9534 B 1 ® % I £ F # Vol. 34 No. 1
202142 A Journal of Vibration Engineering Feb. 2021
DPENSFHTREEHERNIREEZFEN

TRV IE

AR,

K

(L W R 22 e AR 8 E &, D78 5 5 2660715 2. Hh BN RMRCZE 92771 3BBA , IR & &) 266404
3. SRR Zh e s E N 906 A, Wik I 430033)

TR 1B D
T —

AT R 4 75 A B RO 5 3 TR 3 1) R A R B R AN
— ol T P T S Y A TR (B L A RO e Ak e R RS B Ay R MR A BT A

B R (] L

75 A S A 28 1o ek 5 AR P TR P I S R SO SR B BT P T 7 A S A A R O AR B B/ 3R B Tikhonov IE
DU, RIS A (L A 98 P IR 5 R T ARG B0 ) 2 S T 5040 o At 9 A 30 TR 25 1) il o T S P AUl 5 0 5

Fi 9230 35 3R W1, A A
[Fi irf %ﬁib%ﬁTﬁ%E‘JTﬁﬁc

KR RS LA a8 EENE; E
X EHS: 1004-4523(2021)01-0150-09

hE A% S: 0422.6; TB532 XHERFRERD: A
DOI:10.16385/j.cnki.issn.1004-4523.2021.01.017

51

[l

i 3% 7 4 B (Near Field Acoustic Holography,
NAH) fHE & J& Maynard % F 20 {40 80 4E AR 15 1K
PN BEJS L T RO R N RO
GRS N 7 RN W TSN 7 R Sy i ]
NAH B RS2 7 &k g . NAH AR BA R
K E T AL ER A RO S IR E T I T A A
IR Bl R S 7 g 0 TR MR R R A A

72 A NAH £R 73 B R BLES A I, O 1 4R A5
FE B TR A5 AR L L R 22 B D A, D BRAR

R PR R 2 B DU A B 2 S U i T )
A A AR T LA 2 X R JFE FEA AN
R PR R R R AT B A A B R S B8 AR
L= e il NAHWI@*HE%** [ T 2

Ao EENE L., BEMEEAR BT ESLR

TET A/ D 2 5 A 552 22 () 0 6 /4 07 Ok § 98 4 L T
WD 1 G AL R S . Saijyou S i — il A
T2 (6] 7 A ) K SRR W R T A R
T8 S0 EI’J?%HE 7 ik ER R e AR R K A BT

PR AR f A Williams 5B ACIE AL
%, %?/&g&ﬁiﬂ’l I P HAR P T A 2 R

R 2, (EL ] I o 98 AN BE X 42 BT R AT TE R A 4

Y% B #: 2019-06-06; 1&1T H#3: 2019-11-29
EEWAB: BE AR EBBH(61571436)

ST R T2 5 1 RE 5 A 008 w8 25 4 3% 1) IR T2 o SO 38 A0 2 R 0 SR E 1 O vk A AR

J& o Lee %3 3 3R A R AR - BRAR B OC 3R 19 0/
e, e IR 1AL G R IR 4 By el Bk AR
(i & . Harris %756 F Hermite 4 {8 338 , 1)
5 By F A ) 1) PR B 6 4 BT #EAT AR L R A T
NAH FI5 14 73 Ji A4 F0 R B2 (H3% 07 16 D B A
L TAE R R . BRse SR T — Ao A £k
HMIE T 1k 1% 5 1 TR R R RS AR 5 1 D B i
FN BGEE ARAF B AR TR TR Getly IR AMIE 7 4 1
ShHESE R R EREZ R EMITE . K/ADIE
SRR Y — 3 T U ek A A (R %
I AT 4 T R 3 T B Y R R S R X 4 R THT 1Y)
TE , DT SE B8 NAH ER 5 B i 3 o, (03R4 5
BT MR AL B . IR T VA R A A R
=R 9 < N T N 7 N1 5 e TR P S N

AR Y — B T R A AR SRS B Y A B
TG B 2 IR AR UE B T % 8 B2 (Acoustic
Radiation Modes, ARMs) E.A Ui i M A s o i) 5
fith b, DB A iy 0 2, R 4 B B
X 4 LT HE AT 3 v ORG R AR, 7R A AR e A B
A FEAR N [R]I ROR$ 1 EAR EE . IZ E
BSCHI N T A S A ME — 1k A5 TR, TR
TR B A IR PR, RO R T A B A R
e DB A3 DR BT A AL 1 IR RS o A1 IR R g
U843, DT A5 4 B T A7 1 4 RG BEAR s, B 7



1w ek K

D 0 A A% IS AR R A 1 ) i G B N 3 B O vk 151

AN R R AR E B A5 1E T, W RE AR AT B A E AR
JEE , [R) I 3277 35 T R R A I ) AR O A 2T
LY E] A2 T AS X e R T 5 7 A B TR AR
EENIN-98

1 HEFRIE

RRAE 75 2 2 B (9 AN [R) P S A 25 00 oA I T 7
SIS, 7 R AR SRS AR 2 R A A G A
Ao EHT XA G 45 A 2 T 4% T B A S AT 5T
FH P BCGRA  TA T 75 T P S5 A8 25 T 519 340 3 3G
AN o R ST 4 R R R R A A AR TR
SR 5 V18 JHL B I e SO RIS 285 A I N A W B R e
o Tz S Y 4 B A (L%

1.1 FEEFBEHES

TR IR B 2548 B T B o, P A ¢ B4 Y
HR, 2 R R SR 7R D SN]SR O 2 R SR T B TR
I 1) IR 3 1) g HOE 3K

W:i[p""v”rp“v] (1)

KA p Ao 43 S T A R p A 1] 4R B o, (1 6]
B 2, 20 1 2 s B HICER T T AR G Y 7 TR A )
PR fE ; LAART”, “H, " B R 5 & Iy
B s s o ST AR B ECR TRy AR, (D) RS
TEUWLSCHR (17 ], S48 2 T8 75 s 5 5 A 2 T 125 1] % 3
KEN
p=2v (2)
o Z kG54 3R 1 B0 AR B, 5 2% 45 0 2% 1 BH 4t
FEMEES S A TR AT B AT i JE =X, (B A TE R B
R F S A 25 4 2 T BEL B 6 B A s I XAy . R R
(2) 7 A [+] B 7 3 2 180 BHL 470 2 1 119 30 A
v=27"p=Yp (3)
Ah Y RyRMBHEBTEFN D, BA WM E L.
H 1 Jir 38R 01 3 10 BHL0 R A S X R L 367 (1)
M3
W:ip”[Y“Jr Y]p=p"Gp (4)
X G=sRe(Y)/2. M THFEZEREMN,E@
o T A% SR 3 AT Y 7R B TR R BOA A ]
PRI, AEL Hy T 20 17 3ol AT , 5 SO B G R R AIE 1]
e T3 38000 30 % 40 5 AT 5 () g AR 20, K R 0 A
AR JE e, E A ey AT I P AR S A S 1 30 5 S50 /)N
(CE S W VNS A e Rk SO A B |
S SCHER 17 138 3 51— AN ST R ]
M G (R AIE ] 5 76 30 25 A0 15 31 - 3
G,—sRe {([(Y"Y + 1) 'Y"]}/2  (5)

Kb TR BALAE B, o 0 U BRSO A OG5
Gy WA R . X G, JEAT 47 E 15 7

G, =D AD (6)
Krh @y TR R LS AR B 45 R A T AT
R N ARG S B e e X

p= D95 =0F (7)

A N7 e P A R AR I R, i AR B R
R SRS T RO A O

§=0'e (8)
1.2 FEFRRMESN 6 RN RS

=

U — 5 A7 TC BR B Al 1) 721 1 2 0.5 m 1E J7 JE ) 2
V- A IE ST R G, # T B S B 20 X 20 4§ T AR
JG , AL (6) AT LA B AS [R] 450 % R P-4 1 400 By
FEETREAS . 8 14 380 Hz I A 28 1F Ak Ab 3 (y=0)
By~ AR AT 6 B He A AR S A 18] 2 Oy 380 Hz B 48
IE AR A B (y=0.15) J5 “F A AT 6 B 75 e 7 5 49 45
A AR B F A A BRS 2 500 B 58 A THBR

T ST AR 1 7 7 i SR A AT DA e
R L I A o o ) e B A AT R T A 4 U

1 380 Hz oA £ 1E M AL Ak BR A F- B HiT 6 By 75 T 75 8 S A8 s
Fig.1 The first six pressure ARMs of the plate at 380 Hz

without regularization

7
4%

N - BRI
g v, gAY,
0-04 L RIS
.03 G865 ~\

e AN
770 N\
AKX XSRS

l,":}"\“:\‘“‘\“

0 ’ ‘
i

7
Y NN
S\

P2 380 Hz 2 1F DU Ak b BRI P AR T 6 B 75 7 i LS
Fig. 2 The first six pressure ARMs of the plate at 380 Hz af-

ter regularization



152 w® @ T

S

034 %

W B P T 7 A S S X B 37 7R 3 A SRR, s RS
A5 B T BRGNS RES B T Y
PR o PR AR P M P T 75 R S RS
AT WA A s R P T R A SRS T LA g
Ohy A 47 S A 2 R A I A2 AR AR A S TR A A
A R, (ELAG 3 A 25 L AN A 35 AT A% 4 I
gy o B4 IR TP HRAE A RIS A< Rl IR M) A A5 A
SN IR e TV NN € = N R ST D
B ARE AR 25 4 B 2 ) 2 T A T A S8 E
T il 5 A0 23R A e MAC S50k B8 e % , R I A 2 A T O
A 2 10 7 1 2 3k AR AR EL AT 4 10 A

TN S IR 2B
50 50 15
7 i 10
E oo E oo
3 " 5
=50 =50
=50 0 50 =50 0 50
k/m" k/m"
SIS B EL AR PEL
50
10
B, 8
E oo 6
= 4
2
-50
-50 0 50
k. /m"’ k. /m’

3 380 Hz if 4 B 7 s 7 i S A5 2 68 2 e 503
Fig.3 Wave number spectra corresponding to the first four
pressure ARMs of the plate at 380 Hz

1.0
) —150Hz
: ----380 Hz
0.8 F <=+ 600 Hz
L e 1400 Hz

~\

0 et . =
0 50 100 150 200 250 300 350 400
MRS H $

B4 B e =% I A T i 22

Truncation error of pressure expressed by superposi-

Fig. 4

tion of modes

1.3 ETHFERBEHRSHNAHBEERAR

LI 7 75 S 2 0 5 4 2

I 53 40 NS T 4 26 7 7 T 1 S
i ey

p=2.é (9)

A MO A TR M G T IR 5B % 5

R TE AR R bR ol O X DA B 5 32 IR
RSN EA K, M <N, Witk R G T4
AT M B A5 285 JR TF 22 8K &t T DA 5 445 4 3% T
FE T o &5 22 1w BHLPT o] A0 s e SRS 5 45
LRSI NN | B T T S SN P  aeB L AR R =
AT LR AE— AR S R i, IRk X (6) 3
7 P SRS AT B T AR [ RE T E aod
K FR .

N 4 J2TH R AR AR 25 4 e T, K 4 B T3
Gy N TA T, o AT N A SRos L 1 5 R
TR (M EAE) . 4B b R ()R
WL R R B B M <N, BausNAE
JHI s P R G 2 AR ok B 2 R — 4 R A

M
P D =@y o) (10)
i=1

Arp phe B B SN A BITHL I
@ P TR R SR ] & @, Hh X NN AN FRIT Y T R
ZH LY 1] 5 @' M A ) i @) 2H R Y HE [ L X B
[F) 1] £ @/ [B] A IE 22 o #4520 (10) 1Y 79 3 7 3 @'Y
P (@) "l AT DASR AR AR S e T 22 500 d5c /s e fi
Soriy=(@) vy p’ (11)
X BEMAtr+ 7R (@)=
(oY'eo) (@), R IDMRAX ) EHES T
A SRS R AL A p FoR A
PRED ) (D) yn) D (12)
A (12) B A ] 42 2T b /b a0 i Xof 4 8, T i
@A A i) KA S R TT R B0
— A~ LR 300 [R) A, T I R 2 N AT A 2
W @' 1) 25 A 808 AR, SR A 2C (11) 3 A7 M AR
T E B REAE A0 HEAT I D)k AL 2R A B AR AR A R L
B i o EEXEAS [ B ) A, OE DU A O ek — 0 ol B4
TENAE 7 s GEACTE WA 5 v G IR R/ e
IR R T AL AR AR R A R 0] RRE 5 e
B Y T W AR J7 v A BT AT R E (Truncated
Singular Value Decomposition, TSVD) 3™ fil Tik-
honov I WAk #1458 . B AR T 3R g AS 3 5 1 [
A — AR S A R ik, K
A AN (] 0 A AL R AN [m] ) 10 U0 Ak 3k il 3, 48
Je B 2 — P A A (4 0 T LR AR AR AR S
K H Tikhonov 1E 4k 75 1% 2Rk fif X (11) , K Tikhonov
1E AR A

(13)

v (el \ul'p
51{2(0_2+A) s, V;

i=1

X, Ao A B R (@) AT A 5 T A
2 S A, p AT M R I P R R o,k S Y
M FINHES 19 25 S AR, A N TF AL BT+, W7 LA i



1w AR A D AR T 4R

o 45 A8 3 1) A1 S T RS R R o R ik 153

Ly £ 32 B 58 S UE 2 D7 9545 31, AR SOR T 1L
2k 1 o M A B 0 0 4 SR TR AT A 1R A AL
THG I T A A R AR A S R 42 B T
7 T S AT A LA ey o O B AN PR 0 R R T
ol S A AR R

2 TFHHBEHEAR

— A D Ji Sy I B A e Al ) FRT S B J5 T B A7
ﬁ@%&mﬁémm%ﬁﬁﬁﬁﬁﬂ%oﬁm%k
JE TEEMEE N L, X L, X h=0.5m X 0.5 m X
0.008 m, # [CHE B E=2 X 10" Pa, BUA M L v=
0.28, ¥ Bt % B p, = 7800 kg/m*, 25 K c =
343 m/s. 4 BE 5 HESE T FFT 19 3
R I ik 348

A3 59 AR 2l 150, 380, 600 1 1400 Hz, & K
1N 780 7 B, 35 45 G 25 0 s AR BL (T, 1)
B (1,2) B . (2,2) B (3, 3) B B A5 4R 3, 3 b o i
FEAE A5 B SE 2 i 78 1 g e O A 0, A T R
SR 0.1 m, 4 5 T T FRRCR A R Y 4 4%, 4 EL T
YIS A R 25X 25 A I AT A R FEAELAE S 4 8
AT PR VR AL, 75 4 5 ThD B Ve (v A B 000 i 34 20 i
TBUH 9 X O AN g S A7 1 T 4 5, vl i, R 00
VB P FRAG B AL, R 1 08/ 75 He P 4 S RS 1 340 4%
IO R A7 (45 S (R 52 0, AT e 4 1B s 85, SRS FF A TR

TR 2 0 I ARV A (S 10 e L 4
B, LR 2ZEFE bR Error 28 XA
22\
Error= |%= 1” X 100% (14)
D> [

K w, Allw, 5350 R AR R Bk iR o (RS
{8 5, n 43 50 0 D002 T K RN 5 1) B4 00 05 5 o

3 T R 190 A Ve R AR (L A 4 5 T RS (B
S AR T 1) i TR [ A S — e 2 > el A 4 S T
SRR A T R A E B O B A< A/2(Ah 4
BRI T 10 75 D ) 5 38 R A7 0 2 il BB i) 4 3 T )
A A SR REEHAEN, A> /2, R
SC b ERCRY 4 BTN A SRR A= 0.125 m, 2 i
A5 2 Ry 380 Hz ) flt B 1 4= 8, 1T I et ] 4 0 R
FEE B AT (1) T 5508 25 % I 28 B0 1Y) 25 HE
Picard E W& 5(a) Fr7x , 5 B2 A 15 /2 B B Picard 4%
P T AT IE WAL AR 3 . R -l 48 0 vk 3k BUE
oAk 2 %, w5 (b) B, 1IE W k2 5 H
0.00083662, &l 5H1 b3 R P # b 2 M g0 5
B B 6 &ZM % T 4 B mH e 4 8 16 AT .
4 S5 TR 4 1 J5 1 H 3R T 0k o) i o R AR ER

B« EZ000 R T A (BT 42 5L THD Y 75 T (R PR 19 23 Bt
BTy R S R g SN T o P ol S DA (= Rk 8
S 5T P A R 22 AN 0.9500 5 7E I BUR R R Hfi

1015
——0; 5
10°F " |u':'b| P
o [ulblo,
10°F
a i
mlm ﬁ @ 2
’_‘: Q EE e x“",,.,‘x:
1&- HJ
10k \
1 i T S S S S S
0 10 20 30 40 50 60 70 80 90
AW EG
(a) B EPicard A
(a) Discrete Picard graph
12
10 1.028x107™
1010 |
2.3513x10™"°
= 10°}
= -12
= 5.3778x10
= 10°F
i 1.4716x10°
R 10°12.8132x10
5] -
10 0.017607
100 e I*2 I*l. IO I 1 2
10 10 10 10 10 10
BRARVEHL || A ||,
(b) L-#h £k &
(b) L-curve

K5 380 Hz iy, Bl Picard [ A0 - £k 4]
Fig.5 Discrete Picard graph and L-curve at 380 Hz

0.45 0.07
0.40
0.06
035 ~
0.30 005 2
Eo2s 0.04 £
- 0.20 '“Tﬁ
: 0.03 =
0.15 =
0.02
0.10
0.05 0.01
0
0 0.1 0.2 0.3 0.4
x/m
(a) BidEERLER
(a) The reconstruction results with theoretical value
0.45 0.08
0.40 0.07
035 0.06 %,
ago 0.05 £
g, Yea 0.04 =
0.20 et
615 0.03 &
0.10 0:02
0.05 0.01
0
0 0.1 0.2 0.3 0.4

x/m

(b) RIBEEELR
(b) The reconstruction results before interpolation



154 W& L

%34 %

PRIE / (m « s™)

0.08

- 0.07

: 0.06

; 0.05
X 0.04
: 0.03

: 0.02

: 0.01

0 o0l 02 03 04

x/m

(o) FEHERLER

(c) The reconstruction results after interpolation
Pl 6 A% 380 Hz i o e 1 4% o i (1
Fig.6 Normal velocity amplitude on reconstruction plane at
380 Hz

(Lo B S PR , 205 15 8 & R P, 5 TR T B e
5 T A L T AR 25 S 49.34 %%, T 47 185 A o 2 1]
145 PR A MRS A — B, 5 U5 T BRI iR (AR
Fb R R 2240 51 R 25.06 % 1 24.57 %, BRI )5
HEEE R AR 2 5 R Y 3 HE R i LA 3R A
TGP A A Y RS R L P TR B
B2 LR (9X9)/(25X 25) =12.96% , I />
T 287 %6 I AN AL

LA 2 R 1400 Haz I 4y 5 Ay 4 J T ) 4
[F1] 85 35 2 SR A s B w32 2 (3, 3) B B A iR
B ZIAS T I R IR 3h E A 2 s 2
T By o R R AR SOy 6 4 AT 4 7 R R AT 4
(ELAR B, SR S ) FE AR L %) 4 JE Vi 7 s 1 o el O v 1Y)
P o A (D) 58 25 R JF 2 Bt S 6 B
Picard &, [FIFETE BLUA7 IE WAL AR BE . 18] 7 J2 3% 05
SN 4 T B (E L 4 T A (E A L4 S T (S T
M 2 1T 32 1) i o A ARG, TR A S 4 B
147 A 45 4 B T b 0 B 7R R A H A T 22 S, 4
T 7 A B 5 22 9 28.36 %%, 1 A (15 22 K 11 i
PRSP AOR 8 22, 55k — 26 4> KT 1 75 R
158 o FEZAR T A (E (Y 6 2 B RBORI AT | U
RN, AR 2 R 172,63 %, A (H)5 MY B B4 S
P A R A — B0, AR 22400 N 57.51% A
50.76 % , BUARIRH IR 2 1K 8 T 28.36 %0, {H iR 2 £ %
Jie 3 % P R RO 7 A 0 Hp D40 0 47 (0%
LK, BT DL R 22 5 S M R MR K.
L IRTEAN G JE SRR 2 B AF R R AR SOy T ikt mT
DA K 4 e o A PR 1) 3 o3 R o S

TG T AR R T MR 22 BB (E
R 2 AT S 5 25 AR A AR 2

122 1 AT LA MY o A {158 22 B A0 3R 114 38 Jon i 34
T, 24 30 (e i SR A S BN AR R 22 AR N, /D
T 526 5 21 D 5 [A] BE 5 S R A 2 F A A 0 R 25 LA

(%) w N W
HRIE / (m « s™)

[

x10°
0.45 6
0.40
0.35 .
0.30 .
§ 0.25
N
0.20
0.15
0.10
0.05
0
0 0.1 0.2 0.3 0.4

x/m
(a) HiRHERLSR
(a) The reconstruction results with theoretical value
x107
9
8
7 "=
E 025 ¢ &
;;\ R,
5 =
LS
4
3
2
0 0.1 0.2 0.3 0.4
x/m
(b) RIGEEESR

(b) The reconstruction results before interpolation

0.45
0.40
0.35
0.30
i 0.25
0.20
0.15
0.10
0.05
0 ; :

G
PRI / (m « s7)

=
W

x/m

(o) EERLER

(c) The reconstruction results after interpolation

P 7 B 1400 Hz i 7R A2 17 45 32 i 1
Fig. 7 Normal velocity amplitude on reconstruction plane at
1400 Hz

F1 EREZGTIMHMAETHRERENERIRE/%
Tab.1 Interpolation error and reconstruction error with-

out noise/ %

- i /Hz
150 380 600 1400
R 0.13 0.95 2.9 28.36
B R IR2ZE 28.70 2457 29.60 50.76
THEE R 28.73  25.06  39.79 57.51
RIFMEDRE 3292 4934 6510  172.63

Ko Toie I B [ B 0 99 R SR A E B A E R
2 0 L A (B AT HE R R 28 /0N R B R R A T



1w ek K

D 0 A A% IS AR R A 1 ) i G B N 3 B O vk 155

e A L A B R A AR B R e 1S
Z HS5HEEEEEMHENRRKR, XS
BH AR SO 1 A B

A SRS LA Y B A 0 T RN R SRR
R RS A B J5 NAH 5308 B2 AR
AARAE . 75 P R B A RS R A R D) R 5
XoF L A 4 A AE S J7 B AE B, T 8 T A SR SF AR R R
T S AR S BT R B A H — AR R AR (B, X T 1400 Hz
10 A s AR, L A R 50 B A S R R B O R T
1k, BIVHT 50 B A2 S 1 46 D AL i A0 A 1 A S T
Shy 468 ST U RS T L B R A R R RS 1
I A3 0 U BRORR R L I R 68 HE D AR X
NAH 5 #H BE A AR K, A SCR FH A R 285 A e 7
MG T B T oo e 5018 e Jpt o i S 5 T

0
10 = 1501z
i o e 380 Hz
10 . 600 Hz
. \ - - 1400 Hz
ﬁ 107+ :,;": ‘l P =
ﬁ 1073 | ‘?’ Le”
ili 107
107}
10°F
10’7 L L
10° 10' 10° 10’
A $

P8 AN [ 3 4T 7 A S A 285 68 O g U — A A
Fig.8 The normalized eigenvalues of acoustic radiation

modes at different frequencies

BT 7 TR P 4R AR 2 4 BT A B F R A9 NAH
AR B 0 WO T (RORG BE . 2O WSk 22 4y
HNTF 5% ,10% Fi1 20% FF i B9 d5e 20 I 5 450 4n 3 2
TR o 36 2 TR $E 5 10 B0 s A T M,
F& 55 P B R R N, BITE — 5 A 3 R — e i s i
22T P e I B i TR R R A e
HOSECRN 9} 9=811, AR 1E 150,380 Hz il T,
ML 4 AT DUAS H Wi 8 22 /N T 5%, Bt AT D3R 7%
[] 3 10 (B F ARG B R > 9 45 2 5 1 E 1400 Hz % 14

x2 ARAWBREZHTHRDLNSH
Tab.2 The minimum number of measurement points at

different convergence error

W SR 22 150 Sgogm%/Hzgoo 1400
O SN
<10% (22) (gi) (18040) (igg)
<20% (;g) (ig) (6548) (E?)

L 81 AN A X R M SR 25 Ry 25.83 %4, di fH R 25 0
28.36% , HEHIRE HHMIPEHRLERT U A
B, 100 A 475 18 H A R AR 2R A%, 3K E 2 PR Ok 7R R 7S A
RS 114 0 U0t RO SECR 1 RCE  H  ffA
AR T I U TR NAH T 8RR = ik Hh g 5iE
e WAy, TSI AR BR T A 4 A% 4 I B A AR
0 VK U B0 3 U0 A o BRI, T R A Y 3 T R
74 SRS 4 BT A7 L 1% BB R A 1 N
PR m kG B NAH E 4

R 7RG 6 AL B RS M A B S I R P i
AT AR 0,05 220 o (9 F M5 A5 005 s ) 4
G RGP AEE A B R iR 22 . R 3G TINA
T 0T A MR A A IR L R 10 dB S, 4 bR A R R
R4 (B 15 22 HIVS (i T A R 25 (S IR 2 AR
AW EERE,

x3 FERIEAVBEHETHREREMNERRE/%
Tab.3 Interpolation error and reconstruction error with
SNR being 10 dB/%

TR 22
150 380 600 1400
I (5 1% 22 9.45 8.79 9.35 34.19

FISEEEIREZE  60.12 31.38  36.25 52.23
I (A R 22 66.33 33.43  41.20 56.83
FAEE AR 7819 59.60  71.68  188.15

XFHE R TR 3 RS R AT L K B, B 7 7 A
P8 25 B 4 (B BER S 2 5R 22 WO, 4 () 9 o A T
AR R AT AR AR T E B4R . LR
AR AR ST YR AR A AR I M P 1) 2% 1R 1 o T IS B
ROR JCHIEAE i 0t B B A By (Y R 7 5 e v, AT
VAR 2 SR T AR

SRR TR B e, B 9 () BT R
FERER ., BANEBRGEHEHESE G EE
RS RERE SN . T e R e
DA NI 2 0 PXI R &, 5 75 4% % A 34 A
MPA416 B 5] 1% 75 &, BOHE K 4 R R A NLAY PXI-
4498 B | J — & Ay R 3 TE B0 R 30
T 15 T 09 e kG B A0 SR B S e | 3z 3 45 ) R SR T A
5 16 V005 0 J32 119 8 3 3 ASE 0L AR 6.4 057 19 250 7 i
(9 NI PXI-7350 B8k, - T A 2 49 1 4% 8 S i ik
SRR I IR R A AT W 9(b) TR . LK
t, 1 pulse B0 BB AF 9 88 3 43 00 2 50, 100
200 Hz, 4504 R 0™ A T F K 45 b 3 5 A5 5

Al

Ir



156 & 3 T

o5 34 %

SEML R

y
X
L
V4
(a) SEHRE

(a) Ilustration of experiment

(b) % EFES

(b) Microphone scan array
B9 S KAl v S s K

Fig. 9 Ilustration of experiment and microphone scan array

FEEMZ LA EAREMELT 53K
R R EE . AT S A S SRR
Bl A5 g S Yy 110 e 1 I B 2 9 o T
FE 4 2T 1] AR L Ul &, Ok ORAIE I 5OR 2 A
Sfyad A b A ) T B S S R I A S )
AL AR BRI 5 A B ALE RS 5 s E TR . R
RS #R 2048 Hz, B UCRFERT K 55, 2 A4l 4 &
7 ER 02 2% AL R A AR B . 2 B HR
/N 60 em (e ], BEZKSFJ7 ) ) X 50 em (y ], B3 FL
J7 1)), 0 R A% 5 R 1311, A5 1] b i
R Z B BRI 5 em, S AL A 8RB Jy 34~ 1
HBAS 3 S Wi R AR AL O — M B RS
e, 4 KB B AR AR 7 em, BRARIE AT LA 3RAS L 15
B P AR L, SCRT DAl /b W P e, B A 9T
T AR5 4 2T RE A5, DI B 7 7 B o Rl B — A%
FE A SIS 7 <6 A~ B AR hy 47 6 i 1 4 5 T U
B R A SO 6 4 B TR TR (R

E110(a), 11(a) F 12(a) 435I 2k 75 & 43 % 100
Hz B, A 4 {8 B 42 8 T 1 9 00 8, 4 )5 42 8 i
b 4 BT b A S BRI . X R 10
(a) M1 12 Ca) AT DL & 3R 4 (6 1 4 20T BB Ok 4% 75 28
P ) B A K 5 6 T R 2 ol 4 790 {5 8 s X Ee sl 11
(a) #1112 Ca) AT DL S0 ] A SCHd A8 5 ¥ 45 31 00 42
ST R A MR BT IR R A 7 ] e R & R
B 25 TR {5 8 A (B 5 10 42 80T 75 R (8 5 S B U
HE A IR IR 25 4 15.26 % . 50 Hz I (46 18 1% 2%
19.90% , 200 Hz B A4 {6 152 22 9 11.08% . W T
SIS AR BRI, AS T kA b 2 B A R 4

FETE P ST A (E 1R 25 IZ 0] DL /N

& 10(b) , 11 (b) F1 12 (b) 43 5l S 75 ¥ 4 5 Ky
100 Hz B, A 4 {8 A I 187 28 3% 1) P R, 47 ()5 R IfD
T 1) e RIS o 0 (S ) T 1 R %
Fb AT DL & B < 1) A 475 1) 4 B T 7 0080 o e vk
PO HR VA 6 14 57 5 T R PR 47 (L 174 4 J, T 5
B T LA A M RO S A O, 5 PR A
A8 — 3, AE TR T SEBRI A A R 25 A AR
— BB 25 25.92 00 AE A LA (1) S 50 45 R
5100 Hz B (5235 25 FARZERL, & 4 SE g0 W 1 AR S
J7 1 AE S R g R R RO A R R T AT

% T o T0s 02

() &R WA EREE

(a) Pressure amplitude on hologram

w

8
7
‘&
S o
4 &
3
2
1

203 02 -0.1 0 0.1
(b) EREHIRHEIRE

(b) Normal reconstruction velocity amplitude
Pl 10 A 4 1A BT A9 4 L TR 75 Fs I 150 R B 0 1A 4 S e 1

Fig. 10 Pressure amplitude on hologram and normal recon-

02 03

struction velocity amplitude before interpolation at
100 Hz

% T o T0s 02

(a) &= BIH 5 IR

(a) Pressure amplitude on hologram

x| ®



FA I 1 I

o ARG BE RN 439 2R 0 O ik 157

51 ok kA DRI E AT RS
x107

0.25 10
0.20 9
0.15 8
0.10 78
0.05 6 °

g 0 s €
-0.05 4 '{aé
-0.10 3
-0.15 2
-0.20 1
-0.25

-03 -02 -0.1 02 03
(b) Eﬁﬁﬁﬁﬁfﬂﬁ{ﬁ

(b) Normal reconstruction velocity amplitude
P L1 A L 4 JE AT 7P L 0 8 T 3 W
Fig. 11 Pressure amplitude on hologram and normal recon-
struction velocity amplitude after interpolation at
100 Hz

@ T 02 k@

(2) & EHFEIRME

(a) Pressure amplitude on hologram

O =
(=]

—_ N W A L N
HRIE / (m « s™)

03 02 0.1 0 0.1
(b) EREREMEE

(b) Normal reconstruction velocity amplitude
[l 12 4 5T S0P W I R i e T IR 3 (L

Fig. 12 Theoretical measurement pressure amplitude on ho-

02 03

logram and normal reconstruction velocity amplitude
at 100 Hz

4 % it

N AU P S 7 A A S e e B P U L BT
T BFE T P SRR A B AT 2 A ke, B AR PR
WP P S P A S A i A3 s 1 4 R A TR A
A B BB B R A A S e e, BV UL

I 1 58 285 2 i 9 RE S BIAR s ARG E o A A5 A
SRS A P RO DR L B T — R T A TR
PR SRS Y A B Lk o B T B
£85I o 0 75 SO0 S o 4 AR (A A B oy o O
TEI 25 17 41 S A9 S5 SR 2 A0 20 R O BT T Al I A
T, 9 2000 B AR o IF 5T 3R B AR AR R R E
BAEAET AR IR 22 H /0 F B B A 23 R
W AR Y TR SOR AR E B PE T, AR R 22
B R AR A S B AR A LR BN
K25, L G e T 470 E I A9 3RS BE AN 2R B R P
S 0 HLAE SRR W] T %07 I A R T AR SR R
W T %07 IR A SE PR TR T R B AT AT o B
i B TR0 AR 2 P AR R, N BEUR A SR R £ S

1 A 3R U0 U S5 ) R Ji B ORT B RO TS Y
TR TR H o

s RAEAMIRSIR S R i%‘iﬁ?&%’*%
ﬁ}’rﬁu A BT, RRERE L EZR

STHHBF ARFEFFREEETRIREFL
%éﬁ%?ﬂi]o

2 Z Ak

[1] Maynard J D, Williams E G, Lee Y. Near field acous-
tic holography 1. Theory of generalized holography and
the development of NAH [J]. J. Acoust. Soc. Am. ,
1985, 78(4):1395-1413.

[2] Koopmann G H, Song L, Fahnline J B. A method for
computing acoustic fields based on the principle of wave
superposition[J]. J. Acoust. Soc. Am. , 1989, 86(6) :
2433-2438.

[3] LuH C,Wu S F. Reconstruction of vibro-acoustic re-
sponses of a highly non-spherical structure using Helm-
holtz equation least squares method[J] J. Acoust. Soc.
Am., 2009, 125 (3):1538-1548.

(4] sk 950, 7 SR T B0 s BE B R

Yy A B 5T [T]. A #2224, 2008, 33(3) :
231-237.
Zhang Haibing, Jiang Weikang, Wan Quan. Research
on the cyclostationary nearfield acoustic holography
based on boundary element method[J]. Acta Acustica,
2008, 33(3): 231-237.

[5] BRa&s, RilEw, BRW, 5 BHSEEZHG W R0

Mrae i 5 42 Borb R OF S [T]. 75 227 4l , 2012,
37(2):164-169.
Chen Zhimin, Zhu Haichao, Mao Rongfu, et al. Appli-
cation of cyclic spectral density gathering slice method
to the near-field acoustic holography[J]. Acta Acustica,
2012, 37(2) :164-169.

[6] WuSF, LuH C, Bajwa M S. Reconstruction of tran-
sient acoustic radiation from a sphere [J]. J. Acoust.
Soc. Am., 2005, 117(4):2065-2077.

(7] B, AUk, B ETT, % Gz dh s RS 4R U
Jrid[J]. R, 2002,27(4) :357-362.



158 £ I N - 7 5 34 &

Yang Diange, Zheng Sifa, Luo Yugong, et al. Acous- [15] Sk/NIE, Bef& 2%, #r 52, 5 LW S ki e
tic holography method for the identification of moving A 57 ) 03 B Ay 1k (1], W) B4 4, 2010, 59
sound source[ J]. Acta Acustica, 2002,27(4) :357-362. (8), 5564-5571.

(81 & 3Cuk M b RS0, 55 BT IR 5 2 B R Zhang Xiaozheng, Bi Chuanxing, Xu Liang, et al. Res-
SRR AE B AL AR L RS WOk [T MR8 AR e 4, olution enhancement of nearfield acoustic holography by
2013, 26(4):617-623. the wave superposition approach[J]. Acta Phycica Sini-
Lu Wenbo, Jiang Weikang, Pan Siwei, et al. Mechani- ca, 2010, 59(8): 5564-5571 .
cal fault diagnosis based on texture features of acoustic [16] 2 . SESHn BRSO 1. B[] 5%
images by near-field acoustic holography [ J]. Journal of 2245 2004, 29(4) ; 343-378.

Vibration Engineering, 2013, 26(4):617-623. Jiang Zhe. A modal analysis for the acoustic radiation

[9] Kwon H S, Kim Y H. Minimization of bias error due to problems: T . Theory[J]. Acta Acustica, 2004,29(4) :
windows in planar acoustic using a minimum error win- 343-378.

dow[J].J. Acoust. Soc. Am., 1995,98(4):2104-2111.

[17] Berkhoff A P. Sensor scheme design for active structur-
[10] Saijyou K, Yoshikawa S. Reduction methods of the re-

al acoustic control[J]. J. Acoust. Soc. Am., 2000, 108
(3):1037-1045.

(18] ek &, oUW . )T IR 5 75 i o A0 285 TR 531 Mg 7 9
[J]. $R3h TR, 2014, 27(4):539-546.
Nie Yongfa, Zhu Haichao. The method of identification

construction error for large-scale implementation of near-
field acoustical holography [J]. J. Acoust. Soc. Am.,
2001,110(4) :2007-2023.
[11] Williams E G, Houston B H, Herdic P C. Fast Fourier
transform and singular value decomposition formula- .
. . . of the planar noise source based on source strength
tions for patch nearfield acoustical holography [J]. J.
Acoust. Soc. Am., 2003,114(3):1322-1333.

[12] Lee M, Bolton J S. Reconstruction of source distribu-

acoustic radiation modes[J]. Journal of Vibration Engi-
neering, 2014, 27(4):539-546.
tions from sound pressures measured over discontinuous [19] Hansen P C. Regularization tools: A Matlab package for
regions: Multipatch holography and interpolation [ J]. J. analysis and solution of discrete ill-posed problems [J].
Acoust. Soc. Am., 2007,121(4) ; 2086-2096. Numerical Algorithms, 1994, 6:189-194.
[13] Harris M C, Blotter J D, Sommerfeldt S D. Obtaining [20] Hansen P C, Sekii T, Shibahashi H. The modified trun-
cated SVD method for regularization in general form

[J]. SIAM J. Sci. Stat. Comput. , 1992, 13(5) : 1142-

the complex pressure field at the hologram surface for

use in near-field acoustical holography when pressure

and in plane velocities are measured[J]. J. Acoust. Soc. 1150.

Am., 2006, 119(2):808-816. [21] Rezghi M, Hosseini S M. A new variant of L-curve for
[14] % =, Hefeyw F B 4 4o B8R INEGE Tikhonov regularization [J]. Journal of Computational

ANETS LT, B2, 2011, 60(11): 114304. &. Applied Mathematics, 2009, 231 (2):914-924.

Xu Liang, Bi Chuanxing, Wang Hui, et al. Hologram [22] Williams E G, Maynard J D. Numerical evaluation of

pressure field weighted norm extrapolation method [J]. the rayleigh integral for planar radiators using the FFT

Acta Phycica Sinica, 2011, 60(11): 114304. [J].J. Acoust. Soc. Am., 1982, 72(6): 2020-2030.

Method of improving accuracy and spatial resolution of structure normal
velocity reconstruction with a small amount of measurement points

NIE Yongfa"*, ZHU Hai-chao’
(1.Department of Operation Command, Navy Submarine College, Qingdao 266071, China; 2.No0.92771 Troop, PLA, Qingdao
266404, China; 3.National Key Laboratory on Ship Vibration & Noise, Wuhan 430033, China)

Abstract: Under condition of a small amount of measured pressure data, to solve the problem of low structure surface normal ve-
locity reconstruction accuracy and resolution or even reconstruction failure using near field acoustic holography technology, a holo-
graphic surface interpolation algorithm based on the acoustic radiation modes that can effectively improve the structure normal ve-
locity reconstruction accuracy and resolution is proposed. Firstly, the acoustic radiation modal vectors of holographic surface are cal-
culated; Then, according to the convergence of pressure acoustic radiation modes, the least square solution or Tikhonov regulariza-
tion solution of the truncated expansion coefficient of pressure radiation modes is obtained, and the pressure values of the interpolat-
ed point can be calculated; Finally, the structure surface normal velocity is reconstructed by the interpolated hologram data. Both
the simple supported plate simulation and the speaker experiment show that the proposed method can effectively improve the recon-
struction accuracy and resolution of the normal velocity of the structure surface with a small quantity of known pressure values, and

the effectiveness of the proposed method is verified. Meanwhile, the feasibility of the method is verified by the speaker experiment.
Key words: pressure acoustic radiation modes; near-field holography; reconstruction accuracy; interpolation
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