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Figure 1-2. (a) Republic of Korea navy SS-086.
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Figure 1-7. Schematic drawing of the geometry studied
(Serson, D. et al., 2014)




O=-==-=0 o - S
020 ———— 7’ \
|
0.18 /
g /
e v
E 016 7 o Re200 - 2D
A V4
= -+ Re200 - 3D
< 0.14 — o Re300 - 2D
g « Re300 - 3D
wnn

0.12
0.10

0.08
0 0.5 1.0 1.5 2.0 25 3.0

g/D

Figure 1-8. Comparison between St for different gaps obtained
from 2-D and 3-D simulations for a cylinder with a
splitter plate with L/D = 1 (Serson, D. et al., 2014)
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2.1. 49 AH 3 Fy

2.1.1. 7l H el A EE

Eod7E MeUgn AgEzddsel Adxw AuHlA

Hdold  Saselch  Avded  Hde  202d 190
AR e overhaul) 2 A S Rstgon], AR5 E Fa
Pl P mE WBE shte] AdoN AFow FHY £ AES

AAE AT AvlEleld Bdel T2+ Figure 2-13 Zom,
A YL Table 2-13 2t}

dAy  EEolzoA A FEdAALES FHissr] 9l
dHAY = AlHol A Bdel shete] X gAY I AEol 9
3ot HE WRE #FAE =
& Y (honeycomb)S &8ty ddF=Z FFHAT

Honeycomb Air Skimmer

r-?i
N
dr
o
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w0
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Ko,
=
o
rol

\ Contraction Diffuser ™
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Figure 2-1. Cavitation tunnel in Seoul National University
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Table 2-1. Specifications of cavitation tunnel in Seoul National

University
Items Value
Material Stainless steel

Total length / height
o 903 m /333 m
of the cavitation tunnel
Length / width / height

of test section

15m/03m/03m

Pressure range 0.15 - 3.00 bar

Max. flow velocity in test section 135 m/s

2.1.2. PIV (Particle Image Velocimetry) system

2.1.2.1. PIV €%
PIVE F82 TAl¥2 laser, laser sheet optics, 7}#2te]t}. PIVE

laseroll Al Y2 laser beam< laser sheet opticsE &3 laser sheet
ez Wstela, AZstuat ste 5 Fol| laser sheet® FARSth
laser sheetol] ZALE FAYPA= WS WARSEaL, BEALE WS Jld| k&

ggete] Wi A gHem At B9E  94e
[e]

et W FAYAY 22X FFE A7 H(cross
correlation) &2 FA skl FAQx}e] B kA
AP ® uFo] ZF EARYw
Aol
FAYAE WS FA

4 WEsh W£@EE R PV AS
EE !

H =
S 4 Aoy, #H9L CCD (Charge Coupled Device)
i gyt CMOS  (Complementary Metal Oxide Semiconductor)
7| 2tE AFS-Sh= Ao R4 olt)

— 11 _
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2

B AT AE 249 FUS Ave fA9 b §% 4R

A= = &= 2-D 2-C PIV (Two-Dimensional Two-Components
Particle Image Velocimetry) system= Ab-&3}o] H 3 7lo] =9} EM-Log
9 FE5e A=sYT. Figure 2-2& 2-D 2-C PIV  system©]
< ASste 49 E dshA vEbd A ol

5%

\\
R

Light source (Laser or LED) Light Sheet Optic

"
(ea®ee

1. Frame 2. Frame

Cross Correlation

Yy, Vy A ‘
7 = |1
2D/ 20 7 | | — | Unsteady Velocity Field

Source : https://www.optolution.com

Figure 2-2. Schematic diagram of flow velocity measurement of

PIV
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2.1.2.2. PIV system T4

2-D  2-C PIV system< LaVision GmbH (Gottingen,
Germany)oll A A A5 2 laser, laser sheet optics, CCD 7} g} 20§,
PTU (Programmable Timing Unit)7} W#H
T

Figure 2-32 A&digtu sujgo]d HdEe] AXx¥ 2-D 2-C
PIV system< teabAl YERd 22 EolH | Figure 2-4% AAl 2-D
2-C PIV system®] Apxlo]t},

system computer=

CCD camera

-
1
1
1
i
1
1
1
i
1
1
i
[

Laser sheet optics

Figure 2-3. Schematic diagram of 2-D 2-C PIV system
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Figure 2-4. 2-D 2-C PIV system
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Laser= Quantel laser (Les Ulis, France)ol A A %3t EverGreen

200 AF&3t3ith. EverGreen

200

dual head Nd:'YAG

laserol™, &3 =92 AU Figure 2-5, Table 2-29} 2t}

Power supply

Laser head

Source : https://www.quantel-laser.com

Figure 2-5. EverGreen 200 power supply and laser head

Table 2-2. Specifications of EverGreen 200

Items Value
Wavelength 532 nm
Max. pulse power 200 m]J
Max. repetition rate 15 Hz

,15,
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Laser sheet opticse 3 HEl=Z WE5% & laser beam2 W & H 9
laser sheet® W3ta|F= AH]o]H Figure 2-6-2 laser sheet optics”}t

ZFalE el gk mA ol

Figure 2-7-2 laser sheet optics® 3-7Jo]t}. laser sheet opticst
support tube® &3 laser head®} ZA3FH ). laser sheet optics= 270<]
S 71Fo 7 3 Ho] 7HsdhY, support tubedl = lense Y XE x4

9l control diale] &A%}, laser sheet optics® 3] A3} lensd
A S &3l laser sheet®] F7A¢ A& AT + U

Front view

=

X 4 4

Cilindrical lens

Spherical lens

Light intensity
Top view | Focal distance (Spherical lens)

Cilindrical lens Spherical lens

Figure 2-6. Schematic diagram of laser sheet optics (ITTC,
2014)
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\ _ Control dial Axis of rotation A

Laser sheet optics

Figure 2-7. Laser sheet optics

CCD 7MW#}+= LaVision (GmbH, Gottingen, Germany)olA]
A Z3%F Imager pro SX 5M 2 & A}-&31%

CCD Zhvlgl+= 7Zhvlgl A=, scheimpflug angle adaptor®} ZA3gt%
JEl2  hollow tube Wol AXHET Figure 2-8 CCD Zhvlehe]
gibolt}, 7hMgl @l =+= Canon EF 50 mm {/1.4 USM (Canon, Tokyo,
Japan)< AF&-3H3 T

Imager pro SX 5M9] 2 AYe Table 2-37 #Zt}.

= i

Scheimpflug

angle adaptor _
Camera lens d
............ e

: Hollow tube
','CCD camera
Figure 2-8. CCD camera
_ 17 _
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Table 2-3. Specifications of Imager pro SX 5M

Items Value
. 2448 x 2050 pixels
Resolution ) ] )
with 12-bit dynamic range
Min. time interval 600 ns
Max. frame rate 14.2 fps (frames per second)

2.1.3. LDV (Laser Doppler Velocimetry) system
2.1.3.1. LDV €9

LDVeY F2 FAEFL laser, laser beam splitter, probe®]t}.

LDVE lasero| Al v &1}9] laser beam<S laser beam splitterS = 3j
2709l lasero® itk 2702 U laseri= probedl A A3 =&

ol F Al & HE F3| AMHH, AE AveE FAIYAE WS WhALg
FAJAZE dAbslE e =2y el wE Fa47F dssty
Walst Faegs ASste] A2 2ol A9 £HS AltstE Aol
LDVe| <l2|eltt.

AAf

Vo= 2V @
Ve gkl &8, A oA A, Afe Fue wsh,
0= 2709) FolA7L o] ZE, Vs Al £H& oud)

2 AFAME 59 37 AR T UUFA ZERE AAo =
A 7Fsd 1-D LDV System (One-Dimensional Laser Doppler
Velocimetry)< Ab&3dte] QJde] zZh&io] wg sfn[Hlo]d BdE W
&S ASs9t % A data® A4 7|Hoe=z A8 ITTC
(2021)°] AxA e} wluste] AAujHeolA HE W fEol dUdFIS
A< sk

Figure 2-9% LDV systemeo] #£<S AZsl:= dgE rdst
LERA B2 ol



Transmitting/
receiving optics

Data
analysis

Source : https://www.dantecdynamics.com

Figure 2-9. Schematic diagram of flow velocity measurement of
LDV

2.1.3.2. 1-D LDV system T4

1-D LDV system= Dantec Dynamics A/S (Skovlunde,
Denmark)ell A 2718312, laser, laser beam splitter, probe®=
T

Figure 2-10& Agtistal 7v]dolA Elde] AX¥ 1-D LDV
systems 7t Al UERd 24 Eo]y | Figure 2-112 A 1-D LDV
system®] A}zlo]t},
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beam splitter

Figure 2-10. Schematic diagram of 1-D LDV system

' Laser beam spli

$F\r.# p o
AT

Figure 2-11.1-D LDV system
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Laser= Modu-Laser (Centerville, USA)el A A %3k
Stellar-Pro-L Multi-Line/300% AL-8-3F 53 T Stellar-Pro-L
Multi-Line/3002 &2 argon ion lasere|™, ¥dA3 F2 AL

Figure 2-12, Table 2-49} 7t}

Source : https://modu-laser.com

Figure 2-12. Stellar-Pro-L Multi-Line/300

Table 2-4. Specifications of Stellar-Pro—-L Multi-Line/300

Items Value
Wavelength 4579 - 5145 nm
Max. total output power 300 mW
Beam diameter 0.75 mm
_ 21 _



Laser beam splitter= laserol A &%+ 3dly9] laser beam<
272 UHFE= Ad)o)w laser beam splitter?] TFAE & sl
bragg cell> W % laser beam® T35 o|& A7ttt Figure 2-132
laser beam splitter7} 2}-&3t= HHo| sk X2 Lol

Laser beam splitter= Dantec Dynamics A/S (Skovlunde,
Denmark)oll /] A &3+ 55x37 interference filter 5145 nmE
AFE3EG o YH A laser beam® T34+ 40 MHz ©]5 ¥t} Figure
2-14+= 55 x 37 interference filter 514.5 nm<] A}zl o]t}

.

BEAM SPLITTER |
LASER
/ \V \ BEAM SPLITTER 11
BRAGG CELL - LENS
=
>
MIRROR \ \/ j
DETECTOR

-

BEAM SPLITTER Il
SAMPLE

Source : https://www.polytec.com

Figure 2-13. Schematic diagram of laser beam splitter
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Source : www.dantecdynamics.com

Figure 2-14.55 x 37 interference filter 514.55 nm

Probetx= #&S AHFA o= ASsh= AHloltt. Probei= Dantec
Dynamics A/S (Skovlunde, Denmark)ol]A A|Z3%+ 60 x61 FlowLite
waterproof LDV probeZ A}-83+9)

60 x 61 FlowLite waterproof LDV probee] Aty F9 A
Figure 2-15, Table 2-5%} 7t}

(o

o
T
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Figure 2-15.60 x 61 FlowLite waterproof LDV probe

Table 2-5. Specifications of 60 x 61 FlowLite waterproof LDV

probe
Items Value
Laser beam diameter 1.35 mm
Laser beam spacing 38 mm
Focal length 399.5 mm

,24,




214, =34 7} e}
AN AR %
(Photron, Tokyo, Japan)©]™,
st ATh
Fastcam mini ux509 A3 =2 AY9& Figure 2-16, Table

2-63 .

14 Zh|gk=  Fastcam mini  ux50
Zu% R 7N EE fEs

-

Pha tron

Source : https://www.photron.com

Figure 2-16. Fastcam mini ux50

Table 2-6. Specifications of Fastcam mini ux50

Items Value
2,500 fps (at 1280 x 800 pixels)
2,000 fps (at 1280 x 1024 pixels)
ISO 10,000 monochrome
ISO 5,000 color

Max. frame rate

Light sensitivity

,25,




2.2. 449 A2
22.1. EM-Log 9
}

HoAFo] A8¥" EM-Log %238 A EM-Logd A&
Faste] dEow A F4H EFoltd HOMS u#sle] U E
) 37}0}3} 21 A M*Logg} wgol AL Figure 2-17¥ #Zow,

N
&

\ 4

Figure 2-17.(a) EM-Log (AGI Ltd, 2017), (b) Cylinder

Table 2-7. Specifications of cylinder

Items Value

Material Al6061 with anodizing
Diameter (D) 385 mm
Height (H,) 150 mm
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222 BE7tol= Ry
B Al8¥ HI7tolE mEFL E 4 EFFolth Figure
2-189] (a)v= AA HFgted FRE HEvtol=e A4S
A2t X =2 n] &4 (fin-shaped)®] ¥ #o]t}, Figure 2-18¢] (b), ()&
A H 7Y 2y Fdd Aol A, =o
A2 (rectangular),  HFEFY & (semi-elliptical)  @Are]  H ol
Hebs a# st SHY = 37 E7Fsir

e nEbl= mgsl AgAd ol Qs Agage,

Rectangular  Semi-elliptical

(d)

"1 O OO0 D>

A

ﬂ

Figure 2-18. (a) Fin-shaped flat plate, (b) Rectangular flat plate,
(c) Semi-elliptical flat plate, (d) Front view of flat
plates, (e) Top view of flat plates

Table 2-8. Specifications of flat plates

Items Value
Material Al6061 with anodizing
Length (L) 94 mm
Height (H)) 155 mm
Thickness (7) 9.4 mm
_ 97 -
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23. 23 42X

o

23S model mount windowol AX %™, model mount

windows 7ZiH[H oA EHY =K (test section)ol AAHtT} Figure
2-19% 23 AXo o3 RAZoln Figure 2-20& Ro] A
q

Anlelel A BE @39 Abxleltt

Flat plate Cylinder

Figure 2-19. Schematic diagram of flat plate and cylinder in

cavitation tunnel, (a) Top view, (b) Side view

,28,



EM-Log X3 model mount windowel FHFH AX¥H,
H3E7lole nEge
mount windowel] A X

3o ARZAS WA

Zd mount’} ¥ adaptor® %3] model
t}. adapotr® ZtEZE monut® H I 7}ol=
o HI7lol= RFH} EM-Log =3 7+

S7lol= E&o] model mount

¥
&
)
L)
Ol
rlr
w
S
frt
e
ol
ol
X
do
X
ot
» iup

Figure 2-212 EM-Log =33}
windowell AX® 4SS Yed =

L A 1 [~ r 4+ . 4 ]
+ Adaptor]

(b)

Figure 2-21. Schematic diagram of model mount window and

coordinate system, (a) Top view, (b) Side view

e agxE 2dd Figure 2-229 (a)9t #o] SA7-Yo]

hAsith, S99 e Figure 2-229] (b)9F #Zo] wWHAL (reflector) S
A xske] A AsFA T

o 2 A S8t

s



(@)

Figure 2-22.(a) No reflectors to remove the shadow zone

(b) With reflectors to remove the shadow zone
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2.4. F8A 23A
FxA= EM-Log =38 Hd0& ddez s XV
AuxgAsE AdF3gAz  AAsden, A} H@Hes 9l
AFZHP N wet s detes xy AuAFAE
PIV AW A= AdzaizAd 7+ -61D < X < 075D,
-15D < YV < 15D &igdstd, ASHe wes galsiA b
Hoj A Ut
Figure 2-23< X-Y | uz3A
wArEoln Figure 2-24% xy A1 F

Lﬁ

Figure 2-23.Schematic diagram of the X-Y coordinate system

and the PIV measurement plane



Drift angle (5)

Figure 2-24. Schematic diagram of the x-y coordinate system

2.5 A3 =7

2.5.1. PIV A&He =ol(WH,)

EM-Log7} A/4d3dt= A7l A& x#ste] PIV AlSH 2
Eolg A3 WEE dAsen, PIV ASWHe 2% 2dL WH. =
0.7, 0.8, 0.9 dAs )

Figure 2-25% EM-Logel  H=(electrode)oll Al  AAE =
2}7] % (magnetic field) ¥ EM-Log 2&8< e A ol

Magnetic field

(a) Electrode 1 (b)

N

h

Figure 2-25. (a) Schematic diagram of EM-Log’s magnetic field,
(b) Cylinder
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Argel 53 T2 $g3E A=Y ARE nestel ARAS
49 WS A4sA. BR4 A9 248 fA4S 342 udow
Fag AAF 52020 249 CFD 84 493 guse g- 0, 5,

221 CFD 34 A3}, Figure 2-26, Table 2-99F #o] g =
W gHA T 5438 Wl AL Atk

-1.0 0 +2.0

Figure 2-26.Results of flow field according to G in 2-D CFD

(Kim, J. et al., 2022, June)
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Table 2-9. Results of drag coefficient according to £ in 2-D CFD

(Kim, J. et al., 2022, June)
Reynolds number
Items
1.1 x 10° 1.7 x 10° 2.3x10°
B=0 1.090 1.024 1.037
L£=5 1.001 0.934 0.951
£=10° 0.742 0.650 0.690

2.5.3. Reynolds number (Rep)

Reynolds number (Rep):= A8t A Ao o3 33 Ao
ojg 3o #AE HENE FAAFH, B A= EM-Log 239
AR (D)& SRANE 3t Reps A A 7249 2 A4 3th

Rep®| A2 2(2)¢F Zom, Rep 49 A2 o] ==
T&3hE & U FAVE HEE Table 2-109% o] d33s3th

Re, =

(Free stream velocity) X<

(characteristic length) U, XD

free stream<]

g o g,

A

AE

Wit

(kinematic viscosity)

A]
=y

o

KeN
=

Lo

D

’

54702

rr

3l Reynolds number, U, &

EM-Log 23 A%, vz F49 &4

Table 2-10. Reynolds number test conditions

i Free stream Reynolds Kinematic viscosity of
ems
velocity (Ux) | number (Fep) fresh water at 10T

1.36 m/s 4.0 x 10

2.73 m/s 8.0 x 10" o
value 1.31 x10° m*/s

4.09 m/s 1.2 x10°

545 m/s 1.6 x 10°

_ 34 _
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AF2H(D), Repel™, 23l e A9 case= & 1207§ o]t

5)
jm
A9 WMFEE Bavbel= R 8 FH, PIV ASH

o] Eol(h),

Flat plates I = Hen
[-] [deg.] [-]
No flat plate -
With the fin-shaped 4.0 x 10",
flat plate 07, 8.0 x 107
With the rectangular 08, 0 1.2 x 10°,
flat plate 0.9 1(’) 1.6 x 10°
With the semi-elliptical
flat plate
Total number of test conditions = 120 cases

,35,




2.6. Ad 74
26.1. PIV A=

26.1.1. F44#}
PIV AZE 93 FHYA+= HGS-10 (Dantec Dynamics A/S,
Skovlunde, Denmark)S AF-&-3F FAJALL] A7 Ao H|F ol

TAeE vl es G PIV 1101 7} skt

2
0 dp(/;pgﬂpf)g -
U= FAY9Ae 83% &8, 45 FE94 44, p=
FAAA W= opE FA HWE ope fAS AEAF, ge
TY7HEEE ou|gth HGS-100] 10T & <telA] whe S &8
42x10° m/selH, ol B9 U f&uc) vl Fonz A 4 9ot
Figure 2-272 HGC-109] ®.#g&7]9} HGC-10¢] Atzlo]w, Table

2-12+= HGC-109] Al o]t}

Source :
https://www.dantecdynamics.com

Figure 2-27. (a) HGC-10 container, (b) HGC-10

- 36 - :
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Table 2-12. Specifications of HGC-10

Items Value
Particle shape Spherical powder
Average diameter 10 ym
Specific gravity 1.1

2.6.1.2. PIV data 3l 4]

PIV data 34> 48 T2 DaVis 81.1 (LaVision GmbH
,Gottingen, Germany)S AH&-3lo] 3 3} S T},

DaVis 81.12 7]¥24 & cross correlation 71 o2 PIV dataZ
A5k, 2 AFE cross correlation 7]HES WHE Falsle] A =S
= 0]+= adaptive cross correlation 7| o2 3|4 F=3 5} T}

PIV data @141 98} cross correlationS & 33] WhEalg]om,
N WA stepe FH glo] 64x64 pixelsd FALG IS | Asta, F
HA A HA step 50% T HBF 48 x 48 pixelsd] FAF S
&l A s} A ok

48 x 48 pixels FAFG el AA A7E 14x14 mm’olH,
AT F 1490470 (184 x 81)9] ZALFH o2 FAHT

26.2. LDV A=
LDV A5& & Z=1a3< BSA Flow Software (Dantec
Dynamics A/S, Skovlunde, Denmark)ES AF&3to] 100 Hz ©]4¢] data
rate2 20% &< T AT
BSA Flow Software?] 473k Table 2-133} z+o] A 3}9 ).

,37,
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Table 2-13. Settings of BSA Flow Software

Items Value

Sensitivity 1200 V

Signal gain 26 dB

Burst detector SNR level -6 dB

Anode current limit 1500 A
Level validation ratio 4

26.3. %= 7}A 3 (tuft test)

2.6.3.1. Tuft test& ©]&3 tip vortex 7}A| 3}

Tuft teste =419 HEWl AHlthread)s HFFstel {5
7kAl gtk 71 ol o)

Amini, A. et al. (20192 Figure 2-28¥ 7o] elliptical
hydrofoil?] #%(tip)el nylon A&l  A(thread) S H2sto]  tip
vortex& 7FA] 8F5) S T

tlo

Baseline

,‘!

S

mes—— TS

Figure 2-28. Comparison of TVC in the absence and presence of
the 0.7 mm thread at different lengths (Amini, A.
et al., 2019)
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2.6.3.2. Tuft test A4
Figure 2-29¢} #o] il 7huebe} x9S A XAt tuft test:

Fa 7HNEE FEs JHoe= 2
Tuft testell AF8% 2(thread)> Pro intense (Banax, Incheon,

Republic of Korea)o]™, Al Y& Table 2-149} #t}.

Figure 2-29. High-speed camera and lighting installation for tuft
test

Table 2-14. Specifications of Pro intense

Items Value
Material PE 100
Diameter 0.41 mm

Specific gravity 0.95
_ 39 _
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2.6.3.3. Tuft test <=3y %7

)

Tuft test W2 AAAE PAe] Borlol= 2y yietd
Fe HEvtel= EHPolr}.  A(thread) Figure 2-303 o]
Hortel= Ry Eek(tip)d =o] 0.7 H, $1X o F2stdith
H3s7lol= E¥2 Figure 2-317 o] EM-Log

H
Qo] 7o) e ol Althread)S H 28 4 710l tuft test
o4 A 9]

Tuft teste= B = 0, 5, 1008 Rep = 4.0 x 10%, 8.0 x 10* =71l A
F3ystA

(b)

Figure 2-30. (a) Rectangular flat plate with attached threads,
(b) Semi-elliptical flat plate with attached threads

Figure 2-31. Fin-shaped flat plate and cylinder
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A3F 4F At 2 2y

& (Us)S LDVE 33 ‘?l% AZ=3stg o, Figure 3-13 #Zo] U.7}
<] = of Aul#sta, s HEAHS Hole A& A

7= turbulence intensity, o, = free stream f+<¢ FEHA, U, =
free stream®] Bt <, Ui free stream?| &3t 142 oJn|gich

AL A3 Figure 3-29F #Zo] 7idlHlo]A HY W &2 ITTC
(2021)7F A Ls= 5% HE T @& =59 turbulence intensityS 7FA| 22

AuldolH B W 35S TARE BFdn 4GS +Y5H

6

)
24
= | -=1st Test
S3 T T & ~—2nd Test

2 3rd Test

1

0L

0 20 40 60 80 100 120 140 160 180 200
@ [rpm]

Figure 3-1. Results of the free stream velocity measurement
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0.025

0.02 B

0.015 - =
-=-1st Test
0.01 —r-2nd Test
3rd Test

&[]

0.005

0 20 40 60 80 100 120 140 160 180 200
® [rpm]

Figure 3-2. Results of the turbulence intensity calculation

3.1.2. PIV A& B84 A5
3.1.21. =492 W9 T=AAH o)

Paik, B. G. et al. (2005)2 ¥ ¥/ 5 PIVE A 33, PIV
AZ datadl A FHSYAe] XWEg WL(aX)et YWE ®HL(AVE
Attt e FAYA ¥ @ AA FAYA WMe 3
Aols Bl FHYA W ZFHA0E AEe PIV A
B34S AT

AT E Rep AF 7o digste ddF FE5S LDV

Paik, B. G. et al. (2005)7 &« &R
FA49x WY 7k HolE Axstgon, 1 A¥E Figure 3*334 %ﬂr.
Figure 3-3& &3l PIV A5 dataZ} Zgkel & 4 E A

Table 3-12 Rep 23 =¥ FHUA wele] wEHAE

el Eolh.
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EAY [prm]

"20 45 10 5 0 5 10 15 20 T80 B0 40 20 0 20 40 60 80
€, [um]

.
LY

-40 : -40 -
80 -0 -40 20 0 20 40 60 80 80 -60 -40 20 0 20 40 60 80

€ Hm] €, [um]

Figure 3-3. Error distribution of the tracer particle displacement

relative to the true value

Table 3-1. The standard deviation of the tracer particle

displacement
Rep Oax Oay
4.0 x 10" 3.10 1.78
8.0 x 10 9.48 9.93
1.2 % 10° 9.93 9.97
1.6 x10° 9.72 9.56
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22 PIV A% =%#%Eo°] Pak, B. G. et al (20057 %ol
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o
L
e
do
o
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SN
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Di Felice, F. (2004)+= wd7Fe F&S PIVE A8k, PIV
AZ dataol oigh i T H1ABS Fdste] SAASE {Foln g PIV
= B34S yEhlth dataol  tigk dxE T HACNA
9 & & (p-value)©] 0.05H T At= AL datad 95% ol AlFE 4
AT AS oJn| g}
Sote wdF F5S PIVE
dstAl PIV A dataol digh
AR T 8BS ?%40}

Table 3-2+= PIV AlS dataol] tigh 43 T A4 A34E verd
Yoy, BE AY FHAM Fo&E(p-value)e] 0.0bHT A= B
A& o] PIV A& dataz 95% oA Al# s 5= ),

Table 3-2. p—value of PIV measurement data

Rep p-value
4.0 x 107 0.87
8.0 x 10 0.11
1.2 x 10° 0.07
1.6 x 10° 0.73
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Figure 3-4. (a) Schematic diagram of the cylinder with

fin-shaped flat plate, (b) The flow field of the

cvlinder with the fin—shaped flat plate
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3.2.2. EM-Log B3 % & w {573
EM-Log ®23¥% s o, #/H. = 09
3-5914  3-87tA 9k k. fEF BA A} Rep F7bol wg
GEutaldo] EM-Log =¥ HzZow g
WH, = 07, 08 % 598 &o] A3
Z7tel wet fE59 dRARE AR wite] A

Y/D
o

6 5 4

Figure 3-5. The flow field of the cylinder without a flat plate
at WH. = 09, Rep = 4.0 x 10*
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Figure 3-6. The flow field of the cylinder without a flat plate
at WH. = 09, Rep = 8.0 x 10
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Figure 3-7. The flow field of the cylinder without a flat plate
at W/H, = 09, Rep = 1.2 x10°
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Figure 3-8. The flow field of the cylinder without a flat plate
at WH, = 09, Rep = 1.6 x 10°
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Figure 3-9. The flow field of the cylinder with the rectangular
flat plate at #/H, = 0.9, 8= 0", Rep = 4.0 x 10"
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Figure 3-10. The flow field of the cylinder with the rectangular
flat plate at #H, = 09, 8= 0°, Rep = 8.0 x 10*
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Figure 3-11. The flow field of the cylinder with the rectangular
flat plate at #H,. = 09, 8= 0", Rep = 1.2 x 10°

YD
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]
SH

X/D

Figure 3-12. The flow field of the cylinder with the rectangular
flat plate at #H, = 09, 8= 0°, Rep = 1.6 x 10°
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Az g wsstels mael g Wl WH, = 09, 5 -
o s}

Figure 3-13°14 3- 1677}21 75”3} B = 5olA9

fred 3y FrAkskoh

YD

Figure 3-13. The flow field of the cylinder with the rectangular
flat plate at #H, = 09, 8 =5, Rep = 4.0 x 10*

YD

Figure 3-14. The flow field of the cylinder with the rectangular
flat plate at #H. = 0.9, B = 5", Rep = 8.0 x 10
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Figure 3-15. The flow field of the cylinder with the rectangular
flat plate at #/H, = 0.9, 8= 5", Rep = 1.2 x 10°
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Figure 3-16. The flow field of the cylinder with the rectangular
flat plate at #H. = 09, B =15, Rep = 1.6 x 10°
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Figure 3-17. The flow field of the cylinder with the rectangular
flat plate at #/H,. = 0.9, 8 = 10°, Rep = 4.0 x 10

Figure 3-18. The flow field of the cylinder with the rectangular
flat plate at #/H. = 09, B = 10°, Rep = 8.0 x 10?
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Figure 3-19. The flow field of the cylinder with the rectangular
flat plate at #/H. = 0.9, B = 10°, Rep = 1.2 x 10°

Figure 3-20. The flow field of the cylinder with the rectangular
flat plate at #/H. = 09, B = 10°, Rep = 1.6 x 10°
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Figure 3-21. The flow field of the cylinder with the semi-elliptical
flat plate at #/H. = 09, 8= 0°, Rep = 4.0 x 10"
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Figure 3-22. The flow field of the cylinder with the semi-elliptical
flat plate at #H, = 0.9, 8= 0", Rep = 8.0 x 10
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Figure 3-23. The flow field of the cylinder with the semi-elliptical
flat plate at #/H. = 09, 8= 0, Rep = 1.2 x10°
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Figure 3-24. The flow field of the cylinder with the semi-elliptical
flat plate at #H, = 09, 8= 0", Rep = 1.6 x 10°
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324.2. HFERIE YA BG bl o] gl
HHEFI Y A BETtel= EFo] &
ol e FEALS Figure 3-25014] 3-287}4
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Figure 3-25. The flow field of the cylinder with the semi-elliptical
flat plate at #H. = 09, 8= 5", Rep = 4.0 x 10"

=
EE—— e G

Separation point =

Figure 3-26. The flow field of the cylinder with the semi-elliptical
flat plate at #/H,. = 09, B =5", Rep = 8.0 x 10
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Figure 3-27. The flow field of the cylinder with the semi-elliptical
flat plate at #/H. = 09, B8 =5, Rep = 1.2 x10°
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L
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Figure 3-28. The flow field of the cylinder with the semi-elliptical
flat plate at #H, = 09, B =5, Rep = 1.6 x 10°
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HhEtl e dA Bovtel= Rdel S W HH. = 09, B = 10

NA o] F5FS Figure 3-299| A 3-3271A1¢} 2ot &5 &4 23,
8 & ]

ALY A BovtelE myo] s wel npRItARE B = 10°d A=
£ =0, 5°¢ 98 EM-Log 28 F9 949 + VI <4+ 999
frérol it S e

ALY @ HEvbol= Hyo] S wiet e nEtdd P
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Figure 3-29. The flow field of the cylinder with the semi-elliptical
flat plate at #H,. = 0.9, B = 10°, Rep = 4.0 x 10
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Figure 3-30. The flow field of the cylinder with the semi-elliptical
flat plate at #/H. = 09, 8= 10", Rep = 8.0 x 10"

Figure 3-31. The flow field of the cylinder with the semi-elliptical
flat plate at #H,. = 09, B = 10°, Rep = 1.2x 10°
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Figure 3-32. The flow field of the cylinder with the semi-elliptical
flat plate at #/H. = 09, 8= 10", Rep = 1.6 x 10°

ol & W WH. =09, g=10°, Rep =
3.0x10" - 6.0x10%IA &S Figure 3-33% 2l Rep = 5.0 x 10
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Figure 3-33. The flow field of the cylinder with the semi-elliptical flat
plate at #/H,. = 09, 8= 10", Rep = 30x10" - 60x 10"
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Figure 3-34. The flow field of the cylinder with the semi-elliptical
flat plate at #/H. = 0.7 - 09, B = 10", Rep = 8.0 x 10*
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U, = 6.7 m/s

Figure 3-36.Change of TVC (Tip Vortex Cavitation) thickness
according to Re (Shin, . W., 2017)
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Figure 3-37. The SPIV (Stereoscopic PIV) measurement result

of the y=z plane at a = 0°, 7° (Shin, J. W., 2017)
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(e =
Figure 3-38% Zo] f% 7HN3lE E3 AAzZs g4
Ho7tol= HEFS Eek(tip)ddA TAStE tip vortexs gl sFST

Figure 3-389] (e), ()9} %ol = 10%A  Exk(tip)el FzHe
Al (thread)©] 7F¢ A3sHAl #Aolw, o]l= tip vortex’} 7H& ZsHA
gt S on| g
G = 10, Rep = 40x10'2tt B = 10°, Rep = 8.0 x 10" A]
A (thread)®] Aol © ZAatAl vehve S &3 Rep 7kl whet
tip vortex”7} Z3tAl UEUE S &l th(Figure 3-38¢ (e), ().
Figure 3-38¢] fr& 7HA 3t 53742 FHaied [28]e4 [33]e] A

ol
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(@) f=0°, Rep=4.0 x 10* (b) B=0°, Re, = 8.0 x 10*

() f= 10, Rep, = 4.0 x 10 (f) p = 10°, Rep, = 8.0 x 10

Figure 3-38. Flow visualization results with the rectangular flat
plate at 6= 0", 5°, 10°, Rep = 4.0 x 10%, 8.0 x 10"
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332, WELE W4 wEslols Beel g W §% 75
Figure 3-38% #o] H% 7HNEE S WEdd
Ho7lol= Ry Ed(tip el A= tip vortexE Eelskiith
Figure 3-389] (e), (O o] £ = 1094 Ed(tipol F2d
A(thread)e] 7H& AskAl AolH, ol tip vortex’t 7H& ZsHA
g = AS ofrgi
B = 10°, Rep = 4.0x1049} g B = 105, Rep = 80x10%lA&

2(thread)©] 09 H, =olrnt} ola) 714 e thFigure 3-389] (e), ().
olg Fa WEldY ¥4 Bov } 1= 2ol IS ul H. = 09, B =10,
Rep = 50x10" 279 f5dox EM-Log 28 F¢ f%0] Aste=

o] WA= U2l tip vortexZ Q18 -5 WTAS A5

Fgiure 3-399] & 7IAIs 59732 Faedl [34]o A [39]9 A

(@) f=0°, Rep=4.0 x 10* () B=0°, Re, = 8.0 x 10*

(e) f=10°, Rep, = 4.0 x 10

Figure 3-39. Flow visualization results with the semi-elliptical flat
plate at 8= 0, 5, 10°, Rep = 4.0 x 10%, 8.0 x 10*
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34. u/U- ¢ W3t

34.1. u/U. 24 99

EM-Log7t B3t A71E AAE vtHo2 u/Us w4 99
Figure 3-403} o] AAs vt A7 uwe #59 xBd A&
H#S oudth. EM-Loge A71%S Fhoz Aus 45 AES
SAste] FES SAHER u/UxY 5} Z EM-Log7} ZA3=
o] wigls ondit)

u/Us A 9L xy AuzizAols x=0,06D < gt < 14D,
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o3 95 negative yreglonoi A o] sk o

EM-Log E&° ¥ A= A&k PIV AZo] Agdsm=R
u/Us 4 G ol A Alglstaitt.

Magnetic field (presumed)

Figure 3-40. Schematic diagram of ©/Us analysis domain
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Figure 3-41. Graph of /U with respect to /D without a flat
plate
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Table 3-32 Figure 3-419 /U. #< ¥Hitsle] EM-Log = &1t
Fdes W Au/Uss A Adelth. EM-Log EZRE & o
AT/ UL BE 1% SF2oln, aw/U.= pol AdHon waan
%, EM-Log® 2= 4 3ol o3 #Afzez <lsl EM-LogZt
TR &S 4T b S Erh

Table 3-3. Results of A u/U. according to B and Rep without a

flat plate
Rep
Items y y s :
40x10% | 80x10" | 1.2x10°| 1.6 x10
Positive £=5 -0.5% -0.3%% -0.1% -0.3%%
yregion | B=10° -2.1% -1.6% -1.1% -1.3%
Negative £=5 -0.3%% -0.4%% -0.5% -0.4%%
yregion | B=10° -1.4% -1.6% -1.7% -1.5%

344, HETtolE ol 9% W /0. W

Figure 3-42, 3-43, 3-44%= X 3Z7lol= RYol & u y/Dol
et /Us #S A3 7o wel ZAIgE Tagizolrty, HE7tol=
2o FAI FHAsA y/Do e /U2 A& FAFSHA YER T
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Figure 3-42. Graph of /U. with
fin—shaped flat plate

w1

respect to /D with the

w1
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Figure 3-43. Graph of /U. with

rectangular flat plate
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Figure 3-44. Graph of /U with respect to Jy/D with the

semi-elliptical flat plate

Table 3-4, 3-5, 3-62 Figure 3-42, 3-43, 3-44% w/U. #*<
Hitstol RoTbol= BYe] 9l& W Au/U.s AT Adfolth
Hortole Bygo] S W Au/U.s Hi 4% FFolH, A u/Ue

Au/Use= dFES A3 2304 2% ololH, 43 =4 +

1/40] 5% ole] A u/Us Zreth BE 349 Hirtol=

oA
freumgt FFEe Au/Us7F YeErYY, 53] AAl Jeshy
H3E7lol=9F Aol  FAFSE  fin-shaped XK E7lo]l=  E ol A

=, H37lel=+= EM-Log +9% &g uwzstel EM-Log7t
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Table 3-4. Results of A u/Us according to B and Rep with
the fin-shaped flat plate

red text : 5.0% < A u/U

Rep
Items 2 2 s s
4.0x10% | 8.0x10% | 1.2x10°| 1.6 x10
o £=0 +3.3% +4.8% +4.5% +3.7%
Positive
) £=5 -0.1%% +3.1% +4.5% +4.3%
y region
£=10 -3.9% -6.0% -6.8% -3.8%
) £=0 +3.5% +5.5% +5.6% +4.6%
Negative
) £=5 +4.6% +5.4% +4.7% +3.5%
y region
£=10 +3.4% +7.1% +7.3% +5.2%
Table 3-5. Results of A u/Us according to £ and Rep with

the rectangular flat plate

red text : 5.0% < A u/Uw

Rep
Items 7 " 5 =
40x10% | 8.0x10%| 1.2x10° | 1.6 x 10
B-0° | +20% | +38% | +39% | +31%
Positive | 5= 1 0406 | +23% | +4.00% | +38%
y region
B=10° | -33% | -45% | -41% | -1.0%
B-0° | +22% | +44% | +47% | +3.9%
Negative [ 5 oo 1 o705 | 45.0% | +43% | +3.2%
y region
B=10° | +25% | +7.0% | +7.2% | +5.0%
_ 74 _




Table 3-6. Results of A u/Uw according to B and Rep with the
semi—elliptical flat plate

red text : 5.0% < A u/U

Re
Items 2 2 2 s s
4.0x10% | 80x10% | 1.2x10°| 1.6 x10
Positi £=0 +1.9% +4.2% +4.9% +4.1%
ositive
) £=5 -0.8% +2.4% +4.1% +4.3%
y region
£=10 -3.1% -5.4% -6.1% -3.6%
N ) £=0 +2.1% +4.9% +1.6% +5.5%
egative
st B=5 | +27% | +54% | +5.6% | +4.4%
¥ region
£=10 +1.5% +4.0% +4.4% +4.4%
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Abstract

An experimental study on the
effects of a protection guide
affecting the flow near the

electro-magnetic log (EM-Log)

KIM JAEHUN
Naval Architecture and Ocean Engineering
The Graduate School

Seoul National University

Submarines calculate the ship’s velocity and position using EM-Log
(Electro-Magnetic Log) underwater. EM-Log measures the flow
velocity and calculates the ship's velocity by Faraday's law.
Inaccurate measurements of the ship’s velocity can be attributed to
the ocean currents and hull appendages, which disturb the flow near
the EM-Log.

Submarines of the Republic of Korea Navy attach a fin—shaped
protection guide in front of the EM-Log to prevent the EM-Log’s
damage. Submarines of other countries do not attach protection
guides. In this study, model experiments were conducted in the
cavitation tunnel to analyze the effect of the protection guide on the
EM-Log. The flow was measured using PIV (Particle Image
Velocimetry) and visualized using the tuft test technique.

Model experiments were conducted on cylinder and flat plates of

,81,



three shapes (fin—shaped, rectangular, and semi-elliptical). Cylinder
and flat plates were simplified shapes of EM-Log and protection
guides. The experimental variables are the height of the PIV
measurement plane (A), the drift angle (0), and the Reynolds number
(Rep). The test conditions are #/H,. = 0.7, 0.8, 0.9 and £ = 0°, 5°, 10°
and Rep = 4.0x10% 80x10% 1.2 x10°, 1.6 x 10>. H, means the height
of the cylinder, and the characteristic length of Fep is the diameter
of the cylinder.

In the case of the rectangular and semi-elliptical flat plate, the flow
disturbance appeared strongly near the cylinder at G = 10°, resulting
in a decrease in flow velocity.

At B = 10° and Rep = 5.0 x10%, the tip vortex generated greatly
from the tip of the semi-elliptical flat plate. The tip vortex disturbed
the flow near the cylinder. Due to the effect of the tip vortex, the
flow velocity reduced near the cylinder.

The change in the ship’s velocity was observed with respect to the
protection guide and G In the case of no protection guide, the ship’s
velocity was changed by 1% on average, and the change rate was
linear to B In the case of all protection guides, the ship’'s velocity was
changed by 4% on average, and the change rate was non-linear to 0.

The protection guide disturbed the flow near the EM-Log,
regardless of its shape, and made the EM-Log calculate an inaccurate
ship’s velocity. It is recommended to remove the protection guide for
safe navigation, the calculation of the accurate velocity, and range of

the submarines.
keywords : PIV (Particle Image Velocimetry), Tuft test, Tip
vortex, Submarine, Protection guide, EM-Log

(Electro-Magnetic Log)

Student Number : 2021-27544
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