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THERMODYNAMIC CHARTS FOR THE COMPUTATION OF FUEL QUANTITY
REQUIRED FOR CONSTANT-PRESSURE COMBUSTION WITH DILUENTS

By Donald Bogart, David Okrent
and L. Richard Turner

SUMMARY

Charts are presented for the calculation of the quantity of
hydrocarbon fuel required in order to attain a specified combustion
temperature when water, alcohol, water-alcohol mixtures, liquid
ammonia, liquid carbon dioxide, liquid nitrogen, liquid oxygen, or
their mixtures are added to air as diluents or refrigerants. The
ideal combustion process and combustion with incomplete ‘heat release
from the primary fuel and from combustible diluents are considered.
The effect of preheating the mixture of air and diluents and the
effect of an initial water-vapor content in the combustion air on
the required fuel quantity are also considered. The charts are
applicable only to processes in which the final mixture is leaner
than stoichiometric and at temperatures where dissoclation 1s
unimportant. A chart 1s also included to permit the calculation of
the stoichiometric ratio of hydrocarbon fuel to air with diluent
addition. The use of the charts is 1llustrated by numerical examples.

INTRODUCTION

Accurate computation of the quantity of hydrocarbon fuel
required to attain a specified combustion temperature with various
diluents or refrigerants added to alr is complicated by the varia-
tion in composition and thermal propertlies of the fluld imposed by
the use of the diluent. A need for such calculation arises, for
example, in performance analysis of aircraft gas-turbine engines
when diluents or refrigerants are used to augment the thrust or
power of the engine.

Graphical methods of computing ldeal constant-pressure mixture
temperatures for the combustion products of air and hydrocarbon fuels
or for camputing the fuel quantity ideally required to attain a given
combustion temperature are presented in reference 1.
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This report presents charts that supplement those of reference 1
and permit the calculation of the quantity of a hydrocarbon fuel
required to attain a specified combustion temperature when water,
alcohol, water-alcohol mixtures, liquid ammonia, liquid cardbon dioxide,
liquid nitrogen, liquid oxygen, or cambinations of these liquids are
ugedras diluents or refrigerants. ' The ‘1deal combustion process and
cambustion with incaomplete heat release from the primary fuel and
from combustible diluents are considered. The use of the charts is
illustrated by numerical examples.

The effect of preheating the mixture of air and diluents and
the effect of an initial water-vapor content in the combustion air
on the required fuel quantity are also considered. The charts are
applicable only to processes in which the final mixture 1s leaner
than stoichiometric and at temperatures where dissociation is
unimportant.

A graphical method of determining the stoichiometric fuel-air
ratio with diluent addition is also presented.

PRIRCIPLES OF CHARTS

The charts presented herein for diluent addition apply to
processes in which the final mixture 1s leaner than stoichicmetric
and are accurate below those temperatures at which dissociation
becomes important, for most calculations, dissociation may dbe
neglected at all temperatures below about 3200° R.

The specific-heat data for the gases were taken from refer-
ences 1 to 9. The thermodynamic properties of the various liquid
diluente were taken from referemces 10 to 12.

The use of complicated subscripts has been partly avoided by

2
the use of the notation x from reference 1 to mean the value

J
of x at gz minus the value of x at y.

The symbols are defined when first used. For the convenience
of the reader, symbols used more than once are listed in appendix A.

Ideal caombustion. - The lower enthalpy of combustion at comstant

preasure of a liquid fuel h, ¢ or of a liquid diluent hy 4 18
defined as the amount of heat -hy removed during the combustion
at constant pressure of the fuel or diluemnt in oxygen when the initial
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and final temperatures are equal and the productes of combustion are
all 1n the gaseous phase. Because of this convention, enthalpies of
combustion will appear in this report as negative quantities.

- A
The first law of thermodynamics applied to an ideal constant-
pressure combustion of a mixture of air, a hydrocarbon fuel,rand a:
diluent for leaner-than-stoichiometric mixtures leads to the following
equation

Tq Tq Ty

h,,] - fhgp + (14d') 4 a hd] - Bg) = (14£4a) hb] (1)
Tp Ty Tp

where

d total diluent-air ratio, (1b/lb air)

d’ weight of diluent injected into ailr stream prior to compression

of mixture, (1b/1b air)
total fuel-air ratio, (1b/1b air)
enthalpy of dry air, (Btu/lb air)
enthaipy of final burned mixture, (Btu/lb mixture)

enthalpy of ligquid diluent, (Btu/1b diluent)

£ & &5 7

lower enthalpy of combustion of liquid diluent at 540° R,
(Btu/1b diluent)

=2
Q
-
[

lower enthalpy of combustion of ligquid fuel at 540° R,
(Btu/1b fuel)

g
-

J mechanical equivalent of heat, (778 £t-1b/Btu)
Ts  initial total-air temperature, (°R) =
Tp total combustion temperature, (°R)

T3 temg;rature of diluent as liquid immediately before injection,
(°R)

reference temperature, 540° R

We work of compression on mixture entering compressor,
(£t-1b/1b mixture)
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The effects of preheating the fuel have been neglected in equa-
tion (1) for simplicity of notation. The correction to -he ¢ for

the 1liquid fuel introduced to the system at a temperature other than
the reference temperature of 540° R is small (approximately

0.5 Btu/(1b) (°R) for fuel in liquid phase). Under ordinary circum-

stances, partly vaporized fuel would not be used, hence, no portion

of the fuel 1s considered to be vaporized.

A term for energy addition to the mixture or preheating of the
mixture by any means (1+d') W,/J is included in equation (1), the

preheating 1s usually, although not necessarily, accomplished by
work of compression on the mixture and is referred to in this
manner

For leaner-than-stoichicmetric mixtures, the term (1l+f+d)hy,
is given by

(14£+4d)hy = ha+£(Fo,Heo, + Fap0fE,0 + FooHop)

+ 4(Doo 8o, *+ D0f,0 + Do * DigEwy)  (2)

where

])y increase per pound of diluent in number of moles of y in
ultimate burned gas mixture due to addition and combustion
of diluent, (1b mole/lb diluent)

y increase per pound of fuel in number of moles of y in
ultimate burned gas mixture due to addition and combuastion
of fuel, (1b mole/lb fuel)

Hy molal enthalpy of y, (Btu/lb mole)

y variety of gas, specifically COz, H30, Oz, and Ry

The term f£(Fco,Heo, + Fr,08H,0 + FonHo,) 18 equivalemt to
the term used 1n reference 1 and 2

Am+B

£ m+l
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where A
1
Bg,0 - 3 Ho,
2.016 d
- 4 7 N 4
Ego, - Ho,
B 12.010

m hydrogen-carbon ratio of fuel

Recent values of atomic weights were used.

The term ?:&B accounta for the difference between the enthalpy

of carbon dloxide and water vapor in the burned mixture and the
enthalpy of oxygen removed from the air by their formation.

3

The term d(DCOZHCOZ + DHZOHEZO + D02H02 + DNZHNZ) represents
the increase in enthalpy of the molecular products resulting from
the addition and the combustion of the diluent The values of
FOZHQZ and of Dp,Hp, generally are negative.

If equation (2) is substituted in equation (1)

T T T T
a (1+4d )W, a P Am+B b
hg| - fhep +——5—— +d{bg| - hcqg) =hy +f 5"
Ty Tr Ty T
T
+d (Dcozﬂco2 + Dy,08g,0 + DoyFo, + DNgHNZ) (3)
T
Upon collection of terms equation (3) becomes r
T
ha] ‘o
T
f = 8 (4)
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W e i
e ® =-ea) F-d hd] - he,a
P Ty - - -
Ty
B - (Dcozﬂcoz + DuaofE,0 + DoyBo, + DNZHNZ) ()
TI'

The term ® considers all the effects of diluent addition and
compressor work on the magnitude of the fuel-air ratio ideally
required to attain the specified combustion temperature, 9 1s a
function of the kind and amount of diluent used, the initlal temper-
ature and state of the diluent, the compressor work, and the com-
bustion temperature.

The denominator of equation (4) contains all the factors that
depend on the nature of the fuel. The effect of variation of fuel
characteristics can be computed by correction factors that depend
only on this denominator. For convenlence of chart representation,
a standard hydrocarbon fuel having a hydrogen-carbon ratio of 0.175
and a lower enthalpy of combustion of -18,700 Btu per pound was used.
Correction factors K, and K, permlt the calculation of the
required fuel-alr ratio for other hydrocarbon fuels. The value of
the product KpK; 1is given by

Ty
0.175 A+B]

18,700 - 22724
. Tr
KKy = T (6)
b
-h - AmsB
c,f m+l
Tr

A correction factor K., which permits the calculation of the

fuel-alr ratio required to attain a given combustion temperature
when the air at the initial temperature contains water vapor, is
defined by the relation 1Ty

hy,a
K, = —p
ﬁT%

hg
JT&

(7)
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wvhere hm,a is the enthalpy of moist air in Btu per pound of moist
air The value of K, 1is found to be practically independent of the
initial temperature T, and therefore can be represented as a
function only of water-vapor-to-air ratio and of Tgi The working
values of Ky bhave been based on a value of Ty of 900° R.

In terms of equations (4), (6), and (7), the total fuel-air
ratio ideally required to attain a desired temperature by combustion
of a mixture of air, hydrocarbon fuel, and diluents i1s given by

Ty
K&n (Kw h;JTa + 4’)

f= - (8)
T
0.175 A+B
18,700 - 71175
Tr
= Ky Ky K, £' + 4f (9)

where the fuel-alr ratio f' for the standard fuel without diluent
addition is given by
Ty,
hg
Ta

P' = oy (10)
0.175 A+B
18,700 - —1573—]
Tr

and the increment in fuel-air ratio Af due to diluent addition is
equal to KpK,f" for any hydrocarbon fuel where the increase in

fuel-air ratio f" for the standard fuel is

o

" = T (11)

0.175 A+B
18,700 - —11—75—}

Ty

i
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Specific expressions for increase in chart fuel-air ratio f£"
due to addition of various diluents are presented in appendix B.

When the factor K, 18 used in the form defined by equation (7),

all fuel-air ratios and diluent-air ratios mmst be expressed in units
of pounds per pound of moist air. Only water occurring as vapor

at the initial temperature and pressure of the air 1s considered

in computing Ky, fuel-air ratio, and diluent-air ratio. If the air
initially contains liquid water, the unevaporated portion of the
vater must be separately treated in the same manner as a diluent or
refrigerant.

A liquid-to-dry-alr ratio may be computed by multiplying a
liquid-to-moist-alr ratio by the ratio of mass of molst air to mass

of dry air (l , &xains water76'vggozjlb dry air>.

Combustion with incomplete heat release. - In actual combus-
tion processes of gas-turbine engines, the heat of combustion of
fuel and of combustible diluents 1s never fully released. In turbine
engines when combustible diluents are injected at the compressor
inlet, the diluent 1s distributed throughout the combustion air, as
a result of this mixing and because only a small part of the total
alr passes through the flame zone, much of the diluent vapor never
reaches a gufficiently high temperature to promote efficlent combus-
tion

In order to discuss incomplete heat release quantitatively, a
basis must be established for an estimate of the enthalpy of the
products of incomplete combustion. The difference between the
enthalpy of several possible residual molecules plus the oxygen
required to burn them and the enthalpy of the corresponding masses
of molecules of products COz, HoO, and No 18 later shown to be
small as compared with the enthalpy of combustion of the assumed
resldual molecules The enthalpy of the products of incomplete
combustion has accordingly been assumed to be equal to that of the
completely burned mixture at the actual temperature of the
incompletely burned mixture.

A heat-release ratio mney 1is defined for the hydrocarbon fuel
by the heat-balance equation

Ty Ty

fa \-be,fNf - ‘:ﬁn =hy| + @ (12)

Ty Ta
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vhere Ty, 1s the actual combustion temperature and f, 18 the
actual total fuel-air ratio for the incampletely burned mixture.

The heat-balance equation for the i1deal combustion process 1s

~
2w s

Ty T
‘:‘:f =hy| + & (13)
. T,

£3 |- b,

vhere f4 1is the ideal fuel-air ratio.

The ratio of fuel actually required to fuel ideally required
ry from equations (12) and (13) i1s them

Ty
An+B
“he,r - a1 o

rf = ?8_.. = ;b (14)

i
Am+B
“ifhe,f - m+1]

Ty

The ratio rp depends only on 17, the composition of the

fuel, a.ndothe combustion temperature, the ratio 1s independent of
hy and .

The value of rp 1s found to be practically independent of
ho ¢ and m vhen 7 is greater than O 7, for the lower values
o’ n¢ (to about O. 5§ the quantity re varies a maximum of

1 percent for the range of liquid hydroccarbon fuels. The working
values of rp have therefore been based on the standard fuel.

Liquid combustible diluents whether burned or not will usually
be completely vaporized A heat-release ratic for combustibdle
diluents 14 1s then defined as the fraction of the lower heat of

combustion of the vaporized diluent 'hc,d' actually released

aotual heat released by vaporized diluemt
14 © heating value of vaporized diluent supplied

Any defect in heat release must be compensated for by an
increase in primary fuel rate. For any hydrocarbon fuel, the ideal
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increment in fuel-air ratio Af 1s given by Khth"n vhere the
increase in fuel-alr ratio for the standard fuel f"ﬂ is

pn _ _30-1g)(-hg g")
0 Ty

0 175 A+B
1175

(15)

18,700 -
T!‘

Specific equations for f"n for water-alcohol mixtures and
ammonia are given in appendix C.

The total fuel-air ratio actually required to attain a desired
temperature by combustion of a mixture of alr, hydrocarbon fuel,
and diluents with incomplete heat release considered is given by

£ = rp(KKpK,L' + AF) (16)

COMBUSTION CHARTS

Two combustion cherts, which are based on equation (4) with
® equal to zero, are presented as figures 1 and 2. These two
charts permit the determination for dry air of the ideal fuel-air
ratio f' as a function of the initlal temperature and the combus-
tion temperature, respectively, for a single hydrocarbon fuel
having a lower enthalpy of combustion of -18,700 Btu per pound and
a hydrogen-carbon ratio of 0.175. The ideal fuel-air ratio £
for this standard fuel is called the chart fuel-air ratio.

The fuel correction factors K, and K; and the water-vapor
correction factor K, are included as inserts on figures 1 and 2.
These correction factors permit the calculation of the ideal fuel-
air ratio for hydrocarbon fuels other than the standard fuel and
for combustion alr that initially contains water vapor.

The relation between the heat-release ratio 7ne and the
ratio of actual fuel-air ratio to ideal fuel-air ratio ry 1is

shown 1n figure 3. This relation may be used in conjunction with
figures 1 and 2 to compute the required fuel-air ratio for an
assigned combustion temperature and heat-release ratio or to
determine the heat-release ratio from known values of combustion
temperature, actual fuel-air ratio, and ideal fuel-aif ratio.
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Cambustion charts for the determination of the increase in
chart fuel-air ratio due to diluent additiomn f£" have been prepared
from equation (11) for the following diluents:

(1) water, ethyl alcohol, methyl alcohol, isopropyl alcchol,
and water-alcohol mixtures

(2) liquid ammonia
(3) liquid carbon dioxide
(4) 1liquid nitrogen

(5) 1liquid oxygen

The increase in fuel-air ratio due to incamplete heat release
of the combustible diluents is determined by separate charts for
water-alcohol mixrtures and for ammonia.

Equatioms from which the increment in fuel-air ratio Af due
to diluent addition or to incompleteness of diluent combustion is
camputed are included on each chart.

Alcohols and Water as Diluents

The alcohols and water form a convenient group because of
formal chemical similarity and because they are generally used as
mixtures of alcohols or of water with cne or more alcohols. The
three alcohols commercially avalilable in large quantities are methyl
aloohol, ethyl alcohol, and isopropyl alcohol. They may be grouped
with water by the following formal scheme:

Isopropyl alcohol (CH5)zE20

Ethyl alcohol (CH5)2B20
Methyl alcohol CHpH,0
Water Hy0

The various alcohols, water, and water-alcohol mixtures only differ
in the amount of CH2 radical, thus a mixture of water amd alcohols
can be presented by the average chemical formula (CHp)y H20. The
value of the formnla weight M, of the water-alcohol mixture may
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be expressed either as a function of the mixture characteristic x
or in terms of the fractions by weight of the mixture constituents.
In terms of x

Ny = ano +x MGHZ (17)
where
MHZO molecular welght of water
MCKZ molecular weight of CH; radical
When the sum of the welghts of constituents of the mixture 1s

taken as unity by definition, the reciprocal formula weight of the
mixture is given by

i=§-3+(;—l-l}—()wl+(%z-;—o)wz+(%-;—g)w3 (18)

w the fraction by weight of each constituent

where

M the molecular welght of each comstituent

and subscripts O, 1, 2, and 3 refer to water, methyl alocohol, ethyl
alcohol, ana i1sopropyl alcohol, respectively.

The quantity 1/M; serves as a parameter of a given mixture
and may be computed from equation (18) or determined with the aid
of figure 4, which 1s a graphical representation of equation (18).
The determination of 1/My for a mixture containing equal parts of
water and of each of the three alcohols (0.25 1b/1b diluent mixture)
is illustrated in figure 4 (1/My = 0.0313).

Ideal combustion. - The increment in fuel-air ratio Af
required to attain a specified combustion temperature Ty, with
water-alcohol addition to the fuel-alr mixture may be caloulated
by the use of figure S. The water-alcohol mixture 1s assumed to be
completely burned. The equations on which figure S are based are
discussed in appendix B. The increase in chart fuel-air ratio "
required by water-alcohol addition is proportiomal to the diluent-
air ratio 4 expressed in pounds per pound of air and is
principally a function of the mixture parameter 1/M,, the initial

temperature and state of the water-alcohol mixture, and the coambus-
tion temperature. The diluent-air ratio 4 1s expressed as pounds
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of diluent per pound of air, which may de initially either dry or
moist. The principal chart 1s exactly correct for mixtures of water
and methyl alcohol at an initial liquid temperature of S40° R, emall
additive corrections to f" must be applied for water-alcohol
mixtures containing ethyl or isopropyl alcohols. (See appendix B.)
When the mixture contains ethyl alcohol or isopropyl alcohol, the
required correcticne are 8of" and 8zf", respectively, and may
be found by means of the right insert om figure S. If both ethyl
and isopropyl alcohols are presemnt, corrections for each alcohol
are added successively.

If the diluent mixture is initially injected as a liquid at a
temperature other than 540° R, an additional correction 8,f" is

required This correction depends on the difference between the
enthalpy of the diluent at injection temperature and the enthalpy

of the diluent in the liquid phase at 540° R. A sufficiently accurate
value of this enthalpy for liquid diluents 1s obtained by the assump-
tion that the specific heat of the three alcohols is 0.60 and the
specific heat of water is 1.00 Btu per pound per °R. Hence

Ta
nd] = (0.40 Wy + 0.60) (T3 - 540) (19)
Tr

vhere Wo is the fraction by welght of the water in the mixture of
diluents.

The correction 8,f" may be obtained from a known value of
h

Ta
hd] with the aid of the left insert on figure S.

T

The increase in chart fuel-air ratio required for water-
alcohol mixture addition for the standard hydrocarbon fuel is

(f" + 8zf" + 83f" + bhf")

and the increment in fuel-air ratio Af for other hydrocarbon fuels
1s

Kp Kp (27 4 82f" + B3f" + 8pf")

An example illustrating the use of figure S is given in a sub-
gequent section.
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The use of figure 5 for values of 1/M; correspending to
mixtures that are camposed mostly of water is subject to some
inaccuracy because of the emall angles with whioch the slant lines
used in the determination of f£" intersect the multiplier socale.

An enlargement of part of figure 5 in the range of 1/M; from 0.0480
to 0.0555 (water-alcohol mixtures containing 75 percent or more of
water) is presented in figure 6 to improve the accuracy in this
region. Problems of the addition of water-alcohol mixtures containing
mostly water, and which ideally require little or no additional fuel
to maintain a given combustion temperature, are more readily handled
by figure 6, which 1s used in precisely the same manner as figure 5.

Combustion with incomplete heat release. - The increment in
fuel-air ratio Af due to incomplete cambustion of the water-aloohol
mixture may be determined from figures 7 and 8 and is givem by
ExKn 1"'“. Figure 7 applies to any water-alcohol mixture and is used
in conjunction with figure S, figure 8 applies to water-alcohol
mixtures containing 75-percent water or more and is used in conjuno-
tion with figure 6.

The increase in chart fuel-air ratio 1"',I over the fuel-air
ratio 1deally required for water-alcohol mixture additiom is a
function of mixture parameter 1/Mp, diluent-air ratio 4, heat-
release ratio 13, and combustion temperature Ty (appendix C).
The emall corrections for mixtures of water and alcohol containing
fractions of ethyl or 1sopropyl alcohols and the effect of combustion
temperature are lncorporated in the top of the chart. The use of
figure 7 is later 1llustrated by an example.

Liquid Ammonia as Diluent

Ideal cambustion. - When dry liquid ammonia is used as a diluent,
the increase in chart fuel-air ratio f£" 1s proportional to the
welght of added ammonia in pounds per pound of air 4, the fuel-air
ratio is a function of the combustion temperature Tp and is sub-

stantially independent of initial temperature T3 (appendix B). The

increment in fuel-air ratio Af, which is negative for ammonia, may
be computed by figure 9 and is given by EKpKjf".

Combustion with incomplete heat release. - The increment in
fuel-air ratio Af due to lncomplete combustion of ammonia vapor
may be calculated by the use of figure 10 and is given by Knth",-'.
The inorease in chart fuel-alr ratio f",' over that ideally required
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for ammonia addition is a function of combustion temperature Ty,
diluent-air ratio d, and heat-release ratio 1nq (appendix C). An
example that 1llustrates the use of figure 10 1s given later.

Liquid Carbon Dioxide as Diluent

The increment in fuel-alr ratio Af resulting from the use of
liquid carbon dioxide as a diluent may dbe computed with the aid of
figure 11. Carbon dioxide existe as a 1liquid at pressures in excess
of S atmospheres and at temperatures in the range from 391° to 548° R
The carbon dloxlide 1s presumed to be stored as a saturated or sub-
cooled 1liquid under pressure at a temperature Tq and injected into
the combustion-alr stream as a liquid, although the chart is based
on saturated liquid carbon dioxide, it may be used with accuracy for
the subcooled 1liquid except in the vicinity of the critical temper-
ature (548° R). For convenience, a scale of saturation pressure is
included in figure 1l. Use of nonsaturated mixtures of liquid and
vapor were considered impractical because of the difficulty of
controlling rate of discharge and economy of storage space.

For carbon dioxide, f" 1s always positive, is a function of
Tq and Tp, and is proportional to the weight of carbon dioxide
in pounds per pound of air 4 (aeppendix B). The fuel-air-ratio
increments Af for liguid carbon dioxide addition is KpKuf". The
uge of figure 11 is illustrated later by an example.

Ligquid Ritrogen as Diluent

The increment in fuel-air ratio Af caused by the use of
liquid nitrogen as a diluent may be computed by using figure 1l2.
For liquid nitrogen, f" is always positive, is a function of the
combustion temperature Ty, 18 proportional to the weight of liquid
nitrogen in pounds per pound of air d, and is independent of
initial temperature T3 (appendix B) The fuel-air-ratio

increment Af for liquid nitrogen addition 1s KpKjf".

Liquid Oxygen as Diluent

The increment in fuel-air ratio Af caused by the use of
liquid oxygen as a diluent may be computed by figure 13 For
1iquid oxygen, f" is a funotion of Ty, 1is proportional to the

woight of 1liquid oxygen in pounds per pound of air 4, and le
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independent of initial temperature T3 (appendix B). For liquid
oxygen, f" 1s always positive in the range of fuel-air ratio less
than stoichiometric. The fuel-air-ratio increment Af for liquid
oxygen addition is KgKnf".

Effect of Compressor Work or Preheating of Diluents

In the case of turbine engines, a part of the diluent frequently
is added to the air stream ahead of the compressor to reduce the air
temperature and to increase the compressor pressure ratio. The
addition of the diluent before compression of the working fluid
increases the compressor-work term of equation (1) and thus inoreases
the enthalpy of the working fluild. The effect of compressor work on
the negative inorement in fuel-air ratio Af may be oomputed by
means of figure 14, which includes the work done by the compressor
on both air and diluent. The increase in chart fuel-air ratio £"
is a function of the ocompressor work per pound of compressed
mixture Wg, the combustion temperature Ty, and the weight of
diluent per pound of air added before compression 4 (appendix B).
When this correction is applied, the alr temperature to be used in
computing f' by means of figure 1 1s the temperature at a point
immediately ahead of the diluent injection. The fuel-air-ratio
increment Af for compressor work addition is EnKpf". The use of
figure 14 1s illustrated later by an example.

Use of More than One Diluent

¥When more than one diluent 1s used or when work of compression
ie done on the air after diluent addition, all the previous fuel-
air-ratio increments Af corresponding to sach of the diluents or
to work addition as indicated by figures 5 to 14 are algebraically
added. The total fuel-air ratio f 1s then the algebraic sum of
EpKnEwf' and of all the increments Af multiplied dy the ratio rp.

The equation for £ 1s given by

£ = rp(EFpK L' + 2 Af) (20)

Calculation of Stoichiomstric Fuel-Air Ratio
with Diluent Addition

The use of a mixture of diluents containing a combustible
diluent or an oxidant changes the value of the stoichiometric fuel-
air ratio. The stoichiometric fuel-air ratio of the mixture as a
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function of the variocus pertinent diluent-air ratios is presented in
figure 15. (See appendix D for detaills.) The upper-right part of
figure 15 1s used for evaluation of the stoichiometric fuel-air ratio
when water-alcohol mixtures are used. The entire figure 1s used in
cases where liquid ammonia and liquid oxygen are separately used,
used together, or used in combination with water-alcohol mixtures.
The use of the figure is illustrated later by examples.

USE OF COMBUSTION CHARTS WITH DILUENT ADDITION

The use of the combustion charts with diluent addition is
illustrated by the following examples. The fuel employed in the
examples has a hydrogen-carbon ratio m of 0.100 and a lower
enthalpy of combustion hc,f of -18,300 Btu per pound.

The total fuel-alr ratio required to attain a desired combus-
tion temperature 1s given by the followlng equation-

£ = re(EpKpK L' +2Af) (20)

Example 1 — Ideal combustion with dry air, no diluent addition -
The amount of fuel necessary to produce a combustion temperature Ty
of 2000° R when burned with 1 pound of dry air at an initial temper-
ature of 600° R is to be determined. Because the combustion air is
dry, K, 1s unity, because combustion ie ideal, re 1is unity, and

because no diluents are added, ZAf equals zero.

For a temperature rise AT of 1400° Rand T, of 2000° R, a
chart fuel-air ratio f' of 0.0203 is obtained from figure 2.

From the inserts on figure 2 at a Tp of 2000° R, the correc-
tion factors K, and K; are obtained and the total fuel-air ratio

is calculated from equation (20). For a value of m of O 100,
Kpn 18 0.9885, for a value of hg ¢ of -18,300 Btu per pound,
K, 1s 1 023,

f = KgKpf' = (0 9885) (1.023) (0.0203) =0.0205 pound per pound dry air

Example 2 — Ideal combustion with moist air, no diluent addition. -
If the combustion air of the preceding example contains water vapor
in the amount of 70 grains per pound of dry air, additicnal fuel is
required to achieve a Ty of 2000° R.
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From the ingert on figure 2, correction factor K, corres-
ponding to 70 grains of water vapor per pound of dry air and a ocom-
bustion temperature of 2000° F is 1.0095. The ideal total fuel-air
ratio is then calculated.

K, = 1.0095

f = K KpKf' = (0.9885) (1.023)(1.0095)(0.0203) = 0.0207 pound per
pound moist air

Example 3 — Calculation of heat-release ratio for incomplete
combustion. - If a fuel-alr ratio of 0.0225 were experimentally
required to produce a combustion temperature of 2000° R for the con-
ditions of the previous example, the ratio of actual fuel-air ratio
to ideal fuel-air ratio rp 1s 0.0225/0.0207 or 1.0870. For the
combustion temperature of 2000° R » the heat-release ratio 7y 1s
found from figure 3 to be 0.9240.

Example ¢ — Ideal combustion with water-alcohol mixture additlon. -
The addition of 0.08 pound of water-alcohol mixture per pound of moist
air at a temperature T3 of S00° R to the combustion process of
example 2 1e now considered, both hydrocarbon fuel and diluent are
agsumed to be completely burned. The diluent mixture is composed
of the following fractions by welght:

Water, Wy = 0.50
Methyl alcohol, W, = 0.25
Ethyl alcohol, Wy = 0.25

The total fuel-air ratic necessary to odbtaln a combustion tem-
perature of 2000° R is to be determined.

The value of the mixture parameter 1/M; 1s 0.0410, as shown
in figure 4. On figure 5, drop vertically from T, of 2000° R and
1My of 0.0410 to the base line (line of Ty, of 1000° R). From
this point, draw a line through the point corresponding to a value
of 4 of 0.08 to the f" scale, from which f" has a value
of -0.0176. From the right lnsert on figure S for 0,25 fraction
by weight of ethyl alcohol and Ty, of 2000° R, move to the right
to a value of 4 of 0.08, correction B8>f" 1s equal to 0,0008.
Because no isopropyl alcohol is added, 8zf" 1s zero.

Correction for the water-alcohol mixture introduced at a tem-
perature other than 540° R 1s made from equation (19) and the left
insert an figure 5.
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T3
hé] = (0.40 W + 0.60) ('rd - 540)
540

= (0.20 + 0.60) (500 - 540) = -32 Btu per pound  (19)

From the left insert on figure 5, for hy of -32 Btu per pound,
T, of 2000° R, and 4 of 0.08, &,f" is 0.0002. The required
increment in fuel-air ratio is

Af

K.nKh (f" + 821"' + Bhf")

(0.9885) (1.023) (-0.0176 + 0.0008 + 0.0002)

-0.0168 pound per pound molst air

The total fuel-air ratio is from equation (20)
£ = KEEL + of

= 0.0207 - 0.0168

0.0039 pound per pound moist air

le S — Effect of incomplete heat release for water-alcohol-
mixture addition. - Consider example 4 with a heat-release ratio for
the hydrocarbon fuel ne of O 900 and a heat-release ratio for the
diluent 1nq of 0.500 The total fuel-air ratio for the combuetion
process 18 to be determined.

The fuel-alr ratio ideally required for combustion with no
diluent addition is 0.0207 from example 2. The required increment
in fuel-air ratio Af <for the ideal combustion of the water-alcohol
mixture added is -0 0168 from example 4. Additional increments in
fuel-air ratlo that must be determined are due to the incompletely
burned fuel and the incompletely burned water-alcohol mixture.

For a value of (1-ng) of 0.10 and a T, of 2000° R, the value
of rp 1s 1.1175, as found in figure 3.

For the same water-alcohol mixture used in the previous example,
in figure 7, for a value of 1/Mp of 0.041, move down parallel to

the slant lines to a fraction by welght of ethyl alcohol Wz of 0,25.
Inasmuch a8 no isopropyl alcohol is present in this mixture, move
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directly down to the base line corresponding to a Tp value of 3000° R.
(If 1sopropyl alcohol 1s present in the mixture, the slant lines for
isopropyl alcohol are used in the same manner as those for ethyl
alcohol ) From here, locate the pertinent caombustion temperature,

in this example a T, of 2000° R, by following the curved guide lines
and drop to the base line corresponding to a Ty, of 1000° R. From
this point, draw a line through the pertinent value of d(l-n4), in
this example with a d wvalue of 0.080 pound per pound of moist alr

and a diluent heat-release ratio n4 of 0.50, d(l-'qf) has a value

of 0.040. The required increase in chart fuel-air ratio :t"’,l is

then 0.0118. The required increment in fuel-air ratio due to
incomplete combustion of the water-alcohol mixture is

Kn¥n "n
(0.09885) (1.023) (0.0118)

af

0.0119 pound per pound moist air

The total fuel-air ratio is from eqt;ation (20):

re (K KK L' +208)

1.1175 [(0.9885) (1.023)(1.0095) (0.0203) -0.0166 + 0.0119]

o]
]

0.0179 pound per pound moist air (20)

Example 6 — Effect of incomplete heat release for liquid ammonia
and liquid carbon dioxide added at compressor inlet. - A mixture of
1 pound of liquid carbon dioxide stored at a temperature of 460° R
and 0.05 pound of liquid ammonia 1s added to 1 pound of moist air at
the compressor inlet of a turbojet engine. The inlet air 4is at
560° R and contains 140 grains of water vapor per pound of dry air.
The compressor increases the enthalpy of the diluent-air mixture
at the rate of 100 Btu per pound of fluid. The fuel-air ratio
necegsary to produce a combustion temperature of 2360° R when the
heat-release ratio for the fuel ne 1s 0.950 and the heat-release

ratio for the ammonia 73 13 0.50 is to be determined.

The necessary corrections to the ideal chart fuel-air ratio f°
are Kj, Kj, Ky, and rp. Four values of fuel-air-ratio increments
Af are required for the liquid-ammonia addition with complete com-
bustion, the incomplete combustion of ammonia, the liquid cardbon
dioxide addition, and the compressor work imput.
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3 From figure 1 for a temperature rise AT of 1800° R and an
initial temperature of 560° R, a chart fuel-air ratio f' of 0.0270
is obtained. The factors Kp of O 9885 and Kp of 1.023 are the

same as before because the same fuel is used in all the examples.

From the insert on figure 1, the correction factor K, corres-

ponding to 140 grains of water vapor per pound of dry air and Ty
of 2360° R, 1s 1.0195

For a value of (l-1¢) of 0.050 and Ty of 2360° R, rp has
a value of 1 0565 in figure 3,

For an smmonia addition d of 0.05 pound per pound of air and
Ty of 2360° R, " 1s equal to -0.0177 pound per pound of air in
figure 9 The required increment in fuel-air ratio for complete
combustion of ammonie 1s

of = EgKpf" = (0.9885)(1.023)(-0.0177)
= =0.0179 pound per pound moist air

For a value of (1-n3) of 0.50, T, of 2360° R, and d of 0.05,
f",' has a value of 0.0115 as found in figure 10. The required

increment in fuel-air ratio due to incomplete combustion of ammonia
is

Af = EnKpf"; = (0.9885)(1 023)(0.0115)
= 0.0116 pound per pound moist air

For a saturated 1liquid carbon-dioxide temperature of 460° R,
Ty, of 2360° R, and d of 1.00 pound per pound of air, f" 1s equal
to 0.0370 as found in figure 1l. The required increment in fuel-air
ratio 1se

3

Af = B K f" = (0.9885)(1.023)(0.0370)
= 0.0374 pound per pound moist air

For a compressor work input W,/J of 100 Btu per pound of
fluid, Ty, of 2360° R, and a mass of diluent added at the cam-

pressor inlet d4' of 1.05 pounds per pound of air, the value of
£" 1e equal to -0.,0118 pound per pound of air as found in figure 14
The required increment in fuel-air ratio is

of = K K" = (0.9885)(1.023)(-0.118)

= = 0,0119 pound per pound molst air
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The total fuel-air ratio required is them z

£ = rp(EfpKyt" +2A)

= 1.0565 [(0.9885)(1.023) (1.0195)(0,0270) - 0.0179 + 0.0116 + 0,0374
-0.0119] = 0.0498 pound per pound of moist air (20)

The effects of the addition of liquid ammonia and liquid carbon
dioxide on the required fuel-air ratio are independent but are
cambined in this example to 1llustrate conveniently the use of the
charts. The addition of liquid oxygen and liquid nitrogen as diluents
is handled in the same manner as liquid ammonia in the present example.

Determination of stoilchiometric fuel-air ratio with diluent
addition -~ The stoichiometric fuel-air ratio for a mixture of air,
hydrocarbon fuel, and diluents may be determined by means of figure 1S5.

For example, the determination of the stoichiometric fuel-air
ratio for 0.08 pound of water-alcohol mixture having a mixture param-
eter 1/M, of 0.0410 added to each pound of air for combustion with
a fuel of hydrogen-carbon ratio m of 0.100 is shown in the upper-
right part of figure 15, the stolichiometrioc fuel-air ratio 1s 0,0510.

If the diluents ammonia and liquid oxygen are individuslly
added or added in combination with a water-alcohol mixture, the
stoichiometric fuel-alir ratio is found by the emtire figure. For
example, the determination of the stoichiometric fuel-air ratio for
a water-alcohol-to-air ratio 4 of 0.08, a mixture parameter 1/ My
of 0.,0410, and ammonia-air ratio d of 0.05, a liquid oxygen-air
ratio d of 0.10, and a hydrogen-carbon ratio m of 0.100 is shown;
the stoichiometric fuel-air ratio i1s 0.060.

Flight Propulsion Research lLaboratory,
Rational Advisory Coomittee for Aeromeutice,
Cleveland, Ohio, March 31, 1948.
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f'
fn
f"q

Bpf"

Bf"

Byt"

APPENDIX A
SYMBOLS

The following symbols are used in this report:
1
Bg0 - Z Ho,
2,016
n(302 = EOZ
12 010

increase per pound of diluent in number of moles of ¥y
in ultimate burned gas mixture due to addition and com-
bustion of diluent, 1b mole/1d diluent

total diluent-air ratio, 1b/lb air

weight of diluent injected into air stream prior to
compression of mixture, 1b/.b air

total fuel-air ratio, 1b/lb air

fuel-air ratio increment due to diluent addition to fuel-
air mixture, 1b/1b air

chart fuel-air ratio, function of Ty and Ty only,
1b/1b air

increase in chart fuel-alr ratio due to diluert addition,
function of specific diluent mixture, 1b/lb air

increase in chart fuel-air ratio due to incamplete com-
bustion of diluent, 1b/1b air

correction to f£" with use of ethyl alcohol, 1b/1b air

oorrection to f" with use of isopropyl alcohol,
1b/1b air

correction to f" due to injection of water-alcohol
mirture at a temperature other than 540° R, 1b/lb air

molal enthalpy of y, Btu/lb mole

enthalpy of dry air, Btun/lb air
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enthalpy of final burned mixture, Btu/lb mixture

lower enthalpy of combustion of liquid diluent at 540° R,
Btu/1b diluent

lower enthalpy of combustion of 1liquid fuel at 540° R,
Btu/1d fuel

enthalpy of liquid diluent, Btu/lb diluent

mechenical equivalent of heat, 778 £t-1b/Btu

correction factor to £ or f" for change in lower
enthalpy of combustion of fuel from value of
18,700 Btu/1b fuel

correction factor to f' or f” for change in hydrogen-
carbon ratio of fusl from value of 0.175

correction factor to f' due to water vapor in combue-
tion air

molecular weight of water-alcohol mixture, 1b/(1b) (mole)
hydrogen-carbon rati& of fuel

ratio of actual fuel-air ratio to ideal fuel-air ratio
initial total-air temperature, °R

total combustion temperature, °R

temperature of diluent as liquid immediately before
injJection, °R

reference temperature, 540° R
temperature rise in combustion process, °R
fraction by weight of components of water-alcohol mixtures

work of compression of mixture entering compressor,
ft-1b/1b mixture

water-alcohol mixture characteristic

variety of gas, specifically COp, H20, Op, and Kp
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¢ factor accounting for effects of diluent addition and
compressor work on ideal fuel-alr ratio

ne heat-release ratio for hydrocarbon fuel

N4 heat-release ratio for combustidble diluent

Subscripts 0, 1, 2, and 3 refer to water, methyl alcohol,
ethyl alcohol, and isopropyl alcohol, respectively.

The atomic weights used are

Carbon 12.010
Hydrogen 1.008
Oxygen 16.000

Nitrogen 14 008
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APPENDIX B
EXPRESSIORS FOR INCREASE IN CHART FUEL-AIR RATIO
DUE TO DILUENT ADDITION
Water-Alcohol Mixtures as Diluent
The molal lower enthalpies of combustion for the liguid phase
-Q of water and of the three alcohols considered are given in the

following table, the values cited are for a pregsure of 1 atmosphere
and have been evaluated at the reference temperature of 540° R-

Diluent Equivalent Molecular -Q Reference
formula  weight (Btu/(1b)
(mole))
Water B0 18,016 -18,870 10
Methyl alcohol (CBx)H0 32,042 274,700 10
Ethyl alcohol (CE, ) 2H0 46.068 531,300 10
Isopropyl alcohol (CHp)zHp0 60.094 786,300 11

The general mixture may be repregented by the average formula
(CHp)gH20. A quantity -Q' 1s arbitrarily chosen as a linear

function of the diluent-mixture characteristic x such that it ie
exactly equal to -Q for mixtures of water and methyl alcohol

-Q' = 293,570 x -18,870 (21)

Because -Q does not vary linearly with x, emall corrections
are required when ethyl or isopropyl alcohols are used.

The gravimetric lower enthalpy of cambuetion of the mixture
may be written as a function of 1/Mln from equations (17) and
(21)

n 293,570 x -18,870
“Bc,d * M

395,950

My

= 20,930 - Btu/1b (22)




The net increase in enthalpy of the combustion gases due to diluent addition and com-
pressor work is from equation (5):

Ta

T
. b

® - - (14a') Tc -a hd]r -hsq - (Doo2 Heo, + Pry0 Bppo + Do, Ho, + Dnvp an)]T (5)
» r
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The term accounting for compressor work (1l+d') wc/J is considered later in this appendix
Ta
The term |hg . - hg,g| reduces to -hy g when the water-alcohol mixture is introduced to
r
tho system as a liquid at a temperature T3 equal to the base temperature Ty of 540° R, for

those cases in vhich the diluent is introduced as a liquid at a temperature other than 540° R,
a correction is to be applied.

The remaining term of equation (5) is evaluated by consideration of the combustion reaction

(CHp)y H20 + 2 20> 2005 + (143) Ep0

The increase per pound of diluent in the enthalpy of the various species in the ultimate
gas mixture due to the addition of diluent 1s then
Ty Ty

(Dc()z H002 + Dnzo Hﬂzo + DOg HOZ + DNZ Enz):]'rr = t {xﬂcoz + (1+x) HHZO - % xnoz + o}-J =

Ip

Ty
1 1.28447 1 0.28447 3( 1 1.28447
e 25 e ) - )] o

r N
~



The quantity DNZBNZ is zero because the nitrogen content of the ultimate gas mixture 1s not
increased as a result of the water-alcohol-mixture additiom.

The relation for @ (equation (5)) may therefore be expressed cnly as a function of 4,
' My, and Ty, for diluents of mixtures of water and alcohol.

- From equatioms (5), (11), (22), and (23)

v
=,
395,950 1128847 1 _ 0 28447 3{_1 128847
- 20,930 + g ¢ (14 026 ~ My >Hcoz "<1¢ 026 T My )HHzO "2 (14 0z6 T )Hog
T
" =a = > (24)
Ty
0175 A+B
18,700 - 2424
' - Tr -

The small corrections required when ethyl and isopropyl alcohols are used are accounted
for by additive terms 8of" and 8zf", respectively. For pure ethyl alcohol, equation (21)
yields a value of -Q' of 568,270 Btu per pound mole. The discrepancy between this value and
the actual value of -Q 1is 36,970 Btu per pound mole. For pure isopropyl alcohol, the
discrepancy between the value of -Q' from equation (21) and the actual value is 75,540 Btu

per pound mole.

The corrections are therefore given by

82
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W2

d 75.068

36,970

82" = T (25)
0.175 A+B
18,700 - =535=

Ty

Wz
d 55092 9,340

B3f" = T (26)

0.175 A+B

18,700 - 1.175

Ty
The numerators proportion the error introduced by the use of
the linear expression for -Q (equation (21)) in accordance with

the fraction by weight of either ethyl or 1lsopropyl alcohols in the
mixture of diluents.

Liquid Ammonia as Diluent

The enthalpy of combustion of 1iquid ammonia ies evaluated to
be 7500 Btu per pound at a pressure of 1 atmosphere and a tempera-
ture of 540° R (reference 10). The combustion reaction and the
assumption that all the ammonia burns to nitrogen and water ylelds

4NH3 + 302921‘2 + 6320

The increase per pound of diluent in the enthalpy of the various
species in the ultimate gas mixture due to the addition of diluent
1s then

- (3 -] +i5
= 17.032\z BH20" g Boz+ 7 By .

r

(?Ego EHgO + Dbg BOg + DNZ Hha}]T
r

(27)

The expression for @ from equation (5) becomes

T
b
-1 (3 3 i
r
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Therefore f£" may be written from equation (10) as a function of 4

and T
b 7,
d -7500+—1—- éRH -3 +lH
17.032 \2 020 ~ 3 Hop + 2 Hmp /|,
”

£" = =  (29)

Tp
0.175 A+B]

18,700 - ==-=2-=

Ty

Ammonia may be stored either as a liquid under elevated pres-
sures or as a chilled liquid at atmospheric preesure. In either
case, the varlation of the enthalpy of combustion of liquid ammonia
with storage temperature is small. Hence, addition of ligquid
emmonia as diluent at a temperature other than 540° R introduces a
negligible error in the expression for f".

Liquid Carbon Dioxide as Diluent

The enthalpy of liquid carbon dioxide relative to the vapor
at 540° R and 1 atmosphere pressure for various conditions is
taken from a temperature-entropy diagram for carbon dioxide appearing

Ta
in reference 12. The value of hd] is then a function of the
Ty
diluent temperature immediately before injection. Because the most
feasible arrangement is to store and to inject the carbon dioxide
Tq
as a liquid in the completely saturated state, hd]'l‘ becomes a
r
function of the saturation temperature or its concomitant satura-
tion pressure.

The expression for f£" 1is then o
b
W

44.01
" =

(30)
Ty
0.175 A4B

18,700 - 1.175

Ty
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and is a function of T, 4, and T3 or saturation pressure
Equation (30) accurately applies for use of the liquid carbon
dioxide in the subcooled state except in the vicinity of the critical
temperature (548° R).

Liquid Nitrogen and Liquid Oxygen as Diluents

Enthalpies for liquid nitrogen and liquid oxygen are evaluated
relative to the vapor at 540° R and 1 atmosphere pressure as the
sum of the enthalpy of vaporization and the enthalpy difference of
the diluent vapor at the liquid temperature and 540° F. Enthalpies
of vaporization for bdoth liquids are taken from reference 10. The
liquids are generally stored in contalners vented to the atmosphere.
Hence, variations in enthalpy in the liquid phase may be neglected
because of the small temperature range in which the diluents exist
as liquids at atmospheric pressure.

The enthalpy relative to the vapor at the reference condition
d
by 1s 186 Btu per pound for liquid nitrogen and 175 Btu per
Tr
pound for liguid oxygen.

The expression for f£" ~for nitrogen is then

Ty
A
d\ 186 + st

28,016
To
0.175 A+B

£" = (31)

18,700 - 1.5

N
Hop T
4\ 175 + 3376500
il (32)

To
0.175 A4B
T1.175

for oxygen

18,700 -
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Therefore f" 18 a function of 4 and Ty.
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Effect of Compressor Work or Preheating of Diluents

The decrease in fuel-air ratio f£" associated with the work
done in any compressor through which 1 pound of air plus 4' pounds
of diluent pass before combustion is given by the following expression

on . -(14a') W, /3
Ty,
0.175 A+B
18,700 - 1.175  |q
r

- Therefore f" 1is a function of d', W;, and T,.

(33)
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APPENDIX C
COMBUSTION WITH INCOMPLETE HEAT RELEASE

Justification of the assumption that the enthalpy of the actual
burned products is negligibly different from that of the completely
burned products for any given fuel-diluent-air mixture and givemn
combustion temperature requires a measure of this enthalpy difference.

For each of the likely products, the difference between the
enthalpy of the gas having the incompletely burned reactant and the
enthalpy of the gas at the same temperature but having a composition
corresponding to complete combustion is small compared with the
defect in heat release resulting from the presence of the reactant.

If, for example, normal octane vapor 1s considered to be present
in the burned mixture, there will be oxygen present that would not
exist 1f the combustion were complete according to the relation

25
CgHyg + e 02 —>8C02 + 9H20

At 2700° R, the enthalpy of the left side 1s 483,130 Btu per
mole of octane, the enthalpy of the right side is 469,650 Btu per
mole of octane. The enthalpy of the left side 1s 13,480 Btu per
mole greater than the right side The molecular weight of octane
1s 114.224, the enthalpy of the products is thus decreased 118 Btu
per pound of unburned octane as contrasted with a defect in heat
release of 19,110 Btu per pound of unburned octane.

The enthalpy of the products mlnus the enthalpy of the
reactants expressed as a percentage of the lower heat of combustion
of the reactant is presented in figure 16 as a function of combus-
tion temperature for a number of likely reactants, curves are given
for methane, normal octane, ethyl alcohol, formaldehyde, ethylene,
ammonla, carbon monoxide, and hydrogen. Data for the hydrocarbons
were taken from reference 13, data for ethyl alcohol, formaldehyde,
and ammonia were taken from references 14, 15, and 16, respectively.

Except for hydrogen, the enthalpy difference generally is
about 1 percent of the lower heat of combustion, which corresponds
to an error in the calculated value of heat-release ratio of only
0.1 percent at an ne of 0.90. Appreciable concentrations of
hydrogen will probably not be present so that enthalpy differences
of 4 to 5 percent of the lower heat of combustion of hydrogen at
the higher temperature will not affect the general validity of the
assumption,
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APPENDIX D
STOICHIOMETRIC FUEL-AIR RATIO WITH DILUENT ADDITION

The stoichicmetric fuel-air ratio of a mixture containing com-
bustible diluents is found by determining the net amount of oxygen
available to the hydrocarbon fuel after complete oxidation of the
cambustidble diluents.

The gross amount of oxygen available in the air is
0.23186 pound per pound of air.

The oxygen consumed by combustion of the alcohol in the water-
alcohol mixture is

48 4
—— 1b/1b alr
Mn /

Oxygen required for combustion of ammonia is

24 d

17,053 1b/1b air

The addition of oxygen itself supplies

d 1b/1b air

The oxygen required for combustion of the hydrocarbon fuel is

¢ (16m 32
Tom (2.016 + 12.01) 1b/1b air

The net amount of oxygen available to the hydrocarbon fuel
after diluent combustion determines the magnitude of the stoichio-
metric fuel-air ratio, inasmuch as the mass of oxygen required for
stoichiometric combustion 1s equal to the mass of oxygen available
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Figure 1. - Fuel-air ratio f for ideal constant-pressure
combustion as function of initial temperature.

(A 15- by 20-in. print of this figure is attached.)
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(A 15~ by 20-in. print of this figure is attached.)
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(An 11- by 17-in print of this figure is attached )
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Figure 7

Water-alcchol-mixture parameter, 1/M
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Water-alcohol-mixture parameter, 1/M;
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Figure 8 - Fuel-air-ratio increment Af due to incomplete combustion of alcohol-water
mixtures containing 75-percent water by weight or more Af = Kmth"q (A 11- by 13-in

print of this figure 1s attached )
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Figure 9. - Fuel-air-ratio increment Af for addition of ligquid ammonia
to fuel-air mixture. Af = l’mth".
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Af = KgKpf®,
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Figure 12. - Fuel-air-ratio increment Af for addition of
1iquid nitrogen to fuel-air mixture. Af = K K f".
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addition (A 11- by 11-in print of this figure is attached )
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