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FULL-SCALE EVALUATION OF SOME FLAMEHOLDER DESIGN CONCEPTS
FOR HIGH-INLET-VELOCITY AFTERBURNERS

By Williem R. Prince, Wallace W. Velie
end Willis M. Braithwaite

SUMMARY -

An investigation of a full-scale afterburner having high burner-
inlet velocity was conducted at the NACA Lewls laborstory to determine
burner performance with several varlations in burner design. Variables
receiving particular attention were flameholder design and burner length.
A total of 12 flameholder configurations, clessified by design concept
as mixers, screens, or flame spreaders, were investigated at & burner-
inlet velocity of 625 feet per second over a range of burner-inlet pres-
sures from 800 to 2700 pounds per square foot absolute.

Data presented indicate that a basic annular two-V-gutter flameholder
can operate at combustion efficiencies of 30 to 95 percent for feirly
optimum burner length and pressure. A reduction in burner length and
burner-inlet pressure had a considerable adverse effect on combustion
efficiency of the basiec flameholder. Even though the performance of a
basic two-V-gutter flameholder was reasonably high at optimum burner
conditions, a mixer flameholder configuration showed promise of pro-
viding further gains in combustion efficiency, especially at the more
critical burner conditions.

INTRODUCTION

Thrust augmentation by means of afterburning extends the range of
turbojet engines in the region of supersonic £flight speeds. With this
advent of higher flight speeds it becomes increasingly important to
maintain the frontsel area of the propulsion system at a minimum. The
transonic compressor, research combustors, and cooled high-stress tur-

"bines will probably make use of smaller frontal areas possible. However,
with the higher mass flows per unit frontal area obtained for supersonic
flight propulsion, satisfactory operastion of afterburners at higher in-
let velocities will be necessary if the afterburner frontal area and
weilght are to be kept within limits imposed by the rest of the system.
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Whereas present afterburners operate satisfactorily with burner-
inlet velocities between 450 and 550 feet per second, it appesrs that 1in
advanced engines satisfactory afterburner operation will be required at
burner-inlet velocities as high as 600 to 650 feet per second. Consid-
erations of design trends of future turbojet engines (ref. 1) and of _
effects of burner-inlet velocity on momentum pressure drop in the after-
burner indicate that a reasonsble compromise for burner velocity would
be sbout 625 feet per second. It should be emphasized that the velocity
in the combustion zone, because of its effect on burner pressure loss,
determines to a great extent the maximum useful sfterburner temperature.

To provide information indicating afterburner performance obtain-
able at high burner-inlet velocities, a program has been conducted at
the NACA Lewis laboratory to determine performance with seversl vari-
ations in burner design. Variables receiving particulaer attention were
flameholder design and burner length. A total of 12 flameholder con-
figurations grouped by design coiicept into three types were investigated
at an average burner-inlet velocity of 625 feet per second over a range
of burner pressures from 2700 to 800 pounds per square foot absolute at
a burner-inlet temperature of sbout 1700° R. A brief study of perform-
ance at a burner-inlet veloclity of 500 feet per second, which is repre-
sentative of present afterburner design practice, was also conducted.
The results of the investigation are summaerized in this report and show
configurations evaeluated to provide high combustion efficiency and wide
operating limits. . - : .

APPARATUS
Installation

The engine-afterburner combination was installed in an altitude
test chamber as shown in figure 1. A bulkhead with a labyrinth seal
around the front of the engine was used to sllow independent control of
inlet and exhaust pressures. The lsboratory air systems supplied com-
bustion alr to the englne and removed the exhaust gases. The englne
and afterburner lnstallation was mounted on a thrust platform equipped
with a null-type pneumstic balance.

Engine

The investigation was conducted with a production-model axiel-flow
turbojJet engine having a static sea-level military thrust rating of 53870
pounds at an engine speed of 7950 rpm and an exhaust-gas temperature of
1275° F (1735° R).

1=
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Instrumentation

The location and amount of instrumentation used during this inves-
tigation are shown in figure 2. Whirl surveys were taken at a station
lé% inches downstream of the turbine outlet. Fuel-air-ratio surveys
were obtained 33% inches downstream of the turbine outlet (12% inches
downstream of the fuel-spray bars). Engine and afterburner fuel flows
were measured by calibrated remote-indicating flowmeters. All pressures
were measured with manometers and recorded photographically. The temper-
atures were measured with iron-constantan or chromel-glumel thermo-
couples; all temperatures were recorded by self-balancing potentiometers.

Afterburner Confilgurations

Burner. - Figure 3 illustrates the location of the afterburner com-
ponents and presents the pertinent dimensions end burner details. The
diffuser had an area ratio (outlet to inlet) of 1.3 corresponding tc an
equivalent conical diffuser half-angle of approximately 2%0. Antiwhirl
vanes were installed gt the turbine outiet, and vortex generstors were
mounted on the diffuser inner body. The burner section was cylindrical
and measured 5 feet from diffuser exit to exhsust-nozzle inlet. The
first 22 inches of the burner shell was perforated for screech control
(ref. 2), and the following 38 inches had a corrugated cooling liner at
a mean distance from the outer wall of 1/2 inch. Provision was made for
remote axial translation of the flameholder (fig. 4) through a distance

of 11 inches, with the forwerd position 3% inches downstream of the end

of the diffuser inner body. The exhaust nozzle was of the clamshell
varisble-area type (fig. 5) with an effective maximum dismeter of 24
inches as compared to an effective diameter of approximately 19 inches
required for nonburning rated engine conditions. Air-cooling was pro-
vided for the exhasust nozzle.

Fuel injectors. - One type of fuel injector was used for all con-
figurations (fig. 6). The injectors consisted of flattened radisl spray
tubes which injected fuel normal to the gas flow. Fuel was injected 21
inches downstream of the turbine outlet. The hole spacing was based on
equel mess flow areas. No fuel was injJected into approximately 30 per-
cent of the flow area near the outer wall in order to keep fuel out of
the burner liner.

Flameholders. - The flsmeholders used in the investigation were
evaluated on the basis of their ability to provide high combustion effi-
ciency at elevated burner velocities. The flameholder configurations
are classified according to design concept as (1) mixers, (2) screens,
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or (3) flame spreaders. These concepts are based on the-following faé:
tors which primserily account for the reduction in combustion efficlency
at high burner-inlet veloclties and low burner pressures:

(1) Reduction in the angle of spread of flame fronts because of
Increased axial velocity

(2) Poor flsme continuity in the gutter piloting zone resulting in
an incomplete flame front downstream in the propasgating region

(3) Mean reductlon in the reaction rate when the combination of
high velocity and low pressure are present

The pertinent dimensions and details of the flameholder conflgura-
tions as well as the purposes of the three designs are given in the

following table:

7507
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FLAMEACLIER COMPYGURATIONY
Denign |Config- Denaription Projeataed | Inoluded | Qutter | Hean gutter diam., in. |Translat-~ | Shown in |Refer= Furpome of Remarks
conoept (oeatiaon blookage gutter | width, able figure - | ence fenign
ares, angls, in. Inner Outar
peroent deg
Hefarsncs 1 Baslo two-ring 31 30 Jé 9 21 Yep 7 -
flama- V-guttar
holdsr
Mizer 2 Vortex Lo - . - - No afa) 3 Kinimize Used downntream
genorhtor effacta of of raference
raduoad flamsholder
3 Twisted vans - — — - — No 8{b) -— flama-apraad [ ._________ —
angla by
T Twistad vane - - - - - Ko &(e) - meohanical
mizing gaa Provided
dowmstrean additional cut-
of main board mixing
plloting
rone
dcrasn 8 | ?wo-ring ¥- ax1 0 % 8 f Tes o{a) P T T R (S —
guttpr plus 18- valooity at
wesh” soreen autter
and l18-mamh
owrlay
. Two-ping V-~ 5 50 1% 2 21 You #(b) - | | e
gutter plus 10-
westd soreen
) 1 1
7 Single-ring V- 29 30 bt -~ 1 Yen 10 -
gutter pEll.l 10~ 2 =
wesh? sorean
Flazms 8 8ingle-ring V- 25 30 2 - b} Yox 11{a} ¢ minlmire s R TR ——————
apraadsr) gutter pluas 34 effacts of
small trailing reduced
tahes Tlawa—-spread
angle by use
8 8ingle-ring V~ 51 30 2 - 18 Yos 11(b) - of wny E———— e
gutter plus 34 trailing
tredling tubes elamants
and 34 trailing
guttars
10 slnsh-rinf - 31 0 2 - 18 Yes 11(0) -] memee————
gutter nlus 66
small trailing
tubes
11 Single-ring ¥~ 31 30 .'1% - 18 Yes 11({a) - {Bame blookaga
guttar with no as canflg~
trailing ele- wration 10
ments
12 |8ingle-ring v- 28 5 % - 17 Yan LT.T0'3 T A R [P ————
gutter plus
large tralling
slemants

RTnoluding mixer.
b0,020-In,-diam, wire, 48.2 percent open area.
SExoluding morsens,
95 ,095-In.-d4am. wire, 56.3 prroent apen area,
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PROCEDURE

Each flameholder was investigated at the following burner-inlet
conditions: STl Ny

(1) Pressures of 800, 1200, and 2700 pounds per square foot absolute
(except where operationel problems restricted complete pressure
coverage) :

(2) Velocity of 625 feet per second {two configurations (1 and 3)
vere also run at 500 ft/sec)

(3) Turbine-outlet gas temperature of 1700° R

The afterburner fuel-sir-ratio range covered was from the value for lean
blow-out to the value for limiting turbine-outlet temperature with maxi-
mum exhaust-nozzle area. The maximum afterburner fuel-air ratio at
maximum exhaust-nozzle ares was approximately 0.045 to 0.050, depending
upon burner pressure loss and combustion efficiency of the particular
configuration. Turbine-inlet hot-streak ignition was used for all
configurations. :

The engine was operated at rated conditions except for the two runs
in which engine speed was reduced to obtain lower burner-inlet velocities.
The engine was not operated at any specific flight condition (ram rat;o).
Engine-inlet pressure was set to maintaln the desired burner-inlet pres-
sure, and exhaust pressure was set to maintasin a choked exhaust nozzle.

Visual observations of the engine and afterburner outer shell,
flameholder, and combustion zone were made during the investigation using
observation ports, windows, and a periscope directed toward the flame-
heolder from outside the exhaust nozzle.

Symboles are defined 1n appendix A snd the method of data reduction
is presented in appendix B.

RESULTS AND DISCUSSION
Diffuser Performence

Previous afterburner investigations have indicated that for satls-
factory afterburner performance the gas flow within the diffuser and
into the burner section should have & fairly uniform velocity distribu-
tion. Consequently, at the beginning of the program such devices as
whirl vanes at the turbine outlet, vortex gemerators on the diffuser
inner body, and a specially shaped diffuser inner cone were Incorporated
to provide the desired aerodynamic conditions.

$S0%
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The rate of diffusion for the afterburner diffuser used in this
investigation is shown in figure 12, which presents srea ratio against
diffuser length. The photograph shows the diffuser inner body and the
vortex generators.

Antivhirl vanes were installed at the turbine outlet (fig. 13) to
minimize the angle of whirl of the gas flow within the diffuser. The
resulting whirl characteristics are presented in figure 13, which shows
whirl angle as & function of passage helght for variocus engine ogerating
conditions. The maximum whirl angle was approximately 10° to 12
was not affected by variation in either burner-inlet veloecity or
pressure.

Feirly uniform diffuser-outiet velocity distribtuions (Vlocal/vﬁax

of 80 to 85 peréent) were obtalned for representative burner-inlet con-
ditions (fig. 14). The velocity profile was not spprecisbly effected
by change in burner-inlet pressure or veloecity.

The effect of burner-inlet pressure on fuel-air-ratio variation at
the diffuser outlet 1s presented in figure 15. The fuel-air-ratio plots
are superimposed on g scale outline of the afterburner to show the posi-
tions of fuel-spray bars snd the Tlasmeholder relative to the fuel-air-
ratio survey station. The outer 30 percent of the annulus was operating
gt spproximately engine fuel-air ratlo to maintaln the burner shell at
safe operating temperature. A more uniform fuel-air ratio is indicated
with Increase in burner pressure and attendant higher fuel-manifold
pressure.

Performance of Reference Two-V-Gutter Flameholder

To provide a besis for comparison of burner modificsations, the per-
formance characteristics of a conventional two-V-gutter flameholder are
presented firet.

Effect of burner pressure. - Pressure has a considerable effect on
the efficiency of the combustion process. The effect of changes in
burner-iniet pressure from 2700 to 800 pounds per square foot gbsolute
on afterburner performance at s burner-inlet velocity of 625 feet per
second is shown in figure 16 for a fixed burner length of 57 inches.
Burner length is defined as the distance from the leading edge of the
main flameholder gutter to the exhaust-nozzle inlet. Throughout the
investigation, varistion in burner lengith was achlieved by transleaetion
of the flameholder. Efficiency, in genersl, was only slightly affected
by the limited variation in fuel-agir ratlio. Peak combustion efficiencies
of 95, 90, and 82 percent occurred at a fuel-air ratio of 0.0425 for
burner pressures of 2700, 1200, and 800 pounds per square foot sbsolute,
respectively. The lean blowout, as expected, improved with increased
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burner pressure. Burner pressure loss (from burner inlet to exhaust-
nozzle inlet) had a peak value of gbout 12 percent for all burner pres-
sures. Nonburning burner pressure loss was gbout 5 percent, not includ-
ing the diffuser pressure loss which was approximately 2.5 percent.
These pressure losses for a conventional flsmeholder are higher than
present practice because of the higher burner velocity.

Effect of burmner-inlet veloclty. - The effect of burner veloclty
on performance of the refereénce flameholder is presented in figure 17
for a burner length of 51 inches and & burner-inlet pressure of 800
pounds per square foot absolute. The results show that increasing burner-
inlet velocity from 500 to 625 feet per second lowered combustion effi-
ciency 3 to 4 percentage points. These results, in genersl, agree with
results shown for the effect of increased burner velocliy as presented
in reference 5 for compargble conditions. In addition to the effect of
Increased velocity on combustion efficiency, there is also the effect of
increased velocity on burner pressure loss. This amounted to an increase
in pesk burner pressure loass of about 40 percent for the increase 1in
velocity from 500 to 625 feet per second. This increase in burner pres-
sure loss would be reflected in a lower augmented thrust for a glven
exhaust-gas temperature.

Effect of burner length and inlet conditions. - The effect of
burner length, burner-inlet pressure, and burner-initet velocity on burner
perforhance is summarized In figure 18. Reducling burner length from 57
to 46 inches (fig. 18(a)) lowered combustion efficiency from sbout 80 to
65 percent at a pressure of 800 pounds per sguare foot absolute. The
effect of burner length on combustion efficiency was less as burner pres-
sure was lncreased.

Burner pressure loss was 1 to 2 percentege points hlgher for the
longer burner lengths. The more efficlent burner resulted in slightly
higher momentum pressure loss because of increased gas temperature; also,
the proximity of the flameholder to the diffuser may have resulted in
higher frictlon pressure loss because of the flameholder being in & re-
gion of higher local veloelty when in the forward position (maximum

burner length).

A decrease in burner pressure (fig. 18(b)) from 2700 to 800 pounds
per squere foot sbsolute reduced combustion efficiency from about 95 to
80 percent. The trend of the curve indicated that any further decrease
in burner pressure would be accompanied by considersble efficilency

reduction.

Raising burner-inlet velocity (fig. 18(c)}) from 500 to 625 feet per
second reduced efficlency only a small amount, but, as discussed earlier,
increased burner pressure losg appreciably.

T
[
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Designs to Improve Combustion for High-Velocity Conditions

Mixers. - As is previously mentioned, the purpose of the mixer was
to minimize the effect of reduced flame spread angle by increasing the
mixing of burned and unburned mixture downstream of the flameholder
gutter zone and in so doing improve combustion efficiency. The vari-
ation of burner performance with fuel-sir ratioc at a burner pressure of
1200 pounds per square foot absolute by the installation of several
mixer configurastions downstream of the reference flameholder is pre-
gsented in figure 19. The performance of the individusl mixer configu-
rations for different burner lengths 1is compared with the performance
of the reference flameholder without mixer addition (shown by dotted
line). The mixer configurstions were fixed to the burner outer wall and
the flameholder was translated to produce the different spacing between
the mixer and the gutter and also the different burner lengths.

In general, for the same spacing between gutter and mixer, the
vortex-generator mixer was superior to the twisted-vane type. For ex-
ample, the combustion efficiency for the vortex type was 2 to 5 percent-
age points higher, and burner pressure loss was sgbout 0.005 (4 percent)
less than with the twisted-vane type. All mixer configurations, except
those with extreme spacing between gutter and mixer, improved the effi-
ciency of the reference flameholder. For the short (46-inch) burner
the addition of a vortex-generstor mixer resulted in an lncrease of as
much &8 0.13 in combustion efficiency. An attempt to increase the mix-
ing by the addition of a twisted-vane mixer outboard of the original
mixer (fig. 8(c)) was not effective in further improving efficiency.
This was probably due to the ineffectusl lean zone near the outer wall
(fuel-air-ratio survey station, fig. 15) where mixing resulted, to some
extent, in quenching in the main burning zone. The flasme stebility of
the reference flameholder was not significantly improved by the mixer
addition. The addition of the mixers raised the burner pressure loss
0.01 to 0.02.

The effect of the spacing between the gutter and mixer on burner
performance 1s shown 1n figure 20 for two burner pressures. Close coup-
ling of the mixer to the main burning zone (gutter) improved combustion
efficlency by 12 to 13 percentage points, whereas spacing&the mixer 13
inches downstiream of the gutter resulted in only l-point improvement.
The results were similar for burner-inlet pressures of 800 and 1200

pounds per square foot absolute. The extreme downstresm location of thg,,,=’"'

mixer also proved undesirsble from the standpoint of mixer life; demage
to the mixer elements of the twisted-vane mixer located 19 inches from
the flameholder gutter resulted after only short operation (fig. 21).
Burner pressure loss was not affected by changes in distance between
mixer and gutter.
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In general, it can be concluded that with the best mixer closely
coupled to the flameholder, combustion efficiency incresses of as much
es 0.13 were obtained with an increase in burner pressure loss of 0.010
to 0.015.

Screens. - The application of several screen configurations to
annular V-gutter elements and the effect on burner performance are shown
in figure 22 for two burner lengths. PFor the S5l-inch burner length, the
addition of a 1l6-mesh screen plus a l6-mesh overlay screen to the ref-
erence flameholder resulted in about an 80-percent increase in burner
pressure loss at a fuel-alx ratio of 0.035 with no improvement in effi-
ciency. This increase 1in burner pressure loss was approximately cut 1n
half by using a2 10-mesh screen and making the capture area less than the
gutter width. With thls screen configuration, the lean operating fuel-sir-
ratio limits of the reference flameholder were improved by as much as
0.005. The range of operation of the reference two-V-gutter flameholder
wlth the screen additions was restricted because of the combination of
high burner pressure loss_and limited exhaust-nozzle area. A less se-
vere screen sddition to a single-V-gutter flameholder resulted in only
gbout a 20-percent increase in pressure loss when compared tc operation
with no screens. Combustlon efficiency was poorer than with the refer-
ence two-V-gutter flemeholder but was about 5 percentage pointe hlgher
with screens than without. Lean stabllity limits sgein were improved
by the addition of .the screens.

From this investigation, the screen technique does not appear prom
ising, because the small gain in combustion efficlency is offset (from
the standpoint of thrust end specific fuel consumption) by the greater
burner pressure loss.

Flame spreaders. - The flame-spreading technique, as mentioned
earlier, was used tc minimize the reduced flame-spread angle resulting
from higher burner velocity by the use of many trailing elements. Per-
formance of a relatively large single-V-gutter flemeholder coupled with
various trailing-finger-gutter configurations is presented in figure 23
for three burner lengths. The combustion efficiencies for all the con-
figurations were less than for the reference two-V-gutter flameholders.
Because of superior lean limits, the operating range was greater than
that for the reference flameholder. In general, the burner pressure loss
for all configurations was comparable to that of the reference flame-
holder. In order to determine the best trailing-elemen configuretion
(open gutter, solid bar, different dlameter tubes, ete.), visual inspec-
tion of a special flameholder shown in figure 24 was made during burning.
The l/é—inch tube configuration proved to have superior flameholding
ebility. An incresse in the number of tubes, however, resulted in no
improvement in efficiency. Although flame was seated on the spreaders,
there may not have been strong enough pllot sources to produce propagsa-
tion burning. To further i1llustrate the flame-spreading principle, all

ySov
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of the fingers were removed and the main gutter width was increased to
hold the blockage constant. The result was that the efficiency wes
approximately the same as that for the best finger configuration.

The concluslion can be made that the flame spreaders investigsted
herein do not hold much promise of improving combustlon efficiency over
that obtalngble with a basgic annulsr two-V-gutter flameholder.

A performence summary of the optimum flameholder configuration from
each design group is shown in the bar greph (fig. 25) for e burner length
of 46 inches and burner-inlet velocity of 625 feet per second. The vor-
tex-generator mixer flsmeholder was the most promising; it showed com-
bustion efficiency gains over the reference flameholder of as much as
0.13 with an increase of only sbout 0.0l in burner pressure loss.

Operational Characteristics

Lean stability. - Evaluation of the lean stgbility limits of all
the flameholder configurations over a range of burner-inleit pressures
is shown in a bar graph (fig. 26) for & burner length of 51 inches. A
decrease iIn burner pressure showed the expected reduction in stability
limits for all the configurstions. The application of mixers to the
reference flsmeholder did not apprecisbly change 1ts stability limits.
The use of screen additions, preferasbly those resulting in small in-
creases 1n pressure loss, improved lean blow-out fuel-air ratio by as
much as 0.0l. A limited number of trailing finger elements (34) attached
to & mailn annular gutter indicate as much improvement in lean-limit fuel-
air ratio as 0.007 over that for the reference flameholder.

The effect of burner length snd burner-inlet velocity on lean blow-
out characteristics of several flameholder configurations is presented
in figure 27. The greater burning length resulted in the best stability
limits for all configurations. The maximum effect of burner length was
shown for the screen additions to the reference flameholder. Lean blow-
out was only slightly improved by reduction in burner-inlet velocity
from 625 to 500 feet per second.

General. - Successful ignition of the afterburner was accomplished
for the entire investigation by use of & preturbine hot-streask method.
The combustion process was free of screech for gll configurations inves-
tigated. A ceramic coated 0.080-inch Inconel liner was in good condition
at the end of the investigation after more than 50 hours of operation.
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CONCLUDING REMARKS

The results presented herein for a burner having an inlet wveloccity
of 625 feet per second indicate that a basic annular two-V-gutter flame-
holder with blockage of about 30 percent is capable of operating at com-
bustion efficlencies of 30 to 95 percent for optimum burner condlitions,
that 1s, a burner length of 5 feet and burner pressure of at least 1200
pounds per sgusre foot absoclute. A reduction in burner length of ebout
1 foot lowered the efficiency to 80 percent. Maintaining the minimum
burner length and reducing burner-inlet pressure from 1200 to 800 pounds
per square foot absoclute further reduced efficiency to about 65 percent.
These values demonstrate the considerable adverse effect on combustion
efficiency of reduction in burner length for & burner having high inlet
velocity. Even though combustion éfficlency was reasonably high for the
annular two-V-gutter flameholder gt optimum burner conditions, some
flameholder configurations showed promise of providing further gains in
efficiency, especially at the more critical burner conditions. By far
the most promising configursetion was the mixer. The best mixer was the
vortex-generator type which showed combustion efficlency gains over the
bagic two-V-gutter flameholder of as much as 0.13 with an increase of
only sbout 0.01 in burner pressure loss. The screen and flame-spreader
configurations showed little, if any, promise for improving combustion
efficiency. The lean operating fuel-air-ratio limits, however, for the
screen and flame-spreader configurastiones as compared with those for the
basic two-V-gutter flameholder were improvéd by as much as 0.007 to
0.010. The flame stability of the basic two-V-gutter flameholder was
not significantly improved by the addlition of the mixer.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, April 16, 1956

45034
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A cross-sectional area, sg ft

Cy effective velocity coefficient, ratic of scaele Jet thrust to
idegl jet thrust

Fj,s scale Jet thrust, 1b

il fuel-air ratio

g accelergtion due to gravity, 32.2 ft/éecz

P total pressure, lb/éq £t

R universal gas constant, 53.4 £t-1b/(1b)(°R)

T total temperature, °r

v velocity, ft/éec

W welght flow, lb/éec

Y ratio of specific heats

1 combustion efficiency

Subscripts:

a air

ab afterburner

e engine

eff effective

£ fuel

g gas

i ideal

APPENDIX A

SYMBOLS

The following symbols are used in this report:

13
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m nidfreme vent - | L S
stoic stolchiometric b

t totel . . - . R . - e
2 engine inlet

7 diffuser outlet . S e e me e e _ T
8 exhaust-nozzle inlet §_
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APPENDIX B

METHODS OF CALCULATION

The engine inlet and minor air flows are calculated by means of the
one-dimensional flow parameters derlved in reference 6. The equation
is: .

N (#w/gRT PA
= PA  / /R]e+/T

where

Eﬂé%éi is the reciprocal of the totsl-pressure parameter and 1s a

function of the statlice- to total-preséure ratio and of the retio of
specific heasts (v = 1.4), and A is the calibrated area of the measuring

station.

The tailpipe alr flow cbtained by reducing the engine—intet air
flow by the amount bled overboard is Vg,8 ™ ¥g,2 - Vg,m-

The fuel-air ratios are obtalned as follows:

Engine )
Wf,e

f ———— .
e ™ 3600 w, g

Total
W + W
£y = f,e f,ab
3600 Wa,e

Afterburner
P Ty - Te,1
ab
1 - EE&E;_.
fstoic

where fe,i is the fuel-alr ratio required to give the temperature rise

acrosas the engine at 100-percent combustion efficiency (ref. 5), &nd

fatoje 18 the stoichiometric fuel-air ratio for the fuel, 0.0676.
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The afterburner-exit tempersture is calculated from the measured
Jet thrust by the equatlion

2

FJJB V& ;ii
V8,8 (Vers/~/ERT)Cy

T8=

wherd Vg g = wa,e(l + fi); ~eff

Ny

is the veloclity parameter obtained

F
from reference 7; Cy = 7 d;8 . as obtained for the given

eff
W wfR;gw/Ts
&0 JemE

exhaust nozzle from data for nonmburning conditions.

The afterburner combustion efficiency is defined as the ratic of
the fuel-alr ratio ldesally required to glive the temperature rise from
the turbine outlet to the afterburner exit to the meassured afterburner
fuel-air ratioc and may be written

f - fo
where fab,i = —ELE—E———QE, and ft 1 is obtained from the temperature
e,l
1 - S22

fstoic

rise Tg - Tz as 1n reference 5.
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Figure 3. - Detalls of afterburner.
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Figure 4. - Photograph showing flameholder translating arrangement (looking downstream).
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Orifice diam., 0.024"

Inconel tube with:,%z wall
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G’ 1]
e o |
6.625" 52 -
——=x
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Ut
Fuel orifice A B [+ D E ¥ G H I
Distance frowm
end of bar, Iin. | 0.4} 0.95]1.54| 2.10]| 2.65| 3.19{ 3.65| 4.08| 4.82

Figure 6. - Fuel injector tube (24 inJectors in engine).
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S Flameholder ,

. '-”.’- u‘
_'f, “ Flamebolder ;
* actustor rod -~y =

b

Flgur: 7. - Reference two-V-gutter flameholder (configuration 1) mounted in afterburner
{1coking downstream).
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inchend

(a) Vortex-generator type (b) Twisted-vans type
(configuration 2). (configuration 3).

Figure 8. - Mixer conflgurations.
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_ . T e,  juter-mixer
- — P e onilii . additioﬂ

C-39938
(¢) Inner and outer mixer assembly (configuration 4).

Figure 8. - Concluded. Mixer configuratioms.
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g i B C-39453

(a) 16-Mesh screen plus l% inches of 16-mesh overlsy (configuration 5).

Figure 9. - Reference two-V-gutter flameholder with screen additions (front view).
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PL NACA RM ES6D10

h4=(0) 4

(b) 10-Mesh screen {configuration 6).

Figure 9. - Concluded. Reference two-V-gutter flameholder with screen additions

(front view).
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C-38a38

Figure 10. - Single-V-gutter flameholder with 10-mesh screen addition (configuration T,
front view).



30 e R NACA RM ES56D10

C-38845
(a) Single V-gutter plus 24 outer tubes and 10 inner tubes (configuration 8).

Figure 11. - Flame-spreader flameholders (rear view).
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........... i _ C-39704

(b) Single V-gutter plus 24 oubter tubes, 24 outer gutters, 10 inner tubes, and 10
immer gutters (configuration 9).

Figure 11. - Contlnued. Flame-spreader flameholders (rear view).
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C-40006
{c) Single V-gutter plus 48 outer tubes and 20 inner tubes (configuration 10).

Figure 11. - Continued. Flame-spreader flameholders (rear view).
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(d) Single V-gutter with same blockage as configuration 10 (fig. 11(c)) but no trailing
. tubes {configuration 11).

Figure 1l. - Concluded. Fleme-spreader flameholders (rear view).
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B
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:oj HP1ilot HHH
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Dirtance from turbine outlet, in.

Figure 12. - Variation of diffuser sres ratio with distance
from turbine discherge.
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Whirl angle, deg

With turbine

Antiwhirl venes end vortex generatore mounted at diffuser inlet {locking downstream)
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Opposite turbine
rotation
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o

rotation
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- Burner-inlet Burner-inlet Burner-inlet
velocity, pressure, temperature,
ft/sec 1b/sg £t abs °R
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Distance from outer wall, in.

Figure 13. - Effect of burner-inlet veloclty and pressure on whirl angle

as measured 14—%‘- inches downsiream of turbine outlet.
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Burner-inlet Over-all
pressure, Ifuel-air ratic,

1b/sq 't abs T
0 8OO 0.0465
0 1200 0460
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Diffuser inner cone . H
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T3 Iy I

— Fuel-sir-ratio
swxvey station

HH

</Flamaholder
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Distance from spray bars, in.

Figure 15. - Effect of burner-inlet pressure on fuel-alr ratic. Rated engine operation.
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Burner pressure loss,

Combustion efficiency, percent

L NACA RM ES6D10
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Afterburner fuel-gir ratio

Figure 16. - Varlation in performance of reference two-V-
gutter flameholder with afterburner fuel-ailr ratioc for
three burner-inlet pressures. Burner-inlet velocity,
625 feet per second; burner length, 57 inches.
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Afterburner fuel-air ratio

Figure 17. - Effect of burner-inlet velocity on

afterburner performance for reference two-V-
Burner-iniet pressure,
800 pounds per square foot absolute; burner

gutter flameholder.

length, 51 inches.
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Burner length, In.

46

Burner-inlet
pressure, 900 pounds per

square foot abaolute;

burner length, 51 inches.

(e) Effect of burner-inlet
velocity.

Burner-inlst veloclty, 625 feet per
second; turner iength, 57 inches.

(v) Effect of burner-inlet pressure,

Burner-

inlet velocity, 625 feet per second.

(a) Effect of burner length.

Figure 18. - Effect of burner length, burner pressure and burner-inlet velocity on afterburnmer performence.
Reference two-V-gutter flameholder; afterburner fusl-sir ratio, 0.040.
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Figure 19. - Veristion in afterburner performance by installation of several mlxsr configurations downstream
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of reference two-V-gutter flameholder

Percentage-point increase in afterburner performance
due to addition of vortex-generator mixer aft

16

[
[3v]

®

s

AU NACA RM ES6DLO

Flameholder (translatable)
A \—M:Lxer (£ixed)

Gas —& o—
flow (. < “[!]
< <
< <p
”
< Y e
Burner length
Combustion efficlency
P7 - Pg
+{ —— —— —Burner pressure loss, 7
1 800 -
1200 HHS
a T 2 +1H 2 A TH
4 8 .12 16
Distence from gutter to mixer, in.
1 J | 1 J
44 . 48 . 52 . .56 . 60

Burner length, in.
Figure 20. - Effect of gutter-mixer spacing on afterburner

performance. Burner-inlet velocity, 625 feet per second;
efterburner fuel-air ratio, 0.040. Vortex-generator mlxer.
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T e byogod
Figure 21. - Photograph of twisted-vane mixer showing damage to elements.
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Burner presaure loss,

Comdustion effislenay,
perosnt

Flemeholder description cnuriguratirm

G Two V-gutiers plus 18-mssh
acreen and 18-mesh screen
overlay

0O Two Y-gutters plus 10-mesh 8
soreen

< 3ingle V-gutter plus 10- 7
mesh scregn

& 3ingle V-gutter and no 12
aoreen

—==Relerenas two-V-gutter flameholder
a Laan blew-out

nithignninliziig

.08 .01 .02 .03 o4 .05
A.\'.‘torburﬂ.tr fuel-pir ratio

{a) Burner length, 57 inches. {b) BPurner length, 51 inches,

Figure 28. - Effect of application of screan conflgurationn to V-guiter slemernts on afterborner performanoe.
Rruer-inlet pressure, 1800 poumds por square foat abeolute.
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(a) Burner length, 57 inches. (b), Burner lesngth, 51 inches. (c) Burner length, 48 inches.

Flgure 23,

- Varlation of afterburner performemce with fuel-air ratio for several flame-

spreader flapeholders. Burner-inlet pressure, 1200 pounde per sguare foot abasolute,
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Trelling Description .
element
1 1/2" Gutter plus 1/4" tube (final configuration)
2 1/2" Gutter plus 3/16" tube
3 1/2" Gutter plus solid 1/4" rod b
4 1/2" Gutter Q

R — e - D=ROO93R
Figure 24. - Assorted tube configurations.
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Buraer-iniet
pressure,
1b/eq £t abs

&

—

Configuration Depign Flameholder description
concept

e - - T
e Tvo-ring V-gutter 777

A

? Nixar Vortex generetor (2 in. from 7 G /fﬁ"";/’///‘f” 7
7 Screen Eingle-ring V-gutter plus 10-mesh sereen

o l/// e s

s
A -.'l’f."l{ 7
and treiling gutters //M 2 G

9 Flame Bingle-ring V-gutter plus 34 tubes z’;ﬂ”é’/////"“

syreader and 34 guttere

%7//; ’/’/"/;r,” sy ’/

40 80 80 100 Ot .08 J2

Combustion efficiency, percent P; - Py
Burner pressure loss, P7

Figure 25. - Performence pummary of optimm flsmeholdsr configuration from each design concept. Burner-inlet velocity, 825 feet per
secondj aftertirner fuel-alr ratio, 0,040; burner length, 46 inches.
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Burner-inlet
pressure,
1b/sq £t abs

o
B
Design 2700

concept
Configuration : : Plameholder description
Reference .
flsmemolder . ... . ... . -¥o-ring V-gutter
%V_
h
/
Two-ring V-gutter plus vortex generstor % % —
Mixer 7%
(7 in. from Two-ring V-gutter plus twisted vane G —_—

Two-ring V-gutter plus inner and cuter twisted vane m‘ e
Two-ring V-gutter plus l6-mesh screen a.;xd 16-mesh overlay %

Two-ring V-gutter plus l0-mesh screen %/// A
R | ——

Single-ring V-gutter plus 354 tubes

ol
1

Single-ring V-gutier plus 34 tubes end 34 gutters

IRAAANARAAAT

Flame
spreader
10 8ingle-ring V-gutter plus 68 tubes = - e ————m-
)
Single-ring lerge V-gutte /,/ —pm
e-ring ge V-gulter / %/
12 K3 Bingle-ring V-gutter plus large trailing V—qutters %/// / —
l 1 i I | ]
[s) .0l .02 .05 04 .05

Afterburner fuel-air ratio

Figure 26. - Evaluation of the lean stebility limits of various somfigurations over range of burner-inlet pressures.
Burner-inlet velocity, 625 feet per second; burner length, S1 inches.
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Burner length,
in.

L
.-

&6
Conflguration Flemeholder description
1 Reference two-ring V-gutter —
2 Two-ring V-gutter plus vortex-generator mixer (7 in. 3
from gutter)
6 Two-ring V-gutter plus 10-mesh screen %///m —_—
10 Single-ring V-gutter plus 68 tubes g -—>

(a) Effect of burner length. Burner-inlet pressure, 800 pounds per square foot absolute.

Burner-inlet
velocity,
£t/sec

Y s

Configuration Burner-inlet "7 Flameholder deseription - 525
pressure, i
1b/sq £t abs

1 2200 Te——————

3 1200 Two-ring V-gutter plus twisted-vane —_—
mixer (13 in. from gutter)

1 800 Reference two-ring V-gutter Mi

3 800 Two-ring V-gutter plus twisted-vane mixer P
(13 in. from gutter)

L ] | | ] 1
4] .0l .02 .03 04 .05
Afterburner fuel-air retio

(b) Effect of burner-inlet velocity.

Figure 27. - Effect of burner length and burner-iniet velocity on lean blow-out characteristics of
several flameholder configurations.
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