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Introducil on

Our ing in tercalat lon,  the temperature of
graphi te wi l l  become higher  than the surrounding
temperature i f  the in tercalat ion react ion ls
st rongly exothermic.  In  th is  repor t  an equat ion
re lat ing graphi te temperature to heat  of  in ter-
calat ion,  react ion rate,  react ion i lme,  and
graphi te sample s ize are der lved.  The maxlmum
temperature dffference between graphite and its
surrounding for  some par t icu lar-appl lcat lons are
then calculated and d iscussed.

Mathemailcal üodel ing

From energy conservafion, the rate of heat
generated by ln tercalat ion is  equal  to  the rate
of  heat  accumulated by graphi te p lus the rate of
heat  loss f rorn the gr ipñi tb to i is  surróundings.

Let the percent completion of the reaction
be  100 ( l - exp ( - k t ) )  whe re  t  i s  r eac t i on  t ime ,  and
k is  a constant  se lected to f . l t  the exper imeñta l
data.  l f  -aH is  the heat  generated by in ter-
calat ion per  mole of  in tercaiant ,  l l  is - the weight
of  pr is t ine graphi te to be ln terca ' la ted,  f  ls  ihe
fract fonal  weight  gain over  pr is i lne sráphi te for
the complete ly  in tercalated co,mpound.-and M ls
the molecular  weight  of  the in tbrcalánt ,  then the
rate of  heat  generated by in tercalat ion is :

qr - -áH(#)ke-kt

The rate of heat agrcumulated by graphite is:

q2 - Nc(Í{)

where l l ls the number of gram atom of graphite
being in tercalated,  C is  the heat  capaci ty  of  the
compound being intercalated per gram atom óf
graphi te and T is  the graphi te- ternperature.

The rate of heat loss frcm graphite to its
surroundings ls :

q3  .  hA (T  -  To )  -  ( h r  +  hc )A (T  -  To )  (3 )

where A is the surface area for heat transfer,
To ls- the sumoundlng temperature, h is heat
tran¡fer,cseffif ient between graphite and its
surroundtnlls añd hr and hc are radiative

and convective components of h, respectively.
For  the radiat lve conponent :

h .  -  (4  *  n )  o . t l un  ( t )  (4 )

where o is  Stefan-Eol tzmann constant ,  e  is
emiss lv i ty  and Tavq is  the average temperature
of  graphi te and i ts-surrounding.  For  graph. l te
below 600 K, .a is  between 0.6 and 0.65 and r ,  d
measure of the dependenqe of e on temperaturá,
l s  much  sma l l e r  tQan  4 .¿  Oe ta . l  I s  t o  ca l cu la te
ltc were lengthy.¡ However, if the system is a
hor izonta l  long cy l inder  under natura l  convect ion,
the re lat ion bet¡ reen hc and f lu id propert ies
a re  desc r i bed  i n  Tab le  l .

I t  f o l l ows  tha t  q l  "  q2  +  Q3 ,  o r

-anffire-kt - nr(Í{) + hA(T - To)

I n i t i a l  cond i t i on  f o r  equa t l on  (5 )  i s  T  -  T^ ,
i . e . ,  t he  i n l t l a l  g raph l t e  t empera tu re  i s  eqüa l  t o
the surrounding temperature.

Equa t i on  (5 )  w i t h  i t s  i n i t i a l  cond i t i on  and
dimensionless var lables has the fo l ' lowing
so lu t i on :

l T  -  T  )  r, '  ' o ' _ l  K  \ / ^ _ t , t '  ^ _ t , \
T-ln+-r ' I )( t" '  

-  e- '  
)  

(6)

Tab'le l. - Re'lation Between Convective Heat
Transfer  Coef f lc ient  and Flu id Propert ies

For a System trJhere a Long Cylinder is
. Under Natural Convection
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0 :  cy l i nde r  d iame te r ;  g :  9 .8  m /sec2 ;  o r :
f l u i d  d e n s i t y ;  y f :  f l u i d  v i s c o s i t y ;  C ¡ : ' f l u i d
heat  capacl ty ;  k i :  f lu id thermal  éondüct iv i ty
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( 7 )where ,' = (*t).,



*' - ($i)* (8)
a n d  K ' (  " ' / l l f \  k-ottt\p/ 

5¡.q (e)

From equat lon (6) ,  le t t ing dT/dt ,  -  0 ,  one
has maxlmum temperature at tr¡¿¡, where

t,i,u, '$13$ft, o"
t,o,' ffi tFs+

( t 0 )

( l l )

and the maximum temperature, Tror, is

/  T ^ K  \ ,
T r . ,  -  t "  .  

( f r j ; ¡ ( r , k ' l t - t '  -  k , l / l - k ' )  ( l z )

l{, C, h, and A were treated as constants
1n  th i s  mode l .  I n  rea l l t y ,  C ,  h ,  and  A  cou ld
change s igni f lcant ly  dur ing in te ica lat lon.  Thus
the temperature predicted frorn this nodel can only
be regarded as an approximat ion,  lower l imi t  or
upper l lmi t  when the values of  C,  A,  and h used
tn th is  model  are average yalue,  uppár l imi t  or
lower l imi t ,  respect ive ly .  I t  is  á iso assumed in
th is  model  that  the temperature in  the graphi te
ls  un ' l forn.  This ls  bel ieved to be a góod approx-
lmat lon because the h lgh thermal  conOuét tv i ty 'o f
graph i te .

Resu l t s  and  0 l scuss ion

The model  der ived above was used to calculate
the mar lmum graphi te temperature in  the fo l lor lng
th ree  d i f f e ren t  i n te rca la t i on  cond i t i ons .  Va lue i
used  i n  t he  ca l cu la t i ons  a re  desc r i bed  i n  Tab le  2 .

( l )  A  Un ion  Carb ide  p -100  g raph i t e  f i be r
(10  um d iam,  I  cm long )  was  l n te rca la ted  a t
260  'C  by  f e r r ' l c  ch lo r l de  w i th  I  a tm  ch lo r i ne  gas .
I f  the react ion was 50f  complete at  5 sec af te i
in tercalat ion star ted ( t l /Z .  5  sec)  and the
weight  gain dur ing JnteréáTat ion wai  lg0f  over  the
pr is t ine f ibers to form CTFeClt .  the maximum
temperature increase (¿Tr. , )  wái  ca lculated
to be 1.3 cC.  The large" iür face to volume rat . lo
and the h igh heat  t ransfer  coef f ic ient  for  sma' l ' l
sample tvere the reason why the graphite ternpera-
ture increase was smal l  despi te the very h igh
react ion rate.

(2)  A st rand of  P-100 graphi te f ibers (2000
f ibers) ,  I  f t  long,  was intercalated in  a qas mix-
ture conta in lng equal  aÍ rount  of  ferr . lc  ch lór ide
and chlor ine at  h lgh tenperature.  I f  the st rand
had I rm dJameter (and therefore g0 t porocity by
volume). the reaction temperature rúas ¡OO .C án¿-
the tota l  pressure could be less than 3 atm when
t l lZ. -5 sec,  the maximum temperature increase
¡ , ¡s  calculated to be more than 52 oC. For  such a
large temperature increase this nodel becarne' inaccurate because h is  no longer a constant
dur lng in terca ' la t ion.  This resul t ,  however,
indicated that  afmax was large in  th is  case.

(3)  The P- lü)  f iber  s t rand descr ibed in (2)
was interc-alated by brornine vapor at room temper-
ature.  I f  t l tZ was 5 m. ln and the welqht  oain
dur ing ln tercalat ion was 50 f  over  tne i rest ine
f lberq, $e rnaximum temperature increase was cal-
cul i ted óo be 2.1 eC at  27 sec af ter  in tercalat . lon
react ion star ted.

*ca l / (mo le  ca rbon ) (K )
**Kcal  / (mole in tercal  ant  )

The above resul ts  suggested that  for  fast
in tercalat ion of  d large amount  of  graphi te
f lbers,  the-  graphi te tánperature coi lá- in i " "ur"
s igni f icant ly .  Such temperature increase could
1." -1.^d l : .9  by separat ing the indiv iduat  f ibe.rs  soEnaE fne  su r face  a rea  ava i l ab le  f o r  hea t  t r ans fe r
i s .  l a rge . .  The .p rob lem cou ld  a l sq -b "  i á i u "o  uvus ing  a  hea t  s i nk ,  € .9 . ,  a  reasoñab i y - i t r é ima l  con -oucr lve mandrel  for  a spool  of  f iber i .  For  pro_
9gq inS  pounds  o f  i n te rca la ted  g raph i i e  f i 6e rs ,
th is  model  could be used to es[ imi te the min. imum
effor ts  needed in apply ing heat  s in is-o i  in . reas-
lng the sur face area for  heat  t ransfer .

Table 2.  -  Procedure to Calculate aT
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