
creased. For example, when T 2 = T o the maximum of the function occurs for water in the 
region of T = 373 K. 

With the cndition (T - T 2) = 1 K, the function Q = f(T) will differ from Gv/~F = f(T) 
only by a constant multiplier. The function is given in Fig. 3 for water with n = 1 and 
various values of T o . For comparison, Eq. (2) is given on the same plot. Under the condi- 
tions of maximum pumping (Tmax), Q~ exceeds Q2 by several orders of magnitude. 

As the working temperature T increases the fraction of the heat transferred by the lit 
quid decreases, while that transferred by the vapor increases. At some point the transfer 
of heat by the vapor begins to predominate and the device undergoes a transition to the oper- 
ating conditions of a heat pipe. 

The heat .exchanger 4 (see Fig. i) can be connected separately to the condenser 3 to 
any heat sink, by which it can be cooled even below T o (T 2 < To). In this case the ratio 
of Q3 to Q2 becomes greater than i00, i.e., the main heat flux is transferred by the circu- 
lation of the liquid phase of the heat transfer medium. 

NOTATION 

G, volumetric flow rate; QI, Q3, Q3, heat fluxes in the evaporator, condenser, and heat 
exchanger; r, latent heat of vaporization; ~, heat transfer coefficient of condenser; F, 
surface area of condenser; c, heat capacity; 0, density; T, Tl, T2, To,* temperature of the 
condenser walls, the surrounding medium, and the liquid at the inlet and outlet of the heat 
exchanger; P, pressure; M, molecular weight; R, universal gas constant; n, proportionality 
coefficient of the volumetric contents of vapor and liquid in the vapor-lift tube; h I, h 2, 
height of the vapor-lift tube above the liquid level in the system and from the evaporation 
zone to the liquid level. Subscripts: V, vapor; L, liquid; K, boiling; max, maximum. 

i. 

2. 

LITERATURE CITED 

Heat Pipe: USSR Patent No. 637615, International Patent Classification [MKI] F28DI5/00. 
"Thermal system for circulating a fluid heat transfer medium," European Patent Applica- 
tion No. 0043227, International Patent Classification [MKI] F24J3/02. 

THERMAL DIFFUSION RATIO OF SATURATED VAPOR -GAS MIXTURES 

M. Mamedov UDC 533.271:536.23 

A theoretical method of determining the temperature dependence of the thermal 
diffusion ratio of saturated vapor - gas mixtures is proposed. 

The known experimental methods of determining the value of k T cannot be used for satura- 
ted vapor-gas mixtures. The relationship provided by the rigorous molecular kinetics the- 
ory cannot be used reliably for calculating the value of k T without checking its adequacy 
experimentally. 

Our aim was to develop a theoretical method for determining the thermal diffusion ratio 
of saturated vapor-gas mixtures on the basis of the phenomenological linear equations of 
the thermodynamics of irreversible processes. 

An experimental method for determining the thermal diffusion ratio of saturated vapor- 
gas mixtures was proposed in [2]. Its essence consists in securing a process of simultan- 
eous evaporation of a liquid into a vapor -gas medium and condensation of its vapor in an 
enclosed volume under diffusion conditions. The flat evaporation and condensation surfaces 
are parallel to each other. A Stefanian flow is contemplated. The theoretical premise of 
the method involves the use of linear phenomenological equations: 

J1z-- ~ 9D ( dx~ kT dT ) 
1--x~ , dz T dz ' (1) 
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where 

{[ ,  RT T ] 
q~ = --X -27- + J ~  

~l./,....._.~ ( ] - -  X1) -J[- H!  ) 
/ (2) 

H, = H a (T); H2 = H,_, (T); [, = bt., - -  (lae - -  pq) x,; p = ~9/RT; 

D = D 0 ( T / 2 7 3 )  ~+~ P o ; .vj = P~ ; k r - -  k r(x~, T); ) ,=)~(x~, T); 
P P 

H ~- H., -~- _~._L .%" 1 (H~ -- H2); dxa _ d& dT 
I~ dz dT dz 

Dividing each term of Eq. (2) by Eq. (i), we find 
dT 
dz 

C - -  q~ -- 

1-- xl \ dz 
or, simplifying t h e  expression obtained, 

[ (Co- [ RT 

Furthermore, assuming that 

a x, ] ~ +I-- H,) ~- T dT J 

RT 
kr dT ~ + ~tlxl 
T dz 

k r § Itl, 
(3) 

~IX]R dXldT (C~ ~ x ~  (loRD--X,) ] = O. (4)  

A =  )~P ' (1--x0 �9 B =  RT �9 M =  T (Co- -H~  dx~ ) (5) 
plpD ' p~x~-- ' 2B T ~- B . . . .  dT ; 

T [ (Co--  H.,) clxl A] 
N = -ffL dT ' 

we obtain 

k~ - 2Mk~ + N = O. ( 6 )  

Solving Eq. (6) with respect to kT, we find 

kT =M+_V~-- N (7) 
Of the two signs in front of the square root, we use the minus sign, as k T then vanishes 
for x I = 0, i.e., 

k r = M - - V M  2 - N .  ( 8 )  

After we determine experimentally the temperature and concentration fields between the 
evaporation and the condensation surfaces and also the heat flux and mass flux densities 
and substitute them in (8), we find the corresponding range of k T values. Only those k T 
values which correspond directly to the evaporation and condensation surfaces pertain to the 
saturated state of a vapor-gas mixture. All the other k T values correspond to the super- 
saturated state of the vapor-gas mixture, since vapor condensation does not occur because 
of the absence of nuclei [3]. Therefore, the vapor -gas mixture is locally supersaturated 
in the space between the evaporation and the condensation surfaces. The degree of super- 
saturation passes through a maximum [3]. Under realistic conditions, the vapor-gas mixture 
usually contains dust particles, which constitute the nuclei of volume condensation of vapor. 
As a result, the state of vapor -gas mixture is close to local saturation on the side of 
supersaturation. Then, assuming that the mass and heat flux densities are constant in pas- 
sing from the evaporation surface to the condensation surface and considering that the vapor 
-gas mixture is locally saturated, Eq. (8) can be transformed so that k T is a function only 
of the local temperature of the vapor-gas mixture. This is possible because the pressure 
of the saturated liquid vapor is a function of the temperature only: 

p~s = f (T). ( 9 )  

Thus, since generally x I = Pl/P, we have the following for a saturated vapor-gas mixture: 

x l s  = - , ( i 0 )  

P P 
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in which case, 

ax1  _ I' (r) 

dT p 

Considering (i0) and (ii), we write Eqs. (5) as follows: 

(11) 

Al = ~,~ (1 - -  xl) ; B1 RT 
9lpD ~1X1 S 

MI : T (Co--H1 - dx~ s \ 
2.1 r ; 
r [  j 

(co--/41) ar A1 

(12) 

As a result, Eq. (8) becomes 

kT (13) 

In the approximation defined by the above assumptions, Eq. (13) determines the value of 

k T at the temperature T = (T e + Tc)/2 with an accuracy to the undetermined constant Co= qz / 

Jzz f 

The error of Eq. (13) decreases with the interval 

rc~<r<r . (14) 

It is obvious that, for a sufficiently small difference T e - Tc, the vapor-gas mixture in 
the space between the evaporation and the condensation surfaces can be considered to be lo- 
cally saturated with a high degree of accuracy. In this case, Eq. (13) becomes exact within 
the limits of the temperature range in question. It should be mentioned that, with changes 
in the limits of the temperature range (14), C o in Eq. (13) assumes different values, i.e., 
C o is a function of the local temperature value. If we establish in some fashion the speci- 
fic form of this function for the assigned temperature range 

r h ~ < r < ~ r e ,  (15)  

Eq. (13)  w i l l  r e f l e c t  t h e  t e m p e r a t u r e  d e p e n d e n c e  o f  k T f o r  t h e  s a t u r a t e d  v a p o r - g a s  m i x t u r e  
u n d e r  c o n s i d e r a t i o n .  

I n  o r d e r  t o  d e t e r m i n e  t h e  t e m p e r a t u r e  d e p e n d e n c e  o f  C o in  t h e  t e m p e r a t u r e  i n t e r v a l  ( 1 5 ) ,  
t h i s  i n t e r v a l  mus t  be s u b d i v i d e d  i n t o  n e q u a l  p a r t s  so  t h a t ,  in  e v e r y  o b t a i n e d  s u b i n t e r v a l  
t h a t  i s  u s e d  as  i n t e r v a l  ( 1 4 ) ,  t h e  c o n d i t i o n  o f  l o c a l  s a t u r a t i o n  o f  t h e  v a p o r - g a s  m i x t u r e  
i s  s a t i s f i e d  w i t h  a s u f f i c i e n t  d e g r e e  o f  a c c u r a c y  in  t h i s  t e m p e r a t u r e  s u b i n t e r v a l .  The v a -  
l u e  o f  C O c h a n g e s  w i t h  p a s s a g e  f rom one s u b i n t e r v a l  t o  a n o t h e r .  I t  s h o u l d  be  b o r n e  in  mind 
t h a t  t h e  t e m p e r a t u r e s  c o r r e s p o n d i n g  t o  t h e  ends  o f  a s u b i n t e r v a l  a r e  t h e  t e m p e r a t u r e s  o f  t h e  
e v a p o r a t i o n  and t h e  c o n d e n s a t i o n  s u r f a c e s ,  r e s p e c t i v e l y .  

For  c o n v e n i e n c e  in  s u b s e q u e n t  c o n s i d e r a t i o n s ,  we i n t r o d u c e  t h e  n o t a t i o n  ( T e l ,  T c i ) ,  t h e  
t e m p e r a t u r e  s u b i n t e r v a l ,  where  i = 1 , . . . , n ,  w h i l e  

~ (Te l - -  Tc i) = T o - -  rc .  (16)  
i = l  

Here, Toz =T o for i = I and Tcn=T h and also Te(i+z) =Tel for i = n. 

If we know the value of k T corresponding to Tel = To, then, using it in accordance with 
Eq. (13), we can determine the value of C o corresponding to the temperature Tel = T O . This 
value can be reduced to the subintegral (Tel ,Tcl). 

Thus, we use the found value of C o for calculating the value of k T corresponding to the 
temperature Tcl and reduce it to the subinterval (Te2 , Tc2), considering that Tcl = Te2 in this 
case. Furthermore, with an allowance for the found value of kT(Tez) , we determine the va- 
lue of C o at the temperature Tc2 = Te3 and reduce it to the subinterval (Tcl, Te3) , which yields 
the value of k T (Te~). We then calculate successively the values of C O and k T until we ob- 
tain C o = C0(Ten), andk T=kT[Te(n+i)]. As a result, we obtain the following series of C O 
values: 
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TABLE i. Values of C O and k T at Different Temperatures 
1 .  

T 

372,74 
372,73 
371,73 
370,73 
369,73 
368,73 
367,85 
362,94 
358,04 
353,13 

348,23 
343,32 
338,42 

Co 

2675545 
2675550 
2675250 
2674980 
2674750 
2674550 
2674400 
2674080 
2674670 
2676280 
2678990 
2682940 
2688270 

hT 

0 
0,000006437 
0,001749 
0,003261 
0,004518 
0,005550 
0,006287 
0.007765 
0,005542 
0,0005298 

--0,006529 
--0,01500 
--0,02432 

I T 

333,51 
328,61 
323,70 
318,80 
313,89 
308,99 
304,08 
299,18 
294,27 
289,37 
284,46 
279,56 
274,65 

Co 

2695130 
2703680 
2714070 
2726400 
2740670 
2756650. 
2773760 
2790740 
2805250 
2813130 
2807430 
2776980 
2704340 

AT 

--0,03403 
--0,04374 
--0,05310 
--0,06182 
--0,06965 
--0,07639 
--0,08186 
--0,08592 
--0,08849 
--0,08953 
--0,08905 
--0,08713 
--0,08390 

Co (Tea), Co (Tea), C,, (TeQ . . . . .  Co (T%), ( 17 ) 

where  n i s  c h o s e n  so  t h a t ,  f o r  a n a l o g o u s  t e m p e r a t u r e s ,  t h e  c a l c u l a t e d  v a l u e s  o f  k T d i f f e r  
f rom e a c h  o t h e r  by an amount  s m a l l e r  t h a n  t h e  a l l o w a b l e  e r r o r .  By a p p r o x i m a t i n g  s e r i e s  (17)  
by a f u n c t i o n  o f  T and s u b s t i t u t i n g  i t  in  ( 1 3 ) ,  we o b t a i n  a s p e c i f i c  e x p r e s s i o n  f o r  d e t e r -  
m in ing  t h e  t e m p e r a t u r e  d e p e n d e n c e  o f  t h e  t h e r m a l  d i f f u s i o n  r a t i o  o f  t h e  s a t u r a t e d  v a p o r - g a s  
m i x t u r e  in  q u e s t i o n  w i t h i n  t h e  a s s i g n e d  t e m p e r a t u r e  r a n g e  ( 1 5 ) .  

As an e x a m p l e ,  we p r o v i d e  t h e  r e s u l t s  o f  c a l c u l a t i o n  o f  t h e  C O and k T v a l u e s  a c c o r d i n g  
t o  t h e  a b o v e  method f o r  a s a t u r a t e d  v a p o r - g a s  m i x t u r e  in  t h e  t e m p e r a t u r e  r a n g e  

273 < T < 373 oK (18)  

u n d e r  n o r m a l  a t m o s p h e r i c  p r e s s u r e .  

A c c o r d i n g  t o  [ 4 ] ,  t h e  t e m p e r a t u r e  d e p e n d e n c e  o f  s a t u r a t e d  w a t e r  v a p o r  i s  g i v e n  by t h e  
express ion 

1625 10,004-- 
P l S =  10 r -48 .  (19)  

Considering (19), we find the following for the saturated vapor-gas mixture: 

Pls l 10,00.4-- 1625 
xl s- ---- -- �9 10 T--48 ,where P ~--- 10~ Pa ; 

P P 

dx l~ 3742 
dT = xl:s ( T - - 4 8 ) 2  ' ~l = 18, ~2 = 29, 

P - -  P'P , R - - 8 3 1 4 ,  ~t--=29--11xls,  
R T  

Furthermore, according to [5], we have 

D --= D O (T/273) 1"8, Do = 0,0000216, 

0,0084 (T - -  81) 

~ =  { 1 
xl ~ T + 85 

0,0077(T + 44) ' / '10-z" 

+ 11+ 1/T+S5J J 
1 + 0 , 2 1 9  1 - -xac  L V T - - 4 0  

For a saturated vapor-gas mixture at T = 372,74~ and p = i0 ~ Pa, we find Pls = 10s Pa in 
accordance with (19), i.e., we have the case of pure vapor. Since k T = 0 for pure vapor, 

then, assuming that k T = 0 at T = 372.74 in Eq. (13), we find C o = 2,675,545. 
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Table 1 provides the calculation data for the temperature range (18), based on the 
above-described scheme and the step AT = 0.01~ as well as some intermediate values of 

C O and k T. 

Analysis of the data in Table 1 reveals a very complex temperature dependence of the 
thermal diffusion ratio of the saturated vapor-gas mixture in the temperature range (18). 
The value of k T first increases, remaining positive up to the maximum. Then, decreasing to 
a minimum, it passes through zero. The temperature corresponding to the zero value of k T is 
referred to as the inversion temperature [6]. The k T value subsequently increases, remain- 
ing negative. 

The values of C O given in the table were approximated to fit suitable functions for dif- 
ferent subintervals of range (19): 

273 ~ T ~ 290 K, 

Co = - -  619,545 ( - -  T z -[- 576,085T - -  78424); 
(20) 

290 ~ T ~ 330 K, 

C O == 2800 (1295 - -  T); 

330 ~.. T ~ 363 K, 

(21) 

Co = 818, 64( 3630--  T); ( 2 2 )  

363 ~ T ~ 372,74 K, 

C O -- 148,87(17600 q- T). ( 2 3 )  

C a l c u l a t i o n  o f  k T v a l u e s  b a s e d  on Eq. ( 1 3 )  w i t h  an a l l o w a n c e  f o r  t h e  C o v a l u e s  f r o m  ( 2 0 ) -  
(23) yields results which are in satisfactory agreement with those given in Table i. The 
maximum relative error does not exceed 5%. The maximum relative error of expression (21) 
does not exceed 0.5%. 

Experimental data on the temperature field and the densities of the mass and energy 
fluxes between the evaporation and the condensation surfaces are given in [7] for the case 
where the temperature of the evaporation surface is equal to 330~ while the temperature 
of the condensation surface is equal to 291~ The experiments were performed in such a 
manner as to eliminate completely the effect of free convection on the diffusive heat and 
mass transfer. The results of experimental investigations of simultaneous evaporation and 
vapor condensation in the diffusion chamber indicates that the vapor-gas mixture in the 
space between the evaporation and the condensation surfaces is at least locally saturated 
(the humidity data unit does not make it possible to measure supersaturation); according to 
the results obtained in [8], it is even supersaturated. Since the degree of supersatura- 
tion is insignificant, we shall consider in the first approximation that the vapor-gas mix- 
ture in the chamber is locally saturated and that the densities of the mass and energy fluxes 
are constant in the direction from the evaporation surface to the condensation surface. The 
results of measurements of the heat and mass flux densities are also given there. For the 
above temperatures of the evaporation and the condensation surfaces, they are respectively 
equal to qz = 234 W/m2_and Jlz = 85"2"10-6 kg/m2"sec" 

Therefore, 

C o = q~ ~ 2746479, ( 2 4 )  

The value of C O should, appropriately, be reduced to the arithmetical mean of 291 and 330~ 

By substituting C o in Eq. (13) at T = (291 + 330)/2 = 310.5~ we find k T = -0,07857. 
We obtained earlier the local value of C o in the temperature range 

2 9 1 ~ T ~ 3 3 0  K (25) 

on the basis of theoretical considerations. It is given in expression (21). By means of this 
expression, we find the integral-mean value of C O for the temperature range (25): 
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1 330 

C~ -- .f 2800 (1295 - -  T )  d T  = 2756489. (26)  
3 3 0 - -  291 291 

Compar ing  Eqs .  (24)  and ( 2 6 ) ,  we r e a c h  t h e  c o n c l u s i o n  t h a t  t h e  v a l u e  o f  C o d e t e r m i n e d  
t h e o r e t i c a l l y  i s  i n  f a i r l y  good a g r e e m e n t  w i t h  t h e  e x p e r i m e n t a l  v a l u e .  The d i s c r e p a n c y  
amounts  t o  o n l y  0.37%. The v a l u e s  o f  k T c o r r e s p o n d i n g  t o  t h e  a b o v e  t h e o r e t i c a l  and e x p e r i -  
m e n t a l  v a l u e s  o f  C O a r e  e q u a l  t o  - 0 . 0 7 5 0 4  and - 0 . 0 7 8 5 7 ,  r e s p e c t i v e l y ,  i . e . ,  t h e  d i f f e r e n c e  
be tween  them amounts  t o  4.5%. Our e a r l i e r  d e t e r m i n a t i o n  b a s e d  on a n o t h e r  a p p r o x i m a t e  t h e o -  
r e t i c a l  method [9] y i e l d e d  - 0 . 0 8 8  as  t h e  v a l u e  o f  k T f o r  T = 310 .5~  i . e . ,  t h i s  r e s u l t  a l s o  
i s  i n  s a t i s f a c t o r y  a g r e e m e n t  w i t h  ou r  d a t a  g i v e n  h e r e .  F u r t h e r  e x p e r i m e n t a l  i n v e s t i g a t i o n s  
mus t  be c a r r i e d  o u t  in  o r d e r  t o  c o n f i r m  t h e  v a l i d i t y  o f  t h e  p r o p o s e d  t h e o r e t i c a l  method o f  
d e t e r m i n i n g  t h e  t h e r m a l  d i f f u s i o n  r a t i o  o f  s a t u r a t e d  v a p o r - g a s  m i x t u r e s  in  t h e  wide  t e m p e r -  
a t u r e  r a n g e  ( 1 8 ) .  

NOTATION 

J1z, density of the diffusion mass flow; qz, energy flux density; Ul, ~2, and U, molec- 
ular masses of the components and of the vapor-gas mixture, respectively; p, density of the 
mixture; D, mutual diffusion coefficient; xl, mole fraction of vapor in the mixture; z, co- 
ordinate; T, temperature of the mixture; k T, thermal diffusion ratio of the vapor-gas mix- 
ture; ~, thermal conductivity coefficient of the mixture; R, universal gas constant; H I and 
H2, specific mass enthalpy values of the mixture components; H, specific mass enthalpy of the 
mixture; p, total pressure of the mixture; Do, diffusion coefficient of the mixture at p : 
105 Pa and T = 273~ n, exponent of the temperature dependence of the coefficient of mutual 
diffusion in the mixture; Pl, partial pressure of vapor in the mixture; C o , ratio of the 
thermal flux to the mass flux; Pls, saturated vapor pressure in the mixture; Xls, mole frac- 
tion of saturated vapor in the mixture; Te, temperature of the evaporation surface; Tc, tem- 
perature of the condensation surface; the subscript 1 pertains to the light component of the 
vapor-gas mixture. 
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