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study involved system airflow dynamics, combustion efficiency oscillations, fuel vaporization and
recirculation wake energy. The model was then refined and extended to include the mixed flow
experienced in a turbofan augmentor. Predictions were made for the effects of altitude, fan
stream fuel-air ratio, fan stream temperature, core stream fuel-air ratio, and fan duct pressure
loss. The major conclusion from the modeling effort was that the efficiency falloff in the fan
stream at high fuel-air ratio causes rumble. This was verified with engine altitude tests at NASA
Lewis Research Center with several augmentor configurations. These tests included heat addition
to the fan stream, fuel-air distribution changes and spraybar to flameholder length variation. The
basic formulation of the model, the mixed flow augmentor model, predictions, and the
experimental programs are discussed.
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p Density tﬁn/in!

v Stability parameter d’less  t
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S/B
r
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M
g
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FH
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LIST OF SYMBOLS (Continued)

Special Symbols

Definition Typical Unit
Denotes change in a variable from its steady-state
value

Collected; combustion

Vapor; vaporized
Stoichiometric
Spraybar
Recirculated
Overall

Mixed conditions
Gas

Fictitious
Flameholder reference
Fuel

External

Exit

Air

Liquid

Fan stream values

Core Stream

1 through 11 Station numbers

Subscript signifies stagnation state
Subscript signifies ideal value

Subscript signifies total (combined) value
Wake reference
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SUMMARY

The principal objective of the Lo-Frequency Augmentor Instability Study was to develop a
reliable analytical model that will predict the rumble stability limits and characteristics of
turbofan engine augmentors. The one, most important difficulty in developing a model that
accurately defines rumble is a clear understanding of the causes. A usable model must also apply
to other than conventional V-gutter augmentors; without understanding and incorporating the
fundamental rumble mechanisms, failure is imminent. To solve this problem the model was
evolved in conjunction with and checked by three experimental programs. Rumble mechanisms
investigated early in this study involved system airflow dynamics, combustion efficiency
oscillations, fuel vaporization and recirculation wake energy. Rumble was identified as a system
problem in which airflow dynamics couple with the combustion process. The model was then
refined and extended to include the mixed flow experienced in a turbofan augmentor. Predictions
were made for the effects of altitude, fan stream fuel-air ratio, fan stream temperature, core
stream fuel-air ratio, and fan duct pressure loss. It was concluded from these analytical studies
that the efficiency falloff in the fan stream at high fuel-air ratio is the driving mechanisiz: for
rumble. Thus to eliminate rumble the development engineer must decouple the airflow dynamics
from the combustion process by (1) changing lengths or pressure drop in the cold duct or (2)
choosing augmentor design parameters that will minimize or eliminate the decrease in
combustion efficiency at high fuel-air ratio. This design philosophy was evaluated with engine
altitude tests. These tests included heat addition to the fan stream, fuel-air distribution changes,
increased fan duct pressure loss, and a baseline augmentor. The model did not accurately predict
every observed test, but it did substantiate design trends would influence the occurrence of
rumble. The system rumble model was extended to include the new Vorbix and Full Swirl
Augmentor concepts. The treatment of these concepts were not as rigorous as for the V-gutter
augmentor. Analytical representations of the combustion process in the newer concepts are not as
well defined; there are no models available which will predict their steady-state combustion
efficiency characteristics. Sea level swirl augmentor testing was used to provide combustion input
to the rumble model. Based on the shape of the efficiency vs fuel-air ratio data the swirl
augmentor was predicted to be rumble free at sea level conditions and an altitude of 50K feet at
0.8 Mach number for an 0.050 overall fuel-air ratio. Stable operation was demonstrated at the sea
level condition.
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SECTION |
INTRODUCTION

With the introduction of the mixed-flow augmentor in turbofan engines, a type of low-
frequency instability known as rumble or chugging became a serious problem. Rumble is a
periodic afterburning combustion instability (pressure oscillations fed by the combustion
process) occurring usually at high fuel-air ratios at flight Mach numbers and altitudes when low
duct inlet air temperatures and pressures exist. This instability usually leads to afterburner
blowout and/or fan surge and engine stall. The frequency of oscillation usually lies between 30
and 200 Hz.

Data from engine programs and early rumble investigations suggest several possible
mechanisms which regulate or cause low-frequency combustion instability in afterburners. They
can be summarized under the following categories:

Longitudinal system dynamica
Combustion efficiency oscillations

Insufficient and/or nonuniform fuel vaporization
Low recirculation wake energy.

A

Even subtle changes in flameholder designs have altered the rumble characteristics of a
turbofan engine. With some experience at hand, the design engineer has successfully produced
“fixes” for unstable conditions. Redistribution of the fuel-to-air mixture ratio has worked, and
deriching the fan duct has lessened rumble problems in the past. However, complete
understanding of this combustion/dynamics problem has been inadequate to design rumble-free
mixed flow afterbumers with confidence.

The purpose of this 30-month research project was to devise a reliable empirical and
analytical model that will aid afterburner designers. The program was conducted in four phases.
In Phase I concurrent experimental and analytical studies were conducted. The analytical efforts
to develop the rumble model were supported by and compared with the stability characteristics
of the experimental rig. During the experimental program, several possible rnechanisrs were
investigated on a boiler plate combustion system. In Phase II the model was computerized in #
readily usable format and extended to a turbofan engine with a conventional V-gutter, the
“Vorbix” and “Full Swirl” augmentors. Support hardware was designed and fabricated during
this phase for the Full Scale Engine Research (FSER) model verification test program. During
Phase ITI the Rumble Model computer program was combined with the Flameholder Combustion
Model, Reference 1; and the FSER test program was conducted to substantiate the model. The
model was used to investigate stability design improvements and to establish recommended
development and test criteria for future engine programs. A User’s Manual (CCD 1144-0.0) was
prepared for the combined Augmentor Rumble/Flameholder Combustion Model computer
program. In Phase IV the Full Swirl augmentor was tested at sea level to verify the rumble model
formulated under Phase II. The test program was used to provide data on combustion efficiency
and low-frequency instability for varied augmentor overall fuel-air ratio overall and fuel-air ratio
distribution.




SECTION 1l
TECHNICAL DISCUSSION

1. PHASE | — MODEL DEVELOPMENT
a. Background

In Phase I, experimental and analytical studies were conducted to verify the mechanisms
initiating and sustaining low-frequency combustion instability (rumble) in augmentors. These
studies were directed toward the development of an analytical model capable of predicting the
conditions under which rumble would occur. The model could then be used to identify augmentor
design modifications which would alter those conditions and thereby eliminate rumble.

During these studies, a rumble model was developed for a test rig, which was essentially a
long, constant-area pipe containing spray rings and V-gutter flameholders. The rumble model
was a formulation of dynamic acoustic and combustion equations. The acoustic equations
described the longitudinal oscillation of the flowing, burning airstream as it responded to
variations in the combustion efficiency. The dynamic combustion equations described how the
longitudinal oscillation of the airstream would, in turn, cause variations in the combustion
efficiency, leading to the unstable coupling of acoustic and combustion characteristics commonly
called rumble.

As rig test results became available, they were incorporated into the model, and the model
was refined and modified accordingly. ‘

b. Model Formulation

The augmentor math model consists of a set of time-dependent equations describing the
long:tudinal dynamics of the flowing airstream and of the axially distributed combustion process
in the augmentor, coupled with a solution technique for determining stability. The equations are
linearized, through the assumption of small perturbations, and transformed from the time
domain to the Laplace transform ““S” domain. The solution technique is based upon the Nyquist
stability criterion and consists of determining whether the time response of the system o a small
disturbance would display oscillatory behavior with a growing amplitude. The result is a

determination of stability at a given operating point, which then allows identification of regions

of operation which will cause rumble or changes to the augmentor to make it rumble-free.
(1) Model Description of the Experimental Rig

The augmentor rig, shown schematically in Figure 1, was for modeling purposes, and
consisted of a long pipe fed by a choked inlet orifice plate (designated by station (1)) and
discharging through a choked exhaust nozzle (station (9)). In a turbojet augmentor, station (1)
would represent turbine discharge and station (9) the upstream face of the exhaust nozzle. In a
turbofan duct augmentor, station (1) would represent fan discharge.

Fuel was supplied through spraybars at station (4). The resulting fuel-air mixture flowed
over a set of flameholders between stations (5) and (6). For some tests a screen, see Figure 2, was
inserted upstream of the spraybars between stations (2) and (3) to generate turbulence in the
airstream.
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Figure 2. Typical Section of Augmentor Rig YD 151402

The flameholders divided the augmentor into a cold upstream section and a hot
downstream section. The cold section was at uniform pressure and temperature, except for a
small pressure drop when the turbulence screen was in place.

Based upon the studies of Petrien, Longwell and Weiss, Reference 2, the hot section was

modeled in three steps. The sequence is as follows. Between stations (6) and (7) the fuel-air

| mixture is ignited by the flameholder wakes, with little heat being released and little temperature
| rise. At station (7) temperature begins to rise sharply as the ignited mainstream mixture begins
i burning. Between stations (7) and (8) the majority of combustion take place. In this combustion
zone, temperature rises almost linearly with axial distance. Combustion is essentially completed
at station (8), and the hot gases flow on to station (9) and out the nozzle. Under some operating
conditions, combustion may not be completed before the fuel-air mixture reaches the nozzle. In
this case station (8) would move back and become coincident with station (9). The locations of

|




the beginning and end of the combustion zone (stations (7) and (8)) and the temperature rise were 1
computed from the efficiency correlation of Figure 3 from Reference 2 and the ideal temperature I
rise correlation of Figure 4. Typical temperature profiles in the combustion zone are shown in

Figure 5.
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(2) Modeling Approach

Since the frequency of rumble has long been associated with the relatively low-frequency
longitudinal, or axial, modes of vibration of the air column in the augmentor, the model was
formulated to take only the longitudinal dimension into account. Accordingly, each station in
Figure 1 was considered to represent a plane over which the value of any parameter (such as
velocity, pressure, or density) could be considered as uniform at any instant in time.

Motion pictures of rumble had shown a change in color of the burning gas during a cycle of
oscillation, indicating that alternate hotter and cooler combustion products were being produced.
These hot and cold combustion products could be seen drifting from the flameholder to the
exhaust nozzle in a time span which matched, or was a multiple of, the period of oscillation of the
rumble. Since flowrate out through the nozzle is dependent upon the temperature of the entering
gas, it was important that the model treat the traveling combustion products, which were
mathematically identified, as traveling entropy waves.




- The equations developed for describing rumble can be classified into two types. First, there
are the momentum, continuity and energy equations, together with the boundary conditions,
L which describe how each parameter at any station in the augmentor responds to a disturbance in
combustion or heat input. These are referred to as the system acoustic equations and can be
thought of as forming the forward portion of a feedback loop. Secondly, there are the combustion
equations which describe how combustion, or heat output, responds to variations in the system
parameters such as velocity, pressure, and density. They form the reverse, or feedback, portion
of a feedback loop. Together, the system equations and the combustion equations describe the
rumble mechanism, by which a disturbance in combustion causes a disturbance in velocity,
pressure, and density throughout the augmentor which, in turn, causes a disturbance in
combustion.

Since the purpose of the program was to develop an understanding of the rumble
mechanism and demonstrate that the onset of rumble could be predicted, thereby defining the
boundary between stable and unstable operating regions, it was necessary only to model the
augmentor for the first few increments of time before the oscillation had built up into an
appreciable amplitude. This allowed use of the small perturbation technique which led to linear
equations and mathematical simplification. Linear equations accurately describe the system for
small oscillation amplitudes and predict whether a system initially at rest would begin to
oscillate. Because the nonlinearities associated with large amplitude oscillations (which
eventually stop the amplitude from growing) were ignored, the linear equations do not allow a
prediction of the final limit-cycle amplitude or of blowout.

(3) Development of Acoustic Equations

The following equations describe how velocity, pressure, and density at every point in the
augmentor respond to a combustion disturbance, which is treated as a heat input to a flowing
invicid ideal gas stream. Knowing how these three parameters (velocity, pressure, density)
respond allows calculation of any other parameter needed, such as mass flowrate or temperature.

Symbols used below are defined in the List of Symbols. For any section of augmentor with
rigid walls and constant cross-sectional area, such as shown in Figure 2, through which an invicid
fluid is flowing, the one-dimensional momentum, continuity, and energy equations are:
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For an ideal gas these equations reduce to the following nonlinear wave equations:
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The wave equations are linearized by the small perturbation substitutions:

P(x,t) = P(x) + AP(x,t)
o(x,t) = p(x) + Ap(x,t)
C(x,t) = C(x) + AC(x,t) (3)
Vix,t) = V(x) + AV(x,t)
q(x,t) = g(x) + Aq(x,t)

Second order terms are neglected in making the substitutions. It is further assumed that mean
values of the steady-state parameters Pix,), V(x), C(x) can be chosen so that P, V, C can be
considered constants, independent of x, i.e.,

dP(x) _ d¥%x) _ dC(x) _
& s ey )

To simplify notation the following substitutions are made which normalize the change in
each variable by its steady-state value:

i 28

AP AV A
B V= P = —.L’ - (5)
v P 5 q a

e

For zero initial conditions the solution of equations (2) from a station (1) at x = 0 to a station (2)

at x = (, written in terms of the Laplace transform of each normalized variable, is:

xSy
P, + YMV; = [P + yMV]] e CUTM o
-8 :
P - yMV, = [B; — yMV;] e O™ 4 g, X (©)
od.- 3
P, —yo =[P, = ypil e e + 0,
where:
-¢-x)S
g (1_1) q : C(14+M)
%= Tavm f (3) awae o
i -x8 . :
0, C+M) ,[( P) q'(x,8) e dx (7
-¢-x)8
CM
(y-1) 8 Y.
'l CM 5 ( P ) Q(l.l) e dx
1
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In equations (6) the first equation describes downstream running waves of the form
P'+yMV’, traveling at sonic speed plus throughflow velocity. The second equation describes
upstream running waves of the form P'—yMV’, traveling at sonic speed minus throughflow
velocity. The third equation describes entropy waves, P'—v,’, drifting downstream at through-
flow velocity.

The entropy waves become more apparent from the expression for the entropy of an ideal
gas:

gf—s . - ®)

The entropy waves are related to temperature by:
yT' = 8§ + (y-1)P )

It is through equation (9) that the drifting hot and cold combustion products, or entropy waves,
are accounted for in the rumble model. Temperature changes produced as the entropy waves
strike the exhaust nozzle cause velocity changes which then travel back upstream at sonic speed.

Equations (6) are used throughout the augmentor between any two stations between which
there is no discontinuity. Referring to Figure 1 they are applied between stations (1)-(2), (3)-(4),
(4)-(5), (6)-(7), (7)-(8), and (8)-(9). Between stations (1) through (7) and between stations (8)-/9)
there is little or no heat addition, and so 8, = 6, = 6, = O for these sections. The heat addition
terms for the combustion zone, stacions (7)-(8), are discussed in the following section.

Discontinuities occur at the turbulence screen and at the flameholders, which are modeled
as small incompressible resistive pressure drops of zero length. The continuity and energy
equations are also applied. Referring to Figure 1, the three normalized equations applied between
stations (2)-(3) and again between stations (5)-(6) are:

P, - P, = RV;
s+ Vi=p+V; (10)
Pp-p=P-p
where g
R=2 gP,;P,)

Definition of the upstream and downstream boundary conditions complete the acoustic
equations. At the upstream boundary station (1) mass flowrate is constent, and total temperature
must equal the total temperature of the incoming air, which is also constant The two upstream
boundary conditicus at station (1) are:

W=p+V=0 . (089)
T=P-t=0 ;

The second upstream boundary condition in equations (11) indicates that entropy waves are
produced by wave reflections at the inlet orifice plate. These drift downstream but are of minor
importance compared to the entropy waves created in the combustion zone.
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The downstream boundary condition is based upon the short choked nozzle just
downstream of station (9), which requires that the flow parameter and Mach number at station
(9) be constant. This leads to the condition at station (9) that:

’=l =l . o p’
Vmah el -0 (12)

This completes the system acoustic equation development (except for evaluation of the heat
addition terms in equations (7), which are covered in the following section, “Development of
Combustion Equations”). These equations describe the response of pressure, velocity, and

density throughout the augmentor to a disturbance in combustion. A list of equations is given in
Appendix B.

(4) Development of Combustion Equations

Combustion equations used in the rumble model are based upon an extension of empirical
steady-state processes to the case of time variant flow. A schematic of the steady-state processes
is shown in Figure 6. The following steps occur:

® Particle of air picks up fuel as it crosses the spraybar (Station (4)).
® Particle drifts at throughflow velocity to the flameholder (Station (5)).

® Particle is ignited by flameholder wake as it drifts from flameholder (Station
(6)) to beginning of combustion zone (Station (7)), defined as the location
where the bulk fluid temperature begins to rise sharply.

® Particle drifts and burns from Station (7) to Station (8), the end of the
combustion zone, defined as the location where bulk fluid temperature ceases
its sharp rise.

Experience with modeling the combustion process as a plane heat addition (with all
combustion taking place in zero length) had shown the resulting predictions of rumble were
sensitive to the axial location chosen for the plane. Since combustion actually takes place over a
distance of 40 to 80 in., it was decided that the axially distributed nature of the burning should
be accounted for.

At steady state, pressure is approximately uniform throughout the combustion zone and
temperature rises approximately linearly. The energy equation (third in equations (1)) then
states that the steady-state volumetric heat release rate in the combustion zone is independent
of distance.

dP _ de dg _
=" o"d—x- constant, =" 0 (13)

It was assumed that for small perturbations the volumetric heat release rate of a burning
particle of fuel-air mixture drifting through the combustion zone could also be taken as
independent of distance.
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Consider a stream of fuel-air mixture crossing the flameholder (Station (6)) at steady state.
Numbered subscripts refer to station locations and sections in Figure 1. The rate at which this
~ fluid stream will release heat in the combustion zone, and which can be considered the
{ “potential”’ heat release rate of the stream at Station (6), is:

qvVv = C,W,Tyy ; (14)

A particle of fuel-air mixture in the stream crossing the flameholder will begin burning after
a time delay(,/V, which is the time required to drift from Station (6) to (7), while being ignited.
When it begins burning at Station (7) the heat release rate of the particle will be:

G,(t) = qq (t— V) (15)

At some station, x distance downstream of Station (7), the local heat release rate will
become that of the particle after an additional time delay x/V s Which is the time required to drift
from Station (7) a distance x at mean average velocity V,. Then at a location x in the combustion
zone the heat release rate will be:

q(x,t) = g, (t—x/V,) (16)

The ideal temperature rise, T, is a function only of the fuel-air ratio, FA,, of the particle.
The efficiency, 7, is assumed to be a function of the fuel-air ratio and the stability parameter,
v = VJ/NP,T}". The fuel-air ratio of the particle was set a time ty/V, earlier when the particle
crossed the spraybar, where (,/V, is the time required to drift from Station (4) to (6).

Ti = fen(FA,)
7 = fen(FA,, y) an
FA(t) = FA, (¢=t/V,)

Because of the large pressure drop in the fuel spraybar injector, changes in fuel flow in |
response to augmentor pressure at the spraybar are small compared to changes in airflow.
Consequently, fuel flow can be considered constant, and the fuel-air ratio is determined by
changes in airflow only. i

FA‘ = %‘i‘nt : (18)

For small perturbations, with the station locations fixed and the time delays taken as
constants, equations (14) through (16), written in terms of the Laplace transform of each
normalized variable, reduce to:

S , [ FA oT,  FA $ J Y
G =W, -,!T';F-A'- + —i-%] Wie + %% ' (19)
-‘ :
9 =qee ° (20)
-18
qExS) = g OT (21)
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These equations model combustion as though it behaves in a quasi-steady-state manner.
The volumetric heat release rate at any location in the combustion zone will reach the steady-
state value corresponding to instantaneous conditions at the flameholder and at the spraybar
after a series of delays. The delays are the time required to purge the old combustion gases and
refill with new combustion gases traveling at throughflow velocity.

Equation (19) computes the value of heat release rate, q;, which will occur in the
combustion zone in response to changes in airflows, W; and W, and in stability parameter,
¥'. This heat is not released until after a drift delay from the flameholders to Station (7), as
defined by equation (20). The heat is then released and distributed throughout the combustion
zone as defined by equation (21).

Airflows and the stability parameter are directly computed from velocities, pressures, and
densities obtained from the system acoustic equations.

Wi=Vi+p  y=V;~P - LT
(22)
We = Vi + ps Ty = Ps—ps

‘Efficiency and ideal temperature rise can rapidly follow changes in mainstream fuel-air
ratio. Efficiency is thought to be only able to slowly adjust to changes in stability parameter.
Stability parameter has been shown (Reference 3) to be related to the heat balance between
combustion heat release and heat losses in a flameholder wake. The wake is a volume which must
be purged of old combustion products and refilled with new combustion products before a change
in mainstream conditions can affect the wake. The flameholder metal also acts as a heat reservoir
to stabilize wake temperature. These effects slow the response of wake temperature to changes in
mainstream conditions. While the steady-state value of stability parameter has been shown to
affect flame stabilization behind a flameholder, there are thought to be significant dynamics
which may prevent efficiency from tracking changes in stability parameter at rumble frequencies.
The effect of the wake dynamics would be to reduce the influence of the last term in
equation (19).

Since there was no method currently available for modeling the dynamics of the flameholder
wake, it was decided to assume they.were sufficiently slow so the influence of stability parameter
on efficiency (last term in equation (19)) could be neglected in the frequency range of interest.
This assumption is valid only if the dynamics have the effect of a lag greater than about
20 milliseconds.

The modeling of transient fuel-air ratio just described is applicable if the fuel completely
vaporizes within a very short distance after being injected. The resulting vapor would then be
able to follow rapid changes in air velocity. The fuel-air ratio of a particle would then be set by
airflow at the spraybar. If the injected fuel persists as large liquid droplets, which cannot be as
easily accelerated by rapid changes in air velocity, a steady stream of fuel would occur at the
flameholder. Fuel-air ratio of a particle would then be set by airflow at the flameholder. The first
method introduces the drift delay, t/ V,, in equation (19). The second method eliminates the
delay. Better tracking of test data was obtained by eliminating the delay. The true process
involves both the rapid acceleration to air velocity of the portion of fuel which vaporizes and the
more sluggish response of liquid droplets. This is an area identified as requiring a more thorough
investigation to be able to account for the vaporization characteristics of the fuel and the
injection process.




| Equation (21) is used to evaluat.e the mtegrals in equations (7) and complete the description
of the combustion zone. 1

t - 18 —8
M C(1+M) CM |
0.=q4(%) (7—1)?[ e -e ] 4
18
v CM(I-M)

n-a(d) -0 X [ ] (23) |

o8

4 ) CM
0a=Q1'(Tq;) (-1 &5 e AR |

Mean steady-state values of temperature and velocity in the combustion zone are selected
so that overall sonic travel time and throughflow drift time through the zone will be correct. With
the gradients in the combustion zone defined by equation (13), the mean temperature and mean
velocity in the zone are:

Te/Te— 1 s » AL/T,~NH

T, =T, [_-_‘__] L A LT U e S 24

- 2( V T‘/T‘ o l) ; In (TO / Td) -
Where T,, T,, V, refer to steady-state temperatures and velocity in sections (4) and (6) of
Figure 1. }
Equation (19) requires that the terms i
FA T, f
T, ;Y 29 l
and |
i
FA o
y oFA : (26) )

be defined. The first term is defined by the steady-state operating point on the ideal temperature
rise curve, Figure 4. The second term is defined by the steady-state operating point on the
efficiency curve, Figure 3.

This completes the system combustion equation development. These equations describe the
response of combustion heat release throughout the combustion zone to disturbances in veloclty
and density at the spraybars and flameholders. A complete list of the equations is given in
Appendix B. In the list, g’; has been renamed q',, where it appears in equatlon (20) and q’o.; Where
it appears in equation (19). The reason for this change is discussed in the following section,
“Solution Technique.”
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(5) Solution Technique

The equations in Appendix B are the Laplace transformed versions of the time-dependent
equations describing the augmentor. By setting qQ';, = qQou, Which is the actual case, these
equations would form a set of homogeneous equations whose determinant is the characteristic
function (CF) of the system. If some small arbitrary disturbance were to be introduced into the
system, and then removed, the set of equations could be solved for the time response of the
system. The time response would contain terms of the form:

e gin wt

where r and w are the real and imaginary parts of a zero of the characteristic function. If r is
positive, the time response is an oscillation of circular frequency w with a growing amplitude,
indicating an unstable system. If r is negative, the oscillation dies out with time, and the system
returns to its original state.

To solve for the time solution would require the identification of every zero of the CF, which
is an involved process. An alternate technique, and the one adopted for the rumble model, is to
simply determine whether there are any zero’s of the CF with a positive real part without actually
solving for the zero’s. To do this, the following ratio, calied the ‘‘open loop transfer function”:

qQ'in D(S)

is formed from the set of system equations in Appendix B, using Cramer’s rule. Then since q';, =
q'ou, it follows that:

Qour  _ N(S) - CF(S)
. D@ !t e 559

At a zero of CF(S), the open loop transfer function q’o,/q’;, Will become one. If a zero of CF(S)
is encircled, while avoiding encirclement of a zero of D(S), a polar plot of the open loop transfer
function will encircle the point one. By encircling the entire right half of the “S” plane, and
watching for encirclements of one by q'ou/q'n, it i8 determined whether there are any zero’s of
CF(S) with a positive real part. In practice, an amplitude and phase plot is used rather than a
polar plot. As a by-product of the technique, the frequency response of every variable in the
system to a sinusoidal variation in combustion heat release, q',,, is obtained, which is useful in
examining the model.

A physical interpretation of the solution technique can be gained by reference to Figure 7.
A sinusoidal disturbance oscillation in combustion heat release, q',,, produces an oscillation in
pressure, velocity, and density throughout the augmentor, which, in turn, produces an oscillation
in combustion heat release, q',.. If the ‘“‘feedback” heat release is in phase with the disturbance,
and has greater amplitude, the system will be unstable.

A typical open loop transfer function is plotted in Figure 8 which indicates an instability at
56 Hz.
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c. Experimental investigation
(1) Test Apparatus

The study experiments were conducted in a (boiler plate) combustion system in which the
pressures, temperatures, gas flows and flame instability in an augmentor were simulated. The
circular cross-section rig was designed and built under an independent Pratt & Whitney Aircraft
reszarch program. The simulator was designed so that various configuration changes including
flameholders, spraybars, and distances between reflective points could be easily made for
diagnostic evaluation.

A drawing of the test rig is shown in Figure 9. The rig is made up of an inlet reflective orifice
plate, an inlet case, a fuel injection case, a combustion case, a transition flange, and a variable
area exhaust nozzle.

The orifice plate (Figure 10) which provides the upstream reflective point, is located
82.9 in. from the primary flameholder and represents the duct fan exit location. The orifice plate
was modified after the first test series from a single hole to a 16-hole plate to provide better flow
distribution.

The inlet case is 39.9 in. long with a 12 in. diameter. Its primary function is to permit a fan
duct simulation length variation by inserting the orifice/reflective plate at its inlet or its exit. The
inlet case is shown in Figure 11.

The uncooled fuel injection section (Figure 12) is 39.4 in. long and has two injection planes
which can be fitted with either three liquid fuel or three gaseous fuel spraybars. Typical liquid
and gaseous spraybars are shown in Figure 13. The primary and secondary injection planes are
located 8 and 40 in., respectively, upstream of the primary flameholder location. The zone 1
spraybar is located on the rig centerline. The zone 2 and zone 3 spraybars are located 2.8 in.
outboard of the centerline. The location and the spray direction of the liquid fuel zones are shown
in Figure 14. The injection direction for each of the gaseous fuel zones was the same as for the
liquid fuel zones.

The combustion section (Figure 15) is a water-cooled duct 12 in. in diameter and 76.6 in.
long with primary and secondary flameholder locations. The primary flameholder locatinn is
79.5 in. from the nozzle exit plane, and the secondary location is 47.5 in. from the nozzle exit
plane. Either flameholder position can be fitted with three 1.2 or 1.8 in. wide V-gutter
flameholders which provide 35 and 52% blockage at the flameholder plane, respectively. The
centerline of the three flameholder zones are aligned with the centerline of the respective fuel
spraybar zones. The various flameholder configurations are shown in Figure 16.

The water-cooled transition flange, Figure 17, changes the rig flowpath from circular to
rectangular to match the variable area nozzle. The exhaust nozzle assembly is designed to permit
continuous variation of exit area over a wide range of choked operating conditions. The nozzle
assembly consists of two remotely actuated cylindrical water-cooled rods, 4 in. diameter on one
end and 1% in. diameter on the other, plus two semicylindrical sidewall plugs and two flat plate
sidewalls. Moving the rods in and out of the duct, with and without the sidewall plugs, results in
a geometric area change ranging from 16.1 to 112.9 in®. Figure 18 shows the possible geometric
area extremes. The rods have been provided with total pressure ports on the upstream side and
static pressure taps on the sides of the rods, so that at any rod position there is a minimum of five
total pressure and four static pressure pickups per rod in the duct. As shown in Figure 19, each
rod is driven independently by a linear actuator powered by a 24-volt dc motor.
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Figure 11. Inlet Case
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(2) Instrumentation *
t The instrumentation as given in Table 1 was used to monitor the following test parameters:

Airflow

Fuel flow

Rig inlet total pressure and temperature
Combustor inlet total pressure and temperature
Combustor exit total pressure

Combustor pressure oscillations

Fuel temperature, flowrate, and pressure
Velocity changes in duct

Temperature changes in combustor

Pilot burner oxygen and acetylene flowrates
Flameholder skin temperature.

Most of the data were recorded by an automatic data recording system and reduced through
the use of the IBM 370-168 computer system.

The special test items unique to this program are discussed in the following paragraphs.

The combustor w:s instrumented with six high-response Kistler Model 606A pressure
transducers, Figure 20, to determine both the frequency and the type of wave occurring during
combustion instability. The axial and angular locations for each of the Kistlers are shown in
Figure 9. The phase relationship and relative amplitude of the oscillations sensed by the
transducers located at intervals down the rig provided the necessary information to identify the
wave pattern and amplitude gains during rumble operation.

An oxy-acetylene pilot torch was mounted in the recirculation zone of the center
flameholder. This torch provided continuous ignition and simulated piloting by wake-heat
addition.

The center flameholder position, zone 1, was instrumented with two skin thermocouples.
They were attached to the upstream side of the V-gutter on the 1.8 3< 1.2, 1.2 X 1.2, and 1.2 X
0.6 flameholder configurations. A typical thermocouple location is shown in Figure 21.

Two 4-in. diameter vycor glass viewing ports were located 180 deg apart at the trailing edge
of the primary flameholder so that high-speed color motion pictures could be made during steady-
state and rumble operation to provide comparative data on flow dynamics and combustion. Two
air-cooled ionization probes (see the rig layout, Figure 9) are used to determine gas temperature
increase or decrease. The temperature changes are correlated with velocity change detected by a
strain gage attached to a target probe upstream of the flameholders. The correlation between
local temperature and velocity changes provide additional data on the rumble mechanism.

(3) Test Program

Seven series of diagnostic tests were originally planned. The purpose of these tests, as shown
in Figure 22, was to isolate or determine the mechanism(s) of rumble. Test Series I was designed
to determine the rumble characteristics of the test rig and served as a baseline for the program.
The balance of the test program was planned to be spent investigating the effects of (1) fuel
vaporization, (2) duct length, (3) turbulent level upstream of the flameholders, (4) fuel injection
system stiffness, (5) heat addition on the recirculation zone, and (6) combustion efficiency
oscillations on the augmentor system stability. After completion of the first test series, the test
program was modified. The revised test program, as shown in Figure 23, was a composite program
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TABLE 1. LO-FREQUENCY AUGMENTOR INSTABILITY STUDY RIG INSTRUMENTATION DE-

combining the test requirements of both the Lo-Frequency Augmentor Instability study and the
companion Flameholder Combustion Instability contract (F33615-76-C-2023) into a single test
program to cost-effectively gather the most data. The test matrix was not significantly changed
from the original program, i.e., most of the original items to be investigated were still included.

SCRIPTION
Item Location Sensor Indication
1. Orifice-Pressure Upstream of Test Rig Two 150-psi Gages for Control Room

Two Total Pressure Probes

Two Static Pressure Taps
(upstream) ]

Two Static Pressure Taps
(downstream)
'

Monitoring
Automatic Data Recording System

2. Orifice-Temperature Upstream of Test Rig Two Total Temperature Direct Reading Potentiometer for Con-
Probes - trol Room Monitoring. Automatic Data
Recording.
3. Inlet Total Pressure Fuel Injection Case Two Total Pressure Probes Automatic Data Recording System
4. Inlet Static Pressure Fuel Injection Case One Static Pressure Pm& Automatic Data Recording System
Two Wall Static Pressu
Taps S
5. Inlet Total Tem- Fuel Injection Case Chromel-Alumel Thermo- - Direct Reading Potentiometer for Con-
perature couples (two locations) trol Room Monitoring. Automatic Data
Recording.
6. Combustor Exit— Total Exhaust Nozzle Plane  Eight Total Pressure Ports Two 50-psi Gages for Control Room
Pressure Located in Water-Cooled Ex-  Monitoring. Automatic Data Record-
haust Nozzle Rods (four in  ing.
each rod) i
Combustor Exit— Static Combustor Case Four Wall Static Pressure -
Pressure Taps , Automatic Data Recording System
7. Combustor Pressure Os- Inlet Case, Fuel Injec- Six High Response Dynamic  Oscillograph for Control Room Monitor-
cillations tion Section and Com-  Pressure Sensors ing. FM tape recorded.
bustor Section o .
8. Fuel Flowrate Fuel Supply Line (each  Turbine Flowmeter Electronic Counter for Control Room
zone) Monitoring. Automatic Data Record-
ing.
9. Fuel Temperature (1) Fuel Line Near Thermocouple Direct-Reading Potentiometer
: Flowmeter for Control Room Monitoring. Auto-
(2) Fuel Line Near matic Data Recording.
i Test Sector
: 10. Fuel Pressure Fuel Line Near Test Pressure Transducer Two 500-psi Gages for Control Room
; Rig (each zone) .?:‘mimring. Automatic Data Record-
: !
f' 11. Velocity Changes Fuel Injection Case —7  Strain Gage — Target Probe  Oscillograph for Control Room Monitor-
‘l in. Upstream of Pri- ing. FM tape recorded.
! mary Fuel Injection
l Plane
12. Temperature Combustor Case — 14  One lonization Probe Oscillograph for Control Room Monitor-
Changes and 69 in. From ing. FM tape recorded.
Nossle Exit Plane
27
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Water Inlet
Water Outlet

Kistler Model 606A
Transducer

Combustion

Chamber Wall :

> FD 65612A
Figure 20. Kistler Model 606A Installed in Water Cooled Adapterl'
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Out of Page
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Figure 21. Flameholder Skin Thermocouple Locations
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The only item deleted was the effect of fuel injection system stiffness because (1) a concensus of
the investigators believed its impact on the program was minimal and (2) more test time could
be allocated to the other suspected mechanisms. Most of the test program changes were reflected
in the test operating conditions. In the original test matrix, bands of pressures, temperatures,
duct Mach numbers and fuel-air ratios were given. The Series I test results, however, specifically
defined the test conditions of interest within the capabilities of the system. The resultant test
conditions are shown in Table 2. The revised program was approved by the Air Force project
engineer.

TABLE 2. REVISED TEST CONDITIONS

Inlet Inlet Equivalence Duct
Test  Pressure = Temperature Ratio Mach
No. (psia) (°F) [ Number
A 10 20 * 051015 0088
B 10 200 0.5, 1.0, 1.5 0.155
(o} 10 400 * 0.5, 1.0, 1.5 0.088
D 10 400 0.5, 1.0, 1.5 0.155
E 15 400 * 0.5, 1.0, 1.5 0.088
F 156 400 0.5, 1.0, 1.5 0.1556
G 16 400 0.5, 1.0, 1.5 0.238

* Run 2 or 3 torch flowrate variations at the completion of the iso-
kinetic and wake FA data acquisition.

(4) Experimental Program Problems
(a) Series | Testing

The primary purpose of the Series I testing was to determine the rumble characteristics of
the test rig, which would serve as a baseline for the Series II test program. A secondary purpose
of the Series I testing was to evaluate the test rig hardware and instrumentation, which for the
most part had not undergone previous testing.

The overall test rig condition after Series I testing was very good. No major damage was
incurred. The target probes, ionization probes, and a total pressure probe, however, were
damaged during the course of the testing. The damaged probes were repaired with slight
- modifications incorporated to improve durability. The upstream orifice, which had been installed
to provide a known reflective location, was sending a jet of airflow throughout the burner system
at the high airflow rates (10 to 13 thbm/sec). This jet was apparently not attached to any wall
surface for the entire length of the burner system. To remedy the problem, the orifice plate was
reworked by plugging the large single hole and remachining to include 16 smaller holes to
maintain the same total open area. Since combustion efficiency could not be determined from the
data with an unchoked nozzle, the sidewall plugs discussed earlier (Figure 18) were installed in
the nozzle before Series II testing to ensure that choked flow could be maintained and combustion
efficiency determined over the full range of operating conditions.

(b) Series Il Testing

Some minor problems were also encountered during the Series II testing. The test facility
ejector system was not operating at its specified efficiency and would have required major repairs
to correct the deficiencies. Since combustion efficiency measurements were desired, choked flow
at the exhaust nozzle was required. To maintain choked flow the lowest rig pressure was limited
to approximately 14 psia and the rig duct Mach number to 0.12 compared to a planned rig
pressure of 10 psia and duct Mach number of 0.156. It was determined that these revised
conditions would provide the required input for the model, and the test program was modified
accordingly.
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Upon completion of the test program it was determined that the target probe, which had
been modified at the conclusion of the Series I testing, was often vibrating at frequencies between
200 and 600 Hz when the airflow dynamic pressure measurements were 55 Hz. It was also
determined that the ionization probes were occasionally grounded due to dampness that resulted
in a 60 Hz, high gain signal. Because the test program had been completed when these two
discrepancies were determined and the elimination of these two pieces of instrumentation would
have only a minor impact on the model input, the data was disregarded. It was felt that
disregarding all data would be more prudent than to draw conclusions from data that may or may
not be correct.

The final problem area of the Series II testing involved the zone 3 spraybar. After the
completion of the testing with the turbulence screens it was determined that the spraybar had
been partially plugged with Teflon tape that had been used to seal the fuel system fittings. The
tape was removed and the spraybar recalibrated prior to resuming the test program, but the data
from the previous test sequence involving zone 3 full flow was disregarded. This problem also had
a minor impact on the model input.

(5) Data Analysis

During rumble, pressure amplitudes were recorded as a function of time. Typical
amplitudes prior to blowout are shown in Figure 24. It is apparent in this figure that there may
be more than one frequency present and that the amplitude of the higher frequency component
varies with time.

These frequency and amplitude shifts make it difficult to determine the phase and
amplitude relationships between the various Kistler probes. To overcome this problem, all the
pressure amplitude data recorded on magnetic tape in the Series II testing was electronically
processed in transfer function form. A transfer function is expressed as the amplitugde ratio and
phase difference between two pressures as a function of frequency. The flameholder Kistler probe
was selected as the base for comparison.

Figure 25 shows a typical transfer function. The data used to define this figure was averaged
over a 16-sec time interval. For the example data point, rumble occurs in two distinct frequency
bands =~ 10 Hz wide, centered at 45 and 60 Hz. Any amplitudes which were less than 5% of the

average pressure amplitude were deleted. Transfer function results are summarized in Appendix
A.

(6) Experimental Resuits
(a) Series | Tests

Experimental rig tests were conducted in two phases. The first test phase was designed to
map the test rig’s rumble characteristics and to determine the test rig’s structural integrity.

Approximately 100 different combinations of inlet pressure, temperature, airflow, fuel-air
ratio, choked and unchoked nozzles were investigated in the first test phase for two different
flameholder blockages. Fuel distribution and exhaust nozzle conditions were found to have a
significant effect on rumble amplitudes and blowout characteristics.

Fuel distribution is shown in Figure 26 to effect both rumble amplitude and blowout fuel-
air ratio. The lowest pressure amplitudes and the widest blowout limits are obtained with
uniform fuel distribution. It should also be noted that fuel distribution only affects stability at
high fuel-air ratios. This is significant because rumble in turbofan engines occurs at high fuel-air
ratios and serves to ensure confidence that data from the test rig is representative of engine data.




The only item deleted was the effect of fuel injection system stiffness because (1) a concensus of
the investigators believed its impact on the program was minimal and (2) more test time could
be allocated to the other suspected mechanisms. Most of the test program changes were reflected
in the test operating conditions. In the original test matrix, bands of pressures, temperatures,
duct Mach numbers and fuel-air ratios were given. The Series I test results, however, specifically
defined the test conditions of interest within the capabilities of the system. The resultant test
conditions are shown in Table 2. The revised program was approved by the Air Force project
engineer.

TABLE 2. REVISED TEST CONDITIONS

Inlet Inlet Equivalence Duct
Test  Pressure  Temperature Ratio Mach
No. (psia) (°F) ¢ Number
A 10 200 * 0.5, 1.0, 1.5 0.088
B 10 200 0.5, 1.0, 1.5 0.156
C 10 400 * 0.5, 1.0, 1.5 0.088
D 10 400 0.5, 1.0, 1.5 0.155
E 156 400 * 0.5, 1.0, 1.5 0.088
F 16 400 0.5, 1.0, 1.5 0.155
G 156 400 0.5, 1.0, 1.5 0.238

* Run 2 or 3 torch flowrate variaticns at the completion of the iso-
kinetic and wake FA data acquisition.

(4) Experimental Program Problems
(a) Series | Testing

The primary purpose of the Series I testing was to determine the rumble characteristics of
the test rig, which would serve as abaseline for the Series II test program. A secondary purpose
of the Series I testing was to evaluate the test rig hardware and instrumentation, which for the
most part had not undergone previous testing.

The overall test rig condition after Series I testing was very good. No major damage was
incurred. The target probes, ionization probes, and a total pressure probe, however, were
damaged during the course of the testing. The damaged probes were repaired with slight
modifications incorporated to improve durability. The upstream orifice, which had been installed
to provide a known reflective location, was sending a jet of airflow throughout the burner system
at the high airflow rates (10 to 13 tbm/sec). This jet was apparently not attached to any wall
surface for the entire length of the burner system. To remedy the problem, the orifice plate was
reworked by plugging the large single hole and remachining to include 16 smaller holes to
maintain the same total open area. Since combustion efficiency could not be determined from the
data with an unchoked nozzle, the sidewall plugs discussed earlier (Figure 18) were installed in
the nozzle before Series II testing to ensure that choked flow could be maintained and combustion
efficiency determined over the full range of operating conditions.

(b) Series Il Testing

Some minor problems were also encountered during the Series II testing. The test facility
ejector system was not operating at its specified efficiency and would have required major repairs
to correct the deficiencies. Since combustion efficiency measurements were desired, choked flow
at the exhaust nozzle was required. To maintain choked flow the lowest rig pressure was limited
to approximately 14 psia and the rig duct Mach number to 0.12 compared to a planned rig
pressure of 10 psia and duct Mach number of 0.155. It was determined that these revised
emdui:'ubmwmmMumdmmtfwtbmodol,mdtheMpmnmmmodiﬁed
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Figure 24. Typical Rumble Induced Blowout O-Graph Traces (50% Flameholder Blockage)
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The effect of nozzle coriditions on stability was evaluated by two distinct methods. For both
methods, combustion was initiated with an unchoked nozzle and then the nozzle was choked. In
the first method, the nozzle area was closed holding a constant fuel-air ratio and nozzle discharge
pressure. In the second method, nozzle discharge pressure was reduced at a constant nozzle area
and fuel-air ratio. Both methods resulted in rig blowout. These results cannot be explained with
the classical blowout parameter, V/NPT!?, since the first procedure caused the blowout
parameter to decrease while the second procedure caused the blowout parameter to increase.

(b) Series Il Testing

The second series of rig tests were designed to identify or isolate the effect of airflow
dynamics, fuel vaporization, flameholder wake recirculation energy, turbulence upstream of the
flameholder and combustion efficiency on rumkle. These isolation tests were conducted with the
fuel distribution, shown in Figure 27, to provide large rumbie amplitudes, which are greater than
the background noise, the fuel distribution was purposely made very nonuniform. A tabulation of
all of the reduced data and pressure amplitude plots are contained in Appendix A. One of the
basic objectives of the experimental program was to isolate the mechanisms causing rumble. In
the following paragraphs the experimental results will be discussed for the baseline test
configuration and as they apply to each of the rumble mechanisms evaluated.

0.20
0.16
Zone 1
g 0.12
-
]
@ Zone 3
§ 0.08
-l
, Zone 2
0.04
0
0 0.04 0.08 0.12 0.16
Average Fuel-Air Ratio
FD 151437
Figure 27. JP4 Fuel Air Distribution Used to Isolate Rumble
Mechanisms
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1. Baseline Test Rig Configuration

The baseline rig configuration used to isolate the rumble mechanisms is as follows:

@ Choked inlet orifice to flameholder distance — 83 in.
® Spraybar to flameholder distance — 8 in.
@ Flameholder to nozzle distance — 80 in.

The instability pressure amplitudes recorded during the baseline configuration testing are
shown in Figure 28 to be primarily a function of fuel-air ratio and to a lesser extent a function of
the blowout parameter. The trends depicted in this figure are representative of most of the
configurations tested. The baseline rumble frequencies encountered ranged between 50 and
70 Hz.

2. Airflow Dynamics

The system airflow dynamics are dependent on pressure waves which are reflected between
an upstream and downstream boundary which in turn cause a change in the combustion process.
This change in combustion process generates pressure waves which can sustain an oscillation.
The oecillations may be initiated by any disturbance and can continue to grow in amplitude until
augmentor blowout or engine stall occurs. In an engine system the choked exhaust nozzle provides
the downstream reflecting surface while the upstream surface may be either the flameholder or
possibly the fan.

In the test rig the possibility of airflow dynamics being a rumble contributor was
investigated by changing the location of the upstream reflecting surface of the combustion
system. This provided data for different duct lengths and was accomplished by removing a
section of ducting between the upstream choked orifice and the fuel spraybars. The theory behind
this test sequence was if the frequency of rumble increased in proportion to the decreased duct
length, then system stability is affected by airflow dynamics. The results of the testing as shown
in Figure 29 indicate that the rumble amplitude was significantly reduced with a shorter duct. An
examination of the test data as shown in Appendix A, shows that frequencies of ~80 Hz were
observed with the shorter duct compared to ~60 Hz with the baseline configuration. Since the
resuiting frequency, f, is inversely proportional to the duct lengths, i.e.,

anl 83| + 83".
= = ——n =
f‘hon .flon( X 1 = 60 Hz x43|,. Y 83". 79 Hz

It is concluded that airflow dynamics are indeed a contributor to sustaining rumble and
must be considered a rumble mechanism.

3. Fuel Vaporization

As described in the report (Reference 1) on the companion contract, F33615-76-C-2023, poor
fuel vaporization has the effect of increasing the flameholder wake mixture ratio above the
freestream value. Consequently, it is possible to have a stoichiometric mixture in the flameholder
wake and a leaner condition in the freestream. Under these conditions, further increases in fuel
flow creates an overly rich flameholder wake, reducing wake efficiency. This decrease in wake
efficiency lowers the overall combustion efficiency. With a stiff fuel system, any change in airflow
will change the fuel distribution of the wake and freestream affecting combustion efficiency. This
coupling between airflow dynamics and the combustion process can result in an instability.
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This mechanism was evaluated experimentally by testing with gaseous fuel having nearly
the same heating valie and flamespreading rate as liquid fuel and by comparing the results. If
rumble occurs at a higher fuel-air ratio with the gaseous fuel than with the liquid fuel, fuel
vaporization can be a rumble contributor in that it affects the fuel-air distribution at the
flameholder wake. The test results, Figure 30, show that both JP4 and gaseous methane will cause
high amplitude rumble oscillations in the experimental test rig for equivalence ratios between 0.9
and 1.2. Both fuels have similar flamespreading rates and heating values. From this data it is
noted that the rich blowout limit for JP4 fuel and the lean limit for methane are contained in this
equivalence ratio range. On the surface it appears that vaporization has a significant effect on
rumble. However, these results are somewhat clouded because of possible differences between the
JP4 and methane fuel distributions. g

A second technique was used to identify vaporization effects. For these tests, the spraybar
was moved 40 in. upstream from the original location. The test provided an additional 0.02 to 0.05
sec for droplet vaporization to occur. Theoretically this should improve stability. However, the
test results shown in Figure 31 did not confirm this. Apparently, fuel distribution, which is nearly
impossible to control experimentally, effected the results of this testing.

Although we were not entirely successful in isolating the effect of fuel vaporization as a
rumble mechanism, we were able to show that the effect of fuel distribution on the fuel-air ratio
in the flameholder wake is a very important consideration in the stability of the augmentor
system and may in fact be the overriding consideration in determining augmentor stability.

4. Turbulence

The intensity of turbulence generated upstream of the spraybar and flameholder by engine
parts can affect the flameholding capability of the flameholders. The mechanism through which
turbulence affects augmentor stability involves the rate of addition of unburned fuel-air mixture
to the flameholder recirculation region or specifically, the residence time of a particle in the
flameholder wake. Too much mainstream turbulence can reduce the wake efficiency or extinguish
the wake flame entirely. This reduction in efficiency could generate a combustion heat release
perturbation which could interact dynamically with the augmentor-fan duct system to reduce the
stability limits of the system. On the other hand these turbulence generators are also a pressure
loss source. This pressure !oas tends to impede changes in airflow and therefore can provide a
stiffness in the system which can affect airflow dynamics.

The effect of turbulence on stability was evaluated by placing screens in the duct upstream
of the flameholder and spraybar. Tests were run with a 2 and 5% pressure loss screen. After these
tests were completed, the zone 3 fuel spraybar pintles were found to be plugged with Teflon tape
as discussed in the problems section of the report. Reviewing the data it was concluded that the
plugging occurred after data point 58 and that data recorded after that point could not be used.
The data which was judged valid is presented in Figure 32 along with similar data from the
baseline configuration. From this data it is concluded that the screens improve the system
stability at low values of blowout parameter but have little effect on stability at higher values of
blowout parameter.
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5. Combustion Efficiency-Oscillations

In the low inlet pressure, low inlet temperature portion of the engine operating envelope
where rumble is encountered, the flameholders are operating close to the blowout limit. At this
condition, relatively small perturbations in pressure and velocity can cause drastic changes in
combustion efficiency. If, for example, the velocity at the flameholder were to increase a small
amount, the combustion efficiency would drop resulting in a substantial reduction in local gas
temperature. This cold pulse flows down the augmentor at freestream velocity. When this colder,
high density pulse reaches the nozzle exit plane, a decrease in velocity occurs. This lower velocity
is felt at the flameholder some short time later. In turn, the reduced flameholder velocity
increases the combustion efficiency, creating a hot pulse. When this hot pulse reaches the nozzle
exit plane the velocity is increased. Upon reaching the flameholder this increased velocity
continues the cycle.

This mechanism was investigated by reducing the flameholder to exhaust nozzle distance
while maintaining a constant distance between spraybar and flameholder. The theory behind this
test was that if the frequency of rumble increased the proper amount with decreased combustion
distance, the oscillations would be caused by variations in combustion efficiency.

The data from this test was judged to be too questionable to draw any conclusions. When
rumble occurred it was so severe that the flame was driven upstream of the flameholders. During
some of the testing, flame was observed in the view port cavity which was 26 in. upstream of the
flameholders. The remaining data points of lower rumble amplitude were too few in number (4
points) and had such a frequency scatter that no conclusions were drawn for fear of drawing
erroneous conclusions.

6. Flameholder Wake Recirculation Energy and Flameholder Geometry

These mechanisms were evaluated experimentally as they relate to the flameholder
combustion stability process, and are discussed in detail in the report (Reference 1) for that

program.
d. Modification of Model

The rumble math model underwent continued refinement as test results from the rig
became available. Descriptions of various processes in the model were examined for physical and
for influence upon the ability of the model to track test data.

(1) Comparison With Experimental Data

Rig test results generally showed a rising rumble amplitude as fuel-air ratio was increased
above stoichometric, reference Figure 33. Model predictions displayed a rapid movement from
the stable to the unstable operating region as fuel-air ratio was increased, reference Figure 34.
The model also predicted a rapid movement into the unstable region as fuel-air ratio was lowered
to lean values. This trend was sometimes observed in the test data, but usually lean blowout
occurred without appreciable rumble amplitude. It was felt that the model was too sensitive to
fuel-air ratio and Mach number. However, a mapping of stable and unstable operating regions,
as predicted by the model, gave fair agreement with test results from two different flameholders,
reference Figure 35. The Phase I model incorporated the effect of fuel-air ratio by calculating the
slopes of the augmentor efficiency from Reference 2 and ideal temperature rise curves. It
indicated that good fuel-air ratio management was necessary to control rumble.

.__,,__.__,_“*
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The model also indicated that, in addition to fuel-air ratio management, rumble could be
controlled by damping oscillations in airflow in the spraybar-to-flameholder region. A change in
airflow causes a change in fuel-air ratio at the spraybar and changes the amount of mixture
entering the combustion zone. Airflow was predicted to respond with a high ampliti:de gain to
oscillations in combustion heat release at frequencies near the resonant frequencies ' the rig. The
predicted frequency response of airflow at the spraybar to combustion heat release, Figure 36, for
the baseline rig configuration (Test Point 1 & 2) shows these typical high gains.

Damping of oscillations in the air column was simulated in the rig by inserting a low-
pressure drop (5% AP/P at .2M) turbulence scregn 40 in. upstream of the flameholder. The model
predicted that the screen would considerably dampen airflow amplitude (compare Figure 37 with
36), thereby providing a strong stabilizing trend. There was no dramatic reduction in rumble
amplitudes, although several tests showed some reduction. This indicated that a source of
damping was being neglected. Such a source was identified as the temperature gradient in the
combustion zone. The gradient was neglected in the wave equations, used to described
longitudinal vibration of the air column in the augmentor. An estimate of the influence of the
gradient on airflow dynamics was made by modeling the gradient as two step changes, one at the
beginning, and the other at the end of the combustion zone. After the modification the model
accounted for the fact that the test rig had occasionally rumbled at 25 Hz, a frequency which the
model had not previously predicted. Also, a resonance observed at 70 Hz was not predicted to be
lower in amplitude at a fuel-air ratio of 0.10 and higher in amplitude at a fuel-air ratio of 0.06.
This indicated that there was sufficient modification of predicted airflow dynamics to verify
accounting for the temperature gradient. Stability predictions for the rig with a long duct (Test
Point 3) and with a short duct (Test Point 11), using the temperature gradient, are shown in
Figure 38 and Figure 39. The strong stabilizing trend of shortening the duct length that was
observed in rig data was predicted by the model as a reduction in amplitude ratio of the open-loop
transfer function for the short duct. The reduction was caused by a predicted reduction in airflow
amplitude at the spraybar.

There were two additional processes described in the model: which were found to have a
major influence on predictions. Both processes are actually highly complex ‘and could only be
modeled by greatly simplifying the actual process. The first involved describing how the heat
output of the burning gas was distributed throughout the combustion zone. The second was the
effect of oscillations in pressure, velocity and density on combustion beat output.

The heat output was originally treated as a plane of heat addition. Exercising of the model
indicated that predictions were strongly influenced by the axial location of this heat addition
plane. The process was then modeled as a function of axial location and time. This technique is
consistent since the combustion at a station in the rig cannot be affected by changes in conditions
at the flameholders until a particle of burning gas has had time to drift at through-flow velocity
from the flameholder to the station. Preliminary waveforms predicted down the length of the rig
are shown in Figures 40 through 43 for a typical rumble frequency of 53 Hz. Velocity amplitudes
near the flameholders were predicted to be high compared to pressure or density amplitudes.
However, near the exhaust nozzle density and temperature, amplitudes become high as was
expected.

The second process description found to have an influence on model predictions was that of
computing the effect of oscillations in pressure, velocity and density cn combustion heat output.
The simplest description available was incorporated. This description assumes that augmentor
efficiency and ideal temperature rise transiently obey steady-state curves. In deciding whether
this description could account for various spraybar and flameholder designs, it was realized that
there were dynamics in this region which the model did not recognize.
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The dynamics involve:

® Drift delay of fuel from the spraybar to the flameholder, which is affected by
spraybar-to-flameholder spacing

® The difference in acceleration of liquid fuel vs vapor fuel in calculating
transient fuel-air ratio

® Response lag of wake temperature (behind the flameholder) to changes in
approach conditions, which may be affected by flameholder design.

These are fairly complex dynamics for which transient models do not exist. For that reason
the influence that these dynamics would have on model predictions during Phase 1. The work
completed in Reference 1 lead to a method for evaluating the significance of these dynamics and
was incorporated into the model during Phase II.

In the Phase I studies, it became evident that fuel-air ratio disturbances exerted a
predominant influence on the combustion rate. The phasing between the acoustic and
combustion models was correct at the rumble frequency to be the driving mechanism. The beta
correlation in Reference 2, from which the combustion model was developed, predicted that there
was sufficient gain from this effect for an instability to develop at the fuel-air ratio where
efficiency started to decline. The beta correlation, however, was biased toward premixed gas-air
mixtures and would not predict a declining efficiency until fuel-air ratio was greater than
stoichiometric (approximately 0.067). That was not characteristic of an augmentor in which it is
typical for efficiency to start to decline at a fuel-air ratio of about 0.04. It was concluded that the
“beta” correlation was inaccurate and needed to be replaced.

2. PHASE (| — MODEL REFINEMENT AND EXTENSION
a. Background

In Phase II, an analytical effort was conducted in which the rumble model developed in
Phase I for a V-gutter augmentor rig was adapted to a self-contained computer program and
extended to account for a turbofan engine geometry and for the different combustion
characteristics of the fan and core streams. The combustion characteristics were refined by an
independent augmentor combustion model developed under the Flameholder Combustion
Instability Study contract (Reference 1).

The rumble model was used to make stability predictions for the Full-Scale Engine
Research (FSER) program turbofan engine with a conventional augmentor operating subsonical-
ly at high altitude. Additional predictions were made for the FSER operating conditions in which
flameholder geometry, duct pressure loss and flameholder wake temperature were varied. Several
configurations were chosen to be tested. The augmentor hardware was designed and fabricated
during this phase to provide these configurations to substantiate the model during Phase III.

The rumble model was extended to include the system characteristics of the newer “Vorbix”
and “Full-Swirl” Augmentor concepts.

b. Fully Computerize Mode!

At the end of Phase I, the model was composed of a series of analyses which required
intermediate engineering interpretation and input. During this task the model formulation was
refined and adapted to a self-contained computer program with a readily usable input — output
format (Reference 4).




(1) Modeling Approach

Rumble has long been associated with the relatively low frequency longitudinal, or axial,
modes of vibration of the air column in the augmentor, thus the model was formulated to take
only the longitudinal dimension into account. Accordingly, each station in the model was
considered to represent a plane over which the value of any parameter (such as velocity, pressure
or density) could be considered as uniform at any instant in time.

The equations developed for describing rumble can be classified into two types. First, there
are the momentum, continuity and energy equations, together with the boundary conditions,
which describe how each parameter at any station in the augmentor responds to a disturbance in
combustion heat release. These are referred to as the acoustic equations. Secondly, there are the
combustion equations which describe how combustion heat release responds to variations in the
system parameters such as velocity, pressure and density. Together, the acoustic equations and
the combustion equations describe the rumble mechanism, by which a perturbation in

.combustion causes a disturbance in velocity, pressure and density throughout the augmentor
* which in turn causes an additional disturbance in combustion. A description of the equations,
boundary conditions and assumptions is presented in the Appendix D.

Since the purpose of the program was to develop an understanding of the rumble
mechanism and demonstrate the onset of rumble could be predicted, thereby defining the
boundary between stable and unstable operating regions, it was necessary only to model the
augmentor for the first few increments of time before the oscillation had built up into an
appreciable amplitude. This allowed use of a small perturbation technique which led to linear
equations and mathematical simplification. Linear equations can describe the system for small
oscillation amplitudes and can predict whether the system initially at rest would begin to
oscillate. Because the nonlinearities associated with large amplitude oscillations (which
eventually stop the amplitude from growing) were ignored, the linear equations do not allow a
prediction of the final limit-cycle amplitude.

(2) Model Description

The rumble model was designed for simple input-output and requires no intermediate
engineering interpretation, Figure 44. The input requires engine -geometry and pressures,
temperatures and Mach numbers, obtained from engine steady-state cycle tables. The user may
select to input augmentor fuel-air ratio and empirical combustion data or he may exercise the
flameholder combustion model which calculates and supplies the required augmentor combus-
tion data to the rumble model. No calculation nor dynamic information is required. The user may
select either tabular and plotted output or only plotted output, as shown in Figure 45. From the
plot the user identifies the frequencies at which the phase is zero. He then checks the gain at each
of the identified frequencies. If the gain is one or greater, the program has predicted that rumble
will occur. If the gain is less than one the program has predicted that the operating point is stable.
For example, Figure 45 indicates rumble at 60 and at 140 Hz. The user can then change geometry
or operating point inputs and repeat the process to determine the effects of the change. This form
of output was chosen because it facilitated development of the model, yielded a compact, easy to
interpret answer, and made better use of computer time than a time-domain solution.

To model rumble required a transient description of the longitudinal dynamics of the
augmentor system. To computerize the formulation, the mathematical description was simplified
by restricting the range of validity of the equations to small perturbations about a mean steady-
state operating point. This allowed linearization of the equations to a form which correctly
described small-scale transients, but in which the nonlinear terms which are important in large-
scale transients could be omitted. The resultant linearized model accurately described the initial




. period of time when rumble oscillations began to grow and are valid to the point where the rumble : !
- amplitude reached values at which the nonlinear terms became important. This was sufficient to 1

L determine whether an engine, if placed at a specific operating point, would spontaneously

rumble.
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Figure 45. Open Loop Transfer Function at 53,000 Feet Altitude and 0.8 Mach Number

The model could be made to yield solutions in the time-domain by programing the
equations on an analog computer. The output is a time trace of any selected parameter (e.g.,
augmentor pressure). At a stable operating point the trace is a straight line, whereas at an
unstable operating point the trace shows a sinusoidal oscillation with an increasing amplitude. -
The amplitude would grow without bound for as long as the solution continues, because of the
omission of the nonlinear terms.

The same information was more easily obtained by a nontime-domain solution technique.
Such a technique was chosen for the rumble model. Commonly called the Nyquist criterion, it is
based upon the fact that the allowable forms of the time-domain solution are known. This
technique allows use of a matrix program which can quickly solve large numbers of simultaneous
equations.

The Nyquist criterion is a procedure which makes use of the Laplace transform and
conformal mapping to determine whether the transient solution would show unstable behavior.
To apply the criterion, the time-domain equations are transformed into the Laplace ‘S’ domain.
The result is a square homogeneous matrix. The determinant of the matrix coefficients is a
function of “S,” called the characteristic function, and contains all of the information needed to
determine whether the system being described is stable or unstable. If all zeros of the
characteristic function have negative real parts, the system is stable; if any zeros have positive
real parts, the system is unstable. Although the Nyquist criterion is complex, its application is
straight-forward.

To accomplish the conformal mapping needed to determine stability, the equations which
describe the system were written to describe a ‘‘feedback loop."” The feedback loop was formed for
the rumble model by considering that the overall combustion rate, q';,, was an input to the
acoustic equations. This yielded pressure, velocity, and density at each station throughout the
engine. The output was fed back through the combustion equations to form a “feedback”




combustion heat release rate, q',u.. The resultant loop is shown in Figure 46. Although only one
heat release rate is actually present, the use of q';, and q’y,, allows the formation of the feedback
loop where the ratio of q’,,/q’;, is the “Open Loop Transfer Function” (OLTF). Conformal
mapping to locate the zeros of the characteristic function was carried out by using the OLTF.

Referring to Figure 46, the heuristic argument can be made that if a loop is subjected to an
externally supplied sinusoidal input (q';,) and it returns a feedback (q’,) which is in phase with
the input (¢ = 0) and of equal amplitude (gain = 1), then the externally supplied input could be
removed and the loop would continue to oscillate. A gain greater than one implies that the loop
would be driven to ever higher amplitude, while a gain less than one implies that the oscillations
would die out once the input were removed. The model determines whether the time solution, if
calculated would display oscillatory behavior with a growth amplitude. It does this through a
solution technique which is simpler and faster to apply than a solution in the time-domain..

Ain
System PV
W Vo
£ Equations
Yin ! *1 ¢ Momentum /NN
_.“.._ e Continuity
1) ® Energy
o RN
Aout
Combustion

Equations [

Ti y\ n |\
FA FA '

® Unstable if at Some Frequency: Agyt = Ajp and ¢ = 0
Figure 46. Condition for Rumble

c. FSER Engine Stability Predictions

Task 1a was an analytical effort during which the rumble model developed in Phase I for a
gingle stream V-gutter (boiler plate) combustion system was extended to account for a turbofan
engine geometry and for the different combustion characteristics of the fan and core streams.
Rumble predictions were made for the FSER engine with a B/M augmentor and for several
proposed changes to the B/M augmentor which were expected to alter the occurrence of rumble.

(1) Extending the Model to Account for Turbofan Engine

Development of the wave equations to describe the longitudinal acoustics of the various
sections of the single stream (boiler plate) combustion system was presented in Section II-1,
Model Development. In that presentation it was assumed that terms associated with the axial
pressure, velocity, and temperature gradients through the combustion zone could be neglected.
The development has since been extended to account for the gradients. The effect of the gradient




S ——"

terms was examined for the augmentor rig, Figure 47, by calculating the response of air velocity
at the flameholders to a combustion rate disturbance. When the gradient terms were neglected,
a 556 Hz first resonance was predicted as shown in Figure 48. When the gradient terms were
accounted for, a 40 Hz resonance was predicted as shown in Figure 49. This difference was
sufficient reason to include the gradient terms in the wave equations.
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Figure 47. Rumble Rig Conditions for Temperature Gradient Study
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Figure 49. Rig Response With Gradient

Modeling of the engine differed from modeling of the rig primarily in that two streams with
different characteristics enter the engine augmentor and mix. The turbofan engine has a hot,
partly vitiated core stream issuing from a short turbine exhaust case in parallel with a cold fan
stream issuing from a long fan duct. It was important to account for the different upstream
geometries of the two streams, as well as their different combustion characteristics. The engine
also has a complicating factor in that, at fan discharge, it is possible for the fan duct and the core
engine to communicate past the fan splitter. There is also some evidence that streamlines in the
fan may shift when the fan is subjected, dynamically, to a different backpressure on the OD (fan
duct) than on the ID (core engine). Two methods were used to model the engine boundary
condition at fan discharge for the rumble model with an option to specify which method is to be
used. In the first method, called the “proximate splitter” option, it was assumed that the fan
splitter is directly adjacent to fan discharge and that fan streamlines do not shift, so there is no
communication between the fan duct and the core engine at fan discharge. This is the
recommended option for applying the rumble model until a better model of the fan discharge area
becomes available. In the second method, called the ‘‘remote splitter’” option, it was assumed
that the fan splitter is sufficiently remote from fan discharge, so the fan experiences a radially
uniform static backpressure, and the fan duct communicates directly with the compressor. An
additional refinement of the rumble model could be made by more detailed modeling of the fan
duct, fan and core engine interaction at the fan discharge.
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The extension from the experimental rig to an engine was made to the model by applying
the basic equations to the different geometry. A schematic of the rumble model as applied to a
turbofan engine with a conventional V-gutter flameholder augmentor is shown in Figure 50. In
this schematic, station (1) represents fan discharge on the fan duct side of the fan splitter; fan
duct pressure drop is taken at station (2); the fan stream discharges into the augmentor at the
mixing plane, station (3); the core stream exits the turbine at station (2H) and discharges into the
augmentor at the mixing plane, station (3H). At the mixing plane the fan and core streams have
a common static pressure but different velocities and temperatures. Accordingly, the fan stream
combustion heat release rate was computed from instantaneous properties at station (3), while
the core stream heat release rate was computed from properties at station (3H). Steps in the
combustion process for a stream are depicted in Figure 51. Development of the equations to
describe these steps for a single stream was presented in Section II-1, Model Development. It was
found that the potential volumetric heat release rate of a stream, for example, the fan stream
(subscript “C”), as it is being ignited by the flameholder wake can be expressed as:

S a-(BASE A w ) Dc] ,
“C“[l (T.aFA+,;aFA A, Wi (28)

Similarly, for the core stream (subscript “H”):

we| 1o (PAML  FA m ) } ,
“"‘[1 (T.aFA+ AT W (29)

These equations are written in terms of the Laplace transform of the normalized variables. They
reflect that the combustion heat release rate in a stream will respond to changes in the amount
of fuel and air mixture being ignited, to changes in the potential chemical energy in a pound of
mixture (reflected in the ideal temperature rise), and to changes in the efficiency of the process
as affected by fuel-air ratio. The major effect, and the one believed to be predominant in rumble,
is the change in efficiency with fuel-air ratio causing large disturbances in the combustion heat
release rate in response to small disturbances in air flow.

The fan and core stream heat release rates, from equations (28) and (29), were added to form
the overall heat release rate of the augmentor (subscript ‘‘t”):

o[ w2g] il <¥]

Qc and Qy are the steady-state heat release rates (watts or Btu/s) in the fan and core streams,
respectively. The effect that an airflow disturbance in a stream has on overall augmentor heat
release rate then depends upon the size of the airflow disturbance, the sensitivity of combustion
in the stream to the disturbance (primarily the sensitivity of efficiency to fuel-air ratio), and the
percentage of overall heat release rate contributed by the stream. The long fan duct allows high
airflow disturbances, particularly at low frequency. At high fuel-air ratio, fan stream efficiency
became very sensitive to fuel-air ratio. The fan stream contributed about half of the augmentor
heat release rate. These considerations pointed to high fuel-air ratio in the fan stream as the most
probable conditions leading to low-frequency rumble.

Downstream of the flameholders, the model is unchanged from that developed for the rig.
The fan and core streams are assumed to mix and come to a common temperature and velocity
at station (4). The overall heat release of the two streams, from equation (30), is assumed to begin
at station (5), which can be coincident with station (4), and to end at station (10), which can be
coincident with station (11). Intermediate stations between (5) and (10) are used to account for
the axial temperature and velocity gradients through the combustion zone. Combustion products
exited through an exhaust nozzle at station (11).
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(2) Turbofan (FSER) Engine Stabiiity Predictions
To verify the medel, five basic types of tests were planned for the FSER tests. They were:

Map rumble characteristics of the B/M augmentor for model evaluation
Add a screen in the fan duct for additional damping

Add heat to the fan stream flameholder wake

Add a mixer to increase air temperature of the fan stream

Tailor fuel sprayrings to obtain a more uniform fuel-air ratio.

SV OO e

Test (1) was used to evaluate the accuracy of the model in predicting the fuel-air ratio and
altitude at which rumble occurs. In test (2), an attempt was made to delay the onset of rumble
by damping airflow oscillations in the fan duct. Because of the pressure drop penalty involved,
this was not considered a viable engine modification to eliminate rumble. The test was' made with
a simple hardware change, which provided the opportunity to verify model predictions
concerning engine changes other than modification of augmentor combustion characteristics. The
remaining three tests were structured to change rumble characteristics’ by modifying the
efficiency vs fuel-air ratio characteristic of the augmentor. The model has identified the declining
efficiency vs fuel-air ratio characteristic as the primary cause of rumble. This efficiency decline
was almost always encountered at fuel-air ratio greater than about 0.04. If a sufficiently large
portion of the total augmentor heat release rate (e.g., the fan stream) reached an operating point
at which it becomes highly sensitive to fuel-air ratio, rumble should occur. Increasing the
temperature of the flameholder wake, increasing the temperature of the fan stream, or creating
a uniform fuel-air ratio were identified analytically as possible ways to “flatten’ the augmentor
efficiency curve and thereby reduce the tendency toward rumble.

Rumble predictions were made for tests (1) through (4). Predictions for test (5) were
generated after an airflow mapping tests of the augmentor which determined the nonuniformity
of the fuel-air ratio distribution using the B/M sprayrings. The predictions for the first four tests
were generated for the FSER engine operating at 0.8 Mach number at altitudes from 40,000 to
55,000 feet.
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Figure 50. V-Gutter Rumble Model Schematic
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The rumble model required transient definition of the combustion rates in the fan and core
streams. This was done by means of equations based upon the efficiency vs fuel-air ratio
predictions contained in Reference 1 and which are presented in Appendix C. The efficiency
predictions were based upon assumed uniform fuel-air ratio distributions, and therefore,
represented the best possible efficiency characteristics. The actual engine, exhibiting a
nonuniform fuel-air ratio distribution, would be expected to rumble at lower than predicted fuel-
air ratios. For all predictions, combustion was assumed to occur over a distance of 55 in. in the
area from just downstream of the flameholders to the exhaust nozzle. At steady-state conditions,
this creates a linear temperature rise from station (5) to station (10) shown in Figure 50. The
predictions are classified into “low-frequency” rumble (below 100 Hz) and “higher mode”
rumble, identified by the frequency at which the phase became critical. For example, Figure 45
shows “low-frequency” rumble at 60 Hz, 2nd mode rumble at 140 Hz, and the 3rd and 4th modes,
at 188 and 230 Hz respectively, stable. Low-frequency rumble was examined for the B/M
flameholder at altitudes of 40,000, 53,000, and 55,000 feet, holding core stream fuel-air ratio
constant at 0.04 and varying the fan stream fuel-air ratio. The results are summarized in
Figure 52. At an altitude of 40,000 feet, 60 Hz rumble is predicted when fan stream fuel-air ratio
reaches 0.064. At an altitude of 53,000 feet, 60 Hz rumble is predicted at a slightly lower fuel-air
ratio of 0.057. At an altitude of 55,000, the fan stream is predicted to blow out at a fuel-air ratio
just below that required to produce rumble. The overall trend is that increasing fan stream fuel-
air ratio leads to low-frequency rumble. Increasing altitude also leads to low-frequency rumble,
until an altitude is reached at which the fan stream will blow out rather than rumble. The effect
of core stream fuel-air ratio on low-frequency rumble was examined at an altitude of 53,000 feet.
Results are summarized in Figure 53. Increasing core fuel-air ratio from 0.04 to 0.06 would have
no effect on low-frequency rumble onset. Increasing fan stream fuel-air ratio from 0.04 to 0.057,
however, would cause rumble.

Core stream fuel-air ratio was found to affect ‘higher mode” rumble. Results are
summarized in Figures 54 and 55. At low core fuel-air ratio (0.04), the higher modes.tended to be
stable (Figure 54), except at very high fan fuel-air ratio. Increasing the core fuel-air ratio to 0.06
drove the 2nd mode (140-165 Hz) unstable even at low fan stream fuel-air ratio (Figure 55). This
indicated that to avoid both low-frequency and higher mode rumble, the fuel-air ratio in both
streams must be properly managed.

The effect of adding a screen in the fan duct at the mixing plane to dampen airflow
oscillations was examined at a predicted unstable operating point at 40,000 feet (Figure 56). The
test added a screen with a 6% pressure drop. The model predicted that this would stabilize the
augmentor. The effect of heat addition to the fan stream flameholder wake was exarnined at
altitudes of 45,000 and 55,000 feet. Two methods were used to add the heat. Core air was piped
directly to the flameholder, and the flameholder drafting angle changed. In either case, the
predicted effect was to raise fan stream combustion efficiency and to move the rich blowout limit
to a higher fuel-air ratio. Stability predictions are summarized in Figure 57.

At 45,000 feet, heat addition had no effect on the fuel-air ratio at which low-frequency
rumble would first be encountered. At 55,000 feet heat addition allowed the fan stream to remain
lit to higher fuel-air ratio. If the fuel-air ratio exceeds 0.057, the augmentor will rumble before
blowing out. The major effect of heat addition is to keep the fan stream lit at higher altitudes. To
avoid rumble, the fuel-air ratio would still have to be as carefully managed with the B/M
flameholder.

The effect of adding a mixer to increase the temperature of the fan stream to 800°F was
evnluatgd at an altitude of 45,000 feet. Results are summarized in Figure 58. The mixer increased
fan stream combustion efficiency while steepening the slope vs fuel-air ratio. The net effect would
be to cause low-frequency rumble at a slightly lower fuel-air than without the mixer. The major
effect of the mixer would be to keep the fan stream lit at higher altitudes because of heat addition
to the flameholder.
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The tests to alter the occurrence of rumble were predicted to be unable to clearly eliminate
rumble. Tests (2) and (3) showed some promise that the onset of rumble, or of blowout, could be
delayed to a slightly higher altitude or fuel-air ratio. Test (4) was predicted to have an adverse
effect. This indicated that while some gains might be made, it will be difficult to eliminate
rumble through attempts to alter combustion characteristics.

Because the efficiency predictions from Reference 1 became available, near the end of
Phase II, only the fuel-air ratio effects on combustion rate were included. In general, the local
combustion rate also can be a function of local pressure, velocity, and temperature. These
additional effects were not completely defined at this time. When the beta correlation was used
earlier to define efficiency, it predicted that fuel-air ratio was the major influence with pressure,
velocity, and temperature being of secondary importance. However, the beta correlation was
determined to be such a poor predictor of augmentor efficiency vs fuel-air ratio that its
predictions vs pressure, velocity, and temperature are now considered questionable. It may be
particularly important to include the effect of pressure. As shown in the cycle data on Figure 59,
the only parameter which changed significantly with altitude was augmentor pressure. This
implies that pressure must be the primary factor causing steady-state combustion efficiency to
vary with altitude. There should also be a dynamic effect of pressure on combustion rate.
Whether the effect acts quickly on local instantaneous pressure or more slowly through processes
such as the fuel vaporization rate will have to be defined.

Rumble was examined for frequencies to 250 Hz. There is no fundamental frequency
limitation on the equations used to describe the longitudinal acoustics of the augmentor, and
these equations could easily be extended to any frequency range. They predict that very high
frequency modes of oscillation are possible. That rumble is rarely, if ever, seen at very high
frequencies implies that attention should be directed toward more detailed definition of the
dynamics of the combustion processes. The combustion portion of the rumble model was based
upon a “‘drifting burning particle’” model, Figure 51, with the heat release rate of the particle
computed from a steady-state efficiency curve. The resulting predictions concerning the
occurrence of rumble indicated that this rather simple representation of a highly complex process
(involving fuel vaporization, turbulent mixing, etc.) was sufficient to model low-frequency
rumble. However, it no doubt ignores dynamics which could: become important at high
frequencies. At steady-state it does not matter whether a process is fast or slow, but dynamicaily
it is very important to identify whether a process could follow a high-frequency oscillation. This
could not be determined solely from the steady-state gain as reflected in any efficiency curve, but
requires detailed examination of the processes involved and how fast each can proceed. Relying
on a steady-state efficiency curve to predict combustion rate is equivalent to assuming that all
combustion processes are so rapid compared to the frequency of oscillation that the dynamics of
the processes can be neglected. This may not be true at very high frequencies, where the
dynamics of a process (e.g., fuel vaporization off the flameholder) could cause decoupling of the
rumble mechanism and prevent the occurrence of a high-frequency rumble. Such a decoupling
would explain why rumble has been a low-frequency phenomenon. If the rumble model is in error,
it will probably be on the side of predicting a high-frequency mode which does not occur. Better
definition of the dynamics of the combustion processes would explain why the mode does not
occur. This phenomenon was investigated in Phase III.
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d. Extend Model to Other Types of Augmentors

& During this task, the rumble model was extended to two advanced augmentor concepts.

Both are swirling flow concepts which eliminate the necessity for flameholders. In one of the

concepts, termed Full Swirl Augmentor, the entire augmentor flow is swirled around the engine

L center line, Figure 60. Hot combustion products are provided on the OD of the swirling flow by

an annular pilot burner on the OD of the augmentor. Mainstream fuel injection is accomplished

by several sprayrings. The swirling flow develops a strong centrifugal field in which hot

combustion products issuing from the pilot burner on the OD of the swirling flow are rapidly

displaced towards the center of the augmentor, while the cooler interior air and fuel mixture are
centrifuged outward. Combustion occurs at the interface of the hot and cold gases.

The second concept, termed Vorbix, (vortex burning and mixing) employs a large number
of small-scale vortices developed by swirlers or triangular wing vortex generators. Figure 61
schematically shows this concept. All the augmentor fuel flow is admitted through an annular
pilot burner located near midspan of the augmentor between the fan and core streams.
Combustion occurs as the vortices mix the hot fuel-rich pilot exhaust with air in the fan and core
streams.

Both Full Swirl and Vorbix concepts have shown potential in rig tests for reducing
augmentor length with improved or current level performance. Schematics of the rumble model
as extended to the Full Swirl and Vorbix augmentors are shown in Figures 62 and 63, respectively.

In the V-gutter augmentor, independent combustion heat release rates for the fan and core
streams can be defined, because an independent fuel-air ratio velocity, and temperature can be
assigned to each stream. In the Full Swir] and Vorbix augmentors, however, only one heat release
rate, that of the overall augmentor, can be defined. These augmentor concepts were developed,
essentially experimentally, based upon a qualitative understanding of the mechanisms of flame
propagation involved. A quantitative analytical theory, comparable to that developed in
Reference 1 for a V-gutter augmentor, was not available to aid in modeling combustion in the Full
Swirl and Vorbix augmentors. Accordingly, they were modeled similarly as the V-gutter
augmentor, but with a combustion rate based upon overall efficiency vs overall fuel-air ratio. This
was a more approximate representation than desired, because combustion rate is influenced by
more parameters than overall fuel-air ratio. Modeling accuracy will be improved by developing
further the theory of combustion in these newer concepts so that indivirdual influences can be
isolated and quantified.

Even so, the rumble model, as extended to the Full Swirl and Vorbix augmentors, indicated
that the potential to rumble was present in both. Both contain the mechanism whereby
' longitudinal airflow disturbances will lead to augmentor fuel-air ratio disturbances, and both
have shown that at high fuel-air ratio, the combustion rate (efficiency) can decline with
increasing overall fuel-air ratio in the same manner as in a conventional augmentor. The rumble
model predicted that if the combustion rate becomes sufficiently sensitive to the fuel-air ratio,
rumble will ensue. It must be determined for the Full Swirl and Vorbix augmentors whether the
combustion rate inherently is, or can be made to be, less sensitive to fuel-air ratio than a
conventional augmentor. Small-scale rig tests of Full Swirl and Vorbix concepts indicated that
they may be inherently less sensitive because both rigs were capable of producing a relatively flat
efficiency vs fuel-air ratio characteristic. The characteristic produced by the Vorbix rig was
particularly flat in some of the runs, Figure 64 (from Reference 5), and no rumble occurred in
testing.
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