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ABSTRACT

This report develops a nonlinear model which can be
used to predict combustion instability zones in liquid
rocket engines. The nonlinear model is developed by combin-
ing a nonlinear instability mode) with a steady-statc vapori-
zation model. Such an analysis determines the zones of an
engine in which a tangential mode of high frequency insta-
bility is most ecasily initiated, A rocket engine can be
analyzed by incrementally dividing the combustion chamber
into annular nodes in the r and z directions, Steady-state
properties at each annular node or position in the chamber
are computed from the steady-state vaporization computer
program. The stcady-state program is capable of computing
combustion profiles in thermally unstable propellants of
the monomethylhydrazine/nitrogen tetroxide type. This model
describes droplet vaporization with vapor phase decomposition,
Using the computed steady-state properties and the stability
limit curves from the instability computer program, stability
at each node is determined. This process is repcated for
each node to determine a stability map of the entirc engine.
Thus stability can be related to hardware design parameters,
thereby enabling the influences of system design and stability
rating devices to be determined.

This report has been divided into four main parts. Part
one deals with the application of the steady-state and insta-
bility program to determine stability zones in a rocket
engine. Part two covers the details of the steady-state
model for monopropellant type fuels such as monomethyl-
hydrazine., Part three deals with the nonlinear instability
model used to generate the stability limit curves and
finally, part four contains the details of the steady-state
and instability programs and computer listings.
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Re

Reg

Nussclt number, mass transfer

number of drops/second in each drop size
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equation, III-31

pressure

vapor pressure
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maximum pressure minus minimum pressure in
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rate of heat transferred
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heat arriving at drop surface
universal gas constsant
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Reynolds number of droplet based on the speed
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drop radius and radial direction
radial element thickness

radius of annular ring
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gas velocity (only in Section IIl and Appendix 1)

velocity and drop velocity (only in Section III
and Appendix 1I)
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propellant flow rate
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heat >f vaporization (Section III and Appendix I)
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defined by equation III-37
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stress tensor
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defined by equation III-36
defined by equation II1-27
defined by equation III-28

local instantaneous burning rate
(1bm/sec in3)
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I. INTRODUCTION

The problem of unstable combustion in rockets represents
one of the most serious obstacles to reliable performance.
Despite the research which has been performed in an attempt
to understand the mechanism of combustion instability, there
has not been a satisfactory model relating stability to pro-
pellant properties and combustion chamber design. The research
developed herecin is directed at obtaining an understanding of
the behavior of propellant sprays in a liquid propellant engine
under oscillating flow conditions as a means of relating com-
bustion stability to propellant properties and injector design,

A number of different types of instability are recognized
which differ in observed characteristics and which depend on
different mechanisms. The work discussed in this report is
concerned only with liquid propellant rocket engines, Further,
of the various types of instabilities observed in liquid pro-
pellant engines, this work is pertinent to the type usually
defined as the high frequency instability. The principal
characteristics of such an instability, in terms of the theore-
tical analysis, is that the processes involved in these insta-
bilities are assumed to be isolated within the combustion chamber
and are not coupled, nor do they irteract with processes outside
the combustion chamber.

The steady-state combustion process can be considered to
consist of the following processes occurring in sequerce or
in parallel: (1) atomization; (2) vaporization; (3) mixing;
and (4) chemical reaction, Certain assumptions and approxi-
mations must be made in order to treat the problem theoreti-
cally without introducing such a great complexity that useful
solutions cannot be obtained., In order to define the theore-
tical approach and objectives of the study reported here, a
qualitative discussion of the combustion process in the com-
bustion chamber is useful.

For the steady-state combustion process as well as the
unstable combustion, it is assumed that atomization of the
propellant occurs very rapidly close to the injector face.

This does not mean that atomization is ignored. On the con-
trary, it is assumed that the atomization process determines

the size, position and velocity distribution of the drops

which participate in the combustion process. Changes in
conditions which affect atomization thus affect the droplet
distribution, The description of the atomization process
becomes, since it is omitted from the theory, an essential part
of an experimental program. The experimental program determines
the relationship between the injector variables and droplet
distributions, The theory begins with a droplet distribution,



Droplet vaporization is treated in the theory as the
rate controlling process, This implies that the rates of
mixing and chemical reaction are extremely rapid compared to
vaporization rates. On such a basis, vaporization represents
a major part of the total process and only a small error is
introduced by neglecting the time for mixing and chemical
reaction, The work of Priem and co-workers (Ref., 1) indicates
considerable justification for such an assumption for many
propellant combinations, If the mixing and chemical reaction
times are of the same order of magnitude as the vaporization
times, or a more extreme case, if the vaporization time is
short compared to the time required for the other processes,
the model does not apply. The assumption of a combustion
process controlled by vaporization rate thus becomes an
essential part of the theoretvical discussion which follows,
The theory does not apply to propellant which evaporates so
rapidly that the combustion process occurs essentially in the
gas phase or, of course, for propellants injected as gases.
It is important to remember, however, that only one component
of a bi-propellant system need have a slow vaporization rate
for the assumption to apply. For steady-state combustion it
is assumed that a given drop distribution enters at the injector
face, and that the vaporization process, including rapid mixing
and reaction, occurs within the combustion chamber.

The previous discussion describes a model for steady-state
combustion, Presumably, once initiated, such a system should
continue burning in a stablc manner., The problem of combustion
instability becomes involved when a disturbance produces a
change in distribution, pressure, temperature, velocity or
some combination of these. While it is possible to visualize
8 combustion process which is unstable by itself (linear
instability),the theory described here requires some initiating
disturbance (nonlinear instability). Such a disturbance may
be a starting transient, a transient variation in injection,
or any change in the established steady-state conditions. The
interaction between such a disturbance and the normal combus-
tion process may lead to a decrease or increase in the intensity
of the disturbance., A decrease in intensity would result in
a return to stable operation, while an increase in intensity,
if continued, could lead to a disturbance level which results
in engine failure.

An initial disturbance may build up to intensity levels
or originate at an intensity level which completely changes
the combustion process, For example, large amplitude pressure
waves could shatter droplets producing small droplets that
change the model., The existence or development of a strong
pressure wave could also lead to detonation combustion. The



theory developed in this report does not describe such pheno-
mena, The work conducted by Dynamic Science Corporation is
divided into two models: (1) linear model; and (2) nonlincar
model. The linear model describes the amplification of an
initially sm 11 disturbance which could lead to other processes.
In this sense the linear model is concerned with the initial
phases in the transition from a small disturbance to instability.
The linear mode!l is described in detail in Reference 2, and

will not be repecated in this report. The nonlinear model is
concerned with the transition from a finite disturbance to a
large amplitude disturbance.

Combustion instability zones in a liquid rocket engine
arc determined in this report by combining a nonlincar insta-
bility program with a steady-state vaporization program,
providing an analytical framework for determining the relation-
ship of design parameters to stability, The analysis determines
the zones of an engine in which a tangential mode of high fre-
quency instability is most easily initiated. The Dynamic
Science Corporation instability program considers the nonlinear
conservation equations with mass addition using a steady-state
vaporization expression for the burning rate, From such a
model, important nonlinecar phenomena are predicted, i.e.,
(1) stability dependence on disturbance amplitude, (2) the
limiting amplitude of pressure oscillations, and (3) non-
sinusoidal waveforms., This model applies to a one-dimensional
annulus of small length (Az) and thickness (ar).

Applying the results of this model, a rocket engine can
be analyzed by incrementally dividing the combustion chamber
into annular nodes in the r and z directions. Steady-state
properties at each annular node or position in the chamber are
computed from the steady-state vaporization computer program.
These steady-state properties and the stability limit curves
from the instability computer programs are used to determine
the stability at each node. This process is repcated for
each node to determine a stability map of the entire engine.
Thus stability can be related to hardware design parameters,
i.e., parameters related to injector design, chamber con-
figuration, and propellants, thereby enabling the influences
of system design and stability rating devices to be determincd.

The following report has been divided into four main parts,
Part one deals with the application of the steady-state and in-
stability program to determine stability zones in a rocket
engine, Part two covers the details of the steady-state model
for monopropellant type fuels such as monomethylhydrazine,
Part three deals with the nonlinear instability model used to
generate the stability limit curves and finally, Part four
contains the details of the steady-state and instability pro-
grams and computer listings.



I1. APPLICATION OF STEADY-STATE AND
COMBUSTION INSTABILITY MODEL

1. Introduction,

Dynamic Science Cor oration has developed a nonlinear
model for determining the zones of a liquid rocket engine in
which a tangential mode of high frequency instability is most
easily initiated. This model has been related to hardware
design parameters, i.e., parameters related to injector design,
chamber configuration, and propellants, thereby enabling the
influences of system design and stability rating devices to be
determined.

A method for determining the zones of a liquid rocket
engine in which a tangential mode of high frequency is most
easily initiated was devcloped by Beltran and Frankel (Ref. 3).
This method uses the Priem-Guentert (Ref. 4) nonlinear model
in conjunction with the Priem-Heidmann (Ref. 1) propellant
vaporization model., A rocket engine is analyzed by incrementally
dividing the combustion chamber into annular nodes in the r and :
directions as illustrated in Figure 1,

From a nonlinear model important nonlinear phenomena are
predicted, i.e., (1) stability dependence on disturbance wave
shape, amplitude, type (velocity or pressure), and position;
(2) the limiting amplitude of the unstable pressure oscillations;
and (3) the shape of the unstable wave forms. Such information
is not only of use from the preliminary design standpoint, but
also as an invaluabl!e tool in understanding how rocket engines
should be disturbed during their development test program to
determine the degree of stability of an engine. The Dynamic
Science Corporation model enables the engine designer to deter-
mine the position to introduce the disturbance, a reasonable
disturbance amplitude criteria, and the most effective wave
profile (pressure and velocity disturbance). Since the injec-
tor design variables can be related to thresnoid disturoance
amplitude parameters can be modified to increase stability of
a given engine configuration or be used in the preliminary
design of an engine,

While the Priem-Guentert instability model (Ref. 4) solved
the nonlinear conservation equations with a steady-state
vaporization expression for the burning rate, the results are
only valid for a large droplet-gas relative velocity or drop-
let Reynolds number based on the speed of sound. The solution
of the nonlinear model (Ref. 4) used an explicit first order
finite difference scheme., Different integration techniques
were attempted for the solution of the nonlinear model in



ANNULAR NODE

FIGURE

I.

Transtage Rocket Engine Model




Reference 5, Difficulties werc encountered in attempting

to reproduce the solutions of Reference 4. It was deter-
minded that numerical instability was generating false
indications of combustion instability in the nonlinear

model for small values of thec burning rate parameter L.
Under NASA contract NAS 3-677 the Priem-Guentert results
(Ref. 4) were recalculated by Beltran and Wright (Ref, 6)
using predictor-corrector formulae. Stability limit

curves were generated to determine the influences of droplet
Reynolds number, Results from this program will be used for
the following report.

The steady-state combustion model being used for this
study is a steady-state, adiabatic, one-dimensional flow model
treating propellant evaporation as the rate limiting step in
the combustion process. The program trecats storable propellants
by using a two-flame model to account for propellant decomposi-
tion. Such a program is unique in that it can calculate steady-
state combustion rates of hydrazine type propellants, Steady-
state properties at each annular node or position in the
chamber are computcd from the propellant vaporization program,
These steady-state properties and the curves from the insta-
bility program were us 'd to determine the stability of the
node. This process is repeated for each node to determine a
stability map of the entire engine,.

Major results of this analysis show that the amplitude
and position of a pressure disturbance required to initiate
instability can be determined, thereby defining a sensitive
zone (and the best place to disturb the engine). This sensitive
zone extends several inches from the injector face and occurs
where the average droplets are moving the slowest relative to
the gases,

Dynamic Science Corporation has shown that an annular
combustor section will be more stable as the droplet Reynolds
number approaches zero. Thus, a significant result of this
work is that there are, for a vaporization controlled combus-
tion process, three parameters affecting stability:

(a) Burning rate parameter - L

(b) Absolute value of relative velocity - Ay

(c) Reynolds number of drop based on speed of sound - Rey



2, Nodal Method.

Combustion instability zones in a liquid rocket engine
are determined by combining a nonlinear instability model with
a steady-state vaporization program. The analysis determines
the zones of an engine in which a tangential mode of high
frequency instability is most easily initiated. In addition,
it represents an a priori method for dctermining the relation-
ship of design parameters to stability,

The instability model considers the nonlinear conservation
equations with mass addition using a steady-state expression
for the burning rate. This model applics to a one-dimensional
annulus of small length (Az) and thickness (Ar) shown in
Figure 1. Applying the results of this model, a rocket engine
can be analyzed by incrementally dividing the combustion chamber
into annular nodes in the r and 2z directions., Steady-state
properties at each annular node or position in the chamber are
computed from a steady-state vaporization program., These steady-
state properties and the curves from the instability model are
used to determine the stability of the node. This process is
repeated for each node to determine a stability map of the
entire engine,

For a vaporization controlled combustion process, the
significant parameters affecting stability are L, Av, and Re,.
The burning rate parameter (L) is derived from Damkohler's

similarity group based on the speed of sound (ran“o).
Po 3o
The Reynolds number of the droplet based on the speed of sound
rya, Py .
(-;:——-) is derived from the droplet vaporization equation.

For a steady-state combustion process,Av, W Pgos Tgs Moo and a,
are functions of r, 6, and z. If one-dimensional flow 1s con-
sidered, these properties are only functions of z. Then L

may be defined as:

2h0 , _an 2. IO = LE(y) (11-1)
Po & A v+l
where
L = fan® (11-2)
A



Therefore, since m and A are functions of z only, L is a
function of r and z. Since annuli are being considered in
this model it is assumed that the contraction ratio of any
annulus at z is equal to the contraction ratio of the chamber
at z. The Reynolds number of the droplet is a function of z.

The steady-state vaporization program was used to compute
av(z), Rey(z) and m(z). This program assumes that vaporization
is the controlling combustion process, which is equivalent to
assuning that mixing and reaction rates are fast compared to
vaporization rates and that reacted products are formed at the
same rate as the propellants are vaporized, This condition
is satisfied in most high performance rocket engines where
the propellant is injected uniformly over the entire injector
face. Since it is also assumed that the combustion processes
begin at the point where droplets are formed, a length required
for atomization was added.

Exanglo

To illustrate the nodal method, combustion of a mono-
methyl hydrazine spray in nitrogen tetroxide was considered.
This method can be used on other propellant combinations as
well., Calculations were based on a monodispersed spray with
a8 drop radius of 0,003 inches (75 microns).

Typical transtage engine parameters were used: chamber
diameter, 11.65 inches; chamber pressure, 100 psia; chamber
contraction ratio, 2.43; initial drop velocity, 1000 inches
per second; and initial drop temperature, 530°R.

Using the outlined chamber parameters Av,, Rey, and m
are computed as functions of z and plotted in Figures 2, 3 =
and 4 respectively. Using the vaporization program, only
the relative velocity in the z directicn is computed; however,
in the injection zone there are .large gradients and recircu-
lation zones due to the viscous action between the sprays
and combustion gases, so that velocity differences exist
in the r and 6 directions as well,
A level of turbulence equivalent to YZ of 0,01 is reasonable

L)

in view of the measurements made by Hersh,(Ref.7) If it is assumed
that the drons are unaffected by turbulent oscillations, which
is justified with the drop size group considered, this velocity
can be added to AV, thereby obtaining the total 4v. A mean
drop size was selected to represent the average Av since the
smallest droplets will follow the gas velocity and the largest
droplets will lag. The choice of a mean drop size serves to
illustrate the method used; however, this does not imply
necessarily that a mean drop is a good representation of the
spray drop distribution. The method is quite flexible in
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that it can be readily extended to treat distributed
relative velocities,

In Figure 5, L is plotted versus r and z, Since L is
directly proportional to r (equation II-2), it approaches zero
at the centerline of the engine. Figure 6 is a plot of the

pressure amplitude (%2) required to sustain a wave for various

values of the parame ef/av. The upper boundary represents the
equilibrium pressure amplitude that the wave will approach at
steady-state and the lower voundary represents the minimum
pressure amplitude necessary to initiate instability. These
curves were plotted on the basis of Priem's stability limit
curves. Figures 2-6 were cross-plotted to determine pulse
pressure contour lines in the r-z plane in Figure 7. These
isobaric lines describe the tangential threshold pulse

required to initiate instability, It can be seen that the
sensitive zone is from 0.2 to 3.0 inches from the injector
face. For the case considered, this zone is largest at the
outer radius., In general, the largesi zone will occur where
Req and Av determine a point ¢u the locus of minima of Figure 6,
Thus’, for a larger diameter engine the maximum sensitive zone
may occur at some intermediate radius., A plot of AP required
to induce instability versus z at the outer radius is shown in
Figure 8, This plot shows that there is an extremely sensitive
region occurring when the relative velocity between droplets
and gas reverses direction, i.e., when AV is minimum,

The method presented can be very useful in the design of
stable rocket engines. In connection with engine design, it
is useful to know the effect of various design parameters on
the shape and extent of the sensitive zone. Although the
analysis presented here can be extended to treat a variety
of design conditions, certain qualitative observations are
‘immediately evident. The most sensitive region can be moved
closer to the injector face by (a) decreasing: 1) mass-median
: drnp"}ldius, 2) injection velocity, 3) chamber contraction
ratio, or (b) increasing: 1) droplet geometric standard
deviations, 2) propellant injection temperature, and 3)
propellant volatility, The sensitive region can be moved away
from the injector by opposite parameter changes. Since it is
ditficult to change one of the above paramete.s independently
of the others, it is recommended that any proposed design
change be analyzed in detail by the methods presented here
before any conclusions are drawn.
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3ie Conclusion,

Although the results presented here are reasonable in
light of liquid rocket engine testing experience, it must be
kept in mind that the basis of the model is a one-dimensional
description of the transient processes. Two- and three-di-
mensional solutions would provide a description of the multi-
dimensional nonlinear wave interactions and permit a more
realistic consideration of the chamber boundary conditions
which may significantly affect the results. However, it is
felt that the agreement noted between the one-dimensional
model and experimental f.ndings (Ref, 8 and 9) indicate
that the one-dimensions! approximation leads to meaningful
results, Thus, thc modc)l is valuable from an engineering
standpoint since it reiates design parameters directly to
stability determination.

Results of this study show that: 1) the amplitude and
position of a pressure disturbance required to initiate
instability can be determined, thereby defining a sensitive
zone; 2) this sensitive zone extends several inches from the
injector face; 3) the most sensitive region in the zone occurs
where the average droplets are moving the slowest relative to
the gases; and 4) approximate baffle length can be determined,
i.e., baffles must be extended past the instability zone,
Dynamic Science Corporation has shown that as the droplet
Reynolds number approaches zero, a rocket engine becomes
more stable. A significant result of this wvork is that there
are, for a vaporization controlled combustion process, three
parameters affecting stability: 1) burniiy rate puraneter;

2) absolute values of the relative velocity: and 3) Reynolds
number of drop based on speed of sound-Re .
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111, STEADY-STATE DROPLET COMBUSTION IN THE MONO-
METHYLHYDRAZINE-NITROGEN TETROXIDE SYSTEM

1. Steady-State Vaporization with Vapor Phase Decomposition.

*ualysis of high frequency instability in liquid rocket
enginus requires a spatial knowledge of such parameters as
propellant burning rate, relative velocity between gases
and propellant drops, and Reynolds number of propellant drops
based on the local speed of sound. This section describes a
steady-state combustion model which estimates these para-
meters in the combustion chamber,.

A model for steady-state droplet combustion allowing for
vapor phase decomposition of thermally unstable fuels has
been developed and will be discussed. In this report the

model was applied to the monomethylhydrazine/nitrogen tetroxide
system, The model presented enables the computation of steady-

state profiles within a rocket combustion chamber., From these
profiles combustion instability parameters can be computed,
Details of the computer program developed from the steady-
state model are prisented in Appendix I. With injection
parameters specifitd, i.e., droplet size, injection velocity,
chamber pressure, mixture, ratio, and droplet temperature, the
computer program can compute droplet and gas histories along
the chamber. This information is required for the design of
combustion chambers and calculation of C* efficiency. From
the results of the computer program the effects which any

of the numerous design or physical parameters have upon
chamber operation can be determined, Thue the influences

of injector design parameters and physical properties on
combustion instability can be evaluated.

This program assumes that droplet vaporization is the
rate controlling step in liquid rocket chamber combustion,
This approach has proven successful in previous studies,
(Ref. 1, 10)., The vaporization rate of a droplet is deter-
mined by transport phenomena across a boundary layer diffu-
sion mantle, For such fuels as MMH and NTO, decomposition
occurs within this diffusion mantle because of the extreme
temperature gradient., Exothermic decomposition may change
the mantle temper.ture gradient to such an extent that a
decomposition flame appears within the boundary layer,

This flame has the effect of maintaining high vaporization
rates even under low convection (flow) conditions. Thus
the physical two-flame model presented here determines
higher combustion rates near the injector face than does
the single-flame model of Reference 1 and 10,

18




2, The Model

Experiments and a literature search indicated that
decomposition and oxidation flame fronts coexisted in
the combustion of N,H, type fuels. Thus a model which con-
siders two different burning mechanisms, depending upon
droplet Reynolds number, was developed. Such a model is
compatinle with the single-mechanism system of equations
developcd in Reference 1. :

a. Oxidation Model (Single-Flame Regime),

This model incorporates features of two other models
in the literature (Refs. 1, 10). The treatment of vapori-
zation which allows for heating of the drops is essentially
that of Priem and Heidmann (Ref. 1) while the treatments of
drop ballistics and chamber gas dynamics are essentially
those developed by Rocketdyne (Ref. 10). The combustion-flow
process is considered to be one-dimensional., The model re-
presents the continuous distribution of drop sizes by an
arbitrary number of size groups as do both references. A
logarithmiconormal distribution has been used to describe
the spray pattern of the motor of interest; however, any
type distribution may be substituted into the droplet si:ze
subroutine.

(1) System Equations. The equations describing
combustion, assuming vaporization is rate controlling,
are presented in this section, These equations are mani-
pulated so that simultaneous computer solution is possible.
The existence of a decomposition front, within the boundary
layer mantle, is consistent with these equations except that
a different mass vaporization rate must be defined as dis-
cussed in Section III-2,b.(2).

(a) Droplet Ballistics. A Force-momentunm
balance on the drop yields the equation

3¢gf glu-vl (u-v)

i 8o, F ¥ (I11-1)+

* Equations following by an asterisk are applied individually
to all drop sizes of both oxidizer and fuel.
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where Cd is defined as in reference 10,

0.84

Cd = 27 Reg 0<Reg<80 (I11-2)+
= 0.271 Re 2*2Y  gocre <10%
'S g
= 2 104
<Reg
s 2ra
Reg roveg (111-3)#
u
g
AN
(b) Droplet Mass. The rate of evaporation
from a spherical drop of propellant is given by the equation
(Ref. 1). . ~
y 2n Dar M‘ -Nu- Pa (I111-4)+
RT
where « = —— l'n (2—7], and (I1I-5)¢
a F'Pa ’

the Nusselt number for mass transfer is determined from
Ranz and Marshall's correlation (Ref. 11).

‘
A

Nu_ = 2 + 0.6 Re 1/2 gc1/3 (111-6)+
n m :
Thus the change in droplet mass with distance is given by

ds _ dma  dt v :
dx dt dx v (111-7)*

(c) Heat Transfer to Droplet. A heat balance on
a single droplet yields the result that the rate of accumula-
tion of en.rgy must equal the net energy transferred to the
drop at any time.

*Equations followed by an asterisk are applied individually
to all drop sizes of botl oxidizer and fuel.
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Thus,

dT wv2
m C = q - WA = T + Q (II1-8)
pl a—'-e v —— R

The term Qp represents the radiant heat transfer to the drop
and has been omitted from this program; although, it could
be included if values for emissivity justify it.

The third term on the right hand side of (III-8) represents
the kinetic energy imparted to the vapor leaving the surface.
This term is generally negligible but was included in the
program since it can be important for small radii and/or for
drops near their critical temperature (for which X approaches
zero).

The term q, represents the heat transferred to the vaporizing

drop by convection with mass transfer., This is defined in
terms of a heat transfer coefficient as

q, = 4rr?h (Tg-T,) (111-9)
Where the heat transfer coefficient with mass transfer, h,
is related to the coefficient without mass transfer by

h * h —= (111-10
[ez- l] . ( )
and : « "CPa,m « "Cpa,m (111-11)*
4xr2h 2xr Nuy kg

Again the Nusselt number for heat transfer has been defined
in the work of Ranz and Marsha!l (Ref. 11) to be

Nuy = 2 + 0.6 Rel/? prl/3 (111-12)*
Substituting into (II1-9)
q, ¥ Cpa,m (TeTV) (IT1-13)*
(e -1)

Finally the heat balance (III-8) yields

dT -wA - WV§
-—l = v e (I11-14)*
dx

m szV
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(d) Chamber Pressure., A force balance on an
incremental chamber length yields

d(PAL)

T— I';; (III'IS)
o ula
where 1 = 4 c + T nmyv (I111-16)
g
The continuity equation is expressed as
pg u Ac = In (mj -m) (I111-17)

Use of equations (JII-16) and(III-17) in equation (III-15) yields

dP 1 du dv dm dA
s - In(m;~m) == + In [m - - (u-v) ._]- P c (I11-18)
dx = J dx dx dx e

Thus the pressure gradient has been expressed in terms of
velocity gradient. However, another independent linear
relationship between du and dP must be developed so that dP

dx dx ! dx

may be computed without iteration,

The following equations are necessary for this development,

¢ . [In(miqy-m], (I111-19)
[Zn(mjnj-m) ]
2
T, =T '[1- f_fllllﬂl] (111-20)
2y RT, g
o, = P M (111-21)
R Tg

The analysis assumes the ability to evaluate properties of the

combustion product gas (T,,, M,» v ,» k,, and u,) as functions
of chamber pressure and m xtur® ratio ind propgllant preperties

(Pgo ks gy Y, C g+ and Cp,) as functions of tem, srature.

Furthermore, the diffusion coefficients, D, will have to be
determined functions of mixture ratio, pressure, and tempera-

ture.
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After consideral ¢ algebra involving equations (III-17, 19,
20, and 21) and their derivatives, an independent .iinear
rclationship between du and dP can bLe devcloped in the form

dx dx
du . . 4P (111-22)
dx dx :

where F and G are functions of quantities which are known
at any step in the numerical integration (e.g., m,v,dm, dv

dx dx
P, u,---), of the combustion product gas propcrties and of
the derivatives of those properties with respect to local
mixture ratio, ¢,

If equation (III-18) is considered to have the form

dp du
Pucl I} = H JEE -2
dx K dx (111=22)

equations (III-22 and 23) resulc in

dpP « 1+ JF

% T3¢ (I11-24)
Thus, equation :11-24) allows dP to be computed directly
in this progran, dx

(2) Physical Properties in the Vaporization Mantle.

(a) The NTO System, The nitrogen tetroxide system
exhibits complex changes with very short equilibrium times
(order of microseconds). The system exists in equilibrium
in the following form

NO, 2 2NO, 2 2NO + 0,

The extent of either of the two decomposition reactions is

a function of the system temperature and pressure, The
actual function is not well defined by thermodynamic data
because N;O4 and NOp exist in equilibrium at the mixture
critical point, Thus it is impossible to separately determine
either's critical properties,

For the temperature and pressure ranges to be considered in
ihis work it was possible to postulate an approximate physical
mode}l., Utilizing such a model, liquid and vapor composition
and thus such properties as thermal conductivity, heat capa-
city, and heat of vaporization could then be computed.

As shown in Figure 9, the entering liquid droplet is assumed
t e N504. However, as the N,04 evaporates it goes to
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Liquid N2 04 Droplet Region of Decomposiuon
N204 —— 2N02 because of
Steep Temperature

\ Gradient

e
\
NO, Property

Region

Diffusion
Mantle

The assumption making possible the inclusion of
heat of reaction with heat of vaporization is

Ar <10% of (R -1 ).

FIGURE 9, Nitrogen-Tetroxide Droplet Vaporization Model.



approximately 50% NO,, Then since the temperature gradient is
very steep, (Figure 6) the vapor will be 100% NO, before it
crosses even 10% of the diffusion mantle. The approximation
that NO, is the vaporizing species was thus made, Using

this approximation it was possible to account for chemical
change by adding the heat of decomposition to the heat of
vaporization for NyO4, The vapor was assumed to consist of
NO, for the purpcse of physical property calculation, The
second decomposition 2NO, < 2NO + 0, was not considered in
this approximate model,

{(b) The MMIil System, Monomethylhydrazine can
support a decomposition front in the vapor mantle before
undergoing oxidation., The occurrence of such phenomena rot
only changes such properties as thermal conductivity, heat
capacity, density and diffusivity but also necessitates
postulation of a decomposition model, A physically realistic
model for v, orization with decomposition is discussed in
the next section,

b, Decomposition Model (Two-flame Regime).

(1) Introduction, The equations presented in
Section 2,a,, describe a complex two-phase gasdynamics
system. The vaporization description is one part of this
coupled system. This part was modified, so that steady-
state combustion with ve_or phase decomposition of a
thermally unstable fuel could be described, The modified
combustion package was then incorporated into the system
description,

Dynamic Science Corporation (Ref, 12) has completed experi-
ments which indicate that a single diffusion flame front

model is not realistic for such monopropellant systems as
hydrazine and monomethylhydrazine., As shown in Figures 10

and 11, two flame fronts appear in the combustion of hydrazine
and MMH in nitrogen tetroxide, The presence of these two
flame fronts has been observed, but the exact nature of

these fronts has not been fully determined,

This section reviews experimental and analytical studies

of the MMH type system., A realistic two flame model is
postulated along with its required assumptions. Equations
are derived for this two flame decomposition-oxidation model
and the method of solution is explained., The results of this
work are:

i)Specification of a realistic steady-state

vaporization model which aincludes vapor
phase decomposition,
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Note: The liquid
drop is within the
wire support.

Hydrazine burning in still nitrogen
tetroxide, at one atmosphere

FIGURE 10, Photograph of Experimental Burning Drop
Showing Two Flame Fronts (Reference 12)
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Note: 7The liquid
drop is within the
wire support.

MMH Burning in still nitrogen
tetroxide, at one atmosphere

FIGURE 11. Photograph of Experimental Burning Drop
Showing Two Flame Fronts (Reference 12)
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ii) Development of the ta2chnique used to
solve these equations,

iii) Calculation of the spatial combustion pro-
perties with vapor phase decomposition,

The vaporization-diffusion model with a single stoichiometric
diffusion flame front is shown in Figure 12b, For bipropellant
combustion the outside boundary of the vapor mantle determines
the position of the stoichiometric diffusion flame front,
liowever, monopropellants may support a decomposition front
within this diffusion mantle, The decomposition front is
similar to a premixed gas flame front and cannot be analyzed
as a diffusion flame., When a decomposition front occurs
within the fuel diffusion mantle of an oxidizer-rich propel-
lant combustor, two flame fronts will appear. The inside

one is a decomposition front while the outer flame is an
oxidizer diffusion flame front.

The postulated physical model involves two regions:

Region I, (Figure 12a) where the two-flame decomposition
mechanism is rate controlling, and

Region II, (Figure 12b) where the single-flame, laminar
boundary-layer oxidation mechanism is rate controlling.

The equations applicable to Regions I and II were used in
specific calculations for the MMH-NTO system. The calcu-
lated burning rates for a distribution of MMH drops were
determined and used to calculate the fraction combusted
and the C* efficiency. The C* efficiencies for several
engines were finally compared with experimental values
determined by Priem (Ref. 1).

(2) Equations and Calculations., The existence of
either region I or Il depends upon the relative velocity
between the iiquid drop and the product gas. Region II
corresponds to a large relative velocity (and small boundary
layer), while region I corresponds to a small relative
velocity (and relatively stagnate conditions). The applica-
bility of the equations of either region are thus dependent
upon the criterion that either the decomposition thickness is
within the Eounaary layer, re<B (region I), or the boundary
layer is less than the decomposition thickness r¢>B (region II),

The equations, which allow calculation of r, and B, were
developed and used simultaneously to doternine applicable
regions.
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Figure 13s. Decompusition Front Within Diffusion Mantle, Regime I

Finite decomposition
gaseous front where
r; is independent of
Flow

Diffusion flame front
(oxidation)

Laminar diffusion mantle of
thickness B; where B depends
upon Nusselt number correlation

Figure 12», Laminar Diffusion Model when r 2 B, Regime II

Decomposition and
diffusion flame front
together when ry> B

Note: B decreases

with velocity waile ry

is relatively independent
of velocity

Figure 12, Two-Regime Model of Decomposition-Front Position,
Adiabatic Oxidation Temperature the same in both cases.
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Decomposition Equations (Region I)

The theoretical decomposition-flame model of Tarifa and
Notario (Ref. 13) was extended to include the influence of
adiabatic oxidation flame temperatures. The equations
applicable for small drops in this region are not derived
here; but are presented from the literature (Ref, 13 ) so that
different liquid properties may be substituted in the program.

The decomposition film thickness is given in reference 13 as,

r, = Xs (111-25)

And the decomposition evaporation rate constant (inz/,.c).

2
[defined by K = gﬁf—ll is given in reference 13 bv,

K = ==X (111-26
Cp P "% )
where X, = 1x  [2a o XY (111-27)
6y °.
X* = _3.. 1“(eu/el) - 0

v [(e. - eo)‘/z,] °*P 2(e, - 9) YA r (I11-28)

& A
and & = P (T - T+ L (111-29)

ar Cp

] s 0 for T = T_ (adiabatic flame temperature)

8 =86 for T = T, (1iquid temperature)
6 =9 for T=0
6, = CyE (111-30)
ir
Ay = B ;g ("; :gcg)“ . (111-31)
T

where B and n are constants of the reaction velocity equation
(Ref. 13).

Docongosition Parameters

In order to use the model proposed, the decomposition thickness
and the evaporation rate constant must be calculated and used
as input to the program., The decomposition-flame film thickness
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and the evaporation rate constant were determined for
several adiabatic oxidation temperatures and are shown in
Figures 13and l4for the MMII-NTO system. An adiabatic
decomposition flame temperature for a monopropellant

corresponds to 9 _ = 1,0; while 8, = 1.54 corresponds to an
adiabatic oxidation flame temperature for the MMH-NTO bi-

Yropellant system, The calculated curves of Figures]s and
4are thus extensions of the work of reference 13 to two
flame front conditions.

(3) Calculation Procedure with Two-Flame Model.
The decomposition thickness and evaporation rate curves
of Figures 13and 14 and burning rate curves similar. to
Figure 15 were used simultaneously to compute burning
rates for the two regions. The values for the single
flame model are shown in dashed lines (Fig,15) fer comparison.

Burning rate curves similar to Figure )5 are computed by
the following steps for each group.

(a) Determine regions by the criteria.
re < B region I
re > B region II

Where B is the boundary layer thickness shown in Figure 15
and r, is the decomposition film thickness shown in
Figure 13 (B and r, are input to the program).

(b) By this criteria the burning rate of
Figure 15was initially determined by the mechanism of
region II.

(c) At r¢ = B, the mechanism shifted to that
of region I.

(d) The burning rate for region Il was now deter-
mined by the XK shown in Figure 14 and the rate ejquation:

ro nc
(¢) At r, = B the mechanism shifted back to

.that of region II.

(f) If the drop had not yet reached its wet bulb
temperature, while B >ry, the distance to do so was calculated
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FIGURE 13, Film Thickness For Decomposition Flame
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by a heat balance which resulted in the equation

qup(Tw.b.- Tl)
2" QU °r k

AX

(g) The resulting burning rate curves, shown
in Figure 15 arc continually integrated by the program to
determine the cumulative fraction of fuel vaporized., This
curve is shown in Figure 16,

(4) Characteristic Results Using Two-Flame Model,
Burning Rates. The burning rates computed for

the decomposition model are substantially higher than those
computed using the single flame front model.

The maximum burning rates under either the single or double
flame models are essentially the same (once wet bulb tempera-
ture is reached) because adiabatic conditions are assumed and
the same amount of total enthalpy release is involved in

both mechanisms,

The zero relative velocity point has a less pronounced effect
upon the burning rate because the decomposition flame now de-
termines the minimum rate at stagnation conditions,

Fraction Vaporized. The fraction vaporized
under the two flame model 1s higher than under the single
flame model as shown in Figure 16, At one inch chamber length
the frac:ion is approximately 100% greater for the two-flame
model than for the single-flame model.

C* Efficiency, nce, The experimental data
shown in Figure i7were used by Priem and lleidmann(Ref. 1)
to compare experimental and calculated hydrazine efficiencies.
This comparison for a large number of propellant combinations
is shown in Figure 18,

The hydrazine fraction vaporized,&ﬁ , (Figurel3) is vaporiza-
tion rate controlling with the gaseous oxygen data of Fig. 17,
Thus, the computed & was used with & = 1.0 for gaseous oxygen
to compute the efficiency for hydrazine - GOX according to the
formuia

(111-33)

0
ce - LC*) O/F P
(C*) oO/F v
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FIGURE 17, Experimental Performance of llydrazine
Propellan: Combinations ( Ref., 1).
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The efficiencies computed, using the two-flame model, are
in good agreement with the experimental efficiencies as
shown in Figure )8,

The two-flame, vapor decomposition model of droplet combus-
tion in hydrazine type fuel systems allows accurate pre-
Giction of the droplet history in a combustion chamber,
This information is necessary for both efficiency and
instability calculations., This model therefore, represents
a significant advance in the state-of-the-art of analytical
chamber design.

3. The Stability Drop Size

The model used for the analysis of stability treats drop-
lets as if they were all of a single size., It is desirable to
select a drop size which represents the vaporization properties
of the spray distribution as accurately as possible.

Tﬁe vaporiz®tion rate of a spray made up of a finite number
of drop size groups (as used in the steady-state combustion
model) is given by

w = I ¢yBiry (2 ¢ kril/z 01 61) (I11-34)
where
27M,D, P
K L m L (111-35) \
i P-Pgy
0 Ju-v]/? (111-36)
1/2
&, = (opy/ugy) (111-37)
K = .672 sc”s (111-38)

Combustion instability is related to changes in w caused
by disturbances in the state of the gas (p,T) and in the
relative velocity term, ¢ . If we preserve uw,dw, dw,and 3w
LR T T
" from a multigroup representation to a single-group model, the |
following equations are obtained:
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Quantity

Preserved Equation
1/2
w cyTyBg(20kr, /2y ¢ )e e ry8y(2ekry 4y y) (111-39)
dw 3/2 3/2 A
o CgTgBghy = f °1'161‘1 (111-40)
1/2 3 [ A
v csrslz %g *+ k1, / ¢ (t. a: . 0' 3p )]
ip
2
- 28 1/ (1] 3§ -4
fcirilz P + ki (& 3p i 3p )] (111-41)
1/2 )
H cgrgl2 38 ¢ k 1,77 s(es32 + 8y 33
1/2
- cyryi2 %g v kry’ Cogey %% +8y %% )] (111-42)

In equations (III-4]1 and 42) it has been assumed that the spray
of cnly one propellant is controliing the stability and that

B and ¢ can be represented by functions which are linear in

P and T so that the partial derivatives are constants determined
from the propellant properties.,

Partial solutions to equations (III-39 - 42) can be obtained
under certain assumptions. If we assume that all ¢ are large,
thit 38 = 38 = 0 and, as a result, that all B; are equal, we

p T
obtair 5/2
)
¢ - tcxl‘i ‘i‘i
3%y &4
3/2
Cs = Icgyr; / {44 (111-44)
tciri i

The assumptions made to arrive at equations (III-43 and 44)
are equivalent to those made by Priem in his stability model
(Ref. 4), namely that changes in vaporization rate are
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attributed only to changes in the Nusselt number and that
the Nusselt number is much larger than 2,

On the other hand, if interest is focused on regions of small
velocity difference where stability criteria seem to be most
critical, we seek a solution for small ¢;. The results are

By = o—-iTifi (111-45)
tciri
3/2
1/2 T, r B, €
T, &y o =i 14 (111-46)

The quantity of pp/vp is much less sensitive to drop temperature
than 8., If the §; are considered to be nearly equal, equation
(I11-46) can reduce to

12 3/2
r,/° - ICiTy By (111-47)
tciriﬁi

In the region between the injector and the point where drop
velocity and gas velocity are equal, small drops are especially
important for two reasons: 1) The absolute velocities of

small drops are lower than those of larger drops, resulting

in increased concentration, ¢, of small drops. 2) The small
drops heat up faster and attain high vaporization rates due

to high value of B which are quite sensitive to the large
increases in vapor pressure which accompany the rise in drop
temperature.

This analysis and recults from the steady-state combustion
program indicate that combustion instability may be governed
by the properties of the smaller drops in a spray rather
than by those of the drop of mass mean radius.
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IV, COMBUSTION INSTABILITY MODEL

1. Introduction,

While there has been a great deal of research devoted
to create linear models of the instability phenomena, little
has been done on nonlinear models, in spite of the fact that
combustion instability in liquid rocket engines is 3 nonlinear
phenomena (Ref. 8 and 9). The fundamental conservation equations
i.e., mass, momentum, energy, and state will result in a non-
linear model, by their very nature. Because of the complexity
of the solution of these nonlinear partial differential equa-
tions, various authors, among them, Crocco (Ref. 14) and
Priem (Ref, 1), have attempted to simplify them before solu-
tion with various assumptions. The conservation equations
in their most general form consist of four independent variables
(6, r, z, t), making a closed-form solution impractical, With
the advent of the high-speed digital cumputer and advanced
numerical techniques, solving these equations becomes possible,
However, solution with four independent variables is a para-
mount task and would exceed the practical cost of computer
runs., Priem has solved these equations with two independent
variables (0,t) with simplifying assumptions. In this approach,
functional dependencies are determined in every case from the
basic equations for the phenomena, and simplifying assumptions
are introduced that are considered reasonable in light of the
combustion processes in a liquid rocket sngine. The models
advanced by Dynamic Science Corporation, Crocco and Priem
utilize the same theory derived from the fundamental conser-
vation equations, but with different assumptions.

Dynamic Science Corporation feels that combustion insta-
bility in liquid rocket engines is a nonlinear phenomena, in
that: 1) stability depends on the disturbance; 2) there is a
limiting amplitude of oscillations; and 3) the wave forms
become steep fronted or nonsinuisoidal., In addition, the non-
linear model enables the combustion process to be described
from the basic equations of the phenomena without the intro-
duction of "empirical"™ or "intuitive" constants. Linear models
cannot relate engine parameters to threshold disturbance,
Either a3 linear systex is stable or unstable regardless of the
disturbance, Such linear models are derived from the nonlinear
conservation equations by assuming that all variations are small.
This assumption is necessary if a closed form solution is de-
sired since mathematical techniques are not well develored for
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solving simultancous sets of nonlinear partial differential
equations.

Dynamic Science Corporation model is based on the numeri-
cal solution of the conservation equations witlh mass-addition.
The mass-addition or combustion rate is describ.d by a quasi-
steady-state expression for vaporization., This assumes that
all the combustion processes, i.e., atomization, mixing, and
kinctics are rapid compared to the vaporization process. The
quasi-steady-state assumption implies that the droplet spray
instantly responds to a change in the local environmental
conditions.

24 Theorz.

An annular section of a combustion chamber is chosen to
predict the response of the spray to a disturbance. The use
of an annular section is dictated by the limitations of present
computers as to storage and speed in producing useful results,
An annular section enables the variations of the dependent
variables in the tangential direction. Such a model enables
the description of a tangential disturbance propagated through-
out the spray field., As shown in Figure 1 the annular section
has a very small length Az and thickness Ar, Physically this
means that there are no gradients in the r and z direction
in the annulus., It is assumed that the steady-state combustion
is uniform around the annulus. However, the transient combus-
tion rate is a function of the local environment and varies
around the annulus. The assumption that steady-stats properties
are not a function of 6, implies that the propellants are in-
jected uniformly,at the injector face,at that particular radius
of injection, The annular model can be extended to injection
profiles which are distributed across the injector face by use
of the "nodal method" and a quasi two-dimensional steady-state
model. While the annular model is one-dimensional, in order to de-
scribe the convective flow out of the annulus, the z derivatives
are treated in a gross way by assuming that the dependent
variables are constant through the annulus but the derivatives
vary with time. The model does not treat the z direction in a
purely two-dimensional manner since the z derivatives are
lumped in the 6 direction by an integration assuming mass,
momentum, and energy is constant in the annulus as a function
of time., The derivation of the transport or field equations
is similar to the method of Priem-Guentert (Ref. 1) and will
be repeated here for completeness of the nonlinear model.

The basic transport equations for two-phase flow have
been developed by Bird, Stewart, and Lightfoot (Ref. 15):
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Equation of Continuity

3 v Ve (Iv-1)

Equation of Momentum

)
5% o a -V 0¥V -V, p V.V - gV -Vt (IV-2)

Equation of Energy

] 1 2 1
v -+ e —
ot (OCVT * !83}10 )' - Vepy GVT + ZgJH Vz)

1
7. p\v‘ (U\ L g mﬂ Vf)'Vo a

V. PV - %jh Vot (Ive3)

=1~

After assuming the liquid velocity and temperature to be
constant in the annulus and further manipulation of the equa-
tions IV-l, 2, 3, we obtain the transport equations for two
phase flow with mass addition,

The conservation equations appear in the following form:

Continuity

3-& s « Vo o'\7 * W (IV-‘)

Momentum

P L oM. (V- T w gUP -V T (IVe5)

t 1
Energy :
ec, %% mepc, (V* V)T ¢ A93T - §ﬁ~ Ve v
-1 * 1 _
2 " T :Vv w[U‘ -cv‘l' ’}__RJH (";‘ -¥) .(3‘.6)]

(IV=6)
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The above equations can be nondimensionalized by means of
the following transforms:

t' . tag/r (1V-7)
V' = r.nv (I1v-8)
w' = w/wo (I1V-9)
p' = p/P, (iv-10)
P' = P/P_ (IV-11)
' = tran/uoao (1v-12)
T' = T/To (IV-13)
vt = v/ag (1v-14)

Apply the transforms to the continuity equation

3( D'Do) Al . -»

tr,, . - ;:n *(p'pg) (v a) +(uyw') (IV-15)
]

a

[ I |
[+] ¢ [o g -3 <>

] r
;...:_'. s V! . p'.\;' + :n‘:o w! (IV-17)

o

After further manipulation the resulting equations are:

Continuity
ap' - '-0' r‘nu
-V' d [+ v + __gwo -y 8
T o (1V-18)
Motion
' -
o' 2%7 - 'p'(;' )V - |8 Jgrpe v Ol
‘ o2 T a v E
° an®n%o
r_ W
- -;ﬂ“—° (V' - Vet (IV-19)
00
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(I1v-20)

By assuming that the gas is perfect and flow is one-dimensional

and isentropic:

bt A T
A
[
= - v
v
P = p % T
Y
U‘ cp'l‘°
R 1
Cy a T-HM (Y-l)
wy - m ;_
c
A=A
Ay
P A
c* - '£7££ - Ll
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then oduations IV-18, 19, and 20 can be reducted to

(Iv-21)

(Iv-22)

(1V-23)

(1V-24)

(IV-25)

(IV-26)

(I1V-27)

(IV-28)

(IvV-29)




Continuity

9p!

W n e A! opl'v'O * U. r.n (e (Iv.so)
Po B9
Motion
v.
ot Br et an¥ - ke 4
1 PoFan'o
.(V'-V") w' | FanYo
Po 3 (1v-31)
Energy
aT!
P! mEr = - p'(V' + A')T oA'2T| L |yeifprar ¢ ¥
Pofanio 4
|
-y (y-1) ] u ' i (8'F') + Fan®
* ("]
PoFan’o Uo L
2
[y.Tre SXZDY (v 50y ) (1V-32)

\ |

Equations (IV-33) is similar to Damkohler's group based
on the speed of sound. It can be thought of as the ratio of
the wave time around the annulus at the speed of sound to the
combustion time, L is defined by Priem as the burring rate
parameter, Equation (IV-35) is similar to the reciprocal of
8 Reynolds number based on the speed of sound. J is defined as
the viscous dissipation parameter and is a measure of the
energy lost by viscous forces, By substitution of Equations
(IVv-33) and (IV-35) the following transport equations are
obtainead:

+1

Tan%o _ Tan" 2 y-1 _ Tap" £(v) (1V-33)
Podo A v+l A

by m

an . (1V-34)

¥ uee f(y) (1V-35)

T T T f Y L
o'an"o ranPecg Tan" c8

& g (IV-36)
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Continuitx

ep!

m a V0 op';' + U'Lf(Y) (I.V"s")
Motion
' 33' (& (] Vl 1 ' .
B = ' - =9'p' - Jf A :
o' T o' (V' +g") . (v) 1
- (¥ - V' )w'LE(y) (1V-38)
Energy

3T
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: " . s 2
-y r-D JE(D T P (VR eLE(Y) W [Y-T'* LY -v')]

i

(IV-39)

Using the appropriate cylindrical coordinate transforms
outlined in Bird, Stewart, and Lightfoot, (Ref, 15), equations
(I1V-37-39) can be simplified to describe an annular chamber
section, If it is assumed that all dependent variables and
derivatives of dependent variables in the radial direction
arc zero, that all axial dependent variables do net vary with
angular position, and that all second derivatives in the axial
direction are zero, the following transport cquations result:

Continuitr:

3p av! av' ' '
2 op! 8 Z - v 8P . ) '
TTT " P ( * Fz') Ve 3oT T Vi ggr tw'Li(M)

30
(1V-40)
Momentum (in the 6-direction):
av'! av'! alv!
' 8 . _ .y o _|1 aP' . ¢ 4 8
©aT e 20 M 30" "3 (20')2
- v'ew'Lf(Y) (Iv-41)
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Momentum (in the axial or z-direction):

.. 2
0= —prvr V. | 'llaﬂl - LE(Y) (V- v ) (1v-42)
Y

L} ] ] aT' a ' 2
o' TET = -0 (v o =T 4 V', gf—r) LGRS L

- ly-1l p 'y v’y
567 P (1V-43)

4 av'! 2 fay? 2 av'! av!
* glv(y-1 Jl 6 2 ). ZI
I v )l (_ae-r) (331') 36'9 az'! £(v)

+ Lf(y) o' %Y- T' Ll%lll [(v' - V'z)2 . véz]s

)

To obtain the lumped derivatives of the axial dependent
variable to account for convective flow through the annulus,
it is assumed that conservation of mass, momentum, and energy
must apply for the entire annular system as well as the
incremental volumes described by equations (IV-41-43),
Following the Priem-Guentert (Ref. 4) assumptions to determine
the derivatives in the axial or z - dircction the conservation
equations are integrated through the entire volume of the
annulus, Since it is assumed that none of the terms vary in
the axial or radial direction, the equations only have to be
integrated in the 6-direction, Further, if it is assumed
that the total mass, momentum, and energy in the annulus does
not vary with time, It is also assumed that all dependent
variables are zero in the radial direction and constant across
A4z, All axial derivatives do not vary with angular position
and are thus lumped or averaged by the integration. Since
the annnlus is closed in the angular direction there can be
no net loss or gain of mass, momentum, and e ergy in that
direction. These assumptions result in the .ollowing integral
equations for the axial derivatives:
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Continuity:

2 2n
aV'z apl
0 = - -5—2'-[ p' do' - ZﬂV'z -5-,2-1-0 Lf(y) [u' de' (IV-44)

Momentum:

0 = - V', 27 YL 1 [op! 2" aT! 3
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- l:f(y) (v', - v{)[ w' de' (1V-45)

Encrgz:
n

0= - -al;-v' /" p' do' (v-1) W'y P' do' (1v-d6

2

¢ Svly-11 JE(r) (..:.:_,i)
+ Lf(v w! - T'e(y-1 2
L (.)f [Y T'+(v-1) % (v, - vz)] de!

0
Ideal Gas:

. n
aP! 9p ! '
2n 377 * azrj T' do' %Iz‘..r/ p' 4ot (iV-47)
0

0

To define the annular model an expression for the mass
addition is required. In a liquid rocket engine four signi-
ficant processes determine the mass addition or combustion
rate: 1) atomization; 2) vaporization; 3) mixing; and 4)
kinetics., It has been shown by many authors that for a well
mixed chamber at typical pressures and temperatures encountered
in a liquid rocket engine that atomization, mixing, and kinetics
are¢ much faster processes than vaporization. Thus it may be
concluded that the combustion rate can be assumed to be con-
trolled by vaporization, Further in a well mixed and atomized
spray the combustion rate 'is controlled by droplet vaporization,
Since high performance liquid rocket engine systems are
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controlled by droplet vaporization, the instability model
describes the response of a vaporizing droplet spray.

With the above description of the droplet combustion modecl
shown in Figure 19, a vaporization rate equation may be
derived,

The vaporization rate nsquation may be derived analyti-
cally (Ref. 1) in terms

DM, = \
we L S 1 1 P
—— d (F . ;) s 'a (I1V-48)

However, the state-of-the-art does not allow for analy-
tical calculation of the flow dependent film thickness, B.
Thus, it is necessary to use the standard engineering driving
force equation given by Sherwood and Pigford (Ref. 16):

w = (kdrr?) (a P,) (IV-49)
Ranz and Marshall (Ref. 11) determined the mass transfer

coefficient, k, for vaporizing drops, in terms of the Nusselt
number for mass transfer, Nu,

Nu D M
k = n 2 (Iv-50)
Ir R T
with the correlation
Nug = 2 + 0.6 (sc)t/3(rey?/2, (1v-51)

Substituting equation (IV-50) into (IV-49) gives,

D My Nup  aP, (1V-52) ;
RT

The film thickness may be empirically determined from
equstiont (IV-48 and 52) as

W e 2nr

%1 = Nu -2 (IV-53)

Substitution of (IV-51) into (IV-52) for a concentration of
drops, C4y, gives,

D My
RT

we Cqrw* Cyp2 r aP, |2+0.6(Sc)}/3(Re)l/2 (IV-54)
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FIGURE 19. Schematic diagram of heat transfer to vapor
film and liquid drop. (Reference 1)
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This empirical expression shows the dependence of the
vaporization ratc upon physical properties and upon flow
parameters,

Substituting for the Reynolds number, the vaporization
rate equation takes the form:

c,,.oM,3 2r ivev /2,

w « dr «7da I2¢o.os 2 (1F |vrige (1V-55

a | c )
RT 2r u

If the liquid temperaturc and vapor pressure do not
vary with time, the following nondimensional vaporization
rate is obtained:

1/2
w _2+0.65. 1 3ar |T-Vy10/0)

W' & =

1/2
“o 2#0.6S¢1/S(2r|Vo-ﬁmoloo/uo) /

(IV-56)

Equation (IV-56) may be written in terms of the Reynolds
number of the drop based on the speed of sound (Reyq) .

ol o 200.6Sc1/3(p')1/2|(ve'fé(bv')2|1/4Red1/2

(IV-57)
260.65.1/3 (ayr)1/2 e 1/2
where
Reqy = 2089 (1V-58)

Vo

Before the nonlinear partial differential equations can
be numerically integrated, the boundary conditions must be
defined, Since the response of the system is required, i.e.,
whether the system will amplify or attenuate, the conditions
define an initial value problem, The boundary condition or
initial value is analogous to the disturbance induced in a
rocket engine, Presently, two types of disturbances arec
imposed, The first consists of an instaneous adiabatic
pressure change at time t' = 0, given by

P' = 1+ Ap SING' (Iv-59)
TV = {1+ Ap sINo*)(Y=1)/y (1V-60)
p' = (1 + Ap sINo*)(1/Y) (IV-61)
v, =0 (1V-62)
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The second type of disturbance consists of an i~stantan-
ecusly imposed velocity component in the 0-directira,

vy = A, SIN® (1v-63)
at constant pressure, temperature, and density,

The first type of disturbance is a pressure disturbance
and corresponds to an ideal pulse gun disturbance, It should
be noteu that it is possible to introduce any wave shape
desired, The second type of disturbance is a velocity change
and corresponds to a standing or spinning transverse wave.
Work done at Princeton (Ref. 17) shows that this type of field
is produced by a real pulse gun disturbance as well a3 a pres-
sure gradient, A third type disturbance which can be intro-
duced in a vortex or a constant tangential velocity disturbance.
This type of wave most closely represents a gas flow disturbance,
This nonlinear model which relates instability to the disturbance
character is very flexible and can be used to determine the
effects of shape, amplitude and various combinations of pressure
and velocity disturbances.

For times greater than t's0, the pressure, the temperature,
and the velocity at each position in the combustor or annulus
are computed from Equations (IV-40) to (IV-47) and (IV-57).

From these results, stability limits can be computed as shown
in Figure 6,

The nonlinear differential equations are solved numeri-
cally using a marching technique, The computer program jis
outlined in Appendix II. This numerical technique involves
solving for derivatives in the direction of march (time
directicn) in terms of the dependent variables (P', T', v', o')
and their derivetives, Derivatives, with respect to other
independent variables (6), are obtained from values of the
dependent variables by a finite-difference scheme., Using the
computed derivatives in the t direction, values of the depen-
dent variables may be computed for the incremented time, The
process is repeated, and dependent variavles are computed for
successive values of time, Initial conditions are introduced
in the form of a disturbance at time = 0O, By analyzing the
magnitude and rate of growth or decay, stability can be deter-
mined.

Stability limit curves can be computed as a function of
the significant instability parameters Av, L, and Rey. Re-
vults of the calculation of the disturbance amplitude required
to trigger instability show that the annulus is most stable

54



when Av approaches infinity, Rey approaches zero and

L is less than 0.1 and greater than 5.0, Second order
effects have been shown for the viscous-dissipation paraneter,
specific heat ratio and axial gas Mach number,

Work is presently in progress at Dynamic Science
Corporation to include the effects of droplet damping and
drift terms, Since the simplified mocdel presented here
requires the use of an instability drop average, cevelopment
of a modcl based on polydispersed sprays and bipropellant
droplet sprays is under development. As the models become
more complicated simplified nondimensional groups become
harder to use, since the number of f-mily curves required
become prohibitive. Work is in progress to integrate the
steady-state mode] and the instability model directly so
that stability zones for a given engine may be generated
by computer,

85



APPENDIX 1

Dynamic Science Corporation Steady-State
Spray Combustion Model with Two Flame Fuel

Burning for MMH-NTO System Program.
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APPENDIX I

STEADY-STATE PROGRAM

1. Introduction,

A FORTRAN IV computer program has bcen written which
integrates the solution of the simultaneous first order
differential equations describing steady-state droplet
vaporization with vapor phase decomposition, The equations
involve simultancous heat, mass, and momentum transfer coupled
with varying gas dynamics. The equations are solved simul-
taneously at distance (x) increments along the axis of the
chamber for each of a finite number of drop groups describing
the spray distribution of the propellants. Paragraph 2
describes the required input data, Paragraph 3, describes
the program logic, important variables, and numerical inte-
gration technique, A program listing is given in Paragraph
4 and the solution of a sample problem is shown in Paragraph 5.

2. Input Data,

The computer program as formulated is general in that any
propellant combination whose buraing can be described by the
model can be analyzed providing that the thermodynamic pro-
perties are available., The input data to the program includes:

(a) Propellant thermodynamic and physical properties.
(b) Chamber geometry.
(¢) Injection paramecters.

CLach of the above areas will be discussed separately. The
propellant thermodynamic and physical propellants required are
tabulated in Table I. These properties are input as function
subprograms and are curve-fit to yield continuous values.
Table I also shows the subprogram of the respective properties.
The program listing shows the property subprograms as used in
the analysis of the MMIH-NTO propellant system.

Chamber geometry is input in two function subprograms
A(x) and AP(x). Functi-n A(x) describes the variation of
chamber area with distance (x) while AP(x) specifies the
derivative of the chamber area with respect to distance (x).
These functions as shown in the listing are for a conical
chamber configuration,

The injection parameters are input in card form. The
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TABLE I.

PROPELLANT PROPERTIES

NAME SYMBOL UNITS SUBROUTINE
Liquid Density Py #/in’ RHO
Liquid Specific Cp BTU/#-°F CPL
Heat L
Vapor Pressure P, Nin2 PVAP
Vapor Viscosity Va #/in-sec VISCV
Vapor Specific . Cp BTU/#-°F CVAP
Heat a
Vapor Thermal kg BTU/sec-°F. | FKA
Conductivity In
Heat of Vaporiza- A BTU/ ¢
tion
PRODUCT PROPERTIES
Adiabatic Flame T °R TGINT
Temperature g
Viscosity, Thermal Mg kg, Cp VKSGAS
Cond. § Specific 8
Heat
Diffusivity D In2/sec DIFFU

S8




input variables and format with their respective units are
represcnted in Figures 20 and 21. Specifying these parameters
as card input easily permits paramectric studies to be made

for a particular propellant system and chamber configuration,
Thus the effects of changing such conditions as initial drop
temperature, injection velocity, O/F ratio, and droplet
distribution may conveniently be determined.

3. Prqgram Nomenclature.

The logical flow diagram of the steady-state program is
shown in Figure 22. The FORTRAN variable names describing
the important parameters of the model are shown in
(Program Nomenclature). The equations solved at each calculation
box of the flow diagram are described in Section IIl of the text.

The program uses a second order Runge-Kutta integration
technique which is described below,

say, £ = £(x, y)
and, A% = %§ A% - £ (x4,¥p0)

Then the slope of y(x) midway across the Ax incremert (a) is
approximated by

EBﬂ s f(x + A%, y + Aé)
a

this gives
. [dY
(ay), [‘“‘]a Ax

and calculating y (x)

yn+1 = Yn + (AY)a
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FLOW CHART FOR DYNAMIC SCIENCE CORPORATION
STEADY STATE PROORAM
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Prog;am Nomenclatures

DESCRIPTION

FORTRAN SYMBOL
ETA A
AX from Fen A (X) Ac
AXMIN
) At
B B
c.

CD(RE) from Fcn CD(RE) Cd

Fen CPL .

Fen CVAP

CPA from Fcn CVAP

CPB from Fcn VKSGAS

CPG from Fcn VKSGAS

CPAV

DFU from Sub DIFFU n
Do
E
F

FVAP2

6 8
1

XL from Fcn XK K
k

*Fcn means function subprogram
Sub means subroutine

63

nozzle contraction ratio

chamber cross-sectional area,
function of x

area of throat
boundery layer film thickness

characteristic exhaust
velocity

drag coefficient

heat capacity

-- of liquid

-« of vapor

-- of vapor at average mantle
temperature

-- of bulk products at average
mantle temperature

-- of bulk products at static
temperature

-- of mantle mixture

molecular diffusion coefficient

injector orifice diameter

activation energy

injected fuel fraction

local fuel fraction vaporized

acceleration of gravity

momentum flux

evaporation rate constant

thermal conductivity



FORTRAN

FCN FKA

FKB from Sub VKSGAS
FKG from Sub VKSGAS
FKAV

EM

RVAP

WTML from Sub WTMINT

WTMAV
WTMOL (input)

DN

FNUH

FNUM

FVAP 1

p
PA from Fcn PVAP
PR

SDSPD

RS

summation over

SYMBOL DESCRIPTION
-- of vapor
== of vapor at average mantle
terperature
-- of bulk products at average
mantle temperature
== of bulk products at static temp,
-- of mantle mixture at av,temp,.
1 length
m mass of drop
m vaporization rate of spray
(fraction/in.)
M molecular weight of vapor
-- of mantle mixture
-- of propellant
n number of drops/sec. in each
drop size group or reduc-
duction velocity constant
Nu, Nusselt number, heat transfer
Nu. Nusselt number, mass transfer
0 injected oxidizer fraction
6 local oxidizer fraction vaporized
P static bulk gas pressure
Pa vapor pressure
Pr Prandtl number
a speed of sound
qr heat of redction
qy heat arriving at drop surface
r drop radius
1/m
Tho [ 8n £®/2n7] -

64

a1l size groups
when m = 2; area mean
m = 3; volume mean




FORTRAN SYMBOL DESCRIPTION

RM T radius o. mass median droplet
Toiix maximum droplet diameter
RL from Fcn RT distance from drop surface
to decomposition flame
R R universal gas constant
Re drop Reynolds number
RE -- bulk gas properties
REP -- mantle properties
REN -- based on speed of sound
SC Sc Schmidt number
T temperature
TG --static gas
TL -=-liquid
TBR --mean mantle temperature
TSTG --stagnation
TB from Fcn TBL Th boiling point temperature
TWB Tub wet bulb temperature
U u gas velocity
VDb v u - v
ABSF of VD AV lu - v|
v v drop velocity
V(input) vj liquid injection velocity
w w vaporization rate of single

drop (lbm/sec)

EMDOT (input) W flow rate (lbm/sec)
X defined by equations 27 § 28
X . ¢ axial position (x-0 at
injector)
z defined by equation (correction

factor for mass transfer)
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FORTRAN

RH from Fcn RHO
RHOG

RMHoAY

GAM

Fcn ALM

VIS from Sub VKSGAS
VISS

VISAV

RAT

SUBSCRIPTS

__SYMBOL_

DESCRIPTION

defined by equation (6)

reaction velocity constant

density
-- of liquid
«- of bulk gas at static temp.

== of mixture in mantle at
average temperature
ratio of specific heats of
product gas

efficiency based on characteristic
velocity

heat of vaporization

viscosity

-- of bulk products at static
temperature

-- of bulk products at average
mantle temp8rature

-- of mantle mix.at aver.temp.

kinematic viscosity

surface tension

mixture ratio, O/F

vapor
combusted

droplet

fuel

product gas

at injector

1iquid

oxidizer or stagnation
particle

vaporized



4, Program Listing

PRUGIKANM VMR
STEADY oTmalt srxay LumouSTlun Muvel == Twu FLAME rutlL oURNING
OYNAMTC SCIENCE CurkFUxATIUN
lYuu wWALAEK AviRUE
MUNRUVIAy  Caliroxint s
3Dy = S¢Di (nece <1l2)
orete N NUSVIL
CCMMON CR
DIMENSTUN Aolioe), uklavussul o BCLUXi)e DCUY ()
LIMENSTUN Lup ()

CC C (0 ¢ C

TYPE INTEOLK BewXenuwuYsvulepncenus

VIMENSTUN TITLE (A9 ) o TLIGC)s VI(GU)e EMDUTIZ)oRMIZ2)9sos0lc)oY (D)0
WTMUg())oPK(Z)OSC(Z)QNb"T(Z)oFA(Z)0UNT(Z)OFKM(L)9FRN(D

TwlCUN(Z) T SRSST20UT 9EMSTZ0N 9EMIGU) s Pcle)y

~o(&u) UN(au)e UNST20)eeNMP ) eVLlGO)eminT (60)

VOUUTLGU) suVIiaU) suMGu) sDT (U sBETA(GU) sS5Rlc)oursle)s

_va(c)oovm3¢(¢)oguVK(¢)obDVKpd(c)JoRN(:)o

RIUGZIsRKoutd)arVoci(ctoRDVacl ) sRMERN{O)srLin{ 1)

cuulVALLNLt(RMtAhoPLu)o(mmthm(:)oRjO)o(HMtAN(D)oKV:ci)o

l (KMELAN(7) 9ROV 321)

_DIMENSION KK(20) o XENTR(Z0) sWENTR(20) o TWBINT (20)sDELA(LZD}

1 DUMITL(Z20L)+DUMTLI(2C)

DIMENSION VOIO0(2)YeVDL30(2)sVD322(2),VDB321(2)

DIMENSION wwn(20) ’

DIMENSIUN KulSctal)

X e
C

DATA(R=18540e) s (TWOP12602631653)9(G=366e4) 9 (FTPlzbelos7902)
C o INLbF/MOLE R IN/SEC/SEC
ETREAD (55100 (TITLE (I s1=1939)
lu FORMAT(13A6)

IF(EOFsb)idel6
1o STUP e o o
16 WRITE(éoZu)(TI[LL‘l)01-1939)
2V _FURMAT (45H1ISNTOuUe STrALY=STATE SPRAY CUMBUSTIUN muuvtl  /(im Llaie

READ(5930)1PsRAT s GAMS (TLOI) e V(I oEMOOT(E)eRkMLE)eSIG(I)
1 wWIMGL (1) NSET(J)el=142)
30 FORMAT(3FYeC/i{6F9eCold))
CWRITE(696U) (EMLOT (L) oRMET )9 STG(I) o WTMOL (1) s I1<l9e)
4y FORMAT(1HU
1 BX_~ 50H MASS FLUW RM_ 516G MULL WwT /
leH O Floaldoe Llieds cFTec /
22H F Flbely Ellels 2FT1e¢ )
READ (5941) RATMNLKATMXsAXMINSAXMAXOF STUC
41 __ FQRMAT(5F10e5%) _ . __ i
C
C
C _________________
U=0e ~
- TeZ=0
JZ = 1 o
- X=0a B T -
FA(1)=00
e - Y (. I~ o
PHI =Je
= GAMI=GANM-1. B 2l
GAMZ = ZGAML/Ze 67

bAMk GAM]1/UAM




GAMS5 = GAM/GAMI o e
EMD=EMDOY (Y1 )y+EMDOYTIZY ~ T
THRD=14/30

alNa

1270 2 811 N (2 55 T
DNT(1)=0, .

WCONT T =TWOPT*WTMOL(T) /R

L
CALL MASSETI(EMSsRHO(TL( I )sIl)sRSSsEMDUT(LI)eNsDNS)
NSETTTY "= "N+4

N = NSET(I)

bC 100 J=1lsN
KeJ+J=2+]

VI K )=vil)
EMUTK Y =EMS (T
EMINT(K) = EM(K)

RST K T=RGST ]

DNC K )=DNS(J)
DNY {1 =DNT(T)Y+DNS(J)

kK(y=1
WWIRY =70

CONT INUE

UNTT=DNT(1)+DNT(2)

RVAP = 0.20
GO TO 106

#hkud END INITIALIZATION = START CALCULATION

LAAA R 2222 R A2 R 2 2R YL RTIL IS SIS ISR 2T

TF(X+DX=XT)11059105+999
IF(X-0e25)11001109107
READ(5¢50)DXeXToIPsIPLOT
FORMAT(2F940 +219)

Lo I e 1 -
DX = XDEL(RVAP)

DXZ2 = DX/2e
IF (DX)99999999110

P2=pP#2,
P2R=P2/R

knsnd UBTAIN STAGNATION TEMPeTSTGe AND THt DERIVATIVE OF TEMP

WITH RESPECT TO O/Fs TGOD
CALL TGINT (RATPsTSTGeTGOD)

#hun# OBTAIN MOLECULAR wtlOGHT OF PRODUCTS AS FUNCTIUN O/F

""""""""""" CALLU WIMINT (RATSPeWIMLeWwIMLDT) i 77
C
RG=R/WTML
u2=usy 66 .
______________ e
C




i e s - - a - it s em e — e i e . _—— e i e aa- . - - - d

TO=TSTO*(1e=OCAMARUL/RG/TSTO/U)

[aNet

*XEEX CALCULATE GAS DENSITY = ~— = =-——=—=-
RHOG=P/RG/TC

r'l

*EWER (ALCULATE VISCOSITYs THERMAL CONODUTTIVITYs ANv SPrCib1C AE
UF GAL AS FUNCTION UF Ps TGs O/F
"CALL VKSUAS (RATsPSTGIVISIFKGCPG)

[N i G

~

RRUVS=RACL/VIS* e
RHQ“T t-__. 37> "NHL.)_U' .

KR T HHHH %ot %o & & *‘k*********k*#‘k*i*i***ﬁ'a'kﬁi‘********i-*x**i******‘I‘*

%% %% START ORUP VAPORIZATION LUUP

[N ot ol G Gl o

12v oo 200 1=142 |
NSET(I) o o - ]

C *¥®#¥ TEST FOR ZERC MASS OF DROP - SKIP IF ZERO
IF(EM({K)) 20092009130V
13u TBR=(TG+TLIK) )/ 2
CALL VKSGAS (KATsPsToRIVISDFKBICPWL)

- C **% %% UBTIAN \APOKIZATIUN PRESSUKE sPAs AT Llwulu TcmPeslly
PA=PVAP(TL(K) 1) i
PA2P=PA/P2
DPA2P=1.-PA2D
CPA=CVAP (THER,1)
RHERHO(TL(K) 9 1)

RV=WTMGL (1) *P/R/TL(K)
VO (K)=U-V(K])
_RS(K)=(EMIK)/FTPI/RH)**THRD _

C *kuk* RE = REYNOLDS NUMBcR OF DROP AT GAS PROPERTI:

RE= RS(K)*¥RHOVS *#ApSF (VD (K))

WTMAV = PA2P*WTMOL (1) + DPA2P*WTML
_____________________ VISAV = VISCVIToR, L) *PALP + DPAZP*vISH .
FKAV = PA2P¥FKA(TbRs1) + DPA2P*FKB
_____________________________ RHOAV = P¥WIMAV/R/Tok . -
CPAV = (PA2P*WTMUL(1)*CPA + DPA2P*wWTML*CPB)/WTMAV
REP= 24 *RS(K)*RHOAV¥ABSF (VU(K))/VISAV
PAIP = PA 7 2.

CALL DIFFU (RAT,PsTERsPAIPsIsDFU)
"""""""""""""""" OPOY = DFU#P/TBR T T
PR(I) = CPAV*VISAV/FKAV
“““““ TTSTITY = VISAV/RAVAVZUFY ~ T T T

RTRE = SGRTF(RLP)
FNUM = 2¢ + 0e6 * SC(I)**THRD * RTRE

FNUH 2¢ + Qo6 * PR(I)**THRD * RTRE

[aN e




THECK FOR ENTRANCE TO DTSSOCTATION
GO TO (149,160)1
16U B= 24 *RS(K)/(FNUH=24)
IF DIVIDE CHECK 1615162
161°B = 1,.,E30 T
162 RL = RT(RSI(K))

IF (B=KL) l49s1659163
C ENTER DISSOCIATION FLAME LOOP

T8I IINEKKIKY T T T T

KOISC(K) = 1

164 KK(K)=2

R CTo I R B - VL I

— o - e o

C . CALCULATE AND STORt INITTAL WUANTITIES ON LIST CYlLt

____________________ S (L6 0/1i6 Gills G0N

60U XENTRI(K) =X
WENTRI(K) = wiWwi(K)

""""""""""""" XU =" XKTRS(KY)

W = XL # TWOPI * RS(K) * RHO(TL(K)sI)

il = W * CPA * RL / FKAV / 2« / TWOPI 7/ RS(K) 7/ RSI(K)

GO TO 6C2

CUTTTTTTTTTTTTTTTRO0T OXENTRUIKY = =l00T T
XL = XK(RS(K))

"""""""""""""""" WENTRTRYSXU¥ "TWOPT # RSTKT # RACTTL(K) s 1)

Ll = WENTRI(K) % (PA * KL '/ FrKAV / 2e

/ TWUPl 7/ rRS(K) / Ko(K)

602 TWBINTIK) = Bl/eV

DELX(K) = VIK)*EMIK)*CPLITLIK) o II*(TWBINT(K)=TLI(K))/

1 TWOPI /RS(K) /RHO(TL(K)sl) / 562
"OUMITLIK) =TL(K)

/XL

DUMTL(K)= TL(K)

< MAIN DISSUCIATIUN FLAME CALCULATION LUUP

165 XL = XK(RS(K))
W
27
TWB = 81740

XL % TWUPL * Ko(K) * Khu(TLIK)s])

W % CPA ® RU 7/ FKAV /7 24 7 TWOPT / RS(K) 7 Ko(K)}

XTRA = XENTR(K) + bLebLX(K)

IF ( X-XTRA)16691679167
166 CUNTINUE

oo B e 0 O 0 5 DD e O O S s o S RN = o ool i o R o s o T 00 s oo o o oo o

C77 777 TINTERPULATE TU rlnu wu AND Two WHEN X LeTre XenTR + vrlx

ODT(K) ={TwB-UUMTL(K))/VX2

DUMTL(K) = TwsB
OM(K) = =W /V(K)
¢ BACK TO MAIN
- BETATK) = W / RS(K) / ENUM
GO TU 156

C CALCULATIONS WHEN X GReTHe XENTR + DELX

I67 DMIKY = =W /VIK] :
DT(K) = (TWB-DUMTL(K))/UX2
DOMTLIK) =" TwB
BETA(K) = W / RS(K) / FNUM

- ——— e m s



IF{PAsLL o PMUP) 190 155
150 To=TECTPI) S
WRITE(69200U)

2000 FORMATTIZTACSTATCACNT "RURBER “157) — 1
KL = ¢
Wl==OM(K)*V (1) - )
WL = ABSF(wl)
RRS=RV#RS (K} 4R S (K ) o o
' C
) T COEEFNUH*FkaV¥RSTK ) *TWOPT/CPA —~ —  — 77—
COE = ABSF(COL) _
C
152 W=COE¥LOGF(1e+CPA%(TG=TB)/(ALMITbsl)+8eT8E-10%(W1/RRS)*%2))
.
WR=ABSF({(w=wl)/w)
KT = KI + 1 T
IF(K1eGTo15)1549153
153 Wl =tw + wih/72.,0 ~— —— TooTTTTomTorTTTTTmTTmmoTeTTTTOLO T
iF ( WRelLL oeUs(UZ2) 194’ 1o¢
lovae T DMK YE=W/VIK)Y T T T mmmrmmmmmmmmm e e
VTIK)=UeU
- TC(K)I=TD -
BETA(K) = W / RS(K) / FNuUM
T T T (CHOTI KO/ I S i o 1 e i
155 CCNTINUE |
R = N ‘
¢ !
TALL CCMP (RATSFY) 1
PE(1) = Qa0 ;
CTTTTTTTTTTTTTEOT T 003400536 10)KSw T T T DR
3400 PE(1) = CeC :
"""""""""" 2 2773 ¥ - ¥ S (= ¢ O
BETA(K) = WCON(I)*DPOT*LOGF ((P=-PE(]1))/(P=-PA)) o ,
C
_____ W e TA K RS (K FENUM
C
IF(W) 190s 19¢s 192
TToTTTTTTTTTTTTT 1907777777 W = Ge T TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT
WRITE(692050)
ZU50 FORMAT(19HOW NEGe SET 10 ZERO)
@
e S S
DM(K)=Ue
"""""""""""""""" DT (K)=TWOP T *FNUR*FKAV* {(TO-TLIK)I I ZEMIK) /CPLITLIK) o L) /VIK)*RS(K)
GO TO 156 -
- C
_________ O OO0 ECSCrO0 m | e | o — o— = —
C
192 DM(K)==W/VI(K)
""""""""""""""" [=WX*CPA/TWOPI/RS(K)/FNUR/FKAY
EZSEXPF(Z)-1le
; DIF=ALMITLIR) s IT=CPA¥[TG-TC(K]J/EZ+B,. IBE~I10* (W/RV/RSIK)/RS(RT I ¥¥Z
DT(K)==DIF /CPLUTLIK) 9 1) /EMIK) *W/V (K )
. MR AL e LR A SR AL L
. IF(DT(K)+100e)7711415691%6
""" @ I SR < T T3 1 o] o1 e |
C
C
¢ . 71 e
156 CTURYTINOE
DV (K '=RHOTE*VD(K)*AbSF (VD (K) ) *CD(RE) /RH/VIK) /RSIK) D




. S B B B B cm e e e e G e A S e S i - e P e e e e M e e T e M e e e = e = o= = e

C
C

WWIRY "=
200 CONTINUE

RR = RG * TG
SOSPD = SWRTF (rRrR % LAY * @)
IFLUeGTeSUSPL)2USs21C

T T R R R R R R F AT R RN A T I RN TNRAARTF AR R NI ATHIAF AT AFRFCRNT AR S R ANHF

205 XT=0,
NP =0
210 AX=A(X)
PHRIP = —(eNMP{L)+unmP(2))
TOTTUTPATEFATIVHARATLZ) Tttt
U = PHI/RROG/AX

EMATH=U/S0SPD
EMACH2 = EMACFH#*#
- GOTOTU2309220)0 k08 T

22V RATP = {(FAUL)/FAlz)®eNMP(2)=E MP (L)) /FA(2)
ITFTRAY ¢ GT e KATMN e ANL o KAT o LToRATMX )

22¢ RATP=0.

224y

27% CONTTINUE
GO TO 240

23U KSW=Z T T
NP = IP

WHRRN RN H

250 CONTTINUE

NP=NP+1
X=X+DX2 )
C
VO 260 l=lsd
FA(L)=eMpUT (1)
''''' - N=NSET(T) B -
C
DO 260 J=1sN
K=J+J=2+]
T [F(EM(K)) 26C920609i50
C
C B e e - -
_____ 299 EMIK)EEM(K)+OXZ*DM(K)
FACI)=FA(L)=UN(K)#EiM(K)
o TLUK)=TL(K)+DX2*DT(K)
VIK)=V(K)+DX2#DV(K)
(e o
X : =

" Iou eM(K)1=0e
TL{K)=0e
VIK)=0.
RS(K)=0.

VD(K)1=0.

DNT (1)=DNT(I)=DN(K) 72

DN(KY=0. )
26U CONTINUE



TRATEFATIY7FAL(Z) CToto o TTTTTT o T mmTmTmmmosemsommomt TotTTTT

IFI(RATeLT«RATMN) 26ly 2062

251 “RAT - RATMN
GO 71O 264

262 "CORTINUE ’ T
IF(RATeOLTeRATMX) 2063y 264

263 TTTUTRAT TETRATMYX T ToT o TTTTTommoTmEmmmmmEme T o TTEETET

264 CONTINuUE

P2=P%*2,
TUTTP2RE=PZ/ROTTTO T T mrrmrm S —— A
CALL TulN (HAT P Talbylbuo)

KO=K/WIML
U= U*U

RHOG= P/RG/TG
T e
CALL VKSUAS (RATsPsTOIVISIFKLICPO)
KHOVS=RHOG/VIS* 2,
RHOTE=e375%¥KHOO

N=NStT(1)
ENMP(1)=0.

001200 J=1,N
________________________ Kedod=241
KDISCIK) = ¢
IF(EM(K)) 1200512005 1130
I130 TBR=(TG+TLI(K) /2.
CALL VKSGAS (RATsP,TS8RsVISE+FKBsCPO)
PA=PVAP(TLI(K) s 1)
PA2P=PA/P2
DPA2P=1,-PA2P
CPA=CVAP (TBR, 1)
RH=RHAO(TL(K) s 1)
___________ RVEWTMOL (1) *P/R/TLUKY
TVD(K)Y =U-ViK)
RS(K)=(EM(K)/FTPI/RH)**THRD
RE= RS({K)*RHOVS*AbSF{VDI(K))
WTMAV = PAZP*WTMOL (1) + DPA2P*WTML
VISAV = VISCVITBR, TT¥PAZP + DPAZP¥*VISE
FKAV = PA2P*FKA(TBRs1) + DPA2P*FKB

PAIP = PA / 2e
CALL DIFFU TRAT P TEKWPAIP s I 9sDFU)
DPOT = DFU*P/TBR

PR{T) CPAV#VISAV/FKAV
SC(h VISAV/RHOAV/DFU

————— e ———



SQRTF(RLP)
2e + Qb * SCL])uuTrHky ¥ KTkt
2. + Qeb * PR(])#*#%*THRD # FTRk:

-n
P4
C
K4

wonon

CHECK FOR ENTRANCE TO UISSOCIATION LOOP
0V TO (1lla9sileul
llbU U= 2e¢ H*RS(K)/ZIFNUR=CZs)
"IF DIVIDE CrtCK llolslind
1161 8 = leb30
1162 RL = RT(RS(K))
IF (B=RL) 114Ysllbsslloos
C ENTER DISSOCIATION FLAME LOUOP
1163 11 =KK(K)
T KDTSC(kyY =1
GO TO (lle4slion)ll
1164 KK(K)=2
« CALCULATE ANL STURE INITIAL WUANTITIes UN 1ST CYCLE
' TF(X) 61196119610 ) '
61U XENTR(K) = X
7T T WENTR(K)Y = wA(K)
XL = XK(RS(K))
T TETXL % TWOPT % RoIKR) ® O RRO(TL(K) el o
L2 = WENTRI(K) # CPA #® KL / FKAV / ‘2o / TwuPl 7/ Ko(K) /7 xoln)
GO TU 612 o ) T
611 XENTR(K) = -4001
XL = XKI(RS(K))
WENTRIK)=XL* TWUFIL * xolk) ¥ wHU(TL(K) 1) v
L ETWENTRIK) ¥ CPA ¢ KL /7 FKAV / e / TWOPD / KS(K) / R5(K)
612 TWBINT(K) = 81740
TUDELX(KY = V(K)*CM(K)*CPL(TL(K)al)~(Twulhf(&)—TL(&))/
L TWOPI /RS(K) /RmulTLIn)sl) / 56l /XL
TTODUMITL(K)Y =TL(K) -
vunTLIK)= TL(K)

C Cc c N

. MATN DI'SSOCIATION FLAM: CALCULATION LuoP
1165 XL = XX(RS(K))
W= XL ¥ TwOPIL # RO(K) % RRHOU(TLIN) ]
22 = W * CPA #* K / EXAY 4/ 26 / TwuPl / Ko(K) / Koi(X)
_' Twos = 817.0 ’ ' - I
. TeST FOR X OREATER 1A AENTR = pLeNoTH Tu oAl w1 oUkco

XTRA = XENTR{(K) + cila(K)
IF ( X=XTRA)1l66s1167Tsll07
1166 CONTINUE
C INTERPOLATE TO FIND wo AND Two wnth X LeTite XENTR + UCLX
T W T WENTRIKY +(w ~atNTARIKY )/ DcuX(K) *(X=-XINTRI(K))
Two = DUMITLIK)+(Twe=DUMTITLIK) ) /UELX(K) % (X=XLNTR{K))
UT(K) =(Two=DUMTL (K I70XZ =DT(L)/ze
VDUMTLIK) = Twb
DMIK) = =W /VIK) = UM(N)/2e
DMC = =W 7/ VIK)
SACK™TO WAIN T }
LETA(K)Y = W / Ra(K) /7 FiNuM

(@]

GO TJ 1156 :
C CALCULATIONS WHEN X OReThe XENTR + LELX
1107 OMIK) = =W /VIK) =OM(K)/Ze
OMC = =W / VI(K)

OTTKY = (Twos=DUMTL(K))/7oxe =UTU(K) /e
DUMTLIK) = Twb 4

BETA(K) = W / R>(k) / rmuﬁ

GO TO 1156




1149 PMOP=0,99%P
IR TPAG G PMUP) TTIB0 "Iy T T T T T
1150 T8=TBL(P,1)

W1l==DM(K)#V(K)
Wl = ABSF(wW])
RRS= RV*RS(K)*RS(K)

wR ABSF((W-N.)/W)
KT = KT + 1
IF(K1eGToa15)1154,1153
CITR A TR T W W 72.0
IF(WReLE«De02)115441152
I O 7 7§ o= I Y T
DM(K) = DMC = DM(K)/2e
DT(K1=0.0 —|
TL(K)=TE
BETATK) = W 7 RS(K)Y 7 FNUM
GO TO 1156
- o e - - e—
1155 CONTINUE
TALL COMP [RAT»P»Y)
PE(1l) = Y(5) % P
VPET?) = 00
. BETA(K) = WCON(I)*DPOT*LOGF ((P=PE(1))/(P=PA))
TeTTTTTTTTTTTTTTT W=BETATKY*RS(KY*FNUM
IF(W) 1190s 1192, 1192
11§U W = Ue
DM(K)=0e
e TS o 1S Y
DT(K)=TWOPI*FNUH*FKAV* (TG=TL(K))/EM!K)/CPLITLI(K) s [)/VIK)*RS(K)

GO TO 1156

1152 DMC ==-W/V(K)
DM(K)=DMC-DM(K) /2.
"""""""""""" Z=W*CPA/TWOPT/RSIK) /FNUH/FKAY T
___________ £z=expfF(z)-to L

DIF=ALMITLUK) s TV =CPA¥(TO=TLIK) ) /EZ+8 o TEE=10% (W/RV/RS(K)/RS(N) ) #%,
DT(K)=-DIF JCPLUTLIK) 9 1) /EMIK)*W/VIK) =DT(K)/2e

IF(DT(K)+100e)177129115651156

7712 DT(K) = = 100

______________________________________________________________

C R T I I L I T T I T s I I I Y
1156 CONTINUE
DVC  =RHOTE¥VDIKJ ¥ABSFIVCIKT I ¥COTREJ /RA7VIKT/RSTK]
' DV(K)=DVC-DVIK) /2.
______ —x e b S
ENMP (1) =ENMP (1) +DN(K)#DMC
SOMP™"=""SUMP "+ DNTKY # DMC " ¥* (V(Ky=U)y # OX T i
SUMPA = SUMPA + DYC *EM(K)*DN(K)*DX
WWIKT = W
C 75
""""""""" TZ00 TONTTNUE™ )

C. 222222 SRR X SRR 2222222 sttt 2 R ARt XY

———




RR=RG*TG
SUSPD=SQRTF (RR¥GAM#*()
IF{UCTWEDSPDI120501210
1205 XT=0,
NP=V
121U AX=A(X)
PHIP==(ENMP(1)+ENMP(2))
PHI=FA(1)+FA(2)
U = PHI/RHOGC/AX
EMACH=U/SDSPD
EMACHZ = EMACH#**2
RATP = (FA(L)/FA(Z)*LNMP(2)=ENMP(L1))/FA(2)
TFIRAY e GT o RATMN e ANU e kAT a L ToKATMX) Lcdbs lece
1222 RATP=0.

12274 CORTTNUE ~ T
C
Al = AX =AF(X) * (X
A2 = AX )
AIDAZ = Al/A2
Pl = U * ENMP * DX / (U*A2)
- PZ = =5UMP 7 TG¥A7) - ) -
P3 = -SUMPA / (G*AZ)
""" P4 =-RHOG ¥ U¥¥Z2 % (AL/A2 - .00 7/ 0
C
TP TP RPLOFP2 O+ PE o+ PG T
C | e

TFOKKKKK=1I0)9891s50% 2450/
9891 KKKKK=KKKKK+1
I CTo i R o1 2R T B ) T
9892 WURITE(EsBUOG)SUMP s SUMPASR 9P 19P29P34P4y RHUGIUIALIALYALUAC
BUDY FORMATUIH=36F15e8/76F1%e0) B -

KKKKK = 0 e
9BIZ CONTINUE
C
' X=X+DX2
C

DUL260 I=14¢
FA(I)=£MDOT( 1)
N=ENSET()
V01260 J=1sN
K=J+J=2+1
IF(EM(K)) 1260126091252

. PRSIl U o T

1255 EMIK)=ZEM(K)+DX%DM(K)

FATDY =FA(D-DN({<)y*cnv()
TLIK)=TL(K)+DX*OT(K)
VIK)=VIK)Y+DX*DVI(K)

IF(EM(K)I11809118091cbu

118v EM(K)=0
TTxir=0.  ~—~~—° B i
VIK)=0e
VD(K)=0e
DNT(T)=DNT(1)=DNI(K)
ON(K)=0oe 76

icou CONTINUE

C

RAT=FA(l)/FA(2)



RAT = RATMN

TTTTETTTITTE T BT« 2 £ D 14 Y =
1262 CONTINUE
(] [ | ]
1263 RAT = RATMX
"""""""""" 1286% " """""CORYINUE - = = R N
GO TO 104
R I T ) R
C
T I Iz sz i iz 322z r T I TI23323223332333233313322323220
C L2 22222 XTSI SIS RS R YRR R FE R XTI E YRR I SRS RS Y 2
________________ T ol aliiden = etk
RAN = SQRTF(AX/3.14159)
"""""""" ETA = AX"7 AXMIN T ==
IF(RAT ~QFSTOC) 31931932
3T RCOMB = ~-ENMPI1IJ ¥ (I.7/0FSI0C ¥ IeJ 7 EMD
FCOMB = FA(1l) * (le + le/OFSTOC) / EMD )
""" - GO TU 33 T - Tt T
32 RCOMB = =-ENMP(2) * (OFSTOC + le) 7/ EMD .
b - FCOMB = FA(Z) ¥ {1.+0FSYOCY 7 EMD T
33 RLCOMB = RCOMB * RAN / ETA
C CALCULATE TOTAL PKRESSUKRE

PO = P#(TSTG/TG)**GAMS

ReC=RAOVS*SUSPD
FVAP1=FA(1)/EMDOT(1)

FVAPZ=zFA(Z) /EMDOT (2)
FVAP= PHI/EMD

RVAP 1==ENMP (1) /7EMDOT (1)
RVAP2=~CNMP(2)/EMDOT(2)

“RVAP= PHIP/EMD

D0 320 I=1,y2

SBVR(1)=0.
SBVR32(1)=0.

SVR(1)=0,
SVR32(1)=0.

SR(1)=0. !
SR3(1)=0,

N=NSET(I)
DO 320 J=1,N

KeJ+J=2+]
IF(EM(K))32093205»310

310

ENR=DN(K)#*RS (K)
SR(I)=SR(I)+ENR

SR3(I)=SR3(1)+ENR#*RS(K)*#RS(K) :
ENVR=ENR/V(K) ‘

SVR(1)=SyR(I)+ENVR
ENBYR=BETA(K)*ENYR

SBVR(T1)sSBVR (1) -ENBVR . 1

R12=SQRTF (RS (K) )

SVR32(1)=SVR32(1)+ENVR#R]12

320

SBVR32(1)=SBVR32(1)+ENBVR#R12
VDOUTTKT=VD (K]

= 75DSPD 23

CONT INUE

324

1 - ’ [}
AB(JZ) = X

ORUJIZ»1IT ® RAT
OR(JZ+2) = FVAP2

" 1 .
OR(JZs&) = FVAP 7

ORTJZ5) & RVAPZ
OR(JZ+d) = RVAP]




OR(JZsT) = RVAP
UR(JZr8) =

OR(JZe49) = U
" TORTJZ»8B07 = FCOMB

OR(JZs8]1) = RCOMB

OR1JZ+18) P o

OR(JZ2+28) PO o L B -

ORUJZ,38Y)Y = Y6~~~ T oot

OR(JZ148) TSTG

JL = JL +
_328 IBZ = B2

+ = nonn

340 FORMAT(3HOX=F6e39s4H UZFTely4H T=F44094H TO=F4e0s4H P=FT4cly

1 4H PO=FT7e296H O/F=FTe3y7H MACH=Fb5,.3)
WRITE(6+350)FVAPLsFVAP2sFVAP

35U FORMAT(26H VAPORIZED FRACTION OF9e694H FFYebs7h  pUTAFYet)
"56uU FORMAT(26H VAPORIZATION RATE/IN OF9e¢694H  FF9e697H  ©BOUTRFYe6)
N=NSET (1)
WRITE(6+370)
37v FORMAT(70HOOXIDIZER DRUPS — R(MIL) MASS(LB) V(IN/SEC) U-V/A TEM
T 1P NUMBER )
00 380 J=1sN
. =0 £ 1= [ TR R R
IF(EM(K))3719371,375
3571 RPD = Oe0
VDOUT(K) = 040
GO TO 377
375 RPD = DM(K)/EMINT(K)
37T FRACT = (EMINT(K)Y =EM(K)Y) 7EMINT(K)
MNM = J + 8
OR(JZ-14MNM)
e MM E 28
""""" OR(JZ-1sMZM) = ABSF(VDOUT K})
MZN = J + 49
OR(JZ-19yMZN) = VI(K)
38U WRITE(65390)JsRS(IK) sEMIK) sVI(K) s VDOUT(K) 9 TLIK)9sDNI(K) sFRACTRPD
390 FORMAT(13X91293PF9490PE13e5 FScOsF9eboFBezZsEllesstaXs
1 Ello3’4X9t11032

WRITE(6+400)

RS(K) * 1e.E+3

N=NSET(2)

DO 410 J=1sN

Ksd+J
IF(EM(K))“N19401,405

_________

405 RPD = DM(K)/EMINT(K)
‘ZUW’FRACT = (EMINT{K]) -EM(K)) /EMINT(K)
MNM = J+18

MZM = J + 38 R .
oo ORUIZSTZMZMY = ABSFOVDOUT(XKYY)y 777
MZN = J + 59 18
URKTJZ=1sMIN) = VIK]
410 WRITE(6939]1)JsRSIKISEMIK) sVIK) o VDOUT(K) s TLIK)sDNI(K) oFBf\(:I'of-(Pl_)’ ________
TTThTTTeTTr €% 0 -1« (< 1 TR
391 FORMAT(13X9s1293PF9e4s0PE136e5 o F5e¢09F9etsFBe29tlleldraXy

T D MO, e ST Mo



1 Elle3etXsblledsils)
B 0 10 0 5 1o B (-0 Y A T A i
RIC(CI)=SR{IY/DNT(I])
- R30TTT=(SRATTT/DNT T TT*¥THRD T
RV321(1)={EVRAL2(TI ) /SVRIL ) ) %2
RBV3ZIUTI)=158VRIZ( IV 758VRTI Y y¥#y -~~~ 77777777~ ©
43U CONTINUE
T TCAULTTERP 1R10 RS VDOUTYNSEY,VDYIOY 7777777 7
CALL TERP {(K3DeR5sVDLUUTaNSETSVD30)
CALL TERP (JVvicZlerkosvDUul sNoETeVD3aLZ2])
CALL TERP [KEV3ZlesxkoSeVOUULTINSETIVLB32])
RKT1O =7Tsn1l) + ST 77TONTUCLY "+ ONY(C2yYy 7 7
KT30 = ((SRz(1) + SR3(2)) / (DNT(1) + UNT(2)))*%ThRyU
CTTTRIVIZL EIRVASICIY T RVIA2NNLYY /2. T T T
RTBV321 = (RpV321(1) + RBV321(2)) 7/ 2
Vol52 = (VUoullJ®¥R30(1T + VD3UUZ)¥R30(Z2V) 7 (R30(I1 + R30(c)y  —
VOT1e = (VDIC(CL)*R1IC(1) + VD10(2)%R10(2)) 7 (R10(1) + KlO(«))
VOV =T UVOR I T *RVELI LY T+ TVD321T2Y¥RV3Z112Y) 7 (RVsel(l) +
1 Rv321(2))
°°°°°°° VOoTo32T = IVIezZ21(ITVRRbVIZITIY ¥ VOBICITZT¥RBVS21 (Y 77 T
1 (RBV321(1) + koVd21l{2))
PRI EYEPEYA
REN(I) = R1G(I) % RceC
CTTTReNTT#Z) =TR30UT x REC
REN(I+4) = Rv321(I) * REC
CTTTTTTTTRENTT+E) =T RoVIZI(T ¥ RET
403 CONTINUE
REN(S) = RTIO * Recl
RENI10) = RT30 * REC L
REN(11) RTv32l * RtC
.  ____RcNt12) RTBv32] # REC i
8D3 BHTOTAL »
oD2 8HFUEL
sol BHOXICIZER
SRN(1) RVAP]1 * RAN / LTA
SRN(2) RVAPZ * RAN / ETA
SRN(3) RVAP #* RAN / LETA
OR(JZ-14+82) REN(T)
CR(JZ-1483) REN(8)
OR(JZ-1+84) REN(12)
OR(JZ-1+85) RLCOME
OR(JZ-14R6) BRN(3)

ABSF (vuB321(2))

CR(JZ=1+8b)

OR(JZ2=19c?) =
CR(JZ=-1+89) =

ASSF(VussZIIn)
ABSF(VDTB321)

IF(JZ=-150)7575
WRITE(€+420)

v /3759799

. WRITE(69430)8D29R10(2)9VC10(2) oREN(2)9R30(2)9VD30(2)sREN(G)

1 RV321(2)9sVD321(2)9RzN(6)sHBV321(2)eVDB32L(2)eKEN(E)

WRITE(B9430) BUSIRTIIOSVUTIOWRENTIIsRT30sVOT30IRENTILIO)sRIVS21

1 VDT321sRENI1L) sRTBV321sVDTU3219REN(12]
420 FORMAT(IHO» IDXe 6HRIMITLY » TXy4HDELV 98X 3HRED )
430 FORMATI(1HCUWAB/(14Xs3PFbetsOPFl2e490PFl2e4/)) N
T WRTITET6,440 )1 (ERNTTY s I=1+v3)

44u FORMAT(1HU913Xe23HBURNING RATE PARAMETERS /14X-8HOXIDIZER

T FI1.294HFUEL o F11e2sPHTOTAL sFlle2)
WRITE (69464]1) RCOM3sRLCUMB »FCOMB
44 ] " FORMAT(IHO S [6HUOMBUSTTON RATE 9F9.695X916HCOMBe PARAMETER srbecs
1 5X914HFRACTION COMpe sF946)

79

P Ry S SR



WRITE(6955)DX+GAM
55 FORMAT(1B8HOINTEGRATION STEP=FTebsS5H INCHYXO6HUAMMA=F5e 3)
GO 10 250
999 BCOUY (1) = BHO/F RATI
JZ = J2-1
KZ = AB(JZ) + 2.0
UPA = K2
©OXUU = UPA
UPAM = UPA - 1.0
DO 990 1 = 1+JZ o

1M -

IFUUZ ="Ky 996, 956, 994 '
994 DO 998 I = K » JZ
T TSSsT ABIY ) E RBTUTT -1 0V /UPAR¥I S T+ 4.5 T T T
996 BCDY(2) = 8HO OF (CM
BLDUY(Z) = bBHibe UASLDO
BCDX(1) 8HDISTANCE
""""""""""""" BUOXTZY =764 ININCR T O

Uo = ID + 1
CALL GRAPHUABsU {1 ol) o XUUSLO oBCDXsBCDY s Jl e 1)
pCDY(1) = BHFRACTION

TTTTTTTTTTTTTTTBIDY (2 = T®ROVAPORIZ T TTTTTTTTTTTTTTTTTTTTITTTTIOTTT
BCDY(3) = BHED

"""" BCOXT% ) = 8H FULL T
BCDX(5) = 8HOXIDIZER
8CDX(6) = B8H TPTAL T

_ BCOX(7) = 8HCOMAUST
--------------- CALL GRAPH(ABY OR(L»2)9=XUUs=1e09 DCOXs DCUYs uls 1)
CALL GRAPH(Abs OR(193)9=XUUs=1eGs oCDXy oCUYs Jls—¢)
T T CALL GRAPHUAB ORI Ty 4) e =xXUUs-1eCrsBCuXsbCUYY Jis =3)
CALL. GRAPH(ABSOR(1980)9+XUUs=1e0s8CUXIBLDY Y Jly =4)
BlOY(1) = BHVAPORIZA -
________________ 5CCY(2) = BATION RAT
UO = 0.0
________________ DO T =Y, Jz T T T T
831 VO = MAX1(JO« OR(I95)s OR(Is6)e OR(Is7))
UO = UD + 1.0
CALL GRAPH(ABs OR(195)9=XUUs~UO » BCDXy BCLYs JlZs+1)

CALL GRAPH(ABY OR(1+6)s=XUUs=UOD » BCDXs BCLYs JZs=2)

CALL GRAPH(ABsOR(1981)9+XUUs=UD +BCDXsBCDYy JZs =4)
BCDY(1) ,= BHGAS MACH
BCDY(2) F 'BH NUMBER
BCDY(3) =48H o
CALL GRAPH(ABs OR(1s8)s XUUs 1leQDs UBCDXsy BCDYs Jis 1)
8CDY (1) BHOXIDIZER

I | BCOY(ZY =7 BH JDROP RA T
BCDY!32) EHBD (MILS)
UO = QeC: ;l-.
KZ = NstT(1) +8 80
A TO RS o [o ] O S YWY 4
1000 UD =

= PR

el s -

B o W L A B, A



DO 1015 1 = 14J2

MZN=UQ

Uo = Mo+l
NMN.= NSET(1) - 2

1udu CALL GRAPHUABSOR(19NZ) 9»=XUUsUQ »BCLXsBCDY»JZ9=2)

CALL OKAPARTABYUR(19KZ) 9 +XUUsUD  sBCOXsBCOY»JL9-3)

3CoY (1) = BH FUEL OR
-------- SCOY12Y = BHOP RAD (7~ T TTTTTTTTTTIT
8CDY (3) = BHMILS)
TTTUTUTETULO o

KZ = NSET(2) + lo

U0 I05U0 I = 1+JZ
1ubv  UO = MAXI1F(UOsORI(1sKZ))

MZN=UO0
U0 = MZIN+1

‘NMN =" NStT({ZT =7
CALL GRAPH(ABIORI(1919)s=XUUsUO +BCDXeBCDYosJZs+1)

DO ICTU I = I» KNMN
NZ =1 + 19

IUTU CATT  GRAPHUABYGRT Ty NZT»=XUU»UU " BCOXyBCUT» JZ9=2)
CALL GRAPH(ABsOR(1sKZ)s+XUUsUQ +BCDXs3CDY»JZ9~3)

""""""" NMN™"="NSET(1IT

BCDY (1) = BHOXIDIZER
oCDY (2] = Bh REL. MA
BCDY (3) = BHCH NO.

NM1 = NSET(1) = 2
KZ = NSET(1) + 28

UO = 040
DO 1C75 I = 1y J2Z

1075 UO = MAX1 (UOs 100«*OR(]1sKZ))
UO = (UD + 240)/100s

CAUL GRAPH(ABYOR( 19291 5=XUUsUOsBCDXsBCOYsdZs 1)
DO 1080 I = 1, NM1

NZT="T+729
1080 CALL GRAPH(ABs OR(1sNZ)s=XUUsUOsBCOXsBCDY s JZy =2)

CALL GRAPH(4ADs UR(IsKZ)» XUUsUUSBCUKsBCDY s 2y -3)
8CDY(1) = 8H FuclL

NM2 = NSET(2) -2
KZ2 = NSET(2) + 38

UO = 060
DO 1085 I = 1y JZ

1UB5 UO = MAX1(UOys 1C0e*OR(]9KZ2))
UO = (UOD + 240)/100¢

CALL GRAPH({ABs OR(1937)s=XUUsUOs BCDXsBCDYsJZ» 1)
DO 1086 1 = 1ysNM2

NZ =1 + 39 .
1086 CALL GRAPH(ABs»OR(19NZ)s=XUUsUOsBCDX+BCDY 9 JZ9=2)

CALL ORAPHTUABURTU1yKZZ) o XUU»UO»BCDOXsBLDY 9 JZv»-3)
KZ = NSET(1) + 49

8COY (1) = 8HOXIDIZER
BCDY (2) = 8H DROP VE
BCDY (3) = BHL IN/SEC
8CDX(4) = 8H GAS VEL
DO 677 1T = 19 9
KK = 1 + 49 21
DU 876 J = 1vJZ

K = J




IF(OR(JsKK)) 6769 677y 676
o706 CONTINUE o o

K = K + 1
67T TUBTIT = K - 1 " o o
UO = 060
00 1088 I'="1+J2 N L BN
1v88 U0 = MAXIF(UOSORI(I949))
NZZ = UD/1000e + 140 7 o777777mmmmmoTTTh o oo T
UO = NZzZ * 1000 .
MNM = NSET(I) = T "'
CALL GRAPH(ABIUR(1949)9s=XUUs=UQsB8CUX»bCDY»JZs 1)
DOTY089 1 = 1,MNM — T
NZ = 1 + 49

189 CALL GRAPH(ABYORI(19NZ)9»-XUUsUOsBCDX»BCDY sKKs =2)
KK = LOB(Y)
CALL GRAPH{ABSOR{1sKZ)9XUUsUO9BCDXsBCDYsKKs =3)
T sCOYIYT ="8n "FUEL T
VO ¢87 1 = 1y 9

DO 686 JU = 1,42
K = J
IF(OR{JsKK)) 686y 6874 686
TTTTTTTTTTT 686 CONYINUE
K=K+ 1
""""" TTTBBTTTTTLOBITI ETR =TT T
NMN = NSET(2) -1
KZ = NSET(Z) + 59
CALL GRAPH(ABsOR(1590)s-XUUs=U0»3CDXs BCDYs»JZy 1)
""""""""""""" 00 1091 T ="1,NMN T
n2=14 89 2
T XK TTET OB (N :
1091 CALL GRAPH(AB*OR({1sNZ)s=XUUs UOsBCUXsBCDYsKKs=2)
KK = LOB(9)
CALL GRAPH(ABSOR(19sKZ)sXUUsUOy» BCDX8CDYsKKys =-3)

oCDY (1) = 8H DROP RE
_ .. BCDY(2) = 8hYNOLDS N ______ S
B oCOY(3) = BHUMbER
ECDX(4) = BHOXIDIZER
oCDX(5) = 8H FUEL
JO = 040

00 1110 1 = 1,32

1110 UO = MAX1(UOsOR(1s82)sOR(Is83),0R(1s84))
"""""""""""" IFIUG -"10C0.1 656 656y 657

656 UO = 1000,

GO 10 658

657 NZZ = UO/1000. e
"""""""""" 00 = (NZZ + 1)Y*1000°

658 CALL GRAPH (ABsORI(1s82)s=XUUs=UOsBCDXsBCDYsJ2Zy 1) .

TAUL GRAPH TABYORTI+83)9s=XUU»=U0»BCOX»B8COYsJZs=-2)
CALL GRAPH (ABsOR(1984) 94+ XUUs=UDsBCOXsBCDY 2 JZs=3)

BCOY(I) = BHBURNING
BCDY(2) = BHRATE PAP e
""""""""" BLCDY(3) = BHAMETER
B8CDX(4) = BHCOMBUST
""""""""""" sCOXIS)Y =" 8HTOTAL TTTTTTTTTTTTTTTTTT
UO = 0e0
DO ITZT T = 1502 —$3
1121 UO = MAX1 (UOs»10e*UR(1+85)s 10e%OR(l»86))
""""""""" IFTU0 =10,y B21, 8272y 872 - TTTTTTTTTTTTTTTTTTTTTTTTTTT

821 UO = (UQ + 10)/10

v — T—— = Cemer . meesty losailveocy ol oot BORSRETR mmad o




1]

L24

GO TO 824

CALL GRAPR(Abs OR(1985)s =XUUs =UOs BCDXs 8CDYs Jiy 1)

CALL ORAFPH TAOYURKTIs8C Ty +XUUs=UUbCUDXsBLDY 9 JL9=C)

BCOY (1) = BHSTASILIT
""""" BCOY(2Y = BRY DROP D~ T
BCOY(3) = BHELTA V
e T oD ) /S T - 1 ¥ ’
B8COX(5) = BHOXIDIZER

VU = Jev
DO 1131 1 = 19J2

UCTETMAX T T TU0 Y TU0CRURTI VBT Iy IU0FORT Ty B8 T » TOUSFORTTH 8911~ 77
JO = (U0 + 240)/100s

TATL GRAPH TABYOR(I»B7Tsy-XOU»=UU,BCOX»BLDY Iy IV~ 777777 7777
CALL GRAPH (ABsOR(1986)9s=XUUs=UOsBCDXsBCDY s JZr~-2)

i ’ ’ ’ - ’ ’ ’  Jos
e oCDY (1) = BHCHAMBER

""" BCUYT2)Y = BAPRESSURE TTTTTTTTTTT
BCOY(3) = &H

""""" OLUATSL) = BRSTAT PR T
BCOX(5) = 8rTOTe PR
U0 = U.0 _
DO BO1 I = 14J2Z j

BOT UY = MAXTTUGORTT S 18 ORI 287 = = ="~ =="""====m—==-m=—momooooo—oooooooooe- _

NZZ = UO/100s + 160

L [o B 4.£ 5§ v
CALL GRAPH(ABs OR(1918)s =XUUy =UOs BCDXs 8CDYs» Jl» 1)

CALL GRAPH(AG'OR(1928)9XUUs-ULBCDX9BCUYsIZr=-2)

8CDY(2) = BHTEMPERAT e
BCDY (37 = 8HURE

s¢OX(4) = 8HSTAT To o,

BCDX(5) = 8HTCTe Te

UO = 040

802

DO 802 I = 1442
UO = MAX1(UUIORI(1938)sUR(1948))

NZZ = UQ/1C00e + 1le0 {
U0 = NZZ#%*1000

CAUL GRAPH (ABYOR(1+938)19=-XUUs=UOsBCDX»BCDYsJZ»l )~~~ 7777777777777
CALL GRAPH (AB»OR(1948)9 XUUs=UOsBCDXesBCDYsJZ»-2)

eND FILE 17
GO 7O 5

END TTTTTTTTTTTTTTTTTTTT I

T
»




SUBROUT INE GRAPH(ABSyORDSUPA»UPO»5COXs8COY sNPs NC)

~ DIMENSTON ABS160C)» ORDI150)y BCDX1T)s BLDY(3)s G(400)
JATA (JZ=0)

¢ UNTT 17 USED FOR PLOTTED OUTPUT (INCLUDE CONTROL CARD EWUlPel7=PL
IF(JZ) 94849 ) _
o 8 CALU PLOTS(Ge225917y oo
JZ = 1
TTTCTTTTTTTECALE TTINCOMING T DAYA T T T mm e
9 NPT = NP o
NCT # XABSF (NC)
APA = ABSF(UPA) e
"""""""""" APO "= ABSF(UPO) T
13 DO 14 I = 1NPT
"""""""" 147 "ORD(Y) ="ABSF{ORD(IV/7UPO%9.0) + 05 - T

IFINC) 71y 34 3

C COMPUTE SUBDIVISTONS FOR ORDINATE LABEL LAYOUT ORD CABELS

IF(APO = 10e) 124y 124y 22

"""""" 'TZa MZ ="y T - B TTTTTTTTTTTTTTTTTTT o
DO 125 1 = 1,3 ~
""" R="T"="1 T .
IF(APO = 140/10.0%%N) 125, 12599126
142 CONTINUE
9126 YB = 16¢0/10e0%%N 7
"""" WML =" MZ="N TTTTTTTTTTT
IF(APO = 340/10e%%N) 134, 134y 135
"""""" T34 YB ETVB7Z6D T
135 YZ = 9eC/APO*YB
YZ = 5.0/AP0O¥YB
GO TO 25 - o
"""" 2EMZITT=T2
IF(APO =~ 20e) 24y 24y ¢3
B 23 TIFTAPO ="1000e) 126 26y 27
126 YB = 100
IF(APO = 300¢) 1429 1429 143
__________ 142 YB = YB/2e0 B L
143 YZ = 9.0/APO*Y3
___________________ GO 10 25 L L L e
26 YB = 260
Y = le8
GO 10 25
____________ 21 __1F(APO_ - 2000.) 28y 28y ¢5 .
28 YB = 500
YZ = 2425 e i
o GO T0 25
29 YB = 1000, -
YZ = 9.0/APO*1000.
e, 80 TO 025 S
24 YZ = 9.0/APO
___________________ YO E le®
25 XLA =70.0
XAB = 10 . S
X = XAB - <07
41 CALL NUMBER(X90e420079XLA»Ce092)

CALL PLOT(XABs 0e593)
CALL PLOT(XABs 94592)

XAB = XAB + <879
CALL PLOT(XABs 9¢593)

CALL PLOT(XABs 0e592) 84
XLA = XLA + 25

X = XAB - oG7
CALL NUMBER(X’00Q90070XLA000092)

™ ot




XLA = XLA + 425
""""" R . - T T - Y= Y - B -
X = XAB - «07
IFTALA = 160} Gl 42y 42
42 CALL SYMBOL(3e090Ue290e1498CDXs 0e0s 24)
"""""""""""""""""" CALL NUMBERTX»0¢Gs e 0T XLA USU, 2y~~~ 7777777777777
CALL PLOT(XABs Qe543)

IF(APA = 140) 41y 41y 45
4> L = 3¢5/(APA=1,0)
XAB = 4e5
s m==———— L Ay - WA~ B IR - X NN A 2 A o
’ 46 L = 260%2

XLA " =73,0 - TTTTTTTTTTTTTTTTTTTTTTTTTT T
XB = 2.0
CU TO 48
47 XLA = 2,0
--------------- X8 = 140 - T e
48 XAB = Z + XAB .
------------------------ IFTIXAE = 5.,00001) 4%, 45, %54 - T
49 X = XAB - 07
5u  CALL PLOT(XABs 9e¢593)
CALL PLOT(XABs Qe552)
CALL NUMBER(X90e4se079sXLA»U0D,s2)
XAB = XAB + 2
_________________________ IFIXAE = 8.000017°51, oI, 55 - TTTTTTTTTTTTTTT
51 X = XAB - 07
XLA = XLA + Xb
52 CALL NUMBER(Xs Oeb49e079 XLAs 0e0s2)
CALL PLOT( XABsQebs 3)
CALL PLOT( XABs945s 2)
XLA = XLA + XB
GO TO 48
54 XAB = XAB - Z/2.0
X = XAB = 407

XLA = XLA = XB/2+0
IF( XAB - 840) 50y 509 58
55 XAB = XAB - 2/2+0
X = XAB = +07
XLA = XLA - XB/2.0
| IF(XAB = Be0) 529 525 59
58 YZ = -YZ
YLW=APO . -V
Y8 = -YB + 000015
YAB = 95
AZ = Q40
A = -100 -
GO T0 60
59 YLA = 040
YAB = 0e5 - .
Al = 9,5
A = 1.0
6u CALL PLOT ( Pe0»YABs 3) : .
CALL PLOT ( leQoYABy Z)

Y = YAB =~ 035
ITFTMZY 103, 104, 105 2

103 CALL NUMBER{O«792Y» o079 YLA» 0e0y 3)
0 TU 1006

104 CALL NUMBER(OeT7sYs o079 YLAs Qe0» 2)
GO 710 106 ‘

105 IF(MZ - 1) 108y 108y 109 S




106 CALL NUMBER(Oe7sYs ¢07s YLAy Qe0Oy 1) o
G0 YO 106
109 CALL NUMBER(Qe7sYs o079 YLAs 040y 0)

1U6~ YARB = YRD ¥ YZ
IF((AZ = YAD)/A) TGy 62y 62

62 D T 2 ' - Y 2 Tt
Y = YAB - 035 L
AFIMZY " YI3, 114, 115 T T T T T e
113 CALL NUMBER(O«79Ys o079s YLA® 0¢0y 3)
G0 TO 116
114 CALL NUMBER(Oe7sYs o079 YLAs Q0e0s 2) -
SRR L@ s o s S - .
115 IF(MZ - 1) 118y 116, 119
--------- TI18 " CATCU"NOMBERTUOW7sYs o075 YCLAS 0.0 1) TThTTTTTTTTT
GO TO 116

115 CALL NUMBERTUe sTs oU/7s YLAs DeUs» 0)
116 CALL PLOT(1e0» YAB» 3)

ST CACUTPLOTT RGO YARY 2) T

YAB =Y +YZ L
YUA T ="YLA™¥7VY3 . ’ ~
IF((AZ - YAB) / A) 70» 60s 60

7J CALL SYMBULT UeDs 3eUs Uelbhr olDYs YUeUslZ&)

C ODRAW CURVES ON GRAPh wHERE NC REPRESENTS NUMBER OF CURVES ON
[ TATS PEDT

71 CALL PLOT(ABS(1)s ORD(1)s3)
""""" IFINCT=1T 72763572
63 D0 65 J = 14NPT

62 CALL SYMBOLUABS(J)y ORUTJ)}9eUbs190e09-2)

G0 1o 91 '
TTTYETTIFINCGY ST U s TS, 18
73 DO 74 J = 1eNPT . - ee— .
YT CALCT T SYMBOL TABSTI)Y s ORDUUY 90064925009 =2)
GO TO 91

75 IF(NCT = 3) 79y 16 19
76 DO 77 J = 1eNPT

77 CALL SYMBOL(ABS(J)s ORD(J) 9e049390e00=2)

79 IF(NCT = 4) 82y 80» 82
80 DO 81 J = 1sNPT

8l CALL SYMBOL(ABS(J)s ORD(J)s¢049450e09-2)
__________ GO 10 91 . e —— | e—

82 IFINCT -'5) 86y 83, 86
83 DO 84 J = 1sNPT

TUB%TTCACT T SYMBOL UABSTIT S " ORUTIT o043 53 0e032) " """

GO T0 91

86 V0 87 J = 1,NPT

87 CALL SYMBOL(ABS(J)y ORD(J) 96049690609 -2)
ST IFTUPD)Y 911990, 90

911 IFINCT- 2) 912y 913, 914

T T YT T CALUTSYMBOL 160y 16509604 I 0.0y -10 TR =

CALL SYMBOL(6e¢39 1509 «07» BCDX(4)s 040y 8)

GO TO Y0
913 CALL SYMBUL(6e0y 1e259¢04s 29 0s0y -1)

"""""""""" TAUL SYMBOUT8.33 1725 07 BLOX(5Ys 0s09 8)
¢éo tjo90 ,
TTUTTTTTTT9TGTTFURNCT =3 9IS, VIV, 916

915 CALL SYMBOL(6¢0y 14009¢04s 39 0009 ~-1)

CATL SYMBOLTGe391e09e079BCDX(87190¢048)

Go To90
"9Y6 CALL SYMBOLT&e0ve 75 o 0Us 4y 0e0y ~1)

CALL SYMBOUL( 663s 0e¢759 «07s BCDX(7)» 0eOs 8)

84




SUBROUTINE

COMP

AS A FUNCTION OF

(UFRsPyY)
TOMPUSTTTON “OF “COMBUSTIUN GASES AT "ABIABATTC FLUAME TEMPERATURE ™™ '

OU/F RATIO»

PRE SSURE

UIMENSTON RUG) s YCOTLITO)oYCOLTITO) o YH2TLI(6) o YHZOTLI(6) 9 YOUL2T1(6)) |

1YN2T1(6)

YOT7T)oYNOTLI(6)9YCOLT2(6)9YCOTZ2(6)sYH2T2(6)9YH20UT2(6)

10 YCOT1= Ue05290eU499 eué3y oUGly 003994039)
' ZIYCUZ2T1= eUDZy oUDLy oUGTYY 04Ty eU4LD9e04D)
3(YH2T1= o351y ell39 eltTs U739 e0199e01lY)
Tt QUYHZOTI= T 328 Ty o376y o423 «4bbs ¢4500e450)y TR
50 YO2T1= <000y 4001ls eU209 049y 4056960561
---------------- 61 YRZTI= e3BO0y o397y eb4029 e4039 «3970e357) = T
70 YNOT1= «00ls 0069 «U219 ¢0779 «0809e080)
UATA
10 YCOT2= 0569 0459 oU429 eU40s e03596055) {
2TYCOZTZ="""3059 +U053y <049y «0&Ts o042se0a27 TTTTTTTTTTTTTTTTT
30 YH2T2= 5309 o211y ¢149s 080y ¢0269e026)
41YRZ0TZ= 0 lB6y 23709 e&41De olL4Ty G479l ) o T
5( YO2T2= 0009 40049 eUl9s ¢0U309 .05035¢050)
ol YNZ2TZ2= 03829 e3YY9 4009 04039 ¢398se3Y8)
7( YNOT2= 4001y s009s e027s ¢0839 401949¢019)
""""" ATETUPT=T300.777 71005 T T
DO 10 I=196
YCUBTT)Y = YCOTI(IY #+ A ¥ IYCOT2Z2ITY="YCOTI(T )Y~~~ """~~~ —"77"========~
YCO2B(I) = YCO2T1(l) + A * (YCO2T2(I)- YCO2T1(I))
YHZ2B(I) = VYH2TI(I) + A ¥ (YR2T2(I) = YHZ2TI(I))
YH20B(1)= YH20T1(l) + A * (YH20TZ2(l) - YH20T1(I))
YOgB(I) = YO2TI1(I) + A * (Y02T2(I) - YO2T1(IM))
YNZB(I) = YN2T1(l) + A®(YiN2T2(l)=YN2T2(I))
YNOB(I) = YNOTL1(I) + A®(YNOT2(I)=YNOQOTI1(I))
10 CONTINUE
CALL LNGRIN (OFRsYCU» R » YCUBIDYDX6)
CALL LNGRIN (OFRsYCO29R »YCO2BsDYDXs6) e m
CALL LNGRIN (OFReYHZ2 sR »YH2B +DYDXs6)

CALL LNGRIN

(OFRsYH20s RoYH20B»DYDXs6)

CALL LNGRIN
CALL LNGRIN

(OFR»Y02s R

+YO2B»

DYDXs6)
(OFRsYN29RIYN2BYDYDX96)

CALL LNGRIN
Y(l)= YCO

Y(2)= vCO2
Y(3)= YHZ

(OFR

s YNOsR9»YNOBIDYDXs6)

Y(4)= YH20
Y(5)= Y02

Y({6) = YNZ
Y(7) = YNO

SUM = Q.
DO 20 I=197

TF TYUT Vel TeUe) 19920

19 Y{I)= Qo

rgYy
0O 30 I =1

SUM = SUM + Y({I)

s 7

RETURN

YUYy = Y(I) /7 SUM

tND

87
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SUBROUTINE TERP(X9sRSsVDINSETHRR)

LBB = NSET(2)

p= s NV G R R

LBJ = NSET(I)
J = ]

IF(RS(N)=X{(J))20+30940

2V CONTINUE

25 FORMAT(IHOWE18+8s22H ABOVE RANGE OF TABLE )

WRITE (6425)X(J)

30 RR(J) = VDIN)

TBJ ="LEB
J=J +1

It (J=3)10+950950

40 RR(J) = (X(J)=RS(N=2))/(RSIN)=RS(N=2)) *(VD(N)=VOIN=2)) + VulN-¢)

J = J + 1

TF(J=3)10050+50

50 RETURN

“END

FUNCTION XDEL(RVAP)

5

TFTRVAP=5710+545 o
XDEL = 0,005

lu

GO 7O 1000
IF(RVAP=43)20915415

15

XDEL = 0,01
GO TO 1000

2V
25

ITFTRVAP=-0e2130925+25
XDEL = 0.02

k1Y

GO0 TO 1000
IF(RVAP-0e1)40+35435

35

XDEL = 0,05
GO TO 1000

"""""" QU TFTRVAP=0.05150+45545

45

XDEL = 00100

50

GO TO 1000
IF(RVAP-0402)60+55455

55

XDEL = 0,200
GO TO 1000

B0
1U0v

ADEL = 04500
RETURN

END

48 -




FUNCTION PVAP (Ty1)

______________ T 7TTVAPOR "PRESSURE OF 'NZO&TT=1T7s MMAH(1=2) ~ 7777 7
DIMENSION A(2)s8(2)9C(2)

T DATA (A=20e4 9140328 7)y (B=12030e97363e22)y (C=18le9—-063e1213)

9u IF(UPA) 95, 92, 92

A G TERMINATION = POTNTY AND EOF “WRITeE FOR PLOT TAPL
92 CALL PLOT (Be>2s 0Oy -3)
Y5 RE TURN

FUNCTION TBLI(PsI)

BOILING TEMP uF N204TT=1)y MMH(I=2)

DIMENSIUN A{2)+8(2)sC(2)

B T T DATR TA=20ebT7910e33)9(B=12630e97363e2)9(C=18B1les—-6341c1)
TBL = B(I)/(A(I)=LUGH(P))=C(])

"RETURN

(e}

FUNCTION RHO (Tsl)

_ DIMENSION A(2)98(2)9C(2)
- - DATA TA=0e061690.030623)s (B =0el08290e40289)
1 {C==0e54321+040)

RETURN o B emimeeere amee)
S END

FUNCTION VISCVI(TsI) J
T VAPOR "VISCUSTTY FOR NZO&TT=T)y  MMHTTZZ) T
, DIMENSION A(2)98(2) d
* DATA TASU& 199890419981+ (B-0Ue009581+0+009581)
ViSOV = <(A(L)+B(1)*T)/1ek7
RETURN
- END




S

FUNCTION CVAP (Tsl)

DIMENSIUN A(2)9B(2)9C(2)

T VATOR SPECTFIT UF "NZORTITET Ty - MMR1T=ZYy 77 )

LO TOU (10sZ200 1

1v TR=T-1800.

__________________________________________________________________________

RETURN

T2UTVAP=,336+1.804E-4%T - =

RETURN

eEND

FUNCTION FKA (Tsl)

- VAPOR THERMAL CONDUCTTIVITY OF N20&(1=1) MMH(I=2) ===~

DIMENSION A(2)9s8(2)

’

DATA (A=-1e67+0e1237)s (B=0s00652+0+002236)
FKA = (A(I)+B(1)%T)/1et7 :

B 34 =3 11

FUNCTION CPL (TsI)

GO TO (10+20)1

T T 10 CPUT=0.354 +5.3E-6 ¥[T-45D.)%¥,

REYWGRN
20 TPL =0.589125 + 2.80708E-4 ¥7T
RETURN
TTTTEND T i B B

FUNCTION CDI(RE)

"URAG COEF "OF DROP T )

IF (RE-80e)10910+20

10 CD =27+ #RE #%(-,84)
RETURN

U TFIRE-T.E47T30,30,40 -

3U (D =0e271%RE*%,217

4u (D=2,

Ke TUKRN
END

20
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FUNCTION ALM (Tel)
HEAT OF VAPORIZATTON UF RZ204lT=l)e MMH(I=2y —~~~—~———""—"moomm7=77 7 770777 ™
GO TO (10+20)01

()

- - IO TR =780. =T
ALM = 272
IFITRY16416915 =~ =~ T 7 mroomoommmmomoommommemomemoooeesememommnn s T I
1> ALM = ALM + 174e¢*SURTF(TK/c30e)
v RETURN T T TmTTmmmmmmmmmnTmm e TToTTTTTTTTTTT TR
’ 20 ALM =, 500747 ~T# (45091305~ 1edlbb=4*T) '
" RETURN
END G
SUBROUTINE WwTMINT (UFRePswMesDWMDUFR)
C MOLECULAR WT OF CUMBUSTTON GASES ASTAFUNCTIUN OF u/F KRATIU T
VDIMENSION UFTAb (T7)sWMTABI(T)
UATA (OFTAD = Oelo leUo» 1eDe CeQo dede 3e¢U 9 Do)
1 (WMTAE = 1460001467019 795022e93023e81923e00025¢00)
CALL LNGRIN (urrReswMesUFTABsWMTABWDWMDOFR, Yy 7777777777 7 } -
RETURN
e -1 | > TtTTYIYTTTTTTT o
FUNCTION A(X)
T CRUSS "SECTIUNAL AREA"UF CHAMBER VY X~ TTTTTTTTTTTr T
A = 1076 =23e55%X
RETURN
* END
SUBROUTINE MASSET(erMUsKHUIKRSIEMDUT aNsDKUPIN)
T UDIMENSTON emU(Z0)1 9RST20) 9»DRUPNITZ0) P
CRAU=4¢ 18879Y0204%RRY
FRAC=EMDOT/FLOATF (N)
C
FRAC] = FRAC/560 ST T
NP4 = N+4
- DO 2 T =1,5
EMO(I) = CRAO*RS(i)%%3
d URUPNIIL) = FRACL/emMull])
DO 5 [=64NP4& e
o EMOTT )Y=CRHO#RS{T)y#«3
5 DROPN(I)=FRAC/EMO(1) 1
KETURN o
: END
B
—_—



SUBROUTINE  VRSUAD {(UFRePeTeVISGe IKGeCPU)
C VISCOSTITYs  Trekmal CUNDUCTIVITYs AND  SPECIFIC HEAT or
. CUMBUSTIUN  UabES AS A FUNCTIUN UF 0/t RATIUY PRESOURE s kil
- TCMPLRATUREL I
VIMENSTUN TTARET) sveul 7)) oVeUZ T ) oVRcel () oVirgull)oVue (/) oVNC( ()

1 VRO e sun T s W UTT SV T o Y Ui ) o VRET D wwmik 6 £ b okl (4 ) s
2 YPHI(7) s CP(T)

1 (VCO = 06971 leb359 20519 3434s 34909 Gedle Heab0) N

2 {VCOZ2 = VeT79Ly lebcbyy 26329 3ells 3e7Hs GalYs 4e70)

3 (VH2 = QDe&4bls 06750 lelty leb&y 1¢950 Celldys dedD ) s
TTTTITTTG (VAZ2U = 0651y 1elUds 2229 3e3h4s Le3bs Dedss bedU)ys a

5 (VO2 = 1el00Cs le70T7s 26899 3:759 4el3sy DSelds 6e30)
____________ & [VNZ "="T0¢980y 16323y de329 Seals welly 4GeT0s Heb2)e 7~

I (VNO .= QebbuUs ledlds 2elds 34049 4el0s o509 5e30)

) WM = Z28e 9 4hey ZeUlD T1Be o 3Ze cbes S0

CALL LNGRIN (ToeVI(1)sTTABsVCODYDXs7)
"""""""""" CALCTINGRIK U1 VI 21 s YTABWWTCOZ»DYDX» 7Y 77—
CALL LNGRIN (ToeVI(3)sTTABVH29eDYDXs7)

CALL LNGRIN (ToeV(D5)sTTABIVO29DYUXs7)
CATL CNGRIN  (TsVIBTs TTABsVNZsDYDXs 7]
CALL LNGRIN (ToVI(T)sTTABIVNOIDYDXs7)
= CALL COMP " (OFRsF oY) T
SUMVIS = (.

"""""""""" DO 2T T=Y7 o Ttcrttcrtrvctcrtvctvtkectctktctketc e /T

IF(Y(1)eLTe0eu01l) 09 9 N
Y SUM(IT) = Ve 4,
DU 10 J=197
T VRTJ)Y = V{ili/vin T ) )
WMR (J) = WM(J) /7 wM(l])
""""" PHT(J) = (1e + SQRTF(VR(J)* SWRTFIWMR(J)) ) I1*¥2/(2e0éb * SuxkTF (
1 le + le / WMR(J))) .
YPHI(J) = Y(J) * PHI(J)/Y(I]) .
1v SUM(I) = SUM (1) + YPAl(J)

SUMVIS
2V CONTINUE
VISG = SUMVIS /1lecrh
CP(1)= 9e46 = 3290e/T + 1e0Q7t6/T/T
"CP(2)= 16e2 =~ 06530e /1 + leblEt6/T/T
CP{3)= 5476 + SeTHE-4*T + 20e/SQRTF(T)
T TTTTTTTTTTTTCP (4 = 19486 = 597e/SWRTF(T)Y + 75006/ T
CP(5)= 1llebl5 - 173¢/ SWRTF(T) + 1530e/T
CP(6) = 6e9562 + 3e573L-4 * T
CPU7) = 77205 + 2e463b-4 * T

SUMVIS + VvI(I) 7 SuM(])

S]GA = Qe
] SIGB= Ve
T DO 3U 1=197

SIGA = Sloa + Y(I) *cp(l)
Y SIGB = STGE + Y(I) * wM(I)

CPG = SIGA / 51GB
- TRho = VISG ¥ ( CPG + 2e4BL7 5IGo) .

RETURN : e
"""""""""""" END T

92




SUBROUTINE LNGRIN (XARGsYARGsXTAbsYTABsDYDXsN)
T 777 TTTTQOAORATIT LANGRANGT AN TINTERPOLATION OR EXTRAPOLATION FOR FiX)
C AND DF (X )DX

DIMENSTIUON XTAB{50) s YTAB{ZO0)

IF (XARGeLToXTAS(1)) iUy 20

10u ~ FORMAT (10HO XARG = Fl2e6s 4lH 15 OUTSIDE THE RAN OF TABULATE
- ID VALUES, /78X, 71H VALUES OF FIX) AND F (X7 REYURNED TO CTALLING PROG ~
2RAM ARE EXT-APOLATED.)
IT K=1
GO TO 50

"""""""""" 3T K" N =277 — . Tttt — - T — —
GO TO 50

40 ITF (XARGeGTeXTABI I e ANDeXARGeLTeXTADB(Z)) L1941

4] IF (XARGeLTeXTABIN) e ANDeXARGeOGTeXTABIN=1)) 31942

57 M= N"~="1 -
DO 43 [ = 3, M

"""""""""""""" TF IXTABT TV e OT«XARG) "44y 43 b -

43 CONTINUE

44 DIFI = ABSF (XARG = XTAB\I=Z27) i
DIF2 = ABSF (XARG = XTAB(I+1))
TF {DIFIWLEDTFZY 455 4%

45 K =] «2

g
i

70507 !
46 K = I -1 {
50 A = XARG = XTABiK] !
B = XARG - XTVABin ) i
- T ¥ XARG = "XTAETR+2) T ———— |
R = XTAB(K) = XTAB(K+1) . i
) 5= XTABTKY = XTAB(K+Z)
T = XTAB(K+1) = XTAB(K+2) |

T~ INTERPOLATION FOR F(x) :
YARG = YTAB(K) * B * C /R/S - YTAB(K+1) * A * C /R/T + YTAB(K+2) _
17 % A %8B /5/7
C DIFFERENTIATION FOR F (X)
DYDX = YTAB(K) # (B+C)/R/S = YTABIK+1) * (A+C)/R/T + YTAB(K+2)
1% (A+B)/S/T
IF (XARG.EIoR'IBiI’.UR.XRRL’OG'.XIIEW)) 60y 61
60 WRITE (6+200) YARGs DYDX
""""""""" 20U FORMAT (20X THYARG = F 1269 10X THOYDX = F20.10)
61 CONTINUE ‘
REYORN . ‘ )
END




SUBROUTINE TGINT (OFRsPCsToDTVUFR)

C TTADTABAYIC FULAME TeMPERATURE AS A FUNCTIUN UF U/F KATIU 9 FPRCooe
C PRESSURE EFFECTS ASSUMED NcGe FUR FIRST APPRUXe (InLiUvtb Lelon)
DIMENSION TCI{YT » OFTAB(9T )
DATA(OFTAB= 0eOo Qe940 leUos leldo leby leds Le/Dy 00 Jeul
T UTTI 26780 e 94760« 95082095516099650695650e9539309520870930cue)
CALL LNGRIN (OFR.ToUFTAb.TCloDTDOFRo9)
3 191 T '

END

FUNCTION RT(RS)
"""" T T CALUCUCATES TISTANCE OF "DISSUCTATIUON FLUAME AS FUNTTTUON OF RAUIUWS
VIMENSION RRS(3) s RRI(5)
UATR (RRS = UeU»lUUes9Z0Ue3300UesDU0eT »
l (RRT = BelUs lie¢s L7e9 1lbes lbe)
Tt T TONVERY RS1KYV TU WMITRURS 77777777 7 T
RST = RS
-------------- AR B R A3 X =C X 7
CALL LNGRIN (RSTsKTeRKSIRRTsDRTDRS»5)
KT = RT / cedbdt+4 i -
RETURN
=3 25 .

C RADIUS
VDIMENSTON XXK{5) o RKS(>) e e
DATA (XXK = 302’ Geldy Tedy Belo 11.)_'___‘ ) _ o

1  (RRS =  0eU9I0Ue92U0es30VUes5000) SRk
C  CONVERT RS(K) TO MICKUNS

RST = RST % 2e04L+4

CALL LNOGRIN (KOT s XK RKOIXXKIUXKURS95)

XK = XK #lebk=3/2e94/2¢54

RETURN T TTTTTTTTTTTTTTTTTTTTTIIT T e

FUNCTIUN AP(X)

R e e e e P
RETURN .

END -~ —— == P —

= =

S N = Seradeeae




SUBROUTINE LOGNRM(RMsSIGsNRS)
i T TTCOMPUTES RADTT UF "N "OROPS™"ABOUT WHTCTH TN TR OF "THE MASS TS ~~ =~ 7777
C CENTERED IN THE LOGARITHMICO-NORMAL DISTRIBUTION WITH MASS=MEAN
C
C

RRDTUS RM RAND STANUDARD DEVIATION CN SIGe XP» THE INVERSE A
PROBABILITY FUNCTION IS APPROXIMATEL BY A RATIONAL FRACTION. |
"""""""""""" DIMENSTON "RS12Z0T i O
DEL=1e00/FLUATF(N)
SIGTNZTUGF 131G
P"‘DEL/Z.
— NPG = N¥4
MED = (N+1l)/2 + &4
J = NP4
DO 4 I = 1,NP4
TFUT=2)I0s15»1I1
10 P=P+ Q.6%DEL
GU TO ¢
1l IF(i=5) 19915420
15 PsP+U2*%DEL
GO TO 2
ZU-PiP¥DEL
30 IF(leGTeMED)S5 2
2 TESURTF{=CUGF P*PT]J
XP2T=(2e307534+e27061%T)/(1e+T*#(099229+e044081%T))
ESTOX=EXPFUSTGUN¥*XPY
IF(I=3)443440
L3S A 2 B (- T I3 - 7
49 P = DEL/2e0
GU 1O &
50 J=sN = ] + 9
3 RS(J)=RM#ESIGX
4 RS(])=RM/ESIGX
5 RETURN
END

- e = e e A s i o]

_______________




o SUBROUTINE DIFFU (UFRsPsToVPOZslwbFY) o
CTTTTTTCTTTTTTTUTFFUSTIVITY OF N20ATTIEI Ty MMHTT=2) IN VAPOR FILM
DIMENSION FACA(7)sFACBIT)sY(T)9EPSA(T)sEPSBI(T)sETAB(14)

I UMEGT(I4)s PUI(7)
VATA (FACA = GLolBbs 3¢079 L7599 Toelle Se8D9 Golly 4e93)y

""""" I~ (EPTA™="7"364477y 4537y 2U3es 638y 34Yes 31l4es 3950e) 77
2 (FACD = 4e779 3e0us LTecy Te2l9 Del4s 4ebiy Ge0&)y

------------- 3 (EPSBE =423y D57 ZB8hey T8Der 4cBesr 3BOes 430e)s —
4 (ETAB = Oe3y 1eUs 240 3600 4¢09 60Uy Be0y
5 TUeUs 20eUs 3UeUs 4040y 60eUs B0eUP100Qe0)
6 (OMEGT= 20622901e43991e07590094990e88490e81290e771>

-------- 7 TTTTTOWTEZ 3 0604906623900 b98690e55990e03590e0) 1Y T T
CALL COMP (UFRPY)

W

PO 10 J=)s i
YtJ) = Y(J

) * (P=VPU2)/P

SUMD = U,

IF t14EQel) 20940

XNUM = 1,
DO 30 JU=1s7

- VPOZ/F

13

=T 7 EPSALJ)

CALL LNGRIN (EsOMEGASETABIOMEGTsOYDXe14)

PDUJT = FACATJI¥] ¥¥1 45 JOMEOLA

3Vu SUMD = SUMD +Y(J) /PD(J)
GO0 TO 60V B
4u XNUM =1e - VPOZ/P

1> Lo - o 1 =3 5~ 2
= T /EPSB(J)

E

CACL CNGRIN (EsOMEGASETACIOMEGTsOYDXy 14)
PUIJ) = FACB(J)*T*#%]1,5 /OMEGA

2V
6V

SUMD = "SUNMD ~+ Y (I 7FD(J)

VFU = XNUM

/ SUMD /P /lech * 1457

RETURN
END




5. Sample Problem with Output

A sample problem was solved and typical program output

is presented here., The input parameters are shown in
Figures 20 and 21. The following pages show the printout
of droplet histories at arbitrary x increments along the
chamber length, Printed output in this solution involve:

(a) State of x position (inches).

(b) Calculated gas velocity u,

(¢) Chamber temperature, T, and pressure P,

(d) Calculated local bulk gas O/F ratio.

(e} Local Mach number of gas.

(f) Cumulated fraction of O, F and both vaporized.

(g) Local vaporization rate,

(h) Drop size and mass for each group.

(1) Drop absolute and relative velocity,

(j) Droplet liquid temperature.

(k) Reynolds number of each drop based on the speed
of sound.

Figures 23, 24 and 25 are samples of the printed output
at various chamber stations,

In addition to the printed output the parameters of
most interest are machine plotted. These plots display
trends in these parameters in a more meaningful format
than the printing. The vesults for the sample case follow
the sample printoucs, ‘
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APPENDIX II.
COMBUSTION INSTABILITY PROGRAM DESCRIPTION

The Dynamic Science Corporation combustion instability
program solves the following set of nonlinear partial dif-
ferential equations. Cylindrical coordinates are used, in
which the z direction corresponds to the axial direction in
the chamber. The following dimensionless equations are the
result:

Continuity:
" * (3v'e av.!) e v! ap! * ' !
v p' = Lw’'f(y 11-1
] e : 360 (v) (1=
Momentum (in 6-direction):
w! av! ’ az\"
P 8 + p'y! 6 14 Lu'v' _f(y) = 4 6 £(v)
T w ! Yy ¥0° * on Y ¥ %300)2

En;r'z:

AT Loe 2T Lue aT') - v v 24,

0 (TTT sy }:T v ;11)0 (v-1) (3?‘ * 7;% J T;;r)zf(v)
. Le 3('« -+ 5 v [eavn? . v',‘]‘ £(v)

4 W\ fave N\ Ay ey
* 3 Yly-1) J[(—;;&) . (wl) - ,-.-t,-};-’-] £(Y) (11-3)

Ideal Gas:

P! TN oT!
MG R AR | (11-4)

The set of equations (II-1, 2, 3) represents a mathe-
matical model used for the analytical deteraination of the
ainimum pressure or velocity perturbation required to
develop into a traveling wave within the combustion chamber.
The one dimensionsl model employs an annular section of the
combustion chamber of thickness Ar and of length As.
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Previous solutions to analyze combustion instability
smploy a first order explicit finite difference scheme in
the time direction. The spatial or theta derivatives are
approximated with a Stirling first order central difference
relat.on, Initial investigation demonstrated that indications
of combustion instability were not entirely valid. That is
error propagation during the computer solution was giving
false indications of combustion instability.

Since the solution of the system of second order non-
‘linear equations essentially represents an initial value
problem for a system of differential equations, it was decided
to use more stable but numerically more cumbersome, higher
order difference methods. The Dynamic Science computer program
uses a third order Adams Bashforth predictor given by:

- h

and a third order Adams Moulton corrector formula of the
form

h
Ykel = Yk ¢ IT (9f ¢ 196,-56, _+£, ) (I11-6)

to advance the solution at each time step. It should be
noted. that previous methods of solution to the nonlinear

set of equations invoclve only first order methods to advance
the solution to the next time step. The present difference
equations require a history of four previous points in order
to advance the solutions to the next time step. The first
order method sustains an error term of order (At)2 while the
predictor corrector formulae (II-5 and 6) sustain an error of
order (At)S and hence allow larger step sizes during integration
while maintaining numerically stable solutions and minimizing
error propagation,

The Dynamic Science Corporation program corrects only
once and rather than continuing to iterate to converge to the
solution a test is made during the integration cycle to check
for four significant figure agreement between the predicted
values and the corrected values, If sufficient agreement
exists then the solution can continue, If sufficient agree-
ment does not exist then the time step is reduced by a factor
of 2 and the solution is continued from the last point which
satisfied the four significant figure agreement, If sufficient
agreement is maintaired for eight or more points provisions are
made for doubling the independent step. At the present time
the step control is based on the absolute difference between
predicted and corrected ordinutes of the integrated functions
o, vV, and T,
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In the spatial or theta direction the accuracy of the
thetd derivative has been improved by employing higher order
central difference formulas. The first order program uses the
following equations:

T -T
0 - 7Y St

While the Dyuamic Science Corporation computer solution
employs the following fourth order central difference rela-
tion,

oT 1
{77} Y1) {Tl-Z.n'.‘aan-l.n'Tnol.n) ° Tloz,n} (11-8)

where Tl,n * T(nM.nAt) *

The derivatives in the axial direction are detrernired
with the assumption that the total mass, momentum, and energy
in the annulus are constant. Furthermore, it is assumed
that these doerivatives are independent of r and 8. These
assumptions result in the following equations, which perait
evaluation of the derivatives taken with respect to z:

Continuity:
e, X P '
A pr d8' ¢ 2%V =y = LE(Y) wt 4o (11-9)
0 ' 0
Nomertum:
. L 1 v paY v
v'z 3: z fp' doé' o ; %%1-/ T' do' « %;. f p' 49
0 0 0
¥3 ]
s -Lay*'£E(Y) f w' de' (11-10)
0
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Enerpgy:
n , " 3
¢ 3T ' ' 14 V) 8¥yY v’
Vz 37. f (] dé' + (v-1) ﬂ:f P' do' = T(Y-l) Jf(y) (‘_z.'i)
0
"
+ Lf ' T y-1 ' 2 ’
(v) w' | (y=T') *y == (av") de (11-11)
0

Ideal Gas:

n n
P! (] oT!
2 v e oy f T et s a—z"‘f AL (11-12)
0 0

Equation @I-10 - 12) lead to the following system of
algebraic equations to be solved at each step in time.
‘lxl + .2!2 = Cl

2
azxy; ¢ ayx3 = ¢y ¢+ agx) (11-13)

a a

arxy + agxy ¢ 27x4 =0,
where (x x x X4) represents ( v %ﬂ, aT  ab )rcspectivciy
Il T2 FaaliRd LA TR LR T
and 8)4¢++,8% are obtained from (I1I-9,10,11,12)., It might be noted
tiat the 2z derivatives are permitted to chang: with time but |
remain constant around the annulus at each time step. (i.e.
only gross property changes are permitted in the solution of

this mathematical model.)

The integration cycle consists of six subroutines defined
as follows:

(1) Subroutine ASET determines the coefficients of

systea of equations []-13 to obtain the axial derivative. based on
the assumptions that the total mass, snergy, and momentum

roemain constant in the annulus and the axial derivatives are
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independent of r and 6,

(2) Subroutine ZDIR solves a fourth order nonlinear
system of equations for the axial derivatives using a
second order Taylor expansion,

(3) Subroutine TDIR computes the t derivatives at each
of the theta nodal positions using equations(Il-1l, 2, and 3),

(4) Subroutine NADM uses a third order multistep
procedure, equations (II-5 and 6), to integrate the variables
p, T, and v, and compute the absolute difference between the
predicted and corrected values for automatic step control at
each of the theta nodes of the annulus,

(5) Subroutine THPRED determines theta derivatives of
the integrated variables for each of the theta positions
around the annulus using equation (II-8),

(6) Finally subroutine SHIFT moves the computed points
at the current time step to the position of the previous
time step in order to begin the integraticn cycle at step (1)
for the succeedirg time step.

The remaining subroutines can be described as follows:
(1) REfD - reads initial data.
(2) ORG - initializes print and integration counters.

(3) RSET - Initializes pressure velocity, temperature
and density around the annulus,

(4) AVGE - Forms (PMAX-PMIN)/PAVGE for plotting.
(5) DRAW - Subroutine to form graphical output,

Figure 38 represents a graphical presentation of the
logic involved in the main program, The routines involved
in the integration loop are described above. The test on
MPTN indicated in the previous diagram is masrely a print
indicator in order that the print will occur at equal intervals
even though the independent step may be changing in magnitude,

Figure 39 represents the input card formst for the
Dynamic Science Corporation combustion instability progras,
The graphical display of the indicated input data is shown
in Figures 40-49, Finally, Section II contsins a complete
1isting of the Dynamic Science instability program.
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C..

MAIN PROGRAM FOR COMBUSTION INSTABILITY MODEL OF DSC

DIMENSION FC(80) s NM(20)s BD(10v21016)» ART(200002) V(lOpd&)
19 P(10921) sRHO(10921)s T (109 21)

STON 109211901 TH{10921)yORHOTH(100£1)90VI(10924)
1 s»DVTH(10921)s DRHOT(10921)

"OIMENSION W(10921)s WZ2(10s21)
COMMON /E/ FCsNM /B/ BD /C/ ART

EQUIVALENCE (BD(2941)» W)o (BD(3151)s WZ)
EQUIVALENCE (BD(105]1)DTTH)» (BD(1891)»DRHOTH)» (BD(Z521)UVTH) .

EQUIVALENCE (FC(l)s TI)s (FC(31)s TSTOP)» (NM(4)s MGAM)»

1 (FC(3)y H)s (NM(5)s MPTN)y (NM(3)s MALP) s (NM(13)s 1l)»

2 (FC(38)s ZIP)s (FCU(32)y XL)s (FC(34)9 XJ)9» (FC(3D)s VELV))H
3 (FCU36)s GAM) o (NM(T7)sNSW)

EQUIVALENCE (BD(631)s T)e (BD(B4L)e DTTHYe (BDU(Z101)s V)
]l (BD(23)11)s DVT),y (BD(1471)s RHO)s (BD(1681)y DRHOT)» (BD(1l)s P)

FORM INITIALIZES COUNTERS FOR INTEGRATION ROUTINE

NN nNn

EXECUTE DATA  READ FOR BOTH INTEGRATIUN AND STABILITY INITIALILZAT
[ =1

CALL REED
CALL RSET

SUBROUTINE ORG INITIALIZES PRINT COUNTERS AND SETS UP THE NECESS
ARY INTEGRATIOM TERMS

CALL ORG
SET UP COtFFICIENTS TO SOLVE FOR Z DERIVATIVES

10

CALL ASET
SUBROUTINE 2DIR SOLVES FOR Z DERIVAT1IVEO

CALL ZDIR

N I I 0 InnN

NOW SOLVE FOR T DERIVATIVES P -
CALL TDIR '

" NADM__PERFORMS THE ACTUAL NUMERICAL INTEGRATION

CALL NADM (DRHOTs RHOs 1)
CALL NADM (DVT » Vy 2)

CALL NADM (DTTy Ts 3)
_CALL_THPRED _____

NEXT TEST FOR PRINT POINT
IFAMPIN)__6Q:5060 __: -

50

BRANCH TO 50 IMPLIES PRINT POINT OBTAINED
SALL AVGE

51

WRITE(6921) (ART(19J) 9J=192)sHe (P(1lsJ)sRHO(19U)sT(1leJd)sV(leJ)ys

AN(Lad)oWZ (o) J=1921) : So=

21 FORMAT(1HO»3E20.8/(6E18.8))

WRITE(6948) _ (DTT(led)oDTTH(L2d)s DRHOT () e o RRHOTH A ) 0 _____.

1 DVT(ls J)o DVTH(L1y J)y J=E1921)

48 FORMAT (1HO. (KF184811)

52 1 = I+1
L TESI_FOR__TIME _STIOQOP. -
IF (TI = TSTOP) 60y 553 55
c SIQRE_PRINT_POINT_FOR__PLQTIING
55 ZIP = ART(1s2) s
1=1~ )
C CALL PLOTTING ROUTINES s
CALL._DRAW ; b
GO 710 5 |
G SUBROUTINE _ SHIFT _UPDATES_ TERMS_ INVOLVED WITH INTEGRATION 'JP

60

CALL SHIFT

GO_TO 10 130

END




SUBROUTINE REED

COMMON /E/ FCoNM /7B/8D

DIMENSION FC(80)s NM(20)y BD(10s81915)

WT(20)

EQUIVALENCE (FC(1)oT)y (FC(6)sHMAX )9 (FC(BE)IEMIN)

EQUIVALENCE (NM(T7)sNSW)s (NM(9)sMP)

T (FCIOTsEMAKT s (FC(111s WICI))s (FC(317s
& 2 (FC(33)3RED) s (FC(34)9XJ)s (FCI35)sDELV) s

TSTOP) s (FC(3Z) aXL) s
(FCU36) 9sGAM)

(NM(11)9NO) s (NM(1l&4)s ND)

3 (FCU3T)sAP)s (FC(39)9sSC)y (FCLG1)s VL) 9o (FC(H4)sDTH)

T S0 10 L R 1430 I A R AR
10 WT(I) = 1.0
READ( 5520) TsHMAXy EMIMNs EMAXy XLIRED#XJsDELVIGAMyAP»SCHVLHyUTH
L oTSTOP

IF( EOFy 6U) 90,18
20 FORMAT(6clleB)

Py TYY Y Y] - - - e e e e e e = - o - — -

l8 READ( 5921) NSWs MPs NOs ND
21 FORMAT(4112)

e e

- XND = ND - 1
DTH = 642831653071 /XND

WRITE(6940) TsmMAXscMINSZMAXsXLsRED s XJ9OELV s GAMsAP »SCoVZsuTH

_____ _ __1 TSTGP e
| 4G FORMAT(IAIZTRTsrvAXstMINsXLsREDIXJ/LH s7tlbel/
1 1 1H 926HDELVIGAM AP s SCyVZsDTHsTSOP/1H »7E£1567)
[ ReTURN
L 90 END FILE 17
STOP
_____ END e
:
[
@ I R P — |
§
'
{
N I = L 1
@
E“MH .
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1 DRHCT(10+81) s D2TTH(10981)s BD(1098leld)s T(lO0ssl)y
2 V(10981)s DVTH(10+81)y D2VTH(10sb1)s FC(BU)» NM(Z0)

-—— - - - -

3 s DRHOTH(10+81)s A(B)
COMMON /E/ FCy NM /B/ BD

EQUIVALENCE
1 (8D(3241), (BD(4861) s RHO)»
(FC(54) DTH)» (FC(36)s GAM)Y

(DD(9721)s U2VTIH)s (FC(37)9s AP) -

2 (BD(6481l)y DRHOTH)»
3 (BD(7291)s V) (EV(B9]11)s DVTIH)»

4y (FCU59)9SRD) s (FC(60)9sSCo)» (FC(OL)9SCR)s (FCLI35)sDELV)Y

5 (FC(40) sDEL2V)s (FC(64)sBB) s (FC(65)s BC)sy (FC(66)9E7)s

6 (FC(33)» RED)s (FC(39)s SC)s (FC(32)s XL)s (FCU34)s Xu)y .
1. LFCL42)s FGAM) _»(FC(62)9S1R)(FC(63)051P2)y (FCLARIREIPA ..

8 o (FC(@Wd)y A)y (FClodl)s VZ)
EQUIVALENCE (NM(14)y ND)» (NM(15)9N1)s (NM(20)9NOD)s» (FC(T70)s2)

ly (FC(T1)s DSQ)s» (NM(16)sNZ) s (NM(17)sN2)s» (NM(18)9sN3)

C

2 9 (NM(19)s N&)s (NM(12)3sN5)

SET UP INITIAL ARRAY

DEL2V = DEI.V#DELV
GAM]1 = GAM + 1.0

FGAM = SQRTF((2.0/GAML) %% (GAM1/ (GAM=1+0)))
BB = XL#FGAM

BC = XJ#FGAM
BZ = 1¢3333333333%#8C

SIP2= "GAM¥ (GAM = 1.0)
SIP = SIP2/2.0

ZIP = GAM + SIP*DEL2V
SRD _= _SQRTF( RED) :
SCB = «6 #S5C%%#,33333333333
SCR = SCB*SQRTF(DELV)*SRO_+_20
A(2) = 642831853071%VZ
- A(S5) = Be37758040%#CAM*(GCAM—1e0)%XJ* FGAM
D2 = 12.0%DTH
DSQ_=_D2*PIH
NOD = 10%ND
- Nl_=ND =_1
NZ = ND + 3
N2 = NZ + 1
N3 = N2 + 1
- Ne = Nl =_1
N5 = N4 -1
CONL_=___l1e0/GAM
CON2 = 1.0 - CON1
DO 20 I = 1.ND
XI = I =1
Z1G___= _X1%DTH
P(lsl) = AP#SINF(ZIG) + 1.0

OPTH(1,1) = AP*COSF(ZIG)

T(lel) = P{ls1)#%CON2
RHO(1s1)= P(]s]1)**CON]

20

Vilel) = V0

DITH(lsI) =__ CON2/RHO(12I)*DPTH(1s1) --
DVTH(1sI) = 060 )

DRHOTHI(1s1) = CONL/T(1,1)%*DPTH(1,1)

D2VTH(1s1I) = 0.0

D2TTH(1s1) = CONZ/RHO(1sI)#(=CUNL/P(]sl)%* UPTh(lss)*0PTn(lsl

1 + 160 = P(19]))
RETURN

o

END 132




SUBROUTTRE ORG
DIMENSION FC(80),

NM(20)s W(20)

COMMON 7E7 FCs NM

EQUIVALENCE (FC(1)sT)y (FCU2)sRKT)s (FC(3)sH)y (FC(&) sHU)»
L (FC(5)y HMIN)y (FC(6)sHMAX) 9 (FCOT7)omLDZ)y (FC(BYoEMEIN)
2IFC(9)9EMAX )y (FCC11l)ow)s (FC(10)oEl)y

- = s - —————— - —-——

3 (NM(1)sIM)s (NM(2YsINDR)s (NM(3)sMALP) s (NM(&4) sMGAM) »
4 INM(5)sMPTN) s (NM(6)sMPTS) s (NM(T) oNSW)s (NM(8)INCUU) s

5 (NM(S)sMP)y (NM{10)sNV) » (NM(111s NO)

496 9 8 36 9 9 9 W K I I W 3t F 40 3 B B 3 % B 36 36 I I e I I A W I I I I K I W I WU WU WA W W I W W I W

DESCRIPTION OF THE LISTED VAKRIABLES
T = THIS CELL CONTAINS CURRENT INTEGRATION TIMe

HZD2 - HALF OF STORED STEP SIZE

HMIN - MINIMUM STEP SIZE

EMIN-WMAX MIN OR MAX ALLOWABLE ERROR
W = ARRAY OF WEIGHTS 7O weliGH tRROR CONSIDtRATION

IM = NO OF GOUD PU.NTS FRUM ReK START
INDR = INDICATOR FOR tRROR UUTSIDE OR WITHIN MIN MAX TULERANCE

MALP - COUNTER FOR RUNGZ KUTTA INTERMELDIATc POINTS
MGAM - PHASE INDICATOR -1,PREDICTORQsReK

MPTN < PRINT COUNTER,s CURRENT

MPTS = TOTAL NO OF POINTS IN PRINT INTERVAL

NCOU - TOTAL NOU OF COMPUTEV PUINTS DURING INTEOGKATIUN CYCLc

MP = POWELR OF 2 VARIATION FRUM AMIN TU HMAX

akaiiaks (a¥a (aXata¥a! [a¥aiCa¥al oy Al N AN &

***************************w*************************************1

AMIN = HMAX7 2o ®¥MP T Tmmmmsmmmmmmmmmemmmmm e 1
HQO = HMIN

+#HZD2 = HO/2.0
H = HZD2

RKT = T
£l = 00 0 i

2 XX EZI SR LR LTRSS R TEELZILILLLIEIZIZZIIL SIS L LT A-RVEE L L 5 & 2% 2]

FIXED POINT INITIALIZATIONS

ﬁrﬁﬁ

3636 3 9 I 3 3 9 I 3 e K B e I 9 3 3 I w3 Fe I 3 W 30 30 3 303 I 3 3 36 3 W W Fe 3 I W I A K 3 3 I I I 9 I I K I WK KK N

IM =0

MALP = &4
MGAM_=_0

MPTN £ 0
MPIS = NQO#*2#%MP

INDR 0
O L o

63 46 26 96 9 06 3 3 3 3 9 35 36 4 3 3 3 56 3 3 3 30 5 3 9 36 3 36 96 3 3 3 U 3 36 36 96 3 0 9 36 3 3 % 3 3 e 30 3 o o 3o 30 oF o 3 33 3

MPIN_ SET _TO _ZERO TO PRINT_INITILAL_CONRJITIONS -

NN N

(22X 22222 XXX E LIS LIIELIIIS SR SIS EZZ ISR ZIL LIS SRR 28 & 2 3 X0
RETURN

END

A




SUBROUTINE ASET
THIS  SUBROUTINE _CALCULATES THE COEFFICIENTS FOR THE_AXIAL

C

DERIVATIVE PACKAGE AND ALSO INITIATES THE W ARRAY AND THE WZ
ARRAY.

DIMENSTON FC(601s NM(20) s 56(16!5 215) , : A(ll)o

1.C(3)s RHO(10081)sV(10481)0 T‘1.9'8).:1'“‘AQ.!.Q.LL!.!‘Z-.U.Q:.@.l.Lz.P..}.Q.’.‘!}J....

2 WAZ(81)+DD(B1)s PVD(81)sBVD(B1)s BZD(E1)
DIMENSION DVTH(10981) o DTTH(10+81) +D2TTH(10s81)

COMMON /E/ FC» NM_ /B/ BD
EQUIVALENCE (BD(1)s P)s (BD(1621)9T)s (BD(4B861)s RHO)»

1 (BD(7291)s V)s (BD(10531)ewW)s (BD(11341)9W2)
29(BD(8911)sDVTH)y (BD(3241)9sDTIHi» (BD(4051)02TTH)

EQUIVALENCE (FC(33)ys RED)» (FC(39)s SC)s (FC(35)s DELV)Y

1 (FC(32)9 XL)s (FC(34)s XJ)» (FCL40)» ) '
2 ( 2)0 FGAMIe  (FC(30)s GAM) » u-m%',—."-rﬂ*%-;ﬁ“-!“-—.

3 o(FC(59)s SRD)Y (FC(60)9sSCB)9(FC(61)9SCR) 2 (FC(62)9SIP)y

4 (FC(38)9 ZIP) »(FC(64)9+BB) o (NM(14)s ND)
S»(FC(63)9SIP2)ys (FC(65)9sBC)s (FC(66)9BZ)

.

DO 40 I = 1sND
BVO(I) = RAQ(1e]l)* V(ls])

PVO(TL) = PiLleol)*DVTH(1sI)
DD(1) = DVTH(1le])%2

BZD(I) = BVD(I ) *DTIH(1,1)
IF(RHO(1s1)) 60020920

20

W(lel) = (200+SCEXSQRTF(RHO(L1sI))I*(V(1y l)**Z*DELZV)** 250%5SRV)
1 /SCR

40

AZ(L) = Wllel)®V(1e])¥%p
WZ(lel) = W(le[)®(ZIP = T(1lsl))

C

INITIALIZATION OF A- ARRAY EMPLOYING W= ARRAYS
A(l) = WEDD(RHO) :

WINT = WEDD (W)
C(l) = Bo *WINT

A(3) = (GAM ~ 1le.0)% WEDD(P)
Al4) = vZ* A(l)

BAB = WEDS(A2)
BAD = WEDS(DD)

BAE = WEDS(PVD)
BABE = -WEDS(BZD)

FINK = BZ*SIP*BAD
FINK2 = SIP2#BB*BAB

FINK& = ~(GAM =~ 1.0)%*BAE
FINKS = BC*WEDD(D2TTH)

A(G) = A(4) + WEDD(DVTH)#SIP#*52Z
C(2) = SB*WEDD(WZ) + FINK +FINK2 + FINK& + bAbc+FINK>

A(T) = WEDD(T)
A(B) = A(])

C(3) = =C(1)#DELV
RETURN

60

CALL DRAW
STOP

END

134
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FURCYION WtDS(B) ’
THIS FUNCTION EMPLOYS WEDDLES RULE TO EVALUATE THE INT:GRAL(O.&PI

DIMENSTON B(81)s FC(B0)s NM(20)
COMMON /E/ FCoNM

EQUIVALENCE (NM(15)y N1Js(FC(54)9DTH)

SUM = 0,0 . e J
0O 30 I = 1eN1yb

30 SUM = SUM + 38.%B(]) +75%(B(I+1) + B(l+4)) + 500*(0(’+d) +
1 sli+3yy - oTmmmmmTmmmmmmmmm e mmmmmm
WEDS = 56U%DTH/28be*SUM
RETURN
END

-

S

135




FUNCTION WEDD(A)

TAIS FUNCTION EMPLOYS WEDDLES RULE TO EVALUATE THE INTEGRAL(Gs2P1)

DIMENSION A(10981)s B(Bl)s FC(80)»
COMMUN /E/ FCyNM

NM(20)

CQUIVALENCE (NM(15)s N1)s(FC(5&)sDTH)

_____________________ D0 1C I = 1eNl —- S e
10 5ll) = A(lsl)
__________________ SUM = 0.0 .
00 30 I = 19N1,s5
30 SUM =  SUM + 38e%*B(l) +75e%(B(l+1) + B(I+4)) + S50e*((]+2) +
1 3(1+43))
__________________ WEDD = 5¢0%DTh/268e ¥SUM .
RETURN
_________ END
+
zar g
-
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Yo

o ‘ “J‘ : > L] .- i
S » 2.0% A(S)

“““" ﬁ;} s £(2) mmam.su _=__GANSC(31)eyZ
Ty . 2% ~A(3) +{A(6)/0AM = ALTI®A(L)/AL12))10V2

I 'm AS®QL721P2 : .

i 2 QLeL1e0 ¢ Q22/20%8100 ¢ Q2211 > ]
LB xxm & (C11) - A(L)I®X(11)/AL2)
i o RO SLGAMSC () +( ~GAMSA (S)+A(TIA(LI) ZA12) 94X (1) ~A(TI®C(LY /A(2)) . ______

"f‘g' ES *"‘1"‘ {8)
i+ BETURN
END

§
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ﬁmuh‘lli‘; AWEMN : e v v v sy et R

TH1S ROUTINE COMPUTES THE PARTIAL ‘DERIVATIVES WITH RESPECT T0 T

DIMENSION X(4)s BD(10481015)¢ DRHMOT(10e81)s DIT(10081)09
1 DVT(10, 81). RH0(10.81). DVTH(10'81)oDRHOTH(10081)o WilDe8Bl)s

3 WZ(IOoal) s V(10981)s T(10s81)0 FC(BO). AM(20)

COMMON 7E7 FCoNM /87 BD
EQUIVALENCE (BD(1l)s P)y {BD(611l)e DPTH)»

T (BD(1621097)s (BD(2431)sDTT)e (BD(3241)s DITH) e (BD(4051)e LZTTH)
2+(BD(4861)s RHO)y (BD(5671)s DRHOT)s (BD(6481)s DRHOTH) s

3 (BO(1291)s V) (BD(8101)s DVT)s (BD(B911)s DVIH)s -
4 (BD(9721)s D2VIH)y (BD(10531)9eW)e (BD(11341)9WZ)

EQUIVALENCE (FC(32)s XL)s!FC(3%4)s XJ)s (FC(33)s RED)s %

1 (FC(4l)s VZ)e (FC(42)s FGAM)o (FC(36)9 GAM)e (FL(55)9 X) =
20 (FC(6L)sBB) o (FC(ES) 98C)s (FC(OBI0BZ)oe (FC(62)0 Yo (63)» 2)

3 o (NM(14&4)s ND)

BA = VZI#X(2)
BE = VZ#X(3)

THE DERIVATIVE OR RHO WITH RESPECT TO T - THE CONTINVITY EQUATION
THE MOMENTUM EQe - THE ENERGY EQUATION '

DO 40 1I= 1y ND
DRHOT(1s1) = =RHO(1+I)#(DVTH(19I) 4 X(1)) = V(lel)#DRHOTH(1lel

1) = BA + W(lsl)*BB
DVT(lel) = (=(RHO(1oI)¥DVTH(19i) + BE®*W(1lsl))*V(1lsl) -

2 DPTH(ls1)/GAM +BZ*D2VTH(1s1))/RHO(1s1])

40 DIT(lel) = =V(1sI)*DTTH(19l) =Bk + ((le -GAM)*P(Lel)*(UVTr(Lls
ITT+ X(I) 0¥ BC*D2TTH (TS T) + BB#*WZ(Ls1) + BZ¥EIFS ¥(DVTRTTST
2)%%2 4 X(1)#(X(1) — DVTH(1s1))) + BB*W(lsl)*SIP *
3 V(1s1)%%2) /RHO(1,1)
_ RETURN
END
- |

158




; N/ 'ETVBOYQKK) yonBbranycs : L gt T LR
[MENSION YP(610)s Y(81Q)s F CJ.Q.Q.U...U.MLZQ.L!-.UIL&QL .

D
COMMON /E/ FCiNM ) ‘
EQUIVALENCE (FC(3)sH)s (FC(11)9oWT)>» (FC(IO)O El)s (FC(9)y EMAX)

1 (FC(8)s EMIN)» (NM(2)y INDR)» (NM(T7)s NSW)s» (NM(&4)s» MCAM))»
2 (NM(3)y MALP) »(NM(20)s_NOD)

ey Y R e e T T
MGAM=-1 Os1 INDICATtS PRcuILTUR RUNOE=KUTTA OR CORRECTURPRASE

NSW= PRINT SWITCH FOR ERROR INDICATION

El ~ CONTAINS MAXIMUM ERROR FOR EACH CYCLE
YP - ADDRESS OF DERIVATIVE ARRAY .

Y - ADDRESS OF THE ORDINATE ARRAY
tohetelafobeoReiaRahatoha i e tiebabuatoRaol

I TMGAMY 40, 10, T80
% 3 9% I 3t ¥ 3t I 3t I 3 3¢ R I H I e Fok 3 % o 3¢ 36 3 3

‘a¥alla nnnannnr\.

THIS ROUTINE EMPLOYS A FUURTH ORDER RUNGL-KUTTA STARTER
02 9 36 3 38 36 3 3 3 % 903 36 36 K 33 0 36 56 396 9 3 3 K K

10 IF(MALP = 2) 209 15 ,15
15 K. = 4 = MALP

DO 18 I = 1sNOCH»10
J =1 + K

18 Y(I+9) = Y(J) + H*YP(I])
GO TO 99

20 DO 22 1 = 1,NCD»10
22 Y(I+9) = Y(I+3) + H/6e#* (YP(I)+2e#(YP(I=-1, v\ +2)) + YP(I+3))

GO 7O 99 T

36 35 36 26 36 30 36 3 S 3 30 3 30 3 30 3 30K % 5 36 36 3 3 3¢

alalla

ADAMS BASHFORTH THIRD ORDER PREDICTOR FORMULA
3503t 3¢ 46383030 333000 LR I 3 R

40 D0 42 1 = 1sNOD»10
42 Y(149) = YL} + H/12.0%(23¢0%YP(I) —=16e0*YP(I+1) +5¢0¥YP(I+2))

GO TO 99

b3 3 56 3t 3 6 6 M I K WX K PRI RN

ADAMS MOULTON THIRD ORDER CORRECTOR FORMULA

*%*********w**mkmrm*mx***********

60 DO 98 I = L1,yNOD»10
________ Y(1) = Y(I+1) + H/12.0% (2. 0XYP (1) + BeQ¥YP(I41) = YP(I+2)) _________.
c = ABSFIY (L) = Y(I+9))*WT(KK)
IF(Y(I)) 70y 80s 70

70 £ = E/ABSF(Y(I))

80 _ lF( & _=_EMAX) 85 95+ G5 _______ — . —
65 IF(E - EMIN) 98y 87, 87
34 33630 3336 I3 T

RELATIVE ERROR CHECK-BRANCH TO 99 INDICATES ERROR SMALLER THAN
ALLOWABLE ROR=-A G ONE T R IABLE wiTHLN

ERROR ALLOWED
93 9 39 I 4TI 933 3 26 3 3 2 I3 3 W

87 INDR = INDR + 1
IF(NSW) 88, 98, 88

88 WRITE ( 6+2) KK .
2 FORMAT(1HO»s 8HVARIABLE, 139 13HwITHIN;£IMITS)

GO TO 98
3962 36 3 3 36 46 33 3 34 9 3 9 3 3 3 3 36 3 36 36 3 3 3 46 9

ONE HUNDRED 1S SUBTRACTED FOR LACH VARIAEL: LARGER THAN Trnc
ERROR LIMITS

aHaNaHa]

e I R A L I T
95 INDR = INDR - 100

IF(NSW) 97y 98y 97 |
97 WRITE( 653) KK 39 _____

.3 FORMAT(1HO, BHVARIABLE, I4s 20HOUTSICE ERROR LIMITS)




C A T T T A T o
C El CONTAINS MAXIMUM ERROR_OCCURING DURING THE CYCLE

= paard FHRERF RN FRRARNIWRW AR R RN RN ¥
98 E1 = MAX1F(Ey El)
u 53 RETURN
N END e
. . Nye
S S

SUBROUTINE AVGE
DIMENSION P(10s81)sFC(80)s NM(20)sBD(109s81915)s ART( 800+5)

""""""""" COMMON ARY —~ 7 T T e T e T
COMMUN /E/FCyNM/B/BD _ -
EQUIVALENCE (FC(L1)sT)s (BD(1)s P)y (NM(13)y IU) |
| L o (NM{14)s ND)s (NM(15)9N1) . -
"""""" XMA = P(1s1)
________ XMI = XMA -
"""""" T SUM = XMI
DO 10 I = 2,N1 -
SUM = SUM + P(1s1)
____________ IF(P(1yI) = XMA) 551053 -
3 XMA = P(ls1])
______ GO 10 10 : - -
5 IF(P(1sI) = XMI) Te 109 10
7 XMI = P(ls]) =
10 CONTINUE .
___________________ XN = N1 -
SUM = SUM/XN . g
_________ ART(IUs2) =  (XMA = XMI)/SUM -
ART(IUs1) = T
NN = N1/4 + 1 —_
ART(IUs3) = P(1yNN)
RETURN : -
END

140




i g o - ; A_ piw s t g ey
'EMSL YING THE RESULTS OF THE INTEGRATION ?HIS ROUTINE ATTEMPTS Tu

o L c COMPUTE THE THETA™ DERIVATIVES OF THE N+l ANNULUS
[ DIMENSION FC(80)s NM(20}s BDil0s81l915)y DRHOTH(10s81))
. T DVYA(10+61)s DZVIH(10s81)s DITH(10s811s DZTTH(10s61))
__. 2 DPTH(10981)s  P(10s81)s RHO(10s81)s VI(10s61)s
3 T(10+81)s AA(9C)s AB(S0) s AC(90)

COMMON_ /E/ FCoNM /B/BD

EQUIVALENCE (BDTU1Y, P)s (BD(811)s DPTH)s (BD(16Z10s T))

1 (BD(3241)s DTTH)» (BD(4051)s D2TTH)s (BD(4861)s RHU),»
! 3 (ED(64B1)s DRHOTH)s (BD(7291)s V)s (SD(8S11)s DVIH)»
. 3 (BD(9721)s D2VIH)s (FC(54)s DTH)s (NM(4)y MGA H
4 s (NM(I4)YSND)» (NM{15)y NIV (FCIT0)sD2)s (FC(T71)s0SW)
5 o (NM(16)9NZ) s (NMI17)sN2)s (NM(18)9N3)s (NM(19) sN&) s (NM(1Z)sN>)
1F {MGAM) 10, 10y 12
10 J = 10
K = 1
G070 13
12 J= 1
K = 2 )
13 AA(L)Y = RHO(J,Nb) T
AA(2) = RHO(J,N&)
AA(3) = RHO(JsSNI)
AB(1) = V(JsND)
AB(2Y = VIJsNG)
AB(3) = V(JyN1)
ACTIV =7 7155N5) T B
AC(2) = T(JsN&)
AC(3) = T(JsN1)
- DO 20 I=__ 4yNZ i I
_ AA(T) = RHO(JsI=3)
_. AB(1) = v(Jsl=3y :
g 20 AC(T) = T(Jy1-3)
AA(N2) = RHO(J»2)
: ' AA(N3) = RHO(Js3)
ABIN2) = VI(Js2) ) o
AB(N3) = V(Js3)
ACIN2) =  T(Js2)
ACIN3) = T(Js3)
C 3£ 3¢ 36 3t 3 3 I I 3 36 36 3t 3 3¢ 3t 3 3 3 3 3 2 3 W 3 I S 3w 3 3
C FOURTH ORDER STIRLING CENTRAL DIFFERENCE FORMULA
g ***********%**tfﬁff**fj&'***:‘(—_*_if_********'***_t_* ____________________________________

DO 25 I = 1,Nl
ORMOTH(Js 1) = (AALLI+1)=8,0%(AALI+2) = AALL+4)) = AA(L*D))/be
OVTH(Jsl) = (AB(I+1) = B40%(AB(1+2)-Ap(l+4))-An(1+5))/D2
DITH(Js]) = (AC({]+1)-8,0%(AC(I+2)-AC(]+4)) = AC([+5))/D¢
D2VTH(Js 1) = (=AB(I+1)+ 16+0%(AB(1+2) + AbB(I+4)) - 30e%AB(1+3)
1 . =ABLI+5).1/DSQ
25 D2TTH(JsI) = (-AC(I+1)+ 1640%(AC(I+2) + AC(I+4)) = 30e%AC(i+3)
A cACLL+R))/RSQ
35 DRROTH(JsND) = DRHOTH(Js 1)

DVIH (JsyND) = DVTIH (Jyl)

D2VTH (JsND) = D2VTH(Js1)

DITH (JoND) = DTTH{Js1) )

D2TTH(JHND) = D2TTH(Js1)

DO 50 1. =__1,ND
]l" P(Jsl) = RHO(Js1) ¥ T(Jsl)
D 50 DPTH(JsI) = RHO(Jo I )®DTTH(Js ) + T(Jel)* ODRROUTA(IrL)
RETURN

# END 141 4




e O N O N o == = e = i : ~a

suaRouTTNE"EﬁiFT .
DIMENSION FC(80)s NM(20)s 8D(12150)

COMMON 7E/7 FC» NM /B/ 8D .
EQUIVALENCE (NM(5) sMPTN) » (NM(4)sMGAM) s (NM(3) sMALP),

T (NM(1)sIMIs (FC(3)sH)s (FC(T)sHZD2)s (NM(IO)sNV)s (FC(4)9sHO)
2 (FC(1)9T)s (NM(2)s INDR)s (FC(10)s El)s (NM(B)9sNCOU)Ss
3 (FC(6)s HMAX) s (NM(6)sMPTS)s (FC(5)sHMIN) s (FC(9)s £MAX)»
4 (FC(2)sRKT)s (NM(20)y N2D)
C XTI XITRALITITI L Z T TSI LRI LRSS 2RSSR X2 228 3
C SHIFT UPDATES THE VARIAoLES SO THAT PROPER POSITIONING
C OCCURS DURING THE PROPER CYCLE
c 96 3¢ 3 3¢ 3 3 36 I 3 % I I W 3 I I I W I % A I I W K I W W WA WA I I W I I 6 3 I 3 I I W I 3 I I 96 3% 3% % %
IF ( MPTN) 15, 10» 15
10 MPTN = MPTS
15 MGAM = =MGAM
IF(_MGAM ) 80, 20s 60
20 IF( MALP - 2] 25» 48y 48 ,
25 IM = IM + 1 -
MPTN = MPTN ~- 1
NCOU = NCOU + 1
IF( 3 = IM) 35, 30y 30
30 MALP = & ' : :
H = HZD2 !
GO TO 40 4 !
35 MGAM = -1 i
40 DO 42 J = 1915 §
NZ = (J-1) * 810 + 1 |
NZZ = NZ + NOD - 1
DO 42 1 = NZWNZZ»10
B0(1+1) = BD(l+3)
BO(I+2) = BD(I+4)
BD(I+3) = BO(I+5)
BD(I+4) = BD(I+6) ;
8D(1+5) = BD(1+7)
42 BD(I ) = BD(I+9)
RETUBN _ L
C 3 336 3 3 I I 36 W W 3 I I I I W I W I I I I 36 I W I I I W W I I I I I I I 6 I W I I I I W K W I WK W T K % H
— SHIFTING _OCCURS AFTER_PRERICTQR CYCIE IS _COMPLETE
C 3 36 36 23 2t 3t 3 3 W I I I ¥ I I I I I I I W I W W W W W I I I I W I I I I I I W W I I I I K W I K% W I K
456 MALP = MALP -1
IF{ MALP - 2) 55, 50, 55
50 H_=_dQ _
GO TO 65
55 1= 1.+ H2D2
GO TO 65
60 I = 1T + H
65 DO 75 J = 1915
NZ_=_(J=1) * 810 + 1
NZZ = NZ + NOD - 1
Lo .75 1 .= NZsNZZ 310
BD(I+8) = BD(1+7) .
8D(I+7) = BD(I+6) 3 ' W
BD(I+6) = BD(I+5) r;'
BD(i+5) = BD(I+4) .
BD(I+4) = BD(I+3) f‘
BD(1+3) = BD(I+2) . o
8D(1+2) = BO(I+1) i
oD(l+1) = BD(I ) o
75 Boil ) = BD(I+9) Te2 ' o
RETURN ja ~!
C (X222 22222222222 22222232222 X2 ST RIS TR L TR YT S TSI S S i !
4



- C THE FOLLOWING STATEMENTS EXIST FOR CHANGING THE STEP SIZE

C 43k 36 3 O 30 36 34 3 3 5t 36 I 3E A 9 3 I 34 3 A I B I A 2B A A6 I G B I 3 3 S IO A O 3% O I I 2 4 o o B K I

60 IF(INDR) 175, 135y 125
125 MPTN = MPTN = 1
130 IM =1IM+ 1]

RETURN
c L R T R L R T T R T RS R R TS SR T T T LR R T LR PR LY
C

DOuZLt THE INTERVAL IF POSSIBLE
C L R o ey 2 R AT XURTR R R R Rgrprpp g

1F(2%KZ = MPTN) 150 125 150
C LT T T TR R R L IR B R Y I 2 2T T

C IF MPTN IS CDD THERE IS AN EVEN NUMBER OF POINTS LEFT TO COMPUTE
(C RN S e T S D S L ST N,

150 IF{(H=-HMAX)/hMAX) 155, 125 125
e...1B5 IF(MPTS = 1) 125, 125, 160 .
160 MPTS = MPTS/2

MPTN = MPTN/2
IM = 5
DO 165J = 1415
NZ = (J-1) # 810 + 1
NZZ = NZ + NOD -1
OO 165 1 = NZsNZZ»1C
ooll+1) cull+2)
ool{i+l) SO(I+4)
Bo{1+6)
BD(I+8)

165  BO(i+4)

@

<
o e
_ i+

1w
win njwu

GO TO 130
C 3¢ 3¢ 3¢ 3 S ¥ 3 3 I 3 I 57 e e e 3 K 33 R % ok e LIt
) C  RALF THE s7cP SIZE IF PusSsSlioLe
C HHU I RFF RN F IR H A TN E R T o R E R R r®
175 IF((h=AMIN)/HMIN) 125, 125s 160
. 360 N = LOGF(E1/EMAX _+ 1)/06931671605
00 185 1 = 1N
K = 1
[F(H/2.**K - AMIN) 195, 190, 185
o382 _CONTINGE . = . — "
iS50 N = K
GO _TO 200
15 N = K =1
2006 MALP = &
liGAM = 0
IF{_IM - 4) 210s 215, 210
2i0 T = 7-A

GO TC 2i4d
215 T = RKT
MPTN_ = MPTN + 4
NN=5
218 MPTS=MPTO#2##N
'. TMPTN=MPTN¥*Z2*#N
DO 222 J = 115 143
NZ = (J-1) * bl0 + 1
NZZ = NZ + NOD -1 i
DO 222 1 = NZyNZZ»10




/

/
/

/

K = 1 + NN

222  BD(1) = BDI(K)

RO/ = H/2+%#N
HZD2 = KO/ 2.

W= hood
/IM = 0

“TNDR =70
/__RETURN

eEND

H4

L e




SUBROUTINE DRAW
DIMENSIUN ART(8G0s3)+AS(82940)s FCIBO)INMI(20)9BCL 3)98D(3)

---------------------------------------------------------------------------------------------------------------- ] 1

COMMUN AKTs AL

COMMON 7t/ FCs NM —
G EWUIVALENCE (NME12)s IM)e (NMULOUD oNN) o (NMCL14)aND) o (NME12) oNL)
' TYPr INTeGeR oCs pu
_____________________________ A2 X B

XN1 = N1

DX = 6eZ2H3L/XN1
AC(1l) = 1000
______________________ DO 42 JM = 25NO____
- 42 AC(OM) = al(am=-1) 7% 75X
e NZZ = ART(JIZs 1)+ 160
C MAXIMUM ApbSClSSA /ALUE
XMA = NZZ % YM = (o0
DO 20 1 = 1, J2Z
._______________________________A_B_T_S_I_g_l_l_j TeO/XMA*ART(I91) + 1le0
IF(ART(14+2) - YM) 20y 20y 10
_____________________ 10 YM = ART(Is2)
20 CUNTINUE
YM = 10s0%YM
NZZ = YM
YM = N2Z + 1
YM = YM/10e0
________________ YMI = 0.0 e
2C(1) = T IN RA®DC(2)= BRDIANS » pC(3)= bH
Sl i)=orn(rMaAX=PMY pulc)=chliN)/PAVU » bU(5) = BHL
CALlL ORKAFALAKT(Lo L) 9ART(LoZ) 9 XMAIVeU sYMesYMIvulsoCLogus —-1L)
________________________ YM_ = leQ 7 YM/c¢eQ _________ N

YMI = Ze0 = YM  +4000060015
( " U0 = 0e00U

- -

DO 232 1 = 1992

IF_(ART(ls3) = UQ) 232, 232, 23]
251 UO = ART(1+3)
232 CONTINUE

U0 = NL4Z
YM = JU0/10eU
254 CONTINUE

5C(1) = onTHETA IN » bC(2) = 84 RADIANS 3 bC(3) = &d
bD(1l) = BHPRESSURE % oD(2) =8H WAVE Pt % BD(3) = bF . .<0e
DO 62 L = 1sNN»sb

CALL GRAPH (AC»AB(1sNZN) 9700009009 YMyYM]Iy JZ9BCsBDs+1)

- R DO 60 I =_1»3
JL =1 +1
NJN = NZN + |

60 CALL ORAPN (ACsAB(L1aNIUN)9T7eU00090e09YMyYMIs=UlsoCeBDrJL)

NZN = NZN + 4

1 o~




SUBROUTTIRE GRAPHTUABIOR XM XMIsYMeYRT9JZs BCXy BCYs MS)
DIMENSION AB(800)s OR(800)s BCX(3)s BCY(3)y FC(BO)INM(20)s G(400)

COMMON /E/FCoNM
EQUIVALENCE (FC(32)sXL) o (FC(33)9s RED)s (FC(3&4)eXJ)>»

T (FCU36Ty GAMIy (FCI351sDELVIs (FC(3TIeSCTy INMTI3Ts [M]
2y (NM(10)sNJ) :

DATA (MZ=0)
UNIT 17 DESIGNATED FOR PLOTTED OUTPUT (EQUIPs17=%##,5V;

TF(ML) 9y 89 9
8 CALL PLOTS( G» 400, 17)

MZ =1
MINM = NJ - 1 '

SCALE ORDINATE VALUES OF INCOMING DATA
9 NPT = XABSFiJZ)

NCT = XABSF(MS)
DIF = 9.,0/(YM = YMI)

DO 14 I = 1s NPT
14 OR(I) = (CR{I) = YMI)*DIF + 5000

DATA SCALLC FOR NINE INCH ORCINATE FRAME
IF(JZ) 70y 159 15

15 NZ = 0O
ROW = 245

SIGMA = (YM - YMI)
SIG = 140 % SIG1 = .10

i) IF(SIGMA - S1G) 21, 21s 20
20 YB = 2.0%SI1G1
GE 70 25
2i IF(SIGMA - «50%S1G) 23, 22, 22
22 Yo = S1G1
GO_TO 25 i
25 . NZ = N + 1
SIG = 140/10eQ%*NZ .
S1G1 = S16/10.0
GO IC 19

25 YZ = DIF*YB

C SCALING PARAMETERS HAVE OEEN_ SET FOR ORPDINATE
C SET PARAMETERS FOR ABSCISSA SCALING
XLA = XMI .
XAB = 1.0
DIF = 7,0/(XM = XxXMl)
STG =10.0 § SIGMA = XM = XM] % ZM = 1.0
21 Ll SIQMA_ = 10.0%ZM)___3Qs 30s 28 ______________
28 IM = ZM + le0
GO _JQ 27
30 XZ = DIF*ZM
31 X = XAQ -407

BEGIN ABSCISSA PLOT
CALL _NUMBER (_Xs 0a32s 207s XlAe QeQs 4HF4eld

CALL PLOT (AABs 0e5s 3)
CALL PLOT (XABe 952 _2) n

XAB = XAB + XZ
XLA = XLA + ZM 5 MM = 2

Ir (XAG = B8e00C1) 34s 34» 35

34 CALL PLOT(XABs 945, 3) \ ' )
CALL PLOT(XABs Gebs 2) ) &
X = XA8-007 i

CALL NUMBER(Xs 359079 XLA9De0» 4HF&W1)
XAB = XAB + XZ $ XLA = XLA +IM $ MV = 1

IF (XAB -8¢0001) 31y 31» 35
35 X = 840 + XZ -~ XAB

ZETA = X2/240 $ ZEB = XAB - ZETA SKLA = XLA=ZM/240+.000001
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SUoKCUTINE GRAPH{ABsOR o XMoo X[ s YMs YMI Ul BCXs 5CYs MS)

CIMENSION Ab(800)s OR(BUC)s BCXI3)s ECY(3)s FC(BOIINM(20)s G(400) 0040
"""" Cuimiiun 7E7FCoNM Tttt 5C
EUUIVALENCE (FCIU32)9XKL) o (FT(33)s RED)s (FCU34)eXJ)> 0040
T (F U587y GAMTs (FCI35)sDELV)s (FC(39T95C)s (NMUI3)s IM) U050
B IO Ny e ]
SATATNZET 60
UNIT 17 DLSIGNATED FOR PLOTTED GUTPUT (EGUIP1T7=#%,5V) 0070
R I 45 T It I~ B cUTTT
s CALL PLCTS( G» &G0y 17 vi
WMl = 1 Lo
MINM = NJ - 1
SCACL ORVTNATE VALUES OF INCOMING DATA Gliv
9 NPT = XA3SF(JU2) lev
B o I o - Lau
DIF = S40/(YM = YMI) 140
CC 14 1 = 1s NPT . 0150
14 CR(I) = (CR(1) - YMI)*DIF + e5¢00 0lou
DATA SCALelC FOR  NINE INCH ORDINATE FRAME 0170u
IF(JZ) 70y 155 15 17>
15 NZ = 0 lecC
ROW = 245
SIGMA = (YM = YMI) 1vu
SIG = 160 & SIGLl = 410 020U
15 IF(SIGMA - SIG) 21, 21s 20 210
20 YB = 2.0%SIGl - 2¢0
GO 10 25 230
21 IF(SIGMA = «50%SIG) 23y 224 22 0240
22 Y8 = SIGl 250
GO TO 25 L 200
T3 NZ = NZ + 1 270
A SIC = 1sU/10s0%XNZ 200
SIGi = SIG/1Ce0 290
GO 10 15 300
25 YZ = DIF#YB 31C
SCALING PARAMETERS NAVE SEEN SET FUR_CRDINAJTE 03¢y
SET PARAMETERS FOR ABSCISSA SCALING 0350
XLA = XMl _ L ) 0360
XAB = 1.0 C300
DIF = 7.0/(XM = xMl) 0360
SIG =100 $ SIGMA = XM - XMI ® 2ZM = 1.0 0370
21 IF(_ SJGMA_=_100%ZM)___3Qy 30s 28 ______________ — Q300 ____
28 ZM = IM + 1e0 390
IO (O N A 400
30 XZ = DIF#*ZM 410
31 X = 3 =-,07 4¢90
X BEGIN ABSCISSA PLOT 430
............. CALL _NUMBER (X2 043292 o075 XlAr Qe09 &4HF&el) Q440
CALL PLOT (XABs 0e¢5s 3) 04ouU
- CALL PLOT_(XABs 92532 2) Q460
XAB = XAB + XZ 470
XLAa = XLA + ZM 5 MM = 2 0480
] IF(AAD = beCOC1l) 34s 34s 35 040
34 CAcL PLUT(XABs 9455 3) c50U
CALL PLUTI(XABs Ce5,y 2) 0510
X = XAB=e07 520
{nj CALL NUMBDER(Xs 3590079 XLA9Gels 4HF&el) 0530 |
’ XAB = XAD + XZ 5 XLA = XLA +ZM $ MM = 1 0540
Ir (XAB -£.0001) 31s 31 35 0550
35 X = 8e0 + XZ - XAB L . 560
ZETA = X2/2.0 & ZEB = XAB = ZETA ®XLA = XLA-ZM/2¢0+000001 057G
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IF(ZEb - 840001) 37, 37, 38 : 0-30

31 XAB = ZE8 e - =20
GO TO (31y 34) MM 600
58 ZEB = ZEB - XZ/640 $XLA =XLA -ZM/6.0 +00000015 06l0
SF( ZEB - 840001) 37 37 40 . 0630
) MRITE OUT  PARAMETERS PERTINENT 10 Tmis SOLUTION 064y i
0 CALL SYMBOL( 665y 9e09 «07s 3RL =9 09 3) 0650
.......... CALL NUMBER (6487519405 +UTs XLy 0¢0s 4HF6.3) 0600
CALL SYMDOL{ 659 Bel5s «07s 2HJ =9 09 3) Ve lv .
CALL NUMBER( 6¢87998e¢759 o079 XJs 09 S5HF11e5) [01°Y-1¢
CALL SYMBOL{ 66359 B8e5s o079 O6HDELV =40y 6) (67 29)
CALL NUMDER( 6487548455 007 DELVSY GeOs 4HFDe2) e
CALL SYMBOL{ 6ely Belds 07y SHRED =9 0eDs 5) 0710
CALL NUMBER( 668759 Be259e07s REDs Qe0s 4HF6e2) 0749
CALL SYMBDOLI( 6e45s 8600 o9 o079 &LHSC 3y Qe &) 0750
CALL NUMDER( 648755 6403  o07s SCs  OelUs 4HF642) 0740
CALL SYMDOL( 65497729 079 oNGAM =5 0e0s 5) 0720
___________ CALL NUMBER( 6087547675 2079 GAMs 0e0s 4HFEe2) 0760
CALL SYMBOLI{ 3e09 Qels elbs BCX » 0e0» 24) 0770
___ABSCISSA HAS NOW BEEN LASBELED » PBEGIN ORDINATE LABEL ' 0760
%8 YLA = YMI] $ YAB = 0e5 & MM = 3 0790
50 MM = 3 795
CALL PLOT ( 809 YABs 3) % CALL PLOT (leCs YABs 2 0800
Y = YAB —«035 8l0
24 IF(NZ - 1) 103y 104y 105 08¢U
03 CALL NUMODER(Qe7s Yo «079 YLAs OeOs 4HFB841) ° C850
GO TO 108 840
Y4 CALL NUMDER(Oe7sYs o07s YLAs 0e0s 4hF5.2) 0850
GO TO 108 g&l
25 IF(NZ - 2) 106y 106y, 107 0870
)6 CALL NUMBER(Oe79 Yy o079 YLAY QeOs 4HF643) I
D GO_TO 108 oYU .
27 CALL NUMBER(QOe7s Yy «079 YLAs 0eOs 4HFT44) 0900
)8 MM = MM - 1 210
IF(MM = 1) 58 58 56 91¢
16 YAB = YAB +_Y/Z 9214
IF(YAB - 9.50001) 10Ys 109s 60 0920
19 Y. = YAB -»035___ % YLA = YLA + YB 0920
GC 70 54 940
18 CALL PLOT(leUs YABy 3) % CALL PLOT(BeDs YAB, <) 0920
YAB = YAB +YZ % YLA = YLA + YB 0960
i 1F _(YAB_ = _950001) __50s 5Qs 60____ Q970
0 YABE = VYAb = YZ/2.0 960"
IF(YAB = 9450001) 62, 625+ 65 . 0990
12 YLA = YLA - YB/2.C 1000
GO _TO 50 1010
LABEL ORDINATE 1040
5 ___ CALL SYMBOL(0e693e0s lbs BCYs 90e0s 24) 103y
No... PLOT CURVES ' 1040
0 CALL _PLOT ( AB(1) » OR(1)s 3) 1050
DO 72 I = 1y NPT 1060
2 CALL SYMBOL (AB(I)s OR(I) 9 «0U59 NCTy Oe0s =2) 1070 .
IF ( MS ) BUs 82y 82 A
0O CALL PLOT(10eO, 040y =2) i : 1090
RETURN P

2 _____ROw = ROW = 25
MZNM = MZNM + 1
CALL SYMBOL(T7e259 ROWse059 NCTs DeDo=-1)

—

CALL NUMBER( Te5s ROWs s07s OR(B2)s 0e0s4HFT43)
RETURN
END
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