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Summary.--Enthalpy charts have been constructed to facilitate dealing with the thermodynamic problems of 
combustion and flow of dissociating gases within the temperature range of 600 deg to 4,000 deg K. 

By means of a quantity called ' reaction enthalpy ' (which is defined in this note), it is possible without previous 
knowledge of the composition of the mixture of gases to work out dissociation processes occurring at equilibrium. 
Also, if required, the composition of the mixture can be obtained from the charts. The charts are confined to the 
C,H,O-system, but their extension to include N in the system is quite simple. 28:~ charts with the total pressure/5 
and the molar ratio no/nR as parameters have been constructed in the first place for the four pressures/~ = 0.1, 1- 0, 
10-0 and 100.0 kg/sq cm, and for the seven molar ratios no/nil = 0, 0.2, 0.4, 0.6, 0-8, 1.0 and oo. The four charts 
(reduced in scale) for the molar ratio n~/n~ ---- 0.4 are attached as examples. Full scale charts will be supplied on request. 

The present note describes work that had to be laid aside in 1947, and has now been resumed. The work done up to 
that date has been already described by Lutz. 

1. Introduct ion.--The t h e r m o d y n a m i c  t r e a t m e n t  of combus t i on  and  flow problems,  which  is 
of pa r t i cu la r  significance in c o n t e m p o r a r y  rocke t  engineering,  is m a d e  difficult b y  the  i m m e n s e  
a m o u n t  of t ime  requ i red  f o r  exact  calculat ion.  Real iz ing t h a t  t he  knowledge  of the  m i x t u r e  
compos i t ion  is an  i m p o r t a n t  basis for all t h e r m o d y n a m i c  calculat ions,  L u t g  has  p u t  fo rward  
details  of a m e t h o d  by  which  the  compos i t ion  of a m i x t u r e  of d issocia t ing gases can  be e s t ima t ed  
re la t ive ly  quickly.  For  engineer ing  purposes ,  however ,  it  is o f ten  desirable to avo id  e s t ima t ing  
the  gas compos i t ion  a n d  to be able to  work  d i rec t ly  wi th  s ta te  d iagrams,  such  as the  Mollier 
d iagram.  E n t h a l p y - e n t r o p y  d iagrams  for dissociat ing gases, however ,  can only  be cons t ruc t ed  
for one specified reac t ing  mix tu re ,  and  hence  canno t  be used  to represen t  general  condi t ions .  

The  a c c o m p a n y i n g  e n t h a l p y  char t s  have  been cons t ruc t ed  on t h e b a s i s  of t he  reac t ion  e n t h a l p y  
as def ined b y  Lutz ,  a n d  wi th  the  use of a reasonable  n u m b e r  of charts ,  t h e y  faci l i ta te  the  t r e a t m e n t  
of t h e r m o d y n a m i c  p rob lems  of combus t i on  react ions  over  a t echn ica l ly  useful  range  of t empera -  
tu res  of up  to 4,000 d e g  K in  a s imple  a n d  s t r a igh t fo rward  manne r .  

F i rs t  a genera l  ind ica t ion  of t he  L u t z  s y s t e m  of reac t ion  t h e r m o d y n a m i c s  will be given,  fol lowed 
b y  the  d e v e l o p m e n t  of d a t a  for t he  cons t ruc t ion  o f  t he  c h a r t s ;  f inally t he  m e t h o d  of use is 
described.  F o u r  tables  are g iven to show the  t he rma l  da t a  a n d  the  values  of t he  equ i l ib r ium 
cons tan ts ,  wh ich  have  been s u m m a r i z e d  f rom the  work  publ i shed  b y  Lu tz  2 up  to 1947. The  
a p p e n d i x  consists  of a sample  set of e n t h a l p y  char t s .  

tR.A.E. Tech. Note R.P.D. 88, received 29th January, 1954. 
$Only twenty charts were completed finally : for the four specified pressures/~ = 0.1, 1.0, 10.0 and 100.0 kg/sq cm, 

and for the five molar ratios no/n,a = 0, 0.2, 0.4, 0.6 and 0- 8. This range will be found to cover most requirements. 
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2. Thermodynamic  Re la t ionsh ips . - -2 .1 .  The  Equa t ion  o f  S t a t e . - - T h e  dissociating gases chiefly 
of interest  in engineering (02, H~, H~.0, CO, CQ,  N2) are, in the  t empera tu re  range under  con- 
sideration,  suffaciently r emoved  from their  critical points or the l iquid state  for the  s tate  equat ion 
of a perfect  gas to be assumed valid for an individual  gas component  i ; t ha t  is • 

p,v~---- R~T, . . . . . . . . . . . . . . . . . .  (1) 

or p~v  : G~R~T . . . . . . . . . . . . . . . . . .  (la) 

in which V is the  total  volume Of the mixture ,  and G~ the  part ial  weight  of the  individual  gas 
component  i. 

The to ta l  pressure p of the  mix ture  is the  sum of the  part ial  pressures "' 

p = ~p, . . . . . . . . . . . . . . . . . .  (2) 

and the gas cons tant  3 of an individual  gas component  is • 

R 1.98718 
R , -  M , -  M ,  cal /g°K . . . . . . . . . . . .  (3) 

where  Mi ---= molecular  weight  ; 

G ,  . . ( l b )  hence p~V ---- R T  Mi  . . . . . . . . . . . . . . . .  

or p~M~V : R T G ,  

tha t  is, for the  entire m i x t u r e ,  

v ~ p i M ~  R T E G i  = R T G ,  

or v E p i M i  = R T  . . . . . . . . . . . . . . . . . . .  i4 )  

2.2. Defini t ion  of  React ion E n t h a l p y . - - T h e  first l a w  of ther~modynamics for  1 kg Of ~he mix tu re  
can be wr i t ten  in terms of the  en tha lpy  i as • 

' dq = d 2 ; g , i , -  v~p, . . . . . . . . . . . . .  . . .  (5) 

where g~ is the  proport ion by  weight  of an individual  gas, and 2; g~ ---- 1. 

Then  from equat ion  (1 b) • 

g ' -  G - -  2 ;p ,M, '  . . . . . . . . . . . . . . . .  . .  (6) 

and i t  follows from equat ions (4) and  ( 5 ) t h a t "  i 
EpJ~ R T  ' " 

, d q '  = d 2 ; p y ,   p,M . . . . . . . . . . . .  

where L is the  molar  enthalpy.  

2~his form of the  first law allows the  changes of s tate  of mixtures  of dissociating: gases to be 
deal t  with,  if the  individual  par t ia l  .pressures Pi are known.  ,. 

The equat ion  (Sa) is, however,  not  in a suitable form, as in general a chang e of intern~al t-feat 
energy is associated wi th  any  change Of state,  so tha t  dq' indicates the sum of the in terna l  energy  
change on dissociation or recombinat ion  and of the  external  heat  c h a n g e .  H o w e v e r ,  by  using 
a suitable definition of en tha lpy  the  separat ion of in ternal  and external  energy can b e e f f e c t e d  
quite  simply.  , 

We will t ake  the oxy-hydrogen  gas react ion as an example  • 
1 H2 + -e02 H20 + Wo 

1 mole ~ ½ mole = 1 mole + 57,104 cal 
2g + 16g = 18g + 57,104 cal. 



If we consider 1 mole H2 and ½ mole 02 to be mixed at absolute zero and the reaction to go 
to completion, then 57,104 cal are released ; the heat content of the mole of H20 formed and 
cooled again to 0 deg K is 57,104 cal less than the heat content of the original mixture. If the 
enthalpies of the original gases H2 and 02 are chosen arbitrarily to be zero at 0 deg K, 1 mole of 
H~O relative to the reaction has a 'reaction enthalpy '  at 0 deg K of -- 57,104 cal. As technical 
problems are always only concerned with differences of enthalpies and never absolute enthalpies 
the zero of enthalpy can be chosen at will, and not necessarily at 0 deg K. (In steam tables, 
for example, the zero of enthalpy for water is at 0 deg C = 273.16 deg K.) 

I t  therefore seems advantageous to standardize the ' reaction enthalpy ' system to correspond 
with the normal definition of the enthalpy of formation as follows : 

At 25 deg C = 298.16 deg K (and 1 Atm = 1.033227 kg/sq cm) the reaction enthalpies of 
elements in their standard states (that is 02, Ha, N2 gaseous, C solid as graphite) will be assigned 
zero values, so that  at standard temperature the reaction enthalpy is equal to the enthalpy of 
formation. 

Therefore the enthalpy of reaction is defined thus : 
The reaction enthalpy of a mixture at T deg K indicates the difference between the enthalpy 

of the mixture at T deg K and the enthalpy of the original elements in their s tandard state 
at 298.16 deg K. 

Or alternatively : 
The reaction enthalpy gives the quant i ty  of heat that  mus~: be added to the original elements 

to bring them from their normal state at 298.16 deg K to their state at T deg K after reaction 
of the mixture. 

Table 1 shows the absolute enthalpies of the most important  technical gases" (including solid 
carbon and gaseous carbon), and the energy changes of the corresponding reactions at absolute 
zero s are shown below : 

Energy change in cal at absolute zero and a t  298.16 deg K at 1 Atm 

Reaction 0 deg K 298.16 deg K 

C (graphite) + 02 ~ C02 .<_._ 

C (graphite) 3 ½02 +-- CO --+ 

CO 3 ½02 ~ C02 +-- 

C (graphite) --+ C (diamond) • <._._ 

H2 + ½03 --~ H20 (gas) .<--- 

H2 3 OH - +  H20 (gas) .<-..- 

½H2 --+ H +-- 

½02 --+ O + -  

½N2 + ½03 - +  NO +-  

HeO (liquid) --+ H20 (gas) .<--. 

C (graphite) ~ C (gas) .<-.._ 

2C (gas) --~ C2 (gas) .<--- 

--93,969~ 

--27,202 t 

--66,767 

3577t  

--57,104t 

-66,9oo~ 

+51,240~f 

+s8,53055 

+21,50055 

--94,052 

--26,416 

--67,636 

3453 

--57,798 

--67,653 

+51,709 

359,103 

321,622 

3125,000§ 

-83,000§ 

+10,520t 

+126,229 

--83,922 

• tNBS/RP 1634. :~Dwyer. J. Chem. Phys. 12. p. 351. 1944. ~tBeutler, for 3/4 ortho--and 1/4 para--Ha. 
:~$J. D'Ans and E. Lax. Taschenbuch fuer Chemiker & Physiker. Berlin, 1943, 

§ Information supplied by Prof. Eucken, G6ttingen, 
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and the following 

f~ig 

log 

_ lEg  o 

For the example of the oxy-hydrogen ga s reaction, as already s ta ted • 

W0 = 57,104 cal, 

en tha lpy  values for 298.16 deg K are extracted from Table 1 • 

= 2,024 cal 

= 2,070 cal 

= 2,365 cal. 

If the reaction enthalpies (indicated by an asterisk) are s tandardized in accordance with the 
definition given above, we get for the elements  Og and H2 the following values ' 

I ~ g  = 0 c a l  

I o g  = 0 cal 

I~= -- 2,024 cal ] 

Io~ = -- 2,070 cal 

and for I~go at 0 deg K we have • 

at 298.16 deg K 

at 0 deg K 

I ~ g o  = - -  57,104 --  2,024 --  ½(2,070) = --  80,163 cal 

and at 298.16 d e g K  • 

I ~ g o  = - -  60,163 + 2,365 = -- 57,798 cal. 

This value also indicates the en tha lpy  of formation of gaseous H,O. 
/ 

W . . . . .  , able 2 shows the values obtained in this way for the reaction enthalples I up to 4,000 deg K. 
For example it can be seen tha t  for CO the reaction entha lpy  changes its sign between 3,40o deg K 
and 3,500 deg K, tha t  is, it passes through zero. If we consider the reaction of 1 mole C (graphite) 
with {- mole Og at 25 deg C at constant  pressure, a t empera tu re  between 3,400 deg K and 3,500 
deg K (3,454 deg K to be accurate) is developed, when there is complete conversion to CO alone. 
Combustion temperatures,  therefore, can be es t imated quite simply by means of reaction 
enthalpies. 

The advantage of the particular s tandardizat ion chosen now becomes clear. As the  formation 
enthalpies of technically impor tan t  substances are known and in consequence their reaction 
enthalpies, all the rmodynamic  calculations can be carried out by means of a clear and straight 
forward method.  

If the reaction enthalpy I* cal/mole or i* cal/g is used the  first law of thermodynamics  
takes the usual form • 

where 

dq = d i  ~ - -  v d p  cal/g, • . . . . . . . . . . . . .  (5b) 

i * - -  Y,p~I~. 
~ p ~ M ,  . . . . . . . . . . . . . . . .  (7) 

R T  
v - m 

and p~ indicates the partial pressure of an individual component of the mixture, M~ the molecular 
weight, v the specific volume in cn m/kg and R the universal gas constant. If we know the partial. 
pressure Pi of the mixture, all the state values can be calculated very easily by means of equations 
(5b),. (7) and (4a) and the enthalpy values I* of Table 2. It is, however, important to remember 
that dq inequation (5b) means only the exlerraal heat supplied to the system, as in the usual 
method of stating the first law of thermodynamics for individual gases, and that the i~ter~,ml 
heat changes occurring during dissociation or recombination are indicated by i*, 
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This result has more than  a formal significance ; it means  tha t  hencefor th  all changes of s tate  
can be followed by  a well known and e lementa ry  me thod  and tha t  errors due to the difference 
be tween calorific value and  chemical  energy are obviated,  and wha t  is most  impor tan t  isentropic 
lines can be represented simply. 

2.3. Reac t ion  E q ¢ t i l i b r i a . - - I f  we int roduce the en t ropy  s in equat ion  (5b), we have for a 
reversible change of s tate  : 

T ds = di* - -  v dp  . . . . . . . . . . . . . . . .  (8) 

and for reactions at constant  t empera tu re  and pressure we get : 

di* - -  T ds = 0 

o r  d ( < - -  T s )  = 0 ,  . . . . . . . . . . . . . . . . . .  (9) 

where  s is the absolute en t ropy  which can be split up as follows • 

R _p . . . . . . . .  (I0) s ---- s o --  ~r  In p0 , . . . . . .  

where  the  t empera tu re  dependent  port ion at P0 is s o and the  pressure dependent  port ion is 
( R / M )  In (P/Po). The mole-entropies S °, which for convenience in technical  calculations refer to 
1 at  = 1 kg/sq cm (not 1 Atm),  are shown in Table 3. 

If ni = n u m b e r  of moles of component  i of the mix ture  then • 

i* - -  ZnJ~ 
E niM,: . . . . . . . . . . . . . . . .  (11) 

and s -  EniM~:' . . . . . . . . . . . . . . . .  (12) 

and it follows from equat ions (9) and (10) tha t  • 

A E R l n ( " P ~ ' ~ " ~ = A E n i  S O -  . . . . . . . . . . . .  (13) 
k P o /  T / '  " 

where P{/Po is the par t ia l  pressure p{ of component  i measured  in units  of the reference pressure 
P0 re la ted to S O and, therefore, expressed in at units  ; P#Po can then  be replaced by  Pi (at), al though 
the  equi l ibr ium constants  from the left side of equat ion  (13) are no longer dimensionless as 
requi red  in a logar i thmic t rea tment .  

In  the  oxy-hydrogen gas react ion 1 mole H2 and ½ mole 02 are replaced by  1 mole H20;  hence 
from equat ion  (13) it follows tha t  • 

P~o  I * )  I* I *  

From Tables 2 and 3 we obtain for 2,000 deg K • 

< 0-Q 

40,403 83.527 
- - - -63 .325+-2 ,000  - -  

12,648 
= 4 5 . 0 7 0 - -  - - 3 8 . 7 4 6  

2,000 

14,140 
= 6 4 . 2 7 7  - - 5 7 . 2 0 2 ,  

2,000 
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and hence • 

R In 
Prf~/Po2 

Convert ing to base 10 logari thms we get : 

P~2o 16" 180 
log P~25/flo2 = log K~2 o = 2.302585 x 1.9872 

K 2°°0° 0"3436 × 10 ~. K2 0 ~- 

Ptt20 
- -  83.527 --  38.746 --  ½(57.502) ---- 16. 180. 

= 3 . 5 3 6 1  

The equil ibrimn constants  K from equat ions (13) and (13a) have been calculated and are 
shown in Table 4 in the form • 

K ~ Pglt,~ 
(polo ..... ~)~i  . . . . . . . . . . . . . . . .  (14) 

(The numera to r  refers to gas component  produced,  and the denomina tor  to the react ing elements).  

Thus KH2o --  PH2o 1 
P~2~/Po~ 

I ~o~ 
Koi~ --  VP~2 ~/Po2 

P0 
Ko - -  ~/Po2 

PK 
K~ = VP~2 

P~O 
K~o - -  V 2 ~ 2  VPo~  

> . . . . . . . . . . . . . . .  (15) 

In  heterogeneous reactions, as for instance C (graphite) -[- 02 = CO2, it is clear from expression 
(13) tha t  the solid carbon, C, appears on the r ight -hand side, bu t  makes no contr ibut ion to the 
gas-pressure te rm on the  lef t -hand side. 

Therefore Kco2 -- Pc% 

ifl°2 l . . . . . . . . . .  (15a) 
and  Pco . . . .  

Koo - -  ~/Po2 

If there  is no carbon, C, present  in the solid state the two constants  (15a) must  be replaced by  • 

KCO~ __ Poo2 Kco2 
CO Pco ~/Po2 --  Kco ' • . . . . . . . . . . . . .  (15b) 

corresponding to the react ion : 

c o  + ½02 ~ cQ .  

For gaseous carbon two fur ther  equil ibrium constants  are taken  into account  ; for the react ion ; 

C2 ~ 2C 



there is the corresponding constant : 

K~ ~ = P°__~ . . . . . . .  
15c 2 

and similarly for the homogeneous reaction : 
1 - +  C + :0~ +__ CO 

(lS~) 

Poo 
the constant Kco = ~bc ~/Po~" (15d) 

Finally the vapour pressures of the gaseous forms of carbon C and C~ are shown in Table 4 .  

2.4. Composition of Mixture.--If the equilibrium constants are known in relation to the 
temperature of the mixture, theoretically any gas composition can be estimated in relation to 
temperature and pressure. The aim of this work, however, is, without knowing the gas com- 
position, to obtain directly from the charts the values of the state functions that  are required 
for calculations. The mixture composition is only of interest for the purpose of constructing 
the charts. 

For the initial mixture before reaction takes place the mole ratios nc: n~: ~o: n~: are known. 
Since the partial pressures and the mole ratios a re  proportional to each other, we can wri te:  

nc = Pc% + Pco + Pc + 21502 + nS ( ns = solid carbon) . . . . .  (16) 

In the gaseous phase, up to the limit where solid carbon appears, n s = 0 ; there is an appreciable 
contribution by Pc and Pc2 only at high temperatures shortly befcre reaching the linlit when 
solid carbon is obtained; at this stage Pc = Pc v, and Pc~ = P~.T2, that  is the partial pressures are 
equal to the vapour pressures (see Table 4). 

In most cases, then, equation (16) may be simplified as follows : 

no = Pco~ + 15oo . . . . . . . . . . . . . . . . .  (16a)  

Furthermore nE = 2p~o + 2pu= + Pou + P~ . . . . . . . . . . . .  (17) 

no = 2pco~ + Pco + P.~o + 215o~ + Po. + Po + P.o . . . . . .  (18) 

~ = 215~ + 15~o,  • . . . . . . . . . . . . . . .  (19) 

in which the values of no, n ~ , . . . ,  are related to the partial pressures of the components C, H , . . . .  
of the initial mixture. 

We also have the total pressure requirement that  : 

p = 15oo~ + poo + p,~o + 15~ + Po~ + P .  + 15o~ + 15o + Po + P~.  .. (20) 

In the construction of the charts the problem is straight forward, as the partial pressures can be 
derived, starting with the values of no, nE and no for the initial mixture. 

3. Construction of Charts.--3.1. Method of Presentation.--As already ihdicated in the intro- 
duction, the normal method of dealing with the thermodynamic problems of dissociating gases 
for engineering purpose s was to use Mollier diagrams, but as the Mollier diagram can be drawn 
only for one specified mixture it is unsuitable for more general use. With the assistance of the 
reaction enthalpies, however, enthalpy charts can be constructed to overcome this limitation. 

To ensure a simple and straightforward method of presentation, the charts are confined to 
mixtures of C, H and O only, but it will be shown later how the charts can be extended to mixtures 
containing N by a few simple additional calculations. 



in  the choice of the me thod  of presentat ion particular stress has been laid on the a t t empt  to 
secure the greatest  possible accuracy of interpolat ion with a relat ively small number  of graphs. 
To this end the total  pressure t5 and the  ratio ~,c/ni~ have been chosen as parameters  and the  
reaction en tha lpy  / h a s  been plot ted against a reaction ratio . The oxygen ratio no/ni~ is not  
a suitable parameter  for this me thod  of presentat ion,  as the  carbon component  is n o t  taken  
into account, and hence difficulties occur with mixtures  of low hydrogen content.  The oxygen 
ratio can, however,  be s tandardized quite .simply by defining a reaction ratio F in a similar way 
to a mixture  ratio, such tha t  when /7  = 0 there is only fuel, when F = 1 there is only oxygen 
and when Y = 0.5 the mixture  is stoichiometric. F rom this definition we have : 

n O 

2n~ + ½n~ + no (21) 

The following relation holds b e t w e e n / "  and the usual oxygen ratio ~0 : 

/ ' _ _  ~o 

1+~0"  

The F presentat ion has the advantage  of showing a numerical  symmet ry  for ' weak ' and ' rich ' 
mixtures,  which is desirable in any graphical presentation, whereas in the ~0 presentat ion the 
fuel excess region is compressed from 0 to 1, and the less impor tant  oxygen excess region occupies 
the range from 1 to oo. 

Fig. 1 shows schematically the construction of an enthalpy chart ; the abscissa represents F 
and the ordinate the reaction enthalpies i* for different t empera tu res ;  the parameters  are the 
total  pressure p and the ratio no/ha. Lines of constant  entropy and lines of constant  molecular 
weights are also shown on the  chart. As a prel iminary measure 28 graphs l have been prepared 
for 4 values of the total  pressures, p = 0.1, 1.0, 10 and 100 kg/sq cm and for the  7 values 
nc/nu = 0, 0.2, 0- 4, 0.6, 0- 8, 1.0 and oo over the tempera ture  range 600 deg K to 4,000 deg K. 
The tempera ture  lines have been entered at intervals of 50 deg, 100 deg or 200 deg dependent  on 
good pictorial representation.  As an example 4 charts for the ratio nc/nu = 0.4  and the  4 total  
pressures p = 0.1, 1.0, 10 and 100 kg/sq cm are included in the appendix. Curves for the 
three key values flu,, Po., and no for different temperatures  are shown in the lower part  of each 
chart and from these the gas composit ion can be de termined if required. This will be discussed 
in more detail  in a later section. 

3.2. Fundamentals for Calculating Individual Points on a Chart.--The method  of construction 
of the charts is best explained by indicat ing how to calculate individual  points. For each point 
the equil ibrium mixture  composition for a given tempera ture  must  be first calculated. Equat ions  
(15) to (15d) for the equil ibrium constants  are used for this purpose as well as relations (16) to (21). 
For one individual  chart, p and nc/nj~ are assmned. If values of Pa2 or Po, are selected, the remaining 
partial  pressures and finally the value of V can be calculated. Whethe r  it is more advantageous 
to begin with a given value of p~, or of Po~ depends in wh ich / ' - s ec t ion  points are desired. Basically 
the F- range  can be divided as shown in Fig. 1 into three sections : excess oxygen section, F > 0 .5  
to 1, fuel excess section up to the solid carbon boundary  r < 0.5, and a section with solid carbon 
from the solid boundary  to r = 0. Fig 2 shows schematical ly the basic change of pa, and Po~ 
relative to F and it can be seen tha t  for calculating points in section F > 0 .5  it is bet ter  to start  
with Po,~ and in the F < 0 .5  section wi th  P~2" Finally by means of the values for pv and fly 2 
(Table 4) it can be de termined whether/5 c and Pc~ can be neglected. The calculations then proceed 
as follows : 

t See footnote to Summary (page 1). 
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(a) pro negligibly small ," outside solid carbon boundary. 

We have 
~¢o = Poo~ + Poo . . . . . .  

and  from equat ion (20) 

= (1 

or p = (1 

Rearranging the terms we obtain for Poe " 

+ n~ - P~o  - P~= + Poe + Po 

+ 2~o/,~)(p.~o + P~) + (1 + ~o/n~)(po~ + p~) + Po. + ?o 

(1 + , o / n . )  {Ko .  V ( P ~ )  g(Po~) + Z,:. V(P-~)} + Poe + ~r~o V'(Po~). 

(1~a) 

(22) 

Poe + V(Po~) [Ko + (1 + no/n~)Ko~ ~ / ( P a )  + (1 + 2noln~)K~=op.~] 

= p - -  (1 + no/n~)K~ X/(P~2) --  (1 + 2no /n~)p~ ,  

which can now be expressed in the form • 

ibo~ -~- 23 ~/(po~),= b . . . . . . . . . . . . . .  (23) 

where 2a = Ko q- (1 -}- nc/n~) Kou ~/(Psi~) q- (1 q- 2nc/nu)Ksi~o P*~2 

and b : p --  (1 -t- no/n~)K~ v/(pu~) -- (1 + 2no/n~{)pS, o. 

The solution is 

~/(bo~) = g ( a  = + b) --  a . . . . . . . . . . . . . . .  (24) 

In  a similar way arranging the  te rm we obtain for the2 " 

(1 + ,%/n~)(rXo~ × V(bo~) + K~) P -- Poe -- Ko ~,/(j~o~) 
P ~  + V(P~.)  = 

(1 q- 2no/n~i)(K~,,o × V(flo2) + 1) (1 - /  2no/nu)(K,~2o V/(po~) -> 1) 

which can be expressed in the  form • 

p.~ + 2aV  (p.~) = b . . . . . . .  , . . . . . .  (2aa) 

with a corresponding solution. The values of Pco~ and Poo can be derived from equations (15b) 

and (16a). 

(b) pv negligibly small ," solid carbon boundary.--Equations (153) are also valid in this case. Thus 

+ K~V(P~)  + Poe + Ko V(Poe), 
tha t  is • 

2o~ + V(Po~) = 1 q- Ko% 1 @ Koo2 

and can be expressed in the form Poe + 2a~/(po=) = b, wi th  a corresponding solution. At the 
solid carbon boundary  n~ there is only one correct value for Poe or P~2 for a given ratio n)/nu. 
We must  assume a value for Ps~ and calculate Poe by  means of the last equat ion to get n) /na ; 
p ~  must  then  be amended  unti l  nc/n~ reaches the desired value. 

(c) pv negligibly small ," solid carbon region.--We hay(5 

n~ = (Poo~ + P o o ) +  n~ --- n~ + n~. 
9 



The values of Pop and pan can be calculated as {n para. (b), then the value nc/n~ for the charts is" 

no _ n~ + n~ . 

nH n~r n H 

(d) Pc and Po~ not mgligi.ble ," gas region.--We have 

no = 2°05 + Poo + Po + po,. 

Equation (22), therefore, becomes- 

P + 2o2 = (1 + 2%/n~)(K,~2op~ 2 g(Po=) +Pu=) 

+ (1 + %/nu){Kou V(Pup) g(Po~) + Ka g(Pup)} + Pop + Ko g(Po~). (25) 

To obtain the solution, we first proceed as in para. (a) neglecting Po=, then calculate Pc~ by means 
of equations (15c) and (15d) ; using this value we recalculate equation (28) and repeat the process 
until the values of Pc~ agree. I t  should be noted that  Pc < pv and Pc~ < Pcv~. 

(e) Sublimation boundary.--At the sublimation boundary • 

Pc = Pc v and Po~ = Pcv~ 

and equations (18a) are also valid. 

The solution is obtained as in para. (b) and it should also be noted that  • 

nV = Kco~Po2 + Koo g(Po~) + P~ + 2pv~ 

or nv = nc~ + pv + 2pov,, 

v 2 v that  is n v n~ + Pc q- ~c~ 
q4~ n x n E  

( f )  Sublimation region.~The solution is obtained as in para. (c) and it should be noted that  • 

no n~ n~ 

(g) Region in waica the eJI~cts of dissociation can be ueglected.--Dissociation has practically no 
effect at temperatures below 1,400 deg K. By omitting the atomic partial pressures Pu, Po, etc, 
the computation equations can be used for this region in a considerably simplified form. 

(h) Determination of the values of the state functions.--After calculating the mixture compositions 
for individual points as described above, the desired values of the state functions, e.g., reaction 
enthalpy, molecular weight and entropy, can be calculated from the equations • 

i * -  zp~ _r; 
£p~ M~ . . . . . . . . . .  

M EP, M, 
P i  * "  * °  ° "  ° °  " "  

~p,S ° - -  R~p~ in p, 
~p,M,  . . . . . .  

The values used for I*, M and S ° are shown in Tables 2 and 3. 

. .  (7) 

. .  (26) 

• . (10a) 
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4. Use of the Charts.--4.1. Determination of State of the Gas.--The combustion of butane 
C4H10 and oxygen will be considered as an example to illustrate the method of using the charts 
since the nc/n, ratio -= 0-4 for this mixture is exactly that  for which the  at tached charts are 
drawn and consequently no interpolation is required for no/nm For other problems the values of 
the state functions have to be interpolated from the charts by taking the values of nc/n, nearest 
to those required. 

For the stoichiometric combustion of butane and oxygen we have • 

C~Hlo + 6.502 = 4C02 + 5H20. 

If combustion takes place with a 20 per cent deficiency of oxygen, only 5.2 moles 02 are available 
and therefore as nc/n. = O. 4 

2 × 5 . 2  
and n o / n ~ -  10 -- 1.04 

hence no/n~ -- 0.4444.  
r = 2noln. + no/n. + ½ 

For -r = 0.4444 and the two temperatures 2,000 deg K and 3,000 deg K the following values 
can be read off the charts • 

p T i* M S 
/ 

2000 --1522 25.0  2.85 
0"1 3000 + 831 18.1 3.72 

2000 --1518 25.0 2"67 
t ' 0  3000 --  416 22.2  3"09 

2000 --1516 25.0  2"48 
10 '0  3000 --  862 24 '2  2.74 

2000 --1516 25.0 2.30 
100"0 3000 - -  992 24.8 2-51 

The state functions for any desired pressure between 0.1 and 100 kg/sq cm can finally be 
estimated by graphical interpolation. 

4.2. Determination of Mixture Composition.--By means of the i*, / ' -char ts  it is possible to 
obtain the values of the state functions of mixtures of dissociating gases without any knowledge 
of the composition. To assist, however, in those cases where the gas composition is itself of 
interest, the three key values fl-2, Po2 and no can be read off the lower part of the charts. The 
remaining partial pressures can then be obtained from equations (15) to (15d). 

From the key value no, i f / `  is given one obtains ' 

no/r -- no 
n.  = 2noln  + 

and nc  ~-~ nE  X n c / n ~ .  

11 



For  the  example  which is being considered, i.e., the  combust ion of bu tane  and oxygen 
(Y = 0. 4444, nc/n~ = 0.4) the following values for no and hence for n~ and nc are obta ined  f rom 
the  char ts"  

p T no ~E S c P~  P o 

2000 0.1158 0.1115 0.0446 0-0083 - - > 0  
0-1 3000 0.0840 0.0808 0.0323 0.0104 0 . 0 0 5 5  

2000 1.16 1.115 0.446 0.084 - - > 0  
1.0 3000 1.03 0.992 0.397 0.089 0.033 

2000 11-6 11-15 4 .46 0 .84 - + 0  
10.0 3000 11.18 10-75 4-30 0 .72  0 .09  

2000 116.0 111-5 44 .6  8 .4  - - > 0  
100.0 3000 114.8 110.4 4 4 . 2 ,  6 .7  --->0 

At points where  Po~ or .p~  --~ 0, we first es t imate PH~o 
n~ = 2p~2o -t- 2pHi. The order of magn i tude  of Po2 and p ~  
equil ibrium condit ion for H,O. 

f rom the simplified re la t ionship 
can then  be de te rmined  from the  

4.3. Use of the Charts for Mixtures Containing Nitrogen.--The i*, F-cha r t s  can be ex tended  
to cover mix tu re s  containing nitrogen. Each  point  is val id for a given mix ture  of C, H and O, 
whose components  are indicated as usual by  nc, n~ and no. 
re la t ions:  

no = Poo~ + Poo . . . . . . . . . . . . . . . .  ( 16a )  

n~ = 2pu,o + 2pE~ + /5o~  + pa  . . . . . . .  .' . . . .  (17) 
no  - 2poo~ + Poo + P~o + 2po~ + Po~ + Po . . . . . . . .  (18) 

p = x p ,  . . . . . . . . . . . . . . . . . .  (20) and 

are exact.  

For  any  point, therefore, the  basic 

If a N - c o m p o n e n t  is added  to this mixture,  then  nc and n~ are unaffected, bu t  no and p are 
changed as follows • 

n~ = no -t-P~o . . . . . . . . . . . . . . . .  (27) 

i b~ ---- P¢~r~ + P ~  + P~o . . . . . . . . . . . . . . .  (28) 

In  addi t ion the  following relations mus t  be fulfilled • 

n~ = 2 p ~  + P~o . . . . . . . . . . . . . .  . .  (19) 

_ P~o . . . . . .  (15) and K~o --  %/(p~) %/(po~) . . . . . . .  : 

As P~o is usual ly  small compared  wi th  ibm2 we obta in  from equat ion (19) the following : value 
for p ~  as a first approximat ion  • 

jL)isl2 ---- ½n 0 n~-N , 
n o  

where the difference be tween no and ng is neglected. 
equat ion (15). 

The value of PN0 is t hen  obta ined from 
If P~o is not  negligibly small, a .smaller value of the react ion ratio _P must  be t aken  
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f rom the  chart ,  t h a t  is, t he  po in t  on the  char t  m u s t  be shi f ted  to the  left unt i l  no  is decreased  
b y  PNo and  the  s um of the  two gives the  old value.  I n  m a n y  cases it is no t  necessary  to  m a k e  
an y  correct ion for p ~ ,  b u t  a correct ion can always be m a d e  by  means  of equa t ions  (15) and  (19). 

As an example  let us suppose  t h a t  b u t a n e  is b u r n e d  wi th  air. The  reac t ion  equa t i on  for 
s to ich iomet r ic  combus t i on  is • 

C~H~o -}- 6 .  505 -}- 24.45N5 = 4C0~ + 5 H ~ 0  + 24.45N5 

W i t h  20 per  cent  excess air, 7 . 8  moles O5 and  29 .34  moles N5 t ake  pa r t  in combus t ion .  

We have  t h e n  • 

nc/n~ = O. 4, no/n~ = 1.56 ; t h a t  is, Y = 0. 546 and  n~-/no = 3.762.  

For  p = 10 and  F = 0. 546 we ob ta in  f rom the  char t  for 2,000 deg K • 

no = 15.18, ibo5 = 1.25, 

and  hence  to the  first a p p r o x i m a t i o n "  

ib~ = ½ x 15.18 × 3 .762  = 28 .55  ' 

and  P~o = 0.01971 x 1 /1"25  x v/28155 = 0 .12.  

To correct  P~5, the  values  of Y and  Po2 for no = 15.18 --  0 . 1 2  = 15.06 m u s t  be read  otg f rom 
the  char t  a nd  P~2 a nd  P~o ob ta ined  to the  second approx ima t ion .  F ina l ly  we ob ta in  • 

F '  = 0. 538, no = 15.07, Px2 = 28 .35  and  P~,o = 0.11.  

The  to ta l  pressure  of the  m i x t u r e  of combus t ion  p r o d u c t s  is ' 

. . . . . .  (28) = P~ = ~o,,~,,~ + P~-5 + p~o • . . . . .  

and,  in this  example ,  therefore  • 
. . .  1 

15 = 10 + 28"35 + 0" 11 = 38" 46. 

Us ing  the  va lue  of F '  ob ta ined  we now take  f rom the  char t  the  values  for i*, M and  s corres- 
p o n d i n g  to the  c o m p o n e n t s  C, H and  O of the  mix tu re .  The  molecu la r  weight ,  reac t ion  e n t h a l p y  
and  e n t r o p y  for the  ent ire  m i x t u r e  are given b y  the  equa t ions  ' F 

M = Pc,~r~ x Moh.,,~ + 28"016p~5 + 30 .008p~o,  . . . . . .  (29) 

P 

o,,,,~ + P~,J~,5 + p~oI~o < (3o) i* ~--~-Peh'u'~ X Md,art X i . . . .  
) ) * . • . = 

p M  

s = P°"~"' x Me,,,,, x Schar, + P~sS~, + p ~ o S ~ o  . . . . . .  (31) 

p M  

The reaction enthalpies l;r2 and I~o and the molar entropies S°2 and S°o can be taken from 
Tables  2 and  3, and  it  should  be n o t e d  t h a t  the  values  SO. ̀ of Table  3 are val id  for 1 kg/sq  cm 
and  m u s t  be changed  in accordance  wi th  • 

' S = S  ° - R l n p i .  
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4.4. Reaction Temperatures.--By definition the reaction enthalpy is the quant i ty  of heat that  
must be given to tile initial components before combustion to bring them to the reaction state 
of the mixture. If no heat is added from outside, then the enthalpy remains the same;  the 
temperature of combustion is, therefore, characterized by the same reaction enthalpy as that  of 
the propellants entering the combustion chamber. 

I t  can be seen on the charts that  the minimum of the reaction enthalpy deviates slightly from 
the stoichiometric point/1 = 0.5 as the temperature rises, i.e., as the effect of dissociation becomes 
more pronounced. This is in agreement with the well known fact that  without dissociation the 
highest reaction temperature is given by a stoichiometric mixture, whereas with dissociating 
mixtures the highest reaction temperature shifts away from the stoichiometric point. I t  has 
been assumed frequently in the past tha t  mixtures with 10 to 20 per cent fuel excess are most 
favourable if dissociation takes place. A glance at all the available enthalpy charts shows tha t  
the processes are not uniform and are more complex than this. The high heat of dissociation of 
hydrogren shifts the most favourable point in the reverse direction, so that  for mixtures with a 
high content of hydrogen the reaction conditions are more favourable when there is an excess 
of oxygen. Up to the present it has been hopeless to a t tempt  a general view of these processes 
by  dealing with individual cases. Hence the enthalpy charts afford a unique and comprehensive 
explanation of such problems. The calculation of mixture composition which often requires a 
day's work is now unnecessary, since the enthalpy of the mixture can be read off directly, and 
similarly the gas composition can be obtained if it is of interest. 

The combustion of butane with oxygen will be used again as an example : 

C~H1o + 6.50~ = 4CO~ + 5H~O . 

I t  is assumed tha t  butane will be liquid and oxygen gaseous at 0 deg C when introduced into 
the reaction chamber. The initial enthalpies must first be calculated. 

For the fuel : 

* * 1 * /or =H,, + noloo~ + ~n~I~o, . . . . . . . . . . . . .  (32) 

where no and nH are molar ratios of the fuel, and H,, is the lower calorific value of the fuel. 
butane : 

n c = 4 ,  n a =  10 

For 

and H,  --= 634,120 cal/mol@. 

Hence the initial enthalpy at 0 deg C : 

Io,~ = 634,120 - -  4 X 94.260 - -  5 × 57,999 = - -  32;915 cal/mole. 

To this amount must be added the initial enthalpy (heat of formation) of the oxidant. Here 
the initial enthalpy of gaseous oxygen at 0 deg C is by  definition the same as the reaction enthalpy. 

The method of calculation is shown in the following table, which gives the calculations for 
combustion with 6 moles O~ (fuel excess) and with 7 moles 02 (oxygen excess) in addition to 

J 
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those for the stoichiometric reaction • 

Oxygen molcular ratio +6 .0  +6 .5  +7 .0  

/" +0.48 +0"5 +0.5185 

I* oF --32915 --32915 --32915 

no X I* 02 --1050 --1137.5 --1225 

--33965 --34052.5 --34140 Io 

F°K p 

0.1 

1.0 

10.0 

100.0 

+250.08 

--135.8 

+2809 

3090 

3411 

+3767 

+266.08 

--128.0 

+2803 

3083 

3400 

+3750 

+282.08 

--121.0 

+2796 

3075 

3386 

+3733 

At the end of the table the reaction temperatures T, as read off the charts, are tabulated for 
:b ---- 0" 1, 1 "0, 10.0 and 100.0 kg/sq cm. 

4.5. Exhaust Velocities.--In jet or rocket propulsion the thrust  produced is equal to the 
impulse of the exhausted combustion products, that  is to the product of the mass of combustion 
products exhausted per second and multiplied by the exhaust velocity from the nozzle, Thus 
determination of exhaust velocity is one of the main thermodynamic problems. High reaction 
temperatures are not the only criterion for the best fuel mixture, as a high exhaust velocity 
from the nozzle is also of importance. The exhaust velocity depends mainly on combustion 
chamber temperature, but  also on the thermal properties of the mixture and the Combination 
processes during expansion. 

For the theoretical exhaust velocity we have • 

= 91.5 v'(zi: )mlsec. 

The adiabatic enthalpy difference Ai*~d can be determined by means of the i*, / ' -charts ,  since 
the isentropes, s ---- constant, have been drawn on the charts for this purpose. I t  would take only 
a short time to obtain the values of the  thermodynamic functions from the enthalpy charts and 
draw a Mollier diagram for a special mixture. In this way it is possible to work out the equilibrium 
processes rapidly, whereas in the past we have assumed tha t  the mixture composition remains 
constant during the expansion process, and have regarded it as being ' frozen ' 

5. Co~clusions.--The use of the accompanying enthalpy charts has been explained by means 
of a few examples, merely to give an indication of their possible applications without making 
the note too lengthy. Questions of the most suitable fuel mixtures or the choice of fuel mixtures,  
the effect of c0mbus~gon-chamber pressure, etc., can also be dealt with quite simply. The new 
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charts throw a clear light for the first time on the solution of many dissociation problems. Finally 
it may be concluded that the construction of further charts for special pressures or special molar 
ratios no/ha would be a worthwhile proposition. 
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T A B L E  1 - -  Absolute Enthalpies I cal/mole 

T d e g K  

273.i6 
298.16 

300 
400 
500 

600 
700 
800 
900 

1000 

1100 
1200 
1300 
1400 
1500 

1600 
1700 
1800 
1900 
2000 

2100 
2200 
2300 
2400 
2500 

2600 
2700 
2800 
2900 
3000 

3100 
3200 
3300 
3400 
3500 

3600 
3700 
3800 
3900 
4000 

02 

1895 
2070 
2083 
2792 
3524 

4279 
5057 
5854 
6670 
7 4 9 7  

8333- 
9184 

10041 
10905 
11776 

12653 
13536 
14425 
15319 
16219 

17125 
18036 
18952 
19873 
20799 

21730 
22666 
23606 
24551 
25500 

26453 
27410 
28372 
29338 
30308 

31282 
32260 
33241 
34226 
35215 

H2 

1852 
2024 
2037 
2731 
3430, 

4129 
4832 
5537 
6248 
6966 

7692 
8428 
9173 
9929 

10694 

11470 
12256 

13052 
13858 
14672 

15493 
16322 
17158 
18001 
18851 

19707 
20569 
21436 
22308 
23186 

24068 
24954 
25845 
26739 
27637 

28538 
29442 
30348 
31257 
32168 

H20 

2164 
2365 
2380 
3190 
4020 

4873 
5755 
6666 
7607 
8580 

9580 
10613 
1i675 
12762 
13876 

15014 
16173 
17351 
18547 
19760 

20992 
22238 
23497 
24769 
26053 

27347 
28650 
29962 
31281 
32607 

33940 
35278 
36621 
37969 

I 39321 

40676 
42035 
43397 
44762 
46129 

N2 

1898 
2072 
2085 
2782 
3485 

4198 
4925 
5669 
6428 
7203 

7992 
8793 
9605 

10425 
11254 

12o9o 
12933 
13783 
14639 
15499 

16362 
17228 
18096 
18966 
19839 

20715 
21593 
22474 
23358 
24245 

25133 
26022 
26912 
27803 
28695 

29589 
30485 
31382 
32280 
33178 

C (solid) 

(graphite) (diamond) 

202 115 
252 128 
255 131 
503 325 
821 602 

1198 950 
1622 1355 
2082 1804 
2569 2284 
3075 2782 

3596 3289 
4 1 3 0  3802 

4680 
5242 
5814 

6394 
6981 
7577 
8180 
8791 

9408 
10032 
10663 
11300 
11943 

12592 
13245 
13904 
14568 
15237 

15910 
16587 
17268 
17954 
18643 

19335 
20032 
20731 
21434 
22140 

CO 

1899 
2073 
2085 
2784 
3490 

4210 
4946 
5700 
6471 
7257 

8056 
8868 
9690 

10521 
11359 

12203 
13054 
13910 
14771 
15636 

16505 
17377 
18251 
19128 
20007 

20889 
21773 
22659 
23546 
24434 

25324 
26215 
27108 
28003 
28900 

29798 
30697 
31596 
32495 
33395 

C02 

i 2030 
2238 
2255 
3195 
4223 

I 

5322 
6481 
7689 
8940 

1 0 2 2 2  

i1536 
12872 
14234 
15611 

,1 17004 

18411 
19829 
21257 
22696 
24144 

25600 
27062 
28530 
30003 
31480 

32962 
34450 
35944 
37444 
38950 

40460 
41972 
43486 
45002 
46520 

48041 
49565 
51093 
52624 
54159 

NO 

2019 
2193 
2207 
2920 
3643 

4380 
5134 
5908 
6700 
7508 

8327 
9157 
9995 

10841 
11693 

12551 
13415 
14283 
15155 
16030 

16908 
17790 
18674 
19561 
20450 

21340 
22232 
23126 
24022 
24918 

25816 
26716 
27618 
28521 
29425 

30331 
31238 
32146 
33056 
33967 

OH 

1929 
2106 
2119 
2829 
3536 

4241 
4948 
5661 
6380 
7107 

7844 
8593 
9354 

10127 
10910 

11703 
12505 
13316 
14135 
14962 

f5796 
16637 
17484 
18337 
19195 

20057 
20924 
21796 
22673 
23555 

24442 
25333 
26228 
27126 
28027 

28931 
29838 
30748 
31661 
32576 

H 

1357 
148[ 
1490 
1987 
2484 

2981 
3478 
3974 
4471 
4968 

5465 
5962 
6458 
6955 
7452 

7949 
8446 
8942 
9439 
9936 

10433 
10929 
11426 
11923 
12420 

12917 
13413 
13910 
14407 
14904 

15401 
15897 
16394 
16891 
17388 

17885 
18381 
18878 
19375 
19872 

O 

1475 
1608 
1617 
2135 
2646 

3152 
3655 
4157 
4658 
5159 

5658 
6157 
6656 
7155 
7653 

8151 
8649 
9147 
9645 

10143 

10641 
11139 
11637 
12135 
12633 

13132 
13631 
14130 
14629 
15129 

15630 
16132 
16635 
17140 
17646 

18152 
18658 
19164 
19670 
20176 

C 

1357 
1481 
1490 
1987 
2184 

2981 
3478 
3974 
4471 
4938 

5465 
5962 
6458 
6955 
7452 

7949 
8446 
8942 
9439 
9936 

10433 
10929 
11426 
11923 
12420 

12917 
13413 
13910 
14407 
14904 

15401 
15897 
16394 
16891 
17388 

17885 
18381 
18878 
19375 
19872 

C2 

1901 
2040 
2088 
2795,. 
3520 

4267 
5035 
5823 
6627 
7444 ? 

827i 
9108 
9953 

10803 
11659 

12519 
13382 
14249 
15118 
15990 

16863 
17739 
18616 
19494 
20373 

21254 
22136 
23018 
23701 
24785 

25670 
26555 
27440 
28327 
29214 

30101 
30988 
31876 
32764 
33652 



T A B L E  2 - -  Reaction Enthalpies i* cal/mole and Molecular Weights 3¢ g/mole 

T deg K 

0 
273" 16 
298.16 

300 
400 
500 

600 
700 
800 
900 

1000 

1100 
1200 
1300 
1400 
1500 

1600 
1700 
1800 
1900 
2000 

2100 
2200 
2300 
2400 
2500 

2600 
2700 
2800 
2900 
3000 

3100 
3200 
3300 
3400 
3500 

3600 
3700 
3800 
3900 
4000 

02 

--2070 
--175 

+ 0  
13 

722 
1454 

2209 
2987 
3784 
4600 
5427 

6265 
7114 
7971 
8835 
9706 

10583 
11466 
12355 
13249 
14149 

15055 
15966 
16882 
17803 
18729 

19660 
20596 
21536 
22481 
23430 

24383 
25340 
26302 
27268 
28238 

29212 
i 3o190 
I 31171 
i 32156 
I 33145 

H2 

--2024 
--172 

+ 0  
13 

707 
1406 

2105 
2808 
3513 
4224 
4942 

5668 
6404 
7149 
7905 
8670 

9446 
10232 
11028 
11834 
12648 

.13469 
14298 
15134 
15977 
16827 

17683 
18545 
19412 
20284 
21162 

22044 
22930 
23821 
24715 
25613 

26514 
27418 
28324 
29233 
30144 

HeO 

--60163 
--57999 
--57798 
--57783 
--56973 
--56143 

--55290 
--54408 
--53497 
--52556 
--51583 

--50583 
--49550 
--48488 
--47401 
--46287 

--45149 
--43990 
--42812 
--41616 
--40403 

--39171 
--37925 
--36666 
--35394 
--34110 

--32816 
--31513 
--30201 
--28882 
--27556 

--26223 
--24885 
--23542 
--22194 
--20842 

--19487 
--18128 
--16766 
--15401 
--14034 

N2 

=-2072 
--174 

+ 0  
13 

710 
1413 

2126 
2853 
3597 

-4356 
5131 

5920 
6721 
7533 
8353 
9182 

10018 
10861 
11711 
12567 
13427 

14290 
15156 
16024 
16894 
17767 

18643 
19521 
20402 
21286 
22173 

23061 
23950 
24840 

I ! 25731 
ii 26623 

27517 
28413 
29310 
30208 
31106 

CO 

--28489 
--26590 
--26416 
--26404 
--25705 
--24999 

--24279 
--23543 
--22789 
--22018 
--21232 

--20433 
--19621 
--18799 
i--17968 
--17130 

--16286 
--15435 
--14579 
--13718 
--12853 

--11984 
:--11112 
--10238 

--9361 
- -8482  

--7600 
--6716 
--5830 
--4943 
--4055 

--3165 
--2274 
--1381 

--486 
+411 

1309 
2208 
3107 
4006 
4906 

C02 

--96290 
--94260 
--94052 
--94035 
--93095 
--92067 

--90968 
--89809 
--88601 
--87350 
--86068 

--84754 
--83418 
--82056 
--80679 
--79286 

--77879 
--76461 
--75033 
--73594 
--72146 

--70690 
--69228 
--67760 
--66287 
--64810 

--63328 
--61840 
--60346 
--58846 
--57340 

--55830 
--54318 
--52804 
--51288 
--49770 

--48249 
--46725 
--45197 
--43666 
--42131 

NO 

+19429 
21448 
21622 
21636 
22349 
23072 

23809 
24563 
25337 
26129 
26937 

27756 
28586 
29424 
30270 
31122 

31980 
32844 
33712 
34584 
35459 

36337 
37219 
38103 
38990 
39879 

40769 
41661 
42555 
43451 
44347 

45245 
.46145 
47047 
47950 
48854 

49760 
50667 
51575 
52485 
53396 

OH 

+7749 
9678 
9855 
9868 

10578 
11285 

11990 
12697 
13410 
14129 
14896 

15593 
16342 
17103 
17876 
18659 

19452 
20254 
21065 
21884 
22711 

23545 
24386 
25233 
26086 
26944 

27806 
28673 
29545 
30422 
31304 

32191 
33082 
33977 
34875 
35776 

36680 
37587 
38497 
39410 
40325 

H 

+50228 
51585 
51709 
51718 
52215 
52712 

53209 
53706 
54202 
54699 
55196 

55693 
56190 
56686 
57183 
57680 

58177 
58674 
59170 
59667 
60164 

60661 
61157 
61654 
62151 
62648 

63145 
63641 
64138 
64635 
65132 

65629 
66125 
66622 
67119 
67616 

68113 
68609 
69106 
69603 
70100  

0 

+57495 
58970 
59103 
59112 
59630 
60141 

60647 
61150 
61652 
62153 
62654 

63153 
63652 
64151 
64650 
65148 

65646 
66144 
66642 
67140 
67638 

68136 
68634 
69132 
69630 
70128 

70627 
71126 
71625 
72124 
72624 

73125 
73627 
74130 
74635 
75141 

I 

75647 
76153 
76659 
77165 
77671 

C (solid) 

(graphite)(diamond) 

--252 +525 
--50 440 

@0 453 
3 456 

251 650 
569 927 

946 1275 
1370 1680 
1830 2129 
2317 2609 
2823 3107 

3344 3614 
3878 4127 
4428 
4990 
5562 

6142 
6729 
7325 
7928 
8539 

9156 
9780 

10411 
11048 
11691 

12340 
12993 
13652 
14316 
14985 

15658 
16335 
17016 
17702 
18391 

I 

19083 
19780 
20479 I 
21182 
21888 

C1 

+124748 
126105 
126229 
126238 
126735 
127232 

127729 
128226 
128722 
129219 
129716 

130213 
130710 
131206 
131703 
132200 

132697 
133194 
133690 
134187 
134684 

135181 
135677 
136174 
136671 
137168 

137665 
138161 
138658 
139155 
139652 

140149 
140645 
141142 
141639 
142136 

142633 
143129 
143626 
144123 
144620 

C2 

+166946 
168397 
168536 
168584 
169291 
170016 

170763 
171531 
172319 
173123 
173940 

174768 
175604 
176449 
177299 
178155 

179015 
179878 
180745 
181614 
182486 

183359 
184235 
185112 
185990 
186869 

187750 
188632 
189514 
190397 
191281 

192166 
193051 
193936 
194823 
195710 

196597 
197484 
198372 
199260 
200148 



T A B L E  3 - -  Entropy Values S ° cal/mole °C for 1 kg/cm ~ 

T d e g K  
/ 

298.16 
300 
400 
500 

600 
700 
800 
900 

1000 

1100 
1220 
1300 
1400 
1500 

1600 
1700 
1800 

¢9 1900 
2000 

2100 
2200 
2300 
2400 
2500 

2600 
2700 
2800 
2900 
3000 

3100 
3200 
3300 
3400 
3500 

3600 
3700 
3800 
3900 
4000 

02 

49.068 
49.113 
51.158 
52.788 

54.165 
55.361 
56.427 
57.387 
58.259 

59.057 
59-795 
60.484 
61.126 
61.724 

62-289 
62-824 
63.332 
63.815 
64.277 

64.719 
65.143 

65 .548  
65.939 
66.315 

66.680 
67.034 
67.377 
67.709 
68.033 

68.345 
68.648 
68.944 
69.232 
69.523 

69.796 
70"063 
70.323 
70.578 
70-827 

H2 

31.276 
31.318 
33.315 
34.874 

36.149 
37.232 
38.173 
39-011 
39.769 

40.460 
41.100 
41.697 
42.255 
42.785 

43.285 
43.761 
44.216 
44.652 
45.070 

45.470 
45.856 
46.227 
46.586 
46.933 

47.269 
47.595 
47.911 
48-216 
48.513 

48.801 
49.082 
49-356 
49.623 
49.883 

50-138 
50.386 
50.628 
50.864 
51.095 

H~O 

45.171 
45.219 
47.548 
49.399 

50.955 
52.313 
53-529 
54.632 
55.663 

56-616 
57.514 
58.364 
59.170 
59.938 

60.673 
61-377 
62-052 
62-700 
63.325 

63-927 
64.507 
65.068 
65.610 
66.135 

66-642 
67-134 
67.611 
68.072 
68.521 

68.958 
69.383 
69-796 
70.198 
70-590 

70.972 
71.346 
71.710 
72"065 
72.412 

N2 

45.832 
45.874 
47.883 
49.450 

50-750 
51-870 
52.862 
53.757 
54-574 

55.324 
56.020 
56.671 
57.280 
57.851 

58.391 
58"903 
59"389 
59.852 
60.293 

60"714 
61"116 
61.502 
61.872 
62.228 

62.572 
62.904 
63.224 
63.534 
63.835 

64.126 
64"408 
64"682 
64"948 
65.206 

65.458 
65"703 
65"942 
66.175 
66-403 

C O  

47.366 
47-407 
49.417 
50.992 

52-303 
53.438 
54.444 
55.352 
56-181 

56.943 
57.651 
58.308 
58.925 
59.501 

60.064 
60-562 
61.052 
61.518 
61.961 

62.384 
62.789 
63.178 
63.551 
63.910 

64.256 
64.590 
64.912 
65-223 
65.524 

65.816 
66-099 
66-373 
66.640 
66.900 

67-153 
67.399 
67.639 
67.873 
68.102 

C02 

51.126 
51"181 
53.880 
56"178 

58"174 
59.960 
61-572 
63-045 
64"396 

65.648 
66"811 
67"901 
68"922 
69.882 

70-788 
71-647 
72.463 
73"241 
73-985 

74.695 
75.375 
76.027 
76.654 
77.256 

77.838 
78.400 
78.944 
79.47i  
79.982 

80.477 
80"958 
81.425 
81.878 
82.319 

82.748 
83.166 
83.574 
83.972 
84"361 

NO 

50.400 
50.542 
52-496 
54.109 

55.454 
56.617 
57.651 
58"584 
59.433 

60.213 
60-934 
61.604 
62.232 
62-819 

63"373 
63.896 
64.392 
64.864 
65.313 

65.741 
66.151 
66.544 
66.922 
67.285 

67 .634  
67.971 
68.296 
68.611 
68.915 

69.210 
69.495 
69.772 
70.041 
70.303 

70.558 
70-808 
71-051 
71-288 
71.519 

OH 

43.951 
43.994 
46.041 
47.616 

48.902 
49.989 
50.939 
51"786 
52.552 

53.254 
53.906 
54.514 
55.087 
55.628 

56.140 
56.626 
57-089 
57-531 
57-954 

58.361 
58.752 
59.128 
59.491 
59.841 

60.180 
60"508 
60.825 
61.134 
61.434 

61.724 
62.007 
62.282 
62.550 
62-811 

63.066 
63-315 
63-558 
63.796 
64:028 

H 

27.456 
27.486 
28.915 
30.024 

30.929 
31.694 
32.357 
32.943 
33.466 

33.939 
34"371 
34.768 
35.136 
35.479 

35.800 
36.101 
36.385 
36.654 
36"909 

37:151 
37.382 
37"603 
37.814 
38.017 

38.212 
38.400 
38.581 
38.755 
38.923 

39.086 
39.244 
39.397 
39.545 
39"689 

39.829 
39.965 
40.097 
40.226 
40.352 

0 

38.528 
38.562 
40:051 
41"191 

42.115 
42.891 
43"561 
44"151 
44.677 

45.152 
45.586 
45.985 
46..355 
46"699 

47.020 
47.322 
47.607 
47"876 
48"131 

48.374 
48.605 
48'826 
49.038 
49.242 

49.438 
49"626 
49.808 
49.983 
50.152 

50.316 
50.475 
50.629 
50-780 

~50-926 

51.069 
51"208 
51-343 
51"475 
51.603 

C (solid) 

(graphite)l(diamond) 
[ , 

1.3609 0.5829 
1.3737 0.5918 
2.081 1-14 
2.788 1.76 

3.474 2.39 
4.127 3.01 
4.740 3-61 
5 .314.  4.18 
5.846 4.70 

6~342 5.18 
6.807 5-63 
7.247 
7.663 
8.057 

8.431 
8-.787 
9.1275 
9.4535 
9.7665 

10.068 
10'3585 
10.639 
10.9105 
11.173 

11.427 . . . .  
11"6735 
11"9!3 
12.146 
12.373 

12.594 
12.809 
13.0185 
13.223 
13.4225 

13.6175 
13.8085 
13"9955 
14.1785 
14.3575 

C 

37.910 
37-940 
39-369 
40-478 

41.383 
42.148 
42.811 
43.397 
43.920 

44.393 
44.825 
45.222 
45.590 
45.933 

46.254 
46.555 
46.839 
47"108 
47"363 

47.605 
47"836 
48"057 
48"268 
48.471 

48.666 
48-854 
49.035 
49.209 
49-377 

49.540 
49.698 
49.851 
49.999 
50.143 

50.283 
50.419 
50"551 
50"680 
50.806 

C2 

49.265 
49.577 

5 1 . 4 8 8  
53.225 

54.587 
55-771 
56-822 
57-769 
58.630 

59.419 
60.147 
60.823 
61.453 
62.043 

62-598 
63.12i  
63.617 
64-087 
64"534 

64.960 
65.367 
65.757 
66-131 
66.490 

66.835 
67.168 
67.489 
67.799 
68.099 

68.389 
68.670 
68.942 
69.207 
69.464 

69.714 
69-957 
70"194 
70"424 
70"649 
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TABLE 4 

Equilibrium constants K 

T (deg) 
K 

2 9 8 . 1 6  
300  
400  
500  

600  
700  
800  
900  

1000 

1100 
1200 
1300 
1400 
1500 

1600 
1700 
1800 
1900 
2000  

2100  
2200  
2 3 0 0  
2400  
2500  

2600  
2700  

H~O 

1 - 0 9 7  X 104o 
6 " 0 2 4  X 103~ 
1 . 7 0 7  X 1029 
7 . 5 5 6  X 1022 

4 - 2 2 3  X 10 !s 
3 . 7 6 8  X 1015 
1 . 9 1 0  × 1013 
3 . 0 9 5  X 1011 
1 . 1 3 2  X 1019 

7 - 5 1 4  X l 0  s 
7 . 7 9 2  × 107 
1 . 1 3 9  X 107 
2 . 1 9 0  X 106 
5 . 2 2 6  X 10 ~ 

1 . 4 9 1 X  105 
4 . 9 2 8  X 104 
1 . 8 3 8  × 104 
7 . 6 0 3  x 10 a 
3 . 4 3 6  x 1 0 2  

1 . 6 7 2  × 103 
8 . 6 8 2  × 103 
4 - 7 7 7  × 102 
2 . 7 6 0  × 103. 
1 . 6 6 6  × 102 

1- 0 4 4  X 103 
6 . 7 7 0  X 101 

O H  

4.  002  x 10 -7 
4 . 4 3 0  × 10 -7 
2 .  769 × 10 -5 
3.  308  × 10 -4  

1- 765 X 10 -3  
5 - 5 8 9  X 10 -a  
1 . 3 4 5  × 10 - 2  
2 . 6 5 6  × 10 - 2  
4 - 5 6 6  X 10 ̀ -2 

7 - 0 9 9  X 10 -2 
1 • 025  X 10 -1 
1 . 3 9 3  × 10 -1 
1 . 8 1 2 X 1 0  -1 
2- 279  X 10 -~  

2 . 7 7 7  x 10 -1  
3 . 3 0 9  x 10 -1 
3 - 8 5 6  × 10 -1 
4 . 4 2 5  × 10 -1  
5 . 0 0 2  X 10 -~ 

5.  595 X 10 -1 
6 .  192 X 10 -1 
6 . 7 8 6  × 10 -1 
7 - 3 6 9  × 10 -1 
7 . 9 7 6  X 10 -1 

8 . 5 6 9  X 10 -1 
9 . 1 4 1 X  10 -1 

0 

5 . 4 5 2  X 10 -41 
5 . 5 4 3  X 10 -41 
6 . 0 2 7  X 10 -8° 
1 . 8 3 8  X 10 -22 

3 . 9 5 1  X 10 -19 
4 . 9 9 3  X 10 -16 
1 . 0 6 8  X 10 -~2 
6 . 9 8 3  × 10 -12 
1 . 9 8 6  × 10 -1° 

3 . 0 8 7  X 10 -9  
3 . 0 4 8  X 10 - s  
2 . 1 2 0  X 10 -7 
1"118  × 10 .6  
4 . 7 5 5 X  10 .6  

1 - 6 8 1 X  10 -5 
5 . 1 4 3  X 10 -5 
1 . 3 8 6  X l 0  -4  
3 . 3 8 3  × 10 -4  
7.535×1o-4 I 
1 . 5 5 7  X 10 -a  
3 . 0 2 4  × 10 -2  
5 . 5 0 6  X 10 - a  
9 - 5 7 5  X 10 -8 
1 . 5 9 7  X 10 -2 

2 . 5 5 9  X 10 - 2  
3 . 9 4 9  × 10 -2 

H 

4 . 8 6 7  X 10 -36 
8 . 1 9 0  X 10 -36 
2 . 2 0 4  × 10 -"6 
1 -042  x 10 -2o 

6" 473 X 10 -17 
3" 377 X 10 -14 
3.  740 X 10 -12 
1 "469 X 10 -1° 
2.  788 × 10 -9 

3.  125 × 10 - s  
2 . 3 4 6  x 10 -7 
1 . 2 9 9  × 10 -6 
5 .391  × 10 - 6  
2 . 0 2 9  X 10 -5 

6 . 2 0 3  X 10 -5 
1 . 6 7 0  X 10 -4  
4 . 0 2 7  X 10 -4  
8 . 8 8 9  × 10 -4  
1 - 8 1 2 X 1 0 - a  

3 . 4 5 4 ×  10 -3 
6 - 2 2 7  × 10 -3 
1 . 0 6 4  × l 0  -2 
1 . 7 4 2  X 10 -2 
2 . 7 4 7  x 10 -2 

4 .  182 X 10 - 2  
6.  166 X 10 -2 

N O  

6 " 2 5 3  X 10 -16 
8 . 2 0 3  X 10 -16 
6 " 7 7 1 X  10 -13 
1 " 5 6 8  X 10 -9  

5.  9 1 2  X 10 - s  
7 - 9 1 7  x 10 -7  
5 . 5 4 1  X 10 -6  
2 - 5 1 6  X 10 -5  
8 . 4 3 2  × 10 - 5  

2 . 2 7 2  × 10 - 4  
5.  188  X 10 - 4  
1 . 0 4 3  X 10 - a  
1 . 8 9 7  X 10 - a  
3 .  195  X 10 - 8  

5 . 0 2 8  X 10 ~3 
7 . 5 1 1  X 10 -3  
1 . 0 7 2  X 10 -3  
1 . 4 7 6  x 10 -2  
1" 971 X 10 -2  

2 .  548  × 10 -2  
3 . 2 3 0  X 1 0  -2  
4 . 0 0 4  X 10 -3  
4- 8 7 8  X 10 - 2  
5 - 8 5 6  × 10 - 2  

6 . 9 2 4  X 10 - 2  
8 . 0 7 7  X 10 -2  

C02  

1 - 2 3 4  X 1066 
4 " 6 4 8  × 1066 
3 . 4 3 6  × 1051 
1 " 8 1 1  × 1041 

2 .  5 1 7  X 1034 
3-  183 X 1039 
6 .  7 0 9  X 1025 
9 . 2 5 0  X 1022 
4 .  7 4 9  × 1020 

6-  3 4 5  X 10 is 
1. 7 3 8  X 1017 
8 . 2 4 8  X 1015 
6-  0 4 0  X 1014 
6-  2 8 7  X 10 la 

8 . 6 4 9  × 1012 
1 . 5 0 2  × 1012 
3 . 2 1 5  X 1011 
7 . 3 0 6  X l 0  lo 
2 . 2 3 9  X 1016 

7 . 1 8 3  X l09  
2 . 5 5 3  X 109 
9 . 9 3 2  x l 0  s 
4 . 1 7 5  X ! 0  s 
1 . 8 8 0  X 10s 

8 . 9 9 8  × 107 
4 . 5 4 2  X 107 

CO 

1 . 1 3 5  X 10 ~4 
8 " 6 2 5  X 1023 
1 . 3 6 1 X  1019 
1 " 8 2 0  X 1016 

2 . 2 0 3  X 1014 
9 . 3 7 0  X 1012 
8 . 6 9 2  X 1011 
1 . 3 5 7  X 1 0  n 
3 . 0 5 2  × 1 0  lo 

8- 948  X 109 
3 . 2 0 0  X 109 
1 . 3 3 3  X 109 
6 - 2 6 9  X l 0  s 
3 - 2 4 7  X l 0  s 

1 . 8 2 0  X 10 s 
1 . 0 8 8  X 10 s 
6 - 8 7 0  X 107 
4 . 5 4 1  X l 0 7  
3 - 1 1 8 x 1 0 7  

2 - 2 1 3  X 107 
1 . 6 1 7  X 107 
1 . 2 1 3  X 107 
9 . 2 9 2  X 106 
7 . 2 6 5  X 106 

5 . 8 3 2  × 106 
4 - 6 6 3  X 106 

COs 
CO 

1 " 0 8 7  X 1045 
5 " 3 8 9 X  1044 
2 - 5 2 6  X l 0  ss 
9 " 9 5 3  X 1024 

1. 144 X 1020 
3 . 3 9 4  × 1016 
7- 718  × 10 ~a 
6 . 8 1 9  X 1011 
1 • 556  X 101° 

7 . 0 9 2  X l 0  s 
5 . 4 2 7 X  107 
6 . 1 8 1  × 106 
9 . 6 5 2  X 105 
1 . 9 3 3  × 105 

4 - 7 5 1 X  104 
1 . 3 7 8 X  104 
4 . 6 1 2  X 10 a 
1 . 7 3 0  X 10 a 
7 . 1 8 0  X 103 

3 . 2 4 8  X 103 
1 . 5 7 7  × 102 
8 . 1 9 6  × 101 
4 . 4 9 8  X 101 
2 . 5 8 8  X 101 

1 . 5 5 7  × 101 
9 - 7 4 8  

C 2 
C 

2 . 1 8 4 9  X 106 

1 " 8 2 8 0  × 105 
3 " 6 9 3 4  × 104 
8 . 8 9 5 2  × 103 
2 . 4 8 2 7  × 10 a 
7 " 8 6 2 2  × 10 ~ 

2 - 7 7 5 7  × 102 
1 " 0 7 5 0  × 102 
4 . 5 1 7 0  × 101 
2 - 0 3 9 6  × 101 
9 - 7 9 7 6  

4 " 9 7 4 2  
2 . 6 5 1 9  

C 0 *  

4 " 8 3 9 0  X 10 is 

1 . 9 0 7 1  × 1017 
1 • 0979  × 1016 
8 . 6 6 9 0  × 1014 
8.  9288  × 10 la 
1 • 1 5 2 2  X 10 l a  

1 . 8 0 5 5  × 1012 
3 " 3 4 5 5  X 1011 
7 - 1 8 0 5  × 10 lo 
1 - 7 5 0 4  X 1016 
4 : 7 7 3 6  × 106 

1 - 4 3 7 5  × 1 0 6  
4 . 7 2 4 9  × l06 

Pc 

2 " 1 5 4 7  × 10 -26 

7 " 9 6 3 0  X 10 - i s  
1 - 0 9 0 3  × 10-15 
6 " 9 5 8 6  X 10 -14 
2 " 4 3 9 8  X 10 -12 
5 " 2 9 6 1 X  10= 11 

7 - 7 9 4 0  × 10-1 
8 . 3 2 8 8  × 10 - a  
6 . 8 1 8 2  X 10 - 6  
4 . 4 6 0 4  X 10 -7  
2 . 4 1 1 8  X 10 -6 

2800  4 " 4 8 5  × 101 
2900  3 - 1 0 9  × 101 
3000  2 " 1 9 2  × 101 

3100  1 " 5 8 3  × 101 
3200  1"165  × 101 
330O 8 " 7 2 4  
3400  6 " 6 5 4  
3500  5 - 1 3 8  

3600  4 . 0 3 3  
3700  3 - 2 1 1  
3800  2 . 5 8 6  
3 9 0 0  2 - 1 0 5  
4000  , 1 " 7 3 2  

9 - 7 1 2  
1"028  
1 - 0 7 8  

1"137  
1-191  
1 . 2 4 2  
1"294  
1"339  

1"386  
1"433  
1"480  
1"527  
1"571 

× 10 -1 5 . 9 4 8  × 10 .2  
8.  649 × 10 -2 
1 . 2 2 8  × 10 -1 

1. 707 × 10 -'1 
2- 327 X 10 -1 
3 . 1 1 2 X 1 0 - 1  
4 . 0 9 1  × 10 -1 
5 . 2 7 9  × 10 -1  

6 . 7 3 0  × 10 -1 
8 - 4 7 9  × 10 -1 
1 . 0 5 5  
1 .301  
1 . 5 8 4  

8 . 8 7 9  × 10 .2  
1 . 2 4 4  X 10 -1 
1 . 7 0 3  × 10 -1 

2 - 2 8 8  × 10 -1 
3 . 0 2 2  × 10 -1 
3 . 9 3 5  × 10 -1 
5 ' .014 × 10 -1 
6 -321  × 10 -1 

7 - 8 5 6  x 10 -1 
9 . 6 6 4  × 10 -1 
1 . ! 7 5  
1 . 4 2 0  
1 -694  

9 . 3 3 7  × 10 -2 
1- 067  × 10 -1  
1- 208  × 10 -1  

1 . 3 5 7  × 10 -1 
1 • 5 1 4  × 10 -1 
1. 678  × 10 -1 
1. 846  x 10 -1 
2 . 0 1 7 x 1 0  -1 

2.  195 × 10 -1 
2 . 3 8 2  × 10 -1 
2 .  572  × 10 -1 
2 .  771 × 10 -1  
2 . 9 6 8  × 10 -1  

2 - 4 0 5  X 107 
1- 330  × 107 
7 - 6 3 9  × 106 

4 . 5 4 9  X 106 
2 . 7 9 8  X 106 
1 . 7 7 2  X 106 
1 . 1 5 1 X  106 
7 . 6 2 9  x 105 

5 . 1 9 5  X 105 
3 . 6 0 8  X 105 
2 . 5 5 4  X 105 
1 . 8 3 8  X 105 
1 . 3 4 5  X 105 

3 . 8 1 4  X 106 
3 - 1 5 9  X 106 
2 . 6 4 4  X 109 

2 . 2 3 7  X 106 
1 .911  × 106 
1 . 6 4 5  × 106 
1 . 4 2 7  X 106 
1 . 2 4 4  X 106 

1 . 0 9 4  X 106 
9 " 6 7 3 X  105 
8 . 6 0 3  × 105 
7 . 6 9 1  × 105 
6 . 9 1 1 X  105 

6 " 2 9 9  
4 " 2 0 7  
2 " 8 8 8  

2 " 0 3 5  
"464 
"077 

0 " 8 0 6 6  
"6130 

0 " 4 7 5 3  
0 " 3 7 3 3  
0 " 2 9 7 2  
0 - 2 3 9 0  
( 1947 

1"4785  
8 . 5 8 1 4  X 10 -1 
5 . 1 6 2 1 X  10 -1  

3 . 2 0 5 2  × 1 0  -1 
2 . 0 4 8 2  X l 0  -1 
1 . 3 4 4 1  × 10 -1 
9 . 0 4 5 4  X l 0  -2  
6 . 2 2 0 6  X 1 0  -2  

4 . 3 6 7 1 X  10 -2 
3 - 1 2 3 5  × 1 0  - 2  
2 . 2 7 3 7  X 10 -2 
1 . 6 8 1 2  X 10 - 2  
1 . 2 6 1 3  X 10 . 2  

" 1 . 6 8 0 7  X l 0  s 
6 . 4 1 8 1 X  107 
2 . 6 1 1 3  X 107 

1 . 1 2 6 3  X 107 
5 . 1 1 9 2  X 106 
2 - 4 3 6 9  X 106 
1 . 2 1 2 0  X 106 
6 . 2 5 6 4  × 105 

3 . 3 5 8 9  X 105 
1 . 8 6 2 4  X 105 
1 . 0 6 6 4  X 105 
6 . 2 8 0 6  X 104 
3 . 7 9 7 1  × 104 

1 - 1 0 7 9  X 10 -5  
4 . 4 2 0 9  × 10-5 
1 . 5 6 0 9  × 10-4  
4 . 9 5 2 7  × 10 -4  
1 - 4 3 0 3  X 10 - a  

3 . 8 0 1 5  X 10 -3  
9 . 3 8 4 0  X 10 - 3  
2 - 1 6 8 8  X 10 - 2  
4 - 7 2 5 3  X 10 -2  
9 . 7 6 3 2  X 10 -2 

1 . 9 2 2 9  x 10 -1  
3 - 6 2 6 4  × 10-1 
6 . 5 7 5 0  x 10 -1 
1 . 1 5 0 0  
1 - 9 4 6 7  

3 " 1 9 7 9  
5 " 1 1 0 0  
7 " 9 6 1 0  

1 2 " 1 1 5 9  
18"0433  

Pc2 

1 "9470 × 10-2~ 

4 " 6 2 1 4  X 10 -34 
2 " 9 5 8 1 X  10 -21 
6 " 9 1 7 7  X 10 -16 
7 " 3 3 9 8  × 10 -17 
4 " 1 4 1 9  X 10 -15 

1 " 4 0 0 0  X 10 - l a  
3 .  1046 × 10-12 
4 ' 8 4 7 4  × 10 -11 
5 . 6 3 4 1  X 10 - l o  
5 . 0 9 7 1  -X 10 -9  

3 . 7 2 0 9  X 10 - s  
2 - 2 5 7 5  X 10 --7 
1 - 1 6 6 2  X 10 -6 
5 . 2 3 5 5  X 10 - 6  
2 . 0 7 7 3  × 1075 

7 . 3 9 0 5  X 10 -5  
2 . 3 8 6 6  × 10-4 
7 . 0 6 8 8  X 10 -4  
4 - 9 3 8 0  X i 0  -2  
4 . 9 5 6 1  × 10 -a  

•.•904 × 1 0  -2 
2 . 7 0 1 4  × 10 -2  
5 . 8 2 2 3  × 10 -3  
1 . 1 9 7 2  × 10 -1 
2 . 3 5 8 7  × 10 -1 

4 . 4 6 8 0  × 10 -1  
8 . 1 6 4 0  × 10 -1 
1 . 4 4 3 1  
2 . 4 7 4 1  
4 . 1 2 3 5  
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