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Program

Third Korea-Japan Mini-Symposium on
Modeling and Measurement of Hydraulic Flows

March 16, 2012
Room 125, Natural Science Building No.3, Kobe University

40— 9:50 Opening
:50—10:25 Choi, S.-U., Yonsei University
Numerical prediction of sediment load in a river using the lateral distribution
method
25—10:50 Kawahara, Y., Hiroshima University
Effects of vegetation over floodplain on flow resistance and
velocity distribution in a compund channel
50—11:15 Uchiyama, Y. and Ishii, T., Kobe University
Nearshore dispersion of the radioactive cesium 137 leaked from the Fukushima |
Power Plant
- 15—11:50 Hwang, J. H., Dongguk University
Energy growth and anisotropic characteristics in a buoyancy activating turbulence
: 50—13:00 Lunch Break
00—13:25 Wells, J.C., Ritsumeikan University
Estimating subsurface flow fields from surface flow quantities
25—13:50 Nakayama, A., Kobe University
Kobe University LES Code (KULES) - its capabilities and applications
- 50—14:25 Paik, J., Kangnung-Wonju National University
Some numerical and experimental investigations of stratified shear flows
: 256—15:00 Coffee Break
: 00—15:25  Kouchi, Y., Chugoku Electric Power Co.
URANS and LES computations of channel flows with triangular roughness onsidewalls
25—15:50 Fujita, |., Kobe University
Efficient method for river surface flow measurements
50—16:25 Lee, S. 0., Hongik University
3D CFD simulation in Reverse Electrodialysis for Electrical Power Generation from
Sea and River
25—16:50 Yokojima, S., Mashiko, T., Matsuzaka, T. and Miyahara, T., Shizuoka University

Collision statistics of Lagrangian particles in isotropic turbulence



YONSEI UNIVERSITY Third Mini-Symposium

on Hydraulic Flows

Numerical Prediction of Sediment Load
in a River using Lateral Distribution Method

March 16, 2012
Sung-Uk Choi

Department of Civil & Environmental Engineering
Yonsei University

Background

We're in the process of developing 3D numerical
model that is capable of simulating sediment

river and resulting morphological

Assessment of the morphological change requires

prior knowledge on sediment transport




Research Needs

« Sediment run off will increase due to development
thoughtless for the environment
» Sediment load in the river will increase

« A model to predict total sediment load is necessary

« The model can be utilized to predict morphological
change of the river and reservoir sedimentation
- It can also provide information to compliment for

measurement data.

Increase of Sediment Run Off due to
Residential Land Development

-In July 2000, the Taancheon
stream was buried due to
sediment over supply from the
residential land development
site.

- Many construction companies
were building about 200 high
story apartments at 100 m form
MSL.

» Run off increased by land
development was not reflected
in the drainage system for the
site




Current Status of Reservoir Sedimentation
(FHIY &, 2010)

For dams more than 20 vrs old
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aediment yield mom ¥ dams dunn J 1ast 10 yrs is 346 million m3, which is
times larger than the total '_11;:\:'3-’_, A "_:‘-jw'_'_li';.’\!'m dam and Whabook dam
Jrrently under construction
sediment vield from Daecheo g dam changqes Tor 114 m3/kmé/vr in 1991 io

- Sedimentation due to flood threatens navigation

- Floed on June, 2011 narmowed the width of southwest path from 228 m to
60 m, which makes it difficult to keep the navigable depth of 13.7 m




Research Objective

Q, (ms), @, (m’fs), Q (mss)

1D Approach for Total Load

Fly River at Kuambit October 17, 1982
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Research Method

Assumptions




Lateral Distribution Method
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Bedload Formula

q, = lZ(r')m exp[%.Sf—-_J Tr =005
z-l

ap”

Modified Meyer-Peter Muller Formula

Bedload Relation: Modified MPM
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The Paper by Wong & Parker

Reanalysis and Correction of Bed-Load Relation of
Meyer-Peter and Miiller Using Their Own Database

Miguel Wong' and Gary Parker
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Suspended Load (1)
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Rouse-Vanoni Profile of Suspended Sediment
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Suspended Load (2)
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Applications

Application 1: The Danube River, Slovakia

SLOVAKIA |75

- Gauging station and bedload sampling point is located downstream
of Gabicikovo hydropower plant.
- Slope = 0.00020
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Grain Size Distribution

percent finer by weight (%)
-

3 i
particle diameter (mm)

+ D50: 9 mm MG (n = 0.0217 from MS) Gravel bed river
- D90: 22 mm

15

Cross Section of the Sampling Station

The Danube River in Slovakia

bed elevation (m)
=T

100 1 a

disinnce (nll)

+ Survey data on November, 2001
« Slight asymmetry, left side deep and right side shallow

e e A
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unit discharge (nr's)

Ihe Danube River In Slovekis

 sige(m)

Lateral distance (m)

- U and q distributions for Q 4,743 cms
- U and q are not uniform across the width due to geometric distribution

« The pt. of maximum discharge does not move for different discharge because

secondary currents are not taken into account.

Roughness Coefficient

£y
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- Best matched when n = 0.026
» This is slightly larger than n from MS, which is due to bedform, change

of width, and meandering.




Distribution of Bedload

MMPM formula C-L formula
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- Effective roughness height ks = 2.0D90, suggested by Camenen et al, is used.
« Limitation of using DuBoys type formula is clearly seen.
- Exponential type formula still under-predict bedload on RHS.

Total Bedload

AARADR Fn i ile r ekl
MMPM formula C-L tormula
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- Relative errors (MMPM: 0.571, CL: 0.418) when ks = 2.0D90 used.
+ When ks = 2.5D50 used, MMPM under-predicts by the factor of 3.1 and CL 2.4.

- The 1D approach is found to under-predict total bedload is seriously, specially for low flows

because....
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Mixture Effect

« To consider the mixture effect, the critical shear

stress should be amended for particles for each class

* * d b
TC.} = rr (_j}
dSO

- where b is a hiding factor O<b=1

- Ferguson et al. (1989): b = 0.12

« Wilcock and Crowe (2003): b = 0.67/[1+exp(1.5-d/ds,)]

Mixture Effect

MMPM formula C-L formula
en . — . | ] e , .
measured data - . meacured data
naifrm e ks i o i
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i z
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» The hiding factor by Wilcock & Crowe is used.

- MMPM predicts total bedload 20% less when mixture effect is considered, and CL
16% less.

+ The trend is consistent with that in Camenen et al. (2011).
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“Application 2: The South Han River
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+ Suspended sediment was sampled at Old Yeojoo Br. located downstream of

Choongjoo Dam and upstream of Paaldang Dam.

Sampling Suspended Sediment

0 |\ (

g\ |
=T ’i
E RS »




N 5, 50 3 Selcy
SN AN b
| 8 K \ .
5 2 o
! f\\ » e i’ﬁ:- -
) ) S 5
X AT di
N :
S H
- e
e
A
| 2
4
o

A
sampling Dsp Dgs Dy,

time (mm) (mm) (mm)

before flood
(March) 0.48 0.63 0.87

after flood
(November) 140 2.25 491
average 0.67 0.93 3.34

Grain Size Distribution of Bed Materials
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Bed sediment particles were

Averaage of U~ De

flood: 0.68 mm (CS)

d after the flood

indicating

Calibration of Roughness Coefficient

|== L meaared data
n=0.030
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[ — — —n=o0zs
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e 20— o*
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e
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2000

discharge (m%/s

+ LDM cannot reproduce the stage-discharge curve properly, specially when Q

< 3,000 cms. This may be due to backwater.
« Best match when n = 0.035 (n = 0.014 from MS formula)
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Unit Discharge and Velocity

velocity (m/s)

unit discharge (m*/s)

100 g
lateral distance (m)

« Distribution for Q = 5,827 cmsand h=6.7 m
- Velocity at the deepest point is more than three times larger than velocity at the
RHS of the channel.

Flow Depth Partition due to Bedform

==l
10 |— — Bed elev.

stage (m)
|

100 200 00 400 500 600
Iateral distance (m)

« About 30% of the total flow depth is due to skin friction.
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Distribution of Total Sediment Load

| \ st
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total and suspended load (m?/s)

I . L =R e | - 1
500

lateral disiance (m)

- About 33% of the total sediment load is bedload.

Comparison with Estimated Total Load

] |
modified Finstein
k,-2.5D,
----- k,=2.0D,,

total load (ton/day)

discharge (m*/s)

- For ks = 2.0D90, the predicted total load is about 81% of that
estimated by EM.

- For ks = 2.5D50, the predicted is about 64% of estimated total load.

18



MIXTURE EFFECT

modified Finstein method
sediment rating curve
mivture

uniform sedhnent

total load (ton/day)

discharge (m/s)

« Including the mixture effect enhances the prediction.
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Nearshore dispersion of the
radioactive cesiumia37 leaked from
the Fukushima | Power Plant

Yusuke Uchiyama & Tomomi Ishii
(Kobe Umversnty)

The Third Koreq.:lapdn Mini Symposwm C
Modeling and Measurements of Hydrqultc Flo

Kobe’,':lapan March S!rs 2q:.z

"IAcknowIedgements Y. Mhyaiﬁwa (JAM EC), I .:

A tragedy... @

The 2011 Tohuku earthquake
14:46 JST, March 11, 2011

O Eplicenter: 70 km
off Oshika Penn.
(undersea mega-
thrust quake), 373
km from Tokyo

O Magnitude 9.0
(recorded most
powerfulin-Japan,
7“r1 in the world) :

ﬁThe uake and aftershocks /111 )
S q (3 A

.4:2' - Fo. o T AV JSRTREIN T 15 % BT




26 minutes later... :@)

The tsunamis followed the quake.

qu-H Survey Growp

O 5-8 m upthrust o emlimimen
on 180 km wide : |
sea floor, at 60
km offshore

O Inundation and
runup height
reached 40 m:

O 15,850 deaths
(92.5 % drown),

The earthquake and the tsuhami :O

3/15/12
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The tragedy continues... }O

O It survived from the quake, but the tsunamis(13:15 m high)
O The cooling system for the reactors were severely dameged
O Reactors 1, 2 and 3 experienced full meltdown

O Hydrogen explosions at Reactors 1, 2 and 4

o SO 4 epicenter of the quake
FUKUSHIMA
DAI-1CHI

Global and local |mpac’F through-atmospheric :@
transport/fallout of cesium 137

Simulated trans-Pacific Pz
transport (CEREA, France) s

Monitored soil contamination
(Ministry of Education, Japan) Simulated (Yasunari et al., 2011)
B : "

; ‘ B Estimated Cs137 concentrotion
3 : 46N

TeE --.-"A\ .\._
g, forced evacuation i
(20 km) :
0
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Oceanic leakage of radioactive substances }O

O The blasted cooling system
was compensated by pouring
sea water as coolant
leaked 3 times in a month and
14 to the ocean
Visually observed leakage :

4/1~4/6 (Reactor 2)
k Reactors =

' 7 4/4~4]10 (N & S outfalls)
® 1.5x10" Bq (150 GBQ)

5/10~11 (Reactor 3)

2.0x 102 Bq (20TBq)
: ) R,

B n.b,, aerial release was 3.7 X107 |l {ys 5.5 % 10® Bq (Chernobyl) &
£5 Bqg (NISA, Japan) s : TR =

.

Oceanic dispersal of cesium 137(z)

O JAMSTEC (Japan) conducted a Lagrangian floattracking driven
by the assimilative "JCOPE2" system at 1/10 deg. resolution.
O Cesium travels 2-3,000 km in two months --- TRUE?

.1 month after the leakage . c - 2 month later ~
; £ - gl o e

=3 e B

http:/fwww.jamstec.go.jp/frcgc/jcope/htdocs/effukushima.html
. V. =~ e LA = > . -

. = Sas” o) MINT S IENCARTES, T s 23 U TR -




Oceanic dispersal of cesium 137.(2) o)
O SIRROCCO/Toulouse Univ. (France) conducted more nearshore-

O Acrude leakage
“submodel

oriented simulation at 0.6 — 5 km stretched horizontal resolution,
Stayed nearshore '
by 150 km in the
first 1 month, by
400 km in 2 mo.,
Suggests *37Cs
may remain near
the source,

Mostly northward
transport,

Argue only surface
37Cs,

1 month after the Ieakage % 2 month later

PSS T S

| http:/[sirocco.omp.obs-mip. fr,’outlls]SymphomejProdults]JapanISymphonlePrewJapan htm

O

O

Oceanic dispersal of cesium 137 (3)

CREIPI (Japan, in Tsumune et al., 2011) conducted ‘another
nearshore simulation at 2 km horizontal resolution

Sits in nearshore 10801

by 150 km in the
first 2 month,
more than 200
km in 2 moths.
Estimated total
137Cs |leakage is
3.5 X 10% Bq.
Mostly southward
transport
(controversial)

A very crude
“topography 1 month after the leakage =%

'_ http [[criepi.denken. orJpljp,fkenk|kakulreport,fdetallanooz html

3/15/12
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Some terminologies ;@

O Bq (Becquerel): Sl-derived unit of radioactivity to measure one
nucleus decaying per second. The:mean soil contamination in
Germany following the Chelnobyl was 2,000 — 4,000 Bg/m?.

Sv (Sievelt): Sl-derived unit of dose equivalent radiation
(biological effect). ex) brain CT scan: 0i8 —5 mSv

137Cs (cesium-137, aka caesium-137)+anthropogenic radioactive
isotope of cesium with a half-life. of 30.17 years, decaying by
beta emission to *¥Ba.

134Cs (a Ya-life of 2 years) , 131 (8 days), 2°St (28.79 years)

Data is available mostly for %37Cs; while no directmeasurement
whatsoever, s, ol

Objectives

O Properly account for 237Cs dispersalinthe nearshore;

O Conduct a retrospective high-resolution oceanic modeling at
down to 1 km horizontal resolution nested in the assimilative
JCOPE2 data to accurately take effects of the Kurohio/Qyashio
(the basin-scale oceanic currents) into account using atriply-
nested JCOPE2-ROMS downscaling.system,

Utilize a reliable leakage submodel'by Tsunume et al. (2011),
and consider nearshore oceanic properties such as detailed
topography from JEGG-500 (JODC), 14 major rivers, realistic
wind from GPV-MSM reanalysis (JMA), |
Quantify nearshore 37Cs #ransport leaked fromthe Fok
(Dai-ichi) nuclear powerplant {aF NPI”.), notonly in th
layer but also in a depth- &‘v’ol'pme-ir;egra!;@y sens

: b/




A triply-nested oceanic downscaling system @

surface
velocity
magnitude

L40%E

 — r depth Depth (m)

A2 1447

7 7
[ oy

o 2000 GO0

HEEIRES) < ROMS-La % - ROMS-L2 5
(dx ~ 10 km) b.c. ’_-'." (dx ~ 3 km) ‘ bc.! e (dx 1 km)

{ JCOPE2: Japan Coastal Ocean Predictability Experiment (POM- based 3D- VAR oceanic
database maintained by JAMSTEG; cf, Miyazawa et al., 2009)

2a 08 - SRS

Numerical configuration for ROMS-L2 @

(Regional Oceanic Modeling B TR g S T B PTG
‘ 2 computational Jan. 1, 2011 — Oct. 31,
System; Shchepetkin & McWilliams, k
T period 2011, UTC

2005): a state-of-the-art Primitive eq., o o W T
free-surface, split-explicit, terrain- R EL DTS S1a SR gz Vertical)
following, hydrostatic 3-D ocean model. | horizontal resolution | 1.0 km
vertical gridding 32 layers (refined near

(sigma coordinate) | the surface)

surface wind stress

ROMS-L3 (dx ~ skm, hourly)
rad./heat fluxes COADSos

sea surface temp. Pathfinder AVHRR
river runoff

(14 major rivers)

| boundary conditions | ROMS-L1 (3km), 12-
’ hourly update)

| o
B ll+ major rivers (red tes | baroclinic time step 60 Sec.

p——j— Ty pr——p——_
' topography JEGG500-+SRTM30

e

3/15/12
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37Cs leakage submodel (Tsunume-et.al., 2011) :O)

37Cs leakage and its period are
UNKNOWN (to be specified)

-

Determine the leakage period based
on iodine-131 vs. cesium-137 ratio
— Mar. 26 —Apr. 6, 2011

. )

o

estimated leakage from 1F (NPP)

: 37Cs flux (Bqfs)

& :
| Release hypothetical 1.0 Bq/s 37Cs
| outflux at 1F (Fukushima 1 NPP) to RO 2
e :
fearprite relative SEs shipcentration, date in 2011 (UTC)
Compare the computed relative v : Sl
concentration with the measured l:> 137Cs concentration = relative

one n?arestl to 1F to evaluate concentration x M
k magnification factor M

t

- Ly
s A
0,

Validation (1): reproduction of Kuroshio path ;O

| o altimeter-derived
assimilative E2 eostrophic velocit
ROMS-L2 (12 km) (930 km E\VIISO) i

ROMS 61~120days mean JCOPE2 61~120days mean AVISO,61~120days mean

E [48°E 150



Validation (2): 87Cs concentration ataF ,®

magnification rate  total leakage of ¥/Cs: 2.35%:10¢ (Bq)
M =1.01x 10 cf, 3.5 x10* (Bq) by Tsunumie g

T T T T T T
Model (River)
Model (NO River)
®  Monitoring

q/L)

monitored

3,

Y
reference value [w. f

modeled (w/ rivers)
modeled (no rivers)

i] A

37Cs concentration (B

reference conc. ffr drinkmg”watglf: 10 (E%q}L)

1 ! L 1 L 1 ! ! 1
A/26471 410 4/20 5/1 5/10 5/20 6/1 B/10 6420 T7/1 T/10 7/20

day

Validation (3): 37Cs conc. at Natsuigawa ;O

O substantial improvement with the rivers

137Cs at Natsuigawa (~50 km S. of 1F)

10 T T T T T T

E modeled (W," riVerS) monitored — Model (Rive

i Model (NO 1

B" 2 ® Monitoring

E re rl‘nl"L' ncea

2

= OF modeled (no rivers)

o /gﬂ :

3 e

=

= \

5 .l '

= / A

(o] S\

12) S \

0 oE

) \Hv

15 |
= [ . reference conc| for drinking water: ¥o (Bg/L),

10
3/31 4/10 4/20 5/1 5/10 5/20 G/1 6/10 6/2G

day
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Depth-integrated 37Cs concentrations :®

with rivers 24-Mar-2011, 06:00, UTC no river

Tl SRR

3N

P p— p—— 7
140E M41'E 142'E IJ'!F IHF 145'E 14[‘17 i.-lTE 140E 141'E 142°E 143°E 144E 145E ME'E 147 E

depth integrated 1¥cs qu,fm'zl

with rivers R ; ; :

~ w/forivers

Oceanic dispersal of 27Cs on 3/28 (2 days.later)

with rivers W/a' rivers

28 Mar 2011, 18:00, UTC river

141°F o e 143°F
depth integrate (i 1370g (Bg/m~* }

depth-integrated 13'Cﬁ-

= and surface velocity

3/15/12
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Oceanic dispersal of 37Cs on 3/31.(5 days later) @

with rivers w/a rivers
31 Mar 2011, 06:00, UTC river 31 Mar 2011, 06:00, UTC No river
NS — = = =
1im/s) f\f j_,‘\ i
m /sl A% ik ‘ |‘
] TR ]
A

J
r |

38'N+
140 F

& depth-integrated %7C

|+ andsurfacevelocity
S 0

Oceanic dispersal of 337Cs on 4/2 (7 days later) \/3)

with rivers ~ _W/fao rivers

2 Apr 2011, 06:00. UTC river 2 Apr 2011, 06:00, UTC No river

R e T S — _T—,—flk
-

38°N 4 =
140'E ! I41'E

R : depth integrated '¥'Cs (Bg/m?)
depth-integrated *7C . i .

.+ andsurfacevelocity = |
W

10 ¢ 10 10’
e o it R

11
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Oceanic dispersal of 37Cs on 4/8 (13 days later) O

with rivers W/a' rivers

8 Apr 2011, 06:00, UTC river 8-Apr-2011, 06:00, UTC No river

142 E 143 F

\ ' depth integrated 1370g [ilq/m"}
+ depth-integrated *7C . -

and surface velocity |

Oceanic dispersal of 37Cs on 4/14 (19.days later) @

with rivers W/ rivers

14 Apr 2011, 06:00, UTC river 14 - Apr 2011, 06:00, UTC No river

S

= e — — o p— P
IM0'E 141'E  142°E  143°'E  144'E

145 E ”l"n: E
depth integrated e (Bg/m?)

depth-integrated *7Cs |—— = —

and surface velocity

i r— p— — — —
47TE 140E 1M1'E 142°E 143E 144E 145E

(o ( 10 S O O [}

12
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Oceanic dispersal of 37Cs on 4/20'(25 days later) @

with rivers W/a Fivers

20-Apr-2011. 06:00, UTC river 20-Apr-2011, 06:00, UTC No river

E WE 144°E MSE 140E 147E  WOE MI'E M2PE WYE M4E 5E MEE LITE
depth integrated "*/Cs (Bq/m?)

depth-integrated %7Cs _—
I

and surface velocity s \
JORSEE ) 10 ) ) 10

Point-wise PDF as a function of 37Cs.and y, \O

e

PDF w/o rivers PDEwith rivers

PDF (No river) PDF river
0.5 —|—-——-_=.—t—li - 20
o w1 Oshika Soui w200,
E == o £
= Penn. & [ =
L: ¥, gl lin :. -
£ s~ T
S [ ;
T
ua - > iF y.=0 ’km) >
v} & %
< g =
E i da § |' 3
o £
S :
o = =
= 2 T
£ ¥
s] i
= i S NE— £
1 5 v 7 I+t e F G ¥ LUTE ¥ OWE 3 1 5 [ 7
log,,(¥7Cs) Bg/m? log,,(*37Cs) Bg/m?
- — o -

A - ate

. = South of aF: lower *7Cs PDF spread as going away from 1F (rivers act to enhance higher PDF)
E * North of 1F: nearshore northward current brought the high *¥#Cs to Oshika Penn. to be uniform PDF

il * Heterogeneous PDF appears associated with a rias coastline north of QOshika Penn. to form “hotspots” 2

NI B, R sl % 2 75 % PV

3/15/12
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37Cs budget in nearshore control volumes @

cesium flux (Beg)

Examine a flux divergence in two
control volumes to determine
alongshore and cross-shore *37Cs
contributions in *¥7Cs budget
Define rectangular boxes aligned in
the mean coastline centered at aF

Box 2.:100km x 5okm (YELLOW)

137Cs flux budget:
d
— [ cdV=f, ~(fu+fs+ 1)

drsrY %
j;\' o fr\,v Cnu!\’ dAN‘ f':’\’ = f() .f:\’dt

| instantaneous flux * time-integrated flux 5é

(cumulative flux)

Cumulative %7Cs outfluxes F at-3.boundaries S

Box 1 (small)
100 km alongshore x 50 km cross-shore

EhE - T

13%¢s balance (time integrated) . 19705 balance (time integrated)
. T - !

alongshore (F.)

alongshore (F,,)

: offshore (Fy)

Al

cesium flux (Bg)

B Outgoing fluxes at S/N boundaries (alongshore) whereas
incoming at E (cross-shore) in the small box (1) and

approximately nit
B Dominance of the alongshare (particularly southward) transport
over the offshore dilution

3/15/12

14
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Alongshore %37Cs transport at N/S boundaries ;@
(1) Reynolds decomposition

O To investigate a role played by mesoscale eddies in the,prevailing
alongshore 37Cs transport,

O The cut-off period for the linear low-pass Buttemworth filter is
chosen to be 120 days (based on the mean 7Cs variability).

instantaneous flux
£ EJ‘A"EE({A“ +fdﬂu'c'dAa (a=N, S, E)

= fr +f“id" (mean + eddy)

a

cumulative flux

E,= [ fremdts [ e dr

=F" +F;‘m (mean + eddy)

Alongshore 7Cs transport at N/S boundaries &)
(2) mean vs. eddy contributions.a

_x10" southern boundary _x10” Northern boundary

====:mecan

----- mean

turb

Box 1 (small)

180

'Cs flux (x 105 Bq)

cumulative 3

0

15
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Summary and outlook @

O The model successfully re‘prdé'.l ralloceanic currents

and associated *7Cs concentrai‘.'io;i(";FF’Ft}iushima (F),

O The total amount of the leaked ®7Cs is estimated 1,35 x 106 Bq
while the previous work suggested 3.5 x 1025 Bq, as 3.85 times as
much (n.b., TEPCO official reported 9.4 x 10 Bq 37Cs),

O The PDF analysis indicates possible “hotspots” with high *37Cs
concentrations along the rias coast (Sanriku), north of 38.2°N,

O Cumulative alongshore transport predominantly occurred
particularly to the south where the PDF/concentration are rather
small. In turn, offshore transport merely plays a minor role in the
137Cs budget (resembles the French simulation),

O Eddy transport is suggested to be a key player to enhance the
southward transport,

- O Nearshore recirculation of dissolved *¥7Cs and sediment-
!!‘ attached component are to be further investigated.

16



. Dongguk University

Energy growth and anisotropic characteristics in a
buoyancy activating turbulence

(Microstructure turbulence mixing)

Ph.D. Jin Hwan Hwang,
2012. 03.15. Kobe university, Japan

. Dongguk University

Micro mixing process

= Small scale turbulence is critical in understanding mixing in the
ocean, lake, reservoir, efc.

= In many physical process, fossilized turbulence is discussed in this
presentation

— Fossilization of heat or salt and potential energy fluctuation

2012-03-15



. Dongguk University

Residual potential energy

= Excessive or remnant potential energy : Gerz ef a/(1989), Ramdsen

and Holloway (1992).

= Fossilization was termed and reported in some of previous works (e.

g. Nasmyth (1970), Woods ef a/(1969), Gibson (1993)).

- Dongguk University

Fossil turbulence

Evolution of a Turbulent Patch

Buoyancy Force

:@’.‘;“b:

Buoyancy Force

Buoyancy Force

Diffusion

Stage 1 Stage 2 Stage 3
Instability Fossilization Begins Turbulence Collapses and Dissipiates
Kinetic

Overturn
s Motions @

Microstructure

S

Stage 4
Fossilization Completed

Scalar
Microstructure

From Leung, 2011

2012-03-15



. Dongguk University el

Introduction

= Fossilization of turbulence : due to the difference diffusivities of
momentum and scalars. In the water, after momentum diffuses
away, but still heat fluctuates.
= Gerz and Yamazkai 1993:
— After turbulence disappears, potential energy is left behind

N2=gadT/dz
Temperature Turbulence
3 fluctuation disappear
Stratification number
[T:I: [ dO©
St = _T’
Rz
T

Introduction

and activate turbulence kinetic energy to develop?

. Dongguk University g f

= |f shear forces on residual potential energy, can this energy grow

N?=gadT/dz Temperature

fluctuation

regenerate turbulence Residual temperature itself is
non-mixing process, however, if
such fluctuations can generate
turbulence again, then it could
contribute to mixing

(Gerz & Schumann, 1991)

2012-03-15
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. Dongguk University

Goal of research

= Main question:
— Can residual potential energy activate turbulence as like as
velocity fluctuations?
— If then, how much and when?
— Can the activated turbulent energy grow?

: - GAINSS

ey TN
S f
. LTl

. Dongguk University
Method general

= Simulation method

~ Direct Numerical Simulation
— Rapid distortion theory for the strongly stratified cases

= Analysis method

— Energy comparison
— Spectral presentation

~ Anisorpic mapping




2012-03-15

- Dongguk University *%‘}f'ﬁe JM%"

“A\l

Methodology

= Solving Navier-Stokes and thermodynamically linearized energy
equations
= Solving in a cubical domain
— Grid : 642 generally, highly sheared case 1282
= Temporal domain is integrated with a second order finite difference
method
= Pressure field:
- Solving a Poisson equation by inverting the Laplace operator

For periodic and shear-periodic boundaries in the horizontal and vertical
direction, respectively.

= Initial perturbation condition

— Initializing the anisotropic fields using random numbers that obey preset
correlation coefficients and an input energy spectrum (Ozarg, 1982)

=
- Dongguk University i wfﬁi‘ ’u‘ng.

Governing equations

= Background velocity and temperature
— U(xy): the mean horizontal background velocity
- B(Xg) : the mean temperature profile.
— Those are linear with height.
= Characteristic time scale : Buoyancy frequency
Ta—0 V] where N? ﬁfngf-—
= Characteristic length scale : the initial temperature distribution

f-LefLsoe  wher = (et o)

— S(x) defines the shape of the temperature perturbation spectrum

16( 2 S 2
S(k) = > (-—) i—cxp[—2(i{/x ) }

K, = (87)"* (peak integer wavenumber)




- Dongguk University
Goveming equations (2)

= Non-dimensional momentum equations become

i, o ) Aonan e
%-E-RFI “,\"%+Ri ‘w0, +—(uu,) ———p—Sl 11’"(‘!,1 +Re™ 0 Ii'
ot " ox, \’J ox, : 3.\’;
or e 1O 0T
—+Ri "“.r3—+ (u T)=-Su,+Re ' Pr'—
ot ox, Ox;
=
B
a‘.' 2 2
N? N? 2
= Where Ri=——=— RE:M’" Pr=

U /62)?* §* T

5 T|=

= The stratification number S,Zf_r@‘ (T'= TT" )
Hildz

Which represents the strength of the initial perturbations relative to
the mean background gradient of temperature.

/ \\ '~
. Dongguk University e *W’f?‘?
Summary of simulation conditions
[ieien e il | [ ot e RN e e oWt R 1 A |
Asl 01 004 116 64
As2 01 025 116 64
Bsl 025 008 574 128
Bs2 025 016 574 128
Bs3 025 025 574 64
Bs4 025 05 574 64
Bs5 025 1 574 64
Gl 05 016 574 64
Cs2 05 025 574 64
Cs3 05 05 574 64
Cs4 05 1 574 64
Dsl 075 016 574 64
Ds2 075 025 574 64
Ds3 075 1 574 64
Fsl 4 008 574 64
Fs2 4 016 574 64
Fs3 4 1 574 64
fs4 4 10 574 64

2012-03-15



. Dongguk University

RESULTS OF SIMULATION

. Dongguk University

Initial residual potential distributions

St = 0.25 St=4

2012-03-15
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Dongguk University
Temperature and velocity contour from top (St = 4)

Nt/2m
=1/4m

Dongguk University

Nt/2m
=19/20m




Dongguk University
Temperature and velocity contour from top (St = 0.25)

0 0.1 02 0.3 04 05 06 07 08 09 1

Nt/21
=19/20m

2012-03-15



- Dongguk University
Energy and dissipation spectra
'._:,'-‘- 2y ® e )
80 10° ;
;5‘ L f
10° &
5‘19"‘ ~

1w0? 10" 10° 10

xn <
Kinetic energy and dissipation spectra. The stratification number is 0.25 and the Richardson
number is 0.16 in (a) and (b). The stratification number is 0.1 and the Richardson number is

0.04. Large dashed line is for the initial and + marked line t=3.

- Dongguk University
Energy evolution (St = 0.25)

Nt/2x

= Unsheared Nl R =8 mmal R = O 68==="Ri /= 0.08

«  Total and kinetic energies of unsheared flow are larger than Ri = 1

s
7] “'I
P,

|

05 1 0 R

2012-03515
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. Dongguk University

Energy evolution (St = 4)

=oerunsheared ™ S=m=ilRit= s (Ri=1046] ==+ Ri =.0.08

+ Total and kinetic energies of unsheared flow are larger than Ri = 1

. Dongguk University

Turbulence intensity (eVAP)

10°
10°
<
%10
10°
A J
L T T e B RN T .
Nt2r N2
St<1: gW¥NFis much larger than O(10) St>1: &vMWis smaller than O(10)

2012-03-15
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i GEARNNS.
. Dongguk University f ..i‘:;j
CETTETN 1 1 i e e R

CHECKING LINEARITY

s"&
I‘

. Dongguk University

Rapid Distortion Theory

= Rehmann and Hwang (2004):

= Gerz and Yamazaki (1993): St >1, almost linear

o edO Sl e dO W b
Fia; gal ¥& 175 1/N?

1+/b’,1s the squared time scale related with overturning, and when it
is larger than time scale of mean field, linear dynamics can be
applied.

= Hanazaki and Hunt (1996): r, =

u
— <]

2012-03-15
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. Dongguk University

DNS and RDT comparison in unsheared condition
(St=4)

07,
l — DNS
o — RDT

0.5¢

0.4f
w*

0.3f

0.2

0.1

GO 0.5 1 1.5 2 25 3

. Dongguk University

DNS and RDT comparison in strongly sheared condition
(Ri=0.01,St=4)

12 0.25
— DNS — DNS
— RDT — RDT
10| 02
8
0.15
LI..IxS Lun
0.1
4
2 0.05
0 0 - ‘
0 0.5 1 1.5 2 25 3 0 05 1 1.5 2 25 3
Nt/2n Nt2r

2012-03-15
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Intermediate conclusion

= In the initial period, shear can energize turbulence in all
sheared cases over the unsheared case.

= |In the weakly sheared case, energy is smaller than in
the unsheared case in the final period.

= When St > 1, &/vAPis smaller than O(10) in all sheared
and unsheared cases, and linear dynamics can predict
turbulence.

] T AR
Dongguk University - :-E;awfgﬁ‘g
R.M.S. velocity in shear direction
4 0.4
3.5 0.35) — Ri =008
3 e — Ri=016
S - |
:'5 :‘25 — Unsheared |]
=2 £ 0.2
=1
1.5 0.15]
1 0.1
05 0.05 ﬁ%__\ﬁ_
0 0
0 0.5 1 115 2 2.5 3 0 05 1 1.5 2 2.5 3
Nt/2r Nt/2r
St = 0.25 St=4

= Normalized by the squared root of initial potential energy
* u/T,increase with shear

14
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B ] UL
R.M.S. velocity in vertical direction
3 - - 0.2
— Ri=008
Bk — Ri=016
iy
—— Unsheared

0.05

0 0.5 1 “¢~.5 2 25 -8 0 0.5 1 1.5 2 25 3

NY2E ==~ mammmmm="" Nv2r

St = 0.25 St=4

W/ T, increases with shear in super-critical decreases with shear in sub-
critical

. Dongguk University

ANISOTROPIC PROPERTIES

2012-03~15
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Dongguk University m‘gg" ’;{;‘ “
Anisotropic invariant map

= Anisotropy form the distortion of isotropic turbulence is produced by
the mean strain and relaxes towards isotropy in unstratified flows.

= When the flow is strongly stratified, the relaxation toward isotropy is
inhibited through different energy transport between component.

= The anisotropy tensors of the Reynolds stress and dissipation rate
are respectively defined by

u, Cu,
where R”=n,rr and D, =2 —1—
Jx, Ox,

. ‘-'!‘,‘ﬁ" 4“\" q
Dongguk University LT

Anisotropic invariant map

= The invariants are given by I,=0 I, = Al - 1, el

a W 31,1 JKZki

Li=0)  l=- d e el d,d,d,

where b denotes Reynolds stress and d denotes d|ss=‘|pat|on anisotropy.
= The boundaries of the anisotropy invariant map comrespond to limiting cases.

The upper boundaries is described by 1
G, = 5 30, + 1, =0

and it corresponds to two-component turbulence. The lower left boundary
corresponds to the axisymmetric contraction cases with rod-like turbulence,
then the axisymmetry parameter A4, is -1, where

i, /2
(=11, /3)"?
= The lower right boundary corresponds to axisymmetric expansion. The
bottom cusp corresponds to isotropy, while the right most point corresponds
to one-component turbulence.

=

2012-03-15
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® 1-D turbulence/2-D vorticity

@ 0 meandenng sked
\\ A
| o =) ém =3 =
4
a b

® 2-D turbutence/ | -D vorticity

© 2.D isotropis turbulence/ 1-D vorticity paratiel,
paratiel, H [ liiptic flament “
circular filament 3 5 4
= w0
- A o
v ] T | P

From W.C. Reynolds, 1985

- Dongguk University

03 /

0.25 o

0.2

0.15

0.1

0.05

|

2 component o
o Axisymmetric eéxpansion

o %

Axisymmetrnic

ontraction ©
r ?

=

02

Ismropn‘.D

002 004 008
m

= Representative AIM

0.08

2012-05-15
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St=4 St=0.25
7T e | |
.. |
gl |nivE] Ses |
: | | e ' ! #
i:_ =! ;:4-'1*_._._.,, L—£ﬁ-—-—-—~—‘_ 7{;‘“__“ A E

The large * presents the initial state.
(a) Ri=0.08. Reynolds stress (b) Ri=0.08 Dissipation
(c) Ri=1, Reynolds stress

(d) Ri=1, Dissipation invariant

—— =)

~ | Dongguk University :v'slhﬁfﬁ’._f?gﬂgg

Turbulence structures on the boundaries of the AIM’s

= Summary of the frajectories of the anisotropy invariants

| ] ko e R oL 2 o T R

4 0.08 Axisymmetric expansion — Isotropic —+ 2 component -+ 1 component
4 1 Axisymmetric expansion — Isotropic — Axisymmetric expansion
0.256 0.08 Axisymmetric expansion Istotropic
0.25 1 Axisymmetric expansion - Isotropic -+ Axisymmetric expansion

2012-03-15
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SUMMARY & CONCLUSION

wongguk University
ummary

10

Strong non-linear

Weak non-linear

-1

10

Isotropic
turbulence
growing over
steady state

Turbulence
growing over
unsheared

Turbulence
decays below
unsheared

2012-03-15
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Conclusion

= In the initial period, shear can energize turbulence in all sheared
cases over the unsheared case.

= |n the weakly sheared case, energy is smaller than in the
unsheared case in the final period.

= When St > 1, &vMis smaller than O(10) in all sheared and
unsheared cases, and linear dynamics can predict turbulence.

2012-03-1'5
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Kobe University Large Eddy
Simulation Code (KULES)
- its capability and applications -
Akihiko Nakayama
Dept. Civil Engineering,
Kobe University
Last time (2010) Shibata showed sse.
Flood of Aug. 2nd, 2009 s

Aerial photo Calculation

0 50 m
L

- Calculation reproduces flow, but it does not reach stationary state (flows too fast) 2




Also Ikenaga(Nakayama) presented SPH LES
obstacle on the floor

L L L

E

......

Shibata’s summary 1

Summary ese’

e By resolving bathymetry and largest stones to
about 20cm in height, the LES calculation of flow
over gavel bed is close to observed flow in terms
of flow discharge and water level.

More work is needed
Verify quantitatively with the field data.

Examine the bed resistance results in terms of sizes

of bed material




Ikenaga’s conclusions

Conclusions e

e Conventional SPH method needs artificially
enhanced viscosity in order to make stable
calculation.

e In order to reflect the effects of turbulent
fluctuations, basic equations of motion for the
kernel integral representation of flow velocity
is re-derived.

e The results for the motion of collapsing water
column with or without obstacle compare very
well with the experimental results.

ece00e

oceee

eocee
o0

What do we want?

e Realistic
and good turbulence model
e Versatile

more than or other than commercial or free
software

e Affordable
No expertise in computing
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o000
o609

Does LES do it? o

e Whatis LES?

Turbulence model that is grid-size (A) dependent and
converges to the NS solution as A/I—0

e Other approaches of turbulent flow calculation?
Reynolds averages - need calibrated model
Sampling - not known yet

09
eoeo

We have worked on soit
Staggered grid in Cartesian coordinates(KULES-RG)
without free surface, improved wall model(KULES-wind)
with moving free surface, improved BC's(KULES-river)

temperature and concentration variation with Boussinesq
approx. (KULES-plume)

moving solid body(KULES-body)
movable bed (KULES-sediment)
Collocated grid in curvilinear coordinates (KULES —-CG)

without free surface, improved ground model(KULES-
wind)

with moving free surface(KULES-channel)

temperature and concentration variation with Boussinesq
approx. (KULES-plume)




Elements of KULES’s

1. Basic approach and equations
¢ Implicit and explicit filter
e Sampling in stead of filtering
2. Sub grid model
e Smagorinsky or dynamic Smagorinsky
e Shear-improved and near wall damping
e Mixed time scale or other model
e sub-grid free-surface fluctuation
3. Difference Scheme
e upwind, utopia & Quick
e conservative central difference
4. Wall model
e smooth and rough surface
e dynamic wall model

00
( X 1 X
KULES - RG D00
eoo
L X
@
Free-surface HSMAC algorithm | ? s - ot
1 velocity
_>Q_.)Q_.)
e O v Tl !
pressure
regular HSMAC iteration on pressure 0]
and velocity

surface cell A -

pressure from BC and velocity from m.e.

free surface is moved by kinematic cond.
S O -
q = .
wetting front A > #
same as surface cell. except velocity (@) A\ 0o
front conditioned on roughness A A \
® >0 3
external cell [] -» i O
pressure and velocity both from BC ‘3"§‘;J‘T o i




Boundary conditions for rivers sect
Om @
inflow

mean flow - given discharge hydrograph

turbulence - approach section for
development

approach sect.

outflow

velocity — partially-clamped radiation
surface slope — uniform flow

or
elevation — from stage -discharge relation

bed and bank

zero normal velocity

tangential stress — rough surface model

main
calculation
region.

Application to flow around river bend

.10, 2009




Results of surface velocity and elevation

Inflow hydrograph 1=100s to 2200s

200 - -
0 1 . ) L
0 600 1200 1800 2400 3000
1(s)

observed elevation and discharge
74 —

e T T T T
73k gauge G2 -
iz o g:xu-?\u:l(:gmnwlsmm ﬁ 11600
LN F\"nL-’:'-sn
70 A i 41200

8 i 4soo

66 R

£y oy JPU PN
LD T i SN S ST T T T e
rday of Aug. 2009)

interval between contours is 20cm

Qmils)

Results of surface velocity and elevation

t=2200s on
.'L{;‘n‘]

0
718
715
713
711

Inflow hydrograph

[} 00 1200 1800 2400 3000
s)

interval between contours is 20cm




from previous results sell

Surface fluctuation S

Aug.2 flood video " LES calculation i

Previous results
MEQ,=200m3/s J:|U ETF




Comparison with depth-averaged 2d calculation | eeee

depth av. (Kawatani) :;g@
LES | ®0
I S| - = ' ®
e = = S ' .
2= ; 2 11
A el ) | 1]
!/.,f’;,fm I
Qin=600m3/s || || | Eorees L
.,hf _:'bc.g;—\
IS,
IR iy,
o S B
| i <
T :
N i} LK el
- - =1 ‘
Qin T o
=1400m3/s T T .
! = 17
o009
2000
KULES - CG 2ese
[ X 1)
®e
®

e Straight vertical - sigma
e Bathymetry-fitted and free surface-following

RO NN




[ X X X
KULES - CG Sees
[ X
@
Free surface condition
T T n
[Bhsg | k) Ky
| oy ax, ) find normal and
) tangential vectors

i

X3
normal and tangential
T T
Ters ikl ] ol stresses
z'”:n[n’ TS—LS jn, TI_I Tn I
ou  Ou
I =ul =S4 —=1=0,p stress tensor
g dx ax,

4

T, : Uik = 0, = 0 zero tangential stresses

19

Surface tension

KULES - CG 22
Application to atmospheric flow over natural gtain
2400m

-

Terrain B

Terrain A
3400m 2400m

3400m

Terrain A: 5m resolution in horizontal direction

Terrain B : smoothed over 40m X 40m
20

1-4m protrusions are smoothed in Terrain B compared with Terrain A

10
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Application to curved channel | :::°
[ X}
Bathymetry and free-surface following sigma Np. grids
streamwise | 440
L 5 Al cross flow |80
180°4_° Vertical 30
2 \_,,_.,-————‘”"'_" yt 1927
90° | Bedslope 1/1000
S Re 950000
AR et Fr 0.38
mx\!_ r
Outer-bank Inner-bank
24Hm
é%é‘ia};i‘} i § ::;é JLFH\::. h‘“‘“F.‘mll Sdm u"-;"l.lj %:::_'d
= 21
o000
Example results ssss
instantaneous velocity magnitude -4
@

EHSERTOIAN) —2HEA
EHECILIFEEELEL,
REECH>TLNS.

surface
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KULES - RG plume

Basic equations
®Momentum

V- uy+ 20xu=-—VP+ L Lo g oV (1 Vu+7)+ f
a} pﬂ pﬂ

1
Sub-gridstress T =§k5gs(5— 2V § S =E(V“+(v")r)
@ Continuity
V-u=0
@ Temperature

ar

".",

=—V-ulN+V- (VT +q)+g

Sub'grid heat flux qz_ﬁ ,Asz— ".!fgs VT

588

[ 1 1]
[ L1 X
[ L L
( L 1]
[ 1 ]

r.!fg.s‘
@concentration
oC ol :
=V (uC)+V-(yVC+J)+h
ot
’, 23
Sub-grid scalar flux ~ ; _ L= se o

Buoyant plume
Hot water (60degC) issuing into 20 deg ambient

r {cm)
contour anterval 27

24
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Application to waste water outfall oee
- ’ 3 - 18.8 [ 1 L
velocity, concentration and temperature in vertical 12 clemyp| ®0@
plane passing through one of 6 operating ports C :, |'_ 184 deg | ©O
om/s 0.09M182 ~ | @
......... . S e
velocity near free surface and |
surface of constant concenlralion 57
fresh water into sea 80m
water
25
o00
L L X X
L X R
KULES - body ece
L X
L]

Application to tsunami washing a bridge deck

T {1}

26
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KULES - sediment

Application to scour by tsunami
- In progress -

o0
(L1
[ L
[ LR

27

Summary and future work

LES methods being used to simulate
various simple flows

How to work with various time scale
Basic problem near boundary
Non-connected flow and 2 phase flow
New averaging or statistical method
Sampling

00
o000
L L R
L L X ]
®0e

28
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Difficulty of spatial averaging approach ::Eg-;

eoe
@
@ spatial filtering A
w(x,0) = ” 1;(E.0NG(E. x)dE
D (1)

G (& x): filter kernel,

D : flow region ” G(¢.x)dé =1 smoothing

D
@® commutes with spatial differentiation
- only away from boundary

o (2)

ox; ox
x; o

- does not commute near boundary if G(&.x)=G(x.&)

- does not commute with product, hence sub-grid stress

uu, Euu R, :E—ZZIO (3)
29
> ..._7
Idea of sampling anse
[ X X
@0

@

@® sample of u, at position x, andtime ¢

S(u) =8, () =u,(x,1) (4)
@® commutes with nonlinear operation
Suu ) =S)S(u ;) (5)
@® does not commute with spatial differentiation
cu o S(u
S[T'J—(J+ E._ () (6)
ox X :
= g
Ay S
(h.—(\_"’l . differencing of samples
S y i ; ; : s o
By () sub-sampling error in diffrentiation

with respect to x,

30

15



Equations for sampled values

® momentum equation for samples values

7ol 7 TR Y[y o 1 5S(p)
ot ——\Sw)Su,)) =——
5 ( (1) (er) %

i

~ i

ox,

i h‘\} (Hl”_,‘ )7 i t”.u (p) 1 'h'.\]'..\]' (“:)
0

@ continuity of sampled values

oS(u;)

ox;

+E(n;)=0

+g

Sub-sampling term E g (u;) will depend on the

o5(u;)

estimate or definition of 5
-1

[ X X ]
0@ o
L X K]
[ R
[ X}

31
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Some Numerical and Experimental Investigations of

Stratified Shear Flows

U Joongcheol Paik
— Department of Civil Engineering,

Gangneung-Wonju National University

Third Korea-Japan Mimi-Symposium on
Modeling and Measurement of Hydraulic Flows
March 16, 2012

Kobe University

Outlines

Motivation

Numerical Works

— Negatively Buoyant Wall Jet
— Stratified Shear Flow:

* Experimental Work

— Intrusive gravity current in a stratified fluid

¢ Summary




Previons Works

A Staged Modeling Approach:
from EFDC to 3D high-resolution simulations .
B J

Round Butte Dn.m\‘

Forebay

Lake Billy Chinook

WY Crocked Arm
Forebay Bathymetry W ey
Deschutes Arm AN
i |
Flow in Lake Billy Chinook, Oregon 4 E
J
4 =
y ’,,.v"

[Khangaonkar, Yang, Paik, Sotiropoulos, JCR, 2008]

Previons Works

Selected withdrawal

Numerical simulation
of selected withdrawal

Terw=10

[Khangaonkar, Yang, Paik, Sotiropoulos, JCR, 2008]




Governing equations

Large-scale momentum equations

Ea‘_’f+ ‘i (ll,{Ufwzf‘ii(ip:‘{w
Joor TOE N Yo ol '

el Sl el B AL
it [l e e Rl e —
o&’ | J\ Re a&r JiEr

RCZ ref “ref Fr:

v JBeL,, (T, -T.)

SGS models
Mason & Derbyshire (BLM, 1990)
V= -{';S
¢-
where
5=(2s,8,)" Turbulent Frandtl number
(Venayagamoorthy & Stretch, JFM, 2010)
1
—=1-nR,, withnp=3
¢
Pr, el Ri 2 Ri
gloves ) Sl rrlh ey Eod BT | R
A A [(1((: +z, )]
a 1/3
A =C.A [;,\ = (AxAyAz) ]
z, = wall roughness height




Test Case: Negatively buoyant wall jet
[Experiments by He et al. 2002)

Outlet  Warm
waler

Experimental conditions
=100 Test Re ( Ri
E.‘ I8 mm | 4754 0 1]
oy < 2 4754 234000 0.01
Z | 0 3 HO00 468000 0013
£ 4 4754 468000 .02
2 y 5 3000 234000 0026
£ 6 1000 468000 0.029
g 7 3000 468000 0.052
£
= QSD e A, -T, L _ello.-pVp
:. = e Ve
k
Y |.=800mm gD (p -Bilp,
Cooler water Gr= Ve
IRy 4
300 mm
= _'.I
Sude view
Negatively buoyant wall jet
Computational Details
Outlet 2 s Numerical approaches
7220y U.T. = LES with two sgs models with

buoyancy-correction

¥ -0 = Re=4750
"Hot water r

N o o
T 1o ® T, =42° & T, =34

"y, /U

Jet

=0.077,0.15

= Mesh of 0.39%10°grid nodes
#  with six sub-domains

SseN

X = Non-reflecting characteristics-
based outlet boundary condition

Cooler water

Overset grid




Negatively buoyant wall jet

Comparison of M-L and LES solutions

Velocity vectors colored by temperature and
iso-surface of temperature at r=0.077

Negatively buoyant wall jet

Comparison of experiment and predictions

Present prediction M-L prediction ~Measurement LES LRNA -
e b Heeral (2002)  Addaderal (2004)  Craft eral (2004)
i — - 06
e i
i
el
e ——
R =
e
| iy
02 e
T =
[ —
fo
L=
| gt o d
.
e i 1LY I
= i |
{02 SO It i'ii U, 3
s -0 3fmiimininn:| 0.3
AIRLRARSIARTRTRENTIE o
e -0 s 0.4
IR o AR TRIRRRTEETY -
r WLELETRRLIRTRIRRRIAETY L
0.5 ] O°F
¢lll|l!l|l:l|ll, lll!m -Oﬁ: 1 ] ]
COZE0X N0 20N G X 02 0

Velocity vectors colored by temperature at r=0.15




Negatively buoyant wall jet

Comparison of experiment and predictions

Present prediction M-L prediction Measurement LES LRNk-&
Heetal (2002)  Addad eral (2004)  Crafter al (2004)

I
i ! 06 0.6 0.6} o6 7
i J 0.4 Tl -0.4F 0.4 -0.4f
;o >
o | 7 02+ 11| -0.2}- 0.2 . 0.2 b
[ [/ I 4 L 4
{4 1 = b /Al 8
(‘!J Al A B g
ol ,\I_ 5 Y- N" ] e vol=' [ - 4 o vl
*}f‘g )..3_‘9‘-4; % NG Y
0.2k -021- 0.2 0.2 0.2
Level 7 Measurement
8 ::‘: region
& w5
‘ 045 s 04 04 04
W0 4= £l 37s
3 s
2 as5 -
L 1 1 |
Y M T B xo02 0 X 02 0 X 02 0 X 0.2 0
0.2 0
g T Temperature distribution at r=0.15
Stratified shear flow
Computational details for a stratified shear flow
Injey = & T, =)
X at==1to2
h
1
h L T
,_ R T'op: free surface (symmetric) BC
w=2&T =0
atz=0to1 ™ / :
z P Oiiirs
tﬁ:;h Side: periodic BC e .
T .::*‘.:‘:—-,
X Bottom: solid wall B( T 4 3

» Experiments by Viollet (1980)

» Computational domain of 30h (length) x 1h (width) x 2h (height)
i, — U _

e 5 Re =2 _ 10,000

Ve BT, -1 v

* Mesh of 301x33x65 (646k) grid nodes

* Inlet BC: Turbulent inflow conditions with homogeneous fluctuations of 2%
turbulent intensity (Batton et al. AIAAJ, 2004)

* Test case: R

» Outlet: Non-reflecting boundary conditions (Paik et al., JHE, 2005)




Numerical solutions

Temperature distribution (red 7= 1, bule 7= 0)

Iso-surface of temperature, 7=0.5

Comparison of measurement & predictions

Depth

L L i3 1 oy L L s L L M e Ly = s ' L
02% 0% 078 1 1 0285 0% D7% 1 D 0285 0% 07% 1 [ 025 0% (i 02% 0% 07%
Temperature Temperature Temperature Temperaty Temperature
" i
)
Bt B
= ~
- v
& —~ L
0 0s 15 ] 0 0 2

1
Velociny




Numerical solutions

Iso-surface of g-criteria colored by temperature

Kelvin-Helmholtz instability

SGS models

Mason & Derbyshire (BLM, 1990)

’;"2
v, =—38
¢
where
s=(2s,5,)°
1 :
E; I-nR,, withn=3

1 1

1 i /"TJ+ [(rc(:: - -’-’,,)]

Ay =CA [;\. = (ArA_vAz)""]

z, = wall roughness height

Turbulent Frandtl number
(Venayagamoorthy & Stretch, JFM, 2010)

Br Ri Ri

—L =exp| — +
Pr, Pryl. ) R, Pr,




Outlines

Motivation

Numerical Works

— Negatively Buoyant Wall Jet
— Stratified Shear Flow

 Experimental Work

— Intrusive gravity current in a stratified fluid

* Summary

~ycT,

-

~0 .,

TSt

g TSN g ey, g

“a

Turbid flow in reservoir
(2003)




Turbid Water in Imha Reservoir

Annual temperature variation ([ {7 Dam/’ 2%, 2003)

Thermal
overturning

g 135

=50

-30

Depth {m})

-40-

.50
2003/01/01 2003/12/31

Turbid water after overturning
(November, 2003)

S

Why turbid water?
1. Shale (Efiz or JE#Zi) region
2. Steep arable land
3. Heavy rainfalls




Intrusive Gravity Currents

AU 8 EIRO 2E (24 10000)
|—< a 0 0

/’ %[’1}1 E %Fla
e 2003
£
Subsurface Entraining underflow ﬁrlunge
[_lmrusmn rSuriace intrusion i‘ L2

Figure 7.11 The flow of dense river water into a reservoir or lake (Simpson, 1997)

Some experiments

s M W e —

L ;
(i B
i
Iy
d

Intrusive gravity current between - »
uniform layers of densities T

(Flynn & Sutherland, [FM, 2004)




Some experiments

Intrusive gravity current descending a ramp into a tank stratified
into two layers (Monaghan, Annu. Rev Fluid Mech. 2007)

Some experiments

Stratification Ratio

\ ¥ A )

212 N \ 7 §= N|:

“.\\ Nn

a

z N=-(g/p,)op/o:

"‘ ! \.1 .
.= H12 .
\p \ # (Mauer, Bolster & Linden,
' JFM, 2010)

— I
—— R |
—— R— |

Intrusive gravity current between two stably stratified fluids:
[left] S =0.23 and [right] S =0.77




Experimental facility

for intrusive gravity currents in realistically stratified fluid

& Heating device
- - - .
- |
[odeed 7 e
Gravity | | ___'_! S
_qurfents| |— ; L _?
-l
£ Xy i I j
~ £
S T
A
'
4.:\
\
N\
Cooling device
12m >
Experimental configurations
. . - = -
i 20 ,CLM
i <
— ,!; %}/
18 g
_— £ S 7] 5
P e
TSl RIGII + Water tank: 120 cm X 30 em X 70cm
- i + Water depth: 60 cm
ne + Operalion of heating & cooling

devices for 3 hours to reach
equilibrium state of the stratification




Experiments: Case I

60 A 60}=.,
F o
0 o "*‘—-_,_&_H
50~ e 501~ .
_ 4ol ¢ _ o} 5
E / E \
SR 3 3
= | 11.4 = l
£330 4 .30 +
o 7]
=} ! = l
I |
20 ¢ 20 1
a A
' |
10 + 10
' |
L3N 4
TEY i
AN 1 Il I 1 1 1
d\ 0 7 15 20 25 30 as 8»9.5 996 998 1000
=l Temperature (°C) Density (m/s)

Temperature and density distributions in the vertical direction

Experiments: Case I
Steady inflow at the inlet:  =0.221/s for 140 s

SE=SE ll'l = [ p

Te=t o | ._];Jv_iJ,L._l_

B
X

Intrusive gravity current along the slope and into thermally stratified ambient




Experiments: Case I

Steady inflow at the inlet: ¢ = 0.221/s for 140 s

o o o e o

T ) o e [ e -
I

Intrusive gravity current along the slope and into thermally stratified ambient(x60)

Experiments: Case I

3s

— : 25s

40s

i i o S T 60s

[nstantaneous snapshots showing the propagation of the gravity current




Experiments: Case I

80 £
s
60 ;
[s
—_ '/'
E /
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r
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Time evolution of front location and front velocity

a0

of the intrusive gravity currents

Experiments: Case II

« Unit discharge of 0.221/s for 140 s

(] o 60)
L
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Experiments: Case I
Steady inflow at the inlet: g = 0.221/s for 140 s
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Intrusive gravity current along the slope and into thermally stratified ambient

Experiments: Case I
Steady inflow at the inlet: g = 0.221/s for 140 s

Intrusive gravity current along the slope and into thermally stratified ambient (x60)




Experiments: Case II
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Instantaneous snapshots showing the propagation of the gravity current

Experiments: Case II
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Time evolution of front location and front velocity of the intrusive gravity currents
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Experimental results
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Case ] Case IT

Case 1: Front velocity decreases near the end wall
Case 2: Front velocity keeps constant until the current reaches to the end wall

Propagation speed of the current head 1s fasler at Case 2 than Case 1

Summary

+  Alarge-eddy simulation model with the Richardson number correction for
buoyancy effect has been developed and successfully applied for mixing
problems of a negatively buoyant wall jet and a stratified shear flow.

«  Numerical results show that the buoyancy-corrected SGS model is capable
of simulaling both test cases with good accuracy at affordable grid
resolution, which demonstrates that the present can be a practical
engineering, tool.

+ A experimental facility for intrusive gravity currents in realistically
stratified fluid has been developed. To the best of our knowledge, il is the
first time to reproduce the intrusion in realistic ambient fluid.

+  Subsequent experimental investigation of intrusive gravily currents using
turbid water will help us to understand the propagation and mixing
dynamics of intrusive gravity currents in the real reservoirs.

This work is supported by NRF Grant No. 2011-0003416
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Korean Japan mink-simpojium
Kobe Univ.

Background

= one of the most important hydrological parameters in planning rivers

“S Efficient Method for River
Surface Flow Measurements

= float method; measure distance along their paths and integrate them
over the cross-sectional area

= robust and simple to use in various conditions

= difficult to employ in huge flood condition or sudden flood

= measurement itself becomes extremely dangerous or impossible

= traceability of floats is questionable

Ichiro FUJITA

= acoustic Doppler current profiler (ADCP) , UHF radar
radio wave velocity meter, ultrasonic velocity meter

= imaging techniques (LSPIV,STIV)

Department of Civil Engineering, Graduate School of Engineering, Kobe University,
1-1 Rokkodai, Nada, Kobe, 675-8501, Japan, ifujita@kobe-u.ac.jp

" JE—
- Objective

LSPIV (Large-Scale PIV)

= assume water surface ripple convection with the surface flow

= with or without seeding
= tend to yield underestimated value depending on flow condition

= obligue images are obtained

# Examine the accuracy of imaging methods with other
measurement instrument (ADCP)
# Compare the performance of STIV with LSPIV

= use mark points located along riverbank

- Large-Scale Particle Image Velocimetry (LSPIV) = use water level information

1994: Fujita, Komura (JSCE)

1998: Fujita, Muste, Kruger (J.Hyd,Res.)
+Space-Time Image Velocimetry (STIV)

2005: Fujita, Tsubaki (IAHR) = physical scale is different from laboratory experiments

2007: Fujita, et al. (JRBM)

| A o s ™ -
LSPIV introduced on Hydrolink (IAHR) STIV(Space-Time Image Velocimetry)
m wasc s< B The STIV is the algorithm to calculate automatically the mean gradient or
LSPWV - a P Tool for T Mhdveacl KNGl image orientation appeared in the space-fime image by image analysis.
e
== T 1. set a search line in the direction of the main surface flow,
= - 2. construct STI by piling up the luminance distribution on the search line.
= == ength
~3 ¥ =T




" JEENNNTT
STIV Procedure (1/5)

(Tobliqua image  (Zcorrected image

i ]

Image transformation

A
Read Bmp files

Set search lines

didiman o |

Construct STI

Calculate onentation angle from lustogram

-

Calculate coherency

-

Calculate veloaty

-

Use LSPiVto
Velocity distribution, discharge | got the mean

direction

* STIV Procedure(2/5)  rumweror

(Toblique image  (Zcorrected image calculating
1 onentation
vector
Image transformation
time

Read Bmp files

Set search lines

Construct STI
Calculate onentation angle from lustogram Tansor of lniace arfectation

Calculate coharency i .- dg Og dxdt

4 A E N o
Calculate velocity P q

[l 27,

tan w =l
Velocity distnibution, discharge T

STIV Procedure(3/5)

(Toblique image  (Zcorrected image

. !

Image transformation

Read Bup files

Set search lines

] L

Construct STI l

Calculate oricr*:'ltian angle from histogram e

Calculate coherency

Calculate veloaty

tdes
Velocity distribution, discharge

i
STIV Procedure(4/5)

(Toblique image  @corrected image

. k

Image transfonmation

Read Bip files
Set search lines Coherency indicates strength of image pattem
.I, 1.0 for ideal pattern
Construct STI 0.0 for wiite noise

Calculate onentation angle from lustogram

Calculate coherency

Calculate velocity

Velocity distnbution, discharge

"
STIV Procedure(5/5)

(Toblique image  (Zcorrected image

7 = [¢C(pMig. [C(p)dp

Image transformation

—_—
Read Bl.liﬁhs

Set search lines

=

Intormal procems

Construct STI

- - -

Sx . length scale (m/pixel) |
Sr . time scale (sec/pixel)
@ . onentation angle |

Calculate onentation angle from lustogram

Calculate coherency

____________ Caleunlate veloeity |

Velocity distnbution, discharge

LSPIV vs STIV

# two-dimensional measurement method

# usually use seeded image in laboratory experiment

# tend fo yield underestimated value for unseeded image

# one-dimensional measurement method

# need information of flow direction

# can be used for seeded and unseeded images

# algorithm is simple




Setting of measurement panels Example of panel setting

Camera

(a) Physical (X Y,2) (b) Screen (x,y)

# Note : set the panels in a 21gzag manner

# difficult to set the pancls nearer to the camera

Il ok et

Mapping relations " S
Measurement site: Tone River

Physical coardmnates (X.Y,Z} and screen coordmates (x, v}

_ANCAY AL A, BN RY LBZ 4B,
CA+CY+ Gl 41 CU+CY +0,Z+41

Detemune 11 vanables from more than 6 panel coordinales by the least square method

we as e the water surface 15 flat

Z=DX DY 4D,

Substit 1 1o relation.

(A s DO S (A s APOT 4 (A A) aX e bY
Ty #4040, 40,0, W+ (L, by d¥ aed = f
+H,) U4V i ot phyasd XYY W Earning!
G

LB BN (B e DY
PTG S G, O,

Another relations
(Y,

Location of the cbservation site in the Tone River in Maebashi City,
downstream of the Heisel Ohashi Bridge. about 180km from the nver

mouth

[ matt, - Yoide ma (), - V) e mat?, = Za)
MV, = Vo) s M0, = Fg) e mglZ, = Zug)d
Greund coordinate

)

Measurement section

ADCP: Acoustic Doppler Current Profiler

Remo-ADCP mode 12 (high speed}
For data transmit
layer 10 cm
Number of layer 50
sampling time at 3.2s
a point
Water ping 3
Bottom ping 3 Measurement section and trace of
boat-mounted ADCP




" JEE—
5 B
Water Surface image of the Tone River

Velocity ~ 3.5m/s, Water depth ~ 2.0m

"

Mark point locations and image transformation

Lett bank
B

Light bank F

Viewing angle

Transformed image used for LSPIV

O F——————
Measurement data by ADCP Measurements by STIV
Water surface velocity distribution was extrapolated by assuming log profile a1m
Zone where ADCP cannot measure Water surface
Conditions for STIV analysis a a8 e o
[ s | * search lina longth = 8.1m Appropriate pattems for STIV Difficult to use
y - + line spacing = 0.53m inSTIV
__2{:'.—-' ;‘:’,;";’j{;‘,ﬁ;‘;‘;";"gg;“ STl samples
mls
g " A

(&) o " -

Application of STIV with 2D-FFT for image
filtering

STl is rearranged to a square
shape of 256 by 256 pixel

Template size in STIV = 40
by 40

'y

Favorable orientation vectors are obtained

Measurement by LSPIV

L0k

3,

conditions for LSPIV analysis
- template size = 40740 pixel
« spacing =0.53m
* number of template = 60
+ pixel size = Bcm/pixel
-+ number of image = 500
+ dt=0.0666s




Comparison with ADCP (the Tone River)

m Streamwise velocity distributions

- - Discharges
.
i e method Gmdst
A‘.n z
t,.,_ﬂ o : st 100.48
; o . ! LEPIV $8.80
= = 2 ADeP 8964
o F % " n n "
eft Dalanee fmm bl bant - right{camera)

Maximum velocity
almost the same for each method
Velocity profite
STIV and LSPIV = yield smoath varation
ADCP = data scatter du to gmost instantanzous measuremant
whis traversing

Angle of camera

T
Leftbark

Viewing angle

"

Measurement of the Uono River flow

Camera is set on the left bank

_Tafgol by a prism

Setting of mark point at water surdace

Captured surface image of the Uono River

eSS, SRR LA £ b

This video was not captured for the purpose of measurement, but just as a reminder of the flow feature

"
Measurement by STIV

Conditions for STIV analysis

« search line length = m

+ line spacing = 2m

+ number of search line =60
« number of image = 300

44m

STl samples

| Surface features are clearly
visible even from a distance!

" JEET
Measurement by LSPIV

conditions for LSPIV analysis
+ template size = 40°40 pixel
- spacing =2.0m
« number of template = 60
« pixel size = 25cm/pixel
= number of image = 300
- dt=013s

Measurement by ADCP

Zone where ADCP cannot measure

abucy Mapmmdeirm of et 1uki

Water surface




Comparison with ADCP (the Ucno River)

m Streamwise velocity distribution

Discharges
methed Qi
E, AL 29248
= ¢ Lspr 18873
E .. ADCP =479
100 \
- A
0 e

left{camera) Distarce from leh bank (m)

STIV = similar to ADCP
LSPIV = underestimated data

'._i
Another flood data of the
Uono River

Snow-melt flood of Uono River

velagitylm/s)

0 50 100 150 200 250 200 250 400

dstance (m)

"
Conclusion

Thank you for your kind attention!
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Introduction

ot (o] | Hydro-Environmental
% ng 8 I:I-I‘!I-m HERL Research Laboratory

1\-" HONGIK UNIVERSITY -3- b Hongik University

Introduction(1)

o What are problems facing our earth?

Education

What can
engineers
do?

gc’l[nq.Ial warmlng Energy Sources HERL Hydro-Environmental

Research Laboratory
""""v‘ HONGIK UNIVERSITY - ‘ Hongik University



Introduction(1]

» Who can solve these problems?

Education

This can be solved with
International cooperation.

HERL Hydro-Environmental

8 :h&l‘ ) L Research Laboratory
%o HONGIK UNIVERSITY 5 ‘ Hongik University

Introduction(1]

o Who can soive these problems?

{

Energy SOUI'CES

& %@

engineering can be solved.

Bef
@ For solving the problem,
| we must know about that. |

- i L) [ ] -
okl \ e~ Research Laboratory
%" HONGIK UNIVERSITY _§- ‘ Hongik University

[ This problem only }




Introduction(1)

o What is the Global warming?

e Definition
> Rising average temperature of
Earth’ s atmosphere and oceans

05 It will cause....

Global Temperatures o
04 P I . Rising of Sea levels

= Annual Average

—— Five Yoar Avarage Changing precipitation pattern

Expansion of subtropical deserts
Continuing retreat of glaciers

(Dccurrence of extreme weather )

02

Temperature Anamaly ("C)

Changes in crop vields
1860 1880 1300 1920 1940 1960 1980 2000 Extinction of animals

"

There are directly related to humans life.
THE Selhstul HERL B o et

"%,:jjj';:;ié? HONGIK UNIVERSITY -7- Hongik University

086

Introduction(1)

o What causes Global warming?

o Too many Greenhouse gases that
made by human

The gases were made by.....
Wood
Coal
0il
Natural gas
[ethane, propane, butanes, pentanes]

The fossil energy!

4

Source of global warming

LAE=

escaping radiation
absorbed

T ol |
;:ﬁ.ll;f S"_‘I:H!I.m Research Laboratory

%.i:';ui’;e? HONGIK UNIVERSITY B ‘ Hongik University



Introduction(1)

o Why government can't stop using fossil energy?

1 2 3
Low level of renewabl Cheaper than other
Evcilotiiencwanle P Stable eneray supply
energy technologies green energy source
Total = 99.960 Quadrillion Btu Total = 6.844 Quadrillion Btu
Natural Gas Coal 23%
23%, 3 o Solar 1%
S
- i Biomass 48%
Renewable
En%r;?y Geothermal 5%
- S Hydroelectric 42%
Nuclear Energy\ <
— % Wind 4%
Petroleum 40%
Yo" Seilistul HERINLECSToimaa
‘1\.4' “ HONGIK UNIVERSITY -g- ‘ Hongik University

Introduction(1]

o But the reality is...

Cushing, OK WTI Spot Price FOB o R
s160 Energy Consumption, 1990-2020
July 3,2008
5140 514531
oo ®US
$120 600 = China |
T s100 . 500 World |
- : |
g o £ Q20
5 3 300
8 se0 s 1 } ¥
a 7 200 : ! |
© il N
s20 Pl o
Dec 28,2008
1990 2003 2010 2020
sn" , & P * > Y Data: U.5. Energy Information Agency; Chart: USC US-China Institute =)

o+
F -“,-F‘»J,-*\s’f\xv“\-f\so&‘fvffo«’ffv

Unstable oil price /
Depletion of fossil energy

increase in energy demand

The Alternative Energy should be developed.

*n '

e Ol vironmental
'\ E_l;]* 8 [.H l"!l'. Research Laboratory
% -Frfv HONGIK UNIVERSITY 10- ‘ Hongik University




Introduction(2]

 Alternative energy

Nuclear power Hydro power Geothermal energy Hydrogen fuel cell

Dangerous / i
[ Nuclear Waste J [ Limited places ]
[ Expensive / J [ Requires highly
o Requires the dam technology
':ff.i.-!'lf,;: ggﬂ]lmm 'f"“" Research Laboratc?rt:I
".,".f‘ff’\te"‘ HONGIK UNIVERSITY 1 ‘ Hongik University

Introduction(2]

 Alternative energy

BIOMASS
ENERGY

MY

solar eneray Biomass energy Wind energy Blue energy
[ Limited D'ﬂCES] [ Limited places ]

’ [ Limited places ]
:::h-.;l‘;' Sg_lmﬂl'm HE b-Environmental

: Research Laboratory
%>/ HONGIK UNIVERSITY 19- ‘ Hongik University




Blue Energy

o What is Blue Energy? — Sometimes called ocean energy

o Definition : A term for the method of generating electricity
through the convergence of both fresh and salt water

Tidal energy

Osmotic Pressure Cell

Salinity gradient eneragy
“‘ I (o] ] dro- iror |
“an Slisiul HERIF: o endionments

% HONGIK UNIVERSITY 13- ‘ Hongik University

Water Cycle & Salinity Gradient Energy

W In Korea, the inflow of seawater is

‘%;—”é,.g.ﬁ”\\ 38.6 billion tons(31%]

[Total water resource : 124 billion tonsl

Salinity Gradient Energy

Low entropy

Fresh Water Sea water

1L 34 g NaCl/L
b |
Free energy ]

Energy consumed
for separation

Water Cycle

KECOVEry 17 g NaCl/L.
AG = AH —TAS ~—1.03k] Highicxtron
~—0.286 Whr
=7 e[St HERL B L aborators

*'p-—f,* HONGIK UNIVERSITY 11~ ‘ Hongik University



Background

< ol

% HONGIK UNIVERSITY 15

PRO system

HERL Hydro-Environmental

i Research Laboratory
‘ Hongik University

« The principle of PRO [Pressure-Retarded 0smosis, PRO]

« 0Osmotic Pressure

Move H,0 molecules from low salt concentration
to higher salt concentration

Pressure increase from water of higher salt
concentration

The osmosis pressure of different salt con-
centration between seawater & fresh water
~ 26 ATM = 270 m water elevation

« Generated by Pressure—Retarded 0smosis

Reverse process of seawater desalination
Dy reverse osmosis

Osmotic Pressure = Mechanical Energy
= Generate Power

Wiy

%> HONGIK UNIVERSITY 16-

Pressure
ncrease
from H;0

H:0
supply Semipermeable
membrang

Low Higher
salt ion) salt (1on)
concentration concentraton

Osmotic Pressure Cell

HERL Hydro-Environmental

Research Laboratory
‘ Hongik University



RED System

e The principle of REDIReverse Electro—dialysis]
lon exchange membranes +

Constructed to permit selective passage of

either anions or cations g TS D s
Clj + I
i { N_l‘. ,-—4-“;::;” N Py
Electro-dialysis ] A
lons are transported through ion permeable .
membranes Under the influence of an i e
electrical potential gradient e
st - 4
Reverse Electro-dialysis Todil ) B n .
Nad ! e
Electrical potential or ionic currents are T
induced by controlled mixing of concentrated e N A o
and dilute solution of electrolytes ey ks i
:* o1 Hydro-Environmental
OTH gﬁmﬂm HERL Rg’seraor'cf?Lagomteortj
" HONGIK UNIVERSITY 17~ ‘ Hongik University

RED System

PowerDirector A|& T H

v Sg}[“il.m HERL Hydro-Environmental

Research Laboratory
HONGIK UNIVERSITY 18 w Hongik University




Technology development

[Experiment]

L

B o Ol Hydro-Environmental
N 1T N S_I[“!I.m HERL Research Laboratory
‘i-:‘—_;'{.g’ HONGIK UNIVERSITY -19- ‘ Hongik University

RED Stack Schematic

o Assembling of RED Red stack

i arcylic board (2 electrode 3 electrolyte solution
(4. spacer 5 grid net ‘& bolts & freshwater inlet
(s seawater Inlet v« chloride change membranes
i anion change membranes 2 seawater outlet
. 13 freshwater outlet

U R
<5 Solfietm

X

%4 HONGIK UNIVERSITY 20-

A

Hydro-Environmental
Research Laboratory
Hongik University




Demo. of RED system

Demonstratoin

of RED system

n ol HERL Hydro nmental
.:E?_{-:? ﬁGIK Eﬂﬁ% 21 ‘E@ Resea c Labmt‘ymy
Introduction

o Evaluation of RED stack bettery characteristic
using electric load

Measuring current & voltage
— For evaluation of Power characteristic of RED
stack bettery

i \ / - Y
L \ L_J, 4 . i;;- \I J
Chemical bettery General power supply RED stack bettery

o Selisil HERL L e Vaboratory.

“ HONGIK UNIVERSITY 22- Hongik U”“’C'S"V



Terms for Evaluation on Power Characteristics

° Exneriment Condition

‘Membrane Seawater | Fresh water cnarmel .
# of Linear Velocity
Calls cnnc. l.‘.unc [cm/s)

CIMS 0.14 ~ 4.44

o System Schematic

| Controller

Computer RED cell
Electric load Pum
a7 SiStu HERL s s
" \ ‘;&-“\ HONGIK UNIVERSITY 23 ‘ Hongik University

Experiments of RED system @

> (o] | Hydro-Environmental
'[ 8 E“mm HERL Rgsearch Laboratory

‘5_\ .._f HONGIK UNIVERSITY 24 b Hongik University




Voltage-Current Characteristic by Linear Velocity

3.5
® 0.14 cm/s
3 ® 0.28 cm/s
@ 0.56 cm/s
'_‘2.5 ® 1.11 cm/s
= %e o 292 cm/s
% 2 A ee X @ 4.44 cm/s
0 ..'.o" o ® Q% o
=H5 L J ° [ ] ° ® =
o ® o Y ®
= % o %, % e
1 o o o rre o o
\:..O ..\ e ®o ®
@
N “\ % o
0 88— @ . 2 . 2

004 008 D12 016 02 024 028 032 036
Current (Al

* No-load voltage : ailmost constant

=

[it IS l'lOt related to Linear velocity]

aJ.

be Hydro-Environmental
'! i-ql ) 8 ' HERL Research Laboratory
Lt HONGIK umvsnsnv _95- ‘ Hongik University

Effects of Linear Velocity on Current

0.35

0.3

CnLLeuf [v]

e
=5
®

0.05

0 0.5 1 15 2 2.5 3 3.5 4 4.5 5
Linear Velocity (cm/s)

# AS linear velocity increases, current exponentially grows and the

_,. _rate of it is decreased.
“a SIS

*\ v‘ HONGIK UNIVERSITY 26-

HERL Hydro-Environmental

Research Laboratory
‘ Hongik University



Power Generation by Linear Velocity

0.28
© 0.14 cm/s
© 0.28 cm/s
0.24 s
R O © 0.56 cm/s
0.2 ec) ; U"t'-,ﬂ o 1.11 cm/s
= ! = 2.22 c/s
3 o “ o444 cm/s
.16 o
g G,.. ‘e.—G"——CﬁO (32 OEG
12 et
=) 'g--%&e% X
T o adl N
0.08 by ‘
060%
fast o,
0.08 f =
0 —5 & & 5
0 0.04 0.08 0.12 0.16 0.2 0.24 0.28 0.32 0.36

Current (Al

% The maximum generation power at 4.44 cm/s is 0.23 W = 0.77 W/m?

,"‘ (o] | HERL Hydro-Environmental
zul Eﬁlk H\E&I;E —97- ‘ Rese; i U
Conclusion

e In this experiment, maximum power is 0.23 W
(=0.77 W/m?]

o Power generation is proportional to Linear
velocity

e AS Linear velocity increases, slope of [current /
Linear velocity] decreases

e FOr maximum power efficiency, need to find
optimum condition of linear velocity

ol Hydro-Environmental
} L 8 I:“il-m HERL Rys earc h abo atory
S/ HONGIK UNIVERSITY - NP iongik Unwersity



Technology development

[Numerical Analysis]

w0 g
o v 80| ﬁl. | Hydro-Environmental
TN _'I:“ m HER Research Laboratory
%= HONGIK UNIVERSITY 29~ ‘ Hongik University

5,
3

Introduction to CFX

o A commercial Computational Fluid Dynamics(CFD] program
used to simulate fluid flow in a variety of applications.
» Water flowing past ship hulls

» (Gas turbine engines (including the compressors, combustion
chamber, turbines and afterburners),

Aircraft aerodynamics
Pumps & fans HVAC
HVAC (High-voltage alternating current] systems
Mixing vessels
» Hydrocyclones
Vacuum cleaners, and more.

ol Hydro-Environmental
g 8 [“ﬁl'm HERL Rgst;archnLlarbaratory

%

( I:l

ﬁx't“ HONGIK UNIVERSITY 30- ‘ Hongik University



Cooling air flow predictions to optimize heat Vortex structures In a four—stroke engine just
transfer around electric motor after injection of fuel and intake valve opening

|

\

Prediction of heat transfer distribution in Flow velocities on the free surface water flow

.+, ashell and tube heat exchanger across a dam with a sluice, showing hydraulic
e S Jump Just past the base  HERL #ydro-Enyiionmenta!
L‘:"‘"_Ef;;?‘ HONGIK UNIVERSITY -31- Hongik University

Introduction

Need for analysis using CFX about internal
flow of RED module

For PRO+RED system, need to find the characteristics of RED
Module

The gap between cells are extremely small (~10° m] S0
internal flow characteristic cannot be measured by

experiment. _
\/%'_

Numerical analysis is needed for internal flows.
" S HERL trére cnyronmenta

%o HONGIK UNIVERSITY -32- Hongik University



Approach of Research

e (Good agreement between FDM model and CFX
results for puise flow

o As verification of CFX, comparison with resuits
form 2D FOM will be conducted under same
conditions to proceed 3D simulations

o Comparative study about steady and pulse
situation will be carried out in terms of electric
power generation

74 80| Hydro-Environmental
R 1T) 10 —I[Hﬁl.m HERL Research Laboratory
%" HONGIK UNIVERSITY 33- ‘ Hongik Universi

Literature review

* Reverse Electrodialysis (RED) and Power Generation

Process: RED (Mixing) <> Desalination (Separation)
Energy : Generation <> Consumption
* Diagram for RED generator * Model Framework
v" Single Unit Analysis
e i v' Pulsatile Flow
brackish
water v" lon Transport Theories

anode A Exit E ' Entrance
«—e E Membrane Fresh Water
L i i
E Diffusion \/
diluted — '
sea water i
fresh water :
e’ — @ e —> (—B—D?‘—Wurﬁi—ﬁ’——b
U A Entrance : > Exit
a0y
A ol ﬁl- Hydro-Environmental
HERL 8_'I:H m HERL Résearch Laboratory
@) HONGIK UNIVERSITY 30- b Hongik University



Construction of Model

- Countercurrent flows (sea and fresh water)
- Both streams with time-dependent Pulsed Form
- Pseudo steady-state in semi-permeable membrane

> aC, - 0@ 1106, 3 JH (Sea Water Side)
R ——— /l— Fresh Water E = ax? = E = | (Fresh Water Side)
(‘oncenlra[i'un I'f.r()ﬁle .l {}
ol N\ Velocity Profil o i (L/B) 12( ) o 4
) TS or  Re R
A3
= T l__._ Concentration / —1+cos [272- (fg") T] Sea Water
/7 Velocity Profile il AP = .
| {} l—cos[2ﬂ'(fg)r:| Fresh Water
Sea Water * Dimensionless variables
-l " | X =x/B Btz T=vtfL
Cy =¢y / ¢ Cr=¢ / Cy V,= v.'/ Vi
oc £ 5.0y . ; oC, 5
o™ il A ~(0/BYult)  8=DiD,
Re = pv, B

'1 _LL‘I‘ ;

5; «0

L-.ll"
1\. :'f

" HONGIK UNIVERSITY

" S2hstul

Results (1)

Numerical scheme

=(K,D,/B)/(D, /W
ﬁ ( 5 H/ )/( V/ ”{-lE L Hy dro- Enl\'rllronmenta\
Research Laboratory

Hongik University

-

- Orthogonal collocation on finite element method (OCFEM)

- Mesh grids: 2,178 (= | Ix| 1x9x2)

- NDSolve in Mathematica

Simulation Parameters .
Parameters Values Parameters Values 'E
=
B [em] 0.2 P [gfem’ | E
o
L [cm] 20 £ [glemes) 0.01 2
W [em] 0.01 Pma [mbar]  0.012-1.2 B
. 5
Dy [em¥s]  1.33x10° Re [-] 2, 10, 20 =
D, [em¥s] 1.33x10° B [-] I L = = o
) A 3 dimensionless transverse position, x/B
Iy [em™/s]  2.35x107 B [-] 0.283 - gl |
Periodic pulsed velocities in one cycle
Ky=K. [-] 0.1 & [s] 200,40, 20
Hydro-E tal
2i[HSkul HERL L oy
HONGIK UNIVERSITY -36- ‘ Hongik University



Resuit (2]

- Voltage of open circuit + Current of short circuit
D, :aiflln g-i i FD, L ACdA
Af (@ lgo=" =M=l
c, 4 W, A
100 24 T
= 7 Re =10 Re = 20
< 9r E SN “.df\s,\,_v-g,\,\,ﬁ
E £ A e A B
o
S sof < ?° \
- %
:.f, ~ 18}
= 70} 5
= 5 16
2 el 3
8 S 1af
“é 2 agreement with experiments
=0 % 12| | [Turek & Bandura,
Desalination, 2007]
40 i 1 s 1 1 1 1 O 1 1 I 1
0 2 4 6 8 10 0 2 4 6 8 10
dimensionless time, r(=tv_/L) dimensionless time, 7 (=tv, /L)
4t ol Hydro-E tal
“an Seisiul HERL Lo oaratory
%= HONGIK UNIVERSITY -37- ‘ Hongik University

Convert from ion flux to short circuit current

o I(ion flux)dAx F [_].S‘/l-kg/-m_j-K:[] [C-mpl"]

-1
ls’f — a) g :[C'S ]:[A]
‘ M, . xpxC [ke ol [Kg- ] [J-kg - K™']

Where, i, * Short circuit current [A]
ion flux : [W - kg - m3 - K]
F :Faraday constant = 96,485 [C/mol]
M y.c; : Molecular weight of NaCl = 0.05844 [ka/mol]
£ :Density = 1,000 [ka/m?]
G , - Specific heat = 4,1841[) - k' - K]
S
i
l, = e [4 cm/mol]
C,A4
wWhere, C, : Inlet concentration of sea water [9/1]
all g 3 2
ﬁ‘!}_,:i';f" soﬁltﬂmm A Area of membrane [cm?] HERL Hydro-Environmental

e Research Laboratory
%>~ HONGIK UNIVERSITY -38- Hongik University
NN



Results
[Numerical Analysis]

»
“an Seisku

4" HONGIK UNIVERSITY -39-

HERL Hydro-Environmental
Research Laboratory
‘ Hongik University

Input Boundary Condition

Input variable
Concentration of seawater(g/L)
Concentration of freshwater(g/L)
Effective lon diffusivity of freshwater [cm?/s]
Effective lon diffusivity of seawater [cm?/s)
Effective ion diffusivity of membrane [cm?/s)

Pulse
Reynolds number
Steady
Side wall
‘Free slip
Side wall
:Free slip
. Seawater
oy [e] ]
HERL 8"""[
HONGIK UI..V .o, .. -40-

Value
35
0
1.13 <10°°
1.13 <105
794107
2
10
20

Freshwater

HERL Hydro-Environmental

Research Laboratory
Hongik University



— The number of mesh to normal
direction is 10 [Total 201

Thickness of Width & height Cell size
# of Node # of Element
channel of membrane dx dy dz
0.002m 0.1m 214,221 200,000
"w w* ol Hydro-Envi I
Skl HERL Ly ey
i«;-s»’ HONGIK UNIVERSITY a1- ‘ Hongik University

Results (1)—comparison with 2D FOM

24 T 2.4
Re=10 < Re=10
3 22 /Re-zo T 22/ Re=20
£ et ee o x o214 Acmimd - E | 210 Acmimol
i ST RS AT e R0 nE B e 2 O A
$o HBN f "\ £ Y 1.90 Aem/mol 5—% 1.92 A cm/mol
~ 18t < 48t
5 5
= el E 16}
[=] [=]
= =
B 14t B 14t
= S ;
2 12¢f 2 12t (f .
% » : mean value 2 ; = . mean value
I
1.0 - ' - : 1oL . ' :
0 2 4 6 8 10 0 2 4 6 8 10
dimensionless time, r(=tv /L) dimensionless time, r(=tVv, /L)
Mean value of /¢
Reynolds Number 2 10 20
FOM 1.900 2.087 2135
CFX 1.918 2.064 2.095
Relative error 0.96% 1.11% 1.86%
‘:“:* Hydro-Environmental

-ll.ll-

Seillistul

%;-;éﬁ‘ HONGIK UNIVERSITY

-A2-

HERL
" 3

Research Laboratory
Hongik University



Results (2)—comparison of pulse and steady

Re=2 Re=10 Re=20
24 — T 24 24

é 22 é 22 E 22t

£ £ o S N s B A E

o L 4 (3] K b d o 0t

= YW S )7 =

o YAVAVAVEW : / =
—':” 18 | 1 -'3‘ 18F o~ --':1 181
= 5 / =

3 16 é 1.6 3 16
= = =5
3 14 8 14l |, £ 14
i} k= <
‘g —— FOM{Pulse) -g | —— FDMiPulse) %‘ —— FDM{Puise)
— CFXPulsal L CFX(Pulse) =1k
ﬁ 12 :F»:s“:::,y ﬁ 1.2 | LF-.:S:;,) ﬁ 12 CF:::vea:u
10 4 H i | L L n 1.0 .
0 2 4 6 8 10 4] 2 4 6 8 10 0 2 4 6 8 10
dimensionless time, z(=tv, /L) dimensionless time, r(=tVv, /L) dimensionless time, r(=tv, /L)
HER Hydro-Environmental
i Research Laboratory
~13= ‘ Hongik University

Results (3)

e Contours of lon Flux for Pulse and Steady

Pulse steady

¥

"b‘:}j‘-l{!é. Sqmmm HERL Hydro-Environmental

N TS Research Laboratory
%o HONGIK UNIVERSITY 44~ Hongik University




Conclusion

Experiment Results
As aspect Ratio increases, Short Circuit Current linearly increases

As flowrate increases, Short Circuit Current increases but, slope is
decreased

Conclusion

We can calculate current by using conversion equation

e Possible to analysis interaction flow characteristics
“n SuHstl BERIBICE o Toiments
" HONGIK UNIVERSITY -5~ ‘ Hongik University
“a SHStn HERL tysio-Enyirenments

%4 HONGIK UNIVERSITY a6- ‘ Hongik University



Expectation

« Annually 3.9 x 10'0 m3 of water runs to sea in Korea
> Future blue energy source

» Convergence of PRO and RED module
> Improve Energy efficiency & optimize module system

» Possession of key technology (PRO+RED System] & blue energy
generation technology

« ([eneration of technological synergy by convergence with Ocean
Plant & Seawater desalination

« As connecting the smart grid, PRO+RED system can play the role of
decentralized power supply system

" Seiish HERL fyero-enyironmenc
% \wﬂe HONGIK UNIVERSITY -47- ‘ Hongik University
PRO+RED System

e The principle of PRO+RED

+ RED module — Demanding high hydraulic pressure
PRO module — Demanding pump, turbine and additional mechanical work

Proposed the Integrated power
generation system of PRO and RED

=
o
PRO RED 2
o
=
Reduce Supply the i
additional | high pressure |
mechanical | [ : directly with
work ; out pump

Lat
Hydro-E.m.".'...'nmentaI
Research Laboratory
Hongik University

“a Solrietm
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Future Study

o Various types of Spacer

» In order to increase turbulence intensity, installation of
spacer will be investigated as below.

» Using the periodic conditions will be asked to analysis of
complicated and repeated shapes of internal structure of

membrane /{JM Vo N T,
: NI\ ¢ ,
Typel / / f / Type Il
_ OO\ ‘
IO\ O &
| 2 V7
2 IO :
Type 11 / / / / Type IV
."“ e ol Hydro-Environmental
S . S [y

Marketability

o Marketability of salient gradient energy
The global salient gradient energy output
from estuaries = 2.6 TW

e 26 TW 20% of the present world wide energy demand

o But, membrane-based conversion

techniques — high price
| |

p e

N

Decreasing prices of membranes &
Increasing prices of fossil fuels

Salinity-gradient power will be

attractive in near future

“a Sellhistm

"“--"-a‘ HONGIK UNIVERSITY -50-
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Thinking potential

w iy

s e? (]| Hydro-Environmental
;‘I‘ﬁ:{t;: s 'lI:H.!I.-m HERL Research Laboratory
%>« HONGIK UNIVERSITY 51— ‘ Hongik University

Thinking potential

o Generation of technological synergy by convergence with Seawater
desalination

Seawater desalination plant  PRO+RED Module

Seawater desalination Plant
— Production of high salinity sea water & Fresh water
e — High salinity sea water —>_Emnl0ying PRO+RED Module I
& it nenny N i aberton



Thinking potential

o Connection to Smart Grid

‘-‘r._':—f*&)’ & =
== Micro
v, ‘ [ l I ol

Storage \ Main Grid

(i = ., ‘ e y
' Wi = -
harging Statlon s — 5
Jﬁsﬂ#

E
PRO+ 5’  Wind power
o ~Plant < Plant

Sensor Photovoltaic
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Smart Meter

Thinking potential

e Connection to Smart Grid
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We can reduce facilities which construct for reserve power
by using PRO+RED system
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Thinking potential

o Study for ontlmum site

Need for investigation about site
which saved high energy potential

But, directly investigation bring
manpower & finacial loss

i
4

Indirect investigation using satellite

Conversion radiance to salinity

Possible to find optimum site
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e Thinck potential

/ PRO+RED system \

Seawater has the potential.
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R ) I:> But, Your potential is much
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\ SYSTEM bigger than others.
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otential Always think your potential
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Collision statistics of Lagrangian
particles in isotropic turbulence

S. Yokojima?* = T. Mashiko? = T. Matsuzaka! = T. Miyahara?

1 Dept. Systems Engineering, Shizuoka University
2 Dept. Mechanical Engineering, Shizuoka University
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» Coagulation, collision & contact of small particles, droplets &
microorganisms in turbulent flows play an important role in
many natural & industrial processes

— growth of liquid droplets in turbulent clouds
— spray atomization process
— prey-predator relationship in water environment § o

s o il o BN o ek am e AR

|
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* Collision statistics of Lagrangian particles in homogeneous
isotropic turbulence (HIT) are examined
— collision rate

3

— contact duration (period of time during which two particles keep in
contact)

* Careful comparison with Saffman-Turner theory [JFM 1 1956]
e Reynolds number dependence

Third Korea-Japan Mini-Symposium on Modeling and Measurement of
3/16/2012 -
Hydraulic Flows

Saffman-Turner theory (1)

* Assumptions:
— Zero-inertia particles - particles follow the local fluid motion
— Particles do not modify the flow field
— Particle concentration field is uniform and time independent

* Collision rate N_ (# of collisions per unit time per unit volume)

e
Ne = 2n R |wp| — (1)
{ ) 2

T
Collision Kernel [ g771 (Wang et al., PoF 10 1998)

where [? the collision radius
N the number density of particles
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Radial component of relative velocity w,

For more details, look at Wang et al.(JFM 415 2000)

Third Korea-Japan Mini-Symposium on Modeling and Measurement of
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Saffman-Turner theory (2)

* Assumed further:

- |wy| ~ R|Ou/0x|

= 77(.;('9'.1&/833)2 ~ £/15v

— Probability distribution of velocity gradient is Gaussian

S71E 1/2 =0
N, = ( WE) i 2)
151 2
l j

1
Collision Kernel [ g5

6
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Numerical strategies

* Fluid
— Incompressible Navier-Stokes equations
— Fourier spectral method
— “Negative viscosity” for statistical stationarity

* Particle

(').'E]) - "
== R T
2L — (t,2p)

— Tricubic interpolation
8f 8f of 02f 9°f BLIN. B
T oxT Oy 0z Oxdy’ Oydz 0z0x dxdydz

Third Korea-Japan Mini-Symposium on Modeling and Measurement of
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HIT: Run parameters & statistics

N: total number of Fourier
s R20 R25 R31 R37
Ax: grid spacing N A G e CI5Y ek

At: time increment

T: total simulation period Ax/n 1.06 1.00 0.85 0.77
Re;=u2/v: Taylor Reynolds At/t, 0.053 0.052 0.042 0.030

number
L=u"3fe: Iarg(Ie—eddy length e E22amada | 421 4l
scale
T.=u"?/e: large-eddy turnover Rey, 201 248 306 374
Hibs 118162 22.2 299

u'=(2K/3)2: turbulence

intensity Tz, S5019 " H6ia0 7000 964
1: Kolmogorov length scale

Tyt Kolmogorov time scale u’/u 2.28 2.53 2.81 3.11

u,: Kolmogorov velocity scale
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Collision, separation & contact duration

* Collision & separation

IF dag(t,-At)>R & d,g(t;)<=R THEN A & B collide at t=t, wl"
IF daglt,-At)<=R & d,4(t,)>R THEN A & B separate at t=t, A

R:contact radius (R/n=1,2,3)

e Contact duration

T Separation
A® '\ Collision z. =i
‘-..+ . Z
> @
©) _ t=t,
5 .fﬁtl Contact duration
Te=ty-t,

3/16/2012 Third Korea-Japan Mini-Symposium on Modeling and Measurement of
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Number of particles & collisions

Particle
Re, R/m N,  volume N
fraction
200151 7,000 2.8% 98,107
248 1 10,000 2.0% 98,864
1 14,000 1.4% 94,666
30602 5,000 3.9% =T
3 2,500 6.5% 79,877
374 L 19,000 1.1% e
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1. Collision rate

Comparison with ST theory

Third Korea-Japan Mini-Symposium on Modeling and Measurement of
3/16/2012 :
Hydraulic Flows

Reynolds number effect

12

T T T T T T T T T T |
FBme\ L2 o2
N('.HTQ B (‘15“) It ?
x
1.05F
s x
= x
(@]
< |
;'1:1 i f)—‘ﬁz
[ i NeST = 2"'“1'?‘|'“’r'|5
O
o o
O
L0 ———=—sr e e e e e e e o
20 30 40

Taylor Reynolds number Re,
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Collision radius effect

1/2
, N ( ) 5
R/n=3 ® cad 2x 151 2
1.05r 1
(%3] M X A
= x
[a)
S _
5 = SO
(G| Ne,sm1 = SEREIR
o (@]
i o a3 i
(@)
R e e e e e e e
20 30 40
Taylor Reynolds number Re;
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Distributions of w,

X III

4 - T l ----------- 'l
Re =20.1 |u', |/u,, = 0.201 of Re;=24.8 [w, |/un = 0.200

o3 m2/u = 0.066 w2/uj = 0.066
2 skewness: — 0476 | skewness : — 0.496
Q
i flatness : 3.66 N flatness : 3.84
3 2
L

(1 P ||I1|Il| |I| ||||I|I| ’ ol — nlI““illlI LU “i[ll ‘‘‘‘‘‘

-1 1

pae . | 5 LI —

| Rex=30.6 lwy|/uy = 0.199 i Rey=37.4 [wr] /1y = 0.199
= w2/u; = 0.066 : w2/ui = 0.066
§ skewness: —0.500 | skewness : — 0.499
=5 flatness : 3.97 A flatness : 4.10
[<}]
hE2 3t

| Iﬂ “ ] | ||

nlosss S _,....,||II||"| ||I|. 0 .....,ull["l" IIIII ||I|| ,,,,,

2 =i -2 -1
w /u, w /u
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2. Contact duration

Third Korea-Japan Mini-Symposium on Modeling and Measurement of

Hydraulic Flows &

3/16/2012

Statistics of contact duration

Re, R/M average maximum
201 1 & 3.28t, ROI63T. 80T, 15.37,
248 1 3.32t, 0.52T, 837, 13.0T,
306 1 3277, 0417, 91t, 11.57,
374Ra =38, (gl 9T e o

N
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PDF & CDF of contact duration

0 '/’”L*Curﬁulati\}e dist?ibutioxn functions
/ Re,=20.1
]0]J Re;_=24.8 |
Re,=30.6
Re,=37.4
10° |
10 .. Probability density functions .
"J'.,l.'
10} 1
\ d . i
10°L QWY i
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T,:/'rTI
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3. Ongoing attempt
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Looking at Lagrangian time histories...

£
= {=2]
P '
= 1
[ cemll |
e
B '
— I
=

We are looking for characteristic flow
"| structu res/features associated with i
; » particle collisions & separations
g* * particle contact events extending
b

over a long period of time
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Summary

* Collision statistics of tracer particles in isotropic turbulence
has been studied

— Both collision rate and contact duration can be scaled with
Kolmogorov scales

— Saffman-Turner theory well predicts DNS results

The phenomena is expected to be ubiquitous in more
practical flows as well, since turbulence is locally more
isotropic at higher Reynolds number






