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4E Abes A\ 191U 3 sl 45 e 4 1 LBEJE % 4% Boltzmann
D7 R — PR B O 28, IR R TLBM 5 &l
SRS IS N TERR R . UL L TAE M H LBMALEY ()
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(double-distribution-function, DDF)f& 1112724 5 7 4
WRFR AT R4 1, 22 ik A R 15181 0 g o i
U2 ) K H A DD PR A P2 AR 4k 1 B, o0 T $i ik
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B R A3 AR 2 D) K ) AR A 10 45 2 A
TMLBMELRL, Ak, R FE IR T — RS HEbR
Y RS LBM BT Y, 4 355 22 (A5 A0 1200 g R 22
RN A7 PR AR 28 A R AR R 129 e
RIRG R RR . RGNS A2 T B E =TT
M TAEGECFD )T %, LBM B AT Wy B SU M . )%
5 F 500 BUE AR E M R A LA ST M e 0 55 I 3
3B PR AR £ 44 2 M B g ok B
TR {101 N0 I YA 5 = S 2/ A N 71
P8 g OB i L 1L gt Mk DA FH Y B Ak
WA T N, Ak, LBMWLHEH Tf#
el A AR ) ) R, e 90 R i 1918
R N L oY T b L N o € L M (BN £
BRI AR D) 2 U ATY SR JE LBM B F 1 3235

AR SCHE SE L BM AH G 1 358 S 30 AR ] 2 O
7R T SRT A AU AT MRT 5% 84 1 i JE S i LBMASE 2
FEAA T — e Iy i T 20 A S 2 DL K B e 4
Tk HJE, ASCELBM N T o R AR
(high-intensity focused ultrasound, HIFU)H Y7 315
() A3 S R R i T AR £ 5t 72 B[R] (axi symmetric
multiple-relaxation-time, AMRT)fAY, 43 FIFHLL T %
ULBR 1] 58 A2 30 BE 2% FIH BUBR i R A2 e BE 2% 7= AR I A
Y, ik T AMRTHEH T 505 A sk, JH4R
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1 F&F-BoltzmannJj Bl HIFL Y

1.1 ¥T-BoltzmannJi#e

LBM R FH Jey &8 43 A0 eR B0 A b 78 RS A% 05
RO AIRES, 43 BRI st [8] A8 38 4k 52 LBERE ).
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AR, H A w(0)=4/9, w(1)=1/9, w(2)=1/36.
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f,(r+edtt+dt)—f, (r.t)
__ 1 _fe 7
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d(pu)

T+V-(puu)
:—Vp+V-{pV|:VU+(VU)T:|}, €)
X, vhizsh#h g, HA
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MRTHE Y 5 SRTAL A EEA LKL, A [F Z b 7E T
MRTHRLH g4 7 B & T 2 A i g et ), HIE
nr:

f, (r+edt,t+dt)—f, (r,t)
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-4 -1 -1 -1 -12 2 2 2
4 2 2 -2 -21 1 1 1
0 1 0-1 01-1-1 1
M=l 0 -2 0 2 01-1-1 1 (13
0 0 1 0 -11 1 -1-41
0O 0-2 0 21 1 -1-1
0 11 1-10 0 0 O
0O 0 0 0 01 -1 11
AR
A:diag(r;l,rgl,rgl,rj’l,ral,rj’l,ral,rv’l,r;l), (14)
LR 7C 24 3 B T

5 M A A 728 485 9 B A% £ RN £ 4 1 J7 =0

JE S (A4 5 B A5 ()
S=M-f, @¥ =M %, (15)

Ao, @FN D535l Sy RE 25 (8] vh (%) 43 A5 eR BCRE T A
oA RECE. it — A (1) Hh i BRI A SR LM
FE A% 75 21 25 ] v g 4 o O 72
@ (r+e,dt,t+dt) =(b(r,t)—A-[tD(r,t)—qﬁeq(r,t)]. (16)
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u=(r,—05) pcZdt, ¢ =(r,—05)pcidt, (18)
TE ) 1% B 538 Bh B B (96 R u=pv.

i T2 (16) W SRR s ., MRTALRL )5 5 A
BT SRTEE I K T 2915%12 | {H 3 35f % 22 5t 74 ) 1]
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i figp e 5 SRR e LA i P 1) 3 5 ) At e,

1.3 A5 AbB XRIR A EG

Skordostit H 171 5 ik B A i O LBMASE Y 11
TR BE VB R MR B, S B
PRI L8 (Y 10 FAL BIAR . AR o A U —
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SOp = ﬁ’?ﬁ I%liﬁfz,s,e(r B)ﬂiﬁl ) ﬂ%ﬁﬁﬁjﬂﬁgﬁﬁ
f2,5,6 (rB) = f;g,G (rB ) + f2r,];]6 (rB )' (19)
K, G5 M —0 R P A ER 4, 7T AR RIS s
B_E (Y 2 WA B SR 1, A% s B AFAE R )
e, DA S FR AR (AR S5 A M5 — 0
AR Ay, WLl R AME T AR R H IR F
[ 5347 R EE o (re) AL 22 A B 4R L0, TH A 55 B
() - i 35 43 AT R 408 3 A A P R ST A 2
AR, DI AT 4548 w5 BAS S 1 23 A PREICH
f2,5,6 (rB ) = fz?g,e (rB ) +|: f2,5,6 (rF )_ fz‘?g,e (rF )] (20)
BFL A 20 9 —Flod T ith 1 1 5 64 3 g 2 4k
A%, 0 — AR M BT R o, B
Shy I i T SR AR A, M USF, BRISH I
I ST e BT U TR N T SO TS R o P S e
B A A ks a5 BFL A% oX o ) B R B q,.=
[re —ral/|re —rs| 0 LA 1 5 A% A5 F b A J60 43 A bR I
HE IR
fo(re t+dt)

2q, f;(re.t)+(1-2q,) f7(re,t)+6w,e, -uy,
g, <0.5
=41 .. 1),. 3
Efa(rF,t)J{l—qufa(rF,t)+—awaea-ub,
g, = 0.5,

(21)
Kb, @ Fal 7w, bhscff R T 5l 5 i %
TR Z AT 2], |re—rg| & SAFAIBIYEIEE, Jre—rgh
¥ S F RIS A . q,<0.53 BH K% o5 F S 4% 15 BHE 3T,
.= 0.50] A% S BEIAK ST L. LAh, u kil i
Sz, X215 5 A MEs —BR R RS
it AT 20 S AR A EVE .
LBM e 38 EA% 1 500 T 34T, iICAR—
Py E o, APYRIANY 235 Ok ATE S R4 B 843 (phy'sical
units, PU)FI#% 1B (lattice units, LU) N B%(E, &
SCHI R R AT = AYJAY 2 E AR B AT S B
W) B RN T B B A R . AR A i
B, AR EIE A, KB, Bt B pLl KR p
XTI A5 2R 508 i

c
) (22)
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K, po TS EE. FUAH TEIRTKKH—
L) T2 R TE ) B A7 (I B B ) R - B
FESAE,  H O P T ARAR DG Bl 1) LU A1) R

b T4 5F [0) 7, () (B T e W s — T, AR
X (10), (18)F1(20) I ANT 5 ¢, B LE, L EP 38 K 7,6
{2 A T AR A0 0 DA%, DA T B8 f% 4 2 2 B &2 14 U
ha s, TR, AFBSREOT RN
IR, S — i, AR RS (10) R (18) 45 i A ik 1
HAYBESL, #E c, >05, 1fi ¢4 0.50)
LBMBEH & & A Bl AR 4 4 LTk, A
PR HTIE W 255 25 e B B TR DL R RUE AR E
PEEE PRI R 5 o B HUA.

2 FGYKE-T-Boltzmann i 3:4ji B

2.1 PR 2 SR IR

HIFU 2 — Fft i 5 G Q0 [ 397 H AR 100708 Higy
AR DR 2RI R 7 R AR e i AR A S R A TR
3k, DA A6 AS 53403 & PRl 1 24 20 A0 i T T 3 4 3
PYBI kb 7 37005 L AR % W R P 5 B e B A A £
JEAS AN RE 5 BE HEATVRAL, AT A HIFUTR YT 34l 11
Ml M2 B 05 Ok R 231 THUE
SR i AR £k 7 Uk 3h 7 AR 19, 4 F5 KZK  (Khokhlov-
Zabolotskaya-K uznetsov) 75 i OV 1 i 6 Bk 75 o 5 78
(spheroidal beam equation, SBE)[™. 7t/ 441 LBM
¥ R P S AR — 4T 1) SEL I

R SRR AR AR ) = 4 7S Yl i B B
Frit, M REWS a7 4k — 4k i sh [m) /8. (R, AR 3¢
FF D2QO % 7 AT Ak A Z8 HH 44 31 FH 4 AR Sl X BR
TSI AMRTHRE IR, H: v 22 A5 B RSP A5 245 40 A7 R
Sralan=X ()6, i oAz il 7 R W Sk n I K

f,(x+e,dt,t+dt)—f, (x,t)

—- u, dt
=—(1+m,)> A, { f,— £ (1 +pK2nﬂ)?:|
B
—[ £+ p(x,m, +x,n,) uert, (23)

F1 FRTKOWESH

Tablel Some physical parameters of water at room temperature

LUBLE 2 Yy LA & F B
cs 1.48x10° ms™ J3
v 1.01x10°m’ s BT,
o 1.0x10° kg m™® 1.0




21, u T B U AR A TR RN (12) B
w, Hhr, =7r,=0, 7,=7,=0505, 7,=0588, r,

WA e, n, =n(le,[) 2 e A% i 7 4L,
HAN0)=-4/9, n(1)=-1/9, n(2)=2/9. K1, xxFIm & X
AR Br R
S a9 e
KNSR | 85 LA TR SR B4 (75 ) 431
T AR
De,f, >,

_ — o — 2_ 2
>, ' P 1+ (u, /r)(dt/2)’ P= PG =P

25
T LT R, MRS L Hopital k) é’zrzoﬁgzsg
F1(25)H (1 u/r=0, [RIAF=X(24)F e /r=0.
| Fl Chapman-Enskog & JT 1l LK &2 H AMRT 45
T % 07 1) 22 W8 Navi er-Stokesr i 76 il %t #k A Ak A%
iy oy em
a(pUi)+5(PUr”j)+purui
ot or r

]

op 0 oy, ou; ufou
=——t—| Uy —+— ||+ = T+
or, 8rj arj or, rion r

_(2uu2r5,j)+i{#{auj +u_rﬂ, (26)

r or, o, r
R FEEL R T Einsteinzk 295, B iR
KIGICFE AR bR FllZ, Sk Kronecker PRER. gl 4353
B 1R RS
u=(r,—05)pcZdt, u'=(r,—7,)pcldt, (27)
(5 TR R 48 I M 1t A b i e REBOML AR AR OG, 33
NG OL T AT LA R0, EUX T e 4 5 3 AR T 4
A T U LA B U A A L P R R IR
UL L A BB 2% 1 AR AL 2 A R 0 3K
AL IR B 3 BB . A% 48 B BR T 3R A e ik A
RESTE R — R TR AT IR E Y. SRR W
JE, T RUER I SR AR A BE AN 0 PN 2 T[] B Sk R S R
F1%) S8 Dl T R S SR TR, PRI R 85 A — FR AR R UK
FeoE B LR IE P R AL 17, X MR AR A% 10 R fE kR
L Tk R B RE Ay, M AEHIFUIRYT h BA
R R FRTEES [ 153 i R T K i S AR e
FIER i R AL BE AR FEAT AL A R BT 254, Hz

u

a0
NI

(a) (b)

z

r
\;_

Bl 1 4itRigE. (a) BRifiaeds; (b) BRiEdHae
Figurel Diagrammatic sketches. (a) Concave transducer; (b) spherical
cavity transducer
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Sl ke, oM AR L PR R ORL ZRAR e e e R i
RAHRE AR MR 248, WHhHEITH K BE. N TELBMH
SCEURR PR R BB, T DAFE SO T R I BRL i
FRAbPEAS G, DT AT LR A AMRT 455 U AF 5% 3 9 b
BB gk B R . W TRk R AR RAESY, T
if B B 7, = 0.5000235 ; Xf FRk4 R M2 e #%, %
FFIEIHL 7, = 0.5000078. 1L4h, R T 46 & FERT, 1€
R F T OpenMPZL £k 2 4 i A B 5 2.

2.2 ERim R AEHEES S

FETKZK I B BB R R 5 o I R s
i TR, ZBR TR AR A, KZKBIRE &
PR T4 iR 7 A /N B BR TR SR AR S g A 7 AR 1 A 4.
SBER R 1o 75 58 3 7 PR AL SR FHER I 0L . AR B
7 U AL SR T 0L, RS A R THE B M A KK A
BRI RER B A . 8 T RAE LIRAMRTAL
T T P 45 B AT AT, Shans A 7e150 51 5%
TAMRTHA | KZKFH D) K SBEFR AR, T A [F] 5K
A ERTE R AR AR . X TR AN
Hufie#s (R=5 cm, f=1 MHz, P;=50 kPa, W=4 cm), [
2(a)73 7R T ) AMRTAR BRI K Z K A2 7 75 3] () 1
— Akt ) P R (A S A FR R AT, PR A 1 Y
SRR (ARG —I-6 dB)NE AV, e
BANMUFETE R 22 5 AMRTACELZS H B35 37 75 TR
W L M FR ARG T K Z KA 0 i 28 SR . X6 5k o 4 K A e
fiE#%(R=5 cm, f=1 MHz, P,=50 kPa, W=6 cm), [¥2(b)
R T A FHAMRTELR] | KZKAR Y F SBEM L5
BN IH— Al A5 R IR 50 A . B AT, AMRTE
A5 3 () 45 B A0 T 3% 5 SBER BB S W4, i A6 it
G E Y& EENDEAEA, X — 22 7R A
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1.04 (@ g - KZK
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B2 (MZROR @) I — Pl i A5 TR AR AE 2413 (8) W=4 om; (b) W=6 cm

1.04 (b) ~ KZK
7% SBE
0.8 ".:"I 1 AMRT
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1.
5|2 0.4
m
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N
ot
3 4 5 8 7
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Figure2 (Color online) Normalized distribution of acoustic pressure amplitude in z axis. (a) W=4 cm; (b) W=6 cm

JE AMRT A 7Y v SR F (%) A1 i 41 1 120 8 4 B A% =X T
ANRESE 6 M A BRITJRORR 8 . K J B 45 SR e
JUAE A o U ot B A I o BE S E — o RR L /)
AMRTHLR 5 SBERL I 1 22 5, (H . F R 1E i A
HHEHRWIERE. % EAIHIFUIGIT T b
() £ T 25 RS RE SR, IRt T LA AMRT 8 74
5K ZKHIRFI SBER I 14 25 J 45 — 3.

P 4N b 25 SR T 0, BR T 2R £ e e AR 1Y AR Bl R
B 5K A 38 R E )N, o B R e A R AR TEREAS B T 4R
Th. SR, BRI AR I BE A 04 A8 U ) K B AR SR A B
AR (4, 1 MHZ F 25 1.5 mmAg 4%, it AEESE4
T S S FE HIFUTAR T I K

2.3 ERIERAEMEEZS ST

525 T H AR Ol X BR G5 A8, BRI R AR fE A
RE B 7F — RN b 7= A o 0 0 D L e SR A
U, R FHAMRTAR 8 7E 420~450 KHzZ % 30 il 9 %)
BR i BB A5 L BE 25 (R=112 mm, W=180 mmA1P,=10 kPa)
B S AT AL, 343 SiE sk T AMRT AR A 1)
e ST 55 I 24 M 3R s (R A50) PR R S 1L B A 5
F7AS Ak, AT, BRI R A RE A B A — R LR
B, LPRBUR B bR 2 6.6 kHz, HALIRMR A =
JEBRE 2 2 = TR IR AMRTRLAEY 5 5250 i
95 B LR AT R W) G B R, [ R IR (A 20 A I
Z5. JUHEE R R R 422 kHZ T B R R
E /N F HA R A0 R T W R iR, Hizigs
AHAR IR I 2 A 6] B O F AR 4 6.6 kHz, SEX — %
(PR 2802 22 7 T, A3 S0 00 00 ARG B DA R
JE AR E M AF . e S O UL, SRR N R 4
445.8 kKHzf} i .
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Figure 3 (Color online) Acoustic pressure amplitude at focus as func-
tion of frequency
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P FER LA e &b, HLAR 388 30 6 FR o0 A % 45 T
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Figure4 (Color online) Distribution of acoustic pressure amplitude. (a) Experiment; (b) simulation
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L attice Boltzmann method and its application in the modelling
of high intensity focused ultrasound (HIFU)

SHAN Feng, XUE HongHui*, GUO XiaSheng®, TU Juan' & ZHANG Dong"*
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High-intensity focused ultrasound (HIFU) is a breakthrough of noninvasive targeted therapeutic technique for tumor
treatments. The operational procedure of HIFU is to concentrate the ultrasound energy into the focal region by using the
ultrasound transducer, and the focused ultrasound energy is sufficient to rapidly rise the temperature of tumor located at
the focal region up to above 65°C and locally destroy the tumor for coagulation necrosis. The ultrasound transducer is the
key component in HIFU treatment to generate the high-intensity focused ultrasound energy, the dimension of focal
region generated by the transducer is closely relevant to the safety of HIFU treatment. Therefore, it is necessary to
simulate the acoustic field numerically for estimating the performance, optimizing the parameters and reducing the design
cost of the focused ultrasound transducer. Besides, the common spherical transducer is the most widely used transducer
in HIFU, but the size of its focal region still could not satisfy the requirements of some sophisticated applications. So, it
is necessary to adopt some new kinds of focused ultrasound transducers with better focusing performance. Aiming at
these issues, we presented a numerical simulation method called the lattice Boltzmann method (LBM) in this paper. It is
a novel fluid dynamic simulation approach based on mesoscopic kinetic theory, which takes prominent advantages of
distinct physical meaning, easy implementation and excellent parallel performance. The LBM has shown great potential
in numerical simulations of complex flows that would be difficult for traditional methods. Firstly, we reviewed the
developments and applications of the LBM. Then, we revealed the inherent relationship between the LBM and the
Boltzmann equation, and presented two basic LBM models called the single-relaxation-time (SRT) model and multiple-
relaxation-time (MRT) model, recovered the corresponding macroscopic Navier-Stokes equations respectively via the
Chapman—Enskog expansion, presented two common boundary conditions called the non-equilibrium extrapolation
scheme and the BFL scheme. Besides we introduced the conversion method between the physical units and lattice units
based on dimensional analysis. After that, we built an axisymmetric multiple-relaxation-time (AMRT) LBM model with
the BFL scheme, and simulated the acoustic fields generated by concave ultrasound transducers of different field angles
respectively by the AMRT model, Khokhlov-Zabolotskaya-Kuznetsov (KZK) equation and spheroidal beam equation
(SBE). Results indicated that the AMRT model could be used to describe the acoustic field generated by the concave
ultrasound transducer, and the transducer with bigger field angle had a better focusing performance. Lastly, we presented
anovel spherical cavity transducer with two open ends for providing subwavelength focal region and sufficient pressure
gain. We investigated the standing wave acoustic field generated by the spherical cavity ultrasound transducer via the
AMRT model and experimental measurements. Results indicated that the AMRT model could be used to describe the
standing wave filed generated by the spherical cavity ultrasound transducer, and this device exhibited much better
focusing performance than the traditional concave ultrasound transducer, and could meet the requirement of some
sophisticated HIFU treatments. The main aim of this work is to solve some practical problems for the numerical
modeling of acoustic field in the HIFU treatments and provide new sights into the acoustic simulations.

lattice Boltzmann method, high-intensity focused ultrasound, acoustic field simulation, sub-wavelength focal
region
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