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ABSTRACT

ASPECTS OF THE DESIGN AND CONTROL 

OF FIXED BED CATALYTIC REACTORS 

by

J e f fr e y  L. S i lv e r s t e in  

A d viser: P r o fe sso r  Reue.l Shinnar

The stu d y  o f  c a t a ly t i c  r e a c t io n s  in  m icro r e a c to r s  fo r  purposes o f  

s c a le -u p  i s  o f t e n  hampered by th e  f a c t  th a t backm ixing and mass tr a n s fe r  

e f f e c t s  a re  more pronounced than in  la r g e  in d u s t r ia l  r e a c to r s .  A minimum 

r e a c to r  s i z e  i s  o f t e n  needed fo r  r e l i a b l e  s c a le -u p . S e c t io n  I  o f  th is  

d is s e r t a t io n  d e sc r ib e s  some s im p li f ie d  d e s ig n  methods to  compute i t .  I t  

i s  shown th a t  rea so n a b le  e s t im a te s  fo r  th e minimum s i z e  can be o b ta in ed  

by com puting th e  v a ria n ce1, o f  th e  c o n ta c t tim e d is t r ib u t io n  in  th e  

c a t a ly s t  p h a se . The way in  which the v a r ia n ce  i s  r e la t e d  to  th e  con­

v e r s io n  and th e s e l e c t i v i t y  in  th e re a c to r  i s  d escr ib ed  and th e  r e la ­

t io n s h ip  betw een th e  v a r ia n c e  and th e  d es ig n  param eters o f th e  r e a c to r  

i s  d is c u s s e d .

The d e s ig n  and c o n tr o l s t r a t e g ie s  fo r  c a t a ly t i c  f ix e d  bed r e a c to r s  

w ith  e x te r n a l h ea t feedback  a re  o f t e n  d i f f i c u l t  to  d evelop  b ecau se o f  

th e  com plex n atu re o f  th e  system  b eh av ior  and th a t o f  i t s  component 

u n i t s .  S e c t io n  I I  o f  t h i s  d is s e r t a t io n  shows how much a sy stem , w ith
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in h e r e n t p o s i t i v e  feed b a ck , can be an alyzed  by g en era tin g  th e  freq uency  

re sp o n ses  o f  i t s  component u n it s  s e p a r a te ly ,  and then  m atching and s u i t ­

a b ly  a l t e r in g  them to  o b ta in  a d e s ir e d  freq u en cy  resp o n se  and s t a b i l i t y  

m argin fo r  th e  e n t ir e  system .

Two p r a c t ic a l  exam ples a re  o f fe r e d  to  i l l u s t r a t e  th e  tech n iq u e and 

to  show how a l t e r a t io n s  in  th e  b a s ic  system  d e s ig n  can som etim es s im p lify  

th e  c o n tr o l  problem . The econom ic p e n a lt ie s  o f th e s e  a l t e r a t io n s  are  

d is c u s s e d  q u a l i t a t iv e ly  and i t  i s  in d ic a te d  th a t a compromise i s  o f t e n  

req u ired  betw een  in c r e a se d  c o s t s ,  improved ste a d y  s t a t e  o p e r a t io n  and 

e a s ie r  c o n tr o l .

The n o n lin e a r  b eh a v io r  o f  th e  r e a c to r  i s  a l s o  d is c u s s e d . A sim p le  

method o f  n o n lin e a r  a n a ly s is  i s  d e scr ib ed  which in v o lv e s  a s e r ie s  o f  

computer s im u la t io n s  to  g en er a te  th e  n o n lin ea r  freq uency  r e sp o n se s . The 

n o n lin e a r  b eh a v io r  o f th e  c o n tr o l  lo o p s  are d isc u sse d  in  term s o f  th e ir  

s a tu r a t io n  l im i t s  when la r g e  d is tu r b a n ce s  are in v o lv e d . I t  i s  shown how 

a s im p le  a l t e r a t io n  in  th e  b a s ic  c o n tr o l  s t r a te g y  can s i g n i f i c a n t ly  

ex ten d  th e  range o f c o n tr o l .
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INTRODUCTION

Due to  in c r e a s in g  c o s t s  o f  la r g e  s c a le  p i l o t  p la n ts  and th e d e la y  

in v o lv e d  in  s ta r t in g  up th e in d u s tr ia l  p la n t w h ile  d ata  i s  b e in g  tak en , 

th e  need fo r  f a s t ,  r e l i a b l e  and econom ical means o f data  g a th er in g  i s  

ta k in g  on g r e a te r  im portance. P ig fo rd  (1972) r e c e n t ly  exp ressed  h is  

concern  regard in g  t h i s  problem and in d ic a te d  th a t u se  o f  m ic r o -s c a le  

equipment w ith  s c a le -u p  fa c to r s  o f  one m il l io n  or more m ight o f f e r  a 

s o lu t io n .  M icro-equipm ent o f f e r s  advantages over co n v en tio n a l p i l o t  

p la n t  equipment b ecau se i t  i s  econom ical and f a s t  and easy  to  c o n s tr u c t .

T his paper d e a ls  w ith  th e  d es ig n  o f f ix e d  bed c a t a ly t ic  m icro­

r e a c to r s .  S e v e r a l in v e s t ig a to r s  (M ears, 1971; B is c h o f f ,  1969; Edwards 

and R ichardson , 1968; A r is  and Amundson, 1957; McHenry and W ilhelm ,

1967; Wehner and W ilhelm , 1956) have a lrea d y  d e a lt  w ith  some s p e c i f i c  

a s p e c ts  o f  th e  problem— the e f f e c t s  o f  m olecu lar and tu rb u len t d i f f u s io n .  

However, th e r e  are  o th er  fa c to r s  such as mass tr a n s fe r  to  th e c a t a ly s t  

p a r t i c l e s  and in t r a p a r t ic le  tra n sp o rt p r o c e sse s  which a ls o  a f f e c t  th e  

o p era t io n  o f  sm a ll r e a c to r s .  The r e s u l t  o f  th e se  fo u r  e f f e c t s  on the  

r e a c to r  i s  to  cau se i t  to  d e v ia te  from p lug  f lo w . D e v ia t io n s  from p lug  

flo w  w i l l  redu ce th e  co n v ersio n  and a f f e c t  th e  s e l e c t i v i t y  o f  the  

r e a c to r  g iv in g  u n r e l ia b le  e s t im a te s  fo r  th e  perform ance o f th e in d u s t r ia l  

r e a c to r .  I t  i s  w e l l  known th a t  th e se  e f f e c t s  can be d im in ish ed  by 

in c r e a s in g  th e  len g th  o f  th e  r e a c to r  or by d ecrea sin g  th e c a t a ly s t  

p a r t i c l e  s i z e .
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I t  i s  reco g n ized  th a t p lu g  flo w  c o n d it io n s  do n ot in su re  r e l ia b le  

k in e t i c  r e s u l t s .  I t  i s  j u s t  as im portant th a t th e  r e a c to r  be iso th e r m a l,  

b ecau se n on iso th erm al e f f e c t s  are o f t e n  more im portant than m ixing and 

d if f u s io n a l  e f f e c t s  in  a f f e c t in g  k in e t i c s .  However, i t  i s  much e a s ie r  

to  e x p er im en ta lly  determ ine i f  th e  r e a c to r  i s  iso th erm a l than i t  i s  to  

m easure m ixing e f f e c t s .  Thus, th er e  i s  a j u s t i f i c a t i o n  fo r  tr e a t in g  th e  

ca se  o f  m ixing s e p a r a te ly .

O ften  th e  d i f f e r e n t  tr a n sp o rt p r o c e sse s  are tr e a te d  s e p a r a te ly ,  but 

r e a l ly  th ey  have a cu m u la tive  e f f e c t  on p lug  flo w  and, as we w i l l  show, 

th ey  can be ev a lu a ted  by a s in g le  c r it e r io n — the v a r ia n ce  o f th e  co n ta c t  

tim e d is t r ib u t io n .  A lthough t h is  t h e s i s  was done s p e c i f i c a l l y  fo r  the  

d e s ig n  o f  m ic r o -r e a c to r s , th e  r e s u l t s  a re  independent o f  r e a c to r  s i z e .

In  t h i s  se n se  th e  stu d y  m ight a ls o  be u s e fu l  fo r  d es ig n in g  in d u s tr ia l  

packed bed r e a c to r s .

THEORY

G eneral R eactor Model

T his approach i s  based  on th e  concept o f th e  c o n ta c t  tim e d is t r ib u ­

t io n  in  th e  c a t a ly s t  p h ase . Measurement o f i t  has been d isc u sse d  by 

G la s se r , e t . a l .  (1 9 7 3 ), and i t s  a p p lic a t io n  to  c a t a ly t i c  r e a c to r s  has 

been d is c u s s e d  by s e v e r a l  au th ors (L ev e n sp ie l and K u n ii, 1969; Krambeck, 

e t . a l . ,  1969; O rcu tt, e t . a l . ,  1 9 6 2 ). The many q u e s tio n s  th a t a ro se  

reg a rd in g  th e  l a t e s t  a r t i c l e  (G la s se r , e t . a l . ,  1973) in d ic a te  th a t a 

c l a r i f i c a t i o n  o f  t h i s  co n cep t m ight be in  ord er .
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In a homogeneous r e a c to r  we can c le a r ly  d e f in e  a r e s id e n c e  tim e 

d is t r ib u t io n  and show th a t i t  co m p lete ly  d e sc r ib e s  any f i r s t  order  

k in e t i c s .  In a c a t a ly t i c  r e a c to r ,  however, th e  d e f in i t i o n  i s  more 

d i f f i c u l t .  For a f i r s t  order r e a c t io n  i t  i s  n o t s u f f i c i e n t  to  know how 

lo n g  a m olecu le  has r e s id e d  in  th e t o t a l  system . Only th e tim e sp en t  

near a r e a c t iv e  s i t e  i s  im p ortan t. We cannot d e f in e  or measure th is  

t im e , j u s t  a s we cannot measure lo c a l  r e a c t io n  r a t e s .  In  t h is  se n se  th e  

co n cep t o f  a c o n ta c t  tim e d is t r ib u t io n  i s  f i c t i t i o u s  in  th e same way as 

i s  a r e a c t io n  r a t e  per u n it  volume o f  c a t a ly s t .  These con cep ts in v o lv e  

th e  im p l ic i t  assum ption  th a t i f  we grind  th e c a t a ly s t  p a r t i c l e s  to  a 

sm a ll enough s i z e  fu r th e r  re d u ctio n  o f s i z e  w i l l  not a f f e c t  r e a c t io n  

r a t e s .  C on seq u en tly , n o n u n ifo rm itie s  and sm a ll s c a le  tr a n sp o rt pro­

c e s s e s  can be ig n o red .

As a s in g le  m o lecu le  t r a v e ls  through a h eterogen eou s r e a c to r  i t

p a sse s  in  and ou t o f  s e v e r a l  c a t a ly s t  p a r t i c l e s .  I t  i s  t h i s  cu m u lative

so jo u rn  tim e in s id e  th e  p a r t i c l e s  which we d e f in e  as th e co n ta c t tim e.

The mean c o n ta c t  tim e, t  , i s  j u s t  th e  t o t a l  c a t a ly s t  volume d iv id ed  by

th e  v o lu m etr ic  flo w  r a t e .  I f  th e co n ta c t tim e d is t r ib u t io n  i s  a d e l ta

fu n c t io n , then  th e  r e a c to r  behaves as a pure p lu g  flo w  r e a c to r  w ith  mean

r e s id e n c e  tim e t .c

I t  i s  th e  id e a  o f a uniform  r e a c t io n  r a te  per u n it  volume o f

c a t a ly s t  th a t  u n d e r lie s  th e  concept o f th e co n ta c t tim e d is t r ib u t io n .

C onsider an iso th erm a l r e a c to r  f i l l e d  w ith  f i n e l y  ground c a t a ly s t  th a t

i s  lo n g  enough so  th a t pure p lu g  flo w  e x i s t s .  L et us assume th a t we

have a fe e d s to c k  th a t  co n ta in s  a la r g e  number o f compounds, A^, w ith

co n c e n tr a tio n s  a^ , each undergoing an i r r e v e r s ib le  f i r s t  order r e a c t io n  
o
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w ith  r a t e  co n sta n t k^. The co n c e n tr a tio n  o f  each compound a t  th e  o u t le t

o f  th e  r e a c to r  w i l l  be:
-k .  t

o

T his r e la t io n s h ip  a llo w s  us to  ex p er im en ta lly  determ ine a s e t  o f  

fo r  th e  r e a c t io n s .  Now assume th a t  th e  s e t  o f  r e a c t io n s  occur in  

another r e a c to r  w ith  la r g e  c a t a ly s t  p a r t i c l e s  and w ith  an a r b itr a r y  

m ixing p a tte r n  in  th e  i n t e r s t i t i a l  p h ase . The t o t a l  c a t a ly s t  volume 

rem ains th e  same. The c o n ce n tra tio n  o f  each compound a t  th e  o u t l e t  o f  

th e  r e a c to r  w i l l  be d escr ib ed  by th e  fo l lo w in g  fu n c tio n :

(D  rKk±Tc ) =
o

where th e  k .x  are  th o se  determ ined in  th e  tru e  p lu g  flo w  r e a c to r . I f1 C

th e r e  a re  a la r g e  number o f a^ and k^T then  we can co n s id e r  th e v a lu e s  

o f  iJj(k^Tc ) a s p o in t  v a lu e s  o f  a con tin u ou s fu n c t io n  which c h a r a c te r iz e s  

th e  r e a c to r .  We d e f in e  (kx^) as th e  L ap lace transform  o f th e co n ta c t  

tim e d is t r ib u t io n .  We n o te  th a t ^ (k tc ) has a l l  th e  p r o p e r t ie s  o f  the  

L aplace transform  o f  a p r o b a b il i ty  d e n s ity  fu n c t io n . I t  i s  a d ecr ea s in g  

p o s i t iv e  fu n c t io n ,  and as kxc goes to  z e r o , (kx^) approaches u n ity  and 

i t s  d e r iv a t iv e s  a re  f i n i t e .

I f  th e  s im p li f ie d  d e s c r ip t io n  o f uniform  c a t a ly s t  b eh avior i s  

re a so n a b le , then  th e  c o n ta c t  tim e d is t r ib u t io n  has a c le a r  p h y s ic a l  

m eaning. I t  i s  th e  so jou rn  tim e d is t r ib u t io n  o f m o lecu le s  in s id e  the  

c a t a ly s t  p h ase . I t  should  be em phasized th a t t h i s  p h y s ic a l  in te r p r e ta ­

t io n  o f  ip(t) i s  o n ly  c o r r e c t  to  th e e x te n t  th a t  our assum ptions about 

th e  c a t a ly s t  b eh av ior a re  c o r r e c t .  However, eq . (1 ) i s  a r ig o ro u s
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d e f in i t io n  r e g a r d le s s  o f th e  c a t a ly s t  b eh a v io r . I f  th e  in v e r s e  tr a n s­

form o p era t io n  i s  perform ed, th e  fo l lo w in g  i s  o b ta in e d .

The c o n ta c t  tim e d is t r ib u t io n  can th e r e fo r e  be looked upon as an opera­

to r  which shows in  what way th e  p r o b a b il i ty  o f a m o lecu le  to  r e a c t  in  a 

pure p lug  f lo w  r e a c to r  i s  m o d ified  by m ixing p r o c e sse s  in  a r e a l

S in ce  system s o f many in d ep en d en tly  o ccu rrin g  r e a c t io n s  a re seldom  

en co u n tered , th e  problem now i s  to  e v a lu a te  ip(kx^) over a w ide range o f  

kxc . Zahner (1971) and G la s se r , e t . a l .  (1973) d e sc r ib e  a method whereby 

<|>(kTc ) can be determ ined d ir e c t ly  by exp erim en t. I t  u se s  th e  s u c c e s s iv e  

exchange o f  deuterium  w ith  neopentane which in v o lv e s  tw e lv e  c o n se c u tiv e  

f i r s t  order r e a c t io n s  w ith  s u c c e s s iv e ly  d ecrea sin g  r a te  co n s ta n ts  each  

in  p ro p o rtio n  to  th e  number o f hydrogens on th e m o lec u le . The r a te  

co n sta n t o f  th e  f i r s t  r e a c t io n  m ight be d es ig n a ted  by 12 k , then  the  

second  r a t e  c o n sta n t would be 11 k , and so  on . A c o n c e n tr a tio n  measure­

ment o f a l l  o f  th e  in term ed ia te  s p e c ie s  en a b les  one to  e s t im a te  i|i(kT ) 

a t  each o f  th e  tw e lv e  v a lu e s  o f  th e  r a te  c o n s ta n ts .  To make t h i s  c le a r  

l e t  us exam ine th e fo llo w in g  r e a c t io n  w ith  i n i t i a l  c o n c e n tr a tio n  aQ o f  

A and no B p r e s e n t .

(2) i{j ( t )  d t
xo

r e a c to r
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The co n c e n tr a tio n s  o f  A and B a re  th e fo llo w in g :

r" -k , t

= Jo aoe 1 ^ ( t ) d t

f°° k -a  - k , t  - k . t

= t  k^kT (e - e > MOdt

By d e f in i t i o n  o f  th e  L aplace transform  we o b ta in  th e  fo llo w in g :

IT =o

By knowing th e  r a te  c o n s ta n ts ,  or a t  l e a s t  th e ir  r a t io s ,  and m easuring  

th e  c o n c e n tr a t io n s , one can p r o g r e s s iv e ly  c o n s tr u c t  a curve o f i^Ckx^). 

The problem h e r e , o f  co u r se , i s  w ith  th e accuracy o f  th e m easurem ents, 

e s p e c ia l ly  fo r  s p e c ie s  a t  low c o n c e n tr a tio n . G la s se r , e t . a l . ,  a ls o  

d e s c r ib e s  how measurements o f  th e  co n c e n tr a tio n s  can lea d  to  a con­

s t r u c t io n  o f  th e  f i r s t  tw e lv e  term s o f th e  T aylor S e r ie s  exp an sion  o f  

iJj(kTc ) u s in g  f i n i t e  d if f e r e n c e  approxim ations o f th e d e r iv a t iv e s .  As 

w i l l  be shown l a t e r ,  an a n a ly t ic  approxim ation  o f ^(kTc ) can be u s e fu l  

in  e s t im a tin g  how s e n s i t i v e  th e s e l e c t i v i t y  i s  to  c lo s e n e s s  to  p lug  

f lo w .

A l e s s  r ig o ro u s  method fo r  d eterm in in g  ^(kxc ) would be a m u lt ip le  

tr a c e r  experim ent as d escr ib ed  by Sh innar, e t . a l . ,  (1 9 7 2 ) . We need to  

f in d  two tr a c e r s  w ith  id e n t i c a l  b eh av ior  in  th e i n t e r s t i t i a l  p h ase , 

b u t one th a t d i f f u s e s  in to  th e p a r t ic l e s  as would a re a c ta n t and the  

o th er  th a t s ta y s  in  th e  i n t e r s t i t i a l  p h a se . Here to o  we can e x tr a c t
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^(k.Tc ) from th e  exp er im en ta l d a ta  a s o u t lin e d  in  th e paper. However, 

f in d in g  tr a c e r s  w ith  th e  d escr ib ed  p r o p e r t ie s  i s  ex trem ely  d i f f i c u l t .

F in a l ly ,  i f  we had an ex a c t flo w  model we cou ld  compute (kx^) by 

th e  method g iv en  in  th e  paper by Shinnar, e t . a l .  T h is i s  th e procedure  

we fo l lo w  h e r e . Of co u rse  an e x a c t  flo w  model i s  n ever known; we seldom  

know th e  e x a c t  v a lu e s  o f  th e d i f f u s i v i t i e s ,  e s p e c ia l ly  th o se  in s id e  the  

c a t a ly s t  p a r t i c l e s .  However, s in c e  we are o n ly  in t e r e s t e d  in  a ssu r in g  

c o n d it io n s  c lo s e  to  p lu g  f lo w , th e s e  l im it a t io n s  do not p r e se n t such a 

form id ab le  o b s ta c le ,  b ecau se u s e fu l  l im i t s  on the v a lu e s  o f th e  d i f f u ­

s i v i t i e s  can be approxim ated. The advantage o f t h i s  procedure over  

th e  o th e r s  i s  th a t  a m icr o -re a c to r  can be s y s te m a t ic a l ly  d esign ed  to  

approach p lu g  flo w  as c lo s e ly  as d e s ir e d . The com pu tation a l procedure  

i s  now d e sc r ib e d .

F ir s t  we compute th e  L aplace transform  o f  th e r e s id e n c e  tim e d is ­

t r ib u t io n  in  th e in a c t iv e  i n t e r s t i t i a l  phase a:

$ [ f ( t ) ]  = f ( s )

Then we compute th e  L ap lace transform  o f th e  c o n d it io n a l  p r o b a b il ity  

d e n s ity  X ( t /x ) :

X [ X ( t /x ) ]  =  X ( s / t )  = e_p (s)T  

which i s  th e  so jou rn  tim e d is t r ib u t io n  o f a p a r t i c l e  in  th e in t r a ­

p a r t i c l e  phase g g iv en  a t o t a l  r e s id e n c e  tim e x in  phase a .  The 

fu n c t io n  p ( s )  depends on th e  p a r t ic u la r  model chosen fo r  phase g.
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The L aplace transform  o f the co n ta c t tim e d is t r ib u t io n  i s  then  

g iv e n  by th e  fo llo w in g :

w hereas th e  L aplace transform  o f  th e r e s id e n c e  tim e d is t r ib u t io n  in  

th e  t o t a l  system  i s  g iv en  by:

We model phase a as a tu b u lar r e a c to r  w ith  a lo n g itu d in a l  d isp e r ­

s io n .  A l l  o f  th e  tr a n sp o rt p r o c e sse s  due to  m olecu lar and tu rb u len t  

d if f u s io n  a re  d escr ib ed  by a s in g le  d i f f u s i v i t y  D, fo r  which an em p ir ic a l  

c o r r e la t io n  has been developed  by Edwards and R ichardson (1 9 6 8 ). T his  

o v e r a l l  d i f f u s i v i t y  i s  d escr ib ed  as a l in e a r  com bination  o f th e m olecu lar  

and tu rb u le n t d i f f u s i v i t i e s  and r e s p e c t iv e ly :

D = yD + D 1 m t

The c o e f f i c i e n t  y i s  a t o r t u o s i t y  fa c to r  su g g ested  by Edwards and 

R ichardson  to  accoun t fo r  th e  to r tu o u s natu re of th e  p a ssa g es  between  

th e  p a r t i c l e s .

The L aplace transform  o f  th e r e s id e n c e  tim e d is t r ib u t io n  in  

phase a i s  g iv en  in  any standard tex tb ook  (Kramers and W esterterp ,

1963) as:

(3 ) iKs) = f (  p(s) )

(4) g ( s )  = f (  s  + p (s) )

Phase a

(5) f  ( s ) 4a

where q = (1 +  4 t a S /P e)'* '^ .
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The o th er  terms o f th e eq u a tio n  a re  d e fin ed  as fo llo w s :

1 1 , 1  „ uL _ uL L
Pe Pe Pe ’ m -yD ' e t  D. ; T« u m t  1 m t

where u i s  th e  v e l o c i t y ,  which i s  assumed co n sta n t a cr o ss  th e c a t a ly s t

b ed , L i s  th e  le n g th  o f th e  bed , i s  the mean r e s id e n c e  tim e in

phase a, Pe and Pe„ are P e c le t  numbers fo r  m olecu lar and tu rb u len t  m t

d i f f u s io n ,  r e s p e c t iv e ly ,  and Pe i s  an o v e r a l l  P e c le t  number.

P hase B

We n e g le c t  th e  shape o f th e  c a t a ly s t  p a r t i c l e s  and assume th a t  they  

can be d escr ib ed  as th in  p la t e s  o f  th ic k n e ss  2b. The tra n sp o rt o f  mass 

to  th e  p a r t i c l e  su r fa c e  i s  d escr ib ed  by a mass tr a n s fe r  c o e f f i c i e n t  h, 

and th e  in t e r n a l  tr a n s fe r  p r o c e sse s  a re  d escr ib ed  by a one d im en sion a l 

d if f u s io n  model w ith  d i f f u s io n  c o e f f i c i e n t  Dg, and w ith  d if fu s in g  len g th  

b , th e  c a t a ly s t  volume per u n it  i n t e r f a c i a l  su r fa c e  a rea . The fu n c t io n  

p (s )  fo r  t h i s  c a se  i s  g iv en  by:

he ^  tanh ^
( 6 ) P ( s )  =  r   ------ ------------------

1 +  he ^ s0  tan h  ds0

where A = hc/A  , c i s  th e  i n t e r f a c i a l  area  per u n it  le n g th  o f  r e a c to r ,
2

A i s  th e  c r o s s - s e c t io n a l  area  o f phase a , and e = b /D r, th e  E in s te in  
a ^

d i f f u s io n  tim e.

By u t i l i z i n g  eq . (3 ) to g e th e r  w ith  eq . (5 ) and eq . ( 6 ) ,  

th e  fo l lo w in g  e x p r e ss io n  fo r  th e L aplace transform  o f  th e c o n ta c t tim e  

d is t r ib u t io n  i s  o b ta in ed :
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(7 ) * (8 )  = ------------------n ^ ------------
„ f -  ( q ' - l )  2 ~ T -  <1+9 ’ 5

(l+ q '>  e  -  ( q ' - l )  e 1

where q' i s  d e fin e d  as:

/•i a. / \ \ l / 2q =  ( 1  +  p ^ -  p ( s )  )

To o b ta in  a measure o f  th e  spread o f ijj(t) about th e  mean co n ta c t

tim e , and hen ce a m easure o f  th e d e v ia t io n  from p lu g  f lo w , we now com­

p u te  th e  v a r ia n c e  o f  ip ( t ) . The moments o f \J>(t), which a re  rep resen ted  

by n^, can be o b ta in ed  by d i f f e r e n t ia t io n  or by th e l e s s  te d io u s  method 

g iv en  by Sh innar, e t . a l .  (1972) and d escr ib ed  in  th e Appendix. The

f i r s t  and second moments o f  ijj(t) are found to  be:

(Sa) n1 = nxg = tc

, o U  ' 2 . 2 . 2e“Pe 2 , 2 , 26 .
(Sb) n2 = t  ( 1 + ^  + -— T -  — j  +  n +

Pe Pe c

where n = x^hc/A^ i s  a d im en sio n less  group re p r e se n tin g  the average

number o f tim es a p a r t i c l e  p a sse s  from phase a  to  phase g in  a tim e

in t e r v a l  o f  le n g th  t  . The term x„ = b /h . The term x i s  th e meana 3 c

c o n ta c t  tim e d e fin ed  as th e c a t a ly s t  volum e d iv id ed  by th e  f lu id  v o lu ­

m etr ic  f lo w  r a t e .  The p reced in g  m athem atical developm ent g iv e s  a r e s u l t

which i s  c o n s is t e n t  w ith  t h i s ,  s in c e  n x„, when a p p r o p r ia te ly  m an ipu lated ,
p

g iv e s  x£ as d e fin e d .

The norm alized  v a r ia n c e  i s  th e fo llo w in g :

= 2 ( ± -  +  £ ! ! - - i - + i  +  _ L . )
x 2 Z  ̂ Pe +  _ 2 _ 2 + n 3x„ 'c Pe Pe c
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For la r g e  v a lu e s  o f  th e  P e c le t  number (> 2 0 ), th e  norm alized  v a r ia n ce  

can be c lo s e ly  approxim ated by:

2

(9 ) - A ?  = 2 ( p ^ - + p i -  +  -  + ^ - )x 2 Pe Pe„ n 3 tm t  cc

As each  term o f  th e  v a r ia n ce  becomes s m a ll , th e  co n ta c t tim e d is ­

t r ib u t io n  more c lo s e ly  approaches th a t o f a pure p lug flo w  r e a c to r .

2 2In  t h i s  paper we a re  o n ly  in t e r e s te d  in  ca se s  where a / t i s  sm a ll
l|) c

b eca u se  fo r  good d e s ig n  we want to  approach p lu g  flo w  as c lo s e ly  as 

p o s s ib le .

S in ce  we a re  o n ly  in t e r e s te d  in  a r e a c to r  c lo s e  to  p lu g  flo w  we

should  be a b le  to  make u se  o f  th e  f a c t  th a t ij;(t) i s  a sim p le  peaked

2 2fu n c t io n , which fo r  sm a ll v a lu e s  o f  o , / t i s  s im ila r  to  th e r e s id e n c e
^  c

tim e d is t r ib u t io n  o f  a s e r ie s  o f  s t ir r e d  ta n k s. I f  the number o f tanks 

i s  la r g e ,  t h i s  r e s id e n c e  tim e d is t r ib u t io n  i s  c lo s e  to  a G uassian d is ­

tr ib u t io n  and depends on ly  on th e v a r ia n c e .

T h is argument can be proven in  a more r ig o ro u s  way. In  the  

Appendix th e  fo l lo w in g  approxim ate e x p r e ss io n  fo r  ip(s)  i s  d er iv ed  which  

con firm s th e  h e u r i s t i c  argument th a t t|i(t) depends o n ly  on th e norm alized  

v a r ia n c e  when i t  i s  sm a ll.

d o )  ^ (s) =  [  i +  e STcc

2 2T his approxim ation  i s  good fo r  v a lu e s  o f / tc < 1 /1 0 .
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Now l e t  us d is c u s s  th e  e f f e c t  on co n v ersio n  o f d e v ia t io n s  from  

plu g  f lo w . The unconverted  f r a c t io n  i s  g iv en  d ir e c t ly  from ip(s) by 

s u b s t i t u t in g  fo r  s th e  f i r s t  order r e a c t io n  r a te  c o n s ta n t, k . The 

unconverted  f r a c t io n  as a fu n c t io n  o f  th e  nondiraensional r a t e  co n sta n t  

kxc i s  th e  fo llo w in g :

We must be c a r e fu l  in  u t i l i z i n g  t h i s  r e s u l t ,  however, b ecau se i t  i s

th e s e  assum ptions h o ld , then  th e  p ercen t d e v ia t io n  o f th e unconverted  

f r a c t io n ,  ij;(kxc ) ,  from th e  corresp on d in g p lu g  flo w  v a lu e  i s  g iv en  by:

As kx and th e  co n v ers io n  in c r e a s e ,  th e  p ercen t d e v ia t io n  o f ifi(kx ) from
C c

from p lu g  f lo w .

To determ ine th e  e f f e c t  on s e l e c t i v i t y  o f d e v ia t io n s  from p lu g  flow  

we can u se  eq . (11) in  co n ju n ctio n  w ith  a method o u t l in e d  by G la sse r ,  

e t . a l .  (1 9 7 3 ).

(11)

2 2 2 2 d er iv ed  w ith  th e assum ptions th a t  a / t  «  kT and a i r  «  1 . I f

(12) % d e v ia t io n  from p lu g  flo w  unconverted  f r a c t io n

100
(kxc)

xc

------------C   '  * c

"•ItTe c in c r e a s e s  and th e  perform ance o f th e r e a c to r  moves fu r th e r  away
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SELECTIVITY

G la s se r , e t . a l .  su g g e s t  as a u s e fu l  m easure o f th e s e l e c t i v i t y  o f  

an ex p er im en ta l r e a c to r ,  th e  maximum amounts o f  m a te r ia l produced o f  

each o f  th e  in te r m e d ia te s  in  th e  r e a c t io n  scheme:

» k » k , k , k ,A -*■ A. -*• A„ -* . . .  A. . . .  Ao 1 2 x n

A l l  th e  r e a c t io n  r a te s  are  taken  as eq u a l. The maximum q u a n t i t ie s  o f

A. . . .  A - c o n s t i t u t e  an (n -1 ) d im en sio n a l v e c to r .  The maximum quan- 1 n—1

t i t y  o f  A_̂  can be o b ta in ed  from:

0 3 )  S ;  -  m o* ^  i i K U U ]
1 tu-c a o HTC L d  a(k.Tc)‘ J

where a^ i s  th e  co n ce n tra tio n  o f s p e c ie s  A^ and aQ°  i s  th e i n i t i a l  con­

c e n tr a t io n  o f  A .o

The v e c to r  fo r  th e  id e a l  p lu g  flo w  r e a c to r  i s  shown in  T able I  

a lon g  w ith  th e  v a lu e s  o f kxc corresp on d in g  to  th e maximums. These 

v e c to r  components have th e  g r e a te s t  m agnitude p o s s ib le  fo r  any re a c to r  

c o n f ig u r a t io n . The d if f e r e n c e s  betw een th e s e  and th e r e s p e c t iv e  com­

ponents o f  th e  s e l e c t i v i t y  v e c to r  fo r  any o th er  r e a c to r  c o n fig u r a tio n  

g iv e s  a m easure o f  th e  lo s s  o f  s e l e c t i v i t y ,  and hence a measure o f the  

r e a c to r 's  d is ta n c e  from p lu g  f lo w .

In  T able I we p rese n t th e  s e l e c t i v i t y  v e c to r  fo r  v a r io u s  v a lu e s  o f  

th e  v a r ia n c e  as determ ined by u sin g  eq . (1 1 ) .  The fo llo w in g  e x p r e ss io n  

fo r  th e  i  s e l e c t i v i t y  v e c to r  component r e s u l t s  from th e  developm ent 

g iv e n  in  th e  Appendix:
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o „  S l  .  #  [ i  -
2 t c

S in ce  ^(kx^) depends o n ly  on th e  v a r ia n c e , th e  s e l e c t i v i t y  v e c to r ,  o f  

c o u r se , a ls o  depends o n ly  on th e  v a r ia n c e  o f > K t).

The p erc en t d e v ia t io n  from th e  corresp on d in g  p lu g  flo w  v e c to r  com­

ponent i s  sim ply:

2a ,
(15) % d e v ia t io n  from p lu g  flo w  = lOOi ■ -  —

2tc

2 2The c o e f f i c i e n t  i  in  t h i s  eq u ation  in d ic a te s  why / tc must be sm a ller

fo r  h ig h er  v e c to r  components to  a ch iev e  the same c lo s e n e s s  to  p lug flow

as fo r  low er com ponents. For an approach to  p lu g  flo w  which i s  w ith in

2 25% fo r  S^, a v a lu e  o f  / tc < 1 /1 0  i s  r e q u ired , w h ile  to  s a t i s f y  the

2 2same requ irem ent fo r  th e  fo u r th  component a v a lu e  o f a < 1 /4 0  i s  

r e q u ir e d . T his s e n s i t i v i t y  o f  h ig h er  v e c to r  components g iv e s  us a 

b e t t e r  in d ic a t io n  o f th e  v a lu e  o f  th e  v a r ia n c e  req u ired  to  a ch iev e  a 

d e s ir e d  c lo s e n e s s  to  p lu g  f lo w . I t  i s  noted  th a t t h i s  s e n s i t i v i t y  w ith  

in c r e a s in g  kxc occu rs as w e l l  fo r  th e p ercen t d e v ia t io n  o f th e uncon­

v e r te d  f r a c t io n  from th e  p lu g  flo w  v a lu e .

We n o te  th a t  th e lo c a t io n s  o f  th e  v e c to r  components are th e  same 

as fo r  th e  r e s p e c t iv e  components fo r  th e  p lu g  flo w  v e c to r .  S t r i c t ly  

sp ea k in g  t h i s  i s  not e x a c t ly  tr u e , but as shown in  th e  Appendix, even  

i f  a l e s s  r e s t r i c t i v e  approxim ation  fo r  (kxc ) i s  used  th e  lo c a t io n  o f  

th e  maximums are v ery  n ea r ly  a t  th e  same v a lu e s .
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We now have an e s t im a te  on th e  upper l im i t  o f  th e norm alized  

v a r ia n c e  which in su r e s  a d e s ir e d  c lo s e n e s s  to  p lug  flo w  and can u se  th is  

in fo rm a tio n  to g e th e r  w ith  eq . (9 ) to  f in d  v a lu e s  fo r  th e d e s ig n  param­

e te r s  o f  th e  r e a c to r .  B efo re  showing how t h i s  can be done, however, l e t  

us d e sc r ib e  more co m p lete ly  each o f th e  terms com prising th e v a r ia n ce  

o f i|)(t) and d is c u s s  th e  q u a l i t a t iv e  e f f e c t s  o f  th e re a c to r  param eters 

on th e  s e l e c t i v i t y .

The f i r s t  two terms o f th e  v a r ia n c e  a re  w e l l  known and measure the  

e x te n t  o f  m olecu lar and tu rb u le n t d i f f u s io n ,  r e s p e c t iv e ly .  McHenry and 

W ilhelm (1957) and A r is  and Amundson (1957) found th a t fo r  Re g re a ter  

than 20 , P efc can be approxim ated as:

P et  ’  2 ( 3">
P

B isc h o f f  (1969) g iv e s  th e fo l lo w in g  e x p r e ss io n  fo r  1 /P e based on work 

done by Edwards and R ichardson (1968):

L .  = - £.
Pe L

0 .7 3  0 .4 5
_ ReSc i , 7 .3  _

1 + R is^

w ith  th e  f i r s t  term b e in g  l / ^ em and th e second 1 /P e t . I f  t h i s  e x p re ss io n

i s  r e w r it te n  in  term s o f th e  r e a c to r  param eters L, d , and t  th e  fo l lo w -
P ^

in g  i s  ob ta ined:

0 .7 3 st D 0 .4 5 ( l - e ) d  2
, v  1  c_m____________  2 _

Pe 2e ( l - e )  L ( l-e )L d  + 7 .3eT cDm

where e i s  th e  bed v o id a g e  and = L ( l - e ) /u e .



1 6

The term l / n  = A / t he I s  a measure o f th e  e x te n t  o f mass tr a n s fe r  a a

to  th e  c a t a ly s t  p a r t i c l e s .  With th e  a p p ro p r ia te  s u b s t i t u t io n s  i t  can  

be r e w r itte n  as:

1 = b
n t h c

and i t  i s  c le a r  th a t  i t  v a r ie s  in v e r s e ly  w ith  th e mass tr a n s fe r  c o e f­

f i c i e n t  h and th e  e x te r n a l su r fa c e  area  to  volume r a t io  o f th e c a t a ly s t ,  

1 /b .  U sing th e  fo l lo w in g  e x p r e ss io n  fo r  h o ffe r e d  by Carberry (1957) 

which i s  v a l id  fo r  0 .1  <_ Re 1000

h = 1.15uRe-1 /,2 Sc"2 /3

one can ex p ress  l / n  in  terms o f  th e  re a c to r  param eters L, d , and t in
P c

th e  fo l lo w in g  way:

where y i s  th e  v i s c o s i t y .

The term 0 / 3t i s  a m od ified  T h ie le  modulus d e sc r ib in g  th e  e x te n t  c

o f  in t r a p a r t ic le  d i f f u s io n  over th e e n t ir e  c a t a ly s t  bed . I t  i s  propor­

t io n a l  to  th e  r a t io  o f  th e  E in s te in  d i f f u s io n  tim e to  th e  mean co n ta c t  

tim e o f th e  r e a c to r .  In  terms o f r e a c to r  param eters i t  i s  w r it te n  as:

. 2
(18) = ____ E__
'  3t 108t Dqc c B
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EFFECTS OF REACTOR PARAMETERS ON THE VARIANCE

By s u b s t i t u t in g  eq . ( 1 6 ) , ( 1 7 ) ,  and (18) in to  eq . ( 9 ) ,  we can w r ite  

2 2th e  e x p r e ss io n  / tc in  terms o f th e  r e a c to r  param eters as fo l lo w s :

a , 2 
(19) ^ 2 '  2

c

[0 .73eT  D 0 .4 5 ( l - s ) d  2 p1 /6 e 1 /2 d 3 /2  d 2
+ ____________ E____ + _______   ,____JS.__ ,_____:___  4- ____R

(1 -e )  L2 ( l-e )L d  + 7 .3 e r  D 6 . 9 ( l - e ) 1 /2 p1 /6 D 2 / 3 t  1 / 2 l 1 / 2  108t Dp c m  m e  c j)

i t  i s  assumed fo r  co n ven ien ce th a t th e p a r t i c l e s  are s p h e r ic a l .  However, 

th e  methods o u t l in e d  in  t h i s  paper are by no means l im ite d  to  a p a r t ic u ­

la r  p a r t i c l e  geom etry.

I t  i s  noted  th a t our eq u a tio n s say  n o th in g  about th e d iam eter o f  

th e  r e a c to r ;  they a re w r it te n  w ith  th e im p l ic i t  assum ption  th a t a uniform  

f lo w  d is t r ib u t io n  e x i s t s  through th e  c a t a ly s t  bed. In  r e a l i t y ,  the  

c h o ic e  fo r  a proper r e a c to r  d iam eter i s  q u ite  c o n s tr a in e d . At low 

r e a c to r  le n g th  to  d iam eter r a t io s  i t  w i l l  be d i f f i c u l t  to  in su re  an even  

d is t r ib u t io n  u n le s s  s p e c ia l  p rec a u tio n s  are  tak en . In  a d d it io n , th e  

r a t io  o f  th e  r e a c to r  d iam eter to  p a r t ic l e  d iam eter must be rea so n a b ly  

la r g e  fo r  th e  r e la t io n s  fo r  Pe and h to  h o ld .

L et us now tu rn  to  an exam ination  o f  eq . (1 9 ) .  For r e a c to r s  w ith

sm a ll p a r t i c l e s ,  m o lecu la r  d if f u s io n  i s  th e c o n tr o ll in g  e f f e c t  and 

2 2a^ / t c i s  e s s e n t i a l l y  independent o f th e c a t a ly s t  s i z e  and depends on ly  

on th e  le n g th  o f th e  r e a c to r . For r e a c to r s  w ith  la r g e  p a r t i c l e s  in t r a ­

p a r t i c l e  d i f f u s io n  i s  th e  c o n tr o ll in g  e f f e c t  b ecau se i t  depends o n ly  on 

th e  c a t a ly s t  s i z e  and i s  u n a ffe c te d  by th e  r e a c to r  le n g th . Each o f  th e

o th er  e f f e c t s ,  how ever, can be d ecreased  by s u f f i c i e n t l y  in c r e a s in g  the

2 2r e a c to r  le n g th . I f  / t ^ i s  to o  h igh  and th e  p a r t i c l e  s i z e  has to  be
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reduced a c c o r d in g ly , we can then  determ ine th e minimum L over th e range 

o f c o n ta c t  tim es in  which th e  r e a c to r  can o p era te  such th a t th e co n tr ib u ­

t io n  o f  in t r a p a r t ic le  d i f f u s io n  i s  n e g l ig ib le  and th e  d e s ir e d  c lo s e n e s s  

to  p lu g  flo w  i s  a ch iev ed . I f  we are in t e r e s te d  in  sc a le -u p  o f the  

r e a c to r  th e  f i r s t  th ree  terms have to  be made sm a ll as compared to  

0 /3 r c< T urbulent d i f f u s io n  and mass tr a n s fe r  to  th e c a t a ly s t  su r fa c e  

a re  dependent on both  c a t a ly t  s i z e  and r e a c to r  le n g th  w ith  t h e ir  e f f e c t s  

d ecr ea s in g  w ith  in c r e a s in g  le n g th  or d ecrea sin g  c a t a ly s t  s i z e .

We have no c o n tr o l  .over th e  param eters which are  f ix e d  by k in e t ic  

c o n s id e r a t io n s ;  b ut we can alw ays com pensate somewhat fo r  any i l l  e f f e c t s  

o f th e se  param eters on p lu g  flo w  by ch oosin g  a s u f f i c i e n t l y  lo n g  r e a c to r .  

At f ix e d  c o n d it io n s , eq . (19) im m ediately  g iv e s  th e minimum L req u ired  

to  a ch ie v e  th e  d e s ir e d  c lo s e n e s s  to  p lu g  flo w .

The o n ly  o th er  d e s ig n  param eter we can som etim es choose i s  p a r t i c l e  

s i z e .  In  most p i l o t  p la n ts ,  t h i s  s i z e  i s  chosen  to  be th e same as in  

th e  a c tu a l  p la n t .  The s m a lle s t  p r a c t ic a l  p a r t i c l e  s i z e  in  most ind u s­

t r i a l  a p p lic a t io n s  i s  about 1 /16" w ith  some l im ite d  u se  a t  1 /3 2 " . I f  we 

a re  m ainly in t e r e s t e d  in  a c h iev in g  good k in e t ic s  and not in  s c a le -u p  i t  

i s  o f t e n  a d v is a b le  to  u se  a sm a ller  p a r t i c l e  s i z e .  At co n sta n t r e a c to r  

c o n d it io n s , th e  minimum le n g th  d ecr ea ses  w ith  d ecrea sin g  p a r t ic le  s i z e .  

However, th e  e f f e c t  o f  m olecu lar d if fu s io n  on s e l e c t i v i t y  i s  independent 

o f  p a r t i c l e  s i z e  and g iv e s  an a b so lu te  low er bound fo r  L.

I t  should  be m entioned th a t eq . (19) does not in c lu d e  any r a te  

p aram eters. T hese a r e , however, con ta in ed  im p l ic i t ly  in  t . T his i s  a 

c o n s id e r a b le  advantage o f  our d es ig n  approach b ecau se i t s  arguments are  

based  d ir e c t ly  on tc which i s  much e a s ie r  to  measure than k in e t i c
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p aram eters. The mean co n ta c t tim e i s  o f t e n  not known a p r io r i ,  but due 

to  econom ic and t e c h n ic a l  c o n s id e r a t io n s  th e  range o f  in t e r e s t  i s  pre­

determ ined  in  most c a s e s .

THE EFFECT OF PRESSURE ON THE VARIANCE

A b r ie f  comment sh ou ld  be made about th e  e f f e c t s  o f p re ssu re  on

th e  v a r ia n c e  as p i l o t  p la n t  d a ta  a re norm ally  o b ta in ed  over a w ide range

o f  p r e s s u r e s . The e f f e c t s  o f  m o lecu la r  d i f f u s io n  and o f  lo n g itu d in a l

d is p e r s io n  a re  independent o f  p ressu re  b ecau se a t  a g iv en  fe e d  r a te  tcD

i s  independent o f  p r e s su r e . The same i s  tr u e  fo r  mass tr a n s fe r  to  th e
T I C\ o / o 1 / O

c a t a ly s t  p a r t i c l e s  b eca u se  p Dm i s  independent o f  p r e ssu r e .

F in a l ly ,  th e  m o d ified  T h ie le  param eter i s  independent o f  p ressu re  i f

D i s  m erely  an e f f e c t i v e  d i f f u s io n  c o e f f i c i e n t .  However, when th e  
p

c a t a ly s t  p o res  a re  v ery  sm a ll and Knudsen d i f f u s io n  e x i s t s ,  then  th e  

T h ie le  param eter i s  in v e r s e ly  p r o p o r tio n a l to  p r e s su r e . The t o t a l  

e f f e c t  o f  p r e ssu r e  i s  in  most c a se s  q u ite  sm a ll and fo r  f ix e d  i n l e t  

co m p o sitio n  and c o n sta n t r e a c to r  tem perature the minimum le n g th  i s  a 

fu n c t io n  o n ly  o f  th e  g ra v im e tr ic  fe e d  r a te  and th e p a r t i c l e  s i z e .

An a d d it io n a l  word sh ou ld  be sa id  about th e dependence o f  r e a c to r  

le n g th  on th e product o f  mean c o n ta c t  tim e and m olecu lar d i f f u s i v i t y .  

A lthough t h i s  product i s  independent o f p r e ssu re  i t  w i l l  be d i f f e r e n t  

fo r  d i f f e r e n t  g a s e s .  However, th e  v a r ia t io n  fo r  nonpolar hydrocarbons 

i s  a p p a ren tly  n o t a l l  th a t  w id e . For exam ple, u s in g  L ennard-Jones p oten ­

t i a l s  i t  was found th a t  a t  th e  chosen  r e a c to r  tem perature th e  p rod ucts  

f o r  b u ta n e , o c ta n e , and nonane w ere in  th e  r a t io  o f 1 .8 5 : 1 .1 8 : 1 .
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From eq . (19) i t  i s  ob served  th a t  th e  m olecu lar d i f f u s io n  term i s

d ir e c t ly  p r o p o r tio n a l to  th e  product TcDm and th a t L i s  p r o p o r tio n a l to

th e  square r o o t o f  t D fo r  sm a ll p a r t i c l e  s i z e s .  The dependence o f

r e a c to r  le n g th  on t  D in  th e  tu rb u le n t d i f f u s io n  term i s  a b i t  more c m

co m p lica te d . For v ery  la r g e  and v er y  sm a ll v a lu e s  o f  TcDm, L i s  indepen­

d en t o f  t D • For in te r m e d ia te  v a lu e s ,  th e  r e la t io n s h ip  i s  as g iv en  in  

eq . (1 9 ) .  The mass tr a n s fe r  term i s  in v e r s e ly  p r o p o r tio n a l to  th e 2 /3  

power o f  th e  product o f  th e  p ressu re  and m olecu lar d i f f u s i v i t y  and th e  

r e a c to r  le n g th  i s  in v e r s e ly  p r o p o r tio n a l to  th e 4 /3  power. F in a lly  th e  

product TcDg w i l l  be d i f f e r e n t  fo r  d i f f e r e n t  g a se s  i f  Knudsen d i f f u s io n  

e x i s t s .  The m o d ified  T h ie le  param eter w i l l  then  be d ir e c t ly  p r o p o r tio n a l  

to  th e  square ro o t o f  th e  m o lecu la r  w e ig h t o f  th e  g a s . Large m o lecu les

w i l l  have low v a lu e s  o f  D„ and th e  e f f e c t  o f in t r a p a r t ic l e  d i f f u s io n
p

w i l l  be in c r e a se d .
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EXAMPLE

We now o f f e r  an example to  dem onstrate our procedure fo r  a hypo­

t h e t i c a l  r e a c to r .  The param eters have been chosen  to  p ro v id e  a rea so n ­

a b le  id e a  o f r e a c to r  le n g th s  req u ired  fo r  petroleum  p r o c e s s e s .  I t  i s  

im portant to  r e a l i z e  th er e  i s  a b a s ic  d if f e r e n c e  betw een th e  d e s ig n  o f  

m ic r o -r e a c to r s  and in d u s t r ia l  r e a c to r s .  In  m ic r o -r e a c to r s  we do not 

know a p r io r i  what the mean c o n ta c t  tim e should  be and would want to  

e v a lu a te  th e  r e a c to r  over a range o f v a lu e s .  A d d it io n a l ly ,  we o f te n  do 

n o t know th e  k in e t ic s  fo r  th e  r e a c t io n s  in v o lv ed  and how s e n s i t i v e  th ey  

are  to  d e v ia t io n s  from p lu g  f lo w . C on seq uently , we would want v a lu e s  o f  

th e  minimum r e a c to r  le n g th  a9 a fu n c t io n  o f  sp ace  v e lo c i t y  and p a r t i c l e  

s i z e .

The b a s ic  d a ta  fo r  th e  gaseou s c a t a ly t i c  r e a c to r  a re  th e fo llo w in g :  

R eactor Temperature = 925°F

R eactor P ressu re  = 8 .0  p s ig

Space V e lo c ity  -  0 .1  < S .V . < 1 0 .0 0 0  g -

C ontact Time = 0 .001715  <_ xc <_ 1 7 1 .5  sec

The d ata  fo r  th e  fe e d  i s  th e  fo llo w in g :

G ravity  = 2 4 .0 °  API

M Wt = 300 gm
m ole

Mean average b o i l in g  p o in t  = 675°F

D = 0 .0 4 3 7  —  m s e c

D . = 0 .0 1 1 1  —8 se c

V is c o s i t y  = 0 .0 1 1  cp
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C a ta ly s t  P r o p e r tie s  

A lu m in u m -S ilica te  typ e c a t a ly s t

S iz e :  50 < d < 3mm-  p  -

E x tern a l v o id  fr a c t io n :  e = 0 .4

Bulk dry d e n s ity :  = 0 .8 7 5  ■£—j
cm

EmDry p a r t i c l e  d e n s ity :  p = 1 . 4 6  j
 ̂ cm

N ote th a t  in  a d d it io n  to  mean c o n ta c t tim e , data a re  provided  in  

terms o f  th e  w e ig h t h ourly  sp ace v e lo c i t y  (WHSV), th e g ra v im e tr ic  fe ed

r a t e  d iv id e d  by th e  w e ig h t o f  th e  c a t a ly s t  bed. T his param eter i s

w id e ly  used  in  th e  o i l  in d u stry  and i s  in c lu d ed  in  th e  example fo r  t h is  

re a so n . For th e  con ven ien ce o f  th e re a d e r , both  and WHSV appear as 

param eters in  th e  f ig u r e s .

In  F ig u res  1 , 2 , and 3 , L i s  p lo t t e d  v er su s  sp ace  v e lo c i t y  w ith

p a r t i c l e  s i z e  as a param eter and w ith  norm alized  v a r ia n c e s  o f 1 /1 0 ,

2 21 /5 0 ,  and 1 /1 0 0 , r e s p e c t iv e ly .  In  T able 2 , w ith  / tc = 1 /1 0 , v a lu e s  

o f l /P e m, l / P e t> l / n ,  and 6 /3 tc a re  p resen ted  fo r  v a r io u s  sp ace v e l o c i ­

t i e s  and fo r  each o f  fo u r  p a r t i c l e  s i z e s .  T his ta b le  i s  provided  fo r

r e fe r e n c e  in  th e  fo l lo w in g  d is c u s s io n  o f  F ig u re  1 .

For low  sp ace v e l o c i t i e s  th e  minimum len g th  i s  m erely determ ined by 

m olecu lar  d i f f u s io n .  As th e  sp ace v e lo c i t y  in c r e a s e s ,  each curve in  

F ig u re  1 p a sse s  through a minimum which corresponds to  th e  a b so lu te  

minimum le n g th  fo r  a r e a c to r  w ith  a g iv en  p a r t i c l e  s i z e .  The e f f e c t s  

o f  tu rb u le n t d i f f u s io n  and mass tr a n s fe r  to  th e  c a t a ly s t  p a r t i c l e s  do 

n o t come in t o  r e a l  prom inence u n t i l  j u s t  b e fo r e  th e minimum, a lth ou gh  

m o lecu la r  d i f f u s io n  co n tin u es  to  dom inate. Up to  th e minimum, mass
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tr a n s fe r  e f f e c t s  are  more im portant than th e e f f e c t s  o f  tu rb u le n t d i f f u ­

s io n ,  b u t a re  s t i l l  somewhat l e s s  prom inent than th o se  o f  m olecu lar  

d if f u s io n .  At th e  minimum, m olecu lar d i f f u s io n  i s  s t i l l  th e  s in g le  

la r g e s t  c o n tr ib u tio n  to  th e  v a r ia n c e . J u s t  beyond th e minimum, th e  

f i r s t  th r e e  terms o f eq . (19) a re  ap proxim ately  eq u al w ith  th e in t r a ­

p a r t i c l e  d i f f u s io n  term b ein g  about h a lf  t h i s  v a lu e . Only r e la t i v e l y  

w e ll  p a s t  th e  minimum does th e  m olecu lar d i f f u s io n  term drop s i g n i f i ­

c a n tly  in  v a lu e ,  w h ile  th e  o th er  th ree  terms a re about eq u a l. Beyond 

t h i s ,  1 /P e t  f i n a l l y  becomes much sm a ller  than 9 /3 tc and l / n .  With a 

fu r th e r  in c r e a s e  in  sp ace  v e l o c i t y ,  9 /3 tc becomes dominant and f i n a l l y  

th e  c a se  i s  reached where in t r a p a r t ic le  d i f f u s io n  i s  l im it in g  and no 

in c r e a s e  in  r e a c to r  le n g th  can com pensate fo r  i t s  e f f e c t s .  S im ila r  

tren d s occur fo r  th e  graphs o f F ig u res 2 and 3 .

As a r e s u l t  o f  th e  in t r a p a r t ic l e  d i f f u s io n  c o n tr ib u tio n , th er e  i s  a 

d e f i n i t e  upper bound on sp ace v e lo c i t y  fo r  a g iv en  p a r t i c l e  s i z e .

S ta ted  in  another way, fo r  a g iv en  sp ace v e lo c i t y  th ere  i s  a maximum 

c a t a ly s t  s i z e  w hich  i s  p e r m is s ib le .  With a la r g e r  c a t a ly s t ,  th e  v a r i ­

ance c o n d it io n  cannot be met w ith  a r e a c to r  o f  f i n i t e  le n g th . T his  

c a t a ly s t  s i z e  can be e a s i l y  c a lc u la te d  from th e  fo llo w in g :

The most d i f f i c u l t  c a se  to  d e a l w ith  in  d e s ig n in g  m ic r o -r e a c to r s  i s  

th a t o f  a r e a c to r  w ith  a low sp ace v e l o c i t y ,  b ecau se m olecu lar d i f f u s io n  

i s  c o n tr o ll in g  and i s  independent o f  p a r t i c l e  s i z e .  As a r e s u l t ,  the  

c o n tr ib u tio n  o f  m olecu lar d i f f u s io n  determ in es a low er bound on th e  

minimum r e a c to r  le n g th  n ece ssa ry  to  a ch ie v e  a d e s ir e d  c lo s e n e s s  to  p lu g  

flo w . The bound can be e a s i l y  c a lc u la te d  from th e  fo llo w in g :



I f  one i s  in t e r e s t e d  in  s c a le -u p ,  la r g e  c a t a ly s t  p a r t i c l e s  may be

req u ired  and a s a r e s u l t  th e  e f f e c t s  o f  in t r a p a r t ic l e  d i f f u s io n  can be

la r g e .  In t h i s  c a s e ,  i t  i s  n ece ssa ry  to  d e s ig n  th e  p i l o t  p la n t  such

th a t m ixing p r o c e s s e s  in  th e in t e r p a r t ic l e  phase a re near p lu g  f lo w . To

a ssu r e  t h i s  th e  f i r s t  th re e  terms o f  eq . (19) must be sm a ll . T his w i l l

n o t g iv e  good k in e t i c  r e s u l t s  but w i l l  p ro v id e  r e l i a b l e  s c a le -u p . A

graph o f  th e  minimum r e a c to r  le n g th  v er su s  sp a ce  v e lo c i t y  fo r  t h i s  ca se

2 2i s  g iv e n  in  F ig u re  4 fo r  / x c = 1 /5 0  and p a r t i c l e  d iam eters o f  1mm

and 3mm. Removing th e  in t r a p a r t ic l e  d i f f u s io n  term has th e  e f f e c t  o f

s h i f t i n g  th e  minimum in  th e  curve downward and to  th e  r ig h t .  Beyond th e

minimum, th e  r e a c to r  le n g th  in c r e a s e s  a t  a much slow er r a te  w ith  sp ace

v e l o c i t y .  The minimum r e a c to r  le n g th  a s y m p to t ic a lly  approaches a

s t r a ig h t  l i n e  whose s lo p e  i s  determ ined  by th e mass tr a n s fe r  term .

In  comparing F ig u res  1 , 2 , and 3 , i t  i s  observed  th a t th e  minimum

req u ired  r e a c to r  le n g th , o f  co u r se , in c r e a s e s  w ith  d e cr ea s in g  v a r ia n ce

and th a t th e  maximum p a r t i c l e  s i z e  d ecr ea se s  w ith  d e cr ea s in g  v a r ia n c e .

2 2A v a lu e  o f  1 /5 0  fo r  a , / x  should  be s u f f i c i e n t  fo r  m ost c a s e s ,  though
V c

fo r  com plex c a s e s  a v a lu e  o f 1 /1 0 0  m ight be p r e fe r a b le .  I t  i s  noted  

th a t  th e  le n g th  o f  th e  r e a c to r  needed fo r  good p lu g  flo w  i s  in  most 

c a s e s  co n s id e r a b ly  lo n g er  than th o se  o f t e n  u sed  in  m ic r o -r e a c to r s . A 

r e a c to r  which i s  10cm in  le n g th  re q u ir e s  even  a t  1 /4"  r e a c to r  d iam eter  

s e v e r a l  grams o f c a t a ly s t .
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I t  i s  noted  a g a in  th a t t h i s  example does n o t lea d  to  a s p e c i f i c  

a p r io r i  r e a c to r  d e s ig n . We do not know tc a p r io r i ,  nor do we know 

th e  req u ired  upper l im i t  o f  th e  v a r ia n c e  o f th e  c o n ta c t  tim e d is t r ib u t io n .  

In  t h i s  s e n s e ,  th e  d e s ig n  o f m ic r o -r e a c to r s  i s  alw ays an i t e r a t i v e  pro­

ced u re . In  an e f f o r t  to  in su re  c lo s e n e s s  to p lug  f lo w , a r e a c to r  can  

alw ays be d esig n ed  which i s  lo n g  and u t i l i z e s  f i n e l y  ground c a t a ly s t .  

However, t h i s  may e n t a i l  a n e e d le s s  expense and a l t e r n a t iv e ly  th e len g th  

chosen  may n o t even  be g r e a t  enough. The former may be tru e  a t  in t e r ­

m ed iate sp a ce  v e l o c i t i e s  and th e l a t t e r  may be tru e  a t  very  low and very  

h ig h  sp a ce  v e l o c i t i e s  or i f  th e  r e a c t io n  k in e t i c s  a re  more com plex and a 

h ig h  s e l e c t i v i t y  i s  re q u ired .

Depending on th e  product d e s ir e d  and th e p ro ce ss  en v is io n e d  we 

alw ays b eg in  th e  d e s ig n  o f a m ic r o -r e a c to r  w ith  some knowledge o f  a 

range o f  sp ace  v e l o c i t i e s  which i s  r e a so n a b le . We can a ls o  e s t im a te  an 

upper bound on th e m olecu lar d i f f u s i v i t y  and a low er bound on the  

average d i f f u s i v i t y  in s id e  th e  c a t a ly s t  p a r t i c l e .  Then, f ix in g  the  

maximum p e r m is s ib le  v a r ia n c e , say  0 .1 ,  and ch o o sin g  a p a r t i c l e  s i z e ,  

we can u se  eq . (19) to  d eterm ine th e minimum r e a c to r  le n g th  fo r  v a r io u s  

v a lu e s  o f  th e  sp ace  v e lo c i t y  over th e  range o f  in t e r e s t  and p lo t  curves  

s im ila r  to  th o se  g iv e n  in  th e  accompanying f ig u r e s .  I f  seems too

la r g e ,  th en  th e  p a r t i c l e  s i z e  can be d ecreased  p rovided  we are not oper­

a t in g  a t  v ery  low sp ace v e l o c i t i e s  where le n g th  i s  independent o f  d^ .

An experim ent can now be performed to  determ ine th e  co n v ers io n  and 

s e l e c t i v i t y .  I t  should  be borne in  mind, as shown in  eq . (1 2 ) ,  th a t  

th e  r e a c to r  i s  more s e n s i t i v e  to  d e v ia t ip n s  from p lu g  flo w  when conver­

s io n  i s  h ig h  than when i t  i s  low . I f  s e l e c t i v i t y  m ight be a problem we
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would want to  r e d e s ig n  th e  r e a c to r  w ith  a low er v a r ia n c e . Changing th e  

v a r ia n c e  by v a ry in g  L or d^ would p ro v id e  some c lu e s  as to  th e  im portance  

o f  c lo s e n e s s  to  p lu g  flo w  fo r  good s e l e c t i v i t y .

SUMMARY AND DISCUSSION

An approach fo r  th e  d e s ig n  o f f ix e d  bed c a t a ly t i c  m icr o -re a c to r s  

has been d e sc r ib e d . The method i s  based on th e assum ption  th a t a c lo s e  

approach to  p lu g  flo w  i s  n ece ssa ry  to  a ssu re  good r a te  d ata  and p ro v id e  

s a f e  s c a le -u p . I t  i s  shown th a t fo r  a c a t a ly t i c  r e a c to r  near p lug  f lo w ,  

th e  d e v ia t io n  from p lu g  flo w  can be ex p ressed  in  terms o f the v a r ia n ce  

o f  th e  c o n ta c t  tim e d is t r ib u t io n .  An eq u a tio n  d e f in in g  th e  v a r ia n ce  in  

term s o f  d e s ig n  param eters i s  p r e se n te d . For f i r s t  order r e a c t io n s  we 

can e s t im a te  an upper l im i t  on th e  v a r ia n c e  by e v a lu a t in g  th e  com p lex ity  

o f  th e  k in e t i c s  and c a lc u la t in g  a s e l e c t i v i t y  v e c to r  based  on a chosen  

r e a c to r  m odel. However, t h i s  procedure i s  o n ly  r ig o ro u s  fo r  f i r s t  order  

or p s e u d o - f ir s t  order system s w ith  r e a c t io n  r a te s  o f th e  fo llo w in g  

form:

d a. - k . a . i  _ 1 i
d t 1 +  I k .a .

i 1 1

where th e  denom inator i s  ap proxim ately  a fu n c t io n  o f t o t a l  co n ce n tra tio n  

and o n ly  w eakly dependent on co n v er s io n . R ea ctio n s  o f t h i s  typ e are  

q u ite  common in  th e  petroleum  in d u str y . But s in c e  we are d e a lin g  w ith  

sm a ll d e v ia t io n s  from p lu g  flo w  th e  method i s  j u s t  as good fo r  second  

ord er r e a c t io n s .  The o n ly  d if f e r e n c e  i s  th a t fo r  p u re ly  f i r s t  order  

system s we can g e t a q u a n t i ta t iv e  e s t im a te  o f th e  p e r m is s ib le  l im i t  o f
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th e  v a r ia n c e . For second  order system s t h i s  i s  n o t tr u e . However, 

s in c e  in  most c a se s  we r e a l ly  d o n 't  know th e ex a c t k in e t i c s  anyway, t h i s  

d is t in c t i o n  i s  more t h e o r e t ic a l  than i t  i s  p r a c t ic a l .  In m ost in s ta n c e s  

we r e ly  on some re a so n a b le  e s t im a te  b ased  on ex p er ie n c e  as to  how 

c lo s e ly  we want to  approach p lug  f lo w . T h is e s t im a te  w i l l  be based on 

th e  co n v ers io n  d e s ir e d  and on th e  com p lex ity  o f th e  r e a c t io n s .  The 

e x p r e ss io n s  fo r  th e  v a r ia n c e  and th e  s e l e c t i v i t y  v e c to r  are used  to  

g u id e  us in  o b ta in in g  a b e t t e r  q u a n t ita t iv e  f e e l in g  fo r  our e s t im a te s .

In t h i s  s e n s e ,  th e  method i s  n ot r e s t r i c t e d  to  f i r s t  order sy stem s.

However, i t  i s  im portant to  n o te  th a t t h i s  method a p p lie s  o n ly  to  

f ix e d  bed r e a c to r s  which a re iso th erm a l or have o n ly  sm a ll tem perature  

r i s e s .  As w i l l  be shown in  S e c t io n  I I ,  th e e f f e c t s  o f sm a ll d e v ia t io n s  

from is o th e r m a lity  on th e se  r e a c to r s  can be m inim ized by a l t e r in g  the  

r e a c to r  param eters o f  le n g th , c a t a ly s t  p a r t i c l e  s i z e ,  and sp ace v e lo c i t y  

in  th e  same way as shown in  t h i s  s e c t io n  to  m inim ize d e v ia t io n s  from 

plu g  f lo w .

M oderate tem perature g r a d ie n ts  can be d im in ish ed  in  s i z e  by d i lu t in g  

th e  c a t a ly s t  w ith  an in e r t  m a te r ia l ,  such as sand, which has a h igh  

therm al c o n d u c t iv ity .  The d ilu e n t  a c t s  as a h ea t s in k  and a ls o  in c r e a s e s  

th e  r e a c to r  le n g th  and d iam eter which tend s to  d ecrea se  th e  r a d ia l  and 

lo n g itu d in a l  tem perature g r a d ie n ts .  However, b ecau se the f l u i d  v e lo c i t y  

d rop s, so  does th e  h ea t tr a n s fe r  c o e f f i c i e n t .
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I f  th e  tem perature g r a d ie n ts  are la r g e ,  then  another typ e o f  p i l o t  

r e a c to r  must be co n sid ered  which w i l l  in su r e  i s o th e r m a li ty . S ev era l 

iso th erm a l r e a c to r s  a re  used in d u s t r ia l ly ;  among th e se  are the con tin u ou s  

s t i r r e d  tank r e a c to r ,  s t ir r e d  b atch  r e a c to r , the s t ir r e d -c o n ta in e d  s o l id s  

r e a c to r ,  and th e  r e c ir c u la t in g  tra n sp o rt r e a c to r . A l l  o f  th e se  r e a c to r s  

p r e se n t o th er  d i f f i c u l t i e s  which are d isc u sse d  in  some d e t a i l  by 

Weekman (1974).'*'

^Weekman, V.W ., "Laboratory R eactors and T heir L im ita t io n s , A .I .C h .E .J . ,  

2 0 ,833  (1 9 7 4 ).
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APPENDIX

The V arian ce o f  K t )

U sin g  e x p r e ss io n s  develop ed  by Shinnar, e t . a l .  (1972) r e la t io n s  fo r  

th e  f i r s t  and second moments o f  ij;(t) can be o b ta in e d . These ex p r e ss io n s  

a re  th e  fo llo w in g :

where r^, p^, and are th e  i t h  moments o f  ijj(t), f ( t ) ,  and <j)(t), 

r e s p e c t iv e ly .

The d is t r ib u t io n  <}>(t )  i s  th e  so jou rn  tim e d is t r ib u t io n  fo r  a s in g le  

p a r t i c l e  t r ip  in t o  th e c a t a ly s t  phase 6. As shown by Shinnar, e t . a l . ,  

i t s  L ap lace tran sform , <j>(s), i s  r e la t e d  to  p (s) in  th e  fo llo w in g  way:

(A l) \  = ^ i ^ i

(A2) p (s )  = X (l-i))(s))

S o lv in g  fo r  <j>(s) one f in d s :

(A3) (j)(s) 1

1 + r -  ( s e ) 1 /2  tanh ( s e ) 1 /2  n

The f i r s t  and second moments o f ij>(t) are found by ev a lu a tin g

—dd» (s )
ds s=o

(A4) K.1

(A5) K,2
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P erform ing s im ila r  d i f f e r e n t ia t io n  on f ( s )  g iv e s :

(A6) = f

2 X 2 2
(A7) y = + Pe +  e"Pe -1  )

z Pe

The f i r s t  and second moments o f  t//(t) a re  found to  be:

(A8) n i = m  = tc

/m \  2 / n , 2 , 26 2 , 2 , 2@ \
"2 '  Tc '  1 + PJ +  '— l " - r - 2  +  n +  — }Pe Pe c

The norm alized  v a r ia n ce  i s :

CAio-) —A- = 2 ( —  + —-------------—  + i  + — )
'•AiU; x 2 Pe _ 2 B 2 n 3 tc Pe Pe c

A pproxim ation fo r  il)(kT^) and th e S e l e c t i v i t y  V ector

I f  P e , n , and 3 t c /0  a re s u f f i c i e n t l y  la r g e ,  i t  can be f a i r l y  

e a s i l y  dem onstrated  th a t  fo r  co n sta n t mean co n ta c t tim e, t  ,  th e  con­

v e r s io n  o f  a f ix e d  bed c a t a ly t i c  m icr o -re a c to r  i s  p ro p o r tio n a l to  th e

2 2d im en s io n le ss  v a r ia n ce  a , / t , o f th e  co n ta c t tim e d is t r ib u t io n .

The fo l lo w in g  i s  th e  e x p r e ss io n  fo r  th e  moment g en era tin g  fu n c t io n  

o f  f ( t ) ,  th e  RTD in  th e i n t e r s t i t i a l  phase:

( A ll)  f  ( s )  -   ^
(1 + ,) 2 e' P e /2  <1- ’ ) -  ( l - , ) 2 r P e /2  (1+q>

1 / ?
where q = (1 +  4-r^S/Pe)
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I f  Pe »  1 and i s  a ls o  la r g e  w ith  r e s p e c t  to  S t > then  q can be approxi-
ot

mated a s fo l lo w s :

2S t
(A12) q a s  1 + Pe

With t h i s  approxim ation  fo r  q and th e  approxim ation  th a t

■ - 4(1—  ^  i
2

(l+q)

th e  e x p r e s s io n  fo r  f ( s )  becomes:

S t

(A13) f  ( s )  = e~ STa a  ~ Pe *

I f  th e  T aylor S e r ie s  exp an sion  o f  f ( s )  i s  made around Sx^/Pe = 0 , the  

e x p r e ss io n  fo r  f ( s )  can be approxim ated as:

(S t ) ^
(A14) f ( s )  ~  e“ STa [1  + p“ ]

In  th e  paper by Shin nar, e t . a l .  (1 9 7 2 ) , th e  fo llo w in g  e x p r e ss io n  

fo r  th e  moment g e n e r a tin g  fu n c t io n  o f  ijj(t) i s  p resen ted :

(A15) iJj(s) = f  C ^  (1 “ <*l(s))  1
a

The e x p r e ss io n  fo r  —  (1—c|>(s)) m u lt ip l ie d  by t  i s  th e  fo llo w in g :  A a
a

j_ JL
/ a 16 n I C.S€»)2 *6cxwh C s© )2"

V  r ' V  / +• Cs©)^
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1/2  1/2  An approxim ation  fo r  (s0 )  tanh (s0 )  fo r  sm a ll (s0 )  i s  the

fo llo w in g :

(S 0 )1 / 2 tanh ( s 0 ) 1 /2  S 0 -

With th e  s u b s t i t u t io n s  th a t  t = box /A and b /h  = x / n , th e  approxima-c a a c

t io n  fo r  (A16) becomes:

(A17) J x h c_  / (_(I-#)) s r c [ i - s T c ( f k ) ]

I + [' -  S T cd r;)]

The denom inator can be approxim ated as 1 +  sx  /n  s in c e  (sx  / n ) ( s x  0 /3 x  )c c c c

<< s x c /n .  With t h i s  s im p l i f ic a t io n  and the approxim ation  th a t:

sx

sx 1 -

1 + n

fo r  n >> 1 and sm a ll s x c /n ,  eq u a tio n  (A17) becom es:

(A18) n h i
A

src I -STc 3T C 1 -
STJ
n

Upon s u b s t i t u t io n  o f  (A18) in to  (A 15), th e fo l lo w in g  ex p re ss io n  fo r  

i|>(s) r e s u l t s :

(A i9) f ( s )  ~  e
-src [/ -  st{ - ^ j S i c

n ) ( S l / p - * £ - ) ( ! - S T . (w ) )  
Pe.

The c o e f f i c i e n t  o f  th e  e x p o n e n tia l can be approxim ated as:

+ ( s tc)2(/ -  - srAik) )2
Pe + (S Tc)

Pe



33

and th e  e x p o n e n tia l i t s e l f  can be approxim ated as:

-  *t « [/ -  s ^ ) j  [> -  _  - s t  ,  , e
C —  C l  + ( s r c)  ( — f T r j j

S u b s t itu t in g  th e s e  e x p r e ss io n s  in  (A19) and s u b s t i t u t in g  k fo r  s  g iv e s  

th e  fo l lo w in g  approxim ation  fo r  \Jj(kxc ):

(A20) ^ r j = [ /  +  f t r cf ( ? e + n + 3% )
■ M  -

l+\jl Tc)
z2 cr̂

2 7 f

A T C

I t  i s  ea sy  to  s e e  th a t  in  th e  l im i t  as a , / t 0 , ib(kx ) -* e Tc>i{> c r c

th e  e x p r e s s io n  fo r  th e  id e a l  p lug  flo w  r e a c to r .

S e l e c t i v i t y  V ector

The s e l e c t i v i t y  v e c to r  i s  determ ined as fo llo w s :

(A21) = rn<zX
k z

/_ , /  (S.Tc)1 d LH k T c ) '

By s u b s t i t u t io n  o f  i|/(kxc ) from (A20) and then  by rep ea ted  d i f f e r e n t ia t io n  

w ith  r e s p e c t  to  kxc> one can determ ine th e  v a lu e s  o f  kxc a t  which th e  

maximum o cc u r . I t  has been found th a t th e  lo c a t io n  o f th e v e c to r  com­

p onents occur e x a c t ly  a t  th e  in te g e r  v a lu e s  kxc = 1, 2 , 3 . . . n  fo r  th e  

1 s t ,  2nd, 3 r d . . . nth v e c to r  component, r e s p e c t iv e ly .

Upon s u b s t i t u t io n  o f  th e s e  kxc in to  (A 21), th e  fo llo w in g  e x p r e ss io n  

fo r  th e i t h  v e c to r  component r e s u l t s :

(A22) S = e"1 [1  -  ]

2 t c
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I t  i s  c le a r  th a t  th e i t h  v e c to r  component depends on ly  on the

v a r ia n c e , i f  th e  v a r ia n c e  i s  s u f f i c i e n t l y  sm a ll. The c o e f f i c i e n t  i  in  

2 2th e  term i e x p l a i n s  why th e  v a r ia n ce  must be sm a ller  fo r  h igh er  

v e c to r  components to  a c h ie v e  th e  same c lo s e n e s s  to  p lu g  flo w  as fo r  

low er com ponents.

I t  has been shown th a t fo r  a l e s s  sev e re  approxim ation  o f ip(kxc )

than (A 20), say  i f :

H h )
; ktJ i - (kTj

th en  th e  lo c a t io n  o f th e  v e c to r  components are v ery  n ea r ly  a t  kx£ = 1 , 

2 , 3 . . . n .  For exam ple, th e  d e r iv a t iv e  o f th e f i r s t  v e c to r  component 

e x p r e ss io n  ev a lu a ted  as kx£ = 1 i s  th e  fo llo w in g :

. 2 .r u

dk Tc -  e
h j t= i

a
Tc7

I t  depends on th e  square o f  th e  v a r ia n ce  and fo r  s u f f i c i e n t l y  sm a ll 

2 2a , / t , th e  d e r iv a t iv e  i s  v ery  n ea r ly  ze ro , in d ic a t in g  th a t the  ip c
2 2maximum occu rs v ery  near kx = 1 .  I f  a . /x  = 1 /1 0 , th e d e r iv a t iv e  J c ip c

i s  o n ly  -  0 .0 0 3 8 6 . S im ila r  r e s u l t s  can be found fo r  h igh er  order  

v e c to r  com ponents.
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SECTION I I  -  STABILIZATION OF REACTORS OPERATING AT UNSTABLE 
STEADY STATES. THE EFFECT OF DESIGN ON CONTROL
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INTRODUCTION

In th e  a ero sp a ce  in d u s tr y , i t  i s  q u ite  common to  in t e g r a t e  the  

c o n tr o l  c o n s id e r a t io n s  o f  a system  w ith  i t s  b a s ic  d e s ig n  co n ce p ts .  

However, t h i s  i s  r a r e  in  th e  ch em ica l in d u s tr y , where in  most c a s e s ,  

d e s ig n s  a re  based  s o l e l y  on p r o je c te d  stea d y  s t a t e  o p era tin g  l e v e l s .  

C on tro l o f  th e  p la n t i s  s e r io u s ly  co n sid ered  on ly  a f t e r  th e b a s ic  d e s ig n  

i s  com pleted . U su a lly  t h is  procedure i s  j u s t i f i e d  s in c e  developm ent 

work i s  c a r r ie d  o u t p a r t ly  to  f a c i l i t a t e  c o n se r v a tiv e  s tea d y  s t a t e  

d e s ig n s  which w i l l  n o t cau se s t a b i l i t y  problem s. So, in  t h is  s e n s e ,  a t  

l e a s t ,  c o n tr o l  c o n s id e r a t io n s  do p la y  a p a rt in  d eterm in in g  th e  d e s ig n .  

However, i t  i s  s t i l l  in t r ig u in g  to  co n sid er  how an in t e g r a t io n  o f  the  

c o n tr o l  c o n s id e r a t io n s  in t o  th e  b a s ic  d es ig n  m ight pay o f f  in  e a s ie r  

c o n tr o l,  b e t t e r  o v e r a l l  perform ance, or improved economy.

A s u it a b le  p ro ce ss  fo r  t h i s  stu d y  i s  one which i s  open loop  

u n s ta b le  and i s  s t a b i l i z e d  by a feed back  c o n tr o l  lo o p . A r is  and Amundson 

have d is c u s s e d  one such p ro ce ss  in  a s e r ie s  o f  papers (1958a , 1958b,

1959) d e sc r ib in g  th e  s t a b i l i z a t i o n  o f  a s t ir r e d  tank r e a c to r  in v o lv in g  

an exotherm ic r e a c t io n . I t  i s  s t a b i l i z e d  by a d ju s tin g  th e  amount o f  

h ea t removed by a c o o la n t to  m ain ta in  th e  d e s ir e d  r e a c to r  tem perature.

In  t h i s  study we have chosen  th e  somewhat more complex p ro cess  shown 

s c h e m a tic a lly  in  F ig u re  1 . Many exotherm ic in d u s t r ia l  r e a c to r s ,  

p a r t ic u la r ly  th o se  used in  h y d ro p ro cessin g  and some o x id a t io n  r e a c t io n s ,  

u t i l i z e  t h is  c o n f ig u r a t io n , w ith  or w ith o u t in t e r s t a g e  c o o l in g ,  where 

th e  a d ia b a t ic  c a t a ly t ic  f ix e d  bed r e a c to r  e f f lu e n t  i s  u sed  to  p reh eat  

th e  incom ing fr e s h  fe e d . The r e a c to r  i n l e t  tem perature m ight be fu r th e r
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a d ju sted  by p a ss in g  th e  fe e d  through a fu rn a ce . Such r e a c to r s  can 

e x h ib it  p o t e n t ia l  i n s t a b i l i t i e s  in  th e  fo llo w in g  ways:

1 .  M u lt ip le  s tea d y  s t a t e s  can occur in s id e  th e c a t a ly s t  phase as shown 

by s e v e r a l  in v e s t ig a to r s  (L iu and Amundson, 1962, 1963; E igen b erger , 

1972a, 1972b ). I f  t h i s  o cc u r s , feed back  c o n tr o l  on th e  e n t ir e  

r e a c to r  i s  o f  no v a lu e . T his b eh av ior  i s  u s u a lly  avoided  by d e te r ­

m ining s t a b le  o p era tin g  l e v e l s  during p ro cess  developm ent and p i l o t  

p la n t  work.

2 . The p reh ea tin g  o f  th e  fr e s h  fe e d  by th e  r e a c to r  e f f lu e n t  p rov id es  

p o s i t iv e  feed back  o f  h ea t and a llo w s  th e  p o s s ib le  occu rren ce  o f  

m u lt ip le  stea d y  s t a t e s .  The stea d y  s t a t e  b eh av ior  can be d es­

cr ib ed  by th e  c l a s s i c a l  h ea t p ro d u ctio n  curve— h ea t rem oval l i n e  

diagram o f  F ig u re  2 . We are in t e r e s t e d  in  th e  in term ed ia te  stea d y  

s t a t e  which i s  open loop  u n sta b le  as shown by van Heerden (1953 , 

1 9 5 8 ). Any sm a ll p er tu r b a tio n  in  i n l e t  tem perature, co n ce n tra tio n  

or flo w  r a te  w i l l  cau se  th e  system  to  d r i f t  to  one o f  th e  o th er  two 

s t a b le  s tea d y  s t a t e s .

3 . In  some c a se s  even  s in g le  stea d y  s t a t e s  may be l in e a r ly  u n sta b le  and 

show l im i t  c y c le  b eh av ior  ( R e i l ly  and Schm itz, 1966, 1967; Parega  

and R e i l l y ,  1 9 6 9 ).

We w i l l  co n cen tra te  our d is c u s s io n  on th e second  ca se  b ecau se o f  

i t s  a p p l i c a b i l i t y  to  in d u s t r ia l  p r o c e s s e s .  However, we w i l l  touch on 

th e  th ir d  c a se  as w e l l ,  s in c e  th e  d es ig n e r  i s  o f t e n  unaware o f i t s  

p o t e n t ia l  e x is t e n c e .
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DESCRIPTION OF PROBLEM

T y p ic a lly  packed bed r e a c to r s  w ith  p o s i t iv e  feed back  o f h ea t con­

s i s t  o f  s ta g e s  w ith  quench zones betw een them. In h y d ro p ro cessin g , ^  

would be added betw een s ta g e s  to  l im i t  th e tem perature r i s e  in  th e  

r e a c to r . However, fo r  s im p lic i t y  we w i l l  f i r s t  co n sid er  th e system  

w ith o u t quench and d e f in e  fo r  i t  a c r i t e r io n  fo r  l in e a r  s t a b i l i t y .

L in ea r ized  S t a b i l i t y  A n a ly s is

In  a d d it io n  to  h e a t ,  in  com m ercial p r o c e sse s  unconverted  fe e d  i s  

a ls o  fe d  back to  th e re a c to r  a f t e r  having been sep a ra ted  from th e  

r e a c to r  e f f lu e n t .  T h is feedback  o f  mass can a ls o  c o n tr ib u te  to  the  

o ccu rren ce o f m u lt ip le  stea d y  s t a t e s ,  as shown by s e v e r a l  in v e s t ig a to r s  

(Luss and Amundson, 1967; R oof and Schm itz, 1969, 1 9 7 0 ). However, in  

t h i s  paper we are o n ly  in t e r e s te d  in  th e e f f e c t s  o f  therm al feed back  on 

r e a c to r  s t a b i l i t y  and w i l l  assume th a t  th e u nreacted  fe e d  i s  f i r s t  s e n t  

to  a h o ld in g  tank where i t s  tem perature and c o n ce n tra tio n  are made to  

conform to  th o se  o f  th e  fr e s h  fe e d .

L et u s now w r it e  the o v e r a l l  tr a n s fe r  fu n c tio n  fo r  th e p ro cess  

r e la t in g  changes in  re a c to r  o u t le t  tem perature to  fr e s h  fe ed  tem perature, 

i n l e t  c o n c e n tr a tio n , and flo w  d is tu r b a n c e s . A l l  p er tu r b a tio n s  are  

d e fin e d  as b ein g  around th e  stea d y  s t a t e  v a lu e . The l in e a r iz e d  tr a n s fe r  

fu n c t io n s  fo r  th e  r e a c to r ,  h ea t exchanger, and fu rn ace a re  r e s p e c t iv e ly ,

( 1 )
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«> 6 r 0 (s) -  Qj°ri s )  £^'cs) + G ^ W c f > W  - G T° \ s ) S ( p f ls)

We assume fo r  th e  tim e b e in g , th a t  the fu rn a ce  e f f lu e n t  tem perature i s

u n c o n tr o lle d , so  th a t  th e  f u e l  r a te  i s  f ix e d  and 6$ (S) = 0 .  We w i l l
S

a ls o  assume th a t th e  f lo w  r a te s  through a l l  th re e  u n it s  are  th e  same, 

th a t  i s  <(>£ = <j)p = <j>H> In  a l a t e r  s e c t io n  i t  w i l l  be shown th a t t h is  

need n o t be tr u e  in  a l l  c a s e s .  I f  th e s e  tr a n s fe r  fu n c t io n s  a re  now 

combined we o b ta in  th e  o v e r a l l  t r a n s fe r  fu n c t io n s  fo r  th e r e a c to r  o u t le t  

tem perature as a fu n c t io n  o f  d is tu r b a n ce s  in  fe e d  tem p eratu re, flo w  r a t e ,  

and co n cen tra tio n :

(4)
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The c h a r a c t e r is t ic  eq u a tio n  fo r  a l l  th re e  tr a n s fe r  fu n c t io n s  i s :

(7)

For s im p l ic i t y ,  we w i l l  drop the s u p e r s c r ip ts  and u se  G _(S), G _(S),K. r

and G ( S ) .
£1

I t  i s  n oted  th a t t h i s  i s  th e c h a r a c t e r is t ic  eq u a tio n  fo r  a p o s i t iv e  

feed back  system . The p o s i t iv e  feed back  i s  in  th e  form o f  h ea t and i s  

due to  th e  p resen ce  o f  th e  h ea t exchanger. The im portant cr o sso v er  f r e ­

q u en c ies  fo r  such a system  correspond to  phase la g s  which a re m u lt ip le s  

o f -3 6 0 °  and n ot -1 8 0 ° . For th e system  to  be s t a b le ,  eq . (7) must not 

have any p o s i t iv e  r o o t s .  A n ece ssa ry  and s u f f i c i e n t  c o n d it io n  fo r  

in su r in g  t h i s  i s  th a t  th e  la r g e s t  v a lu e  o f  th e  open loop  frequency  

re sp o n se , |G * (jo j) |, corresp on d in g  to  a c r o sso v er  freq uency i s  l e s s  than

A c o n s e r v a tiv e  s t a b i l i t y  c r i t e r io n  i s  one which fo r c e s  |G*(jio) | < 1 a t  

a l l  fr e q u e n c ie s .  T h is i s  a s u f f i c i e n t  but n ot a n ece ssa ry  c o n d it io n  fo r  

s t a b i l i t y .  However, in  p r a c t ic e ,  fo r  th is  typ e o f r e a c to r  i t  i s  r e a l ly  

n o t v er y  c o n se r v a tiv e  as a s im p le  argument w i l l  in d ic a t e .

|G p (ju ))|, th e  am plitude r a t io  cu rv e s . Shown in  F igu re 3 are  s e v e r a l  

exam ples o f  l in e a r iz e d  r e a c to r  freq uency  resp o n se  cu rves corresp on d in g  

to  p o in ts  on th e h ea t p rod u ction  curve o f F ig u re  2. The hash marks on

u n ity .

(8) < I

L et u s lo o k  a t  some t y p ic a l  forms o f |GR( j w ) | ,  |GH(jw ) | and
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th e  cu rves in d ic a t e  th e  fr e q u e n c ie s  a t  which th e  phase a n g le  p a sse s  

through a 360° r o t a t io n .  We n o te  th a t some o f th e s e  cu rves have p eak s. 

These occur b eca u se  o f  th e  in t e r a c t io n  betw een tem perature and concen­

t r a t io n  waves which p a ss  through th e  r e a c to r  as d escr ib ed  by F oss and 

cow orkers (1966 , 1968, 1970, 1 9 7 1 ). More w i l l  be sa id  about t h i s  in  a 

l a t e r  s e c t io n .  We a ls o  n o te  th a t  by th e  n atu re o f  r e a l  system s th e se  

freq u en cy  re sp o n se  cu rves must alw ays be damped a t  h ig h  fr e q u e n c ie s  due 

to  backm ixing and d if f u s io n a l  e f f e c t s  which occu r . The freq uency  

resp o n se  and phase la g  cu rves corresp on d in g  to  ty p ic a l  open loop  fu rn ace  

and h ea t exchanger tr a n s fe r  fu n c t io n s  a re g iv en  in  F ig u res  4 (a )  and 4 (b )  

as cu rves and C^. A ty p ic a l  freq u en cy  resp o n se  curve fo r  a r e a c to r  

i s  a ls o  in c lu d ed  in  F ig u re  4 (a )  fo r  th e  re a d e r s ' co n v en ien ce . The 

r e s u l t in g  open loop  AR cu rve i s  g iv en  in  F igu re 4 (a )  as curve F. The 

hash marks on th e  curve in d ic a t e  th e cr o sso v er  fr e q u e n c ie s  a t  which th e  

phase resp o n se  p a sse s  through a m u lt ip le  o f  -3 6 0 ° . The la r g e s t  AR 

corresp on d in g  to  a c r o sso v er  freq u en cy  d eterm in es th e s t a b i l i t y  o f the  

system . For th e p ro ce ss  c o n s id e red , th e  la r g e s t  open loop  AR co rre ­

sponds to  a p o in t  on th e  peak o f  th e  r e a c to r  freq u en cy  resp o n se  cu rve . 

The p ro ce ss  i s  u n s ta b le . In p r a c t ic e ,  th e  normal d e la y s  in  such a 

r e a c to r ,  h ea t exchan ger , and fu rn a ce  system  to g e th e r  w ith  p ip in g  d e la y s  

are  such th a t  a cr o sso v er  freq u en cy  w i l l  a ls o  occur in  th e range where 

th e  n a tu r a l dampening p r o c e s se s  are  s t i l l  m inim al. Thus, th e  s t a b i l i t y  

c o n d it io n  |G *(jio )| <1 becomes th e  l e s s  c o n se r v a t iv e  c o n d it io n .

max | G* (joi) | < 1
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In  p r a c t ic e  t h i s  should  n ot be much more s tr in g e n t  than th e c o n d it io n  o f  

in e q u a l i ty  ( 8 ) .

T h is r e s u l t  i s  v ery  im portant b eca u se  i t  t e l l s  us th e  minimum amount 

o f  in fo rm a tio n  n ece ssa ry  to  in su r e  good c o n tr o l  and s t a b i l i t y .  I t  means 

th a t  h ig h ly  a cc u r a te  in fo rm a tio n  about th e  forms o f  G (S ) ,  G ( S ) , andK H

Gp(S) and th e  v a lu e s  o f  th e  cr o sso v er  fr e q u e n c ie s  a re  n o t re q u ired .

T h is i s  f o r tu it o u s  s in c e  in  ch em ica l p r o c e ss in g  t h i s  in fo rm a tio n  i s  

seldom  a v a i la b le .

U sing  F ig u res  2 -4 , a more p h y s ic a l  in t e r p r e ta t io n  can be o b ta in ed  

o f th e  s t a b i l i t y  o f th e  system  w ith o u t c o n tr o l .  In  F ig u re  2 , we show 

g r a p h ic a lly  th e  ste a d y  s t a t e  h ea t b a la n ce  fo r  a packed bed r e a c to r  w ith  

a f i r s t  ord er exotherm ic r e a c to r  A-vB. Curve A i s  th e  h ea t p ro d u ctio n  

curve and g iv e s  th e  tem perature r i s e  in  th e  r e a c to r  as a fu n c t io n  o f  

r e a c to r  i n l e t  tem perature. L in e B i s  th e  h ea t rem oval l i n e  which d e te r ­

m ines how much h ea t i s  removed from th e  r e a c to r  e f f lu e n t  to  p reh ea t th e  

f r e s h  f e e d .  S t r i c t ly  sp ea k in g , t h i s  l i n e  i s  n o n lin ea r  b ecau se th e  

s te a d y  s t a t e  eq u a tio n s  d e s c r ib in g  th e fu rn a ce  a re n o n lin e a r . However, 

i t  can be w r it te n  in  th e  fo l lo w in g  form i f  i t  i s  l in e a r iz e d  around a 

p o in t  o f  in t e r s e c t io n  w ith  th e  h ea t p ro d u ctio n  cu rve .

T h is r e la t io n  a p p lie s  o n ly  fo r  a sm a ll neighborhood o f th e  in t e r s e c t io n  

p o in t .  The corresp on d in g  l in e a r iz e d  eq u a tio n  fo r  th e h ea t p rod u ction  

curve i s :

£ t l - £ t 0 = r c ^ o )  - / U t 0
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With no c o n tr o ls  on th e h ea t exchanger, fu rn a ce , or r e a c to r ,  th e  con d i­

t io n  th a t  G*(0) < 1 i s  sim ply  th e s lo p e  c o n d it io n , nam ely, th a t th e  

s lo p e  o f  th e h ea t removal l i n e  i s  la r g e r  than the s lo p e  o f  th e h ea t  

p ro d u ctio n  curve a t  th e  stea d y  s t a t e .

I f  |G ^(joi)| has no peak and d ecr ea ses  m o n o to n ica lly , then  th e  

s t a b i l i t y  c o n d it io n  o f in e q . (8 ) becomes th e s lo p e  c o n d it io n . T his i s  

a ls o  th e  s t a b i l i t y  c o n d it io n  fo r  a pure p lu g  flo w  r e a c to r  op erated  

a d ia b a t ic a l ly ,  s in c e  i t s  freq uency  resp on se i s  f l a t .  I f  |GR(ju))| has 

a maximum, which can occur under a v a r ie ty  o f c o n d it io n s ,  then  s a t i s f a c ­

t io n  o f  th e  s lo p e  c o n d it io n  i s  n ot s u f f i c i e n t  to  in su r e  s t a b i l i t y .  For 

c a se s  g iv e n  in  F ig u re  3 , s tea d y  s t a t e s  below  th e i n f l e c t i o n  p o in t  o f  th e  

h ea t p ro d u ctio n  curve o f F ig u re  2 w i l l  be s ta b le  i f  th e  s lo p e  c o n d it io n  

i s  s a t i s f i e d .  However, fo r  c a se s  w ith  h ig h er  co n v ers io n  where a peak  

e x i s t s ,  t h i s  i s  n o t s u f f i c i e n t .  As a r e s u l t ,  i f  th ree  s tea d y  s t a t e s  

can o ccu r , then  i t  i s  p o s s ib le  th a t  the s t a b i l i t y  sequence w i l l  be 

S-N-N, where S = s ta b le  and N = n ot s t a b le .  I t  i s  a l s o  p o s s ib le  to  have 

a s in g le  u n s ta b le  s tea d y  s t a t e  which w i l l  move to  a s ta b le  l im i t  c y c le  

w ith  any p e r tu r b a tio n .

L et us now d is c u s s  how a r e a c to r  w ith  a maximum in  i t s  freq uency  

resp o n se  can be s t a b i l i z e d .  One approach i s  to  m odify G^CS) or Gp(S) 

so  th a t th e  g a in  o f th e  h ea t feed back  loop  i s  low ered such th a t  

|G *(jm )| i s  reduced below  u n ity .  T his can be a ch iev ed  by in c r e a s in g  th e  

h ea t duty o f  th e  fu rn a ce . T h is redu ces th e req u ired  s i z e  o f th e  h ea t  

exchanger and d ecr ea ses  th e  amount o f h ea t feed back  to  th e  r e a c to r .  The 

e f f e c t  on th e  r e s p e c t iv e  frequency resp o n ses are g iv e n  as cu rves B ( l-3 )  

and C ( l-3 )  in  F ig u re  4 ( a ) .  The e f f e c t  i s  to  in c r e a s e  th e  s lo p e  o f  th e  

h ea t rem oval l i n e .



In  p r a c t ic e ,  how ever, an open loop  fu rn ace w i l l  a lm ost never be 

u sed . R ather a c o n tr o l  scheme w i l l  be provided  to  m ain ta in  th e  fu rn ace  

e x i t  tem perature by a d ju s tin g  th e  f u e l  r a te  to  th e  fu rn a ce . The open 

lo o p  fu rn a ce  tr a n s fe r  fu n c t io n  can sim p ly  be rep la ced  by th e c lo se d  loop  

tr a n s fe r  fu n c t io n  GF* (S ) in  eq . 7 and th e  p reced in g  arguments remain  

v a l i d .  A t y p ic a l  form o f |Gj,*(jo>)| i s  g iv en  as curve D in  F ig u re  4 ( a ) .  

The AR i s  v ery  low a t  low fr e q u e n c ie s ,  reach es a maximum w ith  in c r e a s in g  

freq u en cy  then  d e c r e a se s . The occurren ce o f a peak i s  t y p ic a l  o f  

system s w ith  feed back  c o n tr o l .  Near th e  resonan ce freq uency  th e  fu rn ace  

w i l l  have l i t t l e  dampening e f f e c t .  For th is  r e a so n , th e  s i z e  and lo c a ­

t io n  o f  th e  r e a c to r  peak i s  im portant fo r  c o n tr o lle r  d e s ig n . The c o n tr o l  

system  should  dampen th e r e a c to r  AR where th e  peak o ccu rs; a t  th e same 

tim e i t  must be d esig n ed  so  i t s  own peak occurs a t  a s u f f i c i e n t l y  h igh  

freq u en cy  where th e  r e a c to r  resp o n se  i s  h ig h ly  a tte n u a te d .

Large in d u s t r ia l  fu rn aces a re  norm ally s lu g g is h  and th e peak of 

|G j* (jw )| occu rs a t  r e la t i v e l y  low fr e q u e n c ie s .  C on seq uently , i t  i s  

im portant to  p ro v id e  a tem perature c o n tr o l loop  in  th e system  which  

responds q u ick ly  and whose resonan ce re g io n  occurs a t  h igh  fr e q u e n c ie s .

In  one p o s s ib le  c o n tr o l  schem e, fr e s h  fe e d  i s  bypassed  around th e h ea t  

exchanger and th e  bypass f lo w  i s  a d ju sted  a ccord in g  to  f lu c tu a t io n s  in  

th e  fu rn a ce  i n l e t  tem perature. A t y p ic a l  resp o n se  o f a c lo se d  loop  h eat  

exchanger w ith  bypass c o n tr o l i s  g iv en  in  F ig u re  4 and th e  r e s u lt in g  

o v e r a l l  resp o n se  |G* (jto) | i s  a l s o  g iv en  in  F igu re 5 a lon g  w ith  th e curve  

f o r  th e  ca se  u s in g  o n ly  fu rn a ce  f u e l  c o n tr o l.  Bypass c o n tr o l  improves 

s t a b i l i t y  c o n s id e r a b ly , b ut proper u t i l i z a t i o n  o f such a scheme req u ire s  

c o n s id e r a t io n  in  th e o r ig in a l  d e s ig n .
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An im portant r e s u l t  o f  t h i s  study i s  th a t th e  th ree  elem en ts o f  

G*(S) can be in v e s t ig a te d  s e p a r a te ly  and then  combined l a t e r  to  g iv e  

|G * (jm )|. The e f f e c t  o f th e  d es ig n  on th e  freq uency  resp o n se  o f each  

e lem en t and on th e  c o n tr o l  o f  th e  system  can be determ ined s y s te m a t ic a l ly .

N on lin ear S t a b i l i t y  A n a ly s is

The r e a c to r  freq uency resp o n ses co n sid ered  thus fa r  were found fo r  

sm a ll p e r tu r b a tio n s  about a s tea d y  s t a t e .  However, such r e a c to r s  can be 

h ig h ly  n o n lin ea r  due to  th e  e x p o n en tia l dependence o f th e r e a c t io n  r a te  

c o n sta n t on tem perature. U n less  th e n o n l in e a r i t ie s  are c o n s id e red , 

l in e a r  s t a b i l i t y  a n a ly s is  i s  o n ly  o f l im ite d  v a lu e . There are two typ es  

o f  n o u l in e a r i t ie s  which w i l l  be d isc u sse d  h ere q u a l i t a t iv e ly .  The 

f ig u r e s  u sed  fo r  i l l u s t r a t i o n  were developed  from exam ples which w i l l  be  

d is c u s s e d  in  more d e t a i l  in  a l a t e r  s e c t io n .

The f i r s t  typ e o f  n o n lin ea r  b eh av ior i s  in  resp o n se  to  la r g e  per­

tu r b a tio n s  in  r e a c to r  i n l e t  tem perature. In  F igu re 6 , we p rese n t a 

t y p ic a l  o u t l e t  tem perature resp o n se  o f a r e a c to r  to  i n l e t  tem perature  

d is tu r b a n ce s  v a ry in g  s in u s o id a l ly  w ith  tim e . The r e a c to r  i s  th e  same 

one fo r  which th e  h ea t p rod u ction  curve o f F ig u re  2 was g en era ted . The 

l in e a r  freq u en cy  resp o n se  corresp on d in g to  th e  same nom inal i n l e t  tem­

p era tu re  i s  g iv en  in  F ig u re  3.

The n o n lin ea r  re sp o n ses  a re  not sym m etrica l about th e  nom inal 

o u t l e t  tem perature. The d is t o r t io n s  are  caused by the h ig h er  harmonics 

which occur due to  th e r e a c t io n  r a te  n o n lin e a r ity .  However, th e re ­

sp o n ses la c k  stro n g  secondary peaks and have th e same fr e q u e n c ie s  as the  

in p u t d is tu r b a n c e s . These r e s u l t s  make i t  tem pting to  p lo t  n o n lin ea r  

freq u en cy  resp o n se  cu rv e s , and s u b s t i t u t e  th e s e  resp o n ses fo r  |G ^(jui)|
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in  th e  s t a b i l i t y  c r i t e r io n .  S e ts  o f  two n o n lin ea r  cu rves a re p lo t te d  in  

F ig u re  7 . One i s  s im p ly  th e  average v a lu e  o f the maximum and minimum o f  

th e  o u tp u t resp o n se  d iv id ed  by th e  in p u t am p litu d e. The second i s  th e  

d if f e r e n c e  betw een th e  la r g e r  o f  the two ou tp ut am p litud es and th e  o ld  

s te a d y  s t a t e  v a lu e  d iv id ed  by th e  in p u t am p litu d e. Such cu rves fo r  

s e v e r a l  nom inal i n l e t  tem peratures are g iv en  in  F igu re 7 fo r  th e range 

o f  fr e q u e n c ie s  corresp on d in g  to  |G ^ (ju ) |mav. A lso  shown are th e co rre­

sponding l in e a r  r e sp o n se s . For nom inal i n l e t  tem peratures below  th e  

i n f l e c t i o n  p o in t ,  th e  n o n lin ea r  resp on se has a la r g e r  am plitude r a t io  

than does th e  corresp on d in g  l in e a r  re sp o n se . At i n l e t  tem peratures  

above th e  i n f l e c t i o n  p o in t  th e s i t u a t io n  i s  rev ersed  and the l in e a r iz e d  

freq u en cy  resp o n se  can be c o n f id e n t ly  used  in  d es ig n in g  th e  p r o c e s s .

A second ty p e  o f  n o n lin e a r ity  i s  i l lu s t r a t e d  by curve A in  F igu re 8. 

T his i s  th e  h ea t p ro d u ctio n  curve fo r  a r e a c to r  w ith  th ree  c o n se c u t iv e  

f i r s t  order r e a c t io n s  A-*-B-K>D. For th e  h ea t rem oval l i n e  g iv e n , f i v e  

ste a d y  s t a t e s  a re  p o s s ib le ,  w ith  th e m iddle th ree  b e in g  v ery  c lo s e  

to g e th e r . I f  th e  d e s ir e d  stea d y  s t a t e  i s  a t  p o in t  S, then  th e  system  i s  

l in e a r ly  s t a b le .  However, a n o n lin ea r  p e r tu r b a tio n  in  i n l e t  tem perature  

may cau se  i t  to  become u n s ta b le . I f  th e open loop  r e a c to r  I s  perturbed  

w ith  a s in u s o id a l  in p u t o f la r g e  am plitude th e apparent |G ^(jio)| can 

have much la r g e r  v a lu e s  than th e  l in e a r iz e d  re sp o n se .

There have been many approaches to  n o n lin ea r  s t a b i l i t y  a n a ly s is  

d e sc r ib e d  in  th e  l i t e r a t u r e  (R it te r  and D ou g las, 1970; Denn 1 9 7 5 ).

Most o f  them, a p a rt from d ir e c t  s im u lta t io n , a re  n o t a p p lic a b le  to  th e  

system  d isc u sse d  h e r e , s in c e  th ey  depend on more r e l i a b l e  in fo rm a tio n  

than would norm ally be a v a i la b le .  We propose a "poor man's" n o n lin ea r
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s t a b i l i t y  a n a ly s is  which i s  q u ite  s im p le  and by s im u la t io n  can be 

dem onstrated  to  be a d eq u ate . The problem can be approached in  two w ays.

I f  i t  i s  d e s ir e d  th a t  th e  system  be g lo b a l ly  s t a b le ,  then  i t  i s

n ece ssa ry  to  d eterm ine the w orst r e a c to r  freq uency  re sp o n se , be i t

l in e a r  or n o n lin e a r . T h is can be done by exam ining a l l  o f  the p o s s ib le

ste a d y  s t a t e s  o f th e  system  and f in d in g  th e  one which produces th e

la r g e s t  |G (ju>) | and th e w orst dampening c h a r a c t e r i s t ic s .  T his  
k max

sh ou ld  be done f i r s t  fo r  th e  l in e a r iz e d  freq uency  re sp o n ses  and then  

th e  n o n lin ea r  re sp o n se  corresp on d in g  to  th e w orst ca se  should  be exam­

in e d . I f  we can s t a b i l i z e  th e  r e a c to r  having  th e w orst frequency  

r e sp o n se , then  th e  system  w i l l  be g lo b a l ly  s t a b le .  T his r e q u ir e s  th a t  

|G*(ja)) | < 1 , b ut a l s o  th a t th e  c o n tr o l  system  p ro v id es  s u f f i c i e n t  g a in  

m argin to  account fo r  any u n c e r t a in t ie s .

A l t e r n a t iv e ly ,  we can e s t im a te  th e  maximum p ertu r b a tio n  we ex p ec t  

and g en er a te  th e  corresp on d in g n o n lin ea r  freq uency resp o n se  cu rv e . T his  

|Gr (ju)) | would th en  be used to  determ ine the n ecessa ry  c o n tr o l e lem en ts  

which would in c lu d e  a rea so n a b le  s a f e ty  fa c to r  to  a llo w  fo r  our la c k  o f  

know ledge. The amount o f  com pensation th a t can be provided  i s  l im ite d  

by th e  s a tu r a t io n  l e v e l  o f th e  c o n t r o l le r .  For exam ple, in  th e standard  

fu rn a ce  c o n tr o l  schem e, th e  f u e l  flo w  has an upper l i m i t ,  so  fo r  la r g e  

drops in  fe e d  tem perature th e  d e s ir e d  o u t le t  tem perature may n o t be  

p h y s ic a l ly  o b ta in a b le . I f  tem perature r i s e s  occur which exceed  th e  

f l u i d  s tea d y  s t a t e  tem perature change, even  c lo s in g  the v a lv e  w i l l  not 

m a in ta in  th e  d e s ir e d  o u t le t  tem perature.

I f  th e  n o n lin ea r  r e a c to r  b eh av ior  i s  a problem , th e d e s ig n e r  has 

s e v e r a l  o p t io n s . He can r e d e s ig n  th e  r e a c to r  to  o b ta in  a d i f f e r e n t
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freq u en cy  resp o n se  cu rve w ith  a sm a ller  peak. T his can be done by 

lo w er in g  th e  co n v ers io n  in  th e r e a c to r  and r e c y c l in g  more u n reacted  fe e d .  

A lt e r n a t iv e ly ,  th e  d e s ig n  can be changed to  l im i t  th e  tem perature r i s e  

in  th e  r e a c to r  w h ile  m a in ta in in g  th e  d e s ir e d  co n v er s io n . From th e  

d e s ig n  e n g in e e r 's  p o in t  o f  v iew , any s u b s ta n t ia l  changes in  th e re a c to r  

d e s ig n  a re  w orthw hile  o n ly  i f  th e  s e l e c t i v i t y  and y ie ld  a re  improved or 

i f  th e  c a t a ly s t  l i f e  can be enhanced. These g a in s  would have to  be 

w eighed a g a in s t  any in c r e a se d  c a p i t a l  and o p era tin g  c o s t s  which m ight be 

in c u r red . Changes in  th e  r e a c to r  d e s ig n  su g g ested  by the c o n tr o l  e n g i­

n eer  w hich m ight improve th e  p ro cess  s t a b i l i t y  may be a t  odds w ith  th e se  

c o n s tr a in t s .  C on seq u en tly , to  have a p ro cess  which i s  e f f i c i e n t ,  

econ om ica l, and e a s i l y  c o n tr o lle d  r e q u ir e s  compromises betw een th e  

d e s ig n  and c o n tr o l  c o n s id e r a t io n s .

Another o p tio n  i s  to  in tro d u ce  a c o n tr o l  elem ent in to  th e r e a c to r  

c o n f ig u r a t io n . The r e a c to r  can be d iv id e d  up in to  a number o f c a t a ly s t  

b eds w ith  c o n tr o lle d  quench stream s in trod u ced  betw een them to  l i m i t  th e  

tem perature r i s e .  T h is changes GR(S) in  the p reced in g  eq u a tio n s  to  some 

G * ( S ) .  The d e s ig n e r  can a ls o  in c r e a s e  the h ea t lo a d  o f  the fu rn a ce  to  

redu ce th e  h ea t feed back  in  th e  system . However, t h i s  approach p oses  

th e  problem o f  h ea t d is p o s a l  from th e  r e a c to r  e f f lu e n t  and s i g n i f i c a n t ly  

in c r e a s e s  th e  o p era tin g  c o s t s  fo r  f u e l .

Any d e s ig n  in v o lv e s  proper b a la n c in g  o f stea d y  s t a t e ,  c o n tr o l ,  and 

econom ic req u irem en ts. T his a n a ly s is  shows th a t we can d ecou p le  th e se  

c o n s id e r a t io n s  fo r  each  u n it  by lo o k in g  a t  th e  e f f e c t s  o f  s tea d y  s t a t e  

d e s ig n  and c o n tr o l  on GR(S ) ,  GR* ( S ) ,  and GR* (S ) in d iv id u a l ly  and then  

match them to  o b ta in  th e  d e s ir e d  p r o p e r t ie s  fo r  G *(S ).
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EFFECT OF DESIGN ON GD(S)K

S in ce  a c a t a ly t i c  f ix e d  bed re a c to r  in v o lv e s  complex in t e r a c t io n s  

betw een th e  h ea t and mass tr a n s fe r  mechanisms and th e  r e a c t io n  mecha­

n ism , i t  i s  v ery  d i f f i c u l t  to  measure or compute a c c u r a te ly  th e  tr a n s fe r  

fu n c t io n  GR( S) • F °r purposes o f  c o n tr o lle r  d e s ig n , e s t im a te s  a re  r e ­

quired  o f |Gr (0 ) | ,  |Gr (J to) |max and th e c u to f f  freq u en cy . We 

a r b i t r a r i ly  d e f in e  th e  c u to f f  freq uency as b e in g  th a t corresp on d in g  to  

|GR(ju>) | = 0 .3 5 .  I f  b oth  |Gr (0) | and |GR(jai) | a re  low , then  d e te r ­

m ining ul, i s  l e s s  im portant s in c e  th e p ro cess  i s  e i th e r  s ta b le  or easy  

to  s t a b i l i z e .

Data from Laboratory Experiments

The main n o n -k in e t ic  param eters a f f e c t in g  th e  r e a c to r  b eh av ior such  

a s  f l u i d  and c a t a ly s t  p h y s ic a l  p r o p e r t ie s ,  h ea t and mass tr a n s fe r  c o e f ­

f i c i e n t s  and bed v o id a g e  can be o b ta in ed  in  f a i r l y  r o u tin e  la b o ra to ry  

exp erim en ts on bench s c a l e  or p i l o t  p la n t  equipm ent. From work which  

may be more in v o lv e d , a r e a c t io n  mechanism and r a te  e x p r e ss io n s  can be 

o b ta in e d . The h ea t p ro d u ctio n  curve o f r e a c to r  tem perature r i s e  v s .  

i n l e t  tem perature can be o b ta in ed  e x p er im en ta lly . The s lo p e  o f  t h is  

curve a t  any p o in t  i s  r e la t e d  to  GR(0) by

s lo p e  = gr (0 ) ~ 1

From exp erim en ts o f  t h i s  typ e we can g e t  a good f e e l in g  fo r  th e s tea d y

s t a t e  b eh a v io r  o f  th e  r e a c to r . However, to  understand i t s  dynamic

b eh a v io r  and o b ta in  e s t im a te s  fo r  |G,, ( ito) I and to0 , th e  u se  o f  dynamic
1 R 'max u

m odels in  co n ju n ctio n  w ith  p i l o t  p la n t s tu d ie s  i s  h e lp f u l .
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R eactor M odeling

As shown by C rider and F oss (1966 , 1968) and S in a i and F oss (1 9 7 0 ), 

an im portant fe a tu r e  o f  c a t a ly t i c  f ix e d  bed r e a c to r  b eh avior i s  th a t  

th e r e  are  two independent w aves, a c o n ce n tra tio n  wave and a tem perature  

wave, which t r a v e l  through th e  r e a c to r  a t  d if f e r e n t  v e l o c i t i e s .  The 

c o n c e n tr a tio n  wave t r a v e ls  a t  approxim ately  th e f lu id  v e lo c i t y  w h ile  the  

tem perature wave t r a v e ls  a t  a slow er v e lo c i t y  which i s  dependent on the  

therm al p r o p e r t ie s  o f  th e  f lu id  and the c a t a ly s t .  These waves o f  

d if f e r in g  v e l o c i t i e s  a r e  produced p r im a r ily  b ecau se o f  th e  la r g e  therm al 

holdup in  th e  s o l id  p h ase . These phenomena have a ls o  been stu d ie d  in  

n o n -r e a c t iv e  system s by Amundson (1956) and A r is  (1 9 5 7 ) .

Two sim p le  m odels fo r  a d ia b a t ic  f ix e d  bed r e a c to r s  which d e sc r ib e  

th e  wave phenomenon have been  proposed in  th e  l i t e r a t u r e ,  th a t o f Liu  

and Amundson (1962) and th a t o f C rider and F oss (1 9 6 8 ) . These are d es­

cr ib e d  in  T able 1 where th e co n c e n tr a tio n s  and r e a c t io n  r a te s  a re  g iv en  

in  v e c to r  n o ta t io n .

In  th e  form er model th e  r e a c t io n  occurs in  the c a t a ly s t  phase and 

b oth  c o n v e c t iv e  h ea t and mass tr a n s fe r  e f f e c t s  a re  in c lu d ed . L iu and 

Amundson show th a t fo r  a s in g le  ir r e v e r s ib le  f i r s t  order r e a c t io n  the  

eq u a tio n s  a re  r e la t i v e l y  easy  to  s o lv e  n u m erica lly  u sin g  th e method of 

c h a r a c t e r is t ic s  (A c r iv o s , 1 9 5 6 ). A l l  o f th e n o n lin ea r  resp o n ses  in  

t h i s  work were found u s in g  t h i s  m odel.

In  th e  l a t t e r  model th e  packing i s  assumed to  be in e r t  and th e  

f i r s t  order r e a c t io n  occu rs in  th e  i n t e r s t i t i a l  p h ase . I f  th e se  equa­

t io n s  a re  l in e a r iz e d ,  and a s in g le  i r r e v e r s ib le  f i r s t  order r e a c t io n  

o c c u r s , th ey  can be so lv e d  a n a ly t ic a l ly  fo r  th e  l in e a r iz e d  r e a c to r
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tr a n s fe r  fu n c t io n s .  One o f th e s e  I s  g iv en  in  T able 1 . The m athem atical 

developm ent i s  g iv e n  in  th e  Appendix. More com plex m odels a re  a ls o  

a v a i la b le  (L iu and Amundson 1963; E igenberger 1 9 7 2 a ,b ) .

The r e s u l t s  o f  th e  two m odels a re  s im i la r .  In  T ables 2 and 3 , 

d e t a i l s  a re  g iv en  fo r  two exam ples used  throughout t h i s  work. Case 1 

g iv en  in  T able 2 i s  a s im p le  exotherm ic r e a c t io n  A+B; Case 2 i s  a 

s im p li f ie d  v e r s io n  o f  a hydrocracker w ith  a more com plex c o n se c u tiv e  

r e a c t io n .

Gas O il -* J e t  F u el ->■ G a so lin e  L igh t Gases

In  F ig u res 9 and 1 0 , we p r e se n t fo r  ca se  1 t y p ic a l  re sp o n ses  to  a 

s te p  change in  i n l e t  tem perature and l in e a r iz e d  freq uency  re sp o n ses  

computed from both  m od els. Both m odels g iv e  v ery  s im ila r  s te p  resp o n ses  

and fo r  purposes o f  rough e s t im a tio n  a re  e q u iv a le n t .  Due to  th e  wave 

in t e r a c t io n ,  th e  r e a c to r  o u t le t  tem perature f i r s t  d ecr ea se s  b e fo r e  i t  

in c r e a s e s  to  a new stea d y  s t a t e .  T his occu rs b ecau se th e  s tep  in c r e a se  

in  fe e d  tem perature h e a ts  th e  c a t a ly s t  near th e  r e a c to r  i n l e t  which  

in c r e a s e s  th e  r e a c t io n  r a te  and redu ces th e co n c e n tr a tio n  o f th e f l u i d .  

S in ce  th e  therm al wave v e lo c i t y  i s  l e s s  than th e f lu id  v e l o c i t y ,  the  

r e a c to r  o u t le t  f i r s t  ex p er ie n c es  a d ecrea se  in  r e a c t io n  r a te  due to  the  

d e p le t io n  o f  r e a c ta n t  upstream . Only when the therm al wave rea ch es the  

o u t l e t  do th e  r e a c t io n  r a te  and tem perature s t a r t  to  in c r e a s e .  T his 

"wrong way" resp o n se  has been  v e r i f i e d  ex p er im en ta lly  by F oss and 

coworkers (1 9 7 0 , 1971) and Van D oesberg and de Jung (1 9 7 6 a ,b ) .
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As shown by C rider and F oss (1968) and A r is  (1 9 5 7 ) , th e  r a t io  o f

th e  therm al wave r e s id e n c e  t im e , t , , to  th a t  o f th e  f l u i d  r e s id e n c e’ th

tim e , t^, depends on th e  d e n s i t ie s  and h ea t c a p a c it ie s  o f  th e f l u i d  and 

c a t a ly s t .  The approxim ate r e la t io n s h ip  i s

T h is r a t io  can vary  from about 2 fo r  a pure l iq u id  r e a c t in g  f lu id  to  

about 1000 fo r  a gaseou s r e a c t in g  f l u i d .  I t  i s  th e  d e la y  tim e o f th e  

therm al wave, t  which a f f e c t s  th e  phase resp o n se  o f  th e  r e a c to r .

2 nThe f i r s t  -3 6 0 ° c r o sso v e r  p o in t  w i l l  occur a t  ap proxim ately  m = ------ .
Tth

T his should  be a good e s t im a te  fo r  th e freq uency  a t  which |G^(jm)
i

o cc u r s .
i

Both m odels g iv e  s im ila r  e s t im a te s  fo r  th e  s i z e  o f th e  peak o f th e I

freq u en cy  resp o n se  and th e  range o f fr e q u e n c ie s  over which i t  o cc u r s .

T hese peaks a re  caused  by th e in t e r a c t io n  o f th e  tem perature and con - j

c e n tr a t io n  waves tr a v e l in g  a t  d i f f e r in g  v e l o c i t i e s  through th e  r e a c to r .

The s i z e  o f  th e  peak i s  r e la te d  to  th e e x te n t  o f the i n i t i a l  "wrong way" 

re sp o n se  to  a s te p  in p u t. I t s  e x is t e n c e  has been  v e r i f i e d  ex p er im en ta lly  

by S in a i  and F oss (1 9 7 0 ) .

When a com plex system  i s  modeled fo r  purposes o f  c o n tr o l  we alw ays 

fa c e  th e  same d i f f i c u l t i e s .  The a c tu a l  p ro cess  i s  com plex p h y s ic a l ly  

and m a th em a tica lly . I t  i s  d i f f i c u l t  to  d e f in e  an ex a ct model and 

m easure i t s  im portant param eters. What i s  req u ired  i s  a s im p le  model 

w hich d e s c r ib e s  th e  e s s e n t ia l  fe a tu r e s  o f th e  p r o c e s s . I t  must be 

c o n s e r v a t iv e  in  th e  se n se  th a t  a c o n tr o lle r  which can hand le a p ro cess  

d escr ib ed  by t h i s  model should  be a b le  to  handle th e same p ro cess

Ti
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d escr ib ed  by a w hole s e t  o f  p o t e n t ia l  m od els. A l l  th a t  I s  req u ired  are

D isp e r s io n  E f f e c t s

A lthough both  models d isc u sse d  g iv e  s im ila r  e s t im a te s  fo r  th e  peak, 

th ey  s u f f e r  from th e  f a c t  th a t  th ey  do n ot in c lu d e  th e d is p e r s io n  e f f e c t s  

o f  backm ixing and in t r a p a r t ic l e  d i f f u s io n .  D isp e r s io n  e f f e c t s  have  

f i l t e r i n g  p r o p e r t ie s  and. should  tend  to  reduce th e  s i z e  o f th e  re a c to r  

peak and th e  c u to f f  freq u en cy; n e g le c t in g  them g iv e s  c o n se r v a tiv e  

r e s u l t s  f o r  c o n tr o l le r  d e s ig n .

To e s t im a te  how th e  f i l t e r i n g  c a p a c ity  o f th e  m ixing p r o c e sse s  

a f f e c t  th e  r e a c to r  r e sp o n se , we d evelop  a n o n r e a c t iv e  model fo r  a packed  

bed which in c lu d e s  th e  e f f e c t s  o f  tu rb u le n t d i f f u s io n ,  c o n v e c t iv e  h ea t  

t r a n s f e r ,  and in t r a p a r t ic le  therm al d i f f u s io n .  The model i s  d escr ib ed  

in  th e  Appendix. U sing  tech n iq u es  an alagou s to  th o se  used  in  e a r l i e r  

s tu d ie s  ( S i lv e r s t e in  and S h in nar, 1975; Sh in nar, e t . a l .  1 9 7 2 ) , th e  

tr a n s fe r  fu n c t io n  r e la t in g  th e  o u t le t  tem perature to  d is tu r b a n ce s  in  

i n l e t  tem perature i s  d ev elo p ed . T rea tin g  t h is  as a moment g en era tin g  

fu n c t io n , th e  v a r ia n c e  o f th e  r e s id e n c e  tim e d is t r ib u t io n  o f  th e  therm al 

wave can be c a lc u la te d .  T h is i s  th en  a m easure o f  th e  d is p e r s io n  o f th e  

wave due to  m ixing p r o c e s s e s .

The norm alized  v a r ia n c e  i s

s im ila r  e s t im a te s  fo r  |G (jrn)l and th e freq uency  a t  which i t  o c c u r s .1 R 'max n J

We a ls o  need an e s t im a te  fo r  th e  c u to f f  fr eq u en cy , uj_ .L*

(9 a) _L _ I - e Pe*h + I
Ah P4 Ai+uf
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2
where P e ^ i s  th e  P e c le t  Number fo r  therm al d is p e r s io n , n^C l+B ) i s

a d im e n s io n le ss  number m easuring th e  e x te n t  o f  c o n v e c tiv e  h ea t tr a n s fe r

6thto  th e  s o l id s  and ■ y  d e s c r ib e s  th e  e x te n t  o f in t r a p a r t ic l e

therm al d i f f u s io n  over th e  e n t ir e  s o l id  b ed . The norm alized  v a r ia n ce  

can be r e w r itte n  in  term s o f  r e a c to r  param eters as

fe.K ~fo.  I +

L p c v £  Rp'T̂ BC.l+B') !08UfTthU+6)-w) = 2
+w

where k g f f  i s  th e  e f f e c t i v e  therm al c o n d u c t iv ity  o f  th e  bed d e fin ed  by

Yagi and K unii (1 9 5 7 ) . The therm al d is p e r s io n  term , —  i s  p r o p o r tio n a l  
dp r e th

to  -— and fo r  most in d u s t r ia l  r e a c to r s  w i l l  be sm a ll. For t h i s  r e a so n ,1j

th e  second term o f  eq . (9a) has been om itted  in  eq . (9 b ) .

U t i l i z i n g  an e x p r e ss io n  d evelop ed  by McHenry and W ilhelm (1 9 5 7 ),  

th e  fo l lo w in g  s im p li f ie d  tr a n s fe r  fu n c t io n  can be w r it te n  fo r  th e bed:

T. - o > a Za_
(10) - J p -  =  0  2-

* o

An e s t im a te  fo r  wc can be made by th e  r e la t io n

( i d  w c  »  - i

T h is v a lu e  can  be compared to  th e  c u to f f  freq u en cy  c a lc u la te d  u sin g  o n ly  

th e  c o n v e c t iv e  h ea t tr a n s fe r  term in  eq . 9 . N orm ally, th e c o n v e c tiv e  

h ea t tr a n s fe r  term w i l l  dom inate and th e  d if f e r e n c e  w i l l  be sm a ll.  

However, i f  th e r e  ijs a s ig n i f i c a n t  d if f e r e n c e  betw een th e s e  two v a lu e s ,  

b eca u se  th e  e f f e c t s  o f  in t r a p a r t ic le  d i f f u s io n  a re  la r g e ,  then  in c lu s io n
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o f th e s e  e f f e c t s  in  th e  r e a c to r  model m ight be a d v is a b le . E x c lu sio n  

o f th e s e  e f f e c t s  would g iv e  a c o n se r v a tiv e  e s t im a te  o f ojq fo r  c o n tr o l  

p u rp o ses.

P r o p e r t ie s  o f  Frequency R esponse fo r  R eactor Case 1

In  F ig u re  3 , |GR(ju>)| i s  p resen ted  fo r  a number o f  d i f f e r e n t  

r e a c to r  c o n d it io n s  fo r  c a se  1 d escr ib ed  in  T able 2. They correspond  

to  p o in ts  on th e h e a t p rod u ction  curve o f F ig u re  2. The r a t io  o f  

lGT,(jo))| to  G„(0) in c r e a s e s  w ith  r e a c to r  i n l e t  tem perature and w ith
' K  1IHSX K

tem perature r i s e  through th e  r e a c to r .  In  th e h igh  co n v ers io n  r e g io n  o f

th e  h ea t p ro d u ctio n  cu rv e , where th e  s lo p e  approaches zero  and G (0)K

approaches u n ity ,  th e r e  i s  a p o s s i b i l i t y  o f  |GR(joj) |max b ein g  much la r g e r  

than u n ity .  W ithout proper c o n tr o ls  th is  can lea d  to  i n s t a b i l i t i e s  w ith  

th e  system  s h i f t in g  to  th e  low co n v ersio n  stea d y  s t a t e  i f  th ree  o p era tin g  

p o in ts  a re  p o s s ib le .  I f  th e  system  i s  d esign ed  fo r  o n ly  one h igh  con­

v e r s io n  ste a d y  s t a t e ,  then  a s ta b le  l im i t  c y c le  can r e s u l t .

I f  th e  maximum a d ia b a t ic  tem perature r i s e  through th e  r e a c to r  

in c r e a s e s ,  then  th e  h ea t p ro d u ctio n  curve becomes s te e p e r  and |GR(jw) I max 

w i l l  a l s o  in c r e a s e .  T his i s  shown by curves A and C in  F ig u re  11 . Such 

c a se s  may be d i f f i c u l t  to  s t a b i l i z e  w ith  co n v en tio n a l c o n tr o l schemes 

and m o d if ic a t io n  o f  th e  r e a c to r  d es ig n  may be n ece ssa ry  to  reduce th e  

tem perature r i s e  in  th e r e a c to r . T his can be done by redu cin g  th e  con­

v e r s io n  or by redu cin g  AT&(j through th e r e a c to r  by d i lu t in g  th e  fe ed  

w ith  a la r g e  r e c y c le  stream  or w ith  an in e r t  d i lu e n t .  The e f f e c t  o f the  

l a t t e r  on th e  freq uency  resp o n se  i s  shown by curves B and D in  F ig u re  11. 

Both o f  th e s e  approaches carry  some p e n a lt ie s .  Reducing co n v ers io n
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o f  th e se  e f f e c t s  in  th e  r e a c to r  model m ight be a d v is a b le . E x clu sio n  

o f  th e se  e f f e c t s  would g iv e  a c o n se r v a t iv e  e s t im a te  o f ur  fo r  c o n tr o l  

p u rp oses.

P r o p e r tie s  o f  Frequency Response fo r  R eactor Case 1

In F ig u re  3 , |GR(joi) | i s  p resen ted  fo r  a number o f  d i f f e r e n t

r e a c to r  c o n d it io n s  fo r  c a se  1 d escr ib ed  in  T able 2. They correspond

to  p o in ts  on th e  h ea t p ro d u ctio n  curve o f F ig u re  2 . The r a t io  of

|G^(ja)) |max to  Gr ( 0) in c r e a s e s  w ith  r e a c to r  i n l e t  tem perature and w ith

tem perature r i s e  through th e  r e a c to r . In  th e h igh  co n v ersio n  re g io n  o f

th e  h ea t p ro d u ctio n  cu rv e , where th e  s lo p e  approaches zero  and G (0)K

approaches u n ity ,  th e r e  i s  a p o s s i b i l i t y  o f  |G (jm) I b e in g  much la r g e r
k. max

than u n ity .  W ithout proper c o n tr o ls  t h is  can lea d  to  i n s t a b i l i t i e s  w ith  

th e  system  s h i f t in g  to  th e  low co n v ersio n  stea d y  s t a t e  i f  th ree  o p era tin g  

p o in ts  a re  p o s s ib le .  I f  th e  system  i s  d esign ed  fo r  o n ly  one h igh  con­

v e r s io n  ste a d y  s t a t e ,  then  a s ta b le  l im i t  c y c le  can r e s u l t .

I f  th e  maximum a d ia b a t ic  tem perature r i s e  through th e  re a c to r  

in c r e a s e s ,  then  th e  h ea t p ro d u ctio n  curve becomes s te e p e r  and |GR(j io ) |max 

w i l l  a l s o  in c r e a s e .  T his i s  shown by curves A and C in  F igu re 11 . Such 

c a se s  may be d i f f i c u l t  to  s t a b i l i z e  w ith  co n v en tio n a l c o n tr o l  schemes 

and m o d if ic a t io n  o f  th e  r e a c to r  d e s ig n  may be n ecessa ry  to  reduce th e  

tem perature r i s e  in  th e r e a c to r . T his can be done by redu cin g  th e con­

v e r s io n  or by redu cin g  ATfld through th e  r e a c to r  by d i lu t in g  th e  feed  

w ith  a la r g e  r e c y c le  stream  or w ith  an in e r t  d i lu e n t .  The e f f e c t  o f th e  

l a t t e r  on th e  freq u en cy  resp o n se  i s  shown by curves B and D in  F igu re 11. 

Both o f  th e s e  approaches carry  some p e n a lt ie s .  Reducing co n v ersio n
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redu ces th e  amount o f h ea t feed back  but In cre a se s  pumping and se p a r a t io n  

c o s t s  b ecau se o f  th e  la r g e r  r e c y c le  stream  th a t i s  r e q u ired . With 

d i lu t io n  th e  r e a c to r  i n l e t  tem perature w i l l  in c r e a s e  to  a t t a in  the  

d e s ir e d  c o n v er s io n , and th e r e a c to r  o u t le t  tem perature w i l l  d ecr ea se .  

S in ce  th e  r e a c to r  o u t l e t  tem perature s e t s  th e tem perature l e v e l s  in  th e  

h ea t exchan ger, th e se  e f f e c t s  w i l l  mean a sm a ller  AT fo r  h ea t exchange. 

T h ese , to g e th e r  w ith  th e  in crea sed  mass f lo w , w i l l  r e q u ir e  a la r g e r  

combined h e a t  duty fo r  th e fu rn a ce  and h e a t  exchanger. The in c r e a se  

in  fu rn a ce  and h ea t exchanger s i z e s  w i l l  in c r e a s e  th e c a p i t a l  c o s t s  and 

th e  f u e l  c o s t s .  Depending on what th e d ilu e n t  i s ,  i t s  c o s t  may a ls o  be 

h ig h . A d d it io n a lly ,  g r e a te r  c a p i t a l  c o s t s  w i l l  be in cu rred  due to  th e  

need fo r  la r g e r  se p a r a t io n  u n it s  and la r g e r  com pressors to  hand le the  

la r g e r  r e c y c le  stream .

The l in e a r iz e d  C rider and F oss Model g iv e s  a rea so n a b le  e s t im a te  o f  

what to  ex p ec t fo r  f i r s t  order r e a c t io n s  but i s  u s e le s s  fo r  more complex 

k in e t ic s  b ecau se an a n a ly t ic a l  s o lu t io n  i s  no lo n g er  p o s s ib le .  I f  a 

p i l o t  p la n t r e a c to r  e x i s t s ,  then  an e s t im a te  fo r  |G^(ju))| can be o b ta in ed  

by f i t t i n g  an em p ir ic a l e x p r e ss io n  to  th e open loop  s te p  re sp o n se . The 

s i z e  o f  th e  s te p  in p u t can be made la r g e  so  th a t th e e f f e c t s  o f non- 

l i n e a r i t i e s  can a ls o  be e s t im a te d . The f i t t i n g  fu n c t io n , how ever, must 

b e chosen  to  d e sc r ib e  th e  "wrong way" resp o n se  as shown in  F ig u res  9

and 1 0 , o th er w ise  an e s t im a te  fo r  IG ( jto) I w i l l  n o t be o b ta in e d .’ ' R 1 max

T his approach s u f f e r s  from a sc a le -u p  problem . I t  i s  im portant 

th a t  s c a la b le  c o n d it io n s  be chosen  fo r  th e  p i l o t  p la n t  and fo r  the  

in d u s t r ia l  r e a c to r  which do n o t produce m u lt ip le  s tea d y  s t a t e s  in  the  

c a t a ly s t  p h ase . Under such c o n d it io n s ,  th e  e f f e c t  o f  s c a le -u p  i s  to
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in c r e a s e  th e h e a t and mass tr a n s fe r  c o e f f i c i e n t s  to  th e  c a t a ly s t  su r fa c e  

and to  reduce th e  e f f e c t s  o f  backm ixing. From a k in e t i c  s ta n d p o in t , th e  

r e a c to r  tend s to  approach p lu g  flo w  more c lo s e ly  w ith  s c a le -u p . As d is ­

cu ssed  in  th e  Appendix fo r  h ea t tr a n s fe r  e f f e c t s  and in  S e c t io n  I  fo r  

mass tr a n s fe r  e f f e c t s ,  th e  e f f e c t s  o f therm al and mass d i f f u s io n  and 

c o n v e c t iv e  tr a n s fe r  r a te s  on th e  k in e t ic  b eh avior o f th e  p i l o t  p la n t  

r e a c to r  can be m inim ized so  th a t i t  i s  s im ila r  to  th a t o f  th e  in d u s tr ia l  

r e a c to r .  T h is i s  p o s s ib le  b ecau se the k in e t i c  b eh avior i s  r e la t i v e l y  

in s e n s i t i v e  to  changes in  th e  v a r ia n c e s  o f  th e  r e s p e c t iv e  r e s id e n c e  tim e  

d is t r ib u t io n s .  I f  th e  c o e f f i c i e n t s  o f v a r ia t io n  can be made rea so n a b ly  

s m a ll ,  th en  th e p i l o t  p la n t w i l l  k in e t i c a l ly  approach p lug  flo w  reason­

a b ly  c lo s e l y .

The r e a c to r  freq u en cy  re sp o n se , however, as shown in  eq . 10 depends 

on freq u en cy  a s w e l l  a s  th e  v a r ia n c e  o f th e  therm al r e s id e n c e  tim e d is ­

t r ib u t io n .  Thus even  sm a ll r e la t i v e  d if f e r e n c e s  in  th e v a r ia n c e s  o f th e  

RTD o f th e  p i l o t  p la n t  re a c to r  and th e  RTD of th e  in d u s t r ia l  r e a c to r  can  

be m a g n ified  a t  m oderate fr e q u e n c ie s  to  cau se s ig n i f i c a n t  d if f e r e n c e s  

in  th e  am plitude r a t io s  o f  th e  two r e a c to r s .  T his i s  shown in  F igu re 12 

where Hp i s  v a r ie d  in  th e C rider and F oss m odel. In cre a s in g  Hp i s  

e q u iv a le n t  to  red u cin g  th e  v a r ia n c e . Thus, th e  in d u s t r ia l  r e a c to r  w i l l  

be harder to  c o n tr o l  than th e p i l o t  p la n t r e a c to r . A c tu a lly ,  fo r  very  

la r g e  Hp, th e  v a r ia n c e  w i l l  reach  some l im it in g  v a lu e  s in c e  therm al 

d if f u s io n  e f f e c t s  in  th e  s o l id  phase are independent o f f lu id  flo w  and 

r e a c to r  le n g th . C on seq uently , th e r e  w i l l  be some upper l im i t  on the  

c u to f f  fr eq u en cy , to .̂

I t  i s  observed  from th e f ig u r e  th a t th e  c u to f f  fr e q u e n c ie s  are  

u n iform ly  sp a ced . T h is fo l lo w s  from eq . 11 . U sing t h i s  eq u a tio n , th e
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c u t o f f  freq uency can be e stim a ted  fo r  th e in d u s t r ia l  r e a c to r  from p i l o t  

p la n t  d a ta  by:

For a r e a c to r  where o n ly  c o n v e c t iv e  h ea t tr a n s fe r  e f f e c t s  are  im p ortan t, 

t h i s  becomes

S in ce  th e  peak approaches an asy m p to tic  v a lu e ,  i t s  s i z e  fo r  th e  in d u s tr ia l  

ca se  can be e s t im a ted  g r a p h ic a lly  from th e s i z e  o f  th e peaks o f  s e v e r a l  

p i l o t  p la n t  re sp o n ses  w ith  s u c c e s s iv e ly  lo n g er  r e a c to r s  and from th e  

e s t im a te  fo r  (uu) in d u s t .

C r ite r io n  fo r  G lob a l S t a b i l i t y

By a p p ly in g  th e  "poor man's" n o n lin ea r  a n a ly s is  to  th e example of

c a se  1 , a c r i t e r io n  fo r  g lo b a l  s t a b i l i t y  can be determ ined . I t  can be

see n  from F ig u res  2 and 3 th a t a lth ough  o p era t io n  a t  th e i n f l e c t i o n  p o in t

g iv e s  th e  la r g e s t  G (0 ) ,  th e  frequency resp o n se  fo r  th e  r e a c to r  w ith

Tq = 590°F r e p r e se n ts  an upper bound on both  th e  s i z e  o f th e  r e a c to r  peak

and on u>_. T h is i s  th e  "most d i f f i c u l t "  o p era tin g  p o in t  to  s t a b i l i z e  on

th e  h ea t p ro d u ctio n  cu rv e . I t  rem ains now to  determ in e by s im u la t io n

th e  n o n lin ea r  freq u en cy  resp o n se  fo r  t h i s  o p era tin g  p o in t .  S in e  waves

should  be used  h avin g am p litud es eq u al to  th e  la r g e s t  i n l e t  tem perature

d istu rb a n ce  a n t ic ip a te d .  As shown e a r l i e r  in  F igu re 7 , th e  n o n lin ea r

resp o n se  has a low er | (jto) I ' and uir  than th e  l in e a r  r e sp o n se .it max o

H ence, th e  "most d i f f i c u l t "  l in e a r  c a se  to  s t a b i l i z e  i s  a l s o  more d i f f -  

c u l t  to  s t a b i l i z e  than any n o n lin ea r  c a s e . I f  a c o n tr o l  system  i s

(12)

(13)
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d esig n ed  to  s t a b i l i z e  t h i s  l in e a r  c a s e , then i t  w i l l  s t a b i l i z e  a l l  

p o s s ib le  n o n lin ea r  ca se s  a s w e l l .  The p ro cess  w i l l  o p era te  w ith in  a 

la r g e  " p r a c t ic a l  reg io n  o f s t a b i l i t y "  (P er lm u tter , 1972) l im ite d  on ly  by 

th e  h ea t d u t ie s  and c o n tr o l  a c t io n  o f  th e fu rn ace and h ea t exchanger. I f  

th e  k in e t i c s  a re  complex th e  sim p le  model i s  in ad eq u ate and p i l o t  p la n t  

d ata  a re  needed to  e m p ir ic a lly  determ ine the req u ired  freq uency r e sp o n se s .

I t  should  be noted  th a t o p era tin g  a t  an in term ed ia te  s tea d y  s t a t e  

norm ally  im p lie s  th a t complex k in e t ic s  are  in v o lv e d . At th e f l a t  upper 

p a r t o f th e  h ea t p rod u ction  curve u n d es ira b le  s id e  r e a c t io n s  may o ccu r , 

w h ile  a t  low er o p era tin g  tem peratures they a re  su p p ressed . Thus, th e  

s im p le  f i r s t  order model a p p lie s  as lo n g  as th e  r e a c to r  i n l e t  tempera­

tu re  i s  m ainta ined  below  some upper l i m i t .  However, s in c e  many indus­

t r i a l  p r o c e sse s  in v o lv e  complex r e a c t io n s  i t  i s  im portant th a t such  

c a se s  be co n s id e red .

Complex K in e t ic s

Case 2 g iv en  in  T able 3 i s  a s im p li f ie d  example o f a h ydrocracker.

An a c tu a l  h ydrocracker i s  a t r i c k le  bed r e a c to r ,  w h ile  th e model pre­

sen ted  h ere  i s  fo r  a s in g le  f lu id  phase having p h y s ic a l  p r o p e r t ie s  whose 

v a lu e s  a re  averaged betw een th o se  o f  t y p ic a l  gaseous and l iq u id  p h a ses. 

The m odel, how ever, should  i l l u s t r a t e  some o f th e  b eh av ior  o f a hydro­

cra ck er . In  a c tu a l  developm ent work I t  i s  im portant th a t p i l o t  p la n t  

s tu d ie s  be c a r r ied  out to  com pensate fo r  our ign oran ce about th e k in e t i c s  

and hydrodynam ics.

The k in e t i c  r a te  co n sta n ts  fo r  th e  f i r s t  two r e a c t io n s ,  k^ and k2> 

a re  taken  from th e  work o f S tangeland  and K i t t r e l l  (1972) and a re  l i s t e d



25

in  T able 3 . The th ir d  r e a c t io n  has been added in  t h is  example to  

accou n t fo r  th e  la r g e  tem perature r i s e s  which may occur in  a hydro­

crack er i f  cra ck in g  i s  a llow ed  to  produce s ig n i f i c a n t  amounts o f gaseou s  

p ro d u c ts . I t  i s  assumed fo r  th e purposes o f t h i s  example th a t th e  

a c t iv a t io n  energy fo r  th e th ir d  r e a c t io n  i s  th e  same as th a t fo r  th e  

seco n d , b ut i t s  p r e -e x p o n e n t ia l fa c to r  i s  th a t o f th e  secon d . The 

v a lu e s  o f  th e  h e a ts  o f r e a c t io n  w ere determ ined by a s s ig n in g  e m p ir ic a l  

form ulas to  s p e c ie s  A, B, C, and D and then ap p ly in g  th e method o u tlin e d  

by J a f f e  (1 9 7 4 ) . The h e a ts  o f r e a c t io n  to g e th er  w ith  o th er  p e r t in e n t  

r e a c to r  param eters a re  l i s t e d  in  T able 3 .

Some h ea t p rod u ction  cu rves fo r  t h i s  r e a c to r  a re  p resen ted  in  

F ig u re  8 and th e  l in e a r iz e d  freq uency  re sp o n ses  fo r  ty p ic a l  o p era tin g  

p o in ts  are  g iv en  in  F ig u re  13 . With c o n se c u t iv e  r e a c t io n s  th e h ea t  

p rod u ction  cu rve can have more than one i n f l e c t i o n  p o in t  and, i f  A T ^  

i s  h ig h , can have v ery  la r g e  s lo p e s .  The form o f th e freq uency  r e ­

sp onse curve i s  s im ila r  to  th a t  fo r  ca se  1 , but i t  r e f l e c t s  th e  s te e p ­

n e ss  o f  th e  h ea t p ro d u ctio n  curve and can have p o t e n t ia l ly  la r g e  v a lu e s

o f G„(0) and 1 G„ (1 co) I . T h is can be seen  from curve A in  F ig u re  8 and R 1 R 'max

from th e  freq u en cy  resp o n se  curve fo r  p o in t  1 in  F ig u re  13. For t h is  

c a s e ,  eq u a l amounts o f  make-up p lu s  r e c y c le  en ter  th e r e a c to r  to  

t o t a l  2 ,0 0 0  SCFD/BPD. A m ixtu re o f  j e t  f u e l  and g a s o l in e  i s  th e  d e s ir e d  

product and p rod u ction  o f  l i g h t  g a ses  has to  be m in im ized . C on seq uently , 

o p era t io n  a t  an in h e r e n tly  u n s ta b le  s tea d y  s t a t e  such as p o in t  1 may be 

n e c e ssa r y .

There a re  th re e  ways in  which we can m odify th e  freq uency  resp o n se  

o f  th e  r e a c to r .  The f i r s t  i s  by d i lu t in g  th e fe e d . In  p a r t ia l  o x id a ­

t io n ,  some r e a c to r s  a re  run w ith  a la r g e  e x c e s s  o f  a ir  as a h ea t s in k .
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In  h y d ro p ro cess in g , la r g e  e x c e s s e s  o f are  used fo r  th e same p u rp oses. 

I f ,  in  our exam ple, th e  r e c y c le  flo w  i s  t r ip le d ,  th e  amount o f gas 

e n te r in g  th e  r e a c to r  i s  4 ,0 0 0  SCFD/BPD. The r e s u lt in g  h ea t p rod u ction  

cu rve i s  g iv en  as B in  F ig u re  8 . J u s t  as in  th e A+B c a s e ,  th e  e f f e c t  i s  

to  redu ce AT  ̂ and th e  s tea d y  s t a t e  g a in s  a t  in term ed ia te  c o n v er s io n s .  

The s te e p  p a rt o f th e  curve i s  s h if t e d  toward h ig h er  tem p eratu res. The 

chosen  o p era tin g  p o in t  corresp on d in g  to  th e more d ilu te d  c a se  i s  marked 

by th e  numeral 1 . The freq uency  resp o n se  i s  g iv en  as curve B in  

F ig u re  13.

B ecause in  both  th e  s in g le  r e a c t io n  and c o n se c u t iv e  r e a c t io n

exam ples o f  F ig u res  11 and 13 r e s p e c t iv e ly ,  d i lu t io n  d ecr ea se s  AT ,
ad

th e  e f f e c t  i s  to  s ig n i f i c a n t ly  d ecrea se  |GD(jw ) | which makes th e* k. max

c o n tr o l  problem e a s ie r .  However, th e c u to f f  freq uency i s  a l i t t l e  

h ig h er  and th e r a te  o f  dampening beyond the peak i s  lo w er . T his makes 

c o n tr o l  a b i t  h a rd er . T his occu rs b ecau se th e  therm al tim e co n sta n t  

must d ecr ea se  w ith  d i lu t io n .  The e f f e c t  i s  s im ila r  to  what occurs fo r  

two f i r s t  order system s w ith  d i f f e r e n t  tim e c o n s ta n ts .  The one w ith  th e  

h ig h er  tim e co n sta n t w i l l  be more h ig h ly  damped a t  a g iv en  oi.

An a lt e r n a te  approach th e d es ig n e r  can take to  l im i t  th e tempera­

tu re  r i s e  in  th e  r e a c to r  i s  to  o p era te  i t  a t  a low er tem perature and 

a c c e p t a low er co n v er s io n . In  th e  A-*B exam ple, depending on what 

r e a c to r  i n l e t  tem perature i s  ch osen , t h i s  approach can g r e a t ly  ea se  the  

c o n tr o l  problem . As shown in  F ig u re  3 , a r e a c to r  o p era tin g  below  th e  

i n f l e c t i o n  p o in t  o f  th e  h ea t p rod u ction  curve w i l l  have a low GR( 0 ) , 

w i l l  e x h ib it  no peak and w i l l  dampen a t  a r e la t i v e l y  low ioc .
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To determ in e th e  e f f e c t  o f  i n l e t  tem perature and e x te n t  o f r e a c t io n  

on th e  freq u en cy  resp o n se  o f th e  hydrocracker th re e  p o in ts  1 , 2, and 3 

w ere chosen  on curve B o f F ig u re  8 . The frequency resp o n se  curves are  

g iv e n  in  F ig u re  13 as cu rves B, C, and D. The r e a c to r  peak and 

d ecrea se  w ith  d ecr ea s in g  tem perature. I f  th e  r e a c to r  i s  op erated  a t  a 

tem perature h ig h er  than 76G°F, corresp on d in g to  p o in t  1 on th e  h ea t  

p ro d u ctio n  cu rv e , GR(0) and th e  peak w i l l  be ex trem ely  h ig h . The 

r e a c to r  w i l l  be unduly s e n s i t i v e  to  sm a ll changes in  tem perature b ecau se  

o f ra p id  cra ck in g  to  l i g h t  p ro d u c ts .

In  both  exam ples, th e  amount o f  h ea t feedback  i s  low er when th e  

r e a c to r  i n l e t  tem perature i s  d ecrea sed , b ut the h ea t exchanger may be 

la r g e r  anyway b ecau se o f  a low er AT fo r  h ea t t r a n s fe r .  The p o t e n t ia l  

c o n tr o l  g a in s  w i l l  a ls o  have to  be w eighed a g a in s t  th e  in c rea se d  pumping 

and se p a r a t io n  c o s t s  which w i l l  be in cu rred .

Another approach which i s  o f t e n  used  w ith  h y d r o tre a ter s  to  m ain ta in  

d e s ir e d  tem perature l e v e l s  and improve s e l e c t i v i t y  i s  to  add co ld  

quench stream s tapped o f f  from th e  gas r e c y c le  stream . The quench gas 

i s  added a t  s e v e r a l  p o in ts  a lon g  th e  le n g th  o f th e  r e a c to r  which i s  

u s u a lly  in  4 or 5 s e c t io n s .  Each s e c t io n  a f t e r  th e  f i r s t  then  behaves 

as a r e a c to r  w ith  a d ilu te d  fe e d  stream . The amount o f quench gas 

n e c e ssa r y  to  reduce th e  maximum tem perature r i s e  in  the r e a c to r  to  a 

d e s ir e d  l e v e l  i s  l e s s  than th e  amount o f d ilu e n t  req u ired  in  the ca se  

d isc u sse d  p r e v io u s ly .  T his i s  due to  th e  la r g e  tem perature d if f e r e n c e  

betw een th e quench gas and th e  r e a c t in g  f l u i d .  S im ila r  p e n a lt ie s  a re  

in cu rred  by u s in g  quench as a re  in cu rred  by d i lu t in g  th e  fe e d . The 

r e a c to r  i n l e t  tem perature i s  h ig h er  and th e  o u t le t  tem perature i s  low er  

than in  th e  b a se  c a s e . C on seq uently , a la r g e r  combined h ea t duty fo r
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th e  h ea t exchanger and fu rn a ce  w i l l  be r e q u ired . S ep aration  and com­

p r e sso r  c o s t s  may a ls o  in c r e a s e .  The m athem atical developm ent lea d in g  

to  an ex p re ss io n  fo r  the r e a c to r  tr a n s fe r  fu n c t io n  i s  g iv en  in  the  

Appendix.

In  t h i s  example th e r e a c to r  c o n s is t s  o f 5 s e c t io n s .  The aim i s  to  

a c h ie v e  a g iv en  co n v ersio n  and to  l im i t  th e tem perature r i s e  in  th e  

r e a c to r  to  a g iv en  v a lu e .  T h is i s  accom plished  by a d ju s tin g  th e  len g th  

o f  each bed and th e  tem perature drops between them, so  th a t  th e  tempera­

tu r e  r i s e s  in  th e  in d iv id u a l beds are  as n ea r ly  uniform  as p o s s ib le .

No attem pt a t  o p tim iz a tio n  i s  made h ere . I t  i s  assumed th a t quench gas  

i s  a v a i la b le  a t  150°F. Quench r e a c to r s  were d esign ed  to  correspond to  

each o f  th e th re e  in d ic a te d  p o in ts  on th e h ea t p rod u ction  curve B in  

F ig u re  8 . The i n l e t  and o u t le t  tem peratures fo r  a ty p ic a l  ca se  are  

g iv e n  in  T able 3 . The h ea t p rod u ction  curves fo r  th e quench ca se s  are  

g iv en  in  F ig u re  8 as cu rves 1 , 2 , and 3 . They were gen erated  by main­

ta in in g  th e  bed le n g th s  and quench f lo w s  co n sta n t in  each ca se  and 

v a ry in g  th e  i n l e t  tem perature. The e f f e c t  o f  quench i s  to  move th e h ea t  

p ro d u ctio n  curve to  th e  r ig h t  and to  low er th e  stea d y  s t a t e  g a in  o f the  

r e a c to r  compared to  th e nonquench c a se . A d d it io n a lly ,  in  each c a s e , the  

new o p era tin g  p o in t  i s  somewhat fu r th e r  away from th e  very  s te e p  p a r t o f  

th e  h ea t p rod u ction  cu rv e . T his i s  an advantage in  p rev en tin g  or m in i­

m izin g  tem perature runaways in  resp o n se  to  la r g e  i n l e t  tem perature  

d is tu r b a n c e s . The freq u en cy  resp o n ses corresp on d in g to  p o in ts  1 and 2 

on th e  h ea t p rod u ction  cu rves 1 and 2 are g iv en  as cu rves E and F , 

r e s p e c t iv e ly  in  F ig u re  13 . In  th e s e  ca se s  where th e peak has a lread y
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been low ered by d i lu t io n ,  i t  i s  low ered s t i l l  fu r th e r  by quench.

In deed , th e  u su a l in d u s t r ia l  procedure i s  to  u t i l i z e  both  d i lu t io n  and 

quench to  keep th e  tem perature r i s e  in  th e  r e a c to r  a t  a low l e v e l .

The improvement, however, i s  l im ite d  to  sm a ll p e r tu r b a tio n s . I f  

th e  n o n lin ea r  freq uency re sp o n ses  a re gen erated  as was d escr ib ed  e a r l i e r  

f o r  th e f i r s t  order r e a c t io n  c a s e ,  th e  curves o f F igu re 14 a re  g en era ted . 

Curves A and B correspond to  th e  nom inal i n l e t  tem peratures in d ic a te d  by 

numbers 2 on curves B and 2 , r e s p e c t iv e ly  in  F ig u re  8 . The s in e  wave 

in p u t has an am plitude o f 20°F . From the h ea t p rod u ction  curve i t  i s  

observed  th a t in  th e nonquench ca se  i n l e t  tem peratures w i l l  p e r io d ic a l ly  

occur which correspond to  v ery  la r g e  tem perature r i s e s  in  the r e a c to r .

In th e quench c a s e , th e p o t e n t ia l  r i s e s  a re  sm a lle r . D e sp ite  th is  

d if f e r e n c e ,  th e  n o n lin ea r  frequency resp o n ses are ra th er  c lo s e  to g e th er  

near th e  peak . I t  i s  a t  low er fr e q u e n c ie s  where th e AR o f th e nonquench 

c a se  i s  much la r g e r  than th a t  o f the quench c a s e . The low er AR a t  low  

w fo r  th e  quench ca se  i s  n ot b e n e f i c i a l  fo r  c o n tr o l.  As noted  e a r l i e r ,  

th e  im portant re g io n  fo r  c o n tr o l i s  a t  and beyond th e r e a c to r  peak. 

S im ila r  r e la t io n s h ip s  occur between curves C and D which correspond to  

th e  nom inal i n l e t  tem peratures in d ic a te d  by numbers 1 in  cu rves B and 1 

in  F ig u re  8 . The s in e  wave in p u t has an am plitude o f 10°F . The r e s u l t s  

rem ain s im ila r  when th e  maximum n o n lin ea r  resp o n ses  are  used as shown in  

Curves E, F, G, and H. I t  i s  c le a r  from th e freq uency  re sp o n ses  th a t  

i f  la r g e  tem perature p er tu r b a tio n s  o ccu r , adding u n c o n tro lled  quench 

stream s d oes l i t t l e  to  a id  in  s t a b i l i z in g  th e r e a c to r .
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Reducing th e  tem perature r i s e  in  th e re a c to r  by e i th e r  d i lu t io n  or 

in term ed ia te  quench i s  not j u s t  req u ired  fo r  s t a b i l i t y  and c o n tr o l .  In  

many c a s e s ,  i t  i s  r e q u ir e d , from stea d y  s t a t e  d es ig n  c o n s id e r a t io n s  to  

p rev en t u n d es ira b le  s id e  r e a c t io n s ,  such as crack in g  to  l i g h t  p ro d u cts , 

or to  slow  c a t a ly s t  d e a c t iv a t io n . From a c o n tr o l  s ta n d p o in t d i lu t io n  i s  

more d e s ir a b le  b ecau se o f  i t s  more marked e f f e c t  on th e  r e a c to r  f r e ­

quency re sp o n se . However, th e  d e s ig n  en g in eer  would probably p r e fe r  the  

quench tech n iq u e , b ecau se  th e  stream s can be in trod u ced  a t  a co n s id e ra b ly  

low er tem perature than th e d i lu e n t .  T his redu ces th e  t o t a l  mass flo w  

and th e  req u ired  com pressor, h ea t exchan ger, and fu rn a ce  lo a d s .

In  e i th e r  c a s e , how ever, w ith  la r g e  p e r tu r b a t io n s , |G (jm) | can
is. max

s t i l l  be ex trem ely  la r g e .  The improvement in  th e freq uency  resp o n se  

w ith  d i lu t io n  and quench comes p r im a r ily  fo r  sm a ller  p e r tu r b a t io n s ,  

which do n ot exten d  in to  th e  v ery  s te e p  re g io n  o f th e h ea t p rod u ction  

curve where th e  e f f e c t s  o f tem perature on h igh  crack in g  r a te s  are  mani­

f e s t e d .  Once th e  h ig h  crack in g  r a te s  a re  a llow ed  to  o ccu r , a runaway 

s i t u a t io n  en su es and l i t t l e  improvement in  th e freq uency resp o n se  can be 

made by d i lu t io n  o r  quench. T his p o in ts  to  th e need fo r  some improved 

c o n tr o l  methods to  l im i t  th e  tem perature p e r tu r b a tio n s  in to  th e r e a c to r .  

F u e l c o n tr o l  o f  th e  fu rn ace w i l l  n o t s t a b i l i z e  th e system  by i t s e l f .  In  

such c a se s  th e  need fo r  h ea t exchanger bypass c o n tr o l i s  e v id e n t .  An 

a lt e r n a t e  approach i s  to  .c o n tr o l th e  re a c to r  tem perature by a d ju s t in g  

th e  quench f lo w s . T h is scheme i s  d isc u sse d  in  th e n ex t s e c t io n .
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QUENCH CONTROL

One common method fo r  im proving the r e a c to r  perform ance i s  to  a d ju s t  

th e  flo w  o f  th e  quench gas by some feed back  or feed forw ard  c o n tr o l scheme 

based on tem perature m easurem ents. L et us f i r s t  co n sid er  feed back  c o n tr o l.

In  th e  u su a l schem e, th e  tem perature i s  measured a t  th e o u t le t  o f  a 

r e a c to r  s e c t io n  and changes a re made in  th e quench r a te  to  th e i n l e t  o f  

th a t  b ed . The m athem atica l developm ent fo r  th e p e r t in e n t  tr a n s fe r  

fu n c t io n s  a re  g iv e n  in  th e Appendix.

For com parison p u rp o ses, curve E, th e freq uency  resp o n se  w ith  

ste a d y  s t a t e  quench fo r  ca se  1 , corresp on d in g  to  curve A o f F igu re 11 , 

i s  p r e se n te d . The peak and m a re  somewhat d im in ish ed  compared to  

curve A b u t n ot to  th e same e x te n t  a s  fo r  th e  d i lu t io n  ca se  o f  curve B. 

Curve F shows th e  e f f e c t  o f feedback  c o n tr o l a p p lied  to  one o f  th e  

in te r m e d ia te  quench strea m s. By loop  tu n in g , PI c o n tr o l  s e t t in g s  were 

found fo r  th e  lo o p . Adding c o n tr o l low ers th e AR a t  low fr e q u e n c ie s ,  

b ut has l i t t l e  e f f e c t  on th e  s i z e  o f  the peak. The d e la y  through th e  

r e a c to r  i s  lo n g  so  th a t th e  reso n a n t r e g io n  o f  th e  feed back  c o n tr o l  loop  

occu rs near th e  reso n a n t peak o f th e  u n c o n tr o lle d  r e a c to r .  S im ila r  

re sp o n ses  were found when th e  c o n tr o l  p o in t  was changed.

A more p rom ising c o n tr o l  scheme in v o lv e s  m easuring the tem perature  

a t  th e  i n l e t  to  th e  r e a c to r  bed a f t e r  the quench stream  has been th or­

oughly nuxed w ith  th e  h ot r e a c t io n  product o f th e  p reced in g  b ed . The 

quench flo w  i s  th en  a d ju sted  accord in g  to  f lu c tu a t io n s  o f t h is  tempera­

tu r e . To implement t h i s  scheme a sm a ll m ixing d e v ic e  must be p la ced  

betw een th e  b ed s . The p e r t in e n t  tr a n s fe r  fu n c t io n s  a re  g iv en  in  the  

A ppendix.
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The e f f e c t  on |G^(ju))| i s  shown fo r  two c a s e s .  In F igu re 15 , t h is  

scheme i s  a p p lied  to  th e  same ca se  g iv en  in  F ig u re  11 fo r  com parison  

p u rp o ses . The e f f e c t  on th e  freq uency  resp on se o f th e  r e a c to r  depends 

on th e  lo c a t io n  o f th e  c o n tr o lle d  m ixing tank . In  no ca se  i s  GR(0) 

reduced below  u n ity .  At f i r s t  g la n c e  t h is  seems s tr a n g e  s in c e  a t  low  

fr e q u e n c ie s  a PI c o n tr o l le r  should  reduce th e  ga in  to  low v a lu e s .  The 

rea so n  fo r  t h i s  i s  th a t  th e  c o n tr o lle r  dampens th e  tem perature d is tu r ­

bance to  th e  n ex t b ed , but not the co n ce n tra tio n  d istu rb a n ce  which w i l l  

c o n tin u e  to  cau se  u p se ts  through th e  r e s t  o f  th e r e a c to r . As a r e s u l t ,  

th e  r e a c to r  can be view ed as b e in g  in  two p a r t s .  The f i r s t  p a rt c o n s is t s  

o f th o se  beds upstream  from th e  c o n tr o lle d  tank and the second p art  

c o n s i s t s  o f  th o se  downstream from th e  tank. The c o n tr o lle d  tank co n v er ts  

th e  tem perature d istu rb a n ce  to  th e  f i r s t  s e c t io n  to  a c o n c e n tr a tio n  d is ­

turbance in t o  th e  su cceed in g  s e c t io n .  T his change e lim in a te s  th e  peak in  

th e  r e a c to r  r e sp o n se , but in c r e a s e s  th e  stea d y  s t a t e  g a in . The e f f e c t

on th e  s tea d y  s t a t e  g a in  depends on th e lo c a t io n  o f th e m ixing tank

TT TCwhich d eterm in es G (0) b e fo r e  th e  tank and G (0) a f t e r  i t .  I f  addi­

t io n a l  c o n tr o lle d  tanks are  added betw een th e  o th er  b ed s, th e  r e a c to r  

freq u en cy  resp o n se  i s  damped even more.

From th e  cu r v e s , i t  seems th a t th e  b e s t  p la c e  to  add th e  c o n tr o lle d  

m ixin g  tank i s  a t  an e a r ly  p o in t  o f th e  r e a c t io n . In  f a c t ,  in tro d u c in g  

i t  in  fr o n t  o f  th e  r e a c to r  would g iv e  th e b e s t  c o n tr o l  and th e most

r e d u c t io n  in  th e  s te a d y  s t a t e  g a in . With r e fe r e n c e  to  th e  Appendix,

TTth e  ste a d y  s t a t e  g a in  fo r  an i n l e t  tem perature d istu rb a n ce  i s  G (0) =

rgCX^H l +  1 ( 0 ,X j)] w h ile  fo r  an i n l e t  co n ce n tra tio n  d is tu r b a n ce  i t  i s  

TCreduced to  G (0 ) = r g (xL) 1 ( 0 ,X^) . U n fo r tu n a te ly , in tro d u c in g  quench
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c o n tr o l  a t  th e  i n l e t  c a r r ie s  a p e n a lty . The fe e d  would have to  be over­

h eated  w hich in c r e a s e s  f u e l  c o s t s  and th e  s i z e  o f  th e  fu rn a ce . Addi­

t io n a l  o v erh ea t i s  req u ired  to  expand th e  n o n lin ea r  o p era tin g  range o f  

th e  c o n t r o l l e r .  I f  more ov erh ea t i s  added, then  th e quench flo w  can be  

reduced to  a la r g e r  d egree to  com pensate fo r  drops in  i n l e t  tem perature. 

Compensation fo r  in c r e a s e s  in  i n l e t  tem perature i s  l im ite d  by th e  s i z e  

o f  th e  com pressors. An a l t e r n a t e  approach i s  to  p la c e  th e  c o n tr o lle d  

m ixing tank a f t e r  th e  f i r s t  s e c t io n  which i s  reduced in  s i z e .  However, 

i f  i t  i s  made to o  s m a l l , . t h e n  a s th e  c a t a ly s t  a g e s , th e  tem perature r i s e  

in  t h i s  s e c t io n  w i l l  be low and aga in  th e nom inal quench r a te  may be too  

low  to  a llo w  fo r  com pensation  o f  la r g e  n e g a tiv e  d is tu r b a n ce s  in  tempera­

tu r e . S im u la tio n  o f  v a r io u s  a l t e r n a t iv e s  should  su g g e s t  a rea so n a b le  

d e s ig n .

The exam ple j u s t  d is c u s s e d  was fo r  a s tea d y  s t a t e  o p era tin g  p o in t  

w ith  h ig h  co n v ersio n  lo c a te d  c lo s e  to  th e  asym p totic  upper bound on the  

h ea t p ro d u ctio n  cu rv e . To determ ine th e  e f f e c t  o f t h is  c o n tr o l  scheme 

on a r e a c to r  o p era tin g  in  th e  in term ed ia te  re g io n  a s im p le  two s ta g e  

r e a c to r  was d es ig n e d . Each s ta g e  i s  12 f e e t  lo n g  and th er e  i s  enough 

quench added to  drop th e  tem perature betw een s ta g e s  by 20°F during  

u n c o n tr o lle d  o p e r a t io n . A l l  o th er  param eters fo r  the re a c to r  a re the  

same a s in  th e p rev io u s  c a s e . The r e s u l t s  are  shown in  F ig u re  16. In  

t h i s  c a se  th e s te a d y  s t a t e  g a in , GR(°)»  i s  reduced below  th a t o f  the  

u n c o n tr o lle d  c a s e .
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U se o f  a c o n tr o lle d  m ixing tank s i g n i f i c a n t ly  dampens the re a c to r  

freq u en cy  resp o n se  and i t s  u se  in  co n ju n ctio n  w ith  fu rn a ce  c o n tr o l  and 

h ea t exchanger bypass c o n tr o l  r e p r e se n ts  a p ow erfu l y e t  s im p le  way o f  

c o n tr o ll in g  th e  p r o c e s s . D i lu t io n  o f th e  fe ed  and u se  o f quench stream s 

a re  l im ite d  by econom ic c o n s id e r a t io n s  in  th e ir  e f f e c t  on th e re a c to r  

freq u en cy  re sp o n se . However, s in c e  th e s e  w i l l  u s u a lly  be p a rt o f the  

b a s ic  r e a c to r  d e s ig n , u se  o f  a c o n tr o lle d  m ixing tank should  be a r e la ­

t i v e l y  in e x p e n s iv e  a d d it io n . The r e a c to r  must be co n str u c ted  as two 

d i s t in c t  s e c t io n s  w ith  a m ixing tank o f th e req u ired  s i z e  betw een them.

In  cu rren t p r a c t ic e  a sp ace i s  provided  betw een r e a c to r  beds where 

m ixing i s  supposed to  tak e p la c e .  However, th e r e s id e n c e  tim e i s  u s u a lly  

so  sm a ll th a t  th e  m ixing i s  in com p lete  and a ccu ra te  tem peratures a re  

hard to  m easure.

In  such c a s e s ,  an a l t e r n a t iv e  scheme i s  to  m easure th e  tem perature  

d is tu r b a n ce  b e fo r e  th e  quench s e c t io n  and u se feed forw ard  c o n tr o l.  

F lu c tu a t io n s  in  th e  o u t le t  tem perature o f  th e  n ex t bed a re  used  to  make 

slow  s e t  p o in t  ad justm ents in  th e  feedforw ard  lo o p . Most o f  th e  advanced 

c o n tr o l  schem es fo r  h ydrocrackers a re  based on t h i s  approach in  some 

form or an oth er (S a y le s ,  e t . a l .  1973; Storm ont, 1 9 6 9 ). T h e o r e t ic a lly  

feed forw ard  c o n tr o l  p ro v id es  p e r f e c t  c o n tr o l.  However, i t s  e f f e c t i v e ­

n e ss  i s  l im ite d  by our la c k  o f knowledge o f th e system . I t  i s  because  

o f t h i s  la c k  o f know ledge th a t th e feedback  loop fo r  s e t  p o in t  a d ju s t­

ment i s  req u ired .
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MODIFYING HEAT FEEDBACK LOOP

Steady S ta te  C o n sid era tio n s

As m entioned e a r l i e r ,  one approach to  s t a b i l i z e  th e r e a c to r  i s  to

redu ce th e  g a in  o f th e  u n c o n tro lled  h ea t feed back  lo o p , G „(0)G „(0), tor H.

o f f s e t  |G^(joj) | • To reduce th e h ea t feedback  in  t h i s  way a la r g e r

fu rn a ce  must be u t i l i z e d .  A c tu a lly , i f  th e  h ea t exchanger cou ld  be  

e lim in a te d  from th e  loop  a lto g e th e r  and th e  fu rn a ce  d esign ed  to  supply  

a l l  th e  n ecessa ry  p r eh ea t , then  th e system  would be u n c o n d it io n a lly  

s t a b le .  However, such approaches carry heavy p e n a lt i e s .  F u el c o s t s  

would be v ery  la r g e  and th e  problem o f h ea t d is p o s a l  from th e r e a c to r  

e f f lu e n t  i s  p osed . T h is in c r e a s e s  th e  in t e r a c t io n  o f th e  system  w ith  

th e  r e s t  o f  th e  p la n t  c r e a t in g  p o t e n t ia l  s t a b i l i t y  problem s e lsew h ere .

In  most c a se s  th e s t a b i l i t y  problem can be so lv ed  by proper feedback  

c o n tr o l .  Two approaches fo r  m odify ing  th e  h ea t feed back  loop  by c o n tr o l  

w i l l  be d isc u sse d  here:

1 . C on tro l o f  f u e l  supp ly  to  th e  fu rn a ce .

2 . Bypass c o n tr o l o f th e  h ea t exchanger.

T hese c o n tr o l  lo o p s  are  n o n in te r a c t iv e  and can be used  to g e th e r . I t  i s  

n oted  th a t th e m odels used  in  t h is  work to  g en era te  th e frequency  

resp o n se  curves fo r  th e  h ea t exchanger (Cohen and Johnson, 1956) and 

fu rn a ce  (R o f fe l  and R ijn sd o rp , 1974) are d escr ib ed  in  d e t a i l  in  th e  

Appendix. The tr a n s fe r  fu n c t io n s  fo r  th e c o n tr o lle d  u n it s  a re  a ls o  

d evelop ed  in  th e Appendix.
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C on tro l o f  F u e l Supply to  th e Furnace

Large I n d u s tr ia l  fu rn a ces a re  q u ite  s lu g g is h ,  e x h ib it in g  c o n s id e ra b le  

tim e la g  in  t h e ir  resp o n se  b ecau se o f th e ir  ca p a c ity  to  s to r e  h ea t in  the  

w a lls  and tu b e s . As ex p la in ed  e a r l i e r ,  i t  i s  d e s ir a b le  to  have a fu rn ace  

freq u en cy  re sp o n se  which dampens th e  peak o f th e  re a c to r  frequency  

resp o n se  and whose own peak i s  r e la t i v e l y  low and occu rs a t  a high  

enough freq u en cy  to  be dampened by th e r e a c to r .  U n fo r tu n a te ly  t h i s  may 

be d i f f i c u l t  to  a c h ie v e  in  a fu rn a ce , p a r t ic u la r ly  i f  | gr (jm ) |may i s  

la r g e .  As an exam ple, curve D in  F igu re 4 i s  p r e se n te d , th e  resp o n se  o f  

a t y p ic a l  la r g e  in d u s t r ia l  fu rn a ce  o f th e s i z e  needed fo r  a h ydrocracker. 

The d e s ig n  param eters are g iv en  in  T able 4 fo r  th e fu rn a ce  and h eat  

ex ch a n g er .

In th e  exam ple g iv e n , fu rn a ce  f u e l  c o n tr o l s t a b i l i z e s  a l l  o f  th e  

ste a d y  s t a t e s  o f th e  h ea t p ro d u ctio n  curve o f F ig u re  2 . However, th e  

g a in  m argin o f th e  w o rst c a se  i s  o n ly  1 .1 .  T his does n ot p ro v id e  enough 

m argin fo r  th e  in a c c u r a c ie s  o f th e  m odels u sed . The c o n tr o lle d  fu rn ace  

w i l l  p robably be in ad eq u ate fo r  s t a b i l i z in g  a r e a c to r  w ith  a frequency  

resp o n se  s im ila r  to  th o se  g iv en  in  F ig u re  14.

I t  i s  im portant th a t th e  s te a d y  s t a t e  d es ig n  o f  th e fu rn ace be

in te g r a te d  w ith  th e  c o n tr o l system  d e s ig n . S u f f i c i e n t  c o n tr o l  la t i t u d e

must be d esig n ed  in to  th e  system  to  d e a l w ith  la r g e  tem perature changes.

On th e  one hand, th e  s tea d y  s t a t e  h ea t duty must be s u f f i c i e n t l y  la r g e
«

to  c o n tr o l  th e s e ;  on th e  o th er  hand i t  must not be so  la r g e  th a t f u e l  

c o s t s  a re  to o  h ig h . The c o n tr o l  a c t io n  i s  l im ite d  by th e amount o f f u e l  

th a t  can be su p p lied  and by th e  stea d y  s t a t e  h ea t d u ty . In  th e example 

g iv e n , th e  s tea d y  s t a t e  h ea t duty i s  8 .1  MMBTU/hr w ith  a 33°F tem perature
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r i s e  through th e  fu rn a ce . I f  h a lf  o f  th e  maximum f u e l  r a te  i s  n om inally  

s u p p lie d , th en  s te p  changes in  tem perature ap proxim ately  a s la r g e  as 

+33°F can t h e o r e t i c a l ly  be damped even i f  th e c o n tr o l v a lv e  i s  sa tu r a te d .  

However, w h ile  th e  v a lv e  i s  sa tu ra te d  in  e i th e r  d ir e c t io n ,  th e  c o n tr o lle r  

i s  i n e f f e c t i v e .  I t  can o n ly  c a l l  fo r  changes in  f u e l  flo w  which are  

w ith in  th e  l in e a r  range o f  th e  c o n tr o l  v a lv e .  Even i f  d istu rb a n ces  are  

n ever t h i s  la r g e ,  th e  speed  w ith  which la r g e  p er tu r b a tio n s  a re damped 

o u t w i l l  be l im ite d  by th e se  same s a tu r a t io n  e f f e c t s .

The e f f e c t iv e n e s s  o f  fu rn ace c o n tr o l  in  s t a b i l i z in g  a g iv en  re a c to r  

must be examined on a ca se  by ca se  b a s is .  The d es ig n e r  m ight want to  

augment th e  fu rn a ce  c o n tr o l  w ith  a m o d if ic a t io n  o f th e r e a c to r  d e s ig n ,  

u se  o f  a c o n tr o lle d  m ixing tank betw een r e a c to r  s ta g e s ,  or by in tro d u c in g  

b ypass c o n tr o l  o f  th e h ea t exchanger.

Bypass C on tro l o f  Heat Exchanger

In t h i s  c o n tr o l  scheme th e  amount o f bypass i s  v a r ie d  by m easuring  

th e  tem perature o f  th e  mixed stream  le a v in g  a m ixing s e c t io n  where the  

b ypass stream  and exchanger e f f lu e n t  a re combined. The g o a l i s  to  

a tte n u a te  th e  tem perature p er tu r b a tio n s  b e fo r e  th ey  reach  th e fu rn ace so  

th a t  th e  c o n tr o l  problem fo r  th e  fu rn ace i s  e a s ie r .  The on ly  l im it a t io n  

on a f a s t  resp o n se  i s  th e  speed  o f  th e  therm ocouple and v a lv e  dynam ics.

As shown by curve E in  F ig u re  4 , th e  e f f e c t  o f bypass c o n tr o l  of 

th e  h ea t exchanger i s  to  dampen th e  h ea t exchanger resp o n se  over the  

range o f  fr e q u e n c ie s  o f  th e  r e a c to r  peak. T h is , to g e th er  w ith  the  

a tten u a te d  resp o n se  o f  th e  standard  c o n tr o lle d  fu rn ace (cu rve D ), 

sh ou ld  s i g n i f i c a n t ly  enhance th e s t a b i l i t y  o f th e  p r o c e s s . As shown in
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cu rve B o f  F ig u re  5 , th e  peak o f th e open loop  resp o n se  o f  th e  com plete  

system  i s  sh a rp ly  low ered . A gain , th e c o n tr o l  loop  in tro d u c es  a peak in  

th e  h ea t exchanger resp o n se  which must occur over a range o f fr e q u e n c ie s  

where th e  r e a c to r  i s  damped i f  s t a b i l i t y  i s  to  be in su re d .

The amount o f fr e s h  fe e d  b yp assin g  th e h ea t exchanger does not have  

a s tr o n g  e f f e c t  on th e  l in e a r  freq uency  re sp o n se . However, i t  s i g n i f i ­

c a n t ly  a f f e c t s  th e  n o n lin ea r  range o f c o n tr o l .  The nom inal bypass  

f r a c t io n  must be s u f f i c i e n t l y  la r g e  so  th a t  la r g e  changes in  i n l e t  

tem perature can be dampened and th e  h ea t exchanger must be d esign ed  so  

th a t i t  can hand le w ide sw ings in  throughput. T h is red u ces AT a t  th e  

o u t l e t  and re q u ir e s  d e s ig n  o f u n it s  la r g e r  than th o se  req u ired  fo r  th e  

unbypassed c a s e . In  th e example g iv e n , the tem perature r i s e  o f  th e  

fr e s h  fe e d  through th e  h ea t exchanger i s  178°F . A p o s i t iv e  s te p  change 

as la r g e  as 178°F can be d e a lt  w ith  by b y p a ssin g  a l l  th e fe ed  around th e  

exch an ger . The maximum s i z e  o f  th e  n e g a t iv e  s te p  th a t can be handled  

can be much la r g e r  due to  th e  la r g e r  AT d r iv in g  fo r c e s  a t  b oth  ends o f  

th e  exchan ger . The s i z e  o f  th e  n e g a tiv e  s te p  change th a t  can be d e a lt  

w ith  in c r e a s e s  w ith  th e  bypass f r a c t io n .  However, i t  i s  noted  th a t the  

s i z e  o f  th e  bypass f r a c t io n  i s  l im ite d  by th e  r e a c to r  e f f lu e n t  temper­

a tu r e . The bypass f r a c t io n  must be sm a ll enough to  p ro v id e  a rea so n a b le  

AT d r iv in g  fo r c e  a t  t h i s  end o f  th e  exchanger. C on seq u en tly , c o n tr o l  i s  

more l im ite d  when la r g e  drops in  r e a c to r  o u t le t  tem perature occur due to  

c o n c e n tr a tio n  changes.

The e f f e c t  o f bypass c o n tr o l  on th e  fu rn a ce  freq u en cy  resp o n se  was 

a ls o  exam ined. I t  was found th a t th er e  i s  no s u b s t a n t ia l  improvement in  

th e  s t a b i l i t y  o f  th e  p r o c e s s .  The reason  h ea t exchanger bypass c o n tr o l
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works w e l l  and fu rn a ce  bypass does not i s  th a t th e  d r iv in g  fo r c e  fo r  

h ea t tr a n s fe r  can be s i g n i f i c a n t ly  a lte r e d  by bypass in  th e h ea t ex­

ch an ger, b u t n o t in  th e  fu rn a ce . In  th e  form er ca se  th e mode o f  h ea t  

tr a n s fe r  i s  by c o n v e c tio n , w h ile  in  th e l a t t e r  i t  i s  by r a d ia t io n .

E f f e c t  o f  U n co n tro lled  M ixing Tank in  S e r ie s

The main problem o f  c o n tr o l i s  o f f s e t t i n g  th e  g a in  o f th e  reso n a n t  

peak o f  th e  r e a c to r  freq uency  re sp o n se . One way o f  doing  t h i s  i s  by 

in tro d u c in g  a f i l t e r  th a t  a c t s  in  th e r e g io n  o f th e peak. A s t ir r e d  

s to r a g e  tank o f  s u f f i c i e n t  s i z e  fo r  the h eated  fe e d  to  the r e a c to r  cou ld  

a c h ie v e  t h i s .  In  F ig u re  17 we p rese n t th e  open loop  freq uency  resp o n ses  

f o r  s e v e r a l  such c a se s  u t i l i z i n g  d i f f e r e n t  s iz e d  m ixing tanks fo r  th e  

r e a c to r  o f  ca se  1 and a h ea t feed back  loop  u t i l i z i n g  fu rn ace f u e l  

c o n tr o l.

For l iq u id  fe e d s  a c o n v en tio n a l m ixing tank can be u sed . Holdup 

tim es o f  5 to  10 m inutes a re  probably f e a s i b l e .  M ixing energy must be 

provided  in  th e form o f  a co n v en tio n a l a g i ta to r  or by a h igh  c a p a c ity  

r e c ir c u la t io n  pump. In  s p i t e  o f t h i s  energy c o s t ,  i f  th e  r e a c to r  f r e ­

quency re sp o n se  has a h igh  g a in  and th er e  a re  advantages in  o p era tin g  

a t  t h i s  p a r t ic u la r  s tea d y  s t a t e ,  t h i s  may be a rea so n a b le  approach fo r  

im proving c o n tr o l .

For gaseou s f e e d s ,  t h i s  approach i s  l e s s  f e a s ib l e  w ith  a conven­

t io n a l  m ixing tank b ecau se i t s  s i z e  would have to  be v ery  la r g e  to  

p ro v id e  a rea so n a b le  holdup tim e. However, th e id e a s  o u t lin e d  e a r l i e r  

reg a rd in g  d is p e r s io n  in  a f ix e d  bed c a t a ly t i c  r e a c to r  can be a p p lied  to  

d e s ig n  a column w ith  in e r t  pack ing which would s e r v e  th e  same purpose as
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a s t i r r e d  v e s s e l .  The f i r s t  th ree  terms o f eq . 9 d ecrea se  w ith  th e  

le n g th  o f  th e  bed. However, th e fo u r th  term , d e sc r ib in g  th e  e x te n t  o f  

in t r a p a r t ic l e  therm al d i f f u s io n ,  i s  independent o f  bed le n g th . I t  can  

be w r it te n  in  terms o f d im en sio n a l bed param eters as:

108 Ki\ +6)

To make t h i s  la r g e ,  so  th a t tem perature d istu rb a n ces  are damped, th e  bed 

must be d esign ed  so  th a t th e f lu id  r e s id e n c e  tim e i s  h igh  and th e  p a r t i ­

c l e s  a re  la r g e .  A packing m a te r ia l should  be chosen which has a low  

therm al c o n d u c t iv ity .  I t  should  a ls o  have a r e la t i v e l y  h igh  s p e c i f i c  

h ea t so  th a t B i s  sm a ll and i s  h ig h . A c tu a lly  w ith  such a d e s ig n ,

th e  o th er  terms o f  eq . 9 should  a ls o  c o n tr ib u te  s i g n i f i c a n t ly  to  th e

2
s i z e  o f th e  v a r ia n c e , a . I f  th e  p a r t i c l e  s i z e  i s  s u ita b ly  ch osen ,

1 d 8
- -----  0( —E- should  a l s o  be r e la t i v e l y  la r g e .  As shown p r e v io u s ly , the

th
h ea t tr a n s fe r  term norm ally has th e la r g e s t  e f f e c t  on th e  v a r ia n ce  w ith

c o n v e n tio n a lly  s iz e d  p a r t i c l e s .  S in ce  i t  i s  d ir e c t ly  p r o p o r tio n a l to  

1+adp (where 0 < a < 1 ) ,  th e c o n tr ib u tio n  should  be s u b s ta n t ia l  w ith

la r g e r  p a r t i c l e s .

T h is approach has th e  advantages o f a low er energy c o s t  and o f

re q u ir in g  a sm a ller  v e s s e l  s i z e  than would th e c o n v en tio n a l s t ir r e d

tank approach. I t  i s  n o t as d ir e c t ly  a p p lic a b le  to  l iq u id  fe e d s  b ecau se  

Tth  i s  much sm a ller  than fo r  a gaseous or mixed phase fe e d . However,
Tf
th e  s i z e  and a g i t a t io n  c o s t s  fo r  a co n v e n tio n a l m ixing tank m ight be 

reduced i f  a packed bed therm al d is p e r s io n  u n it  were used in  s e r i e s .
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SUMMARY

T h is work shows how a complex p o s i t iv e  feed back  system  can be 

a n a lyzed  by d e a lin g  w ith  i t s  component u n it s  s p e a r a te ly . Frequency 

resp o n se  cu rves can be estim a ted  fo r  each u n it  e i th e r  from m athem atical 

m odels or by g en er a tin g  em p ir ic a l tr a n s fe r  fu n c t io n s  from curve f i t s  o f  

p i l o t  p la n t  s te p  r e sp o n se s . I t  was shown how the frequency resp o n se  o f  

th e  sca led -u p  p la n t r e a c to r  can be estim a ted  from th e p i l o t  p la n t  

r e sp o n se . By d e a lin g  w ith  each u n it  s e p a r a te ly , th e  d e s ig n  en g in eer  can 

e a s i l y  determ in e how th e freq uency resp on se has to  be m od ified  to  o b ta in  

a d e s ir e d  s t a b i l i t y  m argin.

A c o n se r v a t iv e  s t a b i l i t y  c r i t e r io n  was f i r s t  s e t  down fo r  th e  

system ; fo r  s t a b i l i t y  to  be in su red  the am plitude r a t io  o f th e  open loop  

freq u en cy  resp o n se  fo r  th e  e n t ir e  system  must be <1 a t  a l l  fr e q u e n c ie s .  

I t  was shown fo r  th e  p o s i t iv e  feedback  system  c o n s is t in g  o f a f ix e d  bed 

r e a c to r ,  h ea t exchanger and fu rn ace th a t th e open loop  frequency r e ­

sp on se c o n ta in s  a peak. Thus, th e  c o n se r v a tiv e  s t a b i l i t y  c r i t e r io n  i s  

r e p la ce d  by th e  c o n d it io n  th a t max |G* (j  u>) | <1. Because o f th e d i f f e r ­

en ces  in  th e  f l u i d  v e lo c i t y  and th e  v e lo c i t y  a t  which tem perature  

d is tu r b a n ce s  a re  propagated  through th e r e a c to r , i t s  frequency resp o n se  

may c o n ta in  a peak. The freq uency  a t  which th e peak occurs can be 

est im a ted  by knowing th e  therm al tim e co n sta n t = x ^ d + B ). The

fr e q u e n c ie s  corresp on d in g  to  th e se  peaks w i l l  in  many ca se s  be c lo s e  to  

th e  freq u en cy  a t which m ax|G *(jw )| o ccu rs , b ecau se th e  r e a c to r  w i l l  

dampen peaks th a t  may occur i f  c o n tr o ls  are  a p p lied  to  th e o th er  two 

u n i t s .  In  o th er  c a s e s ,  th e  c o n tr o l  problem i s  com p licated  by the  

s lu g g is h  resp o n se  o f  th e  fu rn a ce .
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Two approaches a re  taken  to  s t a b i l i z e  the system . The f i r s t  

in v o lv e s  m odify ing  th e  r e a c to r  resp o n se  so th a t i t s  peak i s  low er and 

occu rs a t  low fr e q u e n c ie s  where i t  i s  damped by a c o n tr o lle d  u n i t .  The 

second in v o lv e s  m od ify ing  th e frequency resp o n ses  o f th e  fu rn a ce  and 

h ea t exchanger by s u it a b ly  chosen c o n tr o l schemes so  th a t  th e  g a in  of  

th e ir  freq uency  re sp o n ses  are low when the re a c to r  g a in  i s  h igh  and v i c e  

v e r s a .  By d e a lin g  w ith  each u n it  se p a r a te ly  th e d e s ig n  en g in eer  can  

e a s i l y  d eterm ine how th e  frequency re sp o n ses  have to  be m od ified  to  

o b ta in  a d e s ir e d  s t a b i l i t y  margin.

The stea d y  s t a t e  d e s ig n , i f  co n sid ered  w ith  c o n tr o l in  mind, can  

trem endously e a se  many .p o te n t ia l  s t a b i l i t y  problem s. T his b ears d ir e c t ly  

on th e  two approaches fo r  s t a b i l i z in g  th e  system . The e f f e c t  on th e

r e s p e c t iv e  freq uency re sp o n ses  o f  s e v e r a l  m o d if ic a t io n s  in  th e system

d e s ig n  were d is c u s s e d . Some o f th e se  are:

1 . L im itin g  th e  tem perature r i s e  in  th e r e a c to r  by

(a) redu cin g co n v ers io n ,

(b) d i lu t in g  th e  feed stream  w ith  an in e r t  d ilu e n t  or w ith  la r g e  

e x c e s s e s  o f  a r e a c ta n t ,

(c ) d i lu t in g  th e  r e a c t io n  m ixtu re w ith  in term ed ia te  quench stream s.

2 . Use o f  quench c o n tr o l a p p lied  to  th e r e a c to r .

3 . Bypass c o n tr o l  o f  th e  h ea t exchanger and fu rn a ce .

4 . In tro d u cin g  a m ixing tank o f s u f f i c i e n t  s i z e  a t  the r e a c to r  i n l e t

to  dampen tem perature d is tu r b a n c e s .

A l l  o f  th e s e  approaches carry  some p r o c e ss in g  and econom ic p e n a lt ie s  

which a re  b r i e f l y  o u t l in e d . The c h o ic e  o f how to  proceed in v o lv e s  com­

prom ises between ste a d y  s t a t e  perform ance, c o n tr o l ,  and econom ic 

c o n s id e r a t io n s .
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One prom ising  approach i s  to  ap p ly  bypass c o n tr o l  to  th e  h eat 

exchan ger . I t  was found th a t t h i s  c o n tr o l scheme was a b le  to  s t a b i l i z e  

even  th e  most d i f f i c u l t  c a se  p resen ted  by a model fo r  a hydrocracker  

in v o lv in g  com plex k in e t i c s .  T his approach n e c e s s i t a t e s  some a d d it io n a l  

c a p i t a l  expense by re q u ir in g  an o v e r s iz e d  h ea t exchanger to  a llo w  i t  to  

com pensate fo r  la r g e  tem perature d is tu r b a n c e s .

The o p era t in g  r e g io n  o f  any c o n tr o l le r  i s  p h y s ic a l ly  l im it e d .  In  

th e  bypass c a s e , th e  bypass f r a c t io n  can o n ly  l i e  betw een 0 and 1 . The 

c o n tr o l le r  can n ot c a l l  fo r  f lo w s  o u ts id e  o f  th is  r e g io n . As a r e s u l t ,  

th e  l in e a r  b eh a v io r  o f  th e  c o n tr o l le r  i s  l im i t in g .  In  some equipm ent, 

t h i s  l im i t a t io n  on th e  c o n tr o l a c t io n  may make s t a b i l i z a t i o n  im p o ss ib le  

fo r  la r g e  d is tu r b a n c e s . However, by ch o o sin g  a s u ita b ly  la r g e  nom inal 

bypass f r a c t io n  th e  c o n tr o l  a c t io n  of th e  h ea t exchanger can be made 

s u f f i c i e n t l y  w ide to  hand le any rea so n a b le  d is tu r b a n c e . Bypass c o n tr o l  

o f th e  fu rn a ce  was s im i la r ly  in v e s t ig a te d .  However, i t  o f fe r e d  no 

s u b s ta n t ia l  improvement over th e standard  c o n tr o lle d  fu rn a ce .

The n o n lin ea r  b eh av ior  o f  th e  r e a c to r  was examined and two approaches 

fo r  s t a b i l i t y  were d is c u s s e d . In  th e  f i r s t ,  th e  freq uency  resp o n se  i s  

determ ined  fo r  th e  la r g e s t  a n t ic ip a te d  tem perature d istu rb a n ce  about 

th e  d e s ig n  i n l e t  tem perature. A c o n tr o l  scheme i s  then d esign ed  to  

in s u r e  th a t w ith in  th e  l im i t s  o f  th e se  d is tu r b a n ce s  th e system  i s  s t a b le .  

I t  was dem onstrated fo r  th e  s in g le  f i r s t  order r e a c t io n  ca se  th a t ,  

depending on th e  p o s i t io n  on th e h ea t p ro d u ctio n  curve o f  th e  r e a c to r ,  

th e  l in e a r  c a se  may be more d i f f i c u l t  to  s t a b i l i z e  than th e n o n lin e a r .

In th e  second  approach, th e  l in e a r  and n o n lin ea r  frequency re sp o n ses  a re  

gen era ted  fo r  a l l  th e  o p era tin g  p o in ts  on th e h ea t p ro d u ctio n  cu rve .
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The c o n tr o l system  i s  then  d esig n ed  to  s t a b i l i z e  th e  s in g le  most d i f f i c u l t  

c a s e .  T his approach e s t a b l i s h e s  g lo b a l s t a b i l i t y  fo r  th e system .

U sing a com plex k in e t i c  model fo r  h yd rocrack in g , i t  was determ ined  

th a t  t h i s  r e a c to r  i s  ra th er  d i f f i c u l t  to  s t a b i l i z e .  T his i s  due to  th e  

p o t e n t ia l ly  la r g e  tem perature r i s e s  in  th e  r e a c to r  which can occur i f  

s i g n i f i c a n t  cra ck in g  to  l i g h t  prod ucts o c c u r s . T his ca u ses  th e  h ea t  

p ro d u ctio n  curve to  be ex trem ely  s te e p  a t  tem peratures where t h i s  

cra ck in g  o c c u r s . As a r e s u l t ,  i f  n o n lin ea r  p er tu r b a tio n s  in  i n l e t  

tem perature extend  in to  t h is  r e g io n , th e  freq u en cy  resp o n se  w i l l  have 

very  la r g e  g a in s  and accompanying la r g e  p ea k s. The o n ly  scheme which  

s t a b i l i z e d  th e se  c a se s  was bypass c o n tr o l o f th e h ea t exchanger in  

co n ju n ctio n  w ith  th e  standard  c o n tr o lle d  fu rn a ce . In trod u cin g  quench 

stream s reduced th e  r e a c to r  g a in  but seemed to  do l i t t l e  to low er  

th e  r e a c to r  peak. D ilu t in g  th e  fe e d  w ith  a la r g e r  Ĥ  r e c y c le  stream  

a l l e v i a t e s  th e  problem , but t h i s  approach c a r r ie s  econom ic p e n a lt ie s  due 

to  h igh  energy c o s t s  fo r  com pression .

In a d d it io n  to  h ea t exchanger bypass c o n tr o l ,  a m od ified  quench 

c o n tr o l  scheme was su g g ested  which e l im in a te s  th e  r e a c to r  peak . In t h is  

approach, th e  r e a c to r  i s  d iv id ed  in to  two p a r ts  w ith  a sm a ll m ixing tank  

betw een them to  which th e  quench stream  i s  added. The flo w  o f  t h i s  

stream  i s  a d ju sted  acco rd in g  to  f lu c tu a t io n s  in  th e tank o u t l e t  tempera­

tu r e . I t  was found th a t  th e standard  quench c o n tr o l scheme o f  m easuring  

th e  tem perature a t  th e  o u t l e t  o f  th e  r e a c to r  bed im m ediately  downstream  

o f th e  m ixing s e c t io n  was u n s a t is fa c to r y  due to  th e la r g e  therm al dr ay 

o f th e  b ed . The m o d ified  scheme s i g n i f i c a n t ly  dampens th e r e a c to r  

freq en cy  re sp o n se  and i t s  u se  in  co n ju n c tio n  w ith  fu rn a ce  f u e l  c o n tr o l
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and h ea t exchanger bypass c o n tr o l  r e p r e se n ts  a pow erfu l y e t  s im p le  way 

o f  c o n tr o ll in g  th e  p r o c e s s .

In tr o d u c tio n  o f  a h o ld in g  tank a t  th e r e a c to r  i n l e t  to dampen temp­

e r a tu r e  d is tu r b a n ce s  r e p r e se n ts  a way o f  in c r e a s in g  s t a b i l i t y  w ith o u t  

u se  o f  c o n tr o l lo o p s . However, th e  o v e r a l l  resp o n se  tim e o f th e  system  

fo r  d e s ir e d  s e t  p o in t  changes w i l l  in c r e a s e .  Here a g a in , as w ith  a l l  o f  

th e  approaches d is c u s s e d , th e  d es ig n e r  must make compromises betw een  

ste a d y  s t a t e  perform ance, c o n tr o l ,  and econom ic c o n s id e r a t io n s .

Concept o f  N on lin ear A n a ly s is

The "poor man's" n o n lin e a r  a n a ly s is  i s  not in ten d ed  to  r ig o r o u s ly  

e s t a b l i s h  s t a b i l i t y  c r i t e r i a  or to  e s t a b l i s h  i f  s t a b i l i t y  e x i s t s .  I t s  

purpose i s  to  h e lp  th e  d e s ig n e r  o b ta in  an id e a  o f  how th e r e a c to r  w i l l  

behave in  resp o n se  to  la r g e  p e r tu r b a t io n s . T his b eh a v io r  i s  e s ta b l is h e d  

in  two ways in  t h i s  t h e s i s .  The f i r s t  approach i s  to  vary  th e r e a c to r  

i n l e t  tem perature w ith  s in e  waves o f  v a ry in g  freq u en cy  and la r g e  am pli­

tu d e . From a r e a c to r  m odel, th e  d es ig n e r  can determ ine th e s te a d y  s t a t e  

o u tp u t re sp o n se . T h is resp o n se  i s  a nonsym metric p e r io d ic  fu n c t io n  

which has no secondary peaks and has th e  same freq u en cy  as th e inp u t  

fu n c t io n . A n o n lin ea r  freq u en cy  resp o n se  fo r  th e r e a c to r  i s  p lo t te d  

based on th e  maximum am plitude o f  t h i s  re sp o n se .

A lt e r n a t iv e ly ,  a la r g e  s te p  change in  i n l e t  tem perature i s  in t r o ­

duced, and from a r e a c to r  model th e  ou tp ut resp o n se  i s  d eterm in ed . The 

resp o n se  can a ls o  be determ ined  in  p i l o t  p la n t t e s t s .  U sing th e  sum 

o f  l in e a r  fu n c t io n s  as shown in  th e  t h e s i s ,  t h i s  ou tp u t can be curve  

f i t t e d  by l in e a r  r e g r e s s io n .  From t h is  fu n c t io n  th e  l in e a r iz e d -n o n lin e a r
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tr a n s fe r  fu n c t io n  fo r  th e  r e a c to r  can be determ ined and th e n o n lin ea r  

freq u en cy  resp o n se  can be e s t a b l is h e d .

From th e  m agnitude o f  th e s te a d y  s t a t e  g a in , resonan ce peak, and 

dampening c h a r a c t e r is t ic s  o f  t h i s  p seu d o -n o n lin ea r  frequency re sp o n se , 

th e  d e s ig n e r  can determ in e what typ e o f  c o n tr o l schemes m ight be u s e fu l  

to  s t a b i l i z e  th e  system . I f  th e se  param eters are sm a ll, then  standard  

fu rn a ce  f u e l  c o n tr o l  m ight be a l l  th a t i s  n ece ssa ry  to  c o n tr o l th e p r o c e ss .  

I f  th ey  a re  la r g e ,  then  th e  d e s ig n e r  must th in k  in  terms o f m odify ing  

e i t h e r  th e  s tea d y  s t a t e  r e a c to r  d es ig n  or adding c o n tr o ls  to th e re a c to r  

in  th e  form o f  quench c o n tr o l o f  an in term ed ia te  m ixing s e c t io n  or by 

fu r th e r  m od ify in g  th e h ea t feed back  loop  o f th e p ro ce ss  by in tro d u c in g  

h ea t exchanger bypass c o n tr o l .

Once a p o s s ib le  c o n tr o l  scheme i s  ch osen , th e d es ig n er  can then  

d yn am ica lly  s im u la te  th e  b eh a v io r  o f  th e  p ro cess  u s in g  m athem atical 

m o d els. He can now determ ine th e  resp o n se  o f  th e system  to  v a r io u s  

ty p es  o f  u p se ts  and determ in e i f  th e  c o n tr o ls  are ad eq uate . I f  they  

a re  n o t ,  he m ight have to  th in k  in  terms o f fu r th e r  m odifying the  

b a s ic  s te a d y  s t a t e  d e s ig n  to  o b ta in  a p ro cess  which i s  c o n tr o lla b le  

over a r e g io n  in  which he f e e l s  h is  system  w i l l  o p e r a te . I f  he must 

o p era te  w ith in  a sm a ll p r a c t ic a l  r e g io n  o f s t a b i l i t y ,  then  u sin g  the  

computer s im u la t io n s , he can determ ine under what c o n d it io n s  he can 

s a f e ly  shutdown th e  p ro ce ss  w ith o u t ex p er ie n c in g  in t o le r a b le  tem perature  

e x c u r s io n s .

T h is approach i s  a p p lic a b le  to  o th er  s im ila r  d is t r ib u te d  param eter 

p r o c e s s e s  where th e  c o n tr o l  problem a r i s e s  n ot b ecau se th e in d iv id u a l  

u n it s  can be u n s ta b le , but b ecau se the p ro cess  as a w hole can have
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s t a b i l i t y  problem s due to  e x te r n a l feed back  o f  h ea t or m ass. However, 

i t  must be noted  th a t  to  implement t h i s  approach s u c c e s s f u l ly ,  th e  

d e s ig n e r  must have a good u nd erstan d in g  o f  th e p h y s ic a l  and chem ical 

p r o c e s s e s  o ccu rr in g  in  th e  system  so th a t ,  fo r  c o n tr o l p u rp oses, mathe­

m a t ic a l m odels can be e s ta b l is h e d  which s im u la te  th e r e a l  p ro cess  in  a 

rea so n a b ly  f a i t h f u l  way.

For exam ple, th e  primary u n it  in  th e  p ro cess  an a lyzed  in  t h i s  work, 

i s  a f ix e d  bed c a t a ly t i c  r e a c to r .  In  r e c e n t  y ea rs  i t  has become known 

th a t  i t s  main dynamic fe a tu r e s  a re  due to  th e in t e r a c t io n  o f con cen tra ­

t io n  and tem perature waves w hich p ass through th e r e a c to r  a t  d i f f e r e n t  

sp e e d s . Sim ple m odels can be w r it te n  to  a d eq u a te ly  s im u la te  th e se  

in t e r a c t io n s ,  p rovided  a d ecen t k in e t ic  model i s  a v a i la b le .

T h is work r e p r e s e n ts ,  to  th e  a u th o r 's  know ledge, th e  f i r s t  pub­

l i s h e d  attem pt a t  a n a ly z in g  and o f f e r in g  s o lu t io n s  to  th e s t a b i l i t y  

problem s o f  com plex d is t r ib u te d  param eter r e a c t io n  system s o f  t h i s  k in d , 

where feed back  c o n tr o l lo o p s  a re  used  to  s t a b i l i z e  th e  p r o c e ss . H ereto­

f o r e ,  o n ly  th e open loop  s t a b i l i t y  c h a r a c t e r is t ic s  o f  r e a c to r s  were 

a n a ly zed . No a t t e n t io n  was p a id  to  o th er  u n it s  which may be p a rt o f a 

t y p ic a l  in d u s tr ia l  p r o c e s s . No attem pt was made to  s t a b i l i z e  the  

r e a c to r  w ith  any ty p e  o f  feed back  or feedforw ard  c o n tr o l .
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APPENDIX

D e r iv a tio n  o f R eactor T ran sfer  F u n ction s

The f lu id  mass and h ea t b a la n ces  a re  r e s p e c t iv e ly :

AT-
3Cr 3C

(M) rr * -  - r<cf V  -  -  c

3T- 3Tf

(4 2 > 3 T  +  3 T  ‘  r(C f Tf> +  “p (V T£>

where th e param eters a re  d e fin e d  in  T able 1. The p a r t ic le  h ea t b a la n ce  

i s :

dT
(A3) = HpB ( I £- I p)

These eq u a tio n s a re l in e a r iz e d  and the L aplace transform s are taken to  

g iv e :

36C-
(A4) —  + (S +  rC£)5 c £ -

36T-
(A5) _  +  (s  +  Hp -  rT f)«Tf  = HpdTp + rC f6Cf

H B6T-
<A6 > «I -  s f o "

P

where 6 in d ic a t e s  d e v ia t io n  from a stea d y  s t a t e  v a lu e , s  i s  th e  L aplace

transform  v a r ia b le ,  and r„ and rT are p a r t ia l  d e r iv a t iv e s  w ith  r e s p e c t
f  Lf

to  co n ce n tra tio n  and tem perature r e s p e c t iv e ly .  These eq u a tio n s can be  

combined to  e l im in a te  6Tp and 6Ĉ  to  g iv e  a second order homogeneous 

d i f f e r e n t i a l  eq u a tio n  fo r  5T^.
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3 26

(A7)
3x'

T_ 36Tf

T  + a i (x ) ~  +  a 2 (x)6T f  = 0

where:

a1 (x)
drC 1 f2S + r -  r -  - i ------- — ±- +

f  Tf  Cf  dx

H S 
JL

S + H B 
P

a2 (x)
drTf  2 dr°£  S Hr> ^ f  Hn2B_  f  , c2 c  f  / S p  f _____ P_______

SrC " dx SrT ” dx r +  r “ r _ r (S+H B)r  f  p

y s2-rc£y»
+ r r H n  +p S+H B 

P

To s o lv e  eq . (A 7), i t  i s  n ece ssa ry  to  know a s o lu t io n  a p r io r i .
^sy

Such a s o lu t io n  i s  6T  ̂ = r ge where s u b s c r ip t  s r e f e r s  to  th e stea d y  

s t a t e .  S o lv in g  th e  s e t  o f .e q s .  (A4-A6) g iv e s  fou r tr a n s fe r  fu n c tio n s  

r e la t in g  th e  tem perature and co n ce n tra tio n  a t  any p o in t  in  th e  r e a c to r  

to  p e r tu r b a tio n s  in  e i th e r  v a r ia b le  a t  th e  r e a c to r  i n l e t .  The tr a n s fe r  

fu n c t io n s  are:

H sx H s C (x)
(A8 ) Gc c ( s ,x )  = e x p [ - s x -  J ? - B ] -  [1  -  XT ] e  sx  r c ( x ) I ( s ,x )

P
r (s+H B) s p

c t

(A9) G  M  = I - exp -5 X  - HP5x
S + HpB

HflS Q u ) -iX

/ -
Hp-S

S + HpB rs U) (S  + H,6>) e iX

(A10) Tc -SX TG (s,x) = e rsoo 1(^)0



r *  p, , ;   A j l .
where I ( s , x )  = J e B + Hp B

C rider and F oss p ro v id e  an approxim ate r e la t io n  fo r  , which a llo w s
_ s
I ( s , x )  to  be ev a lu a ted  a n a ly t ic a l ly .  They approxim ate th e  r e a c t io n  r a te

by! AT kTeT +T e  o

where K a co u p lin g  param eter d e fin ed  as

A -  0 .5972
T + 0 .2 7 0 1  o

The approxim ation  fo r  g ^  i s
s

K0 X
1  — e -  1  . . qx -s

c (x) ~ c 1 b (e " 1)
s  sa

The param eters b and q depend on K and can be determ ined from graphs 

provided  by C rider and F oss (1 9 6 8 ). The param eter C i s  d e fin ed  as:
Scl

C = exp (E. (K) -  y -  In K)
S o  1

where y i s  E u le r 's  co n sta n t.
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D e r iv a tio n  o f  Heat Exchanger T ran sfer  F u nction  

The a p p ro p r ia te  h e a t  b a la n ces  are:

3T 9T
(A12) tube s id e  f lu id :  pf Ai Cf  +  pf Ai Cf  u ,̂ — ■ = TfD±h;L(Tw~Tq)

(A13) tube b a la n ce : ~ ~  Z 77 T j )  ~ TTDzk^Tw_ T0 )

(A14) s h e l l  s id e  f lu id :  0  VR C^ 5 7 *  z  d >Cr (.Tl - T R)  " u X k L  (T ^ T w )
d t

where Tt i s  th e  r e a c to r  e f f lu e n t  tem perature and d>„ i s  th e  mass flo w  L K

r a t e  in  th e  s h e l l  s id e  o f th e  exchan ger. I f  we assume th a t th er e  i s  no

bypass c o n tr o l  around th e  h ea t exchan ger , then th e s e  eq u a tio n s are

l in e a r  and u„ and h . a re  c o n sta n t. However, w ith  b y p a ss , th e flo w  r a te  H i.

in  th e  tu b es v a r ie s ;  th e  eq u a tio n s a re  now n o n lin ea r  and a l in e a r iz e d  

s o lu t io n  i s  n e c e s sa r y . The developm ent fo r  t h i s  more g en er a l c a se  i s  

p rese n ted  h e r e .

I f  we assume th a t th e  tube s id e  h ea t tr a n s fe r  c o e f f i c i e n t  i s  pro­

p o r t io n a l to  th e  8 /1 0  power o f th e  mass flo w  r a t e ,  we o b ta in  the  

fo l lo w in g  l in e a r iz e d  and L aplace transform ed eq u a tio n s:

96T ( , , * )  W * ”  d\
<A15) Tl"s — k  + «V s-*)ll+T1sl ■ 6Tw + 5" l0-8  a T1 ~  1s

<Tuc)
(A i6) + 0  = q ,% T r (s) f  ^ S T j s . x )  -  a 3 “H 7

(A17) +/) ? T R tS1) = b, S T lcs) + 1 \ S T w ^ )
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where th e  c o n s ta n ts  a re  d e fin ed  in  T able A l.

I f  th e  6T^ and <STR a re  e lim in a te d , a s in g le  d i f f e r e n t i a l  eq u ation

for 6T q (s ,x ) results

(A18)
dSX C s.x)

d x
+ J l ToCs,*') a  (s) _ _

%  X
+ d V

Hi?;. dx

T his i s  e a s i l y  so lv e d  to  g iv e :

_  Q ids) X - a - W  X
win) <Sxts'x' = H a  0 - e  T ) St, u> + e  x  "s <St„u,°)

a„w>

___.  a^s) JC nx a HCs)̂ }- 
TJ Hr

d W 4>u.

The in t e g r a l  term in  eq . (A19) can be ev a lu a ted  a n a ly t i c a l ly .  The stea d y  

s t a t e  tem perature p r o f i l e  i s :
- Quio)  _ ttH to) x.

| $ ( / - e T' + l / o i e 1  »*

and th e  in t e g r a l  i s

~aH(s )  x _  ______

Ti r x  Ti u «*
(A20) e 1  s  e 1  So

a ( s ) y  - a  (o )x  - a  ( s ) x
H ap (o )(T  -T (o ) )  HH L O

dT (y) = — t- t------— r -f-------
aH -  H

U T -  
S 1e -  e

u T. s 1

I f  th er e  i s  no v a r ia t io n  in  mass flo w  through th e tu b e s , then  th e h ea t  

exchanger tr a n s fe r  fu n c t io n  redu ces to  th e  f i r s t  two terms o f eq . (A19):

- ai.ft) y  _ q.n^) £

(A2D dT0(s,%) -- % $0-eT' Us) S\is) t e r' Hl Stjs,o)
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D e r iv a t io n  o f  Furnace T ran sfer  F u n ction

T h is d e r iv a t io n  i s  s im ila r  to  th a t fo r  th e  h ea t exchanger. The 

a p p ro p r ia te  h e a t  b a la n ces  are:

(A22) tube s id e  f lu id

(A23) tube b a lan ce:

(A24) h o t g a ses:

( \2 5 )  w a l l  b a lan ce:

. MoC‘ m  + v A C f i -  = c f A C i - T j

Kt c,t (IT* .
+U.be

M g  C P3 d  Tg _ 

d  t

M w C Pw d X ,  
d t 0  -  0  Qlosj

where th e h ea t tr a n sfe r r e d  v ia  r a d ia t io n  and c o n v e c tio n  from the gas to  

th e  w a lls  and tu b e s , r e s p e c t iv e ly  are:

3.V-1

<A26) Q a„  = AveJ ,a / t.

(A27> Q 5t  -  At £ t £ a
T,

oo/ y o o

3 . 4  ( _  k 3 . 4 n

-  L i t
/oo) V 0 0 ,

+Awe » ^ ( Tr C ) +l« c f r 3-L )  

A,e^a(T;-Tt1 - At<xc(Ts-Tt)

The h ea t tr a n s fe r r e d  from th e w a lls  to  th e  tu b es v ia  r a d ia t io n  i s :

<A28) Q„t = At €wt c r ( ^ )  ] “

The h ea t l o s s  through th e  fu rn a ce  s ta c k  i s :

(A29) n t  ^ 5  S ’3 ^  '  T r e J
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The h ea t l o s s  through th e fu rn ace w a lls  i s  estim a ted  by:

(A30) Q o w  ~ 0 , 5 6  ^

where i s  th e le n g th  o f  the w a ll  and W i s  the w id th . The h ea t su p p lied

to  th e  tu b e s , Q. . , = Q  + Q .’ Hto  tube xg t  T t̂

I f  th e s e  eq u a tio n s a re l in e a r iz e d  and th e L aplace transform  tak en , 

a s in g le  d i f f e r e n t i a l  eq u a tio n  fo r  Tq i s  o b ta in ed :

d ~ I Z ( S ’X) + ' 0-J.s) p T  _ bg(£) n  _  Cf i s)  P i  . 6 J o s■ aj.s) o T  us)  r ,  cir) n .  dios 6 ^
dx ^  oT0(5,xVr 1(7 6?Hs)‘  uTd^(4) - a T  ^

where i s  th e  f l u i d  flo w  through th e tu b es . T his i s  e a s i l y  so lv ed  

to  g iv e :
-  ^  ^  (5) X ..

(a32> - Stjs.o) e u< + i^ s ( i - e u'
/. , v /• _a. f is)X r x  q F(-i)̂  r>.

S in ce  th e  s te a d y  s t a t e  f lu id  tem perature p r o f i l e  i s  th e  r e s u l t  o f  

s o lv in g  fo u r  n o n lin ea r  eq u a tio n s , th e  in t e g r a l  must e i th e r  be estim a ted

by approxim ating T (x ) by an em p ir ic a l e x p r e ss io n  so  an a n a ly t ic a l
s

s o lu t io n  i s  p o s s ib le  or by a num erica l in t e g r a t io n . D e f in it io n s  o f  a l l  

terms a re  p resen ted  in  T able A2. E quation (A32) can be r e w r itte n  a s:

- 4i.-(Syx T ^  7o(J>

(A33) (fiAx) - £T(sjo)c Us + &F V ) £ ^ - G f W Sfik)
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I f  th er e  i s  no change in  mass flo w  through th e  tubes and feed back  c o n tr o l  

i s  a p p lie d  by m easuring th e o u t le t  tem perature TQ(L) and a d ju s t in g  th e

a f a i l i n g  o f  th e  model u sed , which does n ot accoun t fo r  therm al d i f f u s io n  

in  th e  fu rn a ce  tu b es . To com pensate fo r  t h i s  a f i r s t  order resp o n se  i s  

added in  s e r ie s  to  p ro v id e  rea so n a b le  a tte n u a tio n  a t  h ig h  fr e q u e n c ie s .

Quench C o n tro l o f  R eactor

A. Standard Scheme

In t h i s  approach th e  re a c to r  i s  d iv id ed  in to  s e v e r a l  b ed s. The 

tem perature o f  th e  r e a c t io n  m ixture le a v in g  a s ta g e  i s  measured and the  

f lo w  o f  quench gas i s  a d ju sted  to  th e m ixing chamber im m ediately  pre­

ced in g  i t .  C on tro l lo o p s  can be d esign ed  fo r  any one or a l l  o f  th e  

m ixing s e c t io n s .  In  th e  developm ent th a t  fo l lo w s  i t  i s  assumed th a t  

c o n tr o ls  e x i s t  fo r  a l l  o f  th e  m ixing s e c t io n s .  To determ ine th e e f f e c t  

o f c o n tr o ls  on few er s e c t io n s ,  i t  i s  o n ly  req u ired  to  s e t  th e  p r o p o r tio n a l  

c o n tr o l  co n sta n ts  on th e  u n c o n tro lled  s e c t io n s  eq u al to  z e r o . I f  they  

are a l l  s e t  eq u al to  z e r o , th e  tr a n s fe r  fu n c t io n  fo r  th e  u n c o n tro lled  

quench c a se  r e s u l t s .

f u e l  f lo w , <J> , th e  c lo s e d  loop  tr a n s fe r  fu n c t io n  i s :
O

(A34)

( I  +TmS )(H 'T ,0

approaches a f i n i t e  v a lu e  g r e a te r  than z e r o . T his i s
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The tr a n s fe r  fu n c t io n s  r e la t in g  th e  o u t le t  o f  bed 1 to  th e in p u ts

are:

(A35) 6T- = (G1 1 ) .  6T +  (GTC) n 6C
1  1  o 1 o

(A36) 6C.. = (G0 1 ) ,  6T +  (GCC) .. 6C
1  1  o 1 o

The b a la n ce  around th e  f i r s t  m ixing s e c t io n  i s :

-  ^  T20
(Tl “T20) + WCcC T̂C " T20) = Mc “ d t

where W, i s  th e  f l u i d  flo w  through bed 1 , and Wr i s  th e  c o o la n t flo w  
f l  C

r a t e .  I f  t h i s  i s  l in e a r iz e d  and th e L aplace transform  taken we o b ta in :

  fcgi £ w c
(A37) ^  ' l o  I + T S  | > T S

where t = Mc/CW-c^ + W_cr ) .  I t  i s  assumed th a t fo r  co n ven ien ce th a tW r i  L vjc C C—-----  «  1 . The r e la t io n s h ip  fo r  th e  c o n ce n tra tio n  in to  and ou t o f  theWfCf

m ixing tank i s  sim ply

(A38) «C2 0  -  6^  . r ' V

l t - T ' 5  f

The r e la t io n s h ip s  fo r  th e second bed are:

(A39) 6T2 = (GTT) 2 6T20  +  (GTC) 2 6C20

(A40) 6C2 = (GCC) 2 6C20 + (GCT) 2 6T2q
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S u b s t itu t in g  e q s . (A37) and (A38) and u sin g  th e fo l lo w in g  c o n tr o l  law

<A4«    5X(S)
( / + r»s) Ci + t„ 5 ) 1

we o b ta in :

(A42) S l ( s )  =
M l  Sics) +  J & ^ k  S c (O

-f' T S I + T 5

I
(Gr )t Kcf.2. Ky Kc O+Tjts')

( H - T v S ) ( l  + Tws ) ( l  t  T s )

(A43) £  c  I S') r  S i t s ' )  r ( f f c%  j v f„
l + T S  l + T S  (1+T vs)(l + T ^ s ) ( l  + T s)

t i lIn  g e n e r a l,  fo r  th e  i  r e a c to r  b ed , where i  > 1:

(A44) S T ^ s )  r
fcT £ t  {$) (,G-TC)s cy 
i + r s  6  +  " T P r r ™ ° C ‘-1

C s)

t&7h  K,c KvKe (/+ Tb)
0  + TvS)( l -h' fos)  ( l  + T S )

(A4 5 ) ^ C *Cs) = -fe-A- 4- ^  )t Cs) ^  ̂ K^'kvK'cC^T^s)^^
c | + T S  I f T ' S  0 + Tv ^ O  + TmS )(l + TS)

By u s in g  th e s e  r e c u r s iv e  e q u a tio n s , th e  in p u t-o u tp u t r e la t io n s h ip  fo r  

th e  e n t ir e  c o n tr o lle d  r e a c to r  can be determ ined .
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B. Temperature C on tro l o f In term ed ia te  M ixing S e c t io n

The developm ent fo r  th e  tr a n s fe r  fu n c t io n s  i s  s im ila r  to  th e  p rev io u s  

o n e . The r e c u r s iv e  form ulae are:

(M6) <$T(s) : ------------------------------------- T-y  +
1 I +  K v K ^ K c  ( l  f  T s s )  e  d J+T. S

' 0  + Tv S ) ( l  + T m S) ( l + T S )

(M 7) Ar..(S ) Ir c (sx  i+t s l (g cj,- S o . , (j)
KvK%,-KcO+ ih) eTd5 1+Ts 
0 + %$) 0 + TwS) 0 + T*}+

Bypass C on tro l o f  F ired  H eater

A h ea t b a la n ce  around th e  m ixing tank g iv e s :

(A48) - ^ CpV 7 Y  = Cp T o) + VJ6 Cp LT0‘- lo)

I f  t h i s  eq u a tio n  i s  l in e a r iz e d ,  r e w r it te n  u t i l i z i n g  th e  bypass r e la t io n s

W„ = fW and <j>f  = ( l- f )W  , and th e  L aplace transform  tak en , th e  B s £ s

fo l lo w in g  i s  o b ta in ed ;

(1*9) f T r o  -  ( l - ^ S X ( s )  + ( V T Q

“ °U  '  I +Tt S / + V

where T i s  th e  fu rn a ce  o u t l e t  tem perature, f  i s  th e bypass f r a c t io n ,
F

x t  i s  th e  mean r e s id e n c e  tim e in  th e  tan k , and s u b s c r ip t  s  d en otes th e  

ste a d y  s t a t e  v a lu e .
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E quation  (A32) can be r e w r itte n  i f  we r e c o g n iz e  th a t (S)

-Wg <5f(S), and u t i l i z i n g  eq . (A48) we o b ta in

&Ue) --

(A50)
/ +  G ^ 3 ( s ) K c ( i  + —  + t #i )

§  l ' ( s )

■ l+ T [ J

4 -
/ +

Ws ( i - b )  U) _( T i\ (S')

+ v

The c o n tr o l  law fo r  th e  bypass loop  in c lu d in g  a f i n i t e  tim e d e la y  and 

v a lv e  and therm ocouple dynamics i s :

(A51) ^ c s )  -  ^ - - M 1
(i+ rMs ) ( i+ r ys)

S u b s t itu t in g  (A51) in to  (A50) g iv e s :

r 1 1 r \ - Z a  -(S)
( ' - W e  . r S i ( s - >

(A52) ^ ( S )  = J  + G ^ i s )  Kc (l + t s +7 i>s) 1 J . l + Tt S

+ 7 T  -  T ‘ \ W j O - W  G ? H s ) ^ 6 f (/ + Tx^)

V  +T^ - 1 * v

Bypass C o n tro l o f H eat Exchanger

The tr a n s fe r  fu n c t io n  fo r  th e  m ixing tank i s

(A53) O f '  _ ( l - £ ^  S T lu (s') + §  IpCŜ  _  ( t n s T~Fs)  8 f ( t i

o I t  Tt S + z s

w here Tt „ i s  th e  h e a t  exchanger o u t le t  tem perature. 
LH
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U t i l i z i n g  eq . (A19) fo r  6T ^ (S )  and r e c o g n iz in g  th a t 6<f>̂ (S) = 

Wg 6f ( S )  we o b ta in

U t i l i z i n g  a c o n tr o l  law s im ila r  to  th a t g iv en  in  eq . (A51) we o b ta in

Model fo r  Thermal D isp e r s io n  In  A N on rea ctiv e  Packed Bed

In t h i s  m odel, th e  bed i s  composed o f two p h a ses . Phase a i s  th e  

i n t e r s t i t i a l  phase and Phase 6 i s  th e  in t r a p a r t ic le  p hase. Heat tr a n s fe r  

occurs betw een them v i a  co n v ec tio n . I n i t i a l l y  i t  i s  assumed th a t th e  

bed has some ste a d y  s t a t e  tem perature p r o f i l e .  At tim e = 0 , the i n l e t  

tem perature i s  perturbed  w ith  an im pulse fu n c t io n . The fo llo w in g  d evelop ­

ment d e sc r ib e s  how th e  v a r ia n c e  o f  the RTD o f th e r e s u l t in g  therm al wave 

can be determ ined i f  tr a n s fe r  fu n c t io n s  fo r  each p h a s i a re  e s ta b l is h e d .

The developm ent i s  e x a c t ly  analogous to  th a t g iv en  fo r  f lu id  r e s id e n c e  

tim e d is t r ib u t io n s  in  S e c t io n  I .

(I + rls ) ( T ^ - T t ) " "fc)

0  + Tt S ) ( l * T ws ) 6 +T¥s) _ -  G T°/(P» ( 0 )
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Phase g

Phase a i s  modeled as a tu b u lar column w ith  backm ixing o f  h e a t .  A l l  

o f  th e  tr a n sp o rt p r o c e sse s  due to  m olecu lar and tu rb u le n t d if f u s io n  are  

d escr ib ed  by a s in g le  e f f e c t i v e  therm al c o n d u c t iv ity , fo r  which an

em p ir ic a l c o r r e la t io n  has been developed  by Yagi and K unii (1 9 5 7 ). The 

therm al tr a n sp o r t phenomena in  phase a are d escr ib ed  by:

where u i s  th e  v e l o c i t y ,  which i s  assumed co n sta n t a cr o ss  the c a t a ly s t  

b ed , L i s  th e  le n g th  o f th e bed , i s  th e mean r e s id e n c e  tim e in  phase a , 

i s  th e  f l u i d  d e n s it y ,  i s  i t s  s p e c i f i c  h e a t , and i s  th e  P e c le t

number fo r  therm al d is p e r s io n .

I f  th e L ap lace transform  o f eq . (A57) i s  tak en , we o b ta in  the  

fo l lo w in g  e x p r e ss io n  fo r  th e L aplace transform  o f th e therm al RTD in  

phase a:

where T^ i s  a d e v ia t io n  v a r ia b le  w ith  r e s p e c t  to  th e s tea d y  s t a t e .  T his 

eq u a tio n  can be w r it te n  in  th e fo llo w in g  norm alized  form:

(A57) r  <31*. -  i _ d  U
*  b i  -  P e  d x 1 a x

The d im en sio n le ss  terms a re  d e fin ed  as:

(A58) £  f  c \  ~  li 3 l __________________

li -  ( j -  ip e
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where th e  norm alized  boundary c o n d it io n s  are:

@ x = 0: T - T  =
!  d T j s .x )

a a P e ., dxo th

dT
@ x = 1 : -r-Z  = 0dx

and q i s  d e fin ed  as:

q = ( l  + p“  b) 
th

where s  i s  th e  L aplace transform  v a r ia b le .

I f  eq . (A58) i s  view ed as a moment g en era tin g  fu n c t io n , then  the  

f i r s t  and second moments o f f T( t )  can be found to  be

(A59) = xa

(A60) „ 2 -  2(Ta 2 /P e th 2) <Peth  +  .  ?e,:h -  1 +  )

Phase B

The shape o f  th e  p a r t i c l e s  i s  n e g le c te d  and i t  i s  assumed th a t they

can be d escr ib ed  as th in  p la t e s  o f th ic k n e ss  2b. The tra n sp o rt o f h ea t

to  th e  p a r t i c l e  su r fa c e  i s  d escr ib ed  by a h ea t tr a n s fe r  c o e f f i c i e n t ,  h .

The in t e r n a l  co n d u ction  p r o c e sse s  a re  d escr ib ed  by a one d im en sion a l

d if f u s io n  model w ith  therm al c o n d u c t iv ity  k and w ith  d i f f u s in g  len g th
p

b , th e  c a t a ly s t  volum e per u n it  i n t e r f a c i a l  su r fa c e  a rea . M athem atica lly  

t h i s  i s  w r it te n  as:
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(A61) Of C, d J i  _ K  d  If

where i s  a d e v ia t io n  v a r ia b le  w ith  r e s p e c t  to  th e s tea d y  s t a t e  v a lu e .  

N orm alized w ith  r e s p e c t  to  th e  c h a r a c t e r is t ic  d im en sion , b , t h i s  becomes

(A62) © +h -  d  Tf
d t  d x2.

, 2
7 b pr ce

where X = — and 0 ..  = — :--------b th  k .
p

The p e r t in e n t  n orm alized  boundary c o n d it io n s  are:

(A63) @ x = 0: -  u  Hd 77 _ h ©-th (-r- r  \ -  h ©.

(A64) @ x  = 1:

d x  P ^b T*-T.) -- ^ (T x -T .)

d  X
- o

where x  = 0  i s  th e  su r fa c e  o f  th e  p a r t i c l e  and x  = 1  i s  th e  ce n ter  l i n e .

I f  th e  L ap lace transform s a re  taken  o f  eq s . (A 6 2 )-(A 6 4 ), an 

e x p r e ss io n  can be found fo r  th e L ap lace transform  o f th e  RTD <f>(t), which  

i s  d e fin e d  in  S e c t io n  I .  T h is i s :

(A65) T«
L

I
X-o I +

b
K ' e . w

G* s
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The f i r s t  and second  moments o f  (j>(t) are

(A66) K1 = F- =

<A67> K2 -  2 ^ + f V t h

The RTD fo r  th e  therm al wave in  th e  e n t ir e  system  i s  g ^ ,(t) . I t s  

moments can be found from th e moments o f f^  ( t )  and <t> (̂t) as shown in  th e  

fo l lo w in g  r e la t io n s

<A68> tt= (7  + A/c,)^

(A69) v%- IKiM, * ( i n K , t A

h ' Pf Cf  £where X = -rr and B = -------Bb PpCg ( l - e )

Our g o a l  i s  to  determ in e th e  v a r ia n c e  o f g ^ ( t )  and to  e v a lu a te  i t s

e f f e c t  and th e  e f f e c t s  o f  i t s  terms on th e dampening o f  th e  r e a c to r

TTfreq u en cy  resp o n se  |G ( j u ) | .  In  p a r t ic u la r ,  we a re  in t e r e s te d  in  

a s s e s s in g  how s c a l in g  up o f th e r e a c to r  w i l l  a f f e c t  th e  frequency  

resp o n se  and th e  c o n tr o l  scheme developed  from p i l o t  p la n t s tu d ie s .  

Making th e  proper s u b s t i t u t e s  in to  e q s . (A6 8 ) and (A69) we o b ta in :

(A71) f L - Z (T,h TJ ( n + ) + lTth(p. + - JI +
^  r %K >etv,
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where n = and Tc t j1 = n tg . The v a r ia n ce  o f  gT(t )c a n  be found from

2 2 a = v„ -  v . and i s  c a lc u la te d  to  be:
g  2  1

(A72) _Og
T

I L Pe
+ ©ih_

Hi nO + b ) a 5 r Cyh0 f B ) z

In  terms o f  r e a c to r  p aram eters, i t  can be w r it te n  as:

y~<r I I” I *   • 2.
(A73) u a _ p

z ~ L
'th

fees'S loi  I  d p  Pp Cp

f c f Ll  H,1^B(n-B) losfe.T,. (n-e) _

The e f f e c t s  o f  sp ace v e l o c i t y ,  p a r t i c l e  s i z e ,  r e a c to r  le n g th  and 
o 2 a 2

d i f f u s i v i t i e s  on ^  • a re  e x a c t ly  analagous to  th e ir  e f f e c t s  on ~ ~ 2  

th  c
a s d escr ib ed  in  S e c t io n  I .  C on seq uently , fo r  purposes o f  a c h ie v in g  a

c lo s e  approach to  p lu g  flo w  in  k in e t i c  terms betw een th e p i l o t  p la n t  and
a 2

in d u s t r ia l  r e a c to r ,  th e  c o e f f i c i e n t  o f  v a r ia t io n   ̂ can be made sm a ll.
Tth 2

T his c lo s e  approach i s  p o s s ib le  b eca u se  th e k in e t ic  b eh av ior i s  r e la ­

t i v e l y  in s e n s i t i v e  to  sm a ll changes in  th e v a r ia n c e .

However, th e  s i t u a t io n  i s  d i f f e r e n t  w ith  regard to  th e freq uency

resp o n se  o f  th e  r e a c to r  |GR( j o i ) | .  I t  depends d ir e c t ly  on th e product 

2 2a) a a s  dem onstrated by McHenry and W ilhelm (1957) who o f f e r  th e
s

fo llo w in g  s im p li f ie d  tr a n s fe r  fu n c tio n :

u>x o-gZ
(A74) Tu -

T ’ ei o
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B ecause o f  th e  dependence on uj, even sm a ll r e la t i v e  d if f e r e n c e s  in  Og 

betw een  th e  p i l o t  p la n t r e a c to r  and th e in d u s t r ia l  r e a c to r  can be 

m a g n ified  a t  m oderate fr e q u e n c ie s  to  cau se s ig n i f i c a n t  d if f e r e n c e s  in  

th e  am plitude r a t io s  o f  th e  two r e a c to r s .  The in d u s t r ia l  r e a c to r  w i l l  

have a sm a ller  v a r ia n c e  and as a r e s u l t  i t s  frequency resp o n se  w i l l  not 

dampen as q u ick ly  a s th e  p i l o t  p la n t re sp o n se . Thus, th e  in d u s t r ia l  

r e a c to r  w i l l  be harder to  c o n tr o l  than th e  p i l o t  p la n t  r e a c to r .
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NOMENCLATURE

a
P

c a t a ly s t  su r fa c e  area  per u n it  volume o f  r e a c to r

a p ( s ) ,  b ( s ) ,  
<?<»> p o lyn om ia ls in  fu rn ace tr a n s fe r  fu n c tio n s

a ^ ( s ) ,  b „ ( s ) ,  
C“ (B) p olyn om ia ls in  h ea t exchanger tr a n s fe r  fu n c tio n s

A E

Ai

RTo

c r o ss  s e c t io n a l  area  o f h ea t exchanger tubes

Aw h e a t tr a n s fe r  area  in  h ea t exchanger

At tube h ea t tr a n s fe r  area  in  fu rn ace

AR
CO

am plitude r a t io  a t  c r o sso v er  frequency

ARp
am plitude r a t io  a t  peak in  re a c to r  freq uency resp on se

B

cc

Pf Cf £
d im en sio n le ss  h ea t tr a n s fe r  c o e f f i c i e n t  „ >.

Pp P
s p e c i f i c  h ea t o f quench gas

Cf s p e c i f i c  h ea t o f  f lu id

c
p

p a r t i c l e  s p e c i f i c  h ea t

c
p t

tube s p e c i f i c  h ea t in  fu rn ace

c
pw s p e c i f i c  h ea t o f fu rn ace w a ll

CR s p e c i f i c  h ea t o f  r e a c t io n  f lu id

Cf f l u i d  phase co n ce n tra tio n

Ci
i n l e t  co n ce n tra tio n  to  th e  re a c to r

C
P

a c id  phase co n cen tra tio n

d
P

p a r t i c l e  d iam eter

D diam eter

E a c t iv a t io n  energy

f s bypass f r a c t io n



NOMENCLATURE ( c o n t in u e d )

fu rn a ce  tr a n s fe r  fu n c t io n  r e la t in g  o u t le t  to  i n l e t  
tem perature

h ea t exchanger tr a n s fe r  fu n c tio n  r e la t in g  o u t l e t  to  
fr e s h  fe e d  tem perature

h ea t exchanger tr a n s fe r  fu n c t io n  r e la t in g  o u t l e t  to  
r e a c to r  e f f lu e n t  tem perature

open loop  tr a n s fe r  fu n c t io n  fo r  p ro cess

r e a c to r  tr a n s fe r  fu n c t io n  r e la t in g  e f f e c t  o f  in p u t  
d istu rb a n ce  j  on ou tp ut i

fu rn a ce  tr a n s fe r  fu n c t io n  r e la t in g  e f f e c t  o f  inp u t 
d istu rb a n ce  j  on output i

h ea t exchanger tr a n s fe r  fu n c t io n  r e la t in g  e f f e c t  o f  
in p u t d istu rb a n ce  j  on output i

r e a c to r  tr a n s fe r  fu n c t io n  r e la t in g  o u t le t  to  i n l e t  
co n c e n tr a tio n  fo r  tr a c e r

n orm alized  h ea t tr a n s fe r  c o e f f i c i e n t  d e fin ed  in  T able I

in te r p h a se  h ea t tr a n s fe r  c o e f f i c i e n t

p r o p o r tio n a l s e t t in g  in  bypass c o n tr o l loop

p r o p o r tio n a l c o n tr o l  s e t t in g

r e a c t io n  r a te  co n sta n t

p a r t i c l e  therm al c o n d u c t iv ity

r e a c t io n  r a te  co n sta n t p r e -e x p o n e n tia l

r e a c to r  le n g th , t o t a l  le n g th  o f tubes in  h ea t exchanger

mass h o ld  up

mass h o ld  up o f  f u e l  in  fu rn ace  

mass h o ld  up o f  o i l  in  fu rn ace  

tube mass in  fu rn ace  

w a ll  mass o f fu rn ace



NOMENCLATURE ( c o n t in u e d )

c o n v e c t iv e  h ea t tr a n s fe r  param eter

P e c le t  number fo r  therm al d is p e r s io n

h ea t to  tu b es in  fu rn ace

h ea t in  fu rn ace from gas to  w a lls

h ea t from gas to  tubes

h ea t from w a lls  to  tubes

h ea t le a v in g  from s ta c k

h ea t l o s s  through w a lls

gas co n sta n t

r e a c t io n  r a te

L aplace transform  v a r ia b le

s p e c i f i c  in n er  su r fa c e  o f c a t a ly s t

tem perature o f quench gas

fr e s h  fe e d  tem perature

f l u i d  tem perature

f u e l  tem perature in  fu rn ace

r e a c to r  e x i t  tem perature

r e a c to r  i n l e t  tem perature or fu rn a ce  o u t le t  tem perature, 
d im en s io n le ss  param eter in  eq . (13)

h ea t exchanger o u t le t  or fu rn ace i n l e t  tem perature

c a t a ly s t  tem perature

tem perature o f re a c te d  f lu id  downstream o f  h ea t  
exchan ger , r e fe r e n c e  tem perature

tube tem perature in  fu rn ace

w a ll  tem perature ,
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NOMENCLATURE ( c o n t in u e d )

U o v e r a l l  h ea t tr a n s fe r  c o e f f i c i e n t

u v e l o c i t y

s h e l l  s id e  volume 

Wg flo w  r a te  o f  bypass stream

mass f lo w  r a te  o f quench gas 

Wg flo w  r a te  o f  fr e s h  fe e d

Xg norm alized  r e a c to r  le n g th  d e fin ed  in  T able I

Z d is ta n c e

Greek Symbols

a tube s id e  h ea t tr a n s fe r  c o e f f i c i e n t  in  fu rn aceo

ac h ea t tr a n s fe r  c o e f f i c i e n t  on gas s id e

g mass tr a n s fe r  c o e f f i c i e n t

Y v o id a g e  o f  p a r t i c l e

(-AH) h e a t  o f r e a c t io n

e v o id a g e  o f  bed

f l u i d  d e n s ity

p p a r t i c l e  d e n s ity
2

a v a r ia n c e  o f  r e s id e n c e  tim e d is t r ib u t io n  o f  therm al wave
g

Tg d e r iv a t iv e  tim e

d e la y  tim e

t fu rn a ce  r e s id e n c e  tim eF

X£ f l u i d  r e s id e n c e  tim e

t „  h e a t exchanger r e s id e n c e  tim e
£1

Tj in t e g r a l  tim e

therm ocouple tim e c o n sta n t



NOMENCLATURE ( c o n t in u e d )

tank  tim e c o n sta n t

therm al wave r e s id e n c e  tim e

v a lv e  tim e co n sta n t

fe e d  r a te  to  fu rn ace

f u e l  flo w  r a te  in  fu rn ace

mass flo w  o f  r e a c t io n  f lu id  in  fu rn ace

f lo w  r a te  o f  r e a c t io n  f lu id

freq u en cy
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TABLE 1

REACTOR MODELS

Liu and Amundson Model

F lu id  phase mass and h ea t b a la n ces:

3C- 3C ,  $a____ _

i t  +  u i r  -  <CP -  c f )

3T- 3T„ h a ( l - e)
p  c  - A  +  p  c  U _ £  =  —2 —E------------  (X
pf c f  3t Pf  f  3z e U p

C a ta ly s t  phase mass and h ea t b a la n ce s:

3C c . n  S p
- i  -  | s -  (c,  -  co) -  -&■ 7
a t  d p Y f  p y

3T 
__E.

6h

PpCp 3 t (Tf - Tp ) +  SgPp » - 4H>

C rider and F oss Model 

D im en sio n less  mass and h ea t b a la n ces:
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For s in g le  f i r s t  order i r r e v e r s ib le  r e a c t io n  A->B, th e se  become:

AT J  (T +T )
-  r (Cf ,Tf ) = - e  °  f  C

r (Cf ,Tf ) +  Hp (Tp-T f )

= H B (T .-T  )
P f  P

T hese eq u a tio n s  can be l in e a r iz e d  and so lv e d  a n a ly t i c a l ly  to  g iv e  the  
tr a n s fe r  fu n c t io n  r e la t in g  th e  o u t l e t  tem perature o f th e  r e a c to r  to  
i n l e t  changes in  tem perature:

~ SX T Hn S

V s) - rs(V  e i 1+ 1 <S>V !
P

_ f f
3t T ax

3Tf
t

3Tf
*r

&T

3T
__L
at

where I  (S,XL) J q e  g+^  B c _ (y )

s

The d im en s io n le ss  param eters a re  d e fin ed  as fo l lo w s :

A _JL_ Cf  -  ?
-  rtr

pf c f e m _ Tf*  " *R
B " P ^ d - e )  f  ATad

P P

h a ( l - e )  T.RH = —E_E-----------    t
P i “A- °  jPfcfe k, e ad

-A o AT,

T * — T
t*  k e_A T = - E-----------

P ATad

x* . -A  x = —  k eU 00

where T = r e fe r e n c e  tem perature  K

s ta r r e d  v a lu e s  a re  d im en sion a l
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TABLE 2 

REACTOR PARAMETERS

Case 1 . R eactor With S in g le  F ir s t  Order R ea ctio n  A-»B

CU Q
® P

hr f t  °F 8 c
■ h = 3 0  -----    S p = 6 .0 8  x  107 f t - 1

ATad = 130°F y± = 0 . 4

(- 4 B )=  1 5 F s f E .  V - 0 . 3 5

u = 0 . 4 —  pC = 30 .3 3 3  - ~ —s e c  H pc f(;3 oF

_ , „ ,r  f t .  , ro BTU8 -  1 .9 1 5  7-77  PfCf = 4 .5 8  — —s e c f t  F

d = 3 ■  k = 7 .5  x  10 7 min ^p 00

a = 375 f t - 1  E = 4 0  K calp g-m ole

L = 60 f t

T y p ic a l Temperature P r o f i l e  in  R eactor w ith  Quench

Bed Temperature In  (°F ) Temperature Out (°F ) Length ( f t )

1 642 676 6
2 648 679 7
3 653 683 1 0 .5
4 666  686  1 6 .5
5 679 686  24
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TABLE 3 

REACTOR PARAMETERS

Case 2 . H ydrocracker w ith  R ea ctio n s:

k k„ k_
Gas O il  -*■ 2 .099  J e t  F u e l -»■ 3 .7 9  G a so lin e  L igh t P roducts

k, = 4 .7 5  x  109 E, = 5 0 - ^ — -  (-AH). = -3 4 .8  — ^ 11”  1 g-m ole 1 ’ g-m ole G.O.

k . = 5 .0 6 5  x 109 E„ = 55 - ~ r -  (-AH) „ = - 1 3 .4  Kp-a l2°° ' 2 g-m ole 2 * g-m ole J e t

K  = 5 .0 6 5  x  108 E0 = 55 ■ (-A H ), = - 3 1 .8 -------- — t~.—300 3 g-m ole 3 g-m ole G a so lin e

O ther param eters a re  th e  same as fo r  th e r e a c to r  w ith  s in g le  f i r s t  
o rd er r e a c t io n .

T y p ic a l Temperature P r o f i l e  in  R eactor w ith  Quench-Corresponds to  
P o in t  3 o f  Curve 3 in  F ig u re  8 .

Bed Temperature In  (°F ) Temperature Out (°F ) Length ( f t )

1  760 783 9
2 766 785 10
3 7 7 2 .5  789 12
4 779 7 9 1 .5  16
5 785 792 18
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TABLE 4

PARAMETERS FOR UNITS IN HEAT FEEDBACK LOOP 

Heat Exchanger Param eters

The fo llo w in g  param eters were used  in  th e unbypassed exchanger.

= 365°F U = 8 7 .8 1  .
O r . L

BTU

f t  -h r -°F
= 0 .7 2 8  se c

T ' = 543°Fo L = 121 f t a± = 0 .7876

R

= 44 MMBTU
hr 

= 645°F
in

u^ = 20  f t / s e c

Tube D iam eter = 1 in .

a2 = 0 .2 1 2 4

b x = 0 .0524

= 515°F
out

= 2 .2 5  sec b 2 = 0 .9476

IID LN = 4231 f t  o t 2 = 2 .7 2  sec

Furnace Param eters

Q = 8 .1 MMBTU
hr

tube OD = 6 .6 2 5  in .

a = 100 o
BTU

a = 2 .47  „
C r .

hr f t  °F 

BTU

f t  hr F

tube ID = 6 .0 6 5  in . w a l l  su r fa c e  = 1300 f t

pf  = 4 .5 6
f t J

u = 6 6 .7  —  f  s e c

h ea t f lu x  = 2 0 ,0 0 0
BTU

hr f t

flam e tem perature = 3432°F

At  = 405 f t  

L = 234 f t

Avg. sk in  tem perature i s  200°F 
above o u t l e t  tem perature o f f l u i d .



T a b le  A1

D i m e n s i o n l e s s  Heat E xch an ger  P a r a m e te r s

Do ho s  . ttD h La ,  r ~ r -----—•>. .—  = o ol l  D h + T>.h. 2o  o  /■ 'i 1 0 C_+nD h L R R o o  s

s

D .h .
1 1  ~  ,a_  = s   _  rrD.h.

i T h + b .h ^  T1 1 1
°  ° s  1 ^  0A.C

w l

- 0 .  8D . h . (T -T  ) 0 A CL#a_ =  i l w  o *'w w  j W3  s  S  =— —— - r - r   2 t t ( D  h +D.h .  •D h + D . h .  o o 1 1o o l  i s  s  ss

^ r  CR p y
b l  —    T 3  =  P R  C RC + t t D  h L -------R R °  °  0  C + rrD h_L

S R R O O

a 2 ( l +T3s )
aTT(s )  = 1 + t , s  -

H 1 (1+t 2 s ) ( l+ T 3s ) - a 1b 2

a b
b „ ( s )  =

H (1+ t 2 s ) 1̂+T3S ^“ a l b 2

C t s )  = a 3 (1+T3S)_____________  -  0 . 8  (T -T  )
H ( 1 + t 2 s ) ( l + T 3 s ) - a 1 b 2  Ws  0 3
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T a b l e  A2

D i m e n s i o n l e s s  F u r n a c e  P a r a m e te r s

3 ‘ 4 T 3 ’ 4 4  4
V  = V « £ 1 " U l o o ’ -  <5 ^ ’ J + V « f  2*  (Te  - T„  » +  V c  < V V

r  t =-  A 0 f , a  I (77  w w 1 L 1C

Q . = V t f l a [ { j - ) 3 ‘ 4 ' t  ) 3 ‘ ^  + At  gt c 1 1  L 100 100 J  1

wt
4  4  T Tw  3 , 4  T t  3 *

=  \ e w t a  (TW “ T t  } "  A t e w f l a  V

0 t f 2 a (Tg 4 - Tt 4 )  +  V c W

4

-  f l t eWf 2 0 (Tw4 - Tt 4 >

Q = 0  c  (T -T ) ; Q1 = 0 . 5 6  (w_ ) * 7 5 w ( T  “ T a . J 1 * 2 5  o u t  g a s  pg g r e f  l o s s  L w ftjrf'b

K. = 4T 3 (e rr-e f_<rrt-3.4T 2 , 4  S A 0 "
1  w  W t  w  2 w   r —T

S  ( 100)

K, = 4T 3 <« o -  e f , o >  -  3 . 4 T  '2 - 4  C« f l J -, , 
2 ^  wt  W 2 t s  (loo)3' 4

3 .4 T 2 . 4

K. = 4T 3 e.f_CT +Qlc + g s  C.f.CT ; 
3 g s  fc 2 ..........3 . 4  1

( 1 0 0 )

3 . 4

3 3 ‘ 4Tt  ®tf l a
K4 = 4Tt  Gt f 2a + “ c + ----------S - r - r ------

(100)3*4

3 . 4 c  f . a  2 . 4 n  a  c  m 2 • 4
,  -  w - -  - 3 . 4 e  f , a T  ~

K =  i!Lr i 7  T +  4 e  f_ a T  + d p  ; K = _  _J£s -  + 4 e  foCTT
5 ( 1 0 0 ) 3 - 4  9 s  w 2 g s  6  (  lo o } 3 *  W 2  WS



T a b l e  A2 ( c o n t . )



T a b l e  A2 ( c o n t . )
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Cwg

A (s )

b ( s )

C ( s )

3a'  m \  K_A*7 OS (T, - T \ 2 t4 t o ]  u = -----------------

K2+K4

s  s  / ^ K A +K, A. +K_-----------  6 w I t  7

A _(T_ -T . ) 2  a c 

0
w g w —  ss  4 ------

_SJL
KCA +K_A+K_  

6  w 1 t  7

. T2 [ (1+ T ^s) (1+ T ^s)  -  w^]

^  )  SV 1  -  T 1 2

(T2S+1+^ 2 _  ) [ ( 1 + T 3 s ) ( l + ^ s J - w ^ l - . P n p -  'tfP (1+T4 s ) -

^ U W -f^  (1+T-W )
T 1 2

( - f U + b '  ( l + T 4 5H -!f«C w atC |: [ t (H -T 3 s )  ( l ^ s l - C ^ W ^  -p C ^ d -F T ^ s )

1 W T 2s+1+T2 )r (1+T3s )  (1-KT4 sTU - f v p -  $3 ( l+T4 s ) - ^ w - j i i ( l + T 3s)

T12  '

c f t [ (1+T3 s ) (1+T4 s)-Wr|]

Tl[(T2s+l+^2_' j  [ (1+T s )  (1+T^s)  

T12  “  -

^ U W - ^ i i ( l + T 4 s )+ * f  u ( l + T  s )  ]



T p  f resh  feed
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R E A C T O R

F U R N A C E

H E A T  E X C H A N G E R

S ch e m a t ic  o f  R e a c to r  w i th  E x te rna l  H ea t  F eed b a ck

00-O

Figure 
1



S T E A D Y  S T A T E  H E A T  P R O D U C T IO N  C U R V E  

F O R  R E A C T O R  W ITH S IN G L E  F IR S T  O R D E R  R E A C T IO N



5 1 0  5 2 0  5 3 0  5 4 0  5 5 0  5 6 0  . 5 7 0

R e a c to r  In le t  T e m p e ra tu re  ( °F )

F igure 2

5 8 0  5 9 0  6 0 0



R E A C T O R  F R E Q U E N C Y  R E S PO N SE  FOR  V A R IO U S  
O P E R A T IN G  P O IN T S  ON H E A T  P R O D U C T IO N  C U R V E

515

R e a c to r  Inlet T e m p  T Q ( °F ) Convers ion  % S teady  S ta te

5 1 5 1.6 1.09
5 4 0 5 .5 1.29
5 6 5 22.1 2 .3 4
5 8 2  (near  in f lection  p t) 58 .5 6.41
5 9 0 94.1 4 .9 5
6 1 5 - 1 0 0 .0 1 .00

N o te :  H a sk m a rk s  in d ic a te  c ro sso v e r f re q u e n c ie s

I I I I I I I I I  I I I 1 1 ( 1 1 1

10-1 1 - 10
F R E Q U E N C Y  (hr*1 )



CY R E S PO N SE  FOR  V A R IO U S  
IN H E A T  P R O D U C T IO N  C U R V E

Conversion % S te a d y  S ta te  Gain G R (0 )

f re q u e n c ie s

F R E Q U E N C Y  ( h r '1 )
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1.0

0.1  —

0.01

D e sc r ip tio nC u rv e

O p e n  lo o p  r e a c to r  _
M M B TU

O p e n  lo o p  h e a t  e x c h a n g e r  (4 4 , 3 6 , 2 4  — — — )

M M B TU  ,
O p e n  lo o p  fu rn a n c e  (8 , 1 6 , 2 4  --------------- )

, M M B T U
C losed  lo o p  fu rn a c e  (8 — 7 7 ^ —  ; P I D  c o n t r o l )  —

o f  fu e l ra te )
, M M B T U ,

H e a t e x c h a n g e r  w ith  PI b y p a s s  c o n tro l  (4 4  — — — L .

C o m p le te  o p e n  lo o p  p ro c e ss  w i th o u t  c o n tro l

F R E Q U E N C Y  R E S P O N S E S  
O F  P R O C E S S  U N IT S

N O T E : k e M =  6 .7  h r

T h e rm o c o u p le  t im e  c o n s t  =  3 0  sec. 
V alve  t im e  c o n s ta n t  =  3 0  sec 
f o r  all c o n tro l  lo o p s

I I I I

0.1 10 100 1000

(NORMALIZED FREQUENCY) keA

Figure 
bn
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10 TT

O PEN LOOP F R E Q U E N C Y  R E S P O N S E S  O F 

C O M P L E TE  SYSTEM  WITH 

V A R IO U S  C O N T R O L  SC H EM ES

Curve

A

Descrip tion  

Z-N PID fu rn a ce  fuel con tro l

B PI bypass  c o n t ro l  o f  h e a t  exchange r  
w i th  fu rn a ce  c o n t ro l  o f  Curve A

0.1 —

0.01

N O T E : H a sh m a rk s  d e n o te  c ro sso v e r 

fre q u e n c ie s  

ke"A =  6 .7  h r ' 1

F igure ?

0.1

N orm alized  F re q u en c y  (

10

ke-A
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I n p u t  F re q u en c y  (hr  ) -  2 5

T  = 5 8 2 F  
o

a m p litu d e  o f  s in e  w av e  = 1 0  F

N O N L IN E A R  F R E Q U E N C Y  

R E S PO N SE  O F  R E A C T O R  

W ITH F IR S T  O R D E R  R E A C T IO N

Figure 6
I_____ l

4 5  5 5

T im e  (M in u tes I
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T  = 5 9 0 F

10 T „ = 5 8 2 F

T  = 5 9 0 F

T = 5 6 5  F
T  = 6 1 5 F

1.0

T  =  6 1 5 FN O N L IN E A R  A N D  LIN EA R 
R E A C T O R  F R E Q U E N C Y  R E S PO N SES

Averaged response t o  1 1 0 F  
sine w ave in p u t

Linearized response

M ax im um  response t o  "t 10 F  
sine w ave in p u t

F igure 7

0.1

1 10 100

FREQUENCY (hr'1)



6 0 0

5 5 0

5 0 0

4 5 0

4 0 0

3 5 0

3 0 0

2 5 0

200

1 5 0

100

5 0

0

_  H E A T  P R O D U C T IO N  C U R V E S  F O R  H Y D R O C R A C K E R

— Curve

3

D escrip tion
SC FH

2 0 0 0  —  gas in to  rea c to r
(no q u e n c h )

SC FH
4 0 0 0  gas in to  rea c to r

(no q u en c h )

Case B w i th  q u e n c h ,  p t  1 • 
c o r re sp o n d s  t o  convers ion  o f  p t  1 
o n  curve B

Case B w i th  q u e n c h ,  p t  2  co r re sp o n d s  
t o  p t  2 on  B

Case B w i th  q u e n c h  p t  3  co r re sp o n d s  
to  3  o n  B

T hese  q u e n c h  curves co r re sp o n d  
t o  p o in ts  1, 2  an d  3  o n  Curve B

i  I  }

7 0 0 7 2 0 7 4 0  7 6 0  7 8 0

R E A C T O R  IN L E T  T E M P E R A T U R E  ( °F )

8 0 0 8 2 0 84(
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C O M P A R ISO N  O F  N O R M A L IZ E D  S T E P  R E S P O N S E  F O R  R E A C T O R S  
H A V IN G  R E A C T IO N  O C C U R R IN G  IN F L U ID  P H A S E A N D  IN 
C A T A L Y S T  P H A S E

5 8 2 F

BTU

S te p  in p u t  = 1° F

T - T .

o

0

D escrip tionCurve

R e ac t io n  o cc u rs  in f lu id  phase  
(Foss & Crider  Model)

R e ac t io n  o cc u rs  in c a ta ly s t  phase 
and  m ode l inc ludes  m ass t ran s fe r  
e f fec ts  (Liu and  A m u n d so n  Model)

" B e s t "  em pirica l f i t  t o  " B "  using 
series o f  s ti rred  ta n k s .  T ra n s fe r  
f u n c t io n  is

7 .3 5  e ‘3 064S-1 .1 4  e '-2785S

.8
0 10 20 3 0 5 04 0

TIM E (M INUTES)
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1

L IN E A R IZ E D  

F R E Q U E N C Y  R E S PO N SE  O F  

R E A C T O R  M O D E L S

= 5 8 2 F

BTU0.1

C rider  an d  Foss Model

Empirical f i t  t o  Liu and  
A m u n d s o n  Model

F igure 10

.01
0.1 1 10

*
N O R M A L IZ E D  F R E Q U E N C Y  ( ^ - - )

ke-A
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10 _

E F F E C T  O F  D E SIG N  ON R E A C T O R  

F R E Q U E N C Y  R E S P O N S E

1.0

0.1

Curve

0.1

D esc rip tion  I

AT = 1 3 0 F ;  T  = 5 9 5 Fa d  9 o '

AT . = 6 5 F; 100% d i lu t io n  o f  Aad
T  =  6 3 0 FO

AT . =  1 9 5 F ;  T  = 5 7 6 Fa d  9 o

ATad = 9 7 .5 F ;  100% d i lu t io n  o f  C

Case A  w i th  q u e n c h

Case A w i th  s ta n d a rd  q u e n c h  co n t ro l

I I I I I__________I I I I I I
10

FREQUENCY (hr'1)
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R E S PO N SE
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100

A

\

N O N L IN E A R  F R E Q U E N C Y  R E S PO N SE S  
O F H Y D R O C R A C K E R

Descrip tionCurve

C orresponds t o  p t  2 on  Curve B o f  F igure 8; 
A m p li tu d e  o f  sine w ave = 20F ;  Avg. R esponse

Case A  w ith  q u en c h

C orresponds  to  p t  1 on  Curve B o f  Figure 8; 
A m pli tude  o f  sine wave = 1 0 F ;  Avg. R esponse

Case C w ith  qu en c h

Case A  w ith  m a x im u m  response

Case B w ith  m ax im u m  response

Case C w ith  m a x im u m  response

Case D w ith  m a x im u m  response
F isu re 14

1 .0 10

FREQUENCY (hr*1)
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F R E Q U E N C Y  R E S P O N S E  O F  R E A C T O R  WITH 
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Q u e n c h  w i th o u t  co n t ro l  
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F R E Q U E N C Y  R E S PO N SE  O F  TW O S T A G E  R E A C T O R

D escrip tionCurve

2 -1 2 '  S tages,  T o = 6 2 0 F; C onvers ion  = 56 .7%  
Q u en c h  w i th o u t  c o n t ro l ;  2 0 °  F d r o p  b e tw e e n  stages
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