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Methods of computer technology are widely used in modern acoustics. They are used to visualize the
structures of wave fields, when the geometry of the boundaries and the physical properties of the region
where the waves propagate are known. When using these methods, the location of the emitters and receivers
is usually controlled. At present, known methods based on the use of information recorded only by pressure
transducers have reached the limit. Vector-phase characteristics methods have previously been used to study
the spatial distribution of the main characteristics of sound and infrasonic fields. But to study the structure of
the acoustic field in the speakers of finite length, they have not been used so far. This is the relevance of the
chosen topic. In this work the research of acoustic characteristics of a catenoid loudspeaker at low frequencies
and a vector - phase field of a loudspeaker by numerical methods is given. The following tasks are solved:
compiling an analytical review of research methods of sound fields; description of the mathematical apparatus
of wave propagation in the catenoid mouthpiece; simulation of acoustic characteristics in the vector - phase
field of the loudspeaker at low frequencies in ANSYS. In loudspeakers, nonlinear distortions associated with
the heterogeneity of the magnetic field in the gap of the magnetic circuit and, in violation of Hooke's law, are
not so significant. The defining moment in the development of the theory of wave radiation by loudspeakers
was the publication of Webster's work, in which the wave equation is given. Although the membrane performs
a simple harmonic oscillation. The problem of amplifying the action and direction of the acoustic signal was
solved, during which a catenoid horn was chosen. The propagation of the wave is no longer sinusoidal, and
contains in addition to the main harmonics of higher orders. That is, nonlinear effects inside the speaker are
detected. Previously, the design of sound generators did not provide structural elements that reduce or elimi-
nate completely nonlinear effects in the speaker, which reduced the efficiency of generating the sound of the
fundamental tone. The solution of the problem of modeling the process of propagation of the second harmonic
along the horn is considered. In order to calculate the acoustic characteristics in the cavity of the catenoid
loudspeaker, it is necessary in ANSYS CAD.
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1. INTRODUCTION

So far, the existing methods based on usage of the
information registered only by pressure transducers
reached their limits [1]. In his doctoral dissertation,
N. A. Umov pointed out the importance of acoustic field
characteristic received by means of multiplying instan-
taneous pressure values in wave and oscillation speed
of environment particles known as Umov Vector [1].

Vector-phase characteristic methods were previous-
ly used to examine special distribution of general sound
and infrasound field characteristics. Though they
hadn’t been used to examine the structure of acoustic
field in finite length horns until now. This is why the
chosen topic is so significant.

Computing technology methods have become widely
used in modern acoustics [1-4]. Though they are applied to
visualize the structures of wave fields when geometry of
the borders and physical properties of wave distribution
area are known. The location of oscillators and transduc-
ers is well-controlled while using these methods.

The aim of this paper is studying the structure of
acoustic field at low frequencies in the horn cavity,
examining acoustic characteristics of the catenoidal
horn at low frequencies and vector-phase field of the
horn by means of numerous methods.

The following tasks are solved herein:

- Composing an analytical review of sound field
examination methods.
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—  Describing the mathematical tool of wave dis-
tribution in the catenoidal horn.

—  Modelling acoustic characteristics in the vec-
tor-phase horn field at low frequencies in ANSYS.

2. ANALYTICAL REVIEW OF SOUND DISTRI-
BUTION IN HORN CAVITY

Infrasound frequency range hasn’t been analyzed in
famous papers dedicated to examining wave radiation
by sound generators with horns before.

The defining moment in the development of the
theory of wave radiation by horns was publishing the
paper by A. G. Webster [1] where a wave equation was
presented in the form of

2
p =22+ 222 (Igs), )
where ¢-potential, c-sound speed, x-actual position
along the horn axis, S-intersection area.

In the research papers dated the first half of the
20th century, wave distributions in the horn cavities in
the framework of linear acoustics were analyzed. Those
were the papers [5-7]. Distribution of acoustic waves in
the horn cavities was analyzed while receiving them of
infinite length, finite length, as well as resonance phe-
nomena in the finite length horn cavities [1].

In the following papers final amplitude waves were
analyzed. This is the case when a high amplitude wave
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is being transformed into a shock wave while distrib-
uting and breaks into separate harmonics [8]. In horns,
nonlinear distortions are connected with nonhomogenity
of the magnetic field in the magnetic circuit gap and, due
to breaking the Hooke’s law, not so significant. The fac-
tors connected with nonlinear phenomena in the horn
and the prehorn camera are the most significant here. At
the same time, although the membrane performs simple
harmonic oscillation, wave distribution already takes
place not according to the sinusoidal law and comprises
high-order harmonics in addition to the general one. So,
nonlinear effects inside the horn are recognized.

The exact shape of a horn determinates the law of
change of cross-sectional area. The longitudinal sections of
the most often occurring horns are depicted in Fig. 1.

2 1 3

Fig. 1 - The shapes of horns: 1 — the conical shape; 2 — the
exponential shape; 3 — the cathenoid shape; xo, yo are coordi-
nates of the initial cross-section of a horn throat; « is apex angle

It propagates along the horn and the nonlinear
acoustical effects have become significant at some dis-
tance from the horn throat. This appears in transfer-
ring of the energy part of a fundamental tone wave to
the higher order harmonics [8], the largest share of
energy falling on the second harmonic. It is necessary
to realize damping the second harmonic to guarantee
effective emission on a major tone frequency.

The sound pressure in each harmonics propagating
along the axis of the horn is described by equation,
binding the value of sound pressure (p) in any point (x)
along the longitudinal axis OX of the horn, the peak
value of sound power in the horn throat (pm) and the
exponent of the horn extension (f).

To the horn exponential form.

To the first and second harmonics the equation (1)
is written in the form of

Di = Pmi exp(—0.58x). 2)

Let us consider the process of changing of the sound
pressure amplitude in the second harmonic pez along the
axis of the horn not only at the expense of axial section
changing, but also at the expense of nonlinear effects’ ap-
pearing.

The theory of wave of finite amplitude lets us know
that as range of the wave the amplitude of second har-
monic is changed by the law

)

Il

I
S el

p2 = Cpix , 3)

Where C is parameter, y is specific gravity of air, po is air
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pressure, o is circular frequency, co is speed of sound in a
medium.

The sound pressure amplitude of the first harmonic
p1 cath and the second harmonic pacarr along the horn in
cathenoid shape is changing along the axes according
to the relations

P1cath = pml/Ch (BX) » P2cath = me/Ch (,BX) 4)
I=1,2.

Changing the sound pressure of the second harmonic
Piean at small value in the horn throat pm1 is depicted in
Fig. 2.
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Fig. 2 — Changing 1 — harmonic along the axes of a horn. the
theoretical curve; 2 — the experimental values

It is shown that at low frequencies catenoidal horns
should be used for effective sound radiation [1].

Previously, there were no structural elements in
sound generator design to reduce or completely elimi-
nate nonlinear effects in a horn, so the effectiveness of
the fundamental tone sounding was impaired. But below
we can see the task solution on modelling the second
harmonic distribution along the horn, which helped to
define the place for positioning of the second harmonic
dampers [8].

A mathematical analytical tool for equation solution
was developed in [8].

In accordance with technique we can define pzz as:

Doy = ZCZTZYH [eXp(—OSﬂx) - exp(ﬁx)]' (5)

The rate of change of the second harmonic ampli-
tude is solved by the equation [8]

dap;
dx

+ 202 = Cp2y exp(—p0). ®)

In sound’s broadcasting horns of the exponential
form are commonly used for the reproduction of high
frequencies. Now the attention is paid to the efficient
reproduction in the low-frequency region. In this case
using of horns of catenoid shape is more profitable [8].

Let a wave of finite amplitude with quantity of
sound pressure psy be realized in a horn throat. The
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walls of the horn are considered absolutely stiff in com-
parison with the air quality filing it.

Then we are finding the expression for the nonlinear
distortion nonlinearity coeficient veath and for the sec-
ond harmonic amplitude pzcan in case of horn in form of a
cathenoid. The particular equation solution meeting the
indicated boundary condition for a catenoidal horn is [8]:

_ 2Cpin _
= Ben(Bx) [arctg(exp(Bx)) — arctg(1)]. (7)

D2 kam

Now, having a formula (7) for calculating the second
harmonic amplitude, we can write down the expression
of the nonlinear distortion ratio [8]:

Vkam = 2Cpmilarctg(exp(Bx)) — arctg(D]/B.  (8)

We can see from the indicated papers that the
mathematical tool for defining the sound pressure in
low and high amplitude waves in different horn cavi-
ties has already been defined. But for now, more up-to-
date research methods have appeared with the usage of
software environment. Let us consider one of the meth-
ods based on the usage of ANSYS.

3. PROBLEM DEFINITION

Modelling acoustic characteristics in the vector-
phase horn field at low frequencies in ANSYS.

The solution of linear and nonlinear, stationary and
nonstationary spatial problems of deformable body me-
chanics and construction mechanics (including nonsta-
tionary geometrically and physically nonlinear problems
of contact construction element interaction), the prob-
lems of fluid mechanics, heat transfer, electrodynamics,
acoustics, related filed mechanics is now performed by
means of using the up-to-date computing system
ANSYS.

AT suppn oy
St St oo

Using modelling and analysis in some industry fields
helps to avoid expensive and long-term development
cycles like 'engineering — producing — testing'. The sys-
tem is based on the geometric kernel Parasolid. With the
help of ANSYS the visualization tools for the dynamic
3D-printing segment are used. ANSYS solutions help to
design products for 3D-printing made of various materi-
als, including the SLM laser printing with fine powder
metal.

Now the ANSYS solutions are spreading to almost
all the segments of the engineering field starting from
heavy engineering, defense industry, aerospace engi-
neering and up to microelectronics, medicine, as well as
simulators for software testing.

In order to calculate acoustic characteristics in the
catenoidal horn cavity, the following steps in the CAD
system ANSYS should be performed [9, 10]:

1) launch the software, upload the preliminary gen-
erated 3D-model of the horn to ANSYS,

2) select the option 'Modal' in the context menu and
click on it,

3) generate the grid of the horn 3D-model in ANSYS
by means of selecting 'Generate Mesh' in the context
menu (see Fig. 1),

4) select the option 'Fixed Support' in the submenu
'Modal' (b5) and use it,

5) select 'Mesh' in the submenu 'Modal', then right
click on 'Face Meshing' and select 'Generate Mesh' in
the context menu,

6) after ANSYS processes all the data and generates
3D-models of the horns at low frequencies, we have got
the results.

Figures 2, 3, 4, 5 represent the pictures of acoustic
wave distribution in a horn at separate frequencies.
Fig. 2 — for the frequency 2.745 Hz. Fig. 3 — for the
frequency 5.034 Hz. Fig.4 - for the frequency
9.7287 Hz. Fig. 5 — for the frequency 20.745 Hz.
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Fig. 3 — The grid of the horn 3D-model in ANSYS
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Fig. 4 — The picture of acoustic wave distribution in a horn at the frequency of 2.745 Hz
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Fig. 5 — The picture of acoustic wave distribution in a horn at the frequency of 5.034 Hz
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Fig. 6 — The picture of acoustic wave distribution in a horn at the frequency of 9.7287 Hz
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Fig. 7 — The picture of acoustic wave distribution in a horn at the frequency of 20.745 Hz
4. CONCLUSION Modelling of acoustic characteristics in vector-phase
horn field at low frequencies with the help of ANSYS

The research papers dedicated to sound distribution was developed.

in horn cavities were analyzed.
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MonemoBaHHA aKyCTHIHUX XaAPAKTEPHCTUK Y BEKTOPHO-(ha30BOMY IIOJIi PyIIOpAa HA HU3BKUX 4aCTOTAX
I'.I. Coxou, O.B. Anximos, T.C. Moauap, €.0. 3arpeBcbkuii

Kagpeopa mexarnomponiru J[ninposcvkoco nayioranvio2o yuigepcumemy imeri Onecs I'onuapa, Hinpo, Ykpaina

VY cyyacHI# akyCTHIN ITUPOKO 3aCTOCOBYIOTHCS METOMH OOYMCITIOBAJIBHOI TeXHIKH. BOHM BUKOPHCTORBY-
IOTBCS JIJISI BI3yaJTi3allii CTPYKTYP XBUJIBOBHX IIOJIIB, KOJIM B1JIOMI TeOMeTpisi KOPIOHIB 1 hi3WYHI BJIACTUBOCTL
o0J1acTi, J1e MOIMIMPIoIThCA XBUUTI. [1py BUKOPHCTAHHI IIMX METO/IIB 3a3BUYA KOHTPOJIIOETHCS PO3TANTYBAHHS
BUIIPOMIHIOBAYIB 1 IpuiiMauiB. B mammit yac BimoMi MeToam, 3aCHOBAHI HA BMKOPHUCTAHHI iH(opMAaIlrii, 1o
peecTpyeThea TIIBKKM TaTYNKAMU THCKY, JOCATIN Meski. J[JIsS moCciimKeHHsS IPOCTOPOBOrO POSMIOILIY OCHOB-
HHAX XapaKTepPUCTHK 3BYKOBOI'O TA 1H(PA3BYKOBOIO MOJIB PAHIIIe BUKOPHUCTOBYBAJIMCSI METOOW BEKTOPHO-
dasoBux xapakrepucTur. Ase JJIsT BUBUEHHS CTPYKTYPHU aKYCTUYHOTO IOJISI B KOJIOHKAX CKIHUEHHOI JOBKU-
HN BOHM [I0C1 HEe BUKOPHUCTOBYBAJIKCA. Y IILOMY 1 IIOJIATAE AKTyaJIbHICTh 0OpaHoi TeMu. Y poOOTI HaBeIeHO
JIOCITIPKEHHST aKyCTUYHUX XaPAKTePUCTHK KATEHOITHOT0 T'yYHOMOBI HA HU3BKHMX YACTOTAX TA BEKTOPHO-
$a30BOro mOJIST TYYHOMOBIIA YHCEIbHUMHI METOAAMU. BHpPINIYIOThCS HACTYIIHI 3aBIAHHS: CKJIATAHHSA aHAaJIi-
TUYHOTO OTJISIAY METOIB JIOC/IPKEeHHS 3BYKOBUX IT0JIIB; OIAC MATEMATUYHOI0 AlapaTy IONIUPEHHS XBUJI B
KaTEeHOIJTHOMY MYH/IITYKY; MOJIEJIOBAHHS aKyCTHYHUX XaPAKTEPUCTUK Y BEKTOPHO - (DA30BOMY IIOJIL TYUHO-
MOBII Ha HU3bKHUX dacTorax B ANSYS. V rydHoMOBIIAX HeIIHIAHI CIIOTBOPEHHS, OB'I3aHI 3 HEOIHOPIIHIC-
TI0O MATHITHOTO II0JISI B PO3PUBI MATHITOIIPOBOAA 1 MOPYIIEHHIM 3aKOoHy |'yKa, He HACTLIBKY 3HauHi. BusHa-
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YaJIbHUM MOMEHTOM Y PO3BUTKY TeOpPii BUIIPOMIHIOBAHHS XBHJIb T'YyYHOMOBIISIMHE CTaJIa IIyOJIKAIlis poOOTH
BebGcrepa, B AKil HaBeIeHO XBUJILOBE PIBHAHHA. X0ua MeMOpaHa 3IiMCHIOE IPOCTI TAPMOHIMHI KOJIUBAHHS.
Bupimeno 3agauy mocuseHHs il Ta HAIIPABJIEHHS AKYyCTUYHOIO CUTHAJILY, IIPU IIHOMY 0O0pPAaHO KATEHOTHUMI
pymop. [lormmmpenns XBuuTl OLIBITIE HE € CHHYCOIaIbHINM, a8 MICTUTh KPIM OCHOBHHX TaPMOHIK BHIIIUX TIOPSI/I-
kiB. ToOTO BUSABIIAIOTHCA HEJIHINHI epeKTH BcepequH] nuHaMika. PaHie B KOHCTPYKIN] 3ByKOT€HEepaTopiB
He Tepedavaancs KOHCTPYKTUBHI eJIEMEeHTH, 10 3MEeHITyI0Th a00 MOBHICTIO YCYBAIOTh HETIHINHI edeKTH B
TYYHOMOBII], III0 3HIIKYBAJIO0 eeKTUBHICTh TeHepallli 3ByKy OCHOBHOrO ToHY. Po3rysHyTo pimeHHs 3amadi
MOJIeJIIOBAHHS IIPOIleCy MONMPEHHS APyrol rapMoHiku 1o pymopy. [lob pospaxyBaTu akyCcTHYHI XapaKTepu-
CTUKH B TIOPOKHUHI KATEHOITHOT0 I'y4yHOMOBIIA, HeoOximHo 8 ANSYS CAD.

Kmiouosi ciioa: Husbkouacrorui, BexropHo-dasosi xapakrepucruxu, Monemosauns, [Ipoiec, Posmoscio-
mxenHs, JIpyra rapmonika, Pymop, Katernoin, ANSYS.
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