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INTRODUCTION

TRANSPIRATION cooling of a plasma jet anode is one
technique of coping with the high temperatures encountered
in plasma technology. Porous carbon (graphite) is currently
receiving consideration, a practical cooling gas being air.
Because nitrogen is the dominant component of air, the
carbon-nitrogen system was selected as having both
scientific and engineering interest.

In previous work, with graphite cathodes, difficulties
were encountered as a consequence of graphite evaporation
from the hot cathode spot, these traces of carbon in the
working gas being undesirable for many applications. The
rate of ablation of a transpiration-cooled porous carbon
anode was found to be quite small. Nevertheless it appears
desirable to investigate this mass transfer in more detail.
Enthalpy-composition diagrams are very useful for such
calculations and methods of analysis have been worked
out using such charts [1, 2]. The research described in this
note was undertaken with the aim to provide the information
necessary for analysis of this form. It should also be helpful
in the diagnosis by spectroscopy, for instance, of nitrogen
plasma jets with traces of carbon.

The present work deals with the calculation of the
thermodynamic properties of carbon-nitrogen mixtures
from 1000°K to 15000°K and at various pressures between
1073 and 10 atm. Thermal equilibrium, ideal solution
behavior of the solid—gas mixture and ideal gas behavior
of the gas phase were assumed. The non-ideal effects will
be most pronounced at high pressures.

The equilibrium system studied was composed of the
following reaction components. Cg (graphite), C,, C,, C;,
N, N,, CN, C,N,, C*, N*, N7, CN* e,
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THERMODYNAMIC FUNCTIONS

The Gibbs’ free energy function (F° — Hg)/RT, enthalpy
(H° — H3)/RT and entropy S°/R for all reaction gas
components were calculated by statistical mechanics methods
through evaluation of the partition function. No inter-
molecular forces are considered in these calculations.
For monatomic and polyatomic gases the rigid rotator—
harmonic oscillator approximation is used and for diatomic
gases we included vibrational anharmonicity and stretching
effects. An effort was made to obtain the most recent
spectroscopic and heat formation data. These are not
included here because of limited space, but for those in-
terested, they can be found in [3]. The thermodynamic
functions of graphite are taken from Fickett and Cowan [4].

EQUILIBRIUM COMPOSITIONS

The free energy method of White, Johnson and Dantzig
[5] was used to calculate the equilibrium compositions at
given temperature T(°K) and pressure P (atm). The original
method was generalized to include the condensed phase
and electrically charge particles.

ENTHALPY COMPOSITION CHARTS

The enthalpy composition charts for six different total
pressures (1073,1072, 10~ 1, 1, 10, 100 atm) were constructed
by the following procedures:

The thermodynamic functions for each pure component
were calculated by the methods of statistical mechanics
using spectroscopic data as already described.

To represent the concentration of carbon and nitrogen
atoms in the mixture, the quantity y is defined as follows

number of moles of carbon atom e,

ny + g,

V= total moles of atom
At sufficiently low temperatures, where, for any pressure,
chemical reaction is negligible, this would involve only
graphite, Cg, and gaseous nitrogen, N,. As the temperature
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F1G. 1. Enthalpy-composition chart, 0-001 atm.
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F1G. 3. Enthalpy-composition, 0-1 atm.
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F1G. 4. Enthalpy-composition chart, 1 atm.

1455



1456 SHORTER COMMUNICATIONS

Pressure =10 atm

[T ] T T T T I AR =1-15000
36X10* |- — . /P
- - =
’ L 314000
%2 - e
- ‘//Enfropyzso ol f—’y = ;~|5000
S e e e e
- —— _—1 [ L12000
— | L L—] " -
:‘c:! 24/ ////:///%~IIOOO
=l E_ 11 e 1 — 10000
£ % 20— /ﬁ/?/g;/’:’:-ww
° T e Lo 7000 X
T e H
;E |C_/‘ __%——/(;/—-450—7///4?: 6000 W
o Sle—"" // _7”"’ 1"
— AT T T AT = |1 -]
e
w A P = 42222 4-5000
_ L [ —1 P
SETTT - -1 ]
4 ot T Ee | — - e
= =T — "T{ — = 4000
----- S e
o 61 o2 03 04 05 06 07 08 08 1000
Ny
Carbon mole fraction (Y= )
”N+”L‘ﬂ
FIG. 5. Enthalpy-composition chart, 10 atm.
Pressure =100 atm
30X10° 77 J I I I I i T 15000
28— N 14000
- T
- ,/;f;_g///éﬁ-mm
— kcal 1 e - 12000
24 ——= —£ntropy=50 —
= 1 mole_reactant K vy " ——"J-11000
- 1 = 1 10000
= e e e s P s MY
R e e s o i sy o s L
gle 16 S i e 7 — 7
2 F /"/‘? ~ e
> - - = <t
e VZ/'
£ =
w %
%EZ’E”“

T

=t ==
0o 0-1 o2 O3 04 o5 06 07 08 09

Carbon mole fraction (= r +”cﬂ

FIG. 6. Enthalpy-composition c¢hart, 100 atm.



SHORTER COMMUNICATIONS

increases, sublimation, chemical reaction, dissociation, and
ionization occur. In order to find the equilibrium com-
position, the method used is that of minimizing the free
energy. The thermodynamic functions -of the equilibrium
mixture based on 1 mol of initial reactant are calculated by
the equations for an ideal mixture.

The enthalpy composition charts are then constructed
with the caiculated valies of H°(P, T,y). Taking H® as
the ordinate and ¢ as the abscissa, the constant temperature
and entropy lines are shown in the charts. The carbon
saturation line is also indicated, having been determined
for given § by the temperature at which C; disappears in
the equilibrium composition. For the pressures 0001,
0-01,0-10,1-0,10,and 100atmospheres, enthalpy-composition
charts are given in Figs. 1 through 6, respectively.
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NOMENCLATURE

Ay, Ay, As,  areas as illustrated in Fig. 1;

Agy variable area corresponding to surface 1;

Ay, longitudinal heat conduction area;

B,,...,Bs, functions defined by equations (11-14), (20)
and (21);

Cp specific heat at constant pressure;

C, = riic,, capacity rate;

e, =(T,, — T)T,, — T ), cold fluid tempera-
ture ratio;

e = (T, — )T, — T,), intermediate fluid
temperature ratio;

€, heat exchanger effectiveness;

k, thermal conductivity of the separating sur-
face material ;

L, length of the separating surface in the

longitudinal direction;

* Now at Westinghouse Electric Corporation, Phila-
delphia, Pennsylvania.

, mass flow rate;

= U,4,/C,, dimensionless number of heat
transfer units;

0, heat-transfer rate;

T2, T3, roots of the characteristic equation;

Ry, Ry R;, =1/UA,, U4, U4, thermal re-
sistances;

S3, S, functions defined by equations (15) and (16);

T, T, T, fluid temperatures;

T, T, T;,, inlet fluid temperatures;

T, T, T.,, outlet fluid temperatures;

Thor hot fluid temperature defined by equation
“);

Uy, Uy, U, over-all heat-transfer coefficients (see Fig, 1);

X, = (T,, — T)AT,, — T,), inlet temperature
ratio.

Subscripts
c, cold fluid (fluid with the lowest inlet tem-

peraturej;



