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INTbODUC"TON

The tail-pipe-burning method of thrust augmentation for turbo-
Jjet engines consists of introducing and burning fuel between the
turbine and the exhaust nozzle of the engine. The increased tem-
perature  of the exhalist gases results in increased jet velocity and
hence increased thrust. Tail-pipe burning, or afterburning or
reheat, as it is sometimes designated, is not only an augmentation
device for improving the take-off and high-speed performance of
aircraft, but-also the complete configuration may be considered as
a distinct engine type for flight at supersonic speeds.

A theoretical analysis of tail-pipe burning is reported in
reference 1 wherein generélized charts are presented that permit
convenient estimation of -tail-pipe-burning performance. for various
design and operating conditions. In this paper, results of the
investigation cof re¢o 'ence 1 are reviewed and extended with par-
ticular attention to the effect of burner design parameters on
augmented and normal engine performancc. Consideration is also
given to the correlation of tail-pipe- burner blow-out limits with
f11ghL ope atlng condltlons.

METHODS

Schematic diagrams of normal and tail-pipe-burning engine
configurations are shown 'in figure l.. The two engines are the
same except of. course, for their tail pipes. In the normal con-
figuration (le. 1(a)), the turbine-outlet gas is diffused slightly
to the exhaust-cone-exit plane and flows to the jet nozzle through
a simple tail pipe of a length dictated by the alrplane installation.

In the tail-pipe-burner -configuration. (fig. (1(b)), the turbine-
outlet gas is diffused to the burner~inlet plane where fuel is
injected. In some designs fuel is injected at various positions
in the diffuser. Flame holders are lccated downstream of the
fuel-injection nozzles to furnish the stagnation regions and the
turbulence necessary for combustion, and a suitable length of




tail pipe is provided to permit completion of combustion before
reaching the exhaust nozzle.

The tail-pipe-burner-inlet velocities must be sufficiently
low to avoid excessive pressure losses and to insure satisfactory
combustion. Accordingly, the system®requires more diffusion and
a tail pipe of greater area than the normal engine.  The exhaust
nozzle must also be larger than that of the normal engine because
of the increased gas volume associated with the higher temperature
and must be adjustable (either two- ~position or continuously var-
iable) in order to provide for operation under both normal and
augmented conditions.

Calculations were made to investigate the effect on engine
performance of the. follow1nﬁ tail-pipe-burner and engine design
parameters:

I Dleuser efflczency Mg considered herein as adiabatic

eff1c1encv on energy basis between turbine-outlet and

1oz
2 -1§

burner-inlet étations, T

2 Burnef:inlet veiocity Vi

W

. Burner drag coefficient .Cps defined as total frictional

pressure drop.across tail-pipe burner divided by burner-
inlet. dynamic head

4. Burner-outlet gas temperature Tb

5. Exhaust-nozzle velocity coefficient Cy, defined as ratio

.. of actual to theoretical jet velocity and equal to square
root of exhaust-nozzle efficiency (on energy basis)

6 Turbine—outlet“velocity Vi

e rFurblne outlet .pressure or engine compressor pressure
ratig o

The ddditional symbols used herein are:

P static pressure
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R gas constant
t static temperature
¥ ratio of specific heats

Subscripts:

-

o) burner inlet
17 turbine outlet

The effects of these design parameters were calculated for a
range of flight Mach numbers at sea level and 35,000 feet altitude.

The engine assumptions used in the calculations are:

Compressor pressure ratio at sea level and flight Mach number
of zero (At other flight conditions the pressure ratio was
varied to meet the condition of constant rotative speed, that
is, constant work input per pound of air; for example, at sea
level and a Mach number of 2, the pressure ratio is 2.4.) . . . 4

: /‘2
log‘\-l-)—
Compressor polytropic efficiency, =1 ___x1/ . .. ... 0.8

Turbine polytropic efficiency, 0.85

Turbine-outlet temperature corresponding to turbine-
inlet temperature of 1960° R, R . . v v v v ¢ « o + » . . 1650
- Combustion SFTICREHET K o & s wow % 5 s ® wiw wrsiiy w wih ol b 096
Primary combustion-chamber pressure drop divided ,
by combustion-~chamber-inlet pressure . . « » « o « « . o . 0.03
Exhaust-nozzle velocity.coefficient: (normal engine) . . . . . 0.975
FnCLn“ 1nlet dL?fusef polytropic efficiency,

(F1)

lon n——;
y-1 \Fo/
l .
1os (1 +~l—l 12
Flight Mach: number up to 1L (For flight Mach numbers
above 1, the diffuser efficiency was reduced 0.1 per
tunli increase in Mach number; for example, at a Mach
number of 2, the efficiency wes 0.75.) « ov +v ¢ « « « « o 0.85

®




The additional symbols are:
M  Macl number
P total pressure
T total temperature
Subscripts:

0 free stream

L compreuuor inle# |
2 compressor outleu

4  turbine inlet

The foregoing assumptions are, for the most part, fairly con-
servative and represent an average of the performance of various
present-day engines: - The -inlet-diffuser efficiency values, which
are representative of the performance of convergent-divergent-type
diffusers, are conservative compared to values currently being
obtained experimentally with other types of supersonic diffuser.

'he performance of the normal engine for the different flight
conditions was calculated: ‘by step-by-step methods and the per-
formance of the tail-pipe-burner configuration was calculated
from the normal engine performance by the methods of reference 1.
Dissociatica was taken into account in the calculations of fuel
consumption for the tail-pipe-burner configuration, and the com-
bustion efficiency was assumeéd to be '0.96 ds for the primary engine
comb* tion chamber. The normal engine was assumed to have no tail-

Pipe pressure losses; that is, the exhaust-nozzle-inlet total pres-
sure was taken equal to the turbLne outlet total pressure. Inasmuch
as the calculations were made for constant turbine-outlet tempera-
ture it is implicitly assumed that the exhaust-nozzle area is
adjusted to the proper value at all operating conditions.

The data and calculations involved in the correlation of tail-
pipe-burner blow-cut limits are based upon the results of experi-
mental Jnveotlbatlons with a current turbojet englne and tail-pipe
burner.




RESULTS AND DISCUSSION .

The effects of design parameters on augmented and normal
engine performance are presented in figures 2 to 9 and the informa-
tion pertaining to blow-out limits is given in figures 10 and 11,

Augmented and Normal Engine Performdnce

Gas temperature and inlet Veloc1ty. - The ratio of augmented
to normal thrust is plotted in figure - against tail-pipe-exit gas
temperature for a range of burner-inlet velocities from 200 to
750 feet per second. The results in figure 2(a) are for sea-level
altitude, flight Mach number of zero, turbine-outlet velocity of
750 feet per second, diffuser efficiency.of 80 percent, burner drag
coefficient of 1, and exhaust-nozzle velocity coefficient of 0945,
which 1s the same as that assumed for the normal engine.” The nor-
mal thrust used as the basis of augmented ratio is that "calculated
for ‘the englne with a normal or conventional tail plpe.

The augmented thrust ratio inereases with increase in tail-

' pipe gas temperature as a result of the accompanying increase in
Jjet ‘velocity and decreases with increase in burner-inlet velocity
“because of increased friction and momentum pressure drop across
the burner. At a gas temperature of 3600° R and a burner-inlet
velocity of 400 feet per second, the augmented thrust is 1.45 times
the normal thrust. At the same temperature but at an inlet veloc-
ity of 700 feet per second, the augmented thrust ratio is reduced
to 1.2. At high burner-inlet velocities (700 and 750 ft/sec the
mazimum gugmentation is limited to the .end points of the curves
because of thermal choklng which limits the maximum temperature
‘that can be realized without affecting the engine operating con-
‘ditions. ‘

The effect of the tail-pipe burner on engine performance for
the condition of no afterburning is shown by the results at tail-
pipe gas temperature equal to turbine- outlet temperature, that
is, lG:OO K. At a burner-inlet ve1001ty of 400 feet per second,
the augmented thrust is about -97 percent of the normal engine
thrust, and at an inlet velocity of 700 feet per second, the thrust
is reduced to 93 percent of the normal engine thrust. -These losses
are a result of the dlLoneT inefficiency and the friction drag of
the burner and correspond to total-pressure-loss ratios %E of

- b
0.04 and 0.085 at 400 and 7OO feet per second; respectively. These
losses in normal thrust and those indicated in subsequent curves
are higher than would be obtained in practice for the same design
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conditions because they are based on zero presgure loss in the nor-
mal engine tail cone and taill pipe.

Thus low burner-inlet velocity is not only desirable for
obtaining high thrust augmentation but also for minimizing the
loss of normal or nonaugmented thrust. In addition, low velocity
is required for satisfactory combustion efficiency and stability
as is discussed in the second and third papers of this series.

The effects of tail- -pipe gas temperature and burner-inlet
velocity are illustrated in flgure 2(b) for altitude of 35,000 feet
and flight Mach number of 1.50. Again the ratio of augmented to
normal thrust is plotted against tail-pipe gas temperature for a
range of burner-inlet velocities. The values of the design param-
eters are the same.as in figure 2(a); but the normal engine thrust
used as the base for the augmented ratio is changed to the value
corresponding to the new flight conditions. ZEffects similar to
those illustrated in figure 2(a) are obtained, however change in
inlet velocity results in only about half as much percentage change
in the augmented thrust ratio as occurs at sea level and zero
flight Mach number. The smaller effects are due to the fact that
at a higher pressure ratio across the exhaust nozzle (as exists at
the high Mach number condition) a given percentage change in pres-
sure loss produces & smaller change in thrust.than;at a lower pres-
sure ratio across the nozzle. The higher values.of augmentation
indicated are due to the higher flight Mach number and not the
higher altitude as is illustrated in a subsequent figure of this
paper.

Turbine-outlet Ve1001ty and diffuser efficiency. - In figure 3,
augmeqtea—to -normal thrust ratio is plotted agalnst turbine-outlet
velocity for a tail-pipe gas temperature of 3800° R and diffuser
efficicncies of 100, 80, and 60 percent. A similar:set of curves
is included for a gas temperature of 1650° R in order to illustrate
the performance at nonburning'conditions. These results are for
sea-level altitude, zero flight Mach number, burner-inlet,velocity
of 400 feet per second, drag coefficient of 1, and exhaust-nozzle
velocity coefficient of 0.975.

Tor a diffuser efficiency of 100 percent, both the augmented
and normal thrust remain constant with change in turbine-outlet
velocity; but for the more realistic values of diffuser efficiency,
the performance decreases progressively with increased turbine-
outlet velocity and decreased diffuser efficiency. For example,
at a diffuser efficiency of 80 percent, the augmented thrust ratio
decreases from about 1.48 at 800 feet per second to 1.43 at
1200 feet per second for the afterburning condition and from




0.97 to 0.95 for the nonburning condition. With a diffuser effi-
ciency of 60 percent, the adverse effects of increased turbine-
outlet velocity are greater.

The curves of figure 3 illustrate the desirability of design-
ing the turbojet engine with a low turbine-outlet velocity in order
to realize high augmentation and to minimize penalties during non-
burning operation. Alternatively, if the engine has a high
turbine-outlet ‘velocity, the designer should mske every effort to
obtain a high diffuser efficiency. :

Burner ‘drag coefficient., - In figure 4 the augmented-to-
normal thrust ratio is plotted against burner drag coefficient for
burner-inlet velocities of. 200, 400, and 600 feet per second, and
for tall—plpe gas tempergtures of 3800° (augmonted condltion) and
1650° R (nonburning condition). These curves are for sea-level
altitude, zero flight Mach- number, turbine-~outlet velocity of
750 feet per second, diffuser efficiency of 80 percent, and exhaust—»
nozzle ve1001tj coeff1c1ent of.0.975.

As might be expected the raflo of augmcnted to normal thrust
is not appreciably affected by increase in burner drag at low °
burner-inlet velocities. ‘At the higher inlet velocities, however,
the adverse effects of high. drag coefflclent are of significant
magnitude; for example, at 600 feet per second an increase in drag
coefficient from 0.5 to 2. reduces the augmented to-normal thrust
ratio from 1.39 to 1:23 for the 3800° R' gas temperature condition
and from 0,98 to 0.89 for the nonburning condition.- At 400 feet
per second, which may be considered a desirable design value for
burner- 1nlct velocity, the loss in performance with increase in
drag coefficient is about 40 perceﬁt as much as at 600 feet per
second. Although low burner drag is advantageous for obtaining
maximum thrust, some drag is necessary for satisfactory combustion
as 1s discussed in the second and third papers of this series.

Nozzle velocity coefficient. - In ilgure S5 the ratioc of aug-
mented to normal thrust is plotted against nozzle velocity coeffl-
cient for sea-level altitude, tail-pipe gas temperatures of 3800°
and 1650° R, and flight Mach numbers of 0, Q,75, and 1.50. For
these calculations, the turbine-outlet Ve1001ty was 750 feet per
second; diffuser efficiency, 80 percent; burner-inlet velocity,
400 feet per second; and drag coefficient, 1. The variation in
nozzle velocity coefficient applies only to the tail-pipe-burner
configuration, that is, the normal engine thrust used as the base
of the augmented ratio is calculated for a ¢constant value of the
coefficient of 0.975.
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The augmented-to-normal thrust ratio decreases linearly with
decrease in nozzle velocity coefficient, the decrease being
greater at the high than at the low flight Mach numbers. For
exarnple, decrease in nozzle coefficient from 0.975 to 0.850 for
the augmented condition results in a 13 percent reduction in
thrust ratio at O Mach number and 23 percent reduction at 1.50 Mach
number. For the nonburning condition, the thrust reductions are
13 percent at O Mach number and 42 percent at 1:50 Mach number.
The percentage decrease in high-speed thrust accompanying decrease
in nozzle velocity coefficient is thrust of greater magnitude for
the noaauﬂmenued than for the augmented condition. This situation
is aggravated by the fact that variable-area exhaust nozzles are
more difficult to design for high velocity coefficient in the closed
position corresponding to nonburning operation than in the open
position corresponding to tail—pipe—burning operation. ) ’

Fllgnt conditions. - The effect of flight Mach number on tail-
pipe- burnlng performance has already been partially indicated,
however, in order to give a more complete and direct representa: .
tion of the effects of flight operating conditions, figure 6 has
been prepared wherein the ratio of augmented to normal thrust is
plotted against flight Mach number for altitudes of sea level and
35,000 feet. The tail-pipe design parameters are the reference
values used in preceeding figures. Included for references are
curves of the thrust of the normal engine configuration divided
by the thrust obta ined at sea-level altitude and zero Mach number;
a subscript O has been used to indicate that the base thrust is
for the sea-level, zero Mach number condition.

The somewhat wavy curve of sea-level normel thrust is the
result of the combined effects of changing air flow, pressure ratﬂo,
propulsive efficiency, and inlet-diffuser efficiency that accompany
change in flight Mach number. If a higher inlet-diffuser efficiency
had been assumed, the decrease in thrust at high Mach number would
not have occurred until a higher flight speed. The 35,000-foot
curve is lower than the sea-level curve because of the decreased
air density at altitude. It does not fall off as rapidly as the
sea-level curve at the high Mach numbers because of the lower air
temperature and the consequently higher permissible heat addition
before the.turbine. '

The augmented-to-normal thrust. ratio increases considerably
with increase in Mach number but is not appreciably affected by
altitude up to Mach numbers of about 1.0. At higher Mach numbers,
-the sea-level augmentation is greater than the high altitude aug-
mentation, attaining a value 4 times the normal thrust at a Mach
number of 2.0 compared with a value of 2.7 times the normal thrust



at 35,000 feet altitude. A large portion of this reduction is due
to the decrease in normal thrust, for the sea-level high-speed
condition.,

The corresponding specific fuel consumptions are shown in fig-
ure 7 plotted against Mach number for sea level and 35, 000 foot
altitudes. The normal fuel consumption increases rapldly with
increased flight Mach number, varying from 1.1 pounds per hour per
pound of thrust at sea level .and: O Mach number to 2.6 pounds per
hour per pound of, thrust. at. 2.0 Mach number. The normal consump-
tion is from 9 to 30 percent lower @t the 35,000-foot- altitude
condition than at sea level because:of the lower atmospherlc air
temperature. The total fuel consumption for the augmented condi-
tion at sea level varies from-about 2.5 times the corresponding
normal fuel consumptlon at. 0 Mach number to 1.25 times the normal
consumption at 2.0 Mach number. At an altitude of 35,000 feet, the
augmented consumption is about 17 percent lower than at sea level
and, at a Mach number of 2.0, is l 5 times the corresponding normal
consumption, .

Pressure ratio. - The effect of change in engine compressor
pressure ratio is illustrated in figure 8 where the ratio of aug-
mented to normal thrust is plotted against flight Mach number at
the 35,000~-foot-altitude condltlon“for design pressure ratios of
4 and 8. The engine with the design pressure ratio of 4 is the
reference engine used for all previous calculations. The other
engine is assumed to have the same component efficienciés and
design conditions as the reference engine except for the higher
pressure ratio. Slmllar to the reference engine, the des1gn pres-
sure ratio of 8 pertains to the sea- level, zero Mach number condi-
tion. At the 35,000- foof-altitude condition in figure 8 the
actual pressure ratlo Varles from:5.3 at Mach number of 2 .0 to
12.4 at Mach nnmber of O .The.xcorresponding pressure ratlos for
the reference englne are between 3.0 and 5.6. The tail-pipe-
burner condltlons are the same as those used in figure 7.

Included for reference is the normal thrust of each engine
divided by the normal thrust .of the- engine with a pressure ratio
of 4 at the sea-level, zero Mach number condition, designated by
the subscripts O, 4. The high-pressure engine develops more
than 100-percent-higher normal thrust than'the'low~pressure engine
at O Mach number and about 60 percent more at 2,0 Mach number,

The augmented-to-normal thrust ratio of<the high- pressure engine
is only between 6 and 11 percent higher than that of the low-
Pressure engine; however, the actual aungnted thrust is much
greater because of the hlgher normal. thrust ‘
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The corresponding specific fuel consumptions. of "the two
engines are compared in figure 9. For the normal engine configu-
ration, the high-pressure.engine shows a lS-percent -lower fuel
consumption than the low-pressure engine at O Mach number and a
few-percent-lower consumption at 2.0 Mach number.  For the aug-
mented condition the high-pressure engine prov1des about 8-percent-
lower fuel consumption than the' low-pressure englne‘at 0 Mach num-
ber and slightly higher" qonsumptlon at 2.0 Mach nuuber, Thus from
figures 8 and 9 it appears that. higher pressure ratlo engines than
those in current use-are advanmageous both for normal*and tail-
pipe-burning operatlon‘for the range of fllght Mach. numbers
considered. g, s S R Lo mey o

© Altitude Limits
‘-r r),'.'\":. L

The discussion thus far has dealt w1th the thrust and fuel
consumption of tail-pipe burners. Another: 1mportant performance
criterion is the, combustion stability or blow-out limits of the
burner, which determlne the maximum altitude at which the burner
will operate. ' Such information cannot be readily predicted. from
analysis but must be obtained experimentally in altitude test .
chambers, altitude tunnels, or in flight. Analysis can, hcwever,
provide methods for. generaliz1ng the blow-out data and thus ‘reduce
the amount of: testlng requlred to establlsh the altltudellimlts.

Experlence w1th turbojet and ram—get englﬁe combustlon cham-
bers indicated ‘that ~the: combustion blow-out of.&a given conflgura-
tion and fuel- alr ratlo is affected by combustion-chamber-inlet .
velocity, inlet temperature, and .inlet pressure. Taill-pipe- -burner
blow-out should be affected by the 'same parameters; accordingly,
figure 10 illustrates. the variation -of tail-pipe-burner-inlet
temperature, velocity, and static pressure with fllght Mach number

and altitude for a current turbo jet englne operatlng ‘at. rated
engine speed. s ‘

Over the range of flight Mach number’ and altltude, the burner-
inlet or turbine-outlet temperature is held .constant at. the maximum
permissible value by varying either: the’ exhaust nezzle ‘area or the
burner fuel flow. The. correspondlng burner ‘inlet ve1001t1es are
substantially constant Wlth Tlight Mach number but decrease with
increased altitude, the change being: smaller at high altitudes.

Between 20,000 and 40,000 feet, burner-inlet welocity decreases
about 6 to 10 percent This varlatlon is characterlstlc of the

particular engine under consideration. Other engines for which
data have been obtained at the Lewils .laboratory indicate an even
smaller change in burner-inlet velocity with flight conditions and
in some cases the change with altitude is in the opposite direc-
tion to that shown in figure 10,




The burner-inlet pressure increases with increase in flight
Mach number and decreases with increase in altitude. At a Mach
number -of 1.0, the pressure at 20,000 feet is. double that at
40,000 feet. Thus the variation of .inlet pressure with flight
operating conditions is coasiderably. greater than the variation
of the other inlet conditions. It might then be expected that
altitude blow-out data for constant engine. speed’ could be corre-
lated "1mply with burner-inlet pressure.

Such a ¢orrelation is illustrated in figure 11 for a typical
tall-pipe burner on the same engine used in figure 10, again
operating at rated engine speed and constant turbine-ocutlet tem-
perature. Lines of constant burner-inlet pressure as obtained
from normal engine-performance characteristics are plotted on
coordinates of flight Mach number.and altitude.. Bach line in
figure 11 represents the combinations of altitude and Mach number
at which the particular pressure is obtained in the tail pipe.
The data points represent exyerlmentally:determlned blow-out
limits for the specific tail-pipe burner; for example, at a Mach
number of 0.3, blow-out occurred at 32,000 feet altitude, and at
a Mach number of 0.97, blow-out occurred at an altitude of
41,000 feet.

Higher altitude limits than these have been cbtained with
other tail-pipe burners; however, the data for this particular
burner serve to illustrate general trends. Because blow-out is
sensitive to small differences in operational technique, the data
do not delineate a definite curve of altitude limit but indicate
a band of altitude (5000 to 8000 ft wide) in which blow-out may
occur. Similar bands of blow-out limits are generally obtained
in testing other burners.

The data tend to fall within a band of constant pressure
lines, in this case between 20 and 25 inches of mercury. It
thus appears that if the altitude blow-out limit for a tail-
pipe burner is obtained at one flight Mach number, the lLimits
for other Mach numbers can be predicted from a knowledge of
flight operating characteristics of the engine. Tail-pipe fuel-
alr ratio has considerable effect on altitude limits; in these
tests the fuel-air ratio did not, however, have to be varied
appreciably to maintain constant turbine-outlet temperature over
the range of flight operating conditions. Similar data will have
to be obtained with other engines and other tail-~pipe burners
before this method can be unreservedly accepted.

11



12

SUMMARY OF RESULTS

This theoretical investigation indicated the desirability of
designing tail-pipe burners with low burner-inlet velocity, low
burner drag, high diffuser efficiency, and high exhaust-nozzle
velocity coefficient. These design criteria are considered
essential not only for obtaining high augmentation, but also for
minimizing the loss in normal engine performance during non-
burning operation. Low turbine-outlet velocity was shown as a
favorable engine design characteristic for tail-pipe-burning
application, and higher pressure ratios than those currently
used appeared to be advantageous for flight Mach numbers up to
at least 2.0. Thrust augmentation increased considerably with
increased flight Mach number but it was not appreciably affected
by altitude except at Mach numbers above 1 where augmentation
decreases with increased altitude. The total specific fuel con-
sumption during tail-pipe-burning cperation is about 2.5 times
the normal consumption at sea level and O flight Mach number
but was only 1.5 times the normal consumption at 35,000 feet
altitude and a Mach number of 2.0.
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