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THE NIMROD REVIEW

Rt Hon. Bob Ainsworth MP

Secretary of State for Defence

Ministry of Defence

Main Building

Whitehall

London SW1A 2HB October 2009

gﬁa« JMV ’7 ke,

I was appointed by your predecessor, the Rt Hon. Des Browne MP, on 13 December 2007 to
conduct a Review into the wider issues surrounding the loss of Nimrod XV230 in Afghanistan on

2 September 2006.

I have now completed my inquiries in accordance with my Terms of Reference and have pleasure in
presenting my Report.

Yours sincerely.

Citen@.

Charles Haddon-Cave QC
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Chapter 1 - Introduction and Summary

CHAPTER 1 — INTRODUCTION AND EXECUTIVE SUMMARY

Introduction

Loss of XV230 on 2 September 2006

1.1 On 2 September 2006, RAF Nimrod XV230 was on a routine mission over Helmand Province in Southern
Afghanistan in support of NATO and Afghani ground forces when she suffered a catastrophic mid-air fire,
leading to the total loss of the aircraft and the death of all those on board. XV230 had a full crew complement
of 12 on board, together with two mission specialists: Flight Lieutenant A J Squires (Captain), Flight Lieutenant S
Johnson, Flight Lieutenant L A Mitchelmore, Flight Lieutenant G R Nicholas, Flight Lieutenant S Swarbrick, Flight
Sergeant G W Andrews, Flight Sergeant S Beattie, Flight Sergeant G M Bell, Flight Sergeant A Davies, Sergeant B
J Knight, Sergeant J J Langton, Sergeant G P Quilliam, Lance Corporal O S Dicketts and Marine J D Windall. This
was an unusually experienced crew with two of the Nimrod Force’s most capable and knowledgeable aviators,
Flight Lieutenant Squires and Flight Sergeant Davies, on the flight deck.’

1.2 XV230 had taken off from the Deployed Operational Base (DOB) at 09:13 hours that morning. All went according
to plan until 11:11:33 when, some 1% minutes after completion of Air-to-Air Refuelling (AAR) from a Tristar
tanker, the crew were alerted that something was amiss by two almost simultaneous warnings: a fire warning in
the bomb bay and a smoke/hydraulic mist warning in the elevator bay. At 11:12:26 the aircraft depressurised. At
11:13:45 the camera operator reported “we have flames coming from the rear of the engines on the starboard
side”. Upon receiving the first warning, the crew immediately commenced emergency drills and at 11:14:10
transmitted a MAYDAY whilst diverting to Kandahar airfield. Faced with a life-threatening emergency, every
member of the crew acted with calmness, bravery and professionalism, and in accordance with their training.
They had no chance, however, of controlling the fire.

1.3 At 11:16:54 the Nimrod was observed by a Harrier GR7 pilot in a descent with flames emitting from the
starboard wing root and the starboard aft fuselage. Shortly thereafter, several members of ‘A" Squadron Royal
Canadian Dragoons (RCD) observed the aircraft as it passed to the south of their position; the fire appeared to
them to be on the port side of the aircraft, although it was in other respects similar to that seen by the GR7
pilot. At 11:17:39, the Harrier GR7 pilot reported that the aircraft had exploded, at what he believed to be 3000
feet above ground level, and he observed wreckage striking the ground. The RCD also witnessed the explosion,
although they reported it as being at a lower altitude. XV230 came down in open fields, close to the village of
Farhellah, in an area called Chalaghor in the Panjwaye District of Kandahar, Afghanistan.

Immediate Aftermath

1.4 A Scene of Action Commander was established over the crash site and a Combat Search and Rescue (SAR) team
was immediately deployed. No survivors were found. The crash site was secured by the RCD unit supplemented
by members of 34 Squadron RAF Regiment from Kandahar airfield. The crash site was in a known area of Taliban
activity and proximate to combat operations. Initial priorities were the recovery of the crew’s bodies, personal
effects, classified documentation, flight recorders and other equipment. The Canadian unit was withdrawn
the following day. Several hundred local nationals, including Taliban elements, began to enter the site. The
remaining RAF Regiment personnel formed a defensive position in an irrigation ditch crossing the site. Shortly
thereafter, in an increasingly unstable and hostile situation, they were withdrawn by air, 21 hours after the
initial arrival of ground forces. Fortunately, a detailed photographic record of some key parts of the wreckage
had been made by (Officer Commanding (OC) 904 EAW?, which proved invaluable. Subsequently, most of the
aircraft wreckage was removed from the site by the Taliban and local villagers.

! See Comments on BOI Report by Station Commander, Group Captain Jerry Kessel, paragraph 15 [3-4].
2 Expeditionary Air Wing.
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RAF Board of Inquiry

1.5

1.6

1.7

The Board of Inquiry (BOI) presented its Report to the Convening Authority (AOC2 Group) on 20 April 2007. An
Addendum to the Report was issued on 25 July 2007. The Board's findings were made public on 4 December
2007.

The BOI concluded that the loss of XV230 was caused by:

1.6.1

1.6.2

The BOI found that fuel was most likely to have accumulated in the Refrasil insulation muff around the SCP
elbow at the bottom of the starboard No. 7 Tank Dry Bay. The BOI also found that a ‘Safety Case’ prepared
in respect of the Nimrod MR1 and MR2 aircraft between 2002 and 2005, the Nimrod Safety Case, contained
a number of significant errors. It was not within the BOI's remit to consider, or attribute, responsibility for the

Fuel Source: The escape of fuel during Air-to-Air Refuelling (AAR), occasioned by an overflow from
the blow-off valve to No. 1 tank, causing fuel to track back along the fuselage, or alternatively, a leak
of fuel from the fuel system (fuel coupling or pipe), leading to an accumulation of fuel within the No.
7 Tank Dry Bay. Although of a lower probability, the fuel leak could have been caused by a hot air leak

damaging fuel system seals; and

Ignition Source: The ignition of that fuel following contact with an exposed element of the aircraft's

Cross-Feed/Supplementary Cooling Pack (SCP) duct.

accident. | analyse the Board of Inquiry’s findings in detail in Chapter 3.

The Nimrod Review

Terms of Reference

1.8

1.9

This Review was announced on 4 December 2007 by the then Secretary of State for Defence, the Rt Hon. Des
Browne. My appointment to conduct the Nimrod Review was announced on 13 December 2007, with the

following broad Terms of Reference:

In his statement to the House of Commons on 13 December 2007, the Secretary of State for Defence said:

“In light of the board of inquiry report:

To examine the arrangements for assuring the airworthiness and safe operation of the
Nimrod MR2 in the period from its introduction in 1979 to the accident on 2 September
2006, including hazard analysis, the safety case compiled in 2005, maintenance
arrangements, and responses to any earlier incidents which might have highlighted the
risk and led to corrective action;

To assess where responsibility lies for any failures and what lessons are to be learned;

To assess more broadly the process for compiling safety cases, taking account of best
practice in the civilian and military world;

And to make recommendations to the Secretary of State as soon as practicable, if necessary
by way of interim report.”

“The review will have the full support of the Ministry of Defence. All relevant papers will
be made available and everyone who can assist the review will be instructed to do so. In
order to encourage openness, evidence given during the course of the review will not be
used in disciplinary proceedings against the individual who gave it unless there is evidence
of gross misconduct. The MOD will also provide Mr. Haddon-Cave, at his request, with a
secretariat for the review.

BAE Systems and QinetiQ have confirmed that Mr. Haddon-Cave will have their full co-
operation. The MOD and the companies are committed to ensuring that the review has
available to it all the technical expertise that it will require. | would expect any other
companies whose assistance may be required to follow suit.”
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The Nimrod Review Offices and Team

1.10  The Review established independent and secure offices within St George’s Court in London, and | made the
following appointments:

Senior Counsel to the Review: Luke Parsons QC3
Junior Counsel to the Review: Caroline Pounds*
Additional Counsel: Peter Ferrer®
Secretary to the Review: Darren Beck®
Documents Manager: Dominic van der Wal’
Office Manager: Dipack Maisuria®
Personal Assistant: Stella Chan

1.11 | also appointed the following experts to assist the Review:

Technical Advisor: Air Vice-Marshal Charles Ness
Former President of Board of Inquiry: Group Captain Nick Sharpe
Former Member of Board of Inquiry: Squadron Leader John Nelson

1.12  The Review received invaluable advice and assistance from the following organisations in particular:®

The US Air Force, particularly the Air Force Safety Center (AFSC),
The US National Aeronautics and Space Administration (NASA);
The Royal Australian Air Force;

The Canadian Air Force;

British Airways;

The UK Civil Aviation Authority (CAA);

The UK Health & Safety Executive (HSE);

The UK Air Accident Investigation Branch (AAIB); and

1
1
1
1
1.
1
1
1
1.9. The University of York.

©w N LW

Review interviews, documents and witnesses

1.13  The Review conducted a wide-ranging inquiry over some 20 months in the course of which it studied many
thousands of documents (spanning the 1930s to the present day), interviewed hundreds of witnesses of
all ranks and in all relevant organisations, visited numerous locations in the UK including RAF Kinloss, RAF
Waddington, RAF High Wycombe, RAF Wyton, Chadderton, Heathrow, Southampton, Taunton, Farnborough,
Boscombe Down and Petersfield, and travelled to the US AFSC at Kirtland Air Force Base, New Mexico, and
NASA in Washington DC. | have flown in a Nimrod and examined Nimrods on numerous occasions, including
the Nimrod aircraft in teardown at Boscombe Down.

1.14  The Review received assistance, advice and documentation from a large number of organisations and individuals,
including from some unsolicited and anonymous sources. | am grateful to all those who have assisted the
Review in a wide variety of ways.™

3 Quadrant Chambers.

4 Ibid.

> Ibid.

6 Civil Servant seconded from the Ministry of Defence (MOD); former Secretary to the Deepcut Review.
7 Civil Servant seconded from the Treasury Solicitor's Department (TSol) (Barrister).

8 Civil Servant seconded from the MOD.

9 Individual acknowledgements appear at the end of the Report.

19 A'list of acknowledgements appears at the end of the Report.
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Procedure

1.15

The Procedure adopted by the Review was simple, straightforward and informal, but with due regard to the
requirements of fairness and the Salmon principles (see http:/nimrod-review.org.uk/linkedfiles/nimrod_review/

procedure.pdf).

Urgency

1.16

| was asked to report as a matter of urgency, in view of the potential significance of my findings and
recommendations as to the current safety and airworthiness regime, with implications for the RAF Nimrod
fleet involved in current operations and for the MOD generally. | have done everything possible to report in
as short a timescale as practicable, given the wide range of the investigation, the large number of documents
and witnesses involved, the complexity of some of the issues and the need to ensure fairness to all parties and
individuals involved. | have not sought to explore every conceivable lead or issue. | am, however, satisfied that
| have heard, seen, and read more than enough to get to the bottom of the crucial issues to meet my Terms of
Reference and properly inform my findings and recommendations.

| am grateful to my Team and advisors who have worked tirelessly over many months with great intelligence
and determination.

Criticisms and naming of organisations and individuals

1.18

In this Report, | specifically name, and criticise, key organisations and individuals who bear a share of responsibility
for the loss of XV230. | name individuals whose conduct, in my view, fell well below the standards which might
reasonably have been expected of them at the time, given their rank, roles and responsibilities, such that, in
my view, they should be held personally to account. | have not named individuals who were merely part of the
story and gave evidence to the Review, for the most part freely and frankly, because, in my view, this would not
be in the public interest and might inhibit others from coming forward in future inquiries. Nor have | named
individuals who made errors (even if they had significant consequences), and/or whose acts and omissions
might be open to question and censure with hindsight, but whom, given their rank, role, experience and the
particular circumstances in which they found themselves at the time, it would not, in my view, be necessary, fair,
proportionate and in the public interest to name.

I have only named and criticised organisations and individuals where, in my view, it is necessary, fair, proportionate
and in the public interest to do so.
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Executive Summary

Introduction

Loss of X230

1. RAF Nimrod XV230 was lost on 2 September 2006 on a mission over Afghanistan when she suffered
a catastrophic mid-air fire, leading to the total loss of the aircraft and the death of all 14 service
personnel on board. Investigation of the crash scene had to be curtailed because of enemy presence
but, fortunately, photographs were taken and crucial recording equipment recovered. Subsequently,
most of the aircraft wreckage disappeared. (Chapter 1)

History

2. The Nimrod, a derivative of the De Havilland Comet, has a long and distinguished record in maritime
reconnaissance and other roles over 40 years, and continues to play an important role in Defence.
XV230 was the first Nimrod to enter service with the RAF on 2 October 1969. (Chapter 2)

Board of Inquiry

3. The Board of Inquiry conducted a seven-month inquiry and, despite the absence of physical evidence,
was able to determine that the most probable physical causes of the fire and explosion were:
(1) Fuel source: The escape of fuel during Air-to-Air Refuelling, or a leak from a fuel coupling or
pipe, led to an accumulation of fuel within the No. 7 Tank Dry Bay; alternatively, although of a
lower probability, a hot air leak damaging fuel system seals. (2) Ignition source: Ignition of that
fuel by the Cross Feed/SCP duct. The main conclusions of the Board of Inquiry have been confirmed
by two leading agencies, the UK Air Accident Investigation Branch and the United States Air Force
Safety Center. | am satisfied that the BOI's findings are a sound basis upon which to found this
Review. (Chapter 3)

Physical Causes

Ignition source

4. There can be no doubt that the ignition source was the Cross-Feed/SCP duct in the starboard No. 7
Tank Dry Bay, and the most probable point of ignition was the SCP muff. (Chapter 4)

Probable fuel sources

5. | have concluded that the most likely source of fuel was an overflow during Air-to-Air Refuelling.
New evidence has come to light which points to this being the most probable cause (Chapter 6).
The second most likely source of fuel was a leak from either an FRS or an Avimo fuel coupling in
the starboard No. 7 Tank Dry Bay (Chapter 5). The third, and only other viable,'" source of fuel could
have been coupling damage caused by a Cross-Feed/SCP duct failure, but this mechanism is much
less likely than the other two. (Chapter 7)

Responsibility for design flaws

6. Design flaws introduced at three stages played a crucial part in the loss of XV230. First, the original
fitting of the Cross-Feed duct by Hawker Siddeley'? in about 1969 (Chapter 4). Second, the addition
of the SCP by British Aerospace' in about 1979 (Chapter 4). Third, the fitting of the permanent Air-
to-Air Refuelling modification by British Aerospace in about 1989. (Chapter 6)

" Other theories which have been put forward, are not realistic and can be discounted (Chapter 5).
12 Which became part of British Aerospace on 29 April 1977.
13 Which became BAE Systems Plc in November 1999 on the merger with Marconi Electronic Systems.
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Previous incidents

7. There were a number of previous incidents and warning signs potentially relevant to XV230; in
particular, the rupture of the SCP duct in Nimrod XV227 in November 2004 should have been a
“wake up call”. (Chapter 8)

Nimrod Safety Case

8. The drawing up of a ‘Safety Case’, to identify, assess, and mitigate potentially catastrophic hazards
before they could cause an accident, was mandated for military aircraft and other military platforms
by regulations introduced in September 2002. (Chapter 9)

Loss of XVV230 avoidable

9. The Nimrod Safety Case was drawn up between 2001 and 2005 by BAE Systems (Phases 1 and 2)
and the MOD Nimrod Integrated Project Team (Third Phase), with QinetiQ acting as independent
advisor. The Nimrod Safety Case represented the best opportunity to capture the serious design
flaws in the Nimrod which had lain dormant for years. If the Nimrod Safety Case had been drawn up
with proper skill, care and attention, the catastrophic fire risks to the Nimrod MR2 fleet presented
by the Cross-Feed/SCP duct and the Air-to-Air Refuelling modification would have been identified
and dealt with, and the loss of XV230 in September 2006 would have been avoided.

Lamentable job

10. Unfortunately, the Nimrod Safety Case was a lamentable job from start to finish. It was riddled
with errors. It missed the key dangers. Its production is a story of incompetence, complacency, and
cynicism. The best opportunity to prevent the accident to XV230 was, tragically, lost. (Chapters 10A
and 10B)

General malaise

11. The Nimrod Safety Case process was fatally undermined by a general malaise: a widespread
assumption by those involved that the Nimrod was ‘safe anyway’ (because it had successfully flown
for 30 years) and the task of drawing up the Safety Case became essentially a paperwork and ‘tick-
box’ exercise. (Chapter 11)

Criticisms of BAE Systems

12. BAE Systems bears substantial responsibility for the failure of the Nimrod Safety Case. Phases 1
and 2 were poorly planned, poorly managed and poorly executed, work was rushed and
corners were cut. The end product was seriously defective. There was a big hole in its analysis: BAE
Systems had left 40% of the hazards “Open” and 30% “Unclassified”. The work was, in any event,
riddled with errors of fact, analysis and risk categorisation. The critical catastrophic fire hazard
relating to the Cross-Feed/SCP duct (Hazard H73) had not been properly assessed and, in fact, was
one of those left “Open” and “Unclassified”. Further, at handover meetings in 2004, BAE Systems
gave the misleading impression to the Nimrod IPT and QinetiQ that the task had been properly
completed and could be signed off and deliberately did not disclose to its customer the scale of
the hazards it had left “Open” and “Unclassified” (many with only vague recommendations that
"further work’ was required). The Nimrod IPT and QinetiQ representatives were lulled into a false
sense of security. These matters raised question marks about the prevailing ethical culture at BAE
Systems. (Chapter 11)
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Three key BAE Systems management personnel involved in the Nimrod Safety Case bear primary
responsibility for the above matters and are the subject of significant criticism: (1) the Chief Airworthiness
Engineer; (2) the Task Leader; and (3) the Flight Systems and Avionics Manager. (Chapter 11)

Criticisms of Nimrod IPT

14.

15.

The Nimrod IPT bears substantial responsibility for the failure of the Nimrod Safety Case. The
Nimrod IPT inappropriately delegated project management of the Nimrod Safety Case task to
a relatively junior person without adequate oversight or supervision; failed to ensure adequate
operator involvement in BAE Systems’ work on Phases 1 and 2; failed to project manage properly,
or to act as an ‘intelligent customer’ at any stage; failed to read the BAE System Reports carefully
or otherwise check BAE Systems’ work; failed to follow its own Safety Management Plan; failed
properly to appoint an Independent Safety Advisor to audit the Nimrod Safety Case; and signed-off
BAE Systems’ work in circumstances where it was manifestly inappropriate to do so. Subsequently,
the Nimrod IPT sentenced the outstanding risks on a manifestly inadequate, flawed and unrealistic
basis, and in doing so mis-categorised the catastrophic fire risk represented by the Cross-Feed/SCP
duct (Hazard H73) as ‘Tolerable’ when it plainly was not. The Nimrod IPT was sloppy and complacent
and outsourced its thinking. (Chapter 11)

Three key Nimrod IPT personnel involved in the Nimrod Safety Case bear primary responsibility for
the above matters and are the subject of significant criticism: (1) the Nimrod IPT Leader, (2) the
Head of Air Vehicle, and (3) the Safety Manager. (Chapter 11)

Criticisms of QinetiQ

16.

17.

QinetiQ also bears a share of responsibility for the failure of the Nimrod Safety Case. QinetiQ failed
properly to carry out its role as ‘independent advisor’ and, in particular: failed to clarify its role at
any stage; failed to check that BAE Systems sentenced risks in an appropriate manner and included
risk mitigation evidence in its Reports; sent someone inadequately briefed to the critical handover
meeting; failed to read the BAE Systems reports or otherwise check BAE Systems’ work properly; failed
to advise its customer properly or ask any intelligent questions at the key handover meetings; and
subsequently ‘signed-off’ BAE Systems’ work in circumstances where it was manifestly inappropriate to
do so: in particular, without even having read any of the BAE Systems Reports and contrary to relevant
regulations and standards.™ QinetiQ’s approach was fundamentally lax and compliant. (Chapter 11)

Two key QinetiQ personnel involved in the Nimrod Safety Case bear primary responsibility for the
above matters and are the subject of significant criticism: (1) the Task Manager and (2) the Technical
Assurance Manager. (Chapter 11)

Organisational Causes

18. Organisational causes played a major part in the loss of XV230. Organisational causes adversely

affected the ability of the Nimrod IPT to do its job, the oversight to which it was subject, and the
culture within which it operated, during the crucial years when the Nimrod Safety Case was being
prepared, in particular 2001-2004.

History of MOD In-Service Support

19.

Huge organisational changes took place in the MOD in-service support and airworthiness
arrangements for Defence equipment and RAF aircraft in the years prior to the loss of XV230. There
were three major themes at work: (a) a shift from organisation along purely ‘functional’ to project-
oriented lines; (b) the ‘rolling up’ of organisations to create larger and larger ‘purple’ and ‘through-
life’ management structures; and (c) ‘outsourcing’ to industry. (Chapter 12)

4 j.e. in the absence of an ISA audit report, contrary to Joint Service Publication 553 and Defence Standard 00-56.

11
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Warning in 1998

20. A Nimrod report in 1998 warned of “the conflict between ever-reducing resources and ... increasing
demands; whether they be operational, financial, legislative, or merely those symptomatic of
keeping an old ac flying”, and called for Nimrod management that was “highly attentive” and
“closely attuned to the incipient threat to safe standards”, in order to safeguard the airworthiness
of the fleet in the future.’> These warnings were not sufficiently heeded in the following years.
(Chapter 13)

Organisational trauma 1998-2006

21. The MOD suffered a sustained period of deep organisational trauma between 1998 and 2006,
beginning with the 1998 Strategic Defence Review. Financial pressures and cuts drove a cascade
of multifarious organisational changes, which led to a dilution of the airworthiness regime and
culture within the MOD, and distraction from safety and airworthiness issues as the top priority.
There was a shift in culture and priorities in the MOD towards ‘business’ and financial targets, at the
expense of functional values such as safety and airworthiness. The Defence Logistics Organisation, in
particular, came under huge pressure. Its primary focus became delivering ‘change’ and the ‘change
programme’ and achieving the ‘Strategic Goal’ of a 20% reduction in output costs in five years
and other financial savings. Airworthiness was a victim of the process started by the 1998 Strategic
Defence Review. (Chapter 13)

22. Two senior personnel who presided over the Defence Logistics Organisation during the crucial period
2000-2004 bear particular responsibility for the episode of cuts, change, dilution and distraction
and its consequences, and are the subject of significant criticism: (1) the first Chief of Defence
Logistics (April 1999 to August 2002); and (2) the second Chief of Defence Logistics (September 2002
to December 2004). (Chapter 13)

Procurement

23. But for the delays in the Nimrod MRA4 replacement programme, XV230 would probably have no
longer have been flying in September 2006, because it would have reached its Out-of-Service Date
and already been scrapped or stripped for conversion. The history of Procurement generally in the
MOD has been one of years of major delays and cost overruns. This has had a baleful effect on In-
Service Support and safety and airworthiness generally. Poor Procurement practices have helped
create ‘bow waves’ of deferred financial problems, the knock-on effects of which have been visited
on In-Service Support, with concomitant change, confusion, dilution, and distraction as occurred
in the post-Strategic Defence Review period 1998-2006. As the Rt Hon. John Hutton stated the
day before his resignation as Secretary of State for Defence, “we have no choice but to act with
urgency” on Procurement. (Chapter 14).

Aftermath

BOI Recommendations and post-XV230 events and measures

24. A large number of steps have been taken post-XV230 in relation to the Nimrod fleet to address the
Board of Inquiry Recommendations and other maintenance and airworthiness issues which have
since been revealed by subsequent incidents and investigations. | have been kept closely informed
of all such developments. Pursuant to my Terms of Reference, | would have issued an immediate
interim report if, at any stage, a matter of concern had come to my attention which | felt affected
the immediate airworthiness of the Nimrod fleet or safety of its crews. | have not felt it necessary
to issue an interim report at any stage. The continued successful deployment and operation of the
Nimrod fleet post-XV230 is a tribute to the dedication of the Nimrod community and leadership at
RAF Kinloss and RAF Waddington and their parent Headquarters. (Chapter 15)

> Nimrod Airworthiness Review Team Report, dated 24 July 1998, paragraphs 13 and 30.
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Coroner’s Inquest

25.

The Coroner’s Inquest produced little factual evidence of value to the Review. The Coroner’s finding
as to the likely source of fuel did not accord with the realistic probabilities, or the evidence before
him, and his Rule 43 recommendation (that the Nimrod fleet should be grounded pending certain
repairs) was based on his misunderstanding of the meaning of As Low as Reasonably Practicable
(ALARP). The Coroner’s widely-publicised remark that the MOD had a “cavalier approach to safety”
was unjustified. The fundamental problems are ones of structure, culture, and procedure, not
indifference. (Chapter 16)

Lessons and Recommendations

26.

27.

28.

29.

The lessons to the learned from the loss of Nimrod XV230 are profound and wide-ranging. Many of
the lessons to be learned are not new. The organisational causes of the loss of Nimrod XV230 echo
other major accident cases, in particular the loss of the Space Shuttles Challenger and Columbia,
and cases such as the Herald of Free Enterprise, the King’s Cross Fire, the Marchioness Disaster and
BP Texas City. (Chapter 17)

Those involved in Military Aviation Airworthiness would benefit from an understanding of Accident
Theory. (Chapter 18)

The shortcomings in the current airworthiness system in the MOD are manifold and include
(Chapter 19):

(1) a failure to adhere to basic Principles;

(2) a Military Airworthiness System that is not fit for purpose;

(3) a Safety Case regime which is ineffective and wasteful;

(4) an inadequate appreciation of the needs of Aged Aircraft;

(5) a series of weaknesses in the area of Personnel;

(6) an unsatisfactory relationship between the MOD and Industry;

(7) an unacceptable Procurement process leading to serial delays and cost-overruns; and

(8) a Safety Culture that has allowed ‘business’ to eclipse Airworthiness.

| make Recommendations in the following eight key areas:

(1) A new set of Principles: | recommend adherence to four key principles (Chapter 20):
v Leadership

v Independence
v People
v Simplicity

(2) A new Military Airworthiness Regime: | make detailed and comprehensive recommendations
under 10 headings comprising a blueprint to enable the MOD to build a New Military
Airworthiness Regime (under the control of an independent Military Airworthiness Authority),
which is effective, relevant and understood, which properly addresses Risk to Life, and which
drives new attitudes, behaviours, and a new Safety Culture. (Chapter 21)

(3) A new approach to Safety Cases: | make recommendations for best practice for Safety Cases for
the future, which are to be brought in-house, re-named ‘Risk Cases’, and made more focused,
proportionate, and relevant. (Chapter 22)
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30.

31.

32.

(4) A new attitude to Aged Aircraft: | recommend that generic problems associated with aged and
‘legacy’ aircraft are addressed. (Chapter 23)

(5) A new Personnel Strategy: | recommend that current weaknesses in the area of personnel are
addressed. (Chapter 24)

(6) A new Industry Strategy: | recommend that flaws in the current bilateral and triangular
relationships between the MOD, BAE Systems, and QinetiQ revealed by the Nimrod Safety Case
are addressed. (Chapter 25)

(7) A new Procurement Strategy: | recommend that Bernard Gray’s Report on Procurement is
published without delay'® and appropriate action taken as a matter of urgency. (Chapter 26)

(8) A new Safety Culture: | make recommendations for a new Safety Culture comprising a Reporting
Culture, a Just Culture, a Flexible Culture, a Learning Culture, and a Questioning Culture.
(Chapter 27)

| also make a number of further Recommendations. (Chapter 28)

The ultimate aim of this Report is to improve Safety and Airworthiness for the Future. The duty of
those in authority reading this Report is to bring about, as quickly as possible, the much-needed and
fundamental improvements for the Future which | have identified. This is not only for the safety
of the men and women in the Services most immediately at risk, but also for the benefit of the
effectiveness of Defence generally. A safe and airworthy fleet is also a more capable and effective
fleet.

| welcome the setting up by the MOD of the Haddon-Cave Review Implementation Team' to
implement the Recommendations in this Report as rapidly as possible.

Military Covenant

33.

In my view, XV230 was lost because of a systemic breach of the Military Covenant brought about
by significant failures on the part of all those involved. This must not be allowed to happen again.
(Chapter 29)

16 Bernard Gray's Report on Procurement was suddenly published on 16 October 2009, after completion of this Report for printing
7 Led by my Technical Advisor, Air Vice Marshal Ness.
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CHAPTER 2 — HISTORY OF THE NIMROD AIRCRAFT AND

TECHNICAL DESCRIPTION

“And Cush begat Nimrod: he began to be a mighty one in the earth.
He was a mighty hunter before the Lord.”
(Book of Genesis X, 8-12)

Contents

Chapter 2 sets out the history of Nimrod aircraft from 1969 to the present day and includes a short technical
description.

Summary

1.

2.

The Nimrod was developed from the De Havilland Comet.
The first Nimrod to enter service with the RAF was XV230, on 2 October 1969."
A total of 49 Nimrod airframes were built.

The Nimrod has served for nearly four decades in anti-submarine warfare, anti-surface unit warfare,
maritime reconnaissance and search-and-rescue roles. More recently, it has played a valuable role as
an intelligence-gatherer over land in conflicts such as Afghanistan and Iraq.

The Cross-Feed duct fitted in the initial Nimrod MR1 1960s design introduced a major potential
source of ignition to the aircraft. In the late 1970s, Nimrod MR1s were upgraded to MR2s and fitted
with Supplementary (air) Conditioning Packs which increased the potential for ignition. In the
1980s, an Air-to-Air Refuelling capability was fitted for the Falklands War which increased the risk
of an uncontained escape of fuel. These modifications gave rise to design flaws which contained
the seeds of the loss of XV230 in 2006.

There are currently 11 Nimrod MR2s and three Nimrod R1s in service.
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History of the Nimrod type
Introduction

2.1 The Nimrod has had a long and distinguished history. It is a unique military aircraft with remarkable longevity,
flexibility and capability. Named the ‘Mighty Hunter’,? the maritime version has for over 40 years had a pre-
eminent role patrolling the seas around the British Isles, in anti-submarine warfare, anti-surface unit warfare,
maritime reconnaissance and search and rescue roles. Following the end of the Cold War, its role and reach has
expanded to cover vital intelligence gathering over land, in conflicts such as Afghanistan and Irag. Throughout
its life, the Nimrod has proved a remarkable and adaptable workhorse.

2.2 The Nimrod is a relatively rare type, with a production run of only 49 airframes. A total of 43 Nimrod Maritime
Reconnaissance Mk 1s (MR1s) were built by Hawker Siddeley and delivered to the RAF: 38 Nimrod MR1s were
built at Woodford between 1967 and 1972 and, from a further batch of eight Nimrods, five became MR1s
between 1973 and 1975.3 Of the remaining three aircraft of this batch, two were built as AEW Mk3s and one
was built directly to MR2 standard. The remaining three airframes were used as Nimrod Reconnaissance Mk 1s
(R1s) and delivered prior to 1973.

2.3 XV230 was the first Nimrod to enter service with the RAF. It was delivered to RAF St. Mawgan, Cornwall, on 2
October 1969.4

2.4 There are currently 11 Nimrod MR2s and three Nimrod R1s in service.

The De Havilland Comet

2.5 The Nimrod was developed from the world’s first pressurised jet-propelled commercial airliner to reach production,
the De Havilland Comet.

2.6 The Comet had its maiden flight on 27 July 1949.°> The first Comet to receive a Certificate of Airworthiness was
on 22 January 1952. The first commercial passengers were carried with the British Overseas Aircraft Corporation
on 2 May 1952. H.M. The Queen Mother was an early passenger and became the first member of the British
Royal Family to fly by jet. Early Comet models suffered metal fatigue and other problems, causing a series of
well-publicised accidents, notably at Karachi (March 1953), at Elba (January 1954) and at Naples (April 1954).
The Comet was temporarily withdrawn and redesigned (in particular, the rectangular shape of its passenger
windows was found to have caused metal fatigue leading to the loss of at least two aircraft and was changed
to an oval shape). The final marks of the Comet, the Comet 4 series, proved more successful. Subsequently,
however, larger more efficient jet airliners, such as the Boeing 707, became more popular and superseded it in
the commercial passenger world.

Replacement for the Avro Shackleton

2.7 In July 1963, MOD Air Staff Target (AST) 357 called for a sophisticated, medium-sized, jet-powered, long-range
maritime reconnaissance aircraft to replace the piston-engine Avro Shackleton® which had had its maiden flight
in March 1949,” and entered service in 19518 becoming the United Kingdom's principal Maritime Patrol Aircraft
(MPA). The Shackleton had witnessed the growth of the Soviet surface vessel and submarine fleet as the Cold
War intensified throughout the 1950s and 1960s, increasing the importance of the MPA role. It was realised,

" www.raf.mod.uk/rafkinloss/aboutus/nimrodthroughtheyears.cfm

2 Book of Genesis X, 8-12.

3 The remaining 33 in the first order of 38 aircraft were numbered sequentially XV231-263.
4 www.raf.mod.uk/rafkinloss/aboutus/nimrodthroughtheyears.cfm

> Comet Chief Test pilot was John Cunningham.

& Named after the Polar explorer, Sir Ernest Shackleton.

7 The Avro Shackleton was reputedly very cold, noisy and uncomfortable for crews. It was often said the one of the nicest sounds in the world was a
Shackleton getting airborne, because that meant you were not on board.

8 The maritime role had been carried out in the Second World War by flying boats such as the Short Sunderland and Consolidated Catalina and by
long-range land-based aircraft, such as the Lockheed Liberator, Boeing Flying Fortress and Handley Page Halifax.
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2.9
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however, that the requirements of AST 357 could never be met in the timescale necessary to replace the
Shackleton and Air Staff Requirement (ASR) 381 was issued specifying a less complex requirement.

In July 1964, Hawker Siddeley Aviation (formerly De Havilland) made a formal proposal to convert the Comet 4C
turbo-jet powered airliner into a military aircraft (designated HS801). The underside of the Comet fuselage was
to be substantially reconfigured to fit a large bomb-bay, extra fuel tanks were to be fitted to give greater range
and endurance, and the engines were to be changed from Rolls-Royce Avon engines to Spey 250 engines.

In February 1965, it was announced in Parliament that the HS801 had been selected to replace the
Shackleton.

Nimrod MR1

2.10

2.12

2.13

The HS801 became the first Nimrod, the Nimrod MR1. The type was designed for anti-submarine and anti-
surface unit warfare, surface reconnaissance and for search and rescue operations, i.e. the traditional roles of
the MPA.° The Nimrod MR1 was equipped with a wide range of radar and acoustic equipment and had the
ability to drop sonobuoys, to detect and track submarines, as well as carrying weapons such as torpedoes and
Search and Rescue (SAR) equipment.

The first flight of a prototype Nimrod MR1 was on 23 May 1967.'° The first flight of a new-build production
Nimrod MR1 was on 28 June 1968. As stated above, the RAF took delivery of its first Nimrod MR1 on 2 October
1969, at RAF St. Mawgan when it was handed to No. 236 Operational Conversion Unit." This was XV230.

The Nimrod MR1 enabled the newly formed No. 18 (Maritime) Group'? of Strike Command to fulfil its task:

“The undertaking of surveillance operations to maintain a flow of information about the
movement of potentially hostile surface vessels and submarines over vast ocean areas.” '

The 43 Nimrod MR1s were operated primarily from RAF Kinloss, Morayshire, and RAF St. Mawgan, Cornwall.
No. 203 Squadron at Luga, Malta, were also equipped with Nimrods but, following the 1974 Defence Review,
this Squadron was disbanded and its Nimrod MR1s flown back to the UK and placed in storage.

Nimrod R1

2.14

2.16

Three additional airframes were also ordered from Hawker Siddeley to replace the ageing Comet R2s still used
by the RAF for Electronic Intelligence (ELINT) duties. The first of these three extra airframes was delivered to RAF
Wyton in July 1971. They were each fitted with a suite of sophisticated and sensitive electronic intelligence-
gathering equipment and antennae and were designated Nimrod Reconnaissance Mk 1 (Nimrod R1). The
principal external difference from the maritime Nimrod was that they did not have the Magnetic Anomaly
Detector probe fitted in the tail. As stated above, the three original Nimrod R1s were built by Hawker Siddeley at
Woodford and delivered to the RAF between 1970 and 1973. There are currently three Nimrod R1s in existence,
operated by No. 51 Squadron from RAF Waddington.

In 1995, a Nimrod R1 (XW666) was lost following an engine fire (see below). It was replaced in December 1996
by the conversion of a Nimrod MR2 (XV249), then in storage at RAF Kinloss, into a Nimrod R1.

The Nimrod R1 played a key role in the Falklands Conflict of 1982. Its increasingly important electronic intelligence
(ELINT) capabilities have been employed in almost every conflict involving UK forces since then.

9 Paragraph 4 of BAE Nimrod Task 06-3409 (September 2004).

19 Paragraph 4 of BAE Nimrod Task 06-3409 (September 2004).

" This unit trained aircrew to operate the Nimrod; it was renumbered No 42(R) Sgn in 1992 and continues to fulfil the training role.
12 The RAF's Coastal Command became No 18 (Maritime) Group of Strike Command on 27 November 1969.

13 Definition of the role of No. 18 (Maritime) Group of Strike Command, BAe Nimrod, John Chatres, London, 1986.
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Nimrod MR2

2.17

2.18

2.19

2.20

2.21

In 1975, a comprehensive programme of upgrading the avionics on the MR1 began, including fitting the
new Thorn EMI Searchwater radar,’ a new GEC Central Tactical System and the AQS-901 acoustics system
compatible with the latest generation of sonobouys, and the Loral Electronic Support Measures System located
in two new wing tip pods. The upgraded aircraft became the Nimrod MR2. A total of 35 Nimrod MR1s were
upgraded to the Nimrod MR2 standard by BAE Systems between 1975 and 1984. The first Nimrod MR2 was
delivered to 201 Squadron at RAF Kinloss on 23 August 1979."

The decision by the Argentinean junta to invade the Falkland Islands in April 1982 gave rise to an Urgent
Operational Requirement (UOR) to equip the Nimrod MR2 with an Air-to-Air Refuelling (AAR) capability as part of
Operation Corporate. In just 18 days, eight Nimrod MR2s were fitted with in-flight refuelling probes, taken from
Vulcans, and stabilising winglets on the tailplane. The probes were linked to ordinary ground refuelling hoses
running through the cockpit, down the centre aisle of the aircraft and exiting the cabin in the galley area to join the
refuel gallery in the wings. The fitting of the AAR capability extended the Nimrod's endurance to 20 hours in the
air.’® The Nimrod MR2's self-defence capability was also enhanced by modifying their under-wing hard points to
take AIM-9L Sidewinder air-to-air missiles.'” They flew numerous patrols over the South Atlantic from Ascension
Island in support of British operations during the Falklands War.

In more recent years, the MR2 has been fitted with an electro-optical camera for imagery intelligence (IMINT)
tasks.

The operating crew of the MR2 comprises two pilots and a flight engineer, two weapon systems officers
(WSO) (tactical and route), and a WSO who is the sensor and communications coordinator and who, in turn, is
supported by a team of two ‘wet’ weapon systems operators (WSOps) and four ‘dry’ WSOps. The ‘wet’ team
supervise the aircraft's acoustic processors, which monitor active and passive sonobuoys, whilst the ‘dry’ team
manage a range of radar and non-acoustic sensors.

There are currently 11 Nimrod MR2s in existence, operated by No. 120 Squadron, No. 201 Squadron, and No.
42(R) Squadron at RAF Kinloss.'®

Nimrod AEW3

2.22

In August 1972, the RAF issued an AST to replace its Airborne Early Warning (AEW) variant of the Shackleton
operated by No. 8 Squadron. In March 1977, the procurement was announced of a specialised version of the
Nimrod. This variant would have a large bulbous radome in the nose and tail to house Marconi scanners providing
360° radar coverage. Three AEW3 development aircraft were manufactured and the first one flew on 16 July
1980. A production batch of eight Nimrod AEWS3 aircraft was then laid down using a further eight redundant
Nimrod MR1 airframes.’ The first flew on 9 March 1982 and by late 1984 the first ‘interim standard’ Nimrod
AEWS3 aircraft was delivered by British Aerospace to No. 8 Squadron to allow crew training to commence.?® In
September 1986, however, technical problems with the AEW3 system led to the programme being re-opened
to competing bidders. In December 1986 the Boeing E-3 Sentry AWAC was awarded the contract. The Nimrod
AEW3 programme was cancelled. The Nimrod AEW3 airframes were stored at RAF Abingdon until they were
scrapped in the 1990s.

14 A radar specifically designed for the maritime role, which replaced the ASV 21 radar.

15 XV236.

1 Nimrods fitted with AAR were known as MR2Ps until the fleet were all at Mod 715 standard.
7 Which led to the Nimrod MR2 being called “the largest fighter in the world”.
'8 A detailed history of the Nimrod fleet up to 1985 can be read in “British Aerospace Nimrod — Modern Combat Aircraft No 24" by John Chartres.

lan Allan,

UK, April 1986 ISBN 0711015759.

19 Causing Air Marshall Sir John Curtiss, AOC 18 Group to remark — “We don’t have enough Nimrods."

20 www.aeroflight.co.uk/types/uk/bae_systems/nimrod/nimrod.htm
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Nimrod 2000/MRA4

2.23

2.24

In 1993, Air Staff Requirement (ASR) 420 called for a replacement for the MR2. On 25 July 1996, the contract
was awarded to BAE Systems who proposed using the existing MR2 airframes, fitting larger wings (127 feet),
Rolls-Royce BMW BR.710 engines, new radar and sensor systems and a new tactical computer system. In
February 1997, the first three stripped-down Nimrod fuselages were delivered to FR Aviation in Bournemouth,
who were contracted to refurbish them. By 1999, however, the programme was three years behind schedule
and the first prototype Nimrod MRA4 flight did not take place until 26 August 2004. In September 2004, the
planned order for Nimrod MRA4 was reduced from 18 to “about 12”.

The original planned in-service date for the MRA4 was April 2003, but was delayed five times and now stands
at 2010. This has meant that the out-of-service date of the existing MR2 fleet has had commensurately to be
put back several times and Nimrod MR2 aircraft have had to remain in service far longer than anticipated (see
Chapter 14).

Nimrod aircraft — technical description

2.25

2.26

2.27

The Nimrod is of a conventional aluminium alloy, semi-monocoque pressurised fuselage construction. It has
a low, cantilevered monoplane wing which has a 20-degree swept-back all metal two-spar structure. It is
approximately 129 ft long, 30 ft high, with a wingspan of 115 ft and wing area of 2,121 sq ft. It weighs 96,000
Ibs without fuel, and 184,000 Ibs fully loaded with fuel and stores. It has a maximum speed of 360 kts, a service
ceiling of 42,000 ft and a maximum range of about 3,800 nautical miles without AAR. It has a typical maximum
flight time of eight hours on internal fuel and maximum endurance of about ten hours; this was achieved by
routinely shutting down two engines for fuel economy. Flight times can be further extended to 20 hours with
multiple AAR.

The aircraft is powered by four Rolls-Royce RB 168-20 Spey 250 engines embedded in pairs in the root of each
wing. The Spey 250 is a two-spool, low ratio, by-pass turbo-fan engine with a tubo-annular combustion system,
developing 12,160 Ib of thrust. An Auxiliary Power Unit (APU) is used to supply air for engine starts on the
ground. The air supplied by the APU is ducted to a Cross-Feed duct running across the bomb bay between the
port and starboard engines.

The MR1 was designed and certified to MOD Specification No. MR 254 D&P dated 1965. MR 254 D&P accepted
that the basic Comet 4C aircraft design was certificated to British Civil Airworthiness Requirements (BCAR)
1956 Edition.?" The MR2 was designed and certified to MOD Specification No MR286 D&P dated 6 May 1975.
Specification No MR286 D&P accepted the same general certification base as MR 254 D&P. The change in
design from a Comet 4C to a Nimrod MR1 was required to comply with AvP 970 1965 Edition (Re-issue).

Fatigue and Corrosion

2.28

2.29

The flight profiles of the Nimrod MR2s and R1s have been very different. The maritime patrol work of the
Nimrod MR2 has required it to fly ‘in the weather’ and frequently at low level (200-300 feet) over the sea,
causing the structure to fatigue at a faster rate than for normal cruise flight profiles. By contrast, the R1 has
tended to fly only at high level and, therefore, in a structurally more benign environment. As a result, the fatigue
and corrosion levels of the MR2s have been greater than the R1s. The corrosion suffered is not only evident on
the structure but on some components, such as elements of the fuel system.

The number of sorties and hours flown by the Nimrod types has been relatively low compared with civilian
commercial aircraft.? This is not unusual for military aircraft.

21 Section D, Issue 3, dated 1 July 1956 and Section J. Issue 2, dated 1 June 1953.

22 BAE Systems in BAE Report MBU-DEF-R-NIM-SDC-076 Review of Nimrod In-Service Accident History dated September 2004 noted that the Nimrod
MR 2 and R 1 fleet collectively had accumulated approximately 400,000 flying hours. As at the present date, the aircraft in the fleet which have
accumulated the most flying hours have flown more than 18,000 flying hours.
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Nimrod Technical Developments

2.30

2.31

The modification of the design of the Comet to allow the birth of the Nimrod involved a significant redesign
and the addition of new fuselage elements as mentioned above. The conversion of the Nimrod MR1 to the MR2
was driven principally by a need to upgrade the aircraft’s sensor systems. However, as a result of the additional
electronics of the MR2, the aircraft’s air conditioning system had to be supplemented to ensure additional
cooling. AAR was introduced to the Nimrod as part of the urgent response to the Falklands crisis as noted
above.

The following paragraphs set out the timeline of those changes in design which are relevant to the loss of
XV230 many years later.

Conversion from Comet to Nimrod MR1

2.32

2.33

The replacement of the Comet’s Avon powerplants with the Spey 250 engine necessitated the introduction of
an air starter system. To provide this, APU was installed in the tail area and a duct used to take hot air from the
APU to the engine starter turbine. The endurance of the Nimrod could be increased by shutting down up to
two engines. As and when it was necessary to re-start engines during flight, hot, pressurised air could be routed
through the Cross-Feed duct from engines on one side of the aircraft to re-start the engines on the other side.
Therefore, there were occasions, both on the ground and airborne, when the Cross-Feed duct would contain
very hot air and consequently it was insulated with a fibreglass covering contained within a stainless steel outer
layer. This insulation was primarily designed to prevent heat damage to the surrounding structure.

In order to further extend the endurance of the MR1, additional fuel tanks, No. 5 and No. 6, were added below
the fuselage cabin floor, in what were previously baggage compartments, and two further tanks, No. 7 tank
port and starboard, were attached on either side of the fuselage within the wing root area. The Cross-Feed duct
passed in front of the new No. 7 tank, running through an area known as the No. 7 Tank Dry Bay on the port
and starboard side.

Conversion from MR1 to MR2

2.34

The principal reason for the conversion of the Nimrod from MR1 to MR2 was to upgrade the aircraft’s sensor
systems. The heat generated by the new electronic equipment on board required additional air supplies for
cooling. For this purpose, a Supplementary Conditioning Pack (SCP) was fitted to the Nimrod MR2 in the rear
of the aircraft. The SCP was supplied with engine bleed-air from a branch taken off from the Cross-Feed duct.
This air was ducted through a pressure regulating valve in the bomb bay and then ducted rearwards outside the
bomb bay. At the point where the SCP leaves the bomb bay, it is routed through the lower part of the starboard
No. 7 Tank Dry Bay. With engines at high power at low altitude, the temperature of the air in the SCP duct
could be in the region of 470°C. Thus, this addition to the already existing Cross-Feed duct placed a potential
source of ignition in the aircraft, the significance of which was not recognised until over 25 years later, with the
investigation into the loss of XV230; this is discussed in more detail in Chapter 4.

Development of the AEW Mk3 and AAR Capability

2.35

2.36

As explained above, the original Nimrod AAR installation was fitted during the Falklands conflict in 1982.
Subsequently, the MOD decided to upgrade the AAR system and move the refuelling pipes, for the most part,
out of the cabin and into the bomb bay. In 1985, in the course of the AEW3 programme, which was also
required to have an AAR capability, the AAR system design was refined, to enable its incorporation as a formal
modification to the aircraft design.

During the initial incorporation of AAR into the AEW3, one of the fuel system design features which was
considered by British Aerospace was the effect of the fuel tank blow-off valves. These valves are fitted to all, bar
two,? of the aircraft’s fuel tanks and operate as pressure relief valves: should the pressure in a fuel tank exceed

2 The No. 4A tanks.
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a prescribed limit, fuel is ejected from the tank through the valves to the atmosphere. The blow-off outlet for
the No. 5 tank is situated forward of the port engine intakes and there was concern that, should fuel be ejected
during AAR, it might enter these intakes. Therefore, the No. 5 tank blow-off valve was disabled to prevent this
occurring. Nonetheless, the AEW3 flight trials team noted that there was a potential risk from other blow-off
valves, including that of No. 1 tank, and recommended investigation to determine the effect should blow-off
occur from these tanks.

Unfortunately, it appears that the subsequent demise of the AEW3 project led to these recommendations
remaining on the shelf, and potential sources of fuel blow-off and overflow during AAR remained unremedied.
The contribution of blow-off and overflow during AAR to the loss of XV230 must be carefully considered in any
comprehensive analysis of the loss of the aircraft. It is analysed in Chapter 6.

Nimrod in-service safety record

2.38

2.39

The Nimrod had historically been considered by its crews to be a safe aircraft. In the years prior to the loss of
XV230, the Nimrod had completed some 400,000 flying hours with only four accidents recorded resulting in
the loss of an aircraft, namely:

2.38.1 Nimrod MR2 XV256: The first Nimrod to be lost in an accident was Nimrod MR2 XV256 on 17 November
1980. Shortly after take-off from RAF Kinloss, the aircraft flew through a dense flock of seagulls.
Ingestion of a large number of birds into the engines caused a significant loss of power and the aircraft
crashed in woods close to the airfield. Although, tragically, both pilots were killed in the accident, their
skill in crash landing the aircraft ensured that their crew survived.

2.38.2 Nimrod MR2 XV257: Nimrod MR2 XV257 made an emergency landing at RAF St. Mawgan on 3 June
1984, following an uncontained fire, caused by the ignition of one of its load of flares in the bomb
bay. The flare, at the rear of the bomb bay, ignited shortly after take-off, initiating the bomb bay fire
warning, followed one minute later by the centre section overheat warning and an underfloor alarm
in the aileron bay. As the underfloor alarm sounded, smoke began to enter the cabin. The captain
completed a dumb-bell turn to return to St. Mawgan as quickly as possible. Despite the fact that the
aircraft was landed within four minutes of the bomb bay fire warning’s initiation, the aircraft suffered
extensive (Category 5) damage, including a breached pressure hull.

2.38.3 Nimrod R1 XW666: On 16 May 1995, Nimrod R1 XW666 suffered a mechanical failure in the No. 4
engine, as a result of which a starter turbine blade punctured the No. 2 fuel tank. This allowed fuel to
enter the space between the tank and the engine bay titanium fire wall where it ignited, provoking a fire
which could not be suppressed. Although the aircraft initially diverted towards RAF Lossiemouth, the
captain decided to ditch in the Moray Firth, following reports from a crewman at the starboard escape
hatch that the starboard wing was rapidly disintegrating. Subsequent analysis of the aircraft's rear spar
determined that, during the four minutes of fire, the rear spar’s strength had deteriorated by 25%,
illustrating the fine judgment of the aircraft captain in ditching when he did.

2.38.4 Nimrod MR2 XV239: On 1 September 1995, whilst conducting an air display at the Canadian International
Air Show in Toronto, Nimrod XV239 crashed into Lake Ontario, killing the seven man crew. The accident
was attributed to human factors, in that the aircraft had been manoeuvred at a speed and G-loading
causing it to stall at a height from which recovery was impossible.

Of these accidents, only one (XW666) could be attributed to a failure of the aircraft’s systems. There was a
further incident, on XV227 on 22 November 2004, in which, unbeknown to the aircraft crew, a hot air duct
disintegrated, which led to the airframe concerned being retired early. However, there is no discernable pattern
to the aircraft accidents detailed above. None of the accidents illustrated a pattern of faults with the aircraft
or was directly relevant to the loss of XV230. | discuss the wider relevance of the XV227 incident and other
previous incidents in Chapter 8.
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Military role and importance of the Nimrod MR2

2.40

2.41

2.42

2.43

The Nimrod was originally designed as a successor to the Avro Shackleton Maritime Patrol Aircraft (MPA) in the
maritime reconnaissance role.?* The aircraft was specifically designed and built for maritime reconnaissance.
Since 1969, it has fulfilled a largely maritime role, until its more recent involvement overland in Afghanistan
and Irag. The ability of the Nimrod to transit at high speed and then ‘loiter” at a lower speed for long periods
made it ideally suited to the task of maritime reconnaissance. The terms MPA and Maritime Reconnaissance are
effectively interchangeable and encompass a number of key subsidiary roles. The first is that of Anti-Submarine
Warfare (ASW). The Nimrod is equipped with a range of sensors, including sonobuoys and radar to detect
submarines, and torpedoes to attack them if required. The aircraft can also undertake Anti Surface-Unit Warfare
(ASUW), using its sensors to detect, identify and track surface vessels; and, if required, the Nimrod can also use
the same sensors to guide other aircraft to attack these surface vessels. While carrying out both roles, the Nimrod
will collect and convey intelligence information to its operating authority. The final core role of the MPA is that of
Search and Rescue (SAR). Nimrods can utilise all of their sensors to undertake long range SAR missions and are
capable of dropping survival equipment and of guiding helicopters to specific locations to rescue survivors.

During the Cold War the RAF Kinloss and RAF St. Mawgan Nimrod squadrons maintained regular surveillance
of Soviet maritime activities and supported UK and allied naval forces. Although the Nimrod's principal area
of operations was destined to be the North Atlantic, its specification?® required it to be capable of world-wide
employment. It was deployed regularly to the Mediterranean and the Gulf; indeed, Nimrods were even used to
rendezvous with Royal Navy (RN) submarines surfaced at the North Pole in 1988. The MR2 was also involved in
fishery protection in the Cod Wars (1973-1976) and SAR operations such as the Fastnet Race (1979), Alexander
Kielland (1980), Virgin Atlantic Challenger (1985), Piper Alpha (1988), as well as numerous other maritime
support operations. For many years, a Nimrod and crew were held at 60 minutes readiness to conduct SAR
operations within the UK's area of responsibility, an area which stretches out into the middle of the Atlantic.

As noted above, the Nimrod fleet was adapted for AAR and deployed in the Falklands War (1982), where it
provided much needed support to the deploying British fleet and ensured that the UK's forward deployment
base at Ascension Island remained secure.

The fall of the Berlin Wall in 1989 and the subsequent end of the decades long Cold War witnessed the
demise of the vast Soviet naval arsenal against which the Nimrod fleet had been ranged. However, new, equally
challenging tasks soon presented themselves. Nimrods were deployed in the Persian Gulf War (First Gulf War)
of 1990, when, amongst other things, they provided targeting information against Iragi naval units, and
participated in the UN blockade of Iraq (1990-1991). The aircraft also found gainful employment patrolling the
waters of the Adriatic during the conflicts that followed the collapse of Yugoslavia.

Evolution and expansion of the Nimrod's role

2.44

Advances in computer technology meant that it became increasingly possible to co-ordinate the activities and
products of military information gatherers. The importance of ensuring that commanders had access to all the
information that they required led to concepts such as Network Enabled Capability, in which multiple gatherers
of information feed an interlinked network, supplying data to multiple recipients. Whether the gatherer is
an individual on the ground, a tank, an aircraft or a satellite does not matter. Thus developed the concept of
Intelligence, Surveillance, Target-Acquisition and Reconnaissance (ISTAR). Clearly the Nimrod (in both MR and
R roles) is a major ISTAR asset. The size and flexibility of the Nimrod airframe and its crews allowed Nimrod to
assume new intelligence roles as and when required.?® The aircraft’s ability to loiter for long periods was utilised,
in combination with a new optical sensor, in operations over Afghanistan and Irag. The fact that the aircraft was

24 Although 3 aircraft were built to fulfil an ELINT role for No. 51 Sqn, replacing Comet aircraft.

2 Aircraft Specification No MR254 D&P for HS801 Maritime Reconnaissance Aircraft, page 1, paragraph 2.1.

26 The use of aircraft in roles for which they were not originally designed is not a new development. Most of the land-based MPA of the Second World
War were converted bombers. The Nimrod's predecessor, the Shackleton had been used as a bomber (in Aden) and as a troop transport during the
Suez crisis. During operations in support of ground forces in Oman in the late 1950s Shackletons flew 429 sorties, dropped 1500 tons of bombs and
expended 700,000 rounds of ammunition. One crew even performed a close air support mission, using their nose cannons against a rebel position.
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now operating over land, rather than in its traditional maritime environment, was not significant as it continued
to fly within its cleared operational parameters.?’

2.45  Nimrods have been extremely successful in this new role. They have proved pivotal to the successful completion
of many missions and enabled risks to allied ground forces to be reduced significantly. Although the Nimrod
is no longer cleared to undertake AAR, limiting the time that it can provide support to ground forces, it has
continued to make a valuable contribution to current operations in theatre.

2.46  The combination of traditional and innovative roles means that the contribution that the Nimrod and its crews
makes to UK defence has, if anything, grown over recent years, despite the demise of the Soviet fleet. The
Nimrod platform contributes to a significant majority of British defence tasks and the Nimrod force will continue
to do so until replacement of the MR2 by the MRA4 (and in the case of the R1, the Rivet Joint Boeing 707
aircraft).

Conclusion

2.47  The modification of the Comet design to create the Nimrod produced a unigue and outstanding aircraft which
for many years had a rightful claim to be the world’s premier MPA. Throughout its 40-year life, the Nimrod has
very successfully and safely fulfilled a wide range of complex roles, including monitoring Soviet maritime activity
and, more recently, in support of land conflicts. The Nimrod has been a British success story. The Nimrod has
been, and remains, important to many aspects of British Defence.

2.48 How was it, therefore, that XV230 suffered a catastrophic failure on 2 September 2006 with the loss of 14 lives?
In this Report, | explain the manner in which the conditions for a major catastrophic accident can be created by
lurking weaknesses, errors and omissions sometimes set in train years apart. The history of the development of
the Nimrod from the Comet and its subsequent modification to the MR2 and fitting of AAR, show the insidious
manner in which several potential weaknesses can weave into a dangerous design over time. It is important to
analyse and understand how such individual weaknesses can coalesce and have unforeseen ramifications far
beyond their perceived significance when each is simply viewed in isolation.

2.49  The seeds of the disaster which befell the XV230 in September 2006 lay in the Nimrod's design and modifications
decades before. | discuss this in detail in Chapters 4 to 6.

27 As mentioned earlier the Nimrod MR versions had a long history of operating in the Gulf prior to the more recent Gulf conflicts; a history stretching
back to its predecessor, the Shackleton. The Nimrod R has a similar history and has operated in the Gulf for considerable periods during and since the
first Gulf conflict.
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CHAPTER 3 — THE BOARD OF INQUIRY REPORT

Contents

Chapter 3 explains the findings of the Nimrod XV230 Board of Inquiry.

Summary

1.

The XV230 Board of Inquiry conducted a seven-month inquiry into the accident and concluded that
XV230 suffered an uncontrollable fire leading to a mid-air break-up and the loss of all lives onboard.

Despite being unable to examine the crash site and physical evidence because of the high level
of enemy threat, the Board of Inquiry was nevertheless able by a process of careful deduction,
and with the assistance of the UK Air Accident Investigation Branch, to determine that the most
probable physical causes of the fire and explosion were:'

a. The escape of fuel during Air-to-Air Refuelling (AAR), occasioned by an overflow from No. 1
tank, or a leak from the fuel system (fuel coupling or pipe), led to an accumulation of fuel
within the No. 7 Tank Dry Bay. Although of a lower probability, the fuel leak could have been
caused by a hot air leak damaging fuel system seals; and

b. The ignition of that fuel following contact with an exposed element of the aircraft’s Cross-Feed/
Supplementary Conditioning Pack duct.

The broad findings of the Board of Inquiry have not been seriously challenged. There has been
agreement as to the Board of Inquiry’s identification of the ignition source, but there have been
some differing opinions expressed as to the fuel source.

The United States Air Force Safety Center conducted a review of the Board of Inquiry Report and
have endorsed the Board of Inquiry’s work. They agree with its broad findings, although differ on
some matters of detail.

The main conclusions of the Board of Inquiry Report have, therefore, been confirmed by two
leading agencies, the UK Air Accident Investigation Branch and the United States Air Force Safety
Center. The various occurrences since 2006 and other evidence which | have examined, also all tend
to support the Board of Inquiry’s analysis.

| am satisfied that the Board of Inquiry’s findings are a sound basis upon which to found this
Review.

' BOI Report, paragraph 60 [2-44 to 2-45].
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BOI Report

Board of Inquiry convened

3.1 Immediately following the news that XV230 was down, a Board of Inquiry (BOI) was convened by the Air Officer
Commanding (AOC) No. 2 Group in accordance with the requirements of Joint Service Publication 551. The
BOI comprised Wing Commander Nick Sharpe (President), Squadron Leader John Nelson, and Squadron Leader
Andrew Gransden. The BOl members assembled on 3 September 2006 at the Headquarters of No. 2 Group at
RAF High Wycombe and were flown to Kandahar together with a Defence Aviation Safety Centre BOI Advisor,
RAF Accident Recovery personnel and Royal Navy Flight Safety/Accident Investigation team personnel. The BOI
was prevented, however, from visiting the crash site because of the high level of enemy threat. It set about
gathering evidence and conducting interviews. On return to RAF Kinloss, on 18 September 2006, it began the
task of analysing such evidence as had fortunately been gathered by allied troops first on the scene (of which
the Data Acquisition and Recording Unit (DARU) and the Mission Tape proved invaluable), photographs taken at
the crash site, and some recovered items of equipment, together with the Air Traffic Control (ATC) recordings,
the witness evidence, and records of previous Boards of Inquiry and other investigations relating to accidents
involving Nimrods.

3.2 After nearly seven months of painstaking work, the BOI delivered its Report to the Convening Authority on 20
April 2007 and a further supplementary report on 25 July 2007. The President and members of the BOI received
praise from all quarters for the thoroughness of their Report which demonstrated “tenacity and determination”
in seeking to ascertain the true causes of the accident.? | entirely agree with, and endorse, this consensus.
Within a relatively short period of time, and despite the formidable forensic difficulties faced due to the lack
of physical evidence, the BOI produced a thorough and logical report which clearly identified the most likely
causes of the fire and explosion, highlighted a number of significant failings, and made a series of valuable and
practical recommendations.

3.3 It was not within the BOI's remit to consider, or attribute, responsibility for the accident.

3.4 The BOI found that XV230 was lost because of an uncontrollable fire in the fuselage which led to a break up of
the aircraft in mid-air. The entire BOI Report should be treated as incorporated into this Report. A copy of the
redacted version is publicly available and can be found at: http://www.mod.uk/defenceinternet/aboutdefence/
corporatepublications/boardsofinquiry/boinimrodmr2xv230.htm.

BOI's Conclusions as to the Location of the Fire

3.5 The BOI's first task was to identify the location of the fire, particularly given the apparently contradictory
evidence of the Harrier GR7 pilot and that provided by ‘A" Squadron Royal Canadian Dragoons (RCD).? The BOI's
conclusion was that the fire had originated on the starboard side of the aircraft.* Whilst it was impossible to
discount completely the existence of a fire on the port side of XV230, if there was one, it was subsidiary to the
main fire and caused by it.> Having reconstructed the possible view of the aircraft held by the RCD as it passed
their position, and with the benefit of independent analysis by the Air Accident Investigation Branch (AAIB), the
BOI determined that both the aspect of the aircraft and its relative size could have led the RCD to conclude that
the aircraft was banking to the left and that the large, luminous starboard fire was on the port side.®

3.6 From the evidence available, the BOI considered that the fire may have initiated in one of four locations, namely:
(1) the bomb bay; (2) the No. 3 engine; (3) the starboard Rib 1 landing; and (4) the dry bay forward of the
starboard No. 7 fuel tank, which has since come to be known as the starboard No. 7 Tank Dry Bay.” The BOI

2 See Comments on BOI Report by the RAF Kinloss Station Commander, paragraph 1 [3-1]; and Comments by Air Member for Materiel, Air Marshal
Sir Barry Thornton, Air Officer Commanding No. 2 Group, Air-Vice Marshal Andy Pulford, and Commander-in-Chief Air Command, Air Chief Marshal
Sir Clive Loader.

3 BOI Report, paragraph 22 [2-13].
4 BOI Report, paragraph 22a [2-13].
°> BOI Report, paragraph 22c [2-14].
5 BOI Report, paragraph 22b [2-13].
7 BOI Report, paragraph 23 [2-14].
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ruled out the first possibility, considered the second and third to be most unlikely and unlikely, respectively, and
concluded that the last was the most likely source of the fire. The BOI's analysis was that the starboard No. 7
Tank Dry Bay contained numerous fuel pipes running through it, in addition to the Cross-Feed duct, and thus
contained all the elements necessary to be the origin and the sustainment point of a fire.8 A study commissioned
with QinetiQ® confirmed the viability of the BOI's assessment.°

BOI’s Conclusions as to the Sequence of Events

3.7 Notwithstanding the absence of physical evidence, by a process of careful analysis and deduction, the BOI was
able to determine the following probable sequence of events, and possible alternatives, as having led to the loss
of XV230 and its crew:"

3.7.1

3.7.2

3.7.3

3.7.4

3.7.5

3.7.6

3.7.7

3.7.8

3.7.9

As the Air-to-Air Refuelling (AAR) serial drew to a close, fuel escaped, either from overflow from No. 1
fuel tank,' or from a leak in the fuel pipe work (probably a fuel coupling, but possibly a fuel pipe). It
was possible, but less likely, that the fuel leak was provoked by a hot air leak.

The escaped fuel tracked rearwards, either internally or externally. If the fuel had escaped from the No.
1 tank blow-off valve, it would track rearwards against the skin of the aircraft penetrating the fuselage
along external panel joints. If fuel overflowed during AAR, fuel leaking internally from the vent system
could also be involved.

Some fuel accumulated on the lower panel of the starboard No. 7 Tank Dry Bay and fuel also entered
the Supplementary Cooling Pack (SCP) fairing immediately aft of that bay.

Fuel made contact with one of the areas of exposed ducting (or soaked into pipe insulation). The
ducting’s high temperature led to auto-ignition within seconds and ignited the fuel on the lower panel
of the starboard No. 7 Tank Dry Bay.

Combustion products escaped from the dry bay, exiting outwards, through gaps in the wing structure
and, internally, into the bomb bay. Simultaneous heating of the aileron bay caused hydraulic fluid
present in that bay to reach ignition temperature and a fire commenced in the aileron bay.

The fire, now on both sides of the aileron bay wall, penetrated that wall and the aircraft depressurised.
Depressurisation increased the flow of air over the fire and hastened the destruction of nearby wing
panels. At the same time, the couplings to the fore of No. 7 tank began to leak and supply more fuel to
the fire. The effect of the depressurisation and venting of the fire to the outside air would have been to
draw any remaining combustion gasses from the bomb bay and away from the cabin.

The crew had no means of attacking the principal fire, but attempted to subdue the secondary fire
initiated in the aileron bay.

No. 7 tank was protected for some five minutes by the fuel within it. However, at about this time, the
tank’s fuel began to boil and reached pressures which could not be contained by the tank structure.
The fuel escaped as a sonic jet from a breach in the upper surface of the fuel tank. Although initially
igniting as it escaped the tank, the velocity of the jet soon exceeded the burning velocity and the start of
combustion moved along the jet, downstream of the source. This fuel jet arc was probably the second
fire observed by the Harrier GR7 pilot.

At some stage, a short-lived fire was initiated in the rear tail compartment. This may have been as a
result of fuel leaking into the compartment being ignited by the fuel jet.

8 BOI Report, paragraph 28 [2-16].

9 BOI Report, Exhibit 30.

19BOI Report, paragraph 29 [2-16].

" BOI Report, paragraphs 46 to 57 [2-41 — 2-43].

12 Previously described by the BOI as a combination of blow-off and leaking from the vent system (BOI Annex M).
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3.7.10 The fire would have considerably weakened the aircraft’s spar and the aircraft’s hydraulic systems would

3.7.11

have begun to fail as hydraulic liquid boiled and pipe unions melted. The loss of primary and back-
up hydraulic systems and possible fire damage to flying control cables and pulleys, probably led to a
loss of control at some stage during the last 60 seconds of flight. During this period, the No. 7 tank
was probably subjected to a boiling liquid expanding vapour explosion (BLEVE), either as a result of
wing deformation or as internal pressure began to rise to a point at which it ruptured. The BLEVE was
probably the fireball reported by the GR7 pilot and Canadian witnesses.

Very shortly afterwards, and at a height of about 700 feet above ground level, the weakened starboard
wing failed, breaking from the aircraft and striking the tail structure. As the remaining aircraft structure
began to roll to the right, the port wing also failed and, shortly thereafter, the tail structure broke from
the aircraft. All four principal elements of the aircraft structure struck the ground within close proximity.
The accident was not survivable.

BOI’s Conclusions as to the Probable Physical Causes of the Accident

3.8 In summary, therefore, whilst the BOI was unable to determine positively the exact source or causes of the fire
which led to the loss of XV230 and its crew,'? the BOI found that the following were the most probable physical
causes of the fire and explosion:™

3.8.1

3.8.2

The escape of fuel during AAR, occasioned by an overflow from No. 1 tank, or a leak from the fuel
system (fuel coupling or pipe), led to an accumulation of fuel within the No. 7 Tank Dry Bay. Although of
a lower probability, the fuel leak could have been caused by a hot air leak damaging fuel system seals;
and

The ignition of that fuel following contact with an exposed element of the aircraft's Cross Feed/SCP
duct.

3.9 The BOI also identified the following as being possible contributory factors to the accident:'

3.9.1

3.9.2

3.93

3.9.4

3.95

The age of the Nimrod MR2's non-structural system components;
The Nimrod MR2 maintenance policy in relation to the fuel and hot air systems;
The lack of a fire detection and suppression system within the No. 7 Tank Dry Bay;

The fact that the Nimrod Safety Case (NSC) did not correctly categorise the potential threat to the
aircraft caused by the co-location of fuel and hot air system components within the No. 7 Tank Dry Bay
(see further below); and

The formal incorporation of the AAR capability within the Nimrod did not identify the full implications
of successive changes to the fuel system and associated procedures.

3.10  The BOI further made a number of additional observations, including:'

3.10.1

Changes to RAF Kinloss" management structure as a result of Project Trenchard removed the SO1
engineer (OC Engineering Wing) from the station structure, with the consequence that engineering
personnel were distributed between the station’s two remaining wings under non-specialist leadership
and Queen’s Regulation 640 responsibility was delegated to a squadron leader. Both operational and
engineering witnesses believed that this change had had a negative effect on aircraft availability.
| consider this issue further in Chapter 13.

13 Given that the BOI was unable to investigate the wreckage at the crash site and it proved impossible to recover more than a few small components

from the aircraft.

4 BOI Report, paragraph 60 [2-44 to 2-45].
1> BOI Report, paragraph 61 [2-45].
16 BOI Report, paragraph 64 [2-45 to 2-46].
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3.10.2 Service training courses were perceived by a number of witnesses no longer to impart the skill of hand
and depth of knowledge necessary to maintain an aircraft built around a design philosophy now some
40 years old. This, combined with a tautly-manned engineering establishment and a recent outflow
of skilled personnel, had led to an effective dilution of engineering skills, although the BOI found no
evidence that this contributed to the loss of XV230. | also consider this issue further in Chapter 13.

3.10.3 Other aircraft types in the MOD inventory use fuel seals similar to those fitted on the Nimrod. | consider
this issue further in Chapter 5.

BOI's Conclusions in relation to the Nimrod Safety Case

3.11

3.12

3.13

3.14

The NSC was compiled between 2001 and 2005. In its Report, the BOI drew attention to a number of errors
contained within the NSC, including the following:"”

3.11.1 The NSC quoted the potential for fuel system leakage as ‘Improbable’, which is defined as ‘Remote
likelihood of occurrence to just 1 or 2 aircraft during the operational life of a particular fleet'. The BOI's
analysis of fault data, however, indicated an average of 40 fuel leaks per annum for the Nimrod MR2
fleet between 2000 and 2005;

3.11.2 The NSC stated that the Cross-Feed duct was only pressurised during engine start, not taking into
account the lengthy periods it can be pressurised (at a working temperature of up to 420°C) when
feeding the SCP; and

3.11.3 The NSC noted as mitigation for Zone 614 hazards (which included the starboard No. 7 Tank Dry Bay)
the provision of an aircraft fire detection and suppression system, when neither existed within Zone
614.

The BOI concluded that the above inaccuracies led to an overly optimistic assessment of the hazards relating to
Zone 614, which in turn affected the assessment of the probability of the loss of an aircraft to an uncontrolled
fire/explosion — given as ‘Improbable’. Had the NSC's inaccuracies been noted earlier, the BOI considered that a
more intense review of the hazards concomitant on airframe fuel leaks might have been instigated. Moreover,
the higher assessed risk which necessarily would have been attributed to such a hazard would have required
sanction at a higher level of management, or active mitigation, such as not using the SCP.'8

It was therefore the BOI's conclusion that the overly optimistic hazard/risk categorisation of the potential threat
to the aircraft caused by the co-location of fuel and hot air system components within the No. 7 Tank Dry Bay
was a contributory factor in the loss of Xv230.'®

Chapters 9 to 11 of this Report contain a detailed analysis the NSC, the facts surrounding it, the roles of those
responsible for it, and its part in the loss of XV230.

Validation of the BOI

3.15

The Review's Terms of Reference are expressed to be “in light of the findings of the BOI". It has therefore been
important for me to satisfy myself as to the accuracy and completeness of the findings of the BOI. | summarise
below why | am satisfied that the reasoning and main conclusions of the BOI are correct.

17 BOI Report, paragraph 64 [2-45 to 2-46].
8 BOI Report, paragraph 32c(2) [2-23 - 2-24].
19 BOI Report, paragraph 32c(3) [2-24].
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No significant challenges to the BOI’s findings

3.16

3.17

3.18

3.19

3.20

3.21

There have been few challenges to the BOI’s basic findings whether from the Nimrod community or elsewhere.
In a letter to the Review dated 22 April 2008, BAE Systems stated that “to date we have no reason to contradict
the fundamental conclusions of the [BOI] report”. BAE Systems is not alone in this position. Indeed, since
publication of the BOI's report, there has been no real challenge made to the BOI's conclusion that an exposed
element of the aircraft's Cross-Feed/SCP pipe work was the most likely ignition source for the fire. | explain in
detail in Chapter 4 why | consider that conclusion to be plainly correct.

Some differing opinions have been expressed, however, in relation to the most probable fuel source for the
fire. Whilst agreeing with the BOI's overall conclusions, BAE Systems explained to the Review the reasons why it
considered the source of fuel was, on balance, more likely to have been a fuel seal failure than AAR blow-off,
rather than the two being equally probable as the BOI found. | consider these issues in detail in Chapters 5 and
6. | also explain why other theories as to the fuel sources, notably that of Mr Andrew Walker, the Oxfordshire
Assistant Deputy Coroner who conducted the Inquest (see Chapter 16), and Mr Graham Bell (brother of Flight
Sergeant Gerard Bell, deceased), can be dismissed as not credible and why the BOI are correct in their analysis
as to the two most probable sources of fuel. | also make findings as to which is the more probable of the two.

In view of the fact that BOI findings are a foundation for this Review, | contacted the United States Air Force
Safety Center (AFSC) and asked them to conduct a review of the BOI report. The AFSC has a world-class
reputation and its personnel are very experienced in carrying out military aircraft accident investigations. The
AFSC has a wide-ranging remit to promote aviation safety. To quote from its mission statement:

“The Air Force Safety Center develops and manages Air Force mishap prevention programs
and the Nuclear Surety Program. It develops requlatory quidance, provides technical
assistance in the flight, ground and weapons and space safety disciplines, and maintains
the Air Force data base for all safety mishaps. It oversees all major command mishap
investigations and evaluates corrective actions for applicability and implementation Air Force
wide. It also develops and directs safety education programs for all safety disciplines.”

| am grateful for the assistance of the AFSC and that of the Executive Director, William C. Redmond. The AFSC
dispatched a team of four senior staff to RAF Kinloss, where they spent time examining the Nimrod aircraft and
considering the BOI report. | also travelled to the US to consult them on this aspect and other aspects of flight
safety. The AFSC team carried out further significant additional work in the US and have conducted a detailed,
meticulous and comprehensive review of the BOI.

"nou

The conclusions of the AFSC were that the XV230 BOI “was thorough and professional”, " meticulous in gathering
and reviewing available evidence” and “demonstrated exceptional investigative diligence”.?® Importantly, the
AFSC agreed with the BOI's deduction as to point of ignition and endorses the BOI’s conclusion as to the three
potential sources of fuel. The difference of emphasis between the AFSC and the BOl is as to the relative likelihood
of the two most probable sources of fuel for the fire on XV230 as found by the BOI: fuel seal failure or overflow
from No. 1 tank. The BOI decided these two sources were equally likely, whereas, the AFSC believed that the
former was more likely than the latter. Nonetheless, the AFSC made clear that all other postulated sources of
fuel are much less likely than these two. (As | make clear in Chapter 5 however, new evidence has since come
to light which points to the most probable source of fuel). The only minor criticism that the AFSC made of the
BOI's analysis of this area is that experimental evidence could have been used to possibly substantiate the BOI
theory concerning the migration path of fuel which may have overflowed from No. 1 fuel tank.

As the AFSC made clear, “different investigative agencies reviewing the same evidence may reach somewhat
different conclusions”.?" In explaining the precise sequence of propagation of the fire on XV230, the AFSC
also took a slightly different view to the BOI, but not one that has a material effect on the BOI’s conclusions.
Essentially, the difference in interpretation centres on the ability of No. 7 fuel tank to withstand the effects of
thermal heating. The BOI's combustion experts determined that the final explosion reported by eyewitnesses

20 AFSC Response to Questions from the Nimrod Review, pages 1 and 2.
2! |bid, page 5.
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had been either the failure of the starboard wing, causing the rupture of the No. 7 fuel tank (the fuel of which
had been pressurised by the fire's temperature), or a BLEVE caused by the over-pressurisation of the No. 7 tank
as the result of the fire’s heat. The AFSC experience is that pressure is much less likely to have played a part in
the destruction of the fuel tank which they believe "“suffered a large-scale structural failure due to flight loads
imposed upon the fire-weakened structure” ??

3.22  Inall significant respects, however, the AFSC agreed with the findings of the BOI.

Conclusion

3.23  The main conclusions of the BOI are, therefore, confirmed by two leading agencies, the AAIB and the AFSC. The
various occurrences since 2006, and other evidence which | have examined, also all tend to support the BOI's
analysis. In these circumstances, there is no doubt in my mind that the BOI's findings are a sound basis upon
which to found this Review; and further, that the BOI Report represents as true and accurate a record as we will
ever have of the final tragic minutes of XV230 and her crew.

2 |bid, page 4.
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PART Il: PHYSICAL CAUSES

Contents

Part Il contains the findings of the Review as to the physical causes of the loss of XVV230.

Introduction to PART Il

1.

XV230 was lost because of a fire which broke out in an inaccessible part of the aircraft which had no
fire protection (the starboard No. 7 Tank Dry Bay). The crew had no chance of controlling this fire.
It quickly spread and led to the mid-air break-up of the airframe, tragically only minutes before the
crew could make an emergency landing at Kandahar airfield.

The cause of the fire was aviation fuel coming into contact with a high temperature ignition
source.

Probable ignition source and seat of fire

3.

5.

The BOI found that the most likely source of ignition was the high temperature Cross-Feed/
Supplementary Conditioning Pack duct (Cross-Feed/SCP duct);' and the most likely initial seat of
the fire was the dry bay located forward of the starboard No. 7 tank which contained numerous
fuel pipes juxtaposed to the Cross-Feed/SCP duct. “/t thus contains all the elements necessary to be
the origin and sustainment point of a fire".>? The BOI's combustion experts, QinetiQ, found that the
most likely ignition point was “the SCP wing pannier fairing immediate aft of the blended section
of the lower bay hinged panel where the bellows is covered with a glass fibre muff"? (but observed
that other sections of the Cross-Feed/SCP duct system were also potentially exposed to fuel leaks).*

For reasons explained in Chapter 4 of this Report, | am satisfied that the BOI's conclusion that the
source of ignition was the Cross-Feed/SCP duct in the starboard No. 7 Tank Dry Bay is correct. | also
agree that the SCP elbow was the most likely point of ignition. It lay at the lowest point in the
bay. Fuel could pool in a ribbed horizontal panel immediately adjacent to the SCP duct. As QinetiQ
found, the panel could hold an estimated 0.3 litres of fuel,® and the insulation muff close to the
elbow of the SCP would “very easily” allow fuel ingress at either end, and possibly through the laces
along the longitudinal seam. No more than 0.3 litres of fuel would have been required to sustain a
fire large enough to disrupt other elements of the fuel system.®

In my view, there can be no doubt about the probable ignition source and seat of the fire.

Probable fuel sources

6.

The issue as to the most probable fuel source is, however, more complex. Due to the lack of physical
evidence, the BOI was unable definitively to determine the source of fuel which came into contact
with the Cross-Feed/SCP duct; but, by a process of deduction and experiment, the BOI was able to
narrow down the most likely sources of fuel to the following three ((1) and (2) of which were of
equal probability, and (3) of a lower probability):

(1) Aleak from the fuel system (fuel coupling or pipe) leading to the pooling of fuel in the starboard
No. 7 Tank Dry Bay; or

' BOI Report, paragraph 28 [2-16].

2 BOI Report, paragraph 42 [2-29].

3 QinetiQ Combustion Analysis of Nimrod MR2 XV230 Accident, paragraph. 3.2.3 (BOI Report Exhibit 30).

4 bid.

> Less than a Coke can.

6 QinetiQ Combustion Analysis of Nimrod MR2 XV230 Accident, paragraph 3.2.3 (BOI Report, Exhibit 30). See further Chapter 4
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(2) The escape of fuel during Air-to-Air Refuelling (AAR) occasioned by an overflow from No. 1 tank
(from the No. 1 tank blow-off valve and/or vent pipe connection); or

(3) A hot air leak (from the Cross-Feed/SCP duct) causing damage to adjacent fuel seals.

In Chapters 5, 6 and 7 below, | consider each of these three mechanisms separately, on their
merits:

Chapter 5: LEAK FROM FUEL COUPLING
Chapter 6: OVERFLOW OR PRESSURE FROM AIR-TO-AIR REFUELLING
Chapter 7: DAMAGE FROM CROSS-FEED/SCP DUCT FAILURE

Each of these three sources of fuel is potentially relevant to the cause of the loss of XV230. Each
raises significant issues regarding the airworthiness of the aircraft over many years. Each raises
serious questions about the management of airworthiness by the various organisations involved.
Each gives rise to important lessons for the future.

| have concluded, in the light of all the evidence, that the probable sources of the fuel for the fire
which caused the loss of XV230 should be ranked as follows (i.e. in order of likelihood):

(1) The most likely source of fuel was an overflow during AAR (Chapter 6);

(2) The second most likely source of fuel was a leak from a fuel coupling in the starboard No. 7 Tank
Dry Bay (Chapter 5);

(3) The third, and only other viable, source of fuel could have been coupling damage caused by a
Cross-Feed/SCP duct failure, but this mechanism was in my view much less likely than (1) or (2)
(Chapter 7).

10. The ranking of the three potential sources of fuel should not detract from the potential causative

potency of each, or the lessons to be learned from what the investigation of them by the Review
has revealed.

Other theories

11. I have carefully considered various other alternative theories which have been put forward as to the

causal mechanism of the fire on XV230. In my view, none of these theories are viable or credible.
Although, in the absence of the physical evidence, nothing can be ruled out entirely, | am satisfied
that all such theories are far less likely than the BOI's findings which, subject to the above ranking,
| accept.

Defective design

12. The Nimrod suffered from fundamental design flaws which played a crucial part in the loss of

XV230. There are three stages at which defective design occurred:
(1) First, the original fitting of the Cross-Feed duct to MR1s and R1s (1969-1975);
(2) Second, the addition of the SCP to MR2s (1979-1984); and

(3) Third, the fitting of permanent AAR modifications to MR2s and R1s (1989).

13. These three design flaws were contrary to sound engineering practice at the time and contrary to

design regulations in force in 1969, 1979 and 1989 respectively.



Part Il - Physical Causes

14. Hawker Siddeley’ was responsible for (1), the original design flaws in the MR1 and R1. British
Aerospace® was responsible for (2) and (3), the subsequent design flaws in the MR2 and R1.

(1) Cross-Feed duct

15. First, the original fitting of the Cross-Feed duct to MR1s and R1s (1969-1975) was to enable the
distribution of Auxiliary Power Unit (APU) air, and then engine bleed-air, to the engines for ground
starting. It also enabled engines to be shut down in flight and re-started, using hot bleed-air routed
from another engine via the Cross-Feed duct. The Cross-Feed duct gave rise to a serious fire hazard,
particularly in No. 7 Tank Dry Bay. The Cross-Feed duct was located athwart the fuselage, in close
proximity to fuel pipes and outside any fire zone. It gave rise to two risks: (a) fuel leaking from
adjacent fuel couplings, or other parts of the fuel system onto exposed or vulnerable parts of the
Cross-Feed duct could ignite; or (b) a leak of hot air from the Cross-Feed duct could cause heat
damage to the fuel couplings in close proximity and ignite escaping fuel. (See further Chapter 4).

(2) SCP duct

16. Second, the addition of the SCP to MR2s (1978-1984) provided additional cooling for the extra
electronic equipment when MR1s were upgraded to MR2s. The SCP required bleed-air taken off the
Cross-Feed duct. The fitting of the SCP take-off duct significantly exacerbated the fire hazard posed
by the bleed-air system because: (a) the SCP duct was routed through the bottom of the starboard
No. 7 Tank Dry Bay, thereby increasing the chances of fuel from fuel couplings above dripping onto
it and causing a pool fire at the bottom of No. 7 Tank Dry Bay; (b) immediately aft of the elbow of
the SCP duct, an expansion bellows was fitted with a laced muff which was vulnerable to the ingress
of fuel; (c) the elbow was encased in a fairing proud of the fuselage hull which was vulnerable to
fuel tracking along the outside of the fuselage; and (d) the flow of air through the Cross-Feed duct
increased the duct temperature whenever the SCP was on. (See further Chapter 4).

(3) Air-to-Air Refuelling

17. Third, the fitting of the permanent AAR modification to MR2s (1982/1989) to enable refuelling in
flight to take place. The addition of AAR capability further increased the fire hazard posed by the
Cross-Feed/SCP duct in three ways: (a) first, the refuel gallery was now pressurised whilst airborne
and undertaking AAR, thereby increasing the chance of leaks in flight contacting the Cross-Feed/
SCP duct; (b) second, it gave rise to the risk that blow-off valves on the side of the fuselage of the
aircraft (which can automatically release excess fuel from tanks during refuelling to prevent fuel
tank over-pressure) might now operate in-flight, and lead to fuel tracking back along the aircraft
and re-entering the fuselage through ports, vents and gaps in the aircraft structure; and (c) third, it
gave rise to the risk that fuel would enter the air vent system during AAR in flight and leak (both (b)
and (c) are because of an existing design problem with asymmetric filling of No. 1 tank). Previously,
such blow-off valves and fuel entering the vent system did not pose a hazard as refuelling was only
conducted on the ground.

18. The AAR modification was initially fitted in May 1982 to MR2s (including XV230) and, later, R1s as
an Urgent Operational Requirement (UOR) for the Falklands Campaign (Mod 700). Because of the
imperative to enable the Nimrod to conduct AAR during the Falklands campaign the initial UOR
design did not meet all the requirements of Aviation Publication (AvP) 970 (subsequently Defence-
Standard (Def-Stan) 00-970). Therefore, a modified design, intended to meet this standard, was
fitted, beginning in 1989, to MR2s and R1s (Mod 715). The risk of fuel from the blow-off valve of
No. 5 tank on the Nimrod’s port side entering engine intakes was addressed in Mods 700 and 715,
but the risk from the blow-off valve of No. 1 tank on the starboard side was not. It is important to
note that the effect of fitting the AAR modification was to change the function of the refuel pipes
within No. 7 Tank Dry Bay port and starboard. Previously, these pipes had not been used in flight

7 Hawker Siddeley became part of British Aerospace on 29 April 1977.
8 British Aerospace became BAE Systems Plc in November 1999 on the merger with Marconi Electronic Systems.
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because Nimrods were only refuelled on the ground by bowsers. In making these pipes “live”, the
AAR modification introduced a significant new element to the risk of fire because of their close
proximity to the hot Cross-Feed/SCP duct. (See further Chapter 6).

Why were the design flaws not spotted for decades?

19. The juxtaposition of hot ducting and fuel pipes in both No. 7 Tank Dry Bays, and the threat from
fuel from the starboard No. 1 tank blow-off valve entering the fuselage, represented serious, ever-
present and, once pointed out, obvious risks to the Nimrod fleet for several decades. The question
is: why then did nobody spot these design flaws during the intervening years? Many competent,
hard-working and dedicated engineers had worked on the aircraft; and, whilst No. 7 Tank Dry
Bay was not frequently examined during maintenance, numerous trained eyes would have looked
inside these bays and observed fuel pipes and couplings within inches of hot ducting. The answer
lies in an understandable assumption by operators that aircraft are designed properly and delivered
in an airworthy condition. The best opportunity to capture these flaws, during the Nimrod Safety
Case produced between 2001 and 2005, was lost (see Chapter 10).

20. This case starkly illustrates how dangerous such fundamental “embedded” design defects can be,
and how important it is not to make blanket assumptions about safety.

Conclusion

21. BAE Systems designed, manufactured and installed both the SCP duct and the AAR capability for
the Nimrod, but failed properly to understand or assess the risks inherent in their designs and
modifications.
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Section One: Ignition Source

CHAPTER 4 — CROSS-FEED/SCP DUCT

Contents

Chapter 4 addresses the ignition source, the Cross-Feed/SCP duct. It answers the following questions:

What was the history of the fitting of the Cross-Feed/SCP duct?

What was the purpose of the Cross-Feed/SCP duct?

How and why did the Cross-Feed/SCP duct pose a risk to the Nimrod?

Was the Cross-Feed/SCP duct in breach of design standards and regulations applicable of the time?

Who was responsible for any breaches of design standards and regulations?

Summary

1.

The Cross-Feed duct was part of the original specification of every Nimrod MR1 and R1." The
Supplementary Conditioning Pack (SCP) duct was added to the upgraded Nimrod MR2s.? The
combined duct is known as the Cross-Feed/SCP duct.

The purpose of the Cross-Feed/SCP duct was to allow high pressure, high temperature (around
400°C+) “bleed-air” to be transferred between the engines and to the SCP.

It was always intended and understood that the Cross-Feed/SCP duct would be used regularly by
crews in-flight.

The Cross-Feed/SCP duct posed a potentially catastrophic fire risk to the Nimrod fleet from the very
beginning.

The Cross-Feed/SCP duct posed a serious fire risk to the aircraft for four separate reasons due to
design flaws:

(a) its location at the bottom of a bay closely packed with fuel pipes and couplings;

(b) the design of the No. 7 Tank Dry Bays, which allowed fuel pooling;

(c) inadequate insulation, which was vulnerable to fuel ingress; and

(d) the absence of fire protection in those bays.

The Cross-Feed/SCP duct gave rise to two main fire risks to the aircraft. First, the Cross-Feed/SCP
duct was vulnerable to fuel and/or hydraulic oil coming into direct contact with its very hot®> metal
surfaces as a result of leaks from couplings or other sources, leading to auto-ignition. Second, the
Cross-Feed/SCP duct itself posed a direct threat to the fuel system because an escape of hot air could

degrade fuel seals in close proximity in the No. 7 Tank Dry Bays, leading to the escape of fuel and
auto-ignition.

" MR1s and R1s were delivered by Hawker Siddeley to the RAF between 1969-1975.
2 MR2s were delivered by British Aerospace to the RAF between 1979-1984.

3 The AAIB report into the loss of XV230 shows that air in the duct at the point it leaves the engine could be at up to 510°C (depending on
altitude and external air temperature) and would have cooled by about 10 deg by the time it reached the No. 7 Tank Dry Bay area. At the time
of the initiation of XV230's fire, the air in the ducts within the bay would probably have been at approximately 420°C or higher.
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7. The Cross-Feed/SCP duct system represented a clear breach of good design standards and was
contrary to design regulations applicable at the time. In particular, the SCP adjunct to the Cross-
Feed duct was a manifest breach of the standards of Aviation Publication (AvP) 970.% This appears
not to have been appreciated at the time.

Primary physical cause

8. The Cross-Feed/SCP duct represented a fundamental flaw in the design of Nimrod aircraft and was
the primary physical cause of the accident.

Responsibility

9. Hawker Siddeley® was responsible for the original Cross-Feed duct design in the MR1 and R1. British
Aerospace® was responsible for the subsequent addition of the SCP duct in the MR2. The ‘acceptance’
of the aircraft or modifications by the RAF at the time does not absolve either company from their
responsibilities as the Design Authority for poor design.

4 Subsequently Defence Standard (Def-Stan) 00-970.
> Hawker Siddeley became part of British Aerospace on 29 April 1977.
© British Aerospace became BAE Systems Plc in November 1999 on the merger with Marconi Electronic Systems.
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Introduction

Cross-Feed/SCP duct system

Original Cross-Feed duct in MR1 and R1 (1969-1975)

4.1 All 46 Nimrod MR1s and three Nimrod R1s originally delivered (1969-1975) came fitted with the same “bleed-
air"” system and Cross-Feed duct.

4.2 The hot bleed-air from the engines is fed through a substantial three inch (internal diameter) steel duct, called
the “Cross-Feed duct”, which runs transversely across the aircraft hull, through the bomb bay (just forward of
the aileron bay) and is routed via the port and starboard No. 7 Tank Dry Bays (see Figure 4.1). The majority of
the ducts are insulated with Refrasil insulation, a 12mm thick glass fibre blanket, protected by an outer dimpled
stainless steel jacket. Where components, such as expansion bellows cannot be insulated by this method, they
are covered by two-part metallic shrouds. | discuss this in more detail below.

4.3 When starting engines on the ground, the first engine is started by using either pressurised air from an external
ground unit or air from the aircraft’s Auxilliary Power Unit (APU) in the tail. Air from either source is fed to the
Cross-Feed duct and thence to the engine to be started; the remaining engines are then started using air bled
from running engines. In-flight, hot air “bled” from any of the engines embedded in the port and starboard
wings could be used to start any of the other engines, should they fail or have been shut down (the APU cannot
be used in flight). Depending primarily on the engines’ power settings, the Cross-Feed duct could contain hot
bleed-air at up to 470°C during flight.!

ok 4\}f\. \
.‘_%'3 MR 1 Cross-Feed duct
{ b connecting port and
4:;. - ; starboard engines

APU supply
pipe to engines

Starboard No.7
Tank Dry Bay

Figure 4.1: Nimrod MR1 Cross Feed Ducts

' BOI Report, Exhibit 12, Page 111 (A Rolls Royce report provided to AAIB). This would be true for an aircraft flying at low-level in the European
environment; however, at, for example, 20,000 feet in the Middle East the temperature would still be approximately 428°C.
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Addition of SCP duct to MR2 (c. 1979)

4.4

4.5

4.6

When 35 of the Nimrod MR1s were upgraded to MR2s (1975-1984),? they were all fitted with a Supplementary
Conditioning Pack (SCP) to supply extra cooling air to the aircraft’s upgraded electronic equipment. The SCP
increased the mass flow of conditioned air to the cabin by supplementing the original two conditioning packs
located in the wings. The SCP incorporates a pre-cooler in a fairing aft of the bomb bay and a tail pack in the
APU compartment, which includes a two-stage heat exchanger and a Cold Air Unit (CAU). Space did not allow
the SCP expansion bellows to be covered by the type of shrouds used on the Cross-Feed duct and so flexible
muffs were used instead (see further below).

To power the SCP, it was decided to off-take bleed-air from the Cross-Feed duct and run the bleed-air aft to
the tail where the SCP was located. To do this, a five-way junction was fitted to the pre-existing Cross-Feed
duct, immediately below the entrance from the bomb bay to the starboard side No. 7 Tank Dry Bay. Adjacent
to this off-take, the new SCP bleed-air duct was routed through the very lowest section of the starboard No. 7
Tank Dry Bay and then aft (see below). With the air supply to the SCP switched on, hot, high-pressure air bled
from the Cross-Feed duct fed through the SCP duct to a combined Pressure Regulating and Shut-Off Valve
(PRSQV), which reduced the extracted bleed-air from up to 280psi (the maximum working pressure of the Cross
Feed duct) to approximately 56psi (the normal operating pressure of the SCP duct) and through a flow-limiting
venturi to the pre-cooler. Bleed-air for the SCP was routed along the outside of the starboard fuselage from the
PRSOV to the pre-cooler and along the outside of the port fuselage from the pre-cooler to the tail pack itself.?

This combined duct now to be found in MR2s is referred to collectively in this Report* as the “Cross-Feed/SCP
duct” (see Figure 4.2 — a cross section shown with the bomb bay doors open).

Viewing Angle

Original Cross-Feed Duct

Forward

SCP duct

Hot air from
starboard
engines

Figure 4.2: Nimrod MR2 Cross Feed Ducts

2 The RAF took delivery of 35 upgraded MR2s between 1978 and 1984. XV230 was one of those upgraded.
3 See also BOI paragraph 38 [2-27].
4 And the BOI.
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Regular in-flight use of bleed-air system

4.7

4.8

4.9

4.10

4.1

412

It is important to note that it was always intended, and well understood, that the bleed-air system would be
regularly used by Nimrod crews in-flight. Indeed, in-flight use was the raison d’étre of both the Cross-Feed duct
and the SCP duct.

The Cross-Feed duct was fitted to the MR1 and retained on the MR2. It allowed crews to shut down individual
engines in-flight to save fuel and thereby extend flight endurance; and then to re-start them again quickly
using bleed-air from other running engines. This meant that the Cross-Feed duct would be open and hot in-
flight. This fact is substantiated by the earliest Nimrod documentation. The Aircraft Specification for the Nimrod
MR1> makes reference to the aircraft’s ability to patrol on only two engines and to the need for an immediate
re-light to be possible in the event of an engine failure. Furthermore, the configuration of two of the Nimrod’s
hydraulic systems (‘Blue’ and ‘Green’) was modified from the Comet 4C design to include additional pumps on
the inboard engines, which prevented loss of a hydraulic system should an engine fail in the two-engine flight
configuration.

Thus, at the very earliest stage, the aircraft designer was aware of the requirement for airborne operation of the
Cross-Feed duct. Nimrod MR2 documentation refers to the fact that the “aircraft may be using four, three or two
engines depending on the AUW® and height™”; that “range and/or endurance can be enhanced under certain
conditions by shutting down one or two engines” and the aircraft’s Flight Reference Cards give parameters
within which air assist start (i.e. using the Cross-Feed system) is recommended and specifically quotes its use
with “an engine failure when on 2 engines”.°

The SCP duct fitted to the MR2 enabled crews to ensure that sufficient cooling air was always available for the
considerable amount of sophisticated electronic equipment carried. There were no instructions limiting the SCP
to ground use only; Nimrod documentation provides guidance on the use of the SCP while airborne'® and there
were no instructions preventing its use during AAR™. The Nimrod Release to Service notes that “the SCP may
shut down automatically when...at low-level” and “may shut down ...when the bomb bay doors are opened”'?
Indeed, the very purpose of the SCP was to increase the flow of cooling air to the MR2's new electronics and this
was a function whose primary utility lay while the aircraft was airborne and particularly at low level. Significantly,
the addition of the SCP meant that the temperature of the air in the MR2's Cross-Feed duct was greater than
that on the MR1, because of the continuous flow of hot air to supply the SCP.

Even when the SCP was not operating, standard procedure was for the engine Cross-Feed duct to remain
pressurised (i.e. hot) whenever engines were shut down for fuel economy, in order to effect an immediate air-
assist engine start should an emergency make it necessary'? (in the same manner as the MR1). The Nimrod MR2
Aircrew Manual specifies the use of air assist start in the event of engine failure at low level, clearly requiring
the Cross-Feed duct to be active.™

In summary, therefore, in-flight use of the Cross-Feed duct was always intended and understood from the
inception of the Nimrod MR1; and in-flight use of both the Cross-Feed and SCP was intended and understood
from the inception of the Nimrod MR2.

> Aircraft Specification No. MR 254 D&P for HS 801 Maritime Reconnaissance Aircraft dated 13 April 1965.
& All Up Weight, i.e. the weight of the aircraft, plus the fuel.

7 AP101B-0500-15S 3 Edition August 2002 Paragraph 0221 Low-Level Flying.

8 MR2 RTS Issue 7 Amendment 26, 6 March 2006, Page C3.

® AP 101B-0503-14A (Issue 2) July 1994 (AL 7 March 2001) Card 13.

19 AP 101B-0503-15C 3™ Edition, Part 2, Chapter 1, paragraphs 15, 21 and 36.

" BOI Paragraph 40(d)(4).

12 MR2 RTS Issue 7, Amendment 26, dated 6 March 2006, page C3.

13 Paragraph 4(b) of Comments on BOI Report by the Station Commander.

“ AP101B-0503-15C Aircrew Manual Book 3 - Flying, Part 3, Chapter 4, paragraphs 8 and 9.
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No. 7 Tank Dry Bays

4.13  The aircraft's No. 7 Tank Dry Bays are located immediately in front of each of the forward faces of the port
and starboard No. 7 fuel tanks, adjacent to the aileron bay, and underneath the after end of each wing root.
(see Figure 4.3).

Port No. 7 Tank Dry Bay

Starboard No. 7 Tank Dry Bay

Forward

Figure 4.3: Location of No. 7 Tank Dry Bay

4.14  The No. 7 Tank Dry Bays house the wing rear spar-to-fuselage attachment points and a considerable number of
fuel and other systems in close proximity to each other:
Running fore-to-aft in the starboard Dry Bay are:
e the No. 7 fuel tank feed pipe;
e the Nos. 6 and 7 tank de-fuel pipes;
e the Nos. 6 and 7 tank vent pipe;
e the tail anti-ice duct; and

e the numerous hydraulic pipes (primarily fore to aft).

Running across and between these pipes is:

o the Cross-Feed/SCP duct.

Starboard No. 7 Tank Dry Bay on MR2

4.15  The starboard No. 7 Tank Dry Bay on all MR1s was modified, on conversion to MR2, to house the SCP bleed-air
duct. The SCP duct was routed from the five-way junction on the Cross-Feed duct into and through the bottom
of No. 7 Tank Dry Bay and then to an elbow joint outside the existing line of the fuselage. For this purpose,
a special fuselage fairing was fashioned, the forward element of which was attached to the internally-ribbed
horizontal panel, which formed the lower access panel to the No. 7 Tank Dry Bay (see Figures 4.4 and 4.5).
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Fuel pipe

Cross-Feed

SCP 'Elbow'

Fairing

No. 7 Tank Dry Bay
lower access panel

Wing rear spar

Ribs can allow fuel to
pool before draining

Drain holes above bottom
level of inner skin

Figure 4.5: No. 7 Tank Dry Bay (Internal Drain Holes)

Temperatures

4.16  The BOI's theory for the initiation of the fire on XV230 relied on fuel reaching its spontaneous ignition
temperature, or auto-ignition temperature (AIT),’ on the hot SCP duct. Certain conditions have to be present
for auto-ignition to occur; the surface has to be hot enough and the fuel has to remain in contact long enough
for it to reach ignition temperature before it evaporates or runs off. The hotter the surface, the shorter the
contact time required, but contact time will also be affected by the shape of the surface. Flat surfaces require
lower temperatures than, for example, curved pipes, because fuel does not run off so easily. Other variables also
have an effect on AIT, such as altitude and the temperature of surrounding air. AT increases with altitude, but
decreases as the ambient temperature increases.

1> The terms ‘spontaneous ignition’ and ‘auto-ignition’ are used in a number of sources to explain the same phenomenon, and for the purposes of
this Report, are considered to be synonymous.
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4.17

418

Trials conducted as part of the BOI showed that the exposed surfaces of the Cross-Feed/SCP duct reach
temperatures of between 344°C and 399°C at 98% power.'® However, these trials were conducted on the
ground, following the prohibition on the use of the SCP in the air after the loss of XV230. The time that the
SCP can be run on the ground is limited and it is likely that higher surface temperatures would be recorded
while airborne in a hot environment at high power (as XV230 was). Indeed, figures quoted by the AAIB indicate
that the temperature of the duct surfaces (non-insulated) could have been 420°C or higher."”” However, the
highest suggested temperature for the SCP duct comes from a BAE Systems document,'® which shows that the
temperature of the SCP duct will be 435°C. At these temperatures, in the environment provided by the SCP duct
and its insulation, ignition of AVTUR™ is likely to occur within seconds.

Hot air ducts are encased in different types of insulation which are intended to protect the aluminium frame
of the aircraft and other structures from being affected by the heat of the ducts and to reduce the insulated
outer surface to temperatures well below the AIT of AVTUR. The nature of the various types of insulation, and
whether they provide a comprehensive barrier to liquid ingress, is discussed further below. It should be noted
that the SCP duct at the proposed ignition location has a section which is insulated by a flexible muff. The
potential exists for this muff to absorb fuel and thereby ensure the AIT contact time required to ignite aviation
fuel. I am therefore satisfied that the Cross-Feed/SCP duct in the No. 7 Tank Dry Bay represents a highly credible
ignition point; indeed no other has ever been proposed.

Recent incidents — X\/249 and X\VV255

4.19

There have been two recent incidents which provide empirical evidence that fluids can penetrate the duct
insulation potentially leading to ignition on hot ducts within the Nimrod. First, on 28 January 2008 evidence
was discovered of a short-lived fire on the Cross-Feed duct of Nimrod R1 XV249. At the time, the aircraft was
in the process of a series of investigations into a number of fuel leaks which it had suffered. The ignition caused
understandable concern as it should have been prevented by restrictions placed on the use of the Cross-Feed
duct following the loss of XV230.2° The clear physical evidence proved that the Cross-Feed duct’s temperature
could ignite fuel. The subsequent investigation?' determined that the most likely reason for the fire was ignition
of an accelerant on the Cross-Feed duct during ground runs, which allowed the ducting temperature to reach
the AIT for the accelerant; the most likely accelerants were AVTUR and/or OX-87 hydraulic fluid. Second, in
January 20009, a flexible muff from the SCP expansion bellows was removed from XV255 at Kinloss to facilitate
work as part of the hot air duct replacement programme (see further Chapter 15). There was a clear indication
of blackening and scorching on the muff. Analysis and study suggested that the discolouration of the muff did
not occur as a result of a fire but was caused, or contributed to, by pyrolysis?? of OX87 hydraulic fluid or OX7
engine oil.?*> There is, therefore, hard evidence confirming that the Cross-Feed/SCP duct reaches temperatures
within the range of auto-ignition of aviation fuel and that fluids can gather under the muff.2* Both the XV249
and XV255 incidents are discussed further later.

Insulation

4.20

The majority of the Cross-Feed/SCP duct is encased in a Refrasil glass-wool insulation blanket protected by an
outer steel jacket.

' QinetiQ Combustion Analysis of Nimrod MR2 XV230 Accident, paragraph 2.2 (BOI Report, Exhibit 30).

7BOI Exhibit 12, page 30.

'8 Report MBU-DES-R-NIM-210565 dated September 2003 “Removal of Asbestos Insulation Muffs in the APU Bay PDS Task 16-3381", page 5.
19 Aviation Fuel.

20 The three Nimrod R1s do not have SCPs. See the full discussion of this incident in Chapter 8.

21 WAD/9155/3/FSWHQ/8/08 signed by the investigating officer on 19 May 2008.

22 "The chemical decomposition of a substance either when heated to a high temperature in the absence of oxygen or when heated at lower
temperatures in air over prolonged periods”. QINETIQ/09/01371/D, dated 18 June 2009.

23 QINETIQ/09/01371/D dated 18 June 2009.
24 QINETIQ/09/01371/D dated 18 June 2009.
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4.21  The original 1967 design specification for the Refrasil blanket thermal insulation for High Temperature (HT)
ducts provided for a layer of fibreglass wool insulant %2 inch thick, protected by a thin dimpled stainless steel
skin or sheath.?> It was designed as insulation capable of providing a thermal barrier at internal temperatures
up to 550°C, allowing an external temperature of no more than 165°C. The 1967 specification clearly indicates
that the blanket insulation was intended to have a dual function: both (a) inhibiting heat radiating out; and (b)
preventing fluids seeping in, and therefore onto, HT ducts. ?° The specification stated, “[bjecause of its stainless
steel skin it is useful in places where there may be a risk of spillage of fluids”. 2 The specification also provided:
“[wlhen the dimpled s/steel sheath is assembled and welded in place it should present a neat sealed casing
which will prevent the ingress of moisture or fluids”.?®

4.22  When brand new Refrasil should be as shown in Figure 4.6.

New Refrasil Insulation

Example of an uninsulated
expansion joint
(not No. 7 Tank Dry Bay)

Figure 4.6: Newly Installed Section of Cross Feed Duct

4.23  Old Refrasil insulation was found on many Nimrods, however, to look as shown in Figure 4.7. The outer stainless
steel covering is compressed almost uniformly around the circumference, has a distinct ‘ribbed’ pattern,
and can no longer perform its function of maintaining the outer surface temperature at 165°C maximum
(see Figure 4.7).

25 “The design consists of a layer of fibre glass wool, acting as a light weight insulant wrapped around the duct, retained and protected by a skin of
dimpled stainless steel of very thin gauge which is welded to retaining rings on the ducts”. (Spec, Ibid, page 1).

26 Hawker Siddeley Aviation Ltd Spec DHA 567 dated 13 September 1967 (BOI Report, Exhibit 63).
7 Speg, Ibid, page 1.
2 Spec, Ibid, paragraph. 2.2.5)
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4.24

Example of compressed insulation
found in the No 7 Tank Dry Bay

Figure 4.7: Old Section of Cross Feed Duct

Although, in theory, the Nimrod’s hot air duct insulation was intended to be liquid-proof, there were a number
of weaknesses in its design. These weaknesses stemmed from the fact that the Refrasil was not continuous
and did not cover every inch of the ducting; therefore, parts of the duct, in particular some expansion bellows,
were left unlagged or covered in ‘shrouds’ or ‘laced muffs’, which were vulnerable to fluid ingress (see further
below).

Unlagged Bellows

4.25

4.26

There are a number of un-insulated bellows within the Cross-Feed/SCP duct system. The BOI was unable to
determine any recorded reason for leaving the bellows in the upper No. 7 Tank Dry Bay un-insulated. Trials
conducted by the BOI recorded that these bellows reached a temperature of between 343°C and 399°C when
the Cross-Feed duct was open.?® As noted above, these trials were limited by restrictions placed on the operation
of the SCP after the loss of XV230 and full operating temperatures could not be reached. The temperature
of the bellows when the SCP operated in the air would be higher. Indeed, from the BAE Systems and AAIB
evidence quoted previously, the duct could have reached temperatures in excess of 400°C.

BAE Systems has been unable to trace a positive design decision to leave the No. 7 Tank Dry Bay bellows
un-insulated. This is perhaps not surprising in view of the passage of time since the original design was
completed. BAE Systems submitted to the Review, however, that the decision not to insulate the bellows was an
“understandable and a reasonable engineering judgement”.3° This was based on five main assertions:*'

(1) As the bellows are situated above the fuel pipework in the No.7 Tank Dry Bay leaking fuel is unlikely to
impinge on them;

(2) Although the bellows are below elements of the aircraft's vent system, this system will only hold limited
amounts of fuel in the event of a system ‘abnormality’;

(3) The AIT for AVTUR is likely to be higher than the surface temperature of the bellows;
(4)  Any leak of fuel reaching the bellows would be unlikely to be sufficient for a sustained fire; and

(5) Fitting a detachable insulating muff would have added a potential loose article hazard to an area crowded
with flight control cables and pulleys.

29 BOI Report, Exhibit 36.
30 BAE Systems written submissions to the Review.
31 BAE Systems written submissions to the Review.
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Chapter 4 — Cross-Feed/SCP Duct

The BOI determined that, whilst the un-insulated bellows were a possible source of ignition, it was much less
likely than the SCP bellows for very similar reasons to BAE Systems’ points at (1), (2) and (4) above. The BOI did,
however, note a greater risk of fuel leaking from the vent system, because of a poorly designed vent connection
and the potential for overflow during AAR.3? As to point (5), | would have expected that if insulation had been
required, a product which would not form a ‘loose article’ hazard would have been used, i.e. it would be
fastened in such a way that it could not detach from the duct, fall onto the floor of the bay and/or potentially
become entangled in flying controls etc. The better point, in my view, is that had a muff been fitted, it might
have given rise to just the same risk of leaking fuel being held in contact with a hot duct that we can see in the
case of XV230's SCP muff at a lower level in the No. 7 Tank Dry Bay.

Point (3), however, requires closer examination: would the AIT for AVTUR be above the surface temperature of
the duct? The surface temperature of the duct is quoted in a BAE Systems paper® as 435°C, which corresponds
to the figures quoted by the XV230 BOI and the Air Accident Investigation Branch (AAIB). The BAE Systems
paper was produced as the result of the need to replace the insulation muffs around the SCP (and other) ducts,
because they had a high asbestos content. It considered whether the aircraft could be operated without muffs
fitted to these areas whilst replacements were manufactured. The paper stated that the muffs could only be
removed if duct temperatures were 100°C below a “worst case ignition temperature of 305°C”.>* This 'worst
case’ temperature was calculated for a hydraulic fluid contacting a three inch diameter pipe within a chamber
having an ambient temperature of 79°C to 90°C.** The only possible difference between these criteria and the
situation of the unlagged bellows is that the ambient temperature around the bellows might be lower. However,
even allowing for a significantly reduced ambient temperature of 35°C, the AIT would be 420°C. Thus, by BAE
Systems’ own criteria (admittedly produced many years after the bellows were initially left unlagged) these
bellows should actually have been insulated.

Nonetheless, it is worth considering whether, in absolute terms, the unlagged bellows actually could reach AIT
for AVTUR. In the 1960s and 1970s the Royal Aircraft Establishment (RAE) conducted laboratory experiments® in
an attempt to determine the AIT of a number of fluids in differing circumstances. In some of these experiments,
pipes of known temperature were placed in spheres of uniform temperature. This arrangement will “quite
closely approximate to real situations”, but is “a more severe condition than is often met in practice, where a
more open environment of forced ventilating flows can give additional relief”.3” Nonetheless, one of the papers
notes that “the extent of such relief is extremely difficult to assess and unless directly applicable data is available
it may be considered safer to use the relevant limiting ignition temperature as quoted”.?® In other words, the
laboratory experiments provide a ‘worst case’ and it is best to use these, unless data specific to a given situation
shows the figures to be too pessimistic. This is, of course, exactly what BAE Systems did in its paper discussed
above.

The RAE experiments conducted in controlled environments indicate that the AIT of AVTUR aviation fuel vapour
on a 7é6mm diameter pipe (the approximate diameter of the SCP pipe) is 325°C,* while that of AVTUR liquid is
390°C*° (using ‘worst case’ examples as noted above). The graphs from which these figures are obtained are the
same as those cited in the BAE Systems’ report above and the ambient temperatures used are the same.

Although BAE Systems apparently provided a logical rationale and explanation for the lack of insulation on
the bellows within the No. 7 Tank Dry Bay, it appears clear that, on occasions, the temperature of the exposed
ducting could reach the AIT for AVTUR (the BOI noted that temperatures in the order of 420°C would only

32 BOI Report, page 2-33, paragraph 40(d)(i), and page 2-49, paragraph 65f(3).

33 MBU-DES-R-NIM-210565 Issue 1 dated September 2003. The temperature is for the hot air duct within the SCP external fairing. The unlagged
bellows will, if anything, be of a higher temperature as they are closer to the engines.

34 |bid, page 5.

35 Both pipe diameter and ambient temperature can have a significant effect on the AIT for a given liquid.

3 Royal Aircraft Establishment Technical Report 72059, dated May 1972 and Royal Aircraft Establishment Technical Report 67162, dated July 1967,
Figure 41. Some of the data from these form the basis of the BAE Systems report discussed above.

37 Royal Aircraft Establishment Technical Report 72059 dated May 1972, page 11.

3 |bid.

39 Interpolated from Royal Aircraft Establishment Technical Report 67162, dated July 1967, Figure 7.
40 Interpolated from Royal Aircraft Establishment Technical Report 67162, dated July 1967, Figure 41.
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be reached with high power settings).#' The chance of fuel actually reaching and remaining on this potential
point of ignition in sufficient quantity to cause a fire is, however, relatively low. During a test to determine the
potential leak paths for fuel, should it leak from the aircraft vent system couplings above the unlagged bellows,
none touched the bellows.*? This was, of course, a static test and could not reproduce the variations in pitch
and bank that would occur during flight. There is no doubt though, from the information calculated by RAE
and subsequently utilised by BAE Systems, that the unlagged bellows could reach the AIT for AVTUR and,
therefore, by BAE Systems’ own criteria, should have been lagged. As discussed below, however, the addition of
an insulation muff or shroud could have exacerbated the risk of fire in the event of leaking fuel making contact
with the bellows. Whether or not the risk was properly considered at the Nimrod ‘acceptance conference’
during August 1968 is a moot point (see further below).

Shrouds

4.32

There are two metal shrouds covering the Cross-Feed expansion bellows in the fuselage centre section; these
shrouds appear to be the device used within the MR1/R1 design to insulate expansion bellows. They consist of
two half-shells, each comprising two layers of stainless steel, separated by a layer of insulation. One of these
shrouds was involved in the (fortunately short-lived) fire discovered on Nimrod XV249 on 28 January 2008. An
accelerant® had entered the shroud (thus it is clearly not liquid-proof) and been ignited; the ignition process was
complex, but it is believed that fuel soaked into a Cross-Feed duct mounting block, ignited and in turn ignited
fumes emitting from the fluid in the shroud.** The investigation suggested that the accelerant had pooled within
the shroud because it had been closed such that the join between its two halves was in a horizontal alignment; it
was postulated that, if the shroud had been rotated through 90 degrees, the accelerant would have drained out
between the join. However, prior to this incident, there was no requirement to fit the shrouds in this manner and
no indication that not doing so could prove a fire hazard; furthermore, there are no drain holes in the shroud
to allow drainage.

Laced flexible muffs

4.33

4.34

During the conversion process from MR1 to MR2, the addition of the SCP also brought with it the need to
insulate the new duct from the surrounding structure, including the external fairing aft of the No. 7 Tank Dry
Bay. The majority of the insulation on the SCP pipe is Refrasil but the expansion joints were covered by flexible
muffs laced up with wire along a longitudinal seam (see Figure 4.8 below). The selection of the laced muff was
driven by the need to minimise its surface area to allow it to fit into the cramped confines of the (new) SCP
fairing.*> Produced initially by Bestobell, the specification of these muffs describes the end finishing as “draw
wire or cord in the hem”, “to prevent the ingress of fluid” and that “all external unproofed stitching or cloth
is sealed against fluid contamination”. The muffs are faced with a metallic lacquer, which provides resistance
against absorption. BAE Systems’ understanding was that these muffs would provide a liquid-proof barrier. In
a BAE Systems document discussing the need to remove or replace some of the muffs, which had asbestos
content, a Chapter is entitled: ‘Lagging and Insulation Muffs Design Philosophy.’#® This Chapter notes that: “/f
flammable liquids were not contained and drained, then the hot ducts would require lagging to bring surface
temperatures below the ignition point of any possible leaking flammable fluids or vapours. The latter design
philosophy applies in the APU and pannier bays on the Nimrod aircraft”.*’

In an obvious contradiction of the design philosophy expressed above, the muff immediately aft of the SCP
elbow is not long enough both to cover the exposed section of duct and to fit over the end of the Refrasil, to
form a liquid tight seal (see Figure 4.8 below). In any event, the rear end of the muff abuts against a clamp
which is not insulated. Moreover, the movement of the expansion bellows relative to the aircraft will always

41 BOI Report, paragrapth 42(c) [2-38].

42 NAEDIT/1505/09/14/Task, dated 1 September 2009.

43 The investigation was unable to determine whether the accelerant was aviation fuel or hydraulic fluid.

4 QinetiQ report /08/01561/5.0 dated 29 January 2009. An additional report is being compiled but was not available at time of publication of the

Review.

4 Evidence from Martin Breakell of BAE Systems, May 2009.
46 Report MBU-DES-R-NIM-210565 dated September 2003 “Removal of Asbestos Insulation Muffs in the APU Bay PDS Task 16-3381", page 3.
47 Report MBU-DES-R-NIM-210565 dated September 2003 “Removal of Asbestos Insulation Muffs in the APU Bay PDS Task 16-3381", page 3.
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mean that any attempted seal between the muff and the Refrasil will not remain complete. Even in its ‘as
designed’ state, the muff cannot form a completely liquid-proof seal between the Refrasil sections.*® This is
apparent to the eye and when one pours water from a glass over it. Furthermore, the design of the SCP muff
is such that, even if the laces are facing downwards, an internal flap or ‘tongue’ prevents fuel escaping once it
has entered. The BOI noted a number of aircraft in which there was a gap between the Refrasil insulation and
the edge of the muff (as seen below); this left a small area of ducting surface exposed, which would have been
at a temperature of over 400°C when operating.*® In some of these aircraft, the wire holding the muff was also
loose, further increasing the possibility of liquid ingress (see generally Figure 4.8).

Clamp

L : Laced Flexible Muff

Figure 4.8: SCP Expansion Bellows - Flexible Muff (new)

Flexible muff on XVV255

4.35

In January 2009, during work on the ‘Hot Air Duct Replacement’ programme, a flexible muff removed from the
SCP elbow of XV255 at RAF Kinloss showed signs of scorching/combustion; from its smell, it had also clearly
been contaminated by fuel (AVTUR). Subsequent analysis by QinetiQ> has proved that the marks indicate
‘pyrolysis™! rather than complete combustion of an accelerant; the most likely accelerants were identified as
0OX87 hydraulic fluid and OX7 engine oil (it was considered likely that the fuel had contaminated the muff
shortly before its removal and after the pyrolysis had taken place). The OX7 had probably escaped from a small
leak in the V-band clamp at the joint in the pipe and been transported there by engine bleed air; this would be
normal for a Spey engine. The original source of the OX87 was not proven, however, there is no internal route
within the engine for hydraulic fluid to reach this location; it must have leaked from an external source on to
the muff. A consequent risk of ignition was identified within the report:

“The low auto-ignition temperature of one of the OX87 marker compounds found on the
discoloured muff ... indicated that there would have been a consequent risk of ignition
occurring within the muff if sufficient reactive mixture had been present. This risk was not
realised.”

4 Of note, as explained in Chapter 8, the RAF lost a Tornado, attributed to the leakage of fuel into the gap between two sections of Refrasil
insulation.

49 BOI Report, page 2-38, paragraph 42.
0 QinetiQ/09/00792/DRAFTVC. An interim report — final report not available at time of Review publication.
> j.e. decomposition brought about by high temperatures.
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4.36

52

This confirms that combustible fluids can gather under the muff; both hydraulic fluid and fuel in this case.
Since the SCP has not been used since September 2006, it is difficult to determine when this incident may have
occurred. Regular maintenance checks of the SCP on the ground were carried out until July 2008 and would
only have used low engine power settings consistent with the results of the chemical analysis. It remains a
possibility that, under the normal operating temperatures of the SCP pipe experienced before September 2006,
the hydraulic fluid could have been ignited, as indeed would fuel. The precise sequence of events will never be
known but, in my view, it is powerful corroboration of the BOI's finding on likely ignition point and proof that
fluids can, and do, enter the SCP elbow muff (see Figures 4.9 and 4.10).

Blackening caused by 'pyrolysis' of
OX87/0X7

¥s

Figure 4.9: XV255 Flexible Muff

Note: the muff shown on the photograph was the item taken off XV255 and shows the
scorching. The part is, however, not the correct muff for this bellows and is in fact 6cm
longer then the correct part. Thus, it may give the incorrect impression that the muff is
designed to cover the gap between sections of Refrasil.

SCP elbow

———— -y

Deterioration in outer
surface of muff

Figure 4.10: SCP Expansion bellows/flexible muff (showing deterioration)
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Insulation gave false sense of security

4.37

4.38

4.39

The insulation may have led to a false sense of security by giving the impression that the Cross-Feed/SCP duct
was somehow impregnable to fluid and did not pose any, or any significant, risk as a source of ignition in the
event of fuel or hydraulic oil leaks. Many skilled and experienced Nimrod engineers may have failed to realise the
dangers lurking in starboard No. 7 Tank Dry Bay because of a false sense of comfort given by the insulation.

As mentioned above, BAE Systems’ engineers investigating the possibility of removing insulating muffs from hot
ducts (because the muffs contained asbestos)*? determined that the muffs had to remain on the ducts within the
SCP pannier bay, as their temperature exceeded the “ignition temperature for DTD 585"> and AVTUR vapour.
However, no consideration was given to the adequacy of the duct insulation, because it was believed that it
was adequate.

In drawing up the Nimrod Safety Case, BAE Systems appears to have assumed from looking at the photographs
used in its Phase 2 analysis that the insulation obviated any risk of fuel ingress: “[A]ll hot bleed-air system piping
ducting in vicinity and outside the fire zones is appropriately lagged with non flammable insulation material
encased within a stainless steel foil covering (to prevent an exposed high duct/duct surface temperature as
an ignition source.)”,>* The author(s) wrongly assumed that the insulation covered the entire duct system and
would prevent the ignition of flammable liquids against such ducts: “the ducting is insulated and analysis has
shown that the surface temperature of the insulation in all cases will be below that required for spontaneous
combustion of the fuel” (see further Chapters 10 and 11).

Condition of insulation

4.40

4.41

Inspection of the Refrasil insulation on the Cross-Feed/SCP duct of other Nimrod aircraft showed many areas
to be visibly compressed, and in some places, the outer jacket to be cracked. The poor condition of the
insulation would have reduced its effectiveness in preventing the radiation of heat from the Cross-Feed/SCP
duct. Experiments conducted by the Nimrod Aircraft Engineering Design Investigation team (NAEDIT) on behalf
of the BOI “indicated only a 16°C temperature difference between an exposed section of hot air duct and the
exterior of the insulated blanket”. Refrasil removed from Nimrod MR2 XV246 was observed to be damaged and
to exhibit possible “baked on” deposits. Analysis by BAE Systems®® determined that the deterioration meant
that the exterior of the insulation would have reached temperatures between 200°C and 300°C. The Refrasil
damage was considered by the BOI as ‘likely to have occurred over time during maintenance activities’. \While
maintenance may have contributed to some damage, the regular, circumferential nature of the compression
may also indicate a long term physical process at work, such as thermal expansion and contraction®” or changes
in atmospheric pressure. Nonetheless, recent experiments by BAE Systems in which sections of Refrasil covered
ducts were subjected to cyclic pressure changes have been unable to reproduce the observed degradation.
However, the degraded Refrasil may well have been in place for in excess of 35 years and the long term affect of
cyclic pressure changes and thermal expansion would require a longer-term investigation. Despite these facts, it
would be more difficult for auto-ignition to occur on the outside of the Refrasil as fuel would tend to evaporate
quickly before ignition could take place.

In addition to the Refrasil, many of the muffs fitted to the aircraft have been observed by the BOl and the Review to
have degradation of their metallic external covering, which would make them prone to liquid ingress/absorption
(see above). The poor state of the Refrasil insulation and the muffs is attributable to differing interpretations
of the maintenance policy. There were no maintenance limitations or allowances on the condition of Refrasil.
Although the Air Member for Materiel, in his comments on the BOI,*® stated that this meant that “no acceptable
damage limits are defined” and that a concession should have been sought for any damage, this was clearly

2 Report MBU-DES-R-NIM-210565 dated September 2003 “Removal of Asbestos Insulation Muffs in the APU Bay PDS Task 16-3381".
>3 DTD585 is an obsolete hydraulic fluid used by BAE Systems to represent a ‘worst case’ ignition risk.

>4 BAE Systems Baseline Safety Case Fire/Hazard (August 2004) Report, see pages 100 and 106.

> Mechanical Systems Zonal Hazard Response Pro-Forma, Hazard NM/H73, paragraph 6.

% BAES-WMAT-RP-NIM-CHM-303359, Issue 1, dated May 2008.

7 BOI Report, Exhibit 30 page 8 paragraph 2.1.6.

8 BOI Report, Air Member for Materiel Comments, paragraph 11.
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4.42

Gaps
4.43

not the interpretation of the maintainers, both military and civilian, in a variety of ranks, over many years. The
Refrasil in poor condition is not confined to a few isolated areas, but is relatively widespread throughout the
fleet. It is probable that the gradually deteriorating condition of the Refrasil became accepted as normal, over a
period of years, by those charged with its maintenance. There is no evidence that this view was ever challenged
by any supervisory organisation — civilian or military. The deteriorated condition of the ducting appears to have
been the accepted norm. There were very few, if any, brand new ducts manufactured with which comparison
could be made.

The deterioration in the Refrasail should, in my view, have been observed and corrected. There is no doubt that,
under the Corrective Maintenance policy for the hot air system, the Refrasil condition deteriorated. | thus agree
with the observation of the BOI that a “lack of guidance” on the allowable condition for hot air duct insulation
contributed to its gradual deterioration in some areas. °°

Whilst the deteriorated condition of the insulation did present a potential ignition risk, in my view, the most
significant risk of ignition, as demonstrated by incidents following the loss of XV230, was the presence of gaps
within the insulation associated with the muffs, which could allow fuel to enter the muff and be effectively
trapped between the surface of the duct and the inner surface of the muff. These gaps were there as a
result of inadequate design. It is design which is the predominant factor which allowed the ignition of fuel on
XV230. Nonetheless, as noted above, the maintenance policy for the hot air system did not prevent a significant
deterioration of the hot air duct insulation, inured personnel to its worsening condition, and may have prevented
a more questioning attitude to the effectiveness of that insulation.

No fire detection and suppression system

4.44

Despite the fact that fuel reaching the outer surface of the metal ducting is likely to ignite, there is no fire
detection or suppression system in either port or starboard No. 7 Tank Dry Bays.®® There is a heat probe®' in both
No. 7 Tank Dry Bays close to the point where the Cross-Feed duct exits the bay. There is also a fire detection
wire (fire-wire) which runs round the bomb bay past openings between the No. 7 Dry Bays and the bomb bay.
But in no sense can either be considered a fire detection system in starboard No. 7 Tank Dry Bay, still less a fire
detection and suppression system.

Cross-Feed/SCP duct posed a serious fire risk

4.45

(1)
4.46

The Cross-Feed/SCP duct posed a serious fire risk on the Nimrod MR2 for four reasons: (1) location; (2) design of
the No. 7 Tank Dry Bay; (3) inadequate insulation; and (4) lack of fire protection (see Figures 4.11-4.13 below).

Location

The location of the Cross-Feed/SCP duct across the centre section of the fuselage and within the No. 7 Tank Dry
Bays made it a potential ignition source for any fuel which might escape from the numerous fuel, hydraulic and
vent systems all around:

e jtslocation in starboard No. 7 Tank Dry Bay was very close to fuel pipes and couplings (there are several
fuel couplings within 12 inches),

e the location of the SCP duct at the lowest point of starboard No. 7 Tank Dry Bay made it particularly
vulnerable to fuel either leaking from above or tracking along the fuselage; and

e the location of the SCP duct in an external fairing only 2.1 metres aft of the No. 1 tank blow-off valve
made it particularly vulnerable to fuel tracking back from the blow-off valve during AAR.

9 BOI Report, paragraph 31(b) [2-22].
0 BOI Report, paragraph 43 [2-39.]
1 A Kiddie-Graviner temperature sensitive switch (part of the centre section overheat detection system).

54



Chapter 4 — Cross-Feed/SCP Duct

Fuel Vent Couplings

& ¥
g Cross-Feed Duct

/A

Multiple Fuel Couplings

(not all indicated) SCP Duct at lowest
point of Dry Bay

Figure 4.11: No. 7 Tank Dry Bay

2) Design of No. 7 Tank Dry Bay

4.47  The design of starboard No. 7 Tank Dry Bay increased the likelihood of fuel coming into contact with the SCP
duct:

e the design of the lower fairing panel was such that it could act as a receptacle for leaking fuel to pool
close to the SCP duct elbow. The drain holes are located such that about 300ml of fuel could collect
between the ribs of the panel before spilling over to reach the drain holes;%? and

e the design of the fairing (covering the SCP duct as it left the No. 7 Tank Dry Bay) was such that any fuel
or liquid tracking along the side of the fuselage hull could enter the SCP fairing and, potentially, the
bottom of starboard No. 7 Tank Dry Bay.

%2 Following a BOI recommendation, drainage is now improved.
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Fuel vent pipes
and couplings

Airframe anti-
icing pipe

- —

No. 7 Fuel tank

Fuel pipes — refuel
Cross-Feed/SCP duct Y1 and feed

Unisolated Bellows

Figure 4.12: No. 7 Tank Dry Bay (Main Components)

(3)  Inadequate insulation

4.48  The Cross-Feed/SCP duct was inadequately protected from contact with fuel and hydraulic fluids:
e its insulation arrangements were inadequate: there were sections with no insulation at all and gaps
between different types of insulation;

e the muffs and shrouds used to insulate for example, expansion bellows, can allow fuel to enter and touch
the duct surface. They may then effectively hold the fuel against the surface, promoting a combustion
environment;

e there was no other significant form of protection from leaks of inflammable fluid;

e the understanding that the Refrasil acted as a perfect barrier against liquid may have led to a lack of
focus on both its real effectiveness and its deteriorating condition; and

e the insulation was allowed to deteriorate over a period of time with no attempt at remedy.

4) No fire protection

4.49  There was no fire protection in the starboard No. 7 Tank Dry Bay:

e there was no fire detection and suppression system protecting the Cross-Feed/SCP duct;® and

e there was no fire-wall around it.

8 It would be unlikely that an attempt to introduce a fire detection and suppressant system to an area such as this would be made. It is more likely
that the hazard would be removed - as it now has been.

56



Inadequate
insulation

Chapter 4 — Cross-Feed/SCP Duct

Design — multiple fuel and vent couplings

Area of No. 7 Tank Dry Bay
protection

400°C ducts

Location - bottom of bay
where fuel can pool in tray

Figure 4.13: No. 7 Tank Dry Bay (Design Features)

Breach of design standards applicable in 1969 and 1979 — AvP 970

4.50

4.51

4.52

4.53

4.54

In my view the original Nimrod designs for the MR1 and MR2 were in breach of design standards applicable in
1969 and 1979.

As explained in Chapter 2, the Nimrod MR1 was a derivative of the Comet 4C airliner and was designed and
certificated to MOD Specification No. MR254 D&P dated 13 April 1965, which accepted the same certification
base as the MR1. The underlying design specification of the Comet 4C was accepted as being valid, having
been certified in accordance with British Civil Airworthiness Requirements (BCARs), Section D Issue 3, dated 1
July 1956. The changes to the original design were required to comply with AvP 970, the military equivalent of
BCARs. Derogation from AvP 970 was not allowed unless “... the requirements are obviously inapplicable or are
over-ridden by the requirement of the Aeroplane specification. "*

Those elements of the Nimrod MR1's design which were specific to the Nimrod (such as the Cross-Feed system
and the bomb-bay empennage) were required to conform to the military AvP 970 issued on 1 May 1958.

As a matter of good engineering practice, it would be extremely unusual (to put it no higher) to co-locate an
exposed source of ignition with a potential source of fuel, unless it was designated a fire zone and provided with
commensurate protection. Nevertheless, this is what occurred within the Nimrod.

[t will come as no surprise that the design of the Nimrod Cross-Feed/SCP system was contrary even to the design
standards and regulations applicable at the time of the original design and modifications in 1969 and 1979,
respectively:

5 AvP 970, 1965 Edition, Volume 1, paragraph 1.2.
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(1) Breach of original general fire safety design standards

4.55

4.56

In my view, the original Nimrod MR Mk1 and Mk 2 designs were in breach of general fire safety standards
applicable in 1969 and 1979 because of the juxtaposition of the Cross-Feed/SCP duct and fuel pipes in the No. 7
Tank Dry Bays. These bays had the characteristics of a “fire zone”, but had none of the safety features mandated
by AvP 970, viz: fire walls; a fire detection system; a fire suppression system; and fire-proof fuel pipes.

AvP 970 Chapter 715% defined a fire zone as “Any region in which a single failure of an installation or any
part of it could result in a fire or break out of existing controlled fire (e.g., combustion chamber) into the
aeroplane”.®® AvP970 also made it clear that the responsibility for identifying fire zones rested with the designer:
“The decision as to which regions must be regarded as fire zones is clearly one which, initially at least, can only
be taken by the designer. To provide a basis for this, the general requirement of Chapter 715 and paragraph 3.1
has been formulated”.®’

Scenario A: Leak from fuel coupling onto Cross-Feed/SCP duct

4.56.1 The numerous fuel pipes and couplings, and their juxtaposition to the high temperature Cross-Feed/
SCP duct, represented just such “single failure” points which were potentially catastrophic. Fuel could
leak from any one of the nine couplings in starboard No. 7 Tank Dry Bay onto the Cross-Feed/SCP duct
and, by reason of the gaps in and around the insulation and the laced ‘muffs’, such leaking fuel could
gain access to the very hot surface of the ducting itself and ignite. BAE Systems’ Chief Airworthiness
Engineer, Chris Lowe, said in interview with the Review that such muffs probably “would not [provide
a complete seal against fuel ingress] and neither is it meant to”.®® He said that they were designed to
allow fuel to drain out. Their shape and construction, in particular the ‘tongue’, would, however, give
rise to a real risk of fuel ‘pooling’ and being held against the hot metal surface of the ducting for a
sufficient period to ignite.

Scenario B: Failure of Cross-Feed/SCP duct

4.56.2 Further, the Cross-Feed/SCP duct, by virtue of the high temperature and pressure of the air they
contained, and their proximity to vulnerable fuel couplings, clearly represented just such “single failure”
points which were potentially catastrophic. A failure of the duct would allow the escape of hot bleed-
air which was likely to impact upon, and destroy the integrity of, adjacent rubber fuel coupling seals
leading to leakage of fuel onto very hot duct surfaces, either through pre-existing gaps in the insulation
or through new gaps caused by damage occurring during the original failure. This is the scenario that
nearly befell XV227 on 22 November 2004, when it suffered a major hot air duct failure in a section of
the Cross-Feed/SCP just aft of the elbow at the bottom of No. 7 Tank Dry Bay due to corrosion.®® The
hot air leak of gases up to 420°C caused serious damage inter alia to numerous proximate fuel seals in
No. 7 Tank Dry Bay. XV227 was fortunate not to have been lost entirely (see further Chapter 7).

(2) Breach of original design safety standards on accumulation of flammable liquids

4.57

The Nimrod designs were in breach of the safety standards regarding the accumulation of flammable liquids
applicable in 1969 and 1979 because fuel could pool in No. 7 Tank Dry Bays.

5 AvP 970, Volume 1, re-issue, 1 June 1960.
% AvP 970, Chapter 715, paragraph 3.1.
5 AvP 970, Chapter 715, paragraph 2.1.3.

8 Chris Lowe's subsequent remarks about the liquid draining out through the lace holes fail to take account of the fact that (a) the muff might be
laced with the holes uppermost and (b) in any event, the inner lining of the muff would act to hinder any liquid draining out.

At point in the duct between the Pressure Regulating and Shut Off Valve (PRSOV) and the Flow Limiting Venturi.
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AvP 970 Chapter 715 (paragraph 2.2.2) required that “Any compartment in which inflammable fluids may be
liable to accumulate accidentally or from a drain on or in the aeroplane shall either drain automatically in flight
or be capable of being drained as a servicing operation.” Fuel leaking from one of the numerous fuel pipes and
couplings in starboard No. 7 Tank Dry Bay was liable to accumulate in the lower (corrugated) panel tray at the
bottom of the bay because the design and placement of the drainage holes in the panel was ineffective, in that
it was possible for fuel to pool on the upper surface of the panel, between stiffeners, in volumes of up to 300ml
(these drainage holes have since been rectified).

(3) Non-conformity with design safety standards regarding the use of absorbent lagging

4.59

4.60

The Nimrod designs were arguably not in conformity with the original safety standards of 1969 and 1979
regarding the use of absorbent lagging for the protection of flammable liquids.

AvP 970 Chapter 715 (paragraph 6.4.1) required that “Heat insulating material shall be non-inflammable and
preferably non-absorbent” The laced muffs in the No. 7 Tank Dry Bay were unable to prevent fluid ingress at
their ends and seam, were liable to retain liquid, and were, therefore, on this basis ‘absorbent’. (The capability
of such laced muffs to absorb and retain fluid is demonstrated by the XV225 incident in which the muff was
found to be soaked in fuel).

Design Handbook

4.61

It should be noted that the Design Handbook at the time provided as follows:

“Section 3....leakage or drainage of combustible substances such as fuel, oil, hydraulic fluids
etc, near a heat source is a fire hazard ... lines should, therefore, be placed as remotely as
possible from heat sources and away from or below other equipment to avoid leakage on
to controls, components (especially electrical equipment) or absorbent materials. The use
of protective shrouding or trays (with adequate drainage) should be considered to protect
vital equipment or contain the fluid from a coupling failure.” (emphasis added)

BAE Systems’ denial of breach of original design standards

4.62

4.63

In its submissions and evidence to the Review, BAE Systems denied there was any breach of any of the original
design standards. The Review heard from two senior BAE Systems executives: the Military Airworthiness Solutions
(MAS) Chief Engineer, Martin Breakell, and BAE Systems MAS Head of Airworthiness, Tom McMichael. They
accepted the fact that fuel could access the muff, but sought to argue on behalf of BAE Systems that the
single point failure scenarios postulated above were ‘incredible’ because: (a) very large volumes of fuel would
be required to create the conditions for soaking and ignition and the required catastrophic fuel pipe failure of
this nature was not ‘credible’; and (b) a failure of the Cross-Feed/SCP duct would ‘blow the fuel away’ and that
ignition was, therefore, not ‘credible’. In my view, both arguments were grasping at straws.

First, it is clear e.g. from the recent videos of leaks on board XV250 and XV229 (see above and further
Chapter 5) that fuel couplings could suddenly spring significant fuel leaks which could provide a substantial
and continual fuel source feeding any fire. Second, it is clear from the configuration of starboard No. 7 Tank
Dry Bays that fuel from such leaking couplings might well find its way onto the Cross-Feed/SCP duct and into
the gaps and crevices in and about the Refrasil insulation and muffs and pool in the lower panel tray. Third, it is
clear from the QinetiQ fire study that only a very small quantity of fuel is required to start the initial fire which,
if fed, would quickly lead to a catastrophic conflagration in the bay. Fourth, it is clear from the XV227 incident
that, if the SCP duct rupture had occurred earlier in the sortie when the No. 7 tank had been full, the result
could have been catastrophic.
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4.64

4.65

BAE Systems also raised a series of other arguments regarding the improbability of a fire starting in either of
the No. 7 Tank Dry Bays. These were, frankly, weak. The problem BAE Systems faced is the incontrovertible fact
that it is clear that XV230 was lost as a result of a serious fire on board and the fact that all the evidence points
to the origin of the fire being in starboard No. 7 Tank Dry Bay. Further, the QinetiQ study commissioned by the
BOI shows a clear and entirely plausible causal ignition scenario, namely an initial source of fuel igniting on the
Cross-Feed/SCP duct which set fire to a pool of fuel on the lower panel leading to further damage to fuel system
components and causing the fire to become self-sustaining. In these circumstances, | deal briefly with three
further particular suggestions made by BAE Systems on this topic.

First, BAE Systems suggested that the muff on the SCP elbow was itself shrouded by panelling above it and any
fuel dropping down from a failed fuel coupling above would not affect it. This is obviously wrong. Fuel dripping
or pouring onto the SCP elbow would easily find its way into the gap between the Refrasil and the muff. This is
obvious to the naked eye. It is also obvious when one pours a bit of water onto the elbow.”® Further, the videos
amply demonstrate that fuel goes everywhere in the event of a significant fuel coupling failure in this area.
Second, BAE Systems suggested that fuel finding its way into the bottom of the SCP fairing would simply pour
into the bomb bay. This ignores, however, the %2 inch lip which runs between the fairing and the bomb bay
and would enable fuel to pool in the lower section of the fairing. It also ignores the risks of fuel pooling in the
ribbed panelling above. Third, BAE Systems suggested that the distance between the No. 7 Tank Dry Bay lower
panel and the elbow and muff was too great to allow a fire to propagate. However, the QinetiQ combustion
experts, with significant experience in such matters, believed that the wetting of many areas by leaking fuel
would provide a relatively simple path for the fire to spread (see Figure 4.14).

Gap in paneling — could
allow fuel to penetrate
from outside

Gap between Refrasil and |
flexible muff

4.66

Lip between fairing
and Bomb Bay

Figure 4.14: SCP Elbow

In my view, the potential for a single failure of a system containing flammable fluid causing a fire existed in the
MR1, i.e. even before the addition of the SCP to the MR2. This is illustrated by the fire on Nimrod R1 XV249
(which was fortunately short-lived). The addition of the SCP simply added another single point of failure, arguably
more potent because of the location of the SCP at the bottom of the bay and its unsatisfactory casing in a muff.
BAE Systems’ explanation for routing the SCP duct through the No. 7 Tank Dry Bay is that this was “the optimum
available structural corridor”.”" However, even if this were the case, in my view the designer should have given
due consideration to the risks involved in the solution and either provided protection commensurate with a fire
zone, or redesigned the system to remove the risk. Unfortunately, the passing of time means that, some 30 to
40 years after the events described, the thought processes of those involved are impossible to recreate.

79 As the Review did during the course of its interview with Tom McMichael and Martin Breakell on 29 April 20009.
71 BAE Systems Inquest statement, May 2008, paragraph 20.

60



Chapter 4 — Cross-Feed/SCP Duct

The terms of the Aircraft Specification

4.67

4.68

4.69

BAE Systems advanced a further argument, that the terms of MOD Specification MR286 D&P did not require
any assessment of whether the No.7 Tank Dry Bay constituted a fire zone under AvP 970 to be carried out for
the MR2 upgrade. In support of this argument, BAE Systems referred to paragraph 15.2.3 of Specification
MR286 D&P which provided as follows:

“Bomb Bay, Fuel Tank area and Ordnance area - The fire protection requirements of these
areas shall be to the standard of the Nimrod MR Mk1 aircraft.”

BAE Systems sought to interpret this provision as providing that the fire protection requirements of the specified
areas, i.e. the bomb bay, fuel tank area (which would include No. 7 Tank Dry Bay) and the ordnance area, were to
be exactly the same as those for the Nimrod MR Mk 1. | do not accept that contention. In my view, the reference
to the “standard” of the Nimrod MR Mk 1 aircraft is a reference to just that, i.e. the relevant standard to which
the fire protection requirements of the MR Mk 1 were designed, namely AvP 970. In my view, therefore, British
Aerospace (as it then was) was obliged under the terms of the Specification to assess whether the No. 7 Tank
Dry Bay, with the newly introduced SCP duct, constituted a fire zone under AvP 970.

In any event, it must not be forgotten that, taking AvP 970’s definition of a fire zone, the No. 7 Tank Dry Bay as
designed for the MR Mk 1 was already non-compliant with AvP 970, and hence the original MR1 Specification
(MR254D&P), in that it contained a single point failure mechanism that could result in the outbreak of a fire in
flight. The introduction of the SCP under Specification MR286 D&P compounded this problem by introducing a
new ignition source to an unprotected zone of the aircraft containing fuel lines, fuel couplings, and a fuel tank.
In my view, there is no escaping the conclusion that Hawker Siddeley, as the designer of the aircraft, was under
a clear responsibility to ensure that the proposed modification met the requirements of AvP 970 and that the
company identified any fire zones and took the necessary precautionary design measures.

‘Acceptance’ of MR1 and MR2

4.70

4.71

BAE Systems also sought to argue that the design of the MR2, and in particular the potential for ignition in the
No. 7 Tank Dry Bay area, was in any event ‘accepted’ by the MOD when the type was accepted. The background
to this argument resides in the fact that the Nimrod MR1 was tested by a branch of the MOD called the
Aircraft Armament and Experimental Establishment (AA&EE) in 1968 and 1969,7? at Boscombe Down.”® During
development, a resident MOD/RAF team undertook a number of design and acceptance reviews, including a
final ‘Acceptance Conference’ during August 1968. A similar process took place as regards the development of
the MR Mk2, in that evaluation of the aircraft, including recommendation for service release, was undertaken
by AA&EE and a series of Acceptance Conferences for the modifications introduced by the upgrade were held
in October 1978 at Woodford. The participants at the Acceptance Conferences included representatives from
British Aerospace (as it had by this time become), AA&EE, the RAF and the MOD.

It is correct to observe that the minutes of the Acceptance Conferences held at Woodford include express
statements such as “Modification to engine cross feed ducting - Accepted”’* and “Ducting to rear hinged fairing
— Accepted”.”> BAE Systems argued in submissions to the Review that “the aircraft design was authoritatively
inspected, reviewed, and accepted by the MOD for service with the RAF”.7® BAE Systems relied further, in this
respect, on the notes of a series of meetings between British Aerospace and RDI Fires”” in relation to the Nimrod
Mk3 Airborne Early Warning aircraft (AEW3)78 held in May 1977 and January 1978, which record a number
of discussions regarding the fire protection in the pannier (equivalent to the MR2 bomb bay) and external
fairing (SCP fairing) of the AEW3 aircraft and which, BAE Systems contended, demonstrated that the potential

72 BAE Systems Inquest statement, May 2008, paragraph 12.

73 The Boscombe Down facility now forms part of QinetiQ.

74 Paragraph A1.1(a) of the minutes to Conference No. 1.

7> Paragraph A1.2(a) of the minutes to Conference No. 1 under the heading “External Piping”.

76 BAE Systems Inquest statement, May 2008, paragraph 15.

77 Understood to be the MOD's fire expert at the time.

78 1t should be noted that the design of the SCP installation on the AEW was identical to that on the MR Mk2.
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4.72

4.73

4.74

hazard of fuel coming into contact with the hot SCP ducting was specifically considered and addressed by
British Aerospace and the MOD. In particular, BAE Systems submitted, the potential hazard from fuel coming
into contact with the SCP ducting in the external fairing below the No. 7 Tank was specifically discussed with
RDI Fires, following which action was taken to fill in the tooling holes.” However, as regards the latter point,
it is clear that the discussion with RDI Fires refers specifically to this one item, i.e. the tooling holes. There is no
evidence that the more obvious route for fuel to enter the SCP fairing from No. 7 Tank Dry Bay was discussed.

Having carefully reviewed the relevant documentation, | entirely agree that the potential hazard of fuel coming
into contact with the SCP duct was specifically considered by British Aerospace and RDI Fires. What | do not
accept, however, is that this in any way absolves BAE Systems of its responsibility in respect of the poor design
of the aircraft. On the contrary, in my view, what the documents establish is that British Aerospace did actively
consider whether No. 7 Tank Dry Bay presented a fire hazard (somewhat contrary, it must be said, to its argument
as set out above that it was under no obligation to consider this), but erroneously concluded that there was no,
or at least no unreasonable, level of risk.

It should also be noted, in this respect, that the notes of the meeting of 19 May 1977 between British Aerospace
and RDI Fires® record:

“RDI Fires queried the soundness of the soft lagging installation on the hot air supply
to the precooler and they stated that while under hot running conditions any fuel leaks
dripping on the lagging would evaporate; under cold duct conditions the lagging if
NOT impervious to fuel could absorb it and this would reduce the spontaneous ignition
temperature. Although it was considered that the lagging was impervious to fuel, H.S.A.
would have this checked.”

This issue (together with other concerns raised by RDI Fires) was addressed by British Aerospace in a “Pannier
Fuel Tank Bay Fire Protection Study”, the final version of which (Issue 3) was issued in December 1978, although
it is clear from the notes of the meeting on 19 May 1977 that an earlier draft of the report was available at that
meeting. The report stated as follows:

“1.2 This report assesses the degree of fire hazard in the bay, and concludes that there is no necessity
for a fire protection or fire extinguisher system ...

4.2 Bleed Air Ducting and Precooler

4.2.1 The hot air supply to the precooler is taken from the existing engine air crossfeed pipe at the rear
spar, and routed out of the pannier on the starboard side ...

4.2.2 The following precautions have been taken in order to minimise the possible hazard from this
piping.
(a) The greater proportion of the pipe is ducted outside the pannier.

(b) The tooling holes in the outer shield of the piping beneath Tank 7, are blanked off to prevent
contact from leaking fuel on the hot piping.

(c) The APU fuel pipe has been re-run to pass below the hot air duct on the port side, to obviate
the possibility of fuel dripping onto the hot surface.

(d) The soft lagging over the control valve is sealed with aluminium foil to prevent the absorption
of fuel.

(e) Lagqging of the inlet and outlet pipe of the precooler ensures that the temperature of the outer
face is maintained below 300° and hence below the spontaneous ignition temperature of fuel
on a 3” duct, which is in the region of 360°C at an ambient temperature of 25°C*

79 Believed to be small holes introduced to aid the manufacturing process of the fairing.
80 HSA-MPP-V-AEW-0013, paragraph 5.3.3.
& An interesting statement in view of BAE systems contention to the Review that the unlagged bellows could not reach the AIT for AVTUR.

62



Chapter 4 — Cross-Feed/SCP Duct

5 CONCLUSIONS

5.1 The results of the investigation have shown that in spite of the presence of fuel in the pannier bay,
sufficient precautions have now been taken to reduce the possibility of ignition to an absolute minimum.
In fact, the pannier bay on the A.E.W. is probably safer than the bomb bay of Nimrod Mk. 1 and Mk. 2
with its combination of fuel pipes, hydraulic pipes and explosive stores.”

4.75 In light of the above, and whilst it must be a matter of conjecture in the absence of any detailed notes of the
discussions that took place at the Acceptance Conferences, it would seem to me to be a reasonable inference
that any ‘acceptance’ of the MR2 design by the MOD was at least in part informed by British Aerospace’s work
in relation to the AEW and its conclusion that there was no necessity for a fire detection or suppression system
in the vicinity of No. 7 Tank Dry Bay. Even if this were not the case, in my view, 'acceptance’ of the aircraft by
the MOD/RAF does not absolve the Design Authority from fundamental responsibility for the design.

4.76  In conclusion, the Cross-Feed/SCP duct represented a clear breach of good design standards and was contrary
to design regulations applicable at the time (1969 and 1979). In particular, the SCP adjunct to the Cross-Feed
duct was a manifest breach of the standards of AvP 970.82

Causation

4.77  The Cross-Feed/SCP duct represented a fundamental flaw in the design of the Nimrod aircraft and was the
primary physical cause of the accident.

Responsibility

4.78 Hawker Siddeley® was responsible for the original design flaws in the MR1 and R1. British Aerospace® was
responsible for the design flaws in the MR2. As stated above, the ‘acceptance’ of the aircraft by the MOD does
not absolve the Design Authorities from their responsibility for poor design. British Aerospace were responsible
for designing, manufacturing and installing the SCP installation to the Nimrod but failed properly to assess the
risks inherent in its design. BAE Systems’ denial of the breach of the applicable design standards is surprising.
| discuss these issues further in Chapter 6 (in relation to the incorporation of the AAR capability pursuant to
Mod 715) and further in Chapter 11 (when dealing with BAE Systems’ overall approach to the matters raised
by the Review).

82 Subsequently Def-Stan 00-970.
8 Hawker Siddeley became part of British Aerospace on 29 April 1977.
84 British Aerospace became BAE Systems Plc in November 1999 on the merger with Marconi Electronic Systems.
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Section Two: Fuel source

CHAPTER 5 - LEAK FROM FUEL COUPLING

“Fuel tends to seek out an ignition source if it can.”
(An Aviation Safety Engineer, 2009).

Contents

Chapter 5 addresses the fuel source for the fire on XV230. It answers the following questions:

What was the in-service history of fuel leaks in the Nimrod fleet?
What was the maintenance regime for the Nimrod fuel system?
Did it comply with regulations and good practice?

Did a leak from a fuel coupling cause the loss of XV230?

Who was responsible for any failures?

Do fuel seals age and deteriorate and, if so, why?

Should seals be lifed?

Summary

Description of Fuel System

1. The Nimrod fuel system is complex. It comprises 13 tanks, interlocking pipework and approximately
400 fuel couplings,' most of which are ‘FRS’ couplings and 66 are ‘Avimo’ couplings.

2. The starboard No. 7 Tank Dry Bay is a spaghetti junction of fuel pipes, pulleys and ducts. It contains
eight ‘FRS’ fuel couplings and a single ‘Avimo’ fuel coupling, all within inches of the Cross-Feed/
Supplementary Conditioning Pack duct.

Maintenance

3. In common with other military and civilian operators, the RAF do not ‘hard life’ fuel seals. Nimrod
fuel seals were replaced when observed to be faulty under a Corrective Maintenance policy.
Dismantling during Major maintenance, however, meant that almost half the aircraft’s fuel seals
were replaced every five years.

4. Maintenance of the Nimrod Fuel System is not straightforward. Replacing seals is made more

difficult because the aircraft was not designed for ease of access and maintenance. Nimrod was not
put on the ‘LITS? data collection system because of its perceived impending Out-of-Service date.

! Fuel pipe couplings are used to connect pipes to other pipes, and pipes to fuel tanks.
2 Logistics Information Technology Strategy (LITS).
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Prevailing Approach

5.

There was, and remains, a prevailing belief that: (a) fuel couplings leaks are ‘inevitable’ but seals
should generally be left undisturbed because prophylactic replacement might actually increase the
number of fuel leaks by disrupting the system and/or because of high failure rates of recently fitted
seals; and (b) there should be a concentration on eliminating ignition sources. This is a not an
uncommon approach amongst civilian and military operators.

Increased leak trend

6. The Nimrod fleet experienced a four-fold increase in fuel coupling leaks during the period
1983-2006.3

Warnings

7. There were a number of incidents in the years before XV230 which should have raised awareness of

the fire risks inherent in fuel coupling leaks (see Chapter 8).

Maintenance regime unsatisfactory

8.

The RAF’s maintenance regime of the Nimrod fuel system prior to the loss of XV230 in September
2006 was unsatisfactory because: (a) there was insufficient emphasis on analysing fuel leak trends
and, as a result, the four-fold increase in leak rates went unnoticed; (b) fuel system tests were not
done under pressure; (c) there was no system of sampling seals; (d) there was a lack of proper
guidance in Maintenance Manuals as to how properly to replace seals; and (e) the RAF failed to
address the apparent discrepancy between the manufacturer’s original recommendation in 1968,
namely, that the FRS seals should be inspected every five years, and actual practice.

Avimo seals

9.

10.

11

A serious manufacturing defect has been found in Avimo seals: Avimo seals fitted to Nimrods after
2000 have been found to contain 50% less carbon black filler than earlier seals. This has made them
prone to swelling and splitting and reduced their fatigue life.

From 2000 manufacture of the seals was subcontracted to a new small general rubber manufacturing
company, Cellular Developments Ltd, who was not told that it was an aviation part and was given
a 1947 specification drawing which was unclear and had also never been updated. In my view,
Cellular Development Ltd was not to blame for using a British standard Neoprene material which
complied with the 60/65 hardness requirement. There was a lack of effective quality control because
of the convoluted and inappropriate procurement chain.

. A warning sign regarding the quality of Avimo seals was missed in 2005. In July 2005, maintenance

personnel at RAF Kinloss observed abnormal “swelling” and “splitting and blistering” in some Avimo
seals. The Nimrod Integrated Project Team (IPT) requested BAE Systems to test them for “conformance
to specification”. In September 2005, BAE Systems reported that its limited test showed results which
were “typical” for Neoprene and gave “no indications of non-conformance to...specification”. Given
the earlier observations, the Nimrod and Aircraft Support IPT should not have let the matter rest
there.

3 BOI Report, Part 2, paragraph 39(b).
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12. The fact that a non-conforming part found its way into the Nimrod fleet raises serious concerns
about the MOD procurement chain for such parts and whether it is wise for specialist aviation parts
to be sourced by the non-specialist Medical and General Stores IPT.

Causation

13. | am satisfied that the Board of Inquiry was right to find that a leak from one of the fuel couplings in
starboard No. 7 Tank Dry Bay is one of the two most likely sources of fuel to have caused the XV230
fire. The refuel system within the No. 7 Tank Dry Bay would have been pressurised and full of fuel at
the relevant time as a result of Air-to-Air Refuelling. The evidence shows that significant quantities of
fuel can leak from faulty couplings within the refuel system.

14. | have concluded, on balance, that if a fuel coupling was the source of fuel, it is more likely to have
been one of the eight FRS couplings in the starboard No. 7 Tank Dry Bay, rather than the single
Avimo coupling, for three reasons: (a) recent evidence captured on video shows that FRS couplings
can, and do, suddenly spring major leaks; (b) despite the rubber manufacturing defects, no Avimo
seal has actually been found leaking (they tend to be held together by the outer metal flange); and
(c) numerically, the probabilities favour an FRS coupling being the culprit on this occasion.

Responsibility

15. The MOD bears responsibility for the fact that a leak from a fuel coupling may have been the
source of fuel causing the fire on board XV230 and is open to criticism for the shortcomings in the
maintenance system referred to above and in particular for: (a) failing to do enough to monitor
fuel leak rates over the years, and (b) failing to give better guidance for the fitting of couplings
and elimination of fuel pipe leaks. RAF maintenance personnel expended considerable efforts over
the years in curing individual leaks, but it appears that no-one in the Nimrod IPT or elsewhere was
consolidating the history of leaks, nor making sufficient efforts to analyse the underlying causes of
leaks, nor providing guidance that might have reduced the leak rate.

Post accident

16. The loss of Nimrod XV230 has now placed sharp focus on fuel coupling leaks. The Nimrod Fuel
Seal Replacement Programme undertaken in 2008-2009 has resulted in the replacement of many
centre section fuel system seals, and also addressed issues of misalignment of couplings due to
previous incorrect assembly and lack of proper guidance on how to fit couplings. The need for
such a programme should have been considered prior to the loss of XV230 as a result of: (a) the
(unobserved) increase in the fuel leak rate; and (b) the incremental slippage in the retirement of
the Nimrod MR2 with the consequent increase in its service life.

Inconvenient truth

17. The inconvenient truth is that elastomeric fuel seals do deteriorate. This can be due to: (1) age; (2)
misalignment; (3) pressure; (4) vibration or airborne stresses; (5) temperature; (6) drying out; and (7)
manufacture. Fuel coupling leaks are difficult to predict and hence any catastrophic consequences
of their failure should be mitigated by design. Elastomeric seals are widely used in military and
civilian aircraft around the world. Many legacy aircraft may contain seals which have been in place
for decades. Not enough is known about elastomeric fuel seal behaviour. More international
research is required in this area (see Chapter 23).
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18. Targeted fuel seal replacement programmes such as that recently undergone by the Nimrod fleet,
teardowns, and seal sampling, are useful tools in the management of fuel seal reliability (see
Chapter 23).

19. It is important in the future that active thought is given to the appropriate management of all fuel

seals.

Alternative theories

20. The alternative fuel source theories are not realistic and can be discounted.

Introduction

5.1

52

A distinction needs to be drawn between three types of fuel leak: (a) fuel leaks from integral wing tanks; (b)
fuel leaks from main fuselage tanks; and (c) leaks from fuel couplings and pipes located in the main body of
the aircraft. Wing leaks (a) are rarely a threat to an aircraft, as fuel readily disperses into the airflow behind
the aircraft. The Nimrod's fuselage tanks (Nos. 1, 5 and 6) are, at a minimum, double skinned' and designed
such that any fuel leaks are vented to atmosphere. However (b) and (c) leaks from fuselage tanks, fuel pipes
and couplings within the main fuselage are potentially a much greater problem: their leak path is difficult to
predict and they can drip and/or run through the fuselage allowing fuel to reach many areas of the aircraft and
accumulate in hidden voids. Such leaks, therefore, present a potential fire risk in the event that they contact
an ignition source. For these reasons, aircraft are required to be designed such that any potential single-point

ignition risks are mitigated by inter alia fire detection and protection systems.

| set out first a description of the Nimrod fuel system and the various couplings used within it.

Description of Nimrod Fuel System

53

The Nimrod has 13 fuel tanks and can carry over 85,000Ibs of fuel. There are three integral tanks in each wing
(Nos. 2, 3 and 4 - port and starboard) and a wing pod tank (No. 4A port and starboard), three tanks in the
central fuselage (Nos. 1, 5 and 6), and two tanks located in each trailing edge fillet adjacent to the fuselage
(No. 7 tank port and starboard). The interior surface of the wings is covered in a sealant and fuel is contained
within the wing structure; the wings’ surfaces effectively form the fuel tank. The fuel tanks within the fuselage
have a more complex structure. The No. 1 tank, outside the pressure hull, was part of the original Comet design
and consists of a metal structure divided into four cells, within which the fuel is held in rubber bags attached to
the cell walls. The Nos. 5 and 6 tanks are within the aircraft pressure hull and, for this reason, they have double
skins. They are divided into three cells and, again, the fuel is held in rubber bags. The No. 7 tanks (in the port
and starboard wing fillets) are also of metal construction, although rubber bags are not used to contain the fuel.
Refuelling is controlled by high-level float switches in the tanks, which automatically curtail refuelling when the
tank is full.?2 Fuel is pressure fed round the fuel system by immersed booster pumps in each tank. The tanks are
ventilated by ram air taken from the wing inlets and vented to atmosphere. Blow-off valves are fitted to each
tank except the No. 4A tanks; these are safety devices to prevent damage to the structure of a tank if the high-

level float switches fail and a full tank continues to be refuelled.?

" Fuel is held in a rubber bag, which in turn is contained within a metal structure.

2 Although it is important to note, as the XV230 BOI pointed out, the fitting of two independent float switches in No. 1 tank meant that the tank was

prone to asymmetric filling (XV230 BOI Report, Annex N).

3 No. 5 tank had the blow-off valve blanked off on fitting of AAR Mod 715 in 1989 and a restrictor fitted in the fuel line to limit pressure build-up.

This
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No. 5 Tank Blow-Off Valve
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No. 1 Tank Blow-Off Valve (on
fuselage on the underside of the
wing)

Figure 5.1: Location of Nimrod Fuel tanks
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The fuel pipework system is necessarily complex. It comprises overlapping refuel, fuel feed, and fuel venting

pipework. The refuel system conveys fuel to the tanks, either on the ground from a bowser, or a tanker during
Air-to-Air Refuelling (AAR).# The fuel feed lines are those used to convey fuel to the engines (in some cases via
other fuel tanks), while the vent pipes provide a head of pressure and fuel tank ventilation.

KEY
FUEL LEVEL MAGNETIC INDICATOR
BLOW OFF VALVE
FLOAT SWITCH
PRESSURE SWITCH
REFUELLING VALVE
MANUAL REFUELLING COCK
3@ MOTORIZED COCK
= JETTISON GATE VALVE
© MANUAL DEFUELLING COCK
=] nRv
X REFUEL/OFFLOAD VALVE
© PRESSURE REFUELLING POINT
O BOOSTER PUMP

o= s o

JETTISON SYSTEM
No 4A TANK

No 4A TANK
TO No 4A TANK
VENT AND ¥
TRANSFER
PIPE

FUEL
FEED
LINE

No 6 TANK’

EMERGENCY

REFUEL
VALVE

AAR
REFUELLING PROBE
~

-

No 5
TANK

) Feeod

i

TO FUEL
TRANSFER
LINE

i 3
—
3 - REFUEL
<) VALVE

AAR Probe

No 5§ TANK
EMERGENCY

—
=

No 1 TANK

-9

||

TWO VALVES
[ IN PARALLEL

STBD REFUEL /
OFFLOAD

SAFETY
SWITCH

FUEL FEED —

No7
TANK

<]

The starboard No. 7
Tank Dry Bay

Figure 5.2: Nimrod Refuel System

4 The Nimrod no longer undertakes AAR.
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Description of Fuel Couplings

5.5 The Nimrod fuel system contains approximately 400 fuel couplings,® of which the majority are of the FRS type.
The remaining 66 are Avimo couplings. Both FRS and Avimo couplings have been in existence for many years
and are widely used in aerospace applications.®

FRS coupling

5.6 An FRS coupling is shown below (see Figure 5.5). It consists of an inner and outer metal sleeve, a flexible rubber

seal, two split collars, two circlips and a locking wire (not shown in the diagram). The elastomeric seal is used
to create a pressure-tight seal between two pipes. The seal is chamfered at each end and has moulded grooves
which fit over a bead formed near the end of each fuel pipe. The split collars are fitted at each end of the seal
and retained by circlips. Assembly is completed by screwing together the inner and outer metal sleeves, after
which the locking ring is applied. Each sleeve has a shoulder formed at one end, which abuts the outer face of
the adjacent split collar, thus applying pressure to the split collar (and hence the elastomeric seal) to ensure an
effective joint. The most recent Declaration of Design and Performance for the FRS 110 coupling notes that the
maximum pipe angle deflection for the installation is 1°.7 Figure 5.5 shows an FRS coupling prior to assembly,
while Figure 5.6 portrays an FRS coupling assembled. The elastomeric seals are currently manufactured from
a Nitrile Series 4 compound (Series 1 Polysulphide rubber “Thiokol” was used until 2004, but this material is
now obsolete).

Split Collar and Circlip Fuel Seal

Inner and Outer Metal Sleeves

Figure 5.5: FRS Coupling Assembly (parts shown separated)

5> Used to connect pipes to other pipes, and pipes to fuel tanks.
® FRS couplings were fitted to Spitfires, Lancasters and Vulcans; and the original patent for the Avimo Original coupling dates back to the 1930s.

7 Eaton DDP-FRS110-Series-1, dated 7 June 2007. The original Declaration of Design and Performance issued in 1968 likewise stated under
the heading of ‘Special Limitations’ “Maximum pipe deflection 1° in any direction with or without axial pipe restraint.” See XV230 BOI Report
Exhibit 75.

& Change of material notified at FR-HiTemp Service Information Letter SIL/CS/1/03 9.
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SPLIT COLLARS

10820

Figure 5.6: FRS Coupling Technical Diagram

Research by the manufacturers of FRS seals, Eaton Aerospace, has shown that large numbers and types of RAF
and civilian aircraft have been, and are, currently fitted with the same kind of elastomeric fuel seal as used on
the Nimrod fleet. In total, an estimated 13,000 aircraft have been fitted with FRS110 couplings, of which over
half are still in service.

Avimo couplings

5.8

Two types of Avimo couplings are used within the Nimrod: the Avimo ‘Original’ and the Avimo ‘O’ ring Type
MR8610. Prior to fitting an Avimo original coupling, grooved sleeves are welded or brazed onto the pipe ends.
The Avimo Original coupling comprises a rubber seal fitted over the pipe ends and retained by two semi-circular
metal shells held in place by a jubilee clip. The seals used in the Avimo Original couplings were manufactured
from polychloroprene (often referred to as Neoprene). In 2008, however, it was discovered that, since 2000,
the Avimo seals have been made from a Neoprene compound which does not match exactly the required
material specification, provoking early degradation (discussed later in this Chapter). As a result, the seals are
now manufactured from a Nitrile material similar to that used in the FRS coupling.

Figure 5.7: Avimo Coupling Assembly

FRS and Avimo couplings in the starboard No. 7 tank dry bay

5.9

There are eight FRS couplings and one Avimo Original coupling in the starboard No. 7 Tank Dry Bay. They are all
located higher than the Cross-Feed/Supplementary Cooling Pack (SCP), ducts.
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FRS Seals

Avimo seal

Figure 5.8: Fuel Seals in the No. 7 Tank Dry Bay (NB: not all couplings are visible in this diagram)

Maintenance Policy and Regulations

‘Corrective’ Maintenance

5.10

51

The majority of the Nimrod fuel system is maintained under a policy of Corrective Maintenance. Corrective
Maintenance is defined as: “...all those maintenance activities required to return an aircraft or equipment to a
serviceable state following an unscheduled arising”.?

In the case of the Nimrod fuel system, Corrective Maintenance has meant that items such as pipes, couplings
and seals were only replaced if they were observed to be faulty, either due to visible damage or corrosion, or
because they were actually leaking. Also, the MOD, in common with other operators, operates a strict ‘one use
only’ policy for seals, i.e. when a coupling is removed for any reason the used seal is discarded and replaced
with a new one. Elements of the fuel system are dismantled during Major maintenance to allow access to other
systems; as a result, almost half of the aircraft's fuel seals were, in practice, replaced every five years.'® Since the
loss of XV230, however, and following the results of a Fuel System Safety Review undertaken by QinetiQ,"" the
Nimrod Integrated Project Team (IPT) decided to replace 42 fuel seals on each aircraft in the Nimrod fleet, being
those seals which are not disturbed during Major maintenance, but which are located primarily in the centre
section of the aircraft where any leak is deemed to be particularly undesirable.™

What is the military and civilian practice worldwide regarding fuel seal replacement?

5.12

My researches and inquiries have found that the Nimrod fuel system maintenance and seal replacement policy
(which reflects the maintenance policy throughout the RAF) is little different to that of other military and civilian
operators worldwide. The United States Air Force (USAF), Royal Australian Air Force and Canadian Defence
Forces do not ‘hard life’ fuel seals.' | have found no overarching policy for routine seal replacement within the
civilian world.

9 JAP 100A-01 Issue 17, Chapter 5.4, paragraph 1.1.

© Once a coupling is dismantled, its seal is always discarded and replaced.

" Nimrod Fuel System Safety Review Report (Q/CHC/1/2/N1), dated October 2007.

12 Known as the Fuel Seal Replacement Programme (FSRP).

13 BOI Report Exhibit 77, DE&S(WYT)/366/8/2/CASD dated 22 November 2007 and USAF Air Force Response to Questions From the Nimrod Review.
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| have, however, learned of two instances where the general approach has been modified. First, by the RAF
following the loss of a Harrier GR3 in August 1988 as a result of a fire, when the Harrier IPT decided that
Harrier FRS couplings should be changed during each Major Maintenance (see Chapter 8 where this incident
is discussed further). Second, within the civilian aviation industry, | have found one instance of a manufacturer
mandating regular seal replacement: following reports of leaks from fuel seals within the engine struts on Boeing
747 aircraft in 1998, it was recommended that fluorosilicone and Nitrile seals should be replaced either during
certain maintenance operations, or after “five years regardless of flight hours”."* Thus, as these two exceptions
to the general approach show, operators can, and do, modify maintenance policies if, and when, they feel it
appropriate to do so. And, as noted in the previous paragraph, this has now happened for the Nimrod fleet. An
issue arises as to whether the Nimrod policy could and should have been modified earlier.

Trend Analysis to inform Maintenance Policy

5.14

The RAF's maintenance policy document makes it clear that trend analysis should be carried out to inform
maintenance policy:

“It is important that corrective maintenance trends are analysed and, where appropriate
reflected in changes to preventive maintenance' schedules. To achieve this, the IPT
should define in the relevant SPS'™ the extent and method of corrective maintenance
data reporting. This should be reviewed when the SPS is reviewed in accordance with
Chapter 5.1. In formulating a data collection policy, IPTs should endeavour to use existing
or emerging Information System applications. "’

Nimrod Maintenance policy review in 2001

5.15

A maintenance policy review was conducted for the Nimrod in 2001 using Reliability Centred Maintenance
methodology in order to determine the suitability of the maintenance policy. The review examined data for
the fuel system between 1995 and 2000, with a view to identifying failure trends in order to confirm the
appropriate level of maintenance required for the Nimrod. Unfortunately, this review did not detect the trend
of increase in leaks from the fuel system subsequently identified by the Board of Inquiry (BOI). This was because
only a five year period was under consideration and the analysis did not discriminate down to the level of
individual components within the fuel system. Even if a trend had been identified, however, it is questionable
whether this would in fact have led to a change of maintenance regime in any event. As pointed out by the Air
Member for Materiel in his comments on the BOI Report, the leak rate detected by the BOI “would not have
been considered to have been a high leak rate in an absolute sense”."® The four-fold increase in fuel coupling
leaks should nevertheless have been a cause for concern (see below).

Lifing of Components

5.16

JAP 100A-01 Chapter 5.3.1 on Lifing of Aerosystem Components notes that: “most failures of aerosystem
components occur in a random manner that is not related to usage, such failures can only be dealt with by
replacing components as and when they become unserviceable”. This is the rationale behind the policy of
Corrective Maintenance for most of the Nimrod fuel system. However, the same chapter also notes that for
some components the probability of failure increases with ‘age and usage’. Two groups of such components
justify replacement, or removal, for maintenance on a pre-determined basis. One of these is: “Components for
which safety considerations require that in-use failure should be minimized or eliminated.” If the failure rate
of the Nimrods' fuel seals was determined to increase with ‘age and usage’, as suggested by the BOI analysis
of fuel leaks, then it could be argued that safety considerations should mandate their replacement at a pre-

4 Boeing 747 Service Letter, 747-SL-28-052-B dated 30 August 1998.

> JAP 100A-01 states that ‘Preventative maintenance’ is “systematic, with prescribed work undertaken at pre-determined intervals to reduce the
probability of failure, to restore the inherent level of equipment reliability and to ensure that performance is not degraded by time or usage”.

'® Support Policy Statement.
7 JAP 100A-01, Chapter 5.4, paragraph 10.
18 BOI Air Member for Materiel Comments, paragraph 10.
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5.17

determined age. Following the impetus given by the BOI, research was undertaken on the proclivity of seals to
leak. The results have suggested, however, that whilst there are a number of factors influencing leak rates, ‘age
and usage’ may not be the primary factors.

Components which are not lifed are maintained ‘on condition’ on the basis that: (a) the safety and operational
consequences of failures are ‘acceptable’, i.e. not catastrophic; and (b) it is reasonable to assume that the non-
lifed components are fit for purpose for the assumed life of the aircraft. It follows, therefore, that even where
there are no apparent assessed safety or operational reasons to life seals, it is essential to re-evaluate previous
lifing assumptions when a fleet is extended in service. The numerous delays to the Nimrod MR2 replacement
programme are a matter of public record (see Chapter 14). It is clear that the year-on-year delays to that
programme have extended the life of the Nimrod MR2 aircraft by many years. In these circumstances, therefore,
it is particularly disappointing that the MOD failed at any stage to observe the trend of an increase in the fuel
leak rate and failed to properly consider whether the previous lifing assumptions and maintenance policy for
fuel seals remained valid. An appreciation of the increasing trend of fuel leaks may have given pause for thought
by those responsible for compilation of the Nimrod Safety Case (NSC) when they came to consider the risk
posed by the Cross-Feed/SCP duct (see Chapter 10).

Categorisation of Leaks

5.18

5.19

5.20

Leaks are not simply noted and ignored. Leaks from wing tanks are regarded as far less of a problem than leaks
within the fuselage or in the vicinity of the aircraft’s engines. This is because leaks from wing tanks are not near
a potential heat source and will disperse into the airflow. While there is a zero-tolerance policy for fuel leaks
from pipes and couplings, which are always rectified as soon as they are discovered, the rectification of leaks
from integral fuel tanks may be deferred, based upon a categorisation system.

Leaks in integral wing tanks are categorised in increasing order of seriousness: '°

“STAIN. Where fuel wets an area around the leak source not over 50mm (2 inches) in diameter in 2
hours”.

“SEEP Where fuel wets an area around the leak source not over 160mm (6 inches) in diameter in 2
hours”.

“"HEAVY SEEP Where fuel appears to spread very slowly to cover an area larger than 160mm (6 inches)
in diameter. However, it does not flow or drip”.

“RUN. Where fuel is running and dripping at a rate less than 10 drops per minute. Alternatively, an area
where fuel appears immediately to flow or run, following the contour of skin where the area is wiped
dry.”

"UNACCEPTABLE LEAK. Where fuel is running or dripping at a rate greater than 10 drops per minute.
Repair or exceptional limitation action must be undertaken.”

In summary:

e “Stains” and “Seeps” in wing tanks are termed “minor leaks” and require recording and documenting
“during pre and post scheduled maintenance fuel leak mapping”, and will not necessarily require
rectification at the next tank opening or scheduled maintenance unless there is a “large concentration”
of them.

e “Heavy Seeps” and “Runs” in wing tanks require rectification at the next tank opening or scheduled
maintenance and must be fully documented in the aircraft’s F700, F704 Acceptable Deferred Fault
Register.

e Immediate repair of “Unacceptable leaks” may only be deferred “in exceptional circumstances”.

19 See AP101B-0500-2(R)1 Part 1, Leaflet 013, Annex 1, page 6-10 (BOI Report, Exhibit 50).
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e leaks of any category “in the vicinity of the Engines and Jet Pipes” or “from the fuselage tank cell,
enhanced leak detection pipes or interspace drains” are unacceptable.

Wing ‘seeps’ on XV230 irrelevant

5.21  There were seven wing tank “seeps” detected and recorded in XV230’s F700 during Primary Maintenance.?
Since they were from the outer wing tanks, in my view, the BOI rightly dismissed them as not playing any part
in the accident.?!

Fuel Seals — causes of failure

Introduction

5.22  The limited information available to the BOI did not allow it to discriminate between the different types of fuel
coupling on the aircraft, i.e. FRS couplings and Avimo “Original” couplings and Avimo 'O’ ring type MR8610
couplings. The absence of wreckage meant that it would be impossible to prove categorically which coupling,
if any, had provided the fuel to initiate the fire on XV230. Thus, the Board understandably focused its efforts
on the type of coupling which was in the majority within the aircraft fuel system, namely the FRS coupling, but
recommended that lifing should be looked at for all types of seals.

5.23  The Review, however, has had the opportunity to consider the issue of the causes of fuel seal failure in more
detail (see below). The Review has also had the opportunity to investigate a quality problem regarding post-2000
Avimo seals (again see below).

General causes of in-service seal failure

5.24  There has been surprisingly little research done worldwide on the life of fuel seals and the behaviour of seal
materials. It appears, however, that a variety of different factors can affect seal integrity and performance,
including: (1) ageing and condition; (2) misalignment; (3) pressure; (4) vibration or airborne stresses; (5)
temperature; (6) drying out; and (7) manufacture. | consider factors (1) to (6) directly, and turn to (7) further
below.

(1) Ageing

5.25 The BOI was very careful when considering whether the ‘age’ of fuel seals was a factor in the loss of XV230.
It did not state that age was a factor, but that it could not rule it out, in view of the increase in seal leaks over
time. When using the word ‘age’, it was considering it in its widest term, i.e. not simply the effect of internal
chemical change over time, but also the effect of external influences over time as well. The term ‘condition’
could equally be used.

5.26  The original 1968 Declaration of Design and Performance (DDP) for the seals used in FRS couplings examined
by the BOI gave them an indefinite life (subject to a five yearly inspection).?? Following the loss of XV230, Eaton
Aerospace (the FRS seal designer) issued a revised DDP dated June 2007 (revised further in October 2007) in
which they recommended a seal life of 25 years after fitting, subject to five year inspections. The revised DDP
further stated: “Should the End User decide to continue to use beyond the 25 year recommendation, it is for
the customer to determine scope, serviceability and suitability of use. Consideration of more frequent/additional
coupling inspection intervals and risk assessment should be made by the End User.” This revised recommendation,
however, arose as a result of Eaton Aerospace’s work with the BOI; the decision was based on a concern to set
a safe limit following the loss of XV230, based on the designer’s generic experience of elastomeric seals, but
not on any specific studies of FRS Nitrile material. Although, as | have mentioned elsewhere there have been
instances of some fuel seals being lifed, the prevalent MOD view (reflected by other nations air forces) appears

20 XV230 underwent a Primary Maintenance between 21 November and 24 March 2006 (at 18,445 flying hours): BOI Report, paragraph 3 [2-2].
21 BOI Report, paragraph 39(d) [2-30].
22 BOI Report, Exhibit 75.
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5.27

5.28

5.29

5.30

to have been that, once fitted, fuel seals could be left in place indefinitely. For example, the Defence Equipment
& Support “Review of Lifing and Maintenance Policy for Aircraft Systems Seals” dated 22 November 2007 refers
to anecdotal evidence of 55-year old Nitrile seals which had remained in oil for their fitted life being “in perfect
condition.”* Whilst this may be true, it must be balanced against the equally valid fact that clearly some fuel
seals do not last anything like 55 years. The focus of any concern should be on early and medium failures, not
just those that survive to a ripe old age.

RAPRA Technology Ltd conducted research in 2000 into the effect of age on elastomeric material performance,
but only up to the age of 40 years.?* Although this paper concluded that: “none of the materials (elastomers
exposed to differing climates over a period of 40 years) has deteriorated to such a degree as to be totally
unusable”,® it also noted that: “many rubbers aged in the compressed condition, particularly in the hot climates,
have set to such an extent after less than 40 years that their ability to act as an efficient seal is very doubtful”.?®
A study by QinetiQ?” in 2007 of the relevant literature concerning Thiokol (the material used in the FRS Series
1 fuel seals before its replacement with Nitrile) suggested that it could suffer temperature-related degradation;
the DDP for FRS110 Series 1 seals specifies a maximum temperature of 70°C.

This conclusion was reiterated by QinetiQ in its later report in 2007 into the “Removal and Examination of Fuel
Seals from Nimrod XV236" .28 QinetiQ considered that two different ageing mechanisms were likely to occur
during the life of a polysulphide seal: the first being ambient temperature ageing, such as will occur in store or
when used in benign temperature conditions; and the second being elevated temperature ageing, which will
occur when the seals are exposed to high temperature environments. QinetiQ’s conclusion was that ageing
effects and thermal degradation initially cause hardening and lack of resilience, and that continued exposure to
heat (especially to temperatures above 70°C) can cause significant softening of the seal.

Work by the US Defence materials experts, Advance Materials Manufacturing and Testing Information Analysis
Center (AMPTIAC)?® in 2003 on the service life of elastomeric seals, also suggests that the chemical structures,
and thus the physical properties of elastomers, degrade over time. Ageing can be inhibited or accelerate,
depending on the environmental conditions surrounding an elastomer. Ageing usually takes place under such
conditions as heat, sunlight, oxygen, ozone, moisture or stress; and the rate of ageing is dependent on the
amount of exposure to these factors. Such conditions will degrade the properties either by causing additional
cross-linking or by chain scission. Ageing is an irreversible process.3°

The inconvenient truth is thus that elastomeric seals do age. The problem is that this process is not yet well
enough understood.

(2) Misalignment

5.31

A number of leaking seals from Nimrods have been subject to detailed analysis since the loss of XV230.3' In the
case of the FRS Thiokol and Nitrile seals, the principal cause of degradation appears to be stress relaxation (i.e.
where the stress required to subject a material to a fixed deformation decreases with time), possibly caused by
a combination of high temperature and coupling misalignment. Specific limitations are detailed for the angular
displacement between pipes connected by couplings and for the distances between pipes and the coupling
assembly.3? In many instances where couplings have been observed to leak, the assembly has been found to be
outwith the specified limits.

23 DE&S(WYT)/365/8/2/CASD, page 7.

24 Natural Ageing of Rubber, RAPRA Technology Ltd, 2000.

# |bid, page 8.

% |bid, page 10.

27 Nimrod Fuel Seals, Literature Survey, Issue 1, September 2007.

28 QinetiQ/EMEA/S&DU/CR0703772/2.0 dated November 2007.

2 AMMTIAC Report dated April 2003: pages 21 to 25 deal with the service life of elastomeric seals.

30 |bid, paragraph 5.12: Ageing.

31 QinetiQ Reports: Examination of Fuel Seal from Nimrod XV260, dated August 2007; Removal and Examination of Fuel Seals from Nimrod XV236,
Issue 2, dated 2007 ; and Examination of Original Avimo Fuel Seals from Nimrod XV240, Issue 1, dated June 2008.

32 Chapter 41-20 of Air Publication (AP) 101B-0503-1DK dated August 2002 and AP 106D-4402-13A. See also the revised DDP published by Eaton
Aerospace after the XV230 incident dated 18 October 2007.
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Following the loss of XV230, Headquarters No. 2 Group recognised in an internal document that: “recent
anecdotal evidence has highlighted a potential shortfall in the training of fitment of fuel couplings”.> The
Review was also informed during a trip to RAF Waddington that, when seals were removed, pipes were often
found to be misaligned and had to be remanufactured. The available evidence in this regard, however, now
goes well beyond the mere anecdotal. A detailed forensic examination of the failure of a fuel coupling and its
seals was undertaken following a significant fuel leak on Nimrod MR2 XV229 at the end of December 2008.34
The principal objective of the investigation was to determine the cause of fuel leaks in both the port and
starboard dry bays. In my view, the report is a considered, detailed and thorough examination of a complex
problem. It concluded that the port leak was caused by “poor assembly of the FRS coupling”. The assembly
included an “oversize cast split-ring collar” which migrated into the female connector, causing an off-set in the
coupling which led to the leak. The report also noted that the condition of the fuel pipe was poor and that, in
contravention of the requirements, there was no gap between the two pipe elements. The starboard coupling
probably leaked because of stresses imposed by the method of assembly, which displaced the fuel pipe within
the coupling. The assembly method mandated required all couplings to be fixed prior to connecting the fuel
pipe to the aircraft; this procedure has now been changed to reduce the stress on the assembly. Both couplings
had been in place, with no record of disturbance, since at least July 2006; one seal was a FRS 54 K Series 1 seal,
which must have been fitted since (at the latest) 2002, when they were declared obsolete. Thus, it is clear that
misaligned couplings, i.e. those which have been assembled outside tolerance limits, may not leak immediately:
one of XV229's couplings had been in place for at least six years before beginning to leak.

The difficulties of fitting and assembling fuel couplings within the complex, cramped environment of the Nimrod
fuselage, the manual dexterity required and the paucity of clear guidance to ground crews as to the best
methods of assembly of these coupling, make it not altogether surprising that some of the 400 fuel couplings
fitted in each Nimrod over the years may not have been assembled in accordance with the strict criteria required,
i.e. within a 1° tolerance. From a practical perspective, as QinetiQ noted in its 2007 report (see above), it is clear
that building a pipe system of the type contained in the Nimrod, and ensuring repeatability of pipe positioning
and alignment, would not be easy, especially when taking into account the ‘hand built’ nature of the aircraft
and the complexity of the pipe system.**> The difficulties are exacerbated by the fact that the replacement of a
single seal or pipe often requires further seals and pipes to be disturbed in order to gain access to the original
item.

| have been impressed in my many meetings and discussions with the ground crews at RAF Kinloss and RAF
Waddington by their dedication and | have no doubt that they have done their best in the circumstances.
Nonetheless, some couplings have undoubtedly been assembled outside tolerance over the years,* either in
error, or through following procedures that induce stresses to the system. The result being that the individual
coupling components undergo greater stresses than that for which they were designed; this can cause physical
movement of components and early degradation of elastomeric seals, resulting in leaks.

(3) Pressure

5.35

Much consideration has been given to the effects of the pressures induced by AAR on the Nimrod fuel system.
The normal pressures to be expected on the fuel system during AAR of 30psi to 40psi are well within the system’s
limits.?” Nonetheless, pressures, albeit transient, of up to 80psi have been observed during AAR. A QinetiQ report
makes reference to ‘anecdotal evidence’ of a surge up to 120psi, but the source of this information cannot
be traced. These ‘surges’ appear to occur in all aircraft types undertaking AAR and are probably caused by the
closing of the fuel system valves. With the sole exception of the single QinetiQ report, no pressures above the
Nimrod's proof pressure have been reported. However, the slow response characteristic of the Nimrod's probe
pressure transducer is such that pressures higher than those observed may in fact have occurred. Most pressure
surges are transient in nature with an early peak followed by a slow reduction in pressure. With a response time

33 Reference: 20071129-Fuel.
34 RAF Form 765B Ground Incident Serial No. Kin 067/08, dated 29 December 2008.
35 QinetiQ/EMEA/S&DU/CR0703772/2.0, dated November 2007: Removal and Examination of Fuel Seals from Nimrod XV236.

* |bid, page 18. QinetiQ calculated from witness marks on two of the seals removed from XV236 that the pipes had probably been about 6° to 7°
out of alignment.

37 75psi maximum working pressure and 112.5psi proof pressure.

79



The Nimrod Review

5.36

5.37

5.38

of one second, the pressure gauge may only be displaying the later portion of a ‘spike’ as it reduces in pressure.
Also, the transducer is located at the probe, whereas the maximum values are likely to be felt further down the
refuel gallery closer to the shut-off valves.

Consultation with the United States Air Force Safety Centre (AFSC) has confirmed that “surge pressures can
impact the integrity of the fuel system and fuel system components if the proof pressure for the fuel system is
exceeded” (emphasis added). The AFSC reported that during testing of the Chinook helicopter system, excessive
surge pressures caused: “a fitting to loosen (discovered by leaking fuel)”. However, the significant point is that
surge pressures need to be above proof pressure to trigger a leak. Aside from one ‘anecdotal’ report, excessive
surge pressures have not been observed on Nimrod.

BAE Systems presented evidence to the Review of a fluid ‘hammer’ effect which is a pressure wave which occurs
when a fluid in motion is forced to stop or change direction suddenly, such as happens when a valve in the
AAR system closes. They calculate that if fluid with an input pressure of 70psi was affected it could have a fluid
hammer pressure of up to 153psi. This pressure would be only momentary and thus the excess energy would
be small. Nonetheless, there is a potential to expose the refuel system to pressures, albeit briefly, in excess of
the proof pressure. Additionally, the maximum working pressure of the seals currently used in FRS couplings is
110psi. This theory appears to have risen from the evidence presented at the Inquest that a bowser in Theatre
had briefly delivered fuel to an aircraft at 70psi. However, subsequent investigation into the fuel leaks discovered
on Nimrod XV229%8 proved that the bowser could not in fact have delivered fuel at 70psi as it was governed to
50psi. The BAE Systems theory rests on the proposition that fuel was delivered at a steady rate of 70psi; it was
not, and there is no evidence that it ever has been, from either bowser or airborne tanker; thus, BAE Systems’
contention has no basis in fact.

What practical evidence is there of AAR-induced fuel leaks within the Nimrod? The Nimrod R1s of No. 51
Squadron have flown significantly more AAR sorties than any Nimrod MR2s. The Squadron examined its records
for a period of intensive AAR sorties for two of its aircraft and noted that neither aircraft had suffered a single
fuel leak.?® Statistically, this is a small sample upon which to build any conclusion. Nonetheless, if AAR in itself
was the primary cause of fuel leaks, it might be expected that those aircraft with the highest number of AAR
sorties would display the greatest number of leaks. It has been suggested that a comparison between the
Nimrod R1 and the Nimrod MR2 is invalid because of the different operational profiles of the two aircraft;
however, when conducting AAR, the two aircraft operate the same flight regime. Furthermore, those aircraft
which have displayed fuel leaks during AAR (particularly those which attracted considerable interest following
the loss of XV230) have, with few exceptions, leaked in areas not subject to increased pressure during AAR.
Increased pressure during AAR might affect a system already weakened, and it may well be a contributory factor
in some leaks, but, on current evidence, is unlikely to be the principal cause of coupling leaks. In the case of
XV230, however, given the proximity in time of the first fire warning and the cessation of AAR (approximately
90 seconds), it is likely that AAR played some part in the initiation of the fire.

(4) Vibration or airborne stresses*

5.39

During a 1999 investigation into fuel leaks on Nimrod R1 XV249, cameras showed that one fuel pipe assembly
actually moved in flight. In November 2007, AAR was prohibited on the Nimrod when it proved impossible to
reproduce a known airborne fuel leak on Nimrod MR2 XV235 whilst on the ground. In December 2008, the
investigation into the leaks on XV229 also considered this issue and noted that on another aircraft (XV241) a
leak assessed as a ‘run’ with the aircraft jacked became a drip every three seconds when the aircraft was resting
on its undercarriage. It thus appears that the stresses of the airborne environment can induce leaks, but it is
not yet clear whether these leaks are simply manifestations of pre-existing weaknesses caused by misaligned
couplings.

320081127-XV229 F765B Report-U16.
39 BOI Report, Exhibit 51.
40 j.e. aerodynamic loading causes wings to flex.
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(5) Temperature

5.40

5.41

5.42

The RAPRA studies previously mentioned indicate that high temperatures can affect the performance of
elastomeric seals. The Nimrod has been exposed to elevated temperatures during its recent Gulf operations
and this may have had an effect on seal performance. In a recent report,*’ QinetiQ state in relation to in-service
environment and temperature:

“The actual service temperatures experienced by the seals under test is not known but
information from the Nimrod IPT on measurements taken on an aircraft operating in
desert climates gives typical internal temperatures of about 43°C. In addition, it was noted
that internal temperatures did not exceed 50°C. Measurements were also made of ground
temperatures and these recorded 68°C on the pan and 58°C in the shade. ... In addition,
those couplings in close proximity to hot pipe work will also have experienced elevated
temperatures, regardless of the geographical location. However, these temperatures are
not known and should be measured. "*

QinetiQ refer to the effect of particularly large increases in temperature between 70°C and 80°C on stress
relaxation and suggest that it is possible that these sort of temperatures could be reached if an aircraft is parked
on the tarmac under a hot sun whilst on deployment. The DDP by Eaton states that Thiokol materials can be used
with fluid temps between -45°C and +55°C and ambient temps between -65°C and +70°C. Therefore, there
appears to be a possibility that seals in aircraft operating in desert environments may experience temperatures
close to their specification limit. Furthermore, test results show significant softening occurs between 70°C and
80°C. Accordingly, temperature excursions above the specification limit for these seals could result in significant
and rapid stress relaxation occurring.

The US Defence materials experts, AMMTIAC,* state that heat resistance is not one of an elastomer’s great
strengths. In fact, elastomers are very susceptible to high temperatures. Since most elastomers are organic,
they usually chemically degrade under high temperatures, causing their physical properties to deteriorate.
Elastomers will typically soften under increasing temperatures, eventually causing their properties to degrade
and subsequently turn brittle. Thermal expansion can sometimes give seals better performance temporarily,
but this swelling can result in stress relaxation, compression set, and reduction in strength. Fluid compatibility
is also somewhat dependant on temperature. That is to say, higher operating temperatures tend to cause the
elastomers to become more susceptible to fluids. Low temperatures cause elastomers to gradually become stiffer
and eventually turn brittle. This causes their hardness to increase, which can adversely affect an elastomer’s
ability to maintain a seal.*

(6) Drying out

5.43

5.44

There was a considerable amount of evidence, both from maintainers and experts, that the incidence of fuel
leaks from couplings went up following a period when a fuel system had been drained down, e.g. during Major
maintenance. It was observed that when the system was pressured up again with fuel, a greater number of fuel
coupling leaks was experienced. Expert opinion points to the deleterious effect that ‘drying out’ can have on
elastomers.#

I now turn to consider the fuel system maintenance regime and leak history of the Nimrod fleet itself.

41 QinetiQ Report: “Removal and Examination of Fuel Seals from Nimrod XV236" dated November 2007.
4 |bid, page 37.

4 AMMTIAC Report dated April 2003: pages 21 to 25 deal with the service life of elastomeric seals.

4 Paragraphs 5.9 to 5.10.

4 See, for example, pages 8 and 9 of QinetiQ’s 2007 report (supra).
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Maintenance regime for Nimrod fuel system 1969-2006

5.45 The maintenance regime of the Nimrod fuel system is, and was, hampered by a number of physical, practical
and organisational factors.

Physical difficulties

5.46  The maintenance of the Nimrod fuel system is far from straightforward for a number of physical reasons:

5.46.1 First, the Comet fuel system has been extensively modified by the addition of fuel tanks, and the
incorporation of AAR to extend the Nimrod's endurance. This has led to a complex and extensive system
of fuel pipes (incorporating approximately 400 couplings) within a relatively small airframe;

5.46.2 Second, the Nimrod was not built with easy maintenance and accessibility in mind. This presents a
particular problem with regard to the replacement and assembly of FRS couplings, which requires a
degree of accuracy and manual dexterity;

5.46.3 Third, the design tolerances of the Nimrod reflect standards prevalent several decades ago: the aircraft
were hand-built and the dimensions of each aircraft are slightly different. When replacing components
such as lengths of pipe, the replacement part often has to be specially altered and fashioned to fit the
dimensions and space available in the particular aircraft. This is not unusual in designs of the Comet/
Nimrod era. In absolute terms, the differences are small. However, the requirements for the FRS fuel
couplings are stringent: there is only a 1° maximum pipe angle deflection tolerance allowed. This imposes
the need for accurate fabrication of individual components as well as equally accurate assembly; and

5.46.4 Fourth, defects and deterioration in fuels seals (unless made evident by fuel leakage) are not normally
observable without dis-assembling the coupling, which would then require replacing.

Lack of guidance in maintenance manuals

5.47

5.48

The practical and perceived difficulties of maintaining the Nimrod fuel system were not eased by inadequate
supporting documentation. The BOI noted that:

5.47.1 The Aircraft Maintenance Manual (Topic 1) was deficient in that it did not contain guidance for the
correct assembly and fitting of the locking rings to fuel couplings. If the locking ring is incorrectly fitted,
the two halves of the coupling could potentially loosen and allow it to leak.

5.47.2 The Aircraft lllustrated Spares Catalogue (Topic 3) did not comprehensively identify every coupling and
its component parts, giving rise to the risk of incorrect parts being fitted.

An RAF investigation in 2008 into fuel leaks experienced by Nimrod MR2 XV229 reported continuing problems
with Topic 1 and its supporting documentation, describing them as “contradictory and ambiguous”.*® In
particular, the report cites lack of guidance, missing instructions, incorrect references, a fuel pipe assembly
procedure “that is prone to build stress into a system”, and an omission of any directions on “how to carry out
installation work to mount fuel pipes to the aircraft structure, the procedure to be followed if the pipe does not
fit or quidance to review the relevant chapter of AP101B-0503-3A for alternate structural fitment procedures”.*’
It is a matter of concern that, despite the focus on fuel coupling leaks since the loss of XV230 almost three years
ago, and the specific recommendations made by the BOI, documentation specifying fuel system maintenance
should still have been regarded as inadequate in 2008.

46 RAF Form 765B Ground Incident Serial No. Kin 067/08, dated 29 December 2008.
47 |bid, page 20.
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Lack of Trend Analysis

5.49

5.50

5.51

5.52

As required by Maintenance Policy, and as the BOI correctly emphasised:*® “...it is important that corrective
maintenance trends are analysed and, where appropriate, reflected in changes to preventative maintenance
schedules™®. Unfortunately, as explained above, the maintenance data for the Nimrod fuel system was never
subject to any trend analysis at a component level which would have allowed the increase in leak rates to be
detected. In his comments on the XV230 BOI Report, whilst noting that fault trends had been analysed and
that the direction contained within JAP 100A-01 had been followed, the RAF Kinloss Station Commander went
on to note that: “...the analysis was not effective as it did not identify the increase in fuel leaks that the BOI
uncovered.”

Nimrod was not part of the Logistics Information Technology Strategy (LITS) because the Nimrod's (perceived)
impending out-of-service date (OSD) was thought not to make this worthwhile. However, the data relating
to the maintenance record of the aircraft did exist and it is regrettable that insufficient effort was applied to
analysing fault trends to inform maintenance decisions. In order to analyse the trend of fuel leaks, the BOI was
forced to sift through a database containing summaries of several thousand aircraft job cards, examining each
record individually to see if it contained any relevant data. The inadequacies of the official Nimrod data recording
systems are illustrated by the fact that the Nimrod Line Engineers at RAF Kinloss felt the need to develop their
own database, which unfortunately fell into disuse when the individual Line engineer with the Information
Technology (IT) skill to construct and maintain the system was posted elsewhere. From my discussions with
personnel at RAF Kinloss, it is plain that it was regarded as a valuable asset and its passing is much regretted
now.

Following the accident to XV230, the Nimrod IPT introduced mandatory reporting of fuel leaks using a form
known as a Leaflet 70 from AP101B-0500-2(R1). These were to be sent to the IPT when completed to highlight
any ongoing problems with fuel leaks. As a result of the F765B investigation into the fuel leaks on XV229 in
December 2008, one of the observations made by the Investigating Officer, was that his review of a significant
number of Leaflet 70s listed ambiguities, factual inaccuracies, and non-standard practices: “/t was concerning
that there seems to be no follow up action by the IPT to address these anomalies ... it is considered that the
robustness of the reporting and reviewing process is questionable and requires a process review. "

This lack of follow up is a matter of concern, particularly since Leaflet 70 was meant to serve as the primary
monitoring tool for fuel leaks and the effectiveness of any new procedures to deal with them, such as the
enhanced inspection regime.

Prevailing attitude that fuel leaks ‘inevitable’

5.53

5.54

There was (and remains) a prevailing attitude that leaks in aviation fuel systems are an inevitable fact of life.

This is reflected in, e.g., the DE&S “Review of Lifing and Maintenance Policy for Aircraft System Seals”,*° dated
22 November 2007, which stated that: “ultimately, leaks from seals are inevitable and the system design
principles used for aircraft in both the civil and military environments to mitigate against leak hazards (sic)".
The term ‘leak tolerant’ (a term which seems to have sprung up since the loss of XV230) appears intended to
convey the sense that fuel leaks in themselves should not pose a significant hazard because aircraft should be
designed and constructed such that leaks would never reach a point of ignition. This is undoubtedly true in
theory: any competent designer should naturally do everything to eliminate the risk posed by sources of ignition.
Nonetheless, as the TWA 800 case®' and XV230 have starkly illustrated, however careful you think you have
been, you cannot be sure you have anticipated all potential ignition sources.

4 JAP 100A-01, and BOI Report, paragraph 32(a)(5).
49 As mirrored by civilian maintenance procedures: see Civil Aviation Authority (CAA) IP leaflet 1-7, BOI Report, Exhibit 12.
0 DE&S(WYT)/365/8/2/CASD, page 18.

ST TWA 800 exploded on a flight from Paris to New York on 17 July 1996 over Long Island. Investigators determined that fuel vapour in the almost
empty central fuel tank had been ignited by an unknown source, most probably an electrical short.
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Ignition/Leak Equation

5.55

A maintenance approach which relies primarily on a belief that all potential ignition sources have been eliminated
is, in my view, unsound. Further, it is not generally a good approach to tolerate recurrent defects, even minor
ones; they might have unexpected, unforeseen, or cumulative consequences. It is also a well known adage that
"fuel will tend to find a source of ignition’. Liquid paths are eccentric. Accordingly, as | state in Chapter 23, good
practice, and the principle of As Low As Reasonably Practicable (ALARP), require that the risk of both parts of
the ignition source/fuel sources equation be equally carefully addressed. One BOI witness said that leaks “were
seen more as an operational issue as opposed to a flight safety issue”.>* It is right to point out, however, that if
crew detect a fuel leak in flight they are expected to file an Incident Report (IR). Significant leaks on the ground
would also be reported in an IR and probably supplemented by a Serious Fault Report (SFR). Ground crews are
required to do all in their power to identify and cure a leak and aircrew would not accept an aircraft to fly unless
leaks were cured, or within limits and correctly recorded. Nonetheless, in the past, it appears that not enough
was done to give thought to attempting to identify the underlying causes or patterns of leaks, or the potential
risks flowing from them.

‘Non-disturbance’ philosophy

5.56

There has been a widespread philosophy in the MOD, and other air forces and the civil sector, that fuel seals
should generally be left undisturbed. This stemmed from a prevailing belief that pro-actively replacing seals
might actually increase the number of fuel leaks by disturbing the system and fuel couplings® up and down the
line and/or because of ‘infant mortality’, i.e. early failures of newly assembled couplings. Whether this belief
is justified in all circumstances is, however, not clear. The Nimrod Fuel Seal Replacement Programme (FSRP),
whereby 42 fuel seals located in specific areas deemed to present a particular risk,>* and the Nimrod teardown
exercise have yielded potentially valuable results (see Chapter 23).

Lack of appreciation of leak rates

5.57

There was a lack of appreciation of Nimrod fuel leak rates in some quarters. BAE Systems stated repeatedly in
the NSC: “From in-service data the potential for fuel pipe leakage is given as Improbable”. The definition of
“Improbable” is “remote likelihood of occurrence during the operational life of a particular fleet”.>> For combat
aircraft this equates to a figure of 1x10® or an occurrence of one in a million flying hours. As explained in
Chapter 11, even a cursory examination by BAE Systems of IRs raised by Nimrod crews following fuel leaks
would have shown this statement to be unsound. Any discussion with the aircrafts’ maintainers as to the
frequency of leaks detected on the ground would have shown the claim to be manifestly untrue. An experienced
Nimrod engineer told the Review that, on average, he would estimate that there was a fuel leak (excluding wing
tank leaks) about once a fortnight.

Limited pressure testing and ‘leak mapping’

5.58

The approach to fuel leaks was, therefore, essentially re-active rather than pro-active. There were occasions,
however, on which pro-active steps were taken to detect leaks. Prior to some Depth maintenance activities,
aircraft were filled with fuel and left overnight. On the following day an inspection would be made to determine
the location and extent of fuel leaks and any leaks ‘'mapped’ (there is a page in the F700 for entering on a
diagram the position of fuel leaks). Although this was effective at detecting external leaks in the aircraft’s wing
tanks, it was significantly less effective at detecting leaks elsewhere, particularly as the fuel system was not
pressurised for this procedure. Pressure tests were, however, conducted on any element of the fuel system that
was disturbed and rebuilt during or following Major maintenance.

%2 BOIl Witness 33.

>3 |t is entirely possible that what was perceived as ‘infant mortality’ was actually the failure of incorrectly assembled couplings.

4|t is still too early to tell the medium and long-term effects of the FSRP.

> BAE Nimrod Task 06-3409 “Equipment Safety Management Nimrod MR2: Mk2 Equipment Safety Case Baseline Report” (J4-475), Appendix B,

page 2.

84



Chapter 5 - Leak from Fuel Coupling

History of leaks in Nimrod fleet 1983-2006

Introduction

5.59

The Nimrod fleet experienced a four-fold increase in fuel coupling leaks during the period 1983-2006.°¢ Although,
in absolute terms, the increase was not large, it should have been detected by reviews of maintenance policy.
The relatively slow increase, over a period of decades, was, however, below a level at which it was immediately
apparent to those operating the aircraft. Although the leak rate was broadly comparable with leak rates from
some other RAF aircraft, no comparison appears to have been made until after the loss of XV230. No single
cause for the increase in leaks has been determined. It is likely to be due to a combination of interlinked factors,
including inaccurate alignment of couplings and fuel pipes, exposure to high temperature, and mechanical
movement or vibration. Although seals manufactured after 2000 used in Avimo couplings were not of the
correct specification, and were found to have degraded (see further below), none of the couplings from which
they were extracted was itself found actually to be leaking.

Wing Tank Leaks

5.60

The Nimrod, as with other types employing similar design, suffers from leaks from the wing fuel tanks. The
design of the Nimrod is based on the Comet. When the Comet was designed in the 1940s the ability to make
large wing panels did not exist and a large number of joints were required for the Nimrod in order to fasten
together the relatively small wing skin panels.>” As fuel leaks are most likely to occur at structural joints, the
susceptibly of the Nimrod to fuel leak incidents was seen as an ‘inevitable’ consequence of the basic design.>®
Because leaks from certain areas of the wings will enter the airflow and be dispersed behind the aircraft, as long
as they are within prescribed limits, they can be accepted and the aircraft will fly with them. This is, however,
subject to certain procedures: a careful engineering assessment and the recording of each leak in the aircraft’s
documentation (Form 700). Further, the aircraft captain will examine this document before deciding whether
or not to accept the aircraft for flight. The addition of electric operational equipment to the hard points under
the Nimrod's wings from the early 1990s meant that the areas of the wing in which leaks were ‘acceptable’
was reduced. However, in practice, ground crew found it difficult to prevent recurrence of leaks in these areas
and this led to a reduction in aircraft availability: the aircraft were not allowed to fly until the leaks had been
cured. Significant time and effort was devoted to this recurrent problem straining ground crew resources. In
2006, QinetiQ was tasked to investigate the issue and determine whether it was possible to reduce the leak rate
from wing tanks, to improve aircraft availability. The subsequent QinetiQ report® highlighted that, although the
tank repair work on the Nimrod MR2 examined at RAF Kinloss was to a ‘high standard’ there were a number of
improvements that could be made. In particular, QinetiQ highlighted the following: “The working conditions of
RAMS® are ... less than ideal” and “the temperature and humidity variations are unlikely to be conducive to the
correct curing of sealant materials”; “Finally, it was noted that the facilities and previous hangar environmental
conditions were not fully conducive to working efficiently with fuel tank sealant ...” to allow the curing of tank
sealant”; “the APs in use by both RAMS and NSG were found to be both out-of-date and of insufficient depth
to be of practical value”, “the bolt replacement has been a random process according to where the leaks occur
and is not covered by preventative maintenance or inspection routines”. QinetiQ also noted that there was poor
sharing of data between organisations, poor analysis of available data, the use of outmoded procedures and
documentation and the use of particular sealants, when more appropriate sealants were available. This episode
thus does not reflect very well on the then current processes and procedures for dealing with wing leaks. But
it is right to point out that the report made it clear that, when faced with a wing tank leak that posed a threat
to aircraft safety, the RAF simply did not allow the aircraft to fly. The QinetiQ report was prompted by the
operational impact of unavailability of aircraft. Nonetheless, it is a matter of concern that these unsatisfactory
aspects of maintenance were found.

6 BOI Report, Part 2, paragraph 39(b).
7 “Nimrod Fuel Leak Study”, QinetiQ/D&TS/AIR/RF051726/14, dated 17 March 2006, page 10.

%8 Ibid.

59 “Nimrod Fuel Leak Study”, QinetiQ/D&TS/AIR/RF051726/14 dated 17 March 2006.
%0 Repair and Maintenance Section.
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Fuselage Leaks Trend

5.61

5.62

There had been an undetected but inexorable and significant increase in the leak rate in the Nimrod fleet in the
23 years before the XV230 accident. Whilst some integral wing tank leaks do not generally pose a potential
problem, leaks within the aircraft fuselage are a different matter.

The BOI's Engineering Member, Squadron Leader Andrew Gransden, carried out a painstaking and meticulous
analysis of several thousand records®' held within the RAF's Maintenance Data System. This exercise took many
weeks. It showed that there had been an increase in fuel leaks from couplings and seals between 1983 and 2006.¢?
These had seen an increase from approximately 0.5 per thousand flying hours in the 1980s, to approximately 3.5
per thousand flying hours in the 2000s. Although, in absolute terms, this did not represent a significant number
and the rate of leakage in the 1980s was particularly low, it did represent a significant growth in reported leaks.
A subsequent report by DE&S® suggested that the rate of increase over the period 1997 to 2006 was very low.
However, this report (compiled from BOI data) was over a much shorter timescale and utilised information for
2006 as representing the entire year, leading to a distortion of the analysis (notwithstanding that the BOI had
clearly identified that this data represented only a portion of the year in question). In my view, if one compares
like with like, the conclusions of the BOI are consistent with the DE&S report.

Comparative leak rates — other military aircraft

5.63

The DE&S study referred to above considered leak rates for a number of aircraft (Nimrod, VC10, Puma and
Tornado IDS) over the period 1997 to 2006. Although the Puma had a much lower leak rate than Nimrod,
the Tornado’s leak rate was comparable. The VC10 experienced a much higher leak rate than any of the other
aircraft, peaking at 16 faults per 1000 flying hours in 1998. This was attributed to a change of maintenance
procedures for the VC10 fuel system, which had required significant disruption of the fuel system and provoked
additional leaks. The rate of leaks for VC 10s had, however, fallen and in 2006 was only slightly higher than that
of the Nimrod. Nonetheless, it would appear from the limited data available that the Nimrod has a comparable
leak record with some other MOD aircraft.

Warning signs

5.64

There were a number of incidents over the years which indicated the potential for fuel leaks to cause significant
problems. These incidents can be seen as lost opportunities. They were potentially serious events which should
have highlighted the risks inherent in fuel coupling leaks interacting with patent ignition sources. They are
discussed further at Chapter 8.

Post accident leak history

5.65

Following the loss of XV230, there was an increase in reported fuel leaks. This can probably be explained by an
increased inspection schedule and the regular checks for leaks under pressure.

Shortcomings in fuel seal maintenance regime

5.66

It is important to place the issue of Nimrod fuel leaks in context. No Nimrod crew would knowingly accept an
aircraft with a fuel leak (with the exception of minor leaks from the wing fuel tanks, which had been assessed
as not presenting a threat to the aircraft and recorded as such in the aircraft documentation). The majority of
detected leaks were, and still are, relatively small leaks, found by the ground crew during maintenance and
immediately rectified. Nonetheless, in my view, there appears to have been an inadequate appreciation of
the risks from fuel coupling leaks in the fuselage, unsatisfactory maintenance and no overarching direction to

1 Approximately 46,000 in total.

62 XV230 BOI Report Annex |, and Addendum A1-2. Where possible integral wing tank leaks were excluded from the analysis as, from the Board’s
knowledge of the Nimrod's systems and the reported location of the fire on XV230 it felt able to disregard fuel tank leaks as a potential source of

fuel.

& “Review of Lifing and Maintenance Policy for Aircraft System Seals”, DE&S(WYT)/366/8/2/CASD, dated 22 November 2007.
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monitor the frequency or extent of fuel leaks generally: they were seen as essentially a routine maintenance
issue preventing aircraft flying, but not necessarily as a threat to the aircraft. Each incident appears to have
been treated in isolation, with no attempt to gather evidence of patterns or trends. As fuel represents the most
unpredictable ‘third" of the fire equation,® there should always be careful and unremitting focus on managing,
tracking, monitoring and reducing fuel coupling leaks to ALARP.

5.67 In my view, the maintenance regime operated for many elements of the Nimrod fuel system prior to the loss of
XV230 in September 2006, was unsatisfactory because:

5.67.1 Although the ‘Corrective Maintenance’ regime reflected common practice in the aviation field, it failed
to detect an increase in fuel leaks, despite the conduct of the data reviews mandated to ensure the
efficacy of the system. Perhaps the policy’s greatest failing, though, is that it appears to have imbued
a sense that fuel leaks were not an occurrence that required careful monitoring. Fuel coupling leakage
was not perceived as a significant risk in itself, as the majority of leaks were considered to be extremely
small and no one had realised the ignition threat posed by the Cross-Feed/SCP ducting.

5.67.2 Fuel leak mapping and zonal surveys of the fuel system, conducted prior to and during periodic
maintenance, were of limited value in detecting fuel leaks as they were undertaken either with the fuel
system empty, or full but not under pressure. The fuel system was not tested or inspected under pressure,
unless a component was replaced under the Corrective Maintenance policy, or following scheduled
maintenance to confirm correct reassembly of the fuel system. (The AAIB® report, produced as part of
the investigation into the loss of XV230, highlighted that the maintenance regimes for some civilian
aircraft included checking the fuel system for leaks while under pressure.)®® Further, visual inspections
were confined to external signs of damage, deterioration, corrosion, or leaks. Couplings were not
dismantled to check the condition of their rubber seals; however, such a process would have involved
the wholesale replacement of the seals as once disturbed they are automatically replaced. It is difficult
to see, therefore, how incipient fuel leaks might be detected with any level of confidence.

5.67.3 There was no system of formal random ‘sampling’ of components such as seals to check their in-service
condition, or any pro-active method to anticipate leaks.

5.67.4 There was a lack of guidance in the Aircraft Maintenance Manual (AMM) regarding the fitting of
fuel couplings which meant that ground crew had no immediately available reference to ensure that
the couplings were fitted correctly. Couplings have been found incorrectly assembled allowing some
rotation of the coupling body. The lllustrated Spares Catalogue did not identify the part numbers of the
couplings illustrated, such that maintainers had to rely on using the part number of the removed part
to identify the necessary replacement — something which could perpetuate previous misidentifications.

5.68 The MOD was at fault in particular because:

5.68.1 Although Reliability Centred Maintenance was supposed to be used to determine fault trends, the MOD
failed to detect the increase in fuel leaks, as it was not focused on individual fuel system components,
nor was it directed to investigate fuel leak rates. The Maintenance Data System (MDS) managed through
the Logistics Analysis and Research Organisation (LARO) captured maintenance work orders (MWO)
but was not used to extract trend analysis for fuel leaks. The platform ‘fault trend analysis’ produced
annually did not go down to component level. There was thus no means of investigating easily fuel leak
rates, or indeed noticing increases over time; a fact illustrated by the BOI's need to interrogate several
thousand records to produce their own analysis.

5.68.2 The system was reliant solely on IRs or SFRs, raised by air or ground crew, to reveal problems. However,
unless a fuel leak was determined to have posed a threat to an aircraft, it would generally simply be
recorded as a fault and rectified in the normal manner (although all leaks discovered whilst airborne

64 A fire requires fuel, heat and oxygen to ignite.
55 Air Accident Investigation Branch.
% BOI Report, Exhibit 12, page 48.
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would generate an IR). The majority of fuel leaks were not detectable in the air and would thus be
detected when ground crew examined the aircraft during post or pre-flight inspections, or during periodic
maintenance. Thus, a simple examination of IRs and SFRs would provide only a narrow perspective on
the true rate of fuel leaks within the aircraft.

5.68.3 There is no evidence that any of the previous incidents (see further Chapter 8) sparked any particular
thought as to the risks inherent in fuel coupling failures.

5.68.4 There is no evidence that anyone had formally addressed the apparent discrepancy between the FRS
coupling manufacturer's original recommendation in 1968 (that FRS Series 1 elastomeric fuel seals
should be subject to a five-yearly inspection regime), and the actual maintenance regime operated in
practice from 1969 to 2006.%”

Avimo Seals — Quality problem: post-2000

5.69

| now turn to consider a major issue which has arisen in relation to Avimo seals. The Nimrod is fitted with 66
Avimo seals, of which one is located in the starboard No. 7 Tank Dry Bay immediately above the SCP elbow.

Avimo “Original” Couplings

5.70

5.71

The original patent for the Avimo coupling (obtained by the Review from the British Library) dates back to 1937
as a “Resiliant Pipe Joint” for pipes subject to vibration or small relative movements, such as those in internal
combustion engines.®® The patent was acquired by Avimo Ltd (a company formed in 1937) and apparently
approved under CAA Airworthiness number E2594, although it has not been possible to locate this document.
The couplings were used extensively on World War Il aircraft® before De Havilland (later Hawker Siddeley)
selected the coupling for use on the Comet airliner and then subsequently for the Nimrod R1 and MR2 aircraft,
around 1969.7°

In general terms, the Avimo coupling was selected to join pipe work in the Nimrod's refuel/de-fuel and fuel
tank venting systems, i.e. (broadly) the larger diameter pipes in the aircraft’s fuel system. More particularly,
the Nimrod IPT confirmed to the Review in October 2008 that there are a total of 66 Avimo couplings fitted in
the Nimrod R1 and MR2 fuel system, comprising: (a) 46 in the refuel/de-fuel system (no longer expected to be
pressurised in flight now that AAR has ceased); (b) four in the vent system; and (c) 16 in the fuel feed system
(which see a pressure of up to 28psi in flight, but all of which are contained within the wing fuel tanks). One of
these couplings is located in the starboard No. 7 Tank Dry Bay.

7 BOI Report, Exhibit 75.

% Patent Specification 465,724 accepted on 7 May 1937.

% Including the Spitfire.

DG AS/WYT/3/2/NIM IPT & DG&S(AIir)(Wyt)508324/120/1.
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Figure 5.9: Avimo Seal

Seeds of Concern

5.72

5.73

5.74

Following the BOI into the loss of XV230, the Nimrod IPT initiated the Nimrod Sustainment Programme (NSP) to
address the BOI's recommendations. This programme introduced a series of checks to determine the integrity
of the Nimrod fuel system, including the promulgation of Special Technical Instruction (STI) 922 for a targeted
replacement of fuel seals between Rib 3 port and Rib 3 starboard (the Nimrod FSRP). During the course of
this programme, on 14 May 2008, Avimo seals removed from the refuel/defuel pipe in the No. 3 engine bay
of XV2407" were found to be degraded. In particular, the inboard seal was found to have extruded into the
gap between the two pipe ends, suffering compression damage (deformation consistent with its surrounding
components) to such an extent that it had split. Although there were no visible signs of fuel leakage from the
coupling, there was perceived to be a risk that fuel could have leaked onto the ECU or the hot pipe situated
below (although there was a fire suppression system in the relevant zone).

RAF Kinloss duly reported this finding to the Nimrod IPT in a Serious Fault Signal and the seals removed from
XV240 were sent to QinetiQ for priority analysis, followed (in due course) by all the seals previously removed
from XV244 and XV255 under STI 922.

In its report dated June 2008, 2 QinetiQ examined the Avimo seals removed from XV240. It concluded that
the most probable cause of the damage to the seals was from mechanical loading effects, in that sustained
compression and a sometimes warm environment probably caused deformation of the seals through stress
relaxation or compression set. The inboard seal referred to above was found to have split through in two
places. The split coupling did not leak because fuel could not pass between the seal and outer flanged packing.
If, however, one of the splits had coincided with the gap between the two flanged pieces, a fuel leak would
have been probable. QinetiQ accordingly recommended that all similar couplings in the engine bays and any
other potentially hazardous locations should be examined for damage and/or fuel leaks and, where necessary,
damaged seals replaced.

71 The seals were removed from the inboard and outboard ends of refuel pipe 6M4P1477A/ND.
72 "Examination of Original Avimo Fuel Seals from Nimrod XV240", QINETIQ/CON/AP/CR0800541.
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5.75

5.76

5.77

XV240 inboard seal split through
Seal exhibited deformation consistent with surrounding components
Failure occurred in the central band, between the pipe ends

Figure 5.10: Avimo Seal Damage

QinetiQ’s subsequent examination of fuel seals removed from XV255 and XV244 confirmed the conclusions
expressed in its June 2008 report. It found that one seal from each of XV244 and XV255 was split in a similar
manner to that on XV240. As with the seals removed from XV240, none of the Avimo seals in the batch
examined by QinetiQ had been observed to be leaking. They were merely replaced pursuant to STl 922 as a
precautionary measure. Examination of the most damaged Avimo seal removed from XV255 (removed from the
lower coupling joining the starboard Rib 1 Y-branch to the pipe that goes to tank 7, i.e. in a wing root location
adjacent to the No. 7 Tank 7 Dry Bay), however, revealed that its inside surface had split open and it was “very
close to failure”. Although situated to the rear of the Rib 1 area, this seal is separated by a bulkhead from the
No. 7 Tank Dry Bay and is thus unlikely to have been the source of fuel for XV230's fire (there is, though, one
Avimo coupling within the No. 7 Tank Dry Bay). In QinetiQ’s letter dated 25 July 2008 to Nim(ES)AWS, the lead
scientist concluded that it was another case of progressive mechanical failure (fatigue) in the rubber seal and
stated: “As far as | am aware, most of the attention to date has focused on FRS couplings. We now have what
appears to be an equally plausible fuel leak location in a branch pipe joined by Avimo couplings. Although both
FRS and Avimo seals exhibit signs of material ageing and/or stress relaxation, in the Avimo seals, the primary
mode of failure appears to be progressive mechanical failure (i.e. rubber fatigue). | know STI 922 is already
replacing Avimo seals. However, | suggest you should review and consider whether sufficient attention is being
given to the inspection and replacement of this type of fuel coupling across the fleet. Note that these are
generic couplings probably also used on other aircraft.”

In a subsequent e-mail to the Nimrod IPT dated 28 August 2008, following a further examination of Avimo seals
removed from XV236 and XV231, QinetiQ reiterated its view that: “We clearly have a serious problem with the
condition of this type of seal.”

In the ensuing months, during further maintenance or as a result of the Nimrod FSRP, a further eight Avimo seals
were found to have split in a similar manner and made the subject of an F760 (Narrative Fault Report) action.
In the light of which, and acting on QinetiQ’s advice, the Nimrod IPT ordered that all 23 seals from the Avimo
couplings within the Rib 3 starboard to Rib 3 port area were to be replaced under STl 922, and that all Avimo
seals (outside the wing tanks) were to be replaced by the end of March 200973. It further tasked BAE Systems to
take the QinetiQ investigation forward together with the Avimo coupling equipment manufacturer (who by this
time, was Taunton Aerospace Limited (see below)), at an initial meeting on 23 September 2008.

Avimo seals now being replaced with new material

5.78

The seal compound was found not to conform to the original specification. Following the discovery of the non-
compliant formula being used for the Avimo seals, the Nimrod IPT instigated a technical investigation and an
urgent programme to find and manufacture new material for Avimo seals. | turn to consider this below.

3 Annex A to Business Procedure (BP) 1301, dated 18 September 2008.
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Composition of Avimo Seals

5.79 At the time of the loss of XV230, and indeed until very recently, the rubber seals used in the Avimo couplings
were polychloroprene seals. Chloroprene was first synthesised in 1930 and the commercial manufacture of
chloroprene started in 1932. One of chloroprene’s many trade names is ‘Neoprene’.

5.80 The Review was advised by QinetiQ that there are very many different possible formulations of chloroprene,
using various base polymers, fillers, anti-oxidants, process aids, activators, curatives and process oils in different
proportions. In consequence of which, the different properties of polychloroprene rubbers vary.

5.81 The original component drawing for the Avimo seal, drawing no. MR700D, dated 9 February 1947, entitled
“Rubber for Pipe Coupling” (last amended 16 July 1962, Issue 12) (the Avimo Drawing) lists three categories
of part numbers and gives detailed dimensions. The second category of part number specifies as its material
“Avon Rubber Co. Mixture No. 18 x 5" or “Spencer Moulton Mixture No. SHO/2”. Note 1 to the Avimo Drawing
provides as follows:

“MATERIAL: NEOPRENE WITH 100 PART LOADING CARBON BLACK PER 100
OF NEOPRENE.

HARDNESS: 60/65% B.S.
SPECIFIC GRAVITY 1.35”

Formulae

5.82 A common formula for Polychloroprene or Neoprene is:

H CH,
N/
/

CH, CL

5.83 A common formula for Nitrile Co-Polymer is:

CH, - CH - CH, CH, - CH=CH -CH;

C=N

5.84 A common formula for Polysulphide Thiokol’* is:

SH-R - S ~(S-R-S) -S-R-SH
R - CH, CH, OCH, OCH, CH -

74 Used for FRS seals until 2004.
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The Manufacture of the Seals

5.85

5.86

5.87

On 20 July 1999, the Thales Group” acquired a minority stake in Avimo Group Ltd, Avimo Ltd’s Parent
Company. The Thales Group subsequently acquired the remaining shares between 6 February 2001 and 17
November 2001. Following the purchase, Avimo Ltd was renamed Thales Optronics (Taunton) Limited. In order
to distinguish between the former and present guise of the company, | refer to its former and current names,
‘Avimo’ and ‘Thales’, respectively, for the remainder of this Chapter. It should be noted that, in November 2007,
the aerospace component business of Thales was sold to a new company known as Taunton Aerospace Limited
(Taunton), by way of a management buy-out and asset sale. Taunton is therefore the current manufacturer of
the Avimo seals but had no involvement in any Avimo seals supplied to the MOD until 2007 (i.e. after the loss
of XV230 on 2 September 2006).7°

Given that the Thales Group did not acquire any interest in Avimo until 1999, it proved difficult for Thales
to locate documents relating to the provision of the Avimo seals prior to that date. However, as a result of
investigations by Thales and Taunton, the Review has learnt that, from an unknown date (but at least from 1994
until 1999) the material for the Avimo seals was sourced from Dunlop. The material formulation of those seals
is unknown and Thales was unable to locate any contract relating to the supply of the seals by Dunlop.””

From about May 2000, the manufacture of the Avimo seals was sub-contracted by Avimo (later Thales) to
a company known as Cellular Developments Limited (Cellular). Cellular is a very small rubber component
manufacturing company based near Petersfield in Hampshire. The company started business in 1982 and is
family-owned. It has some 22 employees and a modest turnover. It produces thousands of different lines each
year, often with very small order quantities. It specialises in sponge and solid rubber mouldings and extrusions,
rubber to metal bonded products, gaskets, and specialist rubber products used in a variety of different
applications including lighting, domestic appliance and optical engineering products. It has been registered to
British Standard 1SO9002 since 1998.

Change in the compound used in Avimo Seals in 2000

5.88

5.89

5.90

Cellular first received an order from Avimo (as it then was) to supply the rubber component for 475 Avimo seals
of varying sizes from 0.5” to 3" on, or about, 5 May 2000. The order was accompanied by a copy of the Avimo
Drawing, discussed above, but Cellular was not informed of the intended use of the seals. Cellular explained
to the Review that the information contained in the Avimo Drawing did not provide enough information from
which to make a rubber compound. Cellular considered that the only material specification on the Avimo
Drawing with any meaning was the hardness requirement of 60/65 and the choice of polymer, Neoprene. It
therefore selected a standard, good quality Neoprene that it kept in stock, which was to a British Standard, and
which met the hardness requirement (see further below).

Cellular's internal development processes require that it manufacture samples of material and submit them to
the customer for approval prior to production. Its Initial Sample Inspection Report (ISIR) was duly submitted to
Avimo on, or about, 19 May 2000. The ISIR specifically gave the hardness requirement of the material as 60
but made no reference to the carbon content of the material. It did, however, state on its face “NEORPRENE TO
DRAWING SPECIFICATION”. Avimo approved the sample by signing and returning the ISR to Cellular, following
which Cellular duly fulfilled Avimo’s order.

Between 2002 and 2007, Cellular received further similar orders from Thales for more rubber Avimo seals
of varying sizes. These orders were also fulfilled by Cellular. The material used remained the same as that
approved under the ISIR in 2000. In respect of each new part number ordered by Thales between 2002 and
2007,78 Cellular submitted a further ISIR, in materially identical terms to those | set out above. All orders were

75 Known at the time as the Thomson Group of companies (later the Thomson-CSF Group before becoming the Thales Group).

76 It should also be noted that, pursuant to the Business Sale Agreement (BSA) between Thales and Taunton, only continuing supply contracts were
transferred and it would appear, both from the list of customer contracts at Schedule 1 to the BSA and the documents held by Thales and Taunton,
that no supplies of the Avimo seal pursuant to the Avimo Drawings were being made to the MOD at the time of the BSA.

7 The only documents located were a limited number of Purchase Orders from Thales to Dunlop dated between 12 December 1992 and 30
September 1999.

78 The original Avimo Drawing specified 15 parts of different dimensions.
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accompanied by a ‘Certificate of Conformity’ which comprised the following signed short statement at the end
of the batch document: “Certificate of Conformity: It is certified that the supplies detailed hereon have been
manufactured, inspected and tested in accordance with the conditions and requirements of the purchase order
and unless otherwise noted below, conform to the specification(s) relevant thereto...”

Non-conforming — only 50% ‘carbon black’ content

5.91

5.92

5.93

5.94

In fact, Cellular manufactured the batches of seals supplied to Avimo/Thales from a material known as ZCOM
533 Polychloroprene. ZCOM 553 is a standard Neoprene conforming to BS 2752 and which does meet the
hardness criteria prescribed in the Avimo Drawing.”? Subsequent investigation has revealed, however, that
ZCOM 553 contains 53.5 parts carbon black filler (more particularly 53.5 parts of N550 FEF (Fast Extension
Furnace) carbon black) per 100 parts of polymer (being general purpose slow crystallising polychloroprene),®
compared with the 100 parts specified on the Avimo Drawing. The seals manufactured by Cellular therefore had
only about 50% of the carbon black content specified in the Avimo Drawing.

During the course of investigations by the Nimrod IPT in September/October 2008, Cellular explained that it
would have been unable to meet the rubber hardness requirement called for by the Avimo Drawing using the
prescribed proportions of carbon black. Investigation by QinetiQ subsequently revealed that Avon mixture “No.
18 x 5" referred to in the Avimo Drawing contained a carcinogen which the Avon Rubber Company had banned
in 1964. A distinguished expert from the MOD Materials Integrity Group (MIG) further confirmed to the Review
that the ‘recipe’ prescribed in the Avimo Drawing was very much a product of its time and that it would not be
easy to replicate it today for two reasons: (1) some of the additive chemicals used in 1947 are no longer readily
available; and (2) health and safety legislation has limited the use of some of the component materials (e.g.
those in the Avon mixture) because of their carcinogenic effect. Indeed, the MIG expert was not sure that it
would be possible today with modern ingredients to manufacture a workable chloroprene mixture containing
100 parts carbon. He informed the Review that Neoprene with 100 parts carbon black content is no longer
manufactured and the maximum level found is about 60 parts carbon black.

It was the MIG expert’s view, which | accept, that changing the carbon black content of the mixture from
100 parts carbon to 53.5 parts carbon led, in effect, to the creation of a different material. He explained
that the ‘filler’ in an elastopolymer is fundamental to the way the compound performs. He said the 100 part
carbon requirement in the Avimo Drawing imparts two properties: first, the polymer’s hardness; and, second,
its tensile strength. Altering the amount of filler to such a significant degree as 50% will have an impact on the
amount that the material swells when exposed to various fluids and also an impact on its compression set and
stress relaxation. He explained that the significantly lower carbon black content in the seals manufactured by
Cellular would therefore have given those batches of seals markedly different fluid absorption, stress relaxation,
and compression set characteristics, which would have made them more prone to swelling and splitting and
to reduced fatigue life. It seems likely that a significant proportion of the splitting, pitting, and premature
deterioration of the Avimo seals discovered by QinetiQ in late 2008 was a direct result of Cellular’s use of this
raw material.

The MIG expert’s views accord with the results of tests carried out by QinetiQ in about September/October
2008 using Gas Chromatography—Mass Spectrometry on unused Avimo seals. These tests identified chemical
differences between seals manufactured in 1982 and 2007. Fuel swell tests carried out on the seals further
showed significant swelling of the seal material in F34 fuel of the order of 33% volume for 100 parts carbon
black and 38% volume for ZCOM 553. QinetiQ concluded that swelling of the seals was a significant factor
in the cause of the mechanical damage observed in Avimo seals removed from the Nimrod fleet. Following
swelling of the seal, the clamshell portion of the Avimo coupling prevented the seal from expanding outward
and forced the seal to extrude into the gap between the pipes, causing buckling and creasing of the seal. The
seals would then be more prone to mechanical fatigue and pinching from relative movement of the pipes,
leading to premature failure by bulging and splitting.

79 See Cellular's Material Test Report, dated 27 July 2005, discussed further below.
80 As per the certificate of Ferguson Polymer Limited, provided to the Review by Cellular.
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The Procurement Process

5.95 Inview of the non-compliance of the Avimo seals manufactured by Cellular with the Avimo Drawing, the MOD
instigated an investigation into the procurement process for Avimo seals. The results of that investigation have
revealed that it is far from being straightforward, or even seemingly logical, and raise a number of serious
questions about the MOD's procurement processes in general. | turn to consider this below.

5.96  Prior to the formation of the Defence Logistics Organisation (DLO) in 2000, each Service largely procured its
own spare parts. This was certainly the case for RAF aircraft spares. The DLO was intended to improve the
efficiency of the support to the Armed Forces by adopting common procurement processes and by removing
duplication/triplication of effort (see further Chapter 12). As part of this drive to uniformity and creating
“purple”8" organisations, the management of some aircraft spares which had previously been under the strict
control of the RAF's own organisation was transferred to non-air systems organisations, the most notable being
the ‘Non-Project Procurement Organisation’ (since disbanded), and in the main subsumed within the Medical
and General Stores IPT (M&GS(IPT)).

Convoluted Procurement chain

5.97  Avimo seals are purchased on behalf of the MOD by the M&GS IPT®. Management® of the Avimo couplings
and seals is undertaken by the Aircraft Commodities IPT. 8 The Review was informed that this arrangement is
used because the M&GS IPT (unsurprisingly) does not have the relevant engineering/airworthiness expertise
needed.

5.98 The current Project Engineer (PE)®> responsibility for the Nimrod lies with the Nimrod IPT Safety Engineer.
The Engineering Authority (EA)® responsibility for the Avimo couplings and seals prior to fitment, however,
lies with the Aircraft Commodities IPT Leader. The flowchart below provides an overview of the engineering
responsibilities for Avimo seals.

5.99  The Procurement chain for sourcing Avimo seals is convoluted.

8 A ‘Tri-Service’ organisation.

8 Formerly the Non Project Procurement Organisation (NPPO).

8 Management in this context is defined as the provision of engineering, commercial, finances, quality assurance and administrative services for the
support of the relevant equipment and consumables.

8 Formerly known as the Aircraft Support IPT.

85 JAP 100A (Issue 8, April 2008) defines the Project Engineer as “the lead engineer within an IPT (may be the IPT Leader) who is a suitably qualified and
experienced aircraft engineer specifically assessed by the Airworthiness Competency Set (ACS) and evaluated by the Aviation Flight Test Regulatory
Authority (AFTRA) prior to being duly authorised by the IPTL by the issue of a Letter of Authority (LOA)". PEs advise their IPTL on the adequacy of the
Generic Aircraft Release Process (GARP), Release to Service (RTS) or Military Aircraft Release (MA Release) as appropriate and assist their IPTL in ensuring

compliance with airworthiness regulatory requirements. Specifically, PEs are authorised, as described in JSP 553, to issue RTS Recommendations (RTSR)
to the RTS Authority (RTSA).

8 JAP 100A-01 (Issue 8, April 2008) defines Engineering Authority as “The engineering staff responsible, usually to the IPT Leader, for exercising
engineering judgment in managing those support functions that have a bearing on the safety of a range of aircraft or other technical equipment.”
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ENGINEERING RESPONSIBILITY CHAIN
FOR AVIMO COUPLINGS AND SEALS
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Certificate of Conformity

Figure 5.11: Current Engineering Responsibility Chain

5.100 Avimo seals are purchased by the M&GS IPT pursuant to a tri-service partnering arrangement for the supply of

5.101

general engineering hardware concluded with a defence contractor (Contractor A) in 2002 (Contract NPPO/
CB3/0002). Prior to the granting of this contract, a list of ‘air use’ items managed by the Aircraft Commaodities
IPT was notified to the M&GS IPT by the Aircraft Commodities IPT, and placed on an annex to the contract’s
‘Statement of Requirements’. The ‘air use” attributes were required to be confirmed by ‘Certificates of Conformity’
accompanying the items from the ‘True Manufacturer’ to the supplier. This was attached to the invitation to
tender for the contract, together with a list of 18 Aircraft General Spares (AGS) suppliers, known to the MOD.
Pursuant to the contract as concluded, in order to preserve the airworthiness requirements of the air use items,
M&GS IPT mandated Contractor A to use a specific company (Contractor B) for the supply of suitably certified
aviation parts. Contractor B is a competent ISO 9001:2000 and CAA accredited company fully capable of
supplying suitably certified components for fitment to MOD aircraft.

Contractor B in turn obtained the Avimo seals from Avimo/Thales (also a competent ISO 9001:2000 and CAA
accredited company) who, as explained above, sub-contracted the manufacture of the seals to Cellular. The
seals were ultimately supplied to the M&GS IPT (via Contractor B and Contractor A). The MG&S has an Internal
Business Agreement (IBA) with the Aircraft Commodities IPT, which has an IBA with the Nimrod IPT. The Nimrod
IPT then has a contract with BAE Systems, which has contracted with FRA to fit the seals on the Nimrod. The
situation is perhaps best illustrated by the following flow chart:
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PROCUREMENT CHAIN FOR AVIMO COUPLINGS AND SEALS
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Figure 5.12: Current Procurement Chain

Contractual chain

5.102

5.103

The contract between the M&GS IPT and Contractor A% (the NPPO Contract) contained comprehensive
instructions and detailed information on the quality standards required and the procedures for the supply
and alternatives, by concessions authorised by the MOD, both in its text, and in the standards and terms and
conditions invoked by it.® It also clearly provided for the totality of the requirements to be passed down to any
sub-contractor utilised by Contractor A (section 7.4.3).

Whilst a copy of the relevant contract was not seen by the Review, the Review was advised that Contractor A
did seek to pass down the Quality Assurance (QA) contract conditions contained in Contract NPPO/CB3/0002 to
its sub-contractor, Contractor B, by way of a contract entitled “Multipart Defence Supplies Agreement”, which
included the relevant QA terms and conditions. Contractor B in turn created a Purchase Order which detailed
a limited number of QA requirements, e.g. ISO9000 and shelf-life. The Review was also told that Contractor B
maintained a supplier selection process which involved issuing questionnaires regarding company certifications
and capabilities.

8 NPPO/CB3/0002.

8 See, e.g., section 1.4 on Specifications (“1.4.2. All Articles and Services to be supplied shall conform in all respects with the Specification”), section
3.1 on Quiality Standards (“3.7.7. The Contractor shall operate a quality management system in accordance with the requirements of Def Stan 05-92
Issue 2 and it shall be implemented in accordance with the guidelines stated in Def Stan 05-94 Issue 3 ...").
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As explained above, Contractor B contracted with Thales, who in turn sub-contracted the production of the
Avimo seals to Cellular. Thales' Purchase Orders to Cellular stated as follows: “THIS PURCHASE ORDER HAS
BEEN RAISED TO COVER THE COST OF SUPPLYING THE FOLLOWING ITEM/S STRICTLY IN ACCORDANCE WTH
CURRENT DRAWING AND/OR SPECIFICATIONS REQUIREMENTS UNLESS OTHERWISE SPECIFIED HEREIN.”

Each delivery of seals to Avimo/Thales by Cellular was accompanied by a Certificate of Conformity in the terms
set out above. Each subsequent delivery of seals by Avimo/Thales to Contractor B was accompanied by a
Delivery Note, which provided as follows: “Certified that the whole of the supplies detailed hereon have been
inspected, tested and, unless otherwise stated, conform in all respects with the requirements of the contract of
order. The quality assurance and control arrangements adopted in respect of these supplies have accorded with
the conditions of our ISO9001 approval and MOD registration.”

Each Delivery Note appears to have been stamped “Q.A. PASSED”. It is not entirely clear whether this stamp was
made by Avimo/Thales or Contractor B upon receipt of the seals.

Notwithstanding the statements contained in the various Purchase Orders, Delivery Notes and Certificates of
Conformity, the fact of the matter is that the Avimo seals supplied by Cellular did not conform to the material
specification in the Avimo Drawing. It would appear both that Cellular did not appreciate the significance of this
and that neither Thales, Contractor B, Contractor A or the M&GS IPT were ever made aware, or became aware,
of the changed composition of the rubber compound used in the Avimo Seals. | set out below my analysis as to
where responsibility lies for this failing.

Warning sign in 2005 missed

5.108

5.109

5.110

Some three years prior to the discovery of the problem in 2008, there was an occurrence in 2005 which is likely
to be related to the non-conforming Avimo seals. On 7 July 2005, a Form 760 (Narrative Fault Report) was raised
after an Avimo seal (Part No. 52/29B) was seen to swell excessively when immersed in fuel. As a result of this
discovery, maintenance personnel at RAF Kinloss conducted informal tests by leaving a selection of seals in a
bucket of fuel for a few days. They reported that: “...the results don’t look good. All of the seals have shown
signs of swelling! Some have split and blistered”.®

At about the same time (i.e. end of July 2005), the Nimrod IPT, on behalf of the Air Commaodities IPT, tasked
BAE Systems to investigate the issue, by way of the testing of four seals in order to ascertain if they had
been manufactured in accordance with the Avimo Drawing and the Material Specification for ZCOM 533
Polychloroprene (Material Specification) supplied by Cellular,?® copies of which were sent to BAE Systems. In its
written submission to the Review, BAE Systems stated that, following the initial request for assistance from the
Nimrod IPT, it informed the IPT that it was unable to execute a comprehensive test programme due to various
limitations. Whilst no record of the limitations exists, BAE Systems stated that the limitations were believed to
include the short timescale within which a response was required and a lack of capability within BAE Systems to
determine all aspects of the specification (such as ozone resistance).

Amongst other things, the Material Specification provided to BAE Systems identified the hardness of the material
as 60+/-5.°" It contained no reference, however, to the number of carbon parts (used as filler) per 100 Neoprene
parts (although this was specified on the Avimo drawing also sent to BAE Systems). The tests conducted by BAE
Systems were carried out using aviation fuel AVTUR F34 and involved placing samples of the seals for periods
of 74 hours in air at room temperature, in air at 100°C, in fuel at room temperature and in fuel at 100°C. The
parameters monitored were hardness, weight and a single dimension (the width). BAE Systems confirmed in
its evidence to the Review that the testing did not consider, inter alia, the chemical composition of the rubber.
Nonetheless, chemical analysis in isolation would not be able to determine the amount of carbon used as filler
(it could only determine the total amount of carbon in the compound, some of which would be part of the
compound’s molecular chain). This could only be determined by discussing the manufacturing process with the
manufacturer.

8 Unreferenced e-mail, dated 25 July 2005, from Nimrod Major Servicing Unit (now Nimrod Servicing Group) to Nimrod IPT.
% Dated 27 July 2005 (by hand).

91 The distinguished expert from MOD Materials Integrity Group confirmed that this does for all practical purposes accord with the 65% hardness
requirement laid down in the Avimo Drawing.
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5111

On the basis of the limited testing carried out,®” in its report dated 16 September 2005, BAE Systems concluded
that the results of the tests were “typical for neoprene under these conditions and give no indications of
non-conformance to the supplied specification”. There was no discussion of, or even reference to, the carbon
content of the material. The Air Commodities IPT, for its part, accepted BAE Systems’ advice and actioned the
MOD Form 761 accordingly; however, it did note that the “Nimrod EA/DA may wish to consider more fuel
resistant material in future".

Comment

5112

In my view, these events in 2005 are redolent of the detection of the same inadequacies of the material
being used since 2000 to manufacture the Avimo seals as were subsequently discovered by QinetiQ in 2008.
Unacceptable swelling and deformity was observed by maintenance personnel at RAF Kinloss in 2005 which led
them to refer the seals to BAE Systems for conformity checking. It is likely that this was the same type of swelling
and deformity which has recently been observed and traced to non-conforming material. It is regrettable that a
more thorough examination of the reasons for the undoubted deterioration of the Avimo seals was not carried
out in 2005. BAE Systems was tasked to ‘test’ the seals to see if they had been manufactured in accordance with
the Avimo Drawing and the Material Specification. BAE Systems informed the Nimrod and Air Commodities IPTs
that it had been unable to conduct a comprehensive test programme due to various limitations but the results
of its limited tests suggested “typical for neoprene” (see above). Unfortunately, the matter was allowed to rest
there, despite the initial observation of a batch of seals which showed “swelling” and were “split and blistered”.
It is @ matter of concern that none of those within the Nimrod and Air Commodities IPTs deemed it necessary to
question further. This does not suggest a rigorous attitude.

Current Position

5113

As a result of the discovery of the non-compliant formula being used for the Avimo seals, the MOD decided to
seek a replacement for the Neoprene material and this replacement is now used for all Nimrod Avimo seals. The
Nimrod IPT has advised the Review that the material is similar to that used in the FRS seals. An Interim DDP%® has
been issued which sets strict criteria on seal life.

Relevance as potential cause of loss of XV230

5.114 The fact that there may have been Avimo seals fitted in the Nimrod fleet post-2000 manufactured from non-

5.115

5.116

conforming material which had a tendency to degrade and split is obviously significant as a potential cause of
the loss of XV230. As mentioned above, the starboard No. 7 Tank Dry Bay has one Avimo seal in the No. 7 tank
defuel line located immediately above the SCP elbow. This is one of the pipes that would have been in use and
under pressure during AAR.

It should be noted, however, that none of the seals identified by QinetiQ as having suffered mechanical damage
in September/October 2008 were showing any signs of actually leaking at the time of their removal from the
aircraft. QinetiQ explained, however, that the reason why these couplings had not failed was because the seals
initially tended to split underneath the clamshells and the examples seen had all maintained a seal between the
rubber and the clamshell. Depending upon where the failure initiation was, and the speed of propagation, the
failure progression could eventually reach the exposed seal between the two clamshell portions, whereupon the
seal would no longer be safe and it was simply a matter of time before it failed. None of the seals examined to
date had reached this point.

Since the loss of XV230, there has been more than one incident or Serious Fault Signal which could now, with
the benefit of hindsight, be assessed as most likely having been caused by the mechanical failure of an Avimo
seal due to the material used in its composition. By way of example, on 25 April 2007, an Annex A to Leaflet
070 was raised regarding an incident on XV236 on 18 April 2007, when an FRS coupling at the No. 7 tank

%2 In their response to the IPT (CHD-TFN-M-ISA-QM-1423, dated 16 September 2005) BAE Systems clearly identified that they were “unable to execute
a comprehensive test programme”.

% Taunton Aerospace DDP4126 Issue2-Interim, dated 3 June 2009.
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starboard defuel valve was found to be leaking (categorised as a ‘Seep’). On investigation, the seal of a nearby
Avimo coupling, (possibly dismantled to allow the FRS coupling to be changed) although not leaking, “was
found to be badly deformed and distorted, suggesting that the seal has been fitted for some considerable time
...".In my view, an equally likely explanation is that this was, in fact, one of the seals manufactured by Cellular
after 2000 from the new, non-conforming material.

Who is responsible for the fact that non-conforming Avimo seals were fitted to the Nimrod?

5.117 A number of questions arise in view of the matters set out above as to the roles and responsibilities of: (a) those
manufacturing and/or selling Avimo seals at the time; and (b) those organisations within the MOD responsible
for their procurement.

5.118 DER&S Safety & Engineering carried out an audit of the supply chain for the NPPO Contract®* following the
discovery of the non-conforming Avimo seals. The conclusion it reached was that adequate supplier certification
and contractual conditions existed for the delivery of the Avimo seals, but only if the processes and controls
within those certifications and specific conditions were implemented. The audit concluded that there were four
root causes of the provision, delivery and acceptance of the non-confirming seals:

5.117.1 The Design Authority/Rights Holder (i.e. Avimo/Thales) did not carry out a review of a very old drawing
with a view to its validity and potential obsolescence issues, but continued to place Purchase Orders.

5.117.2 The manufacturer of the items (i.e. Cellular) did not declare its inability to produce the items to the
contractual drawing in line with the contractual QA requirements placed upon it.

5.117.3 There was a lack of effective, if any, QA review of Cellular.

5.117.4 Contractor A and Contractor B operated at the ‘Part Number’ level and essentially relied on third
party certification and Certificates of Conformity in satisfying themselves that a product met customer
requirements. Typically, no product related enquiries were made, e.g. as to obsolescence.

5.119 The audit went on to recommend that the structure of contracts which involve spares of any, but in particular
old, designs should have obsolescence management considerations defined.

5.120 Idiscuss below the extent to which | agree with these conclusions, and where | consider the ultimate responsibility
for the provision of the non-conforming seals lies.

Cellular

5.121 | consider first of all the position of Cellular, in respect of whom it seems to me three questions arise.

5.122 First, should Cellular have appreciated that the original order (and subsequent orders) from Avimo/Thales were
for aviation use? In my view, no. Cellular was a general rubber manufacturing company and not a specialist
aviation supplier. There was nothing in the Avimo Drawing to suggest that the order was for fuel couplings, let
alone aviation fuel couplings, or even for aviation use. There was, in fact, very little to indicate what the pipe
couplings to which the order related would be used for. There was a reference to “water, oil & glycol resistant
rubber” in relation to the first category of part number. There was a reference to “Rolls Royce” in relation to
the third category of part number. But there was nothing in the component drawing to indicate precisely what
sort of pipe couplings the second category of part number was for. In these circumstances, in my view, it was
reasonable for a general rubber manufacturing company to assume that the order was for a general purpose
part, i.e. not a ‘controlled’ part or aviation part. | accept the evidence of Cellular’s Managing Director who told
the Review that his company had had no idea that the order had been used in aviation until contacted by the
Nimrod IPT in late 2008.

% DE&S SE DQA FF Audit Report No: 2008-1784-2, dated 28 January 2009.
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5.123

5.124

5.125

Second, can Cellular be criticised for complying with the "hardness’ criteria in the component drawing but
not the ‘100 part neoprene/100 part carbon black’ criteria? It appears that Cellular focused on the ‘hardness’
criteria in the component drawing and paid less heed to the carbon content criteria. In my view, this focus
was understandable in the circumstances. ‘Hardness’ is the key property which defines the tensile properties
of the polymer; it is therefore the key attribute which the manufacturer of a polymer, especially a general
purpose one, will focus on producing. Once the hardness criterion is achieved, | share the opinion of the
MOD’s MIG expert that a reasonably prudent manufacturer in Cellular's position would probably consider
that they had met the (limited) requirements specified in the Avimo Drawing. That conclusion is reinforced by
two factors: first, the fact that this is also what BAE Systems (which does have specialist aviation knowledge)
focused on when testing the material in 2005; and, second, the MIG expert’s evidence that Neoprene with 100
parts carbon black content is no longer manufactured and the maximum level found is about 60 parts carbon
black. In these circumstances, given a reasonable belief that the seals were for general purpose, in my view, a
reasonably prudent manufacturer in the position of Cellular could not properly be criticised for thinking that it
had reasonably satisfied the specification.

Thirdly, can Cellular be criticised for not raising a query about the ‘100 part neoprene/100 part carbon black’
criteria with Avimo/Thales at any stage? In my view, whilst Cellular might have raised an issue, a criticism on this
basis would be unfair. Cellular was a small, non-aviation specialist rubber manufacturing company unaware that
the seals were for aviation use. It was also only charging a very modest sum per seal (varying between £3.35 and
£15.00 for the various types of seal manufactured between 2000 and 2007, see further below).

In summary, therefore, | do not consider that Cellular is properly open to any criticism, and have instead
concluded that responsibility lies elsewhere for the fact that the composition of the Avimo seals (as fitted to the
Nimrod post 2000) did not accord with the Avimo Drawing.

Avimo/Thales

5.126

The position of Avimo/Thales is potentially more complicated given that, unlike Cellular, Avimo/Thales was aware
that the seals were being supplied to the MOD (and hence that they were being used for military equipment).
However, like Cellular, Thales was able to point to the fact that the Avimo Drawing contained no mention at all of
the seals being an aviation or a ‘controlled’ part, or indeed any reference to fuel. Thales’ Aerospace Division does
in fact have its own “Guide for the Grading and Traceability of Parts and Joints” procedure, which is mandatory
for all Thales’ airborne products and which seeks to ensure that specific procedures are followed, so as to ensure
compliance with the requirements of Def-Stan 00-970 and Def-Stan 05-123, in respect of “Identifiable Parts”>
and “Grade A” and “Grade B parts, respectively. An equivalent company procedure existed at the date of
Thales’ acquisition of Avimo Ltd.®” There was, however, nothing in the Avimo Drawing to indicate that the seals
should be treated as a controlled part for aviation use and/or that any particular procedures therefore needed
to be followed as regards their manufacture.

Inadequacy of the Avimo Drawing as a specification

5.127

In my view, the real root of the problem lies in the fact that the original Avimo Drawing was not in reality a material
specification at all, but merely a component drawing. Indeed, as an aircraft specification, it was described to the
Review by an expert as “atrocious”. It is important for aviation parts that specifications are crystal clear and that
the key requirements are spelled out clearly. There should have been a full material specification of the Avon
company rubber mixture and the actual polymer. When drawing up a particular specification of this nature, it
is necessary to look at the specific requirements of the application which might not be covered in any generic
specification. In the present case, the generic specification did not cover details of physical properties required,
such as swell limits etc. If you purchase an off-the-shelf polymer, this might meet a generic specification but the
generic specification might not be sufficient for the specific application. Either the procurer needs to ensure that
its requirements are fully articulated in the procurement contract, or it needs to work to some defence standard
above the generic one. It should be noted that there is no Defence Standard for polychloroprene.

% Def-Stan 05-123, Part 2, requires that a list of Identifiable Parts is generated for inclusion with equipment design records. Identifiable Parts are
defined as those parts deemed most likely, in the case of a fault, to affect equipment airworthiness or operational effectiveness.

% Def-Stan 00-970 requires all metallic joints, with the exception of standard or component joints, to be graded A or B. The consequence of grading
a part, or joint, ‘A’ is to invoke airworthiness traceability of the part material and manufacturing process.

7 Company Procedure “Control of Hull Integrity/Quality Assured Items, Identifiable Parts and Grade A Aircraft Parts”, dated June 1996.
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In my view, a proper material specification for the Avimo seals ought to have expressly specified: (a) that the
part was for use in an aviation fuel system; (b) the key physical properties required; (c) the chemical composition
required and actual polymer; and (d) the minimum life required. The original Avimo Drawing was not a proper
aerospace specification.

Obsolescence and failure to reassess the Avimo Drawing

5.129

The problem with the Avimo Drawing was compounded by the fact that the inadequate material specification
was never clarified at any stage; neither after the original Avon mixture referred to in the Avimo Drawing
was banned in 1964, nor after Dunlop stopped manufacturing the replacement material in 2000 and a new
manufacturer had to be found. As the audit carried out by DE&S identified, it is a matter of concern that, in
the 60 years since the Avimo Drawing was produced, nobody within the MOD, Avimo/Thales, or indeed any
of the other parties in the sub-contractor chain (see above), appears to have ever reconsidered whether it was
necessary to replace, or at least update, such an old component drawing. More care needs to be taken in
relation to old component drawings for ‘legacy’ aircraft.

Lack of any effective quality control

5.130

5.131

5.132

The second feature of particular concern regarding the non-conforming Avimo seals is the apparent total lack
of any real and effective quality control in the Procurement chain, comprising the M&GS IPT, Contractor A,
Contractor B and Avimo/Thales, notwithstanding the various Certificates of Conformity, etc., discussed above.
It is not clear, however, precisely who was responsible for what. The Aircraft Commodities IPT had apparently
believed that the M&GS IPT had aerospace engineers in their chain and that the M&GS IPT was the QA authority
for the Avimo seals procurement contract and were, therefore, managing all aspects of QA.* The M&GS IPT,
on the other hand, apparently took the view that it only procured for the Aircraft Commodities IPT, and that
the Aircraft Commodities IPT were responsible for the QA and Engineering Authority (EA) and Safety Assurance
(SA) aspects of the items that they managed. Regardless of who in fact held the QA responsibility, the Aircraft
Commodities IPT acknowledged that it was “extremely unlikely” that a QA assessment of Cellular had been
carried out by either the M&GS IPT or the Aircraft Commodities IPT.

This would appear to be correct. The evidence provided to the Review suggests that Contractor A, Contractor
B and Thales relied simply on sub-supplier controls, which established a capability to produce a type of product,
and then relied on the Certificate of Conformity produced by the sub-supplier as evidence of the satisfactory
completion of a purchase order. It would appear, however, that Contractor A and Contractor B had no real
knowledge of any item they were ordering beyond its part number. In my view, it is plainly impossible for any
effective quality control to be exercised without some involvement in, and understanding of, the technical
content of an order and a process of checking and sampling where necessary.

In my view, however, the lack of effective quality control exercised by the companies involved is primarily a
consequence of an overly convoluted and inappropriate procurement chain in which the MOD contracting
party (M&GS IPT) had no specialist aviation knowledge and the ultimate manufacturer (Cellular) was not even
informed as to the intended use of the product.

Price mark-up — 300% to 823%

5.133

As indicated above, the price that Cellular charged Avimo/Thales for the seals varied between £3.35 and £15.00
in respect of different part numbers between 2000 and 2007. The price that Thales charged Contractor B in the
equivalent period varied between £8.06 and £100.00. The price ultimately paid by the M&GS IPT was between
£15.29 and £123.50.

% DE&S(Air)(Wyt)508324/120/1.
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5.134

The average total mark-up appears to be in the region of 300% for most parts. However, in the case of one part
(MR 7000 52/26), the mark-up was 823%. in July 2004, Thales paid £15.00 per part to Cellular; Thales in turn
sold the same part to Contractor B at a price of £100.00 per part in August 2004; and the M&GS IPT ultimately
paid £123.50 per part in November 2004. It is very difficult to see what, if any, added value was obtained by the
M&GS IPT in paying such a mark-up. Presumably, the comfort that the M&GS IPT thought it was getting was
that it was purchasing the seals from an accredited aviation supplier. The reality, however, appears to be that the
sub-contractors lower down the chain were, in fact, exercising no effective quality control at all.

Avimo Seals — Conclusions

5.135

5.136

It is a matter of very considerable concern that potentially critical non-conforming parts could have found their
way into an RAF aircraft.

This case highlights three serious questions about the procurement process:

5.135.1 First, the dangers of aviation and other specialist parts being sourced along with general spares. This is
simply not satisfactory. The sourcing of aviation and other safety critical parts should be in the hands of
appropriate specialists. It should not be in the hands of the M&GS IPT;

5.135.2 Second, the importance of ensuring that those contracted to supply aviation parts to the military
prepare proper specifications for their sub-suppliers which spell out: (a) the key criteria; and (b) the fact
that these are ‘controlled’ parts for aviation use; and

5.135.3 Third, the importance of ensuring that those contracted to supply the military with spares and parts
maintain and implement proper and effective quality control systems in relation to their sub-suppliers.

Causation

5.137

5.138

5.139

5.140

102

| turn to consider the likelihood of the failure of a fuel seal failure having caused the fire on board XV230 and,
if so, whether it is more likely to have been an FRS or Avimo seal.

In my view, the failure of a fuel coupling is a compelling candidate for the cause of the escape of fuel which
led to the fire in the starboard No. 7 Tank Dry Bay. There are eight FRS seals and one Avimo seal located in the
starboard No. 7 Tank Dry Bay within inches of the Cross-Feed/SCP duct.

As a result of AAR, the elements of the refuel system within both the No. 7 Tank Dry Bays would have been
pressurised and full of fuel shortly before the fire was detected by XV230's crew. Analysis by QinetiQ for the
BOI showed that a leak of such fuel, ignited by the SCP duct, could initiate the fire within the known timescale.
It will never be possible to determine exactly which of XV230's couplings it was that leaked. However, the
BOI, supported by the long term-Air Accident Investigation Branch and the US Air Force Safety Centre crash
investigators (see Chapter 3), believe that, if a leaking coupling was the source of fuel, it would probably have
been in close proximity to the point of ignition, i.e. it would have been one of the fuel couplings in the starboard
No. 7 Tank Dry Bay. | agree. This accords with probability and common sense.

I have spent some time examining Nimrod aircraft in various stages of maintenance at RAF Kinloss and Boscombe
Down. Whilst the failure of other fuel couplings located outside the starboard No. 7 Tank Dry Bay remains a
possibility, it is quite apparent to the naked eye that the internal leak paths which fuel from such remote failed
couplings would have to follow to the ignition point in the starboard No. 7 Tank Dry Bay are, for the most part,
tortuous: negotiating numerous structural members and avoiding drain holes. Such obstacle courses make
these alternative sources of fuel appear most unlikely. | consider alternative causation theories below.
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FRS or Avimo?

5.141

Is an FRS or an Avimo coupling more likely to have been the cause of the fuel leak on XV230? In my view, the
probabilities favour an FRS seal rather than the Avimo seal having failed in the starboard No. 7 Tank Dry Bay of
XV230 leading to the fatal fire. It is, however, a finely balanced matter. | have come to this view principally for
three reasons:

5.140.1 First, there has been recent powerful empirical evidence that FRS couplings can and do suddenly spring
major leaks and maintain a flow rate which would provide more than sufficient fuel for the fire observed
on XV230. Two instances were recorded on video. In February 2007, the BOI was given a video of a fuel
leak on XV250 which was in theatre at the time. In December 2008, a further video was taken of two
fuel leaks on XV229. A still from the video of XV250 is set out below.

Fuel leak from coupling in the No. 7
Tank Dry Bay at a rate of approx ¥
pint per minute

5.142

5.143

Figure 5.13: Leaking fuel coupling

5.140.2 Second, whilst it is true that we now know Avimo seals fitted post-2000 are made with non-conforming
material which makes them prone to deterioration and splitting, so far, no Avimo seal has actually been
found leaking. This may be due to the fortunate construction of the encircling metal flange.

5.140.3 Third, numerically, the probabilities favour an FRS coupling being the culprit on this occasion because
there were eight FRS couplings in the starboard No. 7 Tank Dry Bay and only one Avimo seal.

As | have said, however, this is a finely balanced matter and there is a significant possibility that it could have
been the Avimo seal which failed on this occasion, particularly given its prime location immediately above the
SCP elbow.

| deal elsewhere with the question of whether a fuel coupling leak or AAR was the more likely source of the fuel
which led to the loss of XV230.

Responsibility

5.144 The MOD must bear a share of responsibility for the probability that the failure of an FRS or Avimo fuel seal

contributed to the loss of XV230 principally for three reasons. First, the failure of the MOD to do enough to
monitor fuel leak rates over the years. Second, the failure of the MOD to give better guidance for the fitting of
couplings and elimination of fuel pipe leaks. Third, the failure of the MOD to give consideration at any stage to
a pro-active approach to fuel couplings, e.g. a seal inspection and replacement programme, notwithstanding:
(a) the five-year inspection regime stipulated in the original DDP for FRS couplings® (which was the predicate
for stipulating ‘indefinite life’); and (b) the substantial increases in the Out-of-Service date of the MR2 fleet as a
result of delays in the MRA4 programme.

% BOI Report, Exhibit 75.
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5.145 The MOD's approach has been characterised by two main features. First, a reluctance to replace a belief that
leaks were an inevitable fact of life and that, apart from specific cases,'® attempts to reduce them, by e.g.
seal replacements, might even exacerbate the problem (see above). Second, a belief that aircraft were ‘leak
tolerant’, i.e. ignition sources had been eliminated, or at least reduced to an acceptable level.' This proved to
be a tragically unsafe assumption because of the Cross-Feed/SCP duct lurking in the starboard No. 7 Tank Dry
Bay which did not meet relevant design standards.

5.146 At the practical level, RAF personnel expended considerable efforts over the years in curing individual leaks, but
it appears that at the level of the IPT no-one was consolidating the history of leaks, nor making sufficient efforts
to analyse the underlying causes and provide guidance that might have reduced the leak rate.

Leaks can be reduced by pro-active approach

5.147 As to the first belief, the work prompted by the BOI following the loss of XV230 has shown that, with careful
application and real focus, there are steps that can be taken significantly to reduce the risk of seal failure, e.g.
by addressing misaligned couplings which can cause leaks many years after a coupling has been fitted. Further,
carrying out detailed investigation has also revealed manufacturing problems, viz. the Avimo couplings delivered
since 2000 have been manufactured to an incorrect formula. Regrettably, an opportunity to correct this in 2005
was missed, probably because of the lack of focus on the consequences of seal failure. The same lack of focus
allowed the earlier 2001 Maintenance Policy Review to be completed without investigating fuel leak rates as
a specific issue. The very documents that ground crew were supposed to use to enable the correct fitting of
couplings were not only inadequate but also recommended a means of pipe assembly that could impose stress
on the fuel system. Curing these faults and weaknesses is possible if a pro-active approach is taken. Moreover,
these are simple actions which can be taken at zero, or minimal, cost.

Real ALARP

5.148 In my view, when dealing with a hazard as potentially catastrophic as an airborne fire in an aircraft with no
means of ejection or escape, there must be a holistic approach to ALARP, i.e. approaching those sides of the
fire equation which can be addressed with equal vigour, i.e. reducing the chances of ignition sources and fuel
leaks. 102

Postscript

5.149 | understand the pressures and workload that have been engendered post-XV230 on the Nimrod community,
and in particular that which has fallen on the Nimrod IPT. It is, however, disappointing to note that even now
it can take the Nimrod IPT several months to process reports that have a bearing on flight safety. | refer to the
report on the leaks on XV229 the author of which, | understand, worked through the Christmas period so
that his report would be available as soon as possible. It is regrettable that, some six months after the issue
of the report to the IPT, the IPT had still not commented upon it, nor passed it to the Review as a completed
document.

19 e.g. some under-wing leaks, XV249's rash of leaks discussed earlier etc.

197 Three elements are necessary to enable combustion: oxygen, fuel and an ignition source. Remove just one of these and combustion will not
occur.

192 |t being accepted that it is physically impossible to eliminate oxygen presence in the majority of circumstances. Removal of oxygen is, of course, the
principle behind the final defence against fire: the fire extinguishing system.
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Alternative Fuel Source theories

Mr Bell’s Alternative Theory - Fuel Leak from No. 3 Engine

5.150 During the Inquest into the loss of XV230, Mr Michael Bell (brother of Flight Sergeant Gerard Bell, deceased)
put forward a theory that the source of the fuel for the fire in the No. 7 Tank Dry Bay was from the No. 3 engine
bay. Evidence was available that, after the start of the fire, when the aircraft was descending towards Kandahar,
the No. 3 engine was operating at a slightly lower HPRPM than the others; the difference being of the order of
7%. This discrepancy was interpreted by Mr Bell as indicating a fuel leak within the No. 3 engine fuel system
and, therefore, a possible source of fuel for the fire.

5.151 A number of witnesses were questioned in order to test the theory but the consensus from RAF Flight Engineers,
BAE Systems, and Rolls Royce witnesses was that, whilst there could never be conclusive proof of the accident
cause because of the lack of physical evidence, this theory represented a much less likely course of events than
other scenarios.

5.152 The main weaknesses of the argument are as follows:

5.151.2 First, the path that fuel would have to take to reach the starboard No. 7 Tank Dry Bay from No. 3 engine
is not readily obvious, as there is no direct access. Internally, the only realistic route would require the
fuel to penetrate the inboard firewall titanium panels (for the most part sealed round their edges)
and then, in a sufficient quantity, surmount the lateral members of the Rib 1 landing and the panel at
the rear of the Rib 1, before accumulating in the No. 7 Tank Dry Bay. In this case it is also difficult to
explain why the fuel would not ignite on the many hot elements in the engine bay, triggering an engine
fire. Externally, the fuel from an engine bay leak is most likely to disperse rearwards in the substantial
airflow, rather than traverse sideways along the rear spar area and re-enter the No. 7 Tank Dry Bay.

5.151.3 Second, original evidence of the lower HPRPM'® on No. 3 engine came from the aircraft’s accident data
recorder, known as the DARU. The recording medium is a continuous loop of wire capturing around 25
hours of data, so information from the previous flight was also available. The reduced HPRPM was also
apparent on the data from the previous flight and also in the same part of the flight profile, i.e. in the
descent from high level with the throttles at idle. Taking this evidence into account, the BOI deduced
that, if the reduction had been caused by a fuel leak, it would have been found during the servicing of
the aircraft after the previous flight. | agree with that conclusion.

5.151.4 Third, during all other phases of flight, the No. 3 engine was performing normally. Indeed, only minutes
before the fire broke out on XV230, the engines had been at quite high power settings during the
AAR uplift and no abnormalities were evident to the crew (who commented frequently on the engine
power settings). Rolls Royce gave evidence at the Inquest that it was theoretically possible for there to
be a leak in the fuel system such that the engine would continue to perform normally. However, this
has to be set against the previous occurrence noted above, which clearly did not cause a fire in the No.
3 engine bay; such a fire would be extremely likely if there had really been a large fuel leak.

5.153 In my opinion, Mr Bell's theory of a fuel leak from No. 3 engine represented an attempt by a very experienced
aviator to explain what he saw as an anomaly. It is nonetheless my view that there are overwhelming reasons,
including physical and expert witness evidence, to discount this theory as not realistic or credible.

The Coroner’s Source of Fuel

5.154 The Oxfordshire Assistant Deputy Coroner, Mr Andrew Walker, found the most likely source for the fuel was a
leak from the fuel feed system to engine Nos. 3 and 4. Such a leak, he said, would have provided “a continuous
source of fuel” which would “travel along the aircraft into dry bay 7" to the seat of the fire. In my view, this is
highly unlikely.

193 High Pressure RPM.
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5.155 The pipes for the fuel feed system to engines Nos. 3 and 4 are located at the leading edge of the starboard
wing. For fuel to reach the No. 7 Tank Dry Bay from this point, it would have to have: (a) tracked back some 17
feet; (b) crossed at least 18 lateral members; (c) passed through an almost solid dividing wall; and (d) avoided
air vent holes in Rib 1, which would also act as fluid drains, before reaching the point of ignition (see Figure
5.14). Furthermore, the fuel pipe at the wing leading edge has no couplings within the vicinity of the most likely
route to the No. 7 tank dry bay; thus, any leak would have to originate from a leak within a pipe, which all the
technical experts agree is a much less likely event. Whilst not impossible, this proposal was most improbable, as
QinetiQ, the BOI and the AAIB found.

5.156 In my view, the Coroner’s finding as to the most likely fuel source did not accord with the realistic probabilities
and precluded the potential for AAR to be a factor in the fuel leak (see Chapter 6). There are far more probable
scenarios, which take account of the fact that AAR was being undertaken at the time.

Numerous lateral obstructions
preventing free flow of fuel along
Rib 1 - there are 18 in total — and
3 large drain holes further aft.

Figure 5.14: Obstructions on the Rib 1 Landing
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CHAPTER 6 — OVERFLOW OR PRESSURE FROM AIR-TO-AIR

REFUELLING

Contents

Chapter 6 addresses Air-to-Air Refuelling. It answers the following questions:

e What was the history of the Air-to-Air Refuelling modification to the Nimrod fleet?
e How and why did Air-to-Air Refuelling pose a risk to the Nimrod?

e Were the Air-to-Air Refuelling modifications in breach of design standards and regulations applicable

at the time?
e Who was responsible for any breaches of design standards and regulations?

e Causation.

Summary

1.

The Nimrod MR2 and R1 fleet was first fitted with an Air-to-Air Refuelling modification as an Urgent
Operational Requirement for the Falklands conflict in 1982 (Mod 700). A permanent Air-to-Air
Refuelling modification was fitted in 1989 (Mod 715). Both modifications were fitted by the Nimrod
Design Authority, British Aerospace (now BAE Systems).

The fitting of Air-to-Air Refuelling gave rise to three risks which were insufficiently appreciated at
the time: (a) the risks associated with fuel being ejected from the blow-off valves during flight and
tracking back into the fuselage; (b) the risks associated with an overflow of fuel into the vent system
and fuel leaking from the No. 1 tank vent system around the aircraft; and (c) the higher flow rates
and the potential for pressure spikes associated with Air-to-Air Refuelling. The cumulative effect of
subsequent changes to the Air-to-Air Refuelling sequence and the tanker to be used (Victor, VC10
and Tristar) may have exacerbated (a) and/or (b).

The risks posed by blow-off valves operating in flight during Air-to-Air Refuelling and fuel tracking
back and entering the fuselage were raised during the Nimrod Mk3 Airborne Early Warning (AEW3)
project in the mid-1980s. However, only the risk posed on the port side was addressed and not the
equivalent risk on the starboard side. The AEW3 project was shelved and dye tests recommended
by BAE Systems which may have revealed the problem were never carried out. The MOD and BAE
Systems share responsibility for the failure to follow this up, or to read this knowledge across to the
MR2 and R1 fleets.

Responsibility

4.

The Air-to-Air Refuelling modification in 1989 (Mod 715) carried out by British Aerospace was in
breach of applicable design regulations and standards at the time (Defence Standard (Def-Stan)
00-970) in two respects: (a) regarding blow-off valves being located where discharge of fuel could
pose a fire hazard; and (b) regarding fuel pipes being located close to high pressure hot air ducts.
In my view, it was British Aerospace’s duty as the Design Authority for the type to ensure that Mod
715 complied with Def-Stan 00-970 and validate the refuel system for its new in-flight Air-to-Air
Refuelling function. It failed to do so.

Causation generally

5.

| am satisfied that the Board of Inquiry was right to find that overflow of fuel during Air-to-Air
Refuelling (from No. 1 blow-off valve and/or the vent system) was one of the two most probable
likely causes of the fuel which led to the fire on board XV230 (together with a Fuel Coupling Leak,
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6.

I have concluded that the balance of probabilities favours overflow during Air-to-Air Refuelling
being the most likely source of the fuel which caused the loss of XV230 for four main reasons:

(1) The recent evidence of the fault signal for XV235 which shows that fuel found in the
Supplementary Conditioning Pack elbow muff probably originated from No. 1 Tank Cell 4 rear
vent.

(2) The recent careful examination of the No. 1 Tank Cell 4 rear vent confirms the Board of Inquiry’s
view that it is a poor design for fuel and could leak when under fuel pressure. On the majority of
occasions, the vent system will simply carry air but during manoeuvres and Air-to-Air Refuelling,
fuel may enter it.

(3) The recent evidence of the dye experiments on MRA4 which show the likelihood of fuel tracking
straight back along the fuselage and entering the SCP elbow and No. 7 Tank Dry Bay.

(4) Thefactthatfuel could have emanated from the two sources (the blow-off valve and vent system)
simultaneously during Air-to-Air Refuelling, with both sources ending up in the starboard No. 7
Tank Dry Bay.

It is important to note that much of this evidence is new and was not available to the BOI, the AAIB
or the US Air Force Safety Center.

Deployed crew of XV230

8.

The deployed air and ground crew of XV230 have nothing to reproach themselves for. The two
previous incidents of blow-off on XV230 were sensibly dealt with by imposing a limitation of 15,000
pounds on the No. 1 Tank. The assumption that there was no threat to the aircraft as a result of
blow-off operating was perfectly reasonable.

Post accident

9.

Air-to-Air Refuelling of Nimrods was suspended following an Air-to-Air Refuelling incident on
XV235 in November 2007, and has not been resumed.

Introduction

History of Air-to-Air Refuelling modifications to the Nimrod fleet

6.1

1982:
6.2

It is important to have a clear and detailed understanding of the history of the Air-to-Air Refuelling (AAR)

modification to the Nimrod fleet.’

Original AAR modification fitted for Falklands campaign (Mod 700)

The Nimrod MR2 was converted to enable AAR for Operation Corporate (the Falklands campaign) during 1982,
as an Urgent Operational Requirement (UOR) under Modification (Mod) No. 700. The pressing operational
requirement to fit AAR meant that there was insufficient time to ensure that the AAR system design met all the
requirements of Aviation Publication (AvP) 970.? The modification was conceived, fashioned and installed in a
record 18 days. However, the refuelling hose from the AAR probe to the fuel system passed through the aircraft
cabin requiring the crew to step over it. The Nimrod fuel system was originally fitted with blow-off valves in all
but two fuel tanks (the 4A tanks), to ensure that tanks could not be over-pressurised to the point of structural

" Annex L of the BOI Report contains a summary of the history of AAR which this Chapter expands upon.
2 Subsequently Defence Standard (Def-Stan) 00-970.
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failure. The blow-off valves operate when tank pressure exceeds 2.7 psi and relieve pressure by releasing fuel
to the atmosphere.

During the original fitting of Mod 700 in 1982, the risk of fuel from No. 5 tank blow-off valve (located forward
of the engines on the aircraft’s port side) entering No. 2 engine intake was appreciated. This potential hazard was
addressed by the fitting of a pressure switch in the vent line of No. 5 tank, to close the refuel valve should fuel
enter the vent line. No similar switch, however, was fitted to the vent line of either of the remaining fuselage tanks.
Although the Review has been unable to determine the rationale behind this decision, it was probably for similar
reasons to those quoted in subsequent reports® regarding the formal incorporation of AAR in the Nimrod design,
namely that the No. 5 tank blow-off outlet is in front of the engine air intakes, whereas the others are behind
them. It should be noted that the refuelling procedure for the original AAR installation required the refuel valves of
all the tanks needing fuel to be opened as refuelling commenced and closed individually as each tank filled. This
had the effect of distributing the fuel to a number of tanks simultaneously, with a relatively low rate to each one.

No. 5 Tank Blow-Off \> Qi No.1 Tank Blow-Off Valve

Valve . (on underside of wing)

Figure 6.1: Location of Nimrod Fuel Tanks

1983-1985: AEWS3 project included fitting of permanent AAR capability

6.4

6.5

The development of the Nimrod AEW3 in the mid-1980s allowed the MOD to seek a Nimrod AAR solution that
would meet Defence Standard (Def-Stan) 00-970 requirements. Some of the work involved in this redesign can
be traced through a series of documents detailing trials undertaken by the then British Aerospace PLC (now BAE
Systems) in furtherance of MOD instructions.

In March 1985, BAE Systems issued a Report entitled “ALL NIMROD AIRCRAFT REPORT ON INTEGRITY OF TANKS
1 AND 5 BLOW OFF VALVES DURING AIR TO AIR REFUELLING (RD.S. TASK NO. 0351)". Whilst the Report was
produced pursuant to Post Design Service (PDS) Task No. 0351 as part of the AEW3 project, it was entitled “ALL
NIMROD AIRCRAFT REPORT...” and clearly intended to be applicable to the whole Nimrod fleet. The report
investigated the possibility of removing the blow-off valves within Nos. 1 and 5 fuel tanks, to prevent the chance
of blown-off fuel being ignited by aircraft engines. The report recommended that the blow-off valve from No.
5 tank be removed and replaced with a flow restrictor, to prevent tank over-pressure. This modification was
subsequently enacted. It was decided, however, that a similar arrangement within No. 1 tank would prolong
AAR unreasonably and that the threat of fuel entering and/or igniting in the jet efflux (rather than entering the
intake as with the No. 5 tank blow-off) was minimal. The report did, nevertheless, note that:

"... [T]here may be some cause for concern with regard to the wetted surfaces caused by
a discharge of fuel and it is suggested that tests are made in flight using a coloured dye
to study the behaviour of liquid in relation to the various ports and intakes, particularly
the tail-pack pre-cooler in the bottom of the rear fairing. If the liquid is found to enter

3 See subsequent discussion.
4 BAE-MPP-R-AEW-0063 (BOI Report, Exhibit 66).
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this intake, it may be necessary either to switch off the tail pack before commencing an
air-to-air refuel, or to carry out a modification on the blow-off valve outlets of Tanks 1
and 6 to prevent the fuel running down the skin.>’ (emphasis added).

6.6 This report was distributed to 11 addressees (10 BAE Systems staff, and the MOD's representative on site —
the Resident Technical Officer (RTO)). However, the report’s distribution list does not indicate who, if anyone,
was supposed to take forward the recommendations, and no evidence has been found that further work was
undertaken on the threat presented by fuel entering ports and intakes after blow-off.

6.7 In May 1985 British Aerospace issued a Report entitled: “NIMROD AEW3 MK 3 TESTING AND ASSESSMENT
OF AIR TO AIR REFUELLING SYSTEM”,® which summarised a number of ground and air tests of the AEW3 AAR
system. The Report also referred to the report discussed above, which it said stated:

“4.1 The report also concluded that there may be some hazard from residual fuel running
down the fuselage following a blow-off from Tanks 1 or 7, which should be the subject
of further investigation.”” (emphasis added)

6.8 In July 1985 British Aerospace issued a Report entitled: “NIMROD AEW3 MK 3 OPERATING INSTRUCTIONS FOR
AIR TO AIR REFUELLING”.® The report set out operating instructions for the AEW3 during AAR, but made a
number of points relevant to AAR operations generally:

“3.7.3. During the refuel operation, it is recommended that a look-out is kept through
the escape hatch windows for fuel venting, in which case the blow-off valves of Tanks 1
and 7 may have discharged fuel. If venting is seen, and Tanks 1 and 7 are full, refuelling
should be discontinued. (see also paragraph 3.13).”° (emphasis added)

“3.13. After landing. WARNING If fuel spillage has taken place in flight due to venting or
to a probe mishap, do not run the APU until the APU has been inspected and declared
clear of fuel.” This highlights continuing concern about fuel entering ‘ports and intakes'’
and reinforces that fuel entering fuselage panels was a possibility, even though the APU
external panel lies flush with the fuselage.

6.9 These reports show that blow-off during AAR was recognised as a potential hazard. Although the potential
hazard of No. 5 tank blow-off on the port side was dealt with, the hazard from the blow-off from No. 1 tank
on the starboard side (and Nos. 6 and 7 tanks) was not. The threat of fuel entering the fuselage compartments
was raised, but there is no evidence that it was ever investigated further. It is surprising that there is no record
of any decision process which may have curtailed further work on these reports, particularly in view of the clear
implications for flight safety.

1987: Changes to Refuelling Sequence

6.10 In a letter dated 15 January 1987,'° BAE Systems advised the RAF that the extant sequence of refuelling
could potentially cause structural problems because of wing bending relief. Following trials, the sequence was
changed, such that rather than filling all tanks simultaneously, the wing tanks were refuelled first, followed by
the fuselage tanks, once the wing tanks were full.

6.11 It is important to note that this had the incidental effect of increasing the instantaneous flow rate at which
individual tanks were refuelled; the significance of this is explained later when the operation of the blow-off
valve is discussed.

® |bid, page 6.

5 HAS MPP F AEW 0065 (BOI Report, Exhibit 6).

7 The reference to No. 7 tank may been error as the earlier report talked of Nos. 1 and 6 tanks.

8 HAS MPP F AEW 0068 (BOI Report, Exhibit 58).

° This may be a perpetuation of the previous report’s error in substituting No. 7 tank for No. 6 tank.
19 JNG/CSN, dated 15 January 1987.
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1989: Mod 715 Installation Changes

6.12

6.13

6.14

In 1989 Mod 715 was introduced and the features developed as part of the AEW3 program were incorporated
on the MR2. In particular, the restricted No. 5 tank refuel valve was introduced. This complicated the refuelling
sequence as devised in 1987. To prevent longitudinal balance limits being breached, as No. 6 tank now filled
faster than No. 5 tank, the air engineer had to switch the former’s refuel valve on and off. No. 7 tanks would
reach full before the No. 1 tank and, therefore, on most occasions, the only refuel valves open near the end of
an AAR serial would be the two on the No. 1 tank and that on the restricted No. 5 tank.

The net effect of this was to increase substantially the instantaneous flow rate of fuel into the No. 1 tank during
AAR.

Formal trials'" were conducted to ascertain the functionality of the Mod 715 changes. However, the bowser
used to provide fuel for the practical test of the AAR system was unable to deliver fuel at more than 30psi. The
trials team extrapolated figures to calculate fuel flows at 50psi. A direct result of this was that the opportunity
possibly to observe No. 1 tank blow-off was lost. In their response to this suggestion, BAE Systems said that the
above report'? showed the bowser pressure at 50psi for the last two minutes of the 25 minute trial and therefore
that the opportunity to observe No. 1 tank blow-off was not lost. However, blow-off would be dependant on
the higher rate of refuel at 50psi being present for the majority of the refuel to induce asymmetric filling of
individual cells, which it was not in this case.

1989: Introduction of the Tristar Tanker

6.15

6.16

Until 1989, the Nimrod had refuelled primarily from the Victor and VC10, each with a single Hose Drum Unit
(HDU) capable of delivering up to 1,800kg per minute. In 1990, the Tristar was converted to be a tanker aircraft
and was cleared to refuel a variety of receivers, including the MR2. The Tristar’s twin HDUs each delivered fuel
at a greater rate (2,100kg per minute) than its predecessors because of the addition of two hydraulically driven
Carter pumps. Trials for the Nimrod to receive fuel from the Tristar were completed in 1989. A fuel flow rate of
2,100kg per minute was achieved for the Nimrod.

The additional delivery capacity of the Tristar Carter pumps represented another potential increase in the
individual tank refuel rates and increased further the potential for asymmetric filling of No. 1 tank.

Cumulative effect of changes ignored

6.17

The combined effect of these changes was to increase the flow rates at certain stages of AAR, and particularly
during Tristar AAR. As the BOI found, at no stage were the cumulative effects of successive changes to the
Nimrod AAR capability understood and analysed. As the RAF Kinloss Station Commander put it, at no point was
“a holistic view" taken of the incremental effect of the changes.

2008: Prohibition of AAR on Nimrods

6.18

A year after the loss of XV230, on 5 November 2007, Nimrod XV235 diverted into Kandahar airfield following
a leak in the bomb bay which occurred during AAR. The leak had been observed by the crew through the
periscope that is fitted to allow aircrew to survey the bomb bay area in flight. The leak could not be replicated
on the ground, despite many attempts. As it was no longer possible to state that leaks which might occur during
AAR would be detected on the ground, AAR on Nimrods was prohibited by AOC 2 Gp and this has now been
incorporated formally within the Nimrod’s Release to Service documentation.

" British Aerospace Report HAS-MPP-T-801-0273 “Ground Test of the Air to Air Refuelling System”, dated May 1988.
12 Ibid, Figure 1 (footnote 7).
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Analysis

6.19

The modification of Nimrods to take AAR gave rise to three particular risks associated with:

(1)  The operation of tank blow-off valves in flight;
(2) Overflow of fuel from the No 1 tank vent system; and

(3) Higher flow rates and the potential for pressure spikes.

(1) The operation of tank blow-off valves in flight

6.20

6.21

6.22

The potential for blow-off to be the source of fuel for XV230's fire was first prompted by witnesses to the
BOI, who stated that, on one occasion before its loss, the aircraft had returned from a sortie with evidence of
a crescent shaped stain on the fuselage, which indicated that fuel had been ejected from the aircraft’s No. 1
tank blow-off valve at some stage in flight. Fuel was also detected in the bomb bay. Following discussions with
the air engineer on that sortie, it was deduced that the blow-off valve must have operated during AAR. The
Air Engineer from the previous sorties had noted that the No. 1 tank appeared to stop filling at 15,000lbs, and
subsequently used that figure as a self-imposed limit." For these reasons, the BOI quite rightly considered blow-
off as a possible source of fuel for XV230's fire and that it should be investigated.

When analysing the risks associated with the operation of blow-off valves in flight, it is important to ask the
following four questions:

(1) Is blow-off likely to occur during AAR?

(2) If blow-off occurs during AAR will fuel track along the fuselage or be blown clear of the airframe?

(3) Could blown-off fuel enter fuselage panels, ports and intakes?
4)

Could blown-off fuel enter the SCP fairing and the No. 7 Tank Dry Bay?

| consider these questions in detail below:

(a) Is blow-off likely to occur during AAR?

6.23

6.24

The blow-off valves were designed to cope with a tank overpressure during ground refuelling, when any fuel
blown-off would simply fall onto the tarmac. However, refuelling in the air was a different matter. During AAR,
blow-off valves posed a potentially significant hazard because of their location on the sides of the fuselage of
the aircraft by reason of the fact that excess fuel blown out could track back and enter intakes, vents, and other
apertures in the fuselage further aft.

The BOI concentrated its efforts on the potential for blow-off from No. 1 tank, as it considered this one of the two
most likely sources of fuel for the fire that led to XV230's loss. A brief summary of the BOI's explanation for No. 1
tank blow-off follows, but a more complete explanation can be found within the BOI Report at Annex N.

No 1 tank blow-off mechanism

6.25

The No. 1 tank is the main fuel tank within the fuselage and holds 16,000lbs of fuel. The fuel is held in four
inter-linked rubber bags, each contained within a metal cell; the four cells are numbered one to four from
front to rear. Fuel enters No. 1 tank through two refuel valves in Cell 3, and when it reaches the level of valves
connecting it to Cells 2 and 4, flows into those cells. Fuel from Cell 2 flows into Cell 1 through two much smaller
holes and consequently the four cells fill at different rates as shown in the diagram below, with Cell 1 lagging
well behind the other three Cells. Float switches to automatically stop refuelling are placed in Cells 1 and 4 and
operate automatically when the fuel in these cells reaches their level; both float switches have to operate to
close the refuel valves and automatically stop fuel flow. The blow-off valve for No. 1 tank is in Cell 3.

3 BOI Witness 22.
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Cell 1 Float Switch Blow-Off Valve Cell 4 Float Switch

Refuel Valves

Figure 6.2: Screen Shot of HAL Model

The BOI commissioned Hydraulic Analysis Limited (HAL), a firm experienced in analysis of pipeline system
pressures for the oil industry, to construct a computer model of the No. 1 tank.™ This showed that because of
the way in which the individual cells of the tank filled and the relatively high fuel flow rates during AAR,™ it
was likely that, as its contents reached approximately 15,000lbs, the three rear cells would be full, but not the
forward Cell 1. Most importantly, the float switch in Cell 1 would not have closed and so fuel would still enter
Cell 3. This, in turn, would cause the pressure in Cell 3 to rise and activate the blow-off valve. At this point, fuel
would also have entered the vent pipe. It should be noted that the connection to the vent pipe from Cell 4 to
the main aircraft vent system is located above and close to the No. 7 Tank Dry Bay; the significance of this is
discussed later.

Cell 4 Vent Connection close
to No. 7 Tank Dry Bay

e \

A

Relative
location of the
No. 7 Tank Dry
Bay

Leacd Hists
1) o | I |

Fuel from blow-off goes
down side of fuselage

Figure 6.3: Screen Shot of HAL Model

During ground refuelling maintenance personnel take specific action to prevent blow-off occurring by reducing
fuel delivery pressure as the fuel load approaches full.’® Nonetheless, despite these precautions, blow-off has
been seen to occur on the ground. No. 1 tank blow-off will occur in the air during AAR if the same conditions
of overpressure are reached; indeed the BOI, in conjunction with HAL, showed that the higher delivery flow
rates during AAR, combined with the design of the No. 1 fuel tank, meant that blow-off from the No. 1 tank
was likely during AAR, should the No. 1 tank be filled or almost filled. Further, | should point out that the
model proves that blow-off could occur at the 15,000lbs target the Air Engineer was aiming for, i.e. even if the

14 BOI Report, Annex N. The BOI point out that until recent Gulf operations the Nimrod rarely filled to full during AAR.
1> As previously discussed the change to the AAR uplift sequence in 1987 had increased fuel flow rates to individual tanks, and in particular the No.

1 tank.

'®In the case of the aircraft’s main fuselage fuel tank (No. 1) the engineers use a fuel leveling device to further reduce the possibility of blow-off.
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6.28

limitation was adhered to precisely.'”” This fact was confirmed for the BOI independently by BAE Systems in a
written submission.

There is no specific indicator to the crew inside the Nimrod that blow-off is occurring. The original design
concept was of course that it would only occur on the ground, where its occurrence would be plainly evident
and not a problem. Nonetheless, the Nimrod Air Engineer may become aware of blow-off by an unexpected
reduction in AAR flow rates.

2006: Nimrod + VVC10 tanker blow-off

6.29

6.30

There is one relatively recent example in which blow-off during AAR probably occurred. In late 2006, a Nimrod
refuelling from a VC 10 tanker noted that, as the No. 1 tank reached 12,000Ibs, venting occurred and the fuel
flow rate diminished;'® additionally the tanker calculated that it had passed significantly more fuel to the Nimrod
than the Nimrod calculated it had received. On landing, the Nimrod's fuselage, from the rear of the bomb bay to
the tip of its tail, was found to be covered in fuel and fuel was found ‘pooled” in the rear element of the bomb
bay structure, the ‘rear hinged fairing’. Although at the time no convincing explanation for the fuel leak could
be determined, it was subsequently discovered that the ‘clack’ valve between two of the No. 1 tank cells had
been incorrectly fitted and operated in the reverse sense; this made it impossible, in flight, for fuel to enter the
No. 1 tank Cell 4. Thus, the effective capacity of the tank was reduced to 12,000lbs. This was the point at which
venting had been observed and No. 1 tank blow-off probably occurred. This sortie was the first occasion that
this aircraft had undertaken AAR following a Major maintenance. Subsequently a 10,000Ibs limit was placed on
all Nimrod No. 1 tanks during AAR. As a result of this, the fault with the No. 1 tank valve was not finally revealed
until the aircraft returned to the UK for maintenance.

| am satisfied, in the light of the work of the BOI and HAL, that blow-off will occur both on the ground and
in the air should the right conditions occur. The fuel modelling undertaken by the BOI used data from the
accident data recorder to demonstrate that No. 1 tank blow-off was possible under the flight conditions and
fuel configuration of XV230. In particular, the attitude data was used as an input parameter to the HAL fuel
model to explore the effect that varying degrees of pitch (nose up or down) would have on the moment when
blow-off would occur. Evidence from the Tristar crew was used to establish the rate of refuel of XV230.7 The
results were tabulated in the BOI?® and support the theory that blow-off was possible on XV230 within the time
scale extracted from the mission tape.

(b) If blow-off occurs during AAR will fuel track along the fuselage or be blown clear?

6.31

The 2006 Nimrod with VC10 tanker blow-off incident referred to in the preceding section demonstrates one
recorded occasion on which fuel blown off during AAR tracked back along the fuselage.

1985: AEW3 dye tests recommended

6.32

6.33

It is important to note that the risks posed by blow-off valves operating in flight during AAR, causing fuel
to track back and enter apertures in the fuselage, were appreciated by British Aerospace (now BAE Systems)
back in the 1980s when the original and subsequent permanent AAR modifications were being planned. As
explained above, however, only the risk posed on the port side by the blow-off from No. 5 tank was addressed
by modification.

Recommendations were made to investigate the potential hazard from fuel being blown-off from Nos. 1 and 6
tanks, including recommendations for possible AAR procedural changes (such as switching off the SCP for AAR)
and a possible modification to the blow-off valve outlets. In particular, in 1985, BAE Systems recommended that

7.BOI Report, Exhibit 71.

'8 Air Incident Report KIN 066/06.
19 BOI Witness 31.

20 BOI Report, Annex N.

114



6.34

6.35

6.36

2006:
6.37

6.38

6.39
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investigations be carried out by way of in-flight dye tests. Unfortunately, it appears this was never followed up
following the subsequent shelving of the Nimrod AEW3.

This was regrettable. Such dye tests would very probably have led to a realisation of the risks posed by the
starboard blow-off valve. In this regard, | agree with the comment on the BOI by the Air Member for Materiel:
“It is particularly disturbing that the undesirable overflow characteristic of the AAR system design appears to
have been identified during development trials in the mid 1980s for the Nimrod Airborne Early Warning (AEW)
aircraft, yet (although corrective action was taken for No 5 Tank) no corrective action was taken for the No 1
Tank despite recommendations that it be investigated further.”?!

If the dye test had been carried out, it is likely that, not only would the risk of fuel possibly tracking back into
No. 7 Tank Dry Bay have been identified and addressed, but it is also possible that the ignition risk posed by
the SCP elbow would have been highlighted by the dye penetrating the ‘muff’ insulation and, thus, the danger
posed by the bleed-air system exposed.

In my view, responsibility for failure to follow up the question of dye tests after 1985 or read across this issue to
the MR2 and R1 fleets must be jointly shared by BAE Systems as the Design Authority (DA) and the MOD.

Dye tests for MRA4

Dye tests were, however, carried out by BAE Systems in 2006 in relation to the MRA4 programme,?? and
these have provided clear visual evidence of the manner in which liquid expelled from an aircraft can cover a
significant area.

Flight tests were conducted on the MRA4 prototype PA3 in June 2006 to check whether water discharged from
the forward and aft waste water drain masts would track back and impact on the wings and fuselage causing
an ice problem. The test was carried out by pouring 0.5 gallons of coloured fluid into both the toilet and galley
waste water systems during flight and evacuating it. The colour of the fluid, ‘Desert Sand’,?* provided a strong
contrast with the standard Nimrod grey external paint scheme. The test on the forward mast was carried out
just prior to landing at a speed of 192 knots for the forward mast and 170 knots for the rear mast. This speed
range was calculated as most likely to allow fluid to impact the aircraft fuselage. The aircraft avoided cloud and
rain following the trial to prevent the dyed fluid being washed off.

After landing, a photographic record was made of all the areas where the impingement of fluid on the wings
and fuselage had occurred. The results are instructive. They show the fluid fanning out and tracking back
over and under the wing and entering parts of the fuselage. The toilet mast protrudes several inches from the
aircraft. A boundary layer of air exists close to the aircraft structure. The air immediately proximate to the aircraft
structure will travel at an extremely slow speed because of surface friction, relative to the aircraft, but this speed
will increase as the distance from the aircraft structure increases, until the air is travelling at the same speed
relative to the aircraft as the surrounding free-flow air. The thickness of this boundary layer varies, but is of
minimal width. The significance of this is that the mast from the forward toilet protrudes directly into this free-
flow air. Despite this, the fluid had clearly impacted the aircraft fuselage, as can be seen from the photograph
below. The blow-off outlet of No. 1 tank is flush with the aircraft fuselage. Fuel exiting the blow-off will have to
negotiate the boundary layer before it reaches the free-flow air. Thus, it would appear even more likely to track
along the fuselage. It should be noted that there would be significantly more fuel involved in blow-off than
liquid in this experiment. Furthermore, the higher speeds which the aircraft would be flying during AAR would
make it more, not less, difficult for the fuel to reach the free-flow air. As BAE Systems’ witnesses have made
clear, the diagrams supplied to the BOI** reflect the flow of air around a particular section of the fuselage, rather
than any likely fluid flow. That the fluid flow is likely to be more complex is suggested by the wide dispersal of
the dyed fluid in the photographs below.

2 Comment on the BOI by the Air Member for Materiel, Air Marshal Sir Barry Thornton dated 8 October 2007.
22 BAE/D/NIM/RP/173496 and BAE/P/NIM/RP/162811.

2 The fluid used was temporary camouflage coating (1314GB0361E) diluted with water.

24 BOI Report, Exhibit 60.
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Impingement on Fwd Drain
Forward Fuselage & Mast
Inner Wing

Impingement on Bomb-B
Doors and Hinges

Figure 6.5: MRA4 Showing Dispersal of Dyed Fluid (close-up of wing root)

6.40 If one extrapolates the results of this trial to the No. 1 blow-off valve operating, it is very easy to envisage fuel
tracking back only 2.1 metres into the fairing of the SCP elbow and potentially the No. 7 Tank Dry Bay. The
prospect becomes even more likely given the fact that if the blow-off valve activated during AAR, the quantities
of fuel expelled would be very considerable.
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FORWARD

No. 7 Tank
Dry Bay starboard

No. 1 Tank
Blow-Off Valve

Figure 6.6: Relative Location of SCP External Duct and No. 1 Tank Blow-Off Valve

6.41 | am satisfied, in light of the above that, in the event of blow-off from No. 1 Tank, significant quantities of fuel
will track down the skin of the aircraft fuselage aft.

(c) Can blown-off fuel enter the fuselage?

6.42  Blown-off fuel only represents a risk to the aircraft if it can enter the fuselage. BAE Systems most certainly
believed in 1985 that there was the potential for blown-off fuel to enter ‘ports and intakes’ on the Nimrod and
pose a threat to the aircraft. In the reports discussed above, BAE Systems advised that, if fuel was observed
to vent during AAR, the APU bay should be checked before subsequent APU operation. BAE Systems also
recommended modifying the blow-off valve outlets from Nos. 1 and 6 tanks to take blown-off fuel clear of the
fuselage to prevent fuel running down the aircraft skin.

Incidents since 1985

6.43  There have been a number of incidents since 1985 which demonstrate how prescient were the concerns that
BAE Systems had previously expressed. Unfortunately, none of these incidents was followed up:

6.43.1 Anincident occurred during 1986, in which a faulty tanker-drogue allowed a significant amount of fuel
to escape from the tanker’s hose as the Nimrod made contact. The subsequent dispersal of the fuel
illustrated the complex nature of airflow around the aircraft. Although the fuel was introduced into
the airflow around the Nimrod probe it was subsequently found to have entered a number of fuselage
compartments in the airframe — the life raft release handle compartment, the rear hinged pannier doors,
the APU bay, the port wing root, the tail pack and water extractor.

6.43.2 In 1999, Nimrod R1 XV249 experienced a series of fuel leaks from an area at the rear of the port Rib 1
(an area in the wing root, just forward of the No. 7 Tank Dry Bay). Following subsequent sorties, fuel
was found in the pannier bay (equivalent to the bomb bay in a MR2), in an area under the dinghy bay
stowage in the wing, and in the tail cone. The fuel had probably exited the aircraft from drain holes at
the rear of Rib 1 and then travelled along the fuselage, entering the tail cone compartment.

6.43.3 The incident in December 2006 referred to above (when an incorrectly constructed No. 1 fuel tank
probably provoked blow-off during AAR?) also showed that blown-off fuel can enter fuselage
compartments. After landing fuel was found in the rear hinged fairing, with residue along the underside
of the tail up to (and inside) the self-defensive flare container in the tail of the aircraft. Unfortunately,
there is no record of whether or not the No. 7 Tank Dry Bay was checked for fuel.

25 Air Incident Report KIN 66/06.
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6.44

6.45

The dyed water trials from the APU bay and the forward drain of an MRA4 (discussed above) show the manner
in which fuel tracking down the aircraft fuselage will enter compartments, despite the fact that the panels are
flush with the aircraft fuselage and that, in the case of these trials, the aircraft is recently manufactured and
built to modern tolerances. Even 30 minutes after landing, dyed fluid was found “dripping from the tail-cone
bay door”; and when the door was opened it was noted that the fluid had “coated an area in the bay within
approximately one foot all around the door” (see the pink dye in the photographs below).

Pink dye found inside door
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Figure 6.7: MRA4 Dyed Fluid Inside Tail Cone Bay Door

The report notes that there was no evidence of fluid pooling in the bay. The amount of fluid released into the
airflow, however, was very small, only 0.4 litres in total, and the distance it had to travel large, namely several
metres from the MRA4 APU bay (in the rear of the wing) to the tail cone bay. By way of contrast, when blow-
off occurs during AAR, the flow rate is very large. It has been calculated to be approximately 120 litres every 10
seconds.?® Further, as illustrated above, blown-off fuel would only have to track 2.1 metres along the fuselage
skin to reach the SCP fairing. It should be noted that, although the MRA4 is indeed a different aircraft to the
MR2, its fuselage is the original MR2 shape.

Further considerations

6.46

There is clear evidence from the incident in 2006 involving a Nimrod being refulled by an VC10 of fuel flowing
down the outside of the airframe and entering several chambers on the MR2 external to the pressure hull: the
bomb bay, the rear hinged fairing, the dinghy bay, aerial mounts, the self defensive flares chamber and the tail
cone, to name only some.?” Although the starboard No. 7 Tank Dry Bay was never identified as containing fuel
following this incident, or other similar event, this may well be because this bay is not an area that was examined
regularly prior to the loss of XV230 and, in any event, if fuel had entered the starboard No. 7 Tank Dry Bay lower

% Approximately 12 household buckets every 10 seconds.
27 Air Incident Report KIN 066/06.
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panel during AAR, much of it would have already drained via the drain holes. Although the BOI noted that
approximately 300ml of fuel could remain on the panel below the level of the drain holes, if left there for any
amount of time, it would tend to slowly drain as aircraft manoeuvres brought it to the level of the drains; and
once on the ground any residual fuel would remain on the panel until it evaporated.

6.47 | am satisfied, in the light of the above, that it is clear that blown-off fuel can enter chambers within the aircraft
fuselage.

(d) Could blown-off fuel enter the SCP fairing and the No. 7 Tank Dry Bay?

6.48 It is evident from the foregoing that: No. 1 tank blow-off can occur; that blown-off fuel will run down the
surface skin of the aircraft fuselage; and that fuel can enter fuselage openings and bays. The remaining issue is,
however, whether fuel could enter the SCP fairing and the starboard No. 7 Tank Dry Bay, in particular. The issue
turns on the dynamic behaviour of the fuel once it leaves the blow-off outlet on the aircraft’s starboard side.
No experiments have been undertaken to replicate the fuel’s behaviour and, now that Nimrod AAR has been
halted, the results of any experiments would be purely of academic interest. | nonetheless turn next to analyse
the evidence that is available.

XV230 witness trail

6.49 At the Inquest much was made of the fact that the ‘fuel witness trail’ (described by Witnesses 22 and 28 to
the BOI) observed following a sortie around 9/10 August 2006 was a ‘crescent’ shape, descending from the
No. 1 tank blow-off valve exit and crossing the bomb door hinges. It was suggested that, if this marked the
flow of fuel, then logically it could not reach the No. 7 Tank Dry Bay. However, the MRA4 liquid release trial is
instructive on two counts in explaining this. First, after the liquid had been released from the MRAA4, the aircraft
was landed as soon as possible. The simple fact is that traces of liquid flow (water or fuel) on the fuselage
exterior will be erased after a period of time and BAE Systems needed an accurate record of the liquid's flow.
After tanking, XV230 may well have spent a further eight hours in the air in August 2006. Second, the liquid
trail in the MRA4 trial proves how the liquid goes directly backwards and spreads out, even when an aircraft
is flying at a slower speed than XV230 would have been. In my view, the witness trail observed on XV230 on
this occasion in question was probably residual fuel draining from the blow-off system as the aircraft made its
approach to land.

Boundary layer of air

6.50 It is clear that ejected fuel can take a wide range of paths along the fuselage, as my discussion above of the
observed fuel flows following a probable blow-off event show. Fuel escaping from the No. 1 tank blow-off will
be ejected at pressures in the region of 2.7psi. On the ground, this may well allow the ejected fuel to appear to
spurt out with some force. However, in the air, any blown-off fuel will need to breach the boundary layer of air
on the fuselage before reaching the free-flow air. During AAR, the free flow air will have a velocity in the order
of 400 knots at right angles to the much lower velocity of the expelled fuel. This matches the simple airflow
diagrams provided by BAE Systems to the BOI.28 However, the expelled fuel (of which there would be several
hundred litres) is unlikely to execute a neat right angled turn, parallel to the fuselage, in an orderly stream and
depart safely behind the aircraft. Common sense would suggest that, as the fuel stream hits the air flowing past
the aircraft, random interaction between air and fuel will cause a more random dispersal of the fuel, such that
it spreads out as it travels to the rear of the aircraft. The evidence from previous incidents supports this and also
suggests that significant amounts of ejected and dispersed fuel will flow along the fuselage.

28 BOI Report, Exhibit 60
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Gap between fairing and fuselage

6.51

6.52

6.53

Is there a credible risk of such expelled fuel penetrating the SCP fairing and the starboard No. 7 Tank Dry Bay?
The fairing that covers the SCP pipe attached to the Nimrod's starboard fuselage is 2.1 metres directly aft of the
No. 1 tank blow-off valve. It is not sealed to the main fuselage in such a manner that liquid cannot penetrate
it (see further below). From my inspection of various Nimrods, and as the BOI noted, there were clear gaps
between the fuselage and fairing. It would require very little upwards migration of blown-off fuel for it to impact
upon the SCP fairing. In my view, there is no reason to suppose that ejected fuel would not enter this fairing in
the same manner that it has been observed to penetrate many other areas of the Nimrod's fuselage in previous
incidents and the MRA4 experiments. Once inside the SCP fairing the fuel would have just centimetres to travel
before reaching the SCP duct identified as the likely point of ignition.

The No. 7 Tank Dry Bay lower panel is at right angles to the obvious direction of the blown-off fuel flow. The entry
path for blown-off fuel entering the No. 7 Tank Dry Bay would be through the gaps at the edges of the panel.
The viability of blown-off fuel entering small gaps has been amply demonstrated by the dye experiments for the
MRA4 referred to above. The gaps are close to the wing/fuselage interface where significant amounts of ejected
fuel might find their way. Moreover, there is a favourable pressure gradient upwards through the No. 7 Tank Dry
Bay which could induce fuel to enter, as noted by QinetiQ in the BOI combustion study.?® Given the wealth of
evidence demonstrating the number of other panels and intakes which fuel can and has entered in flight (see
above), it is difficult to find a convincing argument that it would not enter the starboard No. 7 Tank Dry Bay.

| am satisfied, in the light of the above, that fuel blown off from No. 1 tank during AAR could enter the
starboard No. 7 Tank Dry Bay.

BAE Systems’ arguments

6.54

6.55

6.56

In its evidence to the Review, BAE Systems denied that fuel ejected from No. 1 blow-off valve during AAR could,
or would, penetrate the lower panel of starboard No. 7 Tank Dry Bay. In their evidence to the Review, BAE
Systems’ Military Air Systems Chief Engineer for the Nimrod, Martin Breakell, and Head of Airworthyness, Tom
McMichael put ‘blow-off" as the least likely of the three potential sources of fuel identified by the BOI as possible
causes of XV230's fire. They did not, however, suggest any other possible sources of fuel.

At the BOI's request, BAE Systems carried out an analysis of the potential for blow-off to occur during AAR. BAE
Systems’ analysts, using two independent techniques, confirmed that blow-off would indeed occur at the fuel
flow rates experienced during AAR.3° BAE Systems’ subsequent evidence to the Review, however, appears to
have been at variance with its own technicians’ analysis. Martin Breakell appeared to suggest at the Inquest that
fuel would enter the vent system and relieve any pressure build up without activating blow-off. This is incorrect;
and contradicts BAE Systems’ own technicians (as well as HAL) who had factored the presence of the vent
system into their calculations. In his evidence to the Review, Martin Breakell said that to have a blow-off :“You
would have to overfill the tank. The flow rates would have to be greater than what is required. The pressure
in the tank would be greater than what the design was, so you’d have to do something incorrect but it's there
to do a fail-safe system if it was over-pressurised.” This also is incorrect; and again contradicts the view of BAE
Systems’ own technicians (and HAL) that blow-off required no incorrect actions by any individual. The operation
of the blow-off valve is an inevitable function of the construction of No. 1 tank, coupled with the fuel flow rates
experienced during AAR.

BAE Systems put forward a number of further, specific arguments as to why blow-off was unlikely to have been
the source of the fuel for XV230's fire:

6.56.1 First, BAE Systems argued that the airflow would take any blown-off fuel away from the side of the
fuselage and/or around the No. 7 Tank Dry Bay area. However, BAE Systems produced an airflow diagram
which, in my view, can only be interpreted as showing that air flowing rearwards from the location of
the No. 1 tank blow-off valve will pass over the SCP fairing.

29 BOI Report, Exhibit 30.
30 BOI Report, Exhibit 71.
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6.56.2 Second, BAE Systems argued that blown-off fuel would not be able to gain entry to the No. 7 Tank Dry
Bay because the lower panel is sealed with a bead of PRC mastic (a flexible sealant akin to bathroom
silicone filler) and this would have affected a liquid proof seal. However, on such a panel on the underside
of the wing, the most likely purpose of the mastic is to prevent fretting between the aircraft structure
and the lower panel, not to prevent fluid ingress.>' Nonetheless, the Review obtained the engineering
drawings of the lower panel and these clearly show that the ‘bead’ is only required on the forward, rear
and outboard edges of the panel, not the inner which is the most likely edge for any blown-off fuel
to enter. When the blow-off valve operates, however, any blown-off fuel will be trapped close to the
fuselage by the airflow and reach the inner edge most easily. | therefore reject BAE Systems’ argument
that fuel could not enter the No. 7 Tank Dry Bay because of the PRC mastic.

6.56.3 Third, BAE Systems argued that blown-off fuel would not be able to gain entry to the No. 7 Tank Dry
Bay because drainage holes in the panel allowed liquid egress, but not liquid ingress, from outside. The
ingress path postulated, however, is through the panel’s inner edge, not the drain holes. BAE Systems’
argument thus somewhat misses the point.

6.56.4 Fourth, BAE Systems argued that the No. 7 Tank Dry Bay has a positive pressure when measured against
the pressure under the wing. Martin Breakell said in evidence to the Review: “...[D]ry bay 7 is one of the
main vent bays from the bomb bay to get air coming from the bomb bay, it’s vented out through dry
bay 7, you have always got a positive pressure differential, so it’s going to want to blow out, rather than
allow fuel to come in”

This latter argument appears to rely on the fact that the pressurised cabin discharges air into the rear of the
bomb bay and that the No. 7 Tank Dry Bay is the area from which this positive pressure is discharged; thus,
the bomb bay and the connected No. 7 Tank Dry Bays would have a higher pressure than the pressure under
the aircraft wing. BAE Systems suggested that this positive pressure differential would prevent the ingress of
liquid. However, evidence from the QinetiQ combustion study suggests that the pressure gradient may not be as
simple as propounded by BAE Systems. In simple aerodynamic terms, of course, the air pressure above the wing
surface is lower than that below it (otherwise the aircraft would not fly). The QinetiQ team noted that there
were significant gaps between the wing panels on the aircraft in the vicinity of the No. 7 Tank Dry Bay and that,
considering the overarching pressure differential just described, this would initiate a sympathetic movement of
air within the wing (i.e. from lower wing surface to upper wing surface). Any air exhausting from the bomb
bay would join this upward movement of air and escape through the gaps in the upper wing surface panels.
Therefore, it follows that the No. 7 Tank Dry Bays will not be pressurised.

Lack of recorded instances of blow-off in previous 25 years

6.58

6.59

A question which must be addressed is: Why had this phenomenon of blow-off during AAR not occurred
before? The Nimrod had been conducting AAR for 25 years prior to the accident, yet it appears to have been
an unknown phenomenon until the two occasions when it occurred in theatre prior to XV230's loss (see above).
In my view, the explanation for this resides in the fact that, as shown by the BOI fuel model, a number of
conditions need to coincide to provoke blow-off: small variations in the rate of refuel; the amount of fuel taken
into the No. 1 Tank; and the attitude of the aircraft.

Further, for the first six years that AAR was conducted, the old uplift sequence (see above) would have prevented
blow-off. It should also be noted that many sorties were conducted with Victor or VC10 tankers, which had a
lower refuel rate than a Tristar. By contrast, AAR with a Tristar was comparatively rare with an average of nine
Tristar sorties per year. Further, for most of the 1990s, the Nimrod Zero Fuel Weight (weight without fuel) was
higher than it was in 2006, meaning that uplifting to full fuel capacity was not possible, as this would have
exceeded the maximum allowable total weight. There were also restrictions on the amount of fuel which could
be taken in relation to the Centre of Gravity position such that, once again, uplift to a full load was prohibited.
There were also many occasions when tankers were unable to dispense all the fuel the Nimrod could take.3?

31 Further, if the PRC mastic is used as a weather-proof seal, it will be used on the top surfaces of the panels only, in order to prevent rainwater

ingress.

32 BOI Report, Part 2, paragraph 40(d).
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6.60

6.61

6.62

6.63

Whether or not blow-off occurs is dependent upon a number of factors, as HALs computer model shows. These
factors are principally: (a) whether No. 1 tank is approaching full; (b) whether fuel flow rates into the tank are
high enough; and (c) whether the aircraft attitude is suitable (this is influenced by aircraft speed, which, in turn,
is a function of aircraft weight and the type of tanker). During AAR training it is unusual for a receiver to take
significant amounts of fuel and therefore blow-off is not possible.

It is quite possible that blow-off had in fact happened on earlier occasions, but no evidence of it was visible
post-flight. Any fuel which had gathered in the bomb bay or other panels could easily have drained away and,
even if found, would have resulted in standard leak checks which would have revealed no faults. An area like
the starboard No. 7 Tank Dry Bay could have had fuel in it but, unless it was seen to be dripping externally,
would not have been checked as it is not routinely disturbed on normal servicing. Over the remainder of a flight
normal manoeuvres would allow most of that fuel to drain away. It should also be remembered that the two
prior occurrences of blow-off in 2006 gave rise to a stain on the fuselage which led back to the No. 1 tank
blow-off valve. Without the build up of dust in theatre, however, there may have been no catalyst to draw
attention to the blow-off valve. It is worth noting, in this respect, that Nimrods operating from RAF Kinloss
are regularly taxied, post flight, through an automatic washing facility, which may further have disguised any
external evidence.

The further question arises: If blow-off did occur previously why was there no fire until that on board XV230?
The answer to this is likely to be the simple one that the SCP may not have been in use at the time that blow-off
occurred, as it was often not required for cooling in the Northern latitudes.

There are, therefore, many reasons why blow-off may not have occurred and, if it had, why it was not noticed
or did not result in a fire. | am satisfied that the absence of previously recorded incidents of blow-off occurring
can be explained.

Causation

6.64

6.65

6.66
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| am satisfied, for the above reasons, that fuel ejected from No. 1 blow-off valve during AAR could well have
tracked back along the fuselage and entered the SCP elbow and the starboard No. 7 Tank Dry Bay, leading to
the initiation of the fire on XV230.

An issue nonetheless arises as to whether there would have been a sufficient flow of fuel entering starboard
No. 7 Tank Dry Bay to have caused pooling, and to allow the initial fire to take hold and become established
and self-sustaining. The fire mechanism advanced by the BOI depends upon the existence of a pool of fuel on
the horizontal lower panel of the No. 7 Tank Dry Bay, just forward of the point of ignition. Pooling could also
theoretically have taken place in the bottom of the curved fairing around the elbow against the ‘lip’ leading
to the bomb bay. The answer to this issue depends on when, during the sequence of AAR, any such blow-off
first started occurring. Extensive modelling and reconstruction of the fuel configuration and known events was
undertaken by the BOI. This showed that over a range of likely parameters the time for blow-off was around
about five minutes 40 seconds after the start of AAR. This coincided with the transcript evidence of the length
of time the AAR serial had lasted i.e. from 11:03:53 until 11:09:50 when the Air Engineer states “we’re full”.
Prior to this the SCP tripped off at 11:09:23, which may also have been an event related to blow-off.

The AAR of XV230 on 2 September 2006 took approximately six minutes, i.e. from 11:03:53 to 11:09:50. The
fire warning went off at 11:11:33. Blow-off is likely to have occurred towards the end of the AAR uplift. If it
occurred right at the very end of AAR, this would have left about one minute 30 seconds for the following
sequence of events to have taken place:

e fuel tracking back along the fuselage;

e fuel then entering starboard No. 7 Tank Dry Bay;

e fuel then coming into contact with the Cross-Feed/SCP duct;

e auto-ignition delay of around 50 seconds;
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e the commencement of a pool fire in the panel or the curved fairing; and

e the generation of the development of sufficient hot gases to set off the bomb bay fire warning.
The QinetiQ combustion study calculated this as a realistic timeline for events. | accept its assessment.

Further, as the BOI pointed out, should blow-off occur, it is likely that fuel would also enter the vent pipe system
and leak from a fuel vent pipe from the No. 1 tank. | turn to analyse this issue and its significance below.

(2) Overflow from the No. 1 tank vent system and leakage from the aircraft vent system

6.69

6.70

The Nimrod fuel system had a ‘vent’ system designed to avoid over-pressurisation of tanks during filling by
allowing air to vent to the outside. The adjoining cells within No. 1 tank have vent connections between them.
No. 1 tank is connected to the main aircraft vent system through vent pipes exiting Nos. 1 and 4 cells. The outlet
pipe for the rear cell (Cell 4) is located above, and just forward of the rear spar, which itself is located in the No.
7 Tank Dry Bays.

No. 7 Tank Dry Bay | No.1 Tank Cell 4 Vent Connection

left-hand picture)

Figure 6.8: No. 1 Tank Cell 4 Vent Connection

The HAL fuel model shows that fuel will enter the vent system before the end of a refuel of No. 1 Tank. There
are also clear examples of the vulnerability of the vent system in the event of overfilling of No. 1 tank cells.

2006 incident

6.71

On 31 October 2006, at RAF Kinloss, an aircraft about to enter Depth maintenance suffered a fuel leak during
preparation for entering the hangar. An Incident Report was raised®* and the technical investigation showed
that fuel had leaked from the fuel vent system, including the No. 1 tank vent connections, and was spread
liberally around the Rib 1 area on the starboard side, having escaped from the fuel vent pipe connections in that
area. It should be noted that such vent pipe connections are not designed for fuel, but only for air. The reason
for the presence of fuel in the vent pipe connections was identified as the aircraft having being slightly nose
down on the dispersal during a refuel, resulting in the forward high level float switch in Cell 1 operating when it
was full, but fuel continuing to enter all cells in the tank because the rear float switch in Cell 4 had not operated
to close the refuel valves. The resultant overfill of Cell 1 found its way into the aircraft vent system and leaked
out of the couplings in those pipes.

33 Air Incident Report KIN/59/06 (BOI Report, Exhibit 57).
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Cognisant of the above Incident Report, the BOI noted that the “vent lines from No 1 tank are of light construction
and secured by jubilee clips, which if overtightened can leak”,** and recommended that they be modified to
reduce the risk of fuel leakage.

2009: XV235 incident

6.73

6.74

6.75

2008:
6.76

6.77

A very recent incident involving XV235 has brought to light important evidence.

On 20 April 2009, during maintenance of XV235 at RAF Kinloss, a Serious Fault Signal®> was raised for a fuel
leak from a No. 1 Tank Cell 4 rear vent connection. The signal goes on to describe what was found as follows:
“Further investigation carried out suspect that fuel soaked pre-cooler muff Part No BA205123 located at the
forward face of 7 tank dry bay may have been result of above leak” (emphasis added).

Part No. BA205123 is the flexible muff located immediately aft of the SCP elbow. The incident on XV235
therefore provides powerful evidence in support of the BOI's conclusion that, if fuel had leaked from the vent
connection during AAR on XV230, that fuel would have found its way to the No. 7 Tank Dry Bay and could
have gathered at the flexible muff to provide the fuel source for the fire. Furthermore, such fuel would have the
potential to pool on the lower panel.

QinetiQ report on XV236

Subsequently, during the teardown conducted by QinetiQ on Nimrod XV236, a fault report was raised concerning
the No. 1 Tank Vent Connections (see further Chapter 15).3° In order to investigate the matter further, the
connection was pressurised and leaked at 0.5psi gauge pressure; well below the blow-off valve setting of 2.7psi.
The design features of the connection were described as follows: “The metal vent pipe was fabricated from
two diameters of tube: a 1.25” diameter tube, which had both a raised bead to form a seal with a ‘push fit’
rubber pipe and a bonding tag attachment, and a second approximately 1.5” diameter tube. The rubber hose
was found to interface with the larger metal pipe section of approximately 1.5” diameter, which had no sealing
bead present. Thus the joint was reliant on a single Jubilee clip to both seal and clamp. .... Due to the lack of
a witness mark on this larger pipe, there is a lack of control of the position of the hose clip, which could lead
to the hose being clamped only over the welded portion of the pipe assembly or only over part of the surface,
which could lead to complete detachment.”

QinetiQ, therefore, raised similar concerns to the BOI in relation to the design of the vent pipe design and go
further by positively suggesting that the jubilee clip could slip under pressure, allowing the rubber extension
to reposition itself over the narrower section of the metal pipe, resulting in a significant leak of fuel. Also, the
QinetiQ Report explained that the rubber extension had been positioned on top of a clear plastic tape which
labelled the pipe as a fuel vent pipe; the tape further reduces the effectiveness of a seal between rubber and
metal. It should be noted that other aircraft were subsequently checked at RAF Kinloss and found with the same
condition, i.e. with the rubber extension positioned on top of the clear plastic tape.

34 BOI Report, paragraph 40(d)1.
3 Serious Fault Signal 181300, dated May 2009.
3 QINETIQ/MS/SES/TR0902158/1, dated 02 July 2009.
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Small diameter section

Location of ‘Vent’ label
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Gap between extension
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Figure 6.9: No. 1 Tank Cell 4 Vent Connection

In order to assist the Review, a trial®” was carried out at RAF Kinloss to investigate where fluid would track if
released in the area of the No. 1 Tank rear vent connection (see Figure 6.8 and 6.9). Although unable to replicate
the exact pitch attitude of XV230, the results showed that fluid would track back into the No. 7 Tank Dry Bay
and some would pool on the lower panel. Larger quantities of fuel (several litres) were required in order to cause
the fuel to disperse widely over the panel. In addition to the ‘on aircraft’ trial tracking the movement of the
fluid, the connection was also subjected to a bench test under pressure. Leaks were not apparent up to 5psi on
the test specimen with the jubilee clip on the wider part of the vent pipe. However, as noted above by QinetiQ,
the jubilee clip had potential to slip rearwards over the narrower section if located over the weld. Given the
difference in the two diameters this would result in a large leak, as can be seen from the photograph above.

Vent pipe couplings

6.79

6.80

6.81

There is also evidence that, in addition to the possibility of a leak from the direct vent connections to Cells 1
and 4 of No. 1 Tank, fuel may also leak from the FRS couplings in the main vent system. In 1998 a technical
improvement®® was suggested to the IPTs predecessor, the Support Management Group. In proposing a
Modification to the high-level float switches of No. 1 tank an engineer at RAF Kinloss was trying to deal with
a recurring problem of minor fuel spills from the No. 1 Tank. In his explanation of the problem, he wrote: “Of
course fuel doesn’t always flow freely through the vent lines, often it finds a way to leak through these lines at
various connections and soaks either Rib 1 port or starboard. This alone causes a large quantity of fuel to soak
all the equipment there” (emphasis added).

Several of the FRS connections in the fuel vent pipes are directly above the No. 7 Tank Dry Bay and fuel dripping
from them would drop onto the lower panel and pool.

| am satisfied, in the light of the above, that there are several ways in which fuel can migrate into the No. 7 Tank
Dry Bay from the aircraft vent system and pool on the lower panel.

Venting could occur without blow-off

6.82

The incident on XV235 shows the potential for fuel to enter the vent system in the event of the No. 1 tank Cell
4 overfilling, allowing fuel to leak into the area of the No. 7 Tank Dry Bay. This could happen without reaching
an internal tank pressure sufficient to cause blow-off. It is therefore possible that a leak from the vent system,

37 NAEDIT/1505/09/14/Task 01, dated September 2009.
3 SMG/512712/16/SM60a1, dated 18 November 1998.
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on its own, could have provided the fuel for the fire on XV230. However, when blow-off occurs, an internal
tank pressure of 2.7-2.9psi occurs and this pressure will also be felt in the vent pipes and at the vent connection
under discussion. This could increase the tendency of the vent connection to leak or even to become detached.
Thus, it is possible that fuel could both be blown-off and leak from the vent line connections.

In June 2009, STI/Nimrod/944 was issued by the Nimrod Integrated Project Team (IPT) to improve the integrity
of the connection between the No. 1 tank fuel vent stub pipe and the aircraft fuel vent system. This entailed
manufacturing a raised bead on the wider part of the vent stub pipe and introducing a mark to ensure that the
bag extension overlapped the bead by a set amount.

Fuel venting through air vent system was known problem

6.84

6.85

6.86

It is clear the phenomenon of fuel venting through the air vent system was a well-known and long-standing
problem. Minutes dated 18 February 2003 referring to BAe's Proposals for the Nimrod Life Extension Programme
state: “ ... [AJt BAe's presentation in Dec 92 on their latest proposals for a Nimrod Life extension to meet AR(A)
420, it became apparent that BAe were not fully aware of all our problems, or of the work being carried out in 3
specific areas: the fuel system, engine intakes and the wing/fuselage attachments. We have therefore produced
the briefing notes at Annex A ....".3°

The briefing notes refer to two problems which needed to be addressed as part of the Nimrod Life Extension
Programme: the first was leaking of bag tanks; the second related to fuel venting. The briefing notes stated:
“Fuel venting has been a long standing problem. There are 2 causes: the failure of the high level float switches
to cut off the fuel when the tanks are full, and thermal expansion. The latter is a common occurrence when
operating in hot climates. Both problems result from inadequate system design and are controlled in service
by limiting the fill level of the tanks. Thus the BAe life extension proposal should address these built-in design
faults.”.

Thus it is clear that there was a known problem with the float switches which allowed fuel to enter the vent
system from which it might leak. It is not clear what steps were subsequently taken, if any, to address the
problem.

Causation

Causation of vent pipe

6.87

6.88

| am satisfied that the vulnerability of No. 1 tank to asymmetric filling and fuel entering the vent system, and
the inadequate design of the vent pipe connection for the No. 1 tank to cope with fuel, could have led to a leak
during a blow-off occasioned by AAR. | am also satisfied that, because of the position of the vent connection
above the rear spar, it was also possible that leaking fuel could have migrated to the lower panel of the No. 7
Tank Dry Bay and into the SCP elbow muff.

In the event of fuel being pressed up in No. 1 tank into the vent pipe system, the vent pipe connection could
have experienced up to six times the pressure at which QinetiQ found it leaked. | am satisfied that it was quite
possible that the connection would have failed, allowing a significant quantity of fuel to escape. It was also
possible that the vent connection was weakened by the previous blow-off events.

Overflow: joint effect of blow-off and vent pipe

6.89

There could, therefore, have been two sources of fuel reaching the No. 7 Tank Dry Bay during blow-off, namely:
(1) fuel blown-off tracking along the fuselage; and (2) fuel leaking from a vent pipe connection. Both of these
could have ended up in No. 7 Tank Dry Bay simultaneously and these two sources might jointly have been
sufficient both to cause initiation of a fire as well as the sustaining of a fire. This is the joint phenomenon which
the BOI termed ‘overflow’.

3 Loose Minute dated 18 February 2003 referring to BAe's Proposals for Nimrod Life Extension to Meet SR(A) 420.
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(3) Increased pressure in the fuel system due to surges

6.90

6.91

6.92

The rate at which a Nimrod is refuelled using AAR is far greater than when using a bowser on the ground.
In broad terms, ground refuelling engenders pressures in the region of 50psi at a rate of up to 1,460kg per
minute, whereas normal AAR pressure is in the region of 30-40psi when refuelling at a rate of up to 2,100kg per
minute*’. A detailed description of the refuel system is in the BOI Report at Annex M. Tests at the time of Mod
715 by the MOD Aeroplane and Armament Experimental Establishment (A&AEE)*" established that pressure
surges during AAR might create pressure ‘spikes’ of up to 90psi on the ground and 84psi in flight, but these
would be below the proof pressure of the system of 112.5psi. These tests entailed closing off a number of tanks
together under full flow conditions and measuring the pressure surge obtained; this is a much more severe test
than would be encountered in an operational environment as the Air Engineers are trained not to allow such a
condition. In any event, a pressure surge would be very short-lived and would not have enough energy to cause
any damage to the system.

In relation to XV230, there is clear evidence from the Tristar Air Engineer,* who controlled the AAR at the time,
that no pressure surges were observed during XV230's refuel.

The potential for pressure surges to have a cumulative effect has to be balanced against the long service
history of the Nimrod and the absence of any pattern of refuel system leaks after AAR. It appears that correctly
assembled couplings are capable of withstanding both normal and surge pressures as noted in the trials at
ARAEE. As explained in Chapter 5, a more likely cause of sudden fuel leaks is the propensity of an incorrectly
assembled coupling suddenly to move at some point in its life and give rise to a large leak. This is as likely to
happen during a ground refuel as it is in the air, though it remains a possibility that an extra surge during AAR
may be the final trigger causing such movement.

Causation of ‘surge’ pressure

6.93

6.94

During normal flight, the refuel system would not be under pressure. Once AAR commences, however, the
system would be subject to normal refuel pressures. If a coupling in the refuel system was going to leak, it is
therefore more likely to happen during AAR as the refuel system is now under pressure. In terms of causation
of the accident, the question is: did an additional surge of pressure during AAR contribute to a coupling leak on
the day? | agree with the BOI that there is no evidence pointing towards a pressure surge on the day being the
trigger for a leak. If it was a fuel coupling which began to leak it would have been because the coupling had a
pre-existing fault; it could just as easily have leaked on the previous ground refuel.

| am satisfied, therefore, that the additional flow rate of AAR is very unlikely to have been causal to the
accident.

Breach of design standards

AVP 970 and Defence Standards

6.95

| set out in Chapter 4 the original design regulations and standards applicable to the Nimrod type, namely AvP
970,% and explain how derogation from AvP 970 was not allowed unless “... the requirements are obviously
inapplicable or are over-ridden by the requirement of the Aeroplane specification”.** | further explain how Mod
715, i.e. the formal incorporation of AAR within the aircraft design, was required to conform with Def-Stan
00-970, issued 12 December 1983, which superseded AvP 970.

40 BOI Report, Annexes L and M.

41 Now part of QinetiQ.

42 BOI Witness No. 31.

4 The military equivalent to British Civil Airworthiness Requirements (BCARs).
4 AvP 970, 1965 Edition, Volume 1, paragraph 1.2.
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6.96

| have concluded that Mod 715 was in breach of Def-Stan 970 in two major respects:
(1) Breach of Def-Stan 00-970 requirements regarding blow-off valves

6.96.1 First, the Nimrod Mod 715 design failed to meet the safety standards regarding the design and location
of fuel blow-off valves. Def-Stan 00-970 required that “no vent or discharge provision shall end at any
point where the discharge of fuel from the vent outlet in flight or on the ground would constitute
a fire hazard.”.* The location of the No. 1 Tank blow-off valve, some half-way down and flush with
the aircraft fuselage, and directly forward of the starboard No. 7 Tank Dry Bay, fails to meet these
requirements. Should blow-off operate during AAR, fuel can be discharged into the 400 knots airflow
at a rate of some 120 litres in ten seconds. (This rate would be sufficient to fill an average domestic car
fuel tank in under three and a half seconds). As explained above, fuel discharged in this way could track
back and flow between panels and into voids within the aircraft, including the starboard No. 7 Tank Dry
Bay and possibly the SCP pre-cooler inlet.*

(2)  Breach of Def-Stan 00-970 requirements regarding location of fuel pipes

6.96.2 Second, the Nimrod Mod 715 design failed to meet the safety standards regarding fuel pipes in the
AAR system. Def-Stan 00-970% required that: “Fuel pipes should not run through crew/passenger
compartments nor close to high pressure hot air ducts and electrically operated equipment in bays.
Where it is not possible to comply with this, the pipes shall be without couplings, and preferably of
steel. The pipe run through such zones shall be completely jacketed, and overboard drains shall be
provided.” Within the starboard No. 7 Tank Dry Bay, AAR refuel pipes run in close proximity to the Cross-
Feed and SCP pipe work, which contain hot, high pressure air. The fuel pipe-work includes numerous
couplings, is not made of steel, and is not jacketed.

Breach by BAE Systems of Def-Stan 00-970

6.97

6.98

6.99

In my view, when BAE Systems carried out Mod 715 in 1989 to convert the temporary AAR modification (Mod
700) into a permanent modification, it failed to ensure that the whole AAR capability was compliant with
Def-Stan 00-970, in particular, as stated above, it did not ensure that No. 1 tank blow off valve was compliant
with Def-Stan 00-970 or validate the Nimrod refuel system for its new role as part of the AAR capability for
compliance with Def-Stan 00-970.

BAE Systems submitted to the Review that, when introducing Mod 715, it was only required to ensure that
“the AAR refuelling probe and hose down to (but not including) the pre-existing fuel gallery” was compliant
with Def-Stan 00-970.%8 In my view, this is not correct. The requirements of Mod 715 were quite clear, namely,
Part A: “To make provision for and introduce Air to Air Refuelling (AAR) capabilities”; and Part B: “To remove
the SOO (AAR) capability introduced by Mod 700...”. Mod 715 went on to state expressly: “This modification
will re engineer the AAR installation to meet Def-Stan 00-970 CA release requirements” and “Part A of the
modification introduces an AAR capability that meets all the criteria for a full CA Release”.

BAE Systems’ Chief Engineer, Martin Breakell, sought to argue in his evidence to the Review that BAE Systems’
requirement was nonetheless limited by the terms of its Feasibility Study in relation to Mod 7154 which, he
suggested, made it clear that BAE Systems was merely responsible for ensuring that the AAR refuelling probe
and hose added by Mod 700 was compliant with Def-Stan 00-970. In my view, however, there is nothing in the
Feasibility Study to justify this conclusion. Indeed, quite the opposite: the Feasibility Study makes it clear that
BAE Systems was to consider the effect of the AAR capability on the aircraft as a whole and to ensure that it
would meet the requirements of relevant regulations:

4> \olume 1, Chapter 713, paragraph. 4.4.

“ As identified by BAES during the AEW trials (Ref: BAe-MPP-R-AEW-0063).
47\jolume 1, Chapter 704, paragraph 3.4.4.

48 BAE Systems’ Written Submissions dated 9 April 2009, paragraph 280.

49 Report No. 801/MAN/DES/266, dated 15 March 1983.
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6.99.1 The conclusion of the Feasibility Study clearly states: “This report describes the incorporation into
a Nimrod MR Mk 2 of an AAR capability which will meet the requirements of a full CA Release.”
(emphasis added)

6.99.2 Section 5 of the Feasibility Study expressly considers whether the aircraft’s existing fuel venting system
required any modification and concludes, in this respect, that as regards tank No. 5, “During AAR a
fuel discharge from this valve may cause difficulties due to possible fuel ingress into the port engines.
To alleviate this possibility a differential pressure switch, identical to the Mod 700 installation, will
be fitted”. There would have been no need for BAE Systems to have considered such issues if its
responsibilities in relation to Mod 715 were as limited as it now sought to suggest.

6.99.3 The attachments to the Feasibility Study included schematic drawings of the refuel system as a whole.

In my view, therefore, reading Mod 715 and the Feasibility documents together, it is crystal clear that it was
intended that BAE Systems was responsible for ensuring the entire AAR capability, including the internal fuel
system, was Def-Stan 00-970 compliant.

XV230's experience

6.101

6.102

6.103

6.104

On return from a sortie in August 2006, the Nimrod detachment personnel found a small amount of fuel in
XV230's bomb bay, and traces of fuel having been discharged from the No. 1 tank blow-off valve during sorties
prior to the aircraft’s loss. The Nimrod detachment air and ground crew examined the symptoms and made a
logical deduction that the No. 1 tank blow-off had operated and that fuel from the blow-off had penetrated
the bomb bay along the hinge line. A de facto limit of 15,000lbs was subsequently operated by crews when
filling No. 1 tank during AAR and the symptoms disappeared. This limitation was not formally recorded in the
aircraft documentation but | have no doubt that it was put into operation by crews, and it was relayed to FS
Davies when he was briefed prior to his first AAR sortie in theatre and carried out by him.>° Crew 3 was a highly
experienced, close-knit and capable crew.

In any event, there was no evidence available to the personnel at the time that blow-off might give rise to any
hazard. The No. 1 tank blow-off, unlike the No. 5 tank blow-off, had been left functional after the Nimrod was
made AAR capable. The blow-off was clearly capable of functioning, and indeed was meant to function, either
on the ground or in the air, to prevent over-pressurisation of the tank by fuel. It was, therefore, in my view a
reasonable assumption on the part of all concerned that there was no particular hazard in it functioning in either
environment.

The Air Member for Materiel, Air Marshal Sir Barry Thornton, notes, in his comments on the BOI, “it is unfortunate
that no aircraft incident reports were raised as a result of these events”,>" while discussing the detachment’s
reaction to the occurrence of blow-off. In my view, however, in the circumstances pertaining at the time in theatre,
it is quite understandable that no incident report was raised. If blow-off had occurred on the ground during refuel,
no similar action would have been taken. The aircraft had been refuelled on the ground without incident. The
symptoms had also disappeared following the application of the 15,000lbs limitation. Thus, there was no reason
for anyone to think that were any significant underlying problems with the No. 1 tank’s refuel system.

In my view, the air and ground crew have absolutely nothing to reproach themselves for. The blow-off valve was
working normally as it was intended to operate. An incident report or call back to RAF Kinloss for instructions
would have been unlikely to have elicited any different solution to the problem. The BOI acknowledged that,
even after the accident, it took several months of painstaking investigation to uncover the cause and possible
effects of a blow-off. No one in theatre had any reason to suppose that it was anything other than the correct
operation of the aircraft systems. No one in theatre had any reason to suppose it might be a safety matter. No
one in theatre was, or could reasonably have been, aware of the serious ignition danger lurking in No. 7 Tank
Dry Bay.

0 BOI Report, page 2-34, and Witness Statement 22.
1 BOI Report, Comments of Air Member for Materiel, paragraph 14.
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Causation generally

6.105 |am satisfied, for the reasons set out above, that AAR could have been the cause of the fuel in the starboard No.
7 Tank Dry Bay, either because of fuel ejected from No. 1 blow-off valve and/or fuel entering and leaking from
the vent system during the AAR operation. In my view, the BOI was right to rank this as one of the two most
likely causes, alongside a fuel coupling failure. The possibility of a blow-off having occurred on this occasion is
heightened by the fact that the phenomenon had manifested itself on previous XV230 sorties. Even though the
crew were operating a 15,000Ibs limitation on fuel in No. 1 tank during AAR, the HAL modelling shows that
blow-off can still occur with less than 15,000lbs.

6.106 For the reasons given in Chapters 5 and 6 above, | am satisfied that the BOI were right to conclude that the two
most likely sources of the fuel leading the fire on board XV230 were: (a) a leak from a fuel coupling in starboard
No. 7 Tank Dry Bay; or (b) overflow of fuel during AAR.

6.107 |set out below, in summary, my analysis of the reasons for and against each of these two causal mechanisms.

(@) Leak from Fuel Coupling in the starboard No. 7 Tank Dry Bay

6.108 The following reasons favour a leak from a fuel coupling in the starboard No. 7 Tank Dry Bay being the source
of fuel:

M
()
3)
)
(5)

(6)

The close proximity of eight FRS couplings and one Avimo coupling to the Cross-Feed/SCP duct.
A leak from these couplings would drop fuel directly onto the lower panel, allowing it to pool.
There have been recent instances of FRS couplings suddenly springing large leaks.

There is a known mechanism for couplings suddenly springing large leaks, namely mis-assembly.

The refuel gallery was pressurised during AAR, and therefore the fuel coupling mechanism is not inconsistent
with AAR taking place.

There has been an increasing trend of coupling leaks.

6.109 The following reasons militate again a leak from a fuel coupling in the starboard No. 7 Tank Dry Bay being the
source of fuel:

The timing of the AAR sequence and the fire would suggest that there had to have been either a small leak
commencing early on during AAR or a large leak near the end of the AAR sequence. However:

If AAR had triggered a large leak from a dormant mis-assembled coupling, why did the fire not start earlier
in the sequence when fuel first entered the refuel system?

Large leaks of the type recently experienced are a comparatively rare event.

There is no evidence of coupling leaks on previous sorties or ground refuelling.

(b) Overflow during AAR

6.110 The following reasons favour overflow during AAR being the source of fuel:

130

XV230 had experienced blow-off during AAR on previous sorties.
The HAL model demonstrates that blow off could occur at 15,000Ibs.

The Mission tape shows that AAR finished at the right time, i.e. at a time consistent with overflow being
the cause.

Blow-off occurs in huge quantities at a high rate: 120 litres of fuel every 10 seconds.
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(5) The blow-off valve is only 2.1 metres directly forward of the fairing in way of starboard No. 7 Tank Dry
Bay.

(6) There is ample empirical evidence of the likelihood of blow-off fuel migrating back along the fuselage and
entering panels.>?

(7) Gaps in the fairing could allow fuel to ingress the starboard No. 7 Tank Dry Bay, come into contact with
the SCP elbow, and pool.

(8) Oneis certain to get fuel in the vent lines before blow-off occurs.
(9) There is a recorded incident of fuel leaking from the No. 1 tank vent connections in 2006.>3

(10) The recent XV235 fault signal shows that No. 1 Tank Cell 4 rear vent connection was the probable cause
of fuel wetting the SCP elbow muff below.>

(11) Recent experiments have confirmed that fuel from No. 1 Tank Cell 4 rear vent drops onto and pools on the
panel at the bottom of the starboard No. 7 Tank Dry Bay.

(12) The No. 1 Tank Cell 4 rear vent pipe connection was designed for air not fuel, is a poor design, and could
have leaked under even low fuel pressure.>

(13) No. 1 Tank Cell 4 rear vent could have been weakened by blow-offs on previous XV230 sorties.

(14) Fuel could also have leaked from the couplings in the vent pipe connections.
The following reasons militate against overflow during AAR being the source of fuel:

(1) There have been only three known incidents of blow-off on Nimrods in 25 years.

(2) Itis not straightforward for blown-off fuel to pool on the lower panel in the starboard No. 7 Tank Dry
Bay.

(3) The crew were operating a 15,000lbs limitation in relation to Tank No. 1.

(4)  No venting from XV230 was observed at the time by the Tristar tanker.

Balance of probabilities of overflow during AAR being the source of fuel

6.112

| have carefully weighed up all these factors, and all the evidence | have heard and read, and have concluded
that the balance of probabilities favour overflow during AAR being the source of the fuel which led to the fire
in the starboard No. 7 Tank Dry Bay which caused the loss of XV230 (i.e. (b) above). In my view, four factors tip
the balance in favour of overflow during AAR being the cause:

6.122.1 First, the recent evidence of the fault signal for XV235 which shows that fuel found in the SCP elbow
muff probably originated from No. 1 Tank Cell 4 rear vent.

6.122.2 Second, the recent careful examination of the No. 1 Tank Cell 4 rear vent shows it is a poor design for
fuel and could leak when under fuel pressure.

6.122.3 Third, the recent evidence of the dye experiments on MRA4 which show the likelihood of fuel tracking
straight back along the fuselage and entering the SCP elbow of the MR2.

6.122.4 Fourth, the fact that fuel could have emanated from the two sources simultaneously during AAR and
both ended up in the starboard No. 7 Tank Dry Bay, i.e. both: (i) fuel blown off from No. 1 blow-off
valve and tracking two metres down the starboard fuselage into the fairing over the SCP elbow; and (ii)
fuel simultaneously entering the vent system and leaking out of No. 1 Tank Cell 4 rear vent and pouring
down onto the SCP elbow muff and panel at the bottom of No. 7 Tank Dry Bay below. An initial splash

2 AEW3, MRA4 experiments, XV249, XV232 etc.

>3 Air Incident Report KIN/59/06 (BOI Report, Exhibit 57).

>4 Serious Fault Signal 181300 May 09, raised on 20 April 2009, during maintenance of XV235 at RAF Kinloss.

> See QinetiQ’s Fault Report: QINETIQ/MS/SES/TR0902158/1, dated 2 July 2009, during the Ageing Aircraft Audit conducted on Nimrod XV236.
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of fuel on the SCP elbow from (i) could have initiated a fire which could then have been fuelled by fuel
dropping down and pooling as a result of (i) (or vice-versa).

6.113 It it important to note that much of this crucial evidence has been very recent and has not been available to
others who have previously considered the question of causation, in particular the BOI, the AAIB and the United
States Air Force Safety Center (AFSC).
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CHAPTER 7 - DAMAGE FROM CROSS-FEED/SCP DUCT FAILURE

Contents

Chapter 7 covers the possibility of a Cross-Feed/Supplementary Conditioning Pack duct failure and answers the following

questions:
e How and why did a Cross-Feed/Supplementary Conditioning Pack duct failure pose a risk to the
Nimrod?
e Did this represent a breach of applicable design standards?
e Was the maintenance policy for hot air ducts satisfactory?
e \Were there warnings of risks from hot air duct failures?
e Did a hot air duct failure cause the loss of XV2307?
Summary

1. Arupture of the Cross-Feed/Supplementary Conditioning Pack duct represented a potentially serious
hazard to the Nimrod because of the risk of hot air (400°C+) damaging the numerous adjacent fuel
seals in the starboard No. 7 Tank Dry Bay, leading to the escape of fuel and an in-flight fire.

2. This scenario represented a “single point failure” and a breach of general “fire zone” safety
standards applicable to the original Nimrod MR1 and MR2 designs in 1969 and 1979, in particular
Aviation Publication (AvP) 970 Chapter 715 (see Chapter 4).

3. British Aerospace’s' advice in 1983 to the MOD on predicted duct life had proved pessimistic when
compared with the actual life of ducts in service; a policy of pressure testing was adopted which
worked successfully for the next 21 years.

4. In November 2004 corrosion caused the fracture of a duct within the Supplementary Conditioning
Pack system of Nimrod MR2 XV227, resulting in considerable damage and the near loss of the
aircraft.

5. TheXV227incidentamplyillustratesthe catastrophicrisk the Cross-Feed/Supplementary Conditioning
Pack duct posed to the aircraft.

6. Asecond duct failure (albeit a different duct in the engine bay) occurred on XV229 on 8 August 2005
and was caused by fatigue, possibly provoked by physical damage. The incident was not adequately
analysed by the Integrated Project Team in considering the possibly increased threat to the aircraft
from such failures.

7. The damage occasioned to XV227's airframe and systems by the hot air leak should have been a
‘wake up call’ to everyone. With the benefit of hindsight, the potential for interaction between
the fuel and hot air systems existing in close proximity within the No. 7 Tank Dry Bay represented
a significant risk to the aircraft and its crews. Simply looking at the list of damaged components
should at the very least have provoked a careful re-examination of the conclusions of the Nimrod
Safety Case.

8. The Nimrod Integrated Project Team’s decision to switch the Supplementary Conditioning Pack back
on in April 2005 was based on an imperfect understanding of the completeness of the hot air leak
detection system. The analysis carried out by the Integrated Project Team in support of this decision
was far from satisfactory.

' BAE Systems.
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Causation

9. The Board of Inquiry was right to conclude that, whilst a Cross-Feed/Supplementary Conditioning

Pack duct failure could not be ruled out as a causal mechanism for the fuel source, it was much
less likely than the other two potential causes (fuel coupling leak or escape of fuel during Air-to-
Air Refuelling). In my view, a sudden major rupture of the bleed-air system would not have gone
unnoticed, let alone unremarked upon, by the crew of XVV230. Moreover, such a failure would have
made it impossible for the Air Engineer to report the Supplementary Conditioning Pack overheat,
which he did at the start of XV230’s emergency. Further, a small hot air leak is much less likely
to have caused sufficient degradation unless coincidentally placed close to a coupling in the fuel
system; it would also require a significant amount of time to do so.

Introduction

7.1

In this Chapter, | first analyse early problems with the bleed-air ducting experienced in the 1980s and 1990s and
a later incident on XV227, before explaining my conclusion in relation to whether or not, a bleed-air duct failure
is in fact a likely cause of the fire on board XV230.

The Nimrod Bleed-Air System

7.2

The Nimrod bleed-air system and its function are described in detail in Chapter 4.

Risks of fire from failure of Cross-Feed/Supplementary Conditioning Pack duct

7.3

In my view, there was a clear risk of a catastrophic in-flight fire resulting from a failure or rupture of the Cross-
Feed/Supplementary Conditioning Pack (SCP) duct. This arose because of the high temperature (400°C+) and
pressure of the air contained therein and the juxtaposition of the duct to numerous fuel couplings in the
starboard No. 7 Tank Dry Bay. A failure of the duct would have allowed the escape of hot bleed-air which might
damage the rubber seals leading to leakage of fuel onto very hot duct surfaces, either through pre-existing
gaps in the insulation or through new gaps caused by damage occurring during the original failure. The risks
were amply illustrated by the XV227 incident referred to below, when a duct within the SCP system fractured,
allowing hot air to escape and cause considerable damage to the aircraft.

Breach of applicable design standards

7.4

In my view, this scenario represented a “single point failure” and a breach of general “fire zone” safety standards
applicable to the original Nimrod MR1 and MR2 designs in 1969 and 1979, in particular AvP 970 Chapter 715.2
As explained in Chapter 4, | do not accept the (frankly far-fetched) argument put forward on behalf of BAE
Systems that a failure of the Cross-Feed/SCP duct would somehow ‘blow all the fuel away’ and that an ignition
scenario was not credible. (For duct design issues, see Chapter 4 generally).

Maintenance policy

7.5

Prior to the loss of XV230, the Nimrod bleed-air system was maintained under a policy of ‘Corrective
Maintenance’. The hot air ducts between the engines (including the Cross-Feed ducts) were subject to a leak
test under pressure at Minor, Minor Star and Major maintenance.? Insulation muffs were removed during this
process to facilitate inspection. The Maintenance Policies (MP) for the inspection note that: “Examination is to be
both audible and visual, checking for leaks and cracks. Particular attention is to be paid to the ducting bellows

2 AvP 970, Volume 1, re-issue, 1 June 1960.
3 Using Maintenance Procedures (MP) 48-00 and 23-11/6.
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and leak detection fluid is to be used if small leaks or cracks are suspected”.* In addition, those ducts within
the engine bays were visually inspected at Primary maintenance.® It should be noted that the SCP duct which
failed on XV227 was not included in any of these pressure tests. It was pressure-tested after reassembly during
scheduled maintenance, but the main aim of the associated maintenance procedure was to confirm the correct
functioning of the SCP system, rather than to check for duct leaks.®

In a note to the Nimrod IPT dated 17 April 2008’ discussing leakage from the hot air ducts, BAE Systems stated
that “all leaks detected over the past 20 years are localised to the bellows assembly” and “current Maintenance
Procedures are successfully detecting defects”. The note also stated that “there have been no catastrophic
failures of ducts on the aircraft that have been subject to these Maintenance Procedures”. Nonetheless, by
the time this note was written, a decision had been made to retain the testing procedures, but to replace the
Nimrod's high pressure hot air ducts (the Cross-Feed duct and its connections to the engines). The SCP system
has not been used since the loss of XV230. Two factors appear to have acted as the catalyst for this change.
First, the findings of the XV230 BOI in relation, in particular, to the poor state of much of the Refrasil insulation
around the ducting. Second, the implications of an earlier incident in 2004 involving XV227, which highlighted
the risks of corrosion in the hot air ducts causing their failure.

The maintenance policy of the Nimrod bleed-air system is now effectively one of ‘Preventative Maintenance’,
which has led to a large number of the bleed-air ducts being replaced.® Since 31 March 2009, only Nimrods in
which the bleed-air ducting has been replaced have been permitted to fly.

History of Nimrod Hot Air Ducting and Corrosion

7.8

7.9

During conversion of the Nimrod MR1 to MR2,° the hot-air system’s four-way duct in the bomb bay was
changed to a five-way duct to allow connection of the SCP. The fact that the introduction of the SCP would
lead to a change in Cross-Feed system usage and the discovery of “considerable corrosion”® in ducts removed
from MR1 aircraft led to British Aerospace Plc (BAe) being contracted to produce a report detailing the predicted
fatigue lives of the hot air system’s ducts.”" Depending on how the aircraft’s system was utilised (i.e. whether the
ducting was in continuous operation), the report concluded that certain ducts would not meet their required
life.? BAe accordingly recommended that certain safeguards were put in place, such as a duct rectification or
replacement programme, fitting a pressure-reducing valve on the Cross-Feed duct next to the engines, as well
as carrying out regular inspections to minimise the risk of any premature failures. Six copies of the report were
provided to the MOD's Resident Technical Officer (RTO) based at BAe for onward distribution within the MOD
and the RAF.

It would appear from a HQ Strike Command document on Hot Air Ducting — Corrosion/Fatigue dated 25
November 1983 that the RAF took on board many of BAe's recommendations, deciding that the high pressure
ducts, including the five-way duct, should be changed at the second major servicing after conversion and
that a task should be placed on the Central Servicing Development Establishment (CSDE) to investigate and
recommend a servicing policy/procedure for periodic inspection of the Nimrod MR2 high pressure air ducts.

4 MPs 48-00/3 and 23-11/6.

>Zones 410, 420, 430 and 440 in accordance with AP101B-0502/ 0503-5A1 sin 480006.

& Maintenance Procedure 23-12/1 Tail Pack — Functional Test.

7 MB/0014-04-/dpw dated 17 April 2008.

8 This is called the Nimrod Hot Air Duct Replacement Programme (HADRP).

° The RAF took delivery of 35 upgraded MR2s between 1978 and 1984. XV230 was one of those upgraded.

19 “Nimrod MR Mk 2 Fatigue Lives of Hot Air Ducting for the Supplementary Cooling Pack System”, BAe-MSO-R-801-0188, dated May 1982,
paragraph 8,

" lbid.
2 |bid.
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7.10

7.12

7.13

7.14

Following BAe's May 1982 report, the RAF provided further information regarding the Nimrod's operational
procedures to BAe in October 1982. In light of this further information, BAe re-calculated the fatigue lives
for the Cross-Feed bleed-air ducting and set out its calculations in a further report dated January 1984'3. As
before, a copy of this report was provided to the MOD’s RTO. The report highlighted the potential damage that
could be caused by a fracture of an element of the hot air system, recognising that there “could be potential
damaging to structure (spar), aircraft control systems and bomb bay loads”."* It concluded that, from theoretical
calculations, the fatigue lives for the Cross-Feed ducting had either been exceeded (for the ducting mounted on
the outboard side of rib 2) or were low (for the ducting between the two Cross-Feed air valves up to the five-
way duct) compared to the required life of the aircraft. It was nonetheless acknowledged that a “safe factor of
5”15 had been applied and that “only one serious leak has occurred”.'®

In light of its findings in its January 1984 report, BAe recommended that “a programme of inspection and
replacement should be initiated immediately”."” Subsequent documents (see below) make clear the fact that
the policy of ‘replacement’ now simply referred to replacing ducts as they failed, not undertaking a structured
replacement programme. It recommended that inspections for leaks should be carried out at the earliest
opportunity and at every Minor maintenance thereafter, with defective ducting being replaced. The report also
recommended that “a programme is initiated to provision adequate spares to support the replacement of all the
hot air ducts in runs 1 and 2b'é at least once in the life of the aircraft”.

On 12 January 1984, the Nimrod Structural Integrity Working Party (NSIWP) was informed that the January 1984
BAe report “showed that many of the ducts on the aircraft had already survived for nearly twice the calculated
(factor 5) life”, thus the “previous philosophy of changing at 2" major was therefore no longer relevant.”®
To make it perfectly clear “BAe reiterated that pipes were no longer lifed but changed on condition.”® At a
subsequent meeting of the NSIWP, the Headquarters Strike Command (HQ STC) representative stated that,
while the short-term policy was to leak check, “in the longer term the policy would be to change the complete
system once in the aircraft lifetime”.?'

Following these reports and meetings, the MPs discussed above were introduced. These MPs appear to have
been successful, in that there have been no catastrophic failures of ducts in the areas which they addressed;
however, as was discovered after the XV227 incident, the only pressure test of the SCP system aft of the
PRSOV was conducted after Major maintenance. It would further appear that, in accordance with the BAe
recommendation on spares provision, in February 1984, HQ STC initiated urgent provisioning action for 20
aircraft sets of spare ducts.

The long-term aspiration to replace the ducts was still being advertised by HQ STC in October 1984: “the EA's
long term policy is to replace all the ducts concerned at least once during the remaining in-Service life of the
Nimrod"”.?> However, whilst the ensuing years saw continued discussion of a proposed replacement programme
for the ducts,? it never in fact materialised. This may well have been at least in part due to the low number of
leaks detected during testing. For example, a report of the Nimrod Aircraft Engineering Defect Investigation
Team (NAEDIT) in 1989 noted that “/t appears that the resources expended on applying [the leak checks of the
high pressure duct system] have yet to find faults consistent with the concern expressed by the DA [BAE] over
the fatigue life of the ducting.”** Given that this report was produced almost seven years after the initial BAe
report highlighting that many of the ducts had passed their fatigue lives, the MOD's questioning approach to the
initial BAe recommendations is perhaps understandable, if not wholly justifiable. However, despite its apparent

13 BAe report 801/MAN/DES/277, dated January 1984.

4 |bid, paragraph 3.2.

'> Ibid, paragraph 4.2.

'® Ibid, paragraph 4.3.

7 |bid, paragraph 5.1.

'8 The Cross-Feed system, from the engines to the 5-way duct.

9 Minutes of the NSIWP held on 12 January 1984 (DD Nimrod 16/19, dated 18 Jan 1984).

2 |bid.

21 Minutes of the NSIWP held on 30 October 1984 (DD Nimrod 16/19, date indecipherable).
22 STC/13004/7/1/ Strike Eng 21a, dated 9 October 1984.

2 For example, in April 1988, the MOD was still stating that “a programme to replace [25 hot air ducts] will be implemented at Major servicing”:
STC/13004/7/1/Srt Eng 21a, dated 7 April 1988.

4 NAEDIT/1505/88/21/Task (Ao1124), dated 22 Mar 1989.
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efficacy (see above), the testing procedure of pressurising the ducting, checking visually and by holding one’s
hands against the ducts was far from foolproof.?> Further, this testing method plainly could not detect the
spread of corrosion within ducts. This also illustrates the potential pitfalls of a Corrective Maintenance policy
that is not supported by a programme of additional safeguards, such as component sampling.

ltis also likely that, as time wore on, the Nimrod's anticipated Out-of-Service date was a factor in the decision not
to replace the ducts. For example, an internal Minute dated 24 July 1990% refers to a “review of requirements
based on the now planned earlier retirement of the aircraft”. Whatever the precise reason, what is most
concerning to my mind is that, following the BAe reports in the 1980s, the over-arching concerns that had been
expressed in relation to the corrosion and fatigue lives of the hot air ducts appear to have faded into obscurity.
Whilst the hot air ducting did come under the spotlight again in the early 1990s, this was due to a series of
hot air leaks provoking a number of Rib 2 overheat warnings. More particularly, in the five years leading up
to December 1994, a total of 57 hot air leaks within the Rib 2 area were reported. It was determined that the
majority of the incidents (36) were caused by “unserviceable Avica V-flange couplings”.?’ As part of the remedial
actions, improvements were suggested to the leak detection procedure in order to increase the chances of
detecting small leaks following maintenance.

During the course of the investigations into the hot air leaks in the Rib 2 area, both NAEDIT?® and Aerospace
Maintenance Development and Support (AMDS)?° were tasked to investigate methods of hot air leak detection
on the Nimrod. It would appear, however, that these investigations were not carried forward once the problem
with the V-bland clamp issue (see above) was resolved.

In light of the above, by the time of the failure of the hot air duct on XV227 (see below), it is fair to say that there
had been almost 25 years in which sporadic concerns had been expressed in relation to the hot air duct system
on the Nimrod. It is also fair to say, however, that the fatigue lives provided by BAe in the 1980s did indeed prove
to be hugely pessimistic. From the evidence provided to the Review, the great majority of reported duct leaks
prior to XV227 originated from V-flange couplings, seals or misaligned pipes. These failures caused minimal, or
no, damage. However, that a serious failure has not yet occurred does not mean that it will not do so, or that
the minor precursor does not have more serious potential. Even if they were overly pessimistic, the BAe reports
of the 1980s clearly demonstrate that the potential dangers of a hot air duct fracturing were known about
from the very first considerations of the corrosion found in the ducts at that time. Inevitably, there is always an
element of uncertainty in calculating the potential for any event to occur.

The documents provided to the Review indicate that the MOD believed that it would detect a leaking hot air
duct before it became a risk to the aircraft. In the case of those areas subject to pressure testing, the evidence
would suggest that the belief was correct (at least in terms of catastrophic failures). However, the SCP system,
downstream of the five-way valve which had featured in BAe’s initial reports on concern with corrosion in 1982,
was not part of the pressure testing regime, and the XV227 incident in late 2004 amply demonstrated the
potential catastrophic damage that a ruptured hot air duct can inflict.

Nimrod MR2 XV227 incident (November 2004)

7.19

On 23 November 2004, Nimrod XV227 suffered a potentially catastrophic in-flight failure of the expansion
bellows in the SCP duct system (flexible duct assembly 6M4V10673A). These expansion bellows are joined to
the SCP ‘elbow’ and are located at the bottom of the starboard No. 7 Tank Dry Bay in the specially fashioned
fairing external to the fuselage, i.e. the area identified by the BOI as the most probable source of ignition for
XV230's fire.

% "Tornado Environmental Control System Hot Gas Leak Procedure”, AMDS Report 2150/97, dated July 1997; SMG/512752/8/SM60a1, dated 14
September 1998; AMDS Report No. 2292/97, dated September 1997.

26 D/MAP/205/2/3/2, dated 24 July 1990.

27 " Aerospace Maintenance Development and Support (AMDS) Task 2525/94 — Nimrod Rib 2 Hot Gas Leak Detection”, LC/165827/2525/94/AMDS/
AE, dated 17 February 1997, page 1.

28 NAEDIT Task 1/97, dated 31 January 1997.
2% See AMDS Report No. 2292/97, dated September 1997: “Investigation to Improve Hot Air Leak Detection on Nimrod”.
30 Possibly because it operated at a lower pressure than those areas that were pressure tested.
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When XV227 landed on the day of the incident, the aircrew had not noticed any abnormalities, but were
advised by the ground crew that there was a hole in the fairing of the SCP duct. Examination by the ground
crew indicated that the expansion bellows had fractured, allowing the hot air to escape, both to atmosphere
and within the No. 7 Tank Dry Bay. Because of the potentially catastrophic nature of the event, a Unit Inquiry
(Ul) was convened. | discuss the findings of the Ul further below.

Cessation of use of the SCP following the X227 incident

7.21

On 26 November 2004, the Nimrod IPT issued an Urgent Technical Instruction (UTI)*! that required, within seven
days, a visual fleet inspection of the duct that had failed on XV227 (looking for evidence of hot air leakage)
and of the adjacent structure (looking for any signs of scorching and discolouration). Given the proximity of the
failed duct to the No. 7 fuel tank, UTI/NIM/026, issued on 10 December 2004, further required that the SCP
should be electrically isolated for “Nil use” across the fleet pending further advice from the IPT.

Investigations following the XV227 incident

7.22

7.23

7.24

The IPT's initial report of the incident on XV227 (Annex A to BP 1301) recognised that it might have wider
implications for airworthiness and referred to the need to investigate whether any similar ducts posed a risk to
the airworthiness or the flight safety of the Nimrod fleet. BAE Systems was accordingly commissioned by the
Nimrod IPT to carry out a formal fault investigation of the failed duct and to undertake a study to identify similar
bleed-air ducts that might be vulnerable to a similar failure (PDS Task 16/3468).

BAE Systems provided its conclusions in relation to PDS Task 16/4368 to the Nimrod IPT on 7 January 2005,
identifying those sections of ducting which incorporated bellows which were subjected to high pressures
and temperatures. BAE Systems noted that “the duct failure presents a significant risk to the continued safe
operation of the Nimrod aircraft” and recommended that a feasibility study be conducted to develop a bleed air
leak detection system. The IPT duly tasked BAE Systems to carry out such a study.

On 10 January 2005, following laboratory analysis, BAE Systems reported the results of its fault investigation
of the failed duct.?®* BAE Systems concluded that the ducting contained a number of locations along its length
where pitting corrosion had occurred, in particular at the enclosed ends adjacent to the welded joint securing
the retaining ring to the ducting. The strength of the duct had also been weakened by cracking in the area of
the corrosion. A few days later, on 14 January 2005, BAE Systems sent to the Nimrod IPT its Fault Investigation
report (MOD Form 761) into the incident. That report contains a number of noteworthy comments, as follows:

7.24.1 The narrative report included that “it was suspected that fuel contamination had occurred due to the
proximity of fuel tank 7 to the hot air leak.” (The fuel contamination referred to was discoloration of
the residual fuel in the No. 7 fuel tank.)

7.24.2  The section on fault trend analysis noted: “For reference only: A bleed air duct failure of this nature,
in this aircraft zone, is recognised in the Nimrod Baseline Safety Case hazard ref. NM/H73.” (It is
regrettable that further analysis in relation to the hazards identified in the Nimrod Safety Case (NSC)
was not undertaken; see further Chapters 10 and 11).

7.24.3  The fault investigation and conclusions noted that “the failed Flexible Duct was manufactured in
1980 and it is believed that it was installed on to XV227 in 1986. This duct is not a lifed item although
a report was published by BAE which recommended the lifing of this type of duct (1982) ... It is
not apparent whether any of the information in this report was adopted into the Nimrod Servicing
Schedule.”

7.24.4 1t was noted in the recommendations that the Nimrod IPT had placed an order enabling a fleet-
wide replacement of these ducts. Pending the introduction of the new items or any favourable
outcome of the follow on work (i.e. the investigation into the bleed air detection system) BAE Systems
recommended that the SCP remained isolated as directed under UTI/NIMROD/026.

31 UTI/NIM/025, dated 26 November 2004.
32 Reference: MBSY/WRB/06015, dated 7 January 2005.
3 "Investigation into failure of Nimrod duct assembly (AFT/NIMROD/657)", Document No: CHD-TFM-R-ISA-MB1383, dated 10 January 2005.
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In February 2005, BAE Systems published its Feasibility Study into the Introduction of a Bleed Air Leak Detection
System.3* The study recommended a system which could be used both to detect leaks and automatically shut
down the cross-bleed air. The study also noted that the flow-limiting venturi, used to detect air leaks in the SCP
duct downstream of the duct that failed on XV227, would only detect leaks above a certain threshold level “thus
a high magnitude of leaking airflow would exist undetected”?*. The ten page document was, however, a high-
level feasibility study and noted that “the current main concern...rests with the detailed design solution further
required to achieve a fully workable system”. As discussed further below, the Nimrod IPT was in due course to
decide against fitting such a system, on the grounds that to do so was “not practical [when] factored against
the MR Mk2 OSD" .3

On 3 March 2005, pursuant to PDS Task 16-3491, BAE Systems sent to the Nimrod IPT its “Provisions of Repair/
Recovery Advice” in relation to the failure of the SCP duct on XV227.3” The work undertaken by BAE Systems
in this respect included an investigation into the residual strength of the lower rear spar in the area adjacent to
the failed duct which had been affected by heat. This was found to have been reduced by approximately 25%.
(In the event, the damage to the aircraft was so severe that it was deemed to be incapable of repair and XV227
was cleared for one flight only, in benign weather conditions, to join the MRA4 conversion programme). BAE
Systems’ advice of 3 March 2005 also referred to the fact that seals removed from pipe couplings adjacent to the
duct failure were found to have suffered significant deterioration, stating that it was “strongly suspected that
the deterioration of the polysulphide seal material has been caused by exposure to excessive temperatures”.

The decision to switch back on the SCP

7.27

In view of the corrosion detected on the duct that failed on XV227, the IPT decided that that particular duct
should be replaced on all Nimrod MR2s. On 26 April 2005, the Nimrod IPT issued a Routine Technical Instruction
(RTI) which permitted the SCP to be switched back on, and used in flight, once the relevant bellows section of
SCP ducting had been replaced, which work had to be carried out at the first suitable maintenance opportunity
after receipt of the replacement duct.?® Pursuant to this Instruction, the replacement of the relevant section of
ducting duly took place on the MR2 fleet between April 2005 and April 2006.%°

Rationale of the Nimrod IPT’s decision to switch back on the SCP

7.28

The IPT's decision to allow the use of the SCP following the XV227 incident was based on its belief that all hot air
leaks (with the exception of any from the SCP bellows that had failed on XV227 and which were to be replaced)
would be detected by the aircraft’s overheat detection system or other warning system (see further below). As
the SCP bellows had been replaced and, as the only example of that duct to fail (XV227's) was over 20 years
old when it fractured, it was felt that there was a minimal risk of the same duct failing again. The logic of this
line of argument meant that the IPT could consider resuming use of the SCP before receiving the results of BAE
Systems’ further work into corrosion in other elements of the hot air system: even if a duct failed it would be
detected, enabling the crew to shut the system down before damage was caused to the aircraft. The IPT had
sought clarification from BAE Systems as to the capability of the hot air leak detection systems, but were told
“we are unable to comment on the capability of the existing system to detect such leaks without further study
and tasking.”*° This would appear to demonstrate either: (a) a surprising lack of knowledge of the capabilities
of 'as designed’ systems by the aircraft designer itself; or (b) a marked reluctance to disclose important, safety
related design information without being formally tasked and paid. In seeking clarification, the IPT was obviously
considering the possibility of the existing hot air warning system not having comprehensive coverage. It seems
it then decided to go ahead and undertake its own assessment of the position.

34 Report No. MBU-DES-R-NIM-210758. dated February 2005.

* Ibid.

3 Qut-of-Service Date.

37 RJO-NIM-05-003.

38 RTINIM/119, dated 23 April 2005; Nim(ES)AV(A).

39 The relevant section of ducting was replaced on XV230 on 4 July 2005.

40 E-mail dated 19 January 2005, titled “RE:Task 16-3468", from BAE Systems and Nimrod IPT.
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7.30

7.31

7.32

7.33

However, the IPT's assessment proved to be imperfect and was based on an overly optimistic understanding of
the capabilities of the centre section overheat detection system. The Nimrod's overheat detection system has 28
detectors (temperature sensitive switches) that operate warning lights on the air engineer’s panel if they detect
a temperature rise above a pre-set level. The detectors are connected in five groups, operating at either 150°C
or 230°C depending on their installed position. One group is positioned in each Rib 2 (between each pair of
engines) and one group in each wing leading edge. The remaining group forms a “centre section” overheat
detection system, as described in the Aircrew Manual Book 1 (Technical).*' However, this description is, to some
extent a misnomer: this element of the system in fact consists of ten sensors in two groups either side of the
aircraft fuselage. The actual locations of the sensors are: one in the No. 7 Tank Dry Bay, one just in the bomb
bay (adjacent to the No. 7 Tank Dry Bay) two in Rib 1 and one in Zone 2 of the inboard engine.

In view of the detection temperature of the centre section overheat sensors, it is unlikely that they would detect
anything other than a leak in their close vicinity, meaning that a significant section of the Cross-Feed pipe as
it traverses the bomb bay is effectively unmonitored. Further, in the case of XV227, the No. 7 Tank Dry Bay
had been filled with enough hot air to cause significant and widespread damage. One of the centre section
overheat system’s detectors is in that bay and yet there is no record of it being activated. Unfortunately, there is
no record of whether or not this sensor was subsequently tested for serviceability. It was worth remembering,
however, that in the case of XV230, the BOI recorded that the centre section overheat warning was not reported
as activated by what was, without doubt, a large fire within the aircraft’s starboard No. 7 Tank Dry Bay, the
heat from which reached into the bomb bay. The BOI did note that there could be two explanations for this:
(1) the electrical power to the system could have been disrupted by the fire before it could register the rise in
temperature; or (2) another possibility was that the centre section overheat was triggered at about the same time
as the other alarms, but the air engineer chose not to mention it on intercom as it was, by then, superfluous.*?
There is nonetheless, in my view, sufficient evidence to conclude that the centre section overheat sensors would
not necessarily detect a leak in the Cross-Feed pipe as it traverses the bomb bay.

This was, of course, a weakness that had existed in the aircraft since its inception, but a more detailed analysis
should have picked it up. Indeed, the XV227 Ul had noted this weakness: “there is no hot air leak warning
system for the ruptured duct or the cross-bleed air duct as it passes through the bomb bay”. One of the
Ul's recommendations was that a leak-detection capability should be fitted for the “ruptured duct and cross-
air bleed ducts” (emphasis added), although this was subsequently rejected as it could not be fitted in the
remaining life of the aircraft. The Ul report was published in July 2005, some two to three months after the
decision was taken to switch the SCP back on in April 2005. As noted above, the BAE Systems study into a
leak detection system had also identified a weakness in the current warning system, i.e. that the venturi/under
pressure warning system would only detect relatively large leaks. However, at no stage does anyone appear to
have attempted to reconcile the conflicting views of the IPT, BAE Systems and the Ul over the efficacy of the
aircraft’s hot air leak detection system.

It was suggested at the Inquest by Air Commodore George Baber that the decision to allow the SCP to be
switched back on was not simply an engineering decision, but was further influenced by pressure from the
aircrew community: “And in conjunction with discussions with our operating crews, and it wasn't just a sole IPT
decision, this was done in conjunction with the operating crews, the decision was made that this was a sensible
thing to do”.*

Whilst a number of Nimrod IPT witnesses confirmed to the Review that the operator community was keen
to regain the use of the SCP (particularly as summer approached in the Gulf), there is no evidence to suggest
that the decision to switch the SCP back on after the XV227 incident was improperly affected by operational
pressures. On the contrary, the aircrew at RAF Kinloss relied on the engineering judgment of the IPT to provide
them with an aircraft that was safe to operate.

41 AP101B-0503-15A, Part 2, Chapter 8.

42 With a bomb bay fire alarm, an underfloor warning activated and reports of smoke coming from two underfloor bays, reporting the centre section
overheat would have added nothing to the crew’s understanding of the situation.

4 Inquest transcript, 13 May 2008, page 227.
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BAE Systems’ June 2005 Report

7.34

Following the duct failure on XV227, the Nimrod IPT recognised that none of the bleed air ducts were lifed
items and tasked BAE Systems with producing a lifing policy for each of the ducts identified as vulnerable to
a similar failure as that which occurred on XV227 (PDS Task 06-3487). In the course of its work, BAE Systems
reviewed its 1982 and 1984 reports on the fatigue lives of the ducting (see above). In its new report,** BAE
Systems concluded that, due to the difficulty of inspecting the relevant ducts and the potential for collateral
damage to the primary structure of the aircraft or its critical systems (such as hydraulic and fuel pipes and flying
control cables), and adopting conservative calculations, the majority of the ducts identified in the report were
“life-expired” and required replacement.

Unit Inquiry Report

7.35

7.36

In July 2005, the RAF Ulissued its Report in relation to the duct failure on XV227.4°> The investigation’s conclusions
mirrored those of BAE Systems in January 2005, namely, that the cause of the duct failure was pitting and
cracking corrosion in the section of duct which failed. The Ul found that the lack of any maintenance policy for
the section of the duct that failed was a contributory factor in its failure and recommended that a lifing policy
should be introduced for the ruptured duct and all similar ducts. In paragraph 29, the Ul report stated:

“It is important to note that there are other ducts of similar construction used within the
engine bleed air systems. As the conditions that caused the extensive corrosion in the
ruptured duct are present throughout the rest of the system, it must be considered that
other ducts will be subject to the effects of corrosion. However, the possible implications
of a failure in some other sections of the bleed air system are mitigated by the presence
of hot air leak warning systems. There is no hot air leak warning system for the ruptured
duct or the cross-bleed air duct as it passes through the bomb bay” (emphasis added).

Thus, unlike the Nimrod IPT, the Ul appears to have appreciated that the duct which failed on XV227 was not
the only element of the Nimrod's hot air duct system which was unprotected by a leak detection system (see
above). Accordingly, the Ul's recommendations included not only that a lifing policy be introduced for the
ruptured duct and all similar ducts, but also that a hot air leak warning system be introduced for the ruptured
duct and cross-bleed air ducts.

Rejection of BAE Systems’ lifing policy and proposed leak detection system

7.37

7.38

The recommendations made by BAE Systems in their June report for hot air duct life were accepted by neither
the Nimrod IPT, nor personnel at RAF Kinloss. In his comment on the Ul report, Officer Commanding Logjistics
Support Wing noted: “Much work has already been started along the lines suggested. In particular, a SCP-duct
sampling programme... will help inform the difficult decision facing the NIPT when considering changes to
the current on-condition lifing policy when faced with a DA recommended 90 fgh?® (approx P maintenance)
inspection regime. This recommendation is deemed risk averse and almost certainly unaffordable and some
informed compromise is needed.”

It is important to place the rejection of BAE Systems’ lifing policy in context. The analysis and recommendations
in its report of June 2005 represented the culmination of over 20 years of similar recommendations to life the
Nimrod’s hot air ducts. As noted above, the previous recommendations had, as a matter of fact, proved overly
pessimistic. The BAE systems report, while recommending a safe life for some hot air ducts of 90 flights, noted
that “since conversion to MR Mk 2...a typical aircraft will have accumulated around 2400 flights”. In other
words, if BAE Systems’ recommendation had been made and accepted at the start of the Nimrod's conversion
to MR2, these ducts would have been replaced on each aircraft some 26 times in approximately 25 years. The

4 "Fatigue Lives of Hot Air Ducting from Engines to Supplementary Cooling Pack System Precooler”, Report No. MBU-DEB-R-NIM-FF0786, dated
June 2005.

4 Air Incident Report KIN/97/04.

4 This would in fact appear to be a mistaken reference to the BAE systems’ recommendation of a safe life for some ducts of 90 flights (approximately
450 - 500 flying hours), not 90 flying hours.
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combination of consistently pessimistic Design Authority predicted lives for the hot air ducts and a minimal
number of failures detected during inspection®” seems to have engendered an atmosphere of ennui among
those responsible for ensuring the integrity of the hot air system, such that no positive action had been taken to
resolve and explain the discrepancy in views. However, while rejecting the duct lives determined by BAE Systems
in June 2005, the Nimrod IPT was nonetheless convinced that the ducts should be lifed, but that more credible
figures should be determined. As a result, BAE Systems was tasked with further work (see below).

As regards the Ul's recommendation that a hot air leak warning system should be introduced for the duct which
failed on XV227 and for the Cross-Feed bleed air-duct, even following the Ul Report, the IPT continued to hold
the view (relying on the presence of the centre section overheat detectors) that the only duct not covered by
such a system was the one that had failed on XV227 and which was subsequently being replaced throughout
the fleet.*® In any event, the IPT ultimately decided not to proceed with the proposed warning system, on the
basis that it was not practicable to do so given the length of time it would take to introduce such a modification
into service compared against the MR2's OSD.*® As mitigation in support of this decision, the IPT noted that the
aircrew procedures in relation to SCP malfunctions had been amended so as to increase awareness of SCP duct
failures.

Further investigations into the life of the ducts

7.40

7.41

The IPT did, however, adopt the other recommendations of the Ul into XV227, including that the ducting which
had been removed from XV227 should be the subject of a test programme in order better to inform decisions
on a safe life for each duct. BAE Systems was tasked to carry out this exercise. From late December 2006 into
2007, BAE Systems issued a number of reports to the Nimrod IPT with the results of its pressure testing and
examination of the ducts.>® At a strategy meeting held at BAE Systems Chadderton on 20 February 2007, it was
agreed that that BAE Systems would categorise the different sections of duct identified in its June 2005 report
according to the likelihood of significant collateral damage to fuel pipes and tanks in the event of duct failure,
and therefore the priority for their replacement. It was further agreed that BAE Systems would provide the IPT
with a lifing policy for all of the relevant ducts.

BAE Systems reported back to the IPT in a letter dated 8 March 2007,5 setting out its conclusions in relation
to these two tasks. A replacement category of 1 (i.e. the most important) was attributed to the ducting which
was close to the No. 7 fuel tank, and also to ducting which was close to fuel pipes in Rib 2. For the vast majority
of the ducts, a safe life of 2,500 flying hours was given. For reasons which remain obscure, the Nimrod IPT did
not receive a copy of BAE Systems’ February or March 2007 reports until June 2007 (and hence these were
not available to the BOI when preparing its report on XV230). Subsequently, in response to an IPT request
for clarification dated 3 December 2007, BAE Systems confirmed that its lifing policy recommendation also
covered non-critical, non-bellowed ducts and that its intent was that the life of all ducts in the system should
be the same, i.e. lifed at 2,500 flying hours. This decision was agreed between the IPT and BAE Systems, based
on a combination of BAE Systems’ theoretical calculations and the results of tests on actual ducts. The life is
significantly greater than the purely theoretical figures previously quoted, but also significantly less than the life
displayed by the great majority of the aircraft’s hot air ducts. The simple fact is that, having been replaced, the
ducts will not need further replacement within the predicted life of the remaining Nimrods.

47 This attitude does appear to be contradicted by an IPT generated document following the XV227 incident which states: “many ducts have already
been changed across the fleet due to leaks from the bellows or corrosion”: ES(AIr)(WYT)/512752/8, dated 6 October 2005.

48 See the IPT's memo on the “Supplementary Cooling Pack Damage Sustained by Nimrod MR2 XV227 — Unit Inquiry Recommendations”, ES (Air)/
(WYT)512752/8, dated 6 October 2005.

49 "X\V227 Hot Air Duct Failure — Requirement for Leak Detection System”, DLO (Strike) (Wyt)/512752/21/227, dated 5 July 2006; BOI Report, Exhibit
24. In fact, the Out-of-Service Date was at the time 2010, not 2012.

0 e.g. Letter “Nimrod — Testing of Hot Air Ducts Removed from XV227" dated 8 December 2006 and BAE Systems’ Document No. CHD-TFM-R-ISA-
MB1486 “Pressure Testing and Examination of Nimrod Hot Air Ducts taken from Aircraft XV227 and XV228", dated 28 February 2007.

1 BAE Systems’ Reference: FAT/801R/07/009
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Duct Failure on Nimrod XV229

7.42  While the investigations into the duct failure on XV227 were ongoing, on 8 August 2005, another Nimrod,
XV229, suffered a failure of a Port Bomb Bay Air Supply Duct.>? The failure was detected during an engine
ground run and consisted of a crack, associated with the loss of a small amount of material. No detection
systems were activated by the leak during the ground run, but the expelled air would have been below the
230°C activation temperature. This failure was within the engine bay of the aircraft and there was no secondary
damage to the aircraft structure. A BAE Systems investigation determined that the cause of the failure was
fatigue. It noted that “the presence of mechanical damage local to the fracture may have been a contributory
factor”, although adding “as the service life of the duct was unknown, it is possible the initiation of the failure
could have been due to cyclic loading”.>® The IPT was subsequently advised by maintenance personnel that the
close proximity of the engine intake to the duct had given problems during fitting in the past and might have
been the cause of the observed damage.> Nonetheless, the final IPT conclusion was that the failure was caused
by “a fatique failure with unknown initiation site, however, with mechanical damage...which may have been a
contributing factor of the crack initiation”.>

7.43  Although the failures on XV227 and XV229 were not directly related, they had occurred within a relatively short
period of time and their causes (corrosion and fatigue) could be seen as age-related. Thus, it would not be
unreasonable to assume that these incidents could have represented the naissance of a series of such failures. |
discuss in Chapters 8, 10 and 11 the manner in which the IPT took cognisance of this further failure, but failed
to consider its wider ramifications.

The decision to switch off the SCP following the loss of XV230

7.44  Following the loss of XV230, on 3 September 2006, the IPT issued instructions to cease using those aircraft
systems that might have provided the ignition point or fuel to the aircraft fire. Amongst these was the SCP (and
the Cross-Feed duct). As the BOI developed its theory that the SCP was the most probable source of ignition,
the instruction was left in force. The XV230 BOI recommended that: “existing limitations, prohibiting the use of
the SCP and of the cross-feed pipe in the air be continued, unless: the pipe insulation is modified in such a way
that the pipe cannot act as an ignition source; the study into corrosion within cross-bleed pipes, undertaken
following the hot air leak on X\V227, is complete and its recommendations acted upon, a hot air leak detection
system capable of detecting any leak within the cross-feed pipe and SCP (to the venturi) is fitted." .5

7.45  As a result of the BOI's conclusions the decision was made to make permanent the cessation of the use of the
SCP and of the Cross-Feed duct in the air.

Hot Air Duct Replacement Programme

7.46  Throughout 2008, the Nimrod IPT commissioned BAE Systems to carry out further testing (in particular, pressure
testing) of hot air ducts removed from the Nimrod fleet.>” Following completion of all of the pressure testing
on the ducting, BAE Systems issued a final report on the structural integrity of the Nimrod’s hot air ducts on 19
June 2008, summarising the results of the testing which had been conducted.® The report noted that, based on
information provided by the IPT, more than 80% of the ducts replaced across the Nimrod fleet during the period
1982-2007 were from the Rib 2 area (i.e. between the environmental conditioning unit and the Cross-Feed air

52 Discussed further in Chapter 8.

>3 |Investigation into the failure of Nimrod duct assembly (AFT/NIMROD/700) document number CHD-TFM-R-ISA-MB 1434, Issue 1, dated 17 February
2006.

> Document OBA/NM/2089.
55 |bid.
6 BOI Recommendation 65c.

7 e.g. PDS Task 06/3778, dated 11 January 2008, to conduct laboratory proof pressure testing of 18 hot air ducts removed from Nimrod aircraft
XV244 and retired nimrod aircraft XV246. See also BAE Systems’ Report: CHD-TFM-R-ISA-ND 1539, on proof pressure testing of hot air ducts (ECU to
cross-feed cocks) taken from Nimrod aircraft XvV244, dated 8 February 2008; and BAE Systems’ Report: CHD-TFM-R-ISA-MB 1540 Visual examination,
x-ray and proof pressure testing of hot air ducts (ECU to cross-feed cocks) taken from Nimrod aircraft XV246, dated 20 February 2008.

8 BAE Systems' reference: FAT/801R/08/016, Issue 3, “Nimrod — Structural Integrity of Hot Air Ducts — Final Report and Recommendations”, dated
19 June 2008.
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valves). Amongst other recommendations in the report, BAE Systems recommended that the ducting adjacent
to Rib 2 should be replaced as soon as practicable, as these ducts were considered most likely to fail; the Cross-
Feed duct should also be replaced as soon as practicable and the SCP should remain permanently mechanically
isolated. The report concluded: “The conclusion from this report confirms that defects continue to be found in
ducts as previously reported, in particular from the ECU to Cross-Feed cocks.>® The ducts are past their published
safe lives and corrosion damage is prevalent. Consequently, it is recommended by the [Design Authority] that
the above recommendations concerning duct replacement and provisioning, increased protection and increased
inspections are adopted by the IPT at the earliest opportunity.”

7.47  As a result of this report, in June 2008 the Nimrod IPT issued a Special Technical Instruction (STl 926) regarding
a fleet-wide duct replacement programme. This programme required the replacement of the high pressure hot
air ducts between the ECU and the Cross-Feed valves, and also those that formed the Cross-Feed system. The
Nimrod IPT determined that, for the risk to the aircraft to remain ALARP, the replacement programme should be
completed by 31 March 2009 and that aircraft that had not had their hot air ducts replaced by this time would not
be flown until the work had been completed. Although it had originally been planned that the programme would
be completed by 31 March 2009, delays in the provision of replacement parts rendered this target unachievable;
as a result a number of Nimrod aircraft were not flown after this date until the new ducts were fitted.

Causation

Relevance of X\V227 and the Earlier Duct Corrosion Problems to the loss of X230

7.48  The Ulinto XV227 concluded that the expansion bellows had failed due to corrosion and caused a leak of very
hot bleed-air, for up to 40 minutes. Significant damage had been caused to the adjacent airframe structure and
systems. In particular, the fuel seals in adjacent pipework were shrivelled almost to the point of destruction (see
below). The fuel from the No. 7 tank had been used at an early stage in the flight and there was no evidence of
any leakage of the small amount of residual fuel remaining in that tank. However, when fuel was subsequently
transferred from the No. 7 tank, damaged seals in surrounding FRS couplings were observed to leak. One of
the damaged seals is shown in Figure 7.1. Figure 7.2 shows an undamaged/unused seal. Furthermore, the
minimum static reserve factor of the aircraft’s rear spar had been reduced by approximately 25%, i.e. below
the level which “is normally accepted for safe unrestricted operation of the aircraft”.®® Indeed, as stated above,
the damage to the aircraft was so serious that it was subsequently cleared for one flight only “in clear and calm
conditions” " with restrictions applied to its operating envelope, in order to re-locate to BAE Systems Woodford,
to join the MRA4 programme.

Loufcid P e CONNELTION

Figure 7.1: Shriveled fuel seal from XV227 Figure 7.2: Normal Fuel Seal
showing effects of severe heating

9 More properly referred to as ‘air valves’, not ‘cocks’.
80 Air Incident Report KIN/97/04, page 5.
&1 DLO(Strike)(WYT)/512725/17, dated 7 June 2005.
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The XV227 incident amply demonstrates the risk of potentially catastrophic damage to the aircraft structure and
adjacent fuel system seals from an engine bleed-air hot pipe fracture. If the incident had occurred earlier in the
sortie, when fuel was present within the No. 7 tank and its adjoining pipes, there could have been a serious fire
similar to that which befell X230 and XV227 could have been lost. The XV227 incident accordingly caused the
BOI to give careful consideration to the possibility that a similar hot air duct failure caused the loss of XV230,
notwithstanding that it had not been provided with a copy of BAE Systems’ February and March 2007 reports
(see above).

Did a hot air leak cause the XV/230 fire?

7.50

The incident on XV227 is indicative of a potential causal chain of the fire on XV230, i.e. a failure of the SCP duct
leading to the escape of hot bleed-air causing damage to adjacent fuel seals leading to the escape of fuel and
ignition. The BOI concluded, however, that, whilst the SCP was in use at the time and a Cross-Feed/SCP duct
failure could not be ruled out, as a causal mechanism for the fuel source, it was much less likely than the other
two potential causes (fuel seal failure or over-flow during AAR igniting on the SCP duct). | agree. Nonetheless,
| turn below to consider the two ways in which the BOI suggested that a fractured bleed-air duct could have
been causative of the XV230 fire, either: (a) a large hot air leak as a result of a major failure of the duct (as with
XV227); or (b) a small hot air leak as a result of a smaller fracture.

(@) Large hot air leak

7.51

7.52

A major failure of a hot air duct within, or proximate to, the starboard No. 7 Tank Dry Bay could have led to a
large hot air leak damaging adjacent fuel seals, resulting in fuel leaks which might have been ignited by hot
and exposed elements of the broken duct. The principal reason given by the BOI for discounting such a leak
was that it was unlikely “to have gone unnoticed by the experienced Flight Sergeant Davies”, or the crew who
“would all have noticed the pressure change concomitant on the loss of conditioning air”.%? It is important to
note that XV230 was operating with a pressurised cabin,® whereas XV227 was unpressurised; this would have
masked the change in cabin pressure caused by the loss of XV227's SCP. Although the crew intercom recording
shows that XV230's SCP tripped-off at 11:09:23 hours, Flight Sergeant Davies clearly did not think it significant
and probably linked the event to AAR. Flight Sergeant Davies was one of the most experienced and able Nimrod
Air Engineers in the RAF, with 7,817 flying hours on type;® an engineer of his experience would have had no
difficulty in recognising the symptoms of a duct failure. Further possible explanations of the event are discussed
below. Moreover, if this event had been the SCP duct failing, Flight Sergeant Davies could not have received the
subsequent warning (reported concomitant with the bomb bay and elevator bay warnings) of an overheated
SCP since an SCP failure would have removed most of the hot air from the SCP system.

There are two entries on the Mission Tape which indicate events associated with the SCP at the time:

7.56.1 The Mission tape at 11:09:23 records a remark from Flight Sergeant Davies (Air Engineer) as the SCP
trips-off, causing a pressure change within the cabin: “: ...we’ve just lost the tailpack sorry about your
ears. " This remark is made to inform the crew that he is aware of the event and is dealing with it, i.e.
normal crew courtesy and co-operation on an MR2.

7.56.2 The Mission tape records at 11:12:01 Flight Sergeant Davies commenting, 28 seconds after the fire
warning at 11:11:33 and reports of smoke coming from the rear bay: “Yeah I have an under er an
overheated SCP which could be the cause. Attempting to reset the warning”.%

62 BOI Report, paragraph 38 [2-27].

5 When the Nimrod MR2 is operating at low level the crew will depressurise the cabin.
54 BOI Report, Annex B, B-2.

55 BOI Report, Exhibit 1.

 Ibid.
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7.53

7.54

7.55

Dealing with the first entry, Flight Sergeant Davies’ comment “we‘ve just lost the tailpack sorry about your ears”’
was made two minutes and 10 seconds before the fire warning. The BOI suggested three possible explanations
for the SCP tripping off at this time: (a) the early stages of a fire melted the electrical insulation to the PRSOV
(which runs close to the bomb bay firewire in this area), thereby causing a short and the loss of the SCP; or (b)
fuel from the blow-off valve of the No. 1 tank could have disrupted the airflow through the SCP pre-cooler,
instigating an overheat and shut down; or (c) the SCP has been known to overheat because of airflow disruption
in the turbulence experienced behind a tanker, such that the loss of the SCP could be a simple coincidence.®®

The second entry, Flight Sergeant Davies informing his captain “Yeah | have an under er an overheated SCP
which could be the cause. Attempting to reset the warning”,® was made 28 seconds after the fire warning. This
could mean one of two things. It might be that the overheat light illuminated during the 11:09:23 failure and
Flight Sergeant Davies was recalling this initial event as he attempted to rationalise the indications on his panel
and the report of smoke from the aileron bay. The alternative explanation is that, once AAR was completed, but
before the bomb bay fire warning, Flight Sergeant Davies had switched the SCP on again, and the second entry
on the mission tape is a reference to a subsequent overheat, perhaps related to the fire.

In either case, a large hot air leak can be ruled out as a realistic possibility. If an overheat caused the first
shut down then it cannot have been caused by a duct failure which would release from the system the hot
air necessary to cause the overheat. If an overheat caused a second shut down (because the SCP had been
reinstated) then the first event could not have been a duct failure as there would have been no air in the system
to cause the second overheat.

(b) Small hot air leak

7.56

As an alternative causal theory, the BOI suggested the possibility of a smaller hot air leak from the Cross-Feed
pipe going undetected and causing the necessary disruption to the couplings in adjacent refuel pipes in the No.
7 Tank Dry Bay. The BOI pointed out, however, that a smaller hot air leak “would have needed a considerable
time” to cause the necessary disruption to adjacent alloy couplings. Hot air at 400°C would have taken some
time to cause the necessary degradation. Moreover, it would have had to be coincidentally close to one of the
aircraft’s fuel couplings.

Conclusion

7.57

For these reasons, whilst the possibility of a small duct failure cannot be ruled out entirely as the cause of the fire
on board XV230, in my view, it is a far less likely cause than either a fuel seal failure or AAR blow-off.

Would the Implementation of a Hot Air Leak Detection System have made any difference?

7.58

7.59

If the recommended hot air leak warning system proposed post XV227 had been fitted, would it have made
any difference to the outcome of XV230’s fire? The first point to emphasise is that XV230 could not simply have
suffered a repeat of XV227's duct failure. The symptoms presented to the crew were not those that would have
been presented if that had happened; the Air Engineer quite simply could not have reported an overheated SCP
if the hot air required to supply it was leaking from a massive rupture. The second, and equally valid, point is that
the lead times for development and implementation of aviation equipment mean that it is extremely unlikely
that any leak detection system could have been fitted prior to the loss of XV230.7° However, | consider below
what possible assistance a leak detection system could have provided to the crew of XV230.

| am satisfied that, in the most likely scenarios for the loss of XV230,”" the proposed hot air leak warning system
would simply have provided another simultaneous indication that the aircraft had a fire in an area close to the
bomb bay and aileron bay. It would not have aided the crew’s diagnosis, or given them a greater chance of
survival.

&7 Ibid.

% BOI Report, paragraph 27 [2-15].

% BOI Report, Exhibit 1.

79 The IPT estimated that it could not be fitted before the Nimrod retired from service.

1 Fuel escaping from the fuel system (leaking coupling or No. 1 tank overflow during AAR) and being ignited on the SCP expansion bellows.
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7.60 The BOI suggested, as the least likely scenario for the initiation of XV230's fire, the possibility that a hot air
duct could have suffered a smaller failure than XV227's which might not have been detected by the aircraft’s
existing warning systems. Hot air from the leak might then have impacted on a fuel coupling causing it to fail.
The leaking fuel would then have been ignited. Although possible, this proposition requires a hot air leak small
enough not to be detected by a change in cabin pressure, but large enough to cause damage and coincidentally
located next to a fuel coupling. The ignition sequence is also more difficult as a small leak would be unlikely to
provide fragmented sections of hot air duct that might act as ignition points; the fuel would have to migrate to
an exposed section of hot air duct.

7.61  If this, least likely of all scenarios, had come to pass, it is possible that the leak detection system recommended
by XV227's Ul could have identified the hot air leak and allowed the crew to shut down the system before a fire
ignited. However, as | explain above, it is my view that, on the balance of probabilities, a leaking hot air duct
was not the cause of XV230's fire and, accordingly, the decision not to implement this single recommendation
of XV227's Ul probably had no bearing on the tragic loss of XV230 and its crew.

Should the SCP have been switched back on after the XVV227 incident?

7.62  There remains a further important question to be considered, however, namely whether the SCP ought to have
been switched back on at all after the XV227 incident? As | explain above, in my view, neither the cause of the
leak on XV227 nor the subsequent decision not to fit a hot air leak warning system were of direct causative
relevance to the loss of XV230.

7.63 | set out above the rationale behind the IPT's decision to switch back on the SCP. Its reasoning was based on its
belief that a leak from any bleed-air duct other than the section replaced following XV227 would be captured
by the hot air leak detection system.

7.64  The IPT's decision to switch the SCP back on was an entirely logical one, based on its belief at the time that the
existing hot air leak detection system gave complete coverage everywhere, save for the section of SCP duct
which was about to be replaced. That belief was, unfortunately, based on an imperfect understanding of the
extent of coverage of the hot air leak detection system gleaned from its own assessment. That assessment was
made by a desk officer of junior rank within the IPT, based on the documents available. These would appear
to have consisted of the Nimrod’s technical manuals, detailing the air conditioning assemblies and associated
warning systems, and flight reference cards, which detail inter alia the actions to be taken following the receipt
of warning indications. Although the technical manuals indicate the location and activation temperature of
the “centre section” overheat detectors, they do not provide any indication of the precise area for which they
provide overheat warning, beyond the descriptions “wing overheat detection system”, and “centre section bay
port and starboard”. Nonetheless, the desk officer concluded that the sensors would detect any leak in what
was described as the “centre section” and which he clearly understood to include the section of Cross-Feed
duct traversing the bomb bay. The desk officer’s superior added to the analysis a short covering note, agreeing
that “should a duct fail elsewhere [i.e. not the duct that failed on XV227] in the aircraft it would at least be
detected”’?; the superior also added a short rider that “this is of course providing the detection system is 'S’
[serviceable]. An issue with 227....was the damage caused by the ....failure, so it might be prudent to consider

r

peripheral damage, should a duct ‘explode’”.

7.65  The Review has not been presented with any evidence to indicate that further thought was given to the concerns
about the effects of peripheral damage before permission was granted to use the SCP once more. Although
the initial report into detection system coverage was completed with the best information available to the IPT
at the time, that information did not provide a clear indication of the precise area covered by the system and, it
appears, the opportunity to consider the potential for the detection system to be disabled by escaping air was
given only perfunctory consideration.

7.66  Four points are significant in my view. First, the IPT was obliged to look into what was essentially a design
matter itself, because BAE Systems had declined either to volunteer the information, or examine the relevant
plans without being tasked to do so (as it was entitled to). Second, the officers responsible for carrying out

2 Covering note to unreferenced IPT document: “Analysis of BAES Task 16-3468".
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7.67

the analysis were not aircraft designers. Third, the relevant group of detectors were described in the relevant
documentation as the “centre section” overheat detection system and thus the reader might be forgiven for
not appreciating that the sensors did not, in fact, cover the centre section of the centre section. Fourth, the
hot air leak warning system and Cross-Feed ducting were part of the original MR1 design and were the same
as had been installed when the aircraft initially entered service and, up to that point, nobody had queried its
effectiveness or coverage (with the exception of the subsequent Ul report). In these circumstances the errors
in the initial analysis of the coverage of the aircraft's existing overheat detection systems were understandable.
However, the level of analysis carried out at this stage was unsatisfactory and