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ABSTRACT

A simplified hydrocarbon-air combustion gas model, including the
effects of dissociation, for convenient use in engine cycle computer
programs is presented., The gene~alized model reduces to the hydrogen-
air system as well as dissoclating air., The exclusion of chemical
species containing atomic nitrogen allows & considerable simplification
of the composition equations. The thermodynamic properties of stoichio-
metric combustion of the kerosene-air and hydrogen-air systems are
computed with the simplified model and compared with more comprehensive
gas models. In addition, the effect of the neglected chemicals species
on the performance of a idealized subsonic combustion ramjet 1is presented.
The simplified gas model has been used to cefine the limiting conditions
for solid carbon and ammonia formation for fuel rich gas mixtures. A
computer program listing of the simplified gas model caléulation

procedure is presented.
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SYMBOLS AND NOTATION

net thrust, 1bf

fuel-air ratio

stoichiometric fuel-air ratio

acceleration due to gravitational field of the earth,
32,174 ft/sec®

Gibbs free energy

enthalpy, Btu/lbm

specific impulse, sec

mechanical equivalent of heat, 778.2 ft-1bf/Btu

equilibrium constant in terms of partial pressures

molecular weight

ratio of hydrogen atom to carbon atom in fuel molecule

pressure, atmospheres

dynamic pressure, lbf/ft2

universal gas constant, 1.98588 Btu/mole-°R

ratio of carbon to hydrogen atoms in fuel molecule, %

equivalence ratio, %%

entropy, Btu/lbm-°R

temperature, °R

velocity, ft/sec

airflow rate, 1lbf/sec

mole fraction



Subseripts

© free-stream conditions

J Jth specles

J Jet

lim limiting condition for solid carbon or ammonia formation
8 static conditions

t stagnation conditions

Superscripts

° at reference presaure, 1 atmosphere




CHAPTER I
INTRODUCTION

Recent and continuing advances in fluid dynamics and metallurgy
have opened new domains of power and efficiency to the air-breathing
combustion engine. The combined effect of technological advances and
the demand for greater operating flexibility in the aircraft power
plants have led to certain design trends which are significant from a
thermodynamic stendpoint, namely: the maximum allowable internal
temperatures, pressures, and gas stream velocities are increasing, and
minimum internal operating pressures are decreasing as well.

Developments in the area of compressor and turbine blade cooling
have been instrumental in extending the potential range of efficient
operation of the turbojet engine to high supersonic Mach numbers and
high altitudes. As discussed in Zucrow (Ref. 1), for turbojets
employing uncooled turbine blades, the temperature of the gases leaving
the combustion chambers must be limited to approximately 2000° R due to
stress, creep, and stress duration considerations. Because of that
temperature limitation the overall fuel-air ratlio for a turbojet engine
burning a hydrocarbon fuel, such as JP-4 (CH,), is quite low, of the
order of 0.015 (Req = 0.25). Current turbojet designs, such as those
proposed for the supersonic transport, employ turbine blade cooling
vhich permits turbine inlet temperatures of approximetely 2800 K
(Rothrock, Ref. 2) and results in fuel-air ratios of the order of 0.03

(Req =~ 0.5). Advanced turbojet engines which employ hydrngen for toth



fuel and turbine cooling are being studied with stoichiometric combustion
and resulting turbine inlet temperatures of approximately 4000° R.

The ramjet engine is better suited for propulsion problems
requiring high flight speeds. N. such temperature limitation is
applicable to the ramjet engine because it has no moving parts that are
subjected simultaneously to dynamic loads and high temperatures. Con-
sequently, stoichiometric combustion of high energy fuels, such as
methane (CHu) and hydrogen, may be utilized for the ramjet engine. In
addition, the high stagnation temperatures attained by the air at high
flight Mach numbers result in combustion temperatures approaching
5000° R for stoichiometric methane combustion and 6500° R for stoichio-
metric hydrogen combustion.

As discussed by Ferri (Ref. 3), the concept of the supersonic
combustion ramjet appears attractive for very high Mach numbers and
altitudes approaching orbital conditions. Since the fuel is mixed and
ignited in a supersonic airstream, internal temperatures would not
exceed 5000° R (stoichiometric hydrogen-air combustion), even at flight
Mach numbers of the order of 12. BFPecause of the application of the
supersonic combusticn ramjet to high altitude flight and the fact that
a large portion of the energy in the airstream remains in the form of
kinetic energy, internal operating pressures can be substantially below
sea level atmospheric pressure.

An accurate knowledge of the thermodynomic properties and
behavior of these engine's working fluid under all operating conditions

is a basic requirement for effective design. However, at high temperatures




and low pressures, considerable difficulties arise in calculating the
thermodynamic properties of combustion gas mixtures - difficulties which
stem from the phenomena of internal energy excitation coupled with
chemical dissociation.

In the past, methods such as presented by Hall and Weber in
Reference 4 have been used to calculate the thermodynamic properties of
combustion gases for air-breathing engine cycle computations. The method
of Reference 4 is based on separate calculations of thermodynamic
properties of air and the products of combustion of a stoichiometric
fuel-air mixture. It is assumed that the properties of the combustion
products for any fuel-air ratio less than stoichiometric may be obtuined
by linear interpolation between the two extreme cases. Results of this
method are exact for cases with no dissociation. However, when disso-
ciation is taken into account, errors arise because the method does not
account for the change in composition of the gases when they are mixed.
This error is small for turbojet or turbofaen calculations since tempera-
tures are relatively low s . dissociation is not extensive. However,
the high operating tempgratures of hypersonic engine c¢ycles may result
in cases of extreme dissociation and cause large errors in calculating
engine performance.

The method of Rererence 4 does not allow engine calculations for
equivalence ratios greater than unity. However, at high Mach number

flight, the fuel required to cool aerodynamic surfaces and engine

component may force engizne operation into this region.




In short, the method of Reference 4 does ~nt provide a sufficiently
Zeneral basis for engine cycle calculations under all conditions of
current and future interest.

Chemical equilibrium theory which governs dissociation phenomena
has long been formulated, for example by Clarke and McChesney
(Ref. 5). However, its application to complex combustion gas mixtures
has proven so tedious and complicated as to preclude direct use in
engine cycle computer programs. The General Electric combustion gas
models of References 6 and 7, which cerve as a basis of comparison for
the simplified gas model presented herein, are elaborate treatments of
the hydrogen-air and kerosene -air systems.

The generalized hydrogen-air model of Reference € assumes
12 chemical species. requiring eight independent chemical reactions
leading to eight equilibrium expressions. Since the initial proportions
of hydrogen and air define four mass balance equations, the mathematic.1
solution: 12 equations - 12 unknowns, is demonstrated. The reduction
of the system of equations to one equation - one unknown, as recommended
by Erickson, Kemper, and Allison in Reference 8 - is extremely tedious.
With the exclusion of the technique of Reference 8, hope for the
solution of this system by a single level iteration is abandoned. The
adoption of a two-level iteration or one of the methods summarized by
Zeleznik and Gordon in Reference'9 to solve for gas composition has a
great effect on the utility of the computation procedure as a subroutine
for an engine cycle computer program. Consequently, the most efficient

means of representing the thermodynamic properties of these gas models




in an engine cycle program is by an elaborate system of fitted curves,
sacrificing both computer storage and accuracy.

The purpose of the simplified gas model presented herein is to
incorporate the substantial effects of dissociation consistent with
convenient use in computerized engine cycle calculations. The proposed
gas model is simplified in the sense that the formation of species
containing atomic nitrogen is neglected. This assumption enables the
solution for chemical composition to be obtained with a single level
iteration. Although the original intent of this study was directed
toward the hydrogen-air system, it was found that the model could be
generalized to any hydrocarbon-air sysiem, as well as dissociating air,
with little additional complexity. The computer program included can
be readily incorporated as a subroutine in an engine :ycle program or
used alone to generate Mollier diagrams. Inputs to the program are the
ratio of carbon atoms to hydrogen atoms in the fuel molecule, equivalence
ratio, temperature, and pressure. Outputs from the program are the mole

fractions of the chemicel species assumed, enthalpy, ertropy, and

molecular weight.




CHAPTER II
ANALYSIS

Description of Gas Model

The range of temperatures and pressures of interest for air-
breathing engine application is assumed to be below temperatures of
7000° R and between pressures of 0.001 and 120 atmospheres. In this
range of conditions, References 3 and 4 indicate that the formation of
nitrogen species, such as N, NH, NHz, and NO occurs in negligible
amounts and, therefore, has a very small effect on the thermodynamic
properties of combustion gas mixtures. The assumption to neglect these
species has a great effect on the complexity of the calculation
procedure since molecular nitrogen can be considered inert. The effect
of this assumption on the thermodynamic properties of gas mixtures and
on the performance of an idealized ramjet engine will be discussed in
the section entitled Results and Discussion.

Figure 1l is a diagram illustrating the chemical species and
required chemical reactions considered in this gas model. The figure
is divided into regions of temperature and equivalence ratio. Above
Tcut-off the gas is considered to be dissociating. The chemical
species assumed for pure air (Req = 0) are identical to those of
Reference 6 and include atomic nitrogen species. For the combustion
gas model (Req > 0) the dissociated nitrogen species (N, NH, NH, NO)
are not included. It is apparent that by excluding the species and

reaction containing carbon, the model reduces to the hydrogen-air system.
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Below Tcut-off’ in general, all chemical reactions are complete
and combustion products completely formed. Therefore, the initlal
proportions of elements are sufficient to define the gas composition.

However, for R,, > 1, the gas model of Reference 7 indicates that CO

q
may form even below T, + orf+ As & result, the initial proportions of
elements are not sufficient to define the gas composition and one chemical
reaction is required.
In the region of fuel rich operation, solid carbor and ammonia
may form. The limitiag pressure for the formation of solid carbon
depends upon the relstive proportions of carbon dioxide (COE) and carbon
monoxide (CO), equivalence ratio, and temperature. However, there is a
limiting equivalence ratio for a given hydrocarbon-air system above
vwhich carbon will form under any condition of pressure and temperature.
The formation of ammonia was considered only for the hydrogen-air
case since the formation of solid carbon preceded the formaetion of
ammonia for the combustion products of all the hydrocarbon-air systems
studied. The limiting pressure for the formation of & given amount of
armonia depends upon thg relative proportion of nitroger (Ng) and
hydrogen (H2), equivalence ratio, and temperature.
It should be emphasized that the combustion gas model, including
the eriteria for solid ce—-bon and ammonia formation, is based entirely

upon equilibrium theory of gases.

Derivation of Gas Model
The general equations presented in this section for computing

chemical composition and combustion gas properties make use of the




following assumﬁtions: (1) the formulated gas mixtures simulate the
products of complete, constant pressure, adiabatic combustion; (2) the
gas mixtures are in thermasl and chemical equilibrium; (3) the idesl gas
equation of state is valid; (4) only gas phases are considered; and
(5) the effects of ionization are negligible.

Overall stoichiometry and gas model constants.- In order that the

simplified gas model may apply to the combustion of any hydrocarbon fuel
a generalized statement concerning the atomic composition of the fuel is

required. Consider the following stoichiometric reactions:
CH+EOQ=002+%H20

6

mjro

V] S

H>0

CHA+§02=002+

2 Hp0

P+

In general terms:
cnn+nu-+—“02=coe+gneo

where

- ho. atoms H

in fuel molecule
no. atoms C

Thus, in the general case:

no. moles CHy L4Req

no. moles Op n + 4
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where Req is the equivalence ratio. The initial composition of air
incorporated in this gas model is the same as that of Reference 6; that
is, combustion 1s assumed to have occurred with dry air of the following

composition by volume:

0p N, A

20.9495 per cent 78.0881 per cent 0.9624 per cent

The following constants and paremeters define, in general terms, the

initial atomic proportions of the elements in the gas mixture.

C = no. atoms A 0.00616227
no. atoms N

_ no. atoms N
no, atoms O

3. 727445

o, = Bo. atoms C _ 2Req
3 no. atoms O n + 4

c _ ho. atoms H=2nReq
b no, atoms 0 p 4+ 4

Defining Ry, = 117, then

_ Regfen
1 + URop

ch=ﬁeﬁ_-
l+)+Rch




For the special case of hydrogen-air combustion:

2Hy + 0p == 2Hx0

no. moles Hp -
no. moles Op €q

Rop = O C3 =0 cC = 2Req
The stoichiometric fuel-air ratio is given by:

1.008 + 12.01Ryy,
1l+ uRCh

fo = 0.028931

It 1s of value to represent the equilibrium constants for the
assumed reactions in a convenient manner. The treatment of chemical
equilibria in Reference 5 leads to the equilibrium expression for a

general reaction:
aA + P B —= cC + 4D

The equilibrium expression is:

X%X% - p-(c+d-a-b) | ¢

b
e

o2}

where

Lo} (] Q (o]
K=e -c?-g-q-d.G—D--aG_A.-b?E
- exp o RT RT ’T

11
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Figure 2 shows the variation of logyp K with % for the chemical
rgactions considered in this gas model. The values of Gibbs free eunergy
%% for the species were taken from the data tabulations in References 6
and 7. Figure 2 indicates that the equilibrium constants can be

represented as linear functions.

Hydrocarbon-air gas model with dissociation.- The following gas

model applies to the region:

T>T R _>0

cut. off? eq
Chemical species assumed:

Hy0, COp, 05, Hp, Ny, A, O, H, CO, OH
Chemical reactions:

2H + 0 =H0, 2H=H,, 20=0,, O+ CO=0C0p, H+O=OH

Mass conservation equations:

10

Z XJ =1 (l)
J=1
Xy = Co(2Xy) (2)
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2N =Nz
1—/.2H+0— H20

AN

//
g O+N = NO

80
60 ~
x /—mco = co,

© 40+ =

o

o

|

r—Hz"’ CO, = CO+H20
3H2+N2 == 2NH3

!

20 -
Or 7~
//>< €02+ C(S) =2C0
1 ! J
0004 .0006 .0008 .00

-0 L L_ |
20 0 .0002
/T, I/°R
| - 1 j . J
7000 3000 2000 1000
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1000 600

e
3000 2000
Temperoture, °K

Figure 2.- Variation of equilibrium constants with temperature for gas
model reactions. .




Xco, + ¥co = C3(Xen, + Xoo + Xuyo + Xo, + Xo + Xom)

14

(&)

Equilibrium expressions:

2y x2
Xp 0 = PKiXoXg

Xg, PKXE

PKsX5

%o,

Xco, = PRXoXco

Xop = PKsXoXy

Solving for two equations - two wuknowns in X,, Xy:

a = (80X + AxXo + Ayo)Xf + {A1oXS + AyiXg + A o)y

+ {ho3X3 + AooXg + AgyXo + Agg) = O

(5)

(6)

(7)

(8)

(9)

(10)
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2 2 2
B = Boox5 + ByyXp + Boo)Xg + {812%5 + B11%0 + B1oj¥y

- {B03%3 + BopX5 + BorKg) = O

For Rgq > 1 the iteration function, a, 1s insensitive to

q
changes in Xp. As a result, Xg 1s used as the iteration variable in
this region of computation. Unfortunately, if Xy 1s assumed, the
expression B 1s cublc in X5 and an udditional iteration is required.
For fuel rich hydrogen-air mixtures 303 = 0, B 1is quadratic in X0»
and the single level iteration is maintained. However, for fuel rich

mixtures containing carbon, a double level iteration is necessary for

solution, where

Azp = PIKiK (1 - 2C5 + C)

Ay = PP (1 + C) + 2Kk, (1 - 203)}
Ay = 2PKH(1 - C5)

Ajp = PPKKs(1 - 2C5 + C)

Ayp = P{Ks(1 + C) + 2K, (1 - 203)}

A = 2(1 - cj)

Ays = 2CPPKsK,

Aoz = P(K5(C + C5) + K, (1 - 205 + C))
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z

1+C - 2PKy(1 - 2C4)

= -2(1 - 03)

>
o
o

|

and
Byp = PPKiK{2(1 - C3) - Cy)
B, = PRk, [2(1 - c5) - C,] + 2KK, (1 - 2c5)}
By = 2PKy(1 ~ Cs)
Byp = PPRKs(1 - 2C5 - Cy)
B, = P{?S(l - C3 - C) + K (1 - 203)}
Bjp=1-Cs
Bos = 2C,PPK,K;
Boo = C,P{2K5 + K)

Boi = Cy

Q
1]
[

+ Cx(1 + 2c4)

Setting 05 and K; equal to zero reduces the system to identically
the hydrogen-alr case. The expressions for a and B are satisfied
simultaneously by use of the Newton Iteration Scheme. Newton's iteration

scheme for determining X, and XH can be written as
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a(Xo(L),Xg(L))

Xo(L + 1) = Xo(L) - 3
aia(@(xo(L),XH(L)))

Where Xp(L) 1s the Lth approximation of X, and the derivative of

a(Xg,Xg) with respect to X is

%
s _da _d |%o
dXo Xp  OXg|oB
Xy

Air-gas model with dissociation.- The following gas model applies

to the region:

T > Teut-offs Feq = 0

Chemical species assumed:
0o, No, A, O, NO, N

Reactions:

Mass conservation equations

Y xp=1 (1)
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Xy = cl(exN2 + Xyo + Xy) (2)
2Ky, + Xyo + Xy = 02(2)(02 + Xg + Xyo) (3)
Equilibrium expressions
X, = PK.X2 (%)
0, = Fz%g
Xy, = PKeXg (5)
Xno = PRpXoXy (6)

Solving for two equations two unknowns in X5, Xy

2 2
o = AyXy + {A11Xo + Ajo¥Xy + {(opXo + BorXo + Ago) = ©
B = Bog¥y + {Bra¥o + Biohy - (BoeXG + Eoa¥%g) = ©
where

Asg = (1 + 2C;)PK¢ Bpg = 2PKg

Apy = (1 +Cp)PKy By = (1 - Co)PK;

A10=l+cl Blo=l

Agp = PKz By, = 2CoPKz

Aoy =1 Bop = C2

Ago = -1

S Eleesis A R i R e s T,
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The simultaneous solution of a and P 1is subject to the same iteration
procedure as the gas model of the previous section.

Fuel rich gas model with solid carbon formation.- The following

gas model applies to the region:
T < Teut-ofss Req >1

Cherical species assumed:

H,0, COp, Hy, Np, A, CO

Chemical reactions:

H2 + 002 = CO + HQO

Mass conservation equations:

Z Xy=1 (1)
=1
X, = cl(2xN2) (2)
2y, = Co(HKgo, + Xgo + Xg,0) (3)
Xco, * Xco = C3(go, + Xoo + Xg,0) ()
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Xy, + g0 = Cu(2Xeo, + Xco + X 0) (5)
Equilibrium expressions:
Xg,0%co = ¥8Xp,Xco, (6)
Solving for XCO yields:
AAXZ, + BEKqg + CC = O

where

AA = (l-K8)(C+C,++2C5-l)2
BB = (C + Cy + 205 - 1)[2(L - 205) + Kg(Cy + €C5 - 2)]
CC = 2CzKg(2 - Cy - U4Cs)

Consider the following reaction:
Cos + C(8) = 2¢O

Equilibrium expressicn:

_ %0,
%,

Piim

IrT P> Plim’ solid carbon will form. There is, however, an equivalence

ratio for the combustion products of a given hydrocarbon (R,,), where

solid carbon will form even in a wvacuum.
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Consider the equilibrium expression:
P, Xa, = KoX
1im*co = ¥o¥co,
Piim 2O XCOQ -0

Setting XCO2 = 0 1in the system last derived, gives:

_ 1 + )+Rch

Req ,1im = 2Rop

Nondissociating gas model.- The following gas model applies to

the region:

T< Tcut-off

Chemical species assumed:

B0, COp, Op, Hy, No, A

Mass conservation equations:

6
}: X;=1 (1)

Xy = Cy(2xy,) (2)

QXNQ = Cg(axcoz + XHEO + 2X02) (5)




Ky, + g0 = cu(exco2 + Xg0 + 2x02)

For 1.0 >Ry, >0

q
XH, = 0, Xy = X3(Ren,Req)
For Req = 1

Xg, = 0, Xo, = 0, X5 = Xz(Rep)

For the hydrogen-air case (Ryy = 0) Rgq > 1

eq
X02 =0, Xy = XJ(Req)
consider the following reaction:

Equilibrium expression

for

xm;3 >0.01, P>P

22

(1)

(5)
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Thermodynamic properties of gas mixtures.- The previous deriva-

tions have outlined the solution for gas mixture composition. With the
chemical composition defined and a tabulation of the thermodynamic
properties of the pure constituents provided, the thermodynamic properties

of a gas mixture can be calculated by the following (Ref. 6):

R Hy

Enthalpy H H = ﬁ ZJXJ —R—

. SO
Entropy: s=8sx A2 _ 1npP- inx \
Py* THMAT\R TR T

Mean Molecular Weight: M = ZjXjMy
where %; and %; are the thermodynamic properties of the pure
constituents at reference pressure (1 atmosphere). The thermodynamic
expressions above inherently assume that the pure constituents obey the
perfect gas law.

The standard reference state of the elements A, N, O, H, C are

taken from Reference 6, that is:

A as A
N as N2
0O as 0C,

C as C (solid)




L

By definition, the energy content of these elements in their standard
reference cstates (T = O° R) is zero. Equations for the computaticn of
fuel enthalpies consistent with this thermodynamic basis are presented
in Reference 7.

A listing of the computer program to calculate the composition
and tnermodynamic properties of this gas model is presented and discussed
in the Appendix. Computational time for this program has been estimated
at 6000 cases/min on the IBM 7094 dete processing syster at the Langley
Research.Center. One case 1s defined as the computation of one point

on & Mollier Diagram.




CHAPTER III

RESULTS AND DISCUSEION

Comparison of gas models.- The computer program for the simplified

combustion gns model has been used to calculate the thermodynamic
properties of the stoichiometric kerosene-air and hydroxen-air systems.
The purpose of this calculation is to compare the results of the simpli-
fied gas model with the more extensive trectments of References 6 and 7.
Since thé thermodynamic properties of the pure constituents used in the
simplified model were taken from these reterences, the differences
between the results of the simplified model and the reference models

are due to the formation of the neglected chemical species N, NH, NH3,
NO.

Figure 3 1s a Mollier diagram for the stoichiometric product. of
combustion of kerosene with air (Rgp = 0.5). The solid curves are
values plotted from the tabulated data of Reference 7. The dashed
curves are values obtained from the computer program for the simplified
model. Unfortunately, the data presented in Reference 7 are limited to
temperatures below 5000o R. Since the formation of species includi..z
atomic nitrogen (N, NH, NHB) is more important at temperatures ah ve
5000o R, the good agreement between gas models is not surprising.

Figure 4 is a Mollier diagram for the stoichiometric products of
combustion of hydrogen with air (R, = 0). The solid curves are values
plotted from the tabulated data of Reference 6. The dashed curves are

values obtained from the computer program for the simplified model.
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Figure 3,- Mollier diagram; kerosene-air combustion products
(Rep = 0.5), Rgq = 1.0.




44

‘0°'T =

b

8l

9l

Mo- 0%/ S *Adosju3

vl
T

el

nO_ XO.N

oS

ov

4
Ho-wqi/nig ‘s 'Adosju3

% ‘(o0 = somv sqonpoad UOT}SNQqUOD ITe-USB0IPpAY fureIBBTP JSTTTOW -4 SMITJ

0002~ 15~

Sb

Se

ot

+—oooz

1
['e]

000t

i
e

bu/r *H 'Adjoyu3

wq|/mMg ‘H ' Adjoyu3l

-ocos

g : g
; njosdway . | i R i
o T R : : 4

i N i : | !

C I 1 TrpTTE T
I j ; R !
LY. P -

7 "
i . - -

| L i i m N

Lok L : [ TolELIE
] iy |3pow
e f o 4 PAOWIG - - -
f =TT * 9 ey —
b : e
: =
i
oy
¥

+looos

0ixoz

00001




28

The thermodynamic properties tabulated in Reference 6 cover temperatures
as high as lO,OOOo R. The substantial disagreement above 7000o R at low
pressures is due to the formation of atomic nitrogen species. An
interesting result is that the agreement between lines of constant
pressure is much better than the agreement between lines of constant
temperature. This result is fortunate, since, for thermodynamic processes
such as isentropic nozzle expansior, temperature is not used directly to
calculate performance.

Tﬂe simul vaneous conditions of high temperatures and low pressures,
the area of substantial disagreement between the simplified gas model and
the reference gas models, are beyond the realm of operation of typical
hypersonic engine cycles. For example, for sutsonic combustion rsmjets,
comristion pressures and temperatures are high since the airstream is
brought nearly to stagnation conditions before combustion. For super-
sonic combustion ramjets, combustion pressures and temperatures are low,
since a large portion of the total air enthalpy remains in the form of
kinetic energy. Hence, the conditions of high temperatures and low
pressures do not occur simultaneously for engine cycles currently
considered feasible for hypersonic flight.

Ramjet performance comparison.- In applying the simplified gas

model to hypersonic engine calculations, it is of interest to determine
the effect which the use of the simplified gas model has on the cal-
culated performance of a typical subsonic combustion reamjet.

The subsonic combustion ramjet is perhaps the simplest air-

breathing engine cycle. Referring to the sketch below, the free-streem
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alr is decelerated through an air intake or inlet to low subsonic speeds
in the burner. Here fuel is added at low velocity, combustion takes

place, and then the flow is accelerated through a nozzle.

<

Since the purpose of this performance calculation is to show the
effect of small differences in thermodynamic properties on ramjet
performance, the following simplifying assumptions were made:

1. Free-stream Mach number chosen along a constant dynamic
pressure path (q = 1500 psf).

2. Airstream decelerated to stagnation conditions with total
pressure recovery degraded to 10 atmospheres. (A good assumptior at
high Mach numbers, due to internal duct pressure limitations.)

3. Completely mixed stoichiometric hydrogen-air combustion.

4. No pressure losses during combustion (Ptpgzzje = 10 atmospheres).

5. Enthalpy of injected hydrogen equals zero. Moleculer hydrogen
1s a reference element, thus H;z =0 at T =0°R.

6. Combustion gas is isentropically expanded to free stream,

- _.atic conditions using so-called "shifting equilibrium.”
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The 1962 standard atmosphere (Ref. 10) yields free-stream static
conditions, and together with assumption (1) gives the variation of
altitude with Mach number shown in Figure 5. For steady adiabatic flow,
the total energy in the airstream is given by:

Ve
= H +_.:-
Ht,air w,air * g

For an adiabatic combustion process:

Htair + thhydrogen

g =
tproducts 1+ °f

With two properties (Htproducts’ P ) of the combustion gas

tnozzle

)

derined, the Mollier diagram can be entered. Figure 6 is a schematic of
a Mollier diegram showing lines of constant pressure for the simplified
gas model and tnat of Reference 6. Since the simplified gas model
neglects the dissociated nitrogen species, the entropy level is slightly
less thah that obtained from Reference 6. In expanding the combustion
gas to free-stream static pressure, the gas enters the region of almost
exact agreement between gas models. Consequently, the expansion using
the simplified gas model gives a slightly larger value of Ht - Hs than
Reference 6. However, the effect of the difference in AH 1is reduced

by the fact that:

ETE
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APPENDIX
COMPUTER PROGRAM

The calculation procedure for determining gas composition and
thermodynamic properties for the simplified gas model has been programed
for and computed on the IBM TO94 data processing system at the Langley
Research Center. A printout of the program is presented in this
appendix. The program is written in Fortran language (Ref. 10). The

sumbols used for the program are as follows:

RCH Ron X(1) XH,0
REQ Req x(2) Xco,
TEMP T x(3) Xo,
P P X(4) xHe
M M X(5) XN,
H H X(6) X,
S S X(7) Xg
MT(J) M, X(8) Xg
TT(I) Tr x(9) X0
HT(I,J) Hy X(10) XoH
ST(I,J) s3 X(11) X0
x(12) Xy

Input.- The input is read into the IBM 7094 data processing

system by the Fortran statement:

L6




For example, an input card would be:

COl-- l

READ (5,100) RCH,REQ,TEMP,P
100 FORMAT (4E 16.8)

17

23

b7

k9

+0.00000000E+00  +0.10000000E+01  +0.50000000E+04  +0.10000000E+00

Output.- The output for this program is the mole fractions of

each constituent and the thermodynamic properties of the gas mixture.

For example, output for the case above would be:

RCH=0.00000000E-38 REQ=0.10000000E+01 TEMP=0.50000000E O4R P=0.100000000E OOATM

XH20
0.18315569E 00

XN2
0.57613321E 00

XCO
0.00000000E-38

N=0.21993865E 02

XCco2
0.000002VIE-38

XA
0.71005768E-02

XOH
0.46109576E-01

H=0.14316146E

X02
0.27084661E-01

X0
0.25695777E-0L

Xno
0.0000000CE -~ 38

XH2
C.71114589E-01
0.63610586E-01

XN
C.00000000E-38

O4BTU/LEBM S=0.30918686E 01BTU/LEM-

Built-in data.- The thermodynamic properties of the pure constit-

q)
S
uents (HJ -3) are taken from References 6 and 7 and input as two-

R’ R

dimensional arrays named:

HT(I,J) and ST(I,J)

Where "I" is the index on temperature and "J" is the index on constit-

uents. The thermodynamic properties are input for the discrete
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temperatures given in TT(I). The enthalpy array HT(I,J) is interpolated
linearly while the entropy array ST(I,J) is interpnlated logarithmically.

Complete program.- The following program has been used on the

IBM 7094 data processing system at the langley Research Center.




c THERMODYNAMIC PROPERTIES OF HYDROCARBON~AIR COMBUSTION PRODUCTS

(g

H20 €02 02 H2 N2 A 0 H co OH NO N

C X(1) X(2) X{(3) Xta) X(5) X(6) X(T7) X(8) X(9) X(10) X{11) X(12)
DIMENSION TT(lé)cMT(la)OHT(l&ola)oST(l6-lZ)oX(lZ)oY(??)oF(§9)o
1Z(99)¢TY(99) |

REAL MeMT oK1 1K2K34KAIKSIKEKTKBIKIKLIO
C THERMODYNAMIC PROPERTIES OF PURE CONSTITUENTS

DATA(MT(J)1JZ1412)/186016¢48401432e00+20016128+016y.
1390944416000114008128401117+008+30+008+1440087
DATA(TT(1)+121416)70¢9200¢44000¢1600¢¢8000+¢1000++1300¢+16004+20000+
‘12500..3000..3500..4000..5000..6000.-7000./
oATAt(HT(I-Jy.1:1.16).J=1~5;/-51727..-511oo..-5oaob..-2§7oo..
1-4B900 ¢ +=47T743¢ 1=862972 1-44939 ¢ 1=42944¢ ¢+ =402900 s =37445 ¢ 1 =344560 ¢
2=3135444~248890 11817606 4=112960 1=851170+=8460000¢-830006+=82601 e+
3-BlB1Bes=B07466¢s=79007e1=T7187¢4=7423504=71 11001 =6729001=637030
4=60312¢ 1528970 +—485000¢ s=370006 100169801 1400¢ 921040 +25260¢325/40
54784++59630176396+97980411996¢018281041652849212030 4260210130753
60..751..1356..2062..2755.o3A55..asxe..sbuu..voaa..e9|a;o10857..
712B86+4149684¢19272¢¢237440 1283950 40016990 11398¢42099¢12801¢
B3513¢16608¢957434¢73166193560¢1105644135970 0

915768+ 1201716¢246290¢291240/

CATA((HT(1eJ)s121016)9J%6¢9)/00+50000¢1000¢+15000¢20000+25000 ¢




13250¢ 04000 0e50NCe 162500 17500018750401300000123000¢150000+1175C00+
253a25..saccc..54435..sasoo..553«5..561&5-.§peox..51600.-55594..
359855461110 4062356400361 20 9661200 +6866000711804467590¢473004s
4477120048280 40 4EETS 0693360 0499770 0507624 451 752:41533008+454261 44
EEEREA, (E6TEC e s P25 T e 051 TSHs 1822874 0=266394¢=2400004~2300044
6-2254041=21835,¢=211160¢ ¢=200094¢=1865604=17261++=1519304=1307304
7=1C01204~ET725¢+~0295440+¢35004/

CATALIHT( s o121 416)eJ210012)1/8428.9:909804975000103550011222004
1119870 e 120024014120 e 015605041 75200119508+¢215584423666012759644
2224864427020, 194554 0200064 1205671216274 4222200423091+ 4242480 ¢
3244501269 0029188 4431281 04335806¢357420440220++44731444930240
'4i01922..:ozccn.-102000.-102156..103312..199590--10510&..105933--
£ 106908 1108172¢4109422¢+1106630¢111716041144254¢1156946041193184/

CATAC(ST (140U 1E1016)0J%108)/0641Be6812165502361670240338412542730
1260438427400 +2B 05054202691 0300725¢21:640648432¢4745,3391863435e1 3
2364200245412 4700 1244550026020115¢27461677128e510604+30327290 '
331e6132€ 435406025434 450469455,57041 43689504 37497138439063861
8814014201910 002]1 ¢ 153B 230863125007 21426¢103312649252+¢27¢9544,

T E2B 7966429047306+ 500691 503146947432+ 18L8132:796433:8396+34071780
E33047784 0411205375014 71721 160108211701073017+8829418+s814856419:.35
T2Ce2628+21420114210910302205326¢23¢088002400484424.80623425,57477

CATALIET (I o J)e121 01010 JE5:9)/00419¢5265¢22e031231234308¢24¢83620

12542221 «26¢180F 42649656 42708431 +28:7524+2905175:30+178%¢30758¢




C

€ Gag WCODEL CONSTANTS
. .
C=24,773384
Cl=.00615227
C223,7274485
C22 (2 *RECH#RCH)I/Z{ ] s +4 4 *RCH)
CHT(244REQI/Z (1 o484 ¥RCH)
IFITEMP ST (10242 ALUGIO(P)+28300e))16GV TO 1
7 IF(REG.E0.14)60 TO 2
IF(REQN«GT1)GO TO 3 .
c
C NON~CISSOCIATING GAS MOUORL REQ.WLTe!
c
K(1)3(2eWCHI/Z(TA4+20%C)
X{2)%(4%¥C3)/{CatRe¥C)
X312 (24=0e%#C3-04)/1C4+244C)
X{3)1=2(2+43#C2)/7(CA+2e#C)
X{612(8#C2UC] )/ (Catr2.%C)
S0 YO S0
c
C NOMN=DISEQCIATING GAS MODEL+ REQJEQ.1

c




31478432485 ,32,25900116411917¢900118:90015061 4200164200824
2210301 ,2] 467912204570 2209 124230292 2,632124017012606464256031+004
E16e591 I8¢5+ 10882206401+ 1PaT0S2]10632:22015612247177123627720
S2207344 42641705 1abea5571250015¢250876,250366¢0001102680013¢0811444
E16.7B7 018,307,152 90601€e514017007264017¢630111684067¢18¢4T13418,81
7&9.3632.19.a:q=.zo.a0as.o..ao.ay.aa.ao.za.x9.25.2i.ze.oov.ae.va.
BT o773 2B eBB 2G04 30 - 6131 4021031 261+32:60+32+45434415/
CATACIST(14U)s!21416)1J210012)/0031964342142026422+4669+123+5156,
124.3oo.as.aaa.aq.qaxz.26.5053.27.esaa.ze.3836.29.0155.29.5779.
230056421 ¢26.022.06000021062128031125475:26071027524

";ze.ssos.zg.aov.ad.zeg.3:.250-32.036.32.7131.3a.aoae.aa.3ooo.

838412001 3508281100015092¢1747141807141904341949791204638421 185,

E21 071342242724 220727423¢1126423044L6424¢0055412404654424+8616/

<

C INPUT
c
8.0 READ(S+100)RCHREQ TEMP +P
100 FORMAT(4E1648)
WRITE (6+300) RCH.REQsTEMPsP
300 FORMAT (10X4HRCH=E 1508 +4X4HREQSE 508 +4XSHTEMPEEIS B0 IHR
1AX2HP=E 15,84 3HATM)

00 12 J=1,12

12 X(J)=0e -




Py
2 XU1)=(2e% (1 0=2e%L3) I (CH 11 e~24%CIY)

X(2)2(24%C2 )/ 10+ (1 e"Re%C3))
. X{G)sC2/7(C+{14-22%0C3))
X(5)=(2.*C2§Cl)/£C+(!o-2;fC3))
50 TO ¢
3 IF (RCHWZ2404)560 TC 14
IF(REQe55 e ({1 e +4e#RTHI/ (2a*RCHI IIGO TO 15

C

C ONON-TISSOCIATING GAS WIOEL + RCOGTel
) ¢
KB=1Ce® ¥ {1 a767~{3415./TEMP)}

KGTICe#X (De272-(1621Ce/TeMP))

.- AA= (1 e-KB)#(CHCA+2e#C3~10)#52
GBalC~) e tCG4+2e#CRIP{2e# (1 a—~2e ¥CI ) iXBF(L44+0e*C3-20))

COTKBR(2+~CA-3e%03)%26%(C3

X(5)=(SORT (B9 2-44 FAARTC) i3}/ (20 FAA)
X(2)=(2e#CI/ (CH+CA+203CI =10 ) 1=K (D)
X(1)=((1e-20¥CIIENI2)1+10=CIIRXD) ) /23
X4 )X (1 1EX{D)/ (<BEX(2))

K(S3=C2# (2+¥X(2I+X(II+X (1)) /20
X(6) =2+ ¥CI1EX(F)

PLIM=CORX 2}/ (X)) %%2)

WRITR(6.237)PL1IN




1 KIS1Qe#*¥((EBO9BT7?/TEMP )=.2.72%3)
K221 Q%% { (42387 ./T2%R}=6.2325)

K3=i0. 8% ((4TEBC/TEMP )= 5370

A

EE]Ca R ( (461612 /TENP -S:8723}
KOE10e#® ( (Y0047 /TEND =6 FS0S)
KT=10#% ((CO43Te/TENP-6:2515)

IF(RZIG.S0.0.360 10 &
IF(RCHWNESGe) GO TS 5

xaza.

G0 TC 6

S K&=10.%¥ ({50173 ./ TEMR) =T E785)

A21=P*I2% (K1%(1 . +C3+2. ¥KZHKA¥ (12 %C35 )
 AZ0=2.%FEK2%(}.-C3)
A12=P#%28KA%KS® (1 =2, %C3+C)
CA11=Pi K- 4(1e+C TR RKEH (L e=2a5C30)
A10=2.%(1.-C3)

TAQ3=z.#PE#2#CEK3I¥Ka

RO2=P# (K&® (] 4-2.%C2+C3+2. #<I#(C3+CH 3

RO1m1.+C-2e%PERAR(1e=2,#C3)

CAGCE2.#(C3-1.e3

B22:=P*#3%KI¥KLGH(2.~4 . %C3~Ca;

B2l aPRE2K (K1 ¥(2e~20%C3-C4)+2#K2¥KEH (14 =F :%#C3) )




L B2CR20#83k2x(10=C3) . . . e S

S 28PE#2eKa¥KE (1=, HE3-CL: oo T

L B11=P¥(RSH{]e=C3-CAIERER LLomBaCIIY T

AL AEM R L s A A 8 M EREAA LA 4 - R 4 s EEAM mmce - - aa o smms e e @ B mem w s

o BYORY L =T,

3°A3ga;'q-(:.z,;?igz"ﬁ_xi*gé;”_.._...w.'-- e

B - T
metsce T T T T T T T T
3 O
"C iTERATION FOR CHEM:CAL COMPOSITiCN . . ST o
0

21 Y1) {=1e¥SQRT( (L s+CIFFEF S NCHPHRKEI= (2 o+C) 3/ (& ulHIEKZ )

L=l

+821 1+520 )% (viL)

16 5=(Y(;)*(Y{u)i522+ﬁll}+3209W*2+4;*(Y(L}*5X§L)*:22
1 (Y (L% (Y (L) #30C3+802)+231)) N
IF{B.LTs04)G0 TO 22

ZL )= {SORT(B =L FIYIL ¥ (Y ILIRBI2+511 178103/ CIY 3% (VL I*Z22+521 )

1+B203+2e)

‘lF((Y(L)oLT.oOCOGZisAND-iREQoLEaZ;i363 70 7

L, sZUL 3R (2L R IVl (YL ) #A22+A2L 3 +A20 ) - (YL IF(Y{LIFALZ+ALL 5+

}AIO))+(Y(L)*(Y(L)*(Y(L)*&Gﬁ?ﬁo2)+A02)+A00)
IF(}F\L)OGTQ-sOQOE)oANDo‘F;L)aLTo;OCOZ};GO e 8
CELF=(ZL)#H2 )R (2eFA2Z%YILIFAZI 1TT(LITI2e WAL 2¥Y(L)+A1 1 ) +3.#A03F
1YL w242 o RA02HY (LI FAOI = 2 ¥ {YIL IV (Y {LIFAZLHA21 J+AZ0 ¥ Z{L i+ (Y (L)

2*(Y(L)*A!2+A!l)+AIC))*!(Z(Liu*Z)*(Z;*QEZ*Y\Li+$21)+Z(L)*(2ﬂ*ula

SEY AL ITBLI )= {3e#PBIJXYIL ) FHE4HZ.FSTEVILITR01 ) I/ {ZeR{YIL IR (Y L) P22

&+S21 )+B20)RZLIFLYILIH(Y L IWBLl2+51.0 i+8103) -




Lyl i i il s R i it i bt D b s i gt Lt Bt e b ssads o aase oo QUG LD

YL+ )=Y{L)=F(L)/ABS(DELF)

LaL+}
GO TO 16
20 Y(L)sel#Y(L) :

IF((V(L).LT.-OOOOI)oAND.tREQ.LEci.))GO TO0 7 S

GO TO 16
— -~

- . - ——— . - [ . L —— -

2s Z(l)=(#lo*SQRT((2.*Ca*(l.-C3)+l.+C)**2+16-*P*K<*CQ*(1;;C3)*(CA*(lo
1=C314104C) )= (20 4CAR (10=CI 141 04C) 1/ (4o HPHK2H (CA¥ (14=C3 )41 a4C))

28 Ba(B21#Z(L)I##24B1 1#2(L)1-BO1 )R -4o# (B20%Z (L) #42+B10%2(L ) )¥* (322
1#ZL I #224B1 252 (L )=-B02)
K=}
TY(K)m(—1.*SORT(B)-(B21#Z(L)IH#24B118Z(L)=-B01) )1/ (2% (B22#Z (1 ) %22
14812%#2(L)~-802))

27 DEL=(B22%#TY(K)##24B21#TY(K)4B20)1%2Z (L) R#24 (D12%TY (K) ##24811#TY(K)
14B10)#Z (L)~ (BOITY (K) ##3+B028TY (K ) ##24301#TY (K)) )
Tvtx+1)-TY(K)-oEL/t-a.ieosfrv(x)¥*aoz.*<aza*ch»*ia+eléii;L)-aoz)
1-rvcx:+¢821-21L>6¢z+s|:oétL)-aox))

K=2K+1
G0 TO 27 ' N
26 Q(L;-Tvtn:

’ FIL)2ZL3R(ZU )Y L) R (VLIL I RAZ24A21 ) +A20)+ LY (LIMIY(L)IHAL2+A1 1)+

I3

Z

TALO) I +(YIL IRV U ) R(Y(L IFAQI+AO2 )+A01 ) +A00)



IF((F(L)eLTee¢0001 )1sANDe (F(LL)eGTe~e00011)1GO TO 8
IF{Z(L)+LT2400001)60 TO 7

IF(L+EGe1)GO TO 29

ZIL+1 I nZ L) =FLIMLZL=1 )=Z L)) Z(F L= )=F (L))
L+l

GO TO 28

29 2(2)=e5#2(1)

L=2 T
' GO Ty 28
Cexemyavewy T o
. ... .JF(REG.EQ.0s1G0 TO 227 ~ T T T T T
T UTRGeyegiLy T e

Lo XtsPaRasiex Tiwx@iee2 0 T T
TN aveReawx (A T T T T T
o.XxerepaksExTyeX@Y T T T

L X9)TUCINAXCII42e ¥ X(IVEXCTIIX(101 117 (11220 ¥CIDPIKARX(T )41 0=CI)

L xazysPEkesxoTyexigy T T T T TR
L. Xtay=Pak2exeBywsz T T T T T T T

 XUS)=(C2/20 1 H (242X (24X (11424 #X (3D +X(TIHX(DI+XC10Y)

L xtei=zescydxisy T T

60 10 S0 e e e T

O
}

|




¢ DISSOCIATIAG AIR

c

4 AZ2230.

A21=0.
A20:PEKo*(1e+v2:%C1) .

-

o

Az=
AL1=PEKTH(1++Cl)
AiCS1erCl
A03=0s

AQ2=5%K3

AGi=1e . . ..

| B02:2.+D*K3¥C2

22 X(izz=zily




ot AN N

T T TR AN 1 A NN T

XUily=PEKTaxX (7 ¥X {12}

X3 aPHL3RX (T #42

X(Z)=(C2¥ (2. #K(JJ+XITI+XL0 =R L

X(EIRCLH (2 ¥X(S)rX(11)eX(221) ¢
c
€ CALCULATION GF GAS MIXTURE THERYGDYNAMIC  PERTIES
52 0C 9 17i416
CIFCTEMP=TT(I))10+50.9
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—Simplified model
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Figure 6.- Isentropic nozzle expansion process.




33

The performance parameters are given by the following expressions:

Tnet , (1 + f)h L
W g g

The variastion of specific impulse with Mach number for this idealized
ramjet is presented in Figure 7. The solid curve was calculated using
the thermodynemic properties of Reference 5. The dashed curve was
calculated using the computer program for the simplified gas model.
The maximum deviation is 1 per cent.

Summary of solid carbon and ammonia formation.- The formation of

solid carbon extractr useful energy from the combustion gas. If this
phenomenon occurs during a nozzle expansion process, the useful energy
absorbed in forming solid carbon :15 not recoverable and a loss in
performance results.

The derivation of the nondissociating (T < T,....pe) fuel rich
gas model required one chemical reaction in order that the formation of
carbon monoxide (CO) could be included, The equilibrium expression
resulting from the required reasction is independent of pressure.

Consequently, the composition of the gas in this region is independent

of pressure. This fact simplifies the treatment of solid
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carbon formation, since the limiting pressure above which solid carbon
will form is related to temperature and camposition only.

The camputer program for the simplified gas mod:l indicates the
formation of solid carbon by an error statement. When the limiting
pressure is exceeded, the error statement is printed, but the program
computes the {:iermodynamic properties as though solid carbon had not
formed. When the limiting equivalence ratio is exceeded, the error
statement is printed and no calculatinns are made. The limiting pressure
for solid carbon formation is readily extracted from the thermodynamic
calculations. Figures 8 through 10 present the variation of limiting
pressure with equivalence ratic and temperature for methane-ai.-

(Ryp, = 0.25), kerosene-air (Rop = 0.5), and benzene-air (Ry, = 1)

combustion product. respectively. For all cases, as

Req "Reqnm Piym =0 since xc02 -0
Req =1 Plim > since Xco =0

The formation of ammonia is considered only for the hydrogen-air,
nondissociating, fuel rich syster. The composition of the gas under
these conditions depends upoin equivalence ratio only. Therefore, the
limiting pressure above which the mole fraction of ammonia ’s greater
then some arbitrary amount is related to temperature and composition.

The computer program for the simplified gas model indicates the
forastion of sxmonia (xnn, > 0.01) by an error statement. When the

limiting pressure is exceeded, the error statement is printed, dut the
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Pigure 8.- Limiting pressure for solid carbon fo:mation, methane-air
combustion products (Ry, = 0.25), Req,11m ™ 4,0,
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program computes the thermodynamic properties as though ammonia had not
formed. Figure 11 presents the variation of limiting pressure with
equivalence ratic and temperature for hydrogen-air combustion products.

For all temperatures, as

Req == Piim o= since xua -0

Req -1 le - since XHQ -0
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Figure 11.- Limiting pressure for ammonia formation (xm3 = 0.01),

hydrogen-air combustion products (R, = 0).




CHAPTER IV
SUMMARY AND CONCLUSIONS

A simplified equilibrium hydrocarbon-air combustion gss model for
convenient use in engine cycle computer programs has been presented.
The generalized gas model presented includes the effects of dissociation
and reduces to the special cases of hydrogen-air combustion products,
as well as dissociating air. The associated computer program can be
readily i:ncorporated as a subroutine in a general engine cycle computer
program or used alone to generate Mollier diagrams.

With the exception of pure air, this gas model neglects the
formation of chemical species containing atomic nitrogen, which allows
& considerable simplification of the solution for chemical composition.
The effect of this assumption on the thermodynamic properties of
stoichiometric kerosene-c;ir and hydrogen-air coubustion products is
presented. The importance of this assumption is shown in terms of the
performance of an idealized subsonic combustion ramjet. Good agreement
between the simplified model and more comprehensive treatments is
obtained in the range of temperatures applicable to hypersonic engine
cycles.

The cumputer program has been used to calculate the limiting
pressure for solid carbon and ammonia formation in fuel rich gas
mixtures. The results of this calculation are presented as a function
of temperature and equivalence ratio for the combustion products of
various hydrocarbon fuels. -
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