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NUMERICAL SIMULATION AND ANALYSIS OF SHIP
ADDED RESISTANCE IN REGULAR WAVES

ABSTRACT

Under the background of energy saving and emission reduction, International Maritime
Organization put forward new requirements of Energy Efficiency Design Index, which made people
raise concern about the study on energy efficiency and emission reduction. The added resistance
can lead to extra fuel consumption and sometimes speed loss in seaway. It also has negative effects
on ship resistance and performance, which may be not environmentally friendly and increase
economic costs. As a result, to reach the purpose of improving energy efficient, the prediction and
analysis of the added resistance can play an important role. In the paper, by the CFD solver naoe-
FOAM-SJTU, the added resistance of DTC is computed and analyzed under different conditions.
The results show that with the wave length going up, the added resistance increases until the peak
is reached, and then it goes down. When the wave length remains unchanged, the added resistance
reflects an upward trend, with ship speed increasing. Moreover, the added resistance varies greatly
in longer wave conditions. When the motion of DTC is fixed, the added resistance remains basically
unchanged. After analyzing the added resistance, we can also figure out the composition of the
added resistance. In short waves, the diffraction component is dominated, while the radiation
component plays the most important part in longer wave conditions.

Key words: added resistance, DTC, CFD, nace-FOAM-SJTU
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AR, Bl IR = RS AW, AR AR 2 AR BT, I B s
KW, R T iafix—#as, R AT DU EAE RSS20 REUR 5 i b HE L4 ol % E
KM E i R EE N BT S RV AE R E, RS KRR LS a bt 2
IR JE, M4 T ERMES, R HHE e T 20582, 1780, aiR%E. &
FUEFARTE D — AR S5 I == SR PR 32 S AR K, fE N = Kigki iy Rz — il
2B R AR FE 2 3R D FEIX — 3 5 N, ARANTE SERRAUAT i e 51 A T G .
WA B AN RE 8, D AR S Bl 5 A PRI HE SRR R AR AR AT b (R 2 2 A

2011 4, HBRGFALARGERYERASE 62 R, W TH EEDI (Energy
Efficiency Design Index) . EEDI #iffiyix iHReRTE 4, A= Mttt SKntaE, Bikn]
EH A A0 T Y #E e 2 5 M AR S B A A RE B AR H BN S HE I E 2 S I R R . i
EEDI 42 oA R A RE RS 7 B i brifE, JF ELBEAE I RIHERS, EEDI B 40 4: T
R, BP S AR HE S BI04 . S T 2 EEDI FImbsiE, MBSt SRR T AR SR 40
R TR IR B = b . 5 HARSFIE MR R A E F A, FREXT EEDI FIW A ML T
KERIALER, HAA ML EEDI A EEHR, IO M AR Re R BB 78 J1RE, RS2 Re ddHE
P, A RedEm R E AL A SE S KT, SRk A E FERR AN T 5 A 2 H

T HEUFH 2 EEDI ESR, RARALARANTEFACIRES T I FH 72 A Bk 21K IR £2 = A
RERLI H 1Ko B TSR IIAFATE, STEF KRG, MEARTESERRAAT A 22 B4 FH 7T,
I 4 BN B4 BHL A7 RT RE ik B KB A1 30%, I H 23 B2 A RIS AR DL SR 5 4,
AN BN o WA YIS, 3900 8 FH 77 52 0e A R e 1 5 e i, 7 B I A 2 A e
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RHA IR X 5 2 MR A AL iE 3 &, IRIRIG PR B FUE A -+ B E L.
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BRI BEAE MR BE ) oG B , — B2 FH AR AL B A O 2 M AR
WIHR L, FEE =M, SR AMEGRLeE, BigitHiE S CFD (Computational Fluid
Dynamics) J7VEHUA AN .

1.3, 1 Fiatse

FRBLR I VL& — P SR AN 52 1) 58 IR AT B . TEBORIG IO 70, ARSEGR
B TR S RS E LA R T REVE, REE 1S B 5 S PRIE L PR — BN S R (R, W RS
FAMRA R IRVEAE IR B - B, = RE 2R 2 IR R AR 5 2 3 AR, AT 21K
RIGAF AR MR . — DL, AT DO ARSI 15 2 1 S0 A 5 e T U AR
gh, MIMTSSAIEEUE VR T S5 o sy 2 V4R F A R i Ais 2 v SR 7 SVMP-R & T
Gerritsma-Beukelman[t® 77y f1 JoosenM 75k, X PUFRRATLE T (AL 2SR IEAT T B IR 3G LIV
FRTIR, 5 MBI ISEOE X EUIHIE, A 30 Tk 28 S 5 B AR 6 78 AN EOE BBl A W) & R
Uf, BOUF T SVMP-R 27 AR DhRE M SE R e, HES) T I IR BH 2 A TR At 78k e
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FEG IRV TTVE B NWIRE, Al Siainik . winid it TR P e e At it
B ARRIEIE AR R R R AT 5 NI AT AR AA A2 T8 Bl . 351 513
FIE A TS, (HATNRE RAAEAE—3 Rt iTHb. B4l 40 424K, Havelock™?
BRI G T BB PR RE ) R AR 7T AR a7, THE TR 2 R 7T,
DA AR R 38 i ¥ BH 7 1R~ 2408 . Ahiz T Froude-Krylov 1B %%, BI3HASF VAL
R A, X E BT S BRI E . X3 AR A FREIRMANIZS), HARE
THE H B VR BH B, PR BE A 04 7 V20 5045 B I B TR I PR BB R 22 oK - dmdgidi,
1974 4, Maruol SR H5 Z& M AR ER L, N4 BT 3500 =0 AT AL T, o NG 35
RATARGR Y, H HA BRI B o R G I S S B, S T R A R
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FEHE H B ERES), M TR G G B EE 7, PRI A% 0 A YR 3 B
FAPERT, (BT i M AR 2 K o JIRS 0 T A TR I BELATT 78— B ofi A
NI IR (R I2 SR BE AN K, (AR R IR BEROR, RERAIFERL 20 ™. BhiE, JiRSE
SR BRAE B IR G P P (5 4 = S AL, AREATE TR, FFEME IEALEE. 1980 4F, Faltinsen 45
CLOIH5 H o e I B, AR 7 TR A A DA B S SR TR 1 5 2009 4 [ Frifg 33 41 41
BRI TR 59 IR b, REABHARMZEFIRE T IE R %, ZHETA
TR, S NI, B Maruo BRI THELAS B M ARE S R AR S R B
TR T AR Ge g B BEAZ I, AR INAS SR AR R i VR 3 BH AU 25 S0

THENLAE AR K R SR AT = e BUE T AT 2 T PR e . B 38020 B TR B AT
SHEBUERTHE AR R T AR S A . SRS NTER IR T, I =4
BN KBS IR R O 4R S 5 SR VR AT SR, A3 2 IR 3G P 8l s RS ME A
WU 1) = AR AT 7V S R AR e AT SR AR, 4k I — AR A A S AR B2 AR
AT BRI BUE AT V. S BUE T E T IE Y, REARFRERZE —FLL Rankine Y5y 5
BT TGS o IXFP AR 3 M AR TE LRI (1) 52 018 0L, 4 IR e 4% BB R T AT #L o ia
B, A5 B BIN ] 25 B N BT SR VR BE A7 o = 4B AN T B BE S AR B AR B 2
TR B A, A SR h R A P, 1977 4E, Dawson(204 T —Fh 2R 1 (1K) XU Bl T7 2
KPR IEHET Rankine Y5, TEMMAZRIE S A T _F%E Rankine Y5, M 2 BT EL R K111 4%
P B T2 S0 261 o AR R o A5 (2L Tk 57 4393 D L R Tl B2 5 R SN A 3 ek X 7
Ay AT 3 BRI AT, TR G 50 T AR 138 sl me S AN TR BH ) T, 285 S5 B0l % LU A
G

b T ARG kS S BUE T E 2 A, A o2 DA B S R, AT IR IR
BEAEFE TARR I thtn, Zedfisieass A Frank 4] FBEG H K, HI0T fig AR SHE,
XPAS R T PEIREBRIEAT T 08, H5IREE RARN LG, 3ok 7R e AT M.

1. 3.3 CFD HU{H 4

CFD I RMKRMERAE T LA AL LA B, B sHlrie, M it Ervinh 2S5
DA S G 56 s FLUR, AR ER R i A, FE AR ORI A #65, BL EHOTAE,
XU A5 10 TS A AT B A B ELR AR s SR 5 I 45 B2 S, Wesioml 46 st g
AR, SNgks i B HO TR, ERIER.

CFD 1% & LA S BRAN A 76 & A3 ) )2 S B AT AL PUE & & . AR CFD L
FAAMEREE 5 L2055 AR [R] AR, B8 REAF 2RE A I TH R 45 3, WARAR ST i B me
TAEREEE .

1962 4F, Hess 5 SmithPUii ] SHEEi i /7%, TR =4E 0T Ik At 47 K
fifto TEIXZ 5, THEMMERAIARZEMN AR T AN RNEM, FHBEERET 4
[ 2 T35 DA S = A ) v 52 B4 . 1980 4, ITTC(International Towing Tank Conference)
28I T B — RN RERG PR A S E B T [ PRt iy 2=, gl 1o RS Y sl 0 Bk 7 i, J7idn]
DL A PR 20 X IR B R (1) TRERS E, (HE Tk R B AR Z . 28 HHE1K
J&, CFD HiARKfE T3] T —@EMKT, WHmmmatEmE . B 7 AAALS, CFD i&n]
PLEAT RIS B P A . iR MESEtE O F IEUE T . 2000 F, EBVUIRMEATLAR 712
AR E BRI T 22875, R IAIELE B It 8, HEZ) 7 CFD fESEH 7 1) B
D, 4, HHENEAR K K B, CFD J5iRILE B BUN T W 5T /K 5h 7 1a) B e fe T B
Sttt E 7ML, CFD ANRE M0 5| b8 A B A R & 7 AR A AT SR, &
AT DA E I 25 FE A = BN (15 00, 1 B4 B8 3h 552 31500, M S8 IR 23 #r i
T2 BB S, R, 5HABDT AL, CFD 7 BB AN TT LTS 4% R i A4 ikl
PEAEF, 67T LA 5R AR 28V AR ARZ B0 A0 77 11 0 S T
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b4 CFD - FHA K &, CFD HAFWiE#i B, H H A EMAKa) J18EA2 7z
N, U0 Fluent. star-CCM+, OpenFOAM %5, Simonsen 252415t KCS 42 25 7 M I8k VR 1
PHIEAT 7505 CFD THE, RIMMMAIZ SR RIS, PRI FHIA B e KAE, 1230 B (1)
CFD R4 R 5G4 R A, (HE IR BH M TR 5 iR AE R 2 LR TR SR 4l
55 I HE T OpenFOAM J1 & ) naoe-FOAM-SITU SR A 8% 1+ 1 1 22 Rt B4 I R
TEUL R FIZ s R, AL = AMUEAAS [F YK N Wigley 1 B R4 )32 Bl 5 -5 95 7R 344 PR,
THE 25 ARG 25 5 R A B TS5 W& s A7 BH RS AR A BB B TR K it A
DAIH AR O ARAS AR FORT B, BSOS SR TR I BH, A PR R AR T 255 i = P R814E
N H CFD AN m g s IR G BHEAT T8, A 73R, ki s RS 1A%
AT LG, HESh T HEK R s i J8 TR 4 BELATF 72

CFD J5iEAE B0 7 T B L A BUAS T AE% Kt fg, 7EscAM 5T, CFD e AW
AR5 . C.YangPMii Fl CFD ik th i ik 2 AR ALAL T A AR TH: Taharalolhy 7 A B
IR TR/, SRAT CFD J7iEX /K P MR AGE 3E4T T HinoBUTE AL AL AR 2L ik
Ferp, @ik CFD izl fEsk g, Bttt . B9 CFD C&EX S s, HEH
BioNiE, CFD EZILZ M TR ot LA ALE ST 5 TR, 7 TREF IS5 EEAR
. HREGESRKRE, KK CFD HAMZEEZRAMMEIIERET, SRt AR
Bitr, MBI BRI AT RE .

M XA AT E Y, CRD 1E /KB i A -l F B A AR R . SEEAHR0%:
HHEL, CFD HEEWE 11; HEGIER A, CFD Wi BN A HsLhsE, ft
WS ARSI BUE M. A IARE, CFD J7VELE T VR FH 7 Tt RE B AR 6 1 45
o BRItz AN, CFD LT n SV SR E A . BT DL RS, Az
F CFD 77 VE % U YR 38 B3R AT 4 BT T 92

1.4 AXEETIE

A iz OpenFOAM J1i T 24K LA K CFD 3K fi##% naoe-FOAM-SITU, DL DTC fiiZifE
NFFXT R, oy AR B, DLRARRE BB, T8 DTC MRTEAF Lol R RS
(IBUEARAL LA SIS BN, 3BT ASE 00T DTC R IR BE 6 Rl 70 28 46 LR B J3 00 A7, 5F
B AT R oA

AWM EZETAEA TN TH:

(1) RS R GAHCTORE, ULRHRF FC R S S R X, 5 o) BRI IR B A A
o, IR AT A AT TR B R AR

(2) =] OpenFOAM T E48 LK naoe-FOAM-SITU SR fift 8%, A SR fift % ) BR 6 R A,
DA RGBSR At it A S5 P 2 P 8

(3) AT DTC MM Z4L, JF HLL DTC oy AT iH RS, S5iK
6 45 TR ARG U B8 1E SR At s ARG Bf A 5

(4 BOTE W, BEke, 2BEmEm. b, K 3 REnL T, i 3 4,
W 5T DTC M0 I IR 36 B 5 M i AR o6 R, (RIS X6 B TR KA 00 R PRI B 77 5 AT 1 A8 1k
ZE St

(5) BOTHMEE, e sm ShoE, w5 Ak, W7 DTC M IR FH 5 K
ST Y

(6) [E5%E | HEE, e e ShoE, w5 Ak, W7 DTC MR IR FH 5 K
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#
(&3]
b=
b
&
=



PFIEFS-
%/ SHANGHAI JIAO TONG UNIVERSITY ;AHJHJJ 5& EF ﬁﬂﬁm&iﬁﬂ%l‘ﬂﬁﬁﬁ%ﬁ*ﬁ
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SR, LT TR PR B R . RN, AR [ IR L = KA 7 5
%, Rel B RIS i, FENH T CFD HHitE ik, Wik ik
¥ CFD HUE A F A S ST iR I



AR P AR RIE A BE T E oA

BE HEHESHFER

AR, 5 B HAR M) Ed Ak e UL R A KSR IR ST, AE T LN T & 2N
BRI R TR A TAER RN A, CFD iRz 2 A1) =
M, I BCRATR ) AR A AT R B, FEMTAS S I IEARSE R AR It A
ZRAT AR R I EE AR EEER .. ST ITEMEL, CFD J5ikfehs o H syt
PPN I RS, R 7E AL ER 2R ) i B BE 15 B BONARE B I 45 3 o BRIk 41, CFD J7vk
RES 28 & 5 FEAR I B2 L IR DAOR PR AR FH S5 R o0t 25 SR, 3SR IR AU S 5 U
REfETHS A R A TABL, AREREE . SR 70k, CFD iR A SuUE Ty
%, AR TUHE MRS 7 RR AT SR AR, B I 25 R T IUERA, XS e
IH, BENSTEAERS ] AT KB, BE S, CARLEKE AR T2 M

KSR A CFD 7 iEAT AR AR IRIG B BB T H 5, 8 FH 25 T 718 CDF T EA4H
OpenFOAM JT % 3K fift 2% naoe-FOAM-SITU. 41y naoe-FOAM-SITU HIHELE, & Al %01
SRARAR AL 2 B 550220718, Hoh ST SR fAd i R B AR G A $ 7 R, TR
BAAY . AR &SN B B EIESRES, e N CHT REMAUR . H AT,
naoe-FOAM-SITU KAk #s L& F T Ab B Z M i), B FERRANIZ S BT 5. TR FH 4%,
H BAEfR O SRR P AR T S, BUR TR R i, JLEREAEN, F
F naoe-FOAM-SITU B A T —Fft Az A W AN RN (1038 77325, H HLEGAIE T 1XFh 7 VR RS
&5 TR A BT naoe-FOAM-SITU B T ARHEME DTMB5B512 (4R iizs),
WE T BUE VR S T AR G 8 B ] naoe-FOAM-SITU SRF g8 Bfil 1 1% A5 Sk
FEEEh R, K52 Tk 558 S b xd th, X sh W 5 ik ml ST 17580

naoe-FOAM-SJTU

A A
[
OpenFOAM | 6DOF Module Numerical Wave Tank
T A T A A
| |
Turbulence . .
| FVM | lRANS | l VOF | I s IDeformlng Mesh | Wave Maker | |WaveDamp¢ng
| Inlet BCs | | Sponge Layer |

& 2-1 naoe-FOAM-SJTU &5 #4[&]
2.1 1THI512

2. 1.1 ARG

CFD J7EAI ] 1 3 A T 7 R 9 JEmt, FROEAT RO 5. REAC i) 07 R 3% = Fo
ELETFE SRR SRR AR X S AN HIT FRA R B, BRSO GO TS5 /AN .
PRI P AREIE S B2 U AR AL, RIS B & AR 2 IR T s
A B RIRVGE S R IITE AL o o T 1) 7 FERT 72 (06 SR BN/, TR BT X
15, PRI e 5 R I AN BE R I AN R I IS 0L o JEA T R AR, 2 BN E R S
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AEsFAETE N, Herp s E R 207 R i B i 72 A A 45 2 i i e 77 AR 2H, T AR s E TR X5
PRI XS 4b T AP TR AR A W G 43 200, T DR 41— T =R B AR T RE ) 5F
fER S ERA.

(1) LT T &SP AR, XN B o & SR i, R T R R
TR AT AR 7R

Dp 2 }
S, TPV- V=0 (2-1)
BT SR R R
ap . 2\ )
StV (pV)=0 (2-2)

R, pfREHERIRERE, VIR MR IR
(2) BhEJTFEX B ESFIETTE, XN FELR O WS s e . sisE iR
LA N =A T &, ERAETER AR RN

X 5 [ ERIE
D 9 0Txx | OTyx | 0Tz
pD—‘:=—£+;—x+#+%+pfx (2-3)
y 75 [ iR IE 2
D a 0Ty Jt at,
pD—‘t’=—£+a—:+a—§y+a—;+pfy (2-4)
z J7 ARk
Dw _ _0p 0ty  0Tyz | 015 .
P pt oz ox ay + 0z +pr (2 5)
SRR SFEE R RN
X 5 [ ERIE
ICW 4 y. (pul) = — P 4 T | OOyx | OTex ;
——+V (puV) = el + pf, (2-6)
y 75 [ AR IE 2
0PV L v (auif) = 9P 4 Oty | 0Ty | OTzy .
otV (pvV) = o Tt + pf, (2-7)
z 77 AR
0eW) L v (owi) = P 4 9z | 9Tyz | 0Ty .
-tV (pwV) = o ek + pf, (2-8)

Kb, pFIRRIKEE, VIRTREE, u, v, wRIf,, f,, f,2 I RA AV Rk
BIHE X, y, 2 ZAT70 B8, o &om i T ERIER ), &R UIR), i REDIN
JIRAE IR, AR T8 J5 14 -

(3) REEET R XA e RSP IE T R, X RN P A7 B2 JE 2y il B 1

Ae BT AR E R AR -

D +V2 3 _+6(k6T)+6(k6T>+6(k6T)
Poe\® T2 ) TPIT 5 \"ax) Ty \*5y) T 52" a2

__9(up) a(vp) _d(wp)

ox ady 0z
OuTyy, , OUTyy | OuTyy
+ F + 3y + Py (2-9)
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O0Viyy | OViyy | 0Viy,
+ +

+ ox ady 0z

owt owt owt
Xz + vz + zZ
dx ady 0z

+pf-l7
R EE R RN

oo (e +5)]+7-[p (e + )]

=pat 5 (k5) 5 (k5) + 5 (65)

_0(p) a(vp) _ a(wp)

+

an

ox [25% 0z
OUuTy, |, OUTyy = OuTy,
+ o + 3y + p (2-10)

OVixy | OVlyy = 0VIgy
+ +

+

ox dy 0z

OWTy; | OWTy, | OWT,,
+ ox + ady + 0z
+pf -V

e, pFRMIAEE, VEFRAESE, U, v, WHRIE, . f,40 BIZRMAE Y FA
BUIIFIE X, v, 2 A7 AR, &R i 770 ERIERT, © 8RR, i REVIR

JIFAEF- IR ) B, AR IR ) BB J7 18], @i S0 ot & AR AR IR s TARGRIAA IR
eRETAR TN g

2. 1.2 RANS %l J5 2

TERFATEE AT, SRR E— S N RS . IR OL T, At A N 2
FEF . ARER . AR SCRH sz 7 #28 RANS (Reynolds-Averaged Navier-Stocks) 5
ﬁ,E%% A UTF

LT RERIRNN:
aui _ i
a0 (2-11)
HEITERIRA:
Opu) |, Aown) | 0p L 0 p o = _
at aX] - axi aX] (ZuSU pulu]) (2 12)

Kby x wBEOR A B B> pRoRERE, ¢ p A ERTE SR u
NRIRIBTIRAE R E s ANASRSKE, A FN:

Sij =

RANS 752 HI I By R R B A A A bk, A9 75 R 53— S ™ A8 D 78 0 2 93,
M T REHAE PATCIER MR . EORMEITRE, T ZR I it A A

2 immiR Y

2.2.1 iR ik
T e 23 (A 5 I 1] _EJE R A —Ah AR 2R MR IS 3, AR AR S i, i

L(uy 2y (2-13)

aXi an
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%jj?—ﬁijﬁﬂnﬂ’ﬂ’ﬁ'ﬁ FERIAET AL B BErE DL GE 1 o i i A J a2 NS
(Navier-Stokes) 752, R4 NS R Hm ALK EERIAE, nreRISHIUR %, 5

i N B REH(E R 40, (Direct Numerical Simulation, DNS) . 5 ¥ B B 30{& 4 48.  (Reynolds-
Averaged Navier-Stocks, RANS) , Kim#&fl (Large Eddy Simulation, LES) 525 #itim AR
(Discrete Vortex Simulation, DVS) . rp 8 i S BB AL A 2 k—e #5784 . RSM(Reynolds
Stress Model) f%7% . SST (Shear-Stress-Transport) %45,

B BB AAAE G AL, ] DL BRI R SR B I B i 8 sh B A = e R i
B [A)EAR, I RA#E NS (Navier-Stokes) 7 FEREHE 1S BIEE LS A . SR K TR W EUm i 3l
ARAEERE, HEEERERE K. MHEARMERBR S, XU RS E A 729
ANIE FH T 7 R R 2 A8 1) 5L B TR

KRR /N R B i 5 R R FE iR 0 TP ACTE . 32 SRR B 53 et K 5 L 7 R
DA ST AR, /NS o XV LR Rk B 2, P38 NS R, X s e
WeIEAKE R, I H T B E KPR RN . BAR IR O 2 MBI 70T Ut 1 S5 5
5, AHIE R AFTERR 5

DM B, WS TARR AR, 32 BEIE F (1) 7 V2 B W N S B . i e B vl 4y Sy
Wi% 3 0 9 e U N R 5 IR R PR A o T MR RS FE SRR IR R 2 ) NI R A&, (Rt

BN FEECEANAS R A, 15 DR . BN R REERAEN /7, 55 RANS U7
%%Hééjﬁ?@; WRORE T AR 1 S AR T TR K Sl IR B IOAEL, 755 e RRIR S oR Ml o AR SR A
SEIRRPERLRY, HRHE Boussinesq MIHERES, I EEAISEI & 5 i IR B RN TR H N ), i
SRARFEAE T35 5 5 IR RS B AT 15 B 55 1 B S50 o e . H e DR TR T R R
FIRTE, TR BURE R Rt DU R AS AR o R, i, — e 5wy
M. TR B2 W R —F 5 PR m AR A, mfi SST ko ARAL . X FRELHY X i it
SHCECBUR, ReRUT R0 B s )8, e HETE A B R I Rh R B . A
S VR (B ATADLIE R gk FH PR 2 X P SST k—o F28Y

2.2.2 SST k- 7Y

SSTk—o BiIH, Kk FIRiIMaIAE, o RRMARHFERCR, HHRSIFERCE ¢ 5its)
AE k L%,

SST k—o Y2 T Wilcox k—o B (1 SGdb, RIFLEE T k-0 5 k—e BRLIXHFf
BRI (IR 55 o SST k— BEAYARYE 1 A HA R S8 T 53757, WnFERETIAME A T Wilcox k-
B, FBAAEH T k—e AL, a2 VR eR B DA RS B A

SST k—o ¥iia J7 FER R N:

o(pk) , d(pku) _ 0
v + —6Xi ax] (Fk P > + Gk Yy (2-14)
d(pw) , 0(pwuy) _ 0 ow -
rTE +—- 0% 6X1 (Fw G_X]) +G6,-Y,+D, (2-15)
Hrp, TONKIE R BEE, T, oA 2 8, it T
=p+2 | T1,=p+& (2-16)
Ok O
Kb, o ARERKHIR B W EL 0, IR oIS E Bk, Rk
o = ! (2-17)

F1/0k1+(1-F,) /0,2

1
F1/0451+(1-F;)/0w,2

o, = (2-18)

T SR RE p; T i R A5 A 2
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7/ SHANGHAI JIAO TONG UNIVERSITY U3 SR AR R SR e R B E T B

__ pk 1
Hi= o max[1/a*SF,/a,w]

KA1, SEIRAN TR I RIAS R AR, A i TRk
u; auj
S =25, Sij =5 <‘;—Xi+a—xj>

FHRIEA PR

as%+Re;/Ry

* *
a' =«
oo 1+Re;/Ry

)

k * Bi
o, Rei=£—w, R =6, al, ==, i =0072

TREREL FL RN

F; = tanh(®7)
TREREL F /RN

F, = tanh(®%)

vk 500#) 4pk ]

0.09wy’ py2w/’ 64 ,DEy?

D, = min[max(

1 l%’ 10—10)

Caz © OX;

D}, = max(2p

@, = max (2

Hr, G AmBIRe =L, REHXN:
G, = min(Gy, 10pS*kw)

Vi soou)
0.09wy’ py2w

G = wS?
Go TR RERCR AT, AR T
Go =3, G

b, aml il R RAT R

a=—

a* ~ 1+Re;/Ry
X, R, =295, a,lEERA:
Ao = F1@op1 + (1 — F) @2

_ Bi,1 K2 _ Bi,z K2

aw'l - E B 0'i,1\/’l§ ! aoo'z - K B Ui,zm
Y RETmBNRE k BIAFERIN, Y, R0 A BRI, ik .

Ao (a0+Rei/Rw)

Y = pBfkw

Yy = pﬂwz
Sl B =Rl =5 F(MDL By = Fafia + (1= F)Bia-
F(M) Bt 5EA X A:

M? < M?

0
F(M-){
Y ME - M3 M? = M?

Aof, MZ=2, My =025, a=[yRT, fEEHEEES, g = po.

8 011 5 3t 36 I

(2-19)

(2-20)

(2-21)

(2-22)

(2-23)

(2-24)

(2-25)

(2-26)

(2-27)
(2-28)

(2-29)

(2-30)

(2-31)

(2-32)

(2-33)
(2-34)

(2-35)
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EgFRA, B =6
SHIUEI T

a: =1, Ao = 0527 dg = 1/9’ B:O = 0.09, Rk =6, c* = 157 O-k,l =1.176,
6{00,1 = 20’ ak'z = 10’ G(U,Z = 11687 a, = 0317 Bi,l = 0075y :Bi,z = 00828y K:0.4lo

2.2.3 T AE AL PR

TE LD 3t 37 ) RN, B (0 A T S 6 E T, BE R AN(H B0 R O R S, B RE XTI
REPEPE A RN . Ledn, FEMTBETE XIS, AR YE D] R ARSI AR N, RN, k2 A Rg
At A5 2 B 1) LIRS o R T X IR S AR R RO, SEURR YL, [
I B T PR AL FER SO Y 2 S AU, (R 6 E R A DR B E o

BT BE SR T u, , AR BRI S, AR

W=J§ (2-36)
K, o RANBEHVIN 7o
TESENTRE ) X3, SEv N MBI T2, 70 FROR R D km s, Bk FiE
By AR B, RIAX R

el =1 (2-37)
7o = pu 2, JEEETRGPE 2 o i P B 4 A ek s
%:%z (2-38)

FRIEZ AN, SST k—o d it AB 2R X W i ) EE SR AR AR Ty, AMELSE I BE I ) W M 25 B AE G
PERZ N, BT B 0 A% 3 P A B AR

2.3 BEHREAE

FRAATE B IR A IS SIS, [ p T Ak B A B 2 ) o o] v R 8 R 4 1 e TR F 7 P
TR R AIHE A AN SCIEFE OpenFOAM A s AR Y% (Volume Of Fluid, VOF), XJ7%
S 5K PR E B TE 5. VOF BT, R FE A it s, £
— ol 30 A FH (1 1 T A 3

VOF J7iEH AN E AL, TR e L — M, WU E MR B 1R 2 P A
WARIR G . 8 AT o TR S BTG N SE— AR AT & b, Rk 0K

a=0,
{ w1, (2-39)
0<a<l,
TEARSCH, RFUECH O KRB o 2 S, AR 40 1 X RGN K, AT 0 3
il =10 p A =l i
A& N TR AR Bnis i fER A T
E4v-[(U-Ug)a] + V- [U;(1 - )a] =0 (2-40)

X, U RIS EE Y, U AR MRS TS s BAT (R FE o B AR 5 Bz 7 Fe vl
DASR H XA B e AR AR 70 40, AT R B 155 3 A8 S Th 7 B

BRI pg Hpr, PARENIIREE 28 Ry W] AR AR S Bla KR -

p=ap +(1—-a)p,y ]

{u=am+%1—awg (2-41)
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B, T T R

fo = 0KVa (2-42)
A, ofREMRRIE KA R2E, KEradmi=x, HEAR:
K=-Vn=-22%Y (2-43)

Hrb, n FZRMEE AT LR RALER &, VRRMEER.
2.4 EHK5HE
A SCAE I naoe-FOAM-SITU SKfE# 1, waveMaker ZS8RH g g Fridi il g2, I
HARZZH RN A AR IR BG5S AN, Hor AU Stokes 7K
5 HEIKBE, ASFINIEAT Ve AN 38 5 0 AN KD o A SCBIF 9 110 s S R 0 D008 v 1 i
TRIBRE, [RIERF /& Stokes —BAR/KEE, WIHITFEN:
Ux, t) = Acos(kx — w,t) (2-44)
K RO FE R IE N
{u(x, y,z,t) = U, + Awe*?cos(kx — w,t + ¢p) (2-45)
w(x,y,2z,t) = Awe*?sin(kx — w,t + ¢)
X, U,MREM AR, A RERBRIRIEE, ofCGRBIRIBERIE, 1HRAXN:

w = @ (2-46)

k RRPEL w ARGRNRPGIREEHR, 7oAt HA R
we = w + kU, (2-47)
PR iR 2 RIE 0N
w? =gk (2-48)
T BRI EIGA T, 2R A RSBLR, SAERIBORE MEAHT, STk
AR, SEMATHEORE RE , PRI, SRS R I N T BHLJE A7 R SEDLH B, B4R T DR
ik 2-2 i, $ TR

H#0

B 2-2 BHREBZE

2.5 HIEEH

CFD J5ik izl i R & i A2 e T2, X RZHUF ARG, SR
Ly JT R R AR H ISR, — RO Bl T3 RE 4L EAT B O AU N e M 5 R A 2 s AT R
fift. ASCiE FIR 771252 i McdonaldBe 1A FRAKERE, SRRl A% X F7 iR
BT TSI X B T = 4EWRS, R IR 7 R I = 4R BEAT AR 2y, WA
J— B RS 75 RE 4 B BSOS A — RS BT HAREE = 4E MRS po, FiEd
STARL A ¥ v S H ARG T PR P 5 1 703

% 13 T 3k 36 W
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FEAL A FRAKBUERT, ZLERTE, AMUDGE=ZEM% AR E, AR TR
MISFIE. BRICZ AL, AIREFRERNR SR E RSB[R iZisl: Bk, AREBEIZHIMT
TR AONRD LR, B — i S HREMEFAEZER, RI 7RI B AR 6] AR
SHE, SHRITGIEM L EA —E MRS HU, AIRERZE AR 205 e i fE— 0
WEA AR TR S L, AT B R B 2 )5, ENTRPEE USRI, Reisrs 2R
LR, X4 R BN T HEBUETRINE: Ba, A BRRERTE i i DX O 19 s
AT R 0 I AR AR TLARSZ AR, RE NS 2 ) AR r AR RRALE 2 8~ 1R AS B RAIESR
AR A A R PR H K. IX L0 R AR (A5 RARBUEAE DL BUK) AR [ rp A5 21
ZizHl.

A IR IS T 1R R 9

d L
L[ pdv + (U - U)-7ids =0 (2-49)
d o - - -
EfvpuidV +$ (U — Us) - ndS = §.(vi;5 — tPesrly) - NdS (2-50)
d — ~
Efvp¢dV +$(U — Us) - ndS = §.TyVd -ndS + [, qpvdV (2-51)

PLE=ANE TR IR T R shEMbrs, VAR AL RN RAR, n
ISR AN R R T AL R, UARMGERE, URnEhliRmERE, [R%m
BT HLAREL qonfURIENS B IR

2.5.1 7% [ ESHK

A RAEBET, —M g S PO Z ol EXRES KL BEZ 0%,

O ZES TR — M BRBUNE, ERNBEARZES KRB SE, WinEE 5%
J& o R 225 T SO 53 7 R A A S AREOT PR AT SR AR, RIS ) X ) P SR AS B AN 48 /)N
(PIRST E) X i) 2 (] gt A 3R, AT SRAS RE AN R I 45

R AT A AR LR S E, B B R R B, T RO 22 A
TEL bR 37 A BUE M EECE A . S0z aigE e, R SCE T i 2 5y
Fea, M B A RHE R, § kIR 0206 B RZES R AR i B 2
HIARFA LA e AR B, (R T B ECT RN SHE: /AN IEE, BAA R, &
G TS RAWSIE DL BRI M, PRIE T 0 7 R R is R e tHEREE N
—Wr, yEdIS SR, A TR IR B S .

FRE AR AR PR ZE R T DAY, HFEAE Taylor b =B SE0F 2110 &
BBk SR T o, W B VA B R ORI I E B i R 30 (Quadrratic
Upwind Interpolation of Convective Kinematics, QUICK). —f&IEH T, 7 Homifd i ot 2
e, BEUE BRI AER, FEARmBE ST

AN ES B S e B, Rk R

J,v-dav=4¢ dS-a (2-52)
f,Vedv = dS¢ (2-53)
J,vaav = ¢, dSa (2-54)

Hrft, OV ARHIRIE AR, dSAHAEHM/NIRTETT, HE R M,
BRBHE R KR EARH SR AL R R, Bl FRIEA:
d(x) =p + (x —xp) - (VP)p (2-55)

5 14 U0 3t 36 W



3 ‘. - k /f ) .
G/ SHANGHAI JIAO TONG UNIVERSITY 03 SR SR R e PR A B S

W, GUERSHIRRIR TTRE LIt T
f $COAV = j [fp + (x = xp) - (V) 1dV
Vp

Vp
=¢p fvp ¢pdV + fvp(x —xp)dV - (Vo)p (2-56)
= ¢plp
A, VAR ST iR IR .
FAA, H:
[dS-a=S-a (2-57)

LKV - afEdEfl R R AL N

fv-adv= fd@&
av

\%4
=3/(/dS @) (2-58)
=XS-a
R R R A SR
(V-@) Vp=Y%;5-a (2-59)

XL B BRIk a0 T

[ veiwav= [5- ue)
Vp

Vp
= %¢S- (pU)sdps (2-60)
= Y¢Fos
K, F Ot f R REE, kT
F=S-(pU); (2-61)
SRS B BRI TN
[ ver,vrav =5 (or,ve);
Vp f
= %S (pTp)fS - (Vo)s (2-62)
PR TR AL, 55
S¢(d) = Su+ Spd (2-63)
HLHSuRISp IR E B sE, FRIIEI AR 40 7T LAE— 234k
fvp S¢ (d)dV = SuVp + SpVpdp (2-64)

2.5.2 A B

R TSRO P 5 2 O ) R 2R AR A, R 0l 5 o S A o i 5 4 B e
OB, A AR 10 B 5 P EAT O TR . ph N I) b5 R A AR IR [F], K I (R 43 ) 7
RNREF, Hrh, B RKEERT R, SRR SRR TR A ORI R
R R,

AF B LA

2 = F(¢) (2-65)
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HAF(p)— BRI s R TRl B o 2, Rk T

3¢ _4pM 4 p(-1)
F($) = v

b, n T HETIS T Z t, n-1 A0 n+d 230 5000 52T 7] Et — At 4 At, TR ) )5

F ORI RBUMERAG ST — I 2 (IR (D), ARy
G = ¢ + AtF(HMHD) (2-67)

ERTTRE PR R AN B R IR G WOL TR, AR E .

2.5.3 MG TR

BT R S TR R R ST, TR R T R AT R AR . T AR SN B AR AE DL K
TIFEAFAE R SRR S IR, J7 PRI ELHOR WA AR IR X, DR 7R S BT RO B0 o 86 AR oK A
ANA] R ARSI 7 B A A G A S i . G XL R sh BT R
SESMTTRE, WAE S S5 K718, XMIPEN T EILNAAEFRR, JERIBIRIK,
AHEFERE o 3 B N EEAT FARAREAR, RYEL E IVIGGE, 2 UGERORIES) BT 5
PETTRE, 45 K A BUE 8 AR T BSOS IR B 5 5 08, XA R RAG B8
SRR, Az R EUE o sk, BRI R 2 OpenFOAM Hif) PISO  (Pressure
Implicit Splitting of Operators, PI1SO)5 SIMPLE(Semi-Implicit Method for Pressure Linked
Equations) &%, BAREZDIRUT:

(1) B AT AT R, 5 OB T R P i 05 R G

(2> RBE 139 PR KRS HL

(3 mg MR E SEEYSE, HETTET R EBOS 24

(4) #47 SIMPLE 5% SKEshEEBOIE, KL BIETTIE, BIEH R,

(5) Rt —IRIE B ETTHE:

(6) BIEEL ) 53,

(7D BRIk EREA

2. 6 KERRIE

W ESCHTR,  SKRARMSARAERIR 1) 32 A1 00 538 sl ma S A2 40 F

(D ERIRFM, TEEEY . KRR B 24

(2> X MkE 125 77 1 5 )i B HEAT K

(3) RAFRAANRFNL S TTHE

(4) RIS T 18

(5) k¥ PISO Sk, KE S 5719

(6) Rt B

(T R MrARIEE ), KRGS /5

(8) HLiAFR R, RIS I FEAEM AR ARNR 2 A BUH »

(9 RMIZBNTTRE, THENRLEMAAALR 22 BRI id B

(10) FAIF I A 358 I H AL ARAR R, SRAT AR 28N B M T 2

(11 Bk ZPIR (2), WHE NI P EE.

(2-66)

2.7 KEING

A&/ MY CFD T EA4H OpenFOAM DL K naoe-FOAM-SITU I AR 5 H0(E 157
% VAT RANS 7R, IR KRR, B R A D, SRR RS
BORFEEE T, AR SR P (IS JE A
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AR P AR RIE A BE T E oA

F=E MESHSHEREY

EEDI FrbmifE (38, XATA RBIARANT 5, AWK k. N T FRRAERE, 1A%
EEDT [grbrift, B ci8 B0 BRI . X Pt it B Re A Ruh e st N ae
B, AR 2T R T P B () e A BRI . AR R BILD R PRI E DL R, AEAAEE A AR 550
I, B 2 B 0 1) 2% OV ORI AR AR A B (LBl 1, PR TRV A AR SR SR
etz ORI . DRItk 147 PR Ie I PR R S LD 2ok IA B4 e ) B IR AT A .
TAENARRERC THA Jed bR NI T, AT REB8 4R 26 1& M ER T AR RE R 1 732, — AN BRI
W5t 4148 SHOPERA (Energy Efficient Safe Ship Operation)i{37.. i%ZH43 B 7 NAHAAAT LAY
KRBTSR 732, FHE I RA A TH . SHOPERA B T 2 Fi & 4411
A%, LW ERie, M eSS A, B PNEMR TR, HEHE T T RKERIK
AR, IR VAR AT SEE SRS R R AR T Lk NS IR S SR o A SR SRR
& SHOPERA HJRIEX RZ2 —

3.1 SEAENAS
AT AT DTC (Duisburg Test Case) fiffAt—fiid 252 7Y 14000 FruE e 4354
AU, EAE R AR R AR BB E TR 520l RSN AT R . DTC M3 Eigk
MRS 7%, Rt e 28R L kit . DTC Mg 3E il F I EE S5
Wk 3-1 fin, HAVBRMA S HAEFE A 2 RIE R A
#3-1 DICHE =R EF

i H AL ZHH
LR A K Ly M 355
K TEB ., m 51.0
WITHZAK T m 14.5
WK V m? 173467
BRH S m? 22032
T RHCy - 0.661

TEA] DTC Rt ATIGNS, JEEURALKR ZONA TR R, MG IAdE A x FOIE W], z
HEJ7 MR N7 (A0l 3-1). DTC Mifasm B 3-2 Frx. Bl 3-3 4 DTC st
fit, BEgE P T 5.05 BAWSERMAE, &R 129K, fErtmfiy 255.0 *FJ7
K, HEAN 1.0 K HS3E 5 A 95.1 F K. B 3-4 /REMZ DTC A E I3
PR HZNEN, EREAN 8.911 K, MEFELE N 0.959, M x IEFAE, BRI T N
A ETT 7] 6
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AR P ARRRRORIEFA B E T E o4

B 3-1 MirRrEE

& 3-2 DIC fiE~EE

& 3-3 DTC fEfe

& 3-4 DTC Wgje%
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P FEFS-
%/ SHANGHAI JIAO TONG UNIVERSITY HUE P ARARE RISPRBE T E 5

B T HERURNEN, DTC MAROPILIERE T LR . MUEE Sowah T 5 B, Wl
KHER 14.85 K, WREN 0.4 5K, (UL BTN 3K, BOUFRELEAEMMITRS, IR A
Bk F R AR 4.

3.2 IHHEIRR

T2 SO S B AR UL, R B SR O 5, DRLBER BB 47
fl, SURED DIC HIBRIES, ZREAEAIL.

R SCHLE TR AT ) DTC KIS0 5 SHOPERA 156 th 8 F B BR — B0, S
BURHGRAEEC M 63,65, BIELTT LI 3-2 h DTC i BEHUM UM B4
%32 DICHTHIRIE R F

T H AL ZHUE
PRI Ly, m 5.577
58 By, m 0.801
Witk T m 0.228
WK V m3 0.673
MR S m? 5.438
T &RHCy - 0.661

R4 DTC M54, RTLLAH CFD T.H4H OpenFOAM ZE5. DTC f=4EME7RY, 4N
@ 3'5 Fﬁi—\‘o

-_—

3-5 DTC M=t
3.3 KE/E

ARES T DIC MEHIHEANEDL, VEAIU] 1 DTC MR R, UL ERR S H S
PRI ST
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SEPYE DTC Bk H LG IE

FEHEAT I YR 3 BELRE 72 () TRIEN, A0 007K BEL D et — B LR AL R FE B0, A AS
Al /b o E ARG BE A e SCAR AT DUE HY R B ) 0 7 ph e B 9 2 K BE ok ok AR
Rk, #KBE MR BAEE A 0B, ST RIRMEEEE T F B ED IR,

SHOPERA fE41%F DTC MfAHIGIRIG S, S ERITE DTC MM 5 & K BE 71 2%
R, JEHAVEARRISEHE . A SR T IR PR R A, 0 K B B B R A
Al/b s Rk, 9T SRAIE naoe-FOAM-SITU KRF a5 RS PE, FIWTZ R a2 7&E R+ DTC
BiRY, DTC A (1) 37 LA K A& R RI 70 2 15 Re 8 A U AT /K B D BB, AR SO LRS84
PR AIE S 15 5 R SR AT, F SRR ES naoe-FOAM-SJITU 114 DTC BRI fE S —
A T2 2K, S RIGEIR XS, AT E BRI .

4.1 I EIE
i SHOPERA RATHIRIGEE, Wk 4-1 5K 4-1, AT LLAIE DTC MTES /KA 1
BH A0, EKBH 71 S0t E N2 R, R HE M ANIUE g K, a2 2] 1 E KB 7
HIAEFHERRARE, A O abRES N TAUEN 16 RIS, iR B s .
 4-1 DTC HEIE K AR

Vs (knots) RTm (ND Vs (knots) RTm (ND Vs (knots) RTm (ND

5 1.334 12 6.645 19 15.06
55 1.585 12.5 7.146 19.5 15.737
6 1.854 13 7.657 20 16.428
6.5 2.14 13.5 8.189 20.5 17.155
7 2.466 14 8.753 21 17.951
7.5 2.773 14.5 9.359 21.5 18.794
8 3.116 15 9.979 22 19.68
8.5 3.47 15.5 10.563 22.5 20.619
9 3.851 16 11.152 23 21.572
9.5 4.268 16.5 11.8 23.5 22.457
10 471 17 12.467 24 23.321
10.5 5.174 17.5 13.108 24.5 24.257
11 5.654 18 13.745 25 25.251
115 6.146 18.5 14.395
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SEXIRRIT, AR RS T S B AR BT, T DA S A . SR AT 5 R
Wk CanlEl 4-2), Hd, BT A SRR 52 B E R, T IREBE £ 1)
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Bl 4-3 FAE N

IR
I

Bl 4-4 AR R

4.3 HEMHE

TERN M IF RS 2 5, RAVEEAT W06 S50 3E  McHE 58 (1 5l , 1204 nace-FOAM-
SITU HR TR S48, BT HUETHE . BUE R B AR 2008 50 £, SeProk g deig T
[ 3 K, HIHEARLR, LS 3K 4-5,

BRI, 24 DTC fEFKH TR, t=0 B2, MARRIRIS K, #3873
71, RETHADBUERIRAS, BRI, TEBH A 10N ik 7E t=25s
Z S5 WSR2 B TR T A5, I SedE — N EUE MR AR AL, Ul BAREA52 7 2SS
LB T S WS . FERT RS BB BL R, AT A A AU 52 M A4 B 32 2 K BE
1o Bt ST R E KB D 5 RIGE @ XS, AT RUR I 2 T A X R ZE AR /N, AR
1.804% (IL3E 4-2).

HH 7K B B 3RATT AT UK B, TH SBT3 B K B 773 sl 5 R A T2 5 SEBR1E AR T
B, BONEE. Hit, AT HS5E, nace-FOAM-SITU R &% HRE i 2 5 n] SE R
&, (Al DTC = 4B 5 A R AR G IE, v DU [ LR (1) 52 771 0L, v LAGk4R
FRFATHE TR IT
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)X FLAAE
2 FNE HARARRCRIE PR BT B o4

RTM(N)

| | | : | | L |
25 30 35 40 45 50
i(s)

& 4-5 DTC {+H &K (Vs=15 knots)

R 42 A5 THEHEKEEHUEXT
R 25 R naoe-FOAM-SJTU 44 AH X R 22
1.804%

T H
K Rrm (ND 9.979 9.799

3.4 KEINLE
AENTIAE DTC =R i IERATE LL K2 naoe-FOAM-SITU SR fif 4% (RS i B2 5 ] 5
P, BT T BEEIEAE, SRSEERAN L, RILTHE RE K I EUE S R AR ) &
ULHA T SRS 10 UK 30 77 1) R AR o5, AT SEPEIR &
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SEIE DTC B REBHETTHES S

5.1 DTC A&7k S5 KR TR xTEE

SEF KPR, AAATESBIR TOL N 2E 2 KB 1. S 7 AL TR B A ik 52
VLR Rl TR B AP AR R, I T 156 B 2 75 A7 A F 0 38 YR 4 L DA B L e 3% (1) 4
B, ASCEHCETE A SN 0.03 2K, Froude ¥4 0.4, ML 4 0.4, FHHBOTHARIZE) H B
P T 0L, AR IR E I s, X DTC AT MA& KI5y, Sk ToL R DTC MRl
1Tt

WK 5-1 5 5-2, 433587~ T DTC RSFEFK A AT AT I U 10 5 e 52 77 B o el B mT 40,
DTC MEEE KA RTATHS, AR 52 D LECrE4, M SR AZ oK, TR HE 2N
#Hay. B 5-3 5 5-4 43 5IFRNT DTC METEBIR AT M S r 52 0 , mTeUR e
115 DTC 7EF K2 TEA R KRR . ERIRFE, DTC MRS S Ef KR,
P A7 L B 30 X3k PR 52 0 B s SRR oy — AR T KR e 7. EARAESRIR T,
f 52w KT H oK 152 77, B2 BT 0 52 i K T AR S KR 52 7, By
DTC AR5, Al -SRRAR IR ) Z AR R RIG N, Rtk DTC MRTE B IR HF AT B 52 2 1)
BH A HUE & 38 mn.

& 5-1 DTC fifE& K HMEZ HE
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N T B EF R DTC MRER K T S ERGR P AT I ZE 57, A SCEIL U H B %S
{EZRAEE DTC AEAF TOL N HIHUATIRES . @il 5-56 Jror, DTC AR{ERKPHUTING U
P PRI 55 M AR B 0 A7 AE BRI, ARAT O AR . 141 5-6 Bk T DTC MfEBHR AT
AT B TS OL, BRI, MRAE R TR T B, I H B M AR B A e 5
BARTOU T IRA B T B BN )5, BRI, B mmh, JEH
FER RPN S BL T BN W AR, BRI R A o (U0 e — 5 A1 BE AN

& 5-5 DTC AS7EE KR I E BT

& 5-6 DTC ARFESIRH ) H FTHE

AR, BT BIRMEARE, DTC M2 0, W2 KNS5 040, B
Lo 5 FA B IR AR IR AL TARK AR . PRI, BT DTC MR oL NI i+
DB, $ENR, ASCHUR DTC ARTEBR HTAT IR 52 21 ) 3 TR HE FHL-55 5200 K 2K 2 T8] (1955 24
BEAT VAR 7T o

5.2 BURIEMESKKAIKXR

FEARFESOIR oL AT, B AR A mi -+ 2> B35 . O 1 W JE i IR 4 BH i
HK AR R, AR A 5 0.03 K, Froude ¥4 0.2, BUTFMAE tEEMTHE
THUR AT BB 5
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i/ SHANGHAL JIAO TONG UNIVERSITY 03 SR SR R e PR A B S

N T I R S BRI LA G R, A SCR BRI P BUEEAT B R AR 2, B
SE PR IEIH 25 C, HARIL 8-

— _ Raw -
" pgA2(B2/L) (5-1)

K, Ray EERMIASIRIGIE, ARBEIRIEIE, BAAEMTE, LAERMKK.
H3ET OpenFOAM [#)sR i 2% naoe-FOAM-SITU 1 LIS HI 45 5, B ¥R, B5%E
¥ 5-1, FHAEHE5-7.

% 5-1 DIC SR RS KRR MHHES R GBUT A BB

ML PRI AR ow (N) PRI A% C
0.4 2.303 2.214
0.7 3.996 3.842
11 10.578 10.171
13 7.793 7.493
16 1.895 1.822
W R SRR WS SORNUNES SN, SN  S——- 1

& 5-7 DTC PIRMEH RBEHKZME BOFE B

HI] 5-7 ATLAS Y, FEBRBRERITE DL, BRE A R BB, BEE B N
AR, (BRI AR AR TS MR IL T, BRI RS B AR, HE ke
TR, FE ML=1.1 383 T iR O R, BJA ORI R BOZH A K
AT OL T » IR BH 2R K 5 K AR KT a0 I /N SRR R s 00 T AHIE -

BB G R B, R VL=1.1 I, l1 T BRI B AR HE 5 i A [ A 3 A
I, MR T IR, T BIRIZY, PReg W8 LRGN, B KIE N T BRGS0
(S (rE NS TN

DTC BiRIG LKAy BEE A AN, PRI BHEE AR I K B I 221
HEC, AR TP AR I RN R, B RIMMA R SR, ORGP A B A, B SRS

5 27 51 3t 36 W
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/ SHANGHAI JIAD TONG UNIVERSITY HU00)3R AR AR SR SR IR PR BB & 54T

BHAEE I A6 08/, AR BB I BRI FHAE B 2 5 RSN A 2 . AR a3 5 18] 1-2
JITs (IR BH it I8 1K A2 BB 5

5.3 BURIEME SARA KR

T WFRANE SPIRE ISR, ASCEFEBIE A v 0.03 K, M. FKE. K=
Tt L 2R 30 R (T B T, ORI B, R AT R S5 TR I FH A AR R P AR A R
RSN, BUV/L=0.4, {1 5T OpenFOAM R fift 2% naoe-FOAM-SITU 4T,
B AT LIS B 5-2 5K 5-8.
& 5-2 DIC BRI FHBEN TR E LR (A /L=0.4)

Vs(m/s) Fr PIRIEFAR o (N) PRSI R% C
0.739 0.10 1.219 1.172
1.109 0.15 1.897 1.824
1.479 0.20 2.303 2.214

25 T T
2 J
O 15 -]
1
%805 0%1 X5 02 025

5-8 DTC iR ENIEBILE (A /L=0.4)

H1 P& 5-8 HT I, TEAE I ML=0.4 (IS UL, BEZE WU A3 0, 6 VI 38 AR thoxt 238 K
FEE, Sk ML=1.1, K VL=1.6 7] LT RIFERITH5, BB 2 G 4T b B, W]
DAF 33 5-3 53K 5-4, BJaI . PRI K BB T I TR B B R AR A 175 L
ArLAfS 3| 5-9.

R 5-3 DTC PR HBENTEB M ELER (A /L1 D

Vs(m/s) Fr PIRIETHR o (N) PRI R% C
0.739 0.10 2.535 2.437
1.109 0.15 6.149 5.912
1.479 0.20 10.578 10.171

% 5-4 DTC FERMFHBENTEZRHTHLER (A /1=1.6)

Vs(m/s) Fr TIRIETHR o w(N) PRI A% C
0.739 0.10 1.229 1.182
1.109 0.15 1.448 1.392
1.479 0.20 1.895 1.822

5 28 JU 3% 36 Ut
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0.08 0.1 0.12 0.14 0.16 0.18 02 0.22
Fr

B 5-9 =Mt R K TS IR G SRR L B

HI & 5-9 AT UAEL, AL T, JUHE ML=1.1, ffRAAEIHRILR KIBCTE
PRI P R B0 K TP S KB O T A BRI T R B AR, B AT A1
s PARMEHBEB IR, X PR RSO TR, RS KBIEIL T #
IRIGPH 2 &Sy, (HRRME A BN AR 825, HARKE I IR B AR B IR 1%
.

5.4 BORIBASHHERXR

N T TR B B SRR OC R, ASCERBE A 79 0.03 K, Froude #(7y 0.2
MTHE T, 2 ATHRBOT S E A H R UL T B S BRI K AR . AP SR 1AL
PERT ISR 5-5, SHISCHSBOT A R B A 45 & wI A H K 5-10.

% 5-5 DTC PRHMHEMEE KRR ELSR (BB HE

ML PIRIEFAR A (N) B IRIGIH 22
0.4 1.968 1.892
0.7 2.078 1.998
1.1 1.937 1.862
1.3 1.825 1.755
1.6 1.767 1.699

5029 7T 3% 36 Wt



G/ SHANGHALI JIAO TONG UNIVERSITY FUO 3 AR AR SR AT E

T T
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—E—RFEhE

04 06 08 1 12 14 16

B 5-10 AEEHET DTC iR H R 5k KR E

M P 5-10 T RA/S ], ARREIEBE R, DTC BRI ka2 Rk BOFE
N, BORIPHBER KRR, RGN e B HERE T, BRI BE R R
WS, U KA, ULEA B R R I YRGB S

5.5 JBIRIEFE AR 57 7 #T

H 5.4 ¢ T HHEEM T, AT A BB 5 5 845 i RIG FH U E Rk A4 T BRI
A, 3X 5 IR FE R R A R R ORI R .

—MAEOL T, AT IR BE 3 252 i 3G [ -5 G 38 BELIX 58 70 2 R o o 1
PHEH AR A IZZh P2 A, AARIRIS B, 23 A fm SR, X8 7 I BT R ) R 2 2 Ha S B B
SRUT B SRR e E ARG, B IRIBBINRPRET i T Seit VE 27 A S KB, X 877K
B FTRERL I e R SR S I R

YA [ ER BEA [ e I, AR BAE B2 BRI, FRATTAT DATE AR A S PR 35 VR 1 FH 2 2
JE GG TR s SR B B EETBOT, AR AN Z RS, B i3 B[Rt 5 %R
FEAEFH,  FRATTIA A ST [ TR 388 60,455 52 5 18 BHL -5 4 S 38 BHL 30 40

FH SO 5 [ 52 E e EE PR RIS G0 T IR VRS BRI, FRATTRT DA 52 A0k B0 08 YR 18 FHL % 1k
P di b n, #5303 5-6 F11& 5-11.

F 56 NEBFEK T ERIREHESR

AL

0.4 0.7 1.1 1.3 1.6

SRUFHEBH(N) 1.968 2.078 1.937 1.825 1.767
SRUT T 85.45% 52.00% 18.31% 23.42% 93.25%
HRIFHETE(N) 0.335 1.918 8.641 5.968 0.128
R B 14.55% 48.00% 81.69% 76.58% 6.75%
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" ELER
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0.7+

06—
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04

03+

02—

01

04 0.7 11 13 16
ML

B 5-11 ARpA T IREFE A G A

HI&] 5-11 fos, fEREBAEILT, SRAHEMEE SIEH, mA R AER AR A, 1
I AR S IR G B A AN K s BEEBCRAR K, AR IR 7y, M A (132 Bl iR bl
L, BEDPAIR, SRR VELE R R AR R, SRt R G AR s BRI,
FERBPIFIT, Mk SEIRIZZ), XA E B e, BOREHAUE RSN, Seiig
BEL o5 B34 A0

PRIt ERR S KPEOL T, AT ARIZ S BRI AR /N, R BRI BN 1% 3
B AR S BRI GREHE AEP KRBT, BE S 1 BE R VR A B A2 o 3 T
i, I N IZ 8 I el D i A 38 B R I8 SR T 219 TR G BE AR o

5.6 RE/INGE

A EEEXSH T EOK SRR TOUR, DTC My /150 ZE 7, AT i B SR IS BE A
W T N B IRAE PR IE BI R R 2, BT AR T, 34T 7 ARSI SR T
Bo BB, BRIGPHSCIE NG N, AE SRR P AR B IR BEL VAR B A
G, BIRIGPH EIEINEYS, X G P AR DU T AR R, RS KGO
FAE; € B BRSO T, BORIGEEEAANAR, b S5TE0T B d BRSO KBRS i
RIS L, BRI B o347 70T, R IAE R I S BH (5 4 3= S0 fr, BB K
Y80, MEAAIZ AT RIZ, TR S B AR A o, SRR RGN, AR S BOR —i&
iz, LGRS RH AR b 4E R R o SRR N R IE B A £ 3 AN, R REL
N[5 FRY %ok 7 It R i TR B
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BRE REERE

6.1 XL

N TGRS e e S, LR R 5T, FEE AT SR E S
THHR D o [ bR 3 SR B AR 23 A 2 i E T H AR AN RE 2 R 4L EEDI,  XHAEAR
AR BE 2R T 3T A e (LSRR AR 0 BB 28— LA AAAT ML AT 72 2 i 933 5 A, 72 37 ) EEDI
PR 2 S5, MR RE R AIRIE T BE R N T b 2 B N T SRR AR AR, IR IR AR,
P RIFRE 7 PR kD A B SRR I — 25 o AREEAT Rk D MR BEL 77, SAUAIF 5 5 K R AR BEL T 2
AN H, FERATE IR AP 3 0 A BE 0 Rl R il dk BRI 4 2 i, SR B A b e
RS AR B T -

ASCH HFET OpenFOAM T EL A IR i %% naoe-FOAM-SITU BEATHUE 115 1%R it 2%
e F 2 7 R0 RANS 78, PAK SST k—o TREFRERL, JRIRIESE stokes — B KR kit
AT ECE A . I8 SRR IR A K . DTC MUE MR B B, THE SR Tl N ARSI,
BH TN, BEN:

(1) H¥% SHOPERA A7t DTC &K FH /150 £ds, A SCIEF: 17t A 15 15
R A R AR 2S naoe-FOAM-SITU AT HUELTHE, THE 25 R 550 HUE = 224 1.804%,
VA SRR % naoe-FOAM-SITU H A JEH miIHER FE 5 ml 52, S AMIERH T DTC i) CFD #i
A5 R4 PR BERS B U DTC I8 sh 552 150, v LA SKEEAT 1 i BB 7%

(2) ik [ e S ATE, ASCHFR T BOT A R EEREBL R, DTC (13 /R B 5 K 1)
KR, BN MERKNIGM, EEEENT, BIRMGHEEE N, EhKEELT,
PIRIMBHARAG R 2, (EAR B IR 2 AT YR I PHR 160, 8 FE PR A 210 Ik IR 184 B ) WA
YR 2 SPGB 35 R RSO, BRI S D, Bl 5 R N A

(3) M E e E, BOTEHBE, SR A, B FNE S IR E R,
G EEE SKEEBIT, BIRMBLRETE RZE K, EhKBEREI T, BRI
BEMUEI AL B, EIIPEIE A . A b, IR B A A 4 0 2 B B
A,

(4) @S WEORTT H B S e B BRI P RS R IR BRI, BATRILA
FEE X AR ARG BE B e -2 B R o TESOT B B FERE LT, A ARG BHBE e 3, ik 20 5
N TERE HHEHOLT, AR B AL R

(5) I IRIMBA M ST, TRATRIAER & E R, 5 HARIE 3 SR 5 3
PHAZ RS RR, BRI BRI F ER S P . RN TR I, R 5K, St &5
FEERSy, B AR RIE ZR T BRI BHR AR, XS (3) WM S KL T A
IO YR BH R AN K S5 T A — 20 7R B, RS RH P S S AT, R AR RIS
BN RIR PR AR, ST (3) AR I A A, R BE SR AR

(6) LA EAFH IS5, TEFFFL DTC SEbrMifT TOotht, FATTNZARYE AR I AT 3R 58
SRIUAF T I 1 1 Tl ek R YRS P o J 0 5 KT, AR 3 5 TRIEBHOC RANK,  BER B 1%
ENTFWADGHHER; Erh KN, M@ sh EZADE, MiZg/b Mz i a5 m Z
B, AR PIRIGH T E I, LB R s, RIIERI R A .
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6.2 ixEE

ASCES TP EAF THUR DTC M iRIEEE, 5 7 —ahe, (HiE 24 TFVEEH
BB, AR TARRRAREL T R N 25, FEW LU R LA

(1) ASCERBLAIBIR NN, 3287 stokes — B, SR SEPrREHL 32 BRAS
e, H B RIRETE 2 (52 R 2, IR FE T 2 s Z R I A A A LR =
X, AEAKAH LIV E LRI A .

(2) JEPBAE DL WP IR BE 7 1) — L& — AN SO HE i, A SO 7 THI R 90 71 FE IR AN
%, AR DAL AE O T IR TR BE A SR 7 N 2

(3) 1EiH47 DTC MPEIREBHEETHE RS, KFESS naoe-FOAM-SITU AR E 14 A fg
BRBNFAE, fH#iEE CFD Jiykmifaett, Sk T BUE 5.

(4) ARAEH CFD J5ikx il iRIGPHABATIIC, AJE TR MBS X P IR BT TR
b, AR S RIREIS IR LR R AT LR, PRI IE A TR TR L ER e T i

(5) AL FEERH ML LR THA, LU iREE RS 28T, AR T
BIRIEBH I e FE RS, X LS5 S PR A R EATL, BLA IR At e LA R AR N H &
SR AP A AR TE I I e 25 10 B B SE BRI AR AR e TE A, LRI BT R RO, SR SR e
B, X AEE R, A EROR I AL AR X R AR B ) S R 1

5.3 KRB/

REEERACE S AR SE0HHT T 845, JEEXRRBE AT TR, A
KRB FTRT LS A SO BEAS BB 45 R, I HAESChn i W05 1A 58 2 It
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NUMERICAL SIMULATION AND ANALYSIS OF SHIP
ADDED RESISTANCE IN REGULAR WAVES

In recent years, with the green house influence sharply increasing, the global temperature
shows a trend of acceleration. In order to curb the trend and protect our environment, more and more
people have paid much attention to the study of energy saving and emission reduction. As the second
largest energy consumer in the world, China consumes a lot of energy to support economic and
social development every year, which puts much pressure on the environment. The measures of
energy saving and emission reduction are of no delay time. As one of the most important modes of
transportation, the shipping industry is required to increase the rate of fuel consumption as well.
Under this background, the improvement of the navigation performance of ships in the actual
working process is valuable and necessary.

To improve the performance of ships, International Maritime Organization put forward new
requirements of Energy Efficiency Design Index, which means a challenge for all the shipbuilding
countries. To reach the purpose of energy saving and emission reduction, one of the methods is to
decrease the ship resistance. Up to now, much relevant research has been done about ship resistance
in calm water conditions. However, when a ship sails in wave conditions, it will always be affected
by the extra resistance, which is namely added resistance. According to the relevant study, the added
resistance can reach up to 30% of resistance in calm water, which is worth attention in the study of
resistance reduction. The added resistance can lead to extra fuel consumption and speed loss in
seaway, which have negative effects on seakeeping performance. As a result, it is of great value to
analyze the added resistance and find ways to reduce it in wave conditions.

In this paper, we employ the CFD solver nace-FOAM-SJTU, which is a software based on the
open source toolbox OpenFOAM, to compute the added resistance of a ship in regular wave
conditions. The solver naoe-FOAM-SJTU is developed for naval architecture and ocean engineering
and has been proved to have a high degree of accuracy. We study several factors which may have
influence on added influence and some results have been obtained. We also try to figure out the
composition of added resistance, which may help optimize ship design.

In the first chapter, we study the significance, the definition and the factors that may have
influence on added resistance. Firstly, the research on added resistance is of great importance, since
it can help improve the performance of ships in wave conditions, and make new ships better meet
the requirements of EEDI. It is of great importance to modify the resistance of ships, which can
reduce economic costs and enhance competitive ability of our shipbuilding enterprise in ship
manufacture industry. Afterwards, we introduce the definition of the added resistance, which can be
calculated by the average resistance and calm water resistance. It is also stated that ship particulars
and wave elements can have great influence on added resistance. Finally, three methods that widely
used to study added resistance and relevant research are introduced, including ship model tests,
theoretical methods and computational fluid dynamics. Among three methods, we introduce CFD
in detail, especially the advantages of employing it, which make us choose it to calculate added
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resistance in this paper.

In the second chapter, mathematical models and numerical models which are mentioned in the
CFD solver naoe-FOAM-SJTU are introduced in detail. First, three fundamental governing
equations are given, and then the RANS equation is reviewed and discussed, which is the governing
equation in the solver. After that, we introduce some typical simulation methods, including Direct
Numerical Simulation, Reynolds-Averaged Navier-Stocks, Large Eddy Simulation and Discrete
Vortex Simulation. Then, several turbulent models are displayed and SST k- turbulent model is
introduce in detail, which is employed in this paper. Volume of Fluid is displayed in the following,
which is used to manage the free surface. We also introduce the waveMaker class in the solver naoe-
FOAM-SJTU, through which we can make regular waves. Afterwards, a brief explanation about
how to solve discrete equations is given. Finally, we give the structure of the process of CFD
calculation. These theories play fundamental roles in the CFD works, through which we can better
comprehend our study.

In the third chapter, an introduction of DTC is given, which is the object in this paper. DTC is
a ship developed by an organization called SHOPERA. The organization aims at developing the
technology of ship design and improve numerical methods and tools to better advance the
development of ship industry. SHOPERA has done a lot of model tests. According to the parameters
of the real ship, the model that used in added resistance computation can be designed. Based on the
open source toolbox OpenFOAM, the three-dimension model can be established.

In the fourth chapter, a benchmark ship case of DTC model sailing in still water is simulated
in order to validate the correction and reliability of the CFD solver naoe-FOAM-SJTU. According
to the benchmark case, we can also figure that whether the three-dimension model can make correct
response. First, according to the test data released by SHOPERA, we select the speed of the
benchmark case, which is fifteen knots per second. After that, we mesh the model and solve the
resistance in calm water conditions at a speed of fifteen knots per second. The results show that the
resistance computed by the solver nace-FOAM-SJTU only has an inaccuracy of 1.8% compared
with the test data, which indicates a high degree of accuracy and reliability of the solver naoe-
FOAM-SJTU..

In the fifth chapter, the added resistance of DTC is computed and analyzed under different
conditions, and the relations between added resistance and speed, wave length and degree of
freedom are studied. First, we set no limit to the degree of freedom of DTC, and keep the speed
unchanged, to study the relations between added resistance and wave length. According to the
calculation results, we find that in short waves, the added resistance increases slowly with the wave
length going up and the value of added resistance is very small. While in medium waves, added
resistance changes obviously with wave length increasing. It goes up sharply until reaching the peak,
after which added resistance decreases with wave length going up. Opposite to short waves, added
resistance goes down when wave length increases in long waves. We can find that the values of
added resistance are both small and change slowly. Afterwards, we calculate added resistance in
short waves, medium waves and long waves respectively, changing the speed. The results help
obtain the following conclusions. In three different wave conditions, added resistance increases with
speed going up. However, the speed of rise in short and long waves is far less than that in medium
waves, which indicates that added resistance may not be sensitive to the change of speed in short
and long waves. Finally, we try to find the relations between added resistance and the degree of
freedom. The added resistance is computed in the condition that the motion of ship is fixed, and we
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find that the value of added resistance keeps basically unchanged with wave length going up, which
is obviously different from the performance in the previous conditions. To figure out the reason, we
study the composition of added resistance, and find that added resistance is made up of two parts,
namely the diffraction component and radiation component. The diffraction component results from
wave reflection diffraction, while radiation component is generated from ship motion. When the
ship is fixed, the radiation component is removed from total added resistance, and the diffraction
does not change obviously with wave length changing. It can be inferred that the added resistance
contains diffraction component and radiation component when the ship is free, while the radiation
component is removed after the ship is fixed. As a result, we can approximately estimate the
proportion of the components of added resistance by comparing results under different degree of
freedom. The results show that in short and long waves, the diffraction component is dominated,
while in medium waves, the radiation component plays the most important role.

In the last chapter, a summary of current work is given and some suggestions to the future work
are stated as well. In this paper, added resistance is calculated in regular waves. However, in the
actual sailing, the waves are usually irregular and always accompany with winds. | think more
factors should be taken into consideration when studying added resistance, which may more accord
with the fact. Second, it is always a thorny point to study added resistance in short waves, and in
this paper, little attention is put on the short wave condition. It is necessary to do some future work
about ship performance in short waves. Third, since the solver naoe-FOAM-SJTU can be efficient
when computing added resistance, there are still some disadvantages. Sometimes, the solver may
crash during the computation, and | hope the solver can be optimized and be more stable. Fourth,
the conclusions obtained from this paper are mainly about theoretical side, which have difficulty in
practical application. I hope thorough research can be done in future, and make contributions to ship
optimization design.
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