Appendix E

Lab Analysis Report

Fernie Curling Rink Refrigeration
System Component Failure Evaluation

Acuren Group Inc.

INVESTIGATION REPORT | Ammonia Release October 17, 2017 ‘ @;Eﬁg!";c&l- | APPENDIXE | Page1lof136
www.technicalsafetybc.ca | \ \ \ Appendix


http://www.technicalsafetybc.ca/

Rowren Group Inc.
¥ Hoarte sdhes Wy Fronge 408 77 AR00
Rahvnongd BC Canads WA S04 Fais S0 TATIIE

AL LT LT

A Highet Lirmdl of BaRalbality

FERNIE CURLING RINK REFRIGERATION
SYSTEM COMPONENT FAILURE EVALUATION

Prepared for:

WorkSafcBC
PO Box 5350 Sin. Terminal
Vancouver, B.C.
V&R 515

Aftention: Mr. Steven Liu

Technical Safety BC
Suite GO0-2%80 Fasy 2™ Avense
Wancouver, B.C.
VaEM 4TS

Aitention; Mr. David Clancy

File MNumber:  ATRG0S-1401 1 Kobert Milne, P.Eng.

Bt . Frrusd- Barile @ 1
Dage:  July B0, M8 i H_q““ff":“f‘“

INVESTIGATION REPORT Ammonia Release October 17, 2017 } @ ;Eﬁg?'vcgé } APPENDIX E } Page 2 of 136
www.technicalsafetybc.ca Appendix



http://www.technicalsafetybc.ca/

.

ACUREN

WIOHESAFEBRC

_ Fernie Curling Rink Refrigeration System Component Failure Evaluation

1.0
20
0
40
4,1
4.2
41
44
540
5.1

TABLE OF CONTENTS

Inmrosluction,.. e e A O A S S NN
COMPORNENT DEI..I\'EIIT TO THE ACUREN FACILITY ...cocimiiciiiic iaisisisssiinias .3
LABORATORY EXAMINATIOMN PROTOCOL ... cicimncicinia o dsmsiaisins sasesoss esnis semsmass 4
Requesiad Examinations and Tesie. .. ..o it e e emsimi it era e o &
Testing Procesa and BespensiBilliies . ..o ocormim s vt imimisses s srrmsmirs s i pereserarssssvm rmams O
TEST REALULTS, . ; ERETRTpeIIY e it i e i e 0
Caarter Tum Rall Yalves; WoekSaleBC llems X, A%, A6, A2 and 7 . RN

b

el I o v s s s e e £ 51 £ R 4 R P

T L O 7
S AR R D s i S el e P A s
514 Valve AZ.. AR o e e TR M LA L MRS 8 R NP L T LA e RN Sty

5.2
53

53
56
57

Quanﬁ' Turn Ball Valve; WorkSafeBC Label AID.........c.iceceronimimerierrmmsesssertressnens 10
Grate Walve, WorkSaleBC Label Y .. s Fiy g SRR | 1 |
Salenmid Valve, Arera Challer Ammoenan Feed Yalve; WorkSafeBC Label B3 . 11
Salenoid Valve, Curling Rink Chiller Ammonia Feed Valve; WoekcSafeBC Label B-35...... i
Pressure Relief Valve Assembly for the Curding Rink Chiller, WorkSafeBC Label BB ... ... i2
Two Picees of Metal Mdentificd as leemis 284 and 288 ..o covmrmss e sssss srsrm remee .14

37.2 Piece 288, PSR R s PR

5.5

Aumimions L:-qul-:l Leve]l Controls, WorkSafeBC Labkels LO- 1, LO-2, 1LC-3 amd I.{. ... 15

B4 Swtch LU e siian i e e s s e s T

59

Horizonaa] S Coupling and Associated Cutlet Brine I‘up: EYFETITRPTRNE 2

INVESTIGATION REPORT Ammonia Release October 17, 2017 ’ @ TECHNICAL ’ APPENDIX E ’
www.technicalsafetybc.ca

SAFETYEC

Page 3 of 136
Appendix


http://www.technicalsafetybc.ca/

Z

ACUREN

WORKSAFEBC
Femie Curling Rink Refrigeration System Component Failure Evaluation Puge &

590 Excmplar S Coupling Tests... S e e 3
592 Soparated Horizontal [JENSES lf'mlplcr from E"uran.g BRI ek s 18
593  Outlet Brine Pipe Sepment; WorkSalfeBC Label MB . s 4]
%10 Vertical Hqﬂwp{"‘mﬂlrm:m] Associated Piping ... TR UV U -, | |
501 Curling Rink Chiller amd Associated Surpe Tank; ‘l‘inrl:“-:lfrE{" Luhr! HX-2. N
o i 11|l L S . |
50112 Surge Tank... e e e o et e B
5113 KDT L'r-pﬂ'll-:m of Ammania Tank... i s G o . i e e S
Z1L%  Tuobe Pressune Ttmn;t ey E R PR P P SR T | |
51016 Tubc Examination and Leaking Defoct Removal. .ccoeimmisimsns s imisssssrarsss s 28
S0LT  Tubesheet = Tube Rolled Jotnt Examination... .. mmeisme e i sl
S500LE  Mesallurgical Evaluation of Leaking Defect in Tube 2-3.. ., 26
50019 Chiller Tube Conditson a1 Selected Locatnons around the t.'.'hl [ber Tuhz Bmul!t ........ 25
5110 Scanning Electron Microscope Evaluation of ERW Fusion Delects ....cnasmss, 29
1.1 Opimion of Challer Comosion Mechanism......commmmsmmemmes e samsimen 30
APPENDIX A =Fipmres | = 164 e s L]

APPENINX B - MDT Repewts Chillber Shellc i i i e imsimsimia i e sesse i 4 127

AFPENDIX C = CURRICULUM YITAE; B,W, MILNE, PLENG, s 13

INVESTIGATION REPORT Ammonia Release October 17, 2017 TECHNICAL APPENDIX E Page 4 of 136
. SAFETYEC )
www.technicalsafetybc.ca Appendix



http://www.technicalsafetybc.ca/

27

ACUREN

WORKSAFE BC
Femic Curling Rink Refrigerstion Svstem Component Failure Evaluation Page | of 132

L8 EXECUTIVE SIMMARY

An ammonia release oceurred ar the Fernie Memoral Arens Components of the
refriperation system, inchsding the curding rink brine chiller, brine pipe couplings and pipe
segments, brine and ammonia system valves, and pressure relicl valves were brogght 1o
Acuren for testing and analyzas to detenmine aspects of their condition and polential failuee
mslies,

Examination of the chiller unit determared that 2 hole was present in a sieel chiller tube st
row 2 - tabe 3. I the same longitudinal line additional penctrations wene also nsted which
appear to be through wall and may have allowed product leaking. Thas was the only
location where a leaking defect was foumd 16 the chiller tube bundie, The hole was caused
bry pilling comosion orgmating al a fasion deflect in the ERW welded carbon steel chilker
tabe (ASTM AZE4 - Rundand Specification for Electric-Resistance-Welded Carbon Steel
Heat-Exchanger and Condenser Tubes). A line of stmilar fusion defecis was found
adjacent 1o the leaking defect that indscated that the twbe was mamufactured using a low
frequency ERW welding system (or a defective welding unit producing similar results),
The fusion defects caused accelerated pining in the brine environment and led o the
ohserved trough-wall defect. No evidence af strets comosion cracking or microbiological
corroskon wis found with the steel chiller tubes,

Chiller tubc testing by eddy currert testing (RFT) proved 1o be ineffective due 1o the
detenorated condition of the whes, Ulrasonic 1esting of the ammonia vessel walls did not
discover any sigrificant mesal loss due 1o comosion.

Examination of the selocted tube samples that were removed from the bundle and cross-
sectioned revealed considerable pitting corrosion and fusion line defects with all of the
ubes. There was a general treml towand increased amounts of both shallow and decp
patting near the top of the bundle. Some amount of the observed corrosion likely ocecurned
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afer the reffgeration system Tailure event took place and the bundle was exposed w the

ulmn:..]ﬂl.:rr.

Dwve peneirant iesting of the fube - twbesheet rolled joints in the chiller did not reveal any
leaking defects, Tubesheet 1o ammonia vessel welds were also found w be free of leaks,
Examinution of supplied brine reports indicate that an internal amimonia beak o the brine
side of the chiller Mlirst ocewrred prior w Bay 11, 2007,

Testing of valves and couplers removed from the site revealed cxtensive cormosion damage,
plugging snd partial plugging of pipe nipples with imon oxide, calcium chloride, and zinc
chleride. Much of the corrosbon deposits and brine salls observed in the valves and fittings
likely oceurred afier the failure evenl when the system was exposed 10 the atmosphere,
The position of the sshmitisd valves wis determined through rediographic examinotion.

The Pressure Relicf Valve (PRY) mounted in paralle] 1o the PRY in operation al the time
of the event was found o be working correctly. No evidence of brine salts was foand in

the dizmaniled PRY operating al the lime of the even

Testing of an exemplar - coupling detcrmined that it could susiain a pressore of
beiween 30 psi and 24 psi without slipping apart in the axial direction, The application of
ol wy the bolis had a detrimental effect on the installation of the coupling, since the rubber
gaskel wis deformed by the excessive bolt tension generated.

L0 INTROIUCTION

An ammoowm release occurmed at the Femie Memonal Accna. Components of the
refrigeration sysiem, incloding the curling rink hrine chiller, brine pipe couplings and pipe

SEpmEnLs, hrine and ammonia sy term valves, .m:lprl:uum rehiel valves were |:m_1|,:|g1':|l. tix the
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Acuren Laboratory Facility For testing ard analysss to determine aspects of their condition
and potcmial failure modes,

A comprehensive Sludy of the Fermie Curling Rink refngeration system failure hos been
undertaken by WorkSafeBC and Technical Safety BC wnder the dircction of their lead
investigators, Mr. Nigel Corduf] and Mr. Jeff Coleman. Acuren Group Inc. was asked 1o
assist Ehe imvestigabors with mspect to labosatory analysis of relfigerstion system
companents involved i the incident.

3 COMPONENT DELIVERY TO THE ACUREN FACILITY

The (wilure investigutions were initiated by WorkSaleBC and Technical Safety BC al the
Farrie Site immediaely after e cvent ook place (October 17, 2017). The refrigeration
equipment of interest was documented o the site and placed In two woaden crates several
weeks later for shipment 1o the Acuren Richmond laboratory facility.

The chiller assembly was purged with nitrogen and placed under an intermal pressane of 1
psi {nitrogen) aller site cxamination wis complele, The two crates were shipped by Badger
Delivery (Calgary) and armived at the Acuren Facility on the evening of 27 January, 2013,
The crales were placed in a fenced nnd locked ward at the Acuren Facility. The transfer of
materials was wimessod by WorkSafeBC investipator Mr, Mike Stewarl. A chain of
custody procedure was followed thercafter,

The lerger crate contwined the chiller and surge tank. Pressure gawges on the shell side and
tube side of the chiller indicated that the nitrogen pressure had dropped during shipping
and storage; however, 4 small apwsum of posative pressure still existed on both sides of the
challer (< 2 psi}

The second crafe contained valve and piping components that were placed in individual
plastic containers sealed with "evidence® tape. The “evidence” tape was intact with all of
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the sample commponcnt boxes. The scaled boxes were moved inside the Acuren facility anad
stored in o fenced and locked composind within the building. The components worne only
removed from the compound during times of inspection af which point the evidence tape
was cut from the boxes and the components inside were removed for inspection on a
contredled bench, The components within cach bos were at all times stored (at times of no
inspection) within thear lebelled plastic container and inside the compound,

4.0 LABORATORY EXAMINATION PROTOCOL
4.0 OQualifications of the Author

Acuren operstes o full service Metallurgical Laborstory in Richmend, British Columbia,
The lohoraiory @5 qoalified fo 1500 SN and 150 17025 (Failure Analysis) guality
programs.  The lahoratory orilizes scate-of-the-ar equipment 1o perform metallurgical
anadysis. Some of the methods utibzed in the chiller analysis work inclueded Scanning
Electron Microscopy (SEMY with attached cnergy dispersive X-ray analysis capability
(EDXA), optical emission spectioscopy (OES), metallography, hardness esting, pressure
testing. and radicgraphy, All of these iechnigues are performed in-house on a routine basis,

The chiller analysis was performed under the direct supervision of Robert Milne, P_Eng.
(W atteched: Appendix C). The author has 40 vears of expericnce in failure anal ysis work
and has managed the Acuren Fallare Analysia Laboratory for the past 15 vears,
Approximately 14000 failure analyses of varying complexity are performed by il Acunen
Laboratory each vear. Many of the projects completed have involved pressure vessels,
heal exchangers, and cormosion of all iypes.
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4.2  Personnel Attending Examinstions

[nifial examination of the refrigeralion sysiem components was performed in the

presence of interested parties.  The following personnel attended Loboratory
cxaminations and lesting dunng the wieek of 23 - 27 Apnl. 2018:

I. Migel Corduff - WorkSafeBC Lead Investigator

2. Dean Albrechn, P.Eng. - WorkSafeBC Senior Engineer

3, Tom Mg P. Eng. - Technical Safety BC Senior Bngineer

4, leff Coleman. I".Eng. - Technical Safeiy B.C. Director of Risk and Safety
5. Jarrod Bahiuk - Chardes Taylor Adjusting

6.  Ryan Hazlett, P.Eng. - CEP-Sintra

7. Ron 5trong, P. Eng. - Strong Refrigeration Consuliants Inc.
B Wendall Marshal — Sirong Refrigeration Consultants Inc.

9. Dan Welsh — Baruntas Inc.

I, Dan Blosdale, P.Eng. - HT Industrial

I, Michael Stewar — WorkSafeBC Investigation Officer

2. John Toplis - Refrigeration Components Canada Lul.

13, Serge Gosselin - Fernpe Iee Rink Operator

4, Gilles Amraalkt - Envista Forensic Enginecning} Calgury
15, Makew Powell = Cyrus Shank

16, Johe Byan - Parker Hanmiin

17, Al Fayarhakhsh - Envista Forensic Engincering Richmoad
18, Sieve M. Mesner - Parker Hannifin -

19, Adam Howden-Duke - Guild Yule LILLP

20, Adam Farnham - Umnfied Investigation & Sciences, Inc

21. Jonathan Reinheimer — Robar
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44

Hequested Examinations and Texts

The requesied examinations and tesis were performed under the direction of
WorkSafeBC bead investigntor Mr, Nipel Corduff, WorkSafeBC Senior Engincer
Mr. Dean Albreche, P.Eng. and Technical Safety BC Senior Engincer Mr, Tom Mg,
P.Eng. The examinations and tests required were roguested o writing by Mr.
Steven Lio (WorkSafe B0 Council ).

Testing Process and Responsibilities

The testing schedule that was initially proposed and the resulis presenied in Seclion
5.0 do ol necessarnily follow the sequence of inspections. EBvaluations of each
component and the inspection techniques performed were conducted o optimize
lab time efficiensy.

All lesting and reporiing werne done ander the direct supervision of Boberi Milne,
P.Eng.

50 TEST RESULTS

51
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Ouarter Torn Ball Valves; WorkSaleBO lems X, A, A6, A2 and 7
511 YValve X

An overall view of YValve X is shown in Figure 1. The valve i connected o
galvanized steel nipples on each end. The two enls of the valve piping are plugged
or partially plugged with corrosion deposits and salts. The nipple marked “top” i=
completely plupped at the end as shown in Figare 2. The end marked "bot” is
severely cormoded and is partially plugged with debeis as shown in Figure 3,
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Raoddiographs of Valve X and attached nipples are shown in Figure 4. The two views
are shod S0F apart. The radiographs show that Valve X is in the fully closed
position. The light areas on the nght-side nipple ("top” ) show that the pipe s mostly
plugped along the tength of the ngaple. The small aress (dark ) within the nipple ae
vioiel nreas that are nof plugeed. The lelt side nipple ("bod”) is only parially plugged

abong ¥t= entire length,

The material plugged in the valve was analysed using an encrgy dispersive s-ray
system altached o a Hitachi S3500 Scanning Eloctiron Microscope (SEM). The
muiterial phegging the “top” mpple 15 4 misture of caleium chloride, sne chioride,
and iron oxide (Figure 5}

Some or all of the maerial plugging the valve may have lormed after the sysicm
failure occwrred and brice remained in the pping. Exposure to the atmosphére and
drying action would have allowed compounds (o precipitate from the residoal brine
solution in the pipes.

5.1.2 Yalve A3

An overull view of Valve A2 is shown in Figure 6. The valve handle is in the fully
closed position. The valve is connected to galvanized nipples on both ends. The
nipples ane relatively free of salt precipatates, but corrosion products coat the inside
of the pipe nipples (Figure 7)

Rudiographs of Valve A in two different views 907 apart show that the valve is
completely closed as indicated by the handle position (Figure B). Plugging is not
evident in this valve and the associated napples.
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Some or all of the comresion observed in the nipple iAterions may bave oecurred
after the sysiem fatlure wok place. Tt is expected that tas valve would operate with
full Aow capabality in the open position,

513 Valve Ab

Am overall view of Valve AG is shown in Figure ¥, The valve handle is in the Tully
open position. The valve is connected o galvanized nipples on both ends. The
nipples are relatively free of sali precipitates, b cormosion prodiscts cont the inside
of the pipe nippbes (Figire 100,

Badiographs of Yalve A6 in two dilferent views W aparl are shown in Figuee 11,
The walve is compietely open as indicared by the handle posiion. Plugging is not

evident in this valve and the associnted nipples.

Sone or all of the conmosion observed in the nipple intenicrs may have occurred
alter e system Falure weok place. It is expected that this valve would operate with

fuall floww capabilily in the open posdton.,
514 Valve Al

Crverall views of Walve A2 and associated piping are shown in Figures 12 - 15,
The valve handbe is in the fully open position. The valve is connected to galvanized
nipples and a “wee” fitting. Commosion products are present all along the piping, bus

very litile evidence of brine sabis is present.

Radiographs of Valve A2 as received in two different views are shown in Figure
16, The valve is in the fully open position which matches the valve handle position.
Corrosion products are more prevalent on the nipple which does nol contain the
"tee”, but full Mow woald be expected with the valve in the open position,
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The valve handic was moved © the fully closed position and re-radiographed in
ithas position. The valve operatcd normally.

Some or all of the corusion products ohserved 10 the valve A2 piping may have
occurmed after the syssem falure took place.

315 Vabvwe f

An overall view of Vabve 7 is shown in Figure 18, The valve handle is mostly in
the closed position but is cocked by approximately 107 toward the open position,
The mpples on each end of the valve contained large volumes of white precipitates
und smaller amowils of red-browm ieen oxide (Figures 19 and 2. The nipples
appeared v be partially plogged akong their entire lengths.

Radiographic images of Valve Z taken 90" apart ane shown in Figure 21, Debris
can be seen along the keogth of both nipples.

The valve with allached ndpples was mounted in the verical position (N side up)
and filled with water. The water was left for a period of |5 minuies and checked
for leakoge (Figure 223, No leakape was found. The valve was then dismoantled
and found to be completely plugged with salt and corrosion products (Figune 23}

Iv is probable that ithe white material found in and arcund the valve componenis
precipitated from residual brine remaining when the pipes where drained. The
operating condition of the valve with the handle cocked 107 ¢ould not be
determined, since the amount of debns present in the valve aml pipng prioe 1o the

evenl s ol knoamn.
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Cuarter Turn Ball Valve; WorkSufeBC Label A0

The quarter burn ball valve was instalbed into a stesl elbow. The elbow wis severely
cormded both intemally and extemally (Figure 24), The expoted hall surface
comtained commosion [mxl'u.r_'L\..u showm in ["lEurﬂ; 2% and 26, The valve handle was

missing aml had likely broken ofT al some carlier time.

The surface of the valve body was cleaped with a wire brush o reveal the
munufaciurer's markings. The markings sre shown in Figures 27 and 28:

TOYO
G WK

Ruadiographs of the valve taken SWF apart are shown in Figure 29, The valve is g
the closed position and appears fully funciional. The normal operating position of
the valve appears 10 be the closed position as found, since the lack of 4 handle and
cormasion markings on the ball surfzsce indscated it kad not been operated recently.

Gate Valve; WorkSafeBC Label Y

An overall view af gale valve Y is shown in Figures 30, The valve is attoched 1o
gulvanized nipples with o reducer on one of the nipple ends.  Severe corrosion
damage on the nipple end withour a reducer had consumed the nipple threads
(Figure 31}

A ruchiograph of Valve Y {Figare 32) revealed that the valve gate i< in the fully open
pesition. Attempis to move the gale were unsuccessful. The valve was taken apart
tor descrrmine why it would pot move. The gue stem area comtained grecnish blue
cormasion products and hed froctored (Figune 335
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The corroded upple was memoved from the valve to reveal the valve inleror, Both
blue and red-brown cormosion products are present in the gate cavity {Figure 34),
Flow would have been impeded through both the gae valve iy and nipples doe

tis the presence of cormosion products.
Solenaid Valve, Arena Chiller Ammonia Feed Valve: WorkSNaleB0 Label B24

An overall view of the B-26 solenoid valve is shown in Figure 35, The valve s a
Parlcer unit {Maxdel S4A, Serial No. 11-2006). The stem positeon indecated that the
vilve was in the manually opened position. The unit was attached to % psi air for
leak testing but would not operate clectrically (Figure 36). The unit was
radiographed 10 determine the position of the valve gate. The valve stem was
determaned 1o e mechanically adjusted 1o the open position (Figure 37), but the
valve was actoally closed. The stem was turned mechanically 1o the closed position
bt the valve position did not change (Figure 383, The umil was dismantled amd the
piston was found w be corroded and seized in place (Figure 390, WD 40 penetrating
ol was applicd and cventally the piston was freed. The observed corrosion was
relatively light and it is possible that the ohserved commmsion occarred afler the valve

wias exposed 1o e atmosphiene,

With the piston free and corrosion products removed from the arca of the piston,
the valve was operatcd successiully and beld 0 psi air pressure.

Solenoid Valve, Curling Rink Chiller Ammonia Feed Valve; WorkSafeBC
Lahel B-35

An overmll view of the B-35 solenokd valve is shown in Figure 40, The unit is
identical to the B-26 wnit (Model 5440 with the same sedal number ([ 1-2016). The
stem  position  imbicated the valve was in the manozlly opeped position.
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Badiography confirmed that the valve was i the open position (Figure 41). The
uni was connected o 90 psi air and operabed electncally, Ko movement in the
valve wis e and adr passed frecly.

The stem wis tumed mechanically to the fully atomatic and normally closed
position and the onit was re-radiograpbed (Figoune 423 Na valve movement was
noted. The wnit wos dismantbed and relatively severe cormesion was found on the
piston (Figure 431 As with solenoid valve B-26, it is possible that the obscrved
corrosion occurmed after the evenl when the valve was exposed 1 the smosphers,
Aftempts to free the paston by soaking in penstrafing ol were unsuccessful and
funher testing was stopped.

Pressure Reliel Yalve Assembly Tor the Curling Rink Chiller; WorkSafeB(C
Luabel K¥

Anvoverall wiew of the pressure relicf valve assembly labclled RS is shown in Figare
4. The pwo PRVs are were not distinetly labelled and were arbitranly labelled * 1
and 2", The valvex are connected thrmough nipples and a central gate valve, The
gale valve allows either PRY o operate while one valve is being serviced. The ° I
valve was operating at the time of the event. The gate valve was checked for
leakage with odl and found 10 be completely closed off tothe "2° PVR side.

The PRV ane proper y tagged with wire and crimps intsct on both wnits. The valves
appear identcal but hkave slightly differemt CRM mumbers (OGOTE0.5C vs
OGOTHD S, The I’nlh‘nlrin.f_' infiesrmnton is [rresent wirh the valves:
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Tahle 1: Cyrus Shank Valve Identification

1 ITEM SIDE™1” SIDE 2"
Type B3 803
Serial mumber ARO0R .
 siee | ik ‘ Vinch
Sot Prossure (psi) | 150 150
CHN . _CI;E-'J'T."I;H.EC CHFOTH0.S 1
Date O3 1310 12015/5 .
Capacily (air) - 155 SCF 155 SCF
Capacity (ammonin) Blank Blank
Taxg dates Replace by Au,p:-lﬂlﬂ Insialled Aug 2015

The valves were radiographed s shown in Figure 45, Both valves appear o be
fully intact and in good condition intermally. The 17 PVR (operating valve) was
dismantled o determsbme il any dirt of corrosion prosduces maght have allected s
performance, All of the components appearsd very clean and in a serviceabls
conditicn. No evidence of calcium chlonde (brine deposits] were found within the
PRY. The inicrnal components, inclading springs, scats, and puides, are shown in
Figures 46 - 51

The valve sents were examined with a stereo microscope for evidence of debris on
the seats. A small amount of fire debris was found as shown in Figures 52 and 53,
The compressed debris indicates that the valve was activaled at some time in s
life. Itis probable that the valve wis bench tested when it wos first set and debris
miy have been embedded at thot time. 1t could nod he decermined i the PRY
operated at the time of the evem.
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The "2" side valve was pop tesied with compressed argon as shown in Figure 54,
Thires sepammle lests were done with the following resubis;

I |60 psi
2 155 psi
3 155 psi

The valve appeared to operake a8 inended with respect 10 the OpERIng prossune
stated on the valve. The valve flow capacity was not checked.

Twa Fieces of Metal Identified as liems 28A and 28R
s00  Pieos 28A

Item 284 was found on the inlet side of the chiller between the end dome and the
mbe sheet with onc end sitting within & ube, An overall view of the metal piece
is shown in Figore 55, The piece is curvesd with a rachins of approximately 179 mm
{7 in} as shown in Figare 56, The surface looks like il wos cut from a piece of pipe
wx fit or shim a joint (or somcthing similary, The materal was annlysed using
Energy-Dispersive X-ray Speciroscopy (EDXA) and fownd 1o be a plain carbon
steel with o manganese content fypical of ASTM AS3 grade B pipe. The hardness
of the material was HB 110, which coresponds 10 & tensile strengih of
approximately 63,000 psi, A wide variety of pipng or struciural steel materials
wonaled meet the chemacal and strength vitlues found with the stecl prece.

The origin of item 28A could mot be identified. The corved shape of the piece
creates 4 projeciod asea greater than that what could fir through a %" chiller ube,
This means that the piecce must have come through a 4" outlet/inket pipe in order
e reach this posiion within the chiller, or it was insdvertentdy left in the space
dusring bolt-up of the head.
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8.7.2 Piece 281

ltem 288 is a piece of bent wire approxinately B cin in length (Figure 57). The
proce s magnelic and Bbadly comoded.  EDXA revealed s chemisicy typical of a
mild sieel with relaively low manganese, The wire may have been a welding

consumakle from a MIG type welding process,

The wire likely originmted owtside of the chiller and entered through the 47 inlet o
ouatlet pipe. In its curved condition, it could nest have (3L through o 26" chiller (ube,

Ammaonia Liguid Level Controls, WorkSafeBC Labels LC-1, LC-2, LC-3 and
LC4

581 Switch LOC-1

An overall view of L - 1 is shown in Figure 58, The unil wis mounbed verically
in a vice and activated with alive oil, Clive oil was chosen as the activation Liguid
unce i was safe 10 vse in an open lab and had a specific gravity close o that of
amumonia {62 liguid NHy o« 070 olive cdl).  The swatch is labelled iype LL. A
measurement of 21,5 was made from the bottom of the tank 10 the top of the

wwilch

A radiograph of the switch is shown in two views in Figuse 59, Mo anomalics were
found within the tank.

The switch wis connectsd 1ooan electrical continnity checker and filled with odl
until the awitch activated. The switch appearced to operate normally. Mo lcaks or
perforations were observed.

) TECHNICAL
Ammonia Release October 17, 2017 } @ SAFETY BC ‘ APPENDIX E ‘

Page 15 of 132

Page 19 of 136
Appendix


http://www.technicalsafetybc.ca/

> 4

ACUREN

WORKSAFE BC

Femie Curling Rink Refrigeration System Compooent Failure Evaluation

INVESTIGATION REPORT

www.technicalsafetybc.ca

582 Switch LC-2

Aot ovverall view of LC - 2 i showin in Figure 60, The switch is Eabelled tvps LLSS,
which is ssmilar 1o LOC-1 with a differsnt Moot amld o steinless steel tank. A
measurcment of X2.75" was made from the bottom of the fank to the top of the
swilch,

Radicgraphic images of the swilch are shown in teo views in Figure 61, Mo

amovmnlies were found within ihe 1ank.

The switch contamed an anomaly that was not foawnd with other switches, A black
zip-tve was foumd cn the bottom shaft, the exsct purpose of which is wunknown
(Figure 62). The position of the zip-tie would have increased the height of the
swilch mgembly.  This may have resuleed in the swdich sctividing ai a higher level

thiin indeded by the manulacturer,

The switch was conpected Lo an electrical contimuily checker amd Nilled with oil o
& level that should have activated the switch. The switch did not sctivate. Mo leaks

o perforations were Obaervsd,
583 Swiich LC-3

An overall view of LC - 3 is shown in Figure 63, The swiich iz labelled type LL.
which is identical to LC-1. A measurement of 21 " was made from the bottom of
the tank io the top of the switch.

A racliograph of the switch is shown in two views in Figure 64, No anomalies wene
foard witkin the 1ank.

The switch was connecied (o an electrical continuity checker and filled with oal

The switch appearnsd 1o activate nopmally. No leaks os perforations were observed.
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584 Switch LC-4

An overall view of LC - 4 15 shown in Figure 55, The swilch is labelled 1tvpe LLSS,
which is identical 1o LEC-2. A measurement of 22.25" was made from the boftom
of the tank 1o the wop of the switch. Altwough oo zip-tie was used o position the
switch, the set screw that 1= normally used to position the switch a1 a “factory”
selfing was set to a higher than mosmal position.  The switch would therefone
activile al i Bigher than inended fevel.

Radiographic images of the switch are shown in two views in Figure 66, No

anomalics were found within the tank.

The switch was connacted 1o an elecirical continiity checker and filled with ol
The switch appeared 1o activale nommally. Mo leaks or perforations were observed,

Horlzontal | Coupling and Assoclated Outlet Brine Pipe

l'hr.-- coupling installed in the 4" brine outlet line separated suddenly on the
down = stream side i service. This type of coupling 15 poomally restruined 10
prevend axial movement caused by internal pressure. [ is undzrstood that only ene
side of the coupling was adeguately restrained in service,

55.1 :I:'.mq:hr- Coupling Tests

An :a.rmplnr- coupling was ohlamed for pressure esting wilh new nominal
4" pipe supplied by Technical Safety BC. The - installation guide specifies
an iastallateon torque of 80 fi-lb while maintaining cqual bolt exensions m each
corner. The S cagincer present during testing stated that installation 1orque
should he 70 R-1b - 80 fi-lh. Bolt luhrcation iz Aot speciled.  The -
representative present did not think that lubricaion woald normally be wsed.
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The measured pipe size was 4.52° 0D, The rubber paskets had a hardness of Shore
A 45, A calibriated W wirench was used For the tightening of the bolts dry. The
imitial best was done without any luhricant on the nubber gacket,

The fitting was installed with the two pipe ends evenly inseried info oppesile ends
of the coupler. Separation between the two sides was maintained in accondance
with AWW A C219 (Balted Steeve- Type Couplings for Plain -End Pipe). The bolis
were torgued w T i-1h wath iype 400 cast sieel retuaners maintained perpendicular
1 the pipe axis, The pipe exit poant was marked with green tape (Figoure 67), Waier
pressure was gradually appiied with a hand pemp ontil slippage was noted on ane
end at a pressure of 30.0 pst (Figure 681 The pressune was released suddenly and
the pipe was sucked back o is starting position,

The coupling was reassembled using light lubrication (SLIKSTYX) on the bolis
and rubber gasket sealing surface. Severe deformation of the rubber gaskels was
mobed duning tightening of the lubrcated bolts. I was apparent that bolt lubrication
mmoved a large amount of friction from the bolt threads, The boll extensions far
excecded the bolt extensions developed dunmg dey boll ughtening. Waler pressune
was applicd 1o the coupler and slipping began s 25,0 psi but the coupler held w
that pressure. The pressure was brought back up to 30 psi and the unit began to pop
upart (Figure 5. Presswre dropped back o 24 psi, then the pipe suddenly separated
from the conpler,

592 Sepurated Horizontal | Coupler from Curling Rink

An overall view of the horizental - coupling afler reimoving the shapping spling
hiokding the assembly in iix as-found onentation 1 shown in Figure 70, The coupler
is in relatively good condition externally. The coupling had been painced at some
L afier the bolts had been tightensd.
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Radiographs were taken showing two different views of the coupling (Figures Tl
and 72). The remaining pipe is inscrted past the midpoint by approximately 10 mm,
The pipe bas been pulled sideways, likely by separation lorces, and remains pinned
lx [hes side of the coapling body,

The puais were seized and were cul from the coupling wilh a zip disc. The unit was
pulled spart 8= shown in Figure 73, The white material found within in the coupling
and associated piping was analysed and found o comain calcium chlonde with

simialler amounts of iron axide present {Figure 74),

The rubber gaskets appeared to have set and were relatively hard (Shore A 52).
Litle deformation remaimed with these gaskets when compared with the
defonmation produced during tghtcning of the exemplar gaskets. The gaskel ends
were nelatively st and had bosg some of their resilience (Figures 75 and 76). The
fmcl that the bolls were relatively loose may indicale that the gaskets were never
properly compressed.

£93 Outlet Brine Pipe Segment: WorkSafelC Label 240

The brime pipe segmenl which separaied from the coupling is shown in Figure 77,
The pipe is severely comoded whene it entered the coupling. The arca bencath the
rubber pasket is less cormaded where it was insenied into the coupling (Figure 78).
The inside swrisce of the coupling was severely corroded as shown in Figure 79,

The brine pipe was secthoned longitadinally to reveal internal cormosion (Figures 80
and B13. The area comaining the worst corrosion was sand blast cleaned to reveal
the true nature of the comosion.  Relatively deep pats wene found i some arcas

(Figure 82}, The location of the pits in loogitudinal sinps apsund the apes of the
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wickd flash ares indicates thot pitting may have ccourmed in residual sabl solwlions

after the event took place. Pits up 1o 00357 in depaby were found in these aneas,

The horizontal - coupling could not be reassembled and pressure tested as
requested. The coupling components, including the gaskets and bolts, were in poor
condition and wonld not yield useful resulis.

Vertical [ Coupling and Associated Piping

The vr.n'u:al- coupling arrived in a foam filled bucket as shown in Figure 83,
The picce was radiographed i two directions X apant before the foam was
remaved. The mdiographic images ase shown in Figures 84and 3. The coupling
assembled with the two pipes equally insenied il the coupling body, The
cemerlings of the two compression ends ane roughly parallel to the loogitudinal axis
of the pipes. The centérlice gap is between %" and %°, which meets the
specification requirements of AWWA C2 19 (maximum centerline gap 194"}

An overall view of the vertical - coupling after foam removal 1% shown in
Figure &6, Light external corrosion damage is present on the coopling body, A
slight misalignment of one pipe due 1o mechanical loading is shown in Figure 87,
Creneral commosion is present througleowt the vemscal papang (Figure B8], The piping
had boen comed al smne Ume in s life and mone severe external comosion was

visible under the rubber gaskeds { Figure 89).

Attempts were made 10 remove the bolts esing a calibrated torque wrench. Three
of the oot were relatively loose and temed a1 bess than 30 M-Ik (nuts spun forward
below the minimum 30 fi-lb setting on calibrated torque wrench), One nul wias
frozen in place by paint and cormosion products and was cul Trom the coupling with
a 7ip disc (Fagure K1), The rubber gaskets were in a similar condinon as was Tound
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with the honzontal coupling, The nibber appeared 10 have lost some of 15 resilience
and had a measured hardness of Shooe A 52

Due to the relatvely poor condition of ihe rubber gaskeds and the pipang surlaces,

regssembly and pressure testing of the Vertical - coupling wirs not dome.
Curling Rink Chiller and Associaled Surge Tank; WorkSafeBC Label X2

At the incidem site, chiller heads were remaved to accass the steel tubes, The shell
side was pressurized with 2 psi nitrogen and ultrasonic listening devices were nsed
to identily wbe leaks, This technigue is minimally invasive as it avoids any
destrpctive lesing and hmus compromiasing the metallucgical evidence (L.
cormoskon deposits and product rempanis). Al beast one tobe leak was identified by
ihis method.

5.151 Chiller As-Received

The chiller with attached surpe tank is shown as - eceived in Figure 91, “The unit
namme plabe is shown in Figure 92, The unit is a Chil-Con prodect built in Branifond
Omtarso, The chiller has model number FA- 12120200 C- [9%9463 and was buili in
1986, The CRN mumber is F2043.524031. Positive nitrogen pressure {Figurezs 93
and 9411 was ohserved oa both the brine side and the ammonia side of the omt. A

stoong sl of ammonia was presenl when vent valves were initially opened.
5.1L2 Surge Tank

The surge tunk was cul from the ammonia tank with a zip disc cutier. A sirong
smel] of ammonia was noted in the area of the cur. The interior of the tank was
coated with light corrosion products as observed through a video probe. No
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evidence of brine salts was found within the serge tink. Mo signilica extemal o

infernal commosion was ohserved with the surge tank.
5.11.3 NDT Inspection of Ammonia Tank

The ammonia tnk was given o comprebensive Ulrasomic Thickness (L)
survevisng). The attached UT report { Appendiz B) shows thar very little cormosion
loss i3 presemt within the ammeania wank, No significant piting of any kind was
ohserved with the ammonia tank shell by UT testing. This was confirmed by visoal
inspection after the bundbe was removed Trom the vessel,

An anempd was made to inspect the chiller wbes using remote ficld cddy current
techmiques (RFT ). This technique utilizes a probe which is pushed theough the tube
from one end o the other. The system detects wall thickness loss and cracks bul
must have a relatively clean wbe surface  be effective.  The wbes contained
significant amounts of brine residue and cormosion debns, The tubes were cleanesl
with a 4000 psi pressure washer and swepd with a rotating soft brush. The resulis
of trial inspections were inconciusive due o e large amounts of back ground noise
produced by the internal surface condition of the bes, This method of inspecting
the chiller tubes did not yield any meaningful resulis and was stopped. gsyin

5114 Heagd Bemsoval

The hcads of the chiller had previously been removed ansd the nstallation bolis wers
melatively loose, The heads were enwved to reveal the fubesheets amd stee] bring
luhes within the vessel, The chiller construction consists of carbon steel tubeshests
welded toihe ammonia tank shell and rolled-in steel wbes, The whes were suppiied
in accordance with ASTM AZ14 (Standard Specification for Electric-Resistance-
Welded Carbon Steel Heat-Exchanger and Condenser Tubesh
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The twhesheet on the inletfoutlet sade of the chiller 15 shown in Figure 95, A otal
of 132 mobes are present. Mo welding was observed on the wbe (o mbeshect joints,
Significant amounts of reddish brown corrosion products are present with most of
the lowver tubes. The lowest tebes contmn o black oily residhee which coats Uhe
underlying cormosion prodducts. The opper tbes contain only minor amounts of
recklish-brown corroston products.  The inletfoutlet head is shown in Figure B,
Haoth sides of the head contain a dark, aily scale.

Ihe tubedheet from the retumn side of the chiller i3 shivwn in Figure 97, Both while
ind reddish-brown cormusion products are present on ibe lubes, The lower tubes
confain a Mack oily substance as with the oppe=ite side iubesheet. The return head
intersor is shown in Figure 98, The head interior surface is relatively clean and
confaing & blee-black weale

115 Tabe Pressure Testing

Each tube in the heat exchanger was pressure tested with argon (<10 psi) and a
hand-held rubber bung. The test tochmacian held the bung n place fora few seconds
andl released the préssun: il no pressure diop was (elt. Using this technigues, a beak
was defecied al row 2 — fube 3. Following this procedure, & pressure gauge was
acdapted 10 the lest system o quaniify any pressure drop during the test.  The test
set-up is shown in Figure ®. The pressune scal was not perfoct due to comosion
around the edges of the twbes. A pressure of 8 psi (pange) was introduced to cach
fube and a pressure doop of L psat typcally ocourmed every 5 - 10 seconds. This
wis indicative of @ ube with oo leaks.  An instant pressure drop o atmosphere wis
atserved if o small hole was present in the tobe. A tube with o zmail mechanically
induced hole was wsed as a calibratbon 1ool.  Testing using the measured pressue
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drop technique found only the single leaking ke af row 2 = wbe 3. No other
leaking defects of any kind were discovered.

S8 Tube Examinaton and Leaking Delect Remmival

The: chiller shell was eut avay from the area where a tiebe leak was siispactad (Tube
2 =3y Cuts were made with a ap dise 1 allow a section of the shell 1o be lifted
ofTwithout dumaging the enderlying tubes, Low pressure wrgon was blown thoough
w2 — fube 3 1o identily the exact bocation of the teak. The leak in row 2 — obe 3
was found at the general location shown by the armow in Figure 100, Large amounts
of white deposits were found i the immediale area of row 2 — wbe 3 pear the
turnaround cad of the chiller. A closer view of the white deposits is shown in Figore
szt 10]. The matesial is deposited in thick layers ai this location. Samples of the
white material were analysed using EDXA and found 1o be almest pure calcium
chboride (Figures 102 and 103},

The white calcium chloride material appeared o disappear as lime passed during
the whe cxaminations. This s because anhydrous calcium chlonide 15 deliguescent.
If exposed te medst air; it wall absorb sulficient water from the wir w0 albow it 1o

dizsolve indo a chear liqueid

The top row of mbes (1-1, [-2and [-3) were removed from the tube bundle o allow
soeess to row 2 = tube 3 (Figure 104). A closer view of the leak ares is shown in
Figure 15, The leak was found af roughly the 4 o clock position on the side of
row X —jube 3 o5 indicated with the amrow in Figure 103,

White debrs was found spraved over large areas wathin the chiller tank. [n
pirticular, u large spray was found at the location shown i Figure 106, The shell
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was remerced i this anca and the white malenal guickly disappearad. No evidence
of leaks was found in this arca.

The Ecak in row 2 - tube 3 is shown in Figure 107, The beak consists of an elliptical
opening approximately 2.2 mm x 002 mm in size and a line of smaller defects tothe
left of the man defects (the sive of the hole vanes between the exterior and intesion
surfaces of the ube). Some of the smaller line defecis appear 1o have penetrited,
or nearly penetrsted, the lube wall thickness and may have been weeping or leaking
o small amount in service. This was the only leaking tube found in the chiller b
bumdle,

5117 Tubesheet - Tube Rolled Joint Examination

The tubesheets were cut from the tube bundle o funber evalusie the condition of
the wiscsheet joints. A dye penetrant examinalion wis performed on cach lubesheet
by corsting the head - side surface of the iheshest with white developer and filling
the shell sule of the ubesheet with red dye (Figure 1081 A dwell time of 18 howrs
was used o allow any joint beaks o occur and show as a red line oo the whils
developer. Mo molling defects or leaking joints were detected by this method
(Figure 106

The twbe bumdle was removed from the tink at this me for a thorough visual
examination, Oily liquid containing white products were found at the bottom of
the bundie. (Figures 110and (113, No evidence of any furiher leaks was found o
any location in the removed bundle.

A section of the tubesheet at row 2 - tube | was cut from the tbesheet and mounted
for exarnation in & metallurgicsl microscope. A macro view of o typical joiol is
shown in Figure 113, Two roll grooves are present with cach tube. The grooves
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are nod completely filled with tube matenal, which s common with chis type of
joant, Howewer, the comers of the joint ane very Ught as shown in Figore 1130 1 is
the comer tightness that ensures thag beaks do not occur, Bach point has 4 comers
tix makee a tight seal.

Cograsion was ohserved at the rolled interince at each joant as 1l exited the tubeshees
(Figare 114). The amount of comosion found sas relatively small and may have
pamially cceurmed after the lubeshocts were exposed 10 the atmosphers during the

chiller evaluathion,
5118 Metallurglcsl Evaluation of Leaking Defect in Tube 2-3

A close-up view of the leaking defect in row 2 - mobe 3 12 shawn bn Figure 115, The
area arourd the leaking defect is surrounded by a mixture of white calciom chlornde
und irom oxide products. The tube was sectioned 1o reveal comosion damage on the
inderior sarface of the mbe. The leaking defect is shown at the armow in Figure |16,
A closer view of the defeet is shown in Figure 117, The leaking defect is one of a
serica of pits that follow a relatively straighl line. A transverse poupe is present o
the leaking defect which appears to be causad by a jedling action from ammonia
eniering the hole. A series of shallow irregular pits surround the linear line of deep
regular pits which include the keaking defect.

The leaking tube was sectioned along its length adjacent to the beak, Sevene pitting
is cvident all along the twbe imemal surface (Figure 118). A closer view of the
intemal surface shows a linear line of pits similar 1o the pits which caused the leak
(Figure 119),

Cross secions were cul through typical lincar pats to derermine the nawere of the
pitfing. A (ypical pit croas seciion s shown in Figoee 120, In this fgoce, it can be
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seen that the wobe microstructure is nonmalized o required by the ASTM A214
specifcation. The chserved pit is directly on an ERW weld line. The upset caused
by the ER'W weld can be seen in Figures 121 anad 122 by the curved lines of
inclusions which are not aliered by normalizing (arrow). The pit shown in Figure
121 pit is nol comodiad owt and represents an unfused arca along the ERW fusion
linc. A similar unfused arca ks shown in Figuee 122, Mot the wpset lines shown at
the arrows in Figures 122 and cormesion products at the bovam of the unfused arcs,

Further examination aof the leaking defect was performed at higher magnification
using a Kevence Metallorgical microscope. The beaking defioct is shown at a highes
magrification in Figuee 123, The “zipper-like”™ effect of the line of unfused material
15 bvpicad of & low frequency ERW weld.* The sume cfficct can be found where high
lequency ERW tube welding system svstems are opersted at (oo high a speed. The
webding process has prodisced a partially fused joint with uniformly spaced leck of
fimion defects on the interior of the wibe. The tube would likely have passed a
hydrostatic test and wouold therefore have met the ASTM A2I4 specification
TCqUERCTEATS.

The unfused pone in & weld of this type contains oxide and other matenals expelled
by the welding process. The unfused area acts like a pat and attracts chloride ions
avaitable in the brine solutions, This is a place where high pitting frequency and
pilting ratcs can occur since the unfused arca 15 a natural inigiation site for piis o

form end propagate.

Ohligue views of the leaking defect are shown in Figares 124 and 125, Corrosion
has driven through the pipe wall thickness in pits started in unfused areat on the
fusion line of the ERW weld. The leaking pit and the adjacent pil profiles are shown
in Figure 126. The prefile inficates the steep pat profile at the location of the leak.
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5119 Chiller Tube Condithon al Selected s~z Locations around the Chiller
Tube Bunidle

Selected chiller tubes were removed from the bundle at the locations shown in
Figure 127, The twbes were sclected from locations which represcated the overall
condition of the whes with respect to upper, lower, nuddle, and side o side
lesgations within the bundle. In every case, the wbe external condition was oo
witli only mumor corresion damage which most Hikely occurred afier the bundle was
expossd to the atmosphere in the Acuren yard, The following tubes were removed

and examined 1n detail:

4 -1 [retirn end side)
4 -1 {return end side)
T-1 {requrn end side)
T=13 {retum erd sided
1T-1 {retum end side)
1110 fretum end side)
14 -2 {return el side)

@ & 8 ® B & ®

Each mbe was sectioned longitedinally to reveal the internal condition of the tube,
The orientation of the tubes was marked on each whe. "Top™ indicates the 12
o'chock pasition, and “Bot™ imdicates the &:00 o' clock position, with respect to their
relative position in ihe chiller bundle, The corroded conditien of each whe wan
documenizl and the memal wirfsces were then blasted with plastic beads o
remove loose scake. Tightly adhering scales remained afier plastic bead blasting
and a final Blast with aluminom oxide was performed,

Photographic images of each tube are shown in Figures 128 - 158, The images

shiow commen fealures wilh each tube:
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The ERW weld line has a “stiich — like” lack of fuston defect at regular
intervals along the entire length of the piece. There 15 mo comelation
between the position of the tube (top or bottom in the bundle) and the
ERW weld line, It is apparced that the chiller mansiiactuerer did nod feel
it was necessary o onentate the ERW welld lines within the bundle.

. Pitting was found wilth every tube examined. The depth and freguency

of pitting trended less wward the bottom of the bundie.

. The maximam depth of piting, measured with o pit gouge, was 0.045

inches (1145 microns) on fwbe 4-1. The maximum depth of pitting
found with 14-2 was approximately 0025 inches (630 microns). The
aiher tubes bad pit dephis within this range.

It is likely that some of the corrosion found within the bes occumed
afber the fallure event ook place since residual brine =al in the twbes for
several weeks.

Scanning Electron Microscope Evaluntion of ERW  Fusion
Defects

Tygncal fusion line “stitch-loke” defects are shown al low and high magnification in
Frgures 159 and 160 respectively,  Chemical analysis of ihe material in these
defecis using energy dispersive x-ray analysis (EDXAS show thai the maieral

filling the cavities v comprised mosty of ron oxide (Figure 1613 This 15 the

mierial expelled from the weld during the ERW process.

The arca of the leaking defect is shown al boow magnification in Figures 162a -162¢.

Traces of chammium were [ound in the scale, indicating that a chromate-hased

inkibilor may have been used at some time with the chiller. Calcium chioride mixed
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with irom oxide comprisad the majonity of the scale matennls. Small amouns of
silicates were also found of random locations.

Sample Tube 7 - 1 was chosen for detalled examimation of Ivpical corrosion pils
found in the ubes, A crwns section wis prepared through typical pits using dry
polishing lechnigues 1o prevent chlogide contamination, Tvpecal pits are shown in
Figures 163 and 1640, EDXA spectra in Figures 164b — 1641 show that each layer
of scale has progressively more chlorine toward the steel interface. This is typical
of eomrosion pitting driven by chiloride jons!,

S1L11  Opinion of Chiller Corrosion Mechanism

A single steel chiller ube failed by comosion penetration in zervice allowing
amumonia b enter the tube and max with the bene, 1t is also probable that presson
conditions existed i service thal allowed brine o enler and mix swith ammonia.
The evidence shows that the tube wis ERW welded and normalized in sceordamce
with ASTM A214 (Siandard Specification for Electric-Resistance-Welded Carbon
Stecl Heat-Exchanger and Condenser Tubes), The tube chemistry, hanlness (Ky 72
maximum) and heal treament condition mest the ASTM A214 specification
redquireemsenis

Cormosion in various forms can occur in chiller brne tubes duc 1o oxygen prescnt
in the brine (oxygen contem of the bone will chamnge duc 1o additions of inhibitors,
sample taking, and pericdic addition of brine). Inhibitors. ane adided to reduce the
amouni of cormosion possible. The level of comosion inhibdtor muest be moniiore:d
o ensure that comosion i€ nol occurring,  The evidence shows that chromate
inhitators miay have been used early in the life of the chiller. It is understood that
organic inhibitors are currenily used with the Fernie lee Rink chillers?,
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All of the mbes examined contuned ERW fusion defects on the weld line. The
leaking theowgh-wall corrosion pit was found on the weld fusion line of row 2 =
tube 3 initiating at & lack of fusion defect. These types of Tusion defects are caused
by an improper ERW welding process,  Enther the welder frequency was ton low,
ar the speed of welding was too high, or both. In any case, each tubs has a “stitch-
like" Tusion defect on the weld line inerior surface that acceberated the pitting
process at that location. Fosion defects of the type noted are essenfially sorface
kobes in which corrosion can ocowr mose readily due 1o stagnant conditions withan
the hole, Onee started, the dissolubon of won in the hole creates an excess of
positsve charge ons W which negative chloride tons are attracted.  The high
concentration of iren chloride within the got lesds (o hydrodvsis and formution aff
boil hydrogen and chlorine bons which leads to further iron dissolution, The whole
process is gulocatalytic’, in that the pitting rate gets higher and higher as time
passes. Inhibitors con slow the rate of pitting but cannot siop it completely. Any
time the inhibitor level bocomes weak, rapid pitting rates would be expected in the

brine environmenl,

The vwerall condition of the chiller was relatively good with no evidence of whe -
tubesheet leaks and no cvidence of any significant corrosion on the ammonia
pressure vessel,  The condiion of the steel brine wbes would be difficult 1o
wsoertain with the unit in service. Eddy current testing of the brine tubes reguires
remeval of the brinc, removal of the heads, and cleaning of the whes. Defective
tubex cannol be replaced eacily in this type of heat exchanger, The condition of the
steel challer tubes should be checked by visual inspection and trending the iron
condent in the brme. High iron content would indicabe significant cormosion
occurring within the chiller wbes,
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Figure 1  Overall view of Valve X. Handlc is in closed position.

Figure 2 Plugged cnd fitting on top end of Valve X,

Page Ml 100
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-

Figure 3 Partially plugged nipple on bottom end of Valve X,

- . s — -

Figure 4 Radiographic images of Valve X in views 9%0° apart. Ball is fully
closed
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Figure Sa  SEM view of debris from Valve X plug.
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Figure 5b  Analysis of debris in Valve X plug. Matenial is a mixture calcium
chloride, zine chloride, and iron oxide.
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Figure 6 Overall view of Valve A-3,

Figure 7 Cormrosion products on nipple end of Valve A-3.
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Figure 8 Radiographic images of Valve A-3 in views 90° apart. Ball is fully
closed.

Figure 9 Overall view of Valve A-6. Handle is in open position

Page B
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Figure 10 Nipple end of Valve A-6 piping showing internal deposits.

Figure 11 Radiographic images of Valve A6 showing 2 views 90" apan
Ball is fully open.
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Figure 12 Overall view of Valve A-2. Handle is in open position,

Figure 13 Corrosion damage and partial plugging of nipple cod of A-2.
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Figure 14 Relatively minor corrosion debris in Tee end of Valve A-2,

23/04/2018

Figure 15 Relatively minor corrosion debris in second Tee end of Valve
A-2.
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Figure 16 Radiographic image of Valve A-2 in open position

Figure 17 Radiographac image of valve A-2 in closed position
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Figure 18  Overall view of Valve Z. Handle is cocked by approximately 10°.

Figure 19  White deposit partially plugging Valve Z. White material is
calciom chloride.

g Lot 10
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23/04/2018

Figure 21

Radiographic images of Valve Z. Views are taken 90° apart
".. S
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Figure 22 Water remaimng ot steady level in valve Z leak Lest

Figure 23  Corrosion debris surrounding ball in panially cocked valve Z.

P
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Figure 24  Inside of Elbow A-10 showing severe corrosion damage.

Figure 25  Valve A-10 on rusty elbow. Ball appears corroded and slightly
worm.,
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Figure 26 Closer view of ball on Valve A-10 showing light corrosion.

Figure 27 Markings on Valve A-10,

Tepr & 1Y)

INVESTIGATION REPORT Ammonia Release October 17, 2017 TECHNICAL APPENDIX E Page 51 of 136
. SAFETYEC )
www.technicalsafetybc.ca Appendix



http://www.technicalsafetybc.ca/

W% ACUREN

Figure 28 Markings on Valve AlQ,

N WS AFT
s
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Figure 29 Radiographic images of Valve A-10
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Figure 30  Ovenll view of gate Valve Y,

Figure 31  Corroded nippke threads on Valve Y nipple.
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Figure 33 Gae Valve Y internal components,  Stem would not engage and
appeared fractured.

Py miIQ
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Figure 34 Blue corrosion product in Valve Y body. Body is partially
plugged.

26/04/2018
»
Figure 35 Overall view of solenoid valve B26
Poge 91
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Figure 36 Solenoid valve test set-up.

Figure 37 Rachiogruphuc view of solenoid valve B-26 showing closed
position with stem backed ot
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Figure 38 Radiographic view of solenoid valve B-26 showing closed
position with stem tumed in

Figure 39 Valve B-26 dismantled showing corrosion and seized piston.
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Figure 40 Overall view of solenoid valve B-35

Figure 41 Radiographic image of solenoid valve B-35 with stem out and
partially open
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Figure 42 Radiographic image of solenosd valve B-35 with stem completely
in and still parially open.

Figure 43  Scvere commosion on B-35 piston. Piston could not be freed
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Figure 44 Overall view of pressurc relicf valve "Y™ connection labelled RS,

Figure 45 Radiographic images of pressure relicf valves "1™ (A) and "2"
(B). The "1" valve was in service st the time of the event. Both
units appear to be in good condition with no blockages.,
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Figurc46 PRV "1" sprng. No cvidence of calcium
chloride is present.
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Figure 47

Valve "17 pressure scal

found. The scat contains minor amounts of debris

No cvidence of calcium chloride was

Figure 48
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Figure 49 PRV Valve "1" iternal bore. No evidence of calcium chloride is
present

Figure 50 PRV Valve "17 spring seat. No evidence of calcium chloride 1s
'"L'\C-'I(
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Figure 51 PRV Valve "17 bore. No evidence of calcium chlornide is present,

TR —
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T e

Figure 52 fagnified view of debns imbedded in valve s2al. PRV was
likely operated during setting

INVESTIGATION REPORT Ammonia Release October 17, 2017 @ ;ig:?'ﬁ,‘t APPENDIX E Page 64 of 136
www.technicalsafetybc.ca Appendix


http://www.technicalsafetybc.ca/

%4 ACUREN

Figure 53 High magnification view of debnis in seal surface. Debris is
up to 20 microns in overall dimensions.

Figure 54 PRV test set-up, Argon was used to operate PRV Valve 27,

Pape ML R0

INVESTIGATION REPORT

www.technicalsafetybc.ca

Page 65 of 136

; TECHNICAL
Ammonia Release October 17, 2017 ’ @ SAFETY BC ‘ APPENDIX E Appendic



http://www.technicalsafetybc.ca/

ACUREN

pa

Figure 55  Picce of metal debris 28A found between
head and tubesheet on inlet/outlet side of
chiller,
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Figure 56  [Cstimated diamcter of curved metal picee found between head
and tubesheer on inlet/outler side of chiller (179 mm or 7 inches).

Figure 57  Wire piece found between head and wbesbeet on inlet/outler side
of chiller.
Pagv M 1
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Figure 58  Test sct-up for actuation of LC1. Olive oil was used to simulate
ammonia

Pae M i
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Figure 59 Radiographic images of LC1 tank and switch tuken
90" apant,

Poaw M 1A
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Figure 60  Testin progress on LC2, Switch would not engage

Pagete 1K
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Figure 61  Radiographic images of LC2 tank and switch taken
907 apart. All components appear intact.
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Figure 62 Zap strap found on LC2. Operation was restricted by this strap,

Figure 63  Overall view of LC3 prior to test,
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i‘lgure 64

Radiographic images of LC3 tank and switch taken

920° apart. All components appeared intact with no
blockages
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Figure 65  Overall view of LC4 prior to test.
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Figure 66 Radiographic images of LC4 tank and switch taken
907 apart. All components appear intact.
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Figure 67  Exemplar S coupling prior to test.

Figure 68  Exemplar | coupling: Initial slip at 30 psi.

INVESTIGATION REPORT | Ammonia Release October 17, 2017 ‘ @;ig'é!";cgé | APPENDIX E | Page 76 of 136
www.technicalsafetybc.ca | | | | Appendix


http://www.technicalsafetybc.ca/

%4 ACUREN
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Figure 69  Slipped exemplar [ coupling at 24 psi.

_ —
Figure 70 Overall view of separated horizontal B coupling.
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Figure 71 Radiograph of horizontal coupling showing misahgnment
and pipe location past the madpoint of the coupling body.
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Figure 72 Horizontal coupling rotated 90° showing installed pipe past
the mid-point of the coupling body
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Figure 73 Horizontal B coupling that scparated in  scrvice,

disassembled for examination. White debris in pipe is a mixtore
of calcium chionde and iron oxide.

Figure 74 Typical white salis found within the pipe attached to horizontal
B coupling
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Figure 75 Rubber gasket om sleeve end of horizontal coupler showing
nprint of end plate casting surface, Hardness was Shore AS2
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Figure 76 Rubber gasket on sleeve end where horizontal pipe separated
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Figure 78  Corrosion found in unpainted area of separated pipe mounted
within horizontal coupling.
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Figure 79 Severe corrosion in horizontal brine pipe that detached from
coupling.

Figure 80  Corrosion found in horizontal brine pipe separated frmn coupling.
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Figure §1 Corrosion found in horizontal brine pipe separated from coupling
(opposite side of Figure 80 piece).

Figure 82  Sund blasied intemnal surface of separated horizontal brine pipe
showing pitting around weld seam.
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Figure 83 Vertical coupling packed in [oam for transport

Figure 84 Rad:ographic image of vertical coupling showing proper
installation and misalignment caused by event forces,
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Figure 85 Second view of vertical coupling showing installation
location and misalignment caused by cveat forces

Figure 86 Vertical coupling after remnoval from foam
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Figure 87 Misalignment with coupling after event. Bolt extensions are
roughly equal

I - 25/04/2018
- Lad

Figure 88  Severe comrosion damage on interior surface of vertical [
coupling,
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Wl e

ber gasket on vertical -

Figure 89  Corrosion damage bencath rub
coupling,

Figure 90  Overall view of vertical - coupling after removal from foam
constraints,
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Figure 91 Overall view of chiller as received at Acuren facility (sides
and top of shipping box removed).

Figure 92 Chiller name plate with CRN nomber and manufacturing
data,
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Figure 93  Positive pressure on ammonia side of challer.

Figure 94 Positive pressure on brine side of chiller.
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Figure 95  Inlct/outlet tubesheet on retum side of chiller.

24/04/2018

Figure %6 Inket/outlet head removed from chiller.
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Figure 97 Retumn tubesheet side of chiller. Tubes are corroded and partially
filled with debris.

Figure 98 Return side head showing a blue-black scale and very little
comrosion damage.
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Figure 100  General area of leak found by pressurized argon testing.
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Figure 101  Closer view of Jeak area on row 2 - tube 3. Note relatively large
amounts of white material deposited on surfaces,

Figure 102 SEM image of white material in area of leak removed for analysis.
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Figure 103 EDXA of whitc matcrial showing mainly calciam and chlorine.

Figure 104  Row | tubes removed for access to leak area. Note white matenial
has begun to be dissolved by a process of deliquescence.
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Figure 105 Location of leaking defect on Row 2 - Tube 3.

- P, A PR — _— ol & £
Figure 106  Area where white material was sprayed onmo the tnk wall and
tubes (Orange paint),
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Figure 107  Main leaking defect on row 2 — twbe 3 removed from bundle.
Several smaller defects were found along the ERW weld.

Figure 108 Testing for tubesheet leaks with dye penetrant.
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Figure 110 White matenrial (ound in ammonia tank bottom after bundle
removal. EDXA determine white material was calcium chloride.
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Figure 111 Tube bundie after removal from tank. An oil residue mixed with
white deposits (calcium chloride) was present on tubes at the
botom of the tank.,

Figure 112 Cross section of typical tube — tubesheet interface. Two grooves
are present at cach joint.
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Figure 113  Magnified view of tube - tubeshoet joint showing tight
connection at corner of groove

Figure 114 Corrosion beginning to attack tube ~ tubesheet joint.
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Figure 115 Close-up view of leaking defect on row 2 - tube 3 showing white
deposits.
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Figure 116 Row 2 — tube 3 split to reveal intenior surface. Leaking defect is
al ammow.
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Figure 117 Cioscr view of leaking defect xhowmg a linc of “stitch-like”
defects adjacent to the leaking defect. Nozzling effect has
removed material above the leak.

Figure 118 Typical comrosion damage found along row 2 - rlube 3 |
approximately 12" from the leaking defect.
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Figure 119 Closer view of corrosion damage showing a line of small, du.p
pits (arrows ).

Figure 120 Cross section thmugh typical "stitch” dcrm shwm;
a corrosion depth of approximately 270 microns.
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Figure 121  "Stitch -like” defect found along ERW weld line,
Note inclusion upset at arrow indicating weld line.
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Figure 122 Linear "stilch-like” defect found on row 2 - tube 3
ERW weld line.  Microstructure is fully normalized
Armmows show curved upset lines around joimt
(inclusions),
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Figure 123 Closer view of pit line in row 2 — tube 3 at leak.

Figure 124  Oblique view of leaking pit showing corrosion attack
through cross section.
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Oblique view of Icaking pit showing corrosion attack through

Figure 125
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Figure 126 Pt profile showing steep walls of pat,
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Figure 127  Lecation of wobes removed from chiller for cross section evaluation,
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Figure 128  Corrosion damage on row 4 — tube | (bottom) after plastic bead
blasting.

Figure 129  Cotrosion damage on row 4 — tbe | (bottom) after aluminum
oxide hlasting.
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Figure 131 Corrosion damage on row 4 - tube 1 (top) after aluminum oxide
blasting. Note "stitch-like” defects aloag fusion line,
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Figure 132 Corrosion damage on row 4 - tube 10 (bottom) after plastic be
blasting.

Figure 133 Corrosion damage on row 4 - tube 10 (bottom) after aluminum
oxide blasting. Note “stitch-like” defect along fusion linc of ERW
weld.
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Figure 134  Corrosion damage on row 4 - tube 10 (10p) after plastic bead
blasting.
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Figure 135  Corrosion damage oa row 4 - tube 10 (top) after aluminum
oxide blasting.
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Figure 136  Corrosion damage on row 7 - tube 1 (bottom) after plastic bead
blasting.

Figure 137  Corrosion damage on row 7 - tube 1 (bottom) after aluminum
oxide blasting,
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Figure 138  Corrosion damage on row 7 - tube 1 (top) after plastic bead
blasting.

Figure 139  Corrosion damage on row 7 - tube 1 (top) after aluminum oxide
blasung.
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Figure 140  Corrosion damage on row 7 - wbe 13 (hottom) after plastic
bead blasting.

e

Figure 141  Corrosion damage on row 7 - tube 13 (bottom) after aluminum
oxide blasting.
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Figure NZ Second area of corrosion damage on row 7- tube 13 (bottom)
ofter aluminum oxide blasting.

Figure 143 Corrosion d.nmugc on row 7 - tube 13 (top) after plastic bead
blasting.
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Figure I“ Corrosion damagc on row 7 - tehe 13 (top) after aluminum
oxide blasting.

Fiasre 145  Corrosion dnmagc on row 11 - tube | (bottom) after plastic
bead blasting.
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Figure 146  Corrosion damage on row | I - twbe 1 (bottom) after alumioum
oxide blasting,

Figure 147  Corrosion damage on row 11 - tube 1 (top) after plastic bead
blasting.
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Figure 148  Corrosion damage on row 11 - tube 1 (top) after aluminum
oxide blasting. Note “stitching” along fusion line of ERW
joint.

-

Figure 149 Comrosion damage on row 11 - tube 10 (bottom) after plastic
bead blasting.
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Figure 150  Comosion damage on row 11 - twbe 10 (bottom) after
aluminum oxide blasting.

Figure 151  Corrosion damage on row 11 - tube 10 (top) after plastic bead
blasting.
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Figure 152  Corrosion damage on row |1 - tube 10 {top) after aluminum
oxide blasting.

Figure 153  Corrosion damage on row 14 - tube 2 (bottom) after plastic
bead blasting.
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Figure 134  Corrosion damage on row 14 - tube 2 (bottom) after aluminum
oxide blasting.
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Figure 155  Corrosion damage on row 14 - tube 2 (top) after plastic bead
blasting.
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Figure 1 Corrosion damage on row 14 - wbe 2 (top) after aluminum
oxide blasting.
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Figure 157  Sccond area of comosion damage on row 14 - tube 2 (bottom
after plastic bead blasting.
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Figure 158  Second area of comosion damage on row 14 - tube 2 (bottom)
after aluminum oxide blasting.
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Figure 159  Higher magnification view of typical “stitching” along

ERW fusion linc.
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Figure 160  High magnification SEM view of “stitch” defect EDXA
determined that stitch defect is mostly iron oxide.
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Figure 161 EDXA analysis of material in typical fusion line “stitch™ arca.
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l-‘igure 162a SEM view of scale surrounding leaking defect,
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Figure 162b  Arca 90 containing mostly organic material.
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Figure 162d Area 92 containing large chlorine, calcium and iron peaks
Sodium chlonide appears 10 have been present in the brine as a
contaminant.
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Figure 162¢  Arca 93 containing mostly calcivm chloride.
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Figure 164a  Typical pit in row 7 - twhe | showing different layers Corrosion
mechanism is chloride induced pitting as indicated at arca 104,
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Figure 164b  Area 100 showing relatedly pure iron oxide.
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Figure 164c  Area 101 with iron oxide and small amoun:s of chlogine,
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Figure 164d  Area 102 with iron oxide and small amounts of silica and chlorine,
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Flgure 16de  Arca 103 in layer area immediately above steel interfuce showing
relatively high chloring content.
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Figure 164f  Arca 104 in direct contact with siecl imierface showing very high
chioring comtent. Matenal at the inerface 15 iran chlonde (FeCly
hlack coloar).
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= Shof thickness mngaed from 02380 10 02350° and see belew Tabia 1 for delails,
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FIGURE B1: AMBIOMIA CHILLER
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TABLE 2: ULTRASONIC THICKNESS MEASUREMENTS
| Locamon 21200 9200 | o600 @9:00
| 1 250 2an #45 249 |
— e e R —
e e | 245 243 245
4 F48 i e il =
5 ) 245 247 243 243
b w 247 248 243 244
7 248 248 ' 243 T
8 248 245 243 245
9 248 246 247 245
E T 248 244 243 246
11 248 247 245 a7
12 244 247 243 245
13 248 244 244 245
14 244 242 243 245
15 244 243 241 243
18 243 243 a0 44
17 245 248 242 243
18 248 245 1 240 243
19 23 246 . 238 248
2 244 243 . 242 243
# 250 247 | 240 2B

Nate: Measuremeni is in thousandth Dflﬂ-ﬁ'ﬂ:l"ﬂ olherwise spaciied
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BOB MILNE
P.Eng.

Manager -Engincering Group
Pacific Region

EDUCATION

1977  Bachelor of Applied Science
(Mctallurgy), University of Bnatish
Columbin

PROFESSIONAL MEMBERSHIPS

Association of Professional Engincers  amd
Geoscientists of British Columbia

Amencan Society for Mctals (ASM)

Natonal Association of Corrosion  Engineers
(NACE)

EXPERIENCE

Bob Milne joined Acuren as a  scpior
metallurgical engineer in 1989, Prior 1o that, he
spent 13 years with B.C. Hydro and Powertech
Labs pedforming failure analysis, materials
enginceang and maintenance engineering.

Bob manages our staff of engineers, laboratory
technicians, and visval inspection technicians,
The engincering department provides services
to industnal, serospace, conslruction, insurance,
aned Jegal clients, Approximately 2000 separate
projects are performed within his supervision
cach year. The staff provides consulting and
testing in failure analysis, materials selection and
testing,  specilication  preparation,  quality
assurance,  welding  enginecring,  COMrosion
engincenng, and scanming clectron microscopy,

Bob is acuve 3 the ficld, as well as in the
laboratory, performing fitness for  puarpose
evaluations using fracture  mechanics, strmn
gouging, and FEA techniques. He is often called
upon to act as an cxpert witness in legal and
insurance matters, and has a particularly valuable
uaderstanding of the power generation, pipeline
and aerospace industnies.
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