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A numer i ca l  solution is  obtained to the p r o b l e m  of r egene ra t ive  heat  t r a n s f e r  in a packed  
bed of g ranu la r  m a t e r i a l  with a counterf low of heat  c a r r i e r s .  

The heat  t r a n s f e r  during per iod ic  r e v e r s a l s  of the heat  c a r r i e r  flow is ve ry  impor tan t  in p r ac t i ca l  
appl icat ions,  namely  in heat  and m a s s  t r a n s f e r  p r o c e s s e s  such as ,  for  ins tance,  des iccat ion,  adsorpt ion,  
ext rac t ion ,  e t c . ,  and in "pure ly"  heat  t r a n s f e r  p r o c e s s e s  as  in r egene ra t ive  appara tus .  

Until now the m a t h e m a t i c s  of this p r o b l e m  has  been fo rmula ted  with the final value of the unknown 
quantity (e. g . ,  the bed t empera tu re )  at  the end of the f i r s t  pe r iod  (e. g . ,  the per iod  of heating the bed 
e lements ) ,  a s s u m e d  to be i t s  ini t ial  value in the second pe r iod  (cooling) and i ts  final value in this per iod  
taken, in turn, as  i ts  init ial  value in the next per iod,  etc. This p rocedu re  has  led to se r ious  ma themat i ca l  
diff icult ies in solving the p r o b l e m  and to solutions too unwieldy for  p r a c t i c a l  use. 

The heat  t r a n s f e r *  during flow r e v e r s a l  p r o c e e d s  in such a way that within a ce r ta in  pe r iod  of t ime or  
at  a ce r t a in  location along the flow of heat  absorb ing  (or heat  emitt ing) m a t e r i a l  one of the heat  c a r r i e r s  
p e n e t r a t e s  the bed m a t e r i a l  in one direct ion,  while within the next pe r iod  (or at  another  location) the o ther  
heat  c a r r i e r  p e n e t r a t e s  the bed m a t e r i a l  in the opposite direct ion.  In p r o c e s s e s  which involve heat  and 
m a s s  t r a n s f e r  the init ial  p a r a m e t e r  values  of both heat  c a r r i e r s  ( their  t e m p e r a t u r e s ,  ve loci t ies ,  densi t ies ,  
e t c . )  a re ,  as  a rule,  identical,  but in "pure"  heat  t r a n s f e r  p r o c e s s e s  they a re  different.  

In pr inc ip le ,  the gis t  of the new approach  to solving the p r o b l e m  of heat  t r a n s f e r  during flow r e v e r s a l s  
i s  that both heat  c a r r i e r s  a re  r ega rded  as  a single one which pe r iod ica l ly  r e v e r s e s  i t s  d i rec t ionof f low,  with 
the p a r a m e t e r  va lues  of such a heat  c a r r i e r  not n e c e s s a r i l y  the same in each direction.  Such a formulat ion 
of the p rob l em,  where the in te rp lay  between the t e m p e r a t u r e s  of the ma t e r i a l  during different  p r o c e s s  
pe r iods  is  d i s regarded ,  makes  it  feas ib le  to de te rmine  the t e m p e r a t u r e  f ield of the heat  c a r r i e r  at  any 
ins tant  of t ime and, subsequently,  the t e m p e r a t u r e  field of the bed mate r i a l .  

Fo r  this case ,  the s y s t e m  of equat ions descr ib ing  the heat  t r a n s f e r  in the bed during z e r o - g r a d i e n t  
heating can be wri t ten in d imens ion less  f o r m  as  follows [1]: 

, (z) OT (y, z) OT (y, z) 
Oy + ~ Oz -- IT (y, z). - -  0 (y, z)], (1) 

00 (y, z) 
= T(y,  z) - -  @(y, z), 

the boundary condition as  
OZ 

T [y (z), z] = T~cos 

(2) 

g (z) + Tr sin - -  y (z), (3) 
2g f 2yf 

*Inasmuch as  the new approach  to this p r o b l e m  will be based  main ly  on a formula t ion  of the boundary con-  
dit ions,  i t  i s  i m m a t e r i a l  whether  it  concerns  heat  t r a n s f e r  o r  heat  and m a s s  t r a n s f e r  o r  any o ther  mode of 
t r ansmi t t i ng  ene rgy  and mat te r .  
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Fig. 1. Concerning the numer ica l  
method of solving the problem:  (a) 
cha rac t e r i s t i c s ,  (b) compute r -a ided  
calculation. Heating per iod  (o-z H, 
cooling per iod  ZH--Z c. 

and the ini t ial  condition as  

T (y, 0) = e-v. (4) 

System (1), (2) d i f fers  f rom the well known equations in [2] by the fac tor  r while the boundary 
condition (3) is  essen t ia l ly  new. It has been assumed  in the der ivat ion of (1), (2) that the initial  veloci ty of 
the heat c a r r i e r  (before enter ing the bed) is  the same in both direct ions.  This stipulation is  not a mat te r  
of pr inciple ,  inasmuch as it  only s implif ies  the or iginal  equations (1) and (2) without making this analysis  
l e ss  genera l  but, at the same t ime, ref lec t ing  a situation preva len t  in most  p rac t i ca l  cases .  Let  us, how- 
ever ,  dwell on this ma t t e r  somewhat longer.  The dimensionless  space coordinate y = x ~ F / e p v m a n d  the di-  
mens ionless  t ime coordinate z = r ~ F / c M ( 1 - - m ) b o t h  contain quanti t ies ~,  Cp, and v, which genera l ly  have 
different  values during the heating per iod  and during the cooling per iod  or ,  in other  words,  have different  
values  for  different  heat c a r r i e r s .  Never the less ,  in o r d e r  to simplify the calculat ions and the subsequent 
analysis ,  we will henceforth always assume the same values for  y and z. The values of the various pa r a -  
m e t e r s  of the two heat c a r r i e r s  at equal y and z cor respond,  the re fo re ,  to different  x and r coordinates  
during heating and cooling, i . e . ,  at the same y and z we consider  the t empera tu re s  of the heat c a r r i e r s  
(of the heating and of the cooling medium) and of the packing at var ious  bed sect ions and at different  instants  
of t ime, the la t te r  counted f rom the s t a r t  of the p rocess .  As a p rac t i ca l  mat te r ,  this will be re f lec ted  in 
subsequent calculat ions by the stipulation that YH ~ YC at the same location x and z H ~ z C at the same time T. 

We now introduce the ra t io  u = z c / z  H of dimensionless  cooling t ime to dimensionless  heating time of 
a d ispers ion  bed (in the case of a regenera t ive  heat t ransfer )  so that the per iodic  step function r can be 
e x p r e s s e d  as 

= { -t- 1, zH(n+nlx)~<Z<ZH[(n+ 1) +n~l,  ,(z) 
- -  1, ZH[(n + 1) -}- n~l ~< z < ZH[(n -1- 1)(1 -}- [x)l (5) 

k 

( n = 0 ,  1, 2, 3 . . . ) .  

Analogously, function y(z) can be wri t ten as  

y(z) = { O, zH(n + n~t).~Z<ZH[(n @ 1) -t- nN, 
yf, ZH[(n + 1) + nbt] ~<z<ztt[(n + 1)(1 + ~t)] (6) 

( n = O ,  1, 2, 3 . . . ) .  

Equations (1)-(6) complete ly  descr ibe  the heat  t r an s f e r  in a bed of d isperse  mate r ia l  during per iodic  
r e v e r s a l s  of the heat  c a r r i e r  flow and zerogradient  heating of the bed e lements .  An analyt ical  solution of 
sys tem (1)-(6) involves ser ious  mathemat ica l  difficulties.  However,  if we forego a complete theore t ica l  
analys is  of the ef fec ts  of var ious  p a r a m e t e r s  on the p r o c e s s  t rend  and, instead, consider  only determining 
the t empera tu re  f ield of the granular  bed and of the heat c a r r i e r  (gas and air) ,  then a computer -a ided  
numer ica l  solution of the p rob lem will be en t i r e ly  adequate. 

F o r  this purpose,  then, we rewr i te  Eq. (1) as  
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Fig.  2. T e m p e r a t u r e  T of the gas  (1), of the a i r  (2), and  t e m p e r a -  

tu re  | of the pack ing  e l e m e n t s ,  as  func t ions  of the d i m e n s i o n l e s s  
t ime  z at:  (A) z c = 0.722,~z H ; 0.417, z C = 0 . 3 0 5 ,  ~ = 0 . 7 3 2 ,  and 
ful l  bed height  y f  34, y ~ = 3 0 ,  (13) z c =  1.8, z H =  1.04, z c  

= 0.76, /~ = 0.924 and  ful l  bed height  yt  H = 36.5, Yb 31 .0 .  F o r  

(A) at  s ec t i on  YH = YC = 0 (a), YH = 3.4 and  YC = 3.0 (b), YH = 30.6 
and  YC = 27.0 (c), YH = 34 and  YC = 30 (d). F o r  (B) a t  s ec t ion  

YH = YC = 0 (a), YH = 3.65 and  YC = 3.1 (b), YH = 32.85 and  YC 
= 27.9 (c), YH = 36.5 and  YC = 31.0 (d). 

0T(v ,  z) : r  0 T ( y ,  z) 1 
- -  IT  (y ,  z )  - -  (9 ( y ,  z ) b  ( 7 )  

0z k 0y k 

Through  e v e r y  po in t  of the r eg ion  the re  p a s s  two c h a r a c t e r i s t i c s ,  Lt and L 2, with the s lopes  ~(z) /k  
and  0 r e s p e c t i v e l y  to the z - a x i s  (Fig. la ) .  F o r  a n u m e r i c a l  so lu t ion  i t  i s  conven i en t  to make  the fol lowing 
change of v a r i a b l e s :  

y -- yf-y, whereO~- .y~yf ,  0 < ~ y - ~  1, 

z = z t~  where 0 ~. z .~ zH, 0 <~ z <-.; 1. 

Tak ing  th i s  in to  account ,  we r e w r i t e  Eqs .  (2) and  (7) a s  

or (-~, -z) , (7) zH or (~, z) zH [7" (~, -~) (9 (V, z)l, (8) 
0z  -~ - - -  kyf O~y k 

oe (y, z) 
Oz zn[T (y' z) - -  0 (y, z)l. (9) 

A c c o r d i n g  to Fig.  l a ,  I~(Z)zH/kyfl  = 1, i . e . ,  a f t e r  the change of v a r i a b l e s  c h a r a c t e r i s t i c  L l wi l l  be 
i n c l i n e d  to the z - a x i s  a t  a 45 ~ angle .  
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TABLE 1. Va lues  of  the F ina l  A v e r a g e - O v e r - t h e - P e r i o d  Gas  and 
A i r  T e m p e r a t u r e  

Dimensionless time Dimensionl~s ~ Final average-over- 
. , - - -  [ the-period tempera- 

of heating .] of_cooling Length I ~ - - - -  1 turns 

I, af eyele~orheat- foreool- / dunng . dunng 
0 end f Istartz~ endz C _ v~ngYH lngyc 1"- o start ZH~ z H f zo I. Iheatin~ leooling 

ITH ~c 

10,108 [ 10,525 
16,464 17,07 
15,3 26,34 

10,525 
17,07 
26,34 

I0.83 
17,64 
27,1 

0 722 
1,176 
1,803 

62,0 [ 52,0 
60,0 60,0 
60,9 51,6 

0,214 [ 0,854 
0,170 0,879 
0,163 0,916 

Thus ,  i n s t e a d  of (8), we have  now 

o r  (y, z) + ~ (~ aT (y, z) = __ z_~n IT (~, z-) - -  0 (~, -~]o (10) 
Oz O-y k 

We wil l  now c o n s i d e r  the hea t ing  pe r i od .  The d i f f e r e n t i a l s  of  func t ions  T and | f o r  Eqs .  (10) and (9) 
a long  c u r v e s  I~ and  L 2 a r e  r e s p e c t i v e l y  equa l  to [3] 

d T  i - -  ZH k (T~ - -  O ~ ) h f  = - -  YH (T~ - -  01)  h f ,  

d o t  = z n (T~ - -  0~)  h f ,  

i n a s m u c h  a s  yf  = z / k  b e c a u s e  ~(z) = + 1 dur ing  the hea t ing  pe r i od .  Since y and z v a r y  within the r ange  0 -< 
y o r  z -  < 1 when 0 -< ~ - yf  and 0 -< z---- z H r e s p e c t i v e l y ,  hence  y and  z can  be subd iv ided  into equa l  n u m b e r s  
of  i n t e r v a l s  (Fig. lb) .  In the r e s u l t i n g  g r i d  j deno tes  the n u m b e r  of  a v e r t i c a l  s t r i p  and  i deno tes  the n u m b e r  
of  a h o r i z o n t a l  s t r i p ,  with i = 0, 1 ,2  . . . .  and j = 0, 1, 2 . . . .  r e p r e s e n t i n g  r e s p e c t i v e l y  equ id i s t an t  v a l u e s  of  
a r g u m e n t s  y and z a t  an  i n t e r v a l  h. Knowing the v a l u e s  of  T and  0 a long  the j - t h  v e r t i c a l ,  we compu te  t h e i r  
v a l u e s  in the d i r e c t i o n  of the c h a r a c t e r i s t i c s  a long  j + 1, e tc .  unt i l  the va lue  z 1 = Zl/Z H has  been  r eached .  
Since the l a s t  s t r i p  b e f o r e  z H does  not  e x a c t l y  hi t  po in t  z H, we e x t r a p o l a t e  to po in t  z H on the b a s i s  of the 
l a s t  two s t r i p s .  

C o m p u t a t i o n s  a r e  made  a c c o r d i n g  to the E u l e r  me thod  with the fo l lowing c o n v e r s i o n s  [4]: 

d T  i = - -  (T~, I - -  01 , i )  Y fhu , z ,  

T i = T ~ , j  - -  (T~,  i - -  O~,j) y fhy ,~ ,  

dO t -~ ( T i + l ,  j - -  O / + l , j )  Z~hy.z, 

O~ = O1+1, ~ + (Ti+l, j - -  O~+l,j) z~u : ,  

dT'~ = ---  (T~ - -  Oi)  y f h y , z ,  

dO, = (T, - o~) ~ . , ~ ,  

T~+l,~+l = T ~ , I  + d T  f -if- dT~  . 
2" 

O i + l , j + l  : O$+l , j  .q_ dOi + dO~ 
2 

qe 

qZ 

o 8 ~ ~ ~ y 

i 
Fig.  3. T e m p e r a t u r e  p ro f i l e  | of  
the pack ing  e l e m e n t s  and T of the 
g a s  and the a i r ,  a c r o s s  the bed  

I he ight  y a f t e r  24 c y c l e s  of  d i m e n -  
i s i o n l e s s  hea t ing  t i m e  z = 17.02 and 

d i m e n s i o n l e s s  cool ing t i m e  z = 17.33 
( p r o c e s s  p a r a m e t e r s  the s a m e  as  in 
Fig.  2A): hea t ing  T (1) and@ (2), 
cool ing  T (3) and | (4). 
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At y = 0 one computes  only | with the value of T given; at  the ini t ia l  t ime (z = 0) the values  of both T 
and | a r e  given. 

Fo r  the cooling per iod,  when r = --1,  the computat ions  a re  analogous.  

On the bas i s  of the p reced ing  re la t ions ,  the au thors  have used a model  M-220 compute r  fo r  de termining  
the t e m p e r a t u r e  f ield of a d i spe r se  packing  and of the heat  c a r r i e r  in t ime z and coordinate  y (bed height). 
The computat ions  were  made for  the r egene ra t ive  mode of heat  t r a n s f e r  during a coanterf low of two heat  
c a r r i e r s  in a r o t a r y  heat  exchanger ,  with two cyc les  p e r  ro to r  revolut ion (one cycle consis t ing of a heating 
and a cooling per iod) ,  the bas ic  p a r a m e t e r s  va r i ed  ove r  the following ranges :  d imens ion less  ini t ial  t e m -  
p e r a t u r e  of the heat  c a r r i e r  T H = 1, d imens ion less  ini t ial  t e m p e r a t u r e  of the cooling a i r  TC = 0.018, di-  
mens ion le s s  bed height for  heating YH = 32-62 and for  cooling YC = 32-52, dimension2ess  cycle t ime z e 
= 0.235-1.8, d imens ion less  heating t ime z H = 0.117-1.04, d imens ion less  cooling t ime z C = 0.117-0.763, ro to r  
speed n = 1.0-7.5 rpm,  the heating and the cooling pe r iods  T H = •C = 1.5-11.25 see.  

Some r e su l t s  of the computa t ions  a re  shown graph ica l ly  in F igs  2 and 3 in the f o r m  of re la t ions  
T = f ( z ) ,  | =f (z ) ,  T = f ( y ) ,  a n d |  f(y). 

In p r a c t i c a l  t e r m s ,  mos t  s ignif icant  i s  the t e m p e r a t u r e  as  a function of t ime for  the end sect ions  of 
a bed, inasmuch as  the t e m p e r a t u r e  t rend there  c h a r a c t e r i z e s  the t h e r m a l  ef f ic iency of the appara tus .  Fo r  
this reason ,  in Fig. 2 a r e  a lso  shown t e m p e r a t u r e  cu rve s  for  the ent rance  sect ion and the exi t  sect ion of a 
bed. According  to the d iagram,  the ini t ial  gas  t e m p e r a t u r e  (at y = 0) and a i r  t e m p e r a t u r e  (at y = y f )  a re  
constant  quant i t ies  (s t ra ight  l ines  la ,  2d) with r e s p e c t  to the boundary conditions; the t e m p e r a t u r e  of bed 
components  i n c r e a s e s  during e v e r y  cycle f r o m  the v e r y  s t a r t  of the heat  t r a n s f e r  p r o c e s s  within the ini t ial  
bed segments  (Fig. 2, curve  3a), while the packing t e m p e r a t u r e  r i s e s  during the heating pe r iods  and 
na tu ra l ly  drops  during the cooling per iods .  Of all  the cu rves  shown in Fig. 2, the l a r g e s t  number  of cyc les  
was computed for  cu rves  in Fig. 2A. In the l a s t  cycle  here  (z = 16.6-17.02, curve  3a) the packing t e m p e r a -  
ture  at  sect ion y = 0 i s  highest ,  app rox ima te ly  ~)~ = 0.954. The lowest  packing t e m p e r a t u r e  of the final 

sect ion ( y f  = 32.0) during the heat ing pe r iod  is  @fH = 0.104 in the l a s t  cycle ,  while the mean t e m p e r a t u r e  
at this sect ion is  ~)f = 0.118 and the t e m p e r a t u r e  di f ference a c r o s s  the height A ~H = ~3~ = ~fH = 0.954 

--0.118 = 0.836 is  thus quite apprec iab le .  At the s ame  t ime,  the t e m p e r a t u r e  var ia t ion  in e v e r y  packing 
sect ion is  r a t h e r  smal l  within one pe r iod  and a curve  drawn through the t es t  points  (e. g . ,  the dashed line 
in Fig. 2A) indicates  an exponential  t e m p e r a t u r e  change with an a sympto t i c  approach  to a constant  s t eady-  
s tate  level.  At sect ion x = y = 0 the a i r  t e m p e r a t u r e  a lso  r i s e s  cont inuously and, toward the end of the 
l as t  cycle,  r eaches  r a t h e r  high ave rage  (over the cooling cycle) leve ls  of 0.897 (Fig. 2A, curve  2a), 0.857 
(Fig. 2B, curve  2a), and 0.908. This  is  the final and thus a lso  the highest  a i r  t empe ra tu r e .  During each  
per iod ,  cha rac t e r i s t i c a l l y ,  the t e m p e r a t u r e  of bed components  and ga se s  (air) v a r i e s  l inea r ly  or  v e r y  
nea r ly  so. 

Wide f luctuat ions of the packing t e m p e r a t u r e  during heating and cooling a r e  noted at  the end sec t ions  
(y = 0 and y = yf), where  the heat  t r a n s f e r  r a t e  is  highest.  The t e m p e r a t u r e  p ro f i l e s  of the packing,  the 
gas,  and the a i r  a c r o s s  the bed height a r e  shown comprehens ive ly  in Fig. 3. The t e m p e r a t u r e  cu rves  a re  
s teep here  with r e s p e c t  to the y - a x i s  for  the ini t ial  bed segments ,  become f la t te r  fo r  the middle port ion,  
and then again s t e epe r  for  the final segments .  With the p a r a m e t e r  va lues  given in Fig. 3, the heat  t r a n s f e r  
in the middle por t ion  of the bed is  s t i l l  slow a f t e r  23 cyc les  (z = 16.6); in this case ,  evidently,  the bed is  
too high. 

In the t r ans ien t  state,  the final t e m p e r a t u r e s  of gas  and hot a i r  a re  apprec iab ly  affected by different  
cycle  lengths at  about the same  bed height y.~ 32. Fo r  the 13th cycle at  z c = 0.235, fo r  example ,  the 
average-over-tlm_e_-period t e m p e r a t u r e s  a re  T H (gas) = 0.341 and T C (air) = 0.742; at  z c = 1,176 we have 
T H --- 0.193 and T C = 0.857; at  z c = 1.807 we have TH = 0.172 and T C = 0.908. Thus, while z e changes f r o m  
0.235 to 1.803, i. e . ,  by a f ac to r  of 7.7, the final gas  t e m p e r a t u r e  changes  f r o m  0.341 to 0.172 or  by 0.169 
and the f inal  a i r  t e m p e r a t u r e  changes  f r o m  0 .742  to 0.908 or  by 0.166; the di f ference is  there fore ,  large.  
If the ini t ial  gas  t e m p e r a t u r e  were  2000~ for  example ,  then, a f t e r  the sa id  exteaaion of the cycle  length, 
the final gas  t e m p e r a t u r e  would drop by 338~ and the final a i r  t e m p e r a t u r e  would r i se  by 332~ i . e . ,  this 
d i f ference would become apprec iab le  in h i g h - t e m p e r a t u r e  p r o c e s s e s .  

An analogous pa t t e rn  is  noted a lso  at  l a rge  va lues  of the d imens ion l e s s  bed height, a f t e r  the same 
number  of cyc les  since the appara tus  has  s t a r t ed  to opera te .  Data for  the 15th cycle a re  given in Table 1. 
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With app rox ima te ly  the same bed height, accord ing  to the table,  the gas  t e m p e r a t u r e  i s  lowered  by 
0.214-0.163 = 0.051 and the a i r  t e m p e r a t u r e  i s  r a i s e d  by 0.916-0.854 = 0.062 when the cycle length is  e x -  
tended f r o m  0.722 to 1.807 o r  by a f ac to r  of 2.5. 

Consequently,  an extension of the cycle  length within definite l imi t s  will, with the bed height as  
given here ,  cause  a drop in the final t e m p e r a t u r e  of exis t ing  gas  and a cor responding  r i s e  in the t e m p e r a -  
t a r e  of heated  a i r .  I t  i s  to be noted, however ,  that, a f t e r  the same  number  of cyc les ,  the heat  t r a n s f e r  
t ime  b e c o m e s  much longer  during a longer  cycle.  Af te r  15 cyc les ,  fo r  example ,  z = 10.83 with z c = 0.722 
and z = 27.1 with z c = 1.857. This  a f fec ts  the final t e m p e r a t u r e s  of heat  c a r r i e r s  during the t r ans ien t  
only, if  the compar i son  i s  based  on the same  number  of cycles .  During the s teady state,  the number  of 
r e g e n e r a t o r  cyc les  since the s t a r t  does not a f fec t  the t e m p e r a t u r e  field. 

y = ( a F / c p v m ) x  
z = (aF/CM(1--m))T 
| z ) =  ~(y, z)--~o/to--4 o 
T(y, z) = t(y, z)--~o/to--~ o 
K = (Cp/CM)" ( m / l - - m ) ;  
ev 
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N O T A T I O N  

is the d imens ion less  height (thickness) of d i spe r se  packing bed; 
is  the d imens ion less  t ime;  
is  the d imens ion less  t e m p e r a t u r e  of bed e l ement s ;  
i s  the d imens ion less  t e m p e r a t u r e  of heat  c a r r i e r ;  

Is  the specif ic  heat  (on volume basis)  of heat  c a r r i e r ,  k c a l / m  ~" ~ 
ks the speci f ic  heat  of packing e lements ,  k c a l / m  3. ~ 
ks the specif ic  sur face  of p a r t i c l e s  p e r  unit bed volume,  m2/m3; 
is  the bed poros i ty ,  m2/m2; 
ks the ins tantaneous  t e m p e r a t u r e  of heat  c a r r i e r ,  ~ 
is  the ins tantaneous  t e m p e r a t u r e  of bed e lements ,  ~ 
ks the space coordinate  along fluid flow; 
is  the t rue f i l t ra t ion  ve loc i ty  of heat  c a r r i e r  through bed, m / h ;  
I s  the coeff icient  of heat  t r a n s f e r  f r o m  heat  c a r r i e r  to sur face  of bed pa r t i c l e s ,  

k c a l / m  2" h" ~ 
is  the t ime,  h. 

S u b s c r i p t s  

H r e f e r s  to heating; 
C r e f e r s  to cooling; 
c r e f e r s  to cycle.  

S u p e r s c r i p t s :  

o r e f e r s  to init ial  value;  
f r e f e r s  to final value. 
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