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Two types of p r o b l e m s  on the de terminat ion  of the local heat and mass  exchange c h a r a c t e r i s -  
t ics  in high-vacuum sys tems  of the chamber- -objec t - -pump assembly  type are  examined.  

A high-vacuum sys tem consis ts  of a he rme t i c  vesse l ,  the chamber ,  within which the tes t  object  is 
located (Fig. 1). The chamber  walls a re  made in the f o r m  of a col lect ion of n cavi t ies ,  ce l ls  of a ce r ta in  
geometry .  The sur faces  of the cei ls  have mass  and heat absorbing p rope r t i e s ,  achieved, for  example,  
by means  of a continuously coated, cooled (T w --< 300~ ge t te r  film. These sur faces  can also have de-  
sorption p rope r t i e s  Simultaneously. 

The concept of a quas i - sur face ,  which connects  the absorbing cei l  and the chamber  and has impor tan t  
p rope r t i e s  needed for  the study of the cha rac t e r i s t i c s  of high-vacuum sys tems ,  was int roduced in [1]. 

An evacuat ion sys tem with a mul t ie lement  s t ruc ture  is  cha rac t e r i s t i c  fo r  a major i ty  of large high- 
vacuum sys tems  with c ryosorp t ion  evacuation. In the pa r t i cu la r  case Of n = 1 we obtain the t r ivial  sys tem 
with one ex te rna l ly  located pump. The one-pump sys tem is cha rac t e r i s t i c  for  the overhelming major i ty  of 
r e s e a r c h  on technological  h igh-vacuum ins t ruments .  

Depending on i ts  purpose  the surface of the tes t  object  may  have a different  t empera tu re ,  with Tv 
> T w as a rule ,  and i t  has desorpt ion or  sorpt ion--desorpt ion  p roper t i es .  The shape and geomet ry  of the 
tes t  object  a re  quite var iable .  Examples  of a cyl indr ica l  sys tem as  one of the most  widespread combina-  
tions of the geomet ry  of chamber - -ob jec t  sys tems ,  as well as an evacuat ion ce l l - evapora to r ,  a re  shown 
in Fig. 1. 

Thus, a high-vacuum sys tem consis ts  of a closed combination of desorbing, sorbing and q u a s i - s u r -  
faces  which have dif ferent  sorp t ion--desorpt ion  and radiat ion p rope r t i e s  and provide for  the organized t r ans -  
f e r  of mass  and radiat ion for  the crea t ion at  the surface of the tes t  object  of the assigned density f ields of 
molecular  f luxes (partial  p r e s su re s )  and t empera tu res .  

A method, based on the use of the fundamental  concepts of the mathemat ica l  apparatus  of the theory  of 
radiat ion t r anspor t  in a d ia thermal  medium, is proposed* for  the study of mass  t r anspor t  in a high-vacuum 
sys tem in genera l  f o r m  and in the s imi la r  f o r m  of [2]. 

In the p r e sen t  r epo r t  the p rob lem of mass  exchange in a high-vacuum sys tem in the p re sence  of a 
tes t  object is  fo rmula ted  and the solution of this p rob lem is p r e sen t ed  for  different  types of molecu la r  
par t ic les .  The basic mass  t r anspor t  equations and the basic cha rac t e r i s t i c s  of mass  exchange in a high- 
vacuum sys tem are  obtained. 

It  is  shown in [1], taking into a c c o u n t c e r t a i n  r e su l t s  of the theory  of radiant  heat exchange [3], that 
in a c losed high-vacuum sys tem the p r o c e s s e s  of mass  exchange are  descr ibed  with sufficient accu racy  
by a sys tem of l inear  in tegra l  equations 

Mc(Pi) --  ~ Rj S ~/c(Ns) K (Pi, Nj) d1::Nj = ~4~ (P;), (1) 
1:1 fg 

*The method was f i r s t  p re sen ted  at  the Third All-Union Conference on the Phys ics  and Technology of High 
Vacuum, Leningrad,  October  5-7, 1971. 
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Fig. 1. Schemat ic  d i a g r a m s  of h igh-vacuum s y s t e m s  and the i r  e l ements ;  a) pump 
a s s e m b l y  with mul t i e lement  s t ruc tu re ;  b) pump a s s e m b l y  with one vacuum pump; 
c) s y s t e m  of evacuat ion c e l l - e v a p o r a t o r ;  1) chamber ;  2) t es t  object;  3) evacuat ion 
cel l  with sorbing walls;  4) e v a p o r a t o r  of ge t t e r  pa r t i c l e s ;  solid l ines;  desorbing  
su r f aces ;  dashed l ines:  sorbing su r faces ;  dash-dot  l ines:  quas i - su r f ace s .  

Fig. 2. Model of in te rac t ion  of mo lecu la r  f luxes with su r f aces  of h igh-vacuum 
sys tem:  1) chamber ;  2) t e s t  object ;  3) j - t h  evacuat ion cell ;  4) q - th  evacuat ion 
cel l ;  I) desorbing  su r f aces ;  II) sorbing su r faces ;  HI) q u a s i - s u r f a c e s ;  IV) p r o p e r  
(generating) m o l e c u l a r  f luxes;  V incident  mo lecu l a r  f luxes;  VI) re f lec ted  m o l e c -  
u la r  f luxes.  

where 

~I~ (Pl) == l -~ ~ (Pi), R~ == 1, 6~ =: O, (2) 
[ Mp(Pi), R ~ = l - - a m ,  8 ~ : 0 .  

The coeff icient  of accomodat ion  a m  is  de te rmined  different ly  depending on the specif ic  phys ica l  p r o -  
ces s :  for  gas  p a r t i c l e s  a m = # (the st icking probabil i ty)  and fo r  condensing (vapor) p a r t i c l e s  a m  = a c  (the 
condensat ion coefficient).  Fo r  the q u a s i - s u r f a c e s  6f = 1, a m f  = 0, Rf  = 0. 

Two bas ic  fo rmula t ions  of the p r o b l e m  a re  studied for  the analyses of m a s s  exchange in a h igh-vacu-  
um sys tem:  

1) a fundamental  formula t ion  where the densi t ies  of only the p r o p e r  mo lecu l a r  f luxes a re  given a t  all  
the r e a l  sorpt ion and desorpt ion  su r f aces  and at  the q u a s i - s u r f a c e s  of the sys t em;  

2) a mixed formula t ion  where the dens i t ies  of t h e p r o p e r  mo lecu l a r  f luxes a re  given for  some of the 
su r f aces  of the s y s t e m  and the dens i t ies  of the net  mo lecu l a r  f luxes a re  given for  the o ther  su r faces ;  
a p a r t i c u l a r  case  of this formula t ion  is  the p r o b l e m  where the densi t ies  of the p r o p e r  f luxes a re  
given a t  the r ea l  su r faces  and the dens i t ies  of the net f luxes a re  given a t  the quas i - su r f ace s .  

The solution of both p r o b l e m s  makes  i t  poss ib le  to de te rmine  the local  and ave rage  values  of the den-  
s i t ies  of the incident,  ref lected,  and abso rbed  molecu la r  f luxes a t  the r e a l  su r f aces  of the sys t em,  the 
densi t ies  of the incident  and net f luxes a t  the q u a s i - s u r f a c e s ,  and the local  and ave rage  c h a r a c t e r i s t i c s  of 
the p r e s s u r e  field at  the s u r f ace s  of the object  and chamber .  

Both formula t ions  of the p r o b l e m  of m a s s  exchange make i t  poss ib le  to study ana ly t ica l ly  the vacuum 
c h a r a c t e r i s t i c s  both of a s y s t e m  as  a whole and of i t s  separa te  e l emen t s  (chamber ,  evacuat ion cel ls ,  etc.  ). 

I t  i s  more  convenient  to solve the fundamental  formula t ion  of the p r o b l e m  in the design of h igh-vacu-  
um sys t ems .  In expe r imen ta l  s tudies  of the c h a r a c t e r i s t i c s  of a s y s t e m  and in the theore t ica l  ana lys i s  and 
calculat ions of the c h a r a c t e r i s t i c s  of i t s  s epa ra t e  e l emen t s  i t  is  more  p rac t i ca l  to use the mixed formula t ion  
of the p rob lem.  
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Fig. 3. Phenomenolog{eal diagram of interaction of 
molecular fluxes with surfaces of chamber--object 
--pump assembly system with allowance for multiple 
reflections: A) flux incident on quasi-surface of eva- 
cuation ceU; B) return flux from evacuation cell; C) 
flux incident on sorbing surface of evacuation cell; D) 
flux incident on surface of object; 1) density of total 
incident molecular flux at quasi-surface of j -th ceU; 
2, 3) density of molecular flux at quasi-surface of j- th 
cell from all real surfaces of system and from all 
quasi-surfaces of system, respectively; 4) density of 
proper molecular flux from quasi-surface of q-th cell 
into chamber volume; 5) flux density of particles not 
absorbed by q-th cell and returning again to its quasi- 
surface; 6, 7) flux density of particles from quasi- 
surfaces of system and from all real surfaces of system 
which are not absorbed by q-th cell; 8) total flux den- 
sity of particles not absorbed by q-th ceil; 9) flux den- 
sity of particles from real surfaces of q-th ceil inci- 
dent on quasi-surface of q-th cell; 10) density of total 
incident molecular flux on i-th sorbing surface in j- th 
ceil; 11) density of incident flux on i-th sorbing surface 
of j - th  cell from its quasi-surface; 12, 13, 14) flux 
densities at quasi-surface of j- th cell from other quasi- 
surfaces, from real surfaces of system, and from all 
surfaces of system, respectively; 15) flux density at 
i-th sorbing surface of j- th cell from real surfaces of 
j - th  celL; 16) density of tetal molecular flux incident 
on i-th surface of object; 17, 18, 19) flux densities 
at i-th surface of object from real surfaces of chamber, 
from other surfaces of object, and from quasi-surfaces 
of chamber, respectively. 

For the unambiguous determination of molecular fluxes let us introduce the continuity condition at 
the quasi-surfaces in the form of the following equations for the net fluxes: 

Mn~ (P~) = _ Nni (P~) (3) 
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or,  which is the same thing, 

Maf (Pi),= Npf (P~), (4) 

Mpf(P~) = Naf (Pi), (5) 

i. e . ,  the densi ty  of the incident  flux at  a quas i - sur face  f rom the volume of one e lement  of the vacuum sys tem 
(such as  the chamber)  r ep r e sen t s  the densi ty  of the proper : f lux  for  the same quas i - sur face  into the volume 
of another  e lement  of the sys tem (such as a cell) and •ice versa .  

The solution of the genera l  p rob lem of mass  exchange for  a Mgh-vaeuum sys tem comes  down to the 
determinat ion of the densi t ies  Of the incident molecular  fluxes at the quas i - sur face  coming f rom the e l e -  
ments  of the sys tem and is  accomplished by the success ive completion of severa l  s tages,  with the fluxes of 
s imi la r  sorbing and condensing pa r t i c l e s  being cons idered  separately.  Severa l  cha rac te r i s t i c  p rope r t i e s  
can be distinguished in the chamber - -ob jec t  sys tem:  

a) the sys tem is multizonal;  

b) the number  of zones is de termined  by the number  of rea l  sur faces  and the number  of quas i - su r faces  
enter ing into the sys tem;  

c) par t i a l  or  total shading of the separate  zones occurs .  

We can determine the molecular  flux at the quas i - sur face  of a cel l  in the chamber - -ob jec t  sys tem in 
the fo rm [1] 

n 

Maf(Pi) =: Mef(Pi) --  Mpf(P,) : ~ Mpk q' (P~, Fk). (6) 

The resolving local angular transport coefficients ~'(Pi, Fk) are determined by the well-known method 
of [3]. Here it  must  be noted that the coeff icients  Mp, k which per ta in  to the quas i - su r faces  of the sys tem 
are  not known and are  subject  to subsequent determinat ion based on the conditions of continuity (3). 

The p r o c e s s  of exchange of the condensing mass  between the chamber  wails and the surface of the 
object  is also descr ibed  by the sys tem of in tegral  equations (1) with allowance for  the fact  that the conden- 
sation coeff icient  fo r  an overwhelming major i ty  of vapors  a t  wall t em p e ra tu r e s  of T w -< 300~ is  close (or 
equal) to unity, i . e . ,  multiple ref lec t ions  of pa r t i c l e s  f r o m  the sur faces  a re  p rac t i ca l ly  absent.  

Under  these conditions the solution of the prob lem for  the flux of condensing pa r t i c l e s  at a q u a s i - s u r -  
face has the f o rm  

Oaf (P~) = ~ Q kp r (Pi, Fk) (i = 1, 2 . . . . .  n). (7) 
i = l  

If the flux of condensing pa r t i c l e s  f r om the surface of the object  i s  absent  or  is  negligibly smal l  the 
corresponding t e r m s  in (7) are  reduced to zero .  

The p r o c e s s  of mass  exchange in an a r b i t r a r y  absorbing cel l  is  also descr ibed  by the sys tem of equa-  
t ions (1). The solution of the prob lem of de termining the densi ty of the incident flux of sorbing pa r t i c l e s  
at  the quas i - su r face  of the j - th  cel l  has the fo rm  

l 

Na(i) (P~) = X .(i)  W(i)(Pi, Fk) (i = I, 2, l). (8) "pk . . . .  
k = l  

We assume that the zones in the cal l  a re  counted s tar t ing f ro m  the quas i - sur face  having the f i r s t  
number.  Then the condition (5) is  wri t ten as follows: 

- N ~j) (P1),  Maf(P~) -- pf 
(9) 

~r(i) Mpf (P j ) - - - "a f  (Px)- (] =: 1, 2 . . . . .  m). 

As applied to the given cel l  the solution of the prob lem for  the condensing pa r t i c l e s  has the fo rm  

l 
(i) ~ G (i) 6a f (P ' )=  -/.:-~ pk ~ ( P i '  F k) ( i =  1, 2 . . .  l). (10) 

With allowance for  the one-s ided di rec t ion of motion of the ge t te r  pa r t i c l e s  through the quas i - sur face  
the condition (9) is wri t ten in the following form:  
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(1) GaD (P1) = Gpf(Pj). ( i i )  

F o r  the condensing pa r t i c l e s  f r o m  the chamber  the condition o f  fitting is  analogous to (9). 

To der ive the calculating equations of mass  t r ans fe r  la the  c h a m b e r - o b j e c t - p u m p  assembly  sys tem 
i t  is  n e c e s s a r y  to f i t  the solutions obtained in (6)-(10) on the basis  of (5). 

We c a r r y  out the fitting of the solutions in the average  fo rm based on the conditions of congruence of 
the resul t ing fluxes at the boundary of separat ion of the chamber - -ce l l  sys tem,  i . e . ,  at the quas i - sur face .  
A model of the in terac t ion  of the molecu la r  fluxes in the sys tem is whown in Fig. 2 and a phenomenological  
and analyt ical  represen ta t ion  of the in terac t ing  fluxes in the chamber- -objec t - -pump as sembly  sys tem is 
shown in Fig. 3. 

The density of the p r o p e r  flux f rom the quas i - sur face  of the q- th  cell  with allowance for  the mass  
emiss ion  of all  the rea l  sur faces  of the chamber - - ce l l  sys tem and for  multiple ref lec t ions  can be de t e r -  
mined, using the equations indicated above, in the fo rm 

M(q) ~ Aj(s) qSqs 1Tf(q) pf - - " P f  *H =Sq ( q =  1, 2 . . . . .  m), (12) 
s = l  

whe re 

= cs(q) ur(q) , ' ~  N(q) ~Tr(q) Sq M -~q,s ~11 ~- ~,~ pk~lk . 
s=mqI k=~ (13) 

ze to. 

The mat r ix  of the sys tem of equations obtained is nondegenerate since its de te rminant  is not equal to 

Substituting the solution of the sys tem of equations (12) into (6) we obtain the incident flux densi ty at  
the quas i - sur face  of the j - th  cel l  with allowance for  the mass  emiss ion  of all  the sur faces  of the sys tem 
and for  multiple ref lec t ions  of pa r t i c l e s  in it. The coefficients  lacking in Eq. (8) are  de termined  analog-  
ously. 

M(P), N(P) 
Q(P), G(P) 
@(Pi, Fc), 9(Pi ,  Fc) 

~(Pi, Fc), ~(Pi, Fc) 

n 
m 
l 
5 

N O T A T I O N  

is the densi ty  of molecu la r  fluxes in sys tem;  
are  the densi t ies  of molecu la r  fluxes in chamber  and evacuation cell;  
a re  the flux densit2es of condensing pa r t i c l e s  in chamber  and evacuation cell;  
a re  the resolving local  angular  t r ans fe r  coeff icients  in chamber - -ob jec t  sys tem 

and in evacuation cell;  
a re  the geomet r i ca l  local angular  t r an s f e r  coeff icients  in chamber - -ob jec t  sys tem 

and in evacuation cell;  
is  the number  of zones in sys tem;  
is the number  of quas i - su r faces  in sys tem;  
is  the number  of sur faces  in evacuation cell;  
is  the t ransmi t t ing  capacity.  

S u b s c r i p t s  

a denotes the incident; 
e denotes the effect ive;  
n denotes the net; 
p denotes the p rope r ;  
f denotes the quas i - su r face ;  
v denotes the tes t  object;  
w denotes the chamber .  
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