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FUTEE ART AF L e xy B GPoEW BYtE Aol ok 4Gl F
Y EE RGUE e vl s WS o Ueud ¥ Aol o 3 m/s o4
frdol IS x, v W AVSHAZIE LS FY 2 wshE whgoR xy 299 wheh
W 3B 4Ee 4T & Qe 3D vesd A7 Ausin

WA sge] wheel A A M AR ES S PHe 3T olgd A7 S
P} f5e S0l 7] ATH o84S 0§l b S Pol At

Hte S-S =HS Ay A= 37HA] WY
X Shear balance ¢} Preston tubeZ A}
MEE IR olakd AFEH SAHGXIF

o]

Atk FA JdE 271 W2 Shear meter
5t= H

h=]
& I (Graf,Walter, 1984)0]m™, & & L7l of A

2.1.1 Shear Meter

Shear meter?] Y&+ 1961 Vennardell 9aiA ekt o] =S ehAE 3 ZAAX A 4
of AAsle] viete] AXAslo] A AEeHES
S5 93] AdE AEgHoel o o], o
Ag=Ee] 712 Yepgol it

=
=

Rigid support

[22l 2.1] VennardZt 1 2+8F Shear meter

(Walter, 1998)

traussell 9@l 7H¥t¥ Shear meter: Vennard®] Z BT} H-& 0.015 m? o]4e] W3
= 54T 7 Jon, FolsdE #FHS ol AHE vigd] AX gtk {AY oF
He] FA QS of7|AI7IY 1 A7|E AAH R 7Fet 1efy Straussell 9@ Tl
HL&'% g AS W ARgo] Trseithe dRS HAAL e

=S A
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=
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F 04 A oF o}w] oYl Wah: AAH Agow Z4WLh o FAr HAW wA
F AR AR Ui A9d WaE woFAwN 559 g yHuAe ged.
WE Shear meters] W& wSHE 7 A BAS} 54717 Fue 55U Ak
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2.1.2 Preston Tube
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(28 25] #gS2olM & - HHHo2 suH Hogd 2=

(Walter, 1998)
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X = \

\/\
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elastic pipe @Eddy-Current
Sensor Target

|_ ® Steel plate J

Steel plate
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(22 26] Ol At AmE =X EHx|
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2.2.2 Reynolds Stress Method
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U= — udt,vz—/ vdt, w= — wdt (2] 2.5)
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2.2.3 Turbulent Kinetic Energy
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550 Ohma £3.5 0nms.
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Experiment result
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. Atzigllo] €84 % $E4(2000~2600 sec) . 29l /4 W $244(320073800 sec)
o APZISI0) R4 fem) o APZES10f 2R (em)

1
03D HISF 83 HIZ7] 2AXE +2 4 (em)

o3 HIS 83 A7) 2XXH =2 4 (em)

3400 3500 3600 3700
TIME(sec)

TIME(sec)

CASE-T1 CASE-T2

[2' 2.21] 72 casedl W& AtZ9ol * 2 =30 2l FHOo0|H

[ 2.1]& 2% CASE-T1, CAST-T29 %23 94 SAdoly 10% HA Aot}
[E 21] =8Il =2H 1028 Bz 21
CASE AR OF Ar2E2Of 22 sz an oo .
E= RN AR SN (EEET) (m?/s) (EEEI
Name o HE=H m°/s HZFEHEHX
(m) (E=Ta (m)
CASE-T1 0.095 0.009 0.053 0.002 0.058 0.008
CASE-T?2 0.103 0.007 0.052 0.002 0.066 0.007

Holgl ojm [a¥ 2231 293 CASE-T1, CAST-T2 =AH4E g=Ho|th [Z 22]= A
CASE CASE-T1, CAST-T29] 3D vt 8 AZ7] 108 Hd 54 Aot}

(29 2.22]2 HA17H 3D wvtg €8 AlS5717F 543 x, vy CASE-T1, CAST-T2 A
PS

3200~3800 sec)
YEbSE 2 HEHS B (kg/m2)

7| xdet S HEH S (ke/m2)

3p HES) S8 A|ZF7| xydE H5F WS

10

NN

E) . [@pa %,gj%%
P g’é&!@ 8
mro4 oc Ooo@ogg 050R 0

ojo
i

+

TIME (sec)

TIME (sec)

CASE-T1 CASE-T2

ok

[ 2.22] 72 caseol W& 3D HISY 83 AHZFI|& ol8et x,yd& M3y FHHOH
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i MR ap oPS 8% 87 0B U 45 (20003200 16t

S MR w0 it §0 B8 r8E U S Fraooo2600me] -
¥ - SHnHiE FH RN IEYSY U 55 =

P, = 0.050 m P, =0.045m
TR E[32¢] TIME[1ec)
CASE-T1 CASE-T2
[O28 2.23] #2F cased| wE 3D HiE 28 A F7|E& o/ z8+s =X o|g
[H 2.2] 3D HIY 22 H=I| 1082 B2 =3 21
sS2 AX S= 4gist Al g
CASE —= o o e SES HRNOS
gtsr gt g, (m/s) To/Te
Name m/s Te
(kaf/m?) (kgf/m?)
° ° (kgf/m?)
CASE-T1 0.339 2.194 3.640 2.812 0.780
CASE-T2 0.586 3.999 4.214 3.790 1.055
F2 U SA3Y 457 olad LA 0.0085% FEA vterAw-E A A r=4RT
ol A v e 1.oF At 3D vie S8 ASVIE SAHAS s EHTY 1,& vl &
sh A= [ 2319 2o 549 1, oF AdtE o] vle [19 2.23]9 #o
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H 2.3] 3D Ht& 3 AHSDI
=5 &2 Ed HotEl B
55 BIEEEEHEH 1, B EHSSE 1 To/ Te
(m/s) (kgf/m?) (kgf/m®)
2.955 0.989 1.557 0.635
2.967 1.101 1.571 0.701
2.976 1.075 1.580 0.681
3.018 2.167 1.636 1.325
3.453 1.521 2.584 0.588
3.539 4,294 2.252 1.907
3.640 2.194 2.812 0.780
3.652 2.197 2.831 0.776
3.673 2.191 2.864 0.765
4.214 3.999 3.790 1.055
4.256 3.628 3.870 0.938
4.284 3.669 3.925 0.935
4.317 6.027 4.011 1.503
4.370 4.570 3.820 1.196
WS G| 6 W2 USRS YD TR 6l (kg/m?)

o

&

3 P

- ’ '

AL B F wETHERE R )

[23 2.23] To/TH]

o AAew e H4%m glon nd ge A

V4 = =
& dak Ava AdEE AY AFE S (10-2018-0061203) = 53
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Laser Sheet

o v
High frame I i
rate camera T
| L
SURAMREA MA X W RAE

(23 3.7] =1

AAAQA 42 PIVel oA 442 HolA xJAE e} 234 Fhde}, dolA AlE9 ZIEE
vty Z golx AL (Laser, High frame rate camera, laser mirror)%hS o] &3to] 1A ¥ o] gith,
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e Mini

[& 3.1] 3tolet W&

[Z23 3.10] RayPower 2000 &l ol A

Camera Performance Specifications

Mini UX50

Full Frame Performance

2000 fps
1280 X 1024 pixels

Maximum Frame Rate

Type 160K: 160,000 fps (1280 X 8 pixels)

Minimum Exposure

Global electronic shutter 3.9us (1.01us at maximum
frame rates)

Dynamic range ADC

12-bit monochrome

Memory capacity Options

16GB : 8,734 frames at full resolution

Memory Partitions

Up to 64 memory segments

ISO 12232 Ssat Sensitivity

ISO 10,000 monochrome

Lens Mount

F-mount (G-type lens compatible) and C—-mount
provided

Camera Mountings

4 x 1/4 = 20 UNC(base ant top), 4 x M5(base)

Camera Body

120 (H) x 120 (W) x 93 (D) mm
1.5 kg

AC Power (with supplied adapter)

100 to 240V, 50 to 60Hz

_38_




[E 3.2] dIOIX HMI&

Model name RayPower 2000

Model number 9080 X 0552

Output power 2000 mw

Laser class 4

Power stability < 10%

Wavelength 532 nm

M2 factor <2

Beam divergence, full angle < 1.2 mrad

Beam diameter (at output) ~ 2 mm

Power supply 100-240 VAC, 3 A max, 50~60 Hz
TTL modulation frequency, maximum 10 kHz

Operating temperature 10°C ~ 35°C

Dimensions laser head 214 mm (L) x 88 mm (W) x 74 mm (H)
Weight laser head 1.6 kg

Dimensions power supply 277 mm (L) x 145 mm (W) x 106 mm (H)
Weight power supply 2.6 kg

3.4 ULTRA-PIV &4

Aol A PIV 2418 9la 7ast :":94 A Aot} WA HS5HH

3= e E V1o ®E 1013HA 9% Framed YA YA
¥ Frameol Al 459 Aot} Setom ety JEA Z‘Jr
= & Fl (FolnA-FZFon )] ANRE BHY 95 o]
t}, = ARES 10134 Frameold AAY %7} 1 Frame E9F o]
53 Aol AE ARG R e HH f45S

ftlo
B
%2
R
F
r%’l

[

200 400 600 ] 1000 1200 200 400 600 800 1000 1200 200 400 600 800 1000 1200

[23] 3.11] Matlab code& ol&%t I4 E4(1000 FPS)

Zz&(1/1000 s, imagel), (&= 7|= 1/1000 s ol ¥, image?2), ¥=(imagel->image?2)
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SR 2

Ao st B AAYAE 10 mm = 70 p1xel ) ﬁJJri gw 74] = 0.1432 &5 A
FUAFE AET F orpARoR A UE olgste] WA HY, X AT Aud

Matlab codes] FAAS AGHAE LT, (T8 311108 (29 513144 FEE A8

shw obalsh gt

i 1 1Im
pizel X AT (mm/piael) < 1 1000 mm. ( )

1000 °

HAFHor gty Axks oF 501 ~ 5.72 m/s9 fZo] A E A

o]g8t A¥= 1 Frameol A %*gis} Al Axpolar, o)A A, Lo]z AYY, 2%, A
= 5O v 2ugs T 4Ed 2] hedtth 58 S/W WAL 5 m/s o] e 2t
20| A3} Ultra-piv(& Ea}.qo}o]g ) 814 == (C-2018- 034924) oltt.
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4.1 231& FEFZ P4 T2
IApd o] e 2as A3 RN 2uEPAYGFEA(ULTRA-PIV)Z 549 G4=
Aetei wAstaL, F9A, F2A 2 3D vek g AS7|eh AAste] Axztow HolHE F
2 RN 5 Qe 2FH FETR A4 TR Awsgt. W B9He 2uk fe 7

ULTRA-PIV Turbulent Kinetic Energy

B

Reach-Averaged Method

0

Reynolds Stress Method

(23 4] =238 74

& 4Y AzRe [1d 4208 2ok 220 £ 5 4%, %
49 A RS, 2nEA4GFREAD 54 44, 3D u
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AZN 2 249 veaues ghe wa B4
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‘ Ultrasonic Water-Leéyel Meter
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High Velocity Channell .}

Flow Direction

= |

30 65t 85 A57)

Pump —

il%‘ﬂﬂ%‘e.‘?r‘l
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Velocity - Direct Measured Shear Stress Velocity - Reynalds Stress
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o | % - Q D"ﬁ 2]
9% o 'u] GQ&;Q heddh.)
rb-{;-l;I s
[28 44] Skof g M SH(SHYE HHSH(F), PIvol 23t gol== S8 (?))
Froude_ number - Direct Measured Shear Stress Froude_number - Reynalds Stress
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7 PIVel ofs] A E 7S oA Aol e RS B g

i
=2 ANE HYr} Reynolds stresse] A9 RS SAHAX
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e g, EHol Y2 2= Ao
b X7t ctE FAHE 0 U=
< (Particle resuspension from complex surfaces: current knowledge and

limitations, 2018)

£33 Eeloly HHS PEE ol AFHor Ae do ohyur AR F uAYEY
FUA ToAe FASE Aol Fasit. oledt FEe A mHe] A9 Agt ® oA A
g 7l=E ARESte] Thestth old gk o=, W WLle] A ATl dis) 2%, Edold %
< v YA HEE& F=5h7] fE o Eﬁi 7l ARgete] e A= AdS Tt
71l A frE] H=(7:00 0:35 mm A7 2:00 0:1 mm)e] Aoy £% Ad AlHe [19
5.317 #Zrth

'_%;‘ 0.6 @ (u] D_ EE

E-"ﬂ'_‘i'lil_-ﬂ. oL, W %D- L 0

L ity A P B ©

5 ol :
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(22 53] (%) S22 & #d98 2H: MY & =2{E A2 olo|X| xMelo AHZE ot=3 29 SME
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&t (Particle resuspension from complex surfaces: current knowledge and

limitations, 2018)
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b) Bouncing : d} Impact fragmentation

[2® 54] & X7t EHo &2 & F LY 7t

or
o
I
02
i
-]
Ac]
i

HolF= 2A T (Particle resuspension from complex surfaces: current

knowledge and limitations, 2018)

254 24 3}93\@.

A me] HF ¢F 2.4~2.6 ot} F&5E, o] 01;]_3:1
SbfAbe ulEe Tk fElTEe B A 29
D1,;“ﬁlmm 5 mm, 10 mm Zr x4 AEHS
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0.014 m%s, B F% 0.612 m/s. 3D ¥Eed AZ7] 54 H a9 0.251 kgf/m?,
% CASE GB1-Q2¢ =4 dole Hy 23 A 3 0.040 m’/s, B+ +Z 0.818 m/s. 3D
HegE A57] 54 B wE g 0.276 kef/m®, % CASE GB1-Q3°] 574 dlol¥ 3
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[ 5.1] & 1mm S2l1E& £ E4 Holg 24 21
e e =5 @z
CASE Sy e Fro+ IEEIEEE
Name (m°/s) (m/s) (kgf/m?)
GB1-Q1 0.014 0.612 0.707 0.251
GB1-Q2 0.040 0.818 0.659 0.276
GB1-Q3 0.057 1.298 1.197 1.707
214 49 F2 0 $e7E 44 A SeTee $AS 24at 474 5 mm ST 1
AN FA 0169 g, 1070 FA 1.702 g °lth. Fel+& /I 2Lx7F EA8H 274 5 mm 8 +&
1709 FAE oF

0.170 g 2.2 Yepgth ofg [1¥ 5.10]

1078 F-Al
[28 5.10] BZ& 5 mm ®el+&

A4 A

[ 5.11] A4 5 mm wel7& A& o

(29 51102 44 5 mn el A9 A, 49
ape SlolA obal kel

[e]
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[72% 5.12], [19 5.13],

[19 5.14]+ 7idd

9, 3D vk $¥ AS7] 239 9 R 54 273 gy

g 2ud A9 F=, 3D uie £ AS7) 8
2AHUAL S HAULTRA-PIVIE ol 85te] AAgtoR SH AZelo] 54 73, 725
Al 2 .
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° HRvta #dEE §¥ CASE GB1-Q19 =74 dole Aw Ax A F%F
0.018 m%/s, B+ < 0.655 m/s. 3D BlE&E AF7] A H vhebd e 0.273 kgf/m?,
B1-Q29 54 delg H A% Hd F% 0.032 m’/s, B #F5 0.776 m/s.

3D Hkﬂ%ﬁ AZ7] 54 Bt v dw-$8 0.289 kef/m®, % CASE GB1-Q3 =74 dlolH 3
o+ A HiE FF 0.062 mY/s, Bt L 1.618 m/s. 3D vlESE A=Y A P wpgAdw
%9 1.392 kgf/m? = YEth. 474 5mm FElTEe AF FHkE 3 0.032 m¥/s FE AE
7] AFste] Ad Fukd 3 0.062 m¥/s oA EF AT
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[2 52] 2 5 mm K274 +2ASH HOEH =4 2
s =3 B3
CASE Se EEREE
Name
(m%/s) (kgf/m?)
GB5-Qf 0.018 0.655 0.676 0.273
GB5-Q2 0.032 0.776 0.664 0.289
GB5-Q3 0.062 1.618 1.446 1.392
204 A9 52 O AT A4 A KT8 PAS 3489 4% 10 mm §U7E
170 FA 1.342 g, 1070 A 13.468 g olth. #el7-& WE 47 S48t 274 10 mm &
P2 UIe) TAE o 1346 g 02 Uehith ol (79 5.151¢ 54 Aol

.
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[3 53] = 54 SAAAR SAE AAZdely &4 Aoty [2d” 51714 2
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FEo] ¢tAsl HAvtm FdoEE £ CASE GB10-Q19 =A doly Hi 23 P
0.013 m%s, B+ F% 0.693 m/s. 3D vteed A7) 54 Ho vbabd -39 0.213 kgf/m?,
% CASE GB10-Q2¢ =4 dol¥ Hi A¥} B % 0.042 m¥/s, B F% 0.824 m/s.

3D wtegE AZ7] 54 Hat abedd-§E 0.451 kef/m®, % CASE GB10-Q39 574
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Ae$® 1.757 kegf/m? 2 yebgth 47 10mm F87&S 238 9§ 0.042 m%/s FE

A2 7] AlEbete] A R {7 0.060 m’/s ollA] BT AdE QI

_52_



[# 5.3] 2Z& 10mm f2l1s& =cIS4 HOoIE 24 2
o H =8 HA
CASE s s Fr4 HEFIEEE
Name
(m®/s) (m/s) (kgf/m?)
GB10-Q1 0.013 0.693 0.616 0.213
GB10-Q2 0.042 0.824 0.636 0.451
GB10-Q3 0.060 1.341 1.106 1.758
5.3 7€ 4%
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5y

24 (em)

30

25

20

15

10

30

25

24 (em)

ol ol

3D bt 83 ASY| @ %

3D HIS SHAF7| 528
3 H| 4 (5mm)

800 850 900 950 1,000

AlZH (ss)
* U2 A (cm) © =4 (em)

SB5-Q2

244 YD IS 83 57| 57

43 H| 4 (5mm)

1,960 1,980 2,000 2,020 2,040 2,060 2,080 2,100

Al ZH (ss)
* YAl (cm) * F=H(cm)

SB5-Q4

4n
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I4
oA
k>

= 11
Ju

3D H}SH S8 A% 7| (5mm) 3D HIEN S A F7| FE2FEH(5mm)

235

o 15 N 15
E £
= =
2 4 2 3
fir i
LE nE
4| os 4 os
" o e e e Sy
30 39 A0 =l 500 5 B00 790 750 E00 850 900 950 1,000
-0.5 -0.5
1 -1
AlZH (ss) | ZF (ss)
*SELE eTEUWY *SETH +EEUT
SB5-Q1 SB5-Q2
o & x| = =) x| =
3p Bt S A 7| S8 L FE(5mm) 3D HIS S AZ7| 582 FE(5mm)
3 3
25 25
2 2
N 15 N 15
= T e S I P g
= =
2 3 2 3
wr

4

mr
I s SR s A JAS AN oy e
< os <] os

1
AlZE (ss) AlZH (ss)

*SETH «ZEYY s SELE TEulst
SB5-Q3 SB5-Q4

[33 524] A 5 mm 4|7& 7% case ol & 3D HIY 34 AF7| 7+ sET-3LE

sSEYE 57 dHolH

0

4% AAztdely A4 ZAdelty [19 5.22]904] FEU

= % CASE SB5-Q19 =# dolg #Hd 2y Hd /9
0.021 m%s, B3t 4 1.471 m/s. 3D wE$E AF7] 54 Ho vlgdde-828 0.395 kgf/m?,
% CASE SB5-Q29] =74 dolg #Hy A3 A % 0.038 m’/s, B+ 4 1.785 m/s.
3D utehsE AZ7] 54 H vtgdAwS$2 0.156 kegf/m?, +% CASE SB5-Q32 54 dHolg
B A3 o 5% 0.063 m¥/s, B & 2.098 m/s. 3D vte$E AZ7SA Wt ugA

o2 0.719 kgf/m? % CASE SB5-Q49 =% dlolg Ay A3 Hi +%F 0.084 m¥/s, Ht

|

o =
% 2.316 m/s. 3D H}%gaﬂ AZ7=4 H v wee 1,463 kgf/m® & vebstth 214 5
mm &7&S A TR G2 0.084 mY/s BT 22 HT)
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H 54] &4 5 mm A&

B Sk
CASE °
= Fr4 SIS
Name
%/s) (m/s) (kaf/m?)
SB5-Q1 0.021 1.471 1.826 0.395
SB5-Q2 0.038 1.785 1.918 0.156
SB5-Q3 0.063 2.098 2.117 0.719
SB5-Q4 0.084 2.316 2.118 1.463

olgfe] [1¥ 5.251& 5 mm 7% FAH7] AA3 HHd F3F 0.084 m¥/s, B F5 2.316

m/s. 3D whebee AS7154 WE v g

B3 mgolT), A

Q= 0.084 m¥/s

V=2316 mfs

1= 1463 kg/m?
40 FPS

TIME = 0.00 sec

TIME = 0.02 sec

TIME = 0.04 sec

TIME = 0.06 sec

Q= 0084 m¥/s

V=2316 m/s

1= 1463 kg/m?
40 FPS

TIME = 016 sec

TIME = 018 sec

TIME = 0.20 sec

TIME = 022 sec

1.463 kg/m® 4w *iL

40 FPSZ 0.02% Apold] ¥HAIsH= HFo|u)

E<nl

Zhe 2= 2000 FPS

Q= 0084 m¥/s

V=2316 m/s

1= 1463 kg/m?
40 FPS

TIME = 0.08 sec

TIME = 010 sec

TIME = 0.12 sec

TIME = 0.14 sec
Q=0084 m¥/s
V=2316 m/s

7= 1463 kg/m?
40 FPS

TIME = 024 sec

TIME = 026 sec

TIME = 028 sec
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Q = 0.084 mi/s

V =2316 m/s

T = 1.463 kg/m?
40 FPS

=)

TIME = 0.32 sec

TIME = 0.34 sec

TIME = 0.36 sec

TIME = 0.38 sec

Q= 0084 m¥/s

V'=2316 m/s

T = 1463 kg/m?
40 FPS

TIVE = 048 sec

TIVE = 0.50 sec

TIME = 0.52 sec

TIVE = 0.54 sec

Q = 0084 m¥fs

V=2316 m/s

T = 1463 kg/m?
40 FPS

TIME = 0.64 sec

TIME = 0.66 sec

TIME = 0.68 sec

TIME = 0.70 sec

[18 525] =n&IlMatz

4 (2000fps)

Q= 0084 mfs

V=2316 m/s

T = 1463 kg/m?
40 FPS

TIME = 040 sec

TIME = 042 sec

TIME = 044 sec

TIME = 046 sec

Q= 0084 m/s

V=2316 mfs

T = 1463 kg/m?
40 FPS

TIME = 0.56 sec

TIME = 0.58 sec

TIME = 0.60 sec

TIME = 0.62 sec

Q = 0.084 m¥/s

V=2316 m/s

T = 1463 kg/m?
40 FPS

TIME = 072 sec

TIME = 0.74 sec

TIME = 0.76 sec

TIME = 0.78 sec
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ArZ9I 0] §2 (10mm)

ArZ9l o] §2 (10mm)

ArZESl o] f 2 (10mm)

012 012 0.12
0.10 0.10 0.10
[ | _—
0.08 0.08 0.08 i
;% 006 ;% 008 -/‘_’—-w—/ :% 008
oF oF oF
0.04 0.04 0.04
com——
0.02 0.02 0.02
0.00 0.00 0.00
AlZt(ss) AlZt(ss) AlZk(ss)
AL (=] = (=] =
[28 528] &ZA 10 mm & 7& 72 case of WE Alsol 58 /R 54 dolH
2244 Y bl 25 AT 5% 244 Yap Hie ST A S| 57 244 Wbl 22 A57 51
224 H| T (10mm) 23 H| & (10mm) 2% | (10mm)
30 30 30
25 25 25
20 20 20
g £ g
- e I 2
3 T Aty e
10

%0 O

w0 ow wm 0
A ZH(ss)

* @27 (em)

SB10-Q1

* 2 (cm)

[27 529] HE 10 mm 2| 7& 7 case ol WE FZ2FH

0
0 o o = e 60 0
MZk(ss)
LAl em) * F4H(em)

SB10-Q2

5% ool g

3D HIEH 228 A X 7| ZHAE 2 (10mm) 3p HIEH 83 A% 7| HEA R (10mm)
3 3
25 25
2 2
N 15 N 15
£ £
5 ) W’J
= 1 = 1
ar i
" —\_‘__—_\_ 13
< os < os

* AlZt(ss)
SB10-Q1
[2% 5.30] &Z 10 mm &

* AlZ(ss)
SB10-Q2
T£& T2 case o wE 3D HiE
sEWs &3 dolH

(=)

0 1140 1150 1160 110 1180

AlZH(ss)

* LA (em) © FH(cm)

SB10-Q3

3 3D st S8 AZI| ¥ 45

3p HIE 83 A F7| HE 2R 3H(10mm)
3
25
: —
N 15
£
)
= 1
i
uE
< o5

3 A

=

7
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SAGAZ F4% AAztuelE A Axfoltt. [1¥ 1.8]oA FEU

CASE SB10-Ql19 =4 dlole A A3 A4 7%
0.036 m’/s, B % 1.456 m/s. 3D vt=H&28 A7) 54 B vgd@-&9 0.555 kgf/m?,
% CASE SB10-Q2¢ =74 dolg Hit Ay H % 0.060 m’/s, H# % 1.793 m/s.
3D vtg-gE AZ7] 54 H vt a3 0.936 kgf/m?, 3 CASE SB10-Q3¢] =4 dlolH
B Ax Hd 53 0.084 m’/s, B 7% 2.325 m/s. 3D vtE-E AS/NSH Ho wgA
S 1.931 kgf/m* YebRth 27 10 mm 2 7F&L 243 $0E 4% 0.084 m’/s BF 24E

At

p

2 H =8 HP
CASE
S S Fr % e
Name
(m%/s) (m/s) (kgf/m?)
SB10-Q1 0.036 1.456 1.626 0.555
SB10-Q2 0.060 1.793 1.720 0.936
SB10-Q3 0.084 2.325 2.136 1.931

(@)
oo
B
S|

o#fe] [ 5.311& 10mm 7% FAH7] A#E Ft F3F 0. s, B R 2.325
m/s. 3D vt=H$E AZ7|5H H wbebd e 1.931 kegf/m* o) 2u&7bdEt2 2000 FPS
H3s mHolth AR 7FA L 40 FPSE 0.02% Alold] @ AstE RGo|t)

Q = 0.084 m3/s
V = 2325 m/s

T = 1961 kg/m?
40 FPS

TIME = 3.00 sec

TIME = 3.02 sec

TIME = 3.04 sec

TIME = 3.06 sec

TIME = 3.16 sec

TIME = 3.18 sec

TIME = 3.20 sec

TIME = 3.22 sec

TIME = 3.08 sec

TIME = 3.10 sec

TIME = 3,12 sec

TIME = 3.74 sec

Q
\%
T

= 1.961 kg/m?2
40 FPS

TIME = 3.24 se

TIME = 326 s

TIME = 328 s

———

TIME = 3.30 s
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Q = 0.084 m3/s

V =2325 m/s

T = 1.961 kg/m2
40 FPS

TIME = 3.32 sec

TIME = 3.34 sec

TIME = 3.36 sec

O

O
O
0

TIME = 3.38 sec

Q = 0.084 m3/s

V =2325 m/s

T = 1.961 kg/m?
40 FPS

| TIME = 3.48 sec

TIME = 3.50 sec

TIME = 3.52 sec

TIME = 3.54 sec

Q = 0.084 m3/s

V =2325 m/s

T = 1.961 kg/m?
40 FPS

TIME = 3.64 sec

TIME = 3.66 sec

TIME = 3.68 sec

TIME = 3.70 sec

(23

0.084 m3/s

2.325 m/s

= 1.961 kg/m?
40 FPS

Q
\%
T

TIME = 3.40 sec
TIME = 3.40 sec

s TIME = 3.44 sec

TIME = 3.46 sec

Q = 0.084 m’/s

V =2325 m/s

T = 1.961 kg/m?
40 FPS

TIME = 3.56 sec

| TIME = 3.58 sec

TIME = 3.60 sec

TIME = 3.62 sec

0.084 m3/s
2.325 m/s

= 1.961 kg/m?
40 FPS

TIME = 3.72 sec

TIME = 3.74 sec

TIME = 3.76 sec

TIME = 3.78 sec

(2000fps)




[ 5.6]2 754, 42 54 diolH A CAS A Ayjolt}, 2 Y F FHo
ARd o g2 FElTFES AR E olgste] AAFHJOH FAV FAR HAFES T2
BF o] AMFY u olgstr] AlZEFSIT

[E 5.6] qel7s € M7 A8Z0 A
Hz HE =X Hg
CASE
R R Fr e RS2
Name
(m3/s (m/s) (kgf/m?)

GB1-Q1 0.014 0.612 0.707 0.251

GB1-Q2 0.040 0.818 0.659 0.276

GB1-Q3 0.057 1.298 1.197 1.707

GB5-Q1 0.018 0.655 0.676 0.273

GB5-Q2 0.032 0.776 0.664 0.289

GB5-Q3 0.062 1.618 1.446 1.392

GB10-Q1 0.013 0.693 0.616 0.213

GB10-Q2 0.042 0.824 0.636 0.451

GB10-Q3 0.060 1.341 1.106 1.758

SB5-Q1 0.021 1.471 1.826 0.395

SB5-Q2 0.038 1.785 1.918 0.156

SB5-Q3 0.063 2.098 2.117 0.719

SB5-Q4 0.084 2.316 2.118 1.463

SB10-Q1 0.036 1.456 1.626 0.555

SB10-Q2 0.060 1.793 1.720 0.936

SB10-Q3 0.084 2.325 2.136 1.931
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(23 6.9] ==& SIHESEXR

Water direction -

Pressure
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6.4 AEAZE FYEAS 18d MRS TxE 4F 27

SRS TERES 6.3 oA AFdzel tlv €8 Ao MEHA YHE HAEES stofof
ot o] A9 AT FE AGH o & Ao A 54 WslE i wE ket
T Fog e A9 Fo] g oA Huh AT u&HF2 Ul gglE dAs] e o
HRigle] W& a3 & IS dgatA 5] s, e 2 MEE ARl vt
2E WHE da o toke FEjxdA FEddES B3 R gA Y ATHAES A
it e SR GHEAE A ste] gHREgE B )

[# 6.2]> 2% CASE UD4.5-MD3.0-VC-Q19] 42|23 ZAzlojr} wjzk Wy <3l Ao
ZuE Ay F2 Y SPHEITEE A4S 45 mm, % 3.0 mm = AXstL FF =4 0.02
m?/s 4 Wl 3D ®E&Y AF7], 2uHPAFGFEA(ULTRA-PIV), &84 5 354 =
FAER SAHT Aiolrt,

[E 6.2] CASE UD4.5-MD3.0-VC-Q1g

CASE Name UD4.5-MD3.0-VC-Q1
B2 ee =§-1
S (m®/s) 0.026
PIV 2% (m/s) 1.470
=3 A8 (kgf/m?) 0.766
Reach-averaged method (kgf/m?) 0.762
Reynolds stress (kgf/m?) 0.862
AS &2 (kPa) 1.137
=5 2 (kPa) 1.168
ot 2™ (kPa) 1.166
ST 20 Ue 45 Lo HEE (%) 2.7

>

ARE o) A
o

T T2 A ZEafor FAg Aijolr)
Reynolds stress¥ 0.862 kgf/m? ©.& veERyTh,

vector diagram

pixel

pixel

U=1.470

u Profiles

v Profiles
o o

u’ Profiles v’ Profiles  u'v' Profiles
war — = war - a0y - :

Reynofds stress

= 8457 Pa = 0.862 kgf/m?
[28 6.12] =& Fa| = sl =z EM Z3 (UD4.5-MD3.0-VC-Q1)

SREE!




Reach averaged method® A4t o]zl

=] F8Le 0.762 kgf/m?, 3D vl 8 ASVE A
H 5 2722 0.766 kgf/m® ot Al Wt S WEEL 2.7 % olTh
[# 6.3]2 23 CASE UD4.5-MD3.0-VO-Q19] Fg]ddg Aot} sk Ay =2 | &
ANBITZEE AFE 45 mm, 5 3.0 mm S AXst sj@ wB dA AN 3 =27
0.029 m’/s ¢ w 3D ®etsE ASF7], 2aHAAIAFEA, dEA 5 FEEH 54 AAE
2 FA3 Aot}
[E 6.3] CASE UD4.5-MD3.0-VO-Q19 £glas 21
CASE Name UD4.5-MD3.0-VO-Q1
HH 2t e ==
S (md/s) 0.029
PIV 8% (m/s) 1.347
= 453 (kgf/m?) 0.920
Reach-averaged method (kgf/m?) 0.640
Reynolds stress (kgf/m?) 0.827
A= ot (kPa) 1.069
== 2= (kPa) 1.158
ol 23 (kPa) 1.153
S 220 Uist 45 2o HEE (%) 8.3
2% 6.13]% 23% 2 7% 4 Z=za9oez B4 Aioltt, E44d HAd F&52
1.347 m/s 2 YENS ™ Reynolds stress® 0.827 kgf/m® .2 e}
vector diagram u Profiles v Profiles v Profiles v Profiles. ng'v‘lF_'mlilg
{7:1'_347 7=-0.003 Reynolds stress
= 8.112 Pa = 0.827 kgf/m?
[O38 6.13] 1% 2| 7= slM == 24 A3 (UD4.5-MD3.0-VO-Q1)
Reach averaged method® ZAAtE oW AF2& 0.640 kgf/m? 3D H}@f g A=VE =A
d =4 2F8L2 0.920 kgf/m? o|th, TE4Hl 3k AEtEe] WMEELS 8.3 % olt},




[¥ 6.4]& A
NRETZE A
0.087 m%/s
2 =43 Adi}o|t},

I3}
=
=
)

4.5 mm, &=

CASE UD4.5-MD3.0-VC-Q29]
A

3.0 mm
3D g8 A7,

Foa Adolrh 214 49 2 )
g A W Wn B gl §F =3
2I5AAG LG5, A 5 U5 54 ANE

[X 6.4] CASE UD4.5-MD3.0-VC-Q22| #z|AlE 2
CASE Name UD4.5-MD3.0-VC-Q2
B2t 2= cH5
S(m’/s) 0.087
PIV 2= (m/s) 4.405
=X 25 (kgf/m?) 1.873
Reach—-averaged method (kgf/m?) 7.181
Reynolds stress (kgf/m?) 12.885
A 2l (kPa) 0.824
=3 2™ (kPa) 0.888
ots 24 (kPa) 0.884
S 20 Us 45 Lo HEE (%) 7.8
(29 6.14]15 2% g 7% 4 Zzafiow EA3 ZAxtoltl, BEXZAI HF &5
4.405 m/s & YEFYo ™ Reynolds stress® 12.885 kgf/m? 2 velyi},
vector diagram u Profies v Profiles PO oL S F‘f_f.l_f'_'?f_ ,J{:'_"'_ Profiles
) U=4405 92_003 16 Reyr;.c;ld:s “st re; sg
= 126.4 Pa = 12.885 kgf/m?
[13 6.14] 2% =2 X M =238 &4 Z1 (UD4.5-MD3.0-VC-Q2)
Reach averaged method® AAFE] X AF=HE 7.181 kgf/m?, 3D vlet 28 A=72 =A%
A AFES 1.873 kgf/m® otk AEdEd F549 vlE 7.8 % °lth
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CASE UD4.5-MD3.0-VO-Q2¢e

Sl A9 of FEldd Aoty 2% AF F=E U 3
FRETRE A4S 45 mm, $F 3.0 mm & AXEa v B¥E Ay FEA f7F 23
0.089 m’/s & wl 3D wehgE AF7], 2REAAGEFEA(ULTRA-PIV), 484 5 2154
SH FAER 543 Aol

[X 6.5] CASE UD4.5-MD3.0-VO-Q229| #2|&l& Z1t
CASE Name UD4.5-MD3.0-VO-Q2
B2t 2= o2l
Se(m%/s) 0.089
PIV 2= (m/s) 4.664
=3 A8 (kgf/m?) 2.050
Reach—-averaged method (kgf/m?) 8.051
Reynolds stress (kgf/m?) 16.055
A 2l (kPa) 0.806
=3 2™ (kPa) 0.871
ot &£ (kPa) 0.873
S 20 Us 45 Lo HEE (%) 8.1
[78 6.15]= zu% e 7= )4 ZRafor FAA Aifolrt. E4A3 Fd {5
4.664 m/s 2 YEFYo ™ Reynolds stress® 16.055 kgf/m? 2 vely}
ey g uProfles  vProfies o i,y Fioles;, v pisfliex
[O8 6.15] =1 Fe| = oM =233 &4 Z 3 (UD4.5-MD3.0-VO-Q2)

Reach averaged method® AAtEo]Z £7F3& 8.051 kgf/m? 3D ®tg 28 AZ7|2 54
=4 278 2.050 kgf/m* o|th. AE4E 3 542 vl 8.1 % oldt

.l
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® < 43 CASE UD15.0-MD3.0-VC-Q19] Fedd Ayo|tt, 2% A3 =2 U 3
FRETZRE AS 15.0 mm, $F 3.0 mm = AXstz wj@ wB g3 g F3F =27
0.026 m?/s & wl 3D weh$E A7), 2uEJAGFFEAULTRA-PIV), &= & 8154
=4 452 248 Avoln,

[E 6.6] CASE UD15.0-MD3.0-VC-Q1l #2I&l8 2t

CASE Name UD15.0-MD3.0-VC-Q1

o2 ge =41

S (md/s) 0.026

PIV 82 (m/s) 1.537

=3 A2 (kgf/m?) 0.564

Reach-averaged method (kgf/m?) 0.893

Reynolds stress (kgf/m?) 0.722

A= otad (kPa) 1.000

== 2t (kPa) 1.058

ots 2= (kPa) 1.049

EZ =0 st As g0 HMES (%) 5.8

(29 6.16]% 1% g 7% 4 Zzafiow B3 ZAxtolt), BEXZAI HIE &5

1.537 m/s 2 YEY o1 Reynolds stress® 0.722 kgf/m? &2 tepykth,
vector diagram _uProfiles _ v Profiles ol Proties, ¥ Polles g0 f ke
| | ) ]
f=1.537 7=0.015 Reynolds stress
= 7.080 Pa = 0.722 kgf/m?
[a8 6.16] 21% F2| = 6l =20 24 Z 31 (UID5.0-MD3.0-VC-Q1)

Reach averaged method® AAFE ]z AF &L 0.893 kgf/m?, 3D v <8 7

XAEH o

=
';Txé -7 3

0.564 kgf/m? o|t}.

2 W

|\

7| &2

|\

8

=
5.8 % o]t}
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+= 23 CASE UD15.0-MD3.0-VO-Q19¢] ¢4
ARITTEE AZE 150 mm, =% 3.0 mm = AX
0.026 m¥/s & Wl 3D ntg-$d AZ7), 22E5AASFF5A(ULTRA-PIV), 87 5 g
=S4 AAER S Aol

[E 6.7] CASE UD15.0-MD3.0-VO-Q19 2|A8 2

CASE Name UD15.0-MD3.0-VO-Q1
2 e EE
S &H(m?/s) 0.026
PIV 82 (m/s) 1.414
=3 45 (kgf/md) 0.492
Reach—-averaged method (kgf/m?) 0.707
Reynolds stress (kgf/m?) 0.984
A 2l (kPa) 1.073
=5 2 (kPa) 1.121
o5 22 (kPa) 1.108
S S0 e 4F LHo HEE (%) 4.4

(29 6171 3% S8 72 &4 Zragios FAZ Aot BAAN Hd FE52
1.414 m/s & YEF2 ™ Reynolds stress® 0.984 kgf/m? &2 e

vector diagram _ uProfles v Profles U Profles v’ Profiles  u'v' Profiles

Reynb"id;s- stress
= 9.655 Pa = 0.984 kgf/m?

[23 6.17] =21% 2| #x o4 =233 24 Z 1 (UD15.0-MD3.0-VO-Q1)

Reach averaged method® AAFE Iz AF &L 0.707 kgf/m?, 3D vl <8 74
=74 2792 0492 kgf/m® olt}. AEdE s 54 vl 4.4 % o)t

|\

7|2

|\

45
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15.0 mm, 5% 3.0 mm = AX3 1 51 z=7
0.089 m/s & w 3D wtehg-E AS7], 215G SRS A(ULTRA-PIV), 484 5 254

574 4AE2 249 dooln,

[E 6.8] CASE UD15.0-MD3.0-VC-Q22| #z|&l& 2

CASE Name UD15.0-MD3.0-VC-Q2
2t es cH5
Se(m%/s) 0.089
PIV 8= (m/s) 4.623
=3 A8 (kgf/m?) 2.574
Reach—-averaged method (kgf/m?) 7.943
Reynolds stress (kgf/m?) 10.948
A 2l (kPa) 0.841
=3 2™ (kPa) 0.743
ots 24 (kPa) 0.739
S 20 Us 45 Lo HEE (%) -12.3
(29 6.18]% 21% @ 72 A4 Zzagew BAW Adeld. BAAWN BE A5

4.623 m/s 2 YEFYo ™ Reynolds stress® 10.948 kgf/m? o= vely)

vector diagram u Profiles v Profiles u’ Profiles u'v’ Profiles

Reynclrds: stress
= 107.4 Pa = 10.948 kgf/m?

[28 6.18] =22 $a| = &l =233 24 Z2 (UD15.0-MD3.0-VC-Q2)
Reach averaged method® AAFE 1%
=4 2782 1.604 kegf/m? o|th, A5t

aTTT 3 T

[N
=il
I
flo
‘\]
«©
>~
w
>~
0w
~
Bl\'J
W
)
=
J8
oo
JE
)
|\

7| &2

|\

hl
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® + A3 CASE UD15.0-MD3.0-VO-Q29] Fe|43 Ao}y, zus AH F= U 3
ARTTZE AE 150 mm, 5% 3.0 mm = AX&a wjy wB I AeolA f3F 24
0.087 m/s & o 3D wpe3-¥ A5V, 2nHUAYfEAULTRA-PIV), H&7 5 254
54 FAEZ FAHS Aol

[Z 6.9] CASE U1D5.0-MD3.0-VO-Q229] £2|AlE 21}

CASE Name UD15.0-MD3.0-VO-Q2
] R = gl
S (md/s) 0.087
PIV 82 (m/s) 4.543
=3 A2 (kgf/m?) 3.215
Reach-averaged method (kgf/m?) 7.671
Reynolds stress (kgf/m?) 7.467
A= ofad (kPa) 0.857
= ¢4 (kPa) 0.717
ots 2= (kPa) 0.710
EZ =0 st As g0 HMES (%) -16.3
(2% 6.19]% 2u% S P2 4 Tzogom PG Azt BNAN Fi fEe
4.543 m/s 2 YEFF S M Reynolds stressi= 7.467 kgf/m® &2 el
vector diagram u Profiles v Profiles ) Profiles. . r\_f' Prgf\IeE uv P_(on_lef_s
' ‘ Reynolds stress
U=4.543 V=-0.0032
= 73.250 Pa = 7.467 kgf/m?
[ 6.19] 21% 2| = slil4 =Z=z38 24 Z 3 (UD15.0-MD3.0-VO-Q2)
Reach averaged method® AAFE ] AF#HE 7.671 kgf/m?, 3D vtet 28 A=72 =43
%4 2FEe 1793 kef/m?® o|th, 43w $394d

OETT 9T
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o
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o
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AC)
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o
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o
ol
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ol
tlo
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=3
s
N
=
x
(1
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o
r>~1
2
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_E
rlr
ke
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—
S
=)
m

t}.

SRS FRE(CEIY] anE A8 A S m/s o)), wiEg o Ho Ao A&
F9S A8 43 43 3D Aa$H ASTVIE A3 SAT 2792 3.099 kef/m2, 7
H #F&£S5 E& AAlE Reach-averaged method FFS 3.298 kgf/m2, 1% FE+X% &4 =
2aWe & AAF Reynolds stresst 2.952 kgf/m2 = AHAFHAJAL. 4 272 2 A2 &
T8 fFAFH UetRtHS 8478 tiv] £10%).

sk ol o] 4 4£FY dlolE y|Fo® 3D vty $E€ ASV|E Ay 4%t 2FHS

23k ol 54 AFY dolHe FAREAY HARATH-34 ~ 8 %). SAHE F&5= S AL

¥l Reach-averaged method k2 wji+3l o} = # Reach-averaged method Hl°]E ¢ FA}SHA
U oEe low BAHAT-11 ~ 26 %). 2aE FETE A4 ZraRs F 2
Reynolds stress Zt& w3k o223 Reynolds stress Ho]E oo Hla] AW3] & Aoz A
] ATH207 ~ 544 %).
T2 dieto A AR FA4sk= 3D viE SHASVIE AR dAg vy ddgE S
3= Wk 7hE A o072 AAE T o]A] = Reach-averaged method ¢ Reynolds stress #he
=

A5 WAH FE dR GFL W Ao wAHA

il

[E 6.10] 0R% &8 2 &H HI

PIV =3 Reach—averaged| Reynolds
Case S
N EL (m?/s) S EAE == method stress
ame m°/s
(m/s) | (kgf/m?) (kgf/m?) (kgf/m?)
oHZ2st o3 == 0.088 4.201 3.099 3.298 2.952
UD15.0-MD3.0-VO-Q2| &£ 0.087 4.543 3.215 3.849 7.467
UD15.0-MD3.0-VC-Q2| &8 0.089 4.623 2.574 3.985 10.948
UD15.0-MD3.0-VO-Q3| &£ 0.089 4.31 2.963 3.456 14.427
UD15.0-MD3.0-VC-Q3| E&& 0.088 4.088 3.284 3.049 4.145
UD15.0-MD3.0-VO-Q4| Z& 0.091 4.723 2.072 4.142 10.209
UD15.0-MD3.0-VC-Q4 | =& 0.096 4.737 2.197 4.158 19.533
UD10.0-MD3.0-VO-Q2| £ 0.093 4.61 3.110 3.962 6.114
UD5.0-MD3.0-VO-Q2 | &€& 0.092 4.38 2.924 3.557 7.068
UD4.5-MD3.0-VO-Q2 | &€& 0.089 4.664 2.050 4.039 16.055
UD4.5-MD3.0-VC-Q2 =a=1 0.087 4.405 1.873 3.603 12.885
UD4.5-MD3.0-VO-Q3 | &€& 0.090 3.95 3.359 2.922 8.961
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v @B 7 A7 CASES

ke
T

[6.11]

\Zﬁo

B
;O
s

ojy

il
—_

W
o

Aol oA Aolo me

pisl]

&r
ol

of
K0

=
y S

A=
(= —

6.11] &8 gl CASEQ

oy
=

[

[
sl

Il
ol

KI0
Kto

-6.812

-8.254

-10.097

-22.066

)
sl

or
ol
Klo
<0

-15.887

-14.882

-14.991

—-7.790

PIV R
(m/s)

1.374

4.664

1.414

4.533

CASE
Name

UD4.5-MD3.0-VO-Q1

UD4.5-MD3.0-VO-Q2

UD15.0-MD3.0-VO-Q1

UD15.0-MD3.0-VO-Q2
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Recantly. loT {Intemet of Things) and information and communication technologies
=such as big data and others due fo fourth industrial revolution have become mare
accessible to individuals. Thus, 3 three-dimensional tractive force measuring sensor
using loT-based instrument was developed fo enhance measurement convenience and
to monitor reak-time through data communication rather than existing tractive force
measuring devices. To verify the measuring devices developed in this study, we
compared three-dimansional tractive force measuring devices using an arduino and
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