 RovaL ap/BRARY R. & M. No. 3015
R AIRCRART royvagp o S as, |
o Q.Ufr““i,,zgf !SW’"ENT o AR.C. Technical Report

' MINISTRY OF SUPPLY

*  AERONAUTICAL RESEARCH COUNCIL
- REPORTS AND MEMORANDA -

| ‘}‘Enthalpy\ Charts: For Dissociating Gas |
M_iXturCS, in the Temperature Range
| 600 deg to 4000 deg K

H. REICHEkT, Dr.Ing.

Crown Copyright Reserved

' LONDON: HER MAJESTY'S STATIONERY OFFICE
L 1957 o

" PRICE 5s 6d NET




Enthalpy Charts: For Dissociating Gas Mixtures 1in
the Temperature Range 6oo deg to 4000 deg K
. ' By
H. REeicHERT, Dr.Ing.

COMMUNICATED BY THE DIRECTOR-GENERAL OF SCIENTIFIC RESEARCH (AIR),
MINISTRY OF SUPPLY

Reports and Memoranda No.. 301 5t
August, 1950

. 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,0O-system, but their extension to include N in the system is quite simple. 28] charts with the total pressure p
and the molar ratio #y/ny 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 #efny; =0, 0-2, 0-4, 0-6, 0-8, 1-0 and co. The four charts
(reduced in scale) for the molar ratio #¢/#; = 0-4 are attached as examples. TFull 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. Introduction.—The thermodynamic treatment of combustion and flow problems, which is
of particular significance in contemporary rocket engineering, is made difficult by the immense
amount of time required for exact calculation. Realizing that the knowledge of the mixture
composition is an important basis for all thermodynamic calculations, Lutz' has put forward
details of a method by which the composition of a mixture of dlssomatlng gases can be estimated
relatively quickly. For engineering purposes, however, it is often desirable to avoid estimating
the gas composition and to be able to work directly with state diagrams, such as the Mollier
diagram. Enthalpy-entropy diagrams for dissociating gases, however, can only be constructed
for one specified reacting mixture, and hence cannot be used to represent general conditions.

The accompanying enthalpy charts have been constructed on the basis of the reaction enthalpy
as defined by Lutz, and with the use of a reasonable number of charts, they facilitate the treatment
of thermodynarmc problems of combustion reactions over a techmcally useful range of tempera-
tures of up to 4,000 deg K in'a simple and straightforward manner.

First a general indication of the Lutz system of reaction thermodynamics will be given, followed
by the development of data for the construction of the charts; finally the method of use is
described. Four tables are given to show the thermal data and the values of the equilibrium
constants, which have been summarized from the work published by Lutz up to 1947. The
appendix consists of a sample set of enthalpy charts.

+tR.A.E. Tech. Note R.P.D. 35, received 29th January, 1954.

1Only twenty charts were completed finally : for the four specified pressures p = 0-1, 1-0, 10-0 and 100-0 kg/sq cm,
and for the five molar ratios #g/ny =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 Relationships.—2.1. The Equation of State.—The dissociating gases chiefly
of interest in engineering (O,, H,, H,O, CO, CO,, N,) are, in the temperature range under con-
sideration, sufficiently removed from their critical points or the liquid state for the state equat1on
ofa perfect gas to be assumed valid for an individual gas component ¢ ; that is :

pﬁvi:RiTJ .« .; .. .« .. .. “ ) “ . (1)
or sz:GzRaT .. .. . .. .. .. .« .. .. (161)

in which V is the total volume of the mixture, and G, the partial weight of the individual gas
component <.

The total pressure p of the mixture is the sum of the partial pressures :

p:Ep, . .. . .. . .. . .. .. (2)

and the gas constant® of an individual gas component is :
R 1 98718 o :

Ri_:]l_ji— M, cal/g°’K e e . .- . (3)

where M; = molecular weight ;
G,

hence ?iV = RT M, (10)
or p,;M,,‘V — RTG,;,

that is, for the entire mixture,
- VEpM,= RTZG, = RTG, : ' ‘
or vIpM,=RT. .. .. . . . . N )

2.2. Definition of Reaction E%thaljﬁy —The first law. of thermodynamlcs for. 1 kg of the mixture
can be written in terms of the enthalpy 7 as :

| dg = dSgd; — vdp, .. .. ... (5)
where g, is the proportion by weight of an individual gas, and 2 g; = 1.
Then from equation (15) :

Gy M ' , ‘ _ -
gﬂ/:G_:EPPM’ . . . .. . .. . e e (6)

and it follows from équations (4) and (5) that : S o
| . Spl, RT o
W=aspnm,~ spr, (5a)

where I, is the molar enthalpy.

“This form of the first law allows the changes of state of mixtures of d1ssomat1ng gases to be
dealt with, if the individual partial pressures p; are known.

The equation (54) is, however, not in a suitable form, as in general a change of internal heat
energy is associated with any change of state, so that d¢’ indicates the sum of the internal energy
change on dissociation or recombination and of the external heat change. -However, by using
a suitable definition of enthalpy the separation of internal and external energy can be effected.
quite simply. :

We will take the oxy-hydrogen gas reaction as an example :
Hz + %Oz - Hzo _I‘ Wo
1 mole + 4 mole = 1 mole 4 57,104 cal
- 2g + 16g = 18g + 57,104 cal.



If we consider 1 mole H, and { mole O, to be mixed at absolute zero and the reaction to go
to completion, then §7,104 cal are released ; the heat content of the mole of H,0 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 H, and O, 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.)

It 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 O,, H,, N, 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 7 deg K and the enthalpy of the original elements in their standard state
at 298-16 deg K. :

Or alternatively :

The reaction enthalpy gives the quantity of heat that must 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® are shown below :

Energy change in cal at absoliite zero and at 298-16 deg K at 1 Atm

Reaction 0deg K 208-16 deg K

C (graphite) + O, - CO, —93,969+ —94,052
C (graphite) + 40, = CO —27,2021 —26,416
CO + 10, = Co, — 66,767 67,636
C (graphite) < C (diamond) - +577t +453
H, 4 10, < H,0 (gas) —57,1041 —57,798
1H, + OH = H,0 (gas) — 66,9001 67,653

3H, o H +51,24011 1-51,709

10, =0 158,5301 1 159,103
IN, + 10, = NO 1-21,5001 121,622
H,0 (liquid) = H,0 (gas) 410,520+
C (graphite) = C (gas) 1-125,000§ 1-126,229
2C (gas) = G, (gas) —83,000§ —83,922

"{NBS/RP 1634. fDwyer. J. Chem. Phys. 12. p. 351. 1944. +t{Beutler, for 3/4 ortho—and 1/4 para—H,,

I1J. D’Ans and E. Lax. Taschenbuch fuer Chemiker & Physiker. Berlin, 1943,

§ Information supplicd by Prof. Eucken, Géttingen,

Al
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For the example of the oxy-hydrogen gas reaction, as already stated :
W, = 57,104 cal, |
and the following enthalpy values for 298-16 deg K are extracted from Table 1 :
Iy, = 2,024 cal '
I,, = 2,070 cal
Iy, = 2,365 cal.

If the reaction enthalpies (indicated by an asterisk) are standardized in accordance with the
definition given above, we get for the elements O, and H, the following values :

Iy, = 0 cal :
I — 0cal at 298-16 deg K
0y — .
Ig, = — 2,024 cal £ 0 des K
I, = — 2,070 cal at b deg
and for I, at 0 deg K we have :
Th,0 = — 57,104 — 2,024 — 4(2,070) = — 60,163 cal
and at 298-16 deg K :
Ig,o = — 60,163 + 2,365 = — 57,798 cal.

This value also indicates the enthalpy of formation of gaseous H,O.

Table 2 shows the values obtained in this way for the reaction enthalpies I" up to 4,000 deg K.
For example it can be seen that for CO the reaction enthalpy changes its sign between 3,400 deg K
and 3,500 deg K, that is, it passes through zero. If we consider the reaction of 1 mole C (graphite)
with § mole O, at 25 deg C at constant pressure, a temperature 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 estimated quite simply by means of reaction
enthalpies.

The advantage of the particular standardization chosen now becomes clear. As the formation
enthalpies of technically important substances are known and in consequence their reaction

enthalpies, all thermodynamic calculations can be carried out by means of a clear and straight
forward method.

If the reaction enthalpy 7" cal/mole or " cal/g is used the first law of thermodynamics
takes the usual form :

dg = di' — v dp callg, . .. . .. .. .- . (50)
o 2Pds
where z—zjbiMi .- .. . . .. . .. .. (7)
RT :

and p; indicates the partial pressure of an individual component of the mixture, M, the molecular
weight, v the specific volume in cu m/kg and R the universal gas constant. If we know the partial
pressure p; of the mixture, all the state values can be calculated very easily by means of equations
(50),.(7) and (4a) and the enthalpy values I" of Table 2. It is, however, important to remember
that dg in-equation (56) means only the external heat supplied to the system, as in the usual
method of stating the first law of thermodynamics for individual gases, and that the internal
heat changes occurring during dissociation or recombination are indicated by ¢,
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This result has more than a formal significance ; it means that henceforth all changes of state
can be followed by a well known and elementary method and that errors due to the difference
between calorific value and chemical energy are obviated, and what is most important isentropic
lines can be represented simply.

2.3. Reaction Equilibria.—If we introduce the entrop.y s in equation (58), we have for a
reversible change of state :

Tds=di" —vdp .. . .. . . .. . . (8)
and for reactions at constant temperature and pressure we get :
di" — T ds =0
or a(i" — Ts) =0, . . . . . .. . . 9)
where s is the absolute entropy which can be split up as follows :
s:so—]‘%lnﬁ, o

where the temperature dependent portion at p, is s° and the pressure dependent portion is
(R/M) In (p/p,). The mole-entropies S°, which for convenience in technical calculations refer to
1 at = 1 kg/sq cm (nof 1 Atm), are shown in Table 3.

If #;, = number of moles of component ¢ of the mixture then :

" Sul:
C = S, ””
zn,S;
and s = Su (12)
and it follows from equations (9) and (10) that :
) : " I: A
A3RIn %) :AEni<S?——f>, O )

where p,/p, is the partial pressure p; of component ¢+ measured in units of the reference pressure
p, related to S; and, therefore, expressed in af units ; p;/p, can then be replaced by p; (af), although
the equilibrium constants from the left side of equation (13) are no longer dimensionless as
required in a logarithmic treatment. '

In the oxy-hydrogen gas reaction 1 mole H, and { mole O, are replaced by 1 mole H,O; hence
from equation (13) it follows that :

Rln *—szo

I I I
n R = (5 D) (D) (D) s
]5]12\/]502 e T Hy0 T Hy * T 0y ( a)
From Tables 2 and 3 we obtain for 2,000 deg K :

(SO — £> = 63-325 + 40,403 = 83-527
Hp0

T 2,000

r 12,648 ..
(5.~ T>Hz = 45:070 — gy = 88°74S

r 14,140 .
(SO - ?>02 — 64-277 — oo = 57202
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and hence :

: ?Hzo :
RlIn——— = 83-527 — 38-746 — }(57-502) = 16-180.
sz'\/POZ 2( )
Converting to base 10 logarithms we get :
o B 16-180 a.
log P/ Po, log Ko = 5 300585 x 1.0872 — © 000!

KES = 0-3436 x 10%

The equilibrium constants K from equations (13) and (13a) have been calculated and are
shown in Table 4 in the form :

pgus
= LB .. .. .. .. .. . .. .. 14
I7 (pelement)ni » ( )

(The numerator refers to gas component produced, and the denominator to the reacting elements).

~

Thus Kyyo = 17&%{/;—0
Ko = 0 Ve,
Ko = ﬁ; r (15)
Ka=
Kyo = \_/?)f—mvﬁ

J

In heterogeneous reactions, as for instance C (graphite) + O, = CO,, it is clear from expression
(13) that the solid carbon, C, appears on the right-hand side, but makes no contribution to the
gas-pressure term on the left-hand side. :

Therefore Ko, = Peoy
Poz
(15a)
and : »
Kco = L
V'po,
If there is no carbon, C, present in the solid state the two constants (154) must be replaced by :
K
K3 = Pooy __ Hooy (150)

Poo \/]502 - Keo ’
corresponding to the reaction :
CO -+ 30, CO,.
For gaseous carbon two further eciuﬂibrium constants are taken into account ; for the reaction ;
C,z2C



there is the corresponding constant :

Pe
Ky == 15¢
¢ ?Cz ( )
and similarly for the homogeneous reaction :
C+ 30, 2CO
the constant Koo — — 2% — PR 17

P Vo,

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 n¢: #ny: #0: #y: are known.
Since the partial pressures and the mole ratios are proportional to each other, we can write :

g = Peo, + Poo + Po + 2pe, + nd (ne = solid carbon). .. .. (16)

In the gaseous phase, up to the limit where solid carbon appears, #$ = 0 ; there is an appreciable
contribution by p¢ and p¢, only at high temperatures shortly befcre reaching the limit when
solid carbon is obtained; at this stage po = p¢ and pg, = p¢,, 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 :

N = Poo, + Peo - .. .. - .. .. .. .. .. (16a)
Furthermore #g = 2pu,0 + 2P, + Pox + 2= .. .. - .. .. .. (17)

1o = 2pco, + Peo + Pugo + Zibo2 + Por + Po + Pro .- . (18)

iy = ZPNZ + Pxo » ' ) | (19)
in which the values of #, 7y, . . . . are related to the partial pressures of the components C, H, . ... .

of the initial mixture.

We also have the total pressure requirement that :

P = Pcoz + ]500 =+ Pﬂzo + sz + POH + PH + j)oz + ﬁo + Pc + Pcz . . (20)

In the construction of the charts the problem is straight forward, as the partial pressures can be
derived, starting with the values of #g, ng and %, for the initial mixture.

3. Construction of Charts.—3.1. Method of Presentation.—As already indicated in the intro-
duction, the normal method of dealing with the thermodynamic problems of dissociating gases
for engineering purposes 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.
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In the choice of the method of presentation particular stress has been laid on the attempt to
secure the greatest possible accuracy of interpolation with a relatively small number of graphs.
To this end the total pressure p and the ratio #q/ny have been chosen as parameters and the
reaction enthalpy ¢° has been plotted against a ‘reaction ratio’. The oxygen ratio #y/ny is not
a suitable parameter for this method of presentation, as the carbon component is not taken
into account, and hence difficulties occur with mixtures of low hydrogen content. The oxygen
ratio can, however, be standardized quite simply by defining a reaction ratio I" in a similar way
to a mixture ratio, such that when I" = 0 there is only fuel, when I" = 1 there is only oxygen
and when I" = 0-5 the mixture is stoichiometric. From this definition we have :

Un

I = : . .. .. .. .. .. .. .. 21
2nc + fng 4 %, 2D

The following relation holds between I' and the usual oxygen ratio 4, :
BREYR
The I' presentation has the advantage of showing a numerical symmetry for ‘ weak * and ‘ rich’

mixtures, which is desirable in any graphical presentation, whereas in the 2, presentation the

fuel excess region is compressed from 0 to 1, and the less important oxygen excess region occupies
the range from 1 to . ‘

I

Fig. 1 shows schematically the construction of an enthalpy chart ; the abscissa represents I’
and the ordinate the reaction enthalpies ¢* for different temperatures ; the parameters are the
total pressure p and the ratio ny/ng. Lines of constant entropy and lines of constant molecular
weights are also shown on the chart. As a preliminary measure 28 graphst 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
Nefng = 0,0+2,0-4,0-6, 0-8, 1-0 and o over the temperature range 600 deg K to 4,000 deg K.
The temperature 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 ne/ng = 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 py,, po, and n, for different temperatures are shown in the lower part of each

chart and from these the gas composition can be determined 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 indicating how to calculate individual points. For each point
the equilibrium mixture composition for a given temperature must be first calculated. Equations
(15) to (154) for the equilibrium constants are used for this purpose as well as relations (16) to (21).
Forone individual chart, p and #/ny are assumed. If values of Pu, OT po, are selected, the remaining
partial pressures and finally the value of I" can be calculated. Whether it is more advantageous
to begin with a given value of pg, or of p,, depends in which I'-section points are desired. Basically
the I'~range can be divided as shown in Fig. 1 into three sections: excess oxygen section, I" > 0-5

to 1, fuel excess section up to the solid carbon boundary I' < 0-5, and a section with solid carbon .
from the solid boundary to I' = 0. Fig 2 shows schematically the basic change of pg, and p,,

relative to I" and it can be seen that for calculating points in section I" > 0-5 it is better to start
with po, and in the I" << 0-5 section with py,. Finally by means of the values for pi and pY,

(Table 4) it can be determined whether p; and p, can be neglected. The calculations then proceed
as follows :

T See footnote to Summary (page 1).



(@) p& negligibly small ; outside solid carbon boundary.

We have
7/11():?602”‘[_?00 o .. .« .. ‘e .« .. “« . (16@)

and from equation (20) :
P = g + Ny — Pryo — Pa, + Po, + Do

= (14 2“0/"&)(?320 + PH2> + (1 + HeMg) (Pow + Pu) + Do, T Do

or P = (1 + 2ne/nu) {Kup pu, V/(Dog) + Puy
+ (1 ngfng) {Kow v/ (b)) V (Poy) + Ku v/ (buy)} + Po, + Ko v/ (Poy). (22)
Rearranging the terms we obtain for po, :
| Bog -+ ¥/ (Pog) (Ko + (1 4100/ Kow/ (biy) + (1 + 2o/ Kuoppu,]
= p — (1 + no/nm) K v/ (b)) — (1 + 2000/1t) Py

which can now be expressed in the form :

I P 25
where % =K, + (1 4 nefng) Kou v/ (Pu,) + (1 4 200/18) Knyo Pu,
and b= p — (1+ nofnn) KA/ (p) — (1 + 2nofn)pa,
The solution is
vV (Po,) = V(@ + b) — a. . .. .. . .. . (24)
In a similar way arranging the term we obtain for pg, :
(1 sefm) (Ko X /(o) + Eu) b — poy — Ko/ (boy)

Pay V(P (1 + 2ng/ng) (Ko X vV (Po,) + 1) B (1 4 2ne/ng)(Kuo v/ (Po,) + 1)

which can be expressed in the form :

pu, + 2a+/ (Pr,) =0 .. . . . . . . (23a)
with a corresponding solution. The values of puo, and peo can be derived from equations (150)
and (16a).

(b) P megligibly small ; solid carbon boundary —Equations (154) are also valid in this case. Thus
P = Koo, Po, + Koo vV (Po,) + Kiyo P, A (Poy) + P, + Konv/ (Pua) vV (Poy)
+ K/ (Pu,) + Po, T Ko/ (Poy),

that is:

I<CO KHOH +KOH Lt KO - rh __—]{H I
oy + oy Koo T K  Pon Vipw) T 50 7 b, = Ko (p)

and can be expressed in the form $,, + 2a4/(po,) = b, with a corresponding solution. At the
solid carbon boundary #& there is only one correct value for po, or py, for a given ratio ng/ns.
We must assume a value for g, and calculate po, by means of the last equation to get ngfnyg ;
pm, must then be amended until #¢/ny reaches the desired value. '

¢) pY megligibly small ; solid carbon region.—We have
L8 4

Ny = (Pco2 =+ Pco). -+ ng = ng + Ng.
9



The values of p,, and P, can be calculated as in para. (b), then the value fig/ny for the charts is :

I S
no _m | ng
Ug Mg g

(4) b and po, not negligible ; gas region.—We have
o = Poo, + Poo + Po + po,
Equation (22), therefore, becomes
P+ Do, = (1 + 2no/na)(Kuyopu, v/ (po,) + tu,) : :
+ (Ut nofna){Kow / (Bm) V/ (Bo) + K v/ (b))} + po, + Ko v/ (poy). (25)

‘To obtain the solution, we first proceed as in para. (#) neglecting P, then calculate pg, by means

of equations (15¢) and (154) ; using this value we recalculate equation (25) and repeat the process
until the values of pg, agree. It should be noted that p, < p¥ and Do, < P,

(e) Sublimation boundary.—At the sublimation boundary :
Pe = p¢ and po, = 7,
and equations (154) are also valid.
The solution is obtained as in para. (b) and it should also be noted that :

ny = I<002]502 4+ Ky \/(?02) + pS A+ ZPXZ

or ng = ng + p5 + 2p%,,
that is 1’5_‘6':1_’5_%_*_?3%—2?32
Ny g Ay

(/) Sublimation region.—The solution is obtained as in para. (c) and it should be noted that :

Mo _ MG | ng

Ny Ny Ny

(&) Region in which the effects of dissociation can be neglected.—Dissociation has practically no
effect at temperatures below 1,400 deg K. By omitting the atomic partial pressures pg, po, etc,
the computation equations can be used for this region in a considerably simplified form.

(5) 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 :

'*__ZP'LI: .
Z*E“]biMi .. .. . .. - .. .. .. .. (7)
2p, M,
M—-—E}T .. .. .. .. .. .. .. .. - (26)
_ 3pS° — RSp,In p; |
s = Spiil, ... . .. .. .. .. .. (10a)

The values used for I", M and S° are shown in Tables 2 and 8.
10



4. Use of the Charts.—4.1. Determination of State of the Gas.—The combustion of butane
C,Hy, and oxygen will be considered as an example to illustrate the method of using the charts
since the #y/ny ratio = 0-4 for this mixture is exactly that for which the attached charts are
drawn and consequently no interpolation is required for #¢/ny. For other problems the values of
the state functions have to be interpolated from the charts by taking the values of #¢/ny nearest
to those required.

For the stoichiometric combustion of butane and oxygen we have :
CH,, + 6:50, = 4CO, + 5H,0.

If combustion takes place with a 20 per cent deficiency of oxygen, only 5-2 moles O, are available
and therefore as #¢fng = 0-4

and Hoft = 2X1T5.2 =104

Ho [
hence =~ o8 = 0-4444 .
2%0/"3 -+ 7”'0/”11 -+ %

For I' = 0-4444 and the two temperatures 2,000 deg K and 3,000 deg K the following values
can be read off the charts :

» T i M S
9000 1522 25.0 2.85
0-1 3000 + 831 18-1 3.72
2000 _ 1518 250 2.67
1-0 3000 | — 416 29.2 3.09
2000 _1516 25-0 2.48
10-0 3000 — 862 24.9 2.74
2000 — 1516 250 2.30

100-0 3000 — 992 248 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'-charts 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 py,, po, and #o can be read off the lower part of the charts. The

remaining partial pressures can then be obtained from equations (15) to (154).

From the key value #,, if I" is given one obtains :

H s —
nglng + %
and Ng = Mg X Nefhy .
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For the example which is being considered, i.e., the combustion of butane and oxygen

(' = 0-4444, ny[ny = 0-4) the following values for 7, and hence for #y and #, are obtained from
the charts : :

jb T 1o ny 2] PHZ POZ
2000 0-1158 0-1115 0-0446 0-0083 —0
0-1 3000 0-0840 0-0808 . 0-0323 0-0104 0-0055 -
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 | 84 —0
100-0 3000 114-8 110-4 44-2 - 6-7 —0

At points where po, orpy, — 0, wefirst estimate py,, from the simplified relationship

#g = 2pm,0 + 2pu,. The order of magnitude of p,, and py, can then be determined from the
equilibrium condition for H,O.

4.3. Use of the Charts for Mixtures Containing Nitrogen.—The 4°, I'-charts can be extended
to cover mixtures containing nitrogen. Each point is valid for a given mixture of C, H and O,

whose components are indicated as usual by #g, ng and #,. For any point, therefore, the basic
relations :

Ng = Poo, + Poo - . .. o o . . . (16a)
g = 2pu,0 + 2pu, + Pou + Pu C . . . (17)
Mo = 2Pco, + Poo + Pmyo + 2P0, + Por + Po e e . .- (18)
and » = 3p, | L | (0)

are exact.

If a N—component is added to this mixture, then #, and ny are unaffected, but », and 4 are
changed as follows : ]

%g:%0+pNO .. .. . .. .« . . . . ‘e (27)
PY = Pat + P, F Prxo - e e e (28)
In addition the following relations must be fulfilled : '
%N - ZPNZ "}— pNO . e .« . e « o A. . ;e (19)
Pro :
and 4 Kyo = . . .. . ee .. . 15
" = Vg V(B0 | R o)

As pyo 1s usually small compared with py, we obtain from equation (19) the following‘value
for py, as a first approximation :

iy
Pry = 722%0%_ )
o

where the difference between #n, and #§ is neglected. The value of pyg is then obtained from
equation (15). If pyo is not negligibly small, a smaller value of the reaction ratio I" must be taken

12



from the chart, that is, the point on the chart must be shifted to the left until 7, is decreased
by pyo and the sum of the two gives the old value. In many cases it is not necessary to make

any correction for py,, but a correction can always be made by means of equations (15) and (19).

As an example let us suppose that butane is burned with air. The reaction equation for
stoichiometric combustion 1s :

C.Hi, + 6-50, + 24-45N, = 4CO, + 5H,0 + 24-45N,

With 20 per cent excess air, 7-8 moles O, and 29-34 moles N, take part in conmbustion. = -

- We have then :

nglng = 04, nolng = 1-56 ; that is, I' = 0-546 and #y/n, = 3-762.
.ForA p = 10 and I" = 0-546 we obtain from the chart for 2,000 deg K :
' no = 15-18,  po, = 1-25, |
and hence to the first approximation :
by, = % x 15-18 x 3762 = 28-55
and bro = 0-01971 X 1/1-25 X /2855 = 0-12.

To correct py,, the values of I" and p,, for #, = 15-18 — 0-12 = 1506 must be read off from
the chart and py, and pyo obtained to the second approximation. Finally we obtain :

I = 0538, #o—15-07, py, = 28-35and py, = 0-11.
The total pressure of the mixture of combustion products is :

P =1"=tbaw + Pxy T Pro . - e (28)
and, in this example, therefore :

p =10+ 28-35 4 0-11 = 38-46.

Using the value of I obtained we now take from the chart the values for ¢*, M and s corres-
ponding to the components C, H and O of the mixture. The molecular weight, reaction enthalpy
and entropy for the entire mixture are given by the equations : . —

j)chart X Mchm't + 28’016PN2 —|" SOOOSPNO
p i 7
o Paws X Mo X G+ DTy + Prolio - gy
pM

— Pchm‘t >< Mcharb X Schatt + pstNg + PNOSNO . . . . - (31)
M -

M= (29)

The reaction enthalpiés Iy, and Iy, and the molar entropies Sy, and Sy, can be taken from
Tables 2 and 3, and it should be noted that the values S° of Table 3 are valid for 1 kg/sq cm
and must be changed in accordance with :

' S5=S°"—Rlnp,.
13



4.4. Reaction Temperatures.—By definition the reaction enthalpy is the quantity of heat that
must be given to the 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.

It can be seen on the charts that the minimum of the reaction enthalpy deviates slightly from
the stoichiometric point I = 0-5 as the temperature rises, 7.¢., 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. It has
been assumed frequently in the past that 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 that
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 attempt 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 :
C4H10 “i“' 6'502 = 4C02 + sto .

It is assumed that 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 ;
It, =H, + nelio, + $nalu,o, .. .. .. .. .. .. (32)

where 7. and ng are molar ratios of the fuel, and A, is the lower calorific value of the fuel. For
butane :

and H, = 634,120 cal/mole®.
Hence the initial enthalpy at 0 deg C:
I p = 634,120 — 4 X 94-260 — 5 X 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 O, (oxygen excess) in addition to

14



those for the stoichiom'etric reaction :

Oxygen molcular ratio +6-0 +6-5 +7:0
r +0-48 +0-5 +0-5185
1o —32915 — 32015 —32915
no X 1o, —1050 —1187-5 —1225
I} | —33965 —34052-5 —34140
S M; +250-08 1426608 +282-08
iy —135-8 —128:0 —121-0
0-1 +2809 +2803 42796
1-0 3090 3083 3075
T°K .
10-0 3411 3400 3386
100-0 +3767 +8750 +3733

At the end of the table the reaction temperatures 7, as read off the charts, are tabulated for
p=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 :
Wi, = 91-5 4/ (44;)m/sec.

The adiabatic enthalpy difference 4¢%,, can be determined by means of the ¢*, I'~charts, since
the isentropes, s = constant, have been drawn on the charts for this purpose. It 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 that the mixture composition remains
constant during the expansion process, and have regarded it as being  frozen ’.

5. Conclusions.—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 combustion-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 7g/ng would be a worthwhile proposition.
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REFERENCES
No. Author Title, etc.
1 O.Lutz .. .. .. - Technical thermodynamics of dissociating gas mixtures. Ministry
. of Supply, Volkenrode. R. & T. 115. July, 1946.
2 0O.Lutz .. e .. Enthalpien, Entropien und Gleichgewichtskonstanten von Verbren-

nungsgasen. Ingenieur-Archiv. Springer Verlag, Berlin und
Heidelberg. 1948.

3 D.D. Wagman, J. E. Kilpatrick, W. J. Heats, free energies and equilibrium constants of some reactions
Taylor, K. S. Pitzer and F. D. Rossini involving 0,, H,, H,0, C, CO, CO, and CH,. J. Res. Nat. Bur.
Stand. RP.1634. 1945.

4 Communicated by Prof. Eucken, Gottingen.
5 J.D'Ansand E. Lax .. o .. Taschenbuch fir Chemiker und Physiker. Springer, Berlin. 1943,

16



L1

TABLE 1 — Absolute Enthalpies I callmole

C (solid) !

T deg K 0, H, H,0 N, (graphite) (diamond){ CO CO, NO OH H ) C C,
273-16 1895 1852 2164 1898 202 115 1899 2030 2019 1929 1357 1475 1357 1901
298-16 2070 2024 2365 2072 252 128 2073 2238 2193 2106 1481 1608 1481 2040

300 2083 2037 2380 2085 255 131 2085 2255 2207 2119 1490 1617 1490 2088
400 2792 2731 3190 2782 503 325 2784 3195 2920 2829 1987 2135 1987 | 2795,
500 3524 3430 . 4020 3485 821 602 3490 4223 3643 3536 2484 2646 2484 3520
600 4279 4129 4873 4198 1198 950 4210 5322 4380 4241 2081 3152 2981 4267
700 5057 4832 5755 4925 1622 1355 4946 6481 5134 4948 3478 3655 3478 5035
800 5854 5537 6666 5669 2082 1804 5700 7689 5908 5661 3974 4157 3974 5823
900 6670 6248 7607 6428 2569 2284 6471 8940 6700 6380 4471 4658 4471 6627
1000 7497 6966 8580 7203 3075 2782 7257 | . 10222 7508 7107 . 4988 5159 4968 | 7444
1100 8335 7692 9580 7992 3596 3289 8056 11536 8327 7844 5465 5658 5465 8271
1200 |. 9184 8428 10613 8793 | - 4130 3802 8868 12872 9157 8593 5962 6157 5962 9108
1300 10041 9173 11675 9605 . 4680 9690 14234 9995 0354 6458 6656 6458 9953
1400 10905 9929 12762 10425 5242 10521 15611 10841 10127 6955 7155 6955 10803
1500 11776 10694 13876 11254 5814. 11359 17004 11693 10910 7452 7653 7452 11659
1600 12653 11470 15014 12090 6394 12203 18411 12551 11703 7949 8151 7949 12519
1700 13536 12256 16173 12933 6981 13054 19829 13415 12505 8446 8649 8446 13382
1800 14425 | 13052 17351 13783 7577 13910 21257 14283 133186 8942 9147 8942 14249
1900 15319 13858 18547 14639 8180 14771 22696 15155 14135 9439 9645 9439 15118
2000 16219 14672 19760 15499 8791 15636 24144 16030 14962 9936 10143 9936 15990
2100 17125. 15493 20992 16362 9408 16505 25600 16908 15796 10433 10641 10433 16863
2200 18036 16322 22238 17228 10032 17377 27062 17790 16637 10929 11139 10929 17739
2300 18952 17158 23497 18096 | 10663 18251 28530 18674 17484 11426 | 11637 11426 18616
2400 19873 18001 24769 18966 11300 19128 30003 19561 18337 11923 12135 11923 19494
2500 20799 18851 26053 19839 11943 20007 31480 20450 19195 12420 12633 12420 20373
2600 21730 19707 27347 20715 12592 20889 32962 21340 20057 12917 13132 12917 21254
2700 226686 20569 28650 21593 13245 21773 34450 22232 20924 13413 13631 13413 22136
2800 23606 21436 29962 22474 13904 22659 35944 23126 21796 13910 14130 13910 23018
2900 24551 22308 31281 23358 14568 23546 37444 24022 22673 14407 14629 14407 23701
3000 25500 23186 32607 24245 15237 24434 38950 24918 23555 14904 15129 14904 24785
3100 26453 24068 33940 25133 15910 25324 40460 25816 24442 15401 15630 15401 25670
3200 27410 24954 35278 26022 16587 26215 41972 26716 25333 15897 16132 15897 26555
3300 28372 25845 36621 26912 17268 27108 43486 27618 26228 16394 16635 16394 27440
3400 20338 26739 37969 27803 17954 28003 | 45002 28521 27126 16891 17140 16891 28327
3500 30308 27637 39321 28695 18643 28900 46520 29425 28027 17388 17646 17388 20214
3600 31282 28538 40676 20589 19335 29798 48041 30331 28931 17885 18152 17885 30101
3700 32260 29442 42035 30485 20032 30697 49565 31238 29838 18381 18658 18381 30988
3800 33241 30348 43397 31382 20731 31596 51093 32146 30748 18878 19164 18878 31876
3900 34226 31257 44762 32280 21434 32495 52624 33056 31661 19375 19670 19375 32764
4000 35215 32168 46129 33178 22140 33395 54159 33967 32576 19872 20176 10872 33652




TABLE 2 — Reaction Enthalpies I" callmole and Molecular Weights M g[mole

TdegK| O, H, H,0 N, co co, NO OH H 0 ¢ (solid) c, C,
- (graphite)|(diamond)
0 | —2070 | —2024 |—60163 | —2072 |-928489 |—96290 |+19420 | 47749 |+50298 ||57495 | —252 | 825 |1124748 |-166946
27316 | —175 | —172 |—57999 | 174 |—26590 |—94260 | 21448 | 9678 | 51585 | 58970 | —50 440 | 126105 | 168397
208-16 | 40 10 | —57798 10 |—26416 |—94052 | 21622 | 9855 | 51709 | 59103 +0 453 | 126220 | 168536
300 13 13 |—57783 13 |—26404 |-94085 | 21636 | 9868 | 51718 | 59112 3 456 | 126238 | 168584
400 722 707 |—56973 710 |—25705 |—93095 | 22349 | 10578 | 52215 | 59630 251 650 | 126735 | 169291
500 | 1454 | 1406 |—56143 | 1413 |—24099 |—92067 | 23072 | 11285 | 52712 | 60141 569 927 | 127232 | 170016
600 | 2209 | 2105 |—55200 | 2126 |—24279 |—00968 | 23809 | 11990 | 53209 | 60647 946 | 1275 | 127729 | 170763
700 | 2087 | 2808 |—54408 | 2853 |—23543 |—89809 | 24563 | 12697 | 53706 | 61150 | 1370 | 1680 | 128296 | 171531
800 | 3784 | 3513 |-53497 | 3597 |—22780 |—88601 | 25337 | 13410 | 54202 | 61652 | 1830 | 2129 | 128722 | 172319
900 | 4600 | 4924 |—59556 | 4356 |—22018 |—87350 | 26120 | 14129 | 54699 | 62153 | 2317 | 2609 | 129219 | 173123
1000 | 5427 | 4942 |—51583 | 5131 |—21232 |—86068 | 26937 | 14856 | 55196 | 62654 | 2823 | 3107 | 129716 | 173940
1100 | 6265 | 5668 |—50583 | 5920 |—20433 |—84754 | 27756 | 15593 | 55693 | 63153 | 3344 | 3614 | 130213 | 174768
1200 | 7114 | 6404 |—49550 | 6721 |—19621 |—83418 | 28586 | 16342 | 56190 | 63652 | 3878 | 4127 | 130710 | 175604
1300 | 7971 | 7149 |—-48488 | 7533 |—18799 |—82056 | 20424 | 17103 | 56686 | 64151 | 4428 131206 | 176449
1400 | 8835 | 7905 |—47401 | 8353 |—17968 |—80679 | 30270 | 17876 | 57183 | 64650 | 4990 131703 | 177299
1500 | 9706 | 8670 |—46287 | 9182 |—17130 |—79286 | 31122 | 18659 | 57680 | 65148 | 5562 132200 | 178155
1600 | 10583 | 9446 |—45149 | 10018 |—16286 |—77879 | 31980 | 19452 | 58177 | 65646 | 6142 132697 | 179015
1700 | 11466 | 10232 |—43990 | 10861 |—15435 |—76461 | 32844 | 20254 | 58674 | 66144 | 6729 133194 | 179878
1800 | 12355 | 11028 |—42812 | 11711 |—14579 |—75033 | 33712 | 21065 | 59170 | 66642 | 7325 133690 | 180745
1900 | 13249 | 11834 |—41616 | 19567 |—13718 |—73504 | 34584 | 21884 | 59667 | 67140 | 7928 134187 | 181614
2000 | 14149 | 12648 |—40403 | 13427 |—12853 |—72146 | 35459 | 22711 | 60164 | 67638 | 8539 134684 | 182486
2100 | 15055 | 13469 |—39171 | 14290 |—11984 |—70690 | 36337 | 23545 | 60661 | 68136 | 9156 135181 | 183359
2000 | 15966 | 14298 |—37925 | 15156 |—11112 |—69228 | 37219 | 24386 | 61157 | 68634 | 9780 135677 | 184235
2300 | 16882 | 15134 |—36666 | 16024 |—10238 |—67760 | 38103 | 25233 | 61654 | 69132 | 10411 136174 | 185112
2400 | 17803 | 15977 |—35304 | 16894 | —9361 |—66287 | 38990 | 26086 | 62151 | 69630 | 11048 136671 | 185990
9500 | 18729 | 16827 |—34110 | 17767 | —8482 |—64810 | 39879 | 26944 | 62648 | 70128 | 11691 137168 | 186869
2600 19660 | 17683 |—32816 | 18643 | —7600 |—63328 | 40769 | 27806 | 63145 | 70627 | 12340 137665 | 187750
2700 | 20596 | 18545 |—31513 | 19521 | —6716 |—61840 | 41661 | 28673 | 63641 | 71126 | 12993 138161 | 188632
9800 | 21536 | 19412 |—30201 | 20402 | —5830 |—60346 | 42555 | 29545 | 64138 | 71625 | 13652 138658 | 189514
2000 | 22481 | 20284 |—28882 | 21286 | —4943 |—58846 | 43451 | 30422 | 64635 | 72124 | 14316 139155 | 190397
3000 | 23430 | 21162 |—27556 | 22173 | —4055 |—57340 | 44347 | 31304 | 65132 | 72624 | 14985 139652 | 191281
3100 | 24383 | 22044 |—26223 | 23061 | —3165 |—55830 | 45245 | 32191 | 65620 | 73125 | 15658 140149 | 192166
3200 | 925340 | 22930 |—24885 | 23950 | —2274 |—54318 | 46145 | 33082 | 66125 | 73627 | 16335 140645 | 193051
3300 | 26302 | 23821 |—23542 | 24840 | —1381 |—52804 | 47047 | 33977 | 66622 | 74130 | 17016 141142 | 193936
3400 | 27268 | 24715 |—922194 | 95731 | —486 |—51288 | 47950 | 34875 | 67119 | 74635 | 17702 141639 | 104823
3500 | 28238 | 925613 | 20842 | 26623 | 411 |—49770 | 48854 | 35776 | 67616 | 75141 | 18391 142136 | 195710
3600 20212 | 26514 |—19487 27517 = 1309 |—48249 | 49760 | 36680 | 68113 = 75647 | 19083 142633 | 196597
3700 | 30190 | 27418 |-18128 28413 2208 |—46725 | 50667 | 37587 | 68609 . 76153 | 19780 143129 © 197484
3800 | 31171 = 98324 |—16766 29310 3107 |—45197 | 51575 | 38497 | 69106 | 76659 | 20479 143626 198372
3000 | 32156 = 29233 |—15401 = 30208 - 4006 |—43666 52485 | 39410 | 69608 | 77165 & 21182 144123 199260
4000 | 33145 30144 |—14034 . 31106 = 4906 |—42131 53396 | 40325 | 70100 | 77671 | 21888 144620 200148
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TABLE 3 — LEwntropy Values S° callmole °C for 1 kglcm?

Tdeg K| O, H, H,0 N, co. | co, NO o 5§ o) € (solid) C C,
- ' (graphite)| (diamond)

208-16 | 49-068 | 31-276 | 45-171 | 45-832 | 47-366 | 51-126 | 50-400 | 43-951 | 27-456 | 38-528 | 1-3609 | 0-5829 | 37-910 | 49-265
300 | 49-113 |31-318 | 45.219 | 45-874 | 47-407 | 51-181 | 50-542 | 43-994 |27-486 | 38-562 | 1-3737 | 0-5918 | 37-940 | 49-577
400 | 51-158 | 33-315 | 47-548 | 47-883 | 49-417 | 53-880 | 52-496 | 46-041 | 28-915 | 40°051 | 2-081 | 1-14 | 39-369 | 51-488
500 | 52788 | 84-874 | 49-309 | 49-450 | 50-992 | 56-178 | 54-109 |47-616 |30-024 | 41-191 | 2.788 | 1-76 | 40-478 | 53-225
600 | 54-165 | 36-149 | 50-955 | 50-750 | 52-303 | 58-174 | 55-454 | 48-902 | 30-929 | 42-115 | 8-474 | 2-39 | 41.383 | 54.587
700 | 55-361 | 37-232 | 52-813 | 51-870 | 53-438 | 59-960 | 56-617 | 49-989 | 31-694 | 42-891 | 4-127 | 3-01 | 42148 | 55-771
800 | 56-427 |38-173 |53-520 | 52-862 | 54-444 | 61-572 | 57-651 |50-939 | 82-357 |43-561 | 4-740 | 3-61 | 42-811 | 56-822
900 | 57-387 |39-011 |54-637 |53-757 | 55:352 | 63-045 | 58-584 | 51-786 | 32-943 | 44-151 | 5-314 .| 4-18 |43.397 | 57-769

1000 | 58-250 | 39-769 | 55-663 | 54-574 | 56-181 | 64-396 | 59-433 | 52-552 | 33-466 | 44-677 | 5-846 | 4-70 | 43-920 | 58-630
1100 | 59-057 | 40-460 | 56-616 | 55-324 | 56-943 | 65-648 | 60-213 | 53-254 | 33-939 | 45-152 | 6-342 | 5-18 | 44-303 | 59-419
1220. | 59-795 | 41-100 | 57-514 | 56020 | 57-651 | 66-811 | 60-934 | 53-906 | 34-371 | 45-586 | 6-807 .| 5-63 | 44-825 | 60-147
1300 | 60-484 | 41-697 | 58-364 | 56671 | 58-308 | 67-901 | 61-604 |54-514 | 34.768 | 45-985 | 7-247 45-222 | 60-823
1400 | 61-126 | 42-255 | 59170 | 57-280 | 58-925 | 68-922 | 62-232 | 55-087 | 35-136 | 46-355 | 7-663 45-590 | 61-453
1500 | 61-724 | 42-785 | 59-938 | 57-851 | 59-501 | 69-882 | 62-819 | 55-628 | 35-479 | 46-699 | 8:-057 45-933 | 62043
1600 | 62-289 | 43-285 | 60-673 | 58-391 | 60-064 | 70-788 | 63-373 | 56-140 | 35-800 | 47-020 | 8-431 46-254 | 62-598
1700 | 62-824 | 43-761 | 61-377 | 58-903 | 60-562 | 71-647 | 63-896 | 56-626 | 36-101 | 47-392 | 8.787 46-555 | 63-121
1800 | 63-332 | 44-216 | 62-052 | 59389 | 61-052 | 72463 |64-392 | 57-089 | 36-385 | 47-607 | 9-1275 46-839 | 63-617
1900 | 63815 |44-652 | 62-700 |59-852 | 61-518 |73-241 |64-864 | 57-531 | 86-654 | 47-876 | 9-4535 - | 47-108 | 64-087
2000 | 64-277 | 45-070 | 63-325 | 60-203 | 61-961 | 73-985 | 65-313 | 57-954 | 36-909 | 48-131 | 9-7665 47-363 | 64-534
2100 | 64-719 | 45-470 | 63-927 | 60-714 | 62-384 | 74-695 | 65-741 | 58-361 | 37-151 | 48:374 | 10-068 47-605 | 64-960
2900 | 65-143 | 45-856 | 64-507 | 61-116 | 62-780 | 75-375 | 66-151 | 58-752 | 37-382 | 48-605 | 10-3585 47-836 | 65-367
2300 | 65-548 | 46-227 | 65-068 | 61-502 | 63-178 | 76-027 | 66-544 | 59-128 | 37-603 | 48:826 | 10-639 48-057 | 65-757
2400 | 65-939 | 46-586 | 65-610 | 61-872 | 63-551 | 76-654 | 66-922 | 59-491 |37-814 | 49-038 | 10-9105 48-268 | 66-131
2500 | 66-315 | 46-033 | 66-135 | 62-228 | 63-910 | 77-256 | 67-285 | 59-841 | 38-017 | 49-242 | 11-173 48-471 | 66-490
2600 | 66-680 | 47-269 | 66-642 | 62-572 | 64-256 | 77-838 | 67-634 | 60-180 | 38-212 | 49-438 | 11-427 | 48-666 | 66-835
2700 | 67-034 | 47-595 | 67-134 | 62-904 | 64-500 | 78-400 | 67-971 | 60-508 | 38-400 | 49-626 | 11-6735 48-854 | 67-168
9800 | 67-377 | 47-911 | 67-611 | 63-224 |64-912 | 78-944 | 68-296 | 60-825 | 38-581 | 49-808 | 11-913 | 49035 | 67-489
2000 | 67-709 | 48-216 | 68-072 | 63-534 | 65-223 | 79-471 | 68-611 | 61-134 | 38-755 | 49-983 | 12-146 49-209 | 67-799
3000 | 68-033 | 48-513 | 68-521 | 63-835 | 65-524 | 79-982 | 68-915 | 61-434 | 38-923 | 50-152 | 12-373 49-377 | 68-099
3100 | 68-345 | 48-801 | 68-958 | 64-126 | 65-816 | 80-477 | 69-210 | 61-724 | 39-086 | 50-316 | 12-504 49-540 | 68-389
3200 | 68-648 | 49-082 | 69-383 | 64-408 | 66-099 | 80-958 | 69-495 | 62-007 | 39-244 | 50-475 | 12-809 49-698 | 68-670
3300 | 68-044 | 49-356 | 69-796 | 64-682 | 66-373 | 81-425 | 69-772 | 62-282 | 39-397 °| 50-629 | 13-0185 | 49-851 | 68-942
3400 | 69-232 | 49-623 | 70-198 | 64-948 | 66-640 | 81-878 | 70-041 | 62-550 | 39-545 | 50-780 | 13-223 49-999 | 69-207
3500 | 69-523 | 49-883 | 70-590 | 65-206 | 66-900 | 82-319 | 70-303 | 62-811 |39-689 | 50-926 | 13-4225 50-143 | 69-464
3600 | 69-796 | 50-138 | 70-972 | 65-458 | 67-153 | 82-748 | 70-558 | 63-066 | 39-829 | 51-069 | 13-6175 50-283 | 69-714
3700 | 70-063 | 50-386 | 71-346 | 65-703 | 67-399 | 83-166 | 70-808 | 63-315 |39-965 | 51-208 | 13-8085 50-419 | 69-957
3800 | 70-323 | 50-628 | 71-710 | 65-942 | 67-639 | 83-574 | 71-051 | 63-558 |40-097 | 51-343 | 13-9955 50-551 | 70-194
3900 | 70-578 | 50-864 | 72-065 | 66-175 | 67-873 | 83-972 | 71-288 | 63-796 | 40-226 | 51-475 | 14-1785 50-680 | 70-424
4000 | 70-827 | 51-095 | 72-412 | 66-403 | 68-102 | 84-361 | 71-519 | 64:028 | 40-352 | 51-603 .| 14-3575 50-806 | 70-649
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TABLE 4

Equilibrium constants K

1

T (deg) H,0 OH O H NO CO, CO CO, C, CO* b pos
K CoO C ‘

298-16 | 1-097 X101 | 4.002x10-7 | 5-452 % 10—4 4:867 x 103 | 6-253 > 10~16 | 1-234 x 10%9 1-135 x 1024 | 1-087 x 1045
300 6-024x10% | 4-430 x10-7 | 55483 x 10~ 8:190 % 10-3% | 8.203 x 10~16 | 4-648 % 1068 8-625 1028 | 5-389 %104
400 1-707 102 | 2-769 x10~5 | 6-027 X 10780 | 2.204 % 10-26 | 6-771 = 1012 | 3.436 x 105t | 1-361 % 101® 2-526 x 1032
500 7:556%x10%* | 3.-308 x10~¢ | 1-838x10~23 | | -042%10~20} 1.568 % 10~° | 1-811 % 104 | 1-820 %10 9-953 x 1024 ‘
600 | 4-223x10%8 | 1-765x10~3 | 3.95] x 10~19 6-473 1017 | 5.912x 108 | 2.517 x 103 2-208x10% | 1.144 %1020
700 | 3-768x10% | 5-589x10-3 | 4-993 x 10~16 3:377x10-14| 7-917 x 10~7 | 3-183 x 102 9-370 x 1012 3-394 x 1016
800 1-910x 1018 | 1.345%x10-2 1-068x10~13 | 3-740%10-12 | 5.541 <10~ . 6:709x10% | 8.692 w101 7-718 1018
900 3-095 %101 | 2.856 x 10~2 6-983 10— | 1-469x10-10| 2.516 % 10~5 9-250 x 1022 1-357 %1011 | 6-819 %1011
1000 1-132%x10% | 4-566 x10~2 | 1-986 x 10~10 2-788x10-? | 8-432 % 10-5 4-749x 102 | 3.052 3¢ 1010 1-556 x 1010 2-1547 x 1020 | 1.9470 % 10-27
1100 | 7-514 %108 7-099 x10-2 | 3087 x10~° | 3-125x10~8 | 2.272 x 10~4 6-345 x10%® | 8-948 % 10° 7-092 x 108 7-9630x10~18 | 4.6214 % 10~24
1200 | 7-792 X107 | 1-02510-1 | 3-048 X 10~ | 2:346 X 10~7 | 5188 x 10~4 | 1-738 107 | 3.900 %10 5-427 X107 1-0903 x 1015 | 2.958] x 10-2
1300 1-139 <107 1:393 %101 | 2:120x10-7 | 1-299 x 10-6 1-043 <103 | 8-248 x 1015 | 1'333><10? 6-181 x 108 6-9586 x 10—14 6-9177 x 10~-12
1400 2-190 x 108 1-812x10-1 | 1-118 x10-5 5-391 x10~6¢ | 1-897 < 10-3 6-040 1014 ; 6-269 %108 9-652 x 105 2-4398 x 10-12 | 7.3398 % 10-17
1500 5-226 % 105 2-279 x10-1 | 4-755'x 10-8 | 2-029 % 10~5 3:-195x 10— | 6-287 x1013 ‘ 3-247 %108 1-933x 105 2-1849 x 108 4-8390 x 1018 | 5.2961 X10=11 | 4-.1419x 1015
1600 | 1-491 X105 | 2-777x10-* | 1-681 x10~5 | 6:203 x10~5 | 5-028 x10-3 | 8-649 102 1-820 108 4-751 x 104 1-8280 x 105 1-9071 x10%" | 7-7940 x 10-10 1-4000 x 10~-13
1700 | 4-928x10* | 3-309x10-1 | 5-143x 105 1:670x10-* | 7-511 x 10~3 | 1.-502 x 102 1-088 108 1-378x10% | 3-6934 % 10* 1-0979 x10% | 8.3288 % 10-? 3-1046 x 10~12
1800 | 1-838x10 | 3-856x 10~ | 1-386x10~¢ | 4-027 104 | 1-072x 10~ | 3-2155 101 | 6.870 » 197 4-61210° | 8-895210% | 8-6690 X 101 | 68182 10~° | 4-8474 » 10—t
1900 7-603 % 103 442510~ | 3.383 % 10~% 8-889 x10~4 | 1-476 x 10—2 7-306 X101 | 4.-541 %107 1-730 x 103 2-4827 x 1083 8-9288 x 1013 4-4604 x 10-7 | 5-6341 x 10-10
2000 3436 x 103 5-002 x10-1 7:535x10~* | 1-812x10~3 | 1-971 x 10-2 2-239x10%® | 3.-118 %107 7-180 x 102 78622 x 102 1-1522 x 108" 24118 x10~% | 5-0971 x 10~?
2100 1-672x103 5-595x10-1 | 1-557 % 10-8 3-454 %1028 | 2-548 x10-% | 7-183 x10° 2-213x107 3:248 x 102 2-7757 x 102 1-8055x10'2 | 1-1079 x10-5 3-7209 x 10-8
2200 | 8-682x102 | 6-192%x10-1 | 3.024 % 10~3 6-227 x10-3 | 3-230x10-2 | 2-553 % 10° 1-617 %107 1-577 %102 1-0750 x10% | 3-3455 x 101 4-4209 X105 | 2.2575 % 10~7
2300 4-777 X102 6-786x10-1 | 5.-506 % 10~3 1-064 x10-2 | 4:004x10~2 | 9-932 %108 1-213 <107 8§-196 x 101 4-5170 x 101 7-1805 x10% | 1.5609 % 10~4 1-1662 10—
2400 2-760 x 102 7-369 1071 | 957510~ | 1-742 % 10-2 4-878x10-2 | 4-175x108 9-292 % 108 4-498 x 101 2-0396 x 101 1-7504 x 10w 4-9527 x 10~ | 5-2355 % 1(~8
2500 1-666 %102 7-976 10~ | 1-597 x 102 | 2.747 % 10-2 5-856x10~2 | 1-880x108 7-265 % 106 2-588 %101 9-7976 4-7736 x 108 1-4303 x 10-3 2-0773 x 105
2600 | 1-044x102 | 8-569x10-1 | 2-559 % 10~2 4-182x10~2 | 6-924 x10-2 | 8-998 % 107 5-832 x 108 1-557 x 10t 4-9742 1-4375x10° | 3-8015%10-3 7-3905 x 10-5
2700 6-770 x 101 9-141 x10-1 | 3-949 % 10-2 6-166 102 | 8-077 x10—2 | 4-542 %107 4-663 x 108 9-748 2-6519 4-7249 % 108 9-3840 102 | 2-3866 x 10~
2800 4-485 x 102 9-712x10-1 | 5-948 % 102 8:879x10-2 | 9-337 x10-2 | 2-405x 107 3-814 x108 6-299 1-4785 *1-6807 x 108 2-1688x10-2 | 7-0688 x 10~*
2900 | 3-109%10' | 1-028 8640102 | 1244101 | 1-067x10~! | 1-330%107 | 3-159%106 | 4.207 8:5814 X10-1 | 64181 X107 | 4-7253%10-2 | 1-9380 x [0~
3000 2-192 x 10t 1-078 1-228%10-* | 1-7083 %10~ | 1-208 x 10~1 7-639 x 108 2-644 x 10° 2-888 5:1621 X101 | 2-6113 x 107 9:7632x10-2 | 4.-9581 x 10—2
3100 | 1-583x10' | 1-137 1-707 X101 | 2-288x 101 | 1-857x10~1 | 4-549%10° | 2-237%10° | 2.035 3:2052x10~% | 1-1263 %107 | 1-9229%10~! | 1-1904 102
3200 | 1-165x10' | 1.191 2827 X101 | 8:022X10-1 | 1-51410-1 | 2-798%10° | 1-911x10° | 1.404 2:0482 1071 | 5-1192x10° | 3-6264 X 10-1 | 2-7014 « 102
3300 8-724 1-242 3-112x10 3:935x10-1 | 1-678 x 10~ | 1-772% 1086 1-645 %108 1-077 1-3441 x 10~ 2-4369 x 108 6:5750 x 101 | 5-8223 x 102
3400 | 6-654 1-294 4:091 X101 | 501410~ | 1-846x10~* | 1-151X10° | 1427105 | O.8086 9-0454 10~2 | 1-2120 105 | 1-1500 1-1972 % 10-1
3500 5-138 1-339 5:279x10~1 | 6-321 x 10~ | 2-017 % 10~1 7:629 x 105 1-244 <108 0-6130 6-2206 x 102 6-2564 x 105 1-9467 2-3587 x 101
3600 | 4.033 1356 6:730 X 10-1 | 7-856x10~1 | 2-195x10-1 | 5-195x105 | 1-094%10° | 0-4753 4-3671x10~2 | 3-3589 105 | 3-1979 4-4680 x 10~1
3700 | 3-211 1-433 8:479x10~1 | 9-664x10-1 | 2-382% 101 | 3-608X10° | 9-678x105 | 0375 3-1235%10-% | 1-8624%10° | 5-1100 81640 X 10-1
3800 2-586 1-480 1-055 1-175 257210~ | 2-554 x 105 8:603 x 105 0-2972 2:2737x10-2 | 1-0664 %105 79610 1-4431
3900 | 2-105 1-527 1-301 1-420 2:771x10~1 | 1-838x10° | 7-691x105 | 0.2300 1-6812x10~2 | 6-2806 % 10* (12-1159 2.4741
4000 1-732 1-571 1-584 1-694 2-968x10-1 | 1:345:x105 6-911 % 10% 0-1947 1-2613x10-2 | 3-7971 % 10% 18-0433 4-1235°
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