
PECULIARITIES OF HEAT TRANSFER IN POROUS 

SOLID NITROGEN 

R. S. Mikhal'chenko, V. F. Getmanets, 
and V. T. Arkhipov 

UDC 536.242:536.483:546.17 

An exper imen ta l  study was made  concerning the pecu l ia r i t i es  of heat  t r a n s f e r  in porous  solid 
ni t rogen.  It  has been es tab l i shed  that the r a t e  of heat  t r a n s f e r  in this med ium is  bas ica l ly  
governed by the r a t e  of m a s s  t r a n s f e r .  

In l a b o r a t o r y  p r ac t i c e  gases  a r e  solidif ied mos t  often by evacuat ing vapor s  of c ryogenic  liquids to 
below the t r ip le -po in t  p r e s s u r e  [1, 2]. The p r o c e s s  conditions under  which liquefied gases  solidify during 
the evacuat ion will de t e rmine  the in t r ins ic  poros i ty  of the solid [3]. A poros i ty  above 20% and a cap i l l a ry  
s t r u c t u r e  [4] should indicate  a pronounced influence of m a s s  t r a n s f e r  p r o c e s s e s  on the heat  t r a n s f e r  in a 
solidif ied gas .  Many studies concerning the subl imat ion of ice  and naphthaline under  vacuum have dealt  
with the ex te rna l  heat  t r a n s f e r  p rob lem [5-7]. In this study the authors  a t tempted  to explain the pecu l i a r i -  
t ies  of heat  and m a s s  t r a n s f e r  in porous  solidif ied gases  under  t r ans ien t  heat ing--cool ing conditions. 

The exper imen t s  were  p e r f o r m e d  on an appara tus  shown in [4]. The t e s t  p rocedu re  was as follows. 
A Dewar  f lask made  of g lass  was filled 225-230 m m  high with liquid ni t rogen at the t r ip le -po in t  t e m p e r a -  
tu re  (about 63~ Then, without a change in the geomet r i ca l  layout of the suct ion sys t em,  the vapor  was 
pumped out to produce  sol id ni t rogen and to cool i t  below the t r ip le  point.  

After  some  t ime,  depending on the initial  suction ra te ,  a dynamic equi l ibr ium between both the sub-  
l imat ion and the vapor  suct ion p r o c e s s e s  was reached  inside the f lask at t e m p e r a t u r e s  within the 62-47~ 
range .  The s t e a d y - s t a t e  t e m p e r a t u r e  of solid ni t rogen was mainta ined for  10-240 rain. The t h e r m a l  in- 
flux to the solid ni t rogen was de te rmined  f rom the r a t e  of vapor  suction under  s tab le  t h e r m a l  conditions: 
1.0-1.5 W. In some  of the t e s t s  a power  of 0.5-2.0 W was supplied to a hor izonta l  hea t e r  in the lower  pa r t  
of the f lask .  Then, in o rde r  to study the r a t e  and the m e c h a n i s m  of the t e m p e r a t u r e  r i s e  in solid ni trogen,  
in re la t ion  to the mode  of heat  supply, we discontinued the suct ion and p e r f o r m e d  one of the following ope r -  
ations at a t ime  in the f lask with solid ni t rogen:  a) gaseous  ni t rogen or hydrogen was injected at a t e m p e r -  
a tu re  of 300~ (until the p r e s s u r e  had r i s en  to 94-760 m m  Hg), b) liquid ni t rogen was injected at a t e m p e r -  
a ture  of 77~ until the solid ni t rogen had been covered  with a liquid l ayer  15-20 m m  thick, c) the hea te r  in 
the lower  pa r t  was turned  on, and d) the spec imen  in the f lask  was heated by t h e r m a l  influxes f rom outside.  

During the t e s t s  we continuously r eco rded  t e m p e r a t u r e  changes in the solid ni t rogen at the points 
where  the rmocoup les  T i - -  T 5 had been ins ta l led (accura te ly  within ~0.05~ in the case  of different ia l  t h e r -  
mocouples) ,  p r e s s u r e  changes above the solid ni t rogen (within an accu racy  of ~0.05 m m  Hg), and volumes 
of vapor  pumped out of the f lask.  Thermocouples  Ti and T 5 had been placed r e spec t ive ly  7 and 216 m m  
above the hea t e r  in the lower  pa r t .  

In Fig. 1 is  shown the t e m p e r a t u r e  t r end  of solid ni t rogen during f reez ing  (range A), during cooling 
(range B), during equi l ibr ium with the hea t e r  off (ranges C, E), during hea t e r  energiza t ion  to a 1 W power  
level  (range D), and dur ing heating (range F). The following bas ic  p r o c e s s  pecu l ia r i t i es  a r e  evident on 
the d i ag ram.  
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Tempera tu r e - t im e  charac te r i s t i c  (T, ~ and r ,  min) of 
solid nitrogen: t empera tu re  T t at the bottom of solid ni t rogen 
(1), t empera tu re  T 5 at the top of solid ni trogen (2), t empera tu re  
corresponding to sa tura ted-vapor  p r e s s u r e  in the flask (solid 
line). Freezing range A, supercooling range B, s teady-s ta te  
range C, hea te r  turned-on range D (Q = 2.4 W), heated turned-  
off range E, injection of gaseous ni t rogen F (at T = 300~ 

After solidification has been completedl the cooling of solid ni trogen Cat a vapor  suction ra te  within 
the 0.2-1.0 kg /h"  dm 3 range) is almost  l inear  and r a the r  fast ,  but then slows down quasiexponentially.  

D u r ing  this per iod the t empe ra tu r e  drop ac ross  the height of the solid phase is a lmost  negligible of the 
o rde r  of 0.5~ it  is much l a rge r  during the preceding stage.  

Under s teady-s ta te  the rmal  conditions (range C) the t empera tu re  at the tes t  points is ,  within mea -  
surement  accuracy,  constant and almost  the same  as the t em p e ra tu r e  calculated f rom the sa tu ra ted-vapor  
p r e s s u r e .  

Energizing the hea te r  in the lower  par t  (range D) produces  some p r e s s u r e  r i s e  in the flask and some 
t em pe r a tu r e  r i s e  in the solid ni trogen.  Gradually the t empera tu re  throughout the volume of solidified gas 
approaches the  t empera tu re  corresponding to the p r e s s u r e  in the flask.  

It is noticeable that the var ia t ion of the suction ra te  with t ime  follows a t rend  s imi la r  to the t e m p e r -  
a ture  curve.  

The heating p roces se s  with different  modes of heat supply a re  cha rac te r i zed  by specif ic  pecul ia r i t i es .  
In Fig. 2 is shown the var ia t ion of t empera tu re  with t ime at the upper sect ion (TI) and at the lower sect ion 
(T 5) of solid ni t rogen under  the various modes of heat supply in this exper iment .  

The fas tes t  t e m p e r a t u r e  r i s e  is achieved by Injecting gaseous ni trogen into the flask at a t empera tu re  
close to the t e m p e r a t u r e  of the solid phase (curve 1). Cold gas and simultaneously precipi tat ing ni trogen 
snow were  obtained by throt t l ing the liquid ni trogen f rom 1 atm abs down to the flask p r e s s u r e .  According 
to the diagram, t h e  t empe ra tu r e  and the p r e s s u r e  in the upper  l aye r  of solid ni t rogen quickly reached  the 
t r ip le-point  level  during throt t l ing.  The t emp e ra tu r e  in the lower  par t  of solid ni t rogen followed the t e m -  
pe ra tu re  in the upper  par t ,  but was lagging behind it. At the instant when a liquid layer  appeared above 
the solid nitrogen,  a t empe ra tu r e  drop of 0.5-0.2~ had been established ac ross  the thickness of that l aye r .  
According to Fig. 2, the fur ther  heating of solid ni trogen proceeded at a much s lower  ra te .  

Heating with the hea te r  in the lower par t  (curve 2) or  by thermal  influxes f rom outside (curve 4) p ro-  
ceeded l inear ly  with t ime and with a small  t empera tu re  gradient  along the height of the solid layer ,  the 
d i rec t ion of this gradient  being dependent on the location of the heat source .  The heating ra te  of solid ni-  
t rogen  was in this case  de te rmined  ent i re ly  by the quantity of heat  supplied to the flask.  
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Fig. 2. Heating r a t e  of solid ni t rogen at var ious  
modes  of heat  supply (T, ~ and r ,  min): injection of 
liquid n i t rogen at T = 77~ into the f lask (1), ene rg i -  
zation of the hea te r  with a 1 W power  (2), injection of 
gaseous  ni t rogen at T = 300~ (3), heat  influxes f rom 
outside (4), inject ion of gaseous hydrogen at T = 300~ 
(5), var ia t ion  of the bottom t e m p e r a t u r e  T 1 according 
to Eq. (2) with T S = const .  (6), va r ia t ion  of t e m p e r a -  
tu re  Tl according  to Eq. (3) (7), t e m p e r a t u r e  T l o f s o l i d  
n i t rogen at the 225 m m  depth (solid line), t e m p e r a t u r e  
cor responding  to the s a t u r a t e d - v a p o r  p r e s s u r e  in the 
f lask (dashed line). 

When w a r m  gaseous  ni t rogen (curve 3) or  hydrogen (curve 5) were  supplied,  the upper  l aye r  of solid 
n i t rogen heated up quickly to the t r ip le  point and on i ts  su r f ace  appeared  a l aye r  of liquid. The remain ing  
m a s s  of solid n i t rogen,  however ,  heated up slowly. 

The t h e r m a l  conductivity of gaseous  hydrogen is much higher  than that of n i t rogen.  Never the less ,  
heating in a hydrogen a t m o s p h e r e  p roceeded  much s lower .  

In o rde r  to analyze the resu l t s ,  i t  is  n e c e s s a r y  f i r s t  to e s t ima te  the poros i ty  of solid ni t rogen.  As-  
suming zero t h e r m a l  flux f rom outside and assuming  that  the volume of the sol id phase  is equal to the 
volume of the original  liquid, we have  the following re la t ion  for  the poros i ty :  

P=-I PL r r (1) 
PS r s-!- j" C s (T) dT 

T 

The in tegra l  S 
T 3 

Cs(T)dT h e r e  r e p r e s e n t s  the quantity of heat  d iss ipa ted  during the cooling of the solid 

phase .  In der iv ing  this equation we have d i s r ega rded  the e ros ion  of drople ts  and c rys t a l s ,  which, accord -  
ing to the exper iment ,  is  en t i re ly  valid at low suct ion r a t e s  (below 0.2 k g / h .  dma). 

According to Eq. (1), the poros i ty  should be 0.27 at a cooling t e m p e r a t u r e  of 48.2~ (see Fig. 2), 
which agrees closely with the ~r obtained on the basis of this test. 

Depending on the temperature of solid nitrogen, at the end of suction (62-47~ during the heating 

test its porosity varied from 0.2 to 0.3. On the basis of these data, we will try to establish the essential 

factors affecting the heat transfer in the given substance. 

It is well known that the heat transfer in porous media occurs by radiation, by convection, and by 

conduction through the matrix as well as through the filler material. In our case one must also consider 
the heat transfer coupled to the mass flow and the overcondensation of ga s. 

The first two modes of heat transfer may be disregarded on account of the low temperature of the 

medium and the small size of pores. 
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heating ra te ,  when liquid ni t rogen is  throt t led into 
the f lask:  poros i ty  P = 20 �9 1% (1), 5 �9 1.5% (2), 2.5 
4- 1.5% (3). 
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Effect of the poros i ty  of solid ni t rogen on its 

The effect ive t he rm a l  conductivity of a porous  s t ruc tu re  in the fo rm of pa ra l l e l  channels or iented in 
the d i rec t ion  of heat  flow is  [8] 

~eff=Xs( 1 -  P) + P~'G (2) 

Inasmuch as the gaseous  phase  occupies  not m o r e  than 30% of the total  vo lume and i ts  t h e r m a l  con- 
ductivity i s ,  even in the case  of hydrogen as the f i l le r  gas,  by one o rde r  of magnitude lower  than that of 
the solid phase ,  the re fo re ,  according to fo rmula  (2), the heat  t r a n s f e r  through the gas i s  negligible.  

In o rde r  to evaluate  how the t he rm a l  conductivity of sol id ni t rogen affects  i ts  heating ra te ,  we will 
cons ider  the heat  t r a n s f e r  through a l aye r  of solid ni t rogen under  the var ious  conditions.  

As the bot tom su r face  of solid ni t rogen was made  adiabatic,  the boundary condition h e r e  can be s ta ted  
a s  

OT 

Since the l a t e ra l  su r f ace  of the cyl indr ical  f lask containing solid ni t rogen was also made  adiabatic ,  
hence the p rob l em  of a cyl inder  can be reduced to the p rob lem of one-d imens iona l  heat  t r a n s f e r  through 
an infinitely l a rge  plate:  

or 
a - -  - -  

~v Ox ~ 

The specif ic  heat  of the gas may  be d i s r ega rded  in these  calculat ions,  because  the m a s s  of gas is  
much s m a l l e r  than the m a s s  of solid ni t rogen.  We, the re fo re ,  consider  the ent i re  heat  supply to be used  
for  heat ing the solid phase .  For the purpose  of calculat ions,  the th ickness  of solid ni t rogen will be 
a s sumed  220 m m  and i ts  initial  t e m p e r a t u r e  T o = 50~ 

In the case  of solid ni t rogen heated by t h e r m a l  influxes f rom outside,  the l a t t e r  a r e  t r ansmi t t ed  a l -  
mos t  en t i re ly  by radia t ion f rom the f lask  flange and, consequently,  the boundary condition at the top s u r -  
face of the pla te  is  

Q--const = 1.3 w. 

The t e m p e r a t u r e  of a body heated  under  these  conditions is  de te rmined  according to the equation [9]: 

- 7  "q [ at (R--x) ~ T (x, 
z )=T~  ,~ s ~ R 6R 

+ R ~ cos ~ ~ -  exp (--  ~ Fo) . (3) 

n ~ l  

When gaseous  ni t rogen or hydrogen or  when liquid ni t rogen was injected into the f lask containing 
solid nitrogen,  on the su r face  of the solid phase  ve ry  soon appeared  a l aye r  of liquid at the t r ip le -po in t  
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t empera tu re  (curves 1-3 in Fig. 2). 
constant f rom then on, i . e . ,  

The solution to this problem is [9]: 

The t empera tu re  at the solid-liquid interphase boundary remained 

T (0," r = const = T s . 

T(x, r ) = T  3 - ( T  - - T  O ) 

X ~ (-- 1)=+1 ~-~2 cos~  ~x exp (-- ~t]~ Fo). 

n = l  

The t empera tu re  of solid nitrogen at the bottom surface  (x = 220 mm) was calculated, as a function 
of t ime,  on a digital computer  according to Eqs. (3) and (4). The resul ts  a re  shown in Fig. 2 (curves 6 
and 7). On the basis  of a compar ison between these curves and the corresponding test  curves 1-5 (Fig. 2), 
one may conclude that heat conduction through the mat r ix  plays no significant role  in the heat t r ans fe r  
through the layer  of solid nitrogen. The calculations were based on the following values: k T = 0.3 W/m 
"~ c S = 1 . 5 7  J / g . ~  P 0 = 0 . 6 9 5 g / c m  3, To =50~ a n d T  3=63.15~ 

The discussed resul ts  indicate that the heat t r ans fe r  through porous solidified gases  is determined 
basical ly by mass  t r ans fe r  p rocesses  and is effeeted in the following manner .  The heat supplied to solid 
ni trogen is absorbed around the source ,  owing to the sublimation of par t  of the solid phase.  As a resul t  of 
vapor  generat ion near  the heat source ,  the p r e s s u r e  here  r i ses .  For this reason,  the vapor flows toward 
the l o w e r - p r e s s u r e  and thus t ower - t empera tu re  region. 

During desublimation, the vapor re leases  the heat of phase t ransformat ion  causing a r i se  in the local 
t empera tu re .  It must  be assumed that in this case the local t empera tu re  determines  also the local sa tura -  
tion p r e s s u r e  and vice versa .  

The absence of la rge  t empera tu re  gradients  during the heating of solid nitrogen by thermal  influxes 
from outside or  with the heater  in the lower par t  indicates that the gas permeabi l i ty  of the mat r ix  is high. 
This is re lated to the condition that many capil lar ies  a re  formed along the suction path in the nitrogen 
during solidification. 

The excellent gas permeabi l i ty  of the s t ruc ture  explains why solid nitrogen heats up and cools down 
so fast  during suction. The ra te  of thermal  p rocesses  and the t empera tu re  distr ibution across  the thick- 
ness  of the solid layer  are  in all cases  determined by the mass  ra te  of gas flow. From this standpoint, 
the absence of a s teady-s ta te  t empera tu re  gradient  along the layer  height in our case (range C in Fig. 1) 
is explained by the absence of a mass  flow through solid ni trogen.  After the hea ter  in the lower par t  was 
turned on, gas began to flow and a t empera tu re  gradient appeared accordingly.  

The s lower  heating during injection of gaseous nitrogen at a 300~ t empera tu re  is explained as fol- 
lows. The inrush of warm gas makes  for a higher  ra te  of heat  supply to the top layer  of solid nitrogen, 
where the gas cools down. This layer  of solid nitrogen heats up fast and, af ter  its t empera tu re  has reached 
the t r iple-point ,  there  fo rms  a liquid layer  on top of it. Violet ejection of vapor f rom the bottom surface  
of the liquid into the vacuum space underneath resul ts  in the solidification of some layer  of that liquid. 
The la t ter  covers  the access  to the capi l lar ies  and thus impedes the passage  to the lower par t  of the solid 
mas  s.  

From this instant on, the heat t r ans f e r  ra te  dec reases  (curve 3 in Fig. 2) and is determined by the 
ra te  of sublimation under vacuum at the bottom surface  of the solid phase covering the capi l lar ies .  The 
ra te  of mass  t r ans fe r  is in this case determined according to the formula  [10, 11] 

�9 fk 'T3"N~ ( r~ )F. (5) m=Po l /  ~ exp kT 3 

The mass  flow ra te  is found f rom the heating ra te  of the solid phase:  

m Q 
F r s (6) 

with the c ross  sect ion a rea  F of the flask in our ease equal to 62.8 em 2. 

When heating was effected by warm gaseous nitrogen (curve 3 in Fig. 2), the magnitude of the the r -  
mM influxes was Q ~ 5.8 W. The total sur face  a rea  of sublimation can be est imated with the aid of  expres-  
sions (5) and (6). Calculations show that this a rea  amounted to 3-4% of the flask c ross  section a rea  F. 

1079 



Although the poros i ty  of solid ni t rogen exceeds 20%, a subl imation a r e a  of 3-4% is  ent i re ly  feas ible ,  
s ince the cap i l l a r ies  evidently f r eeze  at the a r ea s  of m a x i m u m  r e s i s t a n c e  to gas flow, i . e . ,  where  they 
a r e  na r rowes t .  

When a p r e s s u r e  much below the t r ip le -po in t  level  is  mainta ined within the volume of solidifying gas,  
then the subl imating molecu les  move  away f rom the solid su r face .  While vacuum is gradual ly  los t  during 
the heating p roc e s s ,  however ,  pa r t  of the subl imat ing molecules  r e tu rns  to the solid su r face  as a resu l t  
of col l is ions.  This r equ i re s  that  the subl imat ion fac tor  h 

P 

be introduced into Eq. (5) [10,11]. 

As the t r ip le  point is  approaehed,  the value of h d e c r e a s e s  to zero .  This explains why the heat ing 
r a t e  is  lowest  under  the liquid l aye r  when the t r ip l e  point is approached (curves 1, 3, 5 in pig. 2). 

When w a r m  gaseous hydrogen was injected,  the heating p r o c e s s  followed a s i m i l a r  t rend  as in the 
p reeed ing  ease .  The heat ing ra t e  under  the liquid l aye r  d e c r e a s e s  apprec iably  (curve 5 in Fig. 2), how- 
ever ,  because  in this case  the subl imat ion r a t e  of ni t rogen and the flow of gaseous  ni t rogen a r e  governed 
by diffusion of i ts  molecu les  through gaseous  hydrogen.  

Thus, in all cases  of heat  t r a n s f e r  through porous  solid ni t rogen the p r o c e s s  r a t e  is  de te rmined  by 
the r a t e  of m a s s  t r a n s f e r  through the gaseous  phase .  

F rom this standpoint,  the heat  t r a n s f e r  r a t e  ought to depend on the poros i ty  of solid ni t rogen in a 
highly nonl inear  manne r .  In o rde r  to c lar i fy  this ,  we have studied the behavior  of solid ni t rogen with 20 
~: 1%, 5 + 1.5%, and 2.5 ~ 1.5% poros i t i e s  (corresponding to a 63~ t empera tu re )  during heat ing by th ro t t -  
ling in a f lask containing liquid ni t rogen.  According to pig.  3, the heating r a t e  d e c r e a s e s  by a lmos t  two 
o r de r s  of magnitude as the poros i ty  changes f rom 20 to 2.5%. Never the les s ,  according  to a compar i son  
between curve  6 in Fig. 2 and curve  3 in pig.  3, even with a 2.5-4.0% poros i ty  the heat  t r a n s f e r  is  governed 
by the r a t e  of m a s s  t r a n s f e r .  
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N O T A T I O N  

the poros i ty ;  
the densi ty of liquid ni t rogen at the t r ip le -po in t  t e m p e r a t u r e ;  
the densi ty  of monoli thic  solid ni t rogen;  
the heat  of evaporat ion at the t r ip le -po in t  t e m p e r a t u r e ;  
the heat  of sublimation;  
the t r ip le -po in t  t e m p e r a t u r e ;  
the t e m p e r a t u r e  at any instant  of t ime;  
the height coordinate  An the solidifying gas l ayer ;  
the t h e r m a l  flux; 
the t ime;  

is  the init ial  t e m p e r a t u r e  of solid nitrogen; 
a r e  cha r ac t e r i s t i c  numbers ;  
i s  the height of solid ni trogen;  
As the 
is the 
is  the 
is the  
is  the 
~s the 
is  the 
is  the 
~s the 
is the 
is  the 
is  the 
is  the 

Four ie r  number ;  
t h e r m a l  diffusivity; 
densi ty of solid n i t rogen obtained during suction; 
r e l a t ive  densi ty of solid ni trogen;  
m a s s  flow ra te ;  
mo lecu l a r  weight; 
Bol tzmann constant;  
Avogadro ' s  number ;  
heat  of subl imat ion pe r  molecule;  
su r f ace  a rea ;  
t r ip le -po in t  p r e s s u r e ;  
p r e s s u r e  at any instant  of tame; 
f rac t ion  of molecu les  re turning a f t e r  collision; 
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keff is the effective thermal conductivity; 
k S is the thermal conductivity of solid phase; 
k G is the thermal conductivity of gaseous phase; 
c S is the specific heat of solid nitrogen at the saturation line; 
q is the thermal flux density. 

1. B. 

2. A. 
3. A. 
4. V. 
5. D. 
6. A. 
7. A. 
8. G. 
9. A. 
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