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@ cAMERON | v PERFORMANCE

Agenda — Day 1

* Introductory Remarks 8:00 am — 8:15 am

» Tour of Lab with Special Emphasis on Facilities where Calibrations
Tests are to be Run

» Description of the Analysis of the Uhcertainties in the Lab Measurement
(By ARL)

« History of LEFMs and Their Application to Power Plants
 The “Black Box”; How Chordal LEFMs work

« Calibrations Test in the Lab

. Laboratory‘ Calibrations, Practice and Data

» Calibration Test for LaSalle Unit 2 |

« Witness Sample Data Collection — Preliminary Results (Lab)
» Questions and Answers Lab Tests

» Traceability and Uncertainties

« Summary, Questions and Answers (Day 1)
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@'CAMERON | PERFQRMANCE_

Agenda — Day 2

> Purpose and Scope of ER-157 and ER-80
o Summary of Changes to ER-157 Rev. 8

o Coherent Noise Treatment |

o Transducer Placement Treatment

o Responses to Recent RAls

o Reprise of Calibration Results to Date

o Configuration of LEFMs for New Plants

o LEFM Follow Up

> Questions and Answers, Meeting Wrap Up
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@ cAMERON PERFORMANCE

Introduction to Cameron’s Caldon Ultrasonic Technology Center

« Since 2006, Caldon has been part of Cameron’s Valves and
Measurement Group, Measurement Systems Division

« The Caldon Ultrasonic Technology Center is the center of excellence
for ultrasonic technology located in Coraopolis, PA

Caldon Ultrasonics Technology Center Oil Calibration Facility
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@ cAMERON » | PERFORMANCE

Introduction to Cameron’s Caldon Ultrasonic Technology Center

» From 1987 to 2005 Caldon was a privately held company

« In 1989 Caldon purchased the Leading Edge Flow Meter (LEFM)
from the Westinghouse Oceanic Division

* From 1989 till the present, Caldon has continued and expanded the
tradition that Westinghouse began in the early 1960’s, of very
accurate flow and properties measurements using LEFM technology
in difficult and demanding applications
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@CAMERO’N‘ PERFORMANCE

Power Plant Applications and History of LEFMs

» Per Pipe Summary:
* 143 externals (tests and installations)
» 35 4-Path chordal meters
* 69 8-Path chordal meters

« 4 8-Path chordal fossil meters
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@ cAMERON PERFORMANCE

Power Plant Applications and History of LEFMs

e LEFM Check and LEFM
CheckPlus Experience -
Flow .

Comparison of Nozzle and Chordal LEFMs (Check & ChecPlus)

Averag Difference =0.03
20 T1 25tdev=1.69

* 91 Comparisons | Popuinton <91

18 1 Average LEFM Weighted Uncertainty: +0.35%

Average Implied VenturiUncertainty: + 1.66%
» Average difference is 0.03% *7

N
nN
2

-

« 2 Standard deviations of the §,
differences are 1.69%
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Nozzle less than LEFM (% Difference) Nozzle more than LEFM
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@ cAMERON PERFORMANCE

Power Plant Applications and History of LEFMs

« LEFM Check and LEFM
CheckPlus Experience —
Temperature

Comparison of Plant RTD and LEFM Temperature Indications

* 81 Comparisons (oo K15 Somparson]

» Average difference 0.12°F
» 2 standard deviations 2.64°F

Number of RTDs
o [+:] >
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© cameron PERFORMANCE.

Power Plant Applications and History of LEFMs

« Observations
 Assumption: LEFM Check and CheckPlus are +0.5% and +0.3% accurate
e The MUR Uprate population suggests venturi accuracy is about +1.6%

* Yet there are cases of significant nozzle errors
— Cofrentes (~1.9% error)
— Beaver Valley (~1.5% error)
— Tokai 2 (~2% error)
— Salem 2, c. 1994 (~3.8% error)

« The difference cannot be used to justify the accuracy of any of the meters

» This kind of comparison gives only approximate knowledge of plant power

— Must establish actual credentials of at least one of the meters we are comparing

* The remainder of the presentation pertains to the traceable credentials of the
LEFM Check and LEFM CheckPlus Systems used for MUR Uprates
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The Black Box: Chordal LEFMs and How They Work
 LEFM Hardware

 Flow element

 Transducer housings
 Transducers

* Electronics
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€ cameron PERFORMANCE

The Black Box: Chordal LEFMs and How They Work

Flow Element

« Fundamentally, a chordal LEFM
measures volumetric flow, then
converts this measurement to mass
flow using sound velocity and fluid
pressure to determine fluid
temperature and density. A CheckPlus
accomplishes this by measuring the
transit times of pulses of ultrasound
along 8 chords
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@ camron PERFORMANCE

The Black Box: Chordal LEFMs and How They Work

* The volumetric flow in a pipe is
given by the integral of the axial
velocity over the cross sectional
area of the pipe

Q:‘ AJ‘V (x,y)dx dy

axial
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© camenon PERFORMANCE

The Black Box: Chordal LEFMs and How They Work

* Chordal LEFMs perform this integration numerically, by measuring
the integral of V(x) dx at four pre-selected y positions

Q=w,ID jy' v(x) dx

At each y, pulse transit times vs
measure Jv(x) dx +  wy,ID | v(x)dx

+  w,,ID [ v(x) dx

+  w,ID [ v(x) dx
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©cameron PERFORMANCE

The Black Box: Chordal LEFMs and How They Work

Transducer Housings

» Pulses of ultrasonic energy are transmitted into the flowing fluid by
transducers which are located in wells or housings which serve as a
pressure boundary
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@ cAMERON PERFQRMANCE

The Black Box: Chordal LEFMs and How They Work

Transducers

* Transducers transform electrical energy into mechanical energy and vice
versa

* For nuclear applications transducer frequency is 1.6 megaHertz

* The transmitted pulses typically consist of three or four cycles of 1.6
megaHertz energy
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@ cAMERON PERFORMANCE

The Black Box: Chordal LEFMs and How They Work

Creating Ultrasound

Backing Mass

Transducer
Element

Voltage
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€ cameron PERFORMANCE

The Black Box: Chordal LEFMs and How They Work

Sensing Ultrasound

Transducers

Voltage
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@ cAMERON PERFORMANCE

The Black Box: Chordal LEFMs and How They Work

Transit Time
Flowmeters
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@ camenon PERFORMANCE

The Black Box: Chordal LEFMs and How They Work

 The elapsed times of transiting pulses t,,,, and t,, measure two
unknowns

— 'V, the fluid velocity along the transmission path

— C, the sound velocity in the fluid at rest

tdown = Lpath/(C + V)

tup = Lpath/(C - V)
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© camenon PERFORMANCE

The Black Box: Chordal LEFMs and How They Work

» The transit time in the fluid is a function of the average sound velocity
and the average fluid velocity projected onto the path

tdown = I-path/ (C + V)
1:up = I-path/(C - V)

tuptdown = I-path2/ (CZ - V2)

At = t =2 L . V/(C2—V2)

up - tdown path
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@ cAMERON PEFRFORMANCE

The Black Box: Chordal LEFMs and How They Work

- The LEFM measures the transit times of ultrasonic pulses traveling in
each direction along each chord and uses these data to determine the
average fluid velocity and the average sound velocity along each chord

Trade
Secret and
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@ cAMERON | PERF@RMANCE

The Black Box: Chordal LEFMs and How They Work

e The transit time in the fluid is a function of the average sound
velocity and the average fluid velocity projected onto the path
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@ cameron  PERFORMANCE

The Black Box: Chordal LEFMs and How They Work

e Acritical aspect of the time measurement is pulse detection
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@ cameron PERFORMANCE

The Black Box: Chordal LEFMs and How They Work
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© cameron PERFORMANCE

The Black Box: Chordal LEFMs and How They Work

 The LEFM algorithm

 The mass flow algorithm is as follows:

: 4 2
W,=p " PF'E;(T) "(ID/2) ) Wil (AL) :
o tan(, (¢, + At /2 —-1,)

p=1,(T,p)
T = fT (Cmean i p)

4 .
Crmean = Fo1 (T) Z[Wi L VIt + (At/2) - 7]
i1
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@ cAMERON

PERFORMANCE

The Black Box: Chordal LEFMs and How They Work

Definitions

Wi

T
T
p
c

09/14/09

mean

Fa1 (T) =

mass flow rate through the LEFMv/, (Ibs/sec)
mean feedwater density, (Ibm/cu. in.)
profile factor, dimensionless

thermal expansion factor, accounting for the difference in internal diameter and transducer
face-to-face distance (L;) at operating temperature versus the temperature at which
dimensions were measured (in/in/°F)

internal diameter of the spool piece, (in.)

Gaussian quadrature integration weighting factor for path i, (dimensionless)
angle between path i and a normal to the spool piece axis (deg)

face-to-face distance between transducer wells of path i, (in.)

total indicated time of flight of pulse along path i in the direction of the flow,(sec.)
total indicated time of flight along path i against the direction of flow

the difference in the total transit times of pulses traveling against the flow and with the flow
along path i, (sec.); A, =t - t,;

total of the non-fluid delays of pulses traveling along path i, (sec.)

mean fluid temperature, (°F)

fluid pressure, (psi)

mean sound velocity in fluid, (in/sec)

thermal expansion factor, accounting for the difference in face-to-face distance (Lffi) at
operating temperature versus the temperature at which dimensions were measured, (in/in/°F)
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@ cAMERON | PERFORMANCE

Calibration Tests in the Lab
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@ cAMERON PERFORMANCE

Laboratory Calibrations, Practice and Data -
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© cameron PERFORMANCE

Laboratory Calibrations, Practice and Data

Transverse Velocities
 An LEFM CheckPlus measures axial velocity ONLY

b
a = axial velocity
Fli} b = cross velocity
C/ a ' ¢ = swirl
c

Velocity Vectors

Vc,error Vc¢,error
(minus)

(positive)

-

Vs

Plane 1 Plane 2

Vc,error net =0 = Vc¢,1 error + Vc¢,2 error
Cross Flow and Swirl Velocity Errors Cancel
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@ cAmERON PERFORMANCE

Laboratory Calibrations, Practice and Data

« Calibration tests for
Seabrook and other flow
elements demonstrate
insensitivity of LEFM
CheckPlus to swirl

Swirl Ratio for All Tests MF vs. FR
60.0% S—
| 1.010
1.008
50.0% |
1.006
1.004
40.0% g . a
= i 1002 . = e - e ..
% ;' y=-0.0216x + 1.0221
E 30.0% | = 1.000
5 ———————  Model Tests ey Straight Pipe
7] +«——— Tests —s | 0.998
20.0% A 0.996
0.994
0, 4
10.0% 0.992
0.990 -
oo — o = il 0.85 0.86 0.87 0.88 0.89 0.90 0.91 0.92 0.93 0.94 0.95
Test 1 Test 2 Test3 Test 4 Test 5 Test 6 Test7 Test8 FR

® Average = = Analytical]
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@ CAMERON PERFORMANCE

Laboratory Calibrations, Practice and Data
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PERFORMANCE

Laboratory Calibrations, Practice and Data

@ caAMERON

Sensitivity of calibration to axial
velocity profile

Diametral Velocity Profiles, Inverse Power Law

« By varying its exponent, n, the

inverse power law can be used to
characterize a nominally
symmetrical axial profile
regardless of the Reynolds Rt
. . i oo, x"xx
Number for the flowing fluid or its " o N\‘\
degree of development e T
206 xn =25, typical flat profile ¢
; . #n =06, lowend turbulent regime :
n=14, hydraulically smooth pipe Rn=30million
* V=Vyax (XR) !
02
0 T T T - T -
00 01 02 03 04 05 06 07 08 09 10

09/14/09
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r, distance from Centerline, fraction of radius
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@CAMERO’NI- PERFQRMANC&_

Laboratory Calibrations, Practice and Data

Sensitivity of calibration to axial
velocity profile

Profile Shape versus Power Law Exponent

* FR can be related to inverse
power law exponent

1.00000

0.95000 ——

2 0.90000 / /
0.85000 1

»

0

c
0.80000 1 /

0.75000

(V1+Va)/(V2+V3

Flat

0.70000

0 5 10 15 20 25 30 35 40
Inverse Power Law Exponent
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@ cAmERON PERFORMANCE

Laboratory Calibrations, Practice and Data

Sensitivity of calibration to

axial velocity profile S
Meter Factor Sensitivity to Axial Profile

» The significance of the FR :
data A——

1.00000 -

* Flatness ratios measured in-
plant can be related to o
“developed flow profiles” at

-{@c%-%------

F ed ' | |
& teel pipe
o RN illion
. 3] H '
various Reynolds Numbers  f— L | / Diametal patn
T
o .
3 -
= =
= Fully developed flow
Hydraulically smooth pipe
5.94000 1 RN = 30 million
Range of Flatness Ratios
x encounterdd in nuclear >
0.92000 ! . i feedwater §ystems
0.90000 t ' T T
0.75000 0.80000 0.85000 0.90000 0.95000 1.00000

Flatness Ratio
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@ cAMERON | PERFQRMANCE

Laboratory Calibrations, Practice and Data
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@ cAMERON PEREORMANCE

Laboratory Calibrations, Practice and Data

Sensitivity of calibration to axial velocity profile

 Average meter (profile) factor for 75 nuclear meters in 330 hydraulic
configurations is 1.002, identical to the theoretical meter factor for 4-path
Legendre numerical integration of developed flow profiles in the high Reynolds
number regime

 Variability is due to dimensional variations, not hydraulics

1.020
1.015
* .
1.010 + +
. ¢ oo,. &° ::’;. . ‘. .
3
1oosb' As' il 0P e o8 4 N,
' &° S JE MEAG R
B[ R T (N _c_,. A PR St (IR T IR ' i
. - A o * PR * o 1’: 0.
1.000 PSP NGRS 8 S v—s - o~
s I b SRR Y
e o v LA P
0.995 5 — vy o
¢
0.990 PS
.
0.985
0.980
DOLCONLCOILDONLLIDDOCDCON § FLOTTNIDLO G FELREF FLLODLOOOLDOVDOOLLNOLBOOILL § FRODOLOOF 55505 5
SoESEE>>>3EXxEE>>Scoxxuursriies XxSoPo=o== 2SS22%% o=22 o
R R R S R R 5552 E R R 8343 §§§§§§§§§ g SRR
b o of s== :E—_I—§ IIE LI §§§§ Ez
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@ cAMERON PERF@RMANCE

Laboratory Calibrations, Practice and Data

Sensitivity of calibration to axial velocity profile
 Variability is due to dimensional variations, not hydraulics

» Figure shows that variations due to modeling differences are less than £0.11%
(one standard deviation)

Summary of Nuclear Meter Calibraﬁons
0.020

Std Dev  0.0011
Spread (+/-)  0.0044
0.015 Number Meters 75

Number Configurations 330

0.010

0.005 |

0.000 L

-0.005

0.010 1

Difference from Flowmeter's Average MF

0015 +

-0.020
DOCCODLOCLOODCLLDONL MDD § F<LOT —NCOLD I HLD § b FLLOCOODCDOONOOLCLDOCDOOLL  SONDOLOO S 5 5 50 5 5
T T T ESEER > SEXX TS S XX R R E e e 2 S R R XX R RS SS=E22 s
ETTTSEEXRKRR SRR 88 XXX BB XX DD D X
: ><><x><><n§§222§x§§:n><><n:§§ g§gg§

09/14/09 PR-827NP Rev. 1 Part 1 Caldon Ultrasonics 37



@ cAMERON PERFORMANC

Calibration Test for LaSalle Unit 2

B
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@ cAmeroN PERFORMANCE

Calibration Test for LaSalle Unit 2
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© cameron PERFORMANCE
Calibration Test for LaSalle Unit 2 |

» The calibration test plan is spelled out in ALD-1123 Rev. 2 dated
08/20/09 (pass out)
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@ cAMERON PERFORMANCE

Calibration Test for LaSalle Unit 2
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@ cAMERON PERFORMANCE

Traceability and Uncertainties

« Traceability is defined as a process whereby a measurement can be
related to a standard via a chain of comparisons. Certain requirements

apply:

» The standard must be acceptable to all parties with an interest in the measurement
and is usually a standard maintained by a national laboratory such as the National
Institute of Standards and Technology.

* The chain of comparisons must be unbroken—the field measurement must be
connected, by one or more links directly to the standard.

« Every link in the chain involves a comparison that necessarily carries with it an
uncertainty. Hence the total uncertainty of the measurement must reflect the
aggregate uncertainties of each link of the comparison chain.

» There can be no unverified assumptions in the chain of comparisons; it is clearly not

possible rationally to assign an uncertainty to an assumption that has no quantitative
basis.
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@ cAMERON PERFORMANCE

| Traceability and Uncertainties

« The Chordal LEFMv + Algorithm

 The mass flow algorithm is as follows:

4 2
W, =p ' PF'E, (T) “(ID/2) ) Wily (AL) 2
o tan(o, (¢, + At /2 —1,)

p=1,(T,p)
T = fT (Cmean ’ p)

4 .
Conean = Eu (T) D [w; L VIt + (At/2) -7,
i=1
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@ cAMERON

Traceability and Uncertainties

1:upi’ ti
At = tupi e ti
Transit time Confirmation Confirmation
Transit time measurement Confirmation that number of tihna\t t;:grs‘ccigcisr
measurement - AND +—{ check(auto (H AND that noise is AND valid received 11 AND P e
clock test) against within analyzed signals HIOUnG meets
test clock basis complies with requirements
design basis |
V &
; AND
Chip . 8 S
Certification for _Chip Confirmation of P
o Certification for automatically
transit time tak Blonk e e
measurement it measu‘ﬁ)
clock against tracegabte i ‘;{V‘ Checks
traceable time oscllloscope
standard standard traceable to
NIST

09/14/09
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@ cAMERON

PERFORMANCE

Traceability and Uncertainties

L

|

Measurement
of flow
element

dimensions
post
manufacturer

09/14/09

P
Mfgf‘ Pressure
Calibration transmitter
using < calibration from
traceable
manufacturer
standards
AND
Plant meter
equipment
subj iodi
jected to Periodic
periodic | recalibration in
calibration [~ lant
against s
traceable
standards

Measurement
tools
calibration
confirmed
using traceable
standards

T

|

Baseline t
is implicit in
hydraulic
lab
calibration

Confirmation
that path
lengths have
not changed
by detecting
changes in
individual
path C's

PR-827NP Rev. 1 Part 1

t modified for
differing cable
lengths, housing
temperature

In plant
confirmation of
T by
commissioning
test

Time
measurement
made using
oscilloscope
calibrated to
traceable
standards
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@ cAmERON

Traceability and Uncertainties

fr fp
Data uncertainties
anc{f StaAndardS < .................. RUSS|an Expenments ASME 1967
cited in the Paper and datacited | Steam Tables
reference in the tables
AND
V
Traceability of Caldon database
Individual Plant ' aggregate

RTD Calibration

error diminished by

large sample size

09/14/09

correlation LEFM
Temperature vs
Plant RTDs
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Traceability and Uncertainties
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@ cAMERON PEREFEORMANCE

Traceability and Uncertainties

* Uncertainties and their Bases

« Appendix A of ER-157P provides the basis for the analysis of uncertainties
for each LEFM Check or CheckPlus application

» A spread sheet analysis is performed for each plant using plant specific
“numbers for PF, times-of-flight, dimensions, pressure instrument data etc.
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@ cAMERON PERFORMANCE

Uncertainties

Power Algorithm
Pr = Wer (h - hg,) £ P oss

W = p(p, T, ) Q

4 LAt
0=(PF\F, )(?) 2 = LﬁA L
= [(taﬂ ¢)(¢t; + ti—ri)z} _
\ 2 )
hfw = h(p, wa)
T =T (Cayr P)
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@ cAMERON

PERFORMANCE

Uncertainties

Sensitivity Coefficients

M=f(X,Y,2)
am=24 ax 2L
@(YZ XZ

dY + —

M |M&X|, | X

e (EE R

09/14/09

dM {Xa”f| }dx+{Y of|

Zof }d_Z
M &Yy,

M|

J [z

Moy, [Y

Z

1/2
XY Z
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@ cameron PERFORMANCE

Uncertainties

Loop Power Uncertainty in Sensitivity Format

AP oorProop = (1/p) {Gp/OT\, AT, + dp/pl, dpsy + dpcod + dQ/Q
| [1/(hs = bg,)] {oh /B0l dps+ Shg/oM], dM} +
[1/(hs = B, )] {hy/ebly dpg,* Ry /AT, ATy, + dhey,d +

dPLOSS/LOOP/PLOOP
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@ cAMERON PERFORMANCE

Uncertainties
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@ cAmERON | PFRFORMANCE

Uncertainties
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© camenon PERFORMANCE

Uncertainties - Continued

Trade
Secret and
Confidential
Commercial
Information

09/14/09 PR-827NP Rev. 1 Part 1 Caldon Ultrasonics 54



