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EFFECT OF HEAT AND POWER EXTRACTION
ON TURBOJET-ENGINE PERFORMANCE
II - EFFECT OF COMPRESSOR-OUTLET ATR BLEED FOR
SPECIFIC MODES OF ENGINE OFERATION

By Frank E. Rom and Stanley L. Koutz

SUMMARY

The effect of alr bleed from the compressor outlet on the per-
Tormance of turbojet engines with varisble-area and rated-area tail-
pipe nozgzles was calculated by the use of generalized performance
charte. The modes linvestigated were constant turblne-inlet tem-
perature and constent thrust operation with fixed and variable tail-
pipe-nozzle areas. The effect of altitude, compressor-inlst tem-
perature, and flight Mech number on engine performance with air bleed
is shown. The meaximum amount of alr that can be bled from the com-
presgor outlet of a turboJjet ‘engine equipped with & variable-area or
reted-aree tail-pipe nozzle is also glven for various values of alti-
tude and thrust.

For constant turbine-inlet temperature operatlon, the effect
of air bleed was, in general, to decrease the thrust slightly more
than double and to increase the specliflc fuel consumpbticn slightly
less than double the percentage of air bled from the compressor
outlet. No significant difference between operation with the
varisble-area and rated-ares tall-pipe nozzles was noted for the
range of air bleeds investlgated.

INTRODUCTION

Considerable quantities of compressed air mey be required in
the operatlon of current and future aircraft for suck uses as
cabln pressurization and conditloning, protection against ice for-
mebtion, and boundary-layer control. The compressed air can be
obtained from the compressor outlets of turbine-powered alrplanes
at the expense of engine performance. An analytical method of
determining the effect of air bleed on turbojet engines 1s presented
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in reference 1, together with a& set of generalized performence
charts. The effect of alr bleed on engine performance for sev-
eral specific modes of operation was determined at the NACA ILewils
laboratory by use of these charts and is presented herein.

The modes of engine operation considered are constant turbine-
inlet temperature and constant thrust operation with both varisble
and sea-level rated tall-pipe-nozzle areas. The effects of
compressor-inlet temperature, altitude, and Mach number on engine
performance with air bleed are discussed. In addition, the maxi-
mum emount of alr that can be bled from the compressor outlet of
a turbojet engine is presented as a function of altitude and thrust.

SPel

METHODS OF CALCULATION

The performance of the turbojet engine for wvarious amounts of
alr bleed under the specific modes of operation was determined by
means of the generalized performance charts of reference l. These
generallzed performance charts were derived by matching experimentally
determined compressor and turbine characteristics of an axial-flow .
turbojet engine. Values of diffuser, combustion-chamber, and tall-
Pipe-nozzle losses typlcal of current turbojet engines were used to
obtaln the propulsiocn-system performance. For any given air bleed, “
the performance charts give all the engine variables if any two are
known. Thus, if a certain turbine-inlet temperature and engine
speed are desired with a given alr bleed, the tall-plpe-nozzle area,
thrust, and speclific fuel consumption can be determined by use of
the charts. '

The analytically determined performsnce with alr bleed was
verified by experimental alr-bleed performance data obtained with
an axlal-flow turbojet englne although engines of different design
were used In the analysis and in the experiments, This check with
experimental results and further discussion in reference 1l indi-
cated that the performance charts are appliceble to axial-flow
turbojet engines that have pressure ratios in the range of 4 to 5
and maximum turbine-inlet temperatures of approximstely 2000° R.

Engine parameters are presented hereln as fractions of a ref-
erence quantity that Is indicated by an asterisk. The reference in
each case ls taken as the value of the quantity at rated speed and
rated turbine-inlet temperature with no ailr bleed at the particular
Mach number and NACA standard altitude under consideration. Opera-
tion at reted speed and rated turbine-inlet temperature over a rangse
of fiight conditions requires the use of a variable-area tell-pipe
nozzle. This selection of the reference value was made so that the .
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neglect of the Reynolds number effect in the anmlysis of reference 1
would not affect the values of the englne parameters presented herein
for different eltitudes.

In the figures presented herein variable tail-pipe-nozzle area
operation at two engine speeds is compared with operation with the
rated ses-level taill-pipe-nozzle area at the particulsr altitude under
consideration. The variable-area-nozzle engine is operated at rated
speed, which approximates the maximum-thrust operation, and at
0.93 rated speed, which approximates the minimum-specific-fuel-
consumption operation.

RESULTS AND DISCUSSION

The effect of air bleed on the performance of a turbojet
engine 1is gualitatively illustrated by a simplified analysis in
order to obtaln an understaniing of the results as determined fram
the working charts of reference 1. The effect of alr bleed on the
slmplified cycle can be obtalned by consideration of the power divi-
slon between the turbine and the Jet. The Jjeot power P 3 for con~
stant compressor mass flow and pressure ratio, comstant component
efficlencles, and fixed ram pressure ratio 1s given by the follcwing
relation:

PJ = Pa.v(l‘B) -Pt

where Py, 1s the power avallable wilth no alr bleed by complete

expansion from turbine-inlet pressure to ambient static pressure, B
is the ratio of bleed flow to campressor flow, and P, 1le the power

developed by the turbine. The power for the production of thrust
Py 1is the Jet power minus the power required for the inlet diffusion
process Py

Pf = P J-Pd.

Inesmuich as the turbine power Py 13 equal to the compressor power

. Pc’

the thrust power may be expressed as

Pr = Pgay(1-B)-Po-Pg
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For convenlence, the preceding equation is divided by ZI?.,,‘v so that

P A
o (g
av av

where the guantity Pp/P., 1s the fraction of the total available
power that produces thrust. In figure 1, Pf/Pav is presented as

a functlion of air bleed B for various values of turbine-inlet
temperature ratios and ram pressure ratios. At low turbine-inlet
temperature ratlios, a glven percentage alr bleed causes a greater
percentage reduction in Pf/Pav (hence thrugt) than at high values

of turbine-inlet temperature ratios. The effect of ram pressure

ratio on engine performance with ailr bleeéd was found to be small

in reference 1 for ram pressure retlios of 1.2 to l.6. In order to
illustrate this polnt by use of the foregoing methods, curves are
pregented for ram pressure ratios of 1.2 and 1.8 at a turbine-

inlet temperature ratlio of 3.5 for comparison with the curve for

a ram pressure ratio of 1.35 in figure l. Very little variation

in Pf/Pav is evident for the range of ram pressure ratios shown. .

Consequently, ram pressure ratio is expected to heve little effect
on air-bleed engine performence &t & fixed turbine-inlet temperature
ratlo.

S¥el

Operation at Constent Turbine-Inlet
Temperature

The effect of compressor-outlet air bleed on the performance
of a turboJet englne operating at rated turblne-inlet temperature
1s shown in figure 2 for an altitude of 20,000 feet and a Mach
number of 0.7. Variable-area operation at rated and 0.93 rated
speed is compared with rated-area operation. The change in thrust
and specific fuel consumption with alr bleed 1s essentlally the
same for all modes of englne operation shown. For an air-bleed
ratio of 0.10, the thrust decreases epproximately 22 percent and
the specific fuel consumptlion lncresses epproximately 19 percent.
Vory little difference ls noted in the magnitude of the thrust
and the speclfic fuel consumptlion between the rated-area and
rated-speed varlable-area operation. Decreaslng the speed of the
variable-area engline from rated to 0,93 rated, for these condi-
tions of rated turblne-inlet temperature, causes a sllight decrease .
in thrust and speclfic fuel consumption for the range of air
bleeds investigated.
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The similerity between the air-bleed performance with rated-
aree and rated-speed variable-area operation ls expected from
Ingpection of the engine-speed and area curves of figure 2. The
rated-area engine 1s operating at approximately rated emngine speed
and the variable-area engline 1s opesrating at essentlially rated
area for the whole range of alr bleeds shown.

The resulbs of figure 2 agree very well with actual experi-
mental data presented In reference 2. The experimental data
were obtained from an altitude-wind-tunnel investlgation of an
axlial-flow turbojet engine of a different design from the one on
which the analytlcal date were based. In spite of the difference
in engine design, the two sets of data are in close agreement.

The effect of alr bleed on engine performence for operatlion
at 0.90 rated turbine-inlet temperature ls shown in figure 3 for
the same flight conditlions and modes of engine operation as pre-
gented In figure 2 for rated turbine-inlet temperature operatiom.
Bleeding 0.10 of the compressor alr flow causes approximately a
26-percent decrease in thrust and a 23-percent inocrease in spe-
cific fuel consumption. The similarity between the rated-area and
0.93~rated-gpeed varieble-area operation ls further illustrated by
the small change in engine speed and tall-plpe-nozzle area with
alr bleed.

Comparison of figures 2 and 3 indlcates a 16-percent reductlion
in thrust and a 2-percent redunoction in specific fuel consumption at
zero air bleed as & result of decreasing the turbine-inlet tempera-
ture from rated to 0.80 rated. For an air bleed of 0.10, reducing
the turbine-inlet temperature from rated to 0.90 rated causes a
19-percent reduction in thrust and only a slight change in the
gpecific fuel consumption for both varleble-esrea and rated-area
operation.

Reducing the turbine~inlet temperature, and hence the turbine-
inlet temperature ratio, at a glven flight condition therefore
increases the adverse effect on .engine performance of bleeding air
from the compressor oubtlet, as was previously discussed and illus-
trated In figure 1.

Effect of Compressor-Inlet Temperature
The effect of air bleed on the sea-level static performance of

a rated-aree and a variable-ares, rated-speed turbojet engine at
rated turbine-inlet temperature is presented in figure 4 for three
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compressar-inlet temperatures (99°, 59°, and 20°F). These
compressor-inlet temperatures correspond to sea-level ambient
temperature for Army summer air, NACA standard alr, and typlcal
icing conditions, respectively.

For the variable-area, rated-speed operation, bleeding 0.10
of the compressor alr flow causes decreases in thrust of 20 percent
for the Army summer &ir, 19 percent for the NACA standard alr, and
17 percent for the lcing condition. The same trend with compressor-
inlet temperature ls observed for the rated-area operation with
gllghtly greater changes in thrust with increasing air bleed.
Bleeding 0.10 of the compregsor air flow causes the gpecirfic fuel
consumption to increase 17 percent for Army summer alr operation,
14 percent for NACA standerd alr operation, and 13 percent for
operation under the icing conmdition. The observed changes in gpe~
clfic fuel consumptlon are similar for both rated-area and variable-
area rated-gpeed operatlion. The accompanying variations In englne
speed and tall-pipe-nozzle area are also shown in figure 4.

The results obtained under take-off conditions with various
compressor-inlet temperatures (flg. 4) are consistent with the
results obtained in the cycle analysis (fig. 1). For constant
turbine-inlet temperature operatlon, increasing the compressor-
inlet temperature decreases the turbine-inlet temperature ratilo.
Because greater changes in engine performance are expected at low
turbine~inlet temperature ratios than at high ratios, the greatest
changes in engine performance due to air bleed are expected under
Arny summer air conditlions, as shown ln flgure 4.

Operation at various turbine-~inlet temperature ratios not
only affects the change in thrust and specific fuel consumption
due to air bleed but also affects the actual magnitude of these
quantities at a given air bleed. Thus, the air-bleed ratio can
be increased to 0.12 under lcing inlet-temperature conditions
before the thrust decreases to the value obtained with zero air
bleed on an Army summer day.

Altltude Effect

The effect of altitude on the performance of a turbojet
engine operating at rated turblne-inlet temperature and with
0.10 air bleed is shown in figure 5. Operation with rated-area
and with varisble-area tall-pipe nozzles at both rated and 0.95

rated speed is shown.

=1 4
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For all modes of operatlon, the thrust ratio and the specific-
fuel-consumption ratio approach unity as the albitude is increased.
Because of the reductlon of compressor-inlet temperature at higher
altitudes, the percentage chenge in specific fuel consumption and
thrust for a glven air-bleed ratio becomes less as the altitude is
increased up to the tropopause. The reduction in compressor-inlet
temperature causes the turbine-inlet temperature ratio to increase
which, as previously dlscussed, causes the effect of a given air-
bleed ratio on engine performence to be less severe. It therefore
becomes less costly In engine performance to bleed & given per-
centage alr from the compressor outlet at altitude. The effect
of bleeding a given weight flow of air as a function of altitude
1s dlscussed later.

Mach Number Effect

The effect of Mach number on the performance of a turbojet
engine with an alr-bleed ratlio of 0.10 1s indicated in figure 6
for the same conditions as figure 5. For the range of Mach num-
bers that could be investigated using the charts of reference 1,
the effect of alr bleed on thrust and specific fuel consumption
is increased slightly as the Mach number 1s increased. The explana-
tion of this trend can again be obtained by reference to figure 1.
As the Mach number 1s Increased at a glven altitude, the compressor-
inlet temperature Increases with an attendant decrease in turbine-
inlet temperature ratio; this change in turbine-inlet temperature
ratio causes the given air bleed to have a greater effect on engine
performance with increasing Mach number. Flgure 6 neglects the effect
of the increase in ram pressure ratio that accompanlies an increase In
Mach number; this effect is, however, shown %o be negligible in

figure 1.

Constant-Thrust Operation

If en alrplene is to maintain fllight speed when the amount of
air bled from the compressor outlet is Iincreased, the thrust of
the engine must be maintained constant by increasing the turbine-
intet temperature. Constant thrust performance at a& Mach number
of 0.7 and an altitude of 20,000 feet for rated and 0.93-rated-
speed varlable-area operation and rated-area operation is shown
in figure 7. The thrust is fixed at 0.80 of its maximum value
when the engine 1s operating at rated speed and rated turbine-
irnlet temperature at these particular flight conditions.
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Bleeding 0.10 of the compressor-air flow causes the specific
fuel consumption to lnorease 22 percent for 8ll three modes of
operation. In order to maintein constant thrust with this air
bleed, the turbine-inlet temperature .increases by approximately
16 percent. For air bleeds above epproximately 0.0S8, the turbine-
inlet temperature exceeds the rated value. The corresponding vari-
ations in englne speed and tall-pipe-nozzle area are also shown in
flgure 7. The effect of air bleed on engine performasnce as shown
in figure 7 agrees closely with the experimentally determined data
of reference 2.

Meximum Alr Bleeds

The meximum compressor-outlet air bleed permissible without
exceeding the rated turbine-inlet temperature is given in figure 8.
Alr bleed is expressed as the air-bleed ratio B in Pigure 8(a)
and as the fraoctlon of sea-level rated compressor-sir flow in fig-
ure 8(b). Both air-bleed quantitles are glven as functions of
altitude and thrust for a Mach number of 0.7 for rated-area and
reted-speed, variable-area operation. The thrust is presented as
the fractlon of the thrust when the engine is operating at rated
englne speed and turbine-inlet temperature at each perticular
altitude and at a Mach number of O.7. Figure 8(a) shows that for
a given thrust the maximum permissible air-bleed ratio B increases
with altitude up to 35,000 feet and remains constant for further
increases in altitude. As previously discussed, thils effect of
altitude 1s a result of the change in turblne-inlet temperature
ratio. Figure 8(b) shows that the maximum fraction of rated sea-
level compressor-air flow (neglecting small possible change in
compressor mass flow due to Reynolds number variatlion) that can
be bled from the compressor outlet decreases rapldly with increasing
altitude, This large decrease 1n air bleed 1s due to the decreasing
dengity of the alr with Increasing albtlinde. .

CONCLUDING REMARKS

In general, bleedlng air from the compressor outlet of ean
axial-flow turbojet engine has the effect of decreasing the thrust
by slightly more than double the percentage of alr bleed and
increasing the specific fuel consumption slightly less than double
the percentage of alr bleed for rated turbine-inlet temperature
operation. Deoreasing the turbine-inlet temperature or lncreasing
the compressor-inlet temperature increases the effect of alr bleed
on engine performence because of the reductlon In turbine-inlet

Srxl
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temperature ratio. Thus, increasing the altitude (up to 35,000 £t)
or decreasing the flight Mach number reduces the effect of alr Dbleed
on ‘the performance of a turbojet engine operating with a fixed
turbine~inlet temperature.

In all the modes of engine operation investigated, no sig-
nificant difference exists between varisble-area and rated-srea
tall-pipe nozzle operation for all air bleeds up %o a.pproxima.tely
0.10 of the coampressor air flow.

The angslytlical resulits of the effect of compressor-outlet bleed
on engine performance presented herein agree very well with the
results of experimental investigatlons. The agreement tends to sub-
stantiate the generallity of the methods used in the analytical
determination of the effect of alr bleed on engine performance
inasmuch as the analytical data were obtained by the matching of
the components of a different axial-flow turbojet engine than the
engine used in the experimentel determination of the effect of
alr bleed.

Lewls Flight Propulsion Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio, February 28, 19850.
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Filgure 8, = Variation of maximum permissible air bleed with altitude
and thrust, Turbine-inlet temperature, rated; Mach number, 0,7,
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(b) Ailr bleed expressed as percent of sea—level compressor air flow,
Pilgure 8, - Concluded, Variation of maximum permissible alr bleed with

altitude and thrust, Turbine-inlet temperature, rated; Mach
number, 0,7,
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