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/ Biography

1999 Doctor course at Gifu University in Japan

1999 - 2001 Paul Sherrer Institute in Switzerland, Researcher

2001 - 2004 Gifu University in Japan, Assistant, Researcher

2004 - Present  AIST (National Institute of Advanced Industrial Science and
Technology), NMIJ (National Metrology Institute of Japan)

\2012 — 2013 PTB-Berlin in Germany, Guest researcher /

-

Typical research works

Development of multi-point LDV, Development of flow rate measurement
techniques, Fundamental research for separated and reattachment flow,
Research work for high Reynolds number turbulent flow and so on...

o
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Today’s Contents

B [ntroduction of institute (AIST, NMIJ) and flow
calibration facilities in liquid flow standard group

B High Reynolds number facility
B Examination for throat-tapped flow nozzle

B Novel research works for high Reynolds number
turbulent pipe flow
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B Introduction of AIST

AIST

HATIOMAL INSTITUTE OF
ADVARCED INDUSTRIAL SCENCE AND TECHMOLOGY (AZST)
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Chamistry
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Manufacturing
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Building a sustainable society

Technology to society

Life Technology for healthy, safe,
and secure living

Green Technology for a rich and

Information Technology for
eco-friendly society

a super smart society

Life Science)and

Energy,;and Environment ocience an
(Biotechnology,

InformationTechnology and
F

An international research and

A base for integrated research in IT and
life sciences (AIST Tokyo Waterfront)

development base for renewable
energy (Fukushima Renewable

Energy Institute (FREA)) Creation, storage/and

conservation of energy
Metrology Standards
Innovative/manufacturing Measurement standards

Internet{of Things natural'resource/surveys Advanced measurements

AIST labs on campus An open innovation hub for
(open innovation laboratories (OILs)) . Close collaboration with small and : semiconductors and nanotechnology
. medium-sized enterprises of regions (TIA)
~. AIST seven regional research bases

IST Tsuuba enter
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B Employees and Budget of AIST

N,,,T, National Metrology Institute of Japan

@ Researchers (foreign nationals) ...... 2,331(139) Number of researchers accepted through
Perm@anent . cisoossossas s 1,982 industry/academia/government partnerships
Fiadtam ;.conimasmans s 349 @ Companies ........cc.oevviiiiiiiiiiiiiiens, 1,867

@ Administrative employees  .................. 699 @ Universities  ..........coocoeeveiiiiiiiiiinnn, 2,446

Total number of employees : 3,030 @ Public organizations  ........................ 1,043

@ Executives (full time) ......................... 13
@ Visiting researchers ..., 233
@ Postdoctoral researchers  ..................... 243
@ Technicalstaff ...........ccooiiii. 1,549

(As of July 1, 2018)

Technical  Financial results for FY 2017 (unit : million yen)
Intellectual CONsulting revenue

property revenue 802

(foreign nationals : 530)
(Total number of researchers acceptedin FY 2017)

Miscellaneous ndIEEt
= 3,565 Facillty costs Department of Energy
Joint research menGEament \ and Environment
revenue \ oot \
6534 &N 7.267
Other 7,323 _
management /"%h Department of
costs —~_ = \ Life Science and
12,566 ‘@{‘ 9.032 ;ﬁ;;‘ Biotechnology
~ Revenue Expenditure.
L 108,514 104,577
8,071 - e
K 12,623 :
National Metrology 7,790 Department of
Institute of Japan 11,947 Information Technology
10,649 and Human Factors
Geological Survey
of Japan / \

Department of Electronics

Notes1: Total may not become 100 % due to rounding off. and Manufacturing

Notes2: The amounts of revenue and expenditure are adapted from the “Financial Statement”
prescribed in Article 38 of the Act on General Rules for Incorporated Administrative Agencies.

Department of
Materials and Chemistry
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B What is NMIJ?

| Liquid flow standard group Length
Group leader: Furuichi, Researcher 3, Technician 4, Assistant 2 (] 0 - ®
. Gas flow standard group - &
Group leader: Morioka, Researcher 4, Technician 2, Assistant 1 m’ m’
— Legal metrology group Mass W kgm'
. r/kg
— Length, Mass, Torque, Fluid property, Pressure etc. ::; “*\e &
¢ Kat
. ]\ \
— Physical Measurement (10 Groups) "o 3
Time, Temperature, Frequency, Electric power etc. A vl
N Wb
A
— Material Measurement (12 Groups) Time 8 & V@K
Hz im F
Ve ]
— Analysis Measurement (8 Groups) A\
r
Electric [e
current

Luminous

Amount of
substance

©

mol/m’

Ihw o/’ g

A/m g/
H Jimol

J/melK) °C

®
Q‘Q%
s @
Q

Thermodynamic
temperature

NMIJ is composed of four Research Institutes ( Engineering Measurement, Physical Measurement, Material and Chemical
Measurement and Analytical Instrumentation Measurement), Center for Quality Management of Metrology and Research
Promotion Division of NMIJ. The dissemination of measurement standards, in which a rapid progress has been expected as
an infrastructure in industries, is NMIJ's indispensable mission along with research development of measurement
technologies. As for activities specifically related to measurement standards, four research institutes in charge of supplying
measurement standards, Center for Quality Management of Metrology for processing administrative tasks and Research
Promotion Division of NMIJ responsible for planning and coordination, work together and conduct a wide variety of related
activities both domestically and internationally to facilitate the dissemination, maintenance and supply of measurement

standards.
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N[ff National Metrology Institute of Japan

B Main works in liquid flow standard group

O Liquid flow standard

Fluids; Water, Kerosene, Light oil, Heavy oil, Gasoline
Supply national standard of liquid flowrate

Supply reference value for JCSS accredited companies
Development of new flow facility

O Development/Standardization of flowmeters
® Research work for Coriolis, Ultrasonic flowmeter
® Flowmeter evaluation as collaborative work with private
company
® Development of transfusion system in medical field
® Development of ISO of throat-tapped flow nozzle

O Fundamental research work using standard
facility
® Universal structure of turbulent pipe flow

® Research work of pipe friction factor =
® Experimental research work of pulsation flow Measurement of pipe flow
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B Location and pictures Water flow facility
buitid
Lt d
i |

kuba North Site
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National Metrology Institute of Japan

"High Reynolds

B Overview of water flow facility | T

e | BMC 0.08%
e | 750~12000m3/h
20~70°C
400A~600A

50t system
Weighing tank method

BMC 0.06%
30~3000m?/h
15A~400A

Prover system
BMC 0.08%
High Reynolds number facilit 100~800m3/h
20~70°C
100A~200A

5t system
Weighing tank method

BMC 0.04%
5~300m?h
15A~400A

500kg system
Weighing tank method

5t, 500kg weighing system BMC 0.04%
0.3~30m%h
15A~400A

Lag

10kg system
Weighing tank method

BMC 0.04%
0.002~1.2m3h

~25A Prover system

103 102 10" 1 10 102 103 104
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B Main facility for water flow

T | —— = Unit: mm Weighing tank
1 3 1 Overflow head tank (50t)
7'&5: 150m* 1] | .
1 el / Diverter
— ] Flow control — ]
f 130,000 ﬁ Magnetic Vvalve j
flowmeter
X 650 Test line <t
. Weighing tank
— 400 (5t) — =
g e
= 250 -
« i /F B> Weighing tank
400 (500kg) }?\t:,_g
—
e gi
D 50 D
i) L 50,000 4
BEBLLL 1 R |

Reservoir : 900m?®

A A A A A A A
Pumps: 75kWx7

200,000

B Flowrate : 0.3 m3/h — 3000 m3/h

B Temperature : ambient, +1 °C/day

B Reference of flow rate : Static gravimetric method using weighing tank
B Uncertainty of flow rate measurement: 0.04% ~ 0.06%

JN
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B Flowrate and viscosity range of hydrocarbon flow facility

Flowrate (m3/h)

1.E+04 |
Petroleum termlnal Large
1.E+03 : : 3 ~ 300 m3/h,
:Petrolleum refinery CMC: 0.020 % (Mass)
1.6+02 Tanker 0030 .%.(.\./Olume)
1.E+01 _ Middle
‘Chemical plant 0.1 ~15 mdh

1.E+00

‘Hydraulic machine

CMC:0.020 % (Mass)
0.030 % (Volume)

1.E-01
1 E-02 E Small
FFuel efficiency 0.02 ~ 100 L/n
1. E-03 Emeasurement CMC:0.020 ~ 0.050 % (Mass)
; — 0.064 ~ 0.078 % (Volume)
1 E-04 LEuel mixer
()
1.E-05 8 % % = %:
—l n bt 2 0 o ©
1.E-06 ) S —- T
0.1 1 Viscosity (mPa-s)10 100
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) National Metrology Institute of Japan

B Large flowrate facility

Reservoir tank
Diverter (Double wing), (Light oil;43m3)

Weighing tank, Scale

Reservoir tank
(Kerosene;43ms3)

Light Oil Line ..
&

Heat exchanger

» Flowrate range:3 ~ 300 m3/h
> Management flowmter > Uncertainty of calibration

v 0.030 % (k=2) :Volume
Kerosene Line DUT v 0.020% (k=2) :Mass
» Liquids :Kerosene, Light oll
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Vi National Metrology Institute of Japan

B Middle flowrate facility

Diverter (Rotating double wing)
Weighing tank
eservoir tank;2 m3

Scal
cale Heat exchnager

Dead weight

Management
flowmeter

Pump

Bypass line

. . Header
Iverter « Flowrate range: 0.1 ~ 15 m%h

Weighing tank * Uncertainty of calibration
: Solo — 0.030 % ( k=2) :Volume
r A==y — 0.020 % (k=2) :Mass
Weighing tank « Liquids : Gasoline, Kerosene,
System Light oil, Heavy oil
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B Small flowrate facility

Weighing tank Testing area 7 Reservoir tank, Pump
) / Isothermal Chamber

(15°C~35°C)

[
I
1
I
It
I
I
[
I

100g weighing system
2kg weighing system (0.02 ~ 1 L/h)
(1 ~100 L/h)

» Flowrate range: 0.02 ~ 100 L/n

» Uncertainty of calibration
v 0.064 ~0.078 % (k=2) :Volume
v 0.020 ~ 0.050 % ( k=2) :Mass

» Liquids : Gasoline, Kerosene, Light oil . -
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B National standard of liquid flowrate (as summary)

Water flow
Reference standard Flowrate range Uncertainty
Small 10 kg weighing tank 0.002 m3/h ~ 1.2 m3/h 0.039 %
L 0.042 %
Middle, Large | 00K St at”a‘:ﬂfo tweighing 0.3 m3%h ~ 3 000 m¥h ~
0.060 %
i 3/h ~ 3
High Reynolds Prover, Reference meter 750 m*/h 1% 000 m/h 0.081 %
number ~ 70°C
Hydrocarbon flow
Reference standard Flowrate ran Uncertainty
0o/ ~ [0)
Small Weighing tank 0.000 02 m3/h ~ 0.1 m3h 0.027%~0.05%
(Mass)
Middle Weighing tank 0.1 m3/h ~ 15 md/h
0.02 % (Mass)
0.03%(Volume)
Large Weighing tank 3 m3/h ~ 300 m3/h
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Today’s Contents

B High Reynolds number facility
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B Background of development high Reynolds number facility

Uprating of nuclear power plant by MUR (Measurement Uncertainty
Recapture)

» Thermal output of nuclear power plant is mainly managed by feedwater flowmeter.

» Uprating of thermal output is carried out by replacing feed water flow meter.

» Uprating of thermal out is possible without large modification of power plant and change of
regulations.

» App. 1.4% uprating is possible.

Primary Containment Feedwater
/—ﬁ \F}ggg;?f AL L Flowmeter
[4_- - -
L Eecngoupu 102f------- s ek Upper limit
Wat o ) 0 o
\ =, . Turbine  Generator é I t 2 A’ Ti 1 /0
S |
eater -
‘ ol |5 | | ISR FERRRSE . ........ Licensed
Re mrculahon Control rods r/ \jCondenser 8
© e
| ﬂ ﬂ ﬂ ﬂ ’_ Circulation Goolant e .
Suppression pool Feedwater E 9 8 Y I+ Measurement lll‘lcel'talnty
— — = | of thermal output
High Reynolds number @ feedwater pipe line \
Temperature : 210C T

Pressure : 7MPa

0
Flow rate : 3000t/h Present Uprate
Pipe diameter : DN400~DN600

Reynolds number : upto 107
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B High Reynolds number facility

Overflow Head Tank Electromagnetic » Equivalent Reynolds number with
WS Flowmeters feed t f | lant
Presure Tank R / ...... % OlEssniic eedwater of nuclear power plant.
/ P Header N\m : Flowmeters
b @ o Clrcpation Nl w‘ﬁ\ > High accuracy of flow rate
S ol ’Q* S?“\i“ : measurement
" P }l\illxz :
2= I S > New facility was constructed at

2004 — 2008.

Test Section

Reservoir
Tank 7
Feed Pumps
Feedback Line

Prover

L Reff

HIGH REYNOLDS NUMBER
ACTUAL FLOW FACILITY

Flow Meas. Instr. 20009, 50t Weighing Tank Sy

Furuichi et al. — Circulation line
— 50t weighing tank feed line

Working fluid : Water

Large flowrate : 3.33 m3/s (12000 m3/h)
High temperature : 75 °C

Large pipe : DN600

Ren = 2 x107
) Rep
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H Schematic of Hi-Reff

Compressor
U . Reference flowmeters

Air Buffer U=O10%

Test section

) oot FB Thermometer
o o Fuel Tank &/Pressure gauge

ProveuAem
2N Y
i E\® A
./ U/ U
== T SN N
1 &~ & & e
O O ® Tn R
:. EEEEN am > Ll I.I .I. I I. ".
: I (B B /1 D anssnnnnfi s nnnrtngE e s nnnn
: O __Bline ¢ & N W
- \o O O
. M ALine N\ N\ N\,
: - ! > — = Clala kg
. Circulation Referencegl
. Pump ¥QN_'9VS

— = = Circulation Line

Overflow Head Tank  eeees 50t Feed Line

‘. 50t weighing tank system
Fre U=0.06%

Reservoir
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B Calibration method in Hi-Reff

Stati imetri thod
y

Temperature : T Pressure: P 2 —_
P }h Diverter  \eighing Q =

YN YN s Tank _
Flow Direction et Seat \“—/ ﬁ/ : — (1 IOair /IOWT) tdp
S i — Q: Flowrate (m3/s)
— e M: Weight (kg)
) A | t,: Duration time (s)
] | N p: Density of water in test section (kg/m?)
T = 1-p,./ p,r- Buoyancy correction
Digital Manometer ( 4 p) Timer : {p
) U(Q)=0.040%~0.060%
Reference flowmeter method
:{> Reference Flowmeter Temperature : Pressure : P
D Line I: Number of pulse (-)
c e Test Section K: K-factor (pulse number/m?)
Subscripts A-D correspond to lines
B Line
A Line

"i = 0= L | pals +PB]B +Pc]c _|_10DID
i P\ Ky K Kc Ky

; Digital Manometer ( Ap)

)=0.10%
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B Overview of Hi-Reff

0“ "t
*
Header ™ 1n@ (ws b (EmF s uwie) | Prover
. NG [VEs c (EMF & UMF) | K ——
Overflow = |  |[M@{WSB(EMFaUMF) W =
Head Tank “‘ N,LWS A (EMF & UMF) |N X X
R = 50t
M N b Weighing
K I Tank F d P
_ eed Pumps
Q Feedback Line
]
|7Reserv0ir Tank
> Pumps

Type : Double suction volute pump
Power : 330kW x 4
Flowrate : 3000m3/h
Rotating speed : 900rpm
> Pressure tank

> Heat exchanger

» Chiller
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B Overview of Hi-Reff

u
et filE,

*
Header NQTGVS =

.A
EMF & UMF ) |, Prover

N,|wsc EMF & UNF) | (=
" DUT
Overflow M@ [ws B (EWF & UMF) | N2 =

Head Tank N‘*!VS A ( EMF & UMF )J“ x X
‘e . = 50t

Cany l“‘ inhi
M M N Weighing
K Tank

Q Feedback Line

(
(
(
(

WS (Reference flowmeter)

|7Reserv0ir Tank

> Electromagnetic flowmeter (Krohne OPTIFLUX)

» Ultrasonic flowmeter (Krohne ALTOSONIC-V)
Repeatability : less than 0.02%
Reproducibility : less than 0.04%
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B Overview of Hi-Reff

Header

N [ws D (EMF & UMF) | K .“-- L Prover
N [ws C (EMF & uMF) |M N .
H DUT n
Overflow M@ [wsB(EMFaUMF) N s ~
Head Tank M@ [Ws A (EMF & UMF) | W ‘enas® x
= 50t
M N T Weighing
K Tank
Q Feedback Line

|7Reservoir Tank

> Straight pipe length of upstream: over 50D

> Applicable pipe diameter: 200 — 600mm

» Condition at testing area
Temperature : controllable 20~75°C

Temperature stability : £0.2°C during calibration

Pressure : 0.3~0.7MPa depends on flowrate

Pressure stability : +0.01MPa
Fully developed velocity profile
Room temperature : 15~25°C

Vi National Metrology Institute of Japan

Testing Area

nationa instirute of ADVANCED INDUSTRIAL SCIENCE AND TECHNOLOGY (AIST)



lef National Metrology Institute of Japan

B Summary of Hi-Reff OREﬁ

HIGH REYNOLDS NUMBER
ACTUAL FLOW FACILITY

Flowrate range : ~12000 m3/h

Maximum velocity :app. 20 m/s (for DN400)
Water temperature :20°C~75°C

Pressure range : 0.1MPa~0.4MPa

Bulk Reynold number :Rep~ 2.0x107

Friction Reynolds number :Re_~ 5.0x10°

Straight pipe :over 30 m (75D for DN400)
Pipe diameter : DN200~DN®600 available

Stability of temperature :less than £0.2 °C for 40 °C~75 °C
. less than £0.1 ° during 5 minutes

Stability of flowrate :less than 0.4%~1.2%
Stability of pressure :less than £0.01 MPa
Accuracy of flowrate :0.06%~0.10%
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Today’s Contents

B Examination for throat-tapped flow nozzle
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B Throat-tapped flow nozzle (Differential pressure flow meter)

Flow conditioner

Flow nozzle

Pressure taps (Low) x 4

Throat-tapped flow nozzle is widely used in power plants PﬁmawCmtam@-“;?ei,??é?rP’ess“re
to evaluate a steam turbine -
as a feed water flow meter in nuclear power plant.

l Steam
Turbine  Generator

_
Recirculafion” Control rods == | | Condenser
u

Existing Standard B ]ppﬂrllﬂ
ASME PTC 19.5 - 2004, Flow Measurement TR T
ASME PTC 6 — 2004, Steam Turbine  |™ ol ke et e e

Pressure : 7MPa

Flow rate : 3000t/h

Pipe diameter : DN400~DN600
Reynolds number : upto 107

Coolant

Circulation
ps

Feedwater
pumps
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B Difference between PTC equation and actual data

1.01

I=

Q0

O

=

o

3

QO 1.00 [

o

©

L

o

52

O ,
0.99

@ O 0 o

+0.25%

» Tap diameter defined in PTC 6 ; dp,,=1/8"~1/4" (3.175 mm~6.35 mm)

NAT!

IONAL
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B Previous research works in NMIJ (2013-2017)

O Discharge coefficient behavior at high Reynolds number
O Influence of the diameter of pressure tap and upstream tap
O Static pressure measurement error using wall tap

O Individuality of the nozzle

O Influence of roughness

O Influence of flow conditioner

O Comparison with other facility (with PTB)

1)  Comparison of high temperature and high Reynolds number water flows between PTB and NMIJ, Furuichi. N., Cordova L.,
Lederer, T., Terao, Y., Flow Measurement and Instrumentation, 52 (2016), 157-162

2)  Further investigation of discharge coefficient for PTC 6 flow nozzle in high Reynolds number, Furuichi, N., Terao, Y., Nakao,
S., Fujita, K., Shibuya, K., Journal of Engineering for Gas Turbines and Power, 138 (2016), 041605-1-11

3) Static pressure measurement error at a wall tap of a flow nozzle for a wide range of Reynolds number, Noriyuki Furuichi,
Yoshiya Terao, Flow Measurement and Instrumentation, 46 (2015), pp.103-111

4)  New Discharge Coefficient of Throat Tap Nozzle Based on ASME Performance Test Code 6 for Reynolds Number From
2.4 x 10° to 1.4 x 107, Furuichi, N, Cheong, KH, Terao Y., Nakao, S., Fuijita, K., Shibuya, K., Journal of Fluid Engineering,
136(1), 011105 (2013), doi:10.1115/1.4025513

5) Re-definition of discharge coefficient of throat-tapped flow nozzle and investigations on influence of geometric parameters,
Furuichi, N., Terao, Y., Flow Measurement and Instrumentation, 65 (2019), pp.16-21.
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B All experimental data in NMIJ

Discharge coefficient

1.01

1.00

0.99

0.98

0.97

0.96

0.5%

10° 10° 107
Red
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- .
New proposed equatlon C; : Discharge coefficient

Cn : Theoretical discharge coefficient
e1,p - Static pressure error
Cf =Cn+ eTap d : Diameter of throat
dr,p, - Diameter of wall tap
Re, : Reynolds number

Equation Reynolds number range
8.41
(i) Cr = 1.0042 — 05 Rey<1.3x10°
eq
(i) | Cr=09558—— —— +0.00492 In(Regy) 1.3x105<Re,<4.0x105
€q
8.41
(iiiy | Cr= 10090 =253 4.0x105<Re,<8.0x10°
d
| 0.255 400000\ "° 5 6
(iv) | Cr=1.0090 — RogO 1- Req 8.0x105<Re4<3.0x10
0.255 400000\ "°
(V) Cp=09823 ——=(1- + 0.0018In(Rey) 3.0x10%<Re,
Red ' Red
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B Summary for throat-tapped flow nozzle

DRAFT INTERNATIONAL STANDARD
ISO/DIS 5167-3

150/TC 30/sC 2 Secretariat: BSI

B The revise of ISO 5167-3 has been done L
including the new term for throat-tapped diteentia devices inserted n creular croo setion

conduits running full —

flow nozzle (ISO/TC30/SC2/WG18; e S

Mesure de débit des fluldes au moyen d'apparelis déprimogénes insérés dans des conduites en charge de
irculaire

Convenor: Furuichi)

B The project has been started since June,
2018. The revise version of ISO 5167-3
has been approved by DIS ballot.

B Final version will be finished and the
revise will be published during 2020 year.

nationaL instirute of ADVANCED INDUSTRIAL SCIENCE AND TECHNOLOGY (AIST)
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Today’s Contents

B Novel research works for high Reynolds number
turbulent pipe flow
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B Introduction for issues of wall-bounded flow

: : + 1 + x:Karman constant
Mean velocity profile for wall-bounded flow  #° = —In y T B B: Additive constant

(®

IIIIII I I IIIIIII I I IIIIIII I I IIIIIII I I IIIIIII I
30 <Inner layer i
Logarithmic layer v' |s Karman constant
i i universal?
Buffer Wake
20 - layer - v' If it is universal, which
'S = = 5 value is correct?
[ Viscous : ' |
sublayer | g
10 - //x | —
/X 5
I 2@‘*‘ Outer layer |
O ||||||/ 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1
10° 10’ 10° 10° 10
+
y
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B High Reynolds number facilities for pipe flow

| 3 m

Test pipe

SuperPipe (Princeton Univ.)
* Working fluid : Air

* Pressure:24 MPa

* Pipe diameter:0.13 m .
« Upstream straight pipe length:200D ot R T —
« Maximum Reynolds number:3.8x10’ exchanger

Figure 1: Diagramof the experimental facility.

Diffuser section Primary test

Test leg
section

Flow conditioning
section

=
|+— |

| Flow —=

CICLoPE (Bologna Univ.)
Working fluid: Air

* Pipe diameter: 0.9 m

» Upstream pipe :124D

« Maximum Reynolds number: <106
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B Introduction for issues of wall-bounded flow

Karman constant in wall-bounded turbulence

| | / Superpipe
y » Reynolds number dependency
K 04 ol A
-~ T e Y. A .
05 JT o » Difference with other wall
ol | Channel bounded turbulence
0.4 o
Al — g Takgol - x=0.37
0.5 |
|
03l | Boundary layer
DI ™ ™ ——— «— x=0.384
|
()3 - aa s s aaaal N .I..“.l _ }
10° 10’ 10° 10° 10° 10’
R("‘ia‘

Nagib et al., 2008
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B Introduction for issues of wall-bounded flow

Friction factor relative to Prandtl equation

[%] IIIII I I IIIIIII I I IIIIIII I I IIIIIII I I I
| + ®_
4 + * ¢ )
-t L+ ¢ oo o°° .
g 2 . + ‘gt Te o %o
5 [T % roe et ‘
T | oL * T30 Hh 1/y/f =1.930log(Rey/ 7 )-0.537
A + e t, +*¥++ﬁjl&#
A-l_—' O . —'-l‘——————‘—’——— ——_-|-_———+—_|_ ———————————————
FF A T
5 | Pyt st _ [
Q ++ IR
N +HHT 4 |
é LT ’L + ] Superpipe
N—" | * + .
+ :Nikradse
4 | ® :McKeonetal. —
| * | | 4 :Swanslon et al.
10 10° 10° 10’
ReD
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B Strength of NMIJ experiment

Mean velocity profile

1
u =—Iny " +B

K

i - - - i n u u u.: Friction velocity

30 o~ u = = 7,: Wall shear stress
U, T, /p p:density
20 — 1 Ve “‘...
+ _ : ‘-: 2“_
I =
10 ! /*xx ] A:Friction factor
L 2 5 .
*Q@@/’ 2= 2DAp T D Ap U,: Bulk velocity
R — Il > Ap: Pressure gradient
III[/ 1 11 IIIl 1 IIIIIl 1 1 IIIIIIl 1 1 IIIIIIl 1 LpUb: 8LpQ D:Pipe diameter
10° 10° 102 10° 10°*
y+

1 1
=5y nlRe 7 )
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B Strength of NMIJ experiment

Measurement uncertainty for friction factor A

Standard Standard

Uncertainty factor uncertainty uncertainty
(P1,0=100mm) | (P2, D=387mm)

Diameter of pipe 0.025% 0.032%
Length between taps 0.008% 0.008%
Density 0.005% 0.005%
Differential pressure 0.401% 0.401%
Flowrate 0.110% 0.200%
Repeatability of measurement 0.015% 0.021%

Expanded Uncertainty (k=2) 0.83% 0.90%

& N )

Standard uncertainty of bulk velocity : 0.115% 0.202%
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B Experiment in NMIJ

—>

D=150 mm

>30000

D =100.60 (mm)
L =1500 (mm) ~6000 (mm)
Ra = 0.10 (um)

B

]

Diop =1 (mm) and 2 (mm)
D=100 mm  Smooth pipe section < >| Pressure taps chamber
m 1 1 1
| O
2000 (20D) | 9000 (90D)
1

Pipe 2(P2)

—

D=600 mm

11300 (113D)

D = 387.04 (mm)
L = 1500 (mm) ~9000 (mm)
Ra = 0.25 (um)

Dtap =2 (mm)

>8000

D=387 mm

Smooth pipe section

Pressure taps

1500
B0

O

14200 (36.7D)

12000 (31D)

26200 (67.7D)

NATIONAL
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B Experiment in NMIJ

D=100 mm

Length : 9 m

Mean roughness : 0.1 um
Roundness : less than + 10 um

D=387 mm

Length : 21m (for velocity measurement)
Mean roughness : 0.25 um

Roundness ; less than + 25 um
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B Experimental result in NMIJ

-m-za-

0.05 T m 0.07~105 2142  0.13~0.24 7.11x103~1.09%106
- IEEEN P2 013-183 2062  0.17~0.42 4.69x10%~6.73x10°
IEEEN P2 35-189  70:02  0.20~0.42 3.32x10°~1.77x107
(ﬁ
| —Prandtl
0.01F -——Blasius 1/4/7 = 2.0log(Rev/Z )-
i A :Present (Exp.1) i
¢ :Present (Exp.2) A
] B :Present (Exp.3) A i
- A=0316/R"> -
0.005 IIIII [ [ IIIIIII [ [ IIIIIII [ [ IIIIIII [ [ [
10* 10° 10° 10/
Rep Phys of Fluids 2015, Furuichi et al.
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B Experimental result in NMIJ

-m-za-

m 0.07~105 2142  0.13~0.24 7.11x103~1.09x10°
m P2 0.13~183 2042  0.17~0.42 4.69x10%~6.73x106
m P2  35~189 70402 0.20~0.42 3.32x105~1.77x107

o Lasal | ] {

- Al T 1/,/ Ao 201og(Re,/ mdﬂ) 0.8

[%] [T
4

(/1 - lPrandtI)/ /1Prandtl
o
|

- A :Present (Exp.1)
4 | ¢ :Present(Exp.2) ||
® :Present (Exp.3) 1/«/Z=2.09210g(ReD«/Z)—1.176

IIIII [ [ IIIIIII [ [ IIIIIII [ ] 1 Ll ] ] [ |
104 10° 10° 107
ReD
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B Experimental result in NMIJ

0 lllll 1 1 lllllll 1 1 lllllll 1 1 lllllll 1 1 1
[/Z] ® :McKeon et al.
B ¢ :Swanson et al.
i © :Present
§ 2 —ooéio
@ ® o0 ®
o © ®
< - o4 *
~ ® 0o ®® oo
= 0 fr------2 SIS, S
Tfu o 9 oogoodoooo
& i 0 5°0®p R
v =2
= *
- &
4 | _
IIIII | | IIIIIII | | IIIIIII | | IIIIIII | | |
10* 10° 10° 10’
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B Experiment for velocity profile

Specifications of LDV measurement
Laser : 2W Argon-lon Laser
Wave length : 514.5 nm
Focal length : 160 mm
Spatial resolution : 0.048 mm x 0.107 mm x 0.40 mm
Measurement uncertainty of velocity : 0.20% (k=2)

_ Traverse system
Window chamber _

Measuremént 0%
volume of LDV % ¥
‘ -

Fiber LDV

400um

- T
>

2 S
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B Experimental result in NMIJ

' Rep 38x10 Re.= 10x1o3
:ReD—73x1O Re. 18x10
: Rep=1. 1x10 Re. 25x10
' Rep=1 9x10 Re. 42x10
' Rep 39x10 Re. 80x10
:ReD—75x1O Re.=1.4x10"

30 -

B X D> + O e

10_ /é(

o ----: McKeon et al. -

i M ——: Osterlund et al
0

_!‘Pq.lgfigﬂ-l 1 1 IIIIII 1 1 1 IIIIII 1 1 1 IIIIII 1 1 1 IIIIII 1
10° 10" 107 10° 104
y+
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B Karman constant

0.41 ) ) ) I LI II ) ) ) I LI II ) ) + 1 +
w=U" ——Iny

- O :100 mm | K

N + 1387 mm
0.40 o for 3(Re,)*® ~0.2Re,

i o i
0.39+ o Oo -

<7 go-g-rn| <=3 k=0.384

0.38 - to ¥+ T ETHL '
0.37 -

i 1 v Karman constant approaches to
0.36 ——— L "'1'05 L "'1'06 — asymptotic value for Ret>10,000.

10
Rep v' The value is 0.384, which is similar
| | | | . with other canonical flows.
10° 10*

Phys of Fluids 2018, Furuichi et al.
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B Summary

B New relation between friction factor and Reynolds number is given as
following, instead of Prandtl equation

/42 = 2.09210g(Re, /7 )-1.176

B The value of x(generally called as Karman constant) in the log-law profile is
not constant for Ret<10,000.

1
u =—Iny " +B
K

B The value of xapproaches to asymptotic value, which is 0.384, for
Ret>10,000.
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