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ABSTRACT

In this study, the acoustic dissipation is investigated experimentally in wooden pipes of
different species commonly used in woodwind instrument making: maple (Acer
Pseudoplatanus), pear wood (Pyrus Communis L.), boxwood (Buxus Sempervirens) and
African Blackwood (Dalbergia Melanoxylon). The pipes are parallel to the grain, except one
which forms an angle of 60° with the fiber direction. An experimental method, involving
input impedance measurements with several lengths of air column, is introduced to
estimate the characteristic impedance and the attenuation factor in the pipes. Their
comparison reveals significant differences of acoustic dissipation among the species
considered. The attenuation factors are ranked in the following order from largest to
smallest: maple, boxwood, pear wood, and African Blackwood. This order is the same
before and after polishing the bore, which is an essential step in the making process of wind
instrument. For maple, changing the pipe direction of 60° considerably increases the
attenuation factor, compared to those of the other pipes, parallel to the grain. Further,
polishing tends to reduce the acoustic dissipation in the wooden pipes, especially for the
most porous species. As a result, the influence of polishing in the making procedure
depends on the selected wood species.

I. INTRODUCTION

In woodwind and brass instruments, playing frequencies are typically close to the bore
resonances. However, with some musical instruments, advanced players are able to produce
notes away from these resonance frequencies, for example, while playing vibrato or glissandi.
This requires special techniques related to the performer's skills, but it also depends on bore
properties. Indeed, the acoustic dissipation inside the bore is linked to the amplitude and the
width of air column resonances. Then it affects the relative contribution of the vocal tract
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impedance and consequently the range of playable notes around the bore resonances, as shown
by experimental studies on the saxophone (Chen et al., 2011) and the trombone (Boutin et al.,
2015).

Numbers of studies have focused on the impact of visco-thermal losses on the acoustic
propagation in rigid cylindrical pipes, with non-porous and perfectly smooth walls; see, e.g.,
Zwikker and Kosten (1949), Pierce (1981) and Bruneau et al (1989). However, in wind
instruments, the inner surface of wooden resonators also shows large differences of roughness
and porosity, depending on the species used. These characteristics, referred to as “surface
condition” in the following, may affect the wall impedance and the thickness of thermal and
viscous boundary layers, and consequently the acoustic dissipation inside the bore.

Concerning wood species used in instrument making, Bucur (2006) and Brémaud (2006)
measured various acoustical and mechanical properties for a large number of samples. However,
no studies have investigated the influence of their surface condition on the acoustic dissipation
in the bore of wooden pipes. This is the first purpose of this study, which aims at evaluating and
comparing the attenuation factors in pipes made of five different species commonly used in
woodwind instruments, such as oboes and clarinets. It also focuses on wooden pipes of different
directions relative to the fiber, as seen in cornetts and serpents. This subject sits at the interface
between the interests of both researchers’ and makers’ communities.

An experimental method, based on impedance measurements is introduced to calculate
characteristic impedances and attenuation factors in cylindrical pipes over a continuous
frequency range up to 2.5 kHz. These characteristics are estimated for each pipe of the corpus. In
the making process, once the pipes have been drilled, the inner surface of the bore is polished.
The other purpose of this study is to quantify the impact of this step on the attenuation factors.
For most of the wind instruments, the surface of the bore is subsequently oiled. The effect of oil
impregnation on the acoustic dissipation, which varies among the making strategies and the
instruments considered, is outside the scope of this study.

II. MATERIALS AND METHODS

A. Composing the corpus

For the purpose of this experimental study, a corpus of five cylindrical wooden pipes was
manufactured and provided by a recorder maker; one of pear wood (Pyrus Communis L.), one of
boxwood (Buxus Sempervirens), one of African Blackwood (Dalbergia Melanoxylon) and two of
maple (Acer Pseudoplatanus). These wood species are all commonly used in wind instrument
making. The pipes length, called Ly;pe, and the inner and outer diameters, subsequently called
@;, and @, are equal to 240.5, 14.9 and 30.0 mm on average. From one pipe to the other,
these dimensions vary less than 0.4% (0.9 mm), 1.3% (0.2 mm) and 2.3% (0.7 mm) respectively.

These dimensions are very similar to those of typical models of Bbsoprano clarinets.

The pipes are manufactured from a boxwood log of French origin, flat sawn pieces of
maple from Quebec, pear wood from France and African Blackwood imported from Nigeria. The
dimensions of these pieces are 30 X 30 X 300 mm for African Blackwood and pear wood and
30 x 250 X 400 mm for maple, with the longest length parallel to the fiber direction. Another
cylinder is sawn up from the maple plate, whose axis forms an angle of 60° relative to the fiber



direction. In the following, it is referred to as “inclined maple pipe” to distinguish it from the
“straight maple pipe”. According to the maker, the wood pieces have dried for several years, and
are comparable to those he usually uses to make wind instruments, in terms of quality.

The first step consists in shaping the cylindrical external surface of the pipes from each
piece of wood, along the fiber direction, using a lathe and a gouge. Then the cylinders are drilled
along their longitudinal axis, using a lathe and a stainless-steel reamer. The reamer trajectory is
guided by a pilot hole previously drilled using a narrower bit. The following step consists in
polishing the bore of each cylinder using successively three different types of fine sandpaper of
average particle diameter 68 ym, then 36 ym and 23 um.

The following sections aim to compare the acoustic dissipation in the wooden pipes. In
order to investigate the influence of the surface condition in the bore before and after polishing,
a method is suggested to estimate the characteristic impedance, the wavenumber, and
consequently the attenuation factor in the air column. In order to test its validity on large
diameter pipes, the method is applied to a rigid cylindrical plastic pipe with an inner radius
equal to 8.6 mm, i.e. substantially larger than the viscous and thermal characteristic lengths,
approximately equal to 40 nm and 60 nm at usual room temperature and relative humidity
(Bruneau, 1998, pp. 145-146). Its inner surface is smooth and non-porous so that the acoustic
dissipation is only due to visco-thermal losses. Its length is equal to 400 mm.

B. Measuring the bore impedance

For each pipe of the corpus, the input impedance, defined as the ratio between pressure
and acoustic velocity in the longitudinal direction, is measured with the far end sealed by an
aluminum cylinder of length equal to 2.0 mm and of diameter equal to @;,. Therefore the length
of the air column, subsequently called L, is equal to 238.5 mm. An O-ring is located in a groove
around this tap. While uncompressed, its diameter is slightly larger than @;,. In addition, the
cylinder is covered with modelling clay, so that the pipe extremity is airtight, cf. Fig. 1a.

As explained in Secs II C and II D, for each pipe, the estimation of characteristic
impedance and wavenumber also requires impedance measurements with an air column length
equal to L, /2. For that purpose, a silicon cylinder is introduced inside the bore using a threaded
rod, as shown in Fig. 1b. Another silicon cylinder is used to measure the input impedances of the
plastic pipe for air column lengths equal to L; and L; /2. While uncompressed, for each pipe, the
cylinder is slightly larger than the pipe inner diameter, and then provides an airtight sealing
while inserted inside the bore.

Before each measurement, the air column length is measured using a caliper, with an
accuracy of +£0.5 mm.

The input impedances of the wooden pipes and of the plastic pipe are measured using a
sensor from CTTM and LAUM, Le Mans, France. The open extremity is placed in the reference
plane on the sensor cavity. Modelling clay is applied on the contact between the pipe and the
sensor to make it airtight. The acoustic flow, provided by a piezoelectric buzzer, is a chirp,
sweeping the interval [50 Hz, 2.5 kHz]. In order to optimize the measurement accuracy, the
instantaneous frequency is an exponential function of time. In addition, the measuring range
[50 Hz, 2.5 kHz] is split into four or five consecutive adjacent intervals, each of which is swept
in 4 s. Therefore, their width increases with frequency. For each interval, the transfer function
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between the two microphones of the sensor is recorded ten times, with a frequency resolution
of 0.2 Hz, and averaged. This transfer function is also measured during a preliminary calibration
step with the sensor cavity sealed using an infinite acoustic impedance.

Modelling clay
P Aluminum tap

Threaded rod

Silicon cylinder

Pipe
(wood or plastic)

Modelling clay

— Reference plane Micl
— Piezotransducer

Mic2
Preamplifier Preamplifier
+ +
Acquisition Card Acquisition Card
Chirp signal Chirp signal
fE[50 Hz, 2.5 kHz]| A A fE[50 Hz, 2.5 kHz] 4 A
Audio interface Audio interface
a b

Figure 1. Experimental setup used to measure the input impedance of the wooden pipes and the
plastic pipe. For impedance measurements of wooden pipes with an air column of length L, the
pipe is closed using an aluminum tap and modelling clay (a). For the other measurements, the
aluminum tap is replaced by a silicon cylinder whose position is adjusted by a threaded rod (b).

Then, the input impedance is deduced from these two transfer functions, with a method
described by Le Roux et al. (2012). It is called Z; when the air column length is equal to L; and
Z, when it is equal to L,. The temperature and the relative humidity are measured with a
psychrometer before each recording in order to evaluate the density of air and the speed of
sound, cf. Davis (1992) and Cramer (1993). Temperature varied between 19.4 °C and 20.0 °C
throughout the successive measurements with non-polished pipes, between 21.7 °C and 22.7 °C
with polished pipes and between 21.7 °C and 21.9 °C with the plastic pipe. Relative humidity
varied between 57 % and 60 % throughout the successive measurements with non-polished
pipes, between 57 % and 62 % with polished pipes, and between 59 % and 60 % with the plastic

pipe.



Small inaccuracies while positioning the silicon cylinder inside the pipe affects the
impedance measurements. Indeed, as shown in the appendix, an error of a few 0.1 mm reduces
the precision of the estimated dissipation considerably. In consequence, the impedance curve
Z2 measured with an air column length L, = L, /2 is dilated or shrunk in frequency by a scaling
coefficient, as shown in the case of the plastic pipe by the dotted gray curves in Fig. 2. For that
purpose, the phase zeroes of Z; associated to the resonance frequencies below 2.5 kHz are
divided by the phase zeroes of ZJ. The scaling coefficient is equal to the average of these ratios.
For the plastic pipe as well as for the wooden pipes, this transformation generates small
modifications in Z,, which considerably improve the estimation of characteristic impedance and
wavenumber, cf. Secs II C and II D.

For the plastic pipe, the input impedances, respectively called Z; pjastic and Z; piastic for
air column lengths equal to L; and L,, are each measured 10 times in order to evaluate the
repeatability of the experimental protocol. Figure 2 shows the average impedances as well as the
standard deviation of their magnitude and phase.

719 Hz 1.44 kHz 2.16 kHz

Freq (kHz)

Figure 2. Averaged input impedances (pressure divided by longitudinal velocity) of the closed
plastic pipe, while the length of the air column is L; = 238.5 mm (solid black) and L, = L,/2
(solid gray). The dotted gray line shows the averaged input impedance Z; p4stic, after correction,
so that the average distance between the zeroes of its phase and those of Z; pjastic is minimized.
The dashed lines show the standard deviations of the ten measurements of Z; jjastic (black) and

ZZ,plastic (graY)-

As shown in Fig. 2, the standard deviations are small compared to the measured
impedances and are maximal in the vicinity of impedance peaks. Their values stay below 5.0 %
of the average measurements between 50 Hz and 2.5 kHz. As a conclusion, the experimental
protocol is highly repeatable over this range.



C. Characteristicimpedance

In this section, a method is described to calculate the complex and frequency dependent
characteristic impedance Z., for each pipe of the corpus before and after polishing. The
estimations of the wavenumber k and of the attenuation factor I' = —Im(k) are deduced from
this method Sec. II D. In the following, “Re” and “Im” respectively refer to the real part and to the
imaginary part of a complex number.

The input impedance of a cylindrical pipe is given by Chaigne and Kergomard (2016, pp.
183-184):

_ Zy+Zcjtan(kl) (1)
1+ (Z,/Z)jtan(kL)’

L being the length of the air column and Z; the impedance at the far end.

When the pipe is closed, Z; is infinite. Then, from Eq.(1), the input impedance only
depends on Z. and k, which are unknown, due to visco-thermal losses and finite wall impedance
in the bore. Since two equations are needed for two unknowns, the input impedance is measured
for two air column lengths. It is equal to Z; = Z./(j tan(kL,)) when the length isL;, and
toZ, = Z./(jtan(kL,/2)), when the length is L, /2. These expressions lead to the relation:

Zyjtan(kL,) = Z,jtan(kL,/2) 2)

Using trigonometric identities, Eq.(2) gives tan?(kL,/2) = 1 — 2Z,/Z, and then leads to
two additive inverse expressions of Z,

Z.=+7Z, 222 -1 (3)

For each frequency, the chosen solution is that having a positive real part. Figure 3 shows
the characteristic impedance of the plastic pipe, estimated using the impedance measurements

Zl,plastic and ZZ,plastic-

The estimated characteristic impedance is compared to a theoretical value ZI",
calculated using a model of smooth and non-porous cylindrical pipe having the same dimensions
as the plastic pipe, with visco-thermal losses. The first cut-off frequency is equal to
1.84¢,/(2ma), a being the pipe inner radius. For the plastic pipe as well as the wooden pipes of
the corpus, this frequency is larger than 11 kHz. In consequence, over the frequency range
considered [50 Hz, 2.5 kHz], only plane waves can propagate. Then, the acoustic pressure is
assumed to be uniform on each cross section. However, due to non-negligible dynamic shear
viscosity, the longitudinal component of acoustic velocity is not uniform on a cross section and
its variation in the radial direction is much larger than that in the pipe axis. In these conditions,
the effective complex bulk modulus and density of air are derived from Navier-Stokes, mass
conservation and heat conduction equations (Zwikker and Kosten, 1949, pp. 25-32). Using the
same notations as Bruneau (1998, pp. 80-84, pp. 141-146), their expressions are:
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_ YPo
K=m+ro-DK] ()

andp = po/ [1 - K] (5)

where P, is the atmospheric pressure, y is the ratio of specific heats of air at constant pressure
and volume, and p, is the density of air in adiabatic conditions. K}, and K, express the radial
dependency of acoustic temperature and axial velocity, involving first kind cylindrical Bessel

functions of order 0 and 1, J,and J;: K, = %% and K, = %féi"g;, with ky, = /—jko/ln
h¢ Jo\*h v& Jo\ty

and k, = ./—jko/l,. l, and l, are the characteristic lengths for thermal and shear viscosity
effects and kjis the wavenumber in adiabatic conditions. The theoretical characteristic
impedance, Z* = ,/pK, is shown in Fig.3 (dotted black). In this calculation, p, is given by Davis

(1992). It is calculated at averaged values of temperature and relative humidity recorded during
the experiment, 21.9 °C and 59%.

300Hz 718 Hz 1.45 kHz 2.16 kHz
~10% e | ;
E | i ' i
s ol ;
1 A il e S
o a
£ 90 e i e
@ e . s e
3 E .= s =.
a 0= - ] ;
.90\ : : § E ,
0 0.5 1 1.5 2 2.5
Freq (kHz)

Figure 3. Averaged value of the characteristic impedance Z. in the plastic pipe (solid gray),
calculated using the impedance measurements Zj pjastic and Z; plastic; and smoothed using a
median filter (solid black). The dotted black lines show the theoretical value Zt", for
temperature and relative humidity equal to average experimental values: 21.9 °C and 59%. In
the upper figure, the dashed black curve shows the standard deviation of the 100 estimates
of Z...

One hundred estimates of the characteristic impedance in the plastic pipe are calculated,
using each of the ten measurements of Z; pjatic and each of the ten measurements of Z; ;jastic-

The average curve is the solid gray line in Fig. 3. The standard deviation (dashed black) grows as
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frequency decreases, up to 4.23 % of Z. in 50 Hz. This is due to the relatively large measuring
noise in the impedance measurements at low frequency. Above 300 Hz, the standard deviation
remains below 0.5 % of Z...

The estimated characteristic impedance shows a large peak in 1.45 kHz, as well as
smaller peaks, noticeable on the phase curve, in 718 Hz and 2.16 kHz. At these frequencies, close

to resonances and anti-resonances of the plastic pipe, Zl,plasticl and|Zz_plastiC| reach extreme

values which increase the sensitivity of Z,. to calculation errors.

Above 65 Hz and outside frequency ranges including these peaks, [710 Hz, 850 Hz],
[1220 Hz, 1880 Hz] and [2140 Hz, 2300 Hz], the characteristic impedance is constant in first
approximation: its variation remains below 8.5% of its average value. In addition, over this
range, the estimated and theoretical characteristic impedances have similar average values;
equal to 425 and 412 Pa.m™ 1., respectively. Their relative difference is less than 5.5%. From
these observations, the three peaks in the estimate of Z, are assumed to be measuring artifacts,
whose origin is discussed in an uncertainty analysis, cf. the Appendix. In consequence, these
peaks are discarded using a median filter. The window size, equal to 886 Hz, is chosen so as to
minimize the distance between the estimate of Z. and the theoretical value. In Sec. II D, the
filtered estimate of Z. is used to calculate the wavenumber and the attenuation factor.

D. Wavenumber and attenuation factor

The attenuation factor, subsequently called T, is equal to the real part of the propagation
constant jk. Its value is deduced from the expression of the complex wavenumber, depending on
the measured input impedance Z; and the estimate of the characteristic impedance Z:

k= “arct ('ZC) 6
—Llarcan ]Z1 (6)

For the plastic pipe, one hundred estimates of jk are calculated, using each estimate of Z_
and the corresponding impedance measurement Z; ,jastic- The average estimate of I' is shown in

Fig.4. A theoretical wavenumber, called ky, = w+/p/K, is also calculated, using the model
described in Sec. II C. Its expression in the presence of visco-thermal losses is given by Eq.(4)

and (5):
O )

Then a theoretical value I}, is deduced from Eq.(7) and compared to the estimate, cf. dotted
black curve in Fig. 4.



Freq (kHz)

Figure 4. Average attenuation factor I' = Re(jk) in the plastic pipe (solid black). The circles
indicate the resonance frequencies of Z; pastic- The dashed gray curve shows the relative
standard deviations of I for the 100 estimates, cf. right axis. A theoretical curve (dotted black) is
calculated using a model of smooth and non-porous cylindrical pipe of same dimensions as the
plastic pipe, with visco-thermal losses. For this calculation, temperature and relative humidity
are equal to average experimental values: 21.9 °C and 59% respectively.

Between 300 Hz and 2.5 kHz, the standard deviation is less than 9.9 % of the estimate
of I Since the estimated curve decreases as w tends to 0, the relative standard deviation
increases in the lower range.

As mentioned in Sec. II B, the impedance measurements are processed ten times over
adjacent and consecutive frequency intervals, swept one after the other by chirp signals. Since
the noise level is different on these intervals, the estimation method causes discontinuities at
their boundaries as shown in Fig. 4, on the curve of I' at 140, 371 and 982 Hz.

Errors in the phase of the impedance measurements induce a small rotation of —j Z./ Z;
about the origin in the complex plane. In consequence, due to the complex arctangent function in
Eq.(6), Re(k) and Im(k) oscillate around the theoretical values. This explains the fluctuations of
I' = —Im(k) in Fig. 4.

Despite these measurement artifacts, the estimate grows with frequency and its global
shape is similar to the theoretical curve, as expected since the acoustic dissipation in the smooth
and non-porous plastic pipe is essentially restricted to visco-thermal losses.

In conclusion, the method described in this section provides satisfying estimates of
characteristic impedance and attenuation factor in a large diameter cylindrical plastic pipe
above 300 Hz. Its accuracy and repeatability depend on the noise level in the impedance
measurements and decrease in the lower range. This method is applied in Sec. III to the corpus
of wooden pipes.

III. RESULTS

A. Characteristic impedances in the wooden pipes

The characteristic impedance Z, in the wooden pipes are estimated from Eq.(3), using the
measured input impedances before and after polishing. A median filter is applied to these curves



in order to discard measuring artifacts close to the resonance frequencies of Z; and Z,. The
window size is equal to 1 kHz. It is chosen so as to minimize the distance between the estimate
and the adiabatic value pgycy, given by Davis (1992) and Cramer (1993) and calculated using the
average temperature and relative humidity during the corresponding impedance measurements.
For each pipe, the estimate of Z. and the corresponding adiabatic value are shown in Figs. 5(a)
and 5(b). As shown by the five superimposed dotted black lines, the variations of temperature
and relative humidity do not significantly affect Z..

Inclined maple ——- Pear wood
— — — Straight maple —— African Blackwood
Bﬂxwﬂﬂd sEmEEmmm Mndels

i
%] e | g T
- F FEFFEFESSEFS S S S E S S SR FEEEEEEEEEEEEES EEEEEEEEEN

d

ui .'IlI-rll-;rllTlITII_III_IIl_llI_III_Ill_lII_III_Ill_lI_:IIIIIIIIIIIIII_II-I_II-‘I_II_III-F

£400 7

— 0

biu L

300 ! | ! |
0 0.5 1.0 1.5 2.0 2.5

b Freq (kHz)

Figure 5. Estimates of the characteristic impedance in the wooden pipes (solid and dashed gray
and black curves) before polishing (a) and after polishing (b), after applying a median filter of
width 1 kHz. Theoretical curves in adiabatic conditions (dotted black) are calculated using
averaged experimental values of temperature and relative humidity.

The estimates of characteristic impedance slightly decrease in the lower range. In
particular, they fall short of the theoretical value, below 400 Hz for inclined maple and below
125 Hz for pear wood before polishing, and below 174 Hz for straight maple after polishing.
Above these frequencies, for all pipes, the average value of |Z,| is close to the theoretical values:
their difference varies from 2.5%, for inclined maple to 7.5% for African Blackwood before
polishing and from 2.6% for straight maple to 6.8 % for boxwood after polishing.
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For each pipe, the phase of Z, not shown in Fig. 5, is randomly varying with frequency.
Its variations have small amplitude around 0: between —5.0° and 0.8° before polishing, and
between —1.3° and 0.2° after polishing.

As a conclusion, among the wood species selected, the differences of surface condition in
the bore before and after polishing cause small modifications of characteristic impedance,
relative to the theoretical value calculated in adiabatic conditions.

B. Attenuation factors before polishing

The propagation constants jk are deduced from the wavenumbers, given by Eq.(6). The
calculation involves the input impedances of the wooden pipes before polishing, measured with
an air column length equal to L; and the estimates of characteristic impedance shown in Fig.
5(a). For each pipe, the attenuation factor I' = Re(jk) is shown in Fig. 6.

Inclined maple ———— Pear wood
— — — Straight maple —— African Blackwood
Boxwood seennnns Models

0 0.5 1.0 1.5 2.0 2.5
Freq (kHz)

Figure 6. Attenuation factors in the pipes made of maple, boxwood, pear wood and African
Blackwood before polishing (solid and dashed curves). The five superimposed dotted black
curves show theoretical curves for smooth and non-porous pipes with same dimensions as the
pipes of the corpus and with visco-thermal losses inside the bore. They are calculated using
experimental values of temperature and relative humidity.

Theoretical attenuation factors are deduced from Eq.(7), using the model of smooth and
non-porous cylindrical pipe described in Sec. II C. For each calculation, the temperature and
relative humidity, required for the calculation of k, are set to the values measured during the
corresponding experiments. These theoretical curves are similar to each other, as shown by the
five superimposed dotted black curves in Fig. 6. Thus, from the model, the variations of
temperature and relative humidity throughout the impedance measurements do not
significantly affect the attenuation factors.

For pipes parallel to the fiber direction, the attenuation factors range from 0.07 m™?, for
African Blackwood and pear wood in 300 Hz, to 0.40 m™?, for straight maple in 2.5 kHz. The
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measurements below 300 Hz are not taken into account because they are less reliable, as shown
by the estimation errors in Fig. 4.

For the inclined maple pipe, the curve shows large fluctuations with local minima and
maxima, similar to Fig. 4, which may be due to errors in the phase of impedance measurements,
as suggested for the plastic pipe in Sec. I D. In addition, the attenuation factor, between
0.29 m™?! in 312 Hz and 0.85 m™~! in 2.2 kHz, is significantly higher than for pipes parallel to the
fiber direction. Therefore, modifying the fiber direction may affect the inner surface condition
more than changing of wood species.

The estimated attenuation factors are larger than the theoretical ones. This suggests that
the surface condition in wooden pipes generates more acoustic dissipation than in smooth and
non-porous pipes. In addition, the amount of acoustic dissipation depends on the wood species.
In particular, the curve of African Blackwood is very similar to the theoretical curve. This agrees
with some makers, who report that this wood species is particularly hard and non-porous. Then,
a low attenuation factor may be a valued characteristic and may partly explain why African
Blackwood is commonly used to make wind instruments, such as clarinets and oboes.

C. Attenuation factors after polishing

Figure 7 shows the attenuation factors in the wooden pipes after polishing. Their
calculation deduced from Eq.(6) involves the estimates of characteristic impedance, cf. Fig. 5(b),
and the pipe impedances measured after polishing with an air column length equal to L;.

Inclined maple ——- Pear wood
————— Straight maple — African Blackwood
Boxwood sesssnns Models
0.5 2010Hz
0.4 B |
1015Hz _— ;

0 0.5 1.0 1.5 2.0 2.5

Freq (kHz)

Figure 7. Attenuation factors in the pipes made of maple, boxwood, pear wood and African

Blackwood after polishing (solid and dashed curves). The five superimposed dotted black curves

show theoretical curves for smooth and non-porous pipes with same dimensions as the pipes of

the corpus and with visco-thermal losses inside the bore. They are calculated with experimental
values of temperature and relative humidity.

Theoretical attenuation factors in smooth and non-porous cylindrical pipes with visco-
thermal losses are calculated using the same procedure as before polishing. As expected, these
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curves (dotted black lines in Fig. 7) are superimposed again, since the experimental values of
temperature and relative humidity are similar before and after polishing.

As before polishing, the measured attenuation factors globally increase with frequency.
For pipes parallel to the fiber direction, their values have slightly decreased after polishing and
now range from 0.06 m~1, for African Blackwood in 300 Hz, to 0.37 m~}, for straight maple in
2.5 kHz. For inclined maple, the attenuation factor is reduced in a greater extent;
between 0.19 m™%, in 300 Hz, and 0.44 m™%, in 2.5 kHz.

The curves also show fluctuations, possibly caused by small errors in the phase of
impedance measurements. Their amplitudes are relatively small compared to inclined maple
before polishing. However they are large enough to change the order of the curves that are very
close together, e.g. pear wood and boxwood between 674 and 913 Hz. The curve of African
Blackwood also passes slightly below the theoretical curve, in particular between 1902 and
2195 Hz. In addition, small discontinuities are observed in 1015 and 2010 Hz, boundaries of the
adjacent frequency intervals used in the pipe impedance measurements.

Despite such estimation artifacts, Fig. 7 shows that the attenuation factors of the wooden
pipes are ranked in the same order before and after polishing over most of the frequency range
above 300 Hz: inclined and straight maple, boxwood, pear wood and African Blackwood, from
largest to smallest.

V. DISCUSSION

A. Influence of wood species and pipe direction on the attenuation factors

For each pipe, the ratios between estimated attenuation factors' and theoretical
values Iy, calculated with models of smooth and non-porous cylindrical pipes with visco-
thermal losses, are compared before and after polishing, cf. Fig. 8.

The ratios of attenuation factors show relatively small variations with frequency. Their
amplitudes are less than 23.1 % of their average value between 325 Hz and 2.49 kHz before
polishing, and they are reduced after polishing to less than 12.5% between 317 Hz and
2.47 kHz.

Figure 8 also shows that the ratios of I' take a wide range of values among the wood
species considered, especially because of inclined maple. Indeed before polishing, for pipes
parallel to the fiber direction, the ratios range from 0.9 for African Blackwood in 305 Hz, to
2.1 for maple in 2.16 kHz, while it almost reaches 4.7, in 640 Hz, for inclined maple. After
polishing, the interval of values is narrower, from 0.9 for African Blackwood in 2.0 kHz to 2.7 for
inclined maple in 671 Hz.

The differences of roughness and porosity inside the pipes potentially modify the wall
impedance in the bore, the thickness of the boundary layers, responsible for visco-thermal
losses, and consequently the attenuation factors. Therefore, the wide range of ratios shown in
Fig. 8 reveals a large variety of surface condition inside the pipes of the corpus, depending on the
wood species and on their direction.
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Figure 8. Ratios between estimated attenuation factors and theoretical attenuation factors
calculated with models of smooth and non-porous cylindrical pipes with visco-thermal losses
before polishing (a) and after polishing (b).

B. Effect of polishing on the attenuation factors

From Figs. 8(a) and 8(b), the comparison of the ratios of I indicates that polishing tends
to reduce the difference of acoustic dissipation in the wooden pipes among the species and pipe
directions considered. In order to investigate the influence of polishing quantitatively, the
ratios ' /Ty, are averaged between 300 Hz and 2.5 kHz for each pipe of the corpus. The symbols
in Fig. 9 show, for each pipe, these values after versus before polishing.

As expected, the ellipses of Fig. 9 are below the dashed line, since polishing reduces the
attenuation factors. The distance between the symbol for African Blackwood and the point of
coordinates (1,1) is very small because the attenuation factor is very close to the theoretical
model even before polishing.

Except for straight maple, the vertical axis of each ellipse is shorter than the horizontal
one, which means that polishing not only reduces the attenuation factors but also their standard
deviation between 300 Hz and 2.5 kHz.

The vertical distance between each symbol and the dashed line increases with the ratio
['/Tin before polishing. This shows that the impact of polishing is bigger on wood species with
larger attenuation factor. Indeed, for inclined and straight maple this distance is respectively
21.5 and 5.2 times larger than for African Blackwood. This result was expected since, among the
wood species considered, maple is the furthest from the theoretical model. However it is more
surprising that the attenuation factor of boxwood, which has an intermediate position between
pear wood and straight maple before polishing, is much closer to pear wood after polishing. This
means that the boxwood pipe is more affected by polishing than the straight maple pipe.
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Figure 9. Attenuation factors after polishing versus before polishing, relative to theoretical
values calculated with models of smooth and non-porous cylindrical pipes with visco-thermal
losses. The ellipses are centered on the average values of I'/T};, between 300 Hz and 2.5 kHz. The
horizontal and vertical axes of the ellipses show their standard deviation over the same range.
The dashed line shows the points where the ratio I'/I};, is the same before and after polishing.

More measurements involving other wood species could highlight a relation between I’
after and before polishing. Such a result would allow makers to predict the impact of polishing in
an instrument resonator.

C. Analysis of acoustic dissipation causes

In order to compare the impact of wood species, pipe direction and polishing on the
attenuation factors, other ratios involving I' of straight maple are calculated between 300 Hz and
2.5 kHz, cf. Fig. 10.
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Figure 10. Ratios between I' of inclined maple and straight maple before polishing (solid black),
between T of straight maple and African as explained before polishing (solid gray), and between
I of straight maple before and after polishing (dashed black).

Before polishing, the maximum value of the ratio [inclined maple/ Tstraight maple 1S 2.29. It is
larger than that between straight maple and African Blackwood, which remains below 2.15, and
that between straight maple before and after polishing, which is less than 1.5. According to these
values, modifying the pipe direction may affect the acoustic dissipation and then the inner
surface condition more than changing of wood species and polishing. Most occidental woodwind
instruments with a straight resonator are parallel to the fiber direction. Several makers involved
in this study report that this direction is usually chosen to make the instruments more resistant
and durable. According to these results, such a making strategy also reduces the acoustic
dissipation in the resonator.

CONCLUSION AND PERSPECTIVES

In cylindrical resonators of woodwind instruments, the characteristic impedance and the
attenuation factor are readily deduced from two impedance measurements with closed end, one
having an air column twice as long as the other.

For the wooden pipes considered, in species typically used in woodwind making, the
attenuation factors are ranked in the same order before and after polishing: maple, boxwood,
pear wood and African Blackwood, from largest to smallest. In addition, for an inclined maple
pipe whose axis forms an angle of 60° with the fiber direction, the attenuation factor is measured
to be about twice larger than for a straight maple pipe parallel to the fiber. Consequently, in
serpents or cornetts, typically made of maple, the acoustic dissipation may undergo even larger
variations, due to the bends in the bore.
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For African Blackwood, the attenuation factor is very close to a theoretical value in a
non-porous and smooth pipe, where acoustic dissipation is only due to visco-thermal losses.
Then, the effect of polishing is negligible compared to the other species.

The variations of dissipation among wooden pipes may be due to differences of
roughness and porosity, which affect the surface condition inside the bore. While polishing,
roughness decreases and fine particles may seal some pores and reduce both the surface
porosity inside the bore and the thickness of boundary layers. This could explain why the
attenuation factors are smaller after polishing, except for African Blackwood, whose porosity is
naturally very low.

This study has investigated the impact of polishing on the acoustic dissipation in wooden
pipes. Further studies are required to quantify the influence of other stages of the making
process on the acoustics of woodwind instruments. Also, measurements of attenuation factors,
involving more wood species may help predict the acoustic dissipation in pipes after polishing
and then after oiling. Lastly, the influence of dissipation on the air column resonances, and
consequently on the sound and playability of wind instruments is of interest to makers and
players and should be further investigated.
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APPENDIX: UNCERTAINTY ANALYSIS

The uncertainties in the estimation of the characteristic impedance and consequently of
the wavenumber and the attenuation factor are essentially bias, due to a drift of some
parameters of the sensor and to inaccuracy in the experimental setup. Indeed, since the
characteristic impedance in the pipe is estimated using a deterministic signal, background noise
and consequently random errors are negligible compared to bias errors (Bodén and Abom,
1986).

First, we investigate the influence of sensor parameters. As shown in Fig.1, the
impedance sensor is composed of two cavities separated by a piezoelectric buzzer. The acoustic
pressures in the cavities are recorded using two microphones. The acoustic impedance in the
reference plane is deduced from the transfer function H,; = p,S,/p151, p; and s; being the
acoustic pressure in the ith cavity and the sensitivity of the ith microphone (Le Roux et al,
2012):

, _ LHai/Hy, — 58

5 (11)

1- H21/H20;
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sealed by a rigid plate. f and § only depend on the geometry of the cavity. These parameters,
measured with three resonance-free acoustic loads (Dickens et al., 2007) are assumed not to be
modified since the factory calibration procedure. As a result, the main potential source of

is the transfer function measured during a preliminary calibration step, with the cavity

uncertainty due to the sensor is a drift of the microphone sensitivities modifying H,, after the
calibration step throughout the impedance measurements.

In order to simulate such a disturbance and to analyze its influence on the characteristic
impedance, H21/H20; is multiplied by a complex coefficient, called ageys, in Eq.(11). Then, from
Eq.(3), the characteristic impedance Z. is expressed in function of asenan/Hzo;. The

ratios H21/H20: are calculated using Eq.(11) in function of the theoretical pipe impedances for
each air column length: Z&/(jtan(ky,L,)) and Z/(jtan(key,L,)), with Z8P = /pK and

kip = w\/p/_K, given by Eq.(4) and (5). The value of age,s minimizing the distance between
calculated and estimated Z.. in decibels is deduced from an algorithm combining golden section
search and successive parabolic interpolation (Brent, 1973, pp. 61-80). For the plastic pipe, it
corresponds to an increase of 0.023% in the microphone transfer function |H,4| and an increase
0of 0.016° in its phase.

The placement of the silicon cylinder inside the bore may also introduce errors in the
estimation of the characteristic impedance. In order to investigate the influence of this
uncertainty, Z. is calculated using Eq.(3) and the theoretical pipe impedances
78/ tan(2ke,L,)) and Z%/(jtan(a kL)), so that the ratio of air columns is 2/a;. The
distance between calculated and estimated characteristic impedances in decibels is minimal
when a; = 0.994. For the plastic pipe, this corresponds to an error of(1 — a;)L, = 0.7 mm in
the placement of the silicon cylinder. This value is consistent with the 0.5 mm accuracy of the
caliper used to measure the air column length.

The estimate of Z. in the plastic pipe is compared to the simulations calculated for the
two kinds of disturbance, cf. Fig.11. The similarities between the solid gray curve and the dashed
black curve suggest that the measurement uncertainty is mainly due to inaccuracy in the
placement of the silicon cylinder. However the drift of microphone sensitivities during the
measurements may also contribute to impact the estimate of Z., particularly around the
antiresonances of Zyjstic,2, Where the difference between the solid gray curve and the dashed
black curve is maximal. Further, the drift of microphone sensitivities ag.,s may vary with
frequency. Considering this dependency could reduce the difference between the simulated and
the estimated characteristic impedance. However this point falls out of the scope of this study,
since the peaks of Z, are filtered out before estimating the wavenumber and the attenuation
factor.
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Figure 11. Characteristic impedance in the plastic pipe: estimate (solid gray) and simulations for
two kinds of disturbance: increase of 0.023 % in the microphone transfer function |H,;| and of
0.016° in its phase (dotted black) and reduction of the half air column L, by 0.7 mm (dashed
black).
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