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Re la t i ons  a r e  p r e s e n t e d  for  the ampl i tude  r a t io  and the phase shi f t  of the t e m p e r a t u r e  of a 

gas  in the pe r iod ic  hea t ing  of a packed  bed of s p h e r e s .  The h e a t - t r a n s f e r  coef f ic ien t  in the 
bed is  d e t e r m i n e d  by a cyc l ic  method.  

The d e t e r m i n a t i o n  of the h e a t - t r a n s f e r  coef f ic ien t  in v a r i o u s  types  of h e a t - t r a n s f e r  beds is of p a r t i c u -  
l a r  i n t e r e s t .  We c o n s i d e r  one of the ef fec t ive  me thods .  If a i r  e n t e r s  a bed of s p h e r e s  at  the t e m p e r a t u r e  

t (0, T) = tz + A1 cos o~, (1) 

its exi t  t e m p e r a t u r e  is g iven  by the e x p r e s s i o n  

t (L, ~) = tz + A 2 cos (o)~ + (Pc)" (2) 

The h e a t - t r a n s f e r  coef f ic ien t  in the bed is d e t e r m i n e d  e i t h e r  f rom the r a t io  A 1 / A  2 of the e n t r a n c e  to exi t  
a m p l i t u d e s  of the a i r  t e m p e r a t u r e  o s c i l l a t i o n s  o r  f rom the m a i n  c o m p o n e n t  ~ of the phase shif t  r I n  ex-  
ac t ly  the s a m e  way as  in [1], wi thout  t ak ing  accoun t  of the equ iva l en t  t h e r m a l  conduc t iv i ty  of the bed, we 
obta in  the r e l a t i o n s  

In A1 ~F x (Bi - -  2) S+ (x) -{- x~C+ (x) - -  2 (Bi - -  1) C-  (x) (3) 

A S W 2x(Bi - -  1) S+ (x) +x2C+(x) + 2 ( B i - -  l )~C-(x) .  ' 

aF x Bi S -  (x) (4) q 0 - -  

W 2x(Bi - -  1) S+ (x) +x2C+(x) + 2 ( B i  - -  1)2C - (x) 

where  x = (24~'7~)R. 

a re  l i s ted  in Table  1. 

Some v a l u e s  of the func t ions  

S+ (x) = sh x + sin x, 

C +  (x) = ch x + cos x, 

TABLE 1. Some Values  of the F u n c t i o n s  S +, 
S- ,  C+, C - 

x 

0 
0,1 
0,2 
0,4 
0,6 
0,8 
1,0 
1,5 
2,0 
2,5 
3,0 
4,0 
5,0 
6,0 

I S+(x ) 

0,000 
0,200 
0,400 
0,800 
1,201 
1,605 
2,016 
3,127 
4,536 
6,649 

10,16 
26,52, 
73,24 

201,7 

S'(x) 

0,000 
0,000 
0,002 
0,021 
0,072 
0,171 
0,334 
1,132 
2,718 
5,452 
9,877 

28,05 
75,16 

202,0 

C+(x) 

2,000 
2,000 
2,000 
2,002 
2,011 
2.,034 
2,083 
2,423 
3,346 
5,331 
9,078 

26,65 
74,48 

202,6 

C-(x) 

0,000 
0.010 
0,040 
0,160 
0.360 
0,641 
1,003 
2,282 
4,178 
6,933 

11,06 
27,96 
73,92 

200,7 

S - ( x )  = s h x - -  si~x, 

C-  (x) = ch x - -  cos x 

It is  shown in [11 that  if the r a t i o  A1/A z i s  used to 
d e t e r m i n e  the h e a t - t r a n s f e r  coeff ic ient ,  the m o s t  a c c u -  
r a t e  r e s u l t s  a r e  obta ined for  s m a l l  va lues  of the d i m e n -  
s i o n l e s s  n u m b e r  H = ~F /WMW.  F o r  H in  the r a n g e  f r o m  
0 to 0.2 Eq. (3), t r a n s f o r m e d  to fac i l i ta te  i t s  p r a c t i c a l  
app l i ca t ion ,  is shown in Fig .  1. The c u r v e  for  Bi = 0 
is e x p r e s s e d  by the equat ion  

Z---- W In A1 -- H 
W~-~- A~ 1 + H ~ ' (5) 

which can be used d i r e c t l y  to d e t e r m i n e  H f rom the ex-  
p e r i m e n t a l  data  and thus to ca l cu l a t e  the h e a t - t r a n s f e r  
coef f ic ien t  when the s p h e r e s  have a high t h e r m a l  con-  
duc t iv i ty .  If, on the o ther  hand, the t h e r m a l  conduct iv i ty  
of the m a t e r i a l  of the s p h e r e s  is  low(Bi  > 10 and Bi > 
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TABLE 2. Charac ter i s t ic  Values and Conditions of the 
Exper iments  Pe r fo rmed  

Ax l ~.F t z , "c Al, ~ " A--~ ~, llsec 

I 40,0-+-70,0 10,0--20,0 2,5_--8,5 1,1_2,1 1,0--~2,5 

L 
H Bi tn d'--~- Re 

0,04--0115 oio4+o,2o 0,385--0 430 4,5.9,0 2500-~- 10000 

z 

r 

q~ 

f 
o. o,o# o, o8 o/z o,/s 

�9 Fig. 1. Z =  f(H, Bi) f o r ' a b e d o f  
spheres  

! / / / , ,  ...- :,o>. 

i 

50H) the rat io of the amplitudes of the temperature  oscil lat ions 
and the main component of the phase shift are  given by the re la -  
tions 

aF 

In A--L= aF l + ~ v: 
~ F  , (6) 

A~ W 1 + 2  W , u + 2  z 

.aF 
ccF W 

. . . .  2 , (7)  
r I17 I + 2  c~F x + 2 ( - - ~ g )  

1~ 

(where ~t : (W/F)/~/2~.M.OMCMW) which follow from the solution 
of the periodic heating of a semi-infini te  body. The hea t - t r ans -  
fer  coefficient can also be determined direct ly  f rom Eqs. (6) 
and (7) by using the dimensionless  pa ramete r  a F / W .  

The averag e hea t - t r ans fe r  coefficient for  the flow of a i r  through a s ta t ionary packed bed of spheres  
was determined experimental ly  by the procedure  descr ibed above. Steel and corundum spheres  10 and 15 
mm in d iameter  were placed in a thermal ly  insulated thin-walled channel of rec tangular  c ro s s  section. 
The channel was 80 mm wide and the thickness of the bed varied from L = 60 mvn to L = 90 mm. The 
range of basic quantities charac ter iz ing  the experiments  performed is shown in Table 2. The tempera tures  
before and after  the bed were measured  by a network of thermocouples made of 0 . I - r a m - d i a m e t e r  wire 
placed in the centra l  par t  of the channel outside the distribution grids holding the bed of part icles .  The 
effect of the grids and the channel walls on the deviation of the tempera ture  oscil lat ions was established 
by investigating the amplitude and phase charac te r i s t i c s  of the experimental  channel without the bed. The 
ratio of the amplitude of the actual t empera ture  of the flowing air  to the amplitude shown by the measur ing 
dev ice 

_ A  = V 1  + (~c)~ 
A~ 

depends only on t h e t i m e  constant C of the thermocouples and the measur ing device and on the inner f r e -  
quency w of the tempera ture  oscil lations.  If the measur ing device placed before and after  the bed has the 
same values of C, as was the case in our  experiments ,  the readings do not have to be cor rec ted  for the 
cyclic method. The tempera ture  oscil lat ions were produced by mixing hot and cold air  in such a way that 
the temperature  of the a i r  entering the bed did not differ f rom the value given by Eq. (1) by more  than 2%. 
The p res su re  in the mixing device was regulated to ensure a constant flow rate of a i r  during periods of 
heating and cooling. The flow rate,  determined from the total discharge measured  by a diaphragm direct ly  
behind the bed, was computed for the central  part  of the experimental  channel; the change in porosi ty of the 
bed in the edge region close to the channel walls was taken into account [2, 3]. 

Since the porosi t ies  of the various beds varied over  na r row limits (m = 0.385-0.43) the experimental  
resul ts  can be represented by a relat ion between the dimensionless  numbers  Nu = ~ds/~. and Re = wds /v '  
The values of Nu calculated from Eq. (3) are  shown as a function of Re in Fig. 2. Fo r  compar i son  the figure 
also shows points represent ing ea r l i e r  data processed by Timofeev [4], and resul ts  f rom [5], [6], and [7] 
also obtained by a cyclic method. The shaded region shows the range of experimental  values of  Nu reported 
by a number  of authors [8]. F rom our  data the h e a t - t r a n s f e r  coefficient for  the flow of a i r  through a 
stat ionary packed bed of spheres in the range of Re f rom 100 to 10,000 can be approximated by the equation 
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Fig. 2. Nusselt  number  as a function of the Reynolds number  for  a 
s ta t ionary packed bed of spheres .  Data from: 1) [4]; 2) [5]; 3) [7]; 4) 
[6]; the shaded region represents  data f rom [8]; 5, 6) our data for  
s teel  and A1203 spheres~respectively;  7) Nu = 0.33 Re~ 8) Nu = 
0.61 Re ~ [4]. ]. 

Nu = 0.33 Re ~ 

with about the same accuracy  as in [4] over  the na r rower  l imits of definition. 

AI, A 2 

AT 
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ds 
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N O T A T I O N  

are  the amplitudes of t empera tu re  oscillations of gas at entrance and exit; 
is the amplitude measured  by thermocouple;  
m the thermal  diffusivity; 
is the Biot number;  
~s the specific heat of mater ia l  of part icles;  
is the d iameter  of spheres;  
Is the hea t - t r ans fe r  surface of bed; 
~s a d imensionless  number;  
~s the length of bed; 
is the poros i ty  of bed; 
~s the Nusselt number; 
is the radius of par t ic les ;  
is the Reynolds number;  
a re  the instantaneous and average tempera tures  of gas at entrance; 
is the permeat ion velocity of gas; 
are  the water equivalents of gas and bed; 
is the hea t - t r ans fe r  coefficient; 
a re  the thermal eonduetivities of gas and par t ic les ;  
is the kinematic viscosi ty;  
is the time; 
are  the total phase shift and its main component; 
is the angular f requency of t empera ture  oscil lat ions.  
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