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Abstract

AR AFARLEEL B L ELHEZH AAL

THESIS: A note on the far-field directivity of audio sound generated by a

parametric array loudspeaker

SPECIALIZATION: Acoustics

POSTGRADUATE: Zhe Chen

MENTOR: Professor Dong Zhang
Abstract

The concept of parametric array loudspeaker was first proposed by Westervelt in
1963 and then applied by Yoneyama in 1983 to generate high directivity audio beam in
the air. The application is called parametric array loudspeaker. When the parametric
loudspeaker array emits two high-intensity ultrasonic beams with frequency f; andf,,
due to the second-order nonlinear effect of sound field, a kind of sound wave with
frequency f; — f, will be generated, which is called differential frequency wave, and
this kind of differential frequency wave has sharp directivity. Directivity of sound field
describes the ratio of sound pressure amplitude in different directions of the far field to
the sound pressure amplitude on the spindle, which reflects the directional effect of the
sound emitted by the parametric array speaker. Directivity is a direct index to describe
the mode of audio radiation generated by parametric array loudspeakers, but its
prediction accuracy is a challenging subject due to the complexity of nonlinear
equations.

Firstly, based on the quasi-linear solution of Westervelt equation, the convolution
models of two and three dimensions are derived to calculate directivity. The expressions
obtained are expressed in terms of ultrasonic directivity and Westervelt directivity of
two and three dimensions, respectively, by linear convolution and spherical convolution.
In order to improve the prediction accuracy, the expression obtained is multiplied by
the effective directivity generated by the aperture factor of the audio sound, which is
called modified convolution model directivity. Westervelt directivity, direct
convolutional model directivity and modified convolutional model directivity are the
main objects of comparison theory study in this paper, and provide comparison objects
for subsequent experimental measurement.

Secondly, the results are numerically simulated, and the directivity of the
parametric array loudspeaker with two-dimensional piston, two-dimensional deflection
beam, three-dimensional circular piston, three-dimensional circular deflection beam,
rectangular piston and rectangular deflection beam is given. The influence of the size
of the parametric array loudspeaker and the frequency of audio is studied.



Abstract

Finally, the experimental platform of parametric array loudspeaker is built
according to the existing laboratory equipment, and the directivity of parametric array
loudspeaker is measured. By comparing the measurement results of circular piston,
square piston and rectangular beam deflection parametric array loudspeaker, it is found
that the experimental results of the three-dimensional model are more consistent with
the proposed modified convolution model, whether it is directly in front of the model
or when it is deflected at a certain Angle. Due to the aperture factor of audio, sidelobe
will appear in large aperture size and high frequency audio directivity. The modified
convolution model in this paper can accurately predict the formation and distribution
of sidelobe, which provides great help for the accurate measurement of directivity of
parametric array loudspeaker. However, the specific directivity value of the sidelobe is
different from the simulation result, which needs further research and more accurate
theoretical model.

Keywords: parametric array loudspeaker,  directivity, convolution model, aperture size,

attenuation coefficient
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HIG AR EL T Westervelt J7 A2 (U HELR PE AR HE 345 BE ™. EIEGHEAN —
AN B I AT L A A AR I T T, A K(2-6) s o 1KLL
RAE R HEmi, IOy Rt a A B B2, TR, A e 3 AR 2tk
MEAFRAREROIEF L, SECEHE R R E O H AR . P AKEQ-14)%
H A ERERRRL, F B H IS R LR T, W] AR e SR 5 4R Ak A
SR EEEICIER TN

Da(p) = Da(9)Da(9) = Da(@)(D1 "Dy X Dy,) (), (2 -15)
Hor A AR A 1D, () 7 B A Rl FLAR KN A BE 3 T g (ps) = uy ™ (ps)uz(ps)
& SR AR F . A Z(2-15)15 2 & 550 48 1A PEAE A SCR ROV AZ 1IE 5 B
it
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2.1.3 =4iER
O S BRI ERE AT, = Gy 2, PSR R SR 2-3) 2681, 22
N,
k,
da(r) = £ P D (E). 2-16)

o, AT 7 7 T LR AR 5 2 A ),

pO ; 2m 1k ilry—rg|
) =5 [ [ = ando 2-17)
S

E e = (x,y, z) A K13 A 7 R IA AN,

pOCO 2m 1ka|r Tyl
pa(r) =22 f f f Ga(t) ST sind, drdOydg,, (2 18)
v

T R B R K B A 2-16)F1 A R (2-17) 1 N A R (2-18) 5 [ TLE AR
IBUE TS, XM FTUAEZIS N Fr, - oo, ARQ2-17)7 LS L

[83]

Pok;a’
2in,
PRI R I8 B R UE R 5 48 (A1 1 D; (0, ) FE EIHE A 1 K2 (2-19)5 Ao (2-16)H

A7 AU P U

Bro*kikzkqa
qa(rv) = 4 2 3 2
100 Co° 1y

B AKQ2-20) AAKQ2-18)HF:

pi(rv) = eikieri(gv' (pv) (2 - 19)

Dy " (8, 05) D3 (8,, @) iz o, (2 —20)

3P02k1k2ka2a4
16mp,cy?

pa(r) = -

1ka|r 7yl

2T
f f f D;*(6,, 9,)D,(8,, p,)elkz=k1 e sin @, dr,d6,dg,. (2 —21)

|T'—7"U|

FEZIN, v — oo, A AIREAR 2 AT DAL

-ka v
e' el ~ leika(r—rv cosr) (2 _ 22)
|T _rvl r ,
HAHT T A
e,
|r—r,,|~r—T r—1,COoST, (2 —23)
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Horp R & fin, Z (A1 f
cosy = cos 6 cos 6, + sinf sin 6, cos(p — @) . (2 -24)
BARQ-12)IFEE L—A Westervelt FR A1, #A(2-22) 1 Aa@2-2)HH

patr) = —F p°21"61:;f‘r“2a4 e Dy (6, ). (2 - 25)
A F N
, D.(8,9) = (D;"D, ® D,,)(6, ) =
fo ' fo nDl*(ew ®)D2(0,, 9,) Dy, (v) sin 0, d6,d ¢y, (2 —26)

AHD; (6, ) D, (6, ) FID,, (y) & & XAE— A BALER B HY, BRIk & A7 48 g
A DARE e — AN LAG, o R T A1 7 A A KBRS AR B IR I A (2-26) TR . @
NERGIRE T 530Q-15)FK0, FREEMAE NIRRT, [2 =48 105
R
D4(8,9) = Da(8,9)Du (6, 9), (2-27)

A RTTAMEDL (6, ) AR RN, T Nu, (1) = uy " () uy (rs) B U
L3775 [k

XA 50(2-26) 25 ) B G BB (1) LT AR 2 2 BB 4 75 4 10) %N U7 1)
RS R 2 08 A e, BT R A A — Bloeh B S e 1A 1k
Dy (8, 9,)D,(8,, @) INELIY] Westervelt J5 [T . Westervelt &[] 14 )58 fy i T
] 5 R s A, BI(O, ) F1(O,, @) 2 T(2-26) ISR A CAE 22 SCHR[56]
PR S, Hor o Bk R T O MG, Z [ B o 1K EANHE K T
W, BRIONAETT A7 1) BB ARAE N

2.14 ERERY

1A R AN R R 75 I RE R A N ARE, AR S R P AR R BE B
R R . B, RS B AR RN A, RS R AR
2 R R U A0, 375 8 B PR AR IR AR 71 st TR IR ALY o 7 28 i PRORS P 3T A
B, M ABCEIRNF I AR, TR SEA B0, mBIMREIANT
RS EH, AEREIR R B — AR R L 1 ORI O 2R PO e SR ) 3
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ASCHFF T RIS T G AR S5 8 T R St R0 1 ] (5 PR PR 7 85900,

1

1 Pr (T2
o= f2[1.84 x 10 11—(—) +
Pa \T

2239.1 3352.0

5
(T)‘E (0.01275e_ T 4 0.1068e T
TO fr,O +f2/fr,0 fr,N +f2/fr,N

Hrbp, BRARIRE TS E, p,=101.325 kPa R EESE, T, = 293.15°CH

)] (NP/m), (2 —28)

PRAESIR (20 °C) » fr o M fr 20 B R T RIR B B R, KAy

(871,

Pa ( 4, 0.02+h )
=—(24+4.04 X 10*h——— 2 _ 29
fT',O pr + X 0'391 + h , ( )
T -2 4.17 (T_% 1>]
2 -4, —_— T
frn = p—“(—) 9 + 280he o , (2 —-30)
 \To
Y80 BE S5 AR BE hy DL AR K IR R pgar B O, AT RE7,
h=h,Boat Pe, 2 - 31)
Pr Pr
Psat & IE /) Tense 2~ 2SR 15
Pat =5 P\t 2435)

K 2-2 R THE 1 FRUERSIE RAE 283.15 K(10 °C), 293.15 K(20 °C), 303.15
K(30 °C), 313.15 K(40 °C)H}, TEAN[FIFHXIE B (RH) T 75 228 R ZU B A M 0 3|

100 kHz ()32 10 i 22 -
0.35 . ‘ 05 ‘
—— RH=0% —=—RH=0%
——+— RH=20% 045 | | —+— RH=20%
03r RH=40% RH=40%
—&— RH=60% 04 [ |—E—RH=60% P
—%—— RH=80% s — ¢ RH=80% =
0.25 RH=100% A 4 0.35 RH=100% A
R A _ s
€ e £ L 2
3 02 A 5 03 e
= Z & i
= j A w025 y- 4
= 015 = o = ool /// 5
= /E/ ~ /’ = S e
0.15 . 7
= 5 A / 3 o
o i 0.1 e
0.05 / Z + P o
o e 005 %
@l : s i e i = ; I s
0 20 40 60 80 100 0 20 40 60 80 100
A% (kHz) i (kHz)
(a) (b)
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06 07
—~—RH=0% —=— RH=0%
——+—— RH=20% ; ——+—— RH=20%
05 RH=40% 7 /] 0.6 RH=40%
—5— RH=60% y — 65— RH=60% /
& RH-80% & RH=80% b
RH=100% / 08 RH=100% 2|
_04r 1~ 7
£ / £ /
= &= e
s : A Zoaf :
=03 5 = y
o ; 4 7
& s & o
02 ek 2 =g
A = 02 Sk
; ”
o . -
! y .
0.1 - o - 0.1 =5
-~ 3 4
! e e
o@m— — M L L L 0f— — % L L L
0 20 40 60 80 100 0 20 40 60 80 100
51 (kHz) i (kHz)
(©) (d)

22 £ 1| KEETERBRABHENRAMEXEETE(a) 283.15 K(10°C); (b) 293.15

K(20 °C); (c) 303.15 K(30 °C); (d)313.15 K(40 °C)

2.2 B{EEM

2.2.1 BERBERITR

A SCH B A B T /E % ) MATLAB R2019b #3470, BT 3R5EIR
e 51 A 1 7 I R AR 1SO 9613-1 ARUETHELM, N T 5Sb ¥Rl E,
SHIEFE E A 72%, FIRBEEN 12 °C7, B FFSRS, = (f + f2)/2BEN
40kHz. XHAR(2-14), (2-26)THH TR I8 MIHEF A BEEREA, SCh A
HX(2-15), Q-27)iHHEATR TR M PO IB IEG AL 1531148 ) PE7E £
H—1k, FERAG DU R R .

2.2.2 “HEEEER
TE BTG FERT o S PR A 2 A P (pg) = 1, Hibp, < a.

S FPTEE 75 148 W1 2 D; (@) = sinc(k;acosp), HHA sinc B#L sinc(x) = sin(x) /x.
AR I FLAR R 0 B B A A R LA RN JE 23 A5 ug (ps) = 1H A JE D
[f)o 5 BARIPED, (@) = sinc(kgacosp). T 2-3 JER T &L, FHE K 75 i1 2
A7 A AR R DT B (BRI AR R 52 SC Convolution Directivity Model,
& P fEiFK CDMD.
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2.2.3 ZHHRELBRIRE

T YER] 2 R A S AR SRR AT, 3 H R AE A TR BN e
PSR 0 T 48 o SRR [ B 5 A0 7 g3, X R S A TR AT R
E N (ps) = exp [IR(k;)ys sin @o] H A R()F8 102 A ELI S, oo 2 Wi o
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HAT AR FLAR R ANRIE B 7341 Aug (ps) = exp (ikqys sin oo ]) IR IR TE ) - A 2K
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TESEPERT ST 1Y, T JE SCAE At 25 A RO, R BEAT e PR AL §ig ) 1%
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