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ABSTRACT

An Aeolian tone is the whistle-like sound that is generated when air moves past a cylinder or similar object; it is
one of the primary aeroacoustic sound sources. A synthesis model of an Aeolian tone has been developed based on
empirical formula derived from fundamental fluid dynamics equations. It avoids time consuming computations and
allows real-time operation and interaction. Evaluation of the synthesis model shows frequencies produced are close
to those measured in a wind tunnel or simulated through traditional offline computations.

Nomenclature Wind Speed (m/s): 24.21 | Wind
ﬁ Dilrre]:ction
(B > Sound Sou[’ce

c= speed of sound (msil) & Propagation

d = diameter (m)
f =frequency (Hz)

u = air flow speed (ms™hH

R, = Reynolds number (dimensionless)
Fig. 1: Winds blowing though a fence can produce an

S; = Strouhal number (dimensionless) Aecolian tone

r = distance between listener and sound source ()
6° = elevation angle between listener and sound source 1 Introduction

¢° = azimuth angle between listener and sound source
Aeroacoustic sounds are the class of sounds that are

L . . _3
Pair = mass density of air (kgm™) generated by the movement of air passed objects or

Uair = dynamic viscosity of air (Pas) edges. Alternatively, the sounds can also be generated
) ) by objects moving through the air. Examples of aeroa-
M = Mach number (dimensionless) coustic sounds are those created when a sword swings

through the air, wind passes a doorway or a spinning
propellor. A visual representation of an Aeolian tone
b =length of cylinder (m) from wind passing a wire fence is given in Fig. 1.

[ = correlation length of cylinder (diameters)
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Research is undertaken to accurately determine the fre-
quencies, gain, propagation patterns required to repli-
cate the Aeolian tone. Key empirical formula are found
within in the aeroacoustic research field, allowing us
to identify key relationships and parameters. A major
advantage of a physical model is that users can change
parameters and be confident that the underlying laws
and principles are consistently obeyed, giving sounds
produced an inherent authenticity.

Our model has applications within video games, films
or television post production. The model is classi-
fied within Procedural Audio; each sound produced
is unique, based on the current situation, i.e. speed
of air/object motion, observer or camera position, etc.
Parameters can be manipulated by a user, producing in-
stant changes in real-time or full automated by a game
engine.

The goal is to create a model of what is known in the
aeroacoustics field as a compact sound source. Physics
will be at the core of the synthesis process and opera-
tion to be in real-time. For a given cylinder it would be
possible to predict the sound generated. Models to gen-
erate the physical characteristics of the wind, including
fluctuations or replicate the swing of a sword are not
within the scope of this paper.

2 State of the Art

Physical models are one of a number of synthesis tech-
niques that can be used to generate sound effects. Oth-
ers include additive, granular, subtractive and modal. A
comprehensive review of synthesis techniques is given
in [1]. When generating a physical model it is common
to discretise the materials in question; finite element
techniques for solids and finite volume techniques for
fluids, techniques requiring offline computations. Fi-
nite element techniques are used in [2], [3] and [4]
to solve the linear elastodynamic equation giving the
natural frequency of nodes within the structure.

A comparison of wind and sword sounds based on the
Aeolian tone is presented in Table 1. The table specifies
different synthesis techniques, including ones that use
offline finite volume techniques.

Noise shaping was used in [5] and [6] to generate
whistling wind sounds, varying the centre frequency
of a bandpass filter proportional to the wind speed.

Both synthesis models operate in real-time and repli-
cate some of the underlying physics; they do not calcu-
late the exact frequency nor take into account factors
such as the diameter of the interacting object or the
relationship between listener and source.

In [7] a Computational Fluid Dynamics (CFD) ap-
proach was taken to calculate the Aeolian tones. A
finite volume computational method was applied to
solve the fundamental fluid motion equations, (Euler
equations), for air passing a cylinder; cylinder diam-
eter and incoming flow speed controlled by the user.
The results have a far greater accuracy than [5] and [6]
but sounds require offline processing to realise and the
model can not react to changing conditions. A full sim-
ulation is required for each specific parameter change.

The sound of a sword swinging through the air is syn-
thesised in [8] using CFD techniques. Here the Aeolian
tones are generated by solving the Navier Stokes equa-
tions. Using Lighthill’s acoustic analogy, [9], extended
by Curle’s Method, [10], the sounds are predicted. The
sword is discretised into a number of compact sources
dependent on the shape and size of the sword.

Four different synthesis techniques for generating the
swoosh sound of a sword were evaluated in [11] for
perception and preference. Models included a band
filtered noise signal with the centre frequency propor-
tional to the acceleration of the controller, similar to
the noise shaped wind models above. A physically
inspired model reproduced the dominant frequency
modes recorded from a bamboo stick swung through
the air; acceleration mapped to mode amplitude in real-
time. The other synthesis methods both mapped ac-
celeration to different parameters; one threshold be-
tween two audio samples, the other is a granular syn-
thesis method mapping acceleration to playback speed
thought the grains. Tests revealed the granular synthe-
sis was preferred.

3 Background Theory of Aeolian Tone

A diagram indicating the coordinates and parameters
used throughout is shown in Fig. 2.

3.1 Tone Frequency

Strouhal, (1878), defined a useful relationship between
the tone frequency, air speed and cylinder diameter:
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Table 1: Comparison of different Aeolian tone (or similar) synthesis

Effect | Control Method Computation | Physics Used Assumptions Reference
d,r, 0, ¢, ) Empirical equations | See Section 4 Proposed
u, b Physical (see text) method
model
Proof of Filter centre fre- | Parameter ratios, | [5]
concept Noise Real-time quency &  gain | uniform radiation
shaping o< iy, & single tone
Wind | u Filter centre fre- | Preset values for | [6]
quency o< i wind type
u, d, & Offline Euler equations None [7]
boundary
conditions CFD
Offline / Real- | Navier Stokes equa- | None [8]
Sword | Speed  of time tions and Curle’s
motion method
Modal Offline / Real- | Mode amplitude o | Frequency modes | [11]
Synthesis | time acceleration fixed
* Airr ‘ be modelled by the summation of compact sources,
Y Flow namely monopoles, dipoles and quadrupoles. Aeolian
tones can be represented by dipole sources for the lift
/\ fundamental frequency, drag fundamental frequency as
/ well as a number of harmonics. The acoustic output
> for ideal lift and drag dipole sources is illustrated in

><V

Fig. 2: Coordinate system used for sound emission
from a cylinder.

si="2" ()

As air passes the cylinder vortices are shed from op-
posite sides at the given fundamental frequency. This
causes a fluctuating lift force dominated by the fun-
damental frequency of S; ~ 0.2, f;. Simultaneously a
side axial drag force is present as air flows round the
cylinder and its fluctuations are dominated by S; ~ 0.4,
fa. In [12] it is noted that the amplitude of this drag
force is approximately one tenth the amplitude of the
lift force.

It was shown in [10] and confirmed in [13] that aeroa-
coustic sounds, in low flow speed situations, could

Fig. 3. As depicted, it can be seen that the major sound
source is the lift dipole which is perpendicular to the
flow direction. The drag dipole is parallel to the flow
direction and has a much smaller influence on the final
sound.

The sound generated is strongly influenced by the turbu-
lence generated as air flows past the cylinder; the more
turbulent the flow the more diffused the vortices will
be. Turbulence is indicated by the Reynolds number
which is given in Eq. (2):

_ Pairdu
Hair

R, 2

An experimental study of the relationship between fun-
damental Strouhal number, (associated with the lift
force), and Reynolds number was performed in [14],
giving the following relationship:

T

S[:A/‘F\/E

3
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Fig. 3: Ideal radiation patterns for perpendicular dipole
sources - lift (blue) and drag (red). u = 69m/s, d
=0.019m, r = 12m, Units for I = W /m?. (The
flow direction is from 0° to 180°)

Table 2: Values for constants in Eq.(3), reproduced
from [14]. § Linear interpolation between
published values. i interpolated from [17].

R, range A T
[47,180) 0.2684 | -1.0356
[180, 230) 0.2437 | -0.8607
[230, 240) 0.4291 | -3.6735
[240, 360) 0.2492%] -0.8861+
[360, 1300) 0.2257 | -0.4402
[1300, 5000) 0.2040 | +0.3364
[5000, 2x10°) | 0.1776 | +2.2023
[2x10°, 1x10%) | 0.5760%| -175.956%

where A and 7 are constants and given in Table 2.
The different values represents the transition regions
of the flow, starting at laminar up to sub-critical tur-
bulence. When the Reynolds number lies between
2107 and 1.0 % 10% it enters its Critical region. Here
the Strouhal number jumps to values of approximately
0.45, [15], [16] and [17]. Above this region it returns
to values similar to the subcritical region, ~ 0.2. No
values were published for this region in [14].

Using Eq. (2) to calculate R, we can use Eq. (3) to
obtain S;. All parameters are then available to calculate
the fundamental frequency of the aeolian tone, Eq. (1).

3.2 Source Gain

The time-averaged Acoustic Intensity I;(r) (W/m?), of
an Aeolian tone lift dipole source is given in [18] as:

%0 0.004

180 0

270

Fig. 4: Composite of lift, drag and turbulence sound
sources with M =0.2. u = 69m/s, d = 0.019m,
r = 12m, Units for I = W /m?. (The flow direc-
tion is from O ° to 180 °)

m 2nKk2S21 b p ubsin®Ocos? @
! 32¢3r2(1 — Mcos0)*

1 /2aMS N> 5.
{exp [2< 7 ) sin”Osin” @

where « is a constant between 0.5 and 2. The correla-
tion length, /, given in diameters, indicates the length
that the vortex shedding is in phase. The averaging
time period 7}, is given as:

“)

T, = 2—ﬂ:(l —Mcos0) ®)
fi

The Mach number has a large effect on the peak prop-
agation angle of the lift dipole; the higher the Mach
number the more upstream the peak propagation an-
gle. When the Mach number is low, M << 1, the
Doppler factor within Eq. (4), {exp][...]}, can be ne-
glected. Fig. 4 shows the resultant propagation pattern
from combining the fundamental sources.

3.3 Harmonic Content

A number of publications, including [13] and [17], in-
dicate that harmonics of the fundamental frequency
are present in the Aeolian tone. Normalised gains for
the harmonics are given in [19]. The amplitude of the
fundamental frequency and harmonics are related to
the turbulence intensity of the incoming free stream
of air but the difference appears minimal given plots
presented in [20].
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3.4 Tone Bandwidth

The bandwidth around the fundamental frequency is
effected by the Reynolds number, [21]. Data published
is for the range of Reynolds numbers from 0 to 237,000
and for turbulence intensity for 0.1% and 1.4%. The
range of Af/f is approximately 0% to 10%.

3.5 Wake Noise

The Aeolian tone is virtually a single sine wave at
low Reynolds numbers. When the Reynolds number
increases, the vortices produce diffuses rapidly and the
individual vortices merge into a turbulent wake. The
wake produces wide band noise modelled by lateral
quadrupole sources whose intensity varies with the
power of 8, [22].

It is also noted in [22] was that there is very little noise
content below the lift dipole fundamental frequency.
Further, it was shown in [23] that the roll off of the
amplitude of the turbulent noise, above the fundamental

frequency is f—lz

The sound generated by turbulence is examined in [18].
Here it states radiated sound pattern is greatly influ-
enced by a Doppler factor of (1 —Mcos@)™>. The
wake noise intensity, /,,(¢), has been approximated by

the authors to capture this relationship as shown in
Eq. 6':

2K2S21 bp u®
16723 (1 — Mcos(180 — 6))3r2

1,,(1) (6)

4 Implementation

Our model was realised in Pure Data an open source
real-time graphical data flow programming language.

4.1 Fundamental Frequency Calculation

A uniform sampling of the continuous air flow speed, u
is used to obtain the Reynolds number R, [n], at sample
n. The relationship in Eq. (3) and data from Table
2 produces a discrete Strouhal number, S;[n]. For a
given diameter, d, a discrete time implementation of
Eq.( 1 enables us to obtain a value for the lift dipole
fundamental frequency, f;[n]. The frequency values for

1180 — 0 is employed due to difference in flow direction used
in [18].

the drag dipole and harmonics are then calculated as
indicated in Table 3.

As stated in section 3.4, there is a bandwidth around
the fundamental frequency and this is related to the
Reynolds number and the free stream turbulence. Data
available in [21] was limited to turbulence intensity of
0.1% and 1.4% as well as Reynolds numbers under
237,000. Due to the lack of data the dependancy on
turbulence intensity was not implemented. The rela-
tionship between the bandwidth and Reynolds number
from 0 to 193,260 was found to be linear. This relation-
ship was interpolated from the data as:

Af

l

(%) = 4.624 % 1079R, +0.9797 (7)

After a Reynolds number of 193,260 a quadratic for-
mula found to fit the bandwidth data. This is shown in
Eq. (8):

A
—f(%) =1.27%1071°R2 —8.552% 107°R, + 16.5

i
®)

The Q value of a filter is given as f;/Af, the recip-
rocal of the percentage value obtained by a discrete
implementation of equations 7 and 8, (divided by 100
and inverted). To generate the correct sound a band-
pass filter with varying centre frequency matching the
fundamental lift frequency and Q value calculated in
real-time, proportional to R,[n]. This is duplicated to
generate sound for the drag fundamental frequency as
well as the harmonics.

4.2 Gain Calculations

The dipole source of Eq. (4) pertains to the lift force
and is implemented to give a discrete time-averaged
intensity value m, taking k¥ = 1. A graph published
in [24] shows the ratio of correlation length to diameter,
1/d, as a function of the Reynolds number. An equation
replicating this relationship has been derived, Eq. (9):

1= 1014536. Re[n]70.245. d (9)

The discrete intensity value pertaining to the drag force
is calculated in Eq. (10):
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Harmonic fi I(1)

Drag dipole fundamental | 2f;(r) | 0.1L(r)
(fa) _
Lift dipole 1st harmonic 3fi(t) | 0.6;(r)
Drag dipole 1st harmonic | 4f;(¢) | 0.0125I;(¢)
Lift dipole 2nd harmonic 5£,(6) | 0.1L(1)

Table 3: Additional frequencies and gains as a function
of the lift dipole fundamental frequency f ().

— V278, [n]21bpuln]®(sin(0 + Z))%(cosp)?
T ~ 0.1 Y2TS 1P [3ic(3r[n(]2 7)) (coso)
(10)

A constant 7 is added to the value of 8[n] due to the
90° phase difference between the lift and drag forces.
Compared with Eq. (4), there is no perpendicular flow
therefore M was set to 0. The time averaging period
was implemented with a discrete form of Eq. (5).

4.3 Harmonic Content Calculations

Subsection 3.3 states there are a number of harmonics
present in the tone. We can calculate the drag dipole
frequency and harmonics as shown in Table 3. The
gain for the drag dipole is obtained from [12] and the
lift dipole harmonics values from [19]. The drag dipole
1st harmonic was witnessed from computational simu-
lations and added at the appropriate value.

4.4 Wake Calculations

A noise profile of fl—z is known as Brown Noise. This

can be approximated using white noise and the transfer
function shown in Eq. (11), [25]:

1

Hhmwn (Z) = 1_7%_1

Y

The required noise profile is generated using the trans-
fer function given in Eq. (13):

B[z] = Hpron[2]W 2] (12)

where W(z] is a white noise source and the output B[z]
is a brown noise source.

In [25] o has a value of 1 but this proved unstable
in our implementation and a value of 0.99, producing
virtually identical output, was chosen. As found in [22]
there is little wake contribution below the fundamental
frequency therefore a high pass filter is applied to B[Z]
with the filter cut off set at the lift dipole fundamental
frequency, fj[n]. This gives the turbulent noise profile
required, G[z]:

Glz] = Hyp[z]BlZ] (13)

where Hj,[z] is the high pass filter transfer function.
The inverse Z-transform of G|z] gives the wake output
signal, g[n]. A discrete implementation of the wake
noise intensity given in Eq. (6) gives I,,[n].

4.5 Final Output

Combining the outputs from the harmonics and wake
sources it is possible to derive a final output. For the
lift dipole we have the outputs of the bandpass filters,
by [n], bi3[n], bjs[n], centred at f;, 3 f; and 5 f;, gains set
at I;[n], 0.6[;[n] and 0.11;[n] respectively.

Similarly the drag dipole has output from bandpass
filters by [n], baa[n], centred at f; and 2 f; with gains

of Iy[n], 0.1251,[n] respectively.

Finally there is the wake output g[n] with gain I,,[n]
giving the final output, Eq. (14):

y()utput [I’l} = m |:b11 [ﬂ] + 0.6b13 [I/Z} + 0.1b15 [I’l}:|
(14)
+1y[n] [bdl [n] +0.125b4, [n]} +1,,[n]g[n]

4.6 Limitations

In our model we have derived the equation for the in-
tensity of the wake, Eq. (6) from principals described
in [18]. This and Eq. (4) both state the intensity is simi-
lar to (~) the given equation. Their relationship to each
other is unknown but the wake noise is considerably
lower than the dipole sounds, especially at low flow
speeds.

In [21] the relationship between bandwidth and fre-
quency is only published for the fundamental lift fre-
quency. It is possible that the harmonics have a differ-
ent relationship which is not captured by our model.
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Bandwidth data is only published up to a Reynolds
number of 237,000. Our model is able to operate above
this and the relationship given by the best fit quadratic
may not be accurate after this value.

5 Results and Discussion

A number of previous studies have published Aeolian
tone frequency values at different air flow speeds and
cylinder diameters. The conditions specified in these
publications have been replicated in our model and the
results noted in Table 4.

There are a number of discrepancies between the pub-
lished values and values simulated by our model. Some
general explanations go some way to explain these.
Firstly, the wind tunnel experiments may be susceptible
to noise from the measurement instruments themselves,
calibration of instrumentation or even human errors.
Some of the historical measurements date back to the
1950s and 1960s and measurement equipment will have
improved greatly from this time.

In relation to our model, the fundamental frequency
from the lift dipole relies on the relationship be-
tween the Reynolds number and Strouhal number taken
from [14], which is a piecewise linear approximation.
The published error is up to +/- 0.003 in the Strouhal
number which related to approximately +/- 1.5% in
frequency value. The free stream turbulence intensity
is captured in the wind tunnel but not in our model. The
roughness of the cylinder as well as mechanical vibra-
tions are not considered by our model but are known to
have influence over the wind tunnel results. Overall the
differences between tone frequencies produced by our
model and the published values are minor, the worst
case being one of the historical papers.

To further verify our model conditions were replicated
using the CFD software, Fluent. This would allow
us to note similarities and differences with a commer-
cial package operating offline. In these simulations we
used the Unsteady Reynolds Averaged Navier Stokes
(URANS), equations operating in 2 dimensions. The
SST k-® model was used on a mesh with 73728 ele-
ments, shown in Fig. 5. The numerical scheme was
2nd order upwind. The velocity vectors for a typical
simulation is shown in Fig. 6. The vortex shedding can
clearly be seen emerging from the rear of the cylinder.

Acoustic analysis was carried out using the built-in
Ffowcs-Williams and Hawkings acoustical analysis

Fig. 5: Mesh used to solve the CFD problem in Fluent.

2 76e+01
l 2.62e+01
2.48e+01
2.35e+01

2.21e+01
2.07e+01

8.30e+00
6920400
-5 550+00

i | 4178400
2 79e+00
141600
314202

Fig. 6: Velocity vectors showing vortices being shed
behind a cylinder.

method [30]. The acoustic receiver was positioned
at a distance, r = 12m and an elevation angle, ¢ = 90°.
The differences between published results and those
obtained from the CFD software are far greater than
those obtained from our model. There are a number of
reasons for these differences, including how the CFD
software computes the interaction at the boundary of
the cylinder and the main flow domain. Simulating the
tones in 2 dimensions means we cannot fully simulate
the turbulence which is a 3D phenomenon.

A closer examination of the output from our model
and that of the CFD simulation can be seen in Fig. 7,
replicating conditions from [27]. An obvious difference
in the spectrum produced by the CFD software is it is
virtually a pure tone, along with harmonics. There are
no bandwidths as highlighted in [21], because Fluent
simulations in 2D are not able to simulate the turbulent
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Table 4: Comparison of known measured results, ones we have simulated using Fluent CFD and our synthesis

model - (* read from a graph, ** computed answer); (a) [26], (b) [27], (c)[7], (d) [28] (e) [22], (f)
[29]. (Frequencies are in Hz)

(a) (b) (©) (d) (e) ()

Airspeed (m/s) | 20 |40 |15 |69 |69 | 6858 | 4267 | 166 | 267 | 323
Diameter (m) 0.004| 0.004| 0.006| 0.019] 0.019| 0.0127| 0.0127| 0.0254| 0.0254| 0.0254
Published — Fre- |, 50 | 50004 508 | 617+ 643 | 1000% | 650% | 150% | 210% | 240
quency
Real-Time Model | | \5¢ | 1ogs | 515 | 674 | 674 | 1008 | 635 | 125 | 197 | 238
Frequency
Fluent CFD Fre- | |\, | 635 | 590 | 837 | 837 | 1148 | 703 | 145 | 245 | 304
quency
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Fig. 7: Fluent CFD and our model simulations, u = 15 m/s, d = 0.006 m.

structure cascade, but just capture the tones. The ]—}5 in Fig. 7(c) clearly shows the fundamental, 3rd, S5th and
roll off will also not be visible. The lack of turbulence ~ 7th harmonics, associated with the oscillating lift force.
explains why the time plot in Fig. 7(a) is a sine wave. Peaks can be seen in our model only at the fundamental,
The time plot from out model, Fig. 7(b), has more 3rd and 5th harmonics, Fig. 7(d). In Fig. 7(c) there are
variation, capturing the turbulence. This may well be also peaks at the 2nd, 4th and 6th harmonics. These
a more accurate representation of the acoustic output are associated with the drag force which have little
than the 2D computation. amplitude at an elevation of 90°. These peaks are not

. . ) ) visible in our model.
The magnitude spectrum of the Fluent simulation given
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The spectrograms of Fig. 7(e) and 7(f) show clearly the
difference in frequency values, most obvious for the
3rd and 5th harmonies. The 2nd, 4th, 6th, and 7th har-
monies can also be seen in Fig. 7(e) but the magnitudes
are low. The 2nd and 4th partials are included in our
model but prevalent at an elevation of 0°. The inclusion
of the 6th and 7th partials will increase the accuraty of
our model but computationally expensive for virtually
inaudible harmonics. In Fig. 7(f) there is a lot more
noise content relating to the turbulence present in our
synthesis model.

The accounting of turbulent structures by our model
gives a more accurate representation of the fluid dy-
namics missing from 2D CFD simulations. Turbulence
is missing in the sword model of [8] although they state
this is perceived as unfavourable noise in the sound
effect. A sword sound effect made with our model will
include turbulence proportional to the Reynolds num-
ber and hence possibly create a more authentic sound
effect.

6 Conclusions

We have developed a compact sound source represent-
ing the Aeolian tone based on empirical formulas from
fundamental fluid dynamics equations. This has pro-
duced a sound synthesis model which closely repre-
sents what would be generated in nature. The model
operates in real time and unlike other models, our ap-
proach accounts for the angle and distance between
source and receiver.

An Aeolian tone compact source model can be used
as a integral component of future aeroacoustic sound
effects. This can include sounds generated by wind,
Aeolian harps, swords swooshing through the air, axes
and clubs being swung. It would also be possible to
develop fan, propellor and turbine sound effects with
the Aeolian tone a central component. This model
has a validity when generating sounds for subsonic air
speeds, < 343 m/s. This makes it possible to model
wind speeds that cannot be safely recorded or even
wind speeds above those that occur naturally.

Discrepancies between our model and previously pub-
lished results have been shown. The real-time synthe-
sis model performs well at predicting the fundamental
frequency of the previously published tones. Some tur-
bulence effects are captured by our model missing the
from 2D CFD simulation. Further developments for

our model would be to the ability to adapt to different
shapes and add in natural string harmonics to increase
the accuracy and scope of objects that can be modelled.
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