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The behavior of t empera tu re  waves of different amplitude in a f ine-grained packing is ex- 
amined. It is established that the a symmet ry  of the tempera ture  wave profile is different 
for metals  and mate r ia l s  with adsorption proper t ies .  

There have been many studies [1-3] of the use of a cons tan t - tempera ture  gas flow to cool or heat a 
fixed bed of f ine-grained mater ia l  (adsorbents - zeoli tes,  si l ica ge!, activated charcoal ,  and regenera to r  
packings and other granular  mater ials) .  The analytic solution of the boundary value problems has made it 
possible not only to calculate the t empera tu re  field in the bed, i . e . ,  determine the rate of the above-men-  
tioned p roces se s  and compute the outlet t empera ture  curves ,  but also to develop a method of determining 
the coefficient of heat t r ans fe r  between the gas and the packing (from the Schumann curves).  A recent  pub- 
lication, also devoted to nonstat ionary heat t ransfer  in a fixed bed [4], examines the case of a rb i t r a ry  va r i -  
ation of the gas tempera ture  at the bed inlet and, in par t icu lar ,  computes the tempera ture  field for in ter-  
mittent (pulsed) variat ion of the gas tempera ture .  This pulsed thermal  action on the inlet port ions of the bed 
crea tes  a t empera ture  wave that moves through the bed in the direct ion of motion of the gas s t ream.  In 
this case the profile of the t empera tu re  wave remains  a lmost  symmetr ica l .  

This problem, like all the previous ones, involves a number of assumptions,  the most debatable of 
which is c lear ly  the assumption of invariabili ty of the thermophysica l  proper t ies  of the gas and the packing 
with tempera ture .  

In our experiments  to compare  the actual and theoret ical  profi les  of low- tempera ture  waves we 
established that agreement  good enough for engineering calculations is possible only in the case of smal l -  
amplitude waves corresponding to a minimum profile tempera ture  of the order  o f - 5 0  to -70~ At lower 
t empera tu res  we observed a sharply expressed a s y m m e t r y  of the wave profile,  whose charac te r  was quali ta-  
tively different for different packings. 

The experiments  were  pe r fo rmed  on a fixed bed of granular  mater ia l ,  namely,  aluminum spirals  
( low-temperature  r egenera to r  packing) and SKT-1V[ activated charcoal .  

The cha rac te r i s t i c s  of these packings are  presented  in Table 1. The experimental  setup is shown 
in Fig. la .  The packing was ar ranged in a thin cylindrical  shell 1 with vacuum thermal  insulation 2; the di-  

TABLE 1. Charac te r i s t i cs  of 

I -<  Packing [ o - 

Aluminum spi- 1290 870 0,68 
rals 

SAT-M activated 2100 470 0,5 
charcoal 

Packings 

Shape of particles N :~ ~ 

,Spirals of l-ram 2,1 

ter 0. "/5, height 0,95 
174 rrrn 

ameter  of the shell was 136 ram, the wall thickness 
0.6 mm, and the material  1Khl8N10T steel. The 
thickness of the bed was up to 1400 ram. The position 
of the bed was fixed by means of two grids 3 and 4, 
over which fine b r a s s  mesh was stretched.  

Dry air  freed of carbon dioxide was admitted at 
a constant flow rate to the packing either through line 
5 or through line 6 from a r e f r ige ra to r  7 operating on 
a h igh -p res su re  open cycle with s ingle-s tage throttling. 
The tempera tu re  of the air reaching the packing through 
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Fig. 1 Fig. 2 
Fig. 1. Diagram of experimental setup (a) and variation of air temperature at bed inlet (b). 

Fig. 2. Theoretical and actual outlet temperature curves for small-amplitude waves: a) 
aluminum [1) Az = 7.5; 2) 15]; b) activated charcoal [1) Az = 24; 2) 47]. 

l ine  5 with valve 9 open could be kept constant  in the range f rom +18 to +40~ by means of the va r i ab l e  
e l e c t r i c  hea te r  10. The t e m p e r a t u r e  of the a i r  r each ing  the packing through insula ted l ine 6 with valve 8 
open could be kept  constant  in the range  f rom - 1 8 6  to + 0~ for a ce r t a in  per iod  of t ime  (up to 3 rain). 

The a i r  t e m p e r a t u r e s  at the bed inlet  and outlet  were  m e a s u r e d  with c o p p e r - e o n s t a n t a n  l o w - i n e r t i a  
t he rmocoup les  with r e g i s t r a t i o n  on a s ing le -po in t  q u i c k - r e s p o n s e  po ten t iomete r .  The the rmocouple  junc -  
t ions were  a r r a n g e d  along the center  of the flow at a d is tance  of 20 mm from the bed (indicated by c r o s s e s ) .  
The a i r  flow r a t e  was m e a s u r e d  at  the the packing outlet  with an o rd ina ry  measu r ing  or i f ice  11. 

A t e m p e r a t u r e  pulse  was c rea ted  by switching the flows of wa rm and cold a i r  suppl ied to the pack -  
ing. A c c u r a c y  was ensured  by using automat ic  va lves  8 and 9. 

Before  the l o w - t e m p e r a t u r e  pulse  was appl ied,  warm a i r  was p a s s e d  through the packing at a con-  
s tant  mass  flow ra t e  until the inlet  and outlet  a i r  t e m p e r a t u r e s  we re  constant  and equal.  Then va lves  8 
and 9 were  switched and for  a ce r t a in  in te rva l  of t ime  t i cold a i r  flowed into the packing at the same  mass  
flow ra te .  At the end of the pulse  (from 5 to 200 sec) the va lves  were  again switched and a s t r e a m  of wa rm 
a i r  again  flowed through the packing.  The actual  t e m p e r a t u r e  v a r i a t i o n  of the a i r  at the inlet  to the bed 
was a lmos t  s t e p - s h a p e d  (Fig.  lb) .  

The change in inlet  a i r  t e m p e r a t u r e  c r ea t ed  a t e m p e r a t u r e  wave in the packing,  which t r ave led  with 
the a i r  s t r e a m  toward the outlet  f rom the bed. As a r e s u l t  of these  expe r imen t s  we obtained m e a s u r e d  out-  
le t  cu rves  showing the va r ia t ion  of the a i r  t e m p e r a t u r e  at  the bed outlet  wi th t [me .  In Fig.  2 we have plot ted 
the t e m p e r a t u r e  waves  r e c o r d e d  for an a luminum packing and ac t iva ted  charcoa l  in the p r e s e n c e  of s m a l l  
t e m p e r a t u r e  pe r tu rba t ions .  The r e s u l t s  of the m e a s u r e m e n t s  a r e  p r e s e n t e d  i n t h e f o r m  of curves  of the 
r e l a t i ve  a i r  t e m p e r a t u r e s i n d i m e n s i o n l e s s  coord ina tes .  The exper imen ta l  data  a re  denoted by dots and c i r -  
c l e s ,  the ca lcu la ted  cu rves  [4] by continuous l ines .  
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Fig. 3. Theoret ical  and actual outlet t empera tu re  curves for l a rge -  
amplitude waves: a) aluminum [1)Az = 7.5; 2) 22]; b) activated 
charcoal  [1) Az = 15; 2) 27]. 

In Fig. 2a the outlet t empera ture  curves  are for a bed of aluminum ~ packing with ad imens ionless  length 
y = 150. The dimensionless  pulse length Az was 7.5 and 15, the initial pulse amplitude 55 and 73~ the 
warm s t ream tempera ture  16~ The curves  in Fig. 2b are for a bed of activated charcoal  with dimension-  
less  length y = 470. The pulse length Az was equal to 24 and 47, the initial pulse amplitude was 43 and 
45~ the warm s t ream tempera ture  21~ 

At tempera ture  wave amplitudes exceeding 100~ (minimum pulse tempera ture  - 7 0  to -150~ sharp 
dis tor t ion of the tempera ture  profi le is observed.  

The outlet curves  for a bed of aluminum packing are shown in Fig. 3a. The length of the bed y = 150, 
the pulse length Az = %5 and 22, the initial pulse amplitude was 161 and 172~ the warm s t ream t empera -  
ture  13 ~ The outlet curves  in Fig.  3b a re  for  a bed of activated charcoal .  The length of the bed y = 150, 
the pulse length Az = 15 and 27, the initial pulse amplitude was 195 and 192~ the w a r m s t r e a m  t empera -  
ture  29~ 

The actual profi le  is distinguished from the theoret ical  by its sharply expressed asymmet ry .  In the 
case of the aluminum packing the leading wave front corresponding to the cooling p rocess  is compressed ,  
whereas  in the experiments  with activated charcoal  compress ion  of the wave front  corresponding to the 
heating p rocess  was recorded.  

The reason for the a symmet ry ,  which is qualitatively different for metals  and adsorbents ,  is to be 
found, in our opinion, in the variabil i ty of the thermophysical  proper t ies  of the packing with t empera ture ,  
par t icu lar ly  its heat capacity.  In fact,  if we take into account the t empera tu re  dependence of the heat 
capacity of the packing and the effect of the heat of adsorption (desorption) on the heat t r ans fe r  p rocess ,  
then the corresponding sys tem of differential equations can be wri t ten in the following form (for simplicity 
we d i s regard  the change in mass  flow rate  due to adsorption and desorption of the gas): 

OU 19U (~ S 
+co - - -  ( u - - v ) ,  ( 1 )  

o t  O x  cop[ 
Ov a s  

- - -  ( u - - o ) ,  (2) 
o t  c ( o )  

where the symbol C(v) denotes a cer tain function of the packing tempera ture  v determined from the fo rmu-  
las presented below. 

For  adsorbents  (in the presence  of heat r e lease  in the bed in the sorption processes)  

C (v) = P pa Cs (v) - -  qcz da (d:) ", (3) 

for metals (in the absence of heat re lease  in the bed) 

C(v) ---- Ppa cs (o). (4) 
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In the f i rs t  approximation the differential heat of adsorption qd in (3) may be assumed constant, and 
the derivative with respec t  to t empera ture  of the sorption capacity ofthe absorbent  da/dv is easi ly de te r -  
mined from the adsorption isobar.  

We will determine the rate of propagation along the bed of a cer tain point on the tempera ture  wave 
profi le corresponding to a fixed value o f thegas  tempera ture  u: 

at /u=~onst" 
By virtue of the equations of the sys tem,  assuming that along the lines u = const (du = 0) 

W = au / au at [ ~ ,  (6) 

we have 

W = w (7) 
C (v) Oo / au 

I-~ cppf  at . at 

It is clear  from the las t  formula  that the rate  of propagation of different points on the tempera ture  wave 
profile is, general ly  speaking, different and depends on the value of the quantity C(v) at the tempera ture  
in question. This is attributable to the distort ion of the profile with t ime:  some points move ahead, others 
lag behind. It is easy to see that in a bed of metallic packing the leading front of the low- tempera ture  wave 
corresponding to the cooling process  should be compressed.  For  the same reasons  the trai l ing front of the 
same wave should be strongly broadened. For adsorbing packings, as distinct from metals ,  the quantity 
C(v) may ei ther remain  constant or increase  as the tempera ture  falls. For a bed of activated charcoal  
at t empera tures  from 100 to 200~ the quantity C(v) increases  with fall in t empera ture  and, as follows 
from (6), t he  rate  of propagation of a point on the wave profile will be the g rea t e r ,  the higher the t empera -  
ture.  Therefore  in the case of low- tempera tu re  waves in a bed of activated charcoal  the nature of the 
s y m m e t r y  is quite different f rom that in a bed of aluminum: compress ion  of the profi le is observed at the 
trai l ing front of the low- tempera ture  wave corresponding to the heating p rocess ,  whereas  the leading front 
is strongly broadened. 

It can be shown [5] that the i r revers ib i l i ty  of the heat t r ans fe r  p rocess  determined by the small  
but finite tempera ture  difference between the gas and the packing leads to broadening of both the leading 
and trai l ing front of the tempera ture  wave. This broadening will be the s t ronger ,  the s teeper  the wave 
profile and hence the g rea te r  the tempera ture  difference l u -  v[. Another consequence of this broadening 
is a reduction in the amplitude of the wave as it t ravels  through the bed [4]. When a high-intensity low- 
tempera ture  wave t ravels  through the bed, the mechanisms of both effects - distort ion of the profile as a 
resul t  of the variabil i ty o f thehea t  capacity of the packing with tempera ture  and broadening of the profile 
due to the i r revers ib i l i ty  of the heat t r ans fe r  p rocess  - act simultaneously.  If they act in the same d i r ec -  
tion and mutually re inforce  each other,  the wave front will be strongly broadened (expansion front); how- 
ever ,  if they counteract  each other,  then, probably, there will be a certain limiting position of the com-  
press ion  front which, in accordance with mass t ransfer  terminology,  might be called asymptotic.  

An asymptotic solution can exist only under certain conditions. It would be interesting and useful 
to establish these conditions and calculate the asymptotic position of the compress ion  front,  which would 
make it possible to solve the problem of the cor rec tness  of the experimental  determinat ion of the low- 
tempera ture  coefficient of heat t ransfer  between a gas and a packing (including one possess ing  adsorption 
propert ies)  f rom the Schumann curves .  There is no doubt that the ability to calculate the asymptotic pos i -  
tion of the compress ion  front of the t empera tu re  wave would be of considerable pract ica l  value in calculat-  
ing the cooling or heating t imes of adsorbers  and other equipment with a f ine-grained loose packing. 

U 

V 

X 

t 
W 

is the gas temperature;  
is the packing temperature;  
is a coordinate; 
is time; 
is the l inear  gas velocity;  

N O T A T I O N  
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heat transfer coefficient; 
specific surface of packing, m2/m3; 
specific heat of gas; 
specific heat of packing; 
gas density; 
density (bulk) of packing; 
porosity; 
propagation velocity of temperature wave; 
differential heat of adsorption; 
dimensionless length; 
dimensionless time. 
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