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RESFARCH MEMORANDUM

EFFECT OF DIFFUSER DESIGN, DIFFUSER-EXIT VELOCITY PROFILE, AND FUEL
DISTRIBUTION ON ALTITUDE PERFORMANCE OF SEVERAL
AFTERBURNER CONFIGURATIONS

By E. William Conrad, Frederick W. Schulze, and Karl H. Usow

SUMMARY

An investigation was conducted in the Lewis altitude wind tunnel

to improve the altitude performsnce and operational characteristics of
an afterburner primerily by modifying the diffuser-exit weloecity profile
by changes in diffuser design and by chenging the fuel distribution and
the flame holder. Twenty configurations consisting of combinations of
six diffuser geometries, six flame-holder types, and twelve fuel systems
were investigated. Data were obtalned over a range of afterburner fuel-
air ratios at diffuser-inlet total pressures from 2750 to 620 pounds per
square foot.

Variations of the velocity profile produced the greatest effect on
afterburner combustion efficiency at the pressure level of 620 pounds
per square foot. A peak combustion efficiency of only 0.54 was obtained
with a velocity profile that varied from 630 feet per second near the
outer flame~holder gutter to zero veloclty or reverse flow near the
center line of the burner. In contrast, a peek efficiency of 0.90 was
possible with & veloclity which varied from a maximum value of 530 feet
per second near the shell to about 430 feet per second at the center
line. The latter profile provided a velocity as low as 220 feet per
second near the flame-holder gutters.

Changes in fuel distribution affected the fuel-gir ratio at which
peak combustion efficlency occurred as well as the efficiency level.
At the pressure level of 2750 pounds per square foot, & uniform distri-
bution is desired at the high fuel-air ratio. Increase In fuel-orifice
gize to permit operation without excessive fuel-pump pressures at low
altitudes impaired the performance at high sltitudes.

Screeching combustion, which was most prevalent at low altitudes
and medium-to-high fuel-air ratios, imposed a restriction on the operable
range of a number of configurations. The configurations incorporating
a diffuser which produced a very high veloclty near the flame-holder
gutter were most prone to screech.
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INTRODUCTION

An investigation was conducted in the NACA Lewls altltude wind tunnel
to improve the altitude performance and operational characteristics of a
production afterburner. Barly in the investigation it was found (ref. 1)
that improvement In the velocity profile leaving the afterburner diffuser
was necessery to the attaimment of better performsnce at high altitudes.
Accordingly, methods of altering the diffuser-outlet (burner-iniet) veloc-
1ty profile by changes in diffuser design were studied, and the resulting
effects on afterburner performance were determined. 8Six different
diffuser designs were used during the stydy reported herein.

The merit of each of the diffuser configurations is considered 1n
terms of the outlet velocity profile produced, the total-pressure loss
incurred, and the resulting effects of the veloclty profile on after-~
burner combustion efficiency. Where a diffuser configuration produced
elther low pressure logsesg or a uniform veloclty pattern, numerous
changes to the fuel system or flame holder werée m&de in an effort to
optimize the performesnce. Little or no effort was expended in such
changes, however, when the pressure losges were high or the profile
nonuniform. The effects of these changes on both performance and oper-
ational characteristics are also discussed, particularly with reference
to screeching combustion which was encountered under certain operating
conditiocns with most of the conflguratlions studied.

Data were obtained at limiting turbine-ocutlet temperature over a
range of efterburner fuel-alr ratios at eltitudes from 10,000 to
45,000 feet, corresponding to diffuser-inlet totsl pressures from 2750 to
620 pounds per square foot absolute,

APPARATUS

Engine

The engine used in this investigation was designated the prototype
J40-WE-8 turbojet engine, which has a sea-level static rating without
afterburning of 7500 pounds thrust at an engine speed of 7260 rpm. At
this rating, the turbine-iniet gas temperature is 1425° F and the engine
alr flow is spproximately 142 pounds per second.

Main components of the exngine include an ll-stage axial-flow com-
pregsor, a single-annulus basket-iype combustor, a two-stage turbine, a
diffuser asgembly, a 37-inch-diameter afterburner combustion chamber with
cooling shroud, a clamshell~type variable-area exhaust nozzle, and an
electronic control.

L082
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During afterburner operation, the electronic control varied engine
fuel flow and exhaust-nozzle asrea to malntain engine speed and turbine-
outlet temperature. The turbine-outlet (diffuser-inlet) temperature was
sensed by nine chromel-slumel thermocouples located downstream of the
turbine. During afterburner operation, the exhaust nozzle was actuated
by the controcl to maintain a glven diffuser-inlet temperature over the
full range of afterburner fuel-air ratiocs. The exhaust-nozzle area was
624 square inches when fully open.

Over-all length of the engine is approximately 284 inches, maximum
height is 45% inches, maximum width is 4245 inches, and the totel weight
is approximately 3560 pounds.

Installation

The engline was mounted on a wing section that spanned the 20-foot
test section of the altitude wind tunnel, as shown in figure 1. Engine-
inlet total pressures corresponding to altitude flight conditions were
obtained by introducing dry refrigerated air from the tunnel make-up air
system through a duect to the engine 1nlet. A slip Joint with a
frictionless seal used iIn the duct made possible the measurement of
thrust and installation drag with the tunmel scsles. Air was throttled
from approximately sea-level pressure to the desired pressure at the
engine inlet, while the static pressure in the tummel test section was
meintained to correspond to the desired alititude pressure.

Instrumentation

Instrumentation for measuring pressures and temperstures was
installed at several stations throughout the engine and afterburner as
indicated in figure 2. Total pressures and temperatures at the turbine
outlet were cobtained 3 inches downstiream of the turbine outlet from four
rakes having five total-pressure tubes and six thermocouples each.
Pressures at the diffuser outlet were taken from a verticsl survey made
by 21 total-pressure tubes and two wall statlc-pressure taps located

42% inches downstream of the turbine outlet.

At a location é% Inches upstream of the exhaust-nozzle ocutlet, pres-

sures were measured by 17 total-pressure and 6 static~pressure tubes Iin
a vertical water-cooled rake which was mounted so that the rake drag
could be measured by a pneumatic cepsule. Screeching combustion was
sensed by a pressure pickup mounted on the afterburner skin in the plane
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of the flame holder. The pressure fluctuations Wwére transmitted to
_ 8 panoramic-sonic anslyzer capable of recording frequency vibrations to
20,000 cycles per second.

AFTERBURNER DESIGNS

Afterburner shell. - A sketch of the afterburner shell showing
pertinent dimensions is given in figure 3. This shell was common to all
configurations lnvestigated. Air to the coocling shroud was bled from

the compressor ocutlet through a 3§-inch line which had a manually con-

trolled butterfly valve.

Diffusers. - The six diffuser designs used in the investigation are
sketched in figure 4. Photographs of some of these dilffusers are shown
in figures 5 to 8. The blunt-end inner cone which is part of diffuser A
is pictured in figure 5. This cone was 8lso common to diffusers B and D.
Diffuser B differed from A by the addition of an anmnular cascade assembly
of five vanes which was supplied by the engine manufacturer. A view,
looking downstream, of the assembly as mounted in the diffuser section
is shown in figure 6. Diffuser C_comprised a long inner cone and a ring
of 30 vortex generators on the lnner body lmmedliately downstream of the
turbine. These vortex generators were noncambered symmetrical alrfoils

of—2=inch chord and.%-inch span, and were mounted slternately 10° and

-10° to the gas-flaw direction. Diffuser D was the same as B, except
that the fourth and fifth deflector vanes were removed from the amnnular -
cascade assembly. Diffuser E, a view of which i1s shown in figure 7,
incorporated the long Inner cone of diffuser C and the second and third
vapnes from the anmilar cascade assembly. Diffuser F, shown in figure 8,
was supplied by the englne manufacturer; the design of this diffuser was
based on the work reported in reference 2. This diffuser lincorporated

a small effective expansion angle which minimized adverse pressure

gradients in an effort to eliminste reglons of flow separation which may

be the cause in scme cases of screeching combustion.

Flame holders. - The varlous flame holders used during this investi-~
gation are shown by the sketches and photographs of figure 9., Flame
holder A is a conventional 2-V-gutter flasme holder furnished by the
engine manufacturer. Louvers were used in the leading edges of the
gutters, and fleme-stabilizing bars were used between the gutters and
inside the imnmer gutter as showvm in the photograph of figure 9(a}.

This flame holder blocked 41.3 percent of the cross-sectional area of
the combustion chamber. The flame-holder blocked area 1s cdonsidered to
be the projected area of the flame holder, in¢luding support strute and
flame-stabilizing bars where used.

v
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Flame holder B (fig. 9(b)) is a 2-V-gutter Fflame holder blocking
33.9 percent of the cross-sectional srea. The gutters were staggered,
and radisl gubters were used to increase the perimeter of the flame
surface, Flame holder C (fig. 9(c)) 1s the same ss A, except thet the
center flame-stabilizing bars were replaced by a third gutter having
three radiasl strut gutters. This change was intended to provide flame
stabilization in the rather large open area in flasme holder A. Blockage
was 40.6 percent of the cross-sectional ares of the combustion chember.

Fleme holder D (fig. 9(d)) is a 3-V-gutter flame holder blocking
40.5 percent of combustion-chember area. The outer gutter was the same
as the ocuter gutter of flame hqlder A, while the immer two gutters were

corrugated.

Fleme holder E, designed by the mamufacturer for use with diffuser
F, is shown installed in figure 8. This flame holder incorporated flame-
stabllizing bars and blocked 21.4 percent of the afterburner cross-
sectional ares (does not include flame~seat area at rear of inner cone).

Flame holder F is the same as E, except that J-inch-high flat strips

were welded to the trailing edge of a2ll flame-holder surfasces. This
flame holder blocked 25.8 percent of the cross-sectional ares.

Fuel systems. - Fuel injection to the afterburner was accomplished
with either a three-ring menifold, a five-ring menifold, or radial fuel-
spray bars. Detalls of these three types of system showlng the modifi-
cations made to them are given 1n figure 10. Changes to the fuel systems
will be discussed in conjunction with the RESULTS AND DISCUSSION and
QPERATIONAL CHARACTERISTICS.

Summary of configuretion details. - Table I, whilch is a summsry of
configuration arrangements, shows how all the component parts described
in the previous sections were assembled to produce the 20 individual
configurations lnvestigated. The extent to which certaln variables were
held constant while changes to another variable were made is also shown
in the table. Letters A through F wlll denote the diffuser type used,
while chaenges with =& gilven diffuser type comprising a single configuration
are denoted by numbers 1, 2, 3, end so forth.

PROCEDURE

The three simulated flight conditions at which performance data
were obtained are shown in the following table:
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Al titude, £t | Flight Mach number
10,000 0.18
35,000 .78
45,000 .18

Because of facility limitetlions, the dats at altitudes of 10,000 and
45,000 feet could not be obtalned at simulated flight Mach numbers above
0. 18, also, ‘the engine-inlet temperature could not be reduced below -20° F.
Thus, the range of diffuser-iniet total pressures was from sbout

2750 pounds per square foot ghsolute at an daltitude of 10,000 feet to
about 620 pounds per square foot absolute at an sltitude of 45,000 feet,
Although this latter pressure is lower theh the minimum given in the
engine specifications (730 pounds per square foot), adequate performance
at the lower pressure was desired to provide a "margin of safety." Data
at the intermediate asltitude were obtained to measure the performance at

a flight speed within the normal flight envelope of mGsE airplanes. Not
all configurations were run at each of the three altltude conditions, but
sufficient date were obtained in most cases to indicate _the relative merit—
of each configuration.

About 2 to 2% percent of engine air flow was bled from the compressor

ocutlet to cool the rear afterburner shell. Inmitial ignition of the after-
burner fuel was accomplished with a "hot-streek" system of adding a
quantity of fuel at the turbine inlet to prov1de a burst of flame through
the turbine.

In many configurations, three fuel-flow-regulating systems were in
use, which made posslble the meassurement of fuel pressures and flow to
individual ringe or bars. Variations in fuel distribution by verying
throttle settings of the individual systems permitted a study of the
effect of fuel distribution. At the intermedliate flight condition the
optimum performance was determined at a fuel-air ratic of 0.035. The fuel
distribution thus determined was used at the higher and lower altitudes.

Data were cobtalned over a range of afterburner fuel-zlr ratios from
the lean blow-out limit to a maximum value determined by either maximum
exhaust-nozzle area, maximum allowable fuel pressure, rich blow-out, or
screeching combustlon.

Fuel conforming to specifications MIL-F-5624A (grade JP-4) was used
throughout the investigation except for a brief investigation of oper-
ation with grade JP-3 fuel and a grade JdP-3 fuel with tetraethyl lead
additive.

Loaz!.
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RESULTS AND DISCUSSION

Average diffuser-intet conditions. - Inasmich as the diffuser-inlet
total pressures and temperatures were not influenced by changes in the
afterburner configuration, the data shown in figure 11 are representative
of conditions obtained throughout the 1nvestigation. In accordance with
a previously determined relation between turbine-inlet and turbine-outlet
total temperatures, the outlet (diffuser-inlet) temperature was allowed
to vary with flight conditions as shown in figure 11(a) from an average
value of 1505° R at 10,000 feet altitude to 1640° R at 45,000 feet alti-
tude. The diffuser~inlet total pressure, as shown In figure 11 (b),
ranged from an average value of 620 pounds per square foot at 45,000 feet
altitude to 2750 pounds per squere foot at 10,000 feet altitude.

Diffuser characteristics. - Veloclity distributions obtained from

the survey at the exit of each of the diffusers are shown in figures 12 and

13, and values of total-pressure lossg are presented in figure 14. For

diffusers A to E the station of measurement was 42% inches downstresm of

turbine outlet, the area at the gtation being 2.16 times that of turbine
outlet; for diffuser F, the station was 31 inches downstresm of turbine
outlet, the area at this stetion belng 1.70 times that of turbine outlet.
The velocity profiles of diffusers A and C are shown in figure 12(a).
Diffuser A produced a velocity profile varying from 630 feet per second
12 inches from the center to zero velocity or reverse flow at the center.
The existence of reverse-flow region was indicated by the fact that a
total-pressure tube on the center-line pointing downstream indlicated a
higher pressure than a similar tube polnting upstream. This core of gas
having & reverse flow was about 10 inches in diameter and appeared to be
a result of flow separation from the blunt inner cone of diffuser A.
Total-pressure losg for diffuser A was 0.043 of the diffuser-inlet total

pressure (fig. 14).

Use of a long inner cone and a ring of vortex generatore (based on
ref.3) in diffuser C did not eliminate separation from the immer body.
A peak veloclty of 680 feet per second existed sbout 9 Inches from the
center line, while the reverse~flow ares in the center was 6 inches in
diameter (fig. 12(a)). The pressure loss obtained with diffuser C was
0.047 of the diffuser-inlet total pressure, slightly higher than that
of diffuser A (fig. 14).

The velocity profiles obtained with diffusers B, D, and E are com-
pared in figure 12(b). Addition of the anmular cascade assembly to the
blunt inner cone to form diffuser B resulted in a considersbly flattened
velocity distribution compared with that produced by diffuser A and
eliminated the reverse-flow regions in the center. DPeak veloclty was
590 feet per second, while center-line veloclty was 435 feet per second.
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Wakes appear to exist downstream of the vanes. Total-pressure loss of
diffuser B was 0.070 of the diffuser-inlet total pressure, an increase
of 0.027 from diffuser A (fig. 14). -

Diffuser D produced & relatively uniform velocity profile (fig. 12(b))
and a pressure loss of-0.057 of the diffuser-inlet total pressure {fig. 14)
a8 & result of removing the fourth and fifth downstream vanes of the five-
vane cascade assembly of diffuser B.

L082

Diffuser E, comprising the long inner cone and the second and third
vanes from the cascade, produced a peak velocity of 600 feet per second
(fig. 12(b)). The lowest local veloelty, 140 feet per second, occurred
on the center line of the burner. Total~pressure loss was 0.040 of the
diffuser-inlet total pressure, the lowest value obtained for complete
diffusion. (fig. 14). Thus, low total-pressure loss and elimination of the
reverse-flow area at the center were achieved in diffuser E. Average
velocities for all diffusers were between 420 and 450 feet per second.

Diffuser F, which produced the velocity profile shown in figure 13,
did not accomplish as complete & diffusion as the other diffusers, with
the result that the average velocity was about 600 feet per second. Peak
velocity was 780 feet per second at midpassage._ Total-pressure loss was
0.038 of the diffuser-inlet total pressure (fig. 14).

Effect of velocity profile on performsnce. - The performence of the e
various configurations will be considered primarily in terms of after- .
burner combustion efficiency (see appendix for methods for calculation)
The effect of the veloclty profile or diffuser type on thls perameter at
the three diffuser-inlet total pressures is presented in figure 15. As
given in table I, several configuration changes were made with the B
diffusers which appeared promising; but if the diffuser (with the excep-
tion of diffuser A) gave elther a poor velocity profile or high pressure
loss, less effort was used in optimizing the performance by filame-holder
and fuel-system modifications. The futility of expending effort to . L
improve performance with a poor. veloclty profile is shown in reference 1,
where numerous fuel-gystem and flame-holder modifications were used with
a relatively small improvement in performance. The best performance
obtained with each diffuser type is presented herein.

As shown in figures 15(a) and (b), the variations in performance st
pressure levels of 2750 and 1540 pounds per square foot were relatively
small for the different velocity profiles at fuel-air ratios above 0.03.
The larger varlations below this fuel-air ratio are attributed to effects
of fuel distribution. A%t the pressure level of 2750 pounds per square
foot, the burner with diffuser E ylelded the. best performance, with a
peak combustion efficiency of 0.99; while at the pressure level cof
1540 pounds per square foot the highest combustion efficlency of 0.92
was obtained with diffuser B. As shown in figure 15(c), variations in
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performance at the pressore level of 620 pounds per square foot were
large. The peak combustion efficlency of 0.90 was obtained with the
veloclty profile provided by diffuser B. Performance of configurations
with diffusers D, E, and F was adequate, while with diffuser A the com~
bustion efficiency was very low. Peak combustion efficiency of the latter
was 0.54 and represents the optimum as reported in reference 1.

Thus, good diffuser characteristics permitted an increase in com-
bustion efficiency of about 0.30 above the begt value obtainable with
the originel diffuser. With a poor veloeity profile, as represented by
diffuser A, it becomes necessary to burn the fuel in high-velocity
regions; while with a more uniform distribution, as represented by 4dif-
fusers B, D, and B, combustion takes place in more favorable environments.
The. data of figure 15 show that the effect of velocity profile on per-
formance is particularly important at low afterburner-pressure levels.

Effect of fuel distribution on performsnce. - The effects of vary-
ing the radilal fuel distribution on the comwbustion efficiency of con-
figuration El are shown in figure 16. As explained under FPROCEDURE, the
radial distribution was altered by manipulstion of three throttles, one
of which controlled the flow to the imner three rings. A separate
throttle was used for each of the outer two fuel-manifold rings. At a
diffuser-inlet pressure level of 2750 pounds per square foot, three fuel
distributions were used, as shown by the symbols and the key in fig-
ure 16(a). Although the peak efficiency for all three distributions was
0.99, the fuel-air ratio at which the peak efficlency occurred increased
a8 the uniformlity of the fuel distribution was improved. A4s noted in
reference 2, this is to be expected, inasmuch as excessive local enrich-
ment occurs with a stratified or nonuniform distribution at high over-
all values of fuel-alr ratic. Conversely, at low over-g8l1l fuel-air ratios,
efficiencles are lower with the more uniform fuel distribution, because
some local strate may be too lean to support combustion. The same effect
was obtained at & diffuser-inlet pressure of 1540 pounds per square foot
(fig. 16(b)); however, at this condition the peak efficiency was slightly
higher (0.89 as compared with 0.84) for the less uniform fuel distribution.

At a diffuser-inlet pressure of 620 pounds per square foot (fig. 16(c}),
the combustion 1s altered because of partisl or complete blow-out of the
flame~gtabilizing elements. For example, the lower level of operation
indicated by the broken curve is due to flame blow-out of a large portion
of the flame holder. Although perilscope observations were not made,
previous observations have shown that the marked decrease in combustion
efficlency with the more uniform fuel distribution at fuel-alr ratios
above 0.026 is probably the result of the progressive blow-out of the
flame over a portion of one flame-holder element. Under the conditions
gt which partial blow-out may occur, the pesk combustion efficiency
occurred at & higher fuel-eir ratio with the less uniform of the two fuel
distributions. Thus, a fuel distribution which is selected as optimum at
e low altitude may not be optimum at high altitudes.
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The effect of changing radial fuel distribution in configurations
using radlal fuel-gpray bars is shown in figure 17 for operation at a
pressure level of 620 pounds per square foot. As was Illustrated in
figure 10, fuel system F was relatively uniform; whereas system G pro-
vided a rich mlxture near the center of the afterburner, and system H
provided a rich mixture near the flame-holder gutter. In this case, no
pertial flame blow-out was present, and the expected trends were obtained
with the peak efficiency remaining sbout 0.73 for all three patterns and
occurring at a higher fuel-ailr ratio with the most uniform distribution (F).

Prevlious lnvestigations have indicated that operation with either
8 or 16 fuel-spray bars had little effect on afterburner performance;
however, it i1s not certaln how much the circumferential fuel distribution
was altered because of the higher fuel pressure and consequent increased
penetration of the fuel Jets during operation with the smaller number of
bars. Moreover, the effects on screeching combustion were unknown. Two
sets of 10 fuel-spray bars, I and J (fig. 10), were comstructed to pro-
vide a definite variation in the circumferential distribution and at the
seme time to maintalin the seme radial fuel distribution and fuel pressure.
Obgervations of fuel-spray Jjets during afterburner operation through
windows in the diffuser indicate the probable existence of a lean region
immediately behind each spray bar and a relatively rich regilon a few inches
on either side of the bar. In order to eliminate this lean region and to
reduce the fuel in the rich regions, the dual side-spray holes of sys-
tem J were replaced by single holes. Holes were then drilled at the same
radial position to inject fuel in the upstream and downstream directions
as well as sideways. These four-way spray bars comprised system I.

The effects of this change in circumferential fuel distribution on
afterburner combustion efficlency are given in figure 18. As expected,
the fuel-air ratio for pesk combustion efficiency was higher with the
four-way spray bars (I) becauge of the more uniform distribution. Also
at the lowest pressure level of 620 pounds per square foot the peak
efficiency was higher with the four-way spray bars. Thus it is shown
that both circumferentisl and radial fuel distribution are important
considerations in afterburner design.

Date. with both systems in operation, providing 20 equally spaced
bars, are also shown in figure 18 (configuration F9). Performance at
the highest diffuser-inlet pressure, 2750 pounds per square foot, was
somewhat poorer than that obtalned wlth either I or J. At a diffuser-
inlet pressure of 620 pounds per square foot, performance was intermedi-
ate between that obtained with the two sets of 10 bars. Although the cir-
cumferential fuel distribution was different with both systems in opera-
tion, no conclusione are possible because of the possible effecte of the
reduced fuel pressures occurring with both sets in operation. '

Logeg
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In order to determine the effects of fuel pressure on afterburner
performance and operational characteristics, two configurations, ElL and
E2, were investigated. These configurations were identical, except that
the fuel holes were 0.026 and 0.04]1 inch in diameter, respectively. Fuel
pressures characteristic of the two configurations are given in figure 19.
Fuel pressures for El were about 6 times as high as those for E2. The
afterburner combustlion efficiencies obtalned are compared in figure 20.
Although the performance was equal or better with the higher fuel pres-
sureg of configuration El at gll three pressure levels, the expected
trends did not occur. Although an improvement was expected at low fuel-
ailr retios during operation at a diffuser-inlet pressure of 620 pounds per
square foot (because of elimination of "head" effects in the fuel rings),
the improvement occurred at high fuel-air ratios. At the higher pressure
levels where no effect was anticipated, the higher fuel pressure gave
better performance. These improvements in performance are probably due
to increased fuel penetration (and hence increased fuel droplet evapo-
ration time) durlng operation with the higher fuel pressures. It should
be noted, however, that the use of a total fuel-orifice area equal to
that of EL would result 1n fuel pressures greatly in excess of the pump-
pressure limit at some £flight conditions. Thus the need for a dual fuel
system or a variable-area spray nozzle is indicated.

Effect of flame-=holder type. - Previous experience has indicated
that detailed flame-holder changes have relatively little effect on per-
Tormance if the blockage is held constant end a reasonably suitable sheape
is used. Performance of flame holders C and D (fig. 9(c) and (d))
installed in configurations Bl and B2, respectively, ls compared in fig-
ure 21 for operation at a diffuser-inlet pressure of 620 pounds per square
foot. Although peak combustlon efficiencies are both sbout 0.70 at s fuel-
air ratio of 0.035, flame holder C provides higher efficiencies at fuel-air
ratios sbove 0.035. Inasmich as blockage for both flame holders was
40.5 percent, use of extra stabilizing bars between gutters probably
accounts for the better performance of flame holder C.

Performance of best configuration. ~ The performence rating of the
various configurations is ultimately based on two factors, thrust and
specific fuel consumption. On the basis of these two factors, con-
figuration El, which comprised the long imner body and two vanes of the
cascade sassembly, gave slightly better performance than any other. As
compared with configuration B3, the reduced diffuser pressure drop of
configuration E1l more then compensated for the slightly lower combustion
efficiencles obtained at some flight conditions. Values of augmented
net thrust and specific fuel consumption of configuration El sre presented
in figure 22 for operation at different diffuser-inlet pressures.
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Lower over-all speclfic fuel consumptions were obtalned at the
lowest pressure level of 620 pounds per sqnare foat for operation at
fuel~air ratios below 0.03, despite the fact that afterburner combustion
efficiency was lower at 620 pounds per square foot than it was at higher
pressures. This apparent discrepancy is explained by the fact that
higher turbilne-outlet temperatures were used at 620 pounds per square
foot; thus a larger portion of the total fuel flow was consumed in the
engine proper, where it was used more effectively than in an after-
burner. This effect 1s, of course, largest at the loweat sfterburner
fuel-air ratios.

OFERATIORAIL, CHARACTERISTICS

The operable range of the configurations discussed herein was
1limited by several factors. The minimum operable afterburner fuel-air.
ratio was always limlted by lean combustion blow-out, but the maximum
operable fuel-alr ratio was limited by the followlng factors: (l) maxi-
mum exhsust-nozzle area, (2) maximum afterburner fuel-pump pressure,

(3) rich combustion blow-out, and {4} screeching combustion.

Screech in an afterburner 1s a type of combustion instability usually
manifest by a marked ¢hange In the sound and often by a definite change in
the. flame color to an opadque whlte. There have, however, been some
Instances of screech not descernible to the ear. During this investiga-
tion, measurements with a panoramic sonic analyzer during screech showed
the exlstence of large-amplitude presasure pulsatlons at frequenciles
between 800 and 6000 cycles per second. Other studles, however, show
that screech may occur at frequencles between 400 and 10,000 cycles per
gsecond. Some examples of these pressure pulsatlons as a function of fre-
gquency (horizontal scale) are shown in figure 23. Although the vertical
scale 1s indicative of the amplitude of the pressure pulsations, absoclute
values were not obtalned because of-a lack of data on the attenuation
present in the Instrumentation. Inasmuch as the point source of light
swept the frequency renge In 1 second and the film exposure time used was
about 2 seconds, two and sometimes three traces appear, which indicate the
time variation of the pressure pulses. Afterburner operastion with and
without screech is shown in figures 23(b) and 23(a), respectively. With
screech, a pronounced peak occurs at a frequency of about 850 cyclses per
second. As shown in figure 23{c), however, large-amplitude pressure
pulsations generally occur at several frequencilés during screeching
combustion. Irrespective of etienuation, the relative magnitudes of the
pressure pulses shown in figure 23(d) for operation with and without
acreech are valid, inasmuch as no change in galn was made.

Experience at this laboratory and elsewhere (refs. 4 and 5) has
shown that screeching combustion is extremely destructive, producing
fatigue fallure of welded seams or sometimes virgin metal in the after-
burner shell generally 1 ar 2 feet downstream of the flsme holder. -
Welded seams may open, however, anywhere slong the length of the com-
bustion chamber. These fallures may occur in a matter of seconds at

2807
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sea level, and in a few mlnutes at Intermediate altitudes. At altitudes
on the order of 45,000 feet, operation In screech has occurred for
periods up to 5 minutes without damage. Data on screech are llmited,
an. &t present the causes are unknown.

The operable range of the configurations investigated herein and
the factors limiting the operable range are glven by the bar charts of
figure 24, which iIndicate primarily normal operation, rich and lean
combustion blow-out, screeching combustion, meximum fuel flow obtainsble,
and maximum exhaust-nozzle position. The characteristics of each con-
figuration are discussed in the following paragraphs.

Configuration Al. - This configuration, made up of the original
production diffuser (ref. l), was one of the best configurations with
respect to operation. Thilis configuration was free of combustion insta-
bility, except for rumble which occurred with one fuel distribution at
an afterburner fuel-alr ratio of 0.041l at a diffuser-inlet total pressure
of 1540 pounds per square foot (fig. 24(b)}). The maximum fuel-
ailr ratio was limited in all other instances by elther the afterburner
fuel-pump pressure or by the maximum area of the exhaust nozzle.

Configuration A2, - Configuration A2 differed from Al in that a
different fuel system and flame holder were used. The flame holder
and fuel system were identicalto those used in configuration EL. Con-
figuration AZ was used only to check the effect of veloclity profile on
screeching charscteristics. No ecreech occurred at any fuel flow up to
the maximum obtainable at a diffuser-inlet total pressure of 2750 pounds

per square foot.

Configuration Bl. - Series B configurations operated with a flatter
velocity profile than series A (fig. 12) because of the five-vane
anmmular cascade assembly. Screeching combustion did not ocecur with con-
figuration B, although burning on the ocuter gutter of the flame holder
was erratic and propagatlion between gutters appesred poor at a diffuser-
inlet total pressure of 620 pounds per square foot.

Configuration B2. -~ In an attempt to improve flame propagation
between gutters, flame holder C was replaced wlth flame holder D
(fig. 9), forming configuration B2. This configuration did not screech,
but visual observation showed no lmprovement 1n flame propsgatlon between

the gutters.

Configuration B3. - configuration B3 was formed from BZ by replacing
the 3-V-gutter flame holder with & staggered Z2-V-gutter flame holder
(fig. 9(b)) and by turning the Pive-ring fuel manifold around to spray
upstream. No screech occurred at any diffuser-inlet total-pressure level
investigated. The afterburner would ignite and operate at a diffuser-
iniet total pressure of 620 pounds per square footb.




14 ] NACA RM ES3A30

Configuration Cl. - In an effort to reduce the diffuser pressure
losses associated with the five-ring ammular cascade, a long diffuser
inner cone incorporating vortex generators on its upstream end wes
instelled, forming configuration €1 (fig. 4(c)). As shown in figure 12,
the velocity profile was poor. Although no screech was encountered at
any diffuser-inlet total-pressire level at or below 2750 pounds per

squatre foot, steble burning could not he obtained at 620 pounds per
square foot. . -

Configuration Dl. - Configuration D1 was identical to B3, except
that the last two venes were removed from the annular cascade to reduce
the pressure logss. The operatlounsal characteristics were almost the same
a8 B3 down to a pressure level of 620 pounds per square foot.

Configuration El. - The series E configurations incorporated =a
long diffuser immer.cone and the second and third vanes from the ammular
cascade assembly (fig. 4(c)). The velocity profile was not quite as
uniform as those obtalned with series B and D configurations. The

operational characteristics of configuration El were good at all diffuser-

inlet total pressures investigated down to and including 620 pounds per
square foot. A check revealed that the afterburner would not
lgnite at a diffuser-inlet total pressure of 490 pounds per square foot.

Configuration E2. - Because the total fuel-orifice area used with
configuration EL would result in excessive fuel pressures at low-
altitude - high~speed flight conditions, the fuel-orifice size was
inereesed from 0.026- to 0.04l-inch diameter to form configuration E2.
Operational characteristics were slmost identical to those of con-
figuration E1,

Confliguration BE3. - Configuration E3 was ldentical to El1 arnd EZ2,
except for a change 1n the fuel system. The three-ring fuel manifold
used in configuration E3 sprayed the fuel Iin a radial direction instead
of exially (fig. 10(d)).  Ignition was easily obtained and burning was
steady at the minimum diffuser-inlet total pressure obtainable of
approximately 411 pounds per sguare foot. The tendency for screech
was checked at diffuser-inlet total pressures up to 3270 pounds per
square foot (maximum obtainable); however, no screech was encountered,
with one brlef exception at a diffuser-inlet total pressure of
2750 pounds per square foot. Screech at this condition could not be
repeated. At very hilgh pressures, the inmer flame-holder gutter did not
hold flame, perhaps as a result of change in fuel penetration in the
radial direction. Also at high diffuser-inlet total pressures, 2750 and
1540 pounds per square fool, the lean blow-out: limit was almost the same
as E2; however, at 620 pounds per square foot, the lean limit of con-
figuration E3 was mich lower.
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Configuration E4. - Configuration E4 was the same as E3, except
that the fuel-orifice sizes were incressed and sdditional holes were
drilied in the rings to reduce the fuel pressure. The resulting low
fuel pressure apparently produced a "head" effect in the fuel manifold,
resulting in a vold or nomburning region at the top of the burner when
operating at a diffuser-inlet total pressure of 620 pounds per square
foot. Also at this pressure level, rich combustion blow-ocut ocecurred
at rather low values of fuel-air ratio, 0.080 to 0.088.

Configuration Fl. -~ The series F configuratlions, incorporating a
large diffuser inner cone and single-V-gutter flame holder (fig. 8),
did not provide & uniform velocity pattern at the plane of the flame
holder {fig. 13). As shown in figure 24(b), the operable range of
configuration F1 at & diffuser-inlet total pressure of 1540 pounds
per square foot was extremely narrow. Lean blow-out occurred at
g fuel-sir ratio of 0.030, and the exhesust nozzle was driven wide open
at gbout 0.0355 fuel-air ratio. Screech occurred intermittently at a
fuel-air ratio of 0.0335 for operation using 10 of the 20 spray bars.
With 20 spray bars, bthe screech was much louder and occurred over the
entire operable range. This reduced tolerance to screech, exhihited
when 20 fuel-spray bars were used, was also demonstrated at diffuser-
inlet total pressures of 620 and 2750 pounds per square foot. At
a pressure level of 620 pounds per square foot, screech was encountered
with 20 spray bars at a fuel-zir ratioc of 0.06; with 10 spray bars,
the exhaust nozzle was driven open at a fuel-alr ratio of 0.055.

Configuration F2. ~ Configuretion F2 was the same as Fl, except
that the fuel pattern, using 10 fuel bars, concentrated the fuel much
nearer the diffuser inner body (fig. 10). As shown in figure 24(a) and
{b), screech occurred at both 2750 and 1540 pounds per square foot
diffuser-inlet total pressure. The fuel-alr ratio at the latter
condition was sbout the same as configuration Fl operating with 10 fuel-
spray bars. At a diffuser-inlet total pressure of 620 pounds per square
foot, no screech occurred. Rich combustion blow-out ocecurred
at & high fuel-alr ratio, 0.105; and lean blow-oul occurred at 0.034,

a value somewhat lower than that for configuration Fl.

Configuration F3. - The 10 fuel bars of configuration F3 concen-
trated the fuel in line with the flame-holder gutter rather than near
the inner body as in configuration F2. Otherwlse F3 was ldentical to
F1 and F2. The screech limits were sbout the same as F2, except at a
diffuser-inlet total pressure of 620 pounds per square foot where
screech occurred at a fuel-air ratio of 0.054. Also at this pressure
level, the lean blow-out limit was counsiderably lower than that of F2.
Operating the comblned fuel systems of F2 and F3 had no appreciable
effect on the screech limit at 2750 pounds per square foot diffuser-
inlet total pressure.




16 ke NACA RM E53A30

Configuration F4. - Configurations ¥4, F5, and F6 were identical
to Fl, F2, and F3, except for the spray bars. The radial fuel pattern
of configuration F3 was retained (rich near the flame-holder gutter);
however, changes were made to alter the fuel penetration and hence the
clrcumferential fuel distribution. For configuration F4, the fuel bars
of ¥3 were altered by drilling holes at the same radisl location, per-
rendicular to the origlnal holes, to provide & fuel spray in the upstream
and downstream directions as well as circumferentially (fig. 10). This
change, which reduced the clrcumferential penetration, had little effect
on screech except at a diffuser-inlet total pressure of 620 pounds per
square foot, where screech occurred at a slightly lower fuel-
air ratio. Lean blow-out limits d1d not change asppreciably.

Configuration FS. - To form configuration F5, the holes in fuel
bar H used wlth configuration F3 were duplicated 1/8 inch radielly
inward (fig. 10), thus retaining essentially the same radial fuel-air
distribution while reducing the penetration. Also, the fuel concentra-
tion immediately downstream of a fuel bar should be less than for con-
figuration F4. Both the screech and the lean blow-out limits for F¥5
and F4 were selmost identical. At a diffuser-inlet total pressure of
620 pounds per sqguare foot, the screech limit was slightly above
the value required to drive the exh#yst nozzle open. Hence, this
limit occurred with the engine operating slightly above 1imiting turbine-
outlet temperature.

Operational procedure was found to have an important effect on
the screech limits. This phenomenon may be illustrated by referring
to figure 24(b). At a diffuser-inlet total pressure of 1540 pounds per
square foot, screech was encountered as the fuel-sir ratioc was
being Increased at a value of 0.0297 (upper half of bar). To determine
the posslble exlstence of a screech-free region at higher fuel-air
ratios, the throttle was "jammed" open quickly to a fuel-alr ratio of
about 0.047; but the screech persisted, and the afterburner was shut
off. The afterburner was then reignited (lower half of-bar) at a high
fuel-air-ratio point (a); but no screech occurred, even though the fuel-
air ratioc wae gradually decreased throughout the previous screech range
to point (b). When the fuel-ailr ratio was again increased, screech
ocecurred (point (c)) at almost exactly the same fuel-air ratic as that
previously determined. Thus, it is evident that the direction of
approach to the screech fuel flow has a marked bearing on screech limits.

Configuretion F6. - Configuration F6 used the fuel-gpray bars of
¥4 and ¥5 simultaneously. Lean blow~-cut limits were not affected by
the combinstion; however, the screech limit was shifted to a higher
fuel-air ratic at a diffuser-inlet total pressure of—lSAO pounds per sgquere
foot. At a pressure level of 620 pounds per. square foot, screech
was not encountered with configuration F6. .~ S -
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Conflguratlions F7, F8, and ¥F8. - Conflgurations F7, F8, and F9 were
identical to F4, F5, and F6, except that l/é-inch-high flat strips were
attached to the trailing edges of all flame-seat surfaces. At a diffuser-
inlet total pressure of 2750 pounds per square foot, the addition of the
strips did not appear to affect the lean blow-out limit; but screech
oceurred at slightly higher fuel-ailr ratios. At a diffuser-inlet total
bressure of 1540 pounds per square foot, & comparison of configura-
tion P4 and F7 and FS with F8 shows that the addition of strips markedly
reduced the screech range. At a diffuser-inlet total pressure of
620 pounds per square foot, no screech oceurred within the opersting
range. 1t should be noted, however, that the maximum fuel-alr ratio
was limited by the opening of the exhaust nozzle to values below those
which produced screech in the configuretions without the strips. In
general, it appears that the addition of the strips bad a beneficial
effect in reducing the tendency for screech.

Inspection of the bar charts of figure 24 shows that the configu-
rations employing diffuser F, whlch provlded high wvelocities near the
flame holder, were much more prone to screeching combustion than were
the other configurations. Also, 1t was shown that changes in either
radigl or circumferential distribution or the addition of flat strips
to the trailing edges of the flame-holder gutter had little effect on
scereech in these configurations. Although the availaeble information
does not warrant a definite coneclusion, it appears that high velocitles
&t the flame-holder gutters may increage the tendency to screech.

The effect of diffuser-inlet total pressure and fuel-air ratio on
lean blow-out and screech limits 1s shown in figure 25 for 15 configu-
rations. For most configurations the fuel-air ratio for lean blow-out
inereased slightly as the diffuser-inlet total pressure was reduced. In
all ceses, the fuel-air ratio at which screech occurred increased as
the pressure was reduced. Typical 1limit curves are shown (£ig. 25},
and it will be noted that the operable range between these two limits
increased as the pressure was reduced. The operating region defined in
this figure shows the general reglons of stebility and is believed to be
indicative of the general trends of screech and blow-out limlts.

The efPect of fuel type on screech limits was checked with con-
figuration F7 with MIL-F-5624A (grades JP-3 and JP-4) fuels at a diffuser-
inlet total pressure of 1540 pounds per square foot. Screech ocecurred
at the same fuel-air ratio with both fuels as the fuel was increased,
but the rich screech limit occurring as fuel flow wes decreased
from a high value occurred at a fuel-air ratio of 0.039 with grade JP-3
as compared with 0.035 with JP-4 fuel. At a diffuser-inlet total
pressure of 2750 pounds per square foot, it was impossible to operate
above the lean screech limit, which was identical for both grades of
fuel.
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Because the work of reference 5 showed that detonation might be
responsible for a certain type of combustion instability, tetraethyl
lead was added to the grade JP-3 fuel. The use of this detonation
suppression had no effect on the screech limit.

A brief attempt was made to determine the effect of burner-inlet
temperature on screech by holding the afterburner fuel-sir ratio constant
and varying the diffuser-inlet tempersture by adjusting the position of
the varisble-area exhaust nozzle. The data, obtained with configuration
E4 (fig. 26), show that the screech limit of this configuration is not
affected appreciably by the burner-iniet temperature in the range from
965° to 1110° F.

CONCLUDING REMARKS

Severzl afterburner configurations including six diffuser designs
and numerous modifications to the fuel system and flame holders were
studied, with the diffuser design as the primary varisble. At the
lowest diffuser-inlet. total pressure used, 620 pounds per square foot,
the velocity profile provided by the diffuser at the burner inlet had
a large effect on the afterburner combustion efficiency. At this pres-
sure level, peak combustion efficiency of only 0.54 was cbtained with
a veloclty profile which varied from 630 feet per second near the outer
flame-holder gutter to zerc velocity or reverse flow near the center
line of the burner. In contrast, a peak efficiency of 0.90 was possible
with a velocity profile which varied from a meximum value of 590 feet
per second near the shell to a veloclty of sbout 430 feet per second
at the center line. The latter profile, however, provided a velocity
as low as 220 feet per second near the flame-holder gutters.

At a pressure level of 2750 pounds per square foot, the peak com-
bustion efficiency was 0.99 for the three radial fuel distributions '
used; however, the fuel-air ratio at which the peak occurred increased
when the most uniform fuel-air pattern was used. This trend, which
was to be expected, dld not occur at the lowest pressure level of
620 pounds per square foot, because of partial blow-out of the flame-
stabilizing elements. Hence, a fuel distribution selected as optimum
at low altitudes may not be optimum at high altitudes. It was also
found that an increase in fuel-orifice size to permit operation without
excesslve fuel-pump pressures at low altitudes impaired the performance
at high altitudes.

Screeching combustion, which was most prevalent at low altitudes
and medlum~to-high fuel-alr ratics, Imposed a restriction on the
opergble range of a number of configurations. The configurations
incorporating a diffuser which produced very high velocity near the
flame-holder gutters were much more prone to screech. The addition of
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flat strips to the flame-holder trailing edges and variations in either
the radial or circumferential fuel distribution had no large effect on
the screech limits. Neither the addition of tetrsethyl lead to the fuel
nor a reduction in burnmer-inlet temperature from 1110° to 965° F had
any apprecleble effect on screeching combustion or the fuel-air ratio
et which 1t ocecurred.

Lewis Flight Propulsion Laboratory
Nationel Advisory Committee for Aeronautics
Cleveland, Ohio, Jsnuary 7, 1953
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APPENDIX - CALCULATIONS

Synibols

The following symbols are used in this reporti:

A croes-sectional area, sq ft

B thrust-scale reaaing, ib

Cy veloclty coefficient, ratio of scale Jet thrust to rake
Jet thrust

D external drag of installation, 1b

D drag of exhaust-nozzle survey reke, 1lb

FJ jet thrust, 1b

F, net thrust, 1b

f/a fuel-zir ratioc

g acceleration due to gravity, 32.2 ft/secz
H total enthalpy of air, Btu/lb
P total pressure, Ib/sq £t abs
D static pressure, 1b/sq £t &bs
R gas constant, 53.4 £t-1b/(1b)(°R)
T total temperature, °r
t static temperature, °r
v veloclty, ft/sec
We alr flow, lb/sec
Wa fuel flow, 1b/hr
Wg gas flow, 1lb/sec
We 4
speclfic fuel consumption based on total fuel flow and scale
Fn,s net thrust, 1b/(hr)(lb thrust)

Lo8g
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T ratio of specific heats for gases
1 combustion efficlency

A total enthalpy of fuel, Btu/lb
Subscripts:

a air L

b afterburner

e engine

g fuel

i indicated

J Jet

8 scale

t total

X inlet duct at frictionless slip Jjoint
o free-gtream conditlions

1 engine-inlet duct

5 turbine inlet

57 first-stage turbine-nozzle throat
6 diffuser inlet (turbine outlet)

7 diffuser outlet (burner inlet)

9 exhaust nozzle

Methods of Calculation

Temperatures. - Static temperatures were determined from
thermocouple~indicated temperatures with the followlng relation:

21
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t = ’ (l)

Y
1 + 0.85 @) -1

where 0.85 is the impact recovery factor for the type thermocouple used.
Total temperatures were determined by the adisbatic relation between
temperatures and presgsures.

Airspeed. - The eguivalent alrspeed was calculated from ram-
pressure ratlo by the following equation, with complete pressure
recovery at the engine inlet assumed:

1
2y gRT V1
o=l —=1 @‘-’) (2)
Ty -1 i 1

Alr flow and gas flow. - Because of erratic measurements at the
engine Inlet—during the afterburning program, the alir flow was deter-
mined from measurements at the turbine inlet (station 5). Since the
turbine nozzles were choked for the range of conditions investigated,
the gas flow at the turbine nozzle throat could.be determined from the
following equation: )

Pshs: . [E V75
g,5' "~ -\/’I-‘— \/;
5

L (3)
Ts+l

-The effective turbine-nozzle throat area AS‘ was determined from

previous teste for the same range of englne operating conditions
investigated herein when the engine-inlet air-Flow calcilations were
relisble. The air flow or ges flow at any station throughout the engine

and afterburner could then be cobtained from Wg 51 by adding or sub-

tracting the various factors of engine fuel flow, afterburner fuel flow,
and campressor bleed air.

Afterburner fuel-sasir ratio. - The afterburner fuel-air artio is
defined as the ratio of the weight flow of fuel Injected in the after-
burner to the weight flow of unburned azir entering the afterburner

L0g2

i
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Tfrom the engine. Weight flow of unburned air was determined by assuming
that the fuel injected in the engine was completely burned. This
assumption of 100-percent combustion efficiency in the engine results

in only & small error in afterburner fuel-air ratlio, because the englne
wasg operated where Ne is known to be high. Afterburner fuel-alr ratio
was calculated from the equation

W
(f/a)b = wf o (4:)
2
5600 Ye,6 = 5,067

where 0.067 is the stoichiometric fuel-air ratio for the engine fuel.

Exhaust-gas total temperature. - The totel temperature of the
exhaust gas was calculated from the exhaust-nozzle-outlet total pres-
sure, scale Jet thrust, velocity coefficient, and gas flow by means of
the following equation:

2
YTo-1
T,j = (.F_Ji_s. £ 9 1 (5)

Do T,
_1 =2 9
oo 12 (1’9)

The veloclity coefficlent Cv, which is defined as the ratlioc of scale
jet thrust to rake Jjet thrust, was determined to be 0.98 from nonafter-
burning data over a wide range of exhsust-nozzle pressure ratios.

Combustion efficiency. -~ Afterburner combustion efficiency was
obtained by divliding the enthelpy rise through the afterburner by the
heat content of the afterburner fuel and unburned engine fuel as shown
in the following equation:

3600 W, o (B, g = Hy gd +Wo o (A o =2y o) + W, Ny o (6)

T}b=
18,700 Wg y, + (1 - 1) Wp o 18,700

where 18,700 (Btu/1b) 1s the lower heating value of the engine fuel and
afterburner fuel. The enthalpies of the products of combustion were
determined from temperature-~enthalpy charts for air and from temperature-
enthalpy charts for fuels having the same hydrogen-carbon ratios as the
fuels used in thls investigation (see ref. 6). The charts used for
cbtaining fuel enthalpies were based on a fuel-Inlet temperature of 8o° F.
Dissociation was not considered in this amnalysis, because 1ts effect is
negligible for the range of exhaust-gas temperatures encountered in this

investigation.



24 L ] NACA RM ES53A30

Augmented thrust. - The Jet thrust of the installstion wes deter-
mined from the balance-scale meassurements by the following equation:

W

a!lvk
Fj,s=B+D+-Dr+ g +AX(PX_PO) (7)

082

The lest two terms of thls expression represent momentum and pressure
forces on the installation. External drag of the installation wes
determined with the engine inoperative, and the drag of the water-
cooled exhaust-nozzle survey rake was measured by an air~balance piston
mechanism.

Scale net thrust was obtalned by subtracting the equivalent free-
stream momentum of the inlet ailr from the scale Jet thrust:
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TABLE I. - SOMMARY CF CORFIGURATION DETATLS

Flawe holder Puel systex,
Diffueer] Conﬁmmtmﬂ Designationilocation of leading |Blockage,|Deelgnetion|location, in. Mumber of |Direction of
edge, 1n. downstream| percent dounstream of |[rings or bars| injection
of diffuser inlet diffuser inlet
A 1 A ‘EISE 4.3 A Toner 2 “1%} 5 rings Varied
Outer. 33
2 B 3o 35.9 B it | 5rings | Upstrean
B 1 c 581%- 0.6 B 2% | 5 rings Novnstreex
2 D 5&% 40.5 B 228 | 5 xings Downatresm
3 B salis 35,8 B 28 | 5 rings Upstrean
c 1 A 42—1-53 413 ¢ 03 | 5 rings Dovnstresn
D 1 B se—i% 53.9 B 2oy | 5 rings Upetrean
E 1 B 531-% 33.9 B z:% 5 rings Upetrean
2 B 5319—5 33.9 ¢ 275 | 5 rings TUpatrean
3 B 5&% 3.9 D 27% 3 ringa Varied
‘ B 33—135 £3.9 E | 2tg | 5 rioes Varied
F 1 B 2 2.4 F 6 20 bers 81de
2 E 2 81.4 G & 10 bars Blde
3 E 0l 214 B 6 10 bars g1ds
. B 2 214 1 6 10 bars | a-wey
5 z 213 21.4 I B { 10 bare Side
6 E g 21.4 I and J 6 20 bars Varied
7 F 213 25.6 I 8 10 bars | 4-vay
8 F =z 25.8 E 6 10 bers Mde
9 ¥ ag 25.6 TandJ & 20 bars Varied
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Flgure 1. - View of englne Installed In altitude wind tummel.
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Coamponent Inlet-sir duect Comprassar Ccmbuator Turbine Diffuser Tall pipe

Station 1 2 3 4 5 6 7

. [ ﬁ
flow —al , 4

Btation Location Total- Btatle- Well static- | ‘Fhermo-
pressure | pressure | pressure couples
tubes tubes orifices

1l Inlet-air duct 29 1z 6 10
2 Engine inlet 18 0 4 0
3 Compredsgor inlet 23 3 7 6]
4 Compressor outlet 18 Q 3 8
5 Turbine inlet 5 0 0 210
6 Turbine outlet 20 0 8 24
b? Diffumsr outlet 21 0 2 0
T Diffuaer outlet 8 0 2 0
9 Exhaust-nozzle outlet 17 B Q 0

8gonlo probes W

bised for configuration F CD-2860

Figure 2. - Croas agection of engine showing statioms at which Ingtrumentation wma installed.
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Flgure 3. - Fchematic drawing of afterburner shell end diffuser section.
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B

——-————Plane of velocity
(a) Diffuser A. survey
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Figure 4. - Diffuser types investigeted.
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Figure 5. - View of diffuser A.
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Figures 7. - View of diffuser E.
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Figure 9. - Details of flame holders investigated. All dimensions in inches.
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Flgure 9. ~ Concluded. Details of flame holders investigated. All dimenslcns in Inches.
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Flgure 10. - Continued.

Fuel systems investligated.
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Figure 10, - Concluded.

Fuel systems investigated.
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Figure 12. - Velocity profiles of diffusers A tg_E_geggu;ed at station 7,
inches dowmstream of turbine outlet. Difﬁugg:-;nlet tqtgi pressure,

1540 pounds per square foot.
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Figure 13. - Velocity profile of diffuser F measured at station 7,
31 inches downsiream of turbine outlet. Diffuser-inlet total pressure,

1540 pounds per square foot.
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Figure 17. - Effect of radlel fuel distribution on performance. Diffuser-
inlet total pressure, 620 pounds per square foot.
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Figure 23. - Examples of pressure pulsations with and wlthout soreech.
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{a) Diffuser-inlet toteal pressure, 2750 pounds per asqusYe foot.

Figure 24. - Operational characteristica of configuraticns.
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Flgure 24. - Continued. Operationel charscteristics of configuraticas.
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Figure 24. - Continued. Operational characteristics of configurations.
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Figure 24. - Continued.

Operational characteristics of configurations.
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Figure 25, - Effect of diffuser-inlet total pressure and fuel-air ratia on

operational limits of 15 configurations.
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Figure 26. - Effect of diffuser-inlet temperature on screech limit.
Diffuser-inlet total pressure, 2750 pounds per square foot.
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