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TECHNICAL NOTE 2088

PERFORMANCE AND LOAD-RANGE CHARACTERISTICS OF TURBOJET
ENGINE IV TRANSONIC SPEED RANGE

By Bernard Lubarsky

SUMMARY

In order to determine the optimum combination of compressor
pressure ratio and turbine-inlet temperature on the basis of load
range for flight speeds in the transonic range, an analysis was
made of the performance and the load-range characteristics of the
turbojet engine for flight speeds from 500 to 800 miles per hour,

. altitudes from 10,000 to 70,000 feet, compressor pressure ratios
from 2 to 30, and turblne-lnlet temperatures of 1700°, 2000°, and
2300° R. The values of the lift-drag and structure- to-gross-
welght ratios of the aircraft and the efficiencies of the engine
components assumed for this analysis are representative of the

best values obtained either in practice or in laboratory
investigations.

The variation, with flight conditions and engine operating
variables, of the thrust per square foot of engine frontal area,
gpecific weight, thrust specific fuel consumption, ultimate range,
and range with pay load are discussed.

The following results were obtained for the case of & sub-
merged engine installstion: Maximum, or near maximm, ultimate
range was attained at any of the flight conditions investigated
with a compressor pressure ratio of about 8 to 10. For all
‘speeds investigated at altitudes of 10,000 and 30,000 feet, and
for speeds up to 700 miles per hour at 50,000 feet, the variation
of ultimate range with turbine~inlet temperature within the
temperature range 1nvestigated was about 5 percent or less, with a
temperabture of 1700° R giving the longest range at the lower speeds
and altitudes. At an albtitude of 50,000 feet and a speed of
800 miles per hour, and at all,speeds investigated at 70,000 feet,
a turbine-inlet temperature of 2300° R gave a 10 to 30 percent
longer range than the temperature of 1700° R and a 4 to 10 percent
longer range than the temperature of 2000° R

o v et s
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INTRODUCTION

A theoretical analysis to provide an insight into the’potentisl
aircraft range and the most suitable operating conditions for six
types of propulsion system is presented in reference l. The engine
types considered are: compound, turbine propeller, turbojet, turbo
ram jebt, rem jJet, and rocket. Emphasis is placed on the maximum
range an aircraft powered by each of the engine types could attain
with no pay load. .

In order to extend the investigation of reference 1 to a region
of particular interest, an analysis of the turbojet engine in the
region of transonic flight speed was made at the NACA Lewis laboratory
to determine the optimum combination of compressor pressure ratio and
turbine-~iniet temperature on the basis of dircraft load-range per-
formance. The performance of the turbojet engine and the load-range
characteristics of aircraft powered by the turbojet engine were cal-
culated for flight speeds from 500 to 800 miles per hour and for alti-
tudes from 10,000 to 70,000 feet; reference 1 covers flight speeds L
above 8C0 and below 500 miles per hour. Additional calculations of

" the load-range performance of the turbojet engine for flight speeds

lower and higher than 500 to 800 miles per hour were made to compare
the load-range performance in the transonic-speed region with the
load-range performance at other flight speeds. The compressor pres-
sure ratio for the turbojet engine, which is optimized on the basis

of thrust in reference 1, was optimized on the basis of aircraft load
renge herein. The turbine-inlet temperature, which is assumed constant
at 2000° R in reference 1, was varied from 1700° to 2300° R. Several
of the assumptions of reference 1 as to component efficiencies, lift-
drag ratio, engine weight, and so forth have been changed in view of
more recent information obtained in laboratory investigatioms.

METHODS

A diagram of the turbojet engine assumed for the analysis is
shovn in figure 1. The performaence of the turbojet engine is cal-
culated for flight altitudes of 10,000, 30,000, 50,000, and 70,000
feet; for flight speeds of 500, 600, 700, and 800 miles per hour;
for compressor pressure ratios from 2 to 30; and for turbine-inlet
temperatures of 1700°, 20000, and 2500° R. Additional calculations,
at Tlight speeds from O to 500 and from 800 to 1400 miles per hour,
are made for an albitude of 50,000 feet. The turbojet compressor
was assumed to be of the axial-flow type for pressure ratios up to 10.
For pressure ratios greater than 10, the compressor system was assumed
to be made up of two parts: an axial-flow compressor with a pressure
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ratio of 10, followed by a centrlfugal-flow compressor with whatever
presgsure ratlo was required to achieve the over-all pressure ratio
desired. The engine performance is calculated using the thermodynamic
data of references 2, 3, and 4 for the compression, combustion, and
expansion processes, respectlvely. The pressure drop in the combustion
chamber was neglected, as it was found that the pressure drop was

small and had & negligible effect on the engine performance.

The following constant quantities were assumed:

Axial-flow-compressor polytropic efficiency (total-to~total) . 0.88
Centrlfugal-"1ow-compressor adisbatic efficiency (total-to-

total) . T .80
Combustion efflclency. e e e e o o e o e s e e e e e e s e .98
Turbine adigbatic efficiency (total-to-total). © o 6 o e 4 o @ .90
Exhaust-nozzle velocity coefficients. o« o « o o ¢ o o o o o + & .97

The pressure-rise recovery factor (ratio of actual pressure rise to
theoretical pressure rise) of the engine-inlet diffuser was assumed
to vary with flight Mach number, as shown in figure 2. The curve of

figure 2 shows representative values dbtalned from a survey of cur-
rent literature.

The air flow for the turbojet engine was assumed to be 13 pounds
per second per square foot of engine frontal area for sea-level zero-
ram conditions at the compressor inlet. At other altitudes and flight
speeds, the air flow was calculated by assuming that the axial Mach
number at the compressor inlet remeined constant at the value corres-
ponding to the sea-level static air flow.

The weight per square foot of engine frontal area of the turbojet -
engine was assumed tc increase with increasing compressor pressure
ratio and turbine enthalpy drop. For corresponding compressor pressure.
ratios, the specific engine weights found using this assumption
approximate the specific weights of the lightest of current engives.

The following assumptions of airplane characteristics were made:
(1) structure- to-gross-weight ratio, 0.4; and (2) fuel-tank- to-fuel-
weight ratio, 0.05. It was assumed that the maximum lift-drag ratio
that the airplane could attain from pure aserodynamic considerations,
regardless of gross weight, varied with flight Mach number, as shown
in figure 3. The 1lift coefficient at the maximum 1lift-drag ratio,
which is necegsary for the calculation of the wing loading, was
agsumed to vary with flight Mach number, as shown in figure 4. The
curves of figures 3 and 4 were obtained from a survey of the literature
in this field. These assumed airplane lift-drag ratios and correspond-
ing lift coefficients were used at all flight conditions for which they
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did not result in a wing loading higher than 125 pounds per square
foot. If the wing loading resulting from these assumptions was
higher than 125 pounds per squere foot, the alrplane lift-drag
ratio and coresponding 1ift coefficient were reduced by use of
representative 1ift-drag polars for the different speeds so that
the wing loading remained constant at 125 pounds per square foot.
The following final wvalues of lift-drag ratio were used:

Flight Lift-drag ratio
speed
(mph) Altitude, (£t)
10,000 | 30,000 | 50,000 | 70,000
100-400 20.0
500 16.8 20.0 20.0 20.0
600 14.0 17.4 15.3 15.3
700 9.0 11.7 11.4 11.4
800 7.0 10.0 11.0 11.0
1000 9.5
1400 5.5

The engines were assumed to be‘submerged in the rear of the fuselage
and consequently there was no nacelle drag, except as noted in the
following paragraph. ‘

Additional calculations were carried out for altitudes of 30,000
and 50,000 feet at speeds of 500 and 800 miles per hour, respectively,
in order to indicate the effect of some of the assumpbtions of engine
weight and airplane characteristics. Separate calculations were made
assuming: (1) that in estimating the engine weight, compressor
pressure ratios per stage of 1.5 and infinity (compressor weight of
zero) are assumed instead of 1.17, which has been assumed in determin-
ing the weight per square foot of engine frontal area; (2) that the
engines could not be arranged in tandem groups and might therefore
require an increase in fuselage diameter in order to submerge the
installation; (3) that ‘the engines were placed in nacelles instead of
being submerged; and (4) a ratio of structure to gross welght of 0.3

instead of 0.4.

Assumptions necessary for the calculation of (2) and (3) are as
'follows:

AJ-titud-e’ ft * - L] . * L] L] . * - - L] L] - L] . L] L] - L] 30, OOO 50’ Ooo
Flight speed, MPh « ¢ « « o+ o o ¢ s o o o o o o o o 500 800
Lift-drag ratio of Winge « « o o o o o o o o o ¢« » o« 31,70 14,71

1247
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Ratio of tall drag towing drag « « « « + « + « « « « 0.25 0.19
Fuselage drag coefficient (based on frontal area) . . 0.089 0.14
Nacelle drag coefficient (based on frontal area). . . 0.074 0.27
Airplane gross weight, 1b . . « s+ ¢ s e s e« o« s« 100,000

Fuselage length-diameter ratio, . « ¢« & ¢ ¢ v ¢« ¢ ¢ ¢ ¢ ¢ ¢« &« 15
Fuselage volume, cu ft. « « ¢ ¢ « v v ¢ v v o v o o . 38 o (1)
| e &7 \a

Turbojet engine lengbh, f. « « « ¢ ¢ ¢« ¢ v ¢« ¢ ¢ ¢« ¢« ¢ o o « » 15
Control volume, cu £ ¢« ¢« ¢ « e ¢ & v ¢ o ¢ o« « « o o « « « « « 100
Fuel density, 1b/cu £5. v o 4 4 ¢« 4 v ¢ ¢ 4 4 e v e v e e w . 50

The values of the lift-drag and structure-~to-gross-weight ratios of
the aircraft and the assumed efficiencies of the engine components
agsumed for the analysis are representative of the best values obtained
either in practice or in leboratory investigations.

In order to determine the effect of each engine variable on the
load~range performance of the turbojet eﬁgine, charts similar to those
of reference 1 are used. The dimensionless ratio of disposable load
to gross weight wa/wg ig plotted againgt the initial fuel consump-

tion per mile per ton of gross weight fo/Wg. (Tt should be noted
that the units of the gross weight Wg are pounds in all the equations.
In the charts where the ratios wa/wg and Wfr/Wg are plovted

against each other in order to compare the performance of variouns

turbojet engines, the gross weight Wg has units of pounds in the

ratio W&/Wg, but has units of tons in the ratio Wf,/Wé. A1l

synbols used in this report are defined in the appendix.) On a plot
of this type, straight lines through the origin are lines of constant
KR, vwhere K 1is the ratio of the average to the initial fuel rate
and R 1is the range. The relation for KR is

® = (1)

1.05 e
* "Wg

From equation (1), it is easily seen that KR for any point in the
chart is equal to the slope of the line joining that point to the
origin divided by 1.05 (the ratio of the weight of the fuel and fuel
tanks to0 the weight of the fuel alone). As in reference 1, the value
K is calculated by the following equation, which assumes a Breguet
type flight plan: (See fig. 5)
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1 ¥
(2)

6

X =
where
W’f = Wd. - WC

Wg =W - Wy - W,

=
]

=
=
l

- fF
Wf’ —-—-v'

1 Ve
-log, <l 7.05 W )

g

F % (for submerged installations)

=F % (l - ]_Ji.il.>(for nacelle instellations)

The wltimate range is found by setting the pay load W, equel

to zero, for which case

We
g
or
we W3
g Vg
and

S
=1-‘_T--FL (3)
& '35
W W
S el lD : (z2)
g Fﬁ (-..D;)
We' g
= — ‘ (4)
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We' ¢ 1

= (4a)
W T D

where equations (3) and (4) are for the case of a submerged engine
installation and equations (3a) and (4a) are for the case of the
engine mounted in nacelles.

RESULTS AND DISCUSSION
Engine Performance

The various components of engine performance are discussed in
the following paragraphs.

Thrugt. - The variation of net thrust per square foot of engine
frontal area with compressor pressure ratio for a turbojet engine at
altitudes of 10,000, 30,000, 50,000, and 70,000 feet, at flight speeds
of 500, 600, 700, and 800 miles per hour, and for turbine-inlet
temperatures of 1700°, 2000°, and 2300° R is shown in figure 6.

For the sake of simplicity and convenience, the thrust curves
and the curves that follow are not always extended over the entire
range of compressor pressure ratios investigated. All the curves
of figure 6 show peaking of the thrust with varying compressor pressure
ratio, which is characterigtic of a turbojet engine with constant
turbine-inlet temperature. The maximum thrust varies from about
900 pounds per square foot of engine frontal area at 10,000 feet,
800 miles per hour, and a turbine-inlet temperature of 2300° R
(fig. 6(a)) to about 40 pounds per square foot of engine frontal area
at 70,000 feet, 500 miles per hour, and a turbine-inlet temperature of
1700° R (fig. 6(d)). The maximm thrust decreases with increasing
altitude, and increases with increasing flight speed and turbine-inlet
temperature. The compressor pressure ratio for maxiwmm thrust varies
with altitude, flight speed, and turbine-inlet temperature, but pressure
ratios from 5 to 10 give meximum or near maximum values for the thrust
at all conditions investigated.

Specific weight. - The variation of gpecific engine weight with
compressor pressure ratic is plotted in figure 7 for the same range
of conditions given for figure 6. The specific engine weight increases
with increasing compressor pressure ratio throughout the range of
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pressure ratios investigated. There is no minimum with varying
compressor pressure ratio because the engine weight decreases more
rapidly than the thrust as the pressure ratio decreaseg from the
value necessary for maximum thrust. Specific weight increases with
increasing altitude, and decreases with increasing turbine-inlet
temperature. TIncreasing the flight speed causes a decrease in
specific weight at low pressure ratios, but causes an increase

in specific weight at high pressure ratios. The pressure ratio at
which the change in the effect of flight speed occurs increases with
increasing turbine-inlet temperature.

Specific fuel consumption. - The variation of thrust specific
fuel consumption with compressor pressure ratio is shown in figure 8
for the same range of conditions given for figures 6 and 7. The
specific-fuel-consumption curves have a minimmm, polnt with respect to
varying pressure ratio, which again is characteristic of a turbojet
engine with a constent turbine-inlet temperature. The minimum
specific fuel consumption decreases with increasing altitude and
increases with increasing flight speed, varying from about O. 80 at
70,000 feet and 500 miles per hour (fig. 8(d)) to about 1.5 ab
10,000 feet and 800 miles per hour (fig. 8(a)). The minimm specific
fuel consumption varies only slightly with the turbine-inlet temper-
ature in the range of temperatures investigated. The compressor
presssure ratio at which the minimm specific fuel consumption occurs
decreases with increasing flight speed and increases with increasing
altitude and turbine-inlet temperature, varying from about 7.5 at
10,000 feet, 800 miles per hour, and a turbine-inlet temperature of
1700° R, to values greater than 30 (above the range of pressure ratios
investigated) at all flight speeds at 50,000 and 70,000 feet with a
turbine~inlet temperature of 23000 R. .

.Load -Range Characteristics

In order to compare the load-range performance of the various
turbojet engines, charts of the type described in the section METHODS
are used. The load-range performence of the turbojet engine is showm
in figure 9 for the same conditions given for the engine-performance
curves. (The values of Wd/w and va/w used to plot fig. 9

are listed in table I.)

If the flight speed and lift-drag ratio are constant, as they
- are in each individual plot of figure 9, the ratio wd/w depends

only upon the specific engine weight and the ratio fo/w depends
only upon the specific fuel consumption. (W&/Wé decreases as the
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specific engine weight increases, and Hfr/wg increases with

specific fuel consumption.) The variation of these ratios with

the compressor pressure ratio and the turbine-inlet temperature

over the range of conditions investigated therefore follows directly
from the variation of the specific weight and the specific fuel con-
sumption. (See figs. 7 and 8, respectively.) The ultimate range
and the range with pay load are determined by the values of the
ratios W&/Wg and W},/Wg, as described in the section METHODS.

For any point on the curves of figure 9, KR is equal to the slope
of the line Joining that point to the origin of the coordinate
system (0,0) divided by 1.05 (the ratio of the weight of the fuel
and fuel tanks to the weight of the fuel alone). Three lines of
constant KR are shown on each plot of figure 9 for convenience in
estimating range.

Ultimate range. - In order to show more conveniently the effect
of the different variables on the uwltimate range, the following
tabulation of the maximum ultimate range and the compressor pressure
ratio at which this maximm occurs for all the flight conditions and
turbine-inlet temperatures investigated, using figures 9 and 5, is
presented. ‘

Altitude|Turbine~ Flight speed (mph)
(£t) | inlet -
tempera - 500 600 700 800
ture
(°Rr) Maximm | r, |Meximm |r, |Meximm |r, [Meximm |r,
ultimate ultimate ultimate |, ultinmate
range range range range
(miles) (miles) (miles) (miles)
10,000 1700 6550 10 5900 8 4100 6 3400 5
2000 6450 15 6150 |12 4150 |10 3500 8
2300 ' 6400 25 6000 19 4100 |14 3450 {12
30,000 1700 7800 12 7600 10 5300 g 4850 8
2000 7700 18 7650 15 5350 13 5000 12
2300 . 7400 25 7500 20 5300 16 5050 15
50,000 1700 6200 9 5000 8 3950 7 4300 6
2000 6250 13 5050 10 4000 8 4500 7
2300 6100 16 5150 13 4100 9 4700 8
70,000 1700 3600 6.5 2600 4.5 1850 3 2300 |2.5
2000 4000 7 3000 5 2200 4 2550 3.5)
2300 4200 7.5 3300 5.5 2400 5-1 2800 4
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The maximum ultimate range increases as the altitude is
increased to about 30,000 feet, and then decreases as the altitude
is further increased. Due to the decrease in lift-drag ratio, the
ultimate range decreases with increasing flight speed in the tran-
sonic region except where the lift-drag ratio remains nearly con-
stant (700 to 800 mph at 50,000 and 70,000 £t); here the ultimate
range increases with flight speed. For all speeds at altitudes of
10,000 and 30,000 feet, and for speeds up to 700 miles per hour at
50,000 feet, the variation of ultimate range with turbine-inlet
temperature, within the range investigated, is about 5 percent or
less, with a temperature of 1700° R giving the longest range at the
lower speeds and asltitudes., A% 50,000 feet and 800 miles per hour,
and at all speeds at 70,000 feet, a turbine-inlet temperature of
2300° R gives & 10 to 30 percent longer range than the temperature
of 1700° R, and a 4 to 10 percent longer range than the temperature
of .2000° R.

The compressor pressure ratio for maximum ultimate range
increases as the altitude is increased to 30,000 feet and then
decreasges as the altitude continues to increase. A%t all altitudes,
the pressure ratio for maximim ultimate range decreases with increas-
ing flight speed and increases with increasing turbine-inlet
‘temperature.

The maximum ultimate range found at any of the conditions
investigated is 7800 miles at 30,000 feet and 500 miles per hour,
with a turbine-inlet temperature of 17000 R, a lift-drag ratio of
20, and & compressor pressure ratio of 12. At a flight speed of
800 miles per hour, the longest wltimate range found at any of the
conditions investigated is 5050 miles at 30,000 feet with a turbine-
inlet temperature of 2300° R, a lift-drag ratio of 10, and a com~
pressor pressure ratio of 15.

As may be seen from figure 9, the ultimabe range falls off
slowly as the pressure ratio is varied in either direction from the
pressure ratio necessary for maximum ultimate range; that is, there
exisgts at each flight condition a range of compressor pressure
retios that will give close to opbimum performsnce on the basis of
ultimate range. This range of pressure ratios is wider at low
flight gpeeds than at high flight speeds with the same variation
in performance. Some latitude in the selection of design compressor .
pressure ratio for a given application exists because of this band
of pressure ratios giving.close to opbimm wltimste-range performance.
A compressor pressure ratio of about 8 to 10 will give optimum, or
close to optimmm, ultimate range at all the conditions investigated.
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Ranges less than ultimate. - Another medsure of the load-range

performance of the turbo
load.

Wo/Wg of 0.2 follow:

Figure 10 shows, for a turbo
and 800 miles per hour with turbine
2000°, and 2300° R, the variation of
ratio for values of the pay-load-

of 0.0 (ultimate range), 0.2, and 0.4,

renge, and the compressor pressure rati
range occurs, for the fli
and for all flight condit

Jet engine 1is the range with a given pay
Jet operating at 50,000 feet
~inlet temperatures of 1700°,
ange with compressor pressure
to-gross-weight ratio wc/wg

Tabulations of the maximmm
o at which the maximmm

ght- conditions and pay loads of figure 10,
ions for & pay-losd=- to-gross-weight ratio

Wo/Wg | Turbine- | Maximm | »,
inlet range
tempera~ | (miles)

ture
(°R)
0.0 1700 4300 | 6
2000 4500 7
2300 4700 | 8
0.2 1700 2150 | 3.5
2000 2300 | 4.5
2300 2400 | 7
0.4 1700 640 Ik2
2000 675 { 3.5
2300 725 | 4

B e e T S
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Wo/Wg = 0.2
Altitude (Turbine - Flight speed, (mph) .
(£%) Jolet 500 : 600 700 800
empera~
ture Maximm T, Maximm T, Maximim T, Maximm r,
(°R) ulbimate ultimate wltimate ultimate
range range ' range range
(miles) {miles) (miles) (miles)
10,000 1700 3750 8.5 3300 7.5 2300 5.5 1900 4,5
2000 3600 13.5 3400 11 2300 9 1900 7
2300 3600 21 3400 16 2300 13 1900 10.5
30,000 1700 4250 10 4200 g 2850 7.5 2650 6.5
2000 4150 15 4200 12.5 2900 10 2700 8.5
2300 4050 22 4150 18 2900 14.5 2750 11.5
50,000 1700 3200 6.5 2500 5.5 1950 4.5 2150 3.5
2000 3200 8.5 2600 7 2050 5.5 2300 4.5
2300 3200 11,5 2650 9 2100 8 2400 7
70,000 1700 1350 4 950 2 650 <2 850 <2
2000 1700 S 1200 3 850 2 1100 <2
2300 1950 6 1400 4.5 950 3 1200 2

For the flight conditions of figure 10, the maximum range and the
corresponding compressor pressure ratio both decrease as the pay load
increases. Although it is not showm, this decrease also occurs for
all other flight conditions. The maximum range and the compressor
pressure ratio at which it occurs follow the same trends with altitude
and flight speed as for the case of maximum ultimate range.

The trends with turbine-inlet temperature for this case are
similar to those of the maximm ultimate range, as previously dis-
cussed, inasmch as an increase in turbine-inlet temperature results
in an increase in the maximum range and corresponding compressor pres-
sure ratio for high flight speeds and altitudes (as illustrated in
fig. 10 for one set of flight conditions). An increase in turbine-
inlet temperature results, however, in a decrease in the maximum range
and an increase in the corresponding pressure ratio for low flight
speeds and altitudes within the range of flight conditions investi-
gated. At values of the pay load approaching the total disposable
load, however, the maximum range increases with increasing turbine-
inlet temperature at all flight conditions.

1247
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As in the case of the ultimate range, there exists for each
pay load at each flight condition a range of compressor pressure
retios that will give close to the maximwm rasnge (fig. 10). TFor
a value of pay-load- to-gross-weight ratio of 0.2, a compressor
pressure ratio of about 5 to 7 will give optimum, or close to
optimum, range at all of the flight conditions investigated except
at an altitude of 70,000 feet and flight speeds of 700 and 800 miles
per hour, where a lower pressure ratio is required.

Ultimete range at subsonic and supersonic flight speeds. - Some
indication of how the load-renge performance of the turbojet engine
in the region of transonic flight speeds compares with the load-renge
performance of the turbojet engine at lower and higher flight speeds
is given in figure 11l. The variation of maximum ultimate range with
flight speed is shown for flight speeds from O to 1400 miles per hour
at an altitude of 50,000 feet with the combination of turbine-inlet
temperature and compressor pressure ratio that produces the maximm
range at each flight condition. The ultimate range increases as the
flight speed increases until the transonic region is reached (500 to
550 mph). Here the sudden decrease in lift-drag ratio (fig. 3)
results in a marked decrease in range. When the transonic region is
pessed (at about 700 mph) and the lift-drag ratio becomes fairly
constant again, increasing the flight speed tends to increase the
range. The range does not increase as rapidly as in the subsonic
region because the lift-drag ratio is decreasing slowly in the super-
sonic region, rather than being constant as is the case in the sub-
sonic region. The range therefore increases slowly as the flight
gpeed increases, until the wing loading, which is also increasing .
with increasing flight speed, reaches the maximim permissible value
(2t about 1100 mph). As the design flight speed further increases,
the wing-loading limitation causes the flight lift-drag ratio to
decrease and the meximum ultimate range rapidly falls off. If the
altitude is such that the wing-loading limitation is reached at some
flight speed in the subsonic or transonic region, the ultimate range
decreages thereafter and there is no range increase in the supersonic
region.

Effect of Changes in Engine Weight and Airplane Characteristics

The effects on loasd-range performeance of & change in some of the
sgsumptions for engine weight and airplane characterigtics are dis-
cussed in the following sections. One assumpblion is changed in each
gection. The flight conditions considered are 30,000 feet, S00 miles
pexr hour apd 50,000 feet, 800 miles per hour.
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Compressor weight. - The compressor weight, and consequently
the engine weight, depends upon the compressor pressure ratio per
stage, which was assumed equal to 1.17 in the previous calculations.
The following table shows the effect of assuming pressure ratios per
stage of 1.5 and infinity (compressor weight of zero) instead of the
1.17 previously assumed:

Flight |Turbine-| ro' = 1.17| r,' = 1.5 re' = o
conditions| inlet -
tempera-|Ultimate|r, [Ultimate| r, |Ultimate; r,
ture range range range
(°r) |(miles) (miles) (miles)
30,000 £t,| 1700 7800 |12 | 8050 |13 8300 |13.5
500 mph 2000 7700 18] 7900 (19.5| 8150 |20.5
) 2300 7400 [25| 7650 (27 7850 (28
50,000 ft,| 1700 4300 6| 4650 6.5] 5000 7
800 mph 2000 4500 7| 4800 8 5100 8.5
2300 4700 8] 5000 9.5| 5300 |10.5

Changing the pressure ratio per stage to 1.5 and infinity resulted

in increases in ulbtimate range of about 3 and 6 percent, respectively,
at 30,000 feet and 500 miles per hour, and about 7 and 15 percent,
regpectively, at 50,000 feet and 800 miles per hour. The compressor
pressure ratio for meximum range increased as the pressure ratio per
stage increased; the variation of ultimate range with turbine-inlet
temperature remained about the same.

Engine installation. - In the previous calculations, the
engines were assumed to be submerged in the fuselage. When the
airplane lift~drag ratios agsumed in METHODS are checked by use
of the assumed wing lift-drag ratios and companion assumptions
ligted in METHODS, it appears possible to submerge the engines
without increasing the fuselage volume above that corresponding
to the assumed lift-drag ratio. At some flight conditions, how-
ever, 1t is necessary to arrange the engines in tandem groups in
order not to increase the fuselage diameter. This arrangement is
referred to in the following table as '"minimm fuselage diameter.”
If this arrangement is undesirable and it is necessary to keep
the engines in one group, it would be necessary, for some flight
conditions, to enlarge the fuselage diameter to accomate the
engines. Also, 1t is possible that a submerged installation is
undesirable and that the engines wmst be mounted in nacelles.

4
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The following table shows the variation of the meximm ulbtimate
range and the corresponding compressor pressure ratio with these
three- different engine installations:

Flight Turbine- Minimum Enlarged Engine in
conditions | inlet fuselage Tuselage nacelles
tempera- diameter diameter
ture
(°R) Ultimate | v, |Ultimate | r, |Ultimate | x,
range range range
(miles) (miles) (miles)
30,000 %, 1700 7800 12 7800 12 7050 11
500 mph 2000 7700 18 7700 18 7000 |17
2300 7400 25 7400 - (25 6950 24
50,000 £+, 1700 4300 6 4050 6 1300 5.5
800 mph 2000 4500 7 4300 7 2150 6.5
' 2300 4700 8 4600 8 2750 7.5

At 30,000 feet and 500 .miles per hour, it is possible to submerge
the engines in the fuselage without enlarging the fuselage diameter,
even if the engines must be arranged in one single-plane group. The
minimum and enlarged fuselage diameters are therefore equal for this
flight condition and the load-range performances of these two instal-
lations are identical. At 50,000 feet and 800 miles per hour,
enlargement of the fuselage diameter to accommodate the engines
resulted in a decrease in range of from gbout 2 to 6 percent. When
the engines were mounted in nacelles instead of being completely
submerged, a decrease in ultimate range resulted of about 5 to 10
percent at 30,000 feet and 500 miles per hour, and about 40 to 70
percent at 50,000 feet and 800 miles per hour. At 30,000 feet and
500 miles per hour, a turbine-inlet temperature of 1700° R gives
the longest ultimate range regardless of the engine installation.
At 50,000 feet and 800 miles per hour, a turbine-inilet temperature
of 2300° R gives the longest ultimate range regardless of the engine
ingtallation, -and the margin of superiority at this temperature
becomes very large in the case of a nacelle installation. The
compressor pressure ratlio for maximum range remained about the same
for the submerged installations and decreased glightly for the
nacelle installation. The table indicates the extreme desirability
of submerged engine installations for transonic and supersonic
flight speeds.

Structure weight. - The ratio of structure to gross weight
WS/Wg was assumed equal to 0.4 for the previous calculations. The

following table shows the effect of assuming a structure- to-gross-
weight ratio of 0.3 instead of 0.4:-
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Flight | Turbine- WS/Wg = 0.4 Ws/Wg = 0.3
conditions| inlet -
tempera- |Ultimate | r, | Ultimate |rg
ture - range range
(°R) - | (miles) (miles)
30,000 f%, 1700 7800 12 1 9900 13
500 mph 2000 7700 18 9800 19
‘ 2300 7400 |25 9500 |26
50,000 ft, 1700 4300 8 5700 7
800 mph . 2000 4500 7 5800 8
2300 4700 8 6100 9

Changing the structure- to-gross-weight ratio from 0.4 to 0.3
resulted in an increase in ultimate range of about 30 percent;
the corresponding compressor pressure ratio was increased and
the variation of ultimate range with turbine-inlet temperature
remained the same.

SUMMARY OF RESULTS

The results of an analysis of the engine performance and load-
range characteristics of the turbojet engine for flight speeds of
500, 600, 700, and 800 miles per hour, flight altitudes of 10,000,
30, OOO 50 OOO and 70,000 feet, turbine-inlet temperatures of 17000
20000, and 2300o R, and -compressor pressure ratios from 2 to 30 may
be summarized as follows:

. 1. The operating altitude that gave the longest range at the
flight speeds investigated was about 30,000 feet.

2. The maximm ultimate range at the conditions investigated
occurred at a flight speed of 500 miles per hour. The ultimate
ranges decreaged rapidly as the speed was increased in the transonic
region (550 6 700 mph). If the wing-loading limit had not been
reached, the ultimate range increased slightly with "increasing flight
speed in the supersonic region (above 700 mph) until the wing-loading
1imit was reached and then the range rapidly fell off.

3. With the engines submerged, the variation of ultimate range
with turbine-inlet temperature for the temperature range investi-
gated was.about 5 percent or less for &ll flight speeds at 10,000
and 30,000 feet and for speeds up to 700 miles per hour at 50,000
feet, with a turbine-inlet temperature of 1700° R giving the longest
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range at the lower speeds at an altitude of 10,000 feet. At

50,000 feet and 800 miles per hour and at all speeds at 70,000 feet,
a turbine-lnlet temperature of 23000 R gave a 10 to 30 percent longer
range than the temperature of 1700° R and & 4 to 10 percent longer
range than the temperature of 2000° R.

4. The compressor pressure ratio for maximum ultimate range
varied greatly, increasing as the altitude increased to aboutb
30,000 feet, and then decreasing; increasing with turbine-iniet
temperature; and decreasing with increasing flight speed. AL any
flight condition within the range investigated, however, optimum
or near optimum ultimate range can bé attained with a compressor
pressure ratio of about 8 to 10.

5. The maximm ultimate range attainable by the turbojet engine
within the range of conditions investigated was 7800 miles at
30,000 feet and 500 miles per hour with a turbine-inlet temperature
of 1700° R, a lift-drag ratio of 20, and & compressor pressure ratio
of 12. At a flight speed of 800 miles per hour, the longest ultimate
range found &t any of the conditions investigated was 5050 miles at
30,000 feet with a lift-drag ratio of 10, as turbine-inlet tempera-
ture of 2300° R, and a compressor pressure ratio of 15. The ratio of
structure to gross weight was 0.4 for both these cases.

6. The range of an ailrcraft carrying a given pay load followed
the same general trends with varylng flight conditions, turbine-inlet
temperature, and compressor pressure ratio as did the ultimate range.
As the pay load increased, however, lower pressure ratios and higher
turbine-inlet temperatures gave maximum range. At a pay-load- to-
gross-weight ratio of 0.2, optimmm, or close to optimum, range cean
be obtained at most flight conditions investigated with a compressor
pressure ratio of about 5 to 7,

7. The assumption of compressor pressure ratios per stage of
1.5 and infinity, instead of 1.17, resulted in an increase in range
of about 3 and 6 percent, respectively, at 30,000 feet and 500 miles
per hour, and about 7 and 15 percent, respectively, at 50,000 feet
and 800 miles per hour. The trends of the ultimate range with
turbine-inlet temperature and compressor pressure ratio remained
about the same.

8. IT it were required that the engines be arranged in a single=-
plane group, as opposed to tandem grouping, it would be necessary at
gome flight conditions to enlarge the fuselage diameter in order to
submerge them, At 50,000 feet and 800 miles per hour, the enlargement
of the fuselage diameter would result in a decrease in ultimate range
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of from about 2 to 6 percent. At 30,000 feet and 500 miles per
hour, it would be unnecessary to enlarge the fuselage diameter.

If the engines were mounted 1A nacelles rather then submerged, a
decrease in ultimate range of about 5 to 10 percent at 30,000 feet
and 500 miles per hour and about 40 to 70 percent at 50,000 feet
and 800 miles per hour would result. The longest ultimate range,
regardless of the engine installation, would occur at a turbine-
inlet tempersture of 1700° R at 30,000 feet and 500 miles per hour,
and at a turbine-inlet temperature of 2300° R at 50,000 feet and
800 miles per hour for the temperature range studied. The variation
of ultimate range with compressor pressure ratio remained about the
same, regardless of engine installation.

9. The assumption that the structure-~ to-gross-weight ratio
was 0.3 instead of 0.4 resulted in an increase in ultimate range of
about 30 percent at 30,000 feet, 500 miles per hour and at 50,000
feet, 800 miles per hour. The trends of the wltimate range with
turbine~inlet temperature and compressor pressure ratio were
unchanged..

Lewis Flight Propulsion Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio, November 29, 1949,
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APPENDIX - SYMBOLS
The following éymbols aré used throughout tﬁis reports:
nacelle drag per unit engine frontal area, 1b/sq ft
fuselage diameter, ft
net thrust per unit engine frontal area, 1b/sq ft
thrust specific fuel consumption, lb/lb/héﬂ
ratio of average fuel rate to initial fuel rate
lift-drag ratio of aircraft without nscelles
fuselage length, £t
range, miles
compressor pressure rstio
compressor pressure ratio per stage
flight speed, mph
pay load per unit engine frontal area, lb/sq ft
disposable load per unit engine frontal aresa, lb/sq v
engine weight per unit engine frontal area, lb/sq ft

fuel plus fuel-tank weight per unit engine frontal area,
1b/sq ft

initial fuel rate per unit engine frontal area, 1b/mile/sq £t

. gross welight per unit engine frontal ares, lb/sq ft

structure weight per unit engine frontal‘area, 1b/sq ft
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TABLE I - LOAD RANGE FACTORS Wg/VWg

Turbine-inlet |Compressor Flight speed (mph)
temperature | pressure 500 600 700 800
(°R) ratio Wd/Wg wa' Mg Wd/ngWf' J0g|Wa/ig W g |Wa/Mg|We? /vT;
- Altitude, 10,000 feet

1700 2 0.579|0.378 |0.577]0.385 |0.56610.520 [0.,561|0.572

5 e571] «264 | .567| 274 | +549| 4364 | .536| .413

10 .554| .225 «540] .243 +504] +346 e463| +427

20 0254] +419 [mmmem|mmmee |weee- el RS EETT S

30 W |eecwclecace levcceslecces |cecwejaneaa cmmew | wme--

2000 2 +583| 416 «581} .416 «574] 546 | .569] .618

5 «578] .284 «575} «290 «563] +596 +555| .440

10 5681 241 | J561]| o249 | 541 343 525 398

20 «5341 .,225 «S512{ <249 | .452] 358 | .372] .473

30 e451] o275 |=~wws|ercoce |ccmncionca= el RLET

2300 2 B85 o449 | .584] 449 | .577| 588 | +575| 627

5 +582] 309 | «579| 314 «570| 421 +563| .480

10 «575| .,259 +«570} «266 +555| 368 | .545| .419

20 «555| +231 | +546] 240 | .515] .334 489} 392

30 «532] .218 | 511} .240 «454| 339 «400| .403

Altitude, 30,000 feet

1700 2 * ]0.570]0.315 |0.568|0.304 {0.558]0,377 |0.,554|0.381

5 .559| .216 «556| 213 +535| «278 | .530| .289

10 «539| .184 «532] .182 «4971 .242 «483] 257

20 .467 0180 o427 0194 .282 0288’ +120 0564

30 e246] 246 |===~- mence |emcce [cccen |cocoe| cceo-

2000 2 «575| 342 «574| 322 +566| .405 +563] +405

L] +566| 243 «565| 233 «550| «300 | .547)| .307

10 «5531 .202 «550] 196 «527| 42569 | .520] .270

20 521 ,178 | .507| .179 «458| .237 +430| +256

30 +468| .180 «442f .182 | .341| .255 | .242{ .,292

2300 2 «578| ,372 «ST77| «349 «571) 437 «568| .437

5 «572 4258 | 571{ .251 | .558] .321 +557] 330

10 +562] 4218 | 559| 213 | +542] 275 +538] .286

20 «539 ] .192 «533]| 4185 «4981 .249 | .486] .261

30 5121 o181 | ,499] .181 | ,451} 239 | 410} 273




1247

NACA TN 2088

AND Wf'/wg (USED IN PLOTTING FIGURE 9)

23

Turbine-inlet|Compressor Flight speed (mph)
temperature pressure £00 600 700 800
(°R) ratio Wa/Wg|We' Mg |Wa/Wg (Wet Mg Wa/Mg|Wet Mg|Wa/Wg|Wet Mg
Altitude, 50,000 feet

1700 2 0.52110.312 |0.505 04338 |0.488]0.384 |0.,503[0.322
5 «507| 217 o477 | 244 «450]| .283 «452] .260

10 «456| 183 «415{ +207 «363| <247 +358| «230

20 +320} 169 2204 4200 | wmwm=jmecnns | ccans|nanaa

30 | memen|emmee | emee- memme |eccca| cccne | wceaa —————

2000 2 «533| 343 «521} .367 «509| o411 «518| 367
. 5 «524| 238 | «502| .265 «482| +306 «486| .280
10 «489| ,200 «461 ] .225 «428| .263 «428[ ,246

20 416 | 179 «357 | 202 «277] 241 «266| .228

30 0516 0171 0209 0198 0046 0246 ..... Rtttk b

2300 2 «543| 363 «532 | 397 «521} .444 «531] 392
5 «535| +257 «518| .285 «502] .330 506 .298

10 «508| 218 | .487] .243 «462] ,283 470 +253

20 «458} .192 <417 .215 «365] 254 «370| 234

30 «396| .182 «334 | 204 «252| .243 «240| ,232

Altitude, 70,000 feet

1700 2 039204314 |0.358|0.335 | 0.313]|0,382 | 0,339] 0.342
5 «343 | 4218 «287| .242 «198| .292 «214| .260

10 «248| 177 ¢128] 4205 | mmmee| cencs | canaa cecaa

20 - s ey . - wp o ah Lo d XX emomwes | oo o - an e ™ - en an - -—- e e >

30 - an an et == - - -y - - e ew - e - enup = - . .

2000 2 «428 | 337 3991 .363 «366] .409 «389] .364
5 «393 ] .238 «348| .264 «297] 4302 «302| 279

10 321} .200 «242 1 ,225 #1311} 277 «157| .245

20 2121 | 179 |wecns [avves | cacnelacone | cetce| ccnaa

50 - e et o - S - e ey . - - b > e - e - e - - -— - e e e - e e @

2300 2 «451 | +361 +425 | 393 +398| 439 «421) .388
5 «428 | .252 «390 | .281 +348| 4328 | 357 295

10 «367| .219 «309 | o242 «244| .282 «249) .262

20 «230 | ,192 129 | o215 | wnmcnleccce | conua e———

30 ¢069 | 4182 |wemwew leccun | cacca|cacen | cence| ceca-
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Net thrust per square foot engine frontal area, lb/sq ft
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