
NASA TN D-914 

1 

TECHNICAL NOTE 

D-914 

CALCULATION PROCEDURE FOR THERMODYNAMIC, 

TRANSPORT, AND FLOW PROPERTIES OF THE COMBUSTION PRODUCTS 

OF A HYDROCARBON FUEL MIXTURE BURNED IN AIR WITH RESULTS 

FOR ETHYLENE-AIR AND METHANE-AIR MIXTURES 

By E. W. Leyhe and R. R. Howell 

Langley Research Center 
Langley Air Force Base ,  Va. 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

WASHINGTON January 1962 



L 
1 
3 
9 -  
6 .  

\- 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

CAICULATION PROCEMXE FOR TRERMODYNAMIC, 

TRANSPORT, AND FUW PROPERTIES OF THE COMBUSTION PRODUCTS 

OF A HYDROCARBON FUEL MIXTURE BURNED IN AIR WITH RESULTS 

FOR ETHyL;ENE-AIR AND METRANE-AIR MIXTKFES 

By E. W. Leyhe and R. R .  Howell 

SUMMARY 

A procedure is presented whereby the composition, thermodynamic 
properties, and transport properties of the dissociated combustion 
products of a fuel consisting of a mixed hydrocarbon compound burned in 
air may be calculated. Equations and procedures for determining super- 
sonic nozzle ordinates and flow properties for the dissociated combus- 
tion products are presented in an appendix. Results are presented for 
the respective hydrocarbon fuels, methane and ethylene, at the equiva- 
lence ratios of 1.0, 0.9, 0.8, and 0.7 for pressures varying between 
10-4 and 8 x 102 atmospheres and temperatures from 20O0 K to 3,oOo0 K. 

INTRODUCTION 

The determination of the equilibrium composition and the corre- 
sponding thermodynamic, transport, and flow properties for a gaseous 
chemical reaction is necessary for certain problems in thermodynamics. 
Typical examples of such problems are (1) the expansion of combustion 
gases through a nozzle to obtain thrust as in the case of turbojet and 
ram-jet engines and (2) the utilization of combustion gases as the test 
medium in a wind tunnel for simulating combined heating and loading such 
as that obtained in hypersonic flight. In the latter case, the combus- 
tion generally takes place under very high pressure in order to achieve 
the desired velocity for simulation. Consequently, it is desirable to 
know the properties of such gases over ranges of pressures much greater 
than those fo r  which information is presently available. (See refs. 1 
and 2.) 

In the present paper, procedures whereby computations of the com- 
position, thermodynamic, transport, and flow properties for the products 
of combustion of two hydrocarbon fuels burning in air are presented. 
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Ethylene C 9 4  and methane CH4 a re  the two fuels considered. The 
properties of the  combustion products are defined f o r  a range of pres- 
sures between and 8 X lo2 atmospheres and f o r  a range of tempera- 
tu res  between 2000 K and 3,000° K. 
fue l -a i r  equivalence r a t i o s  of 1.0, 0.9, 0.8, and 0.7. For these com- 
putations it i s  assumed t h a t  the combustion takes place a t  constant 
pressure, t h a t  the combustion eff ic iency i s  100 percent, and t h a t  the 
gas i s  i n  chemical equilibrium. 

The propert ies  have been computed f o r  
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E 1  
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SYMBOLS 

cross-sectional area, sq f t  . 
sonic velocity,  f t / sec  

i n  t o t a l  f u e l  
CnlHml 

proportion by volume of 

i n  t o t a l  f u e l  
cn2Q2 

proportion by volume of 

i n  t o t a l  f u e l  
cn3=3 

proportion by volume of 

proportion by volume of H20 possibly mixed i n  f u e l  

hydrocarbon f u e l  containing n atoms of carbon t o  m atoms 

spec i f ic  heat  a t  constant pressure, Btu/lb-% 

of hydrogen 

r a t i o  by volume of N2 t o  O2 i n  air 

r a t i o  by volume of A r  t o  02 i n  air  

r a t i o  by volume of C02 t o  O2 i n  a i r  

r a t i o  by volume of %O t o  O2 i n  air  

moles of 02 avai lable  f o r  combustion 

excess of moles of O2 above t h a t  needed f o r  stoichiometric case 

r a t i o  by volume of f u e l  t o  air -4 
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... f ratio by weight of fuel to air 

QC gravitational conversion factor, 32.174 lb-mass ft 
lb-for'ce sec2 

H total enthalpy, sensible plus chemical, Btu/lb 

h sensible enthalpy, Btu/lb 

J mechanical equivalent of heat 

K thermal conductivity, Btu/ft-sec-% 

K1 to K7 chemical equilibrium constants based on partial pressures 

k 

$,$,L3,L4 

Boltzmann' s constant (gas constant for one molecule) 

defined by equations (4), (?), ( 6 ) ,  and ( 7 ) ,  respectively 

M molecular weight, lb/lb-mole 

ml,%,m3 number of atoms of hydrogen in fuels Cnl%l, Cn2G2, and 
Cn34a3, respectively 

NMa Mach number 

N P r  Prandtl number 

n number of moles 

nijnj number of moles of specie 

nlrn2,n3 number of atoms of carbon in fuels C C+%, and "1 1' 
Cn3%s, respectively 

P pressure, atm 

PpPj partial pressure, atm 

Q heat of formation, Btu/lb 

9 dynamic pressure, atm 
P 
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R 

Req equivalence ratio, equals f/fs and F/Fs 

universal gas constant, 1.98588 Btu/lb-mol-% 

RSP specific gas constant, Btu/lb-% 

r radius from cone vertex, ft 

S entropy, Btu/lb-% 

T 

v velocity, ft/sec 

W total weight of gas, lb 

X mole fraction 

X distance along center line measured from nozzle throat, ft 

Y cross-sectional radius of nozzle measured from center line, ft 

temperature, OK or 91 as required 

7 isentropic exponent 

c$n,6k numerical step procedure constants 

E Lennard-Jones force constant 

€1 arbitrary criterion of accuracy for L1/+ 

€2 arbitrary criterion of accuracy for p 

8 flow angle, deg 

c1 viscosity, slugs/ft- sec 

viscosity of ith specie pi 

P density, slugs/ft3 
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- .  d collision diameter of molecule, angstroms 

B defined by equation (43) 

$ stream function 

n 

Subscripts : 

collision integral (called n(2,2)* in ref. 13,) 

C 

F 

i 

J 

L 

h,k,m,n 

2 

0 

P 

r 

S 

S 

T 

t 

U 

W 

calculated value 

flame temperature 

post- combustion specie 

precombustion spe ci e 

lower limit 

numerical indices in block diagram 

post-combustion specie, dummy index 

reference temperature, Oo K 

constant pressure 

reference temperature, 300° K 

stoichiometric 

constant entropy 

constant temperature 

stagnation or total 

upper limit 

w a l l  condition 

Superscript: 

* throat 

For convenience, parentheses w i l l  be used when referring to 
specific species. For example, pi for partial pressure of CO is 
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written p(CO), ni for number of moles of C02, n(CO2), pi for 
viscosity of H20, p(H20). 

PROCEDURE 

The procedure for the computation of the gas properties of the com- 
bustion product is sufficiently general to include any combination of three 

than or equal to one. The term "stoichiometric" refers to the condition of 
hydrocarbon fuels together with an equivalence ratio R q  which is less I 

RPq = 1. 
1 

s 
t In order to determine the gas properties of the combustion product, 

real gas effects, which may be considerable at the extreme conditions of 
high pressures and low temperatures, are omitted and the product gas is 
considered to be a calorically perfect gas with variable molecular weight. 
The equations employed for the calculations make use of the following 
assumptions: (1) the ideal gas equation of state is valid; (2) the prop- 
erties of the species are functions of the temperature only; (3)  the 
process is adiabatic; (4) the precombustion and post-combustion pressures 
are equal; ( 5 )  the gas is in chemical equilibrium; and (6) there is no 
phase change. 

The development of the gas properties is divided into three sec- 

The units are listed with the symbols and consistency is 
tions: the composition, the thermodynamic properties, and the transport 
properties. 
maintained by including conversion factors where necessary. 
tion is temperature for which T 
tures. 
Rankine temperatures are used on the figures. 

The one excep- 
denotes both Kelvin and Rankine tempera- 

Kelvin temperatures are used in the text; whereas both Kelvin and 

Gas Composition 

The composition of the combustion product gas is obtained by using 

The equation for chemical reaction 
the equation for chemical reaction along with the equations expressing 
the chemical equilibrium constants. 
requires that the mass of each element in the initial constituents be 
equal to the mass of each element in the final constituents. A s  the 
mass of each element in the reaction is independent of dissociation, 
the mass of each element present can be obtained from the equation for 
chemical reaction in which there is no dissociation of the constituents. 
The final constituents are then allowed to dissociate and their relative 
proportions by volume are obtained from the equations expressing the 
chemical equilibrium constants. b 

In the chemical equation for combustion as used here, the initial 
constituents are the fuel and oxidizer. The fuel is assumed to consist ? 
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' . .  of an arbitrary mixture of three hydrocarbon fuels with possible water 
vapor present while the oxidizer, air, is assumed to consist of oxygen, 
nitrogen, argon, carbon dioxide, and water vapor. 
equivalence ratio indicates the proportion of fuel to oxidizer while 
the constituents of each are left arbitrary. 

The choice of an 

The chemical equation for the burning of the fuel mixture in air 
when there is no dissociation is 

+ D3E (C02) + (B4 + D4E) (H20) +(B1n1 + B2n2 + B3n3 + D Y )  (C02) 

+ B e  + B3m3) + B4 + D4E (H20) + D1E(N2) + D$ (Ar) + E1(O2) 

(1) 

1 
where 

and 

The equations for conservation of mass f o r  each element are obtained 
from equation (1). 
tions are expressed as ratios of two particular elements in their standard 
molecular state. 

The masses are transformed into moles and the equa- 



8 

B m  + B p 2  + B y 3 )  + B4 + D4E n(H2) - 3 11 LJ = 
n(c) Blnl + B 2 9  + B3n3 + D3E 

The constants L1, L2, L3, and L4 are therefore known quantities 
determined from the input values. 

The constituents of the dissociated combustion product gas are 
next substituted into equations (4) to (7) in place of the input values 
and are now expressed in terms of partial pressures in order to utilize 
the equations for the chemical equilibrium constants. 
partial pressure leads to the relation: 

The definition of 

where 

n=)ni 
i 

and 

( 9 )  

By restricting the constituents of the dissociated combustion prod- 
uct gas to the species N2, 02, H2, C02, H20, CO, OH, NO, 0, H, N, and Ar, 
equations (4) to (7) can be rewritten as: 

* -  

* .  

L 
1 
3 
9 

-6 



Independent equations for the chemical equilibrium constants, which 
are functions of temperature, and their values were obtained from refer- 
ence 3. These equations are: 

K -  P2(H2)P (02) 

3 -  P2 (E29 
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Equations (10) to (21) represent 12 unknowns in 12 equations. The 
unknowns are the partial pressures of the 12 species previously listed. 
The I 2  equations are nonlinear and must be solved by a numerical step 
procedure. A s  a result, it was found to be more convenient to put 
equations (12) and (13) into the following form by substituting equa- 
tions (15) to (21) into equations (12) and ( 1 3 ) .  

+2) L2 + i/PB:J - P(H2) - $% /K) 
P p y )  = - 

K6 - - -  L3 K2 /m 1 +  

The equations are now solved as follows: For a particular reacting 
mixture select the temperature and pressure for the combustion products, 
and then assume values f o r  p(N2) and p(H2). Solve the equations in 
the following order: 

I 
1 
3 
& 

(a) equation (22) for p(H20) 

(b) equation (16) for p(N0) 

(c) equation (21) for p(~) 

(d) equation (23) for p(C0) 

(e) equation (15) for ~ ( c o ~ )  

(g) equation (18) for p(0) 

(h) equation (19) for p(H) 

(i) equation (20 )  for  OH) 

(j) equation (14) for p(Ar) 

(k) equation (11) for L1/% 
I 
I (f) equation (17) for p(02) ( 2 )  equation (10) for p 
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J 

i 
3 . .  
) -  

L. 

This procedure follows t h a t  of appendix B of reference 4, which i s  f o r  
spec i f ic  fuel  and air  compositions. 

A s  the  calculated value of $/L2 
the  known value, a new value of p(H2) 
recalculated.  
obtained. The calculated t o t a l  pressure i s  also,  i n  general, d i f f e ren t  
from the  desired t o t a l  pressure, i n  which case a new 
assumed and the e n t i r e  procedure retraced. 

is ,  i n  general, d i f f e ren t  from 
i s  assumed and the  equations are 

This procedure i s  continued until the  desired accuracy i s  

p(N2) must be 

After a f e w  t r ia l  calculations,  it was noted that physically s ignif-  
i can t  p a r t i a l  pressures were obtained only when both the numerator and 
denominator of equation (22) were posi t ive.  Compatibility with t h i s  
r e s t r i c t i o n  i s  obtained by confining p(%) within limits which a re  

es tabl ished by s e t t i n g  both the  numerator and denominator, respectively,  
equal t o  zero and by solving f o r  p(H2). These limits are 

I n  order t o  provide an ordered sequence f o r  the  select ion of t he  
assumed values of p(N2) 
devised. 

and p(H2), a numerical s tep  procedure was 
This procedure i s  shown i n  the  block diagram i n  f igure  1. 

The number of moles of each specie i s  computed from the equation 

~ ( c o ~ )  + n(c0) 
ni = 

p(co*) + p(co)pi  

which i s  obtained from equation (8).  
sum of the  numbers of moles of C02 and CO i s  equal t o  the  number of 
moles of carbon enter ing i n t o  the  react ion.  
can be rewri t ten i n  terms of known quant i t ies .  

This form was chosen because the  

Therefore, equation (26) 
Thus, 



B1nl + B2n2 + B3n3 + D F  
P i  n i  = 

P(CO2) + P(C0) 

In  order t o  complete the ident i f ica t ion  of the gas, the mole frac-  
t i on  and the molecular weight of the mixture are  obtained from the 
equations 

and 

1 X i  = ni /n  

The mole f rac t ions  of the species a re  shown i n  f igures  2 and 3 a s  

Because of the preponderance of data, 

and loo atmospheres i n  order t o  i l l u s -  

functions of temperature f o r  the combustion products of C2H4-air  and 
CH4-air mixtures, respectively.  
these f igures  were selected a t  the equivalence r a t i o s  of 1.0 and 0.8 
f o r  the pressures of 
t r a t e  the pressure e f f ec t s  on dissociation. 
of molecular weight against temperature f o r  l i n e s  of constant entropy, 
which i s  calculated i n  the section on thermodynamic properties, f o r  the 
combustion products of C g b - a i r  and CHk-air mixtures, respectively, both 
presented f o r  the equivalence r a t i o s  of 1.0, 0.9, 0.8, and 0.7. 

Figures 4 and 5 show curves 

Thermodynamic Properties 

The thermodynamic properties of the product gas when dissociat ion 
i s  considered a re  calculated frm the equations t o  follow. 
3, 6, 7, and 8.) 
ences 3, 7, 9, 10, and 11. 
where necessary t o  maintain consistency i n  un i t s  .) 

(See r e f s .  1, 
Data f o r  the pure species were obtained from refer- 

(Note t h a t  conversion fac tors  a re  included 

Enthalpy, entropy, and density_.- Enthalpy i s  defined a s  (see, f o r  
example, r e f s .  1 and 2):  



H = B k i  M - hi,r) + Qi,J 
i 

where 

13  

( 3 0 )  

and 
T r  = 3000 K. Values of Q+ are  presented i n  tab le  I, along with 
references. 

Qi,r, the heat of formation of the pure specie, i s  referenced t o  

Entropy i s  defined a s  (see, f o r  example, r e f s .  1 and 2) :  

R R - - 10% p - - 10% p , i  T + 'i,r 
dT 

M i  M i  

where 
and p = 1 atmosphere. Values of S i ,  r are  a lso presented i n  tab le  I 
with references. 

i s  the reference value of the specie entropy a t  Tr = 300° K 

The density may be expressed as 

The three thermodynamic properties,  enthalpy, entropy, and density, 
have been combined t o  form Mollier charts which are  presented i n  f i g -  
ures 6 and 7 f o r  the cmbusti,on products of C2Hq-air and CH4-air mixtures, 
respectively, for the equivalence r a t i o s  of 1.0, 0.9, 0.8, and 0.7. 
These Mollier charts are  plot ted with enthalpy, i n  the  form H - Ho, a s  
the ordinate, pressure a s  the abscissa, and f o r  l i nes  of constant 
entropy, density and temperature. 

Specific heat a t  constant pressure.- The equation for specif ic  heat 
i s  obtained from equation ( 3 0 )  by taking the derivative of 
respect t o  T with p held constant. By rewrit ing X i / M  as ni/W where 
W 

H with 

i s  the weight of the gas 
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o r  

The equations t h a t  express the  spec i f ic  heats of the  species as func- L 
t i ons  of temperature are l i s t e d  i n  tab le  I, together with t h e i r  references. 1 
Unfortunately, 3 
had been found a t  the  time of the programing. A s  a result, equations were 9 
wri t ten f o r  these spec i f ic  heats based on equations of similar compounds, 6 

no values o r  equations f o r  the spec i f ic  heats of OH and NO 

Any inaccuracies introduced by these equations are f e l t  t o  be small as 
the percentages of these species i n  the product gas a re  very low. 
equations are a l so  l i s t e d  i n  t ab le  I. 
these spec i f ic  heats  have been found (ref .  12) and the values compare 
favorably with those used i n  t h i s  repor t . )  

These 
(Since the programing, values of 

The spec i f ic  heats  f o r  the combustion products of C$Ij+-air and 
CHh-air mixtures a re  shown i n  f igures  8 and 9, respectively,  again f o r  
the  equivalence r a t i o s  of 1.0, 0.9, 0.8, and 0.7. 
the  spec i f ic  heat  i s  p lo t t ed  against  temperature f o r  l i n e s  of constant 
pressure. 

I n  these f igures ,  

Isentropic  exponent .- The exponent ( ref .  1) used t o  describe an 
isentropic  change i n  state of a dissociat ing gas i s  no longer defined as 
the r a t i o  of spec i f ic  heats  as f o r  the  case of an idea l  gas. 
n i t i on  i s  taken from the  sonic veloci ty  equation: 

The de f i -  

By using the basic  thermodynamic r e l a t ions  (see ref.  6) 

and 
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J 

together with equation ( 3 2 )  and by defining 

and 

equation ( 3 5 )  may be rewritten as 

cP 
R Y =  

c p ( l  + p )  - g(l - a)2 

The isentropic exponents for the combustion products of C2H4-air and 
CH4-air mixtures for the equivalence ratios of 1.0, 0.9, 0.8, and 0.7 are 
shown in figures 10 and 11, respectively. In these figures, the isentropic 
exponent is plotted against temperature for lines of constant entropy. 

Specific gas constant.- The specific gas constant is defined as 

Rsp = a 
M 

The specific gas constants were computed and tabulated but no figures were 
prepared as the values can be determined from the values of M given in 
the figures. 

(ref. 7), which is fixed for a given fuel and oxidizer, equivalence ratio, 
and initial temperature of the precombustion species, is defined as the 
temperature at which 

Flame temperature.- The flame temperature at a given pressure 

where the right-hand side refers to the precombustion species. The left- 
hand side refers to the combustion gas mixture. In order to obtain the 
flame temperature, the left-hand side of the equation is plotted from the 
data for a few temperatures, at constant pressure, against temperature, 
and the flame temperature is picked off the curve at the value equal to 
the right-hand side of the equation. 

The flame temperature is shown in figure 12 as a function of equiv- 
alence ratio for the combustion of C2H4-air and CH4-air mixtures with the 
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i n i t i a l  temperatures of the  precombustion gas species chosen a t  300° K. 
The flame temperature i s  p lo t ted  f o r  l i n e s  of constant pressure of 1, 10, 
and 100 atmospheres t o  i l l u s t r a t e  the  e f f ec t s  of pressure. 

Transport Properties 

Because available data  f o r  the t ransport  properties i s  extremely 
l imited and i n  order t o  maintain as simple a procedure as possible, 
general equations a re  again used. 

Viscosity.- From references 9, 13, and 14 the  v i scos i t i e s  f o r  a l l  I 
1 species except H20 are represented by the  equation: 

(43) 
G 

- 4  

t 

where a i s  the  co l l i s ion  diameter of the molecule and R i s  the  c o l l i -  
sion in tegra l .  Values of R were obtained from reference 15 where R 
i s  tabulated as a function of kT/E. The symbol k represents the  
Boltzmann's constant and E, the  Lennard-Jones force constant. Values of 
u and E/k f o r  t he  species were obtained from references 14 and 15 and 
are reproduced i n  table 11. The values of 0 and E/k f o r  the  specie N 
were not found a t  the t i m e  of programing. 
values should have l i t t l e  e f f ec t  inasmuch as the  percentage of 

However, the  lack of these 
N i n  the 

product gas i s  small. 

The v iscos i ty  of t he  remaining 
equations (see ref .  16) 

P(H20) = 0.053549 \jT 
37.4 _ .  -- 

1+- 1371 x 10 T 
T 

0.031286 fi 
24.51 x lo4 1 +  

X 

specie H20 i s  represented by the  

x 10-6 

10-6 

For the gas mixture, reference 15 gives 

( T  5 1 3 0 0 ~  K )  (44) 

(T > 1300° K )  (45) 

the equation 
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where 

I 

The viscosity of the combustion products of CzH4-air and CH4-air mixtures 
for the equivalence ratios of 1.0, 0.9, 0.8, and 0.7 are shown in fig- 
ures 13  and 14, respectively. In these figures, the viscosity is plotted 
against temperature for lines of constant pressure. 

Thermal conductivity. - From reference 14, an approximate relation 
for thermal conductivity of gaseous mixtures is the Eucken equation 

K = g,(c, + $kp). 

The thermal conductivity is plotted against temperature f o r  lines of 
constant pressure in figures 15 and 16 for the combustion products of 
C$Ij+-air and CH4-air mixtures, respectively, and the equivalence ratios 
of 1.0, 0.9, 0.8, and 0.7. 

Prandtl number.- A useful parameter in heat-transfer studies is the 
Prandtl number which is presented in this section on transport properties 
because the equation requires the values of the viscosity and thermal 
conductivity. This equation is 

The Prandtl number is plotted against temperature for lines of constant 
pressure in figures 17 and 18 for the combustion products of C2Hb-air 
and CH4-air mixtures, respectively, with the equivalence ratios of 1.0, 
0.9, 0.8, and 0.7. 

RESULTS AND DISCUSSION 

The preceding equations have been programed for the IBM 704 
electronic data processing machine at the Langley Research Center. 
required experimental data that are listed in tables I and I1 together 
with the data that related R to W/E have been stored in the program 
in proper order for the computation of the equations. 

The 

In addition, 
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curve-f i t t ing subroutines have been incorporated in to  the program i n  
order t o  obtain the  p a r t i a l  der ivat ives  a, p, and (ani/aT) The 

present arrangement covers a range of pressures from 0.0001 atmosphere 
t o  800 atmospheres i n  s teps  denoted by the  r e l a t ion  p = 2" X 1Om where 
n = 0, 1, 2, 3 and m i s  zero or any posi t ive o r  negative integer .  
The temperature range i s  from 20O0 K t o  3,000° K i n  in te rva ls  of looo K .  
The composition of a i r  was taken as 0.7809 mole of N2, 0.2089 mole of 
02, 0.0093 mole of Ar,  and 0 .OOO3 mole of C02 per mole of air 

P' 

The output of the  IBM 704 i s  i n  the  form of two tables, one of 
which tabulates X i ,  n, and M against  T and the  other tabulates  
the thermodynamic and t ransport  propert ies  against  
pressure f o r  a given f u e l  and equivalence r a t i o .  
t i o n  a re  presented i n  t ab le s  III(a) and I I I ( b ) .  
l i s t e d  can be no more than four s ign i f icant  f igures  when based on the  
input data. However, the  f i v e  t o  seven s ignif icant  figures shown were 
retained as representative of the o r ig ina l  pr intout .  
tabular form, the data were a l s o  stored on magnetic tapes i n  an ordered 
sequence i n  order t o  u t i l i z e  machine p lo t t ing .  
programed t o  p lo t  cp, y ,  p, K, and Npr against  T f o r  l i n e s  of 
constant pressure. 

T, both a t  a constant 
Examples of the tabula- 

The accuracy of the  data  

In  addition t o  the  

The p lo t t i ng  machines a r e  

Because the  chemical equilibrium constants obtained from reference 3 
were l i s t e d  f o r  every looo K, the  gas composition was a l s o  calculated and 
tabulated f o r  every looo K.  Later, when the thermodynamic and t ransport  
propert ies  were included i n  the  program, it was desired t o  have these 
values i n  units of t he  English grav i ta t iona l  system f o r  engineering use. 
Thus cp, f o r  example, i s  i n  BTU/lb-% while tabulated against  %. 
addition, t he  f igures  obtained from machine p lo t t i ng  w e r e  o r ig ina l ly  t o  be 
engineering work p lo t s  only with the  abscissa i n  units of %. 
because of the  large amount of p lo t t i ng  t o  be done f o r  t h i s  paper, it was 
decided t o  r e t a i n  these p lo t s  and incorporate double temperature scales  on 
the  figures. 

I n  

However, 

The product gas composition and the  thermodynamic and t ransport  prop- 
e r t i e s  of the  combustion products of air  with the  hydrocarbon fuels ethy- 
lene C 9 4  and methane CH4 have been calculated f o r  the  equivalence r a t i o s  
of 1.0, 0.9, 0.8, and 0.7. Because the  tabular form i s  inconvenient t o  use 
f o r  wind-tunnel or rocket work and a l so  because of i t s  bulkiness, the  data 
have been reduced t o  a se r i e s  of char ts  which a re  shown i n  f igures  2 t o  18. 
Regions i n  which comparison can be made between the  present paper and r e f -  
erence 1 show agreement, i n  general, t o  within b e t t e r  than 1 percent. 



I 

A calculation procedure is presented from which the composition, 
thermodynamic properties and transport properties of a dissociated com- 
bustion product gas may be obtained when fuel. consisting of a mixed 
hydrocarbon compound is burned in air. Calculations were made f o r  the 
respective hydrocarbon fuels methane and ethylene and results are pre- 
sented at the equivalence ratios of 1.0, 0.9, 0.8, and 0.7 for pressures 
varying between lom4 and 8 X lo2 atmospheres and temperatures from 
'200' K to 3,000' K. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Air Force Base, Va., September 27, 1961. 

J 
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CALCULATION OF FLOW CHARACTERISTICS AND 

SUPERSONIC N O Z U  ORDINATES FOR CALORICALLY PERFECT GASES 

WITH VARIABJX MOLECULAR WEIGHT 

Mollier charts for gases are generally difficult to read accurately 

In 
and are laborious to use, especially if they are to be used to compute 
nozzle ordinates and to determine flow properties along streamlines. 
the following sections, equations to be used for the calculation of nozzle 
ordinates and flow properties are listed with explanations where necessary. 

Flow Characteristics 

Equations for flow properties with specific heat as a function of 
temperature and no dissociation have been developed in reference 17. 
These equations are here extended to include dissociation as a function 
of temperature only, that is, p = 0, together with the assumption of 
chemical equilibrium during expansion. 
and 6), the condition p = 0 is restricted to the regions in which the 
constant-temperature lines are approximately parallel to the ordinates. 
Furthermore, it can be seen from these charts that, for any pair of 
stagnation pressures and temperatures in these regions, the flow 
properties during an expansion along a line of constant entropy w i l l  
also lie in these regions. 

On the Mollier charts (figs. 5 

The basic relations for the development of the flow properties 
along an isentrope are Bernoulli's equation and equations ( 3 2 ) ,  (S), 
(37),  and (40) of the text. By solving for the partial derivatives of 
the right-hand side of equations (36) and (37) of the text and by 
writing a in terms of y ,  cp, and RSp, the following equations are 
obtained : 



L 
1 
3 

. 

a = ( ~ . ~ Y ~ , J R , ~ T ) ~ ’ *  

L 
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(A31 

(A51 

In  equation ( A 7 ) ,  T* i s  not an exp l i c i t  function as the in tegra l  
a lso contains T* as the lower l i m i t .  Furthermore, the equation i s  not 
amenable t o  the process of d i r ec t  i t e ra t ion ,  as the r e su l t s  diverge in  
an osc i l la tory  manner. The scheme used here f o r  the solution i s  t o  
reduce successively the value of the lower l i m i t  by a constant decrement, 
say 5 KO, from a value known t o  be greater than the ac tua l  solution. 
Each time a value f o r  the lower l i m i t  i s  chosen, the equation i s  calcu- 
la ted  and the difference between the lower l imi t  and the calculated 
value of T* i s  noted. The process i s  continued u n t i l  t h i s  difference 
changes sign. The calculated value of T* i s  then within 3 KO of the 
ac tua l  value. 

used. 

If greater accuracy i s  desired, a smaller decrement i s  
2 A good s t a r t i ng  value f o r  the lower limit i s  T* = 
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In order to solve these equations, a stagnation temperature is 
specified, together with the temperatures for which the equations are to 
be solved. Furthermore, tables of Rsp, cp, and 7 against T, such 
as are presented in this paper, must be available. The values of Rsp, 
cp, and 7 can be chosen at any pressure compatible with the assumption 
p = 0 .  

Flow properties of Csh-air and CH4-air combustion products at the 
equivalence ratios of 1.0 and 0.7 and for stagnation temperatures approxi- 
mately that of the respective flame temperatures are presented in 
tables N and V, respectively. 
computed on the IBM 704 electronic computer for temperatures at intervals 
of 5 KO from 200° K to 500° K and at 25 KO intervals from 500° K up to 
the stagnation temperature. The representative values of Rsp, cp, and 
7 against T were chosen at the pressure of 40 atmospheres. 

The flow properties for these gases were 

Supersonic Nozzles 

A calorically perfect gas with variable molecular weight a l s o  
requires modifications in the equations by which the wall coordinates and 
the distribution of flow properties are calculated for supersonic nozzles. 
These modifications are discussed here for the truncated conical nozzle 
and the contoured nozzle, again subject to the condition f3 = 0. 

The truncated conical nozzle wall coordinates are completely speci- 
fied once a cone angle and a throat diameter are chosen. 
from the cone vertex through the nozzle is a streamline along which the 
flow properties are functions of the radius only. By combining the radial 
flow equations and the equations of continuity, motion, and state, the 
radius is written as a function of the temperatures. 

Any radial line 

Thus, 

(5) R:~T* I- e-~(Rsp7 cpy - 1) 

where r* is the radius from the vertex to the sonic line. The ratio 
r/r* may be converted to x and y coordinates with x = 0 at the 
throat by the relations 
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and 

y - r s i n  0 
y* r* s i n  8, 
- _  
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where 8, i s  the w a l l  angle and y* i s  the  th roa t  radius from the  center 
l i n e .  
equations ( A l )  t o  ( A 8 ) ,  the  d i s t r ibu t ion  of the  flow propert ies  i n  the 
truncated conical nozzle i s  obtained. 

By using the  same input data  i n  equation (A9)  t h a t  i s  used f o r  

The contoured nozzle w a l l  and streamlines a re  designed by the  usual  
method of charac te r i s t ic  networks. (See r e f .  18.) The only modifica- 
t i o n  t o  the  charac te r i s t ic  method i s  tha t ,  once the  veloci ty  i s  found a t  
a point, the  Mach number i s  interpolated from data  tabulated from equa- 
t i ons  ( A l )  t o  (A8)  i n  order t o  determine the  Mach angle. 
d e t a i l s  are avai lable  i n  reference 19. 

Further 

The stream function t o  be used i n  conjunction with the  Characterist ic 
network system i s  developed frm the  equation of continuity across a Mach 
l i n e  and i s  made nondimensionalby dividing through by the mass flow a t  the 
throa t .  Thus 

I n  order t o  evaluate Jr and the  corresponding flow properties,  t he  
veloci ty  i s  obtained from the  charac te r i s t ic  network equations, the  
propert ies  are interpolated from t h e  t ab le s  and subst i tuted i n t o  equa- 
t i o n  (Al2). The integrat ion i s  along a Mach l i n e  and 4f = l a t  the  
nozzle w a l l .  

Other flow regions which use r a d i a l  flow or  charac te r i s t ic  network 
equations incorporate these same modifications. 
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TABLE I.- BEAT OF FORMATION AND ENTROPY REFERFNCE VAUTES 

AM) SPECIFIC BEAT EQUATIONS 

Btu/lb-% 
(e )  

cr, = 0.3% - 68.78 + 1.28 x 104 
cr, = 0.2481 (0' K 5 T < 300' K )  

( 300° K 5 T 5 3COOo K )  
T T2 -_ 

cr, = 0.un 
cp = 0.76 - 4 - 0 6  + 2525 

(0' K 5 T < 300O K) 

(Po K 5 T 5 300O0 K) 
a T  

cp = 2.463 + 0.00325T 

cp = 2.957 + 5.161, + 7.394 

(0' K 5 T < 300' K )  

(3W0 K 2 T 5 3000° K) F - S E  

m+T 
"p = 0.4409 (bo K 6 T < 3COo K) 

( 300° K 6 T 6 3O0O0 K) 24.67 231 "p = 1.102 - 

cp = o.j68 82.44 + 0 . 9 3  x io4 
c P = 0.1579 + 0.000145T (0' K 5 T < wo K) 

(woo K 5 T 5 30000 K) 
T T2 

c p  = 0.2481 

cp  = 0.3% - 65.28 + la179 

(0' K 5 T < W O  K) 

(7000 K 5 T 5 ~0 K) lo4 
T T2 

cp  = 0.2316 (Oo K 5 T < 300O K )  

cp = o.338 - 97.5 + ( W O K  S T  I70000 K) 1.97 x io4 
T T2 

cp = 0.4119 (Oo K 6 T < wo K) 

5 3, 9, 1c 

9 3, 9, 1.53201 

15.49103 9 3, 9, 10 

9 3, 9, 10 2.50465 

1.16091 9 3, 9, 

3, 9, 9 -1,696.29 1.68612 

1,294.81 1.67792 3, 3, ,9 

2 -58079 

2.61429 L4j44-5.57 5 = 0.3546 (0' K 5 T 5 3000° K) 

6,651.37 

)2,%0.61 5, 9, 9 

0 5 ,  9, 9 
.2,007.50 5 

800.40 5 

'Referenced t o  
bReferenced t o  T = W0 K and p = 1 atmosphere. 
CEquations contain conversion factors from OK t o  % i n  constants. 
%e references refer t o  q,r, si,r, ma cp,i, respectively. 
Wee text .  

T = joOo K. 

t 
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TABLE 11.- LENNARD-JONES FORCE CONSTANTS 

haken  from refs. 14 and 14 
L 

Specie 

*2 

02 

H2 

H2° 

co2 
co 
NO 

OH 

N 

0 

H 

Ar 

u, angstroms 

3.681 

3 9433 

2.968 

----- 

3 996 

3.590 

3.470 

3.110 

----- 
3.068 

2 497 

3.418 

-I 

E/k, OK 

91.5 

113.0 

33.3 
----- 

190.0 

110.0 

119 .o 

93.8 

----- 
102.2 

99.8 

124 .O 



E 

Ec 



ro 

W 

- 
H 

- 

0 

In 

0 
4 

X 

0 

0 

0 0 0 0  8 8 0 0 0  
0 0 0 0  ooo 8 8 8 8 8  8 8 8 8 8  8 8 8 8 8  88888 
cu M f  n w t-a a 0 di N, ",f, n, v), +,a), a, 0, di cu, m,f, ln, UlI \a, 2 drlrlrlrl  d r l r l r l c u  c u c u c u c u c u  cucucucurc :  



TABLE IV.- FmW PROPERTIES OF C,HJ+-AIR COMBUSTION PROWCTS 30 

[Letter E denotes t h a t  number t o  left of E i s  t o  be multiplied by 
10 t o  the power indicated by number t o  right;  for example, 

(a) Res = 1.0; T t  = 2,500° K; = 2,271.7O K 

NMa A /A* p/ pt PIPt 

0.09999999E 01 
0.93807644E 00 
0.88014272E 00 
0.82592688E 00 
Us77516310E 00 
0.72760946E 00 
0.68304368E 00 
0.64126431E 0 0  
0.60207519E 00 

0.56529780E C C  
0.53076809E O @  
0.49833364E-U0 
0.46785571E-00 
0.43920550E-00 
0.41226359E-00 
0.38692091E-00 
0.36307272E-00 
0.34062304E-00 
0.31948331E-00 

0.29957108E-00 
0.28081086E-00 
0.26313236E-00 
0.24647022E-00 
0.23076153E-0U 

0. 
0.60286310E-01 
0.11358106E-PO 
0.16053362E-00 
0.20174956E-00 
0.23777Ob8E-00 
0.26908748E-00 
0.2961412OE-00 
0.31934687E-00 

0.33906811E-00 
0.35563666E-00 
0.36935019E-00 
0.38048995E-00 
0.3 8929826E-00 
0.39599886E-00 
0.40079228E-00 
0.40387121E-00 
0.40539898E-00 
0.40552726E-00 

0.40439056E-OC 
0.40212390E-00 
0139883688E-00 
0.3 9463 333E-00 
0.38960502E-00 
0.38384512E-00 
0.37743203E-00 
0.37043943E-00 
0.36293128E-00 
0.35497881 E-00 

0.34663723E-00 
0.3 379602:E-00 
0.32899519E-00 
0.31979140E-00 
0.31039269E-00 

0. 
0.19238102E 0 1  
0.14392466E 0 1  
0.12430036E 0 1  
0.11383269E 0 1  

0.09999999E 01 
0.94811858E 00 
0.89914436E 00 
0.85289384E 00 
0.80920615E 00 
0.76790848E 00 
0.72884968E 00 
0.69188698E 00 
0.6569026OE 00 

0.61376198t 00 
0.592 349 5 8 t 0 0  
0.56255206E 00 
0.53428652t 00 
0.50745364E 00 
0.48196144~-00 
0.45774665~-00 
0.4347239iE-00 
0.41282395E-00 
0.3919Plr*5E-00 

0.37213219c-OC 
0.35322952E-00 
0.33521679E-00 
0.31804514~-00 
0.30166502E-00 

0. 
0.32736685E-00 
0.46345924E-00 
0.56822821E 0 0  
0.65691037E 00 
0.73537856E 00 
0.80665433E 00 
0.87251703E 00 
0.93419082E 00 

0.99248334E 00 
0.10479973E 0 1  
0.11011724E 3 1  
0.11524265E 131 
0.12020222E 0 1  
0.12501965E 0 1  
0.12971216E 0 1  
0.13430405E 0 1  
0.13880705E 0 1  
0.14323402E 0 1  

0.14759425E 0 1  
0.15190428E 0 1  
0.15617041E 0 1  
0~1604012OE 0 1  

0.09999999E 0 1  
0.98999999E 00 
0.98000000E 00 
0.97000000E 00 

0. 
0.32593057t-00 
0.45939400E-00 
0.56076721E 00 
0.64539229E 0 0  .~ .. ~~ ~ 

0.71923582E 5 0  
C.78537094E 00 
0.84562713E 00 
0.90121395E 00 

0.95297407E 0 0  
0.10015238E 01 
0.10473332E 01 
0.10907659E 01 
0.11321139E 01 
0.11716156E 01 
0.12094674.E 01 
0.12458385E 01 
0.12808726E 01 
0.13146929E 01 

0.10001151E 0 1  
0.10020969E 0 1  
0.10090261t 0 1  
0.10201035E 01 
0.10348169E 0 1  
0.10528029E 0 1  
0.10738179E 0 1  

'J.91000000E 00 
0.90000000E O @  
0.88999999E 00 
0.88000000E 00 
0.87000000E 00 
0.86000000E 00 
0.84999999E 00 
0.84000000E 00 

0.81999999E 00 

0.80a?99999E 00 
0.8O:IOOOOOE 00 
0.79100000E 00 
0.77'99999E 00 
0.77.JO0000E 00 

0 . 8 3 ~ 0 0 o o a ~  00 
0.10976773E 01 
0.11242921E 0 1  
0.11536130E 0 1  

0.13474075E 01 
0013791087E 0 1  
0.14098190E 0 1  

0.11856426E 0 1  
0.12203764E 0 1  
0.12578892E 01 

0.14397913E 01 
0.14689156E 01 
0.14973044E 01 
0.15250077E 0 1  
0.15520714E 01 
0.15785407E 0 1  
0.16044494E 01 

0.16298304E 01 
0.16547143E 01 
0.16791332E 01 
0.17031082E 01 
0.17266609E 0 1  

0.12982599E 0 1  
0.13416158E 0 1  0;16460560E 0 1  

0.16878728E 0 1  
0.17295370E 0 1  
0.17711081E 0 1  
0.18126487E 0 1  
0.18542004E 0 1  

0.286Cs; J b i - 0 3  
O e L  7 1  1 I730:-0C 
3 . 2  56 7 ! ( 1 . 3 :  -0U 
0 . 2 4 3 3 3 6 3 3 r - O C  
0.23C37985C-03 0.16083460E 0 1  

0.16731045E 0 1  
0.17422613E 0 1  
0.18161469E 0 1  
0.18950965E 0 1  
0 . 1 9 7 9 4 8 1 5 ~  0 1  
0.20697241E 0 1  
0.21662932E 01  
0.2269682LE 0 1  
0.23804805E 0 1  
0.24993269E 01  

0.26269895E 01  
0.27641774E 0 1  
0.29117183E 0 1  
0.30705377E 0 1  
0.32416607E 0 1  
0.34262362E 0 1  
0.36255360E 0 1  
0.38409713E 01  
0.40741639E 01 
0.43268249E 01  

0.18958154E 0 1  
0.19375413E 0 1  
0.19794584E 0 1  
0.20215185E 0 1  
0.20638002E 0 1  
0.21063446E 0 1  
0.21491639E 0 1  
0.21923827E 0 1  
0.22360081E 01 
0.22800837E 0 1  

0.23247463E 0 1  
0.23697747E 0 1  

0115372882E-00 
0.14335397E-00 
0.13358215E-00 
0.12438293E-00 
0.1157265YE-00 
0.10758465E-00 
0.99930414E-01 
0.92737798E-01 
0.85982301E-01 
0.79640776E-01 

0073689504E-01 
0.68110442E-01 

0.70999999E 00 
U.70000000E 00 
0.69000000E 00 
0 ~ 6 8 0 0 0 0 0 0 E  00 
0.66999999E 00 

0.2180140St-00 
0.20621188c-00 
0.19494554E-00 
0.18419441E-00 
0.17393681t-00 
0 ~ 1 6 4 1 5 1 9 9 ~ - 0 0  
0 ~ 1 5 4 8 1 9 9 1 t - 0 0  
0.14592311c-00 
0.13744216E-00 
0.12935965E-00 

0.12165592E-00 
0.11432017E-00 
0.10733925E-00 
0.10069992E-00 
0.94389387E-01 
0.88394858k-01 
0.82704373t-01 
0.773061 34E-01 
0.7218794OE-01 
0.67339944t-01 

~~ 

0.17498121E 01 
0.17725804E 01 
0.17949851E 01 
Oa18170439E 01 
0.18387730E 01 

0.30083951E-00 
0.29116864E-00 
0.28141785E-00 
0.27161682E-00 
0.26179478E-00 

0.186019486 01 
0.18813138E 01 
0.19021384E 0 1  
0.19226775E 0 1  
0.19429397E 0 1  
0.19629330E 01 
0.19826649E 01 
0.20021427E C l  
0.20213749E 0 1  
0.20403653E 01 

0.25197414E-00 
0.24218722E-00 
0.23246022E-00 
0022281678E-00 
0.21327879E-00 
0.20386554E-00 
0.19459559E-00 
0.18548546E-00 
0.17654859E-00 
0.16780099E-00 

D.61900000E 00 
0.59999999E 00 
3.59000000E 00 
0.58000000E 00 
0.56199999E 00 
0.55999999E 00 
3.55300000E 00 
0.5400000OE 00 
3.52999999E 00 
0.52000000E 00 

3.62885055E-31 
0.57995133i-11 
C.53423170E-31 
3.*91524+rE-01 
;.4516089LE-- I 

0.26520988E 0 1  
0.27016095E 0 1  
0.27518675E 0 1  

0.28029677E 0 1  
0.28549636E 0 1  
0.29078805E 0 1  
0.29618690E 0 1  
0.30169586E 0 1  
0.30732208E 0 1  
0.31307571E 0 1  

0.41451133E-01 
0.37990073E-01 
0.34770074E-01 

0 ~ 5 1 0 0 0 0 0 0 E  00 . .5 1000000E 00 
3.*899999YE-O0 ~. 4 8 1 OOOOOE -00 
.* T'JOCOOOE-00 

0.67751529k-3: 
0.56412366C-01 
0.543!2959E-O: 
0.50*c2315E-C! 
0.467Y0913r-JI 

U.19800227E-01 
0.17921441E-01 
0.16 190 79 1 E-0 I 
0.14598962E-01 
0.13137054.E-01 

0.1179626lE-01 
0.10569064E-01 
0.94480173E-02 
0.84259126E-02 
0.74959301E-02 
U.6651U51 f -07 

3.45099999E-00 
3.45100000E-00 
3.441100OOOE-OJ 
3.43000000E-00 
3.41"99999E-00 

3.41000000E-00 
3.40d00000E-00 
3.38199999E-00 
2.38u00000E-00 
3~37000000E-00 
1 ~ 3 6 0 0 0 0 0 0 E - 0 0  

0.21494917E 01 
0.21669249E 0 1  
0.21841546E 01 
0.22011843E 0 1  
0.22180176E 0 1  

0.22346620E 01 
0.22511145E 01 
0.22673745E 01 
0.22834424E 0 1  
0.22993175E 01 
0.23150018E 01 

0.63801880E 01  
0.68403763E 0 1  
0.73449066E 0 1  
0 ~ 7 8 9 9 0 6 1 4 E  0 1  
0.85088661E 0 1  

0.91814651E 0 1  
0.99245302E 0 1  
0.10746934E 02 
0.11658972E 02 
0.12672454E 02 
0.13801292E 02 
0.15061653E 0 2  
0.16472415E 02 
0.18055946E 0 2  
0.19838127E 02 

0.43349168E-01 
0.40107552E-01 
0.37057862E-01 
0.34191497E-01 
0.31500203E-01 

0.28975185E-01 
0.26609854E-01 
0.24397326E-01 
0.22330564E-01 
0.20402828E-01 
0.18607111k-01 
Oalb936705E-01 
0.15385133k-01 
0.13945945L-01 
0.12613312E-01 

0.11272487E-00 
0.10581640E-00 
0.99160072E-01 
0.92757532E-01 

0.86607555E-01 
0.80713009E-01 
0.75074875E-01 
0169692446E-01 
0.64564553E-01 
0.59688063E-01 

0.33749618E 0 1  
0.34398497E 01  
0.35064570E 0 1  
0.35749036E 0 1  
0.36453056E 0 1  

3.3499Y9YYE-00 
3.340000COE-00 
3.333COOJOE-)O 
L.JIY99994E-I0 
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TABLE IV.- FLOW PROPERTIES OF C2H4-AIR COMBUSTION PRODUCTS - Continued 

Req = 1.0; Tt = 2,300° X; T* = 2,271.7O K - Concluded 

T 
- 
01 
01 
01 
01 
0 1  
01 

0.11381454E~01 
0.10244726E-01 1 0.91975791E-02 

0.3503418OE-02 
0.30517855E-02 

0.38933363E-01 3.21849667E 02 
0.35L72778E-01 0.24127106E 02 
0.32228792'-0! 0.26714325E 02 

0.30999999E-00 
0~30000UOOE-00 
0.29000000E-CO 

0 ~ 2 3 9 0 6 0 3 1 E  
0.24051629E 
0.24195373E 
0.24337253E 
0.24477265E 
0.24615409E 

0.26485234E-02 
0.22895365E-02 
0.19709604E-02 
0.16891710E-C2 
0.14407928E-02 
0.12226563E-02 
0.10318242E-02 
0.86557692E-03. 

0.27999999E-00 
0.27000000E-00 
0.2 60 00000E-00 

0~82348811E-02 
0.73516026E-02 
0.65428688E-02 
0.58040281E-02 
0.51305172E-02 
Oe45179969E-02 
0.39623337E-02 

0.29194853E-01 0.29663417E 02 
0.26364144E-01 0.33037347E 02 
0.23729479E-01 0.36912612E 0 2  
0.21283583E-01 0.41382417E 02 
0.19018674E-01 0.46562073E 02 
0.16926962E-01 0.52594523E 02 
0.15000641E-01 0.59658528E 02 

0.44982252E 0 1  
0.46038841E 0 1  
0.47147499E 0 1  
0.48313403E 0 1  
0.49543142E 0 1  
0.50844144E 0 1  

0.24751680E 01 
0.24886087E 0 1  
0.25318635E 01 
0.25149332E 01 

0.25000000E-00 
0.23999999E-00 
0.23000300E-00 
0.2 20 OOCOOE-00 

0.52220196E C l  
0.53695855E 0 1  I 0.54003257E 01 

C. 121 L7! 56E-: 3 
..597.642$E-:3 
:.5743519si-:3 

0.1323?148E-C1 0.67973150E 02 
l I . l lb lL66CE-01 0.7783LlL6E 02 
3.11308083E-01 0.8002358LE 02 

0.34599355~-02 
0.29213326€-02 3.3006486lL-02 

0.28379583t-02 

3.2C999999E-03 
. .ZCL3:.30E-C: 
3.198CUC03E-C3 
3.1959999SE-C0 0.54314993E 0 1  

0.54631180E 0 1  I C.54951935E G l  

0.55232409E-03 
0.53096481E-03 
0.51025844E-03 
3.49318964FAC3 

0.11007062E-01 0.82293260E 02 
0.10711536E-01 0.84646901E 02 
0.10421442E-01 I 0.87088446E 02 0.19199999E-00 0 ~ 2 5 5 0 5 4 1 8 E  0 1  

0.19400000E-00 

0.19000000E-0G I 0.27563357E-02 
0.26764373E-02 I 
0.25982363E-02 
0~25217066E-02 
0.24468218E-02 
0.23735562E-02 

0.41599382E-C3 
0.39889286E-53 
0.38239487E-03 
0.36643971E-03 
0.35100269E-03 
C.336C7C18E-C3 
J.32162894E-03 
0.30766615E-03 
C.29416926E-03 
0.28112617E-03 

0.26852499E-C3 
0.25635427E-03 

0.25629303E 01 
0.25653880E 01 
0.25678314E 0 1  
0.25702670E 0 1  
0.25726965E 01 
0.25751202E 01 
0.25775382E 01 
0.25799508E 01 
0.25823583E 01 
0.25847607E 01 

0.10076962E 
0.10383532E 
0.10700975E 
0.11030973E 
0.11 374496: 

03 
03 
03 
03 
0 3  

0.23018849E-02 
0.22317825E-02 
0.21635162E-02 
0.20968046E-02 
0.20315584E-02 
0.19677487E-02 
0.19053479E-02 
0.18443296E-02 
0.17846675E-02 
0.17263369E-02 

0.16693132E-02 
0.16135733E-02 
0.15590946E-02 
0.15058547E-02 
0.14538328E-02 
0.14030085E-02 
0.13533613E-02 
0.13048726E-02 
0.12575234E-02 
0.12112956E-02 

0.11661720E-02 
0.11221356E-02 
0.10788513E-02 
0.1036588OE-02 

0~18"00000E-00 
0.18~~00000E-00 
0.17~00000E-00 

0.56628635E 0 1  
0.56979512E 0 1  
0.57294741E 0 1  
0.57657628E 0 1  
0.58027212E 01 
0.58433686E 01 
C.58787247E 3 1  
0.59178101E 0 1  
0.59576462E 0 1  
0.59982556E 0 1  

0.60396615E C1 
0.60818881E 0 1  
3.612496C9E 3 1  
0.61689064E 6 1  
0.62137523E C1 
0.62595274E 0 1  
0.6306262OE 0 1  
0.63539879E 0 1  
0.64027381E 0 1  
0.64525475E 0 1  

0.65C34524E 0 1  

0.66166152E 0 1  
0.66709U65E 0 1  

0 . 6 5 5 5 4 9 0 ~ ~  C I  

0.90503016E-02 
0.87915 179E-02 
0.85388437E-02 
0.82912 564E-02 
0.80484512E-02 
0.78103507E-02 
0.75768800E-02 
0.73479686E-02 
0.71235452E-02 
0.69035442E-02 

0.66878991E-02 
0.64765490E-02 

0.17;OOOOOE-00 
0.17199999E-00 I 

0.11732293E 
0.12105162E 
O.l?r93960€ 
0.12899601t 

03 
03 
03 
0 3  
03 0.13323067E 

0.13765414E 0 3  
0.14227773E 03 

0.16199999E-00 0.25871584E 01 
0.16000000E-00 0.25895514E 01 
0.158 00000E-00 0.2 591 9402E 0 1  
0.15600000E-00 0.25943247E 01 
0.15400000E-00 0.25967053E 0 1  
0.152OOOOOE-00 0.2599082lE 01 
J.1500UOOOE-00 0.26014554E 0 1  
0.14799999E-00 0.26038254E 01 
0.14600000E-00 0.26061922E 0 1  
0.14399999E-00 0.26085561E 01 

0.14200000E-00 0.26109172E 01 
3.13999999E-00 0.26132757E 01 
3.13800000E-00 0.26156449E 0 1  
5.13 6 00000 E -00 0.2 6 1 8  0 l 4 2 E  01 

0.62694331E-02 I 0.14711358E 03 ~~~ ~~~. .. 
0.60664920E-C2 0.15217i79E 0; 
0.58676701E-C2 0.15747550E 03 
0.5~729139E-CZ 0.16303089E 0 3  
0.5rr821692E-02 0.16885737E 03 
0.5295?87kE-02 0.17497268E 03 

0.18230593E-03 
0017319866E-03 

0.16443068E-03 
0.15599305E-03 
0.14783340E-03 
0.13998353E-03 

0.51125178E-02 0.18139600E 0 3  
0.49335144E-02 0.18814810E 03 

0.4758331fE-02 0.19525154E 03 
0.45869255E-02 0.20273075E 03 
0.44179932E-02 0.21067345E 03 
0.42526148E-02 0.21906451E 0 3  

0.99540222E-03 
0.95528389t-03 
0.91622309E-03 
0.87820923E-03 
0.84123149E-03 
0.80527862E-03 

0.77033928E-03 
0.73640160E-03 
0.70345371E-03 
0.67148314E-03 
0.64047734E-03 
0.61042366E-03 
0.58130893E-03 
0.55311984E-03 
0.52584307E-03 
0.49946487E-03 

0.47397140E-03 
0.44934862E-03 
0.42558236E-03 
0.40265823E-03 
0.38056185E-03 
0.35927857E-03 
0.33879372E-03 
0.31909236E-03 
0.30015971E-03 
0.28198074E-03 

0134823552E-02 0.26872547E 03 
0.33394898E-02 0.28047233E 03 

0.32002994E-02 0.29293200E 03 
0.30647574E-02 0.30615949E 0 3  
0.29328366E-02 0.32021485E 03 
0.28045068E-02 0.33516400E 0 3  
0.26797379E-02 0.35107919E 0 3  
0.25584981E-02 0.36803994E 0 3  
0.24407537E-02 0.39613369E 03 
0.23264697E-02 0.40545700E 0 3  
0.22156109E-02 0.42611650E 03 
0.21081396E-02 0.44823005E 0 3  

0.20040178E-02 0.47192857E 03 
0~19032055E-02 0.49735741E 0 3  
0.18056626E-02 0.52467819E 03 
0.1711347OE-02 0.55407149E 0 3  
0.16202164E-02 0.58573879E 03 
0115322272E-02 0.61990607E 0 3  
0.14473347E-02 0.65682702E 0 3  
0.13654931E-02 0.69678721E 03 
0.12866566E-02 0.74010888E 03 
0.12107779E-02 0.78715663E 03 

0.26321706E 01 

3.12199999E-00 0.26345191E 0 1  
3.12000000E-00 0.26368641E 0 1  
3-11799999E-00 0.26392056E 0 1  
3.11600000E-00 0.2641 5434E 01 
3.11399999E-00 0.26438776E 0 1  
3 ~ 1 1 2 0 0 0 0 0 E - 0 0  0.26462077E 01 
3.11n00000E-00 0.26485340E 0 1  
3.13100000E-00 0.26508561E 0 1  
3~10000000E-00 0.2653174OE 01 
3.10>99999E-00 0.26554876E 01 

3.10J00000E-00 0.26577968E 01 
3.99"99999E-01 0.26601015E 0 1  
3 ~ 9 7 9 9 9 9 9 9 E - 0 1  0.26624015E 01 
3.95q99999E-01 0.26646969E 0 1  
3.93999999E-01 0026669873E 01 
3.91999999E-01 0.26692729E 01 
3.90000000E-0.1 0.26715535E 01 
3.88000000E-01 0.26738289E 01 
3.85999999E-01 0.26760991E 0 1  
3.84000000E-01 0.26783639E 0 1  

0.70840997E 0 1  
0.71484536E 0 1  I 0.72143087E 0 1  

0.93319793E-04 
0.87746107E-04 
0.82423190E-04 
0.77343768E-04 
0.72500418E-04 
0.67886163E-04 
0.63493837E-04 
0.59316413E-04 
0.55346977E-64 
0.51578673E-04 

0.48604749E-04 
3.44618533E-04 
0.41413466E-04 
0.38383070E-04 
0.35520984E-04 
0632820942E-04 
0.3G276784E-04 
0.27882452E-04 
0.25632014E-04 
0.23519637E-04 

0.76448988E 0 1  
0.77233294E 0 1  

0.78039133E 0 1  
0.78867589E J1 
0.79719816E 0 1  
9.80597J62E 0 1  
0.81500654E 0 1  
0.82432035E 3 1  
0.83392750E 01  
0.84384466E 0 1  
0.85408992E 0 1  
5.86468284E 0 1  

0.87564465E 0 1  
0.88699838E 0 1  

C.21539606E-:~ 
C. 1968631 7E-01. 
0.179542Y3E-04 

0.26454041E-03 
0.24782357E-03 

3.81999999E-01 0.26806234E 0 1  
3.79999999E-01 0.26828773E 01 
3.77999999E-01 0.26851255E 01 
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TABLE N.- FLOW PROPERTIES OF C94-AIR COMBUSTION PRODUCTS - Continued 

(b) Req = 0.7; Tt = 1,900° K; P = 1,678.60 K 

P/Pt I T l T t  A /A* - 
n . n 9 9 9 9 9 w ~  01 

00 
0 0  
0 0  
0 0  
0 0  
0 0  
00 
0 0  

- 
0 1  
00 
00 
00 
00 
00 
0 0  
0 0  
0 0  

0.09V99999E 
0.98(,842105 
0.97368421E 
0.9 6 Ci 5 2 6 3 1 E 
0.94 I36442E 
0.934210525 
0.921 05263E 
0.90789473E 
0.89473684E 

0. 
0.31904475E-00 
0.45080835E-00 
0.55163272E 00 
0.63641495E 00 
0.710927466 00 
0.77813253E 00 
0.83979981E 00 
0.89706730E 00 

0. ... .. - 
0.93756385E 
0.87846262E 
0.82255451E 
0.76968094E 
0.71969621E 
0.67246319E 
0.62784547E 
0.58512642E 

0.10142428E 01  
0.10030168E 01  0.94526368E 00 0.33148538E-00 

0.35225284E-00 
0.36947651E-00 
0.38342629E-00 
0.39435938E-00 
0.40251783E-00 
0.40813097E-00 
0.41 141 569E-00 
0.41257670E-00 
0.4118075bE-00 
0.40929075E-00 

0.40519713E-00 
0.399690366-00 
0.39292419E-00 
0.38504313E-00 
0.37618276E-00 
0.36647136E-00 
0.35602830E-00 
0.34496540E-00 
0.33338702E-00 
0.32139040E-00 

0.30906600E-00 
0.?9649168E-00 

0.65468432E 00 

0.10088265E 0 1  
0.10701400E 0 1  
0.11296164E 01  
0.11876083E 0 1  
0.12443887E 0 1  
0.13001864E 0 1  
0.13551935E 0 1  
0.14095787E 01  
0.14634860E 0 1  
0.15170442E 0 1  

0.88157894E 
0.86842105E 
0.85526315E 
0.84210526E 
0.82894737E 
0.81578947s 
0.80263157E 

00 
00 
00 
00 
00 
00 
00 
00 
00 
00 

00 
00 
00 
00 
00 
00 
00 
00 
00 
00 

00 

0.10003451E 0 1  
0.10045097E 0 1  
0.1014412OE 0 1  
0.10293395E 0 1  
0.10488377E 0 1  
0.10726275E 01  

0.12216485E 0 1  
0.12607399E 0 1  
0.12985416E 0 1  
0.13351638E 01 

0.13707048E 01 
0.1405242BE 01 
0.14388478E 0 1  
0.14715822E 01 
0.15035020E 01 
0.15346561E 01 
0.15650888E 01 
0.15948398E 0 1  
0.16239455E 01 
0.16524385E 01 

0.16803484E 0 1  
0.17077024E 01 

0.11005583E 0 1  
0.11325788E 0 1  

0.12090667E 0 1  

0.12537917E 01 

0.116a7165~ 0 1  

0.43813291t-00 
0.4125449lE-00 
0.38a15or~~-00 
0.36490551E-00 

0.34276467E-00 
0032169071E-00 
0.30164536C-00 
0.282590726-00 
0.26448953E-00 
0.24730647E-00 
0.23100647Z-00 
0.21555543~-00 
0.2OOY2008t-00 
0.18706816E-00 

0.17396832€-00 
0.16159000E-00 
0.1499022ZE-00 
0.13887801E-00 
0.12849027E-00 
0.11871216E-00 
0. ?095164LE-00 
0.10087933~-00 
0. Y277662OL-01 
0185184430E-01 

0.78079743E-01 
0.71439115E-01 
0.65240549E-01 
0.59462242E-01 
0 ~ 5 4 0 8 2 5 5 7 E - 0 1  
0.49082444E-01 
0.44442504E-01 
0.40143863E-01 
0.361674655-01 
0.32496743E-01 

0.29115101E-01 
0.26006167E-01 
0.23154446E-01 
0.20543960E-01 
0.18159646E-01 
0.15987153E-01 
0.14014126E-01 
0.12225203t-01 
0.11888316E-01 
Oa1155816OE-01 

0.32566249E-00 
0.301Z9842E-00 
3.27845355E-00 

3.25104850E-00 
9.23701212E-00 
3.21821462E-00 
3.20076850E-00 
3.18442871E-00 
3.16919324E-00 
3.15500241E-00 
3.14179894E-00 
3.12952788E-00 
3.11813670E-00 

1.10757507E-00 
3.97794816F-01 

:.789s73btE 
..l?b3157SE 
0.7.=.3:5iev~ 

0.1500COOCE 
L.736842105 
0.7236842:E 
0.71052631E 
3 - 6 9  7 36 8 4 2 E  
3.60L2135?€ 
0.611 C5263E 
0.65189sl jL  
;.b4rr7368-E 
CSb315ld9sE 

C.61842105E 

0.15703958E 0 1  
0.16235151E 01 
0.16767050E 0 1  
0.11298146E 0 1  
0.11831114E 01  
0.18366103E 01 
0018904532E 0 1  
0119445979E 0 1  
0.19991845E 01 
0.20542824E 0 1  

0.21099733E 0 1  

0.18053874E 01  
0*!9056365E 0 1  

0.20150959E 0 1  
0.60526315E 
0.59'10526E 
0.57194737E 
0.56s78947E 
0.55263157E 
0.53'347368E 
0.52031579E 
0.51115789E 

00 
00 
00 
00 
00 
00 
00 
00 0.25863764E 0 1  

0.26510703E 0 1  

0.27172640E 01  
0.27850178E 01  
0.28546604E 01  
0.29261685E 0 1  
0.29998310E 0 1  

1.47604397E-01 0.18854344E 01 
0.19090580E 01 

0.20751228E-00 
0.19533536E-00 

0.18342571E-00 
0.17181464E-00 
0.1605?054E-00 
0.14959767E-00 
0.13903499E-00 
0.12886234E-00 

0.336755Y5E 01 
0.36223123E 01  

0.39044256E 01  
0.42175296E 0 1  
0.45658202E 0 1  
0.49541983E 0 1  
0.53884736E 0 1  
0.58753040E 0 1  

1.42588033E-01 ~ 0 . 5 0 ~ 0 0 0 O O E  00 

1.38008109E-01 
1.33836244E-01 
3.30042033E-01 
1.26598955:-01 
1.23481034E-01 

0.19322784E 0 1  
0.19551076E 01 
0.19775562E 0 1  

0.4808421OE-00 
0147368421E-00 
0.46052631E-00 
0.44736842E-00 
0.43421052E-00 
0.42105263E-00 
0.40789473E-00 
0 ~ 3 9 4 7 3 6 8 4 E - 0 0  
0 m 38 157894 E-00 
0.36842105E-00 

0.35526315E-00 
On34210526E-00 
0.32894737E-00 
0.31578947E-00 
0.30263157E-00 
0.28947368E-00 
0.27631579E-00 
0.26315789E-00 
0.2 60 5263 1 E-00 
0.25789473E-00 

0.19996343E 01 
0.20213533E 0 1  

0.34964735E 0 1  
0.35907175F 0 1  

3.10342564E-01 
3.88960221E-02 

0.21444884E 0 1  
0.21638644E 0 1  

0.84245771E-01 
0.76615895E-01 
0.69421338E-01 
0.62656960E-01 
0 ~ 5 6 3 1 6 5 4 1 E - 0 1  
0.50392500E-01 
0.44879864E-01 
0.39761958E-01 
0 ~ 3 8 7 8 4 5 0 2 E - 0 1  
0.37822186E-01 

0.94345951E 0 1  
0.10467882E 02 

0.42646277E 01  
0.42913955E 01  
0.63185227E 01 

1.32168598E-02 
I a 309693 11 E-02 
1.298Ci5115E-02 

0.21193103E 02 
0.21760416E 0 2  
0.22348008E 02 0.22805403E 0 1  



3R 
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TABU3 N.- FLOW PROPERTIES OF C 9 4 - A I R  COMBUSTION PRODUCTS - Concluded 

(b) Res = 0.7; T t  = 1,900° K; T* = 1,678.6' K - Concluded 

PlPt PI  P t  v1.t 
0.22839926E 0 1  
0.22874341E 01 
0.22908649E 01 
0.22942850E 01 
0.22976945E 0 1  
0.23010936E 01 
0.23044822E 0 1  
0.23078604E 01 
0.23112179E 01 
0.23145633E 0 1  

0.23178992E 01 
0.23212259E 0 1  
0.23245436E 01 

TlTt  

0.25526316E-00 
0 ~ 2 5 2 6 3 1 5 7 E - 0 0  
0 ~ ? 5 0 0 0 0 0 0 E - 0 0  
0 ~ 2 4 7 3 6 8 4 2 E - 0 0  
0.24473484E-00 
0.24210526E-00 
0.23947368E-00 
0.23684210E-00 
0.23r-21052E-00 
0.23157895E-00 

0.22394736E-00 
0.22h31579E-00 
0.22 968421E-00 
0 Q 2 2 I. 05 2 62E -00 
0.21042 105E-00 
0.21578947E-00 
0.21315789E-00 
0.2105263lE-00 
0.20789474E-00 
0.20526315E-00 

0.20263158E-00 
0.20000000E-00 
0.19736842E-00 
0.19473684E-00 
0.19210526E-00 
0.18947368E-00 
0.18684210E-00 
0.18421052E-00 
0.18157894E-00 
0.17894737E-00 

0.17631578E-00 
0.17368421E-00 
0.171 052 63E-00 
0.16842 105E-00 
0.16578947E-00 
0.16315789E-00 
0.16052631E-00 
0.15789473E-00 
0.15526316E-00 
0.15263157E-00 

3.15000000E-00 
3. 14736842E-00 
3.14473684E-00 
1.14210526E-00 
1.13"47368E-00 
1.13h84210E-00 
2.1 3<.21052E-00 

13'. 57894E-00 
1.12Y94736E-00 
3.12cs31579E-00 

).12268421E-00 
1.12~05263E-00 
1.11842105E-00 
1.11578947E-00 
1.11315789E-00 
1.11052631E-00 
3.10789473E-00 
1.10526315E-00 
).10263158E-00 

a p t  
0.36874896E-01 
0 ~ 3 5 9 4 2 5 4 0 E - 0 1  
0.35025008E-01 
0.34122194E-01 

,~ 

0.28675220E-02 
0.27578866E-02 

0.22956812E 02 
0.23567804E 02 
0.24242027E 02 
0.24920577E 02 
0.25624616E 02 
0.26355375E 02 
0.27114155E 02 
0.27902340E 0 2  
0.28717801E 02 
0 ~ 2 9 5 6 4 7 8 3 E  02 

0.30445724E 02 
0.31362475E 0 7  

0.11234635EC01 
0.10917649t-01 
0.10607105E-01 
0.10302907t-01 
0.10004965E-01 
0.97131883E-02 
0.?4274850E-02 
0.91477672E-02 
0.88750991E-02 
0.86083811:-02 

0.83472694E-02 
0.80916584t-02 

0.75965426E-02 
0.73568455E-02 
0.71222665E-02 
0.68927171E-02 
0.66681127E-02 
0.64483712k-02 
0.62334124E-02 

0.6C231596E-02 
0.58175389c-C2 
0.56164774E-02 
1.54199057E-02 
0 ~ 5 2 2 7 7 5 6 8 E - 0 2  
0.50399654E-02 
0.455646915-02 
0.45772063E-12 
0.450094945-02 
0.43284722E-02 

0.41603068E-02 
0.39963204t-02 
0.33364786t-02 
0.36807469E-02 
0.35290881E-02 
0.33814648E-02 
0.32378371E-07 

0.7e4141.91~-02 

0.26515297'-02 
0.25483770E-02 
0.24483560E-02 
0.23513953E-02 
0.22574246E-02 
0.21663749E-02 
0~20784484E-02 
0.19933344E-02 

0.19109076E-02 
0.18310998E-02 
0.17538452E-02 
0.16790795E-02 
0.16067405E-02 

0.44893861E 0 1  
10.45193142E 0 1  

0.45496880E 0 1  
0.45772097E 0 1  
0.46085690E 0 1  I 
0.46404827E 0 1  
0.46729672E 0 1  I 0.47060393E 0 1  

0.28217331E-01 
0.27431829E-01 

0.47397161E 0 1  
0.477401626 0 1  
0.48089585E 0 1  
0.48445624E 01 
0.48808486E 0 1  
0.49178386E 0 1  
0.49555549E 0 1  

.~ 
0.15367672E-02 
0.14691004E-02 
0.14036826E-02 
0.13404577E-02 
0.12193709E-02 

0 ~ 3 6 5 5 7 8 1 8 E  0 2  
0.37736299E 0 2  
0.33967804E 02 
0.40255564E 02 

0.41603055E 02 
0.63014036E 02 
0.44492545E 02 
0.46042953E 02 
0 ~ 4 7 6 6 9 9 8 1 E  02 
0.49378739E 02 
0.51174764E 02 
0153064059E 0 2  

0.57183574E 02 
0 . 5 5 0 6 e 2 7 8 ~  02 

0 ~ 2 1 6 1 4 0 0 7 E - 0 1  

0.20942961 E-01 
0.20282986E-01 
011963697OE-03 

0.49940207E 0 1  
0.50332603E 01 I 0.50732993E 0 1  

0.12203688E-02 
0.11633995E-02 
0.11084121E-02 
0.10553572E-02 
0.10041862E-02 

0.23507998E 01 
0.23540507E 01 
0.23572955E 01 
0.23605347E 0 1  
0.23637684E 01 
0.23669971E 01 
0.23702209E 0 1  
0.23734401E 01 
0.23766723E 0 1  
0.23799033E 01 

0.51141644E 0 1  
0.51558837E 0 1  

10.51984863E 0 1  
~- ~ 

0.954852OLE-03 
0.90730853E-03 
3.86151052E-03 
0.81718349E-03 
0.774&9667€-03 

0.15996151E-01 
0.15425313E-01 

0.73345955E-03 
0.69403318E-03 
0.65617874E-03 
0.61985760E-03 
0.58503125E-03 
0.55166136E-03 
0.51970974E-03 
0.4891 385 1 E-03 
0.45991000E-03 
0.43198673E-03 

0 ~ 4 0 5 3 3 1 5 9 E - 0 3  
0.37990776E-03 
0.35567872E-03 
0.33260836E-03 
0.3 1066081 E-01 

0.59414465E 02 
0.61768999t 02 
0.64255902t 02 

0.54319179E 0 1  
0.54801569E 0 1  
0.55293863E 0 1  
0.55796447E 0 1  
0.56309729E 0 1  
0.56834139E 0 1  
0.57370132E 0 1  
0.57918191E 0 1  
0.58478826E 01  
0 ~ 5 9 0 5 2 5 7 9 E  0 1  

0.5688466lE 02 
0.69665590E 02 
0.12609947E 0 2  
0.75729977E 0) 

0.12246609E-01 
0111757696E-01 0.24023840E 01 

0.24055742E @l 
0.24087588E 31 
0024119376E 9 1  

0.24151103E 01 
0.24182770E 01 
0.24214374E 31 
0.24245914E 0 1  
0 ~ 2 4 2 7 7 3 9 0 E  31 
0024308799E 01 
0.24340142E 01 
0.24371415E 01 
0.2440262OE 01 
0.24433753E 01 

0.24464814E 01 
0.24495801E 01 

0.59640023E 0 1  
0.60241771E 0 1  I 0.60858473E 01  

0.99178133E-02 
0.94865571E-02 
0.90566756E-02 
0.86581068E-02 
0.82607788E-02 
0.78746 186E-02 
0.74995457E-02 
0.71354751E-02 
0.67823187E-02 
0164399816E-02 

0.61083660E-02 
0.57873685E-02 
0.54768809E-02 
0.51767931E-02 
0.48869883E-02 
0.46073467E-02 
0.43377452E-02 
0.40780564E-02 
0.33281485E-02 

0.90254474E 02 
0.94481130E 02 
0198985783E 02 
0.10379186E 03 
0.10892528E 0 3  
0.11441467E 03 
0.12029176E 03 
0.12659180E 03 
0.13335398E 03 
0.140622OOE 0 3  

0.61490820E 0 1  
0.62139550E 0 1  
0.62805448E 0 1  
0163489360E 0 1  
0.64192183E 0 1  
0.64914885E 0 1  
0.65658496E 0 1  

0.66424132E 0 1  
0.67212985E 0 1  
0.68026347E 0 1  
0.68865609E 0 1  
0.69732274E 0 1  
0.70627972E 0 1  
0.71554470E 0 1  
0.72513688E 0 1  
0.73507720E 0 1  

._ 
0.28980072E-03 
0.269993LlE-03 
0.2512031CE-03 
0.2333968bE-03 

0.20118996t-02 
0.190932llE-02 
0.18101846E-02 
0.17144383E-02 0.21654049E-03 

0.20060081E-03 
0.18554500E-03 
0.17134076E-03 
0.15795631E-03 
0.14536034E-03 
0.13352211E-03 
0.12241139E-03 
0.11199851E-03 
0.10225433E-03 

0.1284699lE-02 
0.12081695E-02 
0.11346501E-02 
0. i 0 6 4 o a 4 8 ~ - 0 2  
0.99641693E-03 

0.1980!+648E 03 
0.21061704E 03 
0.22430646E 03, 
0.23924430E 03 

0.24649598E 
0.24680120E 01  
0.24710563E 01 



, 

0.72460299E 00 
0.79635032E 00 
0.863058ObE 00 
0.92593609E 00 

0.98577103E 00 
0.10431547E 01 
0.10985625E 0 1  
0.11522983E 0 1  
0.12046519E 0 1  
0.12558533E U l  
0.13061035E 01  
0113555486E 01 
0.14043356E 01 
0.14525887E 0 1  

0.15004285E 0 1  
0.15479290E 0 1  
0.15951881E 0 1  
0.16422873E 01  
0.16893190E 01  
0.17363139E 0 1  
0.17833509E 0 1  
0.18304919E 0 1  
0.18778231E 0 1  
0.19253296E 01 

0.12970086E 00 
0.68466784E 00 
0.64223028E 00 
0.60222399E 00 

0.56450021E UC 
0.52892207E 00 
0.49535378E-00 

0.94318181E 00 
0.93181818E 00 
0.92045454E 00 
0.90109091E 00 

0.89-72727E 00 
0.88536363E 00 
0.87~00000E 00 

0.28730991E-00 
0.26758938E-00 
0.24902714E-00 
0.23156247E-00 
0.21513584E-00 
0.19969575E-00 
0.18519186E-CO 
O117157576E-O0 
0.15879995E-00 
0.14682265E-00 

0.13560290E-00 
0.12510123E-00 
0.11527887E-OC 
0.10610118E-00 
3.97534245E-01 
3.89545276E-01 
3.82103066E-01 
3.75177081E-01 
3668738278E-01 
3.62758942E-01 

0.78409091E 00 
0.77272727E 00 
0.76136363E 00 
0.75000000E 00 
0.73863636E 00 
0.72727273E 00 
0.71590909E 00 
0.70454545E 00 
0.69318181E 00 
0.68181818E 00 

0.67045454E 00 
0.65909091E 00 
0.64772727E 00 
0.63636363E 00 
0.6250OOOOE OD 
0.61363636E 00 
0.60227273E 00 
0.59090909E 00 
0.57954545E 00 
0.56818181E 00 

3.57211502E-01 
3.52072371E-01 
3.47318092E-01 
0.42925884E-01 

0.55681818E 00 
0.54545454E 00 
0.53409091E 00 
0.52272727E 00 

3.58282156E-02 
0.50442239s-02 
3.43476605E-02 
3.37307634E-02 
3.31863179E-02 
3.27d75019E-02 
3.22880080E-02 
0.19219989E-02 
3.16042513E-02 
3.13294772E-02 

0.32954545E;OO 
0.31818181E-00 
0.30681818E-00 
0.29545454E-00 
0.28409091E-00 
0.27272727E-00 
0.26136363E-00 
0.25000000E-00 
0.23863636E-00 
0.22727273E-00 
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TABLE V.- FLOW PROPERTIES OF CH4-AIR COMBUSTION PRODUCTS 

[Letter E denotes t h a t  number t o  l e f t  of E i s  t o  be multiplied by 
10 t o  the power indicated by number t o  right;  f o r  example, 
0.104799733 01 = 0.10479923 X 1011 

J 

(a)  Res = 1.0; T t  = 2,200° K; = 1,969.1-O K 

91% I =I% A /A* "1% 
0. 
0.31872661.E-00 
0.44969694E-00 
0.54951788E 00 
0.63312786E 00 
0.70633470E 00 
0.77212833E 00 
0.83228403E 00 
0.88798021E 00 

0.94003578E 00 
0.98904860E 00 
0.10354847E 0 1  

01% 

0.099999996. 01 
0.95025802€ 00 
0.90295967E 00 
0.85795892€ 00 
0.81513561E 00 
0.77436506E 00 
0.73553377E 00 
0.69853690E 00 
0.66328166E 00 

0.62966304E 00 
0.59759153E 00 
0.56697001E 00 
0.53714809E 00 
0.50985491i 00 
0.48322695E-00 
0.45780189E-00 
0.43352806E-00 
0.41035315E-00 
0.38822793E-00 

0.36710209E-00 
0.34694011E-00 
0.32769856E-00 
0.30933840E-00 

q 9 t  

0. 
0.59206981E-01 
0.11199609E-00 
0.15890032E-00 
0.20040445E-00 
0.23695260E-00 
0.26895290E-00 
0.29677486E-00 
0.32077403E-00 

0.34126489E-00 
0.35853730E-00 
0.37285687E-00 
0.38447113E-00 
0.39360 128E-00 
0.40045600E-00 
0.4052282OE-00 
0.40809858E-00 
0.40923349E-00 
0.4087882lE-00 

0.406.?0456E-00 
0.40372410'-00 
0.39936978E-00 
0.393958926-00 
0.38759912E-00 
0.38039570E-00 
0.37244516E-00 
0.36383791E-00 
0.35465590E-00 
0.34498314E-00 

0.33489367E-00 
0 ~ 3 2 4 4 5 7 5 3 E - 0 0  
0.31373870E-00 
0.30279914E-00 
0.2 91 69756E-00 
0.28048752E-00 
0.26921868E-00 
0.25793753E-00 
0.24668503E-00 
0.2 3549951 E-00 

0. 
0.19553246E 01  
0.14584464E 01  
0.12561180E 01 
0.11475126E 01  
0110827357E 01 
0.10427655E 01 
0.10186332E 01  
0.10054894E 01  

0.10005210E 01  
0.10019746E 0 1  
0.10087301E 0 1  
0.10200109E 0 1  
0.10353199E 0 1  
0.10543217E 0 1  
0~1076806OE 0 1  
0.11026431E 0 1  
0 ~ 1 1 3 1 7 7 9 0 E  0 1  
0.11642160E 0 1  

0.12000143E 0 1  
0.12392431E 01  
0.12820390E 0 1  
0.13285679E 01  
0.13790420E 01  
0.14336853E 0 1  
0.14927673E 0 1  
0.15565970E 0 1  
0.16255402E 0 1  
0.16999666E 0 1  

0.17803156E 01 
0.18670762E 0 1  
0.19608071E 0 1  
0.206211186 01 
0121716586E 01 
0.22902019E 0 1  
0.24185839E 01  
0.25577445E 0 1  
0 ~ 2 7 0 8 7 5 5 7 E  0 1  
0.28728150E 01 

0.13443288E 01 
0.13774243E 01 
0.14096231E 0 1  
0.14409909E 0 1  
0.14715900E 01 
0.15014676E 01 
0.15306679E 01 
0.15592317E 01 
0.15871992E 01 
0.16145995E 0 1  

0.16414607E 01 
0.16678094E 0 1  
0.16936728E O i  
0.17190693E 01 

0.17685357E 01 
0.17926391E 0 1  
0 ~ 1 8 1 6 3 4 4 5 E  01 
0 ~ 1 8 3 9 6 6 6 7 E  01 
0118626197E 0 1  

0.17440177~ ni 

0.22953539E-00 
0.21576133E-00 

0.20265219E-00 
0.1901824OE-00 
0.17832590E-00 
0.1670602 9E-00 
0.15636386E-00 
0.14621476t-00 
0.13659185E-00 
0.12747454E-00 
0.118841 97E-00 
0.11067434E-00 

0.10295052E-00 
0.95654941E-01 
0.88770911E-01 
0.82281601E-01 
0.76171608E-01 
0.70422912t-01 
0.65019165E-01 
0.59944624E-01 
0.5518360lE-01 
0.50722241E-01 

0.465462*8E-01 
0.4264191IE-01 
0.38994808E-01 
0.35593816E-01 
0.32427409E-01 
0.29483926E-01 
0 ~ 2 6 7 5 2 1 6 0 E - 0 1  
0.24220689E-01 
0.21878578E-01 
0.19715279E-01 

0.17720445E-01 
0 ~ 1 5 8 8 4 4 9 5 E - 0 1  
0.14198060E-01 
0.12652069E-01 
0.11237930E-01 
0.99470609E-02 
0.87713613E-02 
0.77031393E-02 
0.67358195E-02 
0.58612228E-02 

0.23187295E 01  
0.23703145E 01 
0.24226227E 0 1  

0.24757843E 0 1  
0.25296669E 0 1  
0.25844122E 0 1  I 0.26400854E 01 

0.22461288E-00 
0.2 13S6185i -00 
0.202677955-00 
0.19208889E-00 
0.181 12 l6OE-00 
0.17159449E-00 
0.1617256YE-00 
0.15213110E-00 
0.14282329E-00 
0.13381582E-00 

0.12511805E-00 
0~1167378OE-00 
0.10867840E-00 
0.10094808E-00 
0.93551893E-01 
0.86492167E-01 
0.79770037E-01 

0.26967164E 0 1  
0.27544916E 0 1  

10.28134485E 0 1  

3.38874403E-01 0.51?36363E 00 
0.35141903E-01 I 0.50900000E 00 

0.19722383E 01 
0.19931838E 01 
0.20138239E 01 
0020341668E 01 
0.20542210E 01 
0.20739925E 01 

0.3942088OE 0 1  
0.42190776E 0 1  
0.45228890E 01 
0.48567083E 0 1  
0.52242216E 0 1  
0.56295439E 0 1  

3.31708036'-01 
3.28553561'-01 
3.25660043E-01 
3.23010325E-01 

0.48n63636E-00 
0.47?27273E-00 
0.46S90909E-00 
0.45;54545E-00 

3.20587995E-01 
3.18377442E-01 
3.16363355E-01 

0 - 4 4  i 18 1 Eli-00 
0.43:.81818E-00 I 0.42u45454E-00 

0.20934872E 0 1  
0.21127110E 0 1  
0.21316746E 01 

0.60774840E 0 1  
0.65735820E 01 
0.71244467E 01 

0.30629507E 01 
0.31292467E 01 
0.31976963E 0 1  
0.32674368E 0 1  
0.33393833E 0 1  
0.34134960E 0 1  
0.34899469E 0 1  
0.35689459E 0 1  
0.36507087E 0 1  
0.37354814E 0 1  

0.38236051E 0 1  
0.39151945: 01  
0.40106788E 0 1  
0.41104499E 0 1  
0.421493105 0 1  
0.4324703iE 0 1  
0.44403195E 01 
0.45624713E 0 1  
3.46914499E 0 1  

3.14532514E-01 
3.12871935E-01 
3.11369141E-01 
3.10012352'-01 
3.87902193E-02 
3.76920822E-02 
3.67079104E-02 

0.40?09091E-00 
P.39I72727E-00 
0.36636363E-00 
0m37500000E-00 

0.21503761E 01 
0.21688166E 0 1  
0021869981E 01 
0.22049215E 0 1  

0.77373074E 0 1  
0.84206136E 01 
0.91842800E 0 1  
0.10039841E 02 

0.7338?712€-0l 
0.67330632E-01 
0. b 1606 7305-0 1 

0.11001018E 02 

0.13301934E 02 
0.1208398n~ 02 

0.22740972E 01 
0.22907742E 01 
0.23072077E 01 

0.56206602E-01 
0.51124919E-01 
0 ~ 4 6 3 5 5 0 5 2 E - 0 1  
0.41889392E-01 
0.37719988E-01 
0.33837225E-01 
0.30231311E-01 
Oe26892188E-01 
0.23811970E-01 
0.20976134E-01 

0.14695866E 02 
0.16275080E 02 
0.18078531E 02 

0.32223985E 02 
0.36621259E 02 
O.+l828217E 02 

0.24007952E 01 
0.24155792E 0 1  
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TABLE V.- FLOW PROPERTIES OF CH4-AIR COMBUSTION PRODUCTS - Continued 

(a) Req = 1.0; Tt = 2,2Oo0 K; T" = 1,S9. l0  K - Concluded 

0.48584653E 0 1  
0.48876452E 0 1  
0.49172361E 0 1  
0.49472487r C l  
0.49776942E 0 1  
0.50085843E 0 1  
0.50399310E 0 1  
0.50717473E 0 1  
0.51040459E 0 1  
0.51368404E 0 1  

Ce51663169E 0 1  
0.52002161E 0 1  
0.52347345E 01 
0.52698907E 01 
0.53057024E 0 1  
0.53421886E 0 1  
0 ~ 5 3 7 9 3 7 0 4 E  0 1  

0.5535475~E ~1 
0.5576463iE 2 1  
Ca56182846E 3 1  
a.5660967iE 51 
S.5704539LE 21 
0.5749029iE C 1  
C.57944703E (il 
0.5840892aE L 1  
C.56883325E 3 1  
C.593682I:C ' 1  

;.5Y9405S?E 0 1  
u.6b44674iE 0 1  
2.60962651E ;1 
u.61489biLE u l  
0.62C26255E 2 1  
V.6257477iE 01 
'1.63135034E 01 
C.637075ClE 01  
u.642926b3E 01 
6.64891098E 0 1  

0.65503322E 0 1  
0.66129944E 0 1  
0.66771600E 0 1  
0.67428962E 0 1  

0.71746507E 0 1  

0.72536748E 01 
0.73349971E 01 
0.74187405E 0 1  
0.75050365E 0 1  
0.75940274E 01 
0.76858660E 0 1  
0.77807184E 0 1  
0.78787643E 0 1  
Cn79801977E 0 1  
0.80852312E 0 1  

0.81940952E 0 1  

12792595E-CZ 
C.12305379E-C2 
5.118327?9E-C2 
C.11374462E-02 
0.1093C094E-L2 
2.10499354E-CZ 
C. 10 Jd192bt-CZ 
Oe96774911E-C3 
0.9285748*E-C3 
0.8436395iE-C3 

C . 8 5 4 C 3 L 8 3 E - C 3  
3.81861375E-C3 
3.7843336pE-33 
0.751 161 1 l! -03 
0.71906762 r-.  3 
c . b e ~ 9 2 5 ~ .  i-.: 
C , b 5 Y :: 5 5  'i - : : . L 2 LI ;je5'.'C-. 3 
1 . O . .  93115 1 E - :  3 
'. . ; 1 ,o 3 7 b ., F - . : 
..>c7eo.-:E-. 3 

i.38d3596iE-C; 
C.3687668lE-03 
~.34Y904Y>E-;3 

;. 331651 S4E-03 
u.3140828ZE-03 
i.2972C54oE-J3 
u.Zd100241E-03 
C.2654571lE-03 

2 5~ 5 5  3 1 1  E-03 
i.23627388E-03 
0.i226030dE-03 
C.20952439E-03 
C -19702 16CE-03 

0.18507858E-03 
0.17367933E-03 
0.16280800E-03 
0.1524488 1E-03 
0~14258617E-03 
0.13320462E-03 
0.12428887E-03 
0.1158238CE-03 
0.10779445E-03 
0.10018607E-03 

Gn92984091E-04 
3.86174139E-04 
3.79742057E-04 
3.73673905E-04 
3.67955940E-04 
3.62574684E-04 
1.57516854E-04 
>.52769422E-04 

1.44154861E-04 

3.40262891E-04 

;.48319608~-04 

0.224999995-C0 
0.2227272iE-00 
0.22045454E-00 
0.2la18181E-00 
3.21>90109E-00 
5.21363636E-00 
C.21136364E-00 
0.209C90YOE-00 

0.20454545E-00 

G.2072727iE-CO 

0.19'72727E-00 
0.19*45455E-00 
C.l9?18181E-00 
0.1Q"9090SE-00 
L. 1876363tE-00 
C. lS(m36363E-00 
2.18-0909GE-00 
i .18:818lbE-00 

0.17Y 54545E-00 

o . i 0 6 ~ i n i a ~ - o o  

3 . 2 3 ~ ~ 0 0 0 0 0 ~ - 0 0  

0.16590909E-00 
0.16363636E-00 
0.16136363E-00 
0.15909091E-00 

C.15681818E-00 
0.15454545E-00 
Ca15227272E-00 
0.15000000E-00 
0.14772727E-00 
0 14545454E-00 
0.14318182E-00 
0.14090909E-00 
0.13863636E-00 
0.13636363E-00 

0.13409091E-00 
0.13181816E-00 
0.12954545E-00 
0.12727273E-00 
0.12500000E-00 
0.12272727E-00 
0.12?45454E-00 
Onl lC18182E-00 
0.11590906E-00 
0.11163636E-00 

0.11!.36363E-00 
0.1090909OE-00 
0.10b81818E-00 
0 10-54545E-00 
0.10227273E-00 
0.999999Y5E-01 
0.97727273E-01 
0.95454545E-01 
3.93181817E-01 
0.90909091E-01 

0.88636363E-01 

0.24185102E 01 
0.24214327E 01 
0.24243468E 01 
0.24272526E 01 
0.24301501E 01 
0.24330395E 01 
0.24359207E 0 1  
0.24387936E 0 1  
0.24416588E 0 1  
0.2444516CE 01 

0.24473558E 01 
0.24501864E 01 
0.24530096E 01 
0024558257E Oi 
3.24586351E 01 
0.2461438CE 0 1  

0.24670255E 01 
0.24698105E 01 

0 . 2 4 6 r 2 3 r e ~  01 

0.24725901E 01 

0.24891677E 0 1  
0.24919164E 01 
0.24946617E 01 
0.2497403tE 01 
0.25001428E 01 

0.25138870E 0 1  
0.25166276E 01 
0.25193641E 0 1  
0.25220966E 0 1  
0.25248253E 01 
0.25275499E 0 1  

0.25302704E 0 1  
0.25329866E 0 1  
0.25356984E 01 
0.25384057E 0 1  
C.25411081E 01 
0.25438058E 01 
0.25464986E 01 
0.25491862E 01 
0.25518686E 0 1  
0.25545456E 0 1  

0.25731239E 01 
0.25757536E 0 1  
3.25783767E 01 
Ca25809932E 01 

0.25836030E 01 

up t  
0.20437194E-01 
0.19907452E-01 
0.19386818E-01 
0.18875200E-01 
0.18372511E-01 
0.17878664E-01 
0.17393571E-01 
0.16917146E-01 
0.16449302E-01 
0.15989954E-01 

0.15541029E-01 
0.15100683E-01 
0.14668376E-01 
0.14243992 E-0 1 
0.138274lYE-01 
0.13418528E-01 
0.13017229E-01 
0.12623413E-01 
0.12236981E-01 
0.11857835E-01 

0.11485887E-01 
0.11121044E-01 
0.10763222E-01 
0.1041234OE-01 
0.10068318E-01 
0.97310815E-02 
0.94005579E-02 
0.90766765E-02 
0.87593719E-02 
0~84485783E-02 

0.81417845E-02 
0.78411075E-02 
0.75470433E-02 
0.72595804E-02 
0.69787044E-02 
0.67043979E-02 
0.64366372E-02 
0.61753975E-02 
0.59206502E-02 
0.56723636E-02 

0.54305028E-02 
0~51950287E-02 
0.49659016E-02 
0~47430758E-02 
0.45265052E-02 
0.43161391E-02 
0.411 19254E-02 
0.39138085E-02 
0.37217297E-02 
0.35356288E-02 

0-33554422E-02 
0.3 181 1 O66E-02 
0.30125479E-02 
0.28497022E-02 
0.2 6924944 E-02 
0.25408507E-02 
0.23946943E-02 
0.22539468E-02 
0.21185283E-02 
0.19883565E-02 

0.18633478E-02 

A /A' 

0142983340E 02 
0.44180459E 02 
0.45421529E 02 
0.46708608E 02 
0.48043879E 02 
0.49429655E 02 
0.50868379E 02 
0.52362634E 02 
0.53915172E 02 
0.55528909E 02 

0.57199321E 02 
0.58935376E 02 
0.60742223E 02 
0162623783E 02 
0.64584253E 02 
0.66628113E 02 
0.b8760181E 02 
0.70985612E 02 
0.73309937E 02 
0.75739108E 02 

0 ~ 8 9 6 9 9 5 4 3 E  02 
0.92910875E 02 
0196283833E 02 
0.99829366E 0 2  
0.10355934E 03 
0.10748668E 03 

0.11165972E 03 
0.11606899E 03 
0 ~ 1 2 0 7 2 3 8 7 E  03 
0.12564168E 03 
0.13084123E 03  
0113634298E 03 
0.14216918E 03 
0.14834415E 03 
0.15489434E 0 3  
0.16184873E 03 

0.16923903E 03 
0.17710000E 0 3  
0.18546976E 0 3  
0.19439030E 03 
0.20390776E 03 
0.21407312E 03 
0.22494265E 0 3  
0.23657868E 03 
0.24905031E 03  
0.26243431E 03 

0.34640788E 03 
0.36746000E 03 
0.39028715E 03 
0.41508237E 03 
0.44206458E 03 
0.47148322E 03 

0.50362293E 03 

P I  p t  

0.56967977E-02 
0.55357470E-02 
0.53780195E-02 
0.52235644E-02 
0.50723318E-02 
0.49242727E-02 
0.47793388E-02 
0.46374826E-02 
Oe44986567E-02 
0.43628152E-02 

0.42304920E-02 
0.41011316E-02 
Oe39745586E-02 
0.38507205E-02 
0.37295648E-02 
0.361 10409E-02 
0.34951011E-02 
0.33816984E-02 
0.32707877E-02 
0.31623251E-02 

0.30562688E-02 
0.29525777E-02 
0.28512122E-02 
0.27521345E-02 
0.26553079E-02 
0.256069656-02 
0.24682663E-02 
0.23779839E-02 
0.22898173E-02 
0.22037350E-02 

0.21190422E-02 
0.20363040E-02 
0.19556419E-02 
00 18770397E-02 
0.18004802t-02 
0.17259458E-02 
0.16534174E-02 
0.15828758E-02 
0.15143006E-02 
0.14476711E-02 

0.13029660E-02 
0.13201628E-02 
0.12592392E-02 
0.12001716E-02 
0.11429364E-02 
0.10875090E-02 
0.10338647E-02 
0.98197811E-03 
0.93182333E-03 
0 8 8 3374 1 BE-03 

0.83660395E-03 
0.79148567E-03 
0.74799193E-03 
0.70609510E-03 
0.665767OOE-03 
0.62697949L-03 
0.58970392E-01 
0.55391 i 5 i E - 0 5  
0 .5  1957337E-03 
0.48666025E-03 

0.45514282E-03 



TABLE V.- FLOW PROF'ERTIES OF CH4-AIR COMBUSTION PRODUCTS - Continued 

0.3210918lE-00 
0.45654154E-00 
0.56216187E 00 
0.65273163E 00 
0.13392203E 00 
0.80862929E 00 
0.87859538E 00 
0.94493014E 00 

0.10084242E 0 1  
0.10696501E 01  
0.11290588E 01  
0.11869655E 01 
0.12436561E 01  
0.12993587E 01 
0.13542683E 0 1  
0.14085440E 0 1  
0.14623316E 01 ! 0.15151588E 0 1  

0118345410E 01  
I0.18881192E 01  

0;19421742; 0 1  
0.19966121E 0 1  
0.20515455E 0 1  I 
0.21010615E 0 1  
0.21632389E 01  
0.22201812E 0 1  
0.22779090E 0 1  
0.23365229E 01  
0.23961183E 0 1  
0.24568308E 0 1  
0.25186434E 01  
0.25811075E 0 1  
0.26461346E 0 1  

0.21120339E 0 1  
0.21795641E 01 

0.32216401E 01 
0.33113541E 01  I 0.33980612E 01  

0.38914008E 0 1  
0.40054461E 01 
0.41256493E 0 1  
0.42541148E 0 1  
0.42809010E 01  
0.43019884E 01  

* 
(b) Req = 0.7; T t  = 1,90° K; T = 1,678.7' K 

P l P t  

0.09999999E 01 
0.93154268E 00 
0.81843052E 00 
0.82252496E 00 
0.16966388E 00 
0.71969981E 00 
0.67249451E 00 
0.62791334E 00 
0.58583426E 00 

0.54613865E 00 
0.50811235E 00 
0.41344424E-00 
0.44023228E-00 
0.4089773lE-00 
0.31958404E-00 
0.35196014E-00 
0.32601862E-00 
0.30161560E-00 
0.2188504lE-00 

0.25146531E-00 
0.23 744692E-OC 
0.21812462E-00 
0.20123050E-00 
0.18489867E-00 
0.16966191E-00 
0.15541890E-00 
0.14221459E-00 
0112999994E-00 
0.11860309E-00 

0.10803409E-00 
0.98245031E-01 
0.89189526E-C1 
0.80824607E-Cl 
0.73108134E-01 
0.66002056E-01 
0.59465849E-01 
0.53464113E-01 
0.47964557E-01 
0.42932306E-01 

0.38336883E-01 
0.34148001E-01 
0 30  33  7 382E-0 1 
0.26811083E-01 
0.23742124E-01 
0.209C84llE-91 
0.18353238E-01 
0.16054955E-01 
0.13992973E-01 
0.12148628E-01 

0.1050405LE-01 
0.90423306E-C2 
0.71177228E-02 
0.66050129€-:2 
0.56DOI 4 1  1 E-02 
0.41200821E-02 
0.3953112lE-02 

TlTt 

0.09999999E 01 
0.98084210E 00 
0.97368421E 00 
0.96052631E 00 
0.94736842E 00 
0.93421052E 00 
0.92105263E 00 
0.90789473E 00 
0.89473684E 00 

0.88157894E 00 
0.86842105E 00 
0.85526315E 00 
0.84210526E 00 
0.82894737E 00 
0.81518947E 00 
0.80263157E 00 
0.78947368E 00 
0.77631579E 00 
0.76315189E 00 

0.75000000E 00 
0.13684210E 00 
0.72368421E 00 
0.11052631E 00 
0.69136842E 00 
0.68421052E 00 
0.67105263E 00 
0.65789413E 00 
0.64413684E 00 
0.63157894E 00 

0.51894137E 
0.56'>78947E 00 
0.55-63157E 00 
0.53947368E 00 
0.52i31579E 00 
0.51515189E 00 
3.50000000E 00 

0.48684210E-00 
0.47368421E-00 
0.46052631E-00 
0.44736842E-00 
0.43421052E-00 
0.42105263E-00 
0.40789413E-00 
0.39473684E-00 
0.38157894E-00 
0.36842 105E-00 

3.355263 I5E-00 
0.342:0526E-00 
0.328Y4737E-00 
J, 3 15 78SrlE-3C 
0.3C263157E-90 
0.28941368E-00 
0.21631579E-00 
0.26315709E-00 
3.263 516 31E-00 
L.25189673E-00 

~~ . 

VI% 

0. 
0.31911445E-00 
0.45089149E-00 
0.55170766E 00 
0.63647024E 00 
0071095433E 00 
0.77812304E 00 
0.83974269E 00 
0.89695764E 00 

0.95056539E 00 
0.10011479E 01 
0.10491416E 0 1  
0.10949029E 0 1  
0.11386846E 0 1  
0.11807127E 01 
0.12211698E 01 
0.12602065E 01 
0.12919508E 01 
0.13345125E 01 

0.13699812E 01 
0.14044560E 01 
0.14379904E 0 1  
0.14106538E 01 
0.15025038E 01 
0.15335887E 01 
0.15639521E 0 1  
0.1593634OE 0 1  
0.16226713E 01 
0 ~ 1 6 5 1 0 9 5 4 E  01 

0 ~ 1 7 8 4 9 6 4 9 E  01 
0.18102437E 0 1  
0.18350691E 01 
0.18594551E 0 1  
0.18834125E 01 
0 ~ 1 9 0 6 9 5 4 4 E  01 

0.19300911E 01 
0.19528352E 01 

0.20816363E 0 1  
0.21019050E 01 
0.21218411E 0 1  

0.22348536E 01 
0.22526174E 0 1  
0.22700911E 01 
0.22735602E 01 
0.22770125E 01 

+t 

0. 
0.60861875E-01 
0.11539616E-00 
0.16399109E-00 
0 ~ 2 0 7 0 6 4 4 4 E - 0 0  
0.24499729E-00 
0.27814776E-00 
0.30685551E-00 
0133143866E-00 

0.35219872E-00 
0.36942167E-00 
0.38331814E-00 
0.39432399E-00 
0.40250091E-00 
0.40813195E-00 
0.41145151E-00 
0.41264654E-00 
0.41191621E-00 
0.40944296E-00 

OaG0539835E-00 
Os39994497E-00 
0.39323550t-00 
0.38541353E-00 
0.37661306E-00 
0.36696 155E-00 
0.35657813E-00 
0.34551401E-00 
0.33405243E-00 
0.32211102E-00 

0.30984005E-00 
0.29732316E-00 
0.2846365lE-00 
0.27185323E-00 
0~25903978E-00 
0.24625687E-00 
0 ~ 2 3 3 5 5 7 8 9 E - 0 0  
o . ~ i 0 9 9 6 1 6 ~ - 0 0  
0.20861 831 E-OC 
0.19646588E-00 

0.18457697E-00 
0,17298186E-00 

0.10193903E-00 
0.93411373E-01 

0.85313536E-0: 
3.71641014f-0: 
0.7'l412332E-01 
Cs6360G 170E-01 
0.57216518t-0; 
0.51242172E-01 
0.45676970E-01 
0.40504166E-01 
0.39515475E-01 
0.38541839E-01 

A/A* 

0. 
0.19443128E 01  
0.14490671E 0 1  
0.12476609E 0 1  
0.11399357E 01 
0.10761882E 01  
0.10374818E 0 1  
0.10148926E 0 1  
0.10036368E 01  

0.1000926lE 01  
0.10050408E 0 1  
0.10148855E 01  
0.10297463E 0 1  
0.10491665E 01  
0.10728650E 01 
0.11006905E 0 1  
0.11325864E 0 1  
0.11685766E 0 1  
0.12087516E 01  

0.12532634E 01  
0.13023141E 0 1  
0.13561605E 0 1  
0.14151136E 01  
0.14195446t 01 
0.15498731E 01  

0.25554716E 0 1  
0.27261925E 01  
0.291384lOE 0 1  
0.31203894E 01  
0.33481189E 0 1  
0.35996561E 01 

0.38780028E 0 1  
0441867098E 01 
0.45298664E 01  
0.49122459E 01  
0.53395049E 0 1  
0.58181144E 01 
0.63557889E 01  
0.69616104E 01  
0.76468121E 0 1  
0.84240741E 0 1  

0.93089583E 0 1  
0.10320263E 0 2  
0.11480611E 02 
0.12818365E 02 
0.14368456E 02 
0.16174446E 02 
0 ~ 1 8 2 8 9 3 3 9 E  02 
0.20785123E 02 
0.21337677E 02 
0.21909925E 02 

0.09999999L 01 
0.95005909E 00 
0.90219917E 00 
0.85636255E 00 
0.81246519E 00 
0.77043020E 00 
0.73018760E 00 
0.69166675E 00 
0 ~ 6 5 4 8 0 9 1 5 E  00 

0.61955407E 00 
0.58584306k 00 
0.55361122E 00 
0.52282624E 00 
0.49341844E-00 
0.4653437%-00 
0.43855287E-00 
0.41300014E-00 
0.38864030E-00 
0.36542945E-00 

0.3s332415E-00 
0.3222b426E-00 
0.3C221078c-00 
0.28324451E-00 
0.26516709E-00 
0.24800372E-00 
0.23171984E-00 
0.21628146E-00 
0.20165498E-00 
0.18780910E-00 

0.17411284E-00 
0.16233592E-00 
0.15064795E-00 
0.13962164k-00 
0.12922975E-00 
0.1194454lE-00 
0.11024143E-00 
0.101S9416E-00 
0.93479621E-01 
0.85874047E-01 

0.78754858E-01 
0.72098263E-01 
0.65882059E-01 
0.60084672E-01 
0.54684453E-03 
0.49662505E-01 
0.44999419E-01 
0.4067662lE-01 
0.36674910E-01 
0.32978205E-01 

0.295t9980k-0: 
0 . 2 6 ~ 3 4 1 2 3 ~ - 0 1  
0.235554lYL-51 
0.20418009€-Jl 
O.lb%Ib723E-01 
0.1630140ZE-01 
0.14307965c-01 
0.12492986E-01 
0.12150936E-01 
0.11815634k-01 



' 

0.47631090E 0 1  
0.47980577E 0 1  
0.48336726E 0 1  
0.48699741E 0 1  
0.49069841E 0 1  
0.49447250E 0 1  

0.24272379€ 0 1  
0.24303792E 0 1  
0.24335140E 01 
0.24366421E 0 1  
0.24397632E 0 1  

0.80635704E-02 
0.76791995E-02 
0.73060664E-02 
0.69440882E-02 
0165931728E-02 

37 

TABLE V.- FLOW PROPERTIES OF C€U+-AIR CoMBUSTI(;IN PRODUCTS - Concluded 
(b) Req = 0.7; Tt = 1,900° K; T* = 1 , 6 7 8 . ~ ~  K - Concluded 

0.22804543E 01 0.37583160E-01 
0.22838854E 01 0.36639340E-01 
0.22873061E 01 0.35710280E-01 
0.22907164E 01 0.34795877E-01 
0.22941164E 0 1  0.33896033E-01 
0.22975061E 01 0.33010652E-01 
0.23008857E 01 0.32139628E-01 
0.23042552E 01 0.31282866E-01 
0.23076041E 01 0.30443987E-01 t 0.23109413E 0 1  0.29619645E-01 

P I  P t  

0.11486983E*Ol 
O ~ l l l 6 4 8 8 9 E - 0 1  
0.10849260E-01 
0.10539999E-01 
0.10237017E-01 
0.Y9402242E-02 
0.96495305t-02 
0.93648495E-02 
0.90872892E-02 
0.88157135E-02 

0.85497703E-02 
0.82893561E-02 
0.80343700E-02 
0.77847143E-02 
0.75402971E-02 
0.73010267E-02 
Om70668158E-02 
0.68375811E-02 
0.66132402E-02 
0.63937142E-02 

0.61789283E-02 
0.59688088E-02 
0.57632843E-02 
0.55622865E-02 
0.53657495E-02 
0.51736096E-02 
0.6985805 1E-02 
0.48022765E-02 
0.462 15989t-02 
0.44449354E-02 

0.42725410t-02 
0.41043864E-02 
0.39404405E-02 
0.37806717E-02 
0 ~ 3 6 2 5 0 4 5 6 E - 0 2  
0.34735271E-02 
0 ~ 3 3 2 6 0 7 9 3 E - 0 2  
0.31826638E-02 
0.30432412E-02 
0.29077708L-02 

0027762102E-02 
0.2b4851bOE-02 
0.25246438E-02 
0.24045476E-02 
0022881807E-02 
0.21754951E-02 
0.20664422E-02 
0.19609717E-02 
0.18590333E-02 
0.17605749E-02 

0.16655443E-02 
0.15738880t-02 
0~14855523E-02 
0 ~ 1 ~ 0 0 4 8 2 1 E - 0 2  
0.13186225E-02 
0.12399175E-02 
0.11643103E-02 
0.10917442E-02 
0.10221614E-02 

0.22502767E 02 
0.23117164E 02 
0.23754118E 02 
0.24414701E 02 
0.25100040E 02 
0.25811334E 02 
0.26549850E 02 
0.27316932E 02 
0.28110440E 02 
0.28934562E 02 

0.29791678E 02 

0.22177640E-02 
0.21281213E-02, 
0.20413250E-02 

0.45663477E 0 1  
10.45976898E 0 1  

0.23L21052E-00 
0.23157895E-00 

0.23142692E 0 1  
01 
01 
01 
0 1  
01 
01 
01 
0 1  
0 1  

0.28808906E-01 
0.28011598E-01 
0.27227557E-01 
0.26456624E-01 
0.25698654E-01 
0.24953497E-01 
0.2422 1017E-01 
0.23501083E-01 
0.22793566E-01 
0 ~ 2 2 0 9 8 3 4 2 E - 0 1  

0.46295901E 0 1  
0.46620650E 0 1  
0.46951313E 0 1  I 0.47288065E 0 1  

C.19572474E-02 
0.18758205E-02 
0.17969180E-02 
C. 172U6557E-02 

0.2317588lE 
0.23208985E 
0.23242005E 
0.23274945E 
0.23307810E 
0.23340600E 

0.16467912E-02 
0.15753237E-02 
0~15061937E-02 
0.14393436E-02 
0.13747174E-02 
0.13122599E-02 

0.21578947E-00 
0.21315789E-00 
0.21052631E-00 
0.20789474E-00 
0.20526315E-00 

0.23373320E 
0.23405973E 
0.23438561E 0.39334998E 02 

0.40645915E 02 
0 ~ 4 2 0 1 8 6 4 6 E  02 
0043457142E 02 
0.44965677E 02 
0.46548867E 02 
0.48211712E 02 
0m49959628E 02 
0 ~ 5 1 7 9 8 4 9 Y E  02 
0.53750206E 02 
0.55810493E 02 

0.57983650E 02 

0.12519181E-02 
0.11936397E-02 
C.113737*OE-C2 
0.10830714E-02 

0.20263158i-00 
0~2OOOOOOOE-00 
0.19736842E-00 
0.19473684E-00 

0.2341 lO88E 
0 ~ 2 3 5 0 3 5 5 6 E  
0.23535969E 
0.23568329E 
0.23600640E 
0.23632904E 
0.23665124E 

0 1  
01 
01 
01 
01 
0 1  
01 
01 
0 1  

0.10306834E-02 
0.98016270E-03 
0.93146314E-03 
0.88453951E-03 
0.83909933E-03 
0.79532822E-03 

0.19210526E-$0 
0.18947368E-00 
0.18684210E-00 
0 ~ 1 8 4 2 1 0 5 2 E - 0 0  
0.18157894E-00 
0.17894737E-00 

0.51652515E 0 1  
0.51879096E 0 1  
0.52314875E 0 1  
0.52760173E 0 1  
0.53282279E 01  
0.53746688E 0 1  

0.23697304E 
0.23729626E 

0.16966396E-01 
0.16372636E-01 

0.23761944E 01 I 0.15789703E-01 

0.54220285E 0 1  
0.54703412E 0 1  I 0.55196438E 01  

0.75323948E-03 
0.71219428E-C3 
0.67395386E-C3 

I 0.55699747E 0 1  0.63667966E-03 
0.60093300E-03 
0.56667547E-03 
0.53386871E-03 
0.50247452E-03 
0.47245497E-03 
0.44377231E-03 

0.41638900E-03 
0.39026774E-03 
0.36537164E-03 
0.34166395E-03 
0.31910839E-03 
0.29766891E-03 
0.27730997E-03 
0.25799623E-03 
0.23969296E-03 
0.22236569E-03 

0.16578947E-00 
0.16315789E-00 
0.16052631E-00 
0.15789473E-00 
0.15526316E-00 
0.15163157E-00 

o . i ~ n o o o o o ~ - o o  
0.14736842E-00 
0.14a73684E-00 
0.14210526E-00 
0.13'147368E-00 
0.13-842 10E-00 
0.13r.2 1052E-00 
0.13r57894E-00 
0.12:;94736E-00 
0.12031579E-00 

0.23954928E 01 0.12540215E-01 
0.23986924E 0 1  I 0612039994E-01 

0 ~ 7 0 8 4 3 1 2 8 E  02 
0.73884983E 02 
0.77111650E 02 
0.80537498E 02 
0 ~ 8 4 1 7 8 2 4 2 E  02 

0.24018867E 0 1  0.11551553E-01 
0.24050758E 0 1  0.11074866E-01 
0.24082594E 01 0.10609899E-01 

0.59548105E 0 1  
0.60150486E 01 
0.60767806E 0 1  
0.61400753E 0 1  
0.62050067E 0 1  
0.62116533E 0 1  
0.63400992E 0 1  
0.64104342E 0 1  
0.64827548E 0 1  
0.65571642E 0 1  

0.11163305E 0 3  
0.11737240E 0 3  
0.12352593E 0 3  
0.13013209E 0 3  
0.13723382E 0 3  

0.14487903E 0 3  0.66337734E 0 1  
0.67127021E 0 1  
0.67940788E 0 1  I 0.68780427E 01 

0.20598049E-03 
0.19050382E-03 
0.11590269E-03 

0.12368421E-00 
0.12105263E-00 
0.11842 1 O5E-00 
0.11578947E-00 

0.62532262E-02 
0.59241473E-02 
0.56058314E-02 
0.52981687E-02 
0.50010454E-02 
0.4714?421E-02 
0.44379353E-02 
C.41716984E-02 
0.39154994E-02 

0.24428774E 01 
0.24459846E 01 
0.24490844E 0 1  
0.24521770E 01 
0.24552621E 01 
0.24583395E 01 
0.24614093E 01 
0 ~ 2 4 6 4 4 7 1 1 E  0 1  
0.24675250E 0 1  

0.16214453E-03 
0.14919731E-03 
0.13702951E-03 
0.12561012E-03 
0.11490870E-03 
0.10489532E-03 

0.69647438E 0 1  I 0.70543450E 0 1  
0.11315789E-00 
0.11052631E-00 
0.10789473E-00 
0.10526315E-00 
0.10263158E-00 

0;71470225E 0 1  
0.72429687E 0 1  
0.73423925E 01  

0.20568889E 03 
0.21908810E 03  
0.23371270E 03 
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I I t , . .  I I I 21b 2520 2880 3240 3600 3960 4320 4680 5040 5400 5760 1 

Temperature,T, "R 

(a> Req = 1.0; = 0.068700. 

Figure 4.- Molecular weight for C$h-air combustion products against 
temperature for constant entropy. 
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Figure 4.- Continued. 
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Figure 4.- Concluded. 
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Fi,we 5.- Molecular weight for C H 4 - a i r  combustion products against 

temperature for constant entropy. 
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Figure 5.- Continued. 
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