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Sonic Boom of the Oblique Flying Wing
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This article presents an analysis of oblique flying wing sonic boom characteristics. This long asymmetric wing
provides a reduction in sonic boom loudness as well as aerodynamic and structural improvements over con-
ventional transports. The wing is represented by an oblique line equivalent area distribution, a panel model,
and a high-definition surface model. The near-field pressure signature of the first two representations is found
using the Whitham F-function method applied to the oblique equivalent area distribution and the panel model.
The near-field pressure distribution of the high-definition surface model was found using TranAir, a full-potential
analysis code. Good agreement between the methods was found. The near-field signature is extrapolated through
the standard atmosphere by the Thomas waveform parameter method. The asymmetry in the geometry leads
to an asymmetrical sonic boom under the flight track. The bow shock amplitude is typically between 50-75
N/m? depending on the size, weight, and altitude of the configuration. The aft shock has only one-half the
amplitude of the bow shock due to favorable volume-lift interference. This article also includes a simple method
to estimate the maximum sonic boom overpressures of oblique flying wings.

Nomenclature

area
equivalent area
equivalent area due to volume
speed of sound
semiminor axis of flat elliptic oblique wing
semimajor axis of flat elliptic oblique wing
frequency
altitude
length of pressure signal
lift per unit length
Mach number
pressure
radial distance from X axis to near field
dimensionless expressions of the x coordinate,
Eq. (10)
aircraft weight
dimensionless expressions of the x coordinate,
Eq. (8)
= Prandtl’s compressibility coefficient VM? ~ 1
ratio of specific heats
azimuth angle
sweep angle
dimensionless expression of the x coordinate,
Eq. (8)
' radian frequency, 2af
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Introduction
N 1961 Lee! proposed an oblique flying wing configuration
as an alternative to the delta wing configuration. Unsolved
control and aerodynamic problems prevented the further de-
velopment of the concept. Since 1987 the concept has been
reintroduced by Refs. 2—-6. The long asymmetric flying wing
provides not only aerodynamic and structural improvements
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over conventional transports, but also a reduction in sonic
boom overpressures.

The sonic boom of an oblique wing configuration was in-
vestigated experimentally by Hicks and Mendoza.” This con-
figuration had a fuselage and was designed for Mach 1.2 flight.
They concluded that the sonic boom level of the oblique wing
configuration was lower than that of a similar, symmetrical
swept wing configuration at the design cruise lift. However,
the small sonic boom signature of the isolated oblique wing
was overshadowed by the substantial signature of the fuselage.
In addition, these wind-tunnel results only dealt with the sig-
nature directly under the flight track. In the conceptual design
of the oblique flying wing (OFW)® a bow-shock amplitude of
67 N/m? was predicted, significantly less than that of the cur-
rently proposed high-speed civil transports (HSCTs). This
fact, and the current interest in the environmental impact of
supersonic flight, motivated the present effort to investigate
the sonic boom of an oblique flying wing.

Obique Flying Wing Geometry

The oblique flying wing geometry is represented by three
models:

1) An oblique line equivalent area distribution was used to
investigate the sonic boom of oblique flying wings as a func-
tion of Mach number, sweep, volume, and lift. The line equiv-
alent area distribution represents an elliptically loaded oblique
flying wing with a Sears-Haack® area distribution. This wing
has the minimum induced drag and the minimum wave drag
for a configuration of given volume and span in supersonic
flow. The line geometry is useful not only because it produces
quantitive data of comparable quality to those generated by
the more detailed surface models at a fraction of the com-
putational cost, but also because it allows us to explain the
results analytically.

2) OFW-5 is an 800-panel linear potential flow model. This
model was designed with the method of Ref. 5 to cruise at
Mach 1.6. The sonic boom was analyzed for the trimmed start
cruise condition. Figure 1 shows a transport derived from this
panel geometry. The OFW-5 was only one of many designs
completed. The optimum OFW geometry will depend on pay-
load, Mach number, and range as described in Ref. 6. De-
scriptions of the panel code and the wing geometries are given
in Ref. 3.
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Fig. 1 Mach 1.6 OFW transport.

3) A high-definition surface geometry (13,770 surface points)
for the TranAir full potential code was derived from the panel
model of the OFW-5. This model also had four flow-through
nacelles to study the effects of powerplant-wing interference
on sonic boom and drag. The calculations were done inde-
pendently by Chris Lee at NASA Ames. The vertical fins did
not influence the ground signature and were omitted.

The differences in computational cost are very important
aspects. To analyze the sonic boom of a line area distribution
at one operating condition takes a few seconds on a Macintosh
computer. To analyze the panel geometry (excluding 1-2 days
for the design) takes a few minutes on a VAX, and it takes
2 h on a CRAY to analyze the high-definition surface ge-
ometry.

Near-Field Pressure Distribution

In' this section we will first describe the derivation of the
sonic boom signature using classic linear theory and the geo-
metric simplifications described in the previous section. Re-
sults of this simplified analysis are compared to the results
from the panel method and the TranAir full potential method
for the OFW-5 model. Figure 2 qualitatively shows the pres-
sure disturbances caused by an oblique flying wing.

The length of the pressure signal at a radial distance r from
the flight-axis of the airplane can be determined by examining
the intersection of the characteristics with a cylindrical surface
at this radial distance. This analysis shows that the length of
the signal depends on 6. Figure 2 also defines the left, top,
and bottom sides of the signal. The signal length on the left
side (8 = 0) is much shorter than the signal length on the
right side (8 = 180 deg). This will result in a significant asym-
metry in the duration and magnitude of its sonic boom in the
near field and even in the far field. For observers more than

two lengths away from the aircraft, the OFW can be modeled
as an oblique lift and area distribution. For each azimuth angle
these distributions are represented by an equivalent body.®
Figure 3 shows the area distribution corresponding to a given
azimuth angle.

Whitham’s method' can be used to convert the second
derivative with respect to length of these area distributions
into near-field pressure distributions. The Sears-Haack® area
distribution with fixed volume can be expressed as

Avolume("'l =X = 1) = Amax(l — x2)1.5 (1)

where A_,, is the maximum cross-sectional area normal to
the oblique line. The x coordinate is centered around the
maximum cross-sectional area and is nondimensionalized with
twice the area distribution length. The second derivative of
the area distribution with respect to length can be expressed
as

3x2
AZO ume = Amax L
‘ [V(l - x?)

Reference 11 gives an expression for the equivalent area
distribution due to lift

_ 3\/(T——x2)] ®

_ B[ e
A= s 0@ ®)

€ refers to the component of the resultant force per unit length
in the oblique plane 6 projected on a plane normal to the
freestream. For an elliptic lift distribution with a total lift L,
this is expressed as

x, 6) = (2/m)L\/1 — x?*sin 6 (4)
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Fig. 2 Pressure disturbances caused by an OFW.
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Fig. 3 Slewed equivalent area distribution corresponding to azimuth
angle 0.

Substitution in Eq. (3), and replacement of the total lift by
W, gives

w .
Ay = l (x\/l — x? 4+ arcsinx + g) B sin @ (5)
m

pU?

The second derivative of the equivalent area distribution
due to lift varies as

—2x + 2x3 | BW .
ro= | — | = 0
lift [W(l _ x2)3/2:| puz sin (6)

Figure 4 shows the equivalent area distribution of the oblique
flying wing for 8 = 90 deg and Mach 1.6.

The total second derivative of the area distribution is the
sum of the lift and volume components corrected for the
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Fig. 4 Equivalent area distribution.

transformation in the x domain from x to ¢

Ag(t) = 4[ ;iﬁ(t) + :Jlolume(t)] (7)

where
t=[(x + 1)2] (8)

For symmetric configurations, the length of the signal is
approximately constant, but for the OFW the length of the
signal varies strongly with azimuth angle as shown in Fig. 2.
The variation of the length of the signal / with azimuth angle
and sweep angle can be expressed as

I = 2b,(sin A — B cos A cos 6) %)

In this expression, b,, represents the semimajor axis of the
oblique wing. To calculate the near-field pressure distribu-
tion, we use Whitham’s method?©:

1 (* A
F(T)—ITS Omdl‘ and 0=71=1 (10)

In this expression 7 refers to the nondimensional x location
of the pressure signal. This function can be integrated nu-
merically by representing the A; distribution as a series of
pulses as described in Ref. 12. For each pulse of duration
starting at time ¢ = a, and ending at time ¢ = b, the integral
may be written as

) e
oy - L \/7——_(1)1)1)

There is also some distortion in the wave shape due to
variation of the speed of sound with pressure. This is included
by correcting the value of 7 corresponding to a pressure
disturbance!®:

Vr(y + 1)M*
- \/E 15

=7 F (12)

Teorr

The Ffunction can be converted into a pressure distribution
for every observer by multiplication by a constant:

AP yM?
> = ’“23rF (13)

The obliqueness of the singularity distribution will generate
additional errors in the calculation of the pressures and ad-
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Fig. 5 Near-field pressure signature: a) — — - corrected F-function
and b) —— area balanced signature.
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Fig. 6 Cancellation of the aft-shock due to favorable volume-lift in-
terference.

vance time compared with calculations for axisymmetric bod-
ies. These errors are related to r'/r defined in Fig. 3, where

¥ (1) = V{rcos 8 — [(2r — 1)b,, cos A]P + (rsin §)
(14)

For the signature three lengths away on the left side of the
oblique wing, the bow-shock overpressure may be overesti-
mated by 5%, and the advance time correction may be under-
estimated by 5%. Since the error decreases with increasing
radial distance, the F-function method is still appropriate for
oblique wing far-field calculations.

In most cases the corrected signal represents a physically
impossible situation, because we have more than one value
for the pressure at a given location. When this occurs a shock
will form. The location of the shock can be determined with
the area-balancing technique.'* This method integrates the
pressure signal to find the shock location:

Teorr AP
= — 15
I=| (6t d (15

The shock occurs when the value of the integrated pressure
signal plotted against the corrected time crosses itself. This
corresponds to a condition where the opposing cutoff areas
of the corrected pressure distribution are equal.

Figure 5a shows the corrected near-field pressure signature
and the area-balanced pressure signature with shocks at a
radial distance of twice the X component of the length of the
aircraft. The location of the shocks follows from the integra-
tion of the corrected signature as indicated in Fig. 5b. As
shown in Fig. 5a, the aft-shock amplitude is much smaller
than the bow-shock amplitude. Figure 6 shows the second
derivatives of the equivalent area distributions due to lift and
volume. The aft-shock pressure is reduced here because the
absolute value sum of the second derivatives is less than the
absolute value of its components directly upstream from the
aft-shock.

A more refined representation of the OFW-5 was created
using the panel surface model described in the previous sec-
tion. The equivalent area distribution of the panel geometry
was determined.® Once the equivalent area distribution was
known, the pressure distribution was obtained in the same
way as described for the equivalent area line distribution. The
near-field pressures were also obtained directly from TranAir
for the high-definition OFW-5.

Ground Signature

The near-field pressure signature will resemble a N-shaped
wave more as it propagates away from the aircraft, because
disturbances propagate down at the local speed of sound plus
the local convective speed, not at the ambient speed of sound.
The high-pressure disturbances therefore travel faster, while
the low-pressure disturbances will travel slower. The program
CLNET?’ calculates the propagation of the wave through the
standard atmosphere for a given near-field sonic signature.
This program, based on the waveform parameter method, is
more suitable for computer application because the necessity
of the area-balancing technique is eliminated. Just as with the
F-function method, the waveform parameter method relies
on geometric acoustics for the amplitude and isentropic wave
theory for the waveform distortion. Unlike the F-function
method, which uses the wave age to distort the pressure sig-
nature, the waveform parameter method uses a set of param-
eters and their rate of change to describe the waveform as a
function of time. Assuming a reflection factor of 1.9, Fig. 7
shows the ground pressures for the OFW-5 for the line sin-
gularity, panel singularity, and TranAir calculations. In view
of the high similarity of the signatures, the use of the simpler
models is justified. The aft-shock cancellation predicted for
the panel model is not as smooth as that of the idealized
geometry because the aft-body geometry does not follow the
Sears-Haack® distribution exactly. The TranAir results are
smoother due to grid-coarseness and numerical dissipation.
The nacelles have only a very small influence on the ground
signature because the inlet and exit stream tube areas are
nearly identical.

However, not all near-field pressure disturbances reach the
ground. As shown by Kane and Palmer,'® some acoustic rays
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Fig. 7 Ground pressures according to different methods.
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Fig. 8 Lateral distribution of OFW-5 sonic boom overpressures.

are reflected and never reach the ground due to stratified
variations in the speed of sound. In the 1962 U.S. Standard
Atmosphere this occurs when the lateral extent of the sonic
boom reaches the cutoff value:

(YM)ewort = V1 = (ax/ VY174 + 2.01(h,,/1)]  (16)

In this expression A, stands for the tropopause altitude
(36,000 ft). The lateral extent of the sonic boom on the Earth’s
surface is directly influenced by aircraft altitude, speed, and
the highest temperature the acoustic ray encounters on its
way down. Figure 8 shows the lateral sonic boom signature
of the OFW-5. The maximum overpressure is offset from the
ground track.

Carlson'? presented a simplified method for the estimation
of the sonic boom of various configurations:

AP = [1.98°3K,K,N/P,P,/(hl)*™] (17)

In this expression P, is the pressure at altitude and P, is
the pressure at the ground. A value of 1.12 is reasonable for
the atmospheric factor K, for cruising altitudes between 15—
20 km and Mach number between 1.5-2.5. The shape factor
K, of Fig. 9 can now be used to obtain a first approximation
to the maximum amplitude of the sonic boom overpressure
of an aerodynamically optimized oblique flying wing. K, is
defined as

K, = (BC,SRI?) (18)

For example, the OFW-5 at the conditions of Fig. 7 has a
maximum amplitude of 65 N/m? according to the simplified
analysis, which is very close to the value predicted by the
more involved methods. This method was also applied to the
OFWs-that were designed for other missions. As shown in
Fig. 10, these transports have sonic booms that are substan-
tially lower than those of comparable supersonic transports.

Loudness Analysis and Atmospheric Effects

The infinitely short rise time in ground signatures predicted
by these quasilinear methods do not occur in reality. Short
rise times require an energy level in the higher frequencies,
but the atmosphere attenuates high-frequency pressure dis-
turbances. Figure 11 shows the rise times recorded during
operation “yellow hammer” in the 1960s.1” The range of over-
pressures was similar to those predicted for the OFW. Typical
values for the rise time are between 2—12 ms, depending on
the atmospheric conditions and lateral location. Atmospheric
influence such as temperature inversion and wind also pro-
duce variations in the sonic boom maximum amplitude. Figure
12 also shows the ratio of the maximum sonic boom over-
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pressures that were predicted with the F-function method vs
the measured overpressures for these tests. The atmospheric
absorption of the higher frequencies is included by sampling
the reflected signal with the rise-time. To calculate the loud-
ness of the sonic boom signal, occurring in the time interval
f, to t,, this signal is transformed into its frequency domain:

Flo) = f P(t)ei dt (19)

Following Papoulis'® we can linearly interpolate between
the discrete pressures representing the signal and compute
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Fig. 12 Relative probability of bow shock amplitudes.
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Fig. 13 Sonic boom energy spectral density and loudness evaluation.

the Fourier transform by a sum of exponentials with time-
shifting:

Flw) = ;—21- i ket (20)

_ (Piv1 — D)) _ (p; — pi 1)
ki - (li+1 - ti) (li - ti—l) (21)
e = cos(wt;) — isin(wt;) (22)

The variable k; is the change in the pressure gradient at
sampling point i. The loudness is produced by these gradient
jumps. The highest acoustic energy radiated to an observer
during the reference time can be calculated by integrating
over the interval that contains the largest changes in pressure
gradients. Under the flight track of a lifting configuration,
this will almost always include the bow shock. The energy in
each third octave frequency band “b” can be calculated as
follows:

E, = —17; f:z |F(0)| do 23)

The weighted sound pressure level (SPL) for each third
octave band can be expressed as

2
ref ref,

SPL,, = 10 log< E, ) + SPL, (24)

The reference sound pressure level is taken to be 20 uN/
m?2. The reference time was taken as 1 s. Conforming with a
current practice, the A weighting was used to get the weighted
SPL. Figure 13 shows the sonic boom spectral density and
the third octave band A-weighted sound pressure levels.

According to Ref. 19, unrestricted flight may be possible
for the loudness generated by a 24 N/m?2 N-shaped wave with
a 10-ms rise-time, this corresponds to a loudness of 64 dBA
with the reference SPL and reference time. A 72 N/m? N-
shaped wave with a 10-ms rise-time was still considered ac-
ceptable by about two-thirds of the population. This level
corresponding to 72 dBA was selected by Ref. 19 as the upper
limit for flight through restricted corridors.

Figure 14 shows the OFW loudness when we take into
account the probable atmospheric variation of rise-time and
amplitude. This figure also shows the 65-dBA upper limit to
unrestricted flight and a proposed 72-dBA upper limit to flight
within restricted corridors.

From this graph it is clear that it is not possible to meet
the flight through restricted corridor criterion for most at-
mospheric conditions. This figure also illustrates the enor-
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100. B signature
@=90¢
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_ _ et nominal overpressure
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0 / may be possible
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40 1 B 1 1 L 1
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Fig. 14 Oblique flying wing loudness as a function of maximum overpressure.
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Table 1 Start cruise total operational loudness comparison

Configuration Signal Passengers Total operational
Concorde 78 dBA 128 0 dBA
HSCT B1080 79 dBA 247 -5dBA
HSCT B1080 Low boom 77 dBA 268 -7 dBA
OFW250 74 dBA 250 —10 dBA
OFW400 75 dBA 400 —-13 dBA
OFW600 76 dBA 600 —15 dBA

mous range of sonic boom loudness due to atmospheric var-
iations. Kane and Palmer'® reported an estimated 26-dB
loudness difference for a single F104 sonic boom. This loud-
ness difference occurred between two microphones only 600
ft from each other along the same flight path and was caused
by local atmospheric turbulence.

Loudness Reduction

The baseline oblique flying wing produces lower sonic boom
overpressures, but it still produces an unacceptable sonic boom
for unrestricted flight. Compared to other designs,®?° the
greatest advantage comes from the fact that this aircraft has
up to twice the payload as current HSCT designs and four
times the payload of Concorde. For a given market this will
result in fewer flights, and thus less nuisance. Von Gierke
and Nixon®! propose a weighting of 3 dB of every doubling
of the number of occurrences. This weighting was substan-
tiated by the Oklahoma City tests. Assuming the same market
for all the aircraft considered, each doubling of the payload
will therefore result in an effective 3-dB noise reduction. Table
1 compares the signal and total operational loudness of various
delta wing and OFW configurations. All signals are compared
at start cruise with a 6.5-ms rise-time, and all aircraft have a
standard triclass layout.

Even though the aircraft with the greater payloads have
slightly higher nominal signal loudnesses, the total operational
loudness drops significantly with size. The best OFW would
therefore be the 600-passenger version.

The sonic boom can be eliminated completely by flying
between Mach 0.9-1.3, depending on atmospheric condi-
tions.*s The variable geometry oblique flying wing can cruise
with the same fuel efficiency as a B747 at these transonic
speeds, so this will not result in an additional fuel penalty.

To lower the sonic boom loudness we can also consider
changing the geometry. It is not efficient to reduce the sonic
boom overpressures by increasing the length. Reducing the
sonic boom overpressures from 72 to 48 N/m? would require
increasing the length of the configuration by 50%, without
increasing the weight. This does not seem possible.

It is possible to reduce the loudness by about 2 dB by adding
thickness near the nose of the aircraft. This approach was
briefly discussed in Ref. 22. Sonic boom minimization tech-
niques do not only increase the drag, but in the case of the
OFW they also interfere with the control of the configuration.
Addition of thickness to one wing tip results in additional
yawing moments. In addition, the large atmospheric loudness
variations make this effort almost futile.

Conclusions

The sonic boom of an oblique flying wing modeled with
various levels of detail was determined using the ‘“classic”
corrected Whitham F-function method and TranAir. The fol-
lowing results were obtained:

1) Bow shock overpressure is in the range of 50-90 N/m?,
depending on the geometry and weight and altitude of the
configuration, typically one-third less than comparable sym-
metric configurations.

2) The aft-shock is cancelled due to favorable volume-lift
interference.

3) The lateral distribution of the sonic boom signature is
distinctively asymmetric.

4) Nacelles configured for Mach 1.6 do not significantly
increase the bow shock overpressure.

5) The sonic boom loudness of the OFW is still too high
for unrestricted flight overland. At this time it is unclear whether
changes in the geometries will reduce the sonic boom loudness
sufficiently to allow supersonic flight over land. However, due
to its variable sweep the aircraft is able to cruise efficiently
at boomless high subsonic Mach numbers.
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