
C O N N E C T I O N  B E T W E E N  T H E  P A R A M E T E R S  

OF AN E V A P O R A T I N G  M A T E R I A L  A N D  T H E  

G A S E O U S  M E D I U M  S U R R O U N D I N G  I T  

G .  N .  E f r e m e n k o  a n d  A.  Z .  V o l y n e t s  UDC 536.422.4 

Equations connecting the t e m p e r a t u r e  of an evapora t ing  m a t e r i a l  with the p a r a m e t e r s  of the 
surrounding medium are  es tabl i shed and the r e su l t s  of an exper imen ta l  ver i f ica t ion  of these 
equations a re  p resen ted .  The possibi l i ty  of applying the r e su l t s  obtained to the exact  d e t e r -  
minat ion of diffusion coeff ic ients  is i l lus t ra ted .  

We will  cons ider  the case  of evaporat ion (sublimination) of a spher ica l  par t ic le  in the absence  of the 
compl ica t ing  effect  of f ree  convection (a r a re f i ed  medium with Gr  < 1, although in this case  Kn<< 1) and 
under  conditions where  the radia t ive  heat exchange is smal l  compared  with conductive heat exchange. The 
expe r imen ta l  ver i f ica t ion  and n u m e r i c a l  e s t i m a t e s  a re  given for the case  of the subl imation of ice.  The 
solution of this  p rob lem,  in addition to d i rec t  technical  application such as for  the calculat ion of the p r o c e s s  
of subl imat ive  dehydrat ion in a medium of noncondensing gases  or  the de terminat ion  of the par t ia l  p r e s s u r e  
of vapo r s  f rom the t e m p e r a t u r e  of an evapora t ing  body, can be used for  the calculat ion of diffusion coeff i -  
c ients ,  as  is shown below. 

The p rob lem is solved in a quas i - s t a t i ona ry  approximat ion under the conditions of negligibly smal l  
to ta l  p r e s s u r e  grad ien ts ,  constant  k, and var iab le  D which depends on the t e m p e r a t u r e  accord ing  to the law 

D : D O (T/TO) n, (1) 

where  n = O, 3/2,  and 2, 

The s y s t e m  of d i f ferent ia l  equations desc r ib ing  the p r o c e s s  has the fo rm 

--d-d (r~pv) = O, (2) 
dr 

d (r2~ d T ) - - p v c p  dT 
d-~ dr - S  = O, (3 )  

for  r = r l  

Boundary condit ions:  for  r = r 0 

d (rO pvc) + ~r  (r~i) =0. 
dr (4) 

~, dT = ~tH, (5) 
dr 

ov = ~, (6) 

• + i : ~, (7) 

The joint solution of Eq. 
it  poss ib le  to find an express ion  for  the subl imation ra t e  

T = T. (8) 

P = P~' (9) 

(2) with the boundary conditions (6) and Eq. (3) with the conditions (5) and (8) makes 
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To vacuum gauge -- * " ~  

Fig .  1. Diagram of experimental  apparatus:  1) specimen; 2) glass 
fiber; 3) dibutylphthalate manometer ;  4) observat ion window; 5) 
f lasks containing zeolite; 6) experimental  chamber;  7) thermocouple;  
8, 9) vacuum pumps; 10) mercury  manometer ;  11) vacuum valve; 
12) leak valv.e. 

)~ : r~ ( T~-- To ) 
i x -  cp ro(rl--ro) In 1+ H cp . (10) 

To determine the unknown T O which enters  into (10) we use (4) and the conditions (8) and (9), f i rs t  
making a substitution of var iab les  in (4) according to the equation 

We obtain 

Here  when n = 0 

when n = 2 

c--= [1--  M~ 

In ( 1 + T1 --  To " P OD~ 
cp \ H Cp ) Tef R1 

l n ( P - - P 1 )  . (12) 
P -- Po 

H To 
Tef = T  O --  - -  _{_ cp I n ( l +  Tz--T~~ cp) (13) 

cp T0,, [. C'nTI-InTo 
T f =  H.cpTo in 1+ Tz--T~ ' (14) 

i H cp 

and when n = 3/2 

2 ( V ~ )  ~ 

Tel = V / c--p-H _ T o l n ( l +  T,--TOH %) 

x arctg H To + ]/-T-~o " 

Cp 

(15) 
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TABLE 1. Expe r imen ta l  and Theore t i ca l  Values  of P (ram Hg) for 
Sublimation of Ice in Air  

Temperamre,/Experhnental 
~ [data 

293 535,8 
299 410,7 
303 361,6 

Calculation-according to (12) with Tef from: 

(14) 

555,1 K7,7 
432• 
377• 

(15) 

545• 14,0 
422• 14,0 
368• 

(J3) 

516• 
394• 
339• 

In the solutions p resen ted ,  unlike the well  known solutions of [1, 2] which per ta in  to analogous ca se s ,  
al lowance is made for  the var ia t ion  in t e m p e r a t u r e  along the d i rec t ion  of diffusion. 

Actual ly,  if  both s ides of Eq. (12) a re  mult ipl ied by the complex  r l / r 0 ( r l - - r  o) then i ts  r ight  side will 
r e p r e s e n t  an express ion  for the m a s s  flow in the fo rm c h a r a c t e r i s t i c  of the Stefan equation, which the effect  
of the var iab i l i ty  of D is  manifes ted  through the express ion  for Tef.  

It mus t  be noted that  even with a constant  D(n = 0) the adoption for Te f  of the a r i thmet ic  mean value 
is  c o r r e c t  only with the accuracy  provided by re ta in ing  two t e r m s  of the Tay lo r  s e r i e s  expansion of the 
logar i thm en te r ing  into the express ion  for  Tef .  

To tes t  the r e s u l t s  of the theory and to de te rmine  the mos t  suitable express ion  and dependence on the 
t e m p e r a t u r e  for  D we conducted an expe r imen ta l  study. 

An expe r imen ta l  t es t  of the r e s u l t s  of the theory could be accompl ished in pr inciple  e i ther  by m e a s u r -  
ing the subl imat ion ra t e  or  by compar ing  the values  of the p a r a m e t e r s  measu red  in the exper imen t  with 
those obtained f rom the co r re spond ing  solutions.  

Both methods in one or  another  fo rm have been used e a r l i e r  by inves t iga tors  [3-6] to study the eva -  
porat ion of drops .  In this case ,  however ,  compl ica t ions  a rose  caused by heat fluxes unavoidably r e su l t ing  
f rom the use of  t he rmocoup les .  The reduct ion in the re la t ive  f ract ion of these heat fluxes by inc reas ing  the 
s ize  of the spec imen  is l imited by the i nc rea se  in the rad ia t ive  heat flux. 

These  diff icul t ies  could be avoided by some changes in the exper imen ta l  method. In con t ras t  to the 
well- lmown works  [3-6], in our  expe r imen t s  we de termined  the p r e s s u r e  cor responding  to a s t r ic t ly  d e t e r -  
mined t e m p e r a t u r e  of the spec imen ,  i ts  mel t ing  t e m p e r a t u r e .  The moment  of mel t ing  was  de te rmined  
visual ly  without difficulty.  It  is impor tan t  to emphas ize  the necess i ty  of de te rmin ing  just the t e m p e r a t u r e  
of the s t a r t  of mel t ing  and not of f reez ing ,  since o therwise  an e r r o r  is poss ible  because  of supercool ing  
of the spec imen .  

A d i ag ram of the appara tus  is p resen ted  in Fig.  1. The spher ica l  spec imen 1 with a d i ame te r  of 
2 - 3 m m  was suspended on a g lass  f iber  2 with a d i ame te r  of 0.004-0.005 mm.  The chambe r  was t h e r m o -  
s ta t ica l ly  regula ted  and a f te r  p r e l i m i n a r y  evacuat ion and purging it was f i l led with the requ i red  gas.  The 
value 11 was closed and the cham be r  was gradual ly  filled through the leak valve 12. At the moment  the 
ice  s ta r ted  to mel t  the p r e s s u r e  in the c h a m b e r  was de te rmined  using the U-shaped m a n o m e t e r s  3 and 10, 
filled with dibutylphthalate and m e r c u r y ,  r e spec t ive ly .  Both m a n o m e t e r s  were  connected with a l o w - p r e s -  
sure  line in which the vacuum was maintained by the pump 9 and moni tored with a type VT-3  thermocouple  
vacuum gauge. Zeol i te ,  which was placed in the 10 f lasks  5 (only th ree  a re  shown in Fig.  1) uniformly 
d is t r ibuted  ove r  the sur face  of the c h a m b e r ,  was used to absorb  the vapor s  r e l eased  in the sublimation 
p r o c e s s .  The window 4 was provided for  visual  observa t ion  of the s ta te  of the spec imen.  

The expe r imen ta l  ver i f ica t ion  was conducted in a medium of a i r ,  since in this case  we have more  
re l i ab le  data avai lable  for  the coeff icient  )t and D ~ 

The expe r imen ta l  r e s u l t s  a re  presented  in Table  1. 

As seen f rom Table  1, the expe r imen ta l  data a re  c loses t  to the theore t ica l  data calculated f rom Eq. 
(12) with the T e f  co r respond ing  to n = 3/2 in (1). 

It should be pointed out that the exper imen ta l  de te rmina t ion  of the p r e s s u r e  was made for a p rec i se ly  
de te rmined  spec imen  t e m p e r a t u r e .  Actually,  the de r iva t ives  (for the p a r a m e t e r s  of the p resen t  expe r i -  
ment) a re :  8P /ST  0 = 51.4 m m  Hg/deg;  8P/~T 1 = --18.01 m m  Hg/deg;  8P/~D ~ = 4.33.104 m m / m 2 / h ;  0P/~k 
= - -2 .2 .104 m m  H g / k c a l / m  �9 h- deg. 
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Fig.  2. Limit ing values  of p r e s s u r e  P (ram Hg) as a 
function of the t e m p e r a t u r e  TI(~ 1) for the sub l ima-  
tion of ice in a i r ,  calculated f rom Eq. (12) with Te f  
co r respond ing  to (14); 2) to (15); 3) to (13); 4) calculated 
f rom Eq. (16); 5) for subl imation of ice in hel ium,  ca l -  
culated f rom Eq. (12) with Te f  f rom (15); 6) same  in 
hydrogen.  

If  it is  considered that the accuracy  in m e a s u r i n g  the p r e s s u r e  is  not l e s s  than 0.1 ram Hg in any 
case ,  to achieve such an exper imenta l  accuracy  in the m e a s u r e m e n t  of T 0 ( a s  is usually done) would r e -  
quire  that  this t e m p e r a t u r e  be m eas u red  with an accuracy  of 0.002~ 

Because  of the high accuracy  of this method it can be used to de te rmine  the coeff icients  D o . We 
de te rmined  these coeff icients  for two impor tan t  c a se s :  in the s y s t e m s  of water  vapor - -hydrogen ,  and water  
vapor - -he l ium.  

The coefficient  of diffusion of wa te r  vapor  in hydrogen was 0.975 4- 0.002 cm2/sec  (p0 = 760 m m  Hg, 
T o = 34~ while for  helium it was 0.908 + 0.002 cm2/sec  (same conditions). 

The values  of  D o in the wa te r  vapor - -he l ium s y s t e m  are  in good ag reemen t  with the exper imenta l  
data of o ther  authors  [7, 8]. 

F o r  the wa te r  vapor - -hydrogen  s y s t e m  the coefficient  of diffusion occupies  an in te rmedia te  value 
among the exper imenta l  r e s u l t s  known f rom the l i t e ra tu re  [7, 9, 10], and co r r e sponds  a lmos t  exact ly to 
the theore t ica l  value calculated f rom the wel l  known equations of the molecu la r  theory of gases  when the 
Lennard- - Jones  potential  is  used to desc r ibe  the in te rmolecu la r  in teract ion [11]. 

Since the d i rec t  applicat ion of Eq. (12) p r e sen t s  ce r t a in  diff icult ies  it is  impor tan t  to have simplif ied 
equations to es t imate  the connections between the p a r a m e t e r s .  As the f i r s t  s implif icat ion one can examine 
this  dependence with T e l  calculated f rom (13) (the coefficient  of diffusion does not depend on the t e m p e r a -  
ture) .  If  in this express ion  one in turn r ep l ace s  the logar i thm enter ing into Te f  with the f i r s t  two t e r m s  
of the Tay lo r  s e r i e sexpans ion ,  and in the expansions of the other  two logar i thms  one keeps  only the f i r s t  
t e r m ,  oneobtains the s imple  equation 

T1 - -  To 2P~176 Po - -  P~ 
H --- R I (T  1 ]_To ) p (16) 

In using Eqs.  (12) and (15) one mus t  keep in mind the re la t ionship  [12] 

" l n p o ~ A - - - -  , 
To (17) 

where  A = 24.38 and B = 6236. 
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The resu l t s  of a calculation on an e lect ronic  computer  ca r r i ed  out according to Eqs.  (16)and (12) 
with the different  Tef  of (13)-(15) are  presented  in Fig.  2. 

As is seen,  Eq. (16) is quite applicable for  es t imat ing calculations.  The resu l t s  of an analogous 
calculat ion for the sublimation of ice in a medium of hydrogen and of helium are  also presented here .  
The i r  analysis  shows that the l imiting p r e s s u r e s  which ensure that the p rocess  will proceed are  cons ider -  
ably lower in media of hydrogen or  helium than in a i r  for  the same tempera tu re .  

The choice of the t empera tu re  T O = 0~ was stipulated by the fact that it de te rmines  the value above 
which the sublimation p roces s  is impossible .  

Using the equations obtained one can de termine  the p re s su re  in an apparatus or  se lect  the appropriate  
mixture  of gases  and its t empera tu re  for the at tainment of a des i red  effect  in organizing the process  of sub- 
l imative dehydrat ion.  

D 
k 

p 
V 

r 

c = o i /o  
Pl 
j = -,Dp (dc/dr)  
T 
P 
# = - -PT(dr /d r )  
PT 
MI, M2 
T 

Cp 
It 
Rt = tt/M~ 
130 

N O T A T I O N  

is the coefficient  of diffusion; 
is the coefficient  of the rma l  conductivity; 
is the density of mixture;  
is the l inear  velocity;  
is the coordinate;  
is the mass  concentrat ion;  
~s the par t ia l  density of vapor;  
is the diffusional flux; 
is the t empera ture ;  
is the par t ia l  p re s su re ;  
is the ra te  of sublimation; 
is the density of subliming mater ia l ;  
a re  the molecular  weights of vapor and gas, respect ive ly ;  
is the time; 
is the heat capacity of vapor;  
is the heat of phase transi t ion;  
is the individual gas constant f o r  water  vapor;  
is the coeff icient  of diffusion determined at some t empera tu re  T o and p re s su re  p0. 

S u b s c r i p t s  

0 and 1 are  the indices per ta ining to the values of the var iables  at the surface of the phase t ransi t ion and 
at some distance from it. 
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