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Abstract

Blended-Wing-Body (BWB) civil aircraft is an advanced configuration integrating the engines on the rear center-
body, which has great potential on noise shielding by adopting Propulsion Airframe Aeroacoustics (PAA) effects.
With the development of High-Bypass-Ratio (HBPR) engines, the jet noise will no longer be the most dominant
component of engine noise sources, but the fan noise emerges. Although the center-body of a BWB can
shield the forward radiated fan noise, the PAA effects still needs to be scrutinized in detail. The effects of
noise frequency, nacelle, and engine position on the shielding are studied by using the fast multipole Boundary
Element Method (BEM). The nacelle alone blocks the bulk of sound energy inside the nacelle and reduces the
sound pressure outside the nacelle, which produces a noise reduction. The frequency also has a great impact
on the noise shielding of BWB. The higher the frequency, the smaller the propagation angle of forward radiated
noise, which decreases the noise shielding. However, the scattering effects on the BWB surface decay the
energy. Thus, the diffraction on the leading and trailing edges is weakened, leading to the enhancement of
the noise shielding underneath the center-body. Three configurations with different typical engine mounted
positions are investigated via a defined synthetical method. The results indicate that BWB with the engines
mounted on the rear upper surface produces the largest reduction on both forward and aft radiated noise with
a value up to 5dB.

Keywords: Blended-Wing-Body, Propulsion Airframe Aeroacoustics Effects, Fan Noise Shielding, Fast Multi-
pole Boundary Element Method

1. Introduction

With the rising of demand on travel by air, a large number of civil aircrafts is projected in the near
future which can result in more severe noise and green-house gas emissions. Thus, the consideration
of noise reduction becomes indispensable in civil aircraft design.

The potential of noise reduction is limited for the current tube-and-wing (TAW) configurations, hence
new environmentally friendly configurations might be required to achieve ambitious noise-reduction
goals for the next-generation aircraft. It is believed that the noise reduction potential of the engine is
limited by the HBPR, and changing the aircraft configuration to one with favorable Propulsion Airframe
Aeroacoustics (PAA) effects, specifically to replace the reflection with shielding of engine noise is a
key to meet the low noise goals. PAA can not only reduce the noise sources that arise specifically
from the integration of propulsion and airframe but also use the installation itself as a means to
reduce noise[1]. Using the airframe to shield engine noise from ground is the most obvious, direct
and promising way to reduce noise for unconventional aircraft, and it represents the main potential of
noise reduction for unconventional aircraft[2].

National Aeronautics and Space Administration (NASA) of America and other organizations[3-H5]
have conducted extensive researches on the unconventional configurations, especially the Blended-
Wing Body (BWB) with engines mounted on the rear upper surface. The adoption of the favorable
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PAA effects has been recognized as the key of the low-noise design. The critical silent aircraft experi-
mental design SAX-40 during the Silent Aircraft Initiative (SAl) yielded a noise reduction of 75 EPNdB
cumulative to the Federal Aviation Administration (FAA) stage 4 noise certification regulation[6].

In the stage of conceptual design, PAA effects can be accurately predicted by performing experi-
ments due to the heavy computationally intensive of the Computational Aeroacoutics (CAA) approach
and the limited prediction methods of PAA effects for unconventional configurations. The experiments
on PAA effects can be roughly divided into two parts. One is to increase the shielding area for the aft
radiated fan noise and the jet noise by moving the engines upstream or by extending the trailing edge
downstream[7-11]. The other is to adopt PAA, such as nozzle and pylon modifications, to reduce the
level of jet noise sources or to move jet noise sources upstream to enhance the shielding[12H15].

Based on the extensive experimental data that contains hundreds of configuration types, noise
sources, low-noise technologies and design parameters, the PAA effects have been accounted into
Aircraft Noise Prediction Program 2 (ANOPP2). Aircraft system noise level of NASA HWB300-2009
was analyzed by Thomas.[1]. It was found that the PAA effects provided a noise reduction of 7.4 EP-
NdB cumulative by just moving engines upstream three times of the fan nozzle diameter to that of the
baseline. Guo[16] analyzed the aircraft-level noise of Boeing’s BWB using the ANOPP2 that contains
the assessment of Krueger slat. It was found that shielding of engine noise provided a reduction of
about 7 EPNdB. Meanwhile, Guo proposed a new ranking order of various noise components, re-
vealing that the engine noise sources are not the dominant ones due to both the low level of engine
noise sources and the shielding by the airframe.

At the end of NASA Environmentally Responsible Aviation (ERA), the aircraft system noise of
four different configurations and five passenger classes[17] were assessed by Thomas[18]. The
HWB301, as compared to the TAW301, had a total noise reduction of 11.9 EPNdB by PAA as a
result of replacing noise reflection with shielding. The HWB301-GTF with a group of newer low-noise
approaches reaches a noise level of 50.9 EPNdB cumulative below Stage 4[19], very close to the
NASA Far-Term noise goal. A total noise reduction of 10.5 EPNdB cumulative was achieved from
the baseline to the low-noise HWB301-GTF. Among this, a noise reduction of 2.5 EPNdB cumulative
was produced by the noise shielding. A TAW, a mid-fuselage nacelle (MFN) and a hybrid wing body
(HWB) which were conceptually designed with the same technologies and mission requirements
were assessed to demonstrate and to quantify the PAA effects from configuration change[17]. The
noise analysis showed a total PAA effects of 10.7 EPNdB cumulative. That is, a noise reduction of
6.4 EPNdB for the HWB with shielding of engine noise while a noise increase of 4.3 EPNdB for the
TAWI[20].

Over the past two decades, most of the studies focused on the aircraft-level noise reduction of
BWB by enhancing the shielding of jet noise using experiments and empirical methods. With the
development of HBPR engines, the jet noise will no longer be the most dominant component of
engine noise, but the fan noise emerges. However, few studies have been done to study the shielding
of fan noise sources, especially using numerical methods. Although the center-body of a BWB can
shield the forward radiated fan noise, the PAA effects still need to be scrutinized in detail.

In this paper, a fast multipole Boundary Element Method (BEM) is adopted to study the shielding
effects of monopoles mounted inside the nacelles to model the engines on a BWB civil aircraft without
freestream flow. The parameter studies of frequency, nacelle, and engine position on the noise
shielding effects are performed. Moreover, the shielding of engine noise sources are presented in
the form of contours for the sound field or along a line for a single monitoring point in previous studies
which can not clearly quantify the shielding effects. A synthetical assessment on noise shielding of
BWB is defined which has not been seen in the previous studies, and the shielding effects underneath
the center-body of BWB are clearly demonstrated and quantified.
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2. Numerical method and validation

2.1 Numerical method

The BEM is a semi-analytical method which is in the boundary integral equations (BIEs) formulation[21].
The conventional BIE (CBIE) of sound pressure for the scattering acoustic problem in 3D space can
be written as

)90 = [[6(xy.0)q(y) ~F (x.y.0)0 (] dS(¥) +¢* (x) xS, (1

where G (x,y,w)and F (x,y,®) are the Green’s function; ¢ (x) = % if S is smooth around x and ¢ = ‘;—2.
¢* is the term including all the source, and ¢* = Q,,G (x,xm, ®) With only monopoles are used in this
work.

CBIE Eq. could be used to solve the acoustic pressure on S. However, it has nonunique
solutions at a set of fictitious eigenfrequencies associated with the resonate frequencies of the cor-
responding interior problems[22]. A remedy to this problem is to use the hypersingular BIE (HBIE) in
conjunction with CBIE. HBIE is given by

¢(x)q(x) = /[K(X,y,w)q(Y)—H(X,y,w)q)(Y)]dS(Y)Jrqs (x),Vx €5, (2)
where K (x,y, ®) = ‘9%(;6){"”) and H (x,y, w) = aF;r’fg(’)“’) are the Green'’s function. A linear combination of

CBIE Eq. and HBIE Eq. which called Burton-Miller BIE formulation[22] is used to yield unique
solutions for the exterior acoustic scattering problems in 3D space. Burton-Miller BIE is given by

CBIE + BHBIE =0, (3)

where f is a coupling constant.
Once the value of ¢ is known on S, ¢ everywhere in the acoustic domain, E, could be calculated by

¢ (x) = /[G(X,y,w)q(w —F(x,y,0) ¢ (y)|dS(y) +¢°(x), VX €E. (4)

However, BEM lacks of efficiency on large-scale model simulation at high frequency. A fast multipole
BEM of Liu[23] is adopted to speed up the simulations.

2.2 Validation of BEM method

A rectangular plate with dimensions of 5m x 2m x 0.0032m shown in Figure[f]is used to validate the fast
multipole BEM. A unit strength monopole is placed 0.25m above the center of the plate. Experimental
data of Ahtye[24] and numerical data of the Fast Scattering Code (FSC) using a thicker rectangular
plate with a thickness of 0.07m[25] are used for validation.

Monopole source

Traverse angle

Microphone traverse line

Figure 1 — Schematic of the rectangular plate problem.

3



Numerical Studies on Noise-shielding Effects of a Blended-Wing-Body Aircraft Using Boundary Element Method
A sound pressure level difference, ASPL, defined in Eq. is used to evaluate the shielding effects.

Pshielded ) (5)

ASPL = 20log g (
Punshielded

Comparisons between numerical and experimental data at a series of frequencies are shown in
Figure [2. The data could be slightly different from the stated frequency which had been presented
nondimensional and the speed of sound was not reported in the experiment. Besides, the highest
frequency of the FSC is 8000Hz, which is lower than the highest frequency of the experimental data
and the simulations here. Therefore, the comparisons of ASPL between FSC and BEM are performed
just up to 8000Hz. As shown in Figure 2| the sound magnitude and directivity are captured well, that
is, the peaks and valleys of the sound waves are generally coincident by the simulations adopting
BEM method, and the results of the BEM are better than that of FSC. At the frequencies lower than
20000Hz, the BEM results are in good agreement with experimental data with a difference of less
than 3dB. However, the discrepancy between experiment and the simulation becomes large with the

magnitude of 6.5-9dB at the highest frequency of 20000Hz.
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Figure 2 — Comparisons between experimental data and simulations.

3. Shielding Effects of BWB aircraft

To reduce the computational cost, acoustic simulations of a 3% scaled SWB-300 aircraft[26 [27] with
engines mounted on the upper rear surface without freestream flow are carried out. The effects of a
range of parameters including frequency, nacelle and engine position on engine noise shielding are
considered.

3.1 Shielding effects of nacelles

Numerical simulations of a single nacelle is conducted to study the effects of the nacelle on noise
radiation patterns of one monopole inside the nacelle. Simulated radiation patterns of a nacelle at
different frequencies are presented in Figure [3l The noise diffracts at the nacelle edges and then
envelops the nacelle because the wavelength and nacelle length are comparable at f = 1000Hz, as
shown in As the frequency increases further, the diffraction strength around the edge
decreases. It is clearly observed from that one lobe radiated outside the nacelle at
the frequency of 3150Hz. There are three radial lobes that are distinguished within the nacelle at
f =6300Hz, and the bulk of energy coalesces into one lobe that radiates through the both inlet and
outlet close to the axis of the nacelle. As the frequency increases further, the patterns of radiated
noise become more complex. For the higher frequency cases, more lobes are cut on inside the
nacelle. At frequency 12500Hz, as shown in [Figure 3(f), most energy is trapped inside the nacelle
and the energy radiating outside attenuates because the wavelength is far smaller than the diameter
of nacelle, and the noise is scattered on the wall of nacelle resulting in rapid energy decay.
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Figure 3 — The SPL contours of a nacelle with one monopole inside at different frequencies.

The ASPL defined in Eq. is used to quantify the shielding effects of two nacelles with one
monopole placed in each of them. The ASPLs of two nacelles at a series of center frequencies of
one-third-octave bands are shown in Figure [4] with the negative values represent the SPLs decrease.
These results present an “unwrapped” view of a cylinder field which has a diameter of 2m. The X-axis
represents the longitudinal positions along the body axis of the configuration. The vertical axis repre-
sents the circumferential direction from 0° to 360° with 6 = 0° ~ 90° and 6 = 270° ~ 360° representing
the sound field underneath the configuration. At frequency f = 1000 Hz, as shown in
there is little noise shielding effect around the nacelles due to the strong diffraction around the na-
celles edges. As the frequency increases, it is found that there is an obvious shadow zone located
on the side of the nacelles.
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Figure 4 — The ASPL contours of two nacelles with one monopole in each of them at different
frequencies.

3.2 The installation effects of baseline configuration

The installation effects are studied further with one monopole positioned on the shaft in each nacelle
of both engines. Comparisons of the SPLs at different frequencies on the vertical symmetric plane
of the nacelle are shown in Figure |5} It is found that the noise scattered on the BWB changes the
direction around both the inlet and outlet of the nacelles. The propagation angle of forward radiated
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noise decreases when the frequency increases, which enhances the SPL in front of the nacelle. The
diffraction at the trailing edge of the center-body is decreased when the frequency increases. When
the frequency increases to 8000Hz and above, as the wavelength is smaller than the nacelle diameter,
the diffraction strength around the nacelle edges attenuates, and the scattering effects on the wall of
nacelles result in rapid energy decay outside the nacelles. The sound energy is further dissipated
under the scattering effects on the surface of BWB, thus the diffraction energy on the leading and
trailing edges decays which decreases the SPL underneath the BWB.
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Figure 5 — Comparisons of SPL contours at different frequencies on the vertical symmetric plane of
the nacelle.

A key objective of this study is to figure out the noise shielding effects of the airframe. The ASPL is
defined as the difference of SPL between nacelles with/without BWB to quantify the shielding effects.
The installation effects at different center frequencies of 1/3 octave bands are shown in Figure [6]
It is clearly observed that the existence of the center body further blocks the sound wave for both
forward and rearward radiated noise from propagating underneath the center body. The maximum
local shielding can be up to 50dB.

(a) f = 1000H (b) f = 3150Hz (C) f = 6300Hz
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(d) f = 8000H (e) f = 10000H (f) £ = 12500Hz

Figure 6 — Comparisons of ASPL contours of BWB installing two nacelles having monopoles at
different frequencies.

Comparisons of ASPL at different frequencies at 6 = 360° along the body axis underneath the BWB
are shown in Figure It is notable that the BWB provides noise shielding for both forward and
rearward radiated noise. it is found that the noise shielding for the aft radiated noise are better than
that of forward radiated noise. For the aft radiated fan noise, the magnitude of noise reduction due to
noise shielding is up to 20dB while a reduction up to 10dB for the forward radiated fan noise.

20 T T T T e Sl s L UL LS L
I ——1000Hz i — 6300Hz ]
] 20 a0 f ]
10 N 10 w0 f
g g o Saf
=0 =0 =0
& 4 B0 &G
< < <
-20 [
-10 — -30 10 e
ST I NS S S 0 2ob vty
-100 0 100 200 300 400 -100 0 100 200 300 400 -100 0 100 200 300 400
X(cm) X(cm) X(cm)
(@) f = 1000Hz (b) f = 3150Hz (c) f = 6300Hz
Sl L B LA A RS 30 T FARRSENE Sl U U UL EUSSURE B B
F 1 E — 1 g ——12500Hz
—SOOOHZ_: . ] F R
10
o o o
Z z° Z
| | |
o [T o
(2] (2] (2]
< < <
- -20
-30 |
TS TIPS I SN W S 0 L1 BT PETTS STEES EET. ST I S S W E
-100 0 100 200 300 400 -100 0 100 200 300 400 -100 0 100 200 300 400
X(cm) X(cm) X(cm)
(d) f = 8000H (€) f = 10000Hz (f) f = 12500H

Figure 7 — Comparisons of ASPL contours of the baseline configuration at 6 = 360° along the body
axis at different frequencies .

3.3 Effects of engine locations on noise shielding

It is known that the shielding effects are sensitive to the engine positions. Three typical engine
positions are selected to study the effects of engine installation on the PAA effects. The positions
are over the rear center body, over the wing at the trailing edge, and under the wing near the leading
edge, as shown in Figure [8] where D is the diameter of the nacelle exit.



Numerical Studies on Noise-shielding Effects of a Blended-Wing-Body Aircraft Using Boundary Element Method

Z/D=5.15

-

Z/D=5.15 N

2/D=1.38 ™ . ~ -
]i ‘ | X/D=5.2 :’ o |
(a) Center-body (b) Under-the-wing (c) Over-the-wing

Figure 8 — Positions of engines mounted on the airframe.

One monopole is mounted inside each nacelle of two engines to model engines’ noise sources.
The noise scattering and diffraction patterns for over- and under-the-wing positions are much different
from that of the center-body configuration, as shown in Figure[9 At the low frequencies of 1000Hz
and 3150Hz, the shielding effects of the center-body are much better than the others. Under-the-
wing aircraft does not provide shielding effects underneath the airframe due to the reflections. The
configuration with engines mounted over the wing reduces the reflection of the sound waves and
has some shielding, and produces a noise reduction of forward radiated noise. As the frequency
increases, the shielding effects of forward radiated noise underneath the airframe for the center body
mounted engines are still better than that of over- and under-the-wing positions.

(a) Center-body (b) Under-the-wing (c) Over-the-wing
at f =1000Hz at f =1000Hz at f =1000Hz
(d) Center-body (e) Under-the-wing (f) Over-the-wing
at f =3150Hz at f = 3150Hz at f = 3150Hz
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(g) Center-body (h) Under-the-wing (i) Over-the-wing
at f = 6300Hz at f = 6300Hz at f = 6300Hz

(j) Center-body (k) Under-the-wing () Over-the-wing
at f = 12500Hz at f = 12500Hz at f = 12500Hz

Figure 9 — The effects of different installation positions of engines on shielding at different
frequencies.

The engine fan noise shielding effect is difficult to quantify in the form of ASPL contours which is
the most common method used in previous studies due to the complex small structures especially at
high frequencies. To quantitatively and synthetically analyze the noise shielding of different engine
positions, a mean sound pressure within 6 = 0° ~ 90° and 6 = 270° ~ 360° is defined in Eq. (6)
and Eq. for the cases with and without BWB, respectively. Then a mean sound pressure level
difference over the lower half cylinder under the center-body is defined in Eq. (8).

ps(x , (6)

T

= J fog p3(x)d0 + [3 pi(x)dO

J Js P2(x)d6 + [ p,(x)d8
N T

Psa (¥) ; (7)

ASPL (x) = 20log, <ps(x)> , (8)
Psa (%)

where p, and py, are the sound pressure with and without BWB, respectively. The ASPLs of three
different engine positions are compared in Figure [10] It is clear that the configuration with engines
mounted on the center body has the best shielding with a maximum value of 5dB while the under-the-
wing configuration does not provide noise shielding effects because the reflections of the fuselage
which enhance the sound pressure underneath the center body. The over-the-wing configuration
provides some shielding with the value up to 1dB due to the shielding effect of the wing instead of
the reflection. However, the shielding at f = 6300Hz is much different, as shown in This
may be attributed to the strong diffraction around the leading and trailing edges as the propagation
angle of forward radiated noise decreases, as shown in
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Figure 10 — Comparisons of ASPLs between different configurations.

4. Conclusion

Engine fan noise is the most dominant component of engine noise sources with the increasing HBPR
of turbofan engines. BWB with podded engines has great potential to reduce the fan noise by shield-
ing provided by the center-body. In this paper, a fast multipole BEM is adopted to study the effects of
several key design parameters including nacelle, frequency and engine position on the noise shield-
ing.

Shielding results indicate that the nacelles can provide some noise shielding while strong diffrac-
tions at the edges of the nacelles at lower frequencies enhance the SPL in front and rear of the
nacelles. At high frequencies, the radiated energy decays because of the scattering effects on the
wall of nacelles.

The shielding effects of the baseline BWB configuration is analyzed. The BWB provides a shielding
with a value up to 20dB at some specific frequencies. The propagation angle of forward radiated noise
decreases when the frequency increases, which enhances the SPL in front of the nacelle. However,
the SPL underneath the BWB is reduced due to the energy attenuation by the scattering effects at
high frequencies.

A new mean SPL shielding is defined to analyze the complex shielding patterns of three configura-
tions with different engine mounting positions. The results show that the configuration with engines
on the rear body is best for noise shielding. The engines mounted on the rear upper surface produce
the largest noise reduction with a magnitude up to 5dB while the engines mounted under the wing
does not provide noise shielding.
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