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     RESEARCH ON THE INFLUENCE OF SCALE 

EFFECT AND NAVIGATION ATTI TUDE ON KCS BOW 

BREAKING WAVE BASED ON DDES  

ABSTRACT 
 

When the speed of the ship on the free surface reaches the high speed (Fr ů 

0.35), the bow wave-making energy and the wave steepness is larger, the wave surface 

rises obviously and a jet will be formed near the bow. At this time, the wave-making 

wave will evolve in the form of plunging wave-breaking, and air entrainment will occur 

in the evolution process of plunging wave-breaking, forming an air cavity wrapped by 

wave-making waves. When the wave touches the free surface again, if the energy of the 

second wave is still large, the second steep wave may be aroused, and then the second 

wave breaking occurs in the form of plunging wave breaking. therefore, the peaks of 

multiple waves can be observed in the bow area of the ship at high speed. The process 

of wave-making evolution will produce energy dissipation, resulting in a steep 

reduction of wave-making waves, which is not enough to form a jet, and does not meet 

the conditions for the occurrence of plunging wave breaking. At this time, 

wave-making breaking may evolve in the form of spilling wave-breaking. The air 

entrainment phenomenon no longer occurs in the spilling wave breaking, only a bulge 

is formed on the free surface, and a convective vortex is formed below the liquid 

surface, which is transmitted downstream. The phenomenon of bow wave breaking will 

produce additional wave-breaking resistance to the ship and affect the ship's 

performance. The nonlinear characteristics of the breaking process are obvious, and the 

evolution law and mechanism are complex. Therefore, it is of great practical 

significance and challenge to use CFD method to study the high-fidelity numerical 

simulation of bow wave breaking process. 

The goal of this master thesis is to complete the high-fidelity numerical simulation 

of bow wave breaking of international CFD conference standard ship model KCS at 

high speed, focusing on the phenomenon of plunging wave breaking in the simulation 

results. Based on the self-developed hydrodynamic solver naoe-FOAM-SJTU, this 

master thesis makes a systematic comparison of CFD methods for the numerical 

simulation of bow wave breaking, and puts forward a practical numerical simulation 

scheme of bow wave breaking based on DDES method. Using the above scheme, the 
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numerical simulation of bow wave breaking under different ship model scales is carried 

out, and the influence of ship model size on bow wave breaking is analyzed. The 

numerical simulation study under different bow angle is carried out, and the influence 

mechanism of different bow upstream surface shape on bow wave breaking is revealed.  

In the comparison of CFD methods, the advantages and disadvantages of RANS, 

RANS with buoyancy correction and DDES in simulating bow wave breaking are 

analyzed. The ship resistance calculated by RANS and DDES is in good agreement 

with the test data, and the error is less than 3%. The bow wave breaking phenomenon 

simulated by RANS and DDES with buoyancy correction is close to the test, which is 

obviously better than the RANS method. Combining the results of the two aspects, it 

can be proved that the DDES method is reliable and practical in simulating the 

phenomenon of bow wave breaking. 

In the comparative study of bow wave breaking of different ship model sizes, the 

bow wave breaking phenomena of three scale ship models at high speed are studied by 

using the above numerical simulation scheme. This paper focuses on the time and space 

characteristics of plunging wave breaking and spilling wave breaking in the process of 

ship model bow wave breaking at different scales. the results show that the ship model 

with larger scale is easy to produce plunging wave breaking. the ship model with 

smaller scale is more likely to evolve into spilling wave breaking, and the unsteady 

characteristics of spilling wave breaking are more obvious in the process of evolution. 

In the comparative study of bow wave breaking at different bow pitch angles, the 

bow wave breaking phenomena under three different bow pitch angles are simulated, 

and the results obtained are in good agreement with the experimental results. When the 

bow pitch angle increases, the friction resistance of the ship model decreases slightly, 

the pressure resistance increases obviously, the value of wave height increases, and the 

range of wave breaking expands. The convective vortex formed under the free surface 

propagates farther along the direction of the captain, and the bow wave breaking 

phenomenon is more intense. 

The numerical simulation scheme proposed in this paper has high reliability and 

practicability, and can provide some reference for the study of bow wave breaking, and 

the conclusions obtained from the parameter study can provide theoretical support for 

the further study of bow wave breaking phenomenon. 

 

KEY WORDS: wave breaking, DDES, naoe-FOAM-SJTU, scale effect, 

navigation attitude 
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1.1  

Ҭ ⌠ ⱬ № ⌠ ᵣҬ̆׆

ῐ Ȃ ̆ ᵣҍ ᵣ ԑᵬ ⱴ▲ ̆ῐ

׆ ᵣ ꜚ ל ̆ ҉ᵣ ҹῐ ȁ

Ȃ ῐ ѿ ṿ̆ ᴪ ῐ ̆֟ ῐ

Ȃ Deike[1] ̆ҍ ᵣ ῐ ԍ ̆ѿ ץ

̂plunging breaking wavẽ ₮ ̂spilling breaking wavẽ

̆ ῐ ѿ ץ ̆

ῐ ѿ ҹ ₮ Ȃ ң 1-1 ̔ 

 
1- 1 ₴ [2] 

Fig.1- 1 Plunging breaking wave and spilling breaking wave[2] 

 

₮ ̆ ̆ ῐ Ӟ

ҹ Ȃ ҹ ̆ ᵣ ᵬ ̆

̆ ₮ ῐ Ȃ ԍ ̆ ῐ

ꜚ ̆ ץ ̆ ҉ ҹ ̕ ԍ ̆ῐ ꜚ

Ҍ ץ ̆ ҹ ₮ Ȃ ̆ ̂parasitic 

capillary wavẽ ⱬ ̂no-breaking gravity wavẽ ң ̆ῒҬ

Ҭ ᵄ ₮ ̆ ₯⌠ ̆

̆↕ᴪ ӊ ̆ ̆ῐ ᴪ

̆ῤ ꜚ Ӱ ҉ ̆ ץ ҹҺ ̆

’Ҋᴪ₮ ₮ ̆ ᵣ Ҍᾣ ̆

Ȃ 
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ᵬҹ KCS ṿ K̆CS

Fr ѿ 0.26⌠ 0.4̆ ԍ ̆ ҬҺ ₮

№ Ȃ Һ ₯ ᵣ ̆ ₯

Ῥ ҍ ̆ Ҭ̆ ᵣᴪ֟

ᵣ ̆ ῤ↕ ҹ Ȃ ▲

̆ Ҋ ₮ Ȃ ₮ ᴪ

KCS Ҭ₮ ҍ̆ ≢ ԍ ₮

̆ӞҌᴪ ᵣ ̆ῐ ᴪ ֟ ̆ Ҋ

ᴰ Ȃ ץ ⁞̆ ᴪ ₮ Ȃ 

╠ ṿ Ȃ Һ

Ἕ ת ׆̆ Ҭ ̆

Ӟ Ἕ ̂Particle Image Velocity̆ PIṼ ү

̆ Ҭ Ḥ ̆ Ḃԍ ꜚ Ҭ

Ȃ ⱬ ̆ ṿ № ҹ ̆

ᵣⱬ ̂Computational Fluid Dynamics̆ CFD̃ Ҍ ̆ ᵣ

CFD Ҭ ̆ Ḃԅ CFD

ᵣ Ȃ ױ CFD ⌠ Ҭ̆

Һ RANSȁLES DNSȂCFD ץ ⌠ү ῃ Ḥ ̆ ҍ

ԑ ̆ ԑ ᾟȂ 

1.2  

₃ Ҭ̆ ױ ԅ ԅᾟ№ № ץ̆

ῤ Ȃᶏ Һ Ἕ[3-8,13-15,21]ȁ [22]

̂Bubble Detection Approach̃ȁᾣ [15-17]ȁ ᾣ ת [8]̂Laser Doppler 

Velocimer̆ LDV ȁ̃ Ἕ [9-13,23] [14,18,21]̂Acoustic 

Measurement̃Ȃ 

Ἕ ̆ ױ Ἕ ԅ

̆ҹ Ҋԅ ȂDuncan[3-4]ᶏ Ἕ

ԅ ̆ ԅ ҍ ӊ ῏ ̆ ԅ

Ҍ ’Ҋԋ ⱬȂBonmarin[5]ᶏ Ἕ ̆

ԅ ’Ҋ ̆ ԅ

̆ ԅ Ҍ ̆ ԅ
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̆ ⌠ԅ Ҭ ᵣ Ȃ

Veron[6]ᶏ Ἕ ԅҌ ᴆҊ ̆

№ ԅ Ҭ ҍ ̆ Ҭ ҈ Ҋ̆

Һ ԍ ᵝ ̆

ȂTowle[7] ‖₯ȁ ֟ ֟

̆ᶏ Ἕ ԅ ֟ ̆№ ԅ ֟

ᵝ № ̆ ̆ ᴪ ⱴ̆֟

Ҭ̆ Ӟ Ȃ Mori[8]ᶏ Ἕ

יּ ת ԅ ᵣ ̆ ԅ ȁ ᵣ

ȁ № ’ ̆ ᶏ ⌠ԅ ԋ

ῤ ̆ № ⌠ ҍ ӊ ῏ ̆ Ҍ

Ҭ -1 ҍ -3.4 ̆ ҍ ᵝ ῏Ȃ 

̆ Ӟѿ ̆ ᶏ

Ἕ Ӟᴪⱴ῀ῒז ץ ⱴү Ȃ

LDV̂ ᾣ ̃ת PIV ԍ ҬȂ

Rapp[8]ᶏ Ἕ LDV̂ ᾣ ̃ת ԅ Ҭ ̆

Ҭⱴ῀ ̆ל ԋҩ ῤ№

̆ ҍ 1/4

῏ ȂLDV Ҭ ᵣ ⱳ ̆ ̆

₮ ̆ 4ҩ ῤ 90%

ȂLin[9]ᶏ҉ץ PIV ԅ‰ ׆ ֟ ⌠ ῃ ҹ

ץ̆ Fr ҹ ԅ ̆ Fr ᵣῤ

̆ ꜚ ⱴ Ӱ̆ᵖ ҍ Fr ῏ ȂQiao[10]ᶏ PIV

₮ ԅ № ̆ ԅ ⱬ ₮

Ҭ ᵬ ȂGrue[11]ᶏ PIV ’Ҋ

ⱴ ԅ 122 ̆ ῒҬ 6 ’ ԅ № ̆

⌠ Ҭ ҍ ̆

ԍ ̆ ⱴ ҹ Ҭ ̆ ⱴ

№≢ ץ ⌠ 1.1Ṑ 1.5Ṑ ⱬⱴ ̆ № Ҭ ȁ

ⱴ ҉ № Ҍ ȂKimmoun[12]ᶏ PIV

ẁ ҉ᴰ ԅ ̆ PIV ⌠

̆ ⌠ῃ ԅ ̆ Ҍ
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ȁ ꜚ ԅ ȂChang[13]ᶏ Ἕ PIV

Ҭ Ҋ ԅ ̆ ԅ Ҋ ԋ

ῤ ᵣ ̆ ԅ ꜚ ̆ ץ

ԅ ̆ ֟ ץ

ԍ ̆ᵖ ṿ҉ ̆ ̂advectioñ ȁ֟

ꜚҬ ̆ ꜚ ҍ╠ ҈ ₃Ӎ ץ

Ҍ ȂRapp[14]ᶏ Ἕ LDV̂ ᾣ ̃ת ԅ Ҭ ̆

Ҭⱴ῀ ̆ל ԋҩ

ῤ№ ̆ ҍ 1/4

῏ ȂLDV Ҭ ᵣ ⱳ ̆

̆ ₮ ̆ 4ҩ ῤ

 Ȃ҉ץ90%

ᾣ Ӟ Ҭ ΐ̆ ᾣ ֜

̆ ԍ Ҭ ̆ Ἕ ץ ⌠

ȂRojas Loewen[15]ᶏ ᾣ ҍ Ἕ

ᴆҊ ԅ ̆ ԅ Ҭ

№ ’̆ ғ ҉ ҍ └Ȃ

Blenkinsopp[16]ᶏ ᾣ Ҍ

ԅ № ̆ № ’ Ҍ Ҋ

ң ᵌ̆ ѿ ꜚ ҍ

ӊ 6.5%⌠ 14%ӊ Ȃӊ

Blenkinsopp[17] Ῥ ᶏ ᾣ ̆ ԅ Ҭ֟ ̆

ԅ ̆ Ҭ ѿ № ԍ

̆ ֓ № ҹ ̆ Ҭ

ԅ ̆ҍ╠ѿ Ҭ ̆ ԋ Ȃ 

̆ Ҭ ᴪ֟ ᵞ ̆

Ҍ ̆ Ӈ ᴪҍ ’ ≢̆

̆ ₮ Ҭ ’ ̆ Ӟ

̆ ᶏ Ҭ ץ ̆

̆ ȂLamarre[18]

Ҭ ̆ Ҭ̆ ҍѿ

≢ Ȃӊ Lamarre[19] ԅѿ ̆ ԍ Ҭ
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ꜚ ̆ ץ Ҭ Ȃ
[20] ץ Ҭ ԅ ̆ ῒ

ȂLoewen[21]ᶏ ҍ Ἕ ԑ ̆ ԅ

̆№ ԅ ᵝ Ἕ̆

Ҭ ֟ ̆ Ӟᴪ ᵣ

̆ ᵞ Ҋ ҉ Ȃ 

҉ץ ⌠ ̆ ̂Bubble interface detectioñӞ

ȂDeane[22]ᶏ Ҋ

№ ԅ ̆ № └̆ ԍ 1mm ̆

‗ ԅ № ̆ ’Ҋ Ȃ 

ԍ ̆ ױ ѿ Ҭ ҉Ȃ 

Dong[23]ᶏ PIV ԅ DTMB 5512 ̆ Ҍ Fr

Ҋ ԅ ̆ Fr=0.28 ’Ҋ ₮ ̆

Fr=0.45 ’Ҋ ₮ ԅ ᵣ Ȃ 1-2 Dong Fr=0.45Ҋ

Ȃ 

 
1- 2 DTMB 5512 [23] 

Fig.1- 2 The plunging breaking wave around ship DTMB 5512[23] 

 

Maxeiner[24]≠ ᾣ ᾣ ̂Laser-Induced Fluorescencĕ LIF̃

ԅ ᴆҊ ̆Һ ԅ ᴆ ᵣ

ȂOlivieri  [25] ԅ DTMB 2340 Fr Ҋ ̆ ⌠ԅ

ᵣ ᵬ ꜚ ̆ᶏ ԅ ṿ ṿ̆ ₮ԅ

0.15Lpp 0.2Lppᵝ ̆ү ԅ DTMB 2340
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ȂOlivieri [26] 5.72m 3.05m DTMB 5415 ԅ

̆ ԅ Ȃ Ҭ

Fr=0.35Ҋ ⌠ ₮ ̆ ԅ

ӊ ₭ ̂scar̃ ץ ₮ ̂Capillaries̃ ̆

ԍ 17° ҍ ṿ ӊ

Ȃ 1-3ҹ Olivieri [26] DTMB 5512 Ȃ 

 
1- 3 DTMB 5415 [26] 

Fig.1- 3 The wave breaking phenomenon of DTMB 5415[26] 

 

Choi[27] Ἕ ̆ ҹ ң 0.285,0.430

0.570҈ҩ Fr Ҋ ԅ ̆ ң Ҭ№≢ ⌠

ԅ ₮ ̆ 1-4ҹ Fr=0.430Ҋ ⌠ ң

Ȃ 

 
1- 4 Ҳ ₴ [27] 

Fig.1- 4 The plunging wave breaking and spilling wave breaking during the ship model sailing[27] 

 

҉ץ ץ ̆ ԅ
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̆ ᴪ ⌠ ̆ ̆

ᴪ Һ ⌠ ᶏ Ҭ̆ ץ ⌠

̆ᵖ ץ ֓ⱬҌ׆ ̆ ᴇӞף Ȃ ╠

ȁ ҉ ᶏ Ҍ ̆ ԍ

ȁ ᶏ ⌠ └Ȃ Ḡ

ץ Ҭׅ ᵬ Ȃҹԅ ⌠ Ҭ

ᾧ ̆ ̆ ױ

╠ Ҋᶏ ṿ ΐ ᴇ Ȃ 

1.3 ẅ  

ץ ⌠‰ ̆ᵖ ԍ

’Ҋ ץ ̆ ғ Ҍ ᴆ ̆

└ᵬ ̆ ᴆ └̆Ῥ Ҭ₮ Ҝȁ

ץ ᴇף ̆ᶏ

₮ ԅ Ȃ ᴆ CFD ̆ CFD

ԅ ̆ ṿ ץ Ҭ ̆

̆ ꜚ ץ №

Ȃ ╠ ԍ ⱬ [28-33]̂Reynolds Average 

Navier-Stokes̆ RANS̃ ȁ [34-41]̂Large Eddy simulation̆LES̃ ȁ ṿ
[42-54]̂Direct Numerical Simulation̆ DNS̃ ץ ᾣ [58-59]̂Smoothed 

Particle Hydrodynamics̆ SPH̃̆ ᶏ ₱ ⱬ ҍ

№ [61-62]̂Detached-Eddy simulation̆ DES̃ Ӟ Ȃ 

ҹ ӎ ף ᶏ̆ RANS ̆

֓ ҉ȂLin[28]ᶏ RANS ԅ Ҭ

̆ ҹ∆ ᴆ̆ ԅ ᵬ ẁ

̆ ԅ ̆

Ҭ ԅ ȂZhao[29] ԅ ԍҬ

̆ ԋ ң ԅ  ̆ ԅᶏ

RANS ̆ Ҭ ֟ ̆ Ӟ

ԋ ҉ RANSΐ ȂHieu[30] RANS

ȁVOF ̆ ԅҌ ң ᵣ ẁ Ҋ

̆ ṿ ҉ҍ
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ȂBradford[31]ᶏ RANS ԅẁ Ҋ ₮

̆ ץ ̆ᵖ

ȂTakikawa[32] ᶏ ԅ RANS ҉

ԅ ̆ ₮ԅ ҉ ΐᵣ Ȃ

ԅ Ҭ ̆ Ἕ ԅ ̆ᵖ ԍ Ҭ

̆ᶏ ̆ RANS

’ ṿ ̆ ҉ ΐᵣ№ ȂWilson[33]

ᶏ RANS ̆ Fr ҹ 0.28ȁ0.35 0.41 ’Ҋ DTMB 5412 ԅ

ṿ ̆ № ԅ Fr=0.35 ’̆ ҍ

̆ҍ Olivieri[26] ⌠ԅѿ ̆ ԅ ₮

̆ Ҍ ℗ ԅ № ̆ ԅ № ҍ

₭ ̂scar̃ ӊ ̆ ᶏ

ҹ Ȃ 

ᶏ RANS ⌠ Ҭ ꜚ ̆

̂LES̃ ץ ⌠ ⱴ ̆Ӟ

ѿ Һ ȂWatanabe[34]ᶏ LES ҈ ₮

ԅ ṿ ̆ Ҭ

ᴪ₮ ̆ ̆ № ’ Ҍ Ȃ

Watanabe[35]ᶏ LES ҈ ԅ ṿ ̆ ֟

ԅ № ̆ΐᵣῤ ᶷ № ȁ

҈ ȁ Ҭ ץ

ȂChristensen[36]ᶏ LES ₮

ṿ ̆№ ԅ ȁ₭ ֟ Ȃ Ҭ ᶏ

└ ̆ ֒ Ȃ ⌠ ₭

ҍ ̆ ⁞ ₭ ҍ

̆ᵖ ȂLubin[37] LES ҍꜚ ֒

ԅ҈ ̆ Ҭ ȁ

ԅ № Ȃ Ҭ ᵣ ԅ

̆ Ҭ Һ ȂShi[38]

ᶏ LES Ҭ ԅ ṿ ̆

ԅ Ҭ ‰ץ Ȃ ̆

Ҭ ꜚ ꜚⱬ ҹ ԅ׆ ⌠ ̆ Ӟ
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ԅ ⌠ ̆ ῖ ̆ Ҭ ꜚⱬ

ҹ ҉ ῀ ⁞ץ ȂLiang[39]ᶏ LES ԅ

Ҭ ȁ ̆ ⱴ ‗ԍ

ᴆ̆ ⱴ ҍל 5 ȂZhou[40]ᶏ LES

ԅ ̆ № ԅ ҍẁ ӊ

ԑᵬ Ȃ ᵝ Ҭ ҍ ԑᵬ ҉

Ԋᴆ̆ ₮

Ҍ ȂDerakhti[41]ᶏ LES ֟

ꜚ ԅ ṿ ̆ ԅ ӊ ԑ ꜚⱬ

῏ Ȃ Ҭ TKÊturbulent kinetic energỹ ⌠

20%̆ ₮ Ҭ 50%Ȃ 

ץ ⌠ ⱴ ṿ ̆

׆ץ № ̆ᵖ ⌠ Ҭҍ

֓ Ẓ ̆ ױ ṿ ̂DNS̃ ԅ Ҭ

№ ȂChen[42]ᶏ DNS ԅ ̆ ԅ

Ҭ ’Ҋ ԅ ⱬ ̆ ԅ

̆ ԅ ҩ ’̆

̆ ԍ ̆ ҈

ԅ 70%ȂSong[43]ᶏ DNS ԋ Ҍ

ԅ ̆ Ҭ ⱳ ԅ ̆ ⱬȁ

ȁ ᵣ ԅ ̆№ ԅ҉ץ

ȂFuster[44]ᶏ DNS ң

ṿ ̆ Ҭ VOF ̆ᶏ ῇ ꜚ

ⱴ ̆ Ҭᶏ ץ Ҭ₮ Ҍ ̆ ῤ

ᵠ ̂Ohnesorge number̃ ᵣ ῤ ᴪ₮ ̆ ṿ

̆ ᵣ ῤ ץ↕ ҹҺȂ 1-6 ҹ ᾥ ֟

’Ȃ 
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1- 5 Fuster[44]  

Fig.1- 5 Results from Fuster[44] 

 

Iafrati[45-46]ᶏ DNS ᵬҹ └ Level-set ̆

ԅԋ ῤ Ҍ Ҋ ꜚ ̆

Ҍ Ҋ ₮ Ӟ ̆ №

̆ Ҭ ֟ ⱬ Һ ȂIafrati[47]ᶏ

DNS ԅ Ҭ ҈ ᾥ ̆ ҹ

27cm̆ Ҍ Ҋ ṿ ̆Һ № ԅ ’Ȃ

Brucker[48]ᶏ DNS ҈ ԅ ṿ ̆

ⱴ ⱬ ῃ ̆ Ҍ ⱬ ץ̆ ҹ∞

≢ᶭ ̆№ҹ ȁ ȁ ̆

└ ⱬ Ҍ ׆̆ ⌠ԅ ҳ Ȃ ֟

’Ҋ ԍ↨ ̆ ֟

ԅ№ ̆ Ҋ ץ ⌠

10%⌠ 35%̆ ᵬ Ҋ ȂLakehal[49]ᶏ DNS

Ҭ ̆ № ԅ ꜚ

ӊ ԑᵬ ̆ ₮ԅ Ҭ ̆ ҍ

ꜚ ȂKang[50] Koo[51] ᴆҊ Ҭ

ԅ ṿ ̆ Ҭ ⌠ԅ PIV ԅҬ ȁ

ῤ ֟ ⱬ̆ ṿ ↕ DNS

’ ̆ҍ ԑ Ҭ ᾟԅ

ῤ ȂWang[52] ַ ≢ ԅ ṿ

̆ ԅ Ҭ ≢ ̆ ҈

№ ̆ ԅ № ̆ ԅ ᵣ ᵣ

̆ Ҭ ԅᶏ ᶛ ṿ ȂLubin[53]
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DNS ԅ҈ ̆ ṿ ̆ Ҭ

ᵣ ԅ ̆ ⌠ԅ ╠ ֟

Ҝ̆ ᵌ Ҭ₮ ̆ Ҭ

⌠Ȃ 1-6 Lubin[53] ⌠ Ҝ ȂDeike[54]ᶏ ң Ҍ N-S

ṿ ̆ ԅ ̆ ԅ

ⱬ ⱬ Ȃ 

  
1- 6 Ң [53] 

Fig.1- 6 Results from Fuster[53] 

 

╠Ӟ ԅ ᵬȂ 

Wilson[55]ᶏ ᴆ CFD SHIP-IOWA Ҭ RANS ̆ ѿ

Ҍ Fr Ҋ ԅ ṿ ̆ῒҬ ңҩ Fr

ҹ Fr ̆ Ҭᶏ ⱴ ̆

ԅ ᵣ Ȃ Ҭ Ҋ ₮ ̆ Ҭ₮

ԅ ғ ̆ ץ ⌠ ӊ ₭ ̂scar Ȃ̃

Moraga[56]ᶏ RANS ԅ DTMB 5415 ̆ ԅ ᵣ

ȂWyatt[57] ԅ ṿ ̆ Ҋ

ԅ ṿ ̆≠ ᾣᴰ Ҍ Ҋ Ҭ

ԅ ̆ DES ԅ

Ҋ ȂMarrone[58]ᶏ SPH

̆ ῀№ ԅ ̆№ ԅ ᵣ╠

₮ ̆ ҍ ̆ ԅ SPH ҉

ȂMarrone[59] SPH ҈ Ҭ

̆ ԅ ַ ̆ ҍ RANS ң҉ץ̆

ԅ SPH Ҭ Ȃ 

ῤӞ ᴆ naoe-FOAM-SJTU ԅ Ȃ 

Wang[60]ᶏ naoe-FOAM-SJTU ̆ RANS Fr=0.35 ’

Ҋ DTMB 5415 ԅ ̆ ₮ԅ ⱬȁ ᵄ
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Ḥ ̆ҍ ̆ Ҭ ⌠ԅ ̆ ⱳ

⌠ԅ ᵣ ₭ ̂scar̃ȂRen[61]ᶏ naoe-FOAM-SJTU

̆ ԅ RANS DES Ҭ ̆ ԅ 0.26ȁ0.3

0.35҈ҩ Fr Ҋ ̆ Fr=0.26 ’Ҋ ⱬ ̆

Fr=0.35 ң̆ ⌠ԅ ̆p DDES

⌠ ⱴ ȂWang[62]ᶏ RANS Fr=0.35 0.40ңҩ

Fr ԅ ṿ ̆ң ⌠ ⱬ ҉ҍ ̆

DES ⌠ ҍ ᵌȂLiu[63] Larsen[64]

⇔ ⱬḱ naoe-FOAM-SJTU Ҋ ̆ ԅᴰ SST k-ɤ

ҍⱴ῀ ⱬḱ SST k-ɤ Ҭ ᴨⱷ̆ ⱴ῀ ⱬḱ

ץ ץ ⁞ ῐ ⁞Ȃ 

ҹ Ḃ № ̆ ₮ ⌠ ̆

Һ Deike[2] ₮Ȃ 

̂plunging wave breaking̃̔ Ҭץ ῐ

̆ ῐ Ҭ ץ ҹҺȂ ̆

Ҭᴪ ̂jet̃ ̆ ҹ ̆ ⱬᵬ Ҋ

̆ ᵄ ̆ ₯ ̆

̂air pocket̃̆ ₯ ῐ ׅ ғ ̆↕ᴪῬ

₮̆ ԋ ң̆ ӊ ҹ₭ ̂scar̃ Ȃ

₭ ᵝ ᴪ₮ ̆ ԍ ԍ₭

ԍ ᴰ Ȃ 1-7 ҹ ̆ Ҭ ҉ץ ₃

ԅ Ȃ 

   
1- 7  

Fig.1- 7 Schematic diagram of plunging wave breaking 
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₮ ̂spiling wave breaking̃̔ ₮ Ӟ ῐ ’

Ҋ ̆ᵖ ҍ ̆ ⱬ ᵬ Ҋ̆ Ҍ ץ

̆ӞҌᴪ ̆ ῃ ₮ ᴪ

ѿҩ€ ̂bulgẽ̆ ᴰ Ҭᴪ₮ ̂toẽ Ȃ

₮ ӊ Ӟᴪ ₭ ̂scar̃ Ȃ 1-8ҹ ₮ Ȃ 

  
1- 8 ₴ [53] 

Fig.1- 8 Schematic diagram of spiling wave breaking[53] 

 

1.4 Ὺ  

KCS K̆CS ѿ̆

Fr ҹ 0.26̆ Ҍ ´ ̆ᵖ KCS ̆

Ҋ ԍ ̆ DTMB 5415 ѿ

´ ԍ ̆ CFD ᴪ ҉Ӟ KCS

ᵬҹ ‰ Ȃ ⌠ ҈ҩ KCS ԅ

̆ῒҬ 1 3ҹ SIMMAN 2020ᴪ Ҭ ⌠ KCS ̆ ԍ

ԍ 2 Ȃ҈ҩ 1-1

Ȃ 

1- 1 KCS  

Table 1- 1 Parameters of KCS 

  1 2 3 

 ɚ 1 37.89 52.67 105 

 Lpp / m 230 6.07 4.37 2.19 

 T / m 10.8 0.285 0.205 0.103 

 S / m2 9530 6.64 3.44 0.86 

ᵣ  θ / m3 52030 0.9565 0.3562 0.0449 
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׆ 1.2 1.3 № ץ ⌠̆ ᶏ DNS LES

Ҭ̆ Ҭ Ҭ֟

Ҭ̆ ԅ Ҭ ̆ ԍ ̆ ԍ

ꜚⱬ ̆ѿ RANS Ȃ

ᵬ Ὶץ ȁ ⱬ ҩ

Ȃ 

҈ ԅ ̆ 1 ԅ № ̆

2 ҈ Ҍ Ҭ ᴨⱷȂ҈ №≢ҹ

‰ RANS ȁ ⱬḱ RANS DDES̆ ԅ҈ ⌠

Ȃ ԅ DDES Ȃ 

ԅ ̆ 1ȁ2ȁ3 ṿ ȂҺ

׆ ңҩ ԅҌ Ҋ Ḥ

̆ ԅ KCS Ҭ Ȃ 

ԓ ẁ ԅ ̆ 2 ԅ҈ҩ ẁ ̆№≢ҹ

0ȁ0.5° 1°Ȃ ₮ԅ ṿ ̆ҍ ȂῬ

№ ȁ ₯ᵝ ̆№ ԅ

Ȃ 

Έ ⌠ Һ ԅ ̆ Ҋ ץ

ᵬ ԅ Ȃ 

ᶏ Һ ꜚⱬ naoe-FOAM-SJTU ̆

KCS ԅ ң ү̆ ԅ

҉ ῤ Ȃ
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ԑ  ẅ  

2.1  

ᶏ ԅ҈ ṿ ̆№≢ RANS ҹ SST 

k-ɤ ȁ ⱬḱ SST k-ɤ DDEŜ Delay Detached-eddy Simulation̆

№ Ȃ̃ ҈ Ȃ 

2.2 ┼  

2.2.1 SST k-ɤ  

SST k-ɤ Menter[65] ₮̆ ᶏ ѿҩ ₱ F1 ῤ

k-ɤ ̆ ץ ᵞ ̆ ᶏ k-Ů Ȃ ̂2-1̃

̂2-2̃ҹ RANS └ ̔ 

 0ÐÖ =U  ̂2-1̃ 

 ( ( ) ) ( ) ( )g d eff eff sp f f
t

s

r
r r m m

µ
+ÐÖ - =-Ð - Ö Ð +ÐÖ Ð + Ð ÖÐ + +

µ

U
U U U g x U U  ̂2-2̃ 

̂2-2̃Ҭ fůҹ ⱬ ̆ =fs sk aÐ ̆ů ⱬ ̆

ṿҹ 0.0734 kg / s2 ə̆ҹ ̆ nk=-ÐÖȂɛeffҹ ꜚⱬ , ɛeff=ɟ(ɡ+ɡt)

̆ῒҬɡ ɡt№≢ҹ ꜚ ̆ ɡt k ɤ ̂2-3̃

̔ 

 

 
1

1 2max( , )
t

a k

a SF
u

w
=  ̂2-3̃ 

̂2-3̃Ҭ k ɤ SST k-ɤң ᾟ ̆ ᾟ

̂2-3̃ ̂2-4̃ ̔ 

 ( ) ( )*

k t

k
k G k k

t
b w u au

µ
+ÐÖ = - +ÐÖ + Ðè øê úµ

U  ̂2-4̃ 

 ( ) ( ) ( )2 2

11t kS F CD
t

w w

w
w g bw u a u w

µ
+ÐÖ = - +ÐÖ + Ð + -

µ
è øê úU  ̂2-5̃ 

̂2-4̃Ҭ ₱ F1 ҹ └ k-ɤ k-Ů ӊ ℗

₱ ̆ῒ ṿ ̂2-5̃⌠ ̂2-11̃ ̔ 

 )
4

),
500

,max(mintanh(

4

*2*1

2

îý

î
ü
û

îí

î
ì
ë

ù
ú

ø
é
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è
=
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w
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b kCD
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wyky
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̂2-6̃ 
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CD*
kɤ ӈҹ̔ 

 )10,max( 10* -= ww kk CDCD  ̂2-7̃ 

CDkɤ ӈҹ̔ 

 
w

w
s
ww

Ð
Ð= kCDk 22  ̂2-8̃ 

̂2-3̃Ҭ ӈҹ̔ 

 ),min( *

1

~

wbkcGG=
 

̂2-9̃ 

̂2-8̃Ҭ c1=10̆ G ӈҹ̔ 

 
2SG tu=  ̂2-10̃  

Sҹ ⱬ ̔ 

 jiij SSS 2=  ̂2-11̃ 

Sijҹ ̔ 

 )(
2

1 T

ij UUS Ð+Ð=  ̂2-12̃ 

̂2-5̃⌠̂2-11̃ ̂2-4̃ ̂2-5̃̆ Ῥ ̂2-3̃ ɡt̆

̂2-3̃Ҭ F2 ӈ ̂2-39̃ ̔ 

 
2

2 * 2

2 500
= tanh{[max( , )] }

k
F

y y

n

b w w
 ̂2-13̃ 

̂2-4̃ ̂2-5̃Ҭ ̂2-14̃ ̔ 

 1 1 2 1(1 )F Ff f f= + -  ̂2-14̃ 

̂2-14̃ Ҭ űף ̂2-4̃ ̂2-5̃Ҭ ̆ ҩű1 ű2

ṿ 2-1ҬȂ 

2- 1 SST k-ɤҩ  

Table 2- 1 Coefficients for SST k-ɤ two equations model 

Ŭk1 Ŭk2 Ŭɤ1 Ŭɤ1 ɓ1 ɓ2 ɔ1 ɔ2 ɓ* a1 

0.85034 1.0 0.5 0.85616 0.075 0.0828 0.5532 0.4403 0.09 0.31 

2.2.2 Ⱶḷ SST k-ɤ  

ѿ SST k-ɤ ҉ⱴ῀ ⱬḱ ⌠̆

Larsen [64] 2018 ₮̆ῒҬ SST k-ɤ k ɤ

̂2-4̃ ̂2-5̃ ᶷ№≢ⱴ҉ ⱬḱ Gb PɤȂҊ ץ Gbҹᶛ

ⱬḱ Ȃ Maele[66] ̆ ⱬḱ ץ

ῤ̆׆ ḱ SST k-ɤ ⁞ ȂBrecht[67] ₮
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̂2-15̃ ⱬḱ ̔ 

 
t

b j

t j

G g
x

u r

s

µ
=-

µ
 ̂2-15̃ 

Ҭůtҹ ̆ ⱬḱ ⱴ῀⌠ ̂2-4̃ ̆ ⌠ ̂2-16̃

ⱬḱ TKÊ ꜚ ̃̔  

  ̂2-16̃ 

ᵖ ῀ ⱬḱ ᴪ ṿ҉ Ҍ ̆ ̂2-16̃ ῀ ̂2-3̃

Ҭ ̆ ⌠ ̂2-17̃ ̔ 
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׆ ̂2-17̃ ɤ ԍ 0 ̆ ꜚ ᴪ ҹ

Ȃҹԅ ᾧ ѿ ’ ̆ ̂2-9̃Ҭ ӈḱ ҹ ̂2-18̃ ̔ 

 
*

1= min( , )bG G G c kb w-  ̂2-18̃ 

ḱ G ӈ ̆ ץ ᾧ ̂2-17̃Ҭ ṿҌ Ȃ 

ⱴ῀ ⱬḱ Ҍ ׆ ҉ ‗ῐ ⁞ ̆ ѿ

‗ Ȃ Stokesѿ ₮ ῀⌠ TKE

Ҭ̆ ̆ Ҍҹ ̆k ɡt ѿ Ҋ

Ȃҹԅ ’ ̆Larsen[64] ӈԅ ̂2-19̃ ̔ 

 

1

0
1 2 0 1 2 *

max( , , )
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p

m
b
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̂2-18̃ Ҭ̆ɚ2=0.05̆ ῒז ₮ ̂2-20̃ ⌠̂2-22̃ ӈ  ̔

 0 2 ij jip S S=  ̂2-20̃  

 2 ij jipW= WW ̂2-21̃ 
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2.2.3  DDES  

׃ ᶏ ѿ DDES̆ Ӟ
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Ҭᶏ Ȃ ׃ DDES ӊ╠̆ᾢ DES ׃ Ȃ 

DES Strelets[68] ₮̆ ᶏ ₱ RANS LES

̆ ₱ ԍ ̆Ῥ

ᶏ ΐᵣ ׆̆ ғ ᶏ

LES ꜚȂ ̂2-23̃ ⌠ ̂2-25̃ ⌠

ᶏ LES RANS ̔ 

 ( )/RANSL k Cmw=  ̂2-23̃  

 LES DESL C= D ̂2-24̃  

 min( , )DES RANS LESL L L=  ̂2-25̃  

̂2-24̃ Ҭ̔CDES DES ̆ȹҹ ̆

ԍ ѿ ṿ̆ Ҭ LDES LES Ȃ

DES № ᶏ ׆̆ ץ

⌠ ⱴ ꜚ̕ ̆RANS ᴪ ԍ

̆ RANS ̆ RANS Ҭᶭ

₱ ̆ ץ ’Ҋ ⌠ ҹ‰ ꜚⱬ Ȃ 

ᵖ DES ץ ҹ ѿ LES Ҋ

̆ Ạ ᴪ ѿ֓ LES ׆̆ ꜚ№

̆ ԅ ꜚⱬ ̆ ҉ DES ꜚⱬ

Ҍ RANS Ȃҹ ‗ DES ꜚ№ ̆

῀ ₱ ̆ ḱ LES Ҋ Ȃҹ Spalart[69] ₮

ԅ № ̂Delay Detached-Eddy Simulation̆DDES̃ ̆ ῀ԅңҩ

₱ ̂2-26̃ ̂2-27̃ ̔ 

 
31 tanh(512 )d df r= -  ̂2-26̃  

 2 2

t
d

ij ji

r
u u d

u u

k

+
=  ̂2-27̃  

̂2-26̃ Ҭ rdҹ ̆ ῀ ̆ ῤ fdҹ 0̆

ꜚ№ ↕ ԍ 1Ȃ ῀ DDES ӈӞ

ԅ ̆ ̂2-28̃ ̔ 

 max(0, )DDES RANS d RANS LESL L f L L= - -  ̂2-28̃ 

̆SST k-ɤң ̂2-29̃ ⌠̂2-31̃ ̔ 
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ḱ DDES ꜚⱬ DES ⱴᴨ ̆

ץ LES̆ ׆ Ȃ ӈҬⱴ῀ fd ̆

₱ Ḡץ LES Ҍ ̆ ԅ ᵣ ⱬ Ȃ

ⱬ ѿ №̆ Ҍᶏ DES ᶏ

DDES Ȃ 

2.3 VOF  
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Ҭ f̆Ҋ Ữ ᾝ ҉ ô̆Ҋ ꜚ

̕Sf ᾝ ̆ῒ ṿ ԍ ᾝ ̕CŬҹ
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2.4 Ҏ Ⱶ  

ᶏ ׃ ҈ ̆ ҹ 4.3671m KCS

Fr=0.26 ’Ҋ ⱬ Ȃ ⅞№ ΐ

HEXPRESS̆ 2-1ҹ , ҹ 4.07MȂ 

 
2- 1  

Fig.2- 1 Mesh diagram 

 

2-2ҹ҈ ⌠ ⱬ Ȃ 
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2- 2 Ⱶ  

Fig.2- 2 Hydrostatic resistance time history curve 

 

׆ 2-2 ץ ⌠̆RANS DDES ⌠ ⱬ ₃Ӎ ῃ

ѿ ̆ ⱬḱ RANS ҍ ң ѿ ≢̆

30s ≢ Ȃ 2-2ҹ҈ ⌠ ⱬ ṿȂ 

2- 2 Ҏ └ Ⱶ 

Table 2- 2 Hydrostatic resistance calculated by three methods 

 RANS DDES 
ⱬḱ

RANS  
 

ⱬ  2.076¦10-3 2.067¦10-3 1.911¦10-3 2.017¦10-3 

 2.92% 2.48% -5.26% - 

׆ 2-2 ץ ⌠ RANS DDES ⱬ Ҭ ̆

ῤ̆ץ3% ⱬḱ RANS ̆ ԅ ׆5%̆ ⱬ

҉ל ⱴ ᴪ Ȃ 

2-3ҹ DDES RANS ̆ ⌠ң

⌠ ₃Ӎ ≢Ȃң ң ̆ѿ ҹ ╠ ’

ᵞ̆ Ҭץ ꜚ ҹҺ̆ԋ ҹ ╠ᶏ № ᵞ̆

Ҍ ץ DDES Ҭ LES ̆ Ҭ ץ RANS ҹҺȂ 
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2- 3 Fr=0.26 ᴌҐ RANS DDES └  

Fig.2- 3 Free surfaces obtained by RANS and DDES under Fr=0.26 

 

2.5  

҈ └ ԅ׃ Ȃ ᾢ SST k-ɤң

Ҭ └ ԅ ׃ ̆ ₮ⱴ῀ ⱬḱ ꜚ

ȂῬ׃ ԅ DDES Ҭ ₱ Ȃ Fr=0.26

’Ҋ ⱬ ԅ ̆ RANS DDES ⱬ

̆ ᴨԍ ⱬḱ Ҋ RANS ̆RANS DDES ⌠

Ȃ Ҋ ҈ ҈ Ҭ ᴨⱷȂ
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Ҏ  Ғ Ґ ẅ  

3.1  

ԍ҈ Ҍ ṿ KCS Fr ҹ 0.35Ҋ

҈̆ №≢ҹ R̔ANS Ҋ ‰ SST k-ɤ ̆ ⱬḱ RANS

DDES ȂKCS ẁ ҹ 1°̆ ’ ҍ 2021

CFDᴪ Ҭ ᶫ ̆ ᴪ Ὲ Ȃ

ҹԅ Ҍ Ҋ ᴨⱷ̆ ᶫ

ᶭ ̆ᾢ DDES 1 ̆ ⌠

̕Ῥ 2̆ Ҭ ̆ ҈ №

≢ ̆ ᵣ ₮ ᶃ Ȃ 

3.2  

Ҭ ⌠ ̆

ⱴ Ȃ ̆ ⌠ ԅ҈ ̆ ⱴ ҉

ῃ ̆ ᶭ ҹ 1-3̆ 3-1ҹ҈ Ḥ Ȃ 

3- 1 Ḫ  

Table 3- 1 The Detailed information of mesh 1-3 

  ̂m̃ ̂m̃ 

1 4.19M 0.435 6.8×10 -3 

2 8.52M 0.346 5.4×10 -3 

3 15.0M 0.286 4.5×10-3 

 

3-1 Ҭ ԅ ᴆ Ȃҹ ̆

Ҭ ̆ x ҹ 5Ṑ ̆y z ҹ 1.5

Ṑ ̆ ᵣҬ ȁ ᶷ ᴆ̆

҉ ҹ ᴆ̆ ᵝ 1 Ṑ ̆ ₮ ᵝ 3

Ṑ Ȃץ ╠ Ḡץ ⌠ Ҍ Ȃ 
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3- 1  

Fig.3- 1 Computational domain set 

 

Һ ⱴ Ҭ ῃ z

Һ ̆ 3-2 ҹ ᵣ ’̆ ҩ ῤ ף ⱴ

Ȃ 

 

 
a) 1-  

a) View 1-Mesh near free surface region 

 
b) 2-ᶷ  

b) View 2-Mesh from the side view 



҉ ֜ ᵝ  

- 25 - 

 
c) 3- ᵣ  

c) View 3-Mesh in the surface of ship model 

3- 2  

Fig.3- 2 Schematic diagram of grid layout 

 

ᶏ ⅞№ ᴆ HEXPRESS Ȃ 3-2̂ b̃Ҭ̆

1-3 ⱴ №≢ҹ 4ȁ3ȁ2̆ҹᶏ ⌠ ᵣ҉̆ ⌠

̆ ᵣ ᵬ̂snappỹ ӊ╠ Έ ᵣ ҹ ᵣ̕

4ҹ ⱴ ̆ z ⱴ ҹ 5̆ 1-3Ҭ№≢

ҹ 1.36×10 -2mȁ1.08×10 -2m 8.68×10 -3m̆x y ⱴ ҹ 2̆ ᵣ

̆҈ҩ ҉ ⱴ ⱴ ≢Ȃ ⱴ

ⱴ ̆ῒ ᵣ ᵬӊ╠ ҹ ᵣ ̆

ҹ 8Ȃῒ ⱴ ’ 3-2 b Ҭ ₮̆

Һ ⱴ ҹ 6 ̆ ҹ 5̆ ҈ Ҭ №≢

ҹ 6.8×10 -3mȁ5.4×10 -3m 4.34×10-3m ҹ̆ ⁞

̆ ῤ ⱴ ̆ 3-2̂ã Ȃ ᵣ ⱴ ҹ 5 ̆

ҍ z ̆ y+ 30Ȃ 

3-2ҹ 1-5 ⱴ ΐᵣ ’̔ 

3- 2 ꜘ  

Table 3- 2 Local mesh encrypted level 

 ⱴ ᵝ  ⱴ ̂x:y:z̃  

1 ᵣ  4:4:4 

2 ᵣ  3:3:3 

3 ᵣ  2:2:2 

4  5:2:2 

5  6:6:6 

6  5:5:5 

- ᵣ  5:5:5 
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3.3  

ԍ DDES Ȃ ҈ҩ ҉ ̆

ᾢ ⱬ ̆ ԋҩ ̆ ҈ҩҹ

Ȃ 

ᾢ 1-3 ⱬ ̆ 3-3ҹ҈ ⌠ ⱬ  ̔

 
3- 3 Ғ Ґ Ⱶ  

Fig.3- 3 Resistance time history curves under different density mesh 

 

׆ ⱬ Ҭ ץ ₮҈ ⌠ ⱬ ל ṿ҉₃

Ӎ ≢̆ ╠ᶏ ҈ ꜚⱬ ⌠ ̆ ץ

ҹ ҍ ῏̆ ṿ ⌠ ⱬ ҹ 5.716¦10-3Ȃ ԍ

ṿ Ҋ ̆ ̆ῃ ⌠ԅ 8M ץ

҉̆ ’Ҋ ꜚⱬ ̆ ҈ ꜚⱬ

≢Ӟ ӊҬȂ Ҋ ׆ №

Ȃ 

ԍ ῖ ̆ Ҍ ┴ᴪ

̆ № Ҍ Ȃҹԅ

̆ № Ŭ ̆

№ Ŭ=0.5 ṿ ҹ ⌠ ̆ 3-4ҹ҈

Ҋ ץ ̔ 
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a)  b) Ҳ  

a) Coarse mesh b) Middle mesh 

 
 

c)  

c) Fine mesh 

3- 4 Ғ Ґ └  

Fig.3- 4 Results of free surface under different density mesh 

 

3-4 (a-c) ץ ⌠̔ Ҋ ⌠ ⌠ңҩῐ

̆ ғ ҩ Ҭ₮ ̆ ғ ԋ ץ

҈ ⁞ ̕ Ҭ Ҋ̆ ⌠

ҹ ғ ⱴ▲ ̆ ѿҩῐ ₮ ᵌԍ Ҭ

’̆ ғ ԋҩ ̆ ץ ⌠ ҈ȁ ҩ ׆̆ ᵣ

҉ ̆Ҭ ⌠ ҍ Ҋ ₃Ӎ Ȃ 

ҹ ѿ ̆ Ҋ

№ Ȃ 

3-5ҹ҈ Ҋ x=0.08LppҊ ̔ 
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3- 5 Ғ Ґ x=0.08Lpp  

Fig.3- 5 Free surface contour of slice x=0.08Lpp in different mesh 

 

҈ Ҋῐ ѿҩ ̆ ҍ ң

≢ ̆Ҭ ≢Ҍ ̆҈ Ҋ ⌠ ѿҩ

̆₮ ԅ ̆ ӈȂҊ ѿ

Ҭ Ȃ 

x=0.08Lpp ℗ № 3-6 ̔ 
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a) ⅎ  b) ⅎ  

a) Longitudinal dimensionless velocity 

distribution 
b) Longitudinal vorticity distribution 

  

  

  
 

c) ᶽ ⅎ  d) ⅎ  

c) Lateral dimensionless velocity distribution d) Vertical dimensionless velocity distribution 

3- 6Ғ Ґ  

Fig.3- 6 Free surface under different simulation models 
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׆ 3-6(a) (b) ץ ⌠̆ ҈ ⌠ №

Ȃ ̂ x ̃ № ᵣ҉ ҉⌠Ҋ׆₮ ⁞ ̆

Ҭ ̆ ғ ⁞ ̆ Ҭ

ᴪ ⌠ Ҋ̆ץ0.6 Ҭ Ҭ Ḡ ̕҉ץ0.6

№ Ҭ̆ ₮ѿҩ

̆ ṿ҉ ҹ ṿ̆ ₭ ̂scar̃ ᵝ ₮ ԅ

ṿ̆ ҍ ң Ҍ ԍ₭ ҍ

№ ̆ ҍҬ Ҭңҩ ֜ ѿ ̆

ⱴ Ȃ 

3-6(c) (d)Ҭ ҹ҈ Ҋ ⌠ ᶷ №

’̆ ץ ⌠҈ ᵣ҉ № ’ ѿ ̆ ῐ

̆ ᶷ ԍ Ҭ ̆ Ҭ

Ȃ 

׆ 3-6 ᵣ ̆ Ҭ Ҍ ̆ᵖ ҍ Ҍ Ȃ

╠ № Ҋ Ҭ̆ ⌠ ̆

ץ ҹ ⌠ Ȃ 

׆ ⱬȁ ҈ҩ ȁҬȁ ҈

ԅ № Ȃ ᾢ ⱬ ̆ ҈ ⌠ ⱬ

ל ṿ Ȃӊ ᵣ҉ ԅ ῐ ̆

ץ ⌠ң ῐ ̆ᵖ ѿҩ ₮ ԅ ̆ Ҭ

ץ ⌠ 4ҩῐ ̕Ῥ ԅ x=0.08Lpp ҉

̆ Ҭ ̆ᵖҍ Ȃ

̆ ԅ x=0.08Lpp Ḥ ̆№ ᵣ ҈̆҉ל

№ Ҍ ̆ᵖ ̆ ᶷ

̆ ̆Ҭ ≢Ȃ 

҉ ̆Ҭ ̆ҹ ̆Ҋѿ

ᶏ Ҭ ҈ Ҭ ≢Ȃ 

3.4 Ғ Ґ ẅ  

№≢ᶏ ‰ RANS ȁ ⱬḱ RANS DDES

2 Fr ҹ 0.35 ’Ҋ ҹ̆ Ḃ̆

҈ №≢ ҹ 1ȁ 2 3Ȃ 
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҈ ҹ 3-8 ̔ 

  
a) 1 b) 2 

a) Method 1 b) Method 2 

  

c) 3 d)  

c) Method 3 d) Experiment 

3- 7Ғ Ґ  

Fig.3- 7 Free surface under different simulation models 

 

̆ 1 ⌠ңҩῐ ̆ ԍ 2

3̆ ץ ⌠ 4ҩῐ Ȃ ׆ ̆ 1Ҍ

2 3Ȃ 

3-7Ҭ ̂ã ̂b̃̂ c̃̂ d̃ ⌠̆ 1 ҍ

̆ 2ҍ 3 ⌠ ҍ ҹ ̆ ׆ ᵣ҉

ȂҊ Ῥ № 2 3 ᴨⱷ̆׆

Ȃ 

2 3 ⌠ ῐ ҩ ץ ѿ ᵝ ҹ ̆

3-8ҹḲ Ҋң ⌠ ̂ ԅ ̃̔ 
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3- 8 2 3 Ῐ  

Fig.3- 8 Comparison of simulation results of wave elevation between Method 2 and 3 

 

׆ 3-8 ץ ₮̆ 2 ⌠ ⱴᾣ ̆

̆ ӊ ₭ ̂scar̃ ̆ 3 ₭ ⱴ ̆ ⌠

⌠ ̆ ῒᵣ

҉̆ 3 Ҭ̆ ⌠ Ӟ ԍ 2Ȃ

⌠ 3 ̆ 3 ῐ ⁞ ⱴ ᵖ ᶭ ץ ⌠

̆ 2 ⁞ ᵖ Ҍ⌠ Ҭ Ȃ ң Ҋ ҹ

ӊ ₭ ̂scar̃ ץ ̆ ⌠ ѿ Ҭ

̆ 3-9̔ 

 
3- 9 2 3 ₳ (scar)  

Fig.3- 9 The comparison between the scar and wave breaking outline of Method 2 and 3 

 

3-9Ҭ ⌠ң Ҋ ѿ ₭ ̂scar̃ ᵝ ₃Ӎ ̆ᵖ
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3 ⌠ ₭ Ҋ ̆ӊ ₃ ₭ ̆ 3

ᵝ 2 ᶷ̆ 3 Ҭ ԍ

2Ȃ 

3-10 ԅ x=0.08Lppȁx=0.09Lpp x=0.10Lpp҈ҩ ̆ ҈ҩ

Ҋ № ’Ȃ 

  

  

  

a) 2  b) 3  

a) Simulation result of method 2 b) Simulation result of method 2 

3- 10 2 3Ғ ⅓ Ґ  

Fig.3- 10 Comparison of simulation results of longitudinal vorticity between Method 2 and 3 

 

3-10 ̆ x=0.08Lpp ̆ 3 ⌠ԅ ⱴ

̆ x=0.09Lpp x=0.10Lpp Ҭ̆ ԋҩ 2 ̆ԋ
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ῐ ̕ Ҭ № 3 x=0.10Lpp Ҭ

№ ̆ 3 ⌠ Ҭ ץ ⌠ ⱴ

ꜚ ̆ⱴ҉ 2.4 Ҭ ⱬ ̆ ץ ᶏ 3

ⱴ Ȃ 3 ⱴ ԍ Ȃ 

3.5  

ԅ № № ң ᵬȂ 

№ ҉̆ ԅ҈ ṿ ̆ ᾢ ԅ ⌠

ⱬ ̆Ҍ Ҋ ⱬ ל ṿ ≢̕ӊ

ѿ ԅ ̆ ᵣץ ҉̆Ҭ

⌠ ≢̆ Ҭ

Ҭ ⌠ԅ Ȃ 

№ ҉̆ ԅ 1ȁ 2 3 ̆

ԅ № Ҭ Ҭ Ȃ ҈ ⌠ ҍ ԅ

̆ 2 3 ⱴ ԍ ̆ ׆ ҉

№ ̆ 3 ⌠ ⱴ ̆ ⌠ Ҭ Ȃ 

№ ̆ Ҭ ̆

3̂ DDES̃ ṿ ̆ Ҭ ẁ

֟ Ȃ 
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 KCS  

4.1  

ѿ ץ ᵀѿҩ Ȃ ԍ Ạ⌠

Fr ῃ ᵌ̆ ị ‰

Ҋ Ȃ CFDҌ └̆ ѿץ ҉

̆ᵖ ̆

Ȃ╠ֲ ԅү ̆ᵖ

Ҋ ӊ Ҍ Ȃ ҈ Ҋ Fr

ҹ 0.35 ’Ҋ ’ ̆ № ̆

KCS Ȃ 

4.2 ‟  ב

ԍ KCS ҉̆ 3ҩ

̆ №≢ҹ 6.07m̂ 1 ȁ̃4.37 m̂ 2̃ 2.10m̂ 3̃̆

ᶏ № ̂DDES̃ ҈ Fr 0.35 ’Ҋ№≢ ṿ Ȃ

1ȁ 2ȁ 3 1° ẁҊ ’ № ̆ ₮ԅ

Ȃ 

4- 1 Ғ ‟  

Table 4- 1 The set information of different case 

’  Fr  ẁ ̂°  ̃  Re 

1 0.35 1 1 1.64×107 

2 0.35 1 2 1.00×107 

3 0.35 1 3 3.55×106 

 

ҹ ̆ ҹ ’

ṿ Ȃ ̆ ᴪ₮ ̆ ץ

ѿ ┴ № ₮ҍ ῏ Ȃ ӊ╠
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̆ ҹץ ᶫ ṿ Ȃΐᵣ ’ 4-1

Ȃ № ᵣ҉ ҈ Ҭ ̆ ғ

ⱴ ̆ ᵣ ΐ̆ᵣ 4-2

Ȃ 

4- 2 Ғ ‟ Ḫ  

Table 4- 2 The information of different case 

’  Lpp  Ƕh 

1 6.07 m 0.346 m 5.4×10-3 m 

2 4.37 m 0.249 m 3.9×10-3 m 

3 2.19 m 0.125 m 2.0×10 -3 m 

 

4-1 ̆ ӊ╠ ᶛ̆ ԅ

6 ⱴ ̆ ⁞ 6 ⱴ ̆ ⁞ ԅ 6

ⱴ 5 ⱴ Ȃ 

 
4- 1 ꜘ ‟ 

Fig.4- 1 Mesh refinement near free surface 

 

4.3 ᵩ Ҳ ⅎ  

ᵞ ’Ҋ̆ῐ ̆ ̆Ӟ

Ҍ ᾥ ᵣ ⱬ Ȃ ᵣῤ ₮ ꜚ̆ᵖ

׆ ҉ ׅ ̆Ҍᴪ₮ ῐ ԋ ̕ ’Ҍ

̆ῐ ̆ ̆ ԅ ᵣ ̆ ̆ᾥ

ⱬ ₮ Ȃ KCS Fr

ҹ 0.35 ’Ҋ ̆ ῐ ᴪ₮ ֟ ҩῐ ̆ 4-2ҹ

ῤῐ ̆ ץ ⌠ y-z ῤ



҉ ֜ ᵝ  

- 37 - 

̆ ҍ ◄℗ᵬ ԅ ׆̆ ᴪ

₮ ҹ ̆ № Ԑ ץ №

ᵝȂ ץ Ӟ ᵣ ץ ῐ Һ

Ԑ ̆ Ҍ Ҋ ῍ Ҍ Ȃ 

 
4- 2  

Fig.4- 2 Schematic diagram of wave plunging 
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Ҍ Ȃ ҈ҩ Ҍ ₮ ≢Ȃ 

 
4- 3 ᵩ  

Fig.4- 3 Free surface in the hull 
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҉ ѿ ₮ ̆ ѿ ₮ ң ῐ

ӊ Ȃҹԅ׆ ᵣ҉ № ҈ҩ ῐ ̆

└ԅ ҩ № Ԑ ̆ ֓ xŗ[0, 
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ԍ ҩ ̆ ץ ₮

̆ל ҹ ṿ ұ ̆ ⌠ ל ̆

ל ץ ₮ ᵝ ᴰ Ȃ 

№ 4-4 ̆ Ԑ ҉ ҹ

Ȃ 

 

a) 1 ⅎ  

a) Vorticity of x-axis near the bow for model 1 

 

b) 2 ⅎ  

b) Vorticity of x-axis near the bow for model 2 
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c) 3 ⅎ  

c) Vorticity of x-axis near the bow for model 3 

4- 4 ⅎ  

Fig.4- 4 Schematic diagram of wave plunging 
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4- 5 2 ⅎ - ╔ 2 

Fig.4- 5 Schematic diagram of wave plunging of model 2 - moment 2 
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ҹ Ҍ ̆ № Ŭ ԅ

̆ ŬMean=0.5 ṿ Ȃ 

4-6 ҹ x=0.08Lpp Ҋ № ’̆

≢№Ҋ⌠҉׆ ԍ 1ȁ 2 3Ȃ 

  

  

  

a) ⅎ  b) ⅎ  

a) Distribution of longitudinal vorticity b) Distribution of longitudinal velocity 

4- 6 x=0.08Lpp ⅎ  

Fig.4- 6 Distribution of longitudinal vorticity and velocity in slice x=0.08Lpp 
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4-7ҹ x=0.08Lpp Ҋᶷ № ’̔ 

  

  



҉ ֜ ᵝ  

- 43 - 

  

a) ᶽ ⅎ  b) ⅎ  

a) Distribution of longitudinal vorticity b) Distribution of longitudinal velocity 

4- 7 x=0.08Lpp ᶽ ⅎ  

Fig.4- 7 Distribution of lateral and vertical in slice x=0.08Lpp 
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a) ⅎ  b) ⅎ  

a) Distribution of longitudinal vorticity b) Distribution of longitudinal velocity 

4- 8 x=0.09Lpp ⅎ  

Fig.4- 8 Distribution of longitudinal vorticity and velocity in slice x=0.09Lpp 
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a) ᶽ ⅎ  b) ⅎ  

a) Distribution of longitudinal vorticity b) Distribution of longitudinal velocity 

4- 9 x=0.09Lpp ᶽ ⅎ  

Fig.4- 9 Distribution of lateral and vertical in slice x=0.09Lpp 
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4- 10Ғ  

Fig.4- 10 Free surface of different scale ship model 
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a) x=0.18Lpp  b) x=0.19Lpp  

a) Slice of x=0.18Lpp b) Slice of x=0.19Lpp 

4- 11 x=0.18Lpp x=0.19LppῪ Ґ ⅎ  

Fig.4- 11 Distribution of longitudinal vorticity in slice x=0.18Lpp and x=0.19Lpp 

 

4-11 ̆x=0.18Lpp x=0.19Lppңҩ ԍ ҈

ȁ Ȃ׆ 4-11̂ã Ҭ҈ ץ ⌠̆ 3
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4-12ҹ x=0.20Lpp x=0.21Lppңҩ ῤ Ҋ Ԑ ̆ ң
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a) x=0.20Lpp  b) x=0.21Lpp  

a) Slice of x=0.20Lpp b) Slice of x=0.21Lpp 

4- 12 x=0.20Lpp x=0.21LppῪ Ґ ⅎ  

Fig.4- 12 Distribution of longitudinal vorticity in slice x=0.20Lpp and x=0.21Lpp 
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a) ╔ 1Ґ x=0.09Lpp  b) ╔ 2Ґ x=0.09Lpp  

a) Slice of x=0.09Lpp at moment 1 b) Slice of x=0.09Lpp at moment 2 

4- 13 Ғ ╔Ґ x=0.09Lpp x ⅎ  

Fig.4- 13 Distribution of longitudinal vorticity in slice x=0.09Lpp at different moments 
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a) ╔ 1Ґ x=0.09Lpp  b) ╔ 2Ґ x=0.09Lpp  

a) Slice of x=0.09Lpp at moment 1 b) Slice of x=0.09Lpp at moment 2 

4- 14Ғ ╔Ґ x=0.09Lpp y ⅎ  

Fig.4- 14 Distribution of lateral vorticity in slice x=0.09Lpp at different moments 
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a)  y ⅎ  b)  z ⅎ  

a) Distribution of lateral velocity b) Distribution of vertical velocity 

4- 15 1 x=0.18Lpp Ғ ╔Ґ y z ⅎ  

Fig.4- 15 Distribution of lateral and vertical vorticity of Model 1  

in slice x=0.18Lpp at different moments 
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a)  y ⅎ  b)  z ⅎ  

a) Distribution of lateral velocity b) Distribution of vertical velocity 

4- 16 2 x=0.18Lpp Ғ ╔Ґ y z ⅎ  

Fig.4- 16 Distribution of lateral and vertical vorticity of Model 1 
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4-17ҹ 3 Ҍ ┴Ҋ ҈ ῐ ᶷ № ̔ 

  

  

  

a)  y ⅎ  b)  z ⅎ  

a) Distribution of lateral velocity b) Distribution of vertical velocity 

4- 17 3 x=0.18Lpp Ғ ╔Ґ y z ⅎ  

Fig.4- 17 Distribution of lateral and vertical vorticity of Model 3 
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4- 3 Ғ Ґ Ҏ  

Table 4- 3 Local mesh refinement level 
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№ Ҍ Ȃ 

4.6  

ᶏ DDES ̆ ҈ҩҌ KCS ԅ ̆

ԅ Fr=0.35 ̆ ẁ ҹ 1°̆ ҈ҩ

┴  1 2 3 

 

┴ 1 

 
 

- 

┴ 2 

  

- 

┴ 3 

 
 

- 

 

┴ 1 1.07×10-5 2.54×10-5 0 

┴ 2 6.36×10-6 5.74×10-6 0 

┴ 3 1.22×10-5 9.50×10-5 0 

 

┴ 1 2.50×10-3 5.82×10-4 - 

┴ 2 1.84×10-5 1.36×10-3 - 

┴ 3 2.04×10-5 4.45×10-4 - 
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֒  KCS  

5.1  

Ҍ ᴆҊ̆ ẁᴪ ̆ ᴪ

Ҭ ̆ ᴪ ẁ ̆

῏ԍ ẁ ΐ ӈȂ ᵣ ẁ

֟ Ȃ 

 

5.2 ‟  

2 ̆ ҹ 2.288m/s̆ Fr ҹ 0.348̆

ԅ҈ҩҌ ẁ ̆№≢ҹ 0ȁ0.5° 1°Ȃ 5-1ҹ҈ Ҍ ẁҊ

̆ ẁ Ḡ ᵝ Ҍ Ȃ 

 
5- 1 Ғ ẇҐ  

Fig.5- 1 Distribution of lateral and vertical vorticity of Model 3 

 

5-1 ҹ҈ ẁҊ ╠ ȁ

Ȃ 
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5- 1 Ғ ẇҐ  

Table 5- 1 Draft in different bow pitch 

 

DDES ̆ ҍӊ╠ ̆ ᶏ ҈

Ҭ ̆ ⌠ 1500҆̆ 5-2ҹ Ȃ 

 
5- 2 ᵩ Ҳ  

Fig.5- 2 Schematic diagram of hull and centerline Mesh 

 

Ҭ̆ ԅ PLIC-VOF ̆ ṿ

Ҭ ץ ⌠ ⱴ Ȃ Ҭ̆PLIC-VOF ᶏ ṿ

⌠ ⱴ ԍ ̆ ғ ‗ԅ ף VOF Ҭ

₮ Ȃ 

5-3 ̆ ӊ╠ Ҭᶏ ף VOF Ҭ̆ z

̆ ҉ᴪ₮ Ȃ 

ẁ   ╠ (m) (m) (m) 

0 
1 10.8 10.8 10.8 

52.67 0.205 0.205 0.205 

0.5° 
1 11.8 9.8 10.8 

52.67 0.224 0.186 0.205 

1° 
1 12.8 8.8 10.8 

52.67 0.243 0.167 0.205 




















































