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Investigation of Chemical Affinity for Reacting Flows
of Non-Local Thermal Equilibrium Gases
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Use of chemical affinity for analyzing reacting flows of gases not in local thermal equilibrium (LThE) is
investigated. The affinity is used as a parameter to define the degree of reaction extent in reacting flows. The
relation between the reaction rate and the affinity for a multitemperature ideal gas mixture is also investigated
and discussed. Each gas species in the mixture is assumed to have a Maxwellian velocity distribution, and the
particle distribution for each internal energy mode is characterized by a Boltzmann or an equivalent population
temperature. It is found that the relation between the reaction rate and the affinity for non-LThE gases can be
reduced to that for LThE gases if modified stoichiometric coefficients and modified mole fractions are employed
in the exponential function relationship. Results of the present investigation are applied to the ionization reaction
of argon with nonequilibrium translational and electronic excitation temperatures. Equations and charts for
computing the composition and thermodynamic properties of singly ionized argon plasma are presented for
various non-LThE temperatures and different affinity values. An example of argon ionization reaction is given
to illustrate the use of these charts.

Nomenclature
C = mole fraction
e~ — free electron
F = chemical affinity
gm = degeneracy of energy level m
H(} = negative value of the heat of reaction
h = enthalpy
h = Planck's constant
Kp = equilibrium constant
k — Boltzmann's constant
m = mass
N = particle number
N(} = Avogadro's number
n = number density
p = pressure
/? = equilibrium pressure
g = heat transfer rate per unit mass flow
s = entropy
T = temperature
t = time
V = volume
w = reaction rate
Z = partition function
A/z = enthalpy of formation
e/;i = energy of level m referred to the ground state
K = reaction constant
A = reaction rate ratio
IJL = chemical potential
v — stoichiometric coefficient

Presented at the AIAA 24th Plasmadynamics and Lasers Confer-
ence, Orlando, FL, July 6-9, 1993; received Sept. 30, 1993; revi-
sion received July 11, 1994; accepted for publication Aug. 16, 1994.
Copyright © 1994 by the American Institute of Aeronautics and As-
tronautics, Inc. All rights reserved.

* Associate Professor, Mechanical Engineering Department. Mem-
ber AIAA.

tPrincipal Engineer, Idaho National Engineering Laboratory.
Member AIAA.

£ = extent of reaction
co = forward reaction rate
Subscripts
b = backward reaction
chem = chemical energy
e = electron
/ = forward reaction
g = heavy particles
j = species j
k — internal energy modes
m = energy level
r = rotational energy mode
t = translational energy mode
v = vibrational energy mode
x = electronic excitation energy mode

Introduction

I N advanced combustion techniques and manufacturing
processes such as laser or microwave heating, electric arcs,

plasma jets and plumes, the gas (ionized or not) may not be
in local thermal equilibrium (LThE), and different species
and energy modes of the gas are found to be at different
temperatures.1 For example, in the ionization reaction of mi-
crowave or radio-frequency (rf) plasmas, the input electro-
magnetic energy is primarily picked up by the lightweight
electrons. Consequently local electron kinetic energy may be
much higher than the translational energy of the heavy par-
ticles. The translational temperatures of the high- and low-
speed particles will eventually become identical after a large
number of collisions. The time required for the gas to reach
local thermal equilibrium depends on the collision rate. The
two-temperature model has been widely employed for the
calculation of plasmas with translational nonequilibrium.
Nonequilibrium measurements in nitrogen-containing arcs and
inductively coupled plasmas have measured rotational, vibra-
tional, and excitation temperatures of different values.1 Ex-
citation nonequilibrium was also observed near the center of
a plasma torch in recent experimental measurements of argon/
helium plasma,2 3 indicating non-LThE condition is very com-
mon in thermal plasmas.
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A generalized mutithermodynamic equilibrium (GMTE)
model was proposed by the authors and co-workers4"6 for
handling gases or gas mixtures not in local thermodynamic
equilibrium (LTE). In this model each gas species is assumed
to behave as an ideal gas and has a Maxwellian velocity dis-
tribution, but different species may have different transla-
tional temperatures if their kinetic energy levels are not equal.
A non-Maxwellian velocity distribution that was observed at
high field strengths or low pressures can also be handled by
the multitemperature model if the relation between the ve-
locity distribution and the translational temperature is deter-
mined theoretically or experimentally. In thermal plasmas the
assumption of a Maxwellian velocity distribution is generally
valid.4

In addition to translational energy, each species in a gas
mixture has electronic energy. Diatomic and polyatomic spe-
cies also have rotational and vibrational energies. In LThE
condition, the particle density distribution for each of these
internal energy modes is characterized by a temperature called
the Boltzmann temperature. The translational and Boltzmann
temperatures for all species and every energy mode are iden-
tical for the LThE case. However, for non-LThE gases, not
only the temperatures of different energy modes and species
may be different, but the particles of the gas mixture may not
be distributed over their allowed energy levels according to
the Boltzmann distribution. Graphically, this means the plot
of the number density distribution, divided by the degeneracy
of the energy level, vs the allowed energy levels (or quantum
states) is not a straight line on a semilog chart. If the distri-
bution of an energy mode is not Boltzmann distribution, it
may be approximated by several population temperatures for
different energy levels. Alternative methods for handling non-
Boltzmann distributions are discussed in detail in Eddy and
Cho's recent paper.4 In the GMTE model, an equivalent pop-
ulation temperature is used for thermodynamic calculation if
the distribution does not follow the Boltzmann distribution.
Chemical affinity is employed in the GMTE model5-6 to handle
the non-local chemical equilibrium (LChE) effects. It was
used to measure the departure from chemical equilibrium for
composition and property computations in a reacting flow.
The relations between the affinity and the reaction rate and
other properties for non-LThE gases have not been studied
in detail in previous papers of the GMTE model.

In this article a detailed investigation of chemical affinity
for reacting flows of non-LThE gases is presented. A gen-
eralized relation between the reaction rate and the affinity is
derived for multitemperature gas mixtures. For simplicity,
either the particles for each internal energy mode in the gas
mixture are assumed to be distributed over their quantum
states according to the Boltzmann distribution, or a single
population temperature is used for non-Boltzmann distribu-
tions. Different species may have different translational tem-
peratures, but are assumed to have a Maxwellian velocity
distribution.

The law of mass action used in the present study is based
on open subsystems in dynamic nonequilibrium such that the
control of the local thermodynamic state is nonlocal, as dis-
cussed by Thomas and Athay.78 For these conditions the
equilibrium criteria is the minimization of the Gibbs energy,
yielding L v^ equal to zero in chemical equilibrium, and not
equal to zero in chemical nonequilibrium.6 A different form
of the law of mass action is obtained if one assumes that the
subsystems are isolated so that the equilibrium criteria is max-
imizing the entropy9-10 (with the energy constant), apparently
yielding 2/A. (v^^lT-^ equal to zero in chemical equilibrium
and Saha ionization equations similar to those used in partial
local thermal equilibrium (PLTE) models. A detailed discus-
sion of the differences between these models is beyond the
scope of this article. Callen indicates that there is little reason
to believe that the subsystems are isolated.11 Methods to de-
termine this are discussed by Thomas.8 In chemical equilib-

rium with multitemperatures, the isolated subsystem case is
a subset of the more general open subsystem assumption con-
sidered here, as has been shown in a comparison by Cho and
Eddy.12

In the present investigation equations for chemical potential
and equilibrium constant calculations are first introduced. Then
the relation between the reaction rate and the affinity is de-
termined for gas mixtures with non-LThE temperatures. It is
shown that the equilibrium constant of a non-LThE gas mix-
ture is a function of all the temperatures involved. When
modified stoichiometric coefficients and modified mole frac-
tions are used, the relation between the reaction rate and the
affinity can be reduced to the exponential function relation
for LThE gases. The composition and thermodynamic prop-
erties for singly ionized argon at different degree of reactions
(different affinity values) are computed for various transla-
tional and excitation nonequilibria, and an example is given
to illustrate the application of the present non-LThE analysis
for reacting flow calculation.

Equilibrium Constant, Affinity, and Reaction Rate
Equations for a GMTE Gas Mixture

Affinity is used in nonequilibrium thermodynamic pro-
cesses as a measure of the degree of reaction extent. The
affinity of a thermodynamic system is zero if the system is in
chemical equilibrium. Affinity has been studied in great detail
for LThE gases and the results were summarized in many
nonequilibrium thermodynamics texts (e.g., Refs. 13 and 14).
Since affinity is a thermodynamic property, it is very conven-
ient to use affinity for the analysis of reacting flows. Because
the change of a thermodynamic property depends on the state
of the system and is independent of the path by which the
system arrived at the given state, thermodynamic tables and
charts can be constructed at different affinity values for gases
not in chemical equilibrium.

The relationship between the reaction rate and the affinity
for LThE gases is given in Haase's book.13 Consider the fol-
lowing elementary reaction as an example

(1)

where (Mr) and (Mp) denote the various reacting species. The
affinity of the above reaction is calculated from the appro-
priate law of mass action for open systems4

(2)

where the sign of F has been selected to give positive values
in recombination.

The stoichiometric coefficients v-} in the affinity equation
are positive if they appear on the right side, and negative if
on the left side of the reaction equation, Eq. (1). The reaction
rate of the above reaction for a LThE gas at T is related to
the affinity F by the following equation:

- exp[ - F/(kT)]} (3)

The second term on the right side represents the ratio of the
backward reaction rate to the forward reaction rate. The two
reaction rates are equal, and chemical equilibrium is reached
when F equals zero. A negative affinity indicates a faster
backward reaction, and a positive affinity indicates a slower
backward reaction than the forward reaction.

The affinity equation for non-LThE gases is much more
complicated because there are many different temperatures
involved. If we assume the velocity distribution of species j
in the mixture of a non-LThE gas is Maxwellian and is char-
acterized by a translational temperature TtJ, and a Boltzmann
or an equivalent population temperature can be used for the
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particle distribution for each internal energy mode k of species
y, then the chemical potential for species j is given by

My = M/.y + M*,y + Mche

kJ /„ ZkJ + M-chcm (4)

where subscript k = internal energy modes (rotational, vi-
brational, and electronic)

The translational partition function for species j is

Z = V(27rm kT Y/r)3/2 (5)

Only the translational energy has a contribution to the pres-
sure. As a result, the ideal gas law for species / is written as

PjV = NjkTtJ

Combining Eqs. (5) and (6), we obtain

(6)

= (Z,y/V/)<>(/7>/) (7)

where p() is a reference pressure (e.g., 1 atm). Substituting
Eq. (7) into Eq. (4), we obtain

i,. = M<> - kTtJ /»(P°/PJ) = $ + kTtJ /»(pj/p°) (8)

where

My = M"y + M*,y + Mche

= -kT^ t»(ZJNF + 2 MA,, + Mchem

= a function of 7"M- and TkJ

The affinity F for a chemical reaction of multitemperature
gases is calculated from

"/M,

= A/i," - ,̂,y /''(Py/P0)

If T, , is chosen as the reference temperature, the affinity
equation can be rewritten as

F = A^ + *rM

= W + ^^/x

where the modified stoichiometric coefficient v* is defined as

vj = Vj(TJTtJ (11)

A modified mole fraction C*that is equal to the pressure
ratio of species j is defined as

; =Pj/p = (12)

where Cy- = mole fraction of species j = A^/E Nf. Note that,
if all translational temperatures are identical, C* = Cj and

In terms of the modified mole fraction, the pressure ratio
term in Eq. (10) can be expressed as

n (M>°)-^ = n
Now consider the equilibrium condition. Inserting the equi-
librium condition F = 0 into Eq. (10) gives

(14)

where py- is the equilibrium partial pressure for species/. Thus,
Eq. (10) can be rewritten in terms of the equilibrium constant

F = *r,., i, Kp + kT,A /„ PI (py/P°)I PI (py/P°)-"'J

(15)

Rearranging, we obtain

II (16)

Note that

/„ Kp = bfjil}/(kTtA) = a function of TtJ and TkJ only (17)

Therefore, Kp can be computed for various values of TtJ
and TkJ. Then, the product of the partial pressure ratios can
be calculated from Eq. (16) for a given F. The number density
for each species can be computed from Eq. (6) for a given
total pressure p if Dalton's rule of additive pressure is em-
ployed, and other information such as the initial composition
of the gas mixture is known or the assumption of electric
neutrality is made. With the composition determined, ther-
modynamic properties can be calculated as the sum of the
contributions of all species and every energy mode in the
mixture. Detailed description and derivation for property cal-
culation of a non-LTE gas can be found in the authors' and
co-workers' previous papers.4-6-15-16

We shall now investigate the relation between the affinity
and the reaction rate constants. If the forward and backward
reaction constants for Eq. (1) are designated as Kyand Kh, the
reaction rate of Eq. (1) can be calculated from

(18)

For multitemperature gases, it is convenient to use a modified
forward rate constant defined as

V i = V:.

Similarly, the backward reaction constant for non-LThE gases
is modified as

(20)n c ; " n
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The reaction rate equation for a multitemperature gas mixture
can be written as

_ £i _ K* n r*";- - if* n
- j - K/ 11 <-r Kb 11

= a,* i - A (21)

where

, v # _ * rr /^i * f *
&> Kf 1 1 C r

A — /</, /K/

From Eqs. (12) and (16)

n c;*'

Thus, Eq. (21) becomes

f-** n (P,/PO)-*;

(22)

-"' exp[-F/(/cr,,)]} (23)

When in equilibrium, w = F = 0. Thus

0 = 1 - (24)

)2"7 = 1/A*

In terms of <u*, a simple relationship between w and F can
be obtained for non-LThE gases:

- exp[-F/(*r,.,)]} (26)

If all temperatures are identical, the above equation is reduced
to that for LThE gases.

Use of Chemical Affinity for lonization Analysis of
Non-LThE Argon

To illustrate the application of the present non-LThE anal-
ysis for reacting flows, consider argon gas at 300 K and 1 atm
heated in a microwave cavity or by a rf-inductive coil until
the gas is partially ionized (see Fig. 1). The exit temperature
considered in this example ranges from 5000 to 20,000 K. For
temperatures below 20,000 K, the dominant ionization re-
action is expected to be the formation of the singly ionized
argon ions:

Ar <^ Ar (27)

Also, at low temperatures, only the first few electronic levels
are important to equilibrium constant and property calcula-

Microwave cavity or
radio-frequency

Argon at room
temperature and
pressure

EM energy^

\=^^——.Quartz tube

Partially ionized
* non-LThE

argon plasma

tions. The electronic levels employed in the present calcula-
tion of argon composition and properties are those used in
Sonntag and Van Wylen's book17 for argon plasma around
10,000 K. At high temperatures ionizations of other argon
ions such as Ar+ + and Ar+ + + should be taken into consid-
eration, and a large number of electronic energy levels should
be included. Sedghinasab and Eddy's calculation of argon
properties15 included the first 4 argon ions and for electronic
energy levels of up to 70. The good agreement between the
present calculation and Sedghinasab and Eddy's results of
LTE argon properties15 justifies the assumptions of one dom-
inant ionization reaction and negligible high electronic energy
levels for the temperature range considered here.

Argon atoms and ions are much heavier than electrons. It
is therefore reasonable to assume that in high-frequency in-
ductive heating Tte is higher than T,Arand r,Ar + , and the
translational temperatures of Ar and Ar+ are close to each
other. Furthermore, we assume the excitation temperatures
of all species are identical. Later we will see that the excitation
temperature does not have a strong effect on the composition
and thermodynamic properties. Therefore, the assumption of
one excitation temperature for all species should not result
in significant errors in our calculation.

Since there are no diatomic or polyatomic components in
argon plasma, the temperatures involved in the present cal-
culation for argon plasma are the translational temperature
of the heavy particles TK ( = T, Ar = Tt,Ar+), the translational
temperature of free electrons Te ( = r,e-), and the excitation
temperature Tx. The equilibrium constant Kp can be calcu-
lated and charts for argon composition calculation can be
constructed for various combinations of 7^, Te, and Tx. Shown
in Fig. 2 is the equilibrium constant for/?0 = 1 atm for various
translational and excitation nonequilibria. Figure 2 shows that
an increase in Te results in a significant increase in Kp, whereas
change in Tx has only a little effect on the equilibrium constant
in the temperature range considered here. The difference
between the equilibrium constants for TJTg = 1 and 1.5
decreases as T^ decreases. This is because at very low tem-
peratures the degree of ionization is low and a high electron
translational temperature will not strongly affect the equilib-
rium constant.

If all the non-LThE temperatures at the exit can be mea-
sured, say via enthalpy probe and laser and/or emission spec-
troscopic techniques,4 the equilibrium constant at the exit can
be determined from Fig. 2. Then the number density of each
species for neutral argon can be calculated from the ideal gas
law for a given total pressure p. Alternatively, Eqs. (4), (6),
and (9) can be combined to obtain a modified Saha equation
for the ionization reaction of argon plasma, as done in Eddy
and Cho's paper.4 But use of the Saha equation is generally
limited to ionization reactions, whereas Eq. (16) is applicable
to all chemical reactions.

10*
1°3 1•103

*
10°

g10-
o 10'

i is-
•510-8

, - 1 2 . 3
, - 13 .

po = 1 atm

(Te/Tg,Te/Tx =

Kp(1.5,1.5)

10000 Tg(K)20000 30000

Fig. 1 lonization of non-LThE argon gas by electromagnetic waves.
Fig. 2 Equilibrium constant for singly ionized argon at p° = I atm
for various kinetic and excitation conditions.
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For a gas mixture not in local chemical equilibrium, the
properties and composition are functions of pressure, tem-
peratures, as well as chemical affinity. If we assume the heat-
ing process in Fig. 1 is constant-pressure, the enthalpy, en-
tropy, and other thermodynamic properties for neutral argon
at 1 atm and at the measured exit temperatures can be com-
puted for a variety of affinity values. The specific enthalpy of
a GMTE argon plasma is calculated from

80000

h = (28)

where

h/ = h,j + /*,,, + hchcmj
h,., = 2.5*7;,-
/z,,, = kT^Z'JZ^
Zx = e x - e

^chem,, = 0 for; = Ar and e
= 2.5264 x 10"y erg for/ - Ar+

The entropy of the argon plasma is calculated from

(29)

where

+ 2.5]
Z.v,

For a one-dimensional steady flow of argon from state 1 to
state 2, the first law of thermodynamics becomes

h2 = h, + ql2 + AKE + APE (30)

where ql2 is the net heat input per unit mass flow between
states 1 and 2. If the heat loss from the heating section can
be measured and the changes in kinetic and potential energies,
AKE and APE, are negligible, the increase in argon enthalpy
can be calculated from the mass flow rate and the power
consumption rate of the electromagnetic heater. Suppose the
inlet and exit conditions and the heat input are measured as
shown in Table 1.

The enthalpy, entropy, and density of argon at the exit
temperature ratios are computed for various affinity values
and presented in Figs. 3-5. The dimensionless affinity F* in
these figures is the dimensional affinity F divided by the neg-
ative value of the heat of reaction at 0 K. That is

where

F* = F/H°

//« = -

(31)

(32)

With H2 calculated from the first-law equation, the dimen-
sionless affinity at the exit is determined to be approximately
-0.2 from Fig. 3. The density and entropy at the exit then
can be determined from Figs. 4 and 5. Since H(] is negative
for the ionization reaction, the dimensional /MS positive, which
implies a slower backward reaction than the forward reaction,

Table 1 Inlet and exit conditions of the flow in Fig. 1

Inlet Exit

re = T; = rv = 300 K TK = 10,000 K, r, = TX = 15,000 K
p = 1 atm p = 1 atm

<y1 2 = 11,000 kJ/kg

60000 -

40000 -

20000 -

Te/Tg=1.5, Tx/Tg=1.5, p=1 atm

0 10000 Tg(K )20000 30000

Fig. 3 Enthalpy of argon at/? = 1 atm, TJTg = 1.5, TJTX = I for
various affinity values.

10

9-

T 7-

6-

Te/Tg=1.5, Te/Tx=1, p=1 atm

0 10000 Tg(K)20000 30000

Fig. 4 Entropy of argon at p - I atm, TeITg = 1.5, TJTX = I for
various affinity values.

O

O)

0.10'

0.08-

0.06-

£ 0.04
CO
c
0)o

0.02

0.00

Te/Tg=1.5, Te/Tx=1
p=1 atm

10000 Tg(K)20000 30000

Fig. 5 Density of argon at p = 1 atm, TJTg = 1.5, TJTX = I for
various affinity values.

as shown in Eq. (3). The slow backward reaction rate is due
to the lower than LChE concentrations of argon ions and free
electrons. Consequently, the enthalpy and entropy for F* =
-0.2 is lower than those for F* = 0 (LChE), because of less
ions and free electrons in the mixture.

If the change in kinetic energy is not negligible due to the
high exit temperature, iteration on the exit affinity and density
is needed until the first-law equation, Eq. (30), is satisfied.
The composition of the argon plasma at the exit can be cal-
culated from Eqs. (6) and (16). The ionization rate at the exit
can be calculated from Eq. (21) if the reaction constants for
the ionization of Ar to Ar+ and e~ at the exit temperatures
can be determined experimentally or theoretically. It should
be pointed out that the reaction constants are functions of all
translational temperatures and the Arrhenius equation for
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reaction rate calculation must be modified accordingly for
non-LThE gases.

Conclusions
Use of chemical affinity for the analysis of reacting flows

that are not in LThE is investigated. Equations for compo-
sition and reaction rate computations are derived in terms of
affinity for gases with thermal nonequilibrium. When modi-
fied stoichiometric coefficients and modified mole fractions
are used, the relation between the affinity and the reaction
rate for a multitemperature gas is reduced to the exponential
function relation for LThE gases. Results of the present anal-
ysis are applied to the ionization reaction of non-LThE argon.
Computed equilibrium constants for various kinetic and ex-
citation nonequilibria show strong effects of the translational
temperature, but only weak effects of the excitation temper-
ature on argon composition and properties in the temperature
range from 5000 to 20,000 K. An example is given to show
that the analysis for non-LTE gas flows is similar to that for
LTE gas flows, providing that thermodynamic tables or charts
at different affinity values are available for various non-LThE
temperatures.
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