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ABSTRACT: This paper presents the minimum submergence depth of an underwater vehicle that can remove the effect of free surface on
the resistance of the underwater vehicle. The total resistance of the underwater vehicle in fully submerged modes comprises only viscous
pressure and friction resistances, and no wave resistance should be present, based on the free surface effect. In a model test performed in
this study, the resistance is measured in the range of 2 to 10 kn (1.03-5.14 m/s) under depth conditions of 850 mm (2.6D) and 1250 mm
(3.8D), respectively, and the residual resistance coefficients are compared. Subsequently, resistance analysis is performed via computational
fluid dynamics (CFD) simulation to investigate the free surface effect based on various submergence depths. First, the numerical analysis
results in the absence of fiee surface conditions and the model test results are compared to show the tendency of the resistance coefficients
and the reliability of the CFD simulation results. Subsequently, numerical analysis results of submergence depth presented in a reference
paper are compared with the model test results. These two sets of results confirm that the resistance increased due to the free surface effect
as the high speed and depth approach the firee surface. Therefore, to identify a fully submerged depth that is not affected by the free
surface effect, case studies for various depths are conducted via numerical analysis, and a correlation for the fully submerged depth based
on the Froude number of an underwater vehicle is derived.

1. B

HAZ T A o= At AL RN, SR, g DA R AZ T A A, | oF 7 ZHA] T ThERE Eokoll A ZHEA| A
o] T Yt} 53] - vtehs Aol viatE SRS A 7R s A SR, A 9 Fgolgke SHAA A E 2T
3 rESHE 7lE] AT -2 B3 )l #A o] TH(Choi and Kim., 2012).

B A qto)| A= Z4=A] 2] Fully submerged modes(AH++H E37} ¢li= €2 &< =&, Unbounded condition)ol| A1 A g}of] &3k U] &
o312} gt} Fully submerged modes® &9 A-frFH A7 gle JHol 2R, & A& 44X vpEA g 71
(Moonesun, 2009). ©] & g+ Fully submerged modes7} = 7] 9|3 A& #5417} 583 2 o] o A 3= of of g,
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submerged condition®] E & A ol& o8 Fa =Fvith T2,

Rawson and Tupper.(2001)& 013 ‘W—rEk ] 3l A ZgAl = YRt A BT Wetted surface area”} T 7] w20l o] A2 o & v}2
A& o]k, wheka] vl 2 | A Al s 2R &) gl @9 o] Zolol A & E ook & BT oo 3k 4 2] 0]
A& H=L/22}11 7 &3} TH L = Hull length).

Jackson(1982) & <A o] AubE )1 AA Aol thgk AFH 8-S 233l L, o] =FA AN F H4 Zlol= H=3D o]t D
Hull diameter).

Moonesun et al.(2013)= W <Al ol tl$k 28 A& -& ITTC(International towing tank conference)3ll 4 ¥ 9] o2 =21
U2 A3 Zholl i § vl sl 4] 2 CFD(Computational fluid dynamics)3l| 4 o] th &t A& X35t L, o] =&l A= HA ZolE H=5D
ol A =33k o

Javadi et al.(2015)= AUV(Autonomous underwater vehicle)2] 25 ©] Bow shape®ll W&l Ao v X = Y& A FH o2 AF5 3]
At F 7HA] th2 2421 Tango 2} Standard shape ©] AH&-%] %) 11, Froude Number 0.099~0.349 7}X] 2] theFgt H 9ol A F= A 3}, o] A&}
npd A &S B39tk 21 27} Froude Number 0.19~0.391 4] Standard shape2] ¥ ¢ #8}o] Tango shape 2.0} B 2 A& RS T}

Mansoorzadeh and Javanmard.(2014)= A 38 2 CFD W& AMHE-8H] AUV &8 9 o Aol i $H A-f-rH 9] Faks 241317 9
&) Z}f-3EH o] §l= Single phase flow simulation®} Two phase flow simulation 47-& 53] &+ v} QIt}. 2@ 9] H| 2 E z10] M= AUV H
o 2173 2] 0.87~5.227HA ThFH M, 1.50vs9} 2.5m/s 0] 7 7HA] ol thaf) =83k

Nematollahi et al.(2015)= A58 3} Symmetrical AUVS] 45288 FX2 07 A o] AFE a3l Zo)e) thekd
Reynolds numberol| A 43} =] AT}, 0] 52 114 H Reynolds number2] 79~ 948 &85} o} 2} X3} Al4~% Froude number?} 7+24~3}H
7V, 47}y 3 Dol dol A A Ed= FAE o okl BT B3 w2 34 21 o] ol A Reynolds number7} 57 1ok A
ol A 2] UWV(Underwater vehicle) 241 2] E371 o] & Q1215 S &2l

olelg < Aol th& HE42 A F A<, S Froude number®l] et S2bd &= 917] o REA 0 & A X817 ]+ o & Zlo] A
ot A o] A F o] Hlz3lThH Z10]E Froude number®] 2 A 4= & < loget= A4 o8 AFeHA HATh EE
Ae A4, A4 5 A8 TRV AoH 2 dFoA 73 e FeAd S Adstd A3 S40) 2A o2 o g A4tk

B A= 1/D=58E 7} Zr=A| ol thaf Froude numberE 2 M| 28 & Zo]E 2P A Y 2 CFDE ©] &3 &A1 g 7&»]-—3—
B3l AABEAL T, AL B4k g of /140l A R 3519 T} EFD(Experimental fluid dynamics)$} CFD 314 2 2-2] vl 0 & F-3)
CFD 314 9] A8 & B3, A 2310 1S w9 CFD 3 A A #of AHirrd 27 0] & w o] of 2 Zlo) o] A3} @4’% Hlw
3} Froude numberE 2 A-f-7H S35 FA T = = EF 2ol & AAISHAT

ZA o et RE A G| A9 FET ZlolodlA Al Fdh= Ao o7 7HA] Akl o3| ole & A9t B2t £ AT ARE
&3 A o] AS- S 2 0] 9 7)Fol dig Favt 2 = ok A4tk
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Table 13} Fig. 12} ZTH(Diameter = length of one side of a square).

Table 1 Principal dimensions of underwater vehicle

Item Dimension
Length of vehicle (m) 1.938
Diameter of vehicle (m) 0.332
Surface area of vehicle (m?) 2229

) el =A

BEPA PSS Ao thE 4 RS o2 Bt o Ql Fxo A AE S Fask o T4 ol 2= Z 0] 100m,
Z 8m, Z°] 3.5m°] AL, Q) MAFe] HN L == Tysol vk A o] FA) dolok A7 & H] [/D=58 o]t}

A3 e T 717 Zo] A0 el =8stg =], 1 2 o]= 850mm(2.6 D)2} 1250mm(3.8 D)©] TF. A58 2-~10kn(1.03~5.14nv/s) HH 9 ol
A] 1kn(0.514m/s) THE 0.2 A A &8 43It l‘i—’&ﬁﬂ o Mz} H mPA o] AE Set-up Fig 29 2ok ¥ A4 521 0.05
Lpp(Length between perpendiculars) ¢] ] ol ?F £7 ZX] 2 Sand paperS 259t T8, 27112 9¥ A~ T](Diameter of cylinder =
Sem)E lE~°H °1]°124 zket ByAS A3, Load cell? B0 AAFZ Ag Ao kg HX|3taAt PVC(Poly vinyl
chloride) & 3-8 F-235} %t}
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(a) Profile of underwater vehicle (model test) (b) Profile of underwater vehicle (CFD)
Fig. 1 Profile of underwater vehicle: (a) Model test and (b) CFD

(a) Towing carrier of PNU (b) Model test using towing tank

Fig. 2 PNU experimental set-up: (a) Towing carrier and (b) Model test

2.3 BEAIE 21}

A GA -2 A4 2~10kn(1.03~5.14n/s) B oA 1kn(0.514ny/s) +A 0.2 831 a1, o] 2T h2 A Fof F zhe] HHEA g &
28353k A HA 2 H L 850mm(2.60) Aol &, F A AL 1,250mm(3.8D) Z ool thal A A& FSA T} 1 A 7= Tables 2
=30 YEMIUTH R, = Hol &2 7, C,2 YAAG AlF, R, 2] AAF.

tlo
AN
o
of

Table 2 Resistance test results at shallow depth (#=850 mm, 2.6 D)

Vy (kn) Vy () Vi () F, R, (109 Gy (10°) Rpy (N)
2 1.03 0.54 0.124 1.072 1.685 2.03
3 1.54 0.81 0.186 1.607 2.852 5.14
4 2.06 1.08 0.248 2.143 2.555 8.45
6 3.09 1.62 0.372 3.214 2.420 17.74
7 3.60 1.89 0.435 3.750 2435 23.79
8 4.12 2.17 0.497 4.286 3.084 34.00
9 4.63 2.44 0.559 4822 3.485 45.19
10 5.14 2.71 0.621 5.357 3.766 57.56

Table 3 Resistance test results at deep depth (#=1250 mm, 3.8D)

Vs (kn) Vs (mis) Vi () F, R, (10°) Gy (109 Ry N)
2 1.03 0.54 0.124 1.072 2.311 2.26
3 1.54 0.81 0.186 1.607 1.402 4.14
4 2.06 1.08 0.248 2.143 1.750 7.50
6 3.09 1.62 0.372 3.214 1.633 15.63
7 3.60 1.89 0.435 3.750 1.526 20.42
8 4.12 2.17 0.497 4286 1.696 27.09
9 4.63 2.44 0.559 4822 1.740 34.08

10 5.14 2.71 0.621 5.357 1.823 42.21
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850mm(2.6 D)z o]0l thall A @& Ry A, a&o e dAAF AT HAE Srlete AEFS e AL &8l A
2 Qg 2R3 dAg U1 AGS AT, o] F FrA o AFrHe TS WA g ZHolE AAT
1250mm(3.8 D) Zlo] & A HE A3tk

1250mm(3.8D) Zo] 2O 2 AAHS WY A7}, 140 2 442 AR A5} 850mm(2.6D) Z o] 2719 YA AlF B
Ot E o2 g F7bshe AES BT 7 2 o] 2ol tisl YA Al gh-& vl algk 12 2= Fig. 33 2ok

o] T ARE F3l FrA BPA P A9 Fr Zloldd mpat A go] M17tehA| ZH-E ¢ AT S ER1E A, o] AJLe A
o] JFeof ok ZupA o] WA © 2 FASt et Fak gl o143 ] 2219] 5474 1,250mm ©]72] ZoloA A e Tl
= Q7] W&ol ©] % CFD 3148 53l 2758 2o W2 A gke] 2jolof tlgh A& S35t

5
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Fig. 3 Comparison of residual resistance coefficient between depths of 850 mm and 1,250 mm

3. TX[sHM H gEEA =5

3.4 S84 7|
3 910l 4= STAR CCMiH(Ver. 1. 02) ©] §3}e] 533141 21 319 th. CFD a1 410l 4 §-8) A A= -5 W3] Syl xFol
T AR5AlS) -8o] oFel yFoln F o] uhtih ol oFel 2% 0.2 sk AuA ol T,

3 HI78 HIEEA W E o] A A Q1 A4 4] 7} Reynolds averaged Navier-Stokes(RANS) #7821 o}l ¢} o] 24
=t

o, M

Velocity Inlet Pressure Outlet

Symetry
(a) Domain and boundary condition for CFD (b) Numerical grid system for CFD
Fig. 4 Boundary condition and Grid system for CFD: (a) Domain and boundary condition; (b) Numerical grid system
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e} (puz ) e (puz.u ) P) ou, ou; 2 oy,
at oty vl e vl ey @
z; c’kzcj 8xj o, 37 oz,

A7IA, pE A B, t= AL w4, pe S, pe FA AAAT, g€ T8 7RIt pu/u] & BlolEZ &3 (Reynolds
stress) &, £ T AT EA4EH S JeERAY,

P2 F7TE Folof & FFAH WA 219 522}l W} Zero-equation, One-equation, Two-equation 2.8 522 T8 4= 9]
5h2] 0 2 71 o] AME-E = A1 dHR 23 © 2= Realizable k—¢ 23S 5 4 Utk £ A7l A= o o o)) o & AA
2] f-5o FdE des BT FFEEQ Realizable k— & AHESFATE A5 3] 4 o &= VOF(Volume of fluid) 7]'H & AH-8-5}
Atk VOFES Az i 257t A2 8 F FA49 A v&S 53l F FA49 AAJD Ao 9 F48= weltt
(Jagadeesh and Murali, 2010).

E ATl A A3 A S g A A 2202 Fig 404 Benke) 2ok AAZA 02 4A5-9] Inlet¥} Bottom, Top®ll = Velocity inlet
S AA3A I 50 WA U7 = Outletoll = Pressure outlet &2 A4 A 5} Th Domaine] =71+ Lppoll thall A A 2] & 3k Aol o).

A EH 2 FHA A A2 Trimmed mesh ) Prism layer& AHE-3FATE 3 A A5 2|84 o] 189 A& Ao H
NS W= k999 AN, Aol Q1S W= F 1037 /N Th ARAI = Fig. 40 YERH AL, 3 o] AX]8h= AR o] A WA 91X+ <k
y" = 500l F3te= HXE L2 3HATE Prism layer(E A S AR B2 735 A FHAA A o] F3HA 283 ER 67]9] 55
U B3k (Wall function) & 28 313 th(Byeon et al., 2018).

O

3.2 =X[al|A] Zut
3.2.1 Aol §ls wW e A3 vl
52 3.8D Aol AFFH 2o REA S XS Ao} A/ 20 9A @2 CFD 314 A7-E Blasty 3, 6, 8,
10kn(1.54,3.09,4.12, 5.14 m/s) 2] 41418 A& Al 2 7 A& 2}o] & Table 4 2 Fig, 5ol YER SATH A 714 A< 3kn(1.54m/s)2] 2 A &
2101 71-0.25%2 A5 EU|E o] & Th2 A& U3l 22 20 Z CFD d14-& A3ttt 21 A v &0 2 A+ AgA S 2 A
A gto] zfo] 7t AX & A& FRISIA T o] A2 A <5 3kn(1.54m/s) A Q] 79 A ol] 2 gk 2 gke] WA o] A <] §17] W&ol 2}
FrrHES YA 5w CFD Ao}t 2 YR30, 1450 2 A8 2t go] go] w9 Xuj &l Ao 2 ATE T

Table 4 Comparison of resistance results between EFD and CFD simulations

Vg Vg Vi F R, EFD ¢, EFD ¢, EFD R, CFD (¢, CFD (C, CFD (C, Dift.
(kn) (m/s) (m/s) ! (N) (10%) (10%) ) (10%) (10%) (%)
3 1.54 0.81 0.186 4.14 5.641 1.402 4.15 5.655 1.416 -0.25
6 3.09 1.62 0.373 15.63 5.325 1.633 14.49 4.923 1.231 7.55
8 4.12 2.17 0.497 27.09 5.191 1.696 24.29 4.655 1.159 10.33
10 5.14 2.71 0.621 4221 5177 1.823 36.41 4.465 1.112 13.75
7
I —e— C,_EFD
~——=s—— C,_CFD
——e— C._EFD
6r ~——=—— C,_CFD
5} &
2 af
. I
(8] I
£ 3F
© I
2 -
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:\ll\ll\\l\ [ RN BRI EANEN SRS S |
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F

Fig. 5 Comparison of resistance coefficient between EFD and CFD simulations according to the Froude number
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322 A4 Z7do] 9l& wie] Ae v

$19] Table 4%} Fig. 50| A#E vl 0 2 &ro) 4] o] A Al 4=9] atol&= Aol GO Q13 2upA| g wAo] 1o g A3
©] Fully submerged condition®] ¥ 2 0] & RFE-31A] RUTh HAIA A, o] F AA &= 10kn( V= 5.14m0s, V,,=2.71mvs) N A 72
o] 271& &g 3t CFD A1 &8l A& X3ttt zlo] 2302 o] Aol A A A #=3D, H=5D%} FAtthol| A REAHE WP g
ZolQl H=3.8D, A4 27 0] §1-= w(non F.S.E.)(F.S.E.= free surface effect), & 47| Z1o] Z712] CFD 3|4} 239} EFD kol th gt
H w el A& =3P 3H Gt 71 Z 3= Table 59F 2T

o}2}] Table 5°] CFD A #E B3l & & l=nte} o) b 2ol & A 5 A Ao 277 Sol=ve 21E 91T <+ AT o
A2 B Z 314 10kn( V,=5.14m/s, V,, =2.71ny/s)°l| A & 7H=A) 9| t!'fl: ool whetA Ap-frrd Aol & 2to] & BIth=E AL &
T AN, ol= B Aol T3 Zlo] 2704 8ol 7] ¢ A S UEbl= Aol

]

P

Table 5 Comparison of resistance obtained via EFD and CFD simulations based on depth variation at 10 kn (V,, = 2.71 m/s)

H R, (N) C, (107 C, (107 C,. Diff. (%)
EFD 3.8D 4221 5.177 1.823 -
3.0D 41.60 5.102 1.748 1.45
3.8D 4045 4961 1.607 4.17
CFD
5.0D 37.24 4.567 1213 11.78
non F.SE. 36.41 4.465 1.112 13.75

3.2.3 A& < Z o] o) th & Case Study

$1©] Tables 4-501 41 ©] R A @3} CFD a4 A7 B3 A o] b= Zl ool Wbt AHf-rd Aol w2 A A o] xpol7k A
3, 0402 ZHpE O G o ARSI

Th2 2 2H=A) 9] Fully submerged conditions $53Hs & 210 & 24 ASHEE 27) 93l A&53 3 2ol of| ;b2 d-dA o o
3l CFD A &8 4-& W33ty 232 vl w843k} A58 3, 6, 8, 10kn(1.54, 3.09, 4.12, 5.14 m/s) 471X ol th3l A 13 3F 3z, A2
H 20| & W E 7|22 AH4H Z2710] Q1S wdl gk o8] Zlo] 2712 2 Case Study S X33t 19| tdk 2 7+= Table 6
o RATHAH-GH 2710] Y& W(F.SE), A-F+FH 20| 1L w(non F.S.E)].

Table 6 Case study based on depth of submerged body

Ve (kn) Vg (mls) V, (ms)  F, Case  Depth () R, (non F.SE) R, (FSE.) Diff. (%)
3 1.54 0.81 0.186 1 1.5D 4153 4236 -1.999
2 2.0D 4153 4201 -1.156
3 25D 4153 4177 -0.578
6 3.09 1.62 0373 1 2.0D 14.488 14.757 -1.857
2 24D 14.488 14.635 -1.015
3 35D 14.488 14.550 -0.428
8 4.12 2.17 0.497 1 4.0D 24291 24.634 -1.412
2 42D 24.291 24.546 -1.050
3 5.0D 24291 24482 -0.786
10 5.14 271 0.621 1 55D 36.412 36.983 -1.568
2 6.0D 36.412 36.778 -1.005
3 6.5D 36.412 36.621 -0.574

Table 7 Standard depth of fully submerged condition by Froude Number £

Vg Vg Vi P Depth R, non F.SE. CJ._non_3F.S.E. CH_non-SF.S.E. R, FSE. CT_F:3S.E. CH_F:3S-E- C;._Diff.
(kn)  (m/s)  (ms) ) (107 (107 ™) (107 107 (%)

3 1.54 0.81 0.186 20D 4.15 5.655 1.416 4.20 5.723 1.485 -1.156
6 3.09 1.62 0373 24D 14.45 4.923 1.231 14.64 4.987 1.294 -1.015
8 4.12 217 0497 42D 24.29 4.655 1.159 24.55 4.704 1.208 -1.050

10 5.14 271 0621 6.0D 36.41 4.465 1.112 36.78 4511 1.157 -1.005
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7
N ——eo—— C,_nonF.S|
—=— C, FSE. )
6 I ——=e—— C._nonF.S.E. . Centroid[Z] (m)
i —— C.FSE 2.164
5 :_ \ |
—_ | 2.161
2 af
Unz I 2.159
: 3fF
o
2F
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Fig. 6 Comparison resistance coefficient between non F.S.E. Fig. 7 Free surface of centroid (Z) about V, = 10 kn, # = 6.0D
and F.S.E. cases based on Froude number F, (Z = 2.158 m)

Table 6°] AF o) A 2t A& B2 AFrA 208 T & o A0 208 92 %S ] CFD A3l 4 2ol 71 1% o[ = 2}
oA & ZolE & Pé}TxJM Fully submerged condition®] EF Zlo|2 MAAsIHTh I AF= v, = 3kn(1.54mvs)°lA] 2.0D, V, =
6kn(3.09m/s) 1 4] 2.4D, V, = 8kn(4.12m/s)° A 4.2D, V, = 10kn(5.14m/s)| A} 6.0DZ, Table 7l YFEF) 1AL Fig. 691 Froude Number &
EFD$} CFD2) A @A 4= 2ko) 2 ) 22 YehA Atk 3L, v, = 10kn(5.14nvs), H= 6.0 D00 thdk 23k AH-f-5=1 2] 9} & Fig. 791 U
EFH ATHCED el Al 273 Z $1%]+= 2.158m ©]t})

324 ZRE F(F )9 AA 2 Zolofe] FHAA

Table 79|41 142 non F.S.E.2} F.S.E.o] AF 1ke] A& Al x}o] 7} 1%R] o] & Af-rHe] @3e A ¢ A 74 Zlo|=2
Agston, A& 2ol & 442 F,oF B/ DE F-AHdslste] & Atole] FRAAAE Th-9 Flg 83 2ol == JERHAT Fig 8
OYEZ xFS ZFE F5(F), yE52 4 Z o] 9} Hull diameter®] Bl(#/D)ZE, & ZH4eA| 2] 471A] F, 9] 27 24 Zolo Ulgt 235 5
Aoz e Atk =3, 331 = Moonesun et al.(2013)°] =33+ 2H4=A 2 F, 2} F4= 21 0)(F, = 0.4, H=5.0D) A <13t Az} B
ATE T3l AAshE 87 Zo] o] M AF & TSI & F AATh AT, £, 7F 2 2R SE0] A Lo &2 %
Fahell tisiAe o 2 Zlo] 2ol 87 = 4= itk

otgo] 212 F o m/pol| g FBBAE T2k AFo|thx = F,,y = H/D).

y=24x"-10x+3 (x=F,, y=H/D) 3)

it
IPb

Ref.5.0

| 4.2
a o
=4
24}
I 2.0 o
2+ o
0 02 04 06 08
Fn

Fig. 8 Fully submerged depth based on Froude Number £,
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4. 2

i

E Aol e Ao e Aolol| E AHrrH A3 B8 FAE AT-E I AT i drA o A A 9 A AsE
stetstr] 9lsl =P A 2 CFD 314-& 35t T

B 22419 /=581, AF-2 850mm(2.6 D)2} 1,250mm(3.8 D) Z o] 27 0 2 A4 2-10kn(1.03~5.14mvs) ] ol A 1kn(0.514m/s)
Ao R Fakd AE S Y5t 1 A9 1&5 02 A4E JAX Y AlG SHA A 1,250mm(3.8D) Z ©] A 7E T 850mm(2.6 D) Z
ole] A7} v AA= A &S HIUTh o] AL vt o = Zlo] o] Aolof] sl A-frrol 7ike] I YO 2upA o] WAE IS
KA AL 3, o] F 2l o] 270l WE A o] FEF Aol o thal &<181r] 918l CFD A 338l A& =43tk WA CFDE ©|
&t AHirrd 2] gls W] A Ade A3 vad A3, A< 3kn(1.54m/s) ol A = A AwEY Zpo]7k-0.25%F Z4AI R a1
10kn(5.14m/s) N A = 13.75% 2 3 1 2bo|7F AR & FRISHA L, YAA AT SN A= 2ol 7t AR = AL B 5 YT o] 23
o] 8Rlo =AY A & FHNA AFTHY G A e BE Ho)E USR] oba AR A0 & FdstHa, o] & AA &
Soll A b Zojo] ;& A A3e] Apo] & RISt T Hol= Al =il A A AR 203D, 50)¢F FAk Q1o A 23 g
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