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ATTITUDE-WIND-TUNNEL IRVESTIGATION OF A 3000-~-PCUND-THRUST
AXTAL-FLOW TURBOJET ENGINE
VI - ANALYSIS OF EFFECTS OF INLET FRESSURE LOSSES
By HRewell D. Sanders and John FPalaslces

SUMMARY

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

At low altitudes and flight Mach mumbers, inlet pressure
losses cause an increase in englne discharge temperature end it is
possible that the maximum sllowable turbine temperature may be
exceeded. An inlet absolube total-pressure loss of 10 percent

 will result in a thrust loss of 14 percent and a 15~percent

increase in specific fuel consumption based on net thrust.

At high altiltudes and flight Mach numbers, choking conditions
exist in the exhaust nozzle and the inlet pressure losses do not
affect the discharge temperatures. Under these condltions, a
10-percent loss in inlet absolute total pressure produces a
22-percent loss in net thrust and a 16-percent increasse in specific

fuel consumptlon.

If the exhaust-nozzle-outlet area 1s adjusted to compensate
for the effect of inlet loasses on discharge temperature in the
nonchoking cases (low altltudes and Mach numbers), the thrust and
fuel consumption will be changed in a manner gimilar to the results
obtained in the choking cases.

INTRODUCTION
The losses in the inlet air ducts, the diffusers, and the

de-icing equimment sssociated with turbojet engine installations
cause & reduction in the total pressure &t the inlet of the engline

CORFITENTTIAL
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and result in reduced thrust and increased specific fuel consump-~
tion. An enalytical evalustion of the effects of inlet losses on
the net thrust and the fuel econamy of a 3000-pound-thrust axial-
flow turboJet engine with a two-stage turbine is presented hersin.

The analysls is besed on engine performance characteristics
that were determined from experiments in the KACA Cleveland alti-
tude wind tunnel (references 1 to 5). The experimental investiga-
tlon did not Include tests in which inlet losses were systematically
varled, but the effects of these losses can be accurately estimated
from the experimentally determined performance characteristics of
the englne.

SYMBOLS

The following symbols are used in this report.
A erea, square feet
a velocity of sound, feet per second
Cq 4ischarge coefficient
£/a fuel-air ratio
Jet thrust, pounds
P acceleration of gravity, 32.2 feet per second per second
Mg flight Mach number, V/a '
N engine speed, rmm
P total pressure, pounds per square foot absolute

P static pressure, pounds per square foot absolute
q dynemic pressure, %'gi, pounds per square foob

R ges constant, 53.4 foot-pounds per pound per °R
total tempersture, °R

v velocity, feet per second

QO TN YRR



&6

NACA BM No. ESCl6e @EEIIERTTAL, ] 3

W mass rate of air flow through englne, pounds per second

¥ ratio of specific heals

8 ratio of compressor-inlet total pressure to etatlc pressure of
NACA standerd atmosphere &t sea level

2] ratlo of campressor-inlet absoclute total temperature to
ebgolute statlc temperature of NACA standard atmosphere atb
sea level

p density of alr, pounds per cublc foot
T  englne total-temperature ratio, Tg/T,
Subscripts:

o emblent or free-stream condltions

1 nacelle inlet -

2 compressor Inlet

8 exhaust-nozzle outlet

The deta were generalized to NACA standsrd sea-level condi-
tions by the following paremeters:

%/~ @ corrected engine speed, rpm

?# corrected air flow, pounds per second

ANATYSIS

Tnlet losses influence the bturbojet engine in three ways: The
total pressures throughout the englne are reduced and consequently
the total pressure of the Jet is reduced; the temperature of the
Jet must be increased to maintain constant engine speed; and the
air flow is reduced approximately in proportion to the reduction of
air density at the engine inlet. When the pressure ratlo across
the exhaust nozzle exceeds the choking value, the temperaturs and
pressure ratlos across the engine are independent of the inlet
logses. In the analyses that follow, different methods were used.
for calculating the nonchoked (subsonic Jet velocities) and choked
cages. In ell cases the engine speed was held constant at a value

of 11,500 rpm.

.
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Nonchoked exhaust nozzle, - The turbojet englne was treated as
a pump for raising the total preasure and tempersture of the alr
and the ges-flow characteristics of the engine were mabtched with
the gas-flow characterlstlecs of the exhaust nozzle.

Engine characteristics were determined from altitude-wind-
tunnel investigations (references 1 to 5) and are shown in fig-
ures 1 and 2. The effect of the parameters of altitude, corrected
englne speed, effective inlet-pressure ratio P,/p,, end exhaust-

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

The alr-flow characteristics of the exhaust nozzle were cal-
culated fram the equation

- 28y o 27
W/E [ S8 ewme 1 P_8<’;§)
Calgd (76~D)R /516 (1+£/a) T Pz \Po

The relation expressed by this equation is 1llustrated in
figire 3, in which engline pressure ratlo PB/PZ 1s plotted as a

function of temperature ratio T <for e series of values of
compressor~inlet corrected alr flow per square foot of exhsust-
nozzle-outlet area and for various values of effective inlebt
pressure ratio Py/pg.

The flow regulrements lmposed simultanecusly by the engine
characteristics and the nozzle characteristics are satisfled at
the intersection of the corresponding curves in figures 1 amd 3,
respectively. In the thrust computationsa, velues of engine speed
(11,500 rpm}, a.lti‘bud.g, £1light Mach mumber, and inlet sbsolute

=P,
total-pregsure lose %1 2 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 8q £t), and nozzle discharge coefficient (0.99) was

__
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superimposed on the curve in figure 1 corresponding to the calou-
lated corrected engine speed, and the pressure and temperature
retios across the ‘engine were found et the Intersectlion of the two
curves. The eguation used for calculating Jet thrust 1s

(2)

Choked exhaust nozzle. - When the pressure ratio across the
exhaust nozzle was greater than the choking value, the air flow and
the pressure and temperature ratlos across the englne were a func-
tion principally of the corrected engine speed and varied only
slightly with altitude end effective Inlet-pressure ratio, as shown
by the results of wind-tunnel investigations in figures 4 to 8.

The values used in the analysls were taken from the dashed curves
in these figures et the corrected engine speed corresponding to en
actual engine speed of 11,500 rpm at the selected altitude and
flight Mach number. The Jet thrust was calculated from the follow-
ing equation, which 1s appliceble to & convergent nozzle

78-1-1

2278-—15

RT 7+1) P
= 8 |8~ —2 .2
Fa‘w\lyss(z "%, )

DISCUSSION

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

P, -P
Pressure. A chart for converting rem-pressure recovery ( - 2)

2%

to inlet absclute total-pressure loss is given in figure 7 for
flight Mach numbers up to l1l.0.

SEXITTENTTAL
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Nonchoked exhaust nozzle. - When the exhaust nozzle was not
choked, & loss of iniet absolute total pressure reduced the Jet
thrust in proportion to the reduction in air flow and the reduction

7g~t
in the pressure-ratioc function -\ ; @and inoreased the
s .
Jet thrust in proportion to the increase In the squere root of the
over-all temperature ratio. As an example, the effects of a
10-percent loss in inlet absolute total pressure at a £iight Mach
number of 0.4 and en altitude of 15,000 feet are shown in the

following teble:

Pressure ratio, Palpo, NO 1088 ¢ « o« « ¢ « ¢ o s « « o « « 1.675
Temperature ratio, TgfTy, 1O 1088 .« . & ¢ « o = o ¢ o o o o 2.62

Percentage change ceused by 1l0-percent
inlet absolute total-pressure loss

Pressure-ratlio reduction, percent . « ¢« « « ¢+ ¢ ¢ ¢ .6 ¢+ s+ » 6
Tempereture-ratio Increase, pergent . . « « ¢ ¢ ¢ « ¢ ¢« ¢« « 8
Reduction of net thrust per unit

rate w air flow, Pemmt a L] - * * * * L] e . L] L ] * - L] L ] 4
Air-flcw red-uctim, Percent - - * . L ] * - . - . L [ ] -« Ll - . lo.
Net-thrust redmtion, Pemmt ¢« @ @& e ¢ @ & ¢ o & o ¢ ¢ s ¢ 15

The pressure-ratlo reduction 1s only € percent beceuse the pressure
retio across the englne increases with lncreasing temperature ratio.

The relation of thrust loss to inlet absolute total-pressure
loss was approximately linear (fig. 8). The change in temperature
ratlo T across the englne as the lnlet losses increased are indl-
cated on the curves. If the exhaust-nozzle area were selected to
give maximmm thrust with no lnlet losses, the inlet losses would
cause the temperature to rise gbove the maximum allowable value.

Choked exhaust nozzle. - When & choking condltlion existed in
the exheust 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 end pressure ratlo across the
engine to pertly offset the effects of inlet pressure and air-flow
losses. For example, at an altitude of 15,000 feet and a £light
Mech number of 0.8, choking condltions existed; and the effects of
a 10-percent losz of inlet absolute total pressure are shown in the
following table:
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Pressure ratio, ]?a/po, DO 1088 ¢ ¢ « o o o « o o o o o o o o L84

Percentage change caused by lO-percent inlet
gbsolute total-pressure loss

Pressure-ratio reductlon, percent . « « ¢« « ¢ ¢ ¢« ¢ ¢ o« « « 10.0
Reduction of net thrust per wmit

rate Of a-ir flOW, peroen'b s @ @€ o & & ¢ & * 8 ¢ & & o & o 14.0
Air"'flcw red-wtion, mrcelrb e &6 @ €6 e & & & & ¢ @& & 8 & & g lo .0
Net -'th.'uB'b reductim’ percent s & @& 4 e @& 8 & 8 ¢ © & & & @ 22 - 5

The thrust loss was spproximetely proportional to the inlet
absolute tobal-pressure loss, as shown in figure 8 for flight at an
eltitude of 15,000 feet and &t Mach mumbers of 0.4 and 0.8. The
departure fram proportionallty 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 same increasse in temperature sccompanied increasing
losses, '

Specific fuel consumption. - The specific fuel consumption 1s
inversely proportional to the thrust per unlt rate of air flow and
directly proportional to the fuel-alr ratio. The fuel-alr ratio 1s
proportional to T- 1. At an altibude of 15,000 feet and a Mach
number of 0.4 (fig. 8, nonchoked nozzle), an inlet absolute total-
pressure loss of 10 percent reduced the thrust per unlt rate of alr
flow by 4 percent, but a 6.3-percent increase In temperatures resulited
in a 10-percent inoresse In fuel-air ratio. The over-all increase

in specific fuel consumption was therefore 15 percent.

When the engine is choked at the exhaust nozzle, inlet losases
cause Increases in specific fuel consumption purely through the
reduction of thrust per unlt rate of air flow. In the choked case
previously mentioned (altitude, 15,000 feet; Mach number, 0.8), a
10-percent losa of inlet absoclute total pressure reduced the thrust
per unit rate of ailr flow by 14 percent and the consequent incresse
in specific fuel consumption was 16 percent ‘

1 .
(l — TToss = 1 4 specific-fuel-consumption 1norease). The

close agreement between this value of 16 percent and the value of
15 percent for the nonchoked case ls colncidental.

Curves showing the specific-fuel-consumption increases cor-
reaponding to the thrust losses are also given in flgure 8.

Effect of flight Mach number. - Chenging the Mach number
influenced the relation between thrust loss and Inlet ebsolute
total-pressure loss principally through the effects of Mach number

QEONFIUENTIAL ]
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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 loas from
13.7 percent to 22.5 percent for an inlet absolute total-pressure
loss of 10 percent. At & Mach number of 0.4, thes pressure in the
exhelist nozzle was well below choking; and at a Mach number of 0.8,
choking occurred in the exheust 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 condi-

tions of figure 8.

When choking conditions existed throughout the ranges of
flight Mach mumber under considereation, the net thrust decreesed
very slightly with increasing flight Mach number (fig. 9).

Effect of altltude. - Increasing the altitude of operation of
a jet engine and holding the engine speed constant results in
increased corrected engine speed, increased temperature ratlo, and
increassed pressure ratio. As the pressure ratlo approaches choking
in the exhaust nozzle, the thrust losses accampanying Inlet pres-
sure losses become more serious, as previously noted. Inoreasing
the altitude from 15,000 to 25,000 feet resulted in an increased
effect of inlet ebsolute total-pressure loss on thrust. This
effect and the increase in specific fuel consumption, which 1is
grester at an altitude of 15,000 feet than at 25,000 feet, are
shown in figure 10. This greater Increase at the low altitude
resulted from a greater effect of inlet loss on temperature ratio
end & consequently greater increase in fuel-alr ratio. At alti-
tudes sbove 25,000 feet, the pressure ratio across the exhaust
nozzle exceeds the choklng value and altitude has only a very samall
effect on the thrust loss and the specific-fuel-consumption
increase.

Constant temperature and varisble nozzle area. - In cases
where the iniet losses have been eveluated, the alrcreft or engine
designer should so select an exhaust-nozzle-outlet area that the
maximm allowable temperature will be obtalned at maximm allow-
able engline speed. When the exheust-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 total-
pressure losses will be similar to the losses incurred when the
engine is operating at choking condltions. A lO-percent loss aof
inlet ebsolute total pressure will produce & thrust loss of
approximately 22 percent and an increase In specific fuel consmp-
tion of sbout 15 percent.

GEWFITERT AN
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Swmery of thrust and fuel consumptions. - The loss 1n thrust
end the increase in specific fuel consumptlion accompanylng inlet
absolute total-pressure losses are summarlzed in figure 1l for the
£1ight conditions indicated by x in the following table. Data
for conditions marked by O are glven in other figures.

Flight Altitude
Mach
number 0 15,000 | 25,000 { 35,000
1) X | mmmmem | ceccen | mmeeea
. X 0 0 | =~ceea=
8 | m==aa 0 0 | ecova-
1.2 | ===ee x X x
1.6 ————e | mmem—a o x

The variation of loss in net thrust and incresse in net thrust
specific fuel consumption wlth ram-pressure recovery ls shown In
figure 12 for an altibude of 15,000 feet and fiight Mach nmumbers of
0.4, 0.8, and 1.2.

SUMMARY (OF RESULTS

The following results are applicable to the 3000-pound-thrust
axisl-flow turbojet engline investigated at fixed rotational speed:

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

2. When the pressure ratlo ecross the exhaust nozzle was less
than choking value, a 10-percent loss of Inliet absolute total
pressure resulted in approximetely li-percent loss of net thrust
and 15-percent lncrease 1n specific fuel consumption. The dis-
charge temperature mey increase gbove maximum allowsble value.

3. When the pressure ratlo across the exhaust nozzle exceeded
the choking value, & l0-percent loss in inlet ebsolute total pres-
gure resulted in spproximately 22-percent loss in thrust and
1l6-percent inorease ln specific fuel consumption. The discharge
temperature did not chenge.

4. When the exhaust-nozzle area was sdjusted so that the dis-
charge temperature had the maximum alloweble value at each value

ST,



JLT6

10 KACA BM No. E8Cléa

of inlet pressure loss, the changes in thrust and specific fuel
consumption accampanying inlet pressure losses were simlilar to the
changes when the englne was operating at choking conditions.

5. Changes of altitude end £1light Mach number Iinfluenced 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 number, the pressure ratlo across
the exhaust nozzle was less than the choking value; at high alti-
tudes and Mach numbers, the pressure ratio was greater than the
choking value.

Flight Propulsion Resesrch Laboratory,
National Advisory Cammittee for Aeronautics,
Cleveland, Ohlo, March 16, 1948.
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engine Inlet- nozzle-
speed pressure outlet
N/ ratio area, A
(rpm) Pofpg  (8q ft
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D O 1.2 1.27
1.8 © O 1.4 1.27
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Engine tobtal-temperature ratio, TB/‘D2

(a) Altitude, sea level,
Flgure 1, - Relation between engine total-preasure ratio and englne total-temperature ratlo,
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Corrected Effective Exhaugt-
1.8 engine inlet- nozzle=
) gpeed preasura outlet
N/v1e ratio area, Ag
(rpm) Po/Po (sq £t)
0,700 11,430 11,950

' / o 0 o  1.05 1.27
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£ Log Q 1.4 1.27

A A 1,2 1.60
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Flgure 1. - Continued.
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ture ratio, Tg/Tp

(b) Altituds, 15,000 fast,

Relatlion between sngine total-pressure ratlo and engine total~

temperature ratlo,
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Engine total-temperature pratlo,

3.2
Te/Tg

2.0
Corracted Effectlve Exhaust=
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1.8 speed pressure outlet
/Yo ratlo ares, Ag
0 {rpm) Po/pg  (8q £t)
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o o o 1.06 l.27
-~ Ll.6 A a 1.2 1.27
Q 43 1.4 1.27
B A A 1.2 1,60
o » I 1.2 2.20
g 1 /
a
g 4
g //
8 1.2 ’/
§ V)
2.0 Z?
. Py
" Maca
1.6 2.0 2.4 2,8 3,6
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(e) Altitude, 25,000 feet.
Relation between engine total-presaurs ratic and engine total-

Figure 1. = Conecluded.
temperature ratlo.
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Flgure 2, = Corrected alr flow as function of corrected engine speed. Effesctive Inlet
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Engine total-pressurs ratic, PB/P2
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Engine total-temperature ratlo, 7T
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