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RESEARCH MEMORANDUM

PRELIMINARY ESTIMATE OF PERFORMANCE OF A TURBOJET
ENGINE WEEN INLET PRESSURE IS REDUCED
BELOW EXHAUST PRESSURE

By H. D, Wilsted and W. D. Stemples

SUMMARY .

Preliminery investigetions of a turbojet engine were conducted
wlth compressor-inlet total pressure at various values below that of
the exhaust pressure to determine engine performance under condltions
simulating operation wlth Inlet-duct losses. The data are also
applicable to the problems of thrust control and of use of the turbo-
Jet englne ag a pump for removal of wing and fuselage bhoundary-layer
alir. Because the experimental range was extremely limlted, the
curves were extended by the use of equillbrium-operation-performance
equations end the engine-component characteristlcs determined from
the experimental Inveatigations.

With decreasing inlet-to-exhaust pressure ratios, the static
thrust and the air consumption of the engine rapldly decreased and
operating temperatures and apecific fuel comsumption sharply increased.
Calculations of the take-off-run requirements for a pursult-type
Jet-propelled alrplane indicated that an improvement in ducting that
would increase the inlet-to-exhaust pressure ratlo from 0.94 to 0.98
would allow epproximately l4-percent decrease in the teke-off distance.

Altitude operating conditions were more favorable than sea-level
conditions to engine operation with reduced inlet-to-exhaust pressure
ratio; therefore, use of the turbojet engine as a pump for boundary-
layer removel appears to be more practlical for altitude operation.
Throttling the alr supply was unsatlsfactory as a primary means of
thrust control at sea level because the present maximum allowable
turbine-inlet temperature of 2000° R was reached by throttling to an
inlet-to-exhaust pressure ratio of 0.89, which allowed only a 20-
percent decrease Iin thrust. A varlable-area Jet nozzle was found
more satlesfactory than Inlet throttling as 2 primary means of thrust
control. A combination of a varilable-area Jjet nozzle and inlet
throttling was found to allow spproximastely 63-percent reduction in
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static sea-level thrust. Extension of the data to altitude condil-
tions showed that because of the lower operating temperatures
throttling to a much lower Inlet-to-exhaust pressure ratio than at
sea level was possible,

INTRODUCT ION

The critical materlal temperatures of turbojet engines impose
a limit of low energy additlion psr pound of alir consumed as compared
with that of conventional reciprocating engines. Because of this
low energy level, losses In the fluild~flow systems are magnified in
terms of reduced engine performance. It 1s therefore important
that the air-induction system of a turbojet-engine installation be
highly efficlient if maxlimum alrplane and englne performance are to
be realized. Because the turbojet engine requires from seven to
ten times as much alr as a reciprocating engine of similar rating,
the difficultlies Involved in providing high-efficliency inlet ducting
are greatly lnoressed. Various investigations of duct and inlet-
duct design (references 1l to 5) have been made. Because the size
and the arrangement of inlet ducting often result in & compromlse
with other design factors, the effect of inlet-duct losses on
performance of the turbojet engine must be determined in order to
evaluate the importance of lnlet-duct design to over-all airplane
performance.

An Investigation of the effects of Inlet losses on the perform-
ance of turbojet englnes 1s belng conducted at the NACA Cleveland
laboratory. The preliminary investigation reported herein was limited
to atatic tests with atmospheric exhsust pressure and with reduced
compressor-inlet pressures for two Jet-nozzle diameters. The englne
was mounted In a static test cell in which pressure could be reduced
during engline operation by throttling the alr inlet to the cell.
Strength of the cell structure, and In some cases the allowable tall-
plpe gas temperature, lmposed limitations that resulted in a narrow
range of obtainable inlet pressures. The data were therefore
extrapolated using the performence of individuel components determined
from the engine Investigations. The results obtained are applied
to demonstrate the effect of change In Inlet-duct losses on the
length of airplane take-off run.

The engine performance results, In terme of ratlio of compressor-
inlet total preasure to Jet-nozzle exhaust pressure, are also
applicable to the determination of (1) the performance and the
limitations of the turbojet englne as a pump for alrplane boundary-
layer control, and (2) the possibilitiles of inlet-duct throttling
aa & means of thrust control.
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APPARATUS

The Investigations were made In a static test cell using an
I-16-6 turbojet engline with the usual 12.40-inch-dliameter
(0.838 sq ft) Jet nozzle for the first series of runs and & nozzle
increased to the tall-pipe dismeter of 14.25 inches (1.107 sqg ft)
for the second series. The engine combustion air entered the air-
tight cell through a standard A.S.M.E. alir-measurlng nozzle, as
dlagramatlically shown In figure 1. Reduction In compressor-Iinlet
pressure was obtalned by attaching various orifices to the outlet
of the diffuser, which reduced the cell pressure durlng englne
operation. The construction of the cell allowed a pressure reduc-~
tion of omly 40 inches of water.

Engine thrust was measured by means of a calibrated astrain-
gege thrust meter. The thrust meter was attached through linkage
to the frawme supporting the engine. The thrust-meter calibration
included determinations over a range of cell pressures; for the
calibration, cell pressure was reduced by means of a positive-
displacement blower. The calibration then automatlcally corrected
for the dlfferential pressure across the tall-plipe seal diaphragm
including the tall-pipe cross-sectlional area. The posltive-
displacement blower, together with an exhaust pipe and a standard
A.S.M.E. orifice, was also used to determlne cell leakasge. Leakage
was found to be negligible.

The locetion of engine instrumentation 1s shown in figure 2.
Temperature and totel pressure at the compressor Ilnlet (station 1)
were obtained from averaglng the readlings of ten thermocouples and
of ten total-head tubes; five were equally spaced circumferentislily
on the front and five on the rear compressor-inlet screen. Rakes
containing four total-head tubes and two thermocoupleas were
installed in three compressor-exhaust elbows (station 2). On each
of these elbows, four wall statlc-pressure taps were located
clrcumferentielly. Because of the unrellshillity of instrumentatlion
in the burmer outlet, no instrumentation was installed at the
turbine inlet (staticn 3). The total pressure at station 3 wae
assumed to be 95 percent of the total pressure at station 2, and
the total temperature was calculated by eguating turbine and
compressor work. Instrumentation of the tall pipe (station 4)
consisted of four static-pressure tape and four thermocouples.
Barcmetric pressure was used as the Jet-exhaust pressure.

PRESENTATION OF DATA

Dats were corrected to a jet-nozzle exhaust pressure of
14.7 pounds per squere inch absolute and a compressor-inlet
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temperature of 518° R by the conventional correction methods (ref-
erence 6). The reBults were plotted as a series of curves showing
variations in thrust, air consumption, fuel consumption, tail-pipe
total temperature, and compreasor-inlet total pressure with change
in englne speed. A set of performance curves was obtained for each
orifice used to throttle the combustion-air supply. Cross plots of
these curves were then made to obtaln charte showing engine perform-
ance at reduced compressor-inlet pressures with inlet-to-exhaust pres-
sure ratio as the independent variable. For simplicity, inlet-to-
exhaust pressure ratio will hereinafter be referred to as "inlet
pressure ratio”. The symbols used in the figures and in the deriva-
tion of the equations are derined in appendix A.

Because the range of data was so greatly restricted, the per-
formance charts were extended by the use of equations involving the
component characterlstics and efficlencies. These equations together
wlth thelr derivations are included as appendix B. The data obtained
wore too meager to indicate the change 1n compressor performance with
decreage in compressor-inlet pressure; compressor temperature rilse
and pressure ratio were therefore assumed to vary only with com-
pressor rotor speed. Pressure drop through the burmer was assumed
to be 5 percent of the total pressure at the inlet to tue burner.
Burner efficiency obtained from the data was plotted against gas
temperature rise across the burner for increments of burner-inlet
total pressure. The burner performance was then extrapolated by
use of data obtalned by the General Electric Company. Turbine effi~
clency, Jet-nozzle efflciency, over-all expansion effliclency,
turbine-nozzle flow coefflclent, and Jjet-nozzle flow coefflcient were
determined from plots against the pressure ratio takem across the
particular component being considered.

In the determination of the component characterletlics I'rom the
experimental data, constant average values of speciflic heat and
gspecific-heat ratio were used for each change of state. The game
values were used 1n the calculation of engine performance.

These simplificatlons result in negligible errors for small
reductions In compressor-inlet pressure but are of increasing
importance for larger reductions. The results are oconsidered suffi-
clently accurate, however, to indicate general trends and to permit
approximation of limite of engine operation.

&8
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RESULTS AND DISCUSSICON
Genersal Performance

The cross plots of experimental engine data, corrected gross
thrust Fg/a agelnst inlet pressure ratlo ]':‘l/p7 are presented in

figure 3 as dashed curves for the engine with the 12.40-inch-dlameter
Jet nozzle; the 80lid curves are the calculated data. These curves
show a rapldly decreasing thrust with reduced inlet pressure ratlo.
At maximum engine speed, 16,500 rpm, reducing the Inlet pressure
retio fram 1.0 to 0.9 reduced gross thrust from 1770 to 1455 pounds,
an l8-percent reductlon in thrust for a 10-percent reductiom in inlet
pressure ratio. Thls percentage reduction in thrust appears to be
constant for all engine speeds N over this range of inlet pressure
ratio. At the lower values of Inlet pressure ratlo, the calculated
values of thrust decrease at a somewhat lower rate. In actual
operation, the thrust would probably decrease at a rate slightly
greater than that caloulated because of the decrease In campressor
efficlency and the lnorease in burner-momentum pressure loss over
that used 1n the calculations.

The variation in corrected alr consumption Wg4/6/8 with inlet
pressure ratio is shown in filgure 4. The alr consumption de%creases
at an Increasing rate at the lower values of inlet pressure ratio
end at the lower speeds. Redusétlon of Inlet pressure ratio from
1.0 to 0.9 is accompanled by & decrease In ailr consumption of 10 per-
cent at an engine speed of 16,500 rpm, of 17 percent at 12,000 rpm,
and of 20 percent at 10,000 rpm. Further reductions in inlet pres-
sure ratio result In a more rapid decrease In alr consumption.

The increase in corrected specific fuel consumption Wf/F Je

(1b fuel/(nr)(1b thrust)) with a decrease in inlet pressure ra.tio '
is shown In figure 5. The speclific fuel comsumption is seen to
increase more rapldly at the lower Inlet pressure ratios and at the
lower engine speeds. At 16,500 rpm, & change in Inlet pressure ratlo
from 1.0 to 0.9 results In approximately a 13-percent increase in
apecific fuel consumptlion.

The teil-pipe TS/ @ and the turbine-injet T5/6 total tempera-
tures are shown in figures 6 and 7, respesctively. These rates of
temperature rise:are seen to increase rspldly as the Inlet pressure
ratio is decreased and are extreme at low engline speeds. If the
agsumption 1s made that neither burner blow-out nor compressor surge
i1s encountered, turbine-inlet total temperature 1s the factor that
limits engine performance if & reasoneble service life is to Dbe
expected. Flgure 7 showse the limits of Inlet-duct losses allowable

GEEETEVEN
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in the engine Investigated if any particular turbine-inlet-temperature
1imit 1s not to be exceeded. If the current limit of approximately
2000° R is not to be exceeded, the minimum inlet pressure ratio
obtainable 1s approximately 0.89 at an engline speed of 16,500 rpm
and is about 0.80 at 13,000 to 15,000 rpm. If the temperature limit
were ralsed to 2300° R, the higher engine speeds would then permit
the greatest reduction in compressor-inlet pressure without exceed-
ing the new limit. The turbine-inlet total temperaturea indicated
by figure 7 have been cross-plotted on the curvea of corrected
thrust, air consumption, and specific fuel consumption shown in
figures 8, 9, and 10, reapectively.

The sea-level data of figures 8, 9, and 10 have been extra-
polated by conventional methods (see appendix B) to static operation
at an altitude of 30,000 feet in figures 11, 12, end 13, respectively.
These flgures show the trends toward reduced thrust and alr consump-
tlon and increased speclfic fuel consumption at altitude. Primarily
it 1s shown, howsver, that at altitude, much lower inlet pressure
ratlos are posaible wlthout exceeding the maximum allowable turbine-
inlet temperature. This predicted reduction existe because as the
compressor~inlet temperature decreases with altitude, the tempera-
tures throughout the operating cycle are proportionally decreased.
The allowable inlet-pressure-ratlo range is extended from a minimum
of 0.89 at sea level to approximately 0,69 at an altitude of
30,000 feet.

Although the thrust of flgure 11 and the specific fuel consump-
tion of figure 13 are for static operation (zero flight velocity),
they may easlily be extended to any desired flight velocity by
correcting the thrust for engine inlet-air approach veloclity.

The ocaloulated performance of the engine using a 14.25-inch-
diameter Jet nozzle 1s shown in figures 14, 15, and 16. A comparison
of figures 8 and 14 show a substantlal reduction in thrust with the
larger Jjet nozzle. At 16,500 rpm and an inlet pressure ratio of 1.0,
opening the Jet nozzle from 12.40 to the full tail-plpe diameter of
14.25 inches results in a-reduction in static thrust from approxi-
mately 1770 to 1120 pounds or approximstely 37 percent. Alsc much
larger reductions in inlet pressure ratio can be allowed without '
exceeding a turbine-inlet total tempersture of 2000° R. The decrease
in thrust with decrease In Inlet pressure ratio, as with the
12.40-Inch~diameter Jet nozzle, is very rapid.

The effect of increased Jet-nozzle aree on alr consumption is
shown, by a comparlisgon of figures 9 and 15, to be negligible. This
phenomenon results from the restriction of air flow by critical flow
in the turblne nozzle over most of the englne operating range. The

L N
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specific fuel consumption is sﬂown by flgures 10 and 16 to have
increased appreclaebly wilth the lerger Jet-exhaust nozzle and is
seen to have increased at the maximum engine speed and inlet pres-
sure ratio of 1 from 1.15 to 1.42 pounds of fuel per hour per
pound of thrust, an increase of 23.5 percent.

Applicetion to Imlet-Duct ILosses

At maximum engine speed and &t higher inlet pressure ratios, a
l1.8-percent loss in thrust exlsted for each l.0-percent decrease in
inlet pressure ratioc (fig. 8). This reduction in thrust with '
decreasing inlet pressure ratlo is of conslderable importance during
the critical period of the take-off run, which for existing Jet-
propelled airplanes is much greater than dealrable.

In order to permit evaluation of an improvement in inlet duct-
ing for a typlcel englne installatlon, 1t was assumed that the
characteristics presented In figures 8, 9, and 10 applied end that
the ducting used gave an effective inlet pressure ratlo of 0.94.
The improvement in airplane performance that could be obtained by
an assumed Ilmprovement in Inlet ducting, which would glve an inlet
pressure ratio of 0.98, was then calculated by the method of appen-
dix C, The calculations indlcated that the take-off distance could
be reduced approximately 14 percent, from 3050 feet to 2616 feet.

The sea-level operation of the engine wlth an enlarged’jet
nozzle willl allow conslderebly greater Inlet-duct losses without
exceeding limlting temperatures but at a sacrifice In thrust
(figs. 8 and 14) and specific fuel-consumption (fige. 10 and 18).

The effect of inlet-duct losses on thrust at altitude ls shown
by & comparison of figures 8 and 11. The decressed compressor-inlet
temperature resulting In decreased operatling temperatures extends
the allowable operation to inlet-pressure ratiocs as low as 0.89 at
the meximum engine speed. The trend of rapidly decreasing thrust
with decreasing inlet pressure ratio at sea level 1s also shown for
the altitude condition. The data of flgure 11 can be corrected to
reasonable fllight velooclties by correcting the thrust for Inlet-alr
approach momentum. Although the thrust decreases with Increasing
flight speed, at any particular flight speed the performance trends
with decreasing inlet pressure ratio are generally the same as those
shown In figure 11l.

Simllerly, the trends of increasing speclfic fuel consumption

with decreasing Inlet pressure ratic, such as shown in figure 13,
will exist for any particular conditions of altitude and flight speed.
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Because thils investigation was limlted to consideration of cases
in which inlet total pressure 1s less then the exhaust-static pres-
sure, the engine data are not directly applicable to flight condi-
tiona that result in positive ram at the compressor inlet. The
general trends of rapldly decreasing thrust, higher operating tem-
peratures, and increased specific fuel consuw.ption with decreasing
Inlet pressure ratios show, however, the need for highly efficiemnt
inlet-duct systems In turbojet-engine installations.

Application to Alrplane Boundary-Layexr Control

Removal of boundary-layer alr from wings and fuselage promises
considerable improvement in sirplane performesnce In the form of
increased range or increased pay load, (references 7 and 8). The
use of the turbojet engine as a pump to remove thls alr in order to
use 1t for propulsion has frequently been suggested. The considera-
tione involved in evaluating this type of installation are: (1) the
possibility of the turbojet englne accomplishing the pressure rise
required for pumping the boundary-layer air from ites low pressure
on wing and fuselage surfaces through the necessary ducting to the
higher atmospherlc pressure at the engine Jet-nozzle exhaust; and
(2) the poseibility of decreased airplane drag more than compensating
for the loss in engine thrust and increased engine specific fuel
consumption.

The sea-level data of figures 8, 9, and 10 indicate a narrow
range of Inlet pressure ratio st maximum engine speed as limited
by the turblne-inlet total temperature, a rapld decrease in thrust
and alr-handling capaclty, and a rapld increase In specific fuel
consumption with decreasing inlet pressure ratio, respectively.
Use of an enlarged Jjet-nozzle area (figs.14 to 16) limited by &
turbine-inlet total tempersature of 2000° R permits a much wider
range of Inlet pressure but at a sacriflice in engine thrust and
specific fuel consumptlon. The air-handling capacity of the engine
(f1g. 15) is not noticeably affected by a change in jJet-nozzle
area. At leest in thle respect, the variable-area jet nozzle as
a means of Iincreasing the allowable pumping renge of the engine
would have considerable advantage over decreasling engine speed to
increase the range of pumping-pressure control.

The altitude operating conditions are more favorable to engine
operation with reduced Inlet pressure retlos as shown by a
comparison of the allowable temperature limits of figures 8 and 1l.
For this reason, use of the turbojet englne as a pump for boundary-
layer-air removal appears to be more practical for altltude opera-
tion than for take-off and flight at or near sea level.
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Although a more complete study is required, as outlined in
aforementioned coneiderations (1) and (2), in order to determine
definitely the feasibllity of adopting the turbojet engine as s
pump for boundary-layer removel, the engine characteristlces of
rapidly decrsasing thrust, Inoreasing specific fuel consumption,
and Increasing operating temperatures with decreasing inlet pressure
ratios indlcate the need for a more satisfactory method of removing
boundaery-layer air.

Application to Turbojet-Engine Thrust Control

Use of the turbojet engine wlth the characterlstlcally slow
development of full thrust hes greatly increased the hezards of
certaln flight operations and maneuvers, such as aircraft-carrier
landings. In the event of a "wave-off" during such e landing, the
engine must recover thrust rapidly enough to allow the alrplane to
clear the barrler and any alrcraft parked on the flight deck.

The slow recovery of thrust results from the high inertlia
forces of the compressor and the turbine, which 1limit the rate at
which the engine can be accelerated. Furthermore, am attempt to
rapldly accelerate the engine to higher speeds wlll result in
extremely high operating temperatures. Apperently, therefore
rapld thrust response should be cobtalned by eliminating the need
for rapld recovery of englne speed through reducing thrust by sore
other means such as throttling the Inlet air.

At maximum engine speed, throtitling to the maximum allowable
turbine-inlet total temperature of 2000° R (inlet pressure ratio , 0.89)
reduces sea-level statlc thrust fram 1770 to gbout 1430 poumds
(fig. 8). At a lending approach speed of 100 miles per hour, the
thrust, corrected for inlet-air approach momentum, would be approxl-
mately 1623 and 1300 pounds, respectively, & reduction of approxi-
mately 20 percent. A reduction of thrust mmch greater than that
obtainable by throttling 1s requlred and it 1s necessary to use
other means, or a comblnation of throttling and other msans, for
controlling thrust at or near sea-level conditions.

This greater reduction can be accompllshed in part by a
variable-area jet nozzle. At maximum englne speed, as previously
noted, approximately 37-percent reductlon In thrust is obtalned by
opening the jet from a diemeter of 12.4C to 14.25 Inches. By com-
bination of the varlable Jet nozzle and inlet throttling, and by
the assumption that the operation i1s limited only by turbine-inlet
temperature, a reductlon in static thrust to 660 pounds or 63 per-
cent can bhe realized. A further reductlion In thrust is posslble by

RNy
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uge of an even larger Jjet nozzle. Thls use can be accomplished by
having a larger tall plpe on the englne with a variable-area Jet
nozzle having a greater variable-area ratio, or by using a variable-
Jot nozzle that will allow opening the Jet to a diffusing section.

Although en inlet throttle can be used under sea-~level operating
conditions as & supplement to other means of thrust control (such as
veriable-area Jet nozzles), 1f the complications of a multiple~
control system are warranted, inlet throttling alone 1ls an unsatis-
factory method of thrust control when large reductions in thrust are
required for maneuvers such as alrcraft-carrier lendings.

Thrust control at altltude while maintalining maximum engine
speed may be of lmportence for maneuvers such as combat-area patrol
in which instantanecus recovery of thrust may be required in the
event of attack by enemy planes. Throttling as a means of rapid
thrust control at altitude has greater potentialities than at mesa
level because, as previously discussed, the lower compressor-inlet-
alr temperatures result in lower engine operating temperatures. A
reduction of inlet pressure ratio to 0.69 1s shown to be possible
(fig. 11). This decrease represents a reduction In static thrust
from 900 to 425 pounds, or 53 percent. As shown by figure 13, the
trends of Increasing engine speclfic fuel consumption and temperature
with throttling also exist at altitude. The increasing specific
fuel consumption and operating temperatures must be considered in
evaluating the throttling of inlet alr as a means of thrust comtrol
of a turbojet engline.

SUMMARY OF RESULTS

Preliminary investigations and calculated performance of a
turbojet engine with a nominal thrust of 1600 pounds indicate that:

l. Inlet-duct loases, resulting In compressor-inlet pressures
below that of the atmosphere Into which the Jet-nozzle discharged,
resulted in marked decreases in static thrust and In alr consumption
and shearp lncreases In operating temperatures and in specific fuel
consumption.

2. Comparatively small reductions in the ratio of compressor-
Inlet totael pressure to exhaust static pressure at sea-level
operating conditions and at high engine speeds resulted in exceeding
the present allowable turbine-inlet total temperature of 2000° R,
Enlargement of the jet-nozzle allowed appreclable reductions of
inlet pressure without exceeding allowable operating temperatures
but at a great sacrifice iIn thrust and in Increased specific fuel

consumption.
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3. An improvement in inlet duecting that would Increase the inlet
pressure ratio from 0.24 to 0.98 was shown by calculations to allow
& pursult-type Jet-propelled airplane to operate with approximately
14 percent decresse ln teke-off dlstance.

4. Use of the turbojet engine as & pump to remove boundary-layer
alr from wing and fuselage surfaces of an alrplane would result Iln
decresased englne thrust, Increased englne specific fuel consumptlon,
and increased engine operating temperatures. Altltude operating
conditions were more favorable than sea-level conditions to engine
operation with reduced inlet pressure; therefore, use of the turbo-
Jet engline as & pump for boundary-layer removal appeared to be more
practical for altitude operation.

5. For flight operations at sea level such as alrcraft-carrier
landing approach, throttling the air supply to the englne was
unsatisfactory as a primary means of thrust control because of the
small range of control obtainable. At the limliting turblne-inlet
tenperature of 2000~ R, &t maximum engline speed, and an inlet-to~
exhaust pressure ratio of 0.89, the thrust reduction:obtalnable was
calculated as approximately 20 percent of the unthrotitled engine
thrust. A variable-area Jet nozzle at maximum speed and without
throttling will allow thrust reductlions of approximately 37 percent.
With Increaged Jet-nozzle area, increased throttling was permitted;
combinetion of these two methods of thrust control mey allow thrust
reduction of approximately 63 percent. At altitude, greater thrust
reductions were obtainable by throttling becanse reduced inlet
cambustion-alr temperatures resulted In generally lowered operating
temperatures, which In turn allowed operatlon at lower inlet-to-
exhaust pressure ratios.

Flight Propulsion Research Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohlo.
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APPENDIX A
SYMBOLS

The following symbols are used In presentation of the experi-

mental and calculated data &nd in the development of equations:

A
c

a Q
®? o <

= éﬁ

W2 & oo oM

< o H m éﬂ 0 o o

64

area normal to directlon of flow, sq £t

nozzle area coefficient

nozzle veloclty coefficient

gpecific heat at constant pressure, Btu/(1b)(°F)
groas thrust, 1b

net thrust, 1b

energy absorbed by auxiliary cese and bearing friction,
Btu/(ib fluid consumed by engine)

acceleration of gravity, 32.2 ft/3302
total (stagnation) enthalpy, Btu/lb
static enthalpy, Btu/lb

Joule's constant, 778 ft-1b/Btu
engline speed, rpm

total (stegnation) pressure, 1lb/sq in. absolute
static pressure, 1b/sg in. absolute
lower heating value of fuel, Btu/lb
gas constant, £t-1b/(1b)(°F)
effective ground resistance, 1b
distance, ft

total (stagnation) temperature, °R
static temperature, R

velocity, ft/sec

gonic velocity, £t/sec

e

1%
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Vi alrplane take-off velocity, ft/sec
Wa engine air consumption, lb/sec

Wpg engine fuel consumption, 1lb/sec
Wg Wp + W, 1b/sec

Wb alrplane gross welight, 1b

¥ specific heat ratio

Ny burner efflclency

Ne ©oxpansion efficlency, efflclency of totel expansion process
(turbine expemsion plus exhaust-jet-nozzle expansion)

N turbine efficiency

p  fluid deneity, 1b/ft3

A prime indicates lsentroplc or ideal process.
Subscripts:

free-stream condliticna
compressor inlet
compressor outlet
turbine inlet

tall pipe

Jet-nozzle inlet

Jet-nozzle outlet

- oo U0 ¢+ N N+ O

amblient conditions at Jjet-nozzle outlet

The following conventional factors used to correct engine data
to standard ssa-level condltions also provide a means of estimating
altitude performance from sea-level data:

8 Jet-nozzle exhaust statlc pressure, p7, ib/eq in. absolute
Pressure of NACA standard atmosphere at sea level, 1b/sq in. absolute

Compressor-inlet total temperature, Ty, °R
Temperature of NACA standard atmosphere at sea-level, °R

v‘llll!ﬂliiﬁgggg;
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AFPENDIX B
GENERALIZED FERFORMANCE EQUATIONS

The following equations are similar to equations previously
developed by the General Flectrlc Company. Because turbojet-englne
equilibrium-operation-performance equations are not generally avall-
able in the literature, the following were developed:

.8

In order to determine the performance of a simple turbojet engine, -

1t is necessary to establish the equilibrium operating temperature at
the turbine Inlet Tz for each particular operating conditlion of
interest. Because compressor performance cammot be accurately calcu-
lated, the compressor characterlstica are assumed to be known or to
have been estimated from the performance of a similar unit. Sonilc
velocity 1s also assumed to exlist at the turbine-nozzle throat at all
times. TFor the rare operating conditions where thils condition was
not true, the turbine nozzle ares coeffliclent 1s so defined as to
correct for this condition.

Equation for equilibrium engine operation. - From a component
energy balance, it can be shown that:

Turbine enthalpy change = compressor enthalpy change + energy
absorbed by auxiliary case and bearing
friction 1)

Also

Turbine enthalpy change = total expansion enthalpy change - Jot-
nozzle expansion enthalpy change

(2)
By equating the left-hand terms of equations (1) and (2),
Wa(Hz - Hl) + E = (Wa + Wf) [(H5 - hs) - (H* - hs)] (3)

'in which the enthalpy at stations 1 to 4 is total (stagnation)
enthalpy and the Jet-nozzle statlic enthalpy hg 18 based on the
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static temperature assuming total expsnslon to ambilent-alr pressure
across the Jet nozzle, From the known or assumed compressor per-
formence characteristics and inlet-alir conditions, Hp -~ Hy 1s

knmown. The energy absorbed by the auxillary case plus the bearing
friction E 1is generally small and fregquently can be neglected.
When the expension efflclency 1ls defined as

=53 - Ye (&)

U
® Hz - hg'

Hz - hg = Ne(Hz - hg') y o1

r
]
= T]ecp,s_s T3 1 -('r%g) (5)

It 1is now necessary only to evaluate the term of equation (3)
containing H,.

Vg = AJ2g3(Hy - hg) (6)
Vs = A2gJ(E5 - hg) (7)
Wy = C¢ Pg A5 Vs
= 03 Pz A3 v3 (8)
Sonic veloclty is assumed at the turblne-nozzle throat; therefore
7z .
Pz 2 \7z - %
- 3 ()
P3 73 + 1 .
From the perfect gas law
P = ERT . (10)
The adlabatic process relation is
y -1 .
7
T P
-3 (1)

GERYIIRETTEY
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From equation (6)
2
By - bg = 5o (22)
From equations (8) and (12)

By substituting the value of Vz from equation (7)

From equations (9) and (10)

73
-1
2 3
P F3 1
by = o = 73 + (15)
Rtz Rtz
From equations (9) and (11)
7z = 1
s~
tz =(p3 5 _ 2 (16)
T. \ Pz 1
3 3 73 F
From equations (15) and (16)
1
-1
P 73
3 2
by == <____ (17)
RTz Ts * 1 .

From equation (4) and by assuming a negligible difference between
the actual and adiabatic specific heats

y -1

Pg 4 )
t6='1‘31-nel-§-5) (18)

R
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For simplicity, the subscript notation indicating the effective ¥
t0 be used between specific stations is omitted when the stations
are obvious from the eguatiom. Then from equations (10). and (18)

P P
Py = o= = S (29)

Rtg
RIz<1 - 14 1-@_2.)

Substituting equation (17) and (19) in equation (14)

% v = (5 (32

1
P 7z - 1 r
3 2 3 Pg
ﬁ (73 = 1) l-7gf2 = (PS (85 - 115) (20)
but . y - 1
7
b3
E5-h,3=cp,3'1‘3 1-(—1,—3-) (21)
P
Substituting the value of 17:- from equation (9)
73 - 1 ‘
-hz = ¢ T (22)
Hz - b3 = ¢p 3 3(73 +1>

Then equation (20) becomes
i\ (As

2

. g1
Jz = 1
P3 75 7% - 1
- T .
(73 + l) l| e ( ) p,3 3(73 + 1 (23)




Substituting eguations (5) and (23) in equation (3) and solving for Tx gives an equation
. Tor equllibrium operation of the simple turbojet engine.

Op,l_z(Tz_- Tl) + E

Gl e b )
(24)

guaticm for total 555 flow. -~ From eguations (8) mnd (17) and the eg_uatim for sonloc
veloclty :

[ ]
=
\.._/
o
A
[
o
-
1]

[™]
oI
e

q
| |

v,

o = A7ERE

Wg = Wo + Wp = C3 Pz Az Vg = C3 P35 A3 Ty

L
-1
G5 Ps 45 ¢ 2 \’ Py

From equation (18)

2 Ii
ts - T5 ;;:—1- (33)

8T

0eT.Ld *of WH YOVK
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Substituting in equation (25) and combining terms

73+1
W =¢C 2z s sE (27)
g~ "3 Az Vg * 1 3 RT% 7

Equation for fuel consumption. - From an energy balance and by
agsuning the fuel temperature is nearly equal to the alr temperature
at station 2 '

Heat supplied by fuel = increase In heat content o;? fuel-alr mixture
Tp Wp @ ¥ Wy ¢ 5 5(T3 - Tp) (28)
Solving for Wp

2 (29)

Equation for gross thrust. - Under statlc conditions (zero
flight velocity), the engine thrust is egual to the momentum of the
Jet iesuing from the engine.

w W,
Fg =§5Vs =-gs°v,s V' (30)

Substltuting the equation for Vg'

£
_ - T
Fg =7 Cy,6 I\[a 830y 4.6(Tg - tg')

z-1
W, ' Pe\ 7
- B - (€
- By l\ 2gdey 4-6 Ta |1 (PJ (31)

T, may be evaluated by equating the compressor and turbine work
equation (1)

' W.
£
cp,1-2(T2 = T1) + E = ¢y 5 4(T5 - Tyg) (1 + wa> (32)

_ny
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Op,l_z(Tz - Tl) + B

1+
Op,5_4 + E—

P4 may be calculated from the adlabatic process relation

-2
~N\-1

Tq

T,' way be calculated from the turbine efficiency and equa-
tion (32)

°p,5-4(T5 = Tg)
cp,3-4(T3 - Tg")

Mg =

Cp,l_a(Tz - Tl) + B

W
<1 + ﬁf)cp,s_é(Ts - Tg')

(35)

(36)

G, 1_0(To = T ) +E
r, =, - pl-2T2 1T
We
Cp,3-4 (1 + 7 KES
Substituting equation (36) in eguation (34)

- 1
y-
Cp’ 1-2(T2 - Tl) + E

We
®p,3-4 1+ ﬁ; Ny T3

(37)

Le8



Substituting equations (33) and (37) in equation (31) and grouping terms

g =17
W ¢ (T -1y )+ 7
p,Ll=-2V527) l 6
T = g Or,el | 2 9% 006 '—Ts' : 1 L- &) | e
/ wf\ Z r s am _-I 3 \
L esbri)]] L [omantrma 1T
Wp

Fquation for net thrust. - The net thrust of an engine In flight is equal to the
change of momentum of the air In passing through the engine; that im, the gross thrust
minus the approach momemtum of the alr consumed by the engine.

W, :
a

837

:
&
g
g
g

T2
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APPENDIX C
CALCULATION OF EFFECT OF IMPROVEMENT IN INLET
DUCTING ON LENGTH OF TAKE-OFF RUN
The method used in calculating the length of the take-off run
is that deacribed by Hartman in reference S. The airplane data used
weore obtained from the manufacturer's tests of a single engine, Jet-
propelled, pursult-type airplane.

The effective ground resistance (frictian plus windage) is
determined as follows:

Alrplane gross weilght
Wp = 11,490 1ib
Alrplane take-off wveloclty

Vi = 161 ft/sec

Measured alrplane take-off distance
8 = 3050 £t
Englne rated gross thrust

Fg = 3750 1b

Engine rated alr consumption
Wo = 80 1b
Assumed effective ram-pressure ratioc at 0.7 take-off veloclty
Py/p7 = 0.94
0.7 take-off velocity
0.7 Vg 5 113 ft/sec

Gross thrust et a ram-pressure ratio of 0.94, assuming that the per-
formance of figure 8 applies proportionately to the larger engine

1575
FB 3750 === 770 = 3337

i«©e
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Alr consumptlion at Pl/p7 = 0.94, assuming that the performance of
figure 9 applies proportionately to the larger engine

30.2
wa_so-s—z—é-_'zso

The fuel consumpbtlon at Pl/p7 = 0.94, assuming figure 10 applles
directly

1.25 X 3337
Wf = =—=800 _ = l.l6
Wg = wa + Wf = 76.2

Net thrust at Py/p; = 0.94 and at 0.7 take-off velocity

W
Fp = Fg - £ 0.7 Wy

n & g
76.2
Fn = 3337 - =2 113 = 3070
From reference 7
Wy V2

g~ —=_ 5
—64(Fn‘3m)

in which (Fn - Rm) 1s the force avallable for accelersting the alr-
plane. Effective ground resistance {windage + friction) at 0.7 take-
off velocity 0
W, V
~ S
By = Fn =TS

11,490 x 1612

= 3070 - == "%050

= 1544

The length of ground roll with an assumed improvement iIn ducting to
glve an Increase In Inlet-to-exhaust pressure ratlio to 0.98 is
determined as follows:

1700

Fg = 3750 == 770 = 3802
31l.5
Wq = 80 2.0 = 78.3

| s
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1.18 x 3602
¥e = ——3goo - 118
At 0.7 take-off velocity
79.5 x _
F, = 3602 - > 113 = 3323

~ 11,490 x 1612 .
B = 3a(3323 - 1544) - 2616
The percentage decrease 1n length of take-off run with an assumed
improvement in ducting to give an increase in inlet-to-exhaust
pressure ratio 1s

3050 - 2616 =~ 14.2
3050 '
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Corrected engline

speed, NAR
1800 (rpm)
' ) 716,500
————— — Experimental data /’/
Calculated performance
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/|
1400
o / /
- 15,000
{:.n 1200 7 // // >
= // / A
g 1000 7 14,0007 |
A
;’ 800 /// // A ., 135,000
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pd /// MV 11,000
hoo;{ /j — // - 10,000
1 ; // s el
2oo/V >
o6 o7 .8 9 1.0

Inlet-to-exhaust pressure ratio, Pl/P:r

Figure 3, - Effect of reduced inlet-to-exhaust pressure ratio on cor-
rected gross thrust. Turbojet engine with 12.40-inch-diameter jet
nozzie; nominal thrust rating, 1600 pounds.
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Figure 4, — Effect of reduced inlet-to-exhaust pressure ratio on cor-

rected air consumption. Turbojet engine with 12.40-Iinch—-diameter
600 pounds,

Jjet nozzle; nominal thrust rating,
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Figure 5. - Effect of reduced inlet-to-exhaust pressure ratio on cor-

rected specific fuel consumption.

Turbojet engine with 12.40~inch-

diameter jet nozzie; nominal thrust rating, 1600 pounds.
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rected taif-pipe total temperature. Turbojet engine with [2,40~inch-
diameter jet nozzle; nominal thrust rating, 16Q0 pounds.
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Figure 7. — Effect of reduced iniet-to-exhaust pressure ratio on cor-
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Figure 8. ~ Corrected gross thrust and turbine-intet total temperature
at sea level and inlet~-to-exhaust pressure ratios below i, Turbojet
engine with 12,40-inch~diameter jet nozzie; nominal thrust rating,
1600 pounds. (Data taken from figs. 3 and 7.)
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Figure 9. — Corrected alr consumption and turbine~inlet total tempera-
ture at sea level and inlet-to—exhaust pressure ratios below |. Tur-
bojet engine with 12.40-inch-diameter jet nozzle; nominal thryst
rating, [600 pounds. (Data taken from figs. 4 and 7.)
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tions.  Turbojet engine with 12.40-inch~diameter jet nozzle; nomi-
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