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NACA RM No. E8J25b —RESTRIGERP

NATTONAL ADVISORY -COMMITTEE FOR .AERONAUTICS

RESEARCH MEMORANDUM
ANATYSTS OF EFFECTS OF INLET PRESSURE LOSSES ON PERFORMANCE
OF AXTATL-FLOW TYPE ﬁJRBOJET Emnm

By Newell D. Sa.nders a.nd John Palasics

SUMMARY

The experimentally determined performance characteristics of
an axial-flow turbojet engine have béen used to estimate the «
effects of inlet total-pressure losses on net thrust and specific
fuel consumption at a constant engine speed.

At low altitudes and flight Mach mumbers, inlet pressure
Josses cause an increase in engine discharge temperature and it is
posgible that the maximum allowable turbine temperature may be
exceeded. An inlet absolute total-pressure loss of 10 percent
will result in a thrust loss of 14 percent and a 1S5-percent
increase in specific fuel consumption based on net thrust.

At high altitudes and flight Mach numbers, choking conditions
exist in the exhaust 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 16-percent increase in specific
fuel consumtion -

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 mubers), the thrust and
fuel consumption will be changed In a manner similar to the results
obtained in the choking cases.

INTRODUCTION

The losses in the inlet air ducts, the diffusers, and the
de-icing equipment associated with turbojet engine installations
cauge 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

RESTREGHHB



2 NACA RM No. E8J25b.
the net thrust and the fuel economy of an axial-flow-compressor
type turbojet engine with a two-stage turbine i1s presented herein.

The analysis is based on engine performanée characteristics
that were determined from experiments in the NACA Cleveland alti-
tude wind tumnel (references 1 and 2). The experimental investiga-
tion did not include tests in which inlet losses were systematically
veried, but the effects of these losses can be accurately estimated
from the experimentally determined performance characteristics of
the engine.

SYMBOLS

The following symbols are used in this report:
A area, square feet
a velocity' of sound, feet per second
Ca discharge coef’ficient
£/a ,fuel-air ratic
F,j Jot th:r'ust, pounds
g acceleration of gravity, 32.2 feet per second per second
My flight Mach mmber, V/a
N enginé speed, rpm
P 'botal pressu:re ’ polmﬂ,s per square foot absolute

P static pressure » pounds per square foot absolute

V2
dynamic pressure, %é_’ pounds per square foot

q

R gas constant, 53.4 foot-pounds per pound per ©R
T total temperature, °R
. _

velocify., feet per second
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w m;sss;:::e.'te of air flow through engine, pounds per second
y  ratio of speezlfic heats

o] ratio of compressor—:lnlet total pressure to static
pressure of
NACA standard atmosphere at sea. lsvel :

0. f ra.tio of canpressor-inle’c s.bsolute total 'bemperatwre +to .
- .. . abgolute static temperaimre of NACA standard a;bmosphere at
, sea.,,level e e st s e e ;

,,,,,

P dens of air, pounds :per cu‘bic foot

T engine total-temperature ratio, N TB/T2

L)

Subscripts :

0 ambient’ or free-stream comittions
1 na.celle inlet

2 compressor 1nlet

8 exhaust-nozzle outlet

The data were generalized to NACA s’ca.ndard sea-level condi-~
tions by the following parameters:

N/~/6 corrected engine speed, rpm
W# "corrected air ,fiow, pounds per second}

Wit wapee 3 Fone

S
AT

Inlet losses 1nf1uence the turbojJet engine in three ways: The
total pressures. throughout the engine are . reduced and conseq_uently
the total pressure:of the Jet is reduced the temperature of the
Jet must be increased to maintain constanfb engine speed; and the
air flow is reduced approximately in proportion to. the reduction of
air density at the engine inlet. When the pressure ratio across
the exhaust: nozzle exceeds the choking: value, the temperature and
presgsure ratios acrogs the engine are ind.ependen’c of the inlet
losses. In the analyses that i’ollorw, different methods were used
for ca.lculating the ‘nonchoked (subsonic’ jet velocities) ‘and choked
cages. In all cases the engine speed vas hela constant at a value
of 11,500 rpm.
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Nonchoked exhaust nozzle. -~ The turbolet engine was treated as
a pump for raising the total pressure 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 characteristics 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
engline speed, effective inlet-pressure ratio I’2 /po, and exhaust-

nozzle-outlet area on the relation between temperature and’ ‘pressure
ratios across the engine is shown in figure 1. The corrected
engine speeds correspond to a fixed engine speed of’ 11 500 Tpm at
the selected flight conditions. The variation of corrected air
flow with corrected engine speed for altitudes of 15,000 e.nd
25,000 feet is shown 1n figure 2.

The alr-flow characteristics of the exhaust nozzle were cal-
cule.ted from the equation

7
WAT _ / 2116 1 Pg (Pe '

Cahgd (78'1)3 /519 (1+/a) T P2 \Po

(1)
The relation expressed by this equa.tion is illustrated in
figure 3, in which englne pressure ratio Pg/P, 1s plotted as a

function of temperature ratio T for a series of values of
compressor-inlet corrected air flow per square foot of exhaust-

nozzle-outlet area and for varlous values of effective inlet
pressure ratio P,/pg- .

The flow requirements imposed simultaneously by the engine
characteristices and the nozzle characteristics are satisfied at
the intersection of the corresponding curves in figures 1 and 3,
respectively. In the thrust camputations, values of engine speed.
(11,500 rpm), altitud; , flight Mach number, and 1nlet gbsolute

total-pressure loss By were assumed. . Corrected, engine speed.

was calculated and the corrected air flow to the engine was read .
from figure 2. The curve in figure 3 corresponding to the selected
effective inlet-pressure ratio, exhaust-nozzle-outlet area

(1.27 sq ft), and nozzle discharge coefficient (0.99) was

1.%6
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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 englne were found at the intersection of the two
curves. The equation used for calculating Jjet thrust is

(2)

_ Choked exhaust nozzle. - When the pressure ratio across the
exhaust nozzle was greater then the choking value, the alr flow and
the pressure and tempera.ture ratios across the engine were a func-
tion principally of the corrected engine speed. and varied only .
8lightly with altitude and effective inlet -pressure . ratio, as shown
by the results of wind-tunnel inVestigations in figures 4 to 6. .
The values used in the analysis were taken from the dashed curves
in these figures at the corrected engine. speed corresponding to an
actual engine speed of 11,500 rpm at the selectdd altitude and.
flight Mach number. The Jet thrust was calculated from the follow~
ing equation, which 1is applicable to a convergent nozzle

784-1
o 2(r-0) [ ]
) » RT,. . +1\ y8 l I P. .
FoowaAl 8 (_79___) -2 9 (3)
J 788 2 1 FS-
Nz 7/ ]
DISCUSSION

Results of the analysis are presented as the 1oss in net
thrust and the increase in specific fuel consumption based on net
thrust that accompany the varying loss in inlet absolute total

, ; 4 . P, -P
pressure. A cha.rt for converting ram-pressure recovery ( - 3;'0 2)
to Inlet absolute total-pressure loss is given in figure 7 for
f£1ight Mach numbers up to 1.0.
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‘Nonchoked exhaust nozzle. - When the exhaust nozzle was not
choked, a loss of inlet absolute total pressure reduced the Jet”
thruet in proportion to- the reduction in air flow and the reduction

' L
. Po\ 7 ‘ :
in the pressu're-ra.tio'function 1 - (P0> 8 , &and increased the
8
Jet thrust in proportion to the increase in the square root of the
over-all temperature ratio. As an example, the effects of & =~
10-percent loss in inlet absolute total pressure at a flight Mach
number of 0.4 and an altituds c:t‘ 15 000 feet are ehown in the -

following table: . ;
Preesure ratio, . Pa/po,‘.‘v no 1636 ‘}.“ . '. '..‘A. v ;.'_..‘ v.‘,."..'”: .. 1.675
Temperature ratio, '1‘8/'.['2,‘ no loss i . . e e e e v‘."‘\;‘-".s":A.Z'-;Sz_*

Percentage change caused by 10-percent ;
inlet absolute total-preesure 1oss S

Pressure-ratio ‘reduction, percent ..
Temperature-ratio increase, percent PRV
Reduction of net thrust per’ wnit 0 U T

rate of air flcw, Percen‘b ¢ o o ."Q:';'. PR oo ¢ o o o
Alr-flow reduction, percent . ¢ o« ¢ ¢ ¢ ¢ ¢ ¢ s ¢ ¢ s o o o
Net-thrust reduction, percent . « « ¢ ¢ ¢ o« ¢ ¢« ¢ ¢ o « ¢ &

3
.
°
.
[y
)
.
.
.
.
.

[ ]

[ ]

®

&

*

L )
e
‘ -
L

[ ]
-«

L ]

The pressure-ratio reduction 1s only 6 percent because the pressure
ratio across the engine 1ncreaees with '~indreaeih3 temp’era.ture ratio.

The relation of thrust loss to inlet absolute total-preesure
loss wes approximately linear (fig. 8). The change in temperature
ratio T across the engine as the inlet losses increased are indi-
cated on the curves. If the exhaust-nozzle area were selected to
give maximum thrust with no inlet losses, the inlet losses would
cause the temperature to rise a.’oove the maximum allowable value.

Choked exhaust nozzle. ~ When a choking condition existed in
the exhaust nozzle, inlet losses no longer caused an increase in
the over-all temperature ratio and there was no longer an increase
in thrust from increasing temperature and pressure ratio across the
englne to partly offset the effects of inlet pressure and air-flow
losses. For example, at-an altitude of 15,000 feet and a flight
Mach number of 0.8, choking conditions existedn and the effects of
a 10-percent loss of inlet absolute total pressure are shown in the
following table:

QA7
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Pre‘sepreratie,'_re/po, NO 1088 + o o o o o ¢ o o o o e o .,;1.,84
Percentage change caused by lO-percent inlet
absolute total-pressure loss

Pressure-ratio reductlon, percent . « « ¢ ¢ ¢ o o ¢ o o s . 10 0
Reduction of net thrust per umit _ I
rate Ofairflow, percent_, e o o o 4 o 0 & o o ¢ o & o el 14 0
Alr-flow red.uﬂtion, percen'l‘: ® & 0 e % 2 o 6 € & e o 8. 0 e '@ lo 0
Ne’e-thruatreduction,percent e o o o 6 o 0 e 8 s u o e ._.225
The thruat loss was approximately proportiona.l to the :mle‘b
absolute total -pressure loss, as shown in figure .8 for flight. at e.p
altitude of 15, 000 feet and at Mach mumbers 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 exhaust nozzle fell below the choking
value and some- increase in temperature accompanied imreasing
1oeses., r

Specifie fuel consmption. The specific fuel consumption is.
inversely proportional to the thrust per unit rate of:air flow and
directly proportional to the fuel-alr ratio., The fuel-air ratio 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 sbsolute total-
pressure loss of 10 percent reduced the thrust per unit rate of air
flow by: 4 percent, but a 6.3-percent increase in temperature resulted
in a 10-percent increese in fuel-air ratio. The over-a.ll increase
in specific fuel coneumption was therefore 15 percent

When the engine 1s choked at the exhaust nozzle » :l.nlet losses
cause increases in specific fuel consumption purely through the
reduction- of. thrust per unit rate of alr flow. In the choked case
proviously mentioned (altitude, 15,000 feet; Mach number, 0.8), a
10-percent loss of inlet absolute total pressure reduced the thrust
ver unit rate of air flow by 14 percent and the consequent increase
in specific fuel consumption was 16 percent

1.
(1 ~Thrust 1088 - =14 specific-fuel-consumption 1ncrease) he

close agreement between this value of 16 percent and the value of -
15 percent for the nonchoked. case 1s coincidental.

Curves showing the specific-fuel-consumption increases cor-,
responding to the thrust losses are also given 1in figure 8.

Effect of flight Mach number, - Changing the Mach number
influenced the relation between thrust loss and inlet absolute
total -pressure loss princlpally through the effects of Mach number
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‘on choking at the exhaust nozzle., In figure 8, increasing the Mach
number from 0.4 to 0.8 resulted in an increase of thrust loss from
13.7 percent to 22.5 percent for an inlet absolute total-pressure -
loes 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 in the exhaust nozzle. Flight Mach number had
relatively little effect on the increase in'specific fuel consump-
tion for a given inlet absolute total-pressure loss for the comli-
tions of. figure 8., -

Whan choking conditions existed throughout the ranges of
flight Mach’ number under consideration, the net thrust decreased
very slightly with 1ncreaaing f1light Ma.ch number (fig. 9).

Effect of altitude. Increasing the altitude of opera.t:lon of
a Je‘b engine and holding the engine speed constant results in-
increased corrected engine speed, increased temperature ratio, and
increased pressure ratio. -As the pressure ratio approaches choking
in the exhaust nozzle, the thrust losses accompenying inlet pres-
sure losses becoms more serious, as previously noted. Increasing
the altitude from 15,000 to 25,000 feet resulted in an increased
effect of mlet a‘bsolute tota.l-pressure loss on thrust. This -

greater at an altitude ‘of 15 000 feet than at 25,000 feet, are -
shown in figure 10. This graater increase at the low altitude
resulted from a greater effect of inlet loss on temperature ratio
and a consequently greater increase in fuel-alr ratio. At alti-
tudes above 25,000 feet, the pressure ratio 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 aircraft or engine
designer should so select an exhaust-nozzle-outlet area that the
maximum allowable temperature will be obtained at meaximum allow-
able englne speed. When the exhaust-nozzle area 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 in thrust accompanying inlet absolute totel-
pressure losses will be similar to the losses incurred when the
engine 1s operating at choking conditions. A lO-percent loss of
inlet absolute total pressure will produce a thrust loss of
approximately 22 percent and an increase 1n specific fuel consump-
tion of about 15 percent.
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Sumary of thrust and fuel congumptions. - The loss. in thrust
‘and the increase in specific fuel consumption accompanying inlet.
absolute total-pressure losses are sumarized in figure 11 for the
flight conditions indicated by x in the following table. Data
for. conditions marked by O are gliven in other figures.

S Fuens| . Albitade ..
M&Ch B | Lot el ganen Db s et
number | 0 - {15,000 | 25,000 | 35,000 .-

4 0

08 """" 0
1.2 '»""""’".‘ : 11 Ry
1.6 | mmemm | cmomme

The variation of loss in net thruat and Increase in net thrust
specific fuel consumption with ram-pressure recovery is shown in.
figure 12 for an a.l‘bitude of 15, OOO feet .and- fl:lght Mach num‘bers of
~04,,08 and.lz._ . o R Y

SUMMARYOFB]!SULTS

The following results a:re applicable to the 3000-pound-thrust
axial-flow turbojet engine investigated at fixed rotational speed:

1. The thrust loss was approximately proportional to the loss
of Inlet absolute total pressure.

2. When 'bhe pressure ratlo across the exhaust nozzle was less
than choking value, a 10-percent loss of inlet absolute total
pressure resulted in approximately l4-percent loss of net thrust
and 15-percent increase in specific fuel consumption. The dis-
charge temperature may increase sbove maximum allowable value.

3. When the pressure ratio across the exhanst nozzle exceeded
the choking value, a lO-percent loss in inlet absolute total pres-
sure resulted In approximately 22-percent loss in thrust and
l6-percent Increase in specific fuel consumption. The discharge
temperature did not change.

4. When the exhaust-nozzle area was adjusted so that the dis- |
charge temperature had the meximum allowable value at each value
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of inlet pressure loss, the changes in thrust and specific fuel
consumptionaccompanying inlet pressure losses were similar to the
changes when the engine was operating at choking conditions.

5. Changes- of altitude and flight Mach muber influenced.: the"
relation of thrust and specific fuel consumption to inlet pressure
loss through the effect on the choking condition in the exhaust
nozzle. At low altitude and Mach muber, the. pressure ratio across
the exhaust nozzle was less than the choking value; at high alti-

tudes and Mach numbers, ’ the pressure ra.tio was greater than the
‘choking value.

Lewis Flight Propuls:.on Isboratory,
National Advisory Committee for Aerona.utics s
Cleveland, Ohio.
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Figure 8. - Relation of loss in net thrust and increasalin specific
fuel consumption based on net thrust to inlet absolute total-pressure
loss at flight Mach numbers of 0.4 and 0.8, Altitude, 15,000 feet;
;ngine speed, 11,500 rpm; exhaust-nozzls-outlet area, 1.27 square
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Figure 9. - Relation of loss in net thrust and increase in specific
fuel consumption based on net thrust to inlet absolute total-

pressure loss at flight Mach numbers of 0.8 and 1.6. Altitude,

25,000 feet; engine speed, 11,500 rpm; exhaust-nozzle-outlet
area, 1,27 square feet, '
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Figure 10. - Relation of loss in net thrust and increase in specific
fuel consumption based on net thrust to inlet absolute total-
pressure loss at altitudes of 15,000 and 25,000 feet. Flight Mach
number, 0.4; engine speed, 11,506 rpm; exhaust~nozzle-outlet area,
1.27 square feet,



_ NACA RM No. E8J25b

35
~—~=— Exhaust nozzle
not choked
Fiignt
uagﬁ
+40} n er
8 - P
g o 3+ 00
Engil totpl g}
: tempprature _===ZF-0 9
3.20 r&ﬁl T 27 \\ -”:‘E':: = - ]
5 S 2. 69
2 P-57_L=="1" N2 ko
o
= 0 = — 2L 34 -
]
8%
Sg
~ g
[ L]
3
¢4g o .
8 g .40 ~ e - 4
i ' P
« O mts
81} Pt 3d
0 -t~
@ g ,‘,",’/’
5° .20l I
g >
® 0 -
0 o ==
o 2 =P
2 g - ==
g4 T |
H Olea== , 1 |
0 004 008 . 012 016 . .cO P27
Py -Pg
Inlet absolute total-pressure loss, 3
‘ 1

(a) Altitude, sea level.
Figure 11. - Variation of loss in net thrust and increase in specific
fuel consumption based on net thrust with inlet absolute total-

pressure loss. Engine speed, 11,500 rpm; exhaust-nozzle-outlet
area, 1.27 square feet.



36

NACA RM No. EBJ25b

— Bxhaust nozzle
choked
.60 FLight
, nﬁmﬁer
R
P 1.2
2 |
g T
g s
5 1
.20 —tr—— et
3‘ ' ;///"” '
3 _ I
0
1 060
S84
Sg .
'gﬁ 1.2
% /
3 o /
w O
® g “
53 ~ NP
g 2,20 — e
%) ) ) ‘w
8° o// S U . ; I !
¢ .04 T .08 T .12 <16 - «20 T .24
P)-Po

Inlet absolute total-pressure loss,

1
(b) Altitude, 15,000 feet.

Figure 11l. - Continued. Varilation of loss in net thrust and increase
in specific fuel consumption based on net thrust with inlet abso-
lute total-pressure loss, Engine speed, 11,500 rpm; exhaust-
nozzle-outlet area, 1,27 square feet.



NACA RM No. E8J25b 37

— Exhaust nozzle|
choked
: . Flight
« 60— , - “Wakh
. numper
1.2
ﬁ r”/’
5.40 // -
p /
° o '
s //
& /
m.20 :
]
2 ’/;,/’//// .
0
1 « 60
8P
3
ok 1.2
=4 1;//
“ e
0:040 re
o4
2E v
3'6 // :
2, ®
m o /////
89,20 - <]
ﬁg //
8 B e
§ g ,,,,,-—*"”’// ~NACA
0 .04 .08 «12 16 «20 «24
P1-Po
Inlet absolute total-pressure loss, 3
1

(c) Altitude, 25,000 feet,
Figure 11. - Contlnued, Variation of loss in net thrust and increase
n specific fuel consumption based on net thrust with inlet abso=
lute total=-pressure loss. Engine speed, 11,500 rpm; exhaust-
nozzle-outlet area, 1.27 square feet.
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F1§ure 11, - Concluded. Variation of loss in net thrust and increase
n specific fuel consumption based on net thrust with inlet abso-

lute total-pressure loss. Engine speed, 11,500 rpm; exhaust-
nozzle-outlet area, 1.27 square feet.,
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