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ABSTRACT 
_i 

Temperature-time pa t t e rns  f o r  the  carbonization af coal-char b r ique t s  were 
computed with an e l ec t ron ic  digital .  computer f o r  various br ique t  s i zes ,  f i lm  neat 
t r a n s f e r  coe f f i c i en t s  and two shock hea t ing  methods - h3t f l u e  gas and hot f luid2zed 
so l ids .  This represents so lu t ion  of an unusual hea t  transfer problem wherein con- 
duc t iv i ty  and spec i f i c  hea t  are s t rong  functions of temperature. Eeating r a t e  cor- 
r e l a t ions  evolved from the computed results permit extension o f  t h e  da t a  to conditions 
not included d i r e c t l y  i n  the computations. 

Comblnation of the thermal pa t t e rns  w i t h  experimental b r ique t  expansivity 
data yie lded  information on the  r e l a t i v e  magnitude of t h e d  stresses i n  briqueT;s 
undergoing carbonization. Excessive stresses l e a d  t o  de le te r ious  b r ique t  f rac tur ing .  

The assembled da ta  supply the necessary background f o r  estimation o f  
ope rab i l i t y  limits f o r  b r ique t  carbonization by shock hea t ing  procedures and can be 
used to  def ine  physical conditions and dimensions i n  the design o f  carbonization 
units i n  formcoking processes. 
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Th work r epor t ed  here  i s  p a r t  of a program aimed a t  t h e  development of 
a continuous process for the production of formcoke su i t ab le  f o r  b l a s t  furnace use. 
%e p o t e n t i a l  advantages of such a process are lower investment cos ts / ton  of coke, 
the a b i l i t y  t o  u t i l i z e  t h e  v a s t  reserves  of non-metallurgical grade coa l ,  and t h e  
production of a product coke having uniform s i z e  and qua l i ty .  

Experimental work c a r r i e d  ou t  i n  these l abora to r i e s  has shown t h a t  such 
a process can b e  developed based on b r ique t t i ng  followed by continuous coking of 
t h e  briquets.  The b r ique t s  are formulated from l o w  temperature char, coa l  and a 
p i t c h  binder. The b r i q u e t t i n g  aspec ts  of t h i s  program will b e  discussed i n  sub- 
sequent papers. The p resen t  paper is concerned with the  carbonization of t he  
b r ique t s  and p a r t i c u l a r l y  wi th  hea t  t r a n s f e r  problems assoc ia ted  with this process. 

The b r ique t s  r e q u i r e  very c r i t i c a l  con t ro l  i n  the carbonization process 
t o  y i e l d  acceptable formcoke. On the  one hand, shock hea t ing  is  necessary t o  
prevent plastic deformation, and on t h e  o ther ,  too severe shock hea t ing  causes 
f r ac tu r ing  of t h e  br ique ts .  
ope rab i l i t y  i n  any continuous process and f r ac tu r ing  of t he  formcoke i n t o  s m a l l  
p i eces  would make it unacceptable f o r  b l a s t  furnaces. 

Deformation and binding of b r ique t s  would cause in- 

There are two imaediate objec t ives  of t h i s  work. One i s  t h e  determination 
of t h e  hea t ing  rates i n  b r ique t s  subjected t o  various methods o f  shock heating. 
These r a t e s  are required for t h e  r a t i o n a l  design of l a r g e  sca l e  carbonizing equip- 
ment, 
wizhin b r ique t s  undergoing carbonization, the  r e l a t i v e  magnitude of thermal stresses. 
Excessive thermal s t r e s s e s  are be l ieved  responsible f o r  de l e t e r ious  f rac tur ing .  
Knowledge of these  s t r e s s e s  produced under various conditions and methods of shock 
hea t ing  would b e  u s e f u l  i n  t h e  se l ec t ion  o f  t he  most favorable process f o r  pro- 
ducing i n t a c t  formcoke. Some empirical  data,  gathered from s m a l l  s ca l e  laboratory 
experiments, o u t l i n e  t h e  genera l  thermal regime required f o r  successful carbonization 
of briquets.  The ca l cu la t ed  temperature d i s t r i b u t i o n  within these br ique ts  during 
carbonization can thus  serve  as a guide f o r  s e l ec t ion  of processes and equipment f o r  
l a r g e  sca l e  equipment. The genera l  p r inc ip l e  t h a t  wil .1  be  adapted, as will be d i s -  
cussed l a t e r ,  i s  that t h e  temperature gradient wi th in  a b r ique t  undergoing carboni- 
za t ion  shall  be  no g r e a t e r  than t h a t  corresponding t o  the  ope rab i l i t y  limits pre- 
sc r ibed  by smal l  s c a l e  work. 

The o t h e r  ob jec t ive  i s  t o  determine, by way of ca lcu la ted  thermal pa t te rns  

Attainment of both of t h e  above objec t ives  hinges upon so lu t ion  of t h e  
This problem d e f i e s  so lu t ion  

a r e  stron@Y temperature dependent, as is e s t a b l i s h e d i n  a companion paper. 

pcoblem of h e a t  t r a n s f e r  t o  and through a br ique t .  
i n r %  rigorous a n a l y t i c a l  form because both the  thermal conductivity and the  spec i f ic  
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Therefore, recourse w a s  had t o  an approximation method o r  n m e r i c a l  so lu t ion  of the 
d i f f e r e n t i a l  equations which involved use of an IBM 650 D i g i t a l  Conputer. 
machine computations were ca r r i ed  out a t  the University of ? i t t sbu rgh  Computing 
Center and were progrmmed t o  def ine  the  tnerna l  pa t t e rn  i n  a br ique t  a t  various 
times as a func t ion  of br ique t  s i z e ,  f i lm  heat t r a n s f e r  coe f f i c i en t ,  and t;io shock 
hea t ing  methods - with not  f l u e  gas znd with hot f l u id i zed  so l id s .  Zstimation of 
the f i l m  coe f f i c i en t  f o r  a hea t ing  medium then allows se l ec t ion  of  fhe  appropriase 
hea t ing  pa t t e rn  f o r  tine br ique ts .  An empirical  co r re l a t ion  vas deri-red f ron  tke  
computed r e s u l t s  which r e l a t e s  the  rate of heasing oi‘ Sriquecs t o  Zil the i m p o r t a t  
variables.  With the  l a w  of squares f o r  heated bodies, the co r re l a t ion  permiss 
rap id  ex t rapola t ion  to. many hea t ing  cases not d i r e c t l y  covered i n  t h e  computer 
program. The accuracy of t he  co r re l a t ion  i s  w i t i i n  7%. 

Dilatometer measurements irere made t o  deternine the  masnitude or“ r h e m a l  

The 

expansion and cont rac t ion  t h a t  occurs during carbonizarion of 5 r ique t s .  
these da t a  with the  computed t h e m a l  pa t fe rns ,  the  r e l z t i v e  .zagcitude of <?e-~ai. 
s t r e s s e s  can be e s t ina t ed  f ron  the  Tixosherko theory of e l a s t i c i t j .  f o r  heated i so -  
t rop ic  and e l a s t i c  bodies. 

Ey coupling 

Direct experimental da t a  f o r  the  te,mperature rise of zhe center  o f  2 

heated b r ique t  a r e  conpared with the computed r e s u l t s  i r ?  a few cases -Acre a con- 
parison can be made. Reasonable agreement with the  comyrablc c2ses i ezds  some 
degree of confidence t o  the  o ther  conputed r e s . d t s .  
cases inves t iga ted  by machine conputation cannot be  e a s i l y  e m n e d  experinezfai.1;- 
on a sffiall sca le .  

Mary of :he bric_ilet neazinz 

THE PROBLEM MID GEXER4L PROPERTIES OF TIE SOLbiONS 

The problem of hea t  conduction i n  carbonaceous n a t e r i d s  5 2 s  keen attac.”.eC 
Burke’ e t  al. discussed soze years ago roathematiczl re la t ionshigs  f o r  previously.  

the r a t e  of heat conduction through coa l  undergoing c a r c o r i z a t i o n .  ?owever, iz 
order  t o  a r r i v e  a t  an  a n a l y t i c a l  so lu t ion ,  these authors t r e i i e a  %e case zhzf co r -  
responded t o  the  i l l e g i t i m a t e  asslumption t h a t  the  t h e n a l  dLi l fus iv i~y ,  ( # ) ,  sizs 
independent of temperature. A constant o(. f o r  car3ozaceous mater ia l s  c a m o t  be 
assumed. The s t rong  temperature dependence of therna l  conductivity ( k )  nzd spec i f i c  
hea t  (c) has been shown i n  a companion paper. 
i s  the  density.  The non-constant conductivity of cozi w a s  a l s o  reported by Millard2 
who attempted so lu t ion  of the  Fourier heat-flow equation by ilse o f  an e1ec:ricd 
analog technique. He a u l d  obta in  agreement between ca lcu la ted  da ta  and experi-  
mental t he rmd  pa t t e rns  i n  a coke oven only by i n j e c t i n g  s i zab le  heats-of-carboni- 
za t ion  in to  t h e  ca lcu la t ions .  

OC i s  given Sy a = k / p c  vhere p 

The problem t h a t  concerns u s  i s  t o  def ine  the  temperature p r o f i l e  as a 
function of t i m e  within a spher ica l  ‘briquet undergoing carbocization, taking full 
account of t h e  tem?erature dependence of the t h e m a l  paracceters - the conducrivizy 
and spec i f i c  heat.  Two d i f f e r e n t  merhods of d i r e c t  shock heafing are considered, 
namely, with hot gas &d hot f lu id i zed  so l id s .  . 

A t  l e a s t  i n  pr inc ip le ,  the problem can be handled by so lu t ion  of ‘he 
Fourier heat conduction equation. The equatioc,  i n  polar  coordinates,  f o r  the  
general  case of a sphere wherein the  thermal d i f f u s i v i t y  i s  temperature dependent, 
i s  

t 
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This equation must be  so lved  with these  boundary conditions:  

T = TI at t = 0 f o r  all Values of r. 

d x  

To, t he  ambient temperature o f  t he  hea t ing  medium surrounding t h e  br ique t ,  va r i e s  
un le s s  the hea t  content o f  t h e  nedium g rea t ly  exceeds t h a t  of the br ique t .  The 
v a r i a t i o n  of To Ki th  time can b e  derived from hea t  balance,  y i e ld ing  

"he above r e l a t ion  holds f o r  continuous carbonization where concurrent flow of 
hea t ing  medium and b r ique t s  preva i l .  It a l s o  holds f o r  batch carbonization where 
no temperature grad ien t  exists within the  hea t ing  medium. 

It thus becomes evidenz, t h a t  so lu t ion  of t he  heat flow equation (l), wi'& 
t h e  com?lex boundary condi t ions ,  as w e l l  as t h e  non-constant parameters k and c, 
cannot be obtained by the usual. ana ly t i ca l  methods. 
i s  consequently necessary. 

A numerical method of so lu t ion  

Although an a n a l y t i c a l  so lu t ion  of t h e  above equations cannot be obtained, 
c e r t a i n  i n t e r e s t i n g  p r o p e r t i e s  of the  so lu t ions  follow f r o m  t i e  form of equation (1) 
and t h e  boundary conditions.  

L ? t  new va r i ab le s  be  introduced, namely X = r/ro, t '  = t/ro2, and h'  = hro. 
I t  can sow b e  r ead i ly  v e r i f i e d  t h a t  t he  temperatures, as expressed i n  equations (I) 
and ( 2 ) ,  becoae func t ions  only of X, t ' ,  k,  h ' ,  and M. 
is a function only of X and t '  i f  k ,  M, and h ro  are maintained constant. Conse- 
qttentPy, a? eqilivalent temperzture p r o f i l e  i s  es tab l i shed  within a b r ique t  a t  cor- 
responding values of t h e  r e l a t i v e  rad ius  X a t  a t i m e  inverse ly  proportional t o  t h e  
square o f  t h e  r a d i u s  of t he  br ique t .  Tnis i s  a more generalized expression of t h e  
l a w  of squares Finich has been previously discussed2 and w i l l  become usefu l  l a t e r .  

It follows t h a t  the  solution 

Before proceeding with the  numerical analyses, it i s  necessary t o  es tab l i sh  
These parameters a r e  f o r  br ique ts  of PitLsburgh t h e  values o f  the parameters needed. 

Seam coal  and product char.  

The Lhermal conduct iv i ty  measured as a func t ion  of temperature f o r  br ique ts  
Tne s p e c i f i c  hea t  f o r  br ique ts  w a s  obtsined f r c m  is reported i n  t h e  comparion paper. 

t h e  addi t ive  equatior. f o r  the componentsthus, 

where the  nmbers correspond t o  the  weight f r a c t i o n  of t he  b r ique t  conponents. 

The s p e c i f i c  heats of coa l  and char were taken from measurements given i n  

Above 
the companion paper. 
These da ta  were adequate t o  cover the  range from room temperature t o  500°C. 
.%O"C, it was assumed t h a t  t h e  br ique t  was carbonized and the  da t a  of Terres4 f o r  
char and coke w a s  used. 

The s p e c i f i c  hea t  of  p i t c h  w a s  taken from Hynan and Kay3. 



Graphical representa t iocs .of  t he  s p e c i f i c  nea t  and t h e m d  conductivity 
as functions of temperature were reduced t o  a lgebra ic  expressions priroarily f o r  
purposes of machine computation. The @-Taphs were f i t t e d  t o  polynomial equazions 
by a standard leas t - squares  sub-routine used i n  t h e  IBM 550 D i g i t a l  Computer. 
ana ly t i ca l  expressions were found t o  be 

The 

f o r  the  spec i f i c  hea t  of b r ique t s  and 

for t h e  thermal conductivity of br ique ts .  T i s  expressed i z  O C .  

Tne coe f f i c i en t s  and exponents were s to red  i n  the computer merrorjr section. 
%e appropriate values of C ( T )  and k(T) could be detemdned by The =chine whenever 
needed i n  t h e  ove ra l l  computations. 

The measured dens i ty  o f  r a w  br ique ts  i s  0.8 gn/cm3. It vas assim?d r?ot t o  
change during carbonization. This assumption i s  acceptable s ince  shrinkage conpe2- 
s a t e s  approximEtely f o r  t he  loss i n  weight ( v o l a t i l i z a t i o n )  during carbmiza t ion .  

Evaluation of t h e  f i lm  coe f f i c i en t s  i s  a l so  explained i n  t h e  conpa ion  
paper. Values of 20 and 50 Btu/hr f t 2  Fo were assigned f o r  the conputations on 
so l id s  heating, t o  bracke t  expected values f o r  hea t  t r a n s f e r  from f l i l i t i zed .  so l iCs  
t o  briquets.  For the gas film hea t  t r a n s f e r  coe f f i c i en t ,  9.5 Stu/nr f t 2  F" was 
employed i n  the  ca lcu la t ion  of t he  hea t ing  rate of two-inch b r ique t s  by not f h e  gas. 
This value derives from co r re l a t ions  by Gamson' e t  al. and by Wil!!eg e t  d. and 
corresponds t o  a flow rate of 375 l b s .  gas / f t2  hr.  
phys ica l  s i t u a t i o n  i n  which a l 5 - f t .  high shock hea t ing  zone, containirig br ique ts ,  
is i n j ec t ed  with 2200'F f l u e  g a s  and i n  which the  b r ique t  residence tine is 80 
minutes. 

Tnis i s  cons i s t en t  w i t 5  a 

The problem of 'the rate of hea t ing  of br ique ts  can be solved by appl ica t ion  
of numerical methods of andlys is  similar t o  the s t e p  methods descri'aed by Izge:scl17. 
I n  a generalized problem as complex as the  one encountered here,  hand ca lc~ula t ions  
would become p roh ib i t i ve ly  long and tedious. 
machines a l l o w s  one t o  consider attempting such numerical so lu t ions .  I4achiLir.e com- 
puting time fo r  a s ing le  set  of conditions,  a s ing le  hea t ing  case, w a s  an hour and 
a ha l f .  

Only t he  speed of modern computing 

I n i t i a l  attempts with the  D i g i t a l  Computer t o  solve t h e  general  numerical 
problem by applying "relaxation" operations t o  the  s t e p  method7 proved impractical .  
programming t h e  machine t o  make judicious pred ic t ions  of temperature changes f o r  
small t i m e  i n t e r v a l s  w a s  d i f f i c u l t  and i t  required too  much t i m e  i n  working through 
many erroneous guesses before s t r i k i n g  upon ones s u f f i c i e n t l y  cor rec t .  Therefore, 
a "guess-free" s t ep  method w a s  developed t o  t r a n s l a t e  the numericd. procedure i n t o  
a form more su i t ab le  for machine computations. 

To f a c i l i t a t e  numerical so lu t ion  of t h i s  problem, the  physical. process of 
hea t  transfer is  a r t i f i c i a l l y  resolved i n t o  two d i s t i n c t ,  sequent ia l  processes - 
first, isothermal flow of hea t  from one sec t ion  of matter t o  another f o r  a shor t  
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time, '$ad second, a r e s u l t a n t  change i n  tempeqature of t h e  sec t ion  based upon i t s  
hea t  balance during t h e  iso=kermal period. ,] 
ducing the  hea t  transfer problem i n t o  simple f i r s t  order  d i f fe rence  equations t h a t  1 
a r e  e a s i l y  t r a n s l a t e d  i n t o  the  bas i c  langoage of digitd. computation. In r e a l i t y ,  j l  

t h e  flow of heat and change of temperzture are not sequent ia l ,  as pictured here, )t 

b u t  occur simultaneously, so t h a t  our  so lu t ion  of t h e  problem i s  an approximate 
one, tinough of very c l o s e  approximation. The numerical so lu t ion  approaches the  : 
rigorous one as the  increments of time and space that e n t e r  t h e  computations a r e  '/ 

made smaller f o r  i f  t h e  increxents  become in f in i t e s ima l s ,  the so lu t ion  would be a ' 
t r u e  ca lcu lus  i n t e g r a t i o n  of the d i f f e r e n t i d  equations. The use of an e lec t ronic  \ 
d i g i t a l  computer, wi th  i ts  extremely rap id  computation permits computation of a , 
s e t  o f  equations f o r  a g rea t  number of  very small time and space increments; thus, 
our  so lu t ion  i s  very  nea r ly  rigorous.  t 

This a r t i f i c e  is most he lp fu l  i n  re- 

1 

discussions appear i n  tkne Appendix. I 

Def in i t ions  o f  symbolic terms used i n  the following ca lcu la t ions  and 

t e n  
The 

I n  t h i s  approximation method, a b r ique t  i s  considered as being made up of 

For t he  duration of ' 
a shor t  time i n t e r v a l ,  A t ,  these  temperatures a r e  assumed constant w h i l e  hea t  con- ' 

duction proceeds, t n e  d r iv ing  fo rce  being d i f f e rences  between lT1 II ", Tlo. , 
The hea t  t r ans fe r r ed  i s  given by 

concentric sphe r i ca l  l a y e r s  having i n i t i a l  temperatures of lT1, 1T2 lTlo. 
b r ique t  i s  heated by hot  gas o f  i n i t i a l  temperature lTo. 

(6); 
- --- 

+ ** 651 A N  Z 

f o r  t h e  t r a n s f e r  fron gas t o  the f i rs t  l aye r ,  and by 
-&4& 
X C , ~ ; . )  a; ( 7 2  - Ti+: 1 of f a r  "= 1 .  ' /o 

(7)- 
- SC to*/ - P A  , 

f o r  t h e  t r a n s f e r  from l a y e r  t o  l aye r .  
t h e  end o f  a tine i n t e r v a l  i s  

The balance of hea t  lef t  i n  i ' t h  l aye r  a t  

- 
A&* = ~CL,, '' $5 c>/ ( 8 )  

A$, = - 8% / 

which upon s u b s t i t u t i o n  of equations (6)  and (7) l eads  t o  

( 9 )  

f o r  t he  gas s ince  it can o n l y  l o se  heat.  For  t h e  f i r s t  l aye r ,  t h e  hea t  balance is 

- A$, = so,/ - el,+ = ( x - : t j A t  &$) a, cr- :& 1 A f 
AR (101 A&/= 

R(J)&: + h. 
A%, = 6, (z - a, (,T,-,Ta ) 

where by d e f i n i t i o n  

For the remaining l a y e r s ,  t h e  res idua l  hea t  i n  each l a y e r  i s  

(12 1 
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Equations (9) through (12) now give t h e  balance of hea t  l o s t  
Fy each l a y e r  during the  a r b i t r a r y  s h o r t  time in t e rva l ,  At .  
?f the  gas and l aye r s  are allowed to  change by v i r t u e  of t h e  

\ 

\ 

Ago = - 7n. =e ( 8 %  -aL* ) so that 

iand 4%; = m i c  (&G -#c) 
I 

-Elimination of A& from equations (9) and (13) and defining 
4 
1 4 (;r, -85 1 -- Be (15 -,TI 
, 

by t h e  gas and gained 
Now, the temperatures 
heat lost or gained 

A. = MoCo y i e lds  

(15) 

k i m i n a t i o n  of 4&.from equations (12) and (14) and def in ing  4 = mic (lTi) y i e lds  
'i 

At ('.c -lT 1 = Bk.+ (tc+ - tT ) - 4. (8T - ;rL.+i ) (16) 

,Since the  1T values are known from chosen i n i t i a l  conditions the 2T's are the  only 
hknowns involved i n  equations (15) and (16), both of which can be  re-arranged t o  
$he form, 

it I A'# zq = B& ,q, +.4* -4),7;: + 13'. ,7;*+, . (17) 
'4 
:which i s  completely general  if it i s  remembered t h a t  8,.-/ does no t  exist  when i = o 
F d  t h a t  Bo has a d i f fe ren t  form than all the  o ther  B i  values ( see  equation (11)). 
;mu., t he  temperature of t h e  gas, and of each l a y e r  i n  the  br ique t ,  a t  t h e  end of 
the  f irst  t i m e  i n t e rva l ,  are computed d i r e c t l y  from equation (17). 
temperatures, (2Ti), then become the  i n i t i a l  temperatures, ( lTi) ,  f o r  t h e  next t i m e  
:interval, and the  computations are repeated t o  determine t h e  temperatures at  t h e  
lend of t h e  second in t e rva l .  
!in the  computer y i e lds  the temperature p r o f i l e  of t h e  gas and t h e  l a y e r s  of t h e  
b r ique t  as a function of t i m e .  
'for 2 and 3-inch br ique ts  and one-second in t e rva l s  f o r  the  1-inch br ique t .  

$ a r i a t i o m  of the  following parameters , i n i t i a l  temperature of t he  hea t ing  medium, 
,mass r a t i o  of hea t ing  medium t o  br ique ts ,  f i lm coe f f i c i en t ,  and the b r ique t  radius.  
,The l a w  of squares, mentioned e a r l i e r ,  can be used t o  apply t h e  r e s u l t s  t o  d i f f e r e n t  
's ize spheres by ad jus t ing  the  value of h t o  main ta in 'h ro  = constant.  
studied are out l ined  i n  Table I. 

: The f i r s t  fou r  cases, involving high i n i t i a l  temperatures and a low value 
,of h describe shock hea t ing  with hot  gas. 
of the  hea t ing  m e d i u m  i n  these  cases was chosen t o  correspond t o  that of f l u e  gas. 

These end 

I t e r a t i o n  of this procedure, f o r  many t i m e  i n t e rva l s ,  

Ten-second t i m e  i n t e rva l s  were used i n  computations 

1 

Eight b r ique t  hea t ing  cases were solved d i r e c t l y  on t h e  computer, covering 

The cases 

The spec i f i c  hea t  and molecular w e i g h t  

i 

f lu id i zed  so l id s ,  such as char. 
The o ther  cases i n  Table I describe carbonization of b r ique t s  with hot  

) 

I The temperature d i s t r i b u t i o n  pa t te rns  solved f o r  t he  eight programmed 
,cases are shown i n  Figures 1 through 8. 
bbtained f o r  shock hea t ing  with hot gas. 
f o r  t he  cases where a f lu id i zed  s o l i d  hea t  c a r r i e r  i s  used f o r  shock heating. 
r igures i l l u s t r a t e  immediately the  hea t ing  times involved i n  carbonization of dif- 
f e ren t  s i z e  br ique ts  under various conditions. 

Figures 1 through 4 show t h e  d i s t r i b u t i o n  
Figures 5 through 8 show the  d i s t r i b u t i o n  

These 
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as noted 
t o  o ther  

The time sca l e  i n  each case i s  given f o r  e i t h e r  a 1, 2 o r  3-inch b r i q u e t '  
The conversion f a c t o r  t o  convert t h e  time sca l e  

I 

i n  t he  p a r t i c u l a r  f igure.  
b r ique t  sizes by the  l a w  of squares i s  also noted on each f igure.  

The expected q u a l i t a t i v e  trends are  c l ea r ly  i n  evidence upon close ex- 
amination of these f igures .  
being equal, when 1) the  shock heating temperature is increased, 2) t he  fi lm 
coe f f i c i en t  becomes l a r g e r  and 3)  the  br ique ts  become smaller. 

A f a s t e r  rate of heating i s  observed, other things \ 
I 

( 

Some of t hese  t rends  can be demonstrated more quan t i t a t ive ly  by combining 
the s a l i e n t  f ea tu re s  f o r  severa l  cases on individual p lo t s .  f i g u r e  9, for example,: 
shows the e f f e c t  o f  b r ique t  s i z e  on t h e  r a t e  of r i s e  of the  br ique t  center tempera- 
t u r e  with various va lues  of h. The l a w  of squares s t a t e s  that the rate of tempera- 
t u r e  r i s e  i s  i nve r se ly  propor t iona l  t o  the  square of b r ique t  radius when hro i s  
constant. If h is he ld  constant,  the  r a t e  here does not  decrease q u i t e  as rapidly.: 
The r a t e ,  i n  t h i s  case, decreases roughly as the  1.75 power of t he  br ique t  radius. 
It is clear ,  that as h becomes very l a rge ,  t h a t  the l a w  of squares w i l l  again be- 
come valid.  A very l a r g e  value of h corresponds t o  the  case i n  which t h e  surface 
temperature i s  held  equal t o  t h a t  of t h e  heating medium. 
very small t h e  temperature within the br ique t  w i l l  tend t o  become uniform at  all 
poin ts  and t h e  rate of temperature rise becomes inverse ly  proportional to t he  f irst  
power of the  b r ique t  radius.  

Conversely, as h becomes 

The e f f e c t  of t h e  value of t h e  hea t  t r a n s f e r  coe f f i c i en t  on t h e  r a t e  of 
temperature rise of  t h e  sur face  and cen te r  temperatures f o r  the case of a two-inch 
br ique t  may be seen i n  Figure 9. 
t he  rate of temperature r i s e  tends to  become independent of h. 

As the  value of h increases  beyond 50 Btu/hr ft- 

The e f f e c t  of the f i l m  coe f f i c i en t  on the time required f o r  t h e  br ique t  
cen te r  t o  reach a given temperature  i s  i l l u s t r a t e d  i n  Figure 10. 
t o  reach temperature aga in  becomes independent of h f o r  large values. 

The time required 

Some experiments w e r e  conducted t o  observe t h e  temperature r i s e  a t  the 
br ique t  cen te r  f o r  comparison with the theo re t i ca l  behavior. 
arranged so t h a t  the results could be compared w i t h  Cases I V  through VI11 where 
char w a s  used as t h e  hea t ing  medium. These computed cases w e r e  set up w i t h  a 
decreasing temperature of t h e  char f r o m  an i n i t i a l  value of l35O0F t o  a f i n a l  
equilibrium temperature of lllO'F. 
s en ta t ive  of a continuous process) could not be conveniently reproduced i n  t he  
laboratory.  

The experiments were 

The above temperature pa t t e rn  (set up as repre- 

The experiments w e r e ,  therefore,  conducted a t  a uniform 1200°F i n  t he  8" 
f lu id i zed  sand bath. 
which was plunged i n t o  the  sand ba th  and the  temperature h i s t o r y  w a s  continuously 
recorded. 

A thermocouple w a s  i n se r t ed  i n t o  the  center  of t h e  br ique t  

Measurements of t h i s  kind were made w i t h  l", 2" and 3" diameter spherical  
br iquets .  The l i n e a r  f l u i d i z i n g  ve loc i ty  of the sand ba th  w a s  maintained constant 
at 0.26 fps  f o r  1 and 2-inch briquets.  
ve loc i ty  a second and h igher  ve loc i ty  of 0.45 f p s  w a s  a l s o  employed f o r  the 2-inch 
br iquets .  
inch br iquets  were measured only a t  0.45 fps .  

I n  order to check the e f f e c t  of l i n e a r  

Since no e f f e c t  of f l u i d i z i n g  ve loc i ty  was found i n  t h i s  range, three- 

The experimental measurements a r e  compared with the ca lcu la ted  r a t e  of 
temperature r i s e  i n  Figure 9 f o r  all three br ique t  s izes .  
the ca lcu la ted  curves f o r  d i f f e r e n t  values of h as parameter. 

The curves shown a r e  
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should be remembered here t h a t  t he  work reported i n  the  previous paper 
spheres ind ica t e s  t h a t  t h e  co r rec t  value of  h i s  i n  the  neigbborhood 
f t 2 .  

is  seen +chat i n  all cases t h e  rate of temperature rise i n i t i a l l y  i s  
the  ca lcu la ted  f igures .  This phenomenon i s  undoubtedly na in ly  due t o  
thermocouple e r ro r .  This w a s  shown by the  following experiaer.t.  The 

exposed extrusions of a thermocouple in j ec t ed  i n t o  t h e  cen te r  of -a  2'' b r ique t  -das 
heated e l e c t r i c a l l y  t o  LLOO'F. 
b r ique t  center at a 90" angle t o  the former orie. It was found t h a t  t he  heated 
thermocouple would read as much as 100°F above the  urheated codpole. This m c h  
thennocouple e r r o r  is  s u f f i c i e n t  t o  br ing  about agreement between the  lower teapera- 
t u re  experimental po in t s  and a ca lcu la ted  curve expected f o r  an h of JO for 2" 
br ique ts ,  as can be seen from Figure 9. 

As t h e  temperature of t he  b r ique t  rises the 'hernocouple e r r o r  nazara l ly  

.Liotiier unheated couple was inse r t ed  also t o  tce 

would diminish q u i t e  rap id ly  both because of t he  smaller t a p e r a t i i r e  d i f f e r e n t i a l  
and the  increase i n  t h e d  conductivity of the br ique t  material. 

The lowest value of h ava i l ab le  from &&e ca lcu la t ions  f o r  t h e  1" sphere 
Extrapolation by t h e  a i d  of  the curve shown in Figure 10 t o  a n  h value of is 40. 

30 shows that qu i t e  good agreement e x i s t s  between theory and e x p e r b e n t  af ter  
allowing fo r  the i n i t i a l  thermocouple e r r o r .  

It is  a l s o  noted i n  the  case of t he  two-inch br ique t ,  that the  e f f ecz  o f  
f l u id i z ing  ve loc i ty  on the  experimental r a t e  of temperature r i s e  is n e g l i a o l e .  
is seen l ikewise,  that  good agreement between theory and e q e r i a e c t  i s  oozzized. 
after the  temperature r i s e s  above j 0 0 " C  by assigning a lower than g red ic t ed  vzlde 
of h of the order  of 20. 

It 

The agreement a t  higher temperatures becomes r a t h e r  poor i n  the Zase of 
the  three- inch .br ique t  s ince  one must ass ign  a value below lJ t o  h t o  obtair. agree- 
ment i n  t h i s  case. 

The explanation of  t h i s  higher temperature discrepancy is  thou&: ;a l i e  
i n  the re ta rd ing  e f f e c t  of v o l a t i l e  matter re lease  on the  pene t ra t ion  o f  zezt :hrou&i 
the  surface of the  briquet;  i .e. ,  e f f ec t ive ly  on the  value of h. This e f f e c t  vas 
neglected i n  the  ca lcu la t ions  because of the added conplexity i t  would ilave int-ro- 
duced. It should be noted, however, t h a t  the  rate of  v o l a t i l e  matter re lease  per  
u n i t  of br ique t  surface increases propor t iona te ly  t o  the b r ique t  radius,  nakizg it 
more serious f o r  the l a r g e r  br ique ts .  

EMpIRlCAL COilRFLATIONS FOR E W T I N G  RATES 

It is  desirable,  i f  poss ib le ,  t o  have ava i lab le  a s impl i f ied  co r re l a t ion  
encompassing the  ca lcu la ted  r e s u l t s .  
simplify extrapolation t o  cases tha t  were not direc'dy considered and the appl i -  
ca t ion  of t h e  ca lcu la ted  rate of hea t ing  t o  many design problems. 

If such a co r re l a t ion  can be derived it would 

A co r re l a t ion  w a s  developed t o  f i t  t he  fou r  cases, V through VIII, con- 
s idered  f o r  so l id s  heated briquezs. !These cases correspond, f o r  a two-inch spher ica l  
b r ique t ,  t o  a range of values f o r  h o f  20 t o  75 Btu/hr f t 2  Fo. 

The co r re l a t ion  i s  based on the  use of the  empirical  equation 
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- 
( 

T i s  approximately the memL b r i q u e t  teqpera ture  and Ts i s  the temperature of the 
f l u i d i z e d  so l id s  m e d i u m .  T i s  exac t ly  defined b?- t he  equation 

- I  / /  r =  t 9 / r  (19 1 - 
To i s  t h e  i n i t i a l  b r ique t  temperature, Q i s  the  amount of hea t  absorbed by the  
b r ique t  and C is t h e  mean s p e c i f i c  hea t  of t h e  b r ique t  over t h e  whole carboni- 
za t ion  range. T would be exac t ly  equal  t o  the  mean b r ique t  temperature i f  the 
s p e c i f i c  hea t  of t h e  b r ique t  were independent of temperature, which it i s  not. 

I ,  

! 

/ 

It i s  c l e a r  t h a t  equat ion  (18) i n  view of equation (19) can a l s o  be  
w r i t t e n  as follows 

, 
d t  Q = E - K C T , - T )  (20) 

This equation i s  obviously f a l l a c i o u s  s ince  the  exac t  equation i s  

(21) dt 
Where TI i s  the  temperature of sur face  of t h e  br ique t .  

I f  equation (20) i s  va l id ,  i t  can only mean t h a t  t h e  increase  i n  the  
thermal conductivity of t h e  b r i q u e t  with temperature, i s  such t h a t  T follows, fo r -  
tuituouslj- ,  ?;he r e l a t ionsh ip  

- 
The tes t  for .equat ion  (18) i s  shown graphica l ly  i n  Figure ll where the  l o g  (Ts - T) 
i s  p l o t t e d  a sa ins t  t i m e .  The po in t s  shown a re  derived from t h e  computed r e s u l t s  of 
Cases V through VIII. I n  the p a r t i c u l a r  cases s tud ied  here, hea t  balance consider- 
a t ions  give r i s e  t o  t h e  r e l a t i o n s h i p  - 

T, -r = t g.73 - 1 . 2 3 7  

To i s  t h e  i n i t i a l  temperature of t h e  hea t ing  m e d i u m  i n  degrees centigrade.  
slooe o f  the  s t r a i g h t  l i n e s  shown in Figure 11 are equal t o  K of equation (18) 
mul t ip l i ed  by 1.23. 

The 

It i s  c l e a r  t h a t  the co r re l a t ion  holds with adequate accuracy as noted by 
the  l i n e a r i t y  of t h e  p lo t s .  
d i f f e r e n t  h values on the  graph. 

Tne ca l cu la t ed  slopes K'(= 1.23 K )  a r e  given f o r  t he  

It now remains, t o  complete the cor re la t ion ,  t o  account f o r  t he  var ia t ion  
o f  K w i th  h and with briquer; rad ius  r. 
inch, i s  adequately expressed by t h e  empirical  equation 

The va r i a t ion  w i t h  h, at constant r of one 

where a = .00834, b = .0369, t h e  time i s  i n  minutes and h has un i t s  of Btu/hr f t 2  Fa. 

The t ranspos i t ion  of equation (24) t o  o the r  b r ique t  s i z e s  i s  ca r r i ed  out 
The f i n a l  co r re l a t ion  i s  given below where r is i n  r e a d i l y  by the l a w  of squares.  

f e e t  and t i n  minutes. 

This equat ion  f i t s  t h e  computer ca l cu la t ions  shown i n  Figure 11 with an accuracy 
of 5%. 
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THEWIL STRESSES 

Thermal s t r e s s e s  can a r i s e  during t h e  coking operation as a result of the 
temperature d i s t r ibu t ion  produced within the  briqilet combined with either a con- 
t r a c t i o n  o r  expansion of t he  b r ique t  material .  
of the  nature of the t h e d  s t r e s s e s  e x i s t i n g  within the  br ique t ,  a b r i e f  i i i a -  
tometer study w a s  made of  the thermal. expansion and cont rac t ion  c h a r a c t e r i s t i c s  ol' 
t he  b r ique t  material .  

To prsvide a b e t t e r  urrderstanding 

The dilatometer used is simply an e l e c t r i c a l l y  heated v e s s e l  about 1 c i ~  

P-e 
I.D. containing a 2 cm high sample. B e  sample supports a rod which i s  counter- 
balanced by a s m a l l  weight a t tached  t o  a s t r i n g  which presses  over a pulley.  
pu l ley  i s  f i t t e d  with an ind ica t ing  needle whose displacement can be calibrated.  i n  
terms of l i n e a r  expansion o r  cont rac t ion  o f  t h e  sample. 
about 3 t o  5 F0 per  minute, t h e  sample i s  assumed t o  be at  t h e  same temperature as 
the  container,  and a t  e s s e n t i a l l y  uniform temperature throughout. 

Using a s low r a t e  of heating, 

The dilatometer s tud ie s  were made on sanples of b r ique t s  o f  mater ia l  from 
Pittsburgh Seam coal,  p a r t i c u l a r l y  from two of our West Virginia mines, t h e  Arkwrighz 
and t h e  Moundsville mines. 

The r e s u l t s  of two slow heat ing  runs on mater ia l  derived f r o m  Arkwri&t  
coa l  appear i n  Figure 12. I n  one case the s-le w a s  cu t  from a r a w  b r ique t  and i n  
the  o ther  case, loose  mix (not br ique t ted)  w a s  used. The b r ique t  sample conzracted 
sharp ly  a t  nominally 400 and 8 0 0 ' ~ ~  with an ove ra l l  l i n e a r  shrinkage of 90 upon 
ca lc ina t ion  to  1500°F and subsequent cooling. 
shrinkage. This is probably a r e f l ec t ion  of the less in t imate  contac t  of the  
p a r t i c u l a r  ingredients i n  the  mix. The coa l  and p i t c h  m y  becone coked as separa te  
p a r t i c l e s  i n  the  mix whereas they envelop o r  pene t ra te  t he  char i n  the b r ique t  
making it one s o l i d  body upon coking. 

The loose mix d id  not  snow as nu& 

Figure 13 shows the negative thermal expansion of a b r ique t  sample of 
material. f r o m  Moundsville coal. 
an abrupt cont rac t ion  a t  about 700 t o  800 '~  as i n  the above Case.. .# 

It had an o v e r a l l  shrinkage of 13.54 and exhib i ted  

Figure 14 shows t h e  r e s u l t s  o f  a run which i s  an attempt t o  simulate shock 
The sample and conta iner  were set i n t o  the  furnace at l p ° F  which im- 

The 
heating. 
mediately dropped t o  ca. 1000"F, which i s  t h e  shock hea t ing  tenpera ture  wanted. 
furnace w a s  maintained a t  this temperature f o r  20 minutes a t  which time the center  
of t he  sample w a s  near ly  at  t h e  same temperature as the wall (lOOO°F). The tem- 
pera ture  was then raised t o  1500°F. I n  this case the sharp cont rac t ion  a t  about 
8 0 0 ~ ~  seen i n  Figure 1 w a s  not evident,  probably because the whole sample vas not 
a t  that temperature a t  any one time. 

It w a s  hoped t h a t  use could be made of the above da ta  v i th  exact methods 
that are ava i lab le  f o r  ca l cu la t ion  of t h e  thermal stresses developed wi th in  an 
i so t rop ic  and elastic body upon hea t ing  o r  cooling. 
func t ion  of the  temperature d i s t r i b u t i o n  wi th in  the  body, t h e  shape o f  t h e  body, 
the coe f f i c i en t  of t h e 4  expansion 
number t/ . 
i s  given by the  following expression due t o  TLmosheL=koe, 

The t h e d  stresses are a 

, t h e  modulus o f  e l a s t i c i t y  E and Poissons 

The tangent ia l  s t r e s s  dt at' a r a d i a l  pos i t i on  r of a sphere o f  radius ro 
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The expression f o r  t h e  case  of a hollow sphere w i t h  an inner  radius  a and an outer 
rad ius  b is given by  'pimoshenkoe as follows 

, 

m e  use of t h e s e  expressions t o  ca l cu la t e  t he  exact magnitEde of the \ 

stresses ex i s t ing  i n  b r i q u e t s  during coking i s  no t  possible.  
i s  that we are dea l ing  w i t h  a aaterial t h a t  i s  not homogeneous and that is  changing 
i n  chemIca3. and phys ica l  s t r u c t u r e  w i t h  time and temperature. 
parameters ac , E, and V are not known exactly.  I n  f a c t ,  t he  above da ta  show there  
i s  no constant d . 

%e rnain d i f f i c u l t y  

Likewi-se, t he  physical , 

m e  b r ique t s  actually undergo shrinkage r a t h e r  than expansion as the tem- 
If we pennit  ourselves ge ra tu re  r i s e s  due t o  t h e  above mentioned phys ica l  changes. 

a rough approximation of t h e  dilatometer r e s u l t s  shown i n  Figure 24, the shrinkage 
may then be t r e a t e d  as l i n e a r  with the  temperature. Under such condLtions the 
Timoshenko equation can be employed t o  ca l cu la t e  r e l a t i v e  thermal stresses by 
t r e a t i n g  the f a c t 3 r  ( &E/~-Y) as an ~nlmown parameter f o r  d i f f e r e n t  coiting con- 
d i t i ons ,  bu t  which i s  assumed to be constant. 

m e  b r ique t  mix remains in a p l a s t i c  condition due t o  sof ten ing  of the  
?$+ah and coal un t i l  a rigid coke bond. is formed. Therefore, thermal s t r e s ses  can 
only be s e t  up e t h i n  t h e  r i g i d  por t ion  of t h e  b r ique t ,  while the imer p l a s t i c  
region ilndergoes r e l axa t ion  of any imposed s t r e s s e s  by flow i n t o  the r i g i d  she l l .  
!the problem c a  t he re fo re  be handled by appl ica t ion  of equation (27) f o r  the case 
of a hollow sDhere. 

The app l i ca t ion  of t h i s  method requires  t h a t  a loore or  l e s s  a rb i t r a ry  
dec is ion  be made r e l a t i v e  to the  temperature at which p l a s t i c i t y  of r;he mix dis- 
appears. It has been assumed in w h a t  follows that t h e  mix becomes r i g i d  a t  8 0 0 " ~ .  
This may be i n  some error, bu t  d e f i n i t i o n  of the  s o l i d i f i c a t i o n  temperature is not 
too important, however, s i n c e  we are merely concerned with r e l a t i v e  s t r e s ses .  

The method adopted therefore  was  t o  compute t h e  r e l a t i v e  thermal s t r e s s  
over t h e  coked po r t ion  of t h e  b r iqLa ,  i.e., over t h e  s h e l l  where the  temperature 
w a s  8 0 0 ~ ~  and h igher  as a func t ion  of t i m e ,  coking conditions and br ique t  size.  
For s implici ty ,  t h e  ca l cu la t ions  were r e s t r i c t e d  t o  computing the  tangentiall s t r e s s  
at  t h e  sur face  of the b r i q u e t  only. 
equation (27) reduces t o  

Under these conditions,  it can be sham that 

where c = a/b and y = r/b. 
i n  Figures L.through 8 w e r e  employed Kith this equation t o  obta in  the r e l a t ive  
stress results discussed below. 

The camputed temperature d i s t r i b u t i o n  pa t t e rns  given 

The app l i ca t ion  of the  !rfmoshenko equqtion t o  the ca l cu la t ion  of thermal 
stresses can be readily c r i t i c i z e d  s ince  t h e  equations apply t o  an e l a s t i c  body of 
cons tan t  chemical structure vhich is not  t he  case here. It i s  c l ea r ,  however, t h a t  
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i n  any case the  thermal. s t r e s s e s  are g r e a t e r  t he  sharper  t h e  temperature gradients 
within t h e  body. 
upon which t o  make a s e e - q u a n t i t a t i v e  evaluation of r e l a t i v e  thermal gradien ts  f o r  
L i f f e ren t  hea t ing  pa t te rns .  

The Timoshenko equations merely provides a convenient framework 

TO e s t ab l i sh  a background of comparison f o r  determining which r e l a t i v e  
stresses can be expected t o  exceed the f r ac tu r ing  limits, a successfu l  regiqe tha t  
has been worked ou t  experimentally f o r  shock carbonization of b r ique t s  without 
f r ac tu r ing  follows. 
by shock heating i n  a f l u i d i z e d  sand bath,  provided t h a t  t h e  sand temperamre was 
wi th in  the  range of 900 to  l150°F. 
d i f f i c u l t ,  if not near ly  impossible, t o  i nves t iga t e  on a IaboratorJ scale.  

The ca lcu la ted  r e l a t i v e  thermal stress i n  2-inch br ique ts  heated *atin gas 
i s  shown as a func t ion  of t h e  i n i t i a l  gas t e q e r a t u r e  i n  Figure 15. I n  all cases 
t h e  equilibrium temperature w a s  maintained n e a  1000°F by se l ec t ion  of t he  quzntrLji 
o f  gas. The maximum thermal stress increases  as expected with i n i t i a l  gas te iqera-  
tu re ,  bu t  a t  a r e l a t i v e l y  low ra t e .  

Inzac t  and non-deformed two-inch foniicoke has been produced 

The proper regime f o r  ho t  gas fomcoKing is 

The thexmal stress f o r  char heated br ique ts  as a func t ion  of b r ique t  size,  
t i m e  and film coe f f i c i en t  i s  shown i n  Figure 15. The equilibrium temperature i n  
d l  cases was constant a t  1100°F. It i s  noted t h a t  the thermal stress i s  of the  
same order, o r  higher, than i n  the  gas cases even where 2600'F gas was used. 
may conclude, a t  least t en ta t ive ly ,  from t h i s  t h a t  two-inch b r ique t s  may be  suc- 
ces s fu l ly  coked without f r ac tu r ing  even when 2 6 0 0 " ~  gas i s  used. 

One 

The o ther  r e l a t ionsh ips  i n  Figure 16 show the  an t i c ipa t ed  increase  i n  
thermal stress with increas ing  b r ique t  s i z e  using a f i x e d  value of h. 
increase  i n  maxhum stress i s  between the one and two-inch s i z e  with a r e l a t i v e l y  
small increase  between t w o  and three inches. 
f ind ings ,  that 1" br ique t s  surv ive  t h e  successful regime es t ab l i shed  for  2" briquets.  

Experimentally, it is d i f f i c u l t  t o  produce f r ac tu re - f r ee  3'' carbonized 
b r ique t s  by shock hea t ing  i n  f lu id i zed  sand. 
i n  going from 2 t o  3" br ique ts ,  as shown i n  Figure 16, must be c r i t i c a l .  

The m a j o r  

This complies w i t h  exper inenta l  

The slight increase  in  themal s t r e s s  

Certain q u a l i t a t i v e  conclusions are s i g n i f i e d  by these  results. It is  
r ead i ly  seen f r o m  equation (28) t h a t  i f  t h e  temperature d i s t r i b u t i o n  wi t .h i z i  a 
b r ique t  i s  i d e n t i c a l  with respec t  t o  t h e  r e l a t i v e  rad ius  y t h a t  the zhhe-rmal stress 
should be  iden t i ca l  and independent of b r ique t  s i ze .  The l a w  of squares stases 
t h a t  the temperature d i s t r i b u t i o n  versus y w i l l  go through exac t ly  t h e  sme ie- 
quence when p lo t t ed  aga ins t  t he  reduced time scale t/ro2 i f  h ro  i s  constan',. 
t h e  non-dependence of stress upon b r ique t  s i z e  is  not  observed e i t h e r  e x p e r i x x t a l l y  
o r  from the computed results (Figure 16) it can only be  concluded that h does riot 
decrease inverse ly  with r. Actually, it is f e l t  t h a t  h decreases less rapidly,  
and therefore, the thermal stress does increase  with s i ze .  
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L I t  

q i ,  i + L - auan t i ty  o f  beat t r ans fe r r ed  during a T h e  i c+ ,e r rd .  fron 
the i 1a:ier t o  the  i f 1 i a y e r  o r  I roa  f l u i d  rnediim r,c t h e  
f i r s t  l a y e r  i n  t h e  'c..riTaet i f  i = o. 

- Radius i n  general .  

- Thickness a? a br ique t  Layer. 

- Radius of the  s o l i d  sphe r i ca l  b r ique t .  

- Surface area or' br ique t .  

- Effec t ive  heat t r ans fe r  area f o r  tramfer f r o m  t h e  i-i t o  
the  i layer. 

Density. of b r ique t  mterid, assumed constan; l o r  the  
conputer problem. 

Mass of  briq'det l ayer ,  taiceE as ( i i p h ) .  

It is  given by ai = k r r i - ,  ri. 

- 

- 

- Qiemal conductivity of br ique t  material ,  a f u c t i o n  of 
te rpera ture  I 

- Speci f ic  heax of' briqilet mater ie l ,  a f lux t ion  o f  t e q e r a x r e .  

- F i l a  nea t  t r a n s f e r  coef f ic ien t  f o r  trazsfer ?ma gas or 
f lu id i zed  s o l i d s  t o  the  br ique t .  

- Number o f  Layers i n  the briquet, 

- k/,pc, the t h e m a l  d i f fus iv i ty ,  f i s c  used for expzrsivi ty .  

- 
- Russelt  Nuiber = a 

MZSS r a t i o  of heat ing  rneciimj3riquet, 
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- OC t/ro2. 

- 
- Mean Briquet Teaperahre .  

- Initial Briquet Temperature. 

Roots o f  equation, Nu = 1 - % co t  Mno 

All o t h e r  symbols i d e n t i f i e d  as used. 
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FIGURE 7 
TEMPERATURE PATTERNS IN 
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FIGURE I I  

CORRELATtON OF RATE OF HEATINO OF BRIOVETS 
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FIGURE 13 

THERMAL CONTRACTION OF YOUHOSVILLE BRIQUET. 
SLOW WEATINB 
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t n I R N A l  COWTRACTION O f  ARKWRIBWT BRIOUET. 
SHOK)c(( HEATIN0 



FlGURE 19 

RELATIVE THERMAL STRESS IN GAS HEATED 
z-iwn SRIQUET AS A FUNCTION OF TIME AND 

INITIAL GAS TEMPERATURE 

FIOURE 16 

RELATNE THERMAL STRESS IN CHAR HEAT€D BRIOUETS 
AS A FUNCTION OF T I E .  BRlOUEP SIZE AND b 


