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RESEARCH MEMORANDUM

ALTTTUDE-WIND-TUNNEL INVESTIGATION OF THRUST
AUGMENTATION OF A TURBOJET ENGINE
It - PERFORMANCE'WiTH TATL-PTPE BURNING
IN STANDARD-SIZE TAIL. PIPE

By William A. Fleming and Richard I. Golladay

SUMMARY

Thrust sugmentation of a turbojet sngine by burning fuel in
the tall plpe has been Investigated in the NACA Cleveland altitude
wind tunnel. The engine performance was determined at several
glmulated flight condltions throughout & range of teail-plpe fusl
flows. A tail-pipe combustion chamber having the same external
dimensions as the standard turbojet-engine tail pipe was Inves-
tigated to determine whether sgtisfactory operatlion could be
obtained at high-speed and high-altitude flight conditions.
Comparisons are made of the performance data cobtalned with two
different flame holders Iinstalled in this tail pipe, with a tall
plpe 34 Inches in diameter, and with valuss calculated assuming
no pressure loss across the tall pipe.

At a simulated altitude of 20,000 feet and a flight Mach
number of 0.8, the net thrust of the engine was increased 76 per-
cent with the standard-size tail-pipe combustion chamber and
turning-vane flame holder. At 30,000 feet altitude and a £light
Mach number of 0.9, the net thrust was increased 59 percent with
the standard-size tail-pipe combustion chamber and a conical-grid
flame holder, whereas at the same slmulated flight conditions the
net thrust was increased 103 percent with a 34-inch diemeter
tall-plpe combustion chamber. A portion of these increases in
thrust were due to the fact that the turbine-outlet temperature
8t rated engine speed with the stendard tail plipe and tail-pipe
nozzle was below the limiting value whereas wlith tall-pipe burning
the turbine-outlet temperature was at the 1imiting velus.

The presaure logs acrose the standard-size tall-plpe com-
bustion chamber was greater than across the large one. The
combustion efficlency was lower with the standard-size tall-pipe
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combustlon chamber then with the large one. Excessively high tall-
pipe shell tembperatures were ohserved with each of the flame holders
installed in the standard-size tall pipé during operation at a tail-
plpe fuel-air ratio sufficiently high to give limiting turbine -
outlet temperature at maximum engine epéed.

INTRODUCTION

Thrust augmentatlon la of extreme importance for lncreasing
the range of application of turbojet engines. The burning of fuel
in the tail plpe provides a practical cycle for increasing the
thrust of the turbojet engine without lncreasing the temperature
or stresses in +the turbilne buckets or otherwise diasturbing the
cycle of engine operation, provided that the tall pipe 1s eguipped
with an adjustable-area nozzle, '

As part of a general program on thrust augmentation of turbo-
Jet englnes conducted at the NACA Cleveland laboratory, en inves-
tigation was made in the altitude wind tunnel on an axlal-flow
compreassor-type turbojet engine to determine the feasibility of
using a tail-pipe cambustion chember that has the same external
dimensions as the standerd engine tall pipe. ZEvaluation of tall-
plpe burning in this englne with a larger tail-plpe combustion
chamber is discussed in reference 1. Results of investigations
on tail-plpe burning in this engine at static sea-levsl condi-
tions are presented in reference 2. An Investigation of thrust
augmentation by means of Injecting water at the inlet of an
axial-flow compressor engine ls discussed in reference 3.

The most important characteriastics of an efficient tall-
pipe tmrger ara:

7. Maximum thrust at high over-all efficiency

2. Wide range of stable burner operation .

3. Minimum thrust loss for operation without tail-pipe burning
4. Minimum iIncrease in over-all dimensions of englne

5; Adequate taii-pipe ccoling

6. Light welght
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In the obtainment of these characteristics numerous research prob-
lems are introcduced. The investigation of reference 1 was directed
at the first two characteristics with little regard for size or
welght of the installation. The present lnvestigation had the

same obJectives with the additional congideration of minimum
changes in the physical size of the turbojet engine.

Operational characteristlcs of seven flame holders were
obtained over a range of simulaeted £light conditions. A 21-inch-
dlemeter tall-plpe nozzle wes used in the englne with each flame
holder. Periformence data obtained with the two best flame holders
are presented for simulated altitudes of 20,000 and 30,000 feet
and ram-pressure ratlos from 1.19 to 1.98. These results sre
compared with the experimental resulis presented in reference 1
and with theoretical calculations, which were made assuming no
losses across the tall pipe. In the following sections of this
report, the standard-aize tail-pipe combustion chamber is referred
to as the "small tall pipe" and the 34-inch dlsmeter combustion
chamber discussed In reference 1 i1s referred to as the "large
tail pipe.”

FUNDAMENTATLS OF TAIL-PIPE BURNING
The Jet thrust of a turbojet engine is equal to the product
of the mass rate of gas flow and the Jet velocity. Thrust aug-
mentation of a turbojet engine by burning fuel in the tall-pipe

cambustion chamber results in an increase of the final jet
velocity. The value of the final Jet veloclty 1s glven by

and the Mach number of the Jet i1s -

71-1 .
My = ___2_ . (E&.) L& I (2)
7J PO - .

For convenience, &ll symbols are defined in appendix A,

{INCLASSIFIED
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Eguation (1) indicates that the Jet veloclty, and therefore the
jet thrust, 1s proportional to the jet Mach mumber and the square
root of the static Jot temperature. Maximum jJet temperature is
reached when sufficient fuel is added in the engine and the tail
plpe to burn completely all the oxygen Iin the alr passing through
the engine. The jJjet Mach number MJ is principally a function of

" the pressure ratio P /no (equation (2)), which remaine essentially

constant at fixed engine and flight condltions, and is independent
of the jet temperature except for determining the value of 7.

Maximum pressure ratlio is obtalned when the engine ie operated at
the maximum allowable engine speed and turbine-outlet temperature.

As the amount of fuel burnmed in the teil pipe is varled, the
taill-pipe-nozzle area must be changed to maintain maximum allow-
able engine conditions. An expression for Jet thrust involving
Joet area and Jjet Mach number i1s

Ry = 7oAy (s)

Because the Jet thrust at fixed engine operating conditions
is proportional to the square root of the Jet temperature, the Jet
area required to maintain meximum allowable turbine-outlet temper-
ature at maximum engine speed is proportional to the square root
of the Jet temperature.

WIND-TUNNEL INSTALLATION AND PRCCEDURE

The TG-180 englne has an ll-stage axial-flow compressor,
elght cylindrical combustion chambers, a single-stage turbine, a
tail pilpe, and an exhaust nozzle. The over-all length of the
standard engline is 14 feet and the maximum diameter 1s 36 inches.

A standard TG-180 turbojet engine without cowling wes sus-
pended from a wing section installed in the 20-foot-diameter test
section of the altitude wind tunnel. Refrigerated air was sup-
plied to the engine through a duct from the tunnel meke-up system.
A labyrinth seal in this duct located 40 feet upstream of the
engine inlet made possible the measurement of thrust with the
tunnel-balance scale system. The air was throttled from approxi-
mately sea-level pressure to the desired pressure at the engine
inlet while the pressure in the wind-tunnel test sectlion was main-
tained at the desired altitude. The temperature of the englne-
inlet alr was regulated to the approximate NACA standard tempera-
ture corresponding to the simulated flight speed and altitude.
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Preliminary calibration ru.t:s were made with.the engline
equipped with a standa.rd-s* ze tail-pipe nozzle, which was

16— inches in dismeter, to provide & basis for evaluating changes
in performance resulting from tall-pipe burning. .

. Operational cheracteristlice of seven flame holders were
studied at simulated altitudes from 5000 to 30,000 feet and rem-
pressure ratios from 1.05 to 1,98. Performence data are pre-
sented for the two mozt ratisfactory flame holders investigated.
Engine performence data are presented for the one flame holder
at a simulsted altitude of 20,000 feet and ram-pressure ratios
of 1.19 and 1.54 and for the other flame holder at a simulated
altitude of 30,000 feet and ram-pressuxe ratlos of 1.67 and 1.98,

At esch simulated flight condition, the engine was operated
at a speed. of 7600 rpm and data were obtained at various tall-
plpe fuel flows. YThe minimum fuel flow was determlned by com-
bustion blow-out in the tail pipe and the maximum fuel flow was
determined By limiting turbine-discharge temperature (1680° R).

A large tail-plpe nozzle of 21-inch dismeter was used to permit
high fuel flows for the tall-pipe burning without exceeding the
maximum turbine-discharge tempera.ture.

A suxvey rake was mount.ed in the inlet duct 11l feet upstrean

of ths engine inlet to measure the engline air flow. Pressures and
temperatures of the gases were measured at seven stations in the
engine (fig. 1). A tail-pipe rake was so mounted &t station 7
that it could be retracted from the nozzle outlet. Measurements
were made with this reke only for conditions with no tall-pips
'burning because of the high gas temperatures obtained when fuel
was burning in the tail pipe. Thrust was determined from-the
balarnce scales for all the test conditiona for which data are
presénted, The methods ured to -determine thrust end-air flow
from these measurements are givcn in apnend.ix A. .

_ Kerosene (AN-F-32) was burned in the engine and 62-octane
unleaded gesoline was burned in the tall-pipe cambustion chamber.
The fuel flows to the. ‘engine and the tail pipe were measured by
"calibrated rotameters.
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DESCRIPTION AND OPERATING CHARACTERISYICS'
OF FLAME-HOLDER INSTALLATIONS

A talil-pipe combustion chember having the same external dimen-
gione as the standard englne tail pipe was installed. The standard
tall pipe has an inside dlemeter of 34 inches at the front flange,

21 inches at the rear flange, and is 58% inches long. The inner

cone of the tall pipe wes ghortened to provide apace for instella-
tion of the seven flame holders investigated. A sketch of the
engine and the tail-pipe combustion chamber without a flame holder
and the posltion at which the flame holders were Installed are
gshown in figure 1. Fuel was InJected through spray bars at mani-
fold pressures from 5 to 175 pounds per square inch. Downgtream
of the flame holder the tail pipe was wrapped with 0.75-inch
diameter copper tubing through which water was circulated to cool
the shell. A 2l-inch dlemeter tall-pipe nozzle was used, which
was constructed by seam-welding & corrugated outer shsll to a
smooth inner shell in such a way that & hellcal cooling-water path
was formed.

Flame holder A. - The first flame holder investigated (flame
holder A} was constructed of horizontal and vertical V-type gut-
terg with the vertex of the gutters directed upstream (fig. 2).
These gutters hed en included angle of 30°, were l-inch across

the open end, and were spaced on Zg-inch center lines, This flame

holder is similar in design to the one used in the large tail
pipe, which 1s described 1In reference 1. In order to accommodate
the flame holder, the inner cone of the tall pipe was revisged as
shown by the dashed sectilon in figure 1, The flame holder was

28 inches in dismeter and was installed 27 inches downstream of
the turbine. Liquid fuel was injected normal to the direction of
gae flow through small holes in filve horizontal sprey bars
attached to the vertex of alternate horizontal gutters, The
fuel was ignited by means of propane blown over a spark plug.
This flame holder restricted the flow in the tail plpe to such
an extent that the tall-pipe temperature was very near the
limiting value at maximum engine speed with no tall-plpe burning.
Operation with this flame holder was therefore limited to low
fuel-air ratios in order not to exceed the limiting turbine-
outlet temperature. The flame blew out at maximum engine speed,
an altitude of 5000 feet, and a ram-pressure ratlio of approxi-
mately 1.05. Combustion blow-cut was apparenily caused by the
high velocity of the gas through the flame holdsr,
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Flame holder B. ~ Because improved combustion was belleved
possible with larger gutters, a variation of fleame holder A (flame
holder B) was investigated, which also had horizontal and vertical
V-type gutters. The gutters on flams holder B maintained the
included angle of 30° but were 2 inches across the open end end
were. spaced on 5-inch center lines (fig. 3)., The location of this
£lame holder in the tall pipe and the method of fuel injectlon
were the same as for flams holder A% Combustion was so Improved
that tail-pipe burning could be maintelned at full engline speed.
The flame holder, however, still blocked the tall plpe to such an
extent that exceasively high turbine-outlet temperatures were
obtained with low tail-pipe fuel-air ratios at meximum engine
speed, an altitude of 5000 feet, and a ram-pressure ratlo of
approximately 1.0S5. .

" Flame holder C. - Flame holder C was then designed having
three circumferential turning venes that diffused the gas by
turning it toward the center of the tall pipe and Into a conical
grid of V-type gutters (fig. 4). The principle of "this design
was to lower the gas velocity by turning the air into a conical
section of greater area than the cross section of the tall pipe.
In order to accommodate this fleme holder, the inner cone of the
tail pipe was removed and a spherical dome (fig. 5) was atbached
to the inner cone at a point 16 ilnches downstream of the turbine.
The locatlon of the dome in the tall pipe 18 shown in figure 4. .
Fuel was injected normal to the direotion of gas flow through
eight equally spaced radial spray bars installed approximately
3 inches downstream of the turbline. A pilot used only for
igniting the fuel was installed at the center of the dome as
shown in figure 5. The ignition pllot consisted of a cylinder
fitted with a perforated comical liner, a fuel spray nozzle, and
$wo spark plugs. Compressed air for burning was supplied to the
pilot from an external source during the time the fuel in the -
tall pipe wes being ignited.

Combustion was more stable with flame holder C than with
any of the others investigated. After short perlods of tail-
pipe burning, however, sections of flame holder C were burned
away. Some burning evidently occurred before the gas passed
through the flame holder. Burning was malntained at talil-pipe
fuel-alr ratios between 0.022 and 0,027 at maximum engine speed,
a simulated aeltitude of 30,000 feet, and a rem-pressure ratio
of 1,98. The maximum fuel-alr ratic presented for all the flame
holders was limited by the maximum allowabls turbine-outlet
temperature. The fleme holders could have been investigated
at higher fuel-air ratios If a larger tall-pipe nozzle had been
used. Performance data obtalned with flame holder C are presented.
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Flame holder D. ~ In order to determine whether the turning
vanes alone would hold the flame, the conjcal grid was removed and
the game fuel-injection system was used., With a flame holder of
only- turning vanes (flame holder D), combustion was unsteble at
high altlitudes and high engine speeds. The flame blew out imme-
diately after the fuel was ignlted &t an altitude of 20,000 feet
and an engine-speed of about 4000 rpm. Combustion ln the tall
plpe was stable at an altitude of 5000 foet and at maximum engine .
gpeed. : . .

Flame holder E. - The turning vanes were then modified by
welding a section around the inside of the vanes nser the trailing
edge to form a V-type gutter (flame holder E), (See fig. 6.) The
gutter hed an included angle of 15° and wee 3/4 inch across ‘the
open end. The combustion charactieristics were slightly better
with flame holder E than with the turning vanes alone (flame
holder D). The flame blew out as soon as the fuel was ignited at
an altitude of 30,000 feet. At an altlitude of 20,000 feet and a
ram-pressure ratlo of approximately 1.10, the flame blew out at
an engline epeed slightly above 6500 rpm wlth a tail-plpe fuel-alr
ratio of 0.029. Combustion was stable at an altitude of 5000 feet
and maximum engine speed

Flame holder F. - A further modification of the turning vanes
was mede by welding a section similar to the one welded on flame
holder E on the outside of the vanes near the tralling edge to
increese the slze of the gutter, flame holder F (fig. 7). The

gutter then had an included angle of 30° and was li inches across

the open end. With the guide vanes modified in this manner, burn-
ing wes maintained In the tall pilpe &t eltitudes up to 30,000 feet
and at maximum éngine speed. No investigation wes made at a higher
altitude. A maximum taill-pipe fuel-air ratio of 0.027 was obtained
at = glmnlated altitude of 30,000 feet and a ram-pressure ratlio

of 2.00. Available eguipment limited furthor operebtion with flame
holder F to an altitude of 20,000 feet. At 20,000 fest end maxi-
mun engine speed, tail-plpe fuel-air ratios from 0.024 to 0.035
were obtained at a ram-pressure ratlo of 1.19 and fuel-alr ratiocs
from 0.020 to 0.029 were obtained at a ram-pressure ratlio of 1.54.
Combustion was nearly as stable with -this flame holder as with

the flame holder having turning venes and the conical grid of
V-type gutters. Inspection of flame holder F after operation
revealed that the gutters at the tralling edge of the turning

vanes had been excessively hot, but no portion of the flame

holder had been burned away. Performance data obtalned with

flame holder F are presented. .
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Fleme holder G. - The last flame holder investigated was a
perforated conical section installed in the tall plpe with the
apex . downstream (fig. 8). The diasmeter of flame holder G at the
upstream end was 265 inohes, at the downstream end 4%— inches, and
the length was 19 inches. Flame holder G was instslled 19-2]-' inches

downstream of the turbine and a gap of l_g. Inches was left between

the cone and the wall of the tall pipe. Holes approximately

1 inch in diameter were punched in the flame holder as close
together as practicable and still maintain sufficient structural
strength. Separate investigations were made with the eight radial
fuel spray bars located at dlfferent positions. In one case the

spray bars were loéated 3 inches and the other case 13.;: inches

downstream of the turbine. The perforated cone held the flame
for only & short time after meximum engine speed was reached &t
a simulated altitude of 5000 feet. Combustion In the tall pipe
at an altitude of 20,000 feet was not possible at engine speeds
above 5000 rpm., Changes In the locatlon of the spray bars had
no noticeable effect on combustion.

General operating characteristice, -~ With all seven flame
holders investigated apparently considerable fuel was burned neaxr
the wall of the tail pipe. During operaitlion at tall-pipe fuel-air
ratios sufficiently high to give limiting turbine-outlet tempera-
ture at maximm engine speed, the shell of the tail pipe was
excesgively hot even tholugh 1t was wrapped with cooling colls,

Fuel could not be ignited In the tail plpe at engine speeds
above 4500 rpm wlth eny of the flame holders investlgated and
in some cases 1t was necessary to reduce the engine speed to
3500 rpm before the fuel would lgnite. An engine aspeed limit
for ignlition of 4500 rpm was also encountered In the investiga-
tions reported In reference 1 wlth the large tail-pipe com-
_bustion chamber.

Because no high-voltage insula.tion was availsble that could.
withstand. temperatures up to 1200°F, the wires running through
the inner cone to the spark plugs in the ignition pllot usually
shorted out efter the engine had been operating for a short
pericd of time. In order toc ignite the tail-pipe fuel after
the wires were shorted out, 1t was necessary to accelerate the
engine rapldly, thereby cobtaining a burst of flame through the
turbine and into the tail plpe.
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PERFORMANCE WITH TATL-RIPE BURNING -

Data obtained at an altitude of 20,000 feet and ram-prossure
ratios of 1,19 and 1.54 with flame holder F, consisting of the

three turning venes and the 1%~inch gutters welded to the tralling

edge (flg. 7), are presented in figure 9. Data obtained at

30,000 feet and rama-pressure ratios of 1.67 end 1.98 with fleme
holder C, consisting of the conical grid of V-type guttera (fig. 4),
are shown in figure 10,

Figures 9 and 10 present (a) jet thrust, (b) net thrust,
(c) englne fuel consumption,(d) specific fuel consumption based on
net thrust, (e) air flow, (f) total fuel-air ratio, and (g) tail-
pipe total ~pressure ratio es functions of tail-pipe fuel consump-
tion. A limit line i1s drawn on the figures to indicate the
conditions at which maximum allowable turbins-cutlet temperature
(1680° R) was obtained. The total fuel-alr ratios (figa. 9(f) and
10(f)) were considorably below the stoichiometric 1limit of 0.067.
Operation of the small teil-pipe combustlion chamber with flame
holders C and F would therefore be desireble with a tail-pipe
nozzle larger then the one used because more thrust could then be
obtained from the engine at limiting turbine-outlet temperature
provided the pressure losses In the tail pipe were not too great.

At rated engine speed with the standard tail pipe and nozzle,
the engine operated at approximately limiting .tall-pipe tempera-
tures at low-altitude and low-airspeed conditions. At 30,000 feet
altitude end at the high ram-pressure ratios at which the invea-
tlgations were conducted, the tail-pipe temperature was lower than
the maximum alloweble tempersture. A varilable-area nozzle should
be used to maintain limiting temperature. Because present instal-
lations of turbojet engines do not use a variable-area nozzle, the
results of the tall-pipe burning investigation have been compared:
with the engine using a stendard nozzle with a fixed dlameter of

16— inches.

*The algnificant resulta of this investigation were obtained
&t conditions where the turblne-outlet temperature reached the
limiting value of 1680° R, as indlcated by the dashed lines in
figures 9 and 10. The succeeding discussion is confined to_the
results obtained at these conditions.

Comparisons between the date obtained with flame holders C
and F In the small combustion chamber and the dats presented in
reference 1 with the large cambustion chamber are ghown in
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figures 11 +to 16. -Varlations in corrected Jet thrust with tail-

- pipe total-pressuré ratio for the small tail-plpe combustion

chember at altitudes of 20,000 and 30,000 feet and with a 21l-inch-
diemeter taill-pipe nozzle on the engine are shown in figure 1l
for maximum engine speed and for all of the data shown In

figures 9 and 10. Data are also pressented for the large tail-
pipe combustlion chamber at an aeltitude of 30,000 feet with &
21-inch-diasmeter teil-pipe nozzle. These data are corrected to
sea-level conditions in order to facllltate comparison between
the results obtained at 20,000 and 30,000 feet. A curve showing

the corrected jet thrust obtainable with no total-pressure loss

in the tall pipe is &also presented in figure 11l. This curve was
calculated by means of equations (2) and (3). Throughout the
range of tail-plpe total-pressure ratios investigated, the cor-
rected Jet thrust with the small tall-pipe cambustion chamber
and flame holder C was spproximately 30 percent less than the
thrust calculated for no pressure loss across the tail pipe

and 14 percent less than the thrust obtalned with the large tail-
pipe combustion chember (reference 1l}. With the small tail-pipe
combustion chamber and fleme holder F, the corrected Jet thrust
was approximately 26 percent lower than the thrust calculated
for no pressure loss acrossg the tail pipe and 5 percent lower than
the thrust with the large taill pipe.

The differences in thrust shown in figure 11 are attributed
to friction and to combustion pressure losses in the tail plpe.
The friction loss across flame holder F amounted to about 9 per-
cent of the turbine-outlet total pressure, whereas the friction
loss with the largs tail-plipe combustion chamber was gbout 7 per-
cent of the turbine-outlet total pressure. The frictlon pressure
loss was not measured across flame holder C. As indicated in
figure 11, however, the greatest pressure losa occcurred with the
emall tail-pipe combustion chember and flame holders C and F.

The relatlon among tail-pipe total-temperature ratio, tail-
pipe-nozzle-outlet total temperature, and tail-pipe fuel-alr
ratio at limiting turbine-outlet temperature is shown in figure 12
for the large and the small tail-pipe caombustion chambers. The
dashed line shows the theoretical total-temperature ratio cal-
culated assuming 100-percent combustlon efficlency, & heating
value of the fuel equal to 19,000 Btu per pound, and no disso-
clation. The calculated total-temperature ratlo increased very
nearly linearly with the fuel-alr ratio, and the departure from
a linear variation is caused by the variation in the specific
heat of the gas with ges tempsraturs. The values of total tem-
perature were calculated with eguation (BS) of appendix B using
experimental values of Jet thrust and gas flow. Tall-pipe- .
nozzle-outlet temperstures up to 2865° R were obtained with
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flame holder C and temperatures up to 2620° R were obtained with
flame holder F. These temperatures are somewhat lower than the tem-
perature of 3360° R obtailned with the large tail-pipe combustion
chamber. . .A lerger nozzle on the smell tall pipe would permit
higher total fuel-air ratios and thus correspondingly higher tail-
pipe temperatures.

Tail-pipe combustion efficlency was computed by equation (A7)
in appendix A using the calculated values of tail-pipe temperature
shown In figure 12, Tall-pipe cambustilon efficiency 1s presented
in figure 13 as a function of tail-pipe total pressure. The pres-
sure is the moet important varlsble affecting combustion efficlency
in this case inasmuch as the Mach number and the temperature atb
the fleme-holder inlet were approximately the seme for each of ths
conditions presented in figure 13 and the tail-pipe fuel-eir ratio
d1d not differ greatly emong these conditions. With each tail
plpe, the combustion efficiency increased as the tall-plpe total
pressure beceme higher, that i1s, with increases in flight Mach
number. The combustion efficiency was lower with the small tall
pipe than with the large one throughout the range investigated.
For example, at a tail-pipe total pressure of 2400 pounds per
square foot absolute, the combustion efficlency was 65.5 percent
for fleme holder F, 67 percent for flame holder C, and 79.5 per-
cent for the large tail-pipe combustlon chamber.

Meagured wvalues of net thrust obteined st an altlitude eof
20,000 feet for the engine with a standard engine tail plpe with

a lsg—inch-diameter nozzle and for the small tall-pipe copbuetion

chamber with flame holder F are shown in figure 1l4(a). The net
thrust obtalned at a pressure altitude of 30,000 feet for the

engline with a standard tail pipe and lgz -Inch-dlameter tall-plipe

nozzle, for the small tail-plpe combuetion chamber wilth flame
holder C, and for the large tail-pipe ccmbustion chamber are
shown 1n figure 14(b)}. The values given for tail-pipe burning
were cbtained with a Zl-lnch-dlameter tail-plpe nozzle and a
limiting temperature of 1680° R at the turbine ‘outlet, wheresas
with the standard teil plpe the turbine-ocutlet temperature was
1530° R. A portion of the increase in thrust shown in figure 14
1s due to thie difference in turbine-outlet temperatures. The
values of thrust glven for the engine with the standard tall pipe
at an altitude of 20,000 feet (fig. 14(a)) were generalized to
this altitude from performance daeta obtalned at 30,000 feet.

These values of thrust were used 1n figure 15 to,obtain the
percentage increass in net thrust attributeble to the three tail-
pipe configurations. "At an altitude of 20,000 feet and an
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equivalent flight Mech number of 0.8, the net thrust was lncreased
76 percent with the small tail-pipe combustion chamber and flame
holder F as compared to 100 percent at en altitude of 30,000 feet
with the large tail-plpe combustion chamber. At an altitude of
30, 000 feet and an equlvalent Mach number of 0.9, the net thrust
was incredsed 59 percent wlth the smallltail-pipe combustion
chamber and flame holder C as compared to 103 percent with the
large tall-pipe combustion chamber. The differences in thrust
between the small and the large tall-pipe combustion chambers is
attributed to higher internal losses and lower taill-pipe tempera-
ture ratios for the small tall pipe. Higher intérnal losses were
incurred with flsme holder C than with flame holder F in the small
tail pipe, which accounts for the lower thrusts obtained. There-
fore, at each flight condition, the total fuel-alr ratio at which
limiting turbine-outlet temperatures were obtained decreased as
the losses across the tail plpes becams greater, as shown in
Tigure 16, The total-temperature ratic acroes the tall plpe
remains essentlally constent with chenges in flight Mach number
(fig. 12) and the combustion efficiency increases with flight
Mach number (fig. 13); therefore, the decrsase in total fuel-alr
ratlio as the flight Mach number is ralsed is malnly the result

of changes in combustion efficiency.

Speciflc fuel consumptions based on net thrust that corre-
spond to the thrust resulte of figures 14(a) end 14(b) are shown
in figures 17(a) and 17(b), respectively. At & flight Mach num-
ber of 0.8 and an altitude of 20,000 feet, the specific fuel
consumption wlth the small tail pipe and flame holder F was
79 percent higher than with the standaxrd engine and tall pipe
(fig. 17(a)). At a flight Mach number of 0.9 and an altltude
of 30,000 feet, the specific fusel consumptlon increased 77 per-
cent for the small.tall pipe with flame holder C as compered to
80 percent for the large tail pipe (fig. 17(b)). The efficiency
of a tail-plpe burning cycle 1s lower then that of a turbojet-
engine cycle. Thersfore, at any fixed englne conditlon the
efficiency of the combined cycles decreases as the amount of
tail-pipe burning 1s increased. Highsr preassure losses 1n the
small tall plpe so lowered the efflclency that the specific fuel
consumption was about the same for the large and the small tail-
pipe combustion chambers.

SUMMARY OF RESULTS

The followlng results were obtained from an investigation
of a tell-plpe combustlon chamber having the same external
dimenslons as the standard tall pipe at altlitudea of 20,000 and
30,000 feet and ram-pressure ratios from 1.19 to 1.98:
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‘L. At ean altitude of 20,000 feet and an equivalent flight Mach
number of 0.8, the net thrust was increased 76 percent with the
small tall-plpe combustion chember and flame holder F consisting of
turning vanes with a V-type gutter at the trailing edges. The
corresponding specific fuel consumption based on net thrust was
increased 79 percent. At an altitude of 30,000 feet and a flight
Mach number of 0.9, the net thrust was increased 59 percent with
the emall tail-plpe combustion chamber and flame holder C con-
sisting of turning vanes and & conical grid of V-type gutters,
whereas the net thrust was increased 103 percent with the large
tall-pipe combustion chember. The corresponding increases in
specific fuel consimption based on net thrust were 77 and 80 per-
cent. A portion of this increase in thrust was due to the fact
that the turbine-outlet temperature at rated engine speed with
the standard tall pipe and tail-pipe nozzle was below the limiting
value.

2. As a result of higher pressure losses in the small tail-
pipe combustion chamber, the corrected Jet thrust with the small
tall-pipe combustion chamber and flame holder C was approximately
30 percent less than the thrust calculated assuming nc pressure
loss across the tail plpe and 14 percent less than the thrust
obtained with the large tall-plipe combustion chamber. With flame
holder F, the corrscted Jjet thrust was approximately 26 percent
lower than the theoretical thrust and S percent lower than the
thrust obtalned with the large tail pipe.

3. The cambustion efficiency was lower with the smell teil-
plpe combustion chamber than with the large one. At a tail-pipe
total pressure of 2400 pounds per square foot absclute, the com-
bustion efficiency was 79.5 percent for the large tall pipe,

67 percent for flame holder C in the small tail plpe, and
65.5 percent for flame holder F in the small tail pipe;

4. The most stable combustion was obtained in the small
tall plpe with flame holder C. After short periods of tail-pipe
burning, however, sections of this flame holder were burned away.

5. Exceasively high tall-pipe shell temperatures were
obaserved wlth each of the seven flame holders installed in the
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small tail pipe during operation at & -tall-plpe fuel-air ratio
sufficiently high to give limiting turbine-outlet temperature
at maximum engine speed.

Flight Propulsion Research Laboratory,

National Advisory Commlttee for Aeronautics,
Cleveland, Ohio.

15
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APPENDIX A

METHODS OF CALCULATION

Symbols

The followlng symbols are used in the calculations:

crogss-gectional area, sq ft .
speed of sound, ft/sec
thrust scale reading, 1b

external drag coefficlent of installation (determined from
power-of f tests)

specific heat of gas at constant pressure, Btu/(1b)(°F)
jet thrust, 1b

net thrust, 1lb

acceleration of gravity, ft/sec?
enthalpy, Btu/lb

lower heating value of fuel, Btu/lb
mechanical equivalent of heat, ft-1b/Btu
Mack number

total pressure, 1b/aq £t absolute
ram-pressuie ratio

static pressure, 1b/sq ft absolute
dynemic pressure, lb/sg ft

universal gas comstant, £t-1b/(1b)(°F)
wing-gection area, sg ft

total temperature, °r
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Ty indicated temperature, °R
t statlic temperature, °r
veloclty, £t /sec

air flow, 1b/sec

a
Ve total fuel consumption, lb/hr
W o turbojet-engine fuel consumption, 1b/hr

Wr ¢ tail-pipe fuel consumption, lb/hr
W, exhaust gas flow, 1b/sec

Wf/Fn specific fuel Qonsumptidn based on total fusl consumption
and net thrust, 1b/(hr)(lb thrust)

f/a fuel-air ratio based on totel fuel flow to engine and
tail pipe .
(o] ratlo of free-stream statlic pressure to static pressure

at NACA standard atmospheric conditions, py/2116

iy tall-pipe combustion efficiency, percent

r ratio of gpecific heats of gases

) mess density of gas, slugs/cu ft

T total-temperature ratio across tail pips, T;/Tg
Subscripts:

£ fuel

J station at which statlic pressure of Jet reaches free-

stream embient pressure
r inlet duct at survey rake, station r
T tall plpe

x inlet duct at slip Joint, station x
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0 tunnel test-gsection free-zir stream

1 cowl Iinlet

6 diffuser inlet

7 tail-pipe-nozzle outlet
Temperature

A co0ld calibration of & sample thermocouple to a Mach mumber
of ebout 0.8 showed that the thermocouple measured the static
temperature plus approximately 85 percent of the adlabatic tem-
rerature rise owing to the lmpact of the air on the thermocouple.
Static temperature was determined from indiceted temperature when
this factor was applied to the adisbatic relation between tempera.-
ture and pressure In the following menner:

t = T1 (A1)
-1 .
1+ 0.85 2) 7 1
D
The total temperature was determined from
=1 .
7-1 @) Y
T=t(BY) 7 = T3 - _ (a2)
P -1
1 +o0ms|(BY 7 -1
4+ U. (E -

Alr Flow

The air flow through the englne was determined from pressure
and temperature measurements obtalned with a vertical survey rake

instelled in the inlet duct 11% feet ahead of the engine inlet.
Air flow was calculated by
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C z-1
2Jge: PN\ 7
wa=prArvrg___A_‘—‘ _t.if’_a <i-f> -1 (43)

The static temperature in eqﬁation-(AS) was obtained by use of
equation (Al).

Jet Tarust
Jot thrust was deterninsd from the balance-scales measurements

by combining the forces on the lnstallation in the fo]lowing
equatlion:

W
Fy =B + CpgyS + L+ a,{py - Do) (A4)

The second term in the right-hand side of equation (A4) represents
the external drag of the lnstallation and the thilrd and fourth
terms combined represent the force on the installatlon at the
frictlonless slip Joint in the inlet-air duct.

Equivalent Alrspeed
Inasmuch as all calculatlions are based on 100-percent ram

recovery, the equivalent airspeed corresponding to the ram-
pregsure ratlc at the engine inlet can be expressed by

Vg = 2chPT111-<> (45)

Because the adilsgbhatic temperature rise due to the cowl-Iinlet
veloclity was low, the equivalent free-stresm totel temperature
was assumed equal to the cowl-inlet indicated temperature. The
use of this essumption introduced an error in airepeed of less
than 1 percent.
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Net Thrust

When equations (A3}, (A4), and (AS) are combined, the equiva-
lent free-streem momentum of the inlet alr may be subtracted from
the Jjet thrust and the following equation for net thrust is
obtained: )

F,=Fy--20 (46)

Combustion Efficiency

The tall-pipe combustion efficlency was obtained by dividing
the heat added in the tail pipe by the heat content of the fuel
gupplied. .

_ 3600 Wg,-? Cp,7 T7 - 3600 ng’s Cp,8 TG'Wf,'b Hf,'b
be,t Wr ¢

T (47)

The numergtor of the right-hand side of this equation is com-
posed of the total heast in the gas leaving the tail pipe, the
totael heat in the gas entering the tail pipe, and the initial
heat in the liquid fuel added in the tail pipe.

Integrated values of Cp that took into account the effect

of temperature snd fuel-air ratio were used, Dissoclation of the
gases at high temperatvres was disregarded. The heating value of
the fuel used was 19,000 Btu per pound. .
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APPENDIX B

DERIVATION OF EQUATION FOR ESTIMATING GAS
TEMPERATURES FROM THRUST AND GAS FLOW

In all the cases reported, the Jet veloclty was supersonic.'
It is therefore sasumed that sonlc velocity exists at the outlet
of the tail-plpe nozzle, station 7. The Jet thrust FJ is glven

by
s
Fy = : Vo, + Az(p; - py)
The veloclity V; equals the sonic velocity a5; consequently,
W
Fy= -g§ a7 + Ay(p7 - Pg) (B1)

The pressure p-, &at the nozzle outlet can be eliminated by the
eguation of continulty

W

g=P7 87, 8
77 b7 Aq 8
&7

But M; = 1.0; thereforse

_ Vg 8y

D £ _{
7 77 A7 8

Equation (Bl) can then be reduced to

FJ=Wsa7 @*%7)'**71’0

g

Solving for aqs
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_Fy+ Do hy sy
&7 Wé (}7+i) (32)

The static temperature at station 7 is related to &, by

! (83)

and the relation of total to static temperature at station 7, where
M=1.0, is

pore e (24)

When equations (B2), (B3), and (B4) are combined, the following
expression for the total tempcrature T; ie obtained:

2
77(F4 + pg A7)

T, = 7 Jz (B5)
2R Wg (77 + 1)
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Figs. 2, 3 NACA RM No. E7FIO0
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Figure 2. - Flame hotder A composed of 30%-angle, V-type
gutters spaced on 2é—inch center lines; gutters | inch

across open end.

NACA
C.18781
5.21.47

Figure 3. - Flame holder B composed of 30%-angle, V-type
gutters spackéd on 5-inch center lines; gutters 2 inches
across open end.


http://www.abbottaerospace.com/technical-library



http://www.abbottaerospace.com/technical-library

Fig., 5 NACA RM No. E7F}0

Flgure 5, ~ Installation of spherical dome and Ignition
ptlot in smatl tail-pipe combustion chamber.
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Plane of tu'rbline discharge
1\1‘/—Fuel spray bar

|

Turning vanes
. f r V-type gutters
\

2

f -
Dome ~/ \__Ignition pilot

Figure 6. - Installation of type E turning-vane flame holder
with 15%°-angie, V-type gutters at trailing edge in small
tail-pipe combustion chamber; gutters % inch across open
end.
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/—Plane of turbine discharge
~Turnlng vanes

r _/—F'uel spray bar
/-V-t_ype gutters

Dome—/ \!gnition pilot

Figure 7. - Installation of type F turning-vane fiame holder
with 30 angle, V-type gutters at tralling edge in small
tail-pipe combustion chamber; gutters 14 Inches across
open end. 2

Y
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12- 17-46

Figure 8. - Perforated conical flame holder G; diameter at
upstream end, 26-'2- inches; diameter at downstream end,
45'- Iinches; length, I9 inches.
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Figure 9,= Variation of turbojet engine performance with tail-
g:ge fuel consumption for two ram=-pressure ratios, Flanme
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Flgure 9.~ Continued. Variation of turbojet engine performance
with tall-pipe fuel consumption for two ram-pressure ratios,

Flame holder F; altitude, 20,000 feet; 21-inch—~dlameter tail-
pipe nozele,
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Pigure 9,= Continued, Variation of turbojet engine performance
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Figure 1l,- Relation between tall-pipe total-pressure ratio and
corrected jet thrust of tuwrbo et engine with large tall-pipe
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gure 13,~ Relation between tail-pipe combustion efficiency
and tall-pipe total pressure of turbojet engine with large
tail-pige combustion chamber (reference 1) and small tai

ipe with two flame holders. e sgeed. 7600 rpm;
urbine-outlet temperature, 16809 R; 2l=-inch-diameter tail-

pipe noszle,

Q/ll
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NACA RM No. E7FI0O Fig. l4a
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{(a) Small tail pipe with flame holder F, Pressure altitude,
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Figure l4.~ Relation between equivalent flight Mach number and
net thrust of turbojet engine with standard tall pipe and with
tail-pipe burning in modified tall pipes. Engine speed, 7600
rpmy 2l=inch—-dilameter tail-pipe noszzle with tail—-pipe burning;
busbine-outlet temperature with tail-pipe burning, 1680° R;

15-4'\-1neh-dumeter noszle on standard tail pipe,
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Fig. fab NACA RM No. E7FI0
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(v) Large tall-pipe combustion chamber (reference 1) and small
tail pipe with flame holder C, Pressure altitude, 30,000 feet,

Figure 14,~ Concluded. Relation between equivalent flight Mach
number and net thrust of turbojet engine with standaréd tail
plpe and with tall-pipe burning in modified tail pipes, Engine
speed, 7600 rpm; 21-inch-~diameter talil-pipe nozzle with tail-
pipe bming; turbine-cutlet temperature with tailepipe burning,

1680° R} 167-inch—diameter nozzle on standard tall pipe,
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NACA RM No. E7FIO Fig. 15
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Figure 15,- Relation between increase in net thrust and equivalent
flight Mach number of turbojet engine with large tail-pipe
combustion chamdber (reference 1) and small tail pipe with
flame holders C and F, Engine speed, 7600 rpm; 2l-inch-
diameter tail-pipe nozzlej; turbine—cutlet temperature with
tail-pipe burning, 1680° R,
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Fig. 16 . NACA RM Nao. E7FI0O
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Plgure 16,~ Relation between total fuel-air ratio and equivalent
flight Mach number of turbojet engine with large tall-pipe
combustion chamber (reference 1) and small tall pipe with
flame holders C and F, Engine speed, 7600 rpm; 2i-inch-
diameter tail-pipe nozzle; turbine-outlet temperature, 1680° R,
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NACA RM No.

Specific fuel consumption based on net thrust, We/F,, (1b/(hr)(1b thrust)
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Figure 17.—~ Relation between specific fuel consumption based on
net thrust and equivalent flight Mach number of turbojet
engine with standard tail pipe and with tall=pipe burning in
modified tall pipes, Engine speed, 7600 rpm; 2l-inch-diametepr
tailepipe nozzle with tail-pipe burning; turbine-outlet tem=
perature with tail-pipe burning, 1680° R,

E7FI0Q . Flg. 17a
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Fig.

Specific fuel consumption based on net thrust, Wg/Fn, 1b/(hr)(1b thrust)
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{t) Large tall-pipe combustion chamber (reference 1) and small
tail pipe with flame holder C, Pressure altitude, 30,000 feet,

Figure 17,- Concluded, Relation between specific fuel consumption
based on net thrust and equivalent flight Mach number of turbo-
Jet engine with standard tail pipe and with tail=pipe burning
in modified tall pipes, Engine speed, 7600 rpm; 2l=inch=
diameter tall=pipe nozzle with tail=pipe burning; turbine-
outlet temperature with tail-pipe burning, 1680° R,
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