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Abstract

High energy air Transport Coefficients mod-
elling is made either with semiempirical laws or
following molecular theory of gases and liquids
developments. Semiempirical models come from
Sutherland’s law for air viscosity. Instead, it is
possible to develop different theoretical models
using different approximation levels of the the-
ory and different hypothesis on intermolecular
potentials variations

The present work developed three models, the
first is semiempirical, the other ones are theo-
retical. The results have been compared among
themselves and in this manner it has been possi-
ble to investigate the temperature range in which
the different modelling can be considered a criti-
cal effect. The present work evaluated the use of
approximate sum rules to calculate air viscosity
with respect to the use of theoretical exact sum
rules use; this fact doesn’t produce catastrophic
effects.

Moreover , has been investigated the correc-
tion on binary diffusivity of the species ie pairs
in air due to the presence of various components
in mixture. We noted that is not important to
introduce this kind of correction.
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Nomenclature

Symbol Definition - CGS

D Air mass diffusivity

R Gas universal constant

T Temperature in Kelvin

d Mulecular diameter

k Air thermal conductivity

r Molecular distance

v Velocity of flux

z Position in direction flux perp.
u Air viscosity

¢ Mass fraction i-specie

Cy Specific heat at constant volume
Cp Specific heat at constant pressure
Dy, Air self-diffusivity

D; Multicomponent diffusion coeff.
D;; Binary mass diffusivity

JE Energy flux

Ji Mass flux

Jp Impulse flux

k; Thermal conductivity

M; Molecular weigth

X; Molar fraction

ak; Fit coefficients for viscosity

brij Fit coefficients for binary diffusivity
k; Thermal conductivity

€ Interaction charactesristic energy
i Viscosity

d Intermolecular potential

p Density

Qi(1,1)  First Collision Integral

€4;(2,2)  Second Collision Integral

Introduction

When space vehicles reenter the atmosphere
at hypersonic speed, high energies are developed
in air surrounding the body. Energy transfer in
different flow zones are very important. For this
reason a correct modelling of Transport Prop-
erties is necessary to provide the thermal and



mechanical loads by CFD. We are speaking of
temperatures higher than 1000 K.

In the complete flow equations there are the
following quantities: air viscosity (u), air ther-
mal conductivity (k) and air mass diffusivity
(D). They are a measure of the transfer respec-
tively of impulse, thermal energy and mass in the
different flow regions.

The viscosity for a specie is defined by the re-
lationship:

. dv
Jp = Mi - dz (1

The thermal conductivity for a specie is de-
fined by the Fourier law:

J E= kc * 'J; (2)

The binary diffusivity for two species by the
Fick law:

de;
J=p-Dij— 3)

They suppose linear proportionality between
the impulse, energy and mass flow with velocity
gradients, temperature and mass concentration
respectively. The quantities y;, k; and D;; natu-
rally depend from temperature that is the mea-
sure of the gas molecules agitation, responsible
for the trasport.

The air is a mixture of different species for
which g (air viscosity) and k (air conductivity)
depend from p; and k; respectively and from ¢;
(concentrations of different components in the
gas mixture). The ¢; depends from pressure and
temperature and from the conditions in which
the gas is considered : chemical equilibrium or
chemical non-equilibrium.

For a mixture the multicomponent diffusion
coefficients are defined:

dei

4
. 4)
for a specie in the mixture.

The quantities u, k and D; are present in the

Navier-Stokes equations for which a correct mod-
elling with temperature variation is required.

Ji=p-D;

Semiempirical and Teorethical models

At present, two kinds of approches to model
Transport Coefficient variation with temperature
are possible: the semiempirical one and the the-
oretical one.

The semiempirical model developed in this
work is based on air viscosity Sutherland’s law

[1):
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1

T35
1+112/T (5)

proposed at the end of 19th century. Espre-
sion (5) is in good agreement with experimental
results at no high temperatures (< 1000 K) for
which measurements are available.It permits us
the calculation of even the air thermal conduc-
tivity and air mass self-diffusivity. In fact, there
are two simple relationships that link & and D to
1, if molecular elastic collision is supposed:

p=1462.10"°

15 R 4 C, 3
=T ur s ETy O
for the thermal conductivity and
14k
Dy = 7
e ()

for the mass diffusivity. Expression is the Eu-
cken’s law, that considers even the molecular vi-
brational freedom degrees.

The theoretical approch considers the inter-
molecular potential presence between the parti-
cles constituing the gas. This theoretical treat-
ment has been made by Chapman and Cowling
[2] and after has been completed by [3]. It is
based on thermodynamic considerations associ-
ated with the classical mechanical laws describ-
ing the molecular collision in presence of central
potentials.

For a i-specie holds the theoretical relationship

i = 26.693 - 10 2. 2) ®
for the viscosity, and
(= G+ )
Dij = 2.6280- 1073 —— (9)

p-Qi5(1,1)

for the binary diffusion between i-specie and
j-specie. The quantities £,;(2,2) and Q;;(1,1)
are function of temperature. They are Collision
Integrals and depend from intermolecular poten-
tials between equal species (ii) and between dif-
ferent species (ij). They require great calculation
efforts and are tabulated only for fixed tempera-
tures. For thermal conductivity the theory is not
able to give us a relationship similar to expres-
sions (8) and (9) for which is possible only to use
the expression(6).

The formulas (8) and (9) give us results only
for a temperature discrete set and the Collision
Integrals are tabulated in literature for different
Intermolecular Potential shapes. In the follow-
ing developments, the expressions (8) and (9)



have been approximated with relationships of
this kind ([4] and [5]):

pi = exp(ao; +a1;inT +aInT? +a31nT%) (10)

for i-specie viscosity and

D,;j = exp(bo; + bujlnT + bz,’j InT? + b3,‘j1nT3)
(11)

for binary diffusivity between specie and j-
specie.

Two theoretical models have been developed.
The first one is indicated in the following devel-
opments so Lennard-Jones model and it consid-
ers between molecules an Intermolecular poten-
tial of this kind [7):

(- @)

where d is the specie molecular diameter, ¢
the interaction characteristic energy, r the dis-
tance between the molecular centres. For inter-
actions between different species, the potential
is obtained so an average of potentials between
equal species. This simplification impacts heav-
ily on binary diffusion coefficients calculation.

The second theoretical model is indicated so
Yun and Mason model and has been developed to
investigate the effects of 'modern’ intermolecular
potential on Transport Coefficients. The Colli-
sion Integrals are tabulated on [6] and they come
from semiempirical intermolecular potential fits
of experimental data. Interactions between dif-
ferent species are considered. The Lennard-Jones
model is much more simplified than the Yun and
Mason one.

(12)

Single specie results : different models

Results for the main five species in the air
(N2,02,NO,N,0) has been obtained. Three
models has been developed : semiempirical,
Lennard-Jones and Yun-Mason. In refernce [§)
are reported the fit coeflicients of relationships
(10) and (11) calculated for single specie viscos-
ity and for specie pairs binary diffusivity. Fig-
ures 1 and 2 show viscosity of the five species
calculated with Lennard-Jones and Yun-Mason
models. The air Sutherland law behaviour is re-
ported also.

The plots show very interesting behavior:

o Sutherland’s law presents much lower values
than other curves after 2000 K.
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o The curves order is different for Lennard-
Jones and Yun-Mason models. For exam-
ple the atomic nitrogen curve is the curve
with lowest values for Lennard-Jones model
and is the curve with highest values for Yun-
Mason model.

o The Yun and Mason model is coherent with
physical expectation, because the curves N,
O are similar , and the curves N3, O, and
NO are similar, being discriminating the
molecular weight.

Consequently the three models show substan-
tial differences between them, in particular for
high temperatures.

Figure 3 shows the binary diffusivity of atomic
oxygen in molecular oxygen and of atomic nitro-
gen in atomic nitrogen. The two images show the
variations calculated with Lennard-Jones model
and with Yun-Mason model. Fifteen figures of
this kind has been obtained for all the specie
pairs in air; only two are reported for brevity
(5]. In general different behavior for different
models has been observed. In particular for
curves regarding atomic nitrogen have been ob-
served catastrophic differences. This fact indi-
cates Lennard-Jones model for nitrogen limita-
tions in coherence with figures 1 and 2.

These comparisons show the strong sensibility
of the Transport Properties to the use of different
models for species in air at temperatures inter-
esting for hypersonic problems.

Sum Rules

Air is approximatively a mixture of five gases,
of which compositions vary with pressure and
temperature. ‘The air Transport Coefficients
are calculated opportunely summing the single
specie or single pair ones.

The mixture viscosity come from a sequence of
analytical relationships very laborious to calcu-
late. They are reported in [3] at pages 531 and
532, It is necessary to calculate determinants of
5x5 and 6x6 matrices and of the quantities Aj;
defined by Q(2,2)/(1,1) dependent from tem-
perature, whose fits are reported in [5].

The Wilke law is reported in [9] and is an
approximate semiempirical relationship to calcu-
late mixture viscosity and it is at the moment the
most used in literature. It, even if complex, can
be implemented in CFD codes, without a catas-
trofic effort in terms of CPU time.

The air thermal conductivity is calculated
from air viscosity using relationship (6).

The calculation of the five multicomponent dif-
fusion coefficients for O, N, NO, N3,05 in air is



made using simple semiempirical laws. The most
used rule is the following [10] :
1—-¢
Dipy = -——;X— (13)
Lk D

The knowledge of gas specie concentrations,
gas specie molar fractions and binary diffusivities
is required.

The binary diffusivities in relationship (13) can
not be calculated from the relationship (9), that
holds for binary gas mixtures. It is necessary to
correct relationship (9) considering the presence
of various species in the mixture. The theory de-
veloped in [3] is able to give us correct formulas
for D;; of a multicomponent mixture and at page
541 there is a sequence of laborious relationships
to calculate. Precisely it is reqired the knowl-
edge of all the simple binary D;j, of the molar
fractons, of the molecular weigths and the caicu-
lation of the minors for a particular 6x6 matrix.

Alir results : different models

The air viscosity and the five multicomponent
diffusion coefficients have been calculated vary-
ing temperature; the approximate sum rules have
been used, the Wilke law and the formula (13) re-
spectively. The binary diffusivity was not correct
for the presence of various species in the mixture.
The air species concentrations has been calcu-
lated supposing chemical equilibrium and using
the Park model([11] and [12]).

Figure 4 shows the results obteined for the
three models : semiempirical, Lennard- Jones
and Yun-Mason for air viscosity. The air chem-
ical composition has been calculated for a pres-
sure of 1 atm.

The three curves are superimposed until about
1000 K, where there are experimental resuits.
After 4000 K the differences of the three models
are very sensible in particular for the Yun-Mason
model. We remember that after 8000 Kelvin the
presence of free electrons, which we didn’t con-
sider, is important.

Figure 5 has two pictures. The first one is the
air viscosity considering an air chemical composi-
tion 'frozen’ at standard composition, the second
one is the air viscosity considering an air chem-
ical composition with oxygen and nitrogen com-
pletely dissociated. The three developed models
are compared showing differences after 1000 K.

Figure 6 shows two calculated multicompo-
nent diffusion. The Lennard-Jones and the Yun-
Mason models are compared and it is possible to
note sensible differences for high temperatures.

After the analysis in this section we can con-
clude that the different results for trasport prop-
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erties for the three models for the air single
species create sensible differences even for the air
mixure properties.

Correct and approximate Sum Rules:
effects on air

In this part of the work, the approximations
introduced by semiempirical sum rules have been
evaluated.

The air viscosity has been calculated using the
Wilke law for different pressure values in chemi-
cal equilibrium conditions. The variation with
temperature is shown in figure 7. The pres-
sure determines different concentrations values
and different viscosity values. The pressure ef-
fect is not catastrophic on the results. In the
same figure there is also the air viscosity at dif-
ferent pressure calculated using the correct rela-
tionships reported in [3]. The curve in this sec-
ond graph doesn’t differ substantially compared
to the curve in the first graph. The figure 8 is
the ratio between correct and approximate air
viscosity for different pressure, showing that the
use of the Wilke law is a very good approxima-
tion to calculate air viscosity.

Furthermore the fifteen binary diffusivity
curves have been calculated using relationship
(9) and has recalculated taking in account the
presence of various species in the air mixture. All
calculations has been made considering a pres-
sure of 1 atm and the air mixture in chemi-
cal equilibrium conditions. The relationships in
(3] has been used. The results for two pairs of
species are shown in figure 9.

Moreover, the multicomponent diffusion coeffi-
cients of O3, N3, NO, N, O in air has been calcu-
lated with ’correct’ binary diffusivities and using
relationship (13). Figure 10 shows an example of
the results.

Even for the air diffusion there are not sub-
stantial differences between the use of simple bi-
nary diffusivity or of ’correct’ binary diffusivity.

In general the use of approximated sum rules
for the air trasport properties calculations is cor-
rect.

Conclusions

The use of different approximation levels in the
air trasport properties modelling has been eval-
uated.

For each specie in the air mixture the Trasport
Coefficients variations with temperature has
been calculated with three models : semiempiri-
cal, Lennard-Jones and Yun-Mason representing
three approximation levels. We obtained sensi-
ble differences between the models when the tem-
perature increases. At present the 'most correct’



model is considerad the Yun-Mason that is the
most complex model.

The viscosity, thermal conductivity and mul-
ticomponent diffusion coefficients have been cai-
culated for the air in chemical equilibrium, using
the previous three models and approximated sum
rules. The comparison of the obtained results in-
dicated differences for the different models with
increasing temperature.

The second part of the work investigated the
'goodness’ in the use of an approximate sum rule
for air viscosity and air thermal conductivity cal-
culations (the Wilke’s law). A comparison with
results obteined by complex, but correct sum
rules has been made. We didn’t find great differ-
encies in these comparisons. It is correct the use
Wilke’s law for calculations regarding air mix-
ture.

Moreover the multicomponent diffusion coeffi-
cients has been calculated using binary diffusivi-
ties, corrected for the presence of various species
in the mixture. These last five coefficients don’t
differ with respect to the coefficients calculated
with simple binary diffusivity. This approxima-
tion can be made.
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Figure 1: Viscosity for air species calculated by Lennard-Jones model and Sutherland law.
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Figure 2: Viscosity for air species calculated by Yun and Mason model and Sutherland law.
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Figure 6: Multicomponent diffusion coefficients for Atomic nitrogen in Air and Molecular Oxygen in Air.
Comparison between different models.
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in air.



