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Abstract

In a locally restricted steam generator (5G) geometrv, Impurities in the
bulk water can be concertrated by boiling process fo extreme pH fhat moy
then accelerate the corrosion of fubing and adiccant wterials. To mitigate the
corrosion, the Molor Hafio Confrol (MRC) techrigue s widely implemented
with the EFPHI mitiafive In order fo maximize ifs benglicial afect, the
wderstuiding  of crevice processes need fo be advanced  For direct
ohsaruation o the processes, low femperafure simulation experiments fove
been comducted for both fubular and planar crevices with fransparant windows
M a dilufe NaOH solufion af afmospharic pressure. The simudafion apparaius
1z also eguipped with thermocouples and microelectrodes for the measuremertd
of femperafure aid pH. NaQH crvsiallizafion were observed o similar
patternis reporfed I earlier studies. The bolling crevice was divided Info
three regions’ wef, dry aid wef, and dry region In both fubulyr and ploar
experiments, the magnifude of heat flux and the gap size are found fo be

mmportart factors goverring the concentration kinefics



1. Introduction

In the Pressurized Water Beactor (PWR), 33 tubes were made of alloy 600
or 690 and steam is produced on the outer diameter side of the tubes, The SG
reliakbility has been one of the important issues encountered during the PWER
operation, Yarious corrosion phenomena were observed in the past [1], In a
locally restricted S0G geotnefry, trace impurities in the bulk water can be
concentrated by boiling  processes to extreme pH, 53 tube degradation
phenomena result from the concenfration of impurities mainly in three locations
in the 55 the tube support plate crevice, the tubesheet crevice, and the
sludge pile, These locations with concentrated solutions mav then develop
Cnuter Diameter Stress Corrosion  Cracking/Inter—-Granular  Attack (ODSCC
fIGA), which is the one of the principal degradation mechanisms in recent
vears [1], To mitigate the CODSCC/IGA in the restricted geometry and to
maintain 55 tube reliability, the detailed understanding of boiling crevice
phenomena is necessary,

A near-neutral crevice is the environment likely to produce the lowest
[GA/SCC crack growth rates [2]. Based on this facts, the Electric Power
Eesearch Institute (EPRI) has developed the Molar BRatio Control (MRC)
program, of which the geoal is to maintain the crevice pH nominally in the
range between 5 to 9 at the operating condition [3], But, within plant
operatiot, no one hknows the crevice conditions, Therefore real-time crevice
monitoring methods need to be developed,

Baum [4] reviewed, in detail the thermal-hydraulic and chemical phenomena
in restricted regions and the free span area, Early studies about crevice
pxperiment were primarily focused on the characterization of thermal-hydraulic
nature, Chemical concentration and chemical or electrochemical measurement in
a crevice were studied more recently, Kozawa and Acki [5] investigated
pxperimentally several characteristics of boiling in a crevice between tube and
tubesheet, A  flat crevice and a  fluid heating method swere adopted
Experimental results showed that three kinds of boiling configurations could

QCCUr I a crevice,



Baum and Curlee [6] performed tests, which simulated the geometric,
thermal, and hydraulic environment found between the tube and the TSP in
tvpical PWER  U-tube SGs. [t was found  that  certain tube  support
configurations could produce a local liguid deficient heat transfer regime,
which, in  turnn, could permit significant chemical concentration, The
interrelationship between the heat and the mass transfer processes in the
confined gecmetry was further demonstrated by comparing the results of an
analytic model Sodium hideout studies in 535 crevices were carried out
systematically by Campan and Shoemaker [7]. A method using MNa® as a
tracer was developed,

A technigque was developed to study electrochemical phenomena in crevices
that simulate the geometry in nuclear 5Gs by Hermer et al  [B]
Electrochemical potentials were measured in TSP crevice geometryv, Lumsden
et al [9] constructed a svstem, which operates with simulated 3G crevice
thermal conditions, The results obtained for the average boiling point elevation
in the crevice, the analysis of the extracted crevice solutions, and the redox
potential in the crevice and free span, after eqguilibrium swas attained, agreed
well with MULTEQ  predictions, The electrochemical noise monitoring
technique was evaluated in a refreshed autoclave systern for eventual corrosion
monitoring systern in SGs [10],

An on-site model boiler facility was constructed in the Kansal Electric
FPower Company OHI Unit 1 at beginning of 1986 [11], Corrosion potential
monitoring in the bulk secondary water and pH monitoring in simulated 5G
crevices were carried out using the model boiler [11]. By analyzing directly
sampled concentrated solution from heated crevice of an on—site autoclave, SG
crevice environment was evaluated [12,13],

Based on earlier worly, the ultimate goal of this study are to generate the
basic data for High Temperature/High Pressure(HT/HP) crevice simulation
system development The obiectives of this study at first step are to directly
chserve the crevice phenomena at low temperature and to measure chermical,
thermohydraulic, and electrochemical parameters in boiling crevice, [t is also

included to determine design parameters for HT/HP crevice simulator, Various



crevice configurations  including single—ended tubular and planar  geometry
without packed materials are studied, Single-ended crevices were designed to

represent a tubeshest crevice,

2. Experimental

21 Tubular Crevice

A 214 mm OD 304 stainless stesl (S5) tubel(thickness: 1.2 mm) was
inserted into a 22 mm D Pyrex tube into making a 03 mm gap tubular
crevice, Polytetrafluoroethvlene (PTFE) tape was wrapped around the 35 tube
to make a closed-bottomn and leak-tight crevice [nside the 55 tube a 400 W
electric heater was placed, and a copper insert was introduced to fill a gap
between the tube and the heater and enhance thermal conduction, PTFE block
supported the tubular crevice structure and this structure was placed ina 1 L
Fyrex glass cell, The 1 L cell was put on a hot platefstirrer, Fig, 1 describes
the experimental apparatus of the tubular crevice experiment,

The =5 tube surface was mechanically polished with #1200 5iC paper and
#1500 paper in sequence to have uniform surface roughness, The crevice has
notminally 0.3 mim gap width and 30 mm depth, Due to technical difficulty, the
final tubular crevice is found to be eccentric, Besultant crevice gap was about
between 0,2 and 0.4 mm and heated length of the S5 tube was 50 mm A 200
pptm NalOH solution was used as bullk water, and the bullk water was stirred,
To simulate the 55 water condition, deaeration condition was achieved by
bubbling pre—purified nitrogen gas through the bulk water, The gas bubbling
was continued  throughout the experimments, The atmospheric and  static
condition was maintained for the bulk solution, The internal heater was
powered by a thyrister power regulator (TPR) and a PID controller, Direct
chservation for the beiling crevice through the glass cell was made

periodically,

22 Planar Crevice

For in situ crevice pH measurement, a tungsten electrode and an AgfAgCl



(01 M KCLI electrode were used An 1/8° COD tungsten rod with thinned tip
was prepared, Heating in air for 7 to 8 tin using a propane gas torch
cxidized the rod The rod was then coated with heat—shrinkable PTFE. leaving
the exposed tip. For measurement of pH in agueous solutions at high
temperature, membrane electrodes, metal-metal oxide electrodes, or hydrogen
electrode can be used [14] Tungsten electrode for pH measurement at high
temperature was introduced successfully by Kirksunov and Macdonald [15]
Also, buffered tungsten electrode was used as reference electrode at  losws
temperature [16] and high temperature [17] Fig. 2 shows the potential of
tungsten electrode at room temperature. The deviation of the slope (—45
mv{pH) from the 59 mV/pH MNernstian slope indicates that tungsten does not
respond to pH in a thermodvnamically reversible fashion [16], Also, in ref. 22
it is stated that Eg. (1) can be used to calculate the potential of the tungsten
electrode  relative to  the saturated calomel electrode (SCE)  at  room

temnperature,

E=—44,33H+53.3 (1)
where E is the potential of tungsten electrode vs, SCE in mV,

The AgiAsCl electrode has been used as a reference electrode at high
temperature for many wvears [18-20], The procedure of making the electrode
was referenced by other work [21]

An inner sguare channel made of 304 55 was swrrounded by an outer
square structure for making planar crevices, Fig 3 describes section view of
planar crevice parts, 01, 03 05 and 1.0 tmm crevice was tmachined at each
side respectively., For direct observation, glass windows were mounted, Also,
instrurmnentation hole was machined through the window for pH and crevice
solution temperature measurements, The 55 channel surface was mechanically
polished with #2800 SiC paper and #1000 paper in sequence to have uniform
surface roughness, An 1 kW electric heater with a square cross-section (30X
30x100 mm) was installed in the same wav as in the tubular crevice
experitment, Four thermocouples were embedded in each sgquare channel surface
and measured temperature profile at planar crevice surfaces, Fig, 4 shows the

schematic of the experimental apparatus for planar crevice experiment, The



overall svstem has the recirculation svstemn of the 200 ppm NaOH solution
For recirculation, a diaphragm-type metering punp  of which  maximum
charging rate was 60 ml/min was used Al parts contacting solution were
made of FPTFE or ceramic and chemical contamination was awvoided, Bulk
solution tank having 891 mm COD was made of 304 55 and bolt-connected
with under—crevice sections, The solution tank was thermally insulated by
ceramic fiber, The solution level in the tank was maintained 400 mm above
from the top of crevices, Flooding solution were pumped into a 1 L Pyrex cell
All 1/4" tubing for handling the solution were made of PTFE,

A 200 ppm WaOH solution in the Pyvrex cell was heated up to 70 °C. Then,
the solution was transferred to the bulk solution tank by the metering pump,
The solution in the Pvrex cell was maintained at 80~90 "C in aerated
condition throughout the experitment. The deaerated condition was not achieved
due to the gas leak problern The depth and length of heated crevice was 40
mm and 100 mm, Heating power was controlled by TPR and PID temperature
controller, Thermocouple outputs were multiplexed by an isothermal scanner,
HF345954, and compensated with an electronic cold junctionn, The wvoltage was

measured by HP3401A digital multimeter through the scanner,

3. Results and Discussion

31 Tubular Crevice

A test was performed for 8 daws at 100 C of bulk temperature and heat
flux of about 33 KW/t After about 5 hours, sodium hydroxide precipitation
started to appear at the interface between wet region and dry region as
described in Fig, 5 Due to the eccentricity of crevice, the concentration
phenomena were varied circumferentially to pealk in the region of narrowest
gap, As the time increased, the precipitation region spread both in
circumnferential and wvertical directions and preexisting precipitates  became
denser, After 4 daws, there was no further change in the appearance of the
precipitation region, Precipitates in the crevice did not dissolve back in the

bully when the heaters were turned off



[n this experiment, crevice boiling regions are divided into three regions:
liguid penetration & discharge (or wet) region, liquid drop scattering (or dry &:
wet) region, and drvout region. Earlier work described the tubesheet crevice as
the mixture of boiling regimes [5], Similar results were observed in this
experiment, Fig, 5 (a) shows the liquid penetration, liquid drop scattering, and
dryout in the tubesheet crevice, At the location having the larger crevice gap
size, water penetrated to the bottormn of the crevice, and hence the mixing with
bullk solution occurred more actively without any precipitation,

Baum [6] found that local ligquid deficient heat transfer regime (dry 2 wet
or dryout region) produced significant chemical concentration, Besults of this
experiment confirmed the Baum's results as shown in Fig, 5 (b), Fig, 5 (b)
shows the crystallization pattern at the most narrow gap side in the tubecheet
crevice, Setmi—circular precipitate region is divided into two areas: the inner
circular dryout region and the outer circular dry and swet region [t is shown
that NaOH precipitates can take place at heat flux that is below the walue for
=5 hot-leg tubeshest

Az sodinm hyvdroxide is nearly insoluble in wapor phase, sodium hydroxide
remains in liguid phase, If the liguid is occluded and not mixed with bulk
solution, such as at the bottom of crevice, concentration process ocours and
can lead to precipitation, At the top region of the tubesheet crevice, lguid
penetration and discharge is repeated, and concentration process does not
occur, But solution is not mixed at the hottom region of the tubesheet crevice,
Sodium hydroxide just remains and concentrates,

As shown in Fig, 6 the observed penetration depth of water is greater than
the prediction by an existing model [22], The model can be derived from
Wallis correlation, At the narrowest side in the crevice liquid penetration depth
was about one half of full depth, 30 mm, Because liguid penetrated into the
bottom of crevice at the opposite side, liguid penetration depth would be more
than 30 mimm The tendency of penetration depth increase with the gap width is

in agreement with the prediction,

32 Planar Crevice



Temperature profiles in the top-open planar crevices were monitored, Fig 7
shows the temmperature history for the crevice of 03 mm gap, The control
termperature of inner Cu insert was raised stepwise, In Fig 7, the cause of
bulk water oscillation appears to be the stepwise increase of heat flux, The
cscillation is more stahilized during the final steady operation at the highest
heat flux, The initial temperature difference between positions was small but
as  heat flux rose, the temperature difference also increased, The buolk
temperature  transients at 110,000 sec and 220000 sec swere caused by a
metering  purnp  failure and a leak in recirculating  steam-line joints,
respectively, At the most of time, the surface temperature increased swith
increasing depth into the crevice, The thermocouple # in Fig 7 shows that
the scattering of the temperature became broader and increased slowly at the
highest heat flux region, But it seems that the boiling regime is not changed
from wet condition into dry and wet condition. [n constant heat flux
pxperiment, there is no transition, such as that from a steam blanketed state
to a fully wetted state, [nitially steam blanketed region in crevice alwavs
retrained dry condition,

Fig, & shows the potential of tungsten electrode ws, AgfAagCl (01 M KCU
reference electrode and the crevice surface temperature histories, The potential
signal was an unexpected wvalue, Due to the active boiling in crewvice, the

electric path could not be formed, and hence this odd signal was generated

4 Conclusion

Tubular crevice experiment, without detailed instrumentation, provided useful
insight on crevice phenomena Besults consistent with those of Baum' s were
obtained as to the chetmical concentration phenotmena, [0 crevice boiling
configuration, the gap size and heat flux are observed to be the most
important factors, It is demonstrated that NaOH crystallization can occur in a
tubesheet crevice at relativelyr low heat flux wvalues, [t iz confirmed that
precipitation occurs primarily in a dry and wet region, The magnitude of heat

flux and the gap size are found to ke among the most important factors in



crevice boiling phenomena,

In planar crevice experitnent, the wvertical temperature difference in the
crevice increased as the heat flux increased. The measurement of pH using
tungsten electrode was attempted but due to steam blanket pH signal in
crevice could not be measured, [t is found that heat flux controlled experiment
causes overheated crevice and makes pH measurement difficult, The heating
method using fluid or temperature controlled experitment i planned for the

next step,

Acknowledgement

Financial support of the Korea Atomic Energy BResearch [nstitute (HAERD is
acknowledged,

References

1, Steam Generator Beference Book, (Report EFR[ TE-103884s, Electric Fower Research [nstitute,
1994},

¢, PWH Secondary Water Chemistry Guidelines-Bevision 3, (Report EFR[ TR-10213ds Bev.3,
Electric Fower Besearch [nstitute, 19933,

3, PWE [bolar Batle Contrel Application Guoidelines, Velume 1 Summary, (Repott EFRI
TER-101811-¥1, Electric Fower Besearch [netitote, 1995),

i, &, ] Baum, "Restricted Geometries and Deposits”, The ASME Handbook on Water Technology
For Thermal Fower Systems, ed, F, Ceohen (Mew York, NY: The American Society of
bEechanical Engineecs, 1989), Ch, E-3,

B, Y, Kozawa and 5, Aoki, "Alternate Drving and Bewetting of Heat Transter Surface in Tubesheet
Crevice”, ASME Technical Paper, B2-JPGC-NE-G, (1082),

B, &, ], Baum and M, ], Corlee, "An Exzperimental and Analytical [nwestigation of Dryoot and
Chemical Concentration in Confined Geometries”, ASWE Technical Faper, BD-CE/NE-E, (19B0},

7, I-L, Campan and C, E, Sheemaker, “Sedium Hidecut Stodies in Steam Genecator Crevices”,
(Faper presented at the 3cd [nt Symp on Enviconmental Degradation of Blaterials in Muclear
Fower Syetermms-Water Beactors, Traverse City, The Betallurgical Society, 19683, 199-207,

B, Bobert E, Hermer et al,, "The Measurement of Simolated Steam Generator Crevices”, (Paper
presented at the 3rd ok Swmp on Envirentnental Degradation of Baterials in Nuoclear Power
Swetems-Water Reactors, Traverse City, The Metallurgical Society, 198B), 191-198,

g, I B Lumsden et al, "Hideout in Frotetypic Tube/Tuke Suppert Flate Heated Crevices”, (Pager
presented at the Bth [ok, Swmp on Envirentnental Degradation of bBfaterials in Nuoclear Power
Swetems-Water Reactors, Amelia [sland, American MNuclear Society, 19970, 108,



10,

11,

1%,

13,

14,

15,

1B,

17,

18,

18,

Zl.

Zl.

L.

&, & Brennenstohl, A, MMcBride, and D, Graham, "An Assessment of High Temperature
Electrochemical Noise to Monitor the Effects of Chemical Ezcursions on the Corrosion Besponse
of UMS MOBEOD Muclear Steam Generator Tubes” (Faper presented at the Bth [nt, Svmp on
Enwironmental Degradation of MMaterials in Noclear Power Systemns-Water Reactors, &melia
[cland, American MNuclear Society, 195971, 3-10,

H, Takamatsu et al, “MMonitoring on Corrosion Behavior of Steam Generator Tubings®, (Paper
presented at the JAIF [aternational Conference on Water Chermistry in Nuoclear Fower
Flants- Operational Exzperience and WNew Technologies for Management, Tokyo, Japan, 1986),
BE-E53,

H. Takamsatsu et al, “Evaluation of 5& Crevice Environment by Dicectly Sampled Method Using
an On-site Autoclave Facility”, (Faper presented at the Gth [nt, Svmp,. on Environmental
Cegradation of BAterials o Muclear Power Systemns-Weater Reactors, Moeoterey, American
Muclear Society, 19913, 7RE-7E6,

T, Tsuruta et al, “[G&fSCC Crack Propagation Hate Dleasurements on Alloy BO0 5G Tuobing
and Evaluation of Crevice Environments Using a Side Stream Blodel Beilec”, (Paper presented at
the Yth ot Svmp. on Envircnmental Degradation of BMatecials in Moclear Power Systems-Water
Reactors, Breckenridge, WACE, 15095), 187-1497,

Cerek BAdeley, "A Review of pH beasurement at High Temperatuces”, Talanta, 37 (B) (1950
TE7-TH1,

Leo B, Kriksunoy and Dighy D, Mecdonal, "Tungstenf Tungsten Ozide pH Sensing Electrode
tor High Temperature &guecus Enviconments”®, ], Electrochem, Soec,, 141 (11 (109894), 3002-30065,
b Ashraf-Kheorassani and B D, Braun, A Tongsten Beference Electrode for Use in Corrosive
bEdia-& Comparative Study with Other Beference Electrodes”, Corrosion, 43 €10 (19B7), 32-37,
[, & Hwang, I, O, Qutwater, and b 1, Driscoll, "4 Buaffered Tungsten Beference Electrode for
LWH Applications”, ANS Transactions, June 1992,

Dighy O, Macdonald, “Reterence Electrode for High Temperature Agquecus Systems-24 Beview
and Assesstment”, Corrosion, 34 (30 (1978, 75-Bd,

W, H. Kaszen, "Reference Electrode for PWEs” (Report EPRI NE-R1ER, Electric Fower Research
[netitute, 1967,

W, Bever et al,, "On-Line MMonitoring of Electrode Potentials in the Steam Generator of a FWR”,
(Faper presented at the 3rd [nt Symp. on Enviconmental Degradation of batecials in Muclear
Fower Syetemns-¥Water Beactors, Traverse City, The Betallurgical Society, 19683, 173-1681,

[. 5. Hwang, "Embrittlement MMechanisms of WNickel-Base Allows in Water”, (Fh.D, thesis,
bassachosetts [nstitute of Technology, 19BF)

&, I, Baum, "The Wechanics of Concentration Frocesses in Recirculating Muclear Steatn
Generators”, (Paper peesented at ADERFP Conference, Seillac, France, Macch 19807,



M ake-up solut g—-— Cooling watex
_N_ N2 gas
TC

NaOH L

solution / Pyrex cdl
Stirring |:|
bar \\A

Pt e

Hot plate/Stirrer

Figure 1, Schematic wiew of experimental
apparatos for tubolar crevice egperiment,

T 1
I
3MUSS —> | *=—— Crevice Region
1 I
| O :
Ingrumentatiom™ | 1| <« Observatiol
Hole ! ! glass
304 SS square
@ channelsq

»
|~ Electric Heater

Cra/ioe\

. «Observatiol
Instrumentation_,. glass
Hole — Culnsert
304 SS—

()

Figure 3. Schemafic of (&) side wiew and (k)
gection wiew for planer crevice perts for planar
CIEVicE BXperitmnent,

TC
[ T >
! )
D $ \ Makeu7l~\
' |
I - 0
BRI L H -
1
Tc L
NaOH
< solution
- | — 1
e
X
I _NO-N— P
pH
. ) PP ot platesstirrer
Cuinsert Thermal insulation
Figure 4, Schematic  disgram  of  experitmental

apparatus for planar crevice sicoulation experiment,

-200 pH=7.0 @25 °C buffer solution
. i
- o 1
", 1
-300 T
"‘--.JI PH=10 @25 °C buffer solution
iy
400 N W,
T,
\ ~.
.
° .
-500 AN W
Nemst Eq. \ -!D 1.0 M NaOH
-600 \
700 Letaa A Lot L a
o
6 8 10 12 14 16

pH

Figure 2. Potential of tongsten ws, AgfdgCl
(01 B ECLH reference electrode atb 14 %2 and
atmespheric condition (fungsten: +, AgfagCl:
-1,

[ Liguid HIm (wet
region)

Liquid Drop (wet/dry
region)

“f:|k— Precipitated (dry)

: region

(b)

@

Iﬁépuri d .penetrati on
(wet region)

Dense- reciPitaIed
|_—(wet/dry region)

r?/r?ggfg%():l pitated

-

| —

Figure &, Sodiom concentration features for (a)
wider crevice gap region and (b)) naccow
clevice gap region with pecipi- tation after
B-daws experiment abt soch  conditions  as
atrespheric, static, 200 pom MaOH, and about
33 EWind heat oz,



®a.

= "=10 kW/m"2
- q'=33 kW/m"2

7 = SG Hot Leg

7 W observation results

£

/ <7

v PdiE

e p

7 iy o

s -

/ P i E

Experimental region _—" .,-" E
[otir > e 3

- Lt 3

[ ot E

A e 3

L a 3

Z. Isf e 3
Pricy 3

R il BT Lot Lol fomedet
0.2 0.4 0.6 0.8 1

Radial Gap Width (mm)

Figure b, Cotrposition swith ezperitnental cesalts
and analytical medel Eor liguid penetration degpth,

£
105
©
104
Q
103
102
-

101

100

Figure B, The potentinl of tongsten electrode we,

=== W vs. Ag/AgCI

Bulk

4 0.3mm#2
< 03mm#3

0.3mm #4

510*

110°

-10

1510 ° 210° 2510 °

Time (sec)

SgfagCl (01 B ECD reference electrode,

Bulk Heat Flux ( kW/mA2 )
B 03mm#2
= 0.3mm#3

105

A 03mm#4

50

104
T
& 40
103
30
102
20
-
101
10
100 0
0 510 ° 110 1510° 210° 2510°
Time (sec)

Figure ¥, Tempersture histories st the planar
crevice of 0.3 mm gap and the wariakion of heat
fluz, (Thermocooples” locakion s as  Eollows:
¥2-zfL=04, ¥5-z/L=05, #-z/L=0E)



	분과별 논제 및 발표자

