
P R E S S U R E  A N D  V E L O C I T Y  D I S T R I B U T I O N S  

V A P O R  F L O W  T H R O U G H  N A R R O W  O R I F I C E S  

D U R I N G  S U B L I M A T I O N  U N D E R  V A C U U M  

P .  A .  N o v i k o v ,  G.  L .  M a l e n k o .  
L .  Y a .  L y u b i n ,  a n d  V. I .  B a l a k h o n 0 v a  

IN A 

UDC 536.248.2:532.529 

Analytical  relat ions are  derived for  the p r e s s u r e  distribution in an orif ice between two sub- 
l imating disks.  It is found that, in an i so thermal  flow of vapor, the excess  p r e s su re  at the 
orif ice center  is determined by the orif ice height and by the total ambient p re s su re .  

In many types of engineering apparatus and e v a p o r a t o r - s u b l i m a t o r  heat exchangers  one of the major  
design goals is their  compactness .  The vapor is removed  here often through nar row orif ice channels.  It  
then becomes  neces sa ry  to determine the limiting distance between hea t -and-mass  t ransfer  surfaces  at 
which the thermodynamic charac te r i s t i c s  of the medium inside the orif ice would still  not change dras t ica l ly  
and the technological  p roces s  would still continue under favorable conditions. With this in view, the authors 
have made a theoret ical  and experimental  study of the sublimation p rocess  in nar row orif ices between two 
flat disks in a raref ied  gas a tmosphere .  

1. We consider  a nar row orif ice of height 2h formed by two flat disks of diameter  2r0, with vapor 
generated by sublimation at their  inside sur faces  at a constant rate Jm = VzP = const (Fig. 1). The t em-  
pera ture  of these inside sur faces  is considered constant T = T s = const.  Thus, we are  dealing with a l am-  
inar i sothermal  flow of gas in the gap between disks (viscous flow of a r a re f i ed  gas) charac te r ized  by a 
smal l  Reynolds number Re = pVda2/(pr0}, as in the case of a Hiu-Shou flow [1]. Since h / r  0 << 1, hence v z 
<< v r within a smal l  region around the z-axis  and the equation of motion for the gas can be replaced by the 
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approximate equation: 

Fig.  1. Schematic diagram of a 
horizontal  gap with p roper  nota-  
tion. 
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In this case it is permiss ib le  to neglect  the change in p r e s -  
sure  and, therefore ,  also the change in density within distances 
comparable  with the orif ice height, which allows us to write the 
continuity equation as 

ov~ + .  Vr + 0V_, = o (2) 
Or r . Oz 

The Knudsen number corresponding to this flow is assumed 
to have sufficiently smal l  values. Therefore ,  v r = 0 at z = +h. 

The r ight-hand side of Eq. (1) is a quantity of the order  of Re.  
If  the solution is sought in the form of a se r ies  in the small  p a r a m -  
e ter  Re (for brevity,  we do not introduce dimensionless variables  
in this analysis),  therefore ,  then for the l inear approximation to 
Eq. (1) we have 

3 V (  z ' )  h" dP: 
v r = v r , =  ~ -  , I - - ~ -  , V : = - -  3~-~ �9 d-T" (3) 
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Fig.  2o Var ia t ion  of the vapor tempera ture  T 
(~ over the o r i f i ce  length r (ram): 1) P = 5.33 
N / m  2 and J m  = 0 . 4 9 - 1 0  -~ k g / m  2 . s e e ;  2) P 
= 133.3 N/m ~ and Jm = 1,16 �9 iO -~ kg/m 2 .sec; 

3) P ~ 133,3 N/m ~ and Jm = 0.95 �9 i0 -4 kg/m 2 

�9 4) P = 266.6 N/m 2 and Jm = 0.968. i0 -4 

kg/rn 2.sec;a) 2h =2ram;b) 5mlu. 

C o m p o n e n t  v z wi l t  be  found i r o m  Eq .  (2): 

v~ = T \ ~ r -  + - T - -  z - -  - 3 " - ~ -  " (4) 

In order to determine the pressure distribution 

between the sublimating disks, we use the equation of 

m a s s  b a l a n c e  and the equa t ion  of s t a t e :  

d (rpY) rim 13 
dr h ' p = RT (5) 

f r o m  w h e r e  

Thus ,  t ak ing  into a c c oun t  (3), we ob t a in  in the  
linear approximation 

P1 dP1 --- 3 ~],~RT 
d-7 - - T "  ~---q-- ~' 

i . e . ,  

p~= p2 o_~ 3 p&RT - - ~  : ~  (~-~9  (7) 

As the R e y n o l d s  n u m b e r  i n c r e a s e s ,  the v e l o c i t y  d i s t r i b u t i o n  (3) b e c o m e s  s o m e w h a t  d i s t o r t e d  and th i s ,  
in t u r n ,  has  an e f f ec t  on the  p r e s s u r e  d i s t r i b u t i o n .  F o r  an e s t i m a t e  of th i s  e f f ec t  we m a k e  the fo l lowing  
i t e r a t i o n :  

v =v~l+v~2-]- . . . ,  P ~ P I + P ~ + ' " ,  V : V I + V 2 + . . -  

I n s e r t i n g  (3) and (4) into (1) y i e l d s  

a%~____s ~ = ~1 . tiP,dr -k T'9 9_1F V~ ~rdV" 1 -- --~z' ]~'-- 9-9 P~V,v, ( ~ - k  h ~ 3 "  h ---~ " 

Cons e quen t ly ,  

1 dP~ z ~ - h  2 9 91 VI d V x ( z  ~ - h  a 
ix dr 2 4 p, ~ r  2 

-T- 30h-----q~ - -  - ~ - .  a \ - ~ r  " 12h 2 

The m e a n - o v e r - t h e - h e i g h t  v e t o c i t y  in the o r i f i c e  i s  

h 2 d P ,  9 h 2 { d V I . ~ V 2 )  
V~. = . . . .  " 01 \ - 7 -  -~r  " 

" 3~ dr  3 5  p~ 

z 4 _ h 4 

6h ~ 

zG _ h ~ 

90h ~ 

F o l l o w i n g  Eq.  (1) of m a s s  b a l a n c e ,  

d [r (o1V~ + p2V1)l/dr = O, 

i . e . ,  the r e g u l a r  c o m p o n e n t  V 2 a t  r = 0 i s  d e t e r m i n e d  f r o m  the r e l a t i o n  

plV~. + 9~V 1 = 9. 

I n s e r t i n g  h e r e  e x p r e s s i o n s  ( 5 ) ,  ( 7 ) ,  a n d  (8) l e a d s  to the  equat ion :  

alP----t2 - -  A 1 (r) P2 + A2 (r) = O, 
dr 

w h e r e  

AI : 3 ~ ] ~ R T r ( p ~ +  3 ~]r.RT ] - '  
- T "  , 

A2__8  I 3 V " h5 r~LP~ + - 2 "  280" ha (r~ - -  r 2) 

(8) 

(9) 
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F i g .  3. V a r i a t i o n  of the v a p o r  p r e s s u r e  1) (N/m 2) o v e r  the  o r i f i c e  
l eng th  r ~nm):  1) 1) = 5.33 N / m  2 and J m  = 0 . 4 9 . 1 0  -4 k g / m  2 . s e c ;  2) P 
= 133.3 N / m  2 and J m  = 0 . 9 5 . 1 0  -4 k g / m  2 �9 s ec ;  3) P = 133.3 N / m  2 and 
J m  = 1.16 �9 10 -4 k g / m  2 . s e e ;  4) 1) = 266.6 N / m  2 and 0 . 9 6 8 . 1 0  -4 k g / m  2 
�9 s e c ;  a) 2h = 2 r a m ;  b) 5 r a m .  

F i g .  4.  V a r i a t i o n  of  the  v a p o r  v e l o c i t y  V ( m / s e c )  o v e r  the  o r i f i c e  
l eng th  r (ram): 1) 1) = 133.3 N / m  2 and J m  = 0 . 9 5 . 1 0  -4 k g / m  2 . s e c ;  2) 
1) = 5.33 N / m  2 and J m  = 0 . 9 9 . 1 0  -4 k g / m  2 . s e c ;  a) 2h = 2 m m ;  b) 5 r a m .  

S ince  1) 2 = 0 a t  r = r0, a s o l u t i o n  of (9) y i e l d s  

P~(r) = 9 ].fl [2p~ (O)ln ~ _ k _  3 ~]mRT ] 
140 i~P~ (r) P~(r) - 2  * h s - (r2~ - -  P) " (10) 

2. In o r d e r  to e v a l u a t e  the e f f ec t  of  an a n i s o t h e r m a l  f low on the s u b l i m a t i o n  p r o c e s s ,  we c o n s i d e r  
the  fo l lowing  c a s e .  A s u b l i m a t i n g  s u r f a c e  r e c e i v e s  hea t  f r o m  s o u r c e s  l o c a t e d  i n s i d e  ice  d i s k s  a t  a d i s t a n c e  
5 away  f r o m  i t .  The  t e m p e r a t u r e  of t h e s e  h e a t e r s  i s  a s s u m e d  c o n s t a n t .  We wi l l  a l so  a s s u m e  tha t  the r a d i a l  
t e m p e r a t u r e  d i s t r i b u t i o n  i s  the  s a m e  a long  the i n s i d e  d i s k  s u r f a c e s  and wi th in  the v a p o r  vo lume and c o r r e -  
s p o n d s  to the cond i t ions  of  p h a s e  e q u i l i b r i u m ,  a c c o r d i n g  to the C l a p e y r o n - C l a u s i u s  equa t ion ,  i . e . ,  i s  a p -  
p r o x i m a t e l y  

T (r) = 1 (11) 
V(O) 1 - -  [RT(O)/A] In [P(r)/P(O)] 

In the c a s e  of s u b s t a n c e s  wi th  an a p p r e c i a b l e  h e a t  of s u b l i m a t i o n ,  which  a r e  a c t u a l l y  u s e d  in s u b l i -  
m a t o r s ,  one m a y  d i s r e g a r d  the  e f f ec t  which  the hea t  s u p p l i e d  to the d i s k s  f r o m  an expand ing  v a p o r  has  on 
the s u b l i m a t i o n  p r o c e s s .  T h e r e f o r e ,  the s u b l i m a t i o n  r a t e  w i l l  be  d e t e r m i n e d  f r o m  the r e l a t i o n :  

]m (r) = ],, (0) - -  - ~  [ r  (r) " T  (0)1. (12) 

We c o n s i d e r  now on ly  the l i m i t i n g  c a s e  w h e r e  Re-* 0 ( P ~  PI, V-*V1). Then,  by  v i r t u e  of  (3) and (5), 

d2P ( I dp + )  dP 3~t ]~ (13) 
dr--- ~ -[- -}- ~ . . . .  O. p dr ~r  h a p 

I n s e r t i n g  (11) and (12) into (13), we ob t a in  

ar~ + [~ - -F(P)I -F"  d--2 + ~ - ~ - .  e S~(o)-- A~ (14) 

w h e r e  

F (P) = 
RT(O)/A 

1--[RT(O)/AI In [P (r) /P (0)1 " 
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The pressure distribution in the orifice is found by solving the last equation with the following bound- 

ary conditions: 

dP/dr=-O for r = 0 ,  P = P 0  for r = r  0. 

In analyzing the sublimation p rocess  over a ra ther  wide range of p r e s s u r e s ,  however,  it becomes 
worthwhile to replace the solution to this nonlinear boundary-value problem by a solution to the Cauchy 
problem, which we will obtain if the vapor p r e s su re  at the center  of the disks P(0) is given. The radial  
p r e s s u r e  distr ibution is then easi ly calculated with the aid of a computer .  

In order  to verify the analytical resul ts ,  we have made an experimental  study of water  vapor flowing 
through a na r row orif ice between two disks 130 mm in diameter  at various ambient p r e s s u r e s  (5.33-266.6 
N/m2). The lower disk was covered on the orif ice side with a layer  of ice (H20). Heat to the sublimating 
surface was supplied by means of an e lectr ic  heater  130 mm in diameter  built into the ice disk. The end 
surfaces  of the ice disk were careful ly insulated. After assembly,  the disk was placed on a labora tory  
scale for measur ing  the loss of weight during the sublimation p rocess .  The upper disk was adjusted ver t i -  
cally by means of an e lec t r ic  drive.  

The n e c e s s a r y  orif ice height 2h was established automatical ly f rom the control  panel inside the vac-  
uum chamber .  This eliminated the possibi l i ty of losing vacuum during an adjustment of the or if ice height 
and, therefore ,  reduced the dispers ion of measured  values. The orif ice height was varied f rom 2 to 20 ram. 
The vapor tempera ture  along the orif ice was measured  with three coppe r - eons t an t an  differential t he rmo-  
couples installed along the disk radius.  With the aid of a r e f r ige ra to r ,  the upper disk and the ambient me -  
dium as well as the wails of the vacuum chamber  and other equipment were maintained at the tempera ture  
of the sublimating ice surface on the lower disk. 

The distribution of the vapor tempera ture  over the orif ice length (Fig. 2) indicates only a smal l  t em-  
pera tu re  variat ion near  the axis (within a 10 mm radius).  Within this region the tempera ture  remains  a l -  
mos t  constant,  i .e. ,  the assumption made in paragraph  1 concerning a uniform tempera ture  distribution in 
the orif ice has been shown by this experiment  to be valid. Therefore ,  the vapor flow through this orif ice 
may be t reated as an i so thermal  p rocess  and the analytical relat ions derived ea r l i e r  are applicable. 

In our exper iment  the Reynolds number  was varied within the Re -- 0.003-0.030 range and, consequent-  
ly, the p r e s s u r e  distribution in the orif ice could be determined according to Eq. (7). Generation of sub- 
l imate vapor at the surface of one disk only was considered in the calculations.  

According to Fig. 3, the la rges t  p re s su re  drop along the orif ice occur red  when the p re s su re  in the 
chamber  was 5,33 N/m 2 and the orif ice height was 2h = 2 mm (curve la).  Charac te r i s t ica l ly ,  the variat ion 
in the vapor p r e s s u r e  was affected p r imar i ly  by the orif ice height and not by the evaporat ion rate Jm-  A 
22% increase  in Jm  at a p r e s s u r e  of 133.3 N/m 2 in the chamber,  for example, ra i sed  the vapor p r e s s u r e  at 
the center  of the 2h = 2 mm orifice by 0.16% (curves 2 and 3) and only by 0.01% at the center  of the 2h = 5 
mm ori f ice .  Fu r the rmore ,  the absolute drop of vapor p r e s s u r e  at the center  of as well as along the orif ice 
decreased  as the total p r e s su re  in the chamber  and and as the orifice height increased  (curves  i and 4). 
As the orifice height was increased  further  (2h > 5 ram), the p res su re  along the orif ice remained almost  
equal to the p r e s s u r e  inside the chamber  and, therefore ,  the distribution here is not shown. The density 
of vapor flowing along the orif ice followed an analogous trend. 

The distribution of the m e a n - o v e r - t h e - s e c t i o n  vapor velocity was calculated according to formula (6), 
as shown in Fig. 4. At chamber  p r e s s u r e s  within the 133.3-266.6 N/m 2 range the vapor velocity varied al-  
mos t  l inearly,  while at a p r e s su re  of 5.33 N/m 2 the velocity increased from the center  toward the per iphery  
more  rapidly (curves  2) as a resul t  of a more  rapid variation of the p r e s s u r e  drop along the orif ice follow- 
ing a reduction of the total ambient p res su re .  

Thus, the analytical and the experimental  resul ts  indicate that, in an i so thermal  flow of vapor through 
a nar row orif ice,  the mos t  important  factors  which affect the distribution of p r e s s u r e s  and velocities along 
the orif ice are  the orif ice height and the total ambient p r e s su re .  For  example, a decrease  in the orif ice 
height down to 1 mm (h / r  0 = 0.001, p r e s su re  P = 5.33 N/m 2) makes the p r e s s u r e  at the orif ice center  over 
6-7 t imes higher than at the per iphery .  Such a significant p r e s su re  r i se  may resul t  in a cor responding  
tempera tu re  r i se  at the center  of a specimen and may disturb the normal  p rocess  mode. This becomes 
par t i cu la r ly  important  in subl imator- type  heat exchangers  operating on the principle of cooling by evapora -  
tion from pores  under vacuum, where the surface tempera ture  of porous elements var ies  narrowly- between 
271 and 273~ even under wide fluctuations of the heat load [2]. For  this reason,  increas ing the p r e s s u r e  at 
the center between two such elements may result in the melting of the ice and an ejection of liquid from the 
porous elements. 
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Thus,  in designing a heat  exchanger  aggrega te  consis t ing of s e v e r a l  f l a t e l e m e n t s  (e.g., in [3]) it is 
impor tan t  in each specif ic  case  to cons ider  not only the total  ambient  p r e s s u r e  but, above all ,  the or i f ice  
height 2h and rad ius  r as well  as the vapor  flow r a t e .  

J m  
2h 
2r0 
T, P, p 
# 

V r , V z 

V 
k 

6 

A 

R 

Re = V (r o)hV~ 

N O T A T I O N  

is the subl imat ion ra te ;  
is the or i f ice  height; 
is the or i f ice  d iamete r ;  
a r e  the t e m p e r a t u r e ,  p r e s s u r e ,  and densi ty  of vapor  in the or i f ice;  
is the dynamic v i scos i ty  of vapor;  
a r e  the rad ia l  and t r a n s v e r s e  component  of velocity;  
is the m e a n - o v e r - t h e - l e n g t h  vapor  veloci ty  in the or i f ice;  
is the t he rm a l  conductivi ty of ice; 
is the dis tance f r o m  the hea t e r  to the subl imat ing  sur face ;  
is the la tent  heat  of subl imation;  
is the gas  constant;  
is the Reynolds number  cha rac t e r i z ing  the vapor  flow through the or i f ice .  
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0 r e f e r s  to the or i f ice  cen te r .  
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