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ABSTRACT

Waterjet propulsion is a form of ship propulsion that provides high efficiency at high
speed, low noise and is suitable for shallow water environments. It has been widely used in
military, entertainment, rescue and other fields. With the increasing application of waterjet
propulsion, the research on the hydrodynamic performance of waterjet propulsion ships is
becoming more and more important. Compared with conventional propeller propulsion
ships, the research on hydrodynamic performance of waterjet propulsion ships is not
mature enough at present, especially in terms of maneuverability, there are few relevant
studies at home and abroad. In view of this situation, this thesis focuses on the
maneuverability of waterjet propulsion ships, and proposes a mathematical model for
maneuvering motion of waterjet propulsion ships, which establishes a foundation for the
study of maneuverability of waterjet propulsion ships.

The most commonly used method for ship maneuverability research is based on
mathematical models, including Abkowitz model and MMG model. Among them, the
Abkowitz model has the disadvantages of large number of model parameters and unclear
physical meaning. Therefore, in this thesis, the research is carried out based on modular
MMG model. The MMG model establishes the force models of hull, propulsion system
and control device respectively, and then consider the interaction between their
hydrodynamic performance. The propeller of traditional propeller propulsion ships has
little influence on the hull, which is often ignored in the model. Considering the
characteristics of the waterjet propulsion ship studied in this paper, such as inlet duct
creates great change to the hull shape in the tail, water suction leads to large disturbance of
the flow field around the hull and critical change of center of gravity and attitude, so the
traditional MMG model is no longer applicable. Based on the above considerations, this
thesis proposes a new maneuverability mathematical model for waterjet propulsion ships,
which considers the influence of waterjet propulsion system on hull hydrodynamic forces.
The model first measures the resultant force between hull and waterjet propulsion system,
then uses the momentum flux method to calculate the thrust of waterjet propulsion system

and deducte it from the resultant force, and finally the hydrodynamic performance of ship
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hull under the suction effects of waterjet propulsion system is obtained. Then the thrust
model of the waterjet propulsion system and the steering reversing mechanism are
established according to the momentum flux method. Combined with the force model of
hull, the mathematical model of maneuvering motion prediction of waterjet propulsion ship
is composed.

In order to solve the above mathematical model of maneuvering motion for waterjet
propulsion ship, a captive model test method combining experimental model test and
numerical calculation is designed in this thesis. Firstly, the test principle, test content and
method to deduce the hydrodynamic derivative are described in detail, and a scientific and
reliable test theoretical basis is established; Then, an overset grid package is developed,
and the package is combined with the OpenFOAM open-source CFD library to develop a
ship hydrodynamic solver supporting the overset grid technology. The use of the overset
grid technology can realize the simulation of large amplitude sway and yaw motion of
waterjet propulsion ship in the captive model test without affecting the grid quality which
lays a technical foundation for the numerical simulation of waterjet propulsion ship captive
model test in this thesis.

In order to verify the feasibility of the maneuvering motion prediction method for
waterjet propulsion ship proposed in this thesis, a four-jet waterjet propulsion ship is
considered as the research object. Firstly, the experimental captive model test is carried out.
The relationship between nozzle pressure difference and waterjet flux is established
through flux calibration test; The relationship between speed and waterjet flux is measured
through direct towing test; The relationship between lateral velocity and flux is studied by
oblique towing test; The relationship between hydrodynamic force and lateral acceleration
is measured by pure sway test; The relationship between hydrodynamic force and angular
velocity and angular acceleration of yaw motion is measured by pure yaw test; The
coupling relationship between hydrodynamic force and lateral velocity and yaw angular
velocity is measured by yaw test with drift angle; The relationship between hydrodynamic
force and roll angle is measured by direct towing test with roll angle; The coupling
relationship between hydrodynamic force, roll angle and lateral velocity is measured by
oblique towing test with roll angle; The coupling relationship between hydrodynamic force

and roll angle and yaw angular velocity is measured by yaw test with roll angle; The
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relationship between hydrodynamic force and rudder angle is measured by steering test.
The experimental test data of the captive model test can not deduce the hydrodynamic
derivatives required in the maneuvering motion model. In this thesis, the numerical
simulations of the captive model test for the waterjet propulsion ship are carried out. Firstly,
the numerical simulations of direct towing test and oblique towing test are carried out. And
use the numerical simulations to determine the position and size of the waterjet capture
area by the streamline method and according to the flow conservation. Then, the thrust of
the waterjet can be calculated by the momentum flux method. The relationship between
thrust of waterjet and drift angle can be obtained. Then by eliminating the thrust from
overall hydrodynamic results measured in the experimental tests, the hydrodynamic force
of the hull that considers waterjet influence are obtained, so as to calculate the
hydrodynamic derivatives required in the mathematical model of maneuvering motion. In
this thesis, the pure sway tests and pure yaw tests of the waterjet propulsion ship are also
numerically simulated, and the numerical simulation results are compared with the
experimental test measurements. On the one hand, the reliability of the numerical
calculation method is verified, on the other hand, the detailed flow field is analyzed to
understand the hydrodynamic characteristics of the waterjet propulsion ship from the
perspective of flow field mechanism.

Based on the above research, this thesis solves the mathematical model and simulates
the maneuvering motion of the four-jet waterjet propulsion ship, such as full turning
motion, zig-zag motion, spiral test and so on. The maneuvering characteristics, such as
advancing distance, transfer, tactical diameter, rotation radius, initial rotation time, first
overshoot angle and second overshoot angle, time history of roll angle and drift angle, are
evaluated for the waterjet propulsion ship. However, due to the lack of experimental data,
the free running motion prediction results have not been compared with experimental data
and verified, which is the direction of improvement for the work in this thesis. On the
whole, this dissertation establishes a systematic research method to investigate the
maneuverability of waterjet propulsion ship, which includes the mathematical model,
experimental method and numerical method. and this method is successfully applied to
predict the maneuverability of a four-jet waterjet propulsion ship. Results of this thesis lays

a foundation for further investigations on maneuverability of waterjet propulsion ship.
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Rt EHBERAITREE TR TIER S 52T Ao

R E AR TR CFD RIS MITHE A, H AT{ER AR AR A
& Z RS 5 2 OpenFOAM. 4141 Woolliscroft 4T OpenFOAM -5 CFD
FEFF R T HAH RANS SKAFESS, FERBIAUBNAS ] R A F A% 2 Az 3 1) 7 XS 00T A
ERIE I8, W E s, EARFEEH M, WARFEEMETIT. PREEL
BN BRI BN EE TR 5 R SR EY) A R B E AR &80, Woolliscroft
F Maki i FiZFE 7% DTMBS5415 T T 2R B IG BB L, HatH 4R S
SIMMAN Fr A5 B4 W) & R 47197, Yao %5 [A] £ & & T OpenFOAM JF i CFD & X}
KVLCC2 PRI L) AR I AT T HE A . HAEF SST k — wiifi iRy, FIFERH e
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H T, A S S MEAG 7R LD R Bl AL iz sh L. HHR R 5 SIMMAN
PR RWpa BRI, HAEY] T OpenFOAM N 7E A AH £ RS i 3o BB DL K w474
(51, 75 B Rz BB %L T OpenFOAM JHJ CFD F2F7 /%, 456 SUGGAR+H & P
BAE, HEIETFR IR A naoe-FOAM-SITU, J£hf 2 Rl 24 £ RBLR I 347 T
B A SST k — wlmiiifi Ry, hTH 7 ESMIE L, & 1 iHERE,
RGBS PR AE R, X2 N E G E &M% TS OpenFOAM A4 &
I N AERT AR Z AR BB B AR, F, BRI SR I 1 24,

LB Xt MR SRR M A 20 AR IR BB AR UG L BT 7T, R DU 2 XA ik
T SRR L) AL IS SR — A SRR o« A SO AL H 2 TP A I K HE BE R AA
LR BUE RN T 5, e B B B R B & RS BT 32— 5 OpenFOAM JTil CFD
PERRES G B A T AR SCBUE T ST, T T 5 7R S RS T I O S AT
IR

1.4 ERBMEGEMRER

S R U FK Chimera mesh!M821, Overlapping grid!®3H801E{ 3 Overset grid!87H%%,
WZITF S AT AN 70 B PN 98 e A 2R A — ke DA SRSB4 o 1 2 1]
. ARG, &M IASAERBIE S, SR NES M. BN THE
HALSE P27 GBS, RIRBRE N AR SR CA 2 R ES HIT; A7 B85,
THR M FNERAS B “WE” &8, BRI FHEEE AR MG R EATIEE, 155
EPIRE AT DUAE B S X A i S kAT B i A e, DASE BSOS N IR R SR i

1.4.1 HRZEHFMEHERMIES A

BB AR i B2 HH Steger®7E 1982 4R, 53 WIS B AR NI H B 2 3
TAUEYUR, SKEBIKRF (NASA) JFAR) CFD #ft OVERFLOWH®INOLE; 51 B [ 1
Domain Connectivity Information (DCI)TH5H 4 PEGASUS #4546, BEHIRSLH 7 HS
S B ARAE AL 2 LR AR S, JE4 OVERFLOW # R 7E % 2 777-200 FL K AL
it FUH PEGASUS R ZEH P AR ER BRTR 1217, “H A7,

“HME” a5, DTSR ATH TAE A ORI RAS 22 B, (HBOR 2 1)
F I E T E S MR E R . Rensselear Polytechnic Institute JF- & i) Overturel>2 /& — 3Kk
BT AHMRZE NS CFD Rgas, BRI 1@ TS5 MM 1) B S A HOR . [FIREH
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OVERFLOW-DUSE:F 5 AL RS S 1 SCRF B 2 AR HOR AR SR A &5 - FASTRANLISS)
SCHL T & T 2 AR XIS B ) S5 R R EL S R CFD 34t . ZEREAHZK 3l 77 4idaa S
FlowTech 2 m] ¥ i1 ] Shipflow #AF AL 1 i& H T S5t AL S 1) B 2 A FeR, 1%
PAFERM. ERMHBOH. U TERAEETZHRH . SKH INSEAN 7Kt i)
Broglia. Muscari I Di Masciol"455 Nfsi &5 & 1 # 2 WM& 779511 CFD 84, i
KENJ134T T — KAV R AT HE LAE. Muscari ZE09BI7E 2006 -4 H IFSEEL T —Fhi&
F TS5 M A XA B EE 2 IAS 7%, R Z S A% 77755 Di Mascio U4k (BT
A RABRFE . AR BAH Level-Set 7771 RANS J7#8) [REAA/K ) 7% CFD
RIGIARLE G, TR T P ES MR BRI MAA/KE) /) CFD Kifds. S1ESESM
WOTEMLL, Z07RE £ 7 FHERIFRIT CH2E7D R, (0@ F R E oo
HRF R B DTRR BT (“HRRLT) I RE SEI B XA AN ] I A B 2 TR S B AR IE . R HIX
—HZ MK TTE, INSEAN ZKIBFERD T 1 — RIS TAE . Brogila Z5141146H] H &
S S TV BUE AR, | — B A AR s s 22 0z 3l . A AR A 1) 75 7% Brogila 55
(47813 5%6F Delft 372 ey AR S R B AT BUE AR 78, 73 B AN [5) B VA HCT (106 ~109),
KA B AR 2 TEDRG TP B 52 AR BE KN o Zaghi ZE04905 — 1y sl XU AR 7 S i3 A T L 23
I N BAE AN FT, LA Br AN [E) ) 7 44 8] 2R R A4 B AR B 520 K/ . Maki
SEUSOMilT Y 12 SR fif 28 6F — 1 HH 2 THI 24N A (Surface-Effect Ship)#EAT T 7K B 77 0 E
Bl Brogila ZEISU —GEACFIRE Y E4T H B E AL 10 4% 150 AR B, o Sled 2 23 I A%
IR ST LR B, PASEILAR . MEAXARRRI iede iz, DL AR m JoHe,
N 58 A A Y B 52 32 23

[ N 223 0 T B B A ER AT IZ I 7L, SR g fE AT S R s, bt
R MR K2 S RS L 5T 1B T S5 R A () HR AT B B AR 2R, PR T — 4
DRAGON g AE P03, ke FL R 25 R s O R B TH SRR b o R IR e
BORBEAT “¥20R7 715, M ADT Bl &S Mk T Tk s oc i 53— “#m” i85, H
B R ST SRR G AT WS A AT T B PSHIOOGRAIE 1 “ R
THR I RCR ARG B . B3 380 3 B WA DTk S oo Y “ 4k R0 38 5 1 32 00 R0
stencil-walk. Newton-Raphson. Inverse map. X454 ADT 4 45 ) S5 1048 5 350%
THERG AT 1 WA, NIt 7 i AR T EZEN S H s, R CES
WRAS FE 7 SRR S I R A T AT SR R o (B R A e R SR S5 M AL A 1 $2 31
THE, FEHRSEIIATH, HEeH T 4 @it 5, DRt AR M B 2R v S Br TR
e R ) TSR o A6 SO R R 90 it A 2 5 G AR R 2Rl b, A8 R RN AT 42
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T THEL, B RAR GEFIARNE “ P27 SIEAE SRR [T PR A% 4% A ) e B 285 2 UL 4] )
P 7 PLR e T SRS AT IR AR AL 1Y Vertex 570 DL ER STAR B R /N AT T T L4
(1) Volume 77700, %7V I R 1 A% G A2 A S0 BE [ B 2 Ak ) A 22 B 2R LI
e, P T BUETTERG R, R T S PR BRI SE n K RE )[R, Y04
rn B BOR N A 2] 7 MD30P30N BUATL 3 A Titan 1V Y32 8K # FEUE THH TAEH,
AR TZEEE TR P78 T ZES WK TAE P27 tHEPRTERR,
fEHE T 2 4 =4 J U AR “F200 7 vF 5B, (HRZ TR R R T 44k
WA ERAT “92IH 7 TH8, JEEE ARG ORI AT T B R SE . BRitbz 4k, 1T
B VS FE AT AR 0 2% | Bt bR AR 1021000317 B A2 oA ] B AR T — e B AT AR
BTk B, EER— T S A A TR s LS T ) v S AR B, N E SN
REHORFEME T =Rk, FIEE, WA “P2IR 7 Bhscdl Beg, HaxBEIRE R TR, Br
SCILTE L, AR AEE . (iR TAE RAF RAERIEM A B, RS CFD KRigdd&
T AT it TR S st FH FRY A 7 i

DL b B 5 A B A 40 A 1 R) S5 1Ak A% CFD SRS, SR, BldE CFD AR
N sk . Z28F, Gtk A BT FAS RE Ry o AR i R 2 i ) LA X A
IR s, BRI T AR /I RS 1 CFD S pr At . @ H 79 CFD #44, 1 CFX,
Fluent, STAR-CCM+ /2 OpenFOAM S5#3 3 T-AE S5 F A% 3 BT R BB 7K it 1 42
BT AR5 NS 1 CFD SR AFSS o {HIX B0 55 A AR A T 25 M IS BB S5 i 5
TCVESCRFARSS KA, HOK 220 3505 B INAK D REAE N BT Dh R B AN BE A AL T A S R4
TiEEH

1.4.2 HEAESHIMAREVERRAE 5%

B 5 AR S5 7 WA B 3 s B H ) IZ A R AN R R, BN AMIFSE N 46
H JIH TR S5 A (1) B 28 I A% 12 R - Nakahashi 26 7E 2000 -4 H —Fh & T JE 45
e A& (1) B 28 XA D7 VA A VAR Ot S 7 AE DT b AR R 2 B AR 1 TAE, K
WEEIRD T RS AR B AR &, (RIS R MR 1 E S P RS O TR] o H X M R
REALBEFH A H B WS IR, oV H T 2 WA X iz 3l i @ i+ 5. 78 2005 4,
Ralph Noack®4w 5 1 [a] I id FH T 45 F4 I & AT 45 1) A% (1) B2 B [N k% DCI 3K AR A
SUGGAR(Structured, Unstructured, and Generalized overset Grid Assembler). 1Z%# %
[ TEE X Bh A W B T s, AR E . SUGGAR MW THIEARRE A% H—2k CFD
Rifggas, HOY T ik SUGGAR B4 7 il R AR =il CFD K4S, Noack!"2IF % 1 #%
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[ 8% %4 DiRTIlib (Donor interpolation Receptor Transaction library). 1% 4% [ bR 502 H4F
B RE S A B RO 8 CFD SKRAE A5 32 Bt SUGGAR A ji 1) & M #% DCI Jfi{H 1S
S SEILE B RS A (E T/E. B H AT ALE SUGGAR BB RN MR H. EiE
W F 2T S5 /A RS ) CFD SR ffE 2% F, 4 CFDShip-Towa®3l!211P) }2 OVER-REL!'22]
Sy AT T T ARSI ) CFD SKffas E, 40 Cobalt!!?!, HYB3DU24,
USM3DU2sI261p) 7 FUN3DU27ZE . 2009 4F Noack 2512817 SUGGAR ) 3:ht Fgk—20
ACEIE KRR P gt T H I A SUGGAR++. B M CHHEF WS,
MRS 7RG B it , RIEHE & i B 2%, [N 2T OpenMPI,
SUGGARHCFFIFATIHE, H T CiBWiAAE SUGGAR, BN i I B 8 A& B 2
— o KM SUGGAR++HIAHIE CFD 8 R &M H T3 B A T7 iR M A 1
it TAEF.

TEMTAA/K 3 I BUEAR L 5 T SUGGAR++CEH AR T 12 WL , LR 14 5 1,
BT SUGGAR+ 1) 5 2 W i 5 AR T+ SIS A0 78 3 TR w0 KR 1325 B AR AL .
Mousaviraad ZFB0E T H S AR, 2 7 HWG(Harmonic Wave Group) /7% . 7
%7715, A LASEIAEE — ok CFD tHE RS SR tH—MTTE T — 2% S8 5 1112 3 e B

(RAO) HhZ AP yRIGRH M4 . I HWG 751, Sadat-Hosseini Z#131N 8 Ay
KVLCC2 MR B IR H ()32 Bl e AT VR G PR EAT 1 AT AR T35 . Carrica 550132
FIFHE B W 775, X ABA DTMB 5613 5584 71 Bl S i 100 AS A0 0987 8 A 14 o i )
FIILGRBEAT 7 B AE R, AR AR AR FA R A, I T — AN il &0
U R A5 F71 22 A4 IR e 2 2 S kAT 42 o), S M RELZE A o ¥ 0 T TS S8 AT A 418 5 i ]
AT . Carrica 13334 Y B 8 o A% 0T = B AN [RIAR AL KBS AE (KVLCC) . M

(DTMB 5613). 346/ (KCS) HEAT T HMLHERE M BUE BN IRIE TAF, RAE
B REFIAR, Ik A [F] RS PR AR AR AR e 2, T DA RAHh i o W8 e 2 e i 5 9
7S HHZEIZ BN G IR B, Castro FFUI355 & H S WA A, I BE T R Zf 75K
JUBE R BN R B e 2 2 18] B AE AR AL, FE0 i 7 7AE ey ROEE AR R EE R, A
A 130 5 T2 AR DA S MR e S gt 1t e AR A AE L. Carrica SF1361R I 3 8 A% HAGT
DTMB 5613 4= Bt AR R 72 RHE T00 T MBI R3EAT 1 BB AL, 70 0 A e
2L FERAS SEBLAR X 3« FAUAL T ARRAE RHR TO0 T BIR PR iR, JFimad e 2.
PR R4 R DR AEATLAT 7 1)

VERNAWR OB FLE i, FEAT IR IETT T, 22T SUGGARH ) H & A% HR
FIREE &) Z IR, SUGGARHH 2 F T SE LR IEE PMM 46 DA K H it R AL ik
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R, XA SO K B AR R . Simonsen A1 Sternt37I1381 F #
S PIFETOAR, X Esso Osaka JHIFS AT ARATA LA A MEOIRAS T B2 AL PMM 50 50E
AU o ASEADL T LB [ B m A I RHTTZ 31 LR ] 5E e A IR S s P FR 0L,
o HUE AR R — B SR AH G /KB )34, Sakamoto FEBAMM40IGE7 f 44 () DTMB
5415 BMAE Froude 4 0.28 il N2 A PMM 54T T RGPERTHE, e
FEEWIZsh . e RliiEs). diligizsh. digiiash PG EMA 1 IR %25 PMM
I BERLL . A, FETESMIEAEE S ZAMEE1Z231E87), ESMKE
R0 DU T SE AR AR B B B AR5 I B BUE B . Carrica SU41H F H8 9
W I71%, AR DTMB 5415 7R K H L RBIRH (1) Zig-zag #5038 Bl F1 4 [l 5 4
WITHNHEATBUERE . 5 2B DTMBS5415 1P AN 2 g 22 35 B AR A 7 sfe s
0, AL kb b s B, JFE I RI EEG, migEt ERCE . iHE S, X
P J0) 2 3 e ST K 43 A AT AR, R P B XA R SEEILAE AR R AR 1 % 5 . ST
#% & | Froude % 0.25 A1 0.41 PAMILE T HERMIES), THE THCETE 35 B KNEA
4= mli23), 20° /20° W) Zig-zag #1285 BT IZBUEAAL TAE F {8 A AR AA 745
RUBLHDME R, DRI B B4 R 5 i3 BB AAAE — € w22, (H B 2 TR iR
THTREE N T Refs RS A O HE B L 2% W2 18] B A ELAE FHWLEE, Mofidi A1 Carrical'#?!
{81 FH LS S 7025, ASLADL ST IR SR ANRE, 230 Rl o0 AR XA B L e 2 I s e A
FEMIkgH, X KCS MRAYHEAT Zig-zag BRHUS BB, THE 4R GHRALAEYI & R I .

bE 5 S MR AR R RE, SRR HZTZ, 3T IR/ M M EE CFD
B A% Fluent. STAR-CCM+. NUMECA 28523 7 E S M ThRE, HAERAH/K S 151
E TR TAE A G R i 08 F B3IBA060-1621 - AH iy 52 B i M B PR |, 1K 2877
EHA R ARSI T A E N4

] Ay 257 35t T T [ 85 1) DX 10 B 38 XA D7 VT Je 1 T 2 IR 9 PR Tk
R EFVRAN B S 2HWAIE o 7 — i () FE S5 04 IS (R BN A L 2 A& 712 AR BRI Z 7
%5 Euler T FREAASE &, M ETHINLE 5 e im0 AT 7 — R 51 TH0
BB RN 78 A o VAN B8 SR F 1) EE B A 7 V2 R i T — BB AR XA, el AT
SECHT, N AR E Wi 12 SRS Bl 5k S 3 B 28 A& AN (5] I A& Bl 4 AN [] )
A B[] 28 XIS ) AR o X — R e gt S SRABE UL i 1 3 SN ) S A A1
PO ORRE [ 5 I HORAE TSR TR Al 28 10, DRz v H BE AL BERAL B THAL
BER, el e et i, RRMEER. AN & T — il T RS R S
(B B AR 73, R BEIA% A Cartesian RS AT 2, 8“6 BAH, XF
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TR MRS BEAT 0 XIE HE, RIREESR R 1“2 7, “3m” ek Bkl —%E
R RIBR M, A0&E FH T8 5t /2 Cartesian WA 1T B LA,  HAZJEAE T RIS
JERIFF S E B MRS, HULE M TEA R R . B AT IR KA1 B 38 5
(HSHIUSIRI e 1 38 F T AR S5 A A% 1) 8 WA 592, 2RI 1 5 R T 9t ) i =
BT RE, SCEL T CrziE s PR RE B shit T, b TREHEN TS S
M ZIT %, AFEN ZENRE S =N R AMEBORCE R . BETHHLIAHT R T4 R
SE H R LA T BRI o 125V B RAE R B AR WU S L 1 AR S5 H 30 25 FE B A% 1Y
R, (B T AP, O AT RCR K. AR BT 53 AR B 226t _E X%
REF AT BREAT TG, 1980 7 e AR5 B MR SRR . (HIZAE 2
HA P E K CFD AT A, FEFARMER A, TPk WA a5y &
G2V N WY E MR A S

1.4.3 EBMIE A OpenFOAM BRI

Zra DL BB AR, ARSI E IR R FES5 R PR 1) B 2 AR ORI 5T
U5 CFD £ OpenFOAM HH 45 & KSR MR 7K 1A A0 20 RS g0 SO E A n) . [ A
HhIRT B B MK T7IAAE OpenFOAM I SE LA — 5 A F LA, SEE A LJE T
I B K % Boger %5 U2 f% 25 #F OpenFOAM W Sz B T EH S W M k. 1E& F H
SUGGAR++LA J DiRTIib e & & T 55T OpenFOAM 1) H B % 2 i foamedOver o
AT HA S AT AR . DIRTIib bR ERZE A F A2 KR B el 2D k=2 28 A 1
MERE. {HIE, fEH T foamedOver (A — L& fij B[] @K T BAESIE, 1 AN FH 2
AR

AR E N Ab 5 ) B S A BRI R AT T 2 R 221X, Rostock K%
Andreas #£F OpenFOAM, Fk | S M ZE Bellerophon!'>7), 1Z#2 7@ H T 3E45H)
WA, AR HAZ TR AR AR, ok T304 0] /R SR Ag b o BT ok 5200 1) Dominic
[F]FE T OpenFOAM F % T H& 4% lE OPERAIS®, %42 /5 1& T IR 4 i, f
T MRS AR B2 TR, R Z FhoTEk oo S5, ES MR R
H RN FE BARRIE T BUE AR e M, (H i TR T AREOT FR A X R RN A o
Dotk DA b B SR R Sk 2212, AR T i AR o PR R MK % 1) Roget A
Sitaramanl!'S3IUS4TF & 1 3E FH T 45 0 OSSR 5 4 A% 1) B B I % 2 TIOGA . 5
SUGGAR KA, 1% & PIME B IE XS CFD SKAgAs A 25Kk, B B AT LR 31 %28
CFD Kf#as o
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AT K A T B B PR R T IR A OpenFOAM 225 75 [H 4 2 B Y
R A T AR B J1 P RETH 5. R4 4E & NASA HF & ) SUGGAR++/DiRTlib Ff
KT BB CFD Kfif#2s naoe-FOAM-SITU, F¥iZRifss N A% 7 KCS, DTMB
5415, ONRTUOHUONZEZ R 5 B B Zig-zag. 2RIFSAAATLE M, B
Pt Ed, ST . RS . A1 SUGGAR+/DIRTIIb {5 {4 1% )= (1)
TERISOHE, FHOREIAR BRI AN RS, PR 2 B T PRtk
b, BT H T SUGGAR++DiRTIlib # #f, Jj % i B BA CFD R fi# #% 5
SUGGAR++/DiRTIib K T B ETHEAZ O ) HAT FEME 08, 1% 3R m 2218 B 20 T A%
O EEESE, TSI T SERCR o O 1 S 54 T LR H BN A Az 30 10 7 V42w it
1TARRK— LI ESMIE DCLIEH, (HaREITHF RN DK,

g5 FRR, S MRS R B A IR TS U, BE S AN ROK B At Re B
HHARE] TN, R T ARZEAE, W PEGASUS. SUGGAR++. Overture.
PUNDIT. OPERA. TIOGA 4. [fi [A] ={FE &5 1) X 1) B S A& 5 2 2 MR AR 3 0 H B
CFD B SGBHAR, U AR SO 25 1 15 7K HEE A A0 29 A 30 BB B4
EI A SMRHIFN R ORGSR AR FL, VIPTERL 1 — RV =, HAER /KRS
JIFHUE AR AL Z PN, I T 5 S PR H R TE AR I 7K 3 77 81380 F 1 ] S
PE, DLRARERME . BhAk, SRR TIEAE OpenFOAM A T N ZRM], X T
ARSI T T7 R AT AT

1.5 AXEFETIE

AR SCEE R WA A A DT S L BT T BATF LA 0 T

(1) FEFGHIRAEE S B R MMG B0 IER |, 4345 HEAREE . MoK
HERG BRI E A SO TR, Bt T — R HE F T Ok A
SIZHH I E H RO . R B LR A B R 71, TR
BRI RN A5 WK RS0 0 ) S RO R AR, SR R
HER AN RACP A, THRBE AN . A G ARG T BRI
F9 PR R S B B S 5, B 0 B T A S R S 5
IS T 31 A 7 Sk 3 1.

(2) 97 HRHIA S HIBOK AR R AUE B HOF RO Kk 3 S,
BT g £ BFD A1 CED RIBKHEEAS AT AR R 7% . B B R0 (2 TF
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JFIRES, o RltAT BENUEsh. RliEsh. difegizsh. difEmissh. ki e
2 ENUERACIZ D E L ARG T 00 . 8 IR AL AR I &t AR AT K FERE 2R S Ak
IKEN ST FIE A EE R S WK IR RGE 2 77 BEARIK B 1R LMK HEBE £
4152 J1 84S BICRIRAT RS20 R AR S0 77, P4 15 2RI sh A oK
2h 113 HUE.

(3) N 1 I MK A AR 20 R A e BE AL, AR SCH BT R T B MRS
B, oK% S MR LE S R CFD J& OpenFOAM M5 &, TERL T CRFEN&
B AR BOR BN ZK B 1SR AR A o 12 BB P RS AL BRI [ AR S5 A X A%, ANFR 1) SR e
KA, BABORK A HENE; A MBI R /R R IE “F207 7, “Ho” 185, Jfsk
Bl 7 EEMiIeH S CFD RIS — TR, I8H a8 BB M. A scEd
TFR BRI BE OSRANIA S AR D 2RSE I 1 B S S OpenFOAM IR R &
FERATREA AL TZ KA R 0L T S8BT B MRS CFD KA 45 & o

(4) V0 338 RS DU g SR /K AHERE AT I FERE B, T J 20 RS ASA R 1 9 AT 4 R
RIS BB . B BT, R, AR AiRE S OB R B AR
BUE TSR E R IOR L, B0E T AW SOT R I SCRF B B WS SR BB AR /K 3 715K il
TR EEE s B PARYE AR SO I 20 AR5 VR AR A e e RN AU T B4
RAEAT I, RIERE T B AR K3 71 2 HUfE

(5) it D i 2 AR B s A AU E AR IR 7K 30 77 3 BUEARA AR 3L
$ H TR HERE T A R s Sl A s AT BRI SR, X H PR HERE T A [ F2 i2
2\ Zig-Zag 55l [PIfEESG . BRAUIREAT BRI,  JFARIE TR Al Rt H brfn
FARENE WIAGIRIEAE . Fem M mith . [P E SRR AR PEIEAT VP0G, S 5 1 Wi
IKAETE A AR E TR A

LR EPTA, ARSONRI ISR KB 71 S BRI AI AT ik LA
HUARI ARSI T RS0, 454 EFD 1 CFD MK A AR A0S )
T3k, FREZ TR SIS M RN TR b, DK M AR A TS A
TR T .

1.6 A BIHET=

AR SCHNL T —H 456 EFD 1 CFD BIW/KHEE AR M IZ sh @i i, it
SRR R BN = R

23



1Y

intis i e A0S BoE 2R

4
4k

(1D ARWIAEALG MMG BERIERE b, B BKHEBERTRASRE 50 275 75 FE M A
SR K AR, 1 1E T BUKHERRT AR M i shBrA i A, iRk
oy B AR, MR 7 5% 58 MMG B SAL, (EUKEh 7 SR BERIT R IRES
TR, B IR TR GRS S EC A RS R GO A K B 15
HIANE s 2R R KAERE R GeHE ) SR MBI R ) 5 T ah &l Bk R 15 2,
SPA WK R GEALR BRI R . SRR X s E R BBV E AR EZ, Kk
SCEEST TR TR SR IX AR R AR N . MR A R R, RESHE
TR AR INE B A TP K HERE 28 Gt SR (BIAIN LA R 52 70t

(2> BRI HE AT AR R IZ S BCARA, AR SCBIFPE LT T —Fh EFD
AN CFD A4S & A REIRIS T ik VARG Ho B si B, &l
MR HERE ST IR T AR R A 52 7, FRaS S BUE TR A5 FoR WK HERE R SeHE 7140
B, MO T AR GRS T i O IEHE R N B UK HERE R G052 1R L, RERS HERR RIS 18
MR IR A SN A K3 71 38, usRIBSK I M AR N ia 2 535 2t

(3) RWIHFIR T3 IFATEIE EE MR SR KIMGAHK SN 77 CFD RS .
N T T MK HERE A AR 20 R A BE AR AL, AR S E PR T IAT B S B AR
B, gRAh T SUGGARHHANSCFFIFFATHIA AL s FEFFATHESE T SE8l 1 2 T4 B R 7k M
18y TRBRHE R R A2 SR SEEL 1 3308 = SR 4l M ) v S e PR DTk B o R
BoR; LI T IDW. AR 2 IEEEE 5% . 2 P2 S MR 5 )T CFD
J%= OpenFOAM 45 &, SKHL | EE M 5 CFD K76 & IHATIs R, MR T SCR
B2 B WS BOR IME AH /K ) 1SR AR &% 12 3R P45 BE W A RO AU /K HERE A £ AR
Wi KigIzzh, SEIL T BOKAERERTANZ) RAK S T s Tk, H B w4, i
IKHEREMTARK 2 71 S HCR IR AL 7 2R TAEMF B
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ARV SO K IERE M AR ERANE 70 A7 (10 A8 A 2 58 LU 2-1 B O, — X ) NRHLAL
PRI, O — xyz BEATARSR &, Ox BHERIAINGAG, Oy BHiRAMEL I, Oz
BheEEAEF T, Ox HAT Oy MG SHOKIERFFTAT. U NNE, BUEM, u. v
rAARGE U fE Ox ShAT Oy S BRI B, ¢ AR, p NEEEAEE, r NEREMA
WL,y NE R X BOKHESE NN R SO A R EILE, SRINLRE S
& o PR In) U B 25 e AT A DY AN 7 18 B, 0 BRI Ox BT R ¥ Oy RilJ5 1A (14
FEh, MGgoz il CERE). SRox B CBiRE) W, #FHBETRIENS/HE4AT
BRHEIEI, 17 z BAE R WU A5 A, 4R E AR O R x b A M 1
BRI RN IE . BRACRIRTYLAA A RE 9 RE M 1T 1

B 2-1 2472 LH

Fig.2-1 Coordinate system definition diagram
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2.2 BABHHFER

MRAE 2.1 T30 72 AR AR ST RIS sh B R, 1 e mT DAAS B Ao 2 o)
LIPS

{uzUcos/i’ 1)

v=-Usinf
KHBAERF 22 Oy — X, NITE R, NHIZFWSE €, A:
X, =mXy;
Yy =myy,
Ny =17
KO :Ipr
RIAL bR 28 55 BE M AL bR 28 AOAH LI R0 :
X, = Xy +XCOSY — ysiny
Vo = Vo T XSIny + ycosy
MM TCHERIEN, K x, vy 5 xo, yo AT BT LIS 2K TG AR Z 3 Y B i EE DT

2

(2-2)

(2-3)

X:m[a—vr—xcr2 —yGf+szr]
Y=m[\'/+ur—yG (r2 +p2)—sz+xGif]
N:IZI'f+m[xG (V+ur)—y, (L't—vr)]
K:pr+m[vap—ZG (1>+ur)]
Hrf, X, Y, N, KBNS 200 x, y T AAE £ BRI m AR R,
X6, Y6 Z6 7P WINELOAEBENT AR AR R P AR ARE,  WRBERT AR R AR O B AL,
WAHx6=0,y5=0,2; =0. fEEETED, PHRIRIEREXTHEK—H, I
L, LA ARG xo z Fh SRR

RN RIS ShECA R 1 S Bl 2 5 R (2-4) I 2 S M AR 32 13RS , FER A
2 JICFARIGE LT, B SKAETT R (2-4)mt iT AR BGRB8 s IR, (EREH 0
AR A B IS B0 b 52 B A0 ST I 705 R 0 LR M A 132 20 R 2 23 T s AR 4L
R, DL SR A A A 5 SN2 51 il R A D M AR DK B0 0 R TSR ) s MR e SR it
IR ARIR A EDT ST, RS2 B KB 71308 B At E2A AER, — M E 2
£ 1964 4 th 5L [ R4 B T2 B8 Abkowitz $i2 Hi ) Abkowitz #EAN7]; Jg—Ff2 45 1978

(2-4)
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£, WM HAEEET N (Mathematical Modeling Group, MMG), 7E Abkowitz f& 7Y
[P35l AT SO R ) MMG A A076H0801 - Abkowitz 158 AU T A BEAR R Bl — A~ &
4t, 1o H Taylor HEEIT B AR BA RGN 32 )1 5183 2 AR &R, Ktk Abkowitz
BT YRR AR BT . MMG B ALR A 5 R ARG 73 JTF 3R IE, PRI 2 7 A
2\ REZ B AH AR SE IR /K 3 B Tk o T TS P A A4 A B e AR Y AT
HARN .,

2.2.1 Abkowitz 8

Abkowitz B, OB ARBRL, KRR B — RS, FRERS L
7K B J1 AT AR IR N
X =X(u,v,r,p,u,\>,f,p,5)
Y= Y(u,v,r,p,u,.v,'r,.pi5) 2-5)
N =N(u,v,r, p,ii,v,7, p,5)
K= K(u,v,r,p,a,\},f,p,é')

51N Taylor Je P EAR, BUE MG R4 T 2 EHURES, BEAuy = U, vy =
Vo =19 =Ty = po = Po = 8 = 0, fEANFIAEEE NORMER T, Mkt NIz
PRSI RSE RN ZIEIZ SRERT wurp,i,v,7,p,8RZ, PSR K250 9 -
Au=u-U, Au=u
Av=v, Av=v
Ar=r, Ar=r (2-6)
Ap=p, Ap=p
A6 =0

R @2-5)H 11571 X, Y, N, K LRI RS ug = U, vg = ¥y =19 =g = pg = Do =
8o = 0 &b3HAT 3 By Taylor -, WA

X =X, + X, Aut+ X, Au® + X i
+XuvAuv+va+va2 + X,y

2 .
+ X r+ X, r"+ X, Aur+X vr+X.F

2-7
+pr+prp2+XupAup+Xvap+errp+pr (27)

+X,;6+ X567 + X ;Aub + X yv5+ X ;55 + X, p6
+X,, A
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Y=Y, +Y Aut+Y, Au’+Yi
+Y, Auv+Yv+Y v + Y
+Yr+Y,r’ +Y, Aur+Y,vr+ Y7
2 . (2-8)
+Y,p+Y  p+Y Aup+Y vyp+Y rp+Y,p
+Y,6+Y56° + Y sAus +Y, w6 +Y 16 +Y s pd
+Y, Au’...
N=N,+N,Aut+ N, Au’+ N i
+N, Auv+Nyv+N, v+ Ny

uv

+Nr+N_r’+ N, Aur+N, vr+ N7

2-9
+Npp+Nppp2+NupAup+vavp+Nrprp+Npp 2-9)
+N,;6+ N8> + N, sAus + N w6+ N,;r6+ N, p6

+N  Au’...

uuu

K=K,+K,Aut+ K, Au’+K i
+K Auv+Kyv+K, v+ Ky

+K, r+ K, r* + K, Aur+ K, vr+K,r

+K,p+K , p’+K, Aup+ K vp+K rp+K,p (2-10)
+K ;6 +K ;56" + K sAuS+ K ;v6 + K ;76 + K 5 pd
-mghsing+ K, Au’...

uuu

Horp, BT JEIT RBOONK BN 7158, RSN R T8 Z A A% (n
X, =Z—i)o I H TGOS T SR (RIS B, v, p A7 R ID. R 2R &,
BEAE(Q2-7)-(2-10)F R FE 7 — BB I, L5 1A SR 5% A s i Tl 2 s 5 19005 . 228
o WK I(2-7)-(2- 10N B 2-) i ikiz s e, stn] LIS 2156 Tz s iRas
R e T R, DR R BRGSO AR (V7K 3h 70 2 U rT SR A Kz 5) . 18
HEDLAKEN 1 RO SRR 2 REAMEARSS, DRI ] 5 X RAEAS A R
BEN T, AFEREEENIRES KB /1 S EAAE . SRR AR IS B AR s A2 oM
7K B0 713 BUNIIN, £ Abkowitz #7152 77 (A AR & I =+ T50K3h /)

28



intis i e A0S O E WUKIHERE N IR s sh B A A

PH BARA RIS FRE n] LR s g —F8 03, (EL B 5 B TUK S /1 S B A
FREMRE T, HENSEOFBCH W ELE S AR TR AR IE RN
o3, I 5E 4 Abkowitz FEALAE SE PR TR N I LU ECH R, J5 22511 B 5/ 4 MMG

*EE_I_“JO

2.2.2 MMG =

MMG 1 RLR AR 32 2K B0 7150 A E RIE R AR iR le k. fE=7r, ansl(2-11)
P
X=X,+X,+X,
Y=Y,+Y,+Y,
N=N,+N,+N,
K=K,+K,+K,
Hrb, Ny HACERMRRZ BI0KE) 71, PARRIR R 2 2IR/KEN 17, R AREAESZ 211
KB MMG BRI R GE o N =885y, BRI K S 77 3 80T Do i 49 A
IR R IRER. MERIKB) P REAR n] LUB M MUK GRS, RIS 25 i AT 1R
Jie2k s REZ A AT, n] UL B RGE 52 A, 2T MMG B R fr X
R A AR 2 B AU, T LU HE MMIG R (1 2 HH R 5 T LB e 4 A A
TR, T AR S5 & BBOKAERERTARTE IR BN, (22 MMG BA et
F 7373 1 5 FE A EL S ¥ BB AT PT DUAE 4
2.2.2.1 fiHRZ IR

MMG #1978 SEAESCHR[176] 74 A Jie 224 [ N b2 25 8 FL ALtk B g AT
AW, WA el = B I RIRIE .

(2-11)

X, =X+ Xi-Yyr+X V' +X w+X 7 +X, V+X, V7

/
Y, =Y+ Xaur + X+ Y [ (v20) |y xr] Cp ()l (2-12)

L, /2
N, :Nr.ff+va+Nrr+J. Zp /zx(v+xr)|v+xr|CD(x)dx
Bl

b, X(w) ANARRIREL ST, Cp AN D) R R2 B 77 R 580 % FH 0 R B SR I LA R
2%, AEMEEAN_E Inouel"™N5| A ARLG M U BB R EAT 1 SOdEA3 2~ RIE T
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4

X, =X+ X i-Yyr+ X, V' + X, r
Y, =Y+ Xur+Yy+Yr+ Y, plv+ X, plr+X, [rr (2-13)
Ny =N7+Nyv+Nr+N, |v| v+N,, |v| r+N,, |r| r

Kijima 25 & M T URTRF £ 58 =B T4 Y 17 s e A 7R () g g A AL (1sisal,
LI
X, =X, cos’ B+ Xi—Yyr+X, vr

Y, :Yv.v+qur+va+Y;r+)Tv‘v |v|v+1"v‘w

v|vr+YMr|r|r+Y vr|r (2-14)

vl

N, = Nj+va+Nrr+NMv|v|v+NMW v| vr+ N, |r|r+NVWv|r|r

Horb, X 7T DAIE S FH 7050 3845t mT DAASEFH 2256 20 S AT At 5085,

T MMG 8K JRRAS AR Z , 2015 4 Yasukawa X %35 MMG #8537 T R4t
R, JREas H— 5 MMG BRSO, n2-15) R, ZEEAX T RAIKE) )
SR 7RIS T VA G 250 A 2 1% = H HEE MMG BRI
TR SR A Tz R N R 8TIssT

X, =—R+Xu-Yyr+X vV +X vr+X r+X, v
Y, =Y+ Xur+Yy+Yr+Y v +Y, vr+Y, v’ +Y r’ (2-15)

rrr

— Y 3 2 3 2
N,=Nr+Nyv+Nr+N v +N vr+N_r +N, vr

= B A ARG T KT 3R IS 3 o (H B AR AL 34T BRI Bl i
FENAH A BE), JCHERGE T, AR AR SO 7T 0w /K HEBE i AR F AR 3
INIS Bl BRI B AN W] 20 o PR AR R S5 R I 2 DY B 1 REIE 3 b 32 S . ok
THEAADY B R B SR, [E A b T T e LA, HAE TR
W, B R UR e SRAERE M ISR 1 KB 7 S A ik e g 2 7K

Hirano J#Id Xt R 5N UL, AR AORTBUA XK 30 71 5 20 ma BRI,
PRl RE T R X K B 0 S B, F BRI 1RSI R . Hodr, ¢
fif, GZ(P)NIEIE G, zu REFJIMEF ST ALE .
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X, =X+ X i-Yyr+ X v+ X,V +X, 1’
Y, = YV\)+qur+va+Yrr+Y‘v‘v |v|v+YMr |v|r+YMr |r|r
+Y, Vr+Y, v+ Y,p+ YVMV|¢| +Y |¢|

N, =Ng7+Ny+Nr+ N\V\v |v|v+ NMV |v|r+ N\r\r |r|r
+N, V'r+N rv+ N,o+ vav|¢| + Nr‘¢‘r|¢5|

(2-16)

K, =K,§—K($)-mgGZ($)-Y,z,

Son B RE T AE B HEZ AR EAE A, R T R AR 52 o8
ARAEO0ION, R PR -
X, =Xw)+Xp-Yyvr+X vr+ X V' + X r’+ X4
Y, =Y+ Xur+ Y1+ Yo i+ Yy+Yr+Y g+ Y,p+Y, v’
+Y,, 1+ Y VY v+ Y VY vh + Y g
N, =N,/ + Yv.ozy1>+va+Nrr+N¢;¢5+N¢¢5+NWVv3 +N 7 (2-17)
+N, Vr+N_r’v+ Nv¢¢v¢2 + Nw¢v2¢ + Nr¢¢”¢2

K, ==Ylv-Xlur+Ky+Kr+ K¢¢f + K9+ KV +K r’+K, Vr

+K, v’ + Kw¢v2¢ + wavgﬁ2 + Krr¢r2¢ + K,_¢¢r¢2 -mgGZ(9)

Hodr, oy i INBTE Y A0 x BIRALE, Lo L nl M npiE X, . Y HAE 2
HILE

Umeda 558 4£ 58 1) MMG #RUBEAT S50t {36 3 RE A8 83 Tor TR A AL A5 AR R It TR
o] 09, 133532 fy ik T
X, =XW)+Xpi-Yyr+X vr+X v+X,r’
Y, =Y+ Xur+Yy+Yr+Y,0+Y, v>+Y r¥v+Y r’+Y, v¥
N, =N7+Ny+N,r+N ¢+N v’

+N_ P+ N, Vvr+N_r’v

K, =K p-XJur+Ky+Kr+K,p+K p+K, v’

(2-18)

+Kmr3 + Kwrvzr+ Kw_rvr2 —mgG_Z(¢)

FIEEE0(2-17), Son fi MR, X (2-18)F K F MM 5 HAM =1 HEEs)
FARE1ER, [FINB 1S B G R TE,  HERHEME N HiZ B A6 ONRT Ml #: 9\ iz
BNEATRA,  [FAE AT DAAS 208 iR 2093,

HE F R = H B EIE R H HE M2 B 2 AR Y HAR Mt A
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— AR RS . AN Son MIBERY, Dy 1SRRI EE, B IE T b H A E 1A E
[EIRIARR SRR, 1532 SR R 2 0%, [RS8 N 1 /K 3h 1 S EUR SRR o 3K SRR
b5 I AR R SRR AR R NS B B ) AR o A P B R AT A AR R A 3 T3
T H) H R AE A AR T8 R i R TR AR A — AN KRB 1
PRI LA 7Y IR L RE A U 2 AR A A oK, i TSR RE RERG I 1A L Sk B /)
FHERIUNE L, WA —E W RRE R B R E R T RIS 5 T AT
JiAR 2 R A i), B IE R R R
X, =Xw)+Xvr+X VvV +X_ 1
Y, =Yy Yy Y+ i+ X v+ Y e+ Y, |y
+Y¢¢+Y¢\v\¢|v|+Y¢\r\¢|r|
Ny =N+ Ny+Nr+Ny+ N Mv+N e +N,, |rr (2-19)
+Nyb+ Ny |+ Ny 1]
K,=K,p+Kyv+Kr+K,p+Kyv+Kr+Kp
+K M+ K]

FHEE Hirano FIEAY, AL SCHTRH MR 2086 T =B I, 2558 1 i M 5 HoAh
SANEHEMREEER, [F R ) R AT 7 AT« AR SO R ] B b ]
e, BINT 31 MK TS BLREE 72 1R R (2 B, KASIE H L TE
IR G RCER . (Q2-19)FEANKBN 71 BRI 24 5 SEF RN 4 .

2222 RG2S

WMQ-1)FRIERASE S0 ik o ME=E07), FERTCTieh e d i
AR ST SRR HEBERTAA T =, ANBED IMA S . FE=E00r, TERE A L
TIUR B WKHESE ) TAE S, Nl 2-2 Fos @& AR ERHlK, B ERmT
A FH Bl 8 e PSCHUN AR FRREREATE 5 DRI T M 7R HE R AR T 5 AS 22 B M SR AT 22 2R
MR TR AR KA, DAL B2 R AR A A (1) 7K 30 73 P RE B 8 S PR L 2 BRAOK,
PRI AE MMG 8 bR ER H IR AR ) 7E KA #R ST vh B9 25 18 1 T RE )
Atk R A s, A% R8T BRI IR Ja R4 F e R it s e 3 s i i R A 7 5
FWUKHERE RGO IE, WIS R ARG, HB S IR e A
], AR IR MUK HE ST« AR 2 — AR PERE R 2k, DR R AR e 2R oK
BEDNHE 7 RAT (1 AT SUANIE S WK R GE, A8 SCIUR BB FZSRION i mi 7K FEE
ARG T AR BOKIERE R G IR 3 =WOKHEE R A HIKE, WK
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2-2 Flos AR S B HSKIERESRADL R B et 107 50 R e S A (R e AH B
FEJEE EABARAKZEEN, KA SCRURE WK HERE 3R ME BT LA B A SR 25 R 2L
5 JIREAY LA F A4 PR S

& 2-2 Rk e R EE
Fig.2-2 Schematic diagram of waterjet propulsion
AR FAE I KAERE 2R G852 TR 2 Wi S A GeiR e 2 52 R AT Al 2 (1
. IRNEROE H e AR I MOKERE,  RIVER RS B 2 R BN R R,
wn hAHR:

T, =pn.D)K, (J) (2-20)

Hor, T, MIRHERAETT, np NIRHERFGHE, D, MIRHERK B, Kr NEIRE, JA
R AR S R BT DARIE N R 2 A

_u(l-w,)

n,D, (2-21)
K,(J)=k,+kJ+k,J’

b, wp NG E R E T A 0 R R e SR A T Ak TS 2 B T — T

WHITHATHNE s Koy kis 2 ZRACAT LUEE D MR e MUK 1 BE B AU 655K 15

15 BB IE S HE 7 J5 7 R MBI S AR M 5 X AR 2, mT DAAS 2R e A H oA
X, =(1-1)T, (2-22)

b, o N R L AROBH I IEE, 2 RS BB HESR AL B AR IR il A N
R AREL AT BUSZ R o R DU A A% SUig e 2R 52 7 A 2 i o PR 20 ORI HE 77 0l A 200
T2 RS T MR E AR 52 i VAR 1) R M AT A 52 MR e SR B R R o pl TR e SR T B A AR
/N HIEHRAE SIS, BEAE T SRR R 0L 1 98 RN IR R 25 R IR e 2 xf
A K 3h 71 52
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4
4k

X T A ST I AWK HEBE AN, W7 HE 1 28 58 A B80S AR S ST B it o /1 W
Ao B, WUKHERE R GEMUKTEREE L R E S ACKZ IR R, M E S #EE AR
B, TR SR TR ARAE F5L i i U] DU A WK HEE R i
R MHMAIZ BN R 12K 2, QR BENS R e WUR IR 5 M A2 3h 1 ¢ 2 th it ] DAHESE i
IKHERE R G52 715 0 WK HERE 28 G (1 BB A FH G A AR S0 7 (10 52 M A L R e 2 22
Ky JCHAEM AR I 2 32 2RI ZUNITEE), DR Rmt 7K HERE 2 Gext My i K 3l 71 K
BETS M A EER AN HIWT T 1 T B X A S B 1 i A B i 2

B SRR R G5 JIREAT T 04, WKHERE R G I R AT R T
BRI AN IE S . P B RS2 WK HERE R S B A S i 247
AYIN AT HIRR Y, ZITVAE R AT (R AR SEPn il R ARMEM ], BIAEH] CFD J5ik
AR AL A 5 SCANI B Y r) R ITT JE92 A5 BRSO 2521 shEiE Rk ilE e sh B e
MK HERE R LN AT D K3 22 5 T H 2 BIKEh i, £ ITTC Z KK HE
BENEAR B AT AR P s HY 2 Rl 2o A I & AR

& 2-3 Bk R G Z izt ~EE

Fig.2-3 Control volume of waterjet propulsion system
2-3 2t T WK RS2 TR AR R, Hrb 1 OBOKHERE R SR X
BEAKI,  BIRE AWK RERUE (K8 iz i AR A 2 EERRE . BIE S
HIKIRA S HEABOKAERERIE, WENRKREA ST . $2E 1, 2 P m#EE
NABCA I REAOTET, SEBRIFAFAE, DIESRT 1A 2 R/ LB TR AN E
1o 3 NAFERIIZ AR A B BOKHERERIE 4 JyWOKHEDE R GERE N RI; 5
NWERAAIRT s 6 Wi 7 SR s WK HERE R SR HALE x T 1A B4 ] 7 FE
R
[ pumya= [ ocda+[[[ pF,av +[|[ pFdV (2:23)

A+ 4 A+ Ay + Ay + A

Horb, w RS IR, w NHEE, o R EARE, o A E AR
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TN FIAE 7 B0, Fp NWERARRR A @ TR 8, F 9 iEsHAER e
P IR . O E L x T A NS, WA
— ) J.Aé pu,(u-n)dA4 (2-24)
SEhR EWKHERE RS S AARVE - SERR Y R A 3, 4, 5, BIATRUE CBiKHE
Bt R Gk g s MR B T 9t 7y, HRIE 0.

T.= | odd+[[[pF,av (2-25)
SEMIIWNRSE [ WARCRE VAP LIEER (RN
T;zet = (1 - tj )Tgross (2-26)

Hrb, 6 AN BB E, TN e e S S EE K NSO, SRR FoE
WO QUoeINOTY RIS HE ) TR T

FH UL AT DL H AR K e R G327 mT LOasE ok, — sl s &%=
THEHRHEY), Rl BUKHERE RGN 2 JIFR 15 B ST o RIS kAT
YT AR 4y BT AT YRR/, ITTC MURE Fh HEE A sh & v ok il s s /K HE 3t F AiHE 142,
{HAE R T WK HEH RGN IS ) HE 1B &E 77 H jTie 2 7 H . fE s 3 3R
XAENT E ML Tl RAEROREIA, dmmir & RN ge S BAT TAUAE, Tt
WAL E KNSR HE I ERE FE It (R 3R o DRI I AR 28 i i A Y i i B i
IR I K HESE R G052 F1 EL e R A o AT SO AR A R 56 4 B CFD 151
T3k 58 B B S AE AT, Bt CFD 5B a] DLgkAT 52 AR5 B i, X
ATRABE SRR IX AL E L KA, M@ A S22 v S S . 2 M EAKE,
XU 5y SO A48 K HERE 3R 4052 Jj R BEUONN9ST, - 285t AR UMK e R 552
JIRERIGR

X,=T= j pu, (w-n)dA = pO(U,b,v—x,1)Us —c(U,b,v—x,r)U)

A+ A

Hr, Q ABUKHESZRmE, EMRHEEEE BT, BRIMBRERE Q &KX Tl
W U, BRI SR PR R by WK REAUE N BT 7E A7 B R) 38 v—x,r Z (]
PR . HoAd x, AE N OO B EO M BE RS BUKIEE RGRE O MREOR
] Dl BT A AT AR A TR 2 HERE . Us AR, A
oWU,b,v—x,r)

A

6

(2-27)

Ug =

(2-28)
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W
1
~Hl

Kk, HRERFNRE Q Wl IR Us; ¢ AERBIE REL XTEM LN c REA
HRUEA S, W T ARSI FU R BRI [ B 5 ¢ REBUL SWR T A B ER R b
AT K HEREFE N L BT EA B AR AT 5%, dlid CFD BHURHIT A TR 2] ¢ &
BRT (U, b, v—xpr) IR 3 o 75 22U I R 2 M3 SR AR [0 S v—xr 55618 I A R,
BAE SR BRI rp AN T ZEREAT [ R U A DS A 10, A6 A A8 5 2 2y
TEA . UGS T AR SO K HEE RG32 1A, AR Y B TR i 7K A
RGN G ITERE, B T AR B KA RGN

2.2.2.3 BFCEINHLL A IR

A MR i@ 2 TAE T A 0 ST e R S I MR BRI T 25 632 T OB AR R B T 1L
HPH, [FIN 2 EE RN 6 DL SR RS K B0 T B2 o MK HERE 28 48 IR AR ATATL
FIE TAE R S5 Re 58 A R, Hog 8 32 BES S HE /7 1) 5% & 45 Tt i SEE A AR )
Fe1a B BINTIEE . SCHR[199]1-[2011355% /K HEREERAEEIFIN A 32 S HEAT T 0 b, 3
HAGFAR AR R T B mE E k.

M

EEREAR AL
A 2-4 =i KA gt R AC B AL T & B
Fig.2-4 Schematic diagram of waterjet propulsion steering nozzle
Gk 2-4 i, DLERFEL ﬂnmmﬁﬁﬁm‘% ANHHEEERN U N U,
Horp U R E H K, B
0 =0,U, =U; (2-29)
HaiEEH, BRACENINIEZ .
Fr==pQ,U, +pOU, (2-30)
;H\:EP’ szg)\D?}ﬁ%’ E%D Ql%a: Q6’ Qo ygtlj D?}ﬁ%’ EEEE%%‘TEEJ%D Qi:Qm Fﬁ
PAF(2-30) 7] LA S N
Fy=-p0,(U,-U,) (2-31)
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5 SR AC BN 32 7 07 1 U4 -
XR = pQI (Uix _U() cos 5)
Y, = p0. (U[y—UO sin5)

2-32
Ny =Yy -x, ==pQ, (U, U, sin5) x, (2-32)

Ky=Y, -z, =pQ,(U,-U,sind) -z,

Horb, Sfes, Hog LKl 2-4 fox, GRENIE, xe NERFEEINITII 2 )9 OB e
HO BB AE x Bl BB, zr AR BTN 32 77 vhot R B B0 R BR B AE 2 b B
#o HT 0i= Qs 1M Qs EMUKIERE RGN h a0 rid, AT LSRR
W73 3] Qs SR EIZEZ IR RN, AWK HED R BN 2 ) ik 20
T A AR R S N AR A ERRBIINIAL 32 T IRIA A IER R R H
3(2-32) i i IR AR BT LAL 52 F A7 3 0R 2% FE 4 e (BT LAG) 5 A 2 1) O AH 5%
Wi o AE T8 B TARRAS H, SR HERE AT AR BTG 58 240 T2 0, B0
R BT ) FENE AT DL 5 (HIE /KPR 452 0 (R LG HR IR 2 5 AR A A SRI A ]
M AR, SE RS2 2SR m MBS E J15E, R A IR X MHA 7K 3h 771
N TR EFERE, S5 TR T e A K S i sgm, BT LR (2-32) 5
LUV

X, =p0.(U,-U,cos6)

Y, =(1+a)pQ, (U, -U, sind)

2-33
Ny ==pQ,(U, U, sind)-(x, +ax,) (2-33)

K, =p0O. (U,y -U, sin5)-zR

Horr, o ERARBEITH AR M4 K75 S8 ) ) S5 AR ARIN LAG 52 00 2 TR B L9 2R 4
x ATRRCE LR R A 5 S8 1) 352 3D BB IR RS . a, xuw REUAE AT LLIE
W BRI R E, BRI AR EAR B ELEEWIEMN A, Biteat T AR
SCAS R RV 7K HE AR AR BT LA 32 R, 2B L T3 Bl Bk 4 R AR e (BT
WUKIRZ F3, TR 25 FE T e R LA R A4 K 30 77 2

CRE MRS Y HEE R IR DL AR R 32 0 AL, ATk A 2
T AR ARG AER IS 32 ) B, B 52 DI RN (2-4) Ho vT DLk
ITWOKHERER AN A E S Fildlk TAE. (H3X(2-19). (2-27). (2-33)FnpIfiik. it R
Gt BRRCIRIRTHLAL 52 JIAE R R AT SR A AE K 30 0 SRR 75 B e, Xt R T e 2 1)
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BB BEAR N O 20, #iE K3 1 S BUBUE 7 AT 2R, R/
e VEAN A 41 2 AR B ) B B R TR

2.3 BUKHERARAR L RIRIA L R

W 2.2 A, ARCOAEN T BURKHEE MRS SR 5 IR
RAEREMTARSEAL, AR ST AR R R TR 4t MMG (B0 B,
A X KA M A R Ry RO AL BEAT 7B . ALK B) A 3 AR 32 70 HERE R
G321 BN /1 =, B80S SIAA RKKEh 1 S 8E
A€ o A% GEIR I SRAERE AR /K 3 77 S B A g 18 R B 1 A RGeS Al K
HEREM AR I, AR B — R A AR I HEAT I 2

2.3.1 Hnite

X KRR AHIR Sl A P AR K 3 7 B R, Rk a2-19)r ik 52
SRR A 7K 2y ) T AR A FE ISR AR AR FH A R, DA L3 3oL 2 OB SR SRR
A K 2h 77 5 H ZARFFBUR TR, X5 1% GEig e A A AR 20 AR 38 7 VA A
7l o

BRI B o [ 5 H U, SRR AR, HEHE R D) 5 i B AR,
BIFRE] 7 X RIE B AT o ) IRFFBUR A TR AN, B i DU & A ) 46
FUVTEE N R4 877, BOKIERE AR E, PARARRAEL, THiss. L llER s
Rt 77, Q-3 Fas, BREMAT) (ZRIMIFH S AHESESS KIS P2 M
PRBE DR KA, (HE K HERE 45 77 T DL I A5 2w Bt AT e 2, I
b AT BAIRI R AR AR AT, ELRSR B BUARAR B 772 25 18 1 W IR AR F DA R A A 2 25
ZACHINAREL T -

X, =X, +X,=Xu)+X,
Y, =Y,=0

N,=N,=0

K.=K, =0

N T AFBRIERE AR 7, AR S S IB A A R I Hh 153 W I o< T WU 3R
B, FEN CFD HHEHES B 227 ¢ RECEM LTI TR THUERRLE, i
S RIMUKHAERE RGEHE T RIA N S A AR 77 Ja T BLERAG 50(2-19)H (17K 3 77

(2-34)
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S X(w).
2.3.2 #AiALE

RS, W 2-5 P, AR E RS AT 2 AR A R, HENTEE U,
M 7R HERE A% DRAFIT R ARAS e e T AR L 0L Hh e ik
—_— L'

= PN LN LN

s
AV S

& 2-5 ffnit R EE

Fig.2-5 Schematic diagram of oblique towing test

RS T I B 1T 2 14 5 ) S I FE N (2-35) s, R E iR . 5 E
P B 2L, U5 P A ) B HE AR 52 AR SR HE T P 0 o FLrh HERE SR AE Sy AT DA
WA WA TR R, BT AR SO RN SO DU SR SR AN, AERMIT LR
W IABERAE IR FRIENL, R Re A5 8 UM Nps H AT RE A
7 1) Yps HARK/NTRELE SRR CFD 1M, 484 BRI RS BB R E
O, HMANERE ¢ KTHUE U, AL E by BEAITR L v-xpr FIERIE
X=X, +X, =X, +X (u)+X,v’
Y, =Y, +Y, =Y, +Yy+Y p)|
N, =N, +N,=N,+Ny+N, v}l
K, =K, +K, =K, +Ky+K vl

(2-35)

nx0(2-35) AR, X EBENRE H 3RS, Xp Yoo Npy Kp il iR i DL 2 CFD
B g R DLk E o, B R AR e MR R KB A
Xvw Yvﬂ Ylvlw Nv' valv' Kv' K|v|v°

2.3.3 #EEHIRE

Ak e, W 2-6 Fron, MRS R ORREAAL, FERTEEE U fREFAAE; 6T
(7 B AR TE A B8 7 i — B IEE 4 SR IEZIRGIZE): W50 P IR EEER I IR
A&, MAEOE S BT T E 2
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RSB KRR 3 WK AR S B s B

B 2-6 st KT & A
Fig.2-6 Schematic diagram of pure sway test

AR 06 TP AL B - 0 0, BRI GO 0, BRGS0 TN 545 21 4 B 706
2 (2-36). F(2-36)F KN ST XWX 00 Y .Y 10NN o1 K 1, K oy 1E BRI S A AL
Fiieh DB 2 H . Xpy Yov Np Kp AWOKIERE RSG5 77, [FIFETT DUES B
P AR AG SR HY PR AR 2 327 6 Hh AR SR B D e ik A S K /K 31 ) 3 8
Y, Ny, Koo
X=X, +X, =X, +X (u)+X, v’
Y=Y, + Y, —my=Y, + (Y, —m )+ Yy+ Y, pp

(2-36)
N, :NH+NP—mev:NP+(NV—me )v+va+Nva}v|

K, =K, +K, =K, +Ky+Kv+K, vp|

AR GIEEN T, RBNALE =0 I %518 A fZissh, MRRE s RS 5 08:
y=—Asin wt
v=y=—Awcos wt (2-37)
V=j=Aw’ sinot
Hr, A AMGIRGIREE, o WEGIRGIER, MGIRGAYT = 2n/w. 7115208
[EIINIE AR R IKIK B 1380 R K30 38T 3 (2-38) s AR 73 I8 ST 45

- ZUYEda)t - YEda)tJ = (Y, —m) Ao’
0 V4

1 T 2z
:ZUNEdwt_.‘-Nfdwtj:(Nﬁ_me)sz (2-38)

17 i 2
K, = Z(_([KEda)z - j KEda)tJ =K, Aw

PR N AR 1R R IR B Yis N K SR IR GIRE ARG M Aw?
Z AR R, RIAIsRIGKEN 1 FHY N, K A . AR5 R AT 2 CFD #ih, H
IR ARG 7T DASR HK B 11 S 50 3, Ny, K BIE, A8 02 {# i CFD i+ 5ok 5
A6 (AT A EL R IE
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2.3.4 HEERE

aigE i ae, Wil 2-7 Fros, MR E A U B IR 2R GIE 8N, IR IEE Ve, .
R w, 5 ERENSE 77 SR B IR 23R 183, IRGIRE 4. WiFw, HEHTE
FE UARFEARZS, FIAVE I o e s A A M R 3 12 Sh RO 9R % A AR A%, 4746 90° AR
%, PR R PR IR RF e A S A — 2 BRI BN 0. 28wy itis
MR PR REIFRIRAS, Bl S B Tl — 2K

T //7"
- w

B 2-7 s BRI & A

Fig.2-7 Schematic diagram of pure yaw test

alig BRI AT AR AR v O 0, BTGy 0, DR a6 I 45 38 10 4 A7)
A2 3(2-39). 3(2-39)H xo R E AL FEATAAAR R x ARKR{EL, 8 H 15 DURE AT AL B
RELAEEL B, Wxeh 05 KNI FH X@EEMRIKHEE], Xpv Yoo Np N
IKHERE R GE 52 77, [RIAE AT DL BT AR I0 R Y, DR e A i vl o R
B oA T £ DA% B A D B A S5 K B ) B X Y Y Y NN
Ny K K K o
X, =X, +X,+mx 1’ =X, + X )+ (X, +mx,)r’
Y, =Y, +Y,—mxgp—mur =Y, +(Y, —mu)r+(¥, —me)I"'-l-Y‘r‘r |r|r
Ny =Ny +Np—Li=mxgur =N, +(N, = 1)7 +(N, =mxqu)r+ N, |r|r
K, =K, =Kr+K7i+K,rl

(2-39)

AR EIB BT, BN ALE = 0 21517 AL fZI8 3, AR RLE T B A
B f -4 WA RIZ SRS T E Y.

@ =—@,cos ot

r=@=@,0sinot (2-40)
F=¢=p,0 coswt
Hrbo, N B IRGIZENEE, 2R Bk P AR ALY 0 115
Aw
Ca= (2-41)
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4
“Nl

Her, A AR EMGIEIRGEE, oAiRgMR. SERKS TR KRS
Fe B MIERL r MR MK B0 73 55 S Ak LA DR 7K B 77 S Budt AT e B T

2z 2\2

I p)dot =(X, +mx;) Ao £+leu2£
0 u )4 2
/ 377 27 Aa)3
ijwt— [ Vidot+ [ Yodot |=(Y,—mx;)

0 7 3 U

Y

o = UY -Y,)dwt - 2f(y Y)da;t]

T

2
0 m) Ay, [ALJ z
U U 4

[/ 3’7 2 J Aaf

N, J.N dot — _|' N, dot + I N,daot |=(N,~1.) (2-42)
% % v
[]E p)dot— 2JiT(NE—NP)da)t]

V4

2 2\?
:(N,,—meu)Ai+NrM Ao” ) Z
U U 4

/ 377 27 3
K, {J-Kda)t jKda)HjKda)r}_ .Aa’
0 % 34 U

T 2 2 2
K, -+ j K, dot - j Kodot |= K 22, K, do” |
4 U U )4

W X 5 Awd /U Z 85 R 0] LLRIS/K B 11 S8, B @5 Vi 5 Aw3/
U 2 [BR R AT LRKE D SHY,, BISE Yo 5 Aw?/U Z [AI[H5R & 0] LIRS
IKENFTGELY Y s FAUHE S BT Ni 55 Aw® /U Z 15 R PT LASR H K 3h 1 35N
LS Ny 15 Aw? /U 2 I 2 FT WSR3 7 SN, Ny IR K 5 A
U Z 85 R 0] LR K3 1 S 8K, B Kow 5 Aw? /U Z T2 & AT LK H
IKBNFTFHK K o SEHR B IR0 5 55 1 A1 0 B AR DG IR 7K 30 70 S 804N 75 2 CFD 4B,
FUR A ARGR IS 5t T LASR K30 70 SRR s 5551 AR AR DG /K 3 1 3 40 7 B
By CFD 25 74 6645 217K 8 71 FHUE - A8 3CfF FH CFD 5818 {50 2L [Fl I e 4l b 1 ik
55, AH 5O UEFFAH B AH IS 20K 3N ) S5 s R
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235 WEANEERE

B R B AS, A 2-8 P, 5 2lEE Bl ga AR BG4 T 1) A AU B IR 5%
B3, RGEENE WRw. 5N T AR LR s), ik
GilRIA A, PiFw, HENTRE U RFEAAS . JE IR g 3 AR YRR 508 2 4R
JAMSE, AFAE 90° AHALZE . DRUEMT AL IR g8 I A DR & 1m0 A S5 1 £ 22 DR Fr AN
A7, IR BOAEE L. AR RS R UR ORI R IRES, HHdeFed 5 BN L
5.

B 2-8 i AnEa e gl
Fig.2-8 Schematic diagram of yaw test with constant drift angle

R A7 BRI T A AR A @ 0, BEIFHESE v AN 0, PR 6 I B A5 2
1870 2 (2-43) . (2-43)H x6 & 5 B3 KEN )58 X () AE BT+
321, Xpv Ypo Np AWOKHEREZRGE32 7, [RIAE AT Ll B AT g6 AR TSGR H
SRR AR R 7K BN 1 2 HX Y )Y (o) oo NN o Ko K FERHITR IR P &K s 5
Beow o o® o ML E M ®E KB MR KK 8
XY 2 Y X 1NN Ny K K K g ST SRR 1 R50 48R H s A B A 3 o 18 b R
A T 5 2 A8 TR ER 4 S50 Y oo N o«
X=X, +Xp+mxgr’ =X, + X(u)+ X, vr+ X, V' +(X,, +mx;)r’
Y=Y, +Y, —mx;r —mur =Y, +va+(Yr —mu)r+Kf

+X, v+ X, v+ v, 7|
N,=N,+N,-17—mxgur=N,+(N,—1)F+Ny+(N, —mxu)r

+Ny, Mv+ Ny, v+ Ny, 7|7

(2-43)

K, =K, =Ky+Kr+K7i+K, vM+K,rlr

T AR B 1 P 4SBT0 R R R 2 7 (2-40) 13 (2-41), X I & (¥ K 3h Ay ik
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1 Vg 2z
X, :Zu(XE - X,)dot - [ (X, —Xp)da)t]

T

2

=—(X, +m)vAw

1 Vg 27
Y, =ZU(YE ~Y,)dot— [ (¥, —Yp)da)tj
0 V4

(2-44)

2 2)\2 2

=(Y —mu Aw +Y Ao 4y vAw
r I‘r‘ Mr

U U 4 U

1 V4 2z
N, :ZU(NE —Np)da)t—;[(NE —NP)da)tj

U

2 2\? 2
=(N, —mxgu) A{; +N,, (Aij £+NW|V|Ai

A PR A, ARSI A B R, R Q2-44) R BRIIR S v 2
{H. EEEINE Xow 5 Aw? /U BIRF AT UOREFK B T X, BB ST You 55
Aw?JU IR Z AT SRR F) GHY ), OB ST Now 5 Aw? /U ISR R T] LA B]K
ijjjjﬁa“%ﬁl\ﬁmrﬁ/‘”ﬁo1ﬂ7%i§77?£?%£”El"]7k£j3j7%‘“iﬁxw,ywmmyh%ﬁ‘@%ﬁﬂyﬂﬁ%ﬁ:—Fﬁ/‘J
WU, AR A 2 AR DK BN 77 3 B U AT BE S A A2 224k, B IR B AE —
SN 2B TOUHHAT A B A R e, FOR RN R A oL NS 2IR)/K S /) S 2 E 3
T RS B2 HIIKEN 13 SR oY oy Ny 80 T DA H A T 8 S 0 A
P F I SRS B 1K 3 70 S T ) AR ROR, s ksl 5, JedE
G T 5 AR AR S ) B BB R, BT DL &I I 2256 20 ST S A 2SS, A 3L
SRR B , E1XT I A0 3R 13 S5 Y o N o B, ARHEAT B
BEXT LLIRIE T A

2.3.6 WHEMAKNEAIIE

T R A PR BT 5 B 7 BT P St b eSO AR AT A b X0 v [ A A
i IR, WOR GRFFT RS e e 5 BAL 00— B0 SUR MU IS 4t .77 .
BRI B E r 9 0, BEFHERE v oy 0, PRI E AT 2 A3t R RaA N (2-45) s
AL S AN R R A o T 4 BT SRR p A 5 R T ASRASIK B 71 3 HLY 6, N, K o FRIE -
i U R A LE AR SO RS T B U A W R I R S s, PR E T
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MG R SR AR S X T ORI R TR AR A R A, RN T HKG SUAN &
S EERAME ARt ANE H T SR s AR L iR i Bl ]
X=X, + X, =X, +X W)
Y, =Y, =Y
Ny=N, =N,
K, =K, =K,

AR S R A ELAAR AN ORK 3 70 S OB A e 3k 1S, JFIE CFD 115
SRR 45 R0 LS IE

2.3.7 HHERA BRI

e R A AR 1R 6 B ZE R e ) Al b s s [ e R A o a6 S
A BT CRIF AR, B ORFFIT R RS B ARl 5 B Lol — B, i o ORFF
AN, BRI A IR A R 7)o B A BT Y 0, BRI v A 0, e
MO0, 4RI E R (2-46). (2-46)F Xp. Yp Np WWOUKHEME RG152 77, [FEIFFE
mhEd EmM SRR R R TR EE Yy ;KBS
Xow Yo, Y|v|w N,;,N|U|V,K,;,K|V|U7T‘ﬂ%?*ﬁ@jﬁ(;b%7kiﬁj3ﬂe"iﬁy¢,N¢,K¢ﬁ\%Uﬁﬁfﬂflﬁfﬁ
A R A LTSRS o A 2X(2-46) H AR B D R i A - Tk P 5 XD 7K 3
FIGEY o Nopoy - L ESLHHR ST Yo, Ne SEEBA . B R blv] 2 18105 R AT LA
SRAF KN T GHY g N oy FUE o AERE I SR 7K 3 1 SHY g N o FOEL SR 7
SE HIRIUARRAS 1R XA 100 I8 5 250 22 R A 000 AT i e 0 A ARH e, 1
Xof A 20 B A ) ARGS9 2 8K BN 1 S EUERCT 1Y, AR B R 20K 1 3
Y gyt N ooy PV AEL . T BATE EH 4 R 0T 40 10 BT BRI 7 0 5 0 A R0 20, LR
oy H RN TR 2IRE-S UK SN 1 80 TG IS Ak B 32 DR BN, f3E e
AL HRHNENY H 1 IE 3 5 R i 20 L 2 TSSINO31 A0 i 1 4 R 0 B e 3k
17K T3 FHY 10N gpog (B, HEAT B B0 LB T4

(2-45)

X, =X, +X, =X, +X(w)+ X,

ety T Kb g g

Ny =Ny +Np=Np+ Ny+ Ny v Ng+ Ny g]v]
K, =K, =Ky+K v|+K

(2-46)
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2.3.8 HEANETIRE

AU R AR, SARE IR, AR e R A ¢, R ) A A
JAIEIE 2 R385, IRGIEME Qs PR w; 5 IR RN 587 A 4508 I 5%k
s, RGIEE A PiFw. HHERE U R, LR s sh e
BRI IARAS , AFAE 90° MALZE, PRUEAG AL B0 R Hh DR 35 8 170 A 55 A )
f—E, BNEMBY 0. EMAREE R P BIER AT ERS, B ES AT
oL

e BB 48 1 IS PR B AN 0, BEIAIEREE v O 0, RIS W 215 2
At 5 /i 2 10(2-47) . (Q2-47) xo € X5 EXC—3 K3 S X £ BT
HAFE], X Ypo Np AWUKAERE RS Sy, [FREAT DUE I B AT AN RHITEGK H
5 ¥ E ME E o A E MAMEETHXB K DS H
XerY X ¥ 1N NN K K K BB 2008 B I C 2R s SR pAH ISR 7K 3)
JIFHY §,N g, K o 3870 B LA IC0 o SR H 5 BRIt A AT A 28 1 e R 2oy
*ﬁ@ﬁﬁ(biﬁz%gﬁg r *l%/a\lﬁywrplvmﬂ °
X, =X, +X,+mx,r’ =X, +X @)+ (X, +mx, ¥’

Y, =Y, +Y,—mx;i—mur =Y, + (Y, —mu )r+ ¥, —mx;; )”'+YW}’ V
+Y,p+7,,0 Ir|
Ny =Ny +N,~LF=mxgur=N,+N,~1y+N,—mxuy+N ||

+Nyp+ N, 8 7|
K, =K, =Kr+K7+K, rl|+K ¢

i R A 8 R P A A 2 7 R R AR 2 2U(2-40) M3 (2-41), XN R I/KB) 71
BEAT R 15 31«

(2-47)

Yc:lf”YEd“” H¢ ( ¢)
(2-48)
:—jN dot NH¢ (N¢¢)%

BT AR R RS, AL R p A, PRI (2-48) b S (.
EILH T Y, 55 Aw? /U B R DU EIKEN ) SR 4 (M B N5 Aw?/U 195%
F DA B KEN 1) SN gy (VL (E AT EE A B IKED 13 5 5L g1 N g R TE ST
F R A R EOEUEL, R IR O RRIGT 26 P Ak B 19 S B B T e 2 R AR,
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X I LI B 20 22 AR Lo T R A 2R B e, PR LA T
13 U1K 30 77 S HA AT IOT S S BB 1 K BN 77 S HY g Ngpp e T LA
T A4S BB A AN AR AR S KB I R B SR TAERMEBCR, s
XY 1uprsN 1Y g N iy FEBRY g1, N g FEFEA A S 2 7K B T 70 o BN, BRLBEWIT 7T
BAEEL DY B ER RN T R I 10 4 g TSSINO3T ) AR a3 I i i AR R i B 3R
13 IKEN ST GHLY g1y N gy HOMEL, AT B H BN FEBOAE T4
2.3.9 Bl
ERLIRE 3 (A7 R d =R IR =0 B3 1 w153 =R G B R = (1T K E2IE e Si kel
FABUR R A& K S 20555 77, 156 A R SO 545 2 B ) ) A0 8 %6, i 97)
Wi e (2-49).
Y, =Y, =(1+a)pQ, (U, -U,sind)
, (2-49)
Ny =Ny =-pQ,(U,-U,sins)-(x, +ax,)
Forpr, xr AIRFECENILA BB E ORI R Bh & O N EREIRAU N D, SmiE
R EASE, EENAR T CEMERR: UM U, 705 9N HKRGE R H
IR BE ;s S NEEIIAL B A S a B BTN LA X AR 155 S8 m) ) S5 4
REBINTALI 2 77 2 1A Lo A9 2R 2, a7l 2 i 46 W70 S5 e A S [R1 ) 56 2R mT LA
By o NRFE BRI MRS SRR )2 DB EO R, fEE BT R a
BB S, BT R E I SRS AN SC R AT LIRTG . A a4 5 2
PERRIAF S BB a B2 S OFTEL xu.
2.3.10 HEIEZTRIRE
BARE 22 IR LR 8 B AE S K R BEAT , AR SO 1 25 FEm S Al A F X A K 31 70 1Y)
ST AR UK P AT R0 . a0 b SR U RFFAER, IR R IT ERES H
R R AR A AN o 25 MR — DTG R A £ — B () J5 O R ie s B i B2, e
FRiRsEAT B B s s, R B B s sh A 0, DL R M R P 42
Forbp RO BN shAR & 10K 3 ) 3K, SR B 22008 W12 18] 1 28 R 40(2-50) it
N
K,=(T,/2z) mh~1, (2-50)

b, Ty NRERE H RN, m NIRRE, A OSRGRRRIRSYE R, LONRRRAR T x

47



intis i e A0S 5 5 WOKHERE MR R I 5 B R
il PR

BE— 0 AR A AR R B T R 2, B ST AR AN R 2 AR R R ) =

dd, = ¢ — 4, SEFA RN LI 5, = (b +4,, )2 2 %R B, TR
2-5 1)K th R HLE K,
__ 29 [
K==y (1. -K,)mgh (2-51)

H TP T8 S AL 3 B VR AT Rl S el it B, PRI AR SR 2 2 ik e Jel i
CFD tH5R S, AN SORAF RIRERE S DB I ot S AT BE Je A 80K, K, [R5 18 1
L3 AR R il MR A P M S R 4 2R o

2.3.11 LRRAE R XKD FH

ARV ST HEAT WK AR A 2 RS S AH K3 1) S8R 4536 2-1 s
R 2-1 AR KA RIKE) /1 2 HE
544 R HHRKB) 1S5 RS | AR
HA AL X(w),0(U),c(U) U EFD+CFD
N e I
AT AR YNy K, w EFED/CFD
gy E A5 XYY ¥ (o N o N N g K K K w EFD/CFD
AR E RS XorsY o) N w- B EFD
L A FERER IR YNy Ky ¢ EFD/CFD
B A AT IS Y ool Nolol ¢. B EFD
oigy AP R Y1 Nolr| b w EFD
IER KT (AR axy ) EFD
BB ZE A KK, ¢ CFD
I EARE . RS AR AR S R AR R A

MEATBES . R U RO
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FERA(2-19) (2-27) (2-33) BT 20 B i /K HEE AT AHER L B A5 B i A5 K 8 1 =2
Bk, N(Q2-19) A KK B 1) S8R % R& T R WA E R A B g
KB JI5ea JE g5 3 o FE I RIS BT IR A AR a5 228 i 452 A e A
CFD i+ 5 AH LA B A Be SR HI AR SR B /K B 70 3880, 3 e A 7Y ke 0 5 g 7K A i 2 i
S5WEK KR, FEE CFD 1HE 45 IR B X i 2R AR HERE 24 77 . 4l
R AREESe . IR AR E R, U BEURL A RTA RHTTRL . AR
AR e BRI s B A RIG B CFD Rk SR 15 A K 3 71 24
FEA Y S AR [ B AR R R B8 A0 A0 CFD 55 58 A% iR 06 . 438 1 ik, i
A EAURIS KB 1 40 Ar, AL IR HE A CFD B EE 1L RE AT X LU 3eiE; (H
R AT e R A RS R A R e T e T E R 2 B
SKAB I AH IIK B0 77 2 B AE AR AR 32 T o5 EEAS R PRt AR 18 3 iR A AN i e e 24
WFRAS BIM KB 1 S8l , FRARHEAT CFD THE TAE; X TR0l 36 i T A
SCHEAT T LIS BB RE S el S AR 1t 1Y) R 1) R Rl CFD LUK 52 i
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