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This is a joint thermodynamic and acoustic study of engines for next-generation supersonic air-

craft. It explores �xed-cycle concepts with potential for quiet takeo� and eÆcient cruise. The

ow path is clean, without mechanical suppressors. The strategy is to take a representative

state-of-the-art military turbofan engine and increase its bypass ratio to moderate value. The

engine core stays the same. Three exhaust con�gurations are considered: mixed ow, coaxial

separate ow, and eccentric separate ow. Engine cycle analysis predicts thermodynamic per-

formance and nozzle exhaust conditions at takeo� and Mach 1.6 cruise. Subscale experiments

duplicate the exhaust conditions at takeo� and measure the far-�eld sound. Flyover perceived

noise levels are estimated for a twin-engine aircraft in the 120000-lb class. The eccentric ar-

rangement is 6 dB quieter than the mixed-ow arrangement and 5 dB quieter than the coaxial

con�guration. Spectral and time-domain analyses indicate that the eccentric exhaust is free

of strong Mach wave radiation. The acoustic bene�t of the eccentric arrangement, combined

with faster climb a�orded by the modi�ed engine, leads to a reduction of 14 dB in e�ective

perceived noise level. Compared to the baseline engine, the speci�c fuel consumption of the

modi�ed engine is about 20% less at subsonic speeds and 3% less at supersonic cruise.

Nomenclature

D = diameter

f = frequency

_m = mass ow rate

M = Mach number

U = velocity

r = distance from jet exit

t = time from lift o�

T = thrust

x = horizontal distance from brake release

y = altitude

� = geometric angle of attack

 = climb angle

� = polar angle relative to jet centerline

� = azimuth angle relative to vertical plane

 = polar observation angle of airplane

�Professor, Associate Fellow AIAA
yPost Doctoral Researcher, member AIAA

Copyright c2002 by D. Papamoschou. Published by the

American Institute of Aeronautics and Astronautics, Inc. with

permission.

Subscripts

com = compressor

eng = full-scale engine

exp = subscale experiment

fan = fan tip

LO = lift o�

p = primary (core) exhaust

s = secondary (bypass) exhaust

TOM = takeo� monitor

tot = total

1 = ight conditions

Abbreviations

BPR = Bypass Ratio

EPNL = E�ective Perceived Noise Level

FPR = Fan Pressure Ratio

PNL = Perceived Noise Level

PNLM = Maximum value of PNL

SPL = Sound Pressure Level

OASPL= Overall Sound Pressure Level

OPR = Overall Pressure Ratio

TIT = Turbine Inlet Temperature

TSFC = Thrust Speci�c Fuel Consumption
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Introduction

Community noise from aircraft has profound en-

vironmental and economic consequences. First-

generation subsonic jetliners were very noisy because

of the high exhaust velocity of their engines. E�orts

to suppress noise using mixing enhancement had

only moderate impact [1]. It wasn't until the intro-

duction of the high-bypass-ratio turbofan that noise

was reduced remarkably, by 20-30 decibels. This was

achieved by the simple fact that the same thrust was

produced with a larger mass ow rate, hence lower

exhaust speed. The associated gains in propulsive ef-

�ciency led to much lower fuel consumption, making

the high-bypass turbofan the only choice for com-

mercial aircraft developed in the 1980s and beyond.

The increase in bypass ratio was enabled by develop-

ment of high-temperature materials for the turbine

blades. For given size of the gas generator, the power

that can be delivered to the bypass stream is directly

related to the turbine inlet temperature (TIT).

Development of economically viable supersonic

transports hinges on solving the problem of commu-

nity noise without penalizing aircraft performance.

The same issue a�ects to some extent military high-

performance aircraft as communities surrounding

military bases are becoming increasingly sensitive

to noise. So far, the bulk of the supersonic noise

suppression e�ort has encompassed mixing enhance-

ment and ejector approaches [2, 3] which typically

lead to large and heavy powerplants [4]. One may

wonder if supersonic engines will follow the same

evolution as subsonic engines, leading to supersonic

high-bypass turbofans. The issue is not as simple,

though. High bypass ratio generally causes worse,

not better eÆciency at supersonic speeds. Figure 1

shows calculations of thrust speci�c fuel consump-

tion (TSFC) and fan diameter versus bypass ratio

(BPR) and fan pressure ratio (FPR) at cruise Mach

number of 1.6. The calculation, based on an en-

gine cycle analysis mentioned later in the paper, as-

sumes TIT=1600ÆK (2400ÆF), a value close to to-

day's limits of turbine materials. It is seen that the

TSFC slightly dips and then rises with increasing by-

pass ratio. The fan diameter increases roughly withp
1 + BPRmeaning increased drag and weight of the

vehicle. The quantitative information shown in Fig.

1 will change somewhat with the assumptions of the

cycle analysis (e.g., component eÆciencies) but the

qualitative trends will not. It is obvious form the

graphs that bypass ratios beyond 3.0 would lead to

very poor performance at supersonic cruise.

Designers of supersonic engines, therefore, face two
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Fig.1 Thrust speci�c fuel consumption and fan

diameter, normalized by turbojet value, versus

bypass ratio and fan pressure ratio for Mach 1.6

cruise. Solid and open symbols indicate the base-

line and modi�ed engines of this study, respec-

tively.

conicting requirements: high bypass ratio on take-

o�/landing for reduced noise and low{or zero{bypass

ratio for eÆcient supersonic cruise. One possibility

is the variable-cycle turbofan engine, but it entails

complexity far greater than that of today's engines.

Another approach is to seek an intermediate bypass

ratio that satis�es both requirements in a �xed cy-

cle. Since the bypass ratio would be moderate, it

becomes crucial how one uses the bypass stream to

reduce noise. One con�guration is the mixed-ow

turbofan, currently used on all military engines, in

which the bypass and core streams mix before exit-

ing a common nozzle. The other option is the sepa-

rate (unmixed)-ow turbofan, which is very common

on subsonic transports. The unmixed design allows

shaping of the bypass exhaust so that the bypass

stream substantially shields noise emitted from the

core stream. Previous work on the Mach Wave Elim-

ination (MWE) technique showed signi�cant gains

in noise reduction by changing the shape of a dual-

stream exhaust from coaxial to eccentric [5].
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Mach wave radiation is considered the principal

source of mixing noise in supersonic jets [6]-[11]. It

could also play a strong role in noise emission from

high-subsonic jets due to the growth-decay nature of

instability waves, which creates a spectrum of phase

speeds part of which is supersonic [12, 13]. In the

MWE method, generation of Mach waves from a pri-

mary stream is suppressed by owing a secondary

parallel stream adjacent to the primary stream so

that all relative eddy motions become subsonic [14].

Speci�cally, MWE seeks to minimize the convective

Mach numbers of turbulent eddies throughout the

jet ow �eld. This includes the end of the poten-

tial core, a region of vigorous mixing and strong

noise generation. In a coaxial arrangement, applica-

tion of the secondary ow reduces the growth rate of

the shear layer between the primary and secondary

streams, thus stretching the primary potential core.

The end of the primary potential core can easily ex-

tend past the reach of the secondary ow, thus re-

ducing the e�ectiveness of the technique. The eccen-

tric arrangement has been shown to prevent signi�-

cant elongation of the primary potential core [15]. It

also doubles the thickness and potential core length

of the secondary ow in the downward direction,

thus making the technique very e�ective at suppress-

ing Mach wave emission towards the ground. More

generally, the MWE results illustrate the potential

for noise reduction by shaping the mean ow of the

primary and secondary streams. Our study repre-

sents the initial steps of a broader e�ort to reduce

supersonic and subsonic jet noise by mean pro�le

shaping of realistic engine ows.

This paper examines, at a fundamental level, the

thermodynamic and acoustic performance of a �xed-

cycle, moderate-bypass supersonic engine. It will

be shown that signi�cant noise reduction relative to

today's military turbofan engines is achievable with

an eccentric separate-ow exhaust that shields noise

from the core stream.

Engine Con�gurations

We consider a supersonic twin-engine aircraft with

maximum take-o� weight of about 540 kN (120,000

lb.) The assumed lift-to-drag ratio is 5 at takeo� and

10 at supersonic cruise, values roughly 20% better

than those of the Aerospatiale Concorde [16]. The

study starts with a representative military turbo-

fan engine for this kind of airplane, increases its by-

pass ratio to moderate value, and assesses noise and

performance of three con�gurations: the mixed-ow

B03-MIX

B16-MIX

B16-SEP-COAX

B16-SEP-ECC

Fig.2 Engine designs.

turbofan; the separate-ow turbofan with coaxial ex-

haust; and the separate-ow turbofan with eccentric

exhaust. The comparison basis is the following:

(a) All engines have the same supersonic cruise

thrust.

(b) All engines have the same core characteristics

(mass ow rate, overall pressure ratio, turbine inlet

temperature).

The baseline engine is a military turbofan with

BPR=0.3, FPR=5.0, static thrust of 126 kN (28000

lb) and cruise thrust of 30 kN (6700 lb) at Mach

1.6 and altitude of 16000 m. The static thrust is

dictated by the ability of the aircraft to climb with

only one engine operating. The modi�ed engines are

increased mass ow rate derivatives of the baseline

engine, with bypass ratio 1.6. The size, speci�c fuel

consumption, and exhaust conditions of the engines

is derived from thermodynamic analysis of a Bray-

ton cycle with component eÆciencies and speci�c

heat ratios listed in Table 1 (see Ref. [18] for more

information on the cycle analysis.) For all engines,
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Table 1: Engine Cycle Assumptions

Component EÆciency Speci�c heat ratio

Inlet (M1 < 1) 0.97 1.40

Inlet (M1 � 1) 0.85 1.40

Fan 0.85 1.40

Compressor 0.85 1.37

Combustor 1.00(1) 1.35

Turbine 0.90 1.33

Nozzle 0.97 calc.(2)

(1) With 5% total pressure loss

(2) From internal mixing calculation

Table 2: Engine Characteristics at Takeo�

(y = 0 m, M1 = 0)

B03-MIX B16-SEP B16-MIX

OPR 30 30 30

TIT(1) (K) 1800 1800 1800

_mcom (kg/s) 125 120 115

_mtot (kg/s) 160 303 290

T (kN) 126 162 159

BPR 0.30 1.60 1.60

FPR 5.0 2.6 2.6

D
(2)

fan (m) 1.04 1.43 1.40

TSFC (kg/kgf-h) 0.67 0.50 0.49(3)

Mp 1.55 1.20 1.20

Up (m/s) 770 640 530

Ms - 1.20 -

Us (m/s) - 430 -
(1) 30% compressor ow for turbine blade cooling

(2) M = 0:5 at fan face

(3) Does not account for mixer losses

Table 3: Engine Characteristics at Cruise

(y = 16000 m, M1 = 1:6)

B03-MIX B16-SEP B16-MIX

OPR 24 24 24

TIT(1) (K) 1600 1600 1600

_mcom (kg/s) 55 53 51

_mtot (kg/s) 72 137 131

T (kN) 30 30 30

BPR 0.3 1.6 1.6

FPR 4.5 2.2 2.2

D
(2)

fan (m) 1.04 1.43 1.40

TSFC (kg/kgf-h) 1.00 0.97 0.94(3)

Mp 2.10 1.80 1.90

Up (m/s) 890 820 700

Ms - 1.95 -

Us (m/s) - 610 -
(1) 25% compressor ow for turbine blade cooling

(2) M = 0:7 at fan face

(3) Does not account for mixer losses
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25-30% of the compressor air is used for turbine cool-

ing; 1% of the compressor air is bled to systems out-

side the engine; and 1.5% of the turbine work drives

auxiliary systems. Total pressure loss due to turbine

cooling is estimated at 7% times the mass fraction

of cooling air [17]. For the mixed-ow design, the

core and fan streams mix at constant pressure, con-

stant total enthalpy, and Mach number 0.4 before

expanding to ambient pressure. The OPR and TIT

for maximum static thrust were selected at 30 and

1800ÆK, respectively. The requirement that all en-

gines have the same supersonic cruise thrust sets the

size of each engine. Speci�cally, it makes the fan di-

ameter of each engine dependent on the OPR and

TIT chosen for cruise. Since the fan diameter is a

constant throughout the aircraft mission, the OPR

and TIT values at cruise de�ne the static thrust.

They were chosen such that the baseline (smallest)

engine provides enough thrust for climb with one

engine inoperative, i.e., T =126 kN.

The engine con�gurations are summarized in Fig.

2. For convenience, we adopt a notation that gives

the bypass ratio and type of exhaust. B16-MIX,

for example, describes the bypass ratio 1.6, mixed-

ow engine. The suÆxes COAX and ECC indicate

a coaxial or eccentric exhaust, respectively, of the

separate-ow engine. For the eccentric con�gura-

tion, an additional numerical suÆx indicates the az-

imuth angle at which noise was measured. Tables

2 and 3 summarize engine characteristics and ther-

modynamic performance at takeo� and supersonic

cruise, respectively. Exhaust conditions are pressure

matched. Due to their increased mass ow rate, the

modi�ed engines have 28% higher static thrust than

the baseline engine. The takeo� fan pressure ratio

of the modi�ed engines is 2.6, a value that presently

may require a two-stage fan but in the future may be

achievable with a single-stage aspirated fan [19]. At

takeo�, the thrust speci�c fuel consumption (TSFC)

of the modi�ed engines is 25% lower than that of the

baseline engine. Calculations for Mach 0.8 cruise,

not presented here, show a 15% improvement in

TSFC. At supersonic cruise, the TSFCs of the mod-

i�ed engines are marginally lower than that of the

baseline engine. As mentioned in the introduction,

increased bypass ratio at supersonic cruise yields

only small bene�ts in fuel consumption. The mixed-

ow turbofan has slightly better fuel consumption

than the separate ow turbofan. This calculation,

however, does not include mixer losses or the added

weight of the internal mixer on overall engine per-

formance. The velocity ratio of the separate-ow

exhaust at cruise, Us=Up = 0:74, is very close to the

eÆciency of energy transfer between the core and
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Fig.3 Nozzle coordinates (inches) for (a) B03-

MIX; (b) B16-SEP-COAX; and (c) B16-SEP-

ECC-0. The nozzle for B16-MIX was the inner

one alone of (b)/(c).
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Fig.4 Experimental setup with set of polar angles

covered.

bypass ow (the product of turbine and fan eÆcien-

cies, in this case 0.76). This indicates that B16-SEP

operates at optimal cruise conditions [20].

Noise Measurement

Facilities

Noise testing was conducted in UCI's Jet Aeroacous-

tics Facility [5]. Single- and dual-stream jets with

ow conditions matching those given by the cycle

analysis (Table 2) were produced. The jets were

composed of helium-air mixtures, which duplicate

very accurately the uid mechanics and acoustics of

hot jets [21]. Jet nozzles were fabricated from epoxy

resin using rapid-prototyping techniques. Two pri-

mary (core) nozzles were designed with the method

of characteristics for Mach numbers 1.5 and 1.2,

matching approximately the takeo� exit Mach num-

bers of the baseline and modi�ed engines, respec-

tively. Both primary nozzles had the same exit in-

ner diameter (14.8 mm), lip thickness (0.7 mm),

and external shape. One secondary (bypass) noz-

zle formed a convergent duct in combination with

the primary nozzle and terminated in a diameter of

21.8 mm. The pipe that fed the primary nozzle was

able to ex, enabling coaxial or eccentric secondary

ow passages. Figure 3 plots the coordinates of the

nozzles. For all nozzles, the radial coordinates of

the contraction (prior to any supersonic expansion)

were given by �fth-order polynomials. The contrac-

tion ratio was 4:1 for the core nozzles and 15:1 for

the bypass nozzle. The jet Reynolds number was on

the order of 0.5�106.

Noise measurements were conducted inside an ane-

choic chamber using a one-eighth inch condenser mi-

crophone (Br�uel & Kj�r 4138) with frequency re-

sponse of 140 kHz. The microphone was mounted

on a pivot arm and traced a circular arc centered

at the jet exit with radius of 71 core jet diameters.

Earlier experiments have determined that this dis-

tance is well inside the acoustic far �eld [23]. The

polar angle � ranged from 20Æ to 130Æ in intervals

of 5Æ for 20Æ � � � 50Æ and 10Æ for the rest. Fig-

ure 4 shows the overall setup and the range of polar

angles covered. For the eccentric jet, azimuth an-

gles � = 0Æ and 45Æ were investigated. The sound

spectra were corrected for the microphone frequency

response, free �eld response, and atmospheric ab-

sorption. All spectra are referenced to r=Dp=100.

Comparison at equal thrust is done using geometric

scaling [23].

Spectra

Sound pressure level spectra are compared at equal

thrust T = 50 N unless otherwise noted. A fre-

quency range of great relevance to perceived noise

level is 25-75 kHz, which on a full-scale engine cor-

responds roughly to 500-1500 Hz. Below this range,

the human ear becomes insensitive to noise; above

this range, sound gets attenuated very rapidly by

atmospheric absorption.

Figure 5 compares the spectra of B03-MIX, B16-

MIX, and B16-SEP-ECC-0 at their respective angles

of peak noise emission (aft quadrant). The eccentric,

separate-ow case has dramatically lower noise lev-

els than the baseline case: about 8-dB reduction at

low frequencies and 20-dB reduction at moderate-

to-high frequencies. The mixed-ow case is much

louder than the separate-ow eccentric case, its spec-

trum exceeding that of B16-SEP-ECC-0 by 2-3 dB

at f < 5 kHz, 8 dB at f � 10 kHz, and 10-12 dB

for f > 20 kHz. It should be noted that an ac-

tual mixed-ow exhaust would be noisier that that

shown here due to exit non-uniformities and internal

noise from mixing. Figure 6 compares the spectra

of B03-MIX, B16-SEP-CORE (core stream alone),

B16-SEP-COAX, B16-SEP-ECC-0, and B16-SEP-

ECC-45. The core stream of the modi�ed engine is

almost as loud as the exhaust of the baseline engine,

except at very low frequencies where it is about 3

dB quieter. The reduction in exhaust velocity from

770 m/s to 640 m/s did not bring appreciable noise

reduction. The separate-ow, coaxial exhaust is on

average 6-8 dB louder than the eccentric exhaust.

The spectra of the eccentric case at azimuth angles
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Fig.5 Far-�eld spectra in the direction of peak

emission and scaled to equal thrust: baseline en-

gine (B03-MIX, � = 40
Æ); modi�ed mixed-ow en-

gine (B16-MIX, � = 25
Æ); and modi�ed separate-

ow engine with eccentric exhaust, measured at

zero azimuth angle (B16-SEP-ECC-0, � = 40
Æ).
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Fig.6 Far-�eld spectra in the direction of peak

emission (� = 40
Æ for all spectra shown) and

scaled to equal thrust: baseline engine (B03-

MIX); core stream only of modi�ed separate-ow

engine (B16-SEP-CORE); modi�ed separate-ow

engine with coaxial exhaust (B16-SEP-COAX);

and modi�ed separate-ow engines with eccen-

tric exhaust, measured at zero and 45Æ azimuth

angles (B16-SEP-ECC-0, B16-SEP-ECC-45).
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Fig.7 Far-�eld spectra in the direction of peak

emission (� = 40
Æ for all spectra shown),

not scaled to equal thrust: core stream only

of modi�ed separate-ow engine (B16-SEP-

CORE); eccentric bypass stream only of modi�ed

separate-ow engine (B16-SEP-BYP); and mod-

i�ed separate-ow engine with eccentric exhaust

measured at zero azimuth angle (B16-SEP-ECC-

0).

50

60

70

80

0 20 40 60 80 100 120

Frequency (kHz)

S
P

L
(d

B
/H

z)

B03-MIX

B16-MIX

B16-SEP-ECC-0

Fig.8 Far-�eld spectra at � = 90
Æ: baseline engine

(B03-MIX); modi�ed mixed-ow engine (B16-

MIX); and modi�ed separate-ow engine with ec-

centric exhaust, measured at zero azimuth angle

(B16-SEP-ECC-0).
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Fig.9 Directivity of overall sound pressure level
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engine with coaxial exhaust (B16-SEP-COAX);

and modi�ed separate-ow engine with eccentric

exhaust, measured at zero azimuth angle (B16-

SEP-ECC-0).

� = 0Æ and 45Æ practically coincide, indicating that

the eccentric con�guration has good sideline bene�t.

Figure 7 presents the spectra of B16-SEP-CORE,

B16-SEP-BYP (eccentric bypass stream alone), and

B16-SEP-ECC-0. The spectra are presented without

equal-thrust scaling to get a clearer picture of the

modi�cation of acoustic sources. Due to its lower

velocity, the fan stream is much quieter than the

core stream. At frequencies above 20 kHz, the spec-

tra of B16-SEP-ECC-0 and B16-SEP-BYP coincide,

that is, the combined ow emits the same noise as

the bypass stream alone. This indicates that the

core stream has been shielded acoustically so well

that it is practically silent compared to the bypass

stream, and that the bypass stream now constitutes

the noise \oor." The e�ect of forward ight should

lower this oor as the relative velocity of the by-

pass stream will reduce from 430 m/s to about 310

m/s at climb speed. Figure 8 shows the spectra in

the lateral direction. The modi�ed engines are 6-8

dB quieter than the baseline engine. No signi�cant

di�erences are noted among the modi�ed variants.

OASPL and Skewness

Figure 9 plots the directivity of overall sound pres-

sure level (OASPL) for B03-MIX, B16-MIX, and

B16-SEP-ECC-0. The bene�t of the separate-ow,
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Fig.10 Microphone time traces in the direction

of peak emission for baseline engine (B03-MIX)

and modi�ed separate-ow engine with eccentric

exhaust, measured at zero azimuth angle (B16-

SEP-ECC-0).
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eccentric exhaust is again evident. To gain further

insight into the modi�cation of the noise sources, we

examine the acoustic signal in time domain. Fig-

ure 10 plots the time traces of B03-MIX and B16-

SEP-ECC-0 at the angle of peak emission. The sig-

nal of B03-MIX is highly skewed on the positive

side and exhibits strong, irregularly-spaced positive

spikes. This phenomenon is associated with non-

linear formation of Mach waves in the vicinity of

the source and, in a full-scale engine, is heard as

\crackle" [24]. The signal of B16-SEP-ECC-0, on

the other hand, is nearly symmetric without any

spikes. The normalized skewness of the asouctic

signal allows quanti�cation of this feature of noise

which cannot be captured by spectral analysis. High

skewness, above 0.4, is associated with emission of

strong Mach waves [5, 24]. Figure 11 plots the di-

rectivity of skewness for B03-MIX, B16-MIX, B16-

SEP-COAX, and B16-SEP-ECC-0. The skewness of

the baseline case (B03-MIX) is very high, about 1.3,

at the angle of peak emission. The skewness of the

mixed-ow and coaxial-exhaust cases is substantial,

exceeding the threshold of 0.4. This indicates that

both of these cases emit signi�cant Mach wave ra-

diation. The skewness of B16-SEP-ECC-0 is very

low, consistent with elimination of Mach waves. It

is also instructive to compare the streams of B16-

SEP-ECC separately and in combination. As shown

in Fig. 12, the skewness of the core stream alone is

very large, reaching 1.05 at � = 45Æ. The skewnesses

of the bypass stream alone and of the combined ow

are both very low, indicating that neither ow emits

strong Mach waves. This is further evidence that

Mach wave emission from the core stream has been

substantially prevented by the eccentric bypass ow.

Perceived Noise Level

The regulatory de�nition of a quiet airplane is de-

ceptively simple. To be able to operate, an airplane

must not exceed certain noise thresholds at three set

locations: takeo�, sideline, and approach. Noise is

quanti�ed in terms of the E�ective Perceived Noise

Level (EPNL), a metric that incorporates human

annoyance to sound and its duration [22]. EPNL

thresholds are based on the con�guration and weight

of the airplane and stem from a mix of scienti�c

and political considerations. As the ultimate goal of

this research is development of quieter airplanes, it

is essential to obtain estimates of perceived full-scale

noise. Here we attempt to process our spectra into

EPNL for obtaining an assessment of perceived noise

reduction. The absolute levels of EPNL will not be

accurate as the e�ect of forward ight on jet acous-

tics was not present in the experiments. We calcu-

late noise recorded from the takeo� monitor for a

full-power takeo�. Future studies will address take-

o� with power cutback and noise monitored from the

sideline and approach monitors.

Flight Path

The �rst step in assessing perceived noise is de�ni-

tion of the takeo� ight path and attitude of the

engines relative to the ight path. The airplanes are

those de�ned in the Engine Con�guration section,

i.e., twin-engine with thrust given by the speci�ca-

tions of Table 2. The ight path of the baseline air-

craft comprises a takeo� roll xLO = 1800 m followed

by a straight climb at angle  = 15Æ. The lift coeÆ-

cient at climb is 0.6, which for a delta-wing aircraft

corresponds to angle of attack � = 12Æ. The en-

gine exhaust is assumed to be inclined at the angle

of attack. The modi�ed airplanes have 28% more

takeo� thrust than the baseline case. All aircraft

must have the same weight as they share the same

cruise thrust. The excess takeo� thrust can be used

in two fashions: faster velocity at the same climb

angle or higher climb angle at the same velocity.

Here we consider the latter option. Also, takeo�

roll distance is reduced by roughly the amount of
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Fig.13 Takeo� ight path with key geometric pa-

rameters.

thrust gain. Using well-known relations for takeo�

and climb performance [25], the takeo� roll of the

modi�ed airplanes is xLO = 1400 m and their climb

angle is  = 23Æ. Figure 13 shows the generic ight

path with key variables.

The takeo� ight speed of all airplanes is 110 m/s

(M1 = 0:32). The cartesian position (x; y) of the

airplane is calculated at 0.5-sec intervals from the

time of lift o�. For each aircraft location, its po-

lar coordinates (r;  ) relative to the ight path and

seen by the takeo� monitor are calculated. Here we

distinguish between the apparent (r0;  0) and true

(r;  ) locations of the airplane with regard to sound

emission. The apparent location is the actual loca-

tion of the airplane. The true location is the one

from which sound reached the observer. It is easily

shown that the true position is at a distance M1r

behind the apparent position along the ight path.

From the geometry of Fig. 13, the apparent coordi-

nates are

r0 =
p
y2 + (x� xTOM)2

 0 =
�

2
�  � arctan

�
x� xTOM

y

�

and the true coordinates are obtained from

r =
r0

1�M2
1

�
�M1 cos +

q
1�M2

1
sin2  

�

sin =
r0

r
sin 0

The polar angle of the exhaust observed by the take-

o� monitor is

� =  � �
Using these relations, the true distance r and emis-

sion angle � are obtained as functions of time ob-

served by the takeo� monitor.

Data Processing

Following are the steps for processing the laboratory

narrowband spectra into perceived noise level:

1. The spectra are corrected to zero absorption us-

ing the relations of Ref. [26].

2. The spectra are extrapolated to frequencies

higher than those resolved in the experiment

(140 kHz) using a decay slope of -30 dB/decade.

This is done to resolve the audible spectrum for

a full-scale engine. The results are very insensi-

tive on the assumed slope.

3. The spectra are scaled up to engine size by di-

viding the laboratory frequencies by the scale

factor
pTeng=Texp. The full-scale engine diam-

eter is the experimental diameter multiplied by

this scale factor.

4. For each observation time t, the scaled-up spec-

trum corresponding to �(t) is obtained. This

step requires interpolation between spectra and,

for angles outside the range covered in the ex-

periment, moderate extrapolation. To enhance

the accuracy of interpolation or extrapolation

the spectra are smoothed to remove their wig-

gles.

5. For each t, the corresponding scaled-up spec-

trum is corrected for distance and atmospheric

absorption. The distance correction is

�20 log10
�
(r=Dp)eng

(r=Dp)exp

�

The absorption correction is applied for ambient

temperature 29ÆC and relative humidity 70%

(conditions of least absorption) using the rela-

tions of Ref. [26].

6. For each t, the corresponding scaled-up, cor-

rected spectrum is discretized into 1/3-octave

bands. The perceived noise level (PNL) is then

computed according to the FAR 36 rules [22].

7. The previous step gives the time history of per-

ceived noise level, PNL(t). From it, the maxi-

mum level of PNL, PNLM, is determined. The

duration of PNL exceeding PNLM-10 dB is cal-

culated and the corresponding \duration correc-

tion" is computed according to FAR 36. The

e�ective perceived noise level, EPNL, equals

PNLM plus the duration correction. If the du-

ration of PNLM-10 is less than 10 sec the cor-

rection amounts to a bene�t, otherwise it is a

penalty. The duration correction can be very

substantial, hence the importance of assessing

PNL(t). Our estimate of EPNL does not in-

clude the \tone correction", a penalty for exces-

sively protrusive tones in the 1/3-octave spec-

trum.
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Fig.14 Time history of yover perceived noise

level (PNL) for identical thrusts and ight paths:

baseline engine (B03-MIX); modi�ed mixed-ow

engine (B16-MIX); modi�ed separate-ow en-

gine with coaxial exhaust (B16-SEP-COAX); and

modi�ed separate-ow engine with eccentric ex-

haust, measured at zero azimuth angle (B16-

SEP-ECC-0).
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Fig.15 Time history of yover perceived noise

level (PNL) for actual (dissimilar) thrusts and

resulting di�erent ight paths: baseline engine

(B03-MIX); modi�ed mixed-ow engine (B16-

MIX); and modi�ed separate-ow engine with ec-

centric exhaust, measured at zero azimuth angle

(B16-SEP-ECC-0).
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Fig.16 Variation of perceived noise level with

emission polar angle observed by takeo� moni-

tor. Curves correspond to the time histories of

Fig. 15.

Results

We will compare PNL time histories, and resulting

EPNLs, of the baseline and modi�ed airplanes in two

ways. One is a realistic comparison that accounts

for the better takeo� performance of the modi�ed-

engine aircraft. The other is an \academic" com-

parison in which the ight paths are identical and

the engines produce the same thrust. For the latter

comparison, we scale down the modi�ed engines so

that their thrust equals that of the baseline engine.

Obviously the scaled-down engines do not meet the

Mach 1.6 cruise requirement, hence the academic na-

ture of this comparison.

Figure 14 compares PNL time histories of air-

craft powered by the B03-MIX, B16-MIX, B16-

SEP-COAX, and B16-SEP-ECC engines. The ight

paths are identical (baseline case) and all engines

produce the same thrust, 126 kN. The superiority

of the separate-ow, eccentric exhaust is evident. In

terms of PNLM, it is 13 dB quieter than the baseline,

while the fully-mixed and the coaxial exhausts are 5

dB and 6 dB quieter than the baseline, respectively.

EPNL is as follows: 108.5 dB for B03-MIX; 104.0

dB for B16-MIX; 102.5 dB for B16-SEP-COAX; and

98.0 dB for B16-SEP-ECC. In other words, the ec-

centric separate-ow exhaust gives a 10.5-dB bene�t

in EPNL, while the mixed-ow and annular exhausts

produce only 4.5 db and 6.0 dB bene�ts, respec-

tively.
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Figure 15 makes a more realistic comparison that ac-

counts for the higher thrust of the modi�ed engines

and resulting improved takeo� performance. The

larger size of the modi�ed engines causes a mod-

erate increase in noise. This is more than coun-

teracted, though, by sound attenuation due to the

higher altitude of the aircraft. The PNL histories

of B03-MIX (baseline ight path), B16-MIX (en-

hanced ight path) and B16-SEP-ECC-0 (enhanced

ight path) are plotted in the �gure. The enhanced

takeo� pro�le produces a 3-3.5 dB attenuation in

the sound from the modi�ed aircraft. EPNL is as

follows: 108.5 dB for B03-MIX; 101.0 dB for B16-

MIX; and 94.5 dB for B16-SEP-ECC-0. A 14-dB

reduction in EPNL is thus achievable by using the

eccentric separate-ow exhaust.

It is also instructive to plot PNL(t) versus �(t) in

order to evaluate which range of polar angles is sig-

ni�cant to perceived noise. This is done in Fig. 16.

First, it is observed that the angles of peak PNL

coincide with the angles of peak sound emission as

measured in the lab. The aft quadrant (� < 90Æ) is

clearly very critical to perceived noise. The forward

quadrant has limited impact as most of lies below

the PNLM-10 threshold.

Concluding Remarks

The possibility of a quiet, �xed-cycle supersonic tur-

bofan engine without mechanical silencers has been

explored. The assessment is preliminary and com-

prises thermodynamic cycle analysis, subscale acous-

tic measurements, and estimates of e�ective per-

ceived noise level (EPNL). The approach was to take

a typical state-of-the-art military turbofan, increase

its bypass ratio from 0.3 to 1.6, and investigate the

acoustic and thermodynamic performance of sev-

eral exhaust con�gurations. The leading con�gura-

tion has a separate-ow, eccentric exhaust, which is

shown to prevent strong Mach wave radiation to-

wards the ground. An equal-thrust, equal-ight-

path comparison shows that the engine with eccen-

tric exhaust it is 10.5 EPNdB quieter than the base-

line engine and 6.0 EPNdB quieter than the mixed-

ow engine with BPR=1.6. Accounting for the bet-

ter takeo� performance of an airplane powered by

the modi�ed engines, the eccentric exhaust gives a

14-EPNdB bene�t relative to the baseline engine.

Fuel consumption at Mach 1.6 supersonic cruise is

about 3% better than baseline. The modi�ed en-

gines have a fan diameter 37% larger than the base-

line engine. This will require careful integration of

the engine with the airframe to avoid increases in

wave drag due to the larger engine size. Future work

will seek optimal nozzle shapes for the primary and

secondary ows, a feat that will be facilitated by

the rapid-prototyping procedures e�ected in the UCI

lab.

The study does not include the e�ect of forward

ight on acoustics because the UCI lab is not

equipped with a tertiary stream. Forward ight is

expected to enhance the noise bene�t of the eccen-

tric exhaust. Examination of the spectra shows that,

except at very low frequencies, noise from the eccen-

tric exhaust is dominated by that of the secondary

(bypass) stream (Fig. 7). Forward speed at take-

o� will reduce the relative velocity of the bypass

stream from 430 to 310 m/s, a 28% drop. Using

the simple argument that sound intensity is propor-

tional to U8
rel, we expect a noise reduction of 11.5

dB. In contrast, the relative velocity of the mixed-

ow exhaust will reduce by only 23% (from 530 to

410 m/s), leading to a noise reduction of 9 dB. These

very preliminary arguments suggest that the noise

bene�t of the separate-ow, eccentric exhaust rela-

tive to the mixed-ow exhaust will widen with in-

creasing ight Mach number. Moreover, classical

relations for shear-layer growth rate indicate that

forward speed will stretch the potential core of the

bypass stream more than that of the core stream,

yielding better noise shielding of the core stream by

the bypass stream. It is hoped that large-scale ex-

periments in government or industry facilities will

address these issues.
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