. b B it e o s b o <

cAR

ORNL/TM-2002/33
OAK RIDGE

NATIONAL LABORATORY

MANAGED BY UT-BAII-ELLE
FOR THE DEPARTMENT OF ENERGY

Correlation of Process Data and
Electrochemical Noise to Assess Kraft
Digester Corrosion: Kamloops
Experiment

April 2002

D. F. Wilson

, UT-BATTELLE
ORNL-27 (4-00)




DOCUMENT AVAILABILITY

Reports produced after January 1, 1996, are generally available free via the U.S. Department of Energy (DOE)
Information Bridge.

Web site http://www.osti.gov/bridge

Reports produced before January 1, 1996, may be purchased by members of the public from the following
source:

National Technical Information Service
5285 Port Royal Road

Springfield, VA 22161

Telephone 703-605-6000 (1-800-553-6847)
TDD 703-487-4639

Fax 703-605-6900

E-mail info@ntis.fedworld.gov
Web site http:/fwww.ntis.gov/support/ordernowabout.htm

Reports are available to DOE employees, DOE contractors, Energy Technology Data Exchange (ETDE)
representatives, and International Nuclear Information System (INIS) representatives from the following source:

Office of Scientific and Technical Information
P.O. Box 62

Oak Ridge, TN 37831

Telephone 865-576-840!

Fax 865-576-5728

E-mail reports@adonis.osti.gov
Web site http://www.osti.gov/contact.html|

This report was prepared as an account of work sponsored by an agency
of the United States Government. Neither the United States Government
nor any agency thereof, nor any of their employees, makes any warranty,
express or implied, or assumes any legal liability or responsibility for the
accuracy, completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe
privately owned rights. Reference herein to any specific commercial
product, process, or service by trade name, trademark, manufacturer, or
otherwise, does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein do
not necessarily state or reflect those of the United States Government or
any agency thereof.

R4



w

ORNL/TM-2002/33

Metals and Ceramics Division

Correlation of Process Data and Electrochemical Noise to Assess Kraft Digester Corrosion:
Kamloops Experiment

S. J. Pawel*
D. W. Townleyt
M. E. Gorog}
D. F. Wilson*

*Metals and Ceramics Division, ORNL, Oak Ridge, TN
M. J. Schiff and Associates, Upland, CA
I Weyerhaeuser Technical Center, Federal Way, WA

Date Published: April 2002

Prepared for
U. S. Department of Energy
Officeof Industrial Technologies

Prepared by the
OAK RIDGENATIONAL LABORATORY
Oak Ridge, Tennessee 3783 |-6285
Operated by
UT-Battelle, LLC
for the
U.S. DEPARTMENT OF ENERGY
Under contract DE-AC05-000R22725






"

CONTENTS
Page

TABLES .o \Y
FIGURES ..o e e e Vii
ACRONYMSAND SYMBOLS -t vt emeeettae it it ieaieanns Xiii
ABSTRA CT e XV
1T .OINTRODUCGTION . .t eve et tae e e ettt e ettt ieannennn 1
20 KAMLOOPSDIGESTER ... ... s e 5
3 .0 EXPERIMENTAL PROCEDURE  «« v vvrettnmetnnaeineanineannnanns 7
Bl GENERAL vttt 7

3.2 PROBE DESIGN -+« cceeenneeeennaeaaiiaa i 7

4.0 OBSERVATIONSAND RESULTS -+ttt vvettteei ettt eieiaiens 11
A1 INITIAL VESSEL INSPECTION -+« tvvetttiiieieeiiaiennn 11

4.1.1 Probe #1 . 1

N I = o) o < X - 13

A8 PrODE A oot 16

4.0.4 Probe #d ... 19

405 Probe #5 21

4.1.6 Other PreeTest Observations - -« v v v v e et iiee e eaes 21

4.1.7 Comments on Localized Corrosion Pattern . .............. 27

4.2 HISTORICAL INSPECTION DATA AVAILABLE FROM KAMLOOPS 29

4.2.1 Photographic Documentation -« ...« .o 29

~4.2.2 Ultrasonic Wall ThicknessData - - - - ovvvvvinnnnnont. 34

4.2.3 Electrochemica Potential ........ovvveiii . 34

4.3 REPRESENTATIVE ECN AND OPERATIONAL DATA .......... 35

4.3.1 DataAnaysisand Interpretation  .......... ... 35

4.3.2 General CharaCteristiCsS .+« v v v v v v ~ 38

4.3.3 Effect of Temperature . ... 42

4.3.4 Furnish Composition .+« v viii e 48

435 0ther ProcessSParameterS -« - v v v v vt e e e e e e e 54

4.3.6 Shutdown and Start-up Transients . ..................... 56

4.3.7 Assessment of ECN Calculated Parameters ............... 58

A4 FINAL VESSEL INSPECTION  «t vttt ettt et e e e 60

441 Probe#l ... .. ... ... e 60

A.A4.2 Probe #2 oot 64

44,3 Probe #3 65

A 4.4 Probe #4 . 68

445 Probe BS .. 70

4.4.6 Summary of Follow-up Inspection ...................... 70

4.4.7 Examination of Electrodes from Each Probe ..... e 72

111



CONCLUSIONS . 79

ACKNOWLEDGEMENTS . . 8t 81
REFERENCES ... o e e 83
APPENDIX A — Corrosion Rate Calculation form Current Sums. . .............. 85
APPENDIX B — Process Data Collected at Kamloops . . . ..o vvvvieii i 87



Table

T A B L E S

Snapshot of potential datafrom the Karnloops digester during
February 2000. All potentials are given with respect to a
molybdenum (Mo/MoS) electrode ................. e

Comparison of ECN potential values for the ECN probes. All
potentials are given relative to Ag/Ag,S. Potentials achieved

during shut-down and restart transientsarenot included here ............
Temperature statistics for thetimeinterval depictedinFig. 34 ...........
Temperature statistics for thetimeinterval depictedinFig.35 ...........

Temperature statistics for thetimeinterval depictedinFig.36 ...........

Summary data representing therelative changein the ECN

corrosion current associated with high concentrations of Douglas
firinthefurnish. Over the experiment, there were six periods

with furnish composition >70% Douglas fir, and the current ratio
given in Equation (1) was calculated for each probein each period.
Note the pul ping period in which the highest (or lowest) current ratio
occurs is not necessarily the samefor eachprobe ................

Summary data representing the relative changein the ECN corrosion
current associated with pul ping whitewood (near 0% Douglasfir).
Over the experiment, there were three whitewood pul ping periods,

and the current ratio given in Equation (2) was calculated for each
probein each period. The pulping period in which the highest (or
lowest) current ratio occurs is not necessarily the same for each probe

Summary data representing the relative change in the ECN corrosion
current associated with shutdown transients. Over the experiment,
there were three shutdowns, and the current ratio given in Equation (3)
was calculated for each probeineachperiod....................

Post-testdimensions on electrodes from each probe. Dimensions are
given in non-standard units(mils, rather than mm) because the
measurements were collected in this fashion, which facilitates ready
comparison and mitigatesround-off errors. [To convert to mm,
multiply the numbersin thetable by 0.025.] Designation “top”

means the exposed end of theelectrode ............. e

Page

35

42

45

46

51

53

57

75



10 Average corrosion rates calculated for the digester shell compared
with corrosion rate information available from the ECN probes.
Corrosion rates are given in the non-standard units of mils/y (rather
than mm/y) because mill personnel routinely use the mils/y
designation. To convert to mm/y, multiply the numbersin the table
BY0.025 .. 76

vi



i®

Figure

FIGURES

Schematic diagram of theKamloopsdigester  ............. ... ... .. ..... 6

ECN probe configuration used for the Kamloops experiment. The

piece of silver functions asthe referenceelectrode andthe =

thermocouple is sheathed in. a closed tube of alloy 600. For

scale, note that the teflon shroud (white) has adiameter of 3.6 cm

and each electrode has a diameter of 0.9cm .. .................... .....8

Sketch of probe assembly. The drawing is not to scale, and is

intended to show only the spatial relationship between various

components. For clarity, the second layer of heat shrink was

omitted fromthisdrawing ............. .. 9

General view of the digester shell inthe areaof Probe#1. Atthe

time of this photograph, the probe port was occupied by a potential

monitor. Only small amounts of residual carbonate scale (relatively

light colored areas) remain on the shell, and some residual black

liquor isdraining from the annular area of the port. The white

“scaleindicator” just below the port is 3.5 cm long. A piece of

scaffoldrigging appearsintheforeground ......................... L, 12

Closer view of the shell surface surrounding the port for Probe#1 .

The boss area encircling the port is very dlightly raised above the

shell contour and is stainless steel overlay. Note that the shell in this

location is smooth — no pitting or surface roughening. Small areas

of light brown carbonate scaleremainontheshell, ....................... 12

Genera view of the digester shell surrounding the port for Probe#2.

At thetime of this photograph, the port was occupied by a potential

monitor and residual black liquor was draining from the port annulus.

Most of the areais covered by athin, tan-colored carbonate scale. At

right, a scaffolding support and a partially obscured trim screen are

visible. For scale, the port diameter isabout 3.5¢cm .............. P 14

Closer view of the shell surface surrounding the port for Probe #2.

In general, some minor surface relief and scattered light pitting

are evident on the shell surfacesin this area, but the largest

pits— approximately 0.5 mm (20 mils) deep— are immediately

adjacent to the stainless steel port boss. Many of the pits exhibit
red-orangeflashrusting ........ e e e 14

vii



10

11

12

13

14

15

General view of the trim screen and a portion of RS 18 |ocated near

the port for Probe #2. Pitting in this area (red-orange flash rust

coloration) is concentrated adjacent to the trim screen boss and

in/on the weld seam. The white “scale indicator” is 3.5 cm long.

The bright orange paint marks |ocations for additional inspection

bymillpersonnel . ... 15

Closer view of corrosion adjacent to the trim screen boss. Pits

inthislocation, and in/on the nearby round seam weld, tend to be

larger in diameter and deeper — up to 1.6-1.7 mm (60-70 mils)

deep — than pits closer to the port for Probe #2 .. ...................... 15

General view of the digester shell surrounding the port for Probe#3.

All the pitsin this area are approximately the same depth, but the pit

density associated with the weld (RS 12) and the areaimmediately

adjacent to the port ismuch greater. . . .. . .. e 17

Closer view of the shell surface surrounding the port for Probe#3.
The pitsin this area— on the shell, adjacent to the boss, and those
in/near the round seam weld are approximately 1.6-1.7 mm (60-70
MilS) deeD .ot e 17

General view of digester shell between extraction screens and

modified cooking screens. The white “scale indicator” is 3.5 mm

long and rests on a smooth, unattacked surface while much of the

surrounding areaissignificantly pitted ......... ... ... ... 18

Magnified view of the area depicted in Fig. 12. The pitsin this region

tend to overlap to form sizeable areas exhibiting awall thickness

decrease of 1.6-1 .7 mm (60-70 mils) compared to the smooth

surfacesnearby .. ... 18

General view of the digester shell in the vicinity of the port for

Probe #4. The internal header box (“shelf”) associated with the

modified cooking screensisjust visible at the top of the photograph.

The shell surfaces exhibit very little pitting in the immediate

vicinityofthisport . ......... 19

Closer view of the areaimrnediately surrounding the port for

Probe#4. The pits observed here— generally adjacent to the port

boss and associated with the former position of an L-shaped

bracket just to the right of the port — are uniformly 1.6-1.7 mm

(60-70 MilS) dEED ..o 20

viii



"

16

17

18

19

20

21

22

23

24

Region of the digester shell below the modified cooking screens

showing extensive pitting. This specific region, near RSS, shows

the tendency for pits (red-orange rust colored) to grow together

laterally leaving only relatively small areas (gray) of smooth

digester shell. The regions without rust stains stand uniformly

about 1.7 mm (70 mils) above the bottom of the pitted/recessed area ... . ... - 20

Genera view of the digester shell in the vicinity of the port for
Probe#5. Just below the port for Probe #5, RS 1 is visble, as
wellasaportionoftherake ......... ... ... . i 22

Closer view of the areaimmediately surrounding the port for
Probe #5. The pits observed here are scattered but uniformly
0.5-0.7 mm (20-30 mils) deep ...... e e 22

Digester shell near RS6. RS6 is paralel to and partly included in

the horizontal portion of the orange inspection “T” and the white

scale marker (3.5 cm long) ison the uppermost of the “tracks’

parallel to RS6 on top and bottom. Thereis significant indication

of pitting in the entire area— individual pits tend to be approximately

1.0-1.2 mm (40-50 mils) deep, but the surface of the tracks and the

weld at RS6 have receded further. The black material in the vertical

portion of the “T” isresidual black liquor. Also note the “V”

shaped indication of significant corrosion just abovethe scalemarker ...... - 23

View looking down across adummy plate surface located among
the MC screens. Most of the pits are aligned in vertical rows; the
rows shown here do not align with the vertical rows of pitson the
plateinthelower groupof MCscreens ..., 25

Section of dummy plate removed from the digester in 1996 .............. 26

Representative horizontal (circumferential) cross-section of the
dummy plate shown in Fig. 21. Note that all the pitsin thisview
have smooth bottomsand arethesamedepth ..., ..,.................. 26

Dummy plate from thetop row of EX screens. This plate, installed

in 1996, isamost perfectly smooth, except for some pitting

in areas associated with grinding. In this view, indications

include the stitch weld near the hinge at left, the two weld

attachment areas at right, and theseamalongthetop ..,,............... 27

Close-up view of isolated pitting on the digester shell. The

magnetic clip at top left is4 cm long at the widest point. Note that

the flash rust locations are not always at the bottom (low point, as

determined by gravity flow for moisture) of eachpit ...,,.............. 28

ix



25

26

27

28

29

30

31

32

33

34

35

36

37

38

Intersection of RS7 and LS10 in 1996 (top) and 1999 (bottom).
Examplelocations with featuresto comparearecircled .............

Intersection of RS6 and LS7 in 1996 (top) and 1999 (bottom).
Notein particular the smooth weld bead surface and the circled
FOWOTPITS . . . e

Intersection of RS2 and L $4 in 1996 (top) and 1997 (bottom).
Examples of locationsto compare featuresarecircled . ................

1999 inspection photograph of the RS6/L.S10 intersection. Note

the“idland” of smooth shell surface in the upper right of the

photograph, which stands about 1 mm (40 mils) abovethe
surroundingcorrodedarea . ... ..

Representative ECN datafor Probe#5 .. ... ...t

Polarization curve for mild steel in wash zone liquor removed from
the Kamloopsdigester ... .o

Representative ECN datafor Probe#3 ............ ...t

Polarization curve for mild steel in lower extraction liquor removed
fromthe Kamloopsdigester . ...

Temperature and potential datafor Probe#5  ......... ... ... ... ......

Nominal variation in temperature for Probes#4 and#5 .................

Temperature profile for Probes#4 and #5 during a period of
unusually modest variation ...

Temperature profile for Probes#4 and #5 during a period with
an extended temperatureperturbation ... ...

Representative ECN potential datafor Probe#2 showing
variation asafunction of furnishcomposition — .......................

Representative ECN current datafor Probe#2 as afunction
of furnishcomposition ............ . ... .. e

30

31

32

33

39

40

40



@

39

40

41

42

43

45

46

47

48

49

50

51

Residual alkali measured on the bottom circulation |oop
decreases coincident with aDouglasfir pulping campaign .............. 56

Post-test view of Probe #1. The area10-12 cm around the probe

position has been cleaned of carbonate. scale. Red/orangeregions

arerust stains associated with low spots in the surface relief and

ShallOWPItEING ...t 61

Post-test view of Probe#1 following removal of accumulated (
“crud” intheportopening ...........c.oo i e 61

View of the external flange associated with Probe #1 . None of
the other flangesshowed any signof leskage ......................... 63

Intersection of RS21 with LS33 or LS34. Gray materia — particularly
evident at the bottom of the photo—iscarbonatescale .................. 63

Post-test view of Probe#2. Significant corrosion and surface

relief is confined to the area adjacent to the port boss. Residual

carbonate scale covers most of the shell at thisposition, but itis

sufficiently thinto reveal surfacerelief contours ........... e 64

Shell and trim screen near the position of Probe#2. The most
significant corrosion isadjacent totheportboss ....................... 65

Post-test view of Probe#3 and the surrounding digester shell  ............ 66

Closer view of Probe#3. Theteflon hasrecessed fromitsoriginal
position flush with the process at the mouth of the port by about
M 66

Representative view of RS 11 and the adjacent shell .................... 67

A recessed area associated with grinding the shell surface to
remove anattachment ... ... .. 68

Post-test view of Probe#4 . ... . 69

Closer view of Probe#4. Theteflonisdisplaced completely

from the electrodes. Note the ID of the port appears relatively

uncorroded. Also note that the end of the piece of steel formerly

attached to the silver is rusted — the silver has been broken off at

thebrazejoint . .......... 69

xi



52

53

54

95

Post-test view of Probe#5 ... ... . e
Closer view of Probe#5 ... .o

Post-test appearance of an electrode from each probein the
digester. Probes #1-5 are represented |eft-to-right, respectively,
inthephotograph . . .. ... i

Post-cleaning appearance of an electrode from each probein the
digester. Probes #1-5 are represented |eft-to-right, respectively,
inthephotograph . . ........... ... ... ... ... e e

Xii

74



ECN

LI
LS
MC
RS
SCE
ZRA

geq gﬁlo*dozzgéﬁ!—dt%

ACRONYMSAND SYMBOLS

Electrochemical Noise
extraction (screens)
localization index
longitudina seam (weld)
modified cooking (screens)
round seam (weld)
saturated calomel electrode
zero resistance ammeter

unit charge of electricity (1.6 x 10" coul)
current

root mean sgquare value of current

charge on metalic ion produced by corrosion process
atomic weight of corroding material

Avagadro’s number (6.023 x 10%* /mol)
penetration

integrated current sum over timet

exposure time

mass dissolving as aresult of corrosionintimet
standard deviation of potential

standard deviation of current

Xiii






ABSTRACT

Electrochemical noise (ECN) probes were deployed in a carbon steel continuous kraft
digester at five locations roughly equi-spaced from top to bottom of the vessel. Current and
potential noise, the temperature at each probe location, and the value of about 60 process
parameters (flow rates, liquor chemistry, etc.) were monitored continuously for a period of one
year. Historical vessel inspection data, including inspections accomplished immediately prior to
and immediately following probe deployment, and post-test evaluation of the probe components
were used to assess/compare corrosion indications from the probes with physical changesin wall
thickness and corrosion patterns on the digester shell.

The resultsindicate that furnish composition is a significant variable influencing digester
corrosion, with increasing amounts of Douglasfir in the nominal furnish correlating directly with
increased corrosion activity on the ECN probes. All five probes detected changes in furnish
composition approximately simultaneously, indicating rapid chemica communication through the
liquor, but the effect was strongest and persisted longest relatively high in the digester. The ECN
probes a so indicate significant corrosion activity occurred at each probe position during shut-
down/restart transients. Little or no correlation between ECN probe corrosion activity and other
operational variableswas observed.

Post-test evaluation of the probes confirmed general corrosion of amagnitude that closely
agreed with corrosion current sums calculated for each probe over the exposure period and with
historical average corrosion rates for the respective locations. Further, no pitting was observed on
any of the electrodes, which is consistent with the ECN data, relevant polarization curves
developed for steel in liquor removed from the digester, and the post-test inspection of the
digester.
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1.0 INTRODUCTION

In the pulp and paper industry, digesters are typically large, cylindrical pressure vessels
inwhich pulp for paper-making is extracted from wood chips. There area variety of specific
chemical processesthat are used, but each of them has as a goal the removal of as much lignin
from the wood as practical while retaining the maximum amount of cellulose with particular fiber
properties. Themost common pulping processin North Americais termed the kraft process, in
which hot alkaline sulfide solutions (specific formulations are referred to as “liquors’) are used to
dissolve lignin and separate wood fibers. In North America, most continuous digesters are carbon
steel construction, while most batch digesters are fabricated with stainless steel or utilize stainless
steel overlay (types 309 and 3 12 aretypical) on carbon steel. Whilekraft pulping isarelatively
mature technology in terms of process chemistry, the multiplicity of process factorsinfluencing
corrosion— and potential synergisms among them — that degrade the process containment are
poorly understood and periodically lead to significant maintenance issues.

The location and severity of corrosion in kraft digesters can differ markedly with the
construction material and type of operation (batch or continuous) as well as many largely
unknown details of flow, temperature, and liquor chemistry unique to each specific facility.
Recently, modificationsin pul ping/cooking parameters- mandated by environmental concerns,
production goals, or energy requirements -have generated changes in process flow and chemistry
that have introduced further changes and uncertaintiesin the localized. environment and vessel
corrosion. As aresult of these changes, and perhaps combined with improved inspections,
reports of digester corrosion problems (general thinning and pitting) appear to be on the increase.

Historically, investigations of digester corrosion have utilized synthetic liquors prepared
for usein laboratory coupon exposures. These tests have been instrumental in the identification
of the influence(s) of someindividual chemical constituents on, the corrosion of digester
construction materials. However, they suffer from the limitation that use of synthetic liquors does
not allow for an assessment of the potential synergy among all the elements of the digester
environment-the full suite of chemical constituents including organics as well as flow (liquor
and chips), temperature variations, and other process factors. Even tests utilizing process liquor
taken from operating digesters cannot fully simulate process factors, in part because liquors
degrade rapidly upon contact with air and also because prior exposure at temperature may
influence subsequent corrosivity in the laboratory.



An aternate approach to evaluate digester corrosion has been the use of coupons of
various types placed in operating digesters. These tests, too, have generated useful information
but suffer from the limitation that the coupons can only be evaluated — for weight change,
corrosion patterns, film formation, etc. — at extended intervals (typically one year) defined by the
vessel maintenance-outage schedule. As aresult, the coupons generate information about
cumulative damage over the inspection interval but no information about specific
conditions/times in which the corrosion process is active. Further, the coupons often cannot be
placed such that they do not disturb the local flow patterns (e.g., are not flush-mounted with the
digester wall).

Largely dueto itsability to monitor corrosion processesin real time, the electrochemical
noise (ECN) technique for monitoring corrosion is gaining acceptance in industrial applications.
[For instance, Refs. |-5 are representative examples of many different field applications of ECN
presented at a recent symposium on the topic.] All corrosion processes (general and localized)
cause spontaneous fluctuations of the free corrosion potential and current associated with
corroding surfaces. These fluctuations, collectively termed ECN, and the analysis thereof, can be
used to assess corrosion processes. ECN generally exhibits low frequency (< 1 Hz) and small
amplitude (potential range uV-mV and current range nA to mA) signals. In ageneral sense, the
magnitude, duration, and chronology of the ECN transients, along with the potential at which
these occur, can be used to determine whether the transients indicate general or localized (pitting

or cracking) corrosion [6-7].

In the ECN technique, potential and current (and oftentimes temperature, too) are
simultaneously measured. The current flow between two nominally identical coupled electrodes
ismonitored through a zero resistance anmeter. The corrosion potential of the coupleis
monitored with respect to athird electrode (reference) viaa high impedance voltmeter.
[Although the probe configuration could be used to generate polarization data, the standard ECN
technique does not impose an external potential that could disturb/disrupt passive film formation
and the local chemistry.] This data, along with appropriate statistical manipulations and
polarization information, can be used to assess the corrosion process form (general, pitting,
cracking) and relative intensity during operations. Because instantaneous changesin corrosion
activity can be determined, the ECN technique can be used to identify changing process
conditions giving rise to corrosion asit occurs.



The purpose of this document isto report data gathered from a group of ECN probes
deployed in an operating continuous digester and to correlate the data with operating parameters
and historic inspection data to assess corrosion in the vessel.






2.0 KAMLOOPS DIGESTER

The digester fitted with ECN probes for this study is located in Kamloops, British
Columbia, at the Weyerhaeuser pul p mill named for thecity. The mill islocated adjacent to the
Thompson River due south of the Kamloops airport.

The digester under study is acarbon steel Kamyr vessel commissioned in 1994 and
operated in the continuous pulping mode. The digester is approximately 52 mtall and the
internal diameter varies from about 7 m at the top to 8 m at the bottom. With only minor
variation in the process details, various modes of the Lo-Solids™ process to pulp primarily pine
and spruce species have been consistently in use since 2 months after start-up.

A schematic of the digester vessel appearsin Fig. 1, along with the location of the five
identical probesinstalled for thisinvestigation. The probes were placed in ports originally
constructed for the purpose of potential monitoring, which were roughly equi-spaced over the
vertical dimension of the digester. The specific probe locations— along with approximate
corresponding elevation from the bottom of the digester ~ and design shell thickness at that
location included:

Probe#1 - about 0.5 m below the top dome seam (46 m); 38 mm wall thickess,

Probe#2 — near the centerline of the trim screen locations (37 m); 39 mm wall thickness,
Probe#3 — about 0.5 m below the lower extraction screens (25. m); 46 mmwall thickness,
Probe#4 — about 0.5 m below the lower modified cooking screens (16 m); 53 mm wall thickness,
and

Probe#5 — about 2 m below the wash screen (2 m); 58 mm wall thickness.
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ig. 1. Schematic diagram of the Kamloops digester.



3.0 EXPERIMENTAL PROCEDURE

3.1 GENERAL

At the annual major maintenance outage (June 2000), the digester vessel was drained and
pressure-washed with water to facilitate internal inspection. Following visual inspection and
photographic documentation of the condition of the digester shell, the mill maintenance crews
accomplished their work in and around the digester (which included awall thickness survey). At
the end of the maintenance outage, the ECN probes were positioned (along with placement of
electrical leads, establishment of data collection routine, etc.) and data collection commenced
during restart of the vessal. At the subseguent maintenance outage (June2001), the vessel was
again inspected and photographed, and the probes wereretrieved for detailed evaluation. This
report documents the inspection activities at the outset of probe exposure aswell asthe
termination of the experiment and summarizes the data collection and interpretation.

3.2 PROBE DESIGN

Because the ports for probe installation were built into the vessel at the time of original
construction, the ECN probes were designed to fit the available port diameter of 3.8cm (1.5in.).
The probe configuration used for thisinvestigation is shown in Fig. 2. The two working
electrodes were fabricated from rod stock of mild steel with adiameter of 0.95cm. The reference
electrode wasasmall rod of silver, which upon exposure to the liquor/pul p environment
establishes a reference potential based on the Ag/Ag,S equilibrium. The thermocouple was a
type-K variety in an aloy 600 sheath. All of the probe materials were mounted in ateflon shroud
such that the working end of each was flush with the end of the teflon. Although the probe
materials had atight “force-fit” in the teflon shroud, two set-screws (not shown in Fig. 2) were
also used to fix the position of the shroud relative to the thermocoupl e sheath inside the shroud.
The probe assembly was then mounted through a flanged port in the digester shell such that the
working end of the probe was flush with the internal surface of the digester so as not to disturb
localized flow and to represent the shell surface aswell as possible.



thermecouple

Fig. 2. ECN probe configuration used for the Kamloops experiment. The piece of silver
functions as the reference electrode, and the thermocouple is sheathed in a closed tube of alloy
600. For scale, note that the teflon shroud (white) has a diameter of 3.6 cm and each electrode
has a diameter of 0.9 cm.

Inside the teflon shroud, connections to the steel rods serving as leads were made as
follows(seeFig. 3). A threaded holeinthe rear of the cylindrical carbon steel electrode
facilitated attachment to the threaded tip of the sted rod. A small “nose-cone” shaped piece of
teflon acted as acompression fitting covering the threaded connection to retain atight fit and
prohibit process fluid from leaking into this connection. Two layers of heat-shrink plastic were
used to cover the entire length of the steel leads from the pressure fitting on the flange to the rear
portion of the teflon fitting. Similarly, heat-shrink plastic was used to cover the stainless steel rod
to which the piece of silver was brazed as well as the thermocouple sheath. In thisfashion, al of
the metallic surfaces of the probe were isolated from the process solution except for the well-
defined el ectrode areas exposed at the working end of the teflon shroud.

Data collection from the probes commenced in mid-June 2000 following the major
mai ntenance outage. With two exceptions, the digester was operated continuously from
start-up until late May 200 1. The exceptionswereapair of two-week shut-downs, onein
mid-November 2000 and the other in mid-March 200 1. The digester was cooled and drained
(but not washed) during each of these interruptions. Data was collected successfully for the
entire year of operation with the exception of portions of the outage periods.
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Current and potential values were collected at intervals of one second for each probe.
The system hardware was an 8-channel monitoring rack(*) with a standard laptop computer using
corrosion software™ designed for this type of data collection. Statistical parameters (averages,
standard deviations, root-mean-square values) were calculated at five-minute intervals. For the
first several weeks all the raw data was saved, but eventually new raw data was discarded and
only the calculated parameters were saved. The analysis discussed here uses only five-minute
averages calculated from current and potential noise for each timeinterval. The probe
thermocouples (not activated until September 2000) originally gathered data on 30-second
intervals, but this was soon increased to one-minute periods. In addition, bulk process data (for
example, flow rates, temperatures, pump speeds, and liquor composition) from about 60 sensors
was collected on approximately 15-minute intervals over the duration of the experiment.

In addition to the suite of process temperature information, two rings of 16 external
magnetic-mount thermocouples— roughly equi-spaced around the circumference— were attached
to the digester under theinsulation. One ring was placed just bel ow the extraction screens (about
22 m from the bottom of the vessel) and the other ring was placed just below the modified
cooking screens (about 13 m from the bottom of the vessel). While these external thermocouples
could not measure the precise temperature inside the digester, they were used to assessrelative
temperature differences around the vessel at these specific elevations. The external rings
operated properly for only about 2-3 months of the year-long experiment.

For the purpose of this evaluation, the largest excursions of current noise and potential
noise were identified and acommon feature (or group of features) among the available process
parameters was sought for correlation with the ECN excursions.

(*) C1S400 control unit with CIS502 current-potential logging’ and zero-resistance ammeter modules from
Petroleum Research and Production, Ltd., in England, and ADAM 4018 8-channel temperature loggers, from
Advantech, USA.

(1) Amulet software system, from Corrosion and Condition Control, Ltd. in England.
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4.0 OBSERVATIONS AND RESULTS

4.1 INITIAL VESSEL INSPECTION

Since the beginning of operation, the digester at Kamloops has been inspected on an
approximately annual basis(12- 15 month intervals). A scaffold is erected inside the vessel and
the shell surfaces are power-washed with water — not acid cleaned — prior to inspection. The
inspection includes a suite of ultrasonic thickness measurements in specific areas (but not
necessarily the same precise spotsfrom year-to-year), dye-penetrant examination of stainless steel
welds (nozzles and top dome seam), magnetic particle examination for cracking in carbon steel
seams, and ageneral visual assessment. No detailed photographic record representing the visual
inspections and corresponding ultrasonic thickness data exists, but during at least three
inspections, a series of photographs of many of the intersections of the round seam (RS) and
longitudinal seam (L S) welds was collected. In addition, limited photographic information
representing general shell conditionsisavailable.

To document the condition of the digester shell in and around the ports prior to
installation of the ECN probes, athorough visual inspection was conducted (June 2000). At the
time of thisinspection, the original potential monitoring probes had not been removed from the
ports.

4.1.1 Probe #1

The digester shell near the topmost probe location (for Probe#1) is shown in Figs. 4-5.
The port islocated about 0.5 m below the dome-to-shell transition weld — which is a so termed
RS22, or the 22™ round seam from the bottom of the vessel — and about 46 m above the bottom of
the vessel (RS 1). Much of the surface in this arearetained aloosely adherent carbonate scal e that
was relatively thick (-1.5 mm). In places where the carbonate scale had become dislodged, the
substrate carbon steel was smooth and exhibited auniform dark coloration (deep blue to black).
The smooth area— apparently free of anything except very modest general corrosion— extends
severa meters down the digester wall from this location. Based on visual assessment of the area
represented by Probe #1, cumulative corrosion in thislocation has been very minor or even nil.

11



Fig. 4. General view of the digester shell in the area of Probe #1. At the time of this
photograph, the probe port was occupied by a potential monitor. Only small amounts of residual
carbonate scale (relatively light colored areas) remain on the shell, and some residual black liquor
isdraining from the annular area of the port. The white “scale indicator” just below the port is
3.5cmlong. A piece of scaffold rigging appears in the foreground.

Fig. 5. Closer view of the shell surface surrounding the port for Probe #1. The boss area
encircling the port is very slightly raised above the shell contour and is stainless steel overlay.
Note that the shell in this location is smooth — no pitting or surface roughening. Small areas of
light brown carbonate scale remain on the shell.
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Theinitial signs of localized corrosion (for the present termed pitting, but it will be
discussed further below) were observed just below RS21, about 3 m below the port for Probe#1.
The“pit” indications at this level, about 43 m from the bottom of the vessel, were relatively
scattered with none larger than afingertip and none deeper than about 0.25 mm (10 mils). Some
carbonate scale remained at thislocation, potentially obscuring some of the shallow pitting.
Generally speaking, the diameter, depth, and density (indications per unit area) of the pits
increases slowly at progressively lower positionsin the digester.

4.1.2 Probe #2

The port for Probe#2 islocated in line with the trim screens (between RS18 and 19).
The digester shell near this port is shown in Figs. 6 and 7. Inthe general areaaround the port, a
light, adherent carbonate scale makes the surface appear relatively smooth. However, closer
inspection revealsthat thereis actually shallow surface relief associated with clusters of light
pitting in this area. While the carbonate scale somewhat obscures the pit dimensions, the shell
pitting is generally lessthan 1 cmin diameter and less than 0.5 mm (20 mils) deep.

Figures 8 and 9 show a nearby trim screen. Immediately adjacent to the screen boss, and
in the areas on/adjacent to RS 18 (just below the trim screens), indications of localized corrosion
are numerous. The pitsin these regions are approximately 1.6 mm (60-70 mils) deep and
somewhat larger in diameter than previoudy noted indications.

13



Fig. 6. General view of the digester shell surrounding the port for Probe #2. At the time of
this photograph, the port was occupied by a potential monitor and residual black liquor was
draining from the portannulus. Most of the area is covered by a thin, tan-colored carbonate scale.
At right, ascaffolding support and a partially obscured trim screen arevisible. For scale, the port

diameter is about 3.5 cm.

Fig. 7. Close-up view of view of the shell surface surrounding the port for Probe #2. In
general, some minor surface relief and scattered light pitting are evident on the shell surfacesin
thisarea, but the largest pits— approximately 0.5 mm (20 mils) deep— areimmediately adjacent
to the stainless steel port boss. Many of the pits exhibit red-orange flash rusting.

14



Fig. 8. General view of thetrim screen and a portion of RS18 |ocated near the port for
Probe#2. Pitting in this area (red-orange flash rust coloration) is concentrated adjacent to the
trim screen boss and in/on the weld seam. The white “scale indicator” is 3.5 cm long. The bright
orange paint markslocations for additional inspection by mill personnel.

Fig. 9. Closer view of corrosion adjacent to the trim screen boss. Pitsin this location, and
infon the nearby round seam weld, tend to be larger in diameter and deeper — up to 1.6-1.7 mm
(60-70 mils) deep -than pits closer to the port for Probe #2.

15



4.1.3 Probe#3

The bottom of the internal extraction (EX) screen header islocated about 1 m above
RS12 and about 0.5 m above the position for Probe #3. The internal diameter of the digester
increases in step-function fashion by about 0.5 m from the extraction screen header to the shell
just below the header and, as such, the internal header forms a“shelf’ that potentially influences
the pulp/liquor flow in and around the Probe #3 position. Figures 10 and 11 show the digester
shell in theimmediate vicinity of the port for Probe#3. The pitshere areirregularly distributed
but are uniformly 1.5-1.7 mm deep (60-70 mils). At thislocation, many of the pits still have
individual character, but the pitstend to cluster and overlap adjacent to the port boss and along
the RS12 weld. Without exception, the pits have a smooth bottom and sides, and aright-angle
intersection between the shell surface and the pit body. The unpitted area of the shell surface
appears absol utely smooth at thislocation.

Slightly lower in the digester, the pitting indications tend to change from mostly
individual pitswith only minor areas of overlap to areas sometimes described in the industry as
“oceans-and-islands.” In the latter case, the pitted areas seem to have spread laterally and
coal esced to the point that relatively large areas (from afew cm® to most of asquare meter)
represent the bottom of the pitted area (the “ oceans’ part of the descriptive term, uniformly
1.5-1.7 mm deep) leaving only small areas (“islands’) protruding above the position of the ocean
floor. Representative photographs of this observation appear in Figs. 12 and 13. Thereis no
probe port in the area of pitting easily distinguished asthe “oceans and islands’ pattern.

16



Fig. 10. General view of the digester shell surrounding the port for Probe #3. All the pitsin
this area are approximately the same depth, but the pit density associated with the weld (RS12)
and the areaimmediately adjacent to the port is much greater.

2 %

Fig., 11. Closer view of the shell surface surrounding the port for Probe #3. The pits in this
area — on the shell, adjacent to the boss, and those in/near the round seam weld are approximately
1.6-1.7 mm (60-70 mils) deep.

17



Fig. 12. General view of digester shell between extraction screens and modified cooking
screens. The white “scale indicator” is 3.5 mm long and rests on a smooth, unattacked surface
while much of the surrounding areais significantly pitted.

Fig. 13. Magnified view of the area depicted in Fig. 12. The pitsin this region tend to overlap
to formsizeable areas exhibiting awall thickness decrease of 1.6-1.7 mm (60-70 mils) compared
to the smooth surfaces nearby.

18



4.1.4 Probe #4

The fourth probe from the top of the vessel islocated just below the modified cooking
(MC) screens. Similar to the situation for Probe#3, the probe location is about 0.5 m below a
shelf associated with the MC screens. Shell corrosion in this area at the time of probeinstallation
was somewhat scattered, and no large clusters of pits were observed except those immediately
adjacent to the probe port. Figures 14 and 15 are representative of these observations; the pit
depth at thislocation isuniformly 1.5-1.7 mm (60-70 mils).

Between the MC screens and the wash screens, the relative fraction of corroded shell
surface increases significantly — and fairly abruptly — compared to higher in the vessel. Figure 16
is representative of this observation. Compared to the somewhat isolated areas in which
corrosion appearsto be minimal (the“islands’ portion of the oceans-and-islands pattern), the
depth of “ocean” region of corrosionisabout 1.7 mm (about 70 mils), which is consistent with
the depth of moreisolated corrosion spots observed higher in the vessel.

Fig. 14. General view of the digester shell in the vicinity of the port for Probe #4. The
internal header box (“shelf”) associated with the modified cooking screensisjust visible at the

top of the photograph. The shell surfaces exhibit very little pitting in the immediate vicinity of
this port.
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Fig. 15. Closer view of the area immediately surrounding the port for Probe #4. The pits
observed here— generally adjacent to the port boss and associated with the former position of an
L-shaped bracket just to the right of the port — are uniformly 1.6-1.7 mm (60-70 mils) deep.

Fig. 16. Region of the digester shell below the modified cooking screens showing extensive
pitting. This specific region, near RS5, shows the tendency for pits (red-orange rust colored) to
grow together laterally leaving only relatively small areas (gray) of smooth digester shell. The
regions without rust stains stand uniformly about 1.7 mm (70 mils) above the bottom of the

pitted/recessed area.
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4.1.5 Probe #5

The lowest probe port is below the wash screens and just above RS1 (the lowest
circumferential weld). Scattered pitting across much of the shell surface was present at the time
of the inspection, but the pitting (OS-0.7 mm deep) was much more shallow than dightly higher
in the vessel. Figures 17 and 18 document the pre-test condition of the digester shell near
Probe#5.

4.1.6 Other Pre-Test Observations

In addition to accel erated corrosion observed adjacent to welds and port bosses, anumber
of observations were gathered suggesting digester shell corrosion is somewhat sensitive— at least
in the initiation stage — to surface condition. One example is shown in Fig. 19, which isthe area
surrounding RS6. The round seam weld and the immediately adjacent area are heavily pitted
such that the weld surface is now below that of the shell surface at many points. Based on the
position of the relatively uncorroded shell surface, the depth of pitsin the weld is on the order of
2.5 mm (100 mils), but the total extent of metal lossin the weld islikely to be greater considering
the weld crown that has also been removed by corrosion. Most of the digester surfacein this area
exhibits scattered pitting and clusters of pits (small “ocean” areas) on the order of 1-1.2 mm
(40-50 mils) deep. However, pardlel to the RS on either side are some “tracks’ in which the
entire area (about 3-4 cm wide) has receded somewhat further. The tracks correspond with the
location of the paths taken by the wheels/fixturing of the automatic welders that were utilized to
field-fabricate some of the round seam welds. The somewhat accel erated corrosion pattern along
the track locations as well as on/adjacent to the weld itself suggests that disruption of the mill
scale by rubbing/grinding on the surface may have contributed to the observed corrosion pattern.
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Fig. 17. General view of the digester shell in the vicinity of the port for Probe #5. Just below
the port for Probe #5, RS 1 is visible, as well as a portion of the rake.

Fig. 18. Close-up view of the area immediately surrounding the port for Probe #5. The pits
observed here are scattered but uniformly 0.5-0.7 mm (20-30 mils) deep.
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AlsoinFig. 19, thereisasmall “V” shape just above the topmost track indicating similar
accelerated corrosion to that observed in the welder tracks. These “V* shapes (sometimes “L”
shapes— see, for example, Figs. 14 and 15) are located in anumber of placesinside the vessel and
apparently represent locations where a fixture was welded to the digester wall to support
congtruction activities. Areasthat were ground in order to remove thefixture (aswell asareas
ground to prepare the areafor welding) apparently became susceptible to accel erated corrosion or
at least accelerated initiation of the process. In afew cases, patterns consistent with individual
grinding markswere also observed to exhibit accel erated corrosion.

Fig. 19. Digester shell near RS6. RS6 is parallel to and partly included in the horizontal portion
of the orange inspection “T” and the white scale marker (3.5 cm long) is on the uppermost of the
“tracks’ parallel to RS6 on top and bottom. There is significant indication of pitting in the entire
area— individual pitstend to be approximately 1.0-1.2 mm (40-50 mils) deep, but the surface of
the tracks and the weld at RS6 have receded further. The black material in the vertical portion of
the“T” isresidual black liquor. Also note the “ V" shaped indication of significant corrosion just
abovethe scalemarker.

&
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Further evidence of sensitivity to surface condition was observed fairly highinthe
digester (near RS18). Thelocationsof former ultrasonic thickness measurements (extending
many meters up the shell at about 30 cm intervals at 0 and 180° positions) seemed to stand out in
that no carbonate scale was observed to adhere to the small circular indications. Since the annual
wall thickness survey had not yet occurred at the time of thisinspection, this observation suggests
that something about the surface preparation and/or the residual coupling liquid renders these
spots different from the nominal shell surface in some aspect. The spots themselves did not
appear particularly corroded, but that may be aresult of regular surface preparation (grinding to a
uniform thickness) for the measurement at each location.

The dummy plates (steel that coversthe diameter transition at the screens on theinternal
surfaces) adjacent to the EX and MC screens are not constructed of precisely the same grade of
steel (A36 for platesand A5 16 for shell; no practical compositional difference) but the corrosion
pattern on the shell and dummy plates exhibits many similarities, In particular, the dummy plate
surfaces have clusters'rows of pitsall of the same depth, while large areas appear to be perfectly
smooth. In al cases, the pits have smooth, rounded bottoms with an abrupt change in thickness
(near aright angle) at theintersection of the shell and pit contour. At the maximum penetration,
the pitsare uniformly 1 S-1.7 mm (60-70 mils) deep, precisely the same as the nearby shell
surfaces. In addition to apparently random clusters of pits, however, the dummy plates also
exhibit perfectly aligned vertical rows of pits (see Fig. 20).
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Fig. 20. View looking down across a dummy plate surface located among the M C screens.
Most of the pitsare aligned in vertical rows; the rows shown here do not align with the vertical
rows of pitson the plate in the lower group of MC screens.

One section of dummy plate, which was removed in 1996, was made available for
metallographic analysis. The analysis confirmed that the pits had smooth, rounded sides with an
abrupt transition to apparently uncorroded material (Fig. 21). In addition, all the pits on the plate
were very close to precisely the same depth (Fig. 22). No microstructural patterns— such as
gradients in hardness, grain size, composition, or inclusion density — could account for the precise
depth of pitting or for the vertically oriented rows of pits. One possibility isthat rolling of the flat
plate to form the slightly curved shell contour cracked/crumpled the mill scale along longs of
accumulated stress. The surface film wasindeed different at the pit locations than in/on the pit
surfaces, but none of the film(s) seemed to retain typical mill scale composition, so it was not
possible to confrm the hypothesis regarding the vertical rows of pits.
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Fig. 21. Section of dummy plate removed from the digester in 1996.

Fig. 22. Representative horizontal (circumferential) cross-section of the dummy plate
shown in Fig. 21. Note that all the pitsin this view have smooth bottoms and are the same depth.
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It isinteresting that the replacement plate (installed in 1996) was observed to be in near
pristine condition at the time of the June 2000 inspection (and the follow-up inspection in June
2001). As Fig. 23 shows, the only corrosion damage appears to be associated with areas
subjected to grinding for stitch welds and attachments. The depth of attack in these areas was
estimated to be 1 mm (about 40 mils).

Fig. 23. Dummy plate from the top row of EX screens. This plate, installed in 1996, is almost
perfectly smooth, except for some pitting in areas associated with grinding. In this view,
indications include the stitch weld near the hinge at |eft, the two weld attachment areas at right,
and the seam along the top.

4.1.7 Comments on Localized Corrosion Pattern

The pattern of localized wall thinning observed on the digester shell and dummy plates
has some physical similaritiesto typical pitting, such as roughly hemispherical shapes that occur
in (apparently) random locations. Figure 24 is among the best close-up photographs collected of
the pitting observed on the shell on the Kamloops digester. However, the indications have
several features that distinguish them from pitsin the most classical sense of the word. Including
observations made inside other carbon steel continuous digester vessels, these factors are
described below.
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Fig. 24. Close-up view of isolated pitting on the digester snhell. The magnetic clip at top left is
4 cm long at the widest point. Note that the flash rust locations are not always at the bottom (low
point, as determined by gravity flow for moisture) of each pit.

All the indications in a given area are the same depth within the ability of
non-destructive measurements to detect pit depth, classical pitting often hasawide
range of pit depths and shapes. In fact, the characteristic depth of pits at various
locations in the Kamloops digester is the same as that observed in similarly
constructed digesters observed by the authors at different paper mills.

The walls and bottoms of the pits are uniformly smooth rather than rough and
irregular.

With rare exception, thereislittle or no tendency to undercut the relatively passive
areas adjacent to the pit; in classical pitting, occluded areas beneath the pit opening
are common.

- Rather than get deeper as afunction of increased exposure time, the pits observed
here seem to spread |aterally after reaching a certain characteristic depth; in
electrochemical pitting, repassivation (if it occursat al) would typically occur at the
sides of the cell rather than at the bottom.
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- Electrochemical pitsfrequently have a“gravity” component to their shape dueto the
downward flow of the relatively thick and viscous fluid typically formed in apit; the
pits observed on the vertical shell walls of the digester have been uniformly round.

- Electrochemical pitting sometimes occursin clusters, but there is some amount of
cathodic protection provided by an active pit to the surrounding area. Asaresult, pits
rarely would be expected to form the “oceans and islands” pattern observed here
unless entire groups of pits can repassivate before others areinitiated. If the pitsare
initiated at different times, however, it seems unusual that all would achieve the same
characteristic depth prior to expanding laterally.

4.2 HISTORICAL INSPECTION DATA AVAILABLE FROM KAMLOOPS

4.2.1 Photographic Documentation

During inspections that occurred in 1996, 1997, and 1999, photographs were collected
from intersections of the RS and LS welds inside the vessel. Comparison of the photographs at
specific locations as afunction of time suggests that much of the corrosion damage observed
during the June 2000 inspection occurred prior to the 1996 inspection. For example, Fig. 25
shows two photographs of the “T” intersection of LS 10 and RS7. The photograph taken in 1996
isremarkably identical to the onetakenin 1999, and many individual pits can beidentified in the
1996 photograph that are unchanged in the 1999 photograph. The depth of the pitsis, of course,
not obvious from the photographs but there are afew clues that the diameter of many pits may
have increased slightly over the three-year span indicated here. Note in particular the relative
spacing between pitsin some clusters— potential deception of camera angle and distance aside, it
seems likely that the pit diameter hasincreased dlightly over the three-year span between
photographs. Two additional examples are shown in Fig. 26 (RS6/LS7) and Fig. 27 (RS2/LS4).
In general, pictures of theRS/LS intersections in years after 1999 are not as informative because
many of the weld seamswere ground and weld repaired between 1997 and 1999. Asaresullt,
details previously visible are no longer available to track as a comparison through time.
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Fig. 25. Intersection of RS7 and LS10 in 1996 (top) and 1999 (bottom). Example locations
with featuresto compare are circled.
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smooth weld bead surface and the circled row of pits.
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Fig. 27. Intersection of RS2 and LS4 in 1996 (top) and 1997 (bottom). Examples of locations
to compare featuresare circled.
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Among the other historically available photographsis an interesting one from 1999
(Fig. 28). It showsan “island)) of unattacked material in alarge“ocean” of corroded material in
the upper right comer, and isaparticularly good view of the step-function nature of the transition
from uncorroded material (perfectly flat/smooth) to material recessed by 1 mm or more. This
region was al so photographed in several other inspections, and has remained unchanged since
1996.

Fig. 28. 1999 inspection photograph of the RS6/LS10 inter section. Note the “island” of
smooth shell surfacein the upper right of the photograph, which stands about 1 mm (40 mils)
above the surrounding corroded area.

In 1997, aphoto survey was generated to record the general condition of the shell asa
function of position. While none of the photographs have wall thickness data associated directly
with them, they depict relative pitting patterns as afunction of position within the digester and
they demonstrate that the extent of corrosion observed at the June 2000 inspectionislargely
unchanged from 1997.
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4.2.2 Ultrasonic Wall Thickness Data

Digester shell thickness data has been collected at each maintenance outage since start-up
of the vessal. Unfortunately, the original (as-fabricated) steel thickness was not documented, so it
is not possible to use the historical records to determine the absol ute extent of thinning or even
general corrosion rates without some estimation involved. Further, Weyerhaeuser personnel have
indicated there are other factors that complicate interpretation of wall thickness data, such as
variable surface preparation and inconsi stent measurement strategy — that is, uncertainty whether
data was collected routinely from “ocean” or “island” positions when pitting isin the
measurement area. Nevertheless, wall thickness data collected at annual inspections can be used
to assess corrosion trends at various locations in the vessel.

With these caveats, the data collected by Weyerhaeuser indicates that the highest
corrosion rates in the digester — on the order of 0.4-0.5 mm/y (15-20 mils/y) — are expected
in aband just above the extraction screens. Note that no probes were located in that area for
this experiment. Probes#1 and #5 were |ocated in regions associated with < 0.25 mm/y
(< 10 mils/y) of wall thinning, while Probes#2, #3, and #4 were all in regions experiencing about
0.25-0.4 mm/y (10-15 mils/y) thinning. Some specific datawill be cited in the “ post-experiment”
analysis.

4.2.3 Electrochemical Potential

Representative potential data collected from thefirst several years of digester operation
was provided to ORNL by the Weyerhaeuser Kamloops staff. The reference el ectrode was
molybdenum (establishesMo/MoS equilibrium) and the working el ectrode was a piece of mild
steel similar to the digester construction material. A summary of the trends depicted in the data is
givenin Table 1. Aswill become apparent in subsequent discussion, the ECN potentia data
collected in this experiment indicates somewhat different trends than the data shown in Table 1.
Obviously, the present ECN experiment and the former potential survey collected data at different
operating times, which meansthat the digester may have been exposed to different conditions
during the respective periods of data collection. Inaddition, thereference electrodes used in each
experiment (Mo/MoS and Ag/Ag,S) exhibit sufficiently different responses to the environment
such that certain trends may be obscured as a consequence of reference electrode selection.
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Table 1. Snapshot of potential data from the Kamloops digester during February 2000. All
potentials are given with respect to a molybdenum (Mo/MeS) electrode.

Nominal Range of Trend in

Position potential, mV | potential, mV | potential® .| Anticipated corrosion®

Probe #1 +32 +20/+45 Steady | Mild/moderate thinning;
pitting

Probe #2 +20 -5/+30 Steady Mild/moderate thinning;
pitting

Probe #3 +18 -30/+30 Moderately Mild/moderate thinning;

noisy pitting _

Probe #4 +10 | -45/+45 Very noisy Mild/moderate thinning;
pitting; tends to passivate

Probe #5 -82 -85/0 Verynoisy | Moderate to heavy
thinning; pitting

“Inthisdescription, “noisy” implies many rapid changes and significant fluctuations
within theindicated range of potentials.

5The “anticipated corrosion” is the assessment offered by the consulting firm interpreting
the potential data and is based on analysis of polarization curves performed using the working
electrode compared to the typical free potential at that |ocation.

4.3 REPRESENTATIVE ECN AND OPERATIONAL DATA

4.3.1 Data Analysis and Interpretation

The ECN data collected over the entire year-long experiment was examined in an attempt
to find specific events or periods of timein which probe corrosion— and therefore digester shell
corrosion — changes from the nominal level of activity. Ultimately, the goal of the effort isto
correlate changesin corrosion activity with specific operational characteristics of the digester and
eliminate/minimize conditions contributing significantly to corrosion.

For the present experiment, the data was evaluated for such changes/eventsin two ways.
Primarily, the electrode potential and current activity was examined graphically as afunction of
time (4-6 week segments) to look for significant/sustained changes in electrode potential or
current activity. Time periods in which these changes were detected were compared to graphical
representations of each of the operational variables (temperatures, flow rates, liquor composition,
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etc.) that are tracked and recorded by themill. In thisfashion, an attempt was made to correlate
periods of relatively high corrosion rate with specific operational variables. In addition to using
graphical trendsto identify periods of corrosion activity corresponding to changesin operational
parameters, the data was also evaluated via correl ation coefficient analysisfor all pairs of process
variableswith several delay timesconsidered. [Thisanalysisisdescribed morefully ina

subsequent  section.]

A discussion about how current activity was interpreted for the purposes of this
evaluationisappropriate. The value of current generated by the probesis a complex — and not
necessarily straightforward — number. The current value at any sampling interval is the net
current detected flowing through the zero-resistance ammeter (ZRA) connecting the nominally
identical working electrodes. Depending on which electrode is momentarily active compared to
the other electrode, current can flow from electrode A toward electrode B aswell asin the
opposite direction. Asaresult, ECN current can be either “positive” or “negative” with— for the
present discussion — no particular significance attached to the sign of the current flow.

Several factors influence the magnitude of the current detected by the ZRA. For
example, in any corrosion reaction, there are necessarily areas of both anodic and cathodic
activity. If an individual working electrode is sufficiently large, at least some of the corrosion
current will be consumed on the surface of the electrode (discreet anodes and cathodes on the
same surface) and thus a portion of the corrosion current does not pass through the ZRA and is
not detected by the system electronics. In principle, electrode size is an important design feature
of an ECN system, with some balance required between the advantages of relatively large
electrodes and very small ones, Larger electrodes come closer to representing real surfaces
(inclusions, surface roughness, surface deposits/films, composition gradients, etc.) than do small
electrodes, but as the surface area of the electrodes increases, the likelihood that the current self-
terminates (anodes and cathodes on the same surface) also increases. Further, the expected
signal-to-noiseratio may influence el ectrode size requirements; for example, astrongly passive
system might require avery large electrode surface to cultivate the required signal. Finaly, for
pul ping liquor corrosion, another electrode size/condition factor might be how readily various
reactions take place which do not directly contribute to the corrosion reaction. For example,
reduction/oxidation reactionsinvolving sulfur species may contribute some electrons detected by
the ZRA without directly participating in corrosion of the steel vessel. Aslong as the electrodes
are reasonably similar to the structure they are to simulate (similar roughness, composition, film
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catalytic effects), it isassumed — for this discussion — the amount of indirect contributionis
essentially constant and in the “ white noise” of current activity (meaning equal probability of
happening on either electrode and thus afactor that largely “cancels’ from the current
measurement). Further, aswill be shown later, the potential experienced by each probe is not
appropriate for large current contributions from side reactions involving sulfur species.

Ultimately, thereisno known “formula’ to determine a precise electrode size that is most
appropriate for agiven system. The literature is replete with examples of successful ECN
applications with electrode sizes between 0.5 and 5 cm” and there is no reason to expect that such
asizeisinappropriate for the present experiments. The electrode size chosen for the digester
probes basically represents the largest working surface that could be tit onto a probe (two
working electrodes, areference electrode, and temperature measurement capability on the same
surface) that mated into a 38-mm diameter port.

In some of the graphsthat follow, the ECN current is plotted as the absolute value of the
current detected by the ZRA. Nominally, the ECN current signal oscillatesin alargely random
fashion about the value of zero (net current flows back and forth between nominally identical
electrode surfaces). However, as the magnitude (not the sign) of current activity is of prime
importance to identify operational parameters causing increases in general corrosion activity, the
absolute value of current is often plotted for ease of presentation. [In particular, when the ECN
signals suggest ageneral corrosion mechanism, the relative sign of the current has no significance
a al. Inthe case of pitting or stress-corrosion cracking, the sign of the current (indicating a
particular electrode) can be part of the interpretation. The corrosion activity in the Kamloops
digester, at least during the period of thistest, was exclusively general corrosion. More on that
topic appearsin discussion to follow.]

The sums of absolute current over a specific period of time can be related — abeitin a
somewhat crude fashion — to the corrosion rate experienced by the probes (and, in principle, the
nearby digester wall). In order to develop such arelationship, certain simplifying assumptions
are required. Firgt, thetotal current must be consumed uniformly over the entire exposed surface
area of each pair of electrodes (1.42 cm’ for each probe). Essentially, this means that no localized
corrosion — such as pitting or stress-corrosion cracking — is occurring (confirmed with
polarization curves and post-test analysis of probes) and therefore current is related directly to
thinning viageneral corrosion. In order to relate the current to massloss and uniform thinning, it
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was assumed that the iron oxidizes from Fe to the Fe™ state in all cases. Using these
assumptions, thetotal current flow (summed in absolute value) over any period can be related to
corrosion rate via Faraday’ sLaw (see Appendix A). Since not al the current for any reaction
passes through the ZRA, and some amount of the current that does pass through the ZRA is
related to redox reactions, the value so calculated essentially represents only arelative estimate of
corrosion rate. 1t will be shown, however, that for the conditions experienced in the Kamloops
digester, that this corrosion rate estimate is very consistent with post-test analysis of the probes
and with historical values of corrosion in the vessel.

4.3.2 General Characteristics

Because Probe #5 was the least active among all the probesin terms of corrosion noise,
examination of data from this probe isinstructive for understanding general characteristics. For
example, Fig. 29 shows that the nominal potential of the steel at the position of Probe#5 — for the
month of December — was approximately -140 mV vs. Ag/Ag,S, which corresponds roughly to a
value of -1020 mV vs. SCE [8]. During thefina few days of November shown on Fig. 29, there
isalarge transient associated with shutdown and start-up activity — thistransient isincluded here
for contrast with the more nominal behavior but will be discussed in a separate paragraph. The
potential wasrelatively stable at about -140 mV vs. Ag/Ag,S over the duration of the experiment,
and exhibited only about ten brief (minutes to afew hoursin duration) potential spikesto more
positive potential over the entire month of December. For the specific interval shown in Fig. 29,
the potential typically spiked to the range of -50 to -100 mV vs. Ag/Ag,S, although very
occasionally apotential spiketo aimost 0mV vs. Ag/Ag,S was observed during other time
periods.

Figure 29 also shows that there was a corresponding current response (shown herein
absolute value; see discussion in section above) associated with each potential excursion.
Generally speaking, the current noise associated with probe#5 for the month of December was
very modest at approximately amilliamp or less. The largest current spikes for Probe#5 in
December were to approximately 10 milliamps.
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Fig. 29. Representative ECN data for Probe #5.

The December corrosion activity indicated for Probe#5 isexclusively general corrosion.
Figure 30 isapolarization curve for mild steel in liquor removed from the wash zone (near the
position of Probe#5) in the Kamloopsdigester. It indicates that at the observed nomina potentia
for Probe#5, the system is expected to be corroding modestly and in ageneral fashion at the open
circuit potential. All of the potential spikes observed for Probe#5 fall in/around the active “nose”
of the polarization curve, and none achieve a sufficient potential to fall in the traditional passive
range asindicated by the polarization behavior. Similarly, since pitting is associated with
potentials even more positive than the passive range, the ECN datain Fig. 29 also predicts no
pitting activity. Aswill be discussed in asubsequent section, the post-test analysis of the surfaces
of Probe#5 confirmed only extremely modest general corrosion and no pits. Further, the upper
portion of the anodic polarization curve shown in Fig. 30 -the portion above about -800 mV vs.
SCE - has a shapethat is controlled largely by the scan rate and the liquor composition and is
usually associated with redox reactions involving sulfur speciesin pulp-making liquors. In the
range of potentials experienced by Probe#5, the polarization curve indicates the current
contribution from theseredox reactions should be very small.
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Fig. 30. Polarization curve for mild steel in wash zone liquor removed from the Kamloops
digester.

In contrast to Probe#5, the current and potential activity of Probe#3 were much more
variable over the period of investigation. Figure 3 1 shows arepresentative snapshot of ECN data
for Probe#3. [Likethedatain Fig. 29, alarge current/potential excursionisincluded for contrast
with more nominal behavior. Thiswill be discussed in relation to shutdown and start-up
transientsin asubsequent paragraph.] 1n the case of Probe#3, the potential shifts rapidly and
almost constantly between about 0 mV and 80 mV vs. Ag/Ag,S over the period of the
experiment, with periodic spikes to about 180 mV vs. Ag/Ag,S. The current activity shows
largely white noise around very low -but not precisely zero — current, and large bursts of current
activity associated with the potential spikes.
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Fig. 31. Representative ECN data for Probe #3.
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A polarization curve for mild steel in lower extraction zone liquor (removed from the
digester at alocation near Probe#3) isshown in Fig. 32. It showsthat the nominal potential
range of Probe#3 (O-80 mV vs. Ag/Ag,S) fallswithin the passive range of behavior for steedl.
The potential spikesto about 180 mV vs. Ag/Ag,S (shownin Fig. 3 1) routinely generate large
current responses, but current at this potential has alarge component resulting from redox
reactionsinvolving sulfur in addition to perhaps some mildly transpassive behavior.
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Fig. 32. Polarization curve for mild steel in lower extraction liquor removed from the
Kamloops digester.

Datafor other probes (#1, #2, and #4) tend to fall between the extremes exhibited by
Probes#5 and #3, except that the potential noise associated with Probe#1 istypically very
modest. Table 2 summarizes the potential trends observed in the ECN data. Although direct
comparison with datafrom Table 1 is complicated by a difference in reference electrode and time
period of operation, it is nevertheless clear that the results indicate significantly different trends.
For example, conversion of potentialsto a common base aside, the former data (Table 1)
indicates atotal range of nominal potentialsfor probe positions#1-4 of about 20 mv, with
position #1 yielding the highest potential. The ECN datain Table 2 indicate a much larger
nominal potential range among these positions (about 140 mv), with position#3 at the highest
value by a significant amount. Further, because of the similarity of potentials and small total
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range of potential at each position, the shell corrosion behavior at positions#1-4 generated by
Table 1isvery similar, which is clearly not the historical trend. Aswill be shown throughout this
document, the ECN probes generated results consistent with the present and historical corrosion
patterns.

Table 2. Comparison of ECN potential values for the ECN probes. All potentials are given
relative to Ag/Ag,S. Potentials achieved during shut-down and restart transients are not
included here.

Probe#1 Probe#2 Probe#3 Probe#4 Probe #5
Nominal -60 mv -lOmv + 50-80 mv 0-30 mv -140 mv
potentia” steady steady noisy noisy ~ steady
Maximum -45 mv +100 mv +180 mv + 90 mv -50mv
potential®
Minimum -70 mv -35 mv -30mv -60mv - 160mv
potentialb

“Nomina potentiad is the value — determined by graphical estimation — a which the
potential is most likely to be found during digester operation. Anindication of “steady” indicates
that there are not rapid/frequent potential changes during normal operation, while a designation of
“noisy” indicatesthere are routine large potential fluctuations.

‘Maximum and minimum potential s are not absol ute values but rather the values
consistently achieved on aperiodic basis for more than instantaneous duration.

4.3.3 Effect of Temperature

In this section, information about the temperature data recorded over the duration of the
experiment is presented. The purpose of theinformation isto document representative
temperature measurements made during the experiment and to permit consideration of the
possiblerole of temperature and temperature changes as they influence the ECN data, particularly
when compared with other competing or “coincident” changes occurring in the digester.

The temperature at Probe #5 was nominally 60°C over the entire experiment. However,
the temperature periodically spiked upward to avalue of 90°C or greater for periods of minutesto
afew hours. Thereasonsfor thelarge and sudden swingsin the temperature at the position of
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Probe #5 are complex. Basically, Probe #5 is located close to athermocline that is determined by
the hydraulic balance in the digester. Periodically, as many as several times a day, the position of
this“boundary” between hot liquor and cooler wash solutions shifts ameter or two in response to
the variousin/out flows of the process, and the thermocouple in Probe#5 readily detects each
change. Aswill be shown in a subsequent paragraph, the temperatures at the respective positions
of the other probes do not exhibit thistype of variability, either in frequency or magnitude.

A representative temperature profile for Probe#5 is shown in Fig. 33 - along with the
corresponding potential data— and is plotted such that only the largest temperature spikes appear
on the graph (temperatures over 100°C). Again, focusing on the December data for the present
(and omitting the transient at the end of November), plotting in this fashion makes it obvious that
the potential/current noise activity is associated directly with the swingsin temperature at this
position in the digester. The trend for Probe #5 isthat a AT of at least 40-50°C isrequired to
generate a potential spike of 10mV, with larger AT associated with larger potential spikes.
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Fig. 33. Temperature and potential data for Probe #5.

The nominal variation in temperature at the probe positions during operationis
represented by thedatain Fig. 34. The curvesin Fig. 34 present data for Probe#4 and Probe#5
for aweek early in February. Datafor Probe #1 (+5°C around average), Probe #2 (+5°C), and
Probe #3 (+8°C) were much less variable than Probe #4, but the temperatures were so generally
similar that plotting on the same axisyields only clutter and largely indistinguishable curves.
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Fig. 34. Nominal variation in temperature for Probes #4 and #5.

These dataindicate that the temperature at Probes#1- #4 had some modest variation with
time that was largely independent of the large temperature swings associated with Probe #5. In
Table 3, some statistics for the datain Fig. 34 are presented which provide insight into the
temperature variability at each probe position for the same week.

Table 3. Temperature statistics for the time interval depicted in Fig. 34.

Maximum Minimum Average Standard
Probe # temperature(°C) | temperature (°C) | temperature (°C) | deviation (°C)
1 154 143 148 1.3
2 154 146 151 14
3 159 140 153 3.3
4 159 118 152 3.9
5 136 59 66 8.7
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Figure 35 shows temperature data for a period in which the variation among Probes#1 -
#4 (represented by Probe#4) was unusually modest. Again, note that periodic significant
variationsin temperature at Probe#5 had no influence on the temperature of Probe#4 (nearest
neighbor) or any of the other probes. In particular, the temperature spike for Probe#5 on
February 13 isthe largest noted over the duration of the experiment for this probe, yet thereisno
coincident response for any of the other probes. Table 4 has relevant temperature statistics for the
period shown in Fig. 35.

| AProbe #4 % Probe #5 |

Temperature (°C)

28 20 21 2M2 2M3 2M4 215 2116 2117
Date

Fig. 35. Temperature profile for Probes#4 and #5 during a period of unusually modest
variation.

Table 4. Temperature statistics for the timeinterval depicted in Fig. 35.

Maximum Minimum Average Standard
Probe # temperature (°C) | temperature (°C) | temperature (°C) | deviation (°C)
1 153 148 151 1.3
2 158 151 154 1.9
3 159 154 157 1.2
4 159.5 151 155 1.2
5 152 61 65 8.9
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Figure 36 shows yet another period of temperature data, which is representative of one of
avery few extended significant temperature perturbations in the temperature of Probes#1 - #4.
Asin previous graphs of thistype, the temperature variation of Probe#4, while not precisely the
same as Probes#1 - #3, fairly represents the behavior of all four of these probes. Although the
digester continued to operatein this period, a process upset apparently contributed to the roughly
24-h period of unusual temperature behavior. As before, relevant statistical data for the same
period appearsin Table5.
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Fig. 36. Temperature profile for Probes#4 and #5 during a period with an extended
temper atur e perturbation.

Temperature (°C)

Table 5. Temperature statistics for the timeinterval depicted in Fig. 36.

Maximum Minimum Average Standard

Probe # temperature (°C)_| temperature (°C) |temperature (“C) deviation (°C)
I 160 i31 151 26
2 163 146 155 2.8
3 160 138 156 31
4 162 111 155 52
“——g — 135 49 67 115
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Due primarily to installation delays and problems with insulation, the external rings of
thermocouples did not begin functioning properly until ailmost the end of March 2000. While
only arelatively small amount of dataistherefore available, the data collected by these rings do
not suggest asignificant temperature gradient around the circumference of the digester at a
particular’ elevation. For example, eleven of the sixteen thermocouples in the bottom ring
(located just below the modified cooking screens, near the position of Probe#4) faithfully
tracked each other within about 5-8°C and within 2-3°C of the temperature measured internally at
Probe #4, including simultaneous response to minor temperature variations. Among the others at
this position, two of the thermocouples registered temperatures excessive for the process
possihilities (one at approximately 25°C higher than the average value at Probe #4, and the other
was routinely more that 60°C higher than the expected value). No sources of external heat
sufficient to account for these extremes could be located, and because it is not possible for the

process temperature to be that much higher than the temperature of the input liquor, these two
thermocouples were regarded as non-functional. However, it is noteworthy that these two
thermocouples did tend to simultaneously respond to the same temperature variations/magnitudes
asthe group of 11 thermocouples generating the expected val ues.

Three of the thermocouplesin the bottom ring, which were located together in a
particular quadrant of the digester, al registered temperatures of 30-45°C |ess than the nominal
value indicated by the group of 11 thermocouples with similar readings. The intent of the
externa thermocouples was to evaluate possible temperature gradients at a particular elevation,
but there is no process data or history available to suggest the trend indicated by these three
thermocouples (temperature variation of >40°C) is real. For example, the depth and distribution
of the*oceansand islands’ pitting pattern is uniform around the digester at thiselevation (asit is
at other elevations as well). However, no ultrasonic wall thickness data is available to assess
possible uniform thinning that is over-and-above the pitting depth indicated. In discussion with
Weyerhaeuser personnel, it was determined that these three thermocouples most likely werein
poor thermal contact with the digester shell and that, while a small temperature gradient might be
indicated, it was probably much smaller than 40°C.

The upper ring of external thermocouples, located just below the extraction screens near
the position of Probe#3, also yielded somewhat erratic results. Ten of the sixteen thermocouples
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tracked each other and Probe #3 within about 5-8°C, while two thermocouples (from opposite
sides of the vessel) registered values 35-75°C lower. Four of the thermocouples (grouped in a
quadrant) tracked something slightly above ambient temperature, and it is suspected that the
external insulation was not replaced over these thermocouplesfollowing installation.

In sum the data presented in this section suggest that temperature (and temperature
variation) isnot a particularly significant factor in analysis of the ECN data for each probe and
among probes. Thetrend isthat Probes#1-4 each exhibit relatively similar temperatures to each
other and that the frequency of small temperature variations for each probe is much higher than
the frequency of significant potential changes for each probe. Further, datafor Probe#5 indicates
that temperature increases of at least 40-50°C are required to generate a 10 mV shift in steel
potential at that position. While a different potential dependence on temperature at other
positionsin the digester (exposed to more aggressive pulp/liquor) is expected, it seems clear that
the temperature swings at each probe during digester operation are modest compared to the
magnitude required to cause significant potential changes or otherwise significantly influence

corrosion.

4.3.4 Furnish Composition

The furnish to adigester isthe wood chip mass that isintroduced for pulping. The
furnish composition istypically described by the fraction of each type of wood in the charge,
whichisusualy set by acombination of desired pul p/paper properties, local types of available
wood, and wood pile management at the particular mill. At the Kamloops digester, the nominal
furnish is approximately 40% spruce, 40% pine, and 20% Douglas fir. To influence pul p/paper
properties for specific products, two other furnish compositions are occasionally utilized at
Kamloops. Oneisreferred to as“ whitewood,” which is simply amixture of roughly 50% spruce
and 50% pine and the other is termed “ Douglas fir,” with atypical composition of >70% Douglas
fir with the remainder approximately equal amounts of spruce and pine.

Analysis of the ECN data at Kamloops over the year-long experiment indicated that,
among parameters for which data was collected, furnish composition was the most significant
operational variable influencing corrosion activity. Figure 37 is representative of the potential
data associated with Probe #2 for all three furnish compositions. Note that the potential isfairly
constant while pul ping whitewood, slightly higher and somewhat more noisy (more spikes) while
pulping the normal furnish, and increases about 60 mV in step-function fashion when the furnish
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Fig. 37. Representative ECN potential data for Probe #2 showing variation as a function of
furnish composition.

composition changes to Douglas fir. The potential for each corrosion probe changesin a
qualitatively similar fashion to that depicted in Fig. 37 for Probe#2, but this one was selected for
graphical representation because the white noise in the potential data was so dight that the change
in potential asafunction of furnish composition iseasy to display graphically.

The corresponding current data for Probe #2 appear in Fig. 38. Consistent with the
potential data, it showsthat current activity isvery low during whitewood pul ping, only modestly
higher pulping the normal furnish, but significantly higher during the Douglas fir run. Probe#2
revealed changesin current and potential associated with furnish changes at times corresponding
precisely to those indicated in the operator’ slog for the digester (no time delay between furnish
change and response at Probe #2). Although there is more general scatter in the data for the other
probes further down the digester, it is nevertheless clear that all probesindicate generally similar
responses to furnish composition within avery brief time of changesintroduced into the vessel.
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Fig. 38. Representative ECN current data for Probe #2 as a function of furnish
composition.

The precise onset of achange in current/potential activity for each probe associated with
furnish compositions high in Douglasfir is difficult to determine, but it is clear from the data that
the changeisrelatively rapid (minutesto about an hour) rather than the several hours that might
be required for the slug of wood chip mass to move from the top of the vessel to sequentially
lower probe positions in the digester. This result suggests that transport of corrosive constituents
within the digester is more rapid than previously thought and occurs via communication in the

liquor as opposed to the wood chip mass.

Asagenera trend observed in this experiment, the increased corrosion activity
associated with ahigh fraction of Douglasfir in the furnish tends to have alarger impact on
corrosion at the onset of the change to Douglasfir than after severa days of the more aggressive
furnish. Thereason(s) for thisbehavior are not clear from the data collected here, but perhapsthe
steel isableto respond to the more aggressive furnish by corroding to an extent that passivation

becomes possible.

The current-summing technique — despite the obvious shortcomings discussed previously
- was used to quantify the relative difference in corrosion activity as afunction of furnish
composition. Over the year-long experiment, the digester experienced six periods of pulping

50




Douglasfir (atotal of about 5 1 days). For each probe, the current sum (absolute values used so
direction of current between electrodesis eliminated as afactor) over each Douglasfir period was
compared to the current sum for an equivalent duration of pulping nonnal furnish immediately
prior to (or following, or equally split prior/following, depending on the furnish schedule) the
change to Douglasfir. The ratio defined by

>current (Douglasfir pulping) / 2.current (normal furnish pulping) (1)

was used to assess the relative corrosivity of Douglas fir during each period. Inthisfashion,
ratios of “1” indicate that thereis no increase in relative corrosion activity upon changing from
normal furnish to Douglasfir, whileratios greater than one indicate the relative factor by which
Douglasfir ismore corrosive. In afew instances, the ratio calculated in this manner was less than
one, indicating normal furnish was slightly more corrosive during a particular period of
comparison. Table 6 shows summary results of this calculation for the six periods of Douglas fir

pulping.

Table 6. Summary data representing the relative change in the ECN corrosion current
associated with high concentrations of Douglas fir in the furnish. Over the experiment,
there were six periods with furnish composition >70% Douglas fir, and the current ratio
given in Equation (1) was calculated for each probe in each period. Note the pulping period
in which the highest (or lowest) current ratio occursisnot necessarily the same for each
probe.

Probe #1 Probe #2 Probe #3 | Probe #4 | Probe #5
Douglas fir #1 23 a7 31 11 36
Douglas fir #2 0.5 2.6 1.0 1.6 1.2
Douglas fir #3 0.7 2.4 0.9 2.0 1.1
Douglas fir #4 1.0 5.7 1.0 1.1 1.0
Douglas fir #5 3.1 5.0 2.6 32 0.8
Douglas fir #6 5.0 35 1.1 0.7 1.3
AVERAGE ratio 2.1 4.0 1.6 1.6 1.5
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The data of Table 6 show that, on average, pulping Douglasfir is 1.5 — 4.0 times more
corrosive than pulping the normal furnish. Clearly, thisis not an absolute number, because the
manner of calculation assumes that increased corrosion activity detected by the ZRA corresponds
in some regular fashion to corrosion of the steel (as opposed to current associated with redox
reactions, for example) and that this comparison isvalid under different pulping conditions.
However, because the “ white noise” of the process seemsto remain constant and the corrosion
activity on each probe was determined to be only general corrosion (using complementary
polarization curves and post-test evaluation), the correlation of corrosivities has at |east semi-

quantitative merit.

Although not substantiated by analytical work, it is suspected that taxifolin is responsible
for the observed increase in steel corrosion activity during Douglas fir pulping. Taxifolin (a
heartwood component of Douglasfir) isa catechol derivative that is known to be a complexing
agent for steel. Asearly as 1953, increased corrosion of steel asaresult of taxifolin and similar
constituents was suspected [9], and more recent efforts at the Institute of Paper Science and
Technology [10] seem to confirm the aggressive nature of taxifolinin liquors toward steel. Asa
complexing agent, the taxifolin tends to decrease local activity (removeiron ionsfrom solution)
and inhibit iron ions from participation in corrosion passivating product/film formation.

Generally speaking, the largest effect of Douglasfir (taxifolin) was observed at the
position of Probe #2, and the effect decreased with distance down the digester. This observation
is potentially consistent with a complexing mechanism for increased corrosion. Asthe Douglas
fir isadmitted to the top of the vessel along with the liquor charge, the pulping reaction is
initiated. After a short amount of time (less than the time required for the chip mass to move
from the top of the vessel to near the trim screens), the chemical reaction generating the catechols
(complexing agent) is at amaximum because the reaction between fresh chips and strong liquor
produces the most taxifolin/catechols at this location. As the liquor/chip mass moves through the
digester, the generation rate of catecholsis exceeded by the rate at which they are consumed, so
that the effect of the catechols becomes relatively lesslower inthe vessal. This is not to imply
that the total corrosion activity becomes smaller as the chip mass moves through/down the vessel,
just that the relative influence of the Douglas fir becomes less with position down the vessel.
Furthermore, thereis generally upflow of liquor in the bottom half of the vessel (below the EX
screens, set by the specific liquor recirculation pattern), and this may have the effect of diluting
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the aggressive chemicalsin the lower half of the vessal. This would make the contribution of
Douglasfir constituents to corrosion less at lower levelsin the digester.

In amanner similar to Equation (1), the relative corrosion activity of the probes during
periods in which whitewood was pul ped was compared to corrosion activity during normal
furnish pulping as

>current (Whitewood pulping) / 2current (normal furnish pulping) )

where the current sums are again performed using absolute values. There were three periods of
pul ping whitewood with a cumulative time of about 24 days. Results of the calculation for
relative corrosivity of whitewood appear in Table 7.

¥

Table 7. Summary data representing the relative change in the ECN corrosion current
associated with pulping whitewood (near 0% Douglasfir). Over the experiment, there were
three whitewood pulping periods, and the current ratio given in Equation (2) was calculated
for each probe in each period. The pulping period in which the highest (or lowest) current
ratio occursisnot necessarily the same for each probe.

Probe #1 Probe #2 Probe #3 | Probe #4 | Probe #5
Whitewood #1 0.5 0.6 0.5 0.6 0.6
Whitewood #2 0.7 10 13 14 0.6
Whitewood #3 0.8 05 0.5 0.6 16
AVERAGEratio 0.7 0.7 0.8 0.8 0.9

n

This sumrnary suggests that whitewood, containing no Douglasfir, isthe least aggressive
of the furnish compositions. Although it islikely to be far more complicated that the simple
observation suggests, note that the data from Tables 6 and 7 indicate that the relative
aggressiveness of the furnish composition generally increases from whitewood (0% Douglasfir)
to normal furnish (20% Douglas fir) to the furnish termed Douglas fir (70-80% Douglasfir). This
correlation istrue for all probes, but is most sensitive at Probe#2, somewhat less so at Probes #1,
#3, and #4, and the least so at Probe #5, which is consistent with the complexing mechanism
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suggested above. Generally speaking, the corrosive conditions near Probes#3 and #4 are
sufficiently active that the contribution made by Douglasfir componentsisrelatively smaller.

4.3.5 Other Process Parameters

The Weyerhaeuser staff permitted ORNL accessto a suite of digester process parameter
data-— such asflow rates, temperatures, pressures, liquor chemistry, etc — for potential correlation
with the ECN data and probe corrosion activity. [Appendix B gives the list of process parameters
examined and somerepresentativedata] Most of the analysis work attempting to correlate
changes in process parameters with corrosion activity was performed viavisual examination of
graphical representations of ECN data and process parameters plotted on the same time scale.
However, a correlation coefficient analysis was also performed in an attempt to find trends that
might not be graphically apparent.

The emphasisfor these plots was, of course, to identify particular values (or ranges) for
specific process parameters that correlate significantly with increased corrosion behavior of at
least one of the probes, but this exercise included all combinations and permutations of process
parameters. Inaddition to “instantaneous’ correlations, delay times of up to two hourswere
included in the analysis. The rationale behind the delay times was to recognize that there is
potentialy atime lag between a change in any particular process parameter (set avalve, turna
knob, etc.) and aresponse of any kind inthe vessel. Sinceit takes approximately 4-5 hoursfor a
chip mass to move the length of the digester at Kamloops (from chipsto pulp) and there are five
roughly equi-spaced probes along its processing length, that suggests the amount of time between
aninput at any probe position and a response at the downstream probeis about 1 hour. In
consideration of this concept, delay times up to 2 hoursin15-minute intervals were included in
theanalysis. [For example, for adelay time of 30 minutes, datafor variable“x” were plotted
against datafor potentially dependent variable“y” collected precisely 30 minutes from the
corresponding time-tag value for “x.”]

For the correlation coefficient analysis, each process variable was paired against every
other available process parameter and delay interval for each 24-h period of data collection over
the course of the experiment. From each data pairing, alinear R* correlation coefficient for each
day/delay combination was cal cul ated.
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In practical terms, no significant correlation was found between any other
measured/tracked process parametersand corrosion activity. [Expressed mathematically, no
average values of R? greater than 0.7 were observed.] Thisindicates that corrosion activity —
based on ECN data- is not directly related to any process parameter that is presently monitored
at Kamloops. Further, it isinteresting that this result also suggests the process datais not related
to itself viarelationships that might be expected due to process control/logic. [That is to say,
none of the process variables correlated with any other process variable or measurements, which
suggests that these factors are independent of each other rather than related by processlogic and
control schemes.]

There are several potential explanations for the apparent absence of correlations. In a
general sense, thisresult may indicate that possible correlations are non-linear or multi-variable
rather than simplelinear relationships. Such complex relationships, at best, are difficult to detect
inalarge array of variables, particularly when there are no known * outcomes” on which to model
non-linear relationships. Related to possible non-linearity, there may be so little variation in the
process parameters with time (tight process control aimed at a precise kappa number or other
process goal ) that the establishment of any strong correl ation among process parameters and
corrosion isimpractical. Ultimately, the absence of even a strong correlation for furnish
compoasition in the mathematical treatment probably relates to the fact that there is not much
spread in Douglas fir composition (essentially only three different values), and the corrosion
activity associated with two of these values are very similar.

A few operational variables, such as production rate, dilution factor, inner counter-wash
rate, alkali charge, and residual alkali were found to exhibit dlight variations from the normal
values coincident with changes in furnish composition and corrosion activity. While each of
these may contribute a small portion to the entire observed effect of Douglasfir pulping, each of
these parameters are changed dlightly — but intentionally — to facilitate Douglas fir pulping. Asa
result, these are not independent parameters in the strictest sense. As an example, Fig. 39 shows
adlight changein residual alkali content (measured at the bottom circulation loop) as afunction
of abrief change from normal furnishto Douglasfir. Whileit could be argued, in ageneral
sense, that decreased alkalinity (weak liquor) could contribute to marginal passivation of the steel
and thus increase corrosion activity, the change observed in Fig. 39 is a process adjustment made
to account for Douglas fir content in the furnish. Further, brief excursions to reduced alkali
content at this and other locationsin the vessel do not seem to correlate with increased corrosion
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activity unless there is a coincident change to amore aggressive furnish. Asaresult, the
aggressive furnish is considered to be the independent variable and the parameter of greatest
significancefor vessel corrosion.
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Fig. 39. Residual alkali measured on the bottom circulation loop decr eases coincident with
a Douglasfir pulping campaign.

4.3.6 Shutdown and Startup Transients

In addition to the startup at the beginning of the data collection period in June 2000 and
the shutdown at the end of May 200 1, there were two outages during the experiment — one from
November 9-29, and one from March 14-28. The digester was drained during both outages, but it
was not washed/cleaned. ECN data were collected for portions of the vessel downtime in each
case, but various power disruptions and maintenance work caused the data collection routine to
be stopped for asignificant portion of each outage.

Compared to the nominal potential/current noise during operation, the ECN data
indicated that the shutdown and startup transients are quite aggressive in terms of corrosion
activity. Figure 29 (also Fig. 33) shows a portion of the November 2000 shutdown data
compared to normal operation for Probe#5, at which corrosion is nominally quite limited. Note
in particular that the current value increases, at least during brief periods of the shutdown, to a
level 10 or 100 timeslarger than the nominal current activity. Figure 3 1 shows a portion of the
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November 2000 shutdown data for Probe#3, for which general corrosion activity isnominally
relatively high. The current spike associated with the November 2000 shutdown at Probe #3 is of
approximately the same magnitude as current spikes associated with more aggressive furnish. In
both cases, it is clear that significant potential/current transients are associated with the outage

transient.

Asinthe case for calculating the relative corrosivity of different furnish compositions
(see Equations 1 and 2 along with related descriptions), the relative corrosivity of shutdowns can
besimilarly estimated. Inthiscase, the absolute value of current activity for each probe was
summed for about three days of outage and the same amount of time after normal operation was
re-established. There was sufficient data available to calculate the ratio

>current (shutdown) / Ycurrent (normal furnish pulping) 3)

for at least one end of all three shutdowns. (Thesewould be the two outages in November and
March as well as the major maintenance shutdown at the end of May 2001, there were 45
cumulative days of outage but only about two weeks of cumulative ECN data collected during the
outages.) Table 8 summarizes the results, which indicate that the transients are somewhat
irregular in magnitude (possibly afunction of the manner of calculation) but are significant
corrosion events. In particular, alarge fraction of the total apparent corrosion (based on current
sums) occurring at the position of Probes#1, #2, and #5 occurs during shutdown transients.

Table 8. Summary data representing therelative changein the ECN corrosion current
associated with shutdown transients. Over the experiment, there were three shutdowns,
and the current ratio given in Equation (3) was calculated for each probein each period.

Probe #1|Probe #2 |Probe #3 Probe #4 Probe #5
Nov 2000 shutdown 34 1 11 35 4.0
Mar 200 1 shutdown 53 25 39 45 23
May 200 1 shutdown 6.5 13 18 2.7 34
AVERAGEvaue 15 16 2.3 3.6 10
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Thereasonsfor increased corrosion during shutdowns are not immediately obvious, but it
seemslikely that at least one significant factor has to do with draining the vessel without
subsequent washing. When this occurs, residual black liquor adhering to the digester walls
slowly reactswith air to generate thiosulfate componentsin theremaining liquid. [Residua black
liquor — meaning liquor that has been at least partially “spent” in the pulping process— isvery
thick and viscous, and athin layer of high conductivity material could be expected to persist
essentially indefinitely inside adigester at ambient temperature.] The addition of the thiosulfate
componentsto the relatively weak liquor creates a very aggressive solution — even at ambient
temperature — toward stedl. If this hypothesisis correct, corrosion in digesters potentially could
be minimized by washing the vessal following draining so that only very dilute solutions remain
in/on the vessal walls over the duration of the outage. Forced-air drying could further minimize
the time-of -wetness and the modest steel corrosion associated with damp conditions.

4.3.7 Assessment of ECN Calculated Parameters

A number of parameters calculated from the values of current and potential are typically
used in the analysis of ECN data. For example, the standard deviation of the current and/or
potential and the root mean square value of the current are sometimes sensitive indicators of
changes within the process, but in the present experiment these values largely duplicated
information drawn directly from the current and potential measurements. Each of these values
indeed readily detected furnish composition as a significant variable as monitored by corrosion
activity of the probes, but in general the information was no more (and was sometimes |ess)
sensitive than direct current and potential changes.

The noise resistance (denoted R,,) is calculated as
Rn = Oy / O1 (4)
wherec, isthe standard deviation of the potential signal (in volts) and oris the standard deviation
of the current signal (in amps). Calculated this way, R, has the units of ohms and isinversely

related to the corrosion rate through amultiplier called the Stern-Geary constant (which, in
practice, israrely known precisely but there are methods to estimate this value). The ECN data
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collected in this experiment routinely yield very low values of noise resistance, which indicates a
high rate of reaction at the electrode surfaces. Asageneral trend, the lowest values of R,
(highest corrosion rate) belong to Probe#5, with Probes #3 and #4 a small increment higher, and
Probes#1 and #2 with adlightly higher increment yet. Since this agrees so poorly with current
sums, historical corrosion rates/observations, and the post-test analysis of the probes (next
section), the utility of theR, value seems somewhat dubious for the digester system. Further, the
R, vaues did not seem sensitive to furnish composition - for example, the R, value for Probe #2
is approximately constant at avalue lessthan 1 during most of the changes from normal
furnish to afurnish rich in Douglasfir. Asaresult, no further analysis of R, values was

attempted in this experiment.

Although outside the scope of the present investigation, it seems possible that further
laboratory experiments using impedance spectroscopy (to examine the frequency domain) might
be capable of separating instantaneous redox reaction rates (potentially very high and what is
dominating the present calculation of R,) from corrosion reactions (different time constant from
redox reactions, likely arelatively lower rate). While this analysis could be performed with the
instantaneousraw data, that datawas not permanently stored.

Attempts were also made to cal cul ate/estimate the extent to which the corrosion activity
indicated by the probeswas localized toward pitting rather than general corrosion. One method
utilized the formula

;

LI= O1 /IRMS (5)

where LI isthe localization index, o is the standard deviation of the current signal (in amps), and
Truss 1S the root mean square value of the current signal (alsoin amps). Calculated this way, LI is
adimensionless number between 0 and 1 expressing tendency toward localized corrosion, with
thistendency greater asthe number increases. |nterpreted thisway, values of LI for the digester
probes routinely indicate general corrosion with perhaps some slight, periodic tendency toward
pitting on Probes#1 and #5. As the previous inspections have shown, (and the post-test
inspection in the following section), very little corrosion at all occurs at the positions of Probe #1
and#5. Thevery low amount of corrosion may contribute to sporadically high values of LI, but
generally itisdifficult to interpret/evaluate LI in light of the physical observationsin the digester.

59




A possible explanation of the failure of R, to predict corrosion while LI isrelatively
consistent with the observed corrosion lies in the competing sulfideredox reactions. If, as
assumed, the sulfide redox reactions are rapid it is likely that they dominate the mixed potential
developed on the steel surface. Itisalsolikely that they act to dampen any potential excursions
that would otherwise arise from the corrosion reactions. So the measured potential excursions —
and particularly o, — would under-represent the corrosion process. Thisis consistent with the

very low values of R, calculated.

Alternatively, the current flowing between el ectrodes does seem to represent the actual
corrosion process. Integration of the absolute value of the coupling current correlates to weight
loss corrosion rate. Therefore, it isto be expected that L1, which depends only on the measured
coupling current, should also represent the corrosion process.

4.4 FINAL VESSEL INSPECTION

Following the shutdown for the major maintenance work in early June 2001, the digester
vessel was again inspected. The purpose of the follow-up inspection was two-fold: (1) to
examine the vessel for changes since the inspection in June 2000, and (2) to assess the condition
of the probes and remove them for analysis and comparison with the ECN data generated.

4.4.1 Probe#1

The electrodes in the probe were originally flush-mounted in ateflon header and
positioned such that the exposed end of the probe was flush with the process on the shell ID.
However, at the time of thisinspection, the probe port was filled with what appeared to be a
mixture of decomposed chips and residual black liquor, and the el ectrode materials appeared to
be protruding from their original mounting in teflon (Fig. 40). The*“crud” wasremoved by
careful digging with anail to expose the electrodes and the teflon header (Fig. 41). With most of
the crud removed, it was apparent that the entire length (1.2 cm) of the metal electrodes (steel
cylinders at the bottom of Probe#1) rather than just the round surface at the end of the electrode
was exposed. Light prodding/poking of the header face with the nail indicated that the teflon was
not soft/degraded and that the face of the head was till flat, smooth, firm, and unstained. These
observations suggest that the teflon was not unduly affected by the nearly year-long exposure to
the pulping process, but it was nevertheless displaced from its intended position prior to this
inspection. [Thiswill be discussed morefully in a subsequent paragraph, but it islikely that the
displacement of the teflon header occurred during pressure washing at the end of the experiment.]
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Fig. 40. Post-test view of Probe #1. The area10-12 cm around the probe position has been
cleaned of carbonate scale. Red/orange regions are rust stains associated with low spotsin the
surfacerelief and shallow pitting.

Fig. 41. Post-test view of Probe #1 following removal of accumulated “ crud” in the port
opening.
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At the position of Probe#1, most of the digester shell was covered with arelatively thick
carbonate scale. [ This digester was not acid-cleaned.] It is not clear whether the scale was
specifically removed from around Probe#1 by the water wash or by other mechanical action, or if
the carbonate scale simply doesn’t adherein thislocation very well. Inany case, there was minor
shell corrosion evident in the areaaround Probe#1, most of which isimmediately adjacent to the
bossfor theport. The“pitting” and other surface relief in thisareais< 0.25 mm (<10 mils) deep.
Chipping at the scale exposed other small sections of digester shell surface, which werelargely
smooth but not entirely free of shallow, random pits on the order of 0.25 mm (10 mils) deep.
Comparison of these observations with those from the previousinspection (e.g., Fig. 5) indicates
the digester shell in the vicinity of Probe#1 has experienced some mild corrosion during the
experiment. Specificaly, it seemsthat the scattered shallow corrosion/pitting observedin
June 2000 at a position several meters below that of Probe#1 has advanced upward to the top of
the vessdl.

Figure 42 shows the port flange for Probe #1 from outside the vessel. It appears that a
small leak of black liquor has occurred here. On the day it was examined, the fluid was still
dlightly moist/tacky and no accumulation other than what is evident in the picture was observed
on the vessel or nearby floor/grating. Taken together, these observations suggest a small/recent
leak, perhaps encouraged by the pressure washing to clean the vessel internals. None of the other
probesrevealed any evidence of aleak of thistype.

Much of the area at the top of the vessel (between RS22 and the trim screens) retained a
variablethickness of carbonate scale. In areas cleared of scale for examination by other
inspectors, it was obvious that shallow light pitting, particularly on/near welds, was present.
Figure 43 isrepresentative of this observation at RS2 1. Note the“T” stampsin the base metal —
used to help locate ultrasonic thickness measurement positions — appear sharp and distinct,
indicating little general corrosion in thisregion over the seven year operational history of the
vessd.
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Fig. 42. View of the external flange associated with Probe #1
showed any sign of leakage.

Fig. 43. Intersection of RS21 with LS33 or L S34. Gray material — particularly evident at the
bottom of the photo- is carbonate scale.
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4.4.2 Probe#2

The teflon header in Probe#2 was similarly “ pushed back” to reveal the full length of the
metal electrodes (see Fig. 44). Immediately adjacent to the port boss, the steel shell exhibited
significant pitting in the “oceans and islands” pattern previously discussed, but it was unchanged
(depth or extent, see Fig. 7) since the prior inspection. The majority of the shell at this elevation
shows only the modest beginnings of the “oceans and islands’ pitting pattern. Figure 45 showsa
representative area of shell at/near atrim screen. The shell generally has athin carbonate scale
through which surface relief is readily detected, but the only significant surface relief is adjacent
to the boss of the trim screen port. Similar photos from the previous inspection (see Figs. 8 and
9) as well as pit depth measurements indicating approximately 1 .0 mm (40 mils) in this location
suggests little or no change in the extent or depth of pitting adjacent to the trim screen since the
previous inspection.

Fig. 44. Post-test view of Probe #2. Significant corrosion and surfacerelief is confined to the
area adjacent to the port boss. Residual carbonate scale covers most of the shell at this position,
but it is sufficiently thin to reveal surface relief contours.
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Fig. 45. Shell and trim screen near the position of Probe #2. The rhbst significant ébfrosion Is
adjacent to the port boss.

4.4.3 Probe#3

Probe#3 isshown in agenera view in Fig. 46 and in acloser view in Fig. 47. A general
pitting pattern on the shell around the port is evident and was insignificantly changed in
depth/extent from the previous year’ sinspection. In particular, compare Figure 11 (June 2000)
with Fig. 46 (June 2001). Some minor pit agglomeration may have occurred, particularly
adjacent to the port boss (absence of flash rust and similar lighting in the recent photo obscures
the comparison), but otherwise there was so little change over the past year that individual
pits/patterns can be identified in both photographs. Like the other probes, the teflon header was
displaced from the steel electrodesinto the port cavity, but it was not apparent that the teflon had
been degraded in any fashion.
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In the area between the EX screens and the MC screens (RS10-12), the weld areas
seemed to have a somewhat greater density of pitting than the general shell areas, but al of the
pits were on the order of 1.5-1.7 mm (60-70) mils deep. The pitsin this area, like other “ocean
andisland” pitting patterns, were characterized by smooth, flat bottoms and sharp edges at which
the pit periphery meets the shell wall. Figure 48 is a photograph of the areaaround RS 11,
showing corrosion at/along the weld as well as on the shell in general. Pits here are 1.5-1 .7 mm
(60-70 mils) deep and relatively uniform. Figure 49 shows alarge “ ocean” region (large recessed
areafrom agglomerated pitting) that appearsto have arelationship to surface grinding associated
with aweld bracket. Both areas were observed in the prior inspection and were not detectably
changed in general appearance or depth of pitting.

Fig. 48. Representative view of RS11 and the adjacent shell.
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Fig. 49. A recessed area associated with grinding the shell surface to remove an attachment.

4.4.4 Probe #4

The teflon header of Probe#4 was displaced completely from the probe face and was
lodged several centimetersinside the port. Although no significant inspection could be made of
the teflon from that position, it appeared that the teflon from the header face remained flat,
smooth, and unstained. Figures#50 (general) and 5 1 (close-up) are representative of Probe#4
and the condition of the shell in the vicinity. Comparingto similar picturesfrom the previous
inspection, very littleif any change occurred in the density and depth of pitsin this area. Photos
fi-om June 2000 are not at the same angle/view as photos from 200 1, and it was also somewhat
cleaner in 2001 compared to 2000, so the photos are more difficult to compare. Individual pits at
thislocation are difficult to identify in consecutive-year pictures, but the general pattern of pitsis

very similar for each year.

On either side of RS6 — located dlightly below Probe#4 — aweld track was clearly
evident. This feature was also noted in the prior inspection (see Fig. 19), and it had not changed
in a perceptible fashion.
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Fig. 50. Post-test view of Probe #4.

'&4 ~

Fig. 51. Closer view of Probe #4. The teflon is displaced completely from the electrodes. Note
theID of the port appearsrelatively uncorroded. Also note that the end of the piece of steel
formerly attached to the silver is rusted — the silver has been broken off at the braze joint.
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4.4.5 Probe #5

Figure 52 shows a general view of Probe#5 (below the wash screens) and Fig. 53 shows
a close-up photograph of the same region. Like Probe#4, the teflon header is significantly
displaced but physicaly unchanged. The shell around the probe wasrelatively smooth, and
exhibited only shallow surfacerelief and pit precursors. Comparison of Fig. 18 (June 2000) and
Fig. 53 (June 2001) suggest little or no change in the vicinity of Probe#5.

4.4.6 Summary of Follow-Up Inspection

Compared to the inspection in June 2000, only very modest changes in location/extent of
corrosion were observed in June 200 1. Perhaps the | east subtle change was that shallow light
pitting, previously not observed above RS20 or 2 1, was observed on the digester shell
immediately adjacent to the port for Probe #1 . Inand around the other probe positions, any
changesin corrosion pattern were much less apparent. By comparing photographs from each
inspection of the same region, some individual pitsand certainly general pit patterns were found
to be essentially unchanged. Pit depth at each location seemed essentially unchanged over the
year, with the depth of the “ oceans-and-islands’ pattern being about 1.5-1 .6 mm (65 mils deep, =
afew mils) at the June 2000 inspection, and 1.5-1 .7 mm (60-70 mils and occasionally 70+ mils)
in most cases during the June 2001 inspection. Any difference in pit depths between inspections
was no doubt influenced by the scatter of the measurement technique (pit depth gauge). The
teflon header was displaced on each probe such that the entire length of the steel electrodes was
exposed, but thisis believed to be related to the conditions of the pressure wash after the
termination of the experiment (more on thisin a subsequent paragraph).
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Fig. 53. Closer view of Probé #S.
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4.4.7 Examination of Electrodes from Each Probe

Following the initid inspection inside the digester during the June 2001 outage, the
probes were removed and returned to ORNL for evaluation. After photographic documentation
of the probes, each was carefully disassembled to examine the componentsfor signs of corrosion
inlocations other than the exposed (intended) surface area.

After cleaning, the teflon shroud for each probe was found to be smooth and firm with no
indication of discoloration or degradation. Asnearly as can be determined (precise pre-test
measurements were not recorded), the dimensions of the teflon shrouds were unchanged from the
initial values.

Theindividual €l ectrodes were removed from each probe assembly and, in each case,
found to exhibit clean, smooth threads on the rear of the specimen. Further, the steel rod to which
each electrode was attached was found to be smooth and free of all except superficial corrosion.
The shrink wrap material covering the steel rods appeared tough and largely unaffected by the
exposure. However, the shrink wrap covering the joint between the teflon cone and the steel rod
on one of the electrodes of Probe#1 appeared to have “let go” sometime during service, which
permitted the small leak observed in Fig. 42. For al four of the other probes, the heat shrink joint
at thislocation was reinforced by a second, overlapping piece of heat shrink, but the second piece
of heat shrink material was missing for both electrodes on Probe #1 (fabrication error). Despite
the fact that some amount of process fluid clearly got between the heat shrink and steel rod on
Probe#1, therod itself suffered only very minor corrosion, which wasisolated to the immediate
vicinity of thefailed joint.

It appears that the displacement of the teflon shroud observed during the post-test
inspection was a direct result of the pressure washing that occurred after shutdown of the digester,
but prior to any inspection. The probe shrouds were subjected to brief blasts of water from a
1 00- 140 MPa (15-20 ksi) pressure washing unit. The probes were designed to withstand
considerably less pressure, and it seems likely the blast displaced the teflon after the experiment
had concluded. This conclusion is consistent with several important observations:
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o theonly leak observed was for Probe #1; which was very small (no accumulation) and
fresh (still moist) at the time of the June 2001 inspection,

« the ECN data does not detect a sudden change in corrosion activity during the operation
that would be consistent with suddenly exposing 6-8 times the expected el ectrode surface
area,

« thedlightly conical shapes of the corroded electrodes from Probes#2, #3, and #4, which
only progressive corrosion from the limited exposure area at the end of the shroud would
generate, suggests that the entire el ectrode was not exposed for an entire year, and

« theend-of-lifeinspection in the digester indicated the piece of silver (used for areference
electrode) on Probe#4 had been broken off; if this had happen prior to the final shutdown
of the digester, the ECN data collection routine would have readily detected the | oss of
thereference.

The electrodes from each probe were examined in the as-corroded condition following
the test and found to have relatively uniform corrosion product accumulation and col oration
patterns common to general corrosion. No pits or signs of crevice corrosion (for example, on the
electrode surfaces nominally against the teflon shroud) were apparent on any of the electrodes.
Figure 54 isrepresentative of the post-test appearance (prior to any cleaning) of the electrode
specimens.

Fig. 54. Post-test appearance of an electrode from each probe in the digester. Probes #1-5
arerepresented left-to-right, respectively, in the photograph.

73




After theinitial examination, the electrode specimens were cleaned in inhibited
hydrochloric acid per the standard practice of ASTM G-I (Procedure C.3.5) to removethe
corrosion products without incurring further corrosion on the specimens. Figure 55 is
representative of the post-cleaning appearance of the specimens, and it revealsthat the specimens
also appear very similar following cleaning. The cleaning procedure also did not reveal any signs
of significant localized corrosion on any of the electrodes, simply aslightly mottled appearance
common to general corrosion processes. The exposed circular faces of Probe#3 appeared almost
polished, indicating arather high general corrosion rate, as did some portion of the cylindrical
sides that became exposed as the specimens corroded during the test.

Fig. 55. Post-cleaning appear ance of an electrode from each probe in the digester. Probes
#1-5 are represented | eft-to-right, respectively, in the photograph.

In the cleaned condition, the post-test dimensions of the electrodes were recorded for
comparison with initial dimensions. Table 9 gives a summary of the results. Due to the post-test
appearance indicating no surface roughening and ECN datarevealing no significant corrosion on
Probe#5, the dimensions of electrodes from Probe #5 were considered to be representative of the
precise initial dimensions of the electrodes. Probes #1 and #5 have dimensions essentially
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unaffected by exposure for one year in the digester. However, Probes #2, #3, and #4 each
suffered areadily detectable change in dimensions over the course of the experiment. Using a
total exposure time of approximately one year and the fact that corrosion on the diameter happens
from two directions while corrosion on the specimen length happensin only one, the average
annual corrosion rate for each probe position, shownin Table 9, was calculated.

Table 9. Post-test dimensions on electrodes from each probe. Dimensions are given in non-
standard units (mils, rather than mm) because the measur ements wer e collected in this
fashion, which facilitates ready comparison and mitigates round-off errors. [To convert to
mm, multiply the numbersin the table by 0.025.] Designation “top” means the exposed end
of the electrode.

Change from average annual
Diameter Length | unexposed corrosion rate
Probe #1 | 374-375 514 Ad=1-2;Al=0 1 milly
Probe #2 | 351-353 @ top 503-505 | Ad @ top =24 10-12 mils/y
360-364 @ middle [+ | Al=9-11
370-372 @ bottom S
Probe #3 | 339-343 @ top 497-498 | Ad @ top =35 16-17 mils/y
352-355 @ middle Al =16-17
360-362 @ bottom
Probe #4 | 359-363 @top 506-508 | Ad @ top =15 7-8 mils/y
364-366 @ middle Al=7-8
372-374 @bottom
Probe#5 | 376 514 Ad=0;AlI=0 Nil

Ultrasonic wall thickness measurements collected by mill personnel were also used in an
attempt to compare corrosion rates indicated by the probeswith current and historical corrosion
rates in the digester. As previously indicated, wall thickness data of two different types-is
collected in the vessel. In onetype, referred to asline surveys, a series of measurements—
typically eight in avertical row with about 30-40 cm between spots— are made at approximately
the same locations on opposite sides of the digester (0 and 180" positions) in most of the round
seam sections each year. The line surveys are typically remote to any welds in the vessel. The
other type of measurement, referred to as“ weld T” surveys, collectswall thickness data from
three positions around a number of the RS/LS intersections throughout the vessel. From the
measurement positions nearest to each probe position, the wall thickness data were used to
estimate the historical corrosion rate for each location. To generate the estimate, the changein
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wall thickness (line survey and/or weld-T survey data) over theinspection interval 1996-2001
(4.75 calendar years of servicetime) was used to calculate the historical corrosion rate at each
location. [Dataprior to 1996 is suspect, asthe initial wall thickness of the vessel at the
measurement pointswas not recorded properly.] In amost all cases, the values derived from the

line surveys are somewhat different from the values at the weld-T locations, but the range of

these numbersis given in Table 10 as the historical average corrosion rate. The current corrosion

rate number that appearsin Table 10 isthe change in wall thickness at the same locations
between the inspection in June 2000 and the one in June 2001 (approximately 1 year of service

time).

In thisinstance, there is alarge difference between the results of the line surveys (the

lower value for all except Probe#1) and the weld-T surveys, and the reasons are not clear.

Table 10. Average corrosion rates calculated for the digester shell compared with corrosion
rate information available from the ECN probes. Corrosion rates are given in the non-

standard units of mils/y (rather than mm/y) because mill personnel routinely use the mils/y
designation. To convert to mm/y, multiply the numbersin the table by 0.025.

Probe #1 | Probe #2 | Probe #3 Probe #4 | Probe #5
Historical Average (UT) 5.8 7-10 10-12 7-10 1-2
Current rate (UT) 1-2 1.5-24 3-15 1.5-12 0.5-2
Probe assessment (examination) | 1-2 10-12 16-17 7-8 <1
Integrated current (1% six mos.) 5 5 12 7 2
Integrated current (full 12 mos.) | 3 4 7 5 1

To compare to the digester corrosion rates determined from locations near the probes, the
corrosion ratesindicated by the probes were also calculated in two ways. The maximum change
in dimensions of the electrodes was used to calcul ate the average corrosion rate at each location,
and this number appearsin Table 9 (final column) and the third row of Table 10. [Both
electrodes from each probe exhibited remarkably consistent measurements.] In addition, the
corrosion rate of the probes was also estimated from the integrated current sums (methods of
calculation have been described in a previous section aswell as mathematically developed in

Appendix A) over the initial six months of exposure and over the entire year (actually 0.852 year,

over which time probes were generating data).
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The data of Table 10 suggest several important trends. First, the corrosion rate of the
probes determined from the dimensional change during the experiment is consistent qualitatively
(ranking of corrosion rates among locations) and quantitatively (specific corrosion rate at each
location) with the historical corrosion ratesin the vessel., More importantly, because operational
conditions vary with time, the probe corrosion rates cal culated from dimensional changes are a'so
consistent with the vessel corrosion rates calculated from the most recent changesin wall

thickness values.

Within some predictable limitations, the integrated current sums also predict corrosion
rates consistent with wall thickness measurements., The corrosion rates so calculated are initially
relatively high, but the corrosion rate for freshly exposed steel (no mill scale or corrosion product
accumulation) should be expected to be somewhat higher in theinitial stages of exposure
compared to later stages. It is significant to note that the digester shell also experienced higher
rates of corrosion in theinitial periods of operation (first few months after start-up) than those
currently experienced, as much of the “pitting” and “oceans-and-islands’ patterns of corrosion
developed between theinitial start-up of the vessel and thefirst visual inspection.

As corrosion products accumulate on the electrodes with extended exposure time, the
corrosion rates cal culated from the integrated current sumsfor each probe tend to decrease.
These values are consistent with both the current corrosion rate estimates from UT measurements
for the vessel and the historical ranking of corrosion rates from UT measurements at these
locations. Recall that, generally speaking, the integrated current sums should underestimate the
total corrosion from each probe because the current sums account for only the current that passes
through the ZRA between electrodes, and that any contributions of self-terminating current
(anodes and cathodes near each other on the same electrode rather than on different electrodes)
are not counted toward the total. Further, as corrosion products tend to accumulate and increase
the resistance between electrodes, the statistical likelihood of anodes and cathodes near to each
other on the same electrode surface increases, so the integrated current sums might be expected to

decrease with extended exposure.

The primary conclusion to be drawn from Table 10 is that the ECN probes generate
corrosion rates that are consistent with wall thickness changes at nearby |ocations of the digester
shell. That they do not agree precisely with wall thickness measurementsis of no practical
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concern, particularly given that the scatter in wall thickness measurements— or perhaps
significant irregularities regarding corrosion patterns or lack thereof within the digester — seem
extreme. For example, some trends observed among the wall thickness data surveys include:

e morethan half of the line surveys at 0° and 180" for a given elevation do not exhibit the
greatest change in the same year,
more than half the round seam comparisons (between 0 and 180" positions) have
corrosion rates that vary by more than 25% in any given year and that vary by more than
25% total thinning since inspections were initiated,

. thelargest single reduction in wall thickness for a particular year is more than twice the
next largest decrease for about half the line surveys, and the year in which the maximum
decrease occurs seems random among the line surveys,
in 75% of the line survey cases for which avalue can be determined, the maximum
changein wall thickness for any specific year/location line survey combination is
followed by the least change, and in 80% of all the cases for which avalue can be
determined, the maximum amount of thinning in asingle year accounts for more than
half the total thinning observed at that location,

e consistent with trendsindicated in Table 10, 85% of the line survey datareveas
corrosion ratesin the last two years significantly lower than the historical average for that
location; however, more than 90% of the weld-T survey dataindicates corrosion rates
significantly higher than the historical average over the last two years,

« inamost two thirds of the wall thickness data, the 2001 result indicates less than 0.25
mm (10 mils) total change from the nominal value recorded in 1994, and

« thetotal spread among thickness measurementsin any line survey or weld-T group for an
inspection year is often about 0.75 mm (30 mils); using averages over specific areastends
to minimize the impact of such alarge scatter, but that sort of thickness variation among
points so close together in physical location (and, presumably, similar in environment to
which they are exposed) indicates significant uncertainty in values.

These comments on the wall thickness data simply suggest that perhaps the information
is useful for identification of trends, but that there is often far too much scatter and uncertainty in
the specific data sets to specify a particular corrosion rate for a period as small asayear. The
ECN probe data seems sensitive to changing conditions on much shorter intervals and remains
consistent with confirmed trends.
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5.0 CONCLUSIONS

To the knowledge of the authors, the ECN probe installation at Kamloops was a first-of-
a-kind effort to bring corrosion monitoring technology of thistype into an operating digester.
The equipment and probes functioned successfully throughout the year-long experiment with no

failures or disruptionsto mill operations.

The corrosion data derived from the ECN probes was found to be consistent with the type
and extent of digester shell corrosion accumulated during the period of probe deployment. Post-
test examination of the electrodes revealed only modest general corrosion (and no pitting) in a
magnitude consistent with both historical wall thinning near the respective probe position and
with wall thinning accumulated at the same positions during the period of probe deployment.
Further, integrated current sums from each probe also were found to be qualitatively consistent
with corrosion ratesin the digester at each probe position.

Using the integrated current sum technique, operation, with furnish compositions high in
Douglas fir (>70%) and shutdown periods were identified as particularly aggressive corrosion
events. Corrosion activity at each probe location increased sharply with changes from whitewood
or normal furnish to Douglas fir furnish, although the effect was largest/strongest relatively high
in the digester (near the trim screens). All probes in the digester tend to respond to changesin
furnish composition within minutes to an hour or so, suggesting relatively rapid chemical
communication through the liquor. The current sum technique also indicated that start-up/shut-
down transients were significant corrosion events, with alarge fraction of the total apparent
corrosion at the positions of Probes#1, #2, and #5 occurring during these transients.

Corrosion activity monitored by the probes does not correlate linearly with any of the
other approximately sixty digester operational variables that are routinely tracked at the mill.
Thisresult implies that the rel ationships between operating variables and corrosion are complex
(e.g., non-linear or multivariate) or that the data most relevant to digester corrosion is not being
collected.

The digester shell reveals a consistent pattern of somewhat localized corrosion — similar
to pitting in many respects— that is often referred to as an “ oceans-and-islands” pattern.
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However, during the period of probe deployment, pitting corrosion was not observed in the ECN
data, on the post-test electrode surfaces, or on the digester shell near/around the probe positions.
This result suggests that the environmental conditions causing the observed “pitting” pattern were
not present during the probe deployment. In fact, aseries of observations associated with the
vessal inspections suggests that the bulk of the localized corrosion occurred very early inthe

servicelife of thedigester:

« the series of photos from RS/LS intersectionsindicating the present localized corrosion
pattern was fully established prior to 1997,

« the absence of significant increase in depth of the existing pits between June 2000
and June 200 1 (although asmall amount of |ateral spread may have occurred),

« the very modest corrosion rate indicated by al the probes, and

« the nearly pristine condition of the new dummy plate (put in servicein late1996),

which replaced aheavily pitted plate.

The observed localized corrosion patterns— particularly the positions at which corrosion
seemsto have advanced significantly compared to surrounding areasin the oceans-and-islands
pattern — suggest acritical role of surface condition for initiation of the corrosion process. In
particular, areas subjected to grinding or other disruptions of the mill scale (for surface
preparation in/around weld areas, for removal of construction-related fixtures, where automatic
welder tracks rubbed/eroded the shell ID, etc.) suffer the greatest extent of corrosion, which then
spreads laterally at agenerally slow pace. This pattern impliesthat the individua “pits” on large
portions of the digester shell are associated with small inhomogeneitiesin the steel surface, but it
is not clear whether these conditions devel oped during vessel construction or at some early stage
in the operation of the digester due to aggressive pulping conditions. That the “pits’ tend to
spread | aterally and sometimes agglomerate without exceeding a particular critical depth—
generally observed to be about 1.75 mm (70 mils), largely independent of the location in the
digester — is curious but unexplained by data collected in this experiment,
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APPENDIX A — Corrosion Rate Calculation from Current Sums

The fundamental relationship of interest is Faraday’s Law, expressed as the definition of

current, is.
'I=[W/M-t]No-m-e+ (D

where | iscurrent (coulombs/sec, or amps),
W ismassin grams (of Fe, in this case) dissolving as aresult of corrosionin timet,
M isthe atomic weight of’the corroding material (g/mol),
t isthe amount of time of corrosion (seconds) ,
N, is Avagadro’s number (6.023 x 10°*/mol),
m is the oxidation state on the corroding ion, and
e* isthe unit charge of electricity (1.60 x 10™ coul).

Equation (1) can be manipulated to a more useful form as:
W (in measurement time t) =[1-t]-M/[N,-m-¢']. @

Expressed thisway, the quantity [ | . t]isthe number of coulombs Q that isthe integrated area
under the ampsvs. time curve that the ECN data produces.

Since it can be assumed that the primary corrosion reaction of steel in the digester liquor is
Fe— Fe*" +2¢

“m” in Equation (2) is2. Of course, further oxidation to the Fe** can also occur, but thisis not

typically theinitial reaction and the one detectedby the probes.

Therefore, substituting appropriate numbersin to Equation (2):

W (in measurement time t) = Q - (55.85 g/m) / (6.023x10%* /m) . (2) . (1.60x10™ coul)

which reducesto

W (g, in measurement time't) = Q . (2.90x107). (3)
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Next, to convert the mass loss (W) to a penetration (P), it is necessary to assume that the mass
lossisuniform over the exposed electrode area (which was confirmed by post-test inspection of
the electrodes for all probes). If the corrosion is uniform, the mass loss can be converted to a
penetration by dividing by the density of the material (Fe = 7.86 g/cm®) and the exposed electrode
area (sumis 1.42 cm® for the pair of electrodesin each probe). Substituting into Equation (3):

P (cm, in measurement timet) = Q . (2.90x10™) /[(7.86 g/ cm’) . (1.42 cm”)]
and
P (cm, in measurement timet) = Q.. (2.60x107). 4)

To modify Equation (4) to the more useful units of mm or mils, the conversions are

P (mm, in measurement timet) = Q . (2.60x10™)
or
P (mils, in measurement timet) = Q . (1.02x107).

Therefore, for any total measurement timet, the current sum Q over that period may be used to
calculate the penetration rate consistent with the previous assumptions. As an example, consider
al100-day period (0.274 years) over which Probe #3 passed atotal of 254.1 coulombs. The
corresponding penetration rateisthen

Penetration rate (in mils/y) = (254.1) . (1.02x10%) / (0.274 y) = 9.5 mils/y.

Of course, the rate so calculated is only an estimation, because the current detected by the ZRA is
only net current and because some of the corrosion current self-terminates on each electrode
(does not pass through the ZRA). In addition, redox reactions on the electrode surfaces possibly
contribute to current detected by the ZRA, athough in the general sense this contribution should
approximate white noise for each electrode in a probe and cancel out as zero net contribution.
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APPENDIX B - Process Data Collected at Kamloops

Theinformation in Table B 1 represents the operational and process data information
provided to the project from Weyerhaeuser. The function/purpose of each of these process
parametersis beyond the scope of this documentation, but these are the parameters tracked by the
mill operators to control the process. These data, recorded on 15 minute intervals, were used in
an attempt to find correlations between one or more of these and corrosion activity as defmed by
the ECN probes. The group of parameters near the end of the table (final 8 points) were only
periodically gathered and/or may have not functioned throughout the experiment period.

Table B 1. Processdata points provided by Weyerhaeuser.

Point Description Units Low High
38:W004 . Mass flow of chips
38:M005 . Chip moisture content % 0 100
43:5113 . S43113 ChipMeter Speed RPM 0 25
43:8212 . S43212 IVOutlet Dev RPM 0 10
43:F214 . F43214 IVSluiceFV61 GPM 0 1200
43:F215 . F43215 IVSluiceF61A GPM 0 3000
43:F217 . F43217 BCSluiceFV60 GPM 0 5000
43:T222 . T43222 Bottom Circ (liquor from heater) °F 250 400
43:T223 . T43223 chip slurry to digester °F 250 350
43:F264 . F43264 total ColdBlow flow GPM 0 3000
43:F267 . F43267 Make-Up Liquor flow GPM 0 2400
43:F270 . F43270 total White Liquor flow GPM 0 1000
43:P289 . P43289 white liquor pressure PSI 0 100
43:T296 . T43296 white liquor cooler °F 50 250
43:F300 . F43300 MCC flow Circ HV19 GPM 0 3000
43:T304 . T43304 Bottom Circ (liquor to heater) °F 250 350
43:F305 . F43305 BttmCircFlsh GPM 0 1800
43.T307 . T43307 Trim Liquor °F 250 3 5
43:T310 . T43310 MCC Circ (hot pen) °F 250 350
43:T312 . T43312 Wash Circ (hot pen) °F 250 350
43:F314 . F43314 Wash Circ flow HV20 GPM 0 2000
43:T315 . T43315 DigWashCirc (cold pen) °F 150 350
43:F317 . F43317 TrimExtFV23 GPM 0 1200
43:F320 . F43320 Wh lig to bot circ FV3B GPM 0 500
43:F321 . F43321 Wh liq to wash GPM 0 300
43:F322 . F43322 wh lig to mcc GPM 0 300
43:F324 . F43324 Cold blow to mcc FV22 GPM 0 700
43:F325 . F43325 Cold blow to wash FvV24 GPM 0 300
43:F326 .. F43326 MCC Extraction FV28 GPM 0 1200
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43:1.332/6.
43:BCEA .
43:CMCEA.
43:UEXTEA.
43:LEXTEA.
43:WLEA .
43:DILFAC.T
43:P333/1.
43:T345 .
43:8351 .
43:F353 .
43:F354 .
43:W356 .
43:F356 .
43:T358 .
43:T359 .
43:F361 .
43:F363 .
43:T365 .
43:T366 .
43:T369 .
43:T370 .
43:F371 .
43:F382 .
43:P333/1.0P
43:BSWKAP
43:C218
43:C453
43:F137
43:F144
43:F412
43:KAPPA
43:T463

1.43332/6 Digester chip level
43BCEA EA_bot circ residual

43CMCEA EA_mcc residual after wh lig

43UEXTEA EA_upper ex residual
43LEXTEA EA_lower ex residual
43WLEA EA_white liquor
43DILFACT Dilution Factor
P43333/1 DigPressPV1 1

T43345 ModCookCirc (comb mcc pen)

843351 DigOutletDev speed
F43353 Outer Counter Wash_F18
F43354 Inner Counter Wash FV14
W43356 Production (Blow) Rate
C43356 Blow Consistency
T43358 Upper MCC Temp
T43359 Lower MCC Temp
F43361 Blowline A BiwFlowFV12A
F43363 Blowline B BlwFlowFV12B
T43365 BlowLine (single point)
T43366 BlowLine-Avg

T43369 Upper EX temp

T43370 Lower EX temp

F43371 Extraction Flow HV16
F43382 Steam to Digester
Pressure Control Valve

Brownstock kappa

Bottom circ conductivity

Pulp to knotter conductivity

White liquor to feed system

Top circulation flow

Weak black liquor flow to rec

Blow line kappa

Cold blow feed temp
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