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Heated Crevice - Design

• Desired Flexibility
– Easily Change Geometric Configuration/ Crevice Dimensions
– Open Crevice, Packed Crevice, Closed Bottom Options
– Disassemble & Tube Inspection Easy

• Clam Shell Design for Autoclave Body
• Tube Assembly Detachable from Autoclave
• Ring (Support Plate) Mounted Using Support Rods from the Side
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Heated Crevice - Design
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Heated Crevice - Design
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• Temperature of tube wall in crevice
• Bulk solution extraction for analysis
• Crevice solution extraction for analysis
• ECP of Freespan (NWT- Ag/AgCl)
• ECP of Alloy 600 Tube in crevice (NWT- Ag/AgCl)
• Temperature vs. elevation in crevice
• Electrochemical Noise
• AC Impedance
• pH Electrode
• Raman Spectroscopy

Heated Crevice - Design

Clamping
Ring

Clamping
Ring

Radial
Port Ring
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Secondary Water System
• Once through or recirculating
• Deaerated
• Adjustable Saturation Temperature – 280 C Typical

Heated Crevice - Design
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Heated Crevice - Design

Options for Heat Input to the Crevice
• Cartridge Heater 

- Constant Heat Flux
- Maximum rate of hideout accumulation

dm/dt = QC/L  (100% efficiency)
m = mass of salt
Q = Heat Flux, 
C = Concentration of impurity in Bulk
L = Heat of Evaporation

m = (QC/L)t
• Primary Circulating Loop

- Constant Temperature
- Maximum rate of hide accumulation

dm/dt = QxC/SL (100% efficiency)
x = length of crevice not fully wetted
L = total length of crevice

m = m0[1 – exp(-QCt/Lmo)]
mo = mass of hideout at equilibrium 
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Hideout Model For Loosely Packed Crevice

• Salt Initially Concentrates Deep in Crevice
• Boiling Point of Concentrated Solution Equals Superheat
• Boundary of Liquid Region Moves Toward Open End(s) of Crevice
• At Constant Heat Flux

- Transition from Boiling to Fully Wetted Condition Marked by Increase in Temperate
- Liquid has lower heat transfer coefficient

After Mann
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System Test
Hypothesized Hideout Model For Tightly Packed Crevice

Simple systems - NaOH, NaCl

• Most of Crevice Initially Steam Blanketed
• Hideout Begins at Top & Bottom Of Steam Blanket
• Concentrated Solution Penetrates into Steam Filled Region By Capillary Action
• Boiling Point of Concentrated Solution Equals Superheat
• At Constant Heat Flux 

– Transition from Steam Blanket to Boiling Marked by Temperature Decrease
– Steam poorly conducting

• Successfully Quantitatively Modeled
• Multi-component Feedwater Chemistries & Precipitation not Yet Investigated 
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OPEN CREVICE-No Packing Material in Crevice

Heat Transfer Crevice/Thermo-Hydraulics 

• Open T/TSP Crevice
• Unrestricted flow
• Boiling heat transfer in crevice
• No hideout - no temperature gradient

40 ppm NaOH Feedwater

107



300

305

310

315

320

325

330

335

0 1 10 42 10 43 10 4 4 10 45 10 4 6 10 47 10 48 10 4

Thermo1
Thermo2
Thermo3
Thermo4
Thermo5
Thermo6
Thermo7
Thermo8

Te
m

pe
ra

tu
re

 °C

Time (sec)

Temperature at Tube Surface
DI Water

300

305

310

315

320

325

330

335

0 1 10 4 2 10 4 3 10 4 4 10 4 5 10 4 6 10 4

Thermo1
Thermo2
Thermo3
Thermo4
Thermo5
Thermo6
Thermo7
Thermo8

Te
m

pe
ra

tu
re

 (°
C

)

Time (sec)

Temperature at Tube
Surface

40 ppm NaOH

• Crevice packed with diamond dust
– 52% porosity

• Feedwater at 2l/hr
• Constant heat flux
• TSAT = 280°C

Effects of Hideout on Crevice Wall Temperature

No Hideout
No Change in T

Hideout
T Changes with time
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Extraction Results TSP- Type Crevice : Na Concentration

Time of Superheat               Feedwater Bulk                       Crevice       
Crevice(Open)

Open Crevice--No Significant Hideout

2   hours                                   19.2 ppm 22.5 ppm 860 ppm

Packed Crevice (25% Porosity)

2  hours                                    19.5 ppm 19.5 ppm 8.23 X 104  ppm

6                                                  19.4       19.6                       1.15 X 105                                

14                                                19.6        23.0                       3.31 X 105                                

25                                                18.2        21.7                       3.60 X 105
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Extraction Results - 52% Porosity Crevice - Constant Heat Flux
• Initial Slope Equals One Implies Linear 

Hideout Rate
• Maximum possible Hideout Rate

dm/dt = QC/L
    Q = Heat Flux From Section of Heater in Crevice

C = Bulk Concentration of Sodium Ions
L= Heat of Vaporization

Efficiency of Hideout Approx. 67% in Linear 
Region

• Higher Na+ than for 36% porosity
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Max hideout rate = 2.17 mg/hr @ 20 ppm
Hideout rate, 20 ppm = 1.46 mg/hr
Hideout rate, 2 ppm = 0.126 mg/hr

Effect of Packing Density on Hideout
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Experimental

Tightly Packed Crevice - Model Calculations
Computer Code Results

23 ppm Na+ in Feedwater

• Experimental Results in Excellent Agreement with Model Predictions
- Model Predicts 14% of Crevice Initially Wetted
- Predicts Initial Linear Rate of Accumulation 
- Predicts Steam Blanket Gradually Replaced with Concentrated Solution

• Hideout in good agreement with Millett model for a single concentrating specie in a packed crevice
– Water drawn into crevice by capillary action
– When water boils all salt drawn into crevice remains
– Saturation concentration occurs when boiling point reaches available superheat
– Applies conservation of energy, mass & momentum to transport w ithin pores
– Code solves set of differential equations
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Hideout and Hideout Return Kinetics
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• Hideout in good agreement with Millett model for a single concentrating specie in a packed crevice
– Water drawn into crevice by capillary action
– When water boils all salt drawn into crevice remain
– Saturation concentration occurs when boiling point reaches available superheat

• Cumulative hideout return of Na from a single crevice follows exponential model
• Mass balance for hideout and hideout return in good agreement
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D = aS2/π2                  1.47 X 10-7 m2/sec

112



Electrochemical Potential Measurement
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• ECP not measurable during heat flux
– Steam in Crevice if packed with diamond powder

• ECP measurable after tube heater turned off
– Fully liquid path 1- 2 min after tube off

• Crevice less than free span ECP with NaOH
– Indicates caustic crevice
– Approx. 110mV per pH unit
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– Assuming Corrosion Kinetics of alloy 600 Under Cathodic Control
ECP is the reversible hydrogen electrode 

EH2/H+ = 2.303 RT/F (log aH+) – 2.303 RT/2F (log pH2)
Or
EH2/H+ = -0.110 pH – 0.056 log pH2

– Crevice ECP < Bulk ECP if the crevice is caustic
– Crevice ECP > Bulk ECP if the crevice is acidic

Electrochemical Potential Measurement

pH2 = 0.0025 atm, calculated from the bulk ECP
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• Crevice pH calculated from potential measurement and by MULTEQ using
results from extraction as input

Feedwater with 40 ppm NaOH
Time Ecrv (SHE) Ebulk(SHE) ∆E                pH (MULTEQ)     pH (ECP)        

2.5 hrs -780 mV - 690 mV 90 mV       10.1                     9.1
5 - 820 - 680 140             10.15                   9.6

16 - 830 - 640 190             10.4                    10.0

Results
1. Crevice ECP Decreases with Concentrating Time 

- Suggests Increase in pH
2. Difference between pH values calculated by MULTEQ (extraction results) & 

from ECP decrease as concentration time increases
- Volume occupied by steam decreases as hideout increases
- Volume of bulk liquid drawn into crevice after heat flux removed is greater 

BENCHMARKING ECP MEASUREMENT METHODOLOGY
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• Na/Cl Molar Ratio = 1
– Crevice ECP > Bulk ECP
– Implies Crevice pH > Bulk pH
– Implies Hideout Efficiency Cl- < Na+

– Na = 0.34  Cl = 0.36
Na/Cl Molar Ratio = approx 1

– Implies Hideout efficiency Cl- & Na+ same

Reference electrode in the center of the crevice.
Is there a Na/Cl concentration gradient in the crevice?

• Na/Cl Molar Ratio = 0.2
– Crevice ECP< Bulk ECP
– Implies Crevice pH< Bulk pH
– HOR Results not yet available

BENCHMARKING ECP MEASUREMENT METHODOLOGY
Molar Ratio
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40ppm NaOH Feedwater Chemistry
Deareated
Superheat = 54°C

• Bulk pH = 8.2 EPRI for 40 ppm NaOH
– From EPRI Computer code, MULTEQ 

• Crevice ECP is 320 mV less than bulk ECP
– Implies crevice pH = 10.9 since 118mV/pH unit

• Places tube section in crevice in caustic cracking zone 

– Feedwater: Deaerated with 40 ppm NaOH
– Thermal Conditions: 340°C tube/280°C bulk
– Crevice packed with magnetite: 78% density

*  Apparently becomes “mud”
– Once through flow, 2l/min

BENCHMARKING ECP MEASUREMENT METHODOLOGY
Magnetite Packed Crevice
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• Current fluctuations measured
– Between Alloy 600 tube and 

Alloy 600 TSP 
– Use zero resistance ammeter

• Measure potential fluctuations
– Between Alloy 600 tube

and Ag/AgCl reference electrode
Or Ni wire reference electrode 

Heat Transfer Crevice Program/Electrochemical Noise

– Feedwater: Deaerated with 40 ppm NaOH
– Thermal Conditions: 340°C tube/280°C bulk
– Crevice packed with magnetite: 78% density

*  Apparently becomes “mud”
– Once through flow, 2l/min

118



Heat Transfer Crevice Program/Electrochemical Noise
Noise intensity related to pressure (SCC?)

Tube Pressurized @ 3000 psia Tube Depressurized
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Heat Transfer Crevice/Electrochemical Noise  

Effect of Chemistry on Crack Initiation
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• Crevice Section Expanded
• Compressed polymer Plug
• Opened cracks for observation

Heat Transfer Crevice Program/baseline

Crack

Crack cut from tube

Rotated 180°
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• Regions of IGA
– Uniform
– Shallow

• Localized SCC
– Deep penetrations
– Intergranular

Heat Transfer Crevice Program
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Heat Transfer Crevice Program

• Scanning electron microscopy view of fracture face
– Intergranular with secondary cracks
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Heat Transfer Crevice Program
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• Oxide film decreases in thickness as crack tip approached
• Ni enriched on surface, Negligible Na on fracture face
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Laser

Two Types of Scattered Light

Same wavelength as incident light
Different wavelength as incident light (Raman Scatter)

Ei energy of incident light  
Es energy of Raman scattered light
Ev energy of molecular vibration state
Es= Ei - Ev (visible range)

Liquid or solid

Raman Spectroscopy
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• Designed uniquely for the heated crevice
• Stainless steel tube for light path 
• Variable focal point for the laser exciting light and coincident 

collection point for the signal
• Filters at end of probe to remove “stray” light scattered from the

incident laser beam
• Fiber optics from probe to spectrometer

Raman Spectroscopy
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Raman Spectroscopy

Diamond Window                          Probe/Fiber Optic Cable 

Autoclave Fitting

Optics
Chamber
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• H-bonding causes a distribution of O-H bond strengths and vibration freq.
– Causes broadening at room temperature

• Increase in temperature decreases H-bonding
– Causes line to narrow
– Increases O-H bond strength leading to shift to higher frequencies

• Decrease in density of water at high temperatures leads to intensity decrease 

Raman Spectroscopy
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• Development work uses closed bottom crevice
– No deposits needed for hideout
– Hideout is the same, kinetics are different

• Next step will use packed Tube/TSP-type crevice 

Raman Spectroscopy
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Closed Bottom Heated Crevice/Thermal- Hydraulics

Temperature of Tube Wall at Various Elevations in the Crevice During Hideout

• Boiling at locations 1, 2, & 3                        •    Ste am blanketed to boiling at 6
•    Boiling to fully wetted at location 8

- Indicated by increase in temp
Extraction Results--25.2 w/o
MULTEQ gives 27°C BPE
Measured BPE - 22°C   TSAT = 270°C
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Raman Water/OH Lines From Crevice
Saturation Temperature 280°C Tube Heater Off

Water Line

Tube Heater 310°C
Tube Wall 280°C

OH Line
Tube Heater 345°C
Tube Wall 310°C

• At a saturation temperature of 280°C with tube heater off 
– Water line same as static autoclave results

• At low super heats, no Raman lines from the crevice
– Steam blanketed

• He heat transfer gas at 345°C, average wall temperature at 310°C
– Hydroxide line, no water line
– MULTEQ gives 25w/o NaOH for a boiling pt. Elevation of 30°C

• Every water bound to NaOH

Room Temperature
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Is NaOH Molten?

• Temperature of He decreased in steps, 335°C, 330°C, 325°C, 320°C, 315°C, 305°C
– Raman spectrum OH line until 305°C

• Wall temperature did not change until interior temperature was 305°C
• Water line appeared at 305°C
• Suggests region of Raman probe fully wetted

OH line
No water line

No OH line
Water line

Raman Spectroscopy
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Is NaOH Molten, melting point is 318°C?
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Raman Water/OH Lines From Crevice
Saturation Temperature 170°C Tube Heater Off

Water Line

Tube Heater 245°C
Tube Wall 180°C OH Line Sensitivity X4

Tube Heater 320°C
Tube Wall 209°C

• Pressure lowered to give a saturation temperature of 170°C
• At 170°C with tube heater off, water line
• When He temp below 209°C, no Raman signal from the crevice
• At a He temp. of 209°C, hydroxide  line appeared, same as 280°C Tsat
• Suggests OH line from concentrated NaOH solution, not molten 

Raman Spectroscopy
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Raman Spectroscopy

Raman spectroscopy ideally suited to investigating build up of
deposits and precipitates in crevices

135



0.00001
0.0001
0.001

0.01
0.1

1
10

100
1000

0.0001 0.01 1 100 10000
Exposure, ppmhrs

M
as

s 
of

 S
od

iu
m

, m
g/

m
l

Experiments

Predictions

Rockwell

OHI

Do the high impurity concentrations in the feedwater of a 
heated crevice correctly accelerate processes occurring in plants?

• Sodium hideout results in lab experiments linearly extrapolate to results from
identical system installed in Ohi Nuclear Power Station

• IGA/SCC pattern, chemistry of OD film and fracture face are si milar to observations
from  examinations in pulled tubes
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Heated Crevice Seminar

Experimental Simulation of Crevice 
Chemistry Evolution

Chi Bum Bahn, Si Hyoung Oh, and Il Soon Hwang
Seoul National University

October 7-11, 2002
Argonne Guest House, ANL
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Outline

• Introduction
• Literature Review
• Goals & Approach
• Experimental System
• Results & Discussion

– Open Crevice Test
– Packed Crevice Test

• Summary & Conclusions
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Introduction

• In a locally restricted SG 
geometry, such as tube/TSP 
crevice, tubesheet crevice, or 
sludge pile, trace impurities in 
the bulk water can be 
concentrated by boiling 
processes to extreme pH.

• These concentrated solutions 
may then cause ODSCC/IGA, 
which is the one of the primary 
degradation mechanisms.

• In order to find the mitigation 
method for tube degradation in 
crevice, the understanding of 
boiling crevice phenomena must 
be advanced.

Worldwide Causes of Tube Plugging

(From P. Millett’s Thesis)
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Literature Review
Thermal-hydraulic Aspects
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Literature Review
Electrochemical Aspects
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Problem Statements

• Experimental Technique
– Constant heat flux experiment may cause a overheated dryout area

in crevice, which cannot be occurred in a real SG condition.
– Constant temperature experiments using stagnant molten salt with

an electric heater have a concern about axial temperature 
uniformity inside primary tubing.

• Water Chemistry Management
– On-line crevice monitor that simulates a realistic SG crevice 

thermal condition and equipped with various probes, needs to be 
developed.
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Goals & Approach
LP Crevice Experiment
-Direct Observation

-Insight Buildup

Realistic SG Simulation
Tool Development

Reference Electrode
Development

HT/HP Crevice Experiment
-Open Crevice: New SG
-Packed Crevice: Old SG

Realistic Simulation of
Crevice concentration kinetics
& Crevice temperature profile

Developing an
On-Site SG Monitor

Inhibitor Development
Tool

Molar Ratio Control
Development Tool
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High Temperature/High Pressure SG 
Crevice Simulation Experiment

• Experimental Systems
– Two-Loop System Design for Constant Tprimary control
– Electrode Development

• Results
– Open Crevice Test

• Temperature & Potential Data

• Measured and Predicted Results
– Packed Crevice Test

• Temperature & Potential Data

• Measured and Predicted Results
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Experimental
Schematic View of Experimental System
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Experimental
Schematic View of Test Cell
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Ag/AgCl & Pt
Electrode

Bulk
(125 mm)

Crevice
(40 mm)

62.5 mm
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Experimental
Monitoring Parameters

• Chemical & Electrochemical Parameters
– pH monitoring

• Pt electrode

• Ni-plated Tubing & Autoclave

• Reference electrode: Ext. Ag/AgCl (Pure Water) electrode

• Measurement of Pt electrode and Ni potential vs. Reference 
electrode

– Crevice solution monitoring
• Conductivity measurement by AC impedance (failed)
• Crevice solution sampling: 1/16” OD Teflon tube (future 

work)

• Thermal-hydraulic Parameters
– temperature profile with crevice depth
– local crevice temperature variation as a function of time
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Experimental
Ag/AgCl (Water) Ref. Electrode Development
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Experimental
Experimental Conditions

• Primary Side: Recirculating High Purity Water
• Secondary Side: Refreshed Water

Primary Secondary
Temperature (oC):          max. 300                          270 
Pressure (MPa):                13-14                             5.6 
Flow Rate (L/hr):             ~2000 ~4
Water Chemistry: H2O                        H2O/NaOH
ECP: reducing(H2)                reducing(H2)
Crevice Materials: NA                       open/packed(magnetite)

Experiment & Control:   Fully Computerized System
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Results
Open Crevice Test
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Results
Open Crevice Test
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Results
Open Crevice Test
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Results & Discussion
Open Crevice Test
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Results & Discussion
Open Crevice Test

Comparison of Predicted Data 
with Measured Data
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Results
Packed Crevice Test
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Results
Packed Crevice Test
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Results & Discussion
Comparison of Packed Crevice with Open Crevice
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Results & Discussion
Measured and Predicted Potential
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Summary & Conclusions

• Heated crevice chemistry was studied by high temperature tests using 
a simulated PWR steam generator.

• Ag/AgCl reference electrode was developed for monitoring chemica l 
concentration in the simulated SG tubesheet crevice, by using pu re 
water as filling solution in order to solve potential drift problem.

• NaOH concentration process was confirmed in the tubesheet crevice 
with 0.15 mm radial gap based on temperature and electrochemical
potential measurement data.

• As ∆T across the tube wall increased, the axial temperature gradient in 
crevice and time constant for concentration transient increased.

• A reasonable agreement was found between the measured and 
predicted data on the crevice potential.

• When the crevice was filled with magnetite particles, it showed the 
longer time constant for Na concentration and the severer 
concentration behavior compared with the case of open crevice.
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JAPCJAPC

bñéÉêáÉåÅÉ=çÑ=eÉ~íÉÇ=`êÉîáÅÉ

bñéÉêáãÉåíë=~í=píìÇëîáâ

eJm=eÉêã~åëëçåGFI=^K=jçä~åÇÉêGF
mJlK=^åÇÉêëëçåGGF=~åÇ=eK=q~âáÖìÅÜá=GGGF

GF=píìÇëîáâ=kìÅäÉ~ê=^_I=pbJSNN=UO=kóâ∏éáåÖI=pïÉÇÉå
GGF=oáåÖÜ~äë=^_I=pbJQPM=OO=s®ê∏Ä~Åâ~I=pïÉÇÉå

GGGF=g~é~å=^íçãáÅ=mçïÉê=`çãé~åóI=jáíçëÜáêç=_ìáäÇáåÖI=NJN=h~åÇ~JjáíçëÜáêçJÅÜçI
`ÜáóçÇ~JâìI=qçâóç=NMNJMMRPI=g~é~å
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JAPCJAPC

fåíêçÇìÅíáçå

^=Ñ~Åáäáíó=ï~ë=ÇÉëáÖåÉÇ=~åÇ=ÅçåëíêìÅíÉÇ=Ñçê=ÅÜ~ê~ÅíÉêáò~íáçå=çÑ
ÅêÉîáÅÉ=ÉåîáêçåãÉåíë=ÇìêáåÖ=êÉ~äáëíáÅ=ÅçåÇáíáçåëK=qpm=áåíÉêëÉÅíáçåë
Ü~ë=ÄÉÉå=ëáãìä~íÉÇK=`êÉîáÅÉë=ïÉêÉ=çéÉå=ÄçíÜ=~í=íçé=~åÇ=ÄçííçãK
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JAPCJAPC

cÉ~íìêÉë=çÑ=íÜÉ=ÉèìáéãÉåí

píÉ~ã=ÖÉåÉê~íçê=íìÄÉ=ÜÉ~íÉÇ=ÉäÉÅíêáÅ~ääó=çê=Äó=éêÉëëìêáòÉÇ=ÜáÖÜ
íÉãéÉê~íìêÉ=ï~íÉêK

jÉ~ëìêÉãÉåíë=çÑ=Åçêêçëáçå=éçíÉåíá~äI=êÉÇçñ=éçíÉåíá~äI=ée=~åÇ
ÅçåÇìÅíáîáíó=áå=Äìäâ=éÜ~ëÉ=~åÇ=áå=íÜÉ=ÅêÉîáÅÉ=êÉÖáçåK

mêÉëëìêÉ=Çêçé=çîÉê=ÅêÉîáÅÉ=ëáãìä~íÉÇ=áå=ëçãÉ=íÉëí=Äó=ÜáÖÜ=Ñäçï
êÉÅáêÅ=éìãéK

qÉãéÉê~íìêÉ=ãÉ~ëìêÉãÉåíë=áå=íÜÉ=pd=íìÄáåÖK

`êÉîáÅÉ=ëÉÅíáçå=É~ëó=íç=êÉéä~ÅÉK
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JAPCJAPC

qÜÉ=píìÇëîáâ=iççé=Ñçê=eÉ~íÉÇ=`êÉîáÅÉ=píìÇáÉë

t~íÉê

ÜÉ~íÉÇ
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ïáíÜçìí

ÜáÖÜ=Ñäçï

êÉÅáêÅK

HPLC pump
0-5 mL/min

P = 65 Bar

AUTOCLAVE
W. CREVICE

FEEDWATER
PUMP 2 - 4 L/h

κ

κ
κ

FEED-
WATER

PRE-
HEATER

~ 230 V
 toheater

κ -Conductivity cell

HPLC pump
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P =
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H2SO4
or

NaOH

O2 or
N2H4
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JAPCJAPC

jçåáíçêáåÖ=çìíëáÇÉ=íÜÉ=ÅêÉîáÅÉ=êÉÖáçå

ConductivityConductivity
cellcell

ThermocouplesThermocouples
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JAPCJAPC

eÉ~íÉÇ=`êÉîáÅÉ=^êê~åÖÉãÉåí

Ag/AgCl-electrode

Pt-electrodes
for conductivity
measurements

Thermocouples

Ag/AgCl-electrode
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JAPCJAPC

^ëóããÉíêáÅ=ÑáääÉÇ=ÅêÉîáÅÉ=ÇÉëáÖå

Figure 1
Schematic drawing of asymmetric crevice design.
Legend: Red is asymmetric crevice. Green is tube. Large gray part is TSP.

22.2mm O.D.

22.6mm O.D.

TSP

TUBE

167



JAPCJAPC

qóéáÅ~ä=éêáã~êó=êÉëìäíë

^ÑíÉê=íÜÉ=ÅçåíêçääÉÇ=~ãçìåíë=çÑ=áãéìêáíáÉë=ïÉêÉ=~ÇÇÉÇ=íç=íÜÉ=Äìäâ
éÜ~ëÉ=ÜáÇÉçìí=ï~ë=É~ëáäó=ãÉ~ëìêÉÇ=Äó=~=ÅçåÇìÅíáîáíó=ÇÉÅêÉ~ëÉ=~åÇ
éçíÉåíá~ä=ÅÜ~åÖÉ=áå=íÜÉ=Äìäâ=éÜ~ëÉK

páãìäí~åÉçìë=ãçåáíçêáåÖ=ï~ë=ã~ÇÉ=áå=íÜÉ=ÅêÉîáÅÉ=íç=íêó=íç=Ñçääçï=íÜÉ
ÜáÇÉçìí=áåJëáíìK=eçïÉîÉêI=íÜÉ=ÅêÉîáÅÉ=ãÉ~ëìêÉãÉåíë=ïÉêÉ=çÑíÉå=Ü~êÇ
íç=Éî~äì~íÉ=~åÇ=ìåÇÉêëí~åÇK=oÉëìäíë=ïÉêÉ=çÑíÉå=ÇáÑÑáÅìäí=Eçê
áãéçëëáÄäÉF=íç=êÉéêçÇìÅÉK

_ó=áåíÉêêìéíáåÖ=íÜÉ=ÜÉ~íáåÖI=êÉíìêå=ÅçìäÇ=ÄÉ=ÇÉãçåëíê~íÉÇK

qÜÉ=ÜáÇÉçìíLêÉíìêå=ï~ë=ÜÉ~îáäó=ÇÉéÉåÇÉåí=çå=íÜÉ=ÅêÉîáÅÉ=Ö~é=~åÇ=íÜÉ
ÅêÉîáÅÉ=ÑáääáåÖK

^=éêÉëëìêÉ=Çêçé=çîÉê=íÜÉ=qpm=ëáÖåáÑáÅ~åíäó=ÇÉÅêÉ~ëÉë=íÜÉ=çÄí~áåÉÇ
ÜáÇÉçìíK

168



JAPCJAPC

bñ~ãéäÉW=`êÉîáÅÉ=Ö~éW=N=ããI=ìåé~ÅâÉÇ

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

1993-10-26 1993-10-31 1993-11-05 1993-11-10 1993-11-15 1993-11-20 1993-11-25 1993-11-30 1993-12-05 1993-12-10

0

50

100

150

200

250

300

350

T
E

M
P

E
R

A
T

U
R

E
 °

C

TUB temperature

0.1 g NaOH

Boiling

0.5 g NaOH
4.4 g NaOH

10.0 g NaOH

0.57 g H3BO3

5.15 g H3BO3

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

93-10-26 93-10-31 93-11-05 93-11-10 93-11-15 93-11-20 93-11-25 93-11-30 93-12-05 93-12-10

0

50

100

150

200

250

300

350

T
E

M
P

E
R

A
T

U
R

E
 °

C

TUB temperature

0.1 g NaOH
Boiling 0.5 g NaOH

4.4 g NaOH

10.0 g NaOH
0.57 g H3BO3

5.15 g H3BO3

_ìäâ `êÉîáÅÉ

`êÉîáÅÉ=~åÇ=Äìäâ=êÉ~ÇáåÖ=~êÉ=ÉëëÉåíá~ääó=íÜÉ=ë~ãÉ=~í=N=ãã=ÅêÉîáÅÉ=Ö~éK

169



JAPCJAPC

bñ~ãéäÉW=`êÉîáÅÉ=Ö~éW=MKO=ããI=ìåé~ÅâÉÇ

0

20

40

60

80

100

120

08-24 09-03 09-13 09-23 10-03 10-13 10-23 11-02 11-12 11-22

C
on

du
ct

iv
ity

 ( µ
S/

cm
)

0

20

40

60

80

100

120

140

160

C
on

ce
nt

ra
tio

n 
( µ

m
ol

/d
m

3 )

Na

Cl
D

os
. 1

74
 u

m
ol

 N
aC

l

D
os

. 3
48

 u
m

ol
 H

C
l

D
os

. 1
74

 u
m

ol
 N

aO
H

D
os

. 6
96

 u
m

ol
 N

aO
H

R
et

ur
n 

du
e 

to
 te

m
p.

 d
ec

re
as

es

Te
m

p.
de

cr
ea

se

St
ar

t b
lo

w
 d

ow
n

Start blow down

St
op

p 
bl

ow
 d

ow
n

Temp. decreaseDos. 1.39 mmol HCl

D
os

. c
a.

1 
m

m
ol

 N
aO

H

_ìäâ=ãÉ~ëìêÉãÉåíë

170



JAPCJAPC

bñ~ãéäÉW=`êÉîáÅÉ=Ö~éW=MKO=ããI=ìåé~ÅâÉÇ

1

10

100

1000

08-24 09-03 09-13 09-23 10-03 10-13 10-23 11-02 11-12 11-22

C
on

du
ct

iv
ity

 ( µ
S/

cm
)

D
os

. 1
74

 u
m

ol
 N

aC
l

D
os

. 3
48

 u
m

ol
 H

C
l

D
os

. 1
74

 u
m

ol
 N

aO
H

D
os

. 6
96

 u
m

ol
 N

aO
H

Te
m

p.
 d

ec
re

as
es

Te
m

p.
de

cr
ea

se

St
ar

t b
lo

w
 d

ow
n

St
ar

t
bl

ow
do

w
n

Temp. decrease

D
os

. 1
.3

9 
m

m
ol

 H
C

l

D
os

. c
a.

1 
m

m
ol

 N
aO

H

St
op

p 
bl

ow
 d

ow
n

`êÉîáÅÉ=ÅçåÇìÅíáîáíó

171



JAPCJAPC

bñ~ãéäÉW=`êÉîáÅÉ=Ö~éW=MKO=ããI=ìåé~ÅâÉÇ

-1.4

-1.2

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

08-24 09-03 09-13 09-23 10-03 10-13 10-23 11-02 11-12 11-22

Po
te

nt
ia

l v
.s

. S
H

E 
(V

)

D
os

. 1
74

 u
m

ol
 N

aC
l

D
os

. 1
74

 u
m

ol
 N

aO
H

Dos. 696 umol NaOH

Te
m

p.
 d

ec
re

as
e

St
ar

t b
lo

w
 d

ow
n

St
ar

t b
lo

w
 d

ow
n

Te
m

p.
 d

ec
re

as
e

Dos. 1.39 mmol HCl

Dos. ca.1 mmol NaOH

Constant tube effect

Dos. 348 umol HCl

St
op

p 
bl

ow
 d

ow
n

mçíÉåíá~ä=çÑ=mq=áåëáÇÉ=ÅêÉîáÅÉ=îë=íïç=êÉÑÉêÉåÅÉ=ÉäÉÅíêçÇÉë

172



JAPCJAPC

bñ~ãéäÉW=`êÉîáÅÉ=Ö~éW=MKO=ããI=ìåé~ÅâÉÇ

mçíÉåíá~ä=ÄÉíïÉÉå=íïç=êÉÑÉêÉåÅÉ=ÉäÉÅíêçÇÉë=áå=íÜÉ=ÅêÉîáÅÉ

173



JAPCJAPC

aáëÅìëëáçå

eáÇÉçìí=~åÇ=êÉíìêå=çÅÅìê=áå=íÜÉ=ÅêÉîáÅÉ=çÑ=íÜÉ=äççé=áÑ=íÜÉ=ÅêÉîáÅÉ
Ö~é=áë=ëã~ää=çê=ÑáääÉÇ=ïáíÜ=~=éçêçìë=ÑáääáåÖK

eáÇÉçìí=áë=É~ëáäó=ãÉ~ëìêÉÇ=Äó=Äìäâ=ÅçåÇìÅíáîáíó=~åÇ=ÅçêêçëáçåLêÉÇçñ
éçíÉåíá~äëK

`êÉîáÅÉ=ãÉ~ëìêÉãÉåíë=çÑíÉå=ÅçåÑáêã=íÜÉ=ÜáÇÉçìí=éêçÅÉëë=Äìí=íÜÉ
ãÉ~ëìêÉãÉåíë=ëÜçï=ä~êÖÉ=î~êá~íáçåë=áåëáÇÉ=íÜÉ=ÅêÉîáÅÉK

qÜáë=ãÉ~åë=íÜ~í=àìëí=ÄÉëáÇÉ=íÜÉ=ãÉ~ëìêáåÖ=äçÅ~íáçåë=~å=ÉîÉå=ãçêÉ
~ÖÖêÉëëáîÉ=ëçäìíáçå=Å~å=Éñáëí=EïÜáÅÜ=ÇÉíÉêãáåÉë=íÜÉ=Åçêêçëáçå
~íí~ÅâFK

pç=Üçï=ëÜ~ää=ïÉ=ìëÉ=Ç~í~=Ñêçã=ÜÉ~íÉÇ=ÅêÉîáÅÉ=ÉñéÉêáãÉåíë\

174



JAPCJAPC

aáëÅìëëáçå=EÅçåíKF

_ó=ãçÇÉäáåÖ=ÅêÉîáÅÉ=ÅçåÅÉåíê~íáçåë=Å~å=ÄÉ=Å~äÅìä~íÉÇK=qÜÉ=åçãáå~ä
ÅêÉîáÅÉ=îçäìãÉ=áë=ìëÉÇ=~åÇ=íÜÉ=ÅÜÉãáÅ~äë=íÜ~í=ÒÇáë~ééÉ~êÒ=Ñêçã=íÜÉ
Äìäâ=~êÉ=~ëëìãÉÇ=íç=Öç=áåíç=íÜÉ=ÅêÉîáÅÉK

eçïÉîÉêW

`êÉîáÅÉ=îçäìãÉ=áë=ìåÇÉÑáåÉÇ=EíÜÉ=îçáÇ=ê~íáç=áåëáÇÉ=íÜÉ=ÅêÉîáÅÉ=áë
ìåâåçïåFK

qÜÉ=ÅçåÅÉåíê~íáçå=çÑ=ÅÜÉãáÅ~äë=áåëáÇÉ=íÜÉ=ÅêÉîáÅÉ=ëÜçï=~=ÜìÖÉ
î~êá~íáçåK

`~äÅìä~íÉÇ=ÅçåÅÉåíê~íáçåë=~åÇ=ÅçåÅÉåíê~íáçå=Ñ~Åíçêë=~êÉ=åçí==î~äáÇ=áå
íÜÉëÉ=ëÜçêí=íÉêã=ÉñéÉêáãÉåíë=~åÇ=Åçêêçëáçå=éêÉÇáÅíáçåë=~êÉ
ìåÅÉêí~áåK

`~å=äçåÖ=íÉêã=ÉñéçëìêÉë=ÜÉäé=íÜÉ=ëáíì~íáçå\

175



JAPCJAPC

cáääÉÇ=ÅêÉîáÅÉë

^ëóããÉíêáÅ=ÅêÉîáÅÉë=ïáíÜ=~=ÑáääáåÖ=çÑ=~Äçìí=OR=B=éçêçëáíóK

eÉã~íáíÉ=áå=çñáÇáòáåÖ=ElOF=~åÇ=ã~ÖåÉíáíÉ=áå=êÉÇìÅáåÖ=EkOeQF
ÉåîáêçåãÉåíK

^äâ~äáåÉ=~åÇ=~ÅáÇáÅ=ÉåîáêçåãÉåíK

qÉãéÉê~íìêÉ=E°`FI=éeíI=~åÇ=ÇáÑÑÉêÉåí=bpebI=ïÉêÉ=ãçåáíçêÉÇ=áå=Äìäâ
~åÇ=ÅêÉîáÅÉK

qÜÉ=êÉÅçêÇáåÖë=ïÉêÉ=~å~äóòÉÇ=Ñçê=ÜáÇÉçìíLêÉíìêå=E~ãéäáíìÇÉë=~åÇ
íáãÉ=ÇÉéÉåÇÉåÅáÉëFK

176



JAPCJAPC

bñ~ãéäÉ=çÑ=~äâ~äáåÉLçñK=eq`

0

500

1000

1500

2000

2500

3000

2000-09-29 2000-10-04 2000-10-09 2000-10-14 2000-10-19 2000-10-24 2000-10-29

H
ig

h
 t

em
p

er
at

u
re

 B
u

lk
co

n
d

u
ct

iv
it

y 
u

S
/c

m

0

500

1000

1500

2000

2500

3000

H
ig

h
 t

em
p

er
at

u
re

 c
on

d
u

ct
iv

it
y 

cr
ev

ic
e

HTC-crevice

HTC-bulk

HTC crevice
HTC-crevice

N O P

177



JAPCJAPC

bñ~ãéäÉ=çÑ=~äâ~äáåÉLçñK=bpeb

-800

-600

-400

-200

0

200

2000-09-29 2000-10-04 2000-10-09 2000-10-14 2000-10-19 2000-10-24 2000-10-29

P
ot

en
ti

al
 (

m
V

  S
H

E
)

0

50

100

150

200

250

300

350

400

450

pp
b 

O
2

 Pt Ph Ac  pH-crevice  Pt-crevice ak crevice
Shut-down NaOH Na2CO3 Heater off O2 ak outlet ppb O2 ppb in

Pt-bulk

Autoclave

pH-bulk

Pt-crevice

Tube

pH-crevice N O P

178



JAPCJAPC

oÉëìäíë=Ñçê=~äâ~äáåÉLçñLêÉÇK=ÅêÉîáÅÉ

páãìäí~åÉçìë=çÄëÉêî~íáçåë=ïÉêÉ=ã~ÇÉ=çÑ=ÇÉÅêÉ~ëÉ=áå=íÜÉ=ÅêÉîáÅÉ=eq`
~åÇ=áåÅêÉ~ëÉ=çÑ=íÜÉ=Äìäâ=eq`=áåÇáÅ~íáåÖ=eáÇÉçìíLêÉíìêå=~í=íÉãéK=ÇáéëK

få=ÄÉíïÉÉå=íÉãéÉê~íìêÉ=ÇáéëI=ÅêÉîáÅÉ=eq`=ëäçïäó=áåÅêÉ~ëÉë=~Ö~áå=
~åÇ=Äìäâ=eq`=Ñ~ääë=Ä~Åâ=íç=îÉêó=äçï=î~äìÉëI=áåÇáÅ~íáåÖ=ÜáÇÉçìíK

páãìäí~åÉçìë=íÉãé=~åÇ=Äìäâ= éçíÉåíá~ä=Çáéë=îÉêáÑó=~=êÉíìêå=ÉÑÑÉÅíK

^å=çåÖçáåÖ=áåÅêÉ~ëÉ=çÑ=íÜÉ=míEÅêÉîáÅÉF=éçíÉåíá~ä=áå=çñáÇáòáåÖ=~åÇ=
ÇÉÅêÉ~ëÉ=áå=êÉÇìÅáåÖ=ÉåîáêçåãÉåí=áåÇáÅ~íÉë=~=ëäçï=êÉ~Åíáçå=çå=íÜÉ=
êÉÇçñ=ÉåîáêçåãÉåí=áå=íÜÉ=ÄìäâK

179



JAPCJAPC

bñ~ãéäÉ=çÑ=~ÅáÇáÅLçñK=bpeb

-1000

-800

-600

-400

-200

0

200

400

600

800

1000
20

01
-0

4-
24

20
01

-0
4-

26

20
01

-0
4-

28

20
01

-0
4-

30

20
01

-0
5-

02

20
01

-0
5-

04

20
01

-0
5-

06

20
01

-0
5-

08

20
01

-0
5-

10

20
01

-0
5-

12

20
01

-0
5-

14

20
01

-0
5-

16

20
01

-0
5-

18

20
01

-0
5-

20

20
01

-0
5-

22

20
01

-0
5-

24

20
01

-0
5-

26

20
01

-0
5-

28

20
01

-0
5-

30

20
01

-0
6-

01

20
01

-0
6-

03

P
ot

en
ti

al
 (

m
V

  S
H

E
)

 Pt Ph Ac  pH-crevice  Pt-crevice ak crevice Shutdown

Pt-bulk

Autoclave

pH-bulk

Pt-crevice
Tube

pH-crevice

Shutdown

N O P

180



JAPCJAPC

oÉëìäíë=Ñçê=~ÅáÇáÅLçñK=ÅêÉîáÅÉ=EUF

páãìäí~åÉçìë=ÇÉÅêÉ~ëÉ=áå=ÅêÉîáÅÉ=eq`=~åÇ=áåÅêÉ~ëÉ=çÑ=Äìäâ=eq`I=Äìí
ÅêÉîáÅÉ=eq`=ëáÖå~äë=ÇáÑÑÉêÉåí=Ñêçã=~äâ~äáåÉ=Å~ëÉë=~í=íÉãéK=ÇáéëK

`êÉîáÅÉ=eq`=ÇáÇ=åçí=ÅÜ~åÖÉ=ÄÉíïÉÉå=íÉãéK=ÇáéëI=Äìí=Äìäâ=eq`=Ñ~ääë=
Ä~Åâ=íç=îÉêó=äçï=î~äìÉëK=j~áå=ÜáÇÉçìí=äÉîÉä=Éëí~ÄäáëÜÉÇ=îÉêó=É~êäó\

qÜÉ=míEÅêÉîáÅÉF=éçíÉåíá~ä=êÉëéçåÇë=ïáíÜ=Çáéë=çå=íÉãéÉê~íìêÉ=ÇáéëI=
áåÇáÅ~íáåÖ=~å=~ÅáÇáÅ=êÉíìêå=éêçÅÉëëK

qÜÉ=íÉãéÉê~íìêÉ=Çáéë=~äëç=ÖÉåÉê~íÉ=ëáãìäí~åÉçìë=áåÅêÉ~ëÉ=áå=ãçëí
Äìäâ=éçíÉåíá~äëI=áåÇáÅ~íáåÖ=~å=~ÅáÇáÅ=êÉíìêå=ÉÑÑÉÅíK

qÜÉ=ÅêÉîáÅÉ=êÉä~íÉÇ=éçíÉåíá~äë=ÉèìáäáÄê~íÉ=ãçêÉ=ê~éáÇäó=íÜ~å=áå
~äâ~äáåÉ=ÉåîáêçåãÉåíK

181



JAPCJAPC

bñ~ãéäÉ=çÑ=~ÅáÇáÅLêÉÇK=eq`=EVF

0

500

1000

1500

2000

2500

3000

3500

4000

4500

20
01

-0
6-

05

20
01

-0
6-

07

20
01

-0
6-

09

20
01

-0
6-

11

20
01

-0
6-

13

20
01

-0
6-

15

20
01

-0
6-

17

20
01

-0
6-

19

20
01

-0
6-

21

20
01

-0
6-

23

20
01

-0
6-

25

20
01

-0
6-

27

20
01

-0
6-

29

20
01

-0
7-

01

20
01

-0
7-

03

20
01

-0
7-

05

20
01

-0
7-

07

20
01

-0
7-

09

20
01

-0
7-

11

20
01

-0
7-

13

H
ig

h
 t

em
p

er
at

u
re

 B
u

lk
co

n
d

u
ct

iv
it

y 

0

500

1000

1500

2000

2500

3000

H
ig

h
 t

em
p

er
at

u
re

 c
on

d
u

ct
iv

it
y 

cr
ev

ic
e

  HTC-bulk Shutdown  HTC-crevice a  HTC-crevice b  HTC-crevice c

HTC-crevice aHTC-bulk

HTC crevice b

HTC-crevice c

Shutdown

N

O

182



JAPCJAPC

bñ~ãéäÉ=çÑ=~ÅáÇáÅLêÉÇK=bpeb=EVF

-1000

-800

-600

-400

-200

0

200

400

600

800

1000

20
01

-0
6-

05

20
01

-0
6-

07

20
01

-0
6-

09

20
01

-0
6-

11

20
01

-0
6-

13

20
01

-0
6-

15

20
01

-0
6-

17

20
01

-0
6-

19

20
01

-0
6-

21

20
01

-0
6-

23

20
01

-0
6-

25

20
01

-0
6-

27

20
01

-0
6-

29

20
01

-0
7-

01

20
01

-0
7-

03

20
01

-0
7-

05

20
01

-0
7-

07

20
01

-0
7-

09

20
01

-0
7-

11

20
01

-0
7-

13

P
ot

en
ti

al
 (

m
V

  S
H

E
)

 Pt Ph Ac  pH-crevice  Pt-crevice ak crevice Shutdown

Pt-bulk
Autoclave

pH-bulk

Pt-crevice

Tube

pH-crevice

Shutdown

N O

183



JAPCJAPC

oÉëìäíë=Ñçê=~ÅáÇáÅLêÉÇK=ÅêÉîáÅÉ=EVF

låÉ=ÅêÉîáÅÉ=eq`=îÉêó=ëÅ~ííÉêÉÇK=bèì~äë=çíÜÉê=~ÑíÉê=OåÇ=ÜÉ~íÉê=íêáéK

_ìäâ=eq`=~äï~óë=Ñ~ääë=Ä~Åâ=íç=îÉêó=äçï=î~äìÉëI=áåÇáÅ~íáåÖ=ÜáÇÉçìíK

^ää=bEÄìäâF=áåÅêÉ~ëÉ=~í=íÜÉ=ÜÉ~íÉê=íêáéI=áåÇáÅ~íáåÖ=êÉíìêåK

qÜÉ=éeEÅêÉîáÅÉF=éçíÉåíá~ä=ÇÉÅêÉ~ëÉëI=ÅçåÑáêãáåÖ=íÜÉ=êÉíìêåK

qÜÉ=míEÅêÉîáÅÉF=éçíÉåíá~ä=ëÉÉãë=íç=ÄÉ=ãçêÉ=ÇÉéÉåÇÉåí=çå=ÜáÇÉJçìí
~åÇ=êÉíìêå=çÑ=ÜóÇê~òáåÉ=íÜ~å=çÑ=~ÅáÇ=~ë=áí=ÖçÉë=áå=çééçëáíÉ=ÇáêÉÅíáçåK

^ÑíÉê=MTMP=eq`EÅêÉîáÅÉFZeq`EÄìäâFI=bEÅêÉîáÅÉFZbEÄìäâF=áåÇáÅ~íáåÖ=íçí~ä
äçëë=çÑ=íÜÉ=ã~ÖåÉíáíÉ=ÑáääáåÖK=qÜÉ=äçëë=ï~ë=ÅçåÑáêãÉÇ=~í=ëÜìí=ÇçïåK

184



JAPCJAPC

aáëÅìëëáçåI=cáääÉÇ=`êÉîáÅÉë

eq`=~åÇ=éçíK=î~äìÉë=áåÇáÅ~íÉ=ÜáÇÉçìí=~åÇ=åçêã~ääó=ÅçåÑáêã=É~ÅÜ=çíÜÉêK

eáÇÉçìíLêÉíìêå=çÄëÉêîÉÇ=áå=~ää=~äâKL~ÅáÇáÅ=J=çñKLêÉÇK=ÅçåÇáíáçåëK

^ÅáÇáÅ=ÜáÇÉçìíLêÉíìêå=ãçêÉ=ê~éáÇ=íÜ~å=~äâ~äáåÉ\

mêçíçäóíÜáÅ=ÜáÇÉçìíLêÉíìêå=ãçêÉ=ê~éáÇ=íÜ~å=êÉÇçñ=ÜáÇÉçìíLêÉíìêå\

cáå~ä=êÉëéçåëÉ=ëíêçåÖÉê=áå=~=éçêçìë=ÑáääáåÖ=Åçãé~êÉÇ=ïáíÜ=åç=ÑáääáåÖ\

qÜÉ=ïáÇÉê=~åÇ=çìíÉê=é~êíë=çÑ=íÜÉ=ÑáääÉÇ=ÅêÉîáÅÉë=ëÉÉãë=íç=ÅçããìåáÅ~íÉ
ïáíÜ=íÜÉ=Äìäâ=áå=íÜÉ=ÜáÇÉçìíLêÉíìêå=éêçÅÉëëK=qÜÉ=çìíÉê=é~êíë=ê~éáÇäóK

185



JAPCJAPC

`çåÅäìëáçåë
fí=áë=ÇáÑÑáÅìäí=íç=Çê~ï=Ñáêã=ÅçåÅäìëáçåë=~Äçìí=íÜÉ=ÅêÉîáÅÉ=ÅÜÉãáëíêó
íÜêçìÖÜ=ÜÉ~íÉÇ=ÅêÉîáÅÉ=ÉñéÉêáãÉåíëK

qÜÉ=ÉñéçëìêÉ=íáãÉë=ã~ó=åçí=ÄÉ=ÉåçìÖÜ=íç=êÉ~ÅÜ=~=ëíÉ~Çó=ëí~íÉ=áåëáÇÉ
íÜÉ=ÅêÉîáÅÉK

oÉëìäíë=ÇáÑÑáÅìäí=íç=êÉéêçÇìÅÉK

fãéêçîÉãÉåíë=çÑ=íÜÉ=ÜÉ~íÉÇ=ÅêÉîáÅÉ=íÉÅÜåáèìÉ=ã~ó=ÄÉ=éçëëáÄäÉ=Äìí
~äíÉêå~íáîÉ=ãÉíÜçÇë=ïçìäÇ=ÄÉ=~ííê~ÅíáîÉ=íç=áãéêçîÉ=ÅçêêçëáçåLÜáÇÉçìí
éêÉÇáÅíáçåëK

`çãÄáåÉÇ=ê~Çáçíê~ÅÉê=~åÇ=ÅÜÉãáÅ~ä=áåJÅêÉîáÅÉ=ãçåáíçêáåÖ=ã~ó=ÄÉ=ëìÅÜ=~
éçëëáÄáäáíóK

186



High Temperature pH probes for crevice/ crack tip solution chemistry applications 
 -  A preliminary study 

 
S. Rangarajan*, Y. Takeda and T. Shoji 

 
Fracture Research Institute, Tohoku University,  
01 Aoba Aramaki Aobaku, 
Sendai/980-8579, Japan 
 
*Water and Steam Chemistry Laboratory, 
BARC Facilities, Kalpakkam- 603102, India 
 

 
Abstract 

 
The importance of  water chemistry for economic, reliable and safe operation of water cooled 
power plants is well known. Among the various water chemistry parameters, pH plays an 
important role as it controls the local environmental chemistry through acid/ base equilibria of 
the dissolved electrolytes and various corrosion reactions of the structural materials with high 
temperature water. The pH of the crevice / crack tip solution rapidly changes due to occluded 
geometry and other associated phenomena like mass transport, thermal / potential gradients and 
boiling etc. This paper describes the fabrication of a few miniature pH probes based on YSZ 
membrane (with Cu/Cu2O and  Ni/NiO internals) and  normal W/WxOy systems by  employing 
conventional, special electrochemical procedures and advanced methods like plasma spray 
techniques. The results on surface morphology and electrode interphases by Back scattered 
electron microscopy (BSM), EDAX and ESCA measurements were reported. Thermodynamic 
calculations are presented for arriving at the standard potential (Eo) values of these probes at 
different temperatures and the theoretical potential values (vs SHE) for various pH values of the 
solution were calculated. The pH measurements were carried out in bulk PWR water with 
hydrogenated conditions ( 1200 ppm Boric acid and 2 ppm LiOH;     DO < 5 ppb; 0-2 ppm DH )  
in the temperature range of  250-300 oC by monitoring the potential of the pH probes with an 
external Ag/AgCl reference electrode. The results show that the electrode potentials are very 
stable at a constant temperature and change with temperature as the pH changes. The electrodes 
are also unaffected by the presence hydrogen in the solution. However, the electrodes 
performance were found to decrease beyond 200 hours and after repeated hydrogen cycling. The 
experimentally measured and theoretically calculated values are compared and discussed.  
 
Key words: crevice chemistry, crack tip,  pH, YSZ, high temperature 
 
Introduction 
 
The operational safety of a power plant mainly depends on the structural materials and the 
environmental chemistry. The plant life can be extended by switching over to improved 
engineering materials and practicing a controlled environmental chemistry. However, for the 
operating power plants, changing of material is not only economical but also very difficult. On 
the other hand, controlling the environment is relatively easy and hence most of the plant utilities 
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adopt to this procedure for economical operation of their power plants. For water cooled power 
plants, the environment is nothing but water chemistry with deliberately added chemical 
components to minimize the corrosion damage of the structural materials. Of the various water 
chemistry parameters viz., dissolved oxygen, specific conductivity etc., pH plays an important 
role as it controls the local chemistry through acid/ base equilibria of the dissolved electrolytes 
and various corrosion reactions of the structural materials with high temperature water. The bulk 
water pH for a given composition of electrolytes does not change rapidly, but the crevice pH or 
the pH at the crack tip solution changes dynamically due to occluded geometry and other 
associated phenomena like mass transport, thermal / potential gradients and boiling etc. This 
leads to an aggressive chemistry in crevice or crack tip regions and influences the local corrosion 
reactions. Many studies have shown that the pH of crack tip solution is a function of the crack 
growth behavior of the material tested and in-situ pH measurements are always essential for 
validating the theoretical models of crack tip solution chemistry and hence the mechanism of 
environmentally assisted cracking  (EAC) of the structural materials. This paper describes the 
fabrication of a few miniature pH probes based on YSZ membrane (with Cu/Cu2O and Ni/NiO 
internals) and normal W/WxOy systems by employing conventional, special electrochemical 
procedures and advanced methods like plasma spray techniques. Apart from surface morphology 
of the pH probes, the preliminary results of pH measurements in bulk PWR water with 
hydrogenated conditions (1200 ppm Boric acid and 2 ppm LiOH; DO < 5 ppb; 0-2 ppm DH) in 
the temperature range of 250-300 oC) are reported. The experimentally measured and 
theoretically calculated values are compared and discussed.   
 
Experimental  
 
Design and Fabrication of pH probes 
 
Earlier, standard hydrogen electrodes (SHE) based on Pt, Pd-H and Pd-Ag-H systems were used 
for  high temperature pH measurements. However, these electrodes lost their popularity due to 
various problems viz., H2 gas handling, difficulty in maintaining a particular partial pressure of 
hydrogen and their sensitivity to red-ox species. Later, pH electrodes based on yttria-stabilised 
zirconia (YSZ) with various internal metal / metal oxide systems gained importance as they don’t 
have problems that are faced with standard hydrogen electrodes and since they are chemically 
inert to high temperature water [1-6]. The high temperature pH probes for bulk water 
applications can be prepared by filling a commercially available YSZ tubes (usually ¼ in. OD) 
with a suitable metal/ metal oxide powder and using a metallic wire as the contact and lead from 
the sensor. However, the crevice / crack tip solution chemistry applications require miniature 
probes.  
 
In this study, three different miniature pH probes were prepared based on Cu/Cu2O, Ni/NiO and 
W/WxOy systems by using a 0.5 mm metallic wire and sequentially forming the corresponding  
metal oxide and YSZ coating  (only for Cu and Ni based systems) by various methods. The wire 
was then covered with heat shrinkage polytetrafluoroethylene (PTFE) tubing, leaving the sensor 
portion exposed to test solution.  For copper, the oxide coating was obtained either by heating 
with a propane gas torch or at 1000 oC in a muffle furnace under normal condition or at  800 0C 
in Argon atmosphere. The upper layer of cupric oxide was naturally flacked off by slowly 
cooling the furnace and the remaining cupric oxide, if any, was brushed off to expose the inner 
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cuprous oxide film. In another procedure, a thin composite film of copper / cuprous oxide was 
formed by employing an electrodeposition method with a 0.6 M copper lactate solution (pH 9.0) 
using  a current density of 1.5 mA/cm2.  For Ni/NiO and W/WxOy, the oxide coating was 
obtained by heating in air to a red heat for 3-5 minutes using a propane gas torch. Since the 
bonding characteristics of the YSZ depends on the substrate surface as well as the method of 
coating technique, different methods viz., Plasma Spray, Chemical Vapor Deposition (CVD) and 
Electrophoretic Deposition (ED) were proposed. However, for this study, only the electrodes 
coated with Plasma Spray technique were used for the pH measurements. The latter procedures 
are supposed to give more compact layer of YSZ and hence are now under way. 
 
Theoretical Calculation of Standard Potentials of the sensors  
 
Fig.1. gives the basic mechanism of potential development across the YSZ membrane. Based on 
the interphase potentials of the reactions at the various interfaces, one can show that the potential 
of these electrodes can be calculated from the free energy of the reaction, 
 

xM + yH2O  ⇔  MxOy + 2yH+ + 2ye-       …. (1)  
 
and the potentials with respect to SHE can be obtained by coupling this half-reaction with that of 
hydrogen reduction,  
 

yH2  ⇔  2yH+ + 2ye-          …. (2) 
 
Hence, the standard potential of these electrodes in a solution containing unit activity of 
hydrogen ion can be calculated from the free energy change for the overall reaction, 
 
  xM + yH2O  ⇔  MxOy + yH2          …. (3) 
  
For the above reaction, the metal oxides viz., Cu2O, NiO and W4O12 [7] were used for the 
copper, Nickel and Tungston based systems respectively. Once the standard potential of these 
electrodes are known at a given temperature, the pHT of the solution can be calculated from the 
measured potential of the YSZ probe according to the expression: 
 

E(YSZ VS SHE) = Eo (M/MO)  - (2.303*RT/F)* pHT      …. (4) 
 
where the symbols R, T, and F represent the usual meaning. However, if the YSZ probe potential 
is monitored with respect to an external Ag/AgCl reference electrode, the pHT of the solution can 
be given by the expression, 
 

pHT = [Eo
(M/MO)  - {E(YSZ VS Ag/AgCl) + A}] * [F/(2.303*RT)]    …. (5) 

 
where A is the correction term to convert the potentials from Ag/AgCl to SHE scale [8,9].  
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Measurement system 
 
A recirculating,  high temperature and high pressure water loop with an autoclave facility having 
ports for introducing the pH probes and external Ag/AgCl reference electrode was used for this 
study. The measurements were carried out in simulated PWR water with hydrogenated 
conditions (1200 ppm Boric acid and 2 ppm LiOH; DO < 5 ppb; 0-2 ppm DH )  in the 
temperature range of  250-300 oC. Electrodes of each kind were tested for a total duration more 
than 240 hours and the potentials were measured with a Keithley 6515 system electrometer and 
recorded in the computer for subsequent calculations. 
 
Results and Discussion 
 
Electrode surface morphology and characterisation studies  
 
The photographs of copper based pH probe with cuprous oxide and YSZ films by various 
methods are given in Figure 2. A good adherent film of cuprous oxide was obtained by all the 
heating procedures. The electrolytic method gave a composite film of the cuprous oxide and 
metallic copper. Figure 2 (e) shows the YSZ coated Cu/Cu2O wire by Plasma Spray method 
while figure 2 (f) shows the outer and interior surfaces of the copper based pH probe.  Figure 3. 
shows the XPS spectrum of the oxide coated copper wire. The cross-section of the coated film 
electrodes were studied by Back scattered electron microscopy (BSM) to identify the surface 
morphology and to evaluate the relative thickness of the films. Figure 4. gives the SEM pictures 
of  the cross-section of the coated electrodes. It can be seen that for copper, the cuprous oxide 
film prepared in Argon atmosphere was not very uniform as compared to that prepared by 
propane gas torch. Of all the methods, the electrolytic method gave the thinner-most film. For 
nickel and Tungsten, the oxide films were quite uniform and very adherent. From the fabrication 
point of view, nickel and tungsten based electrodes are better than copper based electrodes. The 
tungsten based electrode has an additional advantage that it need not be coated with YSZ film for 
the pH measurements. Figure 5. gives the SEM images of YSZ coated Cu/Cu2O based pH 
probes. It can be observed that some delamination had occurred near the oxide/YSZ interface 
and this could have happened during the molding process used for sample preparation for SEM. 
This was clarified by EDAX measurements (not given here) which showed various interfaces. 
Figure 6. gives the photograph of Nickel & Tungsten probes after use. It shows the micro-crack 
that had developed on YSZ coating on nickel electrode towards the end of the test.  
 
Expressions for Standard Potential of the Electrodes: 
 
A computer program was written in BASIC language to calculate the standard potential of the 
sensor from the free energy changes of the overall reaction (3) at various temperatures and to 
calculate the pH of the solution according to equation (5). The following expressions were 
derived from the results of the computer program to obtain the standard potentials, Eo vs SHE in 
Volts for different pH probes.  
 
Eo

(Cu/Cu2O)  = 0.48381 - 0.462513.10-3.T  + 2.14013.10-7.T2 - 1.36749.10-10.T3  
 
Eo

(Ni/NiO) = 0.14099 - 0.363071.10-3 .T + 1.3041.10-7.T2 – 0.253191.10-10 .T3   
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Eo

(W/W4O12)   = 0.08149 - 0.390169.10-3.T + 1.62278.10-7.T2 + 0.395135.10-10.T3 
 
For converting the measured potentials of the pH probes to SHE scale from that of the 
Ag/AgCl/(0.1M KCl) reference electrode, the correction term, A is given by  the expression 
 

A = 0.286637-1.003217.10-3.(T-25) + 0.017447.10-5.(T-25)2 -0.303004.10-8.(T-25)3 

 
where T is the temperature in oC. 
 
pH measurements: 
 
Electrodes of each kind were tested for a total duration more than 240 hours and the potentials 
were measured with a Keithley 6515 system electrometer and recorded in the computer for 
subsequent calculations. 
 
Figure 7. (a-c), gives the potential measurements of the Cu/Cu2O/YSZ pH probe monitored   
over a period 12 days. All the potentials were measured with respect to autoclave frame and 
converted to SHE scale for pH calculations. The red-ox potential of the autoclave solution was 
also monitored by Pt electrode  and were presented in some of the graphs for identifying the 
reason for the change in the potential values. For example, the change in potential in the first 
figure (labeled as 16th) of  7 (a) can be reasoned out to change in temperature while the same in 
figure (labeled as 23rd) of  7 (b) to introduction of hydrogen into the system. It can be seen that 
the potential of the pH probe and the Ag/AgCl reference electrode changed uniformly and the 
differences between the two potentials were almost constant. This behaviour is expected because 
at a given temperature the pH of the solution is constant and hence the potential of the pH probe 
should also remain constant. At this stage, both Ag/AgCl and pH probe function as a reference 
electrode. The potential of the pH probe did not change with the addition of hydrogen showing 
thereby its insensitivity to hydrogen or any redox changes to the system. However, after 24 hours 
of hydrogen addition the potential drifted to more negative value and remained constant and 
again after 36 hours the potential changed drastically and reached value of zero. The electrode 
was inspected after the test and was found to have micro-cracks. The rapid changes in potential 
could be due to development of the cracks which exposes the interior oxide phase to the test 
solution.  
 
Figure 7. (d-f), gives the potential of the nickel and tungsten based pH probes with time. It can 
be seen that as the temperature is increased the potential of both the pH probes change to more 
negative values and become steady when the temperature remains steady. When the temperature 
was maintained for a number of days, the potentials were also remarkably constant. After a few 
days, when the temperature was decreased the potentials of both the probes moved in positive 
direction. It also was observed that the potential of the tungsten probe was more positive than 
that of nickel probe below 250 oC and became more negative at higher temperature. The reverse 
trend was observed when the temperature was decreased from 300 oC to 200 oC and hence this 
change was found to be reversible. Similar to the copper based pH probe, the potential of the 
nickel and tungsten based pH probes also did not change when hydrogen was introduced into the 
system. This can be seen in the figure (labeled 06/12/02) of 7 (e) where the potential of a Pt 
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electrode is changing due to hydrogen addition while that of the pH probes remain at a constant 
value. However, while hydrogen was removed from the system, all the electrodes showed a 
change in potential. The nickel based YSZ probe showed a crack on the electrode surface ( see 
figure. 6) and this could be a reason for the changes in potential of this probe. But the reason for 
the potential shift of tungsten probe was not clear. The estimated pH values calculated from the 
potentials after the system had stabilized was found to be within two pH units from the 
theoretically calculated values for the copper and nickel based electrodes. But this deviation can 
be minimized by improving the YSZ coating and by calibrating the electrode over a wide range 
of pH.  However, for the tungsten electrode, the deviation was more which could be due to the 
uncertainty in the calculated standard potential because of a mixed oxide phase.  
 
Conclusion 
 
The copper and nickel based YSZ probes seem to work in the expected way. But needs to be 
calibrated for a wide range of pH. The standard potential, Eo vs SHE for the various sensors were 
calculated from the free energy changes of the electrode reactions and expressions were derived 
to obtain the same at various temperatures. The estimated pH values (using the theoretically 
calculated standard potential) differed by two pH units from the theoretical pH values of the 
solution. However, the results can be improved by better fabrication procedures using Chemical 
Vapor Deposition (CVD) and Electrophoretic Deposition (ED) techniques to minimize the 
development of minor cracks and by calibration of the probes and using experimental Eo values. 
Ni/NiO system seems to be better than Cu/Cu2O, because NiO coating was more uniform, the 
deviation in pH values was relatively less and also doesn’t pose any problem if nickel ions are 
released to the solution. Tungsten based electrode does not need YSZ coating and it is 
advantageous from the construction point of view. But the main draw back is the uncertainty in 
the theoretical Eo value due to the mixed oxide phase. However, with proper calibration it can 
also be used as it is very simple in design and electrode dimension can be very small to suit 
Crevice / crack tip solution measurements.  
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FIGURE 1. Basic mechanism of potential development across the YSZ membrane probe 
 
 
 
 
 
 
 
 
 
 
 

  
 
 
 

 
 
 
 
 
 

 
 
 

FIGURE 2. Photograph of Copper wire coated with Cu2O and YSZ: (a-c) Cu2O coating by 
heating in Argon atmosphere at 800 oC for 2, 8, 16 minutes respectively (d) Cu2O coating by 
electrolytic method (e) YSZ coated, (f) YSZ partially removed to show inner oxide layer 
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FIGURE 3. XPS spectrum of the oxide coated copper wire: (a-d) copper peaks (e-h) oxygen 
peaks ( a,,b, e & f - with top CuO layer; c,d,g & h – without top CuO layer) 

a b

c d

e f

g h

194



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 4. SEM Photographs of metal/metal oxide coating: (a-c) Cu2O prepared in Argon 
atmosphere at 800 0C, (d-f) Cu2O prepared by Electrolytic method, (g-h) Cu2O prepared by 
Propane gas torch, (i-k) NiO prepared by Propane gas torch, (l-m) WxOy prepared by Propane 
gas torch   
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FIGURE 5. SEM images of YSZ coated Cu/Cu2O based pH probes: (a) Full cross-section (b) 
surface boundary on thickly coated side (c) surface boundary on thinly coated side 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 6. Photograph of Nickel & Tungsten probes after usage: (a) Ni/NiO/YSZ (b) same as 
(a), but enlarged for showing the micro- crack(c) W/WxOy coating (d) same as (c), but enlarged 
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FIGURE 7. (a) Potential Measurements with Cu/Cu2O/YSZ pH probe (Simulated PWR water,  
                         1200 ppm Boric acid and 2 ppm LiOH; DO < 5 ppb; 0-2 ppm DH ) 

  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3:27:52 6:14:32 9:01:11 11:47:51 16:33:40 19:20:19 22:06:59
0

50

100

150

200

250

Time

Te
m

pe
ra

tu
re

 ( 
o C

)

 Temperature

-0.60

-0.40

-0.20

0.00

0.20

0.40

0.60

16th

Potential (V) vs AC
 Fram

e Ag/AgCl
 YSZ
 Pt vs SHE

2:46:38 5:33:17 8:19:57 11:06:36 13:53:15 16:39:55 19:26:34 22:13:14
0

50

100

150

200

250

300

350

Time

Te
m

pe
ra

tu
re

 ( 
o C

)

 Temperature
-0.60

-0.40

-0.20

0.00

0.20

0.40

0.60

17th
Potential (V) vs AC

 Fram
e

 Ag/AgCl
 YSZ
 Pt vs SHE

2:46:33 5:33:12 8:19:51 11:06:31 17:29:09 20:15:49 23:04:48
0

50

100

150

200

250

300

350

Time

Te
m

pe
ra

tu
re

 ( 
o C

)

 Temperature
-0.40

-0.20

0.00

0.20

0.40

0.60

18th

Potential (V) vs AC
 Fram

e

 Ag/AgCl
 YSZ

2:46:27 5:33:07 8:19:46 11:06:26 13:53:05 16:39:44 19:26:24 22:13:03
0

50

100

150

200

250

300

350

Time

Te
m

pe
ra

tu
re

 ( 
o C

)
 Temperature

-0.20

0.00

0.20

0.40

0.60

19th

Potential (V) vs AC
 Fram

e

 Ag/AgCl
 YSZ

197



FIGURE 7. (b) Potential Measurements with Cu/Cu2O/YSZ pH probe 
                         (Con’td) 
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FIGURE 7. (c) Potential Measurements with Cu/Cu2O/YSZ pH probe  
                          (Con’td) 
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FIGURE 7. (d) Potential Measurements with Ni/NiO/YSZ and W/WxOy pH probes (Simulated PWR water  
                         (1200 ppm Boric acid and 2 ppm LiOH; DO < 5 ppb; 0-2 ppm DH ) 
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FIGURE. 7 (e) Potential Measurements with Ni/NiO/YSZ and W/WxOy pH probes 
                         (Con’td) 
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FIGURE. 7 (f) Potential Measurements with Ni/NiO/YSZ and W/WxOy pH probes 
                         (Con’td) 
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