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Equations are derived to determine the gas, air, and packing temper- 
atures for any gas and air periods of regenerator operation, making 
possible regenerator design and complete analysis of apparatus opera- 
tion. 

Determinat ion  of packing and gas (air) t e m pe ra tu r e s  
for  the beginning of appara tus  opera t ion  was t rea ted  in 
[1]. The purpose  of this paper  is to de te rmine  the 
t e m p e r a t u r e  field of the packing and gases  (air) fo r  
appara tus  opera t ing in the s t eady - s t a t e  r e g i m e .  

Let  us de te rmine  the packing t e m p e r a t u r e  during 
the f i r s t  a i r  p e r i o d  following the f i r s t  gas  per iod  ex-  
amined in [1]. In analogy with (6) and (7) f r o m  [1] for  
any a i r  per iod we can obtain the following equat ions:  

ota--~a--t~ (1) 
OX 

Ot a ~}a ta (2) _ _ _ _ =  - -  . 

06 

Let  us in t roduce the notation 

Oa-- t~ 
o a (~, 6)= t ~ -  tf (3) 

The notations have been taken f r o m  [1]. 
With cons idera t ion  of (3) f r o m  (1) and (2) we obtain 

the different ial  equat ion for  the packing t e m p e r a t u r e  
dur ing the a i r  per iod  

o 'oa  ~- 00a  00a= O. (4) 
0x08 - 2 ~  -~ 06 

Let  us fo rmula te  the boundary  condit ions for  (4). 
In analogy with (10) and (11) f r o m  [1], accord ing  to 
[2], we have 

(0, 6 ) = t  a +  (0~--t~) exp ( - -6 )=  

�9 = l  a + A l  a exp (--6)  

or  with cons idera t ion  of  (3) we obtain 

All exp (--  6) (5) 
Of (0, 6) =, tg~-- tf 

The initial condition 

oao ~, O) = t}g(z, fig ) (6) 

or  f r o m  (3) and (8) accord ing  to [1] with cons ide ra t ion  
of (6) we obtain 

t ~ - ( t ~ - 8 o  Olg(Z, 6~0 - t~ 

O a (;L, O) = , , t { g _  t a  ' = 

= 1 -o~(~, ~fO. (7) 

Here we assume t a = ~I (the packing temperature prior 
to onset of regenerator operation is equal to the tem- 
perature of the ambient air). 

Let us apply the Laplace transform of the variable 
X to (4): 

d - a  - a  ~-[sO (s, ~) --ea(O, 5)] +sO (s, 6)-- 

d g a ( s , ~ )  -----0. (8) 
- O a (0, 6) + d 6 

Using the boundary  condition (5), a f ter  some  mod i f i ca -  
t ions,  f rom (8) we obtain the following different ial  
equation : 

dO, (s, 6) _ s dS, 
O~ (s, 6) 1 + s 

whose solut ion is 

~)a(s, 8 ) = C ( s )  exp [ - -  s 6 /" (9) 
l+s ! 

We de te rmine  C(s) f r o m  (9) and the initial condition 
(7). In the t r a n s f o r m  reg ion  condition (7) a s s u m e s  the 
f o r m  

o~(~, 0 )=  

=l--@g0 ~, 6fgv )@ is sl exp (--l+sS 6gfv).(1O) 

Substituting (10) into (9) fo r  5 = 0, we obtain 

C(s)-- ls  sl exp ( - - l + s S  61gfv). (11) 

Equat ion (9) then a s s u m e s  the f o r m  

S 

According to (28) from [1], the original of (12) is 
a 

01 0", 8) = exp (--  8) + [exp (--  L - -  5)1 • 

k= 1 n~O 

- -  exp (--  6 - -  6gfv) - -  [exp (--  k - -  6 - -  6gfv)l • 
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After  a number  of modif icat ions  we finally obtain an 
expres s ion  for  the packing t e m p e r a t u r e  during the 
f i r s t  a i r  per iod  

@a(~, 6) = exp ( - - 6 ) - - e x p ( - -  8 - -  6gfo -F 

r 1 
+ [exp (--  7~ - -  6)1 E - - E  [8~-- 

k~ l  

k - - I  

- -  (6 + 6gfv)~ exp (--  6gfv)l (exp ~,-- 2 - ~ - I  ) .  
rt~O 

(13) 

The equation to de te rmine  the a i r  t e m p e r a t u r e  during 
this per iod is der ived,  with cons idera t ion  of (3), by 
subst i tut ing (13) into (2): 

T~= [exp ( - - ~ - - 6 ) 1 x  

X 

6: - -  1)I 
[6 ~-~ - - (6  -1- 6~fv) '~-' exp (--  61gfv)] X 

(14) 

where  

~(z ,  ~) = t%, ~ ) - o , .  
~ - ~  (15) 

Let  us cons ide r  the following per iod  of r e g e n e r a t o r  
opera t ion  which se ts  in on t rans i t ion  of the packing 
f r o m  the f i r s t  a i r  pe r iod  to the following gas per iod ,  
and it is this per iod  to which we will r e f e r  as the s e c -  
ond gas per iod.  Consequent ly ,  the init ial  t e m p e r a t u r e  
d is t r ibut ion  for  the packing in this per iod  is e x p r e s s e d  
by (13) when 5 = 6afv in a c c o r d a n c e  with (1) f r o m  [1]. 

The  boundary  condit ion for  this case  is 

og(o, ~ )=  (t g "  ~g) exp (--~) 
t g - ~ f  ' 

where  

~ t, g -  ~)g(x, 8) 
o ~ ( ,  6) = t ~ -  ~, (16) 

Since the equat ion desc r ib ing  the p r o c e s s  of pack -  
ing heat ing dur ing the per iod  in quest ion is of the s a m e  
f o r m  as (9) f r o m  [1], in ana logy with the p rev ious  c a l -  
cula t ions  we can de r ive  the fol lowing equation for the 
de te rmina t ion  of the packing t e m p e r a t u r e  in the s e -  
cond gas pe r iod :  

og()~, 8) = exp (--  6) - -  exp (--  6 - -  ~afv) + 

+ exp (--6 - -  6afv-- 6gfv) + [exp (--  ~, - -  6)1 x 

a g 
+(~ + 6~fv + 6,gfv) k exp (--6,  fv-- 6,fv)l x 

k--I 

n=O 

(17) 

and for  the gas t e m p e r a t u r e  in this per iod :  

r~= t~ -&z ,  6) 

r 

a 
• exp (--  6afv) -F (6 -P 6, fv -F 6afv) k-* x 

X exp (--  6afv - -  81gfv)] X [ exp Z, - -  z_J ~-~ E"n!j "]" 
fifO 

(18) 

Proceed ing  as in the p rev ious  ca se s ,  we s u c c e s -  
s ively  der ive  an equation to de te rmine  the packing 
t e m p e r a t u r e  in the second a i r  per iod  

0 a ~a(/~, 6) - -  ~h = exp (--  6) - -  exp (--g - -  6gfv) + 

+ exp (--  6 - -  6gfv - -  6~fv)-- 

g a g 
-- exp (-- 6 --62 fv-- 6~ fv - -  61 fv) -F {exp (--~ - -  6)1 • 

+ (~ + ~gfv + ~f,)~ ~xp ( -  6 % -  6~f,) - 

- -  (~ -I- ~gfv @ ,a 0, fv + 6gfv? 

• ~p  ( -  f i f v -  6~f~- 6%)1 • 

• exp ~ (i9) 

and the equation to de te rmine  the a i r  t empe ra tu r e  in 
the second a i r  per iod  

a ta(;% ~) - -  #1 
T 2 

1 [6k_ l _ _  = [exp ( - -  ~ --- 6)1 

--(6 "~- 6gfv) k- '  exp (-- 6gfv) @ (6 -F ~ v  ' ~a ,,--t 

X exp (--- 6gfv - -  6?fv) - -  (6 -F 6gfv -{- ~fv - -  6[~fv) k - 1  X 

k--l 

(20) 

In comple te  analogy it is poss ib le  to der ive  an equa-  
tion for  the t e m p e r a t u r e  of the packing and the gases  
in the subsequent  gas  and air  per iod.  However ,  f r o m  
the de r ived  (27) and (29) f r o m  [1], as well as  f r o m  
(13). (14). and (17)-(20) we can see  the auant i ta t ive 
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re la t ionsh ip  governing the fo rm of the functions to de -  
t e rmine  the t e m p e r a t u r e s  of the packing and gases  in 

a8 

84 
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a7 t" 
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Fig. 1. Distr ibut ion of d imens ion less  packing t e m p e r -  
a ture  | and h e a t - t r a n s f e r  agent T (gases and air)  in 
gas and a i r  per iods  Since the beginning of operat ion 
to s t e a d y - s t a t e p r o c e s s  (X = 1.2, 6 = 0 -1 .4 ,  6fv = 1.4): 
I - IV)  per iod  number s  IVg and IVa show the s t eady-  

s tate  p rocess ) ;  1) packing;  2) gas;  3) a i r .  

any of the subsequent  pe r iods .  Thus,  p roceed ing  f rom 
(27) f r o m  [1] and f r o m  (17), for  any gas per iod the 
equation for  the de te rmina t ion  of the pass ing  t e m p e r -  
a ture  a s s u m e s  the f o r m  

0 g = exp ( - -  6) - -  exp (--  6 - -  6m-O + 

+exp ( - - 6 -  6a-~ - - s g - o  - -  

- -exp ( - -6--6~a_~--6g_l  a . 6 ~ _ ~ )  + . . .  + 

+ exp (--  ~ - -  ~a 8g_l 

a 
- 6 . , - ~  - - . . .  - -  6 a - -  6 g) + [exp ( - -  ~, - -  ~)1 x 

• [6 ~ - -  (6 + 6a_t) ~ exp (--  6m-l) -~" 

+ (~:6~_~ + 6~_~)' exp (--  8~-~ 

- -  (6 + 6L,  + 6~_, + 6~-~)' • 
a g a 

- -  ~ , ._~)  + x exp (--5,,-~ - -  6~-.~ .. �9 + 

a a 

X exp ( - -  6 a . ,  - -  ~.g_, _ ~,,,_~a _ . . .  _ 6 a _  6g)l X 
k--I 

(the subsc r ip t  "fv" has  been dropped h e r e  and beyond 
in all  c a se s  of  dual subscr ip t s )  and the equation for  
the packing t e m p e r a t u r e  in any a i r  per iod,  accord ing  
to (13) and (19) a s s u m e s  the f o r m  

o& = exp (--  6) - -  exp (--  6 - -  8 ~ )  + 

+ e x p ( ' 6  - -6~  a - -  6 ~ _ , ) -  

- e ~ p ( -  6 - ~ - ~ L ,  - 6 L O  + . . .  + 

+ e x p ( - - 6 - - S g ~  a __6mg. ,__. . ._ .6a__.5, )+ 
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+ [exp (-- k -- 6)1 • 

" 1 6~, exp(- 6~) + • Y,-kT I6 ' - (6  + 
k=l 

a + (6 § 6~ + 6m_,? exp ( -  8 ~ -  a 6m_, )  - -  

- (6 + 6~ + 8L,  + d- ,~ '  • 

• exp ( -  6 ~ -  8L ,  - 6L, )  + . . .  + 

g " d - l  .. 6 f + # , ~  + ( 6 - F 6 , , + 6 , , _ 1  + + .  + X 

x ~xp ( - 8 . g , - 8 L , - 6 g _ , - . . . -  6 f -  ~)j x 
k--I 

x[exp y "1. (22) 
L ~o  a! J 

For  the gas t e m p e r a t u r e s  in any gas per iod in a c c o r d -  
ance with (29) f r o m  [1] and (18) we obtain the following 
exp re s s ion :  

T~ = [exp(-- k__~l'(/r - 1)------T x 

X [6 k-1  - - ( 8  + 6a--l) k-I exp (--  8a_0 + 

+ (~ + ~_~ + 6L+),-'  exv (-+~_, - 6 ~ - 0 - -  

-~ 6m--[ -~ rn--l~7" m--2] X (6 a 6g - - 6 a  ~k-1 

x exp (--  6a_l - -  6g.*-I - -  6 am-2) + .  .. + 

+ (6 + ~ _ ,  + 8L~ + 8~_~ + . '  " . .  + ~ +  d ~ ' - ' x  

X e x p ( - - 6 a - , -  6g.,_1 - -  6~_2a __ . . .  __6a__ 6g)] x 

k--I 

x [exp X - -  $~. lk" ] (23) ~ - ~ - j  
L tl~0 

and the equation for  the a i r  t empe ra tu r e  in any a i r  
pe r iod  accord ing  to (14) and (20) is given by 

T a = [exp (--  ~ - -  6)] x 

x ~ _ ~ ( k ~  {~ , . . , _  (~ + ,r exp(--8~) + 

+ (6 + 6~ + 8~_,) '-~ r ( - 6 ~ -  6~_,) 

" ( 8  + 8~ + 6L ,  + 8L , )  '-~ • 

• e x p ( -  ~ - 8 ~ _ , - ~ L , )  + . . .  + 

g a + (6 + 6,,, + ~_, + 6L ,  + . . .  + 6f + o~,,-, x 

g a 
X exp ( ~  6m-- 6~--1 " 6~m', - - , , ,  - -  6 a - -  6gl)] X 

k--I 

x exp ;k - -  �9 (24) 

In (21) and (24) the subscr ip t  m = 1, 2, 3 . . . .  de -  
notes the number  of the co r r e spond ing  pe r iod  (after 
the f i r s t  gas  per iod  we have the f i r s t  a i r  per iod,  fo l -  
lowed by the second gas per iod,  e t c . ) .  If  we a s sume  
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that  the h e a t - t r a n s f e r  coef f ic ien t  for  any gas  and a i r  
p e r i o d s ,  c a l c u l a t e d  with r e s p e c t  to a v e r a g e  p a r a m e -  
t e r s ,  a r e  equal  to each  o the r ,  and if we a s s u m e  that  
the gas  and a i r  p e r i o d s  a r e  iden t i ca l  in t e r m s  of d u r a -  
t ion,  and i f  we neg l ec t  the fac t  that  the t e m p e r a t u r e  
a l t e r s  the hea t  c a p a c i t y  of the packing ,  i t  b e c o m e s  
p o s s i b l e  to a s s u m e  

6 ~ =  6~_, 6~-2-- ' . .  6 a a a = . =  ~ = 6m-1 = 6m-2 = 6~. (25) 

With condi t ion  (25) for  the in s t an taneous  t e m p e r -  
a t u r e  of the .packing in any gas  p e r i o d  with the e x c e p -  
t ion of the f i r s t  and in any a i r  p e r i o d  i n s t e a d  of (21) 
and (22) we ob ta in  the  fol lowing equa t ion :  

2tn--r 

= [exp (--6)1 E (--I)P exp ( - - 6 - - P 6 f v ) +  O~ 
p=l  

+ [exp (.-- X - -  6)1 x 

2ttl--r 

v__' E 
• + k'=l p = l  

--I)P(6 -F P6fv )k X 

k--l 

n=O 

(26) 

whi le  for  the i n s t an t aneous  t e m p e r a t u r e  of the g a s e s  
in any gas  p e r i o d  with the excep t ion  of the  f i r s t  and 
fo r  the  i n s t an t aneous  a i r  t e m p e r a t u r e  in any a i r  p e -  
r i o d s ,  i n s t e a d  of  (23) and (24) we obta in  

T~ = [exp (--L -- 6)1 x 

2m--r 

• ( k -  ])t 
k=l p = l  

k--I 

X exp ( - -p  8fv ) exp k -- - -  

n 
(27) 

w h e r e  r = 2 for  the  gas  p e r i o d s  and r = 1 for  the a i r  
p e r i o d s .  

The instantaneous temperatures of the packing and 
the gases in the first gas period can be calculated, 
respectively, from (27) and (29) in [9]. | and T m 
are, respectively, determined from (3) and (15). 

It should be noted that the series in (26) and (27) 
are absolutely converging. 

The steady state sets in after a number of heating 
and cooling periods, theoretically repeating an infi- 
nite number of times. As we can see from (26) and 
(27), this state sets in at exp (-p6fv_)~ 0. Conse- 
quently, assuming accuracy of calculation, we can 
determine the number of heating and cooling periods 
subsequent to which the steady-state regime has, for 
all intents and purposes, set in. Thus we have N/6fv = 
= 2m-r, hence m = 1/2 (r + N/Sfv), where N is de- 
termined on the basis of the selected level of accuracy. 

Knowing the temperature of the gases and air at the 
regenerator outlet is of great practical importance. 
These temperatures may be calculated by averaging 
the corresponding local temperatures determined from 
(27). 

Thus with )t = Xfv, for the average gas and air tem- 
perature from (27) we have 

6fv 

T a v - - l ~ t ~  m 1 I f 6fv I,~_z~(k-- 1)! (k--l) 6 k-~ x 
o 

x exp (--)~fv -- 6) d 6 -- 5~ -1 exp (--)~fv -- 6fv) + 

2rn--r 

4- E (--I)P [ (p 8fv)k-' eXp(--P6fv) ' - -  
p = l  

--(Sfv 4- P6fv) k-~ exp (--6fv - - p  6fv) -F 

afv 

0 

k - - l  

(28) 
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Fig. 2. Change in packing temperature d and in the 
temperature t for the gases and air in the gas and 
air periods from the beginning of apparatus opera- 
tion to the steady-state process. Notations are 

~iven in Fi~. i. 
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The  i n t e g r a l s  in (28) can be ca l cu l a t ed  in each s p e -  
c i f ic  c a se  for  a s e l e c t e d  va lue  of N. 

The  r e s u l t i n g  equat ions  make  i t  p o s s i b l e  co mp le t e ly  
to ana lyze  r e g e n e r a t o r  ope ra t ion ,  to d e t e r m i n e  the 
t e m p e r a t u r e  of the g a s e s  and the hea ted  a i r  at  the ou t -  
l e t  f r o m  the r e g e n e r a t o r ,  and they can a l so  s e r v e  to 
d e t e r m i n e  the h e a t - t r a n s f e r  coef f i c ien t s  in the f i l t e r -  
ing of  the g a s e s  through the dense  packing l a y e r  for  
the  ca se  under  c o n s i d e r a t i o n  h e r e .  

NOTATION 

Here  t and ~ a r e  the ins t an taneous  t e m p e r a t u r e s  of 
the h e a t - t r a n s f e r  agent  and the packing ,  r e s p e c t i v e l y .  

S u b s c r i p t s :  a, a i r ;  g, gas;  fv, f ini te  value;  1, in i t i a l  
t e m p e r a t u r e  o r  number  of the f i r s t  pe r iod .  
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