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Abstract:
Local and average heat transfer coefficients for bed -to-wall heat transfer from a fluidized bed tubular
heat exchanger with extended surfaces were investigated.

The fluidized bed tubular heat exchanger consisted of a 44-inch long, 5.5-inch inside diameter shell
with 19, 3/4-inch diameter stainless steel tubes arranged in a 1-inch triangular pitch. Air was used as
the fluidizing medium and glass spheres of 0.0185-inch average diameter were used in this study.

Tubes at the four possible tube locations tube were heated electrically. 3/16-inch stainless steel wire
was used as an extended surface. The stainless steel wire was wrapped around the outside of each 19
tubes in a helical sprial. Variables studied include particle concentration, gas mass velocity and twist
ratio.

The Results of This Study Are as Follows 1. Gradual increase in the weighted average heat transfer
coefficients with respect to the number extended surface were observed. Local heat transfer coefficients
decreased with the distance from the entrance of the fluidized bed. Tube locations had only a slight
effect on local heat transfer coefficients.

2. The average sectional coefficients according to the particle mode heat transfer with the extended
surface were higher than the coefficients calculated from the bare tube surface.

3. With local heat transfer coefficients and experimentally determined sectional particle fractions over
the 11 different sections of the fluidized bed, Nusselt numbers were correlated with an equation based
on a particle mode heat transfer mechanism.

4. It is concluded that particle Nusselt numbers are proportional to 0.48 of I-ε. 
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ABSTRACT

Local  and a v e r a g e  h e a t  t r a n s f e r  c o e f f i c i e n t s  f o r  bed-  
t o - w a l l  h e a t  t r a n s f e r  f rom a f l u i d i z e d  bed t u b u l a r  he a t  e x ­
c h a n g e r  wi t h  e x t e nde d  s u r f a c e s  were i n v e s t i g a t e d .

"[he f l u i d i z e d  bed t u b u l a r  h e a t  e xcha nge r  c o n s i s t e d  of  
a 4 4 - i nch  l o n g ,  5 . 5 - i n c h  i n s i d e  d i a me t e r  s h e l l  wi t h  19,  3/ 4 - 
m c h  d i a m e t e r  s t a i n l e s s  s t e e l  t u b e s  a r r a n g e d  in a 1- i n c h  
t r i a n g u l a r  p i t c h .  Ai r  was used as t he  f l u i d i z i n g  medium and 
g l a s s  s p h e r e s  of  0 . 0 1 8 5 - i nch a v e r a g e  d i a me t e r  were used in 
t h i s  s t u d y .

Tubes a t  t he  f o u r  p o s s i b l e  t ube  l o c a t i o n s  t ube  were 
h e a t e d  e l e c t r i c a l l y .  3 / 1 6 - inch s t a i n l e s s  s t e e l  wi r e  was 
used as an e x t e nde d  s u r f a c e .  The s t a i n l e s s  s t e e l  wi r e  was 
wrapped a r ound t he  o u t s i d e  of  each 19 t ubes  in a h e l i c a l  
s p r i a l .  V a r i a b l e s  s t u d i e d  i n c l u d e  p a r t i c l e  c o n c e n t r a t i o n  
gas mass v e l o c i t y  and t w i s t  r a t i o .

The R e s u l t s  of  Thi s  Study Are as Fol l ows
1. Gr adual  i n c r e a s e  in t he  we i g h t e d  a v e r a g e  h e a t  t r a n s f e r  

c o e f f i c i e n t s  wi t h  r e s p e c t  t o  t he  number e x t e n d e d  s u r ­
f a c e  were o b s e r v e d .  Local  h e a t  t r a n s f e r  c o e f f i c i e n t s  
d e c r e a s e d  wi t h  t he  d i s t a n c e  f rom t he  e n t r a n c e  of  t he  
f l u i d i z e d  bed.  Tube l o c a t i o n s  had only a s l i g h t  e f f e c t  
on l o c a l  h e a t  t r a n s f e r  c o e f f i c i e n t s .

2 . The a v e r a g e  s e c t i o n a l  c o e f f i c i e n t s  a c c o r d i n g  t o t he  p a r t -  
i c l  e' -mode h e a t  t r a n s f e r  wi t h  t h e  e x t e nded  s u r f a c e  were 
h i g h e r  t han  t he  c o e f f i c i e n t s  c a l c u l a t e d  from t he  bar e  • 
t ube  s u r f a c e .

3.  Wi th l o c a l  h e a t  t r a n s f e r  c o e f f i c i e n t s  and e x p e r i m e n t a l l y  
d e t e r mi n e d  s e c t i o n a l  p a r t i c l e  f r a c t i o n s  o v e r  t he  11 
d i f f e r e n t  s e c t i o n s  of  t he  f l u i d i z e d  bed,  Nu s s e l t  numbers 
were c o r r e l a t e d  wi t h  an e q u a t i o n  based on a p a r t i c l e  
mode h e a t  t r a n s f e r  mechani sm,

4.  I t  i s  c o n c l u d e d  t h a t  p a r t i c l e  Nu s s e l t  numbers  a r e  
p r o p o r t i o n a l  to 0. 48  of  1- e .



I n t r o d u c t i o n .

The s tudy o f  des i gn methods f or  improved f l u i d i z e d  bed

heat  exchangers  as i n d u s t r i a l  heat  t r a n s f e r  equipment has 

become g r e a t l y  i mport ant ,  because  o f  i t s  i sot hermal  char­

a c t e r i s t i c  a l ong  wi th var i ous  a p p l i c a t i o n s  in chemical  and

ph y s i c a l  o p e r a t i o n s .

F l u i d i z a t i o n  i s  the phenomenon in which the  g r a v i t a ­

t i o n a l  f or c e  a c t i n g  on a dense packet  o f  p a r t i c l e s  i s  

c o u n t e r a c t e d  by an upward f l u i d  s t ream,  which causes  t hese  

p a r t i c l e s  to be kept  more or l e s s  in a f l o a t i n g  s t a t e .  The 

uni form t emperature  d i s t r i b u t i o n  o f  the f l u i d i z e d  bed i s  due 

to  the  t u r b u l e n t  f l u i d - s o l i d s  suspended motion and the  

c o nt i nu o us ,  f r e qu e n t  c o n t a c t s  between the he a t i ng  s ur f ace

and a new swarm o f  p a r t i c l e s  by the r a p i d  c i r c u l a t i o n  o f  the  

f l u i d i z e d  stream.

Even i f  the fundamental s  o f  f l u i d i z a t i o n  were not  f u l l y  

and compl et e l y ,  unde rs t ood ,  many f l u i d i z e d - s o l i d s  pr oc e s s e s  

have ac hi eve d  commercial  s u c c e s s .  Fl ui d- bed c a t a l y t i c  

c racki ng  u n i t s  wi th the c o nv e r s i o n  l e v e l  o f  50-60 percent  i s  

example.  The need f or  h e a t ,  mass ,  and momentum t r a n s f e r  

c o r r e l a t i o n s  in f l u i d i z e d  beds was paramount f or  f l u i d i z e d  

bed t e c hn i que s  to be a s u c c e s s .

•One o f  the n o t i c e a b l e  advantages  o f  f l u i d i zed-beds  to 

one- phase  f l ow i s  high r a t e s  of  heat  t r a n s f e r . I t  i s  w e l l -



' known t h a t  h i g h e r  h e a t . t r a n s f e r  c o e f f i c i e n t s  can be a c h i e v e d  

wi t h  e x t e n d e d  s u r f a c e s ,  however,  t h i s  e f f e c t  i s  somet i mes  

d i s mi s s e d  as a means t o  i mprove pe r f o r ma nc e  o f  a h e a t  

e x c h a n g e r  b e c a u s e  of  t h e  c o r r e s p o n d i n g l y  h i g h e r  power  con­

s umpt i on .

Numerous s t u d i e s  have been made t o  f i n d  out  t h e  e f f e c t  

o f  v a r i o u s  t y p e s  o f  e x t e n d e d  s u r f a c e s  on t he  r a t e  of  he a t  

t r a n s f e r  i n t u r b u l e n t  f l ow f o r  d i f f e r e n t  i n d u s t r i a l  he a t  

t r a n s f e r  e qu i pme n t .  These r e s u l t s  a r e  in no way ge n e r a l  , 

bu t  i t  i s  a t  l e a s t  e v i d e n t  t h a t  e x t e n d e d  s u r f a c e s  l i k e  

s p i r a l  wi r e s  or  t w i s t e d  s t r i p s  have  some e f f e c t s  on i n ­

c r e a s i n g  t h e  r a t e  o f  h e a t  t r a n s f e r  in i n d u s t r i a l  h e a t  t r a n s ­

f e r  equ i pme n t  f o r  s i n g l e  phase  s y s t e ms .

• A number  of  s t u d i e s  on l o c a l  and a ve r a ge  h e a t  t r a n s f e r  

c o e f f i c i e n t s  f o r  h e a t  t r a n s f e r  f rom an i n t e r n a l  t ube  in a 

bund l e  o f  t u b e s  t o  a f l u i d i z e d - b e d  have been made.  The 

p r e s e n t  i n v e s t i g a t i o n  i s  a s t u d y  o f  l o c a l  and a v e r a g e  h e a t  

t r a n s f e r  r a t e s  i n t he  f l u i d i z e d  bed t u b u l a r  h e a t  e x c ha nge r  

wi t h  t h e  e x t e n d e d  s u r f a c e s . Local  h e a t  t r a n s f e r  c o e f f i c e n t s  

were  measur ed  wi t h  a moving t h e r mo c o u p l e  pr obe  i n s i d e  an 

e l e c t r i c a l l y  h e a t e d  t u b e .  Thi s  pr obe  made i t  p o s s i b l e  to 

measur e  l o c a l  h e a t  t r a n s f e r  c o e f f i c i e n t s  a t  any p o i n t  a l ong 

a t ube  f o r  v a r i o u s  gas r a t e s  and p a r t i c l e  c o n c e n t r a t i o n s .

The r a t e  o f  h e a t  t r a n s f e r  was c o r r e l a t e d  wi t h t he  a r e a  of  

e x t e n d e d  s u r f a c e s .

- 2 -
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■ L i t e r a t u r e  Sur vey and Theory 

F l u i d  Mechani  cal  Approach of  FTui d i zed Beds

By as sumi ng a f u l l y  de v e l o p e d  c i r c u l a r  bubb l e  and s o l i d -  

f r e e ,  s p h e r i c a l  i n t he  t h r e e - d i m e n s i o n a l  c a s e ,  c y l i n d r i c a l  

i n t he  t wo - d i me n s i o n a l  c a s e ,  Davi dson (3)  a dop t e d  a cont i n urn 

a p p r o a c h ,  p o t e n t i a l  f l ow f o r  bot h t he  f l u i d  and p a r t i c u l a t e  

pha s es  t o p o s t u l a t e  t he  mot i on o f  r i s i n g  b u b b l e .  Even i f  

Davi dson model  was no t  s u f f i c i e n t l y  a c c u r a t e ,  i t  was t he  

f i r s t  u s e f u l  a ppr oach  t o  t he  mot i on of  a r i s i n g  bubb l e  in 

t he  g a s - s o l i d  f l u i d i z e d  bed.

Murray (17)  a d o p t e d  a c ont i num appr oach  f o r  t he  two- 

phase  mot i on  of  t he  f l u i d  and s o l i d s  i n a f l u i d i z e d  bed.  

Momentum and mass c o n s e r v a t i o n  e q u a t i o n s  were a p p l i e d  t o 

o b t a i n  s o l u t i o n s  f o r  t he  mot i on c aus e d  by r i s i n g  bubb l e s  in 

t he  b e d . The s t a b i l i t y  a n a l y s i s  and t he  e q u a t i o n s  had 

been d e r i v e d  t o  p r o v i d e  a means of  c l a s s i f y i n g  f l u i d i z e d  

s y s t e ms ,  bu t  he di d no t  e v a l u a t e  t he  r o o t s  of  h i s  s e c u l a r  

e q u a t i o n ,  so t h a t  no q u a n t i t a t i v e  r e s u l t s  were o b t a i n e d .

Ander son and J a c k s o n  ( I )  r e a l i z e d  t h a t  f o r  p r a c t i c a l  

p u r p o s e s  i t  i s  n e c e s s a r y  t o  s eek  some method o f  s i m p l i f y i n g  

t he  a c t u a l  pr obl em so t h a t  i t  can be d e s c r i b e d  by a smal l  

s ys t em of  p a r t i a l  d i f f e r e n t i a l  e q u a t i o n s .  Ander son and 

J a cks on  have used a formal  ma t h e ma t i c a l  d e f i n i t i o n  of  l o c a l  

mean v a r i a b l e s  t o  t r a n s l a t e  t he  p o i n t  Navi e r - S t oke s  e q u a t i o n s
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i o r  t he  f l u i d  and t he  Newt oni an e q u a t i o n s  of  mot i on f o r  

t he p a r t i c l e s  somewhat  devoi d  of  number  of  t e r ms  whose 

forms a r e  y e t  u n d e t e r mi n e d .

Accor di ng,  t o t h e  r enewal  model  p r opos e d  by Mi ckl ey 

and F a i r b a n k s  ( 1 8 ) ,  owing t o  t h e  b u b b l e s , p a c k e t s  o f  p a r t ­

i c l e s  a r e  renewed c o n t i n u o u s l y  bet ween t he  bul k of  t he  bed 

and t ne  v i c i n i t y  o f  t he  wa l l .  The r a t e  o f , h e a t  t r a n s f e r  

be t ween a non- homogeneous  f l u i d i z e d  bed and a wal l  depends  

on the t he r ma l  c o n d u c t i v i t y  o f  t h e s e  p a c k e t s  and on t h e i r  

r enewal  f r e q u e n c y .

I t  a p p e a r s  a q u a n t i t y ,  t he  r enewal  f r e q u e n c y  to, t o be 

d e t e r mi n e d  more s p e c i f i c a l l y  accordi ng  t o a more compl e t e  

r e p r e s e n u a cion o f  h y d r o d y n a mi c : p r o c e s s .  I f  t he  swarm of  

s o l i d  p a r t i c l e s  i s  a s s i m i l a t e d  t o  a q u a s i - f l u i d  i t  i s  

p o s s i b l e  to w r i t e  t he  e q u a t i o n  of  mot i on f o r  t he  t wo- phase  

s ys t e m.  A volume whi ch i s  e n c o u n t e r e d  he r e  i s  s u f f i c i e n t l y  

smal l  t o  be c o n s i d e r e d  as i n f i n i t e l y  s m a l l , bu t  a l s o  l arge  

enough t o c o n t a i n  a s u f f i c i e n t l y  l a r g e  number  o f  p a r t i c l e s .  

RuckensLe i n  (24)  s u g g e s t e d  t h a t  a s y n t h e s i s  be t ween t he  

r enewal  model  and t he  l i n e a r i z e d  i n s t a b i l i t y  t h e o r y  mi ght  be 

. able t o g i ve  i n f o r m a t i o n  wi t h  r e s p e c t  t o t he  r enewal  f r e ^ .  

quency.  The e xpe r i me n t a l ,  r e s u l t s  o f  Mi ckl ey and Fa i r ba nks  

(18)  show t h a t  w i s  i n t he  r ange  I - 10 sec   ̂ and t h a t  i t  

does no t  depend t oo much on t he  f l u i d i z a t i o n  v e l o c i t y .  For
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g l a s s  s p h e r e s  of  10 ^ me t e r  d i a m e t e r  Ru c k e n s t e i n  (24)  

comput ed t h a t  t he  r enewal  f r e q u e n c y  i s  abou t  4 s e c ~  ̂

p r e d i c t e d  a weak dependence  of  w on v e l o c i t y .  ■

and
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Newly Pr opos ed  Bubbl e - be d  Model i n '  Heat  T r a n s f e r

Se v e r a l  t h e o r e t i c a l  mechani sms  of  f l u i d i z e d  bed model s  

' h a v e  been . p r opos e d  and some of  t h o s e  have been b r i e f l y  

summar i zed by Ge n e t t i  ( 8 ) f o r  h e a t  t r a n s f e r  in o r d e r  to p r o ­

v i de  a b a s i s  f o r  u n d e r s t a n d i n g  c o r r e l a t i o n s  whi ch have been 

p r e s e n t e d  in h i s  r e c e n t  work.

Kuni i  and Le v e n s p i e l  ( 11 ,  12) have p r opos e d  a model  

f o r  t he  f l ow of  gas t h r o u g h  a f l u i d i z e d  bed,  t he  bu b b l e - b e d  

mode l ,  or  a t h r e e - r e g i o n  model  whi ch have vi ewed as uni  - 

f r oml y  s i z e d  bu b b l e s  s u r r o u n d e d  by c l ouds  and f o l l o we d  by 

wakes .  A; . sket ch of  t h i s  model  i s  g i ven in Fi g .  I .  They have 

shown t h a t  t h i s  model  i s  good enough to f i t  t h e  r e p o r t e d  d a t a  

f o r  g a s - s o l i d  h e a t  t r a n s f e r ,  g a s - s o l i d  mass t r a n s f e r  and 

c o n v e r s i o n  in c a t a l y t i c  r e a c t i o n s .

Kuni i  and Le v e n s p i e l  have on l y  been c o n c e r n e d  wi t h  t he  

dense  b u b b l i n g  regi on. .  Thi s  r e g i o n  a p p l i e s  where  a c o n t i n u o u s  

exchange  or  f l o o wi n g  up of  s o l i d  p a r t i c l e s  a l ong  t he  he a t  

t r a n s f e r  s u r f a c e  i s  c o n t i n u i n g .  Thi s  c o n c e p t  has been 

somet i mes  e x p l a i n e d  on t he  b a s i s  of  t he  " p a c k e f ' t h e o r y  ( 9 ) .

■For t he  bubbl e  p h a s e , Kuni i  and Le ve ns p i e l  have s t a r t e d  

wi t h  s e v e r a l  n e c e s s a r y  a s s u mp t i o n s  t o  s i m p l i f y  t h e  probl em 

f rom t he  Davi dson model  ( 4 ) .  They have t aken  t he  bubbl e  s i z e  

t o be un i f o r m t h r o u g h o u t  t he  bed or  s e c t i o n  of  bed and c a l l e d ,  

i t  t he  e f f e c t i v e  bubb l e  s i z e .  The v e l oc i t y ,  of  r i s e  of  a 

crowd of  bu b b l e s  has been r e l a t e d  t o t he  v e l o c i t y  of  r i s e  of



Bubble
phase

Wake

Emulsion
phase

Fj g u r e  I .  S o l i d  movement  ana gas f l ow as v i s u a l i z e d  by 
b u b b l i n g  bed mo d e l .
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a s i n g l e  bubb l e  by

umf + ubr  " uo mf + 0 . 7 1 1 (gd^)% U )

where  Ujjr,. = 0. 711 ( d b ) '2.

I g n o r i n g  smal l  amount s  o f  s o l i d s  i n s i d e  t h e  r i s i n g  

bubbl e  ( measur ed  to be from 0 . 2% t o  I % by d i f f e r e n t  i n v e s t ­

i g a t o r s ) ,  t h e y  have t a ke n  t h e . bubb l e  voi d f r a c t i o n  Ejj = I .  

The a v e r a g e  bed vo i da ge  has been r e l a t e d  t o  t h e  voi dage  

\n bu b b l e s  and e mul s i on  phase  by

e f  = Sefa + ( I - S ) E g = S _+■ ( I - S ) E e (2)

where  S = t he  volume f r a c t i o n  of  bubbl es  in t he  bed.

By as sumi ng E = Emf , v o i d a g e s  and bed h e i g h t s  have - 

been c o r r e l a t e d  by

1- s and
mf ■1- (3)

The bubbl e  phase  v a r i a b l e s  db , U jj and 6 have been c o r r e l a t e d

mf 5 1t o  g i v e  u and u i . e . o mf

mf mf

For  the- emul s i on:  pha.se ,' Kunid; and- Levens p i:eIo ( 11 , 12)  

have assumed t he  vo i d  f r a c t i o n  o f  t he  wake t o  be t h a t  of  t he  

e mu l s i o n  phase  and have c o r r e l a t e d  t he  r e l a t i v e  v e l o c i t y  of  

upward p e r c o l a t i n g  g a s ,  u , and o f  downward f l o wi n g  s o l i d .
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us » t he  s u p e r f i c i a l  gas v e l o c i t y  of  minimum f l u i d i z a t i o n

us “ u5 '

The downward v e l o c i t y  o f  s o l i d  i s  g i ven  by
aS u^

U s 1- 6 -ctS

(5a)

volume of  wake,  d r agge d  up to 
where  a = t he  bed beh i nd  a r i s i n g  bubbl e

(volume of  bubb l e )

Va r i a b l e s  d ^ , Ufa 

uo and umf 3 i ' 6 -

$,  ue , and u have been c o r r e l a t e d -  t o g i ve

U b
I
S -  a 6 >umf] ' ( 6 )

Equa t i on  6 has been a p p r o x i ma t e d  t o g i ve  t he  e x p r e s s i o n  f o r  

t he  whol e  r ange  of  f l o ws ,  and t he  r e s u l t  i s  i d e n t i c a l  t o

Eq u a t i o n  4

uo " ( 1 “ 6 ) u mf uo umf
S S (7)
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Bed - t o - Wal I Heat  T r a n s f e r  i n G a s - S o l i d  Fl u i d i z e d  Beds

Much work has been done on b e d - t o - wa l l  h e a t  t r a n s f e r  

r o r  numerous h e a t i n g  s u r f a c e  a r r a n g e me n t s .  Empi r i ca l  

e q u a t i o n s  have been de v e l o p e d  t o  p r e d i c t  h e a t  t r a n s f e r  

c o e f f i c i e n t s  f o r  h e a t  t r a n s f e r  f rom t h e s e  s u r f a c e s .

F r a n t z  (7)  has summar i zed work done on s u r f a c e - t o - b e d  

h e a t  t r a n s f e r  in f l u i d i z e d  beds .  Ge n e t t i  ( 8 ) has d i s c u s s e d  

numerous proposed c o r r e l a t i o n s  and s e v e r a l  h e a t  t r a n s f e r  

mechani sms  f o r  f l u i d i z e d  bed h e a t  t r a n s f e r .

Us u a l l y  f l u i d i z e d  s ys t ems  have low enough a b s o l u t e  

t e m p e r a t u r e s  so t h a t  t he r ma l  r a d i a t i o n  may be s a f e l y  d i s ­

c o u n t e d  as a s i g n i f i c a n t  c o n t r i b u t i n g  f a c t o r .  However , 

i n many m e t a l l u r g i c a l  a p p l i c a t i o n s  of  t h e  f l u i d i z e d  bed 

t e c h n i q u e s  t he  p r o c e s s i n g  t e m p e r a t u r e s  a r e  s u f f i c i e n t l y  hi gh 

so t h a t  t he r ma l  r a d i a t i o n  may be an i mp o r t a n t  p a r t  o f  t he  

o v e r - a l l  h e a t  t r a n s f e r  p r o c e s s .  Sz e k e l e y  and F i s h e r  (25)  

r e c e n t l y  have s t u d i e d  b e d - t o - w a l l  r a d i a t i o n  h e a t  t r a n s f e r  

on t he  b a s i s  o f  t he  s t u d y  of  b e d - t o - w a l l  h e a t  t r a n s f e r  in .. 

t he  c o n v e c t i v e  r egi me done by B o t t e r i  11 and e t  a I ( 2 ) .

Whi l e  none of  t h e  proposed mechani sms has been s u f ­

f i c i e n t  t o p r e d i c t  h e a t  t r a n s f e r  c o e f f i c i e n t s  f o r  many 

d i f f e r e n t  s i t u a t i o n s  e n c o u n t e r e d ,  v a r i o u s  mechani sms  

e x p l a i n i n g  t h e  hi gh r a t e s  of  h e a t  t r a n s f e r  be t ween ■ -
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e x c h a n g e r  wa l l s  and f l u i d i z e d  beds have been s u g g e s t e d , and

can be c l a s s i f i e d  as f o l l o w s :

( I )  van Heerden e t  a I (10)  and Wicke and P e t t i n g  ( 32) :

t h e  f l u i d i z i n g  medium ( gas )  a c t e d  as a s t i r r i n g  a ge n t  

and t he  s o l i d s  t r a n s p o r t e d  most  of  t he  h e a t ,  and t he  

f l u i d i z e d  bed was v i s u a l i z e d  as wel l  s t i r r e d  l i q u i d .  

Th e r e f o r e ,  t h e r e  i s  t he  s t e a d y  s t a t e  c o n d u c t i o n  t h r ough  

t he  e mul s i on  pha s e .

(.2) Leva e t  a I ( 1 5 ) ,  Dow and J akob (5)  and Le v e n s p i e l  and 

Wal t on ( 1 6 ) :  t he  s c o u r i n g  a c t i o n  of  t he  s o l i d s  a l ong

t he  h e a t  e x c h a n g e r  wal l  reduces  t he  t h i c k n e s s  of  t he  

l a mi n a r  gas f i l m  and i n c r e a s e s  t he  r a t e  of  h e a t  

t r a n s f e r .

( 3)  , Mickley and F a i r b a n k s  ( 1 8 ) :  t he  f l u i d i z e d  .bed was

assumed t o be composed of  " p a c k e t s "  which renewed i n t e r ­

m i t t e n t l y  by t he  v i o l e n t  d i s t u r b a n c e  in t h e  c o r e  p o r t i o n  

of  t he  f l u i d i z e d  bed,  and where u n s t e a d y - s t a t e  d i f f u s i o n  

of  h e a t  to newly a r r i v e d  mobi l e  e l e me n t s  o c c u r r e d .

(4)  Z i e g l e r  e t  a I (34)  and B o t t e r i l  I and Wi l l i a ms  ( 2 ) :  

u n s t e a d y - s t a t e  c o n d u c t i o n  by s i n g l e  p a r t i c l e s  in d i r e c t  

c o n t a c t  wi t h  h e a t  exchanger w a l l s .  Thi s  model  has 

been f u r t h e r  mo d i f i e d  by Genettf= ( 8 ) t o g i ve  more 

c ompl e t e  p r e d i c t i o n s  wi t h  r e s p e c t  t o e x p e r i me n t a l  dat a . -



Thi s  mo d i f i e d  model  i s  a d o p t e d  in t he  p r e s e n t  work.

The r e s u l t s  o f  t h i s  model  p r e d i c t  two e s t a b l i s h e d  

f a c t s .  The Nu s s e l t  number i s  i n d e p e n d e n t  of  t hermal  

c o n d u c t i v i t y  of  t he  s o l i d s  ( 1 9 , 3 4 )  and i s  p r o p o r t i o n a l  

t o a b o u t  t h e  s q u a r e  r o o t  of  t he  p a r t i c l e  f r a c t i o n ,

I - c ( 2 0 ) .  The r e s u l t s  of  t he  model  a l s o  p r e d i c t  a 

maximum N u s s e l t  number , whi ch a l s o  i s  an e s t a b l i s h e d  

f a c t  (15),.' '

- 12 -
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1. A Ra t h e r  Di f f e r e n t  Ex p i a n a t i  on Ac c o r d i nq t o t he  Bubble 
Bed Model

Y o s h i d a 1 K u n i i 1 and Le v e n s p i e l  (33)  have t r i e d  t o u n i f y  

t he  mechani sms  p r opos e d  by Mi ckl ey and F a i r b a n k s  ( I S ) 1 and 

van he e r den  e t  a I (10)  and Wicke and P e t t i n g  ( 3 2 ) ,  and have 

a p p l i e d  t he  bubbl e,  model  t o p o s t u l a t e  b e d - t o - w a 11 he a t  

t r a n s f e r .  However ,  t he  work i s  not  c o mp l e t e ,  and some of  

t h e  q u a n t i t a t i v e  p a r a me t e r s  a r e  s t i l l  not  we l l - known.

They have s t a r t e d  t he  p r e d i c t i o n  of  t he  b a s i s  of  t he  

f i l m - p e n e t r a t i o n  t h e o r y  f o r  gas a b s o r p t i o n  i n t o  l i q u i d s  

p r opos e d  by Toor  and Ma r c h e l l o  ( 2 6 ) .  The e q u a t i o n  which 

r e p r e s e n t s  t h i s  f i l m - p e n e t r a t i o n  model  f o r  mass and h e a t  

t r a n s f e r ^  i s

O < x < I — — e

________  / e
Pe^ps pS^ps  ̂  ̂ - s ITif )

I = e f f e c t i v e  t h i c k n e s s  of  e mul s i on  l a y e r .

3 T 
3 T

3.2 T

where

I ''A.- t h i n  l a y e r  of  e mul s i on  of  t h i c k n e s s  I  ̂ s udde n l y  c o n ­
t a c t s  t he  e xc h a n g e r  wal l  and a f t e r  a s h o r t  t i me  i t  i s  s u d d e n ­
l y  moved away t o r e p l a c e  a f r e s h  e l e me n t  of  e mul s i on  from t he  
c o r e  p o r t i o n  of  t he  b e d . T h e r e f o r e  i t  wi l l  i n c l u d e  t he  s t e a d y  
s t a t e  c o n d u c t i o n  of  h e a t  t h r o u g h  an emul s i on  l a y e r  a t  t he  
wal l  and t he  u n s t e a d y  s t a t e  a b s o r p t i o n  of  h e a t  by emul s i on  
el  eme-nts .
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And boundar y  c o n d i t i o n s  a r e

T -  Tb at t  = 0

T = . Tw a t

IIX

0

T = Tb at IiX

CU

The s o l u t i o n  of  t he  above e q u a t i o n  i s

V t

V Tb 2 z t - D
n = I

n + 1 s i n  n r r ( l - x / l  )
-------— exp ( - n 2Tr2- J - I - )

e
nf (9)

From t he  above s o l u t i o n ,  t he  i n s t a n t a n e o u s  l o c a l  h e a t  t r a n s ­

f e r  c o e f f i c i e n t  i s  f ound to be
1/ 2  r

t i
kePe^ps

Trt
oo 2 "I 2

I + 2 z  e x p ( - n  e " 
n = I a t

I + 2 . a t '
-n

P
O

P
O

■ n Tr I e
( 1 0 )

The o b s e r ve d  c o e f f i c i e n t  of  h e a t  t r a n s f e r  h i s  t he  t ime
W

a v e r a g e d  v a l u e  of  t he  i n s t a n t a n e o u s  c o e f f i c i e n t ,  and t h a t  i s  

g i ven  by

ht ht l - I (: t ) d t  

o

( T l )

where I ( t )  = t h e  age d i s t r i b u t i o n  f u n c t i o n  of  emul s i on  

e l e me n t s  on t h e  s u r f a c e .
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Two t y p e s  o f  age d i s t r i b u t i o n  f u n c t i o n s  have been c o n s i d e r e d :  

Case I .  random s u r f a c e  r e n e wa l ,  and Case 2 . un i f or m s u r f a c e  

r e n e wa l .  A number  o f  e x p r e s s i o n s  f o r  t he  o b s e r v e d  hea t  

t r a n s f e r  c o e f f i c i e n t s ,  hw> have been d e r i v e d  a c c o r d i n g  to 

t he  d i f f e r e n t  c r i t e r i o n s .

The b u b b l i n g  bed model  g i v e s  a s i mpl e  r e p r e s e n t a t i o n  of  

bubbl e  f l o w,  t he  e mul s i on  f l ow and t he  i n t e r a c t i o n  of  t h e s e  

s t r e a ms .  However ,  two e mp i r i c a l  e x p r e s s i o n s  whi ch have

been report ed by Wen and Leva (31)  and Wender and Cooper ( 3 0 ) .

are u s u a l l y  recommended f or  the  de s i gn  of  the b e d - t o - wa l l  '

h e a t  t r a n s f e r .

2. Some ^ n e r a l i z e d  Design Equat ions  f or  Wal l - t o- Bed Heat
T r a n s f e r

B e d - t o - e x t e r i o r  wal l  h e a t  t r a n s f e r :

Wen and Leva (31)  at tempted t o c o r r e l a t e  some e a r l i e r  

o b s e r v a t i o n s  of  s o l i d s  mot i on in t h e  bed wi t h  h e a t  t r a n s f e r  

phenomena t h r o u g h  a boundar y  l a y e r .  T h e y . c o n s i d e r e d  t h a t  

t he  c h i e f  r e s i s t a n c e  t o heat  exchange  between a c o n t a i n i n g  

wal l  and a f l u i d i z e d  bed i s  in t he  l a mi n a r  f i l m a t  t he  

v e s s e l  boundary.  The t h i c k n e s s  o f  t he  f i l m i s  i n f l u e n c e d  by 

t he  v e l o c i t y  of  p a r t i c l e s  a l ong t he  wal l  par i mar i l y  due to 

the "scouri ng act ion; '  of  the p a r t i c l e s .  By the  usual  method 

of  p l o t t i n g  and cros s  p l o t t i n g ,  t he  f o l l o wi n g  r e l a t i o n  was
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o b t a i  ned' :

hd
k

P
V R

where n = t he  f l u i d i z a t i o n  e f f i c i e n t  

R = t he  bed e x p a n s i o n  r a t i o .

Nomographi c  s o l u t i o n s  f o r  e v a l u a t i o n  of  rj and R have been 

g i ven  in Appendi x I I .  Wender and Cooper (30)  made a curve  

‘:Of t he  d i me n s i o n l e s s  group Y/F wi t h  t he  p a r i  Cle Reynolds  

number  as shown in F i gu r e  2 wi t h  f i v e  da t a  s e t s  i n c l u d e d .  

The t e r m Y and F a r e  d e f i n e d  as :

Bed- t o- ' i  n t e r i  o r  wal l  h e a t  t r a n s f e r :

I n t e r n a l  , v e r t i c a l -  t ube  h e a t  t r a n s f e r  was f ound t o be 

i n d e p e n d e n t  o f  t ube  l e n g t h ,  p a r t i c l e  shape  and p a r t i c l e  

s i z e  d i s t r i b u t i o n .  Wender  and Cooper (30)  made a s t r a i g h t  

l i n e  p l o t  o f  t he  d i me n s i o n a l  Z/ CR group wi t h  t he  p a r t i c l e

Reynol ds  number  as shown in F i gu r e  3 wi t h  s i x  d a t a  s e t s  

i n c l u d e d  f o r  t he  i n t e r n a l  v e r t i c a l  h e a t  t r a n s f e r  s u r f a c e . 

The t e r m Z i s  d e f i n e d  as :

(13)

F =  I + 7 . Se - 0 . 4 4 (14)
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Z =

( l - e ) ( C s / C g ) 0 - 80 ( p s / p g ) ° - 66
(15)

The t e r m a l l o ws  f o r  n o n - a x i a l  t ube  l o c a t i o n  and may be 

e v a l u a t e d  f rom F i g u r e  4 which o r i g i n a l l y  was g i ven  by 

Vr eedenbe r g  ( 28) .  The e q u a t i o n  o f  t h i s  c o r r e l a t i o n  i s :

( k [ I r * ] - ) ( -

c g pg
- )

0. 43 0.33Cp(- V \ 0 . 2 3 C.
} ( r 1- 8 ° ( ^ ) ( 1 6 )

g
Noe and Knudsen ( 22)  have made a s t udy  of  h e a t  t r a n s f e r

f rom a v e r t i c a l  t ube  l o c a t e d  in a bundl e  of  v e r t i c a l  t ubes  

in a f l u i d i z e d  bed.  Th e i r  d a t a  was compared t o  t he  c o r r e l a t i o n  

o f  Wender  and Cooper  (30)  u s i ng  a va l ue  of  Cr = 2 . Almost  

a l l  t h e i r  e x p e r i me n t a l  d a t a  was w i t h i n  + 50 p e r c e n t  of  t he  

c o r r e l a t i o n .  Thi s  i s  f a i r  a g r e e me n t  c o n s i d e r i n g  t he  g r e a t ­

l y  d i f f e r e n t  g e o me t r i e s .

Immer sed,  h o r i z o n t a l - t u b e  h e a t  t r a n s f e r  has been 

s t u d i e d  by Vreedenberg (29)  a l ong  wi t h  t he  e f f e c t  o f  t ube  

d i a m e t e r ,  p a r t i c l e  s i z e ,  s h a p e ,  and d e n s i t y ,  and gas . ve l o­

c i t y  on t he  h e a t  t r a n s f e r  c o e f f i c i e n t ,  i n c l u d i n g  d a t a  on 

l a r g e - s c a l e  beds .  The recommended c o r r e l a t i o n s  a r e :



0 0 0 5  °.01 0.1 R I 10
Fi g u r e  2. C o r r e l a t i o n  f o r  h e a t  t r a n s f e r  between c o n t a i n i n g  wal l  and 

f l u i d i z e d  bed.
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Center
of

vessel

DIMENSIONLESS POSITION

Fi g u r e  4
C o r r e c t i o n  f a c t o r  Cr f o r  n o n a x i a l  l o c a t i o n  of  immersed t ube s



V 2 I T

V t i 0 . 66  (-T-M.)0 ' 3
g .

( dt i ; pq uo ) ( ps
- ) ( -

0 . 44
0 7 )

f o r  Reynol ds  number  l e s s  t han  2 , 0 0 0 ,

and

hwdt i 420 '( c PSp ) ° - 3
kg

( dt i pq llo j j
pg ) ( ■ d - ' p ^ g'P "s

■)

0. 3
0  8 )

f o r  Reynol ds  number  g r e a t e r  t han  2 , 500 .

P e t r i e ,  F r e e b y , and Buckham (28)  have pr oposed  t he  c o r ­

r e l a t i o n  b e s t  f i t t i n g  ICPP1. data f o r  h e a t  t r a n s f e r  from t he  

v a r i o u s  non- . f i  nned m u l t i p l e  h o r i z o n t a l  t ube  b u n d l e s  in t he  

f l u i d i z e d  bed h e a t  exchanger.  That  i s

G - Dj
Nu. 14(-

3ITl f
( P r ) 1/ ^ ^ ) 2 / 3

0 9 )

The e x p e r i me n t a l  d a t a  shows a maximum d e v i a t i o n  of  64 p e r ­

c e n t  f rom Vr e e d e n b e r g 1s c o r r e l a t i o n ,  wh i l e  Equa t i on  19 f i t s  

t he  data b e t t e r .  However ,  t he  agr e eme nt  o f  t h e  pr oposed  

d a t a  wi t h  V r e e d e n b e r g ' s c o r r e l a t i o n  f o r  h e a t  t r a n s f e r  t o 

a s i n g l e  t ube  i s  g o o d . Th e i r  d a t a  i s  shown in F i gu r e  5 .

The Atomic Energy 
c e s s i n g  p l a n t .

Commi s s i on ' s Idaho Chemical  Pro-
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Fi g u r e  5. ICPP m u l t i p l e - t u b e  d a t a  compared wi t h  Vr e e d e n b e r g 1s c o r r e l a t i o n .
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3. C o r r e l a t i o n  Model , Used in Thi s  Work, For Wal I - t o- Bed
Heat  T r a n s f e r

The model  i n i t i a l l y  s u g g e s t e d  by Z i e g l e r  e t  a I (34) 

and B o t t e r i  11 and Wi I Ltams (2)  f u r t h e r  e x t e n d e d  by Ge ne t t i  

( 8 ) i s  mo d i f i e d  i n t h i s  p r e s e n t  s t u d y .  Z i e g l e r ,  Koppel  , 

and Braze I t on (34)  showed t h a t  t h e  w a l I - t o - b e d  h e a t  t r a n s ­

f e r  c o e f f i c i e n t s  v a r i e d  wi t h  s o l i d  h e a t  c a p a c i t y ,  C , but
Ps

was i n d e p e n d e n t  of  s o l i d  t he r mal  c o n d u c t i v i t y ,  k .

A p a r t i c l e  whi ch has been in t h e  bul k  medium i s  vi ewed 

t o  move a d j a c e n t  t o t he  wal l  s u r f a c e  where t he  p a r t i c l e  i s  

s u d d e n l y  b a t h e d  by t he  f l u i d  a d j a c e n t  t o t he  wal l  a t  t he  

wal l  t e m p e r a t u r e .  In t he  mean t i me t he  p a r t i c l e  r e c e i v e s  

h e a t  by c o n v e c t i o n  f rom t he  f l u i d  a d j a c e n t  t o t h e  w a l l . 

A f t e r  somet i me t he  p a r t i c l e  l e a v e s  t h e  wal l  and r e t u r n s  t o 

t h e  bu l k  f l u i d i z e d  medium.  The ma j or  p o r t i o n  of  h e a t  

t r a n s f e r  i s  assumed t o  o c c u r  by t h i s  mechani sm.  With 

s e v e r a l  a s s u mp t i o n s  t he  boundar y  pr obl em d e s c r i b i n g  t he  

t e m p e r a t u r e  p r o f i l e , T ( r , 8 ) ,  in a p a r t i c l e  wh i l e  i t  i s  ad ­

j a c e n t  t o  t h e  wa l l  i s  s o l v e d .  The t i me a v e r a g e d  h e a t  f l u x  

i s  o b t a i n e d  as :

( H  * |_ ) 2
( 2 0 )



w h e r e  8= t h e  a v e r a g e  c o n t a c t  t i m e

In o r d e r  t o  ge t  t he  e x p r e s s i o n  f o r  t he  h e a t  t r a n s f e r  f l u x  

based  on t he  wal l  s u r f a c e ,  t he  number  of  p a r t i c l e s  a t  t he  

s u r f a c e  pe r  u n i t  a r e a  wi l l  have t o be d e r i v e d .  The number  

o f  p a r t i c l e s  pe r  u n i t  a r e a , Yp» wi l l  be r e l a t e d  t o  t he  

p a r t i c l e  f r a c t i o n ,  I - e , and t he  p a r t i c l e  d i amet er .  The 

h e a t  t r a n s f e r  c o e f f i c i e n t  has been c a l c u l a t e d  t o be p r o ­

p o r t i o n a l  t o ( I - e ) 0 ' 4 8 . A r e l a t i o n  of  t he  f o l l o w i n g  form 

i s  p r o p o s e d :

For  a c o mp l e t e l y  c ove r e d  s u r f a c e  wi t h  hexagona l  p a c k i n g .

(21 )

Yp , and I - e  a r e

( 2 2 )

e = 14/ 27 (23)

T h e r e f o r e

K1 = I . 59 (24)

and

(25)



By s u b s t i t u t i n g  Equa t i on  24 and Equation 25 i n t o  

Eq u a t i o n  2 1 , . we  can g e t  t he  f o l l o w i n g  e x p r e s s i o n  f o r  :

Y, T . 5 9 ( I - e ) 0 . 48
(26)

By m u l t i p l y i n g  q p by Ypj  we can w r i t e  an e q u a t i o n  f o r1P ^  'P
t h e  h e a t  f l u x  f rom t he  wal l  s u r f a c e :

9 = YpSp
S 1Q O - O 0 - ^ k n (Tw- T h )

6 k 8 p

v i + ^ ) 2

- ( 27 ]

The p a r t i c l e  Nu s s e l t  number  i s

Nu 5 ( l - e ) 0 . 4 8

( 1 + -
6k 8

(28)

pSc Sd P1
r.)

With t he  a i d  o f  d i me n s i o n a l  a n a l y s i s  Ge n e t t i  ( 8 ) has i n t r o ­

duced t h e  f o l l o w i n g  . e qua t i on  f o r  g" ■

1/ 2 97 (-V ) 4 / 3 (29)

By s u b s t i t u t i n g  d,  as expr es s ed  i n Equa t i on  29,  i n t o  

Equa t i on  28,  t he  f o l l o w i n g  c o r r e l a t i o n  f o r  a v e r a g e  Nu s s e l t  

numbers  can be o b t a i n e d :
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'Nu.
P

I + 580
Re ( -

5 ( ^ n - f e ) 0 - 48

) ( -

Most  of  t he  d a t a  c a l c u l a t e d  by Ge n e t t i  f o r  f l u i d i z a t i o n  

wi t h  t he  c o a r s e  g l a s s  s p h e r e s  and t he  aluminum p a r t i c l e s  a r e  

w i t h i n  +20 p e r c e n t  of  Equa t i on  30.

Kidd (14)  has s t u d i e d  h e a t  t r a n s f e r  and p r e s s u r e  drop 

f o r  n i t r o g e n  f l o wi n g  in t u b e s  c o n t a i n i n g  t w i s t e d  t a p e s  and 

has i n t r o d u c e d  t w i s t  r a t i o  Y. Twi s t  r a t i o  Y has been d e f i n e d  

as t he  number  of  t ube  d i a me t e r  pe r  180° t w i s t .

About  t he  c o n s t a n t  of  Eq u a t i o n  28 as a r e s u l t  of  

s e v e r a l  a s s u mp t i o n s  Ge n e t t i  ( 8 ) has r e p o r t e d  5.  For

-J1 - P A f ) 4 / 3 ' 2

(30)

g e n e r a l i z a t i o n  Eq u a t i o n  28 can be r e w r i t t e n :

C i ( l - e ) 0 '
1Nu „ = —

( 1+ - 9 - ^
(31)

P^C^dp'
- ) ■

6k e
The d i me n s i o n l e s s  group ----- g d 2 in Eq u a t i o n  31 can be

ps s p
r e l a t e d  t o  t he  f o l l o w i n g  v a r i a b l e s :

' I .  mass v e l o c i t y  G

2 . p a r t i c l e  d i a me t e r  d^

3.  t w i s t  r a t i o  Y

4.  gas v i s c o s i t y  u

v
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With t he  a i d  of  d i me n s i o n a l  a n a l y s i s  t he  f o l l o w i n g  d i me n s i o n ­

l e s s  group can be o b t a i n e d :

( - I z l - ) .
H Y .

With t h e s e  gr oups  an e q u a t i o n  of  t he  f o l l o wi n g  form f o r  t he
6 k_6"

d i me n s i o n l e s s  group
- S c S d P 1

-i s o b t a i  ned :

6 f  % = — M = C ( ■
P5 = Sd P2 2 2 '

(32)

S u b s t i t u t i n g  Eq u a t i o n  32 i n t o  Equa t i on  31,  t he  f o l l o wi n g  

i s  o b t a i n e d :

%
C1 ( V e ) 0 . 48

Co ( Y-I \ b l 2
I +

(33)



Ex p e r i me n t a l  Appa r a t us

The e x p e r i me n t a l  e qu i pment  o f  t he  p r e s e n t  i n v e s t i g a t i o n  

was d e s i g n e d  and a s s e mbl e d  in o r d e r  t h a t : t h e  s t u d y  of  l o c a l  

and a v e r a g e  h e a t  t r a n s f e r  c o e f f i c i e n t s  coul d  be made in a 

f l u i d i z e d  bed t u b u l a r  h e a t  e x c h a n g e r  where an e l e c t r i c a l l y  

h e a t e d  bundl e  of  v e r t i c l e  t u b e s  were s y mme t r i c a l l y  p l a c e d .  

Some of  t he  e qui pment  component s  used in t h i s  p r e s e n t  s t udy  

were used in a p r e v i o u s  s t udy  u n d e r t a k e n  by Ge n e t t i  ( 8 ).

The ma j or  i t ems  of  e qu i pment  a r e  a model  f l u i d i z e d  bed he a t  

e x c h a n g e r , an a i r  b l o we r ,  an e l e c t r i c a l  sys t em and power 

s o u r c e , and. . measur i ng d e v i c e s .  The mea s ur i ng  d e v i c e s  i n c l u d e  

ma n o me t e r s , t h e r mo c o u p l e s  and a p r e c i s i o n  p o t e n t i o m e t e r .  A 

g e n e r a l  f l ow d i agr am of  t he  equ i pment  i s  shown in Fi gur e  6 

and a p h o t o g r a p h  of  t he  equi pment  i s  shown in F i g u r e  7 (A) .
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Tjre' Ex p e r i me n t a l  Heat  Exchanger  Column

The e x p e r i me n t a l  h e a t  e x c h a n g e r  column c o n s i s t e d  of  a 

v e r t i c a l  t ube  bundl e  c o n t a i n i n g  h e a t i n g  e l e me n t s  and a s h e l l .

The Ex p e r i me n t a l  She l l  : The o u t s i d e  of  t he  e x p e r i me n t a l

s h e l l  was c o n s t r u c t e d  in t h r e e  s e c t i o n s ,  t he  c o n i c a l  a i r  

d i s t r i b u t i n g  s e c t i o n ,  t he  e x p e r i me n t a l  s e c t i o n ,  t h e  d i s e n ­

gagi ng  s e c t i o n .

The c o n i c a l  a i r  d i s t r i b u t i n g  s e c t i o n  i s  a t t a c h e d  a t  t he  

l ower  p a r t  of  t he  column to expand t he  a i r  f l ow from t he  

p i pe  d i a me t e r  t o t he  column d i a m e t e r .  A i r o n - c o n s t a n t a n  

t h e r mo c o u p l e  was i n s e r t e d  t h r o u g h  t he  wal l  of  t h i s  s e c t i o n  

t o measur e  t he  a i r  i n l e t  t e m p e r a t u r e .

The e x p e r i me n t a l  s e c t i o n  was c o n s t r u c t e d  f rom t he  

6- i n c h  OD and 4 4 - i n c h  l ong c a s t  a c r y l i c  t ube  wi t h  t he  1/ 4 

i nch  t h i c k  w a l l .  El even i r o n - c o n s t a n t a n  t h e r mo c o u p l e s  were 

i n s e r t e d  t h r o u g h  t h e  wal l  of  t h i s  e x p e r i me n t a l  column as 

shown in F i g u r e  6 . The t h e r mo c o u p l e s  a r e  p r o t e c t e d  by 

s c r e e n  s h i e l d s  in o r d e r  t o g i ve  c o n t a c t  wi t h  t h e  f l u i d i z i n g  

a i r  o n l y :  El even p r e s s u r e  t a p s  a r e  a l s o  p l a c e d  in t he

wal l  of  t h i s  e x p e r i me n t a l  column as shown in F i g u r e  6 . These  

p r e s s u r e  t a p s  have f i n e  s c r e e n  c o v e r s  s o l d e r e d  on to p r e v e n t  

t he  f l u i d i z e d  p a r t i c l e s  f rom r u n n i n g  i n t o  t he  t a p s .

The d i s e n g a g i n g  s e c t i o n  was c o n s t r u c t e d  f rom t he  9 - i n c h
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( A )

Fi g u r e  7.  (A) Gener a l  equi pment
(B) Gl as s  p a r t i c l e s



OD and 1 2 - i nch l ong c a s t  a c r y l i c  t ube  wi t h  t he  1 / 4 - i nch 

t h i c k  w a l l .  Four  h o l e s , I 1 / 2 - i nch in d i a m e t e r ,  were d r i l l ­

ed in t he  wal l  of  t he  d i s e n g a g i n g  s e c t i o n  I 1/ 2 - i nc he s  f rom 

t he  t op to l e t  t he  f l u i d i z i n g  a i r  e s c a p e .  These  ho l e s  were 

c o v e r e d  wi t h  f i n e  mesh s c r e e n  t o p r e v e n t  t he  h i g h l y  f l u i d ­

i ze d  p a r t i c l e s  f rom be i ng  blown ou t  of  t he  col umn.  One h o l e ,  

i nch in d i ame t e r , ,  was made in t he  t op  p l a t e  whi ch i s  c o v e r i n g  

t he  d i s e n g a g i n g  s e c t i o n ,  and t h a t  ho l e  was o c c a s i o n a l l y  used 

t o put  t he  p a r t i c l e s  i n t o  t he  bed and t o blow o u t  t he  un­

n e c e s s a r y  p a r t i c l e s  f rom t he  b e d . An a l u me l - chr ome!  t h e r mo ­

c o u p l e  was i n s e r t e d  t h r ough  t he  wal l  of  t he  d i s e n g a g i n g  

s e c t i o n  . to measur e  t he  a i r  o u t l e t  t e m p e r a t u r e .

The Tube Bundl e  wi t h  t he  He a t i ng  E l e m e n t s : The t ube

bundl e  i s  6 0 - i nch l ong and c o n s i s t s  of  n i n e t e e n  321 s t a i n ­

l e s s  s t e e l  t u b e s  3 / 4 - i nch OD wi t h  0 . 0 1 2 - i nch t h i c k  a r r a n g e d  

i n I - i n c h  t r i a n g u l a r  p i t c h .  The compl e t e  t ube  l a y o u t  i s  

shown in F i g u r e  7.  The 3 / 1 6 - i n c h  s t a i n l e s s  s t e e l  wi r e  has 

been wrapped a r ound t he  o u t s i d e  of  each t ube  i n a h e l i c a l  

s p i r a l . A f t e r  exami ni ng  t he  e f f e c t  of  t he  f i r s t  wi r e  as an 

e x t e n d e d  s u r f a c e , t he  s e c ond ,  t h e  t h i r d ,  and t h e  f o u r t h  wi r e  

was wrapped a r ound each t ube  t o s ee  t he  g r adua l  i n c r e a s e  in 

wal I - t o - b e d  h e a t  t r a n s f e r .  The d e t a i l s  wi l l  be e x p l a i n e d  in
v

Ex p e r i me n t a l  P r o g r a m. One end of  each - tube' ,  e x c e p t  t he

- 3 2 -
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he a t i n g  t u b e s , was f i t t e d  wi t h  a p l a s t i c  pl ug to f a c i l i a t e  

f i t t i n g  i n t o  t he  l ower  t ube  s h e e t .  •

The h e a t i n g  t u b e s  (4 t u b e s  as shown in F i g u r e  8 ) a r e  

f i t t e d  wi t h  c o p p e r  e l e c t r o d e s  on t h e  t op and t h e  bot t om.  The 

t op e l e c t r o d e  has a p o r c e l a i n  t ube  i n s e r t e d  in i t  t o p r e v e n t  

c o n t a c t  be t ween t he  e l e c t r o d e  and t he  aluminum t ube  hous i ng 

t he  l e a d s  i n s i d e  t he  h e a t i n g  t u b e . The bot t om e l e c t r o d e  i s  

f a c i l i a t e d  t o f i t  i n t o  t he  l ower  t ube  s h e e t  and has a 1/ 4 - 

i nch ho l e  t o . a c c e p t  a No. 10 c oppe r  wi r e  used as a power 

l e a d .

The bot t om t ube  s h e e t  i s  made of  a p e r f o r a t e d  s t e e l  

s h e e t  wi t h  a 200 mesh wi r e  s c r e e n  wel ded t o i t  t o p r e v e n t  

t h e  moving p a r t i c l e s  f rom r un n i n g  out  f rom t he  e x p e r i me n t a l  

s e c t i o n .  The h e a t i n g  t u b e s  a r e  i n s u l a t e d  f rom t h i s  s h e e t  

wi t h  r u b b e r  r i n g s .

The Ai r BI o we r : Ai r  was s u p p l i e d  by a S u t o r b i l t  57-TP

a i r  b l ower  d r i v e n  by a 1 750 RPM, 7 1/ 2 HP AC i n d u c t i o n  mot or .  

Two and one h a l f  i nch s t e e l  p i pe  was used t o t r a n s p o r t  t he  

a i r  t o  t he  e x p e r i me n t a l  h e a t  e x c h a n g e r .  The 2 1 / 2 - i n c h  p i p e  

was r educ ed  t o two i n c h e s  b e f o r e  e n t e r i n g  t he  a i r  i n t a k e  

s e c t i o n .  The a i r  f l ow r a t e  was c o n t r o l l e d  by two g a t e  v a l v e s .  

One , a t w o - i n c h - b y - p a s s  v a l v e ,  c o n t r o l l e d  t he  a i r  f l owi ng  

t h r o u g h  a b y - p a s s  t o  t he  a t mo s p h e r e .  T h e . o t h e r  c o n t r o l
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Fi g u r e  8 . Tube l a y o u t :  showi ng l o c a t i o n s  of  h e a t i n g
e l e me n t .



v a l ve  was in t he  2 1 / 2 - i nch a i r  s u p p l y  l i n e .  The a i r  f l ow 

was me t e r e d  by a s h a r p - e d g e d  o r i f i c e  l o c a t e d  i n t he  mi ddl e  

of  the a i r  suppl y l i n e .

The ETec t' r i c Sys t em and Power S o u r c e : A v o l t a g e  t r a n s ­

f o r me r  was used to suppl y e ne r gy  to t he  wi r e  wrapped s t a i n ­

l e s s  s t e e l  h e a t i n g  t u b e s .  A d i agr am of  t he  e l e c t r i c a l  

c i r c u i t  i s  shown in F i g u r e  9.  The r e s i s t a n c e  in t he  c i r c u i t  

was a d j u s t e d  so t h a t  t he  c u r r e n t  was abou t  48 amps.  The 

emf and c u r r e n t  were measur ed by an AC v o l t m e t e r  wi t h  a 

r ange  of  ze r o  t o 15 v o l t s  and an AC ammeter  wi t h  a r ange  of

z e r o  t o 50 amps .



Heat ing
t u b e s

C o n s t a n t  
vol t a g e  
t r a n f o r m e r

A : A m m e te r  
V V o lm e te r

No. 10
C o p p e r  w i r e

No.10 /
C o p p e r  w i r e

Fi g u r e  9. Diagram of  e l e c t r i c a l  c i r c u i t .
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Meas ur i nq  Devi ces

s u r e : The U- t ube  manomet er s  have been used to 

measur e  t he  p r e s s u r e  drop ac ros s  t he  bed and an i n c l i n e d  

(an a ng l e  o f  30°)  U- t ube  manomet er  has been used to measur e  

t he  p r e s s u r e  drop a c r o s s  t he  s h a r p - e d g e d  o r i f i c e  me t e r .  A 

c o l ored  manometer f l u i d  wi t h  a d e n s i t y  of  1 . 00  gm/cm3 was 

used .

Te mp e r a t u r e :  The wal l  t e m p e r a t u r e  of  t h e  h e a t i n g

t ube s  (4 t u b e s  as shown in F i g u r e  8 ) were measured us i ng  

c hr ome ! - a l ume l  t h e r mo c o u p l e s .  The t hermocoupl e . probe  was 

de s i gne d  to move up and. down t he  h e a t i n g  t u b e .  In t h i s  

manner  wal l  t e m p e r a t u r e s  a t  v a r i o u s  p o s i t i o n s  i n s i d e  t he 

t ube  wal l  were me a s u r e d . Two i n s u l a t e d  thermocoupl es  were 

run t h r ough  t he  pr obe  c a s i n g  whi ch rounded t o  t he  shape  of  

t he  t ube  w a l l ,  and bot h  were embedded in two copper c o n t a c t .

Each copper c o n t a c t  was he l d  a g a i n s t  t he  i n s i d e  t ube  wal l  

wi t h  a s p r i n g .

The pr obe  a s s e mbl y  i s  shown in F i gu r e  10.  As p r e v i o u s ­

ly me n t i o n e d ,  e l e v e n  i r o n - c o n s t a n t a n  thermocoupl es  were 

i n s e r t e d  t h r o u g h  t he  wal l  of  t he  e x p e r i me n t a l  column to 

measur e  t he  bed t e m p e r a t u r e s .  An i r o n - c o n s t a n t a n  t he r mo­

coup l e  was p l a c e d  i n s i d e  the a i r  d i s t r i b u t i n g  s e c t i o n  and 

a c h r ome l - a l ume l  t h e r mo c o u p l e  was pu t  i n t o  t he  mi dd l e  of

■■ ■ .i : : v. I .. . - I .  . • v  11 . . ' e r r .  o  .  u  y ■ .  ■ • -i r- ■■ . . .
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t h e  d i s e n g a g i n  s e c t i o n .  Both were t o measur e  t he  gas i n ­

l e t  and o u t l e t  t e m p e r a t u r e . Al I r e f e r e n c e  j u n c t i o n s  were 

ke p t  i n an i c e  ba t h  a t  3 2 ° F . The t h e r mo c o u p l e  emf was 

r e a d  us i ng  a Leeds and Nor t h r op  Co. p o t e n t i o m e t e r  model  

0381600.  A s w i t c h i n g  sys t em was used t o c ompl e t e  t he  

t h e r mo c o u p l e  c i r c u i t s .
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TOP VIEW

Micarta

—  i Ti. d i a .X "77" i n.

Spring

-—in.d ia.X-r- in- 16 ^

—  in.dia.X -y in -

Copper contact

0 . 7 3 8  in.

FRONT VIEW

Fi g u r e  10.  Expl oded view of  t he  t ube  wal l  t e mp e r a t u r e  
p r o b e .
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Exper imental  Program and Procedure

Experimental  Program: The o b j e c t i v e  of  t h i s  s t udy  i s

t o d e t e r mi n e  h e a t  t r a n s f e r  c o e f f i c i e n t s  in a v e r t i c a l l y  

arranged U n ite d  t ube  bund l e  f o r  a i r  f l owi ng  t h r o u g h  a 

f l u i d i z e d  bed a t  v a r i o u s  o p e r a t i n g  c o n d i t i o n s .  The s t a i n l e s s  

s t e e l  wi r e s  wrapped a r ound t he  o u t s i d e  of  each t ube  in a '

h e l i c a l  s p i r a l  have been used t o i n c r e a s e  t he  r a t e  of  hea t  

t r a n s f e r .

The v a r i a b l e s  t o be c o n s i d e r e d  in b e d - t o - w a l I he a t  

t r a n s i e r  in g a s - s o l i d  f l u i d i z e d  beds a r e :  ( I )  p r o p e r t i e s  o f '

g a s ;  d e n s i t y , pg ; v i s c o s i t y ,  y;  s p e c i f i c  h e a t ,  C ; t her mal  

c o n d u c t i v i t y ,  kg (2)  p r o p e r t i e s  of  t he  s o l i d s :  d i a me t e r ,  d ;

d e n s i t y ,  ps ; s p h e r i t y ,  s p e c i f i c  h e a t ,  Cp s ; (3)  c o n d i t i o n s  

a t  minimum f l u i d i z a t i o n :  minimum f l u i d i z a t i o n  v e l o c i t y ,

um f ; v o i d a Se ’ emf  (4)  f l ow c o n d i t i o n s : s u p e r f i c i a l  v e l o -

c i t y ,  uq ; voi d  f r a c t i o n ,  and (5)  g e o me t r i c  p r o p e r t i e s :  

bed d i a m e t e r ,  s t a t i c  bed h e i g h t ,  t h e  l e n g t h  of  h e a t  t r a n s ­

f e r  s u r f a c e , t ype  of  f i n ,  and h e a t i n g  t ube  l o c a t i o n .

Var i ab l e s  under c o n s i d e r a t i o n  in t h i s  s t u d y  a r e  s t a t i c  

bed h e i g h t  s u p e r f i c i a l  gas v e l o c i t y ,  h e a t i n g  tube l o c a t i o n ,  

and t he  e x t e n d e d  s u r f a c e  a r e a .

Heat  f l u x ,  t ube  wal l  t e m p e r a t u r e  p r o f i l e ,  and v e r t i c a l  

bu l k  gas t e m p e r a t u r e  p r o f i l e  have been measur ed in o r d e r  t o
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c a l c u l a t e  t he  r a t e  of  h e a t  t r a n s f e r  and t o  f i n d  out  t he  

e f f e c t  of  t he  i n c r e a s i n g  s u r f a c e  a r e a .

Ai r  has been used as t he  f l u i d i z i n g  medium and onl y  

one t ube  bundl e  c o n f i g u r a t i o n  has been c o n s i d e r e d . The 3/16-  

i nch s t a i n l e s s  s t e e l  wi r e  has been used as an e x t e nded  s u r ­

f a c e .

P r o p e r t i e s  of  S o l i d s :  Only one t ype  and one s i z e  of

s o l i d  p a r t i c l e  has been used in t h i s  s t u d y . Coar se  g l a s s  

s p h e r e s , ma n u f a c t u r e d  by 3M Company, of  0 . 0 1 8 5 - i n c h  a v e r a g e  

d i a m e t e r  were u s e d . The d e n s i t y  of  g l a s s  p a r t i c l e s  i s
3

156 I b / f t  . A mi c r o p h o t o g r a p h  of  t he  p a r t i c l e s  ( F i g u r e ; SB) 

shows t ha t  t h e  g l a s s  p a r t i c l e s  a r e  s p h e r i c a l .  ■

S t a t i c Bed H e i g h t s : S t a t i c  bed h e i g h t s  o f  f i v e ,  seven

and n i ne  i nc he s  have been i n v e s t i g a t e d .  Data were a l s o  

t a ke n  w i t h o u t  p a r t i c l e s  in o r d e r  t o compare wi t h  da t a  

r e p o r t e d  by Donohue (6)  and Ge n e t t i  ( 8 ) .  S t a t i c  bed h e i g h t s  

were measur ed  wi t h  a s c a l e  whi ch was on t he  e x p e r i me n t a l  

h e a t  e x c h a n g e r  col umn.

F l ui d Mass V e l o c i t y : A wi de r ange  of  gas v e l o c i t i e s

was used in t h i s  s t u d y  t o d e t e r mi n e  t he  most  e f f e c t i v e  

v e l o c i t y  and to f i n d  t he  e f f e c t i v e n e s s  of  e x t e n d e d  s u r f a c e s  

as a f u n c t i o n  of  gas f l ow r a t e s .

He a t i ng  Tube L o c a t i o n : S i nc e  v e r t i c a l  l y  a r r a n g e d
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f i n n e d  t ube  l a y o u t  i s  s ymmet r i ca l  as i t  i s  shown in F i g u r e  8 

on l y  four  h e a t i n g  t ube  l o c a t i o n s  were needed to i n v e s t i g a t e  

a l l  p o s s i b l e  h e a t i n g  t ube  l o c a t i o n s .  The r a t e  of  h e a t  

t r a n s f e r  has been s t u d i e d  a t  a l l  four d i f f e r e n t  l o c a t i o n s  

f o r  v a r i o u s  s t a t i c  bed h e i g h t s , g a s  v e l o c i t i e s  and t he 

i n c r e a s i n g  ammount  o f  e x t e n d e d  s u r f a c e  (wrapped s t a i n l e s s  

s t e e l  w i r e s ) .  The h e a t i n g  t ube  l o c a t i o n s  a r e  shown in 

F i g u r e  8,  and wi l l  be r e f e r r e d  by- number .  The c e nt e r  l o c a ­

t i o n  i s  numbered one ;  t he  l o c a t i o n  h a l f  t he  d i s t a n c e  from 

t he  c e n t e r  i s  numbered two and t he  two o u t e r  l o c a t i o n s  a r e  

numbered t h r e e  and f o u r .

The h e a t i n g  t ube  wal l  t ube  t e mp e r a t u r e  was measur ed a t  

e l e v e n  p o s i t i o n s  a l ong  t he  tube .  For a l l  funs t he  l o c a t i o n s  

were I 1 / 2 .  3 1 / 2 ,  7 1 / 2 ,  11 1 / 2 ,  15 1 / 2 ,  19 1 / 2 ,  23 1 / 2 ,

27 1 / 2 ,  31 1 / 2 ,  35 1/ 2 and 39 1/ 2  i nc he s  f rom t h e  bot t om 

were used to g e t  t he  n e c e s s a r y  d a t a  t o o b t a i n  t he  t e mp e r ­

a t u r e  p r o f i l e  a l ong  t he  t u b e . These  e l e v e n  p o s i t i o n s  a r e  

c o r r e s p o n d i n g  p o s i t i o n s  of  t he  t h e r mo c o u p l e s  whi ch were 

i n s e r t e d  t h r o u g h  t he  wal l  of  t h e  e x p e r i me n t a l  column to 

measur e  . t h e  . t e mp e r a t u r e s  of  t he  bed.

lire  Type of  FJ_n: The 3 / 1 6 - i n c h  s t a i n l e s s ,  s t e e l  wi r e

■has been used as an e x t e n d e d  s u r f a c e .  The s t a i n l e s s  s t e e l  

wi r e  has been wrapped a r ound t he  o u t s i d e  of  each 19 t ubes
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in a h e l i c a l  s p i r a l  .

A f t e r  exami ni ng  t he  f i r s t  wi r e  as an e x t e n d e d  s u r f a c e ,  

t he  s e c o n d ,  t he  t h i r d ,  and t he  f o u r t h  wi r e  was wrapped 

a r ound each t ube  t o see  t he  g r adua l  wa l I - t o - b e d  h e a t  

t r a n s f e r  i n c r e a s e  wi t h  t he  i n c r e a s i n g  amount  o f  ex t ended  

s u r f a c e .  For  t he  f i r s t  w i r e ,  t h e  rat e  of  h e a t  t r a n s f e r  

were measur ed  f o r  d i f f e r e n t  s t a t i c  bed h e i g h t s  and gas 

v e l o c i t i e s  a t  a l l  d i f f e r e n t  h e a t i n g  t ube  l o c a t i o n s .  The 

same procedure was used f o r  t h e  s e c o n d ,  t he  t h i r d ,  and t he  

f o u r t h  wi r e .  The f o l l o w i n g  c h a r t  shows t he  c ompl e t e  

program of  t h i s  s t u d y  a t  d i f f e r e n t  h e a t i n g  l o c a t i o n s  f o r  

v a r i o u s  s t a t i c  bed h e i g h t s ,  gas v e l o c i t i e s  and t h e  i n c r e a s ­

ing amount  o f  e x t e n d e d  s u r f a c e .
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Tabl e  I

No . of  
FBH

No. of  
Wire

SBH
5"

SBH
7"

SBH
9"

I

Wl
w 2
w 3
w 4

2

wl
w2 i
w3
w4

3

Wl
w 2
w3
w4

4

wl
w 2
w3
w 4

wI = one e x t e n d e d  s u r f a c e  w3 = t h r e e  e x t e n d e d  s u r f a c e s

w2 - two e x t e n d e d  s u r f a c e s  w4 = f o u r  e x t e n d e d  s u r f a c e s  

SBH = s t a t i c  bed h e i g h t  

FBH = f l u i d i z e d  bed h e i g h t

1 = s l i g h t l y  f l u i d i z e d  ( above  minimum f l u i d i z a t i o n )

2 = f a i r l y  f l u i d i z e d  

3. = wel l  f l u i d i z e d

4 = h i g h l y  f l u i d i z e d
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Ex p e r i me n t a l  P r o c e d u r e

The f o l l o w i n g  r o u t i n e  p r o c e d u r e  i s  f o l l o we d  b e f o r e  

making each e x p e r i me n t a l  r u n :

1. The d e s i r e d  amount  of  g l a s s  p a r t i c l e s  i s  p l a c e d  

in t he  e x p e r i me n t a l  co l umn’. The a i r  b l ower  i s  t u r n e d  o n 3 

and t he  c o n t r o l  g a t e  v a l v e s  i s  a d j u s t e d  t o g i ve  t he  d e s i r e d  

f l ow r a t e .  The d e s i r e d  f l u i d i z e d  bed h e i g h t  i s  o b t a i n e d

by a d j u s t i n g  t he  c o r r e c t  ope n i n g s  f o r  t h e s e  two c o n t r o l  

v a l v e s .  The v a l v e s  a r e  t i g h t e n e d  t o m a i n t a i n  t he  c o n s t a n t  

f l ow r a t e  d u r i n g  t he  e x p e r i me n t a l  per i od .

2.  The power  s upp l y  i s  t u r n e d  on.  The r e s i s t a n c e  

i n t he  e l e c t r i c  c i r c u i t  i s  a d j u s t e d  so t h a t  t he  c u r r e n t  

wi l l  be a b o u t - 46- 50 amperes  and t he  v o l t a g e  abou t  7 . 8 -  

8 .6  v o l t s .

3.  A thermos f l a s k  i s  f i l l e d  wi t h  c r u s h e d  i ce  and 

wa t e r .  The t h e r mo c o u p l e  r e f e r e n c e  j u n c t i o n s  i s  p l a c e d  in 

t he  f l a s k  t o g i v e  a r e f e r e n c e  t e mp e r a t u r e  of  32°F.

4.  The p o t e n t i o m e t e r  i s  b a l a n c e d  a g a i n s t  an i n -  

t e r n a l  s t a n d a r d  c e l l .

5.  The t ube  wal l  p r obe  t h e r mo c o u p l e s  have been s e t

t o t h e i r  i n i t i a l  p o s i t i o n s .

6.  When s t e a d y  s t a t e  has been o b s e r v e d  in regard to 

t ube  wal l  t e m p e r a t u r e  emfs ,  t h e  r e c o r d i n g  of  d a t a  i s  begun



The i o i l  owing p r o c e d u r e  has been used in r e c o r d i n g  t he  

n e c e s s a r y  d a t a :

1. The v o l t a g e  and c u r r e n t  f rom t he  power  s upp l y  a r e  

measur ed wi t h  an AC v o l t m e t e r  and an AC a mme t e r . The p r e s ­

s u r e  drop a c r o s s  t he  me t e r i n g  o r i f i c e  i s  measur ed  wi t h  a 

wa t e r  manomet e r .

2.  The t ube  wal l  pr obe  t h e r mo c o u p l e  emf i s  measur ed 

wi t h  a p o t e n t i o m e t e r .  The probe i s  t hen  p l a c e d  in t he  

s econd p o s i t i o n  and t he  pr obe  i s  a l l owe d  t o a t t a i n  s t e a d y  

s t a t e .  The same procedure i s  c o n t i n u e d  u n t i l  a l l  11 pr obe 

p o s i t i o n s  have been m e a s u r e d .

3.  While,  t he  pr obe  i s  coming t o s t e a d y  s t a t e  between 

pr obe  emf measurements ,  t he  r e ma i n i n g  data are me a s u r e d .

The gas i n l e t  t emper at ur e ,  gas o u t l e t  t emperat ure ,  11 bul k  

gas  t e m p e r a t u r e s ,  and bed p r e s s u r e  drops a r e  r e c o r d e d  a t  11 

equal  t i me i n t e r v a l s  d u r i n g  t h e  course  of  t h e  r un .

4.  The power  s u p p l y  v o l t a g e  and c u r r e n t  a r e  checked 

a g a i n  and a v e r a g e d . ■ The o r i f i c e  p r e s s u r e  drop i s  a l s o  

checked  a t  t he  end of  t he  r u n .

A f t e r  a l l  t he  data a r e  recorded f o r  one r u n , t he  e q u i p ­

ment  i s  t u r n e d  o f f ,  or  t he  p r o c e d u r e  i s  r e p e a t e d  a ga i n  f o r  

a n o t h e r  f un .  In t h i s  ma n n e r , d a t a  a r e  t ake n  f o r  t he  

d i f f e r e n t  s t a t i c  bed h e i g h t s ,  gas  f l ow r a t e s ,  and an i n-
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c r e a s i n g .  amount  o f  e x t e n d e d  s u r f a c e  a r e a  a t  d i f f e r e n t  h e a t ­

ing t ube  l o c a t i o n s .  A t y p i c a l  d a t a  s h e e t  can be found in 

Appendi x I I I .



C a l c u l a t i ons

I h e  b a s i c  c a l c u l a t i o n s  a r e  gas f l ow r a t e , t e mp e r a t u r e  

c a l c u l a t i o n s  f rom t h e r mo c o u p l e  e m f ' s ,  l o c a l  t e mp e r a t u r e  

d i f f e r e n c e  s-s h e a t  f l u x ,  l o c a l  h e a t  t r a n s f e r  c o e f f i c i e n t s , 

we i g h t e d  l o c a l  h e a t  t r a n s f e r  c o e f f i c i e n t s ,  a v e r a g e  hea t  

t r a n s f e r  c o e f f i c i e n t ,  and s e c t i o n  pressure  d r o p s .  From t he  

above c a l c u l a t e d  d a t a  bed s e c t i o n  voi d  f r a c t i o n s  and bed 

s e c t i o n  a v e r a g e  h e a t  t r a n s f e r  c o e f f i c i e n t s  have been c a l c u l ­

a t e d  .

Al I c a l c u l a t i o n s  have been pe r f or med wi t h  t he  a i d  of  

SDS SIGMA 5/ 7 and HEWLETT-PACKARD 2116B d i g i t a l  c ompu t e r s .  

So f t wa r e s  used a r e  Ba s i c ,  F o r t r a n  IV and APL. Al I of  t h e s e  

a r e  l i s t e d  in Appendi x IV.

Comput a t i ons  Using Re a d i ngs :

The key emf v a l u e s  whi ch b r a c k e t  t he  t e mp e r a t u r e  range  

measur ed  f o r  t he  l o c a l  t ube  wal l  t e mp e r a t u r e  and gas o u t l e t  

t e m p e r a t u r e  a r e  1 . 5 2 ,  1 . 9 8 ,  2 . 4 5 ,  2 . 8 9 ,  3 . 3 6 ,  and 3 . 8 1 .  Pass  

i ng a f i f t h - o r d e r  po l ynomi a l  t h r o u g h  t h e s e  s i x  p o i n t s  g i ve s  

t he  good f i t  ove r  t h e  t e m p e r a t u r e  r a n g e . The c a l c u l a t e d  

r e s u l t s  have been compared with'  c a l i b r a t i o n  t a b l e s  f o r  

t h e r mo c o u p l e  c h r o m e ! - a Iumel  t h e r mo c o u p l e s  i n Appendi x V.

The key v a l u e s  whi ch b r a c k e t  t he  t e mp e r a t u r e  r ange  measur ed



f o r  t he  l o c a l  bul k  f l u i d i z e d  bed t e mp e r a t u r e  and gas i n l e t  

t e m p e r a t u r e  . a r e  1 . 65  , 1 . 79  , I . 9 4 ,  2 . 0 8 ,  2 . 2 3 ,  2 . 3 8 ,  and 

2 . 5 2 .  The form of  t h e  Lagr angi  an f o r mul a  g i ven  by a s i x t h -  

o r d e r  po l ynomi a l  t h r o u g h  t h e s e  7 p o i n t s  g i v e s  t h e  good f i t  

ove r  t h e  t e m p e r a t u r e  r a n g e .  The c a l c u l a t e d  r e s u l t s  have 

been compared wi t h  c a l i b r a t i o n  t a b l e s  f o r  i r o n - c o n s t a n t a n  

t h e r mo c o u p l e s  i n Appendi x V. Si nc e  t he  L a g r a n g e ' s  i n t e r ­

p o l a t i o n  f o r mul a  i s  a p p l i c a b l e  f o r  e i t h e r  equal  or  unequal  

i n t e r v a l s ,  t he  i n t e r p o l a t e d  f u n c t i o n a l  v a l ue  c o r r e s p o n d i n g  

t o any g i ven  E(x)  i s  g i ve n  by T.

The bul k  f l u i d i z e d  bed t e m p e r a t u r e s  a r e  c a l c u l a t e d  

f o r  t h e  11 t ube  wal l  pr obe  p o s i t i o n s  a c c o r d i n g  t o  t he  numer ­

i c a l  method d e s c r i b e d  above ,  and t he n  t he  l o c a l  t e mp e r a t u r e  

d i f f e r e n c e  . i s  c a l c u l a t e d  f rom t he  f o l l o wi n g  e q u a t i o n :

. • - 4 9 -

AT I oc V Tb (34)

The h e a t  f l u x  was c a l c u l a t e d  by d e t e r mi n i n g  t he  power 

d i s s i p a t e d  i n t he  h e a t i n g  e l e me n t .  The p r o d u c t  o f  t he  

measur ed  c u r r e n t  and v o l t a g e  dr op g i v e s  t he  power  d i s s i p a t e d  

in t he  h e a t i n g  e l e me n t  and t he  c o n n e c t i n g  l e a d s .  The e x ­

p r e s s i o n  used f o r  t he  h e a t  f l u x  t he  e l e c t r i c a l  r e s i s t a n c e  of  

t he  l e a d s  under  c o n s i d e r a t i o n  i s :

0 . 8 7 ( 1  V -  0 . 0 3 1 2 2  r ) ( 3 5 ) .
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The l o c a l  h e a t  t r a n s f e r  c o e f f i c i e n t  i s  c a l c u l a t e d  f rom 

t he  f o l l o w i n g  e q u a t i o n :

f  e r

h Ioc = 9/ ATl oc

The e q u a t i o n  used t o c a l c u l a t e  t he  a v e r a g e  h e a t  

c o e f f i c i e n t  i s  as f o l l o w s :

(36)

t r a n s -

where

hOV - VATav

AT. ATl o c dZ

(37)

Thi s  i n t e g r a l  has been n u m e r i c a l l y  e v a l u a t e d  u s i n g  a l e a s t -  

s q u a r e  po l ynomi a l  f i t  of  d e g r e e  n.

The p r e s s u r e  drop a c r o s s  t he  s h a r p - e d g e d  o r i f i c e  i s  

meas ur ed  wi t h  a manomet er  i n c l i n e d  a t  30° .  The p r e s s u r e  

b a l a n c e  of  t h e  two col umns in t he  i n c l i n e d  U- t u b e  manomet er  

g i ve s

i p O H f i c e  = i h (PL- Pg ) s i n  ( 38)

where Ah = t he  r e a d i n g  of  manomet er  i n f e e t .

The a c t u a l  gas f l ow r a t e  G i s  c a l c u l a t e d  from t h e  s h a r p -  

edged o r i f i c e  c a l i b r a t i o n .  The g e n e r a l i z e d  e q u a t i o n  to 

c a l c u l a t e  t he  mass f l ow r a t e  t hrough;  a c o n s t a n t - a r e a  d i f ­

f e r e n t i a l  t ype  of  f l u i d  me t e r  i s



r 5.1 -

A = KAmY[2%gT( P ^ - P g ) ] ! / 2  (39)

w + a c t u a l  mass f l ow
2

Am = t he  c ros s  s e c t i o n a l  a r e a  of  a f l ow m e t e r , f t
3

Pgl = gas d e n s i t y  ups t r e a m l o c a t i o n ,  I b fflZ f t  

and f o r  a c o mp r e s s i b l e  f l u i d  t h e  e x p a n s i o n  f a c t o r ,  Y, is'  

used and i s  g i ven  by

4 P-i - P?
I - (0. 41 + 0 . 353  )-

YP
(40)

I

where  3 = t he  r a t i o  of  t he  d i a me t e r s  

T = Cp/Cv
Kr e t z s c hme r  (26)  has shown t h a t  

K _ C
" c i - eV Z2

where C = c o e f f i c i e n t  of  d i s c h a r g e ,  d i m e n s i o n l e s s .  

However ,  t he  e q u a t i o n  which has been used t o ' c a l c u l a t e  t he  

gas f l ow r a t e  f rom t he  p r e s s u r e  dr op across  a c o n c e n t r i c ,  

s h a r p - e d g e d  o r i f i c e  i s

(41 )

where  G

A

A

9

o

h

c

3600K YA. (42)
1/ 2

[ZScAPorificePST]
N

2
mass f l ow r a t e ,  I b fflZhr  f t

: c r o s s  s e c t i o n a l  a r e a  of  o r i f i c e  o p e n i n g ,  f t '
2

: c r o s s  s e c t i o n a l  a r e a  of  h e a t  e x c h a n g e r ,  f t  

: 32 . 174  l b f f t / l b ffls e c 2



The - p r e s s u r e  drop a c r o s s  t he  f l u i d i z e d  bed ove r  11 d i f ­

f e r e n t  p o s i t i o n s  a r e  measur ed wi t h  manomet er s  u s i ng  a mano­

me t e r  f l u i d  havi ng  a s p e c i f i c  g r a v i t y  of  1 . 00 .  The f o l l o w ­

i ng e q u a t i o n  g i v e s  t h i s  p r e s s u r e  dr op:

APfa = -*j—  Ah ( p b - pg)  (43)

where  Ah = t he  manomet er  r e a d i n g  in f t .

Co mp u t a t i ons From t he  C a l c u l a t e d  D a t a :

The voi d  f r a c t i o n s ,  e , a r e  c a l c u l a t e d  f o r  each of  11 

p o s i t i o n s ,  where p r e s s u r e  t a p s  a r e  l o c a t e d ,  of  t he  h e a t  e x ­

c h a n g e r  f rom t he  measur ed v a l u e s  of  bed s e c t i o n  p r e s s u r e  

d r o p s .  The f o l l o w i n g  e q u a t i o n  i s  a good a p p r o x i ma t i o n  f o r  

b a t c h  f l u i d i z a t i o n :

1- e A P b  g C

Lg Ap
(44)

The minimum f l u i d i z a t i o n  mass v e l o c i t y  i s  c a l c u l a t e d  

u s i ng  t h e  f o l l o w i n g  e q u a t i o n  ( 2 1 ) :

0 . 00125  Dp2 ( ps - p q) ° - 9 pq1 - 1 g
• mf = U

(45)
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A n a l y s i s : of  Data

Aver age  Nu s s e l t  Numbers C o r r e l a t i o n  Wi t hout  F l u i d i z a t i o n  

Data were t a k e n  w i t h o u t  f l u i d i z a t i o n  t o compare t he  

r e s u l t i n g  a v e r a g e  Nu s s e l t  numbers  wi t h  the. f o l l o w i n g  c o r ­

r e l a t i o n :

— = Cn D °* 6 ( de-G- ) 0 , 6  P r 1 (46)kg O e  v P z

where  Dg = t h e  e q u i v a l e n t  d i a me t e r  in i n c h e s  based on

f o u r  t i mes  t he  h y d r a u l i c  r a d i u s .

The t erm (— ^ ^ 3 ) was c a l c u l a t e d  from t he  
9

d a t a  wi t h  P '= 7 . 05  in a l l  c a s e s .  Thi s  d i me n s i o n l e s s  p r o-  
r  ' d t G

d u c t  i s  p l o t t e d  v e r s u s  t he  d i me n s i o n a l  t erm Dg— p—  in F i g ­

ur e  Tl .  The c o r r e l a t i o n  of  Ge n e t t i  (8)  i s  a l s o  r e p r e s e n t e d  

i n F i g u r e  Tl .  The c o r r e l a t i o n  of  Ge n e t t i  (8)  i s  wi t h i n  +25 

p e r c e n t  of  Donohue ' s  c o r r e l a t i o n  ( 6 ) .

C a l c u l a t e d  Nu s s e l t  numbers  u s i n g  e q u a t i o n  46 a r e  a l l  

h i g h e r  t ha n  t h o s e  c a l c u l a t e d  f rom Ge n e t t i  (8)  and Donohue (6)  

Thi s  i s  what  would be e x p e c t e d  s i n c e  e x t e nde d  s u r f a c e  a r e a  

f o r  h e a t  t r a n s f e r  i s  a v a i l a b l e .  The s o l i d  l i n e  shows 

G e n e t t i ' s r e s u l t s  f o r  a ba r e  bund l e  wi t h  3 / 4 - i nch t u b e s .  

V e r t i c a l  F l u i d i z e d  Bed Te mp e r a t u r e  P r o f i l e s

With t he  a i d  of  11 t h e r mo c o u p l e s  p r o t r u d i n g  f rom t he



( 
N

u 
)(

 P
r)

Genet t i  ( 6"shel l ,  3 /4 "  t u b e s )

5 0 0 0  6 0 0 0  7 0 0 0  8 0 0 0  9 0 0 04 0 0 02 0001500IOOO

Fi g u r e  1 1 . Average  Nu s s e l t  numbers c o r r e l a t i o n  wi t h  f l u i d i z a t i o n .
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o u t e r  wal l  o f  v e r t i c a l  col umn,  f l u i d i z e d  bed t e m p e r a t u r e s  

were d e t e r mi n e d .  S t a t i c  bed h e i g h t  o f  seven i n c h e s  and n i ne  

i nc he s  were exami ned.  V e r t i c a l  bul k  gas t e m p e r a t u r e  p r o f i l e s  

f o r  wel l  f l u i d i z e d  beds a r e  shown in F i gu r e  12.  For t he  uses  

shown mass v e l o c i t i e s  a r e  a p p r o x i ma t e l y  same.  Two d i f f e r e n t  

amount  of  e x t e n d e d  s u r f a c e s  were c o mp a r e d .

F i g u r e  12 (A) and (B) a r e  s t a t i c  bed h e i g h t s  of  seven 

i nc he s  and n i ne  i n c h e s  r e s p e c t i v e l y  and f o r  t h e  f i r s t  e x ­

t e nde d  s u r f a c e . F i g u r e  12 (C) and (D) a r e  a l s o  f o r  s t a t i c  ■ 

bed h e i g h t s  of  s even and n i ne  i n c h e s ,  but  wi t h  f o u r  t i mes  

t he  e x t e n d e d  s u r f a c e  a r e a .  Al I p r o f i l e s  show a un i f o r ml y  

d i s t r i b u t e d  t e m p e r a t u r e  p r o f i l e ;  however ,  f o r  g r e a t e r  e x ­

t e nde d  s u r f a c e  a r e a  t h i s  e f f e c t  i s  more n o t i c e a b l e .  For 

s t a t i c  bed h e i g h t  of  s even i n c h e s  t he  f l u i d i z a t i o n  h e i g h t  

was a p p r o x i ma t e l y  31 i n c h e s ,  and f o r  ni ne  i n c h e s  t he  f l u i d ­

i z a t i o n  h e i g h t s  were a r ound 38- 42 i n c h e s .

Local  Heat  Tr a n s f e r  C o e f f i c i e n t s ,  f o r  Batch F l u i d i z a t i o n

Local  h e a t  t r a n s f e r  c o e f f i c i e n t s  a r e  p l o t t e d  v e r s us  

t he  pr obe  number  f rom t he  e x p e r i emnt al  t ube  e n t r a n c e  of  a 

c o n s t a n t  gas mass v e l o c i t y .  The we i g h t e d  a v e r a g e  l oca l  

h e a t  t r a n s f e r  c o e f f i c i e n t s  of  f o u r  d i f f e r e n t  t u b e  l o c a t i o n s  

have been c a l c u l a t e d  f o r  each r un .  Thi s  we i g h t e d  a ve r age  

T o c a l h e a t  t r a n s f e r  c o e f f i c i e n t s  o f  one e x t e n d e d  s u r f a c e
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are compared to t he  a v e r a g e  l o c a l  h e a t  t r a n s f e r  c o e f f i c i e n t s  

of  two s t h r e e  and f o u r  e x t e n d e d  s u r f a c e s  t o o b s e r v e  t he  

e f f e c t  of  t he  i n c r e a s i n g  amount  of  t he  e x t e n d e d  s u r f a c e .

Wire .1 i n d i c a t e s  one e x t e n d e d  s u r f a c e .  Wire 2 i n d i c a t e s  

one more a d d e d , t h e r e f o r e ,  two e x t e n d e d  s u r f a c e s  and so on.

Ap p r o x i ma t e l y  t he  same s t a t i c  bed h e i g h t ,  f l u i d i z e d  

bed h e i g h t s ,  and gas mass v e l o c i t i e s  were used to a s s u r e  

t he  same c o n d i t i o n s  f o r  f o u r  d i f f e r e n t  e x t e n d e d  s u r f a c e  

a r e a s  c o n s i d e r e d .

F i g u r e  13 shows l o c a l  h e a t  t r a n s f e r  c o e f f i c i e n t s  f o r  

t he  s l i g h t l y  ( j u s t  a l i t t l e  b i t  above t he  minimum f l u i d ­

i z a t i o n )  f l u i d i z e d  bed.  The d a t a  a r e  f o r  s t a t i c  bed h e i g h t  

of  f i v e  i n c h e s  and mass v e l o c i t i e s  of  526 and 481 l b ^ / h r  f t 2 . 

For  t h e s e  mass v e l o c i t i e s  p a r t i c l e s  were f l u i d i z e d  to t he  

h e i g h t s  o f  a p p r o x i m a t e l y  e i g h t  and n i ne  i n c h e s .  Above 

t h e s e  h e i g h t s  t he  amount  of  e x t e n d e d  s ur f ac e  had no s i g n i ­

f i c a n t  e f f e c t  on l o c a l  h e a t  t r a n s f e r  c o e f f i c i e n t s .

S i nc e  t he  f l u i d i z e d  bed h e i g h t s  were a r ound e i g h t  and 

n i ne  i n c h e s ,  t he  we i g h t e d  a v e r a g e  c o e f f i c i e n t s  f o r  probe 

one ,  p r o b e . t w o ,  probe,  t h r e e ,  and pr obe  f o u r  have been compared 

P r o f i l e s  of  Wire I and Wire 2 show t h a t  t he  c o e f f i c i e n t s  of  

Wire 2 a r e  s l i g h t l y  h i g h e r  t ha n  Wire I .  P r o f i l e s  of  Wire 3 

and Wire 4 a l s o  show t h a t  t he  c o e f f i c i e n t s . o f  Wire 4 a r e  

s l i g h t l y  h i g h e r  t han  Wire 3 and bot h a r e  r e l a t i v e l y  h i g h e r  .



t han  t h e  c o e f f i c i e n t s  of  Wire I and Wire 2. C o e f f i c i e n t s  

a r e  l ower  in t h e s e  c a s e s  t han  f o r  r uns  a t  h i g h e r  mass 

v e l o c i t i e s ,  and a r a p i d  drop in h e a t  t r a n s f e r  c o e f f i c i e n t s  

i s  o b s e r v e d  a t  t he  p o s i t i o n  above pr obe  4.

The h i g h l y  f l u i d i z e d  bed f o r  s t a t i c  bed of  f i v e  i nche s  

i s  shown in F i g u r e  14.  The d a t a  a r e  f o r  mass v e l o c i t i e s  of  

1442,  1458,  1410,  and 1360 l b ^ h r  f t 2 r e s p e c t i v e l y .  The o v e r ­

a l l  l e n g t h  of  t he  t e s t  s e c t i o n  was 44 i n c h e s , and in t h i s  

s e r i e s  of  r uns  p a r t i c l e s  were f l u i d i z e d  t o . t h e  h e i g h t s  of  

a p p r o x i ma t e l y  33 and 38 i n c h e s .  These  a r e  t he  most  h i g h l y  

f l u i d i z e d  c o n d i t i o n  f o r  s t a t i c  bed of  f i v e  i n c h e s  in t h i s  

i n v e s t i g a t i o n .  Gradual  i n c r e a s e  i n t he  we i g h t e d  a ve r age  

c o e f f i c i e n t s  wi t h  r e s p e c t  t o t he  number  of. e x t e n d e d  s u r f a c e  

i s  o b s e r v e d .  Compar i ng t he  h e a t  t r a n s f e r  c o e f f i c i e n t s , l o c a l  

h e a t  t r a n s f e r  c o e f f i c i e n t s  of  Wire 4 a r e  r e ma r k a b l y  h i g h e r  

t h a n  t he  o t h e r . For  Wire I , Wire 2,  and Wire o t he  c o e ­

f f i c i e n t s  a r e  s l i g h t l y  i n c r e a s i n g  wi t h  t he  number  of  w i r e s .

In t he  l ower  p a r t  of  t h e  f l u i d i z e d  bed s i g n i f i c a n t  i n c r e a s e  

i n l o c a l  h e a t  t r a n s f e r  c o e f f i c i e n t s  i s  o b s e r v e d  f o r  Wire I ,  

Wire 2 , and Wire 3.  In t he  h i g h e r  s e c t i o n  of  t h e  Fi gur e  

t he  amount  of  i n c r e a s e  on l o c a l  h e a t  t r a n s f e r  c o e f f i c i e n t s  

o f  Wire 4 compare t o Wire 3 was 29-38 Bt u / h r  f t  0F . Gradual  

d e c r e a s e  i n l o c a l  h e a t  t r a n s f e r  c o e f f i c i e n t s  wi t h  d i s t a n c e
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i s  o b s e r v e d .  In t he  l ower  p a r t  of  t he  f l u i d i z e d  bed t he  

p a r t i c l e  c o n c e n t r a t i o n  i s  g r e a t e r  t han  t he  h i g h e r  s e c t i o n  . 

and i t  c a u s e s  t he  h i g h e r  h e a t  t r a n s f e r  r a t e .  For  s t a t i c  

bed h e i g h t  o f  f i v e  i n c h e s  l o c a l  h e a t  t r a n s f e r  c o e f f i c i e n t  

p r o f i l e s  a r e  of  Type I ,  as d e s c r i b e d  by Toomy and J o h n s t o n e  

( 2 7 ) .  For  r e l a t i v e l y  low s t a t i c  bed h e i g h t  i t  has been ob ­

s e r v e d  t h a t  l o c a l  h e a t  t r a n s f e r  p r o f i l e s  a r e  o f  Type I .

Thi s  agrees  wi t h  Ge n e t t i  ( 8 ) .  Ge n e t t i  has a l s o  i n v e s t i g a t e d  

t h a t  h e a t  t r a n s f e r  c o e f f i c i e n t  p r o f i l e s  f o r  s t a t i c ,  bed 

h e i g h t  of  f o u r  i n c h e s  were of  Type I e x c e p t  f o r  t he  c o e ­

f f i c i e n t  p r o f i l e  a t  t ube  l o c a t i o n  2 .

The wel l  f l u i d i z e d  bed f o r  s t a t i c  bed h e i g h t  o f  seven 

i n c h e s  i s  shown in F i g u r e  15.  The d a t a  a r e  f o r  mass v e l o c i t i e s  

of  1 335,  1 238 , and 1 235 l b ^ / h r  f t ^ .  For t h e s e  mass v e l o ­

c i t i e s  p a r t i c l e s  were f l u i d i z e d  t o  t he  h e i g h t s  of  around 30 

i n c h e s .  Gradual  i n c r e a s e  i n t he  we i g h t e d  a v e r a g e  c o e f f i c i e n t s  

wi t h  r e s p e c t  t o t he  number  of  i n c r e a s e d  e x t e n d e d  s u r f a c e  i s  

o b s e r v e d .  In t he  l ower  p a r t  o f  t he  f l u i d i z e d  bed where 

p a r t i c l e  c o n c e n t r a t i o n s  a r e  h i gh ( I - e = 0 . 1^ 0 . 3)  t he  i n c r e a s e  

of  l o c a l  h e a t  t r a n s f e r  c o e f f i c i e n t s  wi t h  t h e  i n c r e a s i n g  

amount  of  e x t e n d e d  s u r f a c e  was o b s e r v a b l e .  For  i n s t a n c e ,  in 

pr obe  3 l o c a l  h e a t  t r a n s f e r  c o e f f i c i e n t s  f o r  Wire I ,  Wire 2,  

Wire 3 and Wire 4 were 3 6. 43 , 3 9 . 2 2 , - 4 0 . 4 3 ,  and 45. 23 

r e s p e c t i v e l y . The same t e n d e n c y  was o b s e r ve d  up t i l l  pr obe  8,.
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For  Wire I and Wire 2 p r o f i l e s  a r e  of  Type I .  Toomey and 

J o h n s t o n e  (27)  c o n c l u d e d  t h a t  in t he  s t udy  c u r v e s  of  Type I 

p r e v a i l e d  in a l l  r uns  in which t he  d i me n s i o n l e s s  group 

dpLf /Ay was g r e a t e r  t han  0 . 0 0 8 .  However , t he  p r o f i l e s  of  

Wire 3 and Wire 4 a r e  of  Type 11 wh i l e  t he  v a l u e  of  t he  

d i m e n s i o n l e s s  group dpLf /Ay i s  0 . 0 0 9 1 .  The g e n e r a l  f l ow 

p a t t e r n  w i t h i n  t he  sys t em a p p a r e n t l y  d e t e r mi n e s  t h e  shape  

of  t he  c u r v e .  With t h i s  in mind t h e  d i me n s i o n l e s s  group 

d p l ^ / Aj  i s  t oo s i mp l e  r e p r e s e n t a t i o n  t o d e t e r mi n e  t he  

shape  of  c u r v e .

For  G = 1490,  t he  e n t i r e  e x p e r i me n t a l  column was 

f l u i d i z e d  f o r  s t a t i c  bed h e i g h t  of  seven i n c h e s .  F i gur e  16 

shows t h e s e  r u n s .  P a r t i c u l a r l y ,  s i g n i f i c a n t  i n c r e a s e  in 

l oca l ,  h e a t  t r a n s f e r  c o e f f i c i e n t s  f o r  Wire 4 i n t he  dense 

p a r t  of  t he  bed was o b s e r v e d .  At pr obe  4 h e a t  t r a n s f e r  

c o e f f i c i e n t s ,  seem somewhat  i n c o n s i s t e n t  s i n c e  t he  magni t ude  

of  i n c r e a s e  i n t he  c o e f f i c i e n t s  f o r  Wire 2 and Wire 3 

i s  s uppos ed  t o be l a r g e r  t han  Wire I ,  and y e t  t h e  c o e f f i * 

c e n t s  of  t h o s e  a r e  l ower  t han  Wire I .  Heat  t r a n s f e r  p r o f i l e s  

f o r  t h e s e  runs  a r e  of  Type I .

F i g u r e  17,  F i g u r e  18 and F i g u r e  19 a r e  of  s t a t i c  bed 

h e i g h t  o f  n i ne  i n c h e s .  Ob s e r v a b l e  i n c r e a s e  i n l o c a l  he a t  

t r a n s f e r  c o e f f i c i e n t  wi t h  r e s p e c t  t o t he  e x t e n d e d  s u r f a c e
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a r e a  was o b s e r v e d .  For  s t a t i c  bed h e i g h t  of  n i ne  i nches  

t h e  d i f f e r e n c e  of  t he  c o e f f i c i e n t  between Wire I ,  Wire 2 , 

Wire 3 and Wire 4 were r e ma r k a b l y  l a r g e  compared to s t a t i c  

bed h e i g h t  of  f i v e  and seven i n c h e s .

Tabl e  I I

D i f f e r e n c e  of  Local  Hea.t T r a n s f e r  
C o e f f i c i e n t  Between D i f f e r e n t  

Ext ended S u r f a c e

Ext ended
S u r f a c e

Local  Heat T r a n s f e r  C o e f f i c i e n t Btu/ hr  f t 2°F

Probe 2 Probe 3 Probe 4 Probe 5

Wire I 37 . 69 36 . 34 29.33 18.54
Wire 2 40. 16 40. 03 36. 87 21. 14
Wire 3 62 . 45 67. 45 62.34 59.81
Wire 4 66.91 81 . 13 77. 58. 76. 98

Tabl e  11 shows t he  d i f f e r e n c e  of  h e a t  t r a n s f e r  c o e f f i ­

c i e n t  be t ween d i f f e r e n t  e x t e n d e d  s u r f a c e  f o r  mass v e l o c i t i e s  

of  745 and 886 I b ^ / h r  f t ^ .  For  t h i s  p a r t i c u l a r  run p a r t i c l e s  

a r e . f l u i d i z e d  to h e i g h t s  of  a p p r o x i ma t e l y  18 t o  21 i n c h e s .  

Local  h e a t  t r a n s f e r  c o e f f i c i e n t s  were  hi gh wh i l e  in t he  

dense  p a r t  of  . . the f l u i d i z e d  bed I - e  was a r ound 0 / 3 .  The 

p r o f i l e s  o f  Wire I and Wire 2 a r e  o f . Type  I .
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In F i g u r e  18 p a r t i c l e s  were f l u i d i z e d  t o h e i g h t s  of  24 

t o 29 i n c h e s .  I f  we c o n s i d e r  up to probe 8 in t h e s e  runs  

t he  p r o f i l e s  a l l  a r e  o f  Type 11 wh i l e  t he  v a l u e  of  t he  

d i me n s i o n l e s s  group dpLf / AT i s  wel l  over  0 . 008 ( a p p r o x i ­

ma t e l y  0 . 1 0 8 ) .  The p r o f i l e s  o f  Wire 3 and Wire 4 in F i gu r e  

17 a r e  a l s o  of  Type I I .  Ge n e t t i  ( 8 ) has i n d i c a t e d  t h a t  

i n c r e a s e s  in t he  ma gn i t ude  of  t he  g r o u p , Dt 2/ L f Sfa, a ppea r  

to i n c r e a s e  the t endency toward Type II p r o f i l e s .  For s t a t i c

bed h e i g h t  o f  n i ne  i n c h e s  and in F i g u r e  19 t he  group 
2

Dt  /' Lf Sb 15 ^ b o u t  0 . 0 0 2 5 .  Thi s  a g r e e s  wi t h  Ge n e t t i  ( 8 ) s i n c e

the pe r ce nt age  o f  Type I p r o f i l e s  was 20 p e r c e n t ,  when the

v a l u e  of  t he  goup Dt 2/ L f Sb i s  0 . 03 0 6 .

In F i g u r e  19 t he  d i f f e r e n c e  of  l o c a l  h e a t  t r a n s f e r  

c o e f f i c i e n t s  between Wi r e . I ,  Wire 2 , Wire 3 , and Wire 4 are  

e v i d e n t l y  compa r ab l e  a t  each p r o b e .  Gradual  d e c r e a s e  in 

l o c a l  h e a t  t r a n s f e r  c o e f f i c i e n t s  wi t h  d i s t a n c e  i s  observed.  

R e l a t i v e l y  low c o e f f i c i e n t s  f o r  Wire I a r e  observed.

The h i g h l y  f l u i d i z e d  bed f o r  s t a t i c  bed h e i g h t  of  ni ne  

i n c h e s  i s  shown in F i g u r e  20.  The e n t i r e  s e c t i o n  of  t he  

e x p e r i me n t a l  column was f l u i d i z e d .  Mass v e l o c i t i e s  of  

1665,  1693,  1637 and 1506 I b ^ / h r  f t 2 were exami ned.  For 

Wire 4 l o c a l  h e a t  t r a n s f e r  c o e f f i c i e n t s  a r e  l ower  t han 

Wire 3.  However , t he  un i f or m t e m p e r a t u r e  d i f f e r e n c e  from
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pr obe  I t o probe 6 ( l o c a l  h e a t  t r a n s f e r  c o e f f i c i e n t s  a r e  

a r ound 35 B t u / h r  f t 2 °F) were o b s e r v e d .  Gradual  d e c r e a s e  in 

l o c a l  h e a t  t r a n s f e r  c o e f f i c i e n t s  wi t h  d i s t a n c e  i s  a l s o  

o b s e r v e d .

F i g u r e  20 and F i g u r e  21 a r e  t y p i c a l  in t he  ca s e  of  t he  

w e l l - f l u i d i z e d  bed.  V e r t i c a l  f l u i d i z e d  gas t emperatures  

a r e  un i f o r m and the temperature  d i f f e r e n c e  betweeh the'  , 

f l u i d i z e d  bed and t he  h e a t i n g  wal l  t h r o u g h o u t  t h e  bed a r e  

g r a d u a l l y  i n c r e a s i n g  wi t h  t he  smal l  magni tude.  With t he  

i n c r e a s e d  amount of  extended s u r f a c e s  t h i s  e f f e c t  was part -  

i c u l a r l y  n o t i c e a b l e .  T h e r e f o r e , l o c a l  heat  t r a n s f e r  c o e ­

f f i c i e n t s  were i n c r e a s i n g  g r a d u a l l y  wi t h  t he  i n c r e a s e d  a-  

amount  of  e x t e n d e d  s u r f a c e s .

The Dependency,  on Tube Lo c a t i o n s

No s i g n i f i c a n t  dependency on t ube  l o c a t i o n  has been 

obs erved .  However,  i n low s t a t i c  bed he i ght  and in low 

mass v e l o c i t i e s ,  wal l  t emperat ures  vary s l i g h t l y  f rom t ube  

t o t u b e . , wi t h  no c o n s i s t e n t  t r e n d .  At hi gh s t a t i c  bed 

h e i g h t s  and a t  hi gh mass v e l o c i t i e s  n e g l i g i b l e  d i f f e r e n c e  

i n wal l  t emperatures  between d i f f e r e n t  t ube  l o c a t i o n s ,  has 

been n o t i c e d .  ■
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Aver age  S e c t i o n a l  C o e f f i c i e n t s  f o r  Batch F l u i d i z a t i o n
Ge n e t t i  ' s C o r r e l a t i o n

Eq u a t i o n  30,  t he  c o r r e l a t i o n  f o r  a v e r a g e  Nu s s e l t  

number s ,  i s  shown in F i g u r e  21.  The c a l c u l a t e d  d a t a  f o r  

s t a t i c  bed h e i g h t  of  n i ne  i nc he s  u s i ng  Equa t i on  30 a r e  

a l s o  shown in F i g u r e  2 1 .

With e x p e r i me n t a l  Iy d e t e r mi n e d  s e c t i o n a l  p a r t i c l e  

f r a c t i o n s  and l o c a l  h e a t  t r a n s f e r  c o e f f i c i e n t s  ove r  11 d i f ­

f e r e n t  s e c t i o n s  of  t he  f l u i d i z e d  bed a ve r a ge  s e c t i o n a l  

c o e f f i c i e n t s  f or  .Wire I ,  Wire 2,  Wire 3,  and Wire 4 a r e  

c o mp a r e d .

None of  t he  d a t a  c a l c u l a t e d  u s i n g  Equa t i on  30 i s  

below G e n e t t i ' s d a t a .  N o t i c e a b l e  i n c r e a s e  in a v e r a g e  

s e c t i o n a l  c o e f f i c i e n t s  wi t h  r e s p e c t  to extended sur f ac e  

a r e a  i s  n o t i c e d .  The l e a s t  square f i t s  of  t he  d a t a  f o r  

each e x t e n d e d  s u r f a c e  show t h a t  t h e  e xponent  f o r  I - e  

r ange  f rom 0 . 46  to 0 . 5 2 .

One of  t h e  v a r i a b l e s  t o be c o n s i d e r e d  in b e d - t o - w a l I 

h e a t  t r a n s f e r  i s  g e o me t r i c  p r o p e r t i e s  of  e x t e n d e d  s u r f a c e  

on a v e r a g e  s e c t i o n a l  c o e f f i c i e n t s  shou l d  be d e t e r mi n e d .

Thi s  v a r i a b l e  s hou l d  a l s o  c o r r e l a t e  wi t h  t he  e x p r e s s i o n  of  

a v e r a g e  s e c t i o n a l  c o e f f i c i e n t s  .
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The Mo d i f i e d  C o r r e l a t i  on Ac cor d i ng  t o The S e c t i o n a l  

C o e f f i c i e n t s

Eq u a t i o n  31 has been used t o c a l c u l a t e  a v e r a g e  c o n t a c t  

t i m e s ,  0 : ' '

0 (47)

With l o c a l  N u s s e l t  numbers  and e x p e r i me n t a l  Iy d e t e r mi n e d  

s e c t i o n a l  p a r t i c l e  f r a c t i o n s  ove r  t he  11 d i f f e r e n t  s e c t i o n s  

of  t he  f l u i d i z e d  bed,  a v e r a g e  p a r t i c l e  c o n t a c t  t i m e s , 6 , 

were comput ed and t he  we i gh t e d  a v e r a g e s  of  each run have 

been c a l c u l a t e d  wi t h  Ĉ  = 1 0 .

Tabl e  I I I

The Wei ght ed Aver age  Co n t a c t  Times

Amount
Ext ended

of
S u r f a c e s

• Y-I 
Y 0 , sec

w I ,

U
DIi>- 0.83333 0 . 587

w2 . Y = I 2 0. 91667 0 . 483
w3 , Y = I 8 ' 0 . 9 4 4 4 4 0 . 395

. w4,

CXl 
Il 

' 
>

- 0 . 95833 0. 376
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C a l c u l a t e d  we i g h t e d  a v e r a g e  c o n t a c t  t i mes  of  s t a t i c  bed

h e i g h t s  seven i n c h e s  and n i ne  i n c h e s  a r e  shown in Tabl e  I I I .

As e x p e c t e d  wi t h  t he  i n c r e a s i n g  amount  of  e x t e n d e d  s u r f a c e s

t he  a v e r a g e  c o n t a c t  t i mes  were de c re as ed .  I f  t he  p r o c e s s

of  be d - o f - wa  11 h e a t  t r a n s f e r  i s  v i s ua-l-i zed as t he  p e n e t r a t i o n

of  t he  boundar y  l a y e r  by q u a s i - f l u i d  ( p a r t i c l e s  g a s ) e d d i e s

f rom t h e  bul k  of  t h e  s t r e a m and t he  s c o u r i n g  a c t i o n  of  t he

f l u i d i z e d  p a r t i c l e s ,  t h e n  o b v i o u s l y  t h e  t u r b u l e n c e  i n t e n s i t y

W o u l d  b e  e x p e c t e d  t o  e x e r t  t h e  m o s t  i n f l u e n c e  o n  t h e

a v e r a g e  c o n t a c t  t i me .  That  would be a l s o  t r u e  on t he  r a t e

of  h e a t  t r a n s f e r .  The amount  of  e x t e nde d  s u r f a c e s ,  in

o t h e r  words t u r b u l e n c e  p r o mo t e r s ,  have been i n c r e a s e d  from 
Y-I

t he  v a l u e  ----- y—  of  0. 8333 to 0.91 667 , 0 . 94444 and to 0 . 95833 .

P a r t i c u l a r l y  t he  s i z e  of  e d d i e s  which would be e x p e c t e d  . 

t o  have some e f f e c t  on t he  Nu s s e l t  number would e x e r t  some 

i n f l u e n c e  in t he  a v e r a g e  c o n t a c t  t i me .  Because  t he  amount  

o f  boundar y  l a y e r  d i s r u p t i o n  and e ne r gy  d i s s i p a t i o n  wi t h  

t he  i n c r e a s e  amount  of  e x t e n d e d  s u r f a c e s  ( o r  t u r b u l e n t  

p r o mo t e r s )  a r e  p r o p o r t i o n a l  t o  t he  eddy s i z e .

C a l c u l a t e d  c o n t a c t  t i me s  a ve r a ge d  0 . 555  seconds  

f o r  s t a t i c  bed h e i g h t  of  5 i n c h e s .  These v a l u e s  a r e  a l l  

i n t he  r ange  r e p o r t e d  by Ge n e t t i  ( 8 ) and Z i e g l e r  e t  a I ( 3 4 ) .

■To o b t a i n  a c o r r e l a t i o n  f o r  t he  c o n t a c t  t i me s ,
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Q . ■ ' 6k 0
t h e  d i me n s i o n l e s s -  q u a n t i t i e s  ——9--- Y-I

Y and

were c a l c u l a t e d .  These  q u a n t i t i e s  a r e  p l o t t e d  on l o g a r i t h m 

s c a l e s  i n F i g u r e  22.  The f o l l o w i n g  c o r r e l a t i o n  r e p r e s e n t s  

t he  d a t a :

Ps cSdP1
6 . 856  Re.

-R
Y-I x- 0 .8

Y -) (48)

•By s u b s t i t u t i n g  6 3 as e x p r e s s e d  in Equa t i on  48 i n t o  

Eq u a t i o n  31 ,' t h e  f o l l o w i n g  c o r r e l a t i o n  f o r  p a r t i c l e  

Nu s s e l t  numbers  can be o b t a i n e d  wi t h  = 1 0 :

NUp =_______ IO cH I - e ) 0 - 48

6 .85 6  ( I z l - ) - 0 . 8  2
(49)

where <f> = s p h e r i t y ,  t he  r a t i o  of  t he  s u r f a c e  a r e a  of

t he  p a r t i c l e  t o t he  s u r f a c e  a r e a  of  a s p h e r e

of  same a v e r a g e  d i a me t e r .
^  '

Y = number  of  t ube  d i a me t e r  pe r  180° t w i s t .  

Mi cros copi c  e n l a r g e me n t s  o f  p a r t i c l e s  [ F i g u r e  7 (B) ]  shows 

t h a t  t h e  g l a s s  p a r t i c l e s  used in t h i s  s t udy  a r e  s p h e r i c a l ,  

and 9 - I was us ed .  Equa t i on  49 as wel l  as t he  e x p e r i me n t a l  

d a t a ,  a r e  shown in F i g u r e  23.  S t a t i c  bed h e i g h t s  o f  f i v e .
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O 0 .8 3 3 3  
© 0 .9 1 6 7
+  0 . 9 4 4 4
X  0 .9 5 8 3

=  6 . 8 5 6  Re O ©S S P

Figure  22.  Co r r e l a t i o n  f or  average  c o n t a c t  t ime.



s e v e n , and n i ne  i nc he s  are r e p r e s e n t e d  in t he  d a t a  shown in 

F i g u r e  23.  The v a l u e s  Y of  6 , 1 2 , - 1 8 ,  and 24 have been 

r e p r e s e n t e d  in t he  d a t a  shown in F i g u r e  23.  The mo d i f i e d  

c o r r e l a t i o n  a c c o r d i n g  t o t he  s e c t i o n a l  c o e f f i c i e n t s  has 

been s t u d i e d  ove r  11 d i f f e r e n t  p o i n t s  a l ong  t he  f l u i d i z e d  

bed wi t h  d i f f e r e n t  mass v e l o c i t i e s .  Most  of  t he  da t a  

( a b o u t  95 p e r c e n t )  a r e  w i t h i n  +25 p e r c e n t  o f  Equa t i on  49 

in t h i s  s t u d y .

The e xpone n t  0 . 48  f o r  I - e  c i t e d  by Ge n e t t i  ( 8 ) wi t h 

r e f e r e n c e  t o o t h e r  i n v e s t i g a t o r s  ( 18,. 2 0 )' a g r e e s  wi t h  t he  

p r e s e n t  i n v e s t i g a t i o n .  B a c k - c a l c u l a t e d  we i g h t e d  a ve r a ge  

c o n t a c t  t i me s  c o r r e l a t e  wi t h  t he  p r e s e n t  mo d i f i e d  d i me n s i o n ­

l e s s  g r oups  and a r e  in a g r e e me n t  wi t h  t he  p r e v i o u s  c a l c u l a ­

t i o n s .
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Humb^r6 s e n t  m° d i f 1 e d  c o r r e l a t i o n  f o r  s e c t i o n a l  p a r t i c l e  Nu s s e l t



R e s u l t s  and Con c l u s i o n

Local  and a v e r a g e  he-at t r a n s f e r  c o e f f i c i e n t s  f o r  

b e d - t o - w a 11 h e a t  t r a n s f e r  f rom a f l u i d i z e d  bed t u b u l a r  h e a t  

e x c h a n g e r  wi t h  e x t e n d e d  s u r f a c e s  were i n v e s t i g a t e d .  Ai r  

was used as t h e  f l u i d i z i n g  medium and c o a r s e  g l a s s  p a r t i c l e s  

were f l u i d i z e d  in t he  e x p e r i me n t a l  h e a t  e xc h a n g e r  column.  

Heat  t r a n s f e r  c o e f f i c i e n t s  f o r  a i r  f l owi ng  through t he  he a t  

e xc h a n g e r  w i t h o u t  f l u i d i z a t i o n  were a l s o  i n v e s t i g a t e d .

Aver age  Nu s s e l t  Numbers w i t h o u t  F l u i d i z a t i o n

The a v e r a g e  h e a t  t r a n s f e r  c o e f f i c i e n t s  f o r  a i r  a l one  

have been compared wi t h  t h o s e  c a l c u l a t e d  f rom an a c c e p t e d  

c o r r e l a t i o n  form ( 6 , 8 ) :  i t  i s  conc l ude d  t h a t  h i g h e r

c o e f f i c i e n t s  were o b t a i n e d  in t h i s  s t u d y  s i n c e  ex t ended  

s u r f a c e  a r e a  f o r  h e a t  t r a n s f e r  i s  a v a i l a b l e .

F l u i d i z e d  Bed Thermal  Gr a d i e n t s

From meas ur ement s  of  v e r t i c a l  f l u i d i z e d  bed t e mp e r a t u r e  

p r o f i l e s ,  f l u i d i z e d  bed t he r mal  g r a d i e n t s  a r e  shown to be 

ve r y  s ma l l .  Al I p r o f i l e s  were showi ng u n i f o r ml y  d i s ­

t r i b u t e d  t e m p e r a t u r e  p r o f i l e s .

Local  Heat  T r a n s f e r  C o e f f i c i e n t s

Gradual  i n c r e a s e  in t he  we i g h t e d  a v e r a g e  h e a t  t r a n s f e r  

c o e f f i c i e n t s  wi t h  r e s p e c t  t o t he  number  of  e x t e n d e d  s u r f a c e
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i s  o b s e r v e d  t h r o u g h o u t  t he  r u n s .  Local  h e a t  t r a n s f e r  

c o e f f i c i e n t s  a r e  o b s e r v e d  to d e c r e a s e  wi t h  t he  d i s t a n c e  f rom 

t he  e n t r a n c e  of  t he  f l u i d i z e d  b e d . Local  h e a t  t r a n s f e r  

c o e f f i c i e n t s  v a r i e d  s l i g h t l y  wi t h  d i f f e r e n t  t ube  l o c a t i o n s .

Aver age  S e c t i o n a l  C o e f f i c i e n t s

The a v e r a g e  . s e c t i o n a l  c o e f f i c i e n t s  have been compared 

wi t h  t he  d a t a  c a l c u l a t e d  f rom an e s t a b l i s h e d  c o r r e l a t i o n  ( 8 ) .  

None of  t h e  d a t a  of  t h i s  s t u d y  i s  below G e n e t t i ' s da t a  f o r  

ba r e  t u b e s . As e x p e c t e d ,  an i n c r e a s e  in a v e r a g e  s e c t i o n a l  

c o e f f i c i e n t s  .wi th r e s p e c t  t o e x t e nde d  s u r f a c e  a r e a  i s  ob ­

t a i n e d .  I t  i s  found t h a t  t he  e xpone n t  f o r  1- e  r ange  from 

.0.46 t o 0 . 5 2 .

The Modi f i ed  C o r r e l a t i on Accor d i ng  t o  t he  S e c t i onal  
C o e f f i c i e n t s

With l o c a l  h e a t  t r a n s f e r  c o e f f i c i e n t s  and e x p e r i me n t a l  Iy 

d e t e r mi n e d  s e c t i o n a l  p a r t i c l e  f r a c t i o n s  ove r  t he  11 d i f ­

f e r e n t  s e c t i o n s  of  t he  f l u i d i z e d  bed,  Nu s s e l t  numbers  a r e  

c o r r e l a t e d  wi t h  Eq u a t i o n  49.

Nu
10 tj) ( I - e ) 0 . 48

6 . 856
1 +

i : i
I

ReP

(49)
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Se v e r a l  c o n c l u s i o n s  can be drawn f rom t h i s  c o r r e l a t i o n ;

1. P a r t i c l e  Nu s s e l t  numbers a r e  d e p e n d e n t  on t w i s t  

r a t i o ,  Y, Thi s  a l s o  i mp l i e s  t h a t  p a r t i c l e  N u s s e l t  number 

i s  d e p e n d e n t  upon e x t e n d e d  s u r f a c e  a r e a .

2. P a r t i c l e  Nu s s e l t  numbers  a r e  p r o p o r t i o n a l  t o ( I - c ) 0 * 48

3.  P a r t i c l e  Nu s s e l t  numbers have weak dependency on 

gas  mass v e l o c i t i e s .

Most  of  t he  d a t a  a c c o r d i n g  to t h e  mo d i f i e d  c o r r e l a t i o n  in 

t h i s  i n v e s t i g a t i o n  a r e  w i t h i n  +25 p e r c e n t  of  Equa t i on  49.
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A p p e n d i x  I



N o m e n c l a t u r e

Symbol D e f i n i t i o n Di mens i ons
A1 A ver y  smal l  c o n s t a n t  f o r  

Eq u a t i o n  18
Di me n s i o n l e s s

A Tot a l  s u r f a c e  a r e a  of  p a r t i c l e s  
i n t he  bed

f t 2

Ah C r o s s e c t i o n a l  a r e a  of  h e a t  e x ­
c h a n g e r

f t 2

Am C r o s s - s e c t i o n  a r e a  of  a f l ow me t e r f t 2

Ao C r o s s - s e c t i o n a l  a r e a  of  o r i f i c e  
openi ng

f t 2 ;

- AP ■Surface a r e a  of  p a r t i c l e / u n i t  
l e n g t h  of  bed

f t 2 / f t

AT ' S u r f a c e  a r e a  of  e n t i r e  s o l i d  
bed

f t 2

a c o e f f i c i e n t  f o r  Eq u a t i o n  32 Di me ns i on ! e s s
• b C o e f f i c i e n t  f o r  Eq u a t i o n  32 Di me n s i o n l e s s

B 1 A c o n s t a n t  which i n c r e a s e s  wi t h  
p a r t i c l e  s i z e  f o r  Eq u a t i o n  18

Di me n s i o n l e s s

C . C o e f f i c i e n t  of  d i s c h a r g e Di me n s i o n l e s s

c O Co n s t a n t Di me n s i o n l e s s

c I Co n s t a n t Di me n s i o n l e s s

C2 Co n s t a n t Di me n s i o n l e s s

Cg S p e c i f i c  h e a t  of  gas Bt uZl bm0F

S g
S p e c i f i c  h e a t  of  gas a t  
c o n s t a n t  p r e s s u r e

B t u / 1 b m°F

Cps S p e c i f i c  h e a t  of  s o l i d  a t  
c o n s t a n t  p r e s s u r e

B t u / l b m°F

CR C o r r e c t i o n  f o r  n o n - a x i a l  t ube  
l o c a t i o n ,  f o r  c a s e  of  i n t e r n a l  
h e a t  t r a n s f e r  s u r f a c e

Di me n s i o n l e s s

Cs S p e c i f i c  h e a t  of  s o l i d Bu t Zl bm0F

D1 Out e r  d i a me t e r  of  a x i a l  
c y l i n d e r ' f t
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aZ- Da i me t e r  of  f l u i d i z e d  bed f t

d b E f f e c t i v e  d i a me t e r  of  bubbl e f t

dP- dP P a r t i c l e  d i a me t e r f t  .

Tube d i a me t e r f t

dt i  ' Ou t e r  d i a me t e r  of  h o r i z o n t a l  immersed f t
t ube

emf E l e c t r o m o t i v e  f o r c e  pr oduced by 
t he  t h e r mo c o u p l e

mi I i  vol  t s

F Term d e f i n e d  in Eq u a t i o n  14 Di me n s i o n l e s s
g A c c e l e r a t i o n  due to g r a v i t y f t / h r 2

9C G r a v i t a t i o n a l  Co n s t a n t l b Hf t

I b .c s e c 2

G Gas mass v e l o c i t y I bm/ h r  f t 2

S  . Mass v e l o c i t y  of  f l u i d i z a t i o n  
of  a bed

I b ^ / h r  f t 2 
•

^nif C a l c u l a t e d  minimum f l u i d i z i n g  gas 
mass v e l o c i t y

/■ ' I  bm/  hr  f t 2
’

h Heat  t r a n s f e r  c o e f f i c i e n t B t u / h r  f t ° F

hav Aver age  h e a t  t r a n s f e r  c o e f f i c i e n t B t u / h r  f t ° F

^ l oc Local  h e a t  t r a n s f e r  c o e f f i c i e n t B t u / f t 2oF

ht T i me - a v e r a g e d  h e a t  t r a n s f e r  
c o e f f i c i e n t

B t u Z f t 2oF
■

ht i Local  i n s t a n t a n e o u s  h e a t  
t r a n s f e r  c o e f f i c i e n t

B t u Z f t 2oF
I

h W Heat  t r a n s f e r  c o e f f i c i e n t  
be t ween bed and s u r f a c e

B t u Z f t 2oF
• !

Ah Manometer ,  r e a d i n g s f t  I
I ( t ) . Age d i s t r i b u t i o n  f u n c t i o n  of  

e mul s i on  e l e me n t s  on t he  
s u r f a c e

• g

Di me n s i o n l e s s  • I

. ■ ' ‘ ■ I
I C u r r e n t  f l o wi n g  t h r o u g h  t he  

h e a t i n g  e l e me n t
Amperes I

'!



■ T- 88

K
k
k.

L
L

'mf

up

ua v

I

2
AP

*1

R-

Kr e t zchmer  c o e f f i c i e n t
Thermal  c o n d u c t i v i t y
E f f e c t i v e  t he r mal  c o n d u c t ­
i v i t y  of  e mul s i on  l ayer
Thermal  c o n d u c t i v i t y  of  gas

Thermal  c o n d u c t i v i t y  o f  s o l i d

E f f e c t i v e  t h i c k n e s s  of  emul s i on  
I a ye r
Bed h e i g h t
Mean h e i g h t  o f  f l u i d i z e d  bed

Lengt h of  h e a t  t r a n s f e r  s u r f a c e

He i g h t  of  bed a t  minimum f l u i d ­
i z i n g  c o n d i t i o n s
Bed s e t t l e d  h e i g h t

Term d e f i n e d  in Eq u a t i o n  20 
P a r t i c l e  Nu s s l e t  number

hW
Aver age  p a r t i c l e  N u s s l e t  number , Di me n s i o n l e s s  
ha v V kg
P r e s s u r e
Ups t r eam p r e s s u r e

Downst ream p r e s s u r e

O r i f i c e  p r e s s u r e  drop

P r a n d t l  number  C^ p / kg

Heat  f l u x  f rom h e a t  t r a n s f e r  
s u r f a c e  •

Rat e  o f  h e a t  l o s s  f rom 
f l u i d i z e d  bed

Bed e x p a n s i o n  r a t i o

B t u / h r  f t ° F
Btu/  f t ° f

B t u / f t  h r 0F 

B u t / f t  h r 0F 

f t

f t
f t  '

f t

f t

Di me n s i o n l e s s
Di me n s i o n l e s s

I b ^ / f x  
I b ^ / f t 2

I b ^ / f t 2

l b f / f t 2 

Di me n s i o n l e s s  

B t u / h r  f t 2

Bt u / h r

Di me n s i o n l e s s
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qP Heat  t r a n s f e r  t o a p a r t i c l e  
n e a r  t he  h e a t  t r a n s f e r  s u r f a c e

B u t / h r  f t 2

: Re Reynol ds  number Di mens i on!

C
l

CD
Cd P a r t i c l e  Reynol ds  number , D G/y

P
Di mens i on!

'r Radi a l  d i s t a n c e  from t he  c e n t e r  
o f  t he  bed

f t

T . Te mp e r a t u r e °F

TV  T2 I n l e t  and o u t l e t  t e m p e r a t u r e  
r e s p e c t i v e l y

°F

T b Bed t e mp e r a t u r e 0F

" Tg
Aver age  t e m p e r a t u r e  of  gas a t  any 
l e v e l  i n bed

0F

Tgb 5 Tge Te mp e r a t u r e  of  bubbl e  g a s , and of  
e mul s i on  gas

0F

Tgi •
I n l e t  gas t e m p e r a t u r e 0F

Tgo I n i t i a l  gas t e mp e r a t u r e . 0F

T S
S o l i d  t e m p e r a t u r e 0F

T W
Wall  t e m p e r a t u r e °F

" b ' " b r R i s i n g  v e l o c i t y  of  a bubbl e  in a f t / h r
b u b b l i n g  bed and v e l o c i t y  o f  bubble-  
wi t h  r e s p e c t  t o e mul s i on  ahead of  i t

ue Upward gas v e l o c i t y  w i t h i n  e mul s i on  
phase

f t /  hr

■ uf  - umf / e mf ' f t / h r

uITlf
S u p e r f i c i a l  gas v e l o c i t y  a t  
minimum f l u i d i z a t i o n  c o n d i t i o n s

f t /  hr

% S u p e r f i c i a l  gas v e l o c i t y  . ( based on 
empty t u b e )

f t / h r

us Downward v e l o c i t y  o f  s o l i d s  i n . 
e mul s i on  phase

f t / h r

V Vo l t a g e  drop a c r o s s  t he  h e a t i n g  
e l e me n t

v o l t s
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V Vo l u me t r i c  f l ow r a t e f t J / h r
V f  '  V g V e l o c i t y  of  gas f t / h r

W Act ua l  mass f l ow r a t e

w g
Gas f l ow r a t e

1 V h r

w s S u p e r f i c i a l  v e l o c i t y  o f  gas f t / h r

X Fi lm t h i c k n e s s  or  d i s t a n c e  from 
t he  h e a t  exchange  s u r f a c e

f t

w C Gas f l ow r a t e  t i mes  s p e c i f i c  h e a t  
of  gas

BTU 
°F hr

Y Expans i on  f a c t o r Di me n s i o n l e s s
Y Term d e f i n e d  in Eq u a t i o n  13 Di me n s i o n l e s s
Y Twi s t  r a t i o ;  t he  number  of  t ube  

d i a me t e r  pe r  180° t w i s t
Di me n s i o n l e s s

Z Term d e f i n e d  in Eq u a t i o n  15 Di me n s i o n l e s s
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Vol uinet r i  c F r a c t i o n  of  S o l i d s

Symbol D e f i n i t i o n -Dimensions

' a ' Volume of  e mul s i on  t r a n s p o r t e d  
upwards  beh i ng  a bubbl e  per  
v o l ume of  a bubbl e

Di me n s i o n l e s s

’ Ra t i o  of  t he  o r i f i c e  d i a me t e r  ■ 
t o t he  p i pe  d i a me t e r

Di me n s i o n l e s s

Y Vo l u me t r i c  f r a c t i o n  of  s o l i d s Di me n s i o n l ess  0

. Y P
Number of  p a r t i c l e s  p e r  u n i t  
s u r f a c e  a r e a

p a r t i  c l e s / f t

8 Void f r a c t i o n Di me ns i on ! e s s

E0 Void f r a c t i o n  of  e mul s i on  phase Di me n s i o n l e s s
e

e f
Aver age  Void f r a c t i o n  in t he  
f l u i d i z e d  bed

Di me n s i o n l e s s

£m
Void f r a c t i o n  of  s t a t i c  bed Di me n s i o n l e s s

£mf
Void f r a c t i o n  of  bed a t  minimum 
f l u i d i z a t i o n  c o n d i t i o n s -

Di me n s i o n l e s s

Vn F l u i d i z a t i o n  e f f i c i e n c y , or Di me n s i o n l e s s

■ V TS
t V t S

0 Co n t a c t  t i me hr

0 Aver age  c o n t a c t  t i me hr p

Pb
Bed d e n s i t y I b mZf t 3

■ pe  -
' Appar ent  d e n s i t y  of  e mul s i on 1V f t S
Gas d e n s i t y I b mZ f t 3

pgi
Gas d e n s i t y  of  u p s t r e a m l o c a t i o n I b mZ f t 3

. pS
- P a r t i c l e  d e n s i t y I b mZ f t 3

V V i s c o s i t y I b raZf t  hr

y g Gas v i s c o s i t y . l b m/ f t  hr
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Ki nema t i c  v i s c o s i t y  

S p h e r i c i t y .

Ra t i o  o f  t he  p a r t i c l e  s u r f a c e ,  
a r e a  t o  t he  a r e a  of  a s p h e r i c a l  
p a r t i c l e  of  t he  same d i a me t e r

Volume f r a c t i o n  of  bu b b l e s  in 
f l u i d i z e d  bed

f  . t2 /  h r

Di me n s i o n l e s s

Di me n s i o n l e s s

Di me n s i o n l e s s
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E v a l u a t i o n  of  p and R



Paruiclo Diameter, inch

0.012

£
Figure 24.  The c o r r e l a t i o n  for  g and R.

t-
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6-
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N O T I l -  L i f t  f c r r i c h t ]  s c o l t  o f

CCrrtsponJs to 

Iaft (or right) scaio of Grnf

U r ( C - P )

0 . 0 3 5 :

0 . 0 3

■:

0.02

0.01

.O O flj

•500

( Ps-PfrI PFt Ii/0* 
2 0 — 8 0 0

| j o o  

5 J-200

-too

G „ <  ( I b / f t f h r )  0 f ( i n c h )  

3 0 0 0  -o  IOOOOO O.C5

0 .0 3

0.02

0 01

0 0 0 5

0  00 3

L 0.002

F i g u r e  25.  Nomograph to c a l c u l a t e  .
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A t y p i c a l  d a t a  s h e e t
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Sample Raw Data Shee t

Run: 9H3W3 June  2,  1969

Time S t a r t e d :  10: 25 A. M.
Time F i n i s h e d :  2 . 45  P.M.

Number of  Exended S u r f a c e s :  3

S t a t i c  Bed He i g h t :  9 i nc he s
F l u i d i z e d  Bed He i g h t :  38 i nc he s

Vo l t me t e r  Re a d i n g s :  7 . 5  v o l t s ,  7. 7 v o l t s

Ammeter  Re a d i n g s :  50 amps 51 amps

Manomet er  ( I )  r e a d i n g :  (22 3 / 8  rV 22 1/4 i nch)
(21 3 / 8  % 21 1/ 4 i n c h )  ( f o r  a i r  f l ow r a t e )

Tube Wall  Probe Ther mocoupl es  
emf by mv

L o c a t i o n  I Lo c a t i o n  2 Lo c a t i o n  3 L o c a t i o n  4

Probe I 2.319 2. 549 2 . 458 2 . 380

Probe 2 2.077 2. 332 2. 273 2. 197

Probe 3 . 853 2. 018 2 . 01.8 1 . 975 • ■

Probe 4 . 740 I .7 97 1. 815 1. 791

Prove 5 . 587 1. 637 1. 695 1. 671

Probe 6 . 552 1. 570  • I . 587 1 . 588

Probe 7 I . 549 1. 559 I . 575 I . 569

Probe 8 . I . 543 I .541 I . 568 I . 559

Probe 9 . I . 551 1. 557 I . 575 1. 557

Probe 10 I . 571 I . 566 I . 563 I . 542

Probe 11 I . 598 1. 574 I . 557 I . 542
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Bulk Bed Ther mocoupl es  
emf by mv

S e c t i o n  I I . 815 S e c t i o n ■ 7 ■r.. 825

S e c t i o n  2 I . 838 Se c t i o n 8 I . 804

S e c t i o n  3 I . 837 S e c t i o n 9 I .. 809

S e c t i o n  4 I . 834 S e c t i o n 10 ' I . 807

S e c t i o n  5 I . 825 S e c t i  on I I I . 815

S e c t i o n  6 I . 825 '

Manomet er  (2) Re a d i ng ,  I nches

Manometer I Ah 3. 25
Manomet er 2 Ah 3. 00

Manometer 3 Ah 2 . 25
Manometer 4 Ah 2 . 00

Manometer 5 Ah I . 25
Manomet er 6 Ah •o. 75 •

Manometer 7 Ah 0 . 50
Manomet er 8 . Ah 0 . 125

Manomet er 9 Ah 0 . 00

Manometer 10 Ah ■ 0 . 00
Manometer I I Ah 4. 00

Ii
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C a l i b r a t i o n  Tab l e s  f o r  Thermocoupl



Chromel -Al umel  The r mocoupl es

0F 0 I 2 3̂ 4

60 0 . 618 0 . 640 0 . 662 0 . 684 0 . 706 0 .

70 0 . 840 0 . 862 0 . 884 0 . 906 0 . 929 0 .

80 I . 064 I . 086 I . I 09 I . 131 I . I 54 I .

90 I . 289 I . 311 I . 334 I . 357 I . 380 I .

100 I . 516 I . 538 I ., 561 I . 583 I . 607 I .

I 10 I . 745 I . 768 I ..791 I . 814 I .,837 I .

120 I .. 974 I .. 997 2 ..020 2 ..043 2 ., 066 2 .

I 30 2 ..203 2 ..225 2 ..248 2 ..270 2 ..293 2 .

140 2 ,.433 2 ..455 2 ,.478 2 ,. 500 2 ,.523 2 .

I 50 2 .663 2 ,.685 2 ,.708 2 ,.730 2 ..753 2 .

I 60 2 .892 2 ,.91 5 2 .937 2 .960 2 .982 3.

170 3 . I 22 3 .145 3 . I 69 3 .192 3 .21 5 3.

I 80 3 .355 3 .378 3 . 402 3 . 424 3 .447 3.

I 90 3 .585 3 . 608 3 . 632 3 .655 3 . 678 3.

200 3 .818 3 .841 3 .865 3 .883 3 .91 I 3 .

6 7 8 9

0. 751 0. 774 0. 096 0. 818
0. 974 0. 996 I . 01 9 I . 041
I . I 99 0. 221 I . 244 I . 266
I . 426 I . 448 I . 471 I ., I 93
I .,653 I ., 676 I .,699 I . 722
I .,882 I .,905 I .,928 I .,951
2..111 2.,134 2., I 57 2.J  80
2..340 2..363 2..386 2.,409
2..569 2,.593 2,. 61 6 2..639
2 .799 2 .822 2,.846 2,.869
3,.029 3,.052 3 .076 3,. 099
3 .262 3 .285 3 .309 3,.332
3 .492 3 .515 3 .538 3 .562
3 .725 3 . 748 3 .771 3 .795
3 . 958 3 .981 4 . 004 4 . 028

5

729
951
176
403
630
859
088
316
546
776
006
239
469
701
934

“Z
6“



I r on  Co n s t a n t a n  Ther mocoupl es

0F O I 2̂ 3 4 5 6 7 8 9

60 0 ,. 785 0 ,.813 O.842 0 ,.871 0 .. 900 0 ,.929 O.957 0 ..986 I ,.01 5 I .044
70 I ,. 073 I ,.101 I .30 I ,. I 59 I ,.188 I ..217 I ,. 246 I .. 274 I ,.303 I ,. 332
80 I ..361 I .. 389 I . 418 I ,.447 I .. 476 I ..505 I ,. 533 I ..562 I .591 I ,. 620
90 I .. 649 I .. 678 I .797 I ..736 I ..765 I ,.794 I ,.823 I .. 852 I ,.881 I ,. 910

100 I ,. 939 I ,. 968 1997 2 ,.026 2 .. 055 2 ,.084 2 ,.113 2 ..143 2 .1722 2 ,. 201
n o 2 .. 230 2 ..259 2 . 289 2 ..318 2 .. 347 2 ..376 2 ..405 2 ..435 2 ..464 2 ,.493
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Compl et e  Data 
( T a b l e  I V )
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RUN NOBWl Hl 
G= =527

FBH
l b m / h r f t ? .

IN 9

1 8 . 2 2 8

Probe no. 1 — 6 h |yc, Btu/  hr ft2 °F

I 0 . 0 0 . 7 9

2 0 . 0 1 . 1 2

3 0 . 0 I . 29

4 0 . 0 I . 87

5 0 . 0 2 . 2 7

6 0 . 0 2 . 6 9

7 0 . 0 3 . 9 0

8 0 . 0 6 . 6 5

9 0 . 0 2 1 . 4 9

1 0 0. 1 3 4 . 2 3

11 0 . 3 7 5 3 4 . 1 0

“ =267 Btu /  hr ft2 , hOV " 9 . 0  Btu/hr f r  °F

RUN MO. 5 WI H 2 FBH IN 16
G --  1 009 llW H r f t - ,  Rep —24 g

Probe no. i — e h |oc , B t u / Hrf t2 o F

I 0 . 0 3 . 0 5

2 0 . 0 3 . 2 9

3 0 . 0 3 . 4 9

4 0 . 0 3 . 7 8

5 0 . 0 4 . 5 1

6 0 . 0 6 . 2 0

7 0 . 0 1 1 . 0 9

8 0 . 0 0 6 2 5 2 2 . 3 4

9 0 . 1 3 8 . 3 7

1 0 0 . 2 2 5 3 9 . 2 4

11 0 . 3 2 5 4 5 . 6 5

Q =  333 Dt u/  hr f t2 , Hq v -  1 6 . 4  B t u / Hr f t2 °F



RUN NO- 5W1H3 rtit^ IN 5
G — 1 2 54 lbm / hr f t  , Rep - 4 3 . 3 7 5

Probe no. I — E h |0(_, Bfu/ hr ff2

I 0 . 0 2 . 8 9

2 0 . 0 3 . 2 4

3 0 . 0 3 . 4 6

4 0 . 0 4 . 4 4

3 0 . 0 6 . 1 8

6 0 . 0 6 2 5 8 . 7 1

7 0 . 0 1 2 5 18 . 11

8 0 . 0 5 2 3 . 1 3

9 0 . 1 5 2 8 . 7 4

10 0 . 2 5 3 0 . 3 5

' 11 0 . 2 2 5 3 3 . 7 0

Q =  301 b tu /h rf t2 , Hqv = 1 4 . 3  Btu /hr ft2 °n

RUN NO.
G =

5W1H4 FDH
=  1 443 lbm/ | i r  ft2.

IN 3 8 
Rep =  4 9 . 9 1 2

Probe no. I — E h | o c , BtuZhrft2 o F

I 0 . 0 4 . 3 3
2 0 . 0 5 . 1 4

3 0 . 0 6 . 1 8
4 0 . 0 7 . 4 2

3 0 . 0 1 2 5 1 0 . 1 2

6 0 . 0 2 5 1 4 . 8 7

7 0 . 0 3 7 5 1 8 . 9 6

8 0 . 0 7 5 25 . 21

9 0 . 1 5 rx> OJ rx>

1 0 0 . 2 2 9 . 5 9

11 0 . 2 7 5

OD'd-OO

Q =  316 B t u /  hr  f t 2  , h a v — 1 6 . 3  g t u / h r  f t 2 o F
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RUN N0.5W2
G — 527

FBH
I b m / h r f t 2 ,

I N  8
ne P ^  1 8 . 2 2 8

Probe no. I — E I'i |o , Btu/  hr ft2 °F

I 0 . 0
0 . 6 9

2 0 . 0
0 . 8 6

5 0 . 0
1. 11

4 0 . 0
I . 58

5 0 . 0
2 . 2 9

6 0 . 0
2 . 7 7

7 0 . 0
3 . 8 6

8 0 . 0
5 . 7 6

9 0 . 0  
0 . 0 7 5 2 . 1 2 5

10
0 . 3 7 5 3 9 . 2 8

' i i
___ 3 9 , 7 8_

Q =  280 Btu/ hr , hov — 9*5 BvuZhrff2 o F

RUN NO.
G =

5W2H2 FBH
I 009 Ibm/  hr

IN 14
Rep =  3 4 . 9

Probe no. I — 6 h Ioc , Btu/  hr ft* 0F

I 0 . 0 2 . 6 0
2 0 . 0 2 . 8 3
3 0 . 0 3 . 1 2
4 0 . 0 3 . 4 8
5 0 . 0 5 . 8 6
6 0 . 0 7 . 6 3
7 0 . 0 1 1 . 2 8
8 0 . 0 25 . 01
9 0 . 1 3 8 . 8 5

1 0 0 . 2 2 5 41 . 23
11 0 . 3 2 5 C\LT

Q =  294 Bt u /  hr ft^ , hQv =  I 6 • I B t u / hr f t ^ °F



- 1 0 2 -

RUN 2 H3 9 7 oi j  — \ c  I  6
FBH

i b m / h r f t 2.
IN 25

Rcp=  4 3 . 9 9 7

Probe no. I — € h Btu/  hr °F

I 0 . 0 3 . 4 5

2 0 . 0 3 . 7 7

3 0 . 0 4 . 8 4

4 0 . 0 6 . 2 2

3 0 . 0 9 . 5 3

6 0 . 0 2 5 1 4 . 7 8

7 0 . 0 5 2 0 . 6 2

8 0 . 0 8 7 5 2 6 . 4 8

9 0 . 1 2 5 3 8 . 3 8

H O 0 . 2 3 8 . 6 7

' 11 0 . 2 7 5 4 5 . 1 6

Q — 285 B t u / h r f t 2 , hc v " 1 8 • 6 B t u / hr fI2 c T-

RUN NO. 5W2H4 F BH IN 33
G =  1455 I lbm / h r  ( t 2 , Rep =  5 0 . 4 3

P robe no. I — e  h Iqc z Btu/  hr ft2 °F

I 0 . 0
4 . 6 6

2 0 . 0
5 . 5 5

3 0 . 0
7 . 3 3

4 0 . 0
9 . 7 3

5 0 . 1 2 5
1 2 . 2 5

6 0 . 0 2 5
1 7 . 4 7

7 0 . 0 3 7 5
19 . 51

8 0 . 0 8 7 5
2 2 . 8 3

9 0 . 1 2 5

0 . 1 7 5 27 . 61
1 0

3 0 . 0 5
11 0 . 2 7 5 J 4 . 3 3

B t u /  hr  ft  ' , =  1 7 .  i B t u / h r  f t 2 °FQ =  281



run NO. 5W3H1 FBH IN 9
G — 481 ,bm / hrfl  , Bep=  16. 637

Probe no. 1 — 6 h | o , Btu/  hr f f2 °F

I 0 . 0 I . 02
2 0 . 0 I . 93
3 0 . 0 2 . 0 8
4- 0 . 0 2 . 7 6
5 0 . 0 3 . 5 5
6 0 . 0 4 . 2 5
7 0 . 0 5 . 7 0
8 0 . 0 9 . 7 7
9 0 . 0 1 2 5 3 2 . 6 0

: io 0 . 1 2 5 41 .71
' i i 0 . 3 5 3 2 . 1 1

Q =  2 6 1 Btu/  hr ft2 , h QV = = 1 1 - 6  B t u / hr ft2 °F

RUN N O .
G =

5W3H2 FBH
= 1 009 Ibm/ h r  ft7-

IN 16
, Bep — 3 4 . 9

P robe no. I — G h | o c , B t u /  hr  f t2 °F

I 0 . 0 3 . 5 6
2 0 . 0 3 . 9 8

3 0 . 0 4 . 2 0
4 0 . 0 4 . 6 9

5 0 . 0 5 . 8 0
6 0 . 0 8 . 5 4

7 0 . 0 1 8 . 0 8

8 0 . 0 2 5 2 6 . 9 8

9 0 . 0 7 5 4 1 . 2 1

1 0 0 . 3 2 5 4 0 . 7 1

11 0 . 3 0 3 5 . 6 8

Q =  276 B t u / hr  f t 2 , h a v  =  17 B t u Z h r t t 2 o FQ —



- 1 0 4 -

R U N  N O .
G  —

5W3H3
1273

F E H  | M  25 
l bm / h r f t  / R e p =  4 3  _ 9 9 7

P r o b e  no . I — 6 h Io ^z B t u /  h r  f t 2 °F

I 0 . 0 4 . 3 5
2 0 . 0 4 . 8 6

2 0 . 0 5 . 7 0
l.\. 0 . 0 7 . 4 2

5 0 . 0 0 6 2 5 10 . 61
6 0 . 0 1 8 7 5 1 6 . 3 8

7 0 . 0 2 5 2 0 . 4 4
8 0 . 0 7 5 2 4 . 9 3

9 0 . 1 2 5 3 1 . 1 6

H O 0 . 1 7 5 3 4 . 2 7
11 0 . 2 5 3 4 . 5 5

Q =  276 B t u /  h r  f t 2 . h a v  =  1 7 . 3  B t u / h r  ft2 °F

R U N  N O . 5W3H4 FBH IN 38
G = 1 4 1 0  lbm,/ h r  f t 2 , Rep =  4 8 . 7  7

P r o b e  n o . I — G h , B t u / h r  U 2 o F
Ioc

I 0 . 0 9 . 1 8
2 0 . 0 0 6 2 5 9 . 6 2

5 0 . 0 1 2 5 1 0 . 1 8
4 0 . 0 2 5 I 2 . 2  7

5 0 . 0 2 5 1 5 . 2 6
6 0 . 0 1 2 5 1 9 . 1 9

7 0 . 0 3 7 5 2 2 . 4 8

8 0 . 0 8 7 5 2 4 . 3 7

9 0 . 1 2 9 . 1 6
1 0 0 . 1 7 5 31 . 84

i i 0 . 2 5 2 0 . 9 5

Q =  2 6 9  G t u / h r f t 2 , h a v =  I 9 . 2 B t u / h r  f t 2 o F



- 1 0 5 -

RUN NO-G — 5W4H1
481 lbm

FBH IN 9 •
/ h r f t 2, Rep=  1 6 . 6 3 7

P r o b e  no . I — € h |o ( , B t u /  h r  f t 2 °F

I 0 . 0 I . 78

2 0 . 0 2 . 1 0

5 0 . 0 2 . 4 6

4- 0 . 0 3 . 0 4

5 0 . 0 3 . 3 8

G 0 . 0 4 . 0 4

7 0 . 0 5 . 51

8 0 . 0 9 . 4 2

9 0 . 0 0 6 2 5 3 3 . 4 3

10 0. 1 4 1 . 1 7

■ 11 0 .4 3 7 . 4 9

Q =  236 B t u /  U r f t 2 , h a v  =  I 2 B t u / hr ft2 cT

RUN NO.
G =

5W4H2
1 032 bm

FEH IN 16
/ h r  i i2, Rep =  3 5 . 6 6 1

P r o b e  n o . I — G h , B t u /  h r  f t 2 ° r
Ioc

I 0 . 0 3 . 5 8

2 0 . 0 4 . 0 2

5 0 . 0 4 . 4 0

4- 0 . 0 5 . 2 7

5 0 . 0 6 . 2 0

6 0 . 0 8 . 8 2

7 0 . 0 6 2 5 1 7 . 1 6

8 0 . 0 3 7 5 2 5 . 6 3

9 0. 1 3 3 . 4 7

10 0 . 2 3 0 . 9 9

11 0 . 3 24 . 91

Q =  232 B t u /  h r  f t 2 , h a v =  1 4 . 7 B t u / h r  f t Z o F



- 1 0 6 -

RUN NO.
G

5W4H3
=  1217 Ibm

_ FBH IN 24
Z l l r f l ' Rep =  4 2 . 0 6

Probe no. 1 — € h | o c , B t u /  h r  f t 2 0 F

I 0 . 0 4 . 31
2 0 . 0 4 . 8 6

3 0 . 0 5 . 6 3
4 0 . 0 7 . 3 6

5 0 . 0 1 0 . 1 9
6 0 . 0 1 2 5 1 5 . 4 0

7 0 . 0 2 5 21 .91
8 0 . 0 6 2 5 3 5 . 6 5

9 0. 1 4 6 . 0 0

: i o 0 . 3 4 8 . 6 3
• i i 0 . 2 5 3 8 . 4 7

Q=T 240 B t u /  h r ( t 2 , Ha v =  2 1 , 3  B t u / h r  f t 2 ° F

RUN NO.
G =

5W4H4 FBH IN38
- 1 3 6 0 l l ' m/br  f t R e p - ^ y  041

Probe no. i — e h , Btu/  hr f (2 °FIoc

I 0 . 0 7 . 1 6

2 0 . 0 8 . 4 2

3 0 . 0 0 6 2 5 1 0 . 3 7

4 0 . 0 1 2 5 1 2 . 7 2

5 0 . 0 1 2 5 1 6 . 2 5

6 0 . 0 2 5 2 0 . 1 2

7 0 . 0 5 2 3 . 7 9

8 0 . 0 6 2 5 3 0 . 4 3

9 0. 1 3 7 . 0 4

1 0 0 . 1 5 3 8 . 9 9

11 0 . 2 5 3 9 . 0 0

Q =  2 54 Bt u/  hr f t 2 , ha v =  21 . 9 Btu/ hr f t2 °F



- 1 0 7 -

RUN NO; FDH IN 
lbInZhrft  , Rup =

I 2
2 3 . 5 2 1

Probe no. I — € h | o  , Btu/  hr ft2 °F

I 0 . 0 I . 67

2 0 . 0 I . 49

3 0 . 0 I . 52

4 0 . 0 2 . 11

5 0 . 0 2 . 7 9

6 0 . 0 3 . 7 0

7 0 . 0 6 . 3 4

8 0 . 0 1 7 . 6 7

9 0 . 5 3 3 . 8 9

: i o 0 . 3 5 4 2 . 0 1

' i i 0 . 3 7 5 4 7 . 7 4

Q =  2 7 6 Btu/ hr ft2 , hav = = 1 3 . 4  BtuZhrft2 o F

RUN NO.
G =

7W1H2 FBH
1 097 IbmZ h r f t 7-

CxJCsJ 
COIl

2
 

Z-
K

Probe no. I — G h|oc , Btu/ hr ft2 °F

I 0 . 0 2 . 9 4

2 0 . 0 3 . 21

3 0 . 0 3 . 5 3

4 0 . 0 4 . 91

5 0 . 0 7 . 5 6

6 0 . 0 1 4 . 9 6

7 0 . 0 2 5 3 0 . 9 4

8 0 . 1 2 5 4 0 . 1 6

9 0 . 2 5 4 1 . 1 2

1 0 0 . 2 5 4 0 . 4 6

11 0 . 2 7 5 4 6 . 9 1

Q =  2 9 2  B t u /  h r  f t 2  , Hq v =  21  . I B t u / h r  H 2 o F



-108-

R U N  NO.
G

7WI HS
=  1 325 Ibm

FBH i n  31
/ h r f t 2 , R e p = 4 5 . 8 5 5

P r o b e  no . 1 — 6 h | o c , B t u /  h r  f t 2 °F

I 0 . 0 3 . 8 4
2 0 . 0 4 . 7 7

5 0 . 0 6 . 1 2
l V 0 . 0 7 . 57

2 0 . 0 2 5 1 3 . 3 4

6 0 . 0 5 21 . 72

7 0 . 1 2 5 3 3 . 2 7
8 0 . 1 7 5 3 2 . 2 9

9 0 . 2 3 6 . 4 3

10 0 . 2 3 7 . 1 0

11 0 . 2 7 5 4 4 . 4 9

Q =  310 B l u /  h r  f t 2 , hav =  2 1 . 6  B t u / hr ft'- °F

r u n  N O .
G -

7W1H4 FBH IN 40
— 1490  ltW h r  ft7-, R e p =  s i .  538

P r o b e  n o . I — 6 h | o c  , B t u / h r  f t 2 °F

I 0 . 0 6 . 5 4

2 0 . 0 0 6 3 5 8 . 2 5

3 0 . 0 0 6 3 5 9 . 8 5

4 0 . 0 1 2 5 1 1 . 3 0

5 0 . 0 3 7 5 1 4 . 5 5

6 0 . 0 5 21 . 63

7 0 . 0 5 3 2 . 5 4

8 0 . 1 2 5 3 7 . 7 2

9 0 . 1 2 5 4 3 . 5 2

10 0 . 1 7 5 4 3 . 9 1

11 0 . 2 2 5 5 8 . 4 0

Q =  # @)  B t u / h r f t 2 , h Qv  = 2 5 . 6  B t u Z h r f t 2 o F



- 1 0 9 -

RUM NO. 7W2H1 
G =  68 0

FBH i n 12 
lbm A ' ft , S f p =  2 3 . 5 2 1

P r o b e  no . I — €  h Io f , B i u /  h r  f t 2 °F

I 0 . 0 2 . 4 3

2 0 . 0 2 . 6 3

3 0 . 0 2 . 9 9

4 0 . 0 3 . 5 2

5 0 . 0 4 . 4 7

6 0 . 0 6 . 0 4

7 0 . 0 1 0 . 4 2

8 0 . 0 2 8 . 9 4

9 0 . 0 8 7 5 5 8 . 5 8

OI—I 0 . 3 6 0 . 5 0

' 1 1 0 . 3 7 5 7 0 . 9 8

Q =  352 B t u /  hr  f t 2 , Iia v - 2 1 . 1  B i V h r  ft2 °F

RUN NO. 7 W 2 H 2 FBH IN 19
G = I 097 IbmZ h r f t 2-, R = P = 3 7 . 9 1

P r o b e  n o . i — e  HIoc / B t u /  h r  f t -  °F

I 0 . 0 2 . 9 0

2 0 . 0 3 . 2 5

3 0 . 0 3 . 6 0

4 0 . 0 4 . 3 5

3 0 . 0  . 5 . 6 3

6 0 . 0 8 . 4 9

7 0 . 0 6 2 5 20 . 81

8 0 . 0 7 5 3 0 . 9 9

9 0 . 2 5 3 3 . 6 2

1 0 0 . 2 5 3 4 . 0 3

11 0 . 3 2 5 3 6 . 0 7

Q — 294 B t u / h r  f t 2 , h Qv = 1  g 2 B t u / h r  f t Z o F



RUN NO.
G

7 W 2 H 3
=  1 325 Ib

FDH IN 27
m / h ’ fl , Rep -  4 5 . 8 6 5

Probe no. 1 —  6 h | o c , B t u /  h r  f t 2 °F

I 0 . 0 3 . 5 9

2 0 . 0 4 . 1 7

3 0 . 0 5 . 3 6

4 0 . 0 7 . 6 5

5 0 . 0 1 3 . 2 0

6 0 . 0 2 5 2 1 . 2 8

7 0 . 0 7 5 3 0 . 2 9

8 0 . 1 2 5 3 4 . 1 9

9 0 . 1 7 5 3 9 . 2 2

1 0 0 . 2 2 5 3 6 . 5 7

i i 0 . 2 7 5 4 2 . 2 8

Q =  285 B t u /  hr  f t 7- , Iio v =  2 I .  4 B t u / h r  f t 2 c F

r u n  n o .
G -

7VJ2 H4 FBH IN 38
= 1 490 IbmZ h r f t 2 , Rep = J 1 5 3 8

P r o b e  no .  I — 6  ^ l o c 7 *ir f

I 0 . 0

2 0 . 0

3 0 . 0 0 6 2 5

4 0 . 0 2 5

5 0 . 0 3 7 5

6 0 . 0 5

7 0 . 0 6 2 5

8 0 . 1 7 5

9 0 . 2

10 0 . 2 4 5

i i 0 . 2 7 5

q  =  281 Bt u/  hr f t 2 ,

4 . 5 8  

5 . 5 4  

8 . 5 6  
12.01 
1 6 . 5 6  
2 6 . 1 2

3 2 . 5 2  

3 3 . 0 6  
3 5 . 6 4  

3 6 . 1 5

3 9 . 5 3

Hq v  :=r 2 2 . 7  B t u / h r f t ^ ° FQ  =



- 1 1 1 -

RUN NO.
G

7W3H1 
=  680 'km

FBH i n I 5
Z hrf t  ' R- p—2 3 . 5 2 1

Probu no. i — e h |oc , Btu/  hr ft2 0F

I 0 . 0 2 . 7 5
2 0 . 0 3 . 1 5

5 0 . 0 3 . 5 2
4 0 . 0 4 . 1 7

5 0 . 0 4 . 9 8
6 0 . 0 7 . 2 3

7 0 . 0 1 3 . 8 3
8 0 . 0 4 4 . 1 1

9 0 . 0 6 2 5 4 7 . 6 5
10 0 . 1 7 5 4 5 . 5 5

■ 11 0 . 3 37 . 1 1

Q = 2 5 5 Btu/  hr ft7' , Ha v =  1 8 , 9  Bt uZhr f l 2 o F

RUN NO.
G-

7W3H2 FBH IN 22
=  I 009 IbmZhr ft2, R e p =  24 g

Probe no. i — e h |o£ , Btu/  hr ft2 °F

I 0 . 0 3 . 8 5

2 0 . 0 4 . 3 4

5 0 . 0 5 . 11

4 0 . 0 6 . 6 5

5 0 . 0 1 0 . 7 6

6 0 . 0 2 0 . 7 2

7 0 . 0 2 5 3 6 . 5 3

8 0. 1 4 5 . 3 3

9 0 . 2 2 5 4 3 . 7 5

10 0 . 2 2 5 4 3 . 6 6

11 0 . 3 5 3 4 . 0 9

Q — 259 B v u / hr f t 2 , ha v — 2 3 . 2  Gt u / h r  f tZ F



RUN NO.G =
7 W 3 H 3 FBH | f\j 31
1 238 ! b m / h r f l 2, R e p =  4 2 . 8 2 1

P r o b e  no . I —  € h |oc , B t u / h r  f t 2 °F

I 0 . 0  4 . 8 8

2

3
0 . 0  5 . 8 8
0 . 0  7 . 8 3

4 0 . 0 0 6 2 5  1 1 . 0 5

5
6
7

8 
9

10

0 . 0 2 5  1 5 . 6 5  

0 . 0 3 7 5  2 3 . 7 6  
0 . 0 7 5  3 5 . 1 2  
0 . 1 5  3 7 . 6 1  
0 . 2  4 0 . 4 3  
0 . 2 5  3 6 . 7 7

' 11 0 . 3 5  3 6 . 9 9

O =  268 23 3
B t u /  h r  f t 2 , h c v —  " B f u / h r  f t 2 ° F

RUN NO.
G =

7W3H4 FBH IN 41
- 1 490 l b m Z h r  f t z , Rcp=  51 _ 533

P r o b e  n o . 1 — 6  h , Bt u/ Itr f t 2 °F
Ioc

1
2

5
4
5
6

7

8

9
10
11

0 . 0  1 0 . 3 8  
0 . 1 2 5  1 2 . 6 2  

0 . 0 2 5  1 4 . 3 5  

0 . 0 5  1 7 . 3 8  
0 . 0 5  20 . 61  
0 . 0 7 5  2 6 . 1 5  

0 . 1  3 2 . 0 5  

0 . 1  34 . 01  
0 . 1 5  3 7 . 6 2  

0 . 1 5  ' 3 6 . 3 7  

0 . 2 2 5  4 0 . 1 6

Q = 2 7  I Bt u/  hr f t 2 , ba v =  2 5 . 5 Bt u / h r  ftZ°F



- 1 13 -

R U N  NO.
G

7W4H1
= 7 4 5 lbm

FBH i n  I 5
' Zhrf t  ' fieP ^ s .  769

Probe no. i — e h |o ( , Btu/  h r  ft^ °F

I 0 . 0 2 . 9 6

2 0 . 0 3 . 31

5 0 . 0 3 . 8 5

4 0 . 0 4 . 5 4

5 0 . 0 5 . 9 4

6 0 . 0 8 . 9 6

7 0 . 0 20 . 31

8 0 . 0 2 5 5 4 . 8 8

9 0 . 2 6 2 . 0 2 .

10 0 . 3 5 2 . 8 6

' 11 0 . 4 5 8 . 3 4

Q =  234 Bfo/  hr ft '  , Hciv — 2 4 . 5  Biu/ hr r l ? ° F

R U N  N O .
G r

7W4H2 
= 1054

FBH 8N 22
lbm/ h r  f t 2-, Rep =  3 6 . 4 2 2

P  r o b e  n o . I — e hIoc' B f u Z h r f t 2- 0 F

I 0 . 0 3 . 9 5

2 0 . 0 4 . 6 6

3 0 . 0 5 . 5 3

4 0 . 0 6 . 8 8

5 0 . 0 1 0 . 7 0

6 0 . 0 1 2 5 21 .41

7 0 . 0 3 7 5 3 7 . 3 0

8 0 . 1 5 5 0 . 5 3

9 0 . 2 5 5 5 . 2 2

1 0 0 . 3 4 6 . 4 7

11 0 . 3 3 8 . 5 7

Q =  230 , B t u /  h r  ft  ^ , Hq v =  . R ' u / h r  f t ?-°F

2 5 . 1 6



RUN NO- 7W4H3 FKH IN 31
G =  i ^ 3 b  Ibmz/ h r  ft ' Re

' P 4 2 . 7 1 7

Probe no. I — 6 h |oc, R f u / h r f t 2 o F

I 0 . 0 5 . 0 3

2 0 . 0 6 .3 7

3 0 . 0 8 . 33

L\- 0 . 0 0 6 2 5 1 3 . 5 2

5 0 . 0 1 2 5 1 7 . 1 0

6 0 . 0 5 2 6 . 3 3

7 0. 1 3 9 . 2 0

8 0 . 1 2 5 4 0 . 3 7

9 0 . 2 4 5 . 2 3

I O 0 . 2 3 8 . 9 2

' 11 0 . 3 3 6 . 7 5

Q =  249 Btu/  hr ft2 , h a v  —  2 5 . 4  B t u / hr ft2 °F

RUN NO. 7 W 4 H 4 FBH IN 44
G :=  ' 4 9 0  IbmZhr f RS Rep =Si  . 538

Probe no. I — G h , Bf u /  hr f ° FIoc

I 0 . 0 1 2 . 8 0

2 0 . 0 1 4 . 9 0

3 0 . 0 1 5 . 9 6

4- 0 . 0 0 6 2 5 1 8 . 9 6

5 0 . 0 1 2 5 21 . 57

6 0 . 0 5

O
J

r̂.O
J

7 0.1 3 2 . 8 9

8 0 . 1 2 5 3 6 . 3 1

9 0 . 2 4 7 . 1 2

10 0 . 2 6 0 . 5 6

11 0 . 3 6 1 . 1 9

q — 2 4 6  B t u /  h r  f t ^  , h Q v — 3 0 . 9 B t u / l i r  F



RUN NO.
G  ■

9W1H1 FDH
=  745 Ibm A r f t 2z

IN 21
R e p =  2 5 . 7 6 9

Probe no. I —  € h I o c , Btu/  hr ft2 °F

I 0 . 0 2 . 41

2 0 . 0 2 . 7 0

3 0 . 0 3 . 0 2

4 0 . 0 3 . 61

5 0 . 0 4 . 6 1

6 0 . 0 6 . 9 9

7 0 . 0 0 6 2 5 1 8 . 5 4

8 0 . 1 5 2 9 . 3 3

9 0 . 3 3 6 . 3 4

1 0 0 . 3 3 7 . 6 9

• 11 0 . 3 7 5 4 7 . 20

Q =  271 Efu/  Urfi1 ,  hav — 1 6 . 7  Bt u/ hr  f r ° F

RUN NO.
G  =

9W1H2 FEH
=  745 Ibm/ hr ft2-,

IN 29 
Rep = 3 4 . 9

Probe no. I — 6 h I q c  ,  Btu/  hr ft2 °F

I 0 . 0 3 . 4 8

2 0 . 0 4 . 3 5

3 0 . 0 5 . 5 2

4 0 . 0 8 . 5 3

5 0 . 0 2 5 1 4 . 4 0 6

6 0 . 0 5 2 4 . 094

7 0 . 1 2 5 3 6 . 1 1 9

8 0 . 1 7 5 31 .  99

9 0 . 2 3 7 . 2 1

1 0 0 . 3 3 6 . 9 1

I i 0 . 3 2 5 4 7 . 5 8

Q =  292 Bt u/  hr ft ^ ,  hav —  22 .5  B t u / h r  f t 2' °F



RUN NCk _9W1H3 PB" »M 42
G — 745 !bm/hrf t  , Rep-  50.431

Probe no. 1 — 6 h |oe , Btu/  hr ft2 °F

I 0 . 0 8 . 9 8

2 0 . 0 2 5 9 . 8 7

3 0 . 0 2 5 1 1 . 5 3

4 0 . 0 5 1 2 . 7 9

3 0 . 0 5 1 5 . 2 3

6 0. 1 1 7 . 5 4

7 0. 1 1 8 . 8 9

8 0 . 1 5 21 . 92

9 0 . 2 2 3 . 9 5

: io 0 . 2 5 2 6 . 9 6

i i 0 . 3 5 3 4 . 4 3

Q = 2 7 9 Blu/  hr ft2 , hav = 1 8 . 1  B t u / hr ft2 c F

RUN NO. 9W1H4 FBH IN 48
G — 887 IbrnZ h r t f S  Rep =  5 7 . 6 2 5

Probe no. I — 6 h , Btu/  hr ft2 °FIoc

I 0 . 0 1 1 . 0 9

2 0 . 0 2 5 1 3 . 3 4

3 0 . 0 2 5 1 3 . 2 9

4 0 . 0 3 7 5 1 4 . 5 8

3 0 . 0 5 1 6 . 2 8

6 0. 1 1 9 - 8 5

7 0 . 1 2 5 21 . 49

8 0 . 1 5 21 . 80

9 0 . 1 7 5 2 8 . 2 3

1 0 0 . 1 7 5 3 5 . 5 7

i i 0 . 2 5 4 7 . 1 6

Q =  297 B t u /  hr ft , h (JV=  2 I . 5Bt u / hr  f t2 °F



RUN NO- 9 W 2 H I FBH |N I 7
G = 1009 A r f t 7z Rep =  2 5 . 7 6 9

Probe no. I — 6 h I o c , B t u / hr f t 2 °F

I 0 . 0 3 . 5 0

2 0 . 0 4 . 3 7

5 0 . 0 4 . 8 2

4 0 . 0 5 . 8 8

5 0 . 0 7 . 2 3

6 0 . 0 1 2 . 3 9

7 0 . 0 2 1 . 1 4

8 0 . 0 6 2 5 3 6 . 6 7

9 0 . 2 2 5 4 0 . 0 3

10 0 . 3 2 5 4 0 . 1 6

■ i i 0 . 3 7 5 4 3 . 9 1

289 B t u /  hr f t 2 . hov = 1 9 . 5  B t u / hr ft2 0 F

RUN NO.
G —

9W2H2 FBfi IN 24
1 054 IbmZ h r f t 2, Rep -  3 6 . 4 2

Probe no. I — € , Btu/ hr ft2 °F

I 0 . 0 4 . 9 5

2 0 . 0 6 . 0 3

5 0 . 0 6 . 9 0

4 0 . 0 1 0 . 5 7

5 0 . 0 1 4 . 7 4

6 0 . 0 1 2 5 2 4 . 6 8

7 0.1 4 2 . 7 3

8 0 .2 4 5 . 3 7

9 0 . 3 2 5 3 9 . 5 3

10 0 . 3 2 5 4 0 . 6 6

11 0 . 4 5 3 4 . 3 3

Q =  294 Bt u/  h r  ft2 , hQV=  24 . 7Btu/ hr ft2 °F



- U S -

R U N  NO- 
G

9W2H3 p b h  ifsj 38
1 009 lbm / hr f t 2 , Rep =  5 0 . 4 3

Probe no. I —  € h |o(Z Bt u / hr ft2 °F

I 0 . 0 6 . 1 1

2 0 . 0 8 . 7 1

5 0 . 0 1 2 5 1 2 . 3 5

4 0 . 0 3 7 5 1 7 . 4 3

5 0 . 0 6 2 5 21 . 59

6 0 . 1 31 . 95

7 0 . 1 5 3 2 . 4 9

8 0 . 1 5 31 . 47

9 0 . 2 2 5 3 2 . 0 3

1 0 0 . 2 2 5 3 3 . 1 8

' i i 0 . 3 5 3 6 . 6 7

Q =  291 Btu/  Iirft2 , Huv — 2 4 . 2  B t u / hr f t 7 c F

RUN NO. 9W2H4 FDH, IN 47
G — 1054 Ibm, /hr  fU,  Rep =  5 7 . 6 2

P robe no. i — e h ^  , Btu/  hr f t7- °F

I 0 . 0 1 5 . 7 5

2 0 . 0 3 7 5 1 8 . 3 4

3 0 . 0 5 2 0 . 4 3

4 0 . 0 7 5 21 . 06

5 0 . 0 7  5 2 3 . 5 4

6 0 . 0 7 5 2 7 . 9 6

7 0 . 0 7 5 2 8 . 0 7

8 I . 0 2 9 . 8 7

9 0 . 1 2 5 3 4 . 9 4

1 0
0 . 1 7 5 3 8 . 6 7

1 1
0 . 2 5 4 8 . 3 2

Q = 3 5 5 B t u /  hr  f t 2 , h OV "  2 7 . 6 BtuA r  f t 2 0F



R U N NO 9W4H1
I 666

FBH , m 2 I

lbH1A rft , Rep=  3 0 . 6 8

Probe no. i — e h B t u / hr ft- °F

I 0 . 0 3 . 7 7

2 0 . 0 4 . 5 0

3 0 . 0 5 . 3 6

4 0 . 0 7 . 0 7

3 0 . 0 1 3 . 0 6

6 0 . 0 1 2 5 2 8 . 9 7

7 0 . 0 5 7 6 . 9 8

8 0 . 2 2 5 7 7 . 5 8

9 0 . 2 5 8 1 . 1 3

1 0 0 . 2 5 66 . 9 1

11 0 . 3 5 6 6 . 1 9

Q — 244 Btu/  hr A  > btiV— 3 9 . 2  Bt u/ hr  °F

RU N MO.
G —

9W4H2 
I 694

FBH IN 27 
IbmZhr ft2 , Rep =  3 6 . 4 2 2

P robe no.

1
2
3
4-

5
6

7
8

9
10
11

I — e  h , B t u /  hr  f t 2 °F
Ioc

0 . 0 4 . 7 8

0 . 0 5 . 31

0 . 0 7 . 9 0

0 . 0 0 6 2 5 1 2 . 7 3

0 . 0 1 2 5 21 . 66

0 . 0 5 3 6 . 1 5

0 . 1 2 5 4 6 . 4 9

0 . 2 2 5 4 3 . 4 5

0 . 2 5 4 5 . 0 7

0 . 3 5 3 8 . 8 2

0 . 3 5 3 4 . 9 5

B t u /  h r  f t ^  ,Q  =  2 4 6 h a v =  2 7 . 5  B t u / h r  f t ? °F



RU N NO.
G

9W4H3
1638

FBH
lbm / hrft2.

IN 38
4 3 . 3 7 5

Probe no. i — e  llIoc'  BfU//*,r ff2 0f

I 0 .0

2 0 . 0 0 6 2 5

3 0 . 0 1 2 5

• 4 0 . 0 2 5

5 0 . 0 5

6 0 . 0 7 5

7 0 . 0 7 5

8 0 . 1 7 5

9 0 . 2 5

10 0 . 2 5

' 11 0 . 3

Q — 246 Btu/  hr ft “ , hav — 3 1 . 6  DiuZhr  ft7 °t.

RUN NO.
G =  I 506

IN 47
IbmZlir ft2-, Rep -  5 2 . 0 5 6

Probe n o . I — 6 H , B t u / hr ft7-°FIoc

I 0 .0  1 5 . 1 9

2 0 . 0 3 7 5  1 7 . 9 7

3 0 . 0 5  2 0 . 4 2

4- 0 . 0 6 2 5  24 . 61

5 0 . 1  2 7 . 2 3

6 0 . 1  3 4 . 9 7

7 0 . 1  3 6 . 1 5

8 0 . 1 7 5  3 5 . 6 5

9 0 . 2  3 6 . 1 7

10 0 . 3  3 6 . 6 2

11 0 . 2 5  3 5 . 7 5

q  _  249 B t u / h r f t 2 , ^qv— 3 0 . 4  Ctu/hr ft2 F
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