coa t ing  by  a d s o r b e d  m o l e c u l e s ;  l = L / r .  
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EFFECT OF A COOLANT TEMPERATURE 

JUMP ON A CLAD FUEL ROD 

E. Lorenzini and M. Spiga UDC 536.242 

An analyt ic  exp re s s ion  is  de r ived  fo r  the t ime  dependence of the t e m p e r a t u r e  dis t r ibut ion in 
cy l indr ica l  clad fuel e lements .  The t r ans i en t  s ta te  r e su l t s  f r o m  a jump in the coolant  t e m p e r -  
a ture .  

We a s s u m e  that  the coolant  t e m p e r a t u r e  in a nuc lear  r e a c t o r  opera t ing  in a s teady s ta te  is  ins tantaneously  
i nc rea sed  f r o m  TF to TF + AT. Such an i nc r ea se  can a r i s e  because  of leakage of c o r e  coolant,  as the r e su l t  
of an accident ,  o r  fo r  o ther  r ea sons .  It is a s s umed  that  the hea t  r e l e a s e  (in f iss ion)  r a t e  r e m a i n s  unchanged, 
and consequent ly  the t e m p e r a t u r e  of the fuel and cladding i n c r e a s e s  until a new s teady  s ta te  is reached.  The 
solution of the t r ans ien t  p r o b l e m  resu l t ing  f r o m  such a hypothet ical  accident  is impor tan t  for  two reasons .  
F i r s t ,  i t  is expedient  and n e c e s s a r y  to know a p r i o r i  whether  the t e m p e r a t u r e  of the fuel o r  cladding at  the 
end of the t r ans ien t  p r o c e s s  r eaches  dangerous  values  which imper i l  the e f fec t iveness  and safe ty  of the ope r -  
ation of the facil iW [1]. Second, it is impor tan t  to es tab l i sh  f r o m  the va r ia t ion  of t e m p e r a t u r e  with t ime 
whether  the m a t e r i a l ,  which was  a l r eady  subjected to a heat  load because  of the spat ia l  t e m p e r a t u r e  gradient ,  
expe r i ences  fu r the r  heat  loads as a consequence of the accidental  jump in t e m p e r a t u r e .  Heat  loads a r e  p a r -  
t i cu la r ly  dangerous  in a t r ans ien t  p r o c e s s .  ~ 

Thus,  the p r e s e n t  p rob l em  is  reduced  to an e m e r g e n c y  si tuat ion which can occur  in a nuc lea r  r e ac to r ,  
and i ts  solution would p e r m i t  an appropr i a t e  choice of m a t e r i a l s  and opera t ing  conditions of the faci l i ty .  We 
a s s u m e  that  the fuel e l emen t  and cladding a r e  homogeneous and i so t ropic  and have constant  phys ica l  c h a r a c -  
t e r i s t i c s .  In cy l indr ica l  coord ina tes  the heat -conduct ion equations fo r  a fuel e lement  and cladding a re ,  r e -  
spect ively ,  

:~ [-~g- + ~ a~ + - - ~  + q~co~:~b~, aF---S-' 

a~2 1 ~2 a~0~ oo, (2) 
a~ + ~  a~ +-a-~--- a Fo" 

The functions ~1 and O2 and the p a r a m e t e r s  in Eqs. (1) and (2) a r e  defined as follows: 
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