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A new kinetic theory approach for calculating the thermal conductivity of a dilute polyatomic gas from the intermolecular pair
potential is presented. The contributions due to internal degrees of freedom have been separated into a classical rotational and
a quantum-mechanical vibrational part. Assuming that the vibrational states of the molecules do not significantly influence
the collision trajectories, and that vibrationally inelastic and vibrationally resonant collisions are rare, we have obtained a
simple self-diffusion mechanism for the vibrational contribution to the thermal conductivity. For non-polar gases like methane
or nitrogen, the new approach yields thermal conductivity values that are very close to those obtained with the previously
used kinetic theory approach. However, for polar gases like hydrogen sulphide and water vapour, the values obtained with
the new scheme are much closer to the most accurate experimental data.
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1. Introduction

The relationship between the shear viscosity n and the ther-
mal conductivity A of a dilute monatomic gas, A/n = fcy,
has already been found empirically by Maxwell. Here,
¢y = cy.w = 3R/2M is the specific heat capacity at con-
stant volume and f = 5/2. For such a gas, the heat transport
in a temperature gradient is determined by binary colli-
sions, in which translational energy is exchanged between
the particles. Using the kinetic theory of gases, Chapman
[1] showed that binary collisions equally influence viscosity
and thermal conductivity, and that f = 5/2.

For polyatomic gases, where cy = ¢y 4 + Cint = Cy e +
Crot + Cvip (contributions due to electronic excitations can
usually be neglected), experimental data for  and A showed
that f < 5/2 [2]. The dynamics of collisions between
polyatomic molecules is far more complex than in the
monatomic case due to the anisotropic intermolecular po-
tential. Not only translational energy is exchanged during
collisions, but also internal energy. There is no simple ki-
netic theory relation for determining the value of f.

As an empirical improvement, Eucken [3] suggested
to decompose the thermal conductivity into two or three
independent parts,

A = Ay + Aint = Ay + Aot + Avibs (1)
where the individual contributions are given by Ay =

rlﬁrcv,tr with ftr = 5/23 Aint = nfintcint with fim =1, Arot =
NfrotCrot With fror = 1 and Aviy = nfiivcyvip With fuip = 1.

The Eucken formula led to an improved description of ex-
perimental data, but the agreement was not satisfactory
over an extended temperature range. It was assumed that
fint 18 temperature dependent [4], with experimental data
indicating 0.7 < fine < 1.3 [4].

Chapman and Cowling [5] as well as Schifer [6]
proposed a modified Eucken formula. They assumed a
diffusion mechanism for internal energy transport with
fint = Dint/n, where Dipy = p Diy 1S a density-independent
diffusion coefficient for internal energy. Thus,

A = Ay + DintCint = Atr + DrotCrot + DyivCuib- (2)

To a first-order approximation, this expression could be jus-
tified theoretically [4,7,8], but did not result in a significant
improvement since the quantities Diy, Dot and Dy, were
unknown and were usually replaced by the self-diffusion
coefficient, Dgeirf = 0 Dgeit-

In 1962, Mason and Monchick [4] showed, based on
the then available kinetic theories for polyatomic gases of
Wang Chang and Uhlenbeck [9,10] (semi-classical) and of
Taxman [11] (classical), that there is a coupling between Ay,
and A due to inelastic collisions, resulting in a decrease of
Ay and an increase of Ay At that time, the generalised cross
sections contributing to the thermal conductivity could not
yet be computed. Therefore, these cross sections were ap-
proximated [4,12] using collision integrals for spherical
particles, diffusion coefficients for internal energies (D;of,
Dyip) and collision numbers (Z;o, Zyip) Or relaxation times
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(Trot> Tvib) for energy exchange between translational and
internal degrees of freedom. Some of these quantities were
accessible from experiments. However, attempts to fit the
unknown quantities and their temperature dependence to
experimental data for the thermal conductivity were only
moderately successful [13—15].

Today, highly accurate ab initio pair potentials and effi-
cient classical trajectory (CT) codes for calculating gener-
alised cross sections for rigid molecules of arbitrary struc-
ture are available [16,17]. For the calculation of the ther-
mal conductivity, Bich and co-workers [18,19] developed
a scheme based on the kinetic theory of Wang Chang and
Uhlenbeck [9,10] to correct the rigid-rotor cross sections
for the effects of vibrational energy transport. For carbon
dioxide [19], methane [20], hydrogen sulphide [21,22] and
nitrogen [23], this procedure resulted in satisfactory agree-
ment between theoretically calculated thermal conductivity
values and the most accurate experimental data. For water
vapour [24], the agreement with experimental data was only
satisfactory for temperatures up to about 500 K, where the
vibrational degrees of freedom are not significantly excited.
Athigher temperatures, the calculated values systematically
deviate from the experimental data. At 1000 K, average de-
viations of about —5% were observed.

In this paper, we present an improved approach to cor-
rect thermal conductivity values obtained from CT calcula-
tions with rigid rotors for the effects of vibrational energy
transport. We have tested the new approach by calculating
the thermal conductivities of CHy, N, CO,, H,S and H,O
in the dilute-gas limit.

2. Formal kinetic theory for the thermal
conductivity of molecular gases

The transport properties of a dilute molecular gas can be
obtained from the first-order approximation of the gener-
alised Boltzmann equation [25]. In this approximation, it
is assumed that the gas is not too far from thermodynamic
equilibrium, and that only binary collisions occur. The one-
particle distribution function can then be written as

f=r00+9¢), 3)

where f© is the one-particle distribution function for the
local equilibrium,

©) _n(r,t) m v
o =" ()

X exXp [_(W2 + <€'int)]s

m \"2 Eun
W= C, Em=-" 4
(szr> s @

and ¢ is a perturbation function, ¢ < 1. With this ansatz,
we obtain the linearised Boltzmann equation [25],

Il fO
at

+¢-VinfO = —Ro. (5)

In the above equations, n is the number density, m is the
molecular mass, Zjy is the partition function for the internal
degrees of freedom, c¢ is the particle velocity, C is the par-
ticle velocity relative to the centre-of-mass velocity of the
volume element, W is the reduced particle velocity, &y is
the reduced internal energy and R is the linearised collision
operator. The time derivative in Equation (5) can be elim-
inated using conservation equations from the zeroth-order
solution of the Boltzmann equation and we obtain [25]

dln fO
at

+e-VinfO =Y ¥ oX'=-R¢. (6
o

where W is a microscopic flux and X* is the respective
thermodynamic force. For the thermal conductivity, we only
need to consider the energy flux W%, which is caused by a
temperature gradient X = VInT:

—R¢ =wE . XE, (7

The perturbation function ¢ is expanded in terms of an
orthonormal set of basis tensors ®7*' [25,26] (if p = 0 or
q = 0, the tensor rank k is unique and can be omitted) with
expansion coefficients X 795!,

1 lgst x,1gst E
¢:‘;qu,“’1 x'est . XE, ®)
so that
1
=Y Re X XE = wE L XE 9)
n
gst

After multiplying with the basis vector @,%"', we can take
the equilibrium average and obtain a system of linear equa-
tions for the coefficients X 45",

1 I 'y
;l Z <<I>}qSt|R(I)}q” >0 xla's't'  xE — <‘I)%¢ZM|‘I’E>O CXE.
q's't’

(10)
1gst

The basis vectors ®,"" can be written as

@, " = Ny [Wi7], LEP(WHR? (Ene). (11)
where j¢ is a traceless g-fold tensor product of the re-

duced angular momentum vector j with itself, [...]; de-
notes a contraction (explained in Ref. [27]), LY 2)(Wz)
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is an associated Laguerre polynomial and R,(q)(é’im) is a
Wang Chang—Uhlenbeck polynomial [9,10,26]. The classi-
cal limit of Rt(q) (Eint) for arigid rotor is qu)(é}ot) for a linear
rotor [28] and quH/ 2)(é’rot) for a non-linear rotor [17]. The
normalisation constant N, is chosen so that

((I,}qn @0 >0 = 84085581 AV, (12)

where AV is the isotropic projection tensor of rank two
[27]. The microscopic energy flux WZ can be expressed in
terms of ®'°0 and ®'%! a5 a sum of two contributions,

‘I’E — ‘1’5 + ‘I’f]t — ClOqu)lOlO 4 ClOOlq)lOOl’ (13)
where C'010 = (SkBT/Zm)l/2 and C!' = (¢, T)V? =
(CintT/m)'/?. The expression (<I>}q”|7€<l>iq” ), in Equa-
tion (10) can be written as [25]

(<I>iqst |R<I>iq's’t’>0

1 t M 1 1 M
—nwpo|a( ")+ 1° AD
lqls/t/ lq/s/t/

(g s\
=n(v)06(qs ) AL, (14)
1g’s’t’

Here, (v)o = 4(kgT/mm)'/? is the average relative ther-

mal speed and 6’({‘1;,;/)(1), 6”(}3,?,?,)(1) and é(ig,ii,)m are
temperature-dependent generalised cross sections. In this
work, we use only barred cross sections [25,29], and the
overbar will be omitted when the barred and unbarred cross
sections are identical. Using Equations (12), (13) and (14),

the system of linear equations (10) can now be written as
(e))
Z é 1q st qu/s/t’
—  \lg's't’
q's't

8
= ﬁ(aslatoclm + 8,081 C'ON. (15)

The thermal conductivity is obtained from the non-
equilibrium average of the microscopic energy flux [25],

q=nkgT(¥") =nksgT(¥"|g),

ne
= —kpT »_(WE|@)"") X' . XE = —AVT.
qst
(16)
It follows that

A= )"tr + )\int — kBClO]OXlO]O + kBCIOOIXIOOI. (17)

To obtain the first-order approximation for the thermal
conductivity, we need to consider only the basis vectors
®!910 and @91 in the expansion of the perturbation func-
tion ¢. The system of linear equation (15) then becomes

&(1010) X110 4 6(1010) x 1001 LOIO

1001 (v)o
1001 coo
6(1010) X110 4 &(1001) X100 = o (18)

where G(10st) = & (}(0); i) The result for the first-order ap-
proximation is

(A1 = [Aeli 4 [Ainch
SK3T (Sﬁ) —rS)

SFE

~ 2mv) S0 5O
19)
where SV is a determinant of cross sections,
&(1010) 6(101())
s — 1001 1001 ’ (20)
6(101()) &(1001)

and Sl(j1 ) are its minors. The parameter r is given by

B 1001 B 2Cin 1/2 .
"= = Ska : 2D

Second-order approximations were derived by Kagan and
Afanas’ev [30] and by Maitland et al. [31].

3. Obtaining thermal conductivity values for
vibrationally excited molecules from rigid-rotor
cross sections

Today the CT approach is the method of choice for comput-
ing generalised cross sections [32]. The colliding molecules
are approximated as rigid rotors (Cinerr = Crot) in the
CT calculations. General expressions for the rigid-rotor
. < k) _ O (k)
cross sections G(Z‘q’zi)rr = G’(Z,Z,j,i,)rr + GN(Z'Z/E';/)" ,
suitable for numerical evaluation, have been provided by
Curtiss [28] and Dickinson et al. [17] for linear and non-
linear rigid rotors, respectively. However, the resulting ther-
mal conductivity values A, only account for translational
and rotational energy transport. Using Ciy = Crot + Cyip
instead of Ciy ;r = Crot in Equation (21) is not sufficient to
fully account for vibrational effects.
Bich et al. [18] investigated the influence of vibrational
excitation on the individual cross sections that enter the



Molecular Physics 179

first-order approximation of the thermal conductivity. As-
suming that the vibrational states of the molecules do not
change during a collision, and that the influence of the
vibrational motion on the trajectories is negligible, they
obtained

S(1010) = &(1010),,, (22)
1010 Cot \ % _ /1010
== , 2
G(1001) <cim> 6(1001)rr 23)

1001 Crot \ /% _ (1001
S =) & , 24
(1010) <Cim> 1010/, @4)
Crot Cyib

S(1001) = = S(1001) +

nt mnt

o'(1000),.  (25)

The cross section ¢’(1000),, is related to the first-order
approximation of the self-diffusion coefficient,

kgT

(v)o0’(1000),; (26)

[Dself,rr]l =

This means that the vibrational energy is transported only
by the movement of the molecules. Bock ef al. [19] sug-
gested to correct the additional cross sections needed to
calculate higher order approximations using the approxi-
mate relationship

- (lgst (1) Crot t+0/2 lg st @
6<1q/s/t/) ~ C; 6 1g's’t’ ! (27)
nt q s t T

Relations (22)—(25) and (27) were utilised in Refs [19-24]
to calculate the thermal conductivities of CO,, CH4, H,0,
H,S and N, in the dilute-gas limit. The agreement with
the best experimental data is satisfactory in most cases.
A striking exception are the strong systematic deviations
found for H,O at high temperatures [24], indicating that
there might be deficiencies in the kinetic theory approach
used so far.

One of the shortcomings is the use of a single Wang
Chang—Uhlenbeck polynomial for the total reduced internal
energy Eiy in the basis functions ®7*'. In order to increase
the flexibility of the basis functions, it has been suggested
[13,33-35] to use a product of Wang Chang—Uhlenbeck
polynomials for the different internal degrees of freedom.
First-order expressions for the thermal conductivity have
been derived using such an approach for both pure gases
[13,33] and gas mixtures [35].

We follow this approach and define basis functions
®/**"" as products of rigid-rotor basis functions ®;%," and
normalised Wang Chang—Uhlenbeck polynomials of order

u in the total reduced vibrational energy &,

P = L Ry(E). 28)

k,rr

The normalised Wang Chang—Uhlenbeck polynomials sat-
isfy the orthogonality condition

<Ru(5vib)|Ru’(5vib)>0 = 6uu’- (29)

The first two polynomials are

Ro(Eviv) =1, (30)
ks \ 2
Ri(Eviv) = (C ‘b) Evib — (Evib)o) - (31)

Using the basis functions ®7?*"", the heat flux W is given
as a sum of three contributions,

WE = wE 4+ WE L wE
— ClOlOOq)lOlOO + ClOOlO(I)IOOIO 4 C10001<I>10001
(32)

where C101% = (SkgT/2m)!/2, C'%'0 = (CyoiT/m)'/* and
C10001 — (C,;, T /m)'/?. The generalisation of the system of
linear equation (15) is given by

(M
Z & lgstu xlasT
lg’s't'u’

)
= ﬁ(aﬂsto&mclmo" + 830811 8,0C 01
0

+ 8508108, C'M). (33)

The thermal conductivity is then obtained as

A= )\tr + )\rot + )Vvib
— kBCIOIOOXIOIOO +kBC10010X10010

+kBC10001X10001. (34)

For the first-order approximation, we need to consider
the basis vectors @019 §10010 54 19001 4nd obtain

G(IOIOO)XIOIOO + S 10100 XlOOlO
10010

Lo (10100\ o0 _ 10100
10001 (v)o

10010
6(101()0) x 10100 S(10010) x 10010
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N 6(10010) 10001 _ cloon

10001 o
10001 10001
G XlOlOO 6 XlOOlO
<10100) 50010
C10001
+&(10001) x 10001 — o (35)

If the vibrational states of the molecules do not change dur-
ing collisions, and if the influence of the vibrational motion
on the trajectories is negligible (the same assumptions as

The system of linear equation (35) then becomes

1010 CIOIOO

S(1010 erlOlOO + G( > XlOOlO — ,
(1010) 1001/, ()0
1001 CIOOIO

6( ) XIOIOO + G(IOOI)erIOOIO — ,
1010/ . ()0
CIOOOI

o’(1000),, X 10001 — )
(v)o

(40)

in the approach of Bich and co-workers [18,19]), it can be
shown that

(pastu)¥
o
p/qls/t/u/

Solving the first two equations for X '°1% and X019 and
substituting into Equation (34) yields the rigid-rotor ther-
/ (p gst )(k) mal conductivity [A;;];. From the third equation, we obtain

=0 . (R, (Evib)| R (Evib))g the vibrational contribution,
p/q/s/ / .
CyivkgT
®) 10001 310001 vibKB
=(PaSt [Avib]i = kgC ™' X =
=0 (p/q/s/t/) Suu (36) 5 m(U)()O'/(IOOO)rr
" = [Dself it ]1 Cvib- 41)

_(pastu\® _ (pgst\®
o ! Ayl ol 444/ =0 ! Ayl ol !
pqsl‘u pqsl‘ -

X (Ru (gvib»o (Ru’(gvib))o

(k)
t
=5”<” 4% ) Sudwo.  (37)

Thus, the total thermal conductivity is now given as

[)"]1 = [)\rr]l + [Dself,rr]l Cvib- (42)

To obtain a second-order approximation, [A],, we con-

! /s/t/
P " sider the basis vectors ®'0100 @10010 10001 = 10200
© $10020 10110 10101 10011 <1,12000 and (I,%looo Using
: = stu 4 > > 4 :
Thus, the cross sections G(Z’Z/s’r’u/) can be expressed Equations (38) and (39), we obtain two independent sys-
in terms of the rigid-rotor cross sections @(5‘1/;;,)(1‘) and tems of linear equations, one for the rigid-rotor contribu-
NG @5t tion, [A;]», and one for the vibrational contribution, [Ayip]o.
o (p’q’s’t’)rr ’ The rigid-rotor part is given by
(k) (k)
6<qut0> =é<qut) (38) si2T (S _ 5@ j25@ @
p'q's't'0 pa's't’) ., [l = 2m‘<3v) R & |
0
(k) (k)
_ t t
6(”,"/“‘, u> _ 6,<P/q/s, ) 5. (43)
p'q's'tu pqst).,
wtu > 1. (39) with 7 = (2C.ot/5kg)!/? and
1010 1010 1010 1010 = (1010 = (1010
6(1010)“’ 6(IOOI)rr 6(IOZO)rr 6(IOII)rr 6(1002)rr 6(1200)rr 6(IIOO)rr
1001 1001 1001 1001 = (1001 = /1001
6(lOlO)rr 6(1001)” 6(lOZO)rr 6(IOII)rr 6(IOOZ)rr 6(1200)rr 6(llOO)rr
1020 1020 1020 1020 = (1020 = (1020
6(1010)11 6(1001)rr 6(1020)" 6(1011)rr 6(1002)rr 6(1200)rr G(1100)rr
1011 1011 1011 1011 = (1011 = (1011
S(z) = 6(1010)1rr 6(1001)rr 6(1020)rr 6(1011)” 6(1002)rr 6(1200)rr G(IIOO)rr . (44)
1002 1002 1002 1002 = (1002 = (1002
6(1010)1’1‘ 6(IOOI)rr G(IOZO)rr 6(1011)11 6(1002)rr 6(1200)rr 6(1100)1‘1’
= (1200 = (1200 = (1200 = (1200 = (1200 = 1 & (1200\(D
6(1010)1rr 6(1001)rr 6(1020)rr 6(1011)rr 6(1002)rr 6(1200)rr 6(1100)rr
= (1100 = (1100 = (1100 = (1100 = (1100 = 1o0\(D) = (1
6(1010)11 6(1001)rr G(IOZO)rr 6(1011)rr 6(IOOZ)rr 6(1200)“‘ G(l 100)“
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For the vibrational part, we have

CuivksT S|
[Avibl2 = e SO [Dseit rr]2 Cvib (45)

where

o'(1000)r o'(igio),. " (ioor
(o) (1010 0" (jooy
§@ =" Goowde ' (lot0)se @' 100D
&' (oo)er & Goto)e & (ioon
(o) 7 Goto)e & Cloon

The total thermal conductivity is again the sum of both
contributions,

[A]2 = [Aw]2 + [Dselr e ]2 Cvin- 47)

To the best of our knowledge, only the first-order ap-
proximation (26) was previously known for the self-
diffusion coefficient of a molecular gas. Note the simi-
larity of Equations (42) and (47) with the modified Eucken
formula (2).

4. Results and discussion

We have re-evaluated the thermal conductivities of carbon
dioxide [19], methane [20], water vapour [24], hydrogen
sulphide [21,22] and nitrogen [23] in the dilute-gas limit
using the new approach. For hydrogen sulphide and water
vapour, we have also improved the precision of the gener-
alised cross sections by increasing the number of classical
trajectories by about a factor of 4 for H, S, and about a fac-
tor of 5 for H,O. The trajectories and the generalised cross
sections have been computed using an extended version of
the TRAJECT software code [16,17]. In the present CT cal-
culations for H,O, we have used the CC-pol ab initio pair
potential of Bukowski and co-workers [36,37]. Of the four
pair potentials tested in Ref. [24], it gave the best agreement
with accurate experimental data for the shear viscosity of
dilute water vapour.

For CH4, N; and CO,, the new thermal conductivity
values agree to better than £-0.15% with the values result-
ing from the procedure of Bich and co-workers [18,19].
However, for H,S and H, O, the new values differ by up to
+1.0% and +5.6%, respectively. The values resulting from
the different approaches are given for H,S in Table 1, and
for H,O in Table 2. The Cy values listed in the tables have
been calculated using the recommended equations of state
[38,39].

There are only very few experimental data-sets for the
thermal conductivity of H,S vapour. The data of Correia
et al. [40] for temperatures between 277 K and 594 K were
found to be of high quality [21], with deviations of +1.2%

to +1.8% from the theoretically calculated values of Ref.
[21]. Using the more precise values of the generalised cross
sections from the present CT calculations, we obtain devi-
ations of +1.0% to 4+1.6% for the procedure of Bich and
co-workers. If we apply the new approach, the deviations
are reduced to only +0.3% to +0.8%.

& (13000 8 (T00)u
& (00)e 7 (lo0)s
(13000 (oo |- (46)
5'(1200) &' (1200))
&' () 5(1100)7

The thermal conductivity of water vapour has been ex-
tensively studied experimentally. In Figure 1, calculated val-
ues are compared with selected experimental data [41-49]
as well as with the two most recent correlations of the
International Association for the Properties of Water and
Steam (IAPWS) [50,51]. The values obtained with the pro-
cedure of Bich and co-workers progressively underestimate
the experimental data with increasing temperature, whereas
the values resulting from the approach of this paper show
excellent agreement with the experimental data for all tem-
peratures. Note that the thermal conductivity values of Ref.

Table 1. Thermal conductivity (inmW m~! K~!) of dilute hydro-
gen sulphide gas calculated using the rigid-rotor approach ([Ax],
[Arr]2), the approach of Bich and co-workers [18,19] ([Ag]1, [As]2)
and the approach of this paper ([A];, [1]2).

T/K Cy/R [Achi [Aslr [Pl [Axl2 [ABl:  [2A]2

180  3.01 8.05 8.07 8.07 8.07 8.09 8.09
200  3.01 8.97 9.00 9.00 8.99 9.03 9.03
225 3.03 10.14 1021 1022 10.17 10.24 10.25
250  3.05 1134 1148 11.50 1137 11.51 11.53
275 3.07 1256 1280 12.83 12.60 12.84 12.87
300  3.10 13.79 14.18 1422 13.84 1422 1427
325 3.14 15.03 15.60 15.67 15.09 1566 15.72
350 3.18 16.28 17.07 17.16 1635 17.14 17.22
375 323 1753 1859 1870 17.60 18.67 18.78
400 327 18.78 20.14 20.29 1886 20.23 20.37
450 337 21.26 2336 23.56 2136 2348 23.67
500 348 2370 26.70 2696 23.83 26.84 27.09
550  3.58 26.10 30.14 3046 2625 3032 30.61
600  3.69 2846 33.69 34.05 28.63 3390 34.23
650  3.80 30.77 3731 37.72 3097 37.56 3792
700 391 33.03 41.02 4145 3326 4129 41.69
750  4.02 3524 4477 4523 3550 45.09 45.50
800  4.13 37.41 48.58 49.05 37.69 4892 4935
900 433 41.61 56.26 56.75 4195 56.67 57.11
1000 4.52 4566 6397 6445 46.05 6443 064.87
1100 470 49.56 71.62 72.08 50.00 72.12 72.56
1200 485 5333 79.16 79.59 53.81 79.71 80.14
1400 5.12 6053 93.77 94.15 61.09 9440 94.81
1600 532 67.29 107.7 108.0 6793 1084 108.8

1800 5.49 73.64 120.8 121.1 7436 121.6 122.0

2000 5.62 79.60 1333 133.6 80.41 134.1 134.6
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Table 2. Thermal conductivity (in mW m~! K~!) of dilute water
vapour calculated using the rigid-rotor approach ([Ay]i, [Air]2),
the approach of Bich and co-workers [18,19] ([Ag]i, [A5]2) and
the approach of this paper ([A]1, [A]>).

T/K Cy/R [r:i [ [ [xle [Asl:  [AL

250 3.02 14.89 1496 1498 15.03 15.10 15.12
275  3.03 1653 16.64 16.67 16.68 16.79 16.83
300 3.04 1820 1838 1843 1836 18.54 18.59
325 3.06 1991 20.17 2025 20.07 20.34 2042
350  3.07 21.65 2203 2215 21.82 2221 2233
375 3.10 2343 2397 2413 23.61 24.16 2432
400 3.12 2525 2598 2621 2544 26.18 2640
450  3.18 28.99 30.22 30.62 29.20 30.45 30.83
500 324 3287 3475 3536 33.09 35.01 35.60
550 330 36.85 39.54 4044 37.09 39.83 40.69
600 337 4090 44.57 4580 41.17 4491 46.09
650 344 4501 49.82 5144 4531 5021 51.75
700 351 49.15 5528 5733 4947 5571 57.67
750 358 5330 6092 6344 53.65 6142 63.81
800 3.66 5744 66.74 69.75 57.83 67.30 70.17
900 3.81 65.65 78.85 8292 66.12 79.58 83.43
1000 396 73.71 91.53 96.67 7429 9245 97.29
1100 4.12  81.60 104.7 110.8 8230 105.8 111.6
1200 426  89.30 118.1 1253  90.13 1195 126.2
1300 441 96.81 1319 1399 97.79 133.5 1409
1400 4.54 104.1 1457 1545 1053 147.6 1557
1600 4.78 1183 173.7 183.5 119.8 176.0 185.1
1800 498 132.0 2014 2119 1337 2042 2139
2000 5.16 1452 228.7 239.6 1472 2319 2419
2250 533 1612 262.0 273.0 163.5 2657 2758
2500 548 176.7 2944 3052 1793 2984 3083

A%

-6 1 Il 1
500 1000 1500 2000

/'K

Figure 1. Deviations, A = (A —[A]2)/[}]2, of experimental
data, of experimentally based correlations and of values calcu-
lated using the procedure of Bich and co-workers [18,19] from
values calculated using the approach of this paper for the thermal
conductivity of dilute water vapour as a function of temperature:
e, Vargaftik and Tarzimanov [41]; o, Vargaftik and Zimina [42]; A,
Le Neindre et al. [43]; A, Vargaftik et al. [44]; ¥, Popov and Dul-
nev [45]; v, Curtiss ef al. [46]; B, Miroshnichenko and Makhrov
[47]; O, Tufeu and Le Neindre [48]; ¢, Tarzimanov and Gabitov
[49]; — — —, TAPWS 2008 [50]; — - —, IAPWS 2011 [51]; —,
[A], values from the procedure of Bich and co-workers [18,19].

[24] (obtained with the approach of Bich and co-workers)
were used in the development of the TAPWS 2011 [51] cor-
relation to supplement the experimental data-sets at very
low and very high temperatures [52].

Apparently, the approach of Bich and co-workers works
well only for non-polar gases. In such gases, mostly transla-
tional energy is exchanged during collisions. By contrast, in
polar gases significant exchange of rotational energy occurs
due to the long-range electrostatic interactions, whereas
changes in the vibrational energy levels are still rare (and
neglected in the approaches of Bich and co-workers and of
this paper). It is therefore reasonable to assume that the non-
equilibrium distribution function behaves differently with
respect to the rotational and vibrational energies. If we use
the basis functions ®*', the non-equilibrium distribution
function depends only on the total internal energies of the
molecules. On the other hand, the basis functions of this
paper, @™ allow to distinguish between rotational and
vibrational degrees of freedom, so that the non-equilibrium
distribution function can be approximated more accurately.

One weakness of our new approach is that it does not ac-
count for vibrationally inelastic and vibrationally resonant
collisions. In fact, for water vapour vibrationally inelas-
tic collisions occur more often than for most other gases
[53,54]. However, since the agreement of the calculated
thermal conductivity values for water vapour with the ex-
perimental data is already excellent, we expect that the
effect on the thermal conductivity is rather small.

We estimate the uncertainty of the [A], values for dilute
water vapour (last column of Table 2) to be of the order of
+2% for temperatures between 500 and 1000 K, increasing
to 4% at 250 K and 2500 K. For dilute hydrogen sulphide,
we estimate the uncertainties to be of the order of +1%
between 300 and 500 K, increasing to £2% at 180 K and
2000 K. Note that these uncertainty estimates do not take
into account an increase of the thermal conductivity due to
partial dissociation [55] at high temperatures.

5. Conclusions

We have presented a new kinetic theory approach for cal-
culating the thermal conductivity of a dilute polyatomic
gas. In contrast to the previously used approach of Bich
and co-workers [18,19], the new method utilises more flex-
ible basis functions that contain separate polynomials for
the rotational and vibrational energies instead of a single
polynomial for the total internal energy of a molecule. The
resulting first- and second-order expressions for the ther-
mal conductivity involve only the vibrational heat capacity,
as well as generalised cross sections that can be computed
using the CT method for rigid rotors. We have also obtained
a second-order expression for the self-diffusion coefficient.

The new approach has been tested by calculating the
thermal conductivity of methane, nitrogen, carbon diox-
ide, hydrogen sulphide and water vapour in the dilute-gas
limit. While for methane, nitrogen and carbon dioxide, the
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resulting values agree within £0.15% with those obtained
using the method of Bich and co-workers, the values for
hydrogen sulphide and water vapour differ by up to +1.0%
and +5.6%, respectively. For both gases, the agreement
with experimental data is substantially improved.
Although we have only considered pure gases in this
work, the extension of the new approach to gas mixtures is
straightforward and will be published separately.
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