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RESEARCH ON THE NEUMANN-MICHELL THEORY
OF SHIP WAVES AND ITS APPLICATION

ABSTRACT

Ship resistance, as one of the important ship performances, is mainly composed of viscous
drag and wave drag. For the purpose of improving the economical performance of vessels during
the period of ship design, one of the major tasks is to obtain a lower resistance hull form with all
other engineering requirements satisfied which may be a given speed, rated passenger capacity,
allowable cargo load, etc.

Being proportional to the area of ship wetted surface, the viscous drag of a ship can be less
likely reduced without any special measures for the reason that the area of ship wetted surface
barely varies with the hull form. On the contrary, the wave drag can be significantly influenced by
the hull form with the Froude number Fr varying in certain scope, which suggests that there are
great possibilities to get the wave drag largely reduced if some appropriate modifications are
made to the ship form parameters and hull form. Especially with the development of vessels with
large-scale and high-speed, the wave drag increases dramatically reaching almost 40% to 50% of
the total resistance. Thus, there are enormous practical implications to explore the ship waves
mechanism, to evaluate the real ship wave drag so as to improve the configurations of ships.

This paper conducts an intensive study on the Neumann-Michell theory of ship waves,
which belongs to the linear potential flow theory. It firstly systematically expounds the
development of the ship wave drag theory under the assumption of potential flow and summarizes
domestic and foreign research status and developing trends. Then the classical linear wavemaking
theory will be introduced. On the above foundation, the classical Neumann-Kelvin problem is
introduced and as well as it’s linear flow model through derivation. After that, a modified theory
base on the above Neumann-Kelvin theory—called Neumann-Michell theory—is given with a
detailed deducing process and an elaboration of its numerical computational method. Eventually,
it summarizes the characteristics of the Neumann-Michell theory, and draws a conclusion that the
Neumann-Michell theory performs better in predicting the wave profile, drag, sinkage and trim,
through an application to compute the flow about the classic Wigley parabolic hull model and
comparison with the results obtained using the slender-ship theory and experimental
measurements.

Key words: wave drag, potential flow, Green function, Neumann-Kelvin, Neumann-Michell
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FAS T VEAI LA, BT Wehausen F11 Eggers FOFRS S B F A2 AH 241, 1 Maruo ()3
W 2 —Ze AR50 0, FER A 2 R E SR ISR T AT 2 S ER . ERH A
A TR MUK AA A S ELb, R Eggers MUTHERLZE Y 1 BUF IO — B IE, EAUAD
O BIEABER T RELS AR B DT VPN 3FH., Newman JER T 5E # () = B 252
A,

Guilloton T 1964 4-LL Michell 3ig AZEA, $EH T —Flois s B 1 4% 6 30 26 PE AR B 1)
FERRAS e, RIKE e S A 26 1 3 G2 (R 4 B 2 i) A 46 g ) 2 FH T M SR (R (B AR A (), At i) R YY)
WFFA CHHIAYm A AR 0, ST MR e, E iR,
Gadd #H T4 &5 R Guilloton-Gadd J5v%, &bt B R, 7F— @ik mEE E N
(Fr<0.3), Bt 15 73z 14% Michell BRI 11545 5, (5 B FAU& X ARSI —MEIE,
RIS AR LA SR AE 35 — 58 ARG e AN 5 5K RIS I 5

T ER B A 3 T AR, TR B RIEA AR AATINE, 72
S R R B BT BT R 5 R A0 R I AR S It 1) B T2k A, TR T AR BT R an T 4
fen I EH R %A P2 T 1 ) LA T T AT . R AR B SR P A 3 A 1 R R TR AR 2R 1 26 1
() RN AR OR, THE AR S 4, — B8535 S0 U 8L 28 06 77 4% 1) B Eh T 22 n DA 22 75
s AE 2 BEAS SR A3 2 ST S RE SR A . R Tk, R R R G H IE — £ %1 LA Dawson
TERCEE G AR H e . J9AREHE S, BIZE—E 5 Pt NSRS R ek e, SR
TR AE— AR LRl . fEMMEw Y, BARIIASEE BRI Sms), HFER
AN T XA SRS Eh /& /N o 7 Dawson 7925 iR s 2 — T DL B AR i A v B
W SR E N R AR S, E BRSNS A A A ] B R S AL S
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WRETER AN EEAR B AT, I HAR A DGEAR T 2sam /g, MR EH
T 25 A AT DAL MEAR Y, o T e N B e 24t iE, Dawson J7ikfeFRie b & B,
RIS FR 2 S AT EL S . BRRFH ARSI ZE 540, AR T HAL LI 20300 (UFR Kelvin Y3
gy Havelock J5) k& AR R 26 IR BRI T 5, Dawson 574 1) 3 A — 45 s B Af R AR
Y5 (SURR Rankine U5 1E i bk iz 2. Rankine Y5k /2 J0 PR K 355 Hh 207 s Y M ok 4,
ERRT R SFESES T AL, B R RS T R EA M. HE Kelvin JEA
FIH A, AR H B KIRZARERR 2SS, Tz gDk 3 e — i A
W R Bl IR S A AE AR T RIAT, 17 Dawson J5 927 I 75 BEAE BT A 132 i AR B A
Ja, B TSN, EEE B B, AR . IR Rankine YEAETE 2 B AR T,
B 4 7 R b S b 7 FE e AR e R . R PR BRI I AR T OR A, 1 4
A RIAFEMI LY W, MIARAERIR - 1issh 8, TS —1F Dawson J7 ik LR 1P,

ELSR Dawson J5iREAS TR Kot (H i T8 & SR s Sent Lk, AR L2—
RS MRS, DRGIE R REEUA I B 1045 . DR EE TSR LT SR 7 i BRI o 8 1) 32
HUF, 1986 4ERT 5 A =& 4R T X Dawson Jikilt (T KRBT, HseadegEm A m®E
T 2SR SR AR DGR BE 7 i) o 3X 7V B A AR 2 )i Dawson 775313 4 i, 7L
XAMERFEARGS), BT RS, FXIXASF AR S [ BT rad R R A,
HAEFS RN E B e, RREHE, BEFseai eI a8 him&s (Bt
WAEKAE) Bl AR b, XEM ARSI R EIER. ST . REHIRESE T
XRTFVERAE R, i 57 B S G0 B 0 7T (0 23 B AT, A 24 R SE B B B
2, RE RS LA F B IR. BT, mRITEE R, Dawson J7 i A SR 58 4
LR PSP AR Z AR PR ), IF BT B T sE BRI AR BTt

1. 3.2 MM EIL I L

RSBGPS R R AR, LR SRR R T, B BT LAy MR R
FEHEZE MR PR, oM, RUXTRZRYE B R A AR E R AT S BB E, BFE -
IR B EMEE, MAER, KMES, 75 R fEIR N AR 2R I8 BRvk St
gk R SR P Sz FH U FE 8 LA K &5 Neumann-Kelvin 17] £ () Neumann-Kelvin 318 F138r 48 K
AR S . JELR MR NN — & 5 T i N R R L M sk se 2 AR ME 1 — S H e, BFE
Wehausen. Eggers 1 Maruo $2 4 FE M= X318, Guilloton-Gadd 757%, Dawson 7774 LK
JT Dawson 7T s 1) & K0T ESE

FAREIS . R AL AT B R R B R R AR I M IR R, AT 3L R R
VIR T VAL B R T A5 1F, YIRESEBR AR A ) LA f50 T — 5 (A A1 18 AR IR 1) 43 751 B 1]
i, BRMAERE T 1) Havelock Y570 A7 AR J LTS (A 347 MR 5ok il . AR,
ZH R AT BT FESE AN R CrBIONERT . A A B E ), AT Havelock J8 4377
AL EWAE Rl AN AT . K& I OZ Do T BN T AT AR IR R i 5
SERRARRAHZE IR, TR 1S B0 (10 25 5 R0 (A bt A FEE AR,

DAZE N B 10 A 1R 38 T 00 & 23 A 5 050 28 i B A &5 6 P AR O R AR 2 o 0 i T
%, 40 Sharma BR e 11HAA Baba MR NUEE, AR AR EENS 0 . X
K7 iR N ES R A BEE, HEIEH7 (Havelock T 1934 G287 (R R AR AR DS B
BH 715 B B2 [0 &1 Havelock A3 11543 269 B 7 F 8 i E eod d 1 7BH ) fx
IMEAL, 1B T EAFIBCR, VAR SOE SR T A T B A T ARG 1 o R it
HREEZ RS BN ERISCRE.

FEXT T MARAAR JUART HE R SRS B B I M B BRI S, WL R RS R IR 45 78 7 45
e E R R, R R IEER T AR M RNy — R 7, 138 T Rk
B V) SERRIOM AL, A 48 Inuid AELRT Pienoid ARAY, JFREFESEBRRA L3RG A
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). (R T TR e M Ee, 45 RSB BE A LA R B ) i TR 5 iR (H A — e %
5l o

5%+ Neumann-Kelvin 1) 2% ) Neumann-Kelvin B8 A5 40 KRR BRS AL 9R F 2 A4k B
PR AR Rl b, A T AR S5 T — e iy, RA T A A,
X 59, Neumann-Kelvin B8 ot 78 MR A1 7K 25 1 23 0 A7 B A7 s RdhAT 18 B 55 oKk il
T 34T 40 A 10 D) B dd s AR 4 T A 7K 2 B AR 2 o ok B AR AR il .- Neumann-Kelvin
AR R, 513 ISR K R LR 2 T AT DA EE AN, AHZR PR B T ™ . (Hil T
LR RSy TRIAEAE {75 Neumann-Kelvin BHE FHRAS S E 4%, i K AELS PR =4
JL AR PR R 25 ) A DA A B AT A5 AR 15 TR

Wehausen. Eggers F1 Maruo $2 Hi i i X318 LK Guilloton-Gadd 77 A58 m BL e,
EHE L&, BREMARESECY MR S HOE L HON /NG, R M A 1) kAT
BANETT, R AELET, R P, X EITER SRR R TS
PISEBRRBNARFAE GHS - ARZePE), DB v RS B 2 B B SR 2R & . (B IR
NIX KBS BRI I AEL M, FUA TEME RSN SitEaed T 4%, &
FRAK, AT IR 1) Dawson 5% J Fe Sk i kT 5 )RR A .

IR ) B R SR FH () B AR B O A B 2R 3 ST Bl , M MR BRI £ Havelock Y
L IEAF2& Dawson 572 LB ISR NEE AR S, LA Rankin AR R DLEBLRZ)
REERE, UG T RS b BB A N i B, DL Rankin JE9RS RER B, I
R SRR B, PLR g ) R R b 7 R e o R s i . 2R PRl R 2R 1) AR T LA
KH, §RT RS RETEHE, FOY IR, {2k 7 M0 E S R N s &
(7 T J o (B i P G £ B 1) Rankin 8, U 75 BEAE i R AR B R AR, X CEEY
KT AR EE, R TUES, 5 HE T E3 S M AN my 7 JoU e 5T 444

1. 3.3 Mok

TEAE G RPE DB, OSSR F o 2 4m Bt EEE R, HInZis
AR B — R e CUnvERR B E PR BE ) TSR AT A . (EL 5 SR 11 ] 0 1R
SE AR 5 S BRAR BUAR 22 KK, THH GRS RIS EM Z . 5B T EIIHERE AR
PUER R, BT ST EUE T B AT 46 5 2 12 FE R B SEPRARAE . oA H
Hess-Smith 7 1962 “E42 tH F£7E 1964 EHHT TAEBIR =M IR T I Gem M HAmIt 5 s,
TE 35 M FLEEHT S TSR0 458, 124 1k, BB SR LB 3 oy,

T JCIE PSRRI, BRAE (TR — OB (A BT 32 15 ) &d it
— B 77 NG N EM I TRy RIE N, FIX A RBE I s A R EUE 50 7 5 B
PRBMEIE LT BRI R R SR DAAR 2 T FRVE SRR R s THRCR AR T B i)
RAEBER FEE, HRARRER > FRE R, FIH DT SR MEA A IR 45 R 2L
S FA R, W ed— BB Wi W% R 2 A5 B R R0 B (053 1 LU AR
MR BN 32 T 5% A 5 HH A e (S P 2 BT o A, FH AT AT S P 5 P A AR R0 SR A 3
FESA VLRI IE B, e Jaidt— 0 SRgia 2 715 .

1.4 KXFEMRRAS

AL EEAFELLT N

(D) F—5: EB AP TGS ER 1)T 50 S, MERRM I BT Rl R 2 R PR AT AR FA0mt
M R R IFE .

(2) 55 35 BN LR M DS B A BB VR VR 41, Jorb AL FE R AR il CEAE %,
PR, IS, R 5 TC R R B L R ), A% TH) A YR DI E #5 (Havelock 5D,
Lagally j& B SRR AN SR BE 77 DL S 28 31 A3 e
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(3) =%, 4T Neumann-Kelvin Y% F G4 M sh B8 () JE Rt |, = A%
Neumann-Michell 245 3 & 4 AN A LR A T30 v S £ 308 Ul T BB HE &
(4) ZEPY%E: X Neumann-Michell & A THE A AT VEA A, F5F—N R
Neumann-Michell BEi&3EAT 115 1K S0 i 15 21 0 (0 25 SR 3EAT VE AR I EL A o T o
(5) HTE: X Neumann-Michell #2222 #EFM T2 f5, &45H Neumann-Michell
W —LeRs fi DA K COFEERR FORAAAERI AR, FExS BUE TAEEAT TR .
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SBIE e SOKME ERE G

Neumann-Michell ¥i827E4 i) Neumann-Kelvin D43 B8 () Bl #EAT i1k B i
— R A DL BEL T B AR . Neumann-Kelvin T8 )2 76 4L 45 (1) 26 1t D4 L) 336
(A b, ™% BT 2% A B AR M T S5 AR A5 2 — AP e . DR L EEXT R L)
LEVEDLPH IR R VRN R, H R EFE R EEAR R R, #hl iR, AR
-, T TCERT R AR FAE), A0 RN E A (Havelock ¥, Lagally & ¥k
FR AT AU BE g DA B 28 L P R

2.1 BEREAREIH

2. 1.1 FEAR B

FEBEAT AL U B I B O TR, R AR I

(1) BSE KR TR 1, AR KR A o 50 . HLIEBR KR K i by i
I

(2) BRI UFRT 7K - HEK BRI /KIS K FAERE U (5)E B ki
s

(3) MBS KR AT R4 BT TORE (KR ARAA o MR X 4088 BEL A7 P S R4,
A5 I RS B K TRT A5

(4 BUETHB B IR IE BT IER), IR S D(X, Y, Z,) o KT TRl A4

PRARZER RN S, HEEHTUGHD(X,Y,2);

(5) B AR YR I TR = 5 K 2 BeAl /S RO 8 i s

(6) ATHRRR IR MM E RS WERsm, BRI s . e KIS
BT

2. 1.2 ¥HITE

BT FEATG T E AR R U 2-1 Fs o J5 A 0 B AR MG HE BN i b /K TH 07 T An R
HERLT AL . Forf xoy P AL T R BRI E KT, oX BRI PAT TR ARIE
771 X0z FH S R T WI4, 0z fTE B KRS ) o AR X G iE 75 1 A
WU AR ELES), KIRSHERER, UM RASER, WA B EN AL
TR RN U 7 AR ) X 6 1 R SRR
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— "! -

| “ ’ X
\ o /

| - !

\ / [ T —

5 7 ) ot

} 0 3
\ o/
\ ,,
.

B 2-1 FsiAFEALIRR
CRil: ZH53CHRTD

TEREBNARPR R NS, WshE®, Hs RS D(X, Y, z) W LAE VRS 3 —UX A i
RS RN o(X, Y, 2) FE, 5EEREAR:
D(X,Y,2) =-Ux+¢(X,Y,2) (2-1)

RIS D %47 AL RV = (U, v, W) SIS @ 2 KR, F LR (2-2)

7

V =V

u:ai)z—u +%
OX OX

V_aq>_a¢ (2-2)
oy oy

wo P _0¢
07 02

Ref, VORGSR E R, U, v, WIIARIRY EARR X, Y, z HEfs

e

F B KR AT R (K, R 704 2 o 49 2 T 4
V.V =0 (2-3)

¥ (2-2) RN LB, AIRKT O(X, Y, 2) F@(X, Y, z) 72 € J5 fE——h 8 hi i 7 #2 an
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_0'Dd 0D 0D
2ttt
ox® oy* ot
2 2 2
vig= 00,80 76,

ox® oy° oz

V2D 0

(2-4)

L RREPNIE B 4 ) T

2. 1.3 44

T, AT RPN, BN IR A R AR . T TR R
BRI 2 0 i, BEEKE. B HEAYESE. BREM 0 e s sl i sk
PRREN 12D A A P I e D S AN B & I8 B A AT, T E B B S IS 3
FEA BN 1530 T2

2.1.3.1 Bsh2FU AR

TEEFHRANE LT, B F TN

F(x,y,z)=0 (2-5)

R M3 pk— ELESH T AR B 5, BIIAS CadEE AR R E D LTS — &
[k RS, .
v, -2
on
R, NABREINEG AR, AR AZSMN], m, n, Bn=(,mn),

WA (2-6) W13

0 (2-6)

V,=ul+vm+wn=0 (2-7)
MR o S A TP A DR
oF
| = OX
(GFJZ oF Y (asz
LI B L S L
OX oy oz
oF
oy
m:
(2-8)
[asz oF Y [asz
OX oy oz
oF
n= 0z
2 2 P
(6Fj oF (aFj
LCAINR (RN ICL I IR i
OX oy oz
¥ (2-8) RN (2-7), A
oF oF oF

Uu—+v—+w—-=0 (2-9)

E3
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E%ALEE (2-2) F1 (2-9), Baff53).

%)ﬁ_kﬁﬁ_'_%ﬁ:

2-1
OX OX oyoy oz oz (210

(-U+
LB NI E) ik A&
2.1.3.2 B3I kA
MTEHBmmS, HARGE (2-5) XKREERS THEEAZ FAREBKIE (2-10)
KHhE. B, EFEFES 544, B A HHE SR
XA R JIE BRAZE AT 5 A A4 8] el B2 AR 85 R 5 R
wz
2

1 =2
Po+ =p+§p’\/‘ +pQ9g, ONz=¢ (2-1D

X, ¢ HEBMMG, p, ARAE, p NEBM LR FIHSEFM4, 168 M F
B p=p,, RN (2-11) AT

1 —12 2
E(M—u )+gg=o,onz:g (2-12)
Bearat (2-2) skl (2-12), ghar g~ RiE A

1 (ogY (09 ¢ o4
2{(@)() J{ayJ (azj aX+gg 0, onz=¢ (2-13)
A2 A B B 12k
2. 1.3.3 &Il R KRR
(1) KRS
XKIET &, HiA AT S A:
z=-h, h—+oo (2-14)
AR
F=z+h=0, h—+ (2-15)

= (2-15) BARATLAEF):
F _oF _oF_

o =0, o 2 (2-16)
¥ BN (2-100 FRIGMIE 3220 %A+ a] DA 2
oz
I RBI A 30 75 B 2 KR 2 A

(2) Yyt

FEGRER DLW B T, [R5 TR 2L AR A [0 1T 2 75 380 KH A 7] 10 26 P Ak D 244
X AN AR T 2R A T SR R R A

WM ARRET S, SRR :

y=f(x,2) (2-18)
HHD
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i/ SHANG

F=y-f(x,2)=0 (2-19)
B (2-19) A4l
oF _ of oF _1ﬁ_ of

ox X oy e o (220
$o E AR (200) 1R 3 BT 4 o T LA A5

o6 of opof opof

Py, a2 P ]

oy ox oxox oo (22D
(R B D"J—%D—Tu%fﬁ g, merens 22 8 08 M g

OX x az 0z
o, R HIEROAA (2-20) A8y =0-Fi (RIAEA-RAEIHD #wd, Fha (2-210)
Al DA B g 2k A

0¢(x,0,2) of
) _ y<&d .
, (2-22)

b SE Y AT R A  E t  2 A
(3) A s&fF

XTEEINE, SHESNe(X,y), WEBITEN:

z=¢(X,Y) (2-23)
R
F=¢(x,y)—z=0 (2-24)
Hi (2-19) W]

—_—=,—==,—=-1 (2-25)

B BB (2-10) HR1GHIIE8) 2L A4 R RT DAAS 2

uds__ 99 090 0¢0g

2-2
OX 0z OX OX oy oy (2:26)

s L %Z—i i %% PSR, ST A/ S L 1 Eh R 2 2 P

uo __99
OX 0z

(2-27)

2 2
ST (2-13) AP E R 2 A, AR T Kaﬂ (aﬂ +(%j } i
2|\ 0O oy 0z

A DS RIZEAL I Bt Eh f 2 2% A
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gs=U (2-28)

BRAZA (2-27) Pron IERNYEAL A fTIHEsh 22 26 F AN (2-28) FraRos gt B i sh /)
kA, ATLLRSS

o9
OX

2
8_f+%%:0, on z=¢ (2-29)
ox®~ U® oz
BRI EE, B R ORISR IS 2 2, B
2
P ¥.0) . g 3(x¥.0) _, (2:30)

ox? u? oz

R B i 251

2. 1.4 HIT RPN %A

Wi (2-30) BIZtE B i A4 IR AR IR 35, 2 [FImT 7EM AR S 5 T2 i H
HE R, X RRSSEERA IREAAET 7 LI EAAERE G tk, SN T VBRI ARET 5 R
TS BAAEMAA G 77 72 1E B B R EE S IAE, 180 00 T 350 A ARHG 77 ok 1)
LIRS . K AR SRR RS SR Havelock 2 HE IR FEEL R 0%

2.1. 4.1 5S40

R T IEBEBRASAAET T B e & OCOR AR AR S 7 R B H B, AT DA — T R A
JE L 7 FE ) B s B A S R A S N, R E P AR H IR R A I E NS R
D 75 M A LRV TS JS PR B o SRR B 5 1 T AN 75 2505 2 P B i FE AN 4%
PEE HHD %A, 38 7520 2 T 55 1Ak L bR i P S R e S A

¢:{o(]/«/x2+y2), X>0,X*+y* > (81>

o)), x<0,xX*+y* >

2.1. 4.2 ¥ERREUE
NEARES (2-31) FERSH 244, Havelock 51\ T REBUI IS . FEEUTHE 12 RAR )
TR IR — o 5 AU AR PR R G 3 B K /IS BSGOE BU B i B 452 7, RIVVIYARAR 2R X, Y, Z AN AR bRl 1)

ﬁﬁﬁ$ﬁ%ﬁu€$,ygé,y%?gvﬂwﬁﬁﬁﬁ%ﬁum%ﬁﬁﬁ%ﬁmaA,
U T BRI, 1 T e R bt s oo b 77 8 vl B o6 MO
LB T B B L R R e R8T A7 Fed AL A
AR ] RO R4 B RN (R, FERUH R )R I R
Y T TP

LR B (0 TR, BN 71, ELE B BT DL 1D
e (211) BRI T, AT LU

U2
2

P, + +u' (-Ux) = p+%p’\7‘2 +pgg+ 4@, onz=¢ (2-32)

B (2-1) PRI AL O SMRAAPLEhEE S ¢ 2 18] % RN B IF2d B P
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FTHH@

gg=U%§—M@ on z=¢ (2-33)
ESBIASIN T RO 28U ZME B i sh 2226

HRAZA (2-27) Praon IERNYEA B mTIHEsh 22 26 A (2-33) FrRosi gl N T AR 2 5L
JRIENE B BB A, HERMER S (X, y)» HTLSE]:

¢, 904 04 _
PV Uzgz—y5;=0,onbg (2-34)
X, p= 6
FT B RIERE, BT A e R AR A 2L, B
2
CP(x.y.0) | 0 (xy.0)_ 26(%y.0) _, (2.35)
OX U oz OX

BRI GIN T RO RS I LNE B i s F .

IETJ:“\ \/\/&L_r_?} (HaVG|OCk ;}E\)

TEXPERR T, W RHBE R COfinmm L. SehrfRRm E5) &Y
AI7F s oA CAniR e I s AR ) SR EUARAR AR AT KA Hh fr 0 5 | S ()R 5 3 AL B0
SR AR S T A 1) 8T St T CARE AR SR A B FR 3R THD N 38 24 0 A0 1 AT e AR T A ]
. DRI AT DA HA SR AR A 502 B0 2 YR B 32 SR AR AR AR B X6 P A 2 . AT AL
P VAR T, 3 EEANOGE 2 [B) s YR 4 T B AR VR I 4

2.2.1 AYEHEE A

HIEETCPRKIE T R Q(E, 1, ¢) Ko — AL sm P CGE SCHRLIN 8] A it 47z BT AR K

RUBF AL IREE) R, BRUONANEAE B BRI R, MR A 77 2 bl S SR s
HATLLRIRN:

¢(X! y’z;é:aTLg):_% (2-36)

Kb, (%, y,2) Zrbis, (&m,6) T, 1=y(x=&)F +(y-n) +(z—¢) .

X SERRHPK RN F . BT B BRI AR, PR L ER AR A
TR P 2 ) s P T EE 3 o

PAVERAEAE 15 Q(E, 77, ¢) K AFAE— FAA7 IR F PR T A 2 B A P A BE 8 3 1)

. MRAER R B FJ, A2 H BRI BT 5 8 QS 1, ¢) MIRHILLE Q'(E, 17, —¢) W ESF
FE 53— BRI CRRONBREIED, Wk 2-2 o
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Q(E L)

\

B 2-2 AUERBRIEAL
CRiE: Z% 5]
LR HT AT, A T R AEAERININE (B R T 4, JRAT3IN TG0, (AL

E%ﬁ%%ﬁ@ﬁﬁ*%ﬁ%ﬁ—%ﬁﬁ@ﬁ%ﬁﬁﬁﬁﬁi%%Mﬁ%%—%Zﬂ,W:

1

1 1
P(X, y,z;f,n,g)=—F—F (2-37)

1

A, r=(x=EF +(y-n) +(z-¢) » n=y(x=&) +(y-n) +(z+¢) -
T 55 (E,m, ) ALTRFEE g m iR SRS bR 1) BE A5 S I H R TR, RIFER B IR 1
WG R, O TR E R R, BRI BT AT E — RYIREE Y m A B AR

(&7, ¢, ) WOV, SRR 1 28 o T2 ) AIBEAE 4 P T F 240 P4 T L
@*ﬁ*%ﬁﬁ%—?ﬁﬂﬁ%%ﬁﬁﬁﬁﬁi%%MﬁE%Z@:—Z%%ﬁmEm

m m
MK%E§WA)=—?—§TE (2-38)

S

1o (2-38) I AR AT A1 P2 4 j i A i g RE AN TE BRR AR K 2% o R T A 20K
S P SRR AN S AR R BNk B i 2% 1 rh BV AT 3 — 20 SR e 2 8] i
PCPIRES . ARV T, T e S MECRIs FAENS S AT, SBol AMF AT
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17,7 .
:zIﬂd@!exp{K[—(z—g)Hw]}dK
L oq e (2-39)
r—s:Z_[Tde.([exp{K(z—g5)+iK[(x—gs)cose+(y—775)sinH]}dK
A, @=(x—&)cosd+(y—n)sing.
A (2-39) AR (2-38) 1, A5
_ L :
B(X, y,z,g,n,g)_—E_J;degexp{K[—(z—g)+|w]}dK
z o (2-40)
_%gms_[[dez[exp{K(z—gs)HK[(x—fs)cos¢9+(y—ns)sin¢9]}dK
F (0, K):iZm exp{—K[g +i(& cosf+n sine)]} (2-41)
272_ S S S S S
ATLAEH F (0, K) NRIEEAN IR AT i R R R R 2
K (2-4D) RN (2-40) 7115
B(X, y,z;f,n,g):—zﬂIde'[exp{K[—(z—g)Hw]}dK
B0 (2-42)

—f dHTF(@, K)exp[ K (z+iw)]dK

X, w=xcos@+ysing.
WAL (2-42) F (2-35) RIW] LASRASH 2 M B I 25 AT MR T B D7 g &1 R i e v
BRI

m(K + K, sec? 9+i,usece)

F(0,K)=—
(6.K) 27 (K — K, sec’ 0 +iuseco)

oxp(K[c-i(zcostensing)]) )

A, KOZ%O

e (2-43) AN (2-42) gl T LA 20 R f - Rl 7 12, IR KR & AF LA A
HH R T 25 A P 23 18] RN T E 9

(X, Y,2,E,1,¢) :—% jf dHTexp{K [—(z—g)+iw]}dK
s (2-44)

T, TK+K 20+i g .
+%Id9_{[ R SEC O 1p5ec exp{K[(z+g)+|w]}dK

K —K,sec’ @+iusecod
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2 H 2
g 1k K Kosee Oriusecd ) 2KeSeC 0 s 2309
K—-K,sec” d+iuseco K—-K,sec” 0 +iuseco
FNFTLAAF 2

exp{K[(z+¢)+ia |}
+ K—K,sec’ 0 +iusecd (2-45)

¢(XyZ§UG)———+m+ _[sec edej
r r

FHE ] DL, 25 ) SR U AR A S B S =T 5 — IR T PR KR AR

TIERR S SRS T B AR AR R A, 58 UM AE 9 B el TR e gy
?ﬁ AT A RV T 3

2. 2. 2 Havelock ¥ 4% bR b5 £

K (2-45) K LRI EG(X, Y, 2,E,1,6) KomA:

#(X,Y,2;6,m,6) =mG(X,Y,2,&,71,6) (2-46)
Horr:
. © ex K 7+ +|w
rn o° s K= Ksec 49+|ysec6?
X (2-47) AL =T AN E R Xﬁﬂé, ] AR 3:
1 1
G(va,Z;f,%G):——ﬂL—
rn
2 .
+ 2K [ sec? Hdexv.pjde
4 o K—Kysec 0 (2-48)

NN

+2K, i sec’ Osin (K, sec’ 0-a )exp| K, sec’ 0-(z+¢)|do
=

X (2-47) BEATHRSGT 26U AL, A B AL R R0 BT 7 JC T 5 5 A7 AE B e AR R A 2
G

bk, ATLE MR G(X, Y, 2,E,n,¢) BA BB S o B L,

LR R TOPR AR KR 26« 2R 1 FR TR 2 A R S 2 AR I 5 1 3 5 R O s
by B T R A A] R R BN R R R . AT B RR A Havelock YRER Kelvin i .
2.2.3 RUFFRIGBOH T
FH T A M8 1) R 8 4 o) 77 R R 3 S S A T R e I S IR K o3 D7 A, mT DA FH B
JiR PR SRR OGP R EE R U AE E T T 0 A Y Y R e I Ak E’Jlfﬂ?ﬂﬂ‘%Mﬁ“ﬁiE’Jﬁﬁzﬂ
B, FEEAR M I8 PR 4 T S5 200 0 3D % R DTl B 3428 I 2 RN B e B2 1) mt 5 FE A AR
WA P B2 A AR T sl R B EAT S BN 4\%%5@@?5@«%@%@%

I ELA AT R EAR S 5 M A (&, 7,6) (=123, N, fisk (245) f
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<2%>u&%MEﬁTuHﬂW% L TR E N

#(X.¥,2,E,1,6) = Zm[——lj

i rll
(2-49)
K, z exp{K[ Z+¢ +nu]} i«
m Zm,_[rsec HdQJ.K K,sec’ @ +iusecod
HRIR N
N
#(x.y.2:£,1m,6) =2 MG, (2-50)

b ==& ) +(y-n) +(2-6)" -
6 =(x=&) +(y-n) +(z+6)"

@, =(Xx—¢&)cosf+(y—r)sing.
A0 AR BRSNS P A AR S T e A B AN S IR RUR R AR, JF
HA o(&,n,¢) NESE mIRHER AR L. B0 AT AR BOE B 350y -
H(X Y, Z,E,1,6) = ﬂa(é,n,g)G(x, Y.2;£,17,6)dS (251
£ % @5ﬁAﬁﬁMW%Lﬂﬁ ARG AN 7] R M I8 FRR v 25 58 B P T3 5 A1 PT BA
e 5 AN IER I E R o (E,n,¢) » IWTARIE (2-51) SRAFHH R I ARIZ 5%
T FE

23W% LKBR

U TR B BE A o BRI T g my i A, LT B A, U
V5P 32 2 AR E R 9

E =—4zpmV, (2-52)
IR IR (D) % /AR Lagally 5.
P AR AT PR 24 ) 24 A SR M ARSI, PR Pt ARk O PR 71 F T BAFR A

M IR SRR ) F, 2RI BRI T, F 78 X 507 F i 5

& F AR 2 2% BT R, -

R ARFE # K h LR/ U 7 TR0 1) X Bl I 7 18] AT FEAR RS E 1 A1 B AIs iy, AR
B R, SRABESIAARR &, AT A AEAARARTE /N U T3 R 1R X A6 405 1 (124 2
R T R E AN AT AT A 2 SRS AR Eh R K B N, i T EAF A R
SR ok [ XA O RE— 1T S b3S 73 A ) s PR AL
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A (2-1) M (2-51) AR, HIEY SR B 95N 22 70 A 1 7 s B 35 R O
R BOE L N

O(x,Y,2;£,1,6) =—Ux+ [[ (&, 7,9)6(x, ¥, 2:&,7,6)dS (2:53)
S
W — AL TETR X Hl 7
u= 8(1) =-U +% (2-54)
x OX

M (2-52) AL, 10 S S AR ERIVRSE o (E, 17, ¢)dS B2 BIRIFAE R 0 X B &

N—4mpo(E,n,o)udS , HILAEM S ERATH AT DS BT S 3827 A7 i sl U5 32 2]
A S VR 00 X Bl 70 &, ROAAH A SR ) -
Ry = —47fpﬂ o (& 7,5)udS (2-55)
S

fa3k (2-54) A ERA, W1

Ry =432 [[ (67,685 ~4p [ o(Em,) 22 s (2:56)

RS TR B A AR, VR s iz %, ]
“‘7(‘5”7’4)0'3 =0 (2-57)
S

Wit 132] 4ol ([ o(£,m7,6)dS=0 . BLHIIpEE FE Bl B I K NBAT HE A
S
H ERAAR (2-56) F1oy LAfE:

_ o¢
Ry ——4ﬁpfsfa(§.n.§)&d3 (2-58)
Bzt (2-48). (2-51) FIxX (2-58), FH&kr#rfarl s, #HHEEG(X, Y, z;&,n,¢) 1%

ﬁﬁ*—%\iuﬁéﬂ%ﬁﬁﬁ%%mﬁ%ﬁﬁﬁg DB 7 B4 5 7L R b 6

h

MRS TR E, JEAT LIS 3]

71'

R, =87pK,? j )sec® 6do
2 (2-59)

g} = ”a{;ons}[Ko sec’ 0(xcos 6+ ysin 0) |exp(K,zsec’ )dS
S

LR LR, R SRR , BRI ER R G(X, Y, 2, £, 17, 6) Rk

E‘J—% - — AL RR G TSR B B A B stk oa %, BHITR/N A5 3R R T4 5
1
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2.4 EARIEL

22 PTG PR AL SR B T R LR B0, T L ] EEHE R R A M FE
R

£ S s AT AT RIS B, PR A L R o (&, 17, ¢) REARIESS € T L

FARMEIMUARA E o EFATEL T, S IR A AE AN P AR Sy b, HAmL 52
X (2-22) 4.
FEMAR R A Sy LWy dS . W EALI TR P dS 2 A K s IR ) R
ArodS , AN 73 5 FRLE N -
Q =27z0cdS (2-60)

RN A (2-22) R kiEE kY, = 22©08) _ dEe)

on o0&
Q A —FFRIEAN:
Q=v,ds=-u TS g (261>
oS
B (2-60) Al (2-61), W] LA A ST L A 3550 A1 2% FE B BN :
V U of (£,5)
0,6) == 202t ]
0(£,0,0) on 2% oc (2-62)

Bl (2-62) ZFRIRARIE (2-51) F1 (2-59), 4> 5 AT LLAS: 31 JH A1 0 35 3 oF 3401 D438 BHL
AL I

(.Y, 2:£,0,6) =— ﬂ (5 6(x,y.2:£,0,6)dede (2:63)

2
R, =87pK,’ j )sec® 0do
(2-64)

} Héf (X 2) {COS} K xsec&)exp(Kozsec2 G)dxdz
sin

R (2-64) AT AR, LsecO=A, MNPFH A XA AR -

4 2 © /12
Rv = /Eng J-(|2+J2) /12_1d/1

oI i (ma(caso
So

(2-65)
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B suanamn 1ao Tong v KZ Neumann-Michell T2 5k BEARARSCHEL)
Michell 2z 2eEREAR AR AT BT 7 AT ARHE S T (2-65) PrR s BEARFE /1 A

o R P BT S B TUATRIE B Rk, A T BB S0 U FE T 1 ST . 28 (2-65)

&2 4 1 Michell #14.

2.5 KRB

A FARNBFE PRI RN, 2 I 2R M B T BRAE T RARI 41,
A RN AR GEAR RS, H5fE, L&, MR dsn, wiit
PO TRPESMILIREEAT), 2] IR S (Havelock P50,  FHURIC B AR ) 7 Aok
BRADMGA U, Lagally 52 BE SR ARG B 77 LU R 22 S (R i B 45
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T =E Neumann—Michel | 3£FIH i

T R4t A& CRFE B i 2 A 25 1E ) B2 D40 BE V8 BT LIS A 45 SR
H5REAEMA, FILHB T2 LmEe ool rik, Kb ass Brard HHEM
Neumann Kelvin /a5, kA& B Neumann-Kelvin ZEPE#RATY . 78 Neumann-Kelvin

T2 IR T FE 5 3 5 3 O R R E K AR AR — TR AR K L AR 4, LR R 20

¢G, —Gg, . KEBUEMT TR, *T /K EHKERAAAN S, 5 Neumann-Kelvin 2

T AH B (IR 1) R SR I R L S 2, BRI S 301 1 45 SR IA A 2 U i BR AR FR B
nﬁﬂé&l, SBHATN N AE T AR 0 T R A AE AR Tl . & T 16, Noblesse 5542
T — RS, FROA Neumann-Michell #Ei8 . 1ZHE 188 %) Neumann-Kelvin i
VAR DU AT A R FF 7 AW 25, 9l NI AR A B 35 1 773, SR FH e FE TR AL PRt 2
RSB SR AT RN 2N B D 25 IR PR R 0T T AR R R R S ) A R U R R B T R
WENANIEFE AL BT . FH 3. FHOUFIMEAR 43 S FHE s 3Rk 5, AT o] DU FH 7 5
BN T ey AT s R AR A AT SR M - 31X —Z04 X% Neumann-Michell 2 i [ #1168 v 253
TN HRES: .

3.1 IMIAF RN FHi2
Neumann-Kelvin H i1 Neumann-Michell e (1128 11 i s A4 8 37 10 ik 35 k& Ak

FARDTIRE, A BE T A 4.
e AR AREE A

Iﬂw Vig—¢-Vip )iV = H(V/an an S (3-D)

R Ay AT g NTER S X I P R R R K, B A Ry R AT R, Vi =0

HV%=0, M (3-1) RATLIEN:

ﬂ( n de 0 (3-2)

ooy 8 ROk E o (XY, Z) BB o R A R O B B

= = = _ S ATy B AE LSt Bl o=t i
"= XY (=Y ) o (2-2) r
= = o3k T BB HHE 2 (X, Y, Z) dhy 5 —73 5.

O Jx=XY +(y-Y) +(z-2)
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et (3-2) U AR IR ALHE 0 (XY, Z) » W (3-2) TR IR RABERNGL . PR

FAVER S XN FI 2 AR (XY, Z) s, A e, HEBUNS, B—/hER, # (3-2)

X5 -
10¢ 01
_____ S=0 -
J-[é(ran ¢anrjd (38)
L3 EcH
10¢ 01 10¢ 01
————— dS=—||| =———-¢—=[dS -
Lj(ran ¢6nrj g(ran ¢8nrj (34

Yo —> 0, 5 e i i éﬂzu?
Iim” —dS <lim—~ _UdS —lim4zeN =0

&—0 &0 ¢ -0

(o2 )ds-';ﬂaﬂ s -y

Lﬁ$,N%%§EﬁE&L%LﬁO
Bewr st (3-4) A1 (35) AL

10¢ 01
4;; J‘J‘(—Eﬂﬁ%Fjds (3-6)

A AR AT A B M a8 @ R IE T 5 (XY, Z) BIHUE, #EL(X, Y, Z2) RoniEAD

(3-5)

W, WAEME) ¢ RAZACE @(X, Y, 2) s EREMNRRFEEXIKS LR FAR Y, ik

1

PL(E,m,¢) BomAR i A B, WIBE AR e o = ﬂ¢ﬁ@“%ﬂ¢ i
r(x,y,z;¢,n,¢c)

#(E,n,¢) . MM (3-6) HERISIERZL T :

1
#(x,, z)——s(gg){r(x e )anqb@ 11,6)
L (3-7)
— — ds
Heme) (X Y.z, g)}

AR T3 R R U SIS R R B AR OC AR, B i R EUE T A0 57 A e
EAEIL T BRI RER .
X T M AA M AR by T R IAAE R, S5 4R —AEAR AL A ) XN TG A A i

MG . 2w=C"IFRAKX (3-2) 1, WLIFH:
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op oG’
G'—~=- ds =0 ]
[J( on " on ] (3-8)
¥l (3-7) FIx (3-8) AHINAT AT 2
1 1 Y.
s [ |[rots e | Zocns
4n S(én.c) r(xy,z;¢,m,¢6) on
(3-9)
1
—p(&.7, g)—[ G’Hds
onir(x,y,z,$,1,6)

ARG = 1+G' SNl

Wyz%f— ﬂ[@@yléngr—ﬂénd
" e (3-10)
—¢(§,n,g)%G(x, Y, Z, é,n,g)}ds

R G AR NI S, B TR 7R, MR —gn - VG I Bk

DAY N AT IR 5 BRI SRR R S8 5 A T 34 T L P00 5 53 1

FERN -V ) SURRISREE Sy @ (B EIR LR 7 1 b B TR 20

BT B (RS Rl B AR 4> TR . Neumann-Kelvin ¥Ei& A1 Neumann-Michell ¥ i
MR A R A R R R T I A AR e

3.2 ERRENER

3.2.1 AR

(1) BSEMAE R T 7K EHEK BRI IE4T7ETCBRIET fI7KIg e, Atk
B A LA S L

(2) BEARRAT R4, YR, Tolie. TCRITA, 2kt 2 i 1 ra s

(3) fBE MEAA &m&@ﬁ%%&&zwm¢,%ﬁ%ﬁﬁﬁofﬁﬁﬁﬁ&\%ﬁ
25 1 R T LR T R B

(4) ATF/KFTE K 300 2438 FHL 77 (50

3.2.2 FSIFET

BE AT L (7K T HE 7K 2 AL MR TEBRER T 7Kg K T A AT o Vg 1R 50 18 L 2%

B3y, EAZHEATA T EA AR RN 3-1 Fros. U 0 BFE R Pah 1 i LK i F AL T
B KE I LAk . He xoy T AL T RGN ERKE L, oX R A M & 747 T A0
BT X0z VI S MR G VI &, 0z Bl ELEF KR A o MR X HiETT )

LUHBEV (SR B RIS E), IKIRISZ R 3, DABERNTALRR RS &, AT UG VRN

Wb KNV T [ R) X AT [ A2 SRt o
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B 3-1 MEshAFEASTRRR AR EEE
ORIE: 25 3CHR[2]D

FEREBNAAAR 2R T LSS, TishE s, SR IR /R % -V X AR 51k

FOLEHIE S D(X,Y, Z) e, PARARENTTE i ok AU = UV, W) =V .
FH A Lg A0 Vg 46 b2 B0t 47 T8 R0 4, AT T DA 380 5 8 09 A 1 A

(x,Y,2)=(X,Y,2)/Ls » ERAULisrEu=UN, , LRALIEER ¢=D/(ViL;)-
S Fr =V [\Jol o 52 SO T S A AR T R4 5 (x, y, Z)

(X,Y,2) » 52 % R R RT3 55 59 U = (U, v, W) = V@ FIU = (U,V, W) = Vg

3.2.3 MHE
Neumann-Kelvin [a] @758 Or B 280 ) H B R 1 26 F, Bl

D, +\%q>z -0 (3-11)
W HICEN
%Jr;/_li[@xx.\';_ij:o (3-12)
I JE R AT DS BT AN 26 R4 B B3R T 251 W R
¢, +Frig, =0 (3-13)
TENARZR I 00 R E™ 2 P T %A, B
D, =V, (3-14)

VL =(V, 0, 0) WM BTAFHE SR, T=(n Y ) SO T A7 o
RN PR 15
®, =V, =V, -n=(V;,0,0)-(n*,n’,n*) =V,n* (3-15)

n

R R
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SHANGHAI JIAD TONG UNwmuv B2 Neumann-Michell 32i¢ SR fRARARSL KPR H
@, _ Vs’ (3-16)
\'A V,
I B AT LTS 3 0 5 A 4 7 2 A T AR
¢, =n" (3-17)
TantREl

3.3. 1 WFFRD T ke
B (3-10) RESRT LIS E]:

Eﬁ:jj(eﬁ-w—qﬁﬁ-ve)ds (3-18)
>
%ﬁ¢%6%ﬁ7(&m)ﬁ$%£LGoiﬁ&%?%%ﬁ%%ﬁﬁ%ﬂuﬁwﬁiﬁﬁ
y/4

RIS FE A N -V b 1K) SRR L S (B PRI 2R 7 11 b R 7ok 2%

X FAETCBRIRT /K gis K T AT 5338 B s KA T g K i s, BATd B X
BRI T A

(1) Bk ISbRgARE S |
(2) KT R,

(3) DAAEFRJE R, AR 1 —> oo (AL T /KT LA R B BRI 27 .
i 3-1 o, Rl
r=x"yUsiuyz” (3-19)
SR 2N R YWz b S U HIF

Gz{o(l/a/x%yz), Xx>0,x"+y* > o

(3-20)
o(1), x<0,x*+y* >
Bearat (3-17) - (3-20), AILATHE:
¢:HGnXdS—ﬂ¢n-VGdS+_U(Gn-V¢—¢n-VG)ds (aa1)
= ! s

iR AR Neumann-Kelvin PR A1 Neumann-Michell B4 2k P M8 i B #4345 1) 2t
fiti
3.3.2 LML

Neumann-Michell F i i 28 1 (4 I 45 5 B 1) S BRi K R i 20 RIOK B SEBR B 26

SF AR BIEAE R BIAR A F  k i =7 Aok =5 B M (3-21) W LLGERAE IR A:
E}:”(an —¢ﬁ-VG)dS +”(Gﬁ~V¢—¢ﬁ-VG)dS (3.2
=H =F
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AR THEKIET g, n=(0,0,-1), FiLlaf:

nveé=—
. =4, (3-23)
n-vG =-G,
KR (3-23) RN (3-22) A5
$=|[(Gn"~¢n-vG)ds + [[ (4G, - Gg, Jixdy (3:24)
sH sF
ZIERIFIH (3-13) PR LEN & B R &4, X (3-24) F M =ik
BR ES T DA 4N T AR 4
4G, ~Gg,=4(G, +Fr’G, ) -G (4, + Fr'g, )

+Fr*(G,4, +Gg,, - 4G, - 4G,,) (3-25)
=¢n°® —Gn’ +Fr? (Gg, — 4G, ),
e
G, +Fr’G, =r°
¢ +Frig, =n*
¥ (3-25) AR (3-24) o, wJLAG ]

¢=[[(Gn*—¢n-vG)ds + [[(47° - Gx* Jxdy

(3-26)

(3-27)
+Fr* [[ (G4, - 4G, ) dxdy
ZF

S 2 b A 00 565 DU T3 P o e e v 1) B PR s P b 2 2 Ak T DA 3
FrZII(G¢X —¢GX )dedy = FrZJ‘(G¢X —¢GX,0)'(ty,—tX yjl
) - (3-28)
= Frzj(cagsx — 4G, )tV
r
ERP, T RRMAT KRR S AR S 0558, BRI AT AT .

t=(t",t¥,0) 9 T f sy B, Il e 5 WP A28 2 i B n=(n*, nY, n®) 1926 A

=)+ (o)
ty:_nX/ (nX)2+(ny)2 (3-29)

B (3-28) A1 (3-29) AN (3-27) w1, RIA[15F] Neumann-Kelvin H ¢ 28 IR a5 AL .
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(Gn* —¢n-vG)ds + [[(¢7° - Gx* Jxdy

¢G, —G¢ ) (3-30)
+Fr? X X n*dl
1J(n*)2+(ny)2

ERedr, A SRR R 2” = g, + Frig, =0 9 BRI E Tl &,

%4 =G, +FF G, =0, & B4R ¢ BstikE. 40 =50 A
Neumann-Kelvin B 17275 [ ISR R IIAR BN I, - o T8 P72 A A L 94 54

2.
3.4 Neumann—Michel | IR Z MR EhiRBY

3.4, 1 — &Ml

Neumann-Michell B i$% () 4& 5 Neumann-Kelvin F 648 7] ) 28 1k 1 i T 4% A0 e
FIITE 464, Hol B 0 SR 2 MR (3-21) JTE. 5 Neumann-Kelvin 38 A () 2,
Neumann-Michell &R T a1~ 24k 77 5

H1 3K (2-28) ST RN R AL B R T 21y ) 25 25 A4 T LAAS A A S s 8 2 T e 3 AL -

Y/
Z=—=0, (3-31)
g
B HICEN
LS gLS VS
RIS BT E AN B T m s R
z=Frgp, (3-33)

B 3 (3-20) Pt 0/ PP R AR BR B @ 28 b 1 SR 22 & L 3 HLp 3 (3-33)
A AR P SRR R T 2 SR TRk T = AR SbR 1 iR 2L 5ok =
IR 0(g,) , BFILa (3-21) 530 (3-34) 2B BLZBS AR 0(42)
$=[[Gnds - [[ gn-VGdS + [[ (4G, -G, Jxdy (2.30)
s A o

X (3-34) HEE =T AL Neumann-Kelvin B g o HUR 7 A—#F,  d B xCnT
LLEN:
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RESEARCH ON THE NEUMANN-MICHELL THEORY
OF SHIP WAVES AND ITS APPLICATION

As we know, ship resistance is mainly composed of viscous drag, which is proportional to
the area of ship wetted surface and less likely reduced without any special measures for the reason
that the area of ship wetted surface barely varies with the hull form, and wave drag that
conversely can be significantly influenced by the hull form with the Froude number Fr varying in
certain scope. Thus, it suggests that there are great possibilities to get the wave drag largely
reduced if some appropriate modifications are made to the ship form parameters and hull form.
Therefore, the exploration to the mechanism of wavemaking, the estimation of the wave drag of
real ships and the improvement to the ship-form via theoretical, experimental and numerical
methods have always been the key topic of ship resistance study.

It has been a long history of more than a hundred years for the research of wave resistance in
theory, during which alternative methods for evaluating steady free-surface about ships in deep
water have been put forward, including semi-analytical theories based on various approximations,
potential-flow panel methods which rely on the use of a Green function like Rankine source or
Havelock source, and CFD (computational fluid dynamics) methods for solving the Euler of
RANS (Reynolds Averaged Navier Stokes) equation.

It is a tradeoff between competing requirements in regard to accuracy and efficiency when
selecting a flow calculation method from the above. Specifically, the simple methods like
Michell’s classical thin-ship theory are of great computational efficiency and easy to use, while
they lack enough accuracy because of their special approximations ignoring some real flow
characteristics; the CFD methods based on the Euler or RANS flow equations can yield accurate
predictions of steady flow about a ship hull as they include most of the relevant flow physics,
however, they are less efficient for their computational complexity. Then, there is a desperate need
for a theory which accounts for the main flow physics and yet only involves a relatively simple
boundary-value problem that can be solved in a robust and efficient way, so that it can be both
practical and sufficiently accurate to be widely of use for every stage of ship design, from concept
and preliminary design to detail design and design evaluation.

As simple Michell’s thin-ship theory and Hogner slender-ship approximations both use a
linear body surface boundary condition and they don’t yield fully satisfactory results, a natural
modification of them is to adopt an exact body surface boundary condition, which forms the
Neumann-Kelvin problem, i.e. a boundary value problem which satisfies Laplace control equation,
the Kelvin-Michell linearized free water surface boundary condition, exact body surface boundary
condition, boundary condition on seabed and radiation condition.

For the Neumann-Kelvin theory, large amounts of numerical studies have proved that for
ship hulls which pierce the free surface, it is considerably complicated and yields far less
satisfactory results. And the problem is suggested to lie with the waterline integral term, the
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integrand of which is Gg, —¢G, , where X is the coordinate along the ship length, ¢ is the

flow potential and G is the Green function associated with the Kelvin-Michell linear free
surface boundary condition.

The Neumann-Michell theory is a modified theory based on the classical Neumann-Kelvin
linear potential flow model of 3D flow about a ship hull steadily advancing in calm water. Thus,
the linear potential flow about a ship hull steadily advancing at a uniform speed along a straight
path in calm water of effectively infinite depth and lateral extent is considered. And its boundary
value problem is still the Neumann-Kelvin problem.

In the Neumann-Michell theory, a new treatment is proposed to deal with the line integral.
Unlike the Neumann-Kelvin theory, through adopting a consistent linear flow model, a special
mathematical transformation and practical simplification, it gets the troublesome line integral
around the ship waterline eliminated, and obtains a simple expression of the flow about a steadily
advancing ship hull which is merely in terms of a surface integral over the ship hull surface. And
through the mathematical transformation, it develops a new method of iteration approximation
computation to solve the perturbation velocity potential disturbed by the ship hull, which can get
the result rapidly. Besides, the Green function that satisfies the linear Kelvin-Michell free water
surface boundary condition and the radiation condition in the Neumann-Michell theory is highly
simplified and regularized, by means of which it yields a practical mathematical representation
involving only elementary functions that can be integrated over the ship hull surface using
straightforward Gaussian rules within a lower-order panel method in which the ship hull is
approximated by a set of flat triangular panels.

By analyzing the results obtained from Noblesse’s an illustrative application of the
Neumann-Michell theory to compute the flow about the classical Wigley parabolic hull model, it
can be found that compared with the Hogner slender-ship approximation, the NM theory has
better performance on predicting both the wave profile and the wave-making resistance
coefficient. The wave profile predicted by the Neumann-Michell theory are more closely in phase
with the experimental profiles consistently for every Froude number, and are in appreciably better
agreement with the experimental measurements. In the wave-making resistance coefficient curve,
the well known unrealistic oscillations (humps and hollows) are greatly reduced in the
Neumann-Michell theory.

During the whole process of thoroughly learning, deducing and analyzing the
Neumann-Michell wave-making theory, the following characteristics are summarized.

Compared with the traditional linear wave-making resistance theories, such as classical
thin-ship theory and Honger slender-ship approximation, the Neumann-Michell theory has the
same approximations that surface tension, viscous effects and the free water surface nonlinear
effects are ignored; the only difference and modification is that the Neumann-Michell theory
adopts the exact body boundary condition in accordance with the Neumann-Kelvin problem,
which accounts for more real flow physics, thus it obtains predicting results in better agreement
with experimental measurements.

Unlike the Neumann-Kelvin theory, the Neumann-Michell theory is based on a consistent
linear flow model in the procedure of linearization, which may be helpful to the accuracy
improvement. Besides, within the consistent linear flow model, and through taking a special
mathematical transformation and practical simplification, the troublesome line integral around the
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ship waterline is eliminated. Therefore, the Neumann-Michell theory potential representation of
the flow about a steadily advancing ship hull merely involves a surface integral over the ship hull
surface, which will greatly reduce the computational complexity.

In the Neumann-Michell theory, the local flow component L in the Green function which
satisfies the linear Kelvin-Michell free water surface boundary condition and the radiation
condition is highly simplified and regularized, thus it get a highly simplified Green function with
the singularity eliminated. Based on this Green function, it yields a practical mathematical
representation involving only elementary functions that can be integrated over the ship hull
surface using straightforward Gaussian rules within a lower-order panel method in which the ship
hull is approximated by a set of flat triangular panels.

The Neumann-Michell theory develops an iteration approximation computation method to
solve the perturbation velocity potential disturbed by the ship hull, which is different from the
way of distributing singularities on the ship hull surface and the waterline the Neumann-Kelvin
theory does. And the method of iteration approximation about velocity potential computes
relatively fast.

As ship bow waves are significantly affected by the free water surface nonlinearities which
are ignored in the Neumann-Michell linear flow model, linear theory generally does not yield
fully satisfactory predictions of a ship bow wave. Considering this point, the Neumann-Michell
theory gives the bow wave modification of the Hogner wave potential; thus, it gets appreciably
higher and sharper bow waves in good agreement with experimental measurements.

The Neumann-Michell theory accounts for the dominant flow physics to ensure sufficient
computational accuracy, and ignores non-essential features, takes practical simplification and
adopts an iteration approximation computation method to improve calculation efficiency as well,
making it a wave-making resistance theory suitable both for the concept and preliminary design
for which computational efficiency and ease of use are critical considerations, and for the detail
design and design evaluation which requires high accuracy.

The above are the main characteristics that make the Neumann-Michell theory different from
other linear wave-making resistance theory. And merely seen from the above, it is easy to say that
the Neumann-Michell theory has achieved its goal to improve the Neumann-Kelvin theory and get
better results more closely with experimental measurements. However, as it is proposed lately,
further validation researches for different kinds of ship hulls are desperately needed to fully
ascertain its merit and limitations.
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