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A study is presented for heat and mass  t ransfer  during sublimation between horizontal  plates;  
the distr ibution is deduced for the individual components of the heat flux in relat ion to the size 
of the gap. 

Heat t r ans fe r  between paral lel  walls plays a large par t  in heat-exchange and sublimation equipment, 
as well as in sensit ive measur ing and electronic equipment working under s t r ic t ly  defined tempera ture  
conditions. The amount of space is l imited, and there are r is ing and descending heat fluxes, so the condi- 
tions of motion between such walls are  quite complicated. The mode of motion is dependent on the shape 
and dimensions of the gap, as well as on the rate of the heat t ransfer .  If the gap is horizontal,  the heat-  
t ransfer  rate is dependent on the mutual disposit ion of the surfaces  and the distance between them. If 
phase transi t ions occur  at the surfaces ,  this introduces an additional complication into the gas motion and 
al ters  the t rans fe r  mechanism.  The mode of interaction of the gas with the surfaces  is a neglected aspect 
of the matter ,  so it is a lmost  impossible to establish a unified relationship between the t ranspor t  coeffi-  
cients for a wide range of problems.  

The basic task in this study is to examine heat and mass  t ransfer  in such gaps in the presence  of 
phase t ransi t ions at one wall; as model bodies we used two c i rcu la r  plates of d iameter  180 mm placed hor i -  
zontally, with the lower plate covered with a thin layer  of ice (H20), while the upper one was the heat source,  
whose surface was coated with carbon black of known emiss ivi ty  roughly equal to that of ice. As the true 
value of ~ was known, one could calculate more prec i se ly  the radiative component of the heat flux. The 
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Fig. 1. Sublimation rate Jm (kg/m2-sec)  as a function of d is -  
tance L (ram) f rom heater  for P ( N / m  2) of: 1) 80; 2) 170. 

Fig. 2. Dependence on L (mm) for qrh, qch, and qco (W/m2) at 
P ( N / m  2) of: 1-3) 170; 4-6) 80. 
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lower plate was attached to a labora tory  balance in an evacuated chamber,  and the weight loss was mea-  
sured during the sublimation. On the plates and between them there were coppe r - cons t an t an  the rmo-  
couples, which recorded the tempera ture .  The tests  were done with p res su re  in the chamber  of ~80 and 
~170 N / m  2 for distances between the plates f rom 4 to 170 ram, with the surface of the upper plate being 
kept constant at 312~ 

Figure 1 shows the sublimation rate as a function of distance f rom the heater .  The rate falls con-  
s iderably as the distance increases  f rom 0 to 90 ram, but thereaf ter  remains  constant as L inc reases .  
The same applies to the total heat flux reaching the ice.  

The specific heat fluxes going to sublimation of the ice are  defined by 

Jmr=q~h •qch +qco. �9 (1) 

We eliminated the effects of chamber  wall tempera ture  on the sublimation rate by cooling the wails 
to the tempera ture  of the ice. 

It has been shown [1, 2] that there are  various components in the heat flux that affect the sublimation 
of ice under these c i rcumstances  (conduction, convection, and radiation). At p r e s su re s  below 133 N / m  2, 
the radiative component is the dominant one. 

We know f rom hea t - t r ans fe r  data for horizontal  gaps in a dense uperturbed gas that there is no free 
convection if the temperature  of the upper plate is higher than that of the lower one; the heat is t ransfe r red  
f rom the upper plate to the lower one only by thermal  conduction and radiation. We assumed that in our 
case the thermal  convection was absent for small  dis tances between the plates, and then we used (1) to ca l -  
culate the other components of the heat flux. 

The amount of heat t r ans fe r red  by radiation is given by Stefan's law for gray bodies: 

�9 T 4 

where ~01~ =(2 + D2-2~/1 +D~-)/D 2 for two c i rcu la r  disks in parallel  planes with their centers  on a common 
ver t ical  line. Then (1) with Jm r and qrh enables one to find the amount of heat t r ans fe r red  by thermal  
conduction; f rom the known qch, AT, and L we get the equivalent thermal  conductivity of the mixture as 

x e , w  qch L / A T .  

One compares  )~e with ~theor, the lat ter  calculated via the usual relationships for a binary gas mixture, 
to show that the f i rs t  is much less than the second, and the strength of the inequality increases  with the 
distance between the plates, attaining ult imately the limiting situation Xe = 0. The ratio k = h0/ktheor is 
c lear ly  charac te r i s t i c  of the influence f rom the mass  flux leaving the sublimation surface as regards  the 
thermal  conduction t ransfer .  The values of k for the present  p r e s su re s  and constant tempera ture  vary  
f rom 0 to 0.8. 
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Fig. 3. Tempera tu re  T (~ as a 
function of L (ram) for  P = 170 N 
/m2:  1) L = 14 ram; 2) 42; 3) 63; 4) 
95; 5) 130; 6) 170. 

Figure 2 shows the resul ts  for the individual components 
of total heat flux; the radiative component is decisive, but the 
proport ion becomes much less as the distance changes f rom 14 
to  90 ram. If L < 14 mm, there is a fall in the density of the 
radiation flux consumed in the phase transition, on account of the 
increase  in the hydrodynamic res is tance  to the escape of vapor, 
and the correspondingly higher p r e s s u r e  in the gap and higher 
surface tempera ture  T 2 of the ice. 

The heat fluxes due to thermal  conduction of the v a p o r - a i r  
mixture fall rapidly as L increases ,  and qch -- 0 for L ~ 20 ram. 

It seems likely that at these distances the flow of vapor 
completely insulates the surface of the ice f rom access  to hotter  
gas.  

The resul ts  show that the heat t r ans fe r  between the par ts  
of the gap occurs  only by radiation for L of 20-60 mm, and that 
this occurs  s t r ic t ly  in accordance with (1); with qch = 0 and qco 
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-- 0, so Jm r = qrh. However, f rom L = 60 mm at P = 170 N / m  2 and f rom L -- 85 mm for P = 80 N / m  2 
this ceases  to be so, i.e., Jm r becomes g rea te r  than qrh, which forces  us to abandon the assumption that 
there is no convection in the horizontal  gap when the heater  is at the top and there is a phase transit ion at 
the lower surface,  or else we have to cast  doubt on the calculation via (2), which does not take into account 
any reemiss ion  of the radiative component f rom the walls. 

As the wall temperature  was that of the ice, and the surface area  of the ice was much smal le r  than 
that of the chamber,  it is unlikely that reemiss ion  would affect the sublimation; therefore,  in order  to meet 
condition (1) above L > 60 ram one must  take into account the effects of convection on the heat t ransfer .  

We considered how convection can ar i se  in such a gap with the heater  at the top. We found that for 
L = 15-60 mm the basic role in mass  t rans fe r  is that of the diffusion t e rm in the equation 

],~= - -  D12 grad Ps § psVh, (3) 

and then there appears  an increase  in the amount of vapor t ranspor ted via the Stefan flux. The part ial  
p re s su re  of the water vapor in the gap was assumed to be constant and equal to the saturat ion vapor p r e s -  
sure  at the tempera ture  of the surface of the ice. The part ia l  p re s su re  of the water vapor  in the bulk of 
the chamber  was constant and was determined by the tempera ture  of small  pieces of ice placed in the 
chamber .  

Therefore ,  for plates of this form we can use the following relationship to descr ibe  the heat and mass  
balances:  

]~r:qrh ~-qch d-qsf 

which in general  form ref lects  the hea t - t r ans fe r  mechanism in the gap. The tempera ture  distribution be- 
tween the plates (Fig. 3) shows that there is a charac te r i s t i c  region near  the sublimation surface,  within 
which there is a marked change of t empera ture ;  the thickness of this region near  the lower plate increases  
with L and is about 20 mm for L of 130-170 ram. 

The curves  show that L of 0-20 mm resul ts  in a l inear tempera ture  variation, which corresponds  to 
molecular  heat t ranspor t  (thermal conduction), whereas at large distances there is a curved tempera ture  
distr ibution near  the sublimation surface,  which is charac te r i s t i c  of convective heat t ransfer .  
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N O T A T I O N  

the degree of blackness of g ray  body; 
the reduced degree of blackness of sys tem;  
the sublimation rate;  
the latent heat of sublimation; 
the heat received by radiation; 
the heat received by convection; 
the heat received by conduction; 
the distance between plates;  
the exposure factor ;  
Stefaa, s constant;  
the heater  tempera ture ;  
the ice surface  tempera ture ;  
the tempera ture  differences between surfaces  of heater  and ice; 
the geometr ica l  pa rame te r ;  
the plate d iameter ;  
the equivalent thermal  conductivity; 
the theoret ical  thermal  conductivity; 
the total mass  flux vector ;  
the mutual diffusion coefficient;  
the density of ice at evaporat ion surface;  
the velocity vector  for Stefan flux; 
the heat ca r r ied  by Stefan flux. 
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