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A PART 1: INTRODUCTIGIROM OPEN SPACES TO ROOMS

IMPEDANCE VS ABSORPTION COEFFICIENT

REVIEWS OF MODERN PHYSICS, VOLUME 16, NUMBER 2 APRIL, 1944,
Sound Waves in Rooms, PHILIP M. MORSE AND RICHARD H. BOLT
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absorption coefficient entering into the geometrical acoustical formulas is not a fundamental property of the wal
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"ergodic" in the previous section, and has no meaning in cases where the sound distributiergediotit is

well to emphasize this limitation on the use of the term absorption coefficient, for aroptiaristic use of the

term may lead to erroneous® & dzt i téuethat the impedance is not a much more "fundamental” physical
property than the absorption coefficient; its advantage lies in the fact that its measurement can be specified
concisely and uniquely and that its value for a given material has a definite meaning no matter what the
distribution of sound inside rom® ¢
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SPHERICAL & GROUND WAVES

d Xt NI Qané revef histplane wavdhey area mathematical fiction which can be
only approximatedJK & & A Ol f f & P&

IsadoreRudnick, 1947, JASA VOLUME 19, NUMBERe Rropagation of an Acoustic
Wave alonga 2 dzy Rl NB £
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source near the ground, and so reaches different parts of a plane surface with different angles
of incidence. Changing angles of incidence produce a reflection coefficient that varies with
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spatially a replica of the true source S, and not even one of reduced strength. Theoretical
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Tony F. W. Embleton: Sound propagation outdoors A

J. Acoust. Soc. Am., Vol. 100, No. 1, July 1996 AN
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142 PHILIPF M, MORSE AMND HI-E‘H.A.RD H. BOLT " " "
a ¢ K S Ndsyfagyindent which assumes that the
AT reverberant sound can be represented by a
wer multiplicity of simple images is likely to lead to
L ﬁf: y fallacious results. The analyses of Sabine, Norris,
iy Igyring,,MiIIirvlgton, and Sette are subject to this
AT ONAUAOAAYED

REVIEWSF MODERN PHYSICS, VOUSMEUMBER 2 APR1B44, Sound
Waves irRooms, PHILIR. MORSE AND RICHARBGLT
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Frg. 31. Angles and distances invelved in computing the refection of a spherical wave from
an absorbing wall,
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Theodore J. Schultz in hispaget SNBR A & 0 Ay 3 ljstze tnénduieyients éf goisé 0 S I R
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this subject, the reverberation room seems to be turning into a "research object" rather than a
"useful tool."® Xia almost incredible to me that we could produce such a complex and

mysterious thing, just by putting up four walls, a floor and a ceiling, and then radiating sound

into it. And yet the more we study sound in an enclosed space, the more peculiar it seems. If

our earlier theories made the behavior of sound in rooms appear simple, our recent studies are
OSNIFAYyfte& O2NNBOUAYIE GKFIO YIADBS OASHDE

Gt SNEAAGAY 3T |-oate inaasuerhents af yioisd posdr dahé sound
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A REFLECTION OVER A SURFACE

IS THERE MORE THAN ONE ANSWER TO THE PROBL
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1. Spherical wave, Impedance, pressure summatiofnt——

The figure on the left shows the configuration while the figure on the right
Excess Attenuation in dB (the ratio of total over direct sound field).

—— Spherical, Impedance, Pressure Summation — Flane, Imgedance, Fressure Summation
—— Plane, Abs. Coeff. Pressure Summation —— PFlane, Abg. Coeff. Energy Summation
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ROOM RESONANCES USING WAVE BASED GEOMETRICAL ACOUSTECONMEA) ET ACSV23, JULY 2016
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A

2. Plane wave, Impedance, pressure summatien———

= Spherical, Impedance, Fressure Summation = Flane, Impedance, Fressure Summation
—— Plane, Abs. Coeff. Pressure Summation —r Flane, Abs. Coeff. Energy Summation
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ROOM RESONANCES USING WAVE BASED GEOMETRICAL ACOUSTECONMMBA), ET ACSV23, JULY 2016
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3: Plane wave, absorption coefficient, pressure summation.

—— Spherical, Impedance, Pressure Summation —— Flane, Impedance, Fressure Summation
0 —— Plane, Abs. Coeff. Pressure Summation — Flane, Abs. Coeff. Energy Summation
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ROOM RESONANCES USING WAVE BASED GEOMETRICAL ACOUSTECONMMBA), ET ACSV23, JULY 2016
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4: Plane wave, absorption coefficient, energy summation.

= Spherical, Impedance, Fressure Summation = Flane, [mpedance, Fressure Summation
0 —— Plane, Abs. Coeff. Pressure Summation —— Flane, Abs. Coeff. Energy Summation
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ROOM RESONANCES USING WAVE BASED GEOMETRICAL ACOUSTECONMMBA), ET ACSV23, JULY 2016
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FIG. 6. Relative sound pressure levels measured 5 m from a point source at
Tony F. W. Embleton: Sound propagation outdoors  the surface of an acoustically soft ground (grass). Results are for four dif-

J. Acoust. Soc. Am., Vol. 100, No. 1, July 1996 ferent recerver heights, 7,=0.02, 0.3, 0.6, and 1.2 m. respectively (Ref. 13,
Fig_ 5).
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SOUND DIFFRACTION




7 0
o500 o
a0
\ acs
7
3
1 5 10
H s
S a0
£ ! H
H -
£
H

/"’——- %nm

THE SEAT DIP EFFECT USING WAVE BASED GEOMETRICAL .
(WBGA)ECONOMOU ET ACSV23, JULY 2016
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THE SEAT DIP EFFECT USING WAVE BASED GEOMETRICAL ACOUSTICS (WBGA), ECONOMOU ET AL, ICSV23, JULY Z
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THE SEAT DIP EFFECT USING WAVE BASED GEOMETRICAL ACOUSTICS (WBGA), ECONOMOU ET AL, ICSV23, JULY 201
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THE

P. E. MEDITERRANEAN ACOUSTICS RESEARCH & DEVELC
(PEMARD) APPROACH




@ PARR: PEMARD APPROACH

What is Wave Based Geometrical Acoustics (WBGA)?

It is the method by which the calculation of acoustical fields take into account

the principle ofsuperpositionof waves using both amplitude amtase,
producinginterferencephenomena.

1)

/ WAVE BASED GEOMETRICAL ACOUSTICS
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SOUND REFRACTION IN THE ATMOSPHERE
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Figure 2: Comparison between OTL-Suite calculations (red line) and 1995 Benchmark Cases (black line). Left

graph is for the case of a strong positive linear sound speed gradient of 0.1 s while the right graph is for the case
of a strong negative sound speed gradient of -0.1 st. Both curves show transmission loss vs distance at 100Hz.

Calculated graphs are superimposed on published data.
WIND TURBINE NOISE PREDICTION USING OLIVE TREE LAB TERRAINEWRORPENEGOT, ECONOMOU, MAY 2017
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Figure 7: Left graph: Measured and predicted noise levels for WTN Case 2. Right graph: Measured and predicted
Noise Levels for Case 2 in dB(A) for a set of 10-minute meteorological data. Downwind conditions with a range of

500m.

WIND TURBINE NOISE PREDICTION USING OLIVE TRRRAINBNTN, INEBROPE , BIGOT, ECONOMOU, MAY 2017
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OLIVE TREE LAB

E‘? SUITE

Bent sound rays and multiple ground reflections due to downwind conditions, On the
left, few rays for clarity and on the right 1000 sound paths.

WIND TURBINE NOISE PREDICTION USING OLIVE TREE LAB TERRAINEVWRODPENEGOT, ECONOMOU, MAY 2017
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dB(A) mapping in 2D
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1SO 9613 vs PEMARD APPROACH




PARR: PEMARD APPROACH

Figure 1: Geometry of set up in Terrain, Hs=0.3m, Hr=1.2m, Hb=3m, Dsr=35m, HG=GFRAL6/nt,
PG=GFR=300 Ks/nt

(a) 10 —— Coherent sum of sound level above hard ground 20
== Incoherent sum of sound level above hard ground (b) ~ Coherent sum of sound level above hard ground
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Figure 22 Val i dat i on o ffrom B8oERpeEs sougs gotdeydeQalculations are superimposed on g
courtesy ofAttenborougkhet. al.(a) Insertion loss of barrier with Hard and Porous Ground efféctsolored dashe
lines PEMARD results which are almost indistinguishable from the original graphslidiiines and markers tl
ISO results(b) Excess Attenuation with barrier in plac®jored dashed linegpresenPEMARD results

ACCURACY OF WAVE BASED CALCULATION METHODS COMPARED-ZONCISER2Bl, ECONOMOU ET AL, SEPT 2014
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| s egeodnsetry, barrier height 3m, thin & wide, Hard vs Porous Ground
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Figure 1: SPL spectralpa and Lp valuesb ased on | skA=6GFR=20MNs/nfeRG(SGFGFR=30(
kNs/nt (a) Hs=0.3m, Hr=1.2m, HB:0m, Dsr=35m, (bHs=0.3m, Hr=1.2m, Hbl1.5m, 1m thick barrier, Dsr=34r

ACCURACY OF WAVE BASED CALCULATION METHODS COMPARED-ZONCISER2Bl, ECONOMOU ET AL, SEPT 2014
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Porous Ground Propagation Porous Ground Propagation
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Figure 1: Sound propagation ov@orousground in relative level§lO dB/division),(a) in octave bands between
and 500 Hz and (b) from 1000 and 8000 HG=GFR= 20MNs/nm, andPG=GFR=30kNs/m?, with Hs=5m an

receivers at Hr=1m every 10m from the source up to 200m.
ACCURACY OF WAVE BASED CALCULATION METHODS COMPARED-ZONSISERDBI, ECONOMOU ET AL, SEPT 2014
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HARD GROUND SPECTRA - 1SO —+—10m 63 dBA HARD GROUND SPECTRA - PEMARD —¢—10m 62 dBA
- ~—-20m 57 dBA ——-20m 57 dBA
—4—30m 53 dBA —4—30m 53 dBA
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(b)

Figure 1. Soundspectra at various distanciesm the sourceverhardground The legend includes dB(A) value:
each distance from the sourda) ISO results, (b) PEMARD result$iG=GFR= 20MNs/nf", andPG=GFR=30
kNs/nf, with Hs=5m and receivers at Hr=1m every 10m from the source up to 200m.

ACCURACY OF WAVE BASED CALCULATION METHODS COMPARED-ZONSISEBDBI, ECONOMOU ET AL, SEPT 2014
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POROUS GROUND SPECTRA - 1SO —+—10m 60 dBA POROUS GROUND SPECTRA - PEMARD —#—10m 61 dBA
—m-20m 54 dBA —8-20m 55 dBA
—4—30m 50 dBA —4—30m 51 dBA
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(a) (b)

Figure 1. Soundspectra at various distances from the sooke porousground The legend includedB(A) value:
at each distance from the sour¢@) 1SO results, (b) PEMARD resultdG=GFR= 20MNs/m*, andPG=GFR=30
kNs/nt, with Hs=5m and receivers at Hr=1m every 10m from the source up to 200m.
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Hard Ground Propagation - deviation from -6dB/dd 0 Porous Ground Propagation - deviation from -6dB/dd
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Figure 1. PEMARD results demonstrate how th@dB/dd rule does not apply over fir
iImpedance groundia) over hard ground, (b) over porous grourdy deviation from zer

indicates that the rule does ragply.
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ROOM RESONANCES
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USING WAVE BASED GEOMETRICAL ACOUSTICS (WBGA) TO INVESTIGATE ROOM REROISSRNSESONOMOU, BNAM, JUNE 20


https://www.youtube.com/watch?v=ZszwSyU3tyM
https://www.youtube.com/watch?v=ZszwSyU3tyM
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OCTOBER, 1939 J. A, S. A. VOLUME 11

Normal Modes of Vibration in Room Acoustics: Experimental Investigations in
Nonrectangular Enclosures*

Ricuarp H. BoL1**
University of California af Los Angeles, California
(Received August 17, 1939)
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Figurel: Mapping on the left is at 1721 Haigherby a scale factor of 1@xperimental dataourtesy of th
JASA) while the coloured mappirig the 1/3! octave band of 200 HZ he mapping on the riglig at 2302
Hz (higher by a scale factor of 1@&perimental data) while the coloured mapgimthe 1/3¢ octave band ¢
250 Hz In red high sound levels and in green I\,
ROOM RESONANCES USING WAVE BASED GEOMETRICAL ACOUSTICS (WBGA), ECONOMOU ET AL, ICSV23, J
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DIFFRACTION EFFECTS
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Real Time Sound Path Propagation in Courtyard using

Acoustics-Lib

the Rosetta Stone of Acoustics Library
by PEMARD



https://www.youtube.com/watch?v=0VYrQ4JzbtU
https://www.youtube.com/watch?v=0VYrQ4JzbtU
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0 100 200 300 Hz 400
; — Frequency

FIG. 2. Comparison between the sound pressures measured and those cal-
culated, in reference to that of the direct sound. OOO: Tone-burst measure-
ments with the 1/10 scale model (after Sessler and West?). .....: Continuous-
P75 ouvemesisa || WAVE measurements with the 1/10 scale model (after Sessler and West®). —
. S1JITE || === Calculations with the boundary condition of the measurements,
(d, = 76 cm).

Figure 1. On the | eft, the 3D full scal e mc
results compared to experimental data. Our calculations are superimposestiasiave over tr
original graph by Ando (courtesy of the Journal of the Acoustical Society of America).

THE SEAT DIP EFFECT USING WAVE BASED GEOMETRICAL ACOUSTICS (WBGA), ECONOMOU ET AL, ICSV23, JU
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@ APPLICATIONS OF WBGA
SOUND REFLECTIONS OFF A MIXING CONSOLE
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IMPROVEIROOM ACOUSTICS CALCULATIONS USING COMPLEX IMPEDANCE AND SPHERICAL WAVE REFLECTION & DIFF
COEFFICIENTS, ECONOMOU ET AL, ICSV23, JULY 2016

IOALONDON BRANCH APRIL 19TH 2017, WSP | PARSONS BRINCKERHOFF,




& APPLICATIONS OF WBGA
SOUND DIFFRACTIONS OFF A MIXING CONSOLE

20 1
10 """
g ° | BN SAV. WYY
1] I
= 10 4 / \\/ \ V
~ 20 %
t Direct sound and diffracted patt{&nd order).
-30 : . : : ]
1 Green diffractions, blue reflections i  PIzume |
-40 F ' ' s e ' } " ' M
10" 10° 10° 10*

5
=} oLve TredPas

Frequency (Hz) E‘Fj SUITE

IMPROVEIROOM ACOUSTICS CALCULATIONS USING COMPLEX IMPEDANCE AND SPHERICAL WAVE REFLECTION & DIFFI
COEFFICIENTS, ECONOMOU ET AL, ICSV23, JULY 2016
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APPLICATIONS OF WBGA e
SOUND DIFFRACTIONS WITH IN BETWEEN REFLECTIONS OFF A M
CONSOLE
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IMPROVEIROOM ACOUSTICS CALCULATIONS USING COMPLEX IMPEDANCE AND SPHERICAL WAVE REFLECTION & DIFF
COEFFICIENTS, ECONOMOU ET AL, ICSV23, JULY 2016
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APPLICATIONS OF WBGA
SOUND REFLECTIONS & DIFFRACTIONS (ALL) OFF A MIXING CON
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IMPROVEIROOM ACOUSTICS CALCULATIONS USING COMPLEX IMPEDANCE AND SPHERICAL WAVE REFLECTION & DIFF
COEFFICIENTS, ECONOMOU ET AL, ICSV23, JULY 2016
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STUDYING THE PHENOMENRBVERBERATION




@ PARR: PEMARD APPROACH

122

PHILIF M. MORSE AND RICHARD H. BOLT

DRIVING FREQUENCY 929 cps

997 cps

e e

| | | I | l I L 1 I I
TIME MARKS AT Y SECOND INTERVALS

AMPLITUDE PROPORTIONAL TD SOUND PRESSURE

FiG. 24. Oscillograms illustrating beats in sound decay for different driving fre-
quencies. Top and bottom curves are for driving frequency equal to a resonance
frequency of the room, so only one mode is strongly excited. Middle curve is for an
intermediate driving frequency, with two modes equally excited, showing the beats
between the two natural frequencies as they damp out. Redrawn from reference K3.
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ol- | | STUDIO NO.10 ( NEWS STUDIO)
§ " BROADCASTING HOUSE , NEW DELHMI
Z 20
- | N
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&
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)
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e T 100 r 3 * 7 o000 * ¥ ° 710000

FREQUENCY IN CPS
Fic. 1. “Reverberation Time” (?) of small broadcast studio.

& X X thé fiequencies of the lowest resonant modes of the room, there is very little absorption by the walls and hence the atieertiere is high;
whereas at frequencies only a few cycles away from the resonance there is a much shorter reverberation time and, tHeefafis, tust be much
more absorptive. Presumably if the room were a different size, the absorption dips (hence, reverberation peaks) exhibé@echhy would occur at
different frequenciesorrespondingo the new modes of the roonOne can hardly believe that the ordinary rigid, bare walls of a room could show
such wide (and variable!) differences in absorption within such a narfoggquencyrange. What, then, is the trouble with these curves? Surprisingly,
there appear to be at least three methods of measurement which would give this kind of wrong ansvéEoudtesy oIAESF N2 Y ¢ KS2 R2 NB
LJ- LJBrbldlednsn Measurement of Reverberatioh A Y J»dérnal of The Audio Engineering Sociel), 307317, (1963)
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50 Envelopes of individual modes 100 Hz 1/3 Octave band of 8 Envelopes of individual modes 100 Hz 1/3 Octave band of
45 the room in Fig 8a above the room in Fig 8b above
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Figure 9 Detailed view of the 100 Hz 1/3 Octave Banelquency rangéa) from Fig. 8a above
and (b)from Fig. 8h Spherical reflection factor was used for RT calculatiding dashed curves
---) represent the RT curves for the individual resonancespadile the solid curve shows -
envelope of the superimposed resonance peaks.

BEYOND SABINE: INVESTIGATING THE ACOUSTICAL PHENOMENON OF REVERBERATION USING ROOMRODNANGECHA24, ECONOMOU ET
AL, JULY 2017
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Sound Pressure Level decay - Spherical vs Plane wave
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Figure 5: Sound decay in a small rectangular room. Plane vs bprical wave propagation.
BEYOND SABINE: INVESTIGATING THE ACOUSTICAL PHENOMENON OF REVERBERATION USING ROOMRNIOINAN G ECIW24, ECONOMOU ET

AL, JULY 2017
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DIFFRACTIONS + REFLECTIONS VS REFLECTIONS
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Figure7: Sound decay with and without sound edge diffractions.

BEYOND SABINE: INVESTIGATING THE ACOUSTICAL PHENOMENON OF REVERBERATION USING ROOMRODNANGECHA24, ECONOMOU ET
AL, JULY 2017
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THE MUNICIPALITY BUILDING OF IcATERUS, AN

EXAMPLE OF THE INTEGRATED APPROACH IN ACOUS]
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MODELING
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RAFFIC NOISE AFFECTING LIBRARY GLAZING &
THE EFFECT OF NOISE BARRIER
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DESIGNING THE LIBRARKL USINGHE TRANSFER
MATRIX METHOD (TMM)
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