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ABSTRACT 

With the development of modern shipping industry, infrastructures such as ports, docks, 

rivers, and lock chambers are increasingly difficult to meet the navigation needs of large 

ships. The originally open channels such as coastal, inland rivers, ports and locks have 

become restricted waters. In the restricted waters, the ship is in a state of low-speed 

navigation, and is vulnerable to the influence of bottom and bank of the channel, which 

seriously threatens the navigation safety of the ship. Therefore, it is of great significance for 

the navigation safety of ships to study the complex viscous flow field of self-propulsion and 

analyze the flow mechanism of ship-propeller interference in restricted waters.  

Based on the hydrodynamic solver developed by the research group, the numerical 

simulations of self-propulsion in the restricted waters are performed based on the self-

developed program module of body force propeller coupling with overset grid technology 

and phantom block. In the postprocessing, the third generation of vortex identification 

method was used to analyze the complex viscous flow field of self-propulsion at low speed. 

(1) In the third chapter of this dissertation, the high-efficient numerical simulations of 

self-propulsion of the hull at low speed are carried out by RANS method coupling with 

overset mesh approach and body force propeller. Firstly, the numerical methods in the 

present studies are verified to simulate the complex viscous flow field of KVLCC2M at low 

speed. The subsequent analysis compares the hydrodynamic characteristics, dynamic 

pressure distribution on the hull and the wake field under three conditions. In addition, the 

application characteristics of the four vortex identification methods are applied to capture 

the vortex structures in the viscous flow field for comparing their characteristics. Then, the 

present numerical method is used to further analyze the hydrodynamic characteristics, free 

surface, vortex structures and vorticity field of KCS model at different speed to confirm that 

the numerical method is reliable. Finally, the predicted results of self-propulsion based on 

blade element theory are compared with that obtained by real propeller, which verifies the 

validation of blade element theory (BET). At last, the time-consuming between both 

methods is compared.  

(2) In the fourth chapter of the dissertation, the complex viscous flow field of self-

propulsion of KCS ship model in shallow water is solved by RANS method coupling with 

overset mesh technology and phantom block. The influence of grid generation under keel 
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clearance on the numerical simulations is firstly studied to determine the suitable grid 

generation scheme. Next is to analyze the influence of water depth on the hydrodynamic 

characteristics of the hull in the static drift tests. In the analysis, the comparative analysis is 

carried out from four aspects of hydrodynamic performance, free surface, dynamic pressure 

distribution and wake field of the ship. The streamlines are applied to analyze the flow 

mechanism in the complex viscous flow field of KCS in shallow waters. The emphasis of 

this chapter is the complex viscous flow field of self-propulsion of KCS under different 

water depths. The influence of water depth on ship-propeller interference is mainly studied 

by analyzing the hydrodynamic characteristics, dynamic pressure distribution, wake field 

and vorticity field distribution.  Finally, the body force propeller (BET method) is adopted 

to simulate efficiently the flow field of self-propulsion of KCS in very shallow water 

(h/T=1.2). The validation of BET method is analyzed from the hydrodynamic characteristics 

and wake field.  

(3)  In the fifth chapter of this dissertation, RANS equations are used to solve the 

viscous flow field of self-propulsion for 8000TEU container ship near the bank. Overset 

grid is adopted to simulate the large-amplitude motion with phantom block being for 

merging the background grid and hull grid. Firstly, the mesh independency is carried out to 

analyze the hydrodynamic characteristics of the ship in the static drift tests near the sloped 

bank. Then, the numerical simulations for the bank effect of different ship-bank distance 

are performed to study the hydrodynamic characteristics, free surface, dynamic pressure on 

the hull surface, wake field and vortex structures in the viscous flow field. The emphasis of 

this chapter is the ship-propeller interaction in the complex viscous flow field near the bank. 

In the numerical simulation of self-propulsion of 8000TEU ship, the flow mechanism is 

presented from some aspects such as the motion response of the ship, the hydrodynamic 

performance and dynamic pressure distribution of the propeller, wake field distribution, 

vortex structures and vorticity field. At last, the numerical simulation of self-propulsion of 

the ship near the bank is realized by body force propeller (BET method). The feasibility by 

using BET method to study the bank effect is verified, and the time-consuming between the 

BET method and real propeller is compared. 

(4) Chapter 6 is the most complex and significant in this dissertation, the complex 

viscous flow field of self-propulsion of 12000TEU container ship when the ship enters and 

leaves the lock are solved by RANS approach by using the real propeller and body force 

propeller, coupling with the overset grid technology and phantom block. The numerical 

simulations for static drift test of 12000TEU container ship is performed to verify the 

validation of the numerical scheme. The predicted results are compared with the 

experimental data. The numerical predictions of the ship leaving the lock is also carried out. 
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Finally, the complex viscous flow field of self-propulsion of 12000TEU ship entering and 

leaving the lock are simulated by using the real propeller and body force propeller. The flow 

mechanism in the complex viscous flow field is analyzed from the aspects such as the 

propeller dynamic pressure distribution, the flow field distribution, the streamline 

distribution, and the vortex structures. In addition, the time-consuming based real propeller 

and body force propeller is compared which shows the body force propeller is high-efficient. 

In this dissertation, the numerical simulations of self-propulsion of the hull in restricted 

waters are carried out by coupling with overset grid technology and phantom block. The 

body force propeller method is adopted to improve the efficiency of numerical simulations. 

This dissertation not only analyzes the hydrodynamic characteristics of ship-propeller 

interaction in restricted waters, but also studies the flow mechanism of self-propulsion in 

restricted waters through in-depth analysis of flow field details. The relevant numerical 

schemes and results provide a reference for the numerical simulation of self-propulsion in 

restricted waters. 

 

Keywords: restricted waters, viscous CFD, ship hull-propeller interaction, body force 

propeller, overset grid, low speed, shallow water, bank effect, ship-lock interaction, vortex 

identification method  
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̆ ҹ ̂Experimental Fluid DyaNmic̆EFD̃ №

ꜚⱬ Ȃң ̆ ԑṢ Ȃ ╠̆CFD

⌠ ꜚⱬ № ҩ ̆ ̂ ⱬ № ̆

№ ̆ - ̃̆ ̂ῃ ᵣ/ ᵣ ꜚⱬ ̆ -

- ӊ ץ̃ ̂ Ҭ ꜚ ̆ ̃ Ȃ 



ѿ     

 7  

ᵣ ̆CFD №ҹ ԍ Ẋ ל

ᵣ Ȃ Ҋ ׃≢№ ל └ Ҭ

ꜚҬ Ȃ 

שׂ   

ל Ҭ ҹ̆ Ḃ ₃ᵥ ᴪẠ₮ѿ Ẋ Ȃp

Ẋ ᴪ Ȃҹ ꜚⱬ ̆

῀ ḱ Ȃҹ‰ ꜚ Ҭ

ꜚⱬ ̆ ֲ Ạ₮ԅ ꜜⱬ Ҍֽ̆ ל ԅ ̆

№ ῀ [29]-[31]̆ ל ⌠҈ ̆

Ȃ҈ ל ԅ ̆ ץ ҹ‰ ῐ

ⱬץ Ҭ ȁ ꜚ Ȃ - - ꜚ Ҭ̆

҈ ל ץ [32]ȁ └ ץ[33] - - ӊ ԑ [34]Ȃ

₃ ל̆ ⌠ԅ ̆ └ Ҭ

Ӟ ⌠ԅ Ȃ 

҉ҕ Έ҂ ף T̆uck ֲ[35]-[36] ≠ ᵣ ᵣ Ҋ

̆ ₮ԅҊ ᵌ Ὲ Ȃ Ҍ ḱ ̆ Ӟ

└ Ҭ ᵣ Ҋ Ȃ T̆uck Newman[37] ᵣ ᵣ ̆

ԅ - ӊ ԑᵬ ȂAbkowitz[38]≠ № ԅ ᵣҍ ̂

ᵣ/ ӊ̃ ԑ ȂYeung ֲ[39][40]≠ ᵣ ԅ Ҭ - ӊ

ԑ ҍᵬ Ȃ 

1979 Ŏortmerssen[41]≠ ҈ ԅңҩ ᵣӊ ꜚⱬ ԑ

Ȃ ̆Duncan[42] ≠ ԅ Ҭ Ҋ ң ӊ

ȂKijima ֲ[43][44] ԅ Ҭ ᴪ ȁ Ҭ ⱬȁ

ⱬ ȂGadd[45] ԅ ᵣ ̆ ԅ Ҋ ꜚ ȂFang

Kim [46] ₮ԅѿ ℗ ̆ ԅ Ҭ ꜚⱬ

ȂKaplan Sankaranarayanan[47] ԅ Ҭ - ԑᵬ

̆ ’ ⌠ң ̆ ’Ȃῒז ̆ ̆Gourlay[48]̆

Krishnanakutty[49]̆Lee[50]̆Skejic[51]̆ץ Varyani[52]-[55] ̆ ’Ҋ

- ԑᵬ Ҍ׆ ԅ Ȃ 

ꜚ ̆ № ̂Zou Söding[32] ! ⌠ Ȃ
N̆akatake

[56]̃ Ạ ῀ ̆ Kutta ᴆ̆ ꜚȂ
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Kiji ma ֲ[57]-[60] ῀ ∆ ᵝ ̆ ԅ ᵣ ̆ ≠

ԅ Ҋ ꜚⱬ ȂNakatake [61] ≠

ᾝ ԅ ҍ ꜚ ң ꜚ Ҋ ꜚⱬ Ȃ

McTaggart ֲ[62] ԅң Ҭ ῐ ȂSöding[63]

Rankine ̆ ԅ Ҭ - ӊ ԑ ȂChahine [64]

ᾝ ̆ ԅ Ҭ ӊ ꜚⱬ ȂDam [65][66]

Boussinesq ԅ ῐ ȂSutulo [67] ԅ

Ҭ Ȃ ױז Ҭ̆ ԅ └ Ȃ

Debaillon [68] ԅ Ҋ ȂSutulo [69][70] ԅ

ꜚҬ ⱴ Ȃ 

ῤ̆ қ ҈ץ[71] ᵣҹ ̆≠ ᾝ ԅ Ҭң

ԑᵬ ⱬȂWang [72] ԅ Ҭңҩ ᵣӊ ԑ ꜚⱬ

Ȃ ̆ ̆ ץ[74][73] Zhang[75] ֲ ẠԅҌ

ȂYao [76] ᾝ ԅ └ Ҭ ꜚⱬ ̆ Ҭױז

ԅ ῐ ץ ᵣ Ҋ Ȃ2012 Zhou[77] ꜚ ԅ

Ҭ №̆ ԅ ȁ ԍ ꜚⱬ ̆ ᵀԅ

ῃ ̕2015 2017 ̆ [78][79] ị № ̆

ԅ └ Ҭ ⱬ№ ̆ ҍ ԅ ̆ ѿ

ԅ └ Ҭ ҍ Ȃ [80] №

ԅ └ ҬWigleyȁ 60יּ ̆ ҍ ṿ

̆ ╠ Ȃ ᴯ [81]≠ ₱ ̆

ῒ ԅ ԍ℗ ̆ ṿ

‗ Ҭ₮ ṿ῍ Ȃ ⱴ[82]≠ Ἕ ₱ ԅ └

Ҭ ̆ ԅ Ҭң ⱬ ⱬ ̆ ṿ ҍ

ṿ ᾝȁ ᾝ ṿ ̆ ԅ Ȃ 

ᵖ ̆ ԍῒҌ ᵣ Ẋ ל̆ ֽ ԍ ꜚⱬ

̆ ΐᵣ № ֓ Ȃ 

  

ԍל ̆ Ҍֽ ‰ ꜚҬ - - ꜚⱬ

Ӟ̆ ᶫΐᵣ Ḥ ̆ Ḃ№ Ҭ ꜚ Ȃ ҍ

Һ ԍ ᴆ Ȃ CFD ҩ ⌠ԅ ῀
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╠׆ ̆ ⌠ Ҭ Ȃ

Ҭ ꜚ ԅ ҹ Ҭῃ ᵣ - - Ҋ ꜚ

ṿ Ȃp ԍ └ Ҭ ꜚ ӎ̆ ╠ ֽ ԍ

ᵣ Ҭ ꜚ ̂Planar Motion Mechanism̆ PMM̃̆ ₮ ץ

̆ ғӞ ᵣ ꜚȂ 

∆ ꜚ ṿ ̆ ׆ ꜚ̂ ̆ ꜚ̃

῀ ̆ ῐ ̆ ԅ ṿ Ҭ

ꜚȂ └ Ҭ ᵞȂSato [83] Naiver-Stokeŝ N-S̃

ԅVLCC ᵞ ȂBerth [84] C̆ura Hochbaum[85] ԅ

Ҍ ꜚҊ ̆ῒ ṿ ҍ

ȂOhmori[86] ᵣ ԅ ȁ

ꜚ Ҭ ̆№ ԅ ꜚⱬ ȂAlessandrini [87]

№ ̂Finite Difference Method̆ FDM̃ ԅS60 ȁ ꜚҬ

ꜚⱬ ҍ̆╠ Ҍ ױז̆ Ҭ Ȃ ̆

Tahara [88]Ӟ ԅS60 ȁ ꜚ ῒ̆ ҍ ṿ Ȃ

ꜚ ṿ Longo Stern[89]ȁXing[90] Ȃ 

̆ ꜚ ׆ ꜚ ῀⌠

ꜚ Ȃ Һ ԍꜚ ₮ ̆ ῒ

₮ ̆ ԅ ԍ Ҋ ꜚ ṿ ⱬȂ

ꜚ ṿ ⌠ԅ ̆p ̆ ∆

ꜚ PMM׆ CMT῀ ȂSakamoto [91] ԅDTMB5415

Ạ ꜚ ȂSimonsen Stern[92][93]№ ԅῃ ᵣҊ

Ҭ ȂBroglia [94] RANS №

ԅKVLCC1 KVLCC2 Ҋ ꜚȂHochbaum [95]

≠ ԅRANS ԅң ҍꜚ ꜚⱬ

ȂGuilmineau [96]̆Maki [97]̆Miller [98] ֲ № ԅ ᵣ ῃ

ᵣҊ DTMB5415 ȁ ȁ ץ ꜚҬ Ȃ

Simonsen [99] ԅ KCS ꜚ ̆ ṿ Ҭױז

ԅ ҍ ꜚȂ 

└ Ҭ CFD ̆ ╠Һ ȁ

̆ ץ ₮ Ҭ ꜚⱬ ȂSimonsen[100]

RANS ԅ Ҍ ⱬ ̆ ṿ
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ԅ ҍ ̂Verfication & Validation̆ V&Ṽ№ ȂKim [101] ԅ Ҭ

ᵞ ꜚ̆ ṿ ҍ ̆ ң Ȃ

Toxopeus [102] SIMMAN 2008 ᴪ҉ ‰ ᶛ ԅ ṿ

̆ ᵀԅҌ CFD ᵞ Ҭ ꜚⱬ

ⱬȂSadat-Hosseini [103] URANS ԅ Ҭ - ԑᵬ Ȃ 

Lo [104] Flow-3D ᴆ ԅKRISO 3600TEU Ȃױז

̆ ⱬ ᵣ⌠ ⁞ ⱴ̕ ᵣ⌠

ѿ ̆ ⱬᴪ ⱴ ⱴȂWang [105]

RANS ԅ ̆ № ԅҌ Ҋ

ⱬȂ [106]ױז ԅҌ Ҭ Wigley

̆ ̆ ╠ ⌠ Ȃ שּׂ [107][108]

ԅҌ ҬKVLCC1 ᵣ ꜚ ȂLiu [109] ԅҌ Ҋ

Ạ ꜚ Ҭ ȂZhu [110]№ ԅ Ҭ ԑᵬ

ȂChen [111][112] ԅ - ȂLou [113] ꜚ

ԅ Ҭ ꜚ ꜚⱬ ȂZou [114][115] ԅ

Ҭ ꜚⱬ ̆ № ԅ ᵣ Ҋ Ȃ ғ ҹ̆ԅḠ

ᵬ̆ ԅҌ № Ȃ ױז̆ ל ҍ

ԅ ̆ ᵣ ԍ №

Ȃ 

 

 Ὺ -  

 Schematic of hull-propeller interaction in four quadrants 
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[3] ԅ └ Ҭ ᵣ ȁ ȁ ץ

Ả ꜚ̆ ԅᵬ ᵣ҉ ꜚⱬ ῒ̆ ҍ ṿ Ȃ
[6] ԅᵞ Ҭ ῖ ꜚ ҩ ῤ ꜚⱬ ҍ

̆ № ԅ └ꜚ ╠ ’Ҋ -

ꜚⱬ ̆ 1-4 Ȃ 

[4], [116]-[118] Һ ꜚⱬ CFD ̆

̆ ԅ ̆ ԅ └ Ҭ ᵣ ꜚⱬ

̆ № ԅ └ Ҭ ꜚ Ҭ ȁ ᵣꜚ № Ȃץז

KVLCC2Mҹ ̆ ԅ Ҭ ꜚ ꜚⱬ №̆ ԅ

ᵬ ̕ ԅKVLCC2 Ҭ ꜚ №̆ ԅҌ Ҋ ᵣ

ⱬ№ ץ ᵄ ̕ ṿ ԅ12000TEU

ꜚⱬ ̆ ԅ ȁ ȁẒ ₮

ꜚⱬ Ȃ Aframax KVLCC2 ԅ

Ҭ - ԑᵬ ץ ̆ 1-5 Ȃ 

 

 Ҳ - ԝᵲ [4] 

 Ship-ship interaction in the lightering 
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 ԓ - ꜠  

ꜚ ṿ ╠ Ӟ ҹ Ȃ ṿ

ꜚҬ - - ꜚ ȂῒҬ̆ -

- Ҭ ṿ Ȃ׆ ̆

ꜚ ׆ Ҍ ̆ ҹҌᶭ№ץ ₃ᵥ

ᵣ ⱬ ₃ᵥ ң ̆ ԋ Ҭ

ҹ№ץ ȂҊ ׆≢№ ҈ ׃ -

- ꜚ Ȃ 

 ԓ ᵩ Ⱶ -  

ᵣ ⱬ ҹῒ ̆ ̆ ̆ ⌠

ꜚ ṿ Ȃ ᵣ ⱬ ῒ ҹ№ץ ⱬ №

̂Uniform thrust distributioñ ̆ № ̂Hough-Ordway thrust and torque 

distribution, axisymmetric body-force distributioñ ̆ ꜚ ̂Blade element 

moment method̃ ץ̆ ԍל ⱬ ̂Lifting line method̃ ȁ ⱬ

̂Lifting surface method̃̆ ̂Vortex-lattice method̃ ץ ᾝ̂Boundary 

element mehod̃ ȂChoi [121][122] № ᵣ ⱬ Һ ̆

ⱴ⌠ ҙ ᴆ FLUENTҬ̆≠ ԅ Ȃ

Phillips [123] ԅ ԍ ꜚ ᵣ ⱬ ̆ RANS

ԅ KVLCC2 - ԑ Ȃ ̆Phillips [124] ԅ 3

ᵣ ⱬ ̂ ⱬ № ̆Hough-Ordwayᵣ ⱬ ̂ № ̃

ꜚ ᵣ ⱬ ̃ - ꜚⱬ Ȃ № ץ

̔ ⱬ № ̆ ԍ ԅ ̆ ꜚ̆

ץ ꜚⱬ Ȃ Hough-Ordwayᵣ ⱬ ꜚ

ץ ӊ ꜚⱬ Ȃᵖ ̆ ԍ Hough-Ordway ̆

ԍ ⱬ ץ ⱴ⌠ └ Ҭ̆ᵖ Ҍ

Ҭ ̆ ῒץ Ȃ ꜚ ҍ RANS

↕ - ӊ ԑ ̆ ԍ - - ӊ ԑ

ꜚ ṿ ȂDubbioso [127] B̆roglia [128] Dubbioso [129] ԍ Hough-

Ordway№ ̆ ᵣ ⱬ ҹ ף Ȃ
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Һ ꜚⱬ CFD navisc ԅ Z ҍ

ꜚ ṿ № Ȃ ҍ ṿ ̆ Z ꜚ Ҭ̆ ѿ

ҍ ṿ ̕ ԋ Ẓ Ȃ ꜚ ṿ ҍ ṿ

Ȃ 1-6 ₮ԅ ᵣ ⱬ ⌠ ҉ ⱬ№ Ȃ 

 

 ᵩ Ⱶ ҏ Ⱶⅎ [128]  

 Pressure field on two horizontal sections[128] 

҉ Һ ꜚ ̆ ל ̆

ֲ ל ҍ ̆ - - ṿ Ȃ

Stern [119] ⱬ ԅ ȂKawamura [120] ⱬ ̆

ԅ ӊ ף ȂSimonsen Stern[125] ԅ ף Yamazaki

ᵣ ⱬ ̆ ԅ ᵣ Esso Osaka ꜚ̆№ ԅ - - ӊ

ȂCarrica [126] [119]Ҭ ᵣ ⱬ ̆ ꜚ

ԅ ꜚȂ ҍ ṿ ̆ ῏ ҍ

ṿ Ȃ ᵬ̆ ₮ Һ ᵣ ⱬ

ԅ ᵣ ꜚ ץ ᶷ ⱬ ȂMofidi [130]

ԍ ᵣ ⱬ̆ ҍCFD REX ̆ ԅ ҩ ῤ

Ḥ ҍל Ḥ ֜ԑ ׆̆ ץ ᵄ ̆

ԅ - ṿ Ȃױז ԅKCS Z ꜚ̆

1-7 Ȃ [131] ԍURANS ̆ ᵣ ⱬ ȁ ȁ6DOF ꜚ

ȁVOF ̆ ᵣ ̆ ԅ ̴

ꜚ ṿ ̆ ẁȁ ȁ ȁ∆ ҍ ̆

ԅ ṿ Ȃ 
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ᵣ ⱬ Ҍ ԍ ̆ Ҍ

̆ Ҍ ⅞№ ̆ ̆ץ ᴪ ⁞ ̆

Ӟ ץ Ȃ Ӟ ץ ꜚ ṿ Ȃ ̆ ᵣ ⱬ

ֽ ԍ - - ꜚⱬ ̆ Ạ № ̆ ԍΐᵣ

ᶭ ‰ Ȃ 

 

 ԓᵩ Ⱶ Ⱶⅎ [130] 

 Pressure on the rudder for discretised and body force propeller[130] 

 ԓ -  

Ҍ ԍ ᵣ ⱬ ̆ ̆

⅞№Ȃ ץ ΐᵣ ‰̆ №

- - ӊ ԑ ꜚ └Ȃᵖ ̆Ӟᴪ ⱴ ̆

Ȃ 

̂Sliding mesh method̃ ⅞ ѿҩ

ҬȂ ᵣ ҹ ̆ ңᶷ Ḡ ѿ ̕ ңᶷ

Ḥ ᴰ Ȃ׆ ӈ ץ ̆

ṿ ̆ Ҋ - - ꜚȂ 

Lübke[133] ҙ ᴆ CFX Ҭ ҍ ԅ KCS

ṿ ȂQueutey [134]≠ Һ ꜚⱬ ISIS-CFD ԅ

KCS ṿ Ȃ ṿ Ҭ̆ױז ԅ ᵝ ̆

ꜚ̆VOF Ȃҹԅ ̆ᵬ
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ᶏ ԅ ⱴ ȂSeo [132] ҙ ᴆ FLUENTҬ ԅ

ṿ Ȃ Ҭ ԅ ̆ VOF

Ȃ Ҭ ⌠ ᵄ № ҍ ṿ Ȃ 

҉ץ ҙ ᴆҬ ̆ ᴆҬ Һ

ԅ ῏ ⱳ ȂBadoe [135] ף OpenFOAMҬ ԅ - -

Ҋ ṿ ȂῒҬ ꜚ ץ Ȃ

̆el Moctar [136] ԅ ꜚ ̆ ԅ

Ҋ Z ꜚȂ 

Һ҉ץ ׃ ԅ ꜚ ṿ Ȃ

Ҋ ׃ ῤ ῏ ᵬȂ ῤ - - ꜚ

Ȃ [137] ᵣ ⱬ ̂axisymmetry body-force 

distributioñ ԅ KCS - ȂҹḠ ̆ ԅ

Ҍ № Ȃ [138] № ̂Detached eddy simulation̆

DES̃ ₮ԅ KCS Ȃ № -

ױז̆ - ԑ ̆ᵖ ᵣ

ꜚ № Ȃ 

ῐ [139] ҙ ᴆFLUENT ԅ Ȃ Ԑ
[140]↕ ԅҌ Ȃ [141]

ԅ ꜚ ṿ Ȃ [142] ל ꜚ

MRF ȁ ԅ KCS ȁ KVLCC2

Ȃ ṿ ⌠ ⱬ ҍ ῒ̆

Ȃ 

╠̆ ԍ ̆ - - ꜚ ṿ

ҬȂ ץ Ҋ ̆№ - -

ӊ Ȃp ̆ Ӟֽ ԍ ̆ ԍ ⱴ

Ҭ ꜚ ῃ Һ Ȃ

ꜚ̆ Ҍΐ Έ ꜚ ⱬȂ 

 ԓ -  

ң҉ץ ׃ ץ ₮̆ң Έ Ҋ

ꜚȂ ꜚ ṿ - - ҈ Έ ꜚȂ

ғ̆ ᵣ ꜚȂD ꜚ ̆
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Ȃp ₮ ‗ԅ ҩ Ȃ

ȁ ᵣ ȁ ץ №≢ ⅞№̆

ӈҹ ᵣ ̆ ľ Ŀ ̆ 1-8

Ȃ ץ ̆ Ҍᴪ ̆ Ḡ ṿ Ȃ 

  

 - - ⅎ ( ᶽҿ [143]Ї ᶽҿ [144]) 

 Overset grid distribution for structured and unstructured mesh 

Carrica Stern[143]-[145] CFDShip-Iowa ̆

ԅ ꜚ ṿ Ȃ ṿ Ҭ̆ ᵣȁ

⅞№̆ - - ӊ ῏ ꜚ

ṿ Ȃ ױז̆ ԅ KVLCC 10°/10° 1̆5°/1°

Z ꜚҍ ꜚ ṿ Ȃ ғ̆ ᵣ ⱬ ꜚ ȁ

ҍ ṿ ȂBroglia [128] Dubbioso [129] ꜚ

ԅ ȁ Ҋ Ȃ ᵣ ꜚ

ṿҍ ṿ ╠ ṿ Ȃᵬ № ԅ ꜚ Ҭ

ⱬ̆ ᵣץ ῒז ᵣ ᶷ ⱬȂMuscari [146] ԅ

ꜚ ṿ Ȃ C̆arrica [147]ֲ

ԅ ’Ҋ KCS - - ԑᵬ Ҋ 20°/5° Z

ṿ ̆ 1-9 Ȃ Ҭ ԍ ᶏ ҈

ԅ № ̆ ṿ ѿ Ȃ 
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 Ғ ╔ 3 ⅎ Ґ ⅎ [147] 

 Velocity contours at x/L=1.01 at self-propulsion (top), minimum yaw rate (center) and maximum 

yaw rate (bottom) for coarse, medium and fine grids.[147]  

╠̆ ⌠ԅ Ȃ № ῒ ῀⌠ԅ ף

OpenFOAM[148]-[151]Ҭ̆ ῒҍ ̆ҹ ᶏ

ԅ ḂȂ҉ ֜ [144],[152]-[155] OpenFOAM ҉ ῀ԅ

ῃ ̆ ԅ ꜚⱬ naoe-FOAM-SJTUȂ

ԅ ҍ ṿ Ȃ≠ ז̆

ױ ԅ KCS ҍ Z ꜚ №̆ ԅῒ ꜚⱬ ȂShen

Korpus[154] ԅ ’Ҋ Ḡ ꜚ ̆

‰ ԅ № ̆ ԅ

ꜚ Ҭ Ȃ [156]≠ Ҍֽ ԅῃ ᵣ̂ ̃

ONRT ṿ № ̆ 35£ Ҋ ꜚ ԅ ṿ

Ȃῒ ṿ ҍ ṿ ̆ ѿ ԅ naoe-FOAM-SJTU

ҍ Ȃ 

[157] Һ ԅ҈ ̆ ῒ ╠ ̆

ԅ ’Ҋ - - ṿ Ȃῒ ṿ ҍ ṿ

Ȃ ҆ [158] Һ naoe-FOAM-SJTU ̆ ԅῃ

ᵣ ONRT ’Ҋ Z ꜚ̆ Z ꜚ

Һ ѿҩ Z ꜚ Ȃ 

ץ ̆ ԍ - - ꜚ ╠

‰ ṿ Ȃp ̆ ԍ ⅞№̆
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- - ԑ Ҭ ̆ ⱴԅ ̆

̆ ԅ ⱴȂ 

ᵣ ⱬ ȁ ץ ̆ ᵣ ⱬ

‰ ΐᵣ ̆p - - ꜚⱬ ‰ץ Ȃ

̆ ᵣ ⱬ Ҍ ⅞№̆ ץ ᴪҊ ̆

ץ ̆ - - ꜚ Ȃ ҉ץ ̆

└ Ҭ - ꜚ ̆ ԅ ץ

└ Ҭ - ̕ ̆ ᵣ ⱬ

ԅ └ Ҭ - ṿ ̆ ԍ └ Ҭ -

ꜚⱬ Ȃ 

 Ӏ ᵲ 

Һ ꜚⱬ naoe-FOAM-SJTU ҉̆

ᵣ ⱬ ̆ ԅ ᵣ ⱬ ̆ ҍ

ԅ └ Ҭ ꜚ Ҋ - ꜚ ṿ Ȃ

ҹ ᵣ ⱬ ̆ Ҭ№≢ Ҭ

ץ ᵞ ȁ ȁ ₮ ’Ҋ - Ҭ ꜚ

ⱬ ԅ № Ȃ ԅᵞ ȁ ȁ

₮ ’Ҋ - ṿ ̆ ᵣ ⱬ

̆ ᵣ ⱬ ԅ‰ ṿ

Ȃ Ҭ̆ ף҈ 4 ≢ - Ҋ

ꜚ ԅ№ ̆ ԅ └ ’Ҭ ȁ -

Ҭ Ȃ Һ ᵬ Ҋ̔ 

(1) ᵞ ᵣ ⱬ - Ȃץ KVLCC2M ҹ

̆ №̆ ԅҌ Ҋ ꜚⱬ ̆ ᵣ ⱬ

ץ ᵄ ̆ ṿҍ ṿ ̆ ԅ ╠ ṿ ᵞ ꜚ

ⱬ Ȃ ԍ ╠ ṿ ̆ ԅῃ ̂Һ ᵞ 0̆.0948ŮFr

Ů0.195̃ KCS Ҋ ꜚⱬ ̆ ⱬ ꜚ ṿҍ ṿ Ȃ

BET ԅᵞ Ҋ - ꜚⱬ ̆

№ ̆ ̆ɐ ҍ ’ ̆ ԅ

BET ᵞ - ꜚⱬ Ȃ 
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(2) Ҭ - Ȃץ KCS ҹ ̆

ԅ ꜚ Ҭ ꜚⱬ

Ȃ ᾢ Ҍ ԅ Ҭ ̆ ԅ Ҍ №

Ȃ ⅞№ ̆ ԅҌ Ҋ ꜚⱬ №̆

ԅ ⱬ ꜚ ̆ ԅ Ҍ Ҋ ’Ȃ

ԅ Ҭ - ꜚⱬ №̆ ԅ Ҭ -

Ȃ BETᵣ ⱬ ԅ Ҭ - ̆ ԅ

BETᵣ ⱬ - ꜚⱬ Ȃ 

(3) - Ȃ Ҭ ץ̆

8000TEU ҹ ̆ ᾢ ԅẁ Ҋ

Ҍ № ̆ ṿҍ ṿ Ȃ Ҋ Ҭ ԅҌ

Ҋ ꜚⱬ ̆ № ԅ ꜚⱬ

’Ȃ ԅ ꜚⱬ №̆

ԅ - ԑ Ȃ BETᵣ ⱬ ԅ

- ꜚⱬ ̆ ԅ BET ᵣ ⱬ -

Ҭ Ȃ 

(4) - ₮ ṿ Ȃ ₮ Ҭ ץ̆

12000TEU ҹ ̆ ᾢ ԅ ̆ ԅ ꜚ

Ҋ ꜚⱬ ̆ ṿ ṿ ̆ ԅ ṿ Ȃ

ԅ ₮ Ҭ ꜚ ꜚⱬ Ȃ -

ṿ Ҭ ԅ BETᵣ ⱬ Ȃ № ԅ BETᵣ

ⱬ ң Ҋ - ῀ Ҭ ꜚⱬ ̆№ ԅ

Ȃ - ₮ Ҭ̆ ԅ ̆ ԅ

₮ Ҭ ꜚⱬ Ȃ 

 Ӏ ∕  

Һ ⇔ ̔ 

1. - ꜚ ṿ Ȃ Һ ᵣ

ⱬ ҍ ╠ ꜚⱬ ̆ ԅ -

ṿ ҍ̆ ҹ̆ └ Ҭ -

ꜚ № ᶫԅ № Ȃ 
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2. └ Ҭ - ṿ Ȃ

‗ԅ ᵣ ₮ ̆ ̆ ԅ

└ Ҭ - ꜚ ̆

≢ № ԅ └ Ҭ - ꜚ Ȃ 

3. └ ’Ҋ - № Ȃ № ԅ /

ȁ ץ ₮ Ҭ - ̆

ȁꜚ № ȁᵄ ȁ ץ / № ԅ └ Ҭ

ץ - Ҋ ꜚ Ȃ ԅ ῖ └ Ҭ

’ ┴̆ ₮ԅ ῃ Ȃ 
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ԑ  ẅ ᵩ Ⱶ  

 

Һ ׃ └ - ꜚ ṿ Ҭ ṿ

̕ - ṿ Ҭ ᵣ ⱬ ׃ ̆

ᵣ ⱬ ̕ ׃ Ҭ ≢ Ȃ 

 ẅ  

 

 naoe-FOAM-SJTU  

 Framework of naoe-FOAM-SJTU solver 

╠ ṿ Ҭ̆ ԅ ԍ ף OpenFOAM[160][161] Һ

ҍ ꜚⱬ naoe-FOAM-SJTU[162][163]Ȃ OpenFOAM-

2.0.1 ҉ ̆ᾢ ῀ԅΈ ̆҈ ̆№

ȁ ȁ ץ ᵣ ꜚ ̆ ԅⱳ

ῃ ȁ CFD Ȃ 

ҹ ꜚ ṿ ̆ ҉ ԅ

ᵣ ⱬ ̆ ꜚ / ̆ ԅ ԍ └ Ҭ

ꜚ ṿ ̆ῒ 2-1 Ȃ ԍ ᵣ ̆

ץ ҍ ṿ № Ȃ
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Ҋ Ҭ ⌠ ṿ № ׃ Һ̆ └ ȁ

ⱬ ȁ ץ Ȃ 

 ᵤ ┼  

CFD Ҭ̆ ᵣ └ ҈ҩ̔ ȁꜚ ץ

Ȃ ╠ ṿ Ҭ̆ ԍҌ ⌠ ȁ ץ ῤ ̆ Ҍץ

Ȃ ₮ԅ ꜚ ̔ 

 0UÐ = (2-1) 

( )( ) ( ) ( )g d eff eff s bp x f f f
t

s

r
r r m m

µ
+Ð - =-Ð - Ð +ÐÖ Ð + Ð ÖÐ + + +

µ

U
U U U g U U  (2-2) 

Ҭ U̔ Ŭg p̕d=p-ɟgx ꜚ ⱬ̆r ᵣ ̆gҹ

ⱬⱴ ̕ eff ( )tm rn n= + ꜚⱬ ̆ῒҬ̆ɜ ɜt№≢ ꜚ

̕ fs ⱬ ̆ sf ҹ Ҭ f̆b ᵣ ⱬ ̆

2.2.2 Ȃ 

 Ⱶ  

└ Ҭ̆ U ⱬ P ҹ ̆ғ ⱬ ̆ Ҍץ

Ȃ ꜚ ̆ ץ

ⱬ ̔ 

1
d

p

p
A

å õ
ÐÖ Ð =ÐÖæ öæ ö
ç ÷

U                       (2-3) 

Ҭ̔ ҹ ⱬ ԋ ̕ ᾢ ⱬ

Ȃ OpenFOAMҬ̆ ץ ᾝҬ ⱬṿ ⱬ

Ȃ ↕ U ᾝ ҉ Ȃΐᵣ

ץ [159]Ȃ 

OpenFOAMҬ̆ ⱬ ҈ [5]̆ SIMPLE ȁPISO

PIMPLE ȂSIMPLE ῃ Semi-Implicit Method for Pressure-Linked 

Equations̆ ľ ⱬ ĿȂ ԍ ̆

ῒҬ ңҩ῏ ѿ̆ ⱬ ̕ ѿҩ ḱ

Ȃ ԍ PISO ̆ῃ ҹ Pressure Implict with 

Splitting of Operator̆ ⱬ № Ȃ ҍ SIMPLE ≢



ԋ  ṿ ᵣ ⱬ  

 23  

ԍ ḱ ץ ̆ Ҍ ⌠ꜚ ף ̆

Ῥ̆ ⱬ ȂPIMPLE PISO SIMPLE Ȃ

ԍ ң Ȃῒ 2-2 Ȃ

PIMPLE ץ PISO ҹ ̆ ⱴԅѿҩ ᵌ SIMPLE

̆ ꜚ Ȃ ѿ ꜚ ̆ ᴪ

̆ PIMPLE Ҋ Ȃ 

 

 PIMPLE [5] 

 Flow chart of the PIMPLE algorithm 

  

ҹ └ Ҭ ̆ ԅ ֲ

ᵣᵣ ̂Volume of Fluid̆VOF̃[165]Ȃ ╠ CFD ᴆҬ

ң ҹ Ȃ ᾝҬ Ҍ

ᵣ ᵣ № Ŭ ֜ ȂŬ ṿ ҹ 0⌠ 1̆0 ̆1

̆0<Ŭ<1 Ȃҍᴰ VOF ̆ ╠ VOF
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ԅֲ ̆ ԅ ̂ ̆ ̆ң ҹ 1000̃

’Ҋ Ȃ Ҭֲ̆ Һ ῀

Ȃ ̆ ᾢ ᵣ № ң̆ Ҋ  ̔

 ( ) 0l
t

a
a

µ
+ÐÖ =

µ
U   (2-4) 

 ( )
(1 )

1 0g
t

a
a

µ -
è ø+ÐÖ - =ê úµ
U   (2-5) 

Ҭ̆ l gҊ ף≢№ Ȃ 

ῒ ̆ ᵣ № ᶛ № ̆

Ҭ ҹ̔ 

 (1 )l ga a= + -U U U   (2-6) 

Ὲ (2-6) ῀Ὲ (2-4) ̔ 

 ( ) ( )1 0r
t

a
a a a

µ
+ÐÖ +ÐÖè - ø=ê úµ

U U   (2-7) 

Ҭ̆ r l g= -U U U ȂUr Ҋ ̔ 

 ,

| | | |
min ,max

| | | |
r f f

f f

Ca
f fë ûå õî î

= æ öì üæ ö
î îç ÷í ý

U n
S S

  (2-8) 

Ҭ̆ f ᾝҬ ᾝ ҉ Ữ ̕f ̆ PISO

̕ fS ᾝ ̆ fS ԍ ᾝ ̕Caҹ

̆ṿ ף ̕ fn ף ԅ ҉ ᾝ

̆ῒ Ὲ Ҋ̔ 

 
( )

( )

f

f

f

a

a d

Ð
=
Ð +

n  (2-9) 

Ҭ d ̆ҍ Ҍ ↕ ῏̔ 

 
1 3

-

/

8

1

1 10

/
N

i

i

V N

d

=

=
å õ
æ ö
ç ÷

³

ä

  (2-10) 

Ҭ̆N ԅ Ȃ ֲ ̆ ץ └ ṿ ̆

Ȃ 
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 Ӏ Ґ  

ԍ RANS Ҭ ⱬ ̆Һ Ȃ ╠

OpenFOAMҬ ᶫԅ Һ ȂῒҬ̆ ҹ ң ̔

‰ k e- ῒ RNGk e- Realizablek e- ̕ ѿҩң

ҹ ‰ k w- SST̂ Shear Stress Transport̃ k w- [5]ȂῒҬ̆SSTk w-

╠ ҹ [159]Ȃ └ Ҭ Ӟ

SSTk w- Ȃ 

SSTk w- ԅ ‰ k e- ‰ k w- ̆

Ӟ ȂץҊ ₮ԅ OpenFOAMҬ SSTk w-

̔  

 

( ) ( )

( ) ( ) ( )

*

2 2

11

k t

t k

k
k G k k

t

S F CD
t

w w

b w n an

w
w g bw n a n w

µ
+ÐÖ = - +ÐÖè + Ð øê úµ

µ
+ÐÖ = - +ÐÖè + Ð ø+ -ê úµ

U

U

%

  (2-11) 

 

Ҭ̆ k ꜚ ̆w Ȃ 1Fҹ ₱ ̆≠ F1₱ ‰

k w- ( ) ‰ k e- ( ) ℗ Ȃ 

CFD ṿ Ҭ̆ ꜚ ῏ Ȃ ̆ ױ

ῤ ꜚ⅞№ҹ (Viscous sublayer)ȁ (Buffer layer)

(Log layer)[126]̆ 2-3 Ȃ Ҭ̆ U+

y+ ῏ ̔ 

 

 U y+ +=   (2-12) 

 

Ҭ̆U+ҍ y+ ῏ ̔ 

 

 
( )ln Ey

U
k

+

+=   (2-13) 

 

Ҭ̆ /U U ut
+= ̕ /y yut n

+= ; /ut wt r= ҹ◄℗ ; k Von Karman ̕ wtҹ

҉ ◄ ⱬȂ 
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 Ὺ [186] 

 Diagram of velocity distribution in boundary layer 

ꜚ Ҭ̆ ѿ ῤȂ

̆ ѿ ⌠

y+Ò1.0Ȃᵖ ᴪ ̆ CFD ṿ Ҭ

Ȃҹԅ ‗ ҩ ̆ ꜚ Ҭ ₱ Ȃ ̆

ѿ ץ ̆ y+ 30⌠ 300ӊ Ȃ ₱

ץ ᵞ ̆ ṿ ҍ Ȃ ӊ

ѿҩ Ȃ ῤ̆ ҍ Ҍ ῏ ̆

ѿ Ȃ ץ ᶏ̆ ₱ Ӟ Ӟ̆

2-3Ҭ Ȃ 

ꜚ ̆ ₱ ѿ̆ ѿ

῀ Ȃ ԍ ꜚ ▲ ̆ ̆ ᴪ₮

ȂҹԅḠ ̆ OpenFOAMҬ tn ḱ

ѿ Ȃḱ Ẋ ӊ ѿҩҳ ṿȂ ҳ ҉

↕ Ὲ (2-12)ҍῈ (2-13) ̔ 

 
( )ln Ey

y
k

+

+=   (2-14) 

Ҭ̆ə=0.41̆ E=9.81Ȃ↕ҳ ṿ y+=11.53Ȃ 
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҉ ҩ y+̔ 

 *1/4 k
y yb

n

+=   (2-15) 

ṿ Ҭ ҳץ̆ ṿ № Ȃy+<11.53↕∞ ҹ ꜚ̆ ꜚ

tnҹ 0̕y+Ó11.53↕∞ ҹ ꜚ ̆ ꜚ
tnҹ̔ 

 
( )

1.0
ln

t

y k

Ey
n n

+

+

å õ
æ ö= -
æ ö
ç ÷

  (2-16) 

 -  

- Ҭ̆ ҹ№ץ

ṿ ᵣ ⱬ Ȃ Ҋ ׃≢№ ԍ

ԍᵣ ⱬ ṿ Ȃ 

 ẅ  

2.2.1.1  

Ҭ̆ҹ - ꜚ̆ ԅ Ȃ

Ҭ̆ ҩ ꜚ ᵣ ⅞№ Ҍ̆ № ԑ Ȃ

Ҭ̆Ҍ ᾝӊ ᵣ Ḥ ᴰ ̂Domain 

Connectivity Information̆ DCĨ[159]ȂDCIᴰ Ḥ ̔Ҍ ᾝ

̆ ṿ ץ ṿ ȂҌ ӊ ᾢ ∞ ᾝ̂ Fringe cell̃ ,

ᾝ̂Donor cell̃ ꜚ ᾝ̂Active cell̃ Ȃ ᾝᵝԍҌ

ᾝ ֜ ̆ ץ Ḥ ᴰ Ȃ ꜚ ᾝ ᾝץῤ̆ ҍ

ᾝ̆ ᾝ↕ ᶫ ṿḤ ꜚ ᾝȂ 2-4 ₮

ԅῖ - - Ȃ 

ԅ҉ ׃ ᾝȁ ꜚ ᾝ ᾝ̆ Ҭ ң

ᾝ ᾝ ᾝȂ ᾝ̂Hole cell̃ Ҍ ҍ

ᾝ ѿ̆ ᵝԍ ᵣ ῤ Ȃ ᾝ̂ Orphañ ⌠ ᾝ

ᾝ̆ ₮ ᾝ ҹң ӊ ᾝȂ 
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 [5] 

 Diagram of overset grids 

ҹ׃ Ҭ ᵥ ≢ ᾝ ғ ᵣ ̆ ᾢ

׃ Ҭ Һ ᾝ ̆╠ ׃ ԅ ꜚ ᾝȁ ᾝ ᾝ
[159]Ȃ Ҭ ң ᾝ ̔ ᾝ ᾝȂ ᾝ̂Hole cell̃

Ҍ ҍ ᾝ̆ ԍ ӊ ꜚ ῤ ̆ Ҭ ᾢ

ᵝ ֓ ᾝҹ ᾝ̆ ̆ ҍ ῤ ᾝӞᴪ

ҹ ᾝ̕ ᾝ̂ Orphañ ᾝ ⌠ ᾝ ̆ ᴪ ҹ

ᾝ̆ ̆ Ӟ ѿ ᾝȂ ң ӊ

ᾝ ̆ ᴪ₮ ᾝȂ 

ӊ Ḥ ṿ ᾢ SUGGAR++ DCI

̆ Ῥ ṿᴰ Ȃ ץ ᾝ ᾝҬ ҹ Ữᵝ

ң Ḥ Ữ Ȃ OpenFOAM ץ ᾝҬ ҹ Ữᵝ

ᵣ ꜚⱬ Ȃ ++SUGGAR̆ץ OpenFOAM Ȃ 

SUGGAR++ DCI Ҋץҹ№ץ ҩ [5]̔ 

1) ᾝ̆ ᾝҍ ꜚ ᾝӊ ṿ ᾝȂ 

2) ᾝ̆ ѿ ᾝ ѿ Ҭ ᾝȂ 

3) ṿ ̆ ᾝ ᾝ ᵝ ṿ

Ȃ 

4) ѿ ᴨ ̆ ᾝȁ ᾝ ̆Ḡ

ᶃ ṿ῏ Ȃ 
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DCI ץ ̆ ̆ DCI Ḥ ̆

Ḥ ̆ ⌠ ȁ ⱬ̆ ⌠ ᵣ Έ ꜚȂ

Έ ӊ ̆ Ḥ ̆ ꜚḤ ᴰ

SUGGAR++ ̆ Ҋѿ ┴ DCI ̆ Ῥ DCI ᴰ

Ȃ ̆ DCI Ȃ

῏ ΐᵣ [159]Ȃ 

2.2.1.2 ᵩ ꜠ 

- - ꜚҬ̆ ꜚ

ᵣ ꜚ̆ ᵣ ꜚ̂Hierarchy of bodies̃ [159]̆

ᵬҹ ᵣ ᵣ̆ ᵣ Έ ꜚȂ ᵣ ꜚ Ҭ̆

ᵬҹ ̆ ᵣ Ȃ ԋ ̆ ҹ̆ ᵣ ̆

Ҭ Έ ꜚȂ ҈ ̆ ҹ̆ ̆ ᵣ

ꜚ ̆ ԍ ᵣ ꜚȂ ̆ ̆ ȁZ

ꜚ ṿ Ҭ̆ ץ ᵣ ѿ ȁ

ꜚ̆ xy ῤ ꜚ̆ Ḡץ

̆ ≠ԍ Ȃ 2-5 ₮ԅ Ȃ 

 

 ᵩ Ґ [159] 

 Demonstration of propeller rotating in the ship system[159] 

 ᵩ Ⱶ  

╠ Ҭ ҹ̆ └ Ҭ - ꜚ ṿ ̆

҉ ԅ ᵣ ⱬ Ȃ ᵣ ⱬ ԅ҈ ᵣ ⱬ

̔ ⱬ № ȁ № ץ ꜚ ȂץҊ ׃≢№

3 ҍ Ȃ ᵣ ⱬ ꜚ Ҭ ⱴ

ᵣ ⱬ fb̆ ҍ Ȃ 
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2.2.2.1 Ⱶ ⅎ  

ⱬ № ῒ̆Ҍ ̆ ⱴ

ⱬȂῒῈ [124] Ҋ̔ 

( )22
hp

bx
RRx

T
f

-
=
pD

                          (2-17) 

0=qbf                                     (2-18) 

ῒҬ̆ȹxҹ ̆ ҹ ȂRh Rp№≢ҹ

ȂT ṿ ᶫ ⱬȂ 

2.2.2.2 ⅎ  

№ 1965 Hough Ordway[124]ңᵝ ₮Ȃ ⱬ

№ ԍ ҹ № ̆ № ҍ Goldstein

ᴨ№ Ȃ ⱬ № Ҋ ₮̔ 

* *1bx xf A r r= -                             (2-19) 

( )

* *

*

1

1
b

h h

r r
f A

Y r Y
q q

-
=

- +
                        (2-20) 

 

Ҭ̔ 

( )( )hh

T
x

YYx

C
A

-+
=

13416

105

D
                       (2-21) 

( )( )hh

Q

YYxJ

K
A

-+
=

134

105
2 pD

q                       (2-22) 

( )28J

K
C T

T
p
=                                   (2-23) 

Ҭ̔r* ̆r*=(Y-Yh)/(1-Yh)ȂῒҬ̆Y=r/Rp̆Yh=Rh/RpȂ 

ⱬ № № ̆ ⱬ ᵬҹ

̆ ⱴ⌠ꜚ Ҭ̆ Ȃ Ҭ̆ № ҍ

╠ ̆ ԅ ԍ ᵣ ⱬ № ꜚⱬ

ṿ ̆ῒ Ҋ ̔ 
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 ԓ ⅎ  

 Flow chart of the slover based Hough-Ordway distribution 

2.2.2.3  

⅞№ҹ ҩ ̆ ѿҩ ѿҩ

ᾝᵣ̆ ѿҩ ᾝᵣ ⱬȂ ̆

ⱬ № ȁ ‗ Ȃ≠ ץ

Ȃҹԅ≠ ̆ ᾢ №ҹ Mҩ№ ̆

№ҹ Nҩ№ Ȃ ⱬ № ῀ Ȃ 2-7 ̆

VĂ2ˊrnVR№≢ף ̆ ҍ Ȃ ᾝᵣ҉

ץ ᾝ Ҭ ⌠Ȃ 

≠ ᵣ ⱬ ̆ ᾢ ₮ ᾝᵣ

̕ ᾝᵣ ҈ [175] ץ ⌠ VR ̔ 

( )
22 2R AV V nrp= +                           (2-24) 

Ҭ̔VA ̆n ̆r ᾝᵣ Ȃ 

ᾝᵣ ҈ ꜚⱬ ̔ 

arctan
2

AV

nr
b

p

å õ
= æ ö

ç ÷
                           (2-25) 
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ᾝᵣ Ŭҹ̔ 

a q b= -                                (2-26) 

Ҭ̔ɗҹ ᾝᵣ Ȃ 

̆ ҩ ᾝᵣ҉ ⱬL ⱬD Ҋ ⌠̔ 

() 21

2
l RL C V cdra r=                            (2-27) 

() 21

2
d RD C V cdra r=                           (2-28) 

Ҭ̔Cl(Ŭ)̆Cd(Ŭ) ᾝᵣ ⱬ ̆ Ҭ Ҍ ᾝᵣ ⱬ

XFoil ⌠ ̕Ŭ ̕ɟҹ ᵣ ̕VR ᾝᵣ ҉ ̕

cҹ ̕dr Ȃ 

 

 

 ᾣᵩҏ Ҏ Ⱶ ӎ 

 Velocity, lift and drag acting on a blade element 

2-7 ҈ ⱬ ̆ i ҩ ҉ ⱬ Tr

Qrҹ̔ 

( )
1

= cos sin
N

r i i i

i

T L D sb b
=

+ä g                     (2-29) 

( )
1

= sin cos
N

r i i

i

Q L D sb b
=

+ä g                     (2-30) 

Ҭ̔s i ҩ ̆ 2is Z c rp= g Ȃ 

҉ ⱬ ⱴ ⱬ T Q̔ 

1

M

r

j

T T
=

=ä                                 (2-31) 
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1

M

r

j

Q Q
=

=ä                                 (2-32) 

⌠ԅᵬ ᾝᵣ҉ ⱬ̆ᵖ ᾝᵣ҉ ⱬ

Ҍ ᵬ ҬȂ Ҭ ԅ ₱ [176] ᾝᵣ ⱬ ⌠

Ҭ̔ 

()
2

3 1.5

1
exp

d
deh

ee p

è øå õ
= -é ùæ ö

ç ÷é ùê ú

                        (2-33) 

Ҭ̔Ůҹ ᾣ ̕ѿ ҹ ᾝ 2Ṑ̆

Ḡץ ṿ Ӟ̆ ץ ᾧ₮ ṿ Ȃd Ҭ ᾝ⌠

ᾝᵣ ꜚ Ȃd=2.65Ů ̆ ₱ ⁞ҹ ṿ 0.1%̆ ᵣ ⱬ

⌠ Ҭ ̆ Ҍץ ᾝ҉ ᵣ ⱬ̆ dÒ2.65Ůῤ ᾝ

҉ ᵣ ⱬ Ȃ ץ Ҭ̂x,y,z̃ ᵣ ⱬ Ҋ [176] ⌠̔ 

( ) ( )
2

3 1.5
1

1
, , , , , , exp

N

b i i i

j

d
f x y z t f f x y z teh

ee p=

è øå õ
= Ã = -é ùæ ö

ç ÷é ùê ú
ä             (2-34) 

Ҭ̆̂xi, yi, zĩ i ҩ ꜚ ̆di ̂xi, yi, zĩ⌠ ̂x, y, z̃ Ȃ 

ԍ ᵣ ⱬ ҍ naoe-FOAM-

SJTU ꜚⱬ ̆ ₮ԅ ԍ ꜚⱬ ṿ

̆ῒ Ҋ ̔ 

 

 ԓ ꜠Ⱶ ẅ  

 Flow chart of the solver based on the BET method 
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 Ҳᵩ Ⱶ  

╠ 3 ҩ ׃ ԅᵣ ⱬ ⱬ № ȁ № ץ

Ȃ ῒ ̆ ⱬ № №

ⱬ Tȁ Q ᵬҹᵣ ⱬ ⱴ⌠ꜚ

Ҭ̆ ᵬ ⌠ ῒ̆ ѿ ̆ ᵣ ⱬ№ ԅ

Ȃ ╩ ⱬ ̆ Ҭ

̆ ᵬ ᾝᵣ҉ ᵣ ⱬȂ 

2.2.3.1  

ԅ KP505 ᵣ ⱬ ̕ ҹ

KRISO Container Ship (KCS) ‰ ̆ Tokyo 2015 [178]̆SIMMAN 2008[179]

CFD ᴪ҉ Ȃ ₃ᵥ ̆Һ ץ

2-9ȁ 2-1 2-2 Ȃ 

 

 KP505  

 KP505 propeller 

2-1 KP505 ₉ᵫ [180] 

Table 2-1 Principal dimensions of KP505 propeller 

  ῃ  

D (m) 0.2085 7.9 

P/D (mean) 0.95 0.95 

AE/Ao 0.8 0.8 

ẁ  (°) 0 0 

ᶷ  (°) 32 32 

╩  NACA66+a=0.8 
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2-2 KP505 [180] 

Table 2-2 Open water performance of KP505 propeller 

J KT KQ ɖ 

0.1 0.476 0.067 0.113 

0.2 0.432 0.061 0.224 

0.3 0.381 0.055 0.329 

0.4 0.329 0.049 0.428 

0.5 0.276 0.043 0.516 

0.6 0.226 0.036 0.595 

0.7 0.177 0.030 0.660 

0.8 0.128 0.024 0.694 

0.9 0.076 0.017 0.646 

 

2.2.3.2 ᵩ Ⱶ  

ṿ Ҭ̆ᵣ ⱬ ԍ OpenFOAMҬ

pimpleFOAM Ȃ RANS ꜚ Ҭ ⱴᵣ ⱬ Ȃץ KP505

ҹᶭ ̆ Ȃ ’ҹ J̔=0.5~1.1̆

10rps̕ ῀ Ҍ Ҋ ꜚⱬ Ȃ 

1) ῇ  

2-10 ₮ԅ ᵣ ⱬ ῃ

Ȃ׆ Ҭ ץ ₮̆ ╠ ᵣ ⱬ ԍ pimpleFOAM

‰ ⱬ Ȃ 

 

 ᵩ Ⱶ ẅғ ẅ  

 Comparison between the predicted open water performance obtained by Hough-Ordway 

distribution and real propeller 
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2-11 ₮ԅ J=0.7 ⌠ ᵣ ⱬ№ Ȃ Ҭ̆

Ȃ׆ Ҭ ץ ₮̆ ᵣ ⱬ № ᾢ ⁞ ῤ̆

ῤ ⱴᵣ ⱬ̆ᶷ ᵣ ⱬ҉Ҋ Ȃ 

  
(a) ᵩ Ⱶ (b) ᶽ ᵩ Ⱶ 

 ᵩ ⱵҒ ҏ ⅎ  

 Distribution of Hough-Ordway body force distribution in different direction 

 

  

 Ґ ⅎ ( Еx/D=0Ж Еx/D=1.0) 

 Vector distribution of propeller downstream 

2-12 ₮ԅҌ ҉ № Ȃ ᶷҹ ᵝ ̆

̆ Ȃ Ҋ x/D=1.0 ̆ ׅ ⌠ԅ

ᵣ Ȃ ╠ ԅ Ȃ 
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2) ẇ ῇ  

ԅ ῀ ’Ҋ ̆ ’ҹ J=0.7̆ ᶷ ҹ

0.3Ṑ̆ 2-13 Ȃ ̆ 230

҆Ȃ 2-3 ₮ԅẁ ̆ ᵣ ⱬ

Ȃ׆Ҭ ץ ₮̆ ’Ҋ̆ ᵣ ⱬ ⱴ ⱬ̆

↕Ẓ Ȃ ҹ ⱬ ⱴ⌠ Ҭ̆

Ḥ Ȃ ₮ ԅ Ẓ ’Ȃ 

 

 ẇ ῇ  

 Velocity in oblique flow 

2-3 ẇ ᵩ Ⱶ/ ꜠Ⱶ  

Table 2-3 Hydrodynamic performance predicted by H-O distribution and real propeller in oblique flow 

 Kt Ẓ  10Kq Ẓ  

 0.1782 - 0.3164 - 

ᵣ ⱬ 0.1782 0% 0.3062 -3.23% 

 

  
 

(a) x/D=0.25  
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(b) x/D=0.50  

 Ғ ⅎ ( Е ᵩ Ⱶ Ж Е ) 

 Axial distribution on different cutting planes 

 

2-14 ₮ԅᵣ ⱬ Ȃa x/D=0.25

b̆ x/D=0.5 Ȃ׆ Ҭ ץ ₮̆ x/D=0.25 ̆ᵣ ⱬ

Ҍ ̆p ҌῬ Ҭ ̆

Ҍ ̆ ᵣ ⱬ ᶭ ᵌ Ҭ ңᶷ ғ̆

№ Ҍ Ȃ Ҋ Ҭ x̆/D=0.50̆ ᵣ ⱬ

ⱴ ғ̆ᶭ Ҭ ̆ ̕

ҹ Ȃp ̆ Ẓ ԅҬ

̆ ғ ӞҌ № Ȃ ̆ ᵣ ⱬ №

’Ҋ ᶃ̆ Ҍ ԍ ẁ

’Ȃ 

2.2.3.3 ᵩ Ⱶ  

Ҭ̆ ᵣ ⱬ Ӟ ԍ OpenFOAMҬ

pimpleFOAM Ȃ ꜚ Ҭ ⱴᵣ ⱬ Ȃץ KP505

ҹᶭ ̆ Ȃ 

1)  

ṿ Ҭ J=0.2~0.9Ȃ ӊ╠̆ ҩ ╩ Ҍ

Ҋ ⱬ Ȃ ᾢ CATIA ҈ ᴆ ⌠ ҩ╩ ṿ̆

̕ ≠ Xfoil ᴆ ҩ╩ Ҍ Ҋ ⱬ Ȃ 
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2-15 ₮ԅ≠ ⌠ ҍ ṿ

Ȃ׆ Ҭ ץ ₮̆ ̆ ⱬ ԍ 5%Ȃ ᵞ ̆

ԍ ҈ ̆ ̆ ⌠ ̕҉ץ16.7%

ⱴ̆ ⱬ Ȃ ѿ ҍ ╠ῒז ⌠ ᵌȂ 

 

 BET ẅғ ẅ  

 Comparison between the experiments and BET theory 

2-16 ₮ԅ ҉ ᵣ ⱬ № Ȃ׆ ᵣ ⱬ № ץ ₮̆

ᵣ ⱬ ҉ᾢ ⱴ ⁞ Ȃ ῤ̆ ᵣ ⱬҹ 0Ȃᶷ ᵣ

ⱬ ҉ ҹ ̆ Ҋ ҹ Ȃ ᵣ ⱬ ᶷҹ ̆ ᶷҹ Ȃr ⱬ

ṿ Ҭ r/R=0.5 Ȃ 

  

(a) ᵩ Ⱶⅎ  (b) ᶽ ᵩ Ⱶⅎ  
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(c) ᵩ Ⱶⅎ  

 Ҳᵩ Ⱶ ⅎ  

 Body force distribution in uniform flow 

 

  

 Ҳ Ԝ ( ) ( ) 

 Axial velocity and vector on the disk in uniform flow 

2-17 ₮ԅ ҉ Ԑ Ȃ׆ Ҭ ץ ₮̆

ᾢ ⁞ ̆ Һ Ҭ r/R=0.7

Ҭ̆ ῤ ⱴ Ȃ ̆ Ҭ Ӟ ⌠ԅᵣ

Ȃ ⱴ̆ r/R=1.0 ῤ ⌠ԅ ṿ̆ ⁞ Ȃ

2-18 ₮ԅ Ҭ ꜚ № Ȃ׆ Ҭ ץ ₮̆ Ҋ ₮ ԅ ⱬ
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̆ ҉ ̆ ԅ╠ ⱬ ̆֟ ԅ

ⱬȂ Ҭ̆ ᵝ ₮ ԅ ̆ Һ ῤ

ᵣ ⱬ ᵣ Ȃ 

 

 Ҳ Ⱶⅎ  

 Pressure distribution in uniform flow 

2) ẇ  

2-4 ₮ԅẁ ̆ ᵣ ⱬ

Ȃ ’ҹ J=0.7̆ ᶷ ҹ 0.3ṐȂ

̆ 230҆Ȃ׆ Ҭ ץ ₮̆ ’Ҋ̆

ᵣ ⱬ ⱬ ҍ Ẓ Ȃ ץ ᵣ ⱬ

ᵬ ⱴ⌠ Ҭ̆ ץ Ḥ ⌠ Ҭ̆ ᵣ ⱬ

ҍ ֜ԑȂ 

2-4 ғ  

Table 2-4 Predicted performance by BET method and real propeller 

 Kt Ẓ  Kq Ẓ  

 0.1782 - 0.03164 - 

ᵣ ⱬ 0.1714 -3.82% 0.02991 -5.5% 

 

2-19 ₮ԅẁ ’Ҋ ᵣ ⱬ № Ȃ׆ Ҭ ץ ₮̆ ẁ

’Ҋ̆r ⱬ№ ҌῬ ̆ ῒ ᵣ ⱬ̆ ᵣ ⱬ Ҭ

Ҋ ̆ ҹ ᵣ ⱬ ╩ ̆ ╩
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╩ ⱬȂ׆ᶷ ᵣ ⱬ№ ץ ₮̆ ᵣ ⱬ

ԅ № Һ̆ Ҭ Ҋ Ȃ ᵣ ⱬ↕ Ҭ ̆p ᶷ

ⱬ № ԍ ᶷ ⱬȂ ̆r ⱬ ṿ Ҭ

Ҋ Ȃ 

  
(a) ᵩ Ⱶⅎ  (b) ᶽ ᵩ Ⱶⅎ  

 
(c) ᵩ Ⱶⅎ  

 ẇ Ҳᵩ Ⱶ ⅎ  

 Body force distribution in oblique flow 

 

2-20 ₮ԅ ҉ ℗ № Ȃ׆ Ҭ ץ ₮̆

Ҋ ⌠ԅ ⱴ Ȃ ᵣ ⱬ№ Ȃ ԍ℗

̆ ԍ ⌠ Ҋ ᵣ ⱬ ᵬ ̆ Ҋ ℗ ⁞ Ȃ 
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 ẇ Ҳ Ԝ ( ) ( ) 

 Axial velocity and vector on the disk in horizontal and oblique flow 

 

2-21 ₮ԅ z=0 ҉ ⱬ№ ׆̆ Ҭ ץ ₮̆

ԅ Ҭ ᾟ̆№ ԅ Ҭ ⱬҌ ̆

Ẓ Ȃ 

 

 

 ẇ Ҳ Ⱶⅎ  

 Pressure distribution in oblique flow 

Ҋ ԅ ᵣ ⱬ№ ᵣ ⱬ Ȃ

҉ץ № ץ ̆ № ‰ץ Ҋ

̕p ԍẁ ’̆ Ȃ ̆

№ ף ̆ ῀ ⱬ ̆
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ԍ Ȃ ԍ ̆ ԍ ̆

⌠ Ȃ ẁ ’Ҋ Ӟ̆ ԅẁ

ԍ Ȃ ғ̆ ץ

ף ̆ ץ ԍ Ӟ ץ ԍ

Ȃ ᵣ ̆ ԍ Ȃ 

 -  

ҍ Ҍ ȁҌ Ȃ

ҍ Ҭ ῏ ᵬ Ȃ ץ ῀№ ꜚ

̆ ΐ ӈȂp ̆ ԍ ≢̆ ׂ

ѿ ̆ ԍ ӈ № Ȃ ≢ ׂ ԅ Ȃף3

ף1 ≢ ԍ vorticity ≢ ̆p ֲ

≢ Ҍ ‰ Ȃ ף1 ≢ ḱ ̆

ֲ ₮ԅ ץף2 Q‰↕ȁɚȁȹ ҹף ף2 ≢ Ȃᵖ ̆ 2

ף ≢ ⌠ ӈҌ ֲ̆ ҹ ṿ Ӟ̆Ҍ №‰

Ҭ Ȃ ↔̆ץ [166]-[168] ₮ԅ ף3 ≢ Ȃ 

ש҅  ⌡  

∆ ᵣⱬ Ҭ̆ ӈҹ ̆ɤ=Ð×VȂ ӈ

҉ῒ ӈ ̆p ῒ ӈҌ Ȃ ӥҬ̆

ӈҹ ᵣ ῒҬ ᵬ↨ᵣ 2Ṑ̆ №

2ṐȂ ᾢ ׃ Cauchy-Stokes№ ̆ ÐV№ҹң №̔ №

A №BȂ 

( ) ( )
1 1

2 2

T TV A B V VV VÐ = + = Ð + + Ð -Ð Ð              (2-35) 

( ) () () ()
1

2
V r dr V r Vdr V r Adr Bdr V r Adr drw+ = +Ð = + + = + + ³  (2-36) 

҉ ҹCauchy-Stokes№ Ȃ ҬV(r)ף ᵣ ꜚ̆ Aף

ᵣ ɤ↕ף ↨ᵣ ꜚȂ ҉ ҩῈ ҉

̆ᵖ ɤ ҹ ᵣ ↨ᵣ № Ҍ Ȃ 
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 ԑש ⌡  

ԍ ѿף ≢ Ҍ ֲפ ̆ ֲ ѿף ≢

҉ ԅḱ ̆ ₮ԅץQ‰↕ȁɚ2ȁȹ ɚciҹף ԋף ≢ Ȃ

Ҍ ̆Q‰↕ ɚ2 Cauchy-Stokes№ ԅḱ ̆

ȹ ɚci ↕ Ȃ ₮ԅQ‰↕

ȂQ‰↕ Hunt[169] ᵍ≠ Ҍ ₮ Ȃ (2-

36)̆ῒ Ҋ̔ 

( )2 21

2 F F
Q B A= -                        (2-37) 

Ҭ̆
F

Frobenius Ȃ ̆ A

B ȂQ‰↕ ӈ ԍ Ҭ ף ̆

ᾥ ΐ AȂ 

ԋף ≢ Ҭ̆ ѿҩ ṿ ֲ Ȃ ṿ

῏ ⌠ ≢ ⱳȂp ̆ ṿ ѿ ̆

ѿ ’ Ҍ̆ ┴ ṿ Ȃ ̆ ṿ ӈҌ

№ ȂQ‰↕ ҍ ɤ Bҍ A ӊ ῏

Ȃ ғ̆ ԋף ≢ ◄℗ ̆ Ӟ ԅ ṿ Ҍ

ף Ȃ ѿҩ ̆ ԋף ≢ ԍ ṿ

≢ Ȃp ̆ ΐ Ȃ ץ ԋף ≢ Ҍ ᶫ

Ḥ Ȃ 

 Ҏש ⌡  

ԍ ԋף ≢ Ҭ ̆ № ↔

ῒ [170] ԅ ף҈ ≢ Ȃ 2016 ױז ₮ԅ

ѿ № ҹ № № ׆̆ ᾥ ԅ ԋף ≢ Ҭ

ֲ ṿ Ȃ2017 ľ ῏ Ῥ

ᴪĿ҉ ₮ԅ Rortex/Liutex [170]Ȃ 

2.3.3.1 ɋ ⌡  

Cauchy-Stokes№ ⌠ ɤ ̆ ῒ ѿ № №̆ ҹ №

R ◄℗ S̆ Ҋ ̔ 
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= +ɤ R S                          (2-38) 

ѿ ̆ № R № S Ҍ Ȃ ̆ץ

ɋ № ҍ ṿ̔ 

2

2 2

F

F F

W
e

=
+ +

B

A B
                        (2-39) 

Ҭ̆Ů ȂŮ ṿ ԅ ҊῈ ̆ Ạ ᾧԅֲ

Ů [170]Ȃ 

( )2 2

max

0.001
F F

e= ³ -B A                      (2-40) 

҉׆ ץ ₮̆ɋ ṿ ҹ 0⌠ 1ӊ Ȃ ɋ=1 ̆ ᵣẠ↨ᵣ

ꜚ̕ ɋ̘ 0.5 B ᴨȂ Ҭ̆ѿ ɋ=0.51

0.52ᵬҹ ṿ ≢ Ҭ Ȃ 

2.3.3.2 Liutex/Rortex ⌡  

Cauchy-Stokes№ ⌠ ɤ B ף ᵣ ꜚ

↨ᵣ №Ȃ↔ [172][173] ₮ Liutex/Rortex ‗ԅ׆ ᵣ

ꜚҬ ₮↨ᵣ № Ȃ ԍ Liutex/Rortex ׃ Һ Ҋңץ׆

ҩ ̔ѿ Liutex/Rortex ̕ԋ Liutex/Rortex Ȃ 

(1) Liutex/Rortex  

ҹ Liutex/Rortex ̆ ᾢ Ҋ VÐ

ῒ ṿȂ VÐ ѿҩ ṿɚr ңҩ῍ ṿɚcr±ɚci ̆ ṿ

vr̆ ᵈ ̆ ꜚ ԍ vr ῤ

̆ vrҹ ᵣ Liutexפ̆ ᵝ r=vrȂ ̆

vr -vr ɚr ̆ ӈ , 0̘ɤr ѿ Liutex rȂ

VÐ ҈ҩ ṿ ↕̆ ᵣ ҈ҩ ᵈ

ꜚ̆ ꜚȂ ңҩ ῍ ̆ ̆

Ҭ Ȃ 

(2)  Liutex/Rortex  

Liutex ף ԅ ᵣ ꜚҬ ↨ №Ȃҹ Liutex R̆

ᾢ≠ Q ∆ xyz xQyQzQ ᶏ̆ zQҍ r ↕̆

QVÐ ҹ 
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0

0

Q Q

Q Q

Q QT

Q

Q Q

Q Q Q

Q Q Q

u u

x y

v v
V Q VQ

x y

w w w

x y z

è øµ µ
é ù
µ µé ù
é ùµ µ
é ùÐ = Ð =
µ µé ù
é ù
µ µ µé ù
é ùµ µ µê ú

                  (2-41) 

Ҭ̔Qҹ (̆uQ,vQ,wQ) xQyQzQ Ҋ № Ȃ

Rodrigues Ὲ QȂ  

̆ zQᵬ ԋҩP ̆ ҹɗ̆ ↕ 

cos sin 0

sin cos 0

0 0 1

P

q q

q q

è ø
é ù
= -
é ù
é ùê ú

                    (2-42) 

↕ P ҹ 

= T

QV P V PqÐ Ð                        (2-43) 

ӈҹ u yq qµ µ ṿ 2Ṑ̆  

( ) 2 2

2 2

2 , 0

0, 0
R

b a a b

a b

ë - - <
=ì

- ²í
                  (2-44) 

Ҭ̔Ŭ ɓ№≢ҹ 

2 2

1
= - + +

2

Q Q Q Q

Q Q Q Q

v u v u

y x x y
a

å õ å õµ µ µ µ
æ ö æ öæ ö æ öµ µ µ µç ÷ ç ÷

              (2-45) 

1
-

2

Q Q

Q Q

v u

x y
b

å õµ µ
= æ öæ öµ µç ÷

                        (2-46) 

Liutex [174] ץ ӈҹ 

( )2 2, , 4 cil= - -R ɤr ɤr r                     (2-47) 

ɋ Liutex ̆ ₮ԅɋR ̆ῒ ҹ̔ 

2

2 2R

b
W

a b e
=

+ +
                           (2-48) 

ɋR ΐ ɋ ᴋ ᴆ ṿ ᴨ ̆ ɋ̆R ԅ ԍ

ῤ ꜚ № ᶛȂ 
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2-5 ғ  

Table 2-5 Predicted performance by BET method and real propeller 

≢  ṿ    ⱬ  

Vorticity      

Q‰↕      

Liutex       

ɋR  Ҍ      

҉ץ ≢ ̆ 2-5 Ȃ׆ Ҭ ץ ₮ 4̆ ≢

ף3 ≢ ץ ₮ Έ ̆ ȁ ȁ

ȁ ȁ ҍ Ȃ ף3 ≢ ץ ⱴ ȁ‰

ҍ Ȃ Ҍֽ ‗ ף1 ӈҌ ̆ ‗ԅ ℗◄ף2

Ȃ ̆ ף҈ ≢ ΐ ȁ Ȃ 

  

Һ ׃ ԅ ṿ Ҭ ṿ ̆ Ҭ ≢

ץ ╠ Һ ᵣ ⱬ Ȃ 

ṿ Ҭ Һ̆ ׃ ԅ CFD └ ȁ ⱬ ȁ

VOF ץ RANS Ȃ ╠ ṿ

Ҭ̆ └ ԅ ԍ RANS ̆ ꜚ

ⱬ ⌠ԅ ̕ ╠ ṿ Ҭ ᵣ ̂Finite Volume 

Method̆ FVM̃ ץ ̕ ⱬ Һ̆ ׃ ԅ PIMPLE

̆ ԅ SIMPLE PISO ̆ ԍ ң

ҹ̕ ̆ ԅ ֲ VOF ̕ ҬҺ ׃ ԅ SST

k w- Ȃ ԍ ↕ ԅ ₱ Ȃ 

- ׃ ԅ ץ ᵣ ⱬ

Ȃ Ҭ ᾢ׃ ԅ Ҭ ץ

ᵣ ꜚ Ȃ Һ ׃ ԅ ᵣ ⱬ ҍ ̆ ԅ

ṿ Ȃ׃ ԅ ⱬ № ȁ № ץ

̆ ᵣ ⱬ ԅ ῀ ẁ ῀
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ᴆҊ ꜚⱬ ṿ Ȃ ץ ̆ №

ԅ ̆p ԍẁ ῀ ᶃ̆ Һ ҹ

ᵣ ⱬҍ ᴰ Ȃ ԍ ↕ ԅ

ẁ ῀ ꜚⱬ ץ ̆ҹ └ Ҭ -

ԅ Ȃ 

׃ ԅ Ҭ ף҈ ≢ Ȃ ף҈ ≢ Ҍ

ֽᾥ ԅᴰ ֲ ṿ ̆ ╧ ԅ◄℗ ԍ ≢ Ȃ

̆ ԍ ӈ̆ ₮ԅ ⱴ ̆ ӈԅ / ȁ

ȁ Ҭ Ȃ 
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Ҏ  ᵤ ᵩ Ⱶ -  

  

ԍ Ҭ ̆ ̆ῒ ⱬ №Һ ҹῐ ⱬ̂

40%~50%̃ ⱬ̂50% ̃̆ ⱬ ֽ 5%̕ᵖ ᵞ ̆

ῒῐ ⱬ № ̆ ץ ̆ ⱬ № ⱬ 70%~80%̆

ⱬ Ȃ[175]҉ץ10% └ Ҭ̆ ᵞ̆ ⱬ

̂ ⱬ ⱬ̃ ⱬ Һ №Ȃγ Ҋ ‰

ԍ ’ ⱴ Ȃ 

ꜚⱬ naoe-FOAM-SJTU -

ꜚ ṿ Ȃ ᾢ ṿ ץ Ҍ № Ḡץ̆

‰ץ ᵞ ̕ Ҭ ᵞ Ҋ

ꜚⱬ ץ ̕ BETᵣ ⱬ ‰

ꜚ ṿ ץ̆ BETᵣ ⱬ ԍ - Ȃ 

 ẅ  

 ₉ᵫ ‟ 

ԅ ‰ KVLCC2M̂Modified KRISO Tanker̃ Ȃ ╠

‰ KVLCC2 ҉ ⌠ Ȃ ᵬҹ ‰

2005 қ֤ CFD ᵬᴪ [177]҉ ȂῒҺ ₃ᵥ №≢ 3-1

3-1 Ȃ ԅ Ҍ ̂0£̆6£̆12£̃Ҋ ꜚⱬ

̆ΐᵣ ’ 3-2 Ȃ Ҭ̆ ṿҍ ṿ ԅ ̆

№ ԅ ᵣ ⱬȁ ⱬ№ ץ Ȃ 

 

 KVLCC2M ₉ᵫ  

 Geometry model of KVLCC2M 
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3-1 KVLCC2M ₉ᵫӀ [177] 

Table 3-1 Main particulars of KVLCC2M 

Һ  ᵝ  

 Lpp (m) 4.79 

 B/Lpp 0.1813 

 T/Lpp 0.0650 

ᵣ  Ð(m3 ) 0.551 

 SW/Lpp
2 0.2668 

 CB 0.8099 

ᵝ ( Ҭ ╠ҹ ) LCB (%Lpp ) 3.526 

 

3-2 ‟ 

Table 3-2 Cases for static drift tests in deep water 

  ᵝ ṿ 

 h/Lpp - 1 

 T/Lpp - 0.065 

 h/T - 15.4 

 U m/s 0.994 

ị  Fr - 0.142 

ị  Frh - 0.142 

 Re - 3.945×106 

 ɓ £ 0̆6̆12 

 

 ↔ⅎ 

ҹḠ ṿ ̆ ԅ ҹ 0£ ’ ԅ

№ Ȃ ╠ ṿ Ҭ̆ҹ Ḃ Ҋ ṿ

̆ ԅ Ȃ ҉ ץ 0£ ’Ҋ ᵣ

ꜚ̆ ᵣ ⌠ ᵝ ̆ Ạ Ҍ̆ ᾢ

Ҋ Ȃ ᵣ №≢ ⅞№Ȃ

⅞№ ̆ ҙ ᴆ NUMECAҊ HEXPRESS ῃΈ ᵣ
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⅞№Ȃ ᴆ ⅞№ ץ ғ̆ ᵣ₃ᵥ

̆ ⱴ Ȃ 

ITTC ̆ ᵣ

x̆y̆z ҈ҩ ҉ ᶛ ̆ ᶛҹ 2Ȃ

⅞№ Ҭ̆ ₃ᵥ Ҍ̆ ⌠ ₃ᵥ ̆ ץ Ḡ

ᶛ῏ Ȃp ᵣ Ҭ̆ ⌠ ᵣ₃ᵥ ץ ̆

ᵣ Ҍѿ ῃ ⌠ ᶛ Ȃ ṿ Ҭ ҹ̆ԅ⁞ Ҍ

̆ ԅ ꜚ ṿ Ȃ 

ṿ Ҭ 3-2 ̆ῒҬ ᵣ ҹ-0.12Lpp < x 

<1.2Lpp̆ -0.16 Lpp < y < 0.16Lpp̆ -0.12Lpp < z < 0.08Lpp̕ -1.5Lpp < x 

< 5.0Lpp̆ -1.5Lpp < y < 1.5Lpp̆ -1.0Lpp < z < 0.5LppȂ Ҭ̆

ṿ ̆ ῀ fixedValue ᴆ̕₮ ⱬ ᴆ

zeroGradient̕ ᴆ ҹ wall̆ ҹ ̕ ᵣ

ᴆ movingWallVelocity̆ ⱬ ᴆ fixedFluxPressure̕ ᵣ

ᴆ ҹ overlap̆ ץ ᵣ ӊ ṿ Ȃ

Ҭ ԅ 3 ̆ 3-3 Ȃ ᵣ ᴆ ҹ

overlap̆ ׆ ң ӊ ṿ Ȃ Ҭ ҹ ̆ ҹ ᵣ

̕ ҹ ̆ ῤ Ḥ ṿȂ 3-3 ԅ

3 Ҭ ᵣ ȂῒҬ Ҭ̆ ѿҩ ῤ ԅ

200ҩ ̆ ѿҩ ҉ №≢ 140 280ҩ Ȃ 

 

  

 Arrangement of computational domain 
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(a) ⅎ  

 

(b) Ҳ ⅎ  

 

(c) ⅎ  

 Ғ ⅎ  

 Grids distribution in different mesh schemes 

3-3 Ғ  

Table 3-3 Grids arrangement in different grids schemes 

 ( ҆) ᵣ ( ҆) ( ҆) 

 0.39 0.48 0.87 

Ҭ  0.78 0.95 1.73 

 1.57 1.91 3.48 

 ⅎ  

3-4 ₮ԅ ꜚⱬ ץ ᵄ ᵝ Ȃ

҈ ᾢ ԅ ̆ ԅҌ Ҋ Ҭᵞ

ꜚⱬ ̆ № ԅῒ ⱬ Cxȁʊ ⱬ Cyץ ⱬ CmȂ

№ Ҭ ᵣ ⱬ ԅ Ȃ 

2

2

2 2

1

2

1

2

1

2

x x pp

y y pp

m z pp

C F U L T

C F U L T

C M U L T

r

r

r

ûå õ
= æ öî

ç ÷î
îå õ

= üæ ö
ç ÷î

îå õ
= îæ ö

ç ÷ý

                       (3-1) 
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ῒҬ̆Fx̆Fy̆Mz№≢ ⌠ ⱬ̆ᶷ ⱬץ ⱬ Ȃɟ

̆kg/m3̕U ף ̆m/s̕ Lpp ̆m̕T ̆mȂ

ҹԅ ̆ № Ҋ ꜚ ̆

₮ԅ x/Lpp=0.48 ᵣ ᵄ Ȃᵄ ᵝ 3-4 Ȃ 

 

 

 Ⱶ ᵊ ᵣ  

 Coordinate system for forces/moment and measured plane for wake field 

3.2.3.1 ᵩ Ⱶⅎ  

3-4 ₮ԅ 0£ 3 № ⱬ Cxҍ

ṿ Ȃ׆ Ҭ ץ ₮̆ Ҭ ҍ

ṿ ӊ 0.42%Ȃ Ҭ ԅ 1.48%Ȃ

̆ץ ׆ ⱬ ̆Ҭ Ȃ 

3-4 ᵤ KVLCC2M Ⱶ ẅ 

Table 3-4 Predicted resistance for KVLCC2M at low speed 

  Cx Cx  

ṿ - 0.01756 - 

 S1 0.01707 -2.79% 

Ҭ  S2 0.01700 -3.21% 

 S3 0.01673 -4.69% 

Ҋ ITTC ԍ CFD ṿ Ҭ ҍ (Verification&Validation̆

V&V ) ̆ Ҭ Ҍ UG № Ȃ Ҍ № Ҭ̆
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҈ Ҍ ̆ ȁҬ ῒ̆ ṿ№

≢ Si (i=0,1,2) Ȃ׆ ̆ RGҹ̔ 

21 2 1

32 3 2

G

S S
R

S S

e

e

-
= =

-
                            (3-2) 

Ҍ RG Ҍ ̔ 

(a) ̔0<RG<1̕ 

(b) ̔RG<0̕ 

(c) ̔RG>1 

╠ ṿ Ҭ̆ RG=0.295̆ ᴆȂ ̆ ԍ

(Richadson Extrapolation̆ RE)̆ ṿ ҹ̔ 

21

1G
RE P

Gr

e
d =

-
                               (3-3) 

Ҭ r̆G ̆ ╠ҹ 2ȂPGҹ ̆ ṿ Ҭ

̆ Ҋ ̔ 

( )

( )
32 21ln

ln
G

G

P
r

e e
=                             (3-4) 

̆ḱ ҹ̔ 

1

1

G

Gest

P

G

G P

G

r
C

r

-
=

-
                              (3-5) 

Ҭ̆PGest ṿ Ҭ ̆ ╠ ṿ Ҭ PGest=2Ȃ ̆

Ҍ ҹ̔ 

( )
2

9.6 1 1.1 1- 0.125

2 1 1 1- 0.125

G RE G

G

G RE G

C C
U

C C

d

d

ëè ø³ - + ³ <îê ú=ì
è ³ - + ø³ ²î ê úí

̆

̆
           (3-6) 

3-5 ₮ԅ Ҍ № Ҭ ȁ ȁ ṿ ȁḱ

ץ Ҍ Ȃ׆ Ҭ ץ ₮̆ RE ⌠ ṿ ҹ 0.144%S1̆

╠ Ҭᵀ ṿ Ȃ ԍ҉ץ Ҍ ᵀ Ҍ

ҹ 0.658%SDȂ ҉ץ № ̆ ⌠Ҭ ̆ ṿ

Ȃ 

3-5 Ғ  

Table 3-5 Calculation of grid uncertainty 

 

GR  GP  ŭRE%S1 GC  %G DU S  

0.259 3.90 0.144 2.857 0.658 
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3-5 ₮ԅ Ҍ Ҋ ꜚⱬ ṿҍ ṿӊ Ȃ

̆ ╠ ṿ ⌠ ṿҍ ṿӊ Ȃ ⱬ

Cx ⱬ 0£ ̆ ⌠ 3.21%̆ ̆ ṿҍ ṿӊ

0.125%Ȃᶷ ⱬ Cy ⱬ Cm ⱴ ⱴȂ 12£

̆ ᶷ ⱬ 6£ 2.81Ṑ̕҉ץ ⱬ ↕ 6£ 1.84

ṐȂ ̆ ᶷ ⱬ ⱬ ԍ Ẓ Ȃ 12£

̆ᶷ ⱬҍ ṿ 1.22% ̆ ⱬ ṿ ṿẒ ԅ

2.27%Ȃ׆ ᵣ ̆ᵞ ꜚⱬ Ḥ ̆ ̆

ԅ ╠ ⅞№ ṿ Ȃ 

  

(a) Ⱶ  (b) ᶽ Ⱶ  

 

(c) Ⱶ  

 ꜠Ⱶ ẅғ ẅ  

 Comparison between the predicted results and experiemental force/momets  

3.2.3.2 Ⱶⅎ  

№ ᵣ ⱬ№ ̆ ῒ ԅ ̆ ⌠ ⱬ№

CP̆ῒ ӈ Ҋ̔ 
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21

2

P

P
C

Ur

=                             (3-7) 

Ҭ P̆ҹ ᵣ ⱬ N̆/m2̕ɟ ᵣ k̆g/m3 U̕↕ף m̆/sȂ 

3-6 ₮ԅҌ Ҋ 0£ ᵣҬ ⱬ№ Ȃ

ץ ̆ Ҭ ⌠ ᵣ ⱬ№ ṿ

̆ ⌠ ҉ Ȃ № ⱬ№ ץ ̆

x/Lpp=0.35 ᵣ ₮ ԅᵞ ̆ ҹ ҩ ᵝ ᵣ ׆ Ҭᵣ

⌠ ̆ ̆ ԅ ⱴ ׆̆ ԅ ⱬ ᵞȂ

ҹ ̆ ᴪ ׆̆ Ȃ ץ ᵝ

ԍ҉ Ȃ 

 

(a) ẅ 

 

(b)  

 

(c) Ҳ  
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(d)  

 Ғ ᵩ Ⱶⅎ  

 Distribution of dynamic pressure coefficient on the hull 

 

 

(a) ẅ 
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(b) ẅ 

A. Ⱶ 

 

(a) ẅ 
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(b) ẅ 

B. Ⱶẅ 

 6£ ᵩ Ⱶⅎ  

 Surface pressure distribution for drift angle 6° 

 

(a) ẅ 
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(b) ẅ 

A. Ⱶẅ 

 

 

(a) ẅ 
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(b) ẅ 

B. Ⱶẅ 

 12£ ᵩ Ⱶⅎ  

 Surface pressure distribution for drift angle 12° 

3-7 3-8№≢ ₮ԅ 6£ 12£ ᵣ ⱬ№ Ȃ ҍ

ṿ ץ ̆ ╠ ṿ ⌠ ҍ ṿ[4] Ȃ ң

’Ҋ̆ ᵣ ᵝ ₮ ̆ ҹ ҩᵝ ԍ ̆ ᵝ

↕ ⱬ Ȃ ԅ ⱬ Ȃ ᵣҬ ⱬ№

ץ ̆ ᵣ ᵝ₮ ԅѿҩᵞ ̆ ҹ ҩᵝ ׆

῀ ̆ ᵣ ׆̆ ⱴ̆ ⱬ ᵞȂp ⱬ

̆ ᴪ Ȃ ⱬ ⱬ

̆῍ ԅ ⱬ Ȃ 12£ ’̆ ⱬ ԍ 6£

’̆ ԅ ’ ⱬ ▲ ⱴȂ ̆ ᵞ ᵞ

ҹ ᵣ ̆ ԅ ▲ Ȃ ̆ץ ᵝ

ԍ Ȃ 

3.2.3.3 ᵊ ⅎ  

Ҋ ᵄ ╠ ṿ ⱬȂ ᾢ

3-9 ₮ԅҌ № ṿ Ȃ ץ ̆
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Ҭ ᵞ ᵄ Ȃ ᵄ

Ҍ Ȃ ̆ ԍ ⅞№ Ҭ ῃ ⅞№̆ ᵣ

Ҍ ῃ ̕ ̆ ԍ ꜚ ԑ Ӟ̆ ԅᵄ

Ҍ Ҭ ╩ ῃ Ȃ 3-10 3-11 ₮ԅ 6£ 12£ ᵄ

Ȃ ṿ ץ ̆ ╠ ṿ ԅҌ Ҋ ᵞ

̆ ԅ ╠ Ȃ Ҍ ’ ̆ Ҋ ꜚ

Ҍ Ȃ׆ Ҭ ץ ̆ ꜚ Ҭ ╩ ᶷ ̆ Ӟ

ԅ ׆̆ ץ ₮ ᴪ Ȃ ᵞᴪ

ⱬ ׆̆ ᶷ ⱬ ⱬ ⱴ̆ Ҍ≠

Ȃ 

 
 

(a) ẅ (b)  

  

(c) Ҳ  (d)  

 Ғ Ґ 0£ ᵊ  

 Wake field at x/Lpp=0.98 for drift angle 0° in different grid schemes 
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(a) ẅ 

 

(b) ẅ 

 6£ ᵊ  

 Comparison of axial velocity wake field for drift angle 6° 

 

 

(a) ẅ 
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(b) ẅ 

 12£ ᵊ  

 Comparison of axial velocity wake field for drift angle 12° 

 

3.2.3.4 ⅎ  

ҹ ѿ № ᵞ Ҍ ≢ Ҭ

ⱬ̆ ₮ԅҌ Ҋ≠ 4 ≢ ⌠ ̆

3-12 Ȃ ᾢ̆ 4 ץ ᵬ̆ҹ ѿף ≢ ̆

ԍ vorticity ≢ ⌠ ԅ ҩ ᵣ ̆ ⌠ԅ

̕p ̆ ҩ Ҍ Ȃᵬҹ ף2 ≢ Q̆‰↕

╠ ̆ῒ ⌠ ף1 ̕ 3 ’Ҋ̆Q‰

↕Ҍֽ ⌠ԅ ̆ ⌠ԅ Ҋ׆ № Ȃp

Q̆‰↕ ᶭ ԍֲ ṿ Ҍ̆ ṿ ₮Ҍ Ȃ

ғ̆ῒ ӈҌ ̆ ≢ ◄℗ ̆ ≢ Ȃ 3

ף ɋR ↕ ᾧԅֲ ṿ ̆ ₮ԅ ⱴ ȂɋR

Ҍֽ ⌠ԅ ᵣ ̆ Ӟ ⌠ԅ

Ȃ ץ ̆ɋR ⌠ԅ ̆

₮ ԅ ̆ ԅ 3.2.3.2 Ҭ ⱬ№ Ȃ ̆

Liutex ṿ ⌠ԅ Ҭ Ȃ ץ M̆ag(Liutex) ⌠

ῒז Ҭ ̕p ῒΐ ̆ ѿ ̆ ғ ⌠ԅ

Ȃ 

Ҋ Ҍ Ҋ ̆ ץ ̆ ҹ 0£ ̆

҉ Ҭ ╩ 4̕ ≢ ⌠ԅ ̆ ץ

ӊ ̕ ҹ ᵣ ׆̆ ԅ
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▲ ̆ ⱴ ׆̆ ԅ ̕ ӊ ↕ ҹ

ᶷ ׆̆ ԅ ̆ ԅ Ȃ

’Ҋ̆ Ҍ ̆ Ҭᵣ ₮̆ ѿ

Ȃ ̆ ԍ ’Ҭ ̆ ҹ ̆ ץ ᵣ

ᴪ₮ ꜚ№ ׆̆ ₮ ԅ ̆ ⌠ԅ ̕ ῒ

’̆ ҩ ⱴ ̆ ԅ ᵣ̆ Ҋ ѿ Ȃ

’Ҋ̆ ꜚ№ ԅ Ȃ ꜚ№

ⱬ ▲ ׆̆ ᶷ ⱬ ⱬ ⱴ̆

ҹҌ≠ Ȃ 

  

(a) Mag(vorticity) = 2 (b) Q=2 

  

(c) ɋR=0.52 (d) Mag(Liutex) = 2 

(A) 0£ ᵩ  

  
(a) Mag(vorticity) = 2 (b) Q=2 
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(c) ɋR=0.52 (d) Mag(Liutex) = 2 

(B) 6£ ᵩ  

  
(a) Mag(vorticity) = 2 (b) Q=2 

  
(c) ɋR=0.52 (d) Mag(Liutex) = 2 

(C) 12£ ᵩ  

 Ғ ⌡  

 Vortex structures obtained by different vortex identification methods 

ᵬҹ 3 ף ≢ ̆Liutex ԅ ᵣ↨ᵣ ꜚ №

̆ ╧ ԅץ ≢ Ҭ ◄℗ Ȃ Ҋ ≠ Liutex

ѿ № ᵞ Ȃ 3-13 ₮ԅ 6£

12£ Ҭ Liutex Ȃ 

ᾢ׆ ᵣ ̆ 3-13(a) ̆ ’̂ 12£̃̆

ԍ 6£ ’̆ғ ׆ № ̆ѿ Ҋ ᵈ ̕
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’Ҋ̆ ׆ ᵣ№ Ҋ Ȃ ̆ ץ ₮̆

’Ҋ Ӟ ԍ ’Ȃ 12£ ̆ ץ

⌠̆p ’Ҋ̆ ̆ Ȃ Ҋ

№ ѿҩ Ȃ 

3-13(b) ₮ԅ Ȃ ץ ̆ ’Ҋ̆

Ҍֽ₮ ԅѿҩ № ̕ ᵣ ᵝ ̆ ᵝ ̆

₮ ԅѿҩ ֜ Ȃ ҩ Ҋ Ҭ ̆ ᵣ

Ҭ ᵝ ҹ Ȃp ’Ҋ̆ ҩ ₮ Ȃ

ץ ̆ ’Ҋ ₮ ̆

’Ҋ ꜚ Ȃ ’Ҋ̆ ₮ Ȃ 

3-13(c) ԅ LiutexȂ׆ Ҭ ץ ₮̆ ’

Ҋ ԍ Ȃ ̆ Ӟ ₮

Ȃ ’̆ Ȃң ’Ҋ ⌠ ̆p

’Ҋ ԍ ’Ȃ 

3-13(d) ₮ԅ Ҋ Liutex Ȃ Ҭ ꜚ

̆ Ȃ׆Ҭ ץ ₮̆ ’Ҋ̆ ᵣ

ԍ ⌠ ᵣ Һ̆ ⌠ ̆ № ꜚ ᵣ Ҋ

Ȃ ’̆ ҉׆ꜚ ̆ 1 ᵝ № 3ҩ Ȃ

2 ᵣ Ҋ ̕ №ҺᵣҬ׆3 ̆ ̕ 4

⌠ ̆ Ȃ ̆ ’Ҋ̆ ׆ ᵣ№ ̆

№ ᵣ̆ 4 ̆ Ҋ Ȃ 

3-13(e) ₮ԅ LiutexȂ ’Ҋ̆ Һ ꜚ 5

ᵣ ᵝ ̆ № Ȃ № 6 ̕ № 7

̆ ₮ ̆ № ῍ Ȃ

№ 8↕ ᵣ Ȃp ’Ҋ̆ № ̆

̆ҩ≢ Ȃ Liutex ץ ̆ Ҋ

׆ ᵣҬ╠ ᵝ Ҋ ̆ Ҋ Ҭ ᵣȂ ᵣ

̆ ̆ Liutex ᵣ ҉ ̆

Liutex Ȃ ’Ҋ̆ Liutex ғ Ȃ 

҉ ̆ ’Ҋ̆ ⱴ▲ ̆ ꜚ ⱴ▲ ̆ ⱴ Ȃ 

 



҈  ᵞ ᵣ ⱬ -  

 70  

  

(a) ᵩ  

  

(b) Liutex  

  

(c) Liutex  

  

(d) Ґ Liutex  




































































































































































































































































































































