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SUMMARY

- An iavestligation has begn conducted to obtain fundamental
information required for the design of a satisfactory tall-~pipe *
burnér for augmenting the thrust of turbojet englnes. The perform—
ance of 10 full-scale™tall~-pipe burners was investigated om &- ‘
- blower rig and a description and the operating characteristics of"
sach are presented. Investigations were also conducted to determine
the combustion and pressurs-drop cheracterlistics of the most satis-

b factory burner, to develop a method of conmtrolling the burner-outlet
temperature distribution, and to improve the burner 1gnition charac-

ﬁeristics.

A tail-pips burner was developed that operated satisfactorily
over a range of fuel-alr ratios with inlet conditions of gas temper-
‘ature ‘and -velocity simulating those in a typilcal turbojet engine.

The, everage burner-outlet tempersture was limited to about 2110° F
becausge of the limited alr pressure drop available for burning. “The
performance of a simllar tail-pipe dburner, which 1ncorporated the
principles and design features developed, was investigated con-
currently on a full-scale turbojet engine and opérated satisfactorily
up to nearly stolchiometric fuel-air ratio with an estimated outlet
temperature of 35400 F.

J:NTRODUCTIOE

An investigation of wvarious methods of thruet augmentation for
turbojet ‘engines to improve the performance ‘of jet-propelled air-
plenes for take-off, climb, and combat conditions is being conducted
at the NACA Cleveland laboratory. One method being investigated is
- the burning of additional fuel in the tall pipe of the engine in
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order to obtain higher gas temperatures than can be tolerated by the
turbine. These higher gas temperatures result in increased jet
volocitles and, conssequently, increased thrust.

An analysis that develops the fundamental relatione among the
variables of the tail-plpe-burning cycle is given in reference 1.
This analysis indlcates that the amount of thrust augmentatlon
produced by a tall-pipe burner dis very sensitlive to the pressure
drop in the burner and that 1t is usually nectessgary to reduce the
burner-inlet gas velocity in order +to reduce these pressure losses;
a reduction in burner-inlet velocity maey also be necessary in ‘order
that stable combustion may be maintalined.

The experimental development of a tall-plpe burner is primarily
an investigation to obtain & satisfactory compromiss between the
requirements of providing turbuleit low-velocity regions for flaume
gseats and. of holding the friction pressyre losses to a minimum. An
experimental program wasg therefore instituted to obtain fundamental
information required for the design of a tail-pipe burner for thrusi
augmentation of turbojet engines

For this investigation a full~scale blower rig, in which the
turbine~digcharge gas velocitlies and temperatures were slmulated by
means of & preheater and blowers, was used to avoid complication of
- an engine getup. The averags burnser-outlet temperature was limited
to about 2110° F because of the limited aip- pressure drop available
for burning at the desired slr flow.

The 10 various types of tail-pipe burner investigated and thelr
operating characteristice are described. The results of extensive
. studies to determine the combustlon performance end pressure-drop
charaocteristics of the most satisfactory burner and the results of
an investigation to control the burner-outlet temperature dlstribu-
tlon and lmprove the lgnition. characteristics are slso presented

A concurrent experimental Ilnvestigation conducted at sea-level
conditions with zero ram on & turbojet engine with a talil-pipe
burner, which was a modification of burners developed during the
program reported herein, is reported in reference 2. Altitude-wind-
tunnel investigations at varilous ram conditions of a turbojet engine
uging a different type burner ars reported in reference 3.

INSTALLATION AND INSTRUMENTATION

Test setup. - A schematic dlagram of the test setup, designed
to slmulate condltions in the TG-180 turbojet engine, is shown in
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figure 1. Combustion air, supplied by a blower at a pressurs of
approximately 70 inches of water gage, was heated Lo about 1100° F
by a preheater. The prehester was provided with an annular discharge
sectlon to simulate the turbine-~discharge area of the engine. The

- hot gases then passed through an annular diffuser having an outlet-
to-inlet area ratioc of 1.5, This diffuser was formed by a central
cone and an outer duct; the central cone was similar to the turbine-
discharge cone of the engine except for slight modificatlons of the
downstream tip. Following the diffuser was the -tail-pipe burner
gection, which consisted of a straight length of plpe 6 feet long

and 253: inohes in diameter. The diffuser-area ratio, and hence the

burner diameter, were chosen to provide a satisfactory compromise
between pressurdg losses in the burner and the -diffuser and an
increase in size of the engine tall pipe bamed on the operating
conditions of a TG-18Q engine. The exhaust gases were subsegquently
discharged through a nozzle and a stralght plpe section (contalning
water sprays for cooling the hot gases) into an outlet diffuser,
which was used to decrease the burner-outlet pressure and thereby
increase the avallable pressure drop across the burner.

Instrumentation. - Gas temperatures (up to 2400° F) were
measured by triple-shilelded chromel-slumel thermocouples, 16 each
at the simulated turbine-discharge annulus (section A-A), the burner
inlet (section B-B), and the burner outlet (section C-C), as shown
in the sectional views of figure 1. The theymocouples at the burner
inlet and outlet were so arranged in threée concentric circles that
both radial and circumferential temperature distributlion could be
determined. Burner-shell tempergtures were measured along the duct
by chromel-alumel tnermocouples spot-welded to the outside well.
Temperatures were indicated on & self-balancing potentiometer.

Static pressures were measured at each of the three sections by. -
means of four equally spaced static wall taps comnected to a piezo- -
meber ring. Fuel flows and combustlon~-alr flows were measured with
& rotameter and a calibrated thin-plate orifice, respectively.: o

DESCRIPTION AND OPERATING CHARACTERISTICS OF VARIQUS
TYPES OF TAIL-PIPE BURNER ' B

A geries of elght burner configurations were investigated on
the blower rig during the initial researich program end progressive
changes 1n design were made to determine the most . satisfactory burner.
Two gddltional confligurations were subsequently investigated in an-

effort to improve the performence of the most promising burnsr. For

- N [P
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the investigation of each burner, the preheater was first lgnited
and the simulated turbine- disoharge temperature was set at about
1100° F, Various combinations of burner fuel-air ratios and inlet
velocitles were then tried until a method of ignitlng each burner
had been found. The burners were then operated with increased fuel-
ailr ratios and inlet-sir veloglties until a limlting conditlon such
as. extreme cycling, blow-out, hot spois, or limiting air-supply
pressure occurred.

The fuel nozzles in all burners investiggted were of &an
etomizing type and were fliow-rated at an inlet fuel pressure of
100 pounds per squsre inch. In &t1ll air, these fuel nozzles
produced & hollow-<cone gpray of finely atomized fuel at all fuel
pressures greater than about 10 pounds per square inch.,  The fuel
used during these runs was, AN-F~22, o

Each burner is designated by a number denoting ite order in the
process of development, - A brief description of each burher investl-
gated during the initial research program and 1ts Operating charac-
teristics are presented.

Burner 1. - Burner 1l (fig. 2(a)) inparporated eight pivoted
diffuser vanes that were installed in the annular turbine-discharge
* 'diffuser near the end of the. turbine-discharge cone. These radial
vanes were set parallel to the direction of gir flow for the non-
burning condition (to reduce drag) and ad jacent "vanes were
rotated 10° toward each other to form four diffusing and' four
contréacting sections for burning. A spray ber ‘containing three
30-gallon-per-hour fuel nozzles, directed downstreem, was located
in each of the four diffusing sections. A spark plug was located
in one of the diffusing sections 6 inches downstream of the spray
bar. This burner vas successfully ignited but burned with an
extremely hot region along the bottom of the duct probably because
- of poor mixing of the. gir and the fuel.

Burner 2. - On burner 2 (fig. 2(b)) a pilot was installed in
the tip of the turbine-discherge inner cone to provide a flame for
igniting and mainteining combustion of the principal fuel supply.
The end of the turbine inner cone was replaced with a vaporizing
cone perforated around the base with 48 vapor escape holes of 0.08l-inch
diameter, Fuel for the vaporizing cone wae supplled by a 37-gallon-
per-hour fuel nozzle locatsd inslde the cone. The principal fuel for
the burner was supplied by 12 fuel nozzles (30 gal/hr) submerged in
streamline struts and arranged circumferentially around the outer wall
of the turbine-discharge diffuser near the end of the turbine-dischargs
cone and directed toward the center line of the burner. The spray

nozzles were arranged to protyude 2— inches into the air stream to
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provide penetration of the fuel into the air stream. The fuel was
introduced in this menner in order to mix well with the alr and was
expected to burn on contact with the flame from the pilot burner.
Two spark plugs were located Just downstream of the pllot vapor-
egcape holes for ignition of the pllot flame. The burner was
successfully ignited but combustion was accompanied by violent
cycling, which prevented the recording of performence data.

Burner 3. - In an attempt to provide more uniform fuel distribu- h

tion and better mixing of the fuel and air in burner 3 (fig. 2(c)),
alternate spray nozzles of burner 2 wers replaced by.spray bars
sxtending across the annulus, each spray bar containing three
10.5~-gallon-per-hour fuel nozzles &irected downstream. This modified
burner also cycled at allat&mmted operating conditions, although the
cycling was not as violent as that of the previous burner. The com-
bustion efflclency was ebout 35 percent indicating that most of the
fuel falled to burm.

Burner 4, - In orde* to improve further mixing of the fuel and
air in burner 4 (fig. 2(d)), the spray nozzles and bars (24 fusl-
spray nozzles) were removed from the outlet end of the turbine-
discharge diffuser and 20 nozzles (21.5 gal/hr) were installed
clrocumferentially around the inner wall at the inlet to the annular
turbine-discharge diffusef. The nozzle tips extended about l/B inch
into the air stream perpendicular to the surface of the turbine-
discharge inner cone. The pilot and spark plugs were unchgnged.
Stable combustion up to a fusleair ratio of 0.010 and & maximum
average temperature rise of about 500° F were obtained. Violent
cycling was encountered, however, during operation at fuel-air ratios
greater thasn 0.010. The combustlon efficlency was about 80 percent
for the range of operating conditions. The fuel flow varied errati-
cally throughout the runs because of partial vgporization of the fusl
in the supply lines and the fuel nozzles inside the burner. Observa-
tion of the combustion during operation through a qQuartz sight glass
revealed that most of the fuel was blown along the surface of the

turbine~discherge inner cone by the ailr streem and then burned in thel

wake of the turbine-discherge inner cons.

Burner 5. - An attempt to eliminate cycling was made in burner 5

(fig. 2(e)) by ¢hanging the pilot from a vaporizing type to a direct '

spray-injection type and by changing the location of the main fuel
nozzles. The revised pillot consisted of a cylindrically shaped
opening at the tip of the turbine-discharge cone within which was
inatalled a 37-gallon-per~hour fuel nozzle. The only change to the
ghape of the turbine-dischargs cone was to cut off the downstream
tip, which had formed the vaporizling cone. The principal fuel supply
was provided by a ring of 30 fuel nozzles (lO 5 gal/hr) arrenged
around the outer wall of the turbine-dlscharge annulus and directed.

-~
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toward the burner center line. Tach ﬁozZle'proJected into the gas .
stream ‘about 2 inches and was individually. connected to an exterior
fuel-supply manifold. A spark plug was located 3 inches downstream
of the turbine-discharge cone. The burner was successfully ignited
but cycling was so violent that testing had to be discontinusd.

Burner 6. - In's further effort to_eliminate cycling, & circular
flame holder wes installed 'in burner 8 (fig. 2(f)) 57 inches down-

stream of* the end of the. . turbine-discharge cone to provide a geat
for the flame. The flame holder was semitoroidal, consisting of
one-half of a 2-inch dlameter tube rollsed .into g lS—inch diameter
ring with an annular flat plate welded t0 the open sjde. It was
installed wlth the flat side facing downstresm and supported by
four l-inch diameter tubular struts connected to the burner well.
Two spark plugs located 3 inches downatresm of the flame holder
wore used in addition to the one used for the pilot. Although no
cycling occurred for burner 6 over s wide range of fuel-air ratios,
the combustion efficiency was only 25 to 30 percent.

Observation of the combustion showed no flame geated upon the .
flame holder, It was concluded that the fuel introduced upstream
of the flame holder either failled to reach the flame holder at all
or that the locgl fusl-air ratlo in the reglon of the sheltered . —
Zone was too lean for ignition.

Burner 7. = The fuel nozzlea were removed from the turbine-
discharge annulus and replaced in bu¥ner 7 (fig. 2(g)) by a ring
of 30 nozzles (10.5 gal/hr) directed upstream and mounted on s
15-1nch diameter fuel manifold (equal in diameter .to ‘the flame
‘holder) located about 4 inches upstream of the end of the turbine-
dlscharge cone. The flame holder was relocated about 18 inches
downstream of the end of the turbine-discharge inner cone. Two
short spark plugs were Installed in addition to the spark plug for
the pilot burner. One spark plug was located 3 inches downstream
and the other 9 inches upstream of the flame holder. Observation
of the flame showed good combustion with & flame mseated upon the
downstreem face of the flame holder, Fuel vaporization in the fuel
manifold end nozzles, however, limited fuel flow to very low rates
with attendant erratic surges. This prevaporization glso occurred
with the fuel-spray nozzles directed downatream. The observed good
combyustion was considered t0 be confirmation that the richer fuel- -
air mixture in the flame-holder sheltered reglon 1mproved combus=~
tion over- that of burner 6.

Burner 8. -~ In opder to eliminate prevaporigation of the fuel
in the manifold, the fuel-nozzle manifold ring was replaced in
burner 8 (fig. Z(h)) by 12 fuel nozzles (30 gal/hr) arrenged in a
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15-inch diameter circle and individually connected to an sxterior

fuel manifold.

The fuel nozzles were dlrected downstream and the

fleme holder was located about 10 inches downstream of the nozzle

tips

Two short spark plugs wers used in addition to the spark plug

for the pilot burner, one located 1—~ inches downstream of the fuel-

gpray-nozzle tips and one located 3 inches downstream of the flame
This burner meintained steady combustlon over the entire

holds»,

-+ range of operating cpnditlons.
high temperature rise and good combustion efficiencies.

A preliminery lnvestlgation indicated
Visual

observation of the burning revealed a steady flame seated upon the

downstrsem face of the flame holder.

These results indicated that

burner 8 was a promising configuration and & more extensive test
program was oconducted to investigate its performance,

Summary of burner operating characteristios

- The following

table briefly summarizes the general results of the initial develop-
ment program for the varlous burner confilgurations: -

Burner|Maximum|Maximum
combus- | tempsr-
tion ature
effl-  irlse Remarks
ciency | (°F)
(por-
_ cent) .
1 e ————— Extreme hot region along bottom of
burner prevented taking data
- e e e Violent cycling prevented taking data
3 35 160 Cycling less pronounced than in durner 2
4 80 504 |Cycling encountered at:temperature
rige of 500° F prevented further
testing at higher temperature rises
L it BT PP Violent cycling prevented taking data;
- , no flame seated upon flame holder
& 25 140 i{Combustion downstream of pilot but no
. flame seated upon flame holdsr
R S T T Good flame seated on flame holder but
prevaporization of fuel limited fuel
flow and caused ‘errdatic surges in
_ fuel flow
8 (a) (8) |Gocd fleme seated upon flame holder;

combustion and fuel flow steady

aPerformance glven in subsequent sections.
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PROCEDURE

Investigations were made of the combustion characteristics of
burner 8 with AN-F-22 and kerosene fuels. Ignition charscteristics
of this burner were investigated with two spark-plug configurations.
Modifications to improve the outlet tempepyature digtribution were
made to burner 8 to form burmers 9 and 10. '

Combugtion studies of burner 8 with gasoline. - The performance
of burner 8 was extenslvely lnvestigated to determine the friction-
pressurse-~drop losses and combustlon characterlstice. Because of
blower limitations, alr flows and prespures typical of a TG-180
turbojet engine at maximum rated speed: at sesa. level (about 73 lb/sec

end zel lb/sq in. absolute, respectively) could not be obtalned at

the turbine ~discharge section of the test sstup. Typical turbine-
discharge gas velocity (650 fi/sec) and temperature (1100° F) were,
however, simulated with an air flow of 40 pounds per second at a
pressure of about 15.5 pounds per square inch ‘absolute. These
conditions correspond to variocus combinations of onerating condi~
tions of a TG-180 engine ome of which is an altitude of 50 000 feet,
rated speed, and a ram-pressure rsatlo of 1.7.

The friction-pressure drop was measured for the condltlon of no
burning in the tail pipe (isothermal condition) over a range of burner-
inlet gas velocities from 320 to 440 feet per second and inlet-gas
temperatures from S550° to 1100° F,

Combustion characteristics of the burner were determined over the
following range of ‘conditions:

Aly flow|Simulated |Burner- |Burner-|Burner fuel-
(1b/sec) [turbinsé- [inlet gas{inlet |air ratio
discharge |velocity |gas
axisl (4 /sec) |temper-
velocity ature
(ft/s8c) (°F)
30 480 - 320 1100 {0.0044-0,013
35 580 | 370 ] 1100 0044~ 013
40 650 440 1100 .0044- ,015

Most of the runs were made at a burner-inlet ges velocity of 440 feet
per second. .

Beeause burning fuel in the tall- pipe burner caused & pressure
drop, it was therefore necessary to increase the inlet pressure as the
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fuel-air ratiOxwas increased..: . The’ blpwer characteristics at the
desired air flow (40 lb/seo) iimiteﬁ fhe pressure’ rise, and hence
the fuel-air ratio, %o the values listed in the previous teble.

For the combustion studies of the tail’pipe ‘burner, the pre-
heater was ignited at & low air flow, (20 to 25 lb/sec) and, after
conditions had stabilized, the’ tail-pipe biirner was 1gn1ted. The air
flow was then increased to the désiréed value and .the preheater fuel’
flow adjusted to provide an oytlet temperature of 1100° F. With
these conditlons held constant, the tail-pipe-burner fuel-air ratio
was set at the desired value and data readings were taken after
equllibrium was established.

Combustion studles of burner 8 with kerosene. - Because turbo- -
Jet engines normally use kerosene Tfor the mainm engine fuel, 1t was °
considered desirable to Investigate the performance of burner 8 g
using JP-1 fuel. A series of runs were made at various fuel-alr
. ratles from 0.008 to 0, 014 and inlet-alyr velocitiss from 350 to~
440 Peet per second using kerosene (JP-1) fuel. The general
~procedure was the same as thaet previously discussed for the combus-
tion studies of burner 8. TFor this investigation both 30-gallon-
per~hoyr and 21.5-gallon-per-hour fuel nozzles were uged, The *
21.5~gallon-per-hour nozzles were used 1n the fuel ring downstream-
of the inner cone for all subsequent investigations. - )

Invsstigation of ignition characteristics of burner 8, = An'“‘:'
effective tail-pipe burner for augmenting the thrust of militery: "
aircraft must be capable of ignition with little time delay at the
conditions of inlet velocity and temperatire imposed upon the burner
by the engine operating at maximum speed. Burner 8 was therefore
investigated to determine the time required to ignite the burner at
an Inlet temperatuve of about 1100 F and with an inlet gas velocity
of 400 feet per second. The runs were mede with both two and five
gpark plugs located 3 inches downstream of the flame holder and wlth

the electrodes extending within 7% inches of the burner center line.

The spark plug for the pilot burner. was -in the location shown in
figure 2(h) and remained unchanged throughout the tests. Ignition
time lag, defined as the elapsed time framthe opening of a fuel
valve located at the inlet of the fuel manifold (fig. 2(h}) until
steady combustlon was established, was determined for the range of
fuel-air ratio from 0.007 to O 014 JP-1 fuel was used during these.
runs. . : _ -

Tmprovement in teﬁﬁefEtare'distribuﬁioﬁ &t biirner outlet;
burner 9, - The gas temperaturea at the center of the outlet of
burner 8 were lower than the average outlet tempsrature and therefore
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an attempt was made to lmprove.the temperasture distribution. Because
burner 4 provided higher temperatures.in the center of the burner
duct, a modification of this burner was added to burner 8 to form
burner 9. Four 40-gallon-per-hour fuel-spray nozzles were installed
around the. turbine-dimcharge inner cone.approximately 1 foot upstream
of the tip. Three arrangements.of the group of four nozzles (herein-
after called the inner fuel nozzles) were investigated:. (1) The
nozzles were directed downatream and parallel to ths burner center
line; (2) the nozzles were directed inward at an angle of 90° to the
burner center line; and (3) the nozzles .were directed downstream and
inward.at an angle of 45° to the burner center lins. A sketch of
burner 9 with the final nozzle arrangement is ghown in figure 3.

With the fuel nozzles in each position, = series of runs was made

for & burner-inlet gas temperature of about 1000° F and a burner-
inlet .gas veloclty of 400 feet per second. "The .runs were mede at
various fnel-alr ratios from 0.008 to 0.016 with the fuel flow to

the inside fuel ring varying from O to 60 percent of the total fuel
flow to the teil-pipe burner., JP-1 fuel was used during these runs.

Tmprovement in operating range; burner 10. - In order to increase
the operating range of burner 9, a smsll perforated basket was added
to the tip of the turbine-discharge inner cone to form burner 10 '
(fig. 4) and additional runs.were made over a range of .fuel-air ,
ratios at an inlet- air velocity of 400 feet per second, The fuel-
nozzle arrangement was unchanged. The fuel used during the runs
wag JP=-1l. : . . -

PERFORMANGE OF TATL-PIPE BURNERS 8 TO 10
_ S&mbols |
_The'following symbols are used in this report}
f/a fuel-air ratio for tail-pibe burner
4y  burner-inlet velocity pressure, (1b)/(sq £t)
T total temperéture, (°F)
App  friction-static-pressure drop, (1b)/(sq £t)

.momentum~pressure drop equal to measured static-pressure drop
between stations B-B and C~C mlnus friction-pressure drop,
(10)/(sq £t) - - L .

0. density, (slig)/(cu fé)
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. Subscripts: : _ , T
B - burnmer inlet (fig. 1)

"6 burner outlet (fig. 1)

Burner 8

Combustion studles with gasoline. - The variatlon of tail-pipe-
burner temperature rise with fuel-air ratlio for burner 8 at several
inlet gas velocities is shown in Figure 5. The dashed: line is the
theoretical temperature rlse obbained from the charts of reference 4,
In the calculation of theoretical temperature rise, the gas- at, the
burner inlet was assumed to have the properties of alr at the_burner-
inlet temperature. Because the preheater efficiency was very high, .
no correction to the tail-pipe burnsr fuel-alr ratio was mede for
unburned fuel from the preheater. The measured temperature .rises:..
.are approximately equal to the theoretical values except for an
experimental scatter of about 10 percent. The values of temperature
. rige plotted in figurs. 5 may not be representative .of .the true
average temperature rise becauss the readings of only 16 thermo-
couples in an irregular temperasture field at the burner outlet
(fig, 1, section C-C} were averaged to obtain these temperatures
and also becausge of the errors attendant with measuring high gas
temperatures with -theymocouples immersed in a flamey - -

o, At high fuel-gir ratios, a few of the thermocouples at the .
burner outlet indicated temperatures in excess of -2400° F.(the

limit of the potentiometer scale). Values for these temperatures
were obtalined by plotting the. thermocouple reading at lowsr velues
of outlet temperature agalnst the fuel—air ratio and extrapolating-
the curve to temperatures above 2400° F,  Beceuse the errors. in: temr
perature measurement are believed %o be small compared to {the tem~- -
perature rise, the close agreement of K the measured average temper-'
ature rise with the theoretical temperature rise 1ndicates that "the
hurner efficiency. is high . .

. Because of the limited preasure qvailable fram the blower6 the
investigation wag limited {o.a burner temperaturs rise of 1010% F,
corvesponding to & burner-cutlet.temperature of 2110° ¥. This bem- -
perature rise was obtalned for a fuel-alr ratlio of 0.015 a%.a
burmner-inlet gas velooity of. 440 ‘Teet per second. Stable and
satlisfactory combustion was maintained over.the entire range of -
operating condltions. The range of operation .of & similar tail-.
bpipe burner was more completely investigated on the engine setup of .
‘reference 2, The burner used for the investigation of reference. 2
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wasg essentlally & combination of burners 4 and 8 and is illustrated
in figure 6. Rung were madeé with this burner at rated engine speed
wlth zero ram, sea-level inlet conditions up to'a nearly stoichio-
metric fuel-alr ratio of 0.043, and an estimated burner-outlet tem-
perature of 3540° F; stable and efficient combustion was obtained
throughout the range of operation. The tall-pipe~burner inlet pres-
sure for this engine investigation was about 26 pounds per square
inch absolute as compared to sbout 15.5 pounds per square inch for .
the runs in the blower rig. : o

A typical outiet~temperature-distribution curve for burner 8 is —
shown in figure 7, (inlet gas velocity, 440.ft/sec; fuel-air ratio,
0.0089). The numerical dverage outlet temperature (1700° F) is
indicated by the dashed line. The radiasl tempersture varietion is
approximately 600° F with the hlghest temperatures occurring nsar

the flame-~holder radius-(?% in.) and the lower tempsratures neer the

center and walls of the burner. The cool layer of alr near the walls
of the burner was considered to be desirable for simplicity and light- .
ness, because the .necessity for external cooling of the burner walls .
wasg eliminated. Some sacrifice in thrust augmentation must be made

at fuel-alr ratios near stoichiometric, however, because of the -
unburned portion of the air. .

The isothermal friction-pressure-drop coefficient, which is
defined as the ratio Aps/qp, is plotted against burner-inlet
veloclity pressure qp in figure 8 for varlous inlet-gas temperatures.
The friction-pressure-drop coefflclent has a. constant value of 0.33
over the entire range of oxperimental conditions.

The ratio of the momentum-pressure drop to the inlet velocity
pressure Apm/qB 1s plotted against the ratlo of inlet to outlet L
ges density for varlous burner-inlet gas velocitlies in figure 9. It _
i1s apparent that the measured momentum-pressure drop is less -than the _
theoretical pressure drop shown by the dashed line.

The measured momentum-pressure drop and the fundamental equation
for ideal momentum-pressure drop mey be used to calculate a burner
temperature rise, . The ratio of the cglculated temperature rise to
the theoretical temperature rise corresponding to the measured fuel-
alr ratico is a combustion efficiency. A calculation of this combus-
tion efficiency from the data of figure 9 resulted in a value of -
approximately 80 percent. Because the average measured temperature i
rise (fig. 5) 1s probably high due to the arrangement of the small -
number of thermocouples in the irregulpr temperature field at the . ..
burner outlet, the combustion efficiency of about 100 percent -
obtained from the measured .temperstures is probably higher than the . -
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trus value.  The true wvalue of combustion -efficiency probably lies
betwesn .the values obtained from the momentum-pressvre-drop data and
from .the temperature-rise data, or between 80 and 100 percent.

_Combuetion gtudies with kerogsens. - When burner 8 was operated
with kerosens (JP-1) and the 30-gallon-per-nour fuel nozzles, ighl~
tion wag very difficult and required considsrable manipulation of
the fuel and air flow. Ignition occurred more easily and quickly,
however, when the 30-gallon-per-hour fuel nozzles wers replaced
with 21.5-gallon-per-hour nozzles, This difference.in lgnition
characteristices was attributed to improved atomization of the
Xerosene by the attendant higher fusl pressures required for the
same. fuel flows. . A

A comparison of* the results of the-combustion studies . of.
burner 8 using AN-F-22 fuel and 30-gsllon-per-hour fuel nozzles '
with the results of the combustion studies of the seme burner using
21.5 gallon-per-hour fuel nozzles and JP-1 fuel revealed no- signi-
ficant difference in combustion effliclency nor stablllity.

Ignition characteristics. - The results of the ignition:tests
of burner 8 are shown. inp figure 10 in which the ignition tine lag
is plotted &8s & function of fuel-air ratio for two spark-plug con-
figurations Although the fuel flow could ba‘set at the deslred
value glmost instantansously, a short time intervael, which is .
included in the ignition time lag, is required for the fuel:to fill
the menifold and for pressure to build up in the fuel nozzle.
Because this interval will probably also be necessary in an aircraft -
application, the present results.are .representative of the ignition. .
time expected for an actual engine installation. The ignitlon time
leg descreased ag the fuel-alr ratio Increased and when flve spark
plugs were used it reached a value of about 4 seconds at a fusl-ailr
ratio of 0.0125. When the number of- spark plugs was decreasged
from five to two the ignition time lag increased sbout 9 seconds.

. Rune made with both continuous spark and with the-spark used
. only for ,starting indicated that no effect on combustion resulted
from turning off the spark after ignition.-

Burner 9

No improvement in temperature dieuribution over that of burner 8
was obtained when the.fuel nozzles were dilrected elther parallel or.
at an .angle of 90° to the. burner center line.’ The reeults of the
runs vith the Puel nozzles directed downstream et 45° to the burner -
center line showed & considerable increase in the-temperatures at the
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center of the burner. Visual observation through a sight glass
showed that the fuel burned in the turbulent wake of the turbine-
‘discharge. cone, which acted as a flame holder in the center of the
burner. The radial temperature gradients obtained for various per-
centages of the total fuel flow to the inner fuel nozzles are shown
in figure 11. In this figure, the ratic of the average outlet gas
temperature at g constant radlius to the average inlet-gas tempera-
ture is plotted agalnst the dlstance of the thermocouple rings from
the burner center line. These curves show that the temperature
distribution can be ocontrolled by varying the proportion of the total
fuel flow injected through the lnner fuel nozzles, With all the fuel
going to the outer nozzles, a digtribution simlilsr to that of fig-
ure 7 is obtained and as the proportion of Puel to the inner nozzles
is increased, the temperatures at the center of the burner increase.
With sbout dne-third of the fuel belng injected through the inner
nozzles, the temperatures at.the center of the burner are about equal
to those at the flame-holder radiug. For each condition shown, the
temperatures near the wall of the duct remained relatively low
compared to the interior gas temperatures, thus eliminating the need
for external cooling of the burner shell.

Although the arrangement of fuel—injection.nozzles end the
sheltered flame~holder reglons permitted control of the temperature
distribution at the burner outlet, the range of control was limited
by blow-out of the flame from the fuel injected through the inner
fuel nozzles., In repeated attempts to operate with en over-all fuel~
alr ratlo of 0,010, an inlet gas velocity of -about 400 feet per
seoond ‘and, an’ inlet temperature of ebout 1000° F, the flame from the
inner fuel nozzles blew out when the fusl flowing to the inner fuel "
nozzles was increased to 60 percent of the totsl fuel quantity.

Burner 10

'By the addition of the perforated basket in burner 10, it was
possible to increasd the percentage of fuel flow to the inner fusl
ring to about 65 percent with & total over-all fuel-air raetio of 0.010
and an Inlet gas velocity of about 400 feet per second before blow-out
occurred. No changes in combustion efficiency based on the measured
- temperature rise between burners 9 and 10 could be detected wlthin
the accuracy of the data. The temperature distribution at the burner
outlet was the same as that of burner 9.

The resultes of the investigation of reference 2 indicated that
approximately the same limitations in percentage of total fuel flow to
the lnner fuel-nozzle ring existed at a fuel-gir ratio of 0,043,
Although the fuel nozzles instslled in the innér cone near the turbine
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discharge are on a larger dlameter than those arranged downstream of
the inner cone, they are considered to be the inner fusl-nozzle ring
because the fuel injected from them remained near the surface of the-
inner cone and burned in the center of -the duct.

SUMMARY OF RESULTS. |

An Investlgatlion on a full-scale blower rig of 10 tall-pipe
burners has resulted in the design of a tail-pipe burner that
incorporates e simple semitoroidal flame holder and atomizing type
fuel nozzles so arranged that they provide rich fusl-ailr ratios in
the sheltered flame-holder zones. Combustion studies of this burner
showed that steble combustion with & high combustion efficiency
(80 percent or more) is obtainhed at an inlet velocity of 440 feet
per second, & nominal inlet pressurs of 15.5 pounds per square lnch,
and an inlet gas tsmperature of llOD° F over & range of fuel-air
ratios from 0.0044 to 0,015.

The isothermal friction-pressure-drop coefficient, defined as
the ratio of friction pressure drop to inlet velocity pressure,
was 0.33. .The runs on the blowsr rlg were limited to a hurner-
inlet gas temperature of 2110° F by the pressure of the available
alr supply; the performance of a simllar type burner, which
incorporated the principles and ‘design features developed herein,
was, however, concurrently investigated on a full-scale turbojet
engine up to nearly stoichiometric fuel-air ratio (an éstimated
outlet temperature of 3540° F) with stable combuation over the
entire range. The gas temperatures near the walls of the burner
wore relatively low, which eliminated the necesslty for external
cooling of the burner shell, The temperature distridution at the
burner outlet could be controlled by appropriate grouping of the
fuel nozzles and flame-holder-sheltered zones and by varying the
percentage of fuel injected in the various sheltered zones.

The burner combustion characteristics over the limited range
investigated were the same for kerosene and gasoline. Teste with
various numbers of spark plugs located downstream of the flame -
holder showed that ignition could be accomplished at a burner-inlet
veloclty of 400 feet per second and an inlet temperature of 1100° F,
The ignition time lag, defined as the length of time required from
the opening of a fuel valve until combustion had been established,
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decreased as both the fuel-air ratio and the numbser of spark plugs
wes Increased and, when five spark plugs wers used, reached a value
of about 4 seconds at a fuel~alr ratio of 0,0125,

Flight Propulelon Research Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohlo.
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