= Jm BRI & B s & EDKE) AR 2 WO

W =imE A H AR EEER

X)id . EIR
(KIEM T RKE BRI LT KE 116024))

R AXFET ZHWERTRF AN/ KGN ALAER XN 'R, P
BT RRENTERAEFT. ETHERBERFMUFR ) FRERL AT RO KA L
W ARA, FETUFPEHTHEE . TS HEE P F IR E B E R Fm o #
W, R T AR R B EY I R R A, RIEI AL R A L A RO B YT AR R B
BB K, AR BB AT R AT R TR R KRN E D . AR %
REEEERENN 1742 EEMEEEE TR . 2AEENSRFEINRE, £
AR T A Rimey i, HEERRRK, EELEMCAETH.

XA 4B wx; AR R AR Rao-Ham g FEERE R

1 515

B ARAFAE R B 2 A R AN R IR, QiR A K SKAER K . R e o
FEo JZHEK, FEANFRAN T 2 AN i Tl K I 5 B FERE L AR /N, ANFETR
TET V8¢ A0 98 P ) i o 8 A T 8 2 00 e P THT P40 0 420 3 10 A 1) D5 0 FR A AR
OV MR 2 230t W JE A Fp R R PR B 5 A2 (K I AT 7 78, 48 ), k3R Pl
1E 3 SRR AR T sl

SET GBS, BT TU T PO ] REUAT DAV £ D SR A S T AR R R K 5 R
Forbes ' EMF 7t — 4 AR TG Hie 7t 14 Pz 3 gl A M RN, A B 4R 2 80 R
FOFTET, I GRS 5 R i R S IR 1) R AR - By AR, RAGEUE MR . Belward™
I PRSI R 7 v N AT R TR 1 2 (R A T A 1 LT P 3B (R 7

ASSCHM A FE S ANIA FAR 2 T R 18 N R AFAE P A jUR TP 2R K RS E IR
WS, T RS R EARA R R e, B RO LIRS AT T
JRE R, HAA AR RE. EJ2A RN E5BE, TR . AL SCHR[7-8]
SNSRI DT RE AL, R A R AT BUE TR SRR AR v A e [ B S ARG S
TR PRI, DA% A i P LR 4 2R

A VAU AT W
A5 9 ERIA A R R R e PR BRI A, B PR L e —3L,

- 257 -



= m A EUKS S 2 B - m A UK F AR S RO

Hiishie Lher). @EiRRBEALRR, x#E T RIEKFo 0 m, s Bkt
R 2,y B E N b REWAARRE AT B EER AN SR E . TR
ToBRR, FHAPAAAE—XE 5T y BN RR ) AU, PR sSm A EE 522D, 5 x MR 535 8 H,
RN K FI K, o ARSCULJE 0 B FARTRIZRER R S B 2R T 2R A L4
HE, WZERENEZSNZEp -~ p,y FHELRTERESRZ v oo
. Phe, IEEEREE, VIHORKBEREE, X Emmystsdt it tEftl, HFA T E=
=
c, K, K, _ ¢ , T , D

Feps s e = pethes A= Td =
Hrf, F ZFroude#l; ¢+ & Dl@MAN SR LENEE; p L TEEEW; il
TER RS w42 RN EENRE: 22y BrrEes. Fak st
PRELy =n(x) k. FIELEN =K.

y=mnlx)

SINENTRREL £.(2) = 0,06, ) +iy (%, ), j = 1,2,z =x+iy » HH @ (x,y),p,(x,y) 7 5Hl2E
55 R I B R ORI BR 2 fﬂﬁ/\ﬁ?%&fzﬁﬁ/@

fz—)z+2—ln(z zl)+2lln(z 2,),2 = 2,2, (1)
T
ETF R TE 5w %
fi —>cz, f, = z,Re[z] = —oo 2)
L W R v A S AR
V@eii=0,y=1 (3)

FERSHEIERFM:  (x,n(x)) = (x(s), ¥(s)) » HiHEIRKAR:

) (Y _
(dsj +(dsj - ®

ETEwRASHIRE, Bt LA R, Hites:

- 258 -



= A EUREN AT S T fUm e EDKE) R AR S RO

a8\ _(de) , 2p-Dy_ .~
/) (dsj R ®
LR H8G =D, RN AR, L =0, @ik
z(s
R (5) )= LD =HDXEO) + 00~ 6D
' EGEERY ©
[~ EE0 =D + (0 = )40
- EGRERY
AR, 18 G, = e §, 2O ar= 3 res By A
FARREA A i BIFBUE R, 8
() 1) < |~ EO=ZDXEO + 00~ (5o |
2 - |2() - 2(s) F -

aues)+h &0+
|z(s)—(=d =)} |z(s)—(d -D)[
Hrb 2(0) = x(0) +12A - (1)), 7() = 24— y(¢) - BAHE S5 SCHR[7-81351.
B a RS FR@) B TFA(T) . RIEIZ I 5% QAT HUE K i -

3 HHIH

HAE SRS AR SCHR3,7-81, B »/(s) HOIEBMEL,  THERE AT R S0 R0 UL i B8
By (s) B RME . FHABRIXIE [s,, s, ] BTN XCIOF N -1 880152 N A
s, =5 + (k=DAs,As =(sy —s)N =1,k =1....,N o Hx.,v,.8,.0, TR ELE
B s, B ME . O8 T ABEAR > A A, SIS
Sy =8 +5)/2,k=2,...,N . x(s) fE s, , FIEAME RN x,_, =(x, +x0/2, HAREIRLAL
Hoos KN T 55 S H i i A AME SR T - (5) A
W=r=0x=Lx=s5.4=c¢=1

WANRIEA y, =0,k=2,..,N , FIH I 2 MBI 2 T LR L %, v,k =2,.. N,
FIABE A, $8206) TR T [s,, s, ] ERIBUER T, FRET (¢, .. 0 T

MBAETTREA A 5. 00T =0, B[99, T = 470 HHRE)H S, 00,1
[ERER BT A R H (TP [s,, 5, ] LRIEUERR 5, BB PR X
AL @ T =y 2 ELy),.., v 1 BRI AR R T 3, v

- 259 -



F=t ImEEKS AT & B U m e EDKEh 1A AR S WO

u,, =u,— B Elu,]
B, =B +(f,—Bv)v /(vv) ,i=0,1,2,... (8
v, =ty — Uy, f; = Elu,, ] = Elu, ]
Hhu=(0yy) s u, BRHGERMIELME . B, & H OB HERT LERERIT L, W1k
[ B, = (E(he,) — E(0,...,0)) / h,...,(E(hey_) — E(0,...,0)) / h) » e ™A N —1 4 Ff i) &
EREBEEE | E|,<o (o>0FHLAEMAN/NEFHD F1k,

4 ZERIHT

e L FEREME, Ble=1. {HHEXIE][-25,30],N =2201,F =0.13,p=0.9 . X} X}
PR RIS €,=€,=-0.23 , iR e R UE I SN 1 Ja e AR — AN KB, Bl IR

1.8 0.03
1 o2t
1 oo01f
=0
-0.01
=" o5 1 15 2 25 '2I° -1I° 0 1‘0 2'0 30

d x

K2 (o) C/C, k% d HmEE e () d =1.03 Wi FHmsw

VAR PR /N TR AN U (R R o 1 RIS T R e KR IR €, ANAE (—d,—1) 47
FEEAA R € = -0.23 IS0 N T B RGN C, o Nl 2 (o) Fior, 2d A\ 0 IBHHE R
i, C/C, N 1.742 ZHE N . 2ad > 0.5, HRUER TR S — N HARNEZ W

2 T T T T

Bl 3 Rk imbE d Hn 2 AR

- 260 -



= A EURE) AT S T fUm e EDKE) R AR SO

WK, d>0.745 FFE FISRIEE T B, d=1.03 FERRERK, WE 3 s, A5
ROTH R 1.31 /%, HUER C/C, =1.384 « Z GiRIBMRE 2R, KT I rakiE.
d=15IC/C,=1.002, B (d,—1) bR RN EIE (—d,-1) B 2AEF /N

B 3 R IR AE BB 1 Rl e g B B = B o J AR A, A SR B
€=-023 A MILTE I TR E WA, R 1.943 b, b RoR A miik £ =-0.23 X R
RS TE VBB e, R A PGB TR 1 B DA UBE v DA I B8 R 70 ) A R BT R A g Y8 v A
(K1 0.972 {0 d = 0.413 W e, 1L 3.48X107" . [ 4 HLAL T d = 0.413 I 20 B K38 €, A1

1 T T T T T

€1
N e €
09\, 2
S N
= :
G 08f e .
= -
S egs
07F T e o-men--e---7
& . . . . .
0 0.1 0.2 0.3 0.4 0.5 0.¢

leal(lea))

B4 4y BIECE £ F1 £, 1 C/(C, +C,) AL

& B C/(C,+C,) AR NE DL, Hrp C & BSR4 i T 1 e Kk vgE, C C, 7l 2
(—d, =)~ (d,—1) AFAEEA K & < O XS ML AT R o K . 2 e B9 T, C/(C, +C,) F%
F 0.713, ZJGEEMIN, £=-061E%E 0.781.1M M & N, C/(C,+C,) MHERFK,
£ =—0.6119 0.696.19 2% I £ 38 S B T XK s B %, BB C /(C, + C,)=0.726 AL
LSRRG C/(C, + C,) BEAR R R, (R B ARAT ISR A .

2 E M|

1 Stanislaw R. Massel. Internal gravity waves in the shallow seas. Internal Gravity Waves in the Shallow Seas.
Series: GeoPlanet: Earth and Planetary Sciences, ISBN: 978-3-319-18907-9. Springer International
Publishing (Cham), Edited by Stanistaw R. Massel, 2015.

2 S. R Belward and Larry K. Forbes. Fully non-linear two-layer flow over arbitrary topography. Journal of
Engineering Mathematics, 1993,27(4):419-432.

3 Zhen Wang, Changhong Wu, Li Zou, Qianxi Wang, and Qi Ding. Nonlinear internal wave at the interface of
two-layer liquid due to a moving hydrofoil. Physics of Fluids, 2017,29(7):65-69.

4 R. W Yeung and T. C Nguyen. Waves generated by a moving source in a two-layer ocean of finite depth.
Journal of Engineering Mathematics, 1999,35(1-2):85-107.

5 Gang Wei, Jiachun Le, and Shiqiang Dai. Surface effects of internal wave generated by a moving source in a

two-layer fluid of finite depth. Applied Mathematics and Mechanics (English Edition), 2003,

- 261 -



=t A EUKEh At & B s A UK /A AR S WO

24(9):1025-1040.

6 Gang Wei, Donggiang Lu, Shigiang Dai. Waves induced by a submerged moving dipole in a two-layer fluid
of finite depth. Acta Mechanica Sinica, 2005,21(1):24-31.

7 Zhen Wang, Li Zou, Hui Liang, Zhi Zong. Nonlinear steady two-layer interfacial flow about a submerged
point vortex. Journal of Engineering Mathematics, 2016,103(1):1-15.

8 EHR, RWLL, ASEN. 73)ZA A b s ALk S SN AT )], TLIRRMEOR R B AR,
2017(31):566.

9 Larry K Forbes. On the effects of non-linearity in free-surface flow about a submerged point vortex. Journal
of Engineering Mathematics, 1985,19(2):139-155.

10 John E Dennis , J. More Jorge. Quasi-newton methods, motivation and theory. Siam Review,
1977,19(1):46-89.

Nonlinear interaction of internal waves in a double point vortices

LIU Di, WANG Zhen

School of Mathematical Sciences, Dalian University of Technology, Dalian 116024.

Abstract: In this paper, we investigate the influence of the symmetric/antisymmetric vortex
interaction on the interfacial wave in a two-dimensional two-layer steady flow, where the vortex
pair is located in the lower layer fluid of infinite depth. The integral-differential equations of the
interface are established based on the potential flow theory and the boundary integral equation
method, and is solved numerically based on the quasi-Newton method. The influence of the
distance between two vortices on the interface in the model is discussed. It is found that he of the
wave height of the downstream steady wave profiles oscillates periodically, and the period is
about the wavelength of the downstream stable wave for only a single point vortex upstream. The
extreme values are about the superposition of the amplitudes of two downstream stady waves for
two vortices respectively. The maximum value is at most 1.742 times that for the single point
vortex and decreases as the distance increases. The individual strengths are changed separately.
In these two cases the largest crest is lower than the sum of that for two point vortices and

decrease overall, but the variation is different.

Key words: Stratified flow; vortex pair; boundary integral equation; integral-differential equation;

nonlinear interface wave
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