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The s u b l i m a t i o n -  condensation p r o c e s s  is studied at  a p r e s s u r e  below the p r e s s u r e  at  the 
t r ip le  point in a na r row annular  channel in o rder  to a s s e s s  the poss ib i l i ty  of maintaining a 
constant  t e m p e r a t u r e  of an object  in a vacuum under  conditions of heating a t  a single s ide .  

An e x t r e m e l y  high effect ive t he rm a l  conductivity can  be achieved by using h e a t - t r a n s f e r  equipment  
(heat pipes) in which the heat  t r an s f e r  occurs  as  a r e su l t  of a double phase  t rans i t ion  of the heat  c a r r i e r ,  
with this c a r r i e r  being continuously re tu rned  to the liquid phase  through a wick in the evapora t ion  zone [1]. 
The eff ic iency of the device can b e  r a i s ed  a t  a p r e s s u r e  of the vapor  (sublimate) below the p r e s s u r e  a t  the 
t r ip le  point, if  the re  is wick- f ree  t r anspo r t  of the solid condensate to the subl imat ion zone.  An obvious 
way to achieve  this si tuation is  to use  a h e a t - t r a n s f e r  r ing  ro ta t ing  around i ts  s y m m e t r y  ax i s .  This r ing  
would be a slotted channel, fi l led with the subl imat ing hea t  c a r r i e r ,  between two thin, coaxial ,  CYlindri- 
cal or conical shells. 
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Fig.  1. Distr ibut ion of the solid condensate in a 

cy l indr i ca l  annular  gap.  
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Fig.  2. Calculated curves for the thermal  balancing of a cylin-  
drical  r ing  with r 0 : 2  m for E =350, 1400, 5600, and 22,400 
W/m 2 (curves 1-4, respect ively) ,  a) Effects  o[ the rotat ion 
velocity of the r ing on the distribution of solid condensate; b) 
dependence of the accuracy  of the thermal  balancing on the 
width of the cylindrical  annular gap, 2h. Here w0 �9 104 is ex-  
p ressed  in sec -1, A5 �9 104is expressed in m, AT is expressed  
in OK, and h �9 103 is expressed in m.  

Such a r rangements  can be used to effectively level the t empera tu re  field in appropriate  thin shells 
at low angular velocit ies ~ of an object subjected to heating f rom a single side in vacuum. 

The case of mos t  pract ical  interest  is that o• cylindrical  and conical hea t - t r ans fe r  r ings,  since in 
spherical  shells the solid condensate eventually accumulates  near  the rotat ion axis.  

In the present  paper we r e s t r i c t  the analysis  to the case of a t empera ture -ba lanc ing  r ing (Fig. 1) 
consist ing of two coaxial cylindrical  shel ls .  The nar row gap between these shells (2h<<r0) is originally 
purified of noncondenstng gases and filled with a certain amount of the working medium (heat ca r r i e r ) ,  
whose t r iple-point  tempera ture  is above the tempera tures  maintained in the thermosta t .  To avoid end 
effects,  we assume that both bottoms are  ideal thermal  insulators .  The object is in a vacuum and sub-  
jected to heating f rom a single side by a radiative heat flux in the direction perpendicular  to the rotat lon 
axis .  Fu r the rmore ,  the outer shell rad ia tes  energy into free space in accordance  with the Stefan - - B o l t z -  
mann law. Accordingly,  the resul tant  heat flux a c r o s s  the outer shell is 

--eoT~ t~0r q~< n--and q~>. 3___~ , 
2 2 

q = __ 3z~ (1) - -  A ,E  cos r - -  eaT*= for n < q~ < _ _  
2 2 

If radiat ive heat t ransfer  occurs  between the elements  of the inner shell and the inner side, the specific 
heat flux a c r o s s  the corresponding shell is 

ql = elq ~ - -  el~T~, - (2) 

We assume that the length of the cylinder,  l, is much la rger  than its radius ,  r 0. Accordingly,  in 
the approximation of infinite cyl indrical  shells it ls simple to show that the spec i f ic  heat flux q0 to a s u r -  
face which radia tes  diffusely (according to the cosine Iaw) is independent of the angular  coordinate (dq~ 
dcp=0; the end effect is neglected):  

2 ~  
t ~  

q0= r ~T~,dtp. 
- 2 ~  ~ (3) 

0 

The i nne r  su r f ace  of the outer  wal l  of the a n n u l a r  channe l  is coated with a l a y e r  of sol id condensa te ,  whose 
profile is given below. The rate  of phase t ransi t ions (sublimation--condensat ion) is given by 

Jm q + ql o (c'p'5' + ctopw~5~,) dT,~ 
= L L dq~ (4) 
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Fig .  3. Rotation veloci ty  of the 
r i ng  as  a function of the heat  flux 
dens i ty ,  a ,b)  E x p e r i m e n t a l  data; 
1, 2) calculated data; a ,  1) r176 
b,  2) cp0=83 ~ H e r e  E �9 10 -3 is in 
W / m  2 and co. 10 -4 is e x p r e s s e d  
in sec  -I . 

We neglect  the heat  flow along the shel ls  t h e m s e l v e s .  The gap is a s sumed  to be r e l a t ive ly  na r row:  2h / r  0 << 
1. Then the p r o p e r t i e s  of the subl imate  flowing in the gap can be cha r ac t e r i z ed  by  the potential  ~I,, i n t ro -  
duced in [2] or  [3], if we wish to take into account  the effect  on this  flow of the t h e r m a l  inhomogenei t ies  
a c r o s s  the slotted channel,  and if we wish to take into account  the t e m p e r a t u r e  dependence of the coeff ic ients  
# and X. In the p re sen t  case  it is not ve ry  impor tan t  to take these f ac to r s  into account,  since by its v e r y  
nature  the rota t ing r ing is a t he rmos ta t ,  which should hold the the rma l  inhomogenel t ies  along the sur face  
to a low level ,  so  that there  will be smal l  t e m p e r a t u r e  d rops  a c r o s s  the gap a l so .  Since the externa l  heat  
supply is a s s u m e d  independent of the axial  coordinate ,  the gasdynamic  p a r a m e t e r s  of the subl imate  flowing 
in the gap a lso  have this p r o p e r t y .  

where  

Accordingly,  following [2], we can wri te  

dsut 3 ~  J,~ . P 
dq~ ~ : ~h �9 , ~ = .f fD (p) dp' 

P.  

(D(p)-- P -k 2 ~ 0  3:781~ 9 tt ~ dlnF(p) 
, ( 5 )  R T  0 h ] / 'R -T  4 h a dp 

F (p) = R T , / L  
1 - -  ( R T , / L )  In (p/p , )  

In Eq .  (5) we have neglected the additional sub l ima te  veloci ty  due to ro ta t ion  of the t he rmos ta t ,  since an 
angular  veloci ty  ~o<< V / r  0 [see (18)] is sufficient  for  effect ive operat ion of this t h e r m o s t a t .  

The t e m p e r a t u r e s  T w and Twl a r e  re la ted  to the t e m p e r a t u r e  T(p) of the phase . t r ans i t i on  sur face  
(we neglec t  the phase  r e s i s t a n c e  [2]; i . e . ,  we a s s u m e  that this la t ter  t e m p e r a t u r e  is re la ted  by the 
C l a u s i u s - - C l a p e y r o n  equation to  the p r e s s u r e  p of the subl imate  moving over  the surface)  by the following 
equation s: 

Tto - -  T (p) -= qRw; T~,  - -  r (p) : q~R~,,, 

6' 8w1 1 
R,,, = ~ '  -{- - - "  R , ,  - -  + " T (p) = T . F  (p). (6) 

~,~ ~; ' ~ ,  o~ l "-k X/2h ' 

We a s s u m e  8 '  <<2h. The the rma l  r e s i s t a n c e s  need not be evaluated highly accu ra t e ly  he re ,  since all the 
t e m p e r a t u r e s  which appear  in these  equations a re  approx imate ly  the s a m e .  

Below we a s sume  that  the t he rm a l  r e s i s t ance  of the l ayer  of solid condensate ,  6 ' / k ' ,  is negligibly 
small ;  i . e . ,  we a s s um e  R w =Sw/X w. 

By introducing the potential  ~I, we can desc r ibe  the flow in the gap by dif ferent ia l  equation (5), whose 
r igh t  side contains a smal l  nonl inear i ty  due to the dependence of (q +qi) on the subl imate  t e m p e r a t u r e .  
Accordingly,  we should expand T4 w and T~v" In Taylor  s e r i e s  around some ave rage  value of the fourth 
power of the subl imate  t e m p e r a t u r e ,  Ti0 . ~For this purpose  we introduce t(p) = T(p) --To; t(p) << T 0. Then 
using only the f i r s t  two t e r m s  f r o m  (3) and (6), we find 

2n 

q(O~c~ T4o+ ~ j t ( p )  dcP . (7) 
0 
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Ana logous ly ,  f r o m  (1), (2), and (6) we find 

AsE f (,p) - -  s ~  [! + 4t (p)/To] . 

q = 1 + 4ayT~ R~ ' 

0 f o r  (~ < -~- and :O ~ - -  
e~q ~ -  e,aT~o [1 + 4t (p)/To] ; [ (qO = 

q~ = 1 + 4ex~T~o R~, - -  cos q~ f o r  ---~ < q~ < - -  
2 

Since fo r  the p r e s s u r e  d r o p s  Ap in the annu la r  gap  of the t h e r m o s t a t  we have  

Ap dT 
< < I ,  

T O dp 

we can wr i t e  

3 5 [  

2 
3re 

2 

(8) 

(dT/dp)~ - (W - -  ~o) --  RT~o (~  _ t~o)" 
t (p) = (dag/dp) ~ LPoO (P0) (9) 

We show be low tha t  for  a work ing  m e d i u m  which has  a high hea t  of s u b l i m a t i o n  (water) ,  and a t  angu la r  v e l o -  
c i t i e s  su f f i c ien t  fo r  e f fec t ive  o p e r a t i o n  of the t h e r m o s t a t ,  the second t e r m  on the r igh t  s ide of (4) is  n e g l i -  
g ibly  s m a l l .  Then us ing  (7)-(9) we can r e w r i t e  E q .  (5) a s  

d2T 
N ~  = D - -  MHA,E~ (cp), (10) 

dcp* 

w h e r e  

H :---(l:+i4ecrr~ R,,,)-~; Hx = (1 .+- 4~ro 3 R.,)-~; 

M =  2hSL ; _ ~ ) ;  N l = ( e H q - e x H x )  N; 

D = Msn~r~ - N [~,n, ~ (~  - -  V0) e ,  - -  2 (8 U + ~n , )  V.  ]. 
0 

Since ~<< V / r  0, we can a s s u m e  tha t  the f low is  s y m m e t r i c  about  the go=O a x i s .  
q, m u s t  s a t i s f y  the bounda ry  condi t ions  

dttr 0 ~f0r ~ = 0 and ~ = ~. 
d~ 

A solut ion  of E q .  (10) s a t i s fy ing  the f i r s t  b o u n d a r y  condit ion is  

�9 " = Cch (l/'-~-x cp) + 1 _ f [ D - -  MHA,E[ (b)] sh [V-N~- (cp - -  @')l rib. 
VN, g 

Then  the po ten t ia l  

(11)  

F o r  go< 7r/2 

while fo r  v / 2  < go < 3~/2 

MHA,E  ch(V-~-x t p ) -  l 
~I,  ~ ~I 'o = 

( I + N ~ ) V ~  2s h (VNx  ~/2) 

u ] _ ~ o =  MHAsE I c h [ l / N  x ( n - - ~ ) ] - - I  cos~l .  
1 + N, t 2V-~-?sh(v--~[./2) ! 

By v i r tue  of (9) the m a x i m u m  t e m p e r a t u r e  d rop  of the sub l ima t ion  s u r f a c e  is  

o 9 
I 3~tRT~o r5 A,E T (:~) - -  To = t[p (~)I - 

1 + N 1 2h~L*po(1) (Po) 1 + 4e~T3o R,v" 
2~ 

F r o m  the condi t ion fo r  s t e a d y - s t a t e  t h e r m a l  condi t ions  of the r ing ,  of qdgo=0, and u s i n g  (9) and (12), we 

find a t r a n s c e n d e n t a l  equa t ion  fo r  the unknown t e m p e r a t u r e  T o =T(0):  

( 1 2 )  

(13) 
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a H + q H x  2 u e ( l + N  a) s h ( ] / ~ 2 )  u ~  (14) 

Neglecting the second term in (4), as  in the derivation of (10), we write an equation for the s teady-state  
profile of the layer  of solid condensate: 

dS' q + q~ . 

dip Lp'  

we thus have 

w h e r e  

~L_~{~ A.E qHth(a) , h(~)]}" *' = 8; + #o.: - -  A.~J, (~)- -  ~ (l + NO ~,tt, + eH (15) 

0 f o r , ? < - ~ ;  

f , ( (p)=  " ...... ' . 
1 - -s in~ f o r / ~ -  < ~  < ~; 

/ 

sh(~ / to ,  ~ ) - V ~  -f.or(p< '~; 
.'sh ( V ~ ( ~ / 2 )  2 

2 [, + #.(  l - s , .  ,~), sh ( V ~  ~- )  - sh t V ~  (., - . ) ,  - V ~  ,~ 

h ((p) = 

for . ~  < (p  <~. 

By virtue of (13) we have . . . .  

N 497'~o 
l + Nt = ~ (1 + 4987~o Rw) AT, where  AT = T ----- T (~) --  V (0). 

Below we will see that the temperature  T0=273~ is reached at As~0 .13  (E =1392 W/m 2, g =0.18).  Ac- 
cordingly, for water near  the tr iple point we have 

N -- 0,0258AT(1 + 4eaT0 a R~,), 
I + N 1  

where NI_<_2N , since H~i and Ht_<_l. 

If the thermal  res is tance  of the outer shell, R w, is small  in comparison with the effective res is tance  
(4eaTS) -t corresponding to radiation into space, we have N/(1 +Ni)~0.0258AT; I . e . ,  for 5T<I~K we have 
N~0.0258 (Ni ~0.0516 ), and for AT>0.1~ we have N ~0.00258 (Ni ~0.00516 ~. 

Neglecting quantities on the order of N 2, we find instead of (14) and (15) the following: 

= ---~- e H 1 --  - ~ -  , (16) 
F ~z~a [ 

where 

B = e ~ H ( I _  ~ as ) +  exHt a2 
' 24 - - - ~ ( 1 + - ~ ) ;  

1 (p3 
_ _ _ ~ o r O < ( P < 2 ;  

~- .-i2- + ~(1 --sin(p) (a ~p)a 
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Since we have N<<I if the tempera ture  equalization is sufficiently effective, we can substitute into these 
lat ter  express ions  the value of N calculated for To=~AsE/~re(r. 

The ext remal  th icknesses  of the layer  of solid condensate are  found from the condition dS'/dq~=0. 

If we neglect  quantit ies on the order  of N, we find that in this case the maximum and minimum of 
6' correspond to the angles 

q~ = arccos (-- I/x); q~ = 2n - -  arccos (-- 1/.~); 

. . . .  HA,E 
6~nax = 60 + u.o4a- coLp' ; 6m~n = 6;--0.545 HA.E 

oLp ' " 

Accordingly,  if the thickness 5' is to be smal ler  than 6,1 and la rger  than 5~ everywhere ,  the t he rmo-  
stat must  rota te  at an angular velocity 

r ~ % ~ 1.09 HAsE 
Lp" (6; - -  6~) (18) 

As an i l lustration we consider  an annular  thermos ta t  (Fig. 1) rotat ing about an axis perpendicular  
to the flux of solar  radiation (E =1392 W/m2), with AS= 0.13, e=0 .18 ,  Rw=0 ,  and T0-~(1--0.286N)'273~ 
If the working medium (heat ca r r i e r )  is water [L =3.06 �9 10 ~ J /kg ,  R =461.36 m2/(sec 2 �9 deg K), and ~ =0.81 �9 
10 -5 N - sec/m2],  then with r0=2 m the gap height 2h must  be at least  0.004 m in order  to achieve prec ise  
thermal  equalization, AT =T(v)- -T(0)_<I~ (curve 2 in Fig.  2b); to achieve AT _0 .1~  we would need 2h_> 
0.009 m.  As the heat flux density E and the radius  r e are  increased at smal l  values of h, the maximum 
tempera tu re  drop at the sublimation surface increases  rapidly.  

F o r  this thermosta t ,  whose axis is in a horizontal  plane, the ea r th ' s  gravi tat ion wilI produce a t o r -  
que due to the nonuniformity of the distribution of the layer  of solid condensate with r e s p e c t  to the angle go. 
If  this torque is l a rger  than the moment  of the static fr ict ion in the bear ings ,  the the rmos ta t  will begin to 
ro ta te .  The torque is 

i 2 ~r  Mto = p gro t t sin (qo - -  %) dq~- 

If the fr ict ion moment is Mfr =const  (dry fr ict ion in the bearings) ,  by substituting (17) into this la t ter  equa- 
tion and neglecting quantities on the order  of N, we find from the condition Mto = Mfr the angular  velocity 
of the thermos ta t  ( - - r / 2  < cp0 < ~ / 2 )  

agr~ llt A~E cos % 
co = LM tr (19) 

In the case of a l inear function ~ f r  =Kw (viscous fr ict ion in the bearings) we have 

/ ~g~ 1HA,E cos % 
= F LK (20) 

The minimum n e c e s s a r y  angular  veloci t ies  calculated f r o m  Eq.  (18) for Rw=0  (H =1) are  shown by 
curves  1-3 in Fig.  2 a .  Accordingly,  with E =1392 W/m 2 and 5~ -- 5~ =0.05,  0.10, and 1.00 ram, a single 
revolution of the thermosta t  should be completed in time intervals  no longer than 1.35, 2.70,  and 27 h, 
r espec t ive ly .  

A model thermos ta t  ha s  been developed for an experimental  tes t .  It is of light construction,  con- 
sist ing of an outer  r ing  (0.2 m in d iameter ,  5 =0.003 m, and 1=0.07 m) and an inner (Plexiglas) ring, which 
together form an annular insulated gap of width 0.001 m. This gap communicates  with three aper tu res  at  
the axis by means  of six hollow "needles" (thin-walled tubes 0.002 m in d iameter ,  made of s ta inless  steel) .  
The last  of these needles is mounted on ruby jewel bear ings ,  and the ent ire  assembled  drum is mounted on 
type VLTK-500 scales  in a p re s su re  chamber  held at  a constant tempera ture  between a cooled nitrogen 
shield and a flat e lec t r ic  heater ,  mounted in the p re s su re  chamber  at an angle of ~o~=83 ~ (45~ All the 
sur faces  of the r ing held at the constant tempera ture ;  the nitrogen shield, and the e lec t r ic  heater  which 
face each other are  coated with a thin layer  of lamp black.  The r ing can be easi ly cranked with ~/n un-  
balanced 0.001 kg at a lever a rm of r 0 = 0 . 1  m.  After a careful  static balancing of the r ing  in its annular 
gap, degassed doubly-dist i l led water is supplied to the slotted gap through the hollow needles;  the gases  
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which have not condensed a re  evacuated f rom the p r e s su re  chamber ,  and a d i rec ted  heat  flux of the spec i -  
fied density is produced f rom a s ingle-sided radia t ive  heat source .  After  the final distr ibution of the solid 
condensate in the gap is produced,  with the des i red  operat ing conditions of this gap as  a t he rmos ta t  e s -  
tablished,  we measure  the constant rotat ion velocity of the r ing .  Figure  3 showsdata  obtained in these 
expe r imen t s  along with those calculated f rom Eq.  (19). Since the d iscrepancy  does not exceed 200/o, we can 
assume that the raw data used for  the analytic theory  are  valid.  It should be noted that when the r ing be -  
gins to operate ,  and while uncondensed gases a re  still  p resen t  in the gap, the condensation in a solid state 
occurs  in the form of isolated c rys ta l s  and complexes  of such c rys t a l s .  La te r ,  as  the res idual  gases  are  
displaced f rom the gap by the pure water  vapor (the sublimate),  a m o re  Continuous l aye r  of the solid con-  
densate (ice) fo rms  on the inner side of the Dural  r ing.  The loss of sublimate mass  f rom the gap is con- 
t inuously measured  and is taken into account in the hea t -  and mass -ba lance  equat ions.  

In conclusion, we evaluate the ra t io  of the second t e rm on the r ight  side of (4) to the f i r s t  t e rm,  which 
is a measu re  of the heat supplied to the phase- t rans i t ion  sur face .  Using (5), (8), (9), (12), and (18), we 
find (~ ~~o): 

o~c'p'60 dT / d~ c' 8o R r2o W'~ H A,E 
. ~ ,  = (2z) 

q -}- qz L"po• (Po) (6', - -  6;) h"" 

F o r  water  with 5~ :'-6{ =8 ~, T O =273~ r0= 2m, and 2h= 0.004; O.01, and 0.02 rowe find for  7 = 1O'~: 6.4 �9 10-5: 
and 8 �9 10 -~, r e spec t ive ly .  

Accordingly,  for  prac t ica l  calculations of hea t - t r ans fe r  r ings with a heat c a r r i e r  with a high heat  of 
sublimation, the assumption we have used here  is completely just i f ied.  

N OTA TI ON 

Jm, sublimation rate; q, qt, q0, heat flux densities across the outer shell, the inner shell, and the 
inner surface of the ring, respectively; E, intensity of the parallel beam of shortwave radiation; As, e, 
e L , absorption coefficient for the shortwave radiation and emissivities of the outer and inner surfaces of 
the ring; cr, Stefan--Boltzmann constant; Tw, Twt, temperatures of the outer and inner ring surfaces; r 
angular coordinate;  L, latent heat of sublimation; c ' ,  ~ ' ,  5 ' ,  ~' ,  specif ic  heat,  density,  thickness,  and 
thermal  conductivity of the solid condensate; T, p, D, ~ ,  )~, t empera tu re ,  p r e s s u r e ,  density,  dynamic 
viscos i ty  coefficient ,  and thermal  conductivity of the sublimate; p , ,  T . ,  p a r a m e t e r s  of the t r iple  point; 
0, coefficient  of diffuse Maxwell ref lect ion;  r0, 2h, l, radius  of the mean surface and height andlength of 
the genera t r ix  of the annular cyl indrical  Channel; ~0, angular velocity of ring; V, typical  sublimate velo-  
city; R, gas constant  of sublimate; 6w, Xw(Swl, )~wl),thickness and thermal  conductivity of the outer (in- 
ner)  shell; a r ,  9 ,  radia t ive  hea t - t r ans fe r  coefficient  and s t r eam potential of the low-densi ty gas in the 
slotted channel; T0=T(0); t(p)=T(p) ~- T 0. 
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