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ABSTRACT

The effects of various parameters on the transport properties of
dissociating gaseous mixtures were studied. In order to teke advantage
of the increase in thermal conductivity and specific heat due to the
dissociation, the heat of dissociation must be "large", the molecular
weight and molecular volume must be small, and both associated and dis-
soclated molecules must be present in appreciable amounts at reasonable
temperatures. Very few dissociation reactions meet all of these require-
ments.

e

In order to illustrate the effects of dissociation on many proper-
ties, estimates were made for the thermal conductivity, specific heat,
specific volume, and viscosity of helium-aluminum chloride and helium-
fluorine mixtures as a function of temperature at various pressures and
compositions. The maxima in the thermal conductivity and specific heat
curves, which are due to the heat of dissociation, can be varied over
a wide range of temperatures by controlling the pressure and helium
concentration. The dissociation produces a greater than linear increase
in specific volume with increasing temperature. According to the present
calculations, & helium-fluorine mixture has & thermal conductivity and
specific heat which can be as much as a fector of two greater than the
corresponding values for pure helium, while the wviscosity of the mixture
is approximately 10% greater than that of helium and is only slightly
dependent on composition. The thermal properties and viscosity of
helium-aluminum chloride mixtures are considerably less than those of
pure helium,
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Introduction.

A chemically reacting gas may in principle be more effective as a
heat transfer agent than a non-rescting gas as a consequence of the
contribution of its heat of reaction to the thermal conductivity and
specific heat of the gaseous mixture. TFor certain types of reacting
gaseous mixtures, the thermal conductivity and specific heat may be
enhanced several-fold at temperatures for which appreciable fractions of
reactant and product are present.

As an example, consider the dissociation reaction AﬁFEnA. If the
temperature of this mixture is increased, the system will absorb not
only the heat expected if the composition were "frozen", but since the
degree of dissociation increases with temperature, the system will also
absorb the thermodynamic heat involved in the dissociation of some of
the polymer molecules. Thus the heat of dissociation makes a signifi-
cant contribution to the effective specific heat of the system. The
effective thermal conductivity of the reacting mixture is likewise much
greater than would be expected on the basis of the "frozen" composition
alone.

A preliminary investigation of reacting mixtures was undertaken
for the purpose of determining whether or not such a mixture might be
feasible as a heat exchange medium in a nuclear reactor system. With
this in mind, the influences of various parameters on the thermal
conductivity, specific heat, viscosity, and specific volume of dis-
sociating gases were estimated. In order to illustrate the effects of
dissociation, numerical values for these properties were estimated for
helium-gluminum chloride and helium-fluorine mixtures as a function of

temperature at various pressures and compositions.

Theory.
The theory of thermal conductivity and heat capacity of reacting
gaseous mixtures is well kncrvar.nl'2 and only the pertinent results are

presented here,
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The effective thermal conductivity, A , and the effective specific

e
heat, Cp , can be expressed as the sum of two terms:

A, = At cal/cm.sec.deg. (1)
A A
Cpe = Cps +’%pr cal/deg. gram (2)

where the subscripts f and r refer to the contribution due to the
"frozen" composition (the equilibrium composition under the existing
conditions) and due to the effects of the heat of reaction respectively.

epf can be determined from experimentsl or thermodynamic data. The
frozen thermal conductivity, however, is a complicated function of the
thermal conductivities of the pure components. Since kr is usually much
will make only a relatively slight

greater than A_., an error in A

£ £
contribution to the error in ke' For this reason, an approximate
relation such as the following may be used:3
Z X, x,ééif
PR ()
Ao = 3
f 3
fxi"/ﬁ—i

where li is the thermgl conductivity of the ith pure component, and

Xg and.Mi are the mole fraction and molecular weight of that component.

If experimental values for the ki's are not available, they may be
calculated by means of the Eucken relation,

M*T M| ROl OY (%)

where Cv,; is the heat capacity (at constant volume) per mole
and N is the viscosity of the pure component. The viscosity in tumn
can be determined from the rela’tionh
2. 66 A/ M
ny x 107 - 2R BT (5)

o (2,2)%
i 1




where T is the absolute temperature, o7 is the “collision diameter" of

(2,2)% e s "eorlision :
, which is known as a "collision integral,

the molecule, and Qi
is a measure of the molecule's deviation from a hard sphere model. These
last two constants can be evaluated on the basis of the intermolecular
potential for the molecule.

The viscosity of a gaseous mixture depends upon the binary diffusion

coefficients, as well as the composition of the system and the

D
i3’

viscosities of the pure components. For a system containing three

components (such as a dissociating gas in the presence of a diluent), the

viscosity of the mixture, i x? can be expressed as(u)

3 2
e ® z %
< M TTTSTTm I naar @
ki Cik T My

where X5 is the mole fraction of the ith component, Dik is the binary

diffusion coefficient, P is the pressure Iin atmospheres, and R' is
82.054 cmB'atm/deg.mole. The binary diffusion coefficients can be

(4)

evaluated from the relation

262.8/&33@4 + M,)/2MM
D..Px 10° = i 4 1 (7
13 2, (L1¥
15 4y

*
ij(l’l) is a function of the inter-~

molecular potential between unlike molecules.

where %4 = (1/2) (01 + 03) and 0

The theory of the thermal conductivity and specific heat of reacting
gaseous mixtures neglects any effects due to thermal diffusion, pressure
gradients, and external force fields. The following discussion therefore
is based upon the assumption that these effects are negligible.
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A
The terms ), and Cpr in equations (1) and (2) are functions of the

number and types of reactions occurring in the gas phase, For dis-

sociation reactions of the type An;:ﬁ:n A in the presence of a diluent,2

(am)® -1
lr = 2 Ail (8)
RT 4
R'T (nx, + x )2 + x_ R'T ngx + X
o T X 3 2 1
s DlQ P D13 P D23 P (9)
11 xi XE

where R is 1.9872 cal/deg.mole, AH is the heat .of dissociation, and the
subscripts 1, 2, and 3 refer to the monomer, polymer, and diluent,
respectively.

8pr is a function of the thermal conductivity, kr, the binary dif-

fusion coefficient, and the density of the mixturel:

A
Cop = 2./Dy5p
where (0 is the density of the mixture.

A ‘
If no diluent is present, Cpr can be expressed as
2

A (aH) L 1+ (n - l)wl
Cpr ) 2 2 (10)
RT n M
1
where vy and W, are the mass fractions of the monomer and polymer,
respectively.
Discussion.

From the sbove considerations, it can be seen that the effective
thermal conductivity and specific heat of a reacting gas increase sccord-
ing to the square of the -reaction heat. Thus, a primary consideration
in the choice of a reacting gas for use as a heat exchange medium is its

heat of reaction. For a reaction of the type An;::i:nA, a low value
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of n (all else being equal) leads to a higher effective thermal conduc-
tivity and specific heat. When n = 1, however, the heat of reaction (in
this case, rearrangement) is usually small. The most effective type of
dissociation reaction for the purpose of increasing the efficiency of a
gaseous heat exchange medium is therefore the dissociation of a dimer
(A2;==:2A).

In order for the effective thermal conductivity of a dissociating gas
to be of the same order of magnitude as that for helium, however, the
molecular weight of the monomer must be relatively small. This is illus-
trated by an examination of equations (7), (8), and (9) in the absence of
a diluent gas. The meximum effect on A, occurs vhen x, = 2/3; i.e., when
the degree of dissociation of the gaseous dimer is 50%. [(M./o%;) =0
when X" 2/3.] Under these conditions, T

» o= L.ThTx 107° (1)@

T 2 (1,1)* 3/2
0, Byt VT

The collision diameter (and to a lesser extent the collision integral) in- .

. (11)

creases with increasing molecular size. From the above, it is apparent
that a dissociating gas with a high heat of dissociation, low molecular
weight and small molecular size should be best from the standpoint of
increasing the effective thermal conductivity. By similar arguments, it
can be seen that such s gas would alsoc have a large effective specific
heat.

It is apparent that the most important of these factors is the heat
of dissociation. Most molecules which have a very high heat of dissoci-
ation, however, require extremely high temperatures before an appreciable
concentration of monomer is achieved. (An extreme case is the dissociation
of Hé, which yields a maximum effective thermal conductivity of about
0.02 - 0.04 cal/cm.deg.sec. around 355000, at which temperature it is 50%
dissociatéd.) There are very few dissociation reactions, however, in
which the molecular weight of the monomer is low enough and the heat of
dissociation high enough to compete with helium on the basis of thermal
conductivity at reasonable temperatures. The beryllium halides, for s
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example, are nearly completely dissociated above 30000. (Furthermore,
the heat of dissociation of the beryllium chloride dimer is only about
13 Kbal./mole of dimer.), while the dissociation of a diatomic ges
generally requires a temperature too high for consideration in a closed
cycle.

Two dissociating gases are available which show some promise as
heat exchange media, but both pose seriocus corrosion problems. The most
promising dissoclating gas, fluorine, presents virtually insurmountable
corrosion difficulties at the present time. Although present technology
is not sufficiently advanced to make its application practical in a
closed cycle, because of its high heat of dissociation and low molecular
weight fluorine serves as an excellent example of the effects of dissoci-
ation on the transport properties and specific heat of & gaseous mixture.
On the other hand, aluminum chloride has been shown to offer some slight

2 despite its high molecu-

advantages over helium under certain conditions,
lar weight. These advantages are primarily lower viscosity and a greaster
than linear increase in specific volume with temperature due to the in-
creased degree of dissociation of the dimer at high temperatures. However,
the effective thermal conductivity of dissociating aluminum chloride
vapor is an order of magnitude less than that of helium, and the effective
specific heat is also considerably less than that of pure helium.

In order to illustrate these effects, estimates have been made for
the thermal conductivity, specific heat, viscosity, and specific volume
of aluminum chloride vapor and fluorine as a function of temperature at
various pressures and concentrations of helium diluent. The calculations
were carried out by means of an IBM 7090 digital computor, and were spot-
checked by hand. No claim is made as to the accuracy of these calculations
due to the approximations that were necessarily required. Although
relatively large errors may be associated with the numbers which were
obtained from these calculations, the trends should be reasonsbly accurate.
In order to illustrate the trends vhich were obtained; the pertinent
results are presented in graphical form., The actual numerical values vhich
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wvere calculated are on file and are available.

Table I consiste of a tebulation of intermolecular potential
constants and collision integrals for selected molecules at lOOOO K.
The effects of the intermolecular potential constants, the heat of dis-
sociation, and the molecular weight on the maximum thermsl conductivity
due to dissociation of a gaseous dimer are illustrated in Figure 1. In
this figure, k?ax is presented as a function of the molecular weight of
the monomer for hypothetical gases at lOOOOK., at which temperature the
degree of dissociation is assumed to be 50%. The effects of the inter-
molecular potential constants are illustrated in a different manner in
Figure 2, in which kﬁax is presented as a function of temperature for
the dissociation of BeQClh. For the purposes of this illustration, the
dimer is assumed to be 50% dissociated at each temperature (thus ignor-
ing the thermodynamically calculated equilibrium constant).7

The properties of the gaseous AlQClészzfé.AlCl system are present-

ed as a function of temperature in Figures 3 to 8, Shile those of the
F2;=i 2 F system are presented in Figures 9 to 13. In both systems, ’
the effects of helium in the mixtures are illustrated. It can be seen .
from the figures that the thermal properties of aluminum chloride vapor

are considerably less than those of helium, while those of fluorine are
considerably greater. Because the viscosities of helium-fluorine mix-

tures are roughly 10% greater than that of pure helium and are only

slightly dependent on the helium concentration, a graph of the calculated
viscosities of such mixtures was not considered to be of sufficient

interest to include in this report.

Calculations.

The greatest uncertainty in the parameters used in the calculations
is that associated with the collision integrals. The collision integrals
are complicated functions of the intermolecular potential, but have been
tabulated for various values of the reduced temperature T° - kT/e,6 where

k is Boltzmann's constant and T is the absolute temperature. The inter-
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molecular constants e/k and ¢ have been tabulated on ghe basis of the
12

Lennard-Jones 6-12 potential, V = ke [(o/r)™" - (o/r)”], for a variety

of molecules, including fluorine. Here ¢ is the depth of the

potential well and o”is the distance of approach for which the inter-

5

molecular potential energy vanishes. Although Blander et al” estimated
both collision integrals to be about 2.0 for aluminum chloride, in the
present calculations it seemed more realistic to use values of 1.3 and
1.5 for Q(l’l)* and 9(2’2)*, respectively. Values of 0.74 and 0.82 were
chosen for these collision integrals for fluorine. In all cases, it
was rather arbitrarily assumed that e¢/k was identical for the monomer
and dimer. Although the values of the collision integrals tend to
decrease with increasing temperature, the error introduced by assuming
a constant value is less than that introduced in the choice of the
particular value for each collision integral. (If the collision inte-
grals for aluminum chloride were assumed to have values of 2.0, the
calculated thermal conductivity would be reduced by approximately

2 x 107
by approximately 4 - 5 x 1077 g/cm.sec.) The collision diameters were

cal/cm.sec.deg. and the calculated viscosities would be reduced

assumed to be the same as those given previously for fluarine6 and

p)

that of the monomer.
2
For the dissociation of a diwmer, Kb = Xy P/xz. Because of the dis-

aluminum chloride,” while the volume of the dimer was assumed to be twice

sociation, however, the diluent concentration cannot be maintained at a
constant mole percent, but only at a constant weight per cent. Relations
between mass fraction and mole fraction can be simply derived and are
found to be ‘

w,/M x, M,

= -
5% T w.%M. Vi T TxM (12)
A R | i1
i i
where xj and WJ represent mole and mass fraction respectively of the jth

component. The mass fraction of the monomer present at any temperature

can be found from the following relation, provided that the equilibrium
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constant is known as a function of temperature: ’
2
-B +,/B” - LAC
Wy 2 h (13)
where A =Lp+ K, B= (2 vy Ml/M3) K, and
2
c=(2w, - -1 - (1 -w) B. 1k
Thermodynamic data were taken from the JANAT ta‘blesT in the present
calculations,
The specific volume was calculated from the relation
rl+w w3 +v3| g3
Vo= 1.333h Pl: R M, | b, (15)
1 3
) A
The specific heat of reaction, Cpr’ in the presence of & diluent
cannot be determined as accurately as before, due to the difficulty in
determining s "binary diffusion coefficient" in the expression
A
epr = }»r/Dl . However, a very close approximation to Cpr can be found :

merely from a consideration of the heat of dissociation per gram of
monomer and the change in the mass fraction of the monomer as the tem-

perature is changed. Thus,
’épr = 2w /(n M AT) (16)

11

where n = 2 for dissociation of & dimer, AT is the increment
in temperature over which the mass fraction of the
monomer increases by an amount Awi. If AT is reason-
ably small, AH can be considered to be a constant.
Use of equation (16) gives results in good agreement with equation (10)

when no diluent is present.

Conclusions.
From these studies it appears that the use of dissociating gases
in heat transfer applications has no practical advantage over the use

of helium at the present time. Those gases which dissociate within a N
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- practical range of temperatures generally have heats of dissoclation
vhich are too low or molecular weights which are too high to yield
thermal properties comparable to helium., Although dissociating geases
may produce low specific volumes anﬁ/or low viscosities, more convention-
al gases also exhibit these properties. It is possible, of course, that
some gaseous mixture undergoing a complex reaction rather than simple
dissociation may have the thermal properties necessary for a good heat

transfer medium.
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TABLE I

Intermolecular Potential Constants and Collision Integrals for
Selected Molecules'®) at 1000°K.

Molecule e/k o T*a . Q(l’l)* Q< 2,2)*
He 10,22 2.576 97.8 0.5158 0.5902
HI 324 4.123 3.09 0.941k4 1.031
F, 112 3.653 8.94 0.7565 0.8387
Cl, 357 4,115 2.80 0.9672 1.058
Br, 520 4,268 1.925 1.089 1.191
ASH3 281 L, 06 3.56 0.9082 0.9959
HgI, 698 5.625 1.43 l.221 1.341
HgBr,, 530 5.414 1.89 1.521 1.680
SnBr), 465 6.666 2.15 1.049 1.147
SnCl, 1550 4,540 0.645 1.806 1.990
Hg 851 2.898 1.175 1.333 1.467
CoH, 185 4, 221 5.40 0.8304 0.9147
CH), 205 4.232 4.89 0.8459 0.9309
CHe 230 4. 418 4,35 0.8673 0.9530
0338 254 5.061 3.94 0.8867 0.9733
n-CeH, ), 413 5.909 2.he 1.0096 1.1052
Benzene Lho 5.270 2,28 1.029 1.125
03301 855 3.375 1.17 1.335 1.470
CHC1, 327 5.430 3.06 0.9440 1.034
cs, 488 4,438 2.05 1.066 1.064

-

& r* - kT/e
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Fig. 11. F, = 2F: Thermal Conductivity at 10 atm and Various Mass Fractions of Helium.
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Fig. 12. F, = 2F: Specific Heat ot 10 atm and Various Mass Fractions of Helium.
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