
T E M P E R A T U R E  F I E L D  T H R O U G H  A L A Y E R  O F  

H E A T - G E N E R A T I N G  G R A N U L A R  P A C K I N G  IN A P I P E  

A. G. Oorelik UDC536.244 

The rad ia l  t e m p e r a t u r e  prof i les  and their  s tabi l i ty  conditions were  invest igated for  
a l ayer  of g ranu la r  packing through which heat was being genera ted  in a length of pipe. 

An impor tan t  p rob lem in invest igat ing tubular chemica l  r e a c t o r s  with packings of g ranu la r  ca ta lys ts  
is  the de te rmina t ion  of the p e r m i s s i b l e  pipe radius  for  the rma l  stabil i ty.  Difficulties can a r i s e  because  the 
heat  genera t ion  i n c r e a s e s  exponential ly with t empe ra tu r e ,  whereas  the r a t e  of heat r emova l  v a r i e s  l inear ly  
with t empe ra tu r e .  The genera l  equation for  the heat  balance can be wri t ten  as  

n 

ff.Z~z~ @ ) ~ e f f . r t V @ T  " ~ -  r --~gCg-~-Z @' hi*t=0. 
i = I  

(1) 

The ana lys i s  [1] t r ea t s  s epa ra t e ly  the diffusion (depending on the rma l  conductivity) axial ly  and 
rad ia l ly  through the layer .  This s epa ra t e  t r ea tmen t  does not d is tor t  the r e su l t s  and it allows Eq. (1) to be 
s implif ied for  analyzing rad ia l  heat t r an s f e r  as  follows 

n 

z ff'r[V +--r 0r - Cg 
i ~ l  

For most eases the permissible pipe radius can be determined fr, om the temperature distribution 
through that section at the center of which the maximum axial temperature ("hot spot") occurs [2]. 

By analogy with [3] it may be assumed that the temperature exhibits a maximum at all radii in the section in 
which this "hot spot" occurs. In this case at/Oz = 0. It should be noted that the condition Ot/Oz = 0 is 
satisfied in any section of the pipe reactor in which there exists axially isothermal flow, for example, be- 
cause of catalytic reduction [4, 5]. The case in which the heat generation over the section is constant and 
does not depend on temperature was considered in [6]. In this case the temperature distribution over the 
section is found to be parabolic and the wail temperature of the pipe is given by 

tw--  tm -- Qr~ (3) 
2a .  

The pipe wail t e m p e r a t u r e  does not then depend on the t he rma l  conductivity of the paeMng; it i nc r ea se s  
l inea r ly  with the pipe radius .  

During chemica l  r eac t ion  the heat  genera t ion  v a r i e s  with t e m p e r a t u r e  in accordance  with the Arhen-  
ius law. For  ze ro th- ( , rder  reac t ions  an analyt ical  solution for  cases  of low heat loss can be obtained using 
the method of " separa t ion  of exponents"  [7]. The problem for  t h i r d - o r d e r  boundary conditions at the pipe 
su r face  is analogous to that with d ivergent  heating [8]. A s i m i l a r  problem but with a f i r s t - o r d e r  boundary 
equation and h e a t - t r a n s f e r  dependent only on the mean  t e m p e r a t u r e  over  the sect ion has a lso  been analyzed 
[9]. This ana lys i s  is however i m p r e c i s e  and it is m o r e  accura t e  to use  the presen t  equation for  the ca l -  
culation of t rue  t e m p e r a t u r e  profi les  over  the sect ion for  t h i r d - o r d e r  boundary conditions and p a r a m e t r i c  
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Fig. 1. Dependence of Ocr .a ,  Oct. w, Oct. a / O c r ,  w, 
6cr, Crcr on Bi, for variable heat generation. 

values which determine the heat generat ion and t ransfer .  The problem is treated as follows [8]: 

d*0 l dO 
- -  + . . . . .  6e o ' 

do2 p do 

d0(0) = 0,  

do 

d0(l) = Bi0(1). 
d9 

(4) 

(5) 

(6) 

Here 

0 - ~ ( T - -  V~# hEkr~ 
RT~ ; 6=~eff.rRTrn; k=k~ 

The solution of (4)-(6) takes the form: 

0 = I n  
8 (7) 

6 [exp (-- Ft) p' + exp Ft] 2 ' 

where exp (-~) = ~ a ;  a is the root of the charac te r i s t i c  equation 

8a 4e 
- -  = exp (8) 
5(o+1) 2 B i ( a +  1) 

This equation has two roots  but only the smal le r  relates  to a steady solution. Having found a value of 6 
f rom (8) and also having derived ~, it is possible to determine the value of Crcr corresponding to the c r i t i -  
cal value of the parameter  6cr. The corresponding equation for a c r  is 

- - 2 +  i /4  + BP (9) 
~ =- Bi 

For  values of 6 > 6cr stable conditions cannot be obtained (the process  diverges).  These values limit the 
stability in any given situation. The values of Crcr, 6cr corresponding to 0cr" a and 0cr. w were calculated 
as well as the rat io of these tempera tures  for different Blot numbers.  The resul ts  a re  shown in Fig. 1. 
When Bi ~ ~ ( f i r s t -order  boundary condition), cr i t ical  values given in [10] are  obtained, i.e., 6or = 2.0 
and tempera tu re  on the pipe axis 0cr" a = 1.3862. The graphs show that with increase  in the Blot number, 
the tempera ture  of the pipe axis increases  slowly and the temperature  of the pipe wall decreases ;  the 
rat io of these tempera tures  therefore  increases  appreciably.  This is associated with the increase  in the 
permissible  6 when the intensity of heat t ransfer  increases ,  i.e., for high hea t - t r ans fe r  coefficients there 
is no reduction in the stabili ty of the process  even with large temperature  differences between the axis 
and wall of the pipe. 

For  common reac to r s  the variat ion in the Biot number lies in the range Bi = 1--4. Corresponding 
values of the roots of Eq. (8) a re  given in Table 1. The dependences of 0 on p for Bi = 0-4 and various 
values of the heat  generation parameter  6 a re  given in Fig. 2. Analysis showed the presence of large t em-  
perature  drops along the pipe radius. With increase  in the intensity of heat t ransfer  (Bi) these drops 
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TABLE 1. Roots of Charac ter i s t ic  Equation (18) 

Bi 
0,2 0,4 0,6 0,8 l,O 1,2 

1,0 
2,0 
3,0 
4,0 

0,029488 
0,027800 
0,027283 
0,027033 

0,073975 
0,063280 
0,060465 
0,059175 

0,1~52 
0,10142 
0,097853 

0,19560 
0,16109 
0,14879 

h 

0,25651 
0,22269 0,3~55 
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Fig. 2. Tempera tu re  distr ibution over 
tube section: a) Bi --- 1.0; b) 2.0; c) 3.0; d) The parameters  a re  [11]: 

4.0. h=2.08.106 j/m3 k=0.138 sec "1, 

E=104500 ~/mole R=8.36 J/mole 

Tm=423 ~ a-~=394 w/m z. deg. 

The value of Zeff. r was determined as in [12]. heft. r = 1.98 W / r e .  deg (for the usual method of reac tor  
operation); corresponding value of c = 0.26; f rom the graph Bi = 1.75. Consequently the cr i t ical  radius of 
the pipe, r 0 = 0.0088 m, i.e., the permiss ible  diameter  is about 18 ram. 

It should be noted that for low Bi, the value 6cr decreases  and consequently the process  becomes 
unstable at significantly lower heat generation. Obviously for reactions of orders .other than zero the pro- 

cess will become more on account of the decrease in concentration, and consequently also the heat genera- 

tion over the section, at higher temperatures. The value 6 is particularly important when specifying the 

pipe radius, since 5 ~ r 2, which can result in loss of stability for even a small increase in the pipe radius. 

The effect of the temperature of the medium should also be noted. A small decrease in this temperature 

can lead to a sharp rise in the parameter 6 and, consequently, disruption of the process. 

decrease at constant values of the parameter 6. There is 

also a corresponding drop in absolute temperatures over 

the whole section of the pipe. To determine the permis- 

sible radius of the pipe, the value r 0 can be eliminated 

from the expression for 6 and Bi. The corresponding 

relation of 6 to Bi takes the form: 

6 = CBP, (10) 

where 

C=hEk)~eff.rRTr~L 

Calculation of dependences of 5 on Bi allows the de te r -  
mination of the intersect ion of the curves 6 = 5(Bi) and 
5cr = 5cr(Bi), and hence the corresponding values of Bi, 
f rom which the maximum permissible  pipe radius can 
be found. 

As an example take the calculation of the pe rmis -  
sible pipe radius for the synthesis of higher a l iphat ic  
compounds f rom the oxidation of hydrocarbons.  This 
process  can be carr ied  out in severa l  ways. Consider 
the case in which the pipes a re  packed with catalyst  and 
the external coolant is at constant tempera ture  around 
the pipes. Because of the smal l  fractional conversion of 
the reactants  per pass through the reactor ,  the rate of 
react ion is dependent only on the tempera ture  and does not 
depend on the extent of conversion,  i.e., a f i r s t - o rde r  
react ion [11]. 

t, tw, t m 
Q 

r 0 
r 

NOTATION 

are the temperature, wall temperature, and temperature of the medium, respectively; 
is the power of heat generation per unit volume; 
is the pipe radius; 
is the flow radius; 
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~eff. r 
p = r / r  0 
OL 

E 
R 
T, Ta, Tw, T m 

k0 
h 
0 = E(T -- Tm)/RT2m; 
5 = hEkr~/~eff ,  rRT2 m 
k = k  0 exp ( - E / R T m )  
0" 

Bi = a r0 /~e f f ,  r 
0 a : E (T a - Tin) / R T2m; 
0 w = E(T w - Tm)/RT2m; 

~eff .  z 
z 
Wg, Cg 

n 

is the effect ive rad ia l  t h e r m a l  conductivity of the granular  layer ;  
is the d imens ionless  radius;  
is the coefficient of heat t r a n s f e r  f r o m  the layer  to the cooling agent; 
is the act ivat ion energy  of the react ion;  
i s  the universa l  gas constant;  
a r e  the absolute t e m p e r a t u r e  in the c r o s s  section,  the axial  t empe ra tu r e ,  the 
wall  t empera tu re ,  and the t e m p e r a t u r e  of the medium,  respec t ive ly ;  
is the preexponent  of the reac t ion  ra t e  constant;  
is the the rmal  effect  of the react ion;  

is the hea t -genera t ion  p a r a m e t e r ;  
is the reac t ion  ra t e  constant;  
is the root  of cha r ac t e r i s t i c  equation (8); 
is the Blot number;  

is the effect ive longitudinal t he rma l  conductivity of the layer ;  
is the longitudinal coordinate;  
a r e  the l inear  ve loc i ty  and heat capaci ty  of the gas,  respec t ive ly ;  
is the reac t ion  ra te ;  
is the number  of reac t ions ,  

S u b s c r i p t  

cr  denotes the value under c r i t ica l  conditions. 
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