P m—————

55K 25

-
o
A

NACA RM I

TN Y copy 377

RESEARCH MEMORANDUM

p o
Sle o

j il‘..

IR RIS .g RM E55K25
3265

- L
N&E -3

1S

tAccozoion HUMLER)
74
<L 4
—_— i

P s)

3 {Coor)
2 §’
INASA CR OR TMX OR AD RUMBER) :CAT"iO’YY)

(THRU)

FAGILITY FORM 602

INVESTIGATION OF AFTERBURNER COMBUSTION SCREECH AND
METHODS OF ITS CONTROL AT HIGH COMBUSTOR

PRESSURE LEVELS

B ?xthur M. Trout, William K. Koffel, and George R. Smolak
!::
5‘\. Lewis Flight Propulsion Laboratory N
Cleveland, Ohio ~ \\
. DECLASSIFIED « EFFECTIVE 1-15 <5l 3
Authority: Memo Gec. Drobka NiS4L HG.
Code ATSS-A Dtd, 3-12.-6) Subj: Change
i 1n Security Clag 5 L S™
i y sification Marking,, - T é
CRE— S S &
E o - 2
o _ & 2
I - -
N AN s i s e »
NATIONAL ADVISORY COMM ¢ ©

FOR AERONAUTICS

WASHINGTON
May 14, 1956

SO ihisybeie

ff 653 July 65




NACA RM E55K25

)
NATIONAL ADVISCORY COMMITTEE FOR AERONAUTICS E
£

VE 11561,
NASA HQ.,
! Change
iricatioﬂ-ﬂhrking‘

RESEARCH MEMORANDUM

I -

Memo Geo

Dtd,
Claas

INVESTIGATION OF AFTERBURNER COMBUSTION SCREECH AND METHODS
F..PZS CONTROL AT HIGH COMBUSTOR PRESSURE LEVELS

By ‘4 ,"William K. Koffel, and George R. Smolak

: SR SUMMARY | 9336(

Various methods for the control of afterburner cambustion screech
at afterburner-inlet total pressures of from 4000 to 6400 pounds per
square foot absolute were investigated experimentally. In general, the
range of afterburner fuel-air ratios in which screech occurred and the
intensity of screech did not vary appreciably in the range of pressures
- covered. However, several configurations which had mild screech tend-

encies at the lower pressures were screech-free, or nearly so, at higher

pressure levels.

A2 Tl

Screech was successfully eliminated over the range of pressures and
fuel-air ratios investigated by several devices including a 20-inch
length of corrugated louvered liner at the afterburner wall, a 7-inch
perforated shroud around the outer ring of a 2-ring V-gutter flameholder,
and a 2-ring V-gutter flameholder fabricated from perforated sheet metal.
A 20-inch length of cylindrical liner spaced 5/8 inch from the after-
burner wall and perforated with 3/16-inch-diameter holes on 1/2-inch cen-
ters did not entirely eliminate screech, but a 36-inch length of the P

same material did. ﬁh‘ o

INTRODUCTION

The development of high-performance afterburners and ram jets has
increased the instances and the intensity of combustion screech. The
onset of screech has been reported to induce a high order of mixing and
intensify the rate of flame propagation, often causing marked increases
in combustion efficiency. With screech, heat-transfer rates and temper-
atures of the combustor parts increase greatly. Moderate to severe
screech can cause rapid deterioration or failure of the flameholder and

n combustor shell. An understanding of screech phenomena is essential to
the design of screech-free combustors or to the design of devices for
control or elimination of screech in existing combustors.
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Numerous investigations have been made into the nature of screech
and its elimination (e.g., refs. 1 to 12). Phase measurements of the
predominant screech frequencies observed in a number of burners corre-
spond to simple modes of transverse oscillations in the burner chambers
(refs. 2, 5, 7, and 11). The initiation and generation of screech de-
pend on flow and combustion phenomena. However, the exact nature of
this dependence has not been completely established. From speculation
on the mechanism of screech, a number of theories have been evolved that
are discussed in more detail in the references. In general, the theo-
ries are based on some phase of combustlon kinetics, aerodynamics, acous-
tical resonance, or combinations such as combustion kinetics and acous-
tical resonance (ref. 2) and aerodynamics and combustion kinetics (refs.
1, 7, and 11).
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The NACA Lewis laboratory has investigated many of these possibil-
ities, both analytically and experimentally. Both small- and full-scale
combustors were experimentally investigated at combustor-inlet total
pressures of about 650 to 4200 pounds per square foot absolute. These -
investigations generally show that the intensity of screech and the
range of fuel-air ratios over which screech is encountered increase as
inlet total pressure increases. Wide gutters are alsc more prone 1o
screech than narrow gutters under similar conditions (ref. 9). Screech
was completely eliminated by a perforated acoustic-absorption liner
(ref. 5). Whether these tendencies would continue at higher inlet pres-
sures encountered during high-speed flight near sea level was unknown.

The purpose of the present investigation is to explore screech tend-
encies of various combinations of flameholder, combustor liner, and fuel-
spray bars at combustor-inlet total pressures between 2 and 3 atmos-
pheres. The objectives were (1) to see if the screech tendencies were
similar to those observed at lower pressure levels, (2) to determine
whether a perforated liner could prevent screech at high pressures, (3)
to find critical dimensions of flameholders or liners that can prevent
screech at high pressures, and (4) to investigate the influence of
changes in aerodynamic flow on screech tendency.

In studying the effect of changing aerodynamic flow on screech,
several flameholders were built with perforated gutters for the purpose
of reducing the tendency for the formation and alternate shedding of
large vortices from the gutter trailing edges. Such vortices are be-
lieved by some investigators (refs. 1, 7, and 11) to be the initiating
or the sustaining mechanism of screech. Another family of flameholders
was made with cylindrical shrouds around the outside gutter of conven-
tional ring-type V-gutter flameholders. The shrouds were either solid
or perforated. Their purpose was to inhibit screech by eliminating the -
shedding of large vortices and to forestall the coupling of transverse
pressure oscillations with the combustion process taking place in the
recirculating wake of the gutter,
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The investigation was run on an afterburner connected to an axial-
flow turbojet engine and covered simulated sea-level ram pressure ratios
of 1.0 to 1.8 (flight Mach numbers of O to 0.96). This condition re-
sulted in afterburner-inlet total pressures of 4000 to 6400 pounds per
square foot absclute at rated engine speed and a turbine-discharge tem-
perature of .1675° R. '‘Afterburner fuel-air ratio was varied over as wide
a range as.poi ible for each configuration (i.e., from lean blow-out to
wide-open positicm of the variable-area exhaust nozzle), except where
severe-intepsity screepb was encountered.

APPARATUS

Engine and Afterburner

The engine used in the investigation was an axial-flow turbojet
engine and afterburner combination equipped with a variable-area
clamshell-type exhaust nozzle (fig. 1). Rated (military) performance
for this engine at NACA standard sea-level conditions is 5425 pounds
thrust at 7950 rpm, an inlet-air flow of 102 pounds per second, and a
turbine-discharge temperature of 1725° R. Maximum thrust is 7500 pounds
with afterburning.

The over-all length of the afterburner (fig. 2) including diffuser,
combustion chamber, and exhaust nozzle is 112 inches. The diameter of
the afterburner combustion chamber is 32.6 inches at the flameholder.
The exhaust-nozzle area is approximately 1.94 square feet in the closed
position and 3.33 square feet in the full-open position.

Installation

The engine with afterburner was installed on a thrust-measuring
test stand. Air was supplied to the engine inlet from the laboratory
supply system, and the exhaust gases discharged into an acoustical muf-
fler at atmospheric pressure.

Afterburner Configurations

During the investigation 25 afterburner configurations were used.
These configurations were produced through alterations to the fuel-spray
bars, coocling system, flameholder, and liner. The combination of alter-
ations used to make up each of the configurations is summarized in table
I. Details of modifications to the various components are described in
the following paragraphs.
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Fuel-spray bars. - The afterburner used in this investigation was
originally designed for moderate thrust increases and was equipped with
two identical sets of relatively short spray-bar fuel injectors in the
turbine-discharge annulus, each set having 19 spray bars. The upstream
and downstream sets were located 29.5 and 26.5 inches, respectively, up-
stream of the flameholder (fig. 2). The circumferential location was
identical for both sets of bars and is shown in figure 3(a). Figure 3(b)
shows the hole locations for the original spray bars, which are herein-
after referred to as the "short" fuel bars. These short bars were used
only in configurations 1 and 3.

In order to permit afterburner operation for the screech investi-
gation at good efficiency and at as high a temperature as would be per-
mitted by the exhaust-nozzle maximum area, another set of bars was used
which provided a more uniform radial fuel distribution than the short
set. Details of these bars, hereinafter referred to as the "long" fuel
bars, are shown in figure 3(c).

Fuel flow to the upstream and downstream fuel-bar manifolds was
controlled automatically by a fuel-flow divider mounted on the engine.
All bars sprayed fuel normal to the gas stream.

The engine and afterburner fuel used throughout the investigation
conformed to the specification MIL-F-5624B, grade JP-5, having a lower
heating value of 18,625 Btu per pound and a hydrogen-carbon ratio of
0.159.

Cooling systems. - The original afterburner design provided for
cooling of the combustion-chamber wall by the flow of turbine-discharge
gas behind a corrugated and louvered cooling liner that extended from
the flameholder to the exhaust-nozzle inlet. The exhaust nozzle was
cooled by ducting compressor bleed air through the double walls of the
stationary part of the exhaust nozzle (fig. 2).

In order to cool the afterburner adequately with the liner removed
and with the more uniform fuel pattern (which increased the gas temper-
ature near the wall), a modified cooling system was employed. The
combustion-chamber wall was cooled by means of an external sheet-metal
shroud extending from the flameholder region to the double-walled
exhaust-nozzle section (fig. 2). Air from the laboratory system was
supplied at ambient temperature to four locations around the cooling-
shroud manifold. In addition, the modified cooling system used water
instead of air to cool the exhaust nozzle.

Flameholders. - Flameholder A (fig. 4(a)) was a conventional 2-ring
V-gutter design that blocked 27 percent of the combustion-chamber cross-

sectional area. The gutter width was l% inches. Two slightly different
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support structures for this flameholder were used during the investi-
gation, but the differences were considered inconsequential.

Flameholder Bl (fig. 4(b)) had four annular V-gutters, 3/4 inch
wide. Blockage was 25 percent. Flameholder B2 (fig. 4(c)) had two an-
nular V-gutters, 3/4 inch wide. Blockage was 15 percent.

iémshéiﬂefs were made by attaching various shrouds to a
der. The shroud details are shown in figure 4(d). The
£r. blockage due to the addition of the shrouds was

older.D1 (fig. 4(e)) was a single annular V-ring, 3 inches

] inched deep with a rounded apex. Blockage was 27 percent.
Flameholdérs D2 and D3 were identical to D1, except that flameholder D2
was perforated{viﬁh,l/z-inch-diameter holes as shown in figure 4(e), and
flameholder D3 had an all-over perforation pattern of 3/16-inch holes

on 1/2-inch centers. Flameholder D4 (fig. 4(f)) was similar to fleme-
holder A, except that the depth of the annular V-gutter was increased
from 2 to 4 inches, and the entire flameholder was perforated with 3/16-
inch holes on l/E-inch centers. Except for the holes, the blockage was
the same as for flameholder A.

Flameholder E (fig. 4(g)) was made by attaching a 3.25-inch-wide
annular piece of 4-mesh 0.090-diameter wire screen to the outer gutter
of a type A flameholder. The screen extended from the apex of the outer
gutter to the afterburner wall. Blockage was 48 percent.

Combustor liners. - There were two types of liner material used in
the investigation. Figure 5(a) is a photograph of the corrugated, lou-
vered liner material, which is 1/32 inch thick and has a ceramic coating
to reduce corrosion. Dimensions and locations of the corrugated liners
are given in figure 5(c) to (f). (Liner L3 was made of the corrugated
material but had the louvers welded shut.) Figure 5(b) is a photograph
of the noncorrugated perforated liner material, which was l/lG—inch—
thick Inconel perforated with 3/16-inch holes on 1/2-inch centers. The
noncorrugated liners (fig. 5(g) and (h)) were spaced 5/8 inch from the
burner wall.

Instrumentation

Instrumentation for the measurement of pressures and temperatures
was installed at various stations in the engine and afterburner as in-
dicated in figure 1. Engine air flow was measured at station 1 by means
of a survery of total and static pressures and temperature. Afterburner-
inlet conditions of temperature and pressure were measured at the tur-
bine discharge, station 5. A survey of total pressures was made by
means of a water-cooled rake at the entrance to the exhaust nozzle,

station 9.
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At station 6 provision was made for a fuel-air-ratio survey Jjust

ahead of the flameholder. Three different probe positions were used,
o}

one on top center of the burner and one 22% to each side of top center
in the same circumferential plane. Fuel flows to the engine and to the
afterburner were measured by calibrated, rotating-vane electronic flow-
meters. Thrust was measured by a self-balancing null-type pneumatic
thrust cell.

Screech was detected and identified by means of (1) auditory obser-
vations in the control room, (2) a microphone in the test cell used in
conjunction with a magnetic tape recorder, (3) a pressure pickup mounted
on the afterburner used in conjunction with a panoramic sonic analyzer,
(4) frequency comparison with an audio oscillator. Also, the presence
of screech, a rough indication of its intensity, and the location of
maximum pressure fluctuations were indicated on U-tube manometers con-
nected to pairs of differential pressure orifices (fig. 6). Four groups,
each containing 10 pairs of orifices, were located in the 24 inches of
burner wall just downstream of the flameholder. Manometer-board capac-
ity permitted only six pairs per group to be connected at one time. The
principle of operation of the differential orifices is that the flow
coefficient of a tapered orifice differs for flow in one direction from
that for flow in the opposite direction. When two orifices connected
to a U-tube manometer are oriented as shown in figure 6(c) and put into
a fluctuating pressure field, gases are trapped in one leg of the system
because when a compression wave hits the orifices more fluid enters one
orifice than the other, and during the following rarefaction, when the
flow through the orifices reverses direction, the orifice which passed
more fluid during the pressure wave will lose less than the other. As
this cycle is repeated, a considerable pressure differential can be
built up, the higher pressure being in the leg with the sharp edge fac-
ing away from the zone of fluctuating pressure. No attempt was made to
calibrate the orifice pairs to make them suitable for obtaining a quan-
titative measure of pressure fluctuations.

PROCEDURE
Simulated Flight Conditions

All tests were made with the engine exhausting to atmospheric pres-
sure. The pressure at the engine inlet was varied to cover a range of
simulated sea-level flight Mach numbers of from O to 0.96 (engine ram
ratios of 1.0 to 1.8). In order to attain the highest afterburner pres-
sures practicable without unduly stressing the compressor casing, the
inlet air was taken directly from the laboratory supply system and was
not preheated to simulate actual flight conditions. Inasmuch as the air-
supply temperature was in the range of 40° to 70° F, a ram ratio of only
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1.45 to 1.53 was needed to simulate the turbine-discharge pressure cor-
responding to an actual ram ratio of 1.8 with the correct sea-level ram
temperature of 155° F at the inlet. This is true because the lower in-
let temperature permits the compressor to operate at a higher corrected
speed (and pressure ratio) vhile the turbine pressure ratio remains
constant.,," ,

Turbine-discharge temperature for this investigation was maintained
at an actual engine speed of 7950 rpm.

; Aftefburner Operation
In general, the following sequence of operation was followed:

(1) The engine inlet pressure was set for a sea-level ram ratio of
1.0.

(2) The afterburner was lighted near the lean blow-out fuel setting.
(No special ignition source was used, inasmuch as autoignition of the
afterburner occurred at all operating conditions as soon as sufficient
fuel was introduced to maintain afterburning.)

(3) If there was no screech, the afterburner fuel-air ratio was in-
creased from the region of lean blow-out until screech was encountered

or the adjustable nozzle was fully open.

(4) The ram pressure ratio was increased in steps up to a simulated
value of 1.8, repeating step (3) at each new pressure.

(5) Whenever possible, the boundary between screeching and screech-

free operation was noted and the principal screech frequency measured.
RESULTS AND DISCUSSION

A graphical summary of the results of this investigation is shown
in figure 7. This series of bar charts shows the operational character-
istics for the various configurations and will be referred to as each
configuration appears in the subsequent discussion.

General Afterburner Performance Characteristics

with Short and Long Fuel Bars

The performance of the original afterburner (configuration 1) is
shown in figure 8, and the operational characteristics in figure 7(a).
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Afterburner combustion efficiency is defined herein as the ratio of ac-
tual to ideal temperature rise in the afterburner. Afterburner-exit
temperature was calculated from engine air flow, thrust, and nozzle
pressure ratio. Afterburner fuel-air ratio is based on unburned air
entering the afterburner except where noted. Configuration 1 had the
short set of fuel-spray bars, the 48-inch corrugated louvered liner Ll

(fig. 5(c)), and the 2-ring L%-inch-wide V-gutter flameholder A (fig.

4(a)). No screeching combustion was observed for this configuration
over the range of operating conditions investigated. The peak after-
burner combustion efficiency is shown in figure 8(a) to be 0.87 at an
afterburner fuel-air ratio of about 0.03.
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Data are shown for the lowest and highest pressure levels investi-
gated. Average afterburner-inlet pressures for the data at ram ratios
of 1.0 and 1.8 were 4200 and 6300 pounds per square foot absolute, re-
spectively. Combustion efficlency was essentially the same for both
pressure levels. Also indicated in figure 8(a) are the limits of oper- .
ation of the afterburner at ram ratios of 1.0 and 1.8 when the produc-
tion engine control system was used. Most of the investigation was con-
ducted by overriding the control. The decrease in afterburner combus- -
tion efficiency at higher fuel-air ratios (when overriding the control)
was to be expected, because this configuration was originally designed
for only moderate augmentation ratios. The afterburner total-pressure-
loss ratio (fig. 8(b)) varied from 0.06 with no afterburning to 0.088 at
an afterburner fuel-air ratio of 0.067. '

Figure 8(c) is a contour map of fuel distribution comstructed from
the three radial surveys made in the annular area Just shead of the
flameholder (station 6, fig. 1) for afterburner fuel-air ratios of 0.025
and 0.040. Figures given on the contours, however, are for total fuel-
air ratio at this station rather than the afterburner fuel-air ratio,
which is based on unburned air. The use of the relatively short fuel
bars in this configuration resulted in an overrich region toward the cen-
ter of the burner. This condition was also evidenced by visual observa-
tions made during afterburning. A rather well-defined core of luminous
flame could be seen issuing from the nozzle, especially during operation
at the higher fuel-air ratios. This overrich condition caused the com-
bustion efficiency (fig. 8(a)) to decrease above a fuel-air ratio of 0.03.

Afterburner performance of configuration 2, which utilized the long
set of fuel bars, is shown in figure 9, and operational characteristics
in figure 7(a). In this configuration the original 48-inch corrugated
and louvered liner was shortened to 20 inches (fig. 5(d)). No screech
was encountered with this configuration. Peak afterburner combustion -
efficiency (fig. 9(a)) was close to 100 percent at an afterburner fuel-
air ratio of about 0.04 and was insensitive to burner-inlet total pres-
sure between 4050 and 6350 pounds per sqguare foot absolute (average -
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burner-inlet total pressures for data points at ram ratios 1.0 and 1.8,
respectively). Afterburner total-pressure loss (fig. 9(b)) was 0.06
for nonafterburning conditions and approached 0.10 at an afterburner
fuel-air ratio of 0.05.

The nore“uniform fuel distribution of the long set of fuel bars
may be seen ° g the total-fuel air-ratio contour maps for con-

figuration 2 1 in figure 9(c) with those from the short-bar config-
uration (fig, ‘(g)) ~_Both figures were constructed from similar sur-
veys at rher fuel-air ratios. The more uniform fuel
distrib sk aPterburner combustion efficiency about 13

s and pemitte& operation at higher temperature levels.
The maxnnun exhangt-nozzle area limited operation to afterburner fuel-
air ratiod‘ef slightly under 0.05. Exhaust-gas temperature at wide-
open exhaust nozzle vas about. 3600° R.

Effect of Screech on Combustion Efficiency
Near Lean Blow-Out

The configuration reported in figure 9 could be made to screech by
shortening or removing the 20-inch corrugated louvered liner. Several
data points taken near lean blow-out at a ram ratio of 1.0 during medium-
intensity screech are shown in figure 9(a) by tailed symbols. The
screech did not materially improve combustion efficiency at these condi-
tions. This is probably to be expected in view of the good fuel pattern,
long combustion chamber, and high pressure level. Screech would be more
likely to increase combustion efficiency in a burner having poor fuel
distribution (by improving mixing of overrich mixture with unburned air
in the combustion zone) or short length (by increasing the heat release
per unit volume in combustion zone due to rapid flame spreading). This
negligible effect of screech on afterburner combustion efficilency was
also noted for several other configurations.

Characteristics of Screech with 2-Ring V-gutter
Flameholder and No Liner

Configuration 3 included the short set of spray bars, the 2-ring
V-gutter flameholder, and no liner. At a ram ratio of 1.0, mild screech
was observed from lean blow-out to an afterburner fuel-air ratio of
0.0525, at which point severe screech began (fig. 7(a)). As pressure
level was increased, the lean fuel-air-ratio zone became screech-free;
and at a ram ratio of 1.8 there was no screech from lean blow-out to an
afterburner fuel-air ratio of 0.0525, at which point mild screech set in.
The screech frequency for this configuration varied from about 1150 cps
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near lean blow-out to nearly 1300 cps at the richest fuel-air ratios,

as would be expected from the temperature change (ref. 6). This fre-
guency corresponds to the first radial mode of oscillation as given in
reference 6. According to theoretical considerations in references 2
and 12, the driving forces for this mode of oscillation would be favored
by a high rate of heat release at the center of the burner such as would
occur with the short spray bars.

With the long fuel bars (COnfiguration 4), a medium-intensity
screech of about 540 cycles was observed from lean blow-out to an after-
burner fuel-air ratio of about 0.037 at a ram ratio of 1.0 (fig. 7(a)).
This screech frequency corresponds to the first transverse mode of os-
cillation as described in reference 6. According to references 2 and 12,
the driving forces for the transverse modes would be favored by heat re-
lease toward the outer wall of the burner. The more uniform fuel dis-
tribution provided by the long spray bars evidently facilitated oscilla-
tion in the first transverse mode. From a fuel-air ratio of 0.037 to
wide-open exhaust nozzle, however, the principal screech frequency was
about 1220 cps. Screech characteristics of configuration 4 were not
investigated at higher ram ratios.

Effect of Various Liners on Screech

One of the most common methods of eliminating screech has been the
use of an acoustical liner near the combustor wall. These liners sup-
press screech by absorbing or breaking up pressure waves, thus prevent-
ing their reflection into the combustion zone and interrupting the
screech cycle. 1In order to determine the effectiveness of screech-
suppressing liners at high pressures, a number of different liner con-
figurations were investigated.

As previously noted, the 20-inch length of corrugated louvered
liner in configuration 2 was sufficient to eliminate screech at all con-
ditions investigated. This same 20-inch liner was run with the single-
ring flameholder D1 (fig. 4(e)) in configuration 5. This flameholder
with its 3-inch-wide gutter would be expected to have very strong
screech tendencies (refs. 5 and 6). The 20-inch liner prevented screech
in configuration 5 over the full range of fuel-air ratios (fig. 7(a)).

Configuration 6 was similar to configuration 2 (which did not
screech), except that the louvers in the 20-inch corrugated liner L3
were welded shut. This configuration had mild screech at intermediate
afterburner fuel-air ratios (0.038 to 0.041, fig. 7(a)).

Screech was encountered when the 20-inch corrugated louvered liner

of configuration 2 was shortened 5 inches at either the downstream end
(configuration 7) or the upstream end (configuration 8)(fig. 7(a)).

ZQAR
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The screech with configuration 8 was mild and occurred only at inter-
mediate afterburner fuel-air ratios. As the pressure was increased, the
screech zone shrank and the screech became progressively milder until it
faded away completely at a ram ratio of 1.8.

Liner L6 of configuration 9 was a 20-inch length of noncorrugated
metal perforated with 3/16-inch holes on 1/2-inch centers (fig. 5(g)).
This length of liner did not eliminate screech except at rich after-
burner fuel-air ratios at ram ratio 1.8 (fig. 7(a)). In configuration
10 the noncorrugated liner was lengthened to 36 inches, and screech was
completely eliminated (fig. 7(a)). This effect of noncurrugated perfo-
rated liner length is similar to that found in the investigation at
lower pressure levels reported in reference 5.

Comparison of the results for configurations 2 and 6 and configu-
rations 2 and 9, shows that, for a screech-suppressing acoustical
liner, both the corrugations and louvers (or pérforations)'are helpful,
which 1s in agreement with the findings of reference 7. The corrugated
and louvered liner would probably also be preferable to a cylindrical
perforated liner with respect to cooling and structure.

Shrouded Flameholders with No Liner

Inasmuch as screech is intimately concerned with the combustion
process, it seems logical that a screech eliminator might be most ef-
fective if located near a critical combustion zone. The results of
flame-stabilization and propagation studies indicate that conditions in
the region of the flameholder determine to a large extent the character
of the combustion process. Therefore, a series of flameholders employ-
ing a perforated shroud spaced 1/2 inch from the outer gutter of the 2-
ring, l%—inch-wide V-gutter flameholder was investigated. The purpose
of these shrouds was to prevent the reflection of transverse pressure
waves from the flame front to the combustor wall and back intc the crit-
ical combustion zone where the flame is attached to the flameholder.

Configurations 11 and 12, respectively, had shroud lengths of 10

and 7 inches, of which l% inches extended upstream of the trailing edge

of the flameholder gutter (fig. 4(d)). Neither of these configurations
screeched over the range of operable fuel-air ratios and pressures (fig.
7(b)). When the shroud was shortened to 4 inches (configuration 13),
screech was observed in the region of operation near lean blow-out.

Removing the upstream l%—inch portion of the 4-inch shroud (con-

figuration 14) increased the screech zone near lean blow-out but still
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left a screech-free region of operation in the rich range of afterburner
fuel-air ratios. A large hysteresis effect was noted for this configu-
ration (especially at a ram ratio 1.0), as shown by the arrows in figure
7(b). As afterburner fuel was decreased from the screech-free rich
zone, a mild 540-cycle screech set in at an afterburner fuel-air ratio
of 0.034. When the afterburner fuel-air ratio was further reduced to
0.0305, severe 540-cycle screech set in, and it was then necessary to
increase the fuel-air ratio to 0.037 before the screech stopped.

Another characteristic of configuration 14 was that it was necessary to
hold fuel flow constant for 3 to 4 seconds, compared with less than 1
second with most configurations, before screech would develop. No
screech occurred at all if the afterburner fuel flow was increased or
decreased at a moderate rate while passing through the screech zone.

In order to determine the effect of the perforations in the flame-
holder shroud, several lengths of solid shroud were investigated. The
4-inch solid shroud (configuration 15) had characteristics very similar
to the Zé-inch perforated shroud (fig. 7(b)), with screech occurring
only in the lean region. The 7- and 10-inch lengths of solid shroud
(configurations 16 and 17) screeched badly at all operating conditions
investigated. During the run of the 10-inch solid shroud at ram ratio
1.8, the afterburner was severely damaged by a fatigue fallure at a
welded seam. The violent type of screech denoted by the darkest shading
in figure 7(b) had no predominant audible frequencies. The panoramic
sonic analyzer indicated this type of screech to be a complex combina-
tion of many frequencies. For configuration 15 there was almost a con-
tinuous band of oscillations in the frequency range of 400 to 2000

cycles, while for configuration 16 the band was from 1000 to 4000 cycles.

The characteristic sound of this type of screech is a loud "hissing"
noise rather than one or two discrete tones as in the more mild forms of
screech observed.

Inasmuch as the 4-inch length of solid shroud, which had little if
any sound-absorption capacity, was partially successful in eliminating
screech, it is believed that acoustical absorption was not the essential
factor. It may be that either the shroud was too close to the flame
zone for any pressure waves to be reflected in such a manner as to ex-
cite a driving force commensurate with any transverse mode of oscilla-
tion, or else the shroud affected the aerodynamic flow of mixture past
the flameholder in such a manner as to prevent the initiation of the
screech cycle. The longer solid shrouds may have held flame themselves
and thus moved the "critical zone" downstream to an unprotected region,
or else the added length of solid material permitted the transverse
screech waves to be reflected within the shrouds themselves.
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In configuration 18 the l/Z-inch spacing between the perforated
shroud of configuration 12 was eliminated, and the shroud was attached

directly to the trailing edge of the outer gutter. The l%—inch portion

2
extending 4 - of the flameholder. Configuration 18 screeched at
all operating conditions fig. 7(b)). No doubt the shroud attached di-
rectly to:the outer gutter held flame, wherea.s the separated shroud
probably cr:lt:lcal zone" may thus have been moved down-
stream to on'at the end of the shroud.

of shroud extending upstream was discarded, thus leaving a 5— inch piece

Thus,. it was dmonatrated that 7- and lO-inch lengths of perforated
shroud spacéd 1/2 inch away from the outer gutter were successful in
preventing screech at all conditions investigated, that shorter perfo-
rated shrouds and a 4-inch solid shroud were only successful in elimi-
nating screéch in the rich region, and that 7- and 10-inch lengths of -
solid shroud and a perforated shroud attached directly to the outer gut-
ter screeched for all conditions of operation.

Perforated Flameholders

As previously mentioned in the INTRODUCTION, a number of investi-
gators in the field of screeching combustion have concluded that screech
is induced by a coupling of aerodynamic and combustion processes (refs.
1, 7, and 11) and that during screech the flow in the region of the
flameholder is of a pulsating nature, which causes the shedding of large
vortices from the flameholder. One method of approach to screech elim-
ination would then be to alter the geometry of the flameholder or its
environment so as to reduce the vortex-forming potential. As a result
of an unreported investigation along these lines, it is claimed that
screech in a particular afterburner was eliminated by perforating the
flameholder gutters with holes. The hole configuration used was devel-
oped from a model investigation on a water table. The hole pattern was
arranged so as to eliminate the large alternately shedding vortices in
the wake of the flameholder model.

Smoke-tunnel investigation. - In order to determine the effective-
ness of a perforated flameholder in preventing screech under the condi-
tions of afterburning reported herein, a flameholder of similar cross
section to the one in the aforementioned unreported investigation was
fabricated and mounted on the flameholder base as shown in figure 4(e).
A single-ring design was chosen in order to approximate the cross sec-
tion of the original design (Which had two very wide rings) and still
keep the blockage in a reasonable range. Concurrently, an investigation
was conducted in a low-velocity wind tunnel to determine perforation
patterns that would eliminate the large alternating vortices which are
shed in flameholder wakes under cold-flow conditions (ref. 13). The

w
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test section of the tunnel used is shown in figure 10. Models with the
same cross-sectional dimensions as the flameholder of figure 4(e) were
mounted in the test section, and streams of smoke were introduced
through probes on either side of the gutter to show the flow pattern in
the wake of the model. Motion pictures at 64 frames per second were
taken of the smoke trails in the wake of the unperforated-gutter model,
and also of perforated-gutter models with various hole configurations.
Tunnel velocity was maintained at a low level (maximum of about 6
ft/sec) while the movies were being taken, so that the smoke-trail den-
sity would be satisfactory for photographing. Visual observations made
with high-intensity stroboscopic light at higher tunnel velocities
(about 25 ft/sec) showed the wake patterns to be essentially the same
as at the lower velocities.

Figure 11(a) is a movie sequence showing the typical wake pattern
of the unperforated wide-gutter flameholder model. Figure 11(b) shows
the wake of the same model after it had been perforated with the hole
pattern shown in figure 4(e). This hole pattern was the most success-
ful of a number of patterns tested in eliminating the two large alter-
nately shedding vortices.

Flow-visualization studies were also made with several other flame-
holder models. Figure 11(c) shows the wake pattern of a model of the
l%—inch-wide V-gutter of flameholder A, and figure 11(d) shows the pat-
tern with a perforated shroud attached corresponding to the configura-
tion of flameholder C2. It is interesting to note that the perforated
shroud, which prevented screech during afterburning, also eliminated
the large alternating vortices in the wake of the flameholder.

Operational characteristics in afterburner. - The solid wide-gutter
flameholder (configuration 19) screeched badly at ram ratios of 1.0 and
1.8, as would be expected from previous experience which indicates that
wide gutters are more prone to screech than the narrow gutters. As
noted in figure 7(c), the rich region was not explored because of the
violent character of the wide-frequency-band "hissing" type screech en-
countered with this configuration.

For configuration 20, the wide gutter was perforated with the hole
pattern shown in figure 4(e), which was an outgrowth of the flow-
visualization studies. This configuration showed a slight improvement
over the solid flameholder in that the region of violent screech was
smaller (fig. 7(c)). There was no screech in the rich region.

The perforation pattern for the wide-gutter flameholder of config-
uration 21 was 3/16-inch holes on 1/2-inch centers. This hole pattern
was nearly as effective as that for configuration 20 in eliminating the
large vortices in the flow-visualization studies. This configuration
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did not screech in the lean region of operation but screeched badly in
the rich region (fig. 7(c)). A hysteresis effect with the severe hiss-
ing screech was again noted.

Since the perforated wide gutters showed a slight improvement in
screech characteristics over the solid wide gutter, it was thought that
perhaps screech control with perforated gutters, though not a powerful
screech remedy, might be more successful for a flameholder with weaker
screech tendencies than the 3-inch-gutter flameholder. The 2-ring per-
forated flameholder D4 (fig. 4{(f)) of configuration 22 had the same

over-all dimensions as the original 2-ring, l%—inch-wide V-gutter flame-

holder A, except that the depth of the gutters was increased from 2 to
4 inches in order to preserve the general shape of the previous perfo-
rated flameholders. The hole pattern was 3/16-inch holes on 1/2-inch
centers. Thils configuration did not screech at any opersble fuel-air
ratio (fig. 7(c)). The flameholder ran very hot and burned out in sev-
eral places during the run at a ram ratio of 1.0; higher ram ratios
were therefore not investigated. However, as will be discussed later,
previous experience gained during this investigation indicated that
this configuration probably would also have been screech-free at the
higher pressure levels.

The exact mechanism of screech elimination in configuration 22 is
not known, but the following are possible explanations: (1) Aerodynamic
changes in the flow around the flameholder were such that fluctuations
in flow could not cause the cyclic vortex formation which may be part of
the driving mechanism of the screech cycle; or (2) the perforated mate-
rial in the flameholder itself had enough damping potential to prevent
the oscillations that cause or sustain screech; or (3) the heat-release
rate per unit volume near the flameholder may be a critical parameter in
developing screech. Perforated gutters, like can-type flameholders and
very narrow gutters, may have a more gradual heat-release zone following
the initial ignition (or recirculation) region.

It is apparent, then, that for afterburner configurations having a
very strong tendency to screech, perforating the flameholder will prob-
ably not solve the screech problem, since two different perforation pat-
terns had only slight effect on screech characteristics of the 3-inch-
wide single-ring flameholder. For configurations with slight or moder-
ate screech tendencies, however, perforating the flameholder may com-
pletely eliminate screech, as was evidenced by the screech-free perform-

ance of the 2-ring, l%—inch-wide perforated flameholder.
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Narrow-Gutter Flameholders

Although screech was noticeably more severe with the 3-inch-wide-
gutter flameholder (configuration 19) than with the two l%-inch-wide

gutters of the same blockage (configuration 4), further reduction of
gutter width (for the same blockage) to four 3/4-inch-wide rings in con-
figuration 23 did not appreciably reduce the screech tendencies of the
afterburner (fig. 7(c)). Reducing the blockage from 25 to 15 percent
by removing two of the four 3/4-inch-wide gutters (configuration 24) did
not eliminate screech.

3943

Screened Flameholder

The purpose of the annular screen attached to flameholder E (fig.
4(g)) in configuration 25 was to damp out any longitudinal oscillations
near the wall that might possibly be triggering the transverse oscilla- R
tions. This configuration did not screech in the lean region of after-
burner fuel-air ratios but screeched in the rich region as shown in
figure 7(c). -

Effect of Pressure on Screech

Previous data at afterburner-inlet pressures between 700 and 4200
pounds per square foot absolute indicate that screech would probably
continue to become more severe and occur over a wider range of fuel-air
ratios as burner pressure level is increased (refs. 3, 5, 6, and 14).
During the present investigation, however, the following tendencies of
screech with pressure were noted: (1) For configurations with medium
to severe screech intensity, pressure level in the range of 4000 to 6400
pounds per square foot absolute had little if any effect on screech fuel-
air-ratio limits or apparent intensity. (2) For configurations with
mild screech, raising the pressure level reduced the screech intensity
and also the range of fuel-alr ratios in which screech occurred. This
effect is illustrated in figure 12(a), which shows the boundaries of
screech as a function of afterburner fuel-air ratio and pressure for
configuration 3 (short fuel bars with no liner). In one case (configu-
ration 8, long fuel bars and corrugated liner from 5 to 20 in. down-
stream of flameholder), screech disappeared entirely at high pressures,
as shown in figure 12(b). This configuration did not screech above an
afterburner-inlet pressure of about 5400 pounds per square foot absolute.
These trends, which are opposite to those previously reported for lower
pressure levels, are difficult to explain. It may be that, as fuel flow -
increased with pressure level, a slightly different fuel distribution
or vaporization pattern may have existed at the flameholder that could
alter the screech potential of the burner (ref. 15); or perhaps the -
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increase in mixture density at higher pressure levels altered the fun-
damental combustion kinetics in such a way as to change the time lag
occurring between state changes and fluctuations of the combustion proc-
ess, thus diminishing the screech driving potential as discussed in
reference 12.

Differential-Pressure-QOrifice Data

A typical deflection pattern of the U-tubes connected to the
differentisl-pressure orifices of figure 6 is shown in figure 13. Even
though the screech frequency that induced this pattern indicated an os-
cillation of the first transverse mode (ref. 5), no definite plane of
oscillation is evident from the figure. This indicates that the plane
of oscillation was either varying in a random fashion or had a spinning
motion similar to that discussed in references 2 and 12. Either possi-
bility 1s to be expected, since the afterburner geometry was circumfer-

"~ entially symmetrical and had nothing that would tend to stabilize the

plane of oscillation. The distance from the flameholder to the region
of maximum pressure fluctuation varied slightly for different configu-
rations but was in general from 10 to 16 inches. This is in agreement
with the trend of similar data given in reference S.

SUMMARY OF RESULTS

Screech characteristics of a full-scale afterburner were investi-
gated and several methods of screech control were evaluated over a range
of afterburner-inlet pressures of from 4000 to 6400 pounds per square
foot absolute. The following results were obtained:

1. A corrugated louvered liner 20 inches long completely suppressed
screech at all conditions investigated, even with a 3-inch-wide flame-
holder gutter that had very strong screech tendencies. A 20-inch length
of noncorrugated liner perforated with 3/16-inch holes on 1/2-inch cen-
ters did not entirely eliminate screech, but a 36-inch length did.

2. A 7-inch length of perforated shroud spaced radially 1/2 inch
from the outer V-gutter of a 2-ring flameholder prevented screech under
all conditions investigated. A similar shroud when attached directly to
the gutter did not stop screech. A solid shroud 4 inches long spaced
radially 1/2 inch from the outer gutter prevented screech in the rich
region of operation but not in the lean region.

3. A 2-ring, l%—indh—wide V-gutter flameholder made fram perforated

metal eliminated screech over the operable range of fuel-alr ratios, but
a single V-gutter 3 inches wide made of the same material did not.
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,

4. Changes in flameholder geometry that suppressed the tendency of
a flameholder to shed large alternating vortices in a low-velocity flow-
visualization study also moderated or eliminated the screech character-
istics of the flameholder during afterburning.

5. The range of fuel-air ratios over which screech occurred and the
intensity of screech remained essentially the same for most configura-
tions as afterburner pressure was raised from approximately 4000 to
6400 pounds per square foot absolute. However, for several configura-
tions that had only a slight tendency to screech, the range of fuel-air
ratios for which screech occurred grew smaller and the screech dimin-
ished in intensity or even disappeared as pressure level was increased.
This result is contrary to screech behavior previously reported at
lower pressure levels.,

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Chio, December 2, 1955
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TABLE I. - AFTERBURNER CONFIGURATIONS
Configuration|Flameholder [Combustor liner |Fuel-spray bars|Cooling
Type |Figure| Type | Figure Type |Figure system

1 A 4(a) L1 5(c) Short| 3(b) Original
2 A L2 5(d) Long | 3(c) Modified
3 A None Short| 3(b)

4 A None Long | 3(e)

5 D1 | 4(e) L2 5(a) ,

6 A 4(a) 13 5(a)

7 A 14 5(e)

8 A L5 S(f)

9 A L6 5(g)
10 A L7 5(h)
11 Cl | 4(a) | None
12 c2

13 C3
14 c4
15 CS
16 Cé

17 c7

18 c8 Y

19 D1 | 4(e)

20 D2 | 4(e)

21 D3 |B4(e)

22 Da | 4(f)

23 Bl | 4(v)

24 B2 | 4(c)

25 E | 4(g) | 7 Y Y Y

8Perforated with 3/16" holes on 1/2" centers.

c¥6e
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CST76S

(a) Section of corrugated louvered liner.

Figure 5. ~ Combustion-chamber-liner comfigurations.
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(b) Noncorrugated perforated liner.

Combustion-chamber-liner configurations.

Figure 5. - Contimued.
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Afterburner conflguration
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‘Ram
pres-
sure R
ratio Remarks Key
11.0 ¢ #
i Normal operation
1.8 é Rich 1imit was due to N \\ N
fuel-system limitations
AN
Mlld screech,
1.0 I 510 to 560 cycles
218 It
- - Moderate to severe
1.0 1///////// NG screech, 510 to 560 cycles
LI 773777 |
3
Rich 1limit was due to
1.8 —
o 4 fuel-system limitations /' /;4?/C/
| 4
I Mild screech,
1190 to 1260 cycles
4 [1.0 (o Not investigated at
higher ram ratios
Moderate to severe
screech, 1190 to 1260
5 (1.0 Say - Not investigated at cycles
higher ram ratios
| | | |
No screech at ram ra-
1.0 tios of 1.4 and 1.8, 41
6 1. D but liner had ripped
apart and was hanging [~ean blow-out
down in flame zone
o ! [
1.8 R X/ Exhaust nozzle
wide open
1.0 Oe— // -+ T
8 L7 Extended to lean blow-out
(fuel-air ratio not
1.8 0 < 10 determined) ]
1.0 q \//// =0
9 LY 727 Extended to wide-open
exhaust nozzle (fuel-air
1.8 re? g ratio not determined) —
1.0 “-or =
10 |° Qe >}
n.s8 Limit not determilned
|
0o .02 .04 .06 .08
Afterburner fuel-air ratio
(a) conflgurations 1 to 10.
Figure 7. - Operational characteristics of various afterburner configurations.
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Normal operatioﬁi
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\\ N ]
R Mild screech,
am 510 to 560 cycles
pres-
sure Remarks
ratio
Moderate to severe
1.0 4 screech, 510 to 560 cycles
Hiie T
U
10|10 1 Ry fi
1.8 T M1ild screech, 1190 to
1260 cycles
1.0 =] J e
- Violent wide frequency
= band, or "hissing" type
1.8 +-0 - screech
. Screech was very mild
— N
. —
1.0 T a No screech 1f fuel flow was
11 changing at a mocdcrate rate Lean blow-out
- — while passing through screech
1.8 ] region | ‘
] B T | ‘ Exhaust nozzle wide open |
Ram ratioc 1.8 data not complete -
but screech was essentially th
1.0 . y e
1 C?ﬁ _|same. Wide-band screech fre- g
quency was 400 to 2000 cycles Extended to lean blow-outl
l I L ] l | | (fuel-air ratio not
Screech frequencies from 1000 determined)
1.0 to 4000 cycles with peaks at
1200 and 2300 - T
16 . 1! | P >
nly lean reglon investigated
1.8 becau Extended to wide-open
screeig of violent nature of exhaust nozzle (fuel-air
- ratio not determined) —
1.0 B S
17 - OT =
JViolent screech caused
1.8 welded seam failure and Limit not determined
— afterburner blew up O —
T
1810 ) e . "
1.8 AL Hysteresis zone L
0 0o 204 .06 T
Afterburner fuel-air rvatio
{b) Conflgurations 11 to 18.
Filgure 7. - Continued. Operatlonal characteristlics of varlous afterburner conflgurations.
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Key
2 ormal operation
N NN
i : AR
Mild screech, .
510 to 560 cycles
Ram W
| pres- / /
. sure Mild screech, 1190 to
} ratio Rem?rks 1260 cycles ’
| Rich region not inves- [
19 1.0 tlgated because of E
1.8 violent nature of Violent wide frequency
‘ . SCP‘feChI : band, or "hissing" type
Screech at 0.0.'5§ was screech
‘ .]1 1550 cycles and mild.
20 [1.0 ? Afterburner was damaged
. by screech at ram ratio (E
1.0
Lean blow-out
ol 16
i o 21
o
b 1.8 h Exhaust nozzle wide open
& Flameholder burned out d
&y 5 |1.0 PR In spots at ram ratio
8 22 T 1.0. Higher pressures [Extended to lean blow-out
o not run (fuel-air ratio not
N determined) —
o
< N
=] 03 (1.0 o >
é 1.8 i—»p
3 Extended to wide-open
b 1.0 177, One spray bar fell out lexhaust nozzle (fuel-air
24 g o B-at ram ratio 1.8 and —Jratio not determined) -~
/ screech stopped
= O e
1.0 o
. Y Limit not determined
o5 One fuel-spray bar was
missing after shutdown L
! 1.8 /L,
1 ) /7, Hysteresis zone
‘ |
0 .02 .04 .06
Afterburner fuel-alr ratio
N (¢) Configurations 19 to 25.
Figure 7. - Concluded. Operational characterlistics of various afterburner configurations.
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Combustion efficiency

Burner total-
pressure loss,
P5 - Pg
. 5]

o
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” o ¢ o
s soe o NACA RM ES55K25
Ram ratio Average burner-inlet |
total pressure,
— -t psfa
(o] 1.0 4200
m} 1.8 e300
B
-1 “Standard after-| o
burner control {1%52
t{ Timits . Hﬁljﬂ)—Q—Owo |
Ram ratio; 1.0_.
Bl e B ,
(a) Combustion efficiency.
, o+-0
o'\ O | _ —Q‘<* i - 4o
B@mmﬂfn 09
- — ——1— T I L 1 L] ]
0 .01 .02 .03 .04 .05 .06 .07
Afterburner fuel-alr ratio
(b) Burner total-pressure loss.
0.017
0.01
.020
025
.020. 3350
.025 35
-030 037 Los0 .060
.075
5 s
ye oo 055 .070 .085
.ods .065 .090
046 N .065 /<050 .080
.065
.040 .058 \
Afterburner fuel-air ratio, 0.025 Afterburner fuel-air ratio, 0.040

(¢) Contours of total fuel-air ratio surveyed ahead of flameholder.

Filgure 8. - Afterburner performance of configuration 1 ("short" set of fuel bars; 2-
ring, 1§-lnch—wide V-gutter flameholder A; 48-inch corrugated louvered liner L1).
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. total pressure,

psfa
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. . (a) Combustion efficiency.
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Afterburner fuel-air ratio
(p) Burner total-pressure loss.
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035
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—
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.050 058 +060
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043
Afterburner fuel-alr ratio, 0.025 Afterburner fuel-air ratlio, 0.040
(¢) Contours of total fuel-air ratio surveyed ahead of flameholder.
Figure 9. - Afterburner performance of configuration 2 ("long" set of fuel bars; 2-

ring, 1%-1nch—wide V-gutter flameholder A; 20-inch corrugated louvered liner L2).
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0 +156
e}
3
Sk .016 172
.031 .187
. .047 ! holder - 203
\ l model
<e] 1 1}
|l o [} (]
= (Y
.063 .219
.o78 Air flow o34
.094 «250
.109 . 266
.125 .281
141 -297
C-40624

(a) Solid 3-inch-wide gutter.

Figure 1l1. - Smoke patterns in wake of flameholder models.
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Time (from start of sequence shown), sec

0 .156

cy62

.016 JI72

.031 .187
.047 ' ' elfedor .203
\ l model )
1y .
' ]
>
.063 .219
.078 Air flow .234
.094 .250
.109 . 266
.125 .281
141 .297 =
C-40625

(b) Perforated 3-inch-wide gutter.
Figure 11. - Continued. Smoke patterns in weke of flameholder models.
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.125
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Smoke
probe
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172
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.203

.219

234

.250
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.281
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C-40626

(c) Plain 1 inch-vide V-gutter.

Figure 11. - Continued. Smoke patterms in wake of flameholder models.

2

43



44 :.5 .:5 : m ..: eos ®st NACA RM ES5K25

Time (from start of sequence shown), sec

0 .156

.01l6 172

.031 .187

Flame-
holder
.047 shroud spaced .203
" model .
1/2" from
flame-holder
.063 Air flow « 2.9
.078 . 234
.094 .250
.109 .266
+125 .281
.141 « 297
C-40627

(d) Shrouded l%-inch—wide V-gutter.

Figure 1l. - Concluded. Smoke patterns in wake of flameholder models.
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Af'terburner-inlet total pressure, psfa
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5200
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Fuel-system
1imitl
o/
screech
:5Mildvscpee9 :
Lean blow-out
.01 .02 .03 .04 .05 .06

Figure 12. - Effe
boundaries.

Afterburner fuel-air ratio
(a) Configuration 3.

ct of pressure and fuel-air ratio on screech
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