AIARDOLS

ATERIALS




JOURNALCFE
AJATERALS

Management — Handling — Disposal — Risk Assessment

Review papers, normal papers, project reports and short communications are published
dealing with all aspects of hazardous materials arising from their inherent chemical or
physical properties. The scope of the journal is wide, ranging from basic aspects of
preparation and handling to risk assessment and the presentation of case histories of
incidents involving real hazards to employees or the public.

The following list, though not exhaustive, gives a general outline of the scope:

Properties: toxicity, corrosiveness, flammability, explosiveness, radioactivity, infor-
mation data banks, dose-response relationships

Safety and health hazards: manufacturing, processing, transport, storage, disposal,
major hazards and hazardous installations

Legislation: international, national and local codes of practice, threshold values,
standards

Incidents: prevention, control, clean-up, communication, labelling, sources of informa-
tion and assistance, case histories

Assessment: economic and general risk assessment, insurance, test methods, techni-
cal aspects of risk assessment of industrial hazards, reliability and consequence mo-
delling, decision-making in risk management

Editors

G.F. BENNETT
R.E. BRITTER
J. MEWIS

Regional Editor for the Far East
T. YOSHIDA

Editorial Board

A.K. Barbour (Bristol, Gt. Britain)

P.L. Bishop (Cincinnati, OH, U.S.A.)

J.B. Cox (McLean, VA, U.S.A.)

R.A. Cox (London, Gt. Britain)

G. W. Dawson (Richland, WA, U.S.A))
R.K. Eckhoff (Bergen, Norway)

J.R. Ehrenfeld (Cambridge, MA, U.S.A.)
H. H. Fawcett (Wheaton, MD, U.S.A.)
F.S. Feates (London, Gt. Britain)

M.F. Fingas (Ottawa, Ont., Canada)
H.M. Freeman (Cincinnati, OH, U.S.A.)
R.F. Griffiths (Manchester, Gt. Britain)
C. A.W.A. Husmann (The Hague, The
Netherlands)

D. S. Kosson (Piscataway, NJ, U.S.A.)

A. Kumar (Toledo, OH, U.S.A.)

J.W . Liskowitz (Newark, NJ, U.S.A.)

J. McQuaid (Sheffield, Gt. Britain)

J.G. Marshall (Tring, Gt. Britain)

J. K. Mitchell (Berkeley, CA, U.S.A.)

K. N. Palmer (Borehamwood, Gt. Britain)
H.J. Pasman (Rijswijk, The Netherlands)
R. Peters (Argonne, IL, U.S.A.)

H. Phillips (Buxton, Gt. Britain)

E.L. Quarantelli (Newark, DE, U.S.A.)

K.A. Solomon (Santa Monica, CA, U.S.A.)
R. Sylvester-Evans (Northwich, Gt. Britain)
C.C. Travis (Oak Ridge, TN, U.S.A.)

J.H. Turnbull (Shrivenham, Gt. Britain)

U. Viviani (Milan, Italy)



JOURNAL OF HAZARDOUS MATERIALS

VOL. 32 (1992)



i

EDITORS

G.F. Bennett
R.E. Britter
J. Mewis

REGIONAL EDITOR FOR THE FAR EAST
T. Yoshida

EDITORIAL BOARD

A.K. Barbour (Bristol, Gt. Britain)

P.L. Bishop (Cincinnati, OH, U.S.A.)
J.B. Cox (McLean, VA, U.S.A))

R.A. Cox (London, Gt. Britain)

G. W. Dawson (Richland, WA, U.S.A.)
R.K. Eckhoff (Bergen, Norway)

J.R. Ehrenfeld (Cambridge, MA, U.S.A.)
H. H. Fawcett (Wheaton, MD, U.S.A.)
F.S. Feates (London, Gt. Britain)

M.F. Fingas (Ottawa, Ont., Canada)
H.M. Freeman (Cincinnati, OH, U.S.A.)
R.F. Griffiths (Manchester, Gt. Britain)
C. A.W.A. Husmann (The Hague, The
Netherlands)

D. S. Kosson (Piscataway, NJ, U.S.A.)
A. Kumar (Toledo, OH, U.S.A))

21U8 im

J.W. Liskowitz (Newark, NJ, U.S.A.)

J. McQuaid (Sheffield, Gt. Britain)

J.G. Marshall (Tring, Gt. Britain)

J. K. Mitchell (Berkeley, CA, U.S.A.)

K. N. Palmer (Borehamwood, Gt. Britain)
H.J. Pasman (Rijswijk, The Netherlands)
R. Peters (Argonne, IL, U.S.A.)

H. Phillips (Buxton, Gt. Britain)

E.L. Quarantelli (Newark, DE, U.S.A.)
K.A. Solomon (Santa Monica, CA, U.S.A.)
R. Sylvester-Evans (Northwich, Gt.
Britain)

C.C. Travis (Oak Ridge, TN, U.S.A.)

J.H. Turnbull (Shrivenham, Gt. Britain)

U. Viviani (Milan, Italy)

VOL. 32 (1992)

ELSEVIER, AMSTERDAM - LONDON - NEW YORK - TOKYO



Abstracted/indexed in:
Applied Science and Technology Abstracts
ASM International/The Institute of Metals —
Materials Information
Cambridge Scientific Abstracts
Centre de Documentation Scientifique et Technique - PASCAL database
Chemical Abstracts
CIS Documentation
Coal Abstracts
Current Awareness in Biological Sciences (CABS)
Current Contents (Engineering, Technology & Applied Sciences)
Engineering Index Abstracts
Environmental Periodicals Bibliography
Laboratory Hazards Bulletin/Chemical Hazards in Industry
NIOSHTIC
Systéeme de Documentation et Information Métallurgique

© 1992, ELSEVIER SCIENCE PUBLISHERS B.V. ALL RIGHTS RESERVED 0304-3894/92/$05.00

No part of this publication may be reproduced, stored in a retrieval system or transmitted in any form or by any means, electronic,
mechanical, photocopying, recording or otherwise, without the prior written permission of the publisher, Elsevier Science Publishers
B.V., Copyright and Permissions Department, P.O. Box 521, 1000 AM Amsterdam, The Netherlands.
Upon acceptance of an art cle by the journal, the author(s) will be asked to transfer copyright of the article to the publisher. The
transfer will ensure the widest possible dissemination of information.
Special regulat ons for readers in the U.S.A. - This journal has been registered with the Copyright Clearance Center, Inc. Consent is
given tor copying of articles for personal or internal use, or for the personal use of specific clients. This consent is given on the
condition that the copier pay through the Center the per-copy fee for copying beyond that permitted by Sections 107 or 108 of the
U.S. Copyright Law. The per-copy fee is stated in the code-line at the bottom of the first page of each article. The appropriate fee,
together with a copy of the first page of the article, should be forwarded to the Copyright Clearance Center, Inc., 27 Congress
Street, Salem, MA 01970, U.S.A. If no code-line appears, broad consent to copy has not been given and permission to copy must
be obtained directly from the author(s). All articles published prior to 1980 may be copied for a per-copy fee of US $2.25, also
payable through the Center. This consent does not extend to other kinds of copying, such as for general distribution, resale, adver-
tising and promotion purposes, or for creating new collective works. Special written permission must be obtained from the publisher
for such copying.
No responsibility is assumed by the publisher for any injury and/or damage to persons or property as a matter of products liability,
Eegligence or otherwise, cr from any use or operation of any methods, products, instructions or ideas contained in the material
erein.
Although all advertising material is expected to conform to ethical (medical) standards, inclusion in this publication does not consti-
tute a guarantee or endorsement of the quality or value of such product or of the claims made of it by its manufacturer.

This issue is pointed on acid-free paper.

PRINTED IN THE NETHERLANDS



Journal of Hazardous Materials, 32 (1992) 1-39 1
Elsevier Science Publishers B.V., Amsterdam

Shell Stanlow fluorparomatics ex rﬁ)losion — 20 March
1990: Assessment of the explosion and of blast damage

A.T. Cates
Shell Research Ltd, Thornton Research Centre, P.0. Box 1, Chester CHI 3SH (UK)

(Received September 4,1991; accepted March 9,1992)

Abstract

At320 a m., 20 March 1990, a violent explosion at the fluoroaromatics plant in the Shell Stan-
low Manuf acturln Complex injured six peaple. destroyed the plant and caliseq considerable dam-

age to nearby buildl ags and plant. The level of blast was consiclerably above that expected froma
runawa reactlon angvessel rupture This papercontalnsadescrl tlon ofthe blast dama e caused
by the exploswn and an ang gms of the type of events that mlg have caused such amage The
c emlcal mechanlsms Involved,in the ru away reactions are the subject of another papér. The
most likely sequence of events is indicated asavessel rupture followed immediately by a highly
congestedjet fireball, where alarge guantl ty of flammable material was released at high Speed'and
Instantly ignited in a very congested structlre,

1. Introduction

At 3.20 a.m. on 20 March 1990, there was an explosion at the flu roarome%t d;s
Plant in the Stanlow Manufactlring Complex urlng the manufacture o
Iuoroamlme The explosion was (iwte energetic. Missiles were thrown up to
elly he fluo oaromatlc(ﬁ) antltself as deva étgted andnearb}/bm
|n ssuﬁ ed serlous structural |n ows and cloor frames over 5
awa were damag A sub se uent ene fire burned for over an hour. S|x
?were | * ed, one of whom died later i |n hospital from qusto erative
PIC&IIOHS ollowing Iowerllmb sur ersy Al or&g secon ary fire was caused,
|nvo v|n telnvento Oyo nearby vesSels, inclugin four xerne tanks. The
seconda fire follow th(eprlma exP %5|%n U|te Uickl
er contains a description of t amace, and ad|scu35|0n(ﬂ‘
the bli’iS enerating processes involved inthe event Thenitiating event, wh |c
was almost certain achemlcal runaway reaction, 15 discussed el ewhereL L
Ehte lc%nsequences granted that such an event took place, are discussed
etail here

Correspondence to: Dr. AT, Cates, Shell Research Ltd, Thornton Research Centre, P.O. Box 1,
Chester CHI 3SH (UK)
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2. Blast and missile damage

mrssrle dama%e and fire damage. Examination of the damage was restricted by
the precautio snecessﬂatedb contamination. The missilés and blast damage
were erratic and very directiopial.
IW% draw attentlo tg four I‘jeaturesI gfthe blast ??éﬂ%%
he dlamage level decayed very slow |

2) The ?eve?gof dama e vk/las at rIxelast arY oréer to magnitude too high to be

accounted f mJe\e vessel ru”
(3) Damage to |n ividual structures showed evidence of a long time duration

(4) A Iot ofthe damage was associated with the rarefaction part of the pressure

Wave,
These features are drscussed In detail below. Each of these features Is srg
nificant inworking out the nature ofthe blast-generating event (s). The natu
of the event indicated by these features is discussed in Sections 4and 5, where
other supporting eviderice is given,

ZlAcr;taTesrfs' of the talété‘f damaie from the explosion was complicated by both

2.2 Nature qf near-field damage and miss

The distribution of mlssnes |s mcluded |n Ap Pendlx AandFig. 3. The near-
|e dama%e rrgwrt in 10 mof th ereactor vesse was severe ( atel and 1s
|scussed| ere detal in Appendix B and
The vessel itself was torn |nto at Ieast three Iarge pieces, with the top piece

bein qu a consjderabl drstancei] g far as can be worked ouit from
a vistal e amlnatrono evessel t eves el first burst nearthe to Wweld, at
about 320° with res ectto lant nort |t was then torn vertically downwards
and horlzontaly und c se to the weld, before the horlzont% tears Aomed
JJneart eto o th evesse The burst was therefore towards the north-west
?w Ich su %d the concrete roofa ove the reactor vessel. Most plant
st ct re Wi out 5 m of the vesse as either turned Info myssilés, or

ay IF% (irrofthe major structural damage was associated with the
) seotenort -west ?

e major vessel ragmen ended up outsidle the pIant structure, apparently
havrn(Tr been gro elled north-west. The ru ture Itsel ér We are correct ahout
Qe or Ptatl ftheblastandt e vertical tear) would have pushed this piece
xesse hntott ets rufctHre f fth |, and of the tear f

rou estimate of the rupture pressure.of the vessel, and of the tear forc
Is Incluged in A ender 1S es?lmate%lvesava?ue of around 60- 80 bar f%r
terupturepesureo t evessel and ISF orted by our own gta Urgist’s
reg A detailed examination of the vesse g asbeen conducted by tné UK

HSE, but reached different conclusions on the failure pressure.
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Fig. L Map of site damage around CFA plant (see Appendix A).

event. This missile was a light frtting which Iginally in the neighbour-
ho?fd_ ofthe reactorvesseﬁ_l—?alfof_tﬁnsg I|ghrt fitting Is b%dlg/ urnt, %ndt ?other
halfIs not amagned. Theli htflttlngwas ound 75 m away fromthe explosjon,
well away from the zone ofthe subsequent fire. T ebu,rnmgtoo lace before
the blast ?vent. Despite the blast, an _|mPa_ct n Iandm?, otht eb_?x cover
and one glass tube were intact. This missile 15 discussed In more detail below.
The argabehind the ?Iﬁnt stru,iture was shie|ded from missiles by the plant
?]toryt ture, and nearly all the missiles were founa within 80° either side of plant

Missile 47 ng_PIate 2) 1S r?_levant to und%rlscﬁr\}\(lja{sn%he nature of the eﬁ%losion
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PIate L Near field damage (within 10 m from the reactor)

2.3_Nature of intermediate field damag .
The damage In the, 10-150 m range IS discussed in detail in Appendix B. The
damage pattérn in this range is ver;g erratic. This was partly because the source
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Plate 2. Two burned lightboxes.
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of the blast was very d|rect|onal and partly because there was a ood deaI of
shielding byplantand other buildings. The pressureﬁedwas roba J domi-
nated by an aerial hemispherical pressure wave. Most of the medium-field
dama(ie Was causedb the downward diffraction of this pressure cap.

ot of the likel ressure reqwred fo cause the dal a eseen versusdls
tance Is given in F'% The erratic level ofﬂama%e shov noted. It | |s In-
teresting'that, aIth gh inthe pear-field, the highest levels of damage are plant
narth ofthe vessel: in the medium ?ndfar -field the two major are ofdamage
(the Materials and Transport Building and Thornton Research Centre) afe
at 90 In ejther direction to this,

Many of the pressures estimateg (partlcularly for dama e to brittle targetag
are taken from TNT Etrlmtrotoluene) data lists [3]. T ese are marke
crosses In Fig. 2. Since the pressure ulsethatthestructureswere subgectedto
was qwtedl erent from the spike ofa TNT wave, the estimated pressures are

to be uite different from the actual overpressuresexerted Inthis regard

ar field over ressFre estimates arF likely to represent the ressure hat
occure more acc ratee)a and the near-field overpre suresare| {to be con-

S|sten(§¥un erestimated. There are no rellabl? a}a avallable for the amag
caused 1o brittle structures, such as brick walls, from pressure pulses oth
AA
A A TNT TYPE OVERPRESSURE REQUIRED TO GIVE DAMAGE SEEN
OC (o4 S C SS
A
AA
A A o o
A
0 0O O

100 200 300
DISTANCE, metres

Fig. 2. Pressures required to produce observed damage.
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Fig. 3. Map of missile scatter (see also Appendix G for a description of each number).

than TN or. nuclear blast. The pressure loading e rﬁeriencedwasgenerallyin
the quasistatic, rather than dyndmic, response Fegime.

2.4 Nature offar-field damage
Thornton Research Centre IS ad&ecentto Stanlow Manufacturing Com ?Iex
wrth Its boundary about 350 m nor eastoftheex 0sion centre. T e far-field
amaetoTho ton Research Centre IS detailed | AE pendix D. This site was
a?oo indicatar of the ve offr field pr ssur asr contained a number of
refatively sensitive bu |n S, T e near e the site was gust over 300 m
fro the explosion centre nd damage on esrte extended to more than 500
m from the explosion centre. e Tharnt T o
res ureex erienced on the Thornton site was undqubte ra
Iyﬂe |grte e|n scirhtFl raised ground, so that acoustic re e%trg ¥fa th
# erncrease e ev féom ressron and rarefactron Evenall owrng forthis
ct th eamounto ama te esearc Centrewasve hrghc mpared
cft e medium and near- |e \Weather data% gre by'the Mgteor-
ﬂrcal Office rule ou the possrbr (?fa ravatron temperature inver-
sro srnce the mrxrn ayerwas aroung 9
thatth &rratron of th comPre sion

ornts are drawn’from points ( Zt)] and (1 253 |nA pendrxD The first | |s
ase was, at th eve least, 30 ms; and
the second is that the far-field shows an energy yield of a of east 500 MJ. The
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actual ener%y zveld must be consrderablx higher, since we shal| arque that the
pressurewa aso Favery lon duratro d therefore avery low “efficiency”
event (in TNT efficiency ermrno 0?;2

A |cal far field energav fyleld fo vgn P

cou x osron would be'a few Rer cent, which would | ea to an estimate of
J rel eased at source. Since this event was unusual }/ g even c?

ared to that from avaérour cloud explosion, the efficiency is likely to be less

duration even such as a vapour

han this, and the enerdy release at source even more,

Although the damage was erratic, some consrstent atterns aroge. A lot of
dama%e was caused by rarefaction, but this is partleé causem st fixtures are
more ensrtrveto rarefaction than to com ression. Roller rﬁ oorswere con
srstentyguse mwarswhrchw ave re urredaco pression ph

around 50 mbar. The argest rare actron damage corresponded to a un er
ressure of at least 75 mbar. It can be expected that the compression phase
as of | eger amplitude and shorter duration than the rarefacci Phase but
there were few fixtures sensitive to compression, so the real level of compres-
sion was never seen,

A reasonable estimate is that the site was exposed to a Patc Oy blast wave
consrstln% at the fence, of up to 40 mbar overpressure followecr by 40 mbar
underpressure, with ground eﬁects and acoustrc reflection meanin that some
ta etse Perrenced fiyice this. T ec%y ressure Wwave across the site

rather slow, with burldlngs severaI un dred etres from the Site edge ex-
perrencrnlq srgnr ficant damag

t shquld be poted that préssure is expected to deca g inversely with distance
in the far-field from a long duration event, |t should alsp be noted that the
areas (pressure multiplied’by duration) of the comPressron and rarefaction
Partso the wave are xpected to be eﬂul I general, the compression phase
S 0T a larger magnitude, and of shorter duration.

2.5 Time duratign of hlast wave

EVXXe have avariety of reasons for asserting that this was a long time duration

2.5.1 Comparison of near and far-field dama

The survival of an unprotected brick waII Tm from the ex losion centre
com areij to the IeveI of far freId dama e, also |m lles ow event, T

rrc wa datpornt ont eFrP was acke ut not u ushe ver ThIS
wall woul not have been able to wit stan 2 ressure rentra across It
much In excess of 50 mbar. However, if we narve assumeas herical ecaf
a ressure of around 50 mbar 150mawa% |n 10 onF 1), this would
Wa ressure of (50 mbarormore at the site of the wall,
§ assumption Is obvious I)I/]crude since some of the blast mag have been

generated more than 10 m from the centre of the explosion, and &lso because
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the damage at a greater drstance was farrI drrectronal None the less, if we
take are uced figure of, say, 400 mbar for the ressure at 10 m, take the wall
size af 2 m, and take the Eressure waveastrave mcr] ouiwards at the speed of
sound, then we reach an estimate of at least 50 ms for the rise time of the event.
This implies hundreds of milliseconds for the duration of the whole event.

2.5.2 Comparison of near and far-field damage
Afig ure of) hundreds ofmﬁlrseconds for the ?rme duration ofthe event |s also

sutr)port %srmr arcomparrsonsbetw N the nearandfﬁr frelddama%v e levels

are shown In Fig. 2, For an inefficient non-shocked pressure Wave of
time duration T, mpressure [ Iﬁ)ected to decaP/ inversely with distance when
the distance frg the explosion is much more than ¢t (in accordance With
acoustrftheory . Where Cis the sgeed of sound. Here, pressure does not deca
Inversely with ﬁl] ce unérh reds of metres from the event. This suggests
atime duration of hundreds of milliseconds.

2.5.3 Materials and Transport building

Then ttre of the dama%epto the M Oaterrals and Transgort building (see AP
P endix B ) grves an estimate for the duration of the rarefaction Pulse r more
han 100 ms. This indlicates that the blast-generating event hada long duration.

5.4 A &I warehouse

The damal%e ofthe A&I warehouse also indicates %urte along duration event,
srncethe damage on the sheltered side of the building is simi r to that on the
nearside. (When the wavelen?th of a pressure puIse IS much less than that of
butlding, acoustic reerctron%ves much worse d ma%e on the nearsrdegTh

similarfty in damage between the sides, means that the %ressure wavelength
was at least of the Order of the size of the building, which again mdrcates an
event of more than 100 ms.

2.5.5 Failure mode of vessel
Brittle cracks branch aH)ropaqatron veIocrtres aove aout 0.2¢, where ¢ |s
the ﬂaeed of sound. in the materia “ ofso In steel js 518?rﬂ
ere Was no srrlrnr icant branchi |nt arlureo evesse 50 IT the
crac n were brittle it must have begn going at 1000 m/s or less. A ductile
crack would eevensowe
The fastestt thacrackcould ropa atewrthoutbranchrng around the 7m
crrcum erenceo e vessel IS0 o m The rupturing eventmusthavetaken
nger than this, whrc] Is consistent with ar%ress rrsedvessel farlure buton
not econsrstentwrt adetonatronforexa pIe even aslow detonation). This
lower bound on the time duration of energy release is mainly of use for ruIrng
out the possibility of a “soft” liquid phase Oetonation.
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2.5.6 . Missile 47

Missile 47 was qungrgn 5 m. We can calculate aminimum time for this missile
to recelve suffl |ent Impulse, given that it did not receive a sufficiently great
orce to break the Hox cover.,

As stated, Missile 4/ was qun%]YS m. This |mpI|es that it had an initial
velocity of at |east 55 m/s, Since the myssile weigh ?wecan infer that
It received an impulse, 1. of at least 660 r%m/s rst weca culate whether the
I| ht cover wouI have resgonded dh ically or %uaastatlcally to the res

rewave (?ver of the missile had an area %sh p, 0f around

eg oecte area, A, Whic tem|33|ewoud aveo ffered to anexp osron
wou have been between 0 3m2and003m 20epen mgontheorrentatron We
taken an estimatedarea 0f0.1 m2 In reality, some coun eractlnglmpulsewould

150 have been recelv%d Kthe opﬁosrte face of the fittin g which meanﬁt at
the impulse received by the face has been underestlmatd I the missile re-
ceived such an im ulse Over atime T secon 5 then, |t the cover resgended to
the impulse dynarhically, it must have been displaced by a distance

0.5/TA(DA) «1000 T2m

The area densrttﬁ of (either half of?] the cover was around a tenth of the area
density of the light fi mtt; itself, which implies that that this displacement
must ave been Imost entirely relative to t efrttmg Examination of the fit-
tm?a ows%sto conclude that"10 mm di dsplacement fthe cover relative to the
|(t)t38|g|\e/v%u hgt\r/ﬁsbeen Up upper bound. Dynamic response is therefore only

T<
P We have gO? ﬂ]roHnds for behevmg that the time duration was a least 3ms,
for examﬁ rom.the vessel failure: This 1s also implied by the intact glass
tube in the light fitting, We therefore conclude that the light box cover was
subjected to afarrl static loag.
e car, also reld (e the maximum static loading experienced by the cover to
the Impulse receive

T/ (PraxA)

Whatever th)e orlentatlon of the li ght flﬁtm thﬁ fron& translucent) cover
woudhave een su H ?ted foa r essure close t ressure
We avetrredstatc oading ?htm an |dent| II| tboxtofrnd out at
aﬁ) roximately what ressuret e front cover woul |Ied Throughout
et|n vv? |ed 0 ensure that the test proce ure woudgrven an upper
bound on the failure pressure.
A 30 cm section from the cen re of the Ilgiht was tested, The curved end of
the | ht woul hav ven a |ttea dditional strength to the hght but, as the
e erean“sr t was more than 10:1, the aaditional Strength would
Under uni orm pressure loading, the failure mode would have been breaking
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Plate 3. Light box loading.

ann9 the maximum radius of curvature. Uneven loading would have resulted
In fa ure at a lower average pressure. To ensure that the failure mode In the
da gtestwasthe same as it would he frtim a pressure waye, We clamped the
fa section of cover, to prevent it spla mgi sideways (Plate 3)
etop ace of th esei(tlon Was th n?tea oagled until it failed. When it
failed, 1t starteq by cracking along the line_of maximum curvature, and then
shattered. It falled at a loadi ng 0f'3920 N. The area of the top of the section
was 0. 036 m2 This corresponds to a i)ressure ofabout 1.1 bar
Fr mthese e t|mates £ can conc Hde with confldence that hhe I|?ht f|tt|ng
could not possibly have been ex ose {0 a pressure of more than Z bar, an
that the pressure was roba ¥ deal Jess than this. The light fitting would
also have peen weakened by a flame before surviving ai
This i |ts mportant for twi Eeasons first etiause |t| |es that he time %y
ration of t e pressure wave.c ose to the vesse Was at to get sufi
ment |m ulse, taking a rﬁ)rogecte area of 0 3 and second¥ ecause it Im-
ﬂlﬁ% ﬁthtn b'h%% was generated further away from the vessel than where the
Straightforward ex?ansmn of 1a rﬁressure Wave which st ed from a 1br
Source |tharad|uso acofugleo et]rescould not veyl elded 500 M Wlt -
out an additional source 0 ner% e maximum o ast ener gase on an
ideal gas calculation) [5] from the adiabatic expansion of a gas is around:
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PS.V [I-{PJPa)l-* 7/(y-1)

where ps IS the spurce re%sure pa IS atmospheric pressure, v is the source
volume, and y I the ratio 0 Eem IC heats.
Ifwe takeasource ressure of 2bar (1.e. 1bar overpressure), and a radius
f3 m WhICh 1S an estimate of the distance between t evessel centre and the
I|g } he available energy is 11 MJ, wh|ch IS completely inad e uate Aft
vessel failure, the contentsof the vessel would exPan velg/ rou gum formly,
since they would be nucleatlng and formln dro etc ud rapidlly after d e
pressurisation. This means that any subsequent release o en rqy, arter the
contents had expanded to a radlus of arou d3m (which is wh - would be
exp ected fromamore continous rel easeo ener romW|th|n m) would also
|m%¥t at most of the ener was re leased f ro tﬁldeara lusof3m.
IS [eads to an Im orta conelusjon, namel at most of the damaging

blast originated more than 3 m from the reactor essel,

3. Other evidence on the incident

Several other pieces of evidence are important in determining the nature of
the blast-generating event in the explosion.

3. 1 Orlglnatlng event

Pressure andtem Perature read-outs fromthe reactor vessel in A Rendlx

éleal showthatln he run uPt] 0 the ex I03|0n this vessel pecame heated
an pressurised. A comparison of the tem rature ressure relationship with
that expected for the vessel contents sho edafar igher than expected pres-
sure, mdmatmgthattherewasprobabl some unknow: gasbem evolvedwithin
the vessel eprocess temperature of 165°C, a pressure of 0.2 bar was ex-
ecte wh reasth readings s owaroundf|vet|mst S,

It Is unlikely that t evessel was being heated externall Qeg bya et f|re
|mp|nﬂem nt aﬂcet Vessel apressurlsedvt/]ater ac h w
nos S0 g eated and woulq have revented eat flux thr (?B £ SICies.

ition, extérnal heatin would Pro ably have been notice ¥t eogera
tors one of whom was on ant structire at t et|me T eare Igns
from the read-out that the rea tign started gom ron? shown gunex
ecteryhlgehpressu some 35 minutes befo ethetem;t) ature started to rise

ter jacket was switched to cooling when the temperature In the
vegse ap roac% J t emtentietYv process temp era%ure P

|t seems most likely from th eew ence that the |nd|?at|n? event was g run-
awa react|on W|th|nthevesse The possib ecauseso the Funaway are being
rEP rted uPonesew ere H eon conclusion relevant to the present dis-
ﬁe glnoen IS that the most lIkely runaw ymechanlsm Involves the evolution of
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3.2 Fire damage to missile 47

A stud )(o missile 47 gives |m ortant information about the sequence of
events inthe incident. This missile landed 75 m from the explosion centre, and
had been srgnrfrcantlr byrnt prigr to bein progected

Having tested simi arhqhtfrttranrs at Thornton Research Centre ArP endix
Ff) wetc]c ncIudehthatththrsbrght frtt ghad beetn burnt by drae%t]rnlr |h ! rtrgent

et fire, rather than by radiati et fire impinoed the light fittin

endl h Both the front codler anate acﬁjace ofth Iréht frttrngghad beer(tJ
Im mqed The et fire had lasted between 30 seconds and Z minutes hefore the
explosion took place.

he damage to this light fitting (Plate 2A) was ve similar to that onan
Identical Irrq tfoIIowrng exp osuret a07msoot¥ usrve acet enefame
for 255 (Plate 2B). The acetylene flame was relativel frerce wr acon uc-
tive heat flux of around 150 K\VIm2) compared to what is [i eKto ave oc-
curred above the vesse. S? it |sfa|rlysafet concludethatthehu tfitting had
been exPosed to afet fire or at least 30's, and at most for two minutes,

e form of da ?e on Missile 47 15 much closer to that expected from a
smaII hrgh S ee%etf ame than from a Iav\%er meandenng flame, Since the dam-
agedareah clear boyndary in two directions.

he g]et Was a most certarnlg from a flange failure above the vessel or from
an opening crack above the vessel, ratherthan fromthe end of the safety val ve
duct. The safetg alve duct ran to a oveﬁ ? - Where there were no Irg{
T ere were several lights above the vessel itself, and it seems very likely that

|ss 47 was one ofthose.

e]results of this test are im ortan} f?r three reasons: frrst the%/ f(tatfhsh

t at there was a Jet fire from a flange failure before the explosion too rﬂace
for at least40s. This %rvesanrndrca lon of the rate of runaway, and also means
that we can conclude that there was a read a lar ge source of ignition when the
vessel ruptured Secon they establish that ther wasmrssrle [qeneratrnrt;blast
well away fromt eve%sel that Is, mrssrleswere generated by prast: from hrngs
that werg not vessel P ents, nor In contact wrt vessel fragments, rath
than by impact by vessel fragments). An end-on light fitting is atherstream
Irnefl nd the blast wind from the explosjon must ave been Very consi (era le
to blow it 75 m, artreularl asthee enthada time duratiop. Thirdl
can [nfer that one of the gases produced In the runaway reaction was am-
mable. This fits with asuggested mechanism for the runaway involving ketene.

3.3_Eye-witness reports

There are eye-witness re orts to su IJoport the seque fe of events described
in the conclusions. In particular, teersare1p ? flames from above the
vessel before the vessel rupture and of a farge fireball
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4, Calculations on explosion scenarios

It seems mqst appropriate to start this discussion of the plast Pattern Wwith
some calculations on what the damage pattern would have been from various
possible inciclents.

4. 1 Blast from a vessel rupture
Pressure release from normal pressurised rupture of liguid above its boilin
ornt epends on the Percenta g ofthe ?r urdFthat |mmgd|atel va orrses o%
epressurisation. For latively small loercenta?es for examﬁ) ical
eBLEVEs wh erete er entage s around 20%) only the vapour a ove
he | uid %rves S r%nr ficant bl
all ercenta%e of the liquid is evoIved as va our, the rate of
evolutron ofvapour Is'small, since it is limited by heat cond uc lon g]aP
|n w Ich gnes rise to va our and condensate, requires a heat transter rom
rop letsto egaseousph se). Inthis case the liquid phase does not contribute
Sl nrfrfantlytote |ast,
or ar? LP ntage a 8 %an unknown critical vaIHe but rr)robably near
100/o esum the iqui asevaporrsesfastenourtr to contributeto the
blast. Suc ha oss %b would be unusual, but It Is worth consicering in view

ofthe nusua level
rst estimatet ast energg%by assumin thatvre are belowthis critical
va ue Asa r%;urderne If we take 3M30f vapour phase released at 80 bar }hen
theeq uatro used in Section 2.5 gives 44 MJ. This 1s inconsistent with the [evel
of bIast The ener% yielo'was well over ten times, and probably hundreds of
tIn']rehse !‘%rrg%reltd%ramae at Thornton Research Centre, see Section 2.4) allows
ustoboundtheen g?lg/e be?owwrthafral re of 500 MJ a?thou hth?sfrgure
was fromasingle dodf bolt, it js consistent |ththedamaethrou out Th
ton) and estrmate a flgure of at |east 25 reIeased at source. A vessel
ruB ure with 3 m3of v rfour %uld have to be at around 800 bar (WhICh %IVTS

MJgtogrvethesma ler oft esefr% res, This resstrerstotall Impossible
romth kind of vessel andmconsrst twith the hear-field damace. ener%
%Ieeacgo%sr? teo th)eIr hrgher figure would be orders of magnitude beyorid what cou

The OSfrbrh rthattheho‘urdphase mi htcontrrbutesihouldbeconsrdered
For the re ase ressT e vessel ¢ éarnrngiasmp lquid or solution
this Js possinle. For example, ITa ressurrf vessel of pure DMAC were heated
untrlrarrgac e%to baatroh SWOUIDIk\)/IeA[%(?tasas ecific heat capacity o

U ulation, liqui Ifi |

kJ/k gFor pure DMA Cto aveavapourrPPessure o% har, 1tWwo mave
to ea em eratureo around ufacturers’ data sto sat har
070 K.) The latent heat ofvaporrsatron of pure DMAC is around 500 kJ/
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The excess stored thermal enerrt; above borlrng point at 70 bar is therefore
around 540 kJ/k8 This IS above e atent heat Of vaporisation. The evolution
ofva ourfrom7 barD |n lqu hasewouldn t be time- I|m|tedbg/heat
conduction (for th ereeaseo asu eate liquid there Is usual Iuarat limit
%?rsc()lgaattr%% VSVIIt[QS he required heat transfer from'the liquid to the interface near

The intended Vessel contents were, of course, a rather goncentrated solution
and wouldl have had thermodynamic properties quite different from those of
pure DMAC. Specifically, the"contents would have a higher latent heat of va-
porisation, andtheva ou nﬁ) e]ssure also would be lower &t a given t]emperaﬁure

However, it is clea t ressure/tem erature tracé for the vessel pe
fore ruﬁturethat some other va our oas was being evolved in (or was leaking
mto& vessg Epresence fajetf fe %nd evidence that t erunawa re
action_evolved ketene confirm the belief tnat a a.iwas berng evolved.
evqutron of vapour by the runaway would great ower the temperature at
wh |c the failure res ure of the vessel was achieved

Oncethe tempe ture of the vessel reached around 2300C, the DCNB/IDMAC

imtx(t)u]rg]s |gsgswould start to decompose [2]. This would also involve the evo-
Ut

AIthou nit |s |mpossrble to Perform detarled calculations gnthe (Unknown)
cemrca Sinth gvesse at the time of fajlure, the presence of significant guan-
fities of evolved gas makes It ve unIrkeh{ that the temperattire would have
been high enough at vessel rupture to give liquid phase contribution to blast.

4.2 MIS iles from a vessel rupture

Calculating drive pressures from missiles is notorlously unreliable, and al-
Wwa sundere imate the drive oressures Tg ically, ressure calculated on the
a31s 0f a naive missile model Is, at most t e actual rupéure pres ure
More sopnisticated t eoretrcal missile modeshave een gevel og
entl [17 ,but have not yet been verified, and calculatrons re dominated Sy
ther odynamic and statistica uncertarntres We will therefore analyse mi
eres on the basis of an (f grrrca [n

save rough quice, a missile such as Mrssrle 28 which travelled about

u]st have een traveIIrn at at [east 70 m/s_ (which assumes a 45

|n|t|al flight an Ie{ and has ana densrtyofa out 50 k/mZAccorolrng

rge]xp rrmenayderrved |nes |n [8], the upper Velocity limit f
rag ent from a ruptured vess I |s roughly

U=0.88c (PR/mc2)>-

in terms of the rupture pressure, P; the vessel radius, r; the area density of the
pro}rectre m; and'the spee ofsound C.

Missile 28 were avessel fragment, it would therefore correspond to a drive
pressure of at least 40 bar. The missile was not a vessel fragment but a nozzle,
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and therefore we can infer that the t|oressure that It experienced was in excess
ofthis, All that this does Is showthat there Is no definite inconsistency between
the missile distances and the claim that missiles originated from a 60-80 bar

vessel ru tut
None the less, the number of missjles was ve hlpa% alculahonsbased
on Missile 47 indicate that the missile- generatirig blast ong duration

15 likely that the number of missiles was con3|derably |ncreased y blast wind

from ah ongoing explosion.

4.3 Non-comhustiye ¢ontributions to blast

At some point ur|n the course of the vessel failure, and subsequent de-
pressur|sat|on and d|sper5|on of the reactor contents, the chemical evolution
of energ would cease Although the initial stage of the runawP/W 8tlonw
complicated, It s likely that the final stages involved straightforward therm
decomposmon of nitro- omp?unds

It 1S cIear that smce the ca culat|on in Sect|on 41 nalvelg assumed that the
evo #Jtlono chemical ener\% ceased Immediately when th ressur reached
the a|Iure ressure ofthe ssel, It neglects any contribytion from the chem-
Istr rvesse fal ure An extreme case where this calfulatlon would be in
ern r|st at ofa liquid phase detonation wherethe bulk of the chemical energy
would be released efore dispersion could tﬁ Pace

In the present case, there Is no goubt that the blast from a simple vessel
(I turec uld have been considerabl enhanced b){the decomposition runnmg
on ur|n the |sper3|on of the vessel contents |s however, very unlikely
f athc mlcarealsjgnono? ggsee\#\tllarst ﬂt |rsna|1£0trhcea%st?rgtlona8tf the blast-generatin
event, Th tb last wave had adur tion of hundreds of m|ﬁ|seconds T%|s Im I|e(sJ
that the blast- generatln% event must have pushed the surrounding air (like a
sphencal piston stroke orthls orderoft| e duration, Durm?ahundred mil-
ljseconds, the (event itself must have expanded to a radius of tens of metres
since it would have been ex and| at close to the s eed of sound). During
such an expansion, & considerable amount of air woul ﬁve been entrained.

It seems Unlikely that non combust|ve chem|str |c Was slow enough t0
he relieved b ave?se failure overéaer aps 10 ms {in th e]senset at It did pot
orce the vessel to fail aster?]woul have majntained its gat release r ate after
ttra]l%% gern spersed over thousands of cubic metres, and been cooled by en-

In addition, we conclude in Section 2.4 that the energp(] reIeased at source
was probably e[l in excess of 25 000 MJ, which s more an could be gener-
ated by nop-combustive chemistry, even if ain ofthe available non- comb stive
energ had been released.

8 ed on vessel contents of 4 tonnes DENB/DFNRB and 6 fonnes of DMAC,
the decomposition energy available (see Appendix G) was about 8000 MJ.
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4.4 Combustive contributjon to blast-generation

In a sense, the distinction between non-combustive and combustive contri-
butrons to the bfast is alittle blurred, since it is unlikely (even without astrong

nrtron source) that air would not have become involved in the chemistry

ring this process.
ere Was a strong ignition source outside the vessel. Ketene (which is highly
fIammabIe ) was |nd|cated as Present The bulk contents of the vessel were also
flammab e“t elr rel eafs emperature, aIthough not at room tem erature
DMAChas flash ornto 10°C), andthe runawzreactron maa/hav resulted
In awh oerangeo emrcal intermediiates being aporrse als

It I therefore most likely that the ru tur would result in 11 ?udden hrgh
speed et reIease ofaboutl tonneso highly flammable material from a source

ressureo]p aBV ? ar, with an energgtic |(Trn|t|on source. It Is also quite
ossible that the Whole mixture would atitoignite when exposed to arr, éven
without an |gn|t|on source.

Such a ph&nomenan Js already a IrttIe beyond a gthrng that has been tested
exPenmenta ey and is further complicated g P portion Vpe smost[)

his release being into a very highly congested area. High le so con estion
can %reatIYmcrease the sev rity ofdrffusron limited Rrocesses such asva our
cou explosions), since th econ_crrﬁstron generates igh levels of turbulence
w |c mcreaset emrxrn rate. This resil trn% combiistive event Is the most

source ofmost ofthebast observed. The fact that such an event would

te limited by air mrxrnﬁ Into the f|rebaII (albert at a very high level of
turbuIencegwouId make such an event of long dyration comﬁaredt avapour
cloud epr sion (which is limited only by the diffusion of heat and radicals
awah/ from the flame-front).

etg pical d ratron of varpour cloud eprosron IS gerhafs 50 ms. An un-
confine f|rebaI from a low- P essure source can ast f It |s easy to see
that a high-speed congested re all might last f or% ﬁ)

Thecombustrve en rg aval ablewasaroun 4230 J basedon4tonnes
of DCNB/DFNB with aheat of compustion of 1 Jq ppendix G
and6tonnes ofDMAerthaheatofcombustrono 29M Tk gg B com aring
thesT frr%;ureswrth es}rmatesrn ectro 4 wecan ?]eethata mbustrve even
involviig about a fifth of the vessel contents in the congested region woul
explain the blast well.

5. Probable sequence of events

The most likely description of events from our mvestrglatron s as follows:
There was & runeL y reaction in the reaftor vessel, evolving s%me Ig
(almost certain| J etene and carbon dioxi é ), which caused Bs-
sure to rise raP Iyonc%t e vessel aegroache F0Cess tem er ture
(2) As the pressure rose, the safety valve blew. A flange (or sim I|a failed
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above the vessel and gave rise to a get fire, The jet fire carried on burning
for at least 30 s beforé vessel failyn

(3) The vessel burst, at a pressure of around 60-80 bar. The vessel tore into
two maHor and several mrnor fragments. The vessel fragments, an man
%urrou drn&jpreces ofpl antvvork Were turned into ener g |c missiles, whic

lew up t mawaY he contents of the vessel dil not detonate.

(4) As the vessel failed, the vessel contents continued to release energy, en-
trained air and rapidly jgnited. The entrainment of air and combustion

were ?reatlys eeded U b the highly. congested environment in which the

vesse failure ook pIace he bIastwrnd romthrs combustrve eventprob
grncreae the number and even?o the missiles.

(5) A'large tirepall extending outsr the Structure occurred. A secondary fire
started vi/hrch quickly involved the inventory of some nearby xylene stor-
age vessels

We summarise the re sonrng behind each of the ste s} prs above.

(1) The event seems to have starteq msrdethevesse hrs |scIear indicated
by the pressure/tem frature plot of the vessel ( @en dix E). External
neatin |sve unli notto have been noticed btr/v he op er tors on the

timescal econcerne nd wou have affected the Water gac ket tempera-
tures, Some evolve asrsasos ownu 1)f]hevessel data, which Indicate
that the event st%rted Inside the vessel. This vrew IS srwﬁorte y an in-
vestigation intothe r nawag rocesse S reported ?nese ere [2

(2) Eyewitnesses report the safety valve liftirlg significantly before the vessel
exploced. The valve itself was ducted to qufside the plant structure, and
could not have heen the so rce of et fire w |ch burned Mrfsrle 47,
There was therefore another eakrnte icinity ofthe reactor vessel (where
there werehghtfrttrngsr)] The jet fire lasted af least 30 s before the missile
was blown away from't efrre srnce the fire damage on Missile 47 could
not have been achieved in less than this,

3) Detonation can be ruled out bz/the smaII number of |ar %evessel fra%ments
The pressure In the vessel was ade uate rel |eve on etrmesca
crack ronagatron whichwas several miltiseconds, The numb % of missiles
%%% erI rrrlrja tlurg y high, but not conclusively inconsistent with being from a

(4) The tim uratron of the blast wave implies that ene % contrnued to be
re easedwe aft(ertheves?el had ruptured. The amoun fener y release
Into the far-fiela also implies energy reIease after the vessel had ruptured.
Since the contents were ra |d|>r expanding, thrs implies energy released
when_ the contents occupied a Targe volu e, when arrwould ave been
entrajned. There was an enerﬁ etic 1qnition sour (e ce and, with ?ut com us
tion, It Is hard to account for the tot energ yiel The vessel was under-
neath a concrete floor, and surrounded by very congested structure, so that
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for any burst point part of the contents are bound to have been expelled at
hgh speed info acongested geometry. Ahl(ihlyoongested éet fireball seems
Inevitable, and could™account for the high Tevel of tlama

(5) The fireball and xylene fire were well documented

6. Conclusions

The CFA explosion was initiated by a rynaway reactjon in a reactor vessel.
Before %he reactor vessel failed, there was ajet firé outside the vessel for around
aminute

The ma|n reason forthe very joh IeveI of blast was that the vessel contents
Were re ease at ve) B\eed and ignited in a very congested area. The
ma 0|' last generatl nq e BNt Was a highly congested jet fireball.

: eblastwmd from this fireball was partly responsible for the high number
of missiles
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Appendix A

The location of missjles is marked on the mag in F|gi% There f _||0W? abrief
description of each missile. The masses of most missiles were directly mea-
sured. Those estimated are marked with an asterisk (*).

No.  Description Mass (kg) No. Description Mass (kg)
1 Instrument 0.75 31.  Pipe debris ?
2 Pipe *70 38, Pipe debris 1
Handrail 4 39 Plate debris 7
Flar.ge 6  40. Plate debris 1
3. Vessel nozzle 5 41 Cabletray T
4. Instrument head 1 4 Plate <0.5
5 Instrument base 13 43, Reactor foot i
6. Instrument valve <0.5 44 Reactor foot packer 89
. Unistrut _ 5 45, 2mopipe 31
Instrument coupling 4 Pipe and flanges 38
Handrail *2-3 46.  Reactor foot packer 8
8  Casing fragment 0.75 47.  Lightbox i
9. Casing fragment 0.75 48  2mpipe 26
10 Casing fragment 05 49, Unistrut *3
11 Casing fragment 05 Instrument probe *3
12 Casing fraqment 1 DP cell 3
13 Instrumen 15 50.  Valveyoke 2
14, Casing fragment <05 5L 2mpipe *3
15, Debris 52. Cock *25
16.  Pipe. 4 5. Pipe *T5
Debris 54 Floor %ratmg *45
17. Pipe 7 55 Valvebonnet 15
18, Pair of flanges 15 56 Floor grating 6
19 Deadend lubricator + 10 5. Vessel probably > 1000
20 Pipe *10 58 Flange <0.5
21 Valve actuator 70 59, Lagging sheet <0.5
2 Ballvalve 46  60. Handrall 3
23 Vessel fragment *15 Pipe *7
24 Control valve fragment 3 61 Cabletray 5
25, Instrument stan 2L 62 Probe 38
26.  Cable tray 55 63 Instrument <05
Debris 64.  Pipe fragment <0.5
27 Cock and flange 765  Nipple <0.5
28 Vessel nozzle 51 66 Instrument 6.5
29 Reactor top fra%ment 675 67.  Gearbox support 35
30.  Instrument level cock <0.5 68 Reactor drive coupling 137
3l Flanges 25 69 Debris *3
32. Seal cartridge (reactor) 70.  Debris *3
33 Instrument stand 20 7L Floor gfratlng 60
34 Gearbox (reactor) 365 72. Lamp fragment <0.5
3. Pipe debris %35-38 total 73, Instrument 45
3. Pipe debris about25kg) 74 Plate *7
5. Reactor shell fragment *150
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Appendix B

Inspection of Stanlow site damage
Numbers refer to the number in Fig. 1
(1) The structure around R7601 (the reactor vessel) had been devastated. |
was not able to identify very much within a couple of metres of it. The
damaqe extended some distance back into the structure at ough the far
side of the 5) lant was h?rdly amaged ata Even th ou}ge tevsses it
wasaonﬁ n outward face’of the vessel the bulk of the vessel ended u
outside the structure. A lot of the devastatron of the lant apgeared to be
aﬁsocratedwrth the farlure ?fthe north-west | elgo t econc é roof over
the vessel. The roof is clear 3/ Identifiaple. Most of the visible damage was
ductile rather than brittle, thou h this is probably because most of the
structure was metal_(dlistance f rom explogion centré 0-5 m r)] Plate 1
(2) Small one-storey brick building was completely deroofed. There was slight
?lamage éo the top cc“rpl of courses of bricks. No dama?e was detectable
urtner cown the wall. The roofwas of corrugated const uction. The bot-
tom part, ofthrs burIdrngwasweII shielded from the plast. The pressure
Terentra across the walls would have been relieved by the farlurf of the
roo The damage of the top was similar to the damage that would have
een ga(t)rrseg rb%/aTNT blast wave of overpressure 150 noar (distance from
(3) Sr g?e store control oomwasbadlg/damagedstructurally, hut left stand-
Ing. The nedrest corner on this steél-framéd building was debricked and
deroofed Ieavrn%onl the stee| frame with alittle struCture | eanrn% %arnst
It. Halt-way alo gt e nearsiae, at about 15> mfrom¢ eexp 0SI0N centre
the wall was Inta twrth onl the roofmrssrn%] This indicates either quite
arabrddeca In shock strendth orverg [rectional damage gmore robably
the Tater). From standard TNT tablés [1] the dama Ne_near corner
IS similar to the dama ethatwoud ave Deen caused nX T blast wave
of overpressuire 500 mbar shock wave whereas the damage haIf -way along
the waIcouId corresPond to nearer 150 mbar.
The ar sl eo fthe control room was intact (in th tsense that the far wall is
ar eyun da ﬂ but it adclearl% een sheltere romtheblaé thythe rest
e bul Ig ere |ska strongt dency towards Increasing dariage wit
herght Afirs flo% r brick wall (s %8 ds%rt of staircase?) towa Ps the hack of
the control room as been MoV 0 en at a distance of around 25 m
fromth eex |osion centre g stane rom explosion centre 10-25 m
(4 Asrng store see -fr med eontamr atl nburldrngcose to he ex%l
sion tentre had been comp etey utted. The steel frame was bent
ga(bg %mrssrlecf ther than blast (a fli ht of stairs seemf to hﬁ\}/e
ane n this building). The damagetothrs Uilding was similar to t
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damagg that would have been caused b}/ aTNT bIast wave of overpressure
about 0mbar§ ft nce from explosion cengre 15 3
(5) Asin estoreX ee ramed corry atedsheetburldm hadall ofthe sheet-
mg ripped awyont e rontandb ck faces. A large tank had been shifted
the ground towar Sit. The dama%etothrs structure prro ab yrssrm
llar othe dama e%at would haye be ncause aTN as wave of
overpressure 40 Erstance rom exR osion céntre: 1
(6) Nearb smole stor%/ ontrol room mainly intact. A one- brrck 9") wall
moved about ( ne window gnd frame’bent inwards. Clo ?es window
to explosion virtually unaffected (3 of Lo panels broken), Wall movement
was utwards This is similar to the damage that would'haye been caused
ogntre bIast wave of underpressure 200mbar (distance fromexplosion

(7) Ameni bIock his tempora block was of a wooden-framed construc-
tion and was two stories hrg eendwallofthrsburldmtt; facing towards
the explosion centre, was Caved inwards, but the rest of the upper store
walls were sucked outwards The side faging the burlitmg Was sucked 0
much more violently than the far side, withthe panel w: bem(%nearﬁl
metre displaced at etoP The desrgno such buildings 1 |s suchthat they
are much more sensrtwe 0 rarefaction than comI%ressron utte amar%;
to this building pro ab corresoon ds to 150 mbar of rare aftron and
compressjon o the side acmﬁ eexo osion cengre. The build mP Was
gtethetr%e% 6rggr direct ling of sight from the vessel (distance to explosion

(8) One wall on the squoIane pI nt fa gmg towards the explosion ¢ ntre had
been sucked outwards. An L-shaped béam had been bentoutwar sand the

corngate sheetin tv9 att ched to |twas buckled, The sheetmﬂ ?d not torn

much, wit on the screws attaching the sheeting 17 place ripped
out. Some ca cuIatrons on this beam are incltided in Appendix C. The con-
cIusron IS that the wall was subjected to an underpressure of around 180-
220 mbar (tmclugm the strength of the sheeting itself) (distance to ex-
0slon centre: 6

(9) The corrugated sheeting on this warehousewas Ppled”throu hout In-
terror un ttachedg su Port s‘ruts ad been bent nwards] andthe sheet
was left bent outw: rds hrsa owe the fiqures forbotht e compression
and rarefaction part of the pulse to be estimated, Th emanufa turers ro
vided the Information that the s eetm (wit thrssrloangwou move
elastically, |fsubjected to ground 25 i ar but inthis case the deflectrons
were far ?reater 50 We Performed some testm on thes eetm urselves
Theoonc usronwast atat noverpressureo round 30 m arte ee m
ylelded comp etew The deflection of the sheeting In this re met ere or
Hrv Srp%é ur%n ndication of the energy In"the overpressure and
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Interestingly, the damage to the different sides of the building was very sim-
|Iar The whoIe building wWas sheItered from drrect blast, but even 50 the Wwave-
go 0f the pressure disturpance must h %een compara ble to the srze of
uilding t orve similar damage tot ed| erent srdes The Iar est def ec
t|ons measure n the sheeting were on the far side on the buildi r(h from the
exg %sron and next to the doo XAIIowmgforthe tru?turﬁl members that
also bent In the e rolosron gives a lower boun mbar Jor the overpressure,
25 mbar for the underpressure. The degree of deflection gave a minimum
frgureofaround 600 J/m2for the energy density of the compression rt)hase and
Ht al tatforthe rarefactron hase. The ?tt;ree of shelter that this build-
a0, togetner with teverly g duration of the pulse experience, means
htthrs ould give an unde es mate of the yield of the explosion (distance
rom explosion centre: 9
10) T e matenals and transport buildin sutfered a lot of window damaq ,
with somesr ht amaeto corrugated sheeting (not countmg missile
dama% The mdow towad]the explosion centre were all pulled
outwards, some comp ete ut oft errfra es, others just broken and
ent he windows were |re -reinforced tI;ass On the far side of the
buildin some ofth windows were slightfy pushed inwards, but none
were sucked outwards.
The most likely intepr etatron for th|s attern is the following seﬂuence of
events, The building was first subjected to a com ressronwave which buckled
many, of the windows Inwards, on'both sides of the buil drng The bul dmgwas
not rt|%ht and there would have been some arrlet maoundte ucklin
ut even S0, the corrugate]d sh%tmg had not fa| ed much w ich me%nst
this overp ressure canriot have been”much over 50 mbar. es an petween
vertical boIts onthe corrurt;atronswas 120¢cm, the fi uress ?? vt e man-
ufacturers ofsrmr ar sheg m? S vv%%lestt at this would have failed Wards at
around 70 mn ar his was follg rarefactronwave which sucked many
of the front windows out completel tX owever, once these windows had been
sucked out, the pressure |ns|d the urIdrngreIIra Iclly eno geh to Preventsuc
tion damage on the rear- acm windows he ve ting of the buildin dunn%
the rarefaction makes it hard'to quantify the level of rarefaction pdlse, bu
%braI ly Srg grvgfaales% around 50-100 mbar distance fromexploston centre; 150-
acce(r))t thrls se%\uence of event w cnes imate the time durfatron of
the rarefactl npu se ar?e sharp- esoge ewrt a arive pressure of 5 mpar
ventsarratatfout [fwe take % gwrn owsasventm . the build-
mI%] has roughy1m20fvent er 200 m3of building volume, The timescale over
|c ressurT woul vent |s therefore aroun mbar. The dyration of the
rarefaction (P se was therefore probab vat least 100 ms (since It has to have
a rise time of ahout 30ms3 Thi su%gessa ain that the pressure rise and fal
was relatively slow, corresponding toa longevent. It is remarkable that com-
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Plate 4. Damage to materials and transport building 150 m from explosion centre.
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Parable damaﬁe aIthou%h slrdhtly milder (the frames moved, but no windows
ell out), to this occyrred ewrre ramed wrndows of Burldrng 58 on the
Th rnt nsrte atadrs}anceo 0 mfromth gex plosion site.
(11 3 lant building was com letely cleroofed. The roofwasabrrttle
corr ﬁa ed sheet, which would h ave broken up farryeasry he amaq
ave been caused by as ittle as 20-30 mbar; but If is |mpossrb
%1_ ntr accurately ([drst nce from explosion centre: 3
(12) he co ru ated shiegts on the roof of this substatrrfn wer ve slightly
f rpﬁ] The over ressure requrredto do this was only 30 moar. {distance
explosion centre: 7
(13) Three waIIs of this corrugated sheet but were rrg led and left been out-
wards. The underPressur re%urred to do this was around 30 mbar (dlis-
tance from explosion centre: 2
(14) The building behind the xylene storage areawas robabl?{marnlyaﬁected
by fire dam e T hewrndowframe on the near side to the explosion was
presumanly ushed |nwar sbgt e ex osron whrchwould have required
an overgres ure of per damage tot |s wrndow SUg-
stst t the Keebush x enevessesmaX ave tarted leaking due to the
Ce%stedama% rather than the subsequent fire dlstance from explosion
(15) One Wrndow frame on the aIcohoIs PU workshaop, facrnP towards the ex-
|losion, was Suc ed outh n%/a ewcentrmetref T |sw?udre uire g static
ressure moret an 50 mbar. There was S ? ht wall movement In this
uildin |chaa|nsug ests that the underpressure felt here was per-
agsl mbar. S ncethrs urIdln% IS ad) mmPthe materials store, the
ex errence similar presSures.”( There are no, nearby ufdings
ore lect 0 shled ressure.) This there ore lends we ight to afltt;ure f
00 mbar rare actl nforth materras building, with amage mi gated
t¥vent|n trou the windows which came ouf, and supports the claim
tthe ressur pulse was long In duration drstance rom explosion

(16) A4mhrﬁ;h co?rugated sheet burldrn awa fromthe main blast direction
was pus d'in at’the top, and was u%v at the pottom. This Indicates
% at this Iocatron the com ressron as defrnrtel stronger than the
sequent rarefaction asef jstance f rom osron cent g g
(17) Trg?n cgrru Sat)erd Cré)r?frre)f IS bui drngwasshght entoutvvars (dlistance
Xplos
(18) This buﬁ g had s‘rght rrpptes in the corrugations (distance from explo-
sion centre:

Appendix C

Structuralcal lation
This ap endix collect cts together calculations of the internal pressure re-

quired to upture the fluorodromatics reactor vessel and propagate cracks in
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the vessel wall, and the external pressures to cause damag_e observed on other
objects in the far field. In all cases the calculations are quaSistatic. The greatest
solirces of uncertainty concern the properties of the materials in question.

Cl Rupture of reaction vessel by internal pressure

Cl.I Rupture of yessel head

The biaxial tenslle stress aH on a small circular element of the vessel head
(radius ar) s given by:

PnSr2= 2nSrtHaHSH/RH (C.l)

where p 1S the internal vessel %vergressure, fHis the averagfe vessel hea? thick-
ness (= 159 mm), and ru isthe |

cal vessel head radius of curvature («2m )
P = 2tnON/Ry{ (C2)

For rupture, aHmust be gr,eater than the ultimate tensile st_renﬁ;_th av, 0fthe
vessel material. av 1s a function of the material composition, Its |stor0y such
as any heat _treatment? and temPerature at rupture. A value of 30 tons/in.2
I(_4|165 Pa) is typical for weldable structural steels (e.. EN2) up to 300°C.

ence;

P HEAD RUPTURE—2"h\u/ Ry (C3)
Phead rupture — 4 MPa (« 4 bar)

C1.2 Rupture of vessel wall

By contrast, for rupture of the vessel wall, it is the hoop stress in the reaction
vessel wall qw, that must exceed av:

P2RWSh=2twShaw (C4)

wtgje_re tw s the averzz(lle vessel wall thjckness ,213.8_mm?], B is the vessel Wﬁ”
radli

Uf of ?urvature 25m) and sn 1S an axial (ring-shaped) element of the
vessel wall.

P —h\ <A\/RW (C.9)
PWALL RUPTURE —Ew°u/7?7W (Ch)

T'wall ruptu re—.1 MPa («51 bal‘)

Thus the actual rupture of the ves%el would be expected to be in the wall, at an
internal pressure not less than 51 bar.
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C2 Propagation of cracks following rupture,

FoIIowm(I; the initial ru ture cracks will propagate around the vessel ro
vided the strain energg leaseq by the crack fr ont aavancing a distan
exceeds the surface enerqy required to Rroduce the additjonal crack Sur aces
This section considers cre cks propagatl % axially (down the side of the vessel)
or radiall éaroundthe circum erenﬁe of evesser)] Both directions of crack-
mlg occurfed on the reaction vessel; the removal ofthe top ofthe vessel required
; %x% C|rcumferent|al cracking, whilst the body of the vessel was split open
y

| cracking,
C2.1 Axial (longitudinal) crack
Gtwbda<27iRwtwda(<Jw/E) (C 7)

where c is the surface ene %per unjt area of crack, e is the Young s modulus
(« 210 GPa for steel) and s the hoop stress in the vessel wall,

G=KI/E (C8)

where i IS the critical stress intensity. factor for the material. Like av, kic
depends on the material composition, history and temperature, larger values
of ke Indlicating more ductile materials. For the weldable structural Steel con-
5|d rzeg g)bc))/\lleel d( N2), ki x 100 MNm 312 at 300°C. Equations (C.5), (C.7)

PAXIAL PROPAGATION — (twikic)/ (v tRwAI2) (C9)
Paxial propagation —0.50 MPa («5.6 bar)

C2.2 Radial (circumferential) crack

Considering a circumferential crack propagation around the vessel wall:
Gty,da<htwda/ {a\/E) (C.10)

where da |s the aX|aI tensile stress in the vessel wall, and n_is the length of

vesse wa rel |eve 0ythe crack opening (taken to be the distance from the
head we flto th etoP fthe coohngwater coll « 400 mm).

The axial stress in the vessel wall'is given by:

PNR%, =2nRwiwaA (C.I)
Combiningegs. (C.8), (C.10) and (C.II) gives:
PRADIAL PROPAGATION — (2y j2twKiC)/ (R wj h ) (C12)

Pradial propagation —4.9 MPa (x 49 bar)
The estimated rupture pressure is therefore sufficient to account for both
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observed directions of crack pr(ﬂ) gatlon |t should he noted, however, th?t the
mternal ressure In a vessel will réduce very rapid foIIowmgthe nitial rup-
ture he internal pressure %and assqclated strain in the vessél wall) required
for crac JO oga?atton must pe maintained throughout the progress ofthe crack.
Thus, ot most 5 8Iete removal of the Vessel head, crack E)rog gation
must have heen rapi the internal pressure at rupture must have been
somewhat higher than the 49 bar estimated above.

C3 Energ dissipated.in crack formation

The total enerqy dissipated in crack formation, ec, is given by:
Ec= LciwG= LotwK fo/E (C13)

where Lc is the total Ien?th of crack, apprOX|mateI%8 m for acomplete circum-
ferential crack and 3 m for a full length axial crac

Eck 1.2kJ

C4 Bending_ of steel bea
This Se¢ |8n tconceerns the bending of a beam be_lyond the elastic limit. The
beam In question supported corru%; ated sheettng he radius of curvature R¢
a beam’ (at the neutral axis) Is given by

RC=EI/M (C.14)

where e is the Young’s modulus (210 GPa), m is the external bending mo-
ment, given by.

M =0.25FL (C.15)

F is a concentrated load af the centre of the beam span, L is the span length
S 1 15 the second moment of inertia about Phe neutral axg !

1= Jw (r)radr (C.16)
0 |s the profile of the beam perpendicular to the plane of bending. For the
{shape %é’ TP P ¥

2(1)=0.06m for 0.12m< n+n<0.13m

=00Im for 0<(n+r)<0.12m
=0 for (n+r)<0 or 013m<(n+r)

nis the dtstanc of the eutral axis from the inner edge, and r is measured
outwards from the neutral axis
Minimising 1 (to determine the position of the neutral axis) leads to:

n=0.0817 m (i.e. 8.17 cm from inner edge)
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7=3.135 10-6 m4

_Tp]ebmaximum stress in the beam is @ compressive stress at the inner edge,
given by:

Grex= En/Rc (C 17)

For Plastm y|eld|n%( errm<must exceed the gneld stress ov. For a typical hard-

ened steel (Hv x 500 % ¥ 16 X109Nm-2. However, thisneglects the

Probablll thatthe n ered thet%eamwnlrellethhe local stressty buck-

Thus a more realistic ntenon or the onset of plastic benqu S when

tThﬁ ttensne stress at the outer eage of the beam, <, exceeds the yiéld stress.
atIs;

(I'T:i?(o.].S—n)/Rc>oY (C18)
76<6.34m

The corresponding deflection of the beam S, is given by:

(2Rc-S)S = (L /2)2 (C.19)

SxL2/8Rc=0A4: M

On substituting eqs. .(C.14)- ?C 163 into eqn %C 188 the concentrated force
required for tensile yielding of the uter edge of the beam v Is:

Fy>4iav (0.13—)L (C.20)
Fy>87 KN (« 8.7 tonnes)

If the force were evenlg distributed, the total force for r%ﬂeldmg would be dou-
bled to 175 kN («17.5 tonnes). In o dertootalna estimate of the over-
EressureS Cat this point, the for ce mus ed|V|d? fythe ﬁreaofcorrugated
heeting supported by the beam (2 m high along all oflengt

spc—18 kPa («180 mbar)

It should be noted that this calculation does not allow for any bending strength
on the part of the corrugated sheeting bolted to the beam.

C5 Broken door bolt

isual descripti
Tfuls section.concerns a door at the rear of Building 700 Thornton Re

searc Centre. The one andahalfstandardmdth doorwasPa“e outwards K
t epressure wave. from the explosion, tireakln%abo tofcl cular sectlon Wlt

%27mm diamet ?r Fromavisual examihation only, ﬁﬂeare t? ave
suffer d some plastic deformation on one side fromimpac with'the door frame;
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followed bg brittle fracture. The grey and multi-faceted appearance ofthe frac-
ture surface indicates that the material 1s a malleable or ductile cast iron.

C5.2 Impact energy

The fracture ofthe door bolt may be considered with reference tothe “Ch? hpey
V-Notch Test”. InthrsalO mms uare section n(gce Dar js sug ort
tween two supports 40 mmapart, The centre of the bar is struck by apendulum
to produce fra ure The energy lost by the pendulum is equivalent to the frac-
ture energy ofth esRemmen

The saime test can pe carried out using unnotched specimens. In the case of
aferritic ductrle cast |ron at ambient temp erature Ahis r¥|elds fracture energies
of 150 20 J, over a wide range of material compositio

To estimate the fracture e er%y of the door boIt It Is necessary to scale the
Charpy value by the area of the

=(n/4)(d/0.01)2Ec (C.21)

where E BIS the fracture ene tqy of the bolt, £ i |s the Charpy fracture energy
2 and « Is the diameter of the bolt' (0.01
h|s enefgy is provided by the overpressure sps actlng on the door:

Eb=SPb{A/2)s (C22)

whereA is the area of the door %» 2.4 m?2) (the factor of two is to allow for the
oorbern sugé)orted at one sr es), and s 15 the distance of action of

In
the re? mp srng h é ckness o?th bolt and the maximum free move-
ment of the door when Bolte {« 2d)

dPB=Ec(n/4)(d/0.01)2/Ad (C23)
(5Pb~ 6.3 103Pa (63 mbar)

Appendix D

Thornton Research Centre Damage from flyoroaromatics Iant explosion

Thrs arevrsedhst of the (itiamae It |vesareasona Ie Imp re(ssron of the
eve an gpeso amag% % panes of glass were bro en and not
all of thesé are recorced below. T edamaelocatro is marked on Fig. 4
1) Substantial pieces ofplpe ag (I;Img
2 Fourrnset metal doors in “rofler” doors pushed inwards. The frames of

aII our cloors were bent. The doors were araIIeItothe fence. The nature
0 ft egastrcdeformatron and tear su?%este alo agU)ressure pulse. Th e
uratr n must also have been at least 30 ms to have time to movete
oorsont el f geswr g % enougi tostartd(? nl% 3 There w
no sign that the doors had g led outwards afterwards, but it would
nave been harder to puIIoutth n push n.
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THORNTON RESEARCH CENTRE

Fig. 4. Map of damage to Thornton Research Centre.

A nearby door of similar construction, perpendicular to the fence, was
gp%awgge?b(%lstpoughveryshghtlymore heltered), which suggests some
This kind of damage fo these mset ‘roller” doors occurred elsewhere
on 5|te See below and was probabl Iy cqused by a force of about 5 kN
Wwhich crre nds to an overBreSf eofah vt 50 mhar. Thed3| n of
these doors makes them particularly suscepti eto Overpressure da ?
(3) Asetofﬁredoors had been forced open outwards. Not much force would
be re(?wred to do this, but it |s evidence of rarefact] f?n
oors tcoverst |gS|de the Ult| ce] erha ecomeo ﬁve? 8Iosektjohf|re
| U VErs were ve nd could have
been | |fteggg\5| % to%m ck them ackoutlgft eir fittings showed
tatth|swasn } |kelg ein Oullleed ut (and flexing) dueto rarefac-

tion is more like d not nave require h force.
(5) Astr Ilet;ht fitti ngt ?allen down It |s |m osagle to work out the
reason with certainty, b

ut|twasprodamy ullding shake.
(6)  The detonation_ room js constructed with “blow-out” panels, WhICh
should vent any internal exPIosmn Two ofthese Paneshad Partlg 0wn
out (1.8, sucked from outside We have tested th e(se anesan found
that the movement corresponded to a force of 1 kNon small panels,
which corresponds to an underpressure of 60 mbar.
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(7)  Two_filmed windows cracked. Erratic damage is hard to quantify. Im
Possrble to say whether It was rarefaction or Compression. The windows
aced in the dlirection of the fence,

Two large wire-reinforced wrndows torn out of their frames outwards

The wintows were door- srzed eframesh ddeformedb ab%uta oot.

All the nearby windows of a similar f 1 of such) were pent out

wards sllﬁhtl and rendered unsafe hto the 32 panes of wired glass

were broken Damaﬂe was Q/rare actr but constructron meant that

teZ would be much more $ensitive to rarefactron than compression.
hé windows were perpendrcu ar to the fence.

(9)  Fourteen window pangs Aust below roof level cracked. Crackrn%was as-
soclated wrth fra es pend dNoutwars The forces required t0 do this
were not | arg The windows ere ara lel to the fence,

(10) Three stee oors ushed |nwars eormedb about9|nches Srmrlar
f%r(i equired to s%m %but oors weré further from fen 3

tere fsrom grtrgct last.” One pair of timber doors were pulled out,
damaging sli

(11) Threg ou% ofFf)‘our ImX1 mwrndows broken. All small windows intact,
Should be abIe to calculate an%]e to blast. No Iass |eft the windows, and
|t 1S |mpossr eto assessr damage was |nwar S O QuEwards.

(12) (ﬂt H 12 small windows broken, 9nassoutwards It is Impossible to

te If this dama%e was resent before e explosion

(13) A oor was r d) args. The damage of the door locks was consid-
erable. T botwas bent and then snapped. The battom bolt was
bent and npp d the corner of the qoor off. The to boIt has been ana-
g 6 'orgfn IX C} and hadayredener%y of 1 ? Allowing for the
lower Dolt damage, this owes anener yde sity of at [east 100 m 2for
the rarefactron phase of the blast (Which 1s consrderable atte IS-
ance An under ressure of around 65 mbar is [ndicated. Atotal ene t\r\%

at Ieast 500M |s Im |ed (150 J of rarefaction ener% \ 0n one of
door balts 375 wsarar\ef&ctron energxden |tggf% /m2
overa35mra |us emr ﬁherew Ich IVes an %
just |n rare ?tlon |m|o gat least 500 MJ total: a uﬂh thl? frgure
I calculated from a single door bolt. 1t is consistent with the level of
rarefactron underpressu d estlmated from elsewhere at Tharnton,
A'heavy 3 m door ripped four screws and two nails from its Dolt out-
wards. AIthou h the f rce re u|red to do this was rea?onable the door
areawas areab the required ove (Pressurewssm

15 r? ng roken One first tloor window frame bent inwards, one
seco d tloor window frame bent outwards

16 mglass &Ianels crétcked (rooms 6, 7, 28 and 29).

Indow cracke
Draught proofing on door moved outwards.
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19) Draught-proofing on garage door moved outwards.
20 Fire door opened outwards.
21) Two glass panels cracked
Six window panes cracked.
Glass-fronted door cracked.
West-facing roller door pushed inwards. Similar to damage in (2) and

Jrhree é}lass panels broken
Gass oor panel broken.

Five glass panels broken.
One Window cracked.
Claddln? cracked an (? damaged. Timber doors sucked outwards. One
wingow rame pushe

OO POPOPOPOPNY norOoPrS
N—O COOCO—I1CYU1 =ooro

Celllng tiles blow out. One Ipalr &f double doors blown out, bolts damaged.
External doer litted out of trac
Roller shutter door damaged inwards. The other doors damaged
outwards.
Appendix E
Reactor Data 20 March 90
Time Reactor Jacket Reactor
temperature (°C) temperature (°C) pressure (barg)
2:50 149.8 160 0.218
2:51 1504 160 0.225
2:52 151.0 160 0.234
2:53 1515 160 0.246
2:54 152.0 160 0.261
2:55 152.7 160 0.280
2:56 153.2 160 0.299
257 1533 160 0323
2:58 154.4 160 0.349
2:59 1549 160 0.376
3:00 1555 160 0.404
301 15622 160 0,438
3:02 156.9 160 0479
3:03 1575 160 0.524
3:04 158.2 160 0.574
305 1509 160 0,626
3:06 159.9 160 06%
3:07 160.3 160 0.755
3:08 161.3 160 0.831
3:09 1639 160 0920
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Appendix E (continued)

Time Reactor Jacket Reactor
temperature (°C) temperature (°C) pressure (barg)

3:10 164.4 160 1031
311 165.7 160 1.146
312 167.6 160 1.203
3113 169.4 159 1435
3:14 1716 156 1614
3:15 1742 150 1844
3:16 1772 144 2113
3:17 180.6 139 2473
3:18 185.0 12 2.976
3:19 190.3 130 3675
3:20 Data lost

Appendix F: Jet fire tests on light fittings

An element (if the investigation concerns Missile 47, a 4' twip-tub |Iﬂht
fitting that Is believed to have een e{ecte fromthe plant, It is not clear whetfer
thrs was an acérve or redundant uni

This atp penaix descrines an Investigation of the damage and associated ex-
perimental work that was carried out In a number of stages.

F1 Examination

The foIIowrn% observations are from examination of Missile 47. For conve-
nience, the locatjons of features are referred 0 Frg 5 the orientation indicated
1S arblfrary and 1S not Intended to relate to its or grna orientation.

The unit was essentially intact; the right-hand half was fire-damaged. On

cover hinges “rear"

r_u U Li

left"” “right" F}j

cover clamps "“front

i_ cable entry fire-damaged end —l

Fig. 5. Sketch plan cf Missile 47.
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recer 9t the left-hand and central cover clamps were unfastened and the cover

'
The (gRP casing had notsuffered significant mechanical damage but a quite
compact area of 4 outl cm2at thé right- hand end extendln aroun the
sealing channel tOWﬂr 5t enrgethan covercamé) had been b d]rne to the
exten t atessentla y all the resin had been Jost, leaving an |nco erent mass
off ass | re Thrs hadhttemechanrca stiffness and was sqft to touch.

% ht-hand half of the cover had been burned and distorted and had
part|ay oIIao(sed tthe rl t and andthere was an Irregular hoIe approx-
Imately 2 cm. This Rad rounded (burned) edges, Te. it did not have

sharp, cIean ed%es that would be expecte to result om an impact fracture.
The Inter aceg fween t ?]burne portron of the gover and the unaffected re-
gronwasvery |st|nctW|t a relatively small band of soating.

Proxrm tely 50 cmof the thin, outer Iayero the metﬁl secunn band that
fits a undt enﬁ ry of the cover was missing. At t t-fland end it
appears that it might have been burned away; at its left- han end (near the
centre of he fronte e |t had been fractdred [ torn,

e remainin %cam \Was [elease |twwap£arentthatthe nght
hand en of the cover'had become fused to the internal components Inoder
to release the major Portlon a fransverse saw cut was mad e at a roxrmate
24 cm from the 11 %h hand end to |n|t|a]teafracture which se ate the ré-
gurrled slectron The adhering rubber seal was also cut in three places to secure
Inal release

It was nojed that the front tupe was broken: part of %beln%attach dto the
cover It1s farraycertarnthatthrs break was no caused by re ovrnot e cover
although the d %emay have been made sli ghtymore extensive 1n this op-
eratrortr The reart Ube had remained intact, surviving the blast and subsequent
Impact on Jandin

1Qﬁ rubner segllng Stri had been |ncorrectIy seated in two Rlaces toward
the efé hand end; one at the front f an%e and one att e e The permanent
set and.witness marks indicate that it had been so fitted for some'time. This
would likely have impaired the explosion-proof rating of the unit.

Xposu fire
lelr:'r opr(derrteotdefetrmrne what form ftnd duration of fire had caused damage to

the cover, an expenmentto SUbjECt Ighting units to direct tlame impingernent
and to radiation only was set ug

nattem t was made to enerate com fzivable damage to two ?rmrlar EAG
units b rvqex osure to a / MW prop anee ame. One was partially engul edt%
%he flame with haIfofth Cover Su v\} ected to direct Im |n ement a‘(a out 4
rom th get ource. T eatfux ithin t e|m |ng| g amewou be of the
orcer of 200 kKW m 2 wrt ap O|oroxrmatel y 50% radiative and 50% convective.
The other unit was positioned approximately 1 m from the edge of the flame
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env Io receivin éhat estrm t dto be at least 20 KW m-2, with
ha 0 t ecovers |e oar Both fing Units were ex 0sed In Test

mw hich th een%u fed unrt became severeydamaged whereas the other was
vrsua unaffectet, The damaged unit was Temoved for Test 2, 1n which the
flame was allowed to burn for & Ionger period.

The %rttrngs were exposed to the jet fire for 25 s. From end to end of the
grn ged cover there was a complete range of effects from total destructron to
ffacted. In the region where the edge of the flame enveIoPe nad im %
é e]cover there was atransition zope of about 150 mm containing whi
charred material. It is estimated from the viceo recording that degreeo
damage comparable to that on Missile 47 was achieved in 12-17

The apgearance of the irradiated cover after 3 min exposure to thermal ra-
diation was totall drfferent]to that Inthe im (Pm ement experjment. There Was
noswelhn orch rring of t esurface tha 50 ened and collapsed, | eavrnga
lossy Surface with some small blisters. In further contrast éo CEAG unit'1
el terface with the unaffected region that had been shielded by the board
Was sh arrt) Sabout 15 mm wide).

The Interface between dlamaged angd undamaged ortions of Missile 47 had
some quite shar deIrneatronssu grestrnér ttheu affe%ted halfwas shielded
t0 ace tam ext nt The soot pat nted to support this. The aftected sur-
face, h owever had an a_{)tpearance more akin to that seen dunnﬂflame en%ulf
ment of CEAG unit 1. At this statTre It was concluded that Missile 47 had Begn
ex osed to short- duratron ﬁartra direct impingement of a flame rather than

onger exposure to radiation from a nearby flare.

F3 An I

;p es of the cover matenal of Mrssrle 47 were sutgected to infrared and
w?trh]% Ossgeg}roslco g/harlr met)tactrec nr%e rfdrve sRﬁctr that wegesc%n(srstent
had some dlif cu¥ o/btamrn adgrtr na exam les ofunrswrth |s L)OVGI‘
slncetheuseofPM Aws |s ontinye d] yearsa tua Bsrm
llar units were located an anayseso t ecovers co |rme PM A. Ong of

these units was used In Test 3 and a second in a blast-loadling test.

The CﬁSIn ofeac unit was analysed usrngﬁyrol}/srstec n Ues. Itwspre
sumed that all the fasm S Were constructed from the same type ofpo yester
composite; the results supported this.
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F4 Exposure to small flame L L.

Evidence from.the _casm? of Missile 47 sug%ested that impingement of g
smaller, highly directional flame, allgned essentially alon% the fyor axis of
the unit, was a credible fource. Ana et¥lene torch was used to produce a lu-
minous, sooty diffusive flame of about 0. mlnlen%th. The radiant component
of heat flux from this flame was about 150 kW m-2; the total flux could not be
determined because of excessive soot deposition on the monitoring instrument.

Test 3

The Ilghtln% unitwas Stroﬁ)é)orted horizontally with the transgarent COVer up-
permost. Alth ug_httnsal st certainly bore ig relationship to the orientation
ofthe onlgmal unit, if offered the best View of the critical parts in this test,

_T'he torch was hand-held and directed onto the comer qf the casing In line
with the sealing channel ana at a small anPIe to the main axis gf the unit
ap]mmr% fowaras its centre. This caused the ffame to engulf most of the end of
the uniit and to wash over the cover. _ _

The dense nature ofthe flame J)revent_ed much observation of the behaviour
ofthe ta%;,et, either djrectly or fromthe video recqrding, and it was not possible
to deterniine wnen the various components |%n|ted. A soot Ia}/,er, Wwas estab-
lished on the_cover at between 5-,1%3. After 25 s, there was definite evidence
that both casmg and cover were alight and at that point the torch was removed.
Residual flames were extinguished with a dry powder extinguisher,

The f%v?r h?d tE)artlall coll s?m asimil rmann?rto hat of Missile 47,
Asmall hole ofabout 2x3 ¢m had formed at the end gfthe cover, The resin of
the GRP casmg had burned to an extent that the re,mforcm% fibres could be
(r)%al(\i/llpslssﬁg%at d. At the edge of the sealing channel it had burned through, as

No thermal radiation experiments were conducted on units with a PMMA
cover. In ljght of the rPrewous work, It is mcongejvable that the assoglated
intensive démage to the casing could be achieved in a reasonable time frame
without flame impingement.

F5_Conclusion

Fire damaﬁ;e comﬁarabl,e to that observed on Missile 47 haf been creatted on
af5|m|IarI| ting unit l%glmg)lngement of a highly directional, energetic flame
of modest. rolpo tions 10r 25 . Damage to the"casing and the cover, which are
made of different materials, is a close match to that observed on the original.

Appendix G

Patential energy yield from DFA reactor . .
The aim here Is to calculate the heats of decompasition of thf materials
present In the CFA reactor at the time of the explosion. The calculation Is
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necessarily crude, at insufficient data on the products of decomposition have
been found.

G| chhloronnr benzen
rob em%ere IS that both éhe heat of formation %fz 4- d|chI?ron|troben
zene a |ts ecomposition Ero ucts are un nown. T eheato f formation of
the mateneh In Its %tandar tate (1.. solid aﬁs es&Pmate by inference from
the k nown eat of formation, see Ref. [Gl], of | 4-difluoro-2-nitrobenzene of
794 ca Imol. The dn‘ference between the two molecules is In the ;f)osnmn
of te ao ngroups and in the substitution of tw chlorine for two fluorine
molecules. Takin te%econd g) roblem first, the differen ef]between the heat
of formation of several uoro ubstituted compounds and their corresponaing
chloro-analogues, eeresse er Ar-X hond, are given in Table GI,

The last figure in the list comes from Benson’s Ref. LGthabuIanon ofgrou
additivity functions. Note that the values are aIIqU|te lose to each other; eve
when other functlonal grouRs are present, except for th ecase o ofluorotol
uene resuma K duetoal o err. nqelnteracn n.between -C
or -Cl. Tak mg fvaueo 5 kealimol asreah?tn: Ieads toaheat off
mation 0 ich or02n|tr0 enzene of —4.4 kcal/mol, Furthermore, the |f
ferences between the heats of formation of 1,2-difluorobenzene, 1,3-difluoro-
benzene and 14d|fluorobenzene are fairly small, around'se, sowe will assume
that the arra r%]ement of molecules around the ring 1s a second-order effect.
Is-Iemng(e]| toheesta dardcge?nt é)f formation of solid 2 4-dichloronitrobenzene 1S as-
u

The rediction of the groducts of the decom Oﬂtlon IS much more dn‘ﬁfulﬁ
Taking as example, the decomposition of TNT, the actual value Is not calcy
able by simple chemistry, hecause as many as 23 different products can be

TABLE GlI.

Heats of formation of fluorocarbons per Ar-X bond

Fluorinated compound (Ar-Cl)-(Ar-F) (kcal/mol)
Hexafluorobenzene (q) 36.7
m-Difluorobenzene % 38.6
Fluorobenzene (1) 38.7
m-Fluorobenzoic acid () 37
0-Fluorotoluene El; 30.6
p-Fluorotoluene (1 39.9
(Cb-C1)-(Cb-F) 39.0

Average 375
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found [G3], The approach used here is to wrie down i)lau3|ble overall reac-
tions and examine their energy yield to determine a realistic value, e..

CHLINO2\2HCI(g) + 15CO(g)+0.5H20 (g)+0.5N2(g) + 45C(s)

aH= —108 kcal/mol
->2HCl(g) +0.75C02(g) + 0.5H20(g) +0.5N2(g) +5.25C(s)

An = —139 keal/mol

Clearly, the moIecuIe is deficient in oxygen and so much of the potential
energ é“ not released. None the legs, formation of two HCL molecules releases
aconsid aﬁ) e amount of energ¥ Other reagtlonsc n be written to form alter-
nat|vesma hydrocarbons, eg orma deha/ e andt enetener greleasewoud
ten be lower. Taking a value of say 100 kcal/mol, Aglvesap tential enen%y
re e%s%for anaer l% ecompositionof 2.17 MJ/kgl more reliable estima
cquld be obtaine prer orming an equilibrium calculation considering more
of the candidate praducts, but with much more effort.

G2 4-Flyoro-2-chloronitrobenzene

This | |s a product ofthe Halex react|on and so would be expected to be pres-
ent Ta Ing an anao%ousa proach to that above, the heat of decompogition
for the two'correspondl ﬁ actions js —112 and —143 keal/imol, respectively.
Thus, the Fllchlor and tiie fluorochloro can be treated as essentially the same
in terms of their heats of decompostion.

G3 Dimethylacetamide

The heat of formation of dimethylacetamide ng%t Was caIcuIated u3|n Ben-
son’s rouP% daitivity tlab es, t0 be —57 keal/ the eato ecom
E)osm n of this molecule will be negligible, and proba %endot ermic..Fur-
hermore, the heat of hydrolysis o' acetic acid and dimethylamine will be
essentially zero,

eat of combuystion of 2,4-dichloronitrobenzen

satr %h estimate to W|th|n about 10%), the heat ofcombustlon of 24-
Ioromt o enzene can be calcu a}e assu %t e com ustlon prdc re
2, N2, Cl2and H2). This gives a figure of around 2.8 MJ/mol, or 145 MJ/

58% E
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Abstract

The assessment of major transport hazards creates a re%ulrement for a wide range of data
on the transport environment. This environment is specific to the country concerned. The
present P_aper gives an overview of the road tranqurt environment in Great Britain. It gives
Information on the frequency of accidents involving heavy goods vehicles generally and
heavy goods vehicles carrying hazardous materials in particular, on the circumstances
surroundmg certain types of accidents and on the probability of certain outcomes of
accidents. Certain limited information is also given for comparative purposes on the road
transport environment in other countries.

1. Introduction

The assessment of major hazards arising in the road transport of hazardous
materials requires the ‘use of a wide range of data on the road transport
environment. As in hazard assessment generally, two situations can arise with
re_sgect, to the estimation of the frequency of particular accident scenarios.
Either it is possible to estimate the frequencies of these scenarios from histori-
cal data or it is necessary to synthesise the frequencies, by methods such as
modelling or fault tree analysis. , _ _

Thus for scenarios such as release of materials which are transported in large
3uant|t|es %e.g. gasoline and LPG) it may well be possible to obtain historical
data. For othér scenarios such as release of chlorine or explosion_of explosives
in transport it is much more difficult. Moreover, even where historical data
exist, it may still be necessary to resort to modelling for reasons such as the

Correspondence to: Dr. P.A. Davies, Four Elements, Greencoat House, Francis St., London
SW1P 1DH.
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need to adapt the data to the particular assessment or to explore the effect of
possible mitigatory measures.. _ o ,

The present work was carried out in_connection with a study of the risks
from the road transport of explosives [1], Explosions occurring in such trans-
port are very rare. , . _

An earlier review of the various transport environments has been given by

ApPIeton [2]. The work refers Partlcularly to the transRorI of radioactive
materials, another example of a transport hazard for which historical data on
scenarios are lacking. _ .
. As will become apparent from the_data given below, a large proportion of
incidents involving hazardous materials aré not due to traffic accidents, but to
other causes. The prime concern in this paper is with incidents which occur
during transport rather than durln? loading and unloading or in temporary
storage, but some of the data sets also cover the latter.

2. Hazardous goods

Hazardous goods are taken here to be goods defined as such under the United
Nations classification and requlated by the Classification, Packaging and
Labelling Regulations (CF_’LI) 1984, S
_These hazardous materials are mainly flammable and/or toxic liquids and
liquefied gases, reactive chemicals and explosives,

3. Some basic road transport statistics

3.1 Sources of information _ _

The principal source of information on road transport and on road accident
statistics is the Department of Transport (DoT). Other important sources are
the Home Office and the Transport and Road Research Laboratory (TRRL),
which is part of the Department of the Environment fDoE). T
. Unfortunately, as so often happens, there are difficulties in relating informa-
tion from one source to that from another. For example, DoT statistics are for
HGVs with unladen welghts of not less than L5 tonne, whereas the principal
ITRRt|T15tUd tof HGV fatal accidents deals with HGVs with unladen weights not
ess than Jtonne.

32 Road network S

There are two classifications of roads used in Britain, Roads are generally
classified as trunk prmm?al, secondary, etc., whilst in accident statistics
roads are described as A class, B class, and ‘other’. Broadly speaking, trunk
and _prmmpal roads are equivalent to A class roads, whilst secondary roads are
equivalent to B class.and ‘other’ roads [3], Table 1 gives the length of the road
network in Great Britain in 1973 [4],
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TABLE 1
Road network in Great Britain 1973 (after Johnson [4])
Length of road (km)

BUAa Total Non-BUA Total Motorways
Trunk/ Class 11 Trunk/  Class Il

principal ~ and belowb principal  and belowb

13874 117,052 130,926 32,383 163,587 195970 1,752

aBUA: built-up area. . _
hOf these totals Class Il roads are 8,746 in BUAS and 19,643 in non-BUAS.

TABLE 2

Gross vehicle weight of all goods vehicles on British roads in 1985 (after JMP
Consultants [g])

Gross vehicle weight (te) Proportion of vehicles (%)

<20 10
2022
22-24
24-26
26-28
28-30
30-32
32-34
34-36
36-38
>38

P WON OB

3. al_Heavy goods yehlc

ast majo ﬁazard aterjals are arnedmhea oo sveh| Ie
gsﬁé inv(\)/f {cpe%%?egk‘ %\?986 1 II§2g|ves tﬁ |str|gut|on ofa H&V

ts 10 .
Weli%] ure { ghow ome principal heavy goods vehicles together with their
cIaSS|f|cat|0ns [1]

|st nces travelled
istances travelled by HGVS | 1986 are shown [n Table 3 b
Te confi gurat?on J p% and roa type. HGVS trave Ped a total c}{‘
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UK

Recommended Maximum
Description vseri.;ri Shape
(tonnes)
LIGHT no rear side windows
GOODS 3.500
VEHICLES
smaller Over
2-AXLE  2axles 3 5
LORRIES 7 500
BIGGER Over
2-AXLE 2 axles 7 5
LORRIES 17 :
3 axles
524,390
3 axles
e 24.390
(Vehicles
over75
onnes
gross .
require
a Heavy 4ri:ildes 30490 s
Goods
Veh cie
Dovers
Licence) .

4 axles 32520

artic.

Vehicle
and
draw-bar 32520
trailer

omoe 38.000 1 e etate

artic.

rIJ:(IJgrt [17.])A simplified guide to lorry types and weights (after Department of Trans-



P.A. Davies and F.P. LeesjJ. Hazardous Mater. 32 (1992) 41-79 45

TABLE 3

Distances travelled by heavy ?oods vehicles in 1986, by axle configuration, body type and
road type (after Department of Transport [9])

HGV type Distance (x 108km)
All speed limits Non-BURD BURC

Bigid

-axle 1 8 44
3-axle % é 5
4-axle
Articulated
3-axle 6 5 1
4-axle 41 36 i
5-axle 18 17
All HGVsa 2 165 56

alncludes cases where the axle configuration was not reported.
bNon-BUR includes motorways.
GBUR: built-up road.

TABLE 4

Proportion of heavy goods vehicles in 1986 travelling on different road classes (after Davies
)

Road class Proportion of vehicles (%)
Non-BURa BUR
A 87, 61.0
B %8 115
Other 7.0 215
Total 100 100

“Data exclude motorways.

221 108km Teaver nual distance travelled p e|I e is thus
O(fk%y 0?435 000). T qe4g|ves a rea[%own of% V distances
travell roa

class

GVs conveyin aIs
‘(Flas een est g[ Ketz atl 1986 there Were some. 14,000 road
tankers in operation. eau ors ve confirmed that this approximate figure
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|II valid. Kletz also gives the annual distance travelled per tanker as 60,000

stlj'nau n o he t tal n mber of HGVs carrying hazardous materials
(HGV. HMs IS de erre unt|I ater.

4. Accident statistics

41 Accident definitions

Accidents are common assmed |n the UK as personal injury (PI) ac-
ci ent and dama eon acc dents
%a accice nts |st| ved mé)oh e records re'Ft to personal.inju rg
CCI ent ero ma eon CCl ent genera obe estim tﬁ
romt enu ero |nu acu nts rexam Dawso nastud

Qrt
il es(,?:]n%ages i PunQHe”r‘%e{damBimth ARt st§%68 th e i

% %&CR ent ratio of 6. Appleton states that values of the ratio gi en|
ol and suF|esare|nt era ea ostaesth tas rve y
Fafeg/ and Reli tes /ectorate sma num ero oca autho t|
ound a val eo the DO/P ratloo ut the re ortm% aénotconsntent
flnty gventt Iem Tofde nmrg? Yvhat constitutes an accident is more severe
0 ama%eo a nHury celdents. reover ar] accident
severe en 0 en an%

% e tl!;e |ntﬁ% a load Is_likely to result in some
ersona n rr1¥c|rt| {esrfoon venient, therefore, to work in terms of the persona

n ac
%rg ma|]n e%gcepnon fo the above IS f|r ire bn de records allow tBy

nvai of fire s@ SBCSNM_ jles Ires hav een made in 1974
orth (ian In 1
|f|cance t e degmtmn %(:ldegf de enﬁls on tﬂe Use.to which

| IS 10 In the hazar asse[ssment ﬁea In e eﬁmtgon S
ortan} Lrnstoncal (lata oqa{) ea sare ac ut thT1 6SS S0 1T SUC,

wor mtrmso robabi ntso |
constitutes an accl

|tca In mat|on| a e reason |s tint Jatterc Se It IS
ds e to wor W|th nitl noﬁanam entwhichis toa ggreea F g
to e ?re ease?wen an accl (e eh
on t eot er hand data dre not a % le an ‘|s ne%ess(ar%( {0. Mo 1{e
accidentin ordertogetermlnethe pronability.of release, t O|n|t|ono
con e & ent becomes more significant, since it etermlnest
In the fol?%vlngythe UK accidents considered are injury accidents, except for

42Flnur  accidents A Garvond it "
o o e e proportien
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i859 1%65 wgs in the ran e5.- 9%0/% Tor ro%ds with, speed restrictions of 30 or

% Int hern 8,314 %erroas
the DoT [13] In 1987 obtadne rth% r%tso of fatal accidents to all
|nu a(:| ents valu

ﬁ/ﬂ

ta on casualties 1n HGV ace ents are give
fata(i acmgentsnmvolv?ng HGVs |n 1976 has been gR/en y Riley and Bates

TABLE 5

Casualties in heavy goods vehicle accidents in 1986 (after Department of Transport [13])
A. No. of casualties

Other vehicle type Fatalities Casualties
HGV 2 672
LGV . 137
Bus/coach : 47
f\:/lart | 4 6%2
otorcycle :
Pedal cycle | é
SVA no(Pedestrlan 32 1045
SVA pe estrian 171 1184
28 47
Total 260 4479

B. No of HGVs involved in injury accidents: rigid HGVs

Road type No. of vehicles involved

Fatal accidents All accidents

2axle  3-axle d-axle Al Zaxle 3-axle 4-axle Al
Non-BUR 239 41 50 % 3672 714 657 5082

BUR 164 32 25 3988 631 1% 5043

All speed limits 403 13 75 551 7660 1345 1 10125
C. No. of HGVs involved in injury accidents: articulated HGVS
Road type No. of vehicles involved

Fatal accidents All accidents

2axle  3-axle 4-axle  All 2axle  3-axle 4-axle All
Non-BUR 3 127 83 245 447 1444 812 2763
BUR 15 39 15 69 283 674 6 1273
All speed limits 50 166 98 314 730 2118 1188 4036



48 P.A. Davies and F.P. LeesjJ. Hazardous Mater. 32 (1992) 41-79

TABLE 5 (continued)
D. No. of casualties by road type

Road type Fatalities All casualties
Non-BUR

A roads 451 6452
B roads 34 838
Other roads 37 1095
All roads 522 8385
BUR

A roads 205 4926
B roads 34 933
Other roads 74 2316
All roads 313 8175
All speed limits

Motorways 13 1888
A roads 656 11,378
B roads 63 1m
Other roads 111 3411
All roads 908 18,448

E. Proportion of casualties by road type

Road type Fatalities (%) All casualties (%)
Non-BURS 975 455
BURS 345 44.3
Motorways 80 102

F. No. of occupant casualties

Occupants Fatalities Casualties

Non-BUR BUR  All Non-BUR BUR All
Drivers 53 8 61 1987 113 2760
Passengers 14 8 2 354 205 559
All occupants 67 16 83 2341 918 3319

Grattan and Hobbs [15] studied injuries to opcugants of HGVs. In 1975 there
were 3200 occupant casualties in HGVs, of which 800 were serious or fatal, the
latter numbering 71. These casualties were usually the result of collision
between two HGVSs or between the HGV and a roadside obstacle. A 5% sample
of the serious or fatal injuries was studied. All fatal injuries were associated
with either massive intrusion of the cab structure or ejéction of the occupant.
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Hobbs et al. LlG]_h_ave examined various classifications of injury, in a study
which relates the'injury classifications to the length of stay in hospital.

Kletz [s] quotes figures given by Hills [17] for the number of deaths from the
road transport of hazardous chemicals in the UK in the period 1970-80 as 16
deaths overall, _maka an average of 1.23 deaths/y. From the context these are
the deaths attributable to the load. Kletz also states that the average number
of deaths per fatal accident is 15.

4.3 HGV accident fre uencg _ _
~In 1986 HGVs travelled 221 x 10skm and there were 13,429 accidents involv-
ing HGVs. A number of accidents involve more than one HGV. The number of
HGVs involved in accidents is thus somewhat more than the number of
accidents involving an HGV. The number of HGVs involved in accidents in
1986 was nearly 15000. _ o

Statistics on” accidents involving HGVs are ?lven in Tables 6-13. Table
6 gives the number of HGVs involved in accidents and Table 7 the number of
accidents involving HGVs by axle conflguratlon,_bodx type. and road type.
Table s gives a breakdown of the road class on which the accidents occurred.
Table 9 gives the number of HGV accidents in 1986 by combination of vehicles
involved. Table 10 gives the frequency of HGV accidents by axle configuration,
body tyPe,_ road_ type and road class. Table 11 gives thé frequency of HGV
accidents in built-up areas by axle configuration, body type, road class and
combination of vehicles involved. Table 12 gives the frequency of HGV

TABLE 6

Number of heavy goods vehicles involved in accidents in 1986 by axle configuration, body
type and road type (after Department of Transport [5])

HGV type Roads

All speed limits Non-BURD BUR
Rigid
2axle 7660 3672 3988
3-axle 1345 714 631
4-axle 1120 657 463
Articulated
3-axle 730 a7 283
4-axle 2118 1444 674
5-axle 1188 812 316
All HGVs3 14773 7958 6815

alncludes cases where the axle configuration was not reported.
bNon-BUR includes motorways.
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TABLE 7

Number of accidents involving heavy goods vehicles in 1986 by axle configuration, body type
and road type

HGV type Roads

All speed limits Non-BURD BUR
Rigid
2axle 7264 3482 3182
3-axle 1275 677 598
4-axle 1062 623 439
Articulated
3-axle 692 424 268
4-axle 2009 1370 639
5-axle 1127 821 300
All HGVsa 13,429 7403 6026

aThe only figure in this table given in the DoT statistics is that of 13,429 for the total number
of accidents involving HGVs. The ratio of the number of accidents involving HGVs to the
number of HGVs involved in accidents is thus 0.948 (13,429/14,773) and the other figures in
the table have been obtained by applying this ratio to the figures'in Table 2

bNon-BUR includes motorways.

TABLE 8

Proportion ofheavy goods vehicle accidents in 1986 occurring on different road classes (after
Department of Transport [1])

Road class Proportion of accidents (%)
Non-BUR BUR
A 76 60
B 10 1
Other 14 29
Total 10 10

Data exclude motorways.

single-vehicle accidents béaxle c_onfi%urati_on, body type and road class. Table 13
gives the proportion of HGV accidents by junction type and by impact position.
The basic annual accident statistics for HGVs in 1986 are:

No. of accidents = 13 429fy

No. of vehicles involved in accidents = 15,000

Proportion of vehicles involved in accidents = 15,000/435,000 = 3.4%ly
Frequency of accidents = 13/429/(221 x 108) = 0.62 x 10"6/km
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TABLE 9

Number of neavy goods vehicle accidents in 1986 by combination of vehicles involved (after
Department of Transport [5])

A. All accidents

Accidents
Number Proportion (%)
Accidents involving
Single vehicle 1994 148
Two vehicles 8452 63.0
Three or more 2983 22

vehicles

B. Two vehicle and single vehicle accidents

Accidents

Number Proportion (%)
Accidents involving
Single vehicle 890 8.5
Car 5271 504
Bus/coach 186 18
LGV 594 57
HGV 529 51
Motorcycle3 10 9.7
Pedal cycle 723 6.9
Pedestrian 1104 106
Other 137 13
Total 10,446 1000
C. Two vehicle accidents only
Accidents with Proportion (%)
Car 62.4
Bus/coach 22
LGV 1.0
HGV 6.3
Motorcycle3 120
Pedal cycle 86
Other 15
Total 1000

Motorcycles include combinations.
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TABLE 10

Frequency of heavy goods vehicle accidents in 1986
A. Accidents by axle configuration, body type and road type*

HGV type Frequency (accidents/106km)

All speed limits Non-BURD BUR
Rigid
2axle 0.55 040 0%
3-axle 1.16 0.85 200
4-axle 1.06 0.78 220
Articulated
3-axle 1.15 0.85 2638
4-axle 049 0.38 1.28
5-axle 0.63 049 3.00
All HGVsa 0.62 0.46 1.08

B. Accidents by road class (after Department of Transport [5])

Road class Frequency (involvements/106km)
Non-BUR BUR

A class 057 119

B class 115 12

Other 1.30 128

All 048 ¥7)

C. Accidents by axle configuration, body type and road class

HGV type Frequency (accidents/10ekm)

Non-BUR BUR

A B Other A B Other
Rigid
2axle 0.35 0.70 0.80 0.84 068 0.90
3-axle 0.74 1.48 1.69 1.95 1.98 2.09
4-axle 0.67 1.35 1.55 214 219 2.30
Articulated
3-axle 0.74 1.48 1.69 2.62 2.67 281
4-axle 0.33 066 0.76 1.25 1.28 1.34
5-axle 043 0.85 0.97 291 2.99 314
All HGVs 066 132 151 1.05 1.08 113

“Accident frequency data in Section A are derived from data given in Tables 3and 7
bNon-BUR includes motorways.
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TABLE 11

Frequency of heavy goods vehicle accidents on BURS in 1986 by axle configuration, body
type, road class and combination of vehicles involved

A. Car, bus/coach and motorcycle

HGV type Frequency (accidents/10ekm)

Car MC Coach/bus

A B Other A B Other A B Other
Rigid
2dxle 045 046 048 009 009 009 o0 O0® 0@
3-axle 104 105 111 o020 oo o2 004 004 004
4-axle 114 116 12 o022 02 024 004 004 004
Articulated
3-axle 139 142 149 0271 0271 029 005 005 005
4-axle 066 088 071 013 013 014 o o 003
5-axle 1% 159 167 030 031 032 005 006 006
All HGVs 056 057 060 o1 o1 02 o0® O0® 0@
B. LGV, HGV and pedal cycle
HGV type Frequency (accidents/L06km)

LGV HGV Pedal cycle

A B Other A B Other A B Other
Rigid
2-axle 005 005 005 005 005 005 006 006 007
3-axle 02 02 o012 o1 ou ou 014 014 015
4-axle 013 013 04 om or o0 016 016 017
Articulated
3-axle 016 016 017 014 014 015 019 o0 o2
4-axle 007 008 008 007 007 007 009 009 o010
5-axle 017 018 019 016 016 017 o2 o0z 023
All HGVs 006 006 007 006 006 006 008 008 008

“Accident frequencies in this table have been derived from the data in Tables 9 and 10.

44 Impact accidents o _
A study of the impact speed of HGVs in accidents has been made by Davies

and Lees _[18! based on tachograph records. Table 14 glves the impact speeds

obtained in this study. The accidents may be regarded as a biased sample in
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TABLE 12

Frequency of heavy goods vehicle accidents involving only a single vehicle in 1986 by
axle configuration, body type and road class

A. BUR
HGV type Frequency (accidents/106km)

SVA _ SVA Total SVA

(no pedestria:n) (pedestrian)

A B Other A B Other A B Other
Rigid
2-axle 005 005 006 007 007 007 o012 012 ol
3-axle 012 o012 013 015 015 016 027 027 029
4 axle 013 013 014 017 017 018 030 031 032
Articulated
3-axle 016 017 018 o020 o2 o0z 036 038 040
4-axle 008 008 008 o010 010 o010 018 018 018
5-axle 018 019 o020 023 023 024 041 042 044
All HGVs 007 007 007 008 008 009 015 015 0.16
B. Non-BUR
HGV type Frequency (accidents/L06km)

SVA _ SVA Total SVA

(no pedestrian) (pedestrian)

A B Other A B Other A B Other
Rigid
2axle o2 004 005 003 005 006 005 009 o1
3-axle 005 009 om 006 o1 013 omm o2 024
4-axle 004 008 om0 005 o010 o012 009 018 o
Articulated
3-axle 005 009 om 006 ol o012 o1 020 024
4-axle o 004 005 003 005 006 005 009 o1
5-axle 003 005 006 003 007 008 006 o012 014
All HGVs 004 008 009 005 o010 o012 009 018 oz

aAccident frequencies in this table have been derived from the data in Tables 9 and 10.
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TABLE 13

Road position and impact position for heavy goods vehicle accidents
A. Road position (after Department of Transport [5])

Junction type

Proportion of accidents (%)

Rigid Articulated

Non-BUR BUR Non-BUR BUR
Roundabout 34 55 50 8.9
T or staggered junction 137 36.0 100 329
Y junction 13 L7 11 14
Crossroads 42 136 3l 125
Multiple junction 05 L7 05 21
Slip road 27 0.5 41 1.3
Private entrance 50 50 30 52
Other . 10 16 1.0 21
Not at or within 682 34 122 3.0
20m of junction
Total 1000 1000 1000 1000
B. Impact position (after Riley and Bates [14])
Impact position Proportion of impacts (%)

Car MC LGV HGV All vehicles

Front % 41 63 53 594
Side 16 3 9 15 18.6
Rear 14 2 28 2 181
Other 4 2 0 8 39
Total 10 10 10 10 1000

that the accidents were sufficiently serious for the police to have an interest
and, maY tend therefore to give an overestimate of impact speed in injury
accidents generally.

45 Fire accidents o , ,

An investigation of fire in road vehicles was carried out by North PO].
Although reported in 1974, most of the data relate to 1971 and are therefore
rather old. The study. does, however, contain some information on certain
sh)eual_as ects of veicle fires, which are given below after consideration of
the main fire statistics.
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TABLE 14

Impact speeds of heavy goods vehicles in accidents (after Davies and Lees [18])
A. Collisions involving other vehicles

Impact speed Non-BUR BUR Motorways
(m.ph)
0-9 1 3 0
10-19 2 4 0
20-29 1 10 2
30-39 5 2 1
40-49 9 5 2
50-60 2 2 2
>60 1 0 0
Total 2 36 7

B. Single vehicle accidents

Impact speed Non-BUR BUR Motorways

(m.p.h.)

0-9 1 0 0

10-19 3 4 0

20-29 2 il 0

30-39 2 5 1

40-49 1 6 1

50-60 0 0 2

>60 0 0 1

Total 9 26 5

TABLE 15

Causes of fires in road vehicle fires 1984 (after Department of Transport [19])

Cause Number Proportion (%)

Deliberate ignition 7434 20

Smokers” materials 1165 34

Wiring o: vehicle 8980 26.6

Qil and petroleum in contact 8475 5.1
with hot components

Crash, collision 881 26

Other 4042 120

Unknown 2193 8.3

Total 33,770 1000
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Information on the causes of fires in vehicles in 1985 has been given by the
DoT [19]. In that year out of some 248,000 accidents there were some 33,000
fires. The causes of these fires are given in Table 15. It can be seen from the
table that the vast majority of vehicle fires are non-crash fires.

Information has also been obtained from the Home Office [2(%] for goods
vehicle fires specifically. In 1986 fire brigades attended 7,212 van and lorryfires.
Not all of these were on the public highway. _

Of the 2578 HGV fires, 2559 (99_.3%? were non-crash fires and 19 SO.Y%) were
crash fires, No breakdown is available for non-crash fires by vehicle the, but
for crash fires the breakdown is as shown in Table 16. The causes of the HGV
non-crash fires are given in Table 17.

TABLE 16

Number and frequency of heavy goods vehicle crash fires in 1986 (after Nyman [20])
A. Number of crash fires

HGV type Non-BUR BUR All speed limits
Rigid

2-axle 5 5 10

3-axle 1 1 2

4-axle 1 1 1

Articulated

3-axle 1 0 1

4-axle 2 1 3

5-axle 1 0 2

All HGVs n 8 19

B. Frequency of crash fires3

HGV type Frequency (fires/108km)

Non-BUR BUR All speed limits
Rigid
2axle 0.06 o 0.08
3-axle 012 0.28 0.16
4-axle 0l 031 0.15
Articulated
3-axle 012 0.38 0.16
4-axle 0.05 0.18 0.07
5-axle 0.07 042 0.09
All HGVs 0.06 0.15 0.09

Crash fire frequencies in Section B have been derived from the data in Table 10
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TABLE 17
Causes of heavy goods vehicle non-crash fires (after Nyman [20])
Cause Number Proportion (%)
Deliberate 352 14
Smokers’ materials 147 6
Electrical 720 28
Qil, Eetrol, other fuel 1044 41
Sparks a 1
Overheating 24 1
Other/unknown 241 9
Total 2559 100
TABLE 18
Location of lorry and tanker fires (after North [10])
Location Proportion of fires (%)
Lorries Tankers
Road or verge L7 67.4
Motorway 105 152
Field, open land 6.4 49
Cark park, yard 101 9.1
Garage forecourt 0.7 05
Garden 01 05
Other (specified) 05 16
Total 100 10

The study by North gives some information on the location of vehicle fires,
His data for lorries and tankers are glven in Table 18. They show that for HGVs
some 82% of fires occur on roads. About another 10% occur in car parks, yards
and garage forecourts, probably for the most part in built-up areas,

North also gives information”on the number of fatalities and on the damage
caused in vehicle fires, which may help to determine the severity of such fires.
In 1971 there were 241 vehicle fires of which 16 were in lorries and 10in tankers
and in two lorry fires there was one death in each fire and in two tanker fires
one death in each. In 1972 there were 289 vehicle fires of which 19 were in
lorries and 12 in tankers and in one tanker fire there were two deaths, there
being no deaths in the lorry fires, Thus for lorries out of 35 fires two were fatal
(6%) and for tankers out of 22 fires three were fatal (14%).
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TABLE 19

tNutrS]ber and frequency of e certain type of load-threatening accident (after James [21]—see
ex

Road type No. of Distance Accident frequency2

accidents travelled _ . .

(miles) (accidents/mile) (accidents/km)

Motorway £10 3202x106 9.68x10"8 6.0x10“8
A class 740 3855 192 119
B class 4 172 21.0 104
Total 1097 1229 152 94
2Allsop et al. Ezz] give an accident frequency (accidents/108km) as follows: motorways 11.5;
A roads 36.5; B roads 114; other roads 83.1.

North ([uves information on the resultant damage in a sample of car fires in
1971, Out of 200 fires 73 caused minor damage, 44 damaged the original
compartment, 24 damaged or severely destroyed the original compartment
15 damaged more than one compartment, 2 damaged the’exterior, 40 (20%)
damaged or destro¥ed the whole car, and 2 had no’recorded result. ,
From the above the following annual estimates can be made for HGV fires,

No. of crash fires= 19

Crash fires as a proportion of accidents = 19/13,429=0.14%

No. of non-crash fires = 2559

Non-crash fires as a proportion of accidents = 2559/13,429 = 19%

4.6 Load-threatening accidents

Investigations of accidents which might threaten the load of a large HGV
transporting radioactive waste have been made by James [21) and by Allsop
etal. [22]. est_ud¥_ by James is concerned with articulated, five-axled HGVS.
For_the “determination of accident frequency he assumes that only serious
accidents, involving death or serious injury, have the potential to threaten the
load. Thus James considers only accidents where the subject vehicle was an
articulated HGV of gross vehiclé weight (GVW) of more than 1.5 tonnes, where
death or serious injury was involved, and where the accident either
was a single vehicle accident or involved another HGV of GVW greater than
15 ,éonrtws. Table 19 shows his data for the number and frequency of such
accidents.

Also shown in the table are the results obtained by Allsop et al. They
considered all injury accidents involving either four-axé or five-axle HGVs in
overturning or side damage. The accident frequencies obtained by these
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workers are appreciably higher. For motorways and A roads their results are
higher than those of James by a factor of 2-3. The factor is greater for B roads
and other roads, but James’ data shows relatively little distance travelled by
these large HGVs on the lower class roads.

4.7 Chemical accidents _ o ,
~ An account of the chemical accidents attended by the UK public fire service
in 1980 has been given by Maclean [11]. There were 983 special service calls in
which dangerous chemicals were ‘involved and 968 actual incidents. The
incidents occurred at both fixed installations and in transport, o

Table 20 gives the nature and number of these incidents. The principal
chemicals involved, together with the number of incidents, were: hydrochloric
acid (es), ammonia_(65), LPG (42?, sulphuric acid (34) and sodium hydroxide
(30). There were 14 incidents invo ving petroleum and 10 mvolvm? ammonium
nitrate. Ofthese incidents 132 were fires in which the presence of the chemical
affected the fire flghtm to a significant degree, 18 were fires in which danger-
ous chemicals behaved in an abnormal manner and 25 were fires at which
dangerous chemicals were present and gave rise to casualties.

For all transport incidents, hoth road and rail, there were 419 incidents
excluding cases in which chemicals were washed ashore. Of these 105 (25%)
occurred in rural areas, 187 (45%).in urban industrial areas, 113 (27%) in urban
residential areas and the remaining 14 (3%) in unrecorded locations,

As far as concerns the road transport incidents, there were 335 incidents of
which 21 (6%) were on motorways, 120 (36%) on A class roads, 56 (17%&_on
B class roads, 29 (9%) on unclassified roads, 96 (29%) occurred in a parking
area off the public roads and the remaining 14 (3%) in unrecorded locations.

TABLE 20

Nature of chemical incidents attended by UK public fire services in 1980 (after Maclean [11])
Nature cf Number of Proportion of
incident incidents incidents (%)
Chemical overheated 9 1

Spillage 419 43

Leakage 211 2

Vafour,, as escape 80 8

Potential spillage 1 1

Fire 173 18
Explosion 10 1

Chemical found 19 2

Other 20 2
Unknown 16 2

Total 968 100
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In 243 (73%) of the incidents the vehicle was attended. Therefore the number
of incidents in which it was unattended was up to 92 (27%).

fltrp] only %6 (%l%) of the cases was an accident reported as the primary cause
of the iricident.

4.8 Background on accidents S

A discussion of the UK accident statistics is given by Johnson and Garwood
PZ], McBean [23] attempts to assess the influence of road features on accident
requency and Scott [31 that of traffic density, whilst Storie [24] considers the
effect of driver characteristics. _ ,

A study of HGV accidents was made in 1979 by Neilson et al. [25], but the
data givén above are more up-to-date.

5. Collision analysis

The attempt to estimate the freguency of a particular type of event arising
from an HGV collision will depend both on the probability of the event given
a collision with a particular effective impact velocity, and’on the frequency of
a collision of sufficient severity with this impact velocity. _

The effective impact _velomt}/ will depend on the closing, or impact, speed.
For a smgile vehicle accident all that is required is the impact speed of a_sm?Ie
HGV. Data from which may be constructed a probability density function for
HGV c¢losing speeds in accidents were ?lven in Table 14. For an accident
involving two vehicles it is necessary to combine the probability density
functions of the two vehicles. In such cases the probability density function for
HGV impact speed may be used for both vehicles. The determination of the
probability of a %lven combined impact speed in head-on collision of two HGVs
Is describéd in the Appendix. _

Some form of collision analysis can then be used to determine the effect on
the vulnerable vehicle for collisions of Par_tlcular severities. Hence the prob-
ability of the event of interest given collision can, be estimated.

An‘early example of such an apﬁroa_ch was the investigation by Westbrook
jr26] of the comparative risks of chlorine transport by road, rail and pipeline.
The study included a road tanker collision analysis to determine the probabil-
ity of puncture given a crash. L
"Aseries of collision anal}/sm studies for HGVs for US conditions is available
in Gardner and Moffatt [27],

6. HSE transport risk studies

The Advisory Committee on Major Hazards in its Third Report ,[284
recommended that although its terms of reference were restricted to fixe
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installations, the major hazard potential from the transport of hazardous
materials should also receive attention. In pursuance of this recommendation,
the Health and Safety Executive (HSE) have carried out a number of studies on
transport risks. Some of these are concerned with rail transport and with
consequence modelling, which are not of concern here, but others bear on
the ftrequency of road"transport incidents and the probability of hazardous
events,
Canadine and Purdy [29] .give a hazard assessment of the rail and road
transport of chlorine. The principal producer of chlorine in the UK is ICI. The
companfy]/ has some 19 road tankers with payloads 15-21 tonne. Over a 60-¥ear
period there have been three leaks. Two were due to incompletely closed valves
and were quickly rectified and the third was minor. =~ o

The frequency with which these tankers are involved in accidents is signific-
antly Icwer than for commercial transport generally. The vehicles are fitted
with various arrangements to reduce the accident rate such as hI?h quality
suspension, anti-skid devices, anti-jack-knife systems, fuel cut-off devices,
additional fire protection, regular and fog lights, etc. The tankers have their
Ilcw_ld and vapour valves profected in a recessed valve chest at the front of the
vehicle, They have excess flow valves and the two latest vehicles also have
remotely opérated shutoff valves. N

Since 1976 the company has taken additional measures, to reduce the conse-
quences of any collision. Additional rear and side protection has been fitted to
resist penetration, absorb engrgy and spread the load in case of collision, The
value of these measures was illustrated in 1985 when the most serious accident
recorded to date occurred. A chloring tanker was hit by a 38 tonne articulated
Iorrg travelling at an estimated 60 mp.h. down & hill near Baslow in
Derbyshire. The vehicle veered djagonally across the road and hit the chlorine
tanker on its front offside, stoEpmg it dead and driving it mdewar_s,across the
road. The side protection on the tanker absorbed most of the collision energy
and spread the load as it was designed to do; there was no leak.

1. Exposed population

7.1 Population density and other characteristics , ,

A study of the density and other characteristics of the population which
mlfght be exposed to hazardous materials has been given by Petts et al. [30]. The
information given includes data for the UK on population densities, bath by
day and by night, on the proportions of person indoors and outdoors, and on
;[/Tleln rrgﬁ%rtlon of the population which may be considered particularly

There have also been specialist studies of the pogulatiqn density alon
routes taken in the transport of hazardous materials. These include the TRI
program referred to in the second Canvey Report [31] and the study by Cana-
diné and Purdy [29] already mentioned.
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1.2 High density targets . o _

Of particular interest is the probability that any incident will occur at
a location where large numbers of peoplé are exposed. An estimate of this
probability for built-up areas may be made from V-2 rocket incidents. The
distribution of the rockets which fell on London was effectively random,
Analysis of the 517 V-2 incidents in London gives 8.9% which caused > 10
deathis and 14% which caused >33 deaths.

13 Emer_%_ency services | _

In addition to_the population who are normally in the area, Pe_rsonnel of the
emergency services who attend the accident are also at risk. It is not uncom-
mon in an incident involving the road transport of hazardous materials that
a significant proportion of the casualties include such personnel.

A'typical roac. accident involving injury and fire would probably be attended
by one police patrol car (2 persons), one fire tender (4-5 persons) and one
ambulance 1‘(2-3 persons). Ifthe incident is considered serious and time permits,
additional fire tenders may attend [32, 33],

8. Emergency services

8.1 Attendance times o _ _ ,

In assessing tne consequences of an incident, the time for the fire services to
attend ma?/ e important. In accordance with Home Office guidance, fire
brigades classify areas into different categories of risk. For éach cate QI‘K
there is a specified minimum number of pumps (ie, fire engines) whic
are required to attend the scene and a maximum time for their arrival.
Information from the London Fire Brigade [32] indicates that a vehicle fire
is normally attended by one fire engine and that for the type of area through
which road transport of explosives takes place, for example, the maximum
%ten_dance time 15 20 minutes. The mean attendance time is between 10 and

minutes.

9. Some studies in other countries

There have been a number of studies in North America on the transport of
hazardous materials. Several of the more recent studies are considered here.

Areview of accidents involving, and releases from, vehicles carrying hazard-
ous materials has been given by Glickman [34], The data are based on the
report[nP system of the Department of Transportation, Office of Hazardous
Materials Transportation. The basic data consist of the distance travelled by
trucks carrying hazardous materials and the number of accidents involving

a spillage.
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The reporting system requires the recording of any unintentional release
oceurring durm? loading/unloading, transportation,” or temporary storage.
The author equates such releases to spillages. Spillages are treated as signific-
ant if they involve more than 5 US gallons or 4010 of material. From"these
reﬁortln? requirements, from the data given by Maclean above and from the
other dafa (r;lven below, it would seem that most of these spillages do not in fact
occur due fo road traffic accidents on the public hlﬁhway. , _

Some data from the study are shown in Table 21. The fréquency of spillages is
gbtﬁ:ned ﬁy I5|mply dividing the number of spillages by the distance travelled

e vehicles.

yThere are several points of interest in these data. One is the rather high ratio
of distance travelled by vehicles other than tank trucks to that travelled by
tank trucks. Another is the rather lower ratio of the number of 5|En|f|cant
spillages for vehicles other than tank trucks to the number for tank trucks.
Another is the striking difference in the frequencies of spillage between
private trucks and trucks for hire. , _

The overall frequency of significant spillages is:

Frequency of significant spillages = 1667/(16,220 X 106)
= 0.1 X 10-6 Spillages/vehicle mile
=0.062 x 10“sspillages/vehicle km

Harwood et al. t[351f have collated information on hazardous material
HAZMAT) accidents. This information was obtained from the Department of
ransportation's Research and Special Programs Administration SPA? Haz-
ardous Materials Incident Reporting System (HMIR) data base. The system is
based so ely on self;r,eportln% by carriers. No minimum release c1uant|ty or

damage [ével is specified and technically anY release, however, small is report-
able. The reguwemen_ts apply, however, only to interstate transport and car-
riers engage solelc}/ in intrastate transport are not required to report HAZ-

MAT inCidents under this scheme. , o
Data were analysed for the period 1981T985. During_this time there were

_2r8,zt1)?3 HAZMAT incidents reported. Some data on these incidents are given in
able 22.

As the table shows, the proportion of HAZMAT incidents dug to traffic was
11%. However, the proportion of severe incidents due to traffic lay between
35% and es%, depending on the definition of severity. The authors give one
definition of a severe incident as one mvoIvmg injury or death, a fire or
exprlosmn or more than $50,000 dollars worth of damage. _

he authors also give information from another data base, the Motor Carrier

Accident Report maintained by the FHWA Bureau of Motor Carrier Safety

(BMCS), now renamed the Office of Motor Carriers. This data base gives

Information on trucks involved in accidents, including whether the truck was

carrying hazardous materials and whether a release occurred. The reporting
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TABLE 21

Distance travelled and number and frequency of spillages for US trucks carrying hazardous
materials in 1982 (after Gliekman [341)

A Distance travelled
Type of vehicle

Trucks
Private
For hire
Total
of which

Tank trucks
Private
For hire

Total

B. Number of spillages
Type of vehicle

Trucks
Private
For hire
Total
of which

Tank trucks
Private
For hire

Total

C. Frequency of spillages

Type of vehicle

Trucks

Private

For hire
of which

Tank trucks
Private
For hire

Distance travelled
(10e vehicle miles)

6416
9804
16,220

4121
307

4228

No. of spillages

Total Significant
357 233

5314 1434

5671 1667
2148 178
936 692

1184 870

Frequency of spillages (spillages/106vehicle miles)

Total Significant
0.0556 0.0363
0.542 0.146
0.0602 0.0432
3.049 2.254
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TABLE 2

HAZMAT incident data from the Department of Transportation RPSA data base for 1981-85
(after Harwood et al. [35])

A. Location of incidents

Location Proportion (%) Number
On public highway 48 13,547
Off public highway 3 ca. 11,089
Unknown 13 ca. 3,797
Total 10 28,433

B. Failure involved in incidents on public highway

Failure type Number Proportion (%)
Traffic accident 1427 108

Body or tank failure 2741 202

Valve or fitting failure 3289 24.3

Cargo shifting 4945 38i

Fumes or venting 15 .

Other 1100 81

Total 13,547 1000

C. Hazardous materials involved in incidents on public highway

Material All incidents (%) Traffic incidents (%)
Flammable liquids 46 n

Toxic liquids 5

Corrosive liquids 40 3

D. Consequences of incidents on public highway

Count Number of incidents
Traffic incidents Other incidents All incidents
No. of incidents 1457 12,090 13,547
No. of deaths 50 4 54
No. of injuries 115 358 473

aysteenmna%plles however, only to interstate carriers. Data from this source are
ven |

An_analysis of accident rates in three states (California, Illinojs and
Michigan) and of release probabilities overall in the USA has been given in
a study by Harwood et al. [%6] which follows on from the authors’earlier work
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TABLE 23

Data on HAZMAT trucks involved in accidents from the Department of Transportation
BMCS data base for 1984-85 (after Harwood et al. [39])

A. Truck accidents

Truck Number

Non-HAZMAT trucks 71,164

HAZMAT trucks 3,703
of which

No release 3,183

Release 530

B. Cargoes of HAZMAT trucks in accidents

Cargo Number of accidents

No release Release Total
General frei?(ht 680 61 1
Gases in bul 238 2 259
Solids in bulk 28 2 40
Liquids in bulk 1486 345 1831
Explosives 63 7 10
Empty 20 10 20
Other 467 62 529
C. Consequences of HAZMAT truck accidents
Count Number of accidents

No release Release Total
No. of incidents 3183 520 3103
No. of deaths 213 53 326
No. of injuries 2514 441 2955

[35, 37])._The data were obtained from the accident reporting systems of these
states. Table 24 gives data on accident frequencies and modes and Table 25
data on release frequencies and probabilitjes. _

_The accident frequencies differ appreciably between the different classes of
highway. They also apparently differ appreciably between states. The Probabll-
ities of release given an accident, however, are relatively similar for rural
highways as a group and for urban highways as a group.
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TABLE 24

Truck accidents in three states in the USA (after Harwood et al. [36])
A. Number and frequency of accidents

Road type California Three states
No.. of Distance Accident Accident
accident travelled frequencyt  frequencyl
involvements3  (106miles) accldents/ gacudents/

o6 miles) o6miles)

Rural

Two-Jan 6577 378497 1.73 2.19

Multllane undivided) 1070 196.58 .44 4.49

Multilane (divided) 1801 1463 45 1.23 2.15

Freeway 9759 10850.90 053 0.64

Total 15207 16295.60 0.93

Urban

Two-Jane 1778 420.69 4.23 866

Multilane (undivided) 2251 172.84 13.02 13.92

Multilane (divided) 499 142147 350 1247

One-way street 223 33.81 6.60 9.70

Freeway 28860 18107.00 1.59 2.18

Total 38108 2016181 181

Grand total 53315 39781.10 134

B. Single vehicle accidents (California only)cd

Road type Proportion of accidents (%)
Non-collision accidents Collisions with
Run off Overturn Other  Fixed Parked  Non- . Other
road object  vehicle  motorist
Rural
Two-lane 45 66 44 70 24 06 57
Multilang 3.6 15 39 15 4.3 0.4 o1
yndivided)
Multilane 3.6 40 38 6.4 39 02 4.7
Frggl\”aded) 35 33 38 14 3.8 0.4 5.0
Total d 39 51 41 11 32 05 5.3
Urhan
Two- I?ne 15 26 34 51 3.6 0.3 3.9
Multilane 02 06 26 51 85 08 4.0
Fundlwded)
Multilane 08 13 24 57 70 06 38
divided)
One-way street 0 22 0.9 6.3 94 13 22
Freeway 06 1.0 13 3.2 19 02 iy
Total 06 11 . 38 3l 0.3 22
Grand total 16 2.3 2.3 4.7 31 0.4 31
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TABLE 24 (continued)
C. Multiple vehicle collision accidents'
Road type Propartion of accidents (%)
collisions with
Car Truck Other vehicle
Rural
Two-lane . 29.8 26.6 124
Multi|ane Eu_nd_lw ed) 204 20.1 137
Multilane (divided) 334 26.4 138
Freewav 313 22.3 194
Total 30.6 249 153
Urban
WO-lane . 39.6 30.7 9.3
Multilane Eu_nd_lwded) 41.3 30.1 6.9
Multilane (divided) 437 281 66
One-way street 451 214 45
Freeway 50.6 29.0 139
Total 48.6 26.4 123
Grand total 434 26.0 131

“Accidents involving two or more trucks counted as two or more involvements.
bAvera ewe|?hted_ according to vehicle-miles.

Proportion of accidents in Sections B and C combined.

dThere were no cases of collision with a train.

An analysis of incidents in Canada in which there were releases of gasoline
or LPG has been made by Stewart and van Aerde [38]. The incidents were those
regorted under the re%ulatory system as dangerous occurrences in the period
1986 to August 1987 { .1 years). "Thus not all ‘accidents were reported and the
dahta are therefore not comparable with those reported under the US HAZMAT
scheme.

There were 41 incidents involving gasoline. A proportion of these may not
have been transport incidents, The rogortlon known 'to be transport incidents
was 81%, leaving between 0% and 19% which may not have been. Table 26
gives the number of incidents by type of release, . .

The three major types of incident were collision, collision/overturn and
overturn. The proportion of lading released in these cases was 30-40%. For
fires, the release was large (f98%) except in one case where it was very small
(3%). Of these three types of incident, overturns caused most containér dam-
age. The authors suggest that in collision accidents a large proportion of the
energy is d|55|Pated In other parts of the vehicle,

There were four evacuations of the public in the 41 incidents. ,
thA5|m|Iar analysis is given for the LPG incidents, but there were only nine of

ese.
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TABLE 25

Ptmlbat[”(lal]t)y and frequency of release of material in truck accidents in USA (after Harwood
eta

A. Probability of release by accident type: single vehicle accidents

Accident type Probability of release
Non-collision accidents

Run off road 0.331
Overturn 0.375
Other 0.169
Collisions with

Fixed object 002
Parked vehicle 0.031
Train 0.455
Nonmotorist 0.015
Other object 0.059

B. Probability of release by accident type: multiple vehicle accidents

Accident type Probability of release
Collision with

Passenger car 0.035

Truck 0.094

Other vehicle 0.037

C. Probability and frequency of release by road type

Road type Probability Frequency of release
of release (release/i06vehicle-miles)

Rural

Two-lane o 0.086 0.19

Multilane Eu_nd_lwded) 0.081 0.36

Multilane (divided) 0.082 0.18

Freeway 0.090 0.06

Urban

Two-lane 0.069 0.60

Multilane (undivided) 0.055 0.7

Multilane (divided) 0.062 0.77

One-way street 0.056 0.54

Freeway 0.062 0.14
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TABLE 26
Tanker accidents involving release of gasoline in Canada (after Stewart and van Aerde [38])
Accident No. of releases Proportion
type . - . (%)

Spill  Leak Spill/fire  Fire  Other  Total
Collision 2 1 3 1
Collision/overturn 5 1 6 15
Overturn 19 1 r 2 51
Brake failure 2 2 5
Puncture , 1 3 1
Fitting/hose failure 1 1 2 5
Fire _ 2 2 5
Military exercise 1 1 2
Bridge collapse 1 1 2
Total 3 1 4 I 41

32
AR

Further more general data are given in the review of transportation of
hazardous materials in Ontario by Gorys [39]. ,

Griffiths and Linklater [401 havé reported a study performed in 1980 of some
42 accidents involving road tankers transgortmg ammable materials in New
South Wales (NSW?. In 1979 in NSW there were some 3000 road tankers
carrying flammable loads and some 100 pressurised tankers. The annual crash
rate 'was 2.5%, which was the same as for all vehicles. , ,

There were 42 accidents mvestl%_ated, 11 involving non-articulated vehicles
and 3L involving articulated vehicles. There were 18 rollovers, 5 for the
non-articulated vehicles and 13 for the articulated vehicles.

In 24 cases there was no leakage of the bulk load but in three of these there
was Ieakagle of the prime mover fuel tanks. In 10 of the rollover cases there was
substantial leakage. In two of the non-rollover cases the tank was punctured
and burned out. Of the other non-rollover cases, one involved loss of “a lot” of
Product from a fractured pipe fitting, one loss from a discharge pipe and two
0ss from vents. _ _ _

The authors state that fire occurred in 5% of cases. This would seem to cover
the two cases of burnout just mentioned and to imply that none of the other
cases involved a fire. , o .

The authors obtained data on the various factors which influenced the acci-
dent under the _headln?s: mechanical, environmental, behavioural and general.

Factors, causm% rolfover included high centre of gravity, ‘soft’ roll Stiffness
and sloshing of the liquid. None of the tankers appeared to have side baffles.

From these data the following estimates may be made for crash fires:

No. of crash fires=2
Crash fires as proportion of accidents is then 2/42 or 4.8%
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10. Some estimates for HGVs conveying hazardous materials

Some estimates are now made for HGVs conveying hazardous materials
(HGV/HMs) in Great Britain.

10.1 No of HGV/HMs _

_ The number of road tanker HGV/HMs was given above as 14,000. There are
In addition HGVs other than tankers carrying hazardous materials, The num-
ber of such vehicles which at some time transport hazardous materials may be
quite large, but what matters in the present context is the number of equiva-
lent ‘full-time’ vehicles. There apﬁears to be no reliable source of information
for this figure. An estimate has therefore been made. The data for hazardous
cargoes in the USA given in Section B of Table 23 indicate that the ratio of
non-tank truck to tank truck HGV/HMs is about 0.6. Those given in Section
B of Table 21 for significant spillages indicate that the ratio of non-tank
truck to tank truck "HGV/HM spillages is about 0.9. The former fI%UI‘e IS
regarded as a better guide. A _roadside survey conducted by the authors is
COhﬂSIﬁte.n}dWIth this estimate. The ratio of 0.6°is used for Great Britain also,
which yields:

No. of tanker HGV/HMs = 14,000
No. of non-tanker HGV/HMs=10.6 x 14,000 = 8400
No. of HGV/HMs = 14,000 + 8400 = 22,400

10.2 Distance travelled b{ HGV/HMs
Then for the distance travelled by HGV/HMs

Distance travelled by individual vehicle = 60,000 miles = 96,500 km
Distance travelled by fleet=22,400 x 60,000 = 134 x 108 miles = 21.6 x 108km

10.3 Accident frequency for HGV/HMs _ _

HGVs carrying hazardous materials have a hlqher standard of design and
operation, although the extent of this is variable. 1t may therefore be expected
that the accident rate would be less. Information obtained by the authors for
munitions vehicles indicates a reduction factor of about 0.1-0.33. For
HGV/HMs it seems doubtful whether such a large reduction is appropriate.
Accordingly, the estimate used here is 0.8. _ _

Griffiths and Linklater [40] found that the proFortlon 0f HGV/HMs suff_erln%
an accident was the same as for HGVs generally. Although a lower acciden
rate per unit distance travelled is assumed here ‘for HGV/HMs, these vehicles
travel a greater distance per year, and the net effect is to give them an
anH_u?I accident rate comparable with or rather greater than that of other
vehicles.
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Taking the estimate
Ratio of HGV/HM to HGV accident rates=0.8
then for HGV/HM accidents:

Frequency of accidents = 0.8 x 0.62 x 10“6/km = 0.50 x 10“6/km

No. of accidents=0.50 x 10“6x 21.6 x 108= 1080 accidents/"y

No. of vehicles involved in accidents = (15,000/13,429) x 1080 = 1206
Proportion of vehicles involved in accidents = 1206/22,400 = 5.4%ly

For MoD munitions vehicles (MVs) taking the estimate

Ratio of MV to HGV accident rates=0.2
Frequency of accidents=0.12 x 10“6/km

10.4 Release frequency and probability for HGV/HMs _ _
An estimate of the frequency and probability of release given an accident
can be made from the data given by Maclean. From his data:

No. of releases due to traffic accidents = 36
Then

Frequency of release = 36/(21.6 x 108)=0.017 x 10“6 releases/km
=0.027 x 10“6 releases/mile
Probability of release given traffic accident = 36/1080=0.033=3.3%

These estimates are based on attendance by a fire brigade and should be
regarded as lower limits. . _ o

hese results may be compared with the US figures. From the data given in
Table 23, the probability of release given a traffic accident lies in the range
0.055-0.090. The estimate for the UK is somewhat low relative to these figures,
but not unduly so. _ _

For the frequency of release, the US flgiures are in the range 0.06-0.77
releases/106 miles, the higher figures being Tor the less common road catego-
ries. For the three dominant road categories the figures are 0.06, 0.14 and 0:19
releases/106 miles. The estimate for the UK is much less than these figures.
This appears to be due partly to a lower probability of release given an acCident
and partly to a lower accident rate.

105 Fatal accidents for HGV/HMs
Ratio of fatal accidents to injury accidents = 0.022
No. of fatal accidents=0.022 x 1206 = 26.5/ly
No. of fatalities per fatal accident=15
No. of fatalities from accidents = 15x 26.5=39.8 (say 40)

About one death per year is attributable to the load and the rest are due to
traffic accidents.
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11 Individuality of incidents

It is easy in a preoccupation with incident statistics to lose sight of the
individuality of some of the accidents which have occurred involving the road
transport of hazardous materials. Mention has already been made of the
chlorine tanker crash with a lorry travel_lmP down hill at 60 mp.h. Other
incidents with rather unusual features incfude the San Carlos campsite
disaster [41], which was not initiated by either crash,or fire and which involved
a vulnerabie tar?et, and the explosion of an explosives lorry at Peterborough
[42], which involved a fire rather than a crash and occurred off the road in
a company yard.

12. Discussion

The information given above is intended to provide a basic set of data which
Ena){ be of assistance in the assessment of the hazards of road transport in Great

ritain,

The information provided includes some data which may be used to make
generic estimates based on historical event data. However, some hazards. are
realised so rarely that data are sparse or non-existent. In such cases it is
possible to proceed usm% estimates of event frequency based on the statistics of
a small number of events or even zero events. o

Alternatively, an attempt may be made to model the event, in which case
?hdlﬂ;(e_rednt Iset of data is required. The information given includes some data of

Is kind also.

Moreover, enough has been said to indicate that even where historical data
do exist, they may or may not be dlrectl1y applicable. A case in point is the
provision of side protection on tankers. This Is provided on the ICI chlorine
vehicles but not on the Australian road tankers described. In such cases it may
be appropriate to modify any historical data to take account of the difference
between the conditions; to which those data apply and the conditions of the
problem in hand. Again this may involve modelling and the use of data
apﬁgroprlate 1o that. _

T'he principal aim of the paper has been to provide data relevant to events
arising from traffic accidents, These events are not synonymous with hazard-
ous material incidents involving vehicles and in fact may constitute only
a small proportion of the latter. Care is needed, therefore, ininterpreting data
on hazardous material incidents, o N
. Two of the principal events which may cause an incident are collision and
fire. However, other events should not be neglected. For road tankers other
causes of release may be leaks from valves and from overfilling.

With regard to fire, for HGVs generally non-crash fires are much more
frequent than crash fires. The Australian work indicates, not surprisingly, that
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TABLE 27

Summary of principal data given in this paper
A. Great Britain

Road network Sec. 3.2
Length Sec. 3.2; Table 1
HGVs
Types Figure 1
Number Sec. 3.3
Weight distribution Sec. 3.3; Table 2
Distance travelled
Overall Sec. 3.4; Table 3
Road classes Sec. 3.4: Table 4
HGV accidents Sec. 4.2
Number
Overall Sec. 4.3; Tables 6, 7
Vehicle type and road class Sec. 4.3; Tables 5-9
Frequency
Overall Sec. 4.3
Vehicle type and road class Sec. 4.3; Tables 10-12
Junction type and impact position Sec. 4.3; Table 13
Impact speeds Sec. 4.4; Table 14
HGV fire accidents Sec. 4.5
Number, frequency Sec. 4.5
Causes Sec. 4.5; Table 15
Crash fires
Number Sec. 4.5; Tahle 16
Non-crash fires
Number Sec. 4.5
Causes Sec. 4.5; Table 17
Location Sec. 4.5; Table 18
HGV load-threatening accidents Sec. 4.6
Number Sec. 4.6; Table 19
HGV chemical accidents Sec. 4.7
Number Sec. 4.7; Table 20
HGV/HMs
Number Sec. 3.5; 10.1
Distance travelled Sec. 3.5; 10.2
HGV/HM accidents
Number, frequency
Overall Sec. 10.3
Release accidents Sec. 104
Fatal accidents Sec. 105
MV accidents
Frequency Sec. 10.3
Expposed population
opulation density Sec. 7.1
High density targets Sec. 7.2

Emergency services
Attendance times Sec. 8.1
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TABLE 27 Continued

B. North America

HGV/HMs
Distance travelled Sec. 9; Table 21

HGV/HM accidents and releases
Number, frequency Sec. 9 Tables 21, 23-25
Vehicle type Sec. 9, Table 21
Road class Sec. 9; Tables 21, 22, 24, 25
Failure type Sec. 9; Tables 22, 26
Materials involved Sec. 9; Tables 22, 23
Consequences Sec. 9; Tables 22, 23
Injuries Sec. 9; Tahles 22, 23

this is less so for road tankers carrying flammable materials, Nevertheless, the
fl_gurfe_s sutggest that even for such ‘tankers non-crash fires may be more
significant.
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Appendix

Pfr?babl_illgyuofa given combined impact speed in head-on collision
of two 5

One Problem which arises in assessing the hazards of road transport is the
estimation of the probab,|I|t¥_ of a head-on collision of two HGVS. Given that
there is available a distribution of HGV impact speeds such as that shown in
Table 14, the distribution of the impact speeds of an HGV HGV head-on
collision and the probability that the sSpeed lies within a certain range ma¥ be
obtained as follows. Consider a normal distribution of HGV impact speeds T (x
on built-up roads, where x is the impact speed, with a mean X and standar
dn%?cttlos%e%d SThen for the distribution f(xc) of the combined (i.e. summed)
|

XC=2X (Al)
al = 2a2 (A2)

ac=yl2a (A.3)
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menprobability P that the combined impact speed xclies between xcl and X2 is

Pxcl<xc<xc2]=P[((xcl- x c)fo-c)<ze<((xc2- x c)/ffc)] (A4)
- P[a<zc<b] (A5
=1(6)—(a) (Af)
=P (A7)

}j/_altu_ebs ?_f 1(a) and 1(h) can be obtained from standard tables of the normal
istribution.
As an illustration consider the following example:

x=306 mph, a=122mph. xc=2x306=612 and

(je=v/2x 12.2= 173 m.p.h.

tThhe probability that the collision speed is between 110 m.p.h. and 130 m.p.h. is
en:

P[((110-61.2)/17 3)<zc<((130—61.2)/17.3)]
= P[2.28 <2< 3.9] = 7(3.98)- 7(2.82)
=0.9999-0.9976 = 23 10~3

This method provides a simple and rapid estimate of the probability of the
combined collision speed, given a collision, The results are, however, only as
good as the quality of fit of the distribution used. Specifically, the method
relates to the tail of the distribution, The fitting and use of tails is a common
problem in the use of distributions. In some cases it may be preferable to use
alternative methods which give a more accurate treatment of the tail.
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Improved equation to estimate flash points
orpgrganrc gbmpoun(?s P
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Austract

A\nrm roved correlation, non- Irneare (E)onenﬁral ?e has been pr osedfor estr |on
of flash points o or anrc compound sag etroleum fractions as |on o err
tempera re Th |?] rrelation Was estf Ith 1221 compounds an ctte

0| ts with less than 1% average anso }e error, overaW| ran eo n rma or |n tem er
ture. The constants of the correlation for various classes of coripounds are aIsopesen ed.

Introduction

The Hloba\ aWareness, oJ the ||m£oréance of sa}r;etg risk assessrpent an
emerge Panrnﬁq or ”T] ustrial accidents and trrngené requ troHso
Governmental agericies of various countries have necessitated th searc for
b?t er a accrir te tec nrqu? LornﬁJre Ictions In these areafs Flas g Pr

sica rpro‘p ertles o |ca com ounas, 1S userul to 1d
a ature.of the substance. | rece ve attentro in recent ars
rom esaet ornto view, It 1sevi nt romt tera ure tthous% {
qew com oun are bein sn sise every earan the t data 0
these o nds are esse h alg C ssrratron 0 the su stancs

Experime ta data are alwa s desrrhab ut when they are not available t
re ourse 1S ‘aken fo ?ire Ict

0
Process plant designers, sPe au |t s hazard stydy and risk assessment
Fra\ge to predict the }]y LH stocks to %ec the

0 erFance wit re urre e?rlp ts %”n ?“%V'Q other pUIposes.
corrp *ons have GeerY re rteﬂ nte Iterature Ll?]]cto esi g hﬂ K

OIHtS 0 organ oun S and thelr |xtures ds a Iunction 0t norma OI |n
era urg. All 0 é ese corre a | either In the cass 0 éy1p
per 0|IC type. Ot linear an para IC types ofequatlon are use or

Correspondence to: Dr. K. Satyanarayana, Chemical Engineering Division, Regional
esearpc Lahoratory, Jorhat- 785y006 r@ . : ’

0304-3804/92/S103.50 (G 1992 Elsevier Science Publishers B.V. Al rights reserved.
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est|m t| the fI omts 0 djffererg} roups of orga pounds
t) tlon 1S USe redicting” t ts o
o%ar on 3 ct|o %‘tthese C0 reIat|ons
P t redict Rr& ora Ide range of or nlcc
r}?a arger devtatlons > were serve tvveen
the reported ex enmenta‘L

Ints, The reason 1S that el ﬁert e corre a-

tions (R:azl and Daup 65 AY: d ed arg ba]se aﬁlmlteéb gy ero{ a
Romts <20 samples) or the corre t|onE H fa Cp perbolic
}ure 08S not represent t eeéoenmen (at atlsa S0 |s eF|r

etohveamreaccurat prediction method. Int eagp icabl
? non-lin ar onent, tg/p uatlon IS Investl ted t? atete
omts or (i rent asses 0 |c compounds and petroleum fractions

as a function of norma 0| Ing tem erature.

Results and discussion
Re ortede rimental data of normal hoiling and cloged cup flash omt
b FI |ge ta%ent5 p p

[11 Eerta &Litemlstrry1 ?tmé ?([ngouannVﬁgﬁ &emmﬁ ;L
rlous Chemiica Data Bo OL?Q ndre orgamc comt! nas
cte rom the above sources have been d?wde Into 12 groups ven |n

elT nty-one data sets on petroleum fractions were btalne?isﬁ%‘n
I|teratureij61 he materials contained IP ni og H agr%ug ot Inclyce the
V. n ta

amines, which are considere separate en to |ncIu
TABLE 1
Values of constants in eq (3)
Group No. of aource of a b c AAEfo
compounds  dafa
SN
S0 B L
s, 1) 201 B 44%‘. itk ilgg
Kefones 8§ @] % ? 29%.00 1908, N
Jo egs 2 9, 10] . 414.§ 2%% 012
A erydes 48 @ 20450 29300 1970 {11
i R PO
Petrrgf%%rﬂs %? 6 2319 3%4'.4 1807.0 :%4

aAAE%—Percentage of average absolute error in predicted flash point.
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reater. number of compounds in each group, so. as to increase the scope of
g%)llc ttacorre(tatl nan m|n|m|segthepdeV|at|ons to result more gccu

Iit
rate redlc(g{on
ok e 5 B e e e
organic compounds.

Tf=a+bT,+cTl (1)
Tf=a+bT0+cITb )

The best equation will obviously be one containing an exponential function.
Aposs%le%andrdae 5: y g an exp

T{=a+ b(cITh)e~cTI(I —e~qT?2 8
where T{de rg}tes the flash ornt temﬁerature %Pmthe normal boiling temper-
3

atire, K anfla, b c are ¢ % tr? ]Iz orﬂanrc compounds aﬁd

Uatlon (3) was used to |t eflash OH
21 petroley normal Doili %wtemg erature. T

fract] ns as a functio
constants In ecl Were eva uate n] Inear regression usrn%
aUSs- Iter |<gn method. Sl r - the values of the constants In &gs.
1 an 2wer al% etermined g olynoml Ian multiple regression ana-
T6s ectrve¥ or eac roup, of Mns

he ¢ the twe

T ere ults 0 02 a oni for Ve groups of or andc cor_nrpgnnds
%tnmaxr?ngmu ercc):ent : lpe”?ae LemabsoCt}lone?rrorre ,SA%I n}j ?08 5 Was oBL-
servedin t ecaseotléﬁ |§h ?tl% g d t

roup.. Us )0 ave

AAEY A>of1014and11§ tm?;% the s(bo S rorgg cLalon
results were also comﬁare t those o ecﬁ p] ot T
Tesam e calculatiohs of two compound %rou shownIn Ta

easona accurate r suI Sare o talne by se Of (3 nr]t most 0 the

HP gtl cas oft ep sp oru ou the deviatio experiment of
redicted va ues ares ater n foun teoth
r%p ever te ev at ueso as ] nts romleqs
e r%er{ment are st|I %rn cates that the classic

ﬁ)e Uatlo JV su stantrabpé Ina curate ults. 1t 1s

ar ro les 1 a tat (\fes more reliable pre |ct|onso ash points

or all of the materrasrnvest

Conclusions
Thes ested on-lingar correlatlontgla

Vi satrs{eﬁtory a?reement be
the pr e] n] re ortd ex enmgn cf P nts. It 1S furthe r
sugrfestedt at t |scrre at|o can e applied over a wide range of norma
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TABLE 2
eacrﬂparlson of performance of (3) with egs. (1) and (2) for two example components in

K. Satyanarayana and P.G. Rao/J. Hazardous Mater. 32 (1992) 81 85

Group Compound TDr C._Th C Predicted Tj, C
Rl e B O
Hydrocarbons . Cammene i i B BE By
Alohols—f SPihane BB R RY R BY
Arrlnnes 1Dec J(%rgi]elg)?lamlne 2?%88 38%88 églg%?l Zglgggg 2?%615%
Aads % Maﬁﬁﬁ Pl 0 00 BY HE BY
shers o p e wl B0 RS BE BY
sulphurs 3 B hde'%'#eth.m a0 B BE B8Y B3
Esters 1 Benzyl benzoate 42000 596.00 42583 42512 419.04
2. 2-Butoxy ethyl acetate 34900 46500 34645 346.60 349.08
oo o i B0 R % B

' ﬁexanoneyy ' ' ' '
s e g G0 B4 BE 1R
v R SR 40 B 5
benza ' ' ' '
Phosphorus Hﬁl%*e‘%ﬁi‘p%’“aﬁ%te a0 B0 %8 N8 BE
s e S 510 09 A0 W
P wi o RE ORR BB
A D TR i i e
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G.Om Reddy and A Srinivasa Rao

I({\l ER)I Division, IDL Chemicals Limited, P.B. No. 397, Malleswaram, Bangalore 560 003
ndia

(Received August 30,1991; accepted ir. revised form March 4, 1992)

Abstract

A detailed study on pure, crude, acidified and diluted isosorbide dinifrate pSDN) Was carried
out to evaluate thermal stability and explosive sensitivity by using differential scannlng calor-
metry (I SC) thermogravrmetry (TG) and cap sensitivity experiments. The results indicate that
thermal stability of pure ISDN is as trroodas pentagrythritol tetranitrate. Audttg , especially sul-
hurlc acid adverse affect the stabifity, whereas diliition with water or lactose did not affectthe
hermal stability However the dilution effect Is clearly seen in explosive sensitivity and thermal
decomposmon eneray. ISDN diluted with 30% water behaves like a non-explosive. Acid influence
on the decomposition kinetics is also studied in detail, A copsiderable clecrease in energy of acti-
vation gEact) Is notiogd when 1SDN 15 contaminated with sulphuric acidl, whereas lactosg addition
Increases the actlvatron energy. Aplausible ex?Ianatlon is provided for the chanqe In actlvatlon
ener?y ﬁoo correlation 1s observed between the experimentally obtained activation ener
the nt gth of the O-N bond derived from modiified neglect” differential overlap (M DO)
calculations.

1. Introduction

Isosorblde dinitrate (I g SDN% belongs to a group of vasodilator dru%s caIIed
nitrates. Related to (? [yc ltri |trate and ntae hr|toI tetranitrate
ItIS mostoften sed 10 relieve the pain a ency ot angina attacks |1
15 also used with other drugs, for econtro o certain type of eartfr re
DN is fast- actrng and the effects are Ionger lasting t an some other nitraes.
Unlike glycerylnitrate, ISDN can also be Stored for‘long periods of time with-
out Iosmg [ts effectiveness.
Pure |SDN, awhrtecrystallme material, has proven to lieaﬁowerful e mp
ﬂve dand S therefored ted with Iactofse or other suitable dlluents to
ling, transportation and storage safer for pharmaceuttcal PUFPOSES. The

Correspondence to: Dr. G,Om Reddy, Standard Research Centre, 7-1-27, Ameerpet, Hyderabad
500016, Andhra Pradesh (India).
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normal dilutions used for pharmaceutlcal preparations are 25% ISDN with
%% Iactose or 40% ISDN WI'[ Y lactose.

In view of the explosive hazards associated with ISDN, a detailed study on
the safety aspects of |SDN was warranted to educate and warn the usefs of
this material, especially drug manufacturers. This E)aper discusses In deta|I the
thermal sensmvny and_stability of Joure and acid and | SF] dlluted
with lactose. Decom osmon k| etics, decompasition energﬁ and the explosive
proPertlesofdryan wet ISDN were also examined. Previotisly Mohan Murali
Fta from our Iabor o%pubh% edthe hazardous haract nstlcs ofISDN
actose mixtures. T ical Thermogynamic an nery eease vau
ation Program ofASTM “ CHETAH) rate ure ISD hazard
25/75 |SDN-lactose mixture as low hazard an 060 ISDN ctos mlxture
as medium hazard.

2. Experimental

Perk|n EImer DSC-2C and Perkin-Elmer TGS-2 were used for thermal studx
The experiments were carned out under non- |sothermal cond|t|ons withacg
stantfowo mtrogg %s The samples were crimped in aluminium gélnswn
apin hole on the Irds. ermo%ramswere recorded using ]percentm e which
d|rectl reads the Ioss ofwe| %) with temPerature he sample size was
kept In the range of 2 or aI dlfferentla scanning calorimeter (DSC)
and thermogravimetry (TG) experiments.

sens ItIvity ex enm nts were carried dut in a sound ?roofbomb usmg
No. 6 detonator. The N| olet digital oscdoscoge 2090 Series was used for
meas nn}g detonation ve locity and carbon resistor probes were used for sen-
sing the cietonation wave.

2 2 Material
ISDNt Was pregared in our Iaboratonay bly a known procedure [%]Das shown
|r% S’(\:Peme L'and recrystallised from dcetone/water mixture to obtain pure

A known quanti of lactose was added to pure ISDN_and mixed well usmg
9te mort rcar etull |){]to makevanous m|xtures autlon ureISDN haz

ous t grind in a mortar.) Known quantities of sulphuric acid (h and
nitric acid (10%()1 Were added se fxrate to §pure ISDN and mlxedt 0ro g }/
usm mortar an este For explosive sensitivity exnenments the materia
3 mixin w% v¥aer ‘was packed in 25 mm plastic tubes and densities were
eterminedefore firing.
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CHX
HH
VIO TR
(HH  [-2Hq]
(HH

CH20H
Sorbitol as)

Scheme 1. Preparation of ISDN.
3. Results and discussion

3.1 _Thermal sensitivity

DSC 1s a very useful technigue for the evaluation of therma| sensrtrvr%
stability of a hazardous material, DSC thermograms of pure and crude IS
and pufe 1SDN diluted with 60% lactose were “recorded and displayed in |g
ure ISDN showed a melting ornt of 340 K and a sharp decomposition
exotherm withan onset tem gerat K, whereas acrude sample showed
ame trng oint of 3 road decom osition exotherm with an onset
tem erafure of 27 ISDN diluted with lactose exhibited, in addition to
SDN meItrn preak at 340.0 K anotherbroad endotherm around 412.0 K (due
towater 0ss). There isno ch an%| e in the decomposition temperature of ISDN
dlue to Tactose ilution; butt e Gecomposition portion o thermogramss lits
Into two; and the area Under the curve, which is the measure of decomposition
ener Y, |sdrast|call¥ reduced. It may be a proprrate to state here tha Iactose
dilution does not influence the thermal stability of ISDN, but certainly min-
{mrses thetexotherm|crt of ISDN due to dilution effect The thermal pyroper-
les are listed in Table
etare stuJ was carrled out on varrous Co Posrtrons wherein the lac-
tose djlution was mcreased rom5to 75 termo rams re-
corded with éOKmm -1 heating rate are rese‘]te Jn FI Tqa7I The melting tem-
Peraturesan ecom osition temperatures are listed in Table L It1s Interesting
note t atthe melting ornt ofISDN is not affected by lactgse dilution.
thermo ra of Bure lactose shows two sharrt) endotherms, one |n
t e tem erature ra 0K and another In the tem erature ran e o
o é)eakrs ue to the loss of awatlerm ecule ono
drate present In lactose and the latter pea |s due to actose decomposition.
For up o actose in ISDN the flrst ea due to [oss of | ctose waterwas
not n trcea e ereas mor than 30° act]ose dilution exhibited very broad
endotherms. In fact ISDN In Iuencedthe dration of |actose and advanced
the endothermic peak by about 20 K. Lactosé did not influence the decompo-
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SAMPLES
HEATING RATE : 10 deg. min~!

1. PURE ISDN
2. CRUDE 1ISDN
3. ISDN : LACTOSE (40:60)

L
310

| lution IS
%ctose showed a shou er |

QuWe

clear split In the 1S
ft{[l%n ofa L t\i V\P th actose reducest
The spht n the exotherm of ISDN lactose mixtures had gi %
that the aecomposition IS a two-stage process. A ment| e ear |er actose

| |
350 400
TEMPERATURE, K

rFr:? ulreDSC thermograms of (1) pure ISDN. (2) crude ISDN, and (3) 40/60. ISDN-lactose

SItIOﬂ fem
03|t|0yn

arent t at ISDN Infl

mposition pea
thermlgltya

|
500

Perature of ISDN, but considerably reduced the decomposition en-
acting as a heat sink. 1ts 3

of actose and was also ad
DN showed as arﬁ smg

gnh

ecom osition IS endothermlc In nattire. Indllute sam

?]c?m 0S€ SImU |taneously.
W ctose d ecom

|

curs d

i

nﬁg t

3.2_Decompositign ener

DSCisa
The area u

i

0sition 15 heat ahsorh
are due to an endothermic decom osmon 0
e exothermic decomposition o

ISDN

yantitative echmtiue to determine the enthalpy of decom
der the curve is directly related to the amount of heat

uenced the decom-
ced by apout 20 K. U t020°/
e decomposition peak, whereas 25

moshuét whlemre than %5
g chesthe

ven an |mpre33|on
N and actose
Dcomposmon ue toI N |s eat prod

he shaded areas of cury
? ﬂactose WhICh 0c-
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TABLE 1

Thermal sensitivity
Sample Endotherms (K) Exotherms (K)

Il :ﬂp Ie
Pure ISDN 300 430 4670 _ 120
Cruce |SDN 3300 - 210 450 - 4300
SDN/lactose 95/5& 300 - 450 4680 - 4320
SDN/lactose (90/1 340.0 - 450 4680 - 4320
SDN/lactose (85/15 3400 a0 4680 - 4320
SDN/lactose (80/20 3400 430 4680 - 4310
SDN/lactose (75/25 3390 430 4680 - 4300
SDN/lactose (70/50 340.0 - 440 4680 - 431.0
SDN/lactose (69/59) 3400 Notclear 4450 468 - 482.0
SDN/lactose (60/40 3400 4000 an0 430 4690 4380
SDN/lactose (50/50 3400 4000° 460 4630 4090 4810
SDN/lactose (40/60 300 4010 480 4630 4700 4850
SDN/lactose (25/75 00  401.0° a0 430 4730 4810
Pure lactose 4200 47700 - -
“L actose water loss,
tL_actose decomposition,

T, Initial temperature, Tp peak temperature, and Te, end temperature.

ngh uri] |nd|um 999% rg was used asastandard for estlmatlnqr
P]OS lon heat e ergyo N and various ISDN-lactose m|xtures
dilutions of ISDN-lactosg, 40/60 and 25/15, are.commonly used forp arma
ceutical preparations. The estimated deco rﬁosmon enerlgeyva Ues are listed In
Tahle 2 Crude ISDN showed less ener% ared to puré ISDN. The decom-
posltlon enerﬁg e]cre]ase as the lacto ercent in ISDN mlxturei mcreased
ug actose decompasition energy IS ver%/ smal

|ts Influen SDN decom Itjon Is ver}y remarkable. T |s stud
Iearlly|nd|catest at ISDN diluted |t lactose is, Iess enerqetic and safer t

than when fpure The common dilutions of ISDN-lactose, 40/60 and
25/ 15, are quite sa and their decomposition energies are 1/5 and 1/6 of pure
ISDN, respectively.

3.3_ Kinetics, of decpmposition,
The kinetics o?d)ecomposmon lay ave |m£)ortant role in the assessment

of the_hazardous property of energefic matérials, The activatjon energy helps
In rating t?] ﬂ grd)d) sgotentlal faglven explosive. The higher t eg}actl a-
tion energ tesaert naaterla |st? andle.

There e several met r calcu atln Inetic arameters We restrlcted

our study to non-isothermal analysis, the Ozawa me which 1s also the
ASTM r%ethod used The activation energy obtalned%y ms method IS Inde-
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SAMPLE : ISON:LACTOSE
HEATING RATE : 10 deg min='
1. 9C:10

80: 20

65: 35

50 : 50

2
3
4
5. 40:60 IZmnHimlones sec™!
6
7

EXOTHERM —»

. 28175
. ¢:100

MILLICALORIES SEC™'

<+— ENDOTHERM

| | L 1
310 350 400 450 500
TEMPERATURE, K

Fig. 2. DSC thermograms of ISDN-lactose mixtures.

TABLE 2
Heat of decomposition
ISDN Lactose Found Calculation for Stabilisation
() dilution (J/g) (/)
100 0 2319.0 23190 00
% 5 20910 21950 %.0
9 10 21610 20710 %.0
15 1890.0 1946.0 -56.0
&0 20 18150 18220 -1.0
) 2 125 10770 -365.0
N TR B
0 100 1650 -165.0 .
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pendent of the order of the reactron This method dep ends on the fact that the
reactron rate depends upon the eatrn% rate, mcasesw %r%self heatrng 0ceurs
durm% ecomposition. An increase In the heating rate shifts the peak temper-
ature 10 a higher temperature. The reaction rate IS maximum at eaktem er-
atures. By this meth daplot of In(0) versus reciprocal absolute peak temper-
ature WI| roduceastrar ht line wit aslopee uaI t0 —e/R L
Pure ISDN, cru de ISD gndISDN actose(t 602 aresubaqcedtovarrous
Eeatrn rateso| , 10, 20 an l\lﬁngml and the th ”PO ra S are %hown n
respectively. Meltin composition temperatures are
Irsged din Table3 Wﬁlle the ewas no? ?uence of eatrn rate 0% the melting
point of crude and ureI N, a slight shift to higher temperature was 0b-
served in the case ISDN %cit[ose mrxtures with increased heating rafes.
However there was acears In the gecomposition curves, Puré ISDN
sowe shar eaks, whereas cryde ISDN showed broad peakswrthashoulder
c se mixture exhrbrtedtwo peaks, Peak 1 (tp1) and Peak 2
|gabler? gots of In (0) vs reci rocaI geak tem era ures are sho n|
d activation ener fEzc) values are listed In'Table 4. 1t s very clear
from the activation energ ues hat crude 1SDN is most hazardous and the

SAMPLE : PURE ISDN Tps,
HEATING RATE (deg/min) /

o /
-, et

MILLICALORIES SEC™
EXOTHERM —p

<4—— ENDOTHERM

| r 1 |
310 350 400 450 500 540
TEMPERATURE, K

Fig. 3. Effect of heating rate on pure ISDN.
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SAMPLE : ISDN CRUDE
HEATING RATE (deg /min)
1. 40 \
2. 20
310
r
z |
% é :lchd sec—! // /:," \/)
5 - N \.
§ |3 L/ S
§ z N //' '\AL_/
SE [
Sle /| \
l N\ K_‘—‘—"_"”/ / —
”']"”\_\'\" i
\‘J :/..—v
L/ I | |
310 350 400 450 500 550

TEMPERATURE, K

Fig. 4. Effect of heating rate on crude ISDN.

% N-lactose m|x(§ure IS least hazardou% whereas pure ISDN falls in between.
The decreasing order of hazard Is given delow.

Cruce ISDN>pure ISDN>ISDN/lactose (60/40).

Ehe common ISDN lactose mixtures, 40/60 and 25/75, would be safer than
e 60/40 mixture.

3.4 ThermograV|metr|c ana sis

Il%t 0SS measuremen swere carried out on dure crude and lactose di-
Iuted DN. TheTGtermo ramsof ureandcr SDNWlthKmlnl
eatm rates are shown In ure N showed rapi welght |oss com-
are %cru eLS N. This.ob ervatlon sygglementsprewouslydscussed DSC
aa fa. T ewelg 0ss was in the rangeo

zaw ?]eveoe a method for the estimation of activation energ for
?ana ysiswhich states that the Iogarlﬁhmofthe raﬁeo eatmg {dT/dt
Inear Te at|onsh|p with the reciprocal of the absolute temperature for the

Ve Conversi regardless ofthe order of reaction. This method requires
Hon |sotp1erma(i \Ss) g%Ferent eating rates. |
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1. 40
2. 20
3. 10
4. 5

EXOTHERM —»

<+—— ENDOTHERM

SAMPLE : ISDN : LACTOSE (60/40)
HEATING RATE (deg/min)

lz millicalories sec~!

l
310 350

TABLE 3
Effect of heating rate
Sample

Pure ISDN
Crude ISDN

ISDN/lactose
(60/40)

I
400

I I I
450 500 550

TEMPERATURE, K

Fig. 5. Effect of heating rate on ISDN-lactose (60/40) mixture.

Heating rate
(K/min)

D
10
20
40

Peak temperature (K)

%
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@® CRUDE ISON
A ISDON: LACTOSE (60 40)
PEAK 1

L W ISON - LACT OSE (6040 )

Fig. 6. Ozawa method plot.

TABLE 4

Activation energy values obtained by Ozawa’s method
Sample E,d (kJ/mol)

8?L%e |SDN 87.36

Pure ISDN 174.10
ISDN/lactose (60/40) 23350

1G
Crude ISDN

63.75

Pure ISDN 15880
Thermo grams were recorded for pure and crude ISDN at four heatlng ra}es
5 10, 20 es for

nd 40 K min- 8 Froma tcurves the absolute temPeratu

the given conversion (ct= gat | erent heat (%Nrates were ca cu ated The

glotofln<pvsre<:| rocal temperature at.0.5a Is shown In |g Thec cuaed

ctivation energ s were 158.8 and 68.7 kJ mol-1 for purg and crude ISDN,

respectively (Table 4). These values are slightly fower than th DSC values,
e|%h t10sS measu ement was carried out'on four lactose-dil uted ISDN sam

les: %& ISDN- (?ct se& %Og 22 ISI?N -lactose (60/40); (3) ISDN- Iac

06 /60?] an ISDN P

The wej tIossd ta IS tabulated i Table 5. Th(i samples were heated at

fixed heating rate, 10 K'min- x The observed weight loss for diluted ISDN was
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SAMPLES

100+ HEATING RATE : 10 deg/min
1. PURE 1SDN
2. CRUDE ISDN -

80

60

40

PERCENTAGE WEIGHT LOSS

20

0 I 1 |
310 350 400 450 500
TEMPERATURE, K

Fig. 7. TG curves of (1) pure, and (2) crude ISDN.

5
L O PURE ISDN
\ @ CRUDE ISON
4_
[ ]
3
O [ ]
2+
1 1 1 1
2.0 21 2.2 23
?K {==05)

Fig. 8. Ozawa’s method for TG analysis.
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TABLES

Weight loss data TG

Sample Temperature range (K) Weight loss (%)

Pure ISDN 413.0-473.0 90.5

Crude ISDN 303.0-493.0 8.8

ISDN/lact Stage 414.0-434.0 20

o S 13404530 618 %1
Stage 1 563.0-638.0 2.2

ISDN/lactose Stage 403.0-430.0 31

60/40 Stage 430.0-498.0 490 84.1
Stage 111 540.0-618.0 320

ISDN/lactose Stage | 404.0-434.0 39

40/60 Stage 424.0-480.0 3.7 115
Stage 111 543.0-617.0 229

ISDN/lactose Stage 403.5-428.0 506

25/75 Stage 428.0-473.0 24.2 191
Stage 11 552.0-622.0 493

Pure lactose Stage 414.0-447,0 4.3 703
Stage Il 512.0-628.0 66.0 '

Stage I: Water 10ss,
Stage II: ISDN decomposition, and
Stage I11: .actose decomposition.

In three stages. The first stage loss is mainly due to the loss of lactose water.
Inthe second and third stages wa%tt loss 1S due tq Simultaneous decomp05|
tlono N and lactose. ota el% htl osswas |nthe ran%eof700900 0.
As the actose ontent mcrease from 20 ﬁ)ercen e fotal we|ght
loss decreased from 89.1 to 79.1%, while ure Iactose Wed only 700 ooss s
the lactose content jncreased in ISDN formulation, t e loss (duetot e second
stalge decreasedwh|leth|rd sta ewe| ht ossmcreased accor tothe actose
centa% In the case of anay5|s %gswa o the d e??
03|t|on FISDN is not reall two stage, but the heat rbi r?natureo ac-

ecomg?dtton retardst edecomposmon rate of ISDN, which Is reflected
|nt e rate 0f weight [oss

3.5 Influence of acid on ISD N decomposition
Inth manufacturmg process of ISBN |sosor8|de IS nitrated usm%onl
tric acid (99%) or a nitric acid and sulphuric acid mixture. After nitration and
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Erehmmar}/waterwash cruce ISDN is called acidic ISDN and contains about

1.0% acid, Subse uentlgl the acidic ISDN is neutralised with ammonia
before subjectm% to recryst lisation.

It is known, that acidic nitrate esters such as pentaerythritol tetranitrate
PETNl) and |s?sorb|ced|n|trate (ISDN) are less staple com aredtothe ure
aterial, Therefore, it 1s essential to stud){the thermal stab|l| acidic
to benefit the manufacturers. We have dlrea dy naticed low actlvatlon ener

and low thermal stabi |t¥for cruce ISDN, which Is Ilqht[y acidic when co
Bgtr\e’ e evr\]thSpéjge/ SDN. The percentage acid in crude TSDN was found to e

Further research was carried.out on pure ISDN by mixingwith known uan
tities of nbric acid and sulphuric acid separately. Nitric acidl showed very little
effect on the thermal behaviour of [SDN, whergas the sulghunc acid influence
wasaarrrmq The foI owmrq samples were studied by DS

0% of 10% sulphuric acid,

+ 0% of 10% sulbhuric acid;
+ 3% of 10% sulphuric acid,
+40°/ of 10% sulphuric acid
+ 5% of 10% sulphuric acid,

re).
eDSCt |e)rm rams are shown in Fig. 9. The thermal stability of ISDN was
adversely affected with 10-40% added stllphuric acid, but at \0%sul hurlcaud
therewas noeffect on the thermal stab|l|t The onset temperatures for Sam-
deé bare 8 40 and 445 K resﬁ]ecnvel y. In
addition’ to the meltmlq ang ecomﬁosmon ofIS N, samples with more’acid
also showed additional"smal] endotherms due to loss ofaC| water in the tem-
perature range of 380-400 K. This clearly indicates that small percentages of
suI hunc aC|d catal ses the decom osm n, but Iarger percenta e of acl acts
diluent. In fact, Some of the acidlic ISDN samples (prepared gmlxedau
decomposedwme?l rying at 1000& uring TG m0|stur contentd termination.
tExttremet care shoud?e Xercised in handllng acidlic SDN. 1t is not advisable
0 store the acidic material for long periads.
To study t?] t%‘ecto?nltrlcamd% ISDN gecomposition, thefo Iowmgsam-
ples were repare mixing known uant|t|eso itric acid; (1) ISDN+10%
%floo/onl ricacid, (2) 1SD +30%o 10% nitric acid, and (3) IS)N+ 50% of
(% nitric acid,
e onset tem J)eratures for the above samples, 1,2 and 3, are 438, 439 and
respect|v These va Ues fall betvveen Ehe onset tem erctureo gure
and Cruge 15 Compareq fo sa ePes mlxe WIt sulphuric ac
%hemtrwﬁudmﬂuenceo ISDNstab|I| |sn% a%me "|sma)( e dug o the
act that the nitrate es#rs on d% ompositjon prodtice NO** spec ?WhIC will
have a common ign effect In the case of nitric acid, whereas sulphuric acid
favours decomposition.

TS OGIN—
wlwww w)

(Ypldpldpldpldpldpl—y
==
—
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——— 1.10% SULPHURIC ACID (10%h) 3
——=2120" . I

— — 4 40"

— - —5 PURE ISON

MILLICALLORIES SEC™'

1 I
310 350 400 450 500
TEMPERATURE, K

Fig. 9. DSC thermograms showing the influence of sulphuric acid.

3.6. Mechanism ofdecomposmon
The activation eneray values obtained by TG and DSC study sugoest that
breaka?e ofthe O-N bgdynd |n nitrate estersy|s the rate controtJ %% %
|vat on energ¥ ?sve close to the O-N bon energ(I 2
The Intluence 0f su hurcau on the deco osition fSDN aIsos np
the above ar%ument Sulphuric acigl, being a strong acid, acts as a strong pro-
t compared with nitric acid, which did not iiffectISDN st

tonﬁtmg g |I|tx
E)%Ito \Ae/s extent as sulphuric acid. The influence of sulphuric acid is show

<J:-0-N02-><3-0-N 0 2-—*-(j-OH+ no
H

The nitronium ion thus formed is stabilised b sulrﬁ)hun%aud
In order to understand the effect of protoriation on the bond angles, bond
Iength and char edlstrlgutlon mOdIer ne n%]Iectdlfferentlft overlapi1 NDOt)

calculations were carried out on a model conpound, methyl nitrate. The effects
of protonation at the alkoxy oxygen O, and at the nitro éroup oxygen 03(02)
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TABLE 6

MNDO calculations
(@) Methyl nitrate

Bond angles

( egrees?

0,N,02 119.92
0,N,03 114.14
CAN, 12289
H.CA 10450
hk a 11250
hC,0, 11250

(b) Methyl nitrate protonated at O,

Bond angles

(degrees?

0,Nj02 9152
s
hn %
H.CA 109.37
HXCA 109.32

hk a 11287

H\

Bond lengths

Bond lengths
A

O
-N,
-h4
_%

)c
3c

1

ST 09 =Z= —

!
1
1

101
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(c) Methyl nitrate protonated at 03

h4
Bond angles Bond lengths
(degrees? (A)
0,N,02 125.36 n,-02 1.1820
0,N,03 11558 n,-o 1.3063
n'0d4 115.96 03hd 09740
iho 103 00 L3
HAO, ' H-C, 11121
HCA 111.09 Ha-C, 1.1125
HAOQ, 11153 Hs-C, 1.1178
TABLE 7
Detonation properties of ISDN/water mixtures
Shot Composition Density VOD
No. (gem*3) (ms*1)
1 Crude ISDN + No water 0.82 3921.0
2 Crude ISDN + 5% water 0.87 3849.0
3 Crude ISDN + 7.5% water 0.92 3612.0
4 Crude ISDN +10.0% water 0.96 Cap failed
5 Crude ISDN +15% water 1.00 Cap failed
b Crude ISDN + 20% water 1.04 Cap failed
/ Pure ISDN +10% water 0.60 3129.0
8 Pure ISDN +12.5% water 0.81 Cap failed
9 Pure ISDN +15% water 0.90 Cap failed
10 Pure ISDN + 25% water 0.96 Cap failed
il Pure ISDN + No water 0.49 4021.0

are shown in Table 6. It appears from the calculations that the most Probable
flte for praton atfack is O nat 020r 0 3 Protonation at 0, increases the bond
n%th deJ-N, from 1.3427A to 2.8418A. Furthermore 0, acLuwes a negative
charge, and'the whole N 02 group acquires a gqsmvec arge and beconies al-
most linear. This clearly sug est that Proton tion at Chweakens Of,he_ -NO,
bond so much that little’enerdy Is regP red to break It. The charde aistripution
explains the presence of somé alconol and nitrgnium ions in protonated com-
pound. This rationale for methyl nitrate holds for ISDN as well. The decrease
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in the actlvatron energy of crude ISDN (which contains about 0.5% sulﬁ)hurrc
ar]:rdg to halfth a(s Hpure DN s due to the increase of -0-N 02bond Tength
e to twice bond length of that In the pure compound.

3.7 Detonation properties of ISD N -water mixtures

ISDN Is & cap sensitive explosive in gure form, The detonation properties
of ISDN/lactose mixtures were reported earlier s] N our \ﬁ e]sentlnvestllg a-
tion crudeISDN contalnrn about2%morsture as diluted wit water acked
|n 25 mm 1p ?trctu es, an |re?lwrthaN 0. 6 detonator. The resu %s aretab-
u ated in Table 7. Crude ISDN alone showed adetonatron velocit

With up to 75% water, It was cap sensitive. With 10% or orewater |t

was non- ca§ sensitive. Water was alsb added to pure ISDN but it was found
that ?urel DN was ca sensrtrve even with, 10% water. These results su?r%;est
that TSDN can be made non-explosjve by mixing with about 20% water. 11 its
manufacture, ISDN can be handled as a non-explosive by the addition of 20-
3% water. Fowever, operations slich s cr¥stalrsat|on rdryrng and mixing
with lactose demand't ermPIementatron 0 hluhe Plosrve rules and re uIa
tions as with PETN. Furthermore though safety is Provedb mrxrng
\r/:/a(tj%llcs)nsg storage periods with 30% water may affect the quality due to slow
\arofysl

4. Conclusions

1. Crude or pure ISDN is a high exPIosrve and should he handled carefulsrb
2 IDert:ompou%lon enthalpy data clearly shows the dilution effect in ISDN/
ac 0Se mixture .
Kinetic data su%ges 3 fs that cruFl e ISDN which contarns about 0.5-0.6% acid

|s more sensitiv less stable compared to pure ISDN.

4. The Influence of acidity s é; ests that hestora§)eof| roperly washed ISDN,
espec&grlly that manufactured using mixed atids, may be unsafe over fong
erio

5. Detonation velocity experiments suggest there is enhanced safety when ISDN
IS mixed with water,
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Abstract

The concentrations of chemical contamination desorbing from alkyd and polyurethane
painted vehicles after eXﬁosure to sun and wind under winter conditions have been meas-
ured. A computer model has been used to determine the residual contamination level after
weathering. The removal efficiency under winter conditions is compared with that under
summer conditions and is shown to be aﬁ)prommately one eighth as effective. The weatherln%
process is also compared with active clean-up processes involving detergent/steam and C
emulsion/steam. The combination of C8 emulsion and steam is shown to be the most effective
decontamination process.

1. Introduction

Jhe man facture of chemjcals, and the associated chem| al |Hdust ,ﬂqe
nws en abep so our Industria soc%et?{ IS has been re erred {0 as”
a g The enormous use of chemicals IS not out nsk
chemica cto sobn\e extent and some are extrem azardous
Increase 1ge tPe possibility of an accidenta| release aIso ncrea 565 and even
i excellent’s tg/ rec ut ons accidents will occur as a result o B% nPment
ure an human r nlspor‘[ In particular osesa gor problem since
esco Increa ed Con3| able 6 rt| expended In

or ac |d nt |s regt
Leanl tp rom accidencs..Emergenc wor ers fre uent st wear
%emlc pr tlves ItS an res irators as protection against toxic va ouri
[OCBSSES W |c acce erate uctlo removal 0 contamlnan n will
? l#ﬁ% é e need for clean-up an also WI Uce the time spent in protective

Correspondence to: Mr. D. Amos, DSTO, Materials Research Laboratory, P.O. Box 50, Ascot
Vale, Victoria 3032 (Australia).
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In a previous study {2] we examined the removal of contamination from
vehicles through the natural processes of weathering by sun and wind during
the summer months in South Eastern Australia. We concluded that weatherm%
In_ summer_months would be sufficient to reduce the hazard to below th
minimum risk value for all but the mogt toxic.of chemicals. In the present study
we examine the processes of weathering during the cooler winter manths and
compare the efficiencies of clean-up procedures using active chemicals and
physical processes.

2. Experimental

21 Desorghon chamber _ _

The chamber in which the studies were carried out was constructed of
stainless steel and was thermally insulated and _temPerature controlled, Total
volume of the chamber was 93 m3, Mechanical circulation of the air inside the
chamber ensured rapid mixing of desorbing vapour. Methyl salicylate (MS)
was chosen as a simulant because of its intermediate volatility.

2.2 Analysis
MS vapour copcentrations were monitored by _samplingi into prop;ilene
glycol in"sequential sampler bubblers, The sequential samplers each held 12
ubblers containing 5mL propylene glycol as the absorbing medium and were
proqrammed to saniple the chamber ovér a 24 or 40 hour time span. The bubbler
contents were analysed subsequently for MS by UV spectroscopy.

2.3 Vehicles

The vehicle chosen was the in-service Landrover complete with canvas
canopy and rubber tyres. We investigated two paint systems; (i) in-service
matf olive drab alkyd paint and (i) low gloss olive ‘drab aliphatic poly-
urethane paint (PUP) to' GPC-P 15413°3]. _

MS contamm? Orasol Brilliant Fast'Red (0.1%) and Tinopal SWN Cone
(O.l%)r, as visual and fluorescent tracers respectively, was sprayed onto the
side, front and windscreen of the Landrover from a hangd-held pressurised
sprayer. The contamination density was determined by collection of sprayed
MS on felf pads (100 mm x 100 mm}; after contamination these were removed
for analysis. The quantng of MS 0n the felt pads was determined Rly ethanol
extraction and spectrophotofluorimetric analysis of the Tinopal SWN tracer in
the extract. The contamination process resulted in a fairly even distribution of
simulant spread qver the surface of the vehicle. In real”accidents there may
well be heavy and more localised contamjnation of the vehicle, _

The contaminated vehicle was driven into the sealed chamber which was
temperature controlled at 20+1°C. MS_desorbm% from the vehicle was
monitored by collection for later analysis in four sets of sequential samplers
arranged around the vehicle. Analysis of all data about the desorption of MS
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from vehicles in the chamber was carried out USING consan which 1s the
interactive version of the .... modelling program and allows the user to
develop mathematical models. to fit experimentdl data ﬂ All data sets have
Bgmonnormahsed to a contamination density of 10 gm-Z Tor purposes of com-

24 Clean-up processes . _ _

In the studies on weathering, the contaminated vehicles were exposed to sun
and wind under Melbourne Winter conditions during August and September
for 90, 135 and 180 minutes to enhance removal of contamination. The mean
insolation wag 0.34 kWm*“2 mean wind speed 145ms-1 and mean surface
temperature 11°C. . o ,

Two active decontamination prqcesses were investigated, a physical removal
system and a cnemical destruction process. The physical removal system
nvolved a pre-wash of the vehicle for 5 minutes with de reasm? detergent
0.1%) in hot watey at 60°C followed bg/ treatment with steam at 150 °C for

minutes. The active_chemical decontdmination process consisted of a pre-
wash for 5 minutes with a de?reasmg detergent (0.1%) in hot water at 70JC,
followed by C8 decontaminant. This'was applied by spraying and allowed to
remain on”the vehicle for 20 minutes; the C8 was fmallg rémoved by steam
treatment at 15C°C. Hot water, deterq_ent and steam were supplied ‘in_both
Instances from a portable steam generating unit, NBC-Sanator. C8 emulsion Is
an active chlorine military decontaminant containing calcium hypochlorite,
tetrachloro-ethylene, an emulsifier and water [5],

3. Results and discussion

In previous studies [2, 6] Amos et al. developed a computer model to describ
the desorption of a liquid chemical from vehicles in an enclosed chamber. Th
model described was

Ct=Pd 1- exp(-P 2(t-P4P)] (0

where Pp P2 P3and P4ehre constaan that have to be e_valuate(i. P[evgous
studies [2, 6}_ ave shown that PxIs related to the contamination level of the
simulant, P2is an estimate of the desorption rate constant, P3is a measure of
deviation from linear kinetics and P4is an offset allowing for errors associated
with recording early observations for th exﬁer_lment. o

To establisn'the relationship between the initial contamination level (IC2 of
MSand Pu three levels of simulant contamination were studied for each of the
two painted vehicles. The vehicles were not subéect to weathering or decon-
tamination in this series and were placed in thé chamber immediately after
contamination. The experimental data were fitted to the model and the values

€
e
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Fig. 1 Cumulative desorption of MS from [A] Alkyd vehicles and [IB'] PUP vehicles after

winter weath_erlng—eX{Jerlmental data and saam fifs. The unbroken Tines are the saam fits.

Weathering time: (x) L15h, (+) 2.25h, and (O) 3.0h.

of P1for each level of IC calculated.  was regressed on IC and the following
relationship was established:

P1=5.2/C+1.7 Q)

31 MS desorption after weatherlng _ _
The MS desorption data from vEhicles exposed to the weather for various
eriods of time were fitted using consam to the developed empirical_ model
e% 1) as shown in Fig, 1 Values of Px calculated with eq. (1) are gwen in
anlg L Values of ICK the contamination level after weathering,

gL re also
detailed in Table Land were calculated from eq. (2)

TABLE 1

Derived values of . level of residual contamination (7C,.) and removal efficiencies (RE) for
MS after weathering under winter conditions for alkyd and polyurethane coated vehicles

Paint Weatherin P, (SD.)a 1C,, RED
type time (hours ) (%)
Alkyd 15 540 (9.5 104 18
Alkyd 2.25 306 (1.1 756 41
Alkyd 30 197 (4.3 376 10
PU 15 487 (8.5 931 2
PUP 2.25 306 (3.0 58.5 54
PUP 3.0 141 (4.7 26.8 19

“Standard deviation. _
bMass of MS applied by spraying (7C0= 1275 g).
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Fig. 2. Plot of percentage residual MS contamination vs. weathering time for winter ( x )
and summer (O) months for [A] Alkyd vehicles and [B] PUP vehicles.

|tis clear that weathering durl_nP winter months is not effective in removing
MS contamination from th& vehicles under examination. Removal efficiencies
ranged from 18% to 70% for_alkyd coated vehicles and 27% to 79% for
polyurethane coated vehicles. The removal efficiencies for winter weathering
are“shown graphically in Fig. 2 and are also compared with data previously
obtained from summer weathering [2]. The residual contamination Jevels after
winter weathering are such that the hazard from many toxic chemicals would
remain well above the minimum risk value of 3%. The conseti],uencejs that actjve
means of decontamination or clean-up should be sought during winter months.
. The polyyrethane coating was demgned to be extremely resjstant to Penet,ra-
tion by toxic chemicals and the greater removal efficiéncy for vehicles with
such coatings may be attributed to'the chemical hardness of the paint. That the
removal efficiencies for the polyurethane systems are only some 10% greater
than for alkyd systems may be ascribed to the loenetratlon of MS into cracks
and crevices and into othér absorbent materials on the vehicles, DesorPtmn
from such design artifacts tends to negate the chemical hardness o

the
polyurethane paint.

3.2 ft\%twe cle(?n-ug [process_ o :
. Ofthe two decontamination Rroc_edures investigated, one relies upon phys-
ical removal, the other upon chemical destruction. In the former, treatmén
with g hot water and deter%ent pre-wash removes liquid contamination and
an;r dirt, oil and gr_ease which ma){ have absorbed contamination. This Is
foflowed by application of steam at 150°C which evaporates remamm? liguid
agent, accelerates the evaporation of absorbed contamination and contributes
to destruction of contamination through hydrolysis.
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Fig. 3. Cumulative desorption of MS from vehicles after clean-up with a detergent pre-wash

and steam at 150 C—experimental data and saam fits. The solid and dotted lines are the saam
fits, (O) PUP landrover, and (x) Alkyd vehicles.

Cumulative Dosage MS (mg.h.m-3)

Figure 3depicts the desorption of MS from vehicles following treatment with
detergent pre-wash and steam at 150°C. The derived valueS of PL leve| of
irre13|Tdalf)&I1c|e czontammatlon (ICWand removal efficiencies (RE) for MS are detailed

The RE for MS on both vehicles is am)rommately 80% which is similar to
that obtained by weathermﬂ(durlng_m er months for polyurethane vehicles
and some 10% better than afkyd veficles. There is little difference between the

TABLE 2

Derived values of P It level of residual contamination (ICWand removal efficiencies (RE) for
MS after decontamination with detergent/steam or C8 emulsion/steam for alkyd and poly-
urethane coated vehicles

Paint Decontamination P, (S.D.)* 1C,h RE

type process © (%)

Alkyd Detergent 80.6 (2.7) 152 81
steam™

Alkyd C8 emulsion 22.7(0.5) 4.04 9%
steam

PUP Detergent 76.2 (2.1) 143 82
steam™

PUP C8 emulsion 201 (05) 342 9%
steam

“Standard deviation.
bMass of MS applied by spraying (7Co= 80 g).
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two tgges_ of gaint system which indicates that the residual contamination is
Peoatta ociated with the paint systems but rather with common absorbing micro
ures.

3.3 Chemical decontamination, process _ _

The chemical decontamination procedure involves a pre-wash, as described
above, followed by application of C8 emulsion, an active decontaminant which
has_been designed to extract extremely toxic_ contamination from absorbent
surfaces jnto the emulsion where a combination of oxidation and hydrolysis
ensures decomposition. o

,FlnaIIX the emulsion is removed by application of steam at 150°C. The
disadvantages cf the system are the deleterious effects on some materials and
possible problems associated with using chlorinated hydrocarhon solvents.

Figure 4 depicts the desorglmon of MS from vehicles following deconfami-
nation with C8 and steam at 150°C. The derived values of PIt levél of residual
contamination E)ICV\) and removal efficiencies RE% for MS_are given In
Table 2 RE for both' types of Pamted surface is 95-96% with little difference
between the two types of surface. As with the physical removal system the
reshl_dtljal contamiriation is associated with micrd design featurés of the
vehicles.

Furthermare, the residual amounts of MS after decoptamination with C8 are
4% and 5% for PUP and Alkyd vehicles. Ifwe extrapolate the data depicted in
Fig. 2 for summer weatheririg from these levels, then a level of 3% residual
contamination would be reached 0.5 to Lhour after completion of the decon-
tamination process 1. 1to 15 hours after contamination. In this regard the
C8 process must be regarded as more effective than summer wedthering.

20—
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Fig. 4. Cumulative desorption of MS from vehicles after decontamination with C8 emulsion
and steam at 150 IL—experimental data and saam fits. The solid and dotted lines are the saam
fits, (0) PUP landrover, and (x) Alkyd landrover.
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Decontamination with the C8 process therefore is _necessar_)r to eliminate
\éa o'l&r htazail_rd in cooler climates or in winter conditions similar to those in
E. Australia.

4. Conclusions

With summer weathering a level of 3% residual contamination would be
achieved by weathering for2-4 hours depending on paint t_yP(e. This would be
sufficient to reduce, the hazard to below the minimum risk value for most
chemicals. Weathering during the winter would not be sufficient to reduce the
vapour hazard to minimum risk levels. _ _ _

he physical removal system, while more effective than Wmter_weathenngk
%sl%emd not reduce the esidual vapour hazard to below the minimum rig

The C8 emulsion system is much more effective than either the physical
removal system or winter weathering, In removing contamination. The C8
Process also must be regarded as more &fficient in combination with weatherm_%
han summer weathering alone. It is necessary to eliminate vapour hazard |
cooler climates or in winter conditions similar to those in S.E. Australia.

C 1992 Commonwealth of Australia
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Letter to the Editor

e T ey o o

This is a_belated and brief response to the comments on our paper on the
crosschecking of our model of the toxicity of chloring to man [1, 2] from
accounts of %as warfare in the First World"War [3][b Griffiths and, Fryer [4;
and by Mai'shall [5], the delay being occasioned b%/ hé retirement of one of U
and the extended absence of the ofher on public husiness. _

At the time when we did our work there was a wide range of estimates ofthe
lethal concentration of chlorine to man. One value which was frequently
quoted as the LCA)for a 30-minute exposure was 30 Ppm. Our own estimate was
considerably greater and towards the upper end of the range of quoted valyes,
We had already stated that the value was unlikely to be much higher than that
which we had adopted and in our third paper togk it as read that the question
to be decided was whether the value should be lower,

Our model was cast in the form of a probit equation, which has two para-
meters, the mtercegt and the s_Ioge. The intercept determines the LCY) for a
given exposure period. We described our work as a crosscheck on our model. Our
concern was In fact to crosscheck the LCH) but we did not make this clear. We
agree wjth Marshal] that our work does not f?we a crosscheck on the slope. For
a.given LCH) there isa fam|I¥ of probits of different slopes which will give rather
similar results in the type of crosscheck with which the paper was concered.

The chlorine %as clouds behaved as a dense gas_. e gave some of the
eyewitness evidence for this. We used, however, a passive gas dispersion model,
for the reasons given below. There was no doubt in dur mind as to this
distinction, but the critiques indicate that it seems to have caused some
misunderstanding. . _ o

Our reasons fOr using a passive ?as dispersion model were as follows. One
was that there was no_one_clearly preferred dense gas dispersjon model and we
wished to avoid g{ettmg into the question of thé merits of various models.
Another was that the dénse gas dispersion models did not appear to have been
validated for infinite line sources. Another was that a passive gas d|sger3|on
model was expected to give a lower bound to the gas concentration so that the
survivals would be for'the concentrations estimated or higher. We half ex-
pected that others would check our results with a dense gas dispersion model

and are glad that this has been done. L . .
The regsuFts oabtame qby anfdit s and Frger indicate, with the exception
considered below, that, as'expected, the gas concentrations given by the dense
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gas dispersion madel are higher than those given by the passive gas dispersion
model. This provides support for a higher lethal concentration.
. The exception is the conditions where the top of the gas cloud is so low that
it is near head height. Here Griffiths and Fr%ers results for their first scenario,
that with the lowest cloud height, show that the height of the gas cloud is
below head helglht, taken as 1.7'm, as far as about 160 m from the source. They
also quote results of a further run in which tuning of the inputs extends the
distance at which the cloud remains below head height to 200-250 m. Further,
these authors draw attention to the fact that in the Thorney Island and Maplin
Sands trials there were considerable fluctuations in concentration over a verti-
cal extent of about 2m from the ground, quoting particularly results obtained
at 100 m from the source. , ,
We atqree that this feature of a cloud near head height should be taken into
account. At Hill 60 the men stood fast. The Broportlon exposed at distances of
less than 200 ir. was taken as 13% and at 200 m as 25%. 1f the gas cloud was
below head height to just beyond this latter distance, men at distances of 200 m
or less would have béen exposed to concentrations lower, and those at hlgher
distances to concentrations hl%he,r, than we estimated. At Langemarck 15% of
the men were taken as being at distances of less than 200 m and 50% at 200 m.
Again for a gas cloud reaching head height just beyond 200 m, the effect would
be to decrease the concentration at less than 200 m and to increase it beyond.
In this case we beligve that most of the men fled. Qur results showed that an
?ﬁprezcégble proportion of the toxic load was experienced at distances greater
an 200m,
_ With regard to a cloud near head height, we conclude that &a) the effect does
introduce greater uncertainty into the interpretation of events, but that (b) on
what we regard as the most probable scenarios the lower concentrations near
%poe ms%jrce are largely counterbalanced by the higher concentrations further
In describing the gas attacks, we gave various quotations, and some para-
hrases, trying to give as comPIe_te an account as we could, but did not intend
hereby toendorse all the material. , o
On details of the Langemarck attack, we will mention just five; (a) the
numbers exposed, (b) the state of the trenches, (c) the behaviour of the gas
cloud, (d) the degree of flight and (e) the level of physical activity. Our
estimates of the numbers exposed were based on figures supplied by the Army
Historical Branch (AHB) [6] for the numbers in the front line trenches. This
source also quotes the following. concerning the Canadian dispositions: “On
the 13th Battalion’s front, 3 ofits 4 companies were in the front line, Two
platoons were in support positions 700 yards behind.” The rest of the fourth
company were further back still. In other words, at thls_stage of the war it
seems t0 have been practice to put the majority of men in the forward area
actually in the front line. . _ _
The frenches appear to have been rudimentary. The AHB give the following
quotation concerning the state of trenches taken over by the Canadians at this
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time: “The front line consisted of unconnected lengths of untraversed trench
usually but 2ft deep... cluttered with frail shelters. Apart from these the
defensive works were four groups of shelter trenches for supPortln platoons
between 300 and 700 yards behind the front line.” An account by McWilliams
and Steel [7], which is concerned primarily with the Canadians, who had just
taken over on the French right, and which we were not aware of at the tinie of
writing, quotes to the same effect. We took it as read that the gas, being dense,
would fill the trenches. ,

The Pas cloud appears to have left part of Langemarck itself unaffected.
The A_?e_rlans there put up a spirited resistance. Our reference to the
cloud lifting at this Fomt was simply a Paraphrase of the German accounts.
We noted if, but it plays no part in our treatment. Marshall draws attention
to the fact that in a gas attack there were sometllmes_fqaps in the cloud.
The aerial photograph which he_ gives of an unidentified but later gas
attack shows ?aps In the cloud originating in giaps in the line source itself.
Son}e Slj[I_Ch effect combined with topographical features seems a sufficient
explanation,

%n the question of whether the men held fast and were gassed in the trenches
or fled, Marshall’s arguments are essentially a priori. We quoted various
eyewitness accounts t0 the effect that there ‘was large-scale tlight. Further
evidence is given by McWilliams and Steel [7]. In addition to the sources which
we quoted, they give accounts from some six additional witnesses, five of them
Can%dlans, each with a separate reference, to the effect that men fled in large
numbers.

In any event, our interest was primarily in the survivors and the degree of
exposure which t_he){ suffered. We described a scenario in which men were
exposed to a toxic load by retreating through the gas cloud. Despite this
exposure a large and known number survived and were taken prisoner by the
Germans. Even if our estimate of the number who survived and reached the
Allied Tines’ is too high, the overall picture is of a large number of survivors
despite exposure to high concentrations. ,

Jur model of chlorine toxicity includes a factor for the level of physical
actmtr. This factor is part of our original model and is based on the experi-
mental relation between levels of activity and inhalation rate; it is not a value
assumed ir. order to fit the gas warfare case. In a given case, however, it is
necessary to decide what level of actjvity.is to be assumed. We assumed a level
of exertion sllg_htly reater than unhurtied walkm%, to allow_for a degree of
panic, and believe this is about right. As we stated, we initially assumed
a higher level of activity. _

Ith regard to the _uIvergihem attack, there is doubt as to whether the
release was one of chloring only or of chlorine/phosgene mixture. We gave an
anal¥5|s assuming it was chlorine onIK, but in view of the doubt about the gas
and the further complicating factor that by this stage troops had respirators,
we stated that this attack gave less information. We should perhaps have made
it clearer that our conclusions were not based on this case.
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Marshall also makes a number of points concerning the problems of deter-
mining mw\;\}/ relations in general and the assumptions underlying Rroblts in
gart_lcul_ar. e agree with many of these points, but will not discuss them here.

uffice it to say that the difficulties in gbtaining |njur¥ relations and the
possibilities of ‘their misuse are not sufficient réasons for abandoning the
attempt to derive them. _ _

The point of our paper was to trK to determine whether there is any clue from
chlorine ﬁas attacks as to whether the lethal concentration of chlorine is
towards the upper or lower end of the range of estimates then current. We said
no more than that we ,re,?arded our preferred reconstruction, which accorded
with our model of toxici K as more Probable than alternative ones. We have
discussed above some of the prlnuﬂa criticisms and conclude that at least the
thrust of the points made is not in the direction of a lower lethal concentration.
The critiues made suggest, however, that further work of this nature would be
unlikely to result in & consensus view.
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Air Monitoring. Part 1: Contamination Assessment (19 min), Part 2: Direct
Reading Instrument (27 min), by L. Detrick, Duxbury, MA distributed by
Emergency Films, Plymouth, MA, $495 (two video tapes).

~ Recently alocal chemical plant had an accident spewing semireacted chem-

icals into the environment. Thinking that “emergency” did not require Fire

Department notification, theﬁ_began_cleanmg on their'own with the heIP ofa

cleanup firm. When the fire c lefarrived several hours after the spill, he found

ahot (contaminated) zone delineated, but no one had monitored the air qual-

ity inside the zone. Not a good step. This video cassette addresses that concern.
In the preface to the video film, the accompanying brochure states:

“Before you take action at a hazardous emergency, you need to determine whether the air
Is contaminated, and if so, what the risks arg. THis” (tape) is designed to provide tralnm?
inCiOIert](%se”mergency responders who carry out air sampling dctivities at hazardous material

According to the back of the video cassettes, the first video tape, entitled
Contamination Assessment, provides fundamental lessons about atmospheric
sampling under emergency response conditions including:

Basic emergency response monitoring instruments
Dangers and risks to the air monitoring team
Decontamination for monitoring instruments
When to carry out atmospheric sampling

Role of personal air sampling devices

Hazards of contaminated atmosphere

Size-up for air monitoring

Airmonitoring priorities

Interpreting readings

Monitoring instruments demonstrated included:

Combustible gas indicators

Oxygen meters

Detector (colorimetric) tubes
Organic vapor analysis (survey) instruments
Radiation detectors

Toxic gas detectors



118

* Dustmonitors _ o
« Personal air samplers, such as used in work place monitoring
* Passive dosimeters

Once the trainer had shown the various types of instruments, he then dis-
cussed the need for sampling and the order of use (i.e. radiation first, then
other components). Topics discussed were: instrument failure, second instru-
ment verification, relativity of readings (i.e. versus calibration gas? and de-
contamination (of both personnel and monitoring instruments). A technique
used to protect instruments from contamination during sam Im,gg which I had
not seen before, was to wrap them in plastic (or Plastlc bag_ss_) with the plastic,
of course, not covering the detecting sensor and the admonition to be aware of
the Rotentlal for some instruments to overheat. _

The second video film, entitled Direct Reacting Instruments, provides, ac-
cording to the jacket, fundamental lessons about atmospheric sampling equip-
ment used in emergency response, explaining instrument capabilities, how they
work, calibration checks, basic use and interpretation of readings from:

+« Combustible gas detectors

* Reaction monitors

« Survey instruments: flame ionization detectors and photoionization detectors
¢ Detector tubes

+ Oxygen meters

As a chemical engineer who has spent much time in the laboratory with
analytical eclmpment, | was keenly interested in the video cassettes’ descrip-
tion of how the instruments work. To say the least, | was pleased with their
treatment of the topic. Their descriptions were simplistic, but scientifically
correct coupled with a good demonstration. I asked our local hazardous mate-
rial response team to view the tapes. The)(]were quite complimentary, but want
to ac?mr_e all the instruments shown on the tape. Unfortunately, the Battalion
Chiefpointed out the cost to obtain all the instruments shown in the video was
well beyond the department’s budget.

GARY F.BENNETT

Cryogenics Safety Manual, third edition, b?/ British Cryogenics Council, pub-
hs?]ed by Butterworth-Heinemann, Oxford, or 80 Montvale Avenue, Sto-
neham, MA, 1991, ISBN 0-7506-0225-2,105 pp., £20/$54.95.

Cryogenic fluids are substances normally manufactured, stored, used, han-
dled or processed at temperatures at or below minus 85°C (188 K). In practice,
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they may be produced on the spot from chemicals of known purity, or pur-
chased in large quantities in special liquid containers, pipelines, rail, road or
tanker ships. Eleven cryogens are discussed ranging from very light (hydrogen
andhellum} to xenon. _ _ _ _ _
Chapter 1 presents general safety requirements in making, using, and dis-
posal of cryogenics. Four of the eleven have serious fire/explosion potential
(namelly, hy ro?en methane, ethane and ethylene), a reality which must be
carefully controlled. Al eleven have the ability to introduce serious contact
hazards of skin and eyes. Safety control procedures for all include treatment
of cryogenic burns, anoxia, precautions when working in confined spaces (in-
cluding rescue and fII’St-aIdS), appropriate warning 3|?ns, toxicity (low except
in the case of carbon m_onomde)p, thermal burns from the substances which are
flammable, hypothermia, safety devices and instruments, with emergency con-
trol, tou%hness of materials which may be considerably reduced, overpressure
and safety work permits. _ . N

Chapter 2 covers oxygen, nitrogen and argon. Oxygen is especially critical
with respect to ignition or adding Intensity to fire, and information stich as the
list which is provided deserves special attention in this regard. Oil-lubricated
compressors in nitrogen or oxygen-service should not be switched to compress-
ing air without a thorough cléaning. It is also noted that ambient air will con-
dense into liquid nitrogen, p_roducm? an unexpected hazard.

hIn Chapter 3, similar detailed treatment is given to natural gas, ethylene and
ethane.

_Chapter 4 deals with the high energy fuel, hydrogen, which when mixed with
air or other oxidizers Produces large amounts of energy. Small leaks have been
known to ignite spon aneousl?; (reverse ofJouIe-Thompson%. .

Chapter5 on helium and other relatively rare gases, notes the specific prop-
erties of these cryogenics in detail. .

This is an excellent volume, with many pictures, charts and tables. A well-
organized index concludes the work. It is recommended to anyone making,
using, shipping or storing any cryogen.

HOWARD H. FAWCETT

Principles of Environmental Toxicology, bZ S.F. Zakrzewaki, American Chem-
ical Society, Washington, D.C., 19%1, 40 gp. (hard cover), ISBN 0-8412-
2125-1, $59.95; (paperback) ISBN 0-8412-2170-7, $44.95.

As the title indicates, this book is slanted toward the environment. None the
less, the first five chapters do provide the essentials for an elementary course
in toxicology. Various pharmacological concepts are reviewed, while metabo-
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lism of xenabiotics, factors that influence toxicity, and chemical carcinogen-
esis and mutagenesis are also covered. Over half of the book is devoted to en-
wronmlental concerns, including different types of pollution and corresponding
contrals.

A chapter on occupational tox!cologly reviews the most frequent types of
toxicity noted m_workm% populations. The final chzﬁ)ter discusses the regula-
tory agencies, with emphasis on the role of the EPA and mention of OSHA.
Three appendices are added, two of which really should have been included
with the main chapters. The index i falrlty comprehensive. _

Overall, this appears to be useful, both for a first exposure to toxicology and
for”study of the interactions between the environment and various types of
pollutants.

ELIZABETH K. WEISBURGER

Environmental Risk: ldentification and Management, by A.R. Wilson, Lewis
géjgbgghers, Chelsea, MI, 1991, ISBN 0-87%71-388-5, 400 pp., plus index,

The author states in the Introduction that this book will attempt to provide
uniform methodology for the identification, measurement and reporting ofen-
vironmental risks, and furnish definitions of various types of environmental
r!slé assessments, in addition to a management program for control of such
risks.

InPart I, The Context of Environmental Risk Management, the topics cov-
ered include: basic concepts and terminology; environmental regulations;
Professmna_l liability and response; risk management policy; an inventory sys-
em for environmental risks; control mechanisms; analysis of potential targets
and risk sources; cost models and estimation; and management decision-mak-
ing. Sample worksheets for many situations are given; as well as tables on
persistence of various organic compounds, toxicity ratings and checklists for
environmental compliance. o

Part 11, Environmental Risk Investigation, treats the numerous factors that
must be examined, including historic land use, sampling and the statistical
concepts, geogralph% topography, hydrology,,laborat,ory selection and certifi-
cation, and finally, how to combine all thesg into a risk"assessment.

The coverage of all topics is very thorough. Most enllghtenlnq Is the chapter
on regulatory aspects; after reading this volume, one may be reluctant to pur-
chase any piece of land, for the problems go with the purchaser. Overall, this
appears to be a valuable addition to the literature of risk assessment.

ELIZABETH K. WEISBURGER
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Introduction to Occupational Epidemiology, bg S. Hernberg, Lewis Publishers,
Chelsea, M1, 1991, ISBN 0-§7371-636-1, 223 pp., $59.95,

This introductory book by an QcchatlonaI physician who is the director of
the Finnish Institute of Occupational Health, provides a good background of
the subject, definitions of terms, and a discussion on the place of epi e_mlolqgr
in science. There are numerous examples of how various aspects of epidemiol-
og;cal studies are conducted. Exposure-effect and exposure-response relation-
ships are covered briefly, while exposure data and measures of exposure, col-
lection of data, and proxies for exposure data and job-exposure matrices are
mentioned in another chapter. Other chapters discuss such topics as validity,
precision, biases, specific problems, how to plan a study, and guidelines for
interpreting epidemiologic studies.

For a chemist concerned with exposure, the book would have been mare
useful if exposure effects, dose-response relationships and exposure data for
specific compounds, such as carcinogens, had been discussed in one chapter
rather than spread over several ch_aﬁters. The design of the book is somewhat
unusual for key phrases are highlighted or set apart from the text. For some,
this may be disturbing; for others, it may be useful. None the less, for those
needing fundamental information about epidemiologic terms and procedures,
this would be a useful book.

ELIZABETH K. WEISBURGER

Chemical Safety Data Sheets: Vol. 4b Toxic Chemicals, Royal Societg of Chem-
istry, Cambridge, UK, 1991, ISBN 0-85186-321-3, 350 pp., £49.95.

This book contains hazard data on 78 toxic substances, from which an in-
formal assessment of the hazard can be made and the necessary control meas-
ures devised. Using this book, the hazardous properties of the referred to sub-
stances can be identified and quantified. . o

The book covers Sas noted in the title) chemicals whose names begin with
the letters M to Z. It starts with ma?nesmm phosphate and ends with zinc

hosphate. This volume is just one of a series of books being put out by the

oyal Society of Chemistry.
or each chemical the data given include:e

« Identifiers-synonym, CAS No., UN No.

* Threshold limitva.ues - from several countries

* Physical properties

+ Packaging and transportation-instruction, storage
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* Manufacture-how done

* Use

+ Hazards-chemical, biological, carcinogenicity, mutagenicity, and reproductive hazards
* First-aid

* Handling and storage

+ Disposal

« Fire precautions

* References

GARY F.BENNETT

Successful Management of the Analytical Laboratory, by O.I. Milner, Lewis
ggéolglghers, Chelsea, MI, 1992, ISBN 0-87371-438-5, 155 pp. plus index,

This slim book is written in an easily read style. Discussed are such obvious
topics as the role and function of the analytlcal laboratory, how to organize
and staff the laboratory, the place of employee safety and health programs
sampling, quality performance and control, waste disposal, and training, and
continued education. In addition, various aspects of the actual management
functions of the laboratory supervisor are covered and illustrated by case re-
ports on how various situations were handled. These qhaloters emphasize the
need for communication with employees. Useful statistical tests are explained,
together with information on budgeting and cost control, as well as informa-
tion management. Most of the material covered in this hook would also be
valuable for managers of other types of chemical laboratories.

ELIZABETH K. WEISBURGER

Bargaining with Uncertainty: Decision-making in Public Health, Technological
Safety, and Environmental Quality, by Merrie_ G. Klapp, Auburn Housg,
Greenwood Publishing Group, Inc., Westport, CT, 1992, ISBN 0-86569-046-
4, 168 pp., $42.95.

In this book, Merrie G. K_Iaﬁp discusses how changes are brought about in
regu,lator)édemsmns in public health, technological safety and environmental
quality. She examines the power citizens have to challenge these decisions and
asserts that scientific uncertainty is their greatest defense. Only when there is
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a degree of uncertainty in the scientific evidence produced by experts can de-
cisions be overturned. This uncertainty results froma 3|%n|f|cant range of risk
estimates by different scientists based on diverse reasonable assumptions about
the data, parameters, models and extrapolations used to calculate the risk.
Professor Klapp su_?gests that regulatory decisions can be changed, but only
under certain conditions: . _ N

((11) citizens or industrialists must organize a protest against the decision,
an
(2) the legislature or courts must take scientific uncertainty into account
and intercede to constrain the regulatory agency by shifting the burden of proof
of existing harm or safety. o _

Additionally, through“the examining of case studies, Klapp demonstrates
that the_Unlted States is the exception and not the rule to this use of scientific
uncertainty. In Britain and France, scientific uncertainty is kept secret and
never used as a bargaining tool in changing decisions. Scientists remain behind
the scenes and do not make public the evidence of uncertainties in scientific
information, Public reports concerning regulatory decisions are released as
undisputed fact.

W.MICHELE SIMMONS and CURTIS C. TRAVIS
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Announcements

Managing Hazardous Air Pol|utants, Second ,
International Conference, Juk 13-15.1993. The Capital
Hilton, Washington, DC, US

Aims and Scope

Worldwide focus on clean air issues has intensified tremendously in recent
%ears. Concern over hazardous air pollutants has raised questions about the

ealth and environmental impact of industrial activity, including electric power
prgductlon, and has motivated nations to develop strategies for managing these
substances.

In the United States, the Clean Air Act Amendments of 1990 listed 189 pol-
lutant categories for possible control. This legislation, ann% with economic,
environmental, and political attention worldwide, had led to an upsurge in
research aimed at developing understanding about the sources, impacts, and
control of hazardous air emissions. _

“This conference will hl%hhgh_t the state of the art in the management of
airborne trace pollutants, focusing on key issues of common interest to utili-
ties, industry, and government. It will cover the following topics:

J Wha7t are the sources of pollutants? In particular, what do electric utilities
emit’

»  Can we accurately measure amissions?

 What health andenvironmental risks may these substances pose?

» _What are the existing and emerging technologies for controlling emissions?

The conference will provide an opportunity for discussion and information
exchange among representatives of electric” utilities, industry, government
agencies, equipment suppliers, consulting firms, and research and academic
institutions. The first conference drew people representing 13 nations and suc-
_cegded in establishing an ongoing forum for exchange of ideas and technical
information.

Who should attend

Utility managers, engineers, and plant operators
Environmental scientists, managers, and engineers
Equipment suppliers _ _
Consulting engineers and architect/engineers



126
* Goverment agency managers and staff
Call for papers

Deadline: October 1, 1992 ) .

Abstracts should convey in 150 words maximum the essence of the intended
paper, mdmat_mgi clearly the contribution it will make to the subject. Mail ab-
stracts to: Winston Chow, Conference Chairman, EPRI, 3412 Hillview Ave-
nue, Palo Alto, CA 94304, Fax(415)855-2041; or Lori Lehmann, Conference
Program Coordinator, Decision Focus, Inc., 650 Castro Street, Suite 300,
Mountain View, CA 94041-2055.

Selected papers

Notification: December 1, 1992
Paper due: April 1, 1993 . »

resenters of selected papers will be notified of acceptance by December 1,
1992. Unless otherwise indicated, the first author listed on the abstract will be
i)resumed to be the presenter. Presentations are limited to 20-30 minutes, fol-
owed by a short question-and-answer period. Plan to use only 35-mm slides
or viewgraphs (pro&ector, overhead projector, and audiovisual technician will
be provided). Speakers must provide a master of their paper by April 1, 1993,
so that preprints can be prepared. The lenght should not exceed 15 pages, in-
cluding illustrations. Certain gapers may be selected for the poster session on
Tut%sdax%\(?nmg, July 13,1993, in conjunction with an EPRI-hosted reception
with exhibits.

Conference topics

General
+ Keynote Address _
* Requlatory Update, United States _
* Legislation/Regulatory Trends, International
Emissions Sources, Measurements, and Quantities
Data Sources
Field Measurements
Stream Compositions _
Chemical Sampling and Analytical Methods
Data Quality and Accuracy of representation
tmospheric Fate _
Emission Inventories. o
Ambient and Deposition Characterization
Chemical Transformation

® © ©e I e © o o
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+ Simulation Techniques
Health and Environmental Information .
» Health Effects Studies, Results, and Interpretation
» Ecological Effects Studles, Results, and Interpretation
»  System characterization Models
Risk Analysis
 Exposure Assessment
Multimedia Pathways
Dose-Response Formulations
Uncertainty Analysis
Risk Analysis Models
ontrol Strategies and Applicable Technologies
Strategies for _Reducm(t; Pollutant Loa _ _ o
Available Environmental Control Technologies: Their Capabilities, Lim-
itations, and Applications
Emerging Information, Technologies, and Tools
+ Innovative Process Technologies
New/Improved Modeling Developments
* Novel Approaches for Mana?mg azardous Air Pollutants
*  Other Innovative Research, [deas, and R&D Needs

® © () e e e o
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