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Resul ts  a re  given of an analyt ic  invest igat ion of t rans ient  p r o c e s s e s  inside counterflow 
appara tuses  and heat exchangers  with t e m p e r a t u r e  d is turbance in one of the heat c a r r i e r s  
at the entry  to the appa ra tus .  

Nonsta t ionary  heat p r o c e s s e s  can a r i s e  if the opera t ion  of a counterflow appara tus  is d is turbed by 
a t e m p e r a t u r e  change at the entry  to a heat c a r r i e r  or  its consumption in the appara tus .  The evolution of 
these  p r o c e s s e s  de t e rmines  the c h a r a c t e r  as well  as the t ime at which the new s ta t ionary  s ta te  is reached .  

The mathemat ica l  descr ip t ion  of t rans ien t  s ta tes  of continuously operat ing counterflow appa ra tuses  
and heat exchangers  has been dealt  with in a number  of a r t i c l e s  [1-3]. In them the main at tention was 
focused on the calculat ions of t rans ien t  heat p r o c e s s e s  and their  cha r ac t e r i s t i c s  in the output sect ions  of 
the heat exchangers  only. 

In more  genera l  cases  and in pa r t i cu l a r  in the analys is  of the dynamics  of p r o c e s s e s  taking p lace  
inside the appa ra tuses  it is indispensable  that one should know the pa r t i cu la r  f ea tu res  of t he rma l  phenomena 
as yet not s teady and in in te rmedia te  sec t ions  to be able to de te rmine  the dynamic c h a r a c t e r i s t i c s  of ap -  
pa ra tu se s  as control  objects  and to chose the posit ioning of t r ansduce r s  which control  the t he rma l  s ta te .  
These  pa r t i cu l a r  fea tu res  can only be es tab l i shed  if the cor responding  p r o b l e m s  a re  solved.  

The  following p rob l em  is cons idered  below: in a counterflow appara tus  for  heating d i spers ion  m a t e -  
r i a l  by means  of a gas  moving through a l aye r  some  dis tr ibut ion of t e m p e r a t u r e s  occurs  which can e i ther  
be nul (at the instant of connecting the appara tus)  or  it can co r re spond  to some s ta t ionary  s ta te  (operation of 
the appara tus  p r i o r  to the change of s ta te) .  At the t ime instant T = 0 the change in t e m p e r a t u r e  of one of the 
heat c a r r i e r s  occurs  at the ent ry  to the appara tus  and f r o m  now on it r e m a i n s  constant ,  It is r equ i red  to 
find t e m p e r a t u r e  changes in t ime of each heat c a r r i e r  for  any appara tus  c r o s s - s e c t i o n .  

The following s impl i f ica t ions  have been adopted in the formula t ion  of the p rob l em.  
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Fig .  l .  T e m p e r a t u r e  of 
heat  c a r r i e r s  at the exit 
of a counterflow heat ex-  
changer  (m = 0.8; Y0 
= 10). ,~") ma te r i a l ;  0") 
gas;  the points we re  ob-  
tained by analyt ic  compu-  
tat ions;  the curves  we re  
found by using finite di f -  
f e r e n c e s .  
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TABLE 1. The Values of Imaginary Roots 

M n O l n  ,o',, n 6,~n q l n  ~&n (~gn 

0,5 

1,0 

2,0 

4,0 

6,0 

8,0 

10,0 

14,0 

20,0 

33,0 

50,0 

5,0371 

5,6162 
3,8350 
5,8204 
3,6097 
5,9275 
3,4991 
5,9939 
3,3859 
6,0723 
3,3078 
6,1331 
3,2501 
6,1817 
3,2058 
6,2216 

5,2260 

5,5215 
10,6393 
5,6792 

10,2098 
5,8520 
9,8311 
5,9796 
9,7622 
6,0791 
9,6432 
6,1597 
9,5534 

--4. 

11,0989 

11,5648 
10,2458 
11,8913 
9,9452 

12,1018 
9,7560 

12,2576 
9,6184 

12,3805 

n 
m 

m 

11,5909 

II,9274 
�9 16,4350 

12,1494 
.16,1567 
12,3175 I 
15,9674 ] 

16,6957 
18,0113 
16,2816 
18,3191 
16,0344 
18,5366 

17,7570 

18,!978 
22,7014 
18,4712 
22,3862 

1. Physica l  heat proper t ies  of the layer  mater ia l  or gas are  independent of t empera ture .  

2. The internal heat res is tance  in portions forming the layer  is taken into account by the solidity 
coefficient m 1, 

With the above taken into account one obtains a sys tem of equations which descr ibes  a heat exchange: 
in the flow of the dispers ion mater ia l  one has 

a o  H-m O~ = 0 - - 6 ,  (1) 
az oY 

and in the gas flow 

ao o - -e .  (2) 
aY 

The solution of the sys tem under the conditions 

Y = O, ~ = O; (3) 

Y=Yo,  0 ~ 1 ;  (4) 

Z = 0 ,  ~ = O ,  (5) 

descr ibes  the p rocess  p r io r  to the s tat ionary state and also,  as shown by B. N. Devyatov in [1], the transient  
p rocess  between one s ta t ionary state and the next one. 

The solution of the problem is obtained by using the operational method. Having taken the Laplace 
t ransformat ion with respect  to the variable Z and having solved the sys tem thus obtained of ordinary  dif-  
ferential  equations for the t r ans fo rm one obtains the formulas  

( ) 
= - - , . - - .  ( v . . r )  ro t 2 m + ~ ,  J exp , (6) 

• r (7) 
I _ - -  ,,di 

for the t r ans fo rmed  tempera tures  7 and 7 where 6 : (1 + m + s/2m)Y0 and M = (u By setting the 
denominator equal to zero  one obtains the charac ter i s t ic  equations for  the roots :  hence it follows that one of 
the roots is so -- 0 and the other roots can be found f rom the equation 
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F i g . 2 .  T e m p e r a t u r e s  of hea t  c a r r i e r s  a long  the l eng th  of 
t he  h e a t  e x c h a n g e r  fo r  v a r i o u s  t i m e  i n s t a n t s  (m = 0.8; Y0 
= 10).  Cont inuous  l i n e s  c o r r e s p o n d  to ga s ;  d a s h e d  l i n e s  
c o r r e s p o n d  to m a t e r i a l .  

6 s h l f ~ M  s+Fh 2 - M  sch' 8~--M 2 

i ~ - -  M ~ 

F o r  6-'* +M Eq.  (8) r e d u c e s  to  

8 + I = •  

It  car, e a s i l y  be  s e e n  that  (8a) can  hold if and  only  if 6 = - M  = - 1 .  
ha s  one r e a l  r oo t  6 = - 1  tha t  is  s = - ( 1  + ./-m) 2 = - ( 1  + Y0) 2. 

= o .  (8) 

(~) 

Conse que n t l y ,  in the  c a s e  of M = 1 Eq.  (8) 

If ,  h o w e v e r ,  5 ~ - 1  the  r o o t s  of Eq.  (8) can  b e  d e t e r m i n e d  b y  s e t t i n g  the  n u m e r a t o r  equa l  to  z e r o ,  
tha t  i s ,  

sh r  1:8 ~ -  M2ch ]/~s _ M  s = 0. (Sb) 

F o l l o w i n g  [2], Eq.  (8b) is  t r a n s f o r m e d  and the  no ta t ion  6 = M ch ~I, i n t r o d u c e d .  One ob t a in s  then  

sh(T + M s h T )  = 0. (9) 

T h e  r o o t s  of Eq.  (9) a r e  iTm,where  n = 0, 1 , 2 ,  3 . . . . .  In th i s  c a s e  one has  

�9 - t - M s h T =  • inn. (10) 

If the  quan t i t y  ~I, is  r e p l a c e d  by  i t s  va lue  ,I, =/~ • iv one ob ta in s  the  s y s t e m  of equa t ions  

M sh }L cos ,: = - -  IX; (11) 

M chp, sinv = - - v  _+ ~n. (12) 

It  was  e s t a b l i s h e d  by  �9  a n a l y s i s  tha t  n can  only a s s u m e  a s i n g l e  even  v a l u e  and a s i n g l e  odd 
v a l u e ,  fo r  e x a m p l e ,  0 and 1. O the r  v a l u e s  of n do not  p r o d u c e  any new r o o t s  w h i c h  would  be  d i f f e r e n t  f r o m  
the c a s e  of n = 0 o r  1. 

I t  is  no t i c ed  that  the  s y s t e m  (11)-(12) has  an  in f in i t e  n u m b e r  of r o o t s .  T h e s e  e q u a t i o n s ,  s i m i l a r l y  
a s  Eq.  (10), have  a l s o  p u r e l y  i m a g i n a r y  r o o t s  (# = 0)l, = a w h o s e  n u m b e r  is  f in i t e  fo r  M ~ ~ .  In  the c a s e  of 
M--.-~o which  c o r r e s p o n d s  to an  i n f i n i t e l y  l a r g e  he a t i ng  s u r f a c e ,  the  n u m b e r  of p u r e l y  i m a g i n a r y  r o o t s  t ends  
to in f in i ty .  T h e  r e s u l t s  fo r  M--+~o w e r e  p r e v i o u s l y  ob t a ined  in [4]. When M = 1 the  s y s t e m  (19)-(20) of [4] 
has  fo r  n = i the  i m a g i n a r y  r o o t  a = ~r. I t  can  be  shown that  th is  r o o t  c o r r e s p o n d s  to the  v a l u e  6 = - 1 ;  thus ,  
i t  is  not  a m u l t i p l e  r o o t .  

Us ing  the i n f o r m a t i o n  on the r o o t s  of the  d e n o m i n a t o r  of the  e x p r e s s i o n s  (6) and  (7) one can  d e t e r -  
m ine  the  o r i g i n a l  func t ions  ~ and 0. A f t e r  s o m e  t r a n s f o r m a t i o n s  the  fo l lowing  e x p r e s s i o n s  a r e  o b t a i n e d  
which  d e s c r i b e  the t r a n s i e n t  p r o c e s s e s  b e t w e e n  the f i r s t  s t a t i o n a r y  s t a t e  and  the s e c o n d  one o r  t r a n s i e n t  
p r o c e s s e s  r e l a t e d  to the  s e t t i n g  of the  a p p a r a t u s  in  mo t ion  (for 6 ~ - 1 ) :  
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1 -  e + --7=exp - - (Ye--g)  1 --  --cos%~ 
= f'---m V. V m ( Yo 

1 -- me m n=O i = 2  

(ff,n--:lltz) sin[(~rt--Gin) ~-~o ] 

1. Yo cos rm t M cos %~--  ~Y-m ( l + m) ]( l + M cos~ i,~) 

~ 1 { _ ( y o _ y ) ( l +  i ) [ ( l + m )  

n = 0  i = I  

Ain' (aei~yl,,~-- " { 2m ( Z  2m . 

1 --m, 
- - - - g  1 p 

= ' ~  ,'o ~ , '7o cos ~ .  
1 - - m e  ,n . = o  i = l  

+ cos m) Z ," 
, I y  ~ oh, , -  (1-t- ] }cos zm [Mcos%+--Ym(1- l -m)]( l+McoscQ,+)  

1 +o 

- -2  ~ exp --(Yo--Y) l+~ooVi"c th~ i " . - -  (1-~-m)+2--myo 
n = 0  i = [  

\ Y0 Ixi" tgvi. - -  (allnXli n @ a2~ux2in)cos(Z 2 thai  n tgvin . 
\ Yo 

In the above 
A, ,=cosnn/ [~ ,~c th~t , ,_  ,_ (1-,Um)Yo] 2-u ~/ 2m , ( ~ , ~ t g v ~ . ) -  [(1--~i~cth~i,,)2+(~ti,~tg~)2]; 

Yl~,~ = K [~tlnB - -  (v~,~ - -  zm) C] + N [(v~,~ - -  rm) B + ~/,~C]; 
Y2~. = K [(vi~ - -  an) B + ~,~CI - -  N [tx~,~B ~ (vi, + - -  r+n) Ct; 

ali. = ( ~ti,, cth ,a~. -~-: Yo I -i-ram \) (1 - -  ~i~ cth ~i,,) -i- (~ti,, tg vi,,)~; 

ao~,=~t,~tg,,~,,(l_2~t~,~cth~,_y0, l+m);m 

x~,~ = K [~h,~D - -  (vi,~ - -  ~n) El -~ N [(v~,~ - -  ~n) D -t- p.~,fi]; 
x~,+ =: K [(v~ - -  ~n) D + ~ E ]  - -  N [~,+D - -  (v~ - -  ~n) El; 

V vo ] 

E : = c h [ ~ t i " ( 1 - - Y ] l s i n [ v ' ~ - - ( v i ' - - z n ) Y : ]  " Y o  } _ I  

It is not difficult to see that with Z--* ~ the tempera ture  distribution t n  the apparatus corresponds to 
a new stationary state.  It is described by the f i rs t  t e rms  of the expressions (13) and (14) which are  identical 
with the famil iar  formulas for counterflow heat exchangers [2]. 

For the case ~ = - 1  one has to add to the above equations the te rms 

__6Y___ 

Ao (I + v"m--) ~ 
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Fig .  3. T i m e  needed for  es tabl ishing 
the s ta t ionary  s ta te  as dependent on 
the height and opera t ion of heat  ex-  
changers ,  ~" is the durat ion of the 
t rans ien t  p r o c e s s .  Continuous l ines 
co r respond  to the p a r a m e t e r  m 
= coast;  dashed l ines co r respond  to 
the p a r a m e t e r  Y 0 / m  = coas t .  

x o , ^ . _ L _ ( 1  + ~ )  _ A o =  . . . .  = _  y o / - - (  1 -~ (1 + V m) 2 

Numer ica l  ana lys i s  has shown that the infinite s e r i e s  appear ing  in the express ions  (13) and (14) con-  
ve rge  r a the r  s lowly espec ia l ly  if the t imes  under considera t ion a r e  sho r t e r  than the t ime of one of the heat 
c a r r i e r s  r emain ing  in the heat exchanger ,  that is ,  Z = Y0/m.  These  cases  a r e  a lso  of in teres t  in p rac t i ce  
s ince they a r e  c h a r a c t e r i s t i c  for  heat exchangers  e i ther  with smal l  heat  su r face  or with infinitely l a rge  
heat su r face .  In both cases  the t ime requi red  for  reaching  the new s ta t ionary  s ta te  is c lose to the t ime  dur -  
ing which one of the heat c a r r i e r s  r ema ins  in the appara tus .  

To fac i l i t a te  the computat ions of the t rans ien t  p r o c e s s e s  the values  of the f i r s t  six roots  of Eqs .  (10)- 
(12) * a r e  shown in Tables  1 and 2 as dependent on M and a .  

The compar i son  of the r e su l t s  of analytic and f in i te -d i f ference  computat ions was c a r r i e d  out for  the 
heat c a r r i e r  t e m p e r a t u r e  at the exit of the appara tus .  F r o m  now on the change in the t e m p e r a t u r e  of the 
l a t t e r  is adopted as  a p r o c e s s  s ta t ionar i ty  c r i t e r ion .  F igure  1 shows the t e m p e r a t u r e  of the heat  c a r r i e r s  
at the exit of the heat exchangers  ,~", where  the Lime during which the ma te r i a l  s tays  in the appara tus  was 
adopted as a t ime  unit,  that i s ,  ~'gen = Z(m/Y0). The quantity ,~" was calculated by two independent methods.  
These  calculat ions have shown that in our formulat ion of the p rob lem there  a r e  no v ibra t ions  in the t rans ien t  
p r oce s s ;  the h e a t - c a r r i e r  t e m p e r a t u r e  at the exit f r o m  the heat exchanger  va r i e s  monotonically tending to 
at tain the level  cor responding  to the new s ta t ionary  s ta te .  The analys is  has es tabl ished that to de te rmine  
the t rans ien t  p r o c e s s  curve  for  ~'gen -> 1 it suffices to use  2-3 t e r m s  of the s e r i e s .  However,  for  Tgen << 1 
the number  of t e r m s  i n c r e a s e s  rapidly, and for  ~'gen = 0.25 one must  a l r eady  use  10 t e r m s  of the s e r i e s  to 
r each  a r equ i red  accu racy .  The requ i red  accuracy ,  the re fo re ,  can be obtained for  Tgen _> 1 by using the 
s e r i e s  and for  Tgen < 1 one should use  the fo rmulas  (22) and (23) of [4]. 

In F ig .2  t e m p e r a t u r e  dis tr ibut ion is shown of heat c a r r i e r s  for  the case  of m = 0.8 and Y0 = 10 (M 
= 11.2) along the length of the heat exchanger  at different  t ime ins tants .  It can be seen  f r o m  the graph  that 
the highest init ial  r a t e  of change and the absolute magnitude of t e m p e r a t u r e  change of the heating and heated 
media  is obse rved  at the exit of the appara tus  (by the l ess  heated heal c a r r i e r ) ;  as  one approaches  the entry  
to the heat exchanger  (along these  media) A~(0) and d~(0)/dZ become s m a l l e r .  It is a lso noticed that in 
p rac t i ce  the t ime  needed for  establ ishing the s ta t ionary  s ta te  i nc rea se s  the fu r the r  one is f r o m  the point of 
ent ry  of the heating heat c a r r i e r  whose t e m p e r a t u r e  causes  the d is turbance .  

One usual ly  adopts the t ime requi red  to reach,~" = 0.95~stat" as the s tabi l izat ion t ime of the t rans ien t  
p r o c e s s .  Computat ions of the la t te r  a r e  shown in Fig .  3. It can be seen f r o m  the graph  that those heat ex-  
changers  whose wa te r -equ iva len t  rat io  is close to unity have the longest s tabi l izat ion t ime .  Fo r  values  of 
m g r e a t e r  or  l e s s  than unity the duration of the t rans ien t  p r o c e s s  is reduced.  F o r  m ~  0 the duration of the 
t rans ien t  p r o c e s s  approaches  zero:  in this case  the heating of the heat c a r r i e r  takes place under  constant 
t e m p e r a t u r e  of the heating medium.  Fo r  m--* oo the heat exchange s tabi l izes  rapidly  s ince the heat exchange 
is concentra ted only at the en t ry  port ion to the heat exchanger .  

�9 T h e s e  calculat ions were  c a r r i e d  out on a digital computer  by the junior r e s e a r c h  worke r  M. V. Raeva .  
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= (t - t0)/(T 0 - tO), 0 = (T - t0)/(T 0 - tO) 
t , T  

to, To 
z = .E  m /cP (i -w/wg l t - ( y o -  y /wgl 
m 1 = 1/(1 + Bi/v) 
Bi = (aFR/k) 

a F, (x v 

R 

Y 

c, Cg 
P, Pg 
w, Wg 

Y 
Y0 
Y = ~vmly/WgCgpg 
m = cPW/CgpgWg 

a re  re la t ive  t empera tu res ;  
a re  the t empera tu res  of mater ia l  and gas respect ively;  
a re  the same for  the initial s tate;  
is the dimensionless  t ime; 
is the solidity coefficient; 
is the Blot number;  
a re  the heat-exchange coefficients r e f e r r e d  to 1 m 2 sur face  and 
1 m 3 layer ;  
is the depth of heat penetrat ion in a portion; 
is the port ion heat conductivity coefficient;  
is the shape coefficient (v = 0 for  a plate,  v = 1 for  a cyl inder ,  
v = 2 for  a sphere);  
a re  the heat capacit ies  of mater ia l  and gas respec t ive ly ;  
a re  the volumetr ic  masses ;  
a re  the flow veloci t ies  of mater ia l  and gas; 
is the distance f ro m  the point of ent ry  to the heating heat c a r r i e r ;  
is the heat -exchanger  l eng th ;  
is the dimensionless  coordinate;  
is the water  equivalent ra t io .  
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