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NATIONAL ADVISORY COMMITTEE FOR !/

RESEARCH MEMORANDUM

ALTITUDE-WIND-TUNNEL INVESTIGATIONS OF THRUST s
AUGMENTATION OF A TURBOJET ENGINE
I - PERFORMANCE WITH TAIL-PIPE BURNING

By W. A. Fleming and R. 0. Dietz

SUMMARY

Thrust augmentation of & TG-180 turbojet engine by burning fuei
in the tail pipe has been investigated in the Cleveland altitude wind
tunnel. The engine thrust and the fuel consumption were determined
for a wide range of simulated flight conditions and tail-»nipe fuel
flows. The investigation wes particularly directed toward evaluation
of thrust avgmentation for high-speed and high-altitude flight. The
engine tail pipe was modified for the investigation to reduce the
gas velocity at the inlet of the tail-pipe combustion chamber.

The thrust of the standard TG-180 engine was increased 109 per-
cent by tail-pipe burning when investigated under conditions corre-
sponding to a Mach number of 1,18 at a simulated altitude of
30,000 feet. At these simulated flight conditions the specific fuel
consunption, defined as the pounds of fuel burned in the engine and
tail pipe per pound of net thrust, increased 67 percent above the
gpecific fuel consumption for the standard engine without tail-pipe
burning. The cycle efficiency and the thrust increment from tail-
pipe burning decreased with & decrease in simulated flight speed.

At a simulated altitude of 30,000 feet and a flight Mach number of
0.7, the thrust was augmented 95 percent and the specific consumption
increased 91 percent above the consumntion of the standard engine.

The general trends of the experimental values were in agreement
with values calculated from theoretical equations.

INTRODUCTION
Thrust augmentation of turbojet engines to provide military

ratings is of extreme importance in increasing their usefulness and
range of application. The burning of fuel in the high-pressure
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region of the tail pipe provides a practical cycle for increasing

the thrust of the Jet engine without increasing the temperature or
stresses in the turbine buckets or otherwise disturbing the normal
cycle of the engine operation provided that the tail pipe is equipped
with an adjustable-area nozzle.

An investigation of thrust augmentation by tail-pipe burning
has therefore been conducted in the Cleveland altitude wind tunnel
to determine whether the theoretically predicted performance of
tail-pipe burner installations could be practically achieved.

’ Particular attention wes directed towasrd the evaluation of perform-
| ance at high speeds and altitudes.

The most important requirements for the ideal tail-pipe burner
are:

1. Maximum thrust at high efficiency

2. Wide range of stable burner operation

3. Minimum thrust loss for operation without tail-pipe burning
4., Minimum change in over-all dimensions of the engine

S. Adequate tail-pipe cooling

6. Light weight

" The fulfillment of these objectives introduces numerous research
problems. In this investigation attention was concentrated on the
attaimment of the first two requirements.

he standard tail pipe of the TG-180 turbojet engine was
replaced with a larger tail n»ipe designred to provide favorable con-
ditions for combustion; no particular consideration was given to
gize and weight of this installation. A series of interchangeable,
fixed-area nozzles was used because no variable-area nozzle was
available, The investigation was made at ram-pressure ratios
between 1.045 and 2.35, corresponding to flight Mach numbers from
0.25 to 1.18, and at simulated altitudes of 5000 and 30,000 feet.
Air was supplied to the engine through a duct at pressures corre-
sponding to conditions at each simulated altitude and airspeed.

Performance results of the tail-pipe burning investigation
on the TG-180 turbojet engine and a comparison of experimental
results with theoretical calculations are presented.

} CONFIDENTIAL
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SYMBOLS

The following symbols are used in the calculations:

A cross-sectional area, square feet

a speed of sound, feet per second

B thrust scale reading, pounds

Cp external drag coefficient of installation (determined from

power-off tests)

Cp gpecific heat of gas at constant pressure, Btu per pound
per OF

Fj Jjet thrust, pounds

Fy net thrust, pounds

g acceleration of gravity, feet per second per second

J mechanical equivalent of heat, foot-pounds per Btu

M Mach number

m mass flow, slugs per second

B total pressure, pounds per sguare foot absolute

Pl/PO ram~pressure ratio

P static pressure, pounds per sqguare foot absolute
a dynamic pressure, pounds per square foot

R gas constant

S wing-section area, square fee?b

s total temperature, °R

Ty indicated temperature, °R

; static temperature, °R
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\ Vi velocity, feet per second
\ W, air flow, pounds per second
| Wf total fuel consumption, pounds per hour
‘ Wre turbo jet-engine fuelAconsumption, pounds per hour
! Wft tail-pipe fuel consumotion, pounds per hour
Wg exhaust gas flow, pounds per second
Wf/Fn specific fuel consumption baged on net thrust and total
fuel consumption, pounds per hour pound thrust
f/a fuel-air ratio based on total fuel flow to’engine
and tail pipe
¥ ratio of specific heats for gases
o mess density of gas, slugs per cubic foot
il total-temperature ratio across taill pipe, TlO/TG
Subscripts:
g exhaust gas
9 exhaust Jjet at vena contracta
e inlet duct at survey rake, station r
X inlet duct at slip Jjoint, station X
0 tunnel test-gection free-air stream
A cowl inlew
6 diffuser inlet
10 tail-pipe nozzle outlet
FUNDAMENTALS OF TAIL-PIPE BURNING
The jet thruat of the turbojet engine is equal to the product
of the mass rate of ges flow and the jet velocity. Thrust
CONFIDENTTAL




NACA RM No. E€I20 CONFIDENTIAL )

avgnentation of a turbojet engine by burning fuel in the tail pipe
results in an increase of the final Jjet velocity. The value of the
Tinal Jet velocity is given by

[ 222
" y
s o 0
V=M L('I';: 7 =1 (%)
L S O

Inasmuch as the speed of sound of the jet a. 1is proportional to

]
the square root of the absolute temperature of the Jjet, 1t follows
that the jet thrust is also proportional to the square root of the
absolute temwerature of the Jjet. Maximum final Jet temperatures are
reached when sufficient fuel is sdded in the tail pipe to burn com~
pletely all the oxygen in the air passing through the engine. Max-
imum thrust is obtained when the engire is operated at the maximum
allowable engine speed and turbine-outlet temperature. These
operating conditions correspond to maximum total pressures of the
ges at the discharge of the turbine.

Az the amount of fuel burned in the tail pipe is wvaried, the
tall-pipe nozzle area must be changed to maintain maximum allowable
engine conditions. An expression for Jjet thrust involving Jjet area
and Jet Mach number is

Fy = y_‘poAijz (2)

and the Mach number squared is

o i
2 et B
=10

Jet Mach number M, 1s principally a function of the total-
LS

Pressure ratio PlO/POf which remains essentially constant at fixed
engine and flight conditions and, if losses are disregarded, is
independent of the Jet temperature, At the maximum allowable engine
operating conditions, the Jjet thrust is therefore proportional to
the Jet area (equation (2)). Because the jet thrust at fixed engine
operating conditions is proportional to the square root of the jet
temperature, it follows that the Jjet area required to maintain max-
imum allowable engine operating conditions will be proportional to
the square root of the Jjet temperature.

CONFIDENTTIAL
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INSTAILATION FCR TATIL-PIPE BURNING
IN TG-180 TURBO.TET ENGINE

The TG-180 engine hes an ll-stage axial-flow compressor, eight
cylindrical combustion chambers, a single-stage turbine, and an
exhaust nozzle. The over-all length of the standard engine is
14 feet and the meximum diameter is Z6 incles.

The standard tail pipe was replaced by = modified tail pipe,
which was lengthened to include a diffuser, a 5-foot combustion
chamber, a reducer section, and & tail-pipe nozzle. A gketch of the
installation is shown in figure 1. The diffuser (fig. 2) was
designed to reduce the average gas speed to approximately 300 feet
ner second.

The flame holder used in the tail pipe (fig. 3) consists of
vertical and horizontal V-type gutters and is a modification of the
type found to be satisfactory in altitude wind tunnel investigations
of an NACA 20-inch-dismeter ram Jet. Fuel was sprayed normal o the
direction of gas flow through small holes in seven horizontal spray
bars, waich were atfached to the upstream side of the horizontal
V-type gutters in the fleme holder and to a manifold outside the
wall of the flame-holder section (fig. 3(a)). Fuel was supplied to
the spray bars at pressures from & to 175 pounds per square inch,
depending on the operating condition. The tail-pipe fuel was
ignited either by means of propane blown over & gpark plug or by
rapid acceleration of the engine.

A circular combustion chamber 34 inches in diameter and S feet
in length was located irmediately downstream of the flame holder.
A reducer section and an exhaust nozzle converged to form the desired
outlet area. Downgtream of the flame holder the tail pipe was
wrapped with 0.75-inch-diameter copper tubing. Water was circulated
through this tubing to prevent excessive shell temperature.

WIND-TUNNEL INSTALLATICN AND TEST PROCEDURE

The TG--180 turbojet engine was suspended from a wing section
installed in the 20-foot-diameter test section of the altitude wind
tunnel (fig., 4). The installation wes simplified by omitting vthe
cowling. Dry refrigerated air was supplied to the engine throuch a
duct from the tunnel make-up air system (fig. 5). A frictionless

genled slip joint in the inlet-air duct 40 feet upstream of the engine
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inlet made it possible %o measure the thrust with the tunnel balance
scale system. The a2ir wes throttled from approximately sea-level
pressure to the desired pressure at the engine inlet while the pres-
sure in the wind-tunnel test section was maintained at the desired
altitude. The temperature of the engine inlet air was regulated to
the approximats NACA standard temperature corresponding to the sim-
ulated flight speed and aslvuitude.

Preliminary calibration runs were made with a standard engine
4
4
evaluating the changes in performance resulting from tail-pipe
burning.

equipyed with a 18=-inch-diameter nozzle %o provide & basis for

The investigations were conducted at simulated altitudes of
500C and 30,000 feet and rem-nressure ratios from 1.045 to 2.35,
which correuponu to flight Mach numbers from 0.25 to 1.18. At each
simulated flight condition, the TG-180 engine was operated at a
gpeed of 76020 rym and data were obtained at various fuel flows
throughout the operable range of the tail-pine combustion chamber.
The minimvm fuel flow was determired by combustion blow-out in the
tail pipe and the maximum fuel flow was dedb ermined by the limiting
turbine-discharge temperature (12 20° F). Tail-pipe nozzles larger
than gtandard were needed to permit high fuel flows for the tail-
pipe burning without exceeding rormiseivle turbine temperatures.
Bscause no cony Jruou31v varigble outlet-area nozzle was available,

fixed nozzles of 18-, 19%—, and 21-inch diameters' were substituted.
4

A survey rale was mounted in the inlet duct upstream of the
engine inlet (fig. 5) to measure the engine air flow. PFressures
end temperaturss of the gases were mcasured at 10 stations in the
engine (le. 1). The tail-pipe rake, station 10, was so mounted
that it could be retracted from the nozzle outlet. Measurcments
were made with this rake only for conditions with no tail-pine
burning because of the high gas temperatures when fuel was burning
in the tail pipe. Thrust was determined from the balance scales
Tor all the test conditions for which data are presented. Tue
methods used to determine thrust and air flow from these measure-
ments are given in appendix A. Kerosene (AN-F-32) was burned in
the engine and 8Z-octane unTeﬂded sagoline was burned in the tail-
pipe combustion chamber, The I fuel flow to each component was
measured by calibrated rotameters.

CONFIDENTIAL
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DISCUSSION OF RESULTS

Data obtained in this investigation are presented in figures 6,
T, and 8 for three tail-pipe nozzle diameters, two altitudes, and
five ram-pressure ratios, respectively., Each of these flgures pre-
gent (a) jet thrust, (b) net thrust, (c¢) engine fuel consumption,
(d) specific fuel consum“t¢on baged on net thrust, (e) air flow,
(f) total fuel-zir ratio, and (g) tail-pipe total-pressure ratio as
functions of tail-pine fuel conswaption, A 1limit line is drawm in
gome figures to show the conditions at which the maximum allowable
turbine-outlet temperature (1220° F) was attained.

The engine with the standard tail nipe and nozzle operated at
approximately limiting tail-pipe temperatures at low altitude and
low airspeed conditions, At 30,000 feet and at the high ram-
pressure ratios at which the investwbat*ono were conducted, the tall-
pipe temperature was lower than the naximum allowable temocrd# ure.

A variable-area nozzle should be used to maintain limiting tail-pipe
tenperature. Because present installations of Jet engines do not
use a variable-area nozzle, the results of the tail-pipe burning
tests have been compsred with the engine using a standard nozzle
with a fixed dismeter of 16¥ inches.

}
&

ignificant resulis of this investigation were obvltained
at con ﬁi ions where the turbine-ontlet temperatures reached the
limiting value of 1220° F, as indicated by the dashed lines in fig-
ures 6 to 8. The succeeding discussion will be coniined tc the
esults cbtained at these conditions.

The Jjet thrust at conditions of limiting turbine-outlet tem-
perature and meximum engine spsed increased in direct proportion
to the increase in tail-pipe nozzle arez, as shown in Tigure S.
The straight line on the graph shows the ideal thrust calculated
by equations (2) and (3). The jet thrust obtained was about
17 percent less than the value computed by theory. The difference
between theoretical and experimental results is attributed to
friction and combustion-pressure losses in the tail pine,

The loss in total pressure in the modified tail pipe was
determined from the difference in total pressure at the diffuser
inlet (station 6) and the total pressure at the tail-pipe nozzle
outlet (station 10). The losses were measured when the engine was

equipped with a standard 16- ~-inch~-diameter nozzle and no purning

was present in the tail pipe. The cold friction coefficient
(PG - Plo)/qg was 0.7 q% which corresvonded to a total pressure

CONPIDEITTTIAL
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loss of 7 percent. The losses were smaller in the standard tail
pipe than in the modified tall pipe; the data for the standard
engine in figure 9 were therefore expected to fall between the theo-
retical and experimental curve. As previously mentioned, during
operation at high simulated altitudes and high ram-pressure ratios,
the limiting temperatures were not reached with the standard
16§—inch-diameter tail-pipe nozzle, which explains why the thrust

=3
for the standard engine was lower than eXpected.

The relation among jet thrust, total temperature of the Jet,
and total-tewperature ratio T is shown in figure 10. The values
of total temverature were computed by eguation (B-5) in appendix B.
Combustion temperatures of 3760° R were reached (fig. 10). Fig-
ure 11 shows the relation among tail-pipe fuel consumption, total
fuel-air ratio, and total-temperature ratio across the tail pipe.
A dashed line has besn drawn showing the theoretical temperature
ratio assuming 100-percent combustion efficiency and a heating value
of the fuel equal to 19,0C0 Btu per pound. The theoretical temper-
ature ratio did not increase linearly with the fuel-air ratio
beceuse of the variation in the gpecific heat of the gas with g=s

oo

temperature. The mean value of tail-pipe combustion efficiency
computed from this figure for results obtained at an altitude of
30,000 feet and a ram-pressurs ratio of 1.668 is about 7O percent.
At ram-pressure ratios of 1.045 and 2.35 combustion efficiencies
of approximately 65 end 83 percent, respectively, were obtained.
The increased combustion efficiency at high ram-pressure ratios
results from the higher pressure in the tail pipe at the high ram
conditions and is in general agreement with results obtained in
other combustion studies. ;

The maximum total fuel-air ratio attained at a ram-pressure
ratio of 1.66 and an altitude of 30,000 feet was 0.057 with a
2l-inch-dismeter tail-pipe nozzle. Tuel-zir ratios closer to
gtoichiometric with correspondingly greater thrusts might have been
obteined with a slightly larger tail-pipe nozzle.

The increase in thrust resulting from tail-pipe burning results
in higher specific fuel consum»tions than for the standard engine
(fig. 12). When fuel was burned in the tall pipe at 30,000 feet
and a ram-pressure retio of 1.66, the net thrust was 3020 pounds
with a net thrust specific fuel consumption of 2.50 pounds per hour
per pound of net thrust as compared with a net thrust of 1530 pounds
and a net thruet specific fuel consumption of 1.36 pounds per hour
per pound of net thrust for the standard engine without tail-pipe
burning at the same flight conditions.

CONFIDENTIAL
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The effect of altitude on tail-pipe burning was obtained from
tests with g 2l-inch-diemeter tail-pine nozzle at low ram-pressure
ratios. The total fuel-air ratios and the tail-pipe total-pressure
ratlos P6/f3 at limiting tail-pipe temperatures were much lower

at 5000 feet than at 30,000 feet (figs. 7(f) and 7(g)). The higher
combustion efficiencies at low altitudes were primarily responsible
for the lower observed fuel-air ratios at 5000 feet. The total-
pressure ratio across the tail »ipe increased at higher altitudes
owing %o the increase in the compression ratio of the engine com-
Pressor as the inlet temperature was lowered. As a result of the
hlgner tail-pipe total-pressure ratios at the higher alti tudes,
larger percentage increases in thrust available Iom tail-pipe
burning were possible at 30,000 feet than at 5000 feet (fig. 13).

Increasing the ram-pressure ratio incressed the mass flow of
gases through the engine and the total-pressure ratio Pg/i:wO across

the tail pipe (figs. 8(e) and 8(g)). A cross plot showing the
variation of teil-pipc total-pressure retioc with ram-pressure ratio
at limiting turbine-outlet temperatures is shown in figure 14.
Experimental and theoretical values of the veriation of jet thrust
with tail-pipe total-pressure ratio at limiting turbine-outlet tem-
peratures and at an altitude of 30,000 feet are shown in figure 15,
The theoretical results were cu*ovlated by means of equations (2)
and (3). The experimental values are lower than the theoretical
values owing to friction and combustion pressure losses in the tail
pipe.

The measured values of net th 1ust at an altitude of 30,000 feet
for the engine with a standard 46~—1nvh diameter nozzle and for the

engine equipped with the tail- plpe combustion chamber and a 2l-inch-
diameter nozzle are shown in figure 15. The values given for the
engine with tail-pipe burner represent a limiting temperature of
1220° F at the turbine outlet, The results are renlotted in fig-
ure 17 to show the percentage increase in net thrust attributable
to tail-pipe burning.

The net thrust was increased 71 percent at o Mach number of 0.25,
95 percent at 0.7, and 109 percent et 1,18, A Ffurther increase in
thrust 1s believed possible by so increasing the nozzle sizs that
the effective total fuel-air ratio of the cngine is brought up to the
stoichiometric value.

Specific fuel consumptions based on net thrust that correspond
to the thrust results of figure 16 are shown in figure 18. The

CONFIDENTTIAL
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specific fuel consumption increased 126 percent at a Mach number of
0.25, 91 percent at 0.7, and 67 percent at 1.18. The improvement
in efficiency and thrust auguentation with increase in airplane
speed is clearly demonstrated.

SUMMARY OF RESULTS

Results from an investigation in the Cleveland altitude wind
tunnel of thrusht asugmentation of a TG-180 turbojet engine with
tail-pipe burning were as follows:

1. At an altitude of 30,000 feet, the net thrust of the stand-
ard engine was increased Tl percent at a Mach number of 0.25,
95 percent at a Mach number of C.7, and 109 percent at a Mach number
of 1.18. The corresponding increases in specific fuel consumption
were 126, 91, and 67 percent.

o. As a result of the higher tail-pipe total-pressure ratios
at the higher altitudes, larger percentzge increases in thrust
available from tail-pipe burning were possible at 30,000 feet than

at 5000 feet.

3. An adjustable-area tail-pipe nozzle 1is required in order to
obtain benefit from tail-»pipe burning. t an altitude of 30,000 feet
and a ram-pressure ratio of 1.65, the optimum dismeter with tail-pipe
burning was slightly larger than 2zl inches, as compared with the

gtandard nozzle diameter of 16% inches.

4. At an altitude of 30,000 feet, the combustion efficiency of
the tail-pipe combustion chamber varied from 65 percent with the low
pressure in the tail pipe, which is aggociated with a ram-pressure
ratio of 1,045, to 83 percent with the higher tail-pipe pressure,

which is sssociated with a ram-pressure ratio of AL
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5. The engine performance claracteristics experimentally
determined with tail-pipe burning were compared with thoge calcu-
lated from theorastical equations and the general trends of the
eiperimental and theoretical values were in agreement. he Jet
thrust obtained with tail-pipe burning was 17 percent lower than the
Jet thrust estimated from a simple analysis that did not include
losses.

Aircraft Engine Research Laboratory,
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Cleveland, Ohio.,
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Aeronautical Engineer.
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APPENDIX A

METHODS OF CALCULATTION
Temperature

A cold calibration of a sample thermocouple up to a Mach num-
ber of sbout 0.8 showed that the theimocouple measured the static
temperature plus aprroximately 85 percent of the adiabatic tempera-
ture rise owing to the impact of the air on the thermocouple.
Static temperature may be determined from indicated temperature by
applying this factor to the adiabatic relation between temperature
and pressure in the followlng manner:

T,
5 = e o (a-1)
I oy-1
/N Y
Yo DBk L
\P/
and the total temperature
y-1
.'/P\‘ 7 Ti‘
TEE, = — (2-2)
N |
1 + 0.85 - %J
Air Flow

he air flow through the engine was determined from pressure
and temperature measurements obtained with a vertical survey rake

installed in the inlet duct 11% feet ahead of the engine inlet
i

'z

(fig. 5). Air flow was calculated by

21
P A 2dgc B
W, = pp Ay Ve = — : — (l;{\ it i

The static temperature in eguation (A-3) was obtained by use of
equation (A-1).
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Jet Thrust

Jet thrust was determined from the balance-scale measurements
by combining the forces on the installation in the following
equation:

W Vg

g

Few= B O g8 +
3 D"

+ A (2, - D) (A-4)
The second term in the right-hand side of equation (A-4) represents
the external drag of the installetion and the third and fourth
terms combined renresent the force on the installation at the fric-
tionless slip Jjoint in the inlet-air duct.

Equivalent Airspeed

Inasmuch as all calculations are based on 100-percent ram

recovery, the equivalent airspeed corresponding to the ram-pregsure

ratio at the engine inlet can be expressed by

Ii i '/v-]_
i oot
- | ,/Ik,\/
.\170 = /\ ' 2(}831} Tll‘ l 1 - i\ —15—- | (.&_S)
\j e /

Becavse the adiebatic temrerature rise due to the cowl-inlet velocity
was low, the equivalent free-atresm total temperature can he esssumed
equael to the cowl-inlet indicated temperature., The use of this
essumpbion introduces an ervor in sirspeed of less than 1 percent,

et Thrust
When equations (A-3), (A-4), and (A-5) are combined, the equiv-
alent free-stresm momentum of the inlet air may be subtracted from
the jet thrust end the following equation for net thrust is obtained:

.V, .
= a'l :
F, = ik il (‘1\...(:.)

S
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APPENDIX B

DERIVATION OF EQUATION FOR ESTIMATING GAS
TEMPERATURE FROM THRUST AND ATR FLOW

Tn all cases covered in this report, the jet velocity was
supersonic, It is therefore assumed that sonlc velocity exists at
the outlet of the tail-pipe nozzle, station 10. The Jet thrust FJ

is given by

Fi=

3
(2

02 fo

Vig + 210(P10 - Po)

The velocity Vyg equals the sonic velocity aqq; conseguently,

U;E

Fy = 819 + Ag(P1g - 2o) (3-1)

R
The pressure PlO at the nozzle ocutlet can be eliminated by the
equation of continuity

= P1g 40 V90 8

V8P Mg

T R L
410
But MlO = 1,0; therefore
i Wé 219
plO — g AlO i

Equation (B-1) can then be reduced to

W an / - \
g *10 L
Foz——— {1 +<= 1 = A
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Solving for a,g,

FJ + po ‘A"]_O / vg \\

i 10 Vig '-\7 + 1) (8-2)

The static temperature at station 10 is related to 210 by

8 ,«2
. L P
Tip = === B-3
ol (3-3)
and the relation of total Uto static temperature at station 10, where
M= 1,0, is
il ORI . Tl
Y 1 Y = ot V4 T
= = 1 4 e = e B-4

When equations (3-2) 2 ; ere coubined, the following
expression for the totel temperature Typ 1is obtained:
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Figure 7. - Varigtion of turbvojet engine performance
with tail-pipe fuel consumption for two altitudes.
Engine speed, 7600 rpm; ram-pressure ratio, 1.045;
Z2l-inch~-diameter tail-pipe nozzle.
B S S N S U PR SO e N, T
T R S ARSI N A S A T,
(c) Engine fuel conaumption. + o v v v v o s o o o « o » « F-16
(d) Specific fuel consumption based on net thrust. , . . . F-17
L e e R R R e i e PBITE  EE,
(B RORAE Tupl-all TAEI0 . & o s n 5 5 %0 % 0 % % oin o DA
(g) Tail-pipe .total-pressure Tati0 « « o o o « o o o o« o o F-20
Figurre 8., - Varistion of turbojet engine performance with
tall-pipe fuel consumption for five ram-pressure ratios.
Altitude, 30,000 feet; 21i-inch-diameter tail-pipe nozzle,
ot e R R T Ll O R T I T SR -
LT T 0 L AT e T s e bRl oL e - L e i R
{0 g iue, Tuel. consumpBons (6 el n b wld Beel B o B e L2
(&) Specific fuel congumption based on net thrust. . . . . F-24
R 0 s e e s d e 6 R e e S el D
LT R e a e s b Y ek S e el TR R
(8) Tailepipe total-pressure ratic . + + « s« 5 » « » o« v s F=BT
Figure 9. - Relation between nozzle area and thrust of
turbojet engine with tail-pipe burning. Engine speed,
7600 rpm; turbine-outlet temperature, 1220° F; ranm-
pressure ratio, 1.66; altitude, 30,000 feet. Value of
y WwWas assumed equel to 1.27 for calculation of
oD TRal BEPUBE. o o o v 0 % w0y 5 s sy e oo el el B e BERE
Figure 10. ~ Relation between Jeot thrust and total temper-
ature of gases leaving ta pive of turbojet engine with
tall-pipe burning. BEnginé speed, turbine-outlet
temperature, 1220° F; ram-pressure ratio, l 66; altitude,
SR TR L Y v i R Y 5w oalae ete w  T e e e Typs REIG
Figure 11. - Relation between tail-pipe total temperature
ratio and tail-pipe fuel consumption of turbojet engine
with tail-pine burning. Engine speed, 7600 rom; ram-
pressure ratio, 1.66; turbine-outlet temperature, 1220° F;
¥-30
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Figure 12, - Relation between net thrust and specific fuel
consumption based on net thrust of turbojet engine with
gtandard tail plpe and with mcdified tail pipe with teil-
pipe burming. ZIEngine speed, 7600 rpm; turbine-outlet
temverature, 1220° F; ram-pressure ratio, 1.68; altitude,
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Figure 13, - Effect of altitude on percentage increase in
thrust from teil-pipe burning with turbojet engine.
Engine speed, TG00 rpm; turbine-outlet tempsrature,

1220° F; ra —*”esser ratio, 1.,045; 2l-inch-diameter
J ? 2
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Figure 14, - Relation between tail-pipe total-pressure
ratio and ram-presgsvre ratio for turcojet engine with
tail-pipe burning. Engine s;eed, bOO rom; turbine-outlet
temperature, 12200 F; altitude, 30,000 fe6te e e o « « o« « »

=]

Figure 15, - Bffect of ram-nressure rabtio on relation
between tail-pipe total-pressure ratio and Jjet thrust
of turbojet engine with tail-pipe burning. IEngine
speed, 7600 rym; turbine-outlet temperature, 1220° F;
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Figure 16. - Relation between equivalent flight Mach number
and net thrugt of turbojet engine with standard tail pipe
and with modified tail pipe and tail-pipe burning. IEngine
speed, 7600 rym; turbine-outlet temperature, 1220U ¥
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Figure 17. - Relation between cquivalent flight Mach number
ané percentage increase in net thrust resuliing from taill-
Pipe burning with turbojet oﬂ‘ine. Engine speed, 7600 rym;

turbine~outlet temperature, 1220C F; altitude, 30,000 feet.

Figure 18. - Relation betweon cquivaleut flight Mach number
and specific fuel consumption hased on net thrust for
turbojet engine with standard tail pipe and modified tail
Pipe with tail-pipe burning. ZEngine spsed, 7600 rpm;
turbine-outlet temperature, 1220° F; altitude, 30,000 feet.
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Figure §,~ Variation of turbojet engine performance with tail=-

pipe fuel consumption for three taile-pipe nozzle diameters.

Engine speed, 7600 rpm; altitude, 30,000 feet; ram-pressure
ratio, 1.66. -
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Figure 6,~ Continued, Variation of turbojet engine per-

formanece with tail-pipe fuel consumption for three tail=-

® S « pipe nozzle diameters. Engine speed, 7600 rpm; altitude,
30,000 feet; ram-pressure ratio, 1,66, i
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