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Introduction

During intercalation, the temperature of
graphite will become higher than the surrounding
temperature if the intercalation reaction is
strongly exothermic. In this report an equation
relating graphite temperature to heat of inter-
calation, reaction rate, reaction time, and
graphite sample size are derived. The maximum
temperature difference between graphite and its
surrounding for some particular applications are
then calculated and discussed.

Mathematical Modeling

From energy conservation, the rate of heat
generated by intercalation is equal to the rate
of heat accumulated by graphite plus the rate of
heat loss from the graphite to its surroundings.

Let the percent completion of the reaction
be 100(1-exp(-kt)) where t 1is reaction time, and
k is a constant selected to fit the experimental
data. If -aH is the heat generated by inter-
calation per mole of intercalant, W is the weight
of pristine graphite to be intercalated, f is the
fractional weight gain over pristine graphite for
the completely intercalated compound, and M is
the molecular weight of the intercalant, then the
rate of heat generated by intercalation is:

a = -AH(ai>ke'kt 1)
The rate of heat accumulated by graphite is:
dT
ap = Ne(FF) (2)
where N s the number of gram atom of graphite
being intercalated, C s the heat capacity of the
compound being intercalated per gram atom of
graphite and T 1is the graphite temperature.

The rate of heat loss from graphite to its
surroundings is:

Q3 = PA(T = T)) = (h. + hJA(T - T ) (3)

where A is the surface area for heat transfer,
To 1is the surrounding temperature, h 1is heat
transfegxcoefg§§ient between graphite and its
surround{figs“afd h. and he are radiative

and convective components of h, respectively.
For the radiative component:

he = (4% n) gerd, (1) (4)

where o is Stefan-Boltzmann constant, ¢ is
emissivity and Tavg is the average temperature
of graphite and its surrounding. For graphite
below 600 K, ¢ 1is between 0.6 and 0.65 and n, a
measure of the dependense of ¢ on temperature,
1s much smaller than 4.¢ Details to calculate

he were lengthy.' However, if the system is a
horizontal Tong cylinder under natural convection,
the relation between h. and fluid properties

are described in Table f.

It follows that qy = 42 + g3, or
oH(E ket < ne(fE) + macT - Ty (5)

Initial condition for equation (5) is T = Tos
i.e., the initial graphite temperature is equal to
the surrounding temperature.

Equation (5) with its initial condition and
dimensionless variables has the following
solution:

(TT- To) _(” X kr))(e-k't‘ _ e-t') (6)

0

Table 1, - Relation Between Convective Heat
Transfer Coefficient and Fluid Properties
For a System Where a Long Cylinder is

\ Under Natural Convection

Dapig”‘ - To)cfllf
Tog > 4| 2|0 -2 |-4
Tu < k
o' f f
th
10 log - 713.210[-1.8]-3.
f

0: cylinder diameter; g: 9.8 m/sec?; pf:
fluid density; p¢: fluid viscosity; Ce: f]qid
heat capacity; k¢: fluid thermal conductivity

where t' = (%%)t, . (7)




k' = (%%)k (8)
and K = (-AH)(;i) F%T; ' . (9)

From equation (6), letting dT/dt* = 0, one
has maximum temperature at t'pax, where

] = -1n k'))
tmax = , or

t = NC (-In(k'}))
max hA 1 - k!

and the maximum temperature, Tmax» is

(10)

()

TOK

Tmax = To * {7 )(k.k’/l-k‘ X k.l/l-k') (12)

max ] -

N, C, h, and A were treated as constants
in this model. In reality, C, h, and A could
change significantly during intercalation. Thus
the temperature predicted from this model can only
be regarded as an approximation, lower limit or
upper limit when the values of C, A, and h used
in this model are average value, upper limit or
lower limit, respectively. It is also assumed in
this model that the temperature in the graphite
fs uniform. This is believed to be a good approx-
imation because the high thermal conductivity of
graphite.

Results and Discussion

The model derived above was used to calculate
the maximum graphite temperature in the following
three different intercalation conditions. Values
used in the calculations are described in Table 2.

(1) A Union Carbide P-100 graphite fiber
(10 ym diam, 1 cm long) was intercalated at
260 °C by ferric chloride with 1 atm chlorine gas.
If the reaction was 50% complete at 5 sec after
intercalation started {t1/2 = 5 sec) and the
weight gain during intercalation was 190% over the
pristine fibers to form CsFeCl3, the maximum
temperature increase (aTpa,) was calculated
to be 1.3 °C. The large surface to volume ratio
and the high heat transfer coefficient for small
sample were the reason why the graphite tempera-
ture increase was small despite the very high
reaction rate.

(2) A strand of P-100 graphite fibers (2000
fibers), 1 ft long, was intercalated in a gas mix-
ture containing equal amount of ferric chloride
and chlorine at high temperature. If the strand
had 1 mm diameter (and therefore 80 % porocity by
volume), the reaction temperature was 360 °C and
the total pressure could be less than 3 atm when
t172 = 5 sec, the maximum temperature increase
was calculated to be more than 52 °C. For such a
large temperature increase this model became
inaccurate because h 1is no longer a constant
during intercalation. This result, however,
indicated that aTpax was large in this case.

(3) The P-100 fiber strand described in (2)
was intercalated by bromine vapor at room temper-
ature. If t]{g was 5 min and the weight gain
during intercalation was 50 % over the prestine
fibers, the maximum temperature increase was cal-
culated %0 be 2.1 °C at 27 sec after intercalation
reaction started.
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Table 2. - Procedure tc Calculate ATmax

: Variables. (a) (b) {c) Unit
A 0.00314 | 15.05 [ 15.05 | cm?
N ©.00125 7150 75 | 107 moles’
T 533 | 633| 203 |k
h.(1) 5.1 | 8.66| 0.82)f 107* ca1
hc(l)(z) 104.3 | <14.3} 1.34 (cm)z(sec)
h 109.4 | <22.9| 2.16
C(3}(4)(5) 8.23 | 8.23| 2.74 |
-aH (6)(7) 18.9 | 18.9| 10.9 | **

W .150 | 9000 9000 | 1075 gm
f 1.92 | 192 .5
t 5 5 300 | sec
k172 139 | 139 2.32 | 10°3/sec
k' a1.6 | >2490 | 147 | 1074
M 161 161 | 159.8
AT 0 1.3 | >s2| 2.1 |k
tnax A7 3330 27 | sec

*cal/(mole carbon)(K) :
**Kcal/(mole intercalant)

The above results suggested that for fast
intercalation of a large amount of graphite
fibers, the graphite temperature could increase
significantly. Such temperature increase could
be reduced by separating the individual fibers so
that the surface area available for heat transfer
is large. The problem could also be solved by
using a heat sink, e.q., a reasonably thermal con-
ductive mandrel for a spool of fibers. For pro-
ducing pounds of intercalated graphite fibers,
this model could be used to estimate the minimum
efforts needed in applying heat sinks or increas-
ing the surface area for heat transfer.
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