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FORECASTING AND ANALYSIS OF THE DRAG OF
A SHIP ADVANCING IN CALM WATER BASED ON
THE NEUMANN-MICHELL THEORY

ABSTRACT

Drag of a ship is an important hydrodynamic factor, it has impacts on economic and
practical properties. So it is necessary to explore an accurate and efficient method to forecast the
drags of a ship. In recent years, Francis Noblesse and other scholars have developed a modified
theory named Neumann-Michell theory that can be used to predict the drag, sinkage, trim of a
ship advancing in calm water based on the Neumann-Kelvin theory. Specifically, the line integral
around the ship waterline which occurs in Neumann-Kelvin theory is eliminated using a
consistent linear flow model and a mathematical transformation.

We apply the NM theory to predict the wave drags of 4 kinds of ship hulls including Wigley,
Series 60, DTMB-5415, KCS and evaluate the friction drags using 1957 ITTC friction formula.
The sum of the two components is the total drag of a ship. Then we predict the total drags of these
ships within a wide range of the Froude numbers using a solver called naoe-FOAM-SJTU based
on CFD method. Through comparing these results, we can find the total drags predicted by NM
theory and ITTC formula are within about 10% of experimental drag measurements, so this
method will meet the need of ship design and hull-form optimization in early stage. The
RANS-based CFD method which involved the effect of viscosity can yield accurate predictions of
the total drag of a ship, and it is well suited for detail design because it has to take much time to
perform a large amount of computation.

We also use the NM theory to predict the sinkage, trim, and wave profiles of the Wigley and
DTMB-5415 model respectively, then we find that the NM theory can predict the sinkage, trim,
and wave profiles of an advancing ship approximately, although the accuracies still need to be
improved.

Key words: the Neumann-Kelvin theory, the Neumann-Michell theory, naoe-FOAM-SJTU
solver, calm water resistance, sinkage and trim, wave profiles
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PR R B B A — . TR AR, AR B A MO A A3 TR 2 e, $R
TR0 0 B P M e TR 2 PR REER U, O B P S e S R B 8 U e 7 A EE P
AR A A% T HOE 0 T B, 7E AN BT B s R R AR, 7 AR
R RRER, TR A B M TS bR I R R 6
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Um US
v, =25 (0-2)
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S _ @k +y ! (0-4)
fm fm

S _@rkyry (0-5)
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SR T N 5E 3 TR, (H BRI R RS AN RE S AT B . SRR
(2 AT e T B St oL, TR A, A9, Rk RA. iRk S
S IRIG A L T B AR MR, (HE . BTGP SR KA T ERRE RIAT. ¥
TR F7. JEEesER, B TSR S AIRCR ORI B, B RIS TR mEEE, IE
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1.2.2 BwWHESEUETHRE 7

1.2.2.1 HnEw

PR BEL A7 F fR ol 2 BEL 7 3 B A2 R 2 T AR /DN (RIS, 5073 A TR e 4 4% T A 1) S i
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S5, SR LA A 55 R 5 RS BT 2 S s AN TR 7, AT TR D4R A7

ATTRE DL R 3 BB 985 SR T 4R D s Herh R MR S O KBS R
LR DL BB AR E KR AN T TR 45 (T RS I BLARR AR s B0 B IO S A AE s s 50
KA A /N, 5 01 VR 2 T A PO 7K SR s Pl ok 38 A /N B, e 5l 3 38 ) v 0 T DA
20, 1887 AETF /R 3L (Kelvin) F E /7 S04 FRABHIAR T — AN 77 578 7K T A3 538 AT I 1 %
Pl 1898 4F, B HRIR(Michell) %Sy T 7E /K ToRAIR R I MM B A R, B4
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BH 35 SRS (R M 28 bR 5 B R B R bk . 20T, ki v (Havelock) £ 31 T — gl A
ATIY {50 7 7 (Havelock) I, X 44 T /R SC(Kelvin) YR A& bR R £, el R R h i i fe . 48
PEE HTH 2% DA SR 59 264, Havelock #7521 T Havelock i FH 714 3o SR 1T 287 0k
R LE I AR V2 BRI AT, F RIAE T3 F B 08 1) TR AR S5 50 45 SR A0 2 iz,
ML TRE A2 . S b, MEMEDSBERE J0 2 M AT 0 70 5 J5 3 o e ) 2248, R
XA KB, LR & DR BT 2 /NG B RERT & TR SR SR IR 1 B2 173 R A o
B, MNP AEMARER. W, XA SRS, fRIEE HEERH
PIZPEAL o AHIX 5 SRR 1R 2 MR T AR B A AR, S B R MG 5 AR 0 2 % R 77 AR 4L
KIS . R, SR MEAI BR R 2 = TOUARORG BE R NS . 4R, ZRMEFRIEA R
okt EMANTEA, BRI 5 KA BRI HER B R AR, 2450
HEC W PN:1)5'E

Francis Noblesse 8 7E EAMELL \EARIRH 7 — P g AR L, XM IR A TR ER
AR AT i P (TP =S P UDA Y Y527 NP AV (R A S A I S V6 L7 =T o = T 9
e T — e MR R, 5 Michell FIZ L MELIE—FF, Noblesse FIZIHK M HEE EE T
T Fh F T R SA AR A, e B A . AR RS T S SCT KRR AT T R A R
FEIR N . iz FIX A vl i) B8, FRATAE BN AT LA R AT LA Bz sk W] BASE on i
R BEE 3 B W, MERARIAER Tt EREIIR T, Fom ikt feoE
PR R Bt e SEE T sk 5 AR AT ER B, 2 IS T R iR HE 4,
SR, ARSI PR 2 A vk R A AR K R BR MR, o2, TE1R 2 A R 0 2 4K
g, e TR g R A G = R R, JCHAE MR JE S AR TR B, B
ATHT R 1) 10 R P A AN BE T A SEPR TR B, LU, B AT Dk BE 77 A TR AR 2 B 5 ik
A ILRIR S, X R EANEEM . FAHJEE, & W T e A i3 18 B AT
RO R TR h i FE . SRS A AR T R T AR A, BN RS T A AR 3R T Ak Rl R
F Y

BEE TN AR R E, AL MER RG] T AT S RS 2 Bt DL AR
2R M, FEEH T RUR AN 7 T 0 S R B

(1) RSN, i s AR A R I s 2, BPZRME R i 2444

(2) Mgk ER/ g, BHIZEPAS RESE L RH &I, HAeR

K] LAY, FRONERE B d 464

Brard 7£ 1972 F42H 7 Neumann-Kelvin jrf @8, B[I7E A4 22 AR E 3 2 AERf B0 4 1 2%
PR R, AT SR 2 Lt B BT 26t o an AR AR AS WG, IR 7E Michell 2 3K R A S0 Fi
TE M AR AT A YR e 1 2 A (E AR ) SR R b, X S ETR B R RE
A FAN T — N AR LA T, 35 AR B N 2 s i iR =B, R4 Brard
W7 T DT AR IR, B T B4 IRy BRAR, R 7E TR I E AR Y %
BERRJIEE, B TR A K, BA T BRI & E, e 4 R 5 IeE
FHZERCR .

NTBBIEREH T, AT B AL R B 4 1F. Pis b Bl s £
S5AELR M3, BN Gadd 7E Gilloton [ 757k i elidt , B8 225 58 T MR JEL BE O RN S
FEH T Gadd-Gilloton 5% « LA K B A 541 17 - B 18 A% (Dawson) #2 H ) Dawson 5 ¥7; . Dawson
TR —REUE T v, B LSRG AE AR TR I S SRR N AR S, BT
IKER TR BB — SRR S T B s, X IR R 23 (B s A H T, SR ARG R
ARSI AE AT 5 o IX M A B U7 VR G T 2 AT B A R LA 38 ST B 1) R, 0T A
W NE R R AR, T CUOREE B A A . AEAREI R Hook A
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i, Dawson J7iEsa A HE ), BRI R 7 v B MR o (HIX P74 S AR AE — 8 1R R
PE, U020 7 2B R AR ZRYE T, RIS A AR TE SO B . RS I o IR A R ) il 2k
IR k% ) i, 1986 £ 5, 3T Dawson KI5, AMTREKA 52 4 B2 0 &t
FAFFRIBN R, HORBR] T Z IR, B —Fh 2 B2 AR 7

2013 4F, Francis Noblesse %5223 3T Neumann-Kelvin FEig JEfiH — e pidt e, 2 7
Neumann-Michell #it. AFTEAT, NK iR i A4 2 i AR b AR 7 LR s AR /K 26 1
M kF R AR R SR 2, T H A PR AR T 2 X e . 58, BEHK
AR5, TR BT 8 BRI KR sh i R A vh, e BIXARMERS R, R
BRRZE s HK, KR I R B G, — oG, » FoH T5 R I ¢ W x J5 19 1 S48
KA RSP SRR ZE . NM Bie 5 NK BIg ) R B X HIEF: NM B#RH LT
NK 8 5 A K 42 (R 0 T, K A3 I T S A N PE AR AR R T B AR 4y 1o,
NK BRI 7E 35 [ FH 2R T A 5 1) s FH 2 P 1 0 T 2% A ARX — RV 1 35 SE E HER T
55oF-35) B H 2R TH [A11X — A% 15 0] 8B S DTk, 1 FLAST A I — R SRR NK IR 52 ot R
AR RSN AL . NM B0 P A s sy, BImE % 1 EKER 9 ) Gg,
Tie e, FIN—DFRONBIR R [ & W:

G=W+L (0-6)
VxW=VW (0-7)
W =(0,W,,-W,)) (0-8)

FLr B W OSRASAR eR B M, RIS R b BT AR . R AR AN B R
FoE. EBTIRERE W, &t — RVIMBF L, RARNELT ¢G, Wl. B2, 1&
NM Hgdr, FRATH EH SR P 3508 2R 1 AL 1Y TR AR 7 e mT BAAS 23 AT B RS A1
8, FHHIEER 7KL prrRIiRZE, e 7 IEREE, IR 7SI SE A M.

1.2.2. 2 TFE AR 1% (CFD) /i ik

TR 115 (CFD) B W AR TE AN+ EE, )Lk, BEE RV
AREVRIRR &, BN IIGERB T . TH R LA )5 (CFD) & — T L AE L MR
PRI S BUE VIR T B Rl Y TR 1305 Y B IR AR AE I 1A AN A (] A
HES), TEFERAAR ST, N OAHOES RS EE 2 LA IR NG EOS B AR AR
BoRFIRN, IR AR 12 B TR O s AT 5, 2R TR sl ) O R AR B O FE AR %
X LS B S IR E RS R, SEVESHR %M, Hailid R FRHRIRS
B IR B H s _E s S 500 oA S B ] AR T, T JE LR M i B il 5 FE AN B A A
A, HATR AR AR 2 — R R W RS . THE AR S5 (CFD): R H AUE T 1 7 B
FRoh T DRSS R BUEM, RIBE3RIS TR IR . A ant, T Bk 4
(CFD) I AUE I 1A 7T LAFE B 3 | 06 2 AR I PR 1l #5 B AT BB 255 1M 7V 3R18 5
SEREAAIR TR, H TAERAE TR~ NE 1-1:
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ST TR
v
VRIS E S I SUR S S
v
X7 PR, AR5 A
v
LR RO
v
B IR AT AL I 26 AT
v
2 SRR 24

A

AN T AR

& 1-1 CFD TAEREL

THER A /2% (CED)TE 2 AT N # Th RS, AR AR At A1 41 . M CFD
BT AEARRAR 71 2= FEUE V55, R4 o] IR AR B =4l A AL, o] 1T ok
TR T B R FHot. BEEAANK S 724 RE . D4Rk, AN CFD KR,
CHUE T —RAIHE.

R AR Bl ) Bl — b T BRI AN, IR BN I P B A 32 B =y
% HEHUERU(DNS), KiREHI(LES), Reynolds “F33i%(RANS).

(LD HEH{AL(DNS)

TR A UL — AR AR IE R MR R, TR S TEAT R B E 5 S I G 4 4 - W4T se 17 7
T2 (Navier-Stokes). RE L7y W KSR A%, EIAT DU B 5EoR A NS 5 2 im B %S
R T TS B0 SR, AR 1 I 3 DX 35 P R 3 (A3 AR AT B T £ )
TG, FTESRIIMAG 2 KEAl, BRREKZ N, C&miiEid 7SI M A
Rai 1 Moin #4723 % FI ] DNS AU AR I 2 FAR 15 B0 Al ATI 280 1 3 50 [X 35k 9 e N )
U, B R R BRI RS0 m T R R, BER 5 TS 1600 JiTHE A AL, 7R
CRAY-YMP i1 5HL EAEZ: T 400 Z /N A 152145 K . 16T E K5, HAl DNS 8
HAT iz, (HAKN CFD A REIKR BT .

(2)  RIRBLHU(LES)

KRR (LES) & — AT EL 12250018 4548, (DNS) F1 Reynolds ~F-372:(RANS) 2 [8] i) J5 4
TR sl A REER/NANE B35, a0 FAR DR B AT A0 0 ok, 50 75 20t 5 A (1 RUBE
INFERNRR IR, X RN EE. Fb, MRRsIXEA KGR, iR,
FiE. MES, ZREKWEITHZE, KPR sl FEEm, RO R 0%

%5 0 3k 42 7T
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M, RIS IURVES, FET 00, FRATEE SN — MBI R E, K RRiE sl AR, PR
FERIPEER 43, 40 R E LIS eR H/N iR g 4, 20k Hh s SR RUBE i Bl g 3 7 #8171
JRUE J0 1) S M) DUV GEE 5 PR Tn 82 g THRAR I o R RS e S v A 31, P Il AT i 3T K
N RFE B TR] ) 55 2R BB

(3)  Reynolds “FJ7%(RANS)

TEANHGT SCHT i, 2205 B0 A A 20 DX 455 P Bl I 8] 24380 i 4 3B AE B R IR .
Sk, AETRENH ST, BEAS B SEGR T IR AT B2, JRATT B S B2 H i v 51
FISFmA AR 1L . Rk, Reynolds “F¥7%E(RANS)# ) 12 K H, IXFEEEfE & 4 1 DNS J5i2:
Jr R R TR R, CRECRUELE TR B S .

RANS 7772 LK it Vi B0 7 82 I 18] ~F- 237 s A s Bk shiit sl (1) B n 4k 3 o & X AE AL
=GRS OLEWOR

_ 1 pteat
d=—] ot (0-9)

R B, JATRE— AN &8 S B E S kEME A, k

b “—" ARSI T RSP 3ME,  BAs 07 ARERIKSE . BRI

u=u+u’; u=U+u’; v=V+Vv; w=w+w; p=p+p’ (0-10)
4 (1-10) A N T Ll I il 7 A, A
divu=0 (0-11)
_ I —r2 1= v
QE+dN@TD:—£§E+vngmder—au _Quv._auw (0-12)
ot P OX | OX oy oz
— r ot 12 il
N divw o) = -~ P 1 vdiv(grad vy + | -V _ N _ VW (0-13)
ot p oy | ox oy oz
_ M ot At 12
M | divawa) = -~ P 4 vdiv(grad w) + | - 4V _ VW _ oW (0-14)
ot p oL | OX oy oz
AR, 0 oA AR B AT
85 - ) _ aﬁ/a/ 8\7!5/ 8\/_V,¢7
— +div(¢ U) =div(I"'grad - - - S 0-15
= (¢ 1) 'y ¢)+{ x oy & }+ (0-15)
apv) : ap | A(puV) a(pV?) d(pVW)
——~ +div(pvu) =div(ugrad v) - —+| — - - +S 0-16
p (pvu) (ugrad v) Y { > Y = » (0-16)

T8 L ARk S A AS 2 X sl AL R ZURE I, W5 iR T A A, IR (Rt
HALE kB I 84 _EARE “—"):

aa—’t’ +div(pu) =0 (0-17)
% +div(puu) = div(ugrad u)— % ; :— a(’;j'z) - a(pa‘jv) - a(/fz"’_"') } +s, (0-18)
% + div(pvu) = div(ugrad v) —% + :— a(’;“;v) - a(gyv ) a(”a‘: w) } +s, (0-19)
9 (g’tw) + div(pwu) = div(ugradw) — % N :— a(’g W) _ a(pavy"_"') - a(”a ‘:V'Z)} s, (0-20)

DL B R I 35 7% 21 M 2 B 46 77 B (Navier-Stokes) 7 F24, i FR1E Reynolds J5 72,
AHERIL, Reynolds 724 B AREST I, 051 NBT AR A BER iR, 1X BLAETESH
N,
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#5 naoe-FOAM-SITU, X ARARTE KGR FA H i2shdi AT TR, TH5 T Wigley. Series60.
KCS. DTMB-5415 DU B 7L 25 I 54N i /K S PH ) 2%, nace-FOAM-SJTU K fif
FRH T BT IR BUE(FVM) R 5 T2 2 #2025 T RANS J7 72 Bt i B E B4 5
W, TR g 5 ONBE T BB B kOmega-SST AN, 5 I HE A kB R H
PISO(Pressure Implicit with Splitting of Operators)%.i%; H MK K H VOF(Volume of
Fluid)yER0l, 2858 £ ERS 12, naoe-FOAM-SITU SR s O 4 B T — 2 Bl It 5 ] 4
P

£ —F Neumann-Michell Eif

2.1 [o]gpRIAR

AT RO — I T S B0 (OB — KA L RN A A STA BV, I B2 AT
HE, TR SE TR B KT SRR, S SRR T3, % Rk
e, 2 IR . (SO ON: Fr=V, /oL, . Hh g REE S, A
T —N 5 T IR S R4 T B A SRR 2R X = (X, Y, Z) FOUL B2 i il BB 3 X I
W77 ISR, Z BT T E B b, P BEECN Z =0 P, Y P
15 T4 1 T R4 A A2, 1P 2-1 b %) A 2 98 S O B CLE (-, 0,0) FA
WS, IR E T A OTREIE R, 7EMRE B R U = (U, V. W) (5780, K L,
T BTV, P T 52 SUTE R R T R A AR U x= X L, 6 B O
u=U/V,, TEERILHEEHE LN =D/ (V.L).

HAK BB G (% X) TR 1 A2 B SUN R R A x=(x,y,2) 5 BAJR R 5 I
X=(%9,2), EEEA DATEEMAIL T b, T DAV R A 2 RO . bk 8 B 20
IR,

V2G(%; X) = 5(x — K)o (y— ¥)S(z— 2) (0-21)
Horb S(x—X) AREKPLE %L, ERFAFRE, o Lol ke X
["ax 5(x-%) (x) = PR g | a<x<b (0-22)
a 1o x<aorb<x
For £ (X) AAERAE x = X Abi 2 B R 2. (2-2) A [EIFE R AHE 2T S 4R 40
f(x) xeD
[ dvs(x—R5(y - )5z -2) T (=10 if xeD (0-23)
f(x)/2 XeX

Hrfdv=dxdydz, f(x)=f(x,y,2), f(X)=f(XV,2), =&KX DIIELKTE.

Y 5 M L R A 1 R B LR d=0(X), d=¢(X) , TE AT H
G=(0,9,W)=Vg, u=(Uu,v,W)=Ve/alkE. daREMEZR EWEBAMIT, n=(0"n’n)
IRF ML T AT R 5 AR FE FE 3 h B S &, W 2-1 B
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B 2-1 Al Rih R B0

2.2 EREK

WL K B R TH K 06 AR B I8t S i sh AR IE A EE LR R, (B A L R 1R 0 43 A
SO LA, TR ) A A A A A BATTTE BR 0 TR R SR AR e R MR RIS A AR R A
DK AR ARHERE 35 B 8 T OO EE, (HADLF A5 Mt 26 B 4K A 44 B i 3, R
SEREMGAN, TEVEEC - RCEEEE 10°, KGR R AT . MR TR R I sl
W, REPE OS5 R DL 7 A T 3 T ) S [ A3 I HERY R R B AR . HEBT R
AR BRAR AR IR L E D T E AR S el ToRG PRI A FE T 1) M A% BORE B, 0 S RBE A
Ak, XANPERS AR /)y, AT DU ISP A SR R S R R A . B SRR R
Z G, i E T B SRR R B AR AT DURE A A2 AR, T A% PR ek B ) A0 ik T DA
FARARD IR . sk b, LW R, R 5 ARG I AR 6 It 2 1) o 28 Tt 45 R 2 R
N,

SRR AR AL, B R AL T i g R oA SINER . B
PEVE £ 1 25 R M A A S U o 0 s EL A O A PR AR R, A A i DX AR R 1)
(L4, o A 4 PRSI 75 B v i R B B, CFD 1R 7925 58 4 ] DA R — 6400 ] J . 777 %o
TARA BRI ARG RIREA, MRG0 X2 B BE ARG E I, T RANS J7 21 CFD J5%
H TS VAR AL B3 . WA BRI AR, o7 MR KIS “ A8 7 A1 <
AR, AR MR E SR R Y, AR B R T R e AR “
O IR B N T RO, A AL 1 S SRS, AR AR AT VR
e G, shZ SR, BT, A B 0 M AR s B AN AR 8 AR A M X A
A . R H R R AER A BRI R iR, (H ST T 2R PRI 7 7 2K 8R
A DA 38 P i 408 BEL D 5 B B RS RRAE , TR R R ATT AT LASE 42 22 [ R T AR R 2R
PEER 3, AT FRATRHR B —Fh sz B g 75 i, DUIRSS TREMR BT S5 RE B A 1 — R
PERIF .

2.3 WF R RER

2.3. 1 BEALFRpFIENA

Tt 42 Neumann-Kelvin F g4 /& Neumann-Michell FHig, ‘B AT 2 38 T4 bR pR $07 V25
AR R B 7 8 XA E I AR08, B A ) A AR 23 SR o X R vy ELIE MR
SRR VA R AR e,

MASEIREE AR A, BATE BB B i TR sRER:

Cq?:L(Gn-V(;ﬁ—gbn-VG)da (0-24)

M P X ER AR T i, CEER 1, 4 X ER AR A = 2 A, C ol

% 8 Ul 3k 42 7T
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B0, Muitd b R W I rE S AR ) A S BB, C R 0.5, XL G ARF AR MR R
. f:

472G = 1 + H(x;x) (0-25)
r

Hr H (X x) /R AR B A2 R A2 R, r RS xS a x 2 MPER, E£HT
1/ v SAEAE, CEAED TR AT G A4 2 B R - (2-4) 235 W 34 06 8 @ 7T lid - b IR 95 3
A (N -V @ R 5R 7 ATE L) 585850 A0 (¢ 2 BRI A5 ) RAT, AL TN S R
B, DS EREE A RME, RIEAEAR A R SRR R R

R AOTE TG IR K B K S1ERTAT I, (2-4) sUH AR 2 10 5 = AT LA 3RO R (2-6) T
X, E2-1 hHIREE.

T=3"uzf ur” (0-26)

Hp 2F FoRESENL T E K, I RORESEMA AR RER, = RORTLIRKMIES
M, anny DR ARy — AN TG IR R B E EBR, B S50 R ORH) B i DL A i
KL FR AL 7 X — Rl 5.

s (2-4) Kb A AR R 3 G BRI 3 IR I8, DA 2R T 7 (2-4) 3K b 1) Bl AR o 2 v
X7 b TR AR 2 6o TR A ) DTk o] DARE R . RIS, FEMRMIEERT b, XA R E L AR %
A AT

n-Vg=n* (0-27)
R4 (2-4). (2-6). (2-7)z0, FATHI LLIE .
5:LHGnWa—Lﬁ¢n-VGm»4f(Gn-V¢—¢n-VGma (0-28)
BREF, AT % 7 B P i T 3 PR R P st P DX S 35, T AS A2 e ) AT e T . (2-8) 2 H
DR AT 2 AUEE A A TR B 30, FRATTKE LA Ay e 5 25 2 57 A i 2 M dt 2 A8
A,
2.3.2 M4k
MEAZN T BRI E RS, 0T OO R R E 2 RN
2= F’¢, (0-29)

AL B, (2-4)558 G n-Vg IS ¢n- VG SUE LS H RN 2] LR ICSA iR %
T 55 ALHTEA S T LA B AE P48 1 Eh 2 S AP AR TITR 5 SR HL
1 (2-9) AT 1 FLSE R 5 P R T2 g, IR, BB R P it i 2L
BB B SCo T 40P R A WL R R n=(0,0,-1) , TRVE T R A
da=dxdy, #A(2-8)3WH KT H i

$=L£Gnﬂa—Lﬁ¢nWKMa+LJ¢GZ—G@xmw (0-30)
(2-10) A HH 72 T35 [ ph R0 AL A B AR ek B0PT 1 5
$G,-Gp=¢7° -G’ +F* (G g —4G,), (0-31)
Hh F RoRitis, 2% M 2 555E N
°=G,+FG,, n’=¢ +F2, (0-32)
HAE(Q2-10)s (2-10), (2-12)=3, TSI HFFE o0 s 2 0T 45
L4¢G,43@mmy=L4ﬂG¢—Gﬂ%mmy+FﬁJG@—¢Ggﬂm (0-33)

Horb, TAGEMMARR I 572 B bR sc 2k, BRIk, Wl 2-1 P, dl #or
ML T EMKERMIT, t=1,0) 2 TEKEEER LSRR mE, M B
NER, AN R Bk, EPRIKE y > 0 b, ALY &t FR A A .
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t=(n’,-n*,0)//(n*)*+(n*)? (0-34)
Hrrn=(n*,nY,n?) NTEMACE R TH AL B A A &, T AR I AR Mg, Wi 2-1
PR

HH(2-8). (2-13)i = n] LAFS 21| 5 3 — 0 () B AR I8 K
¢3:LHGnxda—IEH¢n-VGda+szr 96, ~ 59, nXdI+LF (7° $—G z’)dxdy (0-35)

V() + (")

RBEE R B EHRIR P B 2R z2=n(xy), £E R, HEEH 57 Zik L is o)

. D B
?ﬁ%%ﬁta(z—n):o, 2205 e /N B S A

v, oo (0-36)
oz OX
[ I 435 2 8 15 2, A SR T RE T 45
Vv, 9_ gn=0 (0-37)
OX
56 (2-16) 5 (2-17) W, FEFA R 2 Kelvin-Michell Zet4: B B3R Tl 57 2 14
a—f + %% =0 (0-38)
ox* VS oz

AL, S — R RHE K B AR, o] DMEGSE 22 76 73 B B3R AT R A0 2 72 = 0 (WA
B H OSSR R AN, FERE B AR BOE TN 22 20 ). WIERAMR R EE B R TN
T2 Ab B8 3% £ Kelvin-Michell Z8 1 B R W L R & 4F, MIKH 2°=0. HFH
LF (7° ¢—G z%)dxdy =0 .

2. 3. 3 Neumann-Kelvin Z& 4 sl ik 1Y

7t Neumann-Kelvin ZeMEish B b, —FFaami/e~ P B ki BRI 7 3 R il o7
ZAF. B RREL G n 75 B ST AR R T _E AR 23 1 s 1 o S R TE SRR AR T AR 4

[.Gndax[ Gnda (0-39)

Ha b, X AR S AN AR . NM B ESR A T E A R R B A, 7R
A T NK B A FRIRR 1, XA T RN Z A 1) — KA R Z 4b. MR (2-15)
5(2-19) =\ 73 3|% T Neumann-Kelvin ¥t %A =X, ©H Brard A1 Guevel87E H 1972
SR 1974 FE IR SCH LA

. X 2f  9G6,-Gg, 6 P

¢_LH (Gn* —¢n-VG)da+F L\/Wn dI+LF (7°p—-Gr’)dxdy  (0-40)

(2-20) = U BL T W PR R 2R B 5y s SRR REAT R T BN, WA,

FHIL T BRI 2 o HAFR R By x TR E 7 & ¢, AT LA 'S O B IRRFE Vg
E=AHAHEERRAFEN, t, dIREALRR TS ERR. Hdn 2 EEH TAAE
RN &, t MY T PR &, BN (A B ~E), dE
HTn, tMi-Fm, YT HRERR, F: d=nxt.

g =n"Nn-Vo+t*t-Vg—nt' d-Vg=(n*)*+(n’¢ +n’n*g,) /{/(n*)* +(n*)*  (0-41)
1(2-21) AN (2-20) AT 13

qS:LH G n*da- szre(nxr/ (n*)? +(n*)%dl —LH #n-VGda+

szr[¢Gx -G

(2-22) .5 (2-20) A2 25 11 -

n'g +n'n*g, (0-42)

J)? +(n7)?

}J(n*)n:jl(ny)z ol ey by

010 v o4k 42 7
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2.3.4 Neumann-Michell pi £& 12 i Zh A Y
Xt PR et FEAS AR, (2-15) A 78 B SR T AR 6 Y i (R 5 4 AR 2 BN n®)
HIAR 2 AT PARE 5 i an

[ Gn'dax [, Gnda+F?[ Gg,n“dl

V() +(n*)?
TR RL ISR, (2-23) 3 A O 25 R 22088 T JE 2R MBI P R /K 26 A7 4
1155 (2-15) X 7K 26 AR 20 o] LA 04KV, 5284 (2-23) sUAR N A3(2-15) s 43 21 -

#G,ndl
J(*)? +(n*)?
X2 Neumann-Michell BLigF] A B AL BB R/ 2] T 1045 5. 5 Neumann-Kelvin #
WHIRIER(2-20)H Lk, G THEIhIH % T -

2.3.5 PHRr 5 BB A )

1E(2-20) 5 (2-24) B N ARy RIE N, AR RS G R 2 8 5 2% 1 (LB 7RI 3 ol
W), LK Kelvin-Michell 24 H BT S 46 2F, HEIFEFY E i 2 =0 M{ER AL, ¥
7% =0 EIXH, MHREG BN Do 5 SR s /. FoKd, &
A ATAT B I RR AN 228 I DBl Fod 022 IR B 2 8 120 B8 T AR AR I I R 2R
TV WS IR BN RS g ut b= X2+ y? O TR A K 2R T vt 5 KT BR S
JUE=p

(0-43)

§=[.. G gn-VG) da+ F2[. o[ Fo-Grady (-4

uL[Ih—l3 as h={xX’+y> 5w (0-45)

55 AR DGR A A ORI FE Sy U, B BRI Iz /N T 5 X M IR AR OC I U 2R
E:

uWD% as h=\x*+y’ 5w (0-46)
BT O, 7E AR KB B 4, M RSN A ST T ut IR R, RS A D
SIARSR I U, E ARG A TR E ) AME AR TS T2 MR OS2 o AR AR R AL G HR 1Y
PR W RLH AL AR T 2 F, Kelvin-Michell 21t B BRI A 24, I3 2 B0 47 1 72
VAW =00, MR G LA B nT R A

G=W+L (0-47)

ve=( %L By g5 (L L 6 (0-48)
ox oy oz oX oy oz

VG=VW +VL, VG=VW +VL (0-49)

FABNT X W AR R B ) 50 fi T, TR AR Rk F(2-20) (2-24) R R R, DL R BE R AT
PLA3 i -5 26 5% AN S 2 Hh i 30 A 5% R I«
$=9"+¢" (0-50)
d=0" +0a" (0-51)
B, NK B A 2%k B 9 @Y I RIA RN
7" = [, Wn* —gn-vW) da-+ sz‘r%nxdl ] p-Wa )iy (0-52)
NM B8 (2 ek 34 Y (3% 20

n X 2 M X w w
& =, Wn*—gn.-vW)da+F?[ ——=n*dl+ [, (#"¢—Wz")dxdy (0-53)
J.Z IF ’(nX)Z_i_(ny)Z J.Z
2.3.6 HUFALH

11 o 4k 42



@) X Exar¥
Bt siusonat juao Toxg Univassiny ET o0 NM B BARAEE K BT E TR S 547
DA ATV B B R 28 MEEEIR BT 25 1 NK ERKZR B2 I G, T AKERRL S i) 5
— I ¢G, T BLIE I B AR R 2
(2-32)52-BNHATEEHHEER ¢, HE Ve UIKKELH DT, HATEGEE NM 2

WA T RS 2 — MU AL Vo IRIE.

B, JATA:
#N-VW + W-(Nx V) =n- (VW + Vg x W) (0-5)
=n-[¢VW + V x (¢W) — gV x W] =n [V x (dW)]
BATFIN—DPBIRBRE W, WRFREW SEIRRE W 2 R KR
VxW=VW (0-55)
AE — 3 AL T EX n-[V x (¢ W)] IR0 E A 0, BB
L[¢ n-VW +W-(nxVg)]da=0 (0-56)

Wk (2-36) NP S Rk =2 OZF UT", JERIEESAAE, RBRSTE T IR, A
—LH én-VW da :LH W-(nx V) da+LF [¢n-VW +W - (nx V)] dxdy (0-57)
BRI W AT LLS N
W = (0,W*,-W,) (0-58)
Horp BAr x (R3FxF x IRy TEFI A BRE T 4, fA: n=(0,0-1), ¢n-VW =-W,¢ LA
FW-(Nx V) =-W'g , FULATLIE:
LH #n-VW da =LH W-(nxV¢)da— LF (W), dxdy (0-59)
¥ (2-39) RN (2-32). (2-33)xX, FFARHE AT o s R A5
o = LH (Wn* + (N x V) W) da—LF [(7")* ¢, +W 7*] dxdy —vFZLLnXdI (0-60)

J(*)? +(n*)?
XFNM BRI AIE R, A v=0. H(2-38):\r1H:
(nxVg)-W=("WS+n'W,)g, — (W, +gW,)n* (0-61)
FWRATOL AWM T NK BB b ¢V B RPN KK AR5, T 3RA 15 (2-40) 1)
(N x V@) TS S Bl -5 M4 A8 D) 8 B 43 A R T 2K
T AT LS X BT Vo=t +¢7d +¢'n, K¢t ¢" 56" ZHE Ve
fEMEY . d'H5n EMaMEG—E2IEL S ). t'5d 2 5REREHEY I MER
BALFE, naS5EETAEMRA RS, R A ] &4, WA
Vo=g't' +¢°d +n*n. Billn: t5d 5 HFHECN:
d'=(0,-v*vY), t'=(@,-nv',-nv?), v=(n")*+(n*)?*, (V,v)=(n’,n")/v (0-62)
BEEF, MR (2-42)=, FEMRITZRZM, AL & d dR R b, FEMMRPA R, FRAL A d
M R EMRMEEL, BAME U SSTE e, Ht . Jd 2 EMHEE. MRRERT
REEEETE . d R8N
¢ =0glot'=t'"-Vo=t"¢g +t"¢ +1"¢,, ¢, =0plod'=d"-Vg=d"¢, +d”¢, +d"”¢, (0-63)
FPEEE
& =¢" +ep", @y =¢" + &4, with g=t'-d’ (0-64)
Fr AFRAT T AT DAAS 2]«
¢ = —edy) 1-&°), ¢ =(d —c4) ] (1—&7) (0-65)
[ 1
Vo=gi+dj+pK=¢t"+¢,d"+n'n with t"=(t'-ed)/(1-£%), d"=d"—&t)/ (1-&*) (0-66)

Hepi, j o, kanMEREx, y, 2R RAifE. ®EEX, y, 2 ERDEg, 9,

12 o4k 42



- > A o7
v/ SHANGHAI JIAO TONG UNIVERSITY %:.FESU.& NM Igiémﬁgﬁﬂg$7kﬁﬂjji‘l'§§ﬁ*&5ﬁw?

_%trx,yl —gd IX,Y,2 %drx,y,z _gt!X,y,z XoX,y.z

= i =t'.d -67
By 12 TR +n'n with ¢=t'-d (0-67)
R (2-46):0, FATH:
NxVg=¢d.+¢t., d.=nxt" and t.=nxd" (0-68)
d*EnXt'—SI;IXd,’ t*Enxd’—gznxt" with e=t'-d’ (0_69)
l1-¢ l1-¢
Xf(2-42) R, A
t.=t, d.=-d (0-70)
FFER5(2-38):0, AT LAfG 3
(NxVP)-W = (gd. +¢,t.) - W= (W —d2W ), + LW, —t2W ), (0-72)
DRI, NMER S pR T S 7 2 R S 4 Y AT LA e
§" = [ W +(dd. +g,t.)- W) da— [ [(")" g, +Wz*] dxdy (0-72)

FEX—FER T, CDA&7EWH T NKFEREAIT ¢Y Zik XN RIKLIS, 3% (2-40)
B (Nx V@) TS % 1 5 MR AE DI 58 5 2 AR SR TE .
2. 3.7 Neumann-Michell FEip R A £ AR
R T RAGH M HR BN AT SR R B R RIAS,  FRATHEE (2-24)F IAS MR R L G B oY
M sl L, ol 15

9= LH (Ln* —¢n-VL) da + FZL gL.ndl

(n)? +(n*)?
H1(2-30) Al 51 ¢ = 3" + g, MRHE(2-52). (2-53). LA (2-27) X Al F337 3% P AT 25 A 1 i
FERARIEAN:

(13:_[2.4 (GN* +(¢4.d. +¢,t.)-W—¢n-VL) da+ Fz,[r

+ LF (r¢ — Lz?) dxdy (0-73)

gL .n*dl
(") +(n'y
R A RIS AR R G SR L Kelvin-Michell £e4E 15 Bl 544, WElE 2° =0,
Xof— M HIHE K BUARAA , LRIk s 2 2% =0 261, EUE3 Al LA & 2% =0 4644 . (5%
REE. MBS AR SRR R AR UL, fEi g A R A2 —E MR 150, R EX fh
BRERIEULR, S IE XN 72 A% 0, H—BEH e s,

Neumann-Kelvin it i) fE #5585 :(2-20) X, L& Neumann-Michell B i (1) i 3
FiE(2-24) NN B O BRI O E: R ES F . MAGEE, WA EEITTEZYIM
R WO B ¢ AR SR B R R . W SR FRA 220 o S i 8 $A3 k SHh  R e i
o1, T LA E) S Tl S ¢ LIRS =V B FLR.

fy=[,.Gn" da (0-75)

b =6 —F2 [ GO () + (') dl (0-76)

Noblesse ¥ 7F Hig b _EiR 73158 1 (2-56) 2020, Hogner 76 H i e # 1 (2-55) 21,
YE Xt 327k (Michell) AR %% B 77 A~ b 78

4 =-2[ G(% X,0,2) ab(a’)‘(' 2) ixdz (0-77)

(2-57) A S AR PR E BRI, HrP AR E N y=1b (x,2), = RMMARITE T HN

HIH y =0 R
2! W URAEE 4, . @y BIFIERTT LAY 784
fy =], Gn da-[ G’ dxdy (0-78)

~ [ [z") ¢ +Gr’ —z"gldxdy (0-74)

13 u 4k 42
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IkaXj‘ FECREAE, @y, FTAR A AA IO LA R S b 2 5L o SRR AN (A H 8RR
WHSHLEM 77 NM BRI RIER(2-54) FT IR RN :

§=di+ [, (0. +4t) - Wdat gt =4, +9" +y7* (0-79)
Hor A
. oL n*dl
't =— ¢n-Vida+F? | ——=—r— (0-80)
I v[ (nX)2 +(ny)2
7" = [ (4d. + ¢y t.) - Wda (0-81)

mﬁiﬁnNM@%%%W%%%ﬁTH%?%%%“%ﬂO*%E%ﬁ%@aﬂ%@ﬁL
—#& Neumann-Michel LS HMEIET . oA ARG 0 400 B IE " PR 43R 5h 3 7
FIEIEG" . w=y" +y".
2.3.8 SLHTE
R G — e BUE T h S s SR mT a2, R S A& IE A KRR 7 T, BI(2-60) 2 194 iy
B, X A TR G RS AR /N, AR ST bR A A v DU 2 . SRR 2 — 2 AE
KEAL, Hz2=0, r=r (r2aX 58X ZEREE, r£Ax5ax TP EBmE
B Z AIRIEEES), MBS L B EE D -1/ r +1/ 55T 0, IMZIREAER /N,
DL T a2 . SHdE—20, AATRICY—ATEHA K ARLE TG B 1 e BR K A4 A i
HEIF, 2GR SN IE IE o g R A T, B (2-60) P 4 S 4 — T S 4, th R 24 HR B )
FHLG, RS BT . Noblesse 55573 & F 22 P i X7 VAl 35— /N8 TG BR AU A o i gk i
AER A R HO IR B 2 1231, LT 45 AR KT Hogner 40-KARHIRESESE 1 4, , A4
JRBRERA I AR, X — KR SR BIRFE . 8 ErT AT, NM BIRZ I F 5 Y H s A o
(R 43 gt 5 4 AT LA I 25 T AN 2 o i X &8 SR R KR 22 . O T A IR ER I8 TE B A S
P, FRATTE 2 R 25 T (4 PR 2117 20— SRS A B (R R, g 25 ot T DA R AL BRSO
AL
M(2-59) 2t R, NM BT E 35 33 20 AT LA L
¢ ¢H ‘H)V :¢H+¢H+'// =¢H+¢ (0-82)
Horb g, f5E L tn(2-58)x, " & UK
" = LH (4,d. + ¢, t.) - Wda = LH [(d2W) —d2W,) ) + (LW, —tPW )¢, Jda  (0-83)

(2-62) X 11 @ TTLLE N @)y W15 NM R A5 1 5 M4k G i " T2 A0
¢ =P + " (0-84)
§Y = [ W da+ [ (AW, —dW) ), + (W, W) )¢, Jda— [ W ¢ dxdy  (0-85)

b, ET R NM IS Ry A ¢ RiA AT H(2-58) . (2-62) . (2-63) 4 th, &N
Neumann-Michell 38 & #3145 2o R AT AU TG R GHE B2 35 ¢ S R T Hogner X 48K
P 3 34 B TR I By, 5 NIMERAR X @, 0 PP 308 20 BB IR 000 g7 (RN o LR 55 24 (100 P 34
Fak NP 5T NK BRI KRR T, S — M HE K BUAAN, 76 P A ki = 41
7’ =0, .JH: U BRI R =1 AR 2 BRI AT o SERRERARAD (A . Hh RSB SE),
AR 70, FAEFY A RE ST MR, SRR R E T A AR S SRR R AT 45 2]
HEHRLER,
2.3.9 EATHE
WS P S K IUE AR R T AL = B, R#E(2-62)30, A
¢ =gy +9" (4.4,)  with xex" (0-86)
(2-66) & 7T FH T SR AR AR RN 2R THI 12 F A P 38 AR o 7 AR, o & T A7 S A
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@) X Fxdrs

e xzy
k;* SHANGHAI JIAO TONG UNIVERSITY %:_FESU.& NM IEi‘eE‘]ﬁEﬁH%%7k[‘ﬂjji+§ﬁi*&5 ﬁ*ﬁ
WBREAAYIIPA T 7 B FE 4, 5 6, o FRATAT LB ISR 7 Rk A7 R A
$t =g, + " (#,4F) with xez",0<k, ¢°=0 (0-87)

MKk =0, ¢ K —VAEREE RN ¢, - U S, RE T, BRI [FRE8% g=¢~
EHER AL 5
2. 4 Neumann-Michell IS ISE I F RIER
£ 2.3 75, FAMFR] T NM BRIRSRAREE 5 IR s Rk e N T T EHUETE, &
TR ER R E A L AN REEA.
2. 4.1 Hogner 3 & %4 o (1) 24 1 5 30350 7
Hogner 3% &, 4t 1 4R s3> @b ATt T(2-58) 38, i T IAI7E(2-27) K
FHEIREREL G 43 7 26U W 5 MR BNER 7 L, BRIt A 224 (2-58) U 1) G &4 L B
i
gt = LH Ln* da— LF L 7% dxdy, with L~L"™ (0-88)
Horr, 9 RRERIEMALE P2 RS 5 L, BRI H B7EFiEER L R S 7.
EX T N R X=(X9,2) 5IEA x=(Xy,2) ZEFEEE, e x=(XY,2) S5
X=(XY,2) KTFHEHEM z=0 F5EE A x =(X,y,-z) Z[AHFEE.
r=J&=X7+ -y’ +(Z-2, L=y&=X)+(F-y) +(Z+2)’ (0-89)
MEX ps op pl N
p=Ar 84187 +1%), p=P+8 12+, p =R+ I(eP+17)  (0-90)
Hor 6 55 e HURANT 1 IUIESR. S TN S =ty o 0" WIESEEL |, RAHARTE T
TCHRHIE R ——HAR T SO FEMVRIR R NI, A DA — 1B A x A a5
M =M C T LK FME. e MERTLAEAER /N, We=10". HAIHE XL &n.¢ 0

AR IVSE

E=|X=x|lp,, n=(F-YIp, {=-(E+D)p, o=yn*+{*+&  (0-91)
FEF DL e X, FRATAT LIS R I AL B 2R 23 L i LR IA =

g L, 12 2F%I(@A+&) 04F’ ‘:(A+B£)(1_§)_FZC§:| (0-92)
o

pop Flan  (FP+n)?  (FP+n)

/\]:'j:
A=4F* +6F°r, +26r°, B=F*+39F%r —24r> C=(4F"+3F°r, +5r7)/(F*+r)
HESE R BATT AT LA B0 L' (B EE VL™ = (0L™ / 0%, 6L / 07,61 / 0Z) (R Bl ik =X
470l [ 0% = (X = X) | p° = (X=X) | p° +sgn(X— X)[0.4F*c(Do + E¢) + PE+ Q¢
4L 10y~ (F=Y) | p° = (F=V) o’ +(§=Y)S+TE)  py (0-93)
4ol |07~ (Z-2) p° —(Z-2) 1 p° +Q+Tn* =S¢

Hr, D,E,P,Q,S,T 737lE SUN:
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D =(8F° +13F*r, +37F°r” +261°) / (F* +1)°
E=(F*+39F°r, —24r’)/ (F* +1)°
0= 2F% | p,
(F*+1)’@+¢)
SEP+£—O.4F2(D+E£)§ (0-94)
1+¢& o
_04F°E
(4o
2 4FC I (1+&)  0.4F? el F2C'¢
P= - A+B 2)(1-¢&) -
G R G AR A=

(2-74)XH, A ,B,CT e LN
A" =4F° —4F*r, + 60F*r? —-52r°
B =F°+74F"r, ~189F*r + 48r° (0-95)
C’ =4F° -14F"r, + 3F%r? —15r°

FEARBATE 7E RE SR P, — RSP B = A TR /N e A 3638 1 7 iR 36 T £ )L
TR, R SRA AR S5 B JRIZHE S . VBN AE AR A /N 7T B A R R R A
1, FRATTHT LA o TR SRAR A Rk 5 4L 122,

(2-72). (2-73) BT ELL I FEA RBAFEN T L™ S HBREE VL™, 5 R 33k A L,
P 2205 D2 R TR . AT 25 1T R4S B S v i1 T 124

P 0-96)
P AN
Bt

p=Ar2+51(52+1%), r=JE-x)?+(J-y) +(-2)
A=+ (S +1)), h=(Z=x)" (I - y) +(2+2) (0-97)
r2E\/(>~(_)()2+()~/—)/)2+(Z+z—FZ)2

(2-76) 2072 L™ 153 — M faifb KB, Bl IEL ) F? (47U U1/ p, -1/ p) i3
F2 U (4L U =1/ p, =1/ p )b Alis & Kelvin-Michell 594 H B i 261 ML Z R, K
Y5 (2-72) A 25 B TH 5 45 5 EU AR 6 (2-76) AT A5 1 45 SR FE 4 A 3R B0 10 Y . {H AT
T IXPIFRIEALT RS S X0 A B

2. 4.2 Hogner 3 5 35 H 1) 2 9 543

TGS R, A AR X I P, B N S < B TR BT y = 0 Kb TGS 4
MeT ISR & BEBE. 5 IE BV & R EE . RN T Refs BV I T 45 5,
TRATFE NG X IR A5 @Y I, SN AN EBE IE R B @, LB S x BRI P N b 7
R XORAME S B, « " I, 0B BT WA R T 2 . Hogner S # 4, 4 TH DL U%
4y @Y LT (2-58) RAEIEA:

Y (%) = [, W (X, $5,2:3)n" ()da(x) — [, W(X, &9, 2 X)7* (x, y)dxdy (0-98)
Horr, WK X) ARG A BR 7, MR 11 B EL ¢ 7€ SO
@=1-exp[-0.3(0.5-%)* / F*] (0-99)

PLF =0.2,0.3,0.4 41, Z:hIfiiG & IE R4 ¢ 75 X [-0.5,0.5] WHIEUE, Wil 2-2 Fis:

016 4k 42 7
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Bow-wave correction function

——Fr=0.2
——Fr=03
08} | ——Fr=04

D6

0.4F

02F

D 1 1 1 1 1 1 1 1 1
05 -04 03 02 -01 0 01 02 03 D04 05
Xils

B 2-2 MfE B IR H ¢

HE 2-2 550 MRAGIAE I BR AL @ 70 M Al DX Py s s ek, 78 Al X 32 Je il e T 1.
AR BRI B R 4 W] 8 B AR R s N
- & (k) Y F2 ik (R k) F2
HOCR) |, [* AEEdk  with {E =° ' (0-100)
F -k

W (X;X) =
( ) E :e(1+k2)z/Fz—i\/1+k2(x+ky)/F2

Hrf HE) OO R S, HERRT OREL L, HAEE/NT O 0. ImFBERES, F AR
TS, +k, 5 A BB DAPEIE AT & SEPR A 122 2, 3ont A TR AR
Wrmﬁ
=—| [ IAEE { }
k. \/1+7
IR -8 W R xRS, T H=HX=X) A, SHH S MBI TR s(x-X)
X 5(2-80) A AT X . [t (2-80) 2 5 (2-81) A A2 58 A £E 1, (HAERAL, FRATZNEIX
FhAS S
H1(2-78) 2\ 5 (2-80) R v LAfS 31«
A =l Im jk ASHE dk B =el)7F i ko) (0-102)

——1Im j { }EEdk with H=H(x-x) (0-101)
- 1+k

Hrp st =8 (k X) fE P E_fu;’ﬁ JE XN
g EF [, HEnXda—FLH HE,z%dxdy with H=H(x-%) E,=e 9% (0.103)
HT H=HX-X), FEHRAEY K<x B, B4 2t ke 5 SY A vTik.
2. 4.3 NM Fig1& 1E 17
(2-63)305E X 7 NM BB IES ™ , AW 5W* i(2-81) Xl &l t.,d. 25
PRI TH AR DI B 1) B . BR AR EL E A2 (2-80) R X3 ik . 1 (2-63) R 5 (2-81) AT

15
w1 Ko ~ 2z, = .
W :-lmj ASYE dk  with

j HE[(kd? —iv1+Kk2dY)g, + (k2 —iv1+k*t))¢, ] da

(0-104)
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ﬁuS‘Eﬁaﬂ]ht d'5E SChtnER-42) R 4R, WA to=t, d.=—d, ‘K Sy o
RINN:

v = izj CHE[( + i1+ KEvE)g, + (kv — NI+ K2v")g, 1 da (0-105)

(2-83) 3015 (2-84) 2 IR 1 b5 B 2 RVRFR N3zt 32 e 1% e B STY = S + SY ERTRZ JR X

BN, BATHE x<-05, WILH H =1, Il m Shy S5 s BTk, &
ATRT LA Eh 3zt 37 30 3 R K S Y 45 8T8 IR VR AL (32837 24 9% L) R B (2-86) e 52 XTI, 3K
AT AT LA Jok Xof i A 1 2 T Ak (1) i 70 90 AT R 20 43 B JE IR A (13 37 4 B 7, IXAE RS I
S,

Clr — j V14K (S2+5%) e 2304 gk with S =Re(SHY), S, =Im(SH") (0-106)

wave

2.4.4 ﬂ“ﬁssd SEE-AL

R 22 AR T I y =0 XIRR, vY, @, SY #R T y AT R E. 2 T X FRPEIRAN
A% (2-82)30. (2-83)3. (2-84)3. (2-85)Ufl—LLAE T,

H(2-82): . (2-83)z\nl -

- *=41+k’%/F?
A =EJ' Ae®OPF cos5Y (sin* S+ cos@* Sy dk  with {(p
T

(0-107)
@ =kJ1+ K23l FZ}

o S) S Ay I ST =SH+ S (953 5 e

re?

S = ?LH HE’C’C*n*da-— %L HCYC*z’dxdy

, , (0-108)
dH _ £ Tz X~ X _c q X, ¢
S = Fer HEC'Cn"da - = Lg HCYC*7*dxdy
Her, = 53FaRIR Ry >0 " 527 E7,C*,S*,CY,SY & R
E (ke C*=cosg*| [CY=cosg’| |@*=v1+k*x/F’ (0-109)
N ’ S* =singp” ' SY =sing’ ' ¢y5k\/l+k2 yl F?
3, tH(2-84). (2-85)AH[15:
S 7 =1+k*%/ F?
" =£Ik Ae™ 7T cos @Y (sin@* SY+cos@* S ) dk - with ¢ T (0-110)
A @ =k\1+k?*y/F?
Horr 7,8 p il S =SV +iSY, 1Sl R
& Eéj HE*S* [(W1+ K2viCY —ki'SY)g, —n* (W1+ K2 v'CY +kv?'SY)4, ] da o
0-111
él{ezéj HEC [(W1+ K2v*CY —ki'S")d — " (V1+ K2vICY +kv?S")g, ] da
NN
="+ _1 |mjk: A(S" +SY)E dk (0-112)
T TRy
R A
j " At o5 Y [(sin @* (5% +S7) + cos 3* (S, + SH ) dk (0-113)

(2-87)2015(2-90) 2\ AT BLEE B R BUER LS. Tl AL 52 Lt ik 2 S™

, FORMRTTIE SRR ¢y — 50 AR TR ROHESR Y, S5t s 7 SR AR A4 3R 1. (2-88)
’5(2 91)3 . FERAFLRE Y, T S xt RS, 7f’]1£ﬁ71:ﬂﬂ$hﬁﬁﬂf:@iﬁH IS EIE BT
A RAEIRIE D, FAT LB iR 5 H REUOG T 8

018 4k 42 W
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1+ tanh[(X—X) /1
2

H = H () = pre ] (0-114)

SO 1 R T 7 FOREAE S

2.4.5 W%, I3, TS

HAAS R TR AR B G TR K ) p iRk

p=(P-Py)/ (V)= p —z/F? with p'=¢ — (g +4; +¢)/2~¢  (0-115)

b, Py RERAES, pREKERE. paATIEN -2/ F2 SR p . &
HHRILA p=0, 22-95) A%, IH4:E(2-47)2nT ISR AR B H& &
e=E/L.
t* —ed” d”* — et

n=— g = g+ LT g (), with =t d (0-116)
F 1-¢ l1-¢
WIERRA TR (2-42) Kb e Xt 5d', W)(2-96) X AT ik — B4k N -
n=rr =6 =) + (0 + () (0-117)

T MR AE 0T AR R —pn s Hil x,z F IR 4 J1 e Y= pV2LECY
FX=pVPLC*, MR T M) 53& MM S ot r, Wy S 5N
MY = pV2L3C™ , B B T M ik 7R 3E B i FE R I M. 3R i CX,CE,CH TR R A
(C*,C*,C™) = ~(CI%, Cy,Cpen) » OIS 75T 17508 2 P 26 6 7 12K F 3 O 3 T 45
FIRDLPEBEST REL, 52X CRr w1 (2-86)7N, TR T I D4 e SRS 1 R T
OGP R A . X EeIKF) Sy R BT N A B

(Coave: Ciit» Cpiren) :LH (n*,n*,n*z —n*x)¢, da (0-118)

wave !

T BACTHIUE h=H / L 59\ ¢ 7] LIS .

h Ci T C iitcl .
—r—t, —y A with ay = LH dxdy, a) EJ.ZH x?dxdy (0-119)

F2 a'' F? a
ay’ &y 43 AR TE IR A F 7K 4 T T AR5 k4
1 (2-98) A Al 4. MRS 5 AT AARAL ) n (EAR /N, R e AT T% D438 BH 7 B BT RRAR /N o
MRG S RRAL n* = 0, JEIERSIEBE I E BN K. FEA R, MR . PAT R RS
n*~0, FTCAHESS RIS B MAR )N, T AR JE B FHIT S P B 2 AR K .

F=EF MASHWIE
3.1 ARABER7KIA ]

AN, BATTE R Wigley(4m). Series 60(4m). KCS(7.36m). DTMB-5415(5.72m)
PURRARZY, 4351 F Neumann-Michell 328 FTHEFET & 1957 1ITTC A9, £ FFFii CFD
At OpenFOAM JT % 1] £ ThE R fif 2% naoe-FOAM-SITU 15 & M ALAE ZAME M 450 T (1)
Bk A7, IS MR R 45 AT IR AT S itk .

3. 1.1 Wigely fift

3.1.1. 1 {HEAR

Wigley i — A2 AR, AT DUR s Aok e U AME

2
y:i%(l—4x2)(1—%), with —05<x<05, -d<z<0 (0-120)

1T JHITTC & b, SHE., . HI - T2 KO RAE B Wigely VTSR
5, B KRR, 2R3k 7 RERRIGEEE . BT HAMER N, 31K

019 m o4k 42 T



J7z): ¥ ﬁ){ ﬁ}t 4
e/ SHANGHAI JIAO TONG UN“’W“Y E Tt NM I RIRRARER K T EFR S S
ﬁTEEFE-Z, BT LB, Rk Wigely fiy2e 5 F T30 0E « AR T R ) D (R o S e 3% Wigely

Fi i SRR T

& 3-1 Wigley ffs %4

3.1.1.2 CFD P& % 1F K MK 4y
FENFH CFD J7ik 0 A Bl s, IF it — Do Sk B g S AR 156 2%
W EAI L B 25 o NM ER S BLAR AT DATIR AR A D5 G, (R TE SR ER K B I 3R
TR THT S .. T W IAE NM Fie K RS, 76 CFD i 8rh, ¥ B
RLIR 25 B2 N [ 52 (fixed) » H A% Ship Research Institute(SRI) % 78 Wigley ff i [ i€ i) 4644 R 15
FIHFFKPH Ty, FUCIRATESE SRIFBH /1B AEAF A EL A G SRI ARS8 26 A an 1
L,, =4.000m, V =0.1777m*
Temp.=155°C, p=101.930kg -sec’/ m*
K =0.085, v =1.2845x10"°m? / sec
FATKSE SRI Hi50 2% A HL & CFD (S v (R v 5% A1, U RE SEERf 1 H CFD J77%
BRI JE B iR o FRATDA A o E S AT R R 43, 7EMRAE . AR B Hi T S5 AL s X A%
I Ab . CFD Hr R BC B 25 A S AR RI 73 tndk 3-1, WIS R 3 an & 3-2. 4] 3-3:

& 31 BEFAE BRI

Y Wigley % (kg/md) 998.914
A (m) 4 Bk R % 1.28E-06
T K R 4 874767
AL 0.2/0.25/0.3 R ABLIE B RS [ &

A S E SRI 1% (Fixed)
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) X FAALE
e suanan Jro Toxg Universy LT B0 NM IR ORI B R S 5

A 3-2 Wigley M52 M Pk £l 4+

& 3-3 THERMIE I 2

3.1.1.3 LR L

F 32 hr HER T iy )0 0.15, 0.2, 0.25, 0.3, 0.35 ) CFD B &%k
THEAE W SRI S BE ) R BORIGE DL AL T NM B A1 1957 ITTC A2 B ) R 80544,
FEAEHE . X 3-3 B4 FO5 A (s el NFE T NM BSR40 BE 1 2258,
SO R LR AR 1957 ITTC BRI I 77 A 2013 2 (1 BEERIH 1 R4, 105 A0 (0 S 28 N R TH )
ZHON NM FE TR A % B BE ) BB A, BT NM O BRE T TR f0 s B ) 28k, )3,
BRI B = A T 2R 4 AR R B T ) B RE ) BB e B BB 4T S %R CFD
(T EEE R A 3-3 IR 2E0: B bt sk 5 B YR 4R AR T NM B
WHTHR A S 2505 SRI RGPS AL/ 2 8G F M sz NM FRIE TR
ERIIES 10%HTEEZE; 25000 s R ES NM BRI 2. nas o)y SiE e 4 it
ek 2 0], MW HE T 3 B ZE0E 10% A . & 3-4 IR T Wigley MRALZEETHE N9 H B
TR, N CFD kit H AR, Aoy NM BT 45 R .



3 - x> .\g
a%ﬁfs -r‘: ﬂ)\ ‘ﬁ)t T ‘ . .
S seanonas a0 Toxa Unvarary BT R NM IR KB TR S S

3R 3-2 BRI R B (X 107)

e (B 0.15 0.2 0.25 0.3 0.35
NM 4.0959 4.2996 4.4794 4,9498 45714
EXP 3.8840 3.9060 4.1810 4.7000 46530
CFD 3.6595 3.8806 4.3465 49218 47171
NM-EXP 5.46% 10.08% 7.14% 5.32% -1.75%
NM-CFD 11.93% 10.80% 3.06% 0.57% -3.09%
CFD-EXP -5.78% -0.65% 3.96% 4.72% 1.38%
0.01 C‘f ! T T ] ]
0008 | NMEIE.?I?I a Wigley (L =4m) -
U“—
+3
7
U
J
=
“ 0002 b .
0 ry AAAA‘A‘A‘A““‘ -
0.1 0.15 02 0.25 0.3 0.35 0.4
F
001 L} 1 L] L} L}
NM Theory
0.008 k 1(0? fﬁ,‘% x Wigley (L =4 m) ]
CAC,+C) @
g 0.006 | -
g MW
O 0.004 X X X X %X x X x =
=y
2 0.002 -
1

22 U142 T
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z
n S0
001
0005
0
i
<001
-0015
3 .
< o § L
-7
n Sous
001
0005
0
i
<001
-0015
r
y ’
- ’
g 1SN
3 R %
Y
4
n S8
001
Igm
0.005 /
Sors 7 Vi 7
S g
7 o’ r’ ]
. # (
S .
N o &
N\ ‘;\ \
z
u gﬁs
001
|nms
0
-0.005
-001
-0015
7
V- 4
~ «(
b XN
~
N

& 3-4 B HREE B L2 TS5 54 0.15,0.20,0.25,0.30,0.35)

3. 1.2 Series 60
3.1.2.1 fHEpEm
Series 60 M /& —Fh 2 4 AN . MBS HnR 3-3, M ALLIE W& 3-5:

023 74k 42 |
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& 3-3 Series 60 S
Designation Model scale Full scale
Length ( Lpp) 4m 121.92m
Beam (B) 0.533m 16.256m
Draught (T) 0.213m 6.502m
Block coefficient ( Cg) 0.6 0.6
Wetted area (S) 2.719m? 2526.4m?

& 3-5 Series 60 #E %

3.1.2.2 CFD Bt & 21k K M &l 4y

HFRIFERRE, FRATIER CFD J7 it HILF K B B SANE ARASE [ 2, tH R e
PRI BT FE A THIU S BB % . H A University of Tokyo (UT) ¥ £ Series 60 A 5[
SERIAAE FAARIELE KL, RIEIRATIER L UT BRI E 1 A EL o R . K35 UT 1
RIS AACE CFD 5B T 526 4, FREL L X025 A% . CFD AL B 26 1 A I
KXk 3-4, Mg KI o 3-6. & 3-7:

& 3-4 BB MBI

i) Series 60 5/ (kg/m ) 998.66
fiE K (m) 4 BEKTE R 1.07606E-06
T K PR EL 1047363
I B 0.18/0.22/0.25/0.28 ARHIZHPIRZS It
A E UT R {E (Fixed) RIGIEE 17.2°C




) X EXLLF
%/ SHANGHAI JIAO TONG UNIVERSITY ET o NM BB ARER /KB W E RS o040

Bl 3-6 MR T Pl

& 3-7 iRk

3.1.2.3 IHHEE R L

% 3-5 Ry BN TR 0.18, 0.22, 0.25, 0.28 T CFD & BH 1 &2 ¥ 514
UT BB ) R BORI6AE DA IE T NM BEE A 1957 ITTC AR BH ) R ¥ 54, IFHAE
b, B 3-8 Bt rh, NOTHIME (o sEgR N T NM ER TR I 60 H ) R 8k, Btk
NARYE 1957 ITTC EEHERH AN 15 BRI BRI IE ) R 5L, 15 IR (0 S 2 B8 5 BEL ) R A0R0
NM BEE TR 10 240 B 7 B2 50z A0, e BI3E T NM B TRk Bl &4 F3, ER K
B IRL WET7 RER Br X R BRI E 1 S B ) REFI DG I ) 28 4L
877 RN CFD Mt E 4R . | 3-8 N, & LMLt side 5 e SUY 250
RERET NM BS T HR S 2 5S UT RTINS B R30G5 0 sz
N NM HEE S FIRAE A IE 51 10%FITE I ZR; 2500 moNIRIR (5 NM FidR(E 2 2. a0y
MVEAEW S s gk 2 1), VB B R ZE7E 10% LA . 1 3-9 JEJR T Series 60 A 7UTE
LT T A E B R, 20 CFD kit st B, A0y NM BES (1) 546

# 3-5 B RS RHE(X1079)
(R 0.18 0.22 0.25 0.28
NM 3.7770 3.8695 3.8463 4.8803
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3 - x> .\g
@) EAAAY
NS suamonat wo Ton Unvessy T i NM IR MR K IR N B HHR S 47
43 3-5
=gty 0.18 0.22 0.25 0.28
EXP 4.0040 3.9400 3.9060 4.5940
CFD 3.4579 3.5741 3.7300 45162
NM-EXP -5.67% -1.79% -1.53% 6.23%
NM-CFD 9.23% 8.26% 3.12% 8.06%
CFD-EXP -13.64% -9.29% -4.51% -1.69%
0.01 T c - T T T T T T T T
0008 NN&B}E{% R $60 (L.=4m) -
o) x
+B u
7
o
J
P
o
0 o 3 w £ WX & K X ™KK K~ LJ x ] i = -
0.1 0.12 0.14 0.16 0.18 0.2 0.22 0.24 0.26 0.28 0.3
F
001 L] L] T L] | | L] ] L]
NM Theory
0.008 | i(cwmgﬂﬁ x S60 (L.=4m) 4
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% 36 MESY
Designation Model scale Full scale
Length (Lpp) 5.72m 142m
Beam (B) 0.76m 19.06m
Draught (T) 0.248m 6.15m
Block coefficient (Cs) 0.507 0.507
Wetted area (S) 4,786m? 2972.6m?
Displacement 0.549m? 8424.4m?3
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R 3-7 Be B XM KRR 5

F 2y DTMB 5415 % & (kg/md) 1000
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LB 0.18/0.23/0.28/0.35 ARHIZHIRZS H H
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HAEE . B 3-13 Bk, TR RS2 T NM RS TRk (1 060 B R4
R AMRAE 1957 ITTC BEHEIH VA 045 2 BEHEIH 71 R4, T 07 W5 (s 28 N BEHEFH ) &
HOR NM RS TR D400 P 1 R B2 f, tBEIEET NM B PR B R %G B
Mt = IR ARG B ) R B 4y R CFD HIHH 45 R . 1K 3-13 REE8
g, B EJTRIA SIS B SUR A m AR IET NM BRI Bk i) S0 ) RS
INSEAN R4 AT HUa /) &40 T E G sesh NM B TR B 1 1E 71 10% (175
s B0 ACONREES NM TR 2. eSO SEEm s s s ge 2 (), 3w
HIRZEAE 10%LN . B 3-14 7R T DTMB 5415 R RUZE 2 T N B B e, 2
N CFD TRt R, A NM BS 1)7h H45 R .
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AL 0.18 0.23 0.28 0.35
NM 4.3109 4.2351 4.3620 45578
EXP 3.9800 4.0000 4.2300 4.8400
CFD 4.0314 4.0009 42418 49145
NM-EXP 8.31% 5.88% 3.12% -5.83%
NM-CFD 6.93% 5.85% 2.83% -7.26%
CFD-EXP 1.29% 0.02% 0.28% 1.54%
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& 3-9 MRS H
Designation Model scale Full scale
Length (Lpp) 7.36m 230m
Beam (B) 1.0304m 32.2m
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Block coefficient (Cs) 0.651 0.651
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At KCS #JZ (kg/md) 998.62
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b BRI E Free
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FORECASTING AND ANALYSIS OF THE DRAG OF
A SHIP ADVANCING IN CALM WATER BASED ON
THE NEUMANN-MICHELL THEORY

A ship has a variety of performances including ship's buoyancy, vessel stability, rapidity,
seakeeping and maneuverability. The rapidity is one of the most important performances among
these properties. It will have impact on availabilities, economics and practical properties for civil
ships, and it is also closely related to warships’ combat effectiveness and vitalities. Resistance is
one of the significant factors that affect a ship’s rapidity, and the prediction of the flow around a
vessel hull is a classical ship hydrodynamics problem. So it is necessary to explore an accurate and
efficient method to forecast the drag of a ship, and the problem has been pondered widely in a
huge body of literature.

Tank experiment is a basic research method which has been used for a long time. It was even
the only way to predict the dag of a ship at the early stage. As we known, the actual ship and its
corresponding model have the same Froude number, but there is some difference in Reynolds
number between the actual ship and its model ship, that can bring scale effect to the experiment
results and cause errors in the prediction of drag. Generally speaking, an experiment also needs to
spend a lot of money and manpower resources.

Indeed, a large number of alternative numerical and theoretical methods have been proposed
to compute the flow around a ship hull besides experimental method. Computational fluid
dynamics (CFD) method that solves the Euler equations or the Reynolds Averaged Navier Stokes
(RANS) equations is one of them. This powerful method analyzes the fluid flow field by means of
computer-based simulation, and it has been widely used in ship industry along with other
application areas. CFD method includes most of the relevant flow physics, accordingly, it can
yield more accurate predictions of steady flow around a vessel hull, but the flow calculations
about full-scale vessel hulls and unsteady bow waves generated by blunt ship bows still beyond
the capabilities of CFD method. At the same time, the CFD method has to take up a lot of
computing resources and considerable time. Detail design of ship and design evaluation only
involve fewer alternative ship forms than concept and preliminary design, and we expect to obtain
the precise results about the ship’s resistance performance. Considering the above factors, CFD
method, which is a practical tool, are well suited for detail design and design evaluation.

Thus, there is a need to propose a new kind of theory which only accounts for the principal
flow physics and just involves simple boundary value problems, so we can solve it in a robust and
efficient way. Indeed, a drag prediction method that is well suited for routine application,
especially in the early stage of ship design and ship hull form optimization, needs to become
practical enough to be widely used, and the results delivered by the flow calculation method have
to provide sufficient accuracy to meet the needs of practical application. In recent years, Francis
Noblesse and other scholars have developed a modified theory named Neumann-Michell theory
based on the Neumann-Kelvin theory, which can be used to predict the drag, sinkage, trim, and
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wave profiles of a ship advancing in calm water. Both of the Neumann-Michell theory and the
Neumann-Kelvin theory belong to potential flow theory that ignores the fluid viscosity and defines
the velocity of flow field by the derivative of velocity potential function, and can be used by
introducing a Green function G that satisfies both of the radiation condition and the
Kelvin-Michell linearized free surface boundary condition. The classical Neumann-Kelvin theory
proposed by Brard and Guevel is a natural extension of the thin-ship theory proposed by Michell
in 1898 and the slender ship approximations proposed by Francis Noblesse and Hogner. In the NK
theory, the boundary condition is satisfied through an integral equation at the ship hull surface, and
a waterline integral term which causes a lot of problems is involved in the boundary integral
representation, so the NK theory has failed to yield a both practical and accurate computing
method to forecast the dag of a ship and other important features of the flow around a ship hull,
such as sinkage, trim and wave profiles. Specifically, the difficulty about the troublesome
waterline integral around the ship waterline which occurs in Neumann-Kelvin theory is overcome
by the Neumann-Michell theory. In NK theory, the integrand of the waterline integral is
¢G, —Gg,, xis the coordinate along the ship length, ¢is the flow velocity potential function,
and G is the Green function which satisfies the radiation condition and the Kelvin-Michell
linearized free-surface boundary condition, and can be expressed as the sum of a wave component
W and a local component L where the W associated with the waves generated by the ship hull
decays at a much slower rate than the L at some distance from a ship. The term Gg, is eliminated
by using a consistent linear flow model, furthermore, we introduce a vector wave function which
is related to the wave component W in the Green function G, the term ¢G, does not appear by
using a series of mathematical transformations. Then the NM theory expresses the flow potential
at every flow points in terms of only a surface integral over the mean wetted ship hull surface, as
the sum of the Hogner slender ship approximation term which is defined explicitly in terms of the
ship hull’s geometry and the Froude number. Then we solve the flow potential through iterative
algorithm, and we can get the pressures at the wetted surface of the ship with the help of the
Bernoulli relation, furthermore, we can obtain the forces and hydrodynamic pitch moment exerted
on the ship hull to predict the drag, sinkage and trim.

We now consider flow created by a ship hull that steadily advancing at constant speed along a
straight path in calm and infinite water. Then we assume that the total drag of this advancing ship
consists of two main components, one is the friction drag that are related to viscous friction at the
hull surface, mostly relies on the Reynolds number, the other is called wave drag which are
associated with wave making, and mostly relies on the Froude number. We apply the program
based on the NM theory to predict the wave drag of four kinds of standard ship hulls including
Wigley, Series 60, DTMB-5415 and KCS, and evaluate the friction drag by using 1957 ITTC
friction formula. The sum of the two components is the total drag of a ship. Then we predicted the
total drag of these ships within a wide range of the Froude number using a solver called
naoe-FOAM-SJTU which is developed by Prof. Decheng Wan’s team and based on CFD method.
Through comparing these results of drag, we can find that though this method is very simple that
the NM theory ignores the moving ship’s sinkage and trim, flow unsteadiness, free-surface
nonlinear effects, flow separation, and only considers the influence of viscosity through 1957
ITTC friction formula that deduced from equivalent flat plate assumption, but the total drag
predicted by NM theory and ITTC formula is within about 10% of experimental drag
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measurements, and this efficient method can provide these results in a few minutes using PC, so it
will meet the needs of ship design and hull-form optimization in early stage. The RANS-based
CFD method which involved the effect of viscosity, the influence of sinkage and trim, and other
complex features can yield more accurate predictions of the total drag of a ship, but it has to take
much time to perform a large amount of computation. so it is well suited for detail ship design and
detail ship hull optimization.

We use the program based on NM theory to predict the sinkage, trim, and wave profiles of
the Wigley and DTMB-5415 ship model respectively, we also use the naoe-FOAM-SJTU solver
based on CFD method to predict those complex features. Compared with experimental results,
then we find that the NM theory can predict the sinkage, trim, and wave profiles of an advancing
ship approximately, although the accuracies still need to be improved.

Furthermore, Much work needs to be done to makes the NM theory perfect. These future
works including accounting for the influence of sinkage and trim when we are trying to predict the
drag of a ship, considering the viscous boundary layer according to the classical theory of high
Reynolds number flows which is ignored here because of the difference between two numerical
flow predictions, one is based on the potential flow assumption and the other accounts for
viscosity effect, is very insignificant. Moreover, the NM theory is a linear theory, so it can be
improved by adding some nonlinear corrections to account for nonlinear effects approximately.
Finally, as we known, the 1957 ITTC friction formula is deduced from the equivalent flat plate
assumption, and it provides the friction drag exerted to a flat plate which has the same wetted area
as the corresponding ship model, but ship is not a flat plate at all, so we should introduce a form
factor to correct this friction formula to improve the accuracy of drag prediction.

This paper is to introduce the Neumann-Michell theory proposed by Francis Noblesse and
other scholars, and to predict the ship’s drag in calm water, sinkage, trim, and wave profiles using
the program based on the NM theory for validation. In chapter 1, | make a brief review of several
alternative methods to calculate the flow about an advancing ship. In chapter 2, | introduce the
NM theory in detail. In chapter 3, | apply the NM theory to provide the predictions of wave drag,
sinkage, trim, and wave profiles of several standard ship hulls. In chapter 4, | come to conclusions
according to the comparisons between experimental measurements, the predictions based on CFD
method, and the predictions based on the NM theory.
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