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1. INTRODUCTION
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Introduction

** Trend of thermal hydraulic analysis in nuclear engineering

® Multi-scale, multi-dimensional, multi-phase, multi-physics ...
- HIGH PRECISION ANALYSIS!!

® Two-phase flow analysis

U= 08

CFD Scale DNS Scale

Component Scale

System Scale

- e . - T .

V&V Multi-dimensional modules Computational Multi-Fluid Dynamics
RELAP-5 . Neptune-CFD
MARS - STAR-CCM
TRACE - CUPID
CATHARE3
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+* Motivation of this study

Introduction

® To produce benchmark data for multidimensional codes validation.

® To develop constitutive models based on multidimensional local measurements.

> Verification & Validation (V&V) of multidimensional codes

»
»
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Multidimensional Codes Analysis
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Challenges...

Upper downcomer
@ MIDAS (KAERI)

Lower downcomer
@O ROCOM (Rossendorf)
@ DOBO (KAERI)
(3) DYNAS (KAERI)

v" Local measurement data in upper downcomer
were insufficient.

v" 1D empirical models have been used.
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Introduction

» Upper downcomer multidimentional two-phase flow

® ECC(Emergency Core Coolant) bypass occurs during reflood phase of cold-leg LBLOCA

® 2.1m elevated DVI(Direct Vessel Injection) line in APR1400

® 2-fluid, 2-D film flow: Vertical liquid flow vs Circumferential vapor flow

Dl Nozzle

I
HFSI
2_ 1m Injection

Broken Cold Leg

Sweep-out | _H
A
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ECC Water

ot ‘—:Sleam Flow

P

DVl Nozzle

HPSI

Injection
Circumferential

Intact Cold Leg

ECC Penetration
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Introduction

+* Objectives

L)

2D Local Experimental Data Acquisition in Downcomer

U

Liquid Film Experiment with Lateral Air Flow

Liquid film velocity

Liquid film thickness

Air velocity

2D Film Flow Interfacial Friction Factor

U
2D Film Flow Interfacal Friction Factor____
U
_______Validation of Multidimensional Code ______

Validation of Multidimensional Code

Nuclear Thermal Hydraulic Engineering Lab.
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2. 2D FILM FLOW EXPERIMENTS
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2D Film Flow Experiments

/

** Experimental Features
® 1/10 scaled down facility of unfolded downcomer
® Local liquid film velocity & thickness measurement

® Test conditions

Real conditions Scaled-down conditions*

Nozzle diameter (m) 0.22 0.022
Water inlet velocity (m/s) 2 0.63
Lateral air velocity (m/s) 15 ~ 45 5~15

V, : velocity of scaled-down model

*Modified linear scaling

(B.J. Yun et al, “Scaling for the ECC bypass phenomena Vp : VEIOCIty of prOtO @ @ / /

during the LBLOCA reflood phase,” NED, 2004) g - Scaling ratio Coner & VI Nozzle
Separator
. 172 Test Section
.k . mk pk @ V — p ]
b oA | (1~ 1, ) 9D " s
Px Piow Ps — P g g gap ES
Storage
e ey
n U T H E L 8 Tank

Schematic of test facility Pump




Flow Shape Change with Lateral Air Velocity

\/

** Hydrodynamic condition
® Inlet air velocity: 5~ 15 m/s (real scale 15 ~ 45m/s)

0m/s 5m/s

L=l
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Experimental Measurement Methods

J/

> Liquid film velocity and thickness

.___@(EF@TD_Q__/ [

1
Blower I & DVI Nozzle |
| I Separator
|| Test Section : A
‘ N\ o

Storage
Tank

; ! Lot |

i I
| ‘_, I
o | wv
Uncertainty | Laser Laser | Bias error
5.65% | < 0.2 %(Temp.)
I cco | < 0.04 mm(Time)
— i e . = - J — .
— T ; e . QLEDD
Liquid film velocity measurement Liquid film thickness measurement \\:,‘«‘3 ™y
n UTH ELwith volume-averaged PIV* method 10 with ultrasonic thickness gauge ‘\4‘,_‘.‘_ y
*Particle Image Velocimetry /‘-)sxd-x



Liquid Film Velocity Measurement

/

** Control volume for liquid film velocity measurement

560nm long-pass filter 30x30 mm
Pulse: 500 ps gty

Sampling: 100 Hz
500 pairs (5s)

Adaptive PIV
Min. 32 pixels
Max. 64 Pixels
SRQPONMLKJIHGFEDCB/ Image Pairs
A v
1
2
E 3
S 4
—
~ 5
6
A 4 7 .
< — > Analysis result ?\,ﬁ‘fﬁ&‘?
mm TR
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Liquid Film Thickness Measurement

/

“* Measurement points of liquid film thickness

(& —

I £ DVI nozzle
|

]

I Separator

v

S R Q P O N M L K J | H G F E D C B A /
A
'/ 1 1.0
E =
£ 3%
o S
f:} 4 g 05
5
6 R L R
v _ _ 7 Reflecting distance [#] g b
< » %‘L. - .\.
570 mm \\::“:E})"%,
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Results of 2D Film Flow Experiments

“* Results: 9, 11, 13, 15 m/s lateral air injection (1/2)
T [ [T - T [ [T

thickness[mm]: 02040608 1 12141618 2 1 thickness[mm]: 0.2040608 1 1.21.4161.8 2

-

100

11 m/s %ﬁag‘ﬁﬁ;ﬁ

9m/s )
¥
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Results of 2D Film Flow Experiments

“* Results: 9, 11, 13, 15 m/s lateral air injection (2/2)

thickness[mm]: 02040608 1 12141618 2 1

100 200 300 400 500 100 200 300 400 500
X[mm]

NUTHEL 14
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3. MOMENTUM CONSERVATION EQUATIONS
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Force balance of liguid film

Up €¢—

X(+) j
T iy

<4— up

uf_x,w

y,W

u f xe

_ye

NuTHEL

Momentum Conservation Equations

X-direction

~(P,=R), A+],7,dA [ 7,0 ,0A

= Z(pf A1Uf_faceXUn>_ Z (pf A1Uf_facexun)

in_x out_x

Y-direction

_( P2 o I:i)y Ai _IATi,ydAi _IATWf,ydAi + Ps gV

= Z(pf Aiuf_facexun)_ Z (pf A1Uf_facexun>

in_y out_y
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Force balance of air

Momentum Conservation Equations

x(+)<—1

vgl
Twy | Twy
i v y(+)
— 5 T X-direction
| 1y =T w,x
§ T i,y T i,y
H i _(P2 o Pl)x AZ _IATi,XdAZ _IATWg,diZ
Ug <— | p,, Pix | —uy
i =T ywx .
_Z(pgAZUQ_faceXUn)_ Z(pgAZUg_faceXUn>
oo Py —Tix in_x out_x
7a N
v Y Y-direction
Vg2 G
_( I:)2 - Pl)y A2 + IATi,ydAZ _J.Az-wg,ydAz + pg gV
u
g_x,n . _
V _Z('OQAZUQ_faCEXUn) Z(pgAZUg_faceXUn)
EV0 in_y out_y
ug_x,w ug_x,O ug_x,e
Ve_yw Ve_y,0 Ve_ye
ug_X,S
vg_yls
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Momentum Conservation Equations

X-direction force balance
Liquid film  [~(P,—R) A +[ 7, ,dA - 7, dA
= Z(pf A1Uf_face XUn)_ Z (pf A1Uf_face ><Un)

in_x out _x

Air _( I:)2 - Pl)x AZ _IATi,diZ _IATWg,XdAZ
- Z(pgAZUg_faceXUn)_ Z (pgAZUg_faceXUn)

in_x out_x

Y-direction force balance
Liquid film _(Pz - Pl)y A _IATi,ydAi _IAwa,ydA& +p¢ gV
= Z(pf Aiuf_facexun)_ Z (pf A1Uf_facexun>

in_y out_y
Air ~(P,—R), A +[ 7, ,dA, — [ 7,4 ,0A + p, GV
= Z('OQAZUQ_faCEXUn)_ Z (pgAZUg_faceXUn)
in_y out_y
UEDD
W%
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Momentum Conservation Equations

idii wi di1 idiz Wi XdA2
JvATAl _J.AT';; +v[ATA2 +J‘ATZ2 ZZ(Pfo_facexUn)—Z(Pfo_facexUn)—Z(ngg_facexUn)+ Z(ngg_facexUn)
in_x out _x in_x out_ X

. d w40 0
_J‘AT’Y AI_IATf'y Al_J‘AT'y A2+png_pggHZZ(prf_facexUn)_ Z(prf_faceXUn>_Z(pgug_facexun)-l_ Z(pgug_facexun)
A1 A1 Az in_y out_y in_y out_y

IATi,di:IA%@g -Us ‘(Ug -Uy )dA:JA%Pg fi (uy 0 -y (X))\/(”g(x)_“f (X))z +Vi(JA | Assume that...

1 @ Ignore lateral air flow acceleration
— — 2 2 . .
J 7o A= A2P® (U (0 +Vi (y)dA Blasius’ equation
f,, =0.79Re ™

Linear velocity profile

Constant friction coefficient

® © ©

1 2 (A >
IA ng,di - ,[AE'D fwg 7 " Gas wall friction factor follows Blasius’ Eq.

J70A= [, 22005 =T [(U, =0, JoA= ] 2 C00) 00y (u, 00—, 00) +vi ()an =) (a a)f)_(b
aS a4 fw b2
Jurusta =[5 o) O 00+ Vi ()
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Local Interfacial Friction Factors vs. Previous Studies

¥ 9 W e

¥ xXxoo0Op + [

Current, air-water, 25 mm, | atm

Fore & Bauer, nitrogen-water, 5.08 X 101.6 mm, 3.4 atm
Fore & Bauer, nitrogen-water, 5.08 x 101.6 mm, 17 atm
Fore & Dukler, air-water, 50.8 mm, 1 atm

Fore & Dukler, air-water/glycerine, 50.8 mm, 1 atm

Asali, air-water, 22.9 mm, | atm
Asali, air-water, 42 mm, | atm
Asali, air-water, 42 mm, 2 atm

0.1

0.01

1E-3

Wallis (1969)

Wallis (1969)
with h/D = 0.0015 offset

1E-3

NuTHEL

L.B. Fore, S.G. Beus, R.C. Bauer, “Interfacial friction in gas-liquid
annular flow: analogies to full and transition roughness”,

International Journal of Multiphase Flow, Vol. 26, p 1755-1769, 2000.
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L1 O Curent, air-water, 25 mm, 1 atm o ..
[| + Fore & Bauer, nitrogen-water, 5.08 x 101.6 mm, 3.4 atm FI P D f
|| & Fore & Bauer, nitrogen-water, 5,08 x 101.6 mm, 17 atm OW atte r n e I n Itl O n
| [ O Fore & Dukler, air-water, 50.8 mm, | atm
o Fore & Dukler, air-water/glycerine, 50.8 mm, 1 atm
L| O Asali, air-water, 22.9 mm, | atm OA
X Asali, air-water, 42 mm, | atm
X Asali, air-water, 42 mm, 2 atm A(83 +#
01
[ Wallis (1969)
0.01 . T
E Droplet de-entrainment Thick liquid film
F & & . TR Droplet entrainment Thin liquid film
. 0P O  Thick film
[ /A Entrainment 15 m/s
[ Wallis (1969) De-entrainment ] 195
f : 165
with /D =0.0015 offset 13
105
1E_3 1 1 1 TR [ Y R 1 | . 1 I 1 1 75
1E-3 0.01 0.1 >
15 45 75 105 135 165 195 225 255 285 315 345 375 405 435 465 495 525 555

NuTHEL
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C| O Current,air-water, 25 mm, | atm

+ Fore & Bauer, nitrogen-water, 5.08x 101.6 mm, 3.4 atm
4 Fore & Baver, nitrogen-water, .08 x 101.6 mm, 17 atm
O Fore & Dukler, air-water, 50.8 mm, | atm

o Fore & Dukler, air-water/glycerine, 50.8 mm, 1 atm

0 Asali, air-water, 22.9 mm, | atm

X Asali, air-water, 42 mm, | atm

X Asali, air-water, 42 mm, 2 atm

01}

Wallis (1969)

0.01 }
F ” Thin film
F & O Thick film
[\ Wallis (1969)
with /D= 0.0015 offset
1E-3 L L PV R T A v L A S o Gl
1E-3 0.01 0.1
h/D
1
E[ O3 Current,air-water, 25 mm, | atm
+ Fore & Bauer, nitrogen-water, 5.08x 101.6 mm, 3.4 atm
4 Fore & Bauer, nitrogen-water, 5.08 X 101.6 mm, 17 atm
O Fore & Dukler, air-water, 50.8 mm, | atm
o Fore & Dukler, air-water/glycerine, 50.8 mm, 1 atm
0 Asali, air-water, 229 mm, | atm A
X Asali, air-water, 42 mm, | atm n
X Asali, air-water, 42 mm, 2 atm +#
01 -
o Fal
At R
Wallis (1969)
0.01 |
; /A Entrainment
r )cP’& De-entrainment
[\ Wallis (1969)
with /D= 0.0015 offset
1E_3 1 1 N i T ! A | i 1 A el i
1E-3 0.01 0.1

h/D

9 m/s

Droplet de-entrainment

Droplet entrainment

Flow Pattern Definition

Thick liquid film
Thin liquid film

11 m/s

75

105

135

165

195

225

255 285 315 345 375 405 435 465 495 525 555

13 m/s

75

105

135

165

195

225

255 285 315 345 375 405 435 465 495 525 555

75

105

135

165

195

225

255 285 315 345 375 405 435 465 495 525 555

22

A K/
VA Y

195
165
135
105
75
45
15

195
165
135
105
75
45
15

195
165
135
105
75
45
15
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Interfacial Friction Factor in MARS-3D

Stable f, =0.0025(1+75¢,)

Wallis

Film Use the | bet
3/2
flow 1 (1+1400F) se tne larger one petween
Unstable | fi=1;{1+1400F|1-exp TG 132F Henstock-Hanratty and
5xWallis.
1 p
E| O Current, air-water, 25 mm, 1 atm \
[ | + Fore & Bauer, nitrogen-water, 5.08 X 101.6 mm, 3.4 atm
| & Fore & Bauer, nitrogen-water, 5,08 x 101.6 mm, 17 atm > \
O Fore & Dukler, air-water, 50.8 mm, | atm
o Fore & Dukle, :m-\\'u:crgl_\'cc::w. 5().;mm.lalm O UnStabIe
| % ek : Vertical film flow
X Asali, air-water, 42 mm, 2 atm . . .
01 } < _ Higher relative velocity

0.01

1E-3

e Wills (1969

1 1 I S U

T~

Thin film

Thick film
Entrainment
De-entrainment
Wallis x 5
Henstock-Hanratty

1 1 I il

1E-3

‘2.3. 0.1

Stable

%
ﬁv.

&

3%

&
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4. MECHANISTIC MODEL
FOR INTERFACIAL FRICTION FACTOR
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Mechanistic Model for Interfacial Friction Factor

Turbulent boundary layer

+_£ + _ +
u==Iny" +B AB(k; )

“Thickness of wavy thin liquid film = wall roughness”

tu P
Re, = P _ [udy” =
H 0

v

K(lnt++BK—ABK—1)

where u”=/7,/ p,

R.Kumar and D.P. Edwards, “Interfacial shear
modeling in two-phase annular flow”, KAPL

Atomic Power Laboratory, KAPL-P-000220, 1996.

NUuTHEL 25

B : smooth wall single-phase flow constant, 5.5
x : Von Karman constant, 0.4

AB : effects of the rough wall; increases with roughness, k.

1 +
AB:;In(lJerS)

) Re-= %ﬂ

4
ﬁv.
5%

)
k
P

\



Mechanistic Model for Interfacial Friction Factor

“* New approach with local experimental results

a

t*:RetE
2 EM t jm_l}

| k;:ksu*:tu*g:wﬂ“_*ﬁnget\ﬁ£
14 v I v u, t 2t

ﬂ -

Re f. Assume that...
0.4><\/Z=|n t 2 112 < @ Modeling constant(C) = 6.5(unstable) / 4.5(stable)
i 1+CRe, Lg @ Forlarge Re, /4f,
2t ® kJt<1

-2
ﬂ f. :%{1.879—22.104(%—0.0015)} —0.066

Initial point for single gas flow

%

Nl

-2
f= %{1.879 - 4.912C% (f,, =0.005 in stable film)
1 h N
f. =7 1.879-32.928 5_0'0015 —0.046
D = 2t, ks P~ 4h - - ?;“%i"’*;{
NuTHEL 26 (5x f,, =0.025 in unstable film) Y
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Comparison with Previous Studies

| O Curent, air-water, 25 mm, 1 atm / 1 h -
[| + Fore & Bauer, nitrogen-water, 5.08 x 101.6 mm, 3.4 atm gy fi =—|1.879-32.928| —-0.0015 —0.046
| & Fore & Baver, nitrogen-water, 5.08 x 101.6 mm, 17 atm 4 D
|| O Fore & Dukler, air-water, 50.8 mm, | atm

o Fore & Dukler, air-water/glycerine, 50.8 mm, I atm Unstable film flow
L| O Asali, air-water, 22.9 mm, | atm . .

X Asali, air-water, 42 mm, | atm (entramment' de-entralnment)

X Asali, air-water, 42 mm, 2 atm

01 |
[ e EA VT 0 0 1 h *
I sl P ~ f ==]1.879-22.104| —-0.0015 —0.066
ANl e)\®: O I 4 D
——
Stable film flow
- Thin film (thin film, thick film w/o entrainment)
0.01 O  Thick film
/A Entrainment
De-entrainment
------------ Wallis x 5
o s Henstock-Hanratty
Wallis (1969) ——— New model_stable film
with /D = 0.0015 offset New model_unstable film
1E_3 1 1 1 L i Ll 1l I 1 Il 1 i -
1E-3 0.01 0.1

h/D

é [l
s

S
A ’/’Zl

N\ 125
=
A<

NUuTHEL 27
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5. CONCLUSIONS
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Conclusions

“* Summary
® Local 2D liquid film velocity & thickness measurement were carried out.
- Validation data for multidimensional codes were produced.
® Interfacial friction factors were calculated by 2D momentum conservation equations.
® Mechanistic interfacial friction factor model was developed
based on law of wall and thin film roughness concept.

; r -2
Stable film flow _ i =11.879-22.104( M 00015 ]| —0.066
(thin film, thick film w/o entrainment) 4 D i
- -2
Unstable film flow fot 1.879—32.928(2—0.0015) —0.046
(entrainment, de-entrainment) 4| D |

*** Further work
v Film thickness measurement error in entrainment & de-entrainment region
v’ Lateral air velocity acceleration
v Gas wall friction
v Transition criterion between stable/unstable film

NUuTHEL 29
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APPENDIX
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EXPERIMENTAL METHODS
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** Volume-averaged PIV measurement method

® Continuous wave lasers: 532 nm laser(green) / 10W + 5W

® High speed camera (PHANTOM v211)

® Add fluorescent particles (1~20 um).

Application of Volume-PIV Method

: luminous particles in range of 570 nm wavelength reflecting 532 nm laser source.

® Use a long-pass filter which cuts off image information under 560 nm wavelength.

Set-up of volume-PIV method

NuTHEL

Original image

32

Filtered image
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Limitation of Sheet-PIV Method

** Why the sheet-PIV is not appropriate method to measure liquid film velocity...

® Geometry
= Laser sheet cannot help being injected along to the vertical direction.
® Optics

= Laseris scattered by the oscillating film boundary.

= Attenuation of laser intensity doesn’t maintain illumination.

Application of sheet-PIV on liquid film flow

NuTHEL

Nuclear Thermal Hydraulic Engineering Lab.
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+* Ultrasonic velocity gauge

Liquid Film Thickness Measurement

® Signal frequency: 50Mhz / Sample rate: 20Hz (200samples per 10seconds)

104

0.5

0.0

Electric signal [mA]

054

-

03

03

0.2+

01+

00

Electric signal [mA]

01

024

T T
200 400
Reflecting dis]

Raw data

NuTHEL

Ultrasonic
Thickness
Gauge

1000 s

CICICIOIC)

02+
z
= 014
2
k-
w
© 0o
=
o
o
w014
02
T T T T 03 T T T T
0 200 400 600 800 1000 0 200 400 600 800 1000
Reflecting distance [#] Reflecting distance [#]

Remove acryl
Rescaling

Find first peak point
Remove tails

Find second peak point

v, : Ultrasonic velocity of water

= x,, =X, : gapdistance

Siigna © Signal freqeuncy (S0MHz)

v, =1402.38744+5.03836171x T,,-0.0581172916x T +0.000334638117 x T,
-0.00000148259672 x T, +0.0000000031658502 X T,

4
ﬁv.
%

&
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MASS CONSERVATION
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2D Film Flow Experiments

/

** Results: 0, 5, 7 m/s lateral air injection

BN [ [ T T T T T T ]
tmm) 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18

| :reference vector (1 m/s)

0

100
120
-140 0
x(mm) x(mm)
0m/s 7 m/s

SRR
S R
NuTHEL 36 L
V), TAS|MEA |\
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Results of 2D Film Flow Experiments

“* Results: 9, 11, 13, 15 m/s lateral air injection (1/2)
T [ [T - T [ [T

thickness[mm]: 02040608 1 12141618 2 1 thickness[mm]: 0.2040608 1 1.21.4161.8 2

-

100

11 m/s %ﬁag‘ﬁﬁ;ﬁ

9m/s )
¥

S

W
~
@ WIS

A
A
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Results of 2D Film Flow Experiments

“* Results: 9, 11, 13, 15 m/s lateral air injection (2/2)

thickness[mm]: 02040608 1 12141618 2 1

100 200 300 400 500 100 200 300 400 500
X[mm]

NuTHEL 38
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Mass Conservation

Mass conservation[error=(M_in-M_out)/M_in]

Lateral air velocity 0| 5 7 9 11| 13| 15
Line M_out 0.00024 0.00025 0.00021 0.00014 0.00011 0.00011 0.00009
error 0.0017 0.0522 0.1370 0.3985 0.5305 0.5502 0.6212
% 0.17 5.22 13.70 39.85 53.05 55.02 62.12

middle

0.00018

0.2482

24.82

lower

0.00018

0.2441

2441
Cell Manx. 0.122 0.122 0.198 0.195 0.244 0.274 0216
Min. 0.002 0.001 0.002 0.003 0.002 0.000 0.002
Avg. 0.040 0.048 0.049 0.084 0.091 0.070 0.060
Stdv. 0.032 0.036 0.053 0.049 0.067 0.056 0.050

o
Line > M, =My,
Cell My, = Mgy,

NuTHEL
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UNCERTAINTY ANALYSIS
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Validation Experiment

** Comparison between sheet-PIV and volume-PIV

- L]
\O i( Q| Q| |
N -
¢ 25mm

Schematic of validation experimental facility

v" Liquid film flow(~ 3mm)
v Sheet-PIV vs. volume PIV
v Uncertainty quantification

NuTHEL

O

LASER | |

O I O

O

Test section

> 6
[N S S e
ol N e e N
[ S T A A A S A S B G
2F ] M
T
OO — é — le — é — é I 1IO ‘ ‘ 1I2 ‘
X
Front view with volume PIV(width 11.85mm)

41

Side view with sheet PIV(depth 3.01mm)
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NS

0.0 5

-0.2 -

-0.4 -

-0.6 -

-0.8

Velocity(m/s)

+* Results

Wall Interface

1.14 + 0.014 m/s

\. | 4
_
l___.;__._._.‘_____‘l

i

T v T T T T T T T Y T
0.0 05 1.0 1.5 20 25

Depth(mm)

Sheet-PIV along to depth direction

NuTHEL

30

42

Velocity(m/s)

-0.2 S

-0.4

-0.6 4

-0.8 4

0.0 5

Validation Experiment

Liquid film flow
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General Guidelines

** Uncertainty Analysis of Particle Image Velocimetry

® Recommended UA procedure was developed by Nishio et al. at 1999.

® Uncertainty of flow speed can be defined by image displacement, time interval and magnification factor.

® Experimental errors should be considered as uncertainty parameters.

Flow speed Time interval

N\

u=a(AX/At)+4su Experimental error

Magnification factor Image displacement

)y, = U2+ (udu /o) (0du /oy

u,,u.,u :uncertainties of u, x,t
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Photographic
Technique &

Equipment Spec.

Postion of Fosition of
Digital image particle pattern particle pattern
Lvel(ljf)| | ™ | o gigital image | ™™ | ‘on CCD device
[ pixel {1,k ] [ rarm |
/_‘ As Xe
I background noise ; i
1| = characteristics of light * distortion of CCD
I scatering " Open r_aIafquCD
I » fluctuation of laser power = sampling frequancy

PIV Software

sampling and digitze, _
= correlations calculation
= BIOF Appesrance

« vectar averaging process I

== = = = = = = = = = = = =

NuTHCC

= image length

= illumination uniformity

= background noise
= CCD distortion
* lens distortion

= sampling frequency

= physical position

= sampling and digitize

= focus depth

= refraction atwindow

of calibration
[ ][ pixel]

La I

Reference points

I Magnification
coefficient
I [pirelim], [mim]

General Guidelines

Tirne interval
[At]

Position
Pariicle paitern Displacerrent of Information
position m—)p | citicls pattern
[ mm | [mrm ]
Xp Xs Xe Axp
Measurement
IJEIil’lt
[mfs]
X
[ e = -
I I
Yelocity of I - 2 I
@ mmmp | caticle pattern | m—ly | 00 VSO
[ mmis | : [m/s ] |
J AN Z |/ &
C & G, T

' path curvaturs
+ acceleration

A
= pulzing timing
= trigger timing

= particle traceability
= accelzration

Fulze time

[t]
Is le
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Time
Information
Measurement
tirrie
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Error sources

Summary of Uncertainties

parameter Category u(x;) unit c;(unit) unit cu(x;) uc

a(mm/pix) Calibration Reference image 0.7 pix 1.29E-05 mm/pix* 9.01E-06
Physical distance 0.02 mm 1.60E-03 1/pix 3.21E-05
Image distortion by lens 3.12 pix 1.29E-05 mm/pix* 4.01E-05
Image distortion by CCD 0.0056 pix 1.29E-05 mm/pix? 7.21E-08
Board position 0.5 mm 1.51E-05 1/pix 7.55E-06

Parallel board 0.035 rad 2.81E-04 mm/pix 9.84E-06 5.37E-05
AX(pix) Acquisition Particle image distortion 0.000002 mm 1.25E+02 pix/mm 2.49E-04
Image distortion by CCD 0.0056 pix 1.29E-05 7.21E-08
Normal view angle 0.035 rad 2.81E-04 mm/pix 9.84E-06
Reduction Mis-matching error 0.2 pix 1.00E+00 0.20

Sub-pixel analysis 0.03 pix 1.00E+00 0.03 0.20

At(s) Acquisition Pulse timing accuracy 4.00E-08 s 1.00E+00 4.00E-08 4.00E-08
Su(mm/s)  Experiment Particle trajectory 0.1 mm/s 1.00E+00 0.1

3-D effects 1.10E-03 mm/s 1.00E+00 0.0011 0.10

parameter Error sources u(x;) unit ¢;(unit) unit ciu(x;) uc

a Magnification factor 5.363E-05 mm/pix 158461.1 pix/s 8.4982082
Ax Image displacement 0.20223764  pix 17.644 mm/pix/s 3.5682809
At Image interval 4.005E-08 S 2795887.6 mm/s’ 0.1119752

éu Experiment 0.10000605 mm/s 1 0.100006 9.22

v Averaged velocity: 1.14 m/s
v’ Systematic error: 9.22 x 103 m/s (0.81%)
NuTHEL 45 TR,
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** Uncertainty quantification

0.0+ -

Wall Interface

0.2 4

-0.4 -

@ 064
£ 1.14 + 0.014 m/s
'S -08-
o
g 1.0 4 "
\l
-\ =
_1,2-4 -\-ﬁ__"il—l—-’/'_j
-1.4 T ; T ¥ T v T v T v T v 1
0.0 05 1.0 15 20 25 30

Depth(mm)

Sheet-PIV along to depth direction

» Averaged standard deviation

261 = ZBS —0.014m/s (1.23%)
n

Velocity(m/s)

=) =] ) o
[=] B N [=]
A 1 1 1 J

o
o
1

Uncertainty Analysis

Liquid film flow
1.09 m/s
B )@_./-_ﬂﬁ_
f 2 3 4 5 6 1 8 9
Width(mm)

Volume-PIV along to width direction

B =(V, +20,) -V, = 0.063m/s (5.53%)

where

> Total error of volume PIV can be defined as 5.65%.

Averaged velocity = 1.09 = 0.06 m/s

NuTHEL
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CHALLENGES
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1. Geometry: Cylindrical vs. parallel plates

® 1/10 scale down can bring hydraulic distortion about interaction between two-phase flow.

Challenges

® Experimental technigue(volume-averaged PIV) has limitation to be applied to curved geometry.

2. Scaling: 1/10 scaled down experimental condition
® 1/5 scale experiments will be carried out.

® Other results of previous 1/5 scaled experiments (MIDAS and DIVA) will be validated.

NuTHEL
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Challenges

3. Fluid: Steam vs. air
® Steam blocks our view on liquid flow.

® Previous studies on steam & saturated water flow shows similar range of interfacial friction factor.

10
— [13],044°

——— [13),0:87°
.08} —~——-a— Linehan {1968)

e=a7°

o=4°

Eills & Gay (1959)
Theofanous et al. (1975)

086 -

L

o
- -04 = - -
- :-1:'3"':. °:—;ﬂ'"%=’
| g‘,g -
o

oo o®

L ]
«® ° .
Y] -

-

Ea

oo 2 4 6 8 10 12 Air-water flow

3
ReLnlo

Steam-water interfacial friction factor

H. J. KIM, Chang, S. C. LEE, S. G. BANKOFF, 1985. “HEAT TRANSFER AND
INTERFACIAL DRAG IN COUNTERCURRENT STEAM-WATER STRATIFIED
FLOW”. International Journal of Multiphase Flow, Vol. 11, pp. 593-606.

%
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Challenges

4. Other modeling parameter (1/2)

® Re number, pressure, etc...

® nterfacial friction factor increase with Re number increases.

10 5
3 Chien et al. Model
1 .[]eE{F{e;:E.Clefr
| 1.0e3<Re=2.0e4
—O— ReT =0.5e4
1{ A e, —0—Re, =20e4
3 o i
1.~ Bty
3
o 014
2 ] Ll gt
&J‘ : _-"--":—' " i ~ :..._'l\r.-.-
- 11— Looo? “HN
e g0 EI%%%\:
0.01 EN
1E-3 — ———
10° 10° 107

Reg

Interfacial friction factor with Re

L0

TG, 2YXE, ST, HENE, 2005. “LBLOCA K&t 7| Z2H S0t
DvI Al AXZ O M LS ChXHY S F 4= 23| S 4H0] T
ot A% 8l 0|2 A 41”, KAERI/TR-2937/2005. g\‘g"
Y
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.

Other modeling parameter (2/2)

® Re number, pressure, hydraulic diameter etc...

Challenges

® Results of high pressure experiments has good agreement with Wallis model.

1
| O3 Current,air-water, 25 mm, | atm ‘

+ Fore & Bauer, nitrogen-water, 5.08 x 101.6 mm, 3.4 atm

& Fore & Bauer, nitrogen-water, 5.08 X 101.6 mm, 17 atm

0 Fore & Dukler, air-water, 50.8 mm, | atm

¢ Fore & Dukler, air-water/glycerine, 50.8 mm, 1 atm

0 Asali, air-water, 22.9 mm, | atm

X Asali, air-water, 42 mm, | atm

X Asali, air-water, 42 mm, 2 atm

01 —r
..... 7
[ o™ Wallis (1969)
o .
Thin film
0.01 O Thick film
/A Entrainment
De-entrainment
------------ Wallis x 5
T — Henstock-Hanratty
Wallis (1969) ——— New model_stable film
with /D = 0.0015 offset —— New model_unstable film
1E_3 L 1 1 1 1 A g_a_ ) 1 1 1 1 1 Y )
1E-3 0.01 0.1
h/D
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Momentum Conservation Equations

Force balance of liguid film

x(+)
Vi1
Tiy Tiy

y(+)

-\ 5 t X-direction
| 1y
‘ Tix|<
T ~(R,~R), &H +J.Arivdi—J‘Arwf'XdA
Up <¢— Pax Pl.x <— ugy L, (w]cSle(wjﬂof(uf°+ufwj5lHX[uf°+ufWJ
%th p Tix < 2 2 2 2
| 2y u. +u V. +V u. ,+u V. o +V
- Ps _fn "f0 §1W>< _fn 7f0 +p; f_o f_s 61WX f_0 f_s
v " s
w v
Vi2 G
Y-direction
u
vf_x,n —(P2 - Pl)y oW _IATi,ydA_J.Awa,ydA"‘ 2; 90, HW
fyn
u N y :_pf(Vf_nzvf_oj§lwX(Vf_n;rvf_o}rpf (Vf_o—;vf_slélwX(Vf_o—;vf_s]
f_xw f x,0 f x,e
Vi yw Vi v0 Vi ye , (vf_eJer_o]gH){uf_ﬁuf_o}rp (vf_oJer_ngHX(uf_oJruf_wJ
B ! — (| |9 - =
uf_x,s
Vf_y,s

A

(e
V/.‘a
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Force balance of air

Momentum Conservation Equations

x(+)<—1

vgl
Twy Twy
‘ l ! v+)
— T X-direction
| Ply =T w,x
¢ Tiy Tiy
Ho - ~(P,~R),&H - [ 7, 0A-| 7,,,0A
U <— P, Pic €— ugy u, . +u, o u, . +u, o u, ,+u, u, ,+u,
§ =T wx :_pg 9_ 5 9_ 5ZH>< 9_ 5 9_ +pg 9_ 5 9_ 52H>< g9_ 5 g9_
PZy Tix
————————————————————————————————————————— ot Uy o +Ug Vo 0V o Ug o +Ug Vg o+Vy o
2 ‘“/1 —pg[—g o jb}wx(—g - j+pg[—9 o jézw{—g n j
w Vv v
Vg2 G
Y-direction
N ~(R,—R), oW+ 7,,dA-[ 7., ,dA+ p,g5,HW
g_y,n
=—pg[vg-”+V9-°J52Wx(vg-”+V9-°J+pg[Vg-°+vg-sj5zwx(vg-°+vg-3]
Ug yow Ug 40 Ug ,e 2 2 2 2
Y, v v
g_Y,wW g_y,0 g_ye Vg_e +Vg_0 ug_e + ug_O Vg_O +Vg_w ug_O + ug_w
B e L e e ik B
ug_xls
Vg_ IS
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Momentum Conservation Equations

X-direction force balance

u +Uu u +Uu u +Uu u +Uu
Liquid film ~(P,—R) Jo,H +J.Az-i,di_J.Awa,di:_pf [%}5le(%)+ f(% S.H x f_02 f_wj
—p U n+uf_0 SW x Vf_n+Vf_o n uf_0+uf_s SW x Vf_0+vf_s
! 2 ! 2 ! 2 ! 2
. u +Uu u +Uu u +Uu u +Uu
Air —(PZ—PI)X§2H—J‘AriYXdA J.rwgydi— Pyl = 92 g—0]52H x(—g—ez g—°]+ g( 9—02 g—chSsz 9—02 g Wj
U n+ug_oj [vg_n+vg_oj (ug_o+ug_sj5\/\/X[vg_o+vg sj
2
2

S H S H

2 2
_) (AR) _IATi’XdA_IATWg’XdA:_p Uy o +U, o Uy o +U, L, Ug o +Uy o \W (Vg 0t Vs o . U o +lg o JW (Vg oYy s
T 5H  oH I J " 2 JH 2 "\~ 2 JH 2

2 2
IATi'XdA_jATWf'XdA+IATi’XdA+JATWg’XdA:_pf [uf_e+uf_0] o (uf_o+uf_wj p [uf_n +uf_ojw X(vf_n +v,_oj+pf (uf_o+uf_sjw ><(vf_o+vf_sJ

oH oH o,H o,H

2 2
— _(Pz_Pl)x+JATi,di__[Awa,di=_pf[Uf_e"‘uf_o] +pf[uf_0+uf_wj _pf[uf_n+Uf_ojle[vf_n+vf_oj+pf[uf_o+uf_sjv_\/x[vf_o+vf_sj
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Momentum Conservation Equations

Y-direction force balance

Vv +V \" +V Vv +V Vv +V
Liquid film — |~(P,=R) JoW — [ 7, ,dA-[ 7, ,dA+ p,g&,HW = —p, [%}slw x(% +p, (%) SW X(%J

Air

_[T- dA I T dA Ve 4V, ) v, g+v, Y V, .V, o \H (U, . +u V, o +V H (u, ,+u
. P —P _Ja Ly _JA Y + H - _ f_n f_o + f_o f_s _ f_e f_o0 LY f_e f_o0 + f_0 f_w o f_0 f_w
= -(R,-R), W oW PO = [—2 e 5w > e i e

7; dA V, ,+V 2 V, oV, . 2 V,  +V H (u, .+U V, 0+V, W YH (U, o+U,
_) _(Pz_a)y+'[ig—\/y\/+pggH:_p9(LTuj +pg(L29—] _pg[g_Tg_o WX 9_ . g 0 +p, g_02 g_ WX g_02 9_
2

_-[AT"YdA_ .[ATWydA_ JATi,ydA

2 2
Vv +V Vv +V \" +V H u +U \" +V H u +Uu
N H—paH=— o fVio) | totVis| te Vi o |H [ etlio) ro Ve w |H Y o FUr W
W ow g 9Tl pf[ 2 il 2 P2 w 2 P2 w 2
2 2
Vv +V Vv +V \" +V H u +U \" +V H u +U
+ g.n V90| 9.0 s | ge T 0 |H | ZoeT 0 |_ 9.0 % w | [T 0" g w
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Momentum Conservation Equations

2 2
J-Ari,di_JATM,di+JATi,di+jATWg,XdA:_pf(uf_e+uf_OJ +pf£uf_o+uf_wj _pf[uf_n+Uf_ojvl>{vf_n+vf_oj+pf(uf_o+uf_sjle(vf_o+vf_s]

SH SH S,H S,H 2 2 2 H 2 2 H 2

2 2
u +U u +U u +U w V +V u +U w Vv +V
n geTH9 0| 9.0 g w | 9.n g 0 |W ¥ nTY 0| _ 9.0 " s |[W I Y9 0" Vg s
pg[ 2 J pg( 2 J pg( 2 JH 2 P\ "2 JH 2
f 7; A B JAer'ydA B IAri ,dA

2 2
i Vv +V Vv +V V., . +V H u +Uu Vv +V H u +U
_Ja" ) + H_ H=— f_n f_o + f_o f_s _ f_e f_o % f_e f_o + f_o f_w % f_o f_w
SW SW SW PO TPyl pf( 2 P1 2 Pr 2 W 2 Pr 2 W 2

2 2
V. +V V. +V V. +v. YH (u. _+u V. o+v. YH (U .+u
+ gntV9 0| 0.0 s | ge Vg0 |H 15 e g0 |_ 9.0 Vg w P 1% 0T g w
p 9[ 2 j P 9[ 2 ] - 9[ 2w 2 Pl 2

jAri,disz%@g ~U \(Ug —Uf)dA=J.A%pg f, (ug () -u, (X))\/(ug(x)—uf 00) +v () P
1 2 2
IATM,di: AaP@ (X),[UT(X)-i-Vf(y)dA BIaSIUSI equatlon

~1/4
1 . fwg =0.79Re
J A= p@j(")d/\ >

@ Ignore lateral air flow acceleration

Linear velocity profile

Constant friction coefficient

® © O

Gas wall friction factor follows Blasius’ Eq.

J 7 0A= [, 2P0 -0 [(U, -, Jaa= [ 219 004 (u, 00-u, () +vE () =) (a a) f)_(b
ae a4 fw b2
Jurus@a =[5 2 T 00+ ()
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Comparison with Previous Studies

1
| O Curent, air-water, 25 mm, 1 atm / 1 h -
[ | + Fore & Bauer, nitrogen-water, 5.08 x 101.6 mm, 3.4 atm i fi =—[1.879-32.928| ——-0.0015 —0.046
L | & Fore & Baver, nitrogen-water, 5.08 x 101.6 mm, 17 atm y L 4 D
| O Fore & Dukler, air-water, 50.8 mm, | atm
o Fore & Dukler, air-water/glycerine, 50.8 mm, | atm Unstable film flow
L| O Asali, air-water, 22.9 mm, | atm A . .
X Asali, air-water, 42 mm, | atm (entramment/ de-entralnment)
X Asali, air-water, 42 mm, 2 atm 5 .:’ +/
01 o “'A, ] i
S LAo G
L e ‘Av( G‘vO 2 A 54 1 h E
L e ( L "~ f ==|1.879-22.104] —-0.0015 || —0.066
0 ".,)')i'i L2 O 4 D
Y—" - A
3 Stable film flow
Thin film (thin film, thick film w/o entrainment)
0.01 Thick film
Entrainment
De-entrainment
Wallis x 5
[ eopEe == Henstock-Hanratty
Wallis (1965) ——— New model_stable film
with /D = 0.0015 offset New model_unstable film
1 E_3 1 1 1 PR TR TR T A | 1 1 1 PR TR T T 1
1E-3 0.01 0.1
h/D Flow pattern Avg. error (%)  Std. error (%)
Thin film -36 32
Thick film 32 23 o
O (LD
. Mo ERD
Entrainment -2 24 \\?"‘fﬁ'\%
NuTHEL . Y, ;{V
De-entrainment -15 26 P W7




