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Abstract Lithium has been proposed as an attractive metal propellant for advanced

electric propulsion. In our current work, transport coefficients including the viscosity,

thermal conductivity, and electrical conductivity of lithium plasma under both the equi-

librium and non-equilibrium conditions are calculated based on a two-temperature model.

The collision integrals used in calculating the transport coefficients are significantly more

accurate than values used in previous theoretical studies, resulting in more reliable values

of the transport coefficients. Results are computed for different degrees of thermal non-

equilibrium, i.e. the ratio of electron to heavy particle temperatures, from 1 to 15, with the

electron temperature ranging from 300 to 60,000 K in a wide pressure range from 0.0001

to 100 atm. We compare our calculated results with existing published results and dis-

crepancies are found and explained.

Keywords Lithium � Non-equilibrium plasma � Two-temperature model � Collision
integral � Transport coefficients � Chapman–Enskog method

Introduction

Lithium is a favorite propellant in Magnetoplasmadynamic Thruster (MPDT) and has

several advantages over more conventional propellants [1, 2]. Firstly, Lithium has a lower

first ionization potential (5.4 eV) and a higher second ionization potential (75.6 eV)

compared to other propellants. This special feature can reduce the ionization loss and the

frozen flow loss in the thruster, leading to a higher thrust efficiency. Moreover, Lithium can

reduce the work function of tungsten (the material from which the cathode is made) from

4.5 to 2.1 eV when barium is used as an additive, decreasing erosion and increasing the
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lifetime of the thruster. The numerical simulation of MPDT or other types of electric

propulsion thrusters is very useful in providing more insight into the improvement of their

operation performance. For this, a Magnetohydrodynamics (MHD) model, which usually

involves the solution of the mass, momentum and energy equations of the working plasma

medium and the solution of the electromagnetic field equations strongly coupled with the

plasma dynamical equations, had been developed and is widely used [3, 4]. To obtain the

thermodynamic and transport properties of the working medium (plasma) appearing in the

governing equations are a prerequisite of the solution of a MHD model and thus needed to

be known in advance. The most reliable way to obtain these properties is the kinetic theory

of ideal gases for thermodynamic properties and the approximate solution of the Boltz-

mann equation based on the Chapman–Enskog method for transport coefficients [5]. For

the case of plasmas in local thermodynamic equilibrium (LTE) which is often assumed in

the MHD model, calculated results of the thermodynamic properties and transport coef-

ficients of many types of thermal plasmas are available [6–21].

When large temperature gradient (existing near a cold wall or when cold vapor is

injected in the plasma) or insufficient electron number density to achieve efficient energy

exchange between electrons and heavy particles, the assumption of local thermodynamic

equilibrium (LTE) is no longer valid [22]. Under such circumstances, when the conditions

for local chemical equilibrium are fulfilled, the electrons and heavy particles are able to

maintain their Maxwellian velocity distribution functions separately but have different

temperature. A two-temperature MHD model would thus be required to describe the non-

equilibrium plasma behavior, in which the electrons and heavy particles follow different

energy conservation equations [23–30]. For the computation of non-equilibrium (NLTE)

thermodynamic and transport properties, two theories have been developed: Devoto [31]

and Bonnefoi [32] developed a simplified theory which considers complete decoupling

between heavy particles and electrons and Rat et al. [33] developed a theory in which the

coupling between particles and electrons is fully taken into account. Recently, Zhang et al.

[34, 35] derived new expression of transport coefficients for two temperature plasma by

adopting reasonable simplifications based on the physical fact that the masses of electrons

are much smaller than those of heavy species. This can greatly save the calculation time of

transport coefficients by Rat et al.’s method. Meanwhile, the coupling between electrons

and heavy species is taken into account leading to more accurate expressions of transport

coefficients than those by complete decoupling between heavy particles and electrons.

Transport properties of two-temperature plasma have already been calculated for a wide

range of pure gases and mixtures in the literature [36–50]. A recent study [49, 50] of non-

LTE transport properties based on a comparison of the approaches of Devoto and Rat et al.

shows that coupling between electrons and heavy particles does not lead to significant

changes in the predicted non-equilibrium plasma transport properties, except for certain

ordinary diffusion coefficients. No significant discrepancies occur in the thermal con-

ductivity, viscosity or electrical conductivity, even when they depend on the ordinary

diffusion coefficients.

In this work, results for equilibrium and non-equilibrium transport properties of lithium

plasma are presented by using a two-temperature plasma model. To our knowledge,

thermodynamic properties and transport coefficients of two-temperature lithium plasma

have been published in the literature for the pressure range from 0.0001 to 1 atm, electron

temperatures from 1000 to 40,000 K and the electron/heavy particle ratio from 1 to 5 [51].

These data are useful for fluid dynamic simulation of most MPD thrusters but they are not

enough in some extreme operating conditions where the temperature and pressure may

exceed 40,000 K and 1 atm respectively. Also, near the wall, the non-equilibrium
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parameter can reach values beyond 5. Additionally, more accurate representations of the

intermolecular potentials, which can reduce the uncertainties in the values of transport

coefficients, are available in the literature. Therefore, in our current work, transport

properties results calculated by using the cross-section data with highest accuracy are

presented and discussed over a wider electron temperature range of 300–60,000 K, pres-

sure range from 0.0001 to 100 atm and electron/heavy particle ratio from 1 to 15. We also

compared our results with the published data and the possible reasons for the discrepancies

analyzed. Note that lithium propellant exists in the form of condensed phase in the tem-

perature range lower than its boiling point of 1603 K. The reason for considering tem-

peratures lower than 1603 K in our current work is to achieve convergence in numerical

simulations. It has been observed that even though the minimum temperature in a final

converged solution may not be lower than 1603 K, it may easily exceed this limit at some

intermediate stages of the computation. Unavailability of property data, physically com-

patible with the associated temperature variation, often leads to divergence of the

simulation.

Calculation of Two-Temperature Plasma Composition

Transport properties under both the equilibrium and non-equilibrium conditions depend

strongly on the species composition. The plasma composition under the LTE condition can

be calculated by either the mass action law (Saha and Guldberg–Waage laws) with the

Dalton and species conservation laws as the neutral condition or the Gibbs free energy

minimization method [52], whereas the appropriate method for the determination of

chemical equilibrium number densities in two-temperature plasmas has long been a subject

of debate because different formulas for ionization and dissociation equilibrium are

obtained when different thermodynamic constraints are imposed [22, 53–62] and there

exist two typical forms of the mass action law, represented by Potapov’s method [53] and

Van de Sanden et al.’s method [54]. Wang et al.’s work for two-temperature SF6 plasma

finds that the difference in the forms of the mass action law leads to significant discrepancy

in species composition and hence the plasma properties [63]. For example, Potapov’s

approach leads to larger variation in species concentration and plasma properties at high

non-equilibrium degree, especially the properties to which the chemical reaction con-

tributes apparently. In this work, we have used the method proposed by van de Sanden

et al. [54] due to the fact that Van de Sanden’s approach has been widely cited in literature

as a reference case for chemical equilibrium calculations.

The plasma of a two-temperature lithium plasma system consists of five components,

i.e. lithium atoms Li, singly-ionized ions Li?, doubly-ionized ion Li2?, triply-ionized ion

Li3? and electrons e-. We include triply-ionized ion Li3? because its molar fraction can

reach 1% at the highest temperature around 60,000 K under the lowest pressure of

0.0001 atm. A total of 3 independent reactions, i.e. the continuous ionization of Li

Lirþ $ Liðrþ1Þþ þ e�, are taken into account and described by the mass action law, i.e.

Saha’s equation for ionization reactions, which are described as follows.

ne
nLiðrþ1Þþ

nLirþ

� �
¼ 2

QLiðrþ1Þþ ðTeÞ
QLirþðTeÞ

� �
2mepkTe

h2

� �3=2
exp �EI;rþ1 � dEI;rþ1

kTex

� �
ð1Þ

where Q is the internal partition function with subscript r represents r-times ionized

species. EI,r?1 is the ionization energy; k and h are the Boltzmann constant and Planck
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constant. ni and mi are the number density and mass of specie i. Tex is the excitation

temperature of species Lir? ionization which is characterized by the electron temperature

Te. dEI,r?1 is the lowering of the ionization energy. The species partition functions are then

computed following the suggestion of Wang et al. [46]. Data of the electron energy levels

of atoms and ions for the evaluation of their partition functions and the ionization energies

have been taken from the NIST database [64]. To be concrete, their values are 5.4, 75.6 and

122.5 eV, respectively, for the lithium plasma.

In addition to the law of mass action (Saha’s law) as detailed above, the equations

governed by the Dalton’s Law for equation of state, and electrical quasi-neutrality are

required which are described as follows.

P ¼ nekTe þ
X
i

nikTh ð2Þ

X
i

niZi ¼ 0 ð3Þ

where Th is the heavy particle temperature, P and Zi are the pressure and the charge of

species i.

Chemical equilibrium compositions as a function of electron temperature for different

values of the non-equilibrium parameter h = Te/Th are shown in Fig. 1. At P = 1 atm, the

ionization of lithium atoms occurs at a relative low electron temperature around 4000 K

because of a comparatively lower ionization potential 5.4 eV. The species molar fractions

keep almost constant in a wide temperature range from 10,000 to 45,000 K because the

second ionization potential is extremely high (eV) and no further ionization takes place in

the plasma system. At around 50,000 K, the electrons energy is high enough to ionize the

singly-ionized ions Li? into Li2?. As a result, the molar fraction of doubly-ionized ion

Li2? gradually rises. Only the monoatomic species are taken into account in the lithium

plasma and the ionization reaction is dominantly controlled by the excitation temperature,

Fig. 1 Electron temperature dependence of the mole fractions of different species at P = 1 atm for
different values of the non-equilibrium parameter: Solid line: h = 1; dashed line: h = 2; short dashed line:
h = 10
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i.e. the electron temperature. Therefore, the influence of the non-equilibrium parameter on

the calculated species molar fraction is minor at a fixed electron temperature. We can

observe the electrons mole fraction decreases with growing value of h, though electron

number density increases (not shown). As mentioned above, the extremely low first-

ionization potential and high second-ionization potential benefits the thrust generation and

reduces the flow frozen flow loss.

The influence of different pressures on the chemical equilibrium compositions of two-

temperature lithium plasma is presented in Fig. 2. The increase of gas pressures prohibits

the ionization reactions and leads to a lower ionization degree and hence decreased molar

fractions of charged species at a fixed electron temperature. Following the work of Wang

et al. [46], this trend can be explained according to Le Chatelier’s law: the increase of the

pressure opposes changes to the original state of equilibrium, so that chemical reactions at

a given temperature are suppressed.

Collision Integrals

The expressions for the transport coefficients depend on the collision integrals, which are

averages over a Maxwellian distribution of the transport cross sections for the binary

interactions between species and defined as follows [5]:

Xðl;sÞ
ij ¼

ffiffiffiffiffiffiffiffiffiffi
kT�

ij

2plij

s Z1

0

exp �c2ij

� �
c2sþ3
ij Ql

ijðgÞdcij ð4Þ

Here cij is the reduced initial speed of the colliding molecules i and j, given by

Fig. 2 Electron temperature dependence of the mole fractions of different species at the non-equilibrium
parameter of h = 2 for different values of pressures. Solid line: 0.0001 atm; dashed line: 1 atm; short
dashed line: 10 tam
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cij ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lij
2kT�

ij

gij

s
ð5Þ

where gij is the initial relative speed of the colliding molecules i and j. T�
ij and lij are the

reduced mass and the effective temperature of collision defined as [36]

1

lij
¼ 1

mi

þ 1

mj

ð6Þ

T�
ij ¼

ðmiTj þ mjTiÞ
mi þ mj

ð7Þ

The transport cross sections [see Eq. (4)] are defined by

Ql
ijðgÞ ¼ 2p

Z1

0

ð1� cosl vÞbdb ð8Þ

where b and rm are the impact parameter and the outermost root of the Eq. (9) and uijðrÞ is
the potential energy of interaction between the colliding particles. v is the angle of

deflection given by the expression (10).

1�
uijðrÞ
1
2
lijg

2
ij

� b2

r2m
¼ 0 ð9Þ

v ¼ p� 2b

Z1

rm

dr=r2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� uijðrÞ

.
1
2
lijg

2
ij

h i
� b2=r2ð Þ

r ð10Þ

Computation of transport properties up to the third order requires the knowledge of

collision integrals. Xðl;sÞ
ij with l and s satisfying the following conditions: 1 B l B 3,

l B s B 5.

For interactions in which charge exchange occurs collision integrals with odd value of l,

including both elastic and inelastic processes, can be estimated by an empirical mixing rule

[6]:

Xðl;sÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X

ðl;sÞ

in

� �2

þ X
ðl;sÞ

el

� �2
r

ð11Þ

where the subscripts in and el denote the collision integrals derived from the inelastic and

the elastic interactions, respectively.

Collision integrals with even values of l are wholly determined by the elastic interac-

tions [6].

Qex ¼ ðA� B lnEÞ2 ð12Þ

where E is the kinetic energy of the colliding particles. The constants A and B can be

obtained from experimental data or theoretical calculations.
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These transport cross sections for electron-neutral species interactions are obtained by

numerically integrating the differential cross sections dr=dX over all scattering angles as a

function of the interaction energy as follows [47].

Ql Eð Þ ¼ 2p
Zp

0

dr
dX

sin hð1� cos hlÞdh ð13Þ

where E is the total kinetic energy of the colliding particles, dominated by the electron

energy. Differential cross sections dr=dX are determined by either experiment or through

theoretical computation.

For Li–Li interactions, the collision integral is the statistical average of the collision

integral for lowest singlet X1Rg
? Li2 [65] and triplet state X3Ru

- Li2 [66] interaction

potentials which are based on the a priori potential and ab initio calculations respectively

and accurately fitted by the Hulburt–Hirschfelder (H–H) potential. The fitted parameters

are a = 2.362, b = 3.669, c = 1.406, re = 2.696 Å, De = 1.033 eV for X1Rg
? Li2 and

a = 3.530, b = 1.338, c = 3.500, re = 4.452 Å, De = 0.0304 eV for X3Ru
- Li2.

For Li–Li? interactions, the elastic collision integral is determined by fitting the lowest

two states to the exponential repulsive potential (V0 = 18.207 eV, a = 0.754 Å-1) and the

Hulburt–Hirschfelder (H–H) potential (a = 2.072, b = -1.702, c = 2.342, re = 2.980 Å,

De = 1.278 eV) for the repulsive (2Rg
?) and attractive states (2Ru

?), respectively [67]. The

charge-exchange cross-section for collisions between Li and Li? is determined by fitting

Eq. (12) to the experimental results by Lorents et al. [68]. The constants A and B for the

approximation of charge exchange cross sections are 19.3 and 3.5 Å respectively. Note that

the determination of charge transfer collision integrals needs the cross sections data as a

function of incident ion energy from zero to an enough high value. However, no available

absolute cross section for charge transfer between lithium ions and lithium atoms below

14 eV were experimentally obtained by Lorents et al. [68] and other literature. Moreover,

the theoretical calculations of Li–Li? charge transfer cross section always lead to some

large underestimation when compared with the experimental values [69]. Indeed, the fact

that the experimental curve lies somewhat higher than the theoretical one is also true for

Caesium [68]. Considering the fact that the shapes of both the theoretical and experimental

curves can be well represented by the formula (12), we have decided to use the transport

cross section by choosing a best fit to beam measurements by Lorents et al. [68] and

extrapolated it to a low-energy situation. Collision integrals with even values of l are

wholly determined by the elastic interactions.

The elastic collision integrals for interactions between Li and doubly-ionized ion Li2?,

triply-ionized ion Li3? are derived using a polarization potential. A value of Li polariz-

ability 164.0 Å3 [70] is used. The charge-exchange cross-section is small compared to the

elastic collision cross-sections and is neglected in this paper.

In the case of electron collision with lithium atom, the elastic momentum-transfer cross

section obtained theoretically by using the convergent close-coupling approach is available

in literature [71] and the differential elastic scattering cross-sections from [72] are used to

obtain the ratio Q2(E)/Q1(E) and Q3(E)/Q1(E) by straightforward integration.

Finally, the collision integrals for the charged–charged interactions were calculated

using the screened Coulomb potential screened at the Debye length by the presence of

charged particles. The effective collision integrals were calculated from the works of

Mason et al. [73, 74], where the Debye length is calculated taking into account both the

electrons and ions. Note that different choices of an appropriate form of shielding distance
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in the estimation of collision integrals under screened coulomb potential can bring some

deviation of calculated transport coefficients when ionization takes place. The influence of

the choice of Debye length definition on the transport coefficients for two-temperature non-

equilibrium plasma was investigated in the literature [47, 75] and is beyond our current

scope.

Determination of Two-Temperature Transport Coefficients

The computation of transport properties is completed using the classical Chapman–Enskog

method [4, 76, 77], assuming that the distribution functions of particles are first order

perturbations to the Maxwellian distribution; perturbations are then expressed in series of

Sonine polynomials, finally leading to a system of linear equations that can be suitably

solved to obtain different transport properties. The simplified approach of Devoto [30] and

Bonnefoi [32] which fully decouples the electrons and heavy particles is used in the present

work because the coupling between electrons and heavy particles has no relevant effects on

the prediction of non-equilibrium plasma transport properties presented in our work. For

this, it is assumed that change in the perturbation function in electrons is greater than that

of heavy particles in interactions involving both types of particles. Transport properties are

calculated using the third-order approximation except for viscosity for which the second-

order approximation has been adopted and can ensure enough high calculation accuracy.

Of the transport coefficients in two-temperature plasma, the reactive thermal conduc-

tivity is associated with the energy transport contributed by chemical reactions which

absorb or release energy, leading to additional heat flux. The reactive thermal conductivity

components of electrons and heavy particles are separately determined by an expression

derived through reactive heat flux treating electrons and heavy particles separately [36, 78].

kre ¼
Xv

r¼1

Dhr
n

qkTh

Xw
j¼1

Th

Tj
mj D

a
rj

opj

oTe

" #

krh ¼
Xv

r¼1

Dhr
n

qkTh

Xw
j¼1

Th

Tj
mj D

a
rj

opj

oTh

" #
ð14Þ

where n, v and Dhr are, respectively, total number density of all species, number of

chemical reactions and reaction enthalpy change of reaction r. Pj is the partial pressure of

specie j. Da
rj is the ambipolar diffusion coefficient defined in terms of ordinary diffusion

coefficients [36] which is a prerequisite to (14) and is determined following the framework

of Hirschfelder et al. [4]. The partial derivative of partial pressure with respect to Th and Te
opj=oTe and opj=oTh is determined by differentiating the partial pressure equation (from

Dalton’s law) with respect to Th and Te which are treated as independent variables. When

the thermal conductivity is evaluated in terms of heavy particle temperature gradient, a

total reactive thermal conductivity can be defined as [79].

kreac ¼ krehþ krh ð15Þ

The presence of an internal degree of energy freedom affects the heat flux vector and

gives rise to an internal thermal conductivity component kin. It is derived using the

Hirschfelder–Eucken approximation [80].
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The total thermal conductivities for electrons and heavy particles, designated as ke and
kh, can be expressed, respectively, as

ke ¼ ktre þ kre

and

kh ¼ ktrh þ krh þ kin ð16Þ

where ktre and ktrh are the translational thermal conductivity components of electrons and

heavy particles.

A total thermal conductivity including the contributions of electrons and heavy particles

are defined as follows:

ktot ¼ ktrh þ ktre þ kreac þ kin ð17Þ

Two-temperature transport coefficients, namely electrical conductivity, Viscosity and

thermal conductivity, are calculated at atmospheric pressure for different values of the non-

equilibrium parameter h = Te/Th. The calculations are focused on h = 1, 2, 5, 10 and 15,

whereas h = 15 is an extreme value which can be observed, at atmospheric pressure, as

soon as the plasma interacts with a cold wall or when a injected cold gas or a low current is

used [23–30].

Viscosity

Figure 3 presents variations of viscosity with electron temperature and non-equilibrium

parameter. The viscosity of a gas increases till ionization starts at around 5,000 K due to

the decrease of the collision integrals between neutral atoms. However, once ionization

starts, long-range coulomb interaction increases with enhanced ionization and results in the

observed drop in the viscosity value of two-temperature lithium plasma. We can also find

that the peak locations show little dependence on the non-equilibrium parameters. This is

Fig. 3 Viscosity of two-temperature lithium plasma for different non-equilibrium parameters at
atmospheric pressure
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because the ionisation is mainly controlled by the electron temperature as mentioned

above. Above 10,000 K, the viscosity increases because of the decreasing collision inte-

grals for the charged–charged interactions with the temperature until a second peak which

corresponds to the second ionisation is reached at around 50,000 K. Above 50,000 K, the

occurrence of doubly ionised ions leads to a higher coulomb interaction and hence a drop

of viscosity. For a given electron temperature, if non-equilibrium parameter increases, the

heavy particle temperature decreases, resulting in a drop in the momentum transport and

hence a drop in the viscosity value. With increasing h, the peaks in the viscosity slightly

shift towards higher electron temperature values.

Electrical Conductivity

The electrical conductivity is a property of electrons alone and depends only on collision

integrals for interactions involving electrons. Its variation with electron temperature for

different non-equilibrium parameters at atmospheric pressure is presented in Fig. 4. At a

fixed electron temperature, higher non-equilibrium parameter values leads to higher

electrical conductivities because of the increasing electron number density.

Thermal Conductivity

Various components of the total thermal conductivity (see formula 17) of two-temperature

lithium plasma under the non-equilibrium condition are presented in Fig. 5. In the range of

temperature where ionization take place, a great contribution to total thermal conductivity

is given by the reactive term at around 7500 K whereas for high temperature the trans-

lational contribution from the electrons is the most important; internal thermal conductivity

gives always a scarce contribution to total conductivity. The translational contribution from

heavy particle dominates in the low temperature range when the ionization does not take

place.

The variation of the total thermal conductivity for heavy particles and electrons (kh, ke)
is shown in Figs. 6 and 7, respectively. The first and second peak of heavy particle thermal

Fig. 4 Electrical conductivity of two-temperature lithium plasma for different non-equilibrium parameters
at atmospheric pressure
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conductivity in Fig. 6 corresponds to the first and second ionization of lithium. The peak of

the total thermal conductivity for electrons, which is linked with the ionization reaction, is

not apparent because the translational component increases fast than the reaction com-

ponent upon increasing electron temperature. In the temperature range below 5000 K and

above 7500 K, the total thermal conductivity for heavy particles decreases with higher

non-equilibrium parameters at a fixed electron temperature. This is because the heavy

particle temperature decreases and hence the collision integrals between heavy particles

rises. Electron thermal conductivity shows a slight increment as non-equilibrium parameter

Fig. 5 Different thermal conductivity components of two-temperature lithium plasma with a non-
equilibrium parameter of 2 at atmospheric pressure. ktot total thermal conductivity, ktrh and ktre translational
components due to heavy particles and electrons respectively, kre reactive component, kin internal
component

Fig. 6 Heavy particles thermal conductivity (kh) of two-temperature lithium plasma with different non-
equilibrium parameters at atmospheric pressure
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increases for fixed electron temperature, since the translation component which dominates

in the high temperature range is a property which depends mainly on electrons.

Influence of Different Pressures on the Calculated Transport Coefficients

The influence of different pressures on the calculated transport coefficients is described in

Fig. 8. In the temperature range where ionisation does not take place, the pressures show

no apparent influence on the calculated viscosity, thermal conductivity and electrical

conductivity of two-temperature lithium plasma. When the ionization occurs, as mentioned

above in ‘‘Calculation of two-temperature plasma composition’’section, the increasing

pressures shift the ionisation to a higher electron temperature. This can explain the vis-

cosity peak related to the first and second ionisation occurring at a higher electron tem-

perature when the pressure rises. Similar mechanism can explain the fact the peak value of

electrical conductivity which occurs for the lower pressure of 0.0001, 0.01 and 1 atm does

take place in the temperature range considered here for the higher pressures of 10 and

100 atm. Moreover, it is noted that the viscosity, thermal conductivity and electrical

conductivity increases with increasing pressure. For viscosity, a higher maximum value is

because of the suppression of ionization, which means that the strong Coulomb interactions

do not dominate until higher temperatures. For electrical conductivity, their higher values

with a higher pressure are attributed to the fact that a higher pressure leads to a higher

electron number density at a fixed electron temperature. For thermal conductivity, a higher

electron number density brings a higher electron translational thermal conductivity and

hence higher total thermal conductivity.

Comparison with Existing Data

The comparison of our calculated transport coefficient with previously published results

under the local thermodynamic equilibrium condition is presented in Fig. 9. Although a

different source of collision interaction is used here, our calculated viscosity and thermal

Fig. 7 Electrons thermal conductivity (ke) of two-temperature lithium plasma with different non-
equilibrium parameters at atmospheric pressure
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Fig. 8 Calculated viscosity,
thermal conductivity and
electrical conductivity of two-
temperature lithium plasma with
a non-equilibrium parameter of
h = 2 under different pressures
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conductivity show good agreement with the results calculated by Gleizes et al. [82] and

Wang et al. [42] in the low temperature range below around 4000 K where the interaction

between lithium atoms dominates. Both Gleizes et al. [82] and Wang et al. [42] used the

same collision integral values for Li–Li interactions by accurately representing quantum

mechanical potential energy curves with the Hulburt–Hirschfelder potential. It is noted that

their results for metal vapour show excellent agreement with experimental results.

Therefore, the excellent agreement of our calculated viscosity and thermal conductivity

provides evidence that the interaction collision integrals based on the ab initio calculations

can be used to accurately estimate the transport properties. In the temperature range

between 4000 and 10,000 K, we can find there are large discrepancy points due to the use

of different collision integrals. Holland et al. take into account the non-ionized lithium

Fig. 9 Comparison of the equilibrium transport coefficients of lithium plasma from the present work with
those of Holland et al. [81] and Wang et al. [51] at atmospheric pressure a viscosity and b total thermal
conductivity
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vapour and the effects of ionization of lithium vapour are not included in their study. This

leads to an overestimation of the lithium viscosity at high temperatures. Their calculated

thermal conductivity is underestimated above 4000 K because the reactive thermal con-

ductivity contributed by ionization reaction is not ignored. Our calculated values of vis-

cosity of the lithium plasma are significantly higher than those calculated by Wang et al.

[42] for temperatures from 4000 K to about 11,000 K where the neutral and charges

species interaction is important. This is attributed to the different interaction potentials

used. In their calculation, polarization potential is used. It has been emphasized that the

estimation of the interaction energy from this classic potential can be poorly adequate and

often brings about large deviation in comparison with the accurate ab initio calculation of

interaction potential [18].

Similar discrepancy occurs at temperatures from 4000 K to about 11,000 K for which

the reaction thermal conductivity associated with the ionization of lithium atoms is

important. The charge-exchange cross-section for the Li?–Li interaction is the main factor

in determining the reactive thermal conductivity here. In Wang et al. [42] ’s study, the

charge-exchange cross sections of Li–Li? are obtained by a scaling procedure based on

experimental measurements for caesium [83]. Our current work uses the transport cross

section by choosing a best fit to beam measurements [68] and should be more reliable.

Above 10,000 K, the screened Coulomb potential interaction by charged species domi-

nates in the plasma. Our calculated viscosity is higher than that by Wang et al. [42]. This is

partly because of the difference in the formulations used for Debye length in the computation

of Coulomb collision integrals.Wang et al. [42] includes only the contribution from electrons

whereas our current work takes into account the effect of ions on the screening distance.

However, it seems that the much lower values above 10,000 K by them cannot be fully

explained by the different definitions of Debye Length because their value is one order lower

than that obtained by the literature for single ionized plasma. In contrast, our calculated

thermal conductivity shows good agreement with Wang et al. [42] ’s values. The slight

higher value by our work is due to the fact that the Debye length is defined by including the

ions’ contribution. Indeed, by using the same definition we obtain similar results.

Conclusions

Calculation of the transport coefficients under both the local thermodynamic equilibrium

(LTE) and non-equilibrium (NLTE) conditions have been reported in this paper for lithium

plasma extending the temperature and pressure as well as the non-equilibrium parameter

currently available in literature. The accuracy of the results has been checked through

comparisons with published available data. Good agreement is found in the low temper-

ature range where neutral species interactions dominate. However, there exist discrepan-

cies in the temperature range where ionization takes place between the present results and

those available from published literature. The difference is believed to be associated with

the use of different interaction potentials. For the calculation of transport coefficients, the

collision integrals used here are expected to be more accurate than previously calculated

values; accordingly, results presented in this paper are expected to be more accurate than

those previously published.
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