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~ Notation

A

B{T)

B' (T)

*
B

H|

NOMENCLATURE

molar (atomic) refractivity

second virial coefficlent, function of temperature

only

B(T)/RT, function of temperature only

B(T)/b,, reduced second virial coefficient

2/3 nlg3

velocity of light in vacuum

vii-

third virial coefficient, function of temperature only

le(t) - B(7)?1/RTP

C/boa, reduced third virial coefficient

molar specific heat at constant pressure for real gas

molar specific heat at constant pressure_fbr ideal gas

molar specific heat at. constant volume for real gas

molar specific heat at constant volume for ideal gas

fourth virial coefficient, function of temperature

only

electric field intensity

charge of ith

particle in moiecule

Mayer function = exp[-Beg(|3|)]'1

oscillator strength
molar enthalpy for real gas

Hamiltonian
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moler enthalpy for ideal gas

Planck's constant

Boltzmann constant = 1.3804 x 10728 erg/ox
force constant of ith particle in molecule
molecular weight

mass of i°® particle in molecule

the number of molecules per unit volume
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Avogadro's number
total mumber of particles

index of refraction N

B Ly

pressure, momentum vector By » - - Py

configurational partition function of a system comprised
of n particles

first approximation to configurational partition
function

second approximation to configurational partition
function '

coordinate vectors ry - ;.._rn; intermolecular
seperation

displacement of ith particle in molecule from its
equilibrium position '

r/o, reduced intermolecular seperation
molar entropy for real gas

molar entropy for ideal gas

absolute temperature

kT/e, reduced temperature

eime _ _

molar internal energy for real gas
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Greek

Notation

o

B

p

. a

]

molar internal energy for.ideal gas

molar volume

specific volume

V/bo, reduced molar volume

electric susceptibility

partition function for a collection of particles;

compressibility factor

mean polarizability

(k)™

dengity

intermolecular potential constant
force constant

intermolecular potential energy
&-function [= exp (-Bey)]
frequency of incident light
frequency of ith particle in molecule
wavelength of incident 1ight
induced dipole moment

dielectric constant

intermolecular potential energy (pair potential)
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SUMMARY

The thermodynamic pfoperties and index of refraction for nitrogen,

oxygen, air and argon have been calculated over a temperature range of

273 to 2,500°K for pressures ranging from 1 to 1,000 atmospheres. The

caleculated properties inelude density, internal energy, entropy, specific
heats at constant pressure and constant volume, and index of refraction.
Results are presented in tabular and graphical form. The results are
found t¢ agree within s few percent with the results of more rigorous
calculations end are thus considered to be suitable for engineering
purposes,

The theories and the equations used for determining the thermo-
dynaﬁic properties and the index of refraction are discussed in Chapter
ITI, The reduced virial coefficients utilized for the computations of

nitrogen, oxygen, sir and argon properties are given in Appendix A, B,

C, and D, respectively. The results are shown in the tables and figures

of' Chapter IV,
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CHAPTER I
INTRODUCTION

Recent advances in engineering technology, connected with re-
entry studies, high intensity readiation sources, high power circuit
breaskers, and magneto-hydrodynamic energy conversion systems (MHD) have
produced a need for thermodynamic data for nitrogen, oxygen, air and
argon'ofer 8 wider range of temperatures and pressures than those pro-
vided by previous calculations and experiments.

In simulation and re-entry studies, gas is heated to plﬁsma
_ ﬁemperatures by an electrical arc discharge operation at pressure
levels up to 200 stmospheres. Stagnation pressures up to 1,200
atmogspheres are observed at leading edges of re-rentry vehicles and
the temperature in the plasma in front of the stagnation point is up
to 10,000°K. In radiation gources used fox iaser pumpihg and other
applications, pressure levels up to 50 atmosphereé are spplied, while
system studies indicate a favorable effect of high pressure levels
(p < 100 atm)} in magneto-hydrodynamic energy conversion systems.

In all the previously mentioned systems, the plasma is contained
in a gas blénket with temperatures reaching from high.levels (plasma
' temperatures) close o the core to low values (wall temperature) at
the boundaries of the device.

On the other hand, the energy transfer by conduction, convection

and radiation from the plasma to the boundaries takes place through
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this cold gas blanket. In this way, the cold gas thermodynamic pro-
pértieg are needed to establish the boundary conditions for the plasma.
In addition, optical diagnostic takes place through this "cold" gas.
At high pressures'and low temperatures, the index of refraction shows
a substantial deviation from unity. For side-on sﬁectroscoPic obser-~
vations of the plasma, it is therefore necessary to evaluate the
dependence of the index of refraction on the pressure and the temper-

ature in the range of iﬁterest.
The present study was underftaken in ean effort to meet present

‘needs in this area. With this aim in view, it was decided to compute

thermodynamic data and values of the index of refraction over a temper~
ature range from 273°K to 2,500°K and 8 pressure rénge of 1 atmospﬁere
to 1,000 atmospheres.

For these computations it was necessgry_to select the appropriate
theories. A multitude of different equations of state have been used

for the description of gas imperfections (2-13, 29, 31). For the_

ranges of p and T investigated here, the virial equation of state (k)
furnishes resulfs which seem to agree best with experimental results.
Also, a great number of expressions for the intermolecular potential
are found in the literatures. However, the most comh@nly used potential
for monatomic, diatomic gases and mixtures of such gases, is the Lennard-
Jones "(6-12)" potential (26).' By using the reduced virial coefficients
in the virial equation of state, thermodynemic properties can be easily |
computed from the thermcdynemic relations.

At high temperatures, the index of refraction at a fixed fre-

quency of gases such as nitrogen, oxygen, air and argon shows a very

cRer DTSRI b T T T IR e e o D b Dt e b

13

e, o

T

o

SRR T T

O A T
FEEEE S A

o

Ty p—
BT Ul A

e

=

P e TR
o e ek




complicated dependence on the type of gas and denslity. However, a
simplified theory is presented in Born and Wolf (22). It is based on
the further development of the well known Lorentz-Lorenz equation (28).
Results computed with this theory show excellent agreement with experi-
mental values. From references 12, 13 and 22, we can see that for a
glven type of gas and a given denﬁity, the index of refraction is
almest independent of the wavelengths of the incident light in the

visible wavelength region of interest here. An example is given in

Table 1-1 (12).

Table 1-1. The Index of Refraction of Argon at 25°C

P n

(atm) 2 0=6678;. 5876 A 5016 A hoe2 A 713 A W71 A

1 1.0002567 1.0002580 1.0002596 1.0002597 1.0002604 1.0002611
21.4 1.00555 . 1.00576  1.00575  1.00576  1.00581  1.00581
100.8 1.02753  1.02761  1.02777  1.02782  1.02788  1.02791
690.8 1.13458  1.13505 ~ 1.13582  1.13602  1.13633  1.13669

1004 1.,1602%  1.16078 1.16160 l.;6191 1.16222 1.16264

Therefore, values of the index of refraction computed for one wave-
length in the visible range may be used for the whole viéible range.
From computations cérried out here, it was found out that the
percentage of dissociation at 2,500°K (the highest temperature con-
gidered in this pgper) is 9 percent for oxygen and only 0.02 percent

for nitrogen. Therefore, the simple gas model is employed in the
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calculations of this paper; that is each species present is considered
to be undissociated insofar as its equation of state is concerned. Con-

sidering this small degree of dissociation, this approach appears to

“he Justified. ’

The equations used can be readily included in & computer program
for a gas-dynemic problem requiring the thermodynamic properties of

the gases investigated here.
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CHAPTER II
PREVIOUS WORK

Although numerous publications of thermodynamic properties of
nitrogen, oxygen, air and argon have appeared, few of these are extended
sufficiently in the ranges of pressures and témperatures for the pre-
sent purposes. .In addition, the calculations and experiments have
ﬁsually been carried out only for a limited number of properties.

Figures 2-1, 2-2, 2-3 and 2-4 summarize the ranges of the pre-

(2-13, 29, 31, 33) on nitrogen, oxygen, air and argon,

vious work
respectively. The areas denoted by numbers indicate the ranges of
pressure and temperature for a certain property (or pfoperties) that
have been cdvered in previous work of other authors. . The_letters e

and "E" indicate that the work was based on a theoreticel approsch or

an experimental approach, respectively.

-In,some'of these papers, equations of state other than the virial

equation of state were used. However, with the exception of Michels,

(33)

Wouter and de Boer's paper s the intermolecular potential used in

all of the reviewed previous publications is the Lennard-Jones potential.

In this paper, the equation of state used is Van der Waals equation of

state, and the intermolecular potential used is the corrected rigid-

sphere potential.
From Figures 2-1 to 2=k, it can be seen that some of the thermo-

dynemic properties (internal energy, enthalpy, entropy, specific heats)
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and the index of refraction for nitrogen, oxygen, air and argon, espe-
cially for argon, are missing in the pressure range of 500-1,000 atmo-

spheres, and the temperature range of 400-2,500°K. For this reason

and in order to allow comparison with some of the known data, a pressure
range of 1 to 1,000 atmospheres and a temperature range of 273 to
2,500°K 1s chosen for present work. |

The previous work 1s summarized and reviewed in two texts, both

are heavily used in the present work:

J. 0. Hirschfelder and C. F. Curtiss (1h) pregent the equations

for calculating the thermodymamic properties by using reduced virial

‘coefficients and the virial equation of state.
M. Born and E, Wolf (22) present a method, as discussed in
Chapter III, for calculating the index of refraction, by using Lorentz-

Lorenz equation and molar (or atomic) refractivity.
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CHAPIER III
THEORY

A, f&operties of Real Gases

For the computation of the therﬁodynamic properties of real

gaées, it is necessary to include.the effects of the intermolecular

force in the properties of the sysftem. In the following considerations,

use is made of the general theoretical approach as described by

(14)

Hirschfelder, Curtiss and Bird with a modification due to van

Kampen'(32).

A-1, Partition Function

For the pressure and tem@erature ranges wder consideration, it
may be assumed that the particles are 1ndistinguishable and ﬁhe mole-
cular gas can be treated according to the modified Maxwell-Boltzmann
atatisticﬁl model. Further assumpﬁiﬁns that will be made for the
present computations are:

&) The classical partition function may be used rather than
expressions based on quantum mechanical considerations, because the
difference betweén successive energy levels is much smaller than the
basic energy measﬁre - KT. |

b)' The palr potential € describe the interﬁolecular inter-
actions with sufficient accuracy.

With these assumptions, the partition function may be written as

e T AL SN LR N R B [ [ e WPV
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4] b’ nt'! Yp-space o
d
'; where : é
.;_\:.- . 2 . R‘
: B (r,p) =) o+ 6(r) (3-2) g
#4] - ' :1!.
o= 5
i t
& with
é n' n' Jé
i I
: 8)= ) ) e (Iryri]) (3-3) %
i | i-1 j>i :

Here, H' is the Hamiltonian composed of kinetic and potential energy,

N L
': n' is the total number of particles in the system, h is Planck's con- %
.? stant, r and p axre the coordinates'and:the momenta,, € is the pair-

W B T

potential acting between parficles i and } in the gas; consistent with

its definition its value depends only on the distance, |ri-rj|, between

the two particles.

A-2. The Configurational Partition Function

In the classical approximation, the Hamiltonian separates into

5 the sum of a kinetic and a potential energy term, the momentum inte-

3 grations in Eq. (3-1) can be performed immediately, yielding a partition
%{ function | '

5 .

: waﬁw@¥ﬁk%wm (3-4)
I{ h _ . .

!? where
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o, .8) =[ ar, ... [ ar, exp(-89) (3-5)
v ) v :

is the configurational partition function. With the notation of Eq.

(3-3), the configurational partition function may be written as

n'n .
% = Iv dry .« - . I; dry exp [‘B EE Z; ee(lri'rjl)] (3-6)

1=1 j=i+l

introducing the abbreviation

§ij_= exp[-Bsg(lri-rjl)] (3'7)

the configurational partition funetion may be expressed as

Q. = I; ar, . . ..J; ar B Ba by e By By - B L (3-8)

Following the approach proposed by van Kampen, the conflgurational
partition function may be approximated by restricting the considerations.
to interactions between pérticles of groups of 2 particles for the first
approximation, of groups of 3 particles for the second approximation,

ete. The configurational partition function is then equal to the pro-

“duct of these approximations.

A-3. PFirst Approximation to Configurationsl Partition Funetion

The first approximation to Qn, may be constructed by considering

each of the

(2') - tuw
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interacting pairs in Eq. (3-8) separately, as if any pair were

inaffected by the other molecules. Consequently,

Q‘n'.(l)=/n'[é_‘[drljdr2 @m][vlzfdrlj’a_r?) W

x[ S e fargng ] [l fon gy 160

(1)

The first approximation, Qh' » can be evaluated explicitly by

inmtroducing an average distance |p| between two particles, which yields

, . @
e {] a7 e (-8ey (15101 } (3-10)
. |

A-l4, The Second Virial Coefficient

When considering a very large rumber, n', of molecules, EQ.

(3~-10) may be approximsted by

) = v e Gaw [ a5 { el-pey (1511 - 1)) (3-11)
v

Introducing fhe Mayer fﬁnction:
£(]p]) = expl-Be, (|51 - 1 (3-12)

and using Eq. (3-4), the following first approximation for the partition

fuhction is obtained:

. Y E
7' = :’11, (?-“:-—%-T- - m'I(T) (3-13)
where
p(r) = - 3 [ ape([5)) (3-14)

T TR TR A
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by From the basic relation

p(V,T) = KT (-a-%‘—,”‘z—)T S (3)

i results
p = NeT + FPKTb(T) (3-16)

Fx : or in molar form

BV . g4 B |
5 me=l+— . (3-17)

iH: ‘where N is Avogadro's number, V is the molar volume, and R is the
universal gas constant. By comparing this expansion with the virial

equation of state

‘a PX=1+E@)—+C—(2).=. .

- RT v ") A

:E’: .

& the first approximation t¢ the real gas equation of state can be equated

to the second virial coefficient:

rRERTI

B(T) = Fo(T) (3-18)

miT

A-5. Third Virial Coefficient

By repeating the above steps in the evaluation of e second

3 approximation to the configurational partition function on groups of

{ 3 interacting particles at a time, the third virial coefficient may

bl be obtained., Assumling that each of the

( :' ) = %n'(n'é-l)(nr.g)
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£roups of molecules taken three at a time interset in isolation, it

results:

Eh,(g)g[v%Iv ar, Iv ar,, _rv ary B, @23_§31 ] ...

Assume this expression contains 1/6 n'(n'-1)(n*-2) identical multi-

plicative terms, and is eguivalent to

*(n'-1) (n'-2)/6
Qn'(z) _ [ V% L ar, Iv ar, L ary 3, By &y ] e (3-19)

Eq. (3-19) overcounts the interactions between each two particles,

therefore each multiplicative term in Eq. (3-19) has to be divided by

W[4 ]3 |
LV -3 [ ar, | ar, 8, (3-20)
v v
to yield the second approximation to the donfigurational partition
fﬁnction
v fv ar, L ary [ arg ayp g by m D) mr2)/6

(3-21)
( Iv dry L drp 3o )3_

when considering a very large number of molecules and introducing Mayer

4 & = [

function ag before, it results
o &) = expl-dnirfe(m)]
with
e = -3 dip [ diyy t0R DR 2R (622)

so that
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a.~o, M v epniane) - kaem)
from which, it follows that
P - NkT[1 + No(T) + Nzc(T)]

or in molar form

—_—

v . . Wo(r) . Fe(r)
-ET 1+ ~ek +

= 7 (3-23)

Again, by comparing this expansion with the virial equation of state,
the second approximation to the real gas equation of state can be

equated to the third virial coefficiént:
c(?) = Fe(r) (3-24)

A-6. Thermodynamic Properties

In order to evaluate thermodynamic properties, it is now possible
to write the following general expression for the partition function.
In this equation, we den&te.the second virial coefficient {per molecule)
, the third by b

by b s and so on. - Thus

1 2

(3-25)

By using this partition function and thermodynamic relations, we can
get following equations

.2 =k
vvyt e T E(E) (-26)
k=1

O . Rty Wcmreetien OO el U PRl e Wyt sl P O WSO UM U WL~ S LA & B
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range of 273°K to 2,500°K and the pressure range of 1 atmosphere to

18

o ;l ﬁK de .
S=-8y =-R ) % ( v ) (T a * bK) (3-27)
K=1
. = 1 7 T A\K @b Tz';l ﬁKd?bK
ot =2 ) g () @ - )Y g (§) 29
K=1 K=1
- 7 K
pv - RT = RT ( 7 ) by (3-29)

B. Equation of State

In the literature, a multitude of different equations of state
have been discussed for the determination of gas imperfections. Some

examples are the "Goodman equation of state" (24), "Beattey and

. (25) . (1h)

Bridgeman equation of state , and "virial equation of state
However, the virial expansion of the equation of state leads to thermo-

dynamic properties which compare favorably with ekperimental results in

the ranges of pressure and temperature under consideration here. Depend-
ing on the ranges of pressure and'temperature, other approaches may have f

to be used for the determinstion of properties. For the'temperature

1,000 atmospheres of interest here, the virial equation of state is
generally the preferred approach in the literature.

B-1. The Virial Equation of State

The virial equation of state

B+ BT, (M, pm) . .= Z

B vttt 3 (3-30)
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where the power series in reciprocal power of V is called the compressi-
vility factor, Z. B(T), C(T), D(T), etc., the second, third, fourth
virial coefficlents, represent physically the departures from ideality
dependent upon interactions involving fwo, three, four molecules, and
are functions of temperature only. V is the molar volume, p is the
absolute pressure and. T is the absolute temperature.

Some authors prefer to express thelr data by defining

., _ B |
B' = BT | (3-31)

2 .
o s %)—21 (3-32)

and expanding the compressibility factor in a power seriés of pressure

(1)

E% =1+ B'(T) p + C'(T) p2 + ... _ (3-33)

and there is no difference in physical meaning between Eq. (3-30) and

Eq. (3-33).

C., Intermolecular Potential

Agsin, a great mumber of expressiohs for the potential of the
intermolecular force have been proposed in the literature for the gases
under investigation. The more frequently used ones are, hard-sphere
(rigid-sphere) potential (26), Morse potential (30), squ&reAwell

potential, Sutherland potential, and Lennard-Jones (6-12) potential

However, the most commonly used potential for monatomic gases, diatomic

gages and,mixturés is Lennerd-Jdones potential.

B St T I M IESOTL A TLTITTT LD e LIS ST It e SRR v

(26).

e

T
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C-1. Lennard-Jones {6-12) Potential

Because of its good coverage of very wide ranges of pressure

and temperature, the Iennard-Jones potential is the most commonly used

-potential, Because of the justifications given in the literature

(2, 3, 5, 6) which are based on the good agreement between experimental

thermodynamic properties and properties determined in computaﬁions
using the.Lennardbines potential, so LenﬁardPJﬁnes potential is used
in present work. Tables of reduced virial coefficients for this
potential are available (15), therefore the calculations of thermo-
dynamic properties are greatly simplified. |
The Lennard-Jones potential is shown in Eq. (3-34) and Figure

(3-1).

o) =k [ (Y -(2) ] (3-34)

IR 6\1;/ ,
€

Figure 3-1, The Lennard-Jones Potential

In Eq. {(3-34), the parameters o and e (which have dimensions of

length and energy, respectively) are cheracteristic constants of the
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chemical gpecies of the interacting mblecules. o i8 the effective
diameter of the molecule. At r = o, the potential energy is zero,
and therefore o is the dlstance of closest approach of twolmolecules
when there is no initial kinetic energy. The parameter e represents
the depth of the potential well at a separation where the intermole-
cular force is eéual to zero, this occurs at a separation of r = 21/6&.

At large separations (r >> o), the second term of Eq. (3-3h)
- becomes important and provides the rapid decrease of the attraction
force with increasing intermolecular distance. At smail separations
(r << a), the_first term of Eq. (3-34) is important and provides the
rapid increase of the repell force with decreasing intermolecular dis-
tance. Thus the shape of this function (Eq. (3-34)) duplicates the
shape of the intermolecular potential.

For a mixture composed of n species of different gases, the

parameters ¢ and ¢ are approximated:

Loy +ay+. . *a) (3-35)

and
c=leg ey . - e /0 (3-36)

where Jy1s Oy « » . O, are the efféctivg molecular diameters of the
different species and €5 655 + + » € aTE the potential wells of the
different species. Air, the only mixture under investigation in the
present work, is considered to be cdmposed of nitrcgen and oxygen only,
and we can éalculate the values of o and ¢ for air from Eq. (3-35) and

(3-36) by using n = 2, With these expressions, the Lennard-dJones

e T R T T e T et —
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A
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potential is applicable to mixbures as well as to pure gas components.

D. Applications

D-1. The Virial Coefficients for the Lennard-Jones (6-12) Potential

In the discussion which follows many of the formulae assume

simpler forms if the law of corresponding state is applied and the

following reduced quantities, as discussed in Hirschfelder (1k) s are
used:
*
r = £ T* = -I-{-E
o} €
* B *# .
"B == = —
bo boz
B = *K(dKB) ot - 1 (L (3-37)
K K - d.T*K -

where b_ = z/3 ﬂﬁo’?’ , and N is Avogadro's mmber. The quantities Bk*
and Ck* are dimensionless derivatives occurring in the expressions for
the thermodynamic propgr’!:ies_.

The reduced quantities defined by Eq. (3-37) can be applied o
mixtures a.s well as to pure gases. The virial coefficients for mixture

composed of n species are defined as

n n
w

VL Bg X (3-38)
o=l P=1

and
n n n
AN -

C = Lo Lcaﬁrxaxﬁxr (3-39)

o=l B=1 r=1

where X, is the molar fraction of ith species. Tables of the reduced
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second and third virial coefficients and their temperature derivatives

are found in the literature (15). Thege tables are used for the compu-

tations carried out here and are shown in Appendixes A and B.

The empirical data for ¢ and e/k for nitrogen, oxygen, air and
(28)

argon are shown in Table (3-1)

Table 3-1. o and ¢fk for Nitrogen, Oxygen, Air and Argon
for ILemnard-Jones Potential from Second Virial
Coefficlent Dats

a(i) e/k(°K) Refs. of data
N, 3.698 | 95.05 17
0, 3.58 17.5 18
Air 3.522  99.2 19
Ar 3.405 119.8 9

D-2. Equations for Thermodynamic Properties

With the second and third virial coefficients and their deri-
vatives known for nitrogen; oxygen; air and argon, the presented pro-
pertieé were calculated by means of the:thermodynamic reletions (Eq.
(3-26) to (3-29)) and Eq._(3;30), for different pressures (p) and
temperatures (T) in the ranges under consideratidn;

In molar form the relations used are:*

1. Molar Volume (V).

Z=1+B(T)p+C(T)p>+... (3-40)

- ZRT (2=
V= > (3-41)

* . '
The superscript "o" indicates the values for ldeal gases.
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Internal Energy (U)
e fLx(E), -]
v-w=-f |7 E p jdv
. v v
B, o *
- X P T
Ne v (v')
Enthalpy (H)
-H°=pv-RT-J[T(§% -p_.]dv
v v
5* B.* o*le ¥
H-#° o e 2%,
Ne -V (v')
Entropy (S)
g 0 R
= 8 = «Rlnp + rln j [ ( -5 ] av
5-5° 1* % e
- 1
R =_1np-[ *+ (*2 +.0-]
2(v)

Heat Capacity at Constant Volume (Cv)

y o
'?V_- Cv° = - TI:( -:—Tg-)v av

v 2 (VY

Heat Capacity at Constant Pressure (CP)

v (%

TREPL I [ (3) w
FF (avj ar v
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(3-12)
(3-13) i
j
i
(3-LL) !
(3-45)
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g -¢° B B -8 P .c"+c*-2cF
p " *p 2 "B T -C 0 3G he
R ==t ) + . . . (3-46)
' v (v)

The reduced virial coefficients for the absolute temperatures
used, in the computations for nitrogen, oxygen, air and argon properties

*
are shown in the Appendixes C - F.

E. Index of Refraction

A classical theory describing light absorption and the index.of
refraction of light was developed by Drude (27). The molecular model
used in Drude's theory is ag follows: The molecule is regarded as s
set of particles of charge ey and mass m, 5 and each of these particles
is harmonically and isotropically bound to its individual equilibrium
position. The force constant for the ith particle is ki, its frequency

of vibration is

| 15 \2
== (2) : (3-47)

m,
.1

and its displacement from the equilibrium position is

A beam of incident light exposes the molecule to an alternating
electromagnetic field. If the frequency Vo of this light is suffi-
ciently low that the wavelength Ko = c/v0 is large compared to the size

of the molecule, the external electric field is essentially uniform

¥
By using interpolation from Appendix A and Appendix B.
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throughout the molecule, and has the intensity
E= E; Cos(envot) (3-48)
The force on the 102 particle in the molecule is then given by
F, = - K6r, +r, B Cos (Eﬁvot) (3-49)

According to Newton's second law, the equation of motion of i’} particle
is

2 .
d
m, E (51-1)_ + Ki ot = eiE’O Cos (211\)01:-) (3-50)

The steady state solution of this equation is

e
§r. = ( e
1 YrPm {v 2.y

i i

T cos(emv. t)
> °2) (3-51)

Q
For small external electric field, the induced dipole moment

l':(ind) = Z e; 6Ty i (3-52)

1
:ﬁay be written as

E(ind) R

(3-53)

where ¢ is the polarizability of the object. Since the induced dipole
moment is in the direction of the field, the polarizability, o, is a

scalar, hence the following expression for the polarizability of the

molecule is obtained

e

i) =5 | ——— (3 !
i

1 Vo

Ty

T i

[ . - o e T 3 e T il i gV 30y Syt O I A . S e - i |
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The expression for the polarizability is often written in terms of
oscillator strengths, fi, which are defined as
e, /m.
e U
= o (3-55)
in which e and m are the charge'and mass of an electron. In terms of

these quantities

alv,) = =5 Y s  (3-56)
mTm i \Ji -'\Jo

is the polarizability of a molecule.
The defining equation for the electric susceptibility is the

Cleausius-Mosotti relation

xe) _ oy &t (3-57)

"N e+2

where N is the number density of molecules; ¢ is the dielectric constant;
x(®) is the electric susceptibility. |

It thg molecules have no permanent dipole moment, the polari-
zability, o, is identical with the.electric susceptibility, X(e),.and

it results for the Clausius-Mosotti relation

€= = ”3—" Na(v,) | (3-58)

Since the index of refraction, n, is defined as the ratio of the
velocity of light in vacuum to the velobity of light in a medium, it

follows directly from Msxwell's equation

curl B - s . EE o)
c ot

e
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for the index of refraction

n = (ue )%

For the'réhges of pressure aznd temperature considered in the
present report, the permeability, u, 1s very nearly unity, so that n

is approximately equal to ./ ¢ « In connection with Eq. (3-58), this

leads to the well-known Lorentz-Lorenz formula (20, 21)
n2 -1 |
= k¥ 2 | (3-60)
n +2

where ¢ = mean polarizability, N = the mmber of molecules per unit
volume, and n = index of refraction.

Instead of the mean polarizability, o, one cften uses another
quantity A, called mola.f refractivity. (In the case of mona.ﬁomic sub-"
sta.nces, it is called atomic refractivity). This essentially the total

polarizability of a mole of the substance, being defined as

by

A= ‘-3— -N-a (3"61)

If M is the molecular weight, p is the density, then the molar volume,

vV, is
N M .
Veg=7 (3-62)
Hence the molar refractivity may be written in the form
o _
Mn'-1
A== n2 ' (3"‘63)
P n“+2 .

Eq. (3-63) shows that A has the dimensions and the order of magnitude

of a molar volume,
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For a gas, n2 is nearly unity, so that
. 2 :
_ Mn -1

Eq. (3-63) gives the explicit dependence of the index of refraction,
for light of any one particular visible coleor, on the density, and it
should hold when the density is changed provided that isotropy is pre-
served (22). In thé case of gases, it is found that ne-l and, p are
very nearly proportionsl to each other as demanded by the Bg. (3-64).
Buf, even at high pressure, when n will differ appreciably from unity,

(22)

the molar refractivity remains svbstantially constant , a8 illus-

trated in Table 3-2.
Table 3-2. The Molar Refractivity A of Air at Different

Pressures and at about 14.53C and Sodium
Light with Wavelength 5890 A (Reference 22)

Pressure in atm n A (ft3/lbimole)
1.00 1.0002929 2.170
42.13 1.01241 - 2.177
- %6.16 1.02842 - 2.178
136.21 1.04027 .17k
176.27 1.05213 - 2.170

With the.molar {or aﬁomic) refractivity and density known for
nitrogen, oxygen, air and argoen, we can calculate the index of refraction
from Fq. (3-63). |

The molar (or atomic) refractivity for nitrogen, oxygen, air and

argon are shown in Table 3=3,

O P Y O S A [l Yt i W Sl /0% A SO MRV R e s b I Ll
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Table 3-3. The Molar (Atomic) Refractivity for Nitrogen,
Oxygen, Air and Argon for Sodium Light with
Wavelength 5890

N2 02 Air Ar

A (cmd/g-mole) 125.969h 1254781 135.466k 170.3220

Refz, of data 13 15 15 12

D

Oy A

2 o e PR P o B b G S s i
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CHAPTER IV -
’ RESULTS AND DISCUSSIONS r:il
M The numerical results are obtained usir_lg ‘the theoretical approach L%:
u; outlined in Chapter III. They are presented in tabulé.r form for Nz, J
;q‘ 02 s alr and Ar’ and in graphical form for air and argon only. Il
! 4
A. Tabulated Results f
For each gé.s, the tabulated results are presented in the follow-
; ing order: disotherm (pV), density (p), internal energy (U), enthalpy
(H), entropy (S), specific heat at constant pressure (CP) , specific '
“F: heat at constant volume (Cv) and index of refraction (n). }
J Table 4-1 to .Ta.‘ble 4-8 Properties of Nitrogen _ Tﬁ
L{ Table 4-9 to Table 4-16 Properties of Oxygen | ' k
Ef‘ Table 4-17 to Table L-24  Properties of Air 3
Table 4-25 to Table 4-32 Properties of Argon |
l
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Table 4-1 Isotherms(pv) of N,
p (atm), T (°K), pv (atm-cm’/g)

1

2

5

10

20

50

100

200

'50Q

1000

273

500
700
900
1100
1300
1500
1700
1900
2100
2300
2500

799.28
878,56

1465.12

2051 .22
2637.16
3223.02
380886
4394.,70
4980.53
5566.37
6152.18
6737.99
7323.80

798.9%  797.9%  796.36

878.1
1465.73
2052.10
2638.19
3224.09
3809.96
4395.83
4981.70
5567.57
6153.38
6739.19
7325.00

877.99
1467.55
2054.77
2641 ,27
3227.31
3813.27
4399.23
4985.19
5571.16
6156.97
6742.78
7328.95

877.36
1470,62
2059, 24
2646.40
3232.68
3818.79
4ol 91
4991,02
557714
6162.95
6748.77
7334.58

793.52
876.41
1476 ..89
2068.23
2656,70
3243.43
3829.84
4446,26
5002.67
5589.09
6174 .91
6760.74
7346,56

787.62
875.98
1496.70
2095.63
2687.81
3275.81
3863.05
450,32
5037.61
5624.,92
6210.76
6796,60
7382 4

?86.&?.

883.32
1533.13
2142.81
2740,32
3330.13
3918.60
4507.17
5092.82
5684 .52
6270.39
6856.25
k2,12

816.72

928.27
1618.70
2242.76
2847.90
340.19
4030.44
h621.14
5212.13

.5803.31

6389.20
6975.08
7560.97

1167.90
1305.13
1977.18
2587.46
3190.95
3781.56

b371.97

4965.17
5560.17
6156,40
6?“2.02
7327.70
7913.46

2621 .3
2739.95
2913.88
3311.38
3830.47
4387.84
4961 .17
5545.63
6137.29
6733.89
7318.08
7902.61

8487.,48




- Table 4-2 Density(p) of N

2

p (atm), T (°K), p (kg/m>)

20

By 2 5 10 50 100 200 500 1000
273 | 1.250112 2.50332 6.2661h 12,5572 25.2040 63.4822 127.151 20,883 1428.119 381.48%
300 1.13823 2.27684 5.69486 11,3979 22,8204 57.0792 113.209 21545 383.103 364.971
500 | 0.6825% 1.36451 3.40708  6.7999 13.5420 33.4067 65.226 123.556 252.885 H3.185
700 | 0.48752 0.94761 2.43336 4.8562 9.6701 23.8501 46,667 89.176 193.239 301.980
900 | 0.37920 0.75810 1.89303 3.7788 7.5281 18,6025 36.492 70.227 156.693 261.065
1100 | 0.31027 0.62033 1.5%928 3.00%% 6.1663 15.263% 30,029 58.136 132.221 227.902
1300 | 0.26255 0.52895 1.31121 2.6186 5.2222 12.9431° 25.519 49.622 11%.365 201,365
1500 | 0.22755 0.45498 1.13656 2.2702 b4.5287 11.2351 22.187 43.279 100.701 180.322
1700 [ 0,20078 0.40147 1.00297 2.0036 3.9979 9.9253 19.624 38.372 89.925 162.938
1900 | 0.17965 0.35922 0.897%8 1.7930 3.5784 8.8890 17.592 34.463  81.216 148,503
2100 | 0.16254 0,32503 0.81209 1.6226 3,2389 8,0505 15.948 31.303 74162 136.648
2300 | 0.14841 0.29677 0.74153 1.4818  2.9583  7.3566 1_4.585 28.674  68.234 126,540
2500 | 0.4365% 0.27304 0.68226 1.363% 2,722 6.7728 13.437 26,452  63.484 117.821
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Table 4-3 Intermal Energy(U) of N

p (atm), T (°K), U (Kcal/Kg-mole)

2

J—
Y

273
300
500
200
900

1100
1300
1500
1700

1900

2100
2300
2500

2

'5

10

20

0

100

200

500

1000

~1.57
132.90
112831
2123.33
3118.21
4113.01
5107.80
6102.59
2097.38
8092.17
9086.92

-3.4b
131.51
1127.60
2122.88
3117.91
112,78
5107.64
6102.45
7097.29
8092.12
9086.89

=7.86
127.35
1125.45
2121.55
3117.02
312,07
5107.05
6102,03
7097 .01
8091.99
9086.80

-15.73

-120.40
1121.89
2119.34
3115.53
4110.90
5106.12
6101.33
7096. 55
8091.77
9086.66

-31,51
106.53
1114.82
2114,96
3112.58
4108.57

5104.26

6099.95
7095.64
8091.33
9086.37

-78.88
65.18
1094.06
2102.09
3103.90
Ho1.71

'5098.78

6095.86
7092.96
8090.06
9085, 54

-156.41

-1.70
1060.97
2081.53
3089.99
4090.68
5089.95
6089.28
7088,66
8088.05
9084.25

~295.58
-120.79
1000.90
2043.64
3064.14
4070.03
507335
6076.90
7080.62
8084 L2
9081.99

-501.38
-308,36

870,35
1953.03
3000.13
401778
5030.83
6045.20
7060.45
807624
907743

-450.25
-288.53

781.37
1861.77
2927.17
3954.96
4978.38
6006.10
7036.75
8069.31
9075.42

100B1.7 10081.7 10081.6 10081.5 10081.% 10081.0 10080.5 10079.6 10078.7 10081.9
11076.4 110764 110764 11076.5 110764 11076.5 11076.6 11077.2 11080.1 11088.9
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Table 4-4 Enthalpy (H) of N,

p (atm), T (°K), H (Kcal/Kg-mole)

2

5

10

20

50

100

200

500

1000

N t

273 -1.80
300 186,81
- 1582.83
2978.13
4373.21
5768.14
7163.04
8557.95
9952.85
11347.8

12742.6 .

500
700
900

1300
1500
1700
1500
2100
2300 | 14137.5

2500 ] 15532.3

«3.61
185.32
1582.52
2978.29
4373.60
5768.63
7163.60
8558.58
9953.55
11348.5
12743 .4
14138.3
15533.1

-9,00
180.87
1581 .61
2978,77
4374,80
5770.11
7165.29
8460.#?
9955.65
11350.8
12745.7
14140,7
15535.6

-17.9%  -35.63
~173.50
1580.14
2979.59
4376.80
5772.58
7168.10
8563.62
9959 .14

11354.7
12749.7
141446
15539.6

159.98
1577.32
2981.31
4380.83
5777.55
717374
8569.93
9966.13

11362.3
12757.5
14152.6
15547.8

-86.83
117.39
1569.90
2986.,98
4393.23
5792.64
7190.78
8588.96
998?.16
11385.4
12781.0
14176.6
15572.2

-1&}01?
55.54
1560.83

2998,05

Wk, 75
5818.34
7219.56
8620.89

10022.3

11423.8

12820.1

14216.5

15612.8

'281 .’-}8 ] "39?0?1

-37.04
1553.15
3025.08
4460,37
5871 .45
7278.25
8685.45

10092.9
11500.6
12898.3
14296 .1
15693.9

-132.70
1577 .44
3126.47
4607.39
6037.62
7458.91
8881, 54

10305.2

11729.7

13131 .4

14533.2

15935.0

=375.79
-125.71
1628.16
3285.84
4842, 50
6308.43
7755.23
9202.68
10651.4

12101.2
13510.2

14918.9

16327.5
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Table 4=-5 Entropy (S) of N,
p (atm), T (°K), S (Keal/Kg-mole-°K)
Nl 2 5 10 20 50 100 200 500 1000
273| -0.0029 -1.3834 -3,2133 -4.6053 -6.0115 -7.9166 -9.4258 -11.0207 -13.1125 -14.4297
300| 0.3266 -1.0535 -2.8816 -4.2708 -5.6713 -7.5590 -9.0398 -10.5864 -12.6320 -13.9886
5001 2.1095 0.7310 -1.0923 -2.4736 -3.8583 -5.6997 -7.1085 --8.5395 -10.4613 -11.8943
700| 3.2832 1.9051 0.0830 -1.2963 -2,6271 -4.5073 -5.899t -7.3017 -9.1765 -10.5989
900 | 4.1597 2.7818 0.9601 -0.4184 -1.7978 -3.6238 -5.0000 -6.5002 -8.2527 -9.6112
1100 | 4.8595 3.4868 - 1.6601 0.2819 -1.0969 -2.9212 -4.3038 -5.6905 -7.533%  -8.9345
1300 | s5.4421 '4.061»3 2.2428 0.8648 -0.5136 -2.3369 -3.7180 -5.1019 -6,9385 -8,3338
1500 | 5.9%11 4.5633 2.7420 1.3640 0.0142 -1.8367 -3.2166 44,5984 -6.4298  -7.8197
1700 | 6.3776 5.0000 3.1785 1.8007 0.4227 -1.3993 -2.7783 4.1583 -5.9856 -7.3706
1900 | 6,765 5.3877 3.5665 2.1887 0.8109 -1.0107 -2.3889  -3.7676  -5.5915 -6.9721
2100 | 7.0185 57367  3.9155 2.5377 1.1600 -0.666% -2.0395 <378 -5.2405 -6.6199
2300 | 7.4317 6.0540 4_.232? 2.8550 14773 -0.3440 -1.7719 -3.0998 4,926 -6.2999
2500 | 7.7224  6.3847  B.5235 3.1458 1.7681 -0.0531 -1.4308 -2.8085 H.6205 -6.0067 "
e A R R e e e S
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Table 4-6 Specific Heat at Constant Pressure (Cp) of N,

p (atm), T (°k), cp (Kcal/Kg-male-°K)

‘;“EL* 1 2 5 10 20 50 100 200 500 1000

273 | 6.987%  7.0005 7.0395 7.1034 7.2273 7.5639 7.9961 8.3752 7.8805 8.1317
3001 6.9848 6.995% 7.0268 7.0783 7.1783 7.4522 7.8166 8.1207 8.1039 B8.1606
500 | 6.9776  6.9809 6.9910 7.0076 7.0801 7.1326 7.2708 7.4920 7.5  7.9525
700 | 6.9755 6.977h 6.9821 6.9899 7.0053 7.0499 7.1196 7.2822 7.5031  7.7160
900 | 6.9751 6.9760 6.9786 6.9830 6.9918 7.017% 7.0583 7.4339 7.3181 7.5222
1100 | 6.9748  6.975%  6.9772 6.9802 6.9862 7.0039 7.0325 7.0866 7.2272  7.L04S
1300 | 6.9746 &Wﬁ 6.9764  6.9785 6.9828 6.9956 7.0166 7.0568 7.1663 7.:3166
1500 | 6.9745 6.9748 6.9758 6.9773 6.980% 6.9896 7.0047 7.0k 7.1183  7.2422
1700 | 6.9744  6.9746  6.9753 6.9763 6.9785 6.9849 6.9956 7.0169 7.0796 7.1792
1900 | 6.9743  6.9745 6.9789 6,975  6.9770 6.9812 6.9883 7.0028 7.0479 7.1254
2100 | 6.9743  6.9784  6,9748  6.9745 6.9764 6.9798  6.9855 6.9972  7.0%d 7.1004
2300 | 6.9743 6,97k  6.9746 6.9751 6.9760 6.9786 6.9831 6.9925 7.0231 7.0791
2500 | 6.9743  6.9743 - 6,9745 6,9649 6.9756 6.9776  6.9812 6.9886 7.0135 7.0608
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Table 4-7 Specific Heat at Constant Volume (C,) of N,

p (atm), T (°K), C, (Kcal/Kg-mole-°K) T

| o 1 2 5 10 20 50 100 200 500 1000
273 | .97 B.9771  4.9B21 | L.9SON  5.0069 5.046 54272 5.2387  5.3538  5.3313
' 300 | 4.9751 4.9764 4.980% 4,9871  5.0004 5.0387 5.0973 5.1905 5.3053  5.2951
500 | 4.9742 4.971;'2 h,o762 L4.9788 4,9838 4,9985 5.0222 5.0658 5.1628 5.2309
: - 700 | 49780  B.9743  B.9752 14,9768 1.9798 4,988  5.0037 5.0322  5.1065  5.1911
900 | 4.9739 4.97%1 4.9848 4,9759 4.9781 4,9847 U4,9955 5.0165 5.0745  5.1520
i 1100 | %.9739 L9781 L.9746  B.9755 L9772 L.9B2k  4.9910  5.0079  5.0553  5.1231
{ 1300 | 4.9738  4.9740 .94 4.9752 49766  4.9809 4.9880 5.0021 5.0420  5.1011
1500 | 4.9738  b.9740  M.OPH3  W.9749 Wug762  4.9798 14,9858 4.9978  5.0320  5.0838
1700 | 4.9738  4.9739 49742 L.978  K.9758  4.9790 4.98M2 4,945  5.0242  5.0700
; 1900 | 4.9738  4.9739 L.97h2  4.9746 4.9755 L4.9783 4.9828  B.9918  5.0179  5.0586
E 2100 | 4.9738 4,9739 b1 bL.9745  4.9753  4.9778  4.9819 4.9899 5.013%  5.0502
g 2300 | 4.9738  4.9739 4.7 4.97MF  W.9752  L,977%  4,9811 L4.988%  5.0096  5.0432

2500 | 4.9738 14,9738  L.o740 Uo7 B.9751 L9771 L,980%  4.9870  5.006%  5.0372 .
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Table 4-8. Index of Refraction (n) of N,

p (atm), T (°K), n Dimensionless

I 2 5 10 20 50 100 200 500 1000

273] 1.00030 1.00060 1.00151 1.00302 1.00607 1.01532 1.03077 1.05959 1.105th 1.09346

300| 1.00027 1.00055 1.00137 1.00275 1,00550 1.01377 1.02738 1.05236 1.09386 1.0893%

- 500} 1.00016 1.00033 1.00082 1.0016% 1.00326 1.00805 1.0157% 1.02990 1.06156 1.08391

. 700 1.00012 1.00023 1.00059 1.00117 1.00233 1.00575 1.01126 1.02155 1.04691 1.07369
900| 1.00009 1.00018 1.00046 1.00091 1.00181 1.00448 1.00880 1.01696 1.03797 1.06358
1100 1.00007 1.00015 1.00037 1.0007% 1.00148 1.00368 1{.00724 1.01403 1.03201 1.055h44

© 1300) 1.00006 1.00013 1.00032 1.00063 1.00126 1.00312 1.00615 1.01197 1.02766 1.04895
11500 |-1.00005 1.00011 1.00027 1.00055 1.00109 1.00271 1.00535 1.0104% 1.0243% 1.04375
1700| 1.00005 1.00010 1.00024 1.00048 1.00096 1.00239 1.00473 1.00925 1.02173 1.03950
1900(1.00004 1.00009 1.00022 1.00043 1.00086 1.0021% 1.00424 1.00831 1.01962 1.03598

? 2100 | 1.00004 1.00008 1.00020 1.00039 1.00078 1.0019% 1.0038% 1.00755 1.01791 1.03309
! 2300 | 1.00004 1.00007 1.00018 1.00036 1.00071 1.00£77 1.00351 1.0069%1 1.01647 .1.03063
“ 2500 | 1.00003 1.00007 1.00016 1.00033 1.00066 1.00163 1.00324% 1.00637 1.01525 1.02850
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Table 4-9 Isotherms(pv) of O,

p (atm), T (°K), pv (atm-cm>/g)

: ‘§F§§i 1 2 5 T 10 2 50 100 200 500 1000
273 | 699.% 698.61 696.43 692.83 685.80 666.00 637.36 596,27 602,84 1046,50
300 | '768.80 768.28 766.74 76423 759.50 TWGJM  720.76  715.23 821,86 1500.23
500 { 1282.47 1282,75 1283.61 1285.06 1288.,09 1298.08 1317.79 1368.65 1612.81 2324.97
700 | 1795.64 1796.22 1797.96 1800.88 1806.77 1824.90 1856.61 1925.66 2177.87 2748.33

. 900 | 2308.66 2309.39 2311.57 2315.20 2322.51 2365 2382.31 246047 2717.65 3221.96

1100 { 2821.62 2822,43 2824.87 2828.92 2837.06 2861.58 2902.86 2986.97 13251.61 3733.79

1300 § 3334.53 3335.38 3337.92 332.15 3350.63 3376.44 3M8.91 3505.37 3772.19 hL241,.65

15001 3847.43 3848.29 3850.89 3855.23 3863.90 3889.95 3933.5% 4021.30 4289.28 4751.54

1700 | 4360.32 4361.21 4363.87 14368.30 4377.16 u403.78 U448.23 L5744 48O7.67 5266.63

o 1900 | 4873.22 BB7h.12 UB76.84 HEBL.37 489043 LOL7.61 1962.95 5053.73 5326.95 5785.27

TR

o

R

F | 2100 { 5386.11 5387.0% 5369.81 5394.M4 S403.70 543 .A5 5477.69 5570.11 5846.87 6306.45
- 2300 | 5899.00 5899.95 5902.79 5907.51 5916.16 5945.29 5992.46 6086.57 6367.25 6829,50
;_'. L )

E- - 2500 | 6411.89 6412.84 6B415.69 6420.44 6429,9% 6458.53 6505.83 6600.39 6882,02 734, 62

of




Table 4-10 Density(p) of O

2

v (atm), T (°K), p (Kg/m>)

1

500

2 5 10 20 50 100 200 1000

1273 |1.42992 2.8628% 7.17953 14.4336 29.1630 75.0738 156.898 335.416 829.406 955.568

300 |1.30074 2.60323 6.52111 13.0851 26.3366 66.9897 137.032 279.629 608,376 666,562

500 [0.77975 1.55915 3.89528 7.7817 15.5269 38.5184% 75.885 146.129 310.018 430.113

700 {0.55690 1.11345 2.78093' '5.5528 11.0695 27.3988 53,862 103.860'229.583 363.857
; 900 10.43315 0.86603 2.16304 4.3193  8.61tk 21.3251 41.976 81.285 183.983 310.370
" 1100 [0.35%1 0.70861 1.77000 3;59  7.0496 17.4729 .o  66.958 153,770 267.82b
i 1300 10.29989 0,59963 1.4979% 2.9921  5.9690 14,8098 29.249 57,055 132.549 235.757
3 1500 |0.25991 0.51971 1.29840 2.5939 5.761 12.853% 25.422 49.735 116.570 210.458
i 1700 10.22934 0.L5859 1.14577 2.2892  4.5692 11.3539 22.481 44,078 104.000 189.875
é 1900 [0.20520 0.41033 1.02525 2.0486 4.0896 10.1675 20.149 39.575 93.862 172.853
g 2100 0.18566 0.37126 0.92768 1.8538 3.7012 9.205% 18.256 35.906 85.516 158.568
- 2300 10.16952 0.33899 0.84706 1.6928 3.3801 8.4100 16.688 32.859 78.527 146.42h
2500 [0.15596 0.31187 0.779% 1.5575 3.1105 7.7418 15.371 30,301 72.653 136.145

T
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Table 4-11 Internal Energy(U) of O

.p (atm), T (°K), U (Keal/Kg-mole)

2

T

1

2

5

10

20

50

100

200

500

1000

27
3

9

9004
1100
1300}
1500”
1700
1900
2100

2300

2500

~1 88

1334
13,71
2135.52
3136.19
4136.79
513734
6137.88
?138_.@1
8138.95

9139.48 .

-3.76

131.75
1133.86
2134.98
3135.81
4136.51
5137.12
6137.69
7138.26
8138.83
9139.40

-9.42

126.75
1131.30
2133.35
313467
k135,69
513645
6137.12
7137.80
8138.47
9139.15

-18091
118,40

1127.04

2130,64
3132.78
b134.31
5135.33
6136.18
7137.03
8137.88
9138.73

-38.12

101.59
1118. 56
2125.26
3129.01
b131.57
5133.1%
6134.30
7135.50
8136.70
9137.,90

- =97.42

50.40
1093.46
2109.35
3117.90
4323.48
5126.53
6128.74
7130.97
8133.20
9135.43

~200.97

=36.40
1052.87
2083.66
3099.92
4110.37
511585
6119.71
7123.60
8127.51
9131.4%

~2417.39
-207060

977.26

2035.48
3065.99
k085,53
5095. 5k

- 6102.47

7109.51
8116.65

9123.85

=948.28
-574,22

80%.31
1916.29
2979.10
4020.93
50%2.05
6056.64
7071.92
8087.72
9103.89

-1067.86
-635.03

680.66
1792.10
2875.70
3939.86
4972.81
5996.15
7021.88
804D, 42
9078.23

10140.0 10140.0 10139.8 10139.6 10139.1 10137.7 10135.4 10131.1 10120.3 10108.0

11140.5 11140.5 11140.4 111%0.2 11139.9 11139.0 11137.5 11134.9 11128.5 11122.5
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Table 4~12 Enthalpy (H) of O

2

P (atm), T (°K),_Hf(xca1/xg-mole)

o,

| l{r t 10 20 5 100 200 500 1000

23| 25 4,89 12,24 -2b.52  49.45 12340 -246.23 471.97 -P94.72 -806.05
300 | 167.1% 185.08 178.89 16B8.60 148,05  87.03 -11,00 -182,75 -436.66 -460.95
500 | 1590,03 1589.40 1587.50 158437 1578.23 1560.83 1535.11 1495.39 14b6.47 1449.52
700 | 2992.05 2991.95 2991.67 2991.22 2990.40 2988.50 2987.11 2990.17 3030.82 3126.28
900 | 4393.80 4393.98 439%,53 4395.46 4397.35 4403.37 LML.A1 B439.77 4532.89 4700.82
1100 | 5795.44 5795.79 5796.85 5798.62 5802.18 5813.07 5831.85 5871.44 6000.20 6220.59
1300 { 7196.99 7197.42 7198.72 7200.88 7205.23 7218.41 7240.81 7286.99 7432.60 7679.50
1500 | 8598.51 8598.99 860044 8602.86 8607.70 8622.33 8647.02 8697.43 8853.93 9118.16
1700 [10000,0 10000.6 10002.1 10004.8 10010.2 10026.3 i0053.3 10108.1 10276.1 10557.9

1900 |11401.6 11402.1 11403.9 11406.8 11412.6 11430.2 11459.6 11518.9 11699.0 11998.9

2100 |12803.1 12803.7 12805.6 {2808,8 12815.1 12834.2 13866.0 12929.9 13122.5 13441.0

2300 | 14204.6 14205.3 . 14207.3 14210.8 14217.6 14238.1 th272.4 14340.9 14546.3 14884.0

2500 [ 15606.1 15606.8 15608,9 15619.5 15640.6 15675.9 15746.4 15957.3 16303.5

15612.4
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Table 4-13 Entropy (S) of O,

p (atm), T (°K), 8 (Kecal/Kg-mole-°K)

REE 5 10 20 5 100 200 500 1000

273 |-0.003% -1.3846 -3.2162 44,6112 -6.0238 -7.9519 -9.5122 -11.2532 -13.850u -15.3025
300 § 0.3277 -1.0528 -2.8823 -4.2739 -5.679% -7.53M1 -9.0997 -10.7343 -13.0270 14,4706
500 | 2.119%  0.7408 -1.0830 -2.4649 -~3.8510 -5.6967 -7.1130 . -B.5587 -10.5166 -11.9747
700 | 3.2987 1.9206 0.0982 -1.2814 -2.6120 -L.4953 -5.8906 -7.3001 -9.1930 -10.6322
900 | 4.179% 2.8015 0.9796 -0.3991 -1.7789 -3.6062 -4.9936 -6.3891 -9.2527 -9.6743
1100 { 4.8826 3.5048 1.6832 0.,3048 -~1.0741 -2.B990 -%#.7825 -~5.6710 -7.5189 -8.,9265
1300 | 55679 14,0901 2.2687 0.8905 -0.4880 -2.3118 -3.6935 <-5.0788 -6.9191 -B.3195
1500 | 5.969% 4.5016 2.7702 1.3921  0.0138 -1.8092 -3.1899 4.5732 -6.4089  -7.80M5
1700 | 6.4079 ~5.0302 3.2088 1.8309 O0.4527 -1.3698 -2.7497 41315 -5.963%  -7.3546
1900 { 6.7976  5.4199 3.5985 2.2207 0.8427 -0.9795 -2.3587 -3.7392 -5.5679 -6.9553
2100 { 7.1483 5.7706 3.9493 2.5715 1.1936 0.6282 -2.0069 -3.386% -5.2125 -6.5965
2300 | 7.4670 6.0893 4.2680 2.8903 1.5125 -0.3090 -1.6873 -3.0659 -4,8897 -6,2707
2500 | 7.7592  6.3815 4.5602 3.1825 1.8047 -0.0167 -1.3947 -2.7730 -4.5957 -5.9753
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Table 4-14 Specific Heat at Constant Pressure (C) of 0,

p (atm), T (°K), Cy (Keal /Kg-mole-°K)

- "5;4;51__ 1 2 5 10 20 50 100 200 500 1000

: 273 | 7.0232  7.0390 7.0862 7.1639 7.3160 7.7405 8.3108 8.7268 7.3610 6.7940
. 300 | 7.0201 7.0327 7.0705 7.1327 7.2543 7.5040 8.0610 8.5488 7.3089 6.7458
500 7.0113 7.0153 7.0270 7.0465 7.0847 7.19%%0 7.3580 7.6215 8.0080 8.0882

P00 | 7.0092 7.0111 7.0166 7.0258 7.0440 7.0968 7.1790 7.3235 7.6237  7.84k45

900 | 7.008% 7.0095 7.0126 <?.0179 7.0283 7.0589 7.1075 7.1968 7.409%  7.6303

7.0080 7.0087 7.0107 7.0140 7.0206 7.0401 7.0715 7.1308 7.2826 7.4679
7.0078  7.,0083 7.0098 7.0122 7.0169 7.0311 7.0541 7.0081 7.2158 7.372%
1500 ( 7.0077  7.0081 7.0092 7.0110 7.0147 7.0255 7.0433 7.0777 7.172%  7.3055
1700 | 7.0076 7.0079 7.0088 7.0102 7.0130 7.0213 7.0351 7.0619 7.1376 7.2493
1900 | 7.0076 7.0078 7.008% 7.0095 7.0116 7.0180 7.0285 7.0492 7.1001 7.2015
2100 | 7.0075 7.0077 7.0082 7.0089 7.0105 7.0152 7.0231 7.0388 7.085%  7.1606

: | 2300 | 7.0075 7.0076 7.0079 7.0085 7.0096 7.0130 7.0186 7.0301 7.0625 7.1251
2500 { 7.0075 7.0075 7.0078 7.0083 7.0091 7.0118 7.0163 7.0256 7.054  7.1050
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Table 4-15 Specific Heat at Constant Volume (Gy) of O

2
- p (atm), T (°K), C_ (Kcal/Kg-mole-°K)

N 1 2 5 10 20 50 100 200 . 500 1000
273 | 5.0086 5.0067 5.0131  5.0237 5.0450 5.1088 5.2130 5.3988 5.6140  5.5987
300 | 5.0082  5.0058 5.0108 5.0190 5.033% 5.0839 5.1612 5.293%  5.4707  5.4832
500 | 5.0030 5.0036 5.0052 5.0078 5.0131 5.0287 5.0536 5.0991 5.1992  5.2669
700 | 5.0028 5.0031 5.0040 5.0055 5.0086 5.0176 5.0323 5.0604 5.1335 5.2150
900 | 5.0027 5.0029 5.0036 5.0086 5.0068 5.0131 5.0236 5.0439 5.1000 5.1748

1100 { 5.0027 5.0028 5.0033 5.0041 5.0058 5,0107 5.0188 5,0347 5.0796  S.ih4
1300 | 5.0026 5.0028 5.0032 5.0039 5.0052 5.0092 5.0159 5.0291 5.0667 5.1228
1500 | 5.0026 5.0027 5.003t 5.0037 5.0048 5,0082 5.0139 5.0252 5.0576  5.1069
1700 | 5.0026 5.0027 5.0030 5.0035 5.0045 5.0075 5.0124 5.0221 5.0504  5.0940
1900 | 5.0026 5.0027 5.0029 5.003% 5.0043 5.0069 5.012 5.0198 5.0447  5.0837
2100 | 5.0026 5,0027 5.0029 5.0033 5.0041 5.0064 5.0102 5.0178 5,040  5.0751
2300 | 5.0026 5.0026 5.0029 5.0032 5.0039 5.0060 5.009% 5.0162 5.0362 5.0678
2500 | 5,0026 5,0026 5.0028 5.0031 5.0038 5.0056 5.0088 5.0150 5.0332  5.0621
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Table 4-16 Index of Refxaction (n) of 0,
D (atm), T (°K), n Dimensionless

R_ 1 2 5 10 20 50 100 200 . 500 1000

273 | 1.00026 1.00052 1.00131 1.0026% 1.0053% 1.01376 1.0288% 1.06204 1.15651 1.18137
; 300 | 1.0002% 1.00048 1.00119 1.00239 1.00482 1.01228 1.02517 1.05161 1.11372 1.12489
: 500 | 1.0008% 1.00029 1.00074 1.00142 1.00284 1,00705 1.01391 1.02685 1.05729 1.07983
700 | 1.00010 1.00020 1.0005¢ 1.00102 1.00203 1.00502 1.00981 1.01906 1.04230 1.06737
g 900 | 1.00008 1.00016 1.00040 1.00079 1.00158 1.00390 1.00769 1.01490 1.03385 1.05735
i 1100 | 1.00006 1.00013 1.00032 1.00065 1.00129 1.00320 1.00631 1.01227 1.02826 1.04Gh2
1300 | 1.00005 1.00011 1.00027 1.00055 1.00109 1.00271 1.00535 1.01045 1,0243% {.04345
1500 | 1.00005 1.00010 1.0002% 1.00047 1.00095 1.00235 1.00465 1.00911 1.02140 1.03875
1700 | 1.0000% 1.00008 1.00021 1.00042 1.00084 100208 1.00441 1.00807 1.01908 1.0k
: 1900 | 1.00004 1.00008 1.00019 1.00037 1.00075 1.00186 1.00369 1.00725 1.01722 1.03179
g 2100 | 1.00003 1.00007 1.00017 1.00034% 1,00068 1.00168 1.0033% 1.00657 1.01568 1.02015
2300 | 1.00003 1.00006 1.00015 1.00031 1.00062 1.0015% 1.00305 1.00602 1.01440 {02690
2500 | 1.00003 1.00006 1.00015 1.00028 1.00057 1.00142 1.00281 1.00555 1.01332 1.02501 -
i . . . : _ L)
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Table 4=17 Isotherms(pv) of Alr
p (atm), T (°K), pv (atm-cm>/g)

1

2

5

10

20

50

100

200

500

1000

273
300
500
200
900
1100
1300

1500 .

1700
1500

2100

2300
2500

77291

849,57
1416.76
1983.53
2550,19
3116.73
3683.28
4249,82
4816.36
5382,90

594943

6515.95
7082.46

772,53
849.37
1417.23
1984.25
2551 .06
3117.62
368%4.19
k250,76
4817.32
5383.89
5950.43
6516.95
708347

771,40
848,79
1418.65
1986.41
2553.66
3120.30
368694
4253.58
4820.22
5386.86
5953.43
6519.95
7086 47

769.58
847,87
1421.05
1590.03
2558,00
312475
3691.51
425828
4825, 04
5391.80
5958.43
6524,95
709147

766,17

846,23
1425.93
1997.32
2566.70
3133.68
3700.68
426768
4834.68
5401.69
5968.42
6534.95
740147

757 7l
843,14
1441 .37

2019,51
2592.93

1160.53
3728.21
14295.91
4863.64
5431.33
5998.37
656491
7431.46

789,75
43,7k
1469,69
2057.65
2637.13
3205.59
377427
4343.03
4ot1 .8k
480,68
6048.21
661477
718134

75645

866.65
1536.06
2138.27
2727430
3296.79
3867.01
4437.55
5008.29
5579.18
6147.59
6714,17
7280.76

958.03
1109.03
1813.08
214180
3012.00
3579.16
4150.25
4723.34

5297.73

5873.01
6443, 34
7009.79
7576.30

1898,90
2091.85
2534 ,40

2991.28

3533.87
4078.99
4639.02
5207.10
5780.37

6357.21

6928,23

7493.88

8059.78
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Table 4-18 Density(p) of Air
p (stm), T (°K), p (Kg/m>)
N 2 5 10 20 50 100 200 500 1000
273 [1.29381 2.58890 6.48172 12.99% 26.1040 65.9855 133.378 26%.393 521.907 526.622
300 11.17706 2.35468 5.89076 11.7943 23.6336 59.3020 118.519 230.773 450.843 478,046
500 | 0.7058% 1.41120 3.52447 7.0371'.14.0259 .6893  68.042 130.203 275.77% 394,571
700 [0.50415 1.0079% 2.51710  5.0250 10.01% 24,7585 48.599 93.53 207.057 334.306
900 [0.39213 0.78399 1.95797 3.9093 7.7921 19.2832 37.920 73.333 166.002 282.976
- 1100 {0.32085 0.64151 1.60241 3.2003 6.3823 15.8201 31.196 60.665 139.697 2B5.159
1300 10.27150 0,54286 1.35614 2,7089  S5.h04% 13.8413 26.495 51.720 120.475 215.563
1500 10.23530 0.47050 1.17548 2.3484% bL.6864 11.6390 23.025 45,070 105.857 192,046
1700 6.20763 0.41517 1.03730 2.0725 4.1368 10.280% 20.359 -39.93¢+ 94,380 1?2.99'9
1900 |0.18577 0.37148 0.92819 1.85%7 3.7026 9.2058 18.246 35.848 85.135 157.302
2100 [0.16808 0,33611 0.83985 1.6783 3.3510 8.335% 16.5%  32.533 77.600 144,337
2300 | 0.15347 0.30689 0.76688 1.5326 3.0605 7.6163 15.118 29.788 71.329 133.442
2500 |0.14119 0.28235 0.70557 1.4101 2.8163 7.0112 13.925 27.470 65.995 124.073 N
. D
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Table 4-19 Internal Energy(U) of Air

p (atm), T (°K), U (Kecal/Kg-mole)

T

2

5

10

20

%

100

200

500

1000

273
300

700

900
1100
1300
1500
1700
1900
2100
2300
2500

-1.43
132,25
1121.91
2111.19
3100.36
4089.47
5078.55
6067.63
7056.71
80‘+5.?9
9034.85

-2.87
130.98
1121.26
2110.79
3100.09
4089.25
5078.37
6067.49
7056.61
8045.73
9034 .82

-7.18

127.18
1119.31
2109.57
3099.26
4088.62
507785
6067.09
7056433
8045, 57
9034.73

-14,37

120.83
1116.07
2107.54
3097.89

4087.56

5076.99
6066 .42
7055.86
8045.29
9034 . 57

108.12
1109.63

12103.52

3095.15
4085.45
5075.27
6065.10
7054.92
804,75
9034, 27

~492 .86

70,06
1090.64
2091.6?
3087.10
4079.21
5070.19
6061.17
7052.16
8043.16
9033.37

145,10

7.63
1060.13
2072.59
3074,11
ko6 .14
5061.95
605,80
204769
BOUD, 59
9031.96

-282.37
-108.20
1003.73
2036.95

3049.72

4050.08
5046.30
6042.70
7039.21
8035.80
9029.39

-536.95
-325,61

874,00
1948.71
2987.64
%000,68
5005.27
6010.86
7017.11
8023.81
9023.49

541 42
~351.60
770.58
1852.89
2912.90
3938.61
4952.39
5969.57
6989.01
8010.02
9018.4

10023.9 10023.9 10023.8 10023.7 10023.6 10023.0 10022.2 10020.8 10018.0 10017.4

11013.0 11012.9 11012.9 11012.9 11012.8 11012.7 11012.5 11012.2 11012.6 11016.6

0%
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Table 4-20 Enthalpy (H) of Air

p (atm), T (°K), H (Kca.l/Kg-mol_'e)‘

N. 1 2 5 10 20 50 100 200 500 1000
273 -1.70 3.4  -8,51 -16.98 -33.81 -83.19 -160.35 -287.81 -451.53 -453.46
300 186.31 184.91 180.69 173.70 159.86 119.69 58,00 -41.82 -172.41 -182.56
500 | 1577.96 1577.64 1576.69 1575.13 1572.16 1%63.90 1552.81 1539.32 154,33 1586.43
P00 | 2968.94% 2969.04 2969.34 2969.86 2970.94% 297%.62 2982.06 3001.08 13078.23 3214.28
900 | 4359.74 4360.07 4361.07 4362.7% 4366.11 4376.44 U394.33 432,21 UL555.42 4760.70
1100} 5750.38 5750.79 5752.02 5754.09 5758,24 5770.8% 5792.29 5836.61 5976.29 6209.90
1300 | 71%0.99 7M1 .46 7142.87 7i45.22 7149.92 716445 7188.17 7237.19 7388.96 76u42.62
1500| 8531.61 8532.1% B8533.71 8536.3% B8A1.61 8557.48 B584.1k B8638.08 8802.80 9076.53
1700 9922.23 9922.81 992,56 9927.47 9933.30 9950.83 9980.16 10039.2 10217.5 10511.8
1900 11312.8 11313.5 11315.4 11318.6 11325.0 11344.2 11376.2 114404 11632.9 11948.3
2100{ 12703.4 12704.1 12706.1 12709.5 12716.2 12736.3 12769.8 12836.9 13037.3 13365.1
2300] 14094.0 14094,7 14096.7 14100.2 14107.0 14127.5 1M61.6 14229.9 14433.6 14767.0
2500| 15484.6 15485.3 15467.5 15490.8 15497.8 15518.7 15553.% 15622.9 15830.0 16168.9

18
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Table 4-21 Entropy (S) of Air

p (atm), T (°K), 8 (Kcal/Kg-mole-°K)

‘;\3* 1 2 5 10 20 50 100 200 500 1000
273 | -0.0026 ~1.2820 -3.2120 4.6029 -6.0067 -7,9058 -9.4087 -11.0076 -13.1775 -14.4605
300 | 0.3257 -1.0541 -2.8816 -4.2698 -5.6685 -7.5513 -9.0267 -10.5735 -12.6655 -14.0711
500 | 2.1030 0.7247 -1.0985 -2.479%% <-3.8635 -5.7032 -7.1099 --~8.5384 -10.4624 -11.9071
700 | 3.2731 1.8951 0.0730 -1.3061 -2.6867 -4.5162 25.9070  -7.308% -9.1820 -10.6095
900 | 4.4469  2.7691 0.947% 04311 -1.8103 -3.6360 -5.0207 -6.bith  -8.2638  -9.6751
1100 | 5.8446 34480 1.6453 0.2671 -1.1116 -2.9356 -L.378  -5.7039 -7.5457 -8.9471
1300 | 5.425% 4.0476 2.2262 0.8482 -0.5302 -2.3534 3.732  -5.1178 -6.9539 -8.3495
1500 | 5.9220 B.sust 27238 1.3450 -0.0323 -1.8%48 -3.26 N.6163 64478  -7.8383
5 1700 | 6.3580 4.9803 3.1590 1.7811 0.4032 -1.4189 -2.7979 ~4.1781 -6.0058 -7.3917
§ 1900 | 6.7447 5.3670 3.5457 2.1679 0.7901 -1.0316 -2.4099 -3.7889 -5.6136 ~6.9955
; 2100} 7.0926 5.7189 3.8937 2.5159 1.1382 -0.6833 -2.0613 -3.4397 -5.2626 -6.6424
? 2300 | 7.4089 6.0312 4.2099 2.8322 {445 -0.3669 -1.7M47 -3.1228 L4940  -6.3237
; 2500 | 7.6988 6.3211 4,4998 3.1221 1.7444 -0.0769 -1.4546 -2.8324 4.6538 -6.0316 .
. Y
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Table 4#-22 Specific Heat at Constant Pressure (cp) of Air

p (atm), T (°K), CP(Kcal/Kg-mole-°K)'

T i 2 5 10 20 50 100 200 500 1000

273 | 6.9648 6.9768 7.0125 7.0713 7.1858 7.5027 7.9308 8.3773 7.7696  7.7401

300 ] 6.9625 6.9721 7.0009 7.0481 7,1403 7.3968 7.7520 8.1834 8.1104 8.0168
500 | 6.9559 6}9589 6.9680 6.9830 7.,0126 7.0973 7.2257 7.437% 7.7928  7.9370

700 | 6.9542 6.9557 6.9599 6.9670 6.9810 7.0219 7.0861 7.2008 7.4543  7.6765

900 | 6.9536 6.9544 6.9568 6.9608 6.9688 6.9923 7.0299 7.1001 7.27%% 7.4795
1100 | 6.9533 6.9539 6.9555 6.9582 6,9635 6.979% 7.0051 7.0540 7.1830 7.3502
1300 | 6.9532 6.9536 6.9948 6.9567 6.9606 6.9722 6.9912  7.0279 7.1283  7.2680
1500 | 6.9531 6.953 6.9542 6.9557 6.9585 6.9670 6.9809 7.0083 7.0855 7.2000
1700 | 6.9530 6.9532 6.9538 6.9H8 6.9569 6.9629 6.9730 6.9930 7.0514 7.4431
1900 | 6.9529 6,951 6.9535 6.9%2 6.955 6.957 6.9667 6.9808 7.0235  7.0950
2100 | 6.9529 6.9530 6.9533 6.9538 6.948 6.9579 6.9631 6.9736 7.0067 7.0647
2300 | 6.9529 6.9530 6.9532 6.9536 6.9544 6.9569 6.9611 6.9696 6.9969  7.0462
2500 [ 6.9529 6.9529 6.9531 6.953% 6.9541 6.9560 6.959%% 6.9662 6.9886  7.0302
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Table 4~23 Specific Heat at Constant Volume (C,) of Air

p (atm), T (°K), C, (Keal/Kg-mole-°K)

'E 1 2 5 10 20 50 100 200 500 1000

273 | L9467  4.9483  4.9529 4.9606 4.9758  5.0204 5.0899  5.2039 5.3472  5.3488
300 | 4.oM6l  L.77  b.9513  h.9STH 4.9695 5.0048  5.0597 5.1509 5.2811  5.2927
500 | 4.9457 L.o461 h.ok7h  L.9W97 b9 A.9672  4.9883  5.0275  5.1189 5.1929
700 | B.9Us5  B.OMS7  B.9UE5 B.9479  4.9506 4.9585 4.9716 4.9968  5.0640  5.1453
900 | 4.945h  4.9455 4.9462  L,oh71  B.9W91  h.9548  4,9642  4,9827 5,034 5,105
1100 | 4.945%  4,9455 L.460  4,9467 4.94B2  B.9528 4.9603 4.9750 5.0169  5.0782

1300 | 9453 ANSS  LuGkS8  W.9HES  L.NP7  M9S1S  B.9577  B.9699  5.0051  5.0581
1500 | L.9453  L.obsh  4,.9457  4.9463  4.9U73  4,9505 4.9558  4.9662  4.9963  5.0426
1700 | 4ighs3  hoGush  h.OhS7  B.OWSL  W.OWZ0  N.OWSB  M.9SH3  B.9633  H.9895 5,030
1900 | 49453  b.GSh  b.9456  4.9460 A.9468  4.9492  4.9532  4.9611 4.9840  5.0201
2100 | 4.9553 .9ks3  h.OUS6  4.ONS9  4.ONE6  B.9WE8  4.9523 4.9593 L.9799  5.0123
2300 | 4.9453 B.9453  4,9455 4.9458  4.9465 40484  4.9516 4.9580 L4.9766  5.0061
2500 [ 4.9453  4.9453 4,9855 4,9458 L,946h  4,0481 4.9510 4,958 L4.9738  5.0009
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Table 4-24 Index of Refraction (n) of Air

p (atm), T (°X), n Dimensionless

b 1 2 '5 10 20 50 100 200 500 1000

273 | 1.00031 1.00063 1.00157 1.00315 1.00633 1.01602 1.0328% 1.06477 1.12959 1.13080

300 | 1.00028 1.00057 1.00143 1.00286 1.00573 1.01439 1.0288% 1.05644 1.11151 1.11844

500 |1.00017 1.0003% 1.00085 1.00170 1,00340 1.,00841 1.01652 1.03170 1.06760 1.09730
| 700 | 1.00012 1.0002% 1.00061 1.00122 1.00243 1.00600 1.01179 1.02273 1.05059 1.08218
900 | 1.00009 1.00019 1.00047 1.00095 1.00189 1.00467 1.00920 1.01781 1.04048 1.06939
1100 { 1.00008 1,00016 1.00039 1.00077 1.00155 1.00383 1.00756 1.01472 1.03402 1.06000
1300 | 1.00007 1,00013 1.00033 1.00066 1.00131 1.00325 1.00642 1.01255 1.02932 1.05268
1500 | 1.00006 1.00011 1.00028 1.00057 1.00113 1.00282 1.00558 1.01093 1.02574 1.04689
o 1700 | 1.00005 1,00010 1.00025 1.00050 1.00100 1.00249 1.00493 1,00968 1.02294 1,04220
a_ 1900 | 1.0000% 1.00009 1.00022 1.00045 1.00090 1.00223 1.00442 1,00869 1.02069 1.0383%4
2100 { 1.00004 1.00008 1.00020 1.000%1 1.00081 1.00202 1.00401 1.00789 1.01885 1.03516
2300 | 1.00004 1,00007 1.00019 1.00037 1.0007% 1.00184 1.00366 1.00722 1.01732 1.03249
2500 | 1.00003 1,00007 1.00017 1.0003% 1.00068 1.00170 1.00337 1.00666 1.01602 1.03020
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Table 4-25 Isotherms(pv) of Ar

p (atm), T (°K), pv (atm-cnd/g)

1’:

2

5

1o

20

50

100

200

500

1000

273
300

700

200
1100
1300
1500
1700
1900
2100
2300
2500

560,31

615.93
1027.37
143845
1849 .43
2260.37
2671.27
3082.16
3493.05
3903.94
431483

Wy25,74

5136.60

559,77
615,
1027.55
143884
1849.92
2260,92
2671.85
3082.75
3493.66
3904, 56
431 5,46
4726436
5137.25

558.16
61%.,39
1028.09
144000

1851,

2262.58
2673.60

3084, 54

3495.49
390642

4317.37

4728,.31
5139.22

555451
612,51

1029.01

1h4°,96
1853.88
2265,36

2676.51

3087.52
3498.55
3909.53
4320.54
4731.55
5142, .49

550429
608.85
1030.93
145,90
1858.84
2270.92
2682.33
3093.47
3504 ,66
3915.75
4326,89
4738.03
514904

535435
598,74
1037.23
157,99
1873.88
2287.67
269986
3111.37
3523.01
39341
4305, 9
475748
5168.68

512.81

584.75
104957
147906
1899.44
2315.84

2729,21'

31%1.30
3553.65
3965. 54
4377.69
4789.85
5201.36

b76.64

567452
108115
1524 .66
1952.29
2375.45
2788, 50
3201 .52
3615.12
502789
bl 17
4854 50
5266.59

432,30
601,88
1231.03
1689.00
2125.30
255273

2970,91

3385.11
3801,12
4215.59
4631 47
5047.63
61,11

618,30
M5.92
1664 ,67
2054.79 -
261,62
2877.53
3290,10
3700.88
4116.35
4530.69
4948.16
5366.73
5781.43
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Table 4-26 Density (p)of Ar
p (stm), T (°K), p(Ke/m)
N,I 1 2 5 10 20 50 100 200 500 1000
273 {1.78474 3.57291 8,95798 18._0016 36._31545 93,3976 195,003 449.604% 1138.18 1627.88
300 {1.62357 3.24917 8.13810 16.3262 32.8478 83.5089 171.01% 352.409 830.73 1057.18
500 | 0.97336 1.54639 4.86339 9.7181 19.4000 48.2053 95.267 184.988 406.16 600.72
200 {0.69513 1.39001 3.47221 6.9350 13.8323 W.2938 67.610 131.177 296,03 U486.67
900 |0.54071 1.08113 2.70065 5.,3941 10.7594 26,6827 52.648 102444 235,26  406.24
1100 |O0.4421 0.88460 2.20986 4.4143 8.8070 21.8563 43.181 84,276 195.87 347.52
1300 | 0.37435 0.7385% 1.87014 3.,7362 7.4562 18.5195 36,641 71,723 168,30 303.9%
1500 | 0.32445 0.64877 1.62099 3.2389 6.4652 16.0701  31.834 62.470 147.71  270.21
1700 | 0.28628 0,57247 1.43041 2.8583 5.7067 14,1924 28,140 55.323 131.54 242.93
1900 | 0,25615 0.51222 1.2799%% 2.5579 5.1076 12,7084 25.217 49,654 118.61 220.72
2100 |0.23176 0.46345 1.15811 2.3145 L.6222 11.5050 22.843 45.033 107.96 202.10
12300 [0.21161 0.42316 1,05746 2.1135 4.2212 10.5098 20.878 41.199  99.06 186,33
2500 | 0,15468 0.38931 0.97291 1.1445 3.8842 9.6737 19.226 37.975  91.56 172,97
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Table 4-27 Internal Energy (U) of Ar

p (atm), f (°K), U (Kcal/Kg-mole) -

T _' 1 2 5 10 20 50 100 200 500 1000

273 -1.6F  -3.29  -8.25 -16.56 -33.36 -85.20 -175.87 -368.88 -917.67 -1231.67
300 | 79.00  77.53 7343 6576  50.9%%  57.87 71,41 -226.13 -606.49 -772.19
500 | 67571 674.95 672,69 668.93 661.43 639.19 602.99 5M.55 368.89  226.79
700 | 1271.98 1271.49 1270.05 1267.64 1262.85 1248.66 1225.63 1181.95 1070.31 944,10
900 | 1868.12 1867.79 1866.78 1865.10 1861.76 1851.86 1835.78 1805.17 1724,89 1624.53
1100 | 2u64,21 2463.97 2463.23 2462.01 2459.58 2452.37 2440.65 2418.26 2358.78  2281.06
1300 | 3060.26 3060.07 3059.48 3058.50 3056.%% 3050.75 3044.32 3023.24% 2974.73  2909.75
1500 | 3656.29 3656.13 3655.62 3654.79 3653.13 3648.20 3640.16 3624.71 3582.93  3525.95
1700 | 4252.32 4252.18 4251.77 U4251.09 4249.72 B2Ls5.66 4239.04 4226.29 4191.69  L1h4,qb
1900 | 4848.35 4848.24 L4847.92 48L7.38 4846.31 ULBU3.13 U4837.93 4827.93 U4800.80  4763.59
2100 | 5444.38 Shld,30 S5hU4,07 5443.68 SW42.90 S5440.59 S436.83 Sh29.62 5410.21 5384.07
2300 | 6040.41 6040.36 6040.22 6039.97 6039.49 6038.06 6035.74 6031.34% 6019.82 6005.27
2500 | 6636.43 6636.40 6636.31 6636.16 6635.87 6635.01 6633.62 6631.02 6624.57 6617.51
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Table 4-28 Enthalpy (H) of Ar

p (atm), T (°K), H (Kcal,/Kg-mole)

1

2 5 10 20 50 100 200 500 1000
2731  -2.47 <433 -10.84  -21.72 43,56 -109.59 -220.10 -432.14 -812.44 -8{1.33
300 132.62 130.78 125;2? 116.09 97.73 h2.96 U46.29 -209.69 -500.80 =-569,92
5001 1129.88 1129.30 1127.56 1124.69 1119.05 1102.87 1078.37 1038.38 977.27 967.61
700 | 2126.35 2126.24 2125;92 2125.“0 212442 2121.91 2119.08 2118.08 2142.23 2118.3%
900 | 3122.60 3122.74% 13123.16 3123.88 3125.34  3129.97 3138.49 3158.18 13232.,24 3373.71
1100 | #118.75 Bb119.04 4119.92 4121.38 4124.32 4133.31 H48.78 4181.32 4287.80 M74.98
1300 [ 5114.83 511519 5116.29 5118.12 5121.81 5132.96 5151.88 5190.83 533.73 5525.25
1500 { 6110.87 6111.28 6112.50 6114.55 6118.65 6131.03 6151.92 6194.49 6326.78 6552.56
1700 | 7106.91 7107.37 7108.73 7111.00 7115.5% 7129.2% ?152.23 7198.79 7341.63 7582.99
1900 | B8102.95 8103.45 B104.93 8107.40 8112.34% 8127.21 8152.11 8202.31 8354.97 B610.94
2100 | 9099.00 '9099-53 9101.14 9103.82 9109.19 9125.31 9152.25 9206.3? 9369.76 9641 .69
2300 1b095.0 10095.6- 10097.4 10100.2 10106.0 10123.4 10152.4 10210.5 10384.9 10673.3
2500 [11091.1 11091.7 11093.5 11096.5 11102.5 11120.7 11150.9 11211.5 11392.4 11691.0
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Table 4-29 Entropy (S) of Ar

p (atm), T (°K), § (Kcal/Kg-mole-°K)

500

1 2 5 10 20 5 100 200 1000
273 |-0.0030 -1.3837 -3.2140 -4.6069 -6.0152 -7.9302 -9.4691 -11.1715 -13.8698 -15.5479
300 | 0.2324 -1.4477 -2.9763 4.3662 -5.7685 -7.6637 -9.1646 -10.7799 -13.1108 -14.6709_
500 | 1.5060 0.1276 -1.6959 -3.0773 44625 -6.3055 -7.7178 -9.1581 -11.1143 -12.5881
900 | 233  0.9662 -0.8560 -2.2355 -3.6166 -5.4478 -6.831h -B8.282 -10.1376 -11.5810
900 | 2.9702 1.5923 -0.2295 -1.,6081 -2.,9877 -4.8143 -6.2007 -7.5046 -9,4555 -10.8763
1100 | 3.4699 2.0921 0.2706 -1.1077 -2.4865 -4.3110 -5.6939 -7.0814 -8.9274 -10.3345
1300 | 3.8860 2.5082 0.6867 -0.6914 -2.0698 -3.8932 -5.2745 -6.6500 -8.4977  -9.8972
1500 | 4.2423- 2.8645 1.0031 0,338 -1.7131 -3.5359 4.9163 -6.2991 -8.1335 -9.5283
1700 | b.550  3.1762  1.3549 0.0230 -1.4011 -3.2235 -#.6032 -5.9886 -7.8157  -9.2064
1900 | 4.8309 3.4532 1.6319 0.2540 -1.1235 -2.9460 4.3251 -5.705% -7.5336 -8.9207
2100 | 5.0802 3.702% 1.8811 0.5033 -0.8745 -2.6963 40749 -5.4544  -7,2802 -B.6142
2300 | 5.1267 3.9290 2.1077 0.7299 -0.6479 -2.469% -3.8476 -5.2263 -7.0502 -8.4314
2500 | 5.5143 4.1366 2.3153 0.9376 -0.4401 -2.2615 -3.6395 -5.0178 -6.8405 -8.2201 o
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Table 4-30 Specific Heat at Constant Pressure (CP) of Ar

p {atm), T (°K), cP (Keal /Kg-mole-°K) -

h 1 2 5 i0 20 50 100 200 500 1000

273 | 4.,99%0 5.0080 5.0498 5.,1188 5.25uu 5.6388 6.1832 6.7489  5.7817  4,0807
300 | 4.9912 5.0024% 5.0358 5.0909 5.1991 5.5052 5.9435 6.4869 5.5572  3.9223
500 | 4.9835 1.9870 4.997h  5.0145 S5.008L 5.450 5.2086 5.521  5.5900  6.0711
700 | 4.9817 4.9833 4.9882 4.9964 5.0125 5.0596 5.1336  5.2661  5.555%4  5.7926
900 | 4.9800 14.9819 4.98%7 4.9893 4.9985 5.0256 5.0690 5.149%  5.3463  5.5620
1100 | 4.9806 4.9812 4.9829 14.9859 4.9917 5.0089  5.0369 5.0898  5.2280  5.4034
1300 | 4.980% 4.9808 4,9821 L4.9842 4,9884 5,0007 5,0209 5.0598 5.1652 5.3093
1500 | 4.9803 4.9806 4.9816 14.9832 4.986% 4.9960 5.0116 5.0420 5.1265  5.2477
1700 | 4.9803 4.9805 4.9812 4.9825 14,9850 L4.9923 5.0045 5.0283 5.0958 5.1968
1900 | 4.9802 4.9804 4.9810 U.9819 4.9838 4.989% 14,9988  5.0172 - 5.0706  5.1535
2100 | 4.9801 4.9803 4.9807 4.9814 L4.9828 4.9871 4,991  5.0082  5.0498  5.1169
2300 | 4.9801 4.9802 4.9805 4.9810 4.9821 4.9851 4.9903 5.0007 5.0322 5.085%
2500 | 4.9801 4.9802 L.9804 4.9808 4.9816 4.9839 4.9879 4.9960 5.0210  5.0648
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Table 4-31 Specific Heat at Constant Volume (Cv) of Ar
p (atm), T (°K), cv' (Kcal/Kg-moie-°K)
‘3;\3‘ 1 2 5 10 20 50 100 200 500 1000
273 | 2.9820 2.9840 2.9899 2.9999 3.0199 3.0803 3.1809 3.3719 3.6923 3.6568
300 | 2.9815 2.9829 2.9873 2.9946 3.0092 3.0526 3.1226 3.2481 3.4521 3.?4811_-5
500 | 2.9805 2.9809 2,9823 2.9847 2.9893 3.0030 3.0250 3.0658 3.1606 3.2368
700 | 2.9803 2.9805 2.9813 2.9827 2.9853 2.9932 = 3.0060 3.0308 3.0967 3.1757
900 | 2.9802 2.9819 2.9847 2.9819 2.9837 2.9892 2.9983  3.0160 3.0656 3.1343
1100 | 2.9801 2.9803 2.9807 2.9814 2.9828 2.9871 2,9941 3.0080 3.0473  3.1054
1300 § 2.9801 2.9802 2.9806 2.9812 2.9823 2.9858 2,9916 3.0030 3.0359 3.0858
1500 | 2.9801 2.9802 2.9805 2.9810 2.9820 . 2.9850 2,9900 2.9996 3.0278 3.0714
1700 | 2.9801 2.9802 2.9804 2,9809 2.9817 2.9843 2.9886  2.9970 3.0216  3.0600
1500 | 2.9801 2.9802 2.9804 2.9808 2.9815 2.9838 2.9875 2.9949 3.0166  3.0509
2100 | 2.9801 2.9801 2.9803 2,9807 2.9813 2.9833 2.9867 2.9933 3.0126 3.0433
2300 { 2.9801 2.9801 2,9803 2.9806 2.9812 2,9830 2,9860 2.9919 3.0092 3.0369
2500 | 2.9801 2.9801 2.9803 2.9805 2.9811 2,9827 2,985 2,9908 3.0065 3.0318 o
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Table 4-32 Index of Refraction (n) of Ar

p (atm), T (°K), n Dimensionless

5

200

£9

1 2 10 20 50 100 500 1000

273] 1.00029 1.00057 1.00143 1.00288 1.00583 1.01439 1.03140 1.06803 1.18950 1.27710
.300 1.00026 1.00052 1.00130 1.00262 1.00526 1.01340 1.02751 1.05701 1.13663 1.17543 .
5001 1.00016 1.00031 1.00078 1.00156 1.00311 1.00773 1.01530 1.02977 1.06582 1.09798
200§ 1.00041 1.00022 1.00056 1.00111 1.00222 1.00550 1.01085 1.02108 1.04781 - 1.07907
900 | 1.00009 1.00017 1.00043 1.00086 1.00172 1.00428 1.00844 1.01645 1.03792 1.06583
1100 | 1.00007 1.00014 1.00035 1.00071 1.001%1 1.00350 1.00692 1.01353 1.0315% 1.05621
1300 | 1.00006 1.00012 1.00030 1.00060 1.00119 1.00297 1.00587 1,01151 1.02708 1.04910
1500 | 1.00005 1.00010 1.00026 1.00052 1.00104 1.00257 1.00510 1.01002 1.02375 1.04360
1700 | 1.00005 1.00009 1.00023 1.00046 1.00091 1.00227 1.00451 1.00887 1.02114 1.03917
1900 | 1.00004 1.00008 1.00020 1.00041 1.00082 1.0020% 1,00404 1,00796 1.01905 1.03556
2100 | 1.00004 ©1:00007 1.00019 1.00037 1.00074 1.0018% 1.00366 1.00722 1.01734 1.03254
2300 | 1.00003 1.00007 1.00017 1.0003% 1.00068 1.00168 1.0033% 1.00660 1.01590 1.02999
2500 | 1.00003 1.00006 1.00016 1.00031 1.00062 1.00155 1.00308 1.00609 1.01470 1.02783
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B. Graphical Results

The graphical results for air and argon presented are: compreési-

SERTE

bility facﬂor vs, pressure with temperature as parameter, enthalph vs.
pressure with temperature as parameter, entropy vs. témperature with

pressure as parameter, specific heat at constant pressure vs. temper-

e I i e

T D e

ature with pressure as parameter, index of refraction vs. temperature 4
_ B
with pressure as parameter, and index of refraction vs. pressure with R
temperature as parsmeter. il
% Figure L-1 to Figure 4-6  Diagrams for Air :
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N Pigure 4-7 to Figure 4-12 Diagrams for Argon 3
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C. Discussiong of Results

The results of the present calculations were compared to previous
work, Ref, (2, 3, 5, 6, 7, 9, 12, 13, 29, 33), and shown in Table (4-33).
At low pressure ranges, the deviations are almost negligible, but at
high pressure and low temperature ranges, the deviations, as might be
expected, are much greater.

" Compared with Ref. (2, 3, 5, 6), all the properties presented

almost have the same deviation under specified pressure and temperature.

In Ref. 33, the equation of state used is the Van der Waals

equation of state:

(p+i) (V - b) = RT

V2

with constant coefficients "a" and "b". The intermolecular potential
used is the corrécted rigid-sphere potential. The deviation is much

greater than the others, and the meximum deviation occurs at highest

pressure and lowest temperature region.

From Eq. (3-U43):

Ho B* B ¥* C* lC * .

" H- * - 1 -2 1

= T + + - . s (3"11'3)
Ne [ v (V*)2 ]

and Appendix E, we can see that at low temperatures (around and below
4OO°K), the terms in parenthesis of Eq. (3-43) are negative and
decreasing with an increase in pressure, while they are pogitive and
increasing with an increase in pressuré in high temperature regions
(above 4O0°K). Therefore, the slopes of the curves in Fig. (4-2) are

negative when the temperatures are sround or below LO0°K, and are
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Table 4-33. Comparison of Results with Previous Work

fref:
&

T ST O

References Gases Properties Pressure Range  Temperature Range  Deviation
Compared With f (atm) (°x) (%)

3 Nz pv,U,H,s,cP,cv 1-1,000 273-423 0.21-3.07
5 N, pv,U,H,s,cP,cv 1-1,000 273-h423 0.20-3.01
7 N, pV 200-1,000 273-423 0.50-4 .40
13 N, n 601,000 298 0.00-4.30
33 N, pv 200-1,000 273-h23 0.10-30.1
2 A UH,S8,C,C 1-1,000 273-423 2.36-4.75
6 Ar pv.,U,H,s,cP,Cv 200-1,000 273-h423 0.36-4.75
9 Ar PV . 1-1,000 273-h23 0.43-3.62
12 Ar n 60-1,000 298 0.00-1.60
29 N,,0,,Air p,H-,s,cP,cv 1-500 273-2500 1.03-2.1h4
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positive when the temperatures are above LOO°K. For the same reason,
the slopes of the curves in Figuré (4-8) are negative when the temper-
aturés are around or below 600°K, and are positive when the temperatures
are above G600°K.

From Eq. (3-63):

Mn-1
the index of refraction, n, is:

n= (Hr2) (4-1)

where M and A are constants.

Tebles (4-18) and (4-26) (densities of air and argon), show
that in a low preSsure range, the desnity for a fixed temperature
increases rapidiy with the Ilncrease in pressure. However, in a higher
pressure range, this increase in density at T = constant is much slower.
This effect shifts to higher pressure if higher temperatﬁres are éon-
sidered. For this reason it can be expected that, from Eq. (4-1), the
index of refraction at a given temperature increases rapidly with an
increase in pressure in the low preséure region, and increases slowly
with an increasé in pressure in a higher pressure region. The resulting
inflection points on the curves can be seen in Figure (446) and (4-12),
and the inflection points moved to high pressure region when the temper-

ature is increasing.
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] APPENDIX A
: THE SECOND VIRIAL COEFFICIENT AND THE ZERO-PRESSURE JOULE-
: THOMSON COEFFICIENT FOR THE LENNARD-JONES (6-12) POTENTIALA®
: *, % * *
: B(T) = b B (T ) : uocpo =b, (B -B)
5 T = kT/e Bl* = T*(d.B*/dT*)
i} b = 2/30° 132* =72 (dEB*/dT*e)
i
% * * ¥* * *
T B By B, B, -B
0.30 -27.880581 76.607256 -356.87679 104,488
0.35 -18.754895 45.247713 -189.46536 6h,003
0.4%0 -13.798835 30.267080 -116.36604 Ll 066
0.45 -10.754975 21.980482 - 78.87795 32,74k
0.50 - 8.720205 16, 923690 - 57.33952 25,644
0.55 - 7.27h0858 13.582156 - 43.88245 20.8563
0.60 - 6.1979708 11.248849 - 34.91869 17,4468
0.65 - 5.3681918 9.5455096 - 28.64050 14,9137
0.70 - 4.7100370 8.25711k5 - 24.06266 12,9672
0.75 - 4,1759283 7.2540135 - 20.61311 11.4%299
0.80 - 3.734k2254 6.45452000 - 17.95190 @ 10.188L4
0.85 - 3.3631193 5.8034061 - 15.82546 9,1665
0.90 - 3.0471143 5.264918% - 14.11557 8.3120
0.95 - 2.77h9102 4, 8127607 - 12.71081 7.5877
1.00 =~ 2.538081k 4.4282616 - 11.53985 6.9663
1.056 - 2.3302208 %,0976659 - 10,55133 6.k279
1.10 - 2,14637h2 3.8106421 - 9,707hh 5.9570
1.15 - 1.98264%2 3.55%2%5 - 8.97985 5.5419
1.20 - 1.835%4 3.3374893 - 8.3L700 5.173h
1.25 - 1.7037784 3.1k0407h - 7.79217 L. 84L2
1.30 - 1.58410k7 2.9642040 - 7.30227 L.5483
1.35 - 1.4752571 2.8057826 - 6.86692 k.2810
1.40 - 1.3758479 2.6626207 - 6.47777 k.0385
1.k5 - 1.28%7160 2.5326459 - 6.12805 3.8174
1.50 - 1.2008832 2.k1k1k03 - 5.81225 3.6150
1.55 - 1.1235183 2.3056683 - 5.52578 3.4202
1.60 - 1.0519115 2.,2060215 - 5.26485 3.2579

8 R. B. Bird and E. L. Spotz, University of Wisconsin, CM-599 (1950).
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Appendix A {Continued) 1.
* * 5 * *
B B B, B, -B E
0.65 - 0.985%5337  2.1141772 - 5.02628 3.099
1.70 - 0.92361639 2.0292621 - 4,80738 2.9529
1.75 - 0.86594279 1.9505276 - 4 .60587 3.8165 p
1.80 - 0.81203328 1.8773287 - k.41980 2.6894 3
1.85 - 0.76153734 1.8091057 - 4.24750 2.5706
1.90 - 0.71414733  1.7453722 - L.08753 2.4595 F
1.95 - 0.66959030 1.6857016 - 3.93863 2.3553
2.00 - 0.62762535 1.6297207 - 3.79972 2.,2573
2,10 - 0.55063308 1,527544 - 3,5h814 2.0782
2.20 - 0.48170997 1.4366294% - 3.326U47 1.9183
2.30 - 0.41967761 1.3552188 - 3.12974 1.7749
2.4%0 - 0.36357566 1.2819016 -~ 2.95401 1.6455
2.50 - 0.31261340 1.2155320 - 2.79614 1.5281 A
2.60 - 0.26613345 1.1551691 - 2,65355 1.4213
2.70 - 0,22358626 ° 1.1000353 - 2.52416 1.3236 ;
2.80 - 0.18450728 1.040k802 - 2.h0623 1.23k0 5
2.90 - 0.14850215 1.0029572 - 2.29831 1.1515
3.00 - 0.11523390 0.9600031 - 2.19920 1.0752
3.10 - 0.084k1245 0.9202229 - 2.10785 1.0046 g
3.20 - 0.05578696  0.883277h - 2.02340 0.93906 E
3.30 - 0.02913997 0.8488746 - 1.94511 0.87802 3
3.40 - 0.00428086 0.8167606 - 1.87231 0.82104
3.50 0.01895684 0.7867145 - 1.80447 0.76776 )
3.60 0.0k072012 0.7585430 - 1.74108 0.71782
3.70 0.06113882  0.7320758 - 1.6817h 0.6700k [J
3.80 0.08032793 0.7071630 - 1.62605 0.62684 §
3.90 0.09839014 0.6836715 - 1.57371 0.58528
4.00 0.11541601  0.6614830 - 1.52441 0.54607
4,10 0.131k9021 0.6kohR2 - 1.47789 0.50900
4.20 0.14668372 0.6206045 - 1.4339%% 0.47392 |
4.30 0.16106381  0.6017352 - 1.3923k 0.44067
4. 4o 0.17469039 0.5838082 - 1.35291 0.40912
4.50 0.18761774 0.5667545 - 1.,31548 0.3791%
4,60 0.19989511 0.5505118 - 1.27991 0.35062
k.70 0.21156728 0.5350237 - 1.24606 0.32346
4.80 0.22267507 0.5202387 - 1.21381 0.29756
4,90 0.23325577  0.5061101 - 1.18305 0.27285
5.0 0.24334351 0.4e5951 - 1.15367 0.24925
6.0 0.32290L437  0.3839722 - 0.919393 0.06107
7.0 0.37608846  0.3982566 - 0.757930 -0.96783 1]
8.0 0.413433%9%6 0.2524801 -~ 0.639879 -0.16095
9.0 0.4405978% 0.2097011 - 0.549792 -0.23090

N = T R T AN R

TR N S| U JURE P! G EENEE BTN A APPSR L A I




8
, Appendix A (Continued)
; _ _H* w* B * B * * *
w 1 2 mu. - B
Mm : 10.0 0.46087529 0.1758670 - 0.478779 -0.28501
3 20.0 ©0.52537420 0.0286638 - 0,170403 -0.49671
30.0 0.52692546  -0.017h929 - 0.072012 -0.54442
H 40,0 0.51857502  -0.0393115 - 0.024109 -0.55789
¢ 50.0 0.50836143  -0.0516478 0.003927 -0.56001
b 60.0 0.49821261  -0,.0593621 0.022147 -0.55758
% 70.0 0.48865069  -0.0645039 0.034817 -0.55316
K 80.0 0.47979009  -0.0670719 0.044056 -0.5L787
i 90.0 0.k7161504  -0,0706470 0.051031 -0.54226
100.0 0.46L06048  -0.072524h 0.056h41 -0,53659
200.0 0.41143168  -0.0775400 0.077296 -0.48897
300.0 0.38012787  -0.076524k5 0.077296 -0.45665
400.0 0.35835117  -0.0747534 0.082055 -0.43310
i
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APFENDIX B

THE THIRD VIRIAL COEFFICIENT AND ITS DERIVATIVES FOR THE

LENNARD-JONES (6-12) POTENTIAIA

83

T = kT/e ¢ = C/b02
- * * *
b, = 2/3 wic” L =T (acT/ar)
T e c.” c.*
1 2

-

NHFHHMPRHRERPRPREPRFRRRPRRPHRERSNO00000
3 - - - - a - - L] L] - L'l - - L] - a - - - - - L] - - -
OW YW EXENTARNTEEWW N N

SEEFEITTTENIGERERZEEIZSRE RIS

-3.3766L
-1,79197
-0.84953
-0.27657

. +0,07650
0.29509

0,42966
0.5.080
0.55762
0.58223
0.59240
0.59326
0.58815
0.57933
0.56831
0.55611
0.54339
0.53059
0.51803
0.50587
0.40425
0.48320
0.47277
0.46296
0.45376
0.44515
0.43710

28.68
18.05
11.60
7.561
L.953
3.23%
2.078
1.292
0.7507
0.3760
+0.1159
-0.064k6
-0.1889 -
=0.2731
-0.3288
-0.3641
-0.3845 -
-0.3943
-0.3963
-0.3929
-0.3858
-0.3759
-0.3643
-0.3516
-0.3382
-0.3245
-0.3109
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& R. B. Bird, E. L. Spotz, and J. O. Hirschfelder, J. Chem. Phys., 18,

1395 (1950).
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Appendix B {Continued)
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-

cooooon c>c>c>c1c>c>c>%gé§é§3§\n4ru:n:kac>%géol;bxﬁ1:ruJnspu&>

=3 v\ i g &

0.42260

0.40999
0.39900

0.38943

0.38108
0.37378
0.36737
0.36173
0.35675
0.35234
0.3842

0.34491
0.34177
0.33894
0.33638
0.33407
0.33196
0.33002
0.32825
0.32662
0.32510
0.3236G
0.32238
0.32115
0.32000
0.31891
0.31788
0.31690
0.3159%
0.31508
0.30771
0.30166
0.29618
0.29103
0.28610
0.24643
0.21954
0.20012
0.18529
0.17347
0.16376
0.15560

-0.2840
-0,2588
-0.2355
-0.2142
-0.1950
-0.1777
-0,1621
-0,1482
-0.1358

. =0.1247

-0,1148
-0.1060
-0.09826
-0.09133
-0.08510
-0.07963

-0.07462

-0.07024
-0.06634
-0.06286
-0.05989
-0,05709
-0.05458
-0.05237
-0.05040
-0, 04865
-0,04712
-0.04579
-0.04h61
-0.04359
-0.03893
-0.03989
-0.04231
-0.04529
-0.0h825
-0.06437
-0.06853
-0.,0671k
~0.06566
-0.06388
-0.06203

. =0.,06025
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Appendix B (Continued)

H

* * ¥*

c ¢y C

FlLw

SS858
SCOQO OO0

0.14860 -0.05857 0.0732
0.14251 ~0.05700 0.0722
0.10679 -0.04599 0.0619
0.08M43 -0.03970 0.0547

-0,07862 -0.03551 0.0k06

e

e ‘L‘ﬁ e or et

ERF e




Reduced virial coefficients for nitrogen

Apperdix C

1
i

p—

¢ K) T B By B, o ¢y c;
273 2.872173  -0.153099  1.015903 - -2.32831  0.358136  -0.139251  0.484409
300 3.15623%  -0,068315  0.899054  -2.060360  0.346446  -0.109851  0.382567
500 5,260390 0.268060 0464311  -1.092667  0.309261  ~0.042377  0.080771
700 7.364545  0.389703  0.287923  -0.714895  0,299662  -0,040772  0.023394
900 9.468701 0450102 0.193843  -0.516508  0.288719  -0.046677  0.019050

1100 11.572856 0471020  0.15271%  -0.430276  0.279860  -0.050785  0.024666

1300 13.677012 0.484592  0.121740  -0.365389  0.271513  -0.054177  0.031041

1500 15781168 0498164  0.090766  -0.300502  0.263166  -0.057569  0.037447

1900 17.885326  0.511735  0.059752  -0.235615  0.254819  -0.060961  0.043793

1900 19.989480  0.525306  0.028819  -0.170727  0.246472  -0.064353  0.050168

2100 22.093635  0.525699  0.01899%  -0.14980%  0.240800  -0.065032  0.053382

2300 2.197791  0.526025  0.009288  -0.129101  0.235142  -0.065697  0.056581

2500 26.301946  0.526352  -0.00042%  -0.108398  0.229484%  -0.066361  0.059779
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Apperdlx D

Reduced virial coefficients for oxygen

......... e A ]
R s T P e VA

(k) ™ B B B ¢* ¢y C2
273 2,320 . -0.L06548  1.338060  -3.088612  0.396760  -0.230515  0.737532
300 2.553191  <0.287890  1.18%2h  -2,720295  0.377197  ~0.185798  0.624936
500 B.255319  0.454639  0.610166  -1.410927  0.322965  -0.055701  0.161809
00 5.95747  0.319519 0.38850%  -0,929362  0,30802% _ -0.039128  0,046964
900 7.65957%  0.,400721 0.271468  -0.680067  0.294046  -0,041486  0,021447
1100 9.361702  0.447932 0.497463  -0.524106  0.289247  -0.046361  0.018879
1300  11.063830  0,467737 0.160207  -0.445973  0.281880  -0,049965  0,023123
1500  12.765957  0.478715 0.35150  -0.393484%  0.275127  -0.052979  0.028281
1700 14,468085  0.48969% 0.110095  -0.34099%  0.,268375  -0.055453  0,033438
1900  16.170213  0.500672 0.085039 -0.28850%  0.261623  -0,058196  0.,038596
2100 17.872340  0.511651 0.059984  ~0.236013  0.254870  -0,060940  0.043175
2300  19.574468  0.522630 0.034928  -0,183525  0,248118  -0,063684  0,048911
2500  21.276596  0.525572 0.,022770  -0,457842  0,242997  -0.064773  0,052140
X
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Apperdix E
Reduced virial coefficlents for air

T(K) T B B B, c* oy ¢

273 2.752061  =0.203259  1.073739  -2.462818  0.364436  -0.154870  0.534633

300 3.024%  -0.107777  0.950379  -2.17709%  0.351392  -0.122305  0.429564

500 5.040323  0.246552  0.488215  -1.184223  0.314783  -0.043402  0.09144

200 7.05452  0.378197  0.305108  -0.751266  0.301351  -0.080027  0.025427

900 9.072581 0.455315  0.207245  -0,544638  0.290672  -0.045505  0.018416

1100 11.088710  0.467897  0.159841  -0.M45206  0.281781  -0.050005  0.023198

1300 13.104839 '0.480901- . 0.130163  -0.383032  0.273783  -0.053255  0,029308

1500 - 15.120968  0.493905  0.100485  -0.320861  0.265785  =0.056505  0.035417

1700 17.137097  0.506909  0.070807  -0.258688  0.257787  -0.059755  0.041525

1900 19.153226  0.519913  0.041129  -0.196515  0.249789  -0.063005  0.047634

2100  21.169355  0.525556  0.023266  -0.158898  0.243286  -0.064740  0.051977
2300  23.18548%  0.525868  0.013961  -0.139061  0.237864  -0.065377  0.055042
2500  25.201613  0.526181  0.004655  -0.11922%  0.232443  -0.06601%  0.058106

&
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Appendix ¥
Reduced virial coefficlents for argon
(k) T 3;?_ B; B; | ¢ ¢ _EZ
273 2.278798  -0.432830 1.362480  -=3.174507  0.401330  -0.240440  0.758541
300 2.50M7%  -0,310673  1.213012  -2.790188  0.380775  -0.194278 0.648955
500 4,173623  0.142676  0.625850  ~1.445531  0.324062  -0.057829  0.172693
200 5.803072  0.310M9  0.401019  -0.956158  0.308867  -0.039661  0.052511
900 7.512521 0.395229  0.279670  -0.697426  0.268851  -0.041130  0.022417
1100 9.181970  0.M289  0,20354%  -0.536870  0.290133  -0.045829  0.018591
1300 10,8519  0.466367  0.16333%  -0.452523  0.282722  -0,049622  0.022480
1500 12.520868 0477135  0.138760  -0.401041  0.276100  -0,05231h  0.027538
1700 14,190317  0.489902  0.114184%  -0.349560  0.269477  -0.055005  0.032600
1900 15.859766  0.498670  0.080610  -0.208078  0.26285%  -0.057696  0.037655
2100 17.529215  0.509438  0.065035  -0.246596  0.256232  -0.060387  0.04271%4
2300 19.19866%  0.520206  0.040460  ~0.19511%F  0.249609  -0.063078  0,047772
2500 20.8681 14 0.525500  0.024657  -0.161862  0.244096  -0.0646M4  0,051620
_ | .
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