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Executive Summary

At approximately 6:10pm &nO2%ober 2009, a leak ofoM8pirit (petrol/gasoline) occurred on the

|l ndi an Oi | Corporationds (1 OC) Petroleum Oil
leak continued for some 75 minutes when the vapour cloud ignited, resulting in a severe vapour
exposion followed by major fires. The incident caused eleven fatalities, six on the 10C site and five
The fires continued to burn for eleven days.

The incident has been investigated in detail by an independent inquiry committeeef@@) and their
provides comprehensive description of the sequence of events and fundamental causes of the inc
However, it is apparent from the description provided in this report that the Jaipur incident shares a |
of characteristics with an incidemdburred at the Buncefield terminal in the UK in December 2005, i
particular, both incidents involved:

e The spillage large quantities of Motor Spirit (MS) over an extended period of time.
e Development of a vapour cloud that spread over a wide area.
e A seere explosion following ignition of the vapour cloud.

Understanding the Buncefield explosion mechaaisimpasanpart of the investigaasnthe site

had little pipework congestion, normally considemedjuasipeefor vapour cloud explosissa
consequencen dnitial review of the possible explarfatidhs severe explosion in the Buncefield
incidentvas carried out fbe Buncefield Major Incident InvestigationBROHpdY the Explosion
Mechanism Advisory Group. Subsequentatonibie detailed examination of the ewedsoagied

out by a Joint Industry Project.

The conclusion of the Joint Industry Project was that the explosion most likely involved flame acce
within a line of trees and bushes that led tdianttanai detonation, which then propagated through
much of the vapour cloud generating high pressures. This conclusion was based on interpretatic
analysis of the sequence of events and a number of the effects of the explosion. Theedrtgect also pa
other incidents that suggested that the main elements of the Buncefield explosion had not been a
event.

Given the similarities between the Buncefield and Jaipur incidents, an examination and assessmen
evidence pertaining specifitallihe explosion at Jaipur has been carried out. This assessment
complements the overall investigation carried out by the independent inquiry committee and has
based on evidence obtained during a three day visit to the site by tfié adtf@bona8y 2010. At

this time, much of the evidence on the site was relatively undisturbed, though as will be seen, rest
work had commenced in one area of the site.

Summary ofiRdings and Conclusisn

The information collected from a threeedasitsih February with assistance from material recorded by
others prior to this visit allows the following conclusions to be drawn:

e The evidence obtained from the 10C Jaipur site has a high degree of consistency with
observations made followindtimeefield incident, both in terms of overpressure damage and
directional indicators.

e Overpressures in excess of 200kPa (2barg) were generated across almost the entire site, wi
not consistent with the event being caused by an explosion in theesgep@rofiucing a
decaying blast wave that then propagated across the site.
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The vapour cloud explosion could not have been caused by a deflagration alone given
widespread presence of high overpressures and directional indicators in open areas.

Theoverpressure damage and the directional indicators show that the flammable vapour c
covered almost the entire site. This represents an area approximately four times that ir
Buncefield incident.

As with the Buncefield incident, the overpressimrectowlal indicator evidence is consistent
with a detonation propagating through most of the cloud.

The directional indicators point to the source of the detonation being in the Pipeline Division &
the north east corner of the site.

Unlike Bunceli, the possibility of the detonation occurring as a result of flame acceleration
trees does not appear consistent with the evidence.

The most likely cause of the detonation is flame entering either the Pipeline Area control ro
the pipeline pumpuse, causing a confined or partially confined explosion that then initiated
detonation as it vented from the building. In drawing this conclusion it would seem necessa
some of the directional evidence to be affected by lack of symmetuay olaihe. vathis does

not seem unreasonable.

The exact source of the transition to detonation cannot be determined due to the limited evidence fi
Pipeline Division area. This is largely due to the need for restoration work prior teithenvisit to the
February 2010. However, if the CCTV records that are in police custody at the time of writing
analysed, there is every chance that they would allow a firm conclusion to be reached.
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1 Introduction

At approximately 6:10pm &nO2%ober 2009, a leak of Motor Spirit (petrol/gasoline) occurred on the
| ndi an Ois(IOCPetrolgum OiLubricdSi_)Terminal at Sanganer in Jdipdig. This

leak continued for some 75 minutestivéheapour cloughied resulting in a severe vapour cloud
explosion followed by major fires. The incident caused etsveaixfatalitie IOC site and five offsite.

The fires continued to burn for eleven days.

The incident has been investigatbetaiby an independanguiry committdéC)and their repdfi]

provides a comprehensive gésariof the sequence of events and fundamental causes of the inciden
Howevert isapparent from tescriptioprovided in this refbét the Jaipincident shares a number

of characteristiegthanincident that occurred at the Buncefietdltariiie UK in December )05

in particular, both incidents involved:

e Thespillage large quantities of Motor Spirit (M8)eatended period of time.
e Development of a vapour cloushtteatcbver a wide area
e A sevear explosion following ignitioe eapiour cloud

Understanding the Buncefield explosion mechanism was important as the site had little pipe
congestiomgftenconsidered a prequisite for vapour cloud explosions. As a consegueiicd, a

reviev of the possible explanafarike severe explosion in the Buncefield wasleatried out for

the Buncefield Major Incident InvestigatiomB Bioidy( the Explosion Mechanism Advisoryj3kroup
Subsequent to theasmore detailed examination of the ewdsoagied out by a Joint Industry Project.

Theconclusion of tdeint Industryrdfect washatthe Buncefieldxplosiomost likelinvolvedlame
acceleration within a line of trees and bushesatlaatréatsition to a detonatrbich then propagated
through much of the vapour aleanérating high pressueds Ths conclusion was based
interpretation and analysis of the sequence of exeenisnarel dhe effes of the explosiomhe

project also pointed to other incidents that suggested that the main elements of the Buncefield ex
were natniqudo Buncefield

Given the similarities a high levéletween the Buncefield and Jaipur incidesxanmation and
assessment of the evidence pertgi@adjcallio theexplosiomechanismt Jaipur has been carried

out. This assessmeomplements the overall investigation carried out by the independent inqui
committee arhs beebased orvidencebtained duriaghree dayisit to the siby the authon &

d 10" February 2010. At this time, much of the evidence on the site was relatively undisturbed, thot
will be seen, restoration work had commenced in one area of the site.

1.1 Acknowledgments

The author wishes to acknowledge the kind and helpful supigtirt efiahéng access to the 10C
terminal and facilitating the &isd the help provided by the IOC staff dn piéeticular, thathor
thanks [IC memli&#. S.K. Hazfar his support and assistance

The author also acknowledges the assistance provided by Professor Vincent Tangamistetion to
the visit andterpretation of the evideaditional photographic material provided by Dr Bassam Burgan
and helpfalomments on the interpretation of directional evidence from Dr Graham Atkinson

It should also bwtedthat the assessment reported here builds upon the analysis of the Buncefie
incident carried out by the technical group of the explosion methathisinyJeroject.
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2 Overvievof theJaipurincident

A briefdescription of the Jaipur incident is provided here to place the assessment of the explc
mechanism into the overall context of the sequence of events associated witfilthedeteatient.
provided in this section have been taken from the final ré@¢if of the

2.1 Overview of IOC Site
An overall view of the aita time before the incidaken from Google Easgtshown iRigurel.
Some of the key features of the site are shown onAlptoviglan of the sitgivemn Figure?.

The pipelines division of IOC occupied an area in the North West corner of thenoheatdidsite, as
Figurel andFigure? (north is approximatelwards the top of the fijyures

Pipeline

\ oy .
Division Areay

Figurel: IOC Jaipuiteshowingiteboundary (Redhe Pipeline Divisiosa(Purpleandcar parkstoresbuilding (Blue)

The majority of the buildings associated with the main terminal were located in the South West corne
site, as was the main site entrance. The pipelines division area contained a number of other bu
including a separatatrol room.
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Figure: 10Germingplotplan provided bihellC)
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2.2 Events Prior to the Explosion

During the evening of tHeQ9ober 2009, preparations were being made for the transfer of Kerosine al
Motor Spirit to reeighbouring terminal operated8hagat Petroleum Corporation LifBR&€LL). At
approximately 6:10pomjrdy the process of preparing the MS tank (Faske@a oRigurel and
Figure2) for pumping a | arge | eak occurred from a O6Hamr
resulted in a jet of MS directed upwards from the valve.

The leak continued for some 75 minutes in calm, low wind speed, conditions. The nature of the r
with an upwas jet of MS, is likely to have assisted in the production of papomncetght analysis
indicates that a flammahjsour cloud appears to have covered much of theTECIKRestimated

that of the order of 1000 Tonnes of MS were refedbeddnk.

It is notable that in the case of the Jaipur incident, the vapour cloud was not visible. Personnel on si
aware of the presence of the vapourdoputs In the Buncefield incident, due to the much lower
atmospheric temperatureu(a®®) the vapour cloud was visible as a mist dprdadirggs the site

and offsite.

During this phase of the incident some personnel were able to make their escape from the site, whils
were either incapacitated by the MS vapaenes caughwvithin the vapour cladeen it ignited

2.3 Events Following Ignition

As already described, a vapour cloud explosion occurred follovAngaggegsment of the explosion
damage is providedppendix.AHowever, the si@mbvious effect of egj@nvasdamage to many of
the tanks on the site resulting in exemsiloag duratibres, adlustrated dyigures.

Figure8: Tank Fireslifmwing the explosion pécsipplied bgh. S.K. Hara

The 1IC estimated in their report that some 60 million litres of petroleum products were consumed
fires.
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3 Explosion Relateflvidencdromthe Jaipur Incident

This section provides a summary of the evidence obisgrvled site visit in February 2010. A more
detailed description of the observations is préyadeddix.AEvidence related to directional effects of

gas flow and overpressure is particularly inmpoetatibn toehnterpretation of this incident. Again,

this setion provides a summary dahigence; however the actual directional measurements are shown
on an image of the sitdppendix.BFinally, in @rmdto place the Jaipudewice into context, a brief
summary of the evidence obtained from Buncefield is prupehekixic

Given the importance of directional indicators, it is worth providing some explanation at this point.
consist of thellowing types of evidence:

e Posts stands and trees bent over, broken or collapsed
e Scouring on one side of posts, steahtldriees

e Translation objectsuch as pipes

e Collapse of structures such as walls

The analysis carried out for Buncefield shawiadexplosions involving widespread low lying vapour
clouds, directional indicators within the flammable vapour cloud point towards the source of the ex
event, that ispppositd¢ 0 t he direction of pr op thg lammabla o f
cloud, the directional indicators point away from the cloud. Thus a lamppost inside the cloud would
inwards, towards the source of an explosion, whereas outside the cloud it would be bent away fr
vapour cloud.

The explanatiarf this effect is found in the behaviour of the hot combustion products behind t
combustion zon8imulations carried out for the Buncefield Joint Industry ProjectfsHuootie datbiat
deflagrations and detonations passing through a low hefgud#penet dynamic loadgpositéo
thedirectiomf propagation of the deflagration or detonation. This is primarily due to the drag forces"
the high gas velocities generated by the expansion of the combustion products awaytiivpam the defle
or detonation front. These reverse drag forces exceed the initial load imparted by the explosion pr

~

wave, giving@ i n wiat toads 6

The high speed gas fiwld alsoge the scouring observed on trees and paintwork and could translate
sone objects the opposite direction to that of the detonation

Outside the cloud, the effects of the explosion blast wavardbthen&daoh itemss away from the
explosion source

3.1 Data Collection Methodology

The author walked around each atea sifet making records primarily of overpressure damage and
directional indicators.

Overpressure damage was recorded photographically and, where required, the location at whic
photograph was taken was noted.

! This isiot the same as the point of ignition
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A &onusNorthl1delectronic compass wasdfisr measun@entof directioal indicators In each case,

the measur ement w a gositibra.&k ahere the ftowing tgdsegeaded e n d 6
coming fromyith the compass alignedards the directional indicafbinis method had some
uncertainties given that judgement was requir

Directional measurements were recorded on a plot plahafdhesite madétbe type of indicator
In most cases a photographic recoatswaasken.

It should be noted that there were a large number of directional indicators and the approach taken
take representative measurements in each area ofTthes sifgproach was consideesdmable as
there was genecahsistendyetwen directional indicators in aazhof the site.

The 10C site in Jaipur covers an area measuring approximately 700m east to west and 600m north t
It is likely that the vapour cloud covered much of thiz\wae Hretefore about four tthreearea of

the Buncefield clouBiven this large asead considerable amount of potentially relevant evidence, the
observations asemmarisefibr each area of the BitAppendix.AThe quantity of material available

does not allow all of the evidembe presented in tiigort

3.2 Overpressures

The incident on the 10C Jaipur terminal involved widespread severe pressure damage over almc
entire siteThis evidence included overpressure damage to steel dhaxss stetlicles, tanks and
building€EExamples of the damage observed are shigurein This shows steel drums crushed down

to their liquid level and a severely damaged road tanker.

Bent steel sheets were observed at dacatngns around the site, however, though a photographic
record has been taken of some of these, they have not been considered further in this report.

Much of this evidence has a close similarity to the evidence observed in the Buncefield inciden
described idppendix ,Ghe evidendadicates that the vapour cloud explosion generated overpressures
that were in excess of 200kPa over most of the 10C site. The evidence is not consistent with overp
generation mneparticular aagprodumga pressure watteat decays as it propagateay from ¢h

source andcross the site.

% No correction was made for the difference between true north and magnetic north as the difference was ledsvitian thee degree an
measurement uncertainty.
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Figurel: Examples of Overpressure Damage

It is notable that the site had little in the way of pipework congestioe vhevoglateas of trees and
busheswhich as illustrated by tBencefield incideoan result in flame acceleration and pressure
generation. However, the area exhibiting high overpressures included many open regions, withou
bushes or pipewotk.these areaa deflagratidmould not be sustained and overpressures would have
decayed.The overpressure damage evidence is therefore not consistent with the vapour cloud expl
involvingnlydeflagration.

3.3 Directional Indicators

The directionaldicator evidensas agaiaery consistentiwihat observed at Bunceflekdmples of
directional indicators are shoiguneb.

% In this respect, a deflagration is taken tavlmelheecognised process of flame acceleration through a congested region as a result of
flame distortion and turbulence generation. High speed flames are known to generate overpressure.

Not Restricted Page7



GL Noble Denton

Remrt Numbet1510
Issue: 1.0

Figures: Example of directional indicators

The measurements have beeliatd andare plottedin detail inAppendix B A summary ofeth
informationvithin the flammable vapour ¢ostiown ifrigure6, where the arrows indicate the
approximate direction indicated foareachf the site. The direction of@hese earranvgsddsed

on the aut’hords judgement

* Indicators such as collapsed walls which only give a géineratelinet included in the appendix.

® Note that the estimated cloud boundary has been based on the combination of the overpressure and direetional indicator observ
combined with the knowledge that the site wall would tend to retainithihelsitel witis possible that the cloud extended offsite in
some locations, but time did not permit any examination of this.
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Many of the indicators were in open areas, providing evidence inconsistent with the vapour cloud ex
being as a result of a deflagr@tignin the casof the Buncefialdalysigt was found that directional
indicators could beplained by detonation prop#iggthrough thieow lyingyapour cloudUnlike a
deflagration, detonation is ssifstainingndwillpropagate across the open air¢lesvapour cloud
concentration is within the detonable limits (which are generally similar to the flammable limits for c
hydrocarbonaid as a result directional indicators would be more widespread.

Figures: Overview ofelitional indicators and estimated cloud boundary (yellow line)

If it is assumed that a detonatisrinitiated the inciderthen the key issue is to try and identify where
this initiation occurrétis evident that all of the directional ingicatbtowards the Pipeline Division
area, indicating tlitat/asin this area thahydetonatiomitiated.In fact, even if some as yet unknown
explosion mechanism was proposed to explain the high pressure damage across the site, it wot
requie a source within this &rea

®ltis worthy of note that the Buncefield JIP left open the possibility that the high pressures throughoutltheaxepbeesloud co

caused by a, as yet, poorly understood mechanism involving ignition of cellulosic matter by the thermamadigtierafrtrorthe fl
believes that, even if possible, it is difficult to see how such a mechanism could trushstdives @ren as seen in the Jaipur

incident with such varying ground conditions. However, even in this unlikely event, there would still he@iniiediefet Seneven

point in the Pipeline Division area and much of the discdssiam thievieport regarding the directional and overpressure evidence would
apply equally to the alternative mechanism.
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3.4 Pipeline Division Area

Figure7 shows the directional indicators mgasuhe Pipeline Division area during the site visit in
February (red arrowEhe area where there is evidence of the achouabbut there appears to have
been no significant pressure generation has been marked in yellow.

Approximateiréctional indicators interpreted from pictures and video taken in Noaenglewa009
asyellow arrowsSimilarly, approximate diredtiodicatoxorresporiaigto twoboxes that appear to
have been exposed to a directional pressureafeashogvn dsdue arromseeFigures5andFigure
70in Appendix)A Also shown are the positiotisetieeto the north of the control tbamdesnot
appear to have suffered severe pressure/flow(skeeRapee’ 4in Appendix)A

}=> Directional indicators taken from pictures and video

‘ Boxes suggesting loading on one side only

@ Apparent lack of severe pressure/flow damage to tre

< Area with no evidence of high pressure generation
LAESSENEI . B W

Figurer: Directional indicators in the Pipeline Division area and area without apparent pressure ge

The main evidence for the lack of pressure generation in this yellow shaded area comprises:

e The lack of damage to the wall. It remained standing in this area hutreitapisedvest
onthe north wall and to the south on the east wall.

e Thelimited damage to the trees to the east of the main firewater.pump house
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e The lack of scouring on the lamppost by the green firewater tank.
e The lack of significant pressure damage in the area of the green firewater tank.

e Theblue arrow marked in the shadsais consistent with a pressure wave travelling into the
area from an explosion event to the@tthalshaded area

It seems likely tleaflammable cloud was preserd sh#tdedreaat the time of the exploamithe

trees along the sectiothefnorth wall to the east of the green firewater tank were all fire damaged.
addition, there was no particular change in the ground level to in the vicinity of the green firewater tz
would have prevented the vapour cloud from spreadirayéatbltiweverhe possibility that the fire
damage occurred as a result of fire propagating along the tree line after the explosion cannot be rul
In thisscenario, ibuldbe postulated that the vapour cloud in this area was belovatheédhestifit

hence explaining the lack of pressure damage.

Anothemechanism that would prevent pressure generation in this area is if it had been burned prior
main vapour cloud explosion. Two site personnel present when the explosieniaterureackave

and both stated that theyfleame or light prior to the main explosion. Though it is accepted that the ble
wave will take longer to reach someone than the light (which is, to all intents, instantaneous),
description is not incstesit with ignition occurring a short time prior to the main expldsi@n event.
worth noting however, that as these personnel had evacuated some 300m to the west of the site, tr
no clear view of the ground within the site due to the presbocadédry wall.

Alternatively, it is possible that there was some thinning of the vapour cloud in this area to an exten
could not sustain a detonation. However, this does not appear to be consistent with the ground leve
area and theegsistence of the detonation throughout the rest of the site.

3.4.1 Possible mechanisms for transition ébothation

Thefollowing sections have been written assuming that the cause of the laglopsebsul€ site

was the propagation of a detonattughhthe vapour cloud. The evidence is not consistent with a
defl agration in O6congest e dkrdwnregppsioa mechaaismdahatcant o |
provide aexplanation for the evidence. The sections therefore coasakipmatmomight have

been initiated the Pipeline Division area.

Initiation of a detonation would require high flame speeds and overpressures. The evidence in the F
Division area is therefore considered in more detail in the following secpomoindantéditegrotential
candidates fgenerating these high flame speeds and overpressures

3.4.1.1 Deflagration to detonation transition in trees

The transition to detonation in the Buncefield incident was considered to have msultred
deflagratiomvolving flanaeceleration in a line of dense trees and bushes that was of the order of 10C
long. The transition to detonaiamurred once high flame sppealsably well in excess of the ambient
speed of sound) were generated.

It is notable thdwetline of trees along the nortlofwthkl Pipeline Division araa of a comparable

length Hbweverit was not as deep andelveere ndense bushes at a lower bevelergresenat

Buncefield In addition, there appears to have been sometlyapeee line. If a deflagration had
accelerated in the treefliom the north east corner of the site, it would have decelerated at each of

gaps.
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Thouglilame acceleration in this tree linmaares gfroducing the deflagration to detdnatisition

has some attracti@s it naturally produces the area of burned cloud where there is no evidence
significant pressure generaiatgtonation initiating near to the north wall would be inconsistent witl
many of the directional indicattire centre of the Pipeline Division areaunkslse there was some

dense area of trees and bushes in this tree line that has not been evidenced on any of the records
incidenthe autharonsider itunlikely thaihe flame speeds requireddosition to detonation could be
achieved

3.4.1.2 Initiation byonfined explosion or combination of confinement and congestion

Another mechanism for generating the high flame speetsimag@@ieedetonation is the venting of a
confined explosion, paldity if this is combined with the presence of some congestion within or ju
outside the confinement. The Buncefield Joint Industry Project report describes a series of experin
which the author was involved where transitions to detonatiearwedrenopropane air and
cyclohexane air mixtures. These experiments involved the venting of an explosion from a 9m long ¢
into an external congested region. Transition to detonation occurred within a few metres of
propagation, showing tiiatmechanism is at least credible.

On the basis of the evidence of the directional indicators, the only two confined or confined/con
regions that appear to be in any way consistent with the directional indicators are the control room
pipehe pump house.

The damage to the control room is steguréd viewed from the north and stiuthn be seen that

on the north sidege damage at the west end does not seem that severe, whereas the level of dam,
appearsotincrease towards the east end of the b@lditige south side of the building however, the
level of damage is much greater, with complete collapse of the building having occurred. The buildir
t he appearance of haesouthgsiddbeen 6squashedd dowr

There are two comments that can be made regarding the control room:

e It appears to provide a dividing line between high pressure damage to the south and a lower I
damage on the north side. This is also supported by the appdesnatpckoahe tree on the
north side of the control room that can be Bigemedn

e The collapse of the roof downwards on the south side does not appear consistent with an in
explosion that vented out from the saubhuikithg It might be expected that an internal
explosion would have blown thepwafds aralwvay from the building. However, it is possible
that the concrete roof would have had sufficient inertia such that it did not have a chance to
signifiantly during an internal explosion. If the flame venting from tivenbesidiegl in a
transition to detonation, the high external pressure could have pushed the partially failed
downwardsin the absence of any further evidence, howeayerthikoexplanatioould be
considered to physicallglausiblgt must be viewed as speculation.
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Figure8: Control room in Pipeline Divisiofigrgsacture from north taken by Dr B. Burgan, bottom picture tatken from so
bySh. S.K. Hajra

The damage to the pipeline pump house is shguveBinThis picture was taken from the south of the
building

Not Restricted Pagel3



GL Noble Denton

Remrt Numbet1510
Issue: 1.0

Figured: Pipeline pump house (picture takén 8yK. Hara

The degree of congestion in this bwiasgyeater; however the degree of confingasdess.

Pressure damage has clearly been caused to the structure as evidence by the leaning exhaust towe
evidence given Appendix Ahows that two oil filters were crushed in this building in a manner ver
consistent with damage observed within the Buncefield vapéonwel@rdhis would be consistent

with a detonation passing through the building just as much as aalatpmatiated by the explosion

in the building.

At first examinati on, the directional i ndi ca
transition to detonat@vingoccured as a result of an explogioone of thievobuildings However,
the following points should be noted:

e Directional indicators are generated by flow from the expanding combustion products behin
detonation frontThe interpretation of the directional indicators in Buncefield is based o
cylindrically symimieal propagation of the detonation from one point. As a result of this symme
the indicators naturally point back towards the starting point. This is a reasonable approxima
the far field, however if part of the cloud has been burnestquradiotg this symmetry does
not exist in the near fields {Worth noting that compared to near laminar flame speeds of a few
metres per second; a detonation propagating at close to 2 kilometres per second effect
converts the unburned cloudhe@nnear field to high pressure combustion products almost
instantaneouslyhe burned cloud, which is at atmogpessiaras very quickly saunded by
high pressure combustion products

e Theexpansion processuldtherefor@xtendnto any burnedgion of the vapour cloud that
existed prior to the transition to detonation. Thus salinectibtie indicatsr®wn ifrigure
7 may have been in burned parts of the cloud but still within reach of the flow generated b
expanding combustion products ttetonation.

e The cloud may have been inhomogeneous such that the detonation front could not always fo
simple straight propagation path. This may also have resulted in the inability of the detonat
propagatmto the trees along the north wall
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e Some of the directional indicators in this area may be due to the effects of a blast wave propa
away from the detonating cloud. In this case, they would point in the direction of the detor
propagation ratttean in the opposite direction.

The effects diese factoeme difficult to assess as there are many posdilmiitmseone possible

scenario is for the vapour clotite toorth of the control roonpeomhgated at near laminar speeds
towards the control room. If there was a confined explosion in the control room, this could have ini
detonation in the vapour atsuthe south sida, it could have aided flame propagation towards the
pipeline pump house further to the stuth deionation being initiated by an explosion in this building.
The directional indicators would then be produced by a combination of asymmetric propagation
detonation combined with direct overpressure effects.

Theinitiation by an explosioharcontrol roompibablgasier to match with the direciiieators,
howevethere isnsufficient evidence available to be able to confirm or rularmuptbbably other
scenarias

It should be noted that it is believed that CCTV rduordsidént exist. These are currently in the
possession of the police. If the records are analysed, they stand a very good chance of solving tf
parts of this puzzle.
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4

Conclusios

The information collected from a three day site visit invRelassistance from material recorded by
others prior to this visit allows the following conclusions to be drawn:

The evidence obtained from the IOC Jaipur site has a high degree ofwitbnthstency
obserationsmade followirtge Buncefielthcidentboth in terms of overpressure damage and
directional indicators.

Overpressures in excess of 200kPa (2barg) were generated across almost wiechnisre site
notconsistent with theent beg caused by an explosion in one area of the sitegproduc
decayinglast wave thiéienpropagated across the site.

The vapour cloud explosion could not have been caused by a deflagration alone given
widespread presence of high overpressures and directional indicators in open areas.

The overpressure damageé the directional indicatbosvthat the flammable vapour cloud
covered almost the entire site. This represents an area approximately four times that ir
Buncefield incident.

As with the Buncefield incident, the overpressiimecaodal indioatevidence is consistent
with a detonation propagating through most of the cloud.

The directional indicators point to the source of the detonation being in the Pipeline Division &
the north east corner of the site.

Unlike Buncefield, the possilifilitye detonation occurring as a result of flame acceleration in
trees does not appear consistent with the evidence.

The most likely cause of the detonation is flame entering either the Pipeline Area control ro
the pipeline pump hqusaising a conéd or partially confined explosion that then initiated a
detonation as it vented from the building. In drawing this conclusion it would seem necessa
some of the directional evidence to be affected by lack of symmetry in the vapouscloud. This
not seem unreasonable.

The exact source of the transition to detonation cannot be determined due to the limited evidence fi
Pipeline Division area. This is largelytdaene®ed foestoration work prior to the visit to the site in
February 201 However, if the CCTV records that are in police custody at the time of writing w
analysed, there is every chance that they would allow a firm conclusion to be reached.

Not Restricted Pagel6



GL Noble Denton

Remrt Numbet1510
Issue: 1.0
5 References

[1] Independent Inquiry Committee Report on Indian Oil TeamiaghFien 2Dctober 20009;
Committee constituted by MoPNG Govt. of India, cofnjaatenty29010t{p://oisd.nid.in

2QIBUNCEFI ELD MAJOR | NCI DENT I NVESTI GATI ON,
Commissn and the Environment Agency of the investigation into the explosions and fires at
Buncefield oil storage and transfer depot, Hemel Hempstead, on 11th December 2005 Bunc

Maj or I ncident Investigation Board6é, 13th
[3] Explosion Mechanismigady Group report, Buncefield Major Incident Investigation Board, Augu:
2007

[4] Buncefield Explosion Mechanism Phase 1, http://www.hse.gov.uk/research/rrpdf/rr718.pdf, 20

[5] Detonation of a flammable cloud following a propane pipeline break, DS Bargess and
Zabetakis, US Bureau of Mines, Report of investigation 7752, US Department of the Interior, 1

[6] Largescale unconfined fires and explosions, G.M. Makhviladze and S.E. Yakush, Proceedin
the Combustion Institute, Volume 29, Issue 1, 2002,-P4Qes 195

Not Restricted Pagel7


http://oisd.nic.in/

GL Noble Denton

Remrt Numbet1510
Issue: 1.0

Appendix A Summary of Observations

The observations obtained from the site visit are summarised in this appendix. These observatio
supplemented with photographic material prasidesl. KyHazeamd DB.Burgan.Dr Burgan visited
the site on 2November 2009.

A.l Gatehouse and South West Corner

S
[ | -
- K=
d
b

=

—

it

FigurelQ Area of the site being considered

Many of the main 10C site buildings wWesarga including the administration building, the stores and
the control room. Thenrsée entrance and gatehouse were also located in the South West corner of t
site.

There was considerable and relatively consistent damage to the site buildings in this area. This is ill
in Figurell, which shows twbthe buildings in this area of the site. In general the concrete frames ¢
these buildings had remained intact but the infill brickwork had oftedovedlepsedme buildings

had suffered structural collapse.

Damage to the gatehouse appearedessithan that to #itebuildings. This will be referred to later
when the external car park area is described.
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Figurell Damage to buildings includidglthistration Buildiogléft) andheBusiness Continuity Buildipgight)

Damage to steel boxes was also evident, as illuligiegi2n The larger box in this figure has been
deformed rather than crushed. It is also notable that the whole box and supports. afEhleaning ovet
directional indicator was consistent with others in the area, pointing towardsitee east of the

Figurel2 Damage t@mkes

The picture on the righiigfirel2shows a smaller box fitted to a lamppost. Similar boxes were presen
on many lampposts around the site. The level oftal#meabgexewas variable but the crushing
damage was generally greatest drotiiace. The sides and rear of the boxes tended to have less
pronounced deformation inwards. It is notablérdmifatteeon thizarticuldoox was a separate plate
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fixed to boand may well have been weaker than the othétbieleboxes had friattes similar to
the rest of the box

Damage ta number of mot@hicles wasident. As illustratedrigurel3 damage was observed to a

van (top left), rmadtanker (top right), a car (bottom left) and a motor cycle (bottom right). It should
noted that the car had been in a car park where the concrete roof hadnsiiEpdedithe

flattening of the car. In all cases thefleaenage was severe, with body panels being crushed or torn
off. The tahkn theoadanker had been crushed by the explosion, as had the tank on the motor cycle.

Figurel3 Examples of vehicle damage in south west argiteof the

A second road tanker had Ipegked in this area at the time of the explosion and in this case the tank w
not only crushed but also thrown of the frame of the tanker, Eigstédn in

"It is understood that the tank was empty at the time of the explosion.
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Figurel4 Road tanker with tank displaced and crushed

A tank in this area showed agigiiove what is presumed to be the liquitigered)s which also
shows a damaged steel drum.

Figurel5 Crushing of tank and steel drum

Directional indicatasesre widspread in this area. Témyprised uprooted or brokenanelssouring
on treeandlampposts.

Figurel6 shows examples of directional indicators provided by trees. TFharldvpéctiett shows
distinct scouring on the right (veesterlydideof the tree trunks. This type of scouring was evident on
almost all of the trees in the area.

The lower right hand picturegurel6shows a snapped branch pointing to the east of the site. The red
roof of the gatehouse &edvest wall of the site can be seen in the background of this picture, indicati
that close to the south west corner of thidreittonal indicators were pointing to thigt eshstuld be

noted that damage to the boundary wall around eéhéddllbsien repaired prior to the site visit in
February.Moving further east through the area, the directional indicators started to point more to the
east.
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Figurel@ Directional indicators provided by trees

One additional item of evidenrel fwithin this area is worthy of mention, if not conclusive in itself. Thi
relates to items of broken fibreglass sheet that were found in the debris at the south end of the Bl
Continuity building, which is the first building into the sitafetroutbe.

Personnel onsite confirmed that the fibreglass sheet had been mounted on a feastad® @tovide
the south end of the building, sh&iguiel 7.

Figurel 72 Sout end of the Business Continuity building
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Thefibreglass sheet hagkb broken up into many pieces and although some were irregular in shap
there was probably as many that were in near diamond or partial diaasosidostragregurel8

Figurel& Broken pieces of the fibreglass sheet

Diamond shapes are a charactefiatietonation as it involves complex interactions of shock waves tha
can show diamond type patterrestn€&ms of carrying out measurements of detonations in gas mixtures
is to place a skeml plate into the mixture. The shock waves in the detonation front will mark out dian
shaped detonation cells on the smoked plate. The author also has experience of polythene sheets
cover large scale gaisclouds being shredded into distmameldd pieces by a detonation.

One particular example of the fibreglass is shgunelidand it is notable that the irregular edge (top
right) has a fracture running through the fibreglass from the twisiogrile¢se of this fracture

formsa full diamond shape. Miealongsideshow that the edges of the diansomcpproximately
7080mm in length, with the long axis of the shageooeibgOmm in length. These dimensions are not
inconsistent with the dation cell size for a pentane air mixture. As the MS was primarily pentane a
hexangl] the vapour cloud probably contained a relatively high proportion of pentane.

This piece of fibreglass was retained to allow forthati@x# required.
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Figurel@ Single piece of diamond shaped fibreglass sheet (note fracture line along irregular edge)

A.2 Car Park and Stores Building

The car park was located to the west of the gatehouse, outside talboltidasite, with the stores
building being to the west end of this. The general location Sglre@n on

Figure2Q Location of car park and stores building

A CCTV camera tower in thh east corner of the car park and adjacent to the site wall had collapsed
the wesas shown iRigurel6 This contrastedgthdirectional indioes on the inside of the, wailich

pointed to the east. Comparison wigfi@dneuggests that the edge of the flarfonalelmnable)

cloud extended to a point closegoutieend of tivest boundary wall but not beyond it.
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Figure21 Collapsed CCTV tower and debris covering the car park

The figure also shows that the cargsmdovered with debris from trees, comprising mainly twigs. Site
personnel confirmed thatwas a result of the incident. Prior to the incident, the car park had been cle:

The stores building was located at the west end of the car park, Bgyahgiwrba building was
approximately 13@tresvestfrom the nearest point on the site boundary wall.

The level of damage viewed from the outside appeared relatively minor with roller shutter door
windows on the easirfg side having been blown in. However, from the inside it could be seen that
east end of the roof had collapsed, having pulled away from thHEhesaist NMadltrated in the top right

hand picture Figure22

The laver pictures Fgure22 also show that the roof beams and main support trusses had sufferec
deformation as a result of the explosion load on the roof.

It was also observed that the windows at the west end of the buildisigumadieand that internal
windows in an office area at the north east corner of the building had also failed.

Though this building had been damaged, the scale of damage was much less than that obsen
buildings just inside the site boundaryvotiliidhe consistent with rapid reduction in the overpressures
from the edge of the flammable cloud (which, as discussed, the evidence suggests was close
boundary wall)Thisrapid decay would also exgit@napparent lower level of damage siethe
gatehouse, which appears to have been very close to the edge of the cloud.
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Fgure22 Damage to the Stores building

A.3 Warehouse and Lube Barrel Yard

The warehouse and lube barrel yard were located approximately half way upfttieevegisaside

shown ifrigur23 The warehouse was used for storing and fildngnsseshdhé lube barreiard to

the east of the warehouse, was a general laydown area for steel drums and other equipment. At th
end of the warehouse, there had been a covered but open sided areagased for stor
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Figure23 Location of the wareh@umkthe lube barrel yard

The warehouse had suffered both explosion and fire damage in aiseiliistidtad ifFigure24

Debris from the brick infill on the east side of the building had fallen outwards, possibly indicati
explosion within the building. A number of steel drums on the open loading bay shoeed clear evidt
crushing down to the liquid level, just as observed in the Buncefield explosion. These drums are st
the right hand picturEigure24

Figure4 Fire and explosion damage to the warehouse and crushed drums on loading bay

The covered area te torth of the warehouse was used for storage of steel drums, cylinders and ot
equipment. It can be seéngure25that in this area the steel drumsladsved evidence of crushing
atthe topextendindown to the liquedel.
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Figur@5 Covered storage athe north of the warehouse

Other equipment stored in this area included electric motors, pumps ainicbytiaddrs, seien
Figur€6 This equipmesiibwed no evidence of pressure dathaggh a steel box in this aesdré
ofleft hand picture) showed clear evidence of pressure damage

Figure6 Equipment in covered area

It seems likely that absence of apparent pressuréoddmaagdinders, motors and pumps was due to
their greater strength compared to the drums and the steel box.

It is also worth noting that directional indicators are also shown in this figure. This is most clearly s
steel column on the very Iéfteofigure, which shows grey paintwork on the side but rusting on the re:
(westerrfpce where the paint has been scoured aff cAnssstent witfi@v in an easterly direction.

Figure27shows the rear (west side) of@inehouse viewed from the south end. It can be seen that a
single storey building at the south end of the warehouse has collapsed and that some tree branche
broken in a westerly direction. A steel box directly behind the building shosredga daguneasl

leaning slightly in an easterly dirgsgmmsepicture taken from a different)antiés suggests that

the edge of the flammable vapour cloud may not have extended to the site boundary behind (to the \
the warehouse, but haly ceacheals far athe road that ran behind the warehouse.
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Branches broken to the wes

e
Collapsed roo

Figure7 View showing the rear side and south end of the warehouse

It was notable that most of the bribdritifdlearwallof the warehouse was still ie.plac

The lube barrel yard had contained steel drums containing lube oil, pipes and other general equipr
shown ifigure8

Figure28 Lube barrel yard (left hand picture taken by Dr B. Burgan)

The steel drums had mostly been ondéneiarsil exhibited differing degrees of crushing damage. The
pipes shown in the right hand pickigua8were located at the east end ailibebarrel yaathd

had been displaced to the eastWliiftlone pigeutof pictureendingip on the other side of the road

that ran along the east side of the lube barrel yard.
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A.4 Main Tank Area

The main tank area was locatede north side of the site running from the west side of the site up to tr
west side of the Pipelingsidn area as showRigure9

m\t\::;
” Frre——— | e ——
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Figure9 Location of main tank area

There were nine storage tanks in this area, 401 A/B/C, 402 A/B/C and 403 A/B/C. All of the tanks hz
damaged by fire arsdtlaere was little other equipment in the bund areas, most of the evidence relatec
the explosion comes from the trees that round the north west corner and alongftiieensitéh side
These trees generally provided very consistent directio®l veiid broken branches and uprooted
trees pointing in an easterly direction, as sHégureB0 The amount of this evidence was
considerable along the north side of the site. In addition these trees generalingicowsidtsobu

with gas flow in an easterly direction (note that some trees with particularly dark and corrugated bark
appear as susceptible to the scouring or the scouring was not as evident).

Figure8Q Directional indication provided by trees in the main tank area
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The only area where the directional evidence provided by the trees changed was close to the north
the west boundary wall, particularly in the north west corner, Bgsr8d/nlins also notable that
the gual tower at this location was relatively undamaged.

Figure81 Branches broken to the west in the north west cornef\éthedsieuth west)

This suggests again that the flammable cloud did not quite reach theywest Bodrmaticularly did
not reach the north west corner.

Other evidence observed in this areadndhrdaged boxes, crushed drums, damaged walls and
displaced pipes. This evidence is shtiguré?2

Figure32(a) and (b) show damaged steel boxes to the north of Tank 403B and at the north east cort
the bund around Tanks 403 A/B/C. These show consistent damage to other similar boxes on site «
one irFigure82(a) has also been displaced towards the east.

Figure32(c) shows steel drums that have been both crushed and heat affected. These were also t
north of Tank 403B, adjacent to the stedligored2(a).

Figure32(d) shows the west wall of the bund around Tanks 402 A/B/C. This wall had collapsed tov
the east, as had parts of other bund walls that ran north south.

Figure82(e) showdamage pipeetainersn the east side of a firewater pipe running norfigaoath.
32(f) shows damage to the north wall of the bund for Tanks 403 A/B/C due to the easterly displacer
the firewater pipe leading to Tank 403C.
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(d)

(e) (f)

Figure82 Other evidence in the main taak a

Also notable in this area was a firewater pipe that had been displaced to the wésguaeB8hown in
Although this appears to be inconsistent with other etfidearea,int should be noted that the pipe is
only restrained on the east sid® pdssibléhat the pipe was loaded in an easterly direction and when
this load was removed, it bounced back and ended up displaced in a westerly direction.

Finally for itharea, the guard tower located about half way along the north wall (where the boundary
in slightly) suffered complete collapse, as dfigwedA (Again it should be noted thabthigern
boundary wall had beenitieprior to the site visit in February.
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Figure83 Displacement of firewater pipe to the west

Figure4 Collapsed guard tower on north wall
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A.5 Firewater and Pumping Area

The main firewater tanks, the firewater pumpsnaiu gheduct pumps were located in the centre of the
site, as shownRigure3s

Figure35 Area with firewater tanks, firewater pumps and main product pumps

The two blue firewater taveks the mogirominent feature of the site. At the time of the explosion, on
of these tanks was near full and the other wasi@mpéy to atmospherallownaintenance.

Figurea Firewater Tanks viewed from slightly west of south (left) an@tight)tilefapicture taken by Dr B. Burga

Figure86shows two views of the tanks. The tank in the foreground in the left hand picture and on the
the right hand picture was the emptyl'tenkoof haalown off the empty tank, landing to the east of the
tank. This is most likely ddanemale mixture being present irtbieldank as it was open to the
atmospére at the time of the incident.
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Figure7. Firewater tanks viewed from south west

It can be seen fréigure87that the empty kain the foreground, also suffered crushing damage that did
not occur on the full tank. This figure also shows directional indicators in the form of bushes that hay
over pointing in an easterly direction.

Other directional indicators were pretigatarea, as illustrated by the picteiggeré@8 This shows
a lamppost leaning to the east, scouring on a lamppost and box and a collapsed CCTV tower. In al
(not just those shown in this figure) the inplcatedsin an easterly direction.

The firewater pump station was located to the east of the firewater tanks and the main product pump
to the east of the firewater pump stiese two buildings are shokRigun89along with a collapsed
CCTV tower located at the south of the main product pump building.

The brick infill on the east wall of both buildings had fallen outwards (in an easterly direction). The
tower had also collapsed in an easterly directigmifidédmtsdamage was apparent to the equipment
within the two buildingfie main product pump station had ssdfierefite damageprobably as a

result of spillage of praduct
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Figur83 Damage to the firewater building (top left), the main product pump station (bottom left) anc

tower at the south endh@fnbain product pump station (right)
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A.6 Tanker Loadingreato South Side of the Site

The tanker loadiaggawas located to the south of the centre of the site, as-ghowtlinAn area

of trees was present from the sodtf the tanker loading bay through to the road that ran along the
southern boundary of site.

FigurelQ Location of tanker loading bay and area of trees leading to the southern boundary

The tanker loadiageaconsisted ofrée linked gantries aligned approximately north south and within an
open area some 250m long and 100m wide.

Figure4lshows a satellite view of the tanker loading area (aligned to site north). Its relationship t
main firewat tanks and tanks 409 A/B/C can be seen on thidéigarker loading area was the

largest area on the site completely devoid of trees and bushes. Site personnel stated that the ope
around the gantries would have been kept clear of detritus.

At the time of the incident there were no tankers in the loading area.
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Figurell Tanker loadiagea

The tanker loading gantries showed evideik®wfressure loadingiguret2shows that therdey
had been displaced slightly to the north.

Figuret2 Displacement of the tanker loading gantry (viewed from the west)
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Evidence of overpressure within the tanker loading gantry was d&iso exéteple, two steel drums
were located under the gaRiguret3shows that both of these drums had been crushed down to their
liquid level.

Figured3 Steel drums under the loading gantry

Directional indicators within the loading ganprpweed by paint scoured ofbthibern faces of the
steel structure, which had then rastebdown Figuret4(left and bottom rigittures

Figuret4 Directional indicators in loading gantry
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The top right pice irFiguret4shows steel sheet wrapped around one of the gantry supports. In all th
instances, the directional indicators suggested flow that veastofvartts

Pipework to and from the north and south endasnfidisehgd fallen off its stands, as sHeagurén
45 The pipework at the north end had fallen to the east side of the supports, whilst the pipework
south end had fallen either side of the supports.

Figurets Pipework at north (leffysauth (right) ends of the tanker loading gantries

Directional indicators were present on this pipework and the supports in the form of scoured pai
allowing the steel to rust.

Figurelé Directional indicators on pipes and supports at the north (left) and south (right) of the tanker load

At the north end, the siogusuggested a more north easterly direction, whereas at the south end, tt
indicators scouring was suggesting a more northerly direction.
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