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ABSTRACT

Flow Characteristics of T-Junction with Stenosis

Myong Kwan Kim

Department of Mechanical Engineering, Graduate School.

Pukyong National University

abstract

Energy losses and flow rates at pipe junctions have been a main
topic for many researchers, because they play very important roles
in the design and analysis of piping systems. Piping systems can
not be consisted of just all straight pipes. There usually are
elbows, crosses, bushings, reducers, return bends, unions, and
tees. So it is very important to study the flow characteristics in
these fittings. Most of these fittings have branch flows and
junction flows. When pipes and fittings are used for a while, area

at a certain location reduces due to scales. These stenoses
usually occur near sudden area changing part, Jjunctions, and

branches and cause some additional pressure losses.

Characteristics of flows at T-junction pipes with orifices are
investigated in this dissertation. Experiments were carried out
for several flow rates, orifice sizes, and pressure differences.
Numerical simulations were also done tc get more data for the wide
range of flow rates. Experimental results and numerical ones are
generally in a good agreement. PIV visualization was also coded to

visualize flow fields at junctions for two-dimensional case.

= Xl -



ABSTRACT

The experimental apparatus used in this study consists of
storage tank, pump, upper tank, flow meters, test section, and
pressure gages. Water stored in the storage tankK is pumped up into
the upper tank. With this water level, same total pressures were
maintained at a upstream main pipe and a lateral pipe, while
checking the pressures and flow rates at both pipes. The water
level of the upper tankK was varied between 1m and 1.5m for each
set of tests in order to maintain same pressure at the inlets of
the upstream main pipe and lateral pipes. Both the diameter of the
main pipe and the lateral pipe are 34mm. Tested Orifice diameters
are 30mm, Z25mm, 20mm, 15mm, respectively.

A finite volume method was used for the discretization of
the continuity equation and the momentum egquations, and the
hybrid scheme was used for the convection-diffusion terms and
standard K-emodel was used as a turbulent model. Instead of
using dense grid at the entire computational domain to get
accurate solutions, irregular grid system was used. Denser grids
were used near the center of the junction and near the orifices.
Total number of the nodes used in this simulation is about
250000, FLUENT was used for the computations. Total pressures
were given at the inlet of both main pipe and lateral pipe and
static pressure are given at the outlet of the main pipe as
boundary conditions.

For the PIV visualization system, Grey-Level Cross-Correlation
particle tracking algorithm was used to calculate the flow fields.
Vinyl chloride polymer particles of 100 - 150 um of diameter are

used in this visualization. Very wide rectangular type T-junctions
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ABSTRACT

are used to visualize two-dimensional flow, because it is almost
impossible to visualize flows for T-junctions with circular
sections,

The computational results show relatively good agreements with
the experimental data. Flow rates for several inlet total
pressures with and without orifices are shown in this
dissertation. On the contrary to branch flows, the flow rates at
the lateral pipes are larger than those at the upstream main pipes
for a given same inlet total pressure. The difference between the
flow rate at a lateral pipe and the flow rate at an upstream main
pipe become smaller and smaller as the diameter of orifice becomes
smaller. The flow rates at both a later pipe and a upstream main
pipe are almost the same when crifices are very small.

From the numerical simulations and PIV visualization, some flow
patterns at the T-junction are shown for several cases. Separated
flows are observed near the upper wall at the downstream of main
pipe, while secondary flows are observed at the main pipe.

Finally, conditions where two flow rates at the lateral pipe and
the upstream main pipe are the same, were searched and are shown

in this dissertation.
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15mm#  AFRHPew, o fuAE MHAH}A wow AHH} FE
mmel2 g F5F#2 £ 4 vk Photo. 34% AEF9 AHS X
ofFi Utk R FEY FES A 2aAdFE O AEs @,

BaA37E Dol AU} dF o] ERYFAEFE Q, Ad+H
=

v o

m&“;

ﬂil

- 20 -



A3F F55E LAY

® Test section
o)
L/ {/_\
B
/ N
T Storage tank @ Pump @ Upper tank @ Flowmeter
® Orifice ® Pressure tap @ Overflow pipe ® Pressure gage

Fig. 3.1 Schematic diagram of experimental apparatus
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A3 FEEY 4¥

T LT IE

(D Storage tank @ Pump @ Upper tank
@ Flowmeter & Test section & Pressure gage

(D Overflow pipe

Photo. 3.1 Photograph of experimental apparatus



A3 w35 HY

Photo. 3.2 Float type flowmeter

BENBCTEC —SANSOTRC S ENEOTEC
MBSl ;:‘ _ . e—r————— A O ;:

Photo. 3.3 Pressure gage



A3E FEEH U

i | i
) L{;d D ) (3

¥

> V000G
> (L0000

d=34mm d=30mm d=25mm d=20mm d=15mm

\

Fig. 3.2 Enlarged view of the main test section
and orifices
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@\

d=30mm d=25mm d=20mm d=15mm

Photo. 3.4 Main test section and orifices



A3F Fesd dd

32 A3 Wy

BRFAE B &F B ol8sdern, od Eo "Wki= 9982
kg/m’ o) g& AHER

Ageae] H2IFAE A, dHPE

ﬂ!ti‘u

oj &8t FHTE= A
FHAE olEA7Y, 32 WHE ol 43ty dFHHA FFHS A
stath AR szAAE AdfAd 9 vad £ JdenE dAN
Ao +oZ d4dA FAANE F Ay WetezE AAAR (600mm
X150mm)9) U5 ¥Hoverflow pipe) S HA i, d+Hs ¢ B
hA] A Al Qlis AR FEE s EelrAl Ho

FEAee 7B E fEA AR eElgas 25 ofadE A
25 AT
HA FFA AUNEE A A3 Yo APFE BASA @
AeelA AFBFAE T F3A] AUES F FEFAY 2
golstgl oy, #HEF e S FFA EA 9 544 =

b elng AdR ol g Bxa £48& HAE F0]7] 9
M FFAE 2AEA Fgow, FHF FRe FEH A 52
& §hsted Adtshc AYe AdY

AR 2R3 Ao 4HSALS VI00ps)7HAl 48 F Y= &
Y EdAFAlransducer) 2 £A S 311, ERAFALG Y
Ae AEF Smmel HHTE AHEHen, tAd S EA7](digital
pressure indicator)® 2R 27 di7ZIg dEHC]2E2 147psi=
AAREAA Tk

Age FRFFxoA A GHoz Hud AR IAdAUE

rlo

iy
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A ste] AMET, Fig. 3.2¢14 Bio] Ry 232 5714 7h3-H
AU A3y, ABAE 2L A4AL 7tA v ~E AAS

BEdo 15mm, 20mm, 25mm, 30mm$% 28I 2E AAstd, AJE
15mm, 20mm, 25mm, 30mme 2@ 2& HXste] zZpze] egH
AAe] A AR-rxe A5 HAA Imdld H3L L4m7HA 0.1mH
W3 E FojrteA Ragde 43 2 49, Aded /F % o4, &

BakFel e SHshe Wyoz AL VYA
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A34 F584 4Y

33 29 oA §FEA

Fig. 33& dols= 49 w3 o2 {IF& a2 Jed Zo
g afzoly s AR do #e AR D W7k 12 YEy e
2 A@y 2@ uag HANA @#& ALE JE iz, EE
AR, A, PRAEFY AHLS BF B adzds JEd 47d Y
1% F R ANAAL & adEs 2FE Jepda, JF7t A
AR A4y e] 7jze ARS Jepdoh afelA A# f#o] 2
9 F#FET A4 Zde AL Yehdz o E 3L ¥ Ege o
2ol 242 @I EAHge fFo FH FUEE ¢+ U2, B
#3 A#Y FFF = FH AAD IS5 S ¢ F Uk ARy} EF
o] f#ulE Aol oF 10% & Rz e

5.0 -

45 -
4.0 -
4 ‘/‘
35 ‘/‘//A/A
4 ‘_/A/A
304 N
Z s
\E’ 4
p 2.0-_
1.5 1 3 D1=Dz=Ds i
; experiment
1.0 d, /D=1
0.5 ] 2 1
~] d, /D=1 —A—-2
0.0

v L] L) T A 1
8.0x10° 6.5¢10° 7.0x10° 7.5x10° 8.0x10"

Fig. 3.3 Flow rate vs. Re without orifice
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Fig. 34 A7l 34mm¢l #el A Ao 30mme LE 8%
@] 2z AU a2, d/D7F 08329 499 MA@y B
g F%E vl Aot Helyz 7t AZFE 3% AP #
Fap7t BH F74Ee ez dew, A#e fFol Rde {FR
t} 2ol EZe Jehlz gtk Fig 33% vEZPE w dHolex
= oF 70003% FHA Jehtin gledw, #Helwz 7t AR ARrE
2ad (@Y #2325 FF AL, 434 AP AAE AL BT
lt}h. o] H& &9 Fig. 3.3% wl$ wjsd AEE Bojx gtk AH
Eao f3uEs 9 7% AxE vyt

B

50 -

4.5
40 -4
4 Lk
3.5 a2 s
] ‘/Zjﬂr,_/a
3.0 AT
= 254
E
g 20
1.5 1 3 D1=D2=D3
1 experiment
1.0 4 d, /D, =0.882
a5 2 d_ /D, =0.882 §
4 2’ 2T 7t —h—2
0 0 T T T 1
5.0x10" 5.5x10" 5.0x10° 6.5¢10° 7.0x10°
Re

Fig. 34 Flow rate vs. Re with orifice
diameter of 30mm



Al 3% fEE4 d¥

d/D7t 0730152 3mme] #o| XA Bmme) LHNAE 4R
A4e oz & Wae o@ §2e ey 1337} Fig 3500,
H70) e eelv2g YAEFE dolez 47 FER Ue A
& dehiz Qa, Eus A#Y 4% A= @As gass AL G
A% F Utk E WolEE 47 FAUSE FANAY ABH 2o
F34E AY QAFA YU AT A7l E B FFe] 23
o @) of 5% wol 8838 JehdAgz B 4 Ut

5.0 o
45
40
35
30 AT a4

254

Q (m¥h)

2.0+
1.5 4 D =D =D

1 3 1 2 3 -
1 experiment
01 1 d,/D,=0.735
] —&—1

0.5 4
2 d,/D,=0735 | A2

00 v L L L} 1
5.0x10° 5 5x10° 6.0x10" 6.5x10° 7.0x10°

Re

Fig. 3.5 Flow rate vs. Re with orifice
diameter of 25mm
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A3 4854 4%

Fig. 3.6& A7434mme ¢ 20mme AAE 7 eedLE 2
st A @oll A st dolsz Fd BE £FE eI Holsx
F7t F7heel wE Add Ead {FE A I AE &
A}, FEONA K] AFL fFFo] EH9 FIFEY W=
¢ & AW, 1 Fel= wwsct B & vt ag:, dolju2

o @ AR Bael FEAE A AT B & Yot

[ac)

2 N
boogo

50 -
45
4.0

354

3.0 Mﬁjﬁjﬁ
= 4 A%ﬂﬂ
E 2.5-
o 2.0-‘
1.5 D1 = Dz = Ds
- experiment
104 ! 3 q,/D,=0588 P
05 B ——1
] 2 d,/D,=0.588 A2
00 T T - |
4 5¢10° 5.0x10" 5.5x10° 6.0x10°
Re

Fig. 36 Flow rate vs. Re with orifice
diameter of 20mm
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Fig. 372 #olx= 49 ¥ B& §3& ved A=, d/D7}
0.441¢]22 2 7434mme} #ol AF15mme 2§ HAF 5ol
. ARl FA& ezt HAHARY dolE= F vy A
dehda flon, §% =¢ w9 A4 veuan o Eas 289
e dolsx 49 W wepse st A9 glo] Bejn gl
ot olAE FHAe] FHL eFArt EAIFLE eyl A 9@
E£Ho] ZhsteiAja, FFH ¥ {FFo WHE vl Hon dd
ol wets §FF 4% A9 g B 5 o

5.0

4.5 1 | 3 D1 = Dz = Ds
4.0 o d, /D, = 0441
4 2
3.5
] d,/ D, = 0.441
304
= 254
£ : ek
= A
o 204 a PR
1.5
] experiment
1.0
05 e 4
| —A 2
0.0 v r v r - r
3.0x10° 3.5%10" 4.0x10' 4.5x10°
Re

Fig. 3.7 Flow rate vs. Re with orifice
diameter of 15mm

-32 -



2
w
oX
Ho
oift
e
o,
i
)

g3 Byt Hdd AAEL b 229 A8 74 AR, %
By 9% dHoz FHEde H4EE & A% 1

S #2 ARE AU

(1) AN @ap Byl eu Azt dAlsolxd Aok euf2r} HAHA
%e Aol ol FUI ghHe] st E o FHFS T 9
s AW FEo] B R F Aoz UEu

(2) g3 o] 43 A4 L b eEuart dAE AfelMe
Aol e oAt MAAASFE @z Afe) {HuE A
Zo 5oy, (d / D, d / D)7F 0441018tel A= A @n 23
o ol wg wl=stA ek F, @l AR, e A
A7} 1, 0.882, 0.735, 0588, 04412 Zol& o X E#9 F
FulE 109, 7%, 5%, 3%, 1.5%2 FolZ Ao R vEw

(3) E#Az AP FU& AP L 7hd egavt AXE ¥ 29y
2 Aol AAFE FHFd o3 AF dito] &40 A= A
oz xolx, whd 2elua FHAo FAEH4E FiHFd A% I¥
B eglula AAel] 9§ £2o] ARz Ao g vErRET



A 4%

Al &gl ol A



A 4% AEdA

A 473 ANaEdolA

e TUFA Fol AP, g, BAAL, gntE T AAE
FubshE A fEddE B vk oY@ € R FAFECl @

Ay FHoz wAste gt g

U4 g0 vl Hih= d7HE Bkl ol d R FA AF

S g e HAo] folshA ¥rkE AL ¢ Aot IOk B
H oz
—

Hets 548 439 97 2 n4% fFAVIAY HFfEe 54
AA7E 42 gon, AANTEANN HAGE Fopll= AL HoE
A zreh g, e xR Arleg d8s ok e 1% 28
AP AR T ARE AFHE Agste] FFHA A3E F Aot
W oo g a2 Aolgke AE ¢ F gk

dolol= AFEY G5 Lo Ao FAAdE olgHew Y
& 9nd B3 4 2 FA FE 4 429 AFHRE 3

#9902 st B,
ez A4 AYSE dFREe 58S dFolth o Wi YL

reav 5gd olg 2& ey Aol dad, oJRA &8 ¥
Zap dofjiR|e] FF g ol Fubd §FEAUATE v zbeEH<d
do A 2 WMol Yojiln o] F Aikdissipation)ol gt F-Et}h &
ot B Ee gieldet®, 1 $%2 Navier-Stokes® A Ao o=

I 97] W), $5FL o]2H oz FEEdE Navier-StokesH 4

a2y GFE FAAMR AY 7 dE AL A HelmE
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Al 4 F AlgeolAd

o) WY §%¥(channel flow)¥ #Z& g Ao FH0], T L
2 FujdE durAel §%59 i HolErx £ fEeA AHE ¢
o] FAANS BrHsEnh g dAle ANy wHer JdEE
Aral7] YEAe ¢ Zd(turbulence mode) S =% Ha7F o

B =3 4 3 FoMiE T4 ke FIFIHAUS o B Ad
9 5wzl gsiA AgHder Ay FAY, APer RE
Axs AA7 e i e Hel vk AFFAANN E@H A
Aol A ¢S THFEY] Q&M HEFERE 5 e A B
QkAjuk, A #o} frEkvt Bykel F3F& el zolrh i, AEHA
oA Age FYsHA THEG B & fich wEbA] Eds A
AgE L34 7H9e o 59 BEE dolry] AsAE FAHY
o] A Molet B F Ut
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Al 4 4 Ageold

41 AR

Wit A S Fl hE A5y dF mde Told e vz

Ae dAz ZAFE gea gt e

SER R
au;- .
3x; =0 4.1)
TEFHENAA
du; Qw1 ap . p Ou
. e —_ 9
ot T ax; o 8xi+ o 0x0x; “2)

A7 A e S5, pi 4", pE FAAF, oE Aot

GEo A7tH o MEsSE &% ;& A0 H(time average) HE
%9 W% 2 (fluctuation component)?} FE2 UFH, u=u;+u; &
g3, WEHE 0 A Fo] 09 AL ol&dlo ASHAA R
Navier-Stokes W34lo] st} At d e Hstd dhw3 2.
du;

oz, ={ (4.3)
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A 4 AJEHA

du;  —du; _ 1 9p 1 9] dui  ——r |
gt % gy, o ox, T p axj[" ox, Pui| WA

NNzAd ATEFE Ao pF 2 HolFE ATHdE Tl

—p ;B RS 3o AT o)A Wil oA B EE
ooz #Holxx $HIolal RET oS EAHA 4F &Y
A zZre FujEgAbg o2 Jehyd g9 2o

o] dolExr $¥€e AY7l AFEre] HIEF(E T A vl
gtk s H Al Yl A A(boussinesq) 7F 7HA d ot

2o A 23] e ke FFEFA YA (turbulent kinetic energy)
2 A

kZ%[u'l—F w5+ u%] olil, §;% Kronecker & °ltct.
4

182 g@sne wyggsd & Lxfdoln, vdASs pe=

W A A A S (turbulent eddy viscosity) E @A A Sl dof, o]
dREAATE T AsME o] MR dREdEe] AME SR
t}.

dutd oz oz ¥ FHYANE WHAIE FHEELE F

7127 gew, BAY AR 7HAE d4ed dHEAE 2D (turbulent

viscosity modeDol2b 3tar, 0-wrA2] 2y 1-wAA 2d 2
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A 4 AEH ol

g2 g ¢ Uk
ghed vl Aaze) vhdgle] Holsx $EMAAS HHATE &

Ho] pdl ol YA T (Revnolds stress equation

model)e| e} B},
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Al 4 g NEdeld

42 vi=d

AR oz Ao wE FEAQ {FEILA YoM delw=x F7
e A 1 fE dHRAFe HY, o dFFEE FHH AEH
ol A&7l Wi wldgHoltt, HislA large scaleF-H ofF # LS
length scale7t®l L5 & AlBHo|Hst7] s g A Aol
Hasdty] ol R Udukdez HFEE MM e
£7AQ FEAE Aol & F@g Hatol, A3 length scale( %
& AA AAA F5L AgdA e wHE F=2 A 9
th &, GHFSES Aol ds) 37 gt ¥ E(luctuation) Fe

u=u+u
v=v+1 (4.6)
w=w+w

1
g

W= (wW+ u'u
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A 4 & AMEHCIA

olt}, oj7|A © T & &AQ dRL&Ro A g3 HHd #de
gugie & WEES guidth o]RA EAN FE Ml
e A dEFer FdEE & o9 AVl vES kA §
Hol Ada AxsA FeokE Aotk old EhH el AL
N34  Navier-Stokes®A4o] A3 A& Reynolds-Averaged
Navier-Stokes (RANS)#WA 4 o]2t )l RANSHA Aol Hg4 el
Futh g 2e A5 dolvx £ (—p u/u)E 7t AR
of Axtz A7 ol M= vAFE LdYHE AL FF2LHY0
g i, YEv®REe Eddy-viscosity =@, #Helsz $¥ 2d
LES(Large Eddy Simulation), DNS(Direct Numerical Simulation)s 2
2 R F vk

42.1 Eddy-Viscosity 2 4&
Eddy-viscosity ®@& BAAze] Ade] wgs £ Aoz #Ho

=2z A 282 mean strain rate?} turbulent eddy viscosity & g o] &

shof T3 ol EAWL

31})

— o u; uj = #,( + ax 4D

A7 A u, & eddy-viscosity®} F2ul, g, & Tl o) oAl A
2% AvE LAe] o LA ue 0-A 29, 1934 2

- 2e Eoz e F ok ol#d 2l g9 At
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A 4 7 AEHlA

WA zhgste] werE Q) $&o & &3Th
422 0-93AA 249

O-ulA A pde ARz HulR w2 Hylgle] =3 HEA A ¥

1 O [=]
B2 eddy-viscosity®E T8t= A0 F, Prandtl® mixing length ©] &9l
9] 3] eddy-viscosity™= U3 o] HEHF O

2 du
ol 3y (4.8)

o] 7] A & mixing lengthZ% length scale® 9v]3t}. velocity scale
3 ut=zl~§—;‘|z $0W, 4,2 0L Pol £ F A BY.

p= plu; (4.9)

74 WwrHow o Wue] Aol waA@Ti: rHRsT, o

Van Driest damping function D7t #3t9] 7tk Cebeci®t Smithe 4

(4.9% HEFGYnner region)olzt Ee A= HW Aoyt A 83,

o] H-od 9 {outer region)ol A= h&# ZE 7HAE 3to] eddy-viscosity
model S A7

[ ~ &™) (4.10)
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A 44 AedelAd

o]7]|- &= AAZ(boundary layer)®] wlAF7l{displacement
thickness)o] ®,

u; = 6u,) (4.11)

239 u,= AAZE edgedl Y £T= HAFNYT. 2R

g~ oudt (4.12)

o} & uj# Aol Aygch

olg]d WHEAES FreuEl7t glE ¥ A f-F(attached flow)ol A
9313 o9} Lul(mild adverse pressure gradient)?} & 5ol W
o] AtgsolA stonl, AFH ZzaPde F&o] v+ HAvte FA
& 7HAaE Uk o] R@e GiFAASFYE WA aRHe AR o
2 gFdor Folxnz, o&n NEE FHEEAYS £ ¥avh o
o} webAl, 0-4A A 2 d(zero-equation mode)E B ™, ALHA|Hol
Bagy, 24 o8zt #& Adel e v FaHA FIFFH
N ARRLE Asta 7 Wil i, &4 R ojH(history effect)
o] 203 o3 = HAF S RARI
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A 4 F AjEHolA

423 1-%A42 74
1-9AA g 0-wgA U edolr AREE ZFE-3 84 e (local

equilibrium)®l 7F4& 9 A2 &AM, F kinetic energyd 43 A

GRS 2l EFAA dHRET A2ALYN wE TS 2ol v

Aeltt.

u= k=) —%—( W) (4.13)

o714 k= WEY kinetic energy©l® eddy-viscosityy= S 2o
A olgc),

p,= plk (4.14)

A71M 4,3 TIHE EE dojok B, kE 7 Al k)
that 119 #HujR WA 2lo] Hasty [-wAA Fdold WAol &9
A € Aotk 1¥]a FH9 length scaled] [ A% HA diF
A wow gagch ozd 1-WAY 2de fFube gy
length scale® 4 % dtelulgo] gk J&s FdH37] &, 0-
A wdo] wlg Al4abA el Wel 28R T Fe AR
b g A Wol #AEA greths S 7HA AL itk H2, Johnson
% King 1-9A4] 2d.g o] g3t 24 v f5& sidstart

o] el fEuske] Hul FolxR $¥E 3] g8k Wiy



A4 AEYHelA

A Ao gHE ArELANS fFEF o WAL HU dolE
= 228y #dg $EAAYE XS eddy viscosity 9 AU s 7
At o] Rde Agste] 2xHY welfEE AN £xExE R A
@S-AL glgebrac eddy viscosity models® A&% Zswco d¥dn
o} 2 A A sch

424 2-4AHH 24

J_H

O

44 ede 1-934 2do) XD U ko B B RYA

A
1)

of, ¢ &2 length scale?! /ol g ¢4 AL AHE3A &
Hul 2ubg e Fold [& Pt mdolh F thde] @AM e
A GFEoy A A4S (dissipation rate)ql &2 FElAY ¥ Ry
A AbE(specific turbulent dissipation)$] w,ol gt T Fi}e] ol

H2lo] Basts "ok

kl/Z .o kl/Z .
c e w, (4.15)

[

o] length scaled} HEEE AAY wudl 23 eddy-viscosity=

o3 el Ao,

2
;tppi =2 .oi (4.16)

_47_



H 4 7 A&l

b-equation®} 1€ e & F& AL HME k -emodelo]gl dHo]
2, 5l flolisz £ FEdA olE 'k WAL gy P

o(pk) | o(ouk) | 0(ovk)
at ax oy (4.17)

8., Gk~ B, Okv,p
= ax(ﬂt ax)Jf_ ay(#le ay)+P PE D

a {pue) , Ipve)
at(p6)+ ax + ay {4.18)

.. _d de 0 de cheP Cofy08”

we=p c,f. ke

pr=p+ p o

pe=p+ pf o,

o714 P ¥ kinetic energy el A43-& ovists, D} Ex ¥ A
AAM eol ¥AF WH3E Lds7] A8 HIbsHE etk a¥ia A4
Hdoluz 4 FF2 JHAAE f, £, & foe B THAMN A
oS A 7] A8 R E e o, .9 e 4 9
8 FolAx geld, ¢ k & & FAFHMAA 2ojA= gholt} Patel

e A Aoz & B4 k—e A9 4R4F0l totel noks
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A 4 AEHR

Ak wm@ 25 ¥ 23 AgaA virde FuH 45 v
Ak 3 oz 4o BN A8HE BE A—emdolM:
fi=fi=fi=1, Dy = Er = 0& 3 o4 2e) goja oo

A AMse 9o BEEAe RANSEANOENY §5E 504

#E gE AEHY dFely mARY JGFHFEEFY 5A4A9
(characteristic length)®} & A} < X (characteristic velocity)ol ¢j&f 23
= golata LA gl FEHom Bol ojEHy Y BT ke
PR GRS FAUAZRYH SEALSEE TR, dFHAHA 44
28 o83 HAor EAYE Fie mdolth GFEMASF

v Thadt Zo] Fojint

— (4.19)

A7A, ¢, Bd AFERA BEF kRPN E AT 7
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Al 4 4 ANEgelA

ol3, k= GFHgEAYA (turbulent kinetic energy), &< WHRTE
o)1 %] AAFE(dissipation rate)o]c}

a#a GELFAUA kY AAE 2 g Ao oA AAHH
=

dk ok _ _d [ Vi 0k _
ot T %y = axi(ak axi)+P & (4.20)

de de 0 ( Vi ae)

O, Gx,-

£ —
ot T % ox, = ax, + 5 (caP—cge) (421

4714 P k HAANAY GiduA $HAToRA e T
o] Ao},

. auz- Gu,- aui
| Sy ) 1 w0

2(4.19), (420), (42D A & = %ol 59 BPAF ¢ gk ceu
Cer, 0.8 XTI olE Afo oM o7t AZ GRS HEH
o AAd o8 MAHY, E ¢,y s F e THY BA H W
Aol A % B¥o vlgo] #AsIe] TA At AF oy
g D el BAA HAFEo| o HAste] Fgle] A,

B %o A)= Launder-Spalding(1974)0] A<tk 059 AFEE Al
o,
c.=009, =10, c.1 =144, c¢,2=192, ¢.=13
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A 4% AEHIA

426 RNG k-& 549

::{fr-k & rnodel oﬂj"] s 121‘2 )‘ 74]"[‘ Vrc. :?.61"7] ‘Aaﬂ}‘i “?F'x%%
AR kot GFEFAUA 2 A A7le AFed EF BT

A8 #9g9R ", RNG(renormalization group) #—& modeldlA = of 2
o} o] Ao FpF e
c.=0.0845, o, =072, c.2=168, o.= 072

B
caq=1.42— (4.22)
' (1+ 47"
047] )‘1, BZOOIZ, To :4.38, n =5 K/E , S:V ZSijl—j
oy, ¥E8E S e g2k
1 du; = du;
Si=1 ( e ) (423)



A4 F AEdlA

43 FAAY L

431 AA=Z

AAZALZ o AP A& A (static pressure)H FFF
284 ¢ F Ay F¢(dynamic pressure)E FE  HtH(total
pressure) 8.2 ¢, w5 E(fully developed flow)& s8] 4+
doje @ AAel 15u7tE, @ Fe] ulE wig AA AN FHS
ket

E7 200 #e] BoA Agoer sigow, dirielnz Aoz Y
0.2 0olth 7% )9} o] SALDHEFS flF @HAF 1597
A ALEAE A%k

A BEe] diea = AR Z(no slip condition)2.2 31T}

Ase A7) 8 AAFXUE 298t Table 413 Pt
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A 4% AEHIA

Table 4.1 Boundary conditions

Main pipe(Pa) | Lateral pipe(Pa)
3923 3923
Hak4 5884
7846 7846
Inlet total 9807 9807
pressure,
gage _.10788 10738 B
11768 11768
12749 12749
13730 13730
14710 14710
Outlet static ”
pressure, 0(Pa)
gage




A 4% AEded

432 AAA

TY B gol} §ETL 71202 3349 FEolth ¥R G
42 T-gHBNA ] WEFFS ALY S AN HEFA
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1.000 1.077
0.882 1.063
0.735 1.046
0.588 1.031
0.441 1.018
110+
1004
1.08 4
1.07 4
2 1,06-1
2]
’U‘? 11'.)4-<
1.03 4
1024
1.01 4
10— T T T T
0.0 01 03 a4 05 a6 07 0s o9 10

(d,/D,, d,/D,)

Fig. 4.47 Loss coefficient ratio vs. diameter
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20mm, 19.7mm, 195mm, 19mm, 185mm, 18mm, 15mm<} 2.8 7 A7}
Ade Aol wEA A#Y d S D, = 0588, 0579, 0574, 0.559,
0.544, 0.529, 0.441°] & o]tk

g EAA B AR 2@ e#uA AR H7E 058320 A
$d o, AR HAAA A eyux FRY 9|zt 0579 F, AR
e A AAe] 197mm7}t Hojokwt @ E#e fo] Wi vk
HAe &+ ok

| | L] a - a—8—n
10+ . M . e o ¢ » ¢ @
v v v v v v v v v
0.8 « - - < -« <« « 4 «
o
-~ 0.6
d /D
0.4 wt= b 2
—=— 0588 - 0579
[d1 { D, = 0588 . 0574 v 0559
! 0544 « 0529
e 0,444
0.0 T T 7 > T
40000 50000 0000 70000 80000
Re

Fig. 456 Flow ratio vs. Re (d: / D: = 0.588)
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A 4 7 A EeelAd

Table 44 19 Algdod ZA4EE =2 vetd Aol Eof
eI Ag HAFNA FL& AF 5, 2@ B3 29 v HA
117 191 Aol doiA E#F Ao FAdF FEFE 24 37 4
sire AEe @ AE e HAu7E 09410 Hojol o=
AL vebdith £ Efel] QlolA HFH7E HolRFE AdoAe] 4
Ay E£F H3 Fole3 dow, 239 AAQu7t 04410500 M #
ol 2 A AAH] 3 0440l AL e AAQAA Z

Table 4.4 Diameter ratios of the main
and lateral pipes to match

flow rates
di / Di dz / Dz
1 0.941
0.882 | 0.847
s 0721
o8 0579
0.441 0.440

- 11 -



Al 4 AEYIA

Fig. 457& Z#3 @] 2L 7% 5255 37 A48 2@ 3
4% E8 2ys HF o] A A AZH A#@ egdHx A3
g azE vkl Aol dayoez e dAs 48E 3
gle] E@d 49 /FE 224 3¢ ATy ARH eYHs vE
T3AA T, A 9o el A AP E ¢ 71 Aok w
g AEHIAAE Wt 2 289 22 AP vle] o
A Ads Ad 28y A9 HE TFote ofd aHEE bl
O F 2HREE olgstd B#e 4 / D o WEHA FLE FFE
BE2A s AR dr /Dy 9 & Fol d £ glE Aelnh

144
104
0.9
0.8
07
064
054

d, /D,

0.4
0.3
0‘2—-
0.1

0.0

N T 4 1 v 1 " T M ) N L I " T W | 4 ) M '
00 01 02 03 04 05 068 07 08 08 10 11
d, I D,

Fig. 457 Diameter ratio of lateral pipe vs.
diameter ratio of main pipe to match

flow rates
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A 4 G AEdold

Fig. 4572 #7468 Z=d glolxd A8E7F wo] Hojznz of
2 Fig. 4.58% o} % HYPs4Act Fig. 45804 23 ezdx
A7 23 AAud, / Dpdt dsted Ag edx A3 24 2
g2 AAd; / dpE YRS

d; / D; 7} 040138121 ASAM= d /D & dz / Dz 7} 22 A7)
qHE F, BRI AFeo 2& 279 g HAAx Ao
2ol F3o] v uwsdA s2dE AL ¢ F duk

1.05 o

0.95
0.90

G.85

d, / d,

0.80 #=
-

0.05 4

0.00 +———y—v—1—
00 01 02 03 04 05 06 07 08 09 10 14

d, / D,

Fig. 458 Conditions for the same flow rates of the
main and the lateral
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Al 4 2 AEHolA

45 4 £

2 Ao A8E B 4L o8 viH AAREFH #AHHE
B35t de Agdold ARE M uasa HFEagos, A A
zZ 5 FyAes 357 olde 48 Zd dis] g FAHA
¢+ A ohe 2 ARE AL 5 AU
() 2927 AAHA e ¢ Bus Apd $YT Aol 7}
A wel fpuge] dsld £AsMY AA @) fge] B
fFaRT oF 10% Bo] 2% Aoz Jehyy Eda Ao &2
7o 593 HAAL A A7 dew P FE eFHA
7} A AS4E BEn AHe| FHEuE FFH FolmE Fes
vebkon, #AAu) 044108 EHE i Ade fFEHE w¢
nlgat A el o9k 2o A HPE FaAxE #Ud8 #
ooy, AR FAFHA Auprt e vEA dEbd

(2) @ Bye] FU fFol & AF SHAFHE Lot 4
B, ee|v A7l AAHA %L A BGolAel £4o) Aol Al
samch of 7.7% ZA Uehdon), elva HAL Bel HAH)
7} 0882, 0.735, 0588, 04418 Fo}A AY £AAFHE 6.3%,
469, 31%, 18%2 Zojti= Ao el

(3) 2oy AP 29 a AAA N B {72 ¥ A& AL
2 s AR Fdd A 2YHAE AR F 9 47
o) 2w} 9o oejuAE AT Ho] A fHEe wsE ¢
ol¥ A} [=D A [=2D AteloliA o] {-F W= i W wtAl o}
Btk metd Awe Rae) oA MAAIL =DM [=2D
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(4)

Aolol Mz fxol 7o) durg 4 e B 5 gl
Aw3 Boel FUAW AL NS W FAW Fyo] s 3
A AsA B9 B3 edna 4FuE ngsa A wy

2T AFuE WA A AgdelAd A, BddA 2
%3t eEjsa AL 1, 0882, 0.735, 0588, 04419 o A &3}
Age) eE|wa A 7L 0941, 0.847, 0.721, 0579, 0.440¢| 8 &
A FFo] mEYE AL ¢ F vk TH Byolx Hus
2L AFGur 04 oldkel Fwdle, ERa Ade] #e 27
o o ag HARIE 7t T BE o] BEGE AR ¢
ATk
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A 5% PV 7kA &

A 5 #F PIV 7143}

2Ed AFHY F5d o ¢lglef, FEHA Polo iz 4A¥

3 CFD(Computational Fluid Dynamics)ell 2]3F ®9 o]
k. AntHor YA HAE AF FAY SRAZYeEE JEY,
A 4G4 A (hot wire), LDV(Laser Doppler Velocimetry)gol 131,
HAAZWHeE: Z2H o2 o2 dAd(thermo couplers)
Tol AFEHI glov ol AZFPHEERE Aol AHE FAS
o]3k #ol7] dFel FEF HAAY AFE ;e =S FA XE
W oohyjet & ylH2are] A% 7IE2 ke Shf FE Ao of
He Aol ol ngsty] 93 AP el F¥7HA3Hflow
visualization) el th, FF7HA3F Y FFEYSE Ay dFFe=
W R A AAA AAAE AL AT F A= PR 1 EAA
A#rHoz 98 FH2A(Dye tracer), T4 HF(hydrogen bubble),
A7l smoke) §& #FFFA AF FYsd F&8FE A dA
H534e 444 FRE Aol a2y AGE fFeaHe] 8y
E oAEAE A%E 98 4 ke ddel Ut ol& HE7] 9

& wHog Hzo: FAo B EH%HE Aoz A
A5 PIV(Particle Image Velocimetry)?l 23wy ok, PIVE A4

m{m

H| £ 3tz dfole] whAs} tjBo] Uxg 8142 7] ¥ (digital image
processing)?l @A o R HFAFEFIANY el Wel A&sI
66"69}'

upea] B E=RoAE o0 =
o] YA AW AT ezyA HE {FE5H, FERFAMY F
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ol AAZ DA dojutar dertel diA AMPFE HAE A
e Hart doka dddEn) o] PIVZIAS A& FaiA doidl 4
s, HolE &2 A 9E dAA $2 Fa AE7E E AoE wdd
o}
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FEge %4 $EE oo # 4g BasE FAYAA a4
HAB olEd mla ANAN W WS 49 44 FAAL & A
Bl Aot AR Qo) G| Lk ANRA 4 9y
Wsle) BARYH F8 4 Aok MR A esht gx/eE 34
o FE&To] AL A7IHE olF WSt 228 ook §h thA
galy gt el AL ANA A4l mAseor wut.

frs ol FF A (traceability)o]l $F8 YAE BX AR o5 4A
o] &AAQ HAE vlA AAE T3 7|ES g 77§14
Aol E At Hu #=5e A9 wHoeREE AR W Ay
59 FA7E ARG oje} 2L FAHFE AV HAste] & FY
AEAeFHE 2 WHHE @839

2
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second image of
particle "A" at
time t,

{x,.¥,)

first image of Ay
particle "A" at
time t,

_/

(x1 H y1) >

Fig. 5.1 Basic concept of particle image velocimetry

. Xo—X . ¥Ya—y
= lim =2 1 Ax o= lim 22 1 _ Ay

| 2and 1 tg"“tl - at > tg_tl - At
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FAd #F5EEE AZFIHed dd AP (digital  image
processing) 7l o] Tl=e] EAAo R wAZ ¢ AW AL 1970
o FRbol] oiwf R 7| Axe] UeR welaz FHFEHIE de BaEHo
AAAHALEZA gD oz FhestA HAW F AL A
23t=dolE AEE vlLoz AT + 3, CCD(charge coupled
device)7} ol 2k} vl T] 9. E U E(video monitor)s ¥ #& G4 L ¢
Z2YFAE A AEE 7 YA Ho2A HARYREAE ol &F A
Zug e vlofH o2 WA A

19803t  Fuhol] Hesselink?} F%7HA8e 7j9ie® LSV(aser
speckle velocimetry) % LIF(laser-induced fluorescence}$t &7 1A
AAFEAE AT A vi=d §4, a8z R gF=H AT
A LDV &4 7t 2438d S43Aues A e Folvh
E3 dEoAE dARGYFEAE 2147 A0 FESFVIYOR
dAsle] o] ¥okel e Aol ol& wbaE Rt 2= Feld A
A QAL EAE ol 88 SEASZE 33Y HRAEF EAAAF
Hgsle] G FA @ FHr7Ie] AeAAE A 7leHd A7
o A dAAEe A=FRS A3 dudFe A, dA4Y FF:A
A4, zelw s Fol B 7R S Ak

AYAE o1& FE7IANE Z19-E FFHANN wet EHA md
Fig. 529 #t} 19dlA CIV(concentration image velocimetry)A 4 ¢
FE7INEZIHE T2 dEAA st HoR FEYAE 49 W
7Hbrightness)®] & mnZHA AWste] £L & Adse Wiolth. on
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A (dye)’t BEd 4o wEA 1 F2E 3R §F5S 7HA

g a= whAS CCIV(continuous concentration image velocimetry)®h

sh3, QA BYX®E G wrEd feduds HAEg 9

PCIV{particle concentration image velocimetry)Z TE& A,

PTV(particle tracking velocimetry) d&% G0 2HH 7+ A=

o) $%& FAsa, RS =AE 7wI H 1 dAEY v
=

st o Qae] GAUEst v

of
2
lo
rE
do
U
-
)
b
il
a
o

o Hesng &3 AFyUS(ow image density) 37
T Heojddg, dawtdor igAfEAE PTVS
PCIVE %A3sal uh PTVE 84 3339855439 44 44 48
ogare] Basol CIV 7lglol W&l ¢58 Aoz &A
AN E ojgh BAY A¥rE Jaulo} ™
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v
(Image Velocimetry)
!
| l
PV Qv
(Partide Tracking Velocimetry) {Concentration Image Vielocmetry)
I
i |
PCIV ooV
(Particie Concantration lmage Velocimetry) {Continuous CIV)
I
2\
(Particle lmage Velocimetry)

Fig. 5.2 Classification of image velocimetry

Fig. 5204 2 RA# o] PIVE £7F3e V|Ed upadbd] o8 713
2 Aod % b o] AL CFD(computational fluid dynamics)ollAl A
ohxlm gl AASEY, RS dudds B8 UFY 279 257l
A B upel o] PIVIARE £5 HHE F3317] A% 71ye] vk
stan zhzhe] el MR o A Z g MMl X7t dopl
u Eojth ofrloAE = g PIVY BRVIEoRE SnYE 5F
T mE TRS Jxd ¥z o) Fig 53 & oo} B #A

o Al §-4% 8 Hojrh

off

ﬁi.g.
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SIS A A
Particle Image Velocimetry(PIV)

INEATEH PIVIPTV)
Discrete Particle Tracking PIV{PTV}

Y2 PV
Particle Distribution Correlation PIV

AHLIS PV
llumination Code FIV

HEZH PIV
Discrete Centroid PiV

KE21aker Py
Auto Correlation PIV

B4R PV
Cross Correlation PIV

ol T OIE/0HY Tge calayy olEZyY
Single Frame Double/Multi Frarne Single Frame Doubie Frama
=5 Xy elE S 0F/=4 XY By =

Coded Exposure

Single Exposura

Oouble/Multi Exposure

Single Exposure

oo
Code Analysis

CANESN
Certroid Tracking

7182 H = H

Auto Correlation

szaatAia et

Cross Correlation

Fig. 5.3 Classification by pursuit algorithm of

velocity vector
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521 /MEYAEA PIVY YAEEAT PIV

Fig. 53elM vwl $H £E¥WEO FZd olgH= A9 F/7)
MEIAQ)7E obw, ool P A 9(interrogation region)tH e A
HEEGAY 5y er EAMAV] oA Fd wmE FEO] Thest
ot F A dAE SPHoR A of Sl widte] &AM Ei=
A48 B ¥ (labelling) #}# FA MEYAS) v 4AHS
~Ask AR F2F(discrete particle tracking, DPT)PIV(E 2 2]
PTV)t A g el ga7e] B¥o didh 4AdAZEY STy

v-d)h

E %3 JAREAAGYY gAY BE¥ol dig AAdARR
H £Ld¥EE F%3E YAE Y AW (particle distribution correlation,

PDOPIVE tEg 4 ol o] Afd DPT-PIVE PTVSY #e 54
S vedg F 9z BXE XA d@guEs dojAn ¥
Bl A Ay ko] Badth me{v PDC-PIVIAE ASTH A
g APl A et e 7] wie] AL Hide]l I
7b 1Al @k 13 PDC-PIVelAl= djdor Faldeel 7ds]
ol A F F(centroid)ol]l WM T HF#ATE FH F7F 7] W2l
DPT-PIVEel 718y 4ol 28d 471 3lch

Avpd ez F el @S vz BW Gy g WA
DPT-PIVi= MEgire] A% 12zbglel ofzke] AlibAizre] dashy
FY Y4 A dudEHe nid pddk AdAAe 2@t o}
A BAH FGAjzte] W GFEF F7t glvh ®I &AL F49
#5349 Wgel giste vlwd £ AAE JeRlr] W] oA
(outlier)®] wHafo] A Hct v 53 WA AA FHYAT =
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zﬂ 5 %P PIV 7P~l§}

By 3lojol 3tu, Y53 AdFe] A4S AFsHA
of dtl o] AL WL MEE HAHH L A7l A SJEEHA
so durder 3 go FddA A& F de FERIAHY 57 BA
A ¥k

W PDC-PIVolAl& Adrian®] REEHEE PIVEY S Asjstae
A ELSV) 23 4 Az A e 371 A B (intensity, grey-level)E ©)
£317] g Ee] G5 EEg QA7 MEA g o] {A] Folk
BA7t 532 ek webd gl g Agtxzzio]l A #Er) Ho
FEe Ao nA golstA olFojurh EF dolX= WY
B OAAGY e Azt A @ o WErL 4o & gtk
el o] WM E A e WARE B3 WA d
Q3AY FETEAY, T A4S At we & HFeysts &
ek W 5T WYl sl FRASY HAuAs ARA
wEto 2 o)k WAo] Fe]F dtofol dr

foFstyl DPT-PIVel M= PIVY] A¥E A9 g4 % 23989
vl frolstelor aAw, 4l xdlE FEel BRY BH
&7t wE e PDC-PIVAX & olgh w2 fa3e dxax
Aol ArbEA @& ukd AaA e Adte]l HARE el a7
=8
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522 ZWH & PIV

o] MHL Adrian® gele] ¥ AJYUE PIV(PTV)E Fd=
% (single-frame)§-& 9 vl dtct F g o] Azl miz Ty Qlo] 2F &
P-zaste] wWE A7 L WEHY AFG FHE o VIHoRA
PTVE Z7]o] o] HEEvt Barzxde £ 4 MR L 2459 @
£82 T 70 F9M(streak line) YAFEE 715 A AE YA
o] ARG FAgG 7 7]EAQD HHS AMULE st ] ol
Ago)A Atgrel o P Aot MARS #HSle] Hashy 7
AuY oA Hee] BEs AqE FHotshs Ao v ofy
o mg e AFEI F3e 8T fANAl oHHY AFAHEI)
ol o},

dH AFHE AEo) F4AP A (image processor) EE= FEHL
= (image grabber, image board) 258} ol &} gl«o] #H A9 wrjyx
& 2399 YA(AE S0 640x480H Ay @ 7} YA Q] AZA(H
F256@ AN #gro g dolEad g wolA IAAUE A "k BT
geAzlg 53 A2AA @ ARG de) dx, K349 HE, A,
24 9 (labelling), =41 % H(centroid)?] AAF & A AAHS FHG
nE]=oell ols] e e whakst mir] 7} =pE o E A ALET)

o] WolA] v} ol FH2 wWE e AlY Ey FHE dehlr] 9
st 2 F-EZFst ol & Nty et A aA oy 1A
o] 71Ho] Ajetsl s glew, Korayashi® Yoshitake= 7}wete] ME 7}
AGslE 27iA 8o AEZATTN o3 #E PHEE e
e o] AlHE sk 7IEE AASAT Grant$} Line EAHA

jath

By

%
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(pulse tagging)f-& A&3ted wrawA S su Qo ZERIHL o
g W @A vwA desle]l 44 AEF Fob dov, dwkAe
2 Zzgo] NF3 Eihs AR A 9 A gAe] AtE Fo] Aol
g bk & deolAe 22k Aol EHsheet light) ol 9471 7
wZelokyt FAHE &8 571 dov FAYATE Fof nk
NZEEet 2219 el =W A(in-plane)fio]l WEA] &3 o] YA S o]
g3l =(out-of-plane) A & LA 7Y 538 1% 33449 #3578

ol A% cholul® AIxb =A @efd %7t gk

e

523 7 =A#% PIV

o] MRE PTVFElA 7} niaor ogsz 7Nt 4 &
agFEel wet d&g 5oy £ 1 opde] ZlA s
AR =4#EE Sl ojgA T 22919 ¥ (integer) ¥ A
AN(x, y #HH)E ol gste] WH AdH $HE Rehdls THE
sha gtk o 7IHe =BE-F PIVSE fr5del 44E 7183e L9
Qe Al 71 2 Holg uEhirh & PR EYIAE Ao =
£ oolg gt & 2ol Soi7t ik webMd WEe] A7) v
A zhebatAl gold 471 9oy wEkshdo] o] Yy| W] YRS
Fojgte] of #AE Pty Avk v =HFEHANNE FEFe]
Fael A ANTAE e g ZAgde 15l A wheEtA
e o] e 715329 71AAL M4 8 AFor FEH o
A Folrl BFAE AFHan ol FTURAY HA AAE 3

Axog 349 frEdel HEste] 3

N

o
S
;2‘
)
e
S
i
r'lo
N
i
tio
e
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iLgel olate] A& YARIE Ul oidte] dAAUE A3l BE
Yo} SAFAEE AFoR 7F vF olE FHHol e nlia Az
T olTE 4 9le AdAY 2 F A ol oled HAxA
g BEFE A FEEHE Aol givh PTVHYE A7 =
A ArAe yEe Hrhs s ok EAFE PIVe) o] &5E 2y
A4 3% olae]l Bastrh ey o] gro] F4F ojitAle wAg
g8 oy duelg EAR HFAH0Z dojA= FEUEHS] F7}
Zoj 54 9l Hitd= F oz ZAHIEYE A ol &9
A7 Figgol distel BAAE sAU o)A 3 binarization)® 5
Aztigel et BIAEAFE FE7|E Sk
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524 A48 PIV

o] W& AF7A @ AFAEe] AMEHE 3o Jgon diF Y
AgAEo] of 7ol uhebA] AEE AT ol AL §-4t PIVE] 1970
FutRe LSV7IHo] AFA AAHBA o] & Az 3t PIVZE Ed
Alge Aol sbF E olf 2 Mot welx] WEFH A Fol
LSPell A spA " &= glolon ol Het Fdg B Ho|xe dihx
W7 thE @8 £ gla asfanol Abwloe] fo|dhA dojd
g A = ArPddAFe] AEe °d 4 ol FFTAM 5&
shat FekAQl z)Yel oEst] HRFEHY AMATLE FoluA s F
Ay} 1 GAle o} S ERH FAVIHZFACCDI Y F)e T EE
b yE vrola] H&Y A9 &8 oY F T& E Ut 9
. A nsidre CCD Jivelet Fdne = g adFY
PC7F 4A Fald =71 ol FEAQ Young?l 2| A 7|

= ol 7hxe] Wil Aty a glh LSVY nddEE PIVE Z&
A2 AagFE 757 diite] do ofo] wek RS A o
3R ABPIVE EHer) 2 s

.EL
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A 5% PIV 7FA &)

525 Az PIV

e ey
N
—— >
t
< ,K_q
Y -
y i
S JoL
M (s, 0
) T
y
w(x-s, y-1)
|
A fix, )

Fig. 54 A concept of cross—correlation

function

Fig. 54914 A5 3APIVE (xy)2 98o] A 1= YA &54
B2 737 93 A $4 F, dee AHS deldch o H
& FAoz A 2ol M(EE N, ditd o2 M=N)9 #o
2 Aojge gagdy wtAUe v HAo 9 X(s, oA (JXK)Y
goz AN Aadded e y(s, 09 &S 7T ez 9

5 Fold Auixe AAE Row, o xo] A 27T A Y] wE g
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FHol "y 9 93 7L ddoa ozt olqt FIEATRESF
{cross—correlation function, CCF)i= w89 2oz AHitscoh
o(s, ) =22Ax,y) wix—s,y—1) (5.1)
CE

e, o)A nadd wix y)o Z7)E Jx KoY AA9DY flx, y)o] 2

7155 MXNolth T3 s=0, 1, 2, ..., M-1, =0, 1, 2, ..., N-1e|t}. 1
A AGHE FojAlE FF4L fix, y) R wl, y)9 AHG W
of¢- WEte] v Ao w AHAs = A E4BA G (cross correlation

coefficient, CCC)E T3to] Aoiaare] 948 Rohi: ol FalHol
.

ng [Ax, )= Rx, N ukx—s, v— ) — w]

s, 0= { szy: [Ax, v — Ax, N* ZZ [w(x—s,v— 8 — w]*

1/2 (J 2)

A7 wE wx, yAE9Re Fi#A013 A, Ar, e w’t A
AA et ol He gk ouigct ojm ABASG y (s, HF 13 1AL
olo] k& zZHA Hul ME fo} wo] =77 #E AGo= FFTY A4k
of " wmzA wuy G R A6 A5l wrt e AA A
ol Htr|EoEA wdH Y Fo| ofd A £7h 132(13x13
Azlel MHBolulA] F)oldtolH 2 (51)o] FFTHY E&AYS Hojx
Act, 2 Y AZABATFAAE Fargdde Hito] ofF o€ o
wol B (5218 o843t A Airgct
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531 B9 2 A

FEZ HAAAEL A ANAoR FFFH o olE I
shxlo) @gstAL Zhzke) QJate) A AFE Adshs FAE o
Aela A ey &, GAYGAAE PIVA S $570 ot oAy z
2744, CCD7 2, A (cam corder), &% vitiesidaet 5 thd
s AR 499 FaE /5 AN AEE Y 99
st 4ok Abdlow WA fEAe FEE F5EF F AV E LAY
Zof o3 gl¥ae 498 UE & Qo v Fide vsivEas
el wlstd RasolA= Hdolxiziut vhE, WAy 2 2844 ¥
o WelA 4T fEFORFEH ARE AW welEdnhe P&
AR =

Az stuiete] ZHgS ol &l HIoe 1
27t AT god T3 v EE ZE HDTV M, HAE 7
dE wdEn ol Al B2 SANE #AE A% HAH R 3
c}.

i

% $EA9H 2o FuamAE 2719 vadtE FHAAA=
Agsts AgolE CCDAHE EE b8 #uesh 9 ALHR
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itk CCD7helgtol Al He A4e e AEE faste] 4323
Ao} 2AH FFEAU TS HolX Fo] £FF FH AYFAE F3
AL At QALRFEAE o] §F AFVIMY F=H H5AH0]
fredde 2AugE 43 AAgeR Sy - EHstel oy FE5A
S FEHEd denz ddd uEA ey o] nieA st

4

J»

532 9AA ) A A]

g AFa] g &A= olul Al & A A (image processor)E LIl FA
AAFAE Fd dFE G EE Ay A% A& FLRAA
g pxez s stgzic AN AFE o)9F RUZ o}
~7] Bz vpRTm, §49E dFste] 498 Y B e 1
oy dzkel Ag FEIE vF S et oy ol dE
Azl #FAyE avtelng g fetez ojn x| H L S(image
board) & PC% 2%ste) GAAAE stz W& o] §¥r} oujx] W

AZHE AE F Ao\ vER tAEEsA PCrt A" + U= 4l

5 oupgol Fi A, wAAN 2 GAAARTL Pt uE B
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Fig. 5.5 Computational grid

Fig. 56 Computational geometry
(Ar = 0.25)
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Fig.5.7 Computational geometry
(Ar = 0.5)

Fig. 58 Computational geometry
(Ar = 1)
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Fig. 59 Computational geometry
(Ar = 2)

Fig. 5.10 Computational geometry
(Ar = 4)
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Fig. 5.11 Contours of pressure and velocity (2D)
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552 HE FA

Fig. 517 PIV 7HN 8 48 FA=E HAF3 Aok 484AE= 2
Z}vl2H(high speed camera), A8 (test section), Al°|€ F(sheet
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@ test section @ sheet light @ lght source

@ computer &) high speed camera

Fig. 5.17 Schematic diagram of experimental apparatus
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Photo. 5.1 Photograph of high speed
camera

Photo. 5.2 Photograph of halogen
lamp
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(a) without orifice

(b) with orifice

Photo. 5.3 Test section of PIV
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Fig. 5.18 Original image
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Fig. 5.19 Background image
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Fig. 520 Velocity vectors
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Fig. 5.21 Velocity distribution
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Fig. 5.22 Streamlines
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Fig. 5.23 Velocity profile (Re = 28900)
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{a) main pipe (V = 0674 nv/s)

LR

(b) lateral pipe (V = 0.769 m/s)

Fig. 5.24 Enlarged velocity vectors
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Fig. 5.26 Background image
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Fig. 5.27 Velocitv vectors
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Fig. 5.28 Velocity distribution
{Re = 47100)

Fig. 5.28< fig. 5279 £ 2 ¥ & JA oz vetd ziojch
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Fig. 529 Enlarged velocity vectors
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