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ANATYSTS OF THE TURBOJET ENGINE FOR PROPULSION
OF SUPERSONIC BOMBERS

By Richard P. Krebs and E. Clinton Wilcox

SUMMARY

An analysis was made to determine the effects of variocus turbojet-
englne degign and operating varlables and comblnations of these vari-
ables on the performence of a supersonic bomber. In order to evaluate
the dlvers engine designs, two bomber f£light plans were considered;
to reduce bomber vulnsrability, both plans specified supersonic fllght
over an assumed defended zoms. The first flight plan Involved crulse
at a Mach number of 0.9 followed by & 500-mile dash at supersonic
speeds to and from the target in the zone and return to base at a
flight Mach number of 0.9. The second flight plan Involved all-
supersonic crulse.

The merit of the various engine demlgns and the relatlve importance
of the varlous deslgn parameters were evaluated chlefly by means of
the total radius for both the flight plane. Take-off dlstance and
maneuversbllity at the combat condltion were also Investigated. The
effect on bomber performasnce of changes in the following variables
was Investigated: zone afterburner temperaturs, compressor pressure
ratio, compressor efficiency, turbine-inlet temperature, turblne
efficlency, alr-handling capaclty, engine speclfic welght, and exhaust-
nozzle configuration. In order to produce & glven thrust, a varil-
ation in zone afterburmer temperature Iinvolves a change 1n engine
glze; the lower the zone afterburner temperature, the larger the
engline size requlired. For the all-supersonic flight plan, the air-
plane radius 1ls relatlively lnsenslitive to the zone afterburner tempera-
ture. For the flight plan Involving a relatlvely large amount of
subsonic flight, the total radlus increases as the zone afterburner tem-
perature 1is increased. Regardless of the amount of supersonlc flight in
the fllght plan, the afisrburner temperature In the combat zone should
probably not exceed 3000° R, In order to ensure adequate thrust margins
during take-off, climb, and acceleration.

Based on the assumption that engine speciflc welght is independent
of compressor pressure ratlo, the airplane radius for present-day
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englne components 1s reletlvely Inesensitive to compressor pressure _
ratio. For the all-supersonic flight plan, compressor pressure ratios
up to 9 glve near-maximum performance. For the flight plan involving the
500-mile supersonic radius, & compressor pressure ratio of approxi-
mately 12 glves maximum airplane radius. Increases in turbine-

inlet temperature produce galns in airplane radlius, especially at

high values of compressor pressure ratlo. Substltutlion of & convergent
exhaust nozzle for a convergent-divergent nozzle may penallze the
bomber radius up to 24 percent, depernding on the amount of superaonlc
cruise 1n the fllght plan. The combination of seversl improvements

to provide an "advanced" turbojet engine increased sirplsne radius
about 36 percent, conslderably more than the sum of the Improvements
attributable to individual component changes.

INTRODUCTION

The vulnerabllity of subsonlc bombers to advanced interception
technigues hes promoted Iinterest in airplanes capable of supersonic
flight over enemy defended zones. In general, the mission of the
supersonic bomber conslsts of take-off, subsonlc crulse over friendly
territory, supersonic dash over the defended zones to and from the tar-
get, and return to base at subaonlc speeds. Turbojet engines for the
propulsion of elrplanes of this type must meet certain requirements for
each phage of the flight plan. The engine must provide sufficlent thrust
to allow take-off from runways of a reasonable length. During crulse
over friendly territory, low speclfic fuel consumptlion 1a8 of great
importance. TIn order to obtain hlgh speeds and maneuverability, the
engine must provide sufficient thrust to allow acceleration through
the transonic range and excess thrusts at high flight speeds. The
turbojet engine, serving as & power plant for the bomber, can be
desgligned to assure the alrcraft adequate performance in each of these
regions. : :

The investigation discussed in the present report ls an analysls
of the turbojet englne as the power plant for bambers capabls of
supersonic flight speeds. A similer analysis, in which the turbojet
engine is consldered for the propulsion of supersonic fighter alrcraft,
is presented 1n reference 1. Because of the continulng improvements
being made in the componsnts comprising the turbojet englne, the
analytical study presented herein was made to ascertaln the effects
of these englne component changes on the performamce of hombers and
toc evaluate thelr relative importance.

Two flight plans are considered In this repart. The first conslate
of a subsonlc crulse portion followed by S00 mlles at supersonic speed
over enemy territory; the pay load is then dropped and the bomber returms
supersonically 500 miles and continues to base at a subsonic speed.
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In the second flight plan, the entlre crulse flight of the bomber 1s
made at supersonic speeds. Both the subsonic and the supersonic flights
were made on Breguet flight plans at the altituds for maximum range,
that is, the one for which the product of drag-lift ratio and speclfic
fuel consumption was & minlmum. . A representative alrplane configuration
was selected, and the effect on alrplane performance of individual
variations of the principal engine design varlables was computed. Ths
sultabllity of the various engine configurations and the relative
importance of the different engine design variables are Jjudged princl-
pally by the total bomber radius, generslly for a fixed gross welght.
Teke-off distance end maneuverability were also investigated.

The engine deslgn varlables consldered were compressor pressure
ratlio, compressor and turbine efficiency, turbine-inlet temperaturs,
afterburner temperaturs, englne speciflc welight, and engins alr-
handling capacity. Englnes egquipped wlth varlable-area convergent and
convergent-divergent exhaust nozzles wers Investigated. TFor the most
part, changes 1n englne conflguration were studied at a fixed take-off
gross welght; the effect of changes in gross welght on radius was also
determined.

ANATYSTS AND PROCEDURE
Flight Plans

The two flight plans considered are shown schematically in
flgure 1. These flight plans tend to cover the extremes in the
percentage of flight at supersonlc speeds that mlght be expected in
the flight of a supersonic bomber. The first flight plan had a sub-
sonic portion, followed by 500 mlles at supersonic speeds to the target,
500 miles at supersonlc speeds away from the target, and & final sub-
sonlic portion back to base. The subsonic portions were assumed to be
flown at 0.9 Mach number. For the sscond flight plan, the entire
flight to and from the target was assumed to be flown at supersonic
gpeeds. TIn general, & supersonlic Mach number of 2 was assumed. It
wes further assumed that all cruilse Flight followed a Breguet flight
plan, and that in all instances the initlal altitude was chosen to
glve maximum range for the particular flight plan being considered.
It was assumed thet 5 percent of the original fuel load was maintalned
in the tanks at the end of the flight as reserve. In general, the
amount of fuel burned and the dlstance covered during take-off, climb,
and acceleration were neglected. (Calculations indicated that the
results obtalned from the analysis were not significantly affected
by neglecting these compensating factors.)
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Alrplane Configuration

For all calculations, except those iIn which the effect of gross
welght was investligated, the alrplane take-off gross welight was asgsumed
to be 150,000 pounds, of which 23 percent was structure, including
crew and electronic equipment, 5000 pounds was bomb load, and the
remeinder was dlstributed among engines, fuel, and fusl tanks. Although
a8 delta wing with aspect ratio of 2 and thiqkness—chord ratio of 0.05
was chosen for this analysis, the results, Insofar as the relative
offects of the various engine parameters on alrplane performance are
concerned, are not especlally critical to the particular wing type
chogen. The take-off wing loading was assumed to be 100 pounds per
square foot. The fuselage, for a gross weight of 150,000 pounds, was
agsumed to have a maximum dliameter of 8 feet. For other values of
grosg welght, the fuselage maximum dlameter was assumed to vary as
the cube root of the gross weight. For all cases, the over-all finenesas
ratio of the fuselage was 12. The engines were sasumed to be mounted
in nacelles, one on elther side.of the fuselage. The over-all fineness
ratio of the nacelles was 9. The structure to gross weight ratioc was
decreased to 0.225 for a gross welght of 200,000 pounds and increased
to 0.25 for a gross welght of 100,000 pounde.

Alrplane drag was computed by summing the drag of wing, tail,
fuselage, and nacelles. It was assumed that the entire wing area,
includtng that blanketed by the fuselage, was effectlive in producing
11f%; whereas, only the exposed wing area was assumed to produce drag.
The tall drag was assumed to bhe 20 percent of the wing zerc-lift drag.
The alrplane lift-drag ratlos obtalned for e representative configu-
ration were approximately 1l at a Mach number of 0.9 and about 5 at a
Mach number of 2. Further detalls regarding the serodynamic assumptlonse
are presented in the appendlx.

Procedure and Engine Opsration

The analysis was an off-design study, in thet the engines were

agsumed to be deslgned for sea-level static conditlons and then opsrated,

at all flight Mach numbers and altltudes excepting subsonic crulse,

at constant mechanilcal speed. The performence gt the combat-zone Mach
numbers was therefore off-design with respect to compressor serodynamic
speed and assoclated zlr flow and campressor efflciency. For the part-
subsonic flight plen, off-design studies were necessary to establish
englne performance at subsonic speeds for variouas thrust levels, because
engines providing sufficient thruet to fly at the supersonic-zone Mach
number had to be throttled to fly at the subsonic cruise Mach number
end the most favoraeble altitude.

Baglc values of the various englne design variebles were assumed,
and the effects of departures from these values were determined by

2913



2162

NACA RM ES4A21 r 5

varying each while holding &l} others fixed. The effect of ths after-
burner temperature used in the supersonic portion of the flight (zone
afterburner temperature) was first investigated. Then, the effect on
alrplane performance of substltuting & convergent nozzle for a
convergent-dlvergent nozzle was determined. Next, the effect of
compressor pressure ratioc and compressor efTlclency was evaluated.

The englne specific welght was changed, and its Importance determined.
In turn, the turbine-inlet itemperature and air-handling capacity were
increased, and thelr contributlon to improved bomber performance
assessed. After the effect of the foregoing changes had been determined
individually, several of the advantageous improvements that seemed
realizaeble in the foreseeable future were combined Into whet is called
the "advanced engine." The effect of changes in compressor pressure
ratic and afterburner temperature on bamber performance with the
advanced engine was determined, as was performaence wilth an advanced
engine having no afterburner.

The performance wes compubed for an Initial gross weight of 150,000
pounds and a combat-zone Mach nuwber of 2. The effect of changes in
the gross welght was computed for the baslc and advanced engines and
for both flight plans. Two bombers, one with baslc engines and one
with advanced englines, were flown over a range of Mach numbers from
0.2 to 2.5 to determine the effect of fllght Mach number on the radlus
of the bomber.

The three critical thrust reglons through which the airplene must
pass and in whlch 1t must have sufflicilent thrust to glve satisfactory
performance are (1)} at take-off, (2) in the trensonic region, and (3)
in the combat zone. In thils analysls, the drag of the alrplane In the
combat zone determined the engine thrust requirement. It was sassumed
that the engines were operated at rated rotational speed and rated
turbine-inlet temperature in the combat zone. For the subsonic crulsee
portions of the flight, the afterburner was turned off and the fuel
flow and rotetional speed were reduced to provide the requlred thrust.

Ag the flight Mach number and altitude wvaried, the compressor-
inlet temperature and, hence, equivalent engine speed wvaried. The
varlations In compressor efflclency and air flow wlth equlvalent englne
speed given in reference 2 and in appendix C of reference 1 were used
to calculate engine performance during flight. These varlations were
assumed independent of rated compressor pressure ratio. The compressor
pressure ratio also variled with equlvalent englne speed or flight
condition and was computed from the air flow and turbine-inlet tempera-
ture with the assumptlon that the turbine nozzles were choked. Through-
out the report, all values cited for compresscr pressure ratio are
those occurring at rated sea-level static conditioms.

The engine-Iinlet diffuser was assumed to be of the spike type wlth

a translating splke. The total-pressure recovery ratlio ieg shown in
figure 14 as a function of flight Mach number.
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The effects on alrplame performance of independently varying
the following engine design varlables over ithe Indlcated ranges were

computed :

Compressor pressure ratlo at sea level, zero ram

Maximum compreassor adiabatlic efficlency . .
1Turbtne efflclency . . « ¢ « v v 4 0 40 e e

Equivalent rated air flow per unit of compressor

frontal area (area &wept by compressor tip),

(lb/sec)/eq Pt . « v « v @ v e e e e
Turbine-inlet temperature, °R . . . . .
Zone. afterburner temperature, R . . . . . .

Engine specific weight, 1lb/eq £t of
compreassor frontal area .
Engine size, 1b of air/(sec)(lb gross weight)

e » « s+ s+« 5 %015
« « . . .85 28nd 0.88

« « 0.85 and 0.90

e« e e s . 18 to 36
. « . 2000 and 2500
turbine outlet to 3500

. . . . . . 400 to 800
. . . 0.002 to 0.008

The following variables were held at the glven conestant values:

Primary-combustor effliciency . . . . . . . . e e e e s e s e 0.95
Ratio of primary-combustor total-pressure

loss to Inlet total pressure . . . . e v e e e s 0.05
Ratio of primery-combustor dlameter to afterburner diameter .o 1.00
Ratio of inmer to outer diameter of primary combustor . . . . . 0.40
Ratlio of outer diameter of primary combustor

to compressor tip diasmeter . . . . . .o

Ratlo of afterburner friction pressure drop
to Inlet dynemlic head . . . .. ¢« « « + « .
Afterburner combustlon effilciency . . . . . .

T e A

e ¢ s e« s s+ . . . @

e e e« s » .« . 0.8

For most of the calculations, use of a completely varlable-area
convergent-divergent exhaust nozzle was assumed.
performance of uslng a variable-area convergent nozzle were computed

for one particular engine comfiguration.

RESULTS AND DISCUSSION

Basglc Engine

The effects on

The firsgt results of the analyslis show the effect, for both flight
plans, of changes 1ln the baslc englne on the bomber relative radius.

1rne compressor and turbine efficiencles were assumed palred, the
low turbine effliclency belng used wlth the low compressor efficilency.
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The baslc sngine is an afterburning engine with & rated sea-level
compressor pressure ratio of 7, a maximum adiabatlc compressor effi-
clency of 0.85, a turbine-inlet temperature of 2000° R, a turbine
adlabatic efficiency of 0.85, an alr-handling capacity of 27 pounds

per second per square foot of compressor area, an engine specific welght
of 650 pounds per sguare foot of compressor area, and a completely
varlable-area convergent-divergent nozzle.

Effects of combat-zone afterburner temperature. - The effect of

changes in zone afterburner temperature on bomber relative radius is
shown in figure 2(a) for both flight plans considered. The relative
radius plotted in figure 2(a) and many of the succeeding figures is
computed by dividing the bomber radius for the engine conflguretion and
flight plan under consideration by the maximum radius obtainable with
the basic engline flying the all-supersonic flight plan. The lower
curve of figure 2(a) represents the performance of a series of bombers
having various zone afterburner temperatures and, hence, varlous engine
slzes, flylng an all-supersonic flight plan. The upper curve represents
the performance of the same series of bombers flying the flight plan
Involving a 500-mile supersonic radius to ghd from the target, the
remainder of the flight being made at subsonlc speed. For both sub-
sonic and supersonic flight, the airplane was flown at that altitude
glving maximum range.

A change In zone afterburner temperature requires a change in
engline size in order to sustaln constant-speed supersonic flight, an
increase 1n afterburner temperature necesslitating & decrease In engine
slze. The relation between engine size (as expressed in termas of air
flow per unit airplene gross welght) and zone afterburner temperature
is not unlque but 1s dependent on the flight altitude. The relatlon
between zone afterburner temperature and engine size for the altitude
giving maximum supersonic range is shown In Ffigure 2(b)}. An engine
that handles almost 0.007 pound of air per second per pound of air-
plane take-off gross welght is reguired for flight at a Mach number
of 2 at the most favorable altitude 1f the afterburmer 1s iInoperative;
whereas, an engine size of 0.0025 ie sufflcient with a zomne after-
burner temperature of about 3500° R.

As the engine size and welght decrease, with increased zone
afterburner temperature, more fuel can be carried for a given air-
plane take-off gross weight, and the alrplane drag 1s decreased
because of the reduced size of the nacelles. Both the increased
fuel on board and the decreased drag increase the bomber radlus
(fig. 2(a)). Detrimental to increased radius is the increased specific
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fuel consumption accompanying Increased zone afterburner temperature.
Increasing the zone afterburner temperature and decreasing the engine D
glze result in lncreased radlus of the bomber flying &1l supersonically
untll the zone afterburner temperature reaches 25000 R. TFor design
afterburner temperatures above 2500° R, the englne size and weight

are not reduced sufficlently to compensate the Incressed specific fuel
consumption, and the alrplane radius decreasss, In meny of the sub-
sequent flgures, an engine size corresponding to 0.004 pound of air

per second per pound of airplane take-off gross welght ls assumed,
corresponding to a zone afterburner temperature of about 2500° R.

2913

Factors comparable to those that influenced the relatlon between
relative radius and afiterburner temperature for the sll-supersonic
flight plan are involved in the relatlon lllustrated in the upper
curve of figure 2(a). For the very low values of zone afterburner
temperature, the engline 1s so large that 1t must be throttled back
for subsonlc cruise to a thrust level at which the specific fuel con-
gumptlon ls greater than the minimum. As the zone afterburner tem-
perature is increased, the specific fuel consumption for subsonic
crulse decreases and stays near ite winimum value, the engine weilght
decreases, the fuel load Increases, and the drag decreases. All the
previously mentiocned factors tend to produce an increased radius at
subsonlc gpeed. As a result, In contradistinction to the change in
relative radius with zone afterburner temperature for the all-supersonic
flight plan, whereln relative radlus maximizes at some Intermedisate
afterburner temperature, the total radlus for the flight plan Involving
aubsonic and 500 miles of supersonic crulse Increases contlnuously
with increasing afterburner temperature in the combat zone. At a zone
afterburner temperature corresponding to maximum radius for the all-
supersonic flight plan, the relative radlus for the 500-mile supersonic
flight plan is 1.228.

The results of figure 2(a) indicate that the most desirable zone
afterburner temperature ls dependent on the amount of supersonlc
flight involved in the flight plan. For all-eupersonic flight, the
radius is relatively insensitive to afterburner temperature, and
the most favorable afterburner temperature increases as the amount
of supersonic flight decreases. For an slrplane that might be expected
to fly both flight plans considered in figure 2(a), a good compromise
value of zone afterburner temperature would be about 3000° R, correspond-
ing to en engine slze of approximately 0.003 pound of sir flow per
second per pound of alrplene gross weight.

The influence on radius of the amount of fuel consumed and
the distance covered in take-off, climb, and acceleration was not
considered for the data of figure 2(a). However, when these -
factors were consldered, 1t was found that, for zone after-
burner temperatures up to 3000° R, the curves obtained were nearly
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coincident with those of figure 2(a). For zone afterburner tempera-
tures above 3000° R, the engine size and thrust margins became so
small that the alrplane encountered difficulty In fteke-off, climb,
and acceleration. Take-off dlstance is shown as a function of

zone afterburner temperature In flgure 2(c). The take-off distance
was computed with the engines assumed to be operatling at an after-
burner temperature of 3500° R during the take-off operation. For
high values of zone afterburner temperature, which correspond to
small engine slzes, thrust margine are small and long take-off
distances result. If take-off dlstances less than 5000 feet are
required, the combat-zone afterburner temperature must be limited to
3000° R or less. Thus, the afterburner temperatues for maximum
range on the all-supersonic flight plan and for acceptable tske-off
distance are nearly the same, and no compromise of take-off distance
is required to obtain maximum all-supersonic range. The thrust
mergin in the transonic-speed range was a&lso Investigated for several
afterburner temperaturses in the raengs of interest. All alrplanes
investigated had sufficlent thrust to accelerate through this

gsecond critlcal reglon. —

Maneuverabllity in the combat zone, expressed as the normal load
factor the airplane can sustain without loss of speed or altitude,
ie shown in figure 2(d). A load factor of unity corresponds to level,
unaccelerated flight. The data of figure 2(d) are all for a meneu-
vering afterburner temperature of 3500° R; and, therefore, for a
zone afterburner temperature of 3500° R, a load factor of unity is
obtained. As the zone afterburner temperature 1s decreased, the
maneuverablllty or normal load factor increases. Maneuverability
at & zone afterburner temperature of 3500° R could be obtained by
increasing the afterburner temperature above 3500° R during maneuver-
Ing, by the use of some other thrust-auvgmentation method, or by
decreasing the flight altltude. Any maneuvering would result in a
decrease in alrplane radius. For a zone afterburner temperature of
3000° R, a normal load factor of approximately 1.3 can be obtalned,
at a fiight Mach number of 2, by increasing the afterburner tempera-
ture to 3500° R.

Inasmuch as the radiue for the all-supersonic flight plan was
relatively Insensitive to zone afterburner temperature, airplane
performance for the all-supersonic fllght plan was computed for the
case of an engine wlthout an afterburner. Because of the absence
of the afterburner, it was assumed that the engine specific welght
wag decreased 168 percent. This nonafterburning-engine performance is
shown in figures 2(a), (c), and (d) by the symbols. While the
radius obtained for the nonafterburning case is nearly equal to the
maximum radius obtainable for afterburning engines, the take-off
distance 1s rather great (about 6600 ft, filg. 2(c)}). The maneuver-
abllity or normal load factor is unity at the design Mach number
and altitude.
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From conslderation of the effect of zome afterburner temperature
on airplane performance 1t may be concluded that, for the baslc engine,
typical of current turbojlet engines, &n afterburner 1s deslirable. If
the flight plen is all supersonic, the airplane radius is relatively
insensitive to afterburner temperature; although, 1f the engine has
no afterburner, the take-off, climb, and acceleration performence is
impaired. As the amount of subsanic flight in the flight plan
increases, the zone afterburner’ temperature giving maximum radius
increases. : .

Effect of convergent nozzle. - The foregolng results were obtalned
with the engines assumed equipped wlth convergent-divergent nozzles of
variable throat and variable expasnsion ratio. The substitution of a
gimple convergent nozzle with varlable throat puts a great penalty
on the range of the supersonic bomber, as shown in flgure 3, where
the radlius of the bomber is plotted agalnst the combat-zone after-
burner temperature. At an afterburner temperature of 2500° R, there
is approximately a 13-percent decrease Iin the radius of the bomber
for the flight plan involving only 500 miles of supersonic radius.

At the seme afterburner temperature, there is a 24-percent decrease
in radius for the banber flying all supersonlcally at a Mach number
of 2.

The englnes for & given thrust requirement are considerably
larger for a given afterburner temperature when a convergent nozzle
is uged in place of & convergent-dlvergent nozzls. Accordingly, when
the afterburner temperature 1ls Increased to reduce the englne size
and welght, more of an advantage In relative radius 1is obtainable
with the convergent nozzle then with the convergent-divergent nozzle.

The previously discusged resulis have all been based on the
assumptlon of an ldemsl, infinltely variasble, convergent-divergent
nozzle. If the lossges in & recently investigated translating-plug- type
nozzle are included, the radius for the all- -supersonic flight plan is
decressed about 13 percent the radlus for the flight plan Involving
500 miles of supersonlc flight is decrezsed approximately 10 percent,
end the take-off dlstance is Increassd 2 percent. '

Effect of rated cumpressor pressure ratlo and compresgsor and
turbine efficlenciesg. - The effect of changes In rated compressor
pregsure ratio and maximum compressor aend turbine efficiencies on
the relative radius of the bomber is shown in figure 4(a). For ease
in calculation, & flxed engine size of 0.004 pound of ailr per second
per pound of grose welght at take-off was assumed, with & resulting
zone afterburner temperature of approximately 2500° R. As the pressure
ratio and the efficiency of the compressor and turbine were changed,

a small adJustment in afterburner temperature was necessary to match
the. alrplane drag and the avallable thrust at the altitude for best
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range. Qther values for the engine with a convergent-divergent nozzle
were & turbine-inlet temperature of 2000° R, an air-handling capacity
of 27 pounds per second per square foot of compressor area, an

engline specific welght of 650 pounds psr square foot of compressor
area, and a supersonic Mach number iIn the cambat zone of 2. The wvalus
of compressor pressure ratlo shown on the absclssa ls the pressure
ratlo of the engine at rated speed under sea-level static conditioms.

For an engine equlpped wlth & compressor having a maxlmum effl-
clency of 0.85 and a constant turbine efflcliency of the same value,
the relatlve radlus for the 500-mile supersonlc fllght plan is
relatlively insensitive to changes in rated compressor pressure ratlo
from 7 to 15. For the bomber flying at supersonic speed throughout
its entire flight, any rated compressor pressure ratio between 4 and
10 glves nearly maximum radius. The results of these calculations and
the conclusiong drawn from the data gre all based on the supposition
that the englne specific weight ls unaffected by changes In compressor
pregsure ratio. Should this not be the came, the effect of compressor
pressure ratio must be evaluated wlth the varlation in engine specific
welght with compressor pressure ratio considered. Such an evaluation
can bs made through the application of one of the succeeding flgures.

When the component efficiencies are raised to & maxium of
0.88 for the compressor and 0.90 for the turbins, the compressor
pressure ratio for maximum radius Increases somewhat, although the
effect 1s small for the all-supersonlc flight plan. For this flight
plan, the Increase In component effliciencies increases the radius
approximately 8 percent. The same Ilncrease in camnponent efficlenciles
produced Increases In radius for the 500-mille supersonic flight plan
of 14 and 21 percent at rated compressor pressure ratios of 7 and 12,
respectively.

Another factor to be considered in the selection of compressor
presgsure ratio and the svaluation of benefits to be derived from
increased component efficiencles is their effect on combustor velocltles.
Both primary-combustor and afterburner velocitles are shown as functions
of compressor pressure ratio in figurs 4(b). Afterburner velocitiles
are well below 500 feet per second for all compressor pressure ratios
and component efficlencies considered. A pressure ratioc of at least
7 1s required wlth the lower effliclency components In order to keep
the primary-combustor inlet veloclty below 100 feet per second. The
data shown in figure 4 indicate that, for an engine wilth current
component efficiencles, a compressor pressure ratio of gbout 7 gives
nearly maximum radius for the all-supersonic flight plan. For the
flight plan Incorporating 500 miles of supersonic flight, a pressure
ratio of 10 glves nearly maximum radius. These results are based on
the assumption that engine specific welght 1s independent of compressor
pressure ratio. :

\
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Effect of engine apeciflc welght. - In the long-range bomber
under conslderation, the gross welght 1s held fixed and any decrease
in welght of structure, engine, or fuel tank results 1n an Increase
in fuel-carrying capability. The effect of exchanging engine welght
for fuel is shown In figure 5, where the bomber relative radius 1is
plotted against rated compressor pressure ratio for the two flight
plans consldered and for englne speciflc welghts of 400, 600, and 8CC
pounds per square foot of compressor area. Other constants for this
data are englne slze of 0.004 pound of alr per second per pound of
take-off gross welght, compressor efflcilency of 0.85, turbine effi-
clency of 0.85, turblne-inlet temperature 2000° R, an ideal convergent-
dlvergent exhaust nozzle, and alr-handling capacity of 27 pounds per
gecond per square foot of compressor aresa.

A decrease 1n engline speclfic welight from 600 to 400 pounds per
square foot at a compresgor pregsure ratic of 7 Increases the relative
radiuvs for each fllght plan approximately 8.5 percent. For an engine
speclflc welght of 650 pounde péer square foot of compressor area,
the englne weighs approximately 10 percent of the gross weight in
the bomber, as compared wlth approxlimetely 27 percent in ths fighter
of reference 1. Therefore, engine gpeciflc weight 1s conslderably
less important for the bomber than for the locel defense fighter of
reference 1. The large difference In the relative engine weilght
between the bomber and the fighter of reference 1 1ls chiefly the
result of the greater maneuverabllity requlrements of the filghter
at the high-speed, high-altitude flight conditicna. These large
differences In engine welight indlcate that the bomber engine specific
welght may be relatively high end satlll not jJeopardize performance.
Specifically, if an increase of 3 polnts in efficiency of the compressor
and 5 polints in the efficlency of the turbine can be made wlth lesa
than a 66-percent increase in engine specific welght, such a change is
advantageous in providing increased radlus for the bomber flying the
flight plan involving 500 miles at supersonic speeds.

Effect of turbine-inlet temperature. - By Increasing the turbine-
inlet temperature, the same work can be extracted from the turbine with
a decreaged turbine pressure drop. With the turbine pressure drop
diminished, the preassure ratio acrose the exhaust nozzle is increased,
with the result for a glven exhaust-gas temperature, of an Increase
In engine thrust The effect of increased turbine-inlet temperature
on bomber performance is shown in figure 6(a), where relative radius
for both bomber flight plans is plotted agalnst rated campressor
pressure ratio for two turbine-inlet temperatures. Two-percent bleed
from the compressor was used to cool the turblne at a turbine-inlet
temperature of 2500° R, in accordance with the analysis of -reference 3.
The bleed alr, after cooling the turbine, was returmed to the tail

pipe.
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For the flight plan with the 500-mile supersonic radius, the
increase in turbine-inlet temperature from 2000° to 2500° R has a
relatively slight effect on radius for rated compressor pressure
ratios up to sbout 9. For higher pressure ratios the effect is
increased, and a compressor pressure ratlo of 12 and a turbine-
inlet temperature of 2500° R provide a radius approximately 7 per-
cent greater than the maximum attalnable for a turbine-inlet tempers-
ture of 2000° R.

For the all-supersonic flight plan, the effect of Increased
turbine-inlet temperature 1s grester at all veluese of compressor
pressure ratio. The compressor pressure ratlo glving maximum radius
increases from about 7 at a turbine-inlet temperature of 2000° R to
approximately 12 at a turbine-inlet temperature of 2500° R. The
maximum radins at a turbine-inlet temperature of 2500° R is 20 percent
greater than the maximum at a turbine-inlet tempsrature of 2000° R.

The combined effects of changes in turbine-inlet temperature
and compressor pressure ratlio on the afterburmer-inlet veloclty are
shown in figure 6(b). TFor compressor pressure ratioe of interest
for & supersonic bomber, between 7 and 12, there 1s little effsct
of the turbine-inlet temperatures investigated on the afterburner-
inlet velocitles, and the velocitles are all low enough to afford
efficlent combustion.

Effect of air-handling capacity. - An Increase In the &lr-handling
capaclty Improves the performance of the alrplane for two reasons:
(1) the increase reduces the drag of the engine nacelles, and (2) &
decrease In the area for a glven alr flow will decrease the englne
weight proportionately, because engine weight is assumed to be directly
proportional to the engine compressor area. In the present Investl-
gatlon, all values of alr-handling capacity clted are the values at
rated sea-level static conditions.

The effect of alr-handling capaclty on the rediue of the bomber
is shown in figure 7(a) for three rated compressor pressure ratios
and the two flight plane under consideration. The other engine
variables are the same as for the basic engine, and the engine size
corresponds to 0.004 pound of alr per second per pound of take-off
gross welght, with a zone afterburner temperature of approximately
2500° R. The increase in radius with increased ailr-handling capacity
is about the same for the three pressure ratios Investigated. Increasing
the compressor alr flow from 27 to 33 pounds per second per square
foot Increases the radius for the flight plan involving the 500-mile
supersonic radius approximately 8 percent; for the all-supersonic
flight plan, the Increase 1s about 11 percent. Relatlve radius increased
at a reduced rate with an Increase in alr-handling capacity, because
a gliven Increment of alr-handling capaclty haes less effect on both the
alrplane drag and the engine welght at high alr-handling capacities.
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Increasing the alr-handling capaclty has an adverse effect on
velocities throughout the engine. Figure 7(b) indicates that, for a
rated compressor pressure ratlo of 7, the alr-handling capacity is
limited to about 27 pounds per square foot of compressor frontal area
to maintain the primary-combustor inlet velocity below 100 feet per
sscond. At & pressure ratio of 12, a velocity of a 100 feet per
second 1s not reached untll the alr-handling capaclity of the engine
has exceeded 40 pounds per second per square foot of compressor erea.
For alr~handling capaclties below 36 pounds pér second per aquare
foot, the afterburner-inlet velocity 1is less than 500 feet per second.

Advanced Engine

The foregoing sections of this rgport indlcate the effects of
independent changes in afterburner temperature, component efficiency,
turbine~inlet temperature, compressor pressure ratio, type of exhaust
nozzle, air-handling capacity, and englne speciflc welght on the
performance of the supersonlc bomber. Several of the previously
discussed benefilcial effects are comblined in this section into what
might be called an "advenced engine," that 1s, an engine reallzing
future scheduled developments in the performance of several of the
componenta. The advanced engine had & maximum compressor efficiency
of 0.88, a turbine-inlet temperature of 2500° R, a turbine effi-
clency of 0.90, a convergent-dlvergent nozzle, and an air-hendling
capaclty of 33 pounde per second per square foot. The rated compres-
sor pressure ratio and zone afterburner temperature were varied to
determine the effect of changes in them on the relative radius of
& bomber equipped with advanced engines. " '

Effects of rated compressor pressure ratlo and englne specific
welght. - The effects of rated compressor pressure ratio and engine
specific weight on the radlus of the supersonic bomber are shown in
figure 8 for an engine size of 0.004 pound of alr per second per
pound of gross welght. As previously illustrated for a turbine-
inlet temperature of 2500° R, the data in this flgure show a continu-
ous increasge in relative radius wlth increasling rated compressor
pressure ratio for the flight plan Invelving 500 mliles of supersonlc
radlus. An Increasse In compressor pressure ratio from 7 to 12 at a
fixed englne welght of 600 pounds per square foot results in an Increass
In the reletive radilus of more than 13 percent. There is much less
effect for the all-subersonic flight plan, and little increase iIn
radius can be gained by increasing the rated campressor pressure ratlo
above 9.

All these results were calculated on the basls of englne specific
wolght invarlant with compressor pressure ratlo. The effect of
engine specific weight 1s smaller for the advapced engine than for
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the basic engine, because the advanced engine weighs less for a given
thrust. For example, a 33-percent increase In englne welght decreases
the relative radius 6 percent. This compares with a 9-percent change
In radlus for the same change In speciflc weight of the baslic engine.

Effect of combat-zone afterburner temperature. - The effect of
afterburner temperature on bomber radius whsn the bomber 1s sequilpped
with an advanced afterburning engine having a rated compressor pres-
surse ratio of 12 l1s shown In figure 5. Performance wlth basic engines
having a compressor pressure ratio of 7 1s also iIncluded for comparil-
son. For the advanced engine and the flight plan Involving 500 miles
of supersonic crulse, the total radlus is relatively lnsensitive to
the afterburner temperature used in the combat zone. For the all-
supersonic flight plan, the nonoperative afterburmer provides maximum
radius. With the advanced engine the gains afforded by afterburning,
that is, emaller engines and reduced airplane drag, do not balance
the Increased fuel consumptlon of the afterburner, inasmuch as the
englnes are relatively small.

From a comparison of maximum radii in all cases, 1t can be seen
from figure 9 that, for both flight plans, the advanced englne provides
increases in radlus of about 36 percent over that for the baslic englns.
These maximum radil occur at widely differing values of zone after-
burner temperature. The Increase In radiue is greater than the sum
of the increases attributable to the indivldual chsnges.

Comparison of advanced engines with and without afterburnsr. -
Because. radius for both flight plans 1s near maximum when crulsing In
the combat zone with the afterburner inoperatlve, an Investigation
was made to determline the effect of compressor pressure ratlo on
bomber performance for an advanced englne wilthout the afterburner.

The engine specific welight was reduced 16 percent to account for the
removal of the afterburner. The resulis are shown for the two different
flight plans In figure 10. For both flight plane the radius lncreases
continuously with an Increase in rated compressor pressure retio. The
foregolng results were computed with the assumption of a constant

engine specific welght, and the engine slze was selected for the alti-
tude glving maximum supersonic range.

A comparison of figures 9 and 10 indicates that, for the advanced
engine (compressor pressure ratio of 12), removing the afterburner
provides a radlus for the 500-mile supersonlic fllght plan only 4 per-
cent less than the maximum afterburning radius. For the gll-supersonic
flight plan, the maximum radius, which was shown In figure 9 to occur
wlth the afterburner inoperative, is further increased about 3.5 percent
by removing the afterburner. A further comparison of the bomber powered

by advanced afterburning and nonafterburning englnes was made to determine

the effect on take-off distance and maneuverability. The afterburning
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engine was sized so as to require an afterburner temperature of 280Q° R

in the combat zone and was operated at an afterburner temperature of .
3500C R durlng take-off and maneuvering. ©Such a cholce favored best

performance for the 500-mile supersonlc flight plan at the expenase of
all-supergonic range, take-off dlstance, and maneuverability. The

lower thrust per pound of air flow obtained from the engine without

the afterburner requlred an engine size 43 percent larger than that

for the engine wlth the afterburner. The airplane take-off dlstance

and maneuverability are as follows: bt
Engine o No Afterburner
' afterburner
Take-off dilstance, £t 4300 . 4600

Mesneuverabllity, normal
load factor 1.0 1.4

Effect of Flight Mach Number

The effect of flight Mach number on the relatlve radlus was
investigated for two different bombers, one equipped with the bhasic
engine and the other with an advanced enginé.’ The engine slzes were
0.004 and 0.003 pound of air per second per pound of take-off gross .
welght, respectively. The entire crulse portlon of the flight was
made at constant Mach number. The results are shown in figure 11. The
change In relative radius with flight Mach number is the same for .-
both bombers. Maximum range is afforded at a Mach number of 0.9.
Maximum range at eupersonlc speeds cccurs at a Mach number aslightly

above 2.0.

At a Mach number of 2.0, & bomber equipped with advanced englnesa
will fly 27 percent farther than one using the basic engine. The
specific fuel consumption of the sdvanced englne is about 14 percent
legse than that of the basic engine. The 25-percent reduction in
engine welght Increases the amount of fuel on board and adds ancther
11 percent to the radius. The 1mproved lift-drag ratlo due to amsller
englnes accounts for the remalning Z-percent lmprovement In radlus.

In the subsonic reglon, at & Mach number of 0.9, the relative range

is about 43 percent better for the advanced engine. The greater
improvement in the subsonlc reglon 1s due principally ta the fact that
the specific fuel consumption for the advanced englne with a rated
compressor pressure ratio of 12 and & turblne-inlet temperature of
2500° R 18 about 25 percent less during throttled operation than for
the basic engine. The remainder of the improvement is due to the
decreased engine welght and slightly lmproved lift-drag ratio.
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Effect of Bamber Gross Welght

The effect of gross welght on the relative radlus of the airplane
powered by a basic and by an advanced afterburning engine 1s compared
in figure 12. The baslic engine size was held constant at 0.004 pound
of alr per second per pound of alrplane gross welght. The advanced
engine was sized so that no afterburning would be required in the
combat zone. The results of figure 12 indlcate a consistent increase
in relative radius as the bomber gross welght is Increased. The rate
of increase of the relative radius decreases, however, wlth Increasling
gross welght, Inasmuch as the bomb load becomes a decreasing percentage
of the gross welight. When the gross welght 1s doubled fram 100,000 to
200,000 pounds, the total radius for the bomber flying the 500-mile
supersonic flight plan increases 13 percent for both englines. The
effect of an engline parameter such as compressor pressure ratlio or
afterburner temperature on ailrplane performance was shown In reference
1 to be relatively Independent of alrplane grose welght. Therefore,
although presented in this report for an alrplane gross weight of
150,000 pounds, the results are appllicable to alrplanes having somewhat
different gross welghts.

SUMMARY OF RESULTS

An analysis was made of the turbojJet englne as the power plant
for a bomber-type alrplane having a deslign supersonic Mach number of
2. Por turbojet engines having currently available components, air-
plane radius, for an all-supersonic flight plan, 1s relatively in-
senslitive to afterburmer temperature. For a fllight plan Involving
a relatively large amount of subsonic flight, the total radius Increases
as the zone afterburner temperature 1s Increased. Regardless of the
amount of supersonlic crulse, ln order to ensure sufficlent thrust
during teke-off, climb, and acceleratlon, the afterburner temperature
in level, unaccelserated supersonlc flight shounld probably not exceed
3000° R.

Based on the assumption that engine specific weight 1s independent
of campressor pressure ratlo, the alrplane radius for currently avail-
able components is relatlively Insensitive to compressor pressure ratio.
For an all-supersonlc flight plan, compressor preseure ratiocs up to
9 give nearly maximum performance. If the flight plan hes only a
S00-mile raedlus at supersonlc speeds with the remainder of the flight
at subsonlc velocltles, the compressor pressure ratio giving maximum
radius 1s approximately 12.

The use of & varlable-area convergent nozzle rather than a
variable-area convergent-divergent nozzle penslizes the alrplane radius
as much as 24 percent, depending on the amount of supersonic flight
included in the flight plan.
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Engine specific welght has & relatively emall effect on bomber-
type alrplene performance, with a 64-percent chenge In engine specific
welght changing the total radlus ebout 18 percent for a f£light plan
involving 500 miles 2t a Mach number of 2. Thise change in specific
welght has about the same effect on airplene radius as a change of
gbout 4 points in the efficiencles of both the compressor and turbine.

Increasing the turbine-inlet temperature from 20000 to 2500° R
has a beneficlal effect on alrplane radlus, especlally at the hlgher
values of compressor pressure ratio. For a fllight plan 1lncorporating
500 miles at & Mach number of 2, a compregsor pressure ratlo of 12
and a turblne-inlet temperature of 2500° R gave a radius 7 percent
greater than the maximum obtained for a turbine-inlet temperature of
2000° R. For an all-supersonic flight plan, the radius may be Increased
as muach a8 20 percent for the same Incresase In turbine-inlet tempera-
ture and compressor pressure ratio.

An Increase in alr-handling capaclty from 27 to 33 pounds per
second per square foot of frontal area Increased the total radins 8
percent for the flight plan iInvolving 500 miles at supersonic speeds.
For the all-supersonic flight plan, the increase in radius was 11
percent. .

For an advanced engine (one embodying simultaneocus improvements
in turbine-inlet temperatures, component efficlencles, and air-
handling capacity), the ailrplane maximum radius was about 36 percent
greater than that obtained for an englne embodylng current engline
components., This increase 1n radius was essentially independent of
the amount of supersonic cruilse Incorporated In the flight plan. The
combined effect of meveral improvements In the engine ctmponents is
greater then the sum of the Individual effecte.

For the advanced englne, removing the afterburner gave near-
meximum performance for both flight plans considered. However, the
alrplane had the dimadvantage of having no meneuverablllty at the
design supersonlc flight condition.

Lewls Flight Propulsion Laboratory
Natlonal Advisory Committee for Asronautics
Cleveland, Ohio, January 28, 1954

2913



e162

NACA RM E54421 ] 19

APPENDIX - AERODYNAMIC ASSUMPTIORS

For ease in computing the dreg of the bomber, 1t was assumed that ?ﬁp'
the slrcraft conslisted of a delta-wing design with a low-drag fuselage

and with englnes mounted in nacelles. Total drag was computed from

the superposition of the wing, fuselage, and nacelle drag.

Fuselage

The fuselage was assumed to be a low-drag body, 8 feet in diameter,
with & fineness ratlo of 12. The surface to frontal area was taken
as 34.5. The pressure drag coefficlent was camputed from figures 30
and 32 of reference 1. Variations of friction drag and pressure drag
coefficient with Mach number were assumed as in reference 1.

Nacelles

The englne nacelles were assumed to have a length-dlameter ratio
of 9. They were made up of three longitudinally equel sections: the
cowl, a truncated cone; the center section, cylindrical; and the arft
section, cylindrlcal with a 7° boattall. The pressure drag coefflclents
for the cowl and aft sectlons were computed from Flgures 30, 33, and 34
of reference 1. The frictlion drag coefflicient for the entire nacellse
was taken from figure 31 of reference 1. '

Wing

The delta wing assumed for the bomber had sn aspect ratio 2.0 and
& thickness-chord ratio of 0.05. The zero-1ift pressure drag coeffi-
cient for the wing was assumed to have 2 constant value of 0.0058 sbove
a Mach number of 1.0. The varliation of the induced-drag factor (change ﬁ,nﬂﬁﬂ‘/k/
in drag coefficient divided by the squere of the 1ift coefficient) is '
shown In figure 13. The data were obtalned from references 4 and 5 VYA /VJ&
The variation in the frictlon drag coeffilcient with Mach number is &V”~r;‘/

shown In figure 31 of reference 1. The tall drag was assumed to be . -
20 percent of the wing zero-1ift drag. /.x/;ijrﬁéanﬁﬁ
XN .
Iy AW RIS 7Y
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Flgure 2. - Effects of cambat-zone afterburner temperature. Rated com-
pressor pressure ratlo, 7; meximm compressor efficlency, 0.85; tur-
bine efficiency, 0.85; turbine-inlet temperature, 2000° R; convergent-
divergent nozzle; alr-handling capacity, 27 pounds per second per
square foobt; engine specific weight, 650 pounds per square foot; cambat-
zone Mech pumber, 2.
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Flgure 2. - Continued. Effects of combet~zone afterburner temperature.
Rated compressor pressure ratlo, 7; maximum compressor effieclency,
0.85; turbine efficlency, 0.85; turbine-inlet temperature, 2000° R;
convergent-divergent nozzle; air-hendling capacity, 27 pounds per
second per square foot; englne specific weight, 650 pounds per square
foot; combat~zone Mach number, 2.
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Figure 2. - Concluded. Effects of combat-zone afierburner temperature.
Rated compressor pressure ratio, 7; maximm compressor efficlency,
0.85; turbine efficilency, 0.85; turbine-inlet temperature, 2000° R;
convergent-divergent nozzle; air~handling capaclty, 27 pounde per
second per square foot; engine specific weight, 650 pounds per square

foot; combat-zone Mach number, 2.
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foot; combat-zone Mach number, 2.
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Figure 4. - Effects of compressor pressure ratio and compressor and tur-
bine efficiencles. Turbine-inlet temperature, 2000° R; air-handling
capaclity, 27 pounds per second per squere footj; combat-zone Mach
number, 2. : T o o
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sor and turbine efficiencies. Turbine-inlet temperature, 2000° R; eir-
handling cspaclity, 27 pounds per second per square foot; combat-zone
Mach number, 2.
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weight, 650 pounde per square foot; englpe gize, 0.004 pound per second

per pound gross welght.

Figure 6. - Bffecta of turbine-inlet temperature spd compressor pressure
ratio, Maximum compressor efficlency, 0.85; turbine efficlency, 0.85;
air-handling capacity, 27 pounds per secoud per square foolt; combetb-
gone Mach mmber, 2.
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Pigure 6. ~ Concluded. Effects of turbine-inlet temperature aend com-
Pressor pressure ratic. Maximum campressor efficlency, 0.85; turbine
efficliency, 0.85; air-handling capacity, 27 pounds per second per
square foot; combat-zone Mach number, 2.
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Figure 7. - Effects of air-handling capacity and compressor
pressure ratio. Maximum compressor efficiency, 0.85; tur-
bine efficiency, 0.85; turbine-inlet temperature, 2000° R;

combat-zone Mach number, 2.
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Figure 7. - Concluded. Effects of ailr-handling capacity and compresscr
pressure ratio. Maximim compressor efflclency, 0.85; turblne effic-
iency, 0.85; turbine-ilnlet temperature, 2000° R; combaet-zone Mach
number, 2.
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Rated compressor pressure retlo

FPigure 8. - Effect of rated compressor pressgure ratio end engine specific
welght on bomber radius. Engine size, 0.004 pound of alr per second
per pound gross welght; maximum compressor efficlency, 0.88; turbine
efficlency, 0.90; turbine-inlet temperature, 2500° R; convergent-
divergent nozzle; sir-handling capecity, 33 pounds per second per
square foot; ocmbat-gone Mach number, 2.
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Figure 9. - Comparison of effect of combat-zone afterburner temperature
on bomber relative radius with baesic and advanced engines. Rated com-
pressor pressure ratios, 7 and 12; maximm compressor efficliencies,
0.85 and 0.88; turbine effic%encies, 0.85 and 0.80; turbine-inlet
temperatures, 2000° apd 2500° R; convergent-divergent nozzles; air-
handling capacitles, 27 and 33 pounds per second per square foot;
engine specific weight, 650 pounds per square foot; combat-zone Mach

number, 2.
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Figure 10. - Effect of rated compressor pressure ratlo in advenced engine
without afterburner on bomber relative radius. Maximm compressor
efficiency, 0.88; turbine efficlency, 0.90; turbine-inlet temperature,
25000 R; convergent-divergent nozzle; air-handling capacity, 33 pounds
per second per square foot; engine specific weight, 560 pounds per
square Toot; combat-zone Mach number, 2.
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Figure 11. - Effect of flight Mach number on relative radius of supersonic
bomber powered by basic and by advanced engines. Rated compressor pres-
gure ratlios, 7 and 12; maximum compressor efflclencies, 0.85 and 0.88;
turbine efficiencies » 0.85 mand 0.90; turbine-inlet temperatures, 20000
and 2500° R; convergent-divergent nozzies; air-handling capacities , 27
and 33 pounds per second per square foot; engine specific weight, 650
pounds per square foat; engine sizes, 0.004 and 0.003 pound per second
per pound of take-off grogs welght.
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Flgure 12. - Effect of gross welght on bomber relstive radius when eguipped
with basic snd advanced engines. Rated compressor pressure retios, 7 and
12; meximum compressor effilciencies, 0.85 snd 0.88; turbine efficiencies,
0.85 and 0.90; turbine-inlet temperetures, 2000° and 2500° R; convergent-
divergent nozzles; air-hendling capacities, 27 and 33 pounds per second
per square foot; engine specific welght, 650 pounds per squere foot;
combet-zone Mach number, 2.
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Figure 13. - Assumed relation between induced-drag factor and flig_ht Mach
number for delta wing. '
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Pigure 14. - Assumed relation between diffuser pressure recovery ratio and flight Mach
number.
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