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An application of a parametric transducer to measure acoustic absor ption

of aliving green wall

Anna Romanova, Engineering & Science, University of Greenwich, Chatham, ME4 KTB, U
Kirill V. Horoshenkowand Alistair Hurrel] Mechanical Engineering, University of Sheffield,

Sheffield, S1 3JD, UK

ABSTRACT

This work reports on a new method to measure the absoquefficient ofa Living Green

Wall (LGW) in-situ. A highly directional parametric transducer and acoustic intepsitye

are used to make this method robust against background noise and unwanted reflecsions. Thi
method is tested under controlled laboratory conditionsiassitu on areal green wallThe
methods is compared favourably against impedance tube data obtained for poroushmcldia w
properties are relatively easy to measure using a standard laboratpryreetnew methods

an alternative tahe ISO354-2003and CEN/TS 1795:2016 standard methodis measure

acoustic absorption of materials.

Keywords. urban noise,Living Green Wall (LGW) living plants, green wall, acoustic

absorption, acoustic measurement, parametric sound.

1. Introduction

There has been strong evidence that some liylagts (foliage) are able to absorb a
considerable proportion of the energy in the incident sound wave. Some of this evidence we
obtained through the standard laboratory experiment [1], some were derived through the
application of a mod€le.g. [2, 3])and some were collectéadsitu [4]. However, there is still

no valid theoretical model which is based on clear physics and which can explaséneed
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absorption spectra in a sufficiently broad frequency range. The evidence a&skesmijar
suggest that three main mechanisms are responsible for the absorption of sowmgby i
plants. In the lowepart of theaudible fequency range (e.g. below 1800 Hz) the thermal
dissipation mechanisms are important [5]. In the medium frequencyl(€¢000Hz) where

the acoustic wavelength is still much larger that the characteristic leaf dimengiob& 250

mm for typical plants [3]) the viscous dissipation is the prime absorption mechaniéinlp

the higher frequency range (e.g. abov2 kHz) whee the acoustic wavelength becomes
comparable or smaller than the characteristic leaf dimension, the leaf vibaatiomultiple
scattering begin to contribute to the dissipation of the energy in the incident soun@y&ve [
One obstacle to the development of a unified model for sound propagation through foliage is
the lack of reliable experimental data on the acoustic reflection/absorptiorcier¢fiipectra

for a representative range of acoustic frequencies and angles of incideese data can the

be related to the morphological characteristics of plants which can beydineetsured so that

a robust model can be developed and tested through a reliable experiment. An appasént lac
data on the acoustic reflection/absorption coefficient spiwtr@ants can be explained by the
difficulties in measuring the absorption by plants in the laboratony-gtu. Thisdifficulty in
laboratory conditions relates to the standard 1SO 354 tetdiequires 10 rharea of living
plantor LGW specimertransported athinstalled in a reverberation chamlverich isa rather
cumbersomand expensivprocedureThe alternative, ISO 10532test [8] does not allow for

a large enoughGW specimen to be testéd a broad enough frequency range. The difficulty
of measuring the absorption of LGW or individliaing plantsin-situ is a lack of reliable
standard methods for measuring the absorption of complex surface geometries saotsas pl
and the strong influence of the ground from which tipéesets are growntheBS 17935:2016

[9] method relies on an omdirectional source and microphones. As a result, it suffers from

the interference between the sound reflected frolw@W, its edges and the ground. It is also
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recommended only for flat, homogeneous samples so that its application to volumetric
absorbers such as living plants is questionable.

The aim of this work is to applgnd validatea method which is able to measure the acoustic
absorptionof a large specimen of a vertical placéing plant in a broad frequency range
which is representative of the spectrum of noise emitted by teafflather common sources

of noise. Thignethodrequires a parametric transducer and intensity probe which sensitivities
are highly directional.In comparison with theBS 1793-5:2016 method9], the method
proposed in this paper is less prone to the effect of the ground reflectiorheretige effects

and it can be used either in a laboratoonditionsor in-situ. Laboratory applications of
parametric transducer have been reported before to measure the complex refetticient

of flat material samples of limited dimensions ,[ll] and sonic crystals [12] at normal and
obliqgue angles of incidence. In this respect, the novelty of thengéria transducer method
used in this paper is thréeld. Firstly, this method is applied to measure the absorption of a
green wall which surface is far more complicated. Secondly, we use the somsdyreobe

and signal deconvolution which makes tmethod particularly resistant to environmental
noise. Thirdly, this method is now applied outdoors to a realistic section of a greevhigall

is typical to the conditions under which the acoustic absorption of green walls need to be
measured

The papeis organised in the following manner. Section 2 describeddhign of the.iving
Green Wall's (LGW)used in the experiments. Section 3 describessxtperimental setup and
specimen characterisation procedures. Secfiopresents the results. Section daws

conclusions.
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2. Green wall arrangement

LGW module system for this wonkasprovided by ANSGroupGlobal Ltd- Living Wall &
Green RoofSpecialist companyhe wallis arrangedn the form ofarectangular heavy duty
plastic moduleswhich measue 100 mm deep,250 mm wide and500 mm tall with 14
compartments for plants (7 compartments tall and 2 compartments wide as shogurenl

- right). All modules are identical and haaespecial hook catchment at the back which allows
the moduls to be hung on the wallThere is a hood at the back to allow for water pipeline
installation and to provide a cligk system for the module placed top. There are trenches
at both sides of the module to allow for firm fixing with screws. In total 8 module9énd
plantsare required to form & m2 of the wall. On average, when waterethdof green wall
section weighg2kg.

The modules are cladded on to the wooden rails that are firmly attéahbe wall and/or
facade. Inbetween of the wall and thrail a specialised waterproof membranetischedto
protect the building wall from excess water and damp (see Figured2anded green wall
options offer wireless wall moisture control with automated on/off watgigggstems. When
constructing the wall, the modules may come on site pre-planteltemradively planting can
be done on site. The choice of plafs the Living Green Wall (LGW)is downto the
designer'spreference. Hwever factors such as the south or north side facing building wall,

average temperature, humidiayerage rainfaland windare normallytaken into account.

Figure 1. Living Green Wall module, with plants and empty (ANS Group Global Ltd).
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Figure 2. Living Green Wall module installation front and side view (ANS Group Global Ltd).

3. Experimental setup

3.1. Acoustic equipment

An intensity probeBrlel & Kjeer, type 4197[13] with Briel & Kjaer NEXUS conditioning
amplifier type 2690and parametric transducexdirectionalloudspeaketHSS 3000 Emitter
[14] with HSS3000 amplifier were used in the reported experiments. The intensity probe was
firmly attached tatelescopic tripod andlacal at a height of 0.9 m and InY away from the
measured surfaceThe orientation of the intensity probe with respect to the wall was
perpendicular as shown in Figure 3. The directitmadspeaker waalso attached ta tripod
andit was placed #n away from the wallTheline connecting theentre point of the directional
loudspeakeiand the middle of the intensity probe ve&tperpendicular to the wall as shown
in Figure 3.The size of théoudspeaker wagd80mm wide andB00mm long and 30 mm thick
According to the original theories developed by Westervelt for a paramaetustic array in
the form of a sempermeable screen$lland by Lockwood for a parametric acoustic dish] [1
the process ofyeneration of the difference wave is primarily confined to the vicinitthef

transducerThis means that the amplitude and behaviour of the differiwafrequency)
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sound wave away from this transducer is mainly controlled by the source Istdemgity of

the primary highHrequency sound field near the transducer’s surfsee egs. (1), (2) and)(4

in ref. [16]). In the far field, i.e. where our measurements were taken, this differential wave
propagates like a spherical wave radiated by a highly directional trand8lecause the source
strength density of this wave is proportional to the squared sound pressure iim#éng (righ
frequencywave(see eq. (5) in ref. @), the whole process of audible souggheration by
parametric transducer is biased towards the areas where this primawyeregsrticularly

high. The primary frequency of the parametric transducer used imwtriswas 44 kHzThe
peaksound pressure of this primary wave was 440 Pa at 0.3 m from the transducer’s center.
This was sufficient to develop strong nlimear effectausing the emission of the diffetieth

wave The sound pressuie the primarywave reduced to approximately 35 Pa at 4 m away
from the transducelAt this position the notinear effects were relatively weak so that the
presence of either a green wall or another surfam@d be unlikelyto affect noticeably the

parametric sound generation process in the reported experiments.

_O Green

= O wal
_ =5 0O . .
= Intensity Parametric
S HP

probe transducer

-%D H O 1.7m
S () : y | g — am _|_|
S H O‘ »
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i -9—> Modules

[
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0.9m
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SOOUUNNNANANANNANNNNANNY

Figure 3. Experimental set-up schematics.
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For each of the experiments, the intensity probe was shifted left oranghtip or dowrio
measure the directivity of the incident and reflected sound waves. The horftsgalalues
were: 0; 50; 70; 100; 150; 250; 500 and 750 mm. The vertical offset values were: +g@enm.
exactlocatiors of theloudspeaker and intensity proleeremeasured by means of measuring
tapes and a set tdsers with level indidars. The choice of theseffsetswas based on the
transducer directivityand typical scattering pattemeasured at 1.7 nThe maximum values
of the horizontal offset corresponded approximately to +24 deg in terms of the azngleth a
The horizontakransducer directivity and thieorizontalscattering pattern of a brick wall are
shown on Figure 4 and 5, respectivelyThese results suggest that the 90% ofeimtted
acoustic energy in the horizontal plane is contained withinl2l@egsegment. The horizontal
directivity of the reflected sound is broader, but the bulk of energy is contairied thie +24
deg segmentThe vertical directivity ofthe transducer was not measured in the reported
experiments. It was assumed that the vdrticactivity pattern is sufficiently narrow to neglect
the ground interference and wall edges reflection and scattering eBeatn.the fact that the
vertical dimension of the parametric transdugas60% wider than its horizontal dimension,
one can ssume that the directivitywould broaden proportionally. Extrapolating the results
shown in Figure 4 into the vertical direction suggests t@®0% of the acoustic energy
emittedin the vertical directiorshould be contained within +169 deg segment.of the
experimental setup shown in Figure 3 it is possible to estimate that no more thartt#% of
emittedacousticenergy would fall on the ground at the foot of the green walmeasured
The procedures for signal processing used to generate the data shown iftFgdré are

described in section 3.3.



[Intensity, 4B re. 1v2]
Iogm(Frequency [Hz])

-20 <15 -10 -5 0 5 10 15 20
Angle [deg]

156

157  Figure4. The horizontal transducer directivity pattern measured at 1.7 m from the transducer

158 centre.
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160  Figure 5. The horizontal pattern of the acoustic intensity scattered by a brick wall being 4 m
161  away fromthe transducer centre and measured at 1.7 m away from the transducer centre.

162

163 3.2 Material specimens

164  The absorption properties of five different material specimens were studie@. Waes (i)

165  brick wall (Figure §; (i) 100 mm thick, harébacked melamine foaffigure (a)); (iii) green
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wall filled with 100 mm slightly moissoil without any plantgFigure 7(b)); (iv) green wal
planted withHedera helix (Figure 7c)); and (v) green wall planted witBergenia cassifolia
(Figures 7(d)). Thebasic morphologicatharacteristics of the two plants are summarised in
Table 1. The soil and the tvigpes ofplants were planted in thmirseryin a green wall which
dimensions were 2.5 mide and1.8 mhigh. The soilwithoutthe plants had 5 litres of water
per 1 nt andin all of the experiments witthe plants the soil ha@R litres of water per 1 fn
Table 1 presents basic morphological characteristics for the two plantsistudnés work.
The values presented in Tablarktaken as thaverage values for the selected plants used in

the experiments on the day.
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Figure 6. The arrangement of the acoustic equipment in the experiment on sound reflection

froma brick wall.



() (d)

Figure 7. The arrangement of the acoustic equipment in the experiment on sound reflection

from: (a) 100 mm layer of hard-backed melamine foam; (b) Modules with soil wall without
plants; (¢) Hedera helix green wall; (d) Bergenia cassifolia green wall.
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It was assumed that the absorption coefficient of the brick wall does not éx@&edh the
adopted frequency range. Therefore, the brick wallugas to simulate a rigid surfaieserve

as a reference to determitiee absorptiorcoefficient ofthe layers of soil,two plants and
melaminefoam The hardbackedayer of melamine foam used in the experiments was 2 m X
2 m and its thickness was 100 mm. A 100 mm diameter sample of melamine was cut out and
its absorption eefficient wastested in the impedance tube in accordance with the 1ISO 10534-
2 method17].

The absorption coefficient of melamifeam measured in a standad®0 mm diameter
impedance tube the frequency range of 1601600 Hz. The impedance tube resultsre
thencompared against that measureditu with the measurement methpdoposedn this
paper In addition, the absorption of HO0 mm thick sample of soil was measured in the
impedance tubeThe bulk density ofdry soilwas200 ky/m3. The soil absorption measured in
the impedance tube wadso compared against that measurn@dsitu for the purpose of

validation of the proposed method against a standard experiment.

Table 1. The basic morphological characteristics of the tested plant specimens.

Leaf length | Plant feight | Area of one Leaf Number of | Leaf area
leaf thickness leafs density
mm Mm mn? mm per n? mt
Hedera 45 160 1800 0.3 700 20.16
helix
Bergenia 70 180 4200 2 400 30.24
cassifolia

3.3. Signal Processing and Data Analysis

The signal used with the described experimental setup was a 10 sec sinuseselalnstie

frequency range of 1605000 Hz. Below B0 Hz the sensitivity of the parametiotidspeaker
was too low to overcome the background noise. Above 5000 Hz the directivity pattern of the

parametridoudspeaker was found too complex and the sensitivity of the intensity probe too
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low to apply the proposed method. The signals recorded on the microphondfmaintensity

probe were sampled usind\NationallnstrumentJSB-4431 card at the sampling rate of 22.05
kHz. The recorded signals were processed with Matiatmbtain the acoustic instantaneous
intensity using thesamedeconvolution methods detailed inChapter 5 in ref. [8]. The
application to deconvolution enabled us to achieve a very high signal to noise ratio which is

important in the presence of high levels of ambient noise while taking measuremsgits
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Figure 8. The time histories for the instantaneous intensity recorded in the presence of the
brick wall (top graphs) and in the presence of the 100 mmlayer of melamine (bottom graphs).

The graphs on the right hand side are the blow-up of the signal reflected from the material.

The instantaneous acoustic intensity was calculated as
1(t) = p(tu(t), (1)
where p(t) is the timedependent mean sound pressure recorded on the two microphones in

the intensity probe and(t) is the acodic particle velocityestimated from the sound pressure

data, p, ,(t) , recorded on microphones 1 and 2
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where A= 12 mm is the microphone separation in the intensity probegpgiscthe equilibrium

density of air.

Figure 8shows an example of theormalised (to 1 %) impulse response of the acoustic
intensity recorded in the presence of tlaetipon wall. This figure also presents a similar set
of data, but for the case when the 100 hardbacked layer of melamine was installed in front
of the intensity probe. The graphs on the left show the incident and reflected instantaneous
intensity signals. The graphs on the right show a blgevpictures of the reflected intensity
only. Note that the scale on the figure showing the intensity signal ezfl&écm the layer of
melamine is 10 times more sensitive than that for the reflection frorbritie wall. The
negative signals correspond to the incident sound wave. The positive signals correspend t
wave reflected from the material layer. Any small variations from this patteroecaxplained
by reflections from the structural elements of thenstty probe and supporting tripod. There
is a clear variation in the amplitude of the acoustic intensity recorded atediffprobe
positions. This variation is explained by a relatively strong directivityhef dource and
complexity of the acoustic field which this parametransduceradiates. In the bottom right
graph there are two reflected waves. The first wave corresponds to thearfiech the front

of melamine. The second reflection is the wave reflected from the rigidnigacki

Figure 9present examples of theormalisednarrow band intensity spectra which were
calculated for the instantaneous intensity signals reflected frotwrithewall and melamine.
The spectra shown in thigglirewere for a 25&amples time window araveragedver he

45 intensity probe positions. According to the ISO 1023@] impedance tubexperiment
the normal incidencplane wave absorption coefficient of the 100 mm layer of melamine is >

90% in the frequency range albove500 Hz. Themaximumrandom incideneabsorption of
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thebrick wall in this frequency range is&% [19] These two cases enable us to set the high
and low absorption limits which can be attained with the proposed mé&iljade 9also shows

the background noise intensity. These data sudigasbelow 500 Hz and above 5000 Hz the
intensities of the reflected signal and background noise are comparablet sihetba

frequencies should be avoided in the analysis.
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Figure 9. The intensity spectra for the sound waves reflected from the wall and melamine.

These spectra are the total intensity over 45 intensity probe positions.

The spectra shown in Figuren@re used to calculatbd absorption coefficienthich was

determined as the following ratio

a(w) :l—l:‘"‘(—a))C(a)), (2)
I ()

where fa(a)) is the intensity spectrum reflected from an absorbing layemi@lgming, INr (w)

is the intensity spectrum reflected from thriick wall which was assumed rigid ar@(w) is

the correction which takes into account the peculiarities in the propagatione@meh#tn of



250 the sound wave radiated by the parametric transdUicer coefficient was calculatdzhsed on

251  the assumption that the brick wall is a perfectly reflecting surface, i.e.

252 MC(CO) -1 3)
)

253 in the case of the brick walh this calculation the intensity spectrum reflected frombitek

254  wall was effectively used as a referenitavas also assumed that the ambient conditions for
255  the generation and propagation of the ultrasonic career resulting in the audibhetpara

256  sound were identical in all of the reported experiments.

257

258 4. Results

259  Figure 10presents the absorption coefficient for the 100 mm-badked layer of melamine

260 foamcalculated in accordance with eq. (2). This figure also shows the absorption eneffici
261 of the same melamine foam measured using the impedance tube methidas[8amparison

262  suggests that in the frequency range of 5A®00 Hzthe two methods agree withifbor At

263  the frequencies lower than 500 Hz the proposed intensity method overestimates thteabsor
264  coefficient significantly Therefore, the results obtained with the proposed measurement
265 method are shown only down to 350 Hz here because of a low confidence in the data due to a

266 low signalto-noise ratio observed in this frequency range.



267

268

269

270

271

272

273

274

275

276

277

-

e, T T W
N

o)

o
©
I

o
©

=

o
o))

o ——melamine ( in-situ)
O melamine (impedance tube)

Absorption coefficient [-]
© o o o
N w E=N (8]
O | |
(o]
| | 1

o
-k
[
|

O I L | L L
102 10° 104
Frequency [Hz]

Figure 10. The absorption coefficient of a 100 mm thick, hard back layer of melamine foam.

Figure 1llpresents the absorption coefficient for the green wall with and without @ants
shown in Figures.7Figure 1lalso presents the absorption coefficient of soil subsivhieh
was measured in the impedance tube in accordance with the method describ @8l ifrigdire

11 also presents the absorption coefficienBefgenia cassifolia which was predicted using
the 2layer Pade approximation mod@l] with the parametersted in Table 2. The values
of the parameters for the bottom layer of soil were inverted using the impedbaaata. The
values of the parameters for the top layeBefgenia cassifolia were predicted using the

morphological characteristics of this plant listed in Table 1lth@dnodel suggested in ref][2
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Figure 11. The absorption coefficient of soil and soil with plants planted ina 2.5 mx 1.8 m

green wall system.

The results for the absorption coefficient for soil suggest that there is a(eitisa 12%)
agreement between the proposed method and impedance tube method in the frequency range
between 400 and 1250 Hz. Above 1250 Hz the green wall data are affected by a number of
resonances. ArounB80Hz there is a distinctive drop in the absorption (see Figyreviith

can be explained by the hallavelength resonance in the 250 mm wide plant compartment
(see Figure 1) which is predicted at 1360 Hz if we assume that the sound speés! 34 @i

m/s. This drop in absorption consistentlgoxs in the system filled with soledera helix and

with Bergenia cassifolia. Around 2200 Hz there is another drop in the absorption which can be
explained by a halivavelength resonance in the 72 mm high plant compartment (see Figure
1). This drop appea consistently in the data for the wall with soil alone and for the wall with
Hedera helix. In the case of the green wall willergenia cassifolia this minimum disappears.

There is another minimum which appears in the soil data only around 3200 Hz. This minimum
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is hard to explain by the cell geometry alone and it can be attributed to eitdéfriation of
sound on the wall edges or by the transmission through the gamsehendividual cells in the

green wall. This minimum is not present in the data for the greerreatéd with a plant

The measured absorption coefficient spectrum of the green walHedéra helix is very
similar to that of the green wall with $oinly. This is explained by a relatively small effect of

the plant which leave area density is relatively snZlllp the case of the green wall planted
with Bergenia cassifolia an obvious increase in the absorption coefficient with respect to that
of the green wall with soil only can be observed. This increase is particularly predoainc

the frequencies above 10@000 Hz and it is predicted within-2% by the model. A
considerable drop in the measured absorption coefficielBdmenia cassifolia is observed

near 800 Hz. This drop is not captured by the model, but can be attributed to cohelemgcat

of sound by the plant leaves in the direction of the acoustic intensity probe and by the

complexity of the arrangement of soil/plant system withendreen wall.

Table 2. The summary of the intrinsic parameters used in the 2-layer model [20] to predict the

acoustic absorption coefficient of soil with Bergenia cassifolia plant in the green wall.

Flow Porosity | Turtuosity | Standard Layer
resistivity deviation in thickness
poresize

[Pas n] [-] [-] [¢-units] [m]
Bergenia cassifolia 45 0.98 1.35 0 0.18
(top layer)
Soil 9170 0.57 1.22 0.77 0.10
(bottom layer)




315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

5. Conclusions

A new method has be@noposed to measure the absorptiorpproes of a Living Green Walls
(LGW) in-situ. The method has been compared favourably against impedance tube data
available for melamine foam and soil, particularly in the frequency ramyea&00 Hz. The
proposed method is less pronethie unwanted grond and edge effectseecausehe adopted
loudspeaker and intensity probes are highly directional and enable us to focudiditedra
sound on the green wall area primarijris method is relatively easy to implement, although

it requires a relatively lagnumber of measurement posison capture the complexity of the
acoustic fields radiated by the parametric transdacérscattered by the green wall.

The results confirm that the presence of plants with a relatively higle larea density can
significantly enhance the absorption properties of a green wall system, pdstiauléne
medium and high frequency range, i.e. above 1000 Hz. The results also show that a
compartmentalised green wall system can support acoustic resonanapsegidies whiclare
controlled by the cell dimension and wall thicknedsme of these resonances are reduced or
disappear when the wall is treated with a plant with a relatively high leaf arsiydesg
Bergenia cassifolia. These resonances deserve a refined nunheriodellingto understand

better thein-situ acoustic performance of a complete Living GreeallV8ystem.Thereis
evidence that in some cases plants can scatter sound coherently resultingppagent
decrease in the absorption coefficiefheseeffects need to be accounted for by the refined
numerical modelling.

Theproposed experimental method needs further improvement. Firstly, it can be sddigaist

a parametric transducarith better quality can be adopted. This transducer needs to radiate
sufficient sound energy in the frequency range below 500 Hz to overcome background noise
which inevitably existsn-situ. Secondly, he 3dimensional acoustic radiation pagief the

parametric transduceleserves a more detailed analygisparticular,t is of direct interest to
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understand the development of the audible sound from the radiated ultrasonic beam, it
evolution over the propagated distance and its interaction with the scatterirngsditiadly,

it can also be suggested to understand bigttescattering pattesrof flat and uneven surfaces
through more refined mesh of receiver positions. Finally, it is of interest to wantkrste

active and reactive components of the intensity vector in the acoustic fidketeddty a real

plant. Thisinformation may lead to the development of better models for the acoustical
properties of living plants which will account for the viscous/inertia absorptidrvilaation

and scattering effects.
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