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/A'\ FOREWORD
R7%

This report describes work accomplished in the program, ''Mixed-
Flow Augmentor Stability Investigation', conducted under USAF Contract
F33615-70-C-1669, Project 3066, Task.306605, The work was accomplished
“Th the period from 30 June l970 to 31 December 1971 by Northern Research
and Englneerlng Corporation; the experimental part of the program was
conducted in-house by the Air Force Aero Propulsion Laboratory under the
direction of Mr, R, E. Henderson, TBC, The report was submitted on 31
December 1971,

The program was sponsored by the Air Force Aero Propulsion Labora-
tory, Wright-Patterson Air Force Base, Ohio, Lt. Michael G, Johnson,
TBC, Turbine Engine Division, was the Project Engineer. The program was
initiated with FY 1970 Aero Propulsion Laboratory Director's Funds.

Publication of this report does not constitute Air Force approval
of the report's findings or conclusions, It is published only for the
exchange and stimulation of ideas.
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Ernest C. Simpson
Director, Turbine Engine Division



ABSTRACT

An analytical and experimental investigation was conducted of combus-
tion instability in a TF-30-P! augmentor. A sustained oscillation was
observed with a fuel zone combination which does not occur during normal
engine operation. On cold days oscillation amplitudes above 35 per cent
(peak-to-mean) were observed, but on hot days the amplitudes dropped below
10 per cent. NREC's previously developed combustion instability model
correctly predicted an instability with the same frequency as that ob-
served. Once the individual zones of combustion of the TF-30-Pl augmentor
were modelled properly, the analysis correctly indicated the fuel zone com-
bination during which the oscillation becomes most severe. The analytical
model also correctly predicted the trends which were observed when engine
geometry was modified, when AVGAS replaced JP-4, and when the engine inlet
temperature was low., But to correlate predicted and observed amplitude
levels, a stabilizing turbulent mixing effect had to be hypothesized to
supplement the droplet vaporization effects which excite the instability,
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CHAPTER |

INTRODUCT ION

BACKGROUND

NREC, under contract to the USAF Aero Propulsion Laboratory, first
studied combustion instability in aircraft engine augmentors as part of a
more general issue: what unsteady flow phenomena, intrinsic to turbojet and
turbofan components, tend to initiate engine surges? Combustion instability
appears as a sustained pressure oscillation in augmentors; physically it is
an acoustic resonance driven by a small fraction of energy from the heat re-
lease process, Acoustically treated liners have conventionally been used to
suppress such oscillations to levels below those causing mechanical damage
to the tailpipe. In the case of turbofans the oscillations can impinge on
the fan, thus potentially leading to a fan/compressor surge margin smaller
than that of the fan/compressor tested without the augmentor. NREC approached
the problem of analytically modelling combustion instability with several
questions in mind:

I. What factors contribute to increasing the amplitude of the sustained
oscillations?

2. Is suppression from liners sufficient to eliminate the need for in-
tegrated fan-augmentor design?

3. Are there circumstances in which combustion instability is masked
in ground testing, only to emerge in some extreme flight condition?

The goal was not simply to develop an analytical model providing in-
sights into these questions. The long-range goal was the more ambitious
one of an analytical tool which permits more effective elimination or con-
trol of augmentor instability as a mechanism which limits the flight en-
velope of aircraft engines.

The approach taken to modelling combustion instability began with a
thorough review of the analytical and experimental research in liquid
rocket engine instability (Reference 1), Based on this review, an analyti-
cal model was formulated which satisfied three engineering requirements:

. The model was mathematically simple enough to be tractable, but
not so simple as to preclude development toward greater detail.

2. The model, at least in principle, recognized all effects thought
to be pertinent to augmentor instability; but all parameters were
strictly physically interpretable.

3. The model formally predicted sustained oscillation amplitudes, so
that the practical questions of residual oscillatior amplitudes
and of instabilities requiring large initial disturbances could
be examined.



The model was formally developed in the first year of NREC's effort, and
a computer program producing numerical results was written in the second
year (References 2 and 3). A summary of the model is given in Appendix
VIII below,

A parametric study of two conventional turbojet afterburners was the
final step in NREC's initial study of augmentor instability, The results
of the study (reported in References 2, 3, and 4) confirmed the qualitative
validity of the analytical model in that trends predicted were consistent
with trends observed. The parametric study had the further benefit of in-
dicating which among the model parameters tended to have the most dramatic
effects on the predicted oscillation amplitudes. The chief limitations of
this parametric study stemmed first from the |imited instability informa-
tion available for the two afterburners and second from the somewhat dated
straight turbojet afterburner designs. In particular, no data were avail-
able on oscillation amplitudes in either afterburner, not to mention data
on the trends the instability displayed with design variations (other than
perforated liners). Equally restrictive was the failure of the parametric
study to consider augmented turbofan configurations which are typical of
current aircraft designs. Given these shortcomings of the scope of the
original parametric study, it was only logical to recommend a joint experi-
mental and analytical study of a mixed-flow augmentor configuration like
that of the TF-30, the only augmented turbofan engine currently operational
in the USAF, The spirit in which this study was undertaken was very much
a continuation of that of the original parametric study: having formulated
a model, the first thing to do before making it more complicated is to es-
tablish its essential consistency with the facts.

Very little augmentor combustion instability experience has found its
way into the literature since acoustic liners were discovered to be an
adequate fix against mechanical failures. As a result, the original para-
metric evaluation of the model was necessarily limited to gross qualitative
trends. The current analytical study of the TF-30 was initially suggested
to parallel an experimental program conducted by NASA-Lewis on the TF=-30-
P3 engine. Unfortunately no sustained instabilities were successfully
initiated in the NASA tests. In the meantime the Aero Propulsion Laboratory
initiated tests on a TF-30-Pl, the original engine of the F-111A, The en-
gine tested at APL did exhibit clear instabilities so that data correlation
with analytical predictions became possible.

PROBLEM STATEMENT

NREC's combustion instability analysis is in two steps: an acoustics
analysis of the augmentor duct defines three-dimensional resonant mode
shapes (Program HLMHLT); the energy supplied to and extracted from these
modes by the heat release process, by the through-flow, and by screech
liners is then calculated (Program REFINE). The self-sustaining ampli-
tude is finally determined when the energy supplied to and extracted from
an acoustic mode is in equilibrium. The distribution of the resonant acous-
tic wave in the augmentor duct is physically altered by the unsteady heat
release, by the through-flow, and by absorption at the liners. The NREC

2



analysis does not currently take into consideration the fact that the natu-
ral acoustic mode becomes distorted. The analysis instead assumes that

the purely acoustic mode shape is an acceptable approximation to the un-
stable mode shape, In principle, the analysis can be extended to allow

for higher order approximations of the unstable mode shape, but this

added complexity has yet to be justified., Other simplifications in the
analysis, both in the acoustics and in the instability parts, may well
merit critical attention.

THE ACOUSTICS ANALYSIS

The acoustics analysis requires a rather idealized representation of
augmentor ducts, The analysis recognizes only purely annular and cylindrical
ducts. The duct is divided into two chambers by a flame-front. In each
chamber the sonic velocity is uniform, but a step change in sonic velocity
at the flame-front is accounted for. Thus schematically HLMHLT can recog-
nize only the following model of an augmentor:

. Flame-Front

i ) o £ =
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Upstream'j’ - . Nozzle
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Boundary -

— B -

} T
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HLMHLT also handles the special case in which the inner radius of the an-
nulus becomes zero.

A turbofan mixed=-flow augmentor does not lend itself readily to the
HLMHLT restrictions. Using the same reasoning which led to a two-chamber
model of conventional afterburners, a mixed-flow augmentor would appear to
involve four chambers-- four regions in which the sonic velocity assumes
distinctive values:
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The turbine and fan discharge streams (Chambers | and 3 in the sketch) have
quite disparate sonic velocities; the two combustion chambers can have
marked differences when the augmentor is operating with most of the fuel
being injected into the fan or the turbine stream.

The first basic question addressed in the TF-30 augmentor analysis
concerns the proper acoustics analysis of mixed-flow ducts. Four alterna-
tives suggest themselves:

I.  Model the mixed-flow afterburner as a conventional cylindrical
afterburner with an unusual upstream boundary located at the tur-
bine discharge:
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Upstream Boundary
of Augmentor

The sonic velocities assumed in Chambers | and 2 represent averages
of the core and fan streams. The upstream boundary admittance

represents an average of the open fan duct and of the turbine choked
nozzles.

2, Model the mixed-flow afterburner as a conventional ductburner with
an unusual inner boundary:
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The fan stream is simply isolated from the core stream except for
the boundary admittance ratio representing the inner boundary of
the idealized ductburner,

3. Treat the core augmentor as a cylindrical afterburner and the fan
augmentor as an annular ductburner, and match the solutions along
the common interface between the two streams. This approach is
not practical with the current Programs HLMHLT and REFINE since
the cost of a single solution will increase by about a factor of
10,

L. Write a new acoustics analysis computer program which is capable
of treating a four-chamber augmentor duct.,

Obviously, the last two alternatives represent a major effort and hence are
not warranted until results from the current analysis indicate a need for
such refinements, The first basic question of the present study was to de-
cide whether either (or both) of the first two alternatives provide adequate
results for mixed-flow augmentors, To put the matter differently, the issue
is the best way to use HLMHLT, as presently constituted, to analyze mixed-
flow augmentor acoustics.

THE COMBUST ION ANALYS IS

While all of the parameters used in the steady and unsteady heat re-
lease analyses are, strictly speaking, physically identifiable, precise
numerical values for some of the parameters remain unclear. In the earlier
parametric study (cf, Reference 3) estimated input values for these more
elusive parameters were used, but the lack of data on the instabilities in
the afterburner precluded any evaluation or refinement of these estimates,
Ideally what is needed in order to gain a clearer understanding of the in-
put values is a comparison between predicted and observed oscillation ampli-
tudes over a continuous range of augmentor operating conditions. While
such a comparison between analysis and experiment is unlikely to resolve all
questions pertaining to the combustion model input, it will at least identify
which among the input parameters require the most attention in future re-
search. Thus the second basic question in the study of the TF-30 concerns
the determination of input values for the heat release parameters. A para=
metric study of the TF-30, in conjunction with a test program making cor-
responding changes to the engine, should indicate what input values are
needed to correlate analytical and experimental trends,

A review of NREC's earlier parametric study will quickly indicate
model parameters for which no clear-cut rules are established for calculating
values (see Appendix VIIl). The most important of these are indicated below:

1, T, the mean time required for combustion, is known to depend on
chemical kinetic, turbulent mixing, and fuel droplet evaporation
and burning mechanisms. The mean time is also known to decrease
as oscillation amplitudes increase. The relative contributions of



the various mechanisms and their individual variation with oscil-
lation amplitude is not so clear. Moreover, ¥ is a scalar quan-
tity, representing an '‘average'' combustion time across the normal
flow area. In the case of a mixed-flow augmentor the combustion
processes in the fan and core streams can be sufficiently distinct
that choosing a value for ¥ is problematic.

2. Coefficients ( C, and 6; ) which relate oscillations in the time
required for combustion to oscillations in pressure and velocity
again depend on chemical kinetic, turbulent mixing, and fuel
droplet evaporation and burning mechanisms. The comments made
above on T are equally pertinent here.

3. The radial variation of the mean energy content of the fluid (E )
at the flameholder plane obviously depends on the fuel injection
system and on the flow pattern between the injectors and the flame-
holders. The unsteady heat release distribution is sensitive to
variations of E , but without test data it remains unclear how to
define E , given only the fuel flow rates in each injector spray
ring.

L. Fluctuations in the energy content of the fluid at the flameholder
plane (E) are caused by pressure and velocity fluctuations at the
injectors and in the region between the injectors and the flame-
holders, The amount of fuel which is vaporized upon injection and
the fluctuations in the radial distribution of the fuel-air ratio
are difficult to define.

5. The combustion instability analysis treats the flameholder assembly
only in a highly idealized fashion: a single plane is identified
as the flame-front, downstream of which the heat release rate de-
cays exponentially along the length of the augmentor. Provision
is made for acoustic energy loss across the flameholders, but this
option was ignored in the earlier parametric studies. Given a com-
plicated flameholder assembly, the question of where to define the
flame-front in the combustion instability analyses remains open to
debate.

6. The parametric study of the two conventional afterburners indicated
some potentially dramatic effects of the acoustically treated:
liners. In one afterburner the residual oscillation ampl i tude
after suppression was predicted to be above 8 per cent; in the
other afterburner the liner tended to mask one unstable mode
by increasing the threshold level needed to initiate it without
reducing the resulting sustained amplitude. While these resul'ts
are potentially of great engineering interest, they remain con-
jectural pending supportive experimental evidence. Thus the sup-
pression effectiveness of the liners remains a topic requiring
further attention.

All of these parameters require further investigation in conjunction with
more thorough experimental data.



THE EFFECTS OF INLET DISTORTION

The previous parametric study of two conventional afterburners indi-
cated that circumferential variations of the fuel distribution in an axi-
symmetric flow field had minor effects on the self-sustaining amplitudes
of unstable modes. For a first tangential mode only a | per rev type fuel
distortion will have any consequence. The effects of a steady circumfer-
ential flow distortion transmitted from the inlet into the augmentor by
the fan were not investigated. Since steady inlet distortion is a neces-
sary by-product of flight maneuvers of many airplanes (e.g., F-111A), the
sensitivity of augmentor instability to non-axisymmetric flow fields is
an issue requiring attention. The third basic question of the current TF-
30 study concerns the effects of engine inlet distortion. Unfortunately,
the failure to obtain combustion instability data with inlet distortion
ultimately eliminated this question from the study. Data could not be ob-
tained because of repeated engine surges encountered when attempting aug-
mentation with distortion screens placed in the inlet.

THE DEVELOPMENT OF TEST EXPERIENCE

While the aircraft engine companies have doubtlessly gained much ex-
perience in experimental determination of combustion instability in aug-
mentors, very little information of recent origin is available in the
literature. In particular, test experience in which oscillation amplitudes
are monitored over a continuous range of augmentor operation has simply
not been described in the literature. Thus the fourth basic question of
the TF-30 study concerns the effective generation and analysis of augmentor
instability amplitude data, This question dominated the Aero Propulsion
Laboratory's effort in the program,

SUMMARY OF PROGRAM OBJECTIVES

The study of combustion instability in the TF-30 augmentor represented
a direct, logical extension of NREC's earlier study of two conventional
turbojet afterburners. The current program differed sallently from the
former on two counts: first, the augmentor studied is of recent design and
from a turbofan engine; second, an experimental program paralleled the
analytical study. The objectives of the current study were as follows:

I. Establish the most effective use of NREC's analytical model for
evaluating combustion instability amplitudes in mixed-flow aug-
mentors,

2. Develop improved procedures for calculating values of the parameters
used in the combustion instability model by conducting a parametric
study and correlating the analytical results with experimental data,

3. Use the model to determine the effects of engine inlet distortion
on combustion instability,



L, Establish engine test and data reduction procedures for obtaining
combustion instability amplitude data to be used in conjunction
with NREC's analytical model.

Only the third objective was abandoned as a consequence of repeated engine
surges whenever testing the augmentor with engine inlet distortion,

PROGRAM ORGANIZAT ION

TEST PROGRAM

A TF-30-Pl was tested in-house by the Aero Propulsion Laboratory, A
test matrix involving ten engine test ''configurations' was developed by
allowing for the following variations:

1. Alternate screech liners,

2. Alternate flameholders.

3. AVGAS as well as JP-L4 fuel,

L, Engine inlet with and without distortion screens.

High response pressure oscillation data were obtained for most of these test
'configurations'' with a variety of fuel zones in operation (including fuel
zone combinations which do not occur in normal engine operation). The high
response data was put through a spectral density analysis to identify the
principal frequencies in the sustained oscillations. Climatic conditions
over the period of the engine testing happened to introduce an additional
parameter which proved unusually salient, namely engine inlet temperature.

ANALYTICAL PROGRAM

The analytical study was divided into three basic tasks, each of
which was further subdivided into an initial analysis subtask and a corre-
lation with experimental data subtask, The three tasks were as follows:

Task |: Mixed-Flow Augmentor Analysis
Task I1I: Evaluation of Model Parameters
Task Il1l: Evaluation of Inlet Distortion Effects

The third task was eliminated from the program because of the inability to
obtain relevant test data.

The first task involved a thorough analysis of the combustion in-
stability characteristics of the nominal design of the TF-30 augmentor,



Ten acoustic modes were examined at five different augmentor fuel zone op-
erating conditions. The complete analysis was conducted using both a
cylindrical afterburner and an annular ductburner mode! of the mixed~flow
configuration. The objective of the task was to identify how NREC's com-
bustion instability analysis should be adapted to mixed-flow sugmentors,
Correlation of analytically predicted with observed oscillation frequencies
and amplitudes provided the basis for meeting this objective,

The second task involved a parametric examination of the TF-30 augmen-
tor. Variations considered included the flameholder design, the screech
liner, the fuel used, the augmentor inlet temperature, and the fuel flow
rate and distribution. Attention in the parametric study centered on those
acoustic modes found to be most significant during Task |. The objective
of the second task was to clarify the numerical values of the parameters
in the NREC model. Again correlation of analytical and experimental oscil-
lation amplitudes provided the basis for evaluating how the parameters in
the model are best treated.

CONTENTS OF THE REPORT

The remainder of the main body of the technical report consists of
three major chapters, Chapter Il describes the TF-30 test program and
the augmentor instability results; Chapter IV describes the basic ana-
Iytical study of the augmentor (Task | above); Chapter V describes the
parametric study of the augmentor. The main body ends with a chapter
summarizing conclusions and recommendations from the study,

The report includes ten appendices. The first five provide details
on the TF-30-Pl, its augmentor components, and the modelling of its
geometry, through-flow, and combustion. The sixth and seventh appendices
give background on the instrumentation and data reduction used in the test
program. The eighth appendix reviews NREC's instability mode!, with par-
ticular attention given to unsteady combustion inputs. The ninth appendix
describes modifications and corrections to Programs HLMHLT and REFINE, and
the tenth appendix provides up-to-date listings of the Fortran source decks
of the two programs.



CHAPTER 11

SUMMARY

This report describes an experimental program, conducted by the USAF
Aero Propulsion Laboratory, and an analytical program, conducted by Northern
Research and Engineering Corporation, on the combustion instability charac~
teristics of mixed-flow augmentors, using the TF-30-Pl as a test vehicle.
The study is a logical outgrowth of previous APL-sponsored, NREC studies of
analytical models of augmentor instability,

The TF-30-Pi was tested at APL. Its augmentor was instrumented with
high response Kistler transducers to monitor pressure oscillations at the
liner. Several configuration changes were tested, including a blocked
screech liner, an alternate flameholder, some blocked fuel 2zones, and an
alteinate fuel.

The test program revealed a clear oscillation at roughly 385 Hz, but
the oscillation reaches significant amplitudes only when operating with a
combination of fuel zones that does not occur during normal engine operation.
Variations of the screech liner and the flameholder had negligible effects
on the oscillation. Changing from JP-4 to AVGAS practically eliminated it.
Variations of engine inlet temperature had the most dramatic effect: when
testing on war.n summer days, oscillation amplitudes remained below 10 per
cent (peak-to-mean); on a cold spring dav the amplitude was measured to be
37 per cent.

The analytical effort inciuded first, an analysis of the nominal aug-
mentor to determine how mixed-flow configurations are best approximated
within NREC's previously developed instability model; and second, a para-
metric study of engine design variations to evaluate procedures for cal-
culating some of the more elusive model parameters. In each part of the
study NREC's combustion instability model was used to predict osciliation
frequencies and amplitudes, and these predictions were then correlated
with test data in order to refine the model input values.

The basic analysis of the augmentor correctly indicated its first
tangential mode to be strongly unstable, with a frequency between 370
and L00 Hz. The initially predicted amplitude level was in excess of
25 per cent for warm day conditions. With proper modelling of the steady
combustion characteristics of the five-zone augmentor, the analysis cor-
rectly identified the fuel zone combination during which the oscillation
is most sevire. The good correlation of predictions with data authorized
the conclusion that the observed instability is driven by droplet vaporiza-
tion and burning mechanisms in the fan stream.

The parametric study correctly predicted the negligible effects of the
liner and flameholder modifications, as well as the elimination of the in-
stability when AVGAS is substituted for JP-4, The trend toward more severe
instability on cold days was also qualitatively predicted. However, to
correlate the predicted and the observed amplitude differences on warm and



cold days, it was necessary to hypothesize a turbulent mixing effect which
tends to stabilize the oscillation.

The over-all study provided the first empirical confirmation of NREC's
engineering mode! of combustion instability. The study displayed the use-
fulness of the model as it stands, and it also showed that the model is
likely to be more effective once

better treatments of turbulent mixing and
droplet mechanisms are developed via pProper experiments.



CHAPTER 111

TF-30-P1 AUGMENTOR TESTS

The analytical study of mixed-flow augmentor instability, described
in Chapters IV and V, was supported with test data provided under an Air
Force Aero Propulsion Laboratory (AFAPL) in-house test program. The test
vehicle was a TF-30-Pl augmented turbofan engine, employing a mixed-flow
type augmentor. A description of the engine is given in Appendix |, The
specific engine tested had operated for 219 hours prior to this program,
in which almost 80 additional hours were accumulated. The engine had
flown in an F=111A aircraft.

The test program had some specific objectives to be satisfied in sup-
port of the analytical program. First, a crucial achievement was to es-
tablish a repeatable, sustained oscillation in the augmentor, Second,
data were needed on how the sustained oscillation amplitude varies with
different engine modifications (particularly fuel type, screech liner, and
flameholder variations), Third, data were needed on how engine inlet dis-
tortion affected the instability characteristics of the augmentor, if at
all. The test program had the additional objective of putting into the
literature a description of the type of augmentor test procedures and in-
strumentation needed in support of NREC's analytical model.

The present chapter describes the basic results of the test program
and offers general observations made during the test program relative to
engine stability, performance, and general operating characteristics.
Some additional details on the engine test configurations can be found in
Appendices | through V, and the instrumentation and data reduction are
described in detail in Appendices VI and Vili, respectively.,

ENGINE TEST CELL INSTALLATION

The test engine was installed in Test Stand ''C'' at the AFAPL. This
stand is a ground level '"U-type'" stand. Air enters a large inlet plenum
chamber room through the ceiling at one end of the cell. The engine was
mounted on a 40,000 pound thrust stand at the center of this room, the
exhaust of which was directed into a large water cooled ejector. Behind
the ejector was an acoustically treated exhaust plenum which directed the
cooled gases through the roof at the opposite end of the cell, thus the
U-type airflow path, A schematic of this test cell is shown in Figure |I.
No airflow preconditioning was made in this test cell.

In addition to various steady-state instrumentation which provided
detailed information on engine operation, the augmentor was instrumented
with six high response, Kistler Model 603L transducers which monitored
the oscillatory component of the pressure at the outer diameter of the
augmentor. The six high response transducers were located as fol lows:

I. Channels 1, 3, and 7 were located approximately in the plane of
the vee-gutter flameholder at roughly 0, 90, and 135 degrees
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around the circumference (in fact, at |4, 103, and 146 degrees).

2. Channels 2, 4, and 8 were located approximately 19 inches down-
stream of the first set, in the same circumferential positions
respectively; this axial position coincides with the downstream
end of the perforated screech liner.

These channel designations are used below in describing the data obtained.

Several times during the test program, recirculation of the test cell
exhaust gases occurred. This phenomena is not uncommon with U-type test
cells when the prevailing winds pass across the cell from exhaust to inlet.
Of course, a condition such as this could not be tolerated during a record
run, Re-ingestion of exhaust products resulted in wide fluctuations in
engine performance and critical operating parameters. Recirculation could
be easily monitored through the engine inlet temperature sensors which
showed broad temperature excursions (as much as 30-40 deg F) during exhaust
gas ingestion. When this condition was observed, the test was terminated.

TEST PLAN

A detailed test plan was established at the start of the program defin-
ing the matrix of augmentor test configurations and operating conditions to
be examined during the program. A principal objective of this in-housa pro-
gram was to establish at least one controlled unstable operating condition
within the augmentor and document its oscillatory activity using high response
Kistler pressure instrumentation. The various test configurations and opera-
ting conditions defined in the test plan (Table I) were identified as poten-
tial approaches to establishing this unstable condition. The TF-30-Pl engine,
al though found to be sensitive at certain operating conditions, had a very
stable afterburner system. The basic changes made to this augmentor in an
attempt to alter its stability included:

1. Blocking 70 per cent of the conventional screech liner damping holes
to eliminate or significantly reduce its damping characteristics.

2. Substituting a modified flameholder assembly for the conventional
assembly.

3. Altering the fuel distribution characteristics of the augmentor
fuel injection system,

L. Imposing flow distortion at the engine inlet using distortion
screens.

5. Substituting Aviation Gasoline (AVGAS) for the conventional jet
fuel== JP-L,

The test plan matrix (Table I) distinguishes among ten engine test
configurations in which the following distinctions dominate:
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1. Tests 1 and 6 correspond to the nominal engine (with Test | using
a blocked screech liner).

2. Tests 7 and 8 employed a modified flameholder.
3. Tests 9 and 10 used AVGAS.

L, Tests 2, 3, 4, and 5 employed circumferential distortion screens
at the inlet of the engine.

The TF-30-Pl augmentor has five fuel injection zones, numbered in the se-
quence in which they become activated, Zones | and 5 are in the core
stream, zones 3 and 4 are in the fan stream, and zone 2 employs a combined
aerodynamic flameholder and premixed fuel-air-jet-injector near the outer
diameter of the fan stream. Augmentor oscillation data were taken with two
standard and four extraordinary fuel zone combinations:

1. Zh: all zones operating except zone 5 in the core stream.
2. 15: max augmentation (all zones).

3. 16: all zones except zone 2 at the outer diameter.

L, Z7: zone | in the core stream and zone 3 in the fan stream.

5. Z8MIN: zones | and 3 and minimal fuel from zone 4 in the fan
stream.

6. 28MAX: zones | and 3 and maximal fuel from zone 4 in the fan
stream,

The details of the fuel zone combinations and the injector positions can
be found in Appendix V., The fuel zone combinations other than ZL and Z5
do not occur during normal engine operation. In the present study they
have the effect of producing some unusual radial fuel distributions.

Because the test program extended from the spring to the summer of
1971, an additional test variable emerged as a result of changing climatic
conditions, namely engine inlet temperature. Some of the most striking
augmentor instability results were obtained in cold day tests in the early
part of the test program. Subsequent attempts to repeat these tests at
the end of the test program could not be carried through as a result of an
engine failure,

ESTABL ISHING AN AUGMENTOR INSTABILITY

Most of the configuration changes identified above had little effect
on the stability of the augmentor. However, during a fuel redistribution
test an audible screech was identified. First observation was made while
examining the fuel zone condition Z8MAX., This condition initiated a 400 Hz
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oscillation which was audible within the control room and caused an increase
in the level of turbine vibration from 1.2 to 2.8 mils. This condition was
subsequently verified by the high response pressure instrumentation installed
in the afterburner case (see Appendix VI). Further substantiation was pro-
vided by high speed film taken with a Fastax camera installed in the exhaust
ejector viewing into the afterburner through the engine exhaust nozzle.

The unstable operating condition described above was a controlled con-
dition in that it did not achieve catastrophic proportions (often a result
of severe combustion instability) and could be repeated at any time. Thus,
a full detailed analysis of this instability could be accomplished.

A typical oscillograph trace of the pressure oscillation during the
audible instability is shown in Figure 2. This record corresponds to the
nominal engine (Test 6) at the Z8MAX fuel condition; the data is taken
from Channel 4. A power spectral density analysis of this oscillation re-
veals (see Figure 3) a prominent spike at roughly 370 Hz, and a lesser spike
at roughly 190 Hz. For simplicity these two prominent components of the
oscillation will henceforth be referred to as the 400 Hz and the 200 Hz com-
ponents, respectively. The power spectral density analysis indicates no
other frequencies with large activity below 5000 Hz, In terms of peak-to-
mean pressure oscillation amplitudes, the 400 Hz component of Figure 3 rep-
resents almost 7 per cent. By way of contrast, Figure 4 shows a PSD plot
of the same channel in the same engine test, but for the Z5 fuel condition
(full augmentation) at which no audible instability occurred. Spikes just
below 400 Hz and 200 Hz are still the distinguishable features of the PSD
analysis, but the lower frequency component is now more prominent than the
higher frequency. In terms of peak-to-mean amplitudes the 400 Hz component
of Figure 4 is at 1,44 per cent, while the 200 Hz component is at 2,67 per
cent. These two peaks appear consistently throughout the PSD analysis of the
high response test data. Only the 400 Hz component reaches large ampli tudes,
and these occur only in the Z8MAX fuel condition,

EFFECTS OF ALTERNATE CONFIGURAT IONS

Several afterburner configurations were examined during the tests,
However, only one repeatable unstable condition was identified regardless
of configuration tested-- the 400 Hz instability at condition Z8MAX,

The screech liner, blocked or standard, had no effect on initiating or
damping the oscillation. The standard TF-30-Pl screech liner, however, was
not tuned for a screech condition of 400 Hz and, therefore, was virtually
ineffective as a_damping device for this condition.

Flameholder configuration seemed to have little or no effect on the
400 Hz condition.

Substituting AVGAS for JP-4 fuel appeared to have some effect on aug-
mentor stability. The 400 Hz response was still present with AVGAS at the
Z8MAX condition, but the amplitudes were consistently low in spite of the
audibility of the oscillation.
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Flow distortion effects could not be examined due to high sensitivity
of the test engine to imposed distortion,

Only fuel distribution changes seemed to have a dramatic effect on
augmentor combustion stability. At Z8MAX, the instability was strong; at
Z8MIN and Z5 the instability ceased, amplitude levels returning to low,
virtually negligible values,

INLET TEMPERATURE EFFECTS

The stability test program was conducted over a period of six months
from early spring to late summer. Consequently, a spread in engine inlet
temperature from a low of 25 degrees F to a high of 85 degrees F was ob-
served. This temperature spread appeared to have some influence on the
amplitude of the oscillatory instability described above. When the 400 Hz
activity was first observed, inlet temperature to the engine was 35 degrees F,
resulting in an audible response. However, later in the test program at
higher inlet temperatures the amplitude level of the 400 Hz osciliation de-
creased. This phenomenon was consistent throughout the program-- the cooler
the engine inlet temperature the higher the pressure amplitude. In fact,
during a period of engine calibration testing when the test cell temperature
dropped tc approximately 25 degrees F, the instability became of sufficient
magnitude to contribute to, if not directly cause, a failure of a fuel injec-
tor ring splash-plate and of an exhaust nozzle actuator pressure line., Sub-
sequent analysis of the failed parts showed a vibration fatique failure pos-
sibly caused by the instability., The failure occurred during an extended
afterburning run at Z8MAX (approximately 15 minutes duration). Oscillatory
overpressures during this run could have been of sufficient magnitude to
overstress these parts, Furthermore, the engine manufacturer, Pratt and
Whitney Aircraft, indicated that the flameholder and fuel injector hardware
have a natural response at approximately 400 Hz and, therefore, warned that
a failure of these parts could result. The flameholder, however, remained
in excellent condition throughout the program.

Figure 5 displays a power spectral density analysis of channel 7 during
the Z8MAX condition on a relatively cold day of testing (engine inlet tem-
perature was 35 degrees F). The spike at 385 Hz is substantially more
prominent than that shown in Figure 3. In terms of the peak-to-mean pressure
oscillation amplitude, the value indicated for 385 Hz is 37.4 per cent. On
this same day significantly greater activity was observed even at the ZL con-
dition (Figure 6), where a sustained peak-to-mean amplitude of 9 per cent was
recorded. A detailed discussion of the inlet temperature effect can be found
in Chapter V,

SUMMARY OF OBSERVED AMPL ITUDES

From the point of view of NREC's augmentor instability analysis, the
preferred form of the pressure oscillation test data is that of peak-to-
mean amplitude: p’/;? . The results of the various power spectral density
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analyses, which indicate the RMS value of the oscillatory pressure compo-
nent, have been reduced to peak-to-mean form. Tables |l through VIl show
the peak-to-mean amplitudes (as percentages) for the 400 Hz oscillation in
the various test configurations and fuel zone combinations. Tables Vil
through X1l give the corresponding results for the 200 Hz oscillation,

In some test configurations the 400 Hz oscillation appeared as a double
peak in the PSD plots, but the data shown in the tables represents the
highest amplitude value within 400 Hz tSO Hz, Blanks in the tables repre-
sent failures to obtain data, usually because of improperly functioning
charge amplifiers (see Appendix VI). The data tabulated has guided the
analytical efforts of the program.

THE 400 HZ COMPONENT

Some basic trends in the tabulated data deserve comment. The 400 Hz
oscillation consistently shows a marked increase in amplitude as maximum
fuei flow in zone 4 is reached in the Z8 condition. Amplitude levels are
rather low, with no distinctive patterns in all other fuel Zone combina-
tions, Even in Z8MIN the amplitude of the 400 Hz component does not differ
markedly from its value without any augmentation. It should be noted that
even without augmentation the PSD plots indicate a concentration of activity
in the 400 Hz area, so that the Z0 amplitudes in the tables do not represent
pure noise. The conclusion, then, is that specifically with the Z8MAX fuel
combination an intermediate level instability becomes sustained in the TF-
30-P1 augmentor. The instability is considered intermediate or moderate in
severity because in general the amplitude levels observed remained below 10
per cent. The prominent exception, of course, was the 37 per cent level ob-
served on a cold day-- an amplitude level which is severe. The second con-
clusion, then, is that the moderate instability in the Z8MAX condition be-
comes severe when the engine inlet temperature is low.

Comparing amplitude levels from channel to channel indicates that the
40O Hz oscillation has a dominent tangential component since the circum-
ferential variation in each instrumentation plane is marked. Whether the'
oscillation has a significant longitudinal component remains unclear from
the tabulated data. Since the highest amplitude point moves circumferen-
tially from the flameholder plane to the plane at the end of the screech
liner, the oscillation appears to be winding like a cork-screw along the
length of the augmentor. The Fastax movies of the instability indicate a
sloshing mode with primary oscillation activity at the outer diameter, as
is characteristic of a tangential mode. The movies also indicate that the
oscillation is a first tangential in that only two hot spots, 180 degrees
apart, stand out alternately.

Changing the flameholder and the screech liner-- at least in hot day
testing-- produced no distinctive trends in the 400 Hz oscillation charac-
teristics. The only marked peak continued to occur at Z8MAX, and the level
remained moderate. Switching to AVGAS fuel, however, caused the oscilla-
tion level to drop in all fuel zone combinations (see Tests 9 and 10 in
Tables 1l through VIl). The relative prominence of the Z8MAX condition
also diminished. Still, the PSD plots show a clear spike in the 400 Hz
range even with AVGAS,
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THE 200 HZ COMPONENT

The 200 Hz oscillation persists over a broad range of augmentor op-
erating conditions, but never exhibits markedly significant amplitude
levels, None of the fuel zone combinations-- not even Z8MAX-- have marked
effects on the 200 Hz amplitude. The maximum observed amplitude of 5.35
per cent happens to occur in the lightly augmented Z7 condition., This os-
cillation is more prominent than the 400 Hz resonance during zero augmenta-
tion, so that it might be driven by some energy source other than the aug-
mentor heat release process.

Unlike the 400 Hz resonance, the 200 Hz component does not appear to be
sensitive to engine inlet temperature. The modified flameholder, however,
appears to increase its characteristic amplitudes for all augmentor operating
conditions. The screech liner, tuned to a much higher frequency, shows no
pattern of effect. AVGAS reduces the amplitudes, but not so pronouncedly as
in the case of the 4OO Hz component.

TURBINE DISCHARGE TEMPERATURE EFFECTS

Contrary to the above discussion relative to higher inlet tempera-
ture effects, it was noted that higher turbine discharge temperatures
seemed to increase oscillatory activity at ZBMAX, During one such ex~-
amination a Z8MAX condition was established with the engine trimmed to
military specification, The 400 Hz instability was noted. When the
engine was then uptrimmed, resulting in increased turbine discharge
temperatures, the unstable condition became more pronounced-- increased
audibility in the control room and higher pressure amplitude levels from
the Kistler instrumentation, Based on the observation described above
and the effect of increased turbine discharge temperature discussed
herein, it would appear that the unstable condition at 400 Hz is sensi~-
tive to the temperature difference between the fan stream and core
stream. In both instances, an increase in this temperature difference
increased the oscillatory activity within the augmentor.

INLET DISTORTION TESTS

As the test plan indicates,a series of inlet flow distortion tests were
planned to assess the effects a distorted flow condition imposed at the en-
gine inlet might have on the combustion stability of the augmentor. Two
distortion conditions were originally planned subject to engine stall sen-
sitivity-- a 180 degrec screen over “he fan intet (Figure 7) and a 90 degree
screen (later reduced to 72 degrees, Figure 8). The screens where %-inch
square mesh of 0.072 inch wire., It was expected that this wide, uniform
mesh screen (normally used as the base support screen for attaching more
complex distortion patterns) would provide some inlet distortion but not of
such magnitude to disturb severely the normal operating characteristics of the
engine. Unfortunately, distortion screens from 180 degrees-coverage to
72 degrees-coverage were found to be too severe for the engine., The engine
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would surge when attempting to light the afterburner for every screen con-
figuration examined. Consequently, no test data could be acquired relative
to the effect of inlet distortion on augmentor stability. Although the en-
gine underwent several severe compressor surges (a condition during which

the airflow through the engine is suddenly reversed causing burner pressures
to drop to near starting pressure levels, and often resulting in combustion
gases to be expelled out the front of the engine), the engine's structural
integrity was virtually unaffected, permitting completion of nearly all test-
ing planned under the program. Turbine durability was of prime concern dur-
ing a surge condition since turbine inlet temperatures momentarily exceed
structural design limits., No severe turbine damage was noted, however; en-
gine performance remained consistent, with little or no deterioration through~
out the duration of the program. In-house testing of this TF-30 engine was
eventually terminated as a result of a major turbine failure and fuel control
problem during a retest of some selected points of interest under cold day
conditions. All test data of significance had been recorded prior to this
failure,

SPECIAL TESTS

Several special tests beyond those defined in the test plan were also
conducted to permit examination of other conditions of interest not identi-
fied early in the program, These special tests are listed below.

Test No. 1: Two special test conditions were included in the re-
port of this test to show the significant effect inlet air temperature
had upon the stability characteristics of the augmentor, The basic test
series of Test | was conducted at inlet temperatures of 49 to 51 degrees
F. The two special tests were conditions Z4 and Z8MAX, but were con-
ducted at inlet temperatures of 35 degrees F. An order of magnitude in-
crease in pressure amplitude was observed in the two special tests,

Test No. 6: At the conclusion of this test, a special test was
conducted to examine an afterburning condition in which fuel zones |,
2, and 5 were on while zones 3 and 4 were off. This condition would
provide a high temperature core (zones | and 5) and outer wall stream
(zone 2) while the mid, splitter stream would remain relatively cool
in the vicinity of the flameholder. No severe oscillation was ob-
served, although the 400 Hz and 200 Hz spikes still appeared in the
PSD analysis,

Test No, 3: At the conclusion of this test using AVGAS fuel, two
conditions were repeated-- 28MAX and Z4. These repeat conditions were
conducted, however, at higher turbine discharge temperature to investi-
gate a similar effect of increased augmentor instability activity as
observed on JP-4 fuel at elevated turbine discharge temperature levels.
Turbine discharge temperatures were increased 50 to 60 degrees during
these special tests by uptrimming the engine to a higher operating level.

Test No. 10: Two special tests were conducted at the conclusion of
this test to examine the change of stability characteristics as a result
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of afterburner fuel change (AVGAS to JP-4), The first special test

was conducted at elevated turbine discharge temperature levels using
AVGAS as the primary afterburner fuel. The second special test was
conducted at essentially the same operating conditions but using JP-4
as the primary afterburner fuel. This provided a back-to-back test of
both fuels at equal operating conditions, Some variation in augmentor
stability was observed but not as much as expected. It is possible the
high engine inlet temperature existing during these tests (67 degrees F)
may have significantly suppressed any possible activity,
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CHAPTER IV

BASIC INSTABILITY ANALYSIS OF THE TF~-30-P! AUGMENTOR

This chaptar describes the Task | study of the nominal TF=-30-Pl1 augmen-
tor design. The task was conducted in two parts: first, the NREC combustion
instability analysis was used to predict the oscillatory combustion character-
istics of the augmentor; these predictions were then correlated with the ex-
perimental results, described in the preceding chapter, and approaches for
attaining better agreement between theory and test were adduced. This basic
study of the augmentor ranges over a large number of potentially unstable
acoustic modes and over several fuel zone combinations. Three objectives
were kept in mind:

1. To determine the preferred approach for using NREC's analysis for
mixed-flow augmentors: whether they are best modelled as cylindrical
afterburners or as annular ductburners.

2, To compare predicted and observed instability characteristics in order
to check the applicability of NREC's augmentor analysis as it cur-
rently stands.

3. To identify which model parameters are most effectively varied to
improve agreement between analysis and experiment, and hence which
parameters merit most attention in the future development of NREC's
model .

The chapter reviews in sequence the ground rules for the analysis, the results
of the initial analysis, the comparison with experiments, and the input changes
for better correlation,

GROUND RULES

The initial analytical effort of Task | was to produce 100 instability
solutions, produced as follows: & fuel zone combinations; 10 augmentor duct
acoustic modes; and 2 approaches to modelling the mixed-flow configuration:
The input for these solutions was selected with little regard for some of the
details of the TF-30-Pl augmentor. For the more elusive input parameters the
initial analyses used the same values as were used with apparent success in
the earlier parametric studies of conventional afterburners. Thus the initial
analyses are best viewed as providing a rough benchmark for the TF-30-PI,
Comparison of these results with experimental data then led to more refined
input values, and hence to more refined analyses.

The five fuel zone combina.ions which were investigated were identified
in the preceding section of the report and are described in detail in Appen-
dix V. The essential characteristics of the five combinations are as follows:

1. Z4: max augmentation in the fan stream.

2. Z5: max augmentation,
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3. 26: max augmentation except for no fuel to lone 2 at the outer
diameter of the fan-- i.e., Z5 without Zone 2.

4, 27: only Zone 1 (the pilot zone) and Zone 3 in the fan stream
operating,

5., 2Z8MAX: max augmentation in the fan stream except for no fuel to
Zone 2 at the outer diameter of the fan-- i.e., Z4 without Zone 2.

The last three combinations are alike in that Zone 2, normally the second
zone to be engaged, is assumed to have the fuel blocked off. Zone 2 differs
from the other four zones in that its fuel is pre-mixed with compressor dis~
charge air, and hence prevaporized, In the initial analyses the different
fuel zone combinations were assumed to affect three of the model input pa-
rameters: the step rise in the sonic velocity at the flame-front; the
through-flow distribution downstream of the flame-front; and the magnitude
and radial variation of the chemical energy content of the fluid entering the
combustion chamber. Details of the inputs for each zone combination can be
found in Appendix V. The reader should note that in the initial analyses the
quality of the fuel (i.e., percent vaporized) at the flame-front was assumed
to be the same regardless of the zone which supplied it.

The ten acoustic modes which were celected for analysis were expected
to be the most likely to exhibit instability. The ten are described below
in terms of their dominant spatial component in the combustion chamber:

1. Mode 1: first longitudinal,

2. Mode 2: second longitudinal,

3. Mode 3: third longitudinal.

L, Mode L: first tangential,

5. Mode 5: first tangential combined with first longitudinal,

6. Mode 6: first tangential combined with second longitudinal,

7. Mode 7: second tangential,

8. Mode 8: third tangential,

9. Mode 9: first radial,

10. Mode 10: first radial combined with first longitudinai,
While this set extends over a broad frequency range-- 0 to 1100 Hz in the
afterburner solutions and 0 to 2400 Hz in the duciburner solutions-- not
all acoustic modes within this range are included. Several more longi-
tudinal modcs would have to be examined to exhaust the frequency range.

The ten that were chosen all have comparatively simple mode shapes, a con-
dition thought to be normal, if not necessary for an instability.
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The two methods for modelling the mixed=-f1ow geometry have been identi-
fied earlier in terms of the distinction between a cylindrical afterburner
and an annular ductburner. In the case of the cylindrical afterburner model
the upstream boundary was located at the turbine discharge nozzles, and the
remainder of the fan duct upstream of the boundary was represented via an
acoustic admittance. In the case of the annular ductburner model, only the
fan stream was considered, and the interface between the fan and core streams
was assumed to be an acoustically reflective boundary.

A few additional assumptions made in the initial analyses require men-
tion. The iuealized augmentor duct dimensions assumed in the acoustics
analyses are summarized in Appendix |. Raw estimates of the mroundary acous-
tic admittances were used except in the case of the screech liner; upstream
and downstream admittances are discussed in Appendix I, and the liner ad-
mittances, in Appendix V. The Mach number levels at the nozzle and at the
turbine and fan discharge are sufficiently high as to dominate the acoustic
admittances, so that the use of raw estimates for the latter is not thought
significant. Through-flow velocities were calculated from correct duct dij-
mensions, but mixing between core and fan streams was ignored; only the axial
component of the through-fiow was considered. Finally, the representation of
the steady and unsteady combustion, as mentioned above, was very simplified
in the initial analyses. Since subsequent comparison with experimental data
led to more refined combustion representation, it is easier to discuss the
input assumptions in the context of correlating analyses with tests.

A brief final preparatory remark is needed on the form of solution pro-
duced by NREC's instability analyses. NREC's model is discussed in some de-
tail in Appendix VIII, The solution for any individual acoustic mode ulti-
mately consists of three numbers: its frequency, its sustained amplitude
(zero for stable modes), and the threshold amplitude which must be exceed:d
to trigger it. The solution is developed in three steps:

I. An acoustics analysis (Program HLMHLT) calculates the frequencies,
decrements, and mode shapes of the natural acoustic modes of the
augmentor duct. The decrement represents the rate at which energy
is removed from the mode, and hence represents the rate of decay
(or, if negative, the rate of growth) of the mode.

2. An unsteady energy analysis (Program REFINE) calculates refined
values of the frequency and decrement for each acoustic mode.
These refinements, which vary nonlinearly with pressure oscillation
amplitude, account for the energy added or absorbed by the flow and
combustion processes and by surface effects ignored in the initial
acoustics analysis.

3. The nonlinear variation with amplitude produces results of the
following form from Step 2:

Filamp) = £ + a2 (amp)
S* (amp) 5,,‘ + Aﬁl(amr)

25



where the subscript designates purely acoustic tesulti, A
graphical procedure, shown below, is finally used to determine the
threshold and sustained amplitudes and the sustained frequency of
the duct mode under examination., The sustained amplitude is that
at which the energy added to and removed from the oscillation is

in equilibrium-- i.e., the amplitude at which the decrement is zero
and the slope of the decrement versus amplitude curve is positive.

o Self-Sustained
S Frequency
B N
)
-
[V /
Amplitude
Self-Sustained
A i tude
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Aamp | | tude I'(r
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S
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The functions shown are constructed from the results of Step 2.+ The
final solution for any acoustic mode can thus be put in the form of plots
like the above. The extent to which the decrement plot becomes negative
is a measure of the rate ot growth of the oscillation. Modes ftor which
the decrement plots remain positive are simply stable. Al! olher modes are
oscillatory, but only those with significant self-sustaiped amplitudes are
termed "‘unstable''. Many of the results of the TF-30-Pl solutions will be
presented in this graphical form since it displays so many salient features
of the numerical solution in a single picture.

RESULTS OF THE INITIAL ANALYSES

The baseline analyses predicted that mary of the ten modes examined
are stable for all fuel zone combinations regardless of the representation
of the mixed-flow duct, The table below summarizes the predictions for
maximum augmentation (i.e., for 25),
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Mode A/B Results D/B Results

No. Composition Stable Pa £ Stable £ £
] Ist Longitudinal Yes L9 28 Yes 3] 18
2 2nd Longitudinal Yes 105 166 Yes L8 54
3 3rd Longitudinal Yes 128 277 Yes 85 115
4 Ist Tangential NO 380 Lig Yes 280 316
5 Ist Tan, Ist Long Yes L25 L84 Yes 285 352
6 Ist Tan, 2nd Long Yes 430 562 Yes 280 395
7 2nd Tangential NO 710 762 Yes 590 626
8 3rd Tangential Yes 1060 1050 NO 840 918
9 Ist Radial Yes 967 959 NO 2600 2666
10 Ist Rad, Ist Long Yes 930 1004 "NO 2400 2675

In the table ¥ indicates a typical frequency with flow and with unsteady
combustion, and % indicates an acoustic frequency of the duct, ignoring
flow and unsteady combustion; frequencies are, of course, stated in Hz, The
observed instability was at 385 Hz.

For discussing these results in detail it is easiest to distinguish
three categories: modes predicted to be stable with both representations,
modes predicted to be unstable only in the ductburner solutions, and modes
predicted to be unstable only in the afterburner solutions.

MODES PREDICTED TO BE STABLE

The three purely longitudinal modes are predicted to be simply stable,
with logarithmic decrements in excess of 1.0. Figure 9 shows the solution
for the second longitudinal mode at full augmentation. The large decay rate
of the longitudinal modes is primarily a consequence of through-flow effects.
The large difference between the acoustic and the ''refined" frequencies is
also primarily a ronsequence of through-flow. Since the Mach numbers in the
augmentor are highest during full augmentation, the contribution of through-
flow in the tabulated results is somewhat greater than at lesser operating
conditicons. It should be remembered that the analysis ignores flow terms of
higher order than Mach number squared. Even without through-flow, however,
the three longitudinal modes are predicted to be stable since the unsteady
heat release processes themselves are stabilizing for these modes.

The other two modes predicted to be always simply stable in the initial
analyses have in common that they consist of the first tangential mode com-
bined with longitudinal components in the combustion zone. Figure 10 shows
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the solution for the combined first tangential, second longitudinal mode

at full! augmentation, Through-flow has a stabilizing effect on these

modes, and unsteady heat release excites them, These two modes are stable,
while the simple first tangential is unstable, because the longitudinal com-
ponent of their mode shapes causes the pressure oscillation amplitude level
to be low in the region of high steady heat release, just downstream of the
flame-front. Unstable Mode 4 has an oscillation amplitude peak just down-
stream of the flame-front; stable Modes 5 and 6 have their lowest amplitude
levels in this region. Figure 11 gives a picture of the mode shape of the
stable Mode 6,

MODES PREDICTED TO BE UNSTABLE [N THE DUCTBURNER SOLUTIONS

Three modes 4re predicted to be unstable in the ductburner solutions
and stable in the afterburner solutions: the two radial modes and the
third tangential mode. The two radial modes are different anly in the
presence of a higher order longitudinal component in the second of the two.
Figure 12 displays the solution for the radial mode with no longitudinal
component downstream of the flame-front, The ductburner solution has a
frequency above 2400 Hz and a decrement which barely becomes negative.

The afterburner solution has a frequency below 1000 Hz and a positive
decrement of about 0.3. The large difference in predicted frequencies be-
tween the two solutions is straightforwardly a consequence of the assump-
tions made for the ductburner: specifically, it is assumed that the inter-~
face between the core and fan streams is acoustically perfectly reflective.
Thus, in the ductburner solutions the radial wavelength is roughly the an-
nulus height of the fan stream; in the afterburner solutions the wavelength
is roughly the outer radius,

The large changes in the frequencies from the acoustic to the refined
solutions result from through-flow effects. In particular, the fact that
Mode 10 has a lower frequency than the simpler Mode 9 is a consequence of
the through-flow terms. This discrepancy suggests that the failure to con-
sider higher order Mach number terms results in an erroneous recalculation
of the frequencies with through-flow when the Mach number reaches the levels
of the TF-30-P1, namely 0.75.

The fact that no oscillations were observed in the frequency range of
2500 Hz licenses a rejection of the ductburner solutions-- at least, those °
solutions for the radiel modes in which the interface stream surface is as-
sumed to be perfectly acoustically reflective. Why the ductburner radial
modes are unstable and the afterburner radial modes are not nonetheless
requires some comment. The ductburner predictions of instability are much
more pronounced when the liner, which is tuned to a frequency a little be-~
low 2000 Hz, is assumed to be blocked. Since the liner has little effect
on the 1000 Hz "afterburner'' radial mode, the difference in their predicted
stability characteristics is greater than that shown in Figure 12 when the
liner is blocked, Most of the difference in the decrement plots of Figure
12 results from contrasting effects of through-flow., These effects are
calculated to be stabilizing in both the afterburner and the ductburner
solutions, but the magnitude of the effect is much larger in the former.
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The difference in the through-flow effects is primarily a consequence of
the high frequency in the ductburner solutions, with its resultant shorter
wave lengths being less affected by through-flow.

The third tangential mode is calculated to be unstable in the duct-
burner solution and stable in the afterburner solution. Figure 13 shows
the solutions for this mode at full augmentation. The difference in the
decrement plots of Figure 13 arises primarily from the much larger amount
of energy supplied to the pressure oscillation by unsteady heat release
in the ductburner solution. This, in turn, results from the fact that the
ductburner solution has a pressure oscillation amplitude peak in the re-
gion o highest heat release just downstream of the flame-front; the after=
burner solution has its peak two-thirds of the way downstream toward the
nozzle,

MODES PREDICTED TO BE UNSTABLE IN THE
AFTERBURNER SOLUT IONS

Two modes were predicted to be unstable in the afterburner solutions
and stable in the ductburner solutions, namely the first and second tan-
gential modes. The second tangential mode, with a frequency slightly
above 700 Hz, was calculated to be unstable at full augmentation, but
stable at such lesser operating conditions as Z8MAX. Figure |4 shows the
afterburner and the ductburner solutions for this mode.

Three features of the solution for the second tangential mode require
comment. First, the afterburner solution is predicted to be unstable at
25 and stable at Z8MAX for two reasons: the through-flow is more stabiliz-
ing with the latter zone combination, and the unsteady heat release is cal-
culated to contribute much more energy with the former zone combination.,
The second significant point is that in the ductburner solutions unsteady
heat release is calculated to have a damping, not a driving effect, largely
because of the longitudinal variation of the amplitude in the combustion
chamber. Finally, the unstable decrement level for the second tangential
mode is not severe compared to that of the first tangential mode, to be
discussed below. Indeed, the input modifications made to gain good corre-
lation between analysis and experiment for the first tangential mode suf-
fice to make this second tangential mode stable in all solutions with all
zone combinations, That is, subsequent refinement of the input, as dis-
cussed bnlow, resulted in eliminating the prediction that Mode 7 is un-
stabie al maximum augmentation,

The major predicted instability occurs in the first tangential mode
as calculated in the afterburner solution, and the predicted frequency
corresponds well with that observed in the tests (i.e., roughly 380 Hz).
Figures 15 and 16 show the instability solutions for this mode at full
augmentation and at Z8MAX respectively., The decrement levels are sub-
stantially negative, with no indication of an equilibrium amplitude level
below 30 per cent. Comparison of Figures 15 and 16 indicates that in the
initial analyses the first tangential mode is predicted to be more un-
stable-- in the sense that the mode will grow more rapidly-- in the case
of maximum augmentation. Examination of the computer output indicates
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that at Z5 the through-flow effect drives rather than damps the mode, as
at Z8MAX, Also, much more energy is calculated to be supplied by unsteady
heat release at Z5,

The fact that the first tangential mode is predicted to be unstable
in the afterburner solutions and stable in the ductburner solutions is
important below. The large difference in the decrement levels calculated
in the two types of solution results mostly from the stabilizing effect
unsteady heat release is calculated to have in the ductburner solutions.
In part, this latter difference stems from the calculated mode shapes of
the mode, as shown in Figure 17. The peak amplitude in the mode shape in
the afterburner solution occurs just downstream of the flame-front, while
that in the ductburner solution occurs almost midway to the nozzle.

COMPAR ISON _OF PREDICTED AND OBSERVED AUGMENTOR
INSTABILITIES

In summary, comparison of initial predictions with observations in-
dicates one mode with sufficient agreement to serve as a basis for further
studies. The principal unstable mode, as calculated by the afterburner
solutions, is the first tangential mode. |Its calcuiated frequency of
roughly 380 Hz compares well with the observed frequency of 385 Hz. How-
ever, the initial analyses predict higher amplitudes than were observed,
and they predict that the instability will be worse during maximum aug-
mentation while, in fact, the instability is significant only during Z8MAX
operation., These points of comparison will be discussed in more detail
below.

First, however, it is necessary to extract some major conclusions from
the simple comparison of predictions with observations, The most significant
conclusion is to reject the ductburner solutions at least for transverse
modes of instability in mixed-flow augmentors, The ductburner solutions
failed to give any indication of an instability in the 385 Hz frequency
range which was observed. Moreover, those transverse instabilities which

were predicted in the ductburner solutions did not appear at all in the
test results, No indication of higher oscillatory activity was noticed
above 600 Hz, In rejecting the ductburner solution-- and in accepting

the afterburner solution-- for transverse modes in mixed-flow augmentors,
no additional conclusions should be drawn on the proper solution for
longitudinal modes. Experimental data were not sufficient to compare the
two types of solution for longitudinal modes.

The initial analyses gave no indication of which augmentor duct
acoustic mode is being excited in the 180 Hz range. The fact that some
augmentor mode-- presumably longitudinal-- is involved in this oscillatory
activity seems obvious. However, the test data, as discussed in an earlier
section of the report, suggest that whatever mode is involved in the 180
Hz oscillation, the source of the excitation energy is not unsteady com-
bustion. In other words, this oscillation does not appear to be an
instance of combustion instability. Various suggestions have been made
as to the source of the excitation-- e.g., vortex shedding from the fan
discharge vanes or from the flameholders. However, since it was felt
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not to be a combustion instability, this oscillatory component was re-
searched no further in this program. Presumably additional analyses of
the augmentor acoustics with through-flow (and without unsteady heat re-
lease) should at least indicate which duct mode is being excited, but such
analyses were not undertaken in the current effort.

Restricting attention to the afterburner solutions, which predicted
instabilities in the first and second tangential modes, does not eliminate
all problems since no oscillation was observed in the 700 Hz range of the
second tangential mode. As remarked above, the second tangential mode is
less unstable than the first. Since the predictions above represent a very
naive view of the input to NREC's model, the fact that the second tangen-
tial mode was initially predicted to be unstable should not be considered
a8 problem at this stage. Indeed, as will be seen below, input which better
correlates the first tangential mode also eliminates the erroneous predic-
tion of instability in the second tangential,

COMPAR ISON OF PREDICTED AND OBSERVED INSTABILITY FREQUENCY

The remarkably close agreement between the observed instability fre-
quency and that predicted by the afterburner type solution is, of course,
very encouraging. This agreement is all the more notable when it is re-
called that the purely acoustic frequency of this mode is calculated to be
nearly 450 Hz, The 75 Hz reduction in the calculated frequency results
from through-flow and unsteady heat release effects, with the former ac-
counting for roughly 60 per cent of the reduction,

The observed oscillation showed some variation in peak frequency from
one fuel zone combination to another. In the more high temperature operat-
ing conditions, Z5 and 26, the observed frequency was roughly 10 Hz higher
than that observed in Z8MAX, but in some tests this marginal decrease in
frequency with Z8MAX was not noted. The analyses showed only a 2 or 3 Hz
variation in frequency from one zone combination to another when the os-
cillation amplitude was assumed to be about 10 per cent,

The main issue in deciding how to model mixed~-f Iow augmentors concerns
the acoustics of the duct. Frequency is the best parameter to use to judge
the acoustics question. Other mixed-flow augmentor modelling questions--
such as mixing between streams. velocity interactions between streams, and
interactions between the combustion processes in the two streams-- cannot
be answered at all by comparing frequencies. The close agreement in pre-
dicted and observed frequency, however, does support the conclusion that
tangential modes in mixed-flow augmentors resemble tangential modes in con-
ventional cylindrical afterburners.

COMPAR ISON OF PREDICTED AND OBSERVED INSTABILITY AMPL I TUDE

The basic analyses of the TF-30-P| augmentor did not explicitly make
any assumption regarding engine inlet temperature or augmentor inlet tem-
perature. The latter quantity physically governs the fraction of the fuel
which is vaporized upstream of the flame-front. In the basic analysis it
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was simply assumed that droplet evaporation and burning occupies 90 per
cent of the time required for combustion of a fluid particle. Thus the
predicted amplitude levels cannot readily be compared to the levels ob-
served without a more detailed account of the augmentor inlet conditions
assumed in the analyses,

The amplitude levels predicted for the 380 Hz instability are quite
large-- well above the 0.25 peak-to-mean level at which NREC's model has
ceased to be appliceble because of lack of treatment of shock losses.

The observed amplitude levels, except for the cold day tests, were less
than 0.10. Only on a cold day were amplitude levels observed comparable
to those predicted in the basic instability analyses. The comparison of
amplitudes thus poses a problem since the augmentor instability model was
primarily aimed at evaluation of sustained amplitude levels in the 5 to

15 per cent regime. The crux of the problem is a more detailed treatment
of the effects of inlet temperature on the various unsteady combustion
input parameters, A thorough examination of augmentor inlet temperature
effects is a major part of Task 11, and is hence postponed for the moment,

COMPARISON OF PREDICTED AND OBSERVED SENSITIVITY TO FUEL
ZONE COMBINATIONS

The initial afterburner solutions predicted that the first tangential
mode is unstable for all fuel zone combinations examined except Z7. More-
over, the worst condition, in terms of the magnitude of the negative decre-
ment, is 25, and the least severe unstable condition is Z8MAX. The augmen-
tor tests, however, indicate that the 385 Hz instability is peculiarly sen~
sitive to Z8MAX. Amplitude levels in other fuel zone combinations were
consistently small compared to those observed during Z8MAX. Thus the ini-
tially predicted sensitivity to fuei zone combinations is directly at
variance with observations. This descrepancy is particularly noteworthy
since the initial analyses predict that the TF-30-Pl augmentor is unstable
during normal operation-- it is not-- and that eliminating Zones 2 and §
attenuate the instability-- in fact, only by eliminating these zones does
the oscillation become severe. Thus even on qualitative grounds the initial
predictions conflict with the observed sensitivity to fuel zone combinations.

The initial analyses took a very simple view of the TF-30-P! augmentor,
In particular, the fact that the different zones have different combustion
characteristics was ignored. The discrepancy between predicted and ob-
served effects of fuel zoning raises a basic issue: How should zored aug-
mentors be represented within NREC's instability model? This issue was
given a distinctive interpretation in the investigation reported below:
what refinements of the input will most plausibly yield good agreement
on the relative effects of the different fuel zone combinations, The
problem is thus one of constructing a plausible correlation of analysis
and experiment,

CORRELAT ION OF OBSERVED AND PREDICTED FUEL ZONE EFFECTS

The objective is to correlate the calculated and the observed sensitivtty
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to fuel zone combinations by means of suitable refinements of the inputs
used in the instability analyses. As discussed in Appendix V, various
physical parameters obviously depend on the fuel zones in operation:

I. The temperature rise and hence the sonic velocity rise in the
combustion chamber,

2. The through-flow velocity distribution in the augmentor.

3. The spatial relation of the steady heat release to the pressure
oscillation mode.

L. The average quality of the fuel at the flame-front,

The first of these, the sonic velocity increase in the combustion chamber,
causes the first tangential mode shape to be slightly different from one
fuel zone combination to another. Close inspection of these differences,
however, indicate that they are of little significance in determining
which fuel zone combination supplies the most energy to the pressure os-
cillation. The other three physical effects of different fuel zones being
in operation are discussed separately below.

THE EFFECTS OF AVAILABLE COMBUSTION DRIVING ENERGY

The gross chemical energy level at which the augmentor operates cor-
responds essentially with the augmentor fuel flow rate (below stoichio-
metric conditions). The energy available to drive any particular acoustic
mode, however, depends additionally on the distribution of the fuel (radially
and circumferentially) relative to the spatial distribution of the acoustic
mode in question. In particular, putting more fuel into regions of large
Pressure oscillation has a more pronounced effect on an acoustic mode than
putting more fuel into regions of low pressure oscillation. In mathematical
terms we can formalize this feature of the available driving energy by means
of the following equation:

AVAILABLE DRIVING ENERGY = fflz E EEFlt dnde (1)

where fi is the radial component of the mode shape, Fy is the circumferen-
tial component, and E, a function of fand @, is the mean energy content
per unit mass of the fluid at the flame-front. Here the available driving
energy, A.D.E., is defined specifically with reference to an acoustic mode

and to a mean or steady fuel distribution.

The question, then, is how do the various fuel zone combinations affect
the available driving energy for the first tangential mode of the TF-30-P]
augmentor. The table below summarizes the answer to this question, the de-
tails of which can be found in Appendix V,
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Total Augmentor Availabie Driving

Zone Zones in Fuel Flow Energy for Mode 4
Combination Operation (1bm/hr) (ftzasecz x_109)

Zh 1,2,3,4 27,000 69.5
Z5 1,2,3,4,5 32,000 107.8
26 1,3,4,5 33,000 103.5
7 1,3 12,000 10,2
Z8MAX 1,3,k 21,000 Lo.6

The higher total fuel flow in Z6 than in Z5 is caused by the TF-30-P]
fuel control system when Zone 2 is blocked.

The available driving energy for the first tangential mode thus de-
creases from Z5 to Z6, ZL4, Z8MAX, and finally Z7. This sequence is the
same as that of the predicted negative decrement values. In other words,
the changes in the available driving energy correlate with the initially
predicted severity of the instability,

The_que-tion is: Can plausible modifications of the radial distribu-
tion of E lead to Z8MAX having more available driving energy than the other
fuel zone combinations? If it can, then the originally predicted sensitivity
to fuel zone combinations can be accounted for in terms of erroneous assump-
tions as to the fuel distribution at the flame-front, A quick glance at the
preceding table, however, indicates that no such plausible modification can
be made. The assumed fuel distributions may be somewhat in error, but not sg
much that Z8MAX can have more available driving energy than 25 or 26. The
answer to the fuel zone sensitivity problem must be found elsewhere. The
differences in the available driving energy, rather than solving the problem,
indicate how difficult the solution will be.

THE EFFECTS OF THROUGH-FLOW VELOC ITY

Different features of the through-flow velocity distribution in the
combustion chamber have different effects. In particular, higher accelera-
tion rates in the combustion chamber theoretically stabilize, but higher
average velocities in the combustion chamber tend to drive tangential modes.
These theoretical trends must be viewed with caution, however, since they
are derived by ignoring higher order Mach number terms-- i,e., they assume
low Mach number levels, The TF-30-Pl, at least at high levels of augmen-
tation has high Mach number levels., Thus the manner in which NREC's model
accounts for through-fiow effects may be suspect for such high augmentation
levels as ZL, 25, and 26,

The different through-flow velocity distributions with different fuel -

zone combinations are described in Appendix V., The consequences of these
different distributions are indicated in the table on the following page,
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Fuel Zone Mach No, at ~A Decrement Decrement w/o

Combination Nozzle Inlet from Through-flow Unsteady Combustion
Z4 0.72 +0, 04 0.05
25 0.82 -0.08 -0.02
26 0.78 -0.12 -0.02
77 0.46 +0.20 0.28
Z8MAX 0.63 +0.13 0.12

The main point of this table is that through-flow excites the first tan-
gential mode during Z5 and Z6; damps the mode during Z7 and Z8MAX; and
has little net effect on the mode during Z4, Indeed, the right-hand
column indicates that the first tangential mode is predicted to be un-
stable even when unsteady combustion effects are entirely ignored.

It is at least plausible that the initial erroneous prediction that
Z5 is the worst operating condition results from an erroneous estimate
of the through-flow effects at 25, The claim would be that NREC's mode]
ignores flow terms of higher order than Mach number squared; but in the
TF-30-Pl such higher terms need to be taken into account. The correctness
of this claim is difficult to decide without a more powerful analysis of
the through-flow effects. Since revisions of the model to account for
higher order flow terms was far outside the scope of the contracted effort,
this possible explanation of the fuel zone combination sensitivity was
examined no further. It remains a hypothesis for future investigations,

THE EFFECTS OF FUEL QUALITY

The fuel supplied by the five fuel zones of the TF-30-Pl does not
vaporize at a uniform rate. Three vaporization characteristics can be
distinguished:

l. The fuel from Zone 2 is pre-vaporized prior to injection into
the fan stream,

2. The liquid fuel from Zones 1 and § is injected into the hot core
stream and vaporizes quite rapidly.

3. The liquid fuel from Zones 3 and 4 is injected into the cold fan
stream and vaporizes more slowly.

In the initial analyses of the TF-30-Pl augmentor, droplet vaporization
and burning mechanisms were the only coupling mechanisms taken into
account. These necessarily are very sensitive to the rate of vaporiza~
tion of the fuel. NREC's model, however, can recognize only a single
rate across the entire face of the augmentor, Thus, in the case of a
zoned augmentor it is necessary to specify a single vaporization charac-
teristic which represents an ''average'' over the various zones. The
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question of how to define this average occupies the remainder of thisl§ec-
tion of the report. The background of the question will be reviewed first,
then the question will be resolved.

NREC's instability model has been developed in terms of two key com-
bustion parameters: E , the chemical energy content (per unit mass? of
the fluid at the flame-front; and 7" » the characteristic time required
for combustion, How these parameters fit into the over-all model is dis-
cussed in detail in Appendix VIIl, Suffice it to say here that while E
and T are physically inter retable, they cannot simply be assigned values
from standgFﬁ_EUEEE%TSF'HagTEF_Tﬁ?ormation. Properly designed experiments
are needed to characterize £ and T in terms of augmentor design variables.
In particular, £ and T need to be characterized in three ways:

P A (5 5)

That is, the oscillatory components of Efand T and the mean component of
T= are all thought to be sensitive to pressure and velocity oscillations,
The three functions indicated define the effects of coupling mechanisms on
Eand T . Likely candidates for coupling mechanisms in augmentors are
droplet atomization, vaporization, and burning, chemical kinetics, and tur-
bulent mixing, NREC's instability model was not formulated to include such
functions as f" » etc,, specifically because it was felt that the likely
coupling mechanisms are not amenable to a theoretical analysis,

In order to perform calculations with NREC's instability model some
specific functions must be chosen, however crude and hypothetical., In
the initial analyses of the TF-30-P1, NREC assumed a very simple model of
droplet vaporization to provide, as it were, working hypotheses for these
functions, The fluctuating component of E was defined as follows:

’ / / ’

E..%8_ (-a[m ¥ 3)
E~- Vv F 2 LA, " ¥ P linecror

where Q. is the fraction of the fuel remaining in droplet form at the

flame-front (here it is assumed that all vaporization between the in-

jectors and the flame-front takes place instantaneously at the injectors),
The components of 7" are defined as follows:
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where Tq is the ''design'' characteristic time-- the time without fluid os-

cillations, The two coefficients, Eﬁ and C9, vary nonlinearly with the
amplitude of the pressure oscillation as follows:

R ' lp’/FJ V2.

C = — 215 Tea 17 ' (5)
! L0 +0.3 b R |F/p|"
Ve | o)V
_ _1l0+03 Relgz}F/FJ:LL = (6)

Lo+ 0.3 Ry* |P/p |

/
where qu is the droplet Reynolds number based on the sonic velocity,
and b is the fraction of the design time not taken up by droplet evapora-

tion; i.e.,
Te
ED = (/'.C>" ;; ) (7)

where Tg is the time required for evaporation without pressure oscilla~
tions,

Three variables must accordingly be assigned values in order to
compute the stability of the TF-30-Pl augmentor: @ , the fraction of
the fuel remaining in droplet form at the flame-front; b, the fraction
of the design time not taken up by droplet vaporization; and R;;, the
droplet Reynolds number based on sonic velocity, All three of these
parameters pertain to steady or mean combustion.

In the initial analyses of the TF-30-Pl these variables were simply
assigned the same values as were used in the earlier parametric studies
of conventional afterburners (Ref 2). The fact that the TF-30-Pl aug-
mentor is zoned was simply ignored, and the values were thought to remain
the same regardless of the zone combination in operation, The values as-
signed were as follows:

Q =0.5
b =o0.1

R.;= 104

The results described above were computed with these values assumed in
all solutions: for all modes, for all zone combinations, and for
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afterburner and ductburner models. This approach is obviously faulty
since it fails to recognize the gross differences in the fuel vaporiza-
tion characteristics from zone to zone. The need to account for the
effects of individual zones was accordingly hypothesized to be the source
of the erroneous prediction that Z5, not Z8MAX would produce the worst in-
stability,

Three steps were taken in constructing a model of the zoned combus-
tion of the TF-30-Pl. First, the key combustion coefficients were de-
fined in terms of weighted averages of the coefficients of each zone., That

&= (38 m) [
&= (& mp)/ 55 ®

Nns

a = (g a 7?4")/2/ ny,

where the superscript N designates a zone, and 6"55 the combustion co-
efficient of that zone taken individually; M}is the fuel flow rate in
the zone. Constructing the model input parameters by such averaging
should always be the rule for zoned augmentors,

The second step was to assign values to a, b, and Rey in each zone,
The droplet Reynolds number was still assumed to be IOA, and the other
two quantities were defined as follows for the hot day tests:

a b
Zones 1, 2, 5§ 0.0 0.0
Zones 3, 4 ‘ 0.6 0.9

Here it was assumed that the zones do not affect one another; each zone
has its unique combustion properties regardless of which other zones are
in operation. With these assumptions the instability model predicts that
Z5 and Z8MAX produce the same level of instability (the same value of
negative decrement), and all other zone combinations are less severe,

The third step is to recognize that the zones do affect one another,
Consider the rate of vaporization of fuel injected in Zones 3 and 4 into
the fan stream. |If only Zones 3 and 4 are in operation, their fuel will
vaporize quite slowly, The introduction of Zone | increases this rate to
that which occurs during 27 and ZEMAX. This rate further increases when
Zones 2 and/or 5 are in operation since they heat the portion of the fan
stream into which the fuel from Zones 3and 4 is injected., These con-
siderations led to the revised values of b for Zones 3 and 4 which are
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tabulated below (for hot-day conditions):
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The point of the diagrams is to indicate that combustion in Zones 2 and 5
accelerates the rate of vaporization in Zones 3 and L by heating the fan
stream in the region of Zones 3 and 4.

The values of b chosen for Zones 3 and 4 are those needed to achieve
qualitative agreement with the observed sensitivity to the fuel zone com-
binations, That is, with these values the instability solutions of the
first tangential mode indicate the instability is severe with Z8MAX and
is either markedly less severe or non-existent with the other zone com-
binations, Figures 18 through 22 show the revised instability solutions
for the first tangential mode for Z4, 25, 26, 27, and Z8MAX, respectively,

The results shown in Figures 18 through 22 agree only qualitatively
with the observed fuel zone sensivity. MNone of the solutions yields a
value of sustained amplitude. In the tests a low level sustained ampli-
tude was observed in zone combinations other than Z8MAX, while that in Lhe
latter combination ranged from 0.10 on hot days to 0,37 on cold days. To
account fully for the observed trends it is necessary for the model's solu-
tion for amplitude to be improved. This effort will be discussed in trhe
next section, as part of the parametric studies. Subject to the provision
that all the decrement curves of Figures 18 through 22 are misshapen (in
that they don't turn back toward the zero decrement axis), the revised
treatment of the TF-30-Pl zoned configuration is considered to correlate
with the observed zone combination sensitivity,

These changes to the input procedures for the TF-30-Pi augmentor have
an additional felicitous consequence. The second tangential mode was
originally calculated to be unstable at full augmentation. Once the in-
dividual zones are treated separately, however, and interactions among
zones are taken into account, this mode is predicted to be stable. Figure
23 shows the instability solution for the second tangential mode with the
revised Z5 unsteady combustion input. The fact that this mode is now pre-
dicted to be stable removes the major discrepancy between predicted and
observed oscillation frequencies in the case of the afterburner solutions.

CONCLUSIONS OF THE BASIC STUDIES

Three major conclusions were reached-- two about NREC's model and one
about the TF-30-Pl-- during the basic studies:
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At least for transverse modes the cylindrical afterburner model
should be used to calculate the stability of mixed-flow augmen-
tors, No conclusions are warranted on longi tudinal modes at this
time,

In calculating combustion parameters for zoned augmentors, each
zone should be treated individually, and the input parameters
should be obtained by averaging over the zones according to the
amount of fuel in each, |In calculating combustion parameters
for the individual zones, the effects of other zones must be
taken into consideration; the individual zones should not be
treated as if they are isolated from one another, In general,
the basic studies of the TF-30-P) suggest that more accurate
representations of the steady combustion lead to more accurate
predictions of instability trends.

The key reason for the observed instability becoming significant
only in Z8MAX is that only with this fuel zone combination are
two conditions met: the available driving energy is great enough),
and the rate of vaporization of the liquid fuel in Zones 3 and &4
is slow enough, This insight into the basis for the observed in-
stability is, of course, a conjecture deduced from the analyses,
not an established experimental fact,
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CHAPTER V

PARAMETRIC STUDY OF INSTABILITY IN THE TF-3G-P1 AUGMENTOR

The TF-30-Pl augmentor tests included three modifications of the
nominal augmentor in order to examine the effects of design changes on
augmentor instability:

1. 70 per cent of the perforated screech liner was blocked off.

2. An alternative flameholder was used, in which the middle vee-
gutter ring is 9 inches farther downstream than that of the
standard flameholder,

3. AVGAS was used in the augmentor rather than JP-4,
Instability analyses were conducted in parallel with these changes.

Other variables worth examining parametrically car2 to light during
the test program. First, engine inlet temperature wa. noted to have a
dramatic inverse effect on the instability amplitude sustained during
Z8MAX operation. Second, the core stream temperature was increased to
see whether it too would reduce the amplitude level in a manner analogous
to an increased engine inlet temperature. Finally, a Z8MIN condition was
tested to see how sensitive the instability is to the fuel flow rate in
Zone 4,

Comparison of hot and cold days and of AVGAS and JP-4 revealed more
clearly what problem is behind the poor correlation between the observed
and the initially predicted sustained amplitude levels. The final effort
of Task Il was devoted to an examination of the mechanisms and parameters
which govern the sustained amplitude level of the 385 Hz instability. The
Task || parametric study thus included four sensitivity investigations.

l. Sensitivity to Augmentor Geometry Modifications,

2. Sensitivity to Fuel Type and Flow Rate Variations.

3. Sensitivity to Augmentor Inlet Temperature.

L. Factors Governing Sustained Amplitude Levels,

These four are discussed in separate sections below after review of the

ground rules of the studies.

GENERAL RULES FOR THE PARAMETRIC STUDIES

As in the Task | basic study of the augmentor, the effort in the
parametric study was divided into two parts: first, an analysis of the
modi fied augmentor s-rved to predict the oscillation amplitude and
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trequency changes; tihe.n predictions were then compared with the test re-
sults, and modificatiovss of the input data were examined in pursuit of
better agreement between calculated and observed trends. The parametric
study concentrated on the dominantly unstable first tangential mode.
Typical longitudinal and radial modes were also examined to see if engine
modifications were predicted to affect the stability of these modes.

Since the afterburner type solution was established to provide the best
approximation of the mixed-flow augmentor, this solution alone was used

in treating the transverse modes. Input was prepared with recognition

of the separate fuel zones of the TF-30-Pl, as described in the preceding
chapter. In particular, all unsteady combustion parameters were calcu-
lated by averaging over the zones, and the coefficients of individual zones
were calculated initially by means of droplet vaporization formulas as pre-
sented in the preceding chapter (see Appendix VIIl for a full discussion).

The correlation between analysis and experiment in the parametric
study concentrated initially on the trends which result from engine pa-
rameter modifications. Efforts to correlate the absolute levels of pre-
dicted and observed amplitude were postponed until the final stage of
the parametric study. The reasons for this postponement should be clearly
understood, Although NREC had previously examined two turbojet after-
burners, the TF-30-Pl provided the first opportunity to check instability
predictions against thorough test data. Since NREC's model is recognized
to require experimental development of coupling mechanism models, the study
of the TF-30~-P1 further provided the first opportunity to check on what
sort of coupling mechanism models are required for acceptable amplitude
predictions in the case of current augmentors. Thus, in addition to the
goal of checking the instability model's usefulness in evaluating design
changes, the parametric study also took note of the goal of a better in-
sight into the unsteady combustion mectanisms which govern augmentor in-
stability.

SENSITIVITY TO AUGMENTOR GEOMETRY MODIFICATIONS

Two geometry modifications were examined. Neither the blocked liner
nor the alternate flameholder was calculated to affect the stability
characteristics of the TF-30-Pl, This predicted lack of effect compares
favorably with experimental evidence, since neither of the geometry changes
appear to affect the observed instability frequency, amplitudes, and sen-
sitivity to fuel zone combinations. Details of the geometry studies are
discussed below.

SENSITIVITY TO SCREECH LINER LENGTH

Three of the six engine tests had the perforations blocked off along
the upstream 70 per cent of the screech liner. In analytical terms this
represented a 70 per cent reduction of the screech liner length. In the
nominal configuration the screech liner is 33 inches long, 6 inches of
which extend upstream of the center vee~gutter ring. The liner of this
engine is designed for maximum absorption at a frequency near 2000 Hz,
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and the blocking of the perforations did not alter the liner frequency.
The details of the liner geometry can be found in Appendix I},

In the NREC analysis the screech liner is represented by an acoustic
admittance ratio (a complex number, the real part of which pertains to
damping) which varies with oscillation amplitude and frequency. The
acoustic admittance of the TF-30-P] screech liner is discussed in Appen-
dix Itl. In the parametric analyses the liner modification was assumed
to make the outer wall perfectly reflective except over the short portion
of the screech liner where the perforations remained unblocked.

The reduction in the length of the screech liner was calculated to
have no effect on the 385 Hz first tangential instability (sec Figure 24).
The frequency of the instability was changed by only 1.3 Hz, and the dec-
rement was decreased by only 0.06 for a 10 per cent and by 0,03 for a 25
per cent peak-to-mean amplitude level. Given the high amplitude levels
predicted for this unstable mode, the liner was found to have no effect on
the self-sustaining amplitude and only a slight effect on the threshold
amplitude (an increase of 1 per cent).

Tests 1, 8B, and Y .sed the partially blocked screech liner, and Tests
6, 7, and 10 used the standard liner. Examination of the amplitude data
shows no particular trend with the reduction of the liner length. Some
channels have a Tower 400 Hz amplitude with the complete liner, but others
have a larger amplitude. The variation from test to test is similarly
inconclusive. Since no cold day tests were conducted with the complete
liner, the effect of reducing the liner length on high amplitude oscilla-
tions was not determined.

In summary, the TF-30-Pl liner turns out to be irrelevant to the
oscillations which were successfully sustained in the augmentor. Future
studies will be needed to determine how well NREC's instability model

accounts for changes in screech liner design.

SENSITIVITY TO FLAMEHOLDER MODIF ICATIONS

The alternate flameholder, tested in Tests 7 and 8, differs in two
ways from the standard TF-30-Pl flameholder:

1. The outer vee-gutter ring is perforated in such a way as to in-
troduce a small component of swirl around its circumference.

2. The central vee-gutter ring is roughly 9 inches farther down-
stream than in the standard vee-gutter:

Both flameholders use the same size vee-gutter elements and the same num-
ber of radial elements between rings.
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NREC's augmentor instability analysis was originally developed to
permit the flameholder to be accounted for in three ways: in terms of
the flame-front position, of the flameholder acoustic impedance, and of
the vortex shedding from the vee-gutters. To date, however, no techniques
for calculating flameholder impedance and vortex shedding inputs have been
devised. All instability calculations to date, both for the two turbojet
afterburners and for the TF-30-P1 augmentor, have ignored the flameholder
geometry except insofar as it governs the axial position of the flame-front.

The instability analyses positioned the flame-front, rather arbitrarily,
midway between the upstream and the downstream vee-gutter rings. The con-
sequence is that the modified flameholder produces a roughly 5 inch down-
stream shift of the flame-front position. This change in the input affects
both the acoustic modes and the instability calculations. Nevertheless, the
over-all instability characteristics of the augmentor were calculated to be
insensitive to this shift of the flame-front. The principal unstable mode
has a relatively flat longitudinal component, so that no effect should be
anticipated. The longitudinal and radial modes examined in the parametric
study incur little change in the longitudinal component-- less change than
occurs with variation of fuel zone combinations.

The test results using the modified flameholder similarly displayed no
effects on the principal unstable mode. Again the variations in the data
from Test | to Test 8 and from Test 6 to Test 7 have no pattern, and hence
are more likely to be produced by other differences from test to test. The
predicted and observed trends with the alternative flameholder thus compare
favorably, but this fact in itself is inconclusive. The study cannot clarify
how important a more thorough, detailed model of the flameholder is to the
accurate prediction of instabilities. More radical changes of flameholder de-
sign than those examined in the current program will doubtlessly be required
if sensitivities to flameholder geometry are to become obtrusive,

SENSITIVITY TO FUEL TYPE AND FLOW RATE VARIATIONS

NREC's model of the unsteady heat release distribution is stated in
terms of four parameters, two of which (density and convection velocity)
depend only on fluid flow conditions, but the other two of which (Eand T )
depend also on the properties and the distribution of the fuel., Since E
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(the enerygy content of the fluid) and T° (the characteristic time of com-
bustion) are the parameters which are least susceptible to a thorough
theoretical definition, the TF-30-Pl test program included some unusual
variations specifically aimed at highlighting the effects of fuel on an
instability., The various zone combinations which were tested have al-
ready been discussed in the preceding chapter. Once an instability was
observed with full fuel flow in Zones 1, 3, and 4 (i.e., during Z8MAX),
data were also recorded with Zone 4 barely in operation (i.e., during
Z8MIN) to see how sensitive the instability is to the Zone 4 fuel flow
rate. Similarly, the presumption that droplet vaporization and burning
mechanisms are likely to be significant in the augmentation of fan
streams encouraged examination of different fuel volatility, The engine
was tested with AVGAS in the augmentor to see how a more volatile fuel
affects the observed instability, The parametric studies described be-
low parallel these two test variations. In general terms, the analyses
predict that negligible oscillatory activity will occur in the augmentor
during Z8MIN operation and during all opération with AVGAS, The ana-
lytical predictions thus correspond precisely to the results observed in
the tests,

SENSITIVITY TO ZONE &4 FUEL FLOW RATE

Since the 400 Hz oscillation showed a significant increase in ampli-
tude at the Z8MAX condition as compared to the 27 condition, an interme-
diate fuel zone condition was tested. The Z8MIN condition has less fuel
flow than the Z8MAX condition in each fuel zone. Compared to the 27
condition, the Z8MIN has 92 per cent of the fuel flow in Zones | and 3.

The analysis of the Z8MIN condition involved only an alternative
radial distribution of £ , the mean energy content of the fluid., The
other parameters affected by the zoning-- the sonic velocity rise and
the axial velocity distribution-~ do not differ from those of Z7 suf-
ficiently to warrant a completely separate set of input for Z8MIN. The
analytical results for Z8MIN indicate that the principal tangential mode
is simply stable. The level of the unsteady combustion driving of this
mode is not sufficient to overcome the damping produced by through-flow
effects until the Zone L4 fuel flow rate approaches its maximum value.

The test data for Z8MIN generally show a slight increase in 400 Hz
oscillation amplitude over that of Z7., Typically, Z8MIN amplitudes are
a factor of 2 greater than those of 27, while Z8MAX amplitudes are a
factor of L greater than those of Z8MIN. The analysis thus compares
well with the test results,

The study of the Z8MIN fuel zone combination enhanced the under-
standing of the conditions which govern the 385 Hz instability observed
in the test program. The analyses indicate that three conditions must
be satisfied for this instability to occur:

1. The available driving energy for the first tangential mode must
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be sufficient to overcome the inherent damping of the mode pro-
duced by losses at the nozzle and, at some operating points, by
through-flow,

2. The fuel supplied by Zones 3 and 4 into the fan stream must not
be completely vaporized upstream of the flame-front.

3. The rale of fuel vaporization downstream of the flame-front in
Zones 3 and L4 must not e:ceed some limits (the exact rate of
vaporization at which the instability amplitude becomes negli=
gible cannot be defined with confidence at this time).

The study indicates that at Z8MIN the available driving energy for the
first tangential mode is not sufficient to produce an instability.

There is simply not enough fuel flow to drive the instability. It will
later be seen that in the case of AVGAS the second condition is not sat-
isfied. In the preceding chapter it was noted that failure to satisfy
the third condition explains why the instability is minor during Z4, Z5,
and 26 operation.

SENSITIVITY TO AVGAS

Tests 9 and 10 were conducted with AVGAS rather than JP-L4. Because
of fuel pump limitations, the Z5 and 26 conditions .could not be tested
with AVGAS, and some doubt remains whether ZBMAX was fully achieved,
though the Z8MAX fuel flow rates are essentially the same as with JP-L,
The precise question in the study of AVGAS is what effect the more vola-
tile fuel has on the Z8MAX sustained oscillation. In the tests, as
described in Chapter Ill, the effect was to eliminate the oscillation
for practical purposes. The amplitude level never exceeded 2 per cent
during operation with AVGAS,

The comparative volatilities of AVGAS and JP-4 are discussed in de-
tail in Appendix IV, They differ in two crucial respects. First, for a
two atmosphere vapor pressure the boiling point of AVGAS is 185 deg F, and
that of JP-4 is 260 deg F. Second, the distillation band of JP-4 is much
wider than that of AVGAS: specifically a 200 deg F temperature rise is
required to go from 10 per cent to 90 per cent distillation of JP-4, while
a 100 deg F rise is required in the case of AVGAS. In other words, AVGAS
begins vaporizing at a roughly 75 deg F lower temperature, and it is com-
pletely vaporized at a roughly 175 deg F lower temperature than JP-4 when
the augmentor is operating at 2 atmospheres.

During most JP-L4 tests and during all AVGAS tests '‘warm day' condi-
tions prevailed. In particular, during Tests 6 (with JP-4) and 10 (with
AVGAS) the fan discharge temperature for Z8MAX testing was 210 deg F.
The fan stream is heated by convection along the core engine length and
by mixing with the core stream in the region immediately upstream of the
flameholders. It was accordingly assumed that during Tests 6 and 10 the
vaporization of the Zone 3 and 4 fuel upstream of the flame-front is
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governed by a roughly 300 deg F fluid temperature. At this temperature
AVGAS is essentially 100 per cent vaporized upstream of the flame-front,
and JP-L is only 40 per cent vaporized.

The instability analyses for AVGAS therefore assumed a value of 0,05
for X in Equations 5 and 6 of the preceding chapter, so that Zones 3 and
L do not differ markedly from Zones 1, 2, and 5 when AVGAS is used. The
results of the analyses for Z8MAX with AVGAS are indicated in Figure 25,
The first tangential mode is predicted to be simply stable. The predic-
tions agree with the data,

The experimental and analytical comparison of JP-U4 and AVGAS proved
particularly instructive on the question of what mechanism governs the
385 Hz instability. Three coupling mechanisms are considered likely to
govern unsteady combustion in augmentors: turbulent mixing, chemical
kinetics, and droplet vaporization (including atomization and burning),
Changing from JP-L4 to AVGAS should have negligible effects on turbulent
mixing and on chemical kinetics. The only mechanism likely to be affected
is droplet vaporization and burning, The fact that both the experiments
and the analyses showed a dramatic reduction in the instability when AVGAS
replaces HP-U4 is persuasive evidence that the 385 Hz oscillation depends
on droplet mechanisms for its driving energy, Substituting AVGAS for JP-4
in a conventional turbojet afterburner, with turbine discharge temperatures
above 1000 deg F, would not be expected to affect instabilities. But since
the fan discharge temperature is in the distillation range of AVGAS and
just below the boiling point of JP-L, droplet mechanisms should simply be
expected to play a large role in the TF-30-Pl fan stream augmentation,

SENSITIVITY TO AUGMENTOR INLET TEMPERATURE

By chance, one set of TF-30-Pl tests were conducted during the early
spring of 1971-- early enough that the engine inlet temperature was com-
paratively low. These tests were conducted with the objective of finding
some operating condition at which the augmentor becomes unstable, On
that cold day when the severe oscillation was discovered during Z8MAX
operation, data were recorded. These data were largely ignored at the
time, however, since the engine was to be thoroughly tested again with
the zone combinations examined in a planned sequence. When the ''official'
testing began and the data were reduced, the level of instability proved
to be disappointingly low. Examination of the cold day tests revealed a
decrease in amplitude level from roughly 110 psi to roughly 13 psi in
going from cold days to warm days. All of the remaining tests were con-
ducted during the summer. An effort to conduct additional cold day test-
ing during the late fall had to be abandoned following an engine failure,
The one set of cold day results thus stand alone, unsupported by ad-
ditional test data.

Once it was recognized that augmentor inlet temperature has a dramatic
effect on the TF-30-PI| instability, some special tests were conducted to
see whether an increase in turbine discharge temperature altne has any
effect,
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Parametric studies were conducted of both the fan and the turbine dis-
charge temperatures. In summary, the instability model predicted that
tower fan discharge temperature would intensify the first tangential in=
stability, but that higher turbine discharge temperature would have neg-
ligible effect in the range tested. These predictions agree qualitatively
with the test data, Efforts to secure a more quantitative agreement, in
terms of the amplitude levels sustained on cold and warm days, are dis-
cussed later in the chapter,

SENSITIVITY TO HIGHER TURBINE DISCHARGE TEMPERATURE

The special tests conducted in Tests 9 (with AVGAS) and 10 (with JP=4)
had a 50 to 70 deg F increase in turbine discharge total temperature--
e.g., from 1180 to 1250 deg F. In Test 9 with AVGAS a roughly 5 per cent
increase in the amplitude level of the 358 Hz oscillation was observed.
The test with JP-4 indicated no clear trend when compared with the com-
parable Z8MAX run of Test 6. A slightly more pronounced increase of the
200 Hz oscillation was observed in both cases with the higher temperature.

Increasing the turbine discharge temperature would appear to influence
only two model parameters. The Mach number in the combustion chamber is
slightly increased, and the rate of vaporization of the liquid fuel in
Zones 3 and 4 is somewhat increased because of greater heating of the fan
stream by the hotter core stream. But the 60 degree temperature increase
actually achieved in the tests is simply too small to warrant revisions of
the parameter values in question. The uncertainty with which these values
are known exceeds any change in them from the higher turbine discharge tem-
perature. Thus the analytical examination of this engine test variation
proved inconclusive. This result does not really differ from that of the
experimental examination.

SENSITIVITY TO REDUCED FAN DISCHARGE TEMPERATURE

As remarked in connection with AVGAS, the fan stream temperatures of
the TF-30-P1 tests fall quite close to the boiling point of JP-4, Since
JP-L has a wide distillation band, variations in fan discharge temperature
are likely to produce significant variations in the fraction of JP-k from
Zones 3 and 4 which is vaporized upstream of the flame-front, Thus on
purely heuristic grounds the increase in oscillation amplitude from 10 to
37 per cent on cold days is not counterintuitive.

The cold day tests have a fan discharge temperature of 178 deg F,
which is 25 deg F below that of the corresponding warm day tests. In the
parametric analyses the fan stream temperature at the flameholders was
assumed to be 270 deg F on cold days and 300 deg F on warm days. The key
parameter which changes is 4, the fraction of the fuel remaining in drop-
let form at the flame-front, In analyzing the warm day condition 60 per
cent of the fuel from Zones 3 and 4 was assumed to be unvaporized; for
analyzing the cold day condition, the value of a for Zones 3 and 4 was
assumed to be 1.0, The latter value may be a slight exaggeration since
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the boiling point of JP-4 at two atmospheres is about 260 deg F, but for
purposes of the parametric studies greater accuracy is not needed,

The increase in the liquid fraction of Zones 3 and 4 produces a pro-
portional increase in the oscillatory energy produced by droplet vaporiza-
tion mechanisms. In terms of NREC's model the coefficients governing £’
and T° are both affected:
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where the average liquid fraction, & , is obtained from the values of
the individual zones:
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An increase in  thus increases the amplitude of TJ/i:, but its effect on
E’/E depends on the comparative importance of fluid oscillations at the
flame-front and at the fuel injectors. Since /7 is usually the dominant
term governing the oscillatory heat release rate, the above equations in-
dicate that increasing the liquid fraction of the fuel will in general
produce a greater oscillatory heat release rate for a given pressure os-
cillation., But whether the oscillatory heat release rate drives or damps
the pressure oscillation depends on the phase lag between then, Thus,
increasing the liquid fraction does not necessarily make a mor: more un-
stable. The rest of the NREC model is needed to determine whether the
resulting intensification of the heat release rate oscillation drives or
damps each mode.

The point here is that it is not a trivial consequence of NREC's
model that on cold days the TF-40-P| is predicted to have a more severe
385 Hz oscillation than on warm days. As Figure 26 shows, the model does
predict a significantly more negative decrement on cold days, The results
shown in the figure are for Z8MAX. The comparable result for Z4 on a cold
day similarly shows a more negative decrement, Indeed, Z4 on a cold day
has a negative decrement which is roughly 75 per cent of that of Z8MAX on
a warm day. In other words, the instability solutions yield two qualita-
tive predictions:

I. The 385 Hz oscillation is more intense on cold days than on warm
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days. The intensification holds for each fuel zone combination,
but it is most dramatic in the case of Z8MAX, for which Zones 3
and 4 play a dominant role,

2. On a cold day the 385 Hz oscillation is intensified during Z4 op-
eration to the point that it approaches the level predicted for
Z8MAX on warmer days,

A glance at the data, shown for example in Table VI, indicates that these
two qualitative trends predicted by the model are precisely the trends
which were observed. On a cold day the Z8MAX instability is much more
severe, and the Zk oscillation reaches the order of severity of the Z8MAX
instability on a warm day, The ZL zone combination was chosen for the
comparison because it is the only one other than Z8MAX for which cold day
data are available,

The conclusion, then, is that NREC's instability model, supplemented
by simple droplet vaporization formulas, does predict the direction of
the effect of a reduced fan discharge temperature. The solutions in Fig=-
ure 26, do not, however, predict sustained amplitude levels, so that
comparison must be made in terms of a physically more elusive variable,
viz, the negative decrement or growth rate of the oscillation. Since the
analytical solutions do not determine a sustained amplitude, we have not
predicted what was observed, namely a reduction of sustained amplitude
levels as fan discharge temperature increases. The problem of predicting
amplitude levels rather than just oscillation growth rates is discussed
in the remainder of this chapter.

PREDICTING THE SUSTAINED AMPLITUDE LEVELS

The problem is easy to define. The observed amplitude level during
Z8MAX operation was below 10 per cent on warm days and above 35 per cent
on cold days. The calculations, based on a simple droplet vaporization
model, predict that the amplitude level-- whatever it may be-- exceeds
30 per cent on both warm and cold days. The key fault in the calculated
results is not simply their failure to predict the lower amplitude of the
warm day tests. The key fault is that the graphical solutions for the
instability show nu sign whatever of producing a sustained ampl i tude
number. Regardless of the augmentor inlet temperature, the decrement
curve is calculated to have the following shape:

+\
: Ampl i tude

Decrement
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For the largest amplitude examined, the instability is not simply still
growing, it is growing even faster than at lower amplitudes. For the
instability analysis to predict a sustained ampl itude, the decrement
curve must turn back toward the axis:

Sustalned
Ampl | tude

+

Amplitude

Decrament

The solutions using the simple droplet vaporization model, rather than
turning back, all appear to be asymptotic to some minimim value of the
decrement.,

Two questions require examination. First, why does the analysis
fail to produce decrement curves of the shape anticipated? Second,
what type of revision of the analysis is necessary for the decrement
curves to be of the correct shape? These two questions are addressed in

the next section. The succeeding section will then indicate what sort of
correlation between predicted and observed amplitudes can be achieved by
following a logical line of revision of the analyses.

FACTORS GOVERNING THE SUSTAINED AMPLITUDE LEVEL

The decrement calculated in the instability analysis is a consequence
of @ number of effects, some of which add positively to it (i.e., stabilize
the mode) and others, negatively:

I. The upstream and downstream boundary effects damp the instability,
2. In the case of Z8MAX, the through-flow damps the instability.

3. The screech liner damps the instability, but only slightly, and
even then less at high amplitude,

L, The oscillatory heat release drives the instability, and it~
contribution to the calculated negative decrement increases with
ampl i tude,

The through-flow and upstream and downstream boundary effects are assumed
not to vary with amplitude: the contributions they make to the decrement
are constant. Accordingly, increasing these effects will not produce the
desired effect of reshaping the calculated decrement curve; it will only
shift the curve:
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With Increased
b Through-F low
., Effect

Amplitude

Decrement

origimal

In NREC's earlier parametric studies of conventional afterburners
amplitude levels below 10 per cent were predicted, but only as a conse-
quence of large screech liner acoustic absorption. The test data clearly
show that the liner is not governing the amplitude level sustained in the
TF-30-P1 augmentor. Thus, although the liner effect varies nonlinearly,
in the case of the TF-30 oscillation at 385 Hz it is not significant.

NREC's instability analysis intentionally ignored shock losses in its
calculation of the contribution of through-flow to the decrement, Shock
losses vary sharply nonlinearly with the amplitude of the oscillation
insofar as the velocity oscillation must be sufficient for the local flow
to reach sonic values before shocks appear. During Z8MAX operation, the
mean or steady velocity in the augmentor does not exceed a Mach number of
0.75. Thus shock losses cannot be governing the instability amplitude
level on warm days when the pressure fluctuations are below 10 per cent
amplitude, Shock losses should become significant for the Z8MAX insta-
bility only as amplitude levels in excess of 25 per cent are reached. The
shock losses may govern the cold day amplitude levels, but they are not
the mechanism which the initial analyses of the TF-30-Pl have crucially
failed to consider.

The oscillatory heat release rate is thus the mechanism which most
significantly controls the sustained amplitude level in the TF-30-Pl at
least for the warm day conditions, NREC's treatment of the oscillatory
heat release has four distinct components:

1. For Z8BMAX, oscillations in the convection velocity governing com-
bustion have a very small damping effect on the 385 Hz instability.
The extent of the damping increases slightly with increasing am-
plitude.

2, Local density cscillations drive the instability significantly,
and the extent of their effect increases somewhat, but not
markedly, with the amplitude level,

3. Oscillations in the energy content of the fluid entering the com-
bustion chamber have a slight driving effect, which increases
somevhat with the amplitude level,
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L. Oscillations in the characteristic time of combustion make, by
a factor of 2, the largest driving contribution at large ampli-
tude, but at small amplitudes their contribution is negligible.

The first two contributions to the unsteady heat release, those resulting
from the convection velocity and the density, are essentially independent
of coupling mechanisms, Their contribution to the decrement varies
slightly nonlinearly only because the mean time for combustion is cal-
culated to decrease at larger amplitude levels. Neither of these con-
tributions will suffice to reshape the decrement curve. Similarly, the
effect of the energy content is too small to be significant in governing
the sustained amplitude level, particularly since it is essentially
constant with amplitude,

Attention thus centers on the effects of the characteristic time of
combustion. For practical purposes all other mechanisms which are thought
to be relevant make a constant contribution to the unstable decrement curve
of Z8MAX. Only the T/T effect varies sufficiently strongly nonlinearly
that it can govern the sustained amplitude level by governing the shape of
the calculated decrement curve. The reason that the analyses fail to pre-
dict sustained amplitude levels is to be found in the modelling of the
T/ T dependence on amplitude level.

The decrement calculations were made assuming that droplet vaporiza-
tion is the only coupling mechanism of significance. In particular, the
relation between T and the fluid oscillations was assumed to be as follows
(see Equations 5 and 6):

r/7 = C, P/F (13)

oG

Here C, and C; both vary nonlinearly with amplitude, and they also depend
on the droplet Reynolds number and on the fraction of the nominal design
time required for droplet vaporization (i.e., b= To /T4 ). Figure 27
displays typical curves for 2, and Cq as a function of these parameters,
Both € and C5 are asymptotic in these curves. In particular, T, keeps
increasing with increasing amplitude. Thus, the unfortunate shape of
the decrement plots is a direct result of the shape of the , curve,
which corresponds to a simple droplet vaporization model. Within this
simple view of droplet vaporization increasing amplitudes of pressure
oscillation will invariably result in increasing amplitudes in the os-
cillation of the time required for combustion. The relationship between
T/¥ and p/F based in this way on droplet vaporization cannot produce a
self-sustained amplitude prediction,

There remain three approaches by which the analyses may yet predict
sustained amplitude levels. One suggestion, discussed in NREC's earlier
studies (Ref 2), is that if the mean time of combustion, T , becomes
sufficiently small, the contribution of T/T becomes small:
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In physical terms, when the combustion is concentrated in a short enough
length of the augmentor, the contribution of T7# becomes Zero, and the
decrement curve turns back toward the axis, In the case of the TF-30-P1
all combustion has to be concentrated in less than 10 inches of the aug-
mentor before a sustained amplitude can be reached. Turbulent mixing
requirements preclude such a concentrated combustion zone. Moreover,
amplitude levels in excess of 25 per cent are needed for the mean droplet
vaporization times to become so small, even should turbulent mixing be
ignored,

The second approach is to argue that the droplet vaporization model
is too naive in that it ignores secondary effects which, when taken into
account, will produce the preferred shape of the Eﬂ plot in Figure 27,
This suggestion may ultimately be vindicated by more detailed experimental
studies of droplet mechanisms., NREC resists it at this point in the belief
that the gross features of instability should not require consideration of

;econdarx effects,

The third approach is to examine coupling mechanisms other than drop-
let evaporation. Droplet burning, chemical kinetics, and turbulent mixing
are mechanisms thought to be significant in augmentors. In simple terms,
they couple fluid conditions to the time required for combustion as fol lows :

Droplet Burning: T ~ k, /(0 + ke P'h')
Chemical Kinetics: T ~ k, e*/*"/ p* (14)
Turbulent Mixing: T ~ k5 //Alfh

In other words, chemical kinetic and droplet burning mechanisms have the
same type of effect as droplet vaporization; so that if the latter in fact
drives an instability, so will the former. Turbulent mixing, by varying
with velocity, is out-of-phase with the others, and hence will tend to
stabilize when the others tend to drive, Therefore, the most plausible
approach to predicting sustained amplitudes is to ‘introduce supplementary
stabilizing effects by hypothesizing a model of oscillatory’turbulent
mixing,

HYPOTHESIZING THE REQUIRED TURBULENT MIXING EFFECT

The problem is to devise a simple account of turbulent mixing in
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unsteady tlow which will enable prediction of low levels of sustained
amplitude for operation at Z8MAX on warm days. ldeally, the added ef-
fect of turbulent mixing will also produce predicted sustained ampli-
tudes below 5 per cent for Z4 etc., even on cold days. Developing a
detailed theoretical account is beyond the scope of this study, We
shall instead adopt a simple view of the physical mechanism and deduce

the level of effect required from it for predictions to correlate with
the TF-30-Pl observations.

Program REFINE includes provigjon for a turbulent mixing effect in
that it allows for a coefficient, Cy , as follows:

=

« & A
= - + C ( :?)
! P ¢ /:(2} tlame holder (] S)

where the velocity oscillation is defined at the flameholders. The

problem, then, is to determine 21 as a nonlinear function of amplitude
level.

If both turbulent mixing and droplet vaporization are taken into

account, the expression for characteristic time of combustion must be
made somewhat more complicated:

—

I - E(—'ﬁ-r) ¢ Ok (;) (16)
T TAT A& T AT s
T=T +4T (17)

where, again, 4. is the fraction of fuel remaining in droplet form, and
the subscripts € and T refer respectively to evaporation and turbulent
mixing., What is required are formulas for C, and T[of the following

form:
-X & T T
c, L —— (:) (18)
FF i T" C

v (A |
¢ (MJ)% . (19)
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Hete it is assumed that C, , as presented in Figure 27, is adequate for
presentl purposes.

The time required for turbulent mixing varies inversely with the
velocity at the flameholders (ignoring secondary effects):

Tr = H //CL(4E (20)

Using standard perturbation techniques, the fluctuation in time can be
defined as follows:

l:L) Rt /’zﬁé:)
<T" T T +(;9’/12)M \ Ay ) (21)

where the factor hT should theoretically be 1.0, but is here left as a
parameter to enable adjustment of the level of effect of turbulent mix~-
ing. The other term in Equation 19,77/ T , also varies nonlinearly with
amplitude simply because T. /T varies nonlinearly. That is, assuming T%
is constant with amplitude, decreasing the mean time required for droplet
evaporation will increase 7 /7. the fraction of the mean time taken up
by turbulent mixing.

There are thus two factors contributing to C;. One factor (Tﬂ/fsr*
introduces an inverse variation of C, with amplitude. The increased role
of turbulent mixing,Ts /% , on the other hand, introduces a nonlinear fac-
tor which varies directly with amplitude, The net effect is as follows:

o ii» + (F—Ei)€f7 Teo k +
= -_—= (22)

C(p - - O Ty + 67 77—?0 ‘ +(jl.c—;/ﬂ-é)fh

where Teo is the mean time required for droplet vaporization without
pressure oscillations, and (&3: Fgo) is the mean time requirec ‘ith os-
cillations. Since (9 varies nonlinearly with the pressure oscillation
amplitude, so willT,. Figure 28 shows a typical variation of T,/ ky
with amplitude level when Cy is assumed to vary in_the manner also
shown in Ficure 28, What the figure shows is that 22 increases with
amplitude when reasonable assumptions are made about the ratio of the
characteristic times of evaporation and mixing in Zones 3 and L. -Since
C, increases with amplitude, it can in principle serve as the stabiliz-
ing factor needed for the analyses to predict some sustained ampl i tude
jevel., Such a superficial treatment of turbulent mixing is scarcely

conclusive. |t only shows that including the effects of turbulent mix-
ing wiil produce the type of modification of the calculated decrement

curves which we need,
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Using the curve for C./ ke shown in Figure 28, a value of ke can be
selected which will specifically produce the result of a 10 per cent
amp! itude level sustained in Z8MAX on a warm day. Figure 29 shows such
a revised warm day solution. With this same value of Ry, the cold day
amplitude for Z8MAX continues to exceed 30 per cent, as again shown in
Figure 29, Moreover, as shown in Figure 30, with this same value of kg
the sustained amplitude level predicted for ZL becomes less than 5 per
cent on both warm and cold days. The level of the turbulence effect has
accordingly been chosen to correlate predicted and observed amplitude
levels on warm days in Z8MAX, The fact that when this somewhat arbitrary
choice is made, correlation of predicted and observed amplitudes at other
operating conditions is achieved confirms qualitatively that turbulent
mixing is the stabilizing mechanism, In other words, the analysis ul-
timately claims that the TF-30-P1 augmentor instability involves a deli~-
cate balance between an exciting droplet vaporization mechanism and a
damping turbulent mixing mechanism.

CONCLUSIONS OF THE PARAMETRIC STUDIES

l. In both the analyses and the tests the geometry variations of
the liner and flameholder which were examined were found to
have negligible effects on the first tangential instability.

2. The predicted trends with more volatile fuel and lower fan dis-
charge temperature agreed qualitatively with the trends ob-
served: the instability essentially disappears with AVGAS, and
it becomes more severe with reduced fan temperature., These
trends indicate that the crucial mechanism driving this in-
stability is droplet evaporation in the colder fan stream.

3. In order to obtain any predictions of sustained amplitude
level from the instability analysis, it is necessary to hy-
pothesize a stabilizing effect from turbulent mixing, |f the
level of this effect is stipulated on the basis of observed
warm day amplitudes, the analyses will yield gqualitatively
correct predictions of sustained amplitudes for cold days and
when operating at Z4 rather than Z8MAX., Thus turbulent mixing
in conjunction with droplet evaporation appears ultimately to
control the sustained amplitude level,
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CHAPTER VI

CONCLUSIONS AND RECOMMENDAT IONS

CONCLUS IONS PERTAINING TO THE INSTABILITY MODEL

At least for predominately transverse modes, mixed flow aug-
mentors are best modelled as conventional cylindrical after-
burners with unusual upstream boundaries. No conclusions
were reached on predominately longitudinal modes,

NREC's heat release model, which uses lumped-parameters to de-
fine local heat release rates, is adequate even for multiple
zoned augmentors with significantly different combustion proper-
ties in different zones. However, for such zoned augmentors the
combustion input parameters should be calculated by averaging
over the individual zones, and the effects of each zone on the
steady combustion of others should be taken into account.

The instability model correctly predicted the qualitative trends
which result from the liner and flameholder modifications, from
the substitution of AVGAS for JP-L, from the blocking of indi-
vidual fuel zones, and from reductions in engine inlet tempera-
ture. However, better ''submodels' of droplet vaporization and
burning, chemical kinetics, and turbulent mixing are needed for
the model to predict sustained amplitude levels with even rough
accuracy.

CONCLUSIONS PERTAINING TO THE ENGINE TESTS

The instability observed in the TF-30-P} augmentor requires
three conditions to be satisfied before its amplitude levels
become significant:

a. The augmentation level must be sufficient; specifically,
at least Zones 1, 3, and 4 must be in operation,

b, The fuel supplied by Zones 3 and 4 into the fan stream
must not be mostly vaporized upstream of the flameholders,

c. The rate of droplet vaporization and burning downstream
of the flameholders in the fan stream must not exceed
some upper limit,

The first condition explains why there is no instability dur-
ing Z7 and Z8MIN operation; the third condition explains why

there is no instability during Z4, 25, and 26 operation; and

the second condition explains why the instability disappears

with AVGAS and is less severe on warm days.
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During a sustained 37 per cent amplitude oscillation at 385 Hz
in the augmentor, the TF-30-Pl fan/compressor did not surge.

The high response pressure instrumentation used in the test
program provided effective data to be used in conjunction with
the NREC combustion instability model.

RECOMMENDAT IONS

The general augmentor instability model previously developed by
NREC should be used in augmentor development programs, and its
further development via systematic comparison of predictions
and observations should be pursued with vigor.

Longitudinal modes in mixed-flow augmentors should be examined
analytically and experimentally to determine how to apply
NREC's model to them. The prerequisite is an augmentor with a
significant longitudinal instability.

Studies should be made of the preferred representation of the
steady combustion in augmentors within the context of NREC's
instability model. In particular, interactions of core stream
and fan stream combustion zones require more reliable modelling.

Improved models of coupling mechanisms in augmentors, inctuding
their interactions and their nonlinear dependence on oscilla-
tion amplitude, should be pursued in order to increase the quan-
titative effectiveness of the instability model.

Future engine test programs, possibly even on the TF-30, should

examine how augmentor instability is affected by steady inlet
distortion in turbofan engines.
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Mode 4:
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FIGURE 18 - REVISED INSTABILITY SOLUTION FOR THE FIRST

TANGENTIAL MODE: MODE 4 AT ZL
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FIGURE 19 - REVISED INSTABILITY SOLUTION FOR THE FIRST
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FIGURE 20 - REVISED INSTABILITY SOLUTION FOR THE FIRST

TANGENTIAL MODE: MODE L AT 76
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FIGURE 23 - REVISED INSTABILITY SOLUTION FOR THE SECOND

TANGENTIAL MODE: MODE 7 AT Z5

83



L3o

L20

Lio

Loo

Frequency

390

380

0.45

0.30

0.15

Decrement
o

-0.15

-0.30

-0.45

Mode 4:

Standard Liner Oth Axial
T Blocked Liner Ist Tangential
Ist Radial
=3
f =19

0.05 0,10 0.15 0.20 0.25 0.30
Amplitude

28:

0.05 0.10 0.15 0.20 0.25 0.30
Amplitude
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IF

From Droplet Evaporation
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FIGURE 28 - HYPOTHESIZED NONLINEAR VARIATION OF 7= AS A

CONSEQUENCE OF UNSTEADY TURBULENT MIXING
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FIGURE 29 - REVISED COMPARISON OF INSTABILITY SOLUT!ONS SOR

COLD DAY AND WARM DAY CONDITIONS: MODE L AT ZOMAX
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FIGURE 34 - TF-30-P1 AUGMENTOR (REAR VIEW)
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Liner Admittance Ratio (Real Part)
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FIGURE 43 - ACOUSTIC ADMITTANCE (REAL

PART) OF SCREECH LINER
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Liner Admittance Ratio (imaginary Part)
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TJABLE Il

PRESSURE_OSCILLATION AMPLITUDES

CHANNEL 1 AT ~L00 HZ

Test Test Test Test Test Test
| 6 ] 8 9 10

20 -- 0.97 - 0.43 -- --
4 0.38 0.17 -- 0.75 0.28 -
5 0.36 0.19 -- - - -
26 0.32 0. 2] -- 0.24 -- -
7 0.45 -- -- -- - -
z8
MIN 0.32 -- -- - - --
z8
MAX 1.50 0.30 -- 0.30 -- -
24" 0. 24 -- -- -- - -
28"
MAX L,27 -- -- - -- -
Note: Amplitudes are peak-to-mean: Values in per cent,

" Cold day tests.

14




TABLE 111

PRESSURE OSCILLATION AMPLITUDES
CHANNEL 2 AT ~L00 HZ

Test Test Test Test Test Test
] 6 7 8 9 10
20 -- 1.60 0.86 1.18 0.33 0.75
2L 1.54 0.64 1.97 2.67 0.45 1,12
Z5 1.17 0.75 - - -- -
26 1.57 0.56 2.24 2.57 -- --
7 1.33 0.61 2,55 2.46 0.40 1,28
Z8
MIN 1.39 0.67 2.77 2.89 0.48 1.44
28
MAX 2.93 L,5h4 4,31 3.86 0.80 1.07
24" 2.66 -- -- -- -- --
28"
MAX 20.65 -- -- - -- --

Note: Amplitudes are peak-to-mean: Values in per cent,

“ Cold day tests.
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TABLE IV

PRESSURE OSCILLATION AMPLITUDES

CHANNEL 3 AT -~ 400 HZ

Test Test Test Test Test Test

| 6 7 8 9 10

20 -- 0.59 1.39 2.03 -- --

zl 0.5 1.29 2.15 0.99 -- --
5 0.72 1.07 - - - -- |
26 0.63 1.39 1.82 0.83 -- -- :
7 .17 1.50 2.03 2.89 -- -- j
28 I
MIN 1.07 0.88 2.56 1.87 -- -
!
28 ;
MAX 0.33 Lb.17 2.68 3.23 -- -~
|
]
g 0.78 - -- - - o
|
28‘.5 :
MAX 1.87 -- -- -- -- —

Note: Amplitudes are peak-to-mean: Values in per cent.

" Cold day tests.
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TABLE V

PRESSURE OSCILLATION AMPLITUDES
CHANNEL &4 AT ~ L0O HZ

Test Test Test Test Test Test
] 6 7 8 9 10
0 -- 1.23 0.70 0.63 1,07 1.28
4 1,07 2.46 2,25 1.18 0.75 1.17
25 0.75 .44 -- - -- --
6 0.78 2.30 1.50 1.77 -- --
7 0.75 2.73 2,03 1,23 0.40 0.91
8
MIN 0.70 2,25 2.36 2.4 0.46 0.93
Z8
MAX 2.40 6.97 2,72 3.00 1.34 1.17
4~ 0.70 -- - - -- -
28:': é
MAX 9.89 -- -- -- -- -

Note: Amplitudes are peak-to-mean: Values in per cent.

" Cold day tests.
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TABLE VI

PRESSURE OSCILLATION AMPLITUDES

CHANNEL 7 AT ~ L0O HZ

Test Test Test Test Test Test
! 6 7 8 9 10
20 - -- -- -- 0.28 0.22
4 0.70 -- - -- 0.53 0.43
Z5 0.80 -- -- -- - --
26 0.71 -- - - - -
7 0.56 - -- -- 0.32 Q.37
8
MIN 1.87 -- -- -- 0.37 0.32
28
MAX 9.90 -- - -- 0.75 0.54
ZL'* 3063 - - - - -
28"
MAX 37.&0 - - - -- -
Note: Amplitudes are peak-to-mean: Values in per cent

“ Cold day tests,
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TABLE VI

PRESSURE OSCILLATION AMPLITUDES

CHANNEL 8 AT ~, 4L0O HZ

Test Test Test Test Test Test
' | 6 7 8 9 10
20 -- 0.28 -~ -- -- --
Z4 0.23 -- -- 1.12 0.23 --
Z5 -- -- -- -- -- --
6 0.19 - 0.51 0.59 -- --
27 0.2l “- -- -- 0.19 0.32
. 28
MIN 0.51 -- -- -- 0.27 0.27 ?
28 @
I MAX 2,09 -- -~ 1.07 0.51 0.43 |
|
I
- |
4 1.29 -- -- .- -- --
28"
MAX 5-60 - - - - -
Note: Amplitudes are peak=to-mean: Values in per cent.

" Cold day tests.
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TABLE Vi1

PRESSURE OSCILLATION AMPLITUDES
CHANNEL | AT ~200 HZ

Test Test Test Test Test Test
] 6 7 8 9 10
20 -- 6.97 - -- - -
2L 0.64 0.94 - - - -
Z5 0.75 0.95 - .- -- -
26 0.75 0.75 -- -- -- -
27 0.82 1.07 -- -- -- -
Z8
MIN 0.77 0.77 -- -- - -
8
MAX 0.62 0.73 -- - -- -
'Z
IL" 0. 26 -- ne - == e
28"
MaK 0, 24 = = - - —

Note: Amplitudes are peak-to-mean: Values in pér cent,

“ Cold day tests,
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TABLE IX

PRESSURE OSCILLATION AMPLITUDES
CHANNEL 2 AT ~ 200 HZ

Test Test Test Test Test Test
1 6 7 8 9 10
20 -- 2.78 1.98 2.64 0.88 0.80
4 0.91 1.02 2.57 3.20 0.94 0.83
5 0.78 0.86 -- -—- -- --
6 0.91 0.94 1.87 4,50 -- .-
7 1.23 0.99 2.57 L.30 0.83 0.91
Z8
MIN 1.34 0.94 2.57 3.0l 1.07 0.64
8
MAX 0.94 1.07 1.61 3.96 1.76 0.91
5" 1.28 -- -- -- -- --
28¢
MAX 1.39 -- -- ~—- - --

Note: Amplitudes are peak-to-mean: Values in per cent,.

" Cold day tests.
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TABLE X

- PRESSURE OSCILLATION AMPLITUDES

CHANNEL 3 AT ~ 200 HZ

Test Test Test Test Test Test
! 6 7 8 9 10
Z0 -- 0.59 1.97 3.6L -- --
4 0.45 1.05 3.64 0.48 - --
Z5 0.51 1.98 - - -- -
i 26 0.41 3.10 2.08 0.62 -- --
i 77 0.54 2.25 1.81 - -- --
!
- 28
| MIN 0.43 2.67 1.76 1.18 - -
28
» MAX 0.75 1.55 2.03 -- -— --
T 0.81 -- -- -- - -
28
MAX 1.07 _ - - - -- --
Note: Amplitudes are peak-to-mean: Values in per cent.

" Cold day tests,
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TABLE X/

PRESSURE OSCILLATION AMPLITUDES

CHANNEL 4 AT ~ 200 HZ

Test Test Test Test Test Test
1 6 7 8 9 10
20 -- 3.32 1.87 2,45 2.78 5.36 |
4 0.25 3.75 2.67 2.67 0.56 1.23
25 0.48 2.67 -- - - —
26 0.45 2,46 2.35 4,81 -- --
7 1.11 3.h2 2.67 5.35 0.83 1.65 ‘
28
MIN 0.48 3.75 L.39 L.g1 0.83 .55
28
MAX 0.29 3.95 3.85 L, 91 1.20 1.87
IR 1.39 -- -~ -- -- --
28*
MX 1-28 - - - - - - --
Note: Amplitudes are prak-to-mean: Values in per cent.
* Cold day tests.,
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TABLE X111
PRESSURE OSCILLATiON AMPL I TUDES
CHANNEL 7 AT ~. 200 HZ
Test Test Test Test Test Test
] 6 7 8 9 10
20 -- -- -- .- 0.83 .05
han 0.53 -- -- -- 0.88 1.39
Z5 0.53 - - -- -- --
6 0.53 -- -- - -- -
7 0.53 -- -- -- 0.67 1.17
8
MIN 1.71 -- -- - 0.94 0.78
28
MAX 2.01 -- -- - 1.34 1.07
ZM* b, 74 - - -- -- --
28"
MAX 2.67 - - - - -

Note: Amplitudes are peak-to-mean: Values in per cent,

" Cold day tests,
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TABLE X111

PRESSURE OSCILLATION AMPLITUDES

CHANNEL 8 AT ~ 200 HZ

Test

Test Test Test Test Test
1 6 7 8 g 10

20 -- 0.29 -- - - -
4 0.23 - - -- G.43. 0.380
5 -- -- -- - -- --
26 0. ]9 - - bl - - -
7 0.17 -- - -- 0.51 0.9h
Z8
MIN 0.49 -- - - C.59 0.66
8
MAX 0.51 -- -- -~ 0.64 1,07
N 1.39 - -- - -- -
28"
MAX 1.50 - -- - - -
Note: Values in per cent.

Amplitudes are peak-to-mean:

%
Cold day tests.
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TABLE XV
FAN DISCHARGE TOTAL TEMPEBATURES
Test Test Test Test Test Test
] 6 ‘ ] 8 9 10
20 204 210 250 240 233 210
4L 205 210 220 242 225 210
5 204 210 - - -- -
26 207 210 240 240 - --
7 204 210 218 240 225 212
28
MIN 206 210 220 233 227 210
28
MAX 203 212 220 233 225 210
4% 178 -- - - -- -
287'.-
MAX 178 -- -- - -- --

Note: Temperatures in deg F,

“ Cold day tests,
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TABLE XV

TOTAL _AUGMENTOR FUEL FLOWS FROM
TEST POINT TO TEST POINT

-

f ]

Test Test Test “Test Test Test
] 6 7 8 9 10

20 -- -- -- -- -- --
4 27200 26700 25700 24100 28500 23400
Z5 32300 31100 - - - -
26 35400 33400 33100 32700 -- --
7 11500 12400 12000 11000 11400 12500
8
MIN 13800 14100 13200 13700 15600 14100
28
MAX 20700 26300 19600 18500 21300 21000
4* 28400 - - -- -- -
28"
MAX 21500 - -- - -- -
Note: Fuel flow in 1bm/hr,

" Cold day tests.
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TABLE XVI

ZONE-BY-ZONE REPRESENTATIVE FUEL
FLOWS ASSUMED IN THE ANALYSES

Zone Zone Zona Zone Zone Total
] 2 3 L 5 AB
20 -~ - - -- - -
L 6500 6000 7000 7500 -- 27000
25 5500 6500 6500 7500 6000 32000
Z6 6500 -— 7500 8500 10500 33000
27 6000 .- 6000 T - -- 12000
Z8
MIN 5500 -- 5500 1300 - 14000
8
MAX 6500 == 7000 7500 -- 21000

Note: Fuel flow in lbm/hr.
Y
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TABLE XVII

SONIC VELOCITIES AND TEMPERATURE RISES
ASSUMED IN THE ACOUSTICS ANALYSES

Afterburner Solutions Ductburner Solutions
;g:; Sonic Velocity AT, Sonic Velocity D Ts
Combination (ft/sec) (deg R) (ft/sec) (deg R)
4 2470 1900 2700 3000
Z5 2600 2225 2700 3000
26 2630 2300 2545 2550
27 2115 935 1940 1100
Z8MAX E 2365 1575 2480 2350

Upstream Values Tn ATT Cases

Afterburner Solutions Ductburner Solutions
Sonic Velocity To Sonic Velocity To
(ft/sec) (deg R) (ft/sec) (deg R)
1600 1150 1260 680
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APPEND IX |

TF=30-Pl: THE ENGINE STUDIED

THE ENGINE TESTED

The TF-30-P1 (Figures 31 and 32) is a mixed-flow afterburning, dual=
spool turbofan engine consisting of a three=stage fan and a six-stage low
pressure compressor (low spool), a seven-stage high pressure compressor
(high spool), an eight-can can-annular combustion system, a one=stage high
pressure turbine (high spool), a three-stage low pressure turbine (low
spool), and a mixed-flow afterburner equipped with a fully modulating flap-
type convergent primary nozzle and a blow-in door ejector with variabie
inlet and exhaust areas.

The fan airstream, ducted around the core engine, mixes with the high
temperature turbine discharge gases entering the afterburner, Concentric
fuel manifolds in the diffuser downstream of the turbine, at tne splitter
exit plane between the core and fan streams, and in the fan strecam inject
fuel which is metered by the afterburner fuel control. The afterburner
(Figures 33 and 34) contains a circumferential vee-gutter flamcholder as-
sembly with radial spikes, a perforated screcch liner, and a convection
cooled aft liner, The combustion exhaust gases from the afterburner pass
through a flap-type convergent primary nozzle and enter a blow-in door
ejector secondary nozzle (Figure 35). Primary nozzle area is controlied
and monitored by the afterburner fuel control; major area changes occur
only during afterburner modulation. The ejector nozzle flaps and biow-
in doors are aerodynamically controlled as a function of inside and out-
side pressure differences.

The afterburner is a fully modulating five-zone system (Figure 36).
Zone | is the ignition and minimum augmentation zone, consisting of &
single circumferential spray ring fuel injector located in the turbine
discharge gas stream. lgnition is effected by a '"hot streak'' system.
Zone 2 is a jet-flameholder fuel injection ring, located at the outer
diameter of the fan stream. This special spray ring provides acrodynamic
flameholding and injects a fuel-air mixture into the fan stream. The air
used in this spray ring is taken from the high compressor discharge and is
introduced by the fuel control, Zones 3 and 4 consist of a three-ring
fuel injector cluster, located at the splitter exit plane between the tur-
bine discharge and fan streams. Zone 5 is a two-ring injector, located in
the turbine discharge stream. Figure 37 provides a schematic of the fuel
zone and flameholder system of the afterburner. The afterburner is moau=-
lated as a function of power lever position from Zone | through Zone 5
sequentially, Approximately 72 per cent thrust augmentation is achievable.

The basic performance characteristics of the TF-30-Pl at sea level,
max imum power are listed below:

Ed
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Thrust, lbs

SFC

RPM

(n m

(2) N2

Total Airflow, Ib/sec

Overall Primary Cycle Pressure Ratio
Turbine Inlet Temperature, deg F
Turbine Outlet Temperature, deg F
Primary Nozzle Throat Area, sq ft
Secondary Nozzle Exit Area, sq ft

Bypass Ratio

Military Max, A/B
10,750 18,500
0.616 2.29
9630 9700
13,770 13,810
233.1 235.1
16.32 16. 85
1839 1918
1048 1105
3.75 7.15
8.95 8.95
1.0 1.0

AUGMENTOR INLET CONDITIONS ASSUMED IN THE ANALYSIS

assumed to hold at the splitter exit plane durin

ditions (in the initial analyses):

Total Temperature: d
Total Pressure: psi
Mach Number
Area: sq ft

The upstream sonic velocities a

ft/sec in the case of a ductbur
afterburner,

Core Fan
eg R 1560 670
28.72 28.33
0.281 0.208
3.97 L. 46

ssumed in the HLMHLT analyses were 1260

ner and 1600 ft/sec in the case of an
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AUGMENTOR GEOMETRY ASSUMED IN THE ANALYSIS

The combustion instability anaiysis requires constant duct dimensions
for evaluating augmentor acoustics properties, but indirectly recognizes
flow area changes via variations in the through-flow velocity. The after-
burner dimensions assumed in the HLMHLT analyses are as follows:

Cxlindrical . Annular

Afterburner ) Ductburner
Outer Radius, ft B 1.67 1.67
Inner Radius, ft 0.0 1.16
Length of Chamber 1, ft 2.71 8.52
Length of Chamber 2, ft 5.59 5.59

Chambers 1 and 2 are respectively upstream and downstream of the flame-
front, so that the above dimensions effectively locate the flame-front.
The afterburner exit plane is defined to be at the entrance of the primary
nozzle. The upstream plane is defined at the fan exit guide vanes in the
case of the ductburner analysis and at the turbine discharge nozzles in
the case of the afterburner analysis.

A scale drawing showing the dimensions used in calculating the through-
flow velocity distribution is presented in Figure 38. The relevant flow

areas are 8.98 sq ft at the flame-front and 7.23 sq ft at the nozzle egptrance.

The analysis of the velocity distributions treated the fan and core as dis-
tinct, concentric streams; the radius of the interface between the streams
was varied to maintain equal static pressure on either side of the interface.
The resulting velocity distributions are described in Appendix V.

ASSUMED AUGMENTOR INLET AND DISCHARGE
ACOUSTIC ADMITTANCES

The augmentor acoustics analysis represents the effects of the dis-
charge nozzle and of the upstream blade rows by means of acoustic admit-
tance ratios. Methods are not yet available for calculating admittances
of choked nozzles which are short compared to their outer diameters. The
extremely complicated problem of sound wave reflection from fan exit guide
vanes and turbine discharge nozzles is even less tractable. Therefore the
analyses described in this report made gross assumptions on the upstream
and downstream admittances=-- assumptions which are educated guesses. Be-
cause of the large velocities at the nozzle and upstream boundaries, the
values assigned the admittances are not exceedingly critical: a 50 per
cent error in admittance represents only a 15 per cent error in the
boundary coefficient for longitudinal modes,
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The primary nozzle acoustic admittance ratios assumed in the HLMHLT
analyses of the TF-30-Pl are as follows:

Predominant Component Nozzle
of Mode Admi ttance Ratio
Longi tudinal 0.20 + j 0.25
Transverse 0.10 + j 0.05

Two sets of upstream boundary admittances were estimated: those for the
ductburner represent the fan exit guide vanes; those for the afterburner
represent an average between the effects of the turbine discharge nozzle

and the effects of the open fan duct. The values used in the HLMHLT
analyses are as fol lows:

Predominant Component Upstream Admittance Ratio
of Mode Afterburner Ductburner
Longi tudinal 0.20 + j 0,25 0.10 + j 0.15
Transverse 0.15 + j 0,10 0.08 + j 0.05

The larger values for the afterburner model assume acoustic energy loss up
the fan duct. The upstream boundary of the afterburner is stipulated to be

at the turbine discharge nozzles; the fan duct boundary at this point is
treated as an open end.
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APPENDIX 11

FLAMEHOLDERS EXAMINED

FLAMEHOLDER ASSEMBLIES

Two flameholder assemblies, both using three vee-gutter rings, were
examined in the experimental program, The standard flameholder on the
TF=-30-Pl, shown on the left in Figure 39, has an essentially conical shape.
The outer ring, farthest upstream, is in the fan stream, and the two inner
rings are in the core stream. A combination aerodynamic injector and flame-
holder surrounds this flameholder assembly, as shown in Figure 40,

Tests 7 and 8 were conducted with the modified flameholder assembly,
shown on the right in Figure 39, installed in the augmentor. The distinc-
tive characteristic of the modified flameholder is that the middle vee-
gutter ring has been placed roughly 9 inches further downstream than is
the case with the standard flameholder. Figures 40 and 41 show the modi-
fied flameholder installed in the augmentor. As can be seen by comparing
Figures 36 and 40, the only difference in the modified flameholder when
viewed up the tailpipe is the addition of swirler cups in the outermost
vee-gutter ring. Viewed from the side as in Figure 41, however, it can
readily be seen that the flame-front structure will be significantly dif-
ferent in the case of the modified flameholder. In particular, since the
central vee-gutter ring corresponds to Zone I, the relative positions of
the flame-fronts of Zone 1 and Zones 3 and 4 (the outer ring) are completely
different: with the modified flameholder Zone | combustion will initiate
downstream rathe: than upstream of the initiation of combustion in Zones 3
and L. Thus the pair of flameholders tested should indicate whether the
spatial structure of the flame-front has a marked effect cn any instability
in the augmentor,

MODELL ING THE FLAMEHOLDERS

Flameholders produce three effects which are pertinent to the insta-
bility characteristics of augmentors:

I. The flameholder flow blockage introduces an acoustical impedance
between the chambers upstream and downstream of the flameholder.

2. The flameholder axial location in part determines the axial lo-
cation of the flame-front.

3. The geometry of the flameholder assembly (not that of the in-
dividual vee-gutter) determines the spatial distribution of the
heat release,

The second and third of these effects are, of course, physically difficult
to distinguish, but the distinction is significant in the instability model.
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Programs HLMHLT and REFINE contain various parameters which can
depend on these effects and hence can depend on the specific flame-
holder assembly, However, little attention has been given to date to
the question of the proper modelling of the flameholder within the over=-
all instability model. The problem of modelling flameholders has simply
been considered of minor significance compared to that of modelling the
unsteady energy release. Thus the very simplified approach to the
flameholder used in the previous parametric studies was continued in the
current program. The two flameholder assemblies were modelled as follows:

1. Their acoustic impedance was ignored entirely because of the lack
of a method for calculating values of the relevant input parame-
ters of HLMHLT,

2, The flame-front with the standard flameholder was specified,
somewhat arbitrarily, to be 3.5 inches downstream of the aero-
dynamic flameholder ring. With the modified flameholder it was
specified to be 8.5 inches downstream. In both cases the rule
followed was to locate the flame-front midway between the most
upstream and downstream flameholder rings,

3. The different effects of the two flameholders on the heat release
parameters (E, T, and the unsteady combustion coefficients)
were ignored.

Future investigations with the NREC instability model will undoubtedly
provide far more justifiable approaches to modelling flameholders. Had
the instability amplitudes and frequencies observed in the test program
differed with the two flameholder assemblies, the current program might
have led to more sophisticated modelling techniques, but under the c¢ir-
cumstances no reasons for less arbitrary modelling arose.
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APPENDIX 111

SCREECH LINERS EXAMINED

THE LINERS TESTED

The perforated screech liner of the TF-30-P1 augmentor extends 33 inches
downstream from the plane of the splitter lip (sece Figure 38). The lircr
uses a8 square matrix of 0,094 inch holes spacad 0.587 inches apart; the
liner is 0.0L8 inches thick, and the backing cavity is 0,678 inches deep.

Tests were conducted with two screech liner configurations: first, the
nominal screech liner and second, with all but the downstream 12 inches of
the nominal liner covered to block off the acoustic perforations. The two
liner variations are pictured in Figure L2,

MODELLING THE SCREECH L INER

The combustion instability analysis represents the effects of tie
screech-liner via an acoustic admittance ratio for the outer poundary. The
admittance ratio, which varies with both the amplitude and the frequency of
the sustained oscillation, is defined by the following equations (from
Reference 3):

;
L= thEAL}
{AO}REAL {?REAL F + {ZMAG}Z

ZXMAG} S

{Aq} IMAG N {Z_am}z + {E “““}Z '

The method for calculating Z is then as fol lows:

Ny i

_ 4 e ( Ka (D"-,""
ZREAL - O./Oco 23 L1+ C“o + .62 l/";. :

-

ZMAG - ZTT'/%»eefr’ (.Qg __é_)
! Co 0‘ .‘o -QO
where ©is the fluid density

g is the open area ratio
M is the fluid viscosity
Cois the sonic velocity

@ is the angular frequency
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g is the gravitational constant
tois the liner thickness
d+15 the aperture diameter

K. W/RT

Lesg = la ( 5-5‘75’?)[1"-70'/{{ da

e —

_ Gy G
fo = 30 \'{[-E’r-ﬂ-

£ is the backing distance
R, is the RMS pressure amplitude (Ibf per ft sq).

The liner in the TF-30-Pl is tuned to a frequency (#.) of roughly
1900 Hz. Figures 43 and 4k display respectively the real and the imaginary
parts of the TF-30-Pl liner admittance ratio as functions of oscillation
amplitude and frequency. The real part corresponds to the damping effect

of the liner.
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APPENDIX IV

FUELS EXAMINED

FUELS TESTED

Current military jet engine requirements list Aviation Gasoline (AVGAS)
as an emergency fuel. Therefore, since the vaporization and volatility
characteristics of AVGAS are much different from those of more conventional
military jet fuels, JP-4 and JP-5, an assessment was made of the resul tant
effects AVGAS has on the combustion stability of the augmentor. Of the two
fuels examined in the test program, the primary fuel was the conventional
turbine aviation fuel, Grade JP-4 per MIL-T-5624H. The alternate fuel was
AVGAS, Grade 115/1L45 per MIL-G-5572E.

Because of its high lead content, AVGAS was introduced only into the
agumentor fuel system in order to minimize hot part lead deposition. The
main combustion system of the core engine was operated continuously on
JP-L throughout the test program.

The effects of AVGAS wers examined during Tests 9 and 10 (the former
test used the blocked screech liner, and the latter, the conventional
screech liner). The highest sustained oscillation levels occurred at Z8MAX
with JP-4 fuel. Because of limitations of the fuel supply pump, the fuel
flow from the AVGAS tank was restricted to the point that neither the 25 nor
the Z6 condition could be produced; also, the Z8MAX condition with AVGAS did
not represent maximum fuel flow, though the fuel flow rate (21,000 1bm/hr) was
comparable to that with JP-4. Considerable instability activity could be au-
dibly detected during the AVGAS tests, but the recorded signal levels were
quite low.

High lead deposition on the augmentor hot parts and fuel injectors
limited the duration of AVGAS testing; consequently, following each AVGAS
test, 20 to 30 minutes of additional running with JP-4 fuel was conducted
to clear away the bulk of the lead deposits.

During Test 10 a back-to-back AVGAS/JP-U4 test wes conducted at essen-
tially the same operating conditions. Stability data were taken first with
the AVGAS fuel at the highest Z8 condition possible. The augmentor was then
changed to a JP-4 fuel supply, and the same Z8 condition was repeated. This
provided a back-to-back comparison of the two fuels. The maximum amplitude
level observed was essentially the same with either fuel in these tests (i.22
per cent with AVGAS and 1.27 per cent with JP-4), but the levels in qu=stion
were so low that no salient conclusion could be drawn.

MODELL ING THE FUELS IN THE INSTABILITY ANALYSIS

Two parameters in NREC's combustion instability model are directly depen-
dent on the properties of the augmentor fuel: £ , the chemical energy content
of the fluid (per unit mass) entering the combustion zone; and T, the char-
acteristic time required for combustion of a fluid particle. Both of these
parameters are treater :n terms of their mean and oscillatory components in
the model : 159



. ¢ jolt
E= 5+ E'e’
_ ,  Jwk
T Y+ T E
The oscillatory components are in turn functionally related to the pressure
and velocity oscillations

£ = feo (P a0 F)
Tz Fpr (PONT)

Both the mean components and the functions defining the oscillatory compo-
nents are dependent on fuel properties. These are discussed separately
below.

The mean energy content of the fluid varies linearly with the net heat
of combustion of the fuel and with the local mixture ratio. The difference
in the heat of combustion of AVGAS_and that of JP-4 was assumed to be negli-
gible in the current study. Thus E remained the same in the JP-4 and the
AVGAS solutions.

The other three model parameters (E’, T', and T) are sensitive to the
vaporization characteristics of the fuel used. They will be discussed below.
First, however, it is important to recognize the differences in the vaporiza-
tion properties of AVGAS and JP-L. Figure 45 shows vapor pressure versus
temperature for JP-L and AVGAS (for 10 per cent distillation). At two atmos-
pheres, the condition of the TF-30 augmentor, the boiling temperature of
AVGAS is 180 degrees F, and that of JP-4 is 260 degrees F. The distillation
band of JP-4 is also much wider than that of AVGAS. Figure 46 shows the dis-
tillation bands of AVGAS and JP-4 for atmospheric conditions. The table below
indicates how much wider the JP-4 distillation band is:

AVGRS  gP-h
10 per cent distillation 150 210 deg F
50 per cent distillation 215 300 deg F
90 per cent distillation g 410 deg F

The fan discharge temperature in the TF-30 tests ranged from a low of 178
degrees F (cold day) to 240 degrees F (hot day); Tests 6 and 10, correspond-
ing to the standard engine geometry, represent the principal comparison be-
tween AVGAS and JP-U4, and in these the fan discharge temperature ranged from
210 to 212 degrees F. The fan stream temperature at the flameholders is, of
course, somewhat higher because of heating from the turbine casing and from
mixing with the turbine exhaust stream. For Tests 6 and 10, with the 210
degrees F fan discharge temperature, it was assumed that fuel from Zones 3
and 4 in the fan stream was 90 per cent vaporized at the flameholders in the
case of AVGAS, and LO per cent in the case of JP-L, In the case of the cold
day tests, with a 178 degrees F fan discharge temperature, it was assumed
that the JP-4 from Zones 3 and 4 was entirely in liquid form at the flame-
holders. 140



The basic parameter which relates to the volatility of the fuel is @,
the fraction of the fuel remaining in droplet form at the flameholders.
Assuming that the droplet motion is not influenced b, oscillations in the
flow, then oscillations in the energy content of the fluid at the flame-
front can be defined as follows:

_E'_'=_&.(L’)__':_‘i(ﬁi+_l_£
[ S\ P 2 \Z ¥ P /NECTOR

P
The first term represents fluctuations in fuel-air ratio which result from
air density fluctuations., The second term reflects the dependence of drop-
let vaporization rate on the local Reynolds number raised to the one-half
powe; (vaporization is assumed to occur instantaneously at the fuel injec-
tors).

r

The time required for combustion in an augmentor is assumed to result
from the characteristic times of the mechanisms controlling the combustion
process. In general, the processes controlling the rate of combustion in-
clude turbulent mixing, droplet burning, and chemical kinetics. Assuming
these processes occur es ontially in series, the over-all combustion char-
acteristic time is as follows:

T=2TF + % +7%

where T+ = characteristic time of turbulent mixing
Tg = characteristic time for evaporation of burning fuel spray
T, = characteristic time for chemical reaction.

When the fuel is partially evaporated, with a fraction @ in liquid droplet
form, the pre~-evaporated fuel will miss the evaporation. step. ih the .above
process. Thus, a properly weighted characteristic time of combustion is
defined as follows:

T:Tr +ale +%

where Te = droplet evaporation characteristic time
a = fraction of fuel in liquid form at the flame-front,

These four parameters ( T ,Q, Te . and T¢ ) can vary with the
different properties of the fuel. In the current study, however, it was
assumed that T% , Ta , and  Te do not change when AVGAS is used
instead of JP-4, Thus, only @ changes, and the specific values, as
described above, are 0.1 for AVGAS, 0.6 for JP-L4 on a hot day, and 1.0
for JP-4 on a cold day in the Zone 3 and 4 fan stream; in the core stream
and in Zone 2 the value of @, assumed in all tests was 0.0.
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APPENDIX V

AUGMENTOR OPERATING CONDITIONS: FUEL ZONE COMBINATIONS

FUEL ZONE COMBINATIONS TESTED

The stability testing conducted on the TF=-30 augmentor during the
course of this program followed a specific test plan. A matrix of test
conditions was defined for each augmentor test configuration to be ex-
amined, Common to neariy all tests was a sequence of afterburner fuel
distribution schedules based on the five (5) zones of fuel injection
within the afterburner or on combinations thereof. The fuel distribution

schedules were identified as follows:

20 Max Military Power, Nonafterburning

Zh Fuel zones 1, 2, 3, and 4 on

Z5 Fuel zones |, 2, 3, 4, and 5 on (Max Afterburning)

Z6 Fuel zones 1, 3, 4, and 5 only (zone 2 off)

27 Fuel zones 1 and 3 only (zone 2 off)

Z8MIN Fuel zones 1, 3, and 4 only with min fuel flow to zone 4
Z8MAX Fuel zones 1, 3, and 4 only with max fuel flow to zone 4

(zone 2 and 5 off)

An example of this fuei distribution matrix can be illu%trated by
observing the conditions of Test 6. This test required an examination of
a conventional TF-30 augmentor (standard screech liner, standard flame-
holder assembly, no inlet distortion and fueled with JP=4), The fuel dis-
tribution matrix for this test was as follows:

Run Condition Procedure
#1 Z0 Trim the engine to the maximum military

power setting in accordance with the
TF-30-P] engine Technical Order; allow
five minutes for thermal and performance
stability; record all steady-state and
dynamic operating and perfonance parame-~
ters

#2 24 Advance throttle to position providing
fuel zones 1, 2, 3, and 4, Zone 5 is to
remain off; allow five minutes for sta-
bilization; record all steady-state and
dynamic operating and performance parame-
ters
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Run Condition Procedure
#3 Z5 Advance throttle to full afterburning--

zones 1, 2, 3, 4, and 5 on. Allow for
stabilization and make full recording as
described above

#L Z6 Same as Run #3 except zone 2 fuel is cut-
of f

#5 27 Same as Run #3 except only fuel zones | and
3 are on

#6 Z8MIN With fuel zone 2 cut-off, advance throttle

to position providing minimum fuel flow to
zone 4 (i.e., zones 1, 3, and min & on).
Repeat stabllization and recording procedure

#7 Z8MAX Same as Run #6 except throttle is positioned
to provide maximum fuel flow to zone 4 as
allowed by afterburner fuel control schedule,
zone 5 off

Because continuous afterburning imposed a high heat load to much of
the internal hardware (i.e., flameholders, nozzle flaps, etc.), a cool-
down period was often allowed between runs, Afterburner titanium case
temperatures were never allowed to Progress above 150 degrees F as
monitored by skin thermocouples.

It was noted that during those runs when intermediate fuel zones were
cut-off (i.e., zone 2 at Z8MAX condition), the afterburner fuel control
would automatically adjust fuel schedules permitting greater fuel flows in
the operating zones. This occasionally resulted in apparent improved
thermodynamics within the afterburner; i.e., during one such test an in-
termediate fuel zone was cut-off, a fuel shift occurred in the remaining
zones, and although total fuel flow had been reduced, engine thrust achieved
approximately the same level as existed with the intermediate zone on.

The basic fuel distribution schedule described herein was used for
each afterburner configuration tested. The matrix was altered only during
the AVGAS testing due to supply tank fuel pump flow limitations. During the
AVGAS tests (9 and 10), the highest possible fuel flow permitted testing
only to Z8. Maximum afterburning could not be examined,

ANALYTICAL MODELS OF THE FUEL ZONE COMB INAT IONS

Three variables in the combustion instability analysis depend explicitly
on the amount and the distribution of the fuel: the mean sonic velocity in
the combustion chamber, the distribution of the through-flow velocity down-
stream of the flame-front, and the magnitude and distribution of the energy

content of the fluid (E) entering the combustion zone. The assumptions made i
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calculating values for these variables in the study of the TF-30-Pl augmen-
tor are discussed below, and the specific input values are summarized,

As mentioned above, cutting-off intermediate fuel zones caused a re-
distribution of fuel in the operating zones because of an automatic fuel
schedule adjustment made by the augmentor fuel control system. The total
fuel flow observed in different tests during operation with different com-
binations of fuel zones is shown in Table XV, This table indicates that a
simple deduction of the amount of fuel supplied in each zone individually
is not possible: for example, the total ab fuel flow is greater with Zone
2 off than with Zone 2 on, but this, of course, does not entail that the
Zone 2 fuel flow rate is negative. Fuel manifold pressures for each zone
were recorded throughout the test program, and these were used to estimate
the amount of fuel in each zone,

Tab'e XVI shows the specific fuel split assumed in the analyses. The
same fuel splits were assumed regardless of the fuel used on the engine
geometry being analyzed., The total fuel flow for each zone combination, as
shown in Table XVI, is accordingly a representative value from Table XV,
Using representative values of total fuel flow in the analyses rather than
changing the total fuel flow when, for example, studying the modified flame-
holder not only reduced the computational effort involved, but more impor-
tantly was considered to be more instructive.

The fuel flow in the individual zones mixes with different air streams.
The analyses assumed that all of the Zones 1 and 5 fuel mixed with the tur-
bine discharge stream, while Zones 2, 3, and 4 mix with the fan stream.
Zone 2 fuel, which is pre-mixed with compressor discharge air, was assumed
to be entirely pre-vaporized prior to injection into the fan stream.

CALCULATION OF SONIC VELOCITIES

Two assumptions were made in arriving at values of sonic velocity in
the combustion chamber:

1. The average value of sonic velocity throughout the combustion
chamber corresponds to 80 per cent of the total temperature rise
produced by combustion,

2, In the case of the cylindrical afterburner model, the average
sonic velocity corresponds to the numerical average of the
average sonic velocity in the fan stream and that in the core
stream.

Upstream of the flame-front a sonic velocity of 1600 ft/sec was assumed in
the cylindrical afterburner solutions, and a value of 1260 ft/sec was as-
sumed in the annular ductburner solutions, The sonic velocities and noz-
zle total temperatures (100 per cent of AT ) in the combustion chamber for
various zone combinations are sammarized in Table XVII,
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THROUGH-FLOW VELOCITY DISTRIBUT IONS

The combustion instability analysis, as presently constituted, recog-
nizes only the axial component of the through-flow velocity. Thus the very
complicated velocity distribution in the mixed+flow augmentor was simpli-
fied in the present study, Specifically, it was assumed that the fan and
core streams could be evaluated one-dimensionally separately (no mixing
across streams), but that the inner radius of the fan stream varied so that
the static pressure in the two streams remains the same, Then, in calcu-
lating the through-flow velocity for the afterburner analyses, the fan and
core stream values were averaged.

The one-dimensional analysis of each stream assumed constant area
heating (Table B.4 of Reference 6) in two steps: the first involving 80
per cent of the temperature rise, and the second the remaining 20 per cent.
An isentropic flow analysis was made before and after the second step of
heating to determine the value of the radius between fan and core streams
for which the static pressures would be the same. In calculating the rapid
velocity rise across the flameholdérs, it was further assumed that the ve-
locities corresponding to 80 per cent of the temperature rise occur at a
distance of 15 inches downstream of the flame-front plane.

The input values of through-flow velocity distribution used in the after-
burner analyses are shown in Figure 47, and those in the ductburner analyses
are shown in Figure 48, The mean convection velocity, governing combustion,
was assumed to be the value 15 inches downstream of the flame-front,

ENERGY CONTENT DISTRIBUTION

The dynamics of the fuel mixing upstream of the flame-front are quite
complicated. In the combustion instability analyses estimates were made of
the radial variation of the fuel-to-air ratio for the various fuel zone
combinations, These estimates, based on Table XVI, assumed radial diffu-
sion except across the (fictional) interface between the fan and core
streams: all of Zones | and 5 fuel were confined to the core stream, and
all of Zones 2, 3, and 4 were confined to the fan stream, Once the fuel-
to-air ratios in each stream were stipulated, values of E (energy content of
fluid per unit mass) as a function of radius were determined from the fol-
lowing equation:

E- Fe [ﬂ:ﬁ:‘r’t,.]

where 4.is the net heat of combustion of fuel, and the bracketed mixture
ratio term varies radially (essentially from zone to zone). Plots of E
versus radius (with E in units of sonic velocity squared) are shown in
Figure 57 for each of the six fuel zone combinations examined in the
study. The ''dividing line'" between the fan and core streams is at 70

per cent of the outer radius, The fan stream fuel distribution, by
itsel f, was used in the ductburner solutions.
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APPENDIX VI

INSTRUMENTAT ION

The main objective of the test program was to investigate the combus-
tion stability characteristics of the augmentor using conventional high
response pressure instrumentation. The main engine was also instrumented
with steady-state pressure and temperature instrumentation to permit a
continuous evaluation of basic engine performance throughout the test pro-
gram. Much of the steady-state instrumentation was required to define
the flow field conditions (both fan and core streams) entering the augmen-
tor.

STEADY-STATE INSTRUMENTATION

Figure 50 illustrates the approximate axial and circumferential loca-
tions of all steady-state instrumentation installed on the test engine.
Chromal-alumel thermocouples were installed in the belImouth inlet screen
to monitor inlet air temperature to the engine and to detect exhaust recir-
culation, a test cell problem described in Chapter I1l. Chromal-alumel
thermocouples were also employed in all downstream temperature rakes and
probes, the outputs of which were recorded by the NLS data acquisition system.
All pressures (both static and total) were sensed with C.E.C. pressure trans-
ducers and recorded by the NLS system. In addition to this basic flow path
instrumentation, several on-board engine sense points were monitored, such
as interspool pressure (PS3), compressor discharge pressure (PSk), combustor
exit temperature' (TT5) and afterburner fuel zone manifold pressures. Fuel
flow to the main engine and the augmentor were monitored independently using
turbine-type flow meters.

The engine test stand was a floating, parallel rail thrust stand equipped
with dual 20,000 pound load cells, The basic stand is designed for engines
employing parallel thrust support mounts; however, the TF-30 mounting system,
as required by the airframe, is one-side only resulting in a nonparallel load-
ing of the thrust cells. Although thrust was not a critical parameter during
this test program, the stand was calibrated prior to test initiation to per-
mit approximate thrust monitoring. General thrust levels were consistent
with engine specifications at most operating points.,

DYNAMIC INSTRUMENTAT ION

The dynamic instrumentation consisted of eight high response pressure
transducers, four at each of two axial locations on the augmentor case--

lCombustor exit temperature on the TF-30-Pl is determined indirectly as a
function of turbine discharge temperature, compressor discharge temperature
and engine inlet temperature as measured by on-board thermocouples.
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flameholder plane and screech liner exit plane. Figure 50 illustrates the
circumferential location of the instrumentation. Kistler Model 603L, ac-
celeration compensated transducers where used. Each transducer was installed
in a special water cooled housing; however, early in the test program a water
cooling requirement for the transducer was eliminated when it was found that
maximum case temperatures at full afterburning never exceeded 150 degrees F.
This was within the thermal limits of the transducers.

A first resonance analysis of the sensing tube to the transducer was
made prior to its installation in the afterburner. The first resonant
frequency of the serse tube was found to be two times higher than the high-
est frequency of interest (5000 Hz) and was considered acceptable for the
purposes of this program,

As illustrated in Figure 50, eight Kistler transducers were installed
at the augmentor case locations identified. Two of the eight transducers,
one at each axial station, were capped in order to monitor vibration and
background noise levels at each station. The transducer sensing tubes
were mounted in a sliding sleeve plate attached to the inner afterburner
cooling/screech liner permitting lateral movement resulting from normal
vibration and thermal growth during augmentor operation.

High temperature Microdot cabling was used to connect the transducers
to the Kistler Model 504A charge amplifiers (see Figure 32). Since small
movements in the Microdot cabling can cause a signal shift, care was taken to
secure firmly the cabling to structural members of the engine and stand,
thus minimizing such movements, Unfortunately, the charge amplifiers had
to be located as near the engine as possible to minimize Microdot cable
length, As a result, the charge amplifiers were continuously subjected to
intense noise and stand vibration during augmentor operation. The charge
amplifiers were mounted in a specially insulated, thermally controlled,
and shock-mounted case to minimize amplifier performance deterioration and
damage. The severe environment, however, still caused an average of two
amplifier failures out of the eight used during each augmentor test. Con-
sequently, @ full calibration of all dynamic instrumentation was conducted
before and after each test. |If the pretest calibration of the amplifiers
shifted, a retest was accomplished.

The output signals from the charge amplifiers were transmitted via
coax cable to DANA Model 2000 DC amplifiers to provide a more accurate
control of the low charge amplifier output signal and to insure signal
compatibility with the AMPEX FR 1300 Analog Recorder. A schematic of the
analog circuitry as described herein is given in Figure 51, An oscillos-
cope was used with each analog signal to monitor amplitude levels and per-
mit appropriate gain adjustments prior to recording on the AMPEX Recorder.
In addition, 5000 Hz Kistler Filters Model 54U4AS were used between the
charge and DANA amplifiers to eliminate all signal activity above the fre-
quency of interest,

\
The AMPEX FR l300\Analog Recorder identified above was a 14 channe! FM
system permitting both\(ecord and play-back of the high response pressure
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signals. Consequently, Lhe same system could be used for recording each
test and later reducing the data through the spectrum analysis equipment
described in Appendix VII,

HIGH SPEED PHOTOGRAPHY

A Fastax camera was instzlled in the cxhaust ejector of the test
cell to record instabilities in thc augmentor. The camera can be seen
clearly in Figure 35. The high speed film obtained displayed the tan-
gential characteristics of the 400 Hz osciliation.
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APPENDIX Vil

DATA REDUCTION

During the course of this program two basic data acquisition systems
were used to record steady-state and high response performance information
at each test condition, The input instrumentation used with these record-
ing systems is described in Appendix VI,

STEADY -STATE INFORMATION

The millivolt output signals from the steady-state pressure and
temperature sensors on the engine were recorded on a Non-Linear Systems
(NLS) Data Acquisition System. The NLS system is a medium speed con-
tinuous scanning recorder capable of recording up to a rate of 15 channels
per second. For this test a total of 54 channels of test data were recorded
on each scan., Between recordings, continuous single channel monitoring was
used to note signal drift and instrument response time during engine power
level changes. The allowable input voltage range to the recorder was ¥10
millivolts to ¥10 volts permitting the use of conventional nonamplified
pressure and temperature instrumentation., When required, gain changes inter-
nal to the recorder could be made to improve readout quality and accuracy.
To assure recording accuracy on the magnetic tape system, a fixed input L,
nal of +1.57 volts was used throughout the program for first channel identi-
fication. The data tape was processed with a special reduction program using
a CDC 6600 computer converting the recorded information to engineering units,

Occasionally, the cross-bar scanner of the recorder would fail to regis-
ter the first channel, resulting in a record error. To preclude the possi-
bility of losing a complete data run, the more important steady-state parame-
ters were displayed on the engine operator's control panel. These parameters
were hand recorded during each run. However, the automatic recorder, when
functioning properly, provided more accurate information because of its in-
stant response capability,

DYNAMIC INFORMAT ION

The high response pressure information from the Kistler Transducers was
recorded, following signal amplification and conditioning, on a 14 track
AMPEX FR 1300 Analog Recorder. The tape was then reduced to a graphic pre-
sentation of pressure oscillation amplitude in volts (RMS) versus oscilla-
tion frequency. The frequency range of interest was 5 Hz to 5000 Hz. The
following equipment was used to reduce the analog tape information to the
plotted information described above:

To assess the significance of an analog signal prior to initiating a
full reduction, an occassional oscillograph recording was made from
selected channels of a particular fun. If the oscillation characteristics
appeared significant, then a full spectral analysis was conducted.
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3. Spectral Dynamics Corporation SD112-1 Voltmeter/Frequency
Log Converter,

L., Hewlett-Packard 7000A X-Y Recorder.
5. AMPEX Bin Loop Recorder (FB-400).

The analog reduction system layout is illustrated in Figure 52.
The following important settings were made to the spectral analysis equip-
ment prior to initiating an analog data plot to insure an optimum analysis
of the recorded signals:

1. Filter Select Switch on the SDIOIB: 1In all cases, the band pass
filter had a bandwidth of 5Hz,

2. AC Response Switch on the SD112-1: This switch was placed in the

slow response position (8 db/sec nominal) to give a more readable
plot by eliminating much of the small but rapid oscillations of
the plotter pen and to minimize pen overshoot,

3. Sweep Speed on SDIOLA-5: A sweep speed of 0.5 decade/minute was
used. This was considered slow enough to identify all amplitude
peaks; however, the sweep speed was decreased by a factor of 10
in the immediate vicinity of those points of greatest interest to
provide more accuracy and to minimize pen undershoot.

OSCILLOGRAPH REDUCTION

To assess the significance of an analog signal prior to initiating a
full reduction using the equipment described in 2, above, an occas:sional
oscillograph recording was made from selected channels of a particular run,
If the oscillation characteristics appeared significant, then a full spec-
tral analysis was conducted,
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APPENDIX VI

A SUMMARY OF THE COMBUSTION INSTABILITY MODEL

NREC's instability model has been described in various detail in
References | through 4. This appendix presents a skeletal summary of
the principal equations and their solutions. The reasons for construct-
ing the model in the way we did are best found in Reference 4, and
systematic derivations are in References | and 2,

THE BASIC MODEL

Combustion instability is a self-excited acoustic resonance. The
general governing equation is therefore a variant of the standard wave
equation:

N
vz Vp s wfp=h(x,p, @) vete=)

o

where Cs is the sonic velocity, Ke is the outer radius, W is the
angular velocity of the oscillation, and 7 is a nondimensionalized
pressure oscillation:

1

P’/,‘:’ (VI11-2)

where
- LA.\ ;t

= '3 + F/e (Viti-3)

For simplicity it is assumed that the only significant variation in
sonic velocity in an augmentor can be approximated as a step-change at
a flame-front. In other words, the augmentor is assumed to be separated
axially into two chambers, in each of which the sonic velocity remains
uniform. The general governing equation can then be put in a more man-
ageable form:

1]

VZr/i + ks Tk h(l‘.r; , r[;,h,.) (VI11-k)

where the subscript & designates the augmentor chamber, and R; is a non-
dimensional wave number:

(VI11-5)

The eigenvalue problem is completed by appropriate boundary equa-
tions. At the upstream and downstream ends, respectively:
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(Vi11-6)

where A is the acoustic admittance ratio, M is the Mach number, and o
and £ correspond to the upstream and nozzle ends, respectively, At the
outer and inner walls of the annulus, respectively:

'\"él :Jh-/‘\a'
L 27 k, A,
-7‘);2 o dl. b;.
where the subscripts & and b pertain to the outer and inner boundaries.,
In the case of a cylindrical afterburner, there is no inner boundary.

(vini-7)

Finally, the function h in the general governing equation treats
unsteady heat release, through-flow, and unusual boundary effects.
Formally, the function is defined as fol lows:

(3'"/) /

g =y Lo (g ) -

-_-;;;; %%53 llf (293 72*1 “)) +

(Vit1-8)

£ C : ’
u Z-“ﬁi/@ X\, )
4= =

where 47 is the oscillatory component ot the local heat release rate per
unit volume, and the functions,@' and W pertain to boundary and through-
flow «ffects, respectively,
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Equations VII1-4 through VII1-8 define a complex-valued eigenvalue
problem in terms of W , with eigenfunctions or mode shapes n defining
the distribution of the pressure wave in the augmentor,

FORMAL SOLUTION OF THE MODEL

NREC uses a perturbation method to develop a first order approxi-
mation to the eigenvalue <> . Consider first the standard acoustics
problem ( h = 0) with the same boundary equations:

A Q o\ c
Vino + (R.) 7, =0 (Vi11-9)
The solution of this problem by separation of variables is straight-

forward, so that the acoustic eigenvalue wW® and the normalized acoustic
mode shape 7° can be determined explicitly. Normalization here entails:

Z [[f )7& 7. AV, =0 (Vi11-10)

where " indicates complex conjugation. Substitution of the acoustics
solution into the right-hand side of the governing equatlon then pro-
duces a non-homogeneous wave equation in terms of « and %':

Vinl o+ (k)" n. = ?—-;_ h (zs, 7 hf) (Vir-11)

The equation is readily solvable by Green's function techniques. In par-
ticular

(w')L = (w°)z +é[[{%h X0 k) AVe ini-i2)

1
NREC accepts <2 as an adequate approximation of the eigenvalue &,

The real part of wdefines a frequency of oscillation and the
imaginary part, a logarithmic decrement:

f = REAL{w} /:n' (VIit-13)

S = =21 |N\A6{w} ‘/REAL{w% (VI1I-14)

Distinct values are determined for each mode-- i.e., for each eigenvalue
).

The eigenvalue W of each mode suffices to determine an oscillation
frequency and decrement, The function h, however, and some of the
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boundary admittances vary nonlinearly with the fluid oscillation ampli-
tude. Thus, by assuming different values of amplitude, one can cbtain

3 scquence of solutions tor frequency and decrement, as plotted in the
sketch, In the example shown the decrement is positive for small ampli-
tudes, so that the mode in question is damped until an initial distur-
bance component in excess of the indicated threshold occurs, Once the
threshold is exceeded, the oscillations grow (the decrement is negative)
until equilibrium is reached at the self-sustaining amplitude, corres-
ponding to which is a distinct frequency, When the decrement never be-
comes negative, the mode is simply stable,
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The ultimate solution of the combustion instability model, then, is the
graphically determined threshold and self-sustained amplitudes and fre-
quencies of each mode.

THE HEAT RELEASE MODEL

The local heat release rate is assumed to consist of a mean and of
an oscillatory component:

. - Co ,-~J°~‘t
W (X)) = e (R) + s (X)e (VI11-15)

NREC's major contribution is to construct a model of the heat release
rate in terms of physically interpretable variables, which can hence
be examined experimentally,

The central assumption in the heat release analysis is that the
local energy release occurs at a rate proportional to.the local con-
centration of unburned fuel. It is also assumed that the mean combus-
tion is governed by a single characteristic rate (or, inversely, a
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characteristic time), which may however be sensitive to fluctuations in
thermodynamic properties. This phenomenological approach leads to an
Intuitively satisfying expression for the local value of the mean volu-
metric heat release rate:

_ 5 E(n0)

A W(‘ROQZ/IZC F) (VI11-16)
‘ T

where ;G is the mean fluid density, &  is the mean axial convection
velocity, T is the mean characteristic time required for combustion of
a fluid particle, and E is the mean chemical energy content per unit
mass of the fluid entering the combustion chamber. The spatial dis-
tribution of the fuel is accounted for by radial and circumferential
variations of E ,

The oscillatory heat release rate is then defined in terms of the
mean heat release rate via a perturbation of Equation VIII-16:

/

% ()2,9,(3&‘ 't) = /% (R'ekéli‘t)
- '1-;: <RseJ ga,/t) +
+ _E'_;./ (R e 0 t- Li‘) + (viti-17)
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The key attribute of the model is its accounting for the cumulative

effects of oscillatory combustion upstream ,of each point of interest.
Also, the quantity of ultimate concern, LLL, _depends on the spatial

distribution of the mean heat release rate, W .

COUPLING MECHANISM MODELS

The two variables £ and T are physically interpretable, but as-
signing values to them for a specific augmentor is not a simple
theoretical exercise., It is recognized that pressure and velocity
fluctuations affect E and T, so that what is needed to complete the
combustion instability model are functions of the following form:
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T = f5 (%:) o, PoA (Viti-19)
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E - fe’ ( F .o > (vi11-20)

The physical mechanisms thought to govern these functions in augmentors are
turbulent mixing, chemical kinetics, and droplet atomization, vaporiation,
and burning, The effects of such mechanisms on ™ and E must be defined via
appropriate experiments. The above functions are not considered amenable

to a purely theoretical treatment.

To generate solutions from NREC's model, some specification is needed
of the above coupling mechanism functions. Without an experimental pro-
gram, any such choice must be crude. NREC's programs have been constructed
with provision for the following functioral forms:

—E—’ - ~ _E/ _E/) ~ /M: )
E C3 P T 5‘1 (P INJECTOR ¥ C‘S‘ (Al)maEC'roR (vit-21)
MG (Vil11-22)

1 ~ P g Ay
™ I Mﬁ FLAMCHCILDER,

where Ty is the ‘"design'' characteristic time, in the absence of fluid os-
cillations.

(Vit1-23)

As discussed in detail in Chapters IV and V of the report, a very
simple model of droplet vaporization was used to assign values to Z .
Cs, 62 , 6}. and Eﬁ(see, for example, Equations 3 through 7 of Chapter
IV). In an effort to predict sustained amplitude levels, a numerical
definition of C;, was also devised, with an interpretation of the values
stated in terms of turbulent mixing. Developing correct functions (or
coefficients) for the coupling mechanisms remains a task for the future.
What light has been cast on the problem in the current study's comparisons
of predicted and observed instabilities is examined in the main text.
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APPENDIX IX

MODIFICATIONS OF PROGRAMS HLMHLT AND REFINE

Several modifications of the previously developed computer programs
were made during the current effort. Five of these represent corrections
of errors, and the remainder provide either ease of use or more accurate
modelling. The changes are described below, and updated Fortran listings
are given in Appendix X. '

PROGRAM HLMHLT

l.

CYFUN: Calculation of the derivative of the Bessel function of
the second kind (Y) was erroneous in the original program. Two
cards have been modified:

a. Statement defining FNP just before Statement 100,
b. Statement defining FNP just before Statement 600,
Only ductburner results are affected by the change.

AXFUN: An error in AXFUN was discovered, again in a derivative
formula, which had the effect of preventing convergence in some
Newton-Raphson iterations, Both of the definitions of F2P are

correctly functions of Q2, not of G2 as in the original program.

HLMHLT: Statements from 6600 to 6800 have been added to provide
the additional print-out of the correct value of the Chamber 2
mode shape coefficient. In the original program this coefficient
was hand calculated, using the chamber-to-chamber amplification
coefficient. The new output coefficient is defined by the follow-
ing product:

/

q;:,L,K {}L;,q. q;;_n.ﬂ
CJI.L,K - I:}l-.‘h“' c‘}a gy =

Thus when C3, .,k = 1.0, as is standard in most cases, all in-
put data required by REFINE is now defined by HLMHLT,

HLMHLT: The sign of the radial mode shape coefficient, CiQ,
was wrong in the original program. The card shortly before
Statement 6050 has been corrected accordingly., Equation 1-30
of Reference 2 should also be corrected to read:
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This error affects only the annular ductburner results,

e Y -

i i b

PROGRAM REF INE

1. The major change is to input the radial comporent of E not
as a parabola, but as a table of values at the end of the
complete REFINE input., The table is input as follows:

Line Location Type Input |tem Description
16 1-6 | NMUQ Number of entries in in-

put table: 2£NMUQ £2]

17 1-12 R RMUQ(1) The smallest value of R =
R/Re at which £ has a non-
zero value

13-24 R XMuQ (1) The value of My at RMUQ(1)
25-36 R RMUQ (1) )
37-48 R XMUQ(1)

etc., until all input values are accounted for, The values of

E. are then calculated as follows:

E’\' = /4*(/1\ (,AL./L1+}J~111 ‘PMj)

where Mq (R) is defined by linear interpolation in tne table.
This addition to REFINE permits a far more accurate represen-
tation of the radial distribution of the fuel than in the
original program.

Three subroutines were modified in effectuating this
change:

a. REFINE:
(1) a new COMMON block, /MUQ/, was added

(2) new 1/0 cards were introduced shortly after State-
ment 500

b. FUNGEN:

(1) a new COMMON block, /MUQ/, was added
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(2) Statement 230 was replaced as follows:
230 CONTINUE
CALL INTERP (R, Q)

c. INTERP: A new subroutine was added to the program for
linearly interpolating in the,u)input table.

2. A second change, made in REFINE, was to restrict the optimal

dump output of the various functions so that it will include
only the axial mode shape. This restricted form of the dump
output is obtained only when KDUMP=2; when KDUMP=0, no dump
output occurs, and when KDUMP=1, all dump output occurs, Six
cards have been added to the REFINE source deck, and another
card has been modified, as follows:

Li=]

L2=28

IF (KDUMP ,NE. 2) GO TO 1195

Li=13

L2=14
1195 CONTINUE

00 1200 L=L1, L2 (modi fied)

3. A third change eliminates the need to repeat mode shape input

when only the assumed amplitude level is changing, When
KONTRL 2 21, the program requires only two lines of input as
fol lows:

Line

3 Same as Line 7 when KONTRL< 20
I Same as Line 8 when KONTRL < 20

The formats remain the same as on pages 70 and 71 of Reference
3. The change is accomplished by by-passing the two mode
shape input statements, just before Statements 380 and Lio,
respectively,

QYFUN: Three cards immediately preceding Statement 100 have
been corrected. The original program calculated an erroneous
radial distribution of the mode shape in the case of annular
ductburners, With these corrections the radial component of

the mode shape satisfies the boundary conditions properly.,
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5. FUNGEN and NTGRAT: The correct equation for the unsteady heat
release rate is given below (see Ref 4, Equation 20):

/.U' (}2 6 ;a) ) — /?f (R’G)Jhx) —
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In the original program the E/E term was treated erroneously
as a local value rather than as a convected value, That is,

the program used

__’ (/?, 8, 3, t\

rather than

————
-

K’ 4 - Re3e
(/2.6, o, /Ic

This error has been corrected by changing the following cards:

In FUNGEN, just after Statement 310, the cards defining

H3F (J), HEFP(J), HEPP(J), have been modified to account
for a convected effect of E' at the flame-front,

b. In NTGRAT, before Statement 300, the cards defining
OMEG2E have been revised to eliminate reference to
QNHRF (now clearly incorporated in the above functions),

This correction appears to have only a minor effect on results,

Specuflcally, it mostly changes the phase relation between
E’ and M at every point downstream of the flame-front,
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COMPUTER PROGRAM LISTING
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10

100

200

een

250

PROGRAM HLMHLT (INPUTQUTPUT s TAPESSINPUT ¢ TAPE6=OUTPUT)
COMPLEX QADCNAL ¢NAA(2) 4NAR(2) ¢ QQFF 9QQAFP 4 QQGF ¢ OQAGP s QAKP (549542)
COMPLEX XJ
COMPLEX AQesALIAAGABIQFFoNFPsQGF 9 OGP ¢ ALP ¢ UNPyQKP
COMPLEX AFL1s0QFL 2
COMPLEX FNeFNP,C1Q(50502)9C20(59542)9C30(545)
DIMENSTION 1O (2)
NIMENSION TITLFE(12)
DIMENSION XLD(2)
COMMON/DIM/RO(2) ¢RI (2) e XL (2)0eCO(2) o INRAD
COMMON/BOUN/ZAO(5¢5) s AL (5¢5) 9AA(59592) 0AR(595¢2) eQFF (5¢5) o QFP (505) »
1 OGF(545) sQGP(845)
COMMON/WAVE /My ALLP (5¢592) sQNP (S59592) s OKP (59542)
COMMON/RANGE /ALRAN(392) ¢+ XNRAN(3) ¢y KSToKXQoKSTP9LSTILRQsLSTPyNRQ
NO 1n0 Lales
DO 100 K=ale5
DO 100 I=l,?
ALP(LoKeI)=(0e00040)
ONP (L. oKe1)=2(0e0eN60)
QKP (LLeKeI)=(060,040)
QAKP (LeKeI)=(0,00060)
CONTINUE
READ (549000) TITLE
READ (599010 MoKSToKSTPeKXQeLSToLSTPoLROINRQIITER,ITYPE
IF(KXQ*LRQ+M LLEo, 0) STOP
WRITE (649200) TITLE
D0 200 I=l,2
READ (549020) RO(I)oRI(TI oXLD(TI) o CO(TI)2UOLT) o INRAD
WRITE (A99210) T4RO(I)WRI(I)«XLNDII)oCOCI)oLO(D)
Uo(T)=U0(T)/COLT)
XL(D)=sXLD(1)/RO(])
CONTINUE
WRITF (649220)
IF(ITYPE o+GEes NY GO TO 750
WRITF (/e9225)
QAN=(06000,0)
QAL2(0e040.0)
DO 220 I=m1,2
QAA(T)®(Ne0s0eN)
NAR(1)B(0e04040)
CONT INUE
QQFF.(I.O’OOO)
AQFPa(0e0¢040)
NAGFE(060+¢0,0)
QAGP=a (RO (2)Y/R0O(1))*#(CO(]1)/C0(2)) #e2
IADMIT=0
GO To 280
READ (549030) QA0,QAL
WRITE (649230) 0AQ QAL
RFEAD(599030)QAA (1) 9QAB(Y)
WRITE (6+49240) QAA(]1)s0AR(Y)
READN (S49030) QAA(2) ¢RAB(?)
WHITFE (6¢97250) NAA(2)sQAR(?)

WRITE (649260) 164
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READ (549010) IADMIT
IF (IAUMIT oGT. 0) WRITE (649270)
READ(549030) QQFF,QQFP
WRTITF (6¢92R80) QQFF 9 QQFP
nean(5.9030>oosr.ooep
WRITE (649290) QAGF 4QQGP o
2RO R=(RN(Z)#CO(1)/Z(RO(LI®CO(2)))wu2
. RP=SAKRT(B) o
IF (ITYPE +LEe« 0) GO TO 500
D0 300 I=1,2
DO 300 L=LSTPLLRAQ
READ (549030) (ALP(LyKsI) 9sKEKSTP9KXQ)
300 CONTINUE
DO 350 L=LSTPyLRQ B
READ (549030) (ONP(LsK92) o KaKSTPeKXQ)
NO 350 K=KSTPyKXQ .
ONP (LoKo 1) =CSQRT ((QNP(LoK92) @02+ ALP (L9Ky2) #42) /BeALP (LoKe 1) 9% 2)
350 CONTINUE
DO 400 I=14?
DO 400 L=LSTPyLRQ
NO 400 K=KSTPKXQ
QUKP (Lo Ko 1) =CSART (ALP (LeKoI) ##24QNP (L 9K, I)*#zi
NKP (LoKeI)=QQKP (LoKoI) T
400 CONTINUE
GO0 TO 450
S00 DO 550 I=142 o
READ (540030) (ALRAN(KyT)9sK=193)
550 CONTINUE
READ (549030) (XNRAN(K) 9K=193)
IF (ITYPE .LTe 0) GO TO 450
DO 600 LsLSTPyILRA -
READ (5+9030) (OQKP(L1Ke2) 9KaKSTPIKXQ)
NO 600 KsKSTPKXQ
QQKP (L+Ks 1) =QQAKP (L9K92) /RP
600 CONTINUE
650 XJsCMPLX(0e09140)
ITERGP=0
660 DO 700 L=LSTPILRO
DO 700 K=KSTPyKXQ
IF (ITYPE +GEs 0) GO TO 665
NFL1=0.0
QFL2=040
GO TO 668
665 CONTINUE L
OFLI=ONP(LoKs1)/QQKP (L oK)
QFL2=ANP (LeK92) /QQKP (L 4K+ 2)
IF (UO(1) o«EGe 0e0) QFL1=040
IF (UO(2) +EQe De0) QFL22040
668 CONTINUE
AO(L oK) =XJ#QAKP (LoKo 1) #(=QA0=UO (1) #QFL1#%2)
AL(LsK)EXJU#QQKP (Lo Ky 2) % (QAL=UO0(2) #QFL2%%2) =~
IF (ITYPE +EWe 0 oANDe ITERQP +EQe 0)
1GNP (L9K92) SCMPLX (0009 =AIMAG((AO (LK) *AL (L9K))/10,0) )
NFF(LsK) =QOFF
GFP (LK) BQQAFP
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QGF (1_¢K) 2QQGF
QAGP (L oK) 2QQGP
IF (IADMIT JLE. 0) GO Tn &7p
QFP (L oR) 3=NFP (L, K)’XJ'CO(I)/(1.4*QQKP(LOK01))
QGF(IoK,SXJUQQKD(LoKo?)'Y W 4%QGF (LK) /CO(2)
QGP (L oK) mQGP (L oK) #(RO(2)/RO(1))®(CO(1)/CO(2)) 002
&T0 CONTINLE
DO 700 I=m),e2
AA(LoKeI)2XJPQQAKP (LyKo 1) *QAA(T])
AB(LoKoI)2aX ®QNKP (LoKeT)#QAR(T)
IF (ITYPE +EQe N oANDe ITERQP oEQe 0)
VALP (1L sKy 9 1) eCMPLY(0e09=ATMAG( (AA(LoKoI)*AB(LKeI))/5¢) )
700 CONTINUE
IF (ITYPE +GTe 0 oORe ITFRAP .GTe. ITER/G4) GO TO 2000
1000 CALL ACUSTK(0en)
GO Tn 3000
2000 CALL ACUSTK(1le1)
A000 DO 3100 Im) 2
00 3100 L=LSTPLLRQ
DO 3100 KaKSTP,KXQ
AKP (L aKoIIBCSQRT (ALP (L oKoT)2#24QNP (LoKoT) ##2)
3100 CONTINUE
IF(ITYPE«GTe0e0Re (ITERQP.GTo1eANDeITERGP LT ITER=2))GO TO 3950
3200 WRITF (649300) MeITERQP
' NO 3300 I=142
WRITE (699310) To(KeK=KSTPyKXQ)
NO 3300 L=l . STPol RQ
WRTITE (699320) Lo (ALP(LoKy1) oKEKSTP ¢KXQ)
3300 CONTINUE
WRITE (649330)
N0 3400 I=m)1,2
WRITE (699310) To(KeKEKSTP4KXQ)
DO 3400 L=l .STPIRQ
WRITE (649320) 1o (ONP (L oKol) sK=2KSTP ¢ KX0)
3400 CONTINUE
WRITFE (649340)
PO 3500 I=mi,e2
WRITE (6¢9310) Te(KoeKIKSTPKXQ)
NO 3500 LaLSTP,( RQ
WRITE (609320) Lo (QKP(LeKe]) oKuaKSTP ¢KXQ)
3500 CONTINUE
IF (ITYFE oGEe 0 oANDe ITERGP oL.Te ITER) GO TO 4000
IF (ITYPE +LTe n) WRITE (649350) ITERQP
IF (ITERQP GE, ITER) WRITE (649360) ITERQP
60 70 6000
396N IF (ITERQP 4EQ, ?2) WRITF (6,9380)
WRITE (649370) 1TERQP
4000 ITFRQPBITERQP+)
IF (ITERAP ,GT. ITER) GO TO 3200
N0 4500 Im1,?
NO 4500 KeKSTP.KXQ
NO 4500 L=LSTPLILRQ
IF (CABS(QAKP (L 4yKyI)=QKP (LoKo1))eGTe 1aNE=3) GO T0 4600
4500 CONTINUE
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ITFRAP=ITERQP=1]
G0 Tn 3200
<600 C=ITFRQP#5
DO 4700 I=1,2
NO 4700 K=KSTP+KXQ
DO 4700 LsLSTP.IRQ
QAKP (Ly Ko 1) =QQAKP (LoKoI)/Ce(C=140)*QKP (LyKsI)/C
4700 CONTINUE ' i
GO TO 660
6000 CONTINUE
WRITE (6493G0) M
N0 6100 L=LSTPHLLRA
DO 6100 K=KSTPKXQ
IF (RI(1) JLEe 0e0) GO TO 6050
CALL CJUFUN (FNoFNPoALP(LoKyl) 9AA(LIKs1) oM)
ClQ(LsKy1l)=FN
CALL CYFUN(FNoFNPoALP(LoKe1)9AA(LIKs1) oM) =
IF (CABS(FN) «EQe 000 ) FN2(l,0E=2040.0)
ClA(LsKs1)==ClQ(L9Ks1)/FN S '
GO TO 6100 -
6050 ClQA(L9Ke1)=(0604040)
6100 CONTINUE
I=1
WRITE(699310) I (KyK=KSTP4KXQ)
D0 6200 L=LSTPyLRQ o
WRITE (699420) Lo (ClO(LoKo1) 9KSKSTPyKXQ)
6200 CONTINUE
WRITE (649400)
DO 6300 L=LSTP+LRQ
DO 6300 K=KSTP,KXQ
C20(LoKo1)=A0 (L +K)
FN=CCOS(ANP (L oK o4 2)#XL(2))
FNP=CSIN(QNP(Loko2)#XL(2))
IF (CABS(QNP{LsK92))eLE. 0o0) GO TO 6230
FNP=FNP/QNP (L oK 42) T S
GO TO 6240
4230 FNPE(1e040.0)
6240 C20(L9Ke2)=FN=A (LoK)#FNP
IF (CABS(AL(LsK}) oGTe 1e0ES) C2Q(LoK92)=FN/AL (L (K)=FNP
IF (CABS(C2Q(LsK92)) eEQe 040) C2Q(L9Ks2)=(1,0E=209040)
IF (CABS(AL(L9K)) oGTe 140E5) C2Q(LoK92) = (QNP(LyKo2) ##24FNP/AL (L oK}
1 )eFN)/C2Q (LK 2) - o
IF (CABS(AL(LsK))¢GTe 140E5) GO TO 6300
C2Q(LsKs2)= (GNP (LoK92) #424FNPeAL(LoK)#FN) /C2Q(LoKs2)
6300 CONTINUE
DO 6400 I=1s2 _ -
WRITE (649310) T (KyKsKSTRyKXQ)
00 6400 L=LSTPyIRQ W .. S
WRITFE (609420) Lo (C2Q(LoKyI)sK=KSTPoKXQ)
6400 CONTINUE
. I=2
WRITE(699410)
DO 6500 L=LSTP4IRAQ
DO 6500 K=KSTP,KXQ ..
FNsCCOS(QNP(LsKo1)®XL (1))
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FNPBCSIN(ONP (Lexkol) XL (1))
IF (CARS(ONP(LeKel)) oLF, 0,0) GO TO 6430
FNOFNP/ONP (LeKgl)
GO TN 6440
A430 FNPa{1+0e0.0)
Q46N CIN(LIK)BFN® (QFF (LoK) AN (L oK) RQFP (L oK) ) ¢FNPR(QFF (LK) ®AQ(L oK)=
1 QFP(LoKIBONP (| oKyl )0a2)
IF (CABS(AO(LeK)) oGTe 140ES) C3Q(LoKIZAO(L oK) ®(FN®(QFF (L oK)/
Y AO(LoK)SQFP (L oK) oFNPR(QFF (L oK) =QFP (L oK) ®QNP (L yKy]l) ##2/A0))
500 CONTINUE )
WRITE (699310) To(KeKaKSTPKXQ)
DO 6600 L=LSTP, RQ
WRITF (649420) | ¢ (CIQ(L oK) ¢KeKSTPeKXQ)
6600 CONTINUE
NO 6700 L=LSTPLLRQ
NO 6700 KsKSTPKXQ
C3IN(LoK)IBCIN(LeK)IRC2Q(L oKy?)
6700 CONTINUE
1=2
WRITF(649430)
WRITE(699310) T4 (KeK=KSTPIKXQ)
DO 6800 L= STP4LRQA
WRITE (699420) Lo (C3Q(L oK) o K2KSTPoKXQ)
&R00 CONTINUE
GO Tn 10
9N00 FORMAT (12A6)
o010 FORMAT(1016)
0200 FORMAT (1H1+¢30XeaSHAN ACOUSTIC ANALYSIS OF ANNULAR DUCTS WITH AN AXIAL
1TAL DISCONTINUITY o //77030X012A60/7/77777+420X0)1SHDUCT DIMENSIONSy/
2 /7/7/¢1 X9 THCHAMRER 46X 9 12HOUTER RADIUS¢SXo12HINNER RADIUS,SXe 1 2HAXIA
3L LENGTHeSX e 1IHSPEED O SOUNDe&Xe13H END VELOCITY )
9020 FORMAT (SE1240916)
0210 FORMAT (/eS5XelleAX9EL12e5e5X9E12e505XK9EL12e595X9E12,5¢5X9E1245)
QP20 FORMAT (//7/7/7+20Xe34HSURFACE ACO'STIC ADMITTANCE RATIOS ,7/7)
9N30 FORMAT (6E12,0)
Q230 FORMAT(10XsOMINILET A3 oF12,503H ¢ 9E12e5¢20X99NEXIT As  LE12.5¢3H
19 +F12e577)
Q240 FORMAT (INXeOHOUTER Am 9F12.5¢3H o 9E12:5920X99HINNER Am 4E12,.5
! 3H o 9E12459010X916HIN FIRST CHAMBER o /7)
9250 FORMAT(10X4sOHOUTER A= ¢F12.593H o sE12e5¢ 20X99HINNER Am 4E1245,
1 34 9 9 E12:5010X917HIN SECOND CHAMBER o /7/)
Q260 FORMAT(///7/7+20X<26HDISCONTINUITY COEFFICIENTS o /)
Q270 FORMAT (30X ¢92HCOEFFICIENTS FP AND G RELATE PRESSURES AND VELOCITIE
1S AND ARE THUS MODIFIED BY (J*K) FACTORS o//)
QPRN FORMAT (10X ¢2HFBeF12e593H ¢ 9E12e5125X93HFP34E124503H o ¢F12¢5077)
Q290 FORMAT(1GXe2HGRGEL12eS93H o sE12e5025X93IHGPE4EL12e593H ¢ ¢E1265077)

9300 FNPRMAT(1H] 930X 4P9HEIGENVALUE SOLUTIONS FOR THE +11, 26HTH TANG
1ENTIAL MODE ON THE +12¢12HTH TTERATIONG////+¢20X919HRANTAL WAVE NUM
PRERS » )

11N FORMAT(//S0Xe)1HIN CHAMAFR ¢110/7XeS(9Xe2HKmeI1,413X)//)

GA20 FORMAT (IXe2HL 3411 e3XeS5(FO493H o 9 FOeboebX)//)

G230 FORMAY (//7/7¢20XKeYAHAXTIAL WAVE NUMBERS )

G40 FORMAT(///7e20X 9?2 1HCOMBINED WAVE NUMBERS, )

G150 FORMAT (1H] 430X e294SOLUTTION HAS CONVERGEND AFTER I2¢11H ITERATIONS o

Y /7) 168
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QIGA FORMAT (1M1 430X SE6HITERATION HAS BEEN TERMINATED WITHOUT CONVERGENC
YF€ AFTER  o12¢ 11H ITERATIONSe //)

ArNG FORMAT(20XRAMRATH CHAMIRFRS HAVE ACOUSTICALLY RIGIN SURFACES AND T
1HE FILAME=FRONT 1S ACOUSTICALLY IDEAL ¢//7)

Q70 FORMAT (JOXGIOHITERATION 4124//)

QIRN FORMAT(1H])

9300 FORMAT (1H)1e30X 4 3I2HMOOF SHARPE COEFFJCIENTS FOR THF (I1¢1RHTH TANGE
INTIAL MODE  9///77420X91RHRADTAL COEFFICTFNT o)

Q40N FORMAT(///¢20Xe ) 7THARTAL COEFFTICTENT o)

Q410 FORMAT(//7/7420X664HCHAMAFR TO CHAMBER AMPI_TFICATION COFEFFICIENT )

Q420 FORMAT (I XePHLZoT142XeS5(F1)eb4elHypsElle%92x))

Q430 FORMAT(///420X969H(AXTAL COEFFICIFNT) © (AMPLIFICATION COEFFICIENT
1) '3
FND
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1000
1050
1100
111n
1150

1179
1178

118§

11985

1200

1300

SURROUTINE ACUSTK(INDICIINDIC2)

COMPLEX AOthQAA|A9:QFFiQFPoQGFQQGFoﬁLPQQNP’QKPQAQQFNOFNPO
1 70EL s ON14QN2

COMP|EX FQNQFQNPQAQP,QNP].QNP?
COMMON/DIM/RO(?)oRI(Z)oXL(Z)QCOQZ)oINRAD
COMMON/HOUN/@O(RQS)QAL(QOS)QAA(SOSOZ)OAH(SOSQZ)OQFF(SOS)OQFP(SOS)'
1 OGF(5¢5) 0GP (545)
COMMON/UAVE/MoAI9(50502)oQNP(SoSOZ’oQKP(SOSOZ)
COMMON/RANGE/ALDAN(392)oXNRAN(S)oKSToKXQoKSTPoLSToLRQOLSTPoNRQ
NFRNaNRQ/ 4

IF (INDIC1) 30004+1000+2000

Is)

IF (LST «GTe LRN) GO TO 3000

BRI (1) /RO

Km)

LsLSY

LPsLST

FNTST=0,0

AQICMPLX(ALRAN(1OI)OAIMAG(ALP(L’KOI)))

CALL ANFUN(FNOFNPQAQOAA(LoKoI)QAB(LQKOI)oBcM)

IF (REAL(FN) oNFo. 0.0) GO TO 1170

FNTSTsal 4N

GO T0 1178

CONTINUE

IF (FNTST/REAL (FN) oGE, Ns0) GO TO 1200

CONTINUE

AQPIAQOALRAN(3QI)“REAL(FN)/(FNTST‘REAL(FN))

NO 1185 N=m) NFRN

CALL ANFUN(FQNQFQNPOAQPOAAILOKOI)OAB(LOKOI)OBQM)
IF(CABS(FQM) oLE 4,1, 0E=5)GN TO 1195

TF(CABS(FQMP) eENe040) GO TO 1200

XR=REAL (FQN)

XIsAIMAG(FQN)

XPR=REAL (FQNR)

XPIIAIMAG(FQNP)
ZDEL:CMPLX(-XPIQXI-XPH’XR,XPI.XR-XPR.XI)/(XPR”EOXPI'.Z)
IF(CABS(ZDEL)oGT.So“CABS(FQN’)ZDELIZDEL*CABS(FQN)/(?.'CABS(ZDEL))
AQPBAQPOZDEL
IF(QEAL(AQP)oLT.OoO)AQPICMPLX(OoOOAIMAG(AQP))

IF (CAHS(ZNEL) .LE. ¢01 LOR, CABS(FQN) olEs o1) GO TO 1165
CONT TNUE

GO T0 1200

LP=LPe¢}

IF (LP LE. L) GO TO 1200

ALP(LsKe 1) =AQP

el e}

IF (L «GTe LRQY GO TO 1300

GO Tn 1110

FNTSTEREAL (FN)

AG=ANSALRAN (3L 1)

IF (REAL(AQ) LLF, ALRAN(2,1)) GO TO 1150

LROs| =]

IF (LRQ oLFe LSTP) LRQAsLSTP

KeKed 170



1381
1400
200N
2050

2100
2150

2200

2290

2300

2380

2400
3000
100

3150
AN

220N

!

1F (@ oLFe KXQY GO TO 1100
18 {1 «Ee 2) GO TO 200N
122
[F (INRAN) 1050.,1095Ne13680
NO Y400 L=LSTLRQ
N0 Y40y K=]losKXND
ALP (1, e XKe?)=AILLP (] ¢Kol)
CONT TNUE
=1
IF (1.ST oGTe LRNY GO TO 23NQO0
HzRT (1) /R0O(T)
KsKSTP
L=I.ST
AQ=AL P (LoeKeT)
H=)
CALL. ANFUN(FNoFNPoANeAA(LoKoT) 908 (LoKol)eBoM)
TF (CAAS(FN) 4l.Fe 140FE=8) @GO TO 2300
TF (CAHS(FNP) oFeDeD) GO TH 2290
XR=RF AL (FN)
X1=ATMAG (Fr)
XPR=REAL(FNP)
XPT=AIMAG(FNR)
7OEL =CHMPLX («XPTuXTaoXPRBXRNXP T #XR=XPRE#X]) /(XPR®224XPTOH#2)
TF(CABS(/NEL) a GTo B #CARS(FN )Y INEL=ZDELH#CARS(FN Y/ (2.%CARS(ZDEL))
AQ=ANS ZOEL
IF (CAHS(ZDFL) LLEe leOF=8 ,0R, CARS(FN) oI1.Fe l1e4NE=R]) GO TO 2300
NN+
TF (N «LFe NRQY GO TO 2200
CONMT TNUF
HHTTE (6e9050) | oKeTeXReXT o XPRoXPI
ALP (] oKeT)=AN
L=l +)
IF (L el.Fe LRQ)Y GO TO 2150
K= s
1F (K oLEFe KXQ) GO TO 21800
IF (T «GFe 2)Y GO TO 3000
1=?
IF (INRAD) 20850,205042380
Ny 2400 L=l STelLRA
ne 2400 KesKSTPLKXQ
ALP (1. oK oe2)=ALP (| oK) )
CONT TNUL
TF(TNMDIC2) S0004310044000
L=)
IF (KST «GTe, KXN)Y GO TO 8000
As(ROC2IACHLLYZ(RO(1)SCOL(2)) ) ve?

K=KST

KR=x&T

FNTST=0.0

NNDP=CMPLX(XNRAN(T) s ATMAG(ONP (L 9Ke?)))

SIYA! sCSQRT (N2 8D P LK 2)002) /RaALP (LogKol)#e2)

calt AXFUMIFNgFNPoQN)Y o QON2 o AN L1 oK) s AL (LK) s QFF (L oK) s OFP (LK)
OGP (LeK)YsWOPR (oK) o R)
1F (RPALLIFN) JNF, 040) ROTO 3240

FHTICTE] N o R
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240

1269

260

3270

32300

3400

4000

4100
47200

41300

G0 TO 3250

CONT INUE

IF (FNTST/REAL(FN)Y +GE, NeN) GO TO 3300

CONT INUE

ONPP2=QN2+XNRAN () #REAL (FN) Z (FNTST=REAL (FN))

ONP1=CSART ((ANPP##2 4 ALP (LoKo2) #42) /B=ALP (LoKy1) #02)

N0 3260 N=m1«NFRAN

CALL. AXFUN(FQANGFQANP QNP1 ¢QNP2 9 A0 (L oK) o AL (L oK) s QFF (L oK) 9QFP (L oK) o
1 QGF (L oK) 9OGP (L oK) ¢B)

IF (CABS(FOAN) oLE4140E=5)GO TO 3270

IF(CABS(FQNP) «EQe060)GO TO 3300

XR=REAL (FQN)

XI=AIMAG(FQN)

XPR=REAL (FONP)

XPT1=AIMAG(FONP)

ZOELaCMPLX (=APT#X]=XPR®XRyXPJ#XR=XPR#X])/ (XPR®##2+XPI®#2)
IF(CAHS (ZDFL) oGT oS5+ #CABS (FQN) ) ZDEL=2DEL*CABS(FQN) /(2 ¢ *CARS(ZDEL))
AONP2=QNP2+7DEL
IF(REAL(ANP?2) oL.Te0+0) GNP2aCMPLX(0s09AIMAG (QONP2) )

TF (CABS(ZDEL) ol.Es *01 +OR, CARS(FON) oLEe ¢}) GO TO 3270
CONT INUE

GO To 3300

KPaKpPe+])

1F (KP «LEs K) GO TO 3300

QNP (1. 9 K9 2) BQONP?

QNP (1L 9Ko1)SCSQRT( (QNP (L o K92) ##24ALP (L oK92) ##2) /RaALP (LoKy1) #®2)
K=K+

IF (KeGTe KXQU) GO TO 3400

GO Tn 3160

FNTST=REAL (FN)

QN2 =N+ XNRAN ()

IF (REAL(QNZ) oLEe XNRAN(2)) GO TQ 3200

KXO=K=]

IF (KXQ JLEs KSTP) KXQ=KSTP

L=l

IF (L oLEe LRQ) GO TO 3150

LalL.STP

IF (KST +GTe KXQ) GO TO 8000
Ra(RO(2)4CN(1)/7(RO(1)®CO(2)) ) nep

KaKST

QANP2=QNP (L eKe2)

Ney

ON) xCSQRT( (QN2 R2:ALP(LoKe2)®9%2) /BaALP (LoKyl) #02)

CALL AXFUN(FNoFNPyQNY s QN2 9AO (L oK) o AL (LoK) 9QFF (L oK) s QFP (L oK) o
Y OGF (LeK)sQGP (| oK) oB)

IF (CARS(FM) oLFe 1e0E=5)Y GO TO 4400

IF (CABS(FNP) 4FRe000) GO TO 4390

XReRFAL (FN)

XI=ATMAG(FN)

XPR=REAL (FNP)

XPTsAIMAG(FNP)
ZDFLSCMPLX(-XPIQXI-KPR'XR.XPI*KR-XPR.XI)/(XPR.’ZOXPI“.Z)
TF(CARS(ZDEL) e GT oS¢ ®CABS(FN ) ) 2DEL®2DEL*CABS(FN )/ (2,*CARS(ZDEL))
OMN2sONZ e ZDEL

TF (CABS(ZDEL) LLEes 10F=5 ,0R, CABS(FN) oLEe 1e0E=S) GO TO 44600

Jr —
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NeNe )
1F (N oLFe NRAY GO TO 43N0
4330 CONTINUE
WRITE (AeUNAN) | sKeXReXT o XPReXPT
4600 QNP (LeK¢2)=0N?
ANP (LoKo1)2CSART ((QANP (L o« K g2 ) 824 AL P (LoKo2)#42) /RaALP (L ogKe))082)
K=K+
IF (K oLFe ¥XQ)Y GO TO 47200
L=l #
IF (1 «LEe LRQY GO TO 4100
1F (nWSTP (GF, K&T) GO TOH K000
KPaKSTe=1
NO 4700 K=2KSTP(KP
DO 4700 L=lolRN
QNP (1. s Ko 1) 2COURT I {QNP (L o Ko 2) #0824 ALLP (LoRoP2)#82) /RaAL P(LoKel)0®2)
4700 CONTINUE
fN0N RETURN
ONGN FORMAT (IXySYHNEWTON=RAPHSON TTFRATION HAS EXCEEDED LIMIT FOR RADIA
TL MODE ¢ /7 3X42HLES e 120X g PHKZ 0 I290XKePHIZeIP 98X g2HFSeE164eS93H o o
? F14,5¢5X03HFP24F 1445031 o E14454/7)
on6n FORMAT (IXeRRANFHTON=RAPHSON TTERATION HAS EXCEEDED LIMIT FOR AXIAL
1 MODFe /7 3X02HLZe1290X e PHKE 9 1299 Xe7HF S4B 14.5e3H o sE1445¢5X93HFP=
P oF16e593H o F14,59//)
FNP
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Sn

SURROUTINF ANFHH(FN;FNPv?,ﬂA'ABoHoM)
CoOMPEX FN.FN9070AA0AHOFQI’FQPIQFQZQFUPPQYQIQYQPIOYQZOYQPZ
CAL L. CJFUN‘FQIOFQPIOZOAAQM,

IF (B «GTe N40) GO TO S0

FNaFQl

FNP=FQP)

RETURN

CALL CJFUN‘FQ?QFOP?’B.ZOR.ABQM)

CALL CYFUN(YQIOYOPIOZOAA’M’

CALL CYFUN(YQ20YQPZOB.ZORGABOM)
FNRFQ24YQlaFQlayq)p
FNP=FQZ’YQPI‘FQ”?’YQI'R-FOPI'VQZOFQI'YQPZ’R
RETURN

END
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SURRNUTINE CJFIIN(FNeFNP 74 A M)
COMPIEX FNeFNPe74AZN2071N2S¢SeToeN]902e073
INP2=//2.0

ZN2S=/ 117 88D

IF (M 4FQqe ) GO TO S00

XM =4

SS1N/FACT (M)

T=72Nn?

IF (CARS(T) «EQs De0) T=(1eNeNe0)
TST=2CANS ((AeXMe1,0)/ (THOMY)
XK=21,0

FNz(A=XM) &S

FNPaFN® (XM/2,0)

100 SsES#202S/7 (XK® (AKeXM))
TE7ZN2S5/(( XK+ ] 4N #(XMeXKes ] ,0))
N3zA=XMe?  N#XK
NI=2T2*(03=2.0)

N2=2018#(XKe] ,0¢XM/240)
Al=(N]1=03) 4S8
Q2= (Q2=(XKeXM/D2 ) ¥QI) &S
FN=FMeQ]
FNP=FNPen2
IF (CABS(Q1)/TST oLTe 1oNFeR 4ANDe CARS(ONZ2)/TST LTe 1.0F=R)
1 GO TO 200
XKeXKe?2ql)
S=S#Y
6N TO 100

200 FNzFN#2D2Bam
IF (M oFQe 1) RFTURN
FNPzFNP#ZP#% (Ma])

RETURN
G0N TST=CARS (Asl,.0)
S=z1,0
XKkel.0
FNP=2,®#/7N2S
FN=AFNP
AON S=S#/D2S/7 (XKEXK)
T=7ﬁ2$/((XK01.0)0(XK01.0)) -
A2, 084 72N25¢ XK#A
NPz ((WI3sA)#T=N) 4§ ]
GLE(TR (P NHLDP]/(XKS24N)4A)S(2,0%7202S/7(XKe].0N) ¢A))#S
FN=Frey]
FNP=FNPeNQ?2
IF (CABS(QV)/TST (LTe 1.0E=R (ANDe CARS(QZ2)/TIST LTe 1,0F=8)
1 G0 TO Too
XK=XKe2e 0
S=SaT
50 T0 600

TON TF (CARS(ZN?) oFDe 060) GO TO 780
FHP=FNP/7D?

760 QF THEN
E N
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SURROUTINE CYFUM(FNoFNP ¢7 ¢ AgM)
COMPLEX FNoeFNP97¢A020297N2SeSeT901¢02e¢03404¢GN9GNP
IF (CABS(Z2)+GTse 1,0E=5) GO TO 10
FNP=1,0E30
RETURN
10 202=7/2.0
2075a2D2#4?
IF (MeEQqe0) GO TO S00
Qa= CLOG(ZNZ)#2,0
FN=00)
FNPa06(
XM=M
SSZNP#% (aM)
NO S0 L=leM
Kzl =1
XK=K
QAl2? 0%2N2S#FACT (MeK=?2)
Q22 (A+XM) RFACT (MaK=])
QN3=S/FACT (K)
FNRFNe® (Q]1=02)#Q3
FNP=FNP+ (Q1#(XKelo0=XM/2,0)mN2® (XK=XM/2,0))#03
S=S#70°7S
Sn COMTINUE
GN=FN
GNP=FNP/2D?
PST1==,57721566/49
PSY?=2PST1
DO 6n L=leM
XL=L
PSTI2aPS12¢1,0/XI.
60 CONTINUE
S=1.0n/FACT (M)
XK=21,0
TSTRCARS((A+XM+1,0) /7 (2D2) #8M)
N4=204=PST1=PS]2
FNP= (A=XM) #0)4
FNsS (FNP=2,n)8S
FNP= (FNP#XM/24NeAw? ) #XM) #§
100 Q42304=(1,0/XKe),0/(XKexXM))
TeZN2S/7 ((XKela) R (XMeXKe],4))
SsS#702S/ (XK® (XK+XM))
PST)Im(le0/(XMeXKe] o) ol o/ (XKe)o))
N3z2A=XM=? 4 08XK
Q]a(ﬁb'(T*(03-2.0)-03)0?o0’(loO'T)-(Q3'200)9T’PSIl)’S
02=(04°(((03-2.0)'(XK0KM/?001o)'T)'Q3’(XK¢XMIZo))-PSII’((Q3-Z.)*
! (XKOXM/2e4],)8T)¢(2,%Q3=A)8(Tem],)=4,#T)#S
FN=FAeQ]
FNPEFNPeN?
IF (CARS(Q}))/TS8Y oLTe 1,0E=8 LAND, CABS (QR2) /TST o.Te 1008‘8)
' GO T0 200
N4=N4=PST)
SzSaT
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GO T 100
P00 FN2(FN®ZN288:40030) /3,141809265

FNRP= (FNPR#ZN2VS (Hal) +6NP) /3,14150265

RETURN
K00 TST=CAKS(Ae) ,)

S=1,

NG=CLOGIID?2) +5772156640

XK=y,

FNm(A®2497Nh2S)

FNPEA/2NeNGHZINDPSH2,0

FNskN®OG 2028
A0 Q4=04=] 4 /XK

T=7N2S/7 ((XKele)aeD)

S=S*702S/ (XK#XK)

PSTIzle/(XKel,)

NI=? #7028

NI=(048 (AR (Ta] ) 4038 (T/(XKe2,)=PST]1))=PST1#TO(AG()3/(XKe2,)) ¢

1 7N2S® (PST1#82aT/((XKe2,)#8D) ) )«

N2=2(a%(Te]l,) /2, L% ( (Tl o) (NI+XK®A) ¢T#A) =

1 THRASTIH(Q¢ (XKHA) o A) ) #S

FN=FMeQ]

FNP=ENP N2

IF (CABS(01)/TST +LTe JoNE=R LAND, CARBS(12) /75T LT, 1.0F=8)

1 GO TQ 700

XK=XK+2 o

S=Q#T

Ne=N6e=PST)
K GO TO A0
TON FN=(FN=le)/1e57079632

FNP=(FNP//IN?2)/1,57079837

RETURN

ENP
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FUNCTION FACT (M)
NDIMENSTON G(?2n)
NATA (G(I)01.19?0)/1002006002‘00120007200050‘0.0‘0320003628900'
1 3628300003099168670407900165806.227020859.80717829‘25100
? \030767437F1292.0922789°E13O3.55687428El406.‘023737E150
K] 1¢216451E17920432907E1R/
IF (N) 10420430
10 FACT=2(e0
RETURN
20 FACT.I.
RETURN
IN IF (N «GTe 20) GO TO 40
FACTsG(N)
RETURN
40 X=N
FACT=SSORT (R,2831853#X)#(X/2,T71R28) #&N
RETURN
END
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s

CURROUTINF AXFUNIFNGFNP ¢NOINY ¢ONP AN JAL ¢ (WFF gQFP o WGF e QGP ¢ B)
COMPLEX FNoFNPoONToGON2sAN QAL sNFF sWUFP e QOF s GP o XJo N1 aF10Q2e¢FE2¢INy
1 FlaF2eR1eG2eF 1P F2PeGIP (PP
COMMON/NDTIM/ZRO(2) ¢RI (2) o X1 (2)eCO(2) o INRAN
COMPILEX FlP,E2P
NATA XJ/(0eDole)/
N1 =CCOS(AINT#XL (1))
< N2=CCOS (INPBXL (2))
1 TF (CARS(ANT)) 20420430
& 20 Fl=xX1_ (1)
FlP=Nnal)
¥ NN=1,0E20
;f GO TN 40
30 Fl=CSIN(ONI®XL (1)) /7GN]
€ FIRP= (XL (1) #ul=F1)/0N]
% NN=ANZ2/ (REON])
40 CONTTNUF
IF (CABS(OUN2)) &04509AN
80 F2=X1_(2)
F2P=060
GO Tn 70
f 60 F2sCSIN(ANPOXL (2))/7QN2

i

E2P= (XL (2)#02=F2) /ON?
760 COMTINUE
, Fl1s(WFF+AN#NFPY 8N ¢ (AQNFF=OFP#QN] ##2) ®f )
#ﬁ G1E(NGF+ANBUGP) 801+ (ADBNGF =(QGPSUN] #47) 8¢ |
LS FR=FPHUNP#82+Q D 8A|
G2sN2=AL%E?
{ FIP=FI#ON]I#® (=XL (1) ®OFFa (XL (1) ®A0e2,0)BOFP) ¢ (DFF#AQ=NFRE#QAN]L##2) #E 1P
GlP=F1®#NN]1# (=X (1) #NGF = (XI. (1) #AQ+240) #1GP) ¢ (QGFLADaQGPR#ON]##2) #E P
F2P=ONZ2# (FP8 () gnaXL (2)#AL )+ XL (?) #Q2)
§ G2Pz=(ON28X| (2) #F2=AL*EPP
%’ IF (CARS(AN) ot Es 140FS) O TO 8O
FI=(NFF/ZAOGOFP) 801+ (QFF=QFPRON1##2/A0) #F )
Gl1=(AGF/AN+OGP) #Q] + (AGF =GP #OM] ##2 /A0) #F |
FIP=F1#QN]1# (=Xl (1)#QFF/AD= (XL . (1) ¢2,0/A0)4QFP) + (QFF=QFPRQON]1®*#2/A0)

1 8F\P
GIP=F 1#UN]® (=XI_ (1) #QGF/AN= (XL (1) 42,0/A0)40GP) ¢ (AGF=QGPEON]#42/A0)
Y eFP

R CONTINUE
IF (CARS(AL) oLF, 1.0ESY GO TO 90
FPE280NDRE2/AL 02
RP=N?2 /AL =FE?
FPsnNNZ# (Fro (]l sn/al=XL(2))eXL (2)#Q2/74AL)
G2P==QN24XI (2) ®F2/AL=E2P
9n CONTTNUF
FNeF1#Ff 2=GleG?
FP=FZ#F 1 PBINSFOP#F |wGIPRG20NN=G] #G2P

f
ﬂ RETHRN
[

FND
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PROGRAM REF INE ( INPUTOUTPUT+ TAPES=INPUI 9 TAPF6=0UTPUT)
COMMON/FUN/F T FTRETF ETFR FR,FRP RFRERFQ,cRFRPIFZ,FZP, 3F GFP,

1 HREWHIF g HOF sHEFPIMTPP (HUPP o HFPP ( ALHTFP 4G4 HRHOB ¢ HUB 9 SURM]

COMMON/NINT JONEF Ty ONEF Tp  QNRFR AN RFR o UNERF© g QNEFRyANFZ ¢ ANGF 2o
1ANGFZP o ONHRE g QN 3IF s UNHAE o INHEFP ¢ QUHTPP ¢ QNHUNP ¢ ONHEPP s UNHTQQ 4 ONF T

COMMON/DTIM/ZRO(2) o R1(2) 9 XL (2)9CN(2) 9U0(2) s INKANGDR(2) s D2 (2) ¢DTHET,
1 XI1(2)eXIP(2)9XI3(2) 9 INTEGILIM
COMMON/WAVE /Mo ALP +UNPyUP9RTNy TNDTCLoCRADL1RAD29CAXL L o CAXL 20
1 OKPNEW
COMMON/ETGEN/OMEG()YOMEGY « OMEGLF 9 04EG) T OMEG) UsOMEG]RYOMEG) E v
1 OMEG1B4sOMG1BO4OM3IBLYOMGIRAIOMGIRByOMEGIAVOMEG]

COMMON/E IGEN2/0MEG02+0MEG2,04EG2F ,OMEG2T o OMEG2U s UMEG2R ¢ OME G2E o
1 OMEG2R,0MiE2B0¢0MG2HL 9 AMGIBA 4 'MGSBB 9 OMEG2A

- COMMON/COMB/CBARY1CHAR2T CRAR2R9CaAR2Z9CRARIICRARL yCBARS s GAMMA ¢
1 UBARyTAURAR ¢ XNUY ¢ KNUR ¢ XN 4 XMIT) 9 XMU2 ¢ AMU 3, INDIC292S+CBARS
COMMON/ROUN/INOTICOs INUTCL A9 AL 9 AA9ABIBFFARFFA

COMMON /MUR/ RMUN (2]1) o AMU)Q (21) {NMIQ9 LASINT

COMPLEX RFFA(101e2) sHFFa(l01,42)

COMPLEX FT(101)oFTP(101)¢ETF(101) ETFP(101)4FR(10192)9FRP(10192)
1 RFR(10102)sERF2(101)9ERr2P(101)9r2(10102)9FZP(10142) oGF(10192)
2 GFP(10142) ¢HRF(101) oHIF (101) oH4F (101) sHEFP(101) sHTPP(101) ,

3 HUPP(101) 9HEPP(101) s ALUTPP (10]) 9239 HRHOR ¢ HIIB s SQRM]

COMPLEX ONEFTyQNEFTPyQONAFR (2) ¢ ONERFRyWNERFP,ANEFRyQNFZ (2) ¢ ONGFZ (2)
19QNGFZP (2) 9 INHRF » ANH3F 9 ONH4F s ONHEEP s ONHTPR g ANHUPP ¢ QNHEPP s ONHTQOQ o
2 QNFT

COMPLEX ALP (2) 4 INP(2)4QkP(2) ¢RTN9rRADL (2) yCAN2(2) yCAXLL (2) y
1 CAXL2(2) ¢ JKPNEW (2)

COMPLEX OMEGDYOMEGY s OMEGIF o OMEGL TyOMEGIUsOMEGIRIOMESTE y
1 OMEGIB,OMG1BOyIMGLIHL U AGIRAIOMG)L B 9OMEGIAOMEG3
COMPLEX 0YF 135029 0MEG2 ,OMEG2F  OMEGZT o OMEG2U y OMEG2R ¢ OME G2F o

1 OMEG2R 4 OMG2HO + OMG2HL 9 NMGIRA 4 NMG>HB ¢ OME 524

COMPLEX AQsALAA(2) 424 (D)

COMPLEX FUNOMy0 1

DIMENSION TITLE(12)eXLU(?)

DIMENSION LIN1(2)oLIN2(5)

COMPLEX BLKFUN(101928) 9L KOM(14) 9RLKOMZ2(12) «BLKINT (22)
EQUIVALENCE (BLKFUNGFT) , (RLKOMOME=GO) o (BLKU24OMEGQ2) o
1 (BLKINT.QNEFT)

COMPLEX QAD.QALeNAA(2) 90AR(2)

COMPLEX VEC(12)

SQRM13(0,09140)

100 RFAD(S549000) TITLE

READ (5,901n)My INDICLoINTEGy INNICR 9 INDICRGINDICOWINDICL ¢ KONTRL o
1 KNDUMP

LASINT=)

INTEG=206 (INTEG/?)

IF (INTEG «1.Fe ) STOP

LIMBINTFGRe]

WRITE (6492n0) TTITLE

BTN’(I.“OOO”)

IF(KONTRL o6Te 0) GU TO 1359

bn 200 12147
READ(S5499020)RO(I) sRI(I) oXLD(T) 4CO(T)9oUO(]T) o INHAD
WRITE(6,921n) 1oROCI)oRL (1) 4XLD (1) COCI)oUs0(T)
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200

300

320

350

380

400

410

500

A AT sXIn(I)y/7ROLT)

CONT INUF
READ(Se9030) (XT1(T) oXI2(T)eXI3t1)o1210r)
w2 lTE (R49215)

DY 300 1=1e>

IF IXT1(T) JEQe NMe0 oANN, XI2(T) EQe ‘'eN o*Nidy AI3(]) oE0,
1l X[3(ry=u(l)

WRITE (64921 3) ToATL(I) ol XI2(T) 4 TovI3(])
CONT [NUE

WRITE(649221)

HFAD(S599030) A0 AL

WRITE(649237)A0AL

RFAD (549040)  8A(L)eAB (1) LINY (L)Y oLINZ(])
IF (LINY (1) JEQe o) LIny(l)=)

IF (LIN2(1) oEQe 9) LIND(l)=l Twm
WITE(6492640) AA(Y ) 9ak(])

READ (549047)  AA(2) 9A () fLINY(2)oLINC(2)
IF (LINJ(2) oEQe ) LINy(2)=)

IF (LIN?(2) +EQe 9) LIND(2)alLIM

WRITE (64,9251) AA(P) sak(2)

HAD=A0

WaL=AL

DN 320 I=192

Qaa(l)=aa(ly

AR (I =Aak(])

CONT INUE

IF (INDTICR LEe n) wKHITE(hy926n)

IF (INDTCR (GTe 0) WRITE(hye927n)

WRITE (Ae9275) LINLOD) o) T (1) ol In)(2) oL TP (2)
CONT INUF

WRITE(649210)

IF (INDIC1 .GTe 9) 4RIlE(hy930A)M

IF (INDTCY1 JLEe N) wKIT=(Ae9293)M

WwRITE (649311)

DO 400 1=)e2

IF (KONTRL «iiEe 21) G0 In 3R0

READ(599030) ALP (1) 9CRANY(T)eCnADY(])
CONTINUF

WRITE(649320) JTeaAlLP(I)errap)(T)eCAD2( L)
CONT INUF

walITE (A493130)

DO 500 1=19>

IF (KONTRL L,GEe 21) GO tH 610

HFAD (549030) QNP (T)9CAALY (TyoeCaXL2 (1)
ConTINUE
WRTTE(699329) To INRPUT) eCaAXLY(T) yCAYL2(T)
CONTINUE

IF (KONTRL GTe 9) A0 In w40

HFAD(Se9030) GAMMASIUKAK,TAURARGZS.CRAK] 9CHA-6
RFAD (5990301 CBAXP T o CHARSR ¢ CRARS 9 rBAR3I»CHARA 9 CH4ARS
HEAD(S99030) XNUL o ANUZ2 9 Rut) 34X A1)y o X «U2 9 Xini)3
[F (XM} qFleneDenNUOAMIZ Fllaele ANTeXMIIgF)g  af)) AMUIB] o0
HFEAD(S49010) NMUQ

HFAD(549030) (RMUOLT) e XMin(T)e T2] NMUW)
WHTE (649364 )) GAAMAa 9 JKAM, TAI)RAR
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510

540

541

542

545

550
600

WRITE (649350) AN 11 e XNU 4 ANU24 XNU?
WRITE (693711 CRAR]
WRITE (649375) CRARG6
WRITE (6+93R1) CRARR2T
WRITE (649397 ) CRARZR
WRITE (649400)CBaR2Z
wWRITE(6,9417)CBAR3
WRITE(649421) CBARS
WRITE(6+9430)CBARS
WRITE(6,94640)2S
WRITE (6,49359)
DO 510 1=1+NMUQ
AMUQCT) =XMUA(T) # (XMUT®RULIN(T) #8224 xMU#HMUQ (T) ¢ XMU3I)
WRITE (6¢9355) RMUQ(I)exMuQ(l)
CONTINUE
2522S/R0 (1) )
IF (INDIC? +LTe N) WRITE (6,9450)
G0 TO 545
CONT INUE
IF (KONTRL .LT. S) 60 tn Sal
RFAD(999n30) TAURARGCBAWLY +CRARS
WRITE (8+9340) GAMMAsUaAK,TAURAR
WRITE(6,9371) CHAR]
WwRITE (6849375) CRARG6
CONTINUE
IF (KONTRL .GTel1n) HEAU (59903n) nAA(1)9NAA(2)
A0=QA0
AlL=0AL
DO 5642 1=1»>?
AA(T)= QAAL(T)
AR (1) =Qar(])
CONTINUF
IF (KONTRL ,GTe 1)) wWrITF(643220)
IF (KONTRL «GTe 192) wRITF(649240)0A(1)0ARI(])
IF (KONTRL .6GTe 10) WRITF(/e9250)AA(2)9AR(2)
CONTINUE
WRITE(6,946n) TITLE
AKP (1) BCSQRT(ALR (L) ##2eaNP (1) 802)
WKP (2) SCSART (ALP (2) ##20aNP (2) #a?)
OMEGO=AKP (1) #CO(1)/R0O(])
OMEGO2=OMEGN##D
IF (INDICR ,LE. 0) GO To 600
ANSSURMI#QKP (1) * (=AO=UQ (1) /COVI#(ANP (1) Z70KO (1)) *42)
AL=SQRM#QKP (2)# (AL=U0 (2) /CO(2)* (NP (2) 7QKP (2) ) #%#2)
DN 8550 13192
AA(1)2SNRMI@QKR(T)®AA(]}
AR (1) BeGQRM]I #QKP (1) #AR(T)
CONTINUE
CONTINUE
CALL FUNGEN
DO 700 1=192
DO 700 J=1sl IM
BFFA(Je1)=(0e000e0)
BFFR(Jy1)m(Na09Ne0)
IF (J oLLTe LINI(T) oORe .} (GT, LIN2(I)) GO TO 700
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' 700
1050
1100
1150

1180

9710

1190

9700

1195

I 9720

BFFA(JeI)=F2(Jel)®#AAC(T)
HEFR(JeT)EF 270 0e 1Y RAR(T)

CONTINUF

CALL NTYRRAT

i ROM ) =FUNOM (41 . n 0 (L))

CONTINUE

WRITE (649470)

DO 1100 1=1.2

WRITE (8496410) ToevKP{I) (OKPNFW(T)
CONTINUFE

WRTTE (Ae9430) IMEG]

DN 1150 L=1412

VECIL)=RLKO12 (1)

CONTINUF

UMEGZ230MEG] «UMF 0

N 1180 1L23412

B KOM2 (1) =D 1EG) =R 1I_KOM (L)

CONTINUFE

WRITE(649%00)

WRITE (649510) OMeGUeIMER?

WRITE (/49520) OMEGILF 9y DUWFGPF

WRITE (Ae9530) UNEGLT ¢UUFGDT

WRITE (64+9%540) O1EGIsAMEED!)
WRITE (4549550) OMEGIHeU4FGIR

WRITE (Re95n0) UMEGLIE o UMFGRE

WRITE (A49570) UMFGlrneU aFuPR
WRITE (A¢99a0) DUMASLHUeURARO
WAITE (4e9590) IMO16L 9yUMAGARL

WRITE (£496100) OMn]lnAyU 1G2RA

WHRITE (8e¢9610) IM3lnneU 2G52RRA

[F (INDIC?2 JLE. n) 0 In 100
OMEG220MFGI«UMEHIA

WRITE (449620) UMEG39yOMERIAGOMEGD
IF(KDUMP 4Ede 0) Gu Ty 1300
WRlTE(6e9T] )
FARMAT (1H])
DY 1190 1=1.2
CAlLL SIMSON( ANCEYoFLo(lyT)erZCrel)ennd (1) INTEG)
CNNTINUF

ARG SFLR (LT 10 2) /(R L1 TMe2) 0SQMI#URP (2) )
AR (2)=FRO(LTAe2) /(FR () TMe?2) 8SQUMIBURP (2))

WHRITE(649700) AALL1)sAA(~) 0 aR(]) sA:{2)
WHITE(649T709) RBitmeHiHidd (HIIRe(3I
FORMAT (R (4X,E1245))
Li=1

L2=?H

IF (KDUMP +Ee 2) GO TU 1198
L1=13
L°=14
CONTINUE
VO 1200 L=L1eL?2

wRITE (Re9720) I
FOorMAT(//74¢1x412)
Wi [TE(6sQT700) (BLKFUNCL) YoT=1y) TM)
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1200 CONTINUE
WAITE (K497 30) ]
9730 FORMAT (//41KebH4LKOMP)
WRITE (6,9700) (VEC(I), 121412)
WQITE(6.Q74”’
9740 FORMAT(//41Xo6HRLRINT) ]
WHITE(6.9700)(BLKINT(I).I=]9?2)
1300 CONTINUF
IF (INDTC1 JNEs 2 «ORe 4 oFQs 4) GO TU 100 g
BTNE(1eNeNen) :
INDICLl=g
KONTRI =n ﬂ
WRITE (6,928n)
WRITE (6492un) ™
60 TO S40

9000 FORMAT (1246) ﬂ

9010 FNRMAT(121A)

9200 FORMAT (1H1930Ks741A STAQTLLITY FVA) UATIUN OF ANNULAR DUCT BURNERS WITH
1ITH AN AXTAL DISCONTINUTTY 0//7/790X0 12060/ /77777 920X9154ANDUCT DIME jl
ANSTONS 4 ///91XeTHCHAMEERQ KXy 1 2HONITER <ANTUS 5Ke 12HINNER RADIUSs5X, b
35Xe12HAXTAL LENGTHe S5X9y3HSPFERN O SOUNUy X, 12HEND VELOCTITY )

9020 FORMATI(SF]12,0e¢15) ‘ ]

9210 F(')RMAT(/QSXQIlo"X’El?obné(SXOEIZQ‘;)) ]

9030 FORMAT(AF12.0)

9215 FORMAT(////420Xe34HTHRUIIGH FLLOW VFLOCI 1Y COFFFICIENTS 4/7) N

9214 FORMAT(1nXe11HIN CHAMREND +1]142Xs61U0 = (sFR.393HI®Z201197H0u2 « (, ﬂ
IFRe393HI #7911 04 ¢ (sFB_J0)H) 92/) .

9220 FORMAT(////4,20Xe6 IHSURFACE PROPERTIES USED [N HOUNDARY REFINEMENTS
1 v/7) ;

9230 FORMAT(10X910HINLET APS F12e543H » 1£12.5920Xe10HEXIT APz  4E12.45, g
ly 3H 4 4F12.5e/7)

9240 FORMAT(10Xs]0HOUTER APS ,E12.5,3H » 9E12,5920X s 10HINNER APz 4E]12:5,3H o
1o3H & 9F1245010X016H]IN FIRST CHAMIER ¢//) ‘H

9250 FORMAT(10Xs)0HOUTER AP= oF12¢543H o 'E12,5920Xe10HINNER APz 4E£12.5
1o3H v sF12e5910%017THIN QFCOND CHA4BER 4/7/) ,

9260 FORMAT (15X, 76HABOVE VALIES RELATE (DETA/DNO“MAL) TO ETA, AND ARE T H
1HUS MONDTIFTE) ADMITTANCES )

9270 FORMAT (15x9u4HANNVE VALIFS RELATE VELOCITY 10 PRESSUREy aND ARE TH
1US ACOUSTIC ADMITTANCE PATTIOS )

9275 FORMAT (///415X063HINNER AND OHTE2 ACOUSTIC LINERS EXTEND FROM ﬂ
1 //7+420X48HSTATION 913y 124 TO GTATION #13421H IN THE FIRST CHAMBER
1 9//7920X984STATION 913,12H TO STATION 2139724 IN THE SECOND CHAMB
1ER ) H

9280 FORMAT (1H1920X 31HACOUSTIC MONE UNDER EXAMINATION o///7)

9290 FORMAT(10Xs44HSTANDING mADF WITH TANGENTTAL WAVE NUMBER = ,12 )

9300 FNRMAT(10X944HSPINNING «0DF WITH TANGENTTAL WAVE NUMBER = v 12) ]

9310 FORMAT(///o1X07HCMAMBER.8X,1HHBAUTAL WAVE N1 IMBER10X92SHCOEFFICIEN i
1T OF U FUNCTION s 10X 2SUCNEFFTICIENT OF Y FUNCTION )

9320 FORMAT (/5XsT)19BXKsF9eb g3 o 1FO,49aX9E12e593m 'E12¢599X9EL12659 q
1 '3"1 9 QFIZOC\) i

9330 FORMAT(///41 X9 THCHAMBER AX 1 THAXIAL WAVE NUMBERy 10Xe27HCOEFFICIEN ’
1T OF COS FUNMCTIONsBX927HCOFFFIRIENT OF SIN EUNCTION)

9340 FORMAT(1H1120Xs2)HCOMBUSTION PARAMETERS 4///910Xs THGAMMA =,F 74, “
110X THURAR = sE12459 10xs9HTAURAR =  4E]2,5) ’

9350 FORMAT(///930Xe 11HRADI A} ERARy //923X94HR/R0O. 16Xy SHREBARY //)
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9385 FORMAT (22X eFTebel1 )Xok 11, 4)

9360 FORMAT(/41UCe)9HTANGENTYAL FRAQ B (eE)lleaebr) #COS(4FBe3gl 1 H#THETA)
1 ¢ (oF11040aM)OS5TIN{4PARe 1 IHETHFTA) ¢ 1en )

Q370 FORMAT(///920X933ACOFFRTCIENT AF O/P0 IN TAN/TAU 3 oF8e5)

9375 FORMAT (/432x02440F UZ/UnaAr TN TAUZTAU = (F8,5)

9380 FORMAT(/432%920H0F UT/UnAR [V F/E B +F "45)

9390 FORMAT (/432X42040F UR/UAR IM F/E & 4FH.8)

9400 FORMAT (/43P Ye2040F UL/UuAM TN F/E = oFreR)

9410 FNRMAT(/¢32x91740F P/PU TN EZ/F = FBaH)

9420 FORMAT (/432x42610F 1JA/UaAK SPRAY TN F/r = 4tB,45)

9430 FORMAT (/432X e23H0F P/PU SPRAY IN t/E 2 oFAek)

9440 FORMAT (/475K 0 15HWHEKE LapRAY 2 oF 1e5)

9450 FORMAT(//93nXeTuHCHARACTFRTISTIA TIME FLUGTUATION FIXED AY INITIAL
1CONDITIONS AT FLAME FRUNT)

9460 FORMAT(1H]19310X9431RESULTS OF THE WEFINED STARILIIY FVALUATION o///7/+30.
1/7030X0128697//7777)

9470 FORMAT (20X ¢ 21HCUMAINED WAVF NUMBEQS ¢///49KX , THCHAMRE R ¢ 9X ¢ RHACOUSTI
1Ce 19K e THREF INED )

9480 FORMAT(/Qllxoll!(w-"PQo‘O.]H o 9FQe,495XeF 94402 o oF9.4)

9430 FORMAT (/77774204 38nNATHRAL MONF <STASBILITY rHARACTERISTICSe/Z7/7
1 35Xe9HFREQ JENCYs 11A0 aHDNFCRFMENT//9]10Xe )1 HF INAL VALUE 216XeF 9ot
2011X0F9,44//7035K09H0088 000080 ]1Xe HOBROGRRBG,)

9500 FORMAT(1H 1 920Xe6HSTARL) TTY CHARAFTERISITICS wITHOUT VarRlIOuS REFIN
1EMENTSY///9 1SXeyHFREQUEAICY ¢ 11X OHAECREMENT 9 1 IXoOMDELTA FRGOo11 X0
2 OHDELTA DECe/e3TX99H(COS) ¢ ISX ¢SH(CPS) 9)

9510 FORMAT(//91nXe21HPURELY ACOUSTTIC vALUE 94Xe4 (FOq40]11X))

9520 FORMAT(//e10Xe19RFINAL w/0 THRIJ=F| OW s0Xea (i 9es0l1X))

9530 FORMAT(/410Xx9201FINAL W 0 TAU/TAUARGSA G (Fa44e11X))

9540 FORMAT(/410Xe174FINAL W/0 (JZ/URARRXe6(FQ9ehqe]1X))

9550 FORMAT(/410X¢20RFINUL W/n RAHN/RHOOIARYSAW4(FYebellX))

9560 FORMAT(/410Ks 161FINAL W/n F/ERAR X4 (F9,49711X))

9570 FORMAT(//10x9224FINAL W/0 ANY ROU IDARYY 3IXea (FIe4e]11KX))

99RN FORMAT (/412X917H4/0 UPSTREAM ONLY 96Xe4%(FJeus]]X))

9590 FORMAT(/4912xe19HW/0 DOW STREAM ONIY o4Xg4(Fe44e]1X))

9600 FORMAT(/412X¢19:4wW/0 OUTeR NTAM ONI Yo8R94(F9,4911A4))

9610 FORMAT(/412Xe194w/0 InNNER NIAM ONj Yo 4Ag6(FirebellX))

9620 FORMAT(///7/7/+20R0103HSIARTILTTY CHARACTERISTTICS IF CHARACTFRISTIC T
1I1ME FLUCTUATEION FIXED v INITIAL ~ONDLITIONS AT FLAMF FRONT o777
233X e 9HFREQJSNCY s 1 L Xe YHUFCRFMENT o L1 X9 QHUELTA FRiJy 11XeIMDELTA DEC,
3 /7937XeSH(CPS) 0358991 (CDG) ¢//a 10K 11HF INAL VALUE Y 164XoFQetbe] ] X
4 FOebs//e10XKe204FINAL W/ 0 TA/TAU AHSA4(FuaaellX))

9040 FORMAT(4F12.00216)

Ewt)
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COMPLEX FUNCTION FUNOM(AM)
COMPLEX FUNOMeQH

(LI AZIITI Y I Y Ye Y YTy XYy
AsREAL (NDM) /A ,283114531)
H==AIMAG (OM) /A
FUUNOMaCMPLX (A9R)
RE TURN
END
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1v

120

SUAROUTINE FUNGLEN

CUMMUN/FUN/FTOPlPoleotrFPQFQ,FHP.RPH'tNFe.iRng,rz.f‘p,&F,GFp,

1 HREOHIF o HaF o ALFPanT PP s HUPP s HEPP ¢ ALH I PP g3 e HRMU s o MU 9 DU AM

CUMMUN/”INT/QN"T'NNEFIM.NNHFR.QNEHFRouNERFRothPH.QNFL,dNaFZ,
l“NﬁFlp,NNHHFoU‘H3P.JNH»F.NNHEFPcUNHIPPouNMUwPouNnkPP.@Nnqu,uNFI

COMMONZDIM/ Q2 amllel sx) () 9Cn(2) oU0(2) o INVADYURI2) 9L (2) 4yOTHET,
1 ALL(2)eXI2(2)9A1302) o INTEGILTM

CUMMON/wAvE/M,ALP,uNP.uxp.urw.rmulcl.Lnanl,cﬂnuz.rAxLl.CaxLa.

1 NKPNEW

CUWMUN/EIGﬁdluthUQUMcUl,UMﬁﬁlrguthII,UMEUIU,UMtuIR.QMEalg'

1 OMEGIByOMG IRV UMG L s UAG 1A OMGLIHBY OMEG 3as04E 153

COMMON/ETGEN2/UMEWUC UM G2y OMEGRF ¢ UMEGL2T 4 UM 5209 UME 02R ¢ UNE GRE o
1 UMEGZ2HeOMA2BUs0MOZHL 9 IMGZKBA s OMGLRE ¢ UME /A

COMMON/COMB /CBAR] «CHARZT JCHARZR4CHARZZ 4 CRAK 10 C3ara yCOARS g GAMMA o
1 UBARTAUBARANUL 9 ANUZ 9 ANUI 9 XMIJ] 9 AMUR 9 AMU 3 INDIC 20299 CsARS

COMMON/BOUNZINUTCU INUTCL oAV AL s AR AB BFFA,BFFH

COMMUN /MUW/ KAUWIZ2]) oA atid(21) g NMUW LASINT

COMPLEX HFFa(lule2)abFF ¢(1012)

COMPLEX FTO10L) 9FTPULIOLY GETF(LIAL) ok TFR(INL) oFR(L 01420 oFRP(10)02) s
1 HFRE10142)ERF2CIUL) oEIF2P (L101) 9FLC10L02) 0t £P (101 o 2) 9GF (10192) 0
2 w#P(luloE)-HR*(lulioH:F(101).H«F(101).HEFP(IO!).wrpw(lug),

3 HUPP L) sHEPPLLUL) 9 ALATRE (1071) (339 HKHOM s HUB » SWn ]

CUMPLEX QNEFT.NNFPIH.UNQFH(Q),QNﬁHFR.uNgHFP,UNEFN,Qwrl(a,.QNGFz(e)
IONNG?ZP(E)OJNH“deﬂﬂii!'NN“FOQMHLFPQQNHIPPodMHdPN.QNHtPP,uMHTUQ,
2 wilF

COMPLEX ALP(2) 9dNP(2) 9P () sRTN9CRADL (2) 9 (RAD2 (2) yCaXLL (2),

1 CAXLZ2(2) v )KPNEW(2)

COMPLEX UMEGUIUMES ) fUMEGLF sUMEGL T s UMEGTU»OME 1R I UMES]E
1 OMEOLEBsOMGIHU UMOINL U A s OMG L e OMEG IRy IME 3
COMPLEX DAELBUEoUME G0 OAEGAF yUMEGZ T ¢ UME 02U 09U 1E3EReUMEBRE o

1 UMEG2H, 0MG28U s 0ML2BL 9 IMGZHA 3 NG/ HE 9 UME 24
COMPLEX AQealsAan(g)ear(n)

COMPLEX NCHBAR9WIRAHYUSU A4uSUAR JQF (L)) sWb P (11 ) el m(11) odINTS
KINTEG=INTE®

vy 10 [=142

VZCI)SXL(I)ZKINIF O
URCTI)IZ(1e 0= (L) /R0 ) ZXINTEG

CONTINUE

IF CINRAD o6Te y) UkiZ)=Dri])

THET=040

VINET=0,28318%317A1n(k0

Dy 120 g=1 IM

CaLl TNGIAL(FT () oF TR (J) g THETeMet8INg INDICT)
USANULSCOS(ANUISTHET) A JUZRSIN(ANII®THET)  +]ep
ETF(J)=QeF T (J)

tTEFP(J) =Q%F TP (J)

THETSTHETSDTHET

CONT INUE

ASSTIGN 240 TO [H]PAS

IF (INRAD onTe ) a35luy 220 Tn [41Pas

vy 200 [=1s/.

=l () /RO )

V) 290 JF1eLM

Call RADTAL(FRODe L) ebrPr (ol sReALP (L) o CRALL(I) oCH.D20L) ¥ ¥)
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220

230

2640
259

260
300

310

330

3 -=PSR LEVEL 27/== Funoen

RFR{JeI)=R®ER(Je])

w0 T [BIPASe(22002309240)

FR{JIZ2)=FR{Jel)

RFR(Jo2)2RF(Jy 1)

FRP(Je2)2FRP(Js 1)

ConTINUE

CaLL INTERP(ReW)

ERF2(J)sFR(Je2) %)

ERF2P (J)=FRp(Je2) ¥y

R3R*UR(T)

CONTINUE

IFCINRAD oGTe U) WU TU 300

ASSIGN 230 TO ISIPA>

CONTINVE

CONT INUE

CALL AXTAL (aSUMyQSUMP ¢ LS e WNP (1) 9CARLY (1) 9CAXL2(]1))

GFFUB= (XT1(1)9%L56A]2(1))alSexat])
WCBARZCHARS#QSUMeCBAKG® JSUMPACNH (1) 7/ (SURM] #UKP (]) #AMMA®WFF US)
WSUMZ(0,090,0)

WSUMP=(0e0re )

WJBARESQRML#RO (2) *UMEGU /UBAR

W=UBAR#TAUBAR

ASSIGN 390 TO JulRAS

DO 400 I=192

£=0e(

Lo 399 JsleLIM

CALL AXTAL(FZUJIoT)oFLP(1gl) 0 Z9oNP (1) 9oCAXLI(I)9CAALR(]))

WUS (AT (T)#ZeX[2(1))®Lex13(1)

QUP22,0#XTL () %Lex]2(])

WUPP=2409xI1 ()

CF (JsI) =FZ (Ja1) ¥ (=SURMI#OMEGO/RO(]) *#QUP® (GAMMAS2 08 (UNP (1) /QKP (1))
1 #n2))

GFP(JoI)=FLP (Ja L) #(=SUR 119UMEGN/RO(T) #(2,0#0J=QUFR/QRP ([) #82))
60 TO JRIPASy (3109d90)

WESEAP («RO(])#L/0)

HRF (J)=F2 (Jo 1) *uE

H3F (J) 2 (GAMMA=]+0) /7 (G*RO (1))  @QE ®FZ(19 ) *CEXP (U JBAR®L)
H4F (J) =HIF (J) #CuAxeT

H3F (J)=H3F () #CoARZR

HEFP (J) = (CBAR3®FZ(111) +CRAKRZ*FZP (1o 1) #CO(I) /7 (SQrm]*UNP (1) 8GAMMA®
1 UBAR)Y) # WEOCEAP (WJHAK®Z)
HEPP(J)=QCB&R“J&“CEKP(QIBARG(Z-UBAR“(KL(I)'ZS)°RU(1)/(uFFUB“RU(Z)
1 ) ‘
ALHTPP I = (RO #L/U=]e 1) SUERCEXP (WJBARPZ) # (CHARI®FZ (Lo ]) o
1 CBARG#CO(T)#FLP (Ly])/ (SURMLBQKP (1) #GAMMA®UBAR) )

IF (JeGTe 1) GU TU 330

Lr=1l

WFLPIBFZ(Jy )

WFP(LP)=FZP(Us D)

HTPP (1) 2=CBAROPCOCL)®FLR (1o 1) / (SURMLBUKP ([) #GAMMa®UBAR)
HUPP(1)=(Uou|Oow)

WTEM (1) 2CONJGICEAR (WJIBARBDL(])))

60 TO 399

WF (1) =QF (LP)

WFP (1) =QFP(LP)
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3490

390
395

400

Jra2li=28(J73)

Ib (UP JLTe &) UP=.

LrsJdpel

RN

U/P=UZ(T)Y /76 0P

dP=l=DZ (1) *nlP

DO 340 K=2'( P

CALL AXTAL(IF(RK)Y o dP P IR) o« 7PoVP (1) s CAXLLI (1) s CARL21T1))
WIEM(K) 2CONJG{CEXP (JunAxe (L=2PY) )

lp=lpepZp

CunNTINUE

Cal.l SIMSON(QLNISoFsdTrmolsdry jP)
WOSUMSQTEM (L) #UDIMeQINT S

CALL SIMSON(QLINISoWFreG[FMINIP 4 JP)
WOUMPEQTEM () #usUP*ulnNTS

HIPP () SRO(T)Y40nAR]LYUEY QUM/Qe (RU L) #L/ye] ot ) 9QEF( EAP(YJIARNZ) #
1 COARBRCO(I)®FLP(Lo]) /7 (SORMI#QKP(]) #GAMMASU-AK)
HURPP(J) SQE#*QSUA/ 4

sl (])

CONT INUE

ASSTON 310 TU JisTrkan

ConT INUE

WUSIATL () ¥ () sxfetg))oal (1) exlst])

UIZ= (SURM]# IMEOGU/HU ) ) vEAMMAS (AL A2/ (Lesr)egutt 2 (LIMel))
HKHOBSSORMI4OME 0 * (GA4AMAa] o))/ (TAURARR(CY (2) #it2)

HUBS (GAMMA=]e0) /1

Ki TURN

Eivid
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100

SURROUT INE nTGRAT

CoMMON/FUN/FY.FTP;ETF9ErFP,FR.éRP.RFRohRFZorRFZPoFZoFZPoSF.GFP,

1 HRFoHIFoH4F s HEFPIHTPP HUPPyHFPP (ALHTFP 4334 HRHOB s HUH 9 SORM]

COMMON/DINT /QNEF T o QNEF TRy ONRFR ¢ ANCRFRo UNERFR 9 ONEFR9QNF Z 9 ANGF 2o
TUNGFZP g ONHRE ¢ QNHIF 9 UNHGF o INKFFP o QrHTPP s QNHUBP s ONHEPP 9 UNHTQQ 9 ONF T

COMMON/NIM/Z20(2) o RI(2) 9xL (2)eCN(2) 9UJO(Z) ¢ INWANWDK(2)90Z(2) yDTHET
1 XI1(2)eXIP2(2)eXI3(2)9INTEGeLIM

COMMON/WAVE /My ALP s QNP 4 UkP ¢ RTN, INDTC14CHANY 4 nRAD29CAXLL s CAXL 2
1 QKPNEW

COMMON/E IGEN/OMERN) 9 OMEG | ¢OMEGIF oD 1EGI ToOMEGIUGOMEGIRIOMESIE
1 IMEG1BsOMG1B09OMGIHLIVIGIRAIOMGIRBeOMEGIAINMEGS

COMMON/E TGEN2/0M4FEG0290MFG2 ¢OMER2F qOMEG2 T OMEG2UsUMEG2R 9 OMEG2F o
1 IMEG2R40OMi32809NMG2HL y"MGIHA ¢ GMG~HB ¢ OMEG2A

COMMON/COMB/CBAR1 +CBARZT,CRAR2R¢C-1AR2Z9CRARI9CRARG ¢CBARS s GAMMA
1 UBAReTAURAQ 9 XNUL s XNU29XNUT o XMII]1 9 XMU2¢AMU3 9 INDIC292S9CBARS

COMMON/ROUN/INDICOe INUTCLoAOsAlL9AAIABIYBFFA(BFFR

COMPLEX RFFA(10142) 9BFFa(10142)

COMPLEX FT(Y01)oFTP(10L)4ETF(1N1) ETFPU101)FR(10142)9FRP(10102)
1 RFR(10142) ¢ERF2(101) ¢EqF2p(101)9FZ(10102)9¢2P(10)02)9GF(10192)
2 GFP(10142) +HRF(101) oH3IF(191) oH4F (101) sHEFP (1011 sHTPP(101)

3 HUPP(101) oHEPP(10]1) v ALUTPP(101) 963 9HRHORGHIIBeSARM]

COMPLEX QNEFToQuEFTPoUNOFR (2) ¢ ANERFReQNERFP . ONEFR9QNFZ (2} ¢ ANGFZ (2)
19QNGFZP (2) o INHRF ¢ INHIF 9 NNH4F ¢ AINHEFP s ANHTPP ¢ ONHUPP ¢ QNHEPP s ONHTQQ o
2 ONFT
COMPLEX ALP(2) 9NP(2) 9UkP(2) sRTN9rRAD]L(2)¢CHAD2(2) 9CAXLL(2)

1 CAXL2(2) o NKPNEW (2}

COMPLEX OMEGO s OMEG ) JOMEGIFsOMEG]TeOMEGI Uy OMEGIR9OMES1E s
1 OMEGIR4OMG1RO¢OMi3IHL ¢UMGIRAIOMGLINB OMEGIA 9 MEG]
COMPLEX 04EGO290MER2 ¢ GMER2F s OMEGZT ¢ OM G2UsUMEG2RyUMEG2F o

1 OMEG2R,0MG2B0¢NIMG2RL 9NMGIRA 4AMGBByOMEG2A

COMPLEX ADeALAN(2) sAR(2)

CALL SIMSON(QNFT«FToF ToNnTHETINTER)

Call. SIMSON(QNRFR(1) oRFQ{L1a1)eFR{Y01)ouURLY) JINTEB)

ONRFR(2)sQNRFR(1)

IF (INRAD o1.Fe 1) CALIL STMSON(ANRFR(2) sRFR(192)9sFR(192)90R(2) ¢

1 INTEG)

CALL SIMSON(QNFZ(1) oFZC141)oFZ(191)eDL(1) oI TEG)

CALL SIMSON(UNFZ(2) sFZ(y42)oF2()192)0D2(2Y4IrnTER)

BTNSCSQRT (OFT# (AWRFR (Ly#QNFZ (1) ¢ONRFR(2)#QnFZ2(2)))

BINBl4,0/RTN

DO 100 g=1e1IM

FT(J)aBTNOFT (J)

FTP(J)SARTN®FTP (J)

ETF(JYSRTN®*ETF ()

ETFP(J)2RTNSETFR(J)

CONTINUE

ANFTBONFTH#BTN®# 2

CALL SIMSON(QNEFTIETFoFTDTHET,INTEG)

caLL SIMSON(QNEFTP.ETFP.FT,DTHET.rNTEG)

CALL SIMSON(QNERFRetERFERFR(192) 0nR(2) 9 INTE®)

CALL SIMSON(QNERFPIERF204RFR(]142) ¢OR(2) 9 INT:G)

CALL SIMSON(UNEFRIERF29rR(1492) 4NR(2) 2 INTFG)

00 200 1=19?

CALL SIMSON(QNGFZ(I) 9GF (191)9FZ(141)904 (1) INTEG)
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caLL SIMan(QNGFIP(I)o6r9(1.t).Fl(lo!looltlioIMTtG)
CaLL SIMSOV(AA([)vBF#A().IooFleov)oDI(l)oIWTEG)
CaLL SIMSON (ABCT) sHFFB 1 o1)oF2(141)00DL(1) 0 INTEG)
CONTINUF

CalL SIMSON(INHHF oHRF o F2(1,2) 4nZ(2) o INTER)

CALL STIMSON(QNHIFsH3F9F2(1,2)4n2(2) 9 INIEG)

CALL SIMSON(QNHGF oHAF oF7(142) 4n2(>) o INIEG)

caLL SIMSOV(QNHEFPoHFFP.rl(lo?)onzlz)oINTEG\

CALL SIMSON(QNATPRsnTPREL(142)4D7(2) ¢ INTFG)

CALL STIMSON(QNHIPPRsmUPP (FZ(192)907(2) o INTEG)

cail SIMSON(QNHEPP’HEPP.FZ(IQ?)00/(2)olNTEb)

CALL SIMSON(ANHTOsALNTORGFZ(142) NDZ(2) o INTs G)
OMEGZF=QNFT¢(QNHFH(1)“(nNGFZ(l)OU4GFZP(1))0~NRFR(2)“(QNGFZ(2)0

1 GI*CONJGIFZILIMAL)SFL1102)) /2,40 CQNGFZP (2)))

0%EGZT=QNEFT“QNERFR“bAMwA“HRHORQ(WNHTPV-CQA”I“QNHRF)
OMEGRUSANEF THONERFROM 4 ANHUPP

0MEGZR=QNFFT“QNEQFR”HHHNR“ONHRF

OUEG2E=ONFF THANF RF RO (GAMASHANAH) & ( QONHEF P UNHEPK) o

1 QMEFT“QNFHFP“QNH3FOUNtFD°QNEFTP0\NH#F

UMEG2A2ONFF T@#QNr PFR®GAMMABHRHORS W (HT QW

OMG28AZ (0,040 0)

UMG2HR2 (Ne e Ne ()

DO 300 Tz1e»
oMGZHAanGEHA-(Cn(I)/RUfr))O“;oAA(I)'NvFT“FV(LIMOI)°CUNJ3(FR(LIM0

1 1)

0M6253=0M62A30(c0(1)/uufr;,oo?oAafI)ouwFlaF:(I.I)&CONJG(FQ(l.I))
CONTINUF
OMG2HOZAN®F 7 (19 1) #CONJO(F/(19]))
IF(INDICH o«:To J)UMH?Hug(NNP(l)*“9“Fl(lol)“fONJG(FZ(lol))
=FIP(141)#CONIGIFZP(L1))) /AN
OMG2HOZNMG2 «N#Q F THINRF D (1) #(CA(]) ZRO(]) ) #e-
OMG2BL=ALSF /7 (LT 10 2)9CON 1G(FZ(LTMy2) )
IF (INDTCL .GTe n) OMG23L 3 («FZP (LTMe2) “CONJ: (F P (LIMe2) ) o
”NP(2)°*2“C0NJG(FL(Llﬂo?))’F?(LTMOZ))/AL
UMG?BL=-HMG?HL“NNFT“UN“FR(?)“(PO(“)/Q“(Z))““2
0EG2RBOMAR 400 4G 2HL ¢ UMADHA $OMBPH
OMEGZ2=OMERQee2s OMEHZFOQMEGETOGMEGZUOUME68ROOMEGeEOOMEGZB
UMEGI=CSQRT (OME2)
oqEG3=CGQnT(OMEw?-OMeuer¢nueﬁza>
IF (INDIC2 (LTe ) OMEGI2OMEG w2
OMEGIF=RSORT (OMr G 2= MEGoF)
OMEGLT2CSQRT (OMEGZ=OMEGT)
OMEGLUSESORT (OMEG2=UMEG2I))
OMFGIR=CSURT (OMEA2=)ME W2IR)
OMEGLE=CSORT (OMEG2=0OMEGaF )
OMEGIHR=CSORT (OME.GR=OMF GoR)
VAG180=CSORT (OMEG2=0MG2uN)
OMGIBL2CSORT (OMEG2=0MG24) )
QMGIBASCSORT (OMEG2*0OMG2AA)
IMGIHRBCSWT (OMF 12«0MGPRH)
UMEG3A=cs0Rr(OM&GJ““R-UMF62A$
IF (INDTIC?2 LTe N) UME LY T=OMFG2A
IF (INDTE2 LTe 0) UMEGY=OMEGY
WKPNEW (1)304EGL1 %R ) /7CA(])
WKPNEW (2) =D4EG]#RO(2) /7Cr (2}
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100

200
300

SURROUTINE STIMSON(WNeV]I V2,0V INT)
DIMENSION V1 (1)eVv2(1)

COMPLEX QNesY1eV2eS
SaV1(1)#CONIG(V2(1))eVI(INTe1)aCONJGIVZ(INT]))
KaINT

DO 100 T=29xe2
SaSe4,04VI(T)OCONJIG(V2LT)Y)
CONTINUE

KakKe]

IF (K oLTe 3) GO TO 300

D0 200 1=23sKe2
SuS+2,04VI(T)®CONIGIVZ2(YrY)
CONTINUF

UN=S*DV /3,0

RETURN

EN{)
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20
30

SUHHSROUTINE AXTAL(FNoENP700NeCYoCo)
COMPLEX FNeFNPouNeCleC2.01,40?
W1=2CCOS (2%#0)

WASCSIN(7%Q )

IF (CABS(ON) oEde 040) AN TO 2n
WPsN2/70N

G TO 39

WP2(le0y0e0)

FisCl#QreC2e02
FuP=eClaQP# NSRS e (24()]

RFTURN

F D
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50

SUHROUTINE TNGIal (FNeFiNo o THETeMeCreINDICYT)
COMPLEX FNesFNP,LC1

AmeM

IF (INDIC]1 .GTe 0) GO Tn Sp
FNSCL®CNS(X4RTHET)
FNPamClaxMESIN(AMBTHET)

RETURN
FNECLIOCEXP(CMPLX (Do 0o XMaTHET))
FNP2CMPLX (040 XM) #F iy

RFETURN

END
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SUHROUTINE 2ADTAI (FNeFNOqHgALP(C1,C2oM)
COMPLEX FNoFNPoALPeC]oCo411402,23,06
VIz(0e040,o0)
Waz2(0e040,40)
CALL QJFUN(D29Q 1 aH*®ALPy 1)
IF (CARS(C2) oNEe Net)) CALL QYFIIN(NGeRIIROGALL g M)
FausCleQreCc2en3
IF (R oFRe 140) G TO 95
Frpa=Q240)1/7e4#C2/R
KFE TURN

S0 IF (M FQe 1) FNREALP/D 0 #C)
IF (M oNFo 1) FuPs(0eden,n)
KF TURN
E )

195



!ISTON 2¢3 ==PSR LEVEI 29Kee

SUBROUTINE NJFUN(FNFNP,ZeM)
COMPLEX FNoFNPoZeAYZD297N2SeSeTeQy 902043
A’(OOOQOQO)
dn23d/2,.0
{n2SxIDowa?
IF (M JFQe ) GO TO Sun
X4 =M
S=140/FACT (44)
TaZD2
IF (CABQ(T) oEQe Ne)) TS(I.O'0.0)
TSToCABS((AeXMel o))/ (THamM))
XK=E].0
FN3(A=XM) #S
Fruees
100 S3S#ZN2S/ (XK* (XKeXM))
TBZD2S/ ((XKe1e() # (XM XKs]4g))
Q3sA=)XMa2, 08 XK
W1sT®*(Q3=240)
QW2BQLO(XKe]l ,04XM/240))
W12(Q]=n3) #5
WP (Te],0)4s
FnaFNe)
FNPaFNPeQ2 _
IF (CABS(N1)/TST oLTe 1.0EeB oAND, CABD(N2)/TST oLTe 1e0E=8)
1 GO TO 200
XKaXK+2,0
S=zSeT
GO T0 100
200 FNBFN®ZN2eey
FNPEFNP#ZD208M
RE TURN
500 TSTaCABS(A¢],0)
58100
AK=le0
FnP=2,0472D25
FrnmASFNP
FNPSS
600 SaS®ZN2S/ (XK#XK)
T=Z202S/((XKel D) ® (XKel n))
03IS260%7N2S+XK#A
N23((Q3+A)#T=3) @S
°l=‘7°‘?-0“2025/““‘20n)‘A"(?oO«ZDZS/(AK*Ion)OA))'b
W22(T=1,0)%q
FNSFNeQ}
FNPBFNPeQ?2
IF (CABS(Ql)/TST oLTe l.NE=B +AND. CABS(Q2)/TST oLTe le0E=R)
1 GO T0 700
XK=XKe2,0
SaSeT
GO TO 600
700 CONTINUE
750 RETURN 196
END
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10

50

60

100

|

SHARQUTINE UYFUN(FNGENKF, 74M)
COMPLEX FNoFNPo/Zs a9l 297/N2CeSeToR1 002004390445 yGNP
A’(OOOOO.G)
IF ‘CABQ(Z).GTO 1.0':"9) R TN 10
Frizl o NFE 30
FnRs]e0F30
RE TURM
LnPsl/2,0
IN2S=Z2DPuw?
IF (MeEQ.n) G0 N Syo
N4= CLOGLL?)#2,0
FrHNS2(0e0
FNP=( 60
X i=M
SIN24% (aM)
Uﬂ 50 LS]'M
Kslw]
XK=K
WIZ2 e 0#7N2S4FACT (M=r=?)
WP=(ASXM)#FACT (MmK=1)
Wi=S/FACT (K)
FANSFNe(N1=Q2)%)3
FNPSFNPeFACT (Menm]) @4
S=54/n28
CONTINUF
(GN=FN
GNP =F NP
PSI18=48772156649
PSI123PST)
DN 60 L=1leM
Ki_=L
PSI2=PS12+1,0/XL
CONTINUFE
S=l.0/FACT ()
XK=1le0
TST=CABS ((AeXMol o)/ (/U%) #aM)
HezQé=PST1=nS12
FANPS (A=XM)# 4
Frz(FNPw2 () #S
FNP2W4#S
Wa2N4= (1 40/7xK* e/ (AK*R 1))
12202S/7 ((XKeo) R (AMEXK®y )
S=S#2D2S/7 (X«<# (XneAM))
PSTI=()en/(MeXRee)¢] e/ XK®]4))
WIZA=XMe? , (111 XK
W1=(Qa® (T#(13=pen)=y3) o (1 en=Tr=(N3=2,0)uTHRS[1)2Y
U?:S“(QQQ(T-IQO)-I“VSII)
FrusFiveQ)
FrwzFnNPeN?
IF (CABS(QL) /TSI JLTs 1 NEal JAND, CABN(N2)/TST oLT.
50 10 200
We=NG=PST]
S=SeT 197
AvzXKe2

l1e0Z=8)
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GO TO 1ng
200 FNE(FN#7N2%uMeGN) /3414189245
FrNPZ (FNP#ZD 08MeGNP) /3614169265
HKFTURN
500 TST=CAHS (A+),)
S=1,
Qe3CLOG(2N2) 445772156640
AK=z] e
FNa(Ae2,42D2S)
FNP3Q6G
FrnsFN®#Q4 «Z202%
600 Q4a=04wl, /XK
T=ZDZS/((XK¢1.)“02)
$aS#iN2S/ (XKeXK)
PST1=1e/(XKsls)
W3=2.8ZD72S
u1=(04“(n“(fcl.)003“(T/(XK¢?.)-PS![))-PSIl“T“(A0u3/(XK02.))o
1 ZU2SH (PST1#9 2T/ ((XKeD4)882)))as
Q2=S*(Qav (Talan)=THPST])
FNsFNeQ)
FNP2FNPenp
IF (CABS(Q1)/TSI «LTe 1, nFaR o AND, CAHS(Q2)/TST oLTe le0E=R)
1 60 TO 700
AKSXKe2,
S=S4T
W4204=PST]
GO TO 600
T00 FNS(FNe1,)/1,57)71632
FNPZFNP/1,570796372
RE TURN
END
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i FUNCTION Far T(N)
JIMENSTON (20)
DATA (G(T)0I=lo?_l\)/l-vd.oh.02¢,01‘20..7(,0..‘5,-4().,4032”.,359“8”.'
1 362HR004034991n8E 744, 790016F Ry - e2270204FE 09 TLTB2412E10,
2 1e31767437E1202409€27190F 17403 ,556H /401 1646,490237376]6,
3 1021645 1E1/92443292F 1R/
IF (N) 10e°2093
10 FACT=0.n
RFETUKN
20 FACT=1,
E RF TURN
% 30 IF (N o63Te 20) 50 Tu 4y
FACT=6G(N)
RF TURN
40 X=N
FACT=SQQT(6.?H3l‘(33ﬂx)“‘x/?.,1Q?B,““N
RETURN

i
i END
%
J
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20

S0

200

500

SURROQUTINE INTERP (Re()
COMMON /MUQ/ RMUQ(21) ¢ XMUG (21) JNM Qg LASTNT

IF(R oLTe RMUQLL) oQRe o *GTe RMUNINMUW)) Gn TO S00

KaMOD (LASTNT g NMUD)

IF (K JLE, ) Ka)

IF (K «FQs 0) KaNMUye]

IF(R +GT, RMUN(Ke®]) sON, R LT, R-2UQ(K)) GO TO S9¢

J=K

0N TO 200

CONTINUE

K=MOD (Ke ) e NMUQ) -
IF (K +EQ. 1LASINT) GO Tn Spo

60 TO 29

LASINT=

DR:(R-RMUQ(J))/(RMUQ(J*l)-RMUQ(J))
QIXMUQ(J)000“(XMUN(J01)-XMUQ(J))

RFETURN

Wm0e0

LASINT=) 1
RF TURN

END

200 3
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