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STUDY OF POROUS-SUBLIMATIONAL COOLING 

V. V. Druzhinets, N. M. Levchenko, 
and S. M. Ostroumov 

UDC 536.422 

A nonmonotonic change in the temperature of the cooled surface and a nonmono- 
tonic increase in the heat-transfer coefficient with an increase in the thermal 
load are observed in porous-sublimational cooling, and an explanation is of- 
fered for these events. The theory is compared with experimental data. 

Porous-sublimational cooling [1-3] has several advantages over other methods of cooling 
that use solid cryogens [4]. Porous-sublimational cooling makes it possible to avoid using 
mechanical devices to press the solid cryogen to the surface being cooled by contact cooling 
[4]. This appreciably simplifies the design of the cooling unit and improves the reliabil- 
ity of cryosublimation systems. Experiments in [2] showed that heat transfer between the 
cryogen and the object being cooled is considerably more intense in porous-sublimational 
cooling than in other types of cooling which employ solid cryogens. However, the authors of 
[2] used a porous body composed of copper grids. Here, the thermal conductivity of the 
porous skeleton of the body was relatively low, and its thermal contact with the surface 
being cooled was unsatisfactory. In addition, the fact that the temperature and pressure 
fields in the body were not unidimensional made it impossible to compare the theory [1-3] 
with the experiment [2]. 

i. Description of Experiment. In the present investigation, we study the accumulation 
and sublimation of a solid cryogen in a porous specimen i (Fig. i) having a porosity e s = 
0.62. The specimen was obtained by sintering powdered copper of grade PMS-N (GOST 460-75). 
The cylindrical porous specimen i was sintered with a disk 2 of monolithic copper containing 
a sensor 3 (germanium thermal converter) to measure the temperature of the surface 4 being 
cooled. Mounted on the disk 2 is an electric heater 5 made of a constantin wire connected 
to a stabilized current source. The foam plastic housing 6 provides thermal insulation from 
the surrounding cryogen 7, the temperature of which T L is measured with sensor 8. The 
lateral surface of the specimen i is impermeable to gases (being coated with a layer of vac- 
uum lubricant), so the vapor from the cryogen can leave only through the evacuation surface 
9. The entire cold accumulator (Fig. i) is placed in a transparent cryostat connected to 
an AVZ-20D vacuum pump. Measurements of the temperatures and power of the heater were made 
automatically with an SM-4 computer [2, 5]. 

Experiments were conducted in the following manner. Liquid cryogen (nitrogen or hydro- 
gen) was poured into the cavity of the cryostat so that the cold accumulator (Fig. I) would 
be "frozen" into the solid state after solidification of the liquid. We then pumped out the 
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Fig. I. Sketch of porous-sublimational 
cold accumulator: 1) porous copper; 2) 
solid copper disk; 3, 8) heat sensors; 
4) cooled surface; 5) electric heater; 
6) foam plastic housing; 7) solid cryo- 
gen; 9) vapor evacuation surface; i0) 
sublimation front. 

vapor, the rate of evacuation having been chosen so as to avoid any visible drop entrainment 
during boiling of the liquid or "swelling" of the cryogen after formation of the layer of 
solid phase. The highest pumping rate was reached at the end of the freezing process. Here, 
the temperature of the cryogen dropped to a minimum. We then connected the heater and mea- 
sured temperature and heat input during the sublimation process. The end of sublimation t = 
T was determined from the drop in the temperature of the cryogen and the sharp increase in 
the temperature of the cooled surface (Fig. 2a for q0 = 4382 W/m = and Fig. 2b for q0 = 2438 
W/m2). We then turned off the heater and the vacuum pump, sent a new batch of liquid cro- 
gen into the cryostat, and began the next experiment. The results of the experiments are 
shown in Fig. 2. 

2. Calculation of the Temperature of the Cooled Surface. Since the lateral surface of 
porous cylindrical body 1 (Fig. i) is gas-impermeable and thermally insulated and since the 
pressure PL and heat flux q0 are independent of the coordinates, the flow of vapor should 
be directed along the x axis and flow velocity, temperature, and pressure should depend only 
on x and t. In this case, porous-sublimational cooling involves the formation of a plane 
sublimation front x = ~(t) which moves toward the surface being cooled [i]. The temperature 
of this front T0(t) is determined by solving the following system of equations [i] for ~(t), 
T~(t), and T(x, t): 

I 
t 

I(i) = L J qo(z) dz, (1) 

2 
- -  ~ o ( t ) ~ ( T z ) l L - - [ ( t i l ,  (2) 

DT _ q~ , T[~=~ :~ T~(z) (3) 
~x ~s(T) 

To(t )=T(O,  t), W ( T ) =  T~2(T), m - - y ~ / R ,  s  rL:~T~. 

This system of equations describes a process in which heat is removed from the surface 
being cooled x = 0 through the porous skeleton to the sublimation front x = ~. The vapor 
formed at the front moves through the skeleton toward the evacuation surface x = L. Equa- 
tion (i) reflects the mass balance of the solid cryogen in the region x < ~. Equation (2) 
follows from Darcy's law and describes the filtration of vapor in the region x > ~ where 
there is no solid cryogen. The temperature of the vapor in this region T 2 = T~, while its 
density 02 = ~P/(RT~) [i]. The temperature distribution in the region x < ~ is given by 
the Fourier law (3). This law accounts for the fact that heat is transmitted mainly 
through the porous skeleton [i]. 

In order to solve system (1-3), it is necessary to determine the parameters Ed, ~, and 
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Fig. 2. Temperature T o of cooled surface in relation to time 
t during the sublimation of nitrogen (a) and hydroRen (b) in 
porous copper: a) i) q0 = 2447 W/m=; 2, 3) 4382; 4) 6843; 5) 
8300; b: I) q0 = 1074 W/m=; 2) 2438; 3) 4375; lines show cal- 
culated results. To, K; t, 102 sec. 

k s . The quantity gd was calculated from the formula e d = q0~/(plesTL),which follows from 
(i) with q0 = const and s = 0. The values of q0 and �9 were determined experimentally 
(see Part i). For the method of obtaining solid nitrogen and hydrogen described in Part i, 
we obtained e d = 0.7-0.8. To determine the effective thermal conductivity of the porous 
body Is = ~Is, we performed numerical calculations of T0(t) for the heating of the porous 
body with the cryogen. The calculations were performed by the method described in [6], 
where the disk 2 (Fig. I) and the porous body i were modeled by arcs of a rigid-body curve 
having a common vertex (surface 4) with the temperature T0(t). The calculated results were 
compared with measurements of the temperature of the surface 4 during heating of the body i 
and disk 2 in the evacuated cryostat when there was no cryogen inside or outside the body. 
The theoretical and experimental values of T0(t) coincide within the measurement error for 

= 0.i. We subsequently used assigned values of gd and v to solve system (i-3) by a nu- 
merical method [I], i.e., we performed calculations of T0(t) in which permeability k s played 
the role of a correction factor. The best agreement between the experimental and theoreti- 
cal values of T0(t) was obtained at k s = 2.6"10 -12 m 2. The results of the calculations are 
shown in Fig. 2. 

The largest disagreement between the theoretical and experimental data for nitrogen is 
seen at the beginning of the process, when the initial temperature of the specimen has a 
significant effect (see Fig. 2a with q0 = 4382 W/m2). This effect is not accounted for by 
the model, since the process was assumed to be quasisteady. The deviation of the theoreti- 
cal results from the experimental results on the section corresponding to stabilized heat 
transfer decreases to 1%. The fairly large difference between the theory and experiment 
for hydrogen at q0 = 4375 W/m 2 (Fig. 2b) is probably due to the fact that such a large 
thermal load destabilizes the planar sublimation front [i, 3], making the method of calcu- 
lation inapplicable. The theoretical temperature T0(t) does in fact decrease markedly 
(Fig. 2b) at q0 = 4375 W/m 2 , which is an indication that the front is unstable [3]. 

3. Approximate Analytic Solution of the Equations. In order to explain several fea- 
tures of porous-sublimational cooling (see Parts 4 and 5) and perform a sufficiently general 
analysis of this process, it is desirable to obtain an analytic solution to system (I-3). 
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Considering [4] that 
/ co 

P, (T) ---- 6 exp ( - - ~ - } ,  ~ : const, (4) 

f o r  most  c r yoge ns  and d e t e r m i n i n g  42(T) from t h e  S u t h e r l a n d  f o r m u l a  [3 ] ,  we f i n d  t h a t  a 
change in T k is accompanied by a smaller change in the function ~(T k) on the right side of 
(2) than in the left side of (2). This makes it possible to assume that T(Ts ~ ~'(T L) = 
TL, and to obtain an approximate solution of Eq. (2) [3] 

T~ 2~o 2qo~FL (L - -  l) - -  , • = ~ + ( 5 )  
In (SB/• ~les 

The t e m p e r a t u r e  g r a d i e n t  a long  a porous  body d u r i n g  p o r o u s - s u b l i m a t i o n a l  c o o l i n g  i s  u s u a l l y  
relatively small [3], i.e., Is = is (T) : const. We then find from (3) that 

T0 = T~ § - -  ( 6 )  
~s 

If q0 = const, then it follows from (i) that 

[ (0 = L qot ( 7 ) 
Pi~d7 

Equations (5-7) give an approximate analytic solution to system (I-3). Comparison of the 
analytic and numerical [3] solutions of this system shows that the error of approximation 
(5-7) is no greater than several percent. 

4. Nonmonotonicity of the Temperatur e Curves. In can be seen from Fig. 2 that given 

sufficiently large %, the curves To = T0(t) are nonmonotonic. To find an explanation for 
this phenomenon, we will examine a process in which q0 and PL are constant. In this case, 
we can examine the function T0(s instead of T0(t), since T0(t) = T0[k(t)]. Meanwhile, the 
function k(t) is monotonic (see (I), (5-6)). 

Let us find the minimum value q0 - q0 at which T0(k) can have an extremum. At the point of 
the extremum k 0 = ~.:r we have T~(s = 0 and we find from (5-6) that 

l,)lnB [ 8 z l 4~.sTL 
~ ( q , ,  t , )  I k~  ' ( 8 )  z(q,, 

k 
which gives the function q, = q,(k,). Differentiating (8) with respect to k.:c leads to 

I t  i s  obv ious  t h a t  Tg ~ T t r ,  and i t  f o l l o w s  from (5)  t h a t  kn (62 /K) /2  ~ w / T t r  >> 1 ( t h e  l a s t  
i n e q u a l i t y  i s  s a t i s f i e d  f o r  most  c r y o g e n s ) .  Thus,  t h e  f i r s t  f a c t o r  in  (9) i s  p o s i t i v e ,  
w h i l e  q ~ ( k , )  = q , ( k , ) / ( L  - g , )  ~ O. This  means t h a t  a d e c r e a s e  in  q ,  i s  accompanied  by a 
s h i f t  in  t h e  extremum o f  t h e  f u n c t i o n  T0(k) in  t h e  d i r e c t i o n  o f  s m a l l e r  k , ,  w h i l e  t h e  m i n i -  
mum v a l u e  min q ,  = q0 i s  r e a c h e d  a t  ~,  = O. Thus,  we o b t a i n  t h e  f o l l o w i n g  e q u a t i o n  f o r  q0 
from (8) 

i 8 ~ ] 4iS~L (qo) l~l ~ , ! = , 
j ~o)] k~ (io) 

where . (~o) : Pi + 2~oW~L/O@. 

We will show that at qo < qo the value of To(E) increases with a decrease in .~. It 
follows from (5-6) that the sign of T~(k) is determined by the sign of the function r = 

in 2 (62/~) -- 4lsZgL/k s. When qo < qo and s = 0 we have (see (5)) K(qo, 0) < K(qo, 0). 

Thus, K(qo , E) < K(qo , 0), since K decreases with an increase in k. On the other hand r > 0 
and 9'(K) decreases with a decrease in K. Thus, 9[K(q0, k)] < 9[K(q0, 0]. However, in ac- 
cordanci with (I0), @[K(qo, 0)] = O, i.e., at qo < q0 the functions ~(<) and T~(k) are nega- 
tive, while the value of T0(t) increases over time as a result of an increase in t. 

The results obtained above agree well with the experimental data. In fact, the tem- 
perature T o increases over time (Fig. 2) for sufficiently small q0- At a certain critical 
value q0 = q0 we have T~(T) = r~(k)[t= 0 = 0 (Fig. 2a for q0 = 4382 W/m2), while at q0 > q0 
the function T0(T) has a maximum. This maximum shifts in the direction of smaller t with 
an increase in q0. In the case of experiments with nitrogen for which ~ = 828 K, is ~ i00 
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W/(m'K), T L ~ 50 K, k s = 2.6-10 -12 m 2 , L = 49 mm, solution of Eq. (I0) gives q0 z 4.4 kW/m 2 . 
The latter value is very close to the experimental value q0 = 4.38 kW/m 2 (Fig. 2a). 

The following physical explanation of the nonmonotonicity of the temperature curves is 
consistent with the model proposed above. The second term in (6) decreases during cooling, 
since there is then also a decrease in the distance s between the sublimation front and the 
surface being cooled. Conversely, the first term (the temperature of the front) increases, 
since there is also an increase in pressure at the front due to an increase in the thickness 
of the porous layer Ah = L - s through which the vapor is removed. Thus, the temperature 
T o can either increase or decrease, and it will behave nonmonotonicaliy when the parameters 
are related in a certain way (q0 > qo). 

5. Heat-Transfer Coefficient. 
coefficient 

Figure 3 shows the time dependence of the heat-transfer 

~0 
(Zo-- T o - - T L  (i i) 

We 

in the sublimation of nitrogen and hydrogen in porous copper. 

It can be seen from Fig. 3 that q0 also increases when there is an increase in a0. 
will show that this phenomenon is a characteristic feature of porous-sublimational cooling. 
It follows from (5-7) and (ii) that the sign of 8a0/tq0 coincides with the sign of the ex- 
pression 

A'4-Tz[  1 -  o~ (PC L B ]  B) (12)  

A -- q2~ , 
%splesSd'r 

where 
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Fig. 3. Heat-transfer coefficient ~0 in relation to time t 
in the sublimation of nitrogen (a) and hydrogen (b) in por- 
ous copper: a: i) q0 = 2447 W/m2; 2) 4382; 3) 6843; 4) 
8300; b: I) q0 = 1074 W/m2; 2) 2438; 3) 4375; the lines 
show the calculated results. ~0, kW/(m2"K) 



B- 2A~s~F L 

I f  t > 0,  t h e n  A > 0 and B > 0 and t h e  s e c o n d  t e r m  i n  t h e  b r a c k e t s  i n  (12 )  can  be i g n o r e d  - 
s i n c e  Ts  < T t r / m  << 1 ( s e e  P a r t  4 ) .  B e c a u s e  Ts > T L i n  t h i s  c a s e ,  b o t h  Eq. ( 12 )  and t h e  
q u a n t i t y  8~0/8q0 a r e  p o s i t i v e ,  i . e . ,  a0 i n c r e a s e s  w i t h  an i n c r e a s e  i n  q0.  

I f  t h e  d e p e n d e n c e  o f  PL on t i m e  i s  n o n e x i s t e n t  ( a l o n g  w i t h  T L = T s ( P L ) )  o r  i s  t h e  same 
f o r  d i f f e r e n t  q0,  t h e n  t h e  c u r v e s  ao = s o ( t )  c o r r e s p o n d i n g  t o  t h e s e  v a l u e s  o f  qo do n o t  i n -  
t e r s e c t .  If the curves do intersect, this means that for fixed t different values of q0 
correspond to identical ~0. The last result violates the condition 8a0/Sq0 > 0. However, 
some of the curves in Fig. 3 do intersect. This has to do with the existence of the rela- 
tion PL(t), which is different for different q0. It should be noted that for the curves in 
Fig. 2 this effect is seen only at the beginning of suSlimation, when the terms of (5) are 
of the same order. Over time, the second term in (5) rapidly increases and becomes appreci- 
ably greater than PL, while the relation PL(t) can in general be ignored. 

It follows from (ii) that with fixed q0 and T L with sign of a0(t) is opposite that of 
T~(t). If q0 < q0, then T~(t) > 0 (see Part 4), i.e., a'(t) < 0. Thus, the maximum value 
of a0 is reached at t = 0 (s = L) and the minimum value at t = T (~ = 0). Taking this into 
consideration, we use (4-6) and (ii) to find that at q0 < q0 

m a x , 0 - -  ~s , m i n a u = q o  2~ ln  -1 --T.~(PL) 
L P[  q- 2qoTLL/(o~ks) ' " 

CONCLUSIONS 

I. A study was made of porous-sublimation cooling. During the process that was stud- 
ied, heat was removed from the surface being cooled through a porous skeleton and trans- 
ferred to a solid cryogen located in the pores of the skeleton. 

2. The temperature of the cooled surface was measured and calculated for the sublima- 
tion of nitrogen and hydrogen in porous copper under different thermal loads. Good agree- 
ment was obtained between theory and experiment. 

3. It was found experimentally that the temperature of the cooled surface changes non- 
monotonically when surface heat flux exceeds a certain critical value. At heat fluxes suf- 
ficiently close to critical, this phenomenon is satisfactorily described by a mathematical 
model of the process. An equation was obtained to determine the critical heat flux. 

4. An increase in the thermal load is accompanied by an increase in the heat-transfer 
coefficient for the cooled surface. An analysis of the equations that describe the process 
showed that this phenomenon is a characteristic feature of porous-sublimational cooling. 

5. It was shown theoretically for the case of a constant heat flux and constant tem- 
perature on the evacuation surface that the temperature of the cooled surface increases 
over time and the heat-transfer coefficient decreases at heat fluxes below the critical 
value. Expressions determining the minimum and maximum heat-transfer coefficients were ob- 
tained for this case. 

NOTATION 

p, density; n, absolute viscosity; g, porosity; k, permeability; h, thermal conductiv- 
ity; Ed, fraction of pore space occupied by the solid cryogen; L, height of the porous body; 
~, coordinate of the sublimation front; R, universal gas constant; T, time of complete sub- 
limation of the cryogen; ~, molecular weight; T, temperature; P, pressure; x, coordinate; 
t, time. Indices: i, solid cryogen; 2, vapor; 3, material of the porous skeleton; o, 
surface being cooled; L, vapor evacuation surface; s sublimation front; s, porous skeleton! 
or saturated state; tr, triple point. 

i. 
2. 

. 
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COMPARISON OF CONVECTIVE HEAT TRANSFER MODELS 

IN POROUS MEDIA 

Yu. A. Zarubin UDC 536.244 

A comparison of experimental data with theory has shown the applicability of 
both the one-temperature and the two-temperature models of convective heat 
transfer in porous media. 

The temperature field in a porous medium, formed as a result of convective transfer, 
often governs the intensity of the physical and chemical processes occurring in the equip- 
ment of heterogeneous catalysis, in heat exchangers, in oil and watering bearing deposits 
and so on. The main physical phenomena caused by the temperature distribution in a porous 
medium are convective heat transfer, the heat conduction of the porous medium skeleton and 
heat transfer agent, the heat transfer between them, the dispersion of the flow of heat 
transfer agent in the porous medium, heat transfer with the surrounding medium, and the ac- 
tion of heat sources and sinks. It is extremely complicated to analyze a universal mathe- 
matical model because the factors are diverse and the coefficients entering into the model 
are uncertain. It is therefore important to identify the important factors and to study 
the possible use of simplified models accounting for a limited number of factors and pro- 
viding reliable heat calculations, at least at an engineering level. 

The model of convective heat transfer in porous media, accounting for heat conduction 
of the phases and interphase heat transfer and with no heat sources, can be formulated in 
the form based on the method of the ensemble average, e.g., in [I, 2]: 

grad q~.~ q- div (miv~p~ci) q_ ~0 '~ (mip~ci.)= ~ q i j ,  i =  1, n. (1) 

In addition, we evidently have the relations Em i = i, qij = -qji, and for the skeleton of 
the porous medium we have (i = i) v I = 0. 

It is important that the heat flux due to conduction of the phases for the porous 
medium skeleton must be determined with allowance for the thermal resistances at the points 
of contact of the grains, and for the liquid and gaseous phases one must allow for the com- 
ponent due to dispersion of the flow because of multiphase motion, inhomogeneity of the por- 
ous channels, and the presence of a velocity distribution inside an individual pore channel. 
To allow for these phenomena analytically is extremely complex, and this leads to the use 
of simplified models in which the transfer coefficients (heat conduction and interphase 
heat transfer) are in the nature of effective values and are determined from results of 
natural modeling. The widest use has been made of the one-temperature model, which postu- 
lates that the temperatures of the porous medium skeleton and the heat transfer agent are 
the same. Accordingly, the intensity of deformations of the temperature field are deter- 
mined by the value of a single effective thermal conductivity. Models which account for 
interphase heat transfer are customarily studied [3, 4] with the assumption that one can 
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