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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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cross-sectional area of combustor
kinetic constant, equation IIl-31
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Re

Reg

Nussclt number, mass transfer

number of drops/second in each drop size
group and exponent of reaction velocity
equation, III-31

pressure

vapor pressure

Prandtl number

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
of sound

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
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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.

28



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
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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,
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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 /CPLU<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>