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3UMMÄEY 

The thennodynamic and transport properties  of high-temperature air 
are found in closed form starting from approximate partition functions 
for the major components in air and neglecting all minor components. 
The compressibility, energy, entropy, the specific heats,  the speed of 
sound, the coefficients of viscosity and of thermal conductivity,  and 
the Prandtl numbers for air are tabulated from 500° to 15,000° K over a 
range of pressure from 0.0001 to 100 atmospheres.    The enthalpy of air 
and the mol fractions of the major components of air can easily be found 
from the tabulated, values for compressibility and energy.     It is predicted. 
that the Prandtl number for fully ionized air will become small compared 
to unity, the order of 0.01, and this implies that boundary layers in 
such flow will be very transparent to heat flux. 

INTRODUCTION 

It is axiomatic that the science of aerodynamics must be based on 
a good understanding of the atmospheric medium through which vehicles 
are to fly.    Under subsonic flight conditions,  air may be treated as an 
ideal gas composed of rigid, rotating diatomic molecules.    The thermody- 
namic properties of such a gas are well known and they are accounted for 
in the gas flow equations by the familiar ratio of specific heats, which 
in this case is a constant.    Under supersonic flight conditions,  air may 
be raised to temperatures where the molecules  cm no longer be treated 
as simple,  rigid rotators.    At relatively low supersonic  speeds, vibra- 
tional energy is excited and then the specific heats become functions of 
temperature.    However, both the thermodynamic and transport properties 
of air in vibrational excitation can be predicted with fair accuracy by 
the methods of quantum statistics and kinetic theory (ref.  1), and the 
air-flow relations can be modified accordingly.     Eggers  (ref.  2)  has 
calculated the effects of vibrational energy on the one-dimensional, 
inviscid flow of diatomic gases, for example. 

Further changes in air properties may occur at still higher flight 
velocity.    Flight velocities of practical interest have now increased 
from low supersonic speeds to the escape velocity,  37,000 feet per second. 
Vehicles which travel at these hypervelocities excite the air to  such 
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high temperatures that the moleaul'se not only vibrate but may dissociate 
into atc.v! and even ionize. Under these conditions, the behavior of «.Ir 
deviates widely from that of an ideal, gas and the themodynamic and trans- 
port properties all become functions of pressure as well ae of tempera- 
ture. It is, of course, essential to evaluate there functions in order 
to calculate the pattern of air flow about high-speed vehicles, the vl3- 
couf, and pressure forces which result, and the heat flux which occurs 
between the air and the vehicle. 

The equilibrium thermodynamic properties of a gas can be calculated 
with great confidence, provided tne energy levels of the gas particles 
and the degeneracy of these levels are known.  For monatomlc and diatomic 
gases this information can generally be deduced from spectroscopic data 
with such accuracy that the calculated thermodynamic properties can be 
trusted to very high temperatures, even where experimental confirmation 
is lacking.  In the case of air, however, one of the important energy 
terms was not known with confider^e until recently, namely, the dissocia- 
tion energy of molecular nitrogi- A. This uncertainty arose because the 
available spectroscopic data were consistent with two different models 
for nitrogen dissociation, one leading to a dissociation energy of 7.37 
electron volts per molecule and the other to 9.76 electron volts per 
molecule. At first, the lower value was widely accepted as the most 
probable one (Herzberg, ref. 3)« Krieger and White (ref. k)   and 
Hirschfelder and Curtlss (ref. 5) have published tables of thermodynamic 
properties of high-temperature air based on this value. Gaydon (ref. 6) 
was perhaps one of the first advocates of the view that the higher value 
was the correct one. Subsequently a number of experlmentF were performed 
which confirmed Gaydon's opinion, among them the measurements of strong 
shock waves in nitrogen made by Christian, Duff, and Yarger (ref. 7) and 
the detonation studies made by Kistiakowsky, Knight, and Malln (ref. 3). 
This rendered the work of references k  and 5 obsolete, but shortly there- 
after Gilmore (ref. 9) computed the chemical composition, energy, entropy, 
compressibility, and pressure of air as functions of temperature and den- 
sity based on the higher value for the dissociation of nitrogen. Later, 
Hllsenrath.and Beckett (ref. 10) published a similar table of these prop- 
erties, but in much smaller increments or temperature and density. The 
calculations in both of these references (9 and 10) are highly refined 
in the sense that they not only account for the major components of air 
and their most significant energy states, but they also take into account 
a large number of the higher energy states which are infrequently excited, 
even at high temperatures, and most of the very minor chemical components 
of air are included. Therefore these works are among the most detailed 
estimates for the theniodynämic properties of air which have been made. 
Also it is not likely that these works will become obsolete, since the 
values of all the Important energy levels used In these calculations are 
now quite secure. However, it is desirable to have approximate expres- 
sions for these properties in closed form which can be solved without 
iteration.  Such solutions would be particularly valuable, for example, 
la preparing tables to be used with the method of characteristics for 
calculating the flow of real air. 

: 
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In contrast, to the fairly satisfactory state of development In 
regard to theitnodynamic properties, knowledge of the transport properties 
of air at high temperatures is in an elementary stage. It is generally 
agreed that an accurate calculation of the transport properties simuld 
toe based on the rather rigorous theory of Chapman and Enskog for roonatomic 
gases (ref. II). The extension of this theory given by Wang-Chang and 
Uhlenbeck (ref. 12)  would be used for molecular gases with internal 
energy. For such calculations it is necessary to know the interaction 
potentials which exist between the gas particles so that the so-called 
collision integrals can be calculated. Hirschfelder, Curtiss, and Bird 
(ref, 13) have developed the theory of interaolecular collisions to the 
stage where the collision Integrals and the transport properties of inert, 
molecular gases can be calculated with good accuracy. However, when the 
air dissociates, as it does at high temperatures, the atom-atom and atom- 
molecule potentials are needed, and these are not sufficiently well known 
to calculate the collision Integrals. At the present time, calculation 
of the atom-atom and the atom-molecule potentials is being attempted by 
quantum aschanical methods. However, it may be som time before these 
solutions are available, and even when they are compxeted a formidable 
obstacle to the calculation of the transport properties remains. This 
occurs because two atoms may approach each other along any one of a num- 
ber of potentials, depending upon the principal quantum number of the 
electrons and the spatial orientation of the electron sp.iu and orbital 
momentum vectors at the time of collision. These potentials are quite 
different, some are partly attractive and others are entirely repulsive. 
The solutions for all of these- potentials are implicit in the quantum 
mechanical description of the problem. It is hoped that these potentials 
might be weighted by their probabi3.1 ties to yield single effective poten- 
tials for each species, for if the atoms which interact along each dif- 
ferent potential must be treated as c. separate species in the gas, the 
calculations of the transport properties will be laborious indeed, even 
with electronic computing. Problems of this type are further compounded 
when temperatures are considered where the air begins to ionize. In any 
event, there is an urgent need for an estimate of the properties of air, 
due to the demands created by the expanding realm of very high-speed 
flight. Therefore, an engineering approximation for the transport prop- 
erties of high-temperature air would be valuable in the interim while 
more exact solutions are being prepared. Even after more precise solu- 
tions are available, an approximation giving the transport properties in 
closed form will be just as desirable as it is for the thermodynamic 
properties of air. 

In view of the needs outlined above, it is the purpose of this paper 
to develop approximate expressions for the properties of air over the 
range of temperatures and pressures encountered by vehicles travers-.„ug 
the atmosphere at speeds up to escape velocity. The principle whicn shall 
be used in deriving these expressions is that they shall be made as simple 
in form as possible. For the thermodynamic properties this is accomplished 
by keeping only those terms which are necessary to yieaV a final result 
within a few percent of the more exact solutions. The properties of air 
which will be evaluated are the compressibility (i.e., the correction to 
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the ideal gas equation of state), the energy, enthalpy, entropy, specific 
heat at constant pressure and at constant density, the speed of sound, 
the viscosity, thermal conductivity, and the Prandtl number. All of 
these properties will be evaluated for equilibrium conditions. Because 
of the finite reaction rates, these values will doubtless need to be modi- 
fied for processes which involve changes in sta^e which are rapid compared 
to the rate of approach to chemical equilibrium. Nonequilibri urn effects 
will probably be encountered in very high-altitude flight because the 
approach to equilibrium is slow at the low pressures experienced ^here. 
However, there is experimental evidence that equilibrium is essentially 
realized in flow of dissociating air xr.nder conditions encountered in 
flight at moderate altitudes and speeds (ref. lh).    In addition, 
Hirschfelder (ref. 15) has argued that heat transfer in pure conduction 
processes will correspond to equilibrium values if the reaction rate in 
one direction is rapid,  Therefore, the thermodynamic and transport prop- 
erties of air which are based on equilibrium conditions should apply 
directly to some practical problems as well as being a convenient reference 
for the nonequilibrium values. 

SYMBOLS 

a speed of sound (zero frequency) 

a-f ,b^ stoichiometric coefficients for components Aj^ and Bi 

A^^Bi components of a chemical reaction 

C Sutherland's constant (eq. (58)) 

C± specific heat per mol at constant density for component i 

Cp specific heat per mol at constant pressure 

C-p1 partial specific heat per mol at constant pressure, 

VxiCCi+l) 
i 

Cv specific heat per mol at constant density 

D dissociation energy per molecule, also diffusion coefficient 

Dji binary diffusicn coefficient for molecules of type i into 
molecules of type j 

e base of natural logarithms, also electron charge 
m- 

e~ electron 

- 

# 
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1 energy per tnol, also electric field strength 

Ej? energy per mol of component i 

EQ energy per mol at jsero absolute temperature 

g^ degeneracy of the ith state 

gn degeneracy of the nth electronic state 

h Planck's constant 

H enthalpy per mol 

H-L enthalpy per mol of component i 

I molecular moment of inertia, also ionization energy per 
molecule 

lo resonance potential for ionization 

J rotational quantum number 

k Boltzmann constant, also thermal conductivity 

kQ reference coefficient of thermal conductivity (eq. (77)) 

k^k'       coefficient of thermal conductivity aue to molecular 
collisions 

kr coefficient of thermal corr activity due to chemical reaction 

Kc chemical equilibrium constant for concentration units 

Kp chemical equilibrium constant for pressure units 

DpCV 
Le'        partial Levis ntfewöi, •<.  ^ 

Mk« 
      r. •,. 

2n logarithm to the base e 

m mass of a gas particle   *> » 

Mj_ molecular weight per mol of component i 

M mean, molecular weight per mol of a gas mixture 

Mo molecular weipcbt per mol for undis so elated molecuJ.es 
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No 

N2 

NO 

0 

0+ 

02 

p 

Po 

p(Ai), 

vi^rationax quantura number,  also electronic quantum number, 
disc  concentratioa In ml-ms p** *mli volume 

concenL.'ation of coaponents    A^, Bj^,       in moles per unit 
volu'ue 

nitroge- atom, also atoms in general 

Avagadro numberj 1* ■ lecules per mol 

nltrogexi plus ion, ^Iso plus ions in general 

nitrogen m lecule 

nitric oxl'.■: 

oxygen atom 

oxygen plus ion 

oxygen molecule 

pressure 

reference pressure, 1 atmosphere 

}-a \' r      partial p.^essui-e of components At, B-j, .. 

Pr 

prf 

Q 

Qt 

Qr 

Qv 

Prandtl num'.H..r, 
!5„T) 

i'l 

partial Prandtl number, -i.— 
Mk' 

total partition function 

translational partition function 

rotational partition function 

vibrational partition fxmction 

electronic partition function 

total partition function for a standard state of unit 

concentration, JL Q 
RT 

■ 
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Op 

Qp(Bl). 

r 

re 

R 

S 

Si 

So 

SiJ or 

S(i-J) 

T 

ul 

Uo 

U 

Z 

a 

ß 

total partition function for a standard state of unit 
pressure, pQ 

I   total partition functions for components Af^ B±,   ... 

distance between atoms 

distance "between atoms where the potential is a minimum 

universal gas constant, energy per mol deg 

entropy per mol 

entropy per mol of component i at 1 atmosphere pressure 

collision cross section for undissociated air molecules 

collision cross section for particle i with particle j 

absolute temperature 

mean molecular velocity for molecule type i 

mean molecular velocity for undissociated air molecules 

potential energy between gas particles 

mol fraction 

mol fraction of component i 

mol fraction of component Ai ... 

pMo   Mo 
compressibility, —ü or ~ 

pRT   M 

molecular symmetry number (equal 2 for homonuclear diatomic 
molecules), also polarizability 

Morse function constant (eq.. (6l)) 

o-n 
ratio of specific heats, -£- 

I   I 

e fraction of molecules which are dissociated or of atoms 
which sire ionized 

t,     , ■. 
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en 

C 

In 

V 

Pi 

Po 

cr 

energy of the    ith    state 

energy of the    nth    eiQ^roaic state 

dimensionless distance para^'tB*-, --. - 1 
re 

coefficient of viscosity 

reference coefficient of viscosity (eq., (6?)) 

mean free path for molecule type i 

reference mean free path (eq. (71)) 

vibrational frequency 

density of molecule type i 

reference density (eq. (70)) 

collision diameter 

'       •> 

Subscripts 

P 

P 

B 

t,r,v,e 

partial derivative at constant pressure 

partial derivative at constant density 

partial derivative at constant entropy 

indices referring to molecules type i and j 

indices referring to the contribution of u-anslational, 
rotational, vibrational, and electronic energy modes, 
respectively 

THERMODYNAMIC PROPERTIES 

As a preliminary, a brief review of some of the results of 
statistical mechanics will be given,, This will include the definitions 
of the partition functions and will summari.ie those relations between 
these functions and the thermodynamic properties of gases which will be 
used in the approximations to follow. 

■ 
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Partition Floictionß 

All of the thermodynainic properties of a gas may be calculAted from 
its partition function. Consequently, the first, step in determining the 
properties of air is to calculate the partition functions for the 
eomponents in air. The partition function may be defined as 

00 

'I 61« (1) 
i=i 

where ^ is the energy of the ith state of the gas particle and g-, 
is the degeneracy, that is, the number of states of the particle which 
have this same energy level. The energy may be due to the translational 
rotational, or vibrational motion of the particle, or to the motion of ' , 
the electrons within the particle. The temperatures being considered in 
this paper are in all cases low enough that the excited nuclear energy 
states may be disregarded. The usual assumption is made that no coupling 
exists between the different modes of energy. Then the partition function 
may be expressed as the product 

Q = QtQjA/Qe (2a) 

The factors on the right side of equation (2a) are, respectively 
the partition functions associated with the translational, rotational,' 
vibrational, and electronic energy levels of the gas particle. Each 
factor is determined independently by an equation of the same form as 
equation (l). By the methods of statistical mechanics it is found that 
for diatomic molecules these factors are: 

Qt = 
23tnM,\3/2 ™r 

\ 

CO b2j(j+i) 

Qr «    )    (2J+l)e      **2J*?    * S^IkT 
£-* "      ah2 

J=o 
—        hhv      / hv^ 

kT    , ft . e" W 

kT 

(2b) 

(2c) 

(2d) 

(2e) 
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The aotations ueeä above are common  ones and the derlvatica of th«? 
equatians may be found la any stand&ixi 'ext on statlitlcal jaechanlcs, 
such as refert»nce 16 or l'[.    For a»natomlc partlclet;^ which have no nsodes 
of rotational or vibrational energy, the rotational and vibratiunal par- 
tition functlona take the value unity. The translatlonal and electronic 
partition functions for such particles take the same form as equations ('0b) 
and (2e), respectively. 

Consistent with the stated purpose of this paper, only those 
exponential terms are included in the electronic partition function 
(eq. (2e)) for which the energy levels, €n, are less than six times kT 
at the maxim-urn temperature considered (15,000° K). Actually, the levels 
are so widely split in this range that the closest to this cutoff is the 
sixth state of the atomic nitrogen ion, just a little more than four 
times kT at 15,000° K. 

Table I presents the atomic and molecular constants which were used 
in calculating the partition functions. The molecular con-stants for 
rotation, vibration, dissociation energy, and electronic energy levels 
were taken from Herzberg (ref. 3), The 9.76 electron-volt value for 
nitrogen dissociation is used, and it is assumed ^hat the rotational and 
vibrational constants for all excited electronic states are the same as 
for the ground state. The atomic energy levels are taken from Moore 
(ref. 18). The constants have been rounded off to the nearest 0,5 per- 
cent, and the second and third electronic energy levels of atomic nitro- 
gen have been combined since they lie within 0.'5 percent of each other. 
The same treatment applies to the second and third electronic levels of 
the atomic oxygen positive ion. 

The functions which are to be used directly in the calculations to 
follow are the logarithms of the partition functions. From the partition 
function constants (table I) and equations (2a) through (2e), these 
functions become 

Zn Q(N2) »I to T - 0.k2  - 2n( 1 - e ~T~' j- to p      (3a) 

to Q(02) = I to T + 0.11 - to( 1 - e  T u 

11390       1B980 

to/ 3 + 2e   T  + 2e   T  )- 2n p        (3b) 

,-.■- 
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£28 326 

m Q(0) mM mt 4 C.5Ö +mf5+3e     T+e"r' + 

22800 48000 
T +  e -  In p (3c) 

27700 41500 

Zn Q(N)   « 2  in T + 0.30 +   Zn / 4 + lOe T      + 6e        T 
-  In p 

y 

2n Q(0+)  =|  to T + O.50 +   Zn f If + 10 
38600 58200 

+ oe        ^ 

(3d) 

Zn p 

70.6 188.9 

Zn Q(N+)   = 2  zn T + 0.30 +   Zn f 1 +  3e       T     + 5e        T      + 

(3e) 

5e 

22000 

T 
4TOOO 67900 

+ e T      + 5e        T to p (3f) 

to Q(e-)  = I  Zn T 14,24 -   Zn p (3g) 

where    T    is the temperature In degrees Kelvin and' 
atmospheres. 

p is given in 

It vill be suz-mised that those components of air which are not 
represented by partition functions above are to be neglected in the 
approximetions which are to follow. The absence of a partition function 
for nitric oxide may be found surprising, but it will be seen later that, 
to the order of accuracy being considered here, the formation of nitric 
oxide may be neglected in computing theimodynamic properties over a wide 
range of pressure and temperature conditions, including those conditions 
which will generally be encountered in high-speed flight through the 
atmosphere. This occurs because NO has about the same thermodynamic 
properties as an average for nitrogen and oxygen molecules, and the NO 
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formation does not greatly influence the equilibrium mol fractions of 
3Jolecalet3 and of atoms. The possible influence of nitric oxide on the 
transport properties of air will be considered later. 

Energy, Enthalpy, and Specific Heats for the 
Components of Air 

According to statistical mechanics, the energy and enthalpy per mol 
of pure gas are given by the following relations 

Ibla = T 
ET 

B Zn Q 

ÖT 
= T d !£ Qc 

dT 
W 

= T 
d to Op 
dT (5) 

The quantities Qc and ^ are the partitic;n functions for the standard, 
states of unit concentration and of unit pressure, respectively. These 
are related to the total partition function by 

Qe=^Q (6a) 

Qp = PQ (6b) 

and they are functions only of temperature so that it is their total 
derivatives which are related to the energy and enthalpy as given in 
equations (4) and (5). The quantity EQ is a constant representing the 
energy of the gas at zero absolute temperature. The choice of this level 
Is arbitrary, but by convention EQ is taken as zero for the molecules 
of nitrogen and oxygen. Then EQ for the neutral atoms is just one half 
the energy of dissociation per mol of diatomic molecules, and E0 for 
the ionized atoms is the sum of this dissociation energy and the energy 
of ionization. With all the ionizatlon energy attributed to the ionized 
atoms, EQ for the electrons must be taken as zero, of course. 

By definition the specif, heats per mol of pure gas are 

A ..A 

dH CP^f 

(7) 

(8) 

MiMixwaiBHBlMtMr*'»».' m 
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Proia equatJons (2a), (2b), (2e), (K),  and  (5) It ls seen  that the 
energy and enthalpy per ml  of gas die to'tran.iation and ^0^10 
excitation are given by tj-euLronic 

-21 

t+e 

I gne 
% (9) 

H-E, 
RT 

t+e       t+e 
(1.0) 

s.nd the specific heats given by equations (7) and (8) can be expressed 

■R4e= 
Sne kT 

Sn6 
^n 
kT 

(11) 

•I  + 1 
t+e 

(12) 

enth«^    f+i
9h (10)}   (11)'  ^ (12 ^ve tllat P^t of the energy 

enthalpy and the specific heats which is due to the translatLnal Sd 
electronic energy for either atoms or molecules. The cont^??nn.^ 

ZsT'TlTse^T'T1  ^^ ^ ^f be i-^eHoTthe^le Lr case, of course. Accordxng to equations (2c) and (2d) the expression 

(il)  " ^ I ^ - 1^ 
r+v (13) 

should be added to equations (9) and (10) in order to obtain the tot«.! 
energy and enthalpy for diatomic molecules, while al 

* 

■ 

■•■• 

'^^^^s^^mmigm^^i^^^ 
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should be added to equations (11) and (12) to get the total specific 
heats for these particles. 

The entropy of a pure gas Is related to Its partition function by 

i = ^ «+ T (^ (15) 
1 

m 

and from equations (5) and (6b), the entropy of the gas at unit pressure 
may be expressed 

i 

S = to Q^ + ^£ (16) 
R      P   RT 

The calculated values of the partition fi. .tlons for a standard 
state of•]? atmosphere pressure, the energy, and the specific heat at 
constant density for the major components of air are given in table II 
In 500° K increments of temperature. The concentration standardized 
partition functions, the enthalpy, entropy, and the specific heat at 
constant pressure are not listed since they may be easily found from the 
properties tabulated and equations (6), (10), (12), and (l6). The tabu- 
lated properties for each component are given for the range In tempera- 
ture In which the component exists in air, at pressures between 0.0001 
and 100 atmospheres, up to the maximum temperature considered, 15,000° K. 
We shall now examine how these values may be used in computing the 
thermodynamlc properties of air. 

Equilibrium Constants 

In order to determine the equilibrium mol fractions for the components 
of, air. It will be necessary to calculate the equilibrium constants for 
the chemical reactions which occur. These chemical reactions may be 
expressed In the general form 

^a-jAi^^iBi (IT) 

where the A^ are the reactants, the Bi the products, and ai and bj, 
are their respective stolchiometrlc coefficients. The pressure equilib- 
rium constant for this reaction is defined In terms of the partial 
pressures 
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p mnw*HH) 
(18) 

and it is related to the partition functions by (see ref.  16) 

m 

where 

AE0 ^^^(Bi)- ^^(Ai) 

iW (19) 

is the zero point energy of the products less the zero point energy of 
the reactants, both referred to their standeird states. The reactions 
considered here are the dissociation of molecular oxygen and of molecular 
nitrogen and the lonization of atomic oxygen and of atomic nitrogen. 
According to equation (19) and the partition function constants given in 
table I, the equilibrium constants for these reactions are 

to Kp(02 -»2 0) « - 59^00 + 2 ^ Q^QJ _ Zn Q^'O^ 

to Kp(N2 -» 2N) « - :L13|^
20Q + 2 to Qp(N) - Zn Qp(N2) 

(20a) 

(gC'b) 

in Kp(0 -» 0++e-)  = - 1^000 +   to 4p(0+) +   to Qpte-,   -   In ^,(0) 
c     ' ^ (20c) 

Zn Kp(N -» tf-+e-)  = - l68^800 +   to Qp(JM:) +   to Qp(e-)   -   Zn Qp(N) 
JL (2Üd) 

The concentration equilibrium constant is defined by 

Kc = 
n^^Ai) 

(21) 

where n(Ai) and n(Bi) are, respectively, the concentrations of the 
chemical reactants and products. This quantity will also be needed for 
subsequent calculations, and It is obtained by repj.acing the pressure 
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standardized partition functions, Qp, with the corresponding concentration 
standardized partition functions, Qc (eq. (19)). Fram enuatloa (b) it 
is seen that 

Kc - Kp(RT)
Zal-£bi (22) 

The logarithmic derivatives of the equilibrium constants will also 
be required later. From equations (5), (10), and (19) these become 

T d   Zn Ke = ^     y/E-EA    _yfMo\ 
dT      T   ^V HT J       l^K  RT A [23) 

d Zn Kp    d Zn Kc 

The equilibrium constants and their logarithmic derivatives for the 
reactions represented by equations (20a) through (20d) are listed as 
functions of temperature In table III. These quantities will now be 
used in calculating the component mol fractions and their derivatives. 

Calculation of the Equilibrium Mol Fractions 
and Their Derivatives 

The possibility that approximate solutions in closed form could be 
obtained for the properties of air suggests Itself upon examination or 
the results of Gilmore (ref. 9). His tables of the composition of air 
show that there are four chemical reactions of major importance. These 
are the dissociation of molecular oxygen and of molecular nitrogen, and 
the ionizatlon of atomic oxygen and of atomic nitrogen. 

02 -»2 0 (25a) 

N2 -» 2N (25b) 

0 -> 0+ + e"                    (25c) 

N -> F*" + e"                    (25d) 

With one exception, all other reactions which occur yield component 
concentrations which are the order of 0.1 percent, or less, of the major 
components given by the reactions above. The exception is the formation 

-:—*■■**<■'■?■*■ • ■- ..... .....   ,,.. ,. 
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of nitric oxide, NO, which f sea level density may become as much as 
10 percent of the air aroun:'. TKX)0 K  (see ref. 9). However, even this 
much nitric oxide does not st:';4;ly Influence the resulting thermodynamic 
properties of air, and at densit: ^ less than 0.01 noimal sea level 
density, where the NO is less t&an 1 percent, the effects are very 
small. 

Two distinctive features of the chemical reactions given above are 
observable from Gilmore's results. The first is that at all pressures 
the dissociation of oxygen is essentially complete before the dissocia- 
tion of nitrogen begins. This means that these two reactions can be 
treated Independently for the purposes of our approximation. The second 
feature is that nitrogen and oxygen atoms ionize at about the same tem- 
perature and with about the same energy changes.  (Note, e.g., the approx- 
imate equality of the equilibrium constants for the two ionizatlon 
reactions, table III.)  Consequently, it is possible to assume that once 
air is completely dissociated, all atoms constitute a single species 
which has the population weighted average properties of the nitrogen and 
oxygen atoms. Then the problem conveniently divides itself into three 
cases, and in each case only three components of the air need to be con- 
sidered simultaneously. These three cases are described as follows, 
where the ratio of nitrogen to oxygen has been taken as h  to 1. 

Case I.- At relatively low temperatures, the three components of 
air which may exist simultaneously are molecular nitrogen, molecular 
oxygen, and atomic oxygen.  If e is the fraction of the initial number 
of moles per unit volume which have become dissociated, then the partial 
pressures for these three components may be expressed 

p(N2) = x(N2)p = M p (26a) 
1+e 

p(02) « x(0?.)p = 9J±1 p (26b) 
l+€ 

p(0) = x(0)p = üi- p (26c.) 
l+€ 

where the x{A±)  are the mol fractions of component Ai.    It is assumed 
that the gas components each behave like an ideal gas. Then the equation 
of state is 

p  SRT ,    s 

P " "MT (27) 

where the compressibility Z is 1 + e in this case. This quantity Z 
is the total number of moles per initial mol of undissociated air. It 
Is also equal to the ratio of the initial molecular weight of 
undissociated air to the mean molecular weight, MQ/S. 
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The equilibrliaa constant for the oxygen dissociation reaction is 

Mo-^o) -PfM SfÜL 
P' -        p(02)  (l+e)(0.2^) 

Then the fraction € ic found by solving the quadratic equation (28) 

(28) 

e = 
-0.8+ 10.6k + 0.8 (i + j^) 

2(1+l) 
(29) 

The condition of no dissociation which occurs at low temperatures "is, 
of course, just the limit of case I where e is zero. 

Case II.- At intermediate temperatures the oxygen is conpletely 
dissociated and the nitrogen dissociation commences. For this case, e 
will be defined as the fraction of the initial air which dissociates into 
nitrogen atoms. Then the compressibility Z is 1,2 + e for this case, 
and the partial pressures of the components are 

p(N2)   = x(N2)p = Ml£ p 
1.2+e 

p(N)  = x(N)p = -^- p 
1.2+6 

p(0)   = x(C)p = -M- p 
1.2+e 

The equilibrium auüstant for the nitrogen dissociation reaction is 

(30a) 

(30b) 

(30c) 

MNg -* 2N)  = 
P2(N) 

pfc)   ' (1.2+e)(0.8-e) 
4e2P 

(31) 

whence    e    is given by 

€   m 

-0.4+ /o.16 + 3.84 ('1+^ 

(-0 
(32) 

■■ "i::.   ■ ■ .       ■■■■?■ 
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Caee III.- At high tfemperatur-is, the dissociation of nitrogen is 
also complete, and the lonlzatlor. of the atoms begins. For this case 
Ka  assuae that the atoms are a single homogeneous epecies symbolized 
by N. The term e will now be the fraction of the atoms which have 
been ionized, and then ^e partial pressures become 

F(N) « x(N)p mklV 
1+e 

P(I^) = x(^)p . JL. P 
l+e 

(33a) 

(33b) 

p(e-) = x(e-)p M ~™. p 
l+e 

(33c) 

Note that the compressibility Z in this case is 2(l+e). The ionization 
reaction equilibrium constant is 

KJJCN -> IT^+e") = P(l^)p(e-) 

p(N) 
g2P 
1-e2 

(3^) 

and then e becomes 

e = 1 + 

1 
2 

(35) 

The derivatives of the mol fraction compressibility products, Zxi, 
will be needed in addition to the mol fractions. For case I from 
equations (28), (26a), (26b), and (26c) it is seen that 

d to K, ?-        1 
' l+e + 0 .2-ey VäT/ (36) 

(37) 

(38) 

(39) 

:- 

■n 
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where the  subscript p refers to the fact that the partial derlvetlves 
are taken at constant pressure. In order to find these ssuae partial 
derivatives at constant density, the equilibrium constant is expressed 
in concentration units 

KC(02 ^ 20) =  $&— m J*L JL (kO) 
(l+6)(0.2-e)  0.2-e ^ V  ; 

whence 

dT    Ve  0 

and the mol fraction derivatives at constant density take the same form 
as equations (37), (38), and (39) except that the quantity (öe/dT)  is 

replaced by the quantity (öe/öTjp found in equation (hi).    For case II 
a similar set of equations for the derivatives occurs 

d  Zn Kp 
dT 

f2          1,1s 

Ve      1.2+e  *  0.8-€, 

d  Zn Kc 
dT 

./2+      1   \fa\ 

äZx(N) = -2 ÖZx(N?)  = 2 ^ 
ÖT               dT 

öZx(O) 
ÖT 

= 0 

(Ir/p (42a) 

(42b) 

(^3) 

m 
Finally, for case III, the equations are 

$£(£}  _ ^Zx(e-)    ^2x(N)  „de n^ 
or     dT      or    är ^ ^ 

where, as before, the partial derivatives are given for eoastaat pressure 
or for constant density depending on the corresponding partial derivative 
of e which is used. With these quantities in hand we"are in position 
to calculate the energy, specific heat, entropy, and the speed of sound 
for air. 

«MM* 
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Energy, Specific Heat, Entropy, and Speed of Sound 
for Air in Equilibrium 

The energy per mol of air is simply the sum 

E - ^x^i (*/) 

where the Ei are the energy per mol for component i. Generally In 
aerodynamic problems the energy per fiy.:d mass of gas is needed rather 
^Jf J?fS per,ino1- T*e mss of ^s in a mol of undissoclated air 
T^nf- -i-l8-"^ ^^  -f— ^-tlty for this purpose, 
air is 

in dimensionless form, the energy per mol of initially undissoclated 
5 

RT    ZL 1 RT m 

while the dimensionless enthalpy per initial mol of air becomes 

ZH _ ZE 
RT ~ RT + (49) 

The compressibility, Z, and the dimensionless energy, ZE/RT which 
have been calculated from the preceding equations, are Usted in' 
tables iy(a) and IV(b> and are graphed as functions of temperature in 
figures 1 and 2. The enthalpy i9 easily obtained from tceso value, via 
equation (k9).    At this point it is desirable to compare the calc.aations 
of references 9 axxd 10 with the results obtained above. It is notpossi^ 
ble to compare the numerical results directly since both references 9 
^Ll^T      S Properties of air as functions of temperature at con- 
stant density rather than at constant pressure as is done here. However 
iSi ^i    t^Se tVO ref'erences are the same, and reference 10 tabu-' 
lates the properties in close enough intervals so that constant pressure 
values can be obtained fairly accurately by interpolation. The values 
for compressibility and energy interpolated from reference 10 agree with 
the approximate solutions within 5 percent in all cases, and generallv 
within 2 percent, so that on the scale of figures 1 and 2 the differences 
are hazily disce^ible. In view of this agreement, it is concluded that 
the solutions presented here are useful approximations for the themodv! 
namlc properties of air. Thex-efore we shall proceed to use those Ipprox- 
imtions to calculate the entropy, specific heats, and speed o?so^d?n 

The entropy per initial mol of air is simply obtained from the 
entropies of the components of air through the relation 

t 
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(50) 

where Pn Is the reference pressure for the standard state, in this case, 
1 atmosphere. The entropy values are listed in table IV(c) and are shown 

graphically in figure 3. 

It is necessary to take the derivatives of the products ZE and ZH 
for specific heats if the latter are to have their usual meanings, that 
is the change in energy which occurs in a fixed mass of gas per degree 
temperature change. Thus the constant density specific heat per initial 

mol of air is given by 

ZC 

~R MM = 
Z
I-T-I(D (51) 

where C is the derivative of energy for component i, that is, dEi/dT. 
The corresponalng specific heat for constant pressure is given by 

ZCp 

R R V&r 
«ifdZS^ =Z\ xi(^i+ 1)+ T 

i 
R L W + i 

dZxi 
(52) 

The specific heats calculated from equations (51) and (52) are 
listed in tables IV(d) and IV(e).  It may be noted that when chemical 
reactions occur, the difference between the specific heats per mol is 
nut equal to the gas constant, as in an ideal gas, but is given by 

VR    R/ ZL 

% /^ZxA    _ Ei ZdZxA 
RT V ÖT /    " RT \ ÖT A 

(53) 

Both of the specific heat functions have the same general features. 
These features are illustrated in figure k  where the specific heat at 
constant density Is given as a function of temperature for pressures 
of 0.0001, 0.01, and 1 atmosphere. At low temperature CV increases 
from 5/2 R to 7/2 R as the vibrational modes of energy become excited. 
Then,"with Increasing temperature, the specific heat goes through three 
distinct maxima where the chemical components change most rapidly with 
temperature; the first maximum is due to the oxygen dissociation reaction, 
the second to the nitrogen diBsociation, and the third to the ionlzation 
reactions. As pressure decreases, these maxima increase in sharpness and 
in magnitude and they shift to lower temperatures. It has been pointed 
out (ref. 16) that the values deteimined from the partitioi. functions 
cannot oe highly accurate because the second derivatives of the partition 
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functions are required, and the error in neglecting higher order terms 
is magnified in the process. However, the curves of figure li vould 
merely be shifted slightly in temperature and have somewhat different 
peak values if the calculations were more exact. Certainly the qualita- 
tive features of the specific heats should he correctly giwui. 

a 

The specific heat values determined above enable us to calculate 
the speed of sound In air. This speed of sound will be defined by 

a^ mm W (54) 

that is, the limiting value as the frequency,of sound approaches zero. 
The partial derivative given in equation (5^) will not be calculated 
directly, since it is not convenient to treat the entropy as .an inde- 
pendent variable which can be held constant (see eq. (50)).  However, 
equation {^k)  may be transformed with perfect generality into the form 

B?  = 7 (^ 
äp. T 

(55) 

where y    is the ratio of the specific heats, Cp/Cy. Equation (55) is, 
in turn, equivalent to 

a2 s -7 

ap 
ST (56) 

which, from the equation of state (eq. (2?)), may be expressed in terras 
of variables which have already been calculated 

1 + 

^£ = 
1 + T /özN z VOTA. 

(57) 

The dlmenslonless speed of sound parameter, a2p/p, is listed In table IV(f) 
and Is plotted as a function of temperature In figure 5. The second term 
on the right side of equation (57) is generally near unity, so that fig- 
ure 5 is also indicative of the variation in 7 with temperature. 

The range of pressure and temperature in which the dissociation of 
oxygen, the dissociation of nitrogen, and the ionizatlon of atoms are the 
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important chemical reactions is indicated by dividing table IV into the 
regions case I,  case II, and case III, respectively. Figure 6 presents 
the same information in a graphical form from which it is convenient to 
Judge the chemical state of air for a given pressure and temperature. 
It will be noted that boundaries between the chemical reactions corre- 
spond to end points in the characteristic cycles that occur in the 
thenacdynamic parameters graphed in figures 1 through 5. 

Aerodynamic Considerations 

The thermodynamlc properties obtained at this point are those 
required to perform calculations of inviscid air-flow problems by the 
method of characteristics.  These properties are given for a range of 
temperature from 500° to 15,000° K and of pressure from 0,0001 to 
100 atmospheres.  It is of interest now to examine the altitude and 
velocity at which these conditions will occur in flight, A grid of the 
pressure and temperature at the stagnation point of a body in flight is 
shown in figure 7 as a function of flight altitude and velocity. The 
stagnation enthalpy per unit mass was simply taken as one half the veloc- 
ity squared, and the stagnation pressure was related to the static pres- 
sure (and thus to aloltude) with the results of Feldman (ref, 19), who 
computed the pressure ratio developed across normal shock waves in air 
at various altitudes. Generally lower temperatures and pressures will 
be attained at regions other than the stagnation region, BO the range of 
these variables will be adequate for such cases also.  At very low pres- 
sures, such as occur at high altitudes or in expanded flow regions, aero- 
dynamic effects may often be disregarded. However, if necessary, the 
approximations of this report may be extended to pressures below 0.0001 
atmosphere.  It is not advisable to extend them to pressures much greater 
than 100 atmospheres, since there occurs an Increasing overlap of the 
chemical reactions in air as pressure Increases and, in addition, the 
nitric oxide becomes such a large component of the air that it must be 
considered. As a result of this overlap in the chemical reactions, the 
calculated properties of air show irregularities in the region of transi- 
tion from one reaction to another. Slight irregularities can be observed 
at the transition regions for 10 and 100 atmosphere pressures (figs. 1 
through k),  for example. However, the deviations are snail at these pres- 
sures and it can be seen from figure 7 that the thermodynamlc properties 
of air can be closely approximated in closed form ever the range of con- 
ditions of current Interest in aerodynamics. Some of the results of these 
approximations will next be used In estimating the transport properties 
of high-temperature air. 

SÄ^^Älg«^ ■.  . 
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TRANSPORT FROrERTIES 

Collision Cross Sections 

Consider first some qualitative aspects of the collisions between gas 
particles. The particle trajectories are influenced hy a potential U 
which is negligible at long range, which may be attractive or repulsive 
at intermediate range, but which always becomes strongly x'epulslve at 
very short range. A particle with kinetic energy kT will not be greatly 
deflected if it passes only through that part of the potential field 
where |u| « kT. On the other hand, the particle will be deflected appre- 
ciably if it passes where |u| » kT. The direction of the deflection is 
unimportant so far as transport properties are concerned, for it is the 
absolute value of the deflection which determines the change in mass^ 
momentum, and energy fluxes caused by the collision. To a first approxi- 
mation, the absolute value of this deflection is independent of the sign 
of the potential and the effective collision diameter a    is the order 
of the largest distance where U = ±kT. The effective collision cross 
section S will be defined as jtcr2. 

In the rigorous treatment of the transport properties of gases, the 
effective collision cross section S is found to be an integral function 
0f t'tej£ß£J>£c't±on  angles produced by a collision, and this integral is a 
function of the relative velocity of the colliding particles. The 
so-called "collision integral" is a function of temperature only which 
is S times a velocity function integrated over all. velocities. Thus 
the collision integral may be thought of as an average effective colli- 
sion cross section, and the transport coefficients can be related directly 
to these integrals. However, not all the interparticle potentials have 
been developed which are needed to calculate the collision integrals for 
air.  In the present paper then, plausible estimates of the effective 
collision cross sections will be used to determine the mean free^jaaths 
for hard elastic spheres, and for such particles the transport cs^ff*- 
cients can be related to these mean free paths (ref. 1). The effects of 
the interaction potentials will be taken into account by letting the 
spherical cross sections be appropriate functions of temperature. 

The effective cross sections for collisions between diatomic 
molecules can be obtained quite accurately by the collision integral- 
method. However, at high temperatures, the very steep repulsive portion 
of the intermolecular potential is penetrated so that the iroleoulet; do 
behave essentially like hard spheres. Consistent with the approximations 
which are to follow, it will be sufficient to use the Sutherland formula 
fcr the molecular cross section So 

where C is 112° K and 8», the molecular cross section at infinite 
temperature, is S.l^xlO"1^2. 
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For atomic collisions, the picture Is complicated by the fact that 
two a-vO-is may approach each other along any one of a number of potentials. 

For example, the potentials between two nor- 
mal nitrogen atoms are shown qualitatively 
in sketch (a) (see ref. 3). The lowest lying 
of these potentials, designated ir0, has the 
lowest total electron spin and it is the one 
normally responsible for the vibratlonal 
energy levels observed in the stable molec- 
ular state. Therefore UQ can be expressed 
quantitatively from experimental spectro- 
scopic data. Unfortunately, the higher lying 
potentials for the atoms in air are not known 
quantitatively at present, so we are reduced 
to estimating an average collision cross 
section for all of the potentials by means 
of the known lowest lying potential UQ. 

For this purpose it is assumed that the 
collision diameters 0    are given by 

Sketch (a) 

Uo(0) = -kT (59) 

and these diameters will be used to evaluate the coefficients of momentum 
and energy transfer. A somewhat deeper peno":ration of the potential is 
normally required for a collision to affect the particle flux, so that 
the diameters a1    which will be used to evaluate the diffusion 
coefficients are assumed to be given by 

Uota') = -2kT (60) 

It may be pointed out that Hirschfelder and Ellason (ref. 20) have 
examined the relation between values of the transport coefficients given 
by the hard sphere model and by the more rigorou- collision integral 
method. They find that U(c) and iKc') are about-0.6kT for a wide vari- 
ety of attractive potentials, that u(cr) is about 0.9kT and u^cr') is 
about 1.6kT for a similar variety of repulsive potentials.  If all the 
interpartlcle potentials ^were known, it would be simple to use these 
criteria to obtain a weighted average collision diameter. All the poten- 
tials are known for two normal hydrogen atoms (ref. 21) and It is found 
for this case that equations (59) and (60) yield values for cr and a- 
which agree with the weighted average collision diameters within 8 per- 
cent over the range of temperatures from 1000° to 15,000° K. Of course, 
there is no assurance that these same relations will hold as closely for 
collisions between the atoms in air. In fact the average collision diam- 
eters for normal oxygen and nitrogen atoms will probably be overestimated 
by equations (59) and (60), since the shallow intermediate potentials 
(such as Ux and U2, sketch (a)) must be considered for these atoms, 
whereas they do not occur for hydrogen. The effect of these intermediate 
potentials will be partly compensated for by the fact that some of the 
ato:.is will be in excited electronic states which have collision diameters 
the order of three times larger than the normal atoms (ref. 20)„ The 
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fraction of atoms In excited glates Is small over most or the temperature 
and pressure range considered so that collLUons between excited parti- 
cles are relatively rare. The encounters between an excited and a norraal 
atom are the ones which significantly influence the mean  free paths, and 
the cross sections for such collisions are about four times normal. The 
fraction of each constituent in air which is excited is listed as a 
function of temperature in the following table; 

Fraction of  Fraction of   Fraction of 
Oj^  oxygen atoms nitrogen atoms ionized atoms 

excited     excited      excited 

if, 000 0.002 0,002 
6,000 .013 .025 0.012 
8,coo .032 .031 .032 

10,000 .055 .153 .060 
12,000 .079 .228 .089 
14,000 .120 

The first two excited states of atomic oxygen and of the atomic nitrogen 
plus ion are very close to the ground state (see table I) and so they 
have not been counted as excited states. It can be seen that the frac- 
tion of excited particles in air will generally be less than 10 percent 
and in the very worst case considered about 20 percent of the atoms will 
be excited. This occurs at 100 atmospheres pressure where the ionization 
reaction is repressed until temperatures beyond 12,000° K are reached and 
23 per-.ent of the nitrogen and 8 percent of the oxygen atoms are excited. 
For a pure gas in which excited particles have three times normal colli- 
sion diameters, the average mean free path is decreased 28 percent when 
10 percent of the particles are excited, jand is decreased 45 percent 
when 20 percent of the particles are excited. Thus the error Introduced 
by neglecting the long-range forces of the excited atoms is probably the 
same order of magnitude and opposite in effect to the uncertainties caused 
by neglecting the shortened range of the shallow, intermediate collision 
potentials. 

The lowest lying atom-atom potentials may be approximated by the 
Morise function 

Un = D •ß£ 
) 

(61) 

where D is the d 
parameter (r/re-l) 
minimum (sketch (a 
quency v of the 
the Morse function 
only at rather hi 
described for JUQ 

Herzberg (ref. 3) 

issoclatlon energy and £ is the dlmenslonless distance 
j re is the interatomic distance at which U0 Is a 
)); ß is a constant related to the vlbrational fre- 
stable molecule and is given by v(it2l/2D)1/2. Although 
is not very accurate at long ranges, it will be needed 
temperatures where the potential Is fairly well 
> kT. The Morse function constants were taken from 
and these are listed in the following table: 
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Atomic 
particles 

D/k, 
ß re. 

angstroms 

0-0 
N-N 
N-0 
0-0+ 

N-N+ 

113,200 
75,400 
75,200 

101,200 

3.24 
2.96 
3.18 
3.18 
2.94 

1.207 
1.094 
1.151 
1.123 
1.126 

From equations (59) and (6l), the momentuin and energy transfer 
collision diameter a    is given by 

.2- « 1 - a to 1 -f^f) (62a) 

and by equations (60) and (6l) the diffusion collision diameter cr'  is 
given by 

i.x.^.ynf) (62b) 

The atom-molecvile collision diameters will be taken as the arithmetic 
average of the atom-atom and of the molecule-molecule collision diameters. 
This assumption corresponds to the concept that the collision diameter is 
a measure of the effective range of the electron distribution about the 
molecule 01 atom, and thut a collision occurs whenever these electron 
distribution- overlap. 

With the onset of lonizatlon, several additional types of collisions 
must be considered. These are the ion-atom, electron-atom, and the ion- 
ion. Ion-electron, or electron-electron collisions. The Ion-atom colli- 
sions may be treated In the same manner as the atomratom collisions, since 
the spectroscopic data for ionized molecules are available to be used In 
setting up the Morse potential function between the ion and the neutral 
atom. The Morse function constants for these cases, which occur In air, 

and are also listed In the preceding table. The ion-ion, lon-electi^ 
electron-electron collision diaaeters all depend on long range electro- 
static forces of identical magnitude. The criterion for the collision 
diameter will be taken as before JU(CT) | = kT. The function U in this 
case Is just the coulomb potential between two charges, and the collision 
diameter thus becomes 

a = 
kT 

(63) 



HACÄ TN kl%> 2$ 

For electron-atom oollislon©, the atom will be polarized by the 
approach of the electron and there will result a charge-dipole type  inter- 
action. In order to calculate the magnitude of this interaction, the 
Ipolarizability of the atom, a, will be needed. The polarizability is 
defined as the dipole moment produced in the atom by an electric field, E, 
of unit strength. The interaction energy of the induced dipole moment 
with the field is aE2/2, and when the field due to the presence of the 
electron is substituted for E, this energy becomes 

■ U - - 0 (6k) 
i 

It will he noted that the polarizability need not be known with 
great precision, since the collision diameter depends only on the fourth 
root of this quantity. Experimental values of polarizability are only 
given for the molecular state of oxygen and nitrogen. However, Joos 
(ref. 22) gives an approximate method of calculating the polarizability 
of atoms in alternating fields which, extrapolated to steady state fields, 
becomes 

1 f he \ /--x a = -i i    ) (65) m Wo/ 

where m in this case is the mass of an electron and I0 is the 
resonance potential for ionization of the atom. This resonance potential 
is 9.11 e.v. for oxygen atoms and 10.28 e.v. for nitrogen atoms (ref. 23). 
Using these values, one finds the polarizahility is 13.2xlC~25ciiP and 
10.3X10"

25
CDP for oxygen and nitrogen atoms, respectively. 

The collision diameters will enter the calculations to follow in 
the form of a ratio with the collision diameter for two diatomic molecules 
at the same temperature. These ratios were calculated by the methods 
outlined above for those collisions which occur between the major com- 
ponents in high-temperature air. The results are given in table V as 
functions of temperature. Wherever two or more types of collision give 
the same result within 5 percent, there is not much point to considering 
them separately, in view of the other approximations involved. There- 
fore, for such cases, the values have been weighted and averaged, and 
only those final averages are given in tahle V. The atom-molecule cross 
sections S(02-0), ö(W2-N), and S(M2-0) are very close and these are all 
designated by the single symbol S(N2-N). Similarly the atom-atom and 
atom-ion cross sections S(0-0), S(N-N), S(N-O), S(N-N+), and S(0-0+) 
are all grouped under the notation S(N-N). The atom-electron cross 
sections S(N-e) and S(0-e) are given the single average value listed 
under S(N-e). In the same way, all the atom-molecule and atom-atom 
diffusion cross sections are given by S'(fls-N) and S'(N-N), respectively. 

I .       In view of the order of the approximations Involved, the electron-atom 
cross sections for diffusion are not differentiated from the cross 
sections for momentum and energy transport. 
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• 
Viscosity 

The viscosity of air will be calculated from the simple summation 
formula for a mixture of "hard spherical molecules 

n-| ^Pi^i (66) 

In view of the other approximations involved, a more sophisticated 
fomulation than this does not seem warranted. The constant 53T/32 is 
chosen to agree with the value which accounts for the persistence in 
velocity of the higher speed molecules (ref. 1).  It will be convenient 
to use, as a reference value, the viscosity which air would have at the 
same temperature if the molecules did not dissociate or ionize 

"5 if 

Tlo = 0^ Po^O (67) 

In cgs units, this reference viscosity becomes 

T]0 = 1.462x10"
5 gm 

1+112/T cm-sec 
(68) 

where T is the absolute temperature in degrees Kelvin, 
mean velo^ties is 

The ratio of 

u.- 

uo (69) 

and the ratio of densities, where the total number of moles per unit 
volume is the same, is 

>i  M, 

o Mo 
(70) 

Under these same conditions, that is, the same mol concentration, the 
ratio of mean free paths is (ref. 1) 

(71) 
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Then the ratio of viscosity to the reference viscosity becomes 

i 

Before equation (71) can be applied to the case where ionizatlon 
ccc.   s,  xt raust be obse^ed that the atom-electron collisions are no? 
election •? ^^ the  atom me^ ^ee paths, nor are the ion- 
™TZ\ T  t0 be COUnted in evaI^tlng the ion mean free paths. 
^tnlT^ ^  ^^ free Path Vh±Ch  occurs tö the derivation ?f 
re^tivelv ?^e ^ ^^ '^^  th0Se ^^Bione which cause a 
el^tt^^^^  Mentuffi of the Particle being considered, 
either in direction or in magnitude. Nonnally all collisions qualify 
in this sense, but when a heavy particle like an atom or an ion collides 
with an extremely light particle like an electron, there is pracUcallv 

car^TLt" Tt  T^ f  ^ ^^ Particle' -d thl*  -o-ntum xs^ carried intact to the first collision with another heavy particle. 

A feature of the ionized gas which should be mentioned is that chared 
particles under the influence of coulomb potentials may L de'le^ed by 
the cumulative effect of many long-range collisions. Then, as pointed out 
by Cohen Spitzer, and Routly ref. 2h),  the effective collision cross 
section is larger than for a single collision at short range  However 
a charge-shielding effect limits the range of the coulomb potential ^d 

^ i« S^1^8 ^^ ^  correction to the collision cross "c- 
■ion is small. For the range of variables treated here, collisions with 

^uTl^T1^8^^117 ^edominate ^en the charge'density is smll. 
ihus, in the first approximation, the mean free path is considered to be 
a consequence of single, independent collisions as in equation [71) 

The coefficients of viscosity for high-temperature air have been 

tt^TVlT frT^0nS  (68)' (71)' ^ ^2 and the results are pre- 
sented in table Vl(a) and in figure 8. The terns in the summation o^ 
equation (72) will also be used in the evaluation of the coefficlent'of 
thermal conductivity which follows. coe.iicient ot 

Thermal Conductivity 

A theory for the themal conductivity of a chemically reacting gas 
was perhaps first outlined by Nemst (ref. 25). The fonn in which this 
theory has been developed by Hirschfelder (ref. 15) will be used here to 
calculate the conductivity of high-temperature ai?  In this theor^ ?he 

Srsf™rf ^^ the gaS iS treated in two impendent par^.lhe . first part is the energy transferred by molecular collisions, and this 
^n^ üf,e?!r^ trailsfer is ^  ^e responsible for the ordL^the^l 

ferred by diffusion of the molecular species and the reactions which 
occur as the gas tends to maintain itself in chemical equilibria at each 
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point. We shall first turn attention to the calculation of energy 
transferred by molecular collisions. If one invokes Eucken's assumption 
(ref. 26), that the internal energy is distributed among the gas particles 
independently of their velocity distribution, then the simple linearized 
expression for the coefficient of themal conductivity in a mixed gas 
becomes 

where Ct Is the specific heat per mol due to translational energy 
and Clnt the specific heat due to the internal energy. It is noted 
that 

ci = (ct + Cint). (lk) 

and 

ct = ~ R (75) 

whence equation (73) becomes 

It will be convenient to define a reference coefficient of thermal 
conductivity just as was done for the viscosity, that is, the value air 
would have if it did not vibrate, dissociate, or ionize. This coefficient 
will be 

ko ^ - M^O (TT) 

or in cgs units 

ko = 1.364 * _J2^ to  1SZ (78) cm-sec JK 

where T^ is in gm/cm-sec. 

The ratio of the thermal conductivity coefficient to the reference 
coefficient becomes 
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är«V r/S x- ä 
19. 

(79) 

The first factors in each term are Just the terms already calculated for 
the viscosity. It may be noted that the same collisions are to be neg- 
lected in this case as for viscosity. This is because these electron- 
atom and electron-ion collisions have only a small effect on the magnitude 
and direction for the energy flux vector of the heavy particles. Actually, 
all of the electron collisions could have been neglected for the purpose 
of computing viscosity, for the electrons carry a negligible fraction of 
the total momentum transferred, due to their small mf<,ss. However, because 
of its high velocity, an electron transports a large chare of the kinetic 
energy, in fact much more than a heavier gas particle. Therefore the 
heat conduction terms for the electrons are needed in equation (79). 

The second mode of energy transfer, which takes place- whenever the 
gas undergoes a chemical reaction, is due to the diffusion of the chemical 
species. These particles then react with one another, giving off or 
absorbing the heat of reaction and causing heat transfer which may be 
considerably larger than the ordinary heat transfer due to molecular 
collisions. Hirschfelder (ref. 15) has formulated this problem, but in 
terms of the mult1component diffusion coefficients which are difficult 
to estimate. However, Butler and Brokaw (ref. 27) have shown how 
Hirschfelder1s results can be modified to make use of the binary diffu- 
sion coefficients instead, and their solutions are in convenient form 
for computational purposes. Moreover, Butler and Brokaw show that 
Hirschfelder* s method of predicting thermal conductivity agrees very well 
with the experimental results for a number of gases which dissociate or 
reect chemically at ordinary temperatures. Therefore we shall be able 
to apply this  method with some confidence. That part of the coefficient 
of thermal conductivity rfhich is due to the chemical reaction will be 
designated kr, and according to the results of reference 27, this may 
be expressed as 

,  dZn K-rj^ 
R ( T  £ 

dT / 

II ai 
(80) 

nDjjXi 
(aixj-ajxi) 

where I>^ is the binary diffusion coefficient for molecules of type i 
JUito molecules of type . j, and the a^ are the stoichiometric coefficients 
of conrfonents Ai in the chemical reaction written in the form 

'T 
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1 
(81) 

According to reference 1, the binary diffusion coefficients are given by 

_1_ _ 8   /2 f %M^ 
^ij 

1/2 
8 ltfj^M~~ ■ jl-      ! 

3 ^^Vi (ET) 
(82) 

Sow the reference coefficient uf thermal conductivity (eq. (77))  can hp 
put in the form * v u w (/; <-cui ue 

ko = 9^ -/j? R 

64 NoS0 7 Ifo 
RT 

(83) 

Substituting equation (82)   in equation (80)  and dividing by equation (83) 
one ontairiH * \^'~>/> one obtains 

^o 

12 ^g /    d  to Kp\2 

95    V "dT     ^ 

i     J 
LMo(M1+Mj)J S0   H  (aiXraJxi) 

(84) 

In order to simplify the computations somewhat, the differences in 
mass between oxygen and nitrogen atoms will be neglected. Then since 
some of the collision cross sections may also be given the saete value 
the double summations in the denominator of equation (84) take on th ' 
relatively simple form as follows: 

he 

For case I (oxygen dissociation reaction only) r^Sfe 

y y = S,
(

N
2-

N
) j [x(Q)-f2x 

L L Ji  s0 1 "^ x(0)x 
(Q5)]2 . MMl     x(N2) 
(02)     x(0) J   75x(02) 

for case II (nitrogen dissociation reaction only) 

(85) 
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(Wg-N) f [x(N)+gx(Wg)r 

x(N)xCN2) 
^(0) 1 + S'(N-N) 2x(0) 

cC»a) /   ""s0  x(N) 

and finally for case III (ionlzation reaction oru!.y) 
. ... 

V   _[l  S^N-N)   1 S'(N-e-)l  [x(N)+x(N^]
a 

4 L2"~ir~" ~" ~~~" / 
i  J 

■N) + J^ S'(N-e-) 
230 '*'  S »(w)x(.r: 

(86) 

(87) 

The total coefficient of themal conductivity is Just the sum, Wkr 
The values of this sum were calculated for air and the results are prS-  ' 
sented in table Vl(b) and graphed in figure 9- The coefficient of theimal 
conductivity has about the same functional features with respect to tem- 
perature and pressure that were observed for the specific heat (fig k) 
The Prandtl numbers were calculated from the relation 

pr = iVU JL (z?i) Vno 
Mk      19 V R 7 k/kn (88) 

and they are listed in table Vl(c) and are graphed as functions of 
temperature in figure 10. 

As noted, nitrogen and oxygen have approximately equal collision 
cross sections, so that up to the point where ionlzation begins, air can 
be treated essentially as a two-component mixture of atoms and molecules. 
L: .  Possil:3le to characterize the system with a single diffusion 

coefliclent, and the differential equations of fluid flow may be analyzed 
vhile keeping the terns describing heat transfer by chemical reaction 
separate from the terms describing ordinary thermal conduction. This 
method is followed, for example, by Fay and Riddell (ref. 28) in their 
analysis for the heat transfer to the stagnation region of blunt bodies 
la high-speed flight.  In using such an analysis, it must be realized 
*hS the ^^ynamlc and transport coefficients are defined somewhat 
differently than in t'/ie present paper. The coefficients which appear 
in reference 28 will be called the "partial coefficients" and they will 
be designated here by a superscript prime. The partial specific heat, 
the Partial coefficient of thermal conductivity, the partial Prandtl num- 
ber, and the partieJ. Lewis number, respectively, are related to the 
quantities defined in this paper as follows; 

  ...   V . 

*..■•■? 

I 
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cy «^XiCq+i) 

k' ■ kr 

(89) 

ZDpR 
koMo = 0.309 

"S'(N2-N) 
S0 

-1 

(90) 

The Lewis number is conveniently calculated from the expression 

Le' , ggpK ZV/R 
koMo Zkn/ko (91) 

wM11 ^f^ the calculated values for the partial coefficients «.  kn/ko.  Pr1 .  And T.#=>t       The numh^vc:    v-r-t   a„A  r   ,     ** l-ueiI-Lcients 
and Le'    are also graphed 

ZCp'/fc, kn/k0, Pr», and Le'.  .,, ,..,..,.,. 

^l^L0!^**™^*  ln fiSure 11. The partial coefficient's^ 

l„*\i    least*  three-component system (neutral atoms, ionized atoms 
and electrons) and the partial coefficients »« alrZL    * *   m> 
this case.  It can be seen that Pr'  i! « ; ^efined, do not apply to 
with an average value about S?72  The partS^

7 "T^   ^^^ 
hand, decreases as dissociati^^^'^^«0^  f' "V^ ^ 

at about the same %a.tT(seeeQ(Z\L  ?QnU   . ^ Dp/B increases 
two factors is "^Ä^^f ^ t^^^LSf ^^ ^T 
approxJjnately as M. that is. it ILSZ.! L5?^^^8 nUmber varleö 
about 1.4 to 0.6. 

M fhB+ ^ ■J4- ^       V    ^-4.0 iituaoer variet 
M, that is, it decreases by a factor of about 2, from 

A list of conversion factors is Kiven in tahie VTTT *»«« 
in converting the tabulated anri Li!vS     !     II for convenience ^ üne Laouiated and graphed parameters into dimensioned units 

0 
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DISCUSSION OF RESULTS 

It is convenient to summarize th*  ^We-t „,= i 
the transport Properties ofTir 1^ „ ^P^ .  processes «W«* influence 
Prandtl number'vi?ht^rftSe  A^ ^^!^ 0f the varlati^s in 
pure diatomic gas vithT^cmc Ll^TjTr^ ^ iS ^  a 
the Prandtl number for sucfa gas is U/lQ or^ 74* ^T 5^^ (88)' 
increases, vibrational energy Is excited in the'Jni' ff ten!Perat^e 
approaches 9/2 1 wbil* ^^»^,0??  ^v  the ^^cules so that OU 
approaches (alAf^^r^??^011,!^ the theT,ml  conductivity ^ 
18/23 or o#<J|f

/4^^^)' For ^« l^lt the Prandtl number becois 

At still higher 
tenrperatures the oxygen 
dissociates and both 
Cp and k go through 
the pronounced maxima 
shovn in figures 4 
and 9. To a first 
approximation, k is 
about proportional 
to Cp just as for a 
nonreacting gas. How- 
ever, due to the influ- 
ence of the chemical 
reaction, the maxim'im 
in k occurs at 
slightly lower temper- 
atures than the maximum 
in specific heat as 

I 

1.0-- 

o-j 

j4/2ZCp\   Vi?0 

Temperature, T 

Sketch  (b) 

indicated in sketch (b).    The viscosity coefflci^ * 
enced by the oxygen dlssociatinn    ^r    coefficient is not greatly influ- 

that the PrandtTnumSrwin Sow an ? ^T^J^ " iS ^^^ 
sketch (b). This shape for the ^c^on .af hP ^^'^ aS ShOWn in 

figure 10, function can be seen in the curves of 

and ntl^nZZSTtloTZ: ^TetT^T^ ±S —"ally complete 
calculated for a two^Lnt 2x?Se ^Vh^^^1 ^^ ^ be 

the mol fractions are    x,  = 2/^aZ        W, ^.^^ conditi^s that 
weights are related by   L  - ou ^lf2 = Y3 ^ that the ^l^cular 
molecules and subscript 2^ ^TllLT^l.1 VefeTS t0 nitr^en 
sections are all assumed ecLl^ l    lf the collision cross assumed equal, the mean free paths are related by 

(92) 

' 
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Then the Prandtl number becomes 

*  0.72 (93) 

which checks closely with the values for Prandtl number shown in figure 10 
at the transitions from oxygen to nitrogen dissociation. 

As nitrogen dissociation proceeds, the Prandtl number again follows 
an S shaped function of temperature for the same reasons which were 
outlined for oxygen dissociation (sketch (b)).  The full.y dissociated 
air is like a pure monatomic gas with dp -about 5/2 R and k equal 
.15/4 (RTI/M), SO that the Prandtl number approaches 2/3. The Prandtl 
numbers of figure 10 go through this value of 2/3 at a temperature where 
the dissociation is essentially complete but the ionization is still 
negligible (Z = 2, fig. 1). 

Up to this point, the Prandtl numbers lie within the range from 0.6 
to 1.0 in agreement with the conclusions of reference 29. However, when 
ionization begins, the Prandtl number may drop to somewhat lower values. 
For very small degrees of ionization it can be shown that the ratio of 
electron to atom mean free path is about -s/l and that the coefficient of 
viscosity is influenced very little by the presence of the electrons. 
However, the thermal conductivity is greatly increased by the electrons 
because of their high thermal velocity, and the effect is illustrated in 
figure 9 by the abrupt change in slope for k where the ionization reac- 
tion first begins.  If the fraction of ionization, e, is so small that 
chemical reaction terms may be neglected 

k =: -f n ( 1 + 
M2 

(9^) 

where Mi is the atom mass and M2 the electron mass. It can be seen 
that k increases rapidly with the onset of ionization because the 
factor (2M1/M/2)

1/2 is. large, about 230. Accordingly the Prandtl number 
is found to vary as 

Uyw'C2^) Til 1 + € 
4   M; 3(i+230€) 

(95) 
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A very saall value of € is cufficlent to reduce the Prwdtl number 
considerably below 2/3, the value for a pure monatomic gas. As the 
ionization proceeds, however, the chemical reaction terns which were 
omitted in equations (9k)  and (95) become predominant such that O, 
becomes approximately proportional to k again, and the Prandtl nSmber 
levels out at about 0.3 as shown in figure 10. At this point another 
factor gradually predominates, namely the decrease ir coefficient of 
viscosity which occurs as the mean free paths become very short as a 
result of the long range coulomb forces acting on the charged gas parti- 
cles. Consider, for example, the completely ionized gas. The mol frac- 
tion of ions (subscript 1) equals -ehe mol fraction of electrons 
(subscript 2) and the collision cross sections are about equal  Then 
the ratio of mean free paths is 

■; 

A2 
(96) 

where, aa before, the electron collisions do not count toward the ion 
mean free paths. The ratio k/r]    is approximately given by 

K 15 R  -72 

and with Cp/M about %/Hlt  the Prandtl number becomes very small 

(97) 

fr Jl ~ it i-i-V2 
M k " 3 ">/2 

0.014 (98) 

as shown in figure 10.  With the assumption that the Prandtl number 
Jlov^L, -fi ^Ual f f lflcanc^ ^oundary-layer regions in highly ionized 
flow should be much better heat conductors than in the flow of neutral 
gas particles.  This result is of theoretical interest even though fullv 

^eMflgLTLd^Tr0' ^ 0btained ^ flight VelOCitleS ^-scape17 

The Prandtl number functions of figure 10 are similar to those 
IZl        +l

y Kaeppeler and Krause (ref. 30). Their calculations were 
based on the low value for nitrogen dissociation energy emd so the pres- 
ent estimates exhibit more distinctly separate maximar This is because 
tL ^ fpara^ion between the dissociation reactions which occurs when 
the higher value for nitrogen dissociation energy is uöed. Greifinger 
ir! +

3i ?a!    maiie  SOme estimates ?°r  the transport properties of 
air at high temperatures. He assumes constant collision cross sections 

ILT11^ rCh v^i UP t0 the P01^ Wh'ire i^ization begins, his calcu- 
^elPraSdtl nUmber iB  a con^ant lacking the structure shown 1n flg- 
ure 10, However, reference 31 predicts the same order of effect due to 
ionization which has been discussed here. 

1 ' 
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Recall that the nitric oxide In air has been neglected and that the 
calculated themodynaailc properties of nir  are not greatly affected by 
this omission. It Is not obvious that the transport properties of air 
will be similarly independent of NO formation, since NO is ionized 
rather easily compared to N2 and 02   raolecules. Practically all of the 
electrons which appear in air at intermediate temperatures come from 
the NO ionizatlon reaction. However, Gilmore finds that the quantity 
of such electx-ons is very small, the order of 0.01 percent or less (ref. 9), 
and from equations (9^) and (95) it can be Judged that this amount is not 
yet sufficient to alter greatly the transport properties of air. 

At present there are no direct measurements of the transport 
properties for air at the high temperatures considered here. One experi- 
mental comparison which can be made at the moment is to insert the calcu- 
lated coefficients into a theory for the heat transfer to a simple 
aerodynamic shape ^ and then compare the results with measured heat- 
transfer rates. For example, reference 32 compares the values for heat 
flux to the stagnation region of a blunt body in high-energy air flow 
which were measured by Rose and Riddeil (ref. 33) with the theoretical 
predictions based on the transport coefficients developed in the present 
report.  It is found that the calculated heat flux deviates less than 
10 percent from the mean of the measured data. This is a favorable result 
in view of the approximations involved In the theory and of the scatter 
in the experimental data (the order of ±20 percent).  It should be empha- 
sized that this comparison is not a sufficient test for the reliability 
of the calculated transport coefficients^ as It Is possible that errors 
in the coefficients compensate for each other or for approximations in 
the heat-transfer analysis. Nevertheless, the favorable comparison is 
reassuring inasmuch as it means that at least a necessary condition for 
the correctness of the theories is fulfilled. 

CONCLUDING REMARKS 

In conclusion, the themodynamic properties (including compressibility, 
energy, entropy, specific heat, and the speed of sound) and the transport 
properties (the coefficients of viscosity and thermal conductivity and 
the Prandtl number) have been estimated for air at high temperatures. 
These estimates v/ere made from approximations in closed form, and it is 
found that these approximations give fairly accurately the thermodynamic 
properties over the range of pressures and temperatures for flight through 
the atmosphere. The transport properties were calculated by methods which 
have given reasonably good results for gases at ordinary temperatures and 
for gases which dissociate and react chemically. Moreover, the values 
calculated for the transport properties can be used to predict the same 
order of heating rates that have been measured at the stagnation region 
of blunt bodies in high-energy air flow. Therefore it is concluded that 
the results presented in this paper are useful engineering approximations 
for the propei-ties of high-temperature air. In particular, it is an 
advantage that the solutions appear in closed form because the functional 
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relationships can be visualized. In addition the air properties can 
conveniently be computed in ver/ small inteivals to f^ve tables that can 
be used in obtaining solutions 1o real air flow by the method of char- 
acteristics, or for numerical scluticns of boundary-layer flow. It is 
e:cpected that the calculated coefficients of viscosity and themal con- 
ductivity will prove to be lower bounds to more precise calculations or 
measurements. The prediction that the Prandtl number for highly ionized 
flow will be small compared to unity is of interest, for it implies that 
boundaiy-layer regions in such a gas will be very transparent to heat 
flux. 

Ames Aeronautical Laboratory 
National Mvlsory Coinmlttee for Aeronautics 

Moffett Field, Calif., Nov. 18, 1957 
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TABLE V.- COLLISION CROSS SECTIONS 

S(N2-N)   = S(02-0)   = S(N2-0) 
S(K-N)   m S(O-O)   = S(N-O)   = ß(N'l^)   = S(0-0+) 
S(N-e-)   m S(O-e-) 
S'(N2-N)   = S«(02-0)   = S'(N2-0) 
S'(N-N)   = S'(O-O)   = S'(W-O)   = S'lfN-r)  = S'(0-0+) 

T. 
0K 

SQ, in 
10 ":L6 cm2 

S(N2-N) S(N-N) S(N.e) S(e-e) S'(N2-N) S'CN-N) j 

So So Sn So So SQ 

500 38.^ 0.946 0.89^ 0.877 0.761 

1,000 34.9 .920 .838 .843 .703 

1,500 33-7 .889 .785 .817 .652 

2,000 33-2 .886 .742 .794 .611 

2,500 32.8 .846 .705 .775 .578 

3,000 32.6 .830 .676 .759 • 551 

3,500 32.4 .815 .650 .7^5 .527 

U,000 32.3 .803 .628 .733 .507 

4,500 32.2 • 792 .608 .722 .489 

5,000 32.1 .782 .591 .712 .473 

5,500 32.0 • 773 • 575 0.397 89-9 .703 .458 

6,000 32.0 .764 .561 .380 75-6 .695 ,445 

6,500 31.9 - .757 .5^ .366 64.5 .688 .433 

7,000 31.9 .750 .536 • 353 55-7 .681 .422 

7,500 31.9 .^3 .524 .3^2 48.6 .671+ .412 

8,000 31.8 .737 .514 .331 42.8 .668 .402 

8,500 31.8 .731 .504 .321 37.9 .662 .393 

9,000 31.8 -725 .495 .313 33.8 .657 .385 

9,500 31.8 .720 .486 .304 30.4 .652 .377 

10,000 31.8 .715 .478 .297 27.4 .647 .370 

10,500 
11,000 

3.1.7 
31.7 

.710 

.706 
.470 
.463 

.290 

.283 
24.9' 
22.7 

.642 

.637 
.3*3 
.356 

11,500 31.7 .701 .456 .281 20.8 .633 .350 

12,000 31.7 .697 .448 .270 19.09 .629 .3^2 
9 

12,500 31.7 .693 .443 .266' 17.60 .625 .338 

13-, 000 31.7 .689 Ml .261 16.27 .621 .332 

13,500 31.7 .431 .256 15.10 .327 

14,000 31.7 .426 .252 14.04 .322 

14i500 31.6 .420 .247 13.09 .316 

15,000 31.6 „415 .243 12.24 .312 

■■■ 
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TABLE VI, - TRAIfSPOHT PROPERTIES OF AIR 

(a)  Coefficient of viscosity 

M 

Ratio     T]/^ 
Refei 

coeffi 
•ence 
clent, 
10-6 

5K Pressure,  atmoF''leres 
'  T]0,  in 

IV 

gm 
100 0.01   0.001   0.0001 

lb sec 
10 1.0 0.1 ft2 cir-Dec 

500 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.558 267 
1,000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 .868 416 
1,500 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.100 527 
2,000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.293 619 
2,500 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.461 700 
3,000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.612 772 
3,500 1.000 1.001 1.003 1.006 1.010 1.010 i.on 1.751 838 
^-,000 
ii,500 

1.003 1.008 1.016 1.020 1.022 1.024 1.032 1.879 899 
1.010 1.022 1.029 1.033 1.038 1.055 1.096 1.999 957 

5,000 1.022 1.036 1.043 1.051 1.074 1.128 1.181 2.11 1011 
5,500 1.036 1.052 1.060 1.086 1.146 1.209 1.227 2.22 1062 
6,000 1.050 1.067 1.090 1.148 1.228 1.257 1.259 2.32 1112 
6,500 1.072 1.090 1.139 1.229 1.276 1.289 1.277 2.42 1159 
7,000 1.089 1.124 1.208 1.294 1.317 1.309 1.273 2.52 1204 
7,500 1.112 1.175 1.283 1.332 1.342 1.315 1.221 2.61 1247 
8,000 1.1.43 1.238 1.342 1.371 1.355 1.291 1.086 2.69 1289 
8,500 1.185 1.307 1.386 1.392 1.354 1.220 .841 2.78 1330 
9,000 1.238 1.368 1.425 1.405 1.328 1.085 .534 2.86 1370 
9,500 1.298 1.418 1.447 1.404 1.267 .871 .280 2.94 1408 

10,000 1.361 1.468 1.460 1.3G9 1.162 .615 .1397 3.02 1446 
10,500 1A18 1.497 1.467 1.352 1.004 .384 .0788 3.10 1482 
11,000 I.1+67 1.515 1.464 1.287 .806 ,226 .0556 3.17 15-18 
11,500 1.509 1.529 1.450 1.190 . .597 .1362 .0466 3.24 1552 
12,000 1.5^9 1.543 1.42^ 1.065 .415 .0930 .0435 3.31 1586 
12,500 1.577 1.542 1.376 .908 .279 .0688 .0436 3.38 1620 
13,000 1.592 1.539 1.312 .741 .1918 .0598 .0453 3.45 1652 
13,500 1.617 1.528 1.230 .580 .1363 .0569 .0471 3 = 52 1684 
1^,000 1.628 1.508 l.l?9 .443 .1061 .0572 .0506 3-58 1716 
U,500 1.631 1.460 .968 .306 .0843 .0576 .0543 3.65 1747 
15,000 I.6U0 1.436 .882 .254 .0615 -0598 .0581 3.71 1777 
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TABLE VI,- TRMSPORT FROPERTIES OP AIR - Continued 

(b) Coefficient of  thermal conductivity 

1 Ratio k/kr> Reference 
' coeffic :ient, 

10*6' T. RQ, in 
^K Pressure, atmospheres T'-1 — ■ 

10 1.0 0,1 0.01 0.001 0.0001 
Btu watt 

100 ft sec ^ cm 0K 

^jOO 1.021 1.021 1.021 1.021 1.021 1.021 1.021 5.84 36k 
1,000 1.100 1.100 1.100 1.100 1.100 1.100 1.100 9.10 567 
1,500 1.150 1.150 1.150 1.150 1.150 1.150 1.150 11.53 719 
2,000 1.177 1.177 1.177 1.251 1.460 2.09 3.99 13.55 844 
2,500 1.256 1.317 I.619 2.50 4.63 7.67 5.50 15.31 954 
3,000 1.421 1.928 3.20 5.48 5.02 2.19 1.465 16.90 1053 
3,500 1.941 3.15 4.72 3.96 1.719 2.n 3.71 18.35 1143 
4,000 2.69 3.94 2.99 1.600 2.91 6.04 15.03 19.69 1227 ■. 

4,500 3.22 3.06 1.71^ 3.32 7oi; -7.65 30.5 21.0 1305 
5,000 3.07 1.997 3.29 7.18 16.63 25.8 11.84 22.1 1379 
5,500 2.46 2.91 5.99 13.71 22.2 11.40 3.54 23.3 1449 
6,000 1.930 4.53 10.19 18.74 13.09 3.96 7.30 24.3 1516 
6,500 3.35 6.98 14.50 15.39 5.49 7.18 14,69 25.4 1580 
7,000 4.69 9.97 15.69 8.32 3.28 12.82 29.0 26.4 1642 
7,500 6.31 12.48 12.24 5.92 10.47 22.3 54.3 27.3 1701 
8,000 8.21 13.19 7-80 3.42 16.37 37.5 87.6 28.2 1759 
8,500 9.86 11.55 5.10 11.99 25.0 59.3 110,9 29.1 1814 
9,000 10.90 8.79 3.26 16.83 37.5 82.4 97.5- 30.0 1868 
9,500 10.88 6.38 10.09 23.6 52.8 96.5 59.1 30.8 1921 

10,000 9-87 4.07 15.44 32.0 69.0 90.3 30.2 31.6 1-972 
10,500 8.33 11.18 19.84 41.8 81.2 64.9 16.54 32.4 2020 
11,000 6.84 13. hk 25.1 52.9 83.7 4o.o 11.41 33.2 2070 
11,500 5.59 16.25 31.2 63.2 74.2 24.9 9.54 34.0 2120 
12,000 4.79 19.56 38.2 70.9 57.6 17.18 8.98 34.7 2l60 
12,500 3.34 23.0 45.0 73.2 41.4 13.07 9 »08 35.5 2210 
13,000 ll.ll 27-0 52.2 69.8 29.6 11.67 9.50 36.2 2250 
13,500 17.62 31.3 58.2 61.5 22.0 11.37 9.98 36.9 2300 

■.■ 

14,000 20.0 35.7 62.6 51.1 17.92 11.61 10.73 37.6 2340 « 

14,500 23.3 42.1 65.3 38.7 15.24 11.93 11.51 38.2 2380 
15,000 25.3 45.3 64.2 33.1 12.72 12.52 12.31 38.9 2420 

-    . 
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TABLE n.» mmSPOBT PROPERTIES OF AIR - Concluded 

1                                      (c)  Prandtl number j 

1 — 

T, j                                 Pressure, atmospheres 
0K 100 10         1.0 0.1 0.01   0.001 0.0O01 

500 o.73£ o.73£ 0.738 0.738 0.738 0.738 0.738 
1,000 .756 .756 • 756 • 756 • 756 .756 • 756 
1,500 .767 .767 .767 .767 .767 .767 .767 
2,000 • 773 ^773 • 773 .766 .724 .668 .614 , 
2,500 .762 .751 .696 .645 .611 ,6^ .771 
3,000 .740 .680 .627 .636 .740 • 745 .714 
3,500 .678 .631 .660    .744 .737 .658 .606 
4,000 .640 .662 -762 • 759 .619 .580 • 587 
4,500 .654 .743 • 752 .610 .578 .611 .764 
5,000 .702 .767 .611 .581 .624 • 799 • 993 
5,500 ■ 748 .620 • 583 .617 .785 • 989 .871 
6,000 .763 .592 ..602 .736 .969 .891 • 384 
6,500 .610 • 592 .673 .906 .955 • 383 -348 
7,000 • 593 .620 • 796 .986 .830 .346 . 337 
7,500 .595 .688 • 927 .969 .350 .334 .330 
8,000 .620 .788 «983 .648 .332 .328 .316 
8,500 .666 .891 • 943 .335 .324 .321 .276 
9,000 • 730 .961 .807 .321 .320 .307 .1987 
9,500 .806 .966 .330 .314 .316 .273 .1140 

10.000 .886 .872 .308 • 310 .313 .210 .0577 
10,500 • 937 .310 .301 .309 .284 .1427 .0312 
11,000 .955 .294 .296 .303 .246 .0870 .0207 
11,500 .947 .284 .295 .293 .1945 .0503 .0157 
12,000 .908 .277 .293 ,276 .1409 .0321 .0132 
12,500 .728 .272 .290 .250 .0949 .0213 .0120 
13,000 .275 .272 .284 .215 .0634 .0166 .01.15 
13,500 .251 .270 .276 • 1733 .0416 .0142 .0109 
14,000 .245 .269 .263 • 1338 .0293 .0130 .0109 
14,500 .241 .265 .237 .0903 .0202 .0119 .0109 
15,000 .238 .263 .220 .0719 .0119 .0114 .0109 
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Figure 2.-  Energy of air as a function of temperature. 
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Figure k.-  Specific heat of air at constant density as a function of 
temperature. 
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Figure 7-- Stagnation tenrperature and pressure in air as a function of 
altitude and velocity. 
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Figure 11.- Partial coefficients for air as a function of temperature, 

NACA - Langley Fie'.d, Va. 


