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Important notes

Nature of the final report
This final report has not been prepared for the purpose of supporting any criminal, civil or regulatory

action against any person or agency. The Transport Accident Investigation Commission Act 1990 makes
this final report inadmissible as evidence in any proceedings with the exception of a Coroner’s inquest.

Ownership of report
This report remains the intellectual property of the Transport Accident Investigation Commission.

This report may be reprinted in whole or in part without charge, provided that acknowledgement is made
to the Transport Accident Investigation Commission.

Citations and referencing
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discoverable under the Official Information Act 1980 have been referenced as footnotes only. Other
documents referred to during the Commission’s inquiry that are publicly available are cited.

Photographs, diagrams, pictures

Unless otherwise specified, photographs, diagrams and pictures included in this final report are
provided by, and owned by, the Commission.



Fullers

Jet Raider August 2011



Contents

L o] T €SNV = X[ 1 PSPPSR i

= = =1 U L 0] 0 = VS iii

L. EXECULIVE SUIMIMAIY «.eiiiiiiiieeetieeeee et e st a st e e s st e st e e e e e e e e e s see e st e e ae e e e ase e e seeaneeaneeaeaseeeseesneesaneeanareananes 1

B2 07 o o 18 [ o 4 = Lo LU 1 2

I B = Toxd U F= 1 W1 ) (o] g0 =1 o] o PSRRI 4

G 20 O A\ T= 4 = €AY USSP 4

3.2.  Vessel information and post-accident iINSPECLION ......coeccvericcciee e e e 6

3.3, Personnel iNFOrMEaTtioN ... oo et e e e n e e e e e ne e e 9

G S O B o To Y= 0 I o] = o [ S 9

N =Y 1] 1 SRR PRI 11

Nt I Y oo [F T3 4o o P PRSPPI 11

4.2, POSSIDIE fAIlUIrE SEQUENCE ...ccueeieeieeteette et es e st et ss e sse e s e e s e e s se e s st e s sse e e see s s seesseesnnee s 11

(] o] Toz= 1A [0 aT= T Lo I oTo o] 11 = 0 13

e JO |V = 1 Y (=T =Y (o] T PSR 14

A4, EMEIEENCY MESPONSE .. ueeiiueerieessteassstesaseesastessstesassessasessaseesastesasessasessasessaseesassessssessaseesaseessnees 16

Fixed fire-SUPPreSSION SYSTEM.....uuiii et et e e e s e e e s e e e e e e e e e e e e nneeean 16

Fa o r=Y Te (o1 o T aF= a1 Y1 o J PSP PRRPRPRRPRSPRTN 17

LG TR w1 Vo 1 g =SS 18

T Y= 7= L1 1T 1S RSP RR 19

LCT=T 0= = R URPRRR 19

Safety actions addressing safety issues identified during an iNQUINY ......ccccueeeveceenrceennceenesee e 19

A 2= TeToT '] 0 =T e F= o] o TSP ST 20

LCT=T aT=T = ORI 20

R eTote]a T el =T oo = Tu o] o TSRS RT 20

L T 2 =TT L= 21

1 R 071 - 4o ) SRS 22
Appendix 1: Fullers Group Limited - Emergency response plan fire-control and abandon-ship

PIOCEAUIES ....ueiiiieteee et ee e ettt e e e et e e e et e e s e st e e e e e st eeasaneeeaeanseeeaaaneeesaaneeeeaanseeeaeanseeeaaanneeseanneeann 23

Appendix 2: Defence Technology AZENCY FEPOIT ... .ueeieieeceeeeeeceeeeeeceee e e e s e e e e s e ee e e se e e e e e e enneeeeenneeeeennnes 25

Appendix 3: Oil analysis, condition-monitoring fundamentals .........c.cccooeerernnerene e 34






Figures

Figure 1 Chart of the general area showing Jet RQider's rOULE ......cccceiicceer e 3
Figure 2 Plan [ayOUL Of JEBE RGIAEL .......eeieeeeeeeeeeee ettt ettt sttt s e s ene e s ne e e e e e e ne e ns 5
Figure 3 Damage caused to hull and frame by connecting rod exiting through engine sump............. 7
Figure 4 Starboard engine showing mMissing CranKCaSE COVEN ......uuuirivuieriereeeiriieieesssiseesessseessssseeesssnes 7
Figure 5 Engine debris found in sump after lifting main engine bloCK away .......ccoeveeeeeerieereceeseceeeenee 8
Figure 6 Remains of piston in number 4 cylinder, bank "A" ... ... 8
Figure 7 Diagram of @ CONNECHING FOQ.......uuiiiiiiiiei et s e s ssne e s e nneeeas 12
Figure 8 No4A Piston after removal from CYNNAEN .......oieieiieieeee e 14
Tables

Table 1: Allotted duties as per Jet Raider's safety Plan ... 9

Final report 11-203 | Page i


file://taicmrtdc01/IainH/SharePoint%20Drafts/11-203%20Jet%20Raider%20version%202.docx%23_Toc369076594
file://taicmrtdc01/IainH/SharePoint%20Drafts/11-203%20Jet%20Raider%20version%202.docx%23_Toc369076595
file://taicmrtdc01/IainH/SharePoint%20Drafts/11-203%20Jet%20Raider%20version%202.docx%23_Toc369076596
file://taicmrtdc01/IainH/SharePoint%20Drafts/11-203%20Jet%20Raider%20version%202.docx%23_Toc369076597
file://taicmrtdc01/IainH/SharePoint%20Drafts/11-203%20Jet%20Raider%20version%202.docx%23_Toc369076598
file://taicmrtdc01/IainH/SharePoint%20Drafts/11-203%20Jet%20Raider%20version%202.docx%23_Toc369076599
file://taicmrtdc01/IainH/SharePoint%20Drafts/11-203%20Jet%20Raider%20version%202.docx%23_Toc369076600
file://taicmrtdc01/IainH/SharePoint%20Drafts/11-203%20Jet%20Raider%20version%202.docx%23_Toc369076601

Abbreviations

CO2 carbon dioxide
Commission Transport Accident Investigation Commission

Fullers Fullers Group Limited

Page ii | Final report 11-203



Data summary

Vessel particulars
Name:
Type:

Limits:

Classification:
Length:

Breadth:

Depth (minimum moulded):

Built:

Propulsion:

Service speed:

Owner:
Operator:

Port of registry:
Minimum crew:
Date and time

Location

Persons involved

Injuries

Damage

1 Times in this report are in New Zealand standard time (co-ordinated universal time +12 hours) and are

expressed in the 24-hour mode.

Jet Raider
Restricted Limit Passenger

inshore: Auckland, Barrier
enclosed: all areas within the above limits

New Zealand Safe Ship Management
37.0 metres

7.5 metres

1.8 metres

1991 by Wavemaster International Proprietary Limited,
in Henderson, Western Australia

2 MWM Deutz TBD 604B V12 turbo-charged, intercooled,
4-stroke diesel engines producing 1260 kilowatts at 1800
revolutions per minute, each driving a KaMeWa 56S water
jet unit with steering, forward and reverse thrust through a
ZF BU 465 non-reversing reduction gearbox

21 knots

Souter Holdings Limited
Fullers Group Limited

Auckland
between 2 and 6 dependent on passenger loadings
27 August 2011 at about 11301

Hauraki Gulf

crew - 5

passengers - 316

nil

starboard engine constructive total loss
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Executive summary

1.1.

1.2.

1.3.

1.4.

1.5.

1.6.

1.7.

1.8.

1.9.

On 27 August 2011 the Jet Raider was making a trip from Auckland to Waiheke Island in the
Hauraki Gulf with 5 crew and 316 passengers on board. At about 11:20 the starboard engine
failed catastrophically when 2 engine connecting rods broke free of the crankshaft and were
ejected through the engine casing.

The escaping mixture of fuel and exhaust gases, and possibly steam resulting from damage to
the cooling water system, set off the fire alarms and gave the crew the appearance on the
closed-circuit television that a fire had occurred. The crew shut down the engines, sealed the
engine compartment and released the fixed engine room carbon dioxide (CO2) fire-
suppression system. Meanwhile the skipper raised the alarm and anchored the ferry in the
Motuihe Channel.

The passengers were transferred to another company ferry that had been following close
behind. Nobody was injured, but the starboard engine was a total constructive loss.

The investigation found that no fire had occurred, but a momentary flash-off caused by the
ignition of a vaporised fuel and exhaust gas mixture from the damaged engine might have
occurred.

The engine failure was caused by the overload failure of the bolts clamping the big ends of
number 4 connecting rods to the crankshaft. Owing to the damage sustained to engine
components it was not possible to determine what initiated the sequence of engine
component failures. A number of possibilities are discussed.

There was no evidence of poor maintenance procedures contributing to the catastrophic
engine failure. However, the Jet Raider was being used as a standby vessel to support the
main passenger fleet. Consequently it had a low annual number of operating hours. The
engine manufacturer had recommended a shorter interval between replacements of some
engine components for this type of operation. Fullers Group Limited (Fullers) was not
following that recommendation, but it could not be determined whether that contributed to
this failure because the engine manufacturer could not explain the rationale behind its
recommendation.

Two safety issues were identified:

e transferring passengers to another vessel as a form of abandoning ship was the usual
method employed by ferry operators in the Hauraki Gulf because of the high probability of
another passenger vessel being in the vicinity. However, this method was not considered
during emergency response training, and no thought had been given to small modifications
in ferry design that could reduce the risk to passengers during such an event

e when the fixed engine room CO:z fire-suppression system was used, only half of the
required CO2 gas was released to the engine room. Part of the reason was a lack of clear
placarding to highlight the differences in procedures between mono-hull ferries with single
engine rooms and catamaran-style ferries with split engine rooms.

Neither of these safety issues affected the outcome of this accident, but recommendations
have been made to prevent their affecting outcomes under different circumstances in future.

Key lessons that can be taken from this inquiry are:

e training for emergency responses must cover the procedures for using mandatory
lifesaving equipment, but should also be extended to cover other common scenarios, such
as using a ship-to-ship transfer of passengers when abandoning ship

e instruction placards for critical systems such as fixed engine room CO: fire-suppression

systems should be clear and concise to avoid operators misinterpreting them at times of
high or stressful workload.
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Conduct of the inquiry

2.1,

2.2.

2.3.

2.4.

2.5.

2.6.

2.7.

2.8.

2.9.

2.10.

On 27 August 2011 at about 1210, the Transport Accident Investigation Commission
(Commission) learnt from Maritime New Zealand that an accident had occurred earlier that
day to the passenger ferry Jet Raider as it was on passage from Auckland to Waiheke Island
with 316 persons on board.

The circumstances were that the vessel experienced what was thought to have been an
engine room fire in the vicinity of the starboard engine. After initial inspection the engine
room was shut down and the fire suppression system activated. The passengers were
transferred to other passenger ferries in the vicinity. Fire service personnel were taken out to
the Jet Raider but any fire had been extinguished. The Jet Raider was towed back to
Auckland.

The Commission immediately opened an inquiry into the occurrence under section 13(1) of
the Transport Accident Investigation Commission Act 1990, and appointed an investigator in
charge.

On 27 August 2011 an investigator from the Commission travelled from Wellington to
Auckland. On arrival the investigator was briefed by staff from the operating company and
conducted an inspection of the engine room.

During the next 2 days the investigator interviewed witnesses who had been involved in the
events leading up to the accident and others involved in the operation and maintenance of the
vessel. Relevant data was also sourced from the operating company’s documentation.

The investigator returned to Auckland on 13 September and 19 September to be present for
the engine strip-down and to gather further evidence and discuss the engine failure.

The Commission engaged the New Zealand Defence Technology Agency to establish the
nature of the engine failure.

On 24 October 2013 the Commission approved a draft final report to be circulated to
interested persons for comment.

Submissions on the draft final report were received from 6 interested persons. On 17
December 2013 the Commission reviewed all the submissions, and changes to the draft final
report were made where appropriate.

The Commission approved the final report for publication on 17 December 2013.
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Figure 1
Chart of the general area showing the Jet Raider's route
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Factual information

3.1.
3.1.1.

3.1.2.

3.1.3.

3.1.4.

3.1.5.

3.1.6.

3.1.7.

3.1.8.

3.1.9.

3.1.10.

3.1.11.

Narrative

At about 07:30 on 27 August 2011, the Jet Raider was tied up alongside Queens Wharf in
Auckland. The master, engineer and services crew prepared the vessel and moved it to berth
2D to embark passengers. At about 09:00 the Jet Raider sailed for a return trip to Waiheke
Island. The trip was uneventful, and all engine checks were recorded as normal.

Back at Auckland the crew began embarking passengers and loading cargo for another return
trip to Waiheke Island.

The Jet Raider departed Auckland on schedule at about 11:00 with 316 passengers on board.
At about 11:20, as the vessel passed lliomana Rock Light, the engineer went to the engine
room to check the equipment and operating parameters of the engines; all was again noted as
being “normal”’. The engineer then returned to the navigating bridge to assist in keeping a
lookout. The engineer had just sat down when there was a loud bang and the vessel
shuddered. Engine room alarms started sounding.

The engineer looked at the engine room closed-circuit television monitor and he saw what
looked like a ball of fire and smoke emitting from the starboard engine. The master also
looked at the closed-circuit television monitor. He then reduced the power on both engines to
idle.

The engineer then made his way to the engine room, but when he reached the lower middle
cabin he saw that the after deck was full of smoke. He returned to the navigating bridge and
started to go through the emergency shut-down procedures for the starboard engine. The
skipper shut down the engine while the engineer proceeded to the lower middle cabin. From
there he released the starboard fire dampers and operated the fuel tank emergency shut-off
valves. He and the services supervisor then went to the controls for the fixed fire-fighting gas
suppression system at the stern of the after deck.

The master made an announcement to the passengers. He then contacted the Fullers ferry
Starflyte that was following close behind the Jet Raider and requested it to stand by in case a
passenger evacuation was necessary. The two café hands proceeded to the foredeck to let go
the anchor.

The engineer fired the starboard fixed fire-fighting gas suppression system?2 into the engine
room. By this time the Starflyte had manoeuvred alongside the Jet Raider’s port side gate aft.

By now the vessel was anchored and the engine room sealed off, with one of the 2 engine
room fire-suppression systems activated to smother any fire. The master decided to transfer
the passengers and cargo to the Starflyte.

The engineer and the services supervisor made fast the Starflyte to the port side of the Jet
Raider; one of the café hands remained on the forecastle to monitor the anchor; and the
second café hand started to guide the passengers towards the stern of the vessel ready for
evacuation. The passengers, their luggage and the cargo were then transferred across to the
Starflyte.

At 11:44 the master notified Auckland Maritime Radio of the situation, declaring that at that
time he did not require any assistance. He also contacted the Royal New Zealand Coastguard,
the New Zealand Police and the New Zealand Fire Service. He then contacted the Fullers duty
manager to advise them that tug assistance would be required to return to Auckland.

One of the New Zealand Police maritime launches ferried Fire Service personnel to the Jet
Raider. They confirmed that any fire had been extinguished, after which the crew ventilated
the engine room while waiting for the tug to tow the vessel back to Auckland ferry terminal.

2 There were 2 systems, labelled port and starboard.
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3.2
3.2.1.

3.2.2.

3.2.3.

3.2.4.

3.2.5.

3.2.6.

3.2.7.

3.2.8.

3.2.9.

3.2.10.

Vessel information and post-accident inspection

The Jet Raider was a mono-hulled ferry built in 1991 by Wavemaster International Proprietary
Limited, of Henderson, Western Australia. It had an overall length of 37.0 metres, a breadth
of 7.5 metres and a gross tonnage of 227.

The Jet Raider was owned by Souter Holdings Limited and operated by Fullers. It was
certificated to carry 360 passengers in the enclosed and inshore water limits. It required
between 2 and 5 crew, dependent on passenger loadings. The Jet Raider was operated under
safe ship management administered by Dunsford Marine Limited. The safe ship management
certificate had been issued on 14 June 2010 and was valid, subject to periodic audits and
inspections, until 30 May 2014.

Propulsion was provided by 2 MWM Deutz TBD 604B V12 turbo-charged diesel engines, each
producing a power of 1260 kilowatts at 1800 revolutions per minute. Each engine drove a
KaMeWa 56S water-jet unit through a ZF BU 465 non-reversing gearbox.

The fuel, lubricating oil and cooling water pumps were directly connected through gearing to
the MWM Deutz TBD 604B V12 engine. The speed and flow rate of these pumps were directly
dependent on the speed at which the engine was operating.

The Jet Raider was not in daily service with Fullers at the time but was used more as a
replacement vessel for the rest of the fleet, or when extra capacity was needed. As such its
running hours were less than those of the other vessels within the fleet.

The initial inspection of the engine room revealed no evidence of fire. Instead the starboard
engine was found to have suffered a catastrophic failure. One of the starboard engine’s
crankcase covers had blown off and was punctured. A connecting rod3 was found on the
engine room floor plates with other engine debris. The oil filler cap for the starboard engine
was missing. A freshwater cooling pipe had been severed and damage was noted on other
nearby equipment.

An inspection into the crankcase of the engine through the missing door showed that at least
2 connecting rods and their associated balance weights were missing and damage had
occurred to the crankshaft journal4 to which the connecting rods had been connected.

The starboard engine was removed from the Jet Raider and transported to Fullers’
maintenance facility for further investigation and dismantling. When the engine was removed
from the vessel it was found that one of the missing connecting rods had exited the crankcase
through the bottom of the engine sump. The connecting rod had struck the vessel’s hull and
one of the hull frames. The hull was gouged and the frame bent. The weld securing the hull to
the frame was fractured (see Figure 3).

The starboard engine was dismantled and the following components were removed and sent
to the Defence Technology Agency for inspection and testing:

e 2 connecting rods from the number 4 cylinder set
e parts of the associated connecting rod bolts
e bearing caps and bearing shells.

The Commission engaged the Defence Technology Agency to produce a report into the failure
(see Appendix 2 for the full report).

3 The main rod connecting each piston to the crankshaft.
4 The offset cylindrical section of the crankshaft, to which the connecting rods were attached by the big-end
bearing assembly.
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frame gouged and bent by connecting rod

weld between frame and hull fractured

Figure 3
Damage caused to hull and frame by connecting rod exiting through engine sump

crankcase cover missing

Figure 4
Starboard engine showing missing crankcase cover
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Figure 5
Engine debris found in sump after lifting main engine block away

Figure 6
Remains of piston in number 4 cylinder, bank "A"
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3.3.

3.3.1.

3.3.2.

3.3.3.

3.3.4.

3.4.

3.4.1.

3.4.2.

3.4.3.

3.4.4.

Personnel information

The master had been employed by Fullers for about 20 years, initially in a part-time role but
after about 3 years he became a full-time employee. At the time of the incident he worked on
a part-time contract as and when required. He had driven most of the vessels in the Fullers
fleet he currently met the company’s competency requirements on the Quickcat, Superflyte
and Jet Raider.

The engineer had been employed by Fullers since 1999. He held an Inshore Launch Master’s
certificate of competency and a Marine Engineer’'s Certificate of competency class 5. The
engineer had been taken off his normal shift to cover the Jet Raider sailings on 27 August.

The services supervisor had been employed by Fullers for about 5 years. During her
employment with Fullers the services supervisor had held various positions on board the
vessels. She currently met the company’s competency requirements on the Quickcat,
Superflyte and Jet Raider.

Both café hands had been recently employed by Fullers and had completed its basic induction
and training regime.

On-board practices

The crew on board the Jet Raider were all appropriately trained and their qualifications were
current. The master and crew had been trained to a level commensurate with their positions
on board, with the more senior staff being more highly trained. New crew entrants underwent
induction training as contained in the Crew Induction Training Manual®.

Induction training for new entrants included, but was not limited to: vessel safe ship
management systems, lookout duties, lifesaving appliances’ positions and use, fire-fighting
appliances’ position and use, and emergency drills. Emergency drills included a fire drill,
anchoring drill, man-overboard drill, abandon-ship drill and evacuation and crowd control.

The Jet Raider’'s safety plan allotted certain jobs to the crew during emergencies; Table 1
shows the allotted jobs for both fire and abandon-ship emergencies.

The abandon-ship drill required the crew to prepare the vessel’s lifesaving appliances and
launch them on the instruction of the master (see Appendix 1), then to abandon the vessel,
into the water, on the master’s instruction.

Table 1: Allotted duties as per the Jet Raider's safety plan

Crew member Fire Abandon ship

Master In command In command

Engineer

Assess situation and use
appropriate extinguishers

Don own lifejacket. Prepare
floating apparatus on cabin
top

Service supervisor

Assist engineer as required

Don own lifejacket. Prepare
floating apparatus on cabin
top

crew 2

On-board services (café) | Notify master of situation and Don own lifejacket. Assist in

crew 1 relay messages lowering rescue boat. Aid
passengers donning
lifejackets. Direct them to the
stern of the vessel

On-board services (café) | Assist and calm passengers Don own lifejacket. Check all

toilets. Assist passengers with
lifejackets

5 Fullers Group Limited, Operations Manual, part 7, Crew Induction Training Manual.
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3.4.5. Fullers’ Emergency Response Plan® stated in paragraph 2.7, “Support for staff at the scene”

that:

During a vessel based incident

A vessel standing by the vessel in distress provides mental support to the
passengers and crew. Updates on the situation can be made from the vessel
standing by; crew can be transferred to assist with the emergency; and
passengers may be evacuated to the vessel. It is important to get a vessel there
as a support mechanism in the first instance; a vessel in close support can keep

you

updated as the incident progresses.

3.4.6.  Fullers’ engine room logbook required that the on-board engineer follow the following routines:

a.

b.

oo

g.
h

At commencement of each shift refer to previous log and requisition entries
Carry hours and Lube Oil forward daily

Engine readings taken at least 25 minutes after engine has been running at
full power

Engineer to take all gauge readings from the engine room

Use all clock digits

Engine room inspections and readings minimum of once per hour
Alternate genset and battery banks daily (i.e. odd and even calendar days
Full explanation and diagnosis of problems entered in comments

Record all completed maintenance

An inspection of the Jet Raider's engine room logbooks showed that the engineer had
completed the loghook at about 10:20, with all readings within the “normal” range, and that at

about 11:20

he had carried out a visual inspection of the engine room and had not noted

anything of interest.

6 Fullers Group Limited, Operations Manual, part 3, Fullers Emergency Response Plan, May 2011.
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Analysis

4.1.

4.1.1.

4.1.2.

4.1.3.

4.1.4.

4.1.5.

4.2.

4.2.1.

4.2.2.

4.2.3.

4.2.4.

Introduction

Catastrophic engine failure can have serious consequences. Crew in the engine room at the
time are at risk of injury from flying debris, and in some circumstances it can result in a fire if
the lubricating or fuel oil systems are damaged and oil sprays onto hot surfaces.

In this case the engine room was normally unmanned, with most engine monitoring done
remotely using gauges and closed-circuit television. The likelihood of injury occurring was
therefore low.

Also, in this case, no fire occurred. The initial indications of fire were likely caused by steam
from the cooling water system that was damaged by flying debris, and escaping exhaust gases
and unburned fuel from the damaged engine. It is possible that there was a momentary
“flash-off” of this gaseous mixture.

The initiating cause of catastrophic engine failure is often difficult to determine due to the
resulting damage. It can be difficult to distinguish damage that might have initiated the event
from damage caused by the resulting failure sequence. This failure is one such case.

The following analysis discusses the potential causes of the engine failure. Two safety issues
are also discussed:

e the maintenance regime that Fullers followed did not correspond to Wartsila’s (the engine
manufacturer’s) recommended maintenance programme, but also Wartsilda would not
explain the rationale behind its recommended maintenance programme

o the system of transferring passengers to another vessel as a means of evacuation was not
documented or practised during evacuation drills.

Possible failure sequence

The failure of an engine connecting rod assembly is one common cause of catastrophic engine
failure. The connecting rods in this case failed when the connecting rod bolts clamping the
big-end of the connecting rod to the crankshaft failed in overload.

In his submission on the draft final report, one interested person from the operator identified
several failure mechanisms that could have initiated or contributed to the engine failure, such
as stretch in the connecting rod bolts and stress cracks developing in and around a piston
assembly. None of these factors could be excluded, but due to the severity of the total
damage sustained in the catastrophic failure it is difficult to determine if any of these factors
directly contributed to the failure.

Similarly, the Defence Technology Agency report into the failure (see Appendix 2 for the full
report) outlined 2 possible failure sequences based on the available evidence, but its
investigation was unable to identify positively which factor initiated the failure sequence.

For each of the 2 possible failure sequences the outcome was the same - there was an
increase in the clearances in the big-end bearings where the connecting rods were connected
to the crankshaft. This increase in clearances causes minor shock loading within the
bearings, which can lead to failure of the connecting rod bolts. The failure of the connecting
rod bolts allows the big-end of the connecting rods to open and the connecting rod is thrown
off the rotating crankshaft with considerable force. The resultant massive imbalance in the
engine can cause other components to fail as well. One possible scenario is where clamping
force on the bearings is lost due to a loosening of the connecting rod bolts. The other is where
the bearings become worn. The result in either case was increased clearances within the
bearing assembly.
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4.2.5.

4.2.6.

4.2.7.

4.2.8.

4.2.9.

4.2.10.

A loss of clamping force itself can cause the bearing to wear prematurely, so factors from both
scenarios can overlap to contribute to the same outcome, making it difficult to determine
which occurred first.

A loss of clamping force by the upper connecting rod bolt would allow fretting” at the upper
multi-v joint between the connecting rod and the connecting rod cap.

A loss of clamping force can be caused by under-torqueing® the connecting rod bolt during
maintenance. Conversely, over-torqueing a connecting rod bolt can weaken the bolt, causing
it to fail at lower forces. However, failure due to either type of maintenance error usually
shows up earlier in the engine life. In this case the engine had run for more than 6000 hours
since being rebuilt (when the bolts would have been last torqued).

The white metal surfaces of the big-end bearings for the Number 4 pistons were severely
worn, and overheating had caused the white metal surfaces to extrude out of the immediate
bearing area. This type of damage could have initiated the connecting rod failure, or equally it
could have been a result of the failure.

If the big-end bearings had been worn prior to failure this would have resulted in increased
clearances within the connecting rod assembly, which as mentioned can lead to minor shock
loading of the bearing, possibly leading to connecting rod bolt failure.

Other factors that can lead to bearing wear include:
e bearing cavitation

e corrosive wear

e a previous overheating incident

fuel dilution

contamination of the lubricating oil

lubricating oil starvation.

sectioned
for clarity

upper connecting rod bolt

big-end bearing shells

small-end bearing shell

lower multi-v joint

lower connecting rod bolt

Figure 7
Diagram of a connecting rod

7 A wear process that occurs at the contact area between two components when they are subject to small amplitude
relative motion due to forces such as vibration.
8 Tightening the bolts to a set rotational force.
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4.2.11.

4.2.12.

4.2.13.

4.2.14.

4.2.15.

4.2.16.

4.2.17.

4.2.18.

4.2.19.

Cavitation, corrosive wear or a previous overheating of the number 4 big-end bearings could
not be ruled out because any evidence was masked by damage sustained during the failure
sequence.

The damaged Number 4A piston showed possible piston scuff marks® on one side (see Figure
8). Piston scuffing is usually caused by either a lack of lubrication between moving metal
parts or a lack of cooling. Localised heating can cause engine parts to weld together
momentarily before breaking free. This momentary welding can put excessive strain on the
connecting rod bolts, leading to their eventual failure. However, considerable damage to both
the cylinder liner and piston made it difficult to determine whether the scuff marks had been
present before the engine failure or whether they were incurred when the engine failed.

Lubrication and cooling

Engine cooling is achieved by both cooling water circulating through the engine and cooling by
the lubricating oil. A reduction in flow of either can result in an overheating of the engine, or
localised overheating.

Apart from the big-end bearings for Number 4 pistons, the components in the rest of the
engine were relatively undamaged and in good condition, meaning that the engine as a whole
had not been starved of lubricating oil.

Fullers used systematic monitoring of engine lubricating oil as part of its engine monitoring
and maintenance programme. The previous lubricating oil test reports for the failed engine
had not shown any evidence of fuel dilution or other abnormal contamination of the
lubricating oil, so oil quality did not appear to be an issue.

Both the lube oil and cooling water pumps on the Deutz MWM engine were mechanically
driven directly off the engine. This meant that the flow each produced was proportional to the
engine revolutions. A rapid decrease in engine revolutions results in a corresponding sudden
decrease in the flow of cooling water and lubrication oil. If the engine has been running at
high revolutions and high temperatures, the sudden decrease in cooling water and lubricating
oil flow can result in localised overheating. The consequence of this engine feature can be
mitigated by avoiding large, sudden changes in engine speed, which is not always possible
when operating short-range ferry operations with multiple pick-up points, in heavily congested
waters.

There had been another catastrophic engine failure involving the same engine type on a
passenger ferry operating in Fijil0. In that case a connecting rod from Number 4 piston failed
and exited through the crankcase door in a similar way to this engine. The other bearings
were all seized on to the crankshaft.

An engineer with expert knowledge of the Deutz MWM engine conducted an investigation into
the cause of the failure. The engineer concluded that the B4 cylinder liner and the B4 piston
had failed due to localised heating. He was of the opinion that the lubricating oil cooling jet on
the underside of the piston head had been operating correctly; however, so much damage had
occurred he was unable to confirm this.

It could be coincidental that the same pistons and connecting rod assembly (Number 4) failed
on the same engine type, or it could be that local overheating associated with fluctuations in
cooling water and lubricating oil pressures first manifests itself within the Number 4 piston
assembly on this engine type. The scuff marks found on the Number 4 pistons of both
engines would support this possibility. Regardless of whether this was the case, operators of
engines with direct engine-driven cooling water and lubricating oil pumps should consider
modifying their operations and driving styles to mitigate any such risk.

9 Scuffing is the process by which metals weld themselves together and then break loose. It is also known as “micro
seizure” or “adhesive wear”. Scuffing is likely to occur when 2 moving metallic parts lose lubrication between them. In
this case the scuffing is between either the piston or piston rings and the walls of the cylinder.

10 passenger ferry Ocean Dreaming - December 2011.
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4.3.

4.3.1.

4.3.2.

4.3.3.

gudgeon pin bore

piston skirt

- e " :
- ~— l‘: -y

piston crown

Figure 8
Number 4A piston after removal from cylinder

Findings

1. The engine catastrophically failed when the bolts securing 2 connecting rods to the
number 4 journal failed in overload.

2. The severity of the damage to engine components meant it was not possible to say
what the root cause of the failure was. However, similarities in the failure of this and
another engine of the same type indicate that localised overheating caused by
fluctuating lubricating oil and cooling water pressures due to engine-handling
technique could not be excluded.

Maintenance

The service and technical support functions for the Deutz MWM marine product range had
been transferred to another manufacturer of marine diesel engines (Wartsild) in 2005. Fullers
carried out the maintenance of the engines itself using Wartsild’s specified maintenance
schedule.

Wartsila set its recommended engine maintenance into specific engine performance groups,
depending on the type of operation and the typical engine running hours achieved each year
(see Table 3 in Appendix 2). When the Jet Raider was in daily service with Fullers, its yearly
hours would have placed it in Wartsila’s maintenance group “A”, which was for vessels in
continual operation for more than 4000 hours per year. Fullers followed schedule A for the
maintenance of all Deutz engines in its fleet, but it had extended the 16 0O0O-hour
replacement programme to 24 000 hours on the basis of its engine lubricating oil monitoring
programme used to enhance the monitoring of engine performance.

When Fullers took the Jet Raider out of daily service it fell broadly into maintenance group C,
for vessels in restricted operation up to 2000 hours per year. Running hours alone was not
the only factor to consider when deciding which maintenance plan to follow. The time for
which the engine was operating at or above 80% power was another consideration. Taking
both into account it was possible that the Jet Raider fell somewhere in between groups A and
C.
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4.3.4.

4.3.5.

4.3.6.

4.3.7.

4.3.8.

4.3.9.

4.3.10.

4.3.11.

Engine maintenance for vessels that fell into group C was more rigorous than that for vessels
in group A. For example, the Wartsila renewal interval for the big- and small-end bearings
under group A was 16 000 hours. This was reduced to 6000 hours for engines under group C
(see the table on page 5 of Appendix 2). The reason for Wartsila reducing the interval for
replacement of the bearings is unclear. Fullers had previously asked Wartsila for the reason,
but Wartsila had not responded. In its submission on the draft final report, Wartsila said that
it thought the maintenance schedule may have originated when the engines were delivered
from MWM/Deutz Far East in Singapore. As far as Wartsila was concerned, the Fullers
maintenance schedule was adequate, providing the connecting rod bolts were exchanged
after every removal. The asset manager for Fullers Group Limited confirmed that the
connecting rod bolts were changed every time the bolts were removed as a matter of policy.

Fullers took regular samples of engine lubricating oil and sent them to an independent oil
analysis company. The company would provide a report on each sample, which would also
comment on any trend in oil condition for the same engine. It was then up to Fullers to use
that information and decide what maintenance action to take.

Lubricating oil analysis is carried out to optimise the life of oil, rather than change it
unnecessarily. It can also be used to monitor the wear rates of engine components by
detecting and quantifying wear metall! levels within the oil over set time intervals. In this way
abnormal wear in a component can be detected before it fails, possibly catastrophically (see
Appendix 3). The most recent lubricating oil analysis performed on the starboard engine had
been one month before it failed.

An examination of the oil analysis reports prior to the accident on board the Jet Raider showed
higher levels of contaminant elements and wear elements in the starboard (failed) engine
than in the comparative samples for the port engine (as noted in the Defence Technology
Agency report). These were, however, within the limits for what the oil analyses described as
“normal condition”.

The report from the oil analysis company noted that the Fullers fleet in general had
consistently higher levels of chromium in the lubricating oil than the “global population” of
Deutz engines under its oil analysis programme. The oil analysis company, however,
cautioned against taking any of the figures in isolation. The figures should be considered in
conjunction with other wear triggers and establish whether the figures are a one-off level or
indicative of a developing trend.

The lubrication oil analysis for the starboard engine did not, in isolation, show that failure was
inevitable. However, the higher levels of contaminant and wear elements than for the port
engine could have alerted Fullers to monitor more closely the performance of the starboard
engine.

The starboard engine on the Jet Raider had undergone a major strip-down, overhaul and re-
build in May 2007. All replacement rotating/moving parts had been sourced from the original
equipment manufacturer (OEM). Since the major overhaul the engine had run for about 6000
hours. The next major overhaul was scheduled for about 24 000 hours. The 6000 hours it
took for the engine to fail corresponded with the time in which the bearings would have been
replaced if Wartsila’s group C engine maintenance schedule had been followed.

Without knowing the exact reason for Wartsila or the original engine manufacturer specifying a
6000-hour interval between big- and little-end bearing replacements, it is difficult to say
whether Fullers not following the manufacturer’s recommended maintenance schedule was a
factor contributing to the engine failure. However, in its submission on the draft final report
Wartsila said that it was not likely that any engine component failed due to it being left in
service longer than the maintenance schedule allowed.

11 Traces of the types of metal that typically wear during the service life of an engine.
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4.4,

4.4.1.

4.4.2.

4.4.3.

4.4.4.

4.4.5.

4.4.6.

Findings

3. The starboard engine on the Jet Raider failed after running for 6000 hours since it had
last been overhauled. The engine manufacturer recommended that the interval between
overhauls be reduced from 16 000 to 6000 running hours for vessels operating similarly
to the Jet Raider, but the manufacturer’s reasons for this were unclear.

4. Fullers’ lubricating oil analysis programme had not detected that the Jet Raider's
starboard engine condition was deteriorating in comparison with the port engine’s, but
the lubricating oil was still within “normal” parameters.

5. It could not be established whether the timing or quality of maintenance contributed in
any way to the engine failure. However, Wartsila thought it unlikely that any component
failed due to it being left in service longer than recommended in the maintenance
schedule.

Emergency response

The crew response to the accident was well thought out and followed the emergency response
plan. The master organised his crew to reassure passengers and he anchored his disabled
vessel. No 2 emergencies are ever the same, which means there will often be new lessons to
take from each case.

In this case there were 2 safety issues identified:
e the procedure for releasing the engine room fixed CO2 fire-suppression system

o the procedure for abandoning ship when another vessel is involved.
Fixed fire-suppression system

Most of the fleet operated by Fullers comprised catamaran-style vessels, where the engines
were housed separately in each hull. The fixed CO2 fire-suppression system was divided into 2
sections - one for each hull (port and starboard). Setting off either section would release the
exact initial number of CO2 bottles required to extinguish a fire in that space.

The Jet Raider was a mono-hull vessel, where both engines were housed in one engine-room
space. There were 2 CO2 bottles, labelled port and starboard. A fire in the engine room
required both bottles to be released into the engine room. However, the engineer only fired
the starboard CO2 bottle into the engine room because he associated the failure of the
starboard engine with that of the catamaran configuration, forgetting that both engines were
in fact in the same space. This type of error is not uncommon when people are required to
switch between different operations. It creates a risk of their applying a procedure that would
normally be correct, but for a different situation.

The risk of this type of error occurring is heightened when people are placed in stressful
situations, such as responding to an emergency. A common example of such an error is when
car drivers switch to vehicles that have the indicator switch on the opposite control column to
which they are used to. In terms of the study of human factors, this is known as “negative
transfer error” (D.J. Woltz, 2000).

If the engine failure had caused a sustained fire in the engine room, releasing only one of the
2 required CO2 cylinders may not have been sufficient to extinguish the fire. This safety issue
could be resolved by placing a clear placard at the control station for the fixed CO2 fire-
suppression system, alerting the operator that both bottles are required to extinguish a fire in
the engine room.
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4.4.7.

4.4.8.

4.4.9.

4.4.10.

4.4.11.

Abandoning ship

The Jet Raider was fitted with a combination of survival craft, buoyant apparatuses’, (mainly
life-rafts) and personal flotation devices in accordance with Maritime Rules. The devices were
provided for the worst-case situation, where passengers and crew had little time to abandon
ship and take to the water. The abandon-ship procedures were designed around evacuating
passengers and crew into life-rafts. The crew routinely conducted abandon-ship and life-raft
drills.

Most of the Fullers vessels operated in enclosed or inshore limits, and in areas frequently
plied by other ferries and recreational vessels. In the previous 10 years there had been a
number of incidents and accidents involving passenger ferries in the Auckland area, and on
almost every occasion the passengers had not needed to enter life-rafts. Instead they had
been transferred to other vessels in the vicinity.

Fullers’ emergency response plan called for another company vessel to be in close proximity
to provide support and back-up crew and possibly receive passengers in case a vessel had to
be abandoned. With the number of vessels that Fullers operated, it was highly likely that
during a situation there would be another company vessel nearby. Fullers would also have
been one of 2 operators on the Hauraki Gulf with the capability to accept a large number of
passengers from a stricken vessel.

In this case the Starflyte was close behind the Jet Raider and was soon close by. When the
master of the Jet Raider made the decision to transfer his passengers to the Starflyte, the
weather was benign and the transfer was made easily and efficiently. If the weather,
(especially the sea state) had been worse, the operation would have been more difficult and
less safe.

Although passenger transfer was the more likely method for abandoning ship in the congested
Hauraki Gulf, the crews did not practise transferring passengers from one vessel to another,
nor did they practise bringing one vessel alongside another. The vessels in the Fullers fleet
had subtly different heights of rubbing strips, and access and egress points. There would be
merit in introducing this into the training schedule, and also merit in considering subtle design
changes to better facilitate ship-to-ship passenger transfers.

Findings

6. The emergency response to the engine failure was well thought out and well executed.
However, only half of the fixed CO2 fire-suppression system was released into the
engine room, which might not have extinguished a sustained fire if one had occurred.

7. Aclear placard should be placed at the control station for the fixed CO2 fire-suppression
systems on all passenger ferries, alerting them to the exact number of CO2 bottles
needed to extinguish a fire in each of the protected compartments.

8. When an accident or incident occurs that requires a passenger ferry operating in
Auckland’s congested Hauraki Gulf to abandon ship, it is highly likely that this will be
achieved by a ship-to-ship transfer of passengers and crew. This scenario should be
included in emergency response training and drills, and passenger ferries from all
companies operating in the same area should be designed to minimise the risks of such
an operation.
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5.

Findings

5.1.

5.2.

5.3.

5.4.

5.5.

5.6.

5.7.

5.8.

The engine catastrophically failed when the bolts securing 2 connecting rods to the number 4
journal failed in overload.

The severity of the damage to engine components meant it was not possible to say what the
root cause of the failure was. However, similarities in the failure of this and another engine of
the same type indicate that localised overheating caused by fluctuating lubricating oil and
cooling water pressures due to engine-handling technique could not be excluded.

The starboard engine on the Jet Raider failed after running for 6000 hours since it had last
been overhauled. The engine manufacturer recommended that the interval between
overhauls be reduced from 16 000 to 6000 running hours for vessels operating similarly to
the Jet Raider, but the manufacturer’s reasons for this were unclear.

Fullers’ lubricating oil analysis programme had not detected that the Jet Raider's starboard
engine condition was deteriorating in comparison with the port engine’s, but the lubricating oil
was still within “normal” parameters.

It could not be established whether the timing or quality of maintenance contributed in any
way to the engine failure. However, Wartsila thought it unlikely that any component failed due
to it being left in service longer than recommended in the maintenance schedule.

The emergency response to the engine failure was well thought out and well executed.
However, only half of the fixed CO2 fire-suppression system was released into the engine room,
which might not have extinguished a sustained fire if one had occurred.

A clear placard should be placed at the control station for the fixed CO2 fire-suppression
systems on all passenger ferries, alerting them to the exact number of CO2 bottles needed to
extinguish a fire in each of the protected compartments.

When an accident or incident occurs that requires a passenger ferry operating in Auckland’s
congested Hauraki Gulf to abandon ship, it is highly likely that this will be achieved by a ship-
to-ship transfer of passengers and crew. This scenario should be included in emergency
response training and drills, and passenger ferries from all companies operating in the same
area should be designed to minimise the risks of such an operation.
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Safety actions

6.1.

6.2.

General

The Commission classifies safety actions by 2 types:

(a) safety actions taken by the regulator or an operator to address safety issues identified
by the Commission during an inquiry that would otherwise result in the Commission
issuing a recommendation

(b) safety actions taken by the regulator or an operator to address other safety issues that
would not normally result in the Commission issuing a recommendation.

Safety actions addressing safety issues identified during an inquiry

On 3 December 2013 the Marine Manager of Fullers Group Limited submitted to the
Commission that:

To this date Fullers Group Ltd has identified signage in line with this recommendation (signage wording
attached) this signage has been ordered and will be installed once delivered. Anticipated completion
date, 13 December 2013.

To this date to facilitate vessel to vessel transfer recommendation to the Auckland Council Harbour
Masters Office, Fullers Group Ltd has produced a Transfer Protocol (attached), purchased several large
fenders and is presently determining a drill schedule to commence in the New Year. Anticipated (to drill
stage) completion date, March 2014.
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Recommendations

7.1

7.2

7.3.

General

The Commission may issue, or give notice of, recommendations to any person or organisation
that it considers the most appropriate to address the identified safety issues, depending on
whether these safety issues are applicable to a single operator only or to the wider transport
sector. In this case, recommendations have been issued to Fullers, with notice of these
recommendations given to Maritime New Zealand.

In the interests of transport safety it is important that these recommendations are
implemented without delay to help prevent similar accidents or incidents occurring in the
future.

Recommendations

Recommendation 1

Most of the Fullers vessels operate in enclosed or inshore limits, and in areas frequently plied
by other ferries and recreational vessels. In the past 10 years there have been a number of
incidents and accidents involving passenger ferries in the Auckland area, and on almost every
occasion the passengers have not needed to enter life-rafts. Instead they have been
transferred to other vessels in the vicinity.

Although passenger transfer is the more likely method for abandoning ship in the congested
Hauraki Gulf, the crews do not practise transferring passengers from one vessel to another,
nor do they practise bringing one vessel alongside another. The vessels in Fullers’ fleet have
subtly different heights of rubbing strips, and access and egress points. There would be merit
in introducing this into the training schedule, and also merit in considering subtle design
changes to better facilitate ship-to-ship passenger transfers.

On 16 December 2013 the Commission recommended to the Chief Executive of Auckland
Council that he co-ordinates the ferry companies that operate large passenger ferries on the
major Hauraki Gulf routes to adopt ferry design features and training programmes aimed at
minimising the risk of a ship-to-ship transfer of passengers when the need arises to abandon
a passenger ferry. (027/13)

In response to this recommendation, Auckland Council agrees to coordinate the
ferry companies that operate large passenger ferries on the major Hauraki Gulf
routes to adopt ferry design features and training programmes aimed at
minimising the risk of a ship to ship transfer of passengers when the need arises
to abandon a passenger ferry.

Whilst the Council will work with the ferry operators in this regard, the Council has
limited regulatory power to require ferry owners to comply. Maritime New
Zealand is the regulatory body who have the necessary power to compel
commercial operators to adopt the required design features. Maritime New
Zealand has existing Maritime Rules which prescribe the regulations concerning
the construction of vessels and the training of crew members.

The large passenger ferries are of varying ages and designs and it may not be
economically viable to redesign some members of the existing fleet; however
thought regarding passenger transfer should be considered during the design of
future new builds.

Auckland Council will undertake to implement the recommendation so far as it is
able to do so by 30 June 2014.
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Key lessons

8.1.

8.2.

Training for emergency responses must cover the procedures for using mandatory lifesaving
equipment, but should also be extended to cover other common scenarios, such as using a
ship-to-ship transfer of passengers when abandoning ship.

Instruction placards for critical systems such as fixed engine room CO:2 fire-suppression

systems should be clear and concise to avoid operators misinterpreting them at times of high
or stressful workload.
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Appendix 1: Fullers Group Limited - Emergency response plan fire-control
and abandon-ship procedures

Appendix B - Vessel Incident Procedures

09/05/11

(contd.)

FIRE CONTROL PROCEDURE

Location and nature of fire
is reported to Master -
Send PAN PAN

il

Crew investigates

Fire Minor,
can be put
out easily

Extinguish fire
Cancell PAN PAN

Yes

No
b

MASTER Upgrades to
Mayday. Establish
communication with Shore CREW procedes to
Bases. Inform fight fire
passengers of fire and to
don lifejackets.

Situation
Manageable?
'1" I Return to Port I
MASTER makes way to
nearest appropriate
landing whilst monitoring
situation with Crew and

shore stations.

Downgrade Mayday.
Yes —— 3 Continue fire fighting until
fully extinguished.

Situation
deteriorates
further

Crew to prepare to
abandon vessel

No

v
Passengers to disembark
by safest and most See ASBHA"':DON
efficient means available PROCEDURE

upon reaching shore.

MASTER to notify relevant
authorities.

L

£2~ Emergency Response Plan

20

Final report 11-203 | Page 23



Appendix B - Vessel Incident Procedures

(contd.)

Y

ABANDON SHIP PROCEDURE

After Mayday call, Master to
inform relevant authorities if
and crew are
abandoning vessel

IMPORTANT:
When radioing to authorities must
include total passengers on board
including crew that are abandoning
vessel

IMPORTANT:
Ensure access to all life
jackets is not restricted

Crew to prepare lifesaving
appliances that the vessel is
equipped with & launch on
instruction from master

Tie buoyant apparatus together to
prevent drifting apart

Launch buoyancy apparatus in
appropriate area

On masters instruction,
and crew to abandon
ship by the safest means
practicable.

L

N to have p ion of
flares & EPIRB ships log in

waterproof bag prior to
abandoning ship

Once in water, move everybody
clear of vessel. If practical, keep
everybody together. Identify those
most at risk (eg. elderly / injured /
very young). Assign people to
care for these people.

Keep flares ready to signal for
assistance & epirb

or senior crew member

to discharge flares.

END

Emergency Response Plan
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Appendix 2: Defence Technology Agency report

Security Classification: Unclassified Report C1217
Page 1 of 9

Defence Technology Agency * **

NZ Defence Force

Private Bag 32901 *
Auckland Naval Base
AUCKLAND

Ph (09) 445-5902 Fax (09) 445-5890 DEFENCE TECHNOLOGY AGENCY
Applied Vehicle Systems
Group
Date: 12 September 2012 Page 1 of 9
TECHNICAL MEMORANDUM
C1217

Subject: Jet Raider Deutz MWM Starboard Main Engine Failure

File Ref: 3739/5 Contact Ph No: (09) 445-5823
Project No: GEN3 141

Work Requested: To provide technical support to the engine failure investigation.

Task Reference: TAIC Memo dated 7 September 2011

Report To: lain Hill
Transport Accident Investigation Commission
PO Box 10323, Wellington 6143

Introduction

1. On 27" August 2011 the Jet Raider, operated by Fullers Group Ltd, suffered a catastrophic
failure of its starboard main engine. The engine is a Deutz MWM TBD 604 BV12, developing
approximately 1200kW of power, with the serial number 7477261. The engine had done
approximately 7,000 operating hours since overhaul in 2007. The Transport Accident Investigation
Commission (TAIC) opened an inquiry into the incident to assess why the failure occurred. DTA was
requested to provide initial specialist metallurgical and fractographic services and advice in support of
the TAIC investigation [Task Reference].

2. DTA personnel viewed the engine and components during the initial engine strip on September
14™ and again on September 20" 2011 at the Fullers workshop in Grey Lynn, Auckland. Additionally,
DTA took possession of some components for more detailed laboratory examination.

3. This report summarises observations of critical damage associated with the cause of the failure
and outlines a failure sequence which may have occurred.

Examination

4.  The following (Table 1) is a summary of the visible evidence that is considered to have
occurred prior to the catastrophic failure. No instrumental or detailed metallurgical analyses have been
performed. Each piece of evidence has been logged with respect to the relevant conrod. The location
of the conrods (cylinders A4 or B4) has not been determined.

Investigator: Signed: (electronic | Released: Signed: (electronic
version - original version - original signed)
signed)

Security Classification: Unclassified
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Security Classification: Unclassified Report C1217

Page 2 of 9

Conrod S/N 400

Conrod S/N 438

Conrod bolt failures

Upper bolt: Unusual failure surface over
approx ¥a of surface. Remaining % failed
in plastic elongation (Figure 1). Fretting
damage on pilot surface (Figure 2).

Upper bolt: Tensile plastic elongation and
failure.

Lower bolt: Tensile plastic elongation
and failure.

Lower bolt: Tensile plastic elongation
and failure.

Rod cap to underside of conrod bolt interface

Upper bolt: Significant but small amount
of fretting damage plus small burr on
conrod cap from edge of bolt head.

Upper bolt: Initiation of fretting — almost
insignificant.

Lower bolt: Significant but small amount
of fretting. Less than upper bolt.

Lower bolt: Initiation of fretting — almost
insignificant.

Conrod — rod cap joint: damage to flanks of locating multi-*V’ set

Upper: Significant fretting on both flanks
of Vs.

Upper: Initiation of fretting. No serious
surface loss.

Lower: Some fretting on both flanks of
some Vs. More toward outer edges, plus
serious fretting on last V tooth.
Significant bending outward of last V
tooth.

Lower: No fretting.

Significant bending outward of last V
tooth.

Big end bearing shell locating pin

Partially sheared off. Likely to have been
present up to the final failure sequence.

Sheared off timing unclear.

Bearing shells: Unable to unambiguously determine
which bearing shell came from which conrod half

White metal bearing surface appears to be absent. Resulting significant heat damage
and metal-to-metal contact of bearing shell backing with crank shaft. Severe wear of
crankshaft and bearing shell. Significant extrusion of shells under rotating loading
action while hot, although the temperatures have not been determined.

Table 1. Summary of visible evidence.

5. Overall, both the subject conrods have relatively little pre-catastrophic failure damage. The
predominance of the pre-catastrophic failure damage is restricted to the bearing shells and the
crankshaft. The relatively good condition of other engine systems and components indicates that the

engine, as a whole, has not been starved of oil.

6.  Conrod S/N 400 has the most significant heat damage, and has the most fretting damage at the
big end bearing cap multi-V jointing interfaces, indicating this one was in a more advanced state of
damage prior to final catastrophic failure. The fracture surface of the upper fastening conrod bolt on
conrod S/N 400 has an unusual appearance. Examination of one half of the fracture by scanning
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electron microscopy revealed that the ‘ridged’ portion of the fracture was covered in oxidation
products, largely obscuring fractographic details. However, a number of facets exhibited a dimpled
appearance consistent with ductile overload (figure 3). The true nature of this part of the fracture has
not been determined, but its appearance may have been influenced by elevated temperature and stress
state. For both conrods, the upper bolts appear to have failed first, resulting in the conrod caps hinging

open about the lower joint with the resulting bending damage to the outer Vs at the conrod — cap joint.

7.  Results of tensile testing of the upper bolt ex conrod S/N 400 and two bolts supplied by Fullers
for comparison are given in Table 2. Results indicated that all three had similar tensile properties and
by and large met the requirements for P/N DzZ12304262 [E]. The results do not indicate any
deficiency in tensile properties.

Tensile Strength, Proof Strength, Elongation after
Rm Rp0.2 Fracture, A
(N/mm?2) (N/mm?2) (%)
Sample Bolt
(DTA 1217/7) 1105 (note 1) 1087 10.0 (note 3)
Sample Bolt
(DTA 1217/8) 1059 1015 14.0 (note 3)
Upper bolt ex
conrod S/N 400 1071 1069 (note 2) 16.0
Specification i - i
(Reference E) 1000-1100 Minimum 900

Note 1. At face value this result exceeds the specified maximum value. However, the result is within
the margin of error of the test method at the specified value.
Note 2. Yield and strength previously exceeded during engine failure.
Note 3. Failed adjacent to gauge mark.
Table 2. Results of tensile testing

Discussion

8. Based on the pre-catastrophic failure evidence summarised above, a possible sequence of failure
is outlined below. This failure sequence does not specifically identify or discuss the initiating cause of
the loss of clamping force of the conrod bolts. This is discussed in later paragraphs. The probable
failure sequence is numbered for clarity although the actual sequence may not have occurred exactly
as laid out. It is likely that many of the stages listed below overlapped at least partially. This sequence
would account for the damage observed.

8.1 Loss of clamping force by upper conrod bolt on conrod S/N 400.

8.2 This allowed fretting at the upper multi-V joint between the conrod and conrod cap.

8.3 It is considered probable that the fretting allowed minor shock loading due to the
slackness of the joint and this probably contributed to further loosening of the upper conrod bolt
and increased fretting.

Note: The tensile loads induced in the conrod can be large as the piston crosses top dead centre
(TDC) during transition from the exhaust to the inlet stroke. As the piston crosses TDC the
tensile loads induced in high speed engines can exceed the compressive loads induced by the
power stroke [D]. During the transition from tensile to compressive loading on the conrod any
excessive bearing clearance can result in a shock or impulse load.
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8.4 The clearances in the upper conrod multi-V joint increase to the degree that the lower
conrod bolt deforms and allows fretting of the lower joint.

8.5 The loss of restraint at one or both ends of the bearing cap will have increased the
clearances and reduced the thickness and integrity of the hydrodynamic oil film until breakdown
of the hydrodynamic oil film occurred allowing metal to metal contact and accelerating wear of
the white metal bearing and further increased clearances.

8.6 This will have resulted in a significant increase in localised heat, the total loss of the
white metal and an acceleration of the metal on metal damage and contact of the bearing shell
backing with the crankshaft.

8.7 Severe wear and heating of crankshaft and bearing shells. The metal portion of the
bearing shells began to heat, wear and extrude out of the immediate bearing area, impinging on
the adjacent bearing and precipitating the failure of the neighbouring S/N 438 conrod bearing.
8.8 S/N 438 conrod bearing suffers breakdown of the hydrodynamic oil film and allowing
metal to metal contact and a similar accelerated wear pattern to the S/N 400 bearing shell.

8.9 It is probable that the loss of appropriate lubrication and increased clearances allowed
minor shock loading of the joint and contributed to deformation of the upper conrod bolt on the
S/N 438.

8.10 Initiation of fretting at the S/N 438 conrod upper multi-V joint.

8.11  The hammering — minor shock loadings due to increasing clearances will have
eventually forced the failure of the upper conrod bolt on conrod S/N 400.

8.12  This will have led to the opening of the conrod, overload and failure of the lower
conrod bolt and the hinging action that damaged the outermost V of the lower conrod joint.
8.13  The failure of the S/N 400 conrod and associated components forced the failure of the
adjacent S/N 438 conrod.

9. An alternative to that above may commence, not with loss of conrod bolt tension, but with
bearing wear, resulting in increased clearance and shock loading of the bearing as described in 8.3. In
this case, loss of bolt tension may well have occurred later in the failure sequence. Any evidence that
may support this theory will be subtle and will have been destroyed by subsequent damage.

10. In either scenario, the root cause of failure initiation is unclear. Possible root causes may
include, but not be restricted to, fuel dilution, a previous overheating incident, insufficient bearing
crush (although this is considered unlikely given the number of hours since overhaul), dirt or
contamination of lubricating oil, bearing cavitation and corrosive wear. Any possible evidence of
cavitation, corrosive wear, overheating or insufficient bearing crush on the relevant bearings has been
lost during the failure process. No further comment can therefore be made regarding the possible
implication of these factors on the failure. Significant under-torque or significant over-torque of the
conrod bolts is not considered likely as engineering experience indicates that this type of error is likely
to shown up earlier in engine life.

11.  Oil samples are taken from both main engines of the Jet Raider approximately every 600 hours
at the time of the scheduled oil change. Analytical results from the last two sample intervals (January
and July 2011) for both engines have been made available to DTA [A, B]. Fuel dilution, which can
reduce oil lubricating properties, is not apparent on the test reports.

12. Compared with the reported results for the July 2011 sample and the January and July samples
for the port engine, the analyses of the January 23rd 2011 oil sample for the starboard (subject) engine
indicated considerably higher levels of contaminant elements potassium and silicon (possible ingress
of contaminants), and wear elements lead, tin, iron, copper and aluminium. The levels, whilst still low,
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may have been an increase over ‘normal’ levels. These results may, therefore, have provided some
indication of a potential problem, but a more detailed examination of reported results would be
required to confirm this.

13.  Itis commendable that routine oil analyses are undertaken. However, it is important that the
results are interpreted correctly and corrective action implemented in a timely manner, and that any
form of condition monitoring programme be tailored and optimised for whatever mode of failure is
being guarded against. An oil analysis programme that tests one sample, taken at the time of routine
oil change, will always be of very limited value.

14. Itis also interesting to note that the big and small end bearing renewal interval, as specified in
reference C, is 16,000 hours for Performance Group A and G engines, but is reduced to only 6,000
hours for Performance Group C engines. Fullers are understood to follow the Group A and G schedule
as defined in Table 3. It is acknowledged that this table should not be interpreted without more detail,
however it is noted that the subject engine has done approximately 7,000 hours since 2007, an
approximate annual average of 1,750 hours, possibly more in keeping with Performance Group C. It is
recommended that maintenance requirements for this engine in the current application be reviewed.

<

WARTSILA
Explanation
Application - =~ B0 b0 o Marine propulsionengines - .. |Marine Genset
Performance group A B c G
Area of application & examples|Continuous operation; Cantinuous operation Operation restricted in time Cantinuous operation;
unrastricted in time (fast passenger ships and (police, customs and fast unrestricted in time
(work boats, tug ferries) patrol boats, sport fishing
boats, pusher tugs, boats, commercial yachts)
supply boats, ferrias,
harbour boats)
Standard reference conditions ICFN ICFN IFN ICXN
Marine conditions MCFN MCFN MFN MCXN
Typical operating time per year > 4000 h 3000 h 2000 h = 4000 h
Operating time period over the
90% of the maximum power > 80% max. B0% max. 20% > 80%
Table 3. Wartsila Performance Groups (reproduced from reference C).
Conclusions

15. It has not been possible to establish the root cause of failure initiation.

16.  Evidence of pre-catastrophic failure damage is indicative of a probable failure sequence centred
around loss of integrity of a big end bearing assembly.
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Recommendations

17.  Itis recommended that historic oil analysis reports be examined in order to determine if the
failure could have been anticipated. Analyses may be able to be optimised to the detection of this
failure mode.

18. It is also recommended that scheduled maintenance activities and overhaul intervals be
reviewed to ensure they are appropriate.

References

A.  Signum Report Number 31129126 dated 5 August 2011

B.  Signum Report Number 31129127 dated 5 August 2011

C.  Wartsila Maintenance Schedules/Maintenance Parts D620 (as supplied to DTA by TAIC).
D.  Google Books: Design of Machine Elements, 2nd Edition, K Ganesh Babu & K Srithar,
Published by Tata McGraw Hill, 2010.

E. Email from Kevin O’Rourke to Iain Hill dated 19 December 2011.

Results relate only to the items as received and tested. The contents of this report are based on
information and material supplied. Whilst all proper care has been taken in the preparation of
this report, no liability is accepted by us in respect of any decision made on the basis of this
report. This report may not be reproduced except in full.
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Figure 1. Fracture surface of upper conrod bolt ex conrod S/N 400.
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Figure 2. Fretting damage to the upper conrod bolt ex Conrod S/N 400.
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Figure 3. Scanning electron fractograph exhibiting evidence consistent with ductile overload within
the ridged portion of the upper conrod bolt ex Conrod S/N 400 shown in figure 1.
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Appendix 3: Oil analysis, condition-monitoring fundamentals

Mobil

Signum Oil Analysis
Condition-Monitoring Fundamentals

pIme o

SIGNUM

OlL ANALYSIS
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Signum Oil Analysis

Condition-Monitoring Fundamentals

In today's industry, condition-basaed mantenance practices have
gainad widespread acceptance. Key industry leaders incressingly
realises that o analysss is a cntical component in any equipment
rnonitcring program.

A successful of analysis program can:

° Ensure equpment refiabiity
4 Reduce mantenance costs
4 Lower the total lifetime cost of equipment ownership

Signum Qi Analysis simplfies the lubrication monitoring process
while producing the reliable results that help guide maintenance
professionals to the bast decisions for their opamtions.

Steps to Establish and Maintain a Successful Ol Analysis Program

© Estabiish Goaks and Matrics

Frequencias

© Tr=in and Educsie Parsornsd

Points to Consider - 0il Analysis

Sigrum Gil Anglysis provides informative reports on the condition
of lubncants and equipment backed by the unmatched flexibiity,
expertse, and quality assurance of ExxonMobil.

Flexibility
Perform many tasks more efficiently with Signum Oi Analyss online
capablites.
Expertise

Through global Original Equipment Manufacturer (CEM)
relatonships and hands-on lubncation experience, ExxonMcobi
supports your mantenance activities.

Quality

Mszka decisions with confidence by leveragng the quality assurance
offered by ExxonMobil

© mplement the Program © Review and Modiy Program
© Respord o e Analysis Reauls. @) Documant Sawvings

© Maasure Program Results Versus
Goals and Mefrics

0Oil analyss is an effectve condiion-monitoring tool. Additionsl equipment monitoning practicss (inspections, vibraion, operstor logs, eic.) can be implamented 1o further

enhance he valus of your overall mantenance program.

Page 36 | Final report 11-203




Establishing a Successful Oil Analysis Program

Oi analysis s most efiective as a trending tool to monitor equipment and lubricant

conditions over tirme. An analysis of a timeline of data provides insight fo help

maximisa equipment lile and reliabdity while reducing maintenance costs. Equipment
Success bagns when you commit the resources necessary to execute an oi —

anaysis program

What and When to Sample

Lite

Costs Equipment
Reflablilty

Olar is is most effectve as a dagnostic tool when samples are taken from the appropriate equipment at established schaduled ntervals.
3

1. Determine What to Sample - Consider the five ganeral factors isted below when you salect equipment for the program and set
sample fraquency. Addtionally, refer to your OEM manual for guidance on specific equpment and recommended sample frequancy.

How Frequent? Weekly, Monthly, Quarterly, Semi-Anually, Anually, Never

* High dirt / dust e Hr/ mi / km snce last
environment change

* High loads / pressuras /  » Owidation,
speeds contamination

* High temperatures * Mineral,p remium,

* Shock, vibration, duty syntheatic oil
cycle

* Chemical contamination

eHr/mi/kmsncelsst e Above controf imits
overhaul * Within control bmits
* Ratad ife expectancy
* Make and model
rumber

* Safety rsk

* Mission criticality
* Repair cost

* Downtime cost

* Lost production

Final report 11-203 | Page 37



2. Determine Sample Frequency - The goal of sampie frequency is to achieve a regular pattern of sampling. This estabishes a
credible histoncal trend of machine performance.

4 Folow OEM-recornmended sample intervals for your equipment.
4 In the absence of OEM guideines, refer to the table balow for general guidance n establiishing nital sample frequancy.

Off-Highway Equipment

Sample Point Frequency
Diesel Engne 250 hours
Whes! Motor 250 hours
Differential/Gear 500 hours
Hydraufic System 500 hours
Transmission 500 hours
Final Drive 1000 hours

On-Highway Equipment

Sample Point Frequency

Diesel Engne 25,000 km or 15,000 miles
Transmission 40,000 km or 25,000 miles
Industrial/Plant Equipment

Sample Point Frequency

Landfill Gas Engine 250 hours

Gererator Engine 500 hours

Natural Gas Engne 500 hours

Paper Machine Lube System Monthly

Turbine Monthly

Compressor 3 months

Gear Drive 3 months

Hydrauic System 3 months

P HoW T0: Login to Signum Ol Analysis
© From the Sigum Communiy

el SIGNOM

logo fo acosss your account. OIL ANALYSIS
© You are now in the Signum 0il
Anaivsi -
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Selecting a Sighum Service

Advanced Levels of Analysis

Signum O Analysis provides you with analysis options based on the Sampie Pont's application, adding & new dimension to your
equipment or manienance practices. The reeult? Signum O Analysis provides you with the insight you need to make important decsions
about your equipment and your business.

The Sample Point data you provide during onfine registration is usad to determine your Signum Senvice analysis options and to interpret
your equipment’s sample results. Signum uses the equipment manufacturer, model, and other operating parameaters to provide you an

overall sssessment based on your application:

* ExtendedS ervice - Performs additonal tests to support an Optimsad Drain Interval {ODY) program and helps detect premature
compenent wear for optimal engne and power-train performance.

* ContaminationC ontrol - Performs tests to monitor system cleaniness and measures lubncation performance to improve relisbiity.
This service is specifically designed for circulation, compressor, gear drive, hydraulic, and turbine applications.

*  Precision Hydraulic Analysis - Dafvers high precsion hydraulc system analysis to provide you with an assessment of equipment.
contamination, and iubricant conditions. Helps you maximise equipment iife and reliabiity while reducing maintenance costs.

* ContinuedS ervice - Performs testing to help mprove refability and detect problems before they result n costly downtime or
expensive repairs. Thes service is designed for turbine appfications and heat transfer systems. A one litre sample is required for

tests on these systems.

[P How T0: Register Sample Points
Complete the following steps 1o register Semple Pont dats.

© Cick the Sample Poits sceen ) Add or modify besic Semple Pant @) Enter the spacific details for the © Cick the Sawe bution 1o complete
tab. daln Sample Point. your regisiration.

*  Selact Analysis — Signum
© Click the Sample Point — Edit © Cick the Next bution. Sarvice
viow tsh. Create Unique Sample
Routes

© Click the New buiion 1o add a Establish Sampie Frequancy
Sampla Point or Click the Edit Record Equipment
button o modify an exising Comments
Sampls Paint.*

[} Contact your iocaf Mobd reprasantatve I you am Wretis fo partm P fnction.
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Taking a Representative Sample

Start with a representatve sample to obtain sccurate anaysis

results. For best results:

1. Establish a Sampling Schedule

* Set-up a samping schedule.

¢ Take samples at a consistent nterval and location.

* Sampie as close to operating termperature as safely

possible.

[P How To: print labeis

To print sample lebels before taking samples:

© oxtehmeme

@ Cix e Labets ioon for e scoount
You wil see the Sam pie Points - S.am pie
Ladefs e

© CxcxSearch mm e Semple Iabets ol
Dt et your SEarch otierts, hem cick 60,
The tatess that maet your search ottt
wil appear.

© Ok Saslect AR ¥ you would 12
Turthier Bmikt the isbess you print, just click
the checkiaxes for e desired Bbeis

© O the Create Labels hutim.

© e Report dalog box ppeers. Maks
sure hat e Select Report print box has
the cormect ssiection (Print Selecisd)
and your cormect peper e - aither Lattar
1US) or A4, hen ciick K.

© 1 you woud e b designale e csiin
on the lsbef papar o start e ebets, just
ciick the incation’s cirée that corresponds
n e desied jocson.

© Ok 0K In the Reports daog bax and

¥ e noto et he standird papar ste b Ercpo & A4

A When you have Acrobat Roeckr nol instaliad on your AC, Jou can downbed & fom Mip-dwwaeacoba convproductaontalisadsiop? Ml and el it

Page 40 | Final report 11-203

2. Follow Good Housekeeping Techniques

¢ Inspect work environment for safe operating conditions.
* (Clean the ares around the Sample Point.

¢ Use only approved sample botties
3. Record Sample Details

* Print sample ksbels onine {See “How to Print Labals™,

below).

¢ Record equipment and sample detais.
¢ Inciude sample date, hr/mixm on od and equipment, etc.

When, where, and how you sample
impacts the quality of your resuits.

To hit the target, sample at a consistant frequency from the comrect

sample location using proper sampiing techniques.

you wil 32¢ e desied labeis 83 =
Acrobet e

© Ocx Print fiom the Adobe tooar

You can 11l in (hand wiits) the sampiing detals
(tate sampiex), equipment sge, o age, elc )
on the tzbal prioy i placing 1t on the sample.
Thase cetals wil be csplurad by e Sigrum
taboratory =t login, 50 plases wilis lagiily.
You can =0 print 2 sheet of B labels tor

a singie sample point 1D keep on hand by
choosing “Print &st 8uPg™ In the Report dising
bax, and your comect paper s - Letier US)
AL

To print samyple lebeks afler taking
samples

If you have aready tsken the sample, 182
Signum o peint 8 compuler-codad isbel
which will halp spead your sample through
e lsborstory. Follow slege 1-3 above.
After ssssching, oick the Edit bution n the
it Nl for e desived lahat modily s
desked 2nd cick Ssve. The samipie (abel



Sampling and Labeling Instructions

When sampling, remamber o:

e  Update or add Sample Point registration data onfine.
e  Print sample labels, adding the sampling detais cnline to reduce your administration time, improve accuracy

of data, and expedite your sample through the laboratory.

*  Ensure area where sample wil be taken s clean

e Sample as close to operating temperature as safely possible.

Start with 8 representative sample to obtan accurate analyss

results. For best results:

© Draw = representstive o
sample from the sample point.

© Secure the cap to the
sample bottle.

Visugly mepect the sample

for particulate, water or other
contaminants.

If contamination is visible, take
corrective action. Resample
once the condition is comected.

© Frint your complated
sample |abel onlire {See “How
to Frint Labels™ on page B).

i necessary, add any

additonal trend data (date, he/
mi'km, etc.) using a ballpoint
pen.

O Afix the completed
preprinted sample kebel to the
sample bottle.

© Place the sample bottle nto
the black shipping container
and secure the cap.

© Affix the praprinted maiing
lsbel to the container. Mai
your sample immediatedy. Or
place multiple samples in the
provided express mailing bags.

4
' V‘ ’.
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Inspecting Your Sample

A graat deal of nformation can be gathered simply by looking at the sampie. Inspect aach sampie carefully before submitting it for analysis.
Clarity

Clarity is an excelent indicator of contaminaton. A lubricant in good condition is clear and bright. Haziness or cioudiness indicates
matenals like water, wax, machne coolant, refrngerant, or ncompatible lubncant are present. In some cases, the agent causing the haze or
cloud actuslly forms a separate layer on the bottom of the container or on top of the oil

Sediment and Particulate

Sediment and particulste tell more of the story. Non-magnetic sediment in an otherwise clear and bright sample may suggest dirt, dust, or
sand contamination. Magnetic particulste could indicate rust or & savere wear situation.

Take corrective action before sending sample to the laboratory if contamination (water, dirt, metal, etc.) is visible. Since large
amounts of contamination in the oil can damage laboratory equipment, resample once the condition is comrected.

Retrieving Your Results

The Signum Ol Analysis lzboratory is commitied to providing
complete and accurate analysis resulis. Your resutts are emaied
or posted online typicaly within one fo two business days after
receving your sample.

You can improve turnaround time by following
these steps:

/ © Mai your sample immediatety.
K © Use approved shipping materials provided in tha sample k&
© Use tha online sample lsbel printing festure which helps
expadite your sampile through the laboratory regstration
process.
© Mai samples via Overnight/Courier Service or use First Class/
Priority delvery.

Points to Consider - Contamination Analysis

Laborabory anslysis fypically tagets contaminanis <8 microns, which is 5x
smallar than what i visible with the human eye (see "How big isa moron?7).
Visible parficles or water in a sample reflect $i possibiity of shnormal equipment
condiions and comective action B recommanded.

Lower range of visibxiity with the naked sye is 40 pm.
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Interpreting Your Analysis Results

Signumn Gil Anglysis provides an unparalieled knowledge of
ExxonMobil lubricants through decades of experience and close
OEM relationships. Our strong hentage of hands-on sppication
expertse provides you a refable analysis.

The overal assessment focuses on three areas that help identify:
*  Equipment Condition

*  Contamnation Condition

e Lubricant Conditon

Your Signum O Analysis report provides an easily readable, color-

coded performance assessment with one of the following ratings:

e Alert - Conditions exst that exceed acceptable Imits or
require comective action. Steps should be taken to confirm
and comect the condition.

e  Caution - Condtions are present that may require mongoring
or diagnosis to minimse impact on equipment and lubncant
performanca.

*  Normal - Equipment, contamination, and lubricant conditions

Track your sampie online. The Sample status will be *In Frogress” are within an acceptable range.

once registeved at the lsboratory. Sample comments are providad to help identfy potential problems,

Ist possible causes, and recommend actions for follow-up.

Monitoring the Trend

To assess your equipment’s condition:

© Interpret Your Analysis Results — Gain an understanding of your equipment’s operating conditions and its lubricated components.
Limits applied fo each sample can vary basad on your Sample Point's registered manufacturer, model, pplication, and lubricant-in-

© Monitor the Sample Trend - Trend identification is important to understanding od analysis resuits. You should include critical sample
nformation {e.g. date sampled, hr/mikm, make-up oil, etc.) on the sample iabel. This data allows you to normalise the analysis trends
to enhance your assessment.

© Review the Entire Report - Proper condition assessment requires a complete review of the report. Changes in equipment condition
typically coincide with the presence of contamination or changes in lubncant propertias.

[P How To: Print, Save, or View a Sample Report

€ Cick iz Home pare. © FRovew te msubs. Cick the depiayad as a graphic report n € Cick the Linit 1D hypernk, this wil
chackbax nexd 1o the resuit you wich Adcba readsr format. take you o Samyle Poit - History
© Cick fie Results oon next o 1 display s a graphic report. . view for that sample pont.
your accourt. You will be tsken o © Uss e Adate foobar o prnt or

the Sample Points scroen, My © Cick f Creats Repart bution on =ave the repart
Rosults viow b, # view tsb fool ber

To view your results onfine without
© Cick (K n fefspos dadogbax.  1eireving the Adaba repart for each © Tha resuits for thet Sampie Points
The samgie point result is now resull, usa fe Unit I hyperfink fo dril lsst 4 sampies =re displayed.
down Ip the report defais

10 1 Whan yow beve Acrabal Feacar nof kstalied on your FC, you Gan thwetad £ fom hpsiewaeacba oom/ proccts Saotataacsion?. hod and sl t.
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Signum Oil Analysis - Graphic Sample Report

Sample Point Data

Sample Point data that you provide during onfine regstmation is used o interpret the
anahyss results. By including equipment manufacturer, model, and other operating
pammeters, an oversll assesament can be made for your applcation.

STGNOW

Sample Label Data
A completed sample
lebel provides

critical nformation

for processing and Hesu.l'ts Interpretation
interpreting your ‘| .:"I'CF"IEIEW ::D.I'I'I rol

i ¢ i ' imits ane applied basad
equipment’s condition. | — S —
By including key oo | LR t
information, like hrimif | Rl manufacturer,
km and date sampled, 11 model, lubricant, and
you help establish data I~ applcation. Sample
points that assist in LR R s Comments e

provided, &= required,

En-::.:rn—? S S I*'"E-'-b:-..--_..-.l... o hEp id.:_nntf-,u p-men'.ial
| problems, list possible

Analysis Results causes, and recommend
The Signum Ol Anshysis report provedes an easy-to-read, color-coded actions for follow-up.
dimplay of your sEample anahysis results in order to:

= Trend edements of equipment wear

= |dentify contaminates that may impact performanca

= Monitor lubricant condition

condition trending.

Confirming Alerted Conditions

‘fou should confirm Alert analysia conditions prior to replacing or shutting down equipment.

Consider these confirming steps before taking action:

@ FReview manienancafoperator records to identify condition.

) \erify condition with other squipment monitoring tools - Le. inspactions, vibration, or thammography.
€ Utiise an on-site anafysis test designed for the aleried condiian.

€ Submit another sampie to the lsboratory for analyss.

Points to Consider - Applied Limits

Limitz applied ip sach sampla can vary besad on your Sample Point’s reqistersd
manufaciurar, modal, spplication, and ubrcant-in-servica.

In addition, tha review process considers al report data and may cormalate multiple
rezults i detenming an abnonmal condition.
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Understanding Equipment Condition

[f you kvowe whiat to look fior im the analysis report, oil analysis can unlock 8weslth of information sbout the condition of your equipment.
¥ou should understand the metslurgy of your components o respond to fhe trends in your analysie report. Referance your CEM matenal
list fo identify the metaliurgical make-up of your components and 1o help evalusie sample reeults.

Mraring Wear Example

— Sosad Bk
Awnnor
. — A Az
(Cmenar Bardg £ ; W -
— jlA ¥ =
™ vy LTl -
Flasbarg & . L] et
4 4 4 < 4 4 & 4
Sapies
Linderstand AMataitegy Montor Bements Fian Msinfanance
Typical Equipment Component Meatals
Enging Transmission Differantial Final Drive
Aurnirm (AT Piions, Baarings, Blosks, Pumps, Clch, Thust Washars,  Thrust Washaes, Pumg Bushings O Pump, Thiust \Washars
Housings, Eushings, Blowars, Bushinga, Torque Comarien
Thiust Besarings I
Cadmiam {Cd) oumal Beaarings
Chromium (Cr) Firgs, AolenTaper Soarings, il Tapar Saarngs Fodler Taper Soarngs FnilerTaper Soarings
Linors, Exhaust Vahves
Copper (Cu) \Weat Pin Bushings, Busarings, Clutchas, Stnacng Dises Busings, Bushings,
Cam Bushings, O Cocier, Vale-  Bushings, Thrust Washars Thrust Washars Thiust Washors
Train Bushinga, Thiust Washem, Ol Coosor
GEoemar, T Pump
ron (Fa) Gylingers, Elock, Goars, Gears, Discs, Housing, Bearings,  Gears, PTO, Shafts, Bearings,  /Gears, Blearings, Shaft, Housing
Grankshatt, Wrist Pins, Aings, Brakn Bands, Shift Spook, Housings
Camshalt, Vaive Train, O Pump  Pumps, FTO
Linars, Fust
Lead (Fh) Bearings
Sibver (Ag) Baarings, Wt Fin Bushing Boarings Baoarings Baarings
(EMDI
Tim Pistons, Baaring Overay
(S} o
Titanium {Ti)

Points to Consider - Normalise Your Data

Looking =t the anslysi dats without considering time or distsnce mey lead to insccurate conchesions shout condiion severly.
Evalimiing the dats frand relative o wear raie par heflemfmi can enhance your sseessmant.

Points to GConsider - Make-up 0il - Effiect on Resulis

Emuipmant with high ol consumpiion wil not redum representative sampla resulis. A polentially abnormel condition can be masked by escsping ubricant and by new lubwicank
mska-up diuting the sysiem volume. Recond Mska-up Ol on your sampla lebel o include in your frend and =ample ssmssment.

Final report 11-203 | Page 45



Understanding Silicon Conditions

i Pt Foire
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Typical Equipment Componant Meatals (continued)

Maturall andfill Gas ~ Turbing {Gas/ draulic’ . Paper Machina
. H!" . Comprassor Gear Drive aper
Engina Staam) Circulating Qil
Adwminum (Al) Pistons, Boacngs, Bocks, Fump Mot Housing,  Rokors, Pistons, Thrust Washars, O
Hixsinga, Bushings, Cryfinaon Gland Baaringa, Thiust Pump, Bushinga
Bicrasnna, Thivat Boarings Wisihions, Blook
Hiotsing
(Cadmium {Gd)
Chromium (Cr) Rings, RollenTazar Fiods, Epocis, Aoker  Rings, RoflorTaper FoikriTaper Snarings  Boarings
Boarings, Linars, Exnaust, Tapar Bearings Baorings
L
[;‘w'[m] Wrisé Pin Bushings, Baarings, O Coolor Pump Thrust Plabes, \Alnar Plales, Bushings,  Thiust Washars, Bairings Cages,
Boarings, Cam Bushings, Fump Flsions, Cylindor  'Airist-Fin Businings Businings, Bushings, 0l Coolor
Oi Coolor, VaPen-Train Glands, Guides Boarings (Recips. ), Ol Cooior
Eruahings, Thiust Washars, Bushing TSt Wi
Giowama, (il Pusp O Codar
lrom ":B.]. Cylindors, Block, Goars, Boarirgs Fusp Wanes, Goara, Carrahaft, Block, 30ars, Boarings, Ehaft  Bearings, Goars,
Crankshaft, Wrisk Pins, Pisiona, Cylinder Boras, Housing, Baaringa, Housings
Aings, Camshat, Yahva Fods, Bearings, Pump  Shafts, Ol Pumip,
Train, Dl Pumg Linsrs Hoursing) Rings, Cylinder
Lead {Fh} Boarings Boarirgs B0ungs Baoarings Boarings
Silver (A} Boarings Boarings Enarngs Boarings Boarings
Tim 15“, Pistons, Boafng, Busnings  Baarings Boarings Pstons, Baaring, Bodarings
Bushinga
Titanium (T§) Baarings, Turting
Eladios

Points to Consider - Interpreting Silicon
Thes pressemice of silicon is often the re==on for an incre=se in wear metaks (see graph io the |ef). f however, high wear metals are nof indicated then the slicon or dirt
mey heave bean introduced during 2ampling or from 2 non-abrasie silicone (i, slicons-basad sealant, silicone dafoameant, sicans from fusl ges, or silicon rbbar).
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Identifying Contamination

Caontamination is & primary cause of component wesr or failune. You

The following elements can help identify

should identify the source and teke cormective action fo remedy the contamination:
contamination; doing so will uSmately axdend component and lubncarnt
S . _— Bamant Saurca
life while improving equipment refiabiliy.
. Boran |5 Coolant, Possibic O Addive
Three general sowces of contamination include: Chiorine [C) Landl S Contarminant
€ Built-In Contamination — Contsmination from componant Prtassim [} Coolant
manufaciunng process or from the rebuld procees. M"“_M D_:d"" Road Salt, Addithe,
S N Siloon (2] Dot Dhust, Scaloan, Moo,
@ Self-Generated Contamination - Contamination from system Coioore D )
componenits wom of damaged by ofher contemination particles. Shooarn Fom Fud Gas
@ Externalln gression — Gontamination from extemal sources, Wareim [} Rl Ful Contarminasion
Remedias for Typical Contaminants
Contaminant Description Condifion Effect Ramedy
Fuel Dilution Fuad dilition redunes viscoalty and  Estondiod iing, Siop & Go Matal to Matal Cortact, Poor Chack Fual Lings, Chack Cyindar
oo acoelornie wour. Untumed fusl Driving, Defective Inpectons, Lutvication, CylindocFing Wear,  Tempenatura, Wom Fings, Loaking
may ndicate @ fusl systom ek or  Loaking Fusl Pump or Lines, Duploted Addthes, Decreased  Inpecions, Soals, and Pumga, Emming
necmpietn oombustion Incompletn Combuston, Incomect 08 Prassuns, Reduced Fua Driving or Opanidng Condiions, Chick
Timing Bconomy, Faduced Enging Timing, Aveid Prolongad iding, Crack
Perlormance, Shorened Engine Qualiy of Fusl, Repalr or Repiace Wom
Futs
Fuel Soat Fued soct provides an indication o Impeopar Alr-io-Fuel Rt Poor Enging Parformance, Foor  Ensurs Infecions ane Working Fropety,
engina combustion efficency. Imzenpar Injoctor Adjusement, Fuai Economy, Harmtul Deposts  Chack A Induction Fiters, Exended
Poor Cualty Fusl, Incom pioe or Bludge, Increased Componant (06l Drain intorvais, Chock Comprassion,
Combustion, Low Compressions,  \Wear, Carbon Depoaiis, Clogged  Avold Exnessve iding, Inspsect Driving?
Vo Engin Pars/Sings Fitors Oparating CondEions, Chack Fusl Qualty
insolubles (Sqlids) Soid particies in th utvicant fhat Extenciod O Drain inforva, Snortoned Equipment Lie, Fiter  Drain 08, Flush System, Changa
weore Ingastod of intemally generated  Emvironmaentsl Debrs, Woar Prugging, Foor Lubrcaton, Oparating Emimnment, Feduoa Ol Drain
Duatets, Cikdiation Byproducts, Depositn, Fomadon of  Intorval, Changs Filters
Laaitng or Ditty Fitors, Fuol Soot  Siudge, Acoslorbed Woar
Particle Count Fuartiche count provides o measurs of  Dafoctve Breafr, Erironmontal Ewmatic Opention, Infrmitent Fiftor Faorw (0, Evaliate Sorvion
High contaminant levets in th of Duateta, Wihor Contamination, Fallum, Component Woer, Vel Technigues, inspectFeplace Off Fitors,
Dirty Fitors, Poor Mok-up O Sficking, 01 Loakaga InspectFiepiace Broather, High Pressums
Frocedure, Entraingd Alr, Wom Sysiom Fush, Evaluie Opaeratng
Soos Conditons
Particle Quantifier ©0 index oesures T mass of \Wesar Duibris, Shookr Matal-i0-Matal Contact, Fiapiacs Wom Fars, InspoectFan oo
{mm matulic emomagnaiich pariches in Owoficading Condilons, Motallc  Shorsnod Equipmsaend Lis, Fitiera, InspoctCloan Feservoir Magnods,
T samnin Contamination, Dirty Fhers Imomitant Failura Evaluain Opaniting Condiions
m’m Lira Cenirfuge retes the soluble High Dparadng Temparatune, Esmadic Cipanadion, Inleresifent Evalsain Ciparading Condifiona, Shorien
{UC) Rating High ~ *S7iercn contaminamts batean - Cwadcading Canditon Fallums, Harmritdl Dapoats of 0 Dirmin Imtrvats, Evaluate Equipment
b proourson: b sysiom doposis Crvaredended Ol Drain, improper Siudge, Valve Sficking, Shorfoned  Llss Versus Dasign, Lise Cil with
{cake 0-8) 0 In Sardo il LHa Chidation Inhibitor Addtves, Flush
Syaiem
Water/Coolant ‘Wirtericooiant is @ hamstul Low Opsarating Temperatura, Ergine Falure, High Viscosity,  Tighten Head Softs, Check Head Gaskat,
contaminant fal can cous Duabectve Saals, Mow O Improper Lubrication, Comosion,  Inspoect Heat ExchangerCll Cocler,
significant damoge ko inlemal parts,  Contamination, Gooclant Leak, #Aeckil Fomulation, Feduco Evalsin Opaniing Conditions, Fressure
oy bearings Impeopar Storge, Condormation.  AdcEiva Effoctvandss Chack Gooling Syysiem, Check tor

Estomal Souroes of Contam ination

Points to Consider - Coolant Contamination

Indicafions of coolant (sthylens or pokzesium o boron elaments The

propylane ghycol mixed with waiar] {typical coolamt addith

aniy

can appear a8 walar, sodium,

walar phasa of coolant may ba

remved during operation leaving

a fraca sdament of coolant

sarious problam.
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Understanding Lubricant Condition

A lubricant performs a variety of functions in your application.
The most important fumctions include friction control and efficient

The following alements can help identify
lubricant condition:

powsEr ransmisson. E 5
Msintaining the physical properties of the lubricant is Bartam (B S
important to actending the equipment’s reliability and the Cabcium [ Arti-awazs, Comsion Inititor, Dotorgen,
life of the lubricant. Dispamsant, Fuss Infibitor, An-oocdan
Magnasum Jigh Anti-smay, Comoeion inhitvior, Dotergent,
Disparsant, Rust Inhibitor
Mokbdarum [WMa) Anti-wea, Ans-ncton
Phosphone [y Anti-wear, Comosion inhititor, Detorgent,
Extrema Pressus
Iirec [Zn) Anti-caidars, Ao,
. - . Cormsian Infabisor
Remedies for Abnormal Lubricant Conditions =
Contaminant Deseription Condition Effact Remedy
Acid Mumbser High ~ #d Number is 2 measuraman of High Sufur Fusl, Crvstvsating Ciomoslon of Matalle Evnduaty O Drain Inforval, Confim Tyoe
ackdfives and tho budd up of hammid | Exotesh Slow-by, Dvensstenced  Componants, Promates of CHl in Sanvica, Chisck for Crarneaing,
Bk COMpOUnGS producss by ol Dvain Inforvals, mpeopar OF Checkdition, Ol K= | Crasck for Sovaen Oipanating Condifions,
degradation. Trickening, Addtve Depkation Cirain O
Base -Numbsr Eloss Mumbir i & maasrement of  Overhbating, Cvenastondod Ofl  increased Weer Fais, Aoid Evnduatn O Dirain infonvals, Voarty baw
Low an ofl 5 byt nasr s hassiul Curmin, Impenpar O In Sorvos, Eulld-up in O, 08 Dogradation, O Base Nusbar, Vry O3l Typa in
Bk COMpoUnds produced during  High Sufur Fusl ersase in Sudge Fommation Sardos, Change O, Toast Fusl Cuslity
COMDUSEON [FOCGSS
Mitration Niration quariification can provide  Improger Scavenga, Low Acooborotod Chidiation, Ackdc I Oporaing Tempenatrs, Chisck
Irvvnluabio Insight inn The Ikaiihood of  Operating Temperatun, Defoctve  By-Produchs Formed, increased  Crankoasa Vonting Hodes and Wakes,
daposi formation from ofl raakdown.  Saais, Impropor Alr-to-Fus Ratio,  Cyfinder and Viales Woar, O Ensang Propar Alr-io-Fusl WMistues,
Abnormial By Thickaning, Combustion Ansa Parform Comprasaion Chisck of Cylinder
Dapoeits, Increasad TAN Lisak-cowm Tast
Oxidation Cnddation can peoeida  Overhaating, Ovenavhondod Cil Shorienod Equipmaent Lie, Lisas THl with Chaddafion inhibior Addihas,
Irreluabie inslght inko T Tkailfood of (Denin, impropar O In Servios, Lacquer Depoaits, Ol Filor Ehorien 0l Drain indersals, Check
depas formation from ofl broskcdown.  Combusion By-ProductsSloe by Pugging, ncreasad Ol Operafing Tom parsiunes, Chick Fusl
Viscoslty, Comoslon of Misted Cualty, Evaluarie Equipment Lisa Vrsus
Farts, Incroessnd Cpsor ating Dissigni, Evaluate Oparadng Conadilons
Esparnee Incraasad Connponent
Wepar, Docreasod Squipment
Posriormincs
Viscosity High Visooaity b 0 Seaswnsant of & Coontamination SootSolids, Harmrriul Depersis or Shudge, Crasck Alr-tn-Fuos Ratio, Chack for
sk 5 resishancs i fiow of @ giwen Irncompliste Combustion, Fssiricind Cil Fiow, Engine Incomod O Grade, Inspoct intemal
Tormipeor Rbuny rofabve T ‘Ouidation Dagradation, Leaking Oworhiaing, Increased Jperafing  Seals, Chock Dporadng Temporiiunes,
Heaad Gasilont, Estionded Off Drain, Cobis Creacii for Lagicy Injectors, Crack for
High Dipanating Tamgsnatuma, Liooss Crossower Fual Lings, Eslugis
Impropar Ol Gt Operafing Condions
Wﬁ!lﬂ- Visooaiy s o measummant of & Additten Shaar, Fusl Dilufion, Owvorhaating, Poor Lubscalion, Chaack Alr-in-Fosl Fatio, Chack for

fisid 5 resistancs i fiow & @ given
howmpeor nhura rolabve o fime

g CHl Girndia

Miatal i Matal Comtact, Inonadasad
Opsarating Cosbs

Ircormed O Grads, Inspect inlernal
Eaais, Check Dpandng Temparaiunes,
Cramci for Liaicy Injectosrs, Crack for
Loy Crossossar Fuml Linags, Evaluain
Dparafing Condiions

Points to Consider -
Impact of Oxidation on Lubricant Life
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Engine Operating Conditions

Gasoline, Diesel, Natural Gas, Landfil/Digester Gas
You can be better prapared to take comective action before equpment fails # you understand the potental sources of abnormal engine
conditions.

Potential Sources of Abnormal Engine Conditions

Condition Potential Sourca

Crankcase w High O Tomporature, Low Of Temparaiure, Poor Combuston, Poor OF Fitration, Slow-by,
Condensation, Laaking Wator Jacket, Clogoed Crankcase Sroather or Vere, Exnosclve OF
Spray, inadequate Piston Cooling

High 0il Consumption Wam or Snuck Ringa, inaffoctive O Ring Conral, Low OF Viscoaity, High Ofl Presaure,
Loakage, Wom Pistons or Cyinders, Exceashve Soaring Clearance, High OF Lovel
(Crankoase). High Crankoase Vacuum, High O Feed Rata 1o Cylinders, Normal In Lanctiy
Digestor (as Applcatons

High Ol Temperature Cortinuous Overioad, Insuftciont Jackat Water Cooling, Clogged OF Cocler, Clogged Off
Linos, Sludged Crankoase, Overhaatnd Searing. Incormact OF Viscoalty, insuficient O In
Pump o Crankcase, insuticient Of Clrodation, Improper Timing

Improper Combustion Unsutabie Fusl, incuftickent Alr, Low Wator Jacket Tomparature, Socking, Leaking, or
Piugped hjectons, Unbalanced Cyindor Load, Low injocton Fresawre, Incomact Injection
Timing, Low Comprossion Praseune, Leaking or Sticking intake or Exhaust Vahes
Low Load

Ring Sticking Poor 01l Qualty, Continucus Overicad Operation, High O Lavel (Cranksase), High
Cranknase Vacuum, High Of Food Rate 1o Cyinders, Wom or Woak Ringa, insuftdort Aing
Sice Cloarance, Wom Pistons, Distorted Fistons o Cyindena, High of Low Jacket Water
Temgerature, Gas wih High Sioxane Contart
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Lubricant Viscosity Grade Comparisons

For use as a general guide onby. Viscosites are based on a 85 VI Gil.

sUS Kinematic
Viscoslty  Viscosity
at100°F  cStat40°c
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12-202
09-210
10-204

10-202
11-204

09-202

11-201

10-203

09-204
and 09-207

10-201

09-201

08-209

11-201

08-205

08-206

09-205

09-203

Recent Marine Occurrence Reports published by
the Transport Accident Investigation Commission

Fishing vessel Torea, collision with uncharted rock, Foveaux Strait, 24 August 2012
Bulk carrier, Taharoa Express, cargo shift, Port Taharoa, 16 December 2009

Inquiry 10-204: Bulk carrier Hanjin Bombay, grounding, Mount Maunganui, 21 June
2010

M.V. Anatoki, grounding, off Rangihaeata Head, Golden Bay, South Island, 6 May 2010

Interim Report Marine inquiry 11-204 Containership MV Rena grounding
on Astrolabe Reef 5 October 2011

Marine Inquiry 09-202: Passenger vessel Oceanic Discoverer Fatal injury,
Port of Napier 19 February 2009

Passenger vessel Volendam, lifeboat fatality,Port of Lyttelton, New Zealand,
8 January 2011

Marsol Pride, uncontrolled release of fire-extinguishing gas into engine room,
Tui oil and gas field, 27 May 2010

Coastguard rescue vessel Dive! Tutukaka Rescue collision with rocks,
Taiharuru River entrance Northland, 4 March 2009; Coastguard rescue vessel Trusts
Rescue, heavy weather encounter,Manukau Bar, 31 May 2009

Bulk carrier TPC Wellington, double fatality resulting from enclosed space entry,
Port Marsden, Northland, 3 May 2010

Collision: private jet-boat/private watercraft, Kawarau River, Queenstown, 5 January
2009

Loss of the rigid inflatable boat Mugwop, off the entrance to Lyttelton Harbour, 28
October 2008

Interim Factual report - Passenger vessel Volendam, lifeboat fatality, port of Lyttelton,
New Zealand, 8 January 2011

Fishing vessel, San Cuvier, dragged anchor and grounded, Tarakeha Point, Bay of
Plenty, 27 July 2008

Passenger ferry Monte Stello, collisions with wharfs, Picton and Wellington, 8 and 9
August 2008

Stern trawler Pantas No. 1, fatality while working cargo, No.5 berth, Island Harbour,
Bluff, 22 April 2009

Jet boat, DRJS-11 grounding and subsequent rollover Dart River, near Glenorchy, 20
February 2009
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