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OF AXTAL-FILOW TYPE TURBOJET ENGINE
By Newell D. Sanders andi John Palasics

SUMMARY

The experimentelly determlined performance characteristics of
an axial-flow bturbojet englne have been used to estimate the
effects of inlet total-pressure losses on net thrust anmd specific
fuel consumption at a constant engine speed.

At low altitudes end flight Mech mumbers, inlet pressure
losses cause an increase ln engine discharge temmerature and it 1is
possible that the maximum allowable turbine temperature may be
exceeded. An Inlet absolute total-pressure loss of 10 percent
willl result In a thrust loss of 14 percent and a 1S5-percent
Increase in specific fusl consumptlion based on net thrust.

At high altitudes and flight Mach numbers, choking conditions
exist in the exheust nozzle and the inlet pressure losses do not
affect the discharge temperatures. Under these conditions, a
10-percent loss in inlet absolute total pressure produces a
22-percent loss in net thrust and a l6-percent lncrease in specific
fuel consumption.

If the exhaust-nozzle-outlet area is adjusted to compensate
for the effect of inlet losses on discharge temperature in the
nonchoking cases (low altitudes and Mach numbers), the thrust and
fuel consumption will be changed in a memner similar to the results
obtained in the choking cases. i

IRTRODUCTION
The losses in the inlet alr ducts, the diffusers, and the
de-icing equipment assoclated with turbojet engine installastions
cause a reduction in the total pressure at the inlet of the engine

and result in reduced thrust and increased specific fuel consumption.
An analytical evaluation of the effects of inlet losses on
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the net thrust and the fuel economy of an axial-flow-compressor

type turbojet engine with a two-stage turbine is presented herein.
The analysis is based on engine performence characteristice

that were determined from experiments in the NACA Cleveland alti-

tude wind tumel (references 1 and 2)}. The experimental investiga-

tion did not include tests in which inlet losses were systematicelly

varied, but the effects of these losses can be accurately estimated
from the experimentally determined performance characteristics of

the engline.
SYMBOLS

The following symbols are used in this report:
A area, square feet
a velocity of sound, feet per second
Cs discharge coefficlent
f/a fuel-air ratio

Jot thrust, pounds

accoleration of gravity, 32.2 feet per second per second

3
24
My flight Mach mumber, V/a
N engine speed, rpm

P total pressure, pounds per squere foot absolute

P static pressure, pounds per square foot absolute
pv2

q dynamlic pressure, 'é'é—, pounds per square foot

R gas constant, 53.4 foot-pounds per pound per °R

T total temperature, °R

v

veloclty, feet per second
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W mass rate of alr flow through englne, pounds per second

V4 retio of specific heats

5] ratio of compressor-inlet total pressure to static pressure of
NACA standard atmosphere at sea level

e ratio of campressor-inlet sbsolute total tempersture to
gbsolute static temperabture of KNACA standard atmosphere at
sea level

p density of air, pounds per cublic foot
T engine total-temperature ratio, Taf]!z
Subscripts:

0 amblent or free-stream condltions

1 nacelle Inlet

2 compressor inlet

8 exhaust-nozzle outlet

The data were gemeralized to NACA standard sea-level condl-
t4ions by the following perameters: .

N/~ 6 corrected engine speed, rpm
‘i”é——g- corrected air flow, pounds per second

ANATYSIS

Tnlet losses influence the turbojet engine in three ways: The
total pressures throughout the engine are reduced and consequently
the total pressure of the Jjet 1s reduced; the temperature of the
jet must be increased to maintain constant englne apeed; and the
air fiow is reduced approximstely in proportion to the reduction of
air density at the englne inlet. When the pressure ratlo acroas
the exheust nozzle exceeds the choking value, the temperature and
pressure ratios across the engine are independent of the inlet
losses. In the analyses that follow, different methods were used
for calculating the nonchoked (subsonic Jet velocities) and choked
cases. In all cases the engine speed was held constant at a value

of 11,500 rpm.
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Konchoked exheuat nozzle. - The turboJet engine was breated as
a pump for ralsing the total preasure and temperature of the air
and the gas-flow characteristics of the engline were matched with
the gas-flow characteristics of the exhaust nozzle.

Engine characterlstlcs were determined from altitude-wind-
tunnel investigations (references 1 and 2) and are shown in fig-
ures 1 and 2, The effect of the parameters of altitude, corrected
engine speed, effective inlet-pressure ratio P,/py, and exhaust-

nozzle-outlet area on the relation between temperature and pressure
ratlose across the englne la shown in figure 1. The corrected
engine speeds correspond to a fixed englne speed of 11,500 rpm at
the selected flight conditions. The varlation of corrected air
flow with corrected engine speed for altitudes of 15,000 and
25,000 feet 1s ghown 1n figure 2.

The alr-flow characteristlice of the exhaust nozzle were cal-
culated from the equation

_78+1

2gy 2y
W/E _ s 2116 1 P_B(‘Ea_)
CaAgb (7s-1)R /515 (14¢/a) VT P \po

The relation expressed by this equation 1s illustrated in
figure 3, in which englne pressure ratio Fy/P, 1s plotted as a

function of temperature ratio T for a series of values of
compressor-inlet corrected alr flow per sguare foot of exhaust-
nozzle-outlet area and for varlous values of effective inlet
pressure ratio Po/py.

78 -1

7
(i’.a; -
Po

(1)

The flow reguirements imposed simulteneously by the englne
characteristice and the nozzle characteristics are satisfiled at
the intersection of the corresponding curves in figures 1 and 3,
respectively. In the thrust computations, values of engine speed
(11,500 rpm), alti‘budg, glight Mach number, end inlet absolute

1
P
was calculated and the corrected alr flow to the englne was read
from figure 2, The curve in figure 3 corresponding to the selected
effective inlet-pressure ratio, exhsust-nozzle-outlet area
(1.27 8q ft), and nozzle discharge coefficient (0.99) was

total-pressure loss wore assumed. Corrected englne speed

L3
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superimposed on the curve In figure 1 corresponding to the calcu-
lated corrected engine speed, and the pressure and temperature
ratios across the engine were found at the intersection of the two
curves. The equation used for calculating Jet thrust 1s

(2)

Choked exhaust nozzle. - When the pressure ratio acroass the
exhaust nozzle was greaber then the choking value, the alr flow and
the pressure and temperature ratlos across the engline were a func-
tion principally of the corrected engine speed and variled only
slightly with altitude and effective Inlet-pressure ratio, as shown
by the results of wind-tunnel investlgations In Figures 4 to 6.

The values used in the anslysis were taken from the dashed curves
in these figures at the corrected englne speed corresponding to an-
actual engine speed of 11,500 rpm at the selected altltude and
£1ight Mach number. The Jjet thrust was caloulated from the follow=-
ing equation, which is applicable to & convergent nozzle

7'8+1

gl i

R, (7 +1) P .
A / 8 (‘8 2 0

DISCUSSION

Results of the analysis are presented as the loas in net
thrust and the Incresse In specific fuel consumption based on net
thrust that accompany the varying loss in inlet absolute total

. P -P
pressure. A chart for converting ram-pressure recovery ( - :'0 2)
to inlet absolute total-pressure loss 1s given in figure 7 for
£light Mech numbers up to 1.0.
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Nonchoked exhaust nozzle. - When the exhaust nozrle was not
choked, & loss of inlet absolute total pressure reduced the Jet
thruet in proportion to the reduction in air flow and the reduction

7g-1

_ P

in the pressure-ratio function 1l - (fg) 78 , @and Increased the
8

Jet thrust in proportion to the increase in the sguare root of the
over-sll temperature ratio. As an example, the effects of a
l0-percent loss in inlet absolute total pressure at a flight Mach
number of 0.4 and an altitude of 15,000 feet are shown in the '
following teble:

Pressure ratio, PB/PO’ DO 1088 o « ¢« o « o o « o o o o o s« 1.675
Temperature ratio, Tg/T,, no loss . . . 2.62

Percentage change caused by lO-percent
inlet absolute total-pressure loss e

Pressm'e-ra-tio red-uctim, mmt ¢ & & & 9+ ¢ €& o & & & s 6.0
Temperature-ratio increase, percent . . . ¢ ¢ ¢« ¢ « ¢ ¢ ¢« « 6.3
Reduction of net thrust per unit

mte w air flw’ wmmt . . - . L L L] . L J [ 4 - L ] L L] L . 4.0
Air-le red-uctim, Peroent e« & @& 6 ¢ @ @ o & & ¢ & & o e o 10.0
Net"th.rust rduction, mrcent ¢ & & o ® & o & & & s ¢ o s o B-?

The pressure-ratio reduction is only 6 pexrcent because the pressure
ratio across-the engine increases with increasing temperature ratio.

.. The relation of thrust Joss to inlet absolute total-pressure
“Joss was ‘apyroximately linear (fig. 8). The change in temperature
ratio T across the engine as the inlet losses increased are indi-
cabed on the curvea., Jf the exhaust-nozzle area were selected to
give maximum thrust with no inlet losses, the inlel losses would
cause the temperature to rise above the maximm allowable value.

Choked exhaust nozzle. - When a choking condition existed in
the exhaust nozzle, inlet losses no longer cauwsed an inoreass in
the over-all temperature ratio and there was no longer an increase
in thrust from increasing temperature and pressure ratio across the
engine to partly offset the effects of inlet pressure and air-flow
losges. For example, at an altitude of 15,000 feet and a flight
Mach number of 0.8, choking conditions existed; and the effects of
& l0-percent logs of inlet absolute total pressure are shown in the
following table: '

947
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Pressure ratio, Pa/po, NO 1088 ¢ « o ¢ « ¢« « ¢« « ¢« o o o o « 1.84

Percentage change caused by 10-percent inlet
absolute total-pressure loss

Pressure-ratio reduction, pexcent . . « ¢« ¢ ¢« ¢ ¢ ¢ ¢ o o o 10.0
Reduction of net thrust per unit

rate Of air flow, percent - - L] - L] L] - * L] [ ] o« L ] - L ] - - 14.0
Alr-flow reduotion, percent . « ¢ ¢« « ¢ s ¢ ¢« ¢ ¢ s o o o « 20.0
Net-thru.st reductim, percent e & @& e o 4 & & &+ ¢ e & o+ e o 22.5

The thrust loss was approximstely proportiomal to the Inlet
ebsolute total-pressure loss, as shown in figure 8 for flight at an
altitude of 15,000 feet and at Mach mmbers of 0.4 and 0.8. The
departure from proportionality at the higher Mach number when the
inlet absolute total-pressure loss exceeded 10 percent resulted
because the pressure at the exhesust nozzle fell below the choking
velue and scme increase in temperature accompenled increasing
losses.,

Specific fuel consumption. - The specific fuel consumption is
inversely proportional to the thrust per unit rate of alr flow and
directly proportional to the fuel-alr ratlo. The fuel-alr ratlo is
proportional to T- 1. At an altitude of 15,000 feet and a Mach
number of 0.4 (fig. 8, nonchoked nozzle), an inlet ebsolute total-
pressure logs of 10 percent reduced the thrust per unit rate of alr
flow by 4 percent, but a 6.5-percent increase In tempersbure resulted
in a 10-percent increase in fuel-alr ratio. The over-all lncrease
in specific fuel consumptlon was therefore 15 percent.

When the englne 1s choked at the exhaust nozzle, inlet losses
cause increases in specific fuel consumption purely through the
reduction of thrust per unit rate of alr flow. In the choked case
previously mentioned (altitude, 15,000 feet; Mach number, 0.8), a
l0-percent loss of inlet ebsolute total pressure reduced the thrust
por unlt rate of air flow by 14 percent and the consequent Increase
in specific fuel consumption was 16 percent

]_ .
(1 T Thrust 1loss - 1 4+ specific-fuel-consumption increase). The

close agreement between this value of 16 percent and the value of
1S percent for the nonchoked case is coincidental.

Curves showing the gpecific-fuel-consumption increases cor-
responding to the thrust losses are also given In figure 8.

Effect of £light Mach number., - Changling the Mach number
influenced the relation between thrust loss and inlet absolute
total-pressure loss principally through the effects of Mach number
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on choking at the exhaust nozzle. In fignre 8, lncreasing the Mach
number from 0.4 to 0.8 resulted in an increase of thrust loes from
13.7 percent to 22.5 percent for an inlet absolute total-pressure
loas of 10 percent. At a Mach number of 0.4, the pressure in the
exhaust nozzle was well below choking; and at a Mach number of 0.8,
choking occurred 1in the exhaust nozzle. Flight Mach nmumber had
relatively little effect on the increase in specific fuel consump-
tion for a given inlet ahsclute total-pressure loss for the condi-
tions of figuwre 8.

When choking conditions exlsted throughout the rangea of
flight Mach number under consideration, the net thrust decreased
very slightly with inoreesing £light Mach number (fig. 9).

Effect of altitude. - Increasing the altitude of operation of
a Jot engine and holding the engine speed constant results in
fncreased corrected engine speed, increased temperature ratio, and
increased pressure ratio. As the pressure ratio approaches choking
in the exhaust nozzle, the thrust losses acoampanying inlet pres=-
sure losses becoms more serlouws, as previously noted. Increasing
the altitude from 15,000 to 25,000 feet resulted in an increased
effect of inlet absolute total-pressure loss on thrust. This
effect and the inorease in specific fuel consumption, which 1s
greater at an altitude of 15,000 feet than at 25,000 feet, are
shown in figure 10. Thils greater increase at the low altitude
resulted from a greater effect of inlet loss on temperature ratio
and & consequently greater increase in fuel-air ratio. At alti-
tudes above 25,000 feet, the pressure ratlo across the exhaust
nozzle exceeds the choking value and altitude has only a very small
effect on the thrust loss and the specific-fuel-consumption
Increase.

Constant_temperature and variable nozzle area. - In cases
where the inlet losses have been evaluated, the aircreft or engine
designer should so select an exhaust-nozzle-outlet aree that the
meximum allowable temperature will be obtalned at maximm allow-~
able engine speed. When the exhaunst-nozzle aresa is adjusted to
hold constant temperature, inlet losses will affect the thrust by
reducing the air flow and the total pressure at the Jet nozzle.
Consequently, the loss iIn thrust accompenying inlet absolute total-
pressure losses will be similar to the losses incurred when the
englne 1s operating at choking conditions. A lO-percent loss of
inlet absolute total pressure will produce a thrust loss of
approximetely 22 percent and an increase in specific fuel condump-
tion of about 15 percent.
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Sumary of thrust and fuel comsumptions. - The loss in thrust
and the iIncrease in specific fuel consumption sccompanyling Inlet
gbsolute total-pressure losses are swmerized in figure 11 for the
£light conditions indicated by x iIn the following teble. Data
for conditions marked by O are given In other figures.

Flight Altitude
Mach
number 0 15,000 | 25,000 | 35,000
0 X je=memee]| cocna- —————
.4 x ) 0 —————
08 ----- 0 0 ------
1.2 | e==== x x x
1.6 cmmne | meen—- 1) x

The varlation of loss In net thrust and increasse in net thrust
speclific fuel consumptlon with ream-pressure recovery 1ls shown in
figure 12 for an altitude of 15,000 feet and flight Mach numbers of
0.4, 0.8, and l.2.

SUMMARY OF RESULTS

The following results are spplicable to the 3000-pound-thrust
axisl-flow turboJet englne Investigated at fixed rotatlonal speed:

1. The thrust loss was approximately proportional to the loss
of inlet gbsolute total pressure.

2. When the pressure ratio across the exhaust nozzle was less
than choking value, a lO0-percent loss of inlet sbsolute total
pressure resulted in approximately li-percent loss of net thrust
and 15-percent incrsase in specific fuel consumption, The dis-
charge temperature may increese gbove maximmn allowegble value.

3. When the pressure ratio across the exhasust nozzle exceeded
the choking value, a lO-percent loss in Inlet sbsolute total pres-
sure resulted in approximately 22-percent loss in thrust and
16-percent Iincrease in specific fuel consumption. The discharge
tempersbure 414 not change.

4, When the exhaust-nozzle area wes adjusted so that the dis-
charge temperature had the maximum allowable value &t each value
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of inlet pressure loss, the changes In thrust and speclfic fuel
consumptionaccompanying inlet pressure loases were similar Lo the
changes when the engine wes operating at choking conditlions.

5. Changee of altitude =nd flight Mach number influenced the
relation of thrust and specific fuel consumption to inlet pressure
loss through the effect on the chokling condition in the exhaust
nozzle. At low altitude end Mach number, the pressure ratio across
the exhaust nozzle was less than the choking velue; at high alti-
tudes and Mech numbers, the pressure ratio was greater than the
choking velue.

Iewls Flight Propulsion Ieboratory,
National Advisory Committee for Aerona.utics 2
Cleveland, Chio.
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Corrected Effective Exhaust-
engine Inlet- nozzle=
speed pressure outlet
N/AE ratio ares, A
(rpm) Po/pg (sq ft?
11,310 11,500
L o 1,06 1.27
Ju] o 1.2 1.27
1.6 © o led 1,27
A A 1,2 1.60
~ v 1.2 1.04
r4 v 1.2 2.29
1,4
1.2

o

4

Engine total-pressure ratio, Pg/P,

-B -
1.6 2,0 2.4 2.8
Engine total~temperature ratlo, T,/T,

(a) Altitude, sea level,

Pigure 1, — Relation between engine total-pressure ratio and engine total~temperature ratio,
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Engine total-pressurs ratio, PB/?E

Corrected Effective Exhaust=
1,8 engine Inlet—  nozzle=
spﬁgﬂ pressura outlet
N/ve ratio area, A
< (rpm) Po/pg  (sq It
///," 10,700 11,430 11,950
1.6 < a g a 1.2 1.27
£ Fod Q 1.4 1.27
< A 1,2 1.80
& » v 1.2 1.94
7 v v 1.2 2.89
1.4’
L]

Ry /i
/j

Vd

8
1.8 2.0 2.4 2.8 3.2
Engine total temperature ratio, TB/TE

{(b) Altitude, 15,000 feet.

Figure 1. = Continued, Relation betwesn engine total-presasure ratio and engine total~
tempearature ratlo,
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2.0
Corrected Effective Exhaust=-
engine inlet~ nozzle-~
1.8 speed pressure outlet
N/ ratio area, Ag
® (rpm) Po/Pp (sq ft)
& 11,890 12,430
} o o 1.06 1,27
o 1.6 0 o 142 1.27
o - o l.4 1.27
B A A 1.2 1.62
H v v 1.2 1,9
- 74 y 7 L2 2.29
: /.
a 1.4
: %
o,
1
9 /
)
2 1.2
§ /1
1.0
) <
«8

1.6 2.0 2.4 2.8 3.2 3.8
. Engine total-temperature ratio, Tg/Tg
(¢) Altitude, 25,000 fest.
Pigure 1. - Conoluded. Relation hetween engine total-preasurs ratio and engine total-
temperature ratio.
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