TOOLS FOR THE PROFESSIONAL DEVELOPMENT OF
HORN LOUDSPEAKERS

Von der Fakulat fur Elektrotechnik und Informationstechnik der
Rheinisch-Westfalischen Technischen Hochschule Aachen
zur Erlangung des akademischen Grades eines
DOKTORS DER INGENIEURWISSENSCHAFTEN

genehmigte Dissertation

vorgelegt von

Diplom-Ingenieur
Michael Makarski
aus Mainz

Berichter: Universitatsprofessor Dr. rer. nat. Michaell&der
Universitatsprofessor Dr.-Ing. Bernhard Rembold

Tag der mundlichen Prifung: 20. April 2006

Diese Dissertation ist auf den Internetseiten der HocHbd#liothek online verfugbar.



Bibliografische Information Der Deutschen Bibliothek

Die Deutsche Bibliothek verzeichnet diese Publikation in der Deutschen
Nationalbibliografie; detaillierte bibliografische Daten sind im Internet iiber
http://dnb.ddb.de abrufbar.

(©Copyright Logos Verlag Berlin 2006
Alle Rechte vorbehalten.

ISBN 3-8325-1280-2

Logos Verlag Berlin

Comeniushof, Gubener Str. 47,

10243 Berlin

Tel.: +49 030 42 85 10 90

Fax: +49 030 42 85 10 92

INTERNET: http://www.logos-verlag.de



Contents

Abstract - Zusammenfassung viil
1 Introduction 1
2 Basic Principles of a Horn Driver - Horn Combination
2.1 HornDriver . . . . . e e 8
22 HOM . . .14
2.3 Discussion on Driver Modelling and Horn Calculations . .. ... . . . .. 16
3 Investigation of the Interface between Horn Driver and Hom
3.1 Scanning of Pressure and Velocity Profile at the Drivicsith . . . . . . 20
3.1.1 MeasurementTechnique . . ... ... ... ... ....... Ll 20
3.1.2 \Velocity Measurement . . . . . . .. ... ... .23
3.1.3 MeshRequirements . ... ................... L 24
3.2 Modal Decomposition . . . ... ... ... . 27
3.3 Analysis . . . . . . 130
3.3.1 Theoretical Considerations . . . . . .. ... ... ....... 30
3.3.2 DecompositionResults . . . . ... ... oL .. 33
3.4 DiscussionoftheResults . . . . ... ... ... .. ... ... ... 35
4 Separation of Horn Driver and Horn
4.1 Full Cross Modal Description. . . . . . . . . . .. .. .. . ...
4.2 Simplified Descriptions . . . . . . . .. .
4.3 How many Modes should be considered? . .. .. ... ........
5 Determination of the Horn Parameters
51 BEM. . . . e 53
5.2 Calculation of the Modal Data Set forthe Horn . . . . . . .. ... 56
5.2.1 Simulation of the Modal Surface Pressure Distributio. . . . . . 56
5.2.2 Calculation of the Modal Throat Impedance Matrix fréva Modal
Surface Pressure . . . . . . .. .. 58
5.2.3 Calculation of Modal Transfer Impedance Vectors . . ...... . 66
6 Determination of the Driver Parameters 71
6.1 Fundamental Mode Model . .. ... ... ... ... ......... 72
6.1.1 Definitions and Reciprocity . . . . . . ... ... ... ..... 72

6.1.2 Basic Considerations for the Measurement of the Funodzmne
Mode Model's Parameters . . . . . . . . . . . . ... ... ... H 73



7

10

6.1.3 Method | - Using Two DferentDrivers . . . . . ... ... .... 76

6.1.4 Method Il - Using Two Identical Drivers . . . . . . .. ... .. 80
6.1.5 Some Application Examples for the Fundamental Moddéflo . . 83
6.1.6 Discussion . . ... ... ... .| 87
Simulation of Nonlinear Properties 89
7.1 NonlinearWave Equation . . . . . .. .. .. .. ... .. ....... o1
7.2 Calculation of Harmonic DistortioninHorns . . . . . . ... .. ... 92
7.3 Calculation of the Maximum Sound Pressure Level . . . . . ... .. |94
7.3.1 HornRelated Distortion . . . . ... ... ............ |95
7.3.2 Driver Related Distortion . . . . . . ... ... ... ....... 69
7.4 Measurements and Simulations . . . . .. .. ... ... 100
7.5 DISCUSSION . . . . . . . . e . .|103
Professional Development of Loudspeakers 105
8.1 HornOptimization . . ... ... .. .. .. .. ... ... . 610
8.1.1 Developmentofthe Geometry . . . .. ... .. ... ..... .610
8.1.2 Nonlinear Simulations . . . . ... .. ... .......... . 511
8.2 Investigation of Horn Drivers and Properties of the CedpBystem
Driver/HOrn . . . . . . . . e e e e e ElllG
8.2.1 Linear Properties Based on Fundamental Mode Two-peéatsivire-
ments and Simulations . . . . ... ... L Lo, L .]117
8.2.2 Investigation of the Higher Order Mode Influence . . ...... . . 118
8.2.3 Simulationofthe Max-SPL . . . . .. .. ... ... ..... L1122
8.3 Final Conclusions and Measurements . . . . .. ... ... ..... 123
8.3.1 Measurements of the Combination DriveHBrn 10hr . . . . . . 124
Summary 127
Kurzfassung 133
10.1 Einleitung . . . . . . . . . .313
10.2 Funktionsweise einer Horntreiiddorn-Kombination . . . . . . . . . .. 4
10.3 Experimentelle Untersuchung der Schnittstelle vomHkeiber und Horn . 134
10.4 Beschreibung der Schnittstelle von Horntreiber unchHor. . . . . . . . . 1135
10.5 Bestimmung der Parameter firdasHorn . . . . . . . ... ... ... 136
10.6 Bestimmung der Parameter fir den Treiber. . . . . . . . .. ... ..
10.7 Simulation von nichtlinearen Eigenschaften . . . . . ...... . .. .. 113
10.8 Professionelle Entwicklung von Hornlautsprechern ..... . . . . . .. . 138
10.9 Zusammenfassung und Ausblick . . . . .. .. ... ... ... .. 139
Glossary 141
Discretised Decomposition 144
Solution of the System of Equations using Method |, page 76 . 146
Solution of the System of Equations using Method II, page 80 i

v



E Nonlinear wave equation 149

E.1 Secondorderequation . .. ... ... ... .. ... ..., 50
Danksagung 153
Lebenslauf 154
Bibliography 155



Vi



Abstract — Zusammenfassung

Abstract

This thesis deals with methods for the professional devetoy of horn loudspeakers. The
basic idea is to separately describe the acoustic source dnwer) and the device to guide
the wave (horn or wave guide). The separate description tf $ystems allows one to
freely combine the data of any driver and horn which yieldeaarmous flexibility when

developing new drivgéhorn combinations.

At first, it is investigated by measurements which properbéthe sound wave can
be found at the common interface between driver and horrfei@nt drivethorn com-
binations are analysed by decomposing the pressure ancitygboofiles into orthogonal

eigenfunctions.

Based on the practical measurement results, several modiglsfor the interface are
derived. On the one hand, the models must be capable to bleshe three-dimensional
properties of the sound wave at the interface. On the othed,hamust be possible to

measure or calculate the model’s parameters in practice.

Then, it is described how the modal horn parameters are lagdcliusing numerical
methods (Boundary Element Method) combined with modal atioiht and decomposition.
The driver’s parameters are acquired using a particulasoreaent technique.

Additionally to the linear modal modelling, a method to ecdéte harmonic distortion

in horn loudspeaker is developed and verified.

Finally, itis demonstrated how to use the methods in pracéccomplete development
process of a horn loudspeaker is described and the resaligdfied by measurements.
The practical relevance of the methods results not only fiieenhigh accuracy, but also
from the dfective application when developing horn loudspeakers.

Vil



Zusammenfassung

Im Rahmen dieser Arbeit werden Methoden zur professiond&i@mwicklung von Horn-
lautsprechern hergeleitet, verifiziert und in zahlreiclpeaktischen Messungen und An-
wendungsbeispielen erprobt. Grundidee der beschriebldetroden ist eine konsequente
Trennung zwischen Schallquelle (Horntreiber) und Sciiting (Horn). Die Auftrennung
an einer gemeinsamen Schnittstelle erlaubt es, Datengtzehiedener Treiber und Hor-
ner frei zu kombinieren, wodurch ein Hochstmald dfeRivitat und Flexibilitat bei der
Entwicklung neuer Lautsprechersysteme erreicht wird.

Es wird zunachst mit Hilfe von Messungen an verschiedenemtrbeyHorn-
kombinationen untersucht, welche Eigenschaften die sidei gemeinsamen Schnittstelle
ausbreitende Schallwelle besitzt und wie die Rickwirkurrgsddallfiihrung auf die einge-
pragte Wellenform zu bewerten ist. Die Analyse der gemess&challfelder erfolgt durch
eine modale Zerlegung in orthogonale Eigenfunktionen.

Basierend auf diesen Ergebnissen werden modale Modellentatachiedlicher An-
zahl von Freiheitsgraden hergeleitet. Ziel ist es, an digselle den bestmoglichen Kom-
promiss zwischen Genauigkeit und Komplexitat der Modelidizden. Die dreidimensio-
nalen Eigenschaften des Schallfeldes im Ubergang Trélbem missen erfasst werden
und es muss natirlich méglich sein, die Modelle praktischezlisieren.

Es wird dann ausfuhrlich beschrieben, wie die modalen Dtitedas Horn durch die
Anwendung von numerischen Verfahren (Boundary Element&dtkst kombiniert mit mo-
daler Anregun@Pekomposition) bestimmt werden kénnen. Die ParameterdgarTdeiber-
modell werden durch ein spezielles Messverfahren bestimmt

Zusatzlich zu den linearen, modalen Modellen wird ein etsvees Berechnungsver-
fahren fur die Bestimmung der harmonischen Verzerrungeesditornlautsprechers ent-
wickelt und verifiziert.

Abschlie3end wird die Anwendung aller beschriebenen Yiegia anhand eines kom-
pletten Entwicklungszyklus einer professionellen HagitteyHornkombination demon-
striert. Die praktische Relevanz der entwickelten Verfaleggibt sich hier nicht nur durch
die hohe Modellierungsgenauigkeit, sondern gerade audathdiie éfektive Umsetzbar-
keit in die Praxis.

viii



Chapter 1

Introduction

Horns used as sound reinforcement devices have been knoweveral centuries. They
were used not only for speech reinforcement and as musisttbiments but also as ear-
trumpet and loudspeaker. Hence, the mathematical treamsmngoes back to this time.
Famous scientists like Euler, Lagrange, Webster, and ®trerassociated with the theory
of horn physics. The theoretical approaches of this timenmaioncentrated on methods
to calculate properties of the horn using a plane wave at tine ﬂnroe& as “input sig-
nal”. Furthermore, the models used in the early time of hbeoty are simplified to a
one-dimensional treatment of the wave propagation. Thesadeas lead to the famous
“Webster’s equation” which appears in a huge number of lagicEisner’'s paper “Com-
plete Solution of the “Webster” horn equation” [Eis66] indes more than 200 references
to this topic.

An important property of a horn is the horn throat impedartiee:ratio of pressure and
volume velocity in the cut plane of the horn throat. When cating an acoustic source,
like an electro-mechanical transducer, a “human voicegmmbouchure of a musical in-
strument, or any device which can generate sound volumeitglan acoustic interaction
takes place: the horn acts like a load on the source, and, itfflueences the sound power
emitted by the source. In a one-dimensional acoustic mtuslcan directly be translated
into electric circuits. Hence, the throat impedance cquwess to a terminating impedance
and accordingly influences thdfieiency of the whole apparatus. As the horn enables to
increase the acoustic load for the source (most mechamoates are mismatched to the
sound field), it enables to increase the emitted sound power.

The potential increase ofteciency, actually, was the reason to use a horn to amplify
the mechanical oscillation of a pin running in a groove ofscdihe gramophone (Figure
1.1(a)). With the invention (G.R. Carey, 1875) and mass prisaluof electron tubes (RCA,

1The horn throat is the geometrical beginning of the horn.
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1920), it also became popular to use electro-acousticdraness to generate sound from
electric signals. As the transducers of this era featuresvadficiency, it was necessary to
combine them with acoustic horns. The bett@iceency of ahorn drivephorn combination

and the increased acoustic gain enabled the sound reinferd€for large audience areas

(Figure 1.1(b)@

THE LOUDEST OF LOUD SPEAKERS
{hl Movi thenaeum and at Hoyt. on February 2, and

je-Talkies will be seen and heard in Melbourne at the Al
aps, at the new State Theatre. This picture givél some idea of th
. one of the sys

o later, per-
he size of the loud speaker used in connection with
tems for reproducing the sounds.

(a) Gramophone (b) Movie talker

Figure 1.1: Historical horn applications

The invention of the transistor (Walter Brattain, 1947) laiffered the possibility to
build amplifiers of significant larger capability. With irgasing power and decreasing costs
of the amplifiers, the optimisation of the electro-acousfticiency was not the primary
goal of horn development anymore. But also the electro-dimowansducers became more
efficient, as better materials for the permanent magnet wei udence, modern horn
and transducer design concentrates on the radiation pattehe horn and optimization
of nonlinear properties of horn and transducer. Today, tre s seen adirectivity con-
trolling device This paradigm shift took place in the 90s of the 20th centig/a result,
new models were needed to predict the three dimensionatraipatterns and nonlinear
properties of horn loudspeakers. The “simple” one-dimamai models of a horn based on
the Webster’'s horn equation were replaced (or modified) bsersophisticated analytical
or combined analyticatumerical models and methods (see for example [MR93], [Gled89

2The horn concentrates the sound power on a smaller volumepa@d to a conventional loudspeaker.
The ratio of sound intensity of the omni-directionally raidid sound power and maximum sound intensity of
the directed sound is called gain.



[Ged93], [NKP96], [AKP97], [BJ74a], [BJ74b], [Pis03] [PutPfPut96]) or pure numeri-
cal methods based on the linear sound field equation ([MK$MA&h93], [GH96], [Bri03],
[Joh94], [Mak03] [Kel02]).

The treatment of electro-acoustic transducers is even wamglex. As the trans-
ducer is the source of volume velocity for the acoustic sofield, a lot of research is
done on it. The methods used to model the transducer rangedpplying lumped ele-
ments [CG87] [Kee77] [WML78] in one-dimensional models to imear models [KIi96]
[SBSH95] [SBB97] [SB95] [Voi02] [SMPX99] and very complex nurmcal methods
[Dod03] [Bel98] [RLK*97]. Beside the modelling of the transformation of electnaver
into radiated sound power, thermal models of voice coil, medig circuit and mechanical
components are used to predict their temperature over the power. Furthermore, the
adhesives, membrane materials and voice coil materialefageeat importance for the
power handling capabilities of the transducer. Hence, gmags of such materials are nor-
mally confidential (in the case such properties are knowd)rent open to the public to use
as input data in numerical simulations.

As there exist a lot of modelling methods for both, the horth e transducer, the ques-
tion comes up what is left to be further investigated? Conmgattie methods described in
literature and the methods often used in practice to devabop drivefhorn combinations
one finds a large discrepancy: although the state of the dniotie exist (see literature) they
are usually not applied in “everyday development procésdedact, the development of
a commercial drive¢horn system is usually a combination of trial and error, expee
of the engineer (the knowledge which driver may be suitasie) rules of thumb for the
development of the horn geometry. Accordingly, it is neaeg$o build a number of horn
prototypes and combine them with a number of drivers. Thesatoustic properties of
these combinations are measured to find the most suitabl@ igeprocedure is expensive
(building the horn prototypes) and time consuming (makhgmeasurements) and, thus,
it does not seem to be the optimum.

But why are the methods described in literature, normallyapplied in practice? This
may have several reasons which can be discussed using altigpidspeaker development
process: a public addrgssystem has to be developed. The transducer of type “XY” with a
circular 1.4” outlet has to be used for the high frequency imthis project. The coverage
anglg should be, for instance, 6th the horizontal plane and 4@ the vertical plane. The

3A public address system is a loudspeaker designed to cager dadience areas
4The coverage angle is the angle where the sound pressutéslegeB referred to the main axis of the
horn.
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lower cut-df should be at 2 kHz and the sound-pressure level at 10% hacrd@tortion
must be at a minimum of 120 dB SPfor the complete high frequency band and at about
130 dB SPL at the lower cutfio Furthermore the shape of the horn méughdefined to be
rectangular with the dimensianx b and the maximum length of the hornlisThe on-axis
frequency response of the driver “XY” combined with the hoorbe developed should,
additionally, be as smooth as possible. Of course, the @rbges to be finished within two
weeks.

The engineer who has to develop the horn geometry is obyi@asifronted with a lot
of practical constraints. Before starting the developmentilrthermore, has to decide if
it is generally possible to fulfil all constraints or BotAt first, he has to get some infor-
mation about the transducer. Since such transducers,iathpéte so-called horn driveg‘s
are rather complex electromechanical systems, a simplpddralement model might not
be accurate enough. A numerical model of the transducesdsrait feasible, as the de-
velopment of such a model is a task of several weeks or everth®iorConcerning the
driver, the developer will finally try to characterise thartsducer by electric and acoustic
measurements. After that, the horn geometry can be dewkldm®king at the numerous
analytical or combined analytigalimerical methods to calculate horns, one finds that it
is extremely complex to calculate a geometry varying fronreutar one at the beginning
to a rectangular one at the end and to additionally incluéteadtion at the cabinet of the
whole loudspeaker. From this, one can conclude that pureeniaah methods are probably
the most direct way to solve the linear sound field equati@htaruse the results to calcu-
late the radiation pattern, throat impedance and othergpties of the horn. Besides these
considerations, there are some other points to be discudsdtlie source and the horn are
treated separately, one has to decide how to couple (nuatlgjithe measured data of the
transducer to the simulated or calculated data of the hodnhaw to calculate common
properties of the acoustically coupled systems. Anothestjon is how accurate the driver
description has to be and how to treat other sources thandnivers.

Using this actually rather simple example one could diseuks of other ideas and
methods to solve the problems found in practical developmpetesses. This is exactly
the content of this thesis. The basic idea of this work is ¢éattthe acoustic source (a

5dB SPL: Sound Pressure Leud]p) = 20 log, (/20 uPa)

5The horn mouth is the output of the horn

"The author knows from his own practical experience that guofects sometimes are like a mission
impossible.

8A horn driver is a transducer designed for high performamggieations in combination with a horn as
loading and directivity controlling device.



horn driver, dome tweeter, midrange cone speaker, ribbe@etev, ...) and the horn or

Waveguid@ separately. Provided that suitable descriptions are usedoth systems and

that the measurement or simulation technique is capablerteedthe needed parameters,
this technique allows to greatly reduce time afiw® to simulate the complete system of
acoustic source and horn.

The thesis begins with some basic considerations and distisson conventional
driver and horn modelling. Chapter 3 contains a practicastigation of the most common
source, the typical horn driver. The properties of real sesirare the basis for discussing
the separation of the two coupled systems and which methodeaised to describe the
two separated systems (Chapter 4). Chapters 5 and 6 describednéo determine the
parameters for the driver and the horn description. Thautation of some nonlinear prop-
erties of wave propagation in horns is treated in Chapter & thsis concludes with the
description of a typical application example one can findraccfice and demonstrates how
to use the described techniques (Chapter8).

9The expression waveguide is often used for horn geometesigded to create particular wave fronts,
like plane coherent waves for line array applications. ©#uthors use this expressions also for conventional
horns in order to emphasize that the horn is used as dirguotiwntrolling device.
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Chapter 2

Basic Principles of a Horn Driver - Horn
Combination

Today, the variety of audio transducers is immense. Th&grdn the mechanism of trans-
forming electrical into mechanical energy, in the materiaded for membrane and other
components, and in shape and mode of membrane movemeniteDéspdiversity, there
exist typical configurations in professional loudspeakgpligations. The low and mid-
frequency range is, normally, covered using cone speakignsowwithout horn whereas
the high-frequency range, usually, is realized using a llorrer combined with a horn.
These frequency ranges are not clearly defined, but it islgeds classify the typical horn
drivers found on the market by their driver outlet. The adu#denormally circular, but some
types exist featuring rectangular outlets for particulgplecations. For the types with cir-
cular outlet, some standard sizes exist on the market andamapproximately assign the
following frequency ranges to these sizes:

e 2"-diameter covers 500 Hz to 13 kHz, in some rare cases evém 2pkHz
e 1.4”and 1.5” cover 800 Hz to 15 kHz, most popular size

e 1" covers 1.3 kHz to 20 kHz

e 0.75” covers 2 kHz to 20 kHz, but this size is not very popular

The widespread use of the horn drifrearn combination is in fact a consequence of phys-
ical constraints and the practical requirements of a puddidress system. The acoustic
properties needed for loudspeaker applications can be sumed in a few points. The
sound pressure level should not vary in the audience areditidwailly, it is not desired to
radiate sound into unwanted directions like the ceilingaxcKkwards to the stage. Further-
more, it must be possible to cluster several loudspeakeyedier to cover larger audience
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Figure 2.1:  Typical horn
driver and horn combi-
nation. The driver outlet
diameter is 2”. The horn
shown here is a so-called
tractrix horn.

areas as would be possible using a single system. In thig@asine pressure distribution
has to be almost constant, which in practice is not fulfillee ¢o more or less strong in-
terferences between neighboured systems. Hence, a Réwsgbbuld radiate sound with
a well-defined spatial distribution to fulfil the needs ingree. The sound pressure signal
measured at any position in the audience area should matatightrical signal which is
fed into the amplifiers as closely as possible. This, of aauraist be ensured even at high
sound pressure levels.

The functionality of such a typical horn driveorn combination is explained in the
following, starting with the horn driver. Although the furanal principle of the driver
is of no importance for the separation of horn driver and rairtheir common interface,
which will be described in the following Chapters, the basiea of this combination is

discussed briefly.

2.1 Horn Driver

A horn driver usable for professional sound reinforcemexs to fulfil two basic require-
ments: firstly, the electrical power is to be transformedfsiently as possible into acous-
tical power. Secondly, the shape of the wave front leavirgditiver should be suitable for
coupling the driver to a horn. The wave front is influenced iy mode of excitation and
the wave guiding components. Hence, the mechanical catistnof the driver allows, at
least to a certain degree, to influence the velocity profiteadriver's mouth.

Figure 2.2 shows a sectional view of a typical horn driver. ofncnon method to de-
scribe such systems is to use lumped elements to model tbeoedeoustic transducer.
The following electro-mechanical analogies are used [4Z8% mechanical forc& cor-
responds to a voltage, the mechanical veloditys the current. Accordingly, the ratio
of force and velocity is a mechanical impedarfeand can be used in the same way as
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50.8mm

2”-Driver Outlet

Iron

Phase Plug
Permament Magnet
tt& SZiN
R ) Voice Coil Figure 2.2: Sectional view of a
and Magnetic Flux typical (old-fashioned) horn
Compression chamber ;
P Absorber Membrane driver.

electric impedances in an electric network.

The transformation from electric signals to the force aiythe membrane can be ba-
sically described by a network, as shown in Figure 2.3(a)e &lectric current, fed into

I, L, R L M V m n w V, S Q
i e »
o ul xR EN P[] 2
—— ~ —— -

Electrical ——— — Mechanical N
Transformation Transformation
el. —»mech. mech.— ac.

(@)
M | Force factorBlI N/A
Z. | Electric impedance Q
S | Membrane area m?
m | Mechanical mass kg
n | Mechanical compliance m/N
w | Mechanical losses Nsm
Ro | DC-resistance of the voice cailQ
Lo | Voice coil inductance H
Z, | Mechanical impedance Nsm

(b)

Figure 2.3: Standard lumped element network and of an electro dynamic transduaad(physical
quantities (b)

the voice coll of the transducer, is transformed into a fgregendicular to the cut-plane
of the voice-coil. For an ideal electro-dynamic transdut®es magnetic field crosses the
wire perpendicularly at any point. Hence, the force can hessed omitting the vector
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product:
F =BIl, (2.1)

whereB is the flux density] is the length of the wire (within the magnetic field) ahd
the current. If the coil is moved by an external force, theikéalso be a back EMF. The
open circuit voltage is then

U = BIV. (2.2)

These two equations can be combined in a T-matrix

(\F/i) B (% hc;')(f) (2.3)

whereM = Bl. This matrix describes the transformation of electricéd imechanical en-
ergy under ideal circumstances. Additionally, a T-matdkthe losses and the inductance
of the coil (eq. (2.4)) and a matrix describing the mechdrosaillator (eq. /(2.5)), con-
sisting of dynamical mass, suspension, and mechanicadassthe membrane has to be

[i)=lo )02) 2o

used:

F, B 1 -Z,\(F1

)= ) @5)
Z. =Ry + jolo (2.6)
Z. =W+ jom+ Jwin 2.7)

The membrane is driven by a certain force, depending on thgepties of this matrices,
and transforms this force into a motion. Accordingly, theving membrane accelerates
a volume of the surrounding fluid. The volume velocy of the accelerated fluid is
proportional to the fiective membrane area S. The transducer is now describedtbp to
membrane by the most simple model possible.

To study the properties of a real transducer the parameters measur@dat a dis-
mounted driver (RCF 980, phase-plug removed):

S=212-10°m? m=13¢g n=38um/N  w=4Ngm
Ro=4Q Lo=55uH M =8Vgm

If such a transducer - without phase-plug - is used for thet@ah of sound, the sound field
will provide a mechanical reaction on the membrane as thel@@tion of a portion of fluid

1The measurement of transducer parameters is described@®f
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needs a certain pressure. This interaction of fluid andmyimiembrane is called radiation
impedance. It is dependent on size and shape of the memhndreaa be calculated ana-
lytically for some geometries like circular or rectangydéstons and pulsating or oscillating
spheres (see [MI68]). A common property of all simple, pisli@e geometries is that the
radiation impedance converges to the specific impedaguof the quic@ when the wave-
length is small compared to the membrane dimensions. Hémeejembrane iadedby
this ratio of force and velocity. In order tdfectively excite sound waves, the source, con-
sisting of driving membrane and the electro-mechanicakfia@mer, should be matched to
this impedance. A perfectly matched sound source would aavener impedance which
is conjugate complex to thacoustic load 4., which is in this consideration simply the
radiation impedance of the membrane.

The inner mechanical impedance of the transducer, comhdot@an ideal voltage
source, seen from the membrane down into the network canlbdated by

(ko Roi jmy L
Znj _( M2 + 2 + jom+ foon + W. (2.8)

Figure[ 2.4 shows the calculated inner mechanical impedéemeation (2.8)), based on
the measured parameters. At the resonance frequency ofatedticer the impedance

100
150

8or | 100¢

— 60

12| [pc
Phase [°]

401

20t

150

0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000

Frequency [Hz] Frequency [Hz]
(a) Magnitude (b) Phase

Figure 2.4: Inner mechanical impedance normalizeg$oS

reaches the absolute minimum at a value of about 20 tpgesFor higher frequencies it
is dominated by the dynamic mass. Below the compliance is kmhi It is obvious that

a source with such a characteristic is mismatched to thedsfeid and, therefore, cannot
effectively radiate sound waves in a medium like air. To tramsfthe source impedance to

2p is the density and is the phase velocity of the unperturbed fluid
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a lower value, the large area of the membrane has to be cotgpéedompression chamber
(Figure 2.5).

v — P,

Figure 2.5: Compression chamber

In a first order approximation, this configuration works lé&keacoustic transformer. At
the cross-sectional jump, volume flow and pressure havectom&ant, thus, increasing the
particle velocity by the ratio of the cross-sectional claAgs. Additionally, the distance
from different parts of the membrane to the driver outlet have to banbatl to avoid
interference #ects within the horn driver which is realized by a phase-pAggin, making
a first order approximation for the phase plug as conical (s®e Figure 2.2) the T-matrix
for the compression chamber and phase-plug is

Ps\ _a( —coskl)  —jZ(n(0))sinkl)) (P, (2.9)
Qs ~ Rlizgmsink) 52 coskl) /(Qy)’ -
where
_ poC_ jkn(0) _ 4
Z(n(0)) = S, 1+ jki(0) n(0) = R_a (2.10)
_ poc__jkn(l) _,, a
Z(n()) = S—gm nh) =1+ R_ (2.11)

andl is the lengthd the radius at the beginning the radius at the end of the conical tube.

I, L, R, L M V. m n w V, S Q Q,
T > Compr. -
u) ul 1 JF P | e || P,
\——\/——/ ~ —~—~— —
Electrical — _— Mechanical
Transformation Transformation
el. —»mech. mech.— ac.

Figure 2.6: Network for a horn driver including phase-plug

The source impedance of this configuration calculated apldnge of the driver outlet

1 Znmi ;
s_gzmr?o» + jtankl)

Zaci = Z(n(1)) ——5 ,
. ZmI
& Z60) tankl) + 1
whereS; ~ Sz andS,/S; ~ 1/20 were measured at the dismounted driver. Figure 2.7(a)

shows a comparison of measured and computed source imgefdak01]. There is a

(2.12)
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good accuracy for high frequencies (4 kHz to 10 kHz). At frengies below 4 kHz the
simple model cannot predict the measured curve, as theasseris split up into some
more resonances. The behaviour is typical (comparable ¢otagpenclosure) for this kind
of compression chamber and can be modelled more accurgtalyding an additional res-
onator to the network [CG87]. The absolute value of the sommpedance of the complete

-
o
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(a) Magnitude of computgocheasured source (b) Frequency response wittithout phase plug
impedance

Figure 2.7: Comparison of measured (thin line) and computed (bold line) source impedainc
malized topgcS and measured frequency response curves with (thin curve) and wjthage
plug (bold curve)

driver is now toddling around the specific impedance of the ths it was the initial goal for
a matched acoustic source. This can be underlined by congpidne measured frequency
response of the driver with and without phase plug. The misimaf the directly radiating
system results in a loss of about 10 dB SPL, which corresptmdslO times smaller ra-
diated sound power. A more detailed description and sonmra extasurement results are
presented in [Mak01]. A more precise model of a conical tgh#eiscribed in [Mec02].

Although a horn driver is a ratheiffective sound source, it is in its basic form not
usable as loudspeaker for professional applications. ©dhadswave leaving the driver
outlet will create an undirected radiation at low frequesand is highly directive at high
frequencies. Furthermore, the radiation impedance of tiverdoutlet is rather small at
low frequencies. To improve the system performance a déviseeded that increases the
load at low frequencies and at the same time can control teetdiity. This, exactly, is the
functionality of a horn.
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2.2 Horn

The “recipe” to calculate wave propagation in a horn of a#byit geometry and termina-
tion at the throat and mouth can be summarized up in one sEntésimply” solve the
Helmholtz equation for the given boundary conditions. laraples of practical impor-
tance this leads to severe mathematicilalilties and can be realized just for some separa-
ble coordinate systems and particular boundary conditibos more advanced analytical
calculations the reader is referred to [Ged02] and [MI68he Techniques needed to do
this are beyond the scope of this section. The intention tdsouss some basic properties
common to all horns using an example of reasonable complexit

A very basic horn geometry is the conical, axisymmetric F((Frigure@lg. For this

»
»

Figure 2.8: Conical, axisymmetric horn

particular boundary value problem, spherical coordinatesuseful. The Helmholtz equa-
tion in spherical coordinates is (omittiggdependency in the axisymmetric case)
14 ( 26\1’) 1 0

oY
— |+ 5—=—=—[sin@)— | -K*¥ =0, 2.13
zor \" ar +r2sm(9)ae (S'n()ae) (2.13)

where the complex exponentir, 6,t) = ¥(r, 6)el*! is used for the time dependency of
the velocity potential. It can be solved by a standard séjparéeading to the following
solution:

W(r,0,1) = > AsPo(cosg))hn(kr)e! (2.14)

whereP, are the normal Legendre polynomials of oraestndh,, is the spherical Hankel
function of the second kind of order(n is an integer).

Let's consider gulsatingspherical cap of radiug as source of volume velocity. If
only outgoing waves are regarded, thus, implying that theaws not reflected at the end
of the horn , the velocity potential is

gilwt—kn)

¥ = A (2.15)

r

3This geometry is rarely found in practical examples as thectivity is not very useful.
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with n = 0, in order to fulfil the boundary condition a: the pulsating cap generates a
velocity profile atr = ro which is not dependent on the angle At the same time, the
velocity in#-direction has to be zero fér= 6, (rigid wall assumed):

1o0¥Y
grady(\W(r, 0 = 6p,1)) = rrri R 0 (2.16)

The solution for this particular boundary value problemim@y the fundamental mode
(n = 0) propagating down the horn. To calculate the interactibimoon and driving cap,
the acoustic impedar@en the cap has to be determined. The velocity in radial doect

is calculated by
etk 1 4 jkr

Vi = —grad(¥) = Ao— - (2.17)
and the pressure on the cap is
oF . ej(wt—kr)
P=pogr = pojwho (2.18)
r
Hence thdundamental mode impedanisegiven by
Zy = poC L (2.19)
~ P T (kT '

One could even go one step ahead and calculate the radiationtfie horn mouth. To
do this, a termination at the mouth has to be used that can ddgtiaally described. A
common geometry is to surround the horn by a sphere with mgitis where the horn
mouth cuts out a spherical cap of the sphere’s surface. Tindgihting” also fits into the
spherical coordinates and is not so far away from realisbamings. At the mouth, the
velocity profile has to be determined and with this profile hdiation into the far-field of
the horn can be calculated.

A more realistic example is thgiston-likevibrating sphere, which corresponds to a
dome-tweeter found in real applications. The velocity ribstion generated by such a
source does not fit exactly into one of the possible solutminthe wave equation. To
calculate the wave-propagation for this particular southe velocity profile has to be
expanded into a series using Legendre polynonaiatkat the same time it has to be assured
that the boundary conditions at the walls are fulfilled. dsmormal Legendre polynomials
this is only given fon = 0 but not for higher order modes of wave propagation. To ¢aleu
this example, the Legendre polynomials have to be modifiedjube boundary conditions
defined for the rigid wall in eq.| (2.16) and after expanding W#elocity profile into this
new series one could calculate ttim@dal impedancefor this particular source. Even this

4The acoustic impedance is the ratio of pressure and velocity
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small variation of the problem will lead into complicatedatdations and therefore is not
considered at this point.

Now, consider a horn driver as described in the previoussectVithout further anal-
ysis one can predict that in most cases the wave front ledhmglriver's mouth will not
exactly fit, for instance, into a spherical cap, but may berbiteary shape. Furthermore
one can assume that a certain feedback concerning the shtq@eveave front will exist.
The two spherical caps considered in the previous exammes assumed adeal sources,
which means that the velocity distribution on their surfarsenot influenced by the geom-
etry of the horn. A horn driver, even in its most idealizedatgsion, will not behave like
this when connected to fierent horns. The velocity profile found at the driver’'s outle
will show a certain dependency on the shape of the horn. Baistion on the wave front
is accordingly a consequence of the system of modes thatrogagate down the horn.
This feedback is expressed by the modal impedances, theoreat the particular horn
geometry on the driving source.

2.3 Discussion on Driver Modelling and Horn Calcula-
tions

Two conventional methods of horn driver and horn modellirgenintroduced in the previ-
ous sections. These examples give a basis to discuss bhiefbyablems found. The driver
model, though capable to describe the transformation @trétesignals into mechanical
force and velocity, cannot deal with the 3-dimensional prtips describing the reaction
of the horn on the driving source. To combine these two sépalescriptions the driver
model has to include all thesé&ects. An analytical description for the wave propagation
from membrane to driver outlet seems impossible for the ggnes are two complex. Fur-
thermore, the membrane might not behave like an ideal meral{rabrating axially), but
is also a complex system vibrating with its eigenmodes. Ataxe seen studying the sim-
ple conical horn, this membrane vibration is one of the bampdonditions to calculate
wave propagation analytically and, thus, it has of courdsetknown.

Concerning the horn, it can be said that for an appropriatergi¢i®n of the connection
of driver and horn, the velocity profile should be expandé¢altihe system of eigenfunctions
of the boundary value problem. Then, the feedback can beideddy the modal horn
throat impedances. As the eigenfunctions aiféedent for each coordinate system, this
cannot be used in a generalized approach and needs sones frotisiderations.

The main aspect of this thesis is to find descriptions for ftiver and horn that are
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effectively usable in professional development of horn loed&prs. Calculating the direc-
tivity, the most important property in modern horn devel@nt) is possible (analytically
or numerically) if the wave propagation within the h@ndthe velocity profile at the horn
throat is known. To fulfil this it is not necessary to know gvdetail of the driver’s me-
chanical construction, but it is fficient to know the relation of electric input and acoustic
output and how the modal throat impedances influence theilorofile at the driver’'s
outlet. A suitable description is, for example, the twotmwmulti-port description as used
later in this thesis, which enables to exactly fulfil thesguieements.

Before diving into discussions which modal basis is best aawd fo calculate horns,
properties of commercial horn drivers are studied morensitely in the next Chapter.
The analysis of the results and the practical constraintiseomeasurement technique will
finally dictate the way of modeling the system of driver andho
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Chapter 3

Investigation of the Interface between
Horn Driver and Horn

In this Chapter, the interaction of horn driver and horn iestigated by measurements of
real drivefhorn combinations. The intention is to prepare the separatf both coupled
systems at their common interface (Chapter 4).

Basically, there exist several possibilities to define aerfate of a driving acoustic
source and a device to guide the wave. If sources with a ‘tfeisibembrane are considered,
like cone drivers, dome tweeters, and ribbon twe@lérsis possible to directly measure
the properties of the driving membrane. Hence, it is for gagticular class of drivers a
convenient approach to separate the waveguide and the dxeaetly at the face of the
membrane.

Unfortunately, the horn drivers used in professional agions do not belong to the
directly radiating sources. Accordingly, it is not possiltb use approaches based on di-
rect measurements of the membrane. The “interface” whictecessary to model these
drivers has to be based on acoustic properties of the soune travelling through both
systems. Consider a sound wave travelling through a facéifary shape: to completely
characterise the wave, the pressure and normal velocitygoo this face has to be known.

Beside the description of the (theoretical) case where aegsprgvelocity profile is
possible, it is of great practical importance to know whighgifications in the descrip-
tion of driver and horn are allowed for practical developigrocesses. This, actually,
corresponds to find common properties for all horn drivecsb& more precise, there exist
some basic questions which can be answered by analysingabsupgrelocity profiles at
the interface of driver and horn:

e Which are the common properties at the interface fiedent drivers?

1Chapters 1 to 4 in [VorQ5] give an introduction tdférent transducer principles
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e Is there a significant feedback from the horn to the driveréspurgrelocity profile?
e Are the profiles measured at the interface unique for eachadypriver?

The investigation of these questions is done in two stepasoring the profile of dierent
driverrhorn combinations and applying a modal decomposition tarseg the profile into
orthogonal eigenfunctions.

3.1 Scanning of Pressure and Velocity Profile at the
Driver’'s Mouth

To perform the scanning of pressure anwdvelocity there exist in general some standard
measurement techniques. The most popular device for ¥elecanning might be the
scanning laser vibrometarhich allows to directly measure the point velocity of viting
surfaces via the optical doppleffect [Pol] without physical contact. Though this is a state
of the art method, it is not useful for horn drivers with ththidden” membranes. Some
experiments to adapt this technique by using an auxilialingcfilm membrane” at the
driver's mouth just showed that another method has to be fasetanning horn drivers.

A part of the technique described in the following was depett) tested and used in the
context of a diploma thesis by [Joe04]. The thesis also dedua comprehensive overview
of the investigated drivers and horns, so that a descriptickipped here. First results
were presented in [BM04] and [Mak04b].

3.1.1 Measurement Technique

The equipment and the software for the analysis used her@ewadoped during the last
years and adapted several times to new requirements. Bgsibalmachine used for the
measurements allows to move the device under test (DUT) anaxes (x and y-axis).
Figure 3.1 shows a photography of the machine during a meamunt. The positioning
of the DUT is computer controlled. The probe can be moved lnglha the z-axis and be
adjusted with a fine thread and precisely measured by a nofngsdata for the automatic
positioning can be generated by CAD-software and is fully patible with the meshes
(Figure 3.3) used for numerical simulations. Thus it is pjasgo use the same data for the
scanning process and for the simulation. Figure 3.2 showsldita-flow for the scanning
measurement.

The positions where the sound pressure is acquired are défyrtee nodes of the mesh.
For drivers with a driver outlet of 2” or less, the probe must be too large. Anyhow, if
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Figure 3.1: Scanning ta-
ble with a 2"driver
mounted to a tractrix
horn. The probe is in-
side the horn.

A RV T
i bl s B, T )

the sound field is to be investigated up to 20 kHz, the probealdhme significantly smaller
than a half wavelength to minimize the influence on the result

The probes used here are a combination of a standatecdndenser microphone and
a very thin probe tube (see for example [BK]). Unfortunatéys kind of probe sfiers
from a non-flat frequency response. The deviations from aalitesponse increase with
frequency and probe length, while a smaller probe diametereéises the sensitivity. But to
scan long, narrow horns it is absolutely necessary to useggdmbe with a small diameter.
Accordingly, we find here some contradictory boundary ctods: while a small and long
probe is desired to reach the driver outlet if connected tareow horn, the sensitivity and
frequency response get worse.

Figure 3.4 shows some frequency responses of a loudspeaksuned with a standard
1/2” condenser microphone and twdfdrent microphone probes. One can clearly see the
lower sensitivity at high frequencies. Furthermore, tHeetaauses resonances (depending
on the tube length) which are visible as comb filter in the ltesa"hough the magnitude
and phase response can be corrected by inverse filteringpghién the dynamic range of
about 40 dB is painful. Although it is not obvious at this goitwill be in fact the limiting
factor for the measurements. Assuming a dynamic range écdmplete measurement
components (AD and DA converter, pre-amplifier, power amgrophone) of 100 dB,
which seems to be lot for this kind of measurements, only 6@dBleft for the high
frequencies. Due to a non-optimal configuration of the mesamsant system, only 40 dB
dynamic range are reached practically.
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Figure 3.2: Measurement

setup

Figure 3.3: Triangular mesh
describing the junction of
driver and horn.

Figure 3.4: Frequency re-
sponse of a loudspeaker
measured with a/2” mi-
crophone (top), a 2mm
probe (middle) and a 1 mm
probe (bottom).
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3.1.2 Velocity Measurement

In the authors opinion, no accurate devices to directly nnegsarticle velocity are existent.
Hence, it was calculated from the gradient of the sound pres§ he pressure field at the
driver outlet was scanned in planes with a distanze The z-component of the particle

velocity can be calculated with

V, = —gradz( . (3.2)

P )z P2 - p(z+A2)
Jwpo

jwpoAz
A specific problem of this standard method is to find a suitaldéance(s) for the mea-
surement. At low frequencies, the distance must providegaifsiant phase dierence
which requires as much as possible large distances. At the e, the distance must
be shorter than half a wavelength to avoid spatial aliasifigis is mainly a problem at
high frequencies. To cover the complete frequency range aiccordingly necessary to
use several distances and to combine the frequency banolsiencrto the diferentAz. A
convenient set of plane distances is for example 16 mm (upbtit2z), 8 mm (25 kHz -
5kHz), 4 mm (5 kHz - 10 kHz) and 2 mm (10 kHz - 20 kgz)\t first glance this seems to
be a good solution, but in the particular situation of measuthe “cut plane” of driver and
horn, one problems occurs: many drivers do not allow measemés at negative z-values,
as it is not possible to measure inside the driver. Hencs,iiit general necessary to mea-
sure only outside which moves the plane of reference alsidmithe driver. For example,
a two-plane measurement with 0 mm (directly within the caing)) and 2 mm above the
cut plane would yield a reference plane for further cal¢otet at a z-value of 1 mm. This
can be accepted, as the error introduced may only occurahiggr frequencies. But when
considering a 0 mm and 16 mm plane measurement, the refepdaree is at 8 mm. Be-
sides this, an additional error is introduced due to theritpaf the horn: the measurement
plane does not cover the complete cut plane. This also intexian additional error for
measurements with large distances. A practical measutaesult can be studied to give
an example what can happen qualitatively. Figure 3.5 showmpedance measurement
result for diferent pairs of measurement planes. The impedance is daidwiéth

p(2) + p(z+ A2

Z(z Az) = Y
z

(3.2)

Hence, the plane of reference is at 1, 2 and 8 mm for the iitestr example. At high
frequencies the aperture error introduced by the apprdiomaf the gradient in eq. (3.1)
yields a zero at 12 kHz for the 16 mm distance followed by a pbthe double frequency.

2A detailed textbook about sound intensity measurements isample [Fah89].
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The same behaviour is encountered at the 4 mm measuremesrieaghthe frequencies
are now shifted by a factor of 4. More interesting is the loegirency error introduced
by the incomplete scanning of the horn’s cut plane: the measimpedance is too large.
Consequently, the use of such large plane distances has teolu@ for further mea-
surements. Fortunately, the probe frequency responsgslentease the high-frequency
dynamic range. Hence, at low frequencies the full dynammgeacan be used. As com-
promise a combination of a 4 mm measurement for the range ap kbiz and a 2 mm
measurement for the rest can be used. Anyhow, velocity measnts with digh preci-
sion and a high dynamic range and a high bandwiata an unsolved problem and should

be avoided if possible.

3.1.3 Mesh Requirements

The last point of practical interest is how many measurerpesitions are needed and how
these positions should be distributed in the measuremaneplBasically, a continuous
physical property is to be characterized by some discregsorement points. Hence, to
correctly sample the quantity one has to fulfil the Shann@ortam [LUk95]. A unique
result, without aliasing féects, is obtained if at least a minimum of 2 measurements per
wavelength are used. Hence, to give a correct number amubdigdn of measurement
positions one has to know which is the smallest spatial vesggh.

Figure 3.6 shows some pressure patternsfégrdint frequencies as example for a typ-
ical driver horn combination. The measurement was made alnthut 1000 equidistantly
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distributed measurement positions to avoid spatial algasiOne can clearly see how the
pattern changes with increasing frequency from a nearlgteo distribution to more com-
plex patterns at high frequencies. But, the use of 1000 or paséions is not a feasible
approach for the later described decomposition techni§ineply consider the time needed
for such a measurement: if a measurement signal of degjBeeith 4 times averaging and
an appropriate windowing of the impulse response is usedd@ase the signal to noise
ratio, the measurements will need abouy® Hours for one plane plus the time needed for
the probe positioning. Thus, a 5-plane measurement takes 8lalays if the operator does
not sleep aside the measuring machine. Anyhow, experimétitsuch an extremely high
number of measurement points just showed that the resuliinféemeasurement position
can be improved, but theecompositiomesult is not greatly improved. There are several
explanations for this. One might be that the system is @ it time variant as humidity
and temperature vary over such a long measuring time. Auxfdiliy, the voice coil and
magnetic circuit may warm up and thus change the behaviour.

Accordingly, in practice one has to find a compromise betwbemumber of points
for the measurements and the signal quality of a single measnt. A good quality for
each measuring position is, for instance, necessary ifebltris used for a visualization
of the particle velocity [Mak]. For the mathematical trasrshation used later to analyse
the measured profiles it is, however, not necessary to ingpifoe signal-to-noise ratio of
a single measurement. A series of measurements usifegatit meshes and excitation
signals was made to find an optimum configuration. It turnedtwat 300 to 500 positions
measured with a short excitation signal, for example a sveéelegree 14, is appropriate
to acquire a 2" driver outlet. A feasible distribution of pts is shown in Figure 3.3. The
mesh was generated with respect to the system of eigenfusatised later in this thesis
(see also Figure 3.7).

Finally, it is pointed out to one property one can find at theaguged pressure pat-
terns shown in Figure 3.6. Although it isflicult to interpret such patterns without further
mathematical analysis, one important thing should be nbézd: the horn is completely
axisymmetric, as well as the connecting cut plane and alsatier mechanical construc-
tion of the horn driver. Regardless of the axisymmetric b@upatonditions, the patterns
are definitively not axisymmetric. The measurements shagraficant dependency of the
angle (using cylindrical coordinates), starting at abokH&. Accordingly, this particular
behavioumustbe a property of the internal membrane movement.

3Degree 18 means'®samples. For detailed information about measurement Isigimal processing of
the results it is referred to [MMO1].
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Figure 3.6: Pressure patterns affidirent frequencies for a 2" driver connected to a (axisymmetric)
tractrix horn.
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3.2 Modal Decomposition

To further analyse the measured sound fields, a techniqe=dea to separate the compli-
cated patterns into a set of orthogonal eigenfunctions.riiciple, any set of eigenfunc-
tions could be used. For example, the solutions for the sgdevave function provides an
orthogonal set consisting of the Legendre polynomialstfeptdirection and sifcos func-
tions for theyp-direction. As the measurements were performed directtigercut plane of
the driver outlet, a more convenient set of eigenfunctisneovided by the solution of the
Helmholtz equation in cylindrical coordinates for a cyliimél duct with rigid walls and a
radius corresponding to the radiigsof the driver outl&:
}g(ra_\{’)Jr 1Y . PY _ 102\1"
ror\ or r2oe? 022 2 ot?

(3.3)

The coordinates andy describe the cut plane of the scanning measurements, tieghec
the cut plane of the duct for the boundary value problem. Dhetisns can be obtained by
a standard separation yielding the velocity potential

P(r,p,z 1) :Jm(Kmnr)cD(‘P)e_jkmnzejwt (3.4)
Kzmn = K2 — Kimr? (3.5)
0e) =) (3.6)

where J,, is the m-th Bessel-function. The constagy, is determined by the boundary
condition, which for the rigid wall is
0 . .
Ve = ~grad(¥) = = Jn(kml)D()e Fme| =0 (3.7)
r=ro

Table 3.1 shows some values fa¥.ro where the zeros of the first derivative of the
th Bessel-function are found. Hence, the variableounts the zeros of eq. (3.7). The
transverse eigenfunctions

. _ cosfny)
Pinn = gingmy) Imlkmer) (3.8)
are a complete set of orthogonal functions fulfilling thehogonality relationship
o , 0 ‘orm#morn#n
[ [ warmararap=10 ,  TFTARIMONET (g
o Jo mro°Amn o =ocandm=m andn=n’
with
1 me
Apn= — [1 - ﬁ] ‘Jrzn(KmnrO)- (3.10)
Em mnro

4For a more detailed description it is referred to Chapterdigher Order Modes in Ducts” in [MI68]
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Table 3.1: First three solutions of eq. Kmnl 0 \

(3.7) up to ordem = 8 for the mn | 0 1 >
Bessel functionn counts the zeros 0 3832 | 7.016

of the first derivative of the Bessel- 184115331 | 8.536

function.

3.054| 6.706 | 9.969
4.201| 8.015 | 11.346
5.318| 9.282 | 12.682
6.416| 10.520| 13.987
7.501| 11.735| 15.268
8.578| 12.932| 16.529
9.647| 14.116| 17.774

ONO OB~ WDN KO

andey, = 1 whenm = 0, ¢, = 2 form > 0. o = 1 is used for the cosfp) factor and

o = -1 is used for the simyp) factor in the eigenfunctions. Figure 3.7 shows the profile
for some eigenfunctions up to orderE 2 andm = 4. Any pressure or velocity distribution
can be expanded in terms of these eigenfunctions, as it cardressed as weighted sum
of eigenfunctions

o o0 o=+1

por.@) = > >0 > ProPan (3.11)

m=0 n=0 o=-1

The task is to find the complex, frequency dependentficentsP?,, for a particular mea-
sured profile at the cut plane. To perform the decompositidheameasurements into the
participation co#ficients, the orthogonality is used:

21 ro
f f Po(t. )2 r dr dg =
0 0

oo o'=+1
f f Z P‘r{;n,‘l’ﬁ;n,)‘l"r{mrdrdgo:P;nyrrozAmn
0

m=0n=00"=-1

= P, = (710® Amn) ffpo(r Q)P rdrde (3.12)

Eq. (3.12) cannot be applied directly, as at first the padtévawve to be interpolated
on the surface to enable the integration. Based on the me&asntgoints a continuous
interpolation of the profile has to be calculated and, adddily, eq. [(3.12) has to be
discretised (see Chapter B). The discretised decomposiionuia applied on a linearly
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interpolated function over the cut plane is

1 N S 3
P = (7 7o? Am) ngz Po(k, N7, ¢) (3.13)
k=1

n=1

r = +x2(k,n) + y2(k, n)

¢ = arctar(igt” :;)

p(k, n) is the pressure measured at thth node of thek-th element\¥?, (r, ¢) is the value
of the transverse eigenfunction at the coordinate of the raolSy is the area of thé&-th
element.

Equation|(3.18) has then to be applied on each measurecdefieguesulting in a fre-
guency response for each eigenfunction. Figure 3.8 shoyysaat pressure decomposition
result for the fundamental and the two radial modes.

3.3 Analysis

Before going into details of the decomposition results, sbasc properties of mode prop-
agation in cylindrical ducts are discussed. Although tHendyical duct is of course not a
horn, it also shows some characteristic properties of hidt@snode cut-d.

3.3.1 Theoretical Considerations

The cut-df frequency of a mode is defined as the frequency where the ntaxde ® prop-
agate without attenuation. Below the cut;ahe mode is called evanescent, as the wave-
number is imaginary. Table 3.2 shows some diitt@quencies for a 2" duct, calculated
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\ foon [KHZ] | Table3.2: Cut-of frequencies
m/n 0 1 2 fmnfor a 2-inch duct fllleq Wlth
0 0 826 | 1512 air. mcounts the n(_)dal lines in
1 397 [ 1149 | 1839 the angular direction, respec-
tively, the order of the Bessel
2 6.58 | 1445 | 2149 function. n counts the nodal
3 9.06 | 17.28 | 2446 lines in the radial direction, re-
4 1146 | 2000 | 27.34 spectively, the number of ze-
5 | 1383 | 2268 | 30.15 ros of the first derivative of the
6 | 1617 | 2529 | 3291 Bessel-function
7 11849 | 2787 | 3563
8 | 2079|3043 | 3831

using eq./(3.4) and table 3.1. For smaller driver outlets cbrresponding cutffs will be
at higher frequencies.

It has to be awaited that for horns with a moderate flaring ancrass-sectional jumps
at the beginning these cuffdrequencies are more or less also found. In section 3.1.3,
it was mentioned that it is a priori not known how many measwet points are needed
to avoid spatial aliasing. With the estimation of the dudtafii frequencies it is possible
to estimate the minimum requirements for the measuremeat.inStance: to cover all
modes with cut-ff frequencies below 20 kHz it is necessary to consider at teadirst 54
eigenfunctio

Although a large number of modes can propagate in the carsideequency range,
the capability to transmit power may be rathefalient. The transmitted power for the duct
can be calculated which yields a rough estimation for powaargmitted by a horn. The
transmitted sound power of an eigenfunction is evaluateshiegrating the intensity, mn
over the cut plane of the duct:

1
Lz =5 B PV (3.14)
k
Vzmn =——p(f, ¢, 2, 1) (3.15)
wpPo
27 ro 2k
P - f Poemn o 32 riirdgo if k> ki (3.16)
0 0o 2wpo

Relationship/(3.16) can be evaluated by the orthogonaliitiomship (3.9) and (3.10).

V=

Prn = 5 (73 Amn) (3.17)
wWpPo

5This number is, actually, not exact and was chosen to be osetieeside. In fact, less than 54 (only 42)
eigenfunctions have to be considered but the numericalemehtation uses, for simplicity, all eigenfunc-
tions. Hence, the number of measurement points should bpatdste with the implementation
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’ Amn ‘ ’ Pan[dBreIPOO] ‘

m/n 0 1 2 m/n 0 1 2
0O |1 0.162 | 0.090 0 0 -83 | -123
1 (0119 0.058| 0.037 1 -9.3 | -133 | -185
2 | 0.068| 0.045]| 0.031 2 | -119 | -151 -
3 | 0.046| 0.036| 0.027 3 | -139 | -174 -
4 |0.035| 0.031| 0.024 4 | =155 - -
5 |10.027| 0.026 | 0.021 5 | -170 - -
6 | 0.023| 0.023| 0.019 6 | -189 — -
7 |0.019| 0.021| 0.017 7 | =215 - -
8 | 0.016| 0.018]| 0.016 8 - — -

@) (b)

Figure 3.9: The constant\m, up to ordem = 8, n = 2 (a) and normalized powé,,, at 20 kHz in
dB for a 2" duct (b)

Thus, the equation for the transmitted sound power of a modsists of a frequency de-
pendent term and the constang, multiplied by the area of the junction. The fundamental
mode power is simply the plane wave power and, thus, the onlyencapable to transmit
power within the complete audio frequency rangg € 0 andAg = 1, see also table 3.1
and 3.9(a)). From this consideration one can clearly statethe most important eigen-
function excited at the driver’s outlet is the fundamentalde.

To compare the higher order mode power to the fundamentakmoder, it is con-
venient to normalize the higher order modes to the fundaahembde. Accordingly, the
normalized modal sound power is

K%’m 3 8
- FAmn ( .1 )

This is a very interesting equation. It says that the maxirmormalized sound power

I:);nn =4/1

is Amn. The result, of course, is only valid if the amplitude of thede is equal to the
amplitude of the fundamental. Table 3.9(a) showsAhg for the first modes. One can
find, for example, that ther{ = 0, n = 1)-mode transmits a maximum of -7.9 dB of the
fundamental mode pov&erAdditionally, taking into consideration that the frequgmange
of interest is below 20 kHz, the maximum of the normalized poean be calculated (Table
3.9(b)).

Concerning this calculation, it has to be remarked that tkalt® presented in Table
3.9(b) are, strictly speaking, only valid for a duct of infanlength. Thus, a more ore less

®This value is calculated from table 3.9(a)7.9 dB = 1010g,(0.162)



3.3. ANALYSIS 33

deviating influence of higher order modes has to be expettad, of course, will depend
on the geometry of the horn. A horn with a long horn throat wilrely behave more as
a long duct than as a short conical horn. Describing this ncoraplicated geometries
analytically, will lead too deep into mathematics at thisnpoA closer look at this field
of investigation leads to systems of linear equations focheaode. Interesting work was
done on this field, by, for example, [Pis03], [NKP96] and [AKR.

3.3.2 Decomposition Results

This section contains a selection of decomposition resdiitseasured drivgnorn combi-
nations. The intention is to present typical combinatioms can find in practice, and, with
the results found at these combinations to discuss theigns$tought up at the beginning
of this Chapter (see page 20)

General properties and pressurgvelocity comparison Figure 3.10 shows a typical
measurement result of a 2” compression driver connectedhtora The curves show
the pressure decomposition result for the first 54 eigenioins.

The fundamental mode dominates the low frequencies, agcpgddy theory. For this
particular drivefhorn combination this is true up to approximate 12 kHz. Lagkat this
frequency range, one also finds that most of the modes aresfawlihe fundamen&:tl
This also corresponds to the estimation of the duct éutrequencies. Nevertheless, there
are some modes with significant level. These are the firstadi@almodes and the first two
angular modes for this example.

In the following, the decomposition results are normalizethe fundamental mode. As
the fundamental mode dominates the profile and transmitsehtiee sound power this will
be a convenient approach. Furthermore, a normalizatioedessary to compare results of
different drivethorn combinations. As abbreviation for the notation of tlgeefunction,
for instance, 01 for then = 0, n = 1 eigenfunction is used. Figure 3!11 shows the first
normalized pressufeelocity modes for the EV-DH1ATactrix combination. The pressure
and the velocity show, except for details, the same charatitebehaviour. Furthermore,
it seems that the slope of the eigenfunctions increasesmagtbasing mode order (see also
Figure 3.11). While these observations are just of qualgatature and maybe only valid
for this particular combination, some further combinasiane studied in the following.

"The dynamic range is at low frequencies about 60 to 80 dB amdetsults of most of the higher order
modes is dominated here by noise at such low levels.
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One driver and different horns  Figure 3.12 shows decomposition results of a JBL 2445
2"-driver connected to dlierent horns. Besides the tractrix horn, a very long and narrow
horn with square mouth and a short, about 10 cm long, cykatitube as acoustic load

is used. While the two “real horns” are not expected to showifognt diferences, the
short tube should force aftierent modal behaviour at the driver's mouth: the abruptscros
sectional jump at the end of the tube will cause the propagatiodes to be reflected.

Figure 3.12 shows the 01 and 02 @ogents for the normalized pressywrelocity. The
differences between the two horns are, at least at high freqasenary small. It is inter-
esting to note that the velocity ciheients of the long, square horn do not show the same
slope as the results of the tractrix horn. They are at a conhkgeel of about -20 dB below
8 kHz. The results of the tube show some significant changesdr2 kHz and 8 kHz at
the pressure cdigcients as well as at the velocity déeients. For higher frequencies the
codficients are, except for some details, not significantijedent from the horn measure-
ments.

To further analyse the flerences between the modal feedback of the acoustic loads, th
modal impedances were calculated. Figure 3.13 shows thalmmdedances of the two
horns and the short tube. The curves merely show the quatig¢he pressure cdicient
and the according velocity cfigient. For instance, Figure 3.13(a) shows the normalized
fundamental mode impedan@g, = Pgo/(0oCVoo) and the first radial mode impedance
Zo1 = Po1/(0oCVo1)-

It will be shown later in Chapter 5 that the modal impedanceasued at the interface
are even dependent on the particular combination of mod#seatriver’s mouth. Thus,
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the interpretation of the modal impedances is not straagitirdly possible, as the modal
interaction has to be taken into account. Anyhow, the result interesting, and, as far as
the author knows, new in this field of investigation.

One horn and different drivers Figure 3.14 shows the normalized 01- and 02 pressure
participation co#icients for diterent horn drivers, among them also one modified driver
with phase plug removed (RCF 980-opp), measured all with @erix horn. At low
frequencies they almost behave the same, the pressurasesr@ith about 6 gBctave. At

a certain frequency the modes become dominant. For thisdrezry range the frequency
responses are significanti@rent of all drivers, although the acoustic load is the same.

3.4 Discussion of the Results

Although the results presented in this section can of conoseover all possible combi-
nations of drivers and horns, it may be allowed to sum up teifscant tendencies found
at the measurements. The first important result was that ofdbie frequency range is
dominated by the fundamental mode. As long as no “extremelistec load is connected
to the driver like a short, abrupt ending tube, the transifi@quency where the modes
become dominant seems to be more or less a property of thex dnd is not influenced by
the horn. However, it has to be remarked that the dominatavielr of the fundamental
is not only a consequence of the physical properties of wpuggagating in ducts. It is
also related to the exciting membrane and the construcfitimegphase plug. While some
2"-drivers have a transition frequency at 10 kHz, one cao fah&l drivers with dominating
fundamental mode up to 16 kHz (see Figure 3.14). Furtherniiosbould be noted here
that smaller drivers will of course have higher transitioeguencies. To answer the ques-
tion of common driver properties: the dominating fundaraéntode for a large frequency
range is common to most drivers found on the market. One cam@w one step ahead and
predict that the reason for a non-smooth frequency respairisigh frequencies is caused
by dominating higher order modes. This seems obvious asett@bosition results show
also non-smooth higher order mode responses for all imagstl drivers at high frequen-
cies. Thus, the measurement of the pregsatecity profile may also serve as indicator for
the quality (of the linear properties) of the driver.

The second point of interest was, if a feedback of the horheadtiver could be mea-
sured at the common interface. If one driver is connectedfterdnt acoustic loads the
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pressurgrelocity profile must also show significant changes, at Igdlseé driver is not ex-
tremely mismatched to the sound field. In Figure 3.12 redaitslifferent load cases are
presented and Figure 3.13 shows the measured modal im@sdforche first 4 modes.
From these results, one can say that the feedback is not xiskget for the fundamental
mode but also for higher order modes at the driver’'s mouthastto be remarked here, that
the calculation of the modal impedances as ratio of decoatppeessure and velocity has
to be reconsidered, as the propagating modes are not orthbgay more when they leave
the driver’s mouth. They may convert to other modes whilg thevel through the horn and
thus may also influence other modal impedances. In othersvdiderent velocity profiles
may cause dierent modal impedances! This will be treated later more cetrgnsively in
Chapter 5.

The third question was: are the pressure and velocity psdadiiéhe interface unique for
each type of driver?

Besides the dierences in the level of the participation @o@ents, one can say that
especially the composition of higher order modes is unigquestich driver. By simply
comparing the normalized 01 and 02 modes fdtiedent drivers measured at the same horn
in Figure 3.14 one finds, for instance, that the transiti@gfiencies vary from 10 kHz to
16 kHz. Furthermore, the relation of fundamental mode annidi and higher order mode
amplitude above this frequency also shows largketénces between these drivers.



Chapter 4

Separation of Horn Driver and Horn

Based on the practical investigation of the acoustic fielchatdut-plane between driver
and horn (Chapter| 3), a separate description for both systedeveloped in this Chapter.
In the most general case, the description has to considediatnjbution of velocity and
pressure and, furthermore, also has to describe any pedsidiback from horn to horn
driver. This, of course, also includes any feedback fromatweustic field to the electric
properties. The only required assumption is linearity ame invariance of the system (LTI
system). Without further proof, it is stated here that syste/hich are not at least dominant
in their linear behaviour and stable enough concerning thmee dependent properties are
also not usable for professional sound reinforcement systnd, thus, are not of interest
to be described within this context.

To manage this task, two methods are combined:

e The acoustic pressure and velocity profiles at the sepgratiarface are expanded
into orthogonal eigenfunctions. Hence, the systems areritbesl by their “modal

coordinates”

e The interaction between acoustic properties and elecatopgsties is described by a

modal multiport

Similar methods are, for instance, also used to simulate Aotennas of arbitrary shape
by combined mode matching and numerical methods [BBA99] desxribe piezoelectric
actuators by a multi-port [DHD91], [KSH91].

This Chapter starts with a complete description which inetual linear &ects between
the two systems. This description will be calkedl cross modal descriptianAs this model
has many degrees of freedom, it is more or less of theoreiatale. In fact, it serves in this
thesis as basis to derive descriptions with fewer free parars. The intention is, actually,
to find models which can also be used in practical implemimist
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All these descriptions will finally lead to mathematical regentations using matrices
for the systems and vectors for the input and output of theesysA complex frequency
domain representation is used in the following. The entifdbe vectors and matrices are
themselves complex frequency vectors (see for instancpg&iiand [Mak01]).

(o) = (72t 1) (5®) =T (5H) @
The operation between vector entries and matrix entriesrglex, element by element
multiplication.
The modal descriptions in this thesis are based on a moda, lzasystem of eigen-

functions fulfilling the two-dimensional orthogonalitylatonship. The numbering of the
eigenfunctiongdV is realized by two indexes m and n.

f \Pmn\Pm/n/ dA = (42)

{0 mzmorn#n
A

AApmn Mm=m andn=n/,

Amn is a particular normalization constant for each mode antt eamdal basis. This set
of functions can represent any two-dimensional profile e dbkparating interface arda
between the two systems as superposition of weighted eigetidns. The weighting co-
efficients are called participation diieients and can be complex valued. The modal basis
used for the investigation of the horn drivers was derivedhgysolution of the cylindri-

cal duct with hard walls of infinite length. Other useful ls&s are, for example, the set
of eigenfunctions belonging to the rectangular duct (wdagdapplied to all drivers with
rectangular outlets, like many ribbon tweeters and plaregmatic drivers) or the circular
membrane or rectangular membrane (comprehensive treatméforse’s famous book
[MI68]).

4.1 Full Cross Modal Description

In general, a multi-port can be used to describe any LTlesgswith any number of in-
puts and outputs. In the context of this thesis, each aaopsitit consists of a pair of
pressure and velocity participation ¢bheients, describing the amplitudes of the particular
eigenfunctions with the numbeng n. Using this black box description, results in a matrix
describing all possible couplings between all connectafribe multi-port (eq./ (4.6)). The
size of the matrix varies with the number of eigenfuncticaleen into consideration. For
instance, if the firsf eigenfunctions are considered, the size of the matrijx+dl, as one
terminal is required for the electric port.
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ul@ L
Figure 4.1: Modal multi-port of the

V’““lpm" horn driver connected to an ideal
- voltage source

Both sides of the system, the electric and the acoustic @rds,0nnected by the matrix
Zq4 as defined in (4.3)

9+
P = (Poo Pos .. Pmn)' (4.4)
V = (Voo Vor ... Vi)' (4.5)

P andV are the vectors of pressure and velocity participatiorffunents,U is the voltage
and| is the current. As the decomposition projects the two-dsimaral distribution at
the interface onto one-dimensional fit®ents, a mathematical unambiguous description
is realized. The connection matig contains electric, acoustic and mixed impedances:

Zéj’l Z(ljJ,OO . ZéJ,mn
Zgo’l ZSO’OO . Z((j)o,mn
Ly = . . . . (4.6)
mnl mn00 mnmn
Zd Zd e Zd

For exampleZ”' = U/1, Z)%° = U/Voo, ZI™™" = Prn/Vimn @nd so on. The four parameters
in the upper left corner of the matrix are the ffaments related to the fundamental mode
model. To get a more convenient representation for calomist the variables within the
matrix are combined in vectors containing the mixed eleatroustic impedances and a
sub-matrix including only acoustic variables.

zV = (Zg% . zZg™) (4.7)
t
zZ8 = (z™, -z (4.8)
Zgo,oo L Zgo,mn
zgV = (4.9)
Zmn,OO . Zmnmn
d d

Using this notationZy4 can be written in a very compact form:

ZU,l ZU,V
Zy= ( %, 4 ) (4.10)
d d
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Coupling of driver and acoustic load If an acoustic load is connected to the driver, the
ratio of velocity and pressure is determined by the loadingedance. The coupling of an
acoustic load will accordingly be modelled by a modal homo#th impedance matrix. This

r0
Pﬁeld

Figure 4.2: Coupling of horn
driver and horn

impedance matrix includes all possible modal coupling exd@d by the horn geometry:
70000 ~00mn
h h

Zn=| ¢ . (4.12)
Z;]““OO co. zmmmn
The definition of the matrix components is according to theedrmatrix. For instance,
the entryz)*® is the ratio of pressure cfiigient Py and velocity coficient Voo. This
particular entry exactly corresponds to the fundamentalertfwrn throat impedance. The
entry Z,?O’m” is the ratio ofPyo andVy,,, and so on. Hence, the diagonal elements of the
impedance matrix contain the impedance coupling of the medt the mode itself. All
the other elements contain the modal cross coupling. Figiteshows the two coupled
systems, whereas for simplicity the modal ports are contbim@ne port.

With the impedance matrix connected to the driver matrixs possible to calculate
the coupled system’property. For instance, the vector of velocity within thegecting
cut-plane for a particular drivérorn combination results in the solution of a system of
equations. If the driver is connected to an ideal voltagea®uhe following system is to
be solved for the velocity and current dheients:

U I
(Zhv) -2, (V) (4.12)
The first line of this equation can be solved for the unknowmest | :
U 1
Ul uv _ uv
U:Zd I+Zd V = —ﬁ—ﬁzd V (413)
d d

The second line of (4.12) together with (4.13) can be soleedhfe velocity vector

-1
1

ZWw=z'l+zZv = V= [zh + Fzg"zg’v - zg”V) zy! % (4.14)
d d
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Please note that the multiplication 8§' andz ¥ again results in a matrix of correct size,
as a row-vector is multiplied by a column-vector.

In the same way other properties of the coupled system ¢hiwer can be calculated.
For instance, the electric input impedance can be expresgedns of the driver and the

horn matrix as
ZU,I
Ze = d — (4.15)
1- 79V (Zh (29 Zhzy - z('j’V) zP (29"

Power flow and electro-acoustic fliciency If no energy is generated within the two
systems, the total electric input power has to be identectie total acoustic output power
plus the sum of all thermal and other losses which do not dmrié to the acoustic output
of the coupled systems. With the flow definition of Figure| 4é following relationship
has to be fulfilled:

R{UI"} = R {Z > f f Pmnv;n\yfmdA} + Ploss (4.16)
A

m=0 n=0

The right side represents the sum of the power transmittealllacoustic modes plus the
losses. Using the matrix for the acoustic load and the vdotothe velocity participa-
tion codficients together with the orthogonality defined in eq. |(4i2)ds a more elegant
representation,

RAZI1") = R{AAZRV) V'] + Pioss (4.17)
whereA is a diagonal matrix of the normalization dheients defined by the orthogonality
relationship. The electric impedance can be determined gt (4.15) and the modal
velocity vector is given by eq. (4.14). The electro-acausdfiiciency can, accordingly, be
calculated as ratio of acoustic output to electric input @ow

R {A(AZ,V)' V'
R {Zell*}

(4.18)

Calculation of radiation  Up to this point, it is possible to calculate any linear pntype
related to the driver and the velocity or pressure profilb@gicoustic interface between the
driver and the horn. In general, with the velocity profileta horn throat (and of course the
geometry of the horn and other boundary conditions) theutation of the far field sound
pressure, velocity and other properties of the loudspeiakpossible. It is a convenient
approach to describe the relation of far field properties @ldcity profile at the horn
throat in terms of the same set of eigenfunctions, too. Treshodology is, in general,
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independent of the method used to calculate the radiattontle far field. Anyhow, the
storage space needed for the simulgtafculation result is significantly smaller if the horn
is described by modal coordinates.

Theoretically, there exist a large number of possibiliteslescribe the spatial sound
field of a loudspeaker. To describe the idea afi@dal horn data seit is suficient to con-
centrate on the most common property, the so-called orfi@xjaency response. Normally,
the on-axis frequency response is referred to a distance df m from the loudspeaker and
also referred to a nominal input power of 1 W. The normalizedawis frequency response
is calledsensitivity(see also Figure 4.2). The modal data set for this partiadafigura-
tion consists of a modal transfer function, which simplyhis tatio of the sound pressure at
1 m distance to the velocity participation ¢beient. This can also be interpreted as modal
transfer impedance:

P,
Hupy = —r=imVon (4.19)
an

To avoid confusion with all the other impedances, the maadaldfer impedance is denoted
asH as shown in Figure 4.2. For the sake of a more compact reatiegransfer function
is written as modal row vector:

H = (Plrzlm,voo P|r:lm,an)
VOO Y an

(4.20)

Assuming that the nominal impedance of the driver understigation isR,E, the sensitiv-
ity of the driveyhorn combination is:

-1
Plim, w=H (zh + %zg"zg’v - zf}V} VAN % (4.21)
Zy Zy
whereUZR, = 1 W.
In the same way, sets of transfer functions can be definedlier éield points located
on circles around the horn in the horizontal plane, vertitahe or field points on a sphere.
Thus, a data set for the horn consists of the modal throatdanee matrixZ,, as defined
in eq. (4.11) and a set of modal transfer functions for the figints of interest, like the on-
axis field point at 1 m distance as defined in eq. (4.20). Alghothere exists an informal
convention which sets of field points are used for the spahatacterization, it might be
useful to calculate the sound field at other points, too. Tmage this task, it is also
possible to store the pressure distributi®g, on the radiating surfac8, related to the
exciting eigenfunctiotV,,,. Using the Helmholtz-Kirchhi® integral equation of radiation,

1The nominal impedance is defined/in [DINO3], section 16.1
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it is, then, possible to calculate the sound pressure at altydoint in dependency of the
exciting eigenfunction:

og(ro,y) . _
[f [Pmn 6n(y) + JwPOleanng(rO, y) dS = Pmn(rO)’ (4-22)

wherey is a spatial point on the surface, is the spatial point which the sound pressure
is calculated for and(ro, y) is the free space green’s function. Thég,(ro) is the sound
pressure at the field point with the coordinatgsvhen the horn is excited at the horn-
throat by a velocity profil&,,, with the amplitudé/.,,. This idea is, actually, adopted from
numerical methods of acoustics and will later be treatedcemaomprehensively in Chapter
5 where it is described how to numerically calculate the hi@a and the surface pressure
distribution.

4.2 Simplified Descriptions

The vector matrix notation as presented before enablesyaceenpact notation andtec-
tive calculation of the coupled system’s properties. Thighhbe misleading concerning
the applicability of the full cross-modal driver descrgati Especially, it might be very dif-
ficult (or at last impossible) tpractically measure the entries of the fully occupied driver
matrix for a large number of eigenfunctions.

A simple example will reveal this: if the driver matrix shdube measured for the
first j eigenfunctions, itis necessary to measure the driver und#significantlydifferent
acoustic conditions, which will result in system ¢fi(1)? equations for thej@1)? unknown
variables. Of course, a numerical model would enable toroete the complete matrix.
But as pointed out in the introduction: the development ohsmodels is a complicated
task and it is definitively not a feasible approach in a norloatispeaker development
process.

Although a full modal description for the driver is nice tovikea practical constraints
dictate to apply simplified descriptions. Besides the proislef determining the driver’s
parameters, it is, maybe, not necessary to apply such asprewpdal model. For now,
some useful and reasonable simplifications are discusséé and of this Chapter. How
to determine the driver data will be described in detail (Gbiaf).

Modal description One step of complexity below the full cross modal descripi®to
leave out the cross-interaction of the modes among each. offies modal description
assumes that the loading impedances also show a weak modalaoupling, which, as
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will be shown later, is approximately true for most commonhgeometries. The matrices
ZZ”V and Z, which describe the acoustic interaction of the eigenfamstibetween each
other can be greatly reduced by assuming that this crosgtion of modes of éierent
order can be neglected. In other words, the loading matriktha acoustic impedance
matrix just consist of their diagonal elements. At this pairhas to be noted that the cross
interaction of modes occur only if the modal basis is not id@hwith the “natural” system
of coordinates of the acoustic problem. For instance, ihglquropagation in a conical tube
is described in Cartesian coordinates, an infinite number ales has to be taken into
consideration. Unfortunately, for most interesting hoeogetries and particularly for the
phase plugnembrane interaction of the driver, normally, no separabl&dinate system
exists. Thus, the modal basis will be a more or less good comige. The better the
eigenfunctions fit into the problem, the weaker the crosragtion is and accordingly the
more diagonalized the impedance matrices are. Howeveulaiion results of dferent
horn geometries presented later in this thesis show thditdirematrix is dominated by its
diagonal elements, even if the basis of the cylindrical duiosed.

The most important consequence of this approach is the edduember of unknown
variables to determine. To be more precise, the modal gegerirequires 3+ 1 equations
as the vectorg’', Z"V and the diagonal matriz}"¥ each havej unknown variables.
Accordingly, three significant éierent load cases are required, independent of the number
of modes. This is a rather remarkable result and above akgins to be a realistic task to
manage.

Modal sourcgimpedance model An interesting alternative description is the modal
sourcgimpedance model. Instead of considering all possible ¢ogg| the electric side
is terminated by an ideal voltage source feeding the drivdr the voltageU,. This con-
figuration is very close to many practical configurations aslemn amplifiers feature a
very low inner impedance compared to the electric impedaht® connected loudspeak-
ers. For the representation there exist two common methagsessure source and an
inner impedance in series, as shown in Figure 4.3, or a \glsource connected to an
impedance in parallel to the source. Using the formalisnelbged in this Chapter, the
parameters can be calculated. The second line of eq. (4ire@}ld yields the relationship
vV Z

Figure 4.3:
Pressure source POKE l P

between voltagé), and pressur®, if the driver is connected to an infinite impedance,
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thus enforcing the velocity vector to be zero:
Po=2Z{'— (4.23)

The velocity source can be calculated with eq. (4.14) if ttauatic loadZ,, is set to zero,
which enforces the pressure vector to be zero:

-1
1 U
Vo = Ul ZE’IZS’V - ZcFi)’V Zz’l Uc,)| (4.24)
Z Z;

d
Zi"1 Po

To calculate the inner impedance, these two equations ebsibdoe used, but it is more il-
lustrative to make a “virtual measurement” at the driveridtirport. Instead of connecting
an acoustic load to the acoustic ports, a device is connggrdrating a defined veloc-
ity V, while the source impedance of this device is infinite. Thhis virtual measuring

instrument could be called ideal modal velocity source. Wesdevice is terminated by a

I \4
R Z
U, l(é T lP <: Fig_ure 4.4: Determination of the source
I impedance

short-cut at the electric side, the following equationdliy result from the driver matrix

eq. (4.10):

0=2"l -z3"V (4.25)
P=2z -z (4.26)

Please note the changed sign of the velocity due to the flowecdions. Eliminating the
currentl yields

1
P= [ zHzdV - z('}V]v. (4.27)

Ul
Zd

zi
Pressure and velocity are related to each other by the inm@edance matri¥;. If, ad-
ditionally, cross-coupling is neglected in order to dedeupe modal sources and modal
inner impedances, the number of unknown variables for tludehis 2, j unknown vari-
ables for the source pressure or velocity gngariables for the diagonal elements of the
source impedancg;. This special model, accordingly, requires twdfelient modal load
cases with the dimensignto be completely characterized.
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Fundamental mode description From the mathematical point of view this model does
not attract much attention, but for practical purposeslitlvd, not at least due to the more
or less simple practical determination of its parametdrs, host attractive description.
As mentioned on page 43 (see also €q. (4.6)), the upper leftefotries of the driver
matrix are related to fundamental mode model, which acoghgiyields now a merely one-
dimensional modal model. In other words, the fundamentalenmoodel can be described
as two-port. Since the formalism is exactly the same as fntbdal multi-port, it is not
necessary to repeat this here.

For practical purposes, it will, later, be convenient to tieetwo-port not as impedance
matrix, but as transfer matrix. The velocity ¢beient of the fundamental is replaced here
by the volume velocityQ generated at the acoustic port:

(o)== )0)=77)
The flow direction of the physical properties is defined inuf&4.5 according to the modal
multi-port. The T-matrix parameters can be calculated ftbendriver matrix by the fol-

|
Figure 4.5: Electro-acoustic U l_b_ T _Q_IP
two-port — —
lowing relations:
Ty = g o = ;gilo (4.29)
Tip = T_’ B _ ZSO,I _ Zgo,ooZZdULLzo (4.30)
To1 = glzo = 2;88 (4.31)
Ty = (I—? e = —AAOOZZdULLi)IO (4.32)

Reduced modal description The last model to discuss is in fact a combination of the
fundamental mode model and the modal sofimggedance model. For the fundamental
mode the formalism described before is used, thus includmgfeedback to the electric
side concerning the fundamental mode. Higher order modesiescribed by an ideal
velocity source. The inner admittance is assumed to be zem@ MAlthough this model
does not even consider the acoustic feedback between hdrhigher order modes, it
should yield good results if the measurement of the velosotyrce cofficients is made

together with a representative acoustic load.



4.3. HOW MANY MODES SHOULD BE CONSIDERED? 51

4.3 How many Modes should be considered?

The previous sections of this Chapter describe modal modedsiveer and horn which
enable a separate description of both systems. Severdifghpriver models were dis-
cussed. This section discusses briefly if a further redndticdhe modal models can be
achieved by simply reducing the number of modes taken intasideration.

In section 3.3.1, the influence of higher order modes wamestid by calculating their
power transmission and the related ctitfoequencies of the cylindrical duct. It turned
out that a lot of cut-& frequencies are below 20 kHz (2" duct considered), but oaiyies
modes are capable to significantly transmit sound powertése 3.9(b) on page 32): the
most important mode was, of course, the fundamental moded@®#ss, there are (for the
2"-duct) only two modes which transmit more than -10 dB offilmedamental mode power:
the first radial mode (01) transmits at 20 kHz about -8.3 dBtherdirst angular mode (10)
transmits at 20 kHz -9.3 dB if excited by the same amplitudda@sundamental. Although
these modes are excited at the driver's mouth (see sectod)3the influence on the far
field response of the horn might be negligible. Exactly thiegfion was investigated by
simulations and theoretical considerations in [MakO4bjuined out that many modes are
excited at the driver’s outlet but their influence vanishetha far field. Furthermore, it
is possible to exclude any mode with an asymmetrical eigeation when the focus is on
the development of a horn geometry. For instance, the fuedeahmode and the pure
radial modes are the only modes of practical importancedutar outlets are considered.
All other modes of this particular system of eigenfunctigredd an asymmetrical radiation
pattern which is only useful in very rare case. It should deonoted that the patterns
created by angular modes are, of course, dependent on th&ingposition of the driver.
Simulation and measurements presented later will showthiese asymmetrical patterns
do exist and can be simulated by the techniques describédsithesis.
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Chapter 5

Determination of the Horn Parameters

For the determination of the modal horn parameters it hag tconsidered how to simu-
late or calculate sound radiation of a closed, finite surfdt¢e surface is described by its
geometry and boundary conditions: surface admittanceratie of pressure and normal
velocity, and a distribution of vibration on the surfaceirrgtas excitation. The problem
described here is known as one of the standard problems oémeahacoustics: the ra-
diation problem ([Mec02]). Although it is always better toadytically derive solutions
with general character, this is not possible for arbitragpmetries defining the radiation
problem.

In Chapter 4, it was described which modal data is needed tpledbe horn, the
acoustic load, to the driver. It was also pointed out that mae general way any linear
property of the sound field created by the radiating surfagecluded in the modal surface
pressure distributiof?,, of the solved radiation problem. The modal data, the modabth
impedance matrix as defined in eg. (4.11) and a set of modafgafunctions defined in
eq. (4.20), can accordingly be derived for each eigenfandfithe surface pressuf@,,
is known. For the determination of a horn data set, it is, h@narrelevant how to derive
the solution. In this work, the boundary element method (BEW)sed and, therefore, it
will be described shortly. After that, the modal data for sgparticular horn geometries of

practical importance will be presented.

5.1 BEM

During the last decades, a couple of formulations to nurallyisolve exterior field prob-
lems have been developed. In the following, the most podolanulation based on the
Helmholtz-integral equation is presented representgtiee all similar formulations. This
formulation, called direct form or sometimes basic formaliso used in this thesis. The
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Helmholtz-integral equation is
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S describes a closed surfadg, is the exterior field roomB; is the interior field room,

k]

C(x)

y is a spatial point on the surface, x is the location of a fiadthp C(x) is the solid

angle seen from x. Eg.| (5.1) simply says, that the pressuemyaffield point can be

calculated by integrating all monopoles and dipoles latatethe surface. Unfortunately,

this distribution is not known a priori. A standard probldike sound radiation from a horn

loudspeaker, is defined by vibrating regions of the surfackaadistribution of admittance

5.1. The pressureldiston on the left side of (5.1)

has to be calculated from this boundary conditions. Thisesask of the BEM. The second

over the surface, as shown in Fig

line of eq. [(5.1) also gives the correct relation of surfaspure to monopole and dipole
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distribution on the surface. As the pressure on the surkoa both sides of the equation,
one has to solve this equation for the surface pressure.

To use this formula for computations, it has to be discrdtised the integration has
to be done numerically. This causes some problems sinceutnenical integration is not
possible for singular integral kernels as it is the case.l&esides this, the equationfiers
from the so-called non-uniqueness problem. Both problemdescribed and solved in lit-
erature and therefore not worth to be discussed in this kbrAaletailed description of the
BEM and specific problems can be found, for instance, in [MgcURe non-uniqueness
problem is discussed comprehensively in the famous BurtdieiMPaper [BM71]. Meth-
ods of discretisation and interpolation on surfaces arerdes] in [Zie77].

The discretised form of the Helmholtz-integral equationtfe surface pressure is

N f
> [p(y)ag“’y) + jupovn)a(x. V)| ds = CO)P0K). (5.5)
= an(y)
with the normal velocity
‘;2—8 = ~ jpovaly) (5.6)

The integration is split into a sum of integrations over thseurface elements. In the exam-
ple shown in Figure 5.1 the elements are planar-triangilitze. variabld counts the points
on the surface where the solutions are obtained. For instéraclinear interpolation of the
functions is used, three points per triangle are needecktiegwith the used interpolation
scheme (see section 8.2 and also [Mak04b]) the equation e@axgressed as system of
equations in terms of matrices and vectors:

DP + MV = CP (5.7)
The system can be solved for the unknown pressure diswibfi

P = AH(-MV) (5.8)
A=D-C. (5.9)

The system matriXA which contains the dipole terms and the diagonal mdfxigf the
solid angles is fully populated and complex and, thus, léad®n-optimum conditions for
its inversion. The time needed depends on the algorithmmdata methods show a time
dependency of approximatgying o« 127 for the inversion of a matrix with? entries. The
vectorV defines the excitation of the radiation problem. It is obsgitlat the system ma-
trix has to be inverted once and can then be used to proces®fssdutions for diferent
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velocity excitation vectors. This configuration enablesftectively process the modal data
by fast matrix-vector multiplications. It is, however, nuassible in practice to store the
inverted matrices and, then, to calculate the sound fieldtneg from arbitrary excitations
as the following example will show: to get an accurate reguértain number of compu-
tation points on the surface are needed, for linear intatsis 6 points per wavelength
are needed at least in the regions of high sound pressureexBimgples shown later in this
Chapter use about 7000 nodes for the simulation, thus leaoliagnatrix with 49 1P en-
tries. Each entry is stored as complex double. This yieldseacd 784 MB per frequency.
A usual simulation contains 256 frequency lines to covercthraplete audio band. In this
case about 200 GB disk space would be needed for each siomnaliich is not practical
at the moment of writing.

A better solution for this comes with the idea of a modal etmin which will be de-
scribed in the following. This also allows to calculate tloeiisd field for (nearly) arbitrary
excitations. The storage space needed for the same probtenas discussed above is
merely 1.0 GB if the complete surface potentials for the Brseigenfunctions are stored,
200 times less as the inverted matrices. If only the final rhdal set is stored, the storage
problem is not worth to be discussed.

5.2 Calculation of the Modal Data Set for the Horn

The modal horn data set as described in Chapter 4 consistogians: the modal horn
throat impedance matrix defined in eq. (4.11), and a set astea impedance vectors
(eq. (4.20)) describing the relation between exciting eigection and far-field sound
pressure. It was also pointed out that it is a good idea te $ha surface pressure related to
each eigenfunction to be able to process further sets affsrimpedance vectors without
starting a new simulation.

5.2.1 Simulation of the Modal Surface Pressure Distribution

The first step of a BEM-simulation is to generate the geometrg aurface mesh. The
interface where the driver normally is connected, is of seyust a part of the surface here.
To be exact, this separating face between the two systemessas exciting part of the

radiation problem, the rest of the surface is defined as raating. It is reasonable to use
a geometry for this acoustic interface that fits into the esysof coordinates used for the
modal description. If, for instance, the eigenfunctionshef cylindrical duct are used, one
should choose a planar, circular acoustic interface. Iegphl coordinates are involved,
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m/s

Figure 5.2: Excitation of a 60x40-horn with the first radial mod&; of a cylindrical duct as
velocity distribution

the exciting area is a spherical cap and so on. In theorynitimecessary, but not doing so
requires an unnecessary large number of eigenfunctiongfaumgl is not very useful. The

acoustic interface shown in Figure 5.1 is a planar, circdisk that would be used with the

cylindrical eigenfunctions.

It is assumed in the following that the geometry and the atouderface is described
according to the chosen modal basis and that the invertetiknsatomputed. The next step
is to calculate the pressure distributions by multiplyAig with the velocity eigenfunction
up to a certain order required to precisely describe alfidigions possible at the interface.
Figure 5.2 shows as an example the excitation of a horn wéHitkt radial mode of the
cylindrical duct. Some estimations concerning the higloedéer necessary for the eigen-
functions are described in section 3/3.1 based on thefEfitequencies for the modes. As
the additional computational time is negligible, one sdawde some more eigenfunctions
if necessary. Accordingly, the modal pressure distributsocalculated by:

Pmn = _A_lM an\Pmn (5. 10)

Actually, this equation is not exact, as the eigenfuncttp with amplitudeV,,, is only
related to the separating surface between driver and hotmaslto be interpreted as the
velocity vector describing the velocity distribution oretivhole surface: it is zero for all
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Figure 5.3: Surface pressur®p; at 10 kHz of a 60x40-horn as result of an excitation with the first
radial mode velocity profil&p; of a cylindrical duct

elements not belonging to the separating surfacelgpdor the separating surface.

Using this idea of orthogonal eigenfunctions as excitatosrihe simulation, leads to a
pressure distributiof?,, for themn-th eigenfunction acting as exciting velocity distributio
at the horn throat. Some examples for modal surface pressfire@ horn are shown in
Figures 5.3 t0 5.5.

5.2.2 Calculation of the Modal Throat Impedance Matrix from the
Modal Surface Pressure

This section describes how the modal throat impedance xnad¢fined in Chapter 4 is
calculated from the surface pressure. First, two propeitieerent each horn are discussed
studying qualitatively an example of wave propagation ig@dal horn geometry: mode
conversion and reflection of modes at the end of the horn.

The excitation at the horn throat causes a propagating wWairele this wave travels
along the horn, the initial shape of the wavefront changestdihe geometry of the horn.
Figure/ 5.6 shows the phase distribution of a 60x40-horn EHZQusing the fundamen-
tal mode (plane wave) as velocity excitation. It can clebryseen that the shape of the
wave changes in order to fulfil the boundary conditions deffibg the geometry and the
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Figure 5.4: Surface pressurg at 10 kHz of a 60x40-horn as result of an excitation with a funda-
mental mode velocity profil#qg of a cylindrical duct

surface admittance. Hence, the initial mode changes toergagition of diferent modes.
When the wave finally arrives at the horn mouth or other disoaittes, the modes are
reflected and travel backwards to the horn throat. FiguresBolvs a pressure pattern at
10 kHz for plane wave excitation. It is obvious that the pattgoes not belong to a pure
plane wave, but to a plane wave and some superposed higleemoodlies. This is the rea-
son for coupling of modes at the horn throat area. From thipls considerations it can
be concluded, that axis-symmetric horns with low flare-ratee a weak modal coupling.
Rectangular horns with high flare-rateffdaction slot and other sharp bends will have a
stronger modal coupling. A surface admittance unequal to w®uld also cause modal
coupling, even if the geometry fits into a separable systecoofdinates. But as it is rather
unusual to make horns with a significanffdrent surface admittances from zero, thieet

is not discussed here. Anyhow, by modifying the surface #dnte it is possible to influ-
ence the directivity pattern (due to modal conversion) efttbrn. This was investigated by
Piscoya in [Pis03] with a rather complicated mathematiesdtinent. To calculate the horn
throat impedance matrix from simulation results, the mattsdlomposition, as described
in section 3.2, has to be applied to the simulated pressstehdition at the horn throat
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Figure 5.5: Surface pressur®ig at 10 kHz of a 60x40-horn as result of an excitation with the first
angular mode velocity profil#1g of a cylindrical duct

membrane areA (indicated byP4,)

I::'mn,m'n' = (AAm'n/)_l fﬁ‘)ﬁn‘l’mnr dA (5.11)
A

The result is the pressure participation fméent at the horn throat for the m’n’-th eigen-
function, when the horn is excited by the eigenfunction opliude V... Thus, one entry
of the modal throat impedance matrix is calculated by

zm = Pronarer (5.12)
an

This equation has to be applied to all eigenfunctions oféegeto fill the impedance matrix
Zy, up to a certain order with its entries. If the maximum ordeexditation is the same as
the maximum decomposition order, the impedance matrixusisq

In the following a selection of modal impedance matrix eggtiis presented. The results
belong to three dierent horns each of them representing a class of common.hohes
eigenfunctions used for these simulations are derived éyigfd wall cylindrical duct and
are described comprehensively in Chapter 3.2. Hence, thestconterface is a planar
disk at the horn throat.

The first example is a 60x40 horn with a rectangular shapedhmdus straightforward
constructed and does not feature sharp bends dfraation slot. The second example is
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Superposition of

modes
Figure 5.6: Phase distribution of
the 60x40 at 10kHz excited by
Flne Wave the fundamental mode velocity
of a cylindrical duct Yoo, plane
wave)
Figure 5.7: Horn throat pressure
,’Ifélf{'/’;é‘ N magnitude at 10kHz with fun-
/A «—>uperposition of damental mode excitatiorvf?,
i ,ﬁ&i reflected modes
SN plane wave)

a square mouth 90x40 horn withfitaction unit. As last example, a tractrix horn is shown
here. It serves as a kind of “contrast” to the 90x40 horn.

60x40 horn with a 12x6 inch flange and 1.4 inch driver The mesh shown in Figure
5.8(a) consists of about 7000 nodes and 13000 elementss tbHze noted at this point
that the simulation using eigenfunctions as excitatioha@tiorn throat requires to simulate
the complete model. It is not possible to use planes of symymégthin the mesh which
normally helps to greatly reduce the calculation time. Fegai8(b) shows the modal throat
impedances of the fundamental mode and the cross couplitgte other modes. The
decomposition was calculated up to order 8 andn = 2. Hence, the plots corresponds
to the first column of the modal impedance matrix of this ho@me can clearly see the
different behaviour of the fundamental mode and coupled higiger onodes. The plane
wave throat impedance reaches values arqgygndven at low frequencies. The coupling
of the fundamental mode with higher order modes is weak ahdtba 01-mode shows a
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little coupling around 12 kHz. If the horn is excited using thil-mode (Figure 5.8(c)), the
result looks completely éierent. Below a cut4b frequency, the wave is evanescent and,
hence, the corresponding throat impedance is small for tegquiencies. Furthermore, the
01-mode does not show a coupling with other modes. Lookirfgatre 5.8(d), one can
notice that the 10cos-mode throat impedance has a lowesfictitan the other modes and
that, especially, this mode convergesott even within the audio frequency range. The
modal coupling is very weak. Similar properties can be fotordother modes, whereas
the cut-df frequencies are shifted to higher frequencies.

90x40 horn with a 12x12 inch flange and 1.4 inch driver The geometry of this horn
represents the typical square-mouth horn types wifinadition slot to get the desired hor-
izontal radiation pattern. Figure 5.9(a) shows a phasegdlthis horn at 10 kHz. The
velocity distribution used here was the fundamental modee €an clearly see how the
initial wave changes while it travels through théfdiction unit. The wave converts from
a circular plane wave to a mixture of a cylindrical wave ancehiptical wave. As conse-
guence of this conversion, it has to be expected that this ¢fhorn enforces a stronger
modal coupling, and, furthermore, that @drence in the horizontal and vertical direction
of the modes with nodal lines on the angular axis can be fotiglire 5.9(b) shows the
fundamental mode throat impedance. In contrast to the 6040, a stronger coupling of
the 00-mode with some higher order modes can be found. Edlyetie first two angu-
lar modes (10- and 20-mode) and the first radial mode (O1-jn@@enow involved. The
01-mode throat impedance shown in Figure 5/9(c) has a signifresonant behaviour and

additionally a coupling with the 20cos-mode. Figure 5.Hdyl 5.9(e) show the 10sin-

mode and 10cos mode. The impedances have the expeffier@dce due to the geometry
of the horn.

Tractrix horn with 20 cm mouth diameter and 1.4” throat diameter As last exam-
ple, some results for a 1.4” tractrix horn with 20 cm mouthnaigder are presented (Figure
5.10). The weak modal coupling that can be expected inalyti's now verified by sim-
ulation results. Furthermore, the plane wave throat impeelgFigure 5.10(b)) shows a
perfect behaviour as it is known from theory. The higher ordedes (Figure 5.10(c) -
5.10(d)) have a nearly non-existent coupling and, addilignthey are very smooth over
the complete frequency range.
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5.2.3 Calculation of Modal Transfer Impedance Vectors

The second part of the modal horn data is a set of transferden® vectors defined
in eq. (4.20). Each entry describes the relation of the squaredsure at a certain field
point to the exciting velocity eigenfunction at the hornat. While the impedance matrix
is needed to calculate the modal velocity vector at the séipgracoustic interface, the
transfer functions are needed to relate the velocity veottre far-field of the horn.

To calculate the transfer functions, the pressure frequesgponse has to be processed
using eg./(5.5) together with the simulated surface pressiithe mn-th eigenfunctioJi:

a9(ro,y) . _
f;f [Pmn 0n(y) + pronanng(ran) ds= I:’mn(rO)~ (5-13)

With this result the entries of the modal transfer functiector from the horn throat to this
far-field point can be calculated:

P
Hunn = “\“/”(rO). (5.14)
mn

To characterize the radiation pattern of the horn it is mesialito make measurements or
simulations at the following field points:

e on the main axis of the horn at the distarge
e on a circle in the horizontal plane around the horn with rail
e on acircle in the vertical plane around the horn with radhig|s

The on-axis point serves here to characterize the far-fielgliency response of the loud-
speaker. This frequency response is often normalized taaaunement distance of 1 m and
an electrical nominal input power of 1 W if a real transdusasansidered. The two circles
are of course not gficient to characterize the complete radiation pattern kay thpresent
the most important informations. A typical spacing for treddipoints on the circles is’5
thus leading to 72 points for each circle (Figure 5.11). Addglly, the pressure results on
the circles are normalized to thé axis, which is for both circles identical to the on-axis

direction. Figures 5.12(a) to 5.12(f) show some examplethi®transfer function vectors
simulated for the horizontal and vertical field point cisl&he results belong to the 60x40
horn shown in Figure 5.8(a). All frequency responses arenabized to the @-response
of the fundamental mode excitation. The normalization &sato compare dierent horns
and, especially, in this context, to compare the influenagiféérent modal excitations.

1Again, this equation is not exact as the eigenfunction iy cellted to the acoustic interface
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Figure 5.11: Definition of the hori-
zontal and vertical circles of field
points. The horn is magnified by
a scaling factor of five for sake of
visibility

Looking at the fundamental mode responses in Figure 5.H}4d)5.12(b), the clas-
sification as 60x40 horn becomes clear. Tlieaxis horizontal frequency responsezat

30 is at -6 dB compared to the on-axis frequency response. Ttiealedirection df-
axis drop-df is not that smooth and constant over frequency and coverdGhenly in
the mid-frequency range. This is a typical result for sucmalksized horn. Besides the
coverage of a constant spatial angle, it is also importaattrib significant side lobes are
existent which might cause feedback problems in a stageacel situation. Furthermore,
an non-constant coverage, particularly in the horizontaltion, will lead to strong phas-
ing effects at the audience area when clustering several loudsgeakhe phasing is a
result of interference between two neighboured loudspeglstems. This, actually, is the
reason for the definition of the coverage angle at the -6 dp-ofb Potentially, at this
angle a combination of identical systems will work with a mom of interference. In
practice, this is, unfortunately, not exactly fulfilled. Wheombining the loudspeakers,
the difraction around the housing changes and thus the directpattdrn can change in
this particular frequency range. Accordingly, the coveraggle is only an indication and
mainly serves as unique measure for classifying the sgdtgahcteristics with some single
numbers.

Another important property, especially when using only pa& of loudspeakers, is
how smooth the fi-axis response changes are. In listening tests, white & noise is
reproduced by the loudspeaker and by walking around thesfmaker it is determined if
the df-axis drop-df changes smoothly at the audience area. This practicaldesisponds
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to determining if the “isobars” in the directivity plot araiallel to each other.

Looking at the normalized higher order mode results, it igials that they influence
mainly the high frequencies. This is not surprising as theofiUfrequencies for the cylin-
drical tube indicated exactly this behaviour, namely thpbaer transmission is only pos-
sible above the cutffh Of course, the cut{ts will drop a little bit when dealing with fast
flaring geometries. It is also interesting to see, that fee Horn only a few modes are
necessary to use for simulations, as further increasingritier of the used eigenfunction
will not contribute to the far field response. Similar prapes are also observed at other
geometries.

It is also worth mentioning here that with larger driver etsl more modes have to be
taken into consideration and vice versa. As the results sliona 1.4” horn indicate to use
only the fundamental and maybe the first 8 eigenfunctions,cam conclude that smaller
diameters do not require any higher order mode simulatiorad east only two or three
modes.
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Chapter 6

Determination of the Driver Parameters

In Chapter 4, a universal model based on a multi-port withagrtimal eigenfunctions for
the acoustic port was described. If a feedback between &i ghall be considered, a
huge number of unknowns is to be determined. It was pointeédha a model with a
reduced number of unknowns should be used if a real hornrdshvall be characterized
by measurements. Several degrees of reduction for the fdletnwere discussed and
described.

Looking at the acoustic load that is represented by the Howat impedance matrix,
one can state that for common horn geometries, the throadamre matrix is dominated
by its diagonal elements. Even geometries withfirattion unit which causes a significant
modal conversion and reflection at the slot are dominatedhéyiagonal elements. The
coupling observed at these geometries orifgcs some other modes. Hence, if a strong
coupling between modes is existent, the matrix is dominbhyeithe diagonal elements and
some other elements. The particular structure of the metrixdditionally, dependent on
the modal basis used to describe the system.

If the importance of the modes has to be classified, one canlglsay that the funda-
mental mode excitation is of highest importance. This caarzerlined by the investiga-
tion in Chapter 8 and the simulation of the spatial far fielgpogses shown in 5.2.3. Both
results show clearly that the fundamental mode dominatest afdhe frequency range and
a modal influence at high frequencies requires at leastratge amplitudes of excitation
at the driver’s mouth. Additionally, the modal impedancederline these results.

In this thesis, two of the models proposed in section 4.2 seglu

e the fundamental mode model, and
e the reduced modal model

This Chapter describes in detail how the parameters of theéafmental mode model



72 CHAPTER 6. DETERMINATION OF THE DRIVER PARAMETERS

can be acquired successfully. It will be demonstrated witlumber of measurement and
simulation results that the fundamental mode modal is aldfkaspproach.

The second model used in this thesis is the reduced modaipgtést. It offers a good
compromise between accuracy, measurement complexity aalimg dfort. As it is
merely a combination of the fundamental mode model and thea@ed amplitudes of
the measured velocity participation ¢beients, it is not necessary to describe this method
separately. Instead, its application is demonstrateddticse8.2.2 and a verification of the
model is presented in section 8.3.1.

The measurement and the simulation of the more complex maslalot discussed in
this thesis as to the time of writing the investigation oftabie methods was not finished
yet. First results indicate that the simulation of the fudss modal model is possible using
similar methods as described in Chapter 5. Concerning theurerasnt of the modal
sourc@impedance model it is indicated that the characterizatemsms possible using a
modified scanning machine. The methods are currently ungesiigation.

6.1 Fundamental Mode Model

The practical measurement of two-port parameters at elacioustic transducers is not a
new idea. One can find applications in ultrasonics, undematoustics and many exam-
ples of transducers for audio reproduction and measurenhemontrast to the measure-
ments in this Chapter, it is a common method to charactere@anameters of a lumped
element model by two-port measurements or to modify theléayoof the network based
on the measurement results. This is a rattiiotive method and very useful for analysis
and development of new transducers, but in the case of horerslit is a rather diicult
task to describe the behaviour of a propagating wave pasistnghase plug by a lumped
parameter model. Hence, the transducer is described heaeblack-box via a transfer
matrix as defined on page 50 and in section 6.1.1.

6.1.1 Definitions and Reciprocity

In general, a two-port can be used to describe any lineage-tivariant network with one
input and one output (SISO). Applied to electro-acoustievneks the following definition
will be used (Figure 6.1). The mathematical representats@d here describes the connec-

_ _ Ul two-port lP
Figure 6.1: Electro-acoustic two-port [ —
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tion between the electric and the acoustic port via a two loytransfer matrix (eq! (6.1)).
The parameter§; and the input and output quantities are complex vectorsaifréguency
domain. The operation between the input vector and the xnata complex multiplication.

(o= 20)-7(0) o

P andQ are the acoustic pressure and the volume veloUitgenotes the electric voltage
andl is the current. Inverting eq. (6.1) yields:

uy 1 T, T\ (P
(| ) ~ detT (_T21 Tll) (Q) (6.2)
P
=T
o
detT = T11T22 - T12T21 (63)

A very important feature of electro-acoustic transducgthe reciprocity. Applied to a
one-dimensional two-port model, a reciprocal transduaarld/behave such that transmit-
ter and receiver could be reversed without a change in thertrssion characteristic. This
can be expressed by the following relations:

Ul T = Qlp=0 (6.4)
oo ™ ™" s ©5)
Ul 2" p|_(.\,|_0 (6.6)
e =T P (6.7)

For example, the left side of eq. (6.4) is the quotient of gues and voltage, while si-
multaneously the current is enforced to zero by terminatiegelectric side by an infinite
electric impedance. For practical measurements thesdieqsiare very important. For
instance, the reciprocal calibration of microphones isetam these relations (see for in-
stance [VB94] and [BV04]). If they are fulfilled, the determmiaf the matrix is 1 (or -1)
for all frequencies.

6.1.2 Basic Considerations for the Measurement of the Fundamental
Mode Model's Parameters

The model used here describes a Single Input Single Outpgtegray(SISO) considering
only the fundamental mode velocipressure profile at the driver’s outlet. As for high fre-

guencies a superposition offidirent modes is found, the basic question is how to separate
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the fundamental mode properties. Of course, using the nam@imposition technique to-
gether with the scanning of profiles at the driver’s mouthjescribed in Chapter 3, could
be used to separate the modes. But, besides the fact thatditiersal information about
higher order modes is not required for the fundamental maadeimthe technique requires
much time for the measurements and a complicated machingdmatically position the
microphone probe. For fast practical development prosemsether, more intelligent tech-
nigue is required. The idea for the two methods describeédtian 6.1.3 and 6.1.4 actually
was a consequence of the first approaches described in [})dB0103] and the need to
improve the quality of the two-port parameters.

“Historical” notes on direct acoustic measurements In the beginning of investigating
two-port parameters for horn drivers, the characteripatias done by directly measuring
the acoustic properties. As the drivers are found in moress standardized diameters,
the measurements could be carried out using impedanceftutibe acoustic impedances.
This measuring technique is normally used to characteauadabsorbing materials by its
complex impedance [ISO964a], [ISO96b].

A basic problem of this method, however, is exactly the sopsition of higher order
modes. Above the cutfbfrequencies, the sound pressure measured at certainopssiti
in the tube does not belong to a one-dimensional sound figichare and, thus, does not
yield valid results at these frequencies. Accordingly, mptbpagation is the reason for the
upper frequency limit of standard impedance tube measuresmim a restricted frequency
range, however, the measurements technique leads to galiits. It could be statistically
shown that the method itself is free from systematic errBi(3]. Figure 6.2 shows the

30 T T TT1T] T T T 17171
'\ — 95% confidence interval

— mean value

Figure 6.2: Difference level — qofi\\ /YT || 0 T 1 O
of measured and calcu-
lated sound pressure lev- ool ‘ ,
els. The calculation is measured spectra
based on two-port descrip- \ \ \ \ \ H \
tions obtained by direct 100 1k 10 k
acoustic measurements Frequency (Hz)
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difference level between measured and calculated sound mrdesgels of 77 drivehorn
combinations (the driver outlet of all drivers was 2”). Theasurements were made in
a semi-anechoic room. The horn was positioned in a heightrofahd the microphone
was at a distance of 2 m (same height as the horn). Tihereinces at low frequencies are
caused by the windowing technique which cufistbe ground plane reflections in the time
domain! Anyway, at these low frequencies a 2”-driver is, normallgt nsed for sound
reinforcement. More interesting is the frequency rangevali®0 Hz. The mean value of
all differences lies at about 0 dB and nearly all results are in the@s%idence intervall.
The errors introduced seem to be of statistic nature butlbeghis, the accuracy is quite
high for such a complicated technique with many acousticsmeaments involved. Above
4 kHz some peaks are visible. The first peak at 4 kHz is the ffltexuency of the first
angular mode with the eigenfunctiod§y,s and Wigsin.  With increasing frequency the
density of modes also increases which also explains theasarg deviations of the mean
value from the 0 dB line. To cope with this, a technique hasdaubed avoiding direct
acoustic measurements to circumvent the problem of highdgranode superposition.
First results of this new method were presented in [Mak04a].

General approach The determination of two-port parameters requires fouepahdent
equations to solve the system of equations represented.by6el). The quantities can
directly be accessed from the two ports: the acoustic patacierized by pressure and
volume velocity and the electric port with voltage and catreThe task is to make mea-
surements at these ports that fulfil four linear independguoations which are derived from
the transfer matrix eql (6.1) or its inverse matrix in eq2)6In general there are lots of
possibilities to extract four linear independent equatjdout one has to keep in mind that
the physical quantities also have to be measurable in coderite the system of equations
later. For example, from ed. (6.7), the param@igrcan be determined directly. Using the
left side of eq.|(6.7) requires the measurement of the voketaity while the electric side
is terminated by a short-circuit. As the measurement ofimelvrelocity is not a trivial task,
in particular for high frequencies, this approach does petrsto be practical. Using the
right side of eq./(6.7) requires the measurement of pressudevoltage while the volume
velocity is enforced to zero. The acoustic port has to beiteated by an infinite acous-
tic impedance. As the pressure profile might slightly deviadm the fundamental mode
profile for higher frequencies this method will produce aroimect pressure measurement.
A solution to this problem is to avoid making any direct adauseasurements at

1The measurement technique is described in detail by Miillgviiil99].



76 CHAPTER 6. DETERMINATION OF THE DRIVER PARAMETERS

the interface horn drivdnorn. Furthermore, a kind of acoustic integration over timefion
area is required in order to acquire the fundamental modepeters of the transducer. This
“acoustic integrator” is, fortunately, already realizélde system of membrane, voice coil
and magnetic system fulfils this requirement. The two-disn@mal pressure-distribution
within the cross section is reduced to a one-dimensionahtifyavia the electro-acoustic
transformer. Taking all this into consideration, the hugeant of possible ways to de-
termine the two-port parameters can be reduced to a redecmmbur@. In the following
two methods are presented.

6.1.3 Method | - Using Two Dfferent Drivers

This method uses two fierent horn drivers. Both drivers must have the same junction
diameter. The first driver will be called driv& the second one is drivar. The definition
of input and output quantities is shown in Figure 6.3.

Il Q’l"
Ui T | P,
IS QS
_ Uy S | P
Figure 6.3: Two-portsSandT J— I

The mathematical representation via two-port matrices is

&)= (32 &)%) () -
Qi - Ll T\ 1]~ g | .
(P) ( 1 le)(UT) T(UT) 69

Measurements at two coupled drivers When connecting these two-ports as shown in
Figure 6.4 the resulting two-port only has two remaining:&le ports. The resulting cou-

I, Q. Q I
Figure 6.4: Two-portSandT con- U, T val_Psl S lUS
nected via the acoustic ports S —

pling conditions are presented in eq. (6.10). It has to bedhttat the sign of the volume
velocity is changed due to the definition of its flow directiarFigure 6.3.

(52) ) (é —01) (3) (6.10)

2The author tested about 10fidirent methods to find the best one: accurate and easy to asrfgro
drivers with arbitrary outlets
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Using the inverse matri$* the two-portV for this coupled system yields:

2= 3t

\Y

Multiplying the three matrices yields the four elements aftrix V:

Vi1 = SpoT11 + ST (6.12)
Vi2 = SpoT12 + S12T22 (6.13)
Vo1 = =Sa1T11 — SulTas (6.14)
Va2 = =So1T12 — Sui T2 (6.15)

At a first glance, it seems that the original problem, detaing the four parameters of one
matrix, has become more complicated. Now eight equatiase@ded to solve the system
of equations/(6.12) + (6.15). But this configuration with twapastically coupled drivers
offers new ways to carry out pure electric measurements. Oragiequan be obtained by
terminating the two-port by an electric short-circuit andasuring the electric impedance
at the other port as shown in fig. 6.5.

7 L, Q; Qg I Figure 6.5: Two-port V ter-
%)UTl T lPTP*l S minated by an electric
— : short-circuit

This configuration yields the first conditional equation.

E _ _Szlez + S12T2
V11 SooT11 + S12T2

Zeitlus=0 = — (6.16)

In the same way one obtains the second equation when megsoeilectric impedance
Zo 7lis=0 While the other side is not terminated. This enforces theetiils = 0. The

resulting equation is
Voo SoaaTio+ SiiT2

Zarhs0 = = = T T T ST

(6.17)

Using reciprocity Another two equations result from the reciprocity of thevdri- the
determinants are equal 1:

detT = T11T22 - T12T21 =1 (618)
detS= S11S25 — S5, = 1. (619)

In the following, the two drivers are not coupled anymore.ughthe measurements are
carried out at the two separate systems. Again, the reciproan be used to find two
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conditional equations. Dividing eq. (6.7) by eg. (6.6) tesin

U T

~Zerlgo=——| =— (6.20)
—ltlgr=0  Ta1
U S

~Zoslosso = —| = 22, (6.21)
—lslgs=0  S21

The electric input impedance is measured while the two-jgoirminated by an acous-
tic impedanceZ,. = o which enforces the volume velocity to zero. Such an acoustic
impedance can be realized by a heavy stone slab, pressed dtiter's mouth or al-
ternatively by pressing the driver on a granite floor whiléedaining the electric input
impedance.

Acoustic reference impedance Again, the two drivers are treated separately. In order to
obtain the last two missing equations, the electric impeddras to be measured under well
defined acoustic conditions. The driver is loaded by a knowoustic impedanc&,c es.
This impedance has to be of the same junction diameter asotimednivers. Figure 6.6
illustrates the setup.

I[' Q['

Z&:l.T | Zac,ref
UTl

Figure 6.6: Two-port terminated by an acous-
tic reference impedance —

The corresponding equations are

TooZacret — T12

) 6.22
Zel,T |Za(;ref Tll — T21Za(;ref ( )

Szzzac,ref - S12
_ . 6.23
Ze|,S|Zac,ref Sll _ SZlZaqref ( )

The reference impedance must be selected carefully &&dtathe solution of the whole

system of equations. One possible impedance is a geomatrgah be analytically calcu-
lated, like a b#fled piston of same diameter as the investigated driver. Buotgemgbering

the results of Chapter 5.2, an abrupt cross sectional jumgesaal strong modal coupling

in the impedance matrix. As the intention is to charactettisefundamental mode model

of the driver, an impedance with a minimum of modal coupliagheeded. One possi-
bility is to use a so-called spherical wave horn (or trackixn) as shown in Figure 2.1.
The modal coupling is negligible and can be calculated ately with numerical meth-
ods as described in section 5.2.2. Furthermor@#érs a good loading without resonances
even at low frequencies which minimizes the dynamic rangeled for the measurements.
Together with adapters for fierent junction diameters, this horn was used as reference
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impedance. An interesting point to mention here is that twustic impedance, or more
precisely, the modal basis chosen for the calculation ofuhdamental mode impedance,
is the only parameter which is directly related to the shap® waveform leaving the
driver's outlet. The results presented in the following based on the cylindrical duct’s
eigenfunctions. Thisféects not only the acoustic reference impedance, but alsafthée
impedance used in eq. (6.20) and (6.21). If, for exampleharspal system of coordinates
is used, the infinite impedance must have the shape of a spheaip to terminate the driver
with an infinite load at the fundamental mode.

Hence, the fundamental mode impedance is in fact a plane thvenat impedance here.
Fig. 6.7 shows the calculated and normalized fundamentdentioroat impedance of the
horn throat for four junction diameters.

3 -
0.75-inch 150
A Y
2.5
/ 1-inch 00
s ~
i ﬁ// —50[
s 4 NS 1.4-inch —
= S N Q
N5 1 SN NG A @0
- c
/] o
S 24 .50 |
e [ \‘/\ e "2|£h/f 50
i ey 100 |
05— / ]
S -150 |
T i i i i i
10° X 10* 10° ° 10*

10 10
Frequency [Hz] Frequency [Hz]

Figure 6.7: Normalized throat impedance for the used reference horns. The magnitiks are
shifted by 0.5 for sake of readability

Solution The system of equations defined by eq. (6.12) to (6.15) canlisedsusing the
conditional equations (6.16) to (6.23). The solution areuibed abbreviations are listed in
Chapter C.

Measurement example Figure 6.8 shows a complete set of measurements to determine
the two-port parameters as described in section 6.1.3. Whénvestigated drivers are an
Electro Voice ND6-8 (driveiT) and an Electro Voice ND6-16 (drivé&). The junction di-
ameteris 1.4”. The rated electric impedancedsf@r the ND6-8 and 16 for the ND6-16.

It is notable how much the electric impedance changes, whietransducer is loaded by
different acoustic impedances. This is actually the reason wingtlaod using only electric
impedance measurements can work. The better the couplitigg ofivestigated driver to
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(a) Magnitude of the measured electric impedancés) Magnitude of the calculated Parameters of the
according to eq. (6.16) ¢ (6.23). The curves Electro-Voice ND6-8 (driveil). From bottom to
are shifted by 28 for better readability. From top: T11, T12, To1, T22. The curves are shifted for
bottom to top: Zetlis=0, ZeiTlus=0, ZeiTlor=0 better readability.

Ze| 51Qs=0s ZelT|Zacrer » ZelS|Zagrer -

Figure 6.8: Measurements (a) and calculated parameters (b) according to method |

the acoustic side the better will be the results obtainedHertwo-port parameters. The
two-port parameters can be calculated using these measnteiffFrigure 6.8(b)). Above

13 kHz one notices a noise-floor disturbing the result. This lse traced back to the fact
that for high frequencies the impedance is dominated byrtleatance of the voice coill,

so that the feedback from the acoustic side is masked. Tlomdeeason is the rather com-
plicated calculation formula eg. (C.4) - (C.14). In order tduee error propagation within

this formula, it is necessary to measure the electric impeeawith a high signal-to-noise
ratio and additionally with a high precision.

In section 6.1.4, another method is presented leading tasiaresolution for the system
equations.

6.1.4 Method Il - Using Two Identical Drivers

General approach and measurements The method described here also uses two drivers
as method | does but two drivers of same type are requirednibe said that this method

is a special case of method I. Only one two-port matrix is peed describe the problem
as both transducers should be identical . The definitioneirtput and output is according
to Figure 6.3. The two-port matrix for both drivers is definadeq. (6.9): the problem

is reduced to find four conditional equations, as only oneimatith four codficients is
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used. Again two equations can be derived applying the recigyrrelationships:

detT = T11Too = ToTo1 =1 (624)
U T
~Zatloro = ——| = =2 (6.25)
=lrlgr=0 Ta1

A third equation is found using the set-up shown in Figure @6e driver is loaded by a
known reference impedance and the electric impedance isurezh

TooZacret — T12
T11— To1Zacret

Lo\ T|Zoerer = (6.26)

The last missing equation can be derived using the followmegsurement setup:

Zl ._I;l"_ =QT -QT 'IT
ol o [l [ &v

Figure 6.9: Measurement setup with second driver as active acoustic impedancétoeethe
pressure to zero.

Both drivers are acoustically coupled. On one side, the mteichpedance is mea-
sured while the other side is driven by the inverse voltage. This configuration yields
a pressure of zero within the common junction. This can béagxgd by means of an-
tisymmetry as both drivers should behave the same. But alsg eg. (6.12) -/(6.15)
and replacing matriXd with T leads to this result. The second driver is used as an active
acoustic impedance of zero for all frequencies. The coaording equation can be found
by dividing relationship (6.5) and (6.4):

T2

— ZeilpT=0 = T (6.27)
11

Solution Using equation (6.24) to (6.27) the solution can be caledlésee section D).

Measurement example A BMS 4540-8 driver was investigated to demonstrate method
Il. This is a 1” neodymium type with a rated impedance 61.8Figure 6.10(a) shows the
three impedance measurements that are needed. One céysaedhe dierence between
the electric impedances when the driver is loaded Ifgdint acoustic impedances. With
these measurements the two-port parameters of the BMS ai@wvebe calculated. The
result is shown in Figure 6.10(c). It is not disturbed by pdsd can be used for further
calculations up to 20 kHz. In order to compare both methodshod | was also applied

to the BMS driver. The calculated parameters are shown inr€iguL0. Although partially
the same measurements are used, the parameters are distithxeoise below 500 Hz and
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Figure 6.10: Magnitude of the calculated parameters of the BMS 4540-8 using methodah()
Method Il (c). From bottom to topT11, T12, T21, T22. The curves are shifted for sake of
readability.
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above 14 kHz. Furthermore some resonances are visible.nTdysbe a consequence of
the rather complicated calculation formula of method |. ©ae say that method llffers a
more simple and reliable way to determine the two-port patans, but when this method
is used it is necessary to have two almost identical drivers.

To check if the drivers are suitable for this procedure, tleeteéc impedance of both
drivers can be measured under same acoustic conditionssfibuld yield the same result
if the drivers are almost identical. Figure 6.10(b) showsompgarison of the two BMS

drivers terminated by an infinite impedance. The resonantd&®th drivers should be
located at exactly the same frequencies and additionadlynipedance at low frequencies
should be almost the same.

6.1.5 Some Application Examples for the Fundamental Mode Model

Simulation of driver /horn combinations The most popular application of two-port pa-
rameters is the simulation and evaluation of horn dfiveimn combinations. The coupling
of driver and horn is modeled by the throat impedance whiphesents the acoustic load
Zacthroat @Pplied to the driver’s juncti@m With this impedance, it is possible to calculate the
sound pressure within the junction area. Multiplying tharsbpressure with the pressure
transfer functiorHp of the horn yields the sound pressure on &js.xisin 1 m distance.
This set-up is presented in Figure 6.11. A more detailedrgesm was published in
[BMO3] and can also be derived by the modal description dsetisn Chapter 4.

Using eq. [(6.28) the frequency response can be calculatedtfie driver's two-port
data.

T11T22 - T12T21
T12 ’
Zaqthroat

The data describing the horn’s properties can either be mre@sdirectl@ [MakO01],
[MBO1], or simulated numerically using BEM or other numerica¢thods (see Chapter

I:)onaxis = HPUT

(6.28)

22—

5). The following examples were computed using the lattethogk to calculate the horn
throat impedance and the pressure transfer function ofdhe h

The data of the Electro Voice horn driver was obtained usirgghod | (see sec-
tion'6.1.3), the data set of the BMS 4540-8 driver was obtairsidg method Il (see sec-
tion6.1.4).

3To be compatible to the papers dealing with the fundamentalenmodel, the fundamental mode throat
impedance is denoted &g inroat iNstead oZ°

4The measurement of the fundamental mode horn data is atsolutig by higher order modes, as direct
acoustic measurements cannot be avoided. Furthermoreat gossible to separate the influence of higher
order modes on the far field of the horn
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» P

onaxis

Figure 6.11: Simulation of horn drivghorn combinations
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Figure 6.12: Simulatedmeasured on axis frequency response of horn gheen combinations.
Top left: Electro Voice ND6-8 and HP64 cd-horn. The measured canesshifted by -5 dB.
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Studying the examples (see Figure 6.12) using method |, otieas that the frequency
responses are calculated with a high accuracy. Even srsalhaaces are reproduced using
this method. The noise in the frequency range above 14 kHaeamnaced back to the
noise of the driver’'s two-port parameters. Although thesedimits the overall frequency
range it is notable that the upper limit has been extendegpooaimately 14 kHz for
the here investigated 1.4” driver. The upper limit using tiethod described in [BMO03]
was about 8 kHz for the 2"-drivers. Looking at the frequenesponse of the BMS-driver
calculated by method Il, one can notice that the full freqpyaiange is correctly simulated.
There is no noise disturbing the result. Figure 6.13 showsesexamples of measured and
simulated drivethorn combinations with a diameter of 2”. For both driverg, BMS 4592-
16 and the JBL2445-76, method Il was used. The BMS driver is ateypcoaxial system.
The parameters for the tweeter (6 kHz - 22 kHz) and the midedA00 Hz - 6 kHz) were
separately acquired. The results show that the simulatezjuéncy range can be extended
up to 20 kHz, even when 2"-drivers are used.

Evaluation of horn drivers In professional loudspeaker development, it is necessary t
compare properties of fierent horn drivers to find the most suitable one for the applic
tion. This can be done by measuring frequency responsesgdiamges, etc. of the drivers
coupled to a horn or another well known acoustic impedarkeedn absorbing tube. But
the results always will be influenced by the properties ofubed acoustic load. It is even
more dificult to compare drivers with varying junction diameters. vidg obtained the
two-port properties of the investigated drivers makes $tyda compare the properties or
even to simulate frequency responses without having tall®ach combination of horn
driver and horn.

In order to get a more descriptive representation of a horrera simple acoustic
sourcgimpedance model may be extracted from the two-port parameféne driver is,
then, reduced to an ideal acoustic pressure sdeygg..and a source impedanZg; source
(Figure 6.14(a)). The parameters can be derived from theptwbif it is connected to an

Q Zﬂc,snurcc IT VT Z

P e l(i) |p U, l(i v Lo

(@) (b)

Figure 6.14: Sourc¢impedance model of a horn driver (a) and two-port driven by an idal&ége
sourceUr (b)
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Figure 6.15: Source impedance and source pressure of two drivers

ideal voltage sourc®t (Figure 6.14(b)). The elements of the equivalent network loa
calculated by eq! (6.29) and (6.30).

U
Psource :T_T (6.29)
22
T
Zac,source: - T_Z (630)

Comparing both source pressures in Figure 6.15(a), it comeeediately clear that the
BMS driver is not capable to deliver as high sound pressurksvii2zkHz as the Electro
\oice driver does (this is not very surprising because the BM&r is only a 1” type).
Considering the source impedances shown in 6.15(b) one firad$oth drivers are per-
fectly matched to a typical loading situation. The magretud the normalized source
impedance is about 1 which is exactly the value of a typicabdhmental mode throat
impedance (see Figure 5.8 and 5.10).

6.1.6 Discussion

Section 6.1.3 and 6.1.4 describe methoddfiteotively measure the fundamental mode pa-

rameters of a horn driver with arbitrary mouth size and sh8yeavoiding direct acoustic
measurements, the valid frequency range is extended ceohpammethods using direct
acoustic measurements. Although the fundamental modeiptigsi is not capable to deal
with higher order mode excitation, it is the most suitabledeldo use in practical applica-
tions. The measurements can be carried out very fast anthéiigly necessary to measure
electric impedances. The onlyfiiculty is to determine the acoustic reference impedance.
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Using numerical methods as described in Chapter 5 togethierawvnodal decomposition
technique enables to exactly determine the modal impedaiaethis has to be done only
once for each type of driver outlet, this is not a serious l@ob For this reasons, the me-
thods (especially method Il) have gained a significant irtgyare in practical development
processes of horn drivérorn combinations.

Besides the applications described in this Chapter, simikthads were successfully
applied by the author and colleges to characterize paatiquikzo-electric actuators in a
large frequency range [Bug02], [MGRSO03], [Ste02].



Chapter 7

Simulation of Nonlinear Properties

The preceding sections of this thesis describe in detailtbowodel linear properties of the
coupled system drivgliorn. The used techniques enable to separately treat bstinsy.
This section continues this idea but is focussed on the meatiproperties.

In almost all professional sound reinforcement systemgevhern drivethorn combi-
nations are used, the two most important acoustical priegeate the spatial coverage and
the maximum sound pressure level that can be reached. Tleeag®vis almost indepen-
dent of the horn drivegr, whereas the achievable sound pressure is dependent enainy

horn. Itis limited primarily by
e electrical power handling capability
¢ nonlinearities of the force factor, suspension, etc...
¢ nonlinearities in compression chamber and horn, due tamesanlity of the medium

The driver related distortions were investigated, for anse, in [Kli96], [SBSH95],
[SBB97], [SB95], [V0i02], [SMPX99]. Common to all methods ddbed in these pa-
pers is the high complexity and modellinff@&t making the models merely interesting for
the development of new horn drivers. Hence, the applicatdhe development of a new
driverhorn combination, as it is an “every day” process, requin@plker and faster meth-
ods. Accordingly, the driver will not be modelled in detadrk, but nonetheless considered
by some simple measurements.

This Chapter is more focussed on the horn. The ideas desdabexdare based on
some new ideas and some rather old formulas known since édiydars or more. The
influence of the horn on the distortion characteristic ofiaedthorn combination is known

1The coverage is almost independent of the driver, as mosteofrequency range is dominated by the
fundamental mode velocity profile. Although the higher freqcies are sometimes dominated by higher
order modes, the characteristic behaviour is normally hahged
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for a long time. In 1935, Thuras [TJO35] investigated expuiad axisymmetric horns
with the intention to improve the sound quality of the syste&ithough not yet obvious
at this point, even a “distortionless” horn can significaathange the nonlinear properties
via its particular radiation pattern. This special propavas investigated by [KYS76] to
find low distortion horn designs.

Analytical approaches for particular horn geometrieshagaxisymmetric exponential
horns of finite length, are described in [Bla40], [TJO35], [M and [BM01b]. Although
pure analytical approaches are interesting to study theezieary behaviour of distortion
in horns, they are not very useful in practical horn develeptnTo be more flexible con-
cerning the flare rate of the horn, some authors use transemibse elements, conical
or exponential, to characterize the nonlinear wave prapamgavithin the horn [KIi95],
[HM96]. This method is easy to handle, but itfiars from two characteristic problems:
the frequency dependent gain of the horn is not taken intowatt¢c and, furthermore, the
unknown radiation conditions for arbitrarily shaped hocasinot be predicted. This in-
troduces an unpredictable error into the transmissiondaleulation, especially near the
horn’s cut-df frequency. A pure numerical method based on (time domaiitg fele-
ment modelling (FEM) to calculate nonlinear wave propagats described by Tsuchiya
[TKDTO3]. This is the most universal approach to this probléut one specific prob-
lem remains unsolved: as the FEM calculation is based onta fiolume, radiation into
far field has to be modelled using other methodsffddent approaches are described in
[EGT87] and [KYM77]. Tsuchiya uses an artificial boundarywithe specific impedance
poC to limit the field-room for the calculation. It is obvious titae calculation of the non-
linear wave propagation also is limited to this field-roomsi8es the error introduced by
a too small field-room for FEM, a larger field-room also wouldguce an error due to
dispersion #ects of the FEM method in time domain.

The method proposed here is based on the Boundary Elemenbdléithe application
on radiation of loudspeakers and horns is described iratitee in detail [Hen93], [GH96],
[Bri03], [Joh94], [Mak04b], but only with respect to lineargperties like frequency re-
sponse, throat impedance, directivity or modal behavior.elVine BEM is used for the
purpose of horn optimization, a lot offérent variants of geometries are simulated and
the result of a BEM calculation is stored as surface press@e &lso section 5.1). From
the surface pressure any linear property at any point of dbed field can be calculated
using a simple and fast post-processing. The idea preskeateds to use the stored surface
pressure to calculate an estimation of the nonlinear ptiegenf the horn. The method is
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based on the fact that the exact sound field equation can laméag into a Taylor series.
From this expansion it is possible to derive relations betwiindamental sound pressure
and excited harmonics. Thus, if the linear part of a soluisknown, the parts of higher
degree can be calculated, as they depend only on the lingarAoaomplete solution for
plane waves including viscosity of the medium was publisimed931 by Fay [Fay31].
The intention of this paper was to show that the energy tearisim fundamental wave to
harmonic components finally leads to a stable waveform,ebkanmonics are more atten-
uated by viscosity than parts of the wave with lower freqyerfcs these fects are only
interesting for very large distances, it is convenient te asnore specialized (and not so
complicated) solution.

7.1 Nonlinear Wave Equation

The wave equation used here is the exact one-dimensiona e@wation for adiabatic
changes in a non-viscous medium, based on Lagrangian ocabtedi as introduced by
Rayleigh in [SR45] and later used by Thuras [TJO35] and Gall§&M34] to calculate
harmonic distortion in exponential horns.

2
¢ =c3(1+

— = %—7—15_26
ot

OX ox2’

c2

(7.1)

wherec3 = ypo/po, Po is the equilibrium pressuregy is the equilibrium densityy is the
adiabatic exponent andis the displacement of a particle. Lookingcatit is clear that the
phase velocity is dependent on the condensation of the fidh leads to the well-known
wave steepening at high sound pressure levels.

To calculate harmonic distortion from linear simulatiosults a relationship between
linear sound field properties and harmonic components wgned; In [TJO35] Thuras used
a relationship between the sound pressure of the fundahatahe sound pressure of the
second, respectively, the third harmonic component in aeplaave. He found out that
the second harmonic is calculated about 3 dB too low compareshl measurements in a
plane wave tube. As exactly the same second order equati@edsin the following, the
author derived this equation in another way to ensure tleeg¢tjuation is free of errors (see
section E).

Hence, the root mean square value (r.m.s.) of the secondnar b, in a plane wave

related to the r.m.s value of the fundamerdals™

o vy+1 _,
= ———prkx 7.2
P2 2‘/20008 P1 (7.2)
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wherex is the distance form the acoustic source to the receiveadtt be noted, that eq.
(7.2) is the solution for large distances relation to the wavelength. The results presented
in the following are calculated at 4 m distance which ensthrasthe approximation can be
used even at very low frequencies (see section E). Thuragales an approximation for
the third harmonic pressure in relation to the exciting famental:

L3 (y+1 Vo,
DS‘E(pocg kx) o1 (7.3)

He points out in his paper that even for a long distardle third harmonic generated
by the nonlinearity of the medium is significantly weakerrtiihe second harmonic. This
also corresponds to measurements of the author. Henceg ifoltbwing, the calculation

of air generated distortion is restricted only to the secorttbr. But it is clear that driver
generated distortion can be of higher order, as the meaharogdistortion generation are
of another character (will also be briefly discussed). Heitdg also interesting to be able
to calculate how the distortion is transmitted by the horn.

7.2 Calculation of Harmonic Distortion in Horns

The equations in section 7.1, respectively, in section Evghat the harmonic components
in a one-dimensional pressure wave are only dependent qreéksure wave of first order.
These higher order terms can be interpreted as source téimgher order, caused by the
pressure wave of first order. The idea described here is imast the source terms of
the harmonics by calculating the linear part of the presauaee using the standard BEM
post-processing.

The horn and the outer field-room is theoretically dividetbiN slices of thickness
AX, where for each slice the linear part and the source termgbéhorder are calculated.
These source terms are finally integrated to the far fieldtpoiget the overall distortion. In
order to calculate the linear part for each slice, a line &d fimints (Figure 7.1) is placed on
the main axis of the horn, starting from the connection betwdriver and horn and ending
at the far field of the horn, where the distortion is to be caliad. The distance between
the field-points corresponds to the thicknass The results shown below are calculated in
d = 4 m distance from the horn throat using 2 cm for the slicesclvhesults in 200 field-
points to be calculated. Thus, the source term for the sehandonic generated within
thei-th slice at frequency is

+1
P2i = 4

= = Bi(f)’kAX. 7.4
) 2\/_2pocgpl’() X (7.4)
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Figure 7.1: Field-points on-axis of a small 60x40 horn with 1.4” throat diameter (quagdetional
view)

As this is based on a plane-wave assumption a correctiomesihtroduced for each slice
taking the frequency dependent gain and radiation pattéoreiccount. This is realized by
multiplying each source term by the corresponding pressansfer-function from theth

slice to the far field point. The distortion caused by the sedearmonic at distanag on
axis is accordingly calculated by

N ~
N ~ Pun(2f)
= 7 7.5
P 2P ) 79
In the same way, distortion of higher order can be calculadsdhe driver related distortion
is not included, the distortion will be a little bit smalldran in reality. This can be fixed

by adding a source term for each harmonic caused by the usedfieer. Hence, the final
formula for the second harmonic is

N ~ ~
. ~ Pun@2E)) L Pun(2f)
P2 = ; (p2,| f)l,i(Zf) ) + P2driver f)l,l(Zf) . (7-6)

Figure 7.2 shows the simulated fundamental sound pressegkdnd the second harmonic
at 7 kHz over the distance along the main axis of the horn ptedein Figure 7.1. The

total length of the horn is about 16 cm. The horn mouth (endhefttorn) is indicated by
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the vertical line. As the harmonics are corrected by theesponding transfer function to
the far field reference point (here 4 m distance), the curmaaibe simply extrapolated
to larger distances. Hence, the harmonics are alreadyredféo the far field point in

this plot. Most of the distortion is generated at the narrot ef the horn, as one would
expect. Outside the horn, the distortion does not changesabiit it is obvious that it is not
suficient to simulate only a small portion of the sound field athiben mouth as this was
done by Tsuchiya in [TKDTO03]. Especially when simulatingidaalso when measuring)
distortion of horns with small coverage angles this facttodse taken into account.

7.3 Calculation of the Maximum Sound Pressure Level

A common method to characterize harmonic distortion geadrhy electro-acoustic sys-
tems is plotting the total harmonic distortion (THD)ver frequency at a certain sound
pressure level of the fundamental or at 1 W nominal input power several reasons, the
THD is not a suitable measure to characterize distortioleast, if public address systems
are considered. First, the THD value changes with the lelvidlenelectric signal. Hence,

cross-over filters and equalizingvill significantly modify the measured THD. Another
problem of this most common measure is the bad correlatiogeidistening-tests. Several
authors have pointed out this fact (see for instance [GLO3Pe popular example is the

2The total harmonic distortion is the ratio of the summarihadnonic component’s rms values and the
rms value of the fundamental.

3An equalizer allows to modify the frequency response of ys¢esn by inserting (digital or analog) filters
into the signal path.
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high acceptance of tube amplifiers, which are known for thvearm sound”. This is in fact
aresult of second order distortion generated by the chextatit curve of the electron tube.
On the other side, it is known that odd order distortions ameriful for the sound. Finally,
above a certain threshold of nonlinear distortion, evengstarts to sound unpleasantly.
As this Chapter mainly addresses professional sound regrioent, the limit of a horn
loudspeaker is of great interest. Of course, there is no thaeghold for this limit, but in
practice several distortion thresholds are establishébderaudio community (at least in
Germany), which are described in the following.

7.3.1 Horn Related Distortion

The method used here is to characterize the performance afydtem via the maximum
obtainable sound pressure level in 1 m distance at a cettameal maximum overall dis-
tortion (Max-SPL). This method is more or less independdrnhe system controlle
settings and thus allows to evaluate the real performandbeofoudspeaker. A typical
maximum distortion level allowed within this measurementiie 1093 and the 3% limit
for large scale sound systems and the 3% and 1% limit for stadd hifi equipement.
The 10% limit can be interpreted as a kind of “threshold ohgar the audience”. The
sound pressure at 3% distortion is about the maximum lelekall, where it still sounds
pleasantly.

This method can be refined by measuring the Max-SPL for eachdrac separate@.
Additionally, one can limit the maximum electrical inputyeer during the measurement.
This has to be done anyway to prevent the driver from thermlddygse. This limitation
corresponds to the functionality of the peak limiter in tbedspeaker system controller.

The Max-SPL with distortion components of the k-th harmd&i¢%] in 1 m distance
is accordingly calculated by

pi(d—1) a7

201
(0]
*271%0|50,Pa

Nk

Lx, = 2010 p
" %o P/ P1

wherel is the length of the horn and is the distance from horn throat to the far field
point used for the simulation. Figure 7.3 shows the simdld&iax-SPL for the small
60x40 horn at 10% distortion of the second harmonic refetwedm distance. The driver

4A system controller is a kind of central processing unit fdame scale sound system: it processes the
cross-over filters and equalizing filters and, at the same,titris used as limiter to protect the loudspeaker
from destruction. A state of the art controller is describefM199]

5These thresholds are accepted in the audio community. @$epitiis possible to define other thresholds.

6A commercial software implementation to perform this kindnoeasurements is “Monkey Forest”
[Goe99].
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related distortion is neglected here. Thus, this curveesgts the physical limit for this
particular horn as if it was used together with an ideal hatwed The slope as well as
the level of the curve is typical for small scale 1.4” hornglo$ type. It has to be noted
that the diference between a simulation assuming an ideal, distofte@nhorn driver and

a measured result, respectively, a simulation which censgldriver generated distortion,
may be rather large. At low frequencies, particularly betbe/lowest resonance frequency
of the considered driver, theftkrence is significant. Hence, it is for practical purposes
necessary to additionally consider the distortion geeeray the acoustic source.

7.3.2 Driver Related Distortion

In Section 7.2, it was proposed to consider the driver rdldistortion by an additional
source termin eql (7.6). The intention of this section ishtovg under which assumptions,
respectively, under which conditions this simple model w#ld an accurate result.

The problem of this equation is, actually, that the influeotthe horn on the driver is
not considered. Hence, this equation will, in general dyaal accurate result if no influence
exists (provided that the driver source term is correctiyusr@d). Accordingly, to estimate
under which condition the horn provides a feedback on thedisn generation inside the
driver, it has to be known how the horn influences the gerarati distortion.

In the following, the mechanisms of distortion generatidthim the driver are briefly
reviewed. For a more detailed review, it is referred to ttexditure cited in the introduction
of this Chapter.

The mechanisms for generation of nonlinear distortion withe driver are manifold
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and, furthermore, some of them are dependent on the acdostiat the driver’s outlet
(see Figure 7.4). This load is transformed down to the mengovéa the short tubjphase

50.8mm

2”-Driver Outlet

Iron

Phase Plug
Permament Magnet
A
\ H N
Flgure_ 7.4: Sectlongl view of a R Voice Coil
typical (old-fashioned) horn and Magnetic Flux
driver. Compression chamber

Absorber Membrane

plug in front of the membrane and, thus, represents a p&atitnading for the mechani-
cal resonator. The displacement of the membrane is acgiydimfluenced by this load.
Hence, any mechanism which generates distortion depeditige membrane excursion
will be influenced by the horn loading. For instance, the clienpe of the suspension and
the force-factor are nonlinearly dependent on the membeanarsion (see for instance
[KIi90]). It is obvious at this point that a simple model, d&etdriver source term in eq.
(7.6) is, will not be capable to describe all thesieets.

To estimate under which condition this simple model will bewwate, it is necessary to
compare horn throat impedances dfeient horns to each other.

Figure 7.5 shows a selection of simulated fundamental modsat impedances. For
high frequencies, all impedances converge to the specifiedance of the fluid. At low
frequencies, the impedances show a more or less resonavitah Furthermore, smaller
horns show larger deviations from the specific impedanceacklgt has to be expected that
the distortion calculated by simply considering a driveurse term will yield to accurate
results at high frequencies, respectively, for large hoomhected to the driver.

Measurement of the driver source term With the extended post-processing described
before, it is possible to estimate the distortion generbethe driver.

Figure/ 7.6 shows a simulated Max-SPL curve and a real meaasmteof the same
horn connected to a horn driver. The simulation was caledlaéty eq. [(7.7). The driver
source termin eq. (7.6) was set to zero for this simulaticend¢, the curve represents the
nonlinearities generated and transmitted by the horn. Ar&iz to 20 kHz, the simulated
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Max-SPL is only 3dB to 4 dB too high, but at low frequencies therence is rather
large and increases with decreasing frequency. Thierdnce between measurement and
simulation can be used to calculate the distortion gengériayethe driver. The overall
second harmonic distortion can be calculated by

- _ Bd-DK,

P2 (7.8)

Prmeask2
where pPreasc2 iS the measured second harmonic rms value at 10% distontidii,ais the
fundamental sound pressure simulated at a distdricam the horn mouthl is the length
of the horn. Hence, for the second harmonic the driver saierce is calculated using eq.

(7.8) and eq. (7.6):

N ~ ~
5 | ~ Pun(2F) ) Pua(2f)
p2,dr|ver = (pZ g p2,| ﬁl,i(Zf) r)l,N(Zf) (79)

As said before, the driver distortion is influenced by thenhthwoat impedance. To
consider this ffect, an empirical factor can be introduced to improve theigy of the
simulation (at low frequencies and for small horns):

N ~ 14 ~
- ~ pl,N(Zf)) ( Zinroar( f) ) ~ pn(2f)
= = + ver =~
=2, (pz’ 5120 )| " \Zovoarer(N)) 2™ Ba(2F)

i=1
empirical factor

(7.10)

This factor considers theflerence between the throat impedance of the horn used to cal-
culate the driver distortion and the horn under investagati As it is just a “first order
empirical factor”, based on a simple comparison betweersareaents and simulations,

it has to be critically reviewed at the end of this Chapter. Waw, it is just a small correc-
tion and gives some improvements of the results at low freges.
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7.4 Measurements and Simulations

To verify the method described in this paper, a number of oreasents with 1.4” drivers
and horns were made and compared to simulation results. statep, the variance of
the used drivers concerning their on-axis frequency respand their obtainable maximum
sound pressure level were investigated. The transduaaitssfmeasurements were two BC
DE900-8 drivers, manufactured in Italy, two Electro Voicé BD6-16 and three Electro
Voice ND6-8 drivers. The sound pressure level of those dsi{€igure 7.7) diers about
2 dB to 4 dB. Accordingly, it was expected that the Max-SPL wiaalso difer by 2 dB to

4 dB.

Figure 7.8(a) shows the Max-SPL measurements for the sewersiconnected to the
same 40x30 mid-size horn. The electrical input power wagdito 150 W for this mea-
surements which can be a lot for a 1.4” driver. At frequenbiglew 1 kHz, the diferences
between the driver's Max-SPL are about 10 dB, but for highegdencies they reach al-
most the same sound pressure level. As the peak power igdirtot 150 W it happens
that, especially in the frequency range from 1 kHz to 4 kHe,ghysical limit could not be
reached. The limitation is, of course, necessary to prewentoice coil from damage.

The same measurements were analysed concerning the totedriie distortion of sec-
ondandthird harmonic. Figure 7.8(b) shows the result of Kgemeasurement and th&
plusK3; measurement for the EV-ND6-8 and the 40x30 horn. As there isaticeable dif-
ference within the Max-SPL results, it can be concludedttiasecond harmonic normally
is predominant. Regardless of this fact, the measuremesseipted in the following were
evaluated up to the third harmonic and the 3% limit was meakupo. It is possible to



7.4. MEASUREMENTS AND SIMULATIONS 101

135 T T T T — 140

BC DE 900-8

130F

120F

=

N

o
T

SPL@1m, K2@10%
dBSPL

110F

B
-
[
3

Measurement @10%

11087 EV ND6-16 ] 100

EV ND6-8

%5 1

Measurement @3%

L L L L L 9 L L L L L L
2 3 4 5 678 10 8.5 1 2 3 4 5 6 78 10
Frequency [kHz] Frequency [kHz]

(a) Max-SPL referred to 1 m distance measured up {b) Comparison of the Max-SPL of the EV ND6-8
K, at 10% using a mid-size 40x30 horn referred referred to 1 m distance measured upkg at
to 1 m distance 10% and 3% and measured upKg at 10% and

3% using a mid-size 40x30 horn

Figure 7.8: Maximum sound pressure level of the investigated drivers

conclude from the 3% result if the third harmonic limits theasurement at 10%: K,

is predominant, the level flerence of the 10% result and the 3% result has to be 10 dB.
If the difference is smaller, the peak power limiter was activated eithird harmonic is
dominant.

The horns used for this investigation ranged from very laggeery small and also
had diferent radiation patterns (40x30 to 100x40). A selectionestiilts is presented in
Figure 7.9. Each plot shows a measured 3% and 10% result, dasiom for the horn
with the driver source term set to zero (ideal distortior fdeiver) and the simulation with
driver source term considered (black bold curve). The heeduo calculate the driver’s
source term was the large format 60x40 horn (Figure 7.9(byyas selected as reference
horn because it has a very smooth throat impedance. Allteeatg calculated using the
empirical correction for the throat impedances. The impeda of the horns are shown in
Figure 7.5.

When comparing the simulation (black, bold curve) with theamements one finds
an excellent accuracy which makes this post-processingndispensable for the horn de-
velopment. Of course, some deviations, mainly at low fregies, are visible. But, if the
simplicity of the whole procedure is compared to a completdinear sound field simula-
tion, it is a very surprising result. Furthermore, the esroan be explained by the loading
properties of the horns as predicted by the consideratiosedtion 7.3.2. The largest er-
rors occur at the simulation of the smallest horn with the tmesonant throat impedance
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(Figure 7.9(f) and 7.5(f)). The largefterences between ideal driver simulation and sim-

ulation with driver source term at low frequencies can als@kplained by the influence
of loading characteristic and displacement of the driverésnbrane. Especially below the
resonance frequency of the transducer, the system is vesjtige to changes in the load-
ing impedance. Figure 7.9(c) additionally shows a compartsetween a simulation with
“empirical correction factor” (black, bold curve) and wailt considering this factor (grey,
bold curve). At high frequencies, both curves are almosttidal. Between 600 Hz and
1 kHz the result is improved a little bit, but below 600 Hz thevidtions get larger with

this factor. Hence, to cover all possible load cases (coenpmure 7.5(c) with 7.5(b)), it

is necessary to replace the simple correction factor.

A further improvement could be achieved by measuring theedisource term under
several diferent load cases. The horns or acoustic loads used for tlaisuresment should
significantly difer in their throat impedances. Due to théfelient loading conditions, these
source terms should also show somgedences. For a simulation, the driver source term
is then to interpolate from this set of measurements acegri the throat impedance of
the considered horn. The practical implementation of thigke idea is, unfortunately,
not such simple. Besides the influence of the magnitude ofifuat impedance it is, of
course, necessary to consider the influence of the phaseomiging impedance for this
measurement is, for example, the “infinite impedance”. ©tiseful configurations could
be realized by using cylindrical ducts (also terminatedmindéinite impedance) as loading
device. Diferent magnitudes and phases of the “throat impedance” teutgenerated by
varying the length of the duct.

Concerning the measurement itself it has to be stated thatsmall influences of the
room change the result. A small reflection, which normallylddbe eliminated using a
suitable windowing technique, is visible in the results.okimg at the result of the large
reference horn in Figure 7.9(b) a small dip and peak occuk&iz? If this was a property
of the horn it should not be visible at the other measuremérts Hence, a measurement
error will also falsify the driver source term and may causers at other simulations. Fi-
nally, it has to be mentioned that the variances among drivethe same type and the in-
fluence of the measurement conditions may cause largesdhan the simulation method
itself.
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7.5 Discussion

This method has some advantages over other methods (se#rtiduction) although it
is not an exact nonlinear solution of the sound field. Firsalofit is a fast method, as
it is based on results which are already calculated. Thenskepoint is that the transfer
functions into the far field and, thus, the frequency-depabndain of the horn, are taken
into account with this method. The accuracy is quite higreesgdly for mid-size and large
horns, as the distortion generated within the horn seemesnuorgite the overall distortion
(at high frequencies). As this method enables to calculaeptysical limit of a horn,
independent of the driver, it allows an interesting insighting the development process
of horn geometries. Especially the slope of the Max-SPL eusvsimulated very accu-
rately. Hence, it is possible to compardtdient horn geometries during the optimization
process concerning their nonlinear behaviour. This, dgfuaas the main goal: to use
the BEM method to estimate the nonlinear performance & int horn geometries. If
a driver source term is measured and considered in the dipnli@sults, the measured
and simulated results are very close, even at low frequen€&ieture work has to concen-
trate on improving the measurement set up to acquire theneamldriver source term in
dependency of the complex throat impedance.



104 CHAPTER 7. SIMULATION OF NONLINEAR PROPERTIES

140 T T T T 140 T T T ——T
/sim with ideal driver @10% K2 sim. with ideal driver @10% K2
130 130
X X
S 3
®120 ®120
X X
E E
- -
@ SN
& 110 & 110
m Jus)
© ©
100 measurement @3% K2 100¢ measurement @3% K2 |
measurement @10% K2 measurement @10% K2
98.5 1 2 3 4 5678 10 98.5 1 2 3 4 5678 10
Frequency [kHz] Frequency [kHz]
(a) 40x30 with 12x12" mouth (b) 60x40 large format horn with 24x16” mouth
140 T T T T — T 140 T T T T
sim. with ideal driver @10% K2
sim.:with ideal driver @10% K2
130¢ ¥ 1 130
8 B
S 3
®120 ®120
X X
£ E
- -
® 9 :
& 110 & 110f
fus) Jus)
© ©
100p measurement @3% K2 100 measurement @3% K2
f measurement @10% K2 measurement @10% K2
98.5 1 2 3 4 5678 10 98.5 1 2 3 4 5678 10
Frequency [kHz] Frequency [kHz]
(c) very long 60x40 horn with 10x8” mouth (d) 60x40 small format horn with 12x6” mouth
140 ! : : e 140 ! : : :
sim. with ideal driver: @10% K2 sim. with ideal driver @10% K2
130 130
8 B
S 3
©120 ®120
X X
£ £
- —
@ 9
& 110 & 110 1
m Jus)
o o e
100 measurement @3% K2 100y | measurement @3% K2
‘r“ measurement: @10% K2 measurement @10% K2
98.5 1 2 3 4 5678 10 98.5 1 2 3 4 5678 10
Frequency [kHz] Frequency [kHz]

(e) 90x40 small format horn with 12x6” mouth  (f) 100x40 very small format horn with 4.7x4”
mouth

Figure 7.9: Max-SPL at 10% distortion of the second harmonic simulated and measuretiOfith
and 3% threshold foK, andK3. The electrical peak power was limited to 150 W. All results
were measured and simulated at 4 m distance and are referred to 1 melistéme horn mouth



Chapter 8

Professional Development of
Loudspeakers

In this Chapter, it is demonstrated how the methods and paeasmdescribed in this thesis
are applied to a typical development process: designingria tiaverhorn combination
which has the desired acoustic properties.

At the very beginning of such a project the installation ptar the horn is defined.
The geometrical dimensions are, normally, coupled to the i other components. In this
fictive project, a 12” or a 10” woofer is used. Hence, the wigltthe horn must not exceed
the diameter of the 10” Woo&arAccordingly, the horn geometry to be developed must not

exceed the following dimensions:
e maximum front dimensions 250 mm x (approx.) 190 mm (overaditivx height)
¢ flange width 20 mm (is needed for mounting the horn)
e maximum length of the horn, measured from the cut-planeieédand horn 130 mm

Additionally, it has to be considered that in some cases the may be produced with a
single part injection mould. Hence, the geometry must neéfay undercuts. Otherwise
it could not be removed from a single part mould.

For the acoustic properties, the parameters listed in theduaction are used here as

design goal:
1. nominal angle of 60x 40 (horizontal x vertical)

2. cut-df frequency of the horn as low as possible

10f course, it is possible to combine a large horn with a smabfer, but a lot of space on the frontfie
would be waisted using such a combination.
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3. maximum sound pressure level (10% threshold for the haieraistortion) should
be about 125 dB to 130 dB in the mid-frequency range and mugienemaller than
120 dB at high frequenci@s

4. the driver outlet diameter is 1.4” (35 mm)

8.1 Horn Optimization

At the beginning of the project, the driver might not be seddg/et. Hence, for the moment
this is a pure horn optimization task. Although it might sdwstrange to develop the horn
without knowledge about the driver, it is the most commoik.taBhe reason is obvious:
a horn is normally not used for only one particular loudsgeakut it will be used in
different families of loudspeaker systems together wiffedgnt drivers. This trivial reason
may underline the importance of knowing common driver progs.

8.1.1 Development of the Geometry

As the type of driver is not known at the beginning of this paj it is merely possible
to use the common properties which resulted from the prdtiwestigation (Chapter 3).
Hence, a fundamental mode velocity profile should be useeMatation. In the following,
the eigenfunctions of the cylindrical duct are used. Addidlly, it is known from the pres-
surgvelocity scanning that the modes start to dominate the prafibve a certain transition
frequency. Furthermore, the composition of modes is mokessran individual property of
each type of driver. This frequency is about 14 kHz for 1.4Vehs. As the composition of
dominating modes may influence the directivity in this fregey range (see Figure 5.12),
it does not make any sense to optimize the directivity patherm 14 kHz to 20 kHz with
respect to the directivity results. But remembering the erilte of the radiation pattern on
the transmission of nonlinear driver and horn distortiomay be interesting to optimize
the frequency range above 14 kHz with respect to the nonliresa(see also Chapter 7).
Another point to discuss is the definition of the lower ctitfoequency. Usually, it is
defined together with a driver as the overall sensitivity ttabe simulated together with
the driver’s properties. The cuffocan be defined, for instance, at the -3 dB drdiped
the sensitivity. In this case, it makes sense to define thef€as -6 dB drop-f of the
fundamental mode throat impedance because the couplimyef dnd horn is determined

2To avoid confusion here: the sound pressure level is oldama full space measurement. Many vendors
of PA-equipment give this value under semi-anechoic camstwhich leads to a cosmetic gain of 6 dB
maximum sound pressure level
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by the throat impedance. This corresponds to -3 dB radiateddspower and gives a very
good estimation, too.

The very first step is to make some rough “snapshots” of sitioms. Although the
results are not as accurate as fine simulations, the snapaigodf great importance. First
of all, it is absolutely necessary to know if the outer dimens of the horn are dticient
to create the defined acoustic properties. It is, of coursssiple to estimate the lower cut-
off by simply considering the length of the hrrh)ut it is not such a trivial task (though
possible) to know the lower cutfoof the nominal angles.

Snapshot simulations This kind of simulation is not a special technique, but it ieea
duction of accuracy to accelerate the simulation. At fits¢, humber of frequencies are
reduced. In the following, the mid frequencies of 18 oneelfuictave bands from 400 Hz
to 20 kHz are used. Of course, some details may be hidden beetinese frequency bins,
but it will give an almost complete picture of the propertidhe second reduction is ob-
tained by using a much too coarse mesh. In Chapter 5.1, it walaiegd that a linear
interpolation of the surface potentials requires at leiastedes per wavelength. This con-
figuration would lead to a node distance of about 3 mm to sitawdahorn up to 20 kHz.
But it is possible to use a particular mesh: the error intreduill be small if the node
distance is distributed inversely to the level of the swefpoessures. Hence, regions with
vibrating faces have to be meshed with a smaller node distand vice versa. This could
be shown by some mathematical considerations, but thetsge@sented later will show
the feasibility of the snapshot method. The last simplifarats, of course, to merely sim-
ulate quarter sections of the horn. This would not be possiith a full modal simulation,
as the non-symmetric excitation distribution of the eigections requires a simulation
without using planes of symmetry.

It is a good idea to start the first snapshot using a conicahgéy which fits into the
maximum dimensions given. The mesh is shown in Figure 8.1(&)made of 751 nodes.
The snapshot simulation for the 18 frequencies and thegrosessing requires about one
to two minutes (Intel P8.2 GHz).

In Chapter 2, it was mentioned that the pure conical hornisatiivity is normally not
very suitable. The results underline this statement. Thextivity is far away from a con-
stant coverage as it is usually needed for the high frequesymyduction. This particular

3The estimation is based on the fact that at low frequenciesidin is more or less a tube loaded by the
radiation impedance of a vibrating piston at the mouth. As ithpedance is very small at low frequencies,
the first resonance of the horn can be found at a quarter waytblitting into the length of the horn. 13 cm
gives a lower cut-fi of about 650 Hz.



CHAPTER 8. PROFESSIONAL DEVELOPMENT OF LOUDSPEAKERS

108

()
o
g
, , , , , : IS - =) 0 1<) I
© o 10 v iy & <
L]
i @5 D T
L 1N
s E ]
[ 1 ©
i lo 8 2
- I~ = o
L lo — o
L Jio N m — 0
w“n +— ] M~
L I = 4= ©
;S :
L Jen ()
m. © <
g 2 ®
L INEE
o
c N
3
L 1 T o
m Q
T =
—
£
; ; ; ; ; ; ; 0 5 ©
< 1O ® 1 N 1w «H 1w oo mm 0
R S $8R83988°°933938R83
~~
[2%] izl ) [oeiBiop] oibuy
o w o w
o 0 - - N B

S
©
ol
s
[+e]
o == M~
©
Vo]
> In <
k]
: & ®
£
- e [aV]
o
@©
§ VA FAVAVA AV Q
5 4»%%@»«»»» © -
® mﬂﬂﬂ«»ﬂﬂf&ﬂ =
A NANANAS ~ &
M ANANANAY b )
42| - % % qu M (=] m [eNeoNoNoNoNoNoNoNoNoNoNoNoNoNeoNoNoNoNeolo]
S o 3 38 8 o S OOMNOLTOAN 4.Inv_ .A...R_uﬂ.v-ﬁR.vnﬂ

2 [ea160p] 9|buy

Frequency [kHz]
(d) Fundamental mode vertical directivity

dB

Frequency [kHz]
Figure 8.1: A set of snapshot simulation results and the mesh of the conical horn
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pattern created by conical horns is typical: a small coveetgnid-frequencies and a wide
dispersion at high frequencies. Hence, it has an own namérange waist-banding. It
gave also initiations to some investigations in the pastiprove the directional charac-
teristic, respectively, to find generalized designs forstxealledconstant directivity horns
(CD-horn) [Joh94], [HU78], [Sin80], [Kee83], [Hug99], [CDPQYSCDO1], [CDS01]. The
difficulty to create a constant coverage has mainly to do withabietiat, normally, 3to 5
octaves are covered by a single horn. In the case consideregthe conical horn indicates
that a 60 horizontal coverage is possible from about 2 kHz and theed@erage is possible
above 4 kHz. Taking the upper limit of the directivity optiration (14 kHz) into account,
a bandwidth of 3 octaves has to be considered in the dirgcoptimization.

To reach the design goal, the directivity has to be narrowedral 10 kHz and widened
around 3 kHz. The focus is on the important mid-frequencygear-urthermore, the hori-
zontal coverage should be optimised preferably. To modiigydirectional behaviour sys-
tematically, one has to consider the nature of wave propaga® significant influence
requires changes in the same dimension as the dimensioe efabtelength is. Hence, it
is evident that a modification of the high frequency pattemuires a small change and a
mid-frequency modification needs larger changes of the g&gmAt this point, it seems
obvious to use an automated system to find the optimum. Amystexactly do this was
investigated by Henwood and Geaves [GH96] for axisymmemmetries. As the num-
ber of varieties are rather large in the full 3-dimensiorede; a lot of additional expertise
would be necessary to use for the algorithm. Anyhow, to itigate 3-D automated horn
design is an interesting task for the future (not only as afdEPU power is required),
but the author uses “manual optimization”. With some exqrere it is also possible to find
suitable geometries.

Figures 8.2 and 8.3 show the first evolutionary steps of thie.hdgersion 2 (version 1
was the conical horn) shows a nearly perfect horizontabpatidespite a very little waist-
banding at 3 kHz). Looking at the vertical directivity, itd#o be stated that the 4@re
more or less 45 Accordingly, the task of the further versions was an optation of the
vertical pattern and adding some slight corrections to twzbntal. Version 10 seems
interesting enough to have a closer look at it. The vertigakdion is narrow enough in the
mid-frequency range and, at the same time, it shows an ajpedtct horizontal behaviour.

High resolution simulations The high resolution simulations are needed for several rea-
sons. The estimation of nonlinear properties, as desciib&thapter 7, uses a lot of field
points in the near-field of the geometry for the post-proogssA too coarse mesh could
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result in an unreliable simulation result. Besides this,ghér resolution is desirable to
simulate properties of the horn if a driver is connected.uFég8.4 shows a set of results
of the version 10 with a mesh of 2800 nodes and 256 processqdencies. The CPU-
time for such a high resolution simulation is about 5 to 10reouThe results validate the
snapshots and it is now possible to begin with the fine tunirige horizontal direction is
almost perfect: the nominal angle is at exactly B6ove 2 kHz and the isobars are almost
parallel. This promises a very smoothly distributed spatand. The only flaw is a small
peak at 12 kHz. The vertical direction is almost perfect fbkiz to 12 kHz. The peak at
12 kHz has to be removed. But how to remove the two peaks?

Before modifying the geometry, it is helpful to understareltdason of the sudden wide
dispersion at 12 kHz in both directions. The on-axis fundataemode transfer function
shown in Figure 8.4(f) gives a first hint: an on-axis dip cautte directivity to widen in
the horizontal as well as in the vertical direction (and &itles directions, too). Looking
at the surface pressure distribution at 12 kHz, the reasdteistified as the first radial
mode. Remembering the modal horn parameters described ineClapone finds that
the only modes capable to transmit on-axis power are theafmedtal and the pure radial
modes. Obviously, the first radial mode is excited here arstraetively interferes with
the fundamental mode. The cause of this unwanted excit&iarntoo fast flaring at the
very beginning of the horn. The wave front has to change mlay, in order to fulfil the
geometrical boundary conditions. To suppress this modgeflaiing has to become more
moderate.

Starting from this version, a series of snapshots with tdeated modifications at the
beginning of the horn were done. The most promising versi@re additionally simulated
in a high resolution.

Figure 8.5 shows the data set of the horn version 10-08-04-he dispersion peaks
are now almost suppressed. This is also indicated by thefafunction shown in Figure
8.5(f). Besides the changes in the directivity, an intengsthange can also be observed at
the throat impedance: the loading at low frequencies coellithtreased which also lowers
the cut-df frequency a little bit. This is also a result of changing tlagifig at the beginning
and can be understood without complicated mathematicsgiiraa rigid piston driving
the horn. The more the horn geometry resembles a cylindtibal the more it will behave
like this. The fundamental mode impedance of the tulpgasThus, the fundamental mode
throat impedance will converge to this value. A decreasbeflare rate to negative values
will increase the throat impedance, too. The limit is, adaagly, an infinite impedance for
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the hard wall. Naturally, this is just a simple explanatigrithe phenomena. In reality, the
interactions with the complete geometry have to be consdier

At this stage of the horn optimization it seems that the gepnfelfils the development
objectives: the directivity is (in the considered frequenange) 60x40°, the isobars are
almost parallel. The throat impedance does not show signifiesonances and indicates
a lower cut-df of about 600 Hz. The next step is to investigate the nonlipeaperties.

8.1.2 Nonlinear Simulations

The goal of this project was, besides the linear propertytswzation, to reach about 125
to 130 dB on-axis sound pressure at 10% distortion in thefreigdency range. At high

frequencies, about 120 dB should be the minimum. As the disveot known, the horn has
to be simulated assuming an ideal, distortion-free exoitadt the throat. The technique
to do this is described in Chapter 7. The advantage of thisaddtecomes evident now:
it is simply necessary to use the simulated surface pressure to apply the extended
post-processing to estimate the nonlinear propertieseatitin.

This technique is used in the following to compare the tweiars (10 and 10-08-04)
in order to find out how they élier in their nonlinear behaviour. Although an experienced
acoustic engineer could forecast that version 10 will gatedess distortion, it is absolutely
not possible to say how much theyfer.

140

135

dBSPL@lm K2@10%
[EEN
w
o

125 .
Figure 8.6: Sound pressure

level at 10% second har-

monic distortion on axis of

128 1 2 3 4 5678 10 version 10 (bold) and version
Frequency [kHz] 10-08-04

Figure 8.6 shows a comparison of the maximum SPL of both ga@se It is inter-
esting to state that, although the changes in the geomedrgairvery large (see also the
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comparison of the flaring in Figure 8.5(a)), theyfdr significantly in their nonlinear be-
haviour. In the important frequency range up to 3 kHz theiver40 reaches about 1 to
3 dB more SPL at the same distortion level of 10%. It is alsotvarentioning that, es-
pecially, the change in the directivity causes the on-algdion of the version 10 to be
smaller at 6 kHz. This can be traced back to the vertical dsspe at 12 kHz: the power of
the second harmonic component is not concentrated on theaxrsi and, thus, the on-axis
distortion is influenced.

Now, the development is in a state which allows to make sormsid@s. Both versions
feature an almost perfect horizontal directivity. Versidi08-04 provides a little bit more
loading at low frequencies but this should not be overraide: significant dierences are
the vertical dispersion and its interaction with the noaéinbehaviour. If the focus is on
the directivity, version 10-08-04 should be preferred.h distortion is more important,
version 10 should be selected.

Besides these considerations, it is possible to forecatstéinsion 10-08-04-hr will not
reach the 120 dB Max-SPL at high frequencies together widabsource. A rule of thumb
is that a high quality 1.4” driver adds about 3 dB distortivhigh frequencies. Comparing
the nonlinear simulation result once again, it becomeg thed version 10-08-04 will not
reach the distortion level defined in this project.

8.2 Investigation of Horn Drivers and Properties of the
Coupled System DriveyHorn

In this section, the “project” is continued with respecthe horn drivers. Two particular
drivers (denoted as type A and type B) are investigated to fiadrtost suitable drivgrorn
combination. The methods described in the previous Chagterapplied to simulate prop-
erties of the coupled system of driver and horn. At this stafgle project the horn is not
yet built. Hence, any calculated property is based on siamaesults as described in
section 8.1 and Chapter 5.

The focus in this project is on the following properties:

e Sensitivity and lower cut4b frequency of both drivers coupled to both horn versions
10hr and 10-08-04-hr (see Chapters 4land 6.1)

e Transition frequency for the higher order modes (frequembgre modes dominate
the velocity profile, see section 3.3)

¢ Influence of higher order modes on the directivity
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e Estimation of the sound pressure level at 10% distortiorheffour combinations
(see Chapter|7)

With the two drivers and the two versions of the horn geomdtrg accordingly possible
to simulate four combinations. This, actually, is one of ¢neat advantages of treating
driver and horn separately: the properties of the couplatesy can be simulated. It is
not necessary to build each horn and measure the combigatiaeality. For instance,
if the fundamental mode parameters or modal parameters alri¥€rs are known (by
measurements) and 50 geometries of horns are simulatedpdssible to calculate the
properties of 500 combinations.

8.2.1 Linear Properties Based on Fundamental Mode Two-port Mea-
surements and Simulations

The two-port parameters for the results presented in thHewolg were obtained by
method Il as described in section 6.1. With the measuredeteas and the simulated horn
data, it is possible to calculate the linear properties efdbupled system. Although many
different properties could be calculated, like the electr'rmiddanc@ electro-acoustic ef-
ficiency , pressure and volume flow at the horn throat area, etc., ifotlwsving only the

sensitivity and the lower cutfbare considered.

110 ‘ ‘
driver A
105
100
95 Figure 8.7: Simulated sensitiv-
o ity (SPL in 1 m1 V on-axis)
o’ 90y o of driver A and B combined
© < Lower cut-off frequency with horn version 10 (fine
85 curves) and version 10-08-
80l | 04 (bold curves). The curves
are based on measured fun-
755 1 damental mode two-port pa-
rameters of the drivers and
e 1 > 3 4 5678 101215 20 simulated data of the two
Frequency [kHz] horns.

Figure 8.7 shows the simulated sensitivity for the four corations. The equations
used for the calculation are:

4In [Mak01] several examples for simulated and measuredraémpedances are presented.
5In [BMO14] the dficiency is calculated for dierent drivefhorn combinations.
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e eq. (6.28) for the sensitivity
e e(. (5.13) for the fundamental mode transfer function

Both drivers have an almost smooth frequency response lgniéicant diference between
driver A and driver B attracts the attention: the sensitioit driver A is about 3 dB to 5 dB
higher than the sensitivity of driver B. Accordingly, drivArneeds only 25% to 50% of
the input power of driver B to reach the same sound pressuet lén the introduction,
it was pointed out that the electrical power is not a limitfagtor in today’s professional
applications. But when considering lightweight and mobpel&cations, a high sensitiviy
might become interesting. The second point of interestiferpractical application is the
lower cut-df frequency. It is for all combinations about 600 Hz to 650 Hztlas was
predicted by the cutfd of the throat impedances. Hence, it is possible to combiee th
systems with the woofer at a cross-over frequency aboveajppately 1000 Hz. The third
interesting diference is the sensitivity at high frequencies caused by d¢ne ¢eometry:
the horn version 10-04-08-hr provides about 3 dB to 5 dB merssisivity. This increase
of sensitivity can be explained by the on-axis transfer fiomcof the fundamental mode:

version 10 has a dip between 10 kHz and 15 kHz (please comjzane=g 8.4(f) and 8.5(f)).

Summarizing the sensitivity results, it has to be statettttedriver of type A seems

to be favourable.

8.2.2 Investigation of the Higher Order Mode Influence

The investigation of excited modes at the driver’s outledase in three steps: first, the
profiles are scanned as described in Chapter 3.1. Then, thal sthexbmposition technique
is applied to the scanned velocity profiles to analyse theanodmposition. This was
described in section 3.2. The last step is to combine thenethand decomposed profiles
with the modal data sets. The simulation technique to oliteermodal horn data set is
described in section 5.2.

Scanning and decomposition Both drivers were connected to a “neutral” tractrix horn
and scanned in two planes with a distance of 2 mm. In sectiynt3vas pointed out that a
two-plane measurement with such a small distance does ontiera good signal-to-noise
ratio at low frequencies. Anyhow, the scanning was carrigdrothis configuration as the
transition frequencies are at rather high frequenciesthnd, only in this frequency range
a modal influence on the directivity has to be expected.
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(a) Driver A (b) Driver B

Figure 8.8: Velocity participation cofficients of a two plane scanning measurement at the driver
outlet. The cofficients are normalized to the fundamental mode. The decomposition was calcu-
lated up to ordem = 8 andn = 2. (Order 8 of the Bessel function and the first two solutions of
the boundary value problem)

Figure 8.8 shows the velocity decomposition result of drikeand driver B. At low
frequencies, the measurement is disturbed by noise. Handleis frequency range the
results are not relevant for further considerations. Taedition frequency is about 13 kHz
for driver A and about 14 kHz for driver B. In this point bothts do not dier much.
Accordingly, a significant deviation of the fundamental raatirectivity response can be
expected above 13 kHz for driver A and above 14 kHz for driveL@&king at the level
of the modes in this frequency range, it has to be noted thatrdB excites one particular
mode with a rather high level (01 mode). Hence, the influerfceigher order modes
excited by driver B are expected to be larger than that okdrv

Higher order mode simulation Based on the scanning measurements of the velocity
profiles, the modal directivity response of the four combores is to be simulated. In
section 4.2 several modal driver models are discussed. Ddelnapplied in the following
is thereduced modal descriptiothe fundamental mode parameters are measured using the
technique described in section 6.1 and the higher order snadetreated as ideal velocity
source. In order to couple the amplitude of higher order mddethe input voltage of
the transducer, they are normalized to the fundamental raog#itude as, for example,
shown in Figure 8.8. This technique enables to calculatedpled system’s properties
with a minimum of complexity. Of course, a modal feedbackrfrborn to driver is not
considered.

The horn’s modal data are calculated using the techniquesited in Chapter 5.2.
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Figure 8.9: Modal directivity of driver A and driver B combined with horn 10hr

Although this might not be of great relevance for the pradtimplementation, the modal
horn data were calculated for all modes: radial and angutete®s. The modal surface pres-
sures were stored which enables to calculate any sound fieeéy with nearly arbitrary
excitation profiles at the horn throat. With the normaliselbeity participation coficients
Vmn/Voo it IS, then, possible to calculated the resulting pressisteiloution:

_ Vinn
P = ; P“‘”Voo (8.1)

Using the standard post-processing of the BEM, the diregtand other properties of the
particular drivefhorn combination can be calculated.

Figure 8.9 shows the simulated directivity plots of the érsvcombined with the horn
10hr. Comparing the modal results with the fundamental mesiglts (see also Figure 8.4),
several diferences are to be noted: firstly, the transition frequeraiesalso reproduced
by the modal directivity simulation. Above this frequendye results are dominated by
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Figure 8.10: Modal directivity of driver A and driver B combined with horn 10-08-64

excitation of higher order modes. This fact confirms thas ihot useful to optimize the
directivity above the transition frequency with respedite fundamental mode directivity.

The second interesting result is the sharp dispersion pebkleHz of driver B caused
by the first radial mode excited at a rather high amplitudeh@dgh driver A has a lower
transition frequency, the overall result above 14 kHz losk®other than the results of
driver B.

The third interesting property is the asymmetrical veftaieectivity of driver A be-
tween 6 kHz and 10 kHz: the whole directivity is bended. Théaten from a pure sym-
metrical directivity is approximately°3to 5°. This is rather unusual, especially, in this
frequency range. When the manufacturer of driver A was cotdawith these results, it
was admitted that during the production of these driver®lpras occurred which caused
the phase-plug to be mounted not symmetrically anymore. hAwy the author had the
“luck” to get just some of those drivers. It opens a new fielc&commercial application
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for the modal decomposition: as the scanning and deconnuosgchnique fers to eval-
uate of how precise the components of the driver (membraispesision, and phase-plug)
are mounted, it could be used for a non-invasive qualityeatipn to automatically sort
the drivers by their quality. Of course, it would be possitdeadditionally measure the
nonlinear driver properties at the same time.

Finally, it is investigated how the on-axis sensitivity agas when higher order modes
at the interface drivéinorn are considered. Basically, the same equations are sded a
the fundamental mode sensitivity calculation, but now tammeters are calculated using
the modal surface pressure for the particular dfi@in combination (see equation (8.1)).
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Figure/ 8.11 shows the modal sensitivity results of the famiinations. The basic
properties like the slope and the level of the curves arepafse, identical. But at high
frequencies some changes are visible: the sensitivity igédB shows a dip at 14 kHz
followed by a 10 dB peak at 15 kHz. At 17 kHz another dip is Misib

Summarizing the results of this section: if the quality peolb which caused the asym-
metrical directivity is ignored, it can be stated that driveis still the favourite. It dters
a higher sensitivity and, additionally, a smoother dirgttiand a smoother on-axis fre-
guency response in the frequency range were higher ordezsraoveé dominating.

8.2.3 Simulation of the Max-SPL

The last property to be investigated is the influence of theedon the nonlinear behaviour
of the complete system. In order to get an estimation, tivedsidistortion is characterized
by an additional nonlinear source term. In section 7.3.2a% @escribed how to obtain this
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source term by calculating backwards from a real dfivein measurement. This is also
used in the following to get an estimate of the coupled systaonlinear performance. The
nonlinear sound generation and transmission caused bythegeometry is simulated by
the method described|in 7.2.

Figure 8.12 shows the simulated sound pressure level at £#3&%md harmonic distor-
tion for the four drivethorn combinations. The equations used to obtain thesetseaal
calculated by eq/ (7.10) to obtain the overall second haitrewund pressure level at the
horn throat and eq. (7.7) was used to calculate the far fialdd@ressure level at 10%

second harmonic distortion.
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Figure 8.12: Simulated sound pressure level in a distance of 1 m at 10% second hadistaiton
(Max SPL).

The overall performance of both drivers is almost the samév®&sn 2 kHz and 3 kHz
driver B provides about 2 dB more Max-SPL. Additionally, stinteresting to note that
the Max-SPL of driver B is 5 dB to 8 dB higher below 800 Hz. Altigh 1.4”-drivers are
normally not used in this frequency range, it is an imporfaature and might be very

useful for particular applications.

8.3 Final Conclusions and Measurements

The “project” is at a point, where a decision can be made: ftoensimulations and the
driver measurements, two configurations will lead to dylvem combinations with out-

standing properties.

1. Driver A combined with horn version 10-08-04-hr will be @nabination with a very
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smooth horizontal and vertical coverage. Both compondmegjitiver with the modal
composition and the horn with the smooth fundamental modgtilvity, contribute
to this result. Additionally, driver A has a very high sensty.

2. Driver B combined with horn 10hr will be a “louder” combiran: the horn, as well
as the driver, are capable to reach higher sound presste (eveasured at the same
distortion threshold) than the other combination. Thiscodrse, requires a rather
high electric input power. Especially at low frequencias/et B needs about 200 W
input power to reach the simulated Max-SPL.

8.3.1 Measurements of the Combination Driver BHorn 10hr

At the end of a development process, a prototype of the fald@ihorn version is built and
characterized by a set of measurements or simulatiorfigrdnt parameters. The feasibil-
ity of the methods to simulate the parameters was shown indfresponding Chapters of
the thesis. The only model which is not verified yet is the oedbmodal model of the horn
driver (see page 50). This model combines the fundamentdémmdel (section 6.1) with
a set of normalized velocity participation dheients. The composition of the eigenfunc-
tions in this model is not dependent on the modal impedanice @onnected horn. This,
actually, was motivated by the weak modal feedback fount@ptactical measurement
results of diferent drivethorn combinations in Chapter 3.

Although this model introduces some simplifications, itrprees accurate results. The
intention of this section is to use the results of the fictivgjgct to verify the modal simu-
lation results based on the reduced modal model.
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Figure 8.13: Measured directivity of driver B combined with horn 10hr
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Figure 8.13 shows the measured directivity of driver B carediwith horn 10hr. The
set-up for the field points corresponds to the set-up usetiésimulation of the directivity
(described on page 67). The measurements were made in @aseanfieic room. The horn
loudspeaker was positioned at a height of 2 m (on a turnXablee microphone was at a
distance of 4 m (also at a height of 2 m). Ground-plane refiastivere cut i using an
appropriate window for the impulse response.

Comparing the measured results (Figure 8.13) with the stioulaesults (Figures
8.9(c) and 8.9(d)), it has to be stated that the accuracyitie hjigh. The measured nominal
angles correspond exactly to the predicted radiation patt@® in the horizontal plane
above 2 kHz and 40in the vertical plane above 4 kHz. Even small details of theime

surement are visible in the simulation. For instance, thallsasymmetric dip between
6 kHz and 7 kHz is simulated correctly and the two large disiperpeaks at 14 kHz and at
16 kHz are also very close to the measured results

As a last example, the measured and simulated sensitivithgotombination driver
B/horn 10hr are compared.
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Figure 8.14 shows the result of the fundamental mode siimulathe reduced modal
model result and the measured sensitivity. One can cleadytsat the modal simulation
adds the peak at 15 kHz which cannot be reproduced by theriugrtal model. This result,
actually, was predicted in section 6.1: if the fundamentatlendominates the excitation at
the driver outlet, the parameter are simulated correctlgingy a modal model, even if it

5The deviations below 2 kHz are caused bijrdiction. In the simulation, the horn was mounted in a small
box, whereas the measurement was made with anfliet&orn. Additionally, the windowing of the impulse
response introduces errors at low frequencies.
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is reduced to the minimum of complexity, the characterifggjuency response can be
simulated also at higher frequencies.

Finally, it may be allowed to state that the “finger print” dfetdriver is reproduced
correctly by the reduced modal model. Although the modakbetur of drivers of the
same type may vary due to the tolerances of the manufactprougss, some characteristic
properties remain the same. Of course, a larger numbena@rdnmust be scanned and with
the averaged participation déieients the characteristic modal properties can be found. Fo
the “driver B”, the peak at 15 kHz and the two dips around thé&k@ga characteristic. An
experienced developer may be able to guess which drivevesiigated he@e

"This might be an interesting proposal for “Wetten, dassg@&ssing the type of horn driver by analysing
the on-axis frequency response.



Chapter 9

Summary

In this thesis, a number of methods for the professionalldpweent of horn loudspeakers
are investigated and verified by extensive measurements.tddis provide an accurate
modelling and are at the same time extreméfgdive to be used in practice.

Chapter 2 treats basic properties of driflern combinations and discusses the prob-
lems which occur when applying conventional methods (likeped element networks for
the driver or analytical approaches for the horn) to modehsedhorn combination. At the
end of this Chapter, the major aspects of the thesis are defined

¢ the horn driver and the horn are to be treated as separatarsy/sh provide a maxi-
mum of flexibility and reusability of the data

¢ the models have to consider the three dimensional propertiacoustic wave prop-
agation and radiation

e the models should be as simple as possible and provide &ecasults
¢ the methods have to consider a feedback from the horn to iver ds far as possible

For separating the acoustically coupled system of driver laorn, the velocity and
pressure distribution at the driver outlet has to be knowrer&fore, in Chapter 3, filerent
driverhorn combinations are investigated. The wave front at thedoutlet is measured
in the cut plane of driver and horn and analysed by decomgadsi@ complex velocity
and pressure profiles into a system of eigenfunctions. iewiout that the plane wave
(fundamental mode) dominates the measured profiles, biglafrequencies an individual
composition of modes is found atftérent types of drivers. Additionally, the velocity and
pressure at the driver outlet is influenced by the horn bstseems to be negligible.

In Chapter 4, a driver model is described which is based on aahmdlti-port ap-
proach: the 3-dimensional wave-front at the driver ouetxpressed as superposition of
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orthogonal eigenfunctions and each eigenfunction is sspried by one port of a multi-
port. Additionally, one port is used to describe the elecmioperties. The interaction
between the dierent ports is then described by a matrix. In this model, tra Iis cou-
pled to the driver multi-port by a modal impedance matrixn&ually, this approach leads
to a large number of parameters to be determined. Consid#rengesults of the inves-
tigation of pressure and velocity profiles, several simgifmodels are proposed to meet
the requirements of practical applications. Two of the sifieol models are then used to
model the horn driver: a plane wave model (fundamental moaléeth and a model which
combines the plane wave model with measured velgu#gsure profiles (reduced modal

model).

Chapter 5 deals with the horn. The essential point of this @hnaptto use a set of
parameters based on the same eigenfunctions as used tinedésermodal driver model.
Two sets of parameters are proposed to store the horn’s piegeThe first method (a
modal throat impedance matrix and a set of modal transfeedapce vectors) provides a
very fast calculation of sound field properties but is restd to a predefined set of field-
points. Additionally, the storage space for the data seegigible. The second method
is a more universal approach. Based on this data set, it ishp@$s calculate any linear
sound field property at any field-point for nearly arbitrarcigation profiles at the horn
throat. Although this method requires more storage spdmmufel GB for each horn) and
the computational time is longer compared to the first metitad quite attractive due to
its flexibility. To calculate these parameter sets the bame@lement method (BEM) is
used in this thesis. In general, any method which consider8idimensional character of

wave-propagation in the horn could be used to derive thenpetexs.

Chapter 6 describes a method to derive the fundamental modelwica horn driver by
measurements in detail. It is pointed out that many measememethods exist, but most
of these methods are disturbed due to higher order modeaggaitat the driver outlet. The
innovation of the method used in this thesis is to avoid amgafiacoustic measurement
at the driver outlet. Thus, the problems of the formerly useghsurement methods can
be reduced. Furthermore, the method requires a minimum atarement devices: it is
only necessary to measure the electric input impedancesafritier under exactly defined
acoustic conditions. Several application examples andtiped measurements show the

feasibility of this method.

In Chapter 7, a method is developed to calculate the generatid transmission of the
nonlinear pressure wave in the horn. The approach presentbs Chapter combines a
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nonlinear plane wave approach with the post-processingtsiies of the BEM. Hence,
this calculation scheme can be used with surface pressstrébdiion already processed.
The distortion generated by the driver is considered by ditiadal term in the equations.
A number of simulation and measurement results fdfedent configurations show the
power of this approach. It is pointed out that the dependehttye driver-related distortion
on the throat impedance of the horn can be significant in samsescand an advanced
measurement method is proposed to overcome this drawback.

Finally, Chapter 8 demonstrates how the methods are used préfiessional develop-
ment of a horn loudspeaker. As an example, the developmen6Gk40° high-frequency
horn loudspeaker is described. First, the horn geometrgveldped with respect to the
common properties of real horn drivers. It is shown how the B&iid its post-processing
features are applied to the optimisation of the geometryis phocess results in two ge-
ometries to be analysed more closely by combining horn ddtaabtained by simulation
with the data sets of two drivers. The analysis of the foupdedi system’s properties con-
centrates on the sensitivity, the directivity, and the imdr performance of the systems.
Using the driver models developed in this thesis, it is itigaged how the modal compo-
sition at the driver outlet influences the linear properéiad which combination leads to
the best results. Lastly, a directivity and a sensitivityasi@ement of one of these combi-
nations is presented. It is verified that this approach l¢adecurate and detailed results
even for frequencies where higher order modes dominatedioeity profile.

Figure 9.1 gives an overview of thefflirent approaches described in this thesis and
in which way they are combined to a powerful engineering.tdélirthermore, the fig-
ure shows the working flow in a development process of a harddpeaker and how the
methods interact with the development objectives of a ptoje
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Outlook While writing this thesis, several methods to derive the aded modal mod-
els by measurements and simulations were investigatedhodédth the simplest modal
model leads to good results, a model which also considerstual feedback would be
desirable. As first results indicate, it will be possible taracterize at least the modal
sourcgimpedance model by measurements.

Besides the application on the development of horn loudspeak is possible to use
the scanning and decomposition technique for a non-ineaguiality inspection of horn
drivers. This new idea is briefly outlined in the followinghd production and mounting
of the diferent components of a horn driver is a highly complex pradéssinstance, the
mounting of the phase plug is critical, as the distance froenrhembrane to the phase-
plug is rather small. Hence, if the membrane and the phasgge not mounted axially
the sound field may be asymmetric. This was observed in measuts, as well as in
simulations based on scanned and decomposed velocitygstolib determine if a driver
is mounted correctly, scanned profiles can be decomposedangared to a simulated
modal multi-port model of this particular driver. To reldtee mounting tolerances of the
components to the participation dheients, variants with the most common errors have
to be simulated. Of course, the scanning technique as descnn this thesis can not
be applied directly (as it needs too much time), but it is gisego use a multichannel
measurement technique with several microphone-probaiqmesi at the driver outlet.
Furthermore, it is to be investigated how many probes areired)and at which position
the sound pressure should be acquired to identify a paaticigfect.

In this thesis, the standard BEM is used to simulate the radiaf the horn into the
far field. Besides the acceleration of the method itself bpgisnore advanced approaches
(Multipol BEM and Padé expansion) another approach seenmmsigirgg to be investigated:
instead of simulating the complete horn geometry, it is plsssible to divide the radiation
problem into several parts which can be simulated sepguratelr instance, the radiation
from the aperture of the horn could be simulated as one pdrthaninterior of the horn is
a second part. The coupling of both parts can be describedrndal impedance matrix at
the common interface and the sound radiation from the apgeidlalso described in terms
of the eigenfunctions of the aperture face. This techniqoelevintroduce some significant
advantages:

e The modal aperture radiation and modal impedance matrie twelve calculated once
and can be used for any horn geometry which ends with the saeniee. Hence, the
aperture properties could be calculated in advance andinsethsequent projects.
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e The calculation of wave propagation in the horn itself istheduced to an interior
problem which can be solved by the finite element (FEM) methem several rea-
sons, which shall not discussed here, the FEM provides #isaymt faster simulation
for this particular boundary value problem.

Accordingly, it is also possible to subdivide the horn getsnan several parts which can
be calculated separately if each part is described in itsainmmbrdinates: the modal scat-
tering matrix and the modal impedance matrix at the intertadhe subsequent part. As a
change of the geometry during the development process,allgronly afects two neigh-
bouring elements, only these two elements would have torbelated. Thus, a rather fast
recalculation of the changes in the far field of the complatiation problem would be
possible. It is predicted here that this technique may baldago provide “real-time horn
development” in the future: a change of the geometry will enor less immediately be
considered in the simulated directivity and sensitivitytttgd complete system. Besides the
application on the particular problem of radiation desedilin this thesis, it may also be
possible to apply this technique in room acousticsffeaively predict the sound field (at
low frequencies) of coupled-room situations.



Kapitel 10

Kurzfassung

Die Nummerierung der Abschnitte in dieser Kurzfassungpedist der Nummerierung der
Kapitel der Dissertation. Wegen der Kiirze des Textes istladiglich die Ubersichtsgra-
fik zu den entwickelten Verfahren abgebildet (Abb. 10.1)h&asei zur Erlauterung der
Abschnitte auf die Darstellungen in den entsprechendernté&apler englischen Version

verwiesen.

10.1 Einleitung

Der "schallverstarkendefiekt” von Hornern wird bereits seit Jahrtausenden in veeschi
densten Anwendungen genutzt. Als wichtige historischees sind Musikinstrumente,
Horrohre und Trichter zur Sprachverstarkung zu nennen.

Im professionellen Beschallungsbereich werden fur die Afgabe des Mittel- und
Hochtonbereichs fast ausschlie3lich sogenannte HobleﬁLﬂHorn-Kombinationen ver-
wendet, um die erforderlichen Schalldriicke und ein klamiefies raumliches Abstrahl-
verhalten zu erzielen. Damit sind die Projektierung eing@ssenden Horntreilygtorn-
Kombination und der Entwurf der Horngeometrie die wichtigsTeile der Entwicklung
eines kompletten Beschallungssystems.

Obwohl in der Literatur verschiedene Modelle und VerfalmenBerechnung von Hor-
nern und Horntreibern beschrieben sind, wird in der Praitisar anhand von Faustfor-
meln und mit empirischen Methoden, basierend auf der Exfahder beteiligten Ingenieu-
re, entwickelt. Diese Vorgehensweise fuhrt zu langen Esklwngszeiten und hohen Ent-
wicklungskosten, da viele Prototypen gebaut und akustisoinessen werden missen. Die
Diskrepanz zwischen Theorie und Praxis lasst sich allgem@durch erklaren, dass eine
Methode entweder zu ungenau ist (z.B. konzentrierte Baueltenfiér den Schallwandler)

LEin Horntreiber ist ein speziell fiir den Einsatz mit einenrioptimierter Schallwandler



134 KAPITEL 10. KURZFASSUNG

oder zu eingeschrénkt in der Anwendung ist (z.B. analytis@é&hren zur Berechnung
der Wellenausbreitung im Horntrichter).

In dieser Arbeit werden Verfahren und Methoden entwickdi, eine zielorientierte
Entwicklung von Hornlautsprechern mdglich machen. Gragdlder Methodik ist eine
konsequente Trennung zwischen Schallquelle und Schalifigh Durch die getrennte Be-
schreibung beider Systeme wird ein Héchstmal feldvitat und Flexibilitat in der prak-
tischen Anwendung erzielt.

10.2 Funktionsweise einer HorntreibefHorn-Kombina-
tion

In diesem Kapitel wird die Funktionalitat eines Horntredbend eines Horntrichters mit
Hilfe von konventionellen, in der Literatur beschriebeméodellen erklart. Dabei werden
die Grenzen und Schwierigkeiten bei der praktischen Umsetdiskutiert. Daraus leiten
sich fur die weitere Vorgehensweise in dieser Arbeit foligeRorderungen ab:

e Schallguelle und Schallfiihrung sollen als getrennte Systieeschrieben werden

e Die Modelle und Verfahren missen in der Lage sein, die dredsionalen Eigen-
schaften der Schallwelle, die sich im Ubergang Horntrgibhem ausbreitet, abzubil-
den.

e Eine Riuckwirkung der Schallfiihrung auf die Schallquelld solgut wie mdglich
modelliert werden.

e Die Modelle missen auch in die Praxis umsetzbar sein, etwhdch Messungen
oder Simulationen.

e FUr die praktische Anwendung ist es ausreichend, die Sysségrinand der physikali-
schen Ein- und Ausgangsgrof3en zu beschreiben. Dafur kormrBe@dweitor- oder
Mehrtormodelle in Frage.

10.3 Experimentelle Untersuchung der Schnittstelle von
Horntreiber und Horn

Um die Auftrennung der akustisch gekoppelten Systeme beraiten, werden in die-
sem Kapitel Eigenschaften der Schalldruck- und Schalklslidwerteilung unterschiedli-
cher HorntreibgHorn-Kombinationen an der gemeinsamen Schnittstelle @essisch
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und theoretisch untersucht. Ziel ist es folgende Kerninagebeantworten:

e Welche gemeinsamen Eigenschaften haben unterschiedhidratreibefHorn-
Kombinationen?

e Ist die Ruckwirkung vom Horn auf den Horntreiber signifikant?

e Sind die Schneli®ruckprofile der Schallwelle im Ubergang Horntreilséorn eine
Eigenschaft des Treibertyps oder des Horns?

Die Messung des Schallfeldes einer Horntreidern-Kombination erfolgt jeweils durch
ein Abtasten des Schallfeldes in der gemeinsamen Scherittetmittels einer computerge-
steuert positionierten Mikrofonsonde. Die so gewonnenerstischen Profile werden an-
schliel3end durch eine modale Dekomposition in frequeréradie Partizipationsfaktoren
zerlegt. Die hier verwendete modale Basis wird durch LosweggRandwertproblems des
schallharten, unendlich langen Zylinders gewonnen. Mitstiequantifizierten Messergeb-
nissen ergeben sich folgende Schlussfolgerungen: Alstiggth gemeinsame Eigenschaft
unterschiedlicher Horntreib@#torn-Kombinationen ist die Dominanz der Fundamental-
mode fur den gro3ten Teil des Audiofrequenzbereichs fasizen. Eine Rickwirkung
der Horngeometrie auf die Form der Schallwelle existieraizwst aber schwach ausge-
pragt und nur bei ungewdhnlichen Konfigurationen als sikaifi zu bewerten. Weiterhin
ist eindeutig festzustellen, dass die modale Zusammansgim modendominierten Fre-
quenzbereich fur jeden Treibertyp individuell ist.

10.4 Beschreibung der Schnittstelle von Horntreiber und
Horn

Es wird zunachst eine allgemeine Beschreibung der Sclaligtstwischen einem akusti-
schen Wellenleiter und einem elektroakustischem Wantienadales Mehrtor entwickelt.

Mit diesem universellen Modell kénnen alle Rickwirkungem dkustischen Last, dem
Horn, zur elektrischen Seite des Horntreibers bertickgicthterden. Die akustische Last
wird in diesem Modell durch eine modale, voll besetzte Ingrematrix beschrieben. Da
diese Beschreibung fiir eine messtechnische Umsetzung leuRneiheitsgrade besitzt,
werden unterschiedliche Vereinfachungen diskutiertsdib durch die in der messtechni-
schen Untersuchung gefundenen Eigenschaften begrintewichtigste Vereinfachung

ergibt sich somit das Modell fur die Fundamentalmode. Afdasihstes Modell, was auch
die modale Komposition der Schallwelle bertcksichtigtdaier eine Kombination aus
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dem Fundamentalmodenmodell und einer idealen, modaleme$equelle fur die hbheren
Moden vorgeschlagen. Beide Modelle werden in den folgendspit&ln durch zahlreiche
Messungen verifiziert.

10.5 Bestimmung der Parameter fur das Horn

Die Berechnung der Schallabstrahlung von einem Horntnigsttein Standardproblem der
numerischen Akustik.

Zur Lésung dieses Problems gibt es analytische Ansatzesfitmbmte Horngeometri-
en (die durch separierbare Koordinatensysteme beschrebirl) und besondere Apertur-
konfigurationen (z. B. planare, kreisformige Apertur in utierher Schallwand etc.). Um
vollkommen frei in der Entwicklung einer Horngeometrie &ins sind numerische Verfah-
ren notwendig. In dieser Arbeit wurde zur Bestimmung der lgdarameter die Boundary
Elemente Methode (BEM) implementiert und verwendet.

Die Eingangsdaten fir eine BEM-Berechnung sind die Geomaetige Wandadmit-
tanz und die Schnelleverteilung auf der Oberflache. Fur geziaslle Problem einer
HorntreibefHorn-Konfiguration wird der Treiber in der Simulation duihe Schnellever-
teilung ersetzt. Da reale Schnelleverteilungen unteesiticher Treiber sich in ihrer moda-
len Zusammensetzung signifikant unterscheiden kdnners dasdHorndatensatz (d. h. das
Ergebnis der Simulation) ebenfalls fur beliebige Vertegan eine Abstrahlungsberechung
ermdglichen. Zu diesem Zweck wird die Anregung in der Simoaitadurch orthogonale
Eigenfunktionen beschrieben. Die Kombination von BEM mitdaler Anregung und mo-
daler Dekomposition erméglicht so einffektive Berechnung der Horndaten in modalen
Koordinaten. Fir eine Abstrahlungsberechnung werden diéaten Datensatze mit den
entsprechenden Partizipationsfaktoren einer belieb®gmelleverteilung gewichtet und
Uberlagert. Somit ermdglicht ein einmal berechneter Hatesatz die Abstrahlungsbe-
rechnung fur nahezu beliebige Eingangsdaten. Als weiteeil ist die Reduktion der
bendétigten Speicherplatzmenge um einen Faktor 200 zu neeiree vollstandige Spei-
cherung der numerischen Simulationsergebnisse eineslgnd®en Horntrichters fir 256
Frequenzlinien bendtigt 200 GB Festplattenspeicher, igiSgeicherung der modalen Er-
gebnisse sind héchstens 1 GB notwendig.
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10.6 Bestimmung der Parameter flr den Treiber

Dieses Kapitel beschreibt zwei messtechnische Verfabrardie Parameter fir das Zwei-
tormodell der Fundamentalmode eines Horntreibers zusfasn der Vergangenheit sind
bereits verschiedene Verfahren zu diesem Zweck beschrieoeden, jedoch war eine
breitbandige Messung, d.h. fir den ganzen Audiofrequeratie nicht moglich. Ursache
fur ein Versagen der bekannten Verfahren sind jeweils &ggn der akustischen Messun-
gen durch Moden héherer Ordnung gewesen. Fur die Anwendudgriprofessionellen
Lautsprecherentwicklung ist ein eingeschrankter Gudtitggbereich jedoch nicht akzepta-
bel. Des Weiteren muss ein Verfahren schnell und sicherilddezendung sein.

Die Innovation der hier beschriebenen Verfahren beruhteaunfvollstandigen Verzicht
akustischer Messungen. Die Methoden basieren auf elefkénisimpedanzmessungen, die
mit moderner PC-Messtechnik hochprazise bewerkstelligtare konnen. Es wird hier
ausgenutzt, dass eine akustische Last (z.B. ein Horn aldisd¢tusr Abschluss fir den
Horntreiber) eine Rickwirkung auf die elektrische Seite Biesbers hat. Durch Messun-
gen der elektrischen Eingangsimpedanz fur verschiedenaugdefinierte akustische Kon-
figurationen kdnnen die Parameter schnell und mit verlsittaiig geringem Aufwand
bestimmt werden.

10.7 Simulation von nichtlinearen Eigenschaften

In diesem Kapitel wird ausfuhrlich auf die Berechnung derhtigsten nichtlinearen Ei-
genschaften einer Horntreiljeiorn-Kombination eingegangen. Es wird eine Methode ent-
wickelt, die zum einen das Konzept der Trennung von Quelk Schallfiihrung konse-
guent auch auf die nichtlinearen Eigenschaften anwendet,anderen basiert dieses neu-
artige Verfahren auf bereits berechneten linearen Eideitn eines vorhandenen Horn-
datensatzes.

Da nach einer BEM-Simulation alle linearen EigenschaftenFkddraumes mit einem
schnellen Post-processing berechnet werden kénnenaedtdte Idee, aus den linearen
Schallfelddaten eine Abschétzung tber die Verzerrungisjite der sich im Horn ausbrei-
tenden Schallwelle zu berechnen.

Im ersten Schritt wird entlang der Hauptabstrahlachse ddadf des linearen Schall-
drucks berechnet. Nun wird fur jeden Feldpunkt aus dem &bthak der Grundwelle eine
Abschétzung der Harmonischen berechnet. Diese Absclgikamm aus der eindimensio-
nalen Schallfeldgleichung fir adiabatische Zustands@amdgen hergeleitet werden. Diese
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so gewonnenen harmonischen Quellenterme missen sdttlief®lilang der berechneten
Feldpunktlinie, mit den Ubertragungsfunktionen entspescler Frequenz gewichtet, auf-
summiert werden. Diese Gewichtung korrigiert den Fehlerededimensionalen Abschét-

zung der harmonische Verzerrungsprodukte und beriickgicumit die dreidimensionale

Verteilung der Schallleistung der harmonischen Verzegeumim Feldraum.

Als Anwendung kann z.B. der Schalldruck bei einer definierreaximalen Verzer-
rungsgrenze simuliert werden. Da die Simulation keine iESghaften der Schallquelle be-
rucksichtigt, stellt das Ergebnis die physikalisch maXieraeichbare Leistung der Horn-
geometrie dar. Es kann aber auch zusatzlich ein Verzeremmgdgir einen realen Treiber
verwendet werden, um die nichtlinearen Eigenschaften dbaljuelle zu erfassen. Es
wird ein Messverfahren beschrieben, um diesen Quellertarerfassen.

Aus dem Vergleich von Simulations- und Messergebnissabtesigh, dass dieses Ver-
fahren trotz seiner Einfachheit zu genauen Ergebnissem @ild somit die Entwicklung
neuer Horngeometrien maf3geblich unterstitzt.

10.8 Professionelle Entwicklung von Hornlautsprechern

Anhand eines typischen Entwicklungsprozesses wird inedieKapitel die Anwendung
der in dieser Arbeit entwickelten Methoden demonstriert.

Ausgehend von der Definition der akustischen und geombgts&ckdaten eines Be-
schallungslautsprechers, wird zunachst die Horngeoenetitwvickelt. Es wird gezeigt, wie
sich die BEM dtektiv zur Optimierung der Abstrahlung einsetzen lasst.rgsleen sich in
diesem fiktiven Projekt zwei Kompromisse: ein Horn mit N&dlen in der Abstrahlung,
aber niedrigem Klirrfaktor und ein Horn mit besonders hoergy Abstrahlung, aber etwas
héherem Klirrfaktor.

In einem zweiten Schritt werden Eigenschaften zweier soteedlicher Horntreiber
verglichen, um die Starken und Schwachen beider Treiberuaniseiten. Dabei werden
konsequent die Verfahren dieser Dissertation eingeséiréichst werden die linearen Ei-
genschaften anhand der Zweitordaten und der modalen DateHarnteibers in Kombi-
nation mit den Horndatensatzen der zwei Horngeometrieecheet. Auch hier zeigt sich,
dass signifikante Unterschiede existieren und dass sicle digyenschaften bereits in der
Entwicklungsphase, d.h bevor ein Prototyp einer Horngeoeiéir eine Messung zur Ver-
figung steht, prognostizieren lassen. Der Vergleich dehtlmearen Simulationsergebnis-
se der Horntreib@Horn-Kombinationen zeigt schlie3lich ebenfalls signifitaleistungs-
unterschiede.
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In einem realen Entwicklungsprozess kénnten nun anhan®@idaulationsergebnisse
HorntreibefHorn-Kombinationen mit besonderen Eigenschaften auspésverden, wie
z.B. eine Kombination mit einem sehr niedrigem Klirrfaktbgher Empfindlichkeit oder
besonders homogener raumlicher Abstrahlung.

Schliel3lich werden anhand von Messungen einer dieser Kanbnen die Simula-
tionsergebnisse verifiziert. Es wird gezeigt, dass instds@ die modalen Simulationen
im hoherfrequenten Bereich zu sehr detailreichen Ergebmiggren und dass sich so auch
die charakteristischen Eigenschaften einer bestimmiéalgcelle vollstandig in einen
rechnergestitzten Simulationsprozess integrierenriasse

10.9 Zusammenfassung und Ausblick

In dieser Arbeit wurden Verfahren zur professionellen Bdtung von Hornlautsprechern
entwickelt und durch zahlreiche Messungen realer Horgfaather verifiziert. Dieser
"Werkzeugkasten” ist aufgrund der getrennten BeschreilwangSchallquelle und Schall-
fuhrung nicht nur flexibel, sondern erlaubt eirfie&tive und genaue Prognose der linearen
und der wichtigsten nichtlinearen Eigenschaften einenkteibefHorn-Kombination, oh-
ne einen Hornprototyp bauen und vermessen zu mussen. Sammék Entwicklungspro-
zesse mal3geblich unterstitzt werden und richtungswesdentscheidungen wahrend der
Entwicklung des Gesamtsystems anhand von Simulationsdatéllt werden.

Neben der Beschleunigung der numerischen Verfahren dundaiverte Methoden,
ist die Erforschung weiterer Anwendungen der Schallfefastiong in Kombination mit
modaler Dekomposition der Schallfeldverteilung ein zdkges Betatigungsfeld. Da sich
auch scheinbar kleine Asymmetrien im mechanischen Aufleauldeibers in der modalen
Komposition des Schallfeldes am Treiberausgang abbiki@mte diese Technik auch in
der Fertigung zur Qualitatskontrolle verwendet werden,aiB bestimmte Defekte und
Toleranzverletzungen in der Montage zu detektieren, oatedie Treiber nach verschiede-
ne Guteklassen automatisch zu sortieren.
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Appendix A

Glossary

Table A.1: Terms and abbreviations

Terms and abbreviations Description

horn throat geometrical beginning of the horn,
the driver is connected to the horn throat
horn mouth geometrical end of the horn,
the mouth is the radiating aperture
horn driver particular electro-acoustic transducer for
the use with horns as loading device
throat impedance ratio of pressure and velocity in the anel

of the horn throat
PA, public address system a sound reinforcement systeraripe |
audience areas

voice coll coil in the air gap of a permanent magnet
coverage angle, angle where the sound pressure level is
nominal angle -6 dB referred to the main axis of the horn
sensitivity on-axis frequency response of a loudspeaker

referred to a distance of 1 m and 1 W input power

Table A.2: List of symbols

Symbol Description Unit
F Mechanical Force N

B Magnetic flux density KA M
I Length of the voice coil m

I Electric current A

U Electric voltage \

V Velocity m/s
M Force factoBI N/A
Ze Electric impedance Q

S Membrane area m?
m Mechanical mass kg
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Symbol Description Unit

n Mechanical compliance M

w Mechanical losses Nsm

Ro DC-resistance of the voice coll Q

Lo Voice coil inductance H

Zn Mechanical impedance Ma

P Sound pressure N/m?

Q Volume velocity m3/s

Zac Acoustic impedance Pa $m?3

¥ Velocity potential m?/s

Zmn Modal impedance of ordem, n Pa gn?

Kk Wave number 1/m

o Air density kg/m3

D Angular eigenfunction

N Bessel function of order m

Kmn Separation constant 1/m

Amn Normalization constant

Y, Eigenfunction of ordem, n, o

I simplex coordinates

J Jacobian

PCn Pressure participation cfieient Pa

Vi Velocity participation cofiicient m's

O Interpolation function

Sy Area of thek-th surface element m

frn Cut-aof frequency of mode with orden, n Hz

I2mn Intensity inz-direction of mode with ordem, n Pa gm

Pmn Power of mode with ordem, n N m/s

Pron Normalized power of mode with ordem, n

P Pressure participation cfiient vector Pa

\ Velocity participation cofficient vector rys

Zg Driver matrix

zyY Electro-acoustic impedances vector /WS

zy! Electro-acoustic impedances vector /Ra

z;V Acoustic impedances sub-matrix Pans

Zn Horn throat impedance matrix PAars

n Electro-acousticf@iciency

H Vector of modal transfer impedances Pa s

Hmn Modal transfer impedance PAars

Plimiw  Sensitivity of a transducer in 1 m distance at 1 W inp#ta
power

Pmn Modal surface pressure distribution Pa

Po Modal source pressure vector Pa

Z; Inner impedance matrix Pans

Vo Modal source velocity vector 8

T Transfer matrix

Tij Parameters of the transfer matrix
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Symbol Description Unit
g Free space Green'’s function /n
C Normalized solid angle

n Normal vector m

w Frequency 1/s

Vi Normal velocity my/s

D Dipole matrix

M Monopole matrix Pa gm
C Diagonal matrix of solid angles

A BEM system matrix

Zocref Acoustic reference impedance

Co Unperturbed fluid phase velocity of sound waves /sm
Po Unperturbed fluid pressure Pa
c Phase velocity m/s

I Particle displacement m

) RMS-value of sound pressure Pa
y Adiabatic constant

AX Thickness of the-th slice

Lk, Sound pressure level with distortion threshild dB

Distortion threshold for th&-th harmonic



Appendix B

Discretised Decomposition

With the triangular structure used to define the measurepeaitions as nodes of the trian-
gular elements, standard methods of numerical mathentcaticbe applied [Zie77]. Let’s
consider only one triangular element, as shown in figure Bhichwvill be called simplex

element in the following. At first, a coordinate transforioatinto simplex coordinates is

(X3,¥3)

— 77777777776(25312)
X5,y

Figure B.1: Simplex element

performed. The transformation is defined as follows:

1 1 X y 1 1 Xl yl
4(xy) =3 1 % Y (X Y) =3 1 x vy G(XY) =1-4(Xy) = L(xY)

1 X3 y3 1 X3 V3

(B.1)

with the Jacobian

1 X1

J=11 X VY. (BZ)
1 X3 V3

(x1-3, Y1_3) are the node coordinates of one eleméns (X, y) is the coordinate of a point
within the triangle. Thus, the simplex coordinates desctiie triangle in terms of triangle
areas. For examplé;(x, y) is the ratio of the triangle arda X2, X3 to the area of the whole
triangle.
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For meshes with three nodes per element as used to define #seir@ment positions,
a linear interpolation function has to be applied:

3
Dy = Z Pnén (B.3)

n=1
wherep, is the pressure measured at the n-th node. The integratemooe surface ele-
ment can now be performed in simplex coordinates:

1 Al 3 S, 3
ffq)pds:j; j; Z Pndnddd2dds = 3 Z Pn, (B.4)
Sk n=1 n=1

whereSy is the triangle area of k-th element of the mesh. The dis@dtdecomposition
formula applied on a linearly interpolated function oves ttut plane is accordingly

N 3
P = (116 Am) D 2" pulk, 19651, ) ©5)

k=1 n=1

r= 2k n) + y2(k,_n)

k
0= arctar(iﬁk” :;)

p(k, n) is the pressure measured at the n-th node of the k-th eleamd#t, (x(k, n), y(k, n))
is the value of the transverse eigenfunction at the cootelioitthe node.



Appendix C

Solution of the System of Equations
using Method I, page 76

The system of equations defined by eq. (6.12) to (6.15) canlisedsusing the conditional
equations (6.16) to (6.23). In order to increase the refilabnd save space the following
abbreviations are used:

A =Zg1lus=0 B:i=Z1lis=o  C:i=Zartlor=0 (C.1)
D :=Zeislgs-0 E = Zei1lzagrer F 1= ZeiSlzagrer G 1= Zagret

One obtains a set of four solutions, which onlyféi in the sign:

1 1 N C V%8

{Tll = +§ 0/010, T12: ié 0/01:L T21 = iTog, T22 = +T09} (C2)
1 1 V%3 D V%3

{811 =F%5 S =+5%6  Su=+yp . Sas iW}' (C.3)
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The used abbreviations %1%11 are listed below:

%l=-BC+AC+BE-AE (C.4)
%2=-CED+CDB+CFE-FAC-BFE-ADB+FAB+AED (C.5)

%3 =-2DG(-CDB+DAC+DBE-AED+BFC-FAC-BFE+FAE)%2
(C.6)

%4 =-2D°GAE-2DGFAC-2DGBFE+2DGFAE+2DGBFC

- 2D’GCB+2D?’GAC+2D?’GBE
%5 =(-CED-CDB-ADB-AED+2DAC+2DBE-BFE+CFE-FAC

+ F AB)%4)/((D - F) V%3 %1D)

(C.7)

(C.8)
%6 =(-CED+CDB-ADB+AED+FAC-2BFC+CFE-2FAE+FAB
+ BF E)%4)/((D — F) V%3 %1)
(C.9)
%7 =C°D-C?’F+FAC-CDB-DAC+BFC-FAB+ADB (C.10)
%8 =-2G(-FC®*+C*D+FC?B+FAC*-AC’D-C’DB+FEC?-C?DE
~-FABC+ACDB+ACDE-FEBC-FACE+CEDB+FABE
— AE D B%?2
(C.11)
%9 =2DC3G-2FC3G-2DC?’BG+2FC°GE+2FAC’G-2DAC?’G

~-2DC?’EG+2FC?’GB+2CDABG+2DCBEG-2FACGE

—2FCGBE-2CFAGB+2DACEG+2FAGBE-2DABEG
(C.12)

%10 =((2C°D-2C?F+FAC-CDB+CFE+2BFC-CED-2DAC

(C.13)
+AED+ADB-FAB-BF E)%9)/((—E + C) V%8 %7)
%11 =((C°DE+C°DB-ACDB-ACDE-2CEDB+2AEDB-FAC?

~FEC?+2FACE+FEBC+FABC-2F ABE%9)/((-E + C) V%8 %7)
(C.14)
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Solution of the System of Equations
using Method Il, page 80

Using equation (6.24) to (6.27) the solution can be caledlésee section D). The follow-
ing abbreviations are used:

C =Za7lor=0 (D.1)
E =Zei 7|z, (D.2)
G ‘=Zacret (D.3)
H :=Ze7|p; -0 (D.4)

The solution is:

V%1lG(-E +C)

%1 ’
H V%1G (=E + C)

%1 ’

_ V%IG(—E+C)(E - H)
=% g 1GCE+C) (D7)
C V%IG(=E+C)(E - H)

%1G(-E + C)

%1 =CE-CH-EH+H2 (D.9)

Tllzi

(D.5)

(D.6)

T12:¢

T22:i

(D.8)



Appendix E

Nonlinear wave equation

The wave equation used here is the exact one-dimensiona e@uation for adiabatic
changes in a non-viscous medium, based on Lagrangian catedi as introduced by
Rayleigh in [SR45].

d%¢

W = C(2)(1+

% -y-1 a_zf
OX ox2’

cr2

(E.1)

wherec = ypo/po, Po is the equilibrium pressurgy is the equilibrium densityy is the
adiabatic exponent andis the displacement of a particle. Lookingcatit is clear that the
phase velocity is dependent on the condensation of the fidnidh leads to the well-known
wave steepening at high sound pressure levels. Using & sansion foc’ yields the
following equation:

o y+lo  (y+Lr+3) ()
¢ =Cy—Cy > 0X+Co s ) (E.2)
The displacement is written as asymptotic series
§:§1+§2+§3+--- (E3)
(E.4)
where
& =C,fo(X)é7 (E.5)

&3 =Caf3(0)&] (E.6)
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Ci is a constant, and is a function dependent only on x. The phase velocity can new b
sorted by its degree ift

Co =Co (E.7)
__y+1o4

C1 = 5 ax (E.8)
| y+108 (y+1+3) (04

Co —%(‘Ta L S (&) ] (E9)

Using the series expansion together with the wave equatgbtsythe following equation:

62

2
E(§l+§2+§3+---):(CO+C1+CZ+---)2%(§1+§2+§3+---) (E].O)

Again, sorting by the degree #yields:

. 6261 _ 23251
O1: W _COW (Ell)
. 62§2 262§2 82§1
02: W _COW + ZCOC:LW (E12)
L 0% 0% 0°&, o 0%E1
03 . W :COW + ZCOC:LW + (20002 + Cl)W (E13)
Equation E.11 is the linear equation which can be solved by:
& = & sin(wt — kx) (E.14)
wherew = 27 f andk = w/cy.
E.1 Second order equation
The second order equation is:
92 92 9%
2(C212(9E0) = 6§ (Ca2(X)&D) + 20001~ (E.15)

In the following the abbreviation {)and () are used for the partial derivatives. Carrying
out the derivations and replaciiegleads to

Cof2(€D) — G3C2 [(T2)s + 2(Tu(EDx + oD = -y + DEDéD) e (E.16)
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where
@ = wt - kx (E.17)
(é1)x = —ké1 cos@) (E.18)
(ED)w* = kzéf%(l + cOS(2v)) (E.19)
(1w = —KPE1 Sin(@) (E.20)
& = #3(1- cos(a)) (E.21)
() = 282w cos(2) (E.22)
(£2)x = —&3ksin(2) (E.23)
(ED)xx = 282K2 cos(2) (E.24)

Equation (E.16) can be reorganized a little bit:

Cof2 [(ED)n — (€D ~CC2 | ()t + 2(F)u(€D] = By + DEDA(EDwx  (E.25)

=0
and solved for the unknown constaty

(y + 1)(€1)x(€1)xx

C, = E.26
S (AW EETANTN (£:20)
Using eq.[(E.18) - (E.24) yields
_ (y + 1)(=K)é1 cos) (k) sin(a)
2= X SN (E.27)
(f2)é23(1 ~ cos(Z)) + 2(fa)x(~€5)ksin(2e)
and simplifying the numerator yields
31 o

c, (y + 1)k*3 sin(2x) (E.28)

" (f2)ud (L - cos(@)) + 2(f,)x(—K) sin(2e)
A solution for the second order equation can be obtained,fay = x, asC, must not be a
function ofx ort:

v+1

C, = y k? (E.29)

Hence, the complete solution for the displacement up torddeith harmonic excitation
is
- 1. ~
£ = £, sin@) - %k%@i(l _ cos(2v)) (E.30)
From the solutions for the displacement, one can obtairtisakifor the pressure wave by
using the relationship between density and pressure fabatic changes:

bs)
p=poll+ S ) (E.31)

b =po (ﬁ) (E.32)
Lo
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As this relationship is nonlinear too, again a series exparsas to be used:

0 0\
P=Po— ypoa—i + 0.5y po(y + 1)(%() +... (E.33)

Using the series fof yields:
) d 2
P= P VP4 0+ )+ 05y Ry + D6 ot 0t )]+ (B39

This yields the following solutions for the pressure waweied by the degree if
3

p1 = —YDOW (E.35)
e, y+1(oa)

P2 =—1vPo I +YPo— (6x) (E.36)

Ps == 7Po—~ +ypo(y +1 I I (E.37)

Using the solutions obtained for the first and second ordgplacement yields for the
second order pressure wave:

+1
P2 = =yPoCa [ + X(€Ds] + Yol Z=((€)” (E.38)
Together with equations (E.[18) - (E.24) this results in

y+1
4

P2 = Yol K| B5(1 - cos(@) + x(-Eksin(an) | +

Yo ; 11@55%(1 +cos(@)) (E.39)

which can be simplified

Py = ypoyz Lo g ; % cos(2y) — xksin(?a)] (E.40)
For distancex >> 4/k the equation can be simplified
P2 = —yPo L+ TR Exksin(20) (E.41)
and finally expressed in terms pf ~
Py = —#ﬁkasin(m), (E.42)
where
Pr = ypokéy (E.43)
Thus, the r.m.s value of the second order pressure in terthe dirst order pressure r.m.s
value is
5= 2Lk (E.44)

B 2‘/5790
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