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Background No 1

 Thousands of FAC-possible zones cause
long and costly inspection procedures for plants.

» Suitable prediction or estimation procedures for FAC occurrence
should be applied to narrow down the number of inspection zones.

 The computer programs tuned with as many inspection data as possible.

* Fusion of the estimation and inspection procedures should lead to
effective and reliable preparation against FAC occurrence and propagation.

» A six-step procedure based on 3D CFD codes and a coupled model of
electrochemistry and oxide layer growth was proposed.

» As a result of a V&V evaluation, it was confirmed that wall thinning rate
could be predicted with an accuracy within a factor of 2.

* One of the disadvantage of the 3D FAC code was
large amount of computational time for its application for whole plant analysis.
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At present time, FAC occurrence is evaluated based on inspections. 

We have been looking around for fusion of evaluation and inspection for effective and reliable preparation of FAC occurrence.

A six step procedures based on 3D CFD code has been developed to evaluate FAC wall thinning rate.  But one of the disadvantages of the code was large amount of computational time.


Objectives No.2

* In order to improve large amount of computational time of 3D FAC code,
a 1D code is developed by applying 1D CFD code and geometry factors.
The locally maximum thinning rate can be predicted
with an accuracy within a factor of 2.

* Hazard scale of pipe rupture as well as serious wall thinning occurrence
can be analyzed.

* FAC risks defined as a mathematical product of
wall thinning occurrence probability and its hazard scale are evaluated.

* High FAC risk zones in whole cooling systems as well as
effects of countermeasures on mitigating the risks can be evaluated
in small amount of computer time. At the same the procedures to
evaluate the risks are traceable.
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The objectives of my presentation is 

to introduce a 1D FAC code based on 1D CFD code and geometrical factors, its accuracy, and then, its application for risk evaluation. 

Most important point of the code is to prepare a speedy and easy-to-handle FAC code and at the same time traceability of the evaluation is required.


Material atlases in PWR and BWR power plants No.3
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Major materials

—— stainless steel

—— carbon steel

= nickel base alloy
zirconium alloy

................ copper alloy/ titanium

Problems related to corrosion
WX 1) : zirconium corrosion

: SG tube defects

: IGSCC/PWSCC

: FAC

: LDI (erosion)

46 : LDI (corrosion)
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Typical cooling systems of PWR and BWR are shown here.  

FAC is essential problems in not only PWRs but also BWR.  

FAC in BWR is mitigated by O2 injection in the coolant though.


Evaluation inspection steps for wall thinning due to FAC  No4

Step 1 1D CFD code

Step 2 | 1D O,-hydrazine reaction code

Step 3 1D wall thinning calculation

Improvement of

Step 4 3D CFD code FAC codes

Selection of measuring point
based on JSME code

Selection of measurement
location for wall thinning

Periodic wall thinning measurement

Continuous wall thinning measurement

Improvement of

Step 5 | Wall thinning calculation code

3D FAC code

Evaluation of residual wall thickness

Step 6 Total evaluation [planning for preventive maintenance, analysis of plant system safety]

Flow dynamics analysis

Corrosion (chemical) analysis

System analysis

Measurement and inspection
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The slide shows the previous 6 step procedures with inspection procedures.

For first three steps, based on 1D CFD code and environmental parameters, FAC occurrence zone can be determined.  

The results can be applied for selection of points for primary inspection as well as detail FAC calculation.  

Measured data can be fed back to improve calculation procedures.

The fusion of evaluation and inspection might result in effective and reliable preparation of FAC occurrence.






Comparison of the calculated results with the measured nNo’5
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In this slide, the calculated wall thinning rates due to FAC are compared with hundreds of measured results for secondary piping of an actual PWR plant.

It was confirmed that the calculated wall thinning rates agreed with the measured ones within a factor of 2. 

The reliability of piping is determined by residual thickness.  

So it is important to evaluate residual thickness with high accuracy.  

The accuracy of the evaluation model for pipe wall thickness after one year operation had an error of less than 20 %. 


qé—
Calculation Erocedures and ma'!or inEut data No.6

of 1D FAC code (DREAM-FAC)

select the systems for FAC calculation

piping and component configurations

y

1D CFD code

v

plant operational history

v

materials of piping and components

| ([Cr])

temperature and flow velocity

distributions

—hydrazine concentration

A 4

1D O,-hydrazine reaction code

v

pH

\ 4

oxygen concentration

\ 4

1D wall thinning calculation

A

geometrical factors

1

regional maximum wall thinning rate

Input data for wall thinning calculation
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This slide shows out line of the 1D FAC code. 

Material parameter is obtained form design bases. 

Temperature and flow distribution are from 1D CFD code.

pH is from operational data and O2 is from O2-hydrazine reaction code.

Geometrical effects are applied for obtaining regional maximum wall thinning rate.


Geometrical factors for FAC No.7

Type of exposure Reference velocity | k¢
Stagnation points of — | at distributor and I t velocit 0.75
rimary flow :'{| behind orifices mpact veloclty
Y = 0.6
= | | #d"1=0.5| 0.3
—= in bends
“ r/d=1.5 |and outlet 0.23
Stagnation points of = _ diffusers :
ovondary flow N\ | r/d=2.5 Flow velocity 0.15
U behind junctions 0.15
=i
Stagnation points after | ——| at and behind
) : -, : 0.16
separation vortices Obstructions
*1=
dofd; =0.41 . Flow velocity 0.5
—— _ behind
= |do/d=0.5 | Lrifices 0.4
do/d=0.61 0.3
Without stagnant point — in straight pipes Flow velocity 0.04

*1 d,: pipe inner diameter (m), r: radius of curvature (m)
*2 Geometrical factor (GF) for orifice has been redefined as a function of orifice geometry

d,: pipe inner diameter (m), d,: orifice diameter (m)
*3 GF for straight pipe: 0.04 S
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Geometrical factors are from Von Keller’s data.  

Those for orifice are modified based on the latest experimental data.


Wall thinning rate calculated with 1D and 3D FAC codes

No.8

e for PWR secondary system (pH>9.2)
m for orifice experiment (pH: 7.3)

o 1 2 3
Thinning rate calculated with 1D code
(arbitrary unit)

S

(o] 3 D 7

o

o

™

= 0.5
TE 2

g g 0.4}
sg 0.3|
O = 1

(o] 0 2,
o= }
@ L

© 0.1}
S

c

-

/
/.
[ )

+19096

0O 01 0.2 0.3 04 0.5

I A E IAPWS 2012 Annual Meeting (Boulder, Sep. 30 - Oct. 5, 2012 ) Power Cycle Chemistry WG

IAE___S. Uchida



Vorführender
Präsentationsnotizen
Slide 8         				1’00”/7’00”

This slide shows the comparison between the calculated results with 1D code and 3D code. 

Blue solid circle show the results for bend and T-junction in PWR plants, while red solid circles show the results for orifice down stream in a experiment under neutral conditions.

Both are distributed in a factor of two region.  -50% and +100%.


Schematic diagram of PWR secondary cooling system No9
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*The numbers correspond to the location numbers
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This slide shows a schematic diagram of a PWR secondary system from condensers to SGs. The numbers show the calculated points. 


Major input data for 1D FAC code No.10

. (il inner wall flow oressure tempe- enthalpy hazard scale2 geometrical
location (%) diameter | thickness| velocity P (MPa) ratljre H (kJ/kg) enthalpy x d, geometry factor
di(m) | T (mm)]| v (m/s) T (°C) (a.u) Ke
©) 0.001] 0.620 20.0 3.58 2.64 33.0 140 0.19 T-junction 0.16
) 0.001] 0.381 12.7 3.16 2.62 33.0 140 0.07 bend 0.23
©) 0.001] 0.381 12.7 3.23 2.35 74.0 312 0.16 bend 0.23
@ 0.001 0.425 16.0 2.59 2.38 74.0 312 0.19 bend 0.23
® 0.001 0.425 16.0 2.63 2.04 98.0 412 0.26 bend 0.23
® 0.001] 0.425 16.0 2.70 1.71 129.0 543 0.34 bend 0.15
@ 0.001) 0.425 16.0 2.75 1.41 146.0 616 0.38 bend 0.15
0.001} 0.687 12.0 3.15 1.39 146.0 616 1.00 bend+orifice 0.5
©) 0.001) 0.437 10.0 3.68 0.97 178.9 754 0.50 T-junction 0.16
0.001] 0.381 12.7 4.17 3.22 186.0 793 0.40 bend 0.15
@ |0.001] 0.519 20.0 4.49 3.19 186.0 793 0.73 bend 0.3
) 0.001] 0.483 38.0 5.19 7.21 188.0 801 0.64 bend 0.3
E) 0.001] 0.483 38.0 5.19 712 188.0 801 0.64 bend 0.3
0.001] 0.483 38.0 5.44 7.01 222.0 954 0.76 bend 0.3
® 0.001} 0.701 56.0 5.16 7.01 222.0 954 1.61 T-junction 0.6
0.001 0.354 26.2 5.06 7.04 222.0 954 0.41 bend 0.3
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This slide shows major specification data of cooling system and flow velocity and temperature obtained from 1D CFD code with enthalpy. 

Geometrical factors are also shown here. 


History of water chemistry control at Plant A No .14
10.0 101 11
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This slide shows the operational history of the plant.  

pH was measured, while [O2] are calculated with  O2-hyrdrazine reaction code.


Wall thinning rate calculated with the 1D FAC code No.12

. .inner rovY temperatur| mass tra_nsfer GF maximum ot | 104 | [Fe* H- | TapH-| o o- Fo- | dasat
location] diameter | velocity e coefficient geometry K hnm ) b o) | factor | factors | factor | factor | factor | (a.u)
dm |[vas| Tee hy (MV/S) | (mis) (PPD) | (ppb) :
@ 0.620 3.58 33.0 1.50E-04 T-junction [0.16| 6.02E-04 | 9.2 0 0 0.07 | 0.65 | 0.99 1 1 0.05
@ 0.381 3.16 33.0 1.50E-04 bend 0.23| 8.64E-04 | 9.2 0 0 0.10 | 0.65 | 0.99 1 1 0.07
) 0.381 3.23 74.0 3.18E-04 bend 0.23| 1.83E-03 | 9.2 0 0 022 | 116 | 0.99 1 1 0.25
@ 0.425 2.59 74.0 2.61E-04 bend 0.23| 1.50E-03 | 9.2 0 0 0.18 | 1.16 | 0.99 1 1 0.21
® 0.425 2.63 98.0 3.57E-04 bend 0.23| 2.05E-03 | 9.2 0 0 0.25 | 1.31 0.99 1 1 0.32
® 0.425 2.70 129.0 5.00E-04 bend 0.15( 1.87E-03 | 9.2 0 0 022 | 1.22 | 0.99 1 1 0.27
@ 0.425 2.75 146.0 5.87E-04 bend 0.15( 2.20E-03 | 9.2 0 0 0.26 | 1.05 | 0.99 1 1 0.27
0.687 3.15 146.0 5.96E-04 |bend+orifice| 0.5 | 7.45E-03 | 9.2 0 0 0.89 | 1.05 | 0.99 1 1 0.93
@ 0.437 3.68 178.9 9.45E-04 T-junction [0.16| 3.78E-03 | 9.2 0 0 045 | 0.62 | 0.99 1 1 0.28
0.381 417 186.0 1.13E-03 bend 0.15( 4.22E-03 | 9.2 0 0 0.51 0.53 | 0.99 1 1 0.27
a 0.519 4.49 186.0 1.12E-03 bend 0.3 | 8.44E-03 | 9.2 0 0 1.01 0.53 | 0.99 1 1 0.53
) 0.483 5.19 188.0 1.30E-03 bend 0.3 | 9.73E-03 | 9.2 0 0 117 | 0.51 0.99 1 1 0.59
® 0.483 5.19 188.0 1.30E-03 bend 0.3 | 9.73E-03 | 9.2 0 0 117 | 0.51 0.99 1 1 0.59
0.483 5.44 222.0 1.66E-03 bend 0.3 | 1.24E-02 | 9.2 0 0 149 | 0.20 | 0.99 1 1 0.29
) 0.701 5.16 222.0 1.47E-03 T-junction | 0.6 | 2.21E-02 | 9.2 0 0 265 | 0.20 | 0.99 1 1 0.52
0.354 5.06 222.0 1.66E-03 bend 0.3 | 1.25E-02 | 9.2 0 0 1.50 | 0.20 | 0.99 1 1 0.30
N
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This slide shows the calculated results of the 1D FAC code.

Flow velocity and geometrical factors result in H factors, temperature and pH result in T&pH factors and Cr factors are from design data.  

Would you please refer the details of formulations in the paper?  

At present time O-factors and Fe-factors are not evaluated, because both give conservative results.  

Mathematical products of the factors give the relative the maximum wall thinning rate around the region of interest.  


Schematic picture No/13
for predicting pipe wall thickness and their uncertainty

original thickness (measured)

original thickness (designed)

red thickness

minimum permissible
thickness
(in a severe earthquake)

time for
evaluation

i

minimum permissioie
thickness
(normal operation)

pipe thickness (arbitrary unit)

time margin
maintenance

operating time (arbitrary unit)

*1 calculation based on design data

*2 calculation based on measured original thickness

*3 calculation based on measured thickness

*4 prediction of the effects of water chemistry improvement
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This slide a schematic diagram for predicting pipe wall thickness and their uncertainty.

Uncertainty of wall thinning rate was factor of 2.

Minimum permissible thickness might increase due to thermal degradation, which also have uncertainty. 

 As a result of measurement original thickness and intermediate thickness might calibrated.

Water chemistry improvement also mitigate wall thinning rate.

The time at the cross points of residual thickness and the permissible thickness is designated as pipe rupture time. 



 


Probability density (-)

Probability distributions of thinning rate No.1%
margin in thickness and rupture time
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Probability density function for factor of 2 is shown here as logarithmic distribution. 

Uncertainties of original and minimum permissible thicknesses are also shown in the figure.

Time margin for pipe rupture can be calculated by applying probabilistic wall thinning rate and minimum permissible thickness.


Probability distributions of thinning rate

margin in thickness and rupture time
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This slide shows the time margin for pipe rupture and relative effects of rupture for each location, where relative effects of rupture are designated as mathematical products of pipe diameter and enthalpy.


Probability distributions of wall thinning rate No.16
margin in thickness and rupture time

Hazard scale of pipe rupture: “pipe diameter x enthalpy of the water”

— ; jcation for
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E 04| -
2 02 © :
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time margin for rupture (y)
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This slide shows the relationship of time margin for rupture and relative effects of rupture. 

Primary locations for inspection and maintenance are selected from those with shorted time margin and larger effects results. 




Conclusions No/ 17

1. 1D FAC code has been developed based on 3D FAC code.
Estimation accuracy of wall thinning rate was within a factor of 2.
Speedy and easy-to -handle tool for FAC occurrence can be easily applied for
evaluation of FAC occurrence probability for entire plant systems.
2. FAC risk designated as the mathematical product of
the possibility of serious wall thinning occurrence determined from time margin
for pipe rupture and hazard scale of pipe rupture could be applied for
selection of thinning detection location and suitable FAC mitigation application.
3. Computer code packages of determination procedures for high FAC risk zones
were introduced and determination processes were demonstrated.
4. The fusion of prediction and monitoring could go well to improve plant performance.
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The conclusion of the presentation are shown here.

Finally we express our thanks to the sponsor of the project, the METI and NISA.



Thank you for your kind attention.  
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