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Guest Editorial

Safety technology advances should not depend
on major disasters

Historically, major disasters have provided the driving force for sponsorrng
research Into improving the technology. of safely processing, storing, a
transporting hazardous materials, Leariing by experience isa costlr{ Mo,
Fortunately, there are farsighted organizations and individuals willin to
sponsor research in the technology Of safety on a preemptive rather

a reactive basis.

Industrial consortia dedrcated to safety issues are to be commended and
encouraged. The Emergency Response. Planning Guideline Committee of the
Amerrcan Industrral Hyr%rene Association 1S oné such organrzatron and t err
wor rs hrf% rg hted_ I this issue. The Center for. Chemrcal [QCess ae

e American Institute of Chemical Engineers (AIChE) is anothe
along WrthAIChEsDesr nlnstrtute ofEmergency eIref%ystems DIERS) and
the Joint Resea rc Cen er at Ispra sponsored uropea conomrc
Community (EEC). Recently my own company, D Cechnica Inc., has been
able to asstmble & confederatron of industrial sponsors to develop an Offshore
Hazard and Risk Analysis toolkit {OHRA) as Well as the confederation of
sponsors for SAFETI9 (Software for Assessment of Flammable. Explosive,
an Toxic Impact). These organizations Provrde more than economic support

Y provide encouragement and intellectual stimulation as well as “real
word Input™ to the entire community of safety professionals, researchers, and
practrcrng en%rneers

A related development is also to be commended, the application of quality
control methodoo to as5ess an rmgrove the management in the processing
Industry. Recent%/ Wrt sponsorsh [9 Xt eEuropean Economrc Communrt
TNO 1n The Netherlands and 3RD In the UK have begun developing t
SMART mode and assocrated tools. SMART IS based on thé 1SO 9004 gui eIrne
for qual rtg control, t erebP/ mphasizing that safetg and qualrt%are achieved
concomitantly The DNV SRS auditing system is & similar methodology, just
con}]ng Into app rcatgon

This special 1ssue focuses on process and transportatron safety, The issue Is,
in fact, a product of research sponsored by a variety of rndus rial consortia,
overnmental bodres and academic institutions. Amon ygt ese Sponsors are

e Canadian Department of National Defence, the UK Health and Safety
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Executive, and the U.S. National Institute of Standards Technology. Other
pagers come from interactions within the DIERS program. _
ome of the issues addressed in this sgemal edition are; Why are detonations
a sometime occurrence? How are ERPG values established?"What is the best
way to calculate a “toxic load” re resentm?asgemﬁed level of toxicity for
risk analyses? Does rail or road transportafion of hazardous materials pose
g}engtr?eater risk in the UK? Should a particular reactor vessel be insulated
In addition, |m[()ortant new models are discussed for the phenomena of
a descendm? smoke plume from a large fire, for discharge from a spherical
vessel, and for the “expansion zone™ portion ofadmchargimg Jet. ['wish to
thank and commend the contributing authors for the quality of their work.

John L. Woodward
DNV Technica Inc.
Columbus, Ohio
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Transition to detonation in fuel-air explosive clouds

1.0. Moen

Research and Development Branch, Department of National Defence, Ottawa,
Ontario K1A 0K2 (Canada)

Abstract

Several experimental observations of transition to detonation in fuel-air mixtures have
clearly demonstrated that transition phenomena, similar to those identified in more sensitive
fuel-oxygen mixtures, can also occur in fuel-air mixtures. This means that the worst case
detonation scenario cannot be excluded apriori in assessing the hazards from vapour cloud
explosions. The present paper describes the considerable progress that has been made
towards quantifying the potential for transition to detonation in a fuel-air cloud.

L Introduction

The accidental release of combustible gases or _eva?_oratmg liquids can lead
to devastating explosions, The most dangerous situation octurs when a com-
bustible fuel-air cloud is formed prior to ignition. Such a cloud is most likely to
burn as a deflagration, but the' most seVere explosion is a detonation that
propagates through the detonable parts of the vapour cloud at velocities of
more than 1.5km/s producing o_ver-Pre_ss_u_res in excess of 15MPa. Because of
the Iarge energies re%uwed t0 dlrec_t){ initiate detonations in common fuel-air
mixturgs, this worst case scenario | yp|caII?/ excludec. in hazard assessments,
However, durm% the past decade Several experiments, have shown that
trant3|t|on 1to7]de onation can occur, even in relatively insensitive fuel-air
mixtures [1-7], _ o

A sequence”of photogr_a#hs_ from an exgenment which illustrates the worst
case scenario Is showr in Fig. 1 In this experiment, a lane 18mx L8m in
cross-section and 155m long,”with an array of obstacles sn_nulatm? pipes In
a chemical plant, was filled With acetylene-air and then ignited by Tour weak
sparks, at_one end. As the flame encounters the turbulent flow arqund the
obstacles it accelerates, reaching a speed of about 250m/s at Frame a in Fig. 1
Several bright spots, indicating”localized explosions, can be seen within“the

Correspondence to: 1.0. Moen, Research and Development Branch, Department of National
Defence, Ottawa, Ontario KIA 0K2 (Canada).

. €
VIQ'IIWI'00iJ I no jri iril*nUIfITS



160 1.0. Moen/J. Hazardous Mater. 33 (1993) 159 192

a) 1175 ms b) 1185 ms

c) 1195 ms d) 119.8 ms

e) 120.1 ms f) 120.4 ms

F% L Ignition, f.ame acceleration and transition to detonation with acetylene air in
8m x1.8m lane. 15.5m long [4].

Pamebr hin both r?]mesaandb but it is the local exglosmn neErthel?
ront In frame ¢, whic grovvs Into thF eto at|onw seen| rame
hb'sm ar transiti ne cessl revealed wit odc I’IW |nt

c leren P hoto rap g orato ex er ent n 'ﬁ
|rst two frames in Fig. 2 Oan Sgs lea yshowa ast Ia a
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TRANSITION FROM DEFLAGRATION TO DETONATION
(2H2+02 , Pj=135torr )

/" Precursor shock-wave

— deflagration

15 ps
20 ps
25 ps
-~ obstacles
30 ps
35 ps
40 ps
45 ms detonation .

Fiq. 2. Sequence of schlieren photographs illustrating the transition from deflagration to
detonation phenomenon 8],



162 1.0. MoenjJ. Hazardous Mater. 33 (1993) 159-192

a gtrecursor shoc waveszractm Over an obstacI%AIocaI explolf,]ton OCfCLﬁS
t

af about the turoulent vor ead 0
of cFe The growth o eex osmn%ugpeancf IS me cursor

so wavet formad tona on wave can seen |n ﬂ rP Frames
These two exam(p es S owt hg eature assouae with the onset of
?etonathon IS the f rmatton ocalize 0slons ?o ewhere In the turbulent
rame-shock wave 5% or d|r of. |n| lation of deto at|on t e]tmttatm%
hg 0S onhprowde an externa LE;(f rsgﬁ/ ourc % exp |osIv
C 9 eSH%F ckwavspro P C exp 10 sdtrc |n|t|ate
a Selt-sustaine onat|on Without_ qoing_tnr hadef rt|on
Defl agratlon to Deton tion Transition ers tot E% %w ere
the cr| ca condltlons rthe onset of clet q]atlon are estaplish the
combustion pgocesa Itsel WIthOéjt an externa t]thene r%/ source. There are
seve[) ﬁ which the condl r]s necessa,gl or transition to, detpnanon
e achieved. These Include; (1 cce ratlon to some critical speed,

I |%m}%n of a turulent pocke A i e | n| on,
t gropose transition mecha 1S ave Am p|f|cat|onb
Coherent. Energy Release ( SWAC ) 9 10 the chemical e

re?ease 1 a mannert ere ut Waves are am Jr
stre tﬂssu?ﬁmenttomltla t|on T fERmechamsma) 0 er
mec |sms or transmon rom ratto t tion were revl
Lee and. Moen ].}] and more ecent 3/ rg
ualitative pic eo the tran |t|on henomend pres ntce | t ew
a er rematns essentia un ange |-Iowever consicerable rogress
nmaeln uant| ng.the tlame ac ration ph prgena an In"quantiry-
In terequt ments n|t|at!)onan opja at no t|on
e am resent]contn uti p ct| 50 eo the étevelolp
ments which impact on t r[])rO em. In art|cu ar, t eorettca da
mental results on the nature, behaviour ang Initiation of %aieous etonations
a[e reviewed..O serva IOHS ofHansmon fo getonation in ftel-air mixtyres are
also. summarized, an uence of mixture composition, experimenta

COangUI' tion and scale on a £ acce\eratton and transition phenomena zitre
gISCU S(?él ome of the aﬁro 0S¢ n(]od r transition tﬁ EIOEba'[IOn arg
ISCUSSE OI’ uture research o obtain a Detter

0sgls _are mage
un erstandlng ?1% E)D&r phenomena.

2. General considerations

AII 0 the complex henomen mvolve in the accidental reI ase of fuels
Esu se T R‘Hjl nca\(nnot t| |ed Wever a ene escrl tton

the events 0 exp 0slon cn e Iven. ese vents
bl nltlp Qeeurs |I m ateJX e resu W

I o
5|on amew 0se rate of unln IS contro ?pl t)s/ emi |n%
effects from the burning

a|r In this case, the hazards due t0 thermal
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rebaII re morer ortant han the bast effects. Thes aéards will not be
|s usse ere wes su et n|t|o |sdeay sothatap -
tla exdo osrv el-air cIoud een rou " the mixing o

g fuel w a eE) rﬁr enatur |t|on 3 rce an t
activity oft Uc acou can elt er ur etlagration or

etogate FOI’& £ 3grat|on the epr03|on ressur nas on rate of
com dUS'[IOH and t ree ?0 confinem nt §m|nar la es are { LPIC{:I dsso0-

gwt n r%efe?m or\rl necdtles and maII ressure changes

|at
g % Olonsc Pro uce d maglng overp?es—
ures 5 08MPa), et natlon ﬁ UCE OVErpressures in exc 30(51 MPa.

Weak | lthﬂ 0 nex OSIVEC |n dn no Stl’lﬁ , UNconiin envrr? -

ent 15 unjikel tO ead dama |n EX SIOH ere is 1o mec ISM OI’

dne acce era 0 {0 hign tlame spee S 0 or prod uclngve ets Wlt a[()il

GHOU gy I‘f gase t Cause ‘ ransition ﬁO detonation within such clouas.
ert cles In the clou

iﬂaryrep at?ioeré(a% gso éSJE] Ined an partia ﬁn g 'FS |5%g]\7\}|]t(ru atﬁ'e
oud are azardoys, an e|et |gn# on frome Rosrons In Such reﬁlon? cag
rity"of the explosion in an external uriconfing

rargatlca y Increase the sev
It 1S ho neceﬁsar to havealfle rinat [or}evere dama ge t0 0ce qman

ses, Indu trla st uctﬁgresvg un er rﬁr Inas that result from fast flame
oweveré amage from etona] ons wi ug more severe and exten-
ve the detonation. pressure IS higher and the detonation wil Rpate
rou h éhe et?na garts of the ¢loud. at the detonation velocity, whereas
the spee a lame a Hsts 0 the environm nt will decredse to non-
am g]n levels In unconfined areas wﬂQouto tacles.
e res nt pap I We are corT]cerq with the onset o[]det nation rom
%a zed exp osrolr or reglonso \ ent combustion wrt In t ecou
|cus§ed atey, lezed exrtJ sIoNs ¢an occur |Pt e turb aﬁne
br st Tlames, |nt ameaj rom con n?d explosions, an g 8/
trulent urn| n vortrces Inor erf rsuche S0 C uset
etonaton a rate ofe se In . su cre fl arevo Hmer
re Ther oen the minimum ex osonv ume Epen
suscet ||t osrve mixtyre to detona ﬁron Th atB
etonatrons nd me rac terizing this susceptinility are described in
the next section.

3. Detonation waves

31 E%urlrbrjum detonatroB é)roger Bes

o\ton wave can e (e crrhedas coupled reaction zone-shock wave
comE) ex whic cgates hro% a unifo mcombustlble mixture at a con-
stan ersor ve ck wave eats (L“o e]mlxture fo atemp1e
aturea ove t ergnrtro temperature, thus providing the ignition source for
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the combustion to begin, and the chemical ener released in the reaction zone
provides the ener?y required. to maintain th es oc Wav

The velomty 0 a detonation_can be calculated from the total chemical
energ g/re eased. Th ecorrespondm? thermodynamic condmons (ie. gressure
tem rature, efc.) at the end of the reaction zone, or the so-call

Jouguet (CJ) point, can also be calculated from equilibrium chem|stry

anne Standard numerlcal codes which combine chem|cal equdlbrlum calcu-
Iat|ons with the gasdynamic CJ canditions are available for this purpose g 1‘g

enasarL1 ang ti erI[14 codes). Detonatiqn pressure ratios andvelocme or
some commion fuel-ai |xtures at stoichiometric composition are 8|ven In
Table 1 Also included in this table is the chemical energy released in the
detonation wave.

The_ equilibrium detonation parameters determine the pressure and
flow field inside and outside the detonating cloud. Fairly straightforward

TABLE1

mﬁ mdf)arl]agialr%sdar lfﬁa mdugl rﬁ? %l%lometnc conpasier
Y e R N TR,

A&pésene I 191 154
open 6 156 198 28
654 184 182 2%
o he 180 185 23
&)gem 446 185 189 23
pe 4 183 178 20
%}9 383 184 17% 28
98 172 181 23
123 53 164 1%

—_——n

Hae  Aerosal 186 1% 228
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finite-difference numerical codes are available for calcujating the blast field
associated with ideal clouds of uniform composition. Inside stich a cloud, the
peak pressure is the detonation pressure, whereas the duration of the pressure
pulse depends on the size of the cloud and the distance from the cloud bound-
aries. The far-field blast waves beyond about two cloud diameters from a deton-
ating cloud are for all practical purposes the same as that from a TNT charge
with"the same energy release, located at the centre of the cloud [15].

The e_%w_hb_rlum etonation parameters provide no information qni the deto-
nation initiation and propagation requirements. These are determined by the
structure and transient behaviour of the detonation wave.

3.2 Structure of detonation waves _ _

A one-dimensional model of the detonation wave, called the Zeldovich-Von
Neumann-Dormg ZND) model, includes an induction zone seParatmg_th_e
leading shock wave and the onset of chemical reaction [16], Although it is
known that the structure of detonations is three-dimensional with™ waves
moving transverse to the direction of propaﬁ;atlon, the ZND mode| provides
a useful first approximation to the detonation structure. This model has been
used. to%ether with detailed chemical kinetic models, to calculate a ZND
Induction zone length, A which Is then assumed to bedlrectl¥ Proportlonal to
t% 2ceII size, S, characteristic of the cellular structure of the detonation

. Thecellular structyre of gaseous detonations can be attributed to instabili-
ties In.the reacting flow bénind the leading shock wave, When the level of
instability is relatively mild, the detonatio” wave consists of two families of
shock waves moving In opposite directions transverse to the Ieadm% shock
wave. As illustrated” in FI%._ 33, the triple-point shock trajectories trace out
a “fish scale” pattern, which can be recorded by placing a I|?h_tly-sooted
Pohshed_met_al or mylar) foil, commonly referred to as a snioked foil,"parallel
0 the direction of propagation. In most fuel-air systems, a large number of
Instability modes interact'in a non-linear manner to"produce a.complex irrequ-
lar Aaattern such as that shown in Fig. 3b [_213, Althou_gh the identification of
a characteristic cell size s subject to'some Interpretation, it has been possible
to identify cell sizes for many fuel-air systems from smoked foil records,
Detonation cell sizes for several fuel-alr niixtures at stoichiometric composi-
tion are given in Table 2. Cell size data for other compositions can be found in
Refs. [22] and [23]

3.3 Geometric Propagifm_on and transition, limits

The detonation cell size Is a_characteristic length scale that can be used to
assess the geometric progaz%anon and transitionlimits of detonations. Knys-
tautas and Co-workers _LZ -25| found that DDT in g round tube is possible only
If the tube diameter is larger than the detonation cell size. The cell size
therefore represents the ‘minimum geometric dimension below_ which
transition does not occur even in a completely confined tube. Similarly, a
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a) TRANSVERSE WAVE STRUCTURE c) INTERPRETATION OF SMOKED FOIL RECORD
OF DETONATIONS

Fig. 3. Typical cellular structure of detonations in fuel-air mixtures [21].

detonation will fail if the tube is s_ufﬁmentI?/ smal| so that the transverse waves
are suppressed. For systems with reqular cellular structure geg acet%/-
lene-oxygen highly diluted with argon), failure gccurs when the tube diameter
1S aPpr_ommateI egual to the cell size. However in irreqular sgstems, tyrﬁncal of
fuel-air, the détonation wave merely adjusts its structure and confinues to
propagate in round tubes with diameters much smaller than the dominant cell
size [20], In square tubes, however, failure is observed near the cell size limit
even In"fuel-air mixtures [27] _

A detonation wave also Tails when ifs transverse waves are attenuated by
acoustic absorbing tube walls [28]. This indicates that transverse waves are
necessary for detonations to propagate. In confined tubes, the tube walls act as
reflectivé surfaces that help to maiptain the transverse waves. Once these
reflective surfaces are removed, by usmlg an ahsorbing material or by removing
the tube Walls, the, detonation will fail” unless the transverse wave structurg
can be self-supporting.
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TABLE 2

%{gp@%ﬁ%@nmg%&%ﬁ %ﬁichiometric conmposition (atnospheric
Fiel %&ze %ilt%rtube tl‘é@oert r'?ﬁ%mrgy ﬁrg#g?elrexplosion

ene 8 8§
62 |
ToplVene

i i O

e o 2000 0

The first observation that a minimum tube diameter is, required for a deto-
nation wave to emerge from a tube and become a detonation in.an unconfined
cloud was made by Zeldovich et al. m This minimum or critical tube dia-
meter, dc, is a measure of the minimum dimension of an unconfined detonable
cloud. Experimentally, this dimension is between 10-30 detonation cell widths
2ezoe?6 ing on the explosive mixture. For most fuel-air mixtures, <t~139

The Critical tube diameter is determined from “Go-No Go” experiments, in
which the fate of the detonation js monitored as,it emerges from a tube into an
unconfined explosive cloud. Selected frames from high-speed photographic
records |IIustrat|ng successful transmission and failure'to transmit from 0.9m
diameter tube are Shown in Fig. 4. The first frames of both sequences show the
planar detonation wave just as it emerges from the tube, The initial planar
detonation core shrinks (Frames 2 and"3) as the expansion waves sweep In
towards the centre. For successful transmission, re-ignition is seen to occur at
nuclei near the center in Frame 3. The subsequent formation of a detonation
wave which sweegs through the pre-shocked Tegion %us_t outside the central
core of burned gas can be Seen In"Frame 4, This detonation wave engulfs the
whole region in"Frame 5. In the case of detonation failure, no ignition nuclei
are formd and the detonation is quenched when the head of the expansion
wave reaches the centre at about one tube diamgter from the tube exit.

The critical tube diameters for several fuel-air mixtures at stoichiometric
composition are glven In_Taple 2 The values range from 0.1-0.2m for
acetylene- and hydrogen-air mixtures to almost 1m for propane-, ethane- and
butane-air mixtdres. Critical tube diameters for other compositions can be
found in Refs. [2] and [23],
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34 Direct initiation of detonation _

The detonation length scales S and dc provide a measure of how large an
explosive cloud must Be in order to support a detonation, A minimum quantity
ofenergy is required to establish a detonation wave in this explosive cloud. For
unconfined fuel -air clouds, the critical initiation e_ne(rjg¥ is usually character-
ized by the minimum mass of high-explosive required 1o initiate”a spherical
detonation wave. Bull [30] proposed that tetryl De used as the high-explosive
standard. The equivalent energ)r of tetr?]/_ IS approximately” 4,3MJ/kg.
Unless otherwise specified we shall adopt this standard and use this energy
equivalency. e _

Experimental values of the critical initiation energiy for several fuel-air
mixtures at stoichiometric composition are given in Table 2. The initiation
requirements vary from 1g oftetryl for hydrogen and acetylene fuels to several
kilograms for. méthane. For comimon fugls such as propane and butane, the
detonation initiation requirements are about 50q of tetryl. _

For most fuel-air mixtures, the variation in cfitical initiation energy with
composition takes the form_of a U-shaped curve with a minimum near
stoichiometric composition. This is illustrated in Fig. 5 where the_ critical
initiation energies for selected fuel-air s>{stem_s are plotted vs. the equivalence
ratio 4> where s the volume ratio of fuel to air relative to that at stoichiomet-
ric_composition. _ L _

The earliest theoretjcal conceprt of critical initiation e_nerg)(] IS due to
Zeldovich and co-workers [29]r heir concept still remains 't e_mmBIest
and most direct, The rapid release of energy results in a decay,m%_ last
wave. The heuristic |Iml'[_ln? condition proposed for successful initiation
is that at least one chemical induction time must have elapsed before the
blast wave Mach number has decayed to the CJ value. For Sﬁh rical geometry,
this assumgnon leads tq the refatignship Ecx A3 between the criticd] energy,
Ec. and_the ZND chemical induction zone, length, A Numerous refinements
and re-interpretations of the theory of initiation have been developed, but
the fundamental concept remains un_chanPed. All the models predict that
Ec~xL| where Lc Js one of the chemical fength scales (ie., or dQ. |
It is also assymed that the chemical length scales are linearly related, it
IS then possible to determine the variation of detonability with composition
throu'gh chemical kinetic calculations [17-19]. Some indication of the reliabil-
|tY of such estimates can be obtained by feferring to Fig. 6, where EC Is

otted vs d(%The (I;en$ral Ecxd *trend js valid for & given fuel. However, the
Btrﬁportlo_nah y factor for acetylene-air is almost 20 times larger than that for
ethane-air,

In summary, a fairly good qualitative understanding of detonations and
detonability Ipropertles has e_merPed du_rmg the past decade, This understand-
mg, together with the empirical relationships that have been derived from
a large gool of new data, has growded a good hackground against which the
DD T problem can be addressed.
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5. Transition to detonation

5.1 Mechanisms and criteria . L
Transition to detonation Is the onset of detonation in a combustible mixture
without an external high energy source. In this case, the energy required to
nitiate detonatjon is growde by combustion of the mixturé. This “self-
Initiation” requires a rapid releasé of combustion energy to produce a blast
wave of sufficient strength to cause detonation. As descritied by Lee and Moen
[11], such shock waves Can be produced by Prescnbmg a spatial and temperal
coherence of the enerqy release. Theoretically, the required coherence can be
achieved by pre-conditioning the explosive mixture so'that the induction time
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t(ig, time fo |?n|t|on3 increases in a prescribed manner away from an initjal
lgnition paint To produce an energy source which propagates at a velocity

n=(fzlrx) ~ Numerical calculations indicate that a source velocity close to
the Chapman-Jouguet detonation velocity produces the best shock wave
amplification [14, © .~ =~ . o

patial gradients in induction time are dug to gradients in temperature

and/or freg radical concentrations. The so-called. SWACER mechanism was
first proposed to account for photochemical initiation in H2+ CL2mixtures [9]
In these experiments, the induction time gradient was produced by |_rrad|_at|_n%
the explosive mixture with a strong short-duration flash. Photo-dissociatio
thus produces a gradient in free radical concentration (CI) which decreases
exponentially in the direction of the incident light,

Gradients In temBera_ture and free-radicals are also produced b){ turbulent
mixing of hot combustion products with unburped gas in turbulent eddies
associated with flame propagation around obstacles of in turbulent flame Aets.
It was Knystautas et al. [10] who first demonstrated that initiation of deto-
nation. could be achieved by injecting a hot turbulent jet into a quiescent
exP:Ioswe fuel-oxygen mlx%Jre_. _ ) _

oherent energr? release by itself is not enou[qh for transition or detonation,

the volume of coherent energy. release must also be large enough to produce
a strong enough shock wave With long enough duration o initidte detonation
In the Surrouriding unburned mixtyre. A lower bound on the volume re_ﬂuwed
for transition to ateur in an unconfined cloud can pe obtained by equating the
chttemma}l energy in a spherical volume to the critical initiation” energy by an
external Source:

Ec=np0QDI /6, (5.0)

where Qs the chemical enerqy release per unit volume, POls the densm{ ofthe
unburned mixture, and Dcjs tfie critical explosion diameter. This diameter is of
the same order of magnitude as the critical tube diameter (see Table 2). Critical
diameters for fuel-air mixtures are at least an order of magimtude larger than
for fuel-oxygen, so that field experiments are required to clarify the potential
for DDT in Uinconfined fuel-air clouds. )

There are several ways by which the conditigns necessary for transition to
detonation can_be, achieved, These include: (1) flame acceleration to some
critical speed, H'I) ignition of a turbulent pocket, and Q_u) Jet ignition. In the
remainder of this section we will discuss these, but first"let Us make some
general observations.

A wide variety of experiments, hoth Iarge and small scale, have heen per-
formed so that there is now a copsiderable data base on flame acceleration an
transition to detonation In fuel-air mixtures, The results prior to_1986 have
been summarized and compiled in a report by Moen and Saber [32]. Parti-
cularly hazardous configurations were identjfied as those which are heavil
confined. In tubes, pipes and confined channels, for example, high flame speeds
and pressures are reached within less than four diameters, even in insensitive
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mixtures of methane and air. Similar flame acceleration is also observed in
clouds confrned on top and bottom. Sugh clouds could be produced by a release
Into an area which 1§ covered by a roof. Explosrons in confrne spaces can aIso
Serve as strongmgnrtron sources for exterpal cloyds, g reat(}/ enh ancrn te
potential for Weak spark ignition of unconfined clouds in a re atrvey
unobstructed environment rs unlikely to result in transition to detonation or
damaging explosions, even for sensifive fuel-air mixtures such as acetylene-
and hydro en-air. However, transition can be expected to occur in long
channgls or tubeg for most fuel -air mixtures, provided the channel or tube IS
large enough and long enough.

5.2_Flame acgeleration
One method of creating the conditions necessary for transifion to detonation
is flame acceleration to Some critical speed. FIame acceleration is particularly
dramatic In repeated obstacle environments. In such environments, the flamg
1S rebeatedly nerturbed, so that a positive feed-back mechanism 15 established,
resy trng i high flame speeds after only a short distance of flame travel,
The nmechanisms of transrtron In fast turbulent flames were revealed with
unsu Opassed clarit b¥t e stroboscopic laser-schlierer, photographs of Urtiew
enh erm herr hotograghs clearly show that localized explosions
somew ere between the precursor shock wave and the end of the turbulent
flame brush lead to the onset of detonation. An example of onset of detonation
grug t% anIoFcalrzed explosion immediately behind the precursor shock wave is
W
Inorder (tlor transition to occur, sufficientl hrgh flame eeds must be
reached. The flame Speeds.observed prioy to the Tapid acce eratron hase,
characteristic of the transition phase, are between 500 and 800m/s [24
Since most flame acceleration mechanisms are very effective in confined tubes,
acceleration of the flame to speeds sufficient to cduse onset of detonation can
be expected, provided the tube Is long enough. Transition to detonation will
then occur if the detonation cell size 15 not Iarger than the tube diameer. The
run-up or transition distance depends on many factors including: fueI arr
mixture, tube diameter, ignition source, obstacles, etc. nstorchrome rc
gen-air, for examr;le the transition drstances observedb artknecht[
Smooth tubes are 7.5-12.5m, whereas Knystautas et 3 g observe transrtron
justafter a 3m long obstacle section. The transrtron IstanCe qnserved In prPes
Was reviewed by Steen and Schampel fn 1983 [36], | norpes with no obstacles
the transition distance increases with incréasing tube diameter. In pro-
gane alr mixtures, for example, the transition distance was found to be about
m in a 50mm diameter pipe and more than 30m in a 400mm drameter pipe
Flame pro agatron In"tubes has heen studied experrmenta y g sev ral
authorsy 0, 34-39], and Hjertager and co-workers [39- 42% have developed
numerical methods for describing the flame acceleration phengmena In tubes,
with and without obstacles. The actual mechanisms responsible for DDT in
tubes are not understood so that transition cannot be predicted a priori, but
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tube configurations which proguce flame speeds in excess of 500m/s can be
expected t0 lead to the onset of detonation In mixtures whose detonation cell
size IS less than the tube diameter. Lon? tubes or channels therefore represent
the most hazardous conﬂguratlons or. DDT. The consequences of such
transitions will be particularly devastating if the detonation Is transmitted
Into a large external cloud. AS discussed i Section 3.3, this will occur if the
tube dianeter is %_reater than the critical tube diameter, _
Flame acceleration and transition %henomena were studied on a relatively
large scale at SANDIA in their FLAME apparatus (a channel 30.5m Iong. 24m
high and L8m W|de2 designed to investigate hydrogen combustiop rélevant
to"nuclear reactor safety 3, 43]. Transifion to’ detonation was observed in



7.0. MoenjJ. Hazardous Mater. 33 (1993) 159-192 175

near-stoichiometric hydrogen-air mixtures with no obstacles for a closed-top
channel and with 13% top venting. However, with 50% of the top of the
channel open, continuous flame acceleration leading to transition to deton-
ation was not observed.

The results from the FLAME experiments confirm that the flame acceler-
ation and transition phenomena observed on a smaller scale also occur on
a large scale. They also show that the degree of confinement plays an import-
ant role ir_controlling the flame acceleration. This is consistent with the
laboratory results obtained by Chan et al. [44] in an investigation on the
influence of top venting on flame acceleration in a channel with repeated
obstacles. They found that the maximum flame speed of 350 m/s with a closed
top decreased to 5m/s when 50% of the top was open. A similar influence of top
venting on flame acceleration was also observed by Van Wingerden and
Zeeuwen [45] in their pipe-rack obstacle arrays. These results show that the
flame acceleration and thus the possibility of transition to detonation is
reduced significantly by removing confinement.

The first observations of transition to detonation in large partially confined
clouds were made by Pfortner et al. [1,46], who used a fan to generate tubu-
lence in a hydrogen-air cloud contained in an oper.-top lane, 3mx3m in
cross-section and 10m long. With no obstacles or turbulence generators, the
maximum flame speed was 200 m/s, with an associated maximum pressure of
20kPa. However, when a fan (1.25m in diameter at 225rpm) was placed Im
from the ignition end to generate turbulence, transition to detonation occurred
about 2m downstream of the fan.

Transition to detonation following flame acceleration in a lane with repeat-
ed obstacles was observed by Moen et al. [4, 47]. This phenomena was described
in the Introduction. The test section was a channel 1.8mx 1.8m in cross-
section, 15.5m long, confined on three sides with a plastic envelope covering
the top. The obstacle arrays consisted of 500mm or 220mm diameter pipes
mounted across the channel at regular intervals as illustrated in Fig. 8.
Experiments were performed with acetylene, propane and hydrogen sulphide
fuels.

The potential for flame acceleration and transition to detonation is clearly
illustrated by the results obtained in near stoichiometric acetylene-air mix-
tures. For these mixtures, the flame accelerates down the channel and reaches
speeds between 250 and 400 m/s prior to the occurrence of localized explosions
which trigger the onset of detonation. The flame velocity and peak overpres-
sure observed as the flame propagates down the channel are shown in Fig. 9.
With the larger (500 mm) obstacles, the leading flame front reaches the end of
the channel with a velocity of about 400 m/s, at which time an explosion near
the bottom of the channel triggers detonation of the remaining unburned
mixture. Also shown in Fig. 9 are the results of numerical calculations (for the
larger obstacles) using a k-e turbulence model, which incorporates turbulent
combustion through a mixing model limited by a single-step induction time
[40-42],
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Fig. 8. Flame acceleration channel with: 500-mm diameter obstacles: and 220-mm diameter
oh%tacles a[T 49],

With the smaller 220 mm obstacles, transition to detonation occurs about
11m down the channel, again due to a localized explosion at ground level. The
flame speed reaches about 250 m/s prior to a rapid acceleration phase which
starts 9m down the channel and results in a full-fledged detonation with
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a velocity close to the theoretical value b%the end of the channel gsee Fig. 932‘
Prior to the rapid acceleration Ehase, e peak pressure is less than™2bar
50.2 MPa). The Eeak gressure uickly_increases to a detonation-like pressure of
nout 15bar ﬁ MP )[at 10.6m (see’Fig. 9n). Selected frames from a hqh-speed
film record showing the flame ProRagatmn ang transition to detonation are
shown in Fig. 1 and described in the“Introduction. _

The behaviour of flames in propane- and hydrogen sulphide-air mixtures in the
same lane with repeated obstacles is much léss dramatic. The flame speeds range
from about 25m/s up fo 200m/s, with associated pressures typically less than
5kPa. The flame speeds observed In propane air mixtures arg up to. four times
|arger than the maximum flame speed observed in the same mixtures in a similar
lahoratory scale channel 80.9m long by 0.3 x 0.15m2) with repeated obstacles [48]
_Similar results are reg rted bg arris and Wickens [7] 1 alargerogen-ﬂe
ng_ 3m x 3m n cross-section and 45m long) with a similar array of obstacles.
Usi /gan 18m length of the test section, they qbtain maximum flame speeds of
70m/s in cyclohexane-air, 65m/s in butane-air and 50m/s in natural gas air,
with assocjated maximum pressures between 3 and 7kPa. In ethylene-air,
flame speeds of over 200m/s were rec?r%ed and maximum pressure? Were up to
80kPa. B}/ extending the length of the test section to the full 45m with
obstacles ,hroughout, flame, spéeds of 230m/s with pressures up to 70kPa were
recorded in cytlohexane-air. The corresponding Values for natural gas-air
were 80m/s and |OkPa. These values are somewhat higher than those pre-
dicted by scaling the results of Moen et al. [4, 47] using the numerical model of
HIJertager_ and Co-workers L40, 42), As seen in F|g. 10, the peak explosion
pressure is predicted to increase with scale, but for a channel scale UP by
afactor ofabout 3in length, the peak pressure in Propane-alns predicted to be
less than 0.1 bar (IOkPaz. Yet these pressure levels are observed'in a much less
sensitive mixture of natural gas and air.
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Fig. 10. Variation of peak pressure with linear scale. Scale of one corresponds to
1.8m x 1.8m cross-section channel, 155m long, with 500-mm diameter obstacles [4],

Nevertheless, the scaling _&redlctlon_s shown in Fig. 10 indicate that
transition to detonation is unlikely in mixtures such as propane-air in conflp-
urations with similar obstacle densities, ignition source and confinement fo
the experimental configuration usedé)g/ Moen et . L4,4_,The fact Lhat flames
In acetylene-air and nydrogen-air do produce detonations In such partially
confined environments show that the Rotenhal_ for very dama%mg explosions
doges exist. However, In order for such. explosions to gceur I 18ss sensitive
mixtures, the cloud must be: (i), more highly confined; %u gnited b as_t_[on_%
gnition source (e.g., strong “ignition from a confined explosior); (i) 1
a denser_obstacle environment; or (|vr2 highly turbulent prior to ignition.
_Transitign to detonation In p,rorg)a e-alr Nas been observed In |%hly con-
fined vessels, and by strong |_?_n|t|o from a confined explosion. Bjorkhaug and
HeJertager b| observed trafisition to detonation In roFane¢a|r in‘a 10m radial
vessel, “confined on the top and bottom, with central ignition, and. with ob-
stacles blocking 50% of the area between the plates. Harris and Wickens
report transition to detonation in propane-air mixtures in their 45m-|on(11 tes
r|Ig with obstacles when the first 9m of the rig is covered with solid walls to
produce an Initial rapid acceleration of the flame. However, transition to
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TABLE 3

Transition_to detonation in fuel-air mixtures by flame acceleration in partially confined
configurations

% Fuel dc W Configuration vmaib PmxC  Reference
by volume  (m)  (ms) (M) (ban
Hydrogen 023 142 305mx24mx18m 230 0.65 Sherman et al. [3]
Té/ 13% Top venting
070
Hydrogen 023 219 10mx3mx3m 220 10 Pfértner et al. [1]
HQ 232 Open-top lane with fan 240
6 & 38%
Acetvlene 012 121  15mx1.8mx 1.8m 435 >0.15 Moen et al. [4,47]
(]C2H2) Open top lane with
8% obstacles 315
Cyclohexane 36  45mx3mx3m 600 Harris and
ECGH 12) Open-sided lane with Wickens [7]
3% obstacles
Propane 09 37 45mx3mx3m 600 Harris and
S 2H8) Open-sided lane with Wickens [7]
0% obstacle ,
Sflrst 9m of lane confined)
Propane 09 37 10m radial vessel with 50 —  Bjorkhaug and
50%78) obstacles Hjertager [6]
U7

“Laminar flame speed assuming velocity of burned gas is zero.
“Maximum flame speed prior to transition to detonation.
cMaximum overpressure prior to transition.

detona}m_n in natural 3as -ir was not observed even with a flame speed of

1000m/s in the confined region. - o _
The reported observations of transition to detonation in large partiall

confined fuel-air clouds by flame acceleration are summarized“in Table 3.

Flame speeds just prior to ignition range from about 230m/s in hydrogen-air

m_lxtturrgs to between 500 and 600m/s Tor propane -air and cyelohexane-air
Ixtures.

od Ignition of a turbulent pocket .

Another mode of transition to detonation was observed by Moen et al. [4, 47]
m one of their experiments with acetylene air in tie dpen-top lane with
repeated obstacles. In this experiment, the turbulent pocket at the end of the
channel was ignited by a hot wire ysed to cut the plastic. The phenomena is
illustrated in Fig. ﬂb)(asequence of frames from a high-speed film record. The
turbulent burnmgl N the end-pocket gFrames aana b groduqes an explosion
near giround levél (Frames c and d) that leads to a detonation prior to the
arrival of the main flame front,
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a) 168.2 ms b) 169.2 ms

c) 170.2 ms d) 1705 ms

el TA8ms f) IMdms
Figz. 11, Selected frames from high-speed film record showing explosion and transition to

detonation in a turbulent end-pocket of acetylene-air prior to the arrival of the main flame
front [4, 47).

The maximum velocity of the main flame front, prior to the onset of deton-
ation, was 180m/s with an associated qverpressure of 13.2kPa. Such pressures
are much too small for shock reflections to be responsible for the onset of
detonation. However, the flame-induced flow produces a pocket of turbulent
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flow at the end of the_ channel. 1t is the ignition of this pocket which tn?gers an
explosion of a sufficiently [arge volume to cause transition to detonation
A similar transrtron to detonatron henomenon In a less sensitive mixture
H2arr¥ was observed |n ajetr nrtron X errment [2]. In that experi-
ent a fast flame emerging from aO m diameter tube produced violent
turbulent burning rnaclou contame rna2mdrameter Plastrc bag. Selected
frames_from a high-speed movie sh owrn% lame nropaga jon, explosion, and
transition to detonation are included, in Fig. he trajectories of the flame
and detonation fronts are plotted in Frg 13 he firt frame In Frn 12 shows the
flame [ust as 1t emerges from the tubé, The next frame shows the flame 2ms
later. The flame rshrg ly turbulent and unstable, with a flame tongue runnrn%
ahead at a speed of about 600 m/s near the bottom of the bag This flame tongu
reaches the lower corner at the end of the bar%; ahout 524ms after the flame
emerges from the tube. The resulting burning In this corner IS seen in Frames
candd. In Frame d, a curled up flamé vortex can be seen rnt e corner. Th e}npe
of burning seen in these last two frames incubates for aboyt 1.2ms, at WH
time a localized explosion occurs in the corner (Frame 62 The subsequent
growth of an explosion bubble into a detonation front propagating backwards
along the bottom of the bag can be seen in Frames fandg Asseen'in Frame h,
the resulting detonation wave enqulfs the remarnrng unburned gas in the bag
These twd observations show that the %ra dients in temperature and frée
radicals required for transition to detonatr n can be established in turbulent
eddies or pockets. In hoth cases, the turbulent eddies are produced ahead of the
main flame front and transition to detonation occurs hefore the main flame
front arrives. One of the ohservations is for a reIatrveI¥ Insensitive mixture of
506 acetylene. in air, with a critical tube diameter of 0.6m and a minimum
detonatron rnrtratron energg ofapout 209 of tetryl hrgh explosive. Both hydro-
8en and ethylene can_produce fuel-air” clouds which are_more sensitive, to
etonation, and there 1S no reason to exclude similar transition to detonation
In less sensitive mixtures provided the turbulent pocket is large enough.

54 Jet ignition
The frrgst demonstratron that the conditions for onset of detonatjon can he
achieved by turbu ent mixing between hot combustion products and unburned
mrxtur wds ma erj Knystaytas et al. rflO] In thejr experiment a turbulent jet
of combustion proddcts was rnkected Into"a cloud of explosive mixture. A se-
%uence of schl reren photogFrap S 1l ustratrng the transition to detonatron In
the flame jet is shown in ? The turbulent structyre of the hot jet of
com ustron products s clearly evrdent In the first four frames (10-95 gs ). At
114ps, a detonation “bubble™ resu trng from an exploding eq ysom where
within the turbulent mixing region can be seen. This bubble exPands and
eventuaIIy sweeps the entire Surface of the turbulent region to form a

na lon,

ert Initiation experiments of Knystautas et al. were performed with an
mrtral lame jet diameter of 40mm, and"various turbulence Inducing obstacles
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in the orifice plate connecting.the flame chamber and the larger detonation
chamber. Detonation was obtained in equimolar acet¥lene 0xygen at an ini-
tial pressure of 150 torr The critical tube diameter Tor this mixture at this
pressure is aboyt 5mm. The smallest cntlcal tube diameter of fuel-aiy mixtyres
IS aboyt 80 mm for rich acetylene-air. Based on linear scahng with the critical
tube_ diameter, a minimum’ jet diameter. of about 0.6m would therefore be
e nlred In_order to begin “observing similar jet initiation phenomena In
fu alr mixtures,

n an |nvest| ation of flame- Jet ignition in acetylene-air clouds, Mogn et al.

confirmed that transmon also occurs in_ fuel-air flame fJets provided the
scale 1S Iarge enoug The flrst senes of ex genments were performed at a large-
scale, ue a|r facill ay at Raufoss, Norw eexpenmental con guraﬂon
consisteq ofa 0.66m ametersteel ‘tube, llm Iong connecte toa ar% pasnc
bag 2m In diameter (See Fig. 1 xpenmentsw re performed Wlt teen o
the tube connected to the plas ic_bag completely open, partially blocked r%/
circular discs with djameters 055 marid 0.36m, and with a onﬁceplate (50m
holes, open area ratio 0.25).

An example of transition to detopation in a flame JEt from an open tube is
shown in Fig. 16. In this case, the flame accelerates down the tube producm
a flame jet With an exit velocity of almost. 600m/s, The |ntense tur uen
burning in thejfet can be clearly seen in_the first two frames (0.3 and m&
The infensity ofthe burning appears to increase in the next frame 233 ms). At
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Fig. 15. Sketch of exgerimental configuration for investigation of flame jet ignition of
acetylene-air clouds [5].

2.67ms, a localized explosion near the tube exit leads to the onset of deto-
Pnal%d]remltsh g%tgnatwn then propagates through the remaining unburned
The second serlges of r4et ignition exloerl_ment were performed at the Defence
Research Establishme tED ES% Fuel-Air Explosive famhtX [49],. The experi-
mental configuration that was filled with exglosn_/e gas Is shown'in Fig. 17. It
consisted of g 7.8 m Ionq tube, 0.9min diameter, witha L8m (or 24 m) diameter
Plasnc bag, 8m in Ieng| h, attached to the open end of the tube. The end of the
ube attached to the plastic bag was either unobstructed or partially blocked
b% a central circular disc 0.43m or 0.58m in diameter, Various arrays of
opstacles were used to accelerate the flame which was ignited by a spark at the
closed end of the tube. The test fuels were acetylene, ethylen, propane and
wqyl chloride monomer, _
ransition to detonation in the flame jet was observed for a range of acety-
lene-air concentrations and flame jet velocities, A plot of the flame jet velo-
cm(, VIJ’ Versys mixture sensitivity expressed. in the form dJD, where dcis the
critical tube diameter of the mixture and D Js the tfbe diameter, 1S shown in
Fig.. 18, The data indicate that a minimum velocity of about 600 m/s Is requirea
for initjation in the most sensitive fuel-ajr mixtures (dc/Z ~0.1). This_min-
Imum Vj increases as the mixture sensitivity decreases. At dc/D~ 05, for
exam[ﬁle, the minimum flame jet velocity is about 700m/s. o
_Some of mechanisms which can trigger transition to detonatign were identi-
fied from the high speed film records. "They include a variety of flame/vortex.
flame/flair.e and"flame boundary interactions, some of which'are illustrated in
the flame and detonation front contours shown in Fig. 19
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EXPLOSION

0.33 ms 2.67 ms

2 33 ms 4.33 ms

%. 16. Sequence from high-speed film showing transition to detonation in the flame jet

Fi
(7.9% C2H2) from an open 0.66-m diameter tube, 1L m long [5].

. With etylene-, gropane- or vinyl.chloride-air mixtures, the critica| condi-
tions for transition were not realized m the outside cloud. The fI_ame-get
velocities were too low for transition to occur in these less sensitive mixtures.
Even though transition to detonation does not take place, violent explosions
were ohserved in ethylene-air mixtures producm(t; overﬁressur_es In excess of
Pr'\5t eP?ume the outside cloud, significantly larger than the maximum pressure

In summary, the results of these large scale jet ignition tests confirm that the
Phenomena of transition to detonation In fue|-air mixtures are identical to
hose in fuel-oxygen mixtures, but on a much larger scale due to the less
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FLAME
ACCELERATIONE
OBSTACLES g

Fig. 17. The experimental apparatus used in flame-jet initiation studies [49],
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_ TRANSITION
g - C,H4-AIR: & GO | OPEN TUBE D =09m
= O NO GO ,

N a
< 800 . » GO D = 0.9m: OAR = 0.59
o >NO GO $
[ v
£ < GO D =09m; OAR = 0.78
g NO TRANSITION < NO GO
o 6007
>
- a <
m g C,H,-AIR: GO OPEN TUBE D = 0.66 m
- > ONO GO
S 400 °© ° =GO OPEN TUBE D = 0.9m
3 oONO GO

z AGO =0.66 m; OAR = 0.7
I ANO GO
E 200 A vGO € D = 0.9 m; OAR = 0.59
£ o YNG GO

Hy-AIR: ©GO {0.82m x 0.82m ORIFICE

0 T T T T T T T T
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Fig. 18. Plot of|n|t|alfIameJetveIOC|t5ya ainst the sensitivity of the mixture to detonation.
ETubeRdllcar&%t]e)r D=0.66m flom Ref. [5]; D=0.9m from Ref. fﬁls)]; and 0.82m x 0.82m orifice
rom Re

sensitive nature of the fuel-air mixtures. These results were obtained with
acetylene fuel, but there |s no reason to exclude similar phenomena in other
fuel-air mixtures rowde the scale is sufficiently lar ? ith an mitial flame
jet velocity of 600m/'s, for example, a critical tube to ffame jet diameter (dJD)
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of about 0.1 would be required, as observed in acetylene-air. This corresponds
to minimum jet diameters of about 2,0m, 3.0m, 9.0m and 40m for hydro?en-,
ethylene-, propane- and methane-air mixtures, respect|vel¥. Thesé scale re-
uirements'coulld be redyced significantly by increasing the tlame jet velocity.
ceording to F|?. 18 an increase to 700 ni/s, could decréase the minimum flame
diameters by a factor of five,

6. Conclusions

Several experimental observations of transition to detonation in_fuel-air
mixtures have clearly demonstrated that transition phenomena, similar to
those jdentified in_more sensitive fuel-oxygen mixtures, can also occur in
fuel-air mixtures. This means that the worst case detonation scenario cannot
be_excluded a priori in assessing the hazards from vapour cloud explosions,

The obstacle and confinement environment of the vapour cloud must be
taken into account In assessm?_ the potential for DDT. Weak ignition ofvaf)our
clouds in an unconfined, relalively unopstructed epvirgnment i unhke}/ t0
result in DDT, even for relatively sensitive fuel-air mixtures. On the other
hand, DDT can be considered likély in hlghP/ confined_clouds, particularly if
there are obstacles present to accelerate’ the flame. Explosions in confined
spaces can also serve as, stron |(I1n|t|on_ sources for external clouds, greatl
enhancing the potential for DDT, In artlaIIY conflned_reqlons, more typical of
chemical ‘plants, the potential for DDT is less than in the heavily Confined
regions, and deﬁends critically on the degree of confinement, the qbstacle
configuration, the ignition source, the nitial turbulence and the fuel-air
mixture. Any configuration which can_produce large turbulent burning
Pocke_t,s or eddies i susceptible to localized explosions which can trigger
ransition to detonation. _ _ y
. Atthe present time, it is pot possible to predict whether transition can occur
in a Plven spill scenario, but considerable progress has heen made towards
quantifying both the flame acceleration processes and the relative detonability
of fuel-air mixtures. The qualitative (fncture of the transition phenomena
presented by Lee and Moen [L1] in 1980 remains essentially unchanged. New
data, which” [end further support to this ‘Pmture,’ have been described. Of

articular relevance are the observations of DDT in large scale experiments.

nese onservations confirm that the essential requiremient for transition 1S
a |qh_ rate of energy release associated with rapid burning or explosion of
a sufficiently large Volume. The minimum volume require degends on. the
sensitivity of the mixture to detonation. This sen_smvn)f can be characterized
by the detonation Ie_ngth scales (1.e., the detonation céll size and the critical
tube d|ameterr2. T gm |ly, the detonation length scales for fuel-air mixtures
are at least an order of magnitude larger thaf those for fuel-ox ?en, s0 that
Iargle scale experiments were required to clarify the potential Tor DDT in
fugl-air mixtures.
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Quantitative criteria_for the critical turbulent mixing and burning rates
required for DDT in a given fuel-air mixture are still lacKing., However, it has
been shown that the critical conditions can be achieved by: (i) flame acceler-
ation: (it) ignition ofa turbulent pocket; and (iii) jet ignition.” Better control-
led and "diagnosed experiments “supported by ‘numerical calculations are
required to guantify the mechanisms responsible for DDT. Such investigations
are particularly important for clarifying the potential for DDT In less sénsitive
fuel-air mixtures such as methané-air. Since, the scale of the experiments
required to confirm this potential becomes prohibitively large (e.q., 10-40m
diameter flame jets for methape-air) it is recommended that extensive funda-
mental theoretical, numerical and experimental studies of the DDT mecha-
nisms be performed before such experiments are attempted.

¢ Canadian Crown 1993
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The history and development of emergency response
planning guidelines
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Abstract

In 1988, the Emergency Response Planning Guideline Committee was formed to review
a series of documents summarizing chemical toxicity which had been developed by a com-
bined interindustry effort. This Committee, is a part of the American Industrial Hygiene
Association and is composed of representatives from academia, government and industry,
with backgrounds in industrial hygiene, medicine and toxicology. Since its founding, the
Committee mas published 35 review documents containing recommendations for emergency
exposure planning levels. Currently, the Committee is W_Ol’kln? on another 25. Most of the
chemicals selected for this process are on the SARA Title IIT Extremely Hazardous Sub-
stance List or the OSHA Highly Hazardous Chemical List.

1. Introduction

The tragic accidental release ofmethyhsocganate m Bhopal, India under-
scored theé need for the chemical industry to pool its resources and work with
local and national authorities in the devélopment of emergency response Plans
1-3]. These activities have been occurring at manZ levels around the world. In
urope for example, the European Chemical Indy trx Ecology and Toxicology
Centre, (ECETOC) has formed a_task force which has produced a quide for
Fg}/elg\sf\éngchemlcals and estimating the hazard associated with an accidental
Inthe U.S., under SARA Title 1l and similar regulations, local communities
are required to set emergenc response plans Tn locations where potential
hazaras exist such as nucledr power plants or chemical manufacturing opera-
tions [5]. These plans frequentl¥_ InClude utilization of emerqencg/ response
teams Which may include fire |ghters, first aid professiondls, dnd police.
Representatives from industry and members of the community are workin
together to develop emergency response plans. Where chemicals are involved,
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it 1S _|mFortant to know the identity of the chemical; the toxicity of the
chemical and the amount used or stored at the_plant. It is also important o
have an idea of the area that could e affected if the chemical is accidentally
released. and to have an understanding of air-flow patterns around the area
6,7 With this information, local émergency response teams can make
estimates of dispersion in the event of a catastraphic_release and make appro-
Pnate plans for evacuation of the local community, if necessary. In addition
he teams need to know how. to mopitor for these”chemicals i the air; what
type of protective equipment is required: what is appropriate breat_hmq_prote_c-
tion: when to administer first aid: what constitites an effective Tirst aid
H]eafnﬁent_; alnd If there is an effective way to disperse the cloud or neutralize

e chemical,

Much O?IhIS information should be well known to the plant safety personnel,
esPemaIIy current information on grqtectwe eqmgment, m_omtormr%, respl-
rator selection, and containment practices. Information on air-flow ,odelmg
must be develoged Iocallsy. Information on the toxmty of the chemical an
treatments for exposure should be obtained from expert sources.

There are mang/_ references and quides which offer recommendations for
maximum permissible exposure levéls for a variety of chemicals. For work-

lace standards, one can refer to the OSHA-Permissible Exposure Levels
PELS [81, the American_Conference_of Governmental Industrial Hygiene’s

ocumentation for the Threshold Limit Values (TLVs) L% the American
Industrial Hygiene Association’s FSAlHA) Waorkplace Environmental Exposure
L evel Guides 10£or the. NIOSH Recommended Exposure Levels lll. one of
these, however, are designed for emer%enc situations or even single, acute
exposures, in general. On one hand, they typically consider workers whose
health status may be somewhat better than that of the general population.
Also, they are designed for long-term expasure scenarios stich as 8'to 10 hours
per day, 5 to 6da8/s er weekfor several years. In contrast, the emergencay
exposure should, By definition, be a rare event of short duration, possibly dt
%e%lgsh %r u%_rgc;}wn concentration, but one which could involve a heteroge-

Us population.

Cur en?l , there are two reference sources available for emergency expo-
sures. The tirst was developed b?/ the National Research Council (NRC) for use
E;Ethe m|I|ta\%. These are called Emergenc¥ Exposure Guidance Levels or

GLs [12]. While these can be very hélpful, they have been developed for
a population of healthy young adults and are not applicable to the general
public. The%_ provide 4 smgle valug which is the estimate for the highest
exR_osure which will not intérfere with one’s ability to perform specific tasks.
While Short Term Emergen%y Guidance Levels (SPEGLs) have also heen
de_v_elogaed by Ehe_ NRC to" address exposuyes to civilians living in and near
military Installations, these cover only a few chemicals., . _ _

The Second series of publications deal with the tO)_(ICI'[g associated with
potential exposures to acutely toxic chemicals [131e that is, possiple community
exposure resulting from the ‘accidental release of a chemical. These series of



GM. Rusch/J. Hazardous Mater. 33(1993) 193 202 195

documents are called Emergency Response Planning Guides (ERPGs) and are
ublished by the American Industrial Hygiene ‘Association’s Emergency
espanse Planning Committee. The development of these decuments will be
desCribed in the balance of the paper.

11 Histor

FoIIownXg Bhogal, the chemical industry increased its efforts to develop
comPr_ehenswe assessments of the risks from possible chemical exposures
resulting from accidental chemical releases. A key component was the develop-
ment of a comprehensive understanding of the toxicology of the chemical
substances in questiop. _ _ _ .

Many companies already had toxicology information on their major prod-
ucts and most had developed contmgency plans to address accidents. Whil
much of these data were shared, a forum’ was needed to aid in the exchange
and review of this information and for review and discussion of other
Information avajlable in the published. literature. In this way, companies
could pool their information and scientific expertise to develop & comprehens-
Ve U derstandm% of the chemicals in question. This forum was provided
in 1987 through the Organization Resources Counselors $ORC)‘ [[14]. orkin
through the ORC, menioer companies sent scientific representatives to for
a review committee. The committee discussed the selection of candidate chem-
icals for review. The criteria considered included quantities produced, number
of people and sites using the substance, numper of companies using the
substance, whether jt appéared to be a h|gh|¥ toxic substance, and the physjcal
properties of the chemical (i.e. qas or_valatile liquid which could lead to
widespread distribytion, or g solid with limited potential for dispersion).
In addition, the chemicals listed on the Hazardous Substance List from
SARA Title 111 were considered. Recenlt_lly, consideration has heen extended to
Include those chemicals on the new OSHA list of Highly Hazardous Chemicals

I . L
! ember companies were then asked to_write review documents, modeled
after the AIHASWEEL guides and NRC EEGLS, on compounds for which they
had extensive knowledge. They also included recommendations for emergenc_}/
expasure limits. These documeénts were then reviewed by the full ORC Commit-
tee for comgleteness, ac&uraw and gualltg. i
As the process evolved, It was rec gmz d that there would be a_mg_mf_lcant
advanta? to having these documents peer reviewed by an interdjsCiplinary
%roup of occupational health professionals. To this end, the, members of the
RC committée worked with the American Industrial Hygiene Association
AlHA) to creatg a review committee. The AIHA has members from academia
overnment and Industry and broaaly rle_loresents the area of occupational
ealth. This led to the formation of the’AIHA’s Emergency Respanse Planning
Committee in 1988, as an Ad Hoc Committee within"the Workplace Environ-
mental Exposure Leve] (WEEL) Committee, Two, years later, the ERPG Com-
mittee was made a full, permanent AIHA Committee.
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2. Function of the emergency response planning committee

The Committee is composed of representatives from academia, government
and |ndustr¥. While some members may write Emergency Response P_Iannm%

documents

or their nstitutions, the Committee 1s 3@ Réview Committee. It

function is to take documents written by others, review them, edit them, and
make recommengations for emergency éxposure planning levels based on, the

available toxicolog

information. The quidelines

by which the Committee

functions are described in the preface document reproduced below.

PREFACE TO EMERGENCY RESPONSE PLANNING GUIDELINES

The emerFency Response Planning Guideline
(ERPG) values are intended to provide esti-
mates of concentration ranges above which one
could reasonably anticipate observinfg adverse
effects as described in the definitions for ERPG-
1, ERPG-2, and ERPG-3 as a consequence of
exposure to the specific substance.

The ERPG-1 is the maximum airborne con-
centration below which it is believed that
nearly all individuals could be exposed for up
to 1hr without experiencing other than mild
transient adverse health effects or perceiving
a clearly defined objectionable odor.

The ERPG-2 is the maximum airborne con-
centration below which it is believed that
nearly all individuals could be exposed for up
to Lhr without experiencin% or developing
irreversible or other serious health effects or
symptoms that could impair their abilities to
take protective action.

The ERPG-3 is the maximum airborne con-
centration below which it is believed that
nearly all individuals could be exposed for up
to L1hr without experiencing or developing
life-threatening health effects.

The committee recognizes (and all who make
use of these values should remember) that hu-
man responses do not occur at precise exposure
levels but can extend over a wide range of con-
centrations, The values derived for ERPGs
should not be expected to protect everyone but
should be applicable to most individuals in the
general population. In all populations there are
hypersensitive individuals who will show
adverse responses at exposure concentrations
far below levels where most individuals would
normal% respond. Furthermore, since these
values have been derived as planning and

emergency response guidelines, not as exposure
?uldelmes, ther do not contain the safety
actors normally incorporated into exposure
guidelines. Instead, they are estimates, by the
committee, of the thresholds above which there
would be an unacceptahle likelihood of observ-
ing the defined effects. The estimates are based
on the available data summarized in the docu-
mentation. In some cases where the data are
limited, the uncertainty of these estimates is
large. Users of the ERPG values are strongly
encouraged to review carefully the documenta-
tion before applying these values.

In developing these ERPGs, human experi-
ence has been emphasized to the extent data are
available. Since this type of information is
rarelr available, however, and, when available,
usually is only for low level exposures, animal
exposure data most frequently form the basis
for these values. The most pertinent informa-
tion is derived from acute inhalation toxicity
studies that have included clinical observa-
tions and histopathology. The focus is on the
highest levels not showing the effects described
by the definitions of the ERPG levels. Next,
data from repeat inhalation exposure studies
with clinical observations and histopathology
are considered. Following these in importance
are the basic, typically acute, studies where
mortality is the major focus. When inhalation
toxicity data are either unavailable or limited,
data from studies involving other routes of ex-
posure will be considered. More value is given
to the more rigorously conducted studies, and
data from short-term studies are considered to be
more useful in estimating possible effects from
asingle L-hr exposure. Finally, if mechanistic or
dose-response data are available, they are
applied, on a case by case basis, as appropriate.
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It is recognized that there is a range of times
that one might consider for these guidelines;
however, it was the committee’s decision to
focus its efforts on only one time period,
This decision was hased on the availability of
toxicology information and a reasonable esti-
mate foran exi)osure scenario. Some using these
guideline levels will prefer other, usually shor-
ter, exposure periods and will seek ways of ex-
trapolating ERPGs for other exposure dura-
tions. The usual method for such extrapolation
is to use the Haber relationship, expressing
the constancy ofthe product of exposure concen-
tration and exposure duration (Ct=K).
However, users are cautioned against such ex-
trapolation. The Haber relationship, with or
without some of the proposed modifications,

does not hold over more than small differences
in exposure time.

Use of these ERPG values for exposure Fe-
riods shorter than Lhour should be safe; use for
Ionger periods is not. Extrapolation to higher
guidance levels for shorter exposure periods
should not be attempted by use of the Haber
relationshilp or modifications thereof without
specific validating data. This caution about ex-
trapolations applies to exposures to most toxic
substances that are dose-limiting substances,
but not generally to sensory irritants that are
concentration-limiting substances. With some of
these latter substances, exposure should be lim-
ited to a given concentration regardless of the
exposure time because of the sensory response
produced.

Initialg the Committee was exclusively reviewing documents prepared
RC member comgames. However,“from the Qutset, it was felt that

b}* the ORI
the Committee should con

INnes. (3) The quality of the document

ider documents from all reliable sources. The decl-
sion to review a document would be based on: (1) Th
the substance In question; these criteria are Similar zo those used b?/ ORC.
FZ% The existence of adequate toxmolog e quide

e need for a document on

y information to, develop exposu
ubmitted for review. The C

mmittee has

also taken a practical, advocacy role. |t has reviewed hoth the SARA Title |lI

and OSHA H|gé1ly Hazardous
ORC and the Che

emical lists and |s encoura?mg members of the
mical Manufacturers Association as wel

as other organiza-

tions to draft documents on. the most important chemicals on these lists.

d
Addltlonalrlx, the Committee is working with the
ergencr Response Planning Guides developed by DOE on stb-
0 them. The Committee has also revievied documents

reviewing E
stances Of concem

Department of Energy,

written by some of its members, but in those cases the author does not serve in

an¥ direct review capacity.
he scope of the

the AIHA in Decembﬁr, 1989 [16].

the development of these gui

omm¥ttee was described in “Concepts and Procedures, for

he exposure é)(?rameters ﬁo be Iincluded In
es were consider

the Development of Emer encg Response Planning Guidelines”, published by
I

questions were: (1) the number of time inervals, and 82{) cri
number of exposure levels. There were good arlgumen_ts f

long time intervals. The Committee
time interval would accommodate all needs, nor wou

short and

at great en_?th_. Two key
eria_for and

conmdermg both
eco?mzed that, while fio one
d two or three. Therefore,

It Is decided tq consider a smPIe one-hour exposure jnterval. As most acute

Inhalation toxicity studies uti

Ize exposure periods of from one to four or Six

hours and. most accidental exposures are for periods of ess than one hour, the
one-nour interval represented a time period that would combine reasonable
precision of experimental data with community need.
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In considering the number of exposure levels to be defined, the Committee
agreed on threé. These have been defined in our preface, and correspond
t0 the threshold for recognition of adverse exposire F(ERPG-l); the threshold
for possible toxic action fesulting from exposure (ERPG-2); and the threshold
for possible lethal effects (ERPG=3). In cases where the threshold for toxicity
occurs at or below the odor threshold or other ERPG-1 criteria, an ERPG-1 IS
not defined. Otherwise, the three values are defined for all chemicals. |

While all available toxicity information is considered durl_n% the review
Process, emphasis is on those éndpoints that can be associated wit smgle short
lerm exposures. Thus, acute toxicity and lethality data, which rarely aré critical
In the risk assessment grocess, are’ central in estimating the, ERPG levels,

The. Committee has been asked to consider possible’ environmental effects
resulting from chemical release. While there is no question that this is a major
concern, the Committee did not feel it had the expertise or resources needed to
adequately address this issue.

3. Review process

The procedure followed during the reviewing process is outlined in Fig. L
The reviewers check the references, style and accuracy of information. If
necessary, they confer with the author and make revisions before sending it for
full Conmittee review. AddmonaIIE, Su qestmns may be made by either the
author or ong of the reviewers for ERPG Jevels. — ~ _

The Committee’s initial review begins with a consideration of the chemical’s
physical properties. How likely is it'to become airborne and. in what form and
What level?” Gases and vapars from highly volatile liquids represent the
?reatest exposure potential. Some substances can form fumes which can also
ravel Iarg distances, while other fumes %umkl coalesce and settle out.

. Next, the acute toxicity data are considered. Of greatest importance Is anY
information on inhalation toxicity, Usmg this information, the Committee at-
tempts to estimate the one-hour Iéthal threshold and slope of the dose resgonse
curve. Data from all species and time intervals are considered and compared for
consistency. The greater the consistency, the greater the conﬁden?e one has in the
data. Natgrally, more recent studies ang those with good analytical data are
considered first. Unless there Is somethm? unique about a particular animal
model, it is assumed that man will be as sensitive as the most sensitive specie tested.

After a review of the acute data, subacute and subchronic data are evalu-
ated. Subacute and subchronic studies are conducted for much Ionge_r time
P_erlqu than covered by ERPGs, therefore, their primary use Is in the identi-
ication of possible tar(iet organs. This provides better |n3|%ht on the possible
effects that could result from exposure to the chemical. These data can alsp
provide the phalsman with help in deter_mmmg_treatment. This information IS
compared to arly information on systemic toxiCity in the acute studies to see if
the target organs are the same.
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| ~Two Raviewers
Are Selected
L Document Reviewed

li Revisicns Discussed

With Author

I

AV
Revised Document Reviewed
by Full Committee

[ Comments Discussed

With Reviewers ard Possibly
Author

Revised Document and
Suggested ERPG Levels
Reconsidered At Committee
Meeting. Tentative Levels
Selected

Document Sent to BalTot
by Full Committee

BaTTot ResuTts Discussed at
Full Committee Meeting

ATT Comments on BaTTots
are Discussed

If Approved Comments Not Approve
Incorporated Comments Cons1dered

Pug 1she

Fig. 1. Emergency response planning guideline review process.

Next, any. information on re roductweordevelogmental foxicity and possible
teratogenl ity I con3|dered ecause birth defects ma anse fromarelatlvel
short Term exPosure tQ h |% eveéofac emical, th%se ind mgzs flre 0 8reat
copcern and the studies are used in determining the ERPG=2 Jevel. Other
|nformat|on on reproductwe or develo mental toxicity Is considered more
general 3/ aon% with the subchronic data. | however one noted signs of
evere émh ryo oxicity or lethality, it would be consi ered carefully In the
development of estimafes of exposure levels for both ERPG-2 and ERPG-3 levels.

Mutagemcn data. is generally used only to ephance understanding of the
chronicdata when it js available. [f there are no chronic data, a high, reproduc-
ible level ofmutagenlc activity would be taken as a caution sq hronic data
again serve primarily to help identify tar%et organs, and to alesser degree, to
look for cumulative effects. Compodnds that show carcinogenic activity are
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TABLE 1

Currently approved ERPGs (1992)

Chemical ERPG-1 ERPG-2 ERPG-3
Acrolein 0.1 ppm 0.5 ppm 3ppm
Acrylic acid 2ppm 50 ppm 750 ppm
Allyl chloride 3ppm 40 ppm 300 ppm
Ammonia 25 ppm 200 ppm 1000 ppm
Bromine 0.2 ppm Lppm 5ppm
1.3-Butadiene 10ppm 50 ppm 5000 ppm
Carbon disulfide Lppm 50 ppm 500 ppm
Chlorine . Lppm 3ppm 20 ppm
Chloroacetyl chloride 01 RFm Lppm 10ppm
Chloropicrin Aa 0.2 ppm 3ppm
Chlorosulfonic acid 2mg/m3 10mg/m3 30mg/m3
Chlorotrifluoroethvlene 20 ppm 100 ppm 300 ppm
Crotonaldehyde 2ppm 10ppm 50 ppm
Diketene Lppm 5ppm 50 ppm
Dimethylamine Lppm 100 ppm 500 ppm
Epichlorohydrin 2ppm 20 ppm 100 ppm
Formaldehyde Lppm 10 ppm 25 ppm
Hexachlorobutadiene 3ppm 10ppm 30 ppm
Hydrogen chloride 3ppm 20 ppm 100 ppm
Hydrogen fluoride 5ppm 20 ppm 50 ppm
Hydrogen sulfide 0.1 ppm 30 ppm 100 ppm
IsobutleonitriIe 10 ppm 50 ppm 200 ppm
Methyl iodide 25 ppm 50 ppm 125 ppm
Methyl mercaptan 0.005 ppm 25ppm 100 ppm
Monomethylamine 10 &pm 100 ppm 500 ppm
Perfluoroisobutylene A 0.1 ppm 0.3 ppm
Phenol 10 Kpm 50 ppm 200 ppm
Phosgene . A 0.2 ppm Lppm
Phosphorus pentoxide 5mg/m] 25mg/m3 100mg/m3
Sulfur dioxide 0.3 ppm 3ppm 15ppm
Sulfuric acid éoleum, sulfur 2mg/m] 10mg/m3 30mg/m3

trioxide, and sulfuric acid)

Tetrafluoroethylene 200 ppm 1000 ppm 10 000 ppm
Titanium tetrachloride 5mg/m3 20mg/m3 100 mg/m3
Trimethylamine 0.1 ppm 100 ppm 500 ppm
Vinyl acetate 5ppm 75ppm 500 ppm

‘NA =not appropriate.

evaluated using the multistage linear model at a risk level of one_in_ten
thousand. Sincé the acfual ex o_%ure Qenod IS 50 short, one hour in a lifetime,
carcinogenicity s rarely a significant factor. _ _

An_;r fiuman “experiences are also consjdered. While one would like to rely
heavily on this type of information, rarely does one have a good estimate for

exposure level and much of the data is, therefore, anecdotal. This information
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is compared, where possible, to the animal data to look for consistency. of
target organs or any unique responses. Also, data on ador threshold or irfita-
tion thresholds can’be very helpful in_estimating the ERPG-1 level.

Although occupational exposure limits are gengrally developed for exposures
of eight hours or more per aY, and for extended perjods of time, the basis for
these is reviewed very carefully. Frequentl¥, they, along with_information on
human exposure experiences, gre very heI%uI in_determining ERPG-1 levels.

. As the review. process is gomFg on, the Committee consid&rs all the data jn
light of the definitions for "ERPG-1, -2 and -3, Each value is independently
considered, and is pased on the data most suitable for that level. For examplg,
irritation data could be used for an ERPG-1 level, developmental or subchronic
toxicity data for an ERPG-2 level and acute lethality data for an ERPG-3 level.
While many people would like to see a straightforward formula for derlvm%
one ERPG Value from the others, considering the definitions associated wit

each cateﬁ]or the slop% of the dosae refponse curve, and the variety of effects
seen, each value must be Independently considered.

Accomplishments

Since its_inception in 1988 the ERP Committee has developed planning
%U|des for 35 chemicals and is currentlg/ workmq on another 25. Table 1 1istS

e chemicals for which ERPGs have been devéloped and the correspanding
ERPG values for these chemicals. Table 2 lists compounds for which ERPGS
are being developed. _ _

In_developing these values, the Committee had to try to be as precise as
possible. I the rfecommendations were too high, peaple could be injured. Also
if the levels were set too ow, the consequence could be unnecessary fear and
cncern or eve_n_lar%e_sc_ale, unnecessary disruption associated withan evacu-
ation, By providing this information and making it available to local communi-
ties, th&y can make better informed decisions in the event of an emergency.

ERPGS are not de3|%ned_as exposure guides, hut as Ianmn_% quidas. The
exposure limits together with the suppofting information are inténded to be
one part of a package used by emergency reSponse teams.

TABLE 2

ERPGSs currently under review

Acrylonitrile Dimethyldisulfide ~ Methanol Nitrogen dioxide
Arsine Dimethylformamide Methylbromide Perchloroethylene
Benzyl chloride Dimethylsulfide Methylchloride Phosphene
Carbon monoxide Ethylene oxide Methylisocyanate  Styrene

Carbon tetrachloride  Hexafluoroaeetone  n-Butylacrylate Toluene

Chlorine trifluoride  Hydrogen cyanide  Nitric acid Trichloroethylene

Uranium hexafluoride
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Reactive monomer tank—A thermal stability analysis
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Abstract

Chemical production processes should always be examined to identify and. when needed,
modified to prevent runaway reactions. A thermal stability analysis was therefore conducted
on an existing process for producing a reactive monomer. Thermal decomposition kinetics
were developed from Accelerating Rate Calorimeter (ARC) data. Due to a low Self-Accelerat-
ing Decomposition Temperature and short Time to Maximum Rate, the prevention of
arunaway reaction due to a process upset was found to be more important than providing the
normal fire exposure protective insulation. Runaway reaction computer simulations demon-
strated that an uninsulated vessel would have a lower risk of venting toxic and flammable
materials than an insulated vessel. Lessons learned from this analysis will be discussed.

1. Process description

A primary alcohol A is reacted with a reactive chemical R in a batch
kettle at moderate temperature and pressure to form a reactive monomer
. The byproduct acid” gas, G is, scrubbed and excess alcohol 13 refluxed
H)e tthrgl'k%t le. Upon completion of the batch, the contents of the kettle are
utralizea,

Excess alcohol _is stripped from the kettle, condensed and collected in
a lights receiver. The alconol, however, forms an azeotrope with the product
angalso reacts with the product to form another bifunctjonal monomer T and
a flammable %as H. The I|gahts, Whl?h are a reactive mixture of the primar
alconol_and the monomer, are transferred to a portable dumpster for incinef-
ation. The remaining product is transferred to intermediate storage. All
process equipment js"vented. to prevent the build-up of non-condensible_gas
Pressure at production conditions. Emergency relief was also to be provided
or all process equ[wm_ent {0 prevent overpressure due to a runaway reaction.
Figure 11s a schematic of the process.

Correspondence to: Dr. T. Chakravarty, Bechtel Corporation, Hcuston, TX 77252 (USA).
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Fig. 1. Process flow sketch.

2. Process hazards

The product M is a flammable, toxic material of moderate voIaUhtY (NBPT
85°C). A rapid, exothermic, uncatalxzed reaction between the alcohol and the
roddct occurs at around 55°C, h|1ghly flammable, non-condensible lgas
and a heavy product T are produced. The operatm% conditions are such that
a process upset is more likely than fire exposure to iiduce a runaway reaction
In'the Tights receiver.3

3. Objective

EmerPenCY relief was to be designed _%l] for the lights receiver based upon
a model of the thermal runaway Teaction of the product with the primary
alcghol. Our investigation Into the safety ofthe process led us to conclude that
varlous reactive mixtures in the I|ghts receiver could undergo a rﬁmaway
reaction at abnormaII?/_m%h process Or ambient temperatures, Our goal was t
reduce the risk of venfingtoxic and flammable materials. We therefore wanted

to quantify the conditions where mixtures of various composition in the lights
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receiver could undergo a runaway reaction so that a preventive strateqy could
be developed [L], Y y P &y

4. Kinetic model development

A Kinetic model for the runaway reaction between die monomer and the
alcohol was developed. We also developed thermal stability criteria for react-
Ive mixtures in the _Ilgh_ts recejver. Development of the kinetic model and the
thermal stability critéria for these reactive mixtures are discussed below.

To develop 4 kinetic model for the reaction, several Accelerating Rate
Calorimeter (ARC) tests [2] were conducted with the stoichiometric amount of
alcohol and monomer. The'tests show that a peak heat rate of several hundred
,drga res?rs_a(f/n&rée?nd pressure of a few thousand psig can be generated in an
Industrial vessel.

A second order kinetic mogel for the thermal runaway reaction was de-
veloped using the ARC data. The rate ofthe uncatalyzed reaction was assumed
}gsgg&lrsélorder with respect to the concentrations of alcohol and monomer,

Ively.

Reaction Rate (Ib mol/ft3h) =kCACM (1)

where k is the specific rate constant (ft3/lb mol h), CAis "he alcohal concentra-
tion (Ib mol/ft3), and CMis the monomer concentration (Ib mol/ft3).

Arrhenius kingtic parameters obtained from regression [3 4] of the raw ARC
data are shown in Table 1 _ _

These kinetic parameters, the heat of reaction value and our physical
Brogerta/ models were then checked by simulation of the ARC data usifg the
JCC&P Runaway Reaction Emer%encg Relief Sizing Program. This digital
simulation computer proqram uses humerical integration to'solve the mass and
heat _balance differentidl equations, kinetic models and physical propert
relationships required to moel Plant production progesses anid provide sold-
tions to the e%uatlons required to size _emergency,rellef systems. The DIERS
satire COMPULEr program [, Gkhas similar capabilities,

F|gures . 3and 4 compare the predictions of the heat rate, temperature ang
pressure, respectively, with the raw data. Our computer simulation agrees well

TABLE 1

Summary of kinetic parameters for the reaction A+ M->T + H

[ ft3 \
A \ 5 morh) E (cal/mol) AH (Btu/lb mol)

1.89x1014 23630 31770
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Fig. 2. Experimental data vs. simulation stoichiometric A+ M->T + H(g) (PHI = 1.7).

with the exPerlmentaI data and accounts for the variable thermal inertia (heat

capacity effect) of the ARC homb. Nevertheless, a few comments are worth

making regarding fitting of the data. _

L The kiretic parameters were fitted based upon the assumption that the
reaction rate is equal to kCACM o

2. The kinetic model was not verified against isothermal rate data.

3. The assymption of equimolar d&composﬂmn stoichiometry and a negligible
as soluility fit the pressure data.

4 xtraBoIatwn of model results beyond the temperature range of the data
must be done with caution.

h. Effects of contamination

Possiple effects of contaminants such as the acid gas and iron in Ppm
quantities have also been Investigated. ARC tests condUcted using tantalum
bombs show 3|(T1]n|f|cant effects of ron on the experimental onset témperature
as well as on the peak heat rate. The experimental onset Temperature of the
iron catalyzed reaction is lowered by approximately 50 C and the Ioeak heat
rate incréased tenfold. The effect of iron is beliéved to be catalytic. The
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Fig. 3. Experimental data vs. simulation stoichiometric A+ M->-T+ H(g) (PHI=1.7).

presence of acid gas, on the other hand, tends fo raise the onset temperature,
perhaps b}/ preferentially reacting with the primary alcohol, _

The hest means to avoid a runaway reaction due to contamination is to avoid
the presence of any contaminants. Because the penalty from contamination
with'iron is so %_reatL we decided to design the system with materials such that
Iron contamingtion Is not Possml_e. Since acid gas contamination is beneficial,
no action has been taken to avoid its presence.

6. Thermal stability analysis

The kinetjc parameters presented above were used to determine the _stab|l|rtx
of the reactive mixture in'terms of the Self-Accelerating Decomposition Tem-
peratur %SADT and the Temp?rature 0f No Return [TNR). The SADT and
JTnr ana their relation to thermal stability have been discussed by Townsend
and Tou [3], Wilberforce [7] and Fisher and Goetz [8] and are based on the
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Fig. 4.0E3>)<perimental data vs. simulation stoichiometric A+ M->T+H(q) (PHI=17, fill
ratio = 0.3).

Semenov theory of thermal explosions [9]. The relations used to calculate the
SADT and TNRare briefly described belfow. _ _ _

SADT is the minimum ambient air temperature at which a reactive material
of specified stability decomposes in a specified commercial package in a period
of seven days or fess, While the term SADT applies strictly to commercial
Pnaecrlé?gle%ey;glsthermal stability concepts discussed herein also apply to com-

At the temperature of no return (T!\F?nthe heat generation from an exothey-
mic reaction equals the heat loss from the vessel. A runaway reaction is
eﬁ)e_cted whenever either the process temperature exceeds the TNR or the
ambient air temperature exceeds the SADT.

The following equations can be used to calculate the TNRand SADT.
Ti  E(AH)(V)AexV(-Ei(RTNR)CMC,0

o EAHIV A ERTA) 0

_ R(Tnr)2
sADT=Tnr- R(TIY) o)

where TNR is the temperature of no return KX,/E the activation enerﬁy
(cal/mol), AH the heat of reaction (Btu/lb mol), V the initial volume of the
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reactant mixture (‘ft3) A the pre-exponential factor (ft3/lbmolh), R the unj-
versaI as constant (1.987 cal/mol K), CAO the initial copcentration of alcohol
olfft3), CN the Initjal concentration of monomer (Ibmol/ftSr?, U h he at
transfercoeffrcrent EBtu/h ft2(F), S the heat transfer area (ft2), and SAD Tthe
self-accelerating decomposition‘femperature (K). _
Another tiuantrty of Interest is the Time to Maximum Rate (tm), which is
ameasure ofhow Ion% the reactjon takes to reach the peak rate. The following
equations can be used to calculate tm.
kO=M(V)(A exto(—E/(RT0))CMCM (4)
m(R)(T0)2CP
" B 5

where k(0 denotes the initial decomposition rate Ib mol/h), tmdenot es the trme
to. maximum rate (h), m denotes the mass of onomer Ig T0 denotes the
initial temperature g ), and CPdenotes the specific h eat ([ u/lh°C
Parameters such as the temperature of no return, S nd time to max-
gmpurr(hcergste can be used to select alarm levels and * nevere eed points” for

1. Safety investigation

At the end of a r%roductron reactron |n the kettle, the azeotropic mixture of
alcohol and monomer is taken overhead and condensed into the Tights receiver.
After all of the primary alcohol is stripped from the reaction mixture, the
volatile monomer hoils” over to the Irﬂhs receiver, Table 2 summarizes the
thermal stability parameters for the lights receiver. Calculations were done for
both_stoichiométric and azeotropic mrxtures because the material in the lights
receiver can vary In com osrtron rom azeotro Ic (55 wt% monomer) to
stoichiometric E7 Wt% monomer). ADT and tm thermal stability
parameters for the lights receiver usrng the reIatronshrps (egs. 2-5) discussed
prevrous %are summarrzed In Taple 2
The Semenav theory of thermal explosions assumes zero order kingtics (i.e.
reactron rate 1S rndependent of the concentration of the reactants). The accu-
racly of th epre dictions decreases as the kinetic activation energy andfor heat
freaction decrease. The effect of reactant depletion or_the th&rmal stability
parar%rleteés for the [ights receiver as determined by digifal simulation is shown
In Table
Each_of the temperatures increases about 4°C compared to the results
from _Semepgy_ theory (Tablezr? The critical temperature difference
Tor-R(Tnr) 2IE, remdins constarit, however, at about 8°C. The combined
effects of hrgher temperatures and depletion of reactants decrease the time to
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TABLE 2

Lights receiver thermal stability parameters from Semenov theory

Parameter Stoichiometric mixture Azeotropic mixture
(19% M) (55% Mg
Insulated Uninsulated Insulated Uninsulated
thr. ¢ 28.0 457 24.7 42.0
SADT, C 20.4 37.2 172 33.6
6 Tor 752 9.4 526 6.6
TABLE 3

Lights receiver thermal stability parameters from digital simulation

Parameter Stoichiometric mixture Azeotropic mixture
(79% M) (55% MF
Insulated Uninsulated Insulated Uninsulated
I\R c 32 50 29 46
SADT, 24 4 21 38
”m>h (a an 68.0 8.5 65.2 9.1

maximum rate (tm) for the stoichiometric mixture and increase the value for
the azeotroplc mixture.
Tables 2 and35erve to uanfo the responses anticipated for this system. The

values of T are R er an tm is shorter for an uninsulated
cognPared to an msulated vessel. Alsp, the azeotropic mixture_has a shorter tm
an

ower TNRand SADT in a given situation. This means that if mdeeéi We have
an azeotropic mixture, the possibility ofa runawar)[/] reaction IS increased, Drivin
the composmon toward stoichiometric, however eansagreater 0ss of product.
The effect of the mlxture composition on the tm is Shown in Fig. 5, The
azeofropic mixture reaches the peak reaction rate faster than the stoichio-
metrlc |xture The values for tmshown in Fig. 5are different than those from
because. we selected a common initfal temperature of 50°C and an
ad|abat|c condition for the comparison.

8. Prevention approaches

Because the SADT is low compared to abnormal process or high ambient
temperatures and the time to maximum rate is short, several medsures were
considered to prevent a runaway reaction in the lights receiver.



T. Chakravarty et al./J. Hazardous Mater. 33(1993) 203-214 21

TEMPERATURE (€)
200 —

Legend:
AZEOT Mix
= = = STOICH Mix

150 |—

100

50
0 100 200

TIME (MIN)

F|g 5. Time to max rate comparison for an azeotropic vs. stoichiometric mixture of A and
M (Adiabatic condition - initial temperature 50 ;C).

1 Remove msulatlon from the lights receiver to facilitate heat loss and in-

crease the values of TANR SADT and tm
gTIA? in the conden?]ate line from the

2. Install temperature-indicator- alarms
water condenser and in the lights receiver to warn of high process temper-

ature
3 L|m|t the amount of reactive mixture in the 200 gallon Ilghts receiver
to . 10-20 percent of the capacity to improve th& surfacd to volume

ratio.
4. Use a cooling medium in the jacketed lights receiver to minimize the

reaction rate.
5. Dilute the reactive mixture (the concept of quenching) with a nonreactive

solvent or the primary alcohol.
6. Add a reaction inhibitor upon determination that a runaway reaction is
currin
1. Convert he I|qhts receiver into a reactor to reduce the alcohol and mono-

mey concentration in a controlled manner,
We will giscuss each ofthese measures separately. Of course, the most effective

measure(s) will be adopted.
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A fault-tree risk analysis established that the threat of a runaway reaction
from an abnormal procéss or a high_ambient temperature was moré probable
than one related to fire exposure. Therefore, removal of the fire protection
Insulation was recommended. However, it should be noted that adequate
emerPer%cyf_rehef protection was provided for the uninsulated vessel in the
eventof 4 fire.

Use of temperature-indicator-alarms will provide a warning of high process
temperatures and allow time for corrective action. _ _
_The effect on thermal stability of reducing the amount of reactive material
increasing the effective surface tq volumeratio) in the lights receiver was
onsidered._Figure 6 shows the variation of TNRand SADT With inventory In
the vessel. The plot shows that reducing the inventory increases the values of
Tnr and SADT thus increasing the thermal stability”of the reactive mixture.
However, the plots also show that removing the vessel jnsulation has a
muchtgreater effect on the thermal stability of'the mixture than reducing the
Inventory.

Coohn% the vessel to maintain a low temperature ingroduces the need for
temperatUre control and raises the question of cooling failure. We decided to
consider other measures and return to this option if necessary.

TEMPERATURE (9

50 —
- TNR Uninsulated

40 |—
SADT Uninsulated

30 —
TNR Insulated
L \\m

0 | | ! I L | 1 | L | ] |

0 30 60 80 120 150 180
INVENTORY (GAL)
iig. g.’\h/ariation of TR and SADT with lights receiver inventory azeotropic mixture of
and M.
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TABLE 4

Lights receiver reaction of azeotropic mixture of A+ M->T+H

Temperature (°C) Residence time (h)
70 3

100 25

150 0.25

The concept of quenchmg the reaction with 3 non-reactive solvent or
excess alcohol did not prove to be an_attractive approach from both
?nm? rerat|onal and a cost viewpoint. This approach was not pursued
urther.

An effective inhibitor was knqwn for this reaction. But this was not_a cost-
effective measure. First, the inhihitor addition system was expensive. Second,
tngi r|]rgpa{tbe|(tjor generates an additional hazard by creating toxic fumes when
| .

We used d|gO|taI simulation and our kinetic model to design an isothermal
recirculating hatch reactor for the reaction of the alcohol with the monomer
ut|I|zm? thé lights receiver, Table 4 shows the residence times required to
complete the reaction at various temperatures. The time required to complete
the reaction is only acceptable at temperatures above 100°C.

9. Conclusions

Now that we understood how different Process parameters affect the
thermal stability of the system, we can select the option to_ reduce the
runaway reaction hazard.”Removing the insulation. along with reducmg
the vessel inventory will minimize the risk of having to” vent toxic an

flammable materials. This recommendation Is indepentent of whether the
composition of the mixture in the lights receiver is azeotropic or stqichio-
metric. Furthermore bay us_m% our kinetic model m.rvnawax eacﬁmn simula-
tions, we can show that eithér reaction mixture will be inherent a/ stable at
atmb|ent t_$mperature ifthe lights receiver is filled to no more than 20 percent of
Its_capaclty.

Thep r|r¥0|pal conclusion of this studY is that a detailed jnvestigation of
a process can allow straightforward sefection of cost-effective solitions to
Improve process safety by identjf m_g ang preventing runaway reactions. Our
recommendations will réduce the ri k_ofventmg toxic and flammable mate-
rials. The predicted thermal stafility djfferences between Semenov theory and
digital simulation are not significant for the cases investigated.



214 T. Chakravarty et al.jJ. Hazardous Mater. 33 (1993) 203-214
Acknowledgements

The Sp eualt Chem|cals D|V|S|on of the Union Carbide Chemicals and
Iast|cs omp n{ Inc. funded_this work and preparation of this paper. T
Safety Research Lahoratory (G.E. Snyder) provided the ARC data.

References

1 H.G. Fisher, A persEectlve on emergency relief system design practice, Plant/O perations
Prog., 10(1) (1991) 1-12

2 DW. Sm|th M.C. Taylor, R. Young and C. Stephens, Accelerating rate calorimetry, Am,
Lab., (1980) 51-66.

3 D.I Townsend and J.C. Tou, Thermal hazard evaluation by an Accelerating Rate Calori-
meter, Thermochim. Acta, 37 (1980) 1-30.

4 M. Ahmed H.G. Fisher and A.M. Janeshek, Reaction kinetics from self-heat data — cor-
rection for the depletion of sample, Proc. of the CCPS Int. Symp. on Runaway Reactions,
Cambridge, MA, AIChE, Center Chem. Process Saf., 1989, pp. 331-349.

5 M.A. Grolmes and J.C. Leun Code method for evaluatlng integrated relief phenomena,
Chem. Eng. Prog., 81(8) (198 )47 -52.

6 D.A. Shaw, sarire Pro%ram for design of emergency pressure relief systems, Chem. Eng.
Prog., 86(7 ) (1990) 14-17

7 1K, Wllberforce The use ofthe Accelerating Rate Calorimeter to determine the SADT of
organic peroxmes Columbia Scientific Industries Corp. Internal Report, July 1981,

8 H.G. Fisher and D.D. Goetz, Determination of self-accelerating decomposition temper-
%Busressmusmg the Acceleratlng Rate Calorimeter, J. Loss Prev. Process Ind., 4(4) (1991)

9 N.N. Semenov, Some Problems of Chemical Kinetics and Reactivity, Pergamon Press,
Elmsford, NH, 1959.



Journal of Hazardous Materials, 33 (1993) 215-227 215
Elsevier Science Publishers B.V., Amsterdam

ToxmolochaI assessments in relation
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Abstract

This paper outlines a general approach for determining the toxicological hazard posed by
the release ofa substance from a Major Hazard. The aim of the toxicological assessment is to
derive a “toxic load” value and relationship which will be representative of all sets of
exposure conditions predicted to produce a chosen Specified Level of Toxicity (SLOT). This

“toxic load” can then be used as the basis for calculating the risk from the Major Hazard.

Such risk calculations are currently an mtegral part of the assessment of MaHor Hazards
carried out by the Health and Safety Executive of Great Britain. Emphasis is placed on the
importance of obtaining and evaluating data from original reports and on maintaining
a sound biological basis for the assessment. The approach is a pragmatic one, in that it is
intended to represent the bestthat can be achieved under the usual prevailing circumstances
of sparse data, with little or no direct information on human effects. The limitations of the
approach and the assumptions made in its adoption are discussed, and reference is made to
toxicological assessments produced for specific substances.

1. Introduction

In the United Kingdom, a considerable number of installations (chemical
plants, warehouses, ‘etc.) are designated. as Major Hazards because of the
gr sence of substantial quantities (individual of a qre ateg of one ?r more

stances havmg the po entla to produce 5|gn|f|ca 0XIC Ioglca erfects In
th e surrounging, dgenera human population™in the event of ‘an accidental
release. Havmg entified that such a potential exists at a particular site, the
crucial jssue 1S then. that of the likelihood that such a release could occur.
Estimations of the likelihood of accidental releases and their consequences
have obvious implications in relation to, for example, the operation of the site,

Correspondence to: S. Fairhurst, Health and Safety Executive, Magdalen House, Stanley
Precinct, Bootle, Merseyside, L20 3QZ (UK).
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Proposed developments in the vicinity of the site, provision of information to
he general public, and arrangement/planning of emergency services. In order
t0 growd_e advice in these areas, the Health"and Saféty Executive (HSE) in
Great Britain IS makm% mcreas_mq use of %uanufle_d risk assessment. This
entails the calculation of numerical values for the risks to an individual or
a community of being exposed to amounts of released substance(s) which would
result in certain levels of toxicity. _ o

One of HSE’s principal concefns in this field is the calculation of risks in
the vicinity of Major Hazard sites in order to growde advice for land-use
planning decision-making [1%, This_ paper focusses on the_assessment and
Phrgg/gsrugsrl]< S01‘ toxicity datasuch that it can be used as the basis for calculating

N

We are aware that some aspects of the approach described in this Paper_are
not universally accepted or routinely adopted by others working in this field.
With this in mind, we feel that it i$ appropriate to state at thé outset three

h th
pr!nc%ples which we feel are very important; _
(1) The toxicological assessment should be regarded as are?ulatory toxicol-
0gy issue and on this hasis the apé)roach adopted should follow &s closely
as possible the best grmmples and standard, widely accepted practices of

. “mainstream” toxic IoPy. _ -

(i) The results of risk analyses are frequently used as a basis for decision by
eople who are not experts in the fields” of tox;cology or risk analysis.
nerefore, the various steps used in the analysis should be transPar_ent

and the end-result of each part of the analysis mclud_mq the toxico ogmal
assessment, should be easY to trage back to the origina supportm_? ata.
T_hﬂ(s 1S aIIsotan essential efement In achieving harmony between different
risk analysts.

(iil) The ije_?:/nve of the toxicological assessment is to derive a prediction of
toxicity in order to facilitate decision-making by the regulatory authority.
Failure to make such decisions is not an avdilable option. Clearly, we
rec_ogmse that frequently the extent of the. data available falls well Short
Bg Irdea%s ea(?d various assumptions are required if the above objective is to

This paper only addresses direct effects on human health arising from

a substance r$leased into the ahmos[%here. Adverse effects on the envirdnment

8[5(':893'@8“ effects on human health mediated via the environment are not

2, Criteria defining the level of toxicity on which
risk calculations are based

Calculations of individual risk from Major Hazards are hased on the likeli-
hood of a defined member of an affected population receiving an exposure
equal to or greater than that required to produce a Specified Level of Toxicity
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(SLOTJ: The particular SLOT on which risk calculations are based may vary,
depen mq on the situation under consideration, and in some cases risk calcu-
lations, re atm% to several different SLOTS may be approPnate. _

Inevitably there must be a degree of compromise in the selection of the
most appropriate SLOTs for various Major Hazard situations. In the case of
|and-use pl nnm? _c_rlterladefmln?aSL T which were based solely on |ethal-
ity may not be sufficiently stringent; there would be no allowance miade for any
sérious but sublethal effects on health, which may be of great concern. (effects
such as marked impairment of organ or tissue function™or serious d|sf|?ure-
ment). On the other hand, If risk Calculations were based on only a low Tevel
of sublethal effects within the population, this approach could appear to he
toho stringent, especially for an accidental release which is in itself a rare

enomenon,

: Such considerations indicate that for land-use planning, criteria defmmg the
appropriate SLOT which are based on serious injury, as Well as on death itself,
are appropriate. The SLOT which HSE uses in this Situation has therefore been
defined as ong where there is; _

(1) Severe distress to almost everyone in the area; . _
(1 Ahsutbstantml fraction of the exposed population requiring medical

gtention, : : - .
ji) Some people being seriously m_%Jred, _requmng prolonged treatment;
1Y nghly susceﬁuble people possinly bemlg killed, .

he Cholce of these criteria, reflectmﬂ a fange of individual health effects
and a somewhat imprecise level of overall effect’on the popylation, is set out in
terms intended to be understood readily by the general ublic and In particular
by those involved In the decision-making process. Some flexibility is necessary
t0 account for variations in the toxic properties of different substances, in that
some chemicals may produce more serious sublethal effects than others. These
criteria also_avoid“creating a spurious jmpression of a_ccuracg_ articularly
when one reflects on the extent and quahty of toxicity information available
for most of the substances that need to be considered: _

We_feel that the level of toxicity %wen above s @ more comprehensive
description of the likely overall impaCt on a population and allows greater
erX|b|I|t5[/),_ particularly ‘when faced with goor quality data, when compared
with probit expressiofis ?enerated from and descriptive of mortaljty data onl
2, 3]. Furthermore, the future trend In acute foxicity testm%wnl e towards
tudles in which the maximum level of toxicity groduced snould be serious
sublethal effects with, at most, only a small percentage of deaths é4]. Conse-
quently, an approach based on a SLOT such as the one described ahove will be
more feceptive than a mortality-hased probit approach to the type of data
likely to emerge from future acte tOXI%IIé/ studies. _ _

In"defining g level of toxicity on which risk calcu.ations will be based,
attention has focussed on toxit effects which_become a Opa[ent_ soon after
exposure. |t should be acknowledged that there is also the possibility of effects
being produced, the consequences of which only become manifest & long-time
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after exRosure. In animal studies germ cell mutations, teratogenicity and even
cancer nave arisen foIIowmg a Single exposure to certain ‘substances [5-7].
However, for almost all sypstances with. such Fro erties, single exposure
dose-effect data are not available. In addition, at least for _ca_rcmogen|mt¥, In
view of the envisaged mechanisms of tumaur production it is likély that for
most substances the risk of cancer arising from a single exPosure IS'very low.
Therefore it is generally not possible to jnclude these aspects of toxicity in the
overall quantitative agproach described here.

3. Identification of appropriate toxicological data
for use in the assessment

In considering the human health hazard created by a postulated release into
the air_of a toxic substance from a Major Hazard, attention will be focussed
primarily on effects arising from a singl¢ exposure to the airborne substance. It
IS necessary to attempt to velate the estimated atmospheric concentrations and
dyrations of exposure following a release to the level of toxicity produceg
within the surrounding population. The data used should therefore be princi-
pally those contained in reports of accidental single expasure of humans to th
a|r_bor|ne substance, or generated in single exposure inhalation studies in
animals,

Toxicit data_relatmg to routes of exposure other than inhalation should
be used only with gredt caution, For example, in the absence of sufficient
inhalation data it may be possible, in some instances, to make use of oral
exposure data and to relate these values to “equivalent” inhalation exposuyre
conditions. However, care should. be taken to ensure that the toxicokinetics
(absorption, dstribution, metabolism and excretion) and sites of toxic action
are (or are Judged I|keIR/ to be) comparahle for the fwo routes. Such compari-
sons betwegn routes carinot be'made If substantial differences in toxicokinetics
aﬁ)é)ear gossmle, or if the sites of toxic actjon differ between the two routes;
the latter point is particularly. important for substances exhibiting g_redoml-
?r%%%lsy local effects (e.g. Irritdtion, corrosion) on the respiratory of digestive
. Some issues must be raised concernln%the quality of toxicological data used
in the analysis. Experience has shown that commanly used secondary sources
ofinformation may be unreliable, in that the toxicological values givén may be
Inaccuyrate represéntations of the original results, or'that the primary sources
of such values are either difficult to verify or of doubtful qualjty. Therefore, in
a thoroulqh assessment all the data used'should be obtained from the original
reports. In obtaining these reports, it will also then be possible to consider the
quality and reliability of the studies and hence of the results generated. Such
considerations form an Important aspect of the overall assessment process, and
greater emphasis should be given to values for which the underlying scientific

vidence IS strongest.
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Many of the points. made in this paper, in relation to appropriateness and
validity of toxicological data, are echoed in a recent European chemical
industry publication™ [8],

4. The “TOXIC LOAD” concept

The purpose, of the toxrcologrcal assessment is to define all the sets of

exposure conditions (all pairs 0f values for atmospheric concentration and

exposure duration) gredrcted to Produce the SLOT of interest. Thrs re urre
ment can be satisfied most easjly by developing a functional re atro Tp

between the exposure concentratians (c) and durations (?) producing the

such that tne end-product of this relationship is a constant numerical value

2.

f(c,t) = constant (in appropriate units) (2)

The form of this equation and the unrts of the constant will vary accordin to
the substance un er consideration. The value emergrng is ot rnvarra
equivalent to the administered “dose” which, in infalation toxrco O%Y
expressed as conc“entratronxtrme Therefore the above numerical consta h
been termed the “TOXIC LOAD”. Furthermore the toxic Joad relating tq the
particular SLOT used by HSE in land-use AE annrrﬂconsrderatrons has been
designated the “DANGEROUS TOX|C LQ

The Danglerous Toxic Load relatignship an constant are used by HSE
in risk and dysrs in terms of calculating the_probability that the Magor
Hazard could create conditions satisfying the DTL in the aréa surrounding the
Site.

5. Deriving the toxic load and the relationship between cand t,
for the chosen “SLOT’

5.1 Interpretatiop of results in humans and in atiimals

In thedry, at least, the ideal assessment of the toxicity of Major Hazard
substances would be based on accurate ?b ervations of ‘effects in humans.
However or most substances existing reliable aata on acute effects arising
from a srnge exposure I, humans ar€’ sparse. In some, cases, information s
available on sublethal effects (e.0. carbox¥haemo lobin Tevels produced b
exposyre to carbon monoxide, sensory Irritation to yes or mucous mempranes
by Irritant gases).. In addition, for'a few substarices some_information s
available from their use in warfare (. chloring, phos ene& although the
usefulness of the available information ha been disputed 9 1% However, for
most substances the data are imited to a few reports of accidental exposures,
often involving only a few people and rareIY contarnrn(tr courate
measurements Or everf estimates of exposure concentrations and fimes.
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Conseulue_ntlg, heavy reliance has to be placed on the results of experiments
on animals in dttempting to predict the responsiveness ofa human population.
Knowledge of the toxicokinetics and toxicodynamics (the relationship between
concentration in the body and adverse effects) of a substance at low exposure
levels in humans and animals, and at h|gher_exposure levels in animals, would
be the best way of extrapolating to_effécts in man at higher exposure levels,
However, at present there are insufficient data for Major Hazard substances to
enable such approaches to e used in practice. o

Another possible apgroaoh In animal-to-human extrapolation is the use of
scaling factors based on ph smloqlcal arameters to develop a relationship
which”can then be extrapolated To man by mcorporatlnq_ the appropriate
value(‘s) for humans. However, the 8eneral|y of such relationships and the
validity of extrapolation is often in oubt. _ _

Thus in general, extrapolation from laboratory animals to humans with any
assurance of accuracy and reliability is fraughit with difficulties, principally
because of the absence of adequate informatign. Hence considerable caution
andjudgement are required In ada tlng animal results for use in risk analysis.
For many substances It may he necessary to make the assumption that results
from animal exgenments will be representative of effects on the human popula-
tion, In terms of both the nature of the effects produced and the dose-effect
relationships observeq. . . _ |
. The agproac described in this paper is therefore a praqmanc_ one, represent-
ing the Dest that can be achieved under the usual prevailing circumstances of
sparse data, with little or no information on human effects. In some cases the
paucity of data on certain substances will make any analysis extremely tenu-
ous, and in these sifuations further experimental work By manufacturers or
their trade associations would be advisable if important decisions depend on
the results. The need for further toxicological research in this area has also
been emphasised elsewhere [g],

5.2 Gathermq animal LCH) data L
. For the vas majorlt;(/_ofMagor Hazard _s%bstances the most readily available
information on the toXic effects of the airbore substance Is the ar_noslohenc
concentrations and exposure times producing deaths in laboratory animals. For
certain substances, partmularlY where studies have been conducted to current
Internationally-agreed protocols, there may be more complete details relating
exposure conditions to hoth death and to more sPe_mflc oxic I0ﬁ|ca_l end-points.
However, some of the older toxicity studies contain only lethality

Therefore, the first stage in the” process should be the gathering of animal
LCX)values, each with an associated exposure time. Most anjmal éxperiments
Involve the use of small qroups. The resP_onse ofthe group at the 50% mortalit
level will most accurate r?/ reflect the likely resporise of the population fro
which the grouR 1S drawr, _ _ _ _

Collation of tnese LCS0and exposure time values will germlt comparisons to
be made between different species and between different strains within the

y Information,
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same species. From the available data, the most sensitive animal species and
strain should normally be used to represent the prediction of human respop-
siveness, unless there s information |nd|cat|n?t at other animal results will
serve to model human responsiveness more refiably.

5.3 Transition from the LCX0and t valugs in the animal model to.c and t values
g%errneglem eIone set of exposure conditions for the chosen SLOT in the same

Most acute inhalation toxicity studies have been (and are_still) performed
under conditions where the exposure concentration has been é|s) varied but the
exposure period has heen (is) fixed. In the Ma+or Hazard Context one I
concerned primarily with the scenario of exposure for a period of perhaps up to
60 minutes, although the nature and limitations of the data usually available
means that one must attempt to. make use of information from studies employ-
Ing a duration of exposure which may fall anywhere in a range from a few
(5-10) minutes uR_to several (4-6) hours. _

Therefore, af this point in the toxicalogical assessment we will have selected
an animal model represented by an LCX)Value and associated exposure period.
The next stage is to extrapolate from the exposyre concentration ﬁroducmg
50%_ mortality to that producing a degree of toxicity comparable to the chosen

OT, for the same exposure period and in the samé animal species and strain.
In the case of land-use plannmg considerations, this entails deriving a pair of
cand t values estimated to produce serious toxic effects and a low percentage
(normally taken to pe 1-5%) of deaths in the animal moel. _

As expjosure conditions producing a low mortality level within a population
cannot, in practice, be observed directly because 0f the very large groups of
animals required, the conventional method of deriving such’ parameters is by
probit _anal¥3|s [11]. Note that here we are referring to subde_ctmg to probit
ana_l%ms data from a specific stud?/, where the exposure ﬁno IS fiXed and one
1S simply moving along a concentration axis from one level of effect to another.

With “probit dnalysis, “best estimate” values relating to a Jow percentage
mortality should be used, hecause the size of the confidence interval is ver)i
much influenced by factors inherent in the de5|ﬁn and conduct of experimentd
studies, in addition to influence from the resufts obtained,

It the data on the selected animal species and strain are inadequate for such
grobn analysis, then the extragolahon to a set of cand t values relating to the

LOT In thiese animals must be approached more empirically, from a”simple
visual exam ?atlon of the data. :

, OccasLona,sy, substances may be encountered where the only available
information 1S a tabulated LCY0 value, with an associated exposre time. In
such cases.a o%smle,a groach Is 10 estimate, for the species and strain under
consideration, tne ratio between the LCX0and LC* where x1s a ower,oercent-
a?e of deaths, re. around 1-5% ip the case of the SLOT used for fand-use
pfanning. The slope of the dose-effect curve, and hence this ratio, will var

depending on the substance and on the heterogeneity of the test animals.
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Nevertheless, in a study of the acute toxicity of a large number of pesticides in
rats of the same strain, sex and age, examined Under fixed experimental
conditions, manP/ esticides had an LCSILCI ratio of between 15 and 4 [12].
Ratios of a simifar magnjtude have alsp been obtained in studies with various
Iun(% dam_agm% gases cf. 13-15%, In addition a new classification s%/stem for
acute toxicity nds recently been proposed, in which the criterion de ermmmq
classification was a dose’ level producing serious toxic effects but minima
lethality, rather than the LC50. In a subsequent study designed to examine the
Bro osal, most of the substances considered were ?Iac_ed I the same cate?org/

sing either criterjon, when the boundaries for classification on the basls of
L DX were four fo five times the corresp_ondmrq boundaries for classification on
the basis of serious toxic, effects but minimar lethality [16],

However, ratios of this type should be used to éxfrapolate from a dose
producmg 50% mortality fo One roducmg a lower level of toxicity only in the
absence Of any other useful data, and evén then only with full acknowledge-
ment of their very general and approximate nature.

54 Adagtanon of one set of ¢ and t values relating to the chosen SLOT in the
selected animal model to corresponding values relating to the same SLOT in the
general human gopulatmn _ _ _

Having derived one set of ¢ and t values relating to the appropriate SLOT in
the chosen animal model, it is then necessary to éxamine whether such values
can be considered representative of the Corresponding parameters in the
general human population. _ ,
~ At this stage any collateral evidence availahle on effects in humans, usyally
in the formof jsolated case reports of accidental exposures or anecdotdl
statements relating to the experiences of medical practitioners in particular
Industries should be considered. Such evidence can be used to assess whether
the derived c and t values relating to the SLOT are consistent with the almost
Invariably scant information avdilable on human responsiveness, or whether
_sofme a(%Justment of the ¢ and t values is required on the basis of such
Information,

Another issue to be raised at this point is that of population heterogeneﬂy.
Animal experiments, particularly those performed in more recent years, will
have heen conducted” usin %rouPs of animals bred especially to” limit the
variability in response. [n general such animals will be healthy young adult
members of that population: By comparison, the general humar of?ul tion I
extremely hetero%eneous. Therefore if, for example, the LCH) in the general
human population has heen equated with the LCY)in a particular specles and
strain of animal, then n%;wen the increased spread in res(glonswe_ness_ Within the
human population it eplbe su%gested that for levels of toxicity 5|gn|f|cantly
below 50% mortalﬂR/, the expostres producing these levels of efféct may be
lower for the human population than for the animal model,

Several reports have included proposals in the proportion of the human
population that should be considered to be particularly vulnerable to health
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effects from the release ofa toxic substance [17,18]. Generally these are people
at the extreme ends of the age range and People with physiological disapilities
which may increase their sensitivity to the substance. It has been estimated
that such “people constitute about 25% of the general population.

However, such issues are mainly conjectural,in that there are no data on the
relative sensitivities of different groups within the human population towards
most, if not all, Major Hazard substances. In practice, the need to compensate
for the heterogenejty of the human population must remain one of tgxicolo-
gical judgement, depending on the particular case under consideration. To
a large extent the approach™will be dependent on the amount of data available.
Adjustment of the toxicity values to account for human population heterogen-
eity appears unnecessary where data exist for several animal species ‘and
strains, the most sensitive of which is taken to represent human responsive-
ness, as this in itself s a conservative approach. In contrast, some adjustment
may be necessary where data are available in only one or two animal spe-
cies/strains, and where the observed dose-response curve is particularly steep.

At the end of this stage in the analysis, one value will have been derived for
cand one for t which, taken together, should represent an estimate of one set of
exposure conditions predicted to produce the particular SLOT in the human
population, It is then necessary to deduce the relationship between ¢ and t,
such that, if gossmle, the end-product of this relatlonshlg (the “toxic load %can
be represented by a constant numerical value. This constant, together with the
relationship between ¢ and £, can then be used to predict all sets of exposure
conditions (c and t values) for the chosen SLOT.

5.5 Derivation of the toxic load equation and constant

. Theoretical considerations indicate that there are several forms of expres-
sions relating the toxic load to a function of ¢ and t [19]. The manner in which
cand tare functjonally related m_ProducmHatoxm oad value for a particular
SLOT should only be éxamined within a coflection of data from the same stugy
involving the same animal species and type of toxic effect. In addition, the
toxic effect should be the same as that o which the ¢ and t values are hased.
These are very important points. If data from different studies and/or different
animal speciés are combined in a smgle analysis, then inter-species, inter-
strain and mter-la_borator%/ variation (factors which have already been taken
Into account earlier in the process) will also exert an_unknown degree of
Influence on the derived relationship between cand t. In fact, the relationship
thus obtained may be pr_edommantly an exgressmn of such variations and far
removed from an éxpression of the tre toxic load relationship. The importance
of maintaining a constant type of toxic effect gsuch as mortahéy) lies in the fact
that different toxic effects may show different degrees of dependency on
relative to t. For instance, se _sorg irritation of thie eyes and mucqus mem-
branes may be much more heavily dependent on ¢, relative to t, than lethality.

There has been little experimental work in this area. Acute inhalation
toxicity experiments in laboratory animals, performed in the early years of this
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century on a limited number of gases, obtained mortality results suggesting the
following relationship [20]:

Toxic Load =cxt )
(The Haber Rule)

re recentI(Y a literature survey of more than 30 substances, for which
LCH)values had been determined in the same species for at least three different
exposure periods, suggested two groups of substances, showing empirical
refationships of [21]:

Toxic Load=ci (3a)
Toxic Load=c2 (30)

Overall, experimental observations sugPest that in many cases the following
general relationship may hold for acute Tethality [8.22]:

Toxic Load=c7 @

A recent review of acute inhalation studies on various substances, using
lethality as an end-point, derived values for n ranging from 0.8 to 49 for
individdal studies on garﬂcula_r substances and animal species, aIthouZ%h
the strength of evidence underlying some of these values is questionable [_L.
To introduce a note of cautiorj, some of the values of n quoted in the ris
assessment literature for particular substances must be regarded as very
dubious [3, 18 23]. Such values have often been derived from studies u_smg
gotn-lethahty end-points or from combined treatments of vaguely-define
ata.

The requirement at this stage is, therefore, a knowledge of the value of
nwhich will relate variations ifi c and t to a constant, experimentally obsgrved
level of mortality within_an individual animal species. The most suitable
reference point is'usually 50% mortality, since exRos_ure conditions relating to
this level ofmortahtﬁ/ are most readllk/l available. A simple (Iolganthmlc) CPlot of
Incaqamst Int, each pair qf ¢ and t Values relatmg to the production’ of 50%

mortality, may permit derivation of n from the Slope of the resulting line

(—LUn), Since:

ct=constant, k ()
can be rearranged to:

Inc= —nlnf+n—|nk (6)

However, it must be recognised that the general agpl|cab|l|t of the ¢'t
relationship Is based on empirical observation more than fundanfental biolo-
ical prlnmi)le_s. If the data available for a specific substance do n,ot,apﬁear to
It such a relationship, then there may be very good reasons why this is the case
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(.9, the particular mechanism(s) of toxicity operating) and these should be
explored further. _ _ _ _

An alternative ar%proach at this stage IS to use_probit analysis and the
method of Maximum' Likelihood fo produce a description of therelationship
between ¢, nand t in the form of a probit equation (gll, 22]. For the reasons
given above, each such analysis must be restricted to data relating to the same
Study, animal species and toxic effect. The simpler graphical méthod may he
preferable because there is no requirement for computer programmes “and
visual Pre_sentatlon of the data allows one to readily abserve deviations from
acrre at|onsh|g. However, the method of Maximum Likelihood will allow all
experimental data points to be taken into_account, whether or nat reliable

Pvalues can be calculated. It may therefore be applicable to a wider range
of data sets and dprowde amore comprehensive description of the relationship
betweenc, nandt _ _

Occasmnallly, sufficient data may be available on a particular substance to
permit the derivation of several values for n, representing values for different
animal species, or values from different studies in the same species producing
very different sets of results which cannot be combined readllg_or justifiably. In
this situation, comparison of the relative standards of the studies under consjd-
eration may suggest that ong of the values for n is much more reliable than the
others, based on’strength of experimental evidence, and this value should be
used. Otherwise an overall values for n ma;r have to be derived, by taking an
average of the values derived for individyal species. _

In some cases the data available on a W}bstance ma¥ be ms%ffment to permit
the derivation of . In such situations, althqugh use otthe Haber Rule has been
common practice in toxmology_, consideratign of the mechanism of toxicity of
the substance In question and’its similarity in this respect to other substarices
with better defined c:t relationships may te a better basis for choosing a value
for n. On occasion, it mag/ also be approErjate to E)e_rform and comPare seloarate
risk analyses based on toxic load expressions obtained using the two values of
n (1 and 2) commonly observed. _

e now have oné c and one t value reEresentm% one set of exposure
conditions predicted to produce the chosen SLOT. We also have the e_xP_one_nt
n which can be used to define a “toxic load” equation d_escrlbm% variation in
cand tin relation to the production of this SLOT. Insertion of the values for ¢,
tand ninto the equation:

Toxic Load = 't (7
will produce a numerical value for the “toxic load” constant

6. Use of this approach to toxicological assessment

Detailed assessments for a number of specific substances gacrylonitrjle,
ammonia, chlorine, hydrogen fluoride, hydrogen sulphide, nitrogen dioxide,
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sulphuric acid mist) have heen prepared using the approach described in this
paper, The “dangerous toxic load” (DTL) valdes so derived have been used in
quantified risk dnalyses of Major Hazards and the toxicological assessments
have been (or are soon to be) published [24-30],
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Abstract

In any debate about the transport of dangerous goods where the effectiveness of existing
legislative controls is chaIIenFed, itisvery importantthatthereisafull understanding ofthe
magnitude of the risks involved and the causes and major contributors so that properly
informed decisions can be made. This paper gives details of the methodology developed for
the analysis ofthe risks arising from the carriage, in bulk, of toxic and flammable substances
by road and rail as part of a major study into the risks faced by the British population from
the transport ofdan?erous substances. This paper concentrates on the novel aspects of the
study and in particular consequence and human impact modelling. Models are given for the
interaction ofﬁassenger and dangerous goods trains taking into account the ability of
signals and other systems to detect and stop approaching trains. In the case of road
transport, the models allow for the characteristics of different road types and the hehaviour
of motorists to be simulated. The relative risks oftransportinP hazardous materials by road
or rail are explored and it is shown that the inclusion of motorist and rail passenger
populations significantIK affects the calculated risk levels. It is concluded that the safe
routing of materials wit Iarge hazard rangies may be more easily achieved by road. While,
the natural separation afforded by the rail system may make this mode more suitable for
lower hazard materials. However, it is concluded that in Britain, there appears to be no
evidence to support, on safety grounds, a general transfer of hazardous goods from road to
rail or the reverse.

1. Introduction

In recent years, the issue of whether or not the transport of dangerous goods
by road Is |ess safe than by rail or inland waterway has been raised in Europe.
A'series of road vehicle accidents in Germany in the late 1980’5 prompted that
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country’s government to jmplement measures aimed at transferring certain
long-haul dangerqus good traffic from the road to the railways and inland
wat_erwaﬁs. This initiative_has also_ prompted the European Community to
review the road versus rail safety issue and for member states to consider
the need for further Ieggslatlon dealing with ‘safe routing’, placarding,
driver training and veRicle standards. This legislative actm(t}y IS, In
some cases, béing pursued without the benefit ofa ngorous study of the
risks or benefits involved and much research Is now sartmlg to be under-
taken in this area, In most cases, methods and modelS derived for
onshore chemical plant risk analysis are now being deployed byt those
who are undertaking this work Soon find that there are Crucial differ-
ences Iwh|dch need tobe respected when the risk from a transport activity
Is analysed.

, Thlsypaper is an attempt to express some of those differences; to show where,
in the author’s opinion, greater care in modelling Is necessary and where,
converseIY, more precise treatments are not warrarited. This understanding is
based on the experience gained during, Part|C|Rat|on In 4 five-year stud_Y Into
the transport of dangerous goods in Britain, That study, by a subcommittee of
the UK’s Health and’ Safety” Commission’s Advisory Comrittee on Dangerous
Substances, considered therisks to the British population from the carriage of
dangerous goods by rajl, road and by sea in the light of the present reguldtory
andtvcilunt ry controls and the néed for and possible nature of additiondl
confrols 1] © _ _ _

This was the first occasion when the risk to a nation from the trans-
port of hazardous materials had been measured to such a degree and the
study Involved considerable research in order to develop suitdble methods
of analy(]ms. Further research was also needed to understand the results
which the analysis produced. While studies lgoking at the risks from trans-
porting hazardous materials have been and are”heing carried out else-
where” (and all these were _rewewed)H none of these methodalogies
were found to be fully appropriate for the UK study. In general this Was

BCause:

* elements of the methodalogy could be considered ‘obsolete’;

» they had heen developed to reflect a transport system or a system of requla-
tory control that was somewhat different to thdt in the UK

* they had been developed specifically to investigate one aspect of transporta-
t|c|)(rj1érfgr e|>|<gar%ﬁglllet the safe routing' through & city area, and did not have

W .

For, thelgg r,eqhsonsy a ‘new’ approach was necessw:_ specific to the British
situation, which sought to minimise uncertainty wnile"providing ‘transpar-
encny of the risk calculation Process s0 that the decision makers could under-
starid and have confidence in the results. It also had to allow for assumptions to
be easily changed so that the models could be used as testbeds’ for the gaugm%
the effectiveness of chan?es to. the system of control. The apﬂroach Wa
developed by two technical working parties (one for marine, the other for land
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based transportg on which sat members of the Health and Safety Executive, its
contractors, industry, the emerﬁency services and academia. =

This paper is coricerned with thé work of a technical workmlg arty for
land-based _ transport and the modelling associated with the transpart of
non-explosive substances in bulk (called ‘the UK Study’ throughout th
rest of this Paﬁer). While the techniques of analysis were developed in
the context of the British situation, many of the lessons learnt and Insights
gained have much wider application. The paper es%emally addresses “the
(rqaui?stlon of whether it is safer to convey hazardous substances by road or by

2. Objectives of the risk analysis

The choice of consequence and impact models and indeed the manner of
conductmg arisk analysis depends on the eventual use of the results; who will
use them. &nd for whaf purpose. Both the needs of the user and the needs and
capabilities of the analyst need to be considered. In the case ofthe UK Study, it
would not have been useful to expend effort developing complex and indépth
analﬁlses where, for example, there were great uncertainties in frequency data
or the decision making process could not accommodate significant levels of
precision. This IS one” of the most important principles which guided the
development of models and techniques for this. work, for while We sought
methods of analysis which optimised‘accuracy, this was often at the expensé of
unnecessary precision. _ _

Simjlar consideratigns agphed to the types of risk measured and the pre-
senfation of the results. Some transportdtion studies have concentrated on
individual risk calculatigns, Presentmg the results as,contours or risk transect
diagrams showing individual risk agdinst distance from the transport route,
While such studiés may he useful forroyting exercises, where a new transport
corridor Is being selected, unless there is gdod evidence on the. relative distri-
bution of failyre events along, the route™(ie., ‘hltgh spots), individual risk
results can add little to the understanding of risk from a transport ogeranon.
The risk numbers produced are normally so small as to be beyond the normal
range of human ¢ mg,rehensmn. Most importantly, this tg/g)e of treatment fails
to gddress the punlic’s (and the politician’s) major concerns; not the risk to
individuals, but that to somet){ at Jarge: the risk of a disaster. This involves not
only consideration of the patential for transported hazardous substances to
carse multiple fatalities but éllso the likelihood that these m|ght o_c%ur because
a loss qf containment accident coincides in time and space with a human
population. Societal risk is therefore not only a more a Proprjate measure put
It also seems to yield more useful results. If [2ads naturally, via the generation
of expectation values (average, number of lives Iosp, to_consideration of the
need for, and cost benefit, of risk reduction measures. Societal risk analysis
does involve many generalising assumptions and averaging but these are’not
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rnconsrstent with the ‘smeared out’nature of the risk associated with transport
along a route.

3. Frequency analysis

For those countries or regions with a hrstory of hazardous goods accidents,
consulting the historical record is normal 3/ fie first step in any study of risk.
Indeed, ifenough rncrdents have (unfortundtely) occurred the modeIIrn ofthe
possible consequences and |mgact ofsuc events may be of seconda |erport-
ance. In Britain, however, we have suffered few such incidents. T ose that
have occurred have normally involved flammable liquids and no person has yet
died as the conseduence of d leak from a damaged tanker (road or rail) holding
| uefied flammable or toxic gases such as LPG or chlorine, For this reason, th

Study adopted a somewhat different approach to obtaining the release
freguencres for hazardous substances in transit,
ne approach ossr le would have been to use an event free such as that in
rs 1S srmrar to that deveIopedb Hubert et al, [ from French data.
Thrs burlds on data from all road accidents, and in 6oartrcu ar, those involvin
other goods vehicles, to synthesise a puncture rate for a hazardous goo
tanker. However, there.is o, evidence to suggest that the drivers of hazardous
000ds vehicles erI act in a similar manner to"drivers of other vehicles nor that
Such vehrcles wr | suffer e%urpment and other farlures at the same rate as other
similar vehicles. containing other bulk materials. The value Prven to the
critical probabrlrt¥ assocrated wrth escalation’to puncture is crifical yet very
uncertain. Even for countries where good data exist there are always the
uncertainties associated with under-reporting.

An analysis, of the available UK data on rail and road incidents involyin
tankers contarnrn? hazardous materials showed that releases could occur fro
two sources, firstly by puncture or rupture following collision, roll-over or
derailment. or secondly, from failure or maloperation of the tanker equipment,
For the rail mode there was sufficient data on thin WaIIeE W 9on accidents to

enerate a frequency for punctures and equipment leaks. directly. Over six
gears ) cases ofsgrlls due to ‘equipment Ieaks’ and four incidents mvolvrng
ubstantial sprIIag foll owrn Oouncture Were found These data suggeste
a puncture frequency of 6.3x 10~s per tank wagon km.

For road transp ort 25|nc|dents were found overafouryear gerrod Analysis

of these ataX d a spill requency of 14x 10 8%er foaded tanker knt for
Iar es ills (>1500 kg) from collisions etc and 0.7 x 10~ per loaced tanker km
for arge spil sansrn out of equipment failure.

While motor spiritspill fre%uencres could be obtarned drrectll){ from thrs
analyss, there are no rncrden recorded in the UK where prope esrgne
roa or rail tankers for pressurised liquefied flammable or toxrc ases have
been punctured. For these it is therefore necessary to adopt a synthetic
approach to deriving appropriate spill frequencies: a rate’ generated by
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mptAocs?  PelOde?  MieQse?  Oetn?  Rufodio?  Ae?

0.073

0.265

0.683

0.662

Accident
Occurs

0.25

0.219

Fig.1. Incident data analysis after Hubert et al. [2].

statistical techniques from an ‘accident free’ hrstory rovides a useful ‘upper
bound” check. For transport by rail, the technrca W rkrn qroup considered
a study by IC] Transport Engirieering Drvrsron an a ree Spi re uencies for
ammonig, chlorine and LPG. This study consid ere e historical accounts of
puncture of ‘thrn walled’ wagons and estrmate In each case the conditional
chance of failure if the Vessel concerned had been a ‘thick walled’
ﬁ ﬂnrda or chlorine c?ntarnrn% vessel.
ata on US ral |ncrde ts are easrl available, it was feIt the
drfferences etween the d esrqn standars and operatrnfg ractrces made th ese
data inapplicable to the British situation. However, for road transpaort, the
differences were less important and could be rdentrfred with some confrdence
Because of this, US road data could be used and, }ialn propriate modification f
exclude those events which could not or were unlike to occurrantarn spill
frequencies were derived. Fanlt tree analysis was nse to develop the possible
causes and events which could lead to equipment leaks. These were then used
to denve appropriate, equrpment spill frequencies for both rail and road trans-
port of LPG, a monra ap chlorjne.
In summary, the spill frequencies and ignition probabilities listed in Tables
were de |ve for thrs work. .
gives ase event frequencies. For flammable events, it is also neces-
sary to consrder the probability that a spill will then be ignited and whether
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this will take place initially or at some [ater time once a flammable cloud
has developed. In some cases it was possible estimate ignition probabilities
from accident data, but the under-reparting of spills” which "have failed
to ignite makes, these figures unreliahle. In most cases, ignition probabilities
have fo he estimated Using s¥nthet|c_ techniques or by ex[oert judgement,
This is simplified in transport situations as often the' spi I-causmgi event
involves sufficient energy to cause |%|t|on, or other sources (for example other
rToabdI vehicles) are nearty. For the UK study we used the values as listed in
able 2.

TABLE 1

Frequency of spills against cause, substance and transport mode

Substance Road transport Rail transport
Puncture/ Equipment Puncture/ Equipment
rupture leak rupture leak
(x 10" 10 per (x 10"10 per (x 10" 10 per (x 10" 10 per
wagon km) wagon journey) wagon km) wagon journey)
Motor spirit* 190 70 630 b
Chlorine 08 36 9 310
Ammonia 48 70 25 130
LPG 48 52 25 83

aFor large spills only.
bNot considered as such small spills are unlikely to affect members of the public.

TABLE 2

Ignition probabilities for flammable substances

Substance Type of Rail Road
ignition

Small Large Small Large

spill spill spill spill
Motor spirit Immediate 0.1% 0.2% 0.03 0.03
Motor spirit Delayed 0.0 0.1 0.03 0.03
Motor spirit Noneh 0.9% 0.7 0.94 0.94
LPG Immediate 0.1 0.2 01 0.2
LPG Delayed 0.0 05 05 0.8
LPG Noneb 0.9 03 04 0.0

“Derived from historical data.
bDerived from: 1- (Immediate + Delayed).
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4. Consequence analysis

As with all forms of such quantified risk anal%/sw the selection of a repres-

entative set of failure cases and assignment of the corresponding spill

sizesirates are the most important steps to'producing an accurate characterisa-

tion of risk. An otptlmum set of cases has to be found which while minimising

computational effort does not unduly compromise ac_curacy. Fortunately in the

tr&r;s l%rgsgth%tlon there are several constraints which act to limit the range of
Ible events:

4 for multi-compartment tankers, the simultaneous loss of contents from all
compartments is extreme| unhkel;r; _ o

» small releases of flammable material are unlikely to ignite or cause hazard as
they are rapidly dispersed as the tanker moves and even when stationary, the
normal ‘open’aspect of a transport situation will aid dilution; _

» ahove a certain hole size, either the release of pressurised, liquefied gas will
be so rapid that it can be considered equivalent to an instantaneous release
on vessel rupture, or the hole will be sufficiently large to lead to a propagat-
ing failure of the pressure vessel; _ o

* In"the rail envwonment,_lrﬁmted jets of LPG are unlikely to create SI%HI-
ficant hazard unless they | mge on other LPG tankers which then BLEVE.
However, the BLEVE “frequeicy used should normally include such a

cause,
For the UK transport study three failure cases were used. These were
vessel rupture, a large hole and a nominal equipment leak, Taking such a
small number of cases does lead to some coarseness and lack of a_ccurac% in the
risk analysis put was Hustmable Iven the limited data available here to
sugigest hiow the overall failure rdte could be partitioned between difficult
faillre cases. In the absence of any corroborative data, it was assumed that
10% of the releases from pressure”vessels were. instantaneous and could he
modelled as the entire loss of contents. Sensitivity testing to a 99%/1% split
or 3 50%/50% SP|I'[ showed that this assumgtlon was not critical. In the case of
toxic materials the cloud was gssumed tq contain 100% of the tanker contents,
f(l)r %IPG twice the adiabatic flash fraction was assumed to enter the vapour
cloud.

Pflrncular care is needed to take into account thf physical aspec%s of the
spill environment when the consequences are modelled. Factors such as the
containment effect of roads and drains can 3|?n|f|cantly affect the shape and
dimensions of the hazard zone, This Is particularly true of spills of flammable
|I%UIdS where the hazard zone |s_onI8/ i htl?_z gredter than the area of confine-
ment provided by the road or rail corrigor. Furthermore, on the road, surface
water drains wi _I|m1} the size of ang I|%uld poal. _

For motor spmt_sRl IS we thereforé considered two cases: either the tanker
remained on the hig waX or rail corridor in which case the spill was confined
by kerbs, drains etc. or the tanker left the road. or rail line and was modelled as
a‘circular pool. The pool will (in both cases), if ignited reach a maximum size
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where the regression rate 1S eﬁual to the 530|II rae. Spreading ﬂool expressions
such as those given by Shaw and Briscoe [3] can be coupled with a ‘drain model’
and a fire model [ 10 estrmate the maximum area of road affected. As the
thermal hazar decays rapi gasareceptor moves away from a burning pool,
most people who were exPose outside the pool could escape and the ared of the
pool ‘can be taken as the hazard zone. For example, we calculated that
a Sk?s 1contrnuous release from a leaking rail wagon (32 te{would produce
a of radius 24m. The release would™ persist Tor about 20 minutes. If
t e vagours gnited durrn? this time, the pool_ size would regress to 12 m.

sh ows similar results for road tanker sgrlls

These results for road tankers take into account loss of the motor spirit
into_drains and therefore the pool sizes are reduced from their theoretical
maximup.

The Immediate ignition. cases were calculated by assuming that the
release occurred ovér a finite time and that the pool Size was th& maximum
possible after regression. In_the delayed case, the pool was allowed to
spread tto its maximum before ignition took place. These seemed to be realistic
assumpti

Theppossrbrlrtx of a ‘soft’ BLEVE fireball due to heatrngi of a motor spirit
tanker In a fire has been considered but does not seem Irkey nalysrso the
Summit Tunnel Fire incident [5) has shown that even under severe eatrn
conditions, motor spirit tankers will not rupture if three out of our relid
vaIves work or will"take at least an hour of prolonged heating if only two

For LPG the tgpe and extent of the hazard depends on the mode of release
and whether and when it is rPnrte Figure 2 rn an example, for continugus
LPG releases, of the event_frees which can be drawn to rationalise this
potentral for escalation. Similar trees exist for instantaneous releases of LPG
and ors&rlls ofmoéors irit.

For LPG, standard corisequence modelling approaches can be adopted. How-
ever, when applied to transportation accidents, certain special considerations

apply:

TABLE 3

Motor spirit tanker pool areas

Spill size Pool area (m2)
Immediate ignition Delayed ignition
25kg1<s 1 314 908
4000 707 1018
8000k 1385 1964

12000 kg 2124 3019
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» for BLEVEs, the resulting fireball will contain a Iar?e proportion of the

vessel contents as the vessels are always conveyed ful
LEVESs are much less likely on the road as one 0f the rrmarr[/) causes, jet fire

|mp|ngement from ong tanKer to another, is hi th probable

» Vapour Cloud Explosrons VCEs ) are ve fyun rke on hoth road or rail %rven
the open aspect and limited amount o confrnement available. Givep the
small contribution they will therefore make to the overaII risk, a simple
consequence model (such as TNT equivalence) is apPro riate

* outside the flammable cloud, the probability ofdea e to'the effects of
overpressure from a VCE is low and can be’ignored,

The risk from released toxic gases such as dmmonia and chlarine is very
dePendent on the accuracy ofthe drsRersron modelling. As societal risk is to te
calculated, the crosswind extent of the cloud is as important as the downwind
hazard ran?e The societal risk estimation involves the calculation of the
numbers 0 fatalrtres from the areas of land which experience more than
a critical toxic load. The use of simple Gaussian models which do not allow for
negative buoyancY effects such as crgss.and up wind spreadrno will therefore
produce inaccurate (likely to be oPtrmrstrc) results for both Toxic and flam-
mable gas clouds. The release orientation in‘relation to the wind direction can
be_an Important consideration and the modelling of the initial momentum
driven jet seem important pre-requisites to the use of an accurate dense gas
dispersion model.

here is also a strong de endenc¥ between the crosswind and downwind
extent of the cloud and e level of atmospheric turbulence. This Is character-
ised bY the use, of appropriate arameters to represent different Pasquill
stability._ categories. For the UK Study, only two cCategories, D with a wind-
speed of 5ms~' and F at 2ms-1, were used for yeasons of computational
efficiency. This choice may have had a significant effect on accuracy, and more
categories — four or six dre usual — are to be preferred for toxic ?ases Given
the Telatively short range of flammable hazard zones, two categories are
proba I% adeguate In this case.

The above discussion onI)/applres strictly to above %round open arrreleases
on a flat, unohstructed terrain. There has been consi erabler terest recent| d/
about the carrra%e ofhazardous maferials throudhtunnes and the assessme t
of teassocrate rsks needs specral consideration. In the confined space of
a]tunne the sp reﬁd of the h azar 0 sconseqéuences IS very much aff%cted b

the air flow and the channelling effect of the tunnel. For example, the blast
wave from a vapour cloud explosron could be expected_to be transmitted
largely undiminished along a tunnel. One of the most serious hazards arises
from the hot, often. poisonous smoke and products of combustion which can
travel srgnrfrcant distances along the roof of the tunnel away from a fire. The
UK Study did nat pay Partrcular attention to tunnels as they did not constitute
a Iarge proportron of any of the routes studied and, In” general, the only
members of the public who would he affected would be those usrng the same
road or rail tunnel. Further work is required to refine the current analysis
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methods so that a more accurate estimate can be made of the contribution of
tunnels to an overall route risk. At present, few decisions mvolvm? the control
of danng1erous goods through tunnels seem to be based on any Torm of risk

assessment.

5. Impact analysis

While the modelling of consequences and the estimation of frequencies
are important companents of the risk analysis approach, ofequal Importance
Is the ‘estimation of the number of people who will be killed or injured
by a particular hazardous event; societal risk places equal. emphasis on
both the frequency of occurrence and the number of fatalities, However,
we find that' this aspect of analysis has been little developed elsewhere
and It was given Parncula_r attention in the UK Study. In" particular, it
seemed important to us to_ include all the population. who may be affected
by a dangerous goods incident. This includes motorists on & road where
an incident occurs, or members of the public travellmg as passengers on
traing which become involved in an accident. If only thdse people who live
near the transport route are considered in the analysis, an incomplete Encture
may be presented of the risk and its major contributors, This could lead to
etrrotneous conclusions about the nature of, and benefits from, risk reduction
strateg|es.

5.1 Off-route population density measurement,

For Iong trangport routes, the [ﬂopulatlon distribution alqng the route has to
be characterised by a limited number of population categorie$, each represent-
|qu%r|10 laévzrage situation. For the UK study we chose the four categories shown
|

. The length of the transgort_ route anngs_ide which_each category of popula-
tion exists can be obtained using computérised techniques for handling censu

and other demographic_information. Much use is now being made”of Geo-
graphical Information Systems (GIS) to handle such data, although we found

TABLE 4

Off-route population categorisation scheme

Population category Average density (km 2
Urban 4210

Sub-urban 1310

Built-up rural 210

Rural 20
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that a manual technique, using maps, provided a level of accuracy that
was acceptable given the many other uncertainties in this work. One Tefine-
ment of the approach was to note those lengths of track or road alongside
which go ulation of the same class exists on both sides, and those where,
for instance, the rail line or road has formed a natural barrier and there is one
side of urban development while the other is rural. To prevent ‘double count-
Ing’, in the ‘one sided” case, for directional hazards — for example a torch flame
or'toxic cloud — the frequency of the event is halved and, for events. with
ﬁrrlcuhar hazard ranges such as BLEVE fireballs, the number of fatalities is
alve

It is also imporfant to take into account the natural separation that
occurs between off-route Populatrons typrcallv resrdentral% and the road
or rail line. In Britain, ere are very ocatrons where there 1S a
residential population within 25m of a ra| line and so when the im act
of an event is bernq calculated, this 25m ‘swathe’ must be excluded.
applroach also acts Yo ‘screen out’ small, low consequence events from the
analysis

5.2 Off-road and motorist population modeIIrn?

In the road situation there |s a_smaller bu nevertheless important separ-
atjon between the road and the off-road 1po uIatron The width of the separ-
ation depends essentially. on the ¢lass of road. It may be only the width of
a pavement on an urban single carrra?ewa road, hut |t may be much larger for
a. motorway, Furthermore,” there afe large sections of some routes Where
ibbon development’ in a narrow strip alongside the road produces a very hj gh
population density (for example sho prnrrr areas), with open, low population
density land beyond. To accommodate al these situations, and to encompass
the variation in'the on -road road user population density, a zonrng scheme was
developed. This 1s sh own in Fig. 3 for a dual carriage way road. The zone
structure |s descnbed in Table 5

This scheme also al owed s to model the response and density variations in
th emotorrs\ n V\Pulatron ol owrng an aocrdentrnvolvrng the release of hazard-
ous materra find that even &t nignt, on main roads and especially motor-
ways and dual carrjageways, traffrc rapi v builds and behind an accident
leading to a very high population density on that carnageway On the opposite
carrrageway, the traffic slows down due to the ? ou)’ &ffect; again increasin
the po ulation density, B assumrngt at 10% of traffic comprises heavy goo
vehicles that occu 20 of lane [Ength whilg other vehrceare4m ong,
average vehicle population of ngrves a Zone d pogu lation densi
0.05NT for motorwa S andO 5m 2 for other roads one d ahead o te
accident is essentially Clear. Fort eothercarrragew%v Wwe have assumed that
t)he CLérrosrty of the motorists produces a density of 005 that of Zone d, but in
oth directions.

This scheme also allowed us to model those events which have directional-
ity, for example a toxic gas release influenced by wind direction and its
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Offroad Population - Zone a
Dense Population - Zone b
Clear - Zone ¢
Motorists Zone d
Other Side Motorists - Zone e
Clear - Zone f
Dense Population - Zone g
Off-road Population - Zone h

Fig. 3. Population zoning scheme for dual carriage-way roads.

TABLE 5

Population zoning structure for roads

Zone  Name Description
a Off-route population This is similar to that used in the rail study but may be
. ‘depleted” if there is ribbon development
b Dense population This allows for a high population density immediately
adjacent to the road
c Clear zone Motorways and Dual Carriageway roads are likely to
have a significant gap between the road edge and the
. , population
d Motorists, accident Road user population which ‘backs-up’ behind the
side accident
e Motorists, other side Road user population on other side of carriageway
f Clear zone Same as Zone ¢
Dense population Same as Zone b
% Off-route population Same as Zone a

momentum driven ghase. There are, of course, an infinite range of possible
directions, but these can be reduced to the four cases shown in Figs. 4a and 4b.
The_cloud Is represented as either travelling perpendicular to or along the
carrlageway. In the alon(IJ the carriageway cade, the plume can either trave] in
the difection of the affected carnageway 0ro Posne to it. For the perpendicu-
lar case, the plume either travels off the road from the accident or across the
other carriageway. There is a further complication with jnstantaneous re-
|eases of dense_% s where we would predict some gravity driven movement of
the cloud up-wind.
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Fig.4. Model for motorist fatalities, wind across (a) and along (b) carriageway.

5.3 Human impact measurement — Flammale substances
_For flammale and exploswe events, we find that conse%uence mogels pre-
dict a fairly sharp_cut-off between the point where people exposed will suffer
Very seriots injuries which are I|kel}4_to be fatal. For flammable events we
therefore adoEted an impact model which had two ‘steps”
» within the LD=o hazard range, all die; _
» petween the LDsoand LDO ranges 25% of people die;
‘ be?gond the LDa range all survive. _ o
Where the LD=soand LDa are very close together, this can be simplified to
a single step where everyone_ inside the LDso hazard range dies, This IS
gsasrtlr%gba%y dtgue for motor spirit where only those within the pool fire are
Uy Ie.
This approach is only true for the impact of gverpressure events and thermal
events on people out-of-doors. For non-continuous thermal events such as

Flash-fires, people indoors are assumed to survive; even if their homes catch on
Ire

For motorists, it can be assumed that vehicles rprovide verg little protection
?%amst fires and exPIosmns. Those In cars, are effectively trapped, and escape
rom the road Is not easy In congested traffic.

54 Human impact measurement — Toxic gases . . _
_Toallow for'the accurate representation of the variation in human suscepti-
bility, and to enable the implementation of the zoning schemes for on and
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off-roue populatigns, it was necessary to use a gradyated aﬁproach to
dose-gffect m_odellmﬁ_for toxic gases. The normal manner of doing tnis is to use
prohit’ equations wiich seek to represent that variation in the percentage of
a population that will die against areceived ‘toxic load’ assuming a log-normal
relationship. These have thie general form:

Pr=a+bwn(c"y) (1)

We used three levels of impact, LD, LD=o and LD for this study, and
assumed that the Proportmn ofthe population that will die in the area bétween
LDy and LDy will be (X+ Y)/2%. . _ _

It has been shown 6}that oing, or be|n1q indoors provides considerable
mitigation agamst the effects of toXic gases. The impact on people indogrs can
be calculate b_){ using a simple gas infiltration model which allows for the
exponential build up of concentration indoors (C(I)) while the gas cloud is

present outside:
Cl)= C(O) [1—exp(-—At)] @

where C(O)f is the outside concentration, / is the ventilation rate and 1 the
duration of exposure, This is followed by a decay phase once the cloud has
passed but people still remain indoors:

Cl)=C(M)(-,.) )

where C(M) is the maximum indoor concentration reached. The integration of

these expressions with respect to time with the concentration rajsed {0 a power

n (taken from the probit equation) yields a toxic load (JC"df). This can be

%%gnpared with the probit relationship to give an expected percentage fatali-
Fqure 5 shows some of the potential gptions available to a person who is

gfger% elde k}%/ogetloxm gas. For people out-of-doors this can be rationalised into
| :

o at opr_ ahove a concentration (Cy) a person will be unable to take any action
and is likely to dig; _

* below this Concentration, down to C2, there is a chance that he or she can
escape indoors. c2 can be set sq that this chance js (say) o2

* below that concentration there is a higher probability ofescape, but of those
who remain outside the Broporhon who die 15 given by (X+ Y)/2 where the
area falls between the LDXand LD¥hazard ranges. _ _
This model Is shown in Fig. 6. Theretore, for hazardous event E in weather|,

the number of people out-of-doors likely to be killed Is:

No. &; =DqPo.j [Tl +411 (1—Pel) + (1 —T&2)(0.95A2+ 0.7A3+0.3A4)] 4

where PQJ is the propartion of the people who might be out of doors in weather
J, Pei is the chance of escape within concentrafion C2, P2is the chance of
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Person

Indoors|

Concentration such that
escape may be possible

il

Attempts to walk Becomes confused and acts irrationally,
out of cloud dies through overdose or other effects

Fig. 5. Range of options available to individual affected by toxic gas.

escape within concentration C3, area A\ js AQ—ACL A2is Acs 0—A C2, Asis
AGS0- A 90, A4is A 10—Ac 50, and D(ys the population density.

In reality, this exgressmn is more complex as for some releases, A o< A
or even A o< AC, and A< AC2 _ _ ,

Once people have escaped indoors, they ma%/ stil] be subjected to a fatal toxic
load of gas, The number of fatalities inddors therefore comprises those who are
alread%/ Indoors and perish together with the proportion of the ‘escapees’ who
also die. It Is given by:

Ni.e,j—Dq(I —Po.j) +Dg(0.95ADgo+ 0.7As+ 0.3A6) (5

where ADw is the area covered by the indoor LD isopleth, As is
"D.D—"D.90i and A'6is Ad,10-Ad 5.
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Cusartlass

Assumed to escape

Sour

Fig.6. Model for toxic gas impact.

The proportion of those who escage indoors who_subsequently die will
depend on whetherthex escape from > Cl congentration, 1.e. P& go indoqrs,
or > Cs concentration, 1e. Pe2 g0 indoors. Dqis the average population
density of escapees. _ S L

Formotorists, the protection affgrded by their vehicles s very limited. Work
by Cook [7] shows that the ‘Rameffect of the car, even without a fan switched
on, provides a ver¥ hI?h level of ventilation. Therefore we have assumed that
these people are etfectively out-of-doors and the expression given above, with-
out the terms for escape, tan be used:

1 '.j = Dm[0-95AD0+ 0.7 (Aso—AY) + 0.3(A10—AN)] (6)

where DMis the matorist gogulation_density, and Axis the area of carriageway
(one side) which will experience toxic load’LDXor more. This area is given by.

Area Ax=nhazard range to LDvx carriageway width (7

5.5 Rail users %)ass_engers) interactions

In Britain, the rail network s used for both goods and passenger transport.
This raises the possibility that one or more,P_assenger trains may interact with
a hazardous %oods incident causmq fatalities on"the passenger train. Most
other studies have failed to considerthis ‘extra’population but our work shows
that they can make a 5|gn|_f|cant contribution to the risk and that steps to
prevent and minimise such interactions need to be considered.

Edge of plume
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. On British Rail, the mgnallmig system is principally concerned with preven-
ting collisions between frains funning on the same track, Sl_gnallm_g failure
was the cause of one of the UK’s most serious transport incidents involving
a hazardous substance. This occurred at Eccles, near Manchester, in Decembgr

64 when a passenger train ran into_the back of a 14-wagon goods train
hauling ‘gas oil’. Thrée tanks ruptured forming pool fires and & firéball”which
caused three fatal_léms and 76 |n&urles. i

. Despite this incident, we would expect such collisions to be rare events and,
in the case of flammable liquids, to cause, at worst, only a few fatalities. Events
Involving LPG and liquefied toxic gases have the potential to cause many more
fatalities and our analysis has mainly considered the interaction of passenger
trains with incidents involying rail tanks confaining these materjals. Thase
materials have long range effects which could affect a pa_ssen%er train properly
stopped hy the, slgnalllnﬁ system, the so called ‘obedient™train. Moreover
there is a ﬁ035|b|l|ty, although more remote, that the Fassenger train might
collide with the hazardous goods train and cause the release, or might collide
with a previously derailed train, or m|ghtd as this Is speuﬂcall)[/) not é)revented
by the mgnallmé system, be affected, & it attempted to pass by the scene of
a’hazardous goods Incident on an adjacent line. ©

This is a comp_lex study which requires that the mgnallmg and emergency
systems, on. British Rail he understood and adequately represented, smg
a combination of fault and event trees, the ,a<.cran MOdel Was deveIoPedt
allow the frequency and consequences of such interactions to be calculated for
a route that involves sections along which different passenfger trajn types, of
different frequencies and passenger numbers, travel at different timeS of the
day. This model is fully described in the Appendix to this paper.

6. Case study — A comparison of transporting chlorine
by road and by rail

To demonstrate the use of the models described in this paper and to bring out
many of the_gomts made above, we have carried out calcylations ofthe socletal
risks associated with the transport of the same annual tonnage of chlorine
between two locations by road or bg rail. At present, this trade IS conducted b
road hetween th?_se_two sites, approximately 100 km apart. However, a change
of mode Is a realistic possibility, _

The route, in the ngrthwest of England, is at present served bg/ road tankers
several fimes a day. This one route Tonstitutes a significant proportion of the
national annual tonnage of chlorine transported™by road in Britain. The
journey is. 103 km long,” of which 80 km is motorway; and the rest is mostl
single carnagewa;k The route travels past, but not through, three large towns,
an onl& about 1km of the route has ‘urban”population on at least one side
with 19%m with suburban Ro_pulatmn on ane or both sides. Most of the rest Is
rural. The exact breakdown is shown In Table e.
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TABLE 6

Population distribution along study road route

Road Population Density No. of Length
type type (km”b sides (km)
Motorway Urban 4210 2 0.0
1 1.0
Sub-urban 1310 2 10
. 1 13.0
Built-up rural 210 2 2.0
1 175
Rural 20 2 455
1 315
Single carriageway Urban 4210 % 88
Sub-urban 1310 2 10
1 1.0
Built-up rural 210 2 4.0
1 05
Rural 20 2 135
1 15

. The road tankers which travel this route make 1,743 journeys a year carry-
mgr 175te each time, _ _

he alternative delivery by rail would require 1,05229-te tankers a year,
The rail route is about 97km long but 8asses through 3major towns
with populatigns of 176,000, 81,700 and 126,000, respectively. The  route in-
cludes s km of urban and 20km of sub-urban population. Most of the route
Is also used extensively by passengers trains; r? rt 1s the West Coast main
line hetween London dnd “Scotland” The passenger train traffic is shown in

able 7. _ _ .
Using the techniques described above, we have calculated the following
levels 0f societal risk for the different modes in Tables s and 9.

TABLE 7

Passenger train traffic on study route

Section Intercity Provincial
Day Night Day Night
Warrington 47 18 32 3

Kirkham 10 1 125 1
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TABLE 8

Societal risk results — Transport by rail

Group at risk Frequency of N or more fatalities (x 10 6y~

1 10 30 100 300 1000
Passengers 395 395 395 10.6 0.0 0.0
Off-rail population 1050 478 218 26.8 119 52
Total 1073 68.0 56.8 415 13.6 57
TABLE 9

Societal risk results — Transport by road

Group at risk Frequency of N or more fatalities (x 10 6y~ )

1 10 30 100 300 1000
M otorists . 16.7 105 8.8 48 17 0.0
Off-road population 15,5 59 2.9 14 09 0.0
Total 19.0 136 103 6.2 26 0.1

These results are also shown in Fig. 7as FN curves,
t can be seen that:
ne risk by rail is approximately five times that by road;
he risk to rail users is about double that to motdrists;
e risk to off-rail Populatron Is approximately s times higher than that to
he off-road population;
e road risk Is dominated by that due to matorist involvement.
ese results are due to @ common factor in British transport systems; most
of our rail system was builf over 100 years ago and was intended to go from
town to town while most of our major roads have been built qver the last 2
garus aangnhave been specifically routed to take traffic away from centres of
ﬁwould be gossrble to construct a route which would be more favourable t0
rail, but in re IrtP/ the hrstorrca egacy of our transport sxstems will awa
tend to produce ower r1sks ort e transport road of aterraswrt gf
hazard ranges. The risl sfromt etrans o tofthese su bstances wil] be | owerr
the route followed avo scentreso Soogou lation and th rs ismore easily achieved
In Britain by road rather th an rar ubs tances with a sh orter rang eeffect such
as motor spirit, should normaz be more safely transporteq eyrar since there
I already a very worthwhile séparation between the rail liné and people who

o e o e ol
D_



G. PurdylJ. Hazardous Mater. 33 (1993) 229-259 249

100 y~ T
& .
N J ~
. Ny
© &
= (2N
3 Tk
>~ ~
5 < e \
2 s
< ®
< | ~. \
& 10 A
L ‘1 = N —&#HA
O
2 N
5 K|
Z N
ks
> i 11
= \
8 == Rail Total N N
o
E '| @ Passergers
- Off-rail
1 o Road Total
—— Motorists
- Off-Road \
1 1 T T 1717171
1 10 100 1000

Number of Fatalities (N)
Fig. 7. Societal risk result for road/rail comparison.

live nearby, and passen%er train involvement is likely to be restricted to direct
collisions 'when, ‘at warst, only a few passengers may be affected.

It 1S Clear that | rn Brrtarn rt s not possrble o say that transport of hazardous
substances by rail s safer th an road or, |n eedl, vice versa. However, there
seems to be No case on_grounds Of safety alone for the British Authorities to
enforce modal transfer. This contrasts with the srtnatron in other countries such
as Germany, where legislation now requires transfer to rail for Tonger journeys.

7. Conclusions

Throughout Europe, concern IS berng voiced about the transport of danger-
ous goods and the risks posed to m mbers of the public. egrslators are
wid enrn their attention from the problems of fixed ma hJor hazayd nstallations
to identify the most appropriate means to control the risk from hazardous
materials’in transit,
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_Itis very important that there is a full understanding of the ma?mtude ofthe
risks involved, and the causes and major contributors, so that properly in-
formed decisions can be made, In this paper we have described the methodo_lo_gh/
that was developed as part of a major study into the risks faced by the Briti
population from the transport of anqerous substances. _ _

We have concentrated on the novel aspects of the study and in gartlcular
consequence and human impact modelling. In the case of consequence models
we have suiggested that the choice of model and the deP_th of the analysis must
be driven byan understandm% of the overall uncertainties ofthe riskanalysis,
and the contribution each elément makes to_that uncertainty. Where it mat-
ters, the_ most accurate models are aggro riate; for less sensitive elements,
a more simple and less rigorous approach may be justifiable. The final arbiter
of the degrees of complexity and precision necessary is the end user; in this
case a dacision makmg body. The analysis methodology must be sufficiently
transparent so that thé results can be understood and Used with configence.

The modelling of human impact has heen a feature of this nEalper_reflectm_g
the need perceived by those conducting the UK Study to be more rigorous |
the treatment of this aspect of hazardous goods,transportation risk analysis.
Other workers have not dealt with this in such detail before but our work has
shown that the inclusion of motorist and rail passen%er populations can
significantly affect the calculated risk levels, and Tan therefore have
a profound effect on any conclusions which are drawn on the need for further
Iegf|slat|ve controls and the nature of those controls.

N suRport of these, Eomts and to demonstrate the use ofthe models that were
built, the, relative risks of transporting chiorine by road or rail have been
explored in a realistic case stud%/. From'this It can e concluded that the safe
routmg of materjals with large hazard ranges maey be more easily achieved b
road. For materigls with a Smaller hazar rargjg , the natural Separation af-
fordeg b}/ the rail system may make this mode more suitable. However, in
Britain, there a;r)]pears to be nd evidence to support, on safety grounds, a gen-
eral transfer of hazardous goods from road to rail or the reverse.

The go_tenhal hazards from the trans[port of dangerous sutista_nces IS ver
emotive jssue; the hazards are brougnt close to where people live, work an
play, and they have no fixed location. This is a case where any risk which is
imposed is truly ‘involuntary’ in that we are unlikely to derjve any immedjate
benefit from the tanker passing our homes, but we can do little to dissociate
ourselves from the risks it ma}/ present. It Is therefore essential that any debate
about the level of the risks, their tolerability, and the Posslble need"for fisk
reduction, i, conducted with the benefit of a ‘full unders and_m% of those risks
based on a nqorous and appropnatelﬁ/ accurate analysis. It is also incumbent
on the analyst to consider how best the results of his analysis can be commup-
ICﬁteﬂ t0 Erevent mhs-und%rstandmg; this may well influence the manner in
which he conducts the analysis. | o o

To ensure consisency and to stimulate 8ual|t%/ in such studies, it would seem
that some form of code of practice is desirable. This was one of primary
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conclusions of a recent International Consensus Conference on the Transpor-
tation of Dangerous Goods held in Toronto whose participants agreed that the
code should consider:

standards for the definition, measurement and reporting of risk;

a standard approach to risk analysis for the transport of dangerous goods;
the need for any results to be compared with observed data to prove realism;
a standard approach to:

(i) release rate and size estimation;

(i) loading and unloading risks;

(iif) weather modelling;

(iv) inclusion of all affected populations;

(v) the use of standardised incident and other databases;

an explicit statement about the size and sources of uncertainty in any
analysis;

the need to match the complexity and precision of any analysis to the needs
and capabilities of the end user;

criteria for quality review and assurance of the risk analysis process.
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Appendix

passtram — A model to calculate the frequency and impact of hazardous goods
events on passenger trains

Background

In Britain, the signalling system on the railways has been developed over
many years to prevent accidents due to the collision of trains running on the
samé et of tracks. However, in the event of an incident mvolvmg a train
conveying hazardous goods, the correct operation of the signalling syStem may
not. In itSelf, prevent passenger frains being affected. It'Is entirely possiblé
although unlikely, for releases of materials With long hazard ranges to affect
tra|_r(1js Properly stopped at signals up the line from the hazardous goods
Incident.

Normally, a following train would not be allowed into a section oftrack until
the first train has cleared an average 200 yards ‘overla beKond the next set of
signals, However, events with hazard ranges greater than this could impact on
trdins behind which have properlg/ stopped. ~ , o

In the event of an Incident, thé train crew’s duty is to protect their train
from approaching trains on their track. Many routés in Britain are equipped
with automatic “track cwcmtmﬁ; that detects the presence of a train” and
will prevent other trains entering that section of track by not clearing the
signal protecting that length of"track. ‘Clips’ are also Carried which™ can
be"applied to nedrby tracks'to simulate the presence of a train and so provide
further protection.”In addition, the train crew can place cetonators on the
rail, can wave red flags to slow approaching trains, and can by walking
to the nearest signal post or other means of communication ward. If these
safe%uards fail, passing passen%er frains on adhjacent tracks may still enter
the hazardous area and become affected. Furtiermore, the passenger train
(PT) itself may be in_collision with a hazardous goods frain FHG ) under
normal runnirig conditions or after a derailment and this could itself lead
E’OO pau,gtsl% nof containment with consequential impact on the passenger train

Possible interactions, | . . . .
The range of possible interactions can be rationalised into;

* the collision of a PT and.a HGT leading to tank rupture, this includes the
case ofa E)re_wously derailed PT; _ . _

» the PT en er;ngba lfazard zone after an earlier uncture incident (a passing’
train or a ‘disobedient’ train which has passed a ‘stop’ signal);

» the PT collides with a previously derailed HGT and Causes a puncture;

» the PT enters a hazard zone caused br¥ an eﬁm ment leak on the HGT: and

» the hazard range from a Eun_ctur,ed tanker on the HGT affects a PT properly
stopped at sigrials (an ‘obedient’ train).
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" r1et(]:|tsocnaa] be further expanded into six impact cases which take into account
irectionali
Case 1 - Ptydrtves into the cloud, the wind is along the track
Case 2 - PT drives into the cloud, the wind s across the track
Case 3 - PT collicles with a derailed HGT and punctures a tank
Caﬁ% t4 redPT collides with HGT and, as a consequence of the collision, a tank is
uncty
ase 5 - PT enters the cloud produced by an equipment leak
Obedient long. - The PT is stopped at signals but is affected by a HG release
nearhy, the wind is along the tracks
Obedient perp - The PTis stopped at signals but is affected by a HG release
nearby, the wind is across the tracks

The frequenc of N or more fatalities — Toxic materials

Cases 1to 4.above concern the passenger train entering the ‘Affected Section
of Line’ (ASL), the length of track between two sets of'Signals where the HG
incident occurs. In Brifain, the length of the ASL will vary hetween 3/4 and 20
miles. For non-track circuited ling there is an avera%e f five miles between
stattons or signal boxes. The [ikelihood of causing passenger train fatalities in
Cases 1to 515 a function of the spill or puncturefrequency, the probability of

aparticular wind direction, and the robabthtﬂthat Iven an HG incident'the
P will enter the ASL and, furthermore, wifl not stop until it is within the
hazard range. Fig ures 8, 9'and 10 show event frees that have heen used to
derive an| teractlon reupency for Caseslt05above The probability that the
PT will entert e ASL (P2) can b erlved from %uantlfylng the fault frees
shown In |? gfortra cwcmted or FIg. lZ?f non-track circuited line).
The valug 0 the Pgate robap ||t?/ 2)ts calculated from the probability
that the PT will fail tQ stop at signals (GZ, which 1s a constant for all similar
lines) and the probabthty that a PT will be ‘nearby’ when the HG incident
occurs (E5, which is a furiction of the PT traffic along that line). For this study
e obtained values of G2 of;

* 0011 for track circuited line;

22 for non-track circuited fine, . _
Therefore the frequency of PT fatalities in Cases 1to 5 are given by:

"Case\~F\P1PIP 3P4 (8)
Fcr"F.P.PAI-P" 9
Feasei=F I(I —PxIPxP*P7 (10)
Foased =F2Ps (ID

Fepses=F PP+ 10 (12)
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HGT tank
is punctured?

Passenger train

P8 casualties (4)
HGT and .
PT collide (F2)
Rail accident
casualties

PF casualties (4) = F2>P8
Fig. 9. Even: tree for running collisions.

HGT PT enters PT enters
stops ASL hazard zone
Passenger train
P10 casualties (5)
P2
Safe
P9
HGT has Safe
an equipment
leak (F3))
Safe

PT casualties (5) = F3'P2-P9-P10
Fig. 10. Event tree for PT interaction with equipment leak.

The number of fatalities in each case depends on the proportion of the PT
within the hazard range, the outside concentration, the ventilation rate into
the tram,carnalge, and the duration of exposure. Rail passengers are effectivel
Indoors’ and aegrowde_d_wnhameasur%ofprotecnon_agams_t the Ingress of
toXIC ga_ses. Modem British trains are, however, Pro_wd d with mechanical
ventildtion and the controls are nat accessible to train staff (other than the
drjver) or tq Rassengers. The ventilation rate at 13 air chan(ies an hour is
relatively high, and“the protection afforded is slgmflcantl ess than they
would experience in a normal house. Train drivérs are provided with an
extremely high air exchange rate and can effectively be considered as ‘out of

ors”.
For Case 1, the fraction of the train affected is given by:
X\ —LHILt (13)
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PT enters ASL

TANE
' |
PT does not
stop at signals PT nearby
ARG B O [
PT ignores
signals Signals not replaced
o O [7] G3 @ P

I

Driver fails to
phone signal box

Given phone call
from HGT, signal box]
fail to replace signals

before PT enters ASL
G4 Q P
Driver/Guard fail to Driver/Guard do
reach phone before rot attempt to
PT enters ASL phone
= O = OF

Fig. 12. Fault tree for PT entering ASL without track circuit.

where LHis the hazard length and LTthe length of the train, and XA< L
The number of carriages affected (integer) Wil be given by:

Nca=int(AtX a+ 0.5) (14)

where Nc is the number of carriages on the train, Using a uniform density (QP
of Sas_sengers Rer carnage, for a given leve| of harm X. the number of people
experiencing that level of harm or more will be:

NX—QPjint{VeXx+ 05)} (15)

Then, if three hazard ranges of LD10, LD50, and LDsoare used, the number of
fatalities for event E in weather | is given by:

NE =0.95Ng, oo+ 0-7(NE) so~ N § %0) + 0.3(VE- 10~"E}]. 0) (16)
For Case 2, the proportion of the train affected will be:
Xa=WhlLt (17)

where. WH is_the width of the hazard zone and the number of passenger

fatalities is given bX the expression Qlﬁ, apove, o
For Cases'3 and 4, the passenger train Is actually involved in the incident

and that incident is severe enough to lead to puncture of a tank. We would
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therefore_expect the passenger carriages to be very close to or alongside the
release. Given the local effeCt of the train carriages on the dispersionof dense
gases, these cases can be treated as for Case 1 byIignoring any tendency for the
0as to drift across the rails under the influence of the Wind

The ‘obedient train’ cases, Cases e and 7, can be treated as Cases 1 and 2 but
with the 200 yard ‘overlap length subtracted from the hazard range or width
respectively. "The frequency of affecting an obedient train with the wind
blowing along the tracks (Case e) is givén by:

s FIPIE(E(II;GZE%E;LH @)

where L1is the length of the ASL. Similarly, for obedient trains when the wind
blows along the tracks:

FIPI(\-P 3(I-G2)E5WJ2)¥
2(L1+2L))

The frequency of N or more fatalities — Flammable materials _
Because of the very small hazard range the interaction of passenﬁer trains
with flammable Tiquid spills and fires is only likely to lead to a small tiumber of
fatalities. This study therefore concentrated on Iuﬂuefled flammable ?ases
notably LPG, which”have significantly é;reater hazard ranges, The treatment
for toxic gases given above can be exténded by the exclusion of some events on
the hasis"of low hazard or low frequency, and by the inclusion of additional
events. Excluded are:
» flash fires caused by equipment leaks; _ _ .
» VCEs in the case of on-obedient’ trains as the interaction probability is

small; . . . . -
« VCES in the case of ‘obedient’ trains as the interaction probability is very

oW,
J \E/BeI?E\lléEs for ‘non-obedient’, ‘passing” trains as the interaction probability is
W,

Theé cases for LPG interactigns are: o
Case.1- PT dHV?S into the flammable cloud, the wind is along the track.
lgnition causes a flash fire o

asg 2 PT dnvels mt?_ the flammable cloud, the wind is across the track.
lgnition causes a tlash fire , »
fase3 - PT collides with a derailed HG train and punctures a tank. Ignition
of the resulting cloud causes a flash fire y
Case3a _PT c?lh es with a derailed HG train and punctures a tank. Ignition
causes a firgball of the tank contents .
Case 4 - PT collides with a HG train and, as a consequence of the collision,
a tank is punctured. lgnition of the _resultmg cloud causes a flash fire
Case 4a - PT collides with a HG train and, &s a consequence of the collision,
a tank is punctured. Ignition causes a fireball of the tank contents

(19)
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TABLEA

[gnition probabilities used in PASSTRAM
Event Probability
Immediate ignition
Delayed ignition

Fireball
BLEVE after flash-fire

—owortw

obedient long - The PT is stopped at signals but is affected by a flash fire
caused by a (PG refease nearby, the wind is alon? the tracks
Qbedient long,a - 1he PT IS stopped at signals. After being affected by a flash
fire caused by a LPG release nearby, it is'subsequently affected by a BLEVE.
The wind 1s along_the tracks _ _ _
obedient perp - The PT IS stopped at signals but is affected by a flash fire
caused by a (PG refease nearby, the wind is across the tracks
Obedientperp, a - INEPTIS StoeP ed at signals. After being affected bEafIash
fire caused by a LPG release nearby, It is'Subsequently affected by a BLEVE.
The wind is across hhe tracks, ,
- Domino events, where fires spread between tank cars leading to several flash
fires/BLEVES, will not extend overall hazard ran%es and will only increase
slaghtlg the Interaction frequencies. For these reasons, they weré not con-
sidered further. _ _ _ _
For flammable events, rail passengers can be considered to be ‘indoqrs’ in
termsi ?_f |mpet1ﬁt tand we have adopted the same assumptions as with ‘off-rail
opulations; that is: o _ _ o
4 0%_ of rail Passen ers within a flash fire (LFL) or fireball radius will die;
» outside the flammable cloud (LFL), rail passengers, survive. .
Given the special circumstances of the PT/HGT interaction, the ignition
Probabmn_es used for the main analysis were judged inappropriate. In this case
he ones listed in Table Al were used. . o
Event frequencies and the correspondmg numbers of passenger fatalities can
be calculated in the same manner as for foxic events as described above.
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Astract

The DIERS (Design Institute for Emergency ReIiefSystems? methodology for emergency
relief evaluation is recognized as a state-of-the-art procedure for reacting systems operated
in batch or semi-batch mode process vessels. By com(farison, the evaluation of emergenc
relief requirements for tubular reactors has received little consideration. This paper ad-
dresses the questions of location and size requirements for long tubularreactors. Much of the
DIERS methodology is applicable in principle, and this paper suggests where certain key
details may be modified for tubular reactor considerations. This paper presents emergency
reliefevaluation procedures for both tempered and pure gassy reacting systems and provides
example illustrations of each case.

1. Introduction

. Tubular reactors gsomenmes referred to_as plug flow reactors) are geomet-
rically quite different from batch reactors. For the Purpose ofthis gaper we will
consider a typical tubular reactor as a continuous flow reactor system made up
of a relatively small diameter |p|pe but havm% a very long length-to-diameter
ratio (Ljp), perhaps ranging from several hyhdred o several thousand, Such
reactors are rarely straight, and often consist of a sequence of straight seg-
mtents andt relvehrs|||ng hair-pin” turns enclosed in heat exchange or temper-
ature control shells™ _ . .

Upset conditions which lead to requirements for pressure relief may include
any of the following considerations:

a) Loss of flow dnd temperature control

b) Reagent feed error

¢) Extérnal fire o

Other site specific considerations

Correspondence to: M.A. Grolmes, Fauske & Associates, Inc., 16W070 W est 83rd Street, Burr
Ridge, IL 60521 (USA).

0304-3894/93/506.00 © 1993 Elsevier Science Publishers B.V. All rights reserved.
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As Is often the case for a batch reactor process, the necessary information
re_(iuwed to characterize the run-away reaction for emergency relief evaluation
will require empirical bench-scale calorimetry tests. THis essential part of the
DIERS methodology has been ade(iuately described in References [1-5] for
example, and is equally applicable to tubular reactors. Benchscale test data
should establish whether the reacting system under consideration Is tempered
(reaction rate may be limited by evaporation of volatile rea(%ents) Or generates
non-congensable “gas (gass ). In either case, the test data for thé specific
chemical system should provide the relevant reaction rate data required for
vent sizing analysis, o _ _

This background information is an essential and well-established part of the
DIERS methodololgy and will be assumed as prerequisite for consideration of
tubular reactors. However, use of this data for vent size evaluation has empha-
sized batch reactors and the purPose at hand 1s to illustrate how the same
methods may be adapted to long tubular reactor devices.

2. Features of tubular reactors

_There are several features of tubular_reactors that are important to recog-
nize at the outset. The device shown in Fig. 1, which is only one example of tfie
concept, serves to illustrate several featlres, Relative to”batch reactors, the
in-reactor inventory is usuaIIY_ quite small. Depending on specific material of
construction, the Pressur_e rating is usually quite high owing to the usually
small diameter. If this Is indeed the case, thien relative to a batch reactor, the
thermal inertia or so-called phi factor may be significant in slowing the rate of

apostulated run away reaction. This poirit will be addressed later in the paper.

I §Relief Device
—_____———_——_--D

Feed In

Section A-A
(Enlarged)

Fig. 1 Hlustration of a long tubular reactor.
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In spite of the long length of the reactor locations for emergency reIrefmarr
be limited due to coricentiic heat exch an% equipment. Therefore, one essentra
question regarding pressure reIreffor tu uIar reactors is the maxrmum en(I]h
of reactor which, can be rotecte asin epressure re lef device, when the
relief vent area s |m|te y the cr ss-section area of the reacfor |tsef

The last significant characterrstrc of tubular reactors which will be men-
tioned here 1S that the relief vent flow rate will b esrgnrfrcant affectedb
length of the reactor, Fortunatey ‘orrorana ysis of the Two-phasé discharge of

Prpes may be utilized to enable the batch reactor vent sizing evaluatron

mog els'to be adapted to tubular reactors.

3. Discharge rates in long tubes

The two-phase djscharge of non- reactrn% flashing liquids was evaluated in
Ref. [s] by means of a detailed numerical mddel which considered sensifivity to
flow reﬁrme assumptions as well as numerical nodalrzatron of the pipe [ine.
Pipe lengths ofsev ral krlometers were considered. This analysis set the stage
for a one- ste ana }rtrca apFroxrmatron developed in Ref. {7], Grolmes and
Fauske [7] showed nhow the long-pipe two-phase discharge coefficient moglels
established in Ref. s] could be u Irz d to provide good agreement with detailed
numerrcal models. These methods are adopted hére.

A discharge coefficient, or flow reduction factor r, may be defined as

F=G/Gnx (1)

where G is the actual discharge mass flux and Giaxis the two-phase discharge
mass flux for an ideal no-loss geometrg For flashrn? ||qurds characteristic ‘of
tempered reacting systems, Gria may be approximated b

e Gg/é T &
or the equivalent form when the Clausius-Clapeyron equation holds,

<)
For nop- fIashr , two-phasg discharge ofa assy system, the more rigorous
formulation for mmex, found in Ref. 18] may eapproxrmaed by
a V- (1 —% In
Gnax=v/po(l-a)Pf )+ (1 —d)la 3)

Where
>=[2.016+ (1 —a)l2a]07] °-™ (4
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The terms in egs. (2) and (3) are defined as follows; / is the latent heat of
vaporization, By s the difference between vapor specific volume vi and liguid
specific volume vf, c isthe liquid heat capacity, T Is the absolute temperature,
dP/dTis the slope of the veg)or pressure-temperature relation, po is the source
pressure, p{ IS the liquid density, a Is the gas volume fraction, and 7 is the
choking pressure ratio (see Ref.” [10]).. _

|f the ‘ambient pressure ratio, defined as 7ayb=Parbiro, |§ reater than
1def|,rﬂﬁdfyeq. 1), for gassy systems, Graxmay he represented by the incom-
pressible form

G™=v/2(l-a)pf(Po-Pant), 5

Grolmes and Fauske [7] showed that the discharge coefficient for flashing flow
in long horizontal tubes in the subsonic region Tould be represented by

127 coll2(] +ca)~13

TaF )
Where
)=Pop(tcl (8g.2) (7
In eq. (5), the friction length parameter n is defined
M=4/(L/P))eunalort 8)
and for two-phase turbulent flow a constant value of
t= 0005

is often assumed for the friction factor. _ _ _
For a non-flashing_two-phase Tgassy system at void fractions a, approaching
zero, the incompressible form ofthe discharge coefficient F is given by

F=(l+N)~12 9

where n_has the same meanin? as defined by e_ﬁ. (8) above.

F|gure 2 shows the above re atl?ns for flashing ‘and non-flashmg dlscharge
flows In the long L/Z) range. As a further simplification, one can répresen dn
arbitrar flabshmgesryitem Whose to value lies in the range of 10<co<30 and for
Ljp> 1000, by the relation

F=anN~12 (20)

Equations (logand (6lare also compared in Fig. 2. _
quations (9) and_ (10) provide two convenient representations for the vent
flow dlschar%e coefficignt for systems of interest. Note that for batch type
rocess vessels, the effective discharge coefficient is ra_reIK less than 0's.
owever, for Iong %ubular reactors, the effective relief discharge coefficient
mignt well be less than o.1.
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0.4 T T T T T T T
B Tempered System T
-1/2 2 .
z . 2N © = pp,/e,,,
= E
Ho
O I 0.1 f ~ 0.005 —
80 -~ 3
- - 20 1
W o — \\ a L ]
o = ~Nw = v .
~ a9
z5 F ~ -
9 u<_ B Gassy System T
w | s1/72 -
+
(1#N) \\
0.01 Lo nd Lol L

100 1000 10,000
FRICTION LENGTH-TO-DIAMETER
RATIO, N = 4fL/D

Fig. 2. Flow reduction factor for large friction length-to-diameter ratios representing
subsonic discharge of saturated liquid flashing flow, and non-flashing gassy systems. Solid
Ilnes(gfpredse(%)eq. (6) for flashing systems. Dashed lines represent approximations given by
eqs. (9) an .

4, Adaptation of DIERS vent sizing relations
to the problem of tubular reactors

The analysis presented here takes the apProach that defmmg the maximym
length of tdbular reactor, which can be relieved by a vent arta e?ual to the
reaCtor flow area, is equivalent to the normal vent Size evaluation for a batch
reactor. We consider here both tempered as well as pure gass%/ systems.

It should be noted at the outset that in adapting analytic’methods developed
for batch reactors to tubular reactors, an implicit assumption of uniformity
re%ardmg temperature, concentration and/or extent of reaction within the
tubular reactor that in most cases is far from reality. Itis also true that, in most
cases, the results of the pr%)osed analysis will be more conservative due to real
non-uniformities. For example, consider a flow cessation In a fubular reactor
with a corresponding run-away reaction. The hottest zone which may be of
considerably less extent, than the total reactor will determine the ‘system
Pressure and pressure reliefactivation. The expansion or relief of this zorie will
ead to pressure mjtigation more quickly than if the total length of the tubular
reactor were at upiform conditions, None-the-less, it Js felt that the net conser-
vative features of the progosed methods are justifiable in view of the Tess ntjal
absetnce of reported performance experience on emergency relief of tubular
reactors.

41 7 d syst ) .
Foretné%greayélyes?esms we cite the well established model of Leung [11], as the
1r:(e)lileren,ce formufation. We choose to represent Leung’s formuldtion™in the
owing way:

A= P*AD (1)
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where A is a required vent area and Ao is a reference vent area hased on
reacting system_characteristics and /)= is a dimensionless term which collects
aIIt_partameters important to the allowance for pressure increase after relief
activation as:

Tét+ T, P{C(Tmx TS, ih'
= TR ()

In eq. (12) the new terms are: Tt and Tiax which refer to the system
temperature’ corresponding to, the relief set pressure and to the maximum
pressure to be allowed after relief activation, respectively: T*d and 1 ax which
refeé_tto the rate of temperature change (non-vented hasis) at the same pressure
conditions. S

In eq. (L), the reference area Ao is defined as

_MMC/TL)32T%
A= F(dP/d)T)Z )
where M is the tubular reactor inventory defined as
M—ptLrAr (14)

and Ar s the cross section area of the tubular reactors. _

. The flashin d|sc_harge mass flux of eg. SZb has already been incorporated
into e%\ 13). Now, if ofe sets the vent area A in eq. (1) equal to the reactor
area, AR, then on combining %1_4, (13) and (L1), one finds a relation for the
maximum reactor Ien%th Lo Which can be ventéd by a single device which is
given in dimensionless form as

Lo= F(dP/dT)2

Dr /)*DRpf (ClTsclya2 Tt

(
Equation ((115) can be cast in more convenient form by considering the
following additional details. First, recall = will be given byeg. (10) and N can
be related to Lo by the expanded form below.

yIY K1+ 4fLOIDR

The loss coefficients k tmay represent a_nﬁ relevant fitting factor. For ex_amPIe
one may encounter a 180° pipe bend which may be represénted b){)SOequwa ent
he)?g% 5o)z(shoagneter ratios. On this hasis the «” factor for a 180°"hend would be

. ST .

A second detail applicable to eg. (15) is to note that most vapor pressure-
temperature relations, including mixtures, can be represented over some suit-
able temperature range by a two-parameter Antoine equation of the form

P=exp(a+e/T) (17)
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where 1 is theabsolute_temperature and a and fr are the parameters that fit
e% il]7 to specific data. The term exp(a) will have pressure units and the term
b WIll have units, K _

With the above, the slope ofthe vapor pressure-temperature equation can be
represented as

dpP ~pp
ar" T2 GS)
and with eqs. (16) and (18) we can represent (15) in the form
2 Piefrz (Tnyn
Lp VIijf.+4/LoiorDrTitt{ C ) 9

P

Inthe |r_nplementat|on_o_fe(1. (19? the important related terms of Tetand T g will
be obtained from emlmrlca test data in the same manner as for batch reactor
apf)hcanons. Examples will be illustrated later in the paper. =~

f the actual reactor Ien%th LR 1S less than the length Lo defined in eq 419),
then a relief vent size leSs than the reactor cross section area would be
adequate. The previgus, relations may be manipulated to show that to a first
order the relative relief vent area is given by

=L

/\R P(; (20)
The above relation is conservative, and could be further refined by the consid-
eration that the internal flow resistance factor should also be reduced by the
ratio (A/Ar)2 which leads to an iteration solution requirement.

P+ P( P et

42 G t . - .

GassayS SsyysStYeSmesmr%a be treated in a similar manner. The reference vent sizing
approach using the DIERS methodologY for gassy system in batch reactors is
to balance the"volumetric discharge rate Qd; where

FGA
%= (1 —tpf )
with the volumetric gas generation rate, qg, given by

M M
g MtPm’ M (22)

The required vent area for a batch reactor is given by the combination of (21)
and (22) as

"M @
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The new terms introduced in the above relations are found in the %g term
which contains information based on empirical test data (cf. [12]): M, is the test
sample mass, V, is the free volume in the test equipment, p w&x i$ the maximum
pressure rise rate in the test volume vt, and pm IS the maximum pressure
allowed during relief activation. o

We assume that the tubular reactor inventory M= pa rurand that 6 is given
by e%. (5) for non-flashing flow. The_discharge coefficient r is representéd b
ed. (9) In the modified form F=(1+ ZK1+4/L/Z)r) 1 2 We further assume the
initial void fraction x= o, _ _ _ _

With the abgve one finds the maximum length for a single relief device of
area ARgiven by

Pq. M Pm( 2pf(Pm—Pamp) V2
DR~piVIP AW R{l + I.Ki+4fLOID| N

In the same manner as pointed out for tempered systems, if the actual reactor
Ien_gth Lr IS |ess than Lo, then the relative reduction in vent area Is given to
a first order oy

Pq

Other comments refative to required correction to the internal friction resist-
ance as noted preV|ousI¥ also apply here, _

The maximum length Tor a single relief device for a gassy system, as defined
by eq, (24), should be conservative relative to other possiblé evaluations for
certain scenarios. For examgle, we note the possihility that a flow blockage
with continued reaction for a gassy system can lead to early relief activation,
and therefore allow_ time for ventln% the reactor mventor%/ prior to_reachm%
the maximum reaction rate assumed in eq. (24). However, completion of a
emeptg/ tgme evaluation will typically require more test information than
needed for eq. (24).

5. lustrative examples

Tpe following examples will illustrate use of the previous tubular reactor
evaluation models.

51 Tempered system case

. We will set ug a balsg fofr evaluation of a tempered system as if certain
information were available from test data.

5.2 Maximum reaction temperature and phi-factor ] )
It is assumed that an estimate ofthe heat of reaction can be obtained directly
from appropriate calorimetry data in which the reaction temperature increase
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IS measured,

OMv:CAr @)

where s is the heat of reaction [J/mol]; 0 is the test cell thermal inertia, where
It 1s assumed that 0 = 1.08: Mwis the molecular weight of the reactant, where it
s assumed that Mw=120g/mol; c is the liquid heat capacity, where it
IS assumed that C=2.1J10°C; a1 is the measured t_emPeratu,re rise, where
It is assymed that a 1= 310°C; and x IS the reactant weight fraction, where it is
assumed that x=05. _

With the above assumed values, one finds

& 108 1285X2-1X310 = 169X 10sJ/mol.

However, with a known heat of reaction, inversion of eg. (25) allows ong. to
estimate the expected reaction temperature rise for other conditions in which
X, or 0, may be different from test values. For example, in the ideal limit of
0=10, eq. (25) would define the adiabatic reaction temperature increase,

The value of 0=1.08is typical of a good reaction calorimeter. The working
definition of the o factor i3

okt )

A good approximation of eq. (26) for a steel wall vessel and an organic sample is
Ossl +10f/D

where t and o are the vessel wall thickness and diameter resgeqtlvely. Atyool-
cal value for a Linch schedule 40 pipe, tubular reactor (1=0.133inch, o = 1,049
inch) would be 0=227. With the previously estimated heat of reaction,
5= 169 x 103J/mol and other property values previously assumed, eg. (25) in-
verted for reaction temperature rise for various cited values ofthe o factor are:

0=1+
(

0 AT

1.0 33%K°C
108 310°C
2.21 148°C

5.3 Reactiop kinetfcs and P-T reigtion ) .
The reaction selt-heat rate would normally be obtained from calorimetry test
data. However, to provide an illustrative example the following expression for
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reaction self-heat rate is based on assumed kinetics rate constant parameters:

G (- T exp[-wi(T+ 213.15)] (27)
where dT/d0 is the reaction self-heat rate (°C/min); Tm is the maximum reac-
tion temperature (°C); 7 Is the Instantaneous reaction temperature (°C);
u IS the Pre exponential rate constant parameter, here assumed to be
E( b7 206 X 91%mrn and w Is the activation energy parameter, here assumed
0beys=

The krnetrcs parametersA « and w represent g hypothetrcal reactron havrng
an onset temperature of A76:C where the self-heat rate will approximately
double with every 10°C temperature Increase. A hypothetical pres ure temper-
ature relation given by

P(psia) = 5.9 x 105 exp [—4167 5/(7+ 273.15) )

will_have a normal boilin Rornt temperature of 120 °C.

Figure 3 shows the se eat_rate (d77ck® for three cases along with the
Pressure tem (grerature relation, The three reaction cases correspond to 0 fac-
ors of 10 108:and 2.27 with the corresponding values of Trex relative to 76 C
as also indicated in Frg 3

Note the profound effect of the assumed ( factor for the Linch schedule 40
pipe (0=221). In fact. Fig. 3 suggests that if the relief set pressure or reactor
design pressire is greatér than 150 psia, the reactign path defined by case
3 could gerhaps bé contained without pressure relief. Also note that the
differences in Self-heat rate between the adjabatic case, o =1.0 and the hypo-
thetical calorimeter case, 0= 108, are small. With respect to case 3 in Fig. 3
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rE}gbl%rnSelf-heat rate(s) and pressure-temperature relations for tempered system example
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any similarly large # factor can often result in a significant_reduction in
préssure relief requirement. However, each case should e examined carefully
since the effect ofthe heavY confainment wall is always overstated in the static
Ium‘ped heat capacity modef considered here. The effect'ofthe wall will also be Jess
for tlowing systems.”However, the potential benefits may justify a more detailed
thermal eval(ation, These consicerations havmg been noted, the calorimetry test
case, 0= 108 and Tm=386°C, will be used for the example evaluation.

5.4 Evaluatiop case

Consider the following _evaluatign case: P#l=150psig_or 1647 psia
1136 x 106 N/m2), Pnax= 7.6603|a (20% overpressure) %.363x106N/m
#=236°C 550_9 K), Tut= 1716°C/min (2.86°Cls), Prax=248°C r(521 K?(, an(
Tmax= 237°C/min £4°C/s) Inaddition, we assume that pf=900kg

C=2100J/kg, b= 254 10~2m (Linch) and X« t+ 41L0/pRr= 0.025L0/DR]

Using eqs. (15) through (19) and the above parameter [ist leads to

fLoy R 1265x(L136x 106(?2(4167.?2(]509/2100)3/2
\WR) - 254 X HT25004/7%9002171.6/60

The term /7 must be evaluated using eq. (12). If one evaluates the term

S|:~ op 41675 XSJO%S)SG X 106 = 18267 N/m2 K
then one finds, using the previous parameters,
(1716+236.9) /900X 21005247.7- 230)\ 12
Ao XL H 50918267 )
or
= 0.184,
Therefore, completing the evaluation, one finds

v .
Fora Linch (2.54cm) diameter reactor, L« 32.5m,

55 G )
An aesign?ﬁféemustratmn of the use of e 'e% for gassy systems can he

presented on the basis of the following assu roperty, test data, and case
specific data;

Case specific. Pm=400psia or 27.6 x 10s Pa
Parb=14-7psia or 1.0 X 105Pa
Dr=linch or 254x10"2m
pt=900kg/m3
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Test data: ~ Mt=0.01kg
\=04x10+3m3

Arex=400psi/min or 6.67psi/s
assumption: 1+ E[11+4/LIZ)%0.025L 30
With the above, one can evaluate eq. (24) to find

Lo \*? 0.01 x 400 x (2 X 900 X 26.6 X 105) 12 =31890
(HR) 9002x 0.4 x 10«3 X 6.67 x 254 x 102 x 0.02512™

or
Lo/Dr=999 or Lo=254m.

6. Concluding remarks

We have shown how the conventional vent sizing relations for batch reac-
tors, as often used in |mglementat|on of the DIERS methodology, can be
adapted to long tubular reactors. In specific instances, a tubylar réactor may
have a significant thermal inertia effect which can further mitigate the sever-
|tly of a run-away reactjon. This should he evaluated careful!%{ since there may
also be cases where the thermal inertia effect is less significant, For Ionﬁ
reactors, it is likely in most cases that a non-reclosablé relief device wi
be preferred. One implication of the relatively large friction effect on the
discharge flow rate may be the inability to satisfy thie requirements of reclos-
able safety reljef valves for minimum Upstream pressure drop,

The evaluatigns gresented here indicCate @ maximum length which can be
Prote_cted by a single relief device without indicating an explicit preference for
ocation. However, as a practical matter, preference should be (%wen_to arelief
device location nearest the roresumed location of the mixture that is farthest
removed from completion of the run-away reaction scenario. This may be, in
most cases, at the Inlet of the reactor wiere feed reagents are introduced. In
cwcumst%nces_where_the normal Product represents a potentially unstable
hazard, the exit location may be preferred. _ _ _
Highly viscous systems may also ?enerat_e special requirements. While the
methops P_resented here are generaly a(P?hcilble, use of turbylent flow, con-
stant friction factor is not recommended for laminar flow discharge.

Finally, the |mPortant aspects of the DIERS methodologg requwmg system
charactérjzation for run-away reaction scenarios throughempirical test data
are equally important for tubular reactor consideration.
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Abstract

Massive fires resulting from the uncontrolled burning of crude oil from spills or industrial
accidents produce large smoke-laden buoyant plumes which rise in the wind direction before
they equilibrate within a stably stratified atmosphere. Beyond this point, the plume material
cools by entrainment and the plume becomes negatively buoyant due to the heavy smoke
loading. The trajectory of the descending plume, which determines the ground distribution of
smoke, is the subject of this paper. A computational model for the simulation of large-scale
smoke plumes resulting from such fires is developed and applied to investigate the effects ofthe
plume mitial properties on its trajectory and smoke deposition patterns. Attention is focused
on the descent and disi)ersion of wind-driven plumes in a homogeneous atmosphere, and the
smoke deposition on flat terrain. Results show that the ﬁlume dynamics in the cross-wind
direction are dominated by two buoyantly generated, coherent, streamwise vortices which
distort the plume cross section into a kidney-shaped structure. The strength ofthe two vortices
and their separation increase as the plume falls. The plume width grows under the action of
these vortices at a rate which increases as the plume settles on the ground, leading to a smoke
footprint which does not resemble the prediction of Gaussian dispersion models. The effects of
the Injection altitude and the initial shape of the plume cross section on the transport and
dispersion ofthe negatively buoyant smoke plume are investigated. Plumes falling from higher
elevations disperse more in the vertical direction while those falling from lower elevations
disperse further in the horizontal cross-wind direction. Plumes with circular cross-sections
reach the ground faster and disperse horizontally further than plumes with elliptical cross-
sections with the minor axes in the vertical direction. Vertical plume dispersion is weakly
dependent on the shape of its initial cross-section.

1. Introduction

Wind-driven bupyant é)lu_mes are responsible for the lon -ran?e dispersion of
smoke and chemicals emitted from massive_fires resulting from oil spills,
uncontrolled oil-well fires, and large-scale industrial accidents [1-4]. The
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environmental impact of the fire, which becomes a factor in whether the fire
should be fou?ht or left to burn, Is determined b te Iume trajectory While
the honzonta motion of the plume IS governe Sy revailing wind, it
vertlca motion Is determined by buoy anc and is a function of the initial
densi ]y dlstnbutlon W|th|n the plume cross sect|on and atmosPhenc stratifica-
t|on yEma ly, the densit ofthepume* IS determined by the temperatyre and
the smoke concentration of the flrepume Both varydunng the plume rise due
to entrainment and mixing with the surrounding dir. At a certain helght the
plume becomes buoy antlzf stable [5-7] and as it"cools further, it starts to fall
due to the smok econcen rat|on Pumes generated by oil fires are of particular
Interest due to their high smoke oad|ng (10-15 pércent of the original fuel
burned). The Iarqe smoke particulate matter increases the environmental
hazard and com? Icates the_analysis, since the smoke cannot be treated as
a passive convected scalar, The purpose of this work is to develop a computa-
tional model to simulate the buoyant plume dynamics.

Currently available plume models can be divided into two categories [s- 121
scale, or. integral models; and numencal or f|eId models, In the former ca
g 1y, dimensional arguments and/or integral conservat|on EXpressions are

edt fo derive relations amon% charactens oba parameters, such as the
mammumplume rise, as a function ofth esource an amb|ent conditions. These
relationships contain constants, e.g. entrainment rates, which are determined
using scaled experiments. In most Cases, the plume concentration distriution
IS asSumed, to he Gaussian in the pIane normal to the plume axis [s, 10]. This
3|mpl|f|cat|on limits the athcablh 2/ ofintegral models since, as shown below,
teunderymg assu t|on may nof hold 1n many relevant cases. On the other

numerical mo els offer %ossmllny of more deta|led and accurate
pred|ct|ons of the P ume d nam|cs ypically, these models rely on the numer-
ical Integration of the averaPe conservat|on equations suRpIemented with
turbulence-closure schemes, fo describe the field in detail. T eapphcatmn of
these models has been. I|m|ted by the uncertamty associated with the validity
of turbulence models ip buoyant flows, and te high computational expense
assomated W|th using f|xed Jnd Integration schemes.

In this work, a co CPre ensive numencal mogdel of smoke dispersion and
deé)(?snlon 1S dev oped as an efec\we altgrnanve to both aBProaches The

does not reyon expenmentalyﬂtte constants or closure models, and

IS endowed_with efficiency by rel ylnr% on grid-free, Lagrangian numerical

methods to |nte%rate the e ua lons of motion: In this formulation, Lagrangian

eIements are naturally convected and redistributed in regions of high strain,

tere ada ting to severe and rapid changes in the, pIu estructur [13- 17
neld an normal bound ar¥ conditions are easily apR led yusmg

appropnate form of the Greens Tunction used to represent the veloCity induced

*The plume is defined as the mixture of fine combustion products, inclyding smoke
particulates, and alrentralneg and mixed wnn %ese proaucts gunng plume rise. J
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by a given Lagrangian element. The capab|l|t¥ of the model is illustrated by
computing the dispersion of a wind-transparted dense plume in a uniform
atmosphere and jts deposition on a flat terrain. L

The quantity that is of direct environmental impact is the dowpwind “foot-
print” of the Smoke plume as a function of fire strength, smoke loading, and
wind Pattern. This %uantlty Is dlirectly related fo the trajectory of the descend-
Ing plume, a problem which has sq” far received less attention than rising
thermal plumes. Attention i therefore focused on ne?atlvely buoyant, dé-
scendln% smoke plumes, and their interaction with a flat grolnd. Much, al-
though not all, ofthe information required to assess the environmental hazard
of the smoke generated from Iar\gle fires can be obtained from this analysis of
the descendm? smoke plume. We consider cases in which the plume self-
Induced turbulence far exceed atmospheric turbulence and show that the
former plays an important role in det rrn_mm%vthe plume trajectory and the
distribytion of smoke within its cross section. We also show thiat this distribu-
tion differs greatly from the conventionally assumed Gaussian due to the
formation ofstrong streamwise vortlutg. _ _ _

The paper is organized as follows. In Section 2, we describe the formulation
of the model inclading the major assumptions used and the non-dimensjonal-
ization procedure. The numerical scheme is briefly summarized in Section 3
Detail of the latter can be found in the open literature. In Section 4, results
pertaining to the shape of the Plume, Its tr,aAec,tor and the smoke djstribution
are shown and analyzed. The effects of the initial height and shape of the plume
are also discussed. Finally, conclusions are presented in Section 5.

2. Formulation of the problem

We consider the evolution of an isothermal smoke gl_ume initially at the
thermally stabilized height 1r. The plume is characterized by the "(excess)
particuldte mass flux

m, P*UdA,

the integration is over the plume cross-wind section, where p* is the density of
the g_arncHIa_te_P_hase, with the total_densng p* Sp* +p ¥, ﬂnd p* |5 the ambient
density. The Initial plume cross section Is taken to be an elliptical cross section
of semi-major %horlzontal) axis Ry and semi-minor (vertical) axis r~. The major
direction of motion s the horizontal Y%-direction, with a uniform ambient wing
velocity u. The geometry is illustrated in Fig. 1. The_specification of initjal
altitude and shape of the plume cross sectio is obtained from a plume rise
anaIR/sm which will be described elsewhere. _
The present analysis Is based on the following assumptions:
(i) the large-scal E_Iume motion of interest hére can e,r_e(iarded as stead_}/;
(1) molecular diffusion of mass and momentum are negligible compared with
vorticity-induced entrainment;
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plurg; Er fs section
U (wind speed)
Y

\ &

HT

) X
Fig. 1. A schematic representation of the initial plume cross-section and height, its traject-
ory in the ind direction, the coordinate system and the velocity components.

(iii) the ambient-wind speed v is uniform and much larger than plume-induced
velouty COMpanents (u, v, w) in the (x,y, z) coordinae directions;
(iv) the smoke artlculate can bg treated asacontlnuum fluid;

V) the strat|f| ation and turbulence in the atmosphere can be neglected.

he first four assumptions are quite reasonable and widel adogted In most
plume modeling. The last assumption is used as a first- ord r model for atmo-
spheric conditions. It will be, systematlcallr%/ reIaxed in future work.

Given the above assumptions, the F e evolution can_be described in
a transverse (y*, )plane perpendicular to the ambient wind direction. We
mttroduce %lrlrllenswnless transverse coordinates, (y, z), and streamwise coordi-
nate, , as follows:

(v, 2)=(y*,2%)IR;
x*/U x* [eg

e 0
Where v = ~Jer-g, 6= mp/p* urz 1 and g is the acceleration of gravity. The
dependent varla%les are the transverse velocity components, (v*, w#), the

perturbatlon pressure refative to its ambient hydrostatic value, p*, and the
particulate density p=. They are made dimensionless as follows:

(U, w)=(v*, w*)/v
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The conservation of mass, particulates and momentum in the transverse plane
then take the form:

dv dw
dy + dz

cp dp dp
St Ty+W 7z

dv dv cv o dp (3)
(l+ep) at +% +WYz +Yy-°

(L+£p™ _ +v_ +w™ y p+°f 0

The quantity e is a measure of the particulate-to-ambient-air density ratio,
Ero_orhona_l 0 p*lp*, if p* is unn‘ormlay distributed over the plume cross-
ection, This ratig 15 quite small, typically 0(0.01), making the Boussinesq
approximation valid in most practical cases, Invoking this ap?roxmauo_n,_ the
problem then contains only two non-dimensjonal pardmeters, the plume initial
stahilization helq_ht HT/R,, and the initial plume asi)_ect ratio AR = RyIR,.
Initially, the particulate densnl)/n rofile within the elljpse must be specified
toHeth r with the transverse components of the induced velocm( field. In what
follows, the initial smoke density is assumed constant, and the transverse
velocity components are zero. The veIoutY components must vanish as (y. 2)
->», and. the normal component of the velocity w = 0at the ground 2 = 0. For
later use in copnection with the vortex method, we note that ed. F3) leads to the
following evolution equations for the streamwise component of vorticity co.

dco dco  dco 1 dp S dp dp dp cp (4)
dt dy  dz (1tep2cy  (1tep)2 dy dz  dz dy
where the vorticity is defined as follows:
dw dv
W= ~fy~dz

The non-Boussinesq terms in the equation are retained mainly for use in
future work dweched at the near-source Plume-rlse problem, The¥ é)lay no role
In the present problem. Using the vorticity transport equation, the mathemat-
ical formulation ofthe problem is completed by invoking the pressure gradient
from the momentum equations,

dp
dy

and,
d du;
o b Hsp) )

-(I+ep)(é?,
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and sat_iszing the conservation of species and incompressibility condition,
respectively:

$-
and

g = ()

3. Numerical scheme

The vortex element method is used to integrate the vorticity transport
equation, eq. (4). The method is based on the discretization of thé support of
vorticity into vortex elements, and the transport of these elements alon%
particle’ trajectories. The vorticity of an_element is radially distributed |
a small nedhborhoqd of its center according to Gaussian cofe function with
a characteristic radius, s. The velocity field'ts computed by discrete convolu-
tion over the fields of the vortex elements using the esmqu arized Biot-Savart
law. Details of the method, as applied to the plume problem, are described in
Refs. [14] and [L7]. Vorticity source terms apPearm in eq (4)[ are evaluated
usm% he transport element method. Similar to the Vortex method, the latter
relies on the discretization of the density gradient into a finite number of
Lagrangjan transport elements which move With the local veI_omtr. The dep-
sﬂg grad_lent, changes with the stretchmg and tilting of material lines, while
thé density Is obtdined by direct summation over the field of transport ele-
ments. Details of this méthod, which has also been applied in combustion
problems [15 l%], are given in Ref, [14], L _

Normal houndary conditions at thé ground, 2 =0, are satisfied by accountin
for the jmage system ofthe vortex/transFort elements. We discretize the zone 0
finite density grament between the plume and the surroundin usm_% two
layers. of eléménts. Both the vortex and transport element methods invoke
a redistribution scheme which introduces new elements, as necessary, to
majntain the spatial resolution of the computations. This results in an efficient
and adaptive solytion scheme which captures severe and rapid distortions of
the flow map while concentratlrﬁl] the computagional effort in zones of finite
VOF'[ICI% and den3|t}/_Ograd|ent. e accuracy of this scheme and of the asso-

u |

ciated plume predictions have been extensively investigated [14, 17].

4. Results

The %Iob_al structure of descending plumes and of their vorticity field are
discussed first for a plume with 1 7jr"= 5 AR = 3and p = 0.106. The Tesults are
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illustrated by plotting, in Figs. 2 and 3 resPectlvely, three-dimensional sur-
faces of constant smoke concentration and streamwise vorticity. Both figures
were_ obtained. b¥ assembling the Instantaneoys, or local constant smoke
density or vorticity contours into a three-dimensional plot, using the computa-
tional” I-coordinate as a p,h}/smal x-coordinate. Note that some inevitable
numerical diffusion creeps into the plotting procedure, which employs Interpo-
lation_formulae to find the functional values of smoke concentiation and
vorticity at the corner ofa uniform mesh, that leads to the break-off of some of
the plume material into seBarate blobs. These three-dimensional plots are
meant to delineate what a laboratory experiment of a descendmg plume would
show. The results indicate that the injtial eII(lpncaI plume cross-section 1s
rwdly reshaped into a kidney shaped obg)ect and that close tq the ground, the
smoke distribution Is far from the commonly assumed Gaussian.

From extensive computations, and as shown in_Figs, 2-4, we find that the
large-scale features of the dispersion and d_eRosmon of dense plumes can he
described in terms of four distinct stages which separate the initial fall and the
onset of smoke settlement on the ground. The dynamical processes which
d|st|n%U|sh each of these stages are interpreted in térms of the corresgondence
between the plume structure’and the vorticity field, as summarized below. The
purpose of devising this way of describing thé numerical results is to facilitate

Fig. 2. A three-dimensional perspective plot depicting a surface of constant smoke concen-
tration. p=0.03. generated for a case with HT=oR _, Ry=3R_, and p=0.106. Due to sym-
metry with respect to the x z plane, contours lying in the v<0 region have not been
reproduced. The location of the observer is the same as that in Fig. 1
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Fig. 3. A three-dimensional perspective plot of streamwise vorticity, 0)=0.2. for the same
plume shown in Fig. 2

their use in formulatmr%;_ future mtegr_al models of plume motion. The plume
descent starts with an ifiitial acceleration stage, during which the deformation
of the plume cross-section is very small and vorticity is generated along the
plume air interface. During the sécond stage, the streAmwise vorticity on‘each
side of the plume centerline intensifies and rolls into a large-scale ed% thus
8enerat|n a counter-rotating vortex structure (x=6-12, in F? 4). The in-
uced motion of this vortex pair deforms the plume’s smoke distribution into
ak|dnﬁ¥-s_ha ed cross-secu% . The structure of the plume at Iarl_(fe elevation |
In qualrtative agreement with the experimental measurements of Hewett et al.
who _obs?rved asimilar k_|dneg-shap%d cross-sections downwind the plume source;
With turther intensification of the streamwise vorticity under the action, of
baroclinic torques, small-scale roll-up occurs (ic= 18-24,"in Fig, 4). This third
sta%e IS characterized by the generation of streamwise vorticity of opposite
signs on hoth sides of the symmietry plane, and bX the increasing, compl xﬂg of
the smoke distribution. Vorticity ‘generation and roll-up tranSforms some of
the plume’s potential energ(y Intg_Kinetic e_nergy which is distributed between
the plume and it surrounding. The rofationdl velocity field induced by the
vorticity of the plume sets ug an entrainment field towards the plume Cross-
section. Most entrained flui 1S enqulfed by the large-scale eday roll-up, while the
secondary small eddies induce smaller éntrainment cuyrrents. The continuous
roll-up of the vorticity layer forming on the boundary of the plume cross-section,
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which is responsible for maintaining the entrainment towards, the plume
center, is due to the familiar Kelvin-Helmholtz instability of vorticity layers.

As the smoke agoonroaches the ground, a fourth, groungd-settlementstage is
observed (Ix = 24-30, In FI% 4). "The dynamics of the_flow in this stage is
increasingly influenced by the proximity to the ground. The associated deceler-
ation field leads to fast and tight wjdening of the plume structure and its
cross-wind straining into two, Iar%e blobs of smoke connected by a thin cres-
cent. This mechanism is similar To the straining of thermals colliding with
walls c}olac_ed perpendicular to_their direction of motion, observed and Clearly
recorded in laboratory experiments [18, 19] _%Not,e that mathematically, the
behaviour of the plume cross-section In the wind direction s exactly the same
as that of a thermal in time.) These experiments show the formation of similar
large-scale features and their subsequent separation_ into two lumps of the
thermal fluid as they collide with the wall. The further away from the
wall/ground the release Pomt of the thermal/plume is, the mare concentrated
Its materjal becomes. in the two, Iarge stryctures. The early formation of the
Iarge-scale features is also deﬁlcte by the numerical results of Meng and
Thomson [20], who computed the motion_ of thermals. _ _

One of the Tmportant implications of this side rof|-up process is the resulting
smoke deposition patterns. Clearly, the smoke distribution along the cross
section close to the ground is not uniform and may not necessanhy POSSESS
a maximum at the center y=0. This is contrary to classical plume dispersion
models which assume thaf the smoke distribution is Gaussian both Iny- and
2-directions, and that the smoke ground imprint follows Gaussian function
centered af the x-axis, of the plume. We note that this departure from a
Gaussian distripution is solely due to the, plume self-generated vorticity, or
turbulence which render the” dynamics field surrounding the plume cross-
section highly non-uniform.

4.1 The entrainment field . . . .
Since most plume models rely on certain assumptions regarding the entrain-
ment field and estimates of the entrainment velocity established by the plume
we examine here. using the numerical simulation results, the form and
trength of this field. Besides the formulation of plume models, the entrainment
field is used in other applications where the “fire-induced wind maY be
Important in determining the impact of the fire events on the local environ
ment., F|?_ure4 shows a”superposjtion of the plume cross-sections and the
velocity Tield in its surrounding for the case shown in Fig. 2. The velocity
vectors in the plane of the plume cross-section are displayed as short lines
starting from a set of equally distributed mesh points, As indicated above, the
roll-up”of the vorticity 8enerated along the ‘houndary between the plume
material and the surrountling establishe two stron%c herent vortices at the
far ends of the horizontally” expanding plume cross-section. The figure ip-
dicates that the field of the Iarge eddy Tesembles that of a Rankine vortex in
which the maximum velocity i$ reachied close to but not at the center of the
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Fi?. 4. A superposition of the boundar% between the plume and the surrounding, and the
velocity induced by the plume motion. The characteristic velocity ofthe gravity induced flow
is shown by the horizontal arrow on the top right-hand corner, The velocity field is shown by
a vector whose Iength is proportional to the velocity, starting from the point where the
velocity is computed.

eddy. The maximum entrainment velocity, which as shown in the figure is of
theorder of magnitude of v, occurs close to the center of the large eddy and
stays around the same valug for the majority of the plume’s jourrey.

W0 mtereatng obsefrvanons can #)e Mmadé usmﬁ these results; T%ﬁ ceTters
ofthe Iarq_ee 1S stay farther away from the ground than the rest ofthe plume
Cross section even as part of the plume matérial settles on the qround. This
means that the turbulent field produced by the plume is not Tikely to be
dissipated quickly as the plume approaches the ground and, at least for some
time foIIowmq the settlement, some circular wind motion will be felt close to
the area of plume touch-down, The secong observation concems the waves
developing on the lower side of the plume as it touches the ground. The evolution
of these waves |ead to the formation of small scale eddies which induce their own
wind close to the ground, augmenting that induced by the primary large eddies.

4.2 Mechanism of vorticity generation . )
Detailed flow computazlons reveal that most of the vorticity generation
occurs close to the interface between the plume and the air where density
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gradients are_h_lgh._A short distance away from this interface, the density is
Uniform, vorticity is zero and the motion is essentially irrotational. A sChe-
matic interpretation of the generation and behavior of the streamwise vortices
IS shown in'Fig, 5 where we have invoked the Bou33|nesq,app_rommatlo_n. With
£=0, the vorticity generation term in the transport equation Is groﬁ_o_rnonal 0
the horizontal density gradient. For a plume with an elliptical initial cross-
section, vorticity .of opposite signs form on the sides of the plume centerline
due to the oppasite horizontal Uensity gradients, Fig. 5a, with its maximum
absolute value at the far ends. This vorticity layer rolls up to form two
Ia_rg]e-scale_counter-rotatmg streamwise vortices, so that two additional areas
with opposite horizontal dénsity gradients are established on hoth sides of the
Plume-aw Interface, Fig. 5b. Ths; at later stages, vorticity with opposite signs
forms on ejther side ofthe symmetr?/ plane. The evolution qf the varticity field
indicates that a simplified overall plume model which describes the interaction
of the plume with Its surrounding and its settlement on the ground can be
constructed by assuming that thé Plu_me dY_namlcs are driven by a kidney-
shaped vortex with a time-dependent circulation and width. Values of circula-
tion and distance between the two vortices will be given later.

Extensive numerical experiments have been conducted to mvestl%ate
the dependence of the results on the initial conditions and plume Con-
flguratlons,_ the only two nParameters left in the problem specification.
The dynamics of falling plumes and details of the expected smoke_—dePosnmn
process are further examined in the foIIowm_g sections. In particular, the
effects of initial plume height and shape are discussed in defail, The depend-
ence of the plume width of these two parameters is of special interest since
It determines the area contaminated by the Plume_ material. The strength of
the plume induced vortex pair Is also important since it governs the miotion
Induced by the plume.

z
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Fig. 5. Schematic illustrations showing (a) the mechanism of baroclinie vorticity genera-
tion, and (b) the roll-up of the streamwise vortices and the resulting deformation of the
plume cross-section.
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4.3 Effect of the jnitial plume height . . . ]
‘Results depicting the plume cross-sections along its trajtectory, shown in
Fig. 6 for HT/r:="3 and 3, k_eepln[g all other pardmeters the same, suggest
that plumes released from a helght close to the ground produge a ground smoke
distribution with higher concentration on the sides than at the cénter. We also
find that higher initial elevations lead to more uniform ground-smoke distribu-
tion. Moredver, the vertical dispersion is larger for plumes released from
higher elevations, while the opposite is true fof horizontal plyme dlsh)ersmn.
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These assertions are iIIustrateg In Figs. 7.and s which, respectively, snow the
x=6 x=14 x=22 x =30
> .
(a)
)
x=6 x= 14 X=2 «= 30
(b)

Fig. 6. The plume cross-section at different downwind stations for the case with: (a)
dH'T/'Rb’:'S' and (b) HT/R,= 30. Both cases start with same cross-section and same smoke
istribution.
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Fig. 7. Streamwise evolution of the height of smoke plumes with Ry= 3Rz, and p= 0.106.

gougve(soe)ire generated for initial heights HT = 3R (+), R (0), IR (A) 9R (*) and
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Ry/Rz=3, INITIAL HEIGHT EFFECT
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Fig. 8. Streamwise evolution of the width of the smoke plume in Fig. 7. Symbols as in Fig. 7.

trajectories of descending plumes with initial heights in the ranﬁe
3R:AHTAs0R-and the corresponding horizontal dispersion, defined as the
horizontal spread of the plume Cross-séction. _ .

The lolume descent occurs such that most of the horizontal dispersion devel-
o?s at later sta%s, when the plume motion is strongly affected by the R_re_sence
of the ?round. hen the_glume falls from_h|gh altitdde, jts width exnibits an
oscillatory behavior. This IS due to the intérmittent roll-up of Iar?e eddies
which entrain gl_ume fluid towards their centers as they propagate in the
cross-wind. direction away from the symmetry plane. _

The motion of these Iarge eddies and the generation of smaller scale vortices
generate entrainment currents which accompany the horizontal and vertical
Plume dispersion. The evolution of these currents is measured in terms of the
otal peripheral Ien%th of the Interface se_paratmq the plume from ambjent air
at a given cross-section. Durm? the injtial acceleration staqe,_there IS little
entrainment as the plume suffefs a mild deformation. The entrainment rate is
h;ﬁ;her following Iarﬁe_-gddx roII-ug Whl%h auses the engulfment of a | rge
amount of ambient fluid, and Increases furtner during thé later sta?esw en
smaltl-fslcale vortices, generated along the plume surface, induce locaf entrain-
ment fluxes. . .

The plume deformation was also correlated with the large-scale features of
the baroclinic generation of streamwise vorticity. The latter are determined bg
the total é)osmve circulation, total negative circulation, and the sum of th
two, all computed on one side of the symmetry plane (y>0). While the positive
circylation, which constitutes most”of thevorticity in this region, grows
steadil durm% the early stages, the negative vorhutP/ increases onlyafter

- st and second

large scale rofl-up has occurred. Thus, during the fi stages,
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the vorticity field can be modeled as a pair of counter-rotating vortices
whose strength increases under the action of the gravitational field. How-
ever, at later stages, the smgle_ large eddy on each Side of the dplume should
be replaced by a”counter-rotating Vortex”pair, In order to model the gener-
ation of both”signs of vorticity, “and the associated small-scale roll-up and
enhanced entraiment rates.

4.4 Effect of iniHaI,pI_u_me shape ) )
. The effect of the initial plume shape on the descent and dispersion processes
IS now examined. We simulated the motion of plumes with the same cross-
sectional area but with different aspect ratios, A/?=1, 3,6, In all cases, the
Initial height H1=5r, & being the square root of the initial plume cross-
sectional drea. Flgure 9 shows & comparison between the shape of the plume
Cross-sections at three cross-sections for ar = Lland 6. Figures 10and 11 show
the helghts and widths for all three cases, plotted against the downwind
coordinate, +, which 1s defined as the normalized distance travelled from the
initial source location. L _
Examination of these results indicates that different initial cross-
sections produce different plume.trajectories. This dependency Is exPIamed
by noting that the rate of Vorticity generation, which governs the strength
and shape of the large-scale vorticés, s strongly dependent on the curvatlre
of the plume boundarg. Plumes with small AR, €. rounded. cross-sections,
et more distorted, redch the ground earlier, and disperse horizontally faster
an plumes with flatter cross-sections. However, in all cases, thé plume
tends to_break-up into two parts symmetrical about Y:O. For AR =1, this
observation Is confirmed by expefimental results k& 19]. Moreover, the
shape of the initial plume Cross-section appears to have a weak effect on
the rate of vertical dispersion.

x=3 ? x=7 x=11

\S)

T
S
@

x=3 x=7

Fig. 9. The plume cross-section at different downwind stations for plumes with: (a) AR
= land (b) AR = 6. Both cases have the same initial height and smoke density distribution
within the plume cross-section.
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Fig. 10. The streamwise evolution of the height of smoke plumes with p = 1, HT = 5R and
same initial cross-sectional area. Curves are generated for aspect ratios of initial plume
sections of AR =6 (+ ), S(O), and L(A).
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Fig. 11 Streamwise evolution of the width of the plumes in Fig. 10. Symbols as in
Fig. 10.

4.5 Global structure paramefer )

_Results presented here, Wh,ICE are supported by other results_reported in the
literatyre, show that the mation of the plume, when atmosEhen_c urbulence is
weak, IS strongly governed by two large streamwise eddies which form due to
the roll-up of the Vorticity generated along the Plume interface. This vortex
pair is responsible for thé conversion of some of the plume potential energy
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into kinetic energy, especially in the plane of its cross section. As we have
seen, this kinetic enerﬂy IS shdre by the Blume material and the surroundings,
and Is the source of the strong . flow established by the plume motion and the
associated entrainment. Thus,"it is of interest to Characterize this vortex pair
by the smallest number of loarameters and to study the dependence of these
parameters on the initial pume conditions. These Characteristic plume para-
meters could then be used in future plume studies.

Avortex pair can be described by the distance between the centers of the two
vortices andthe strength of each vortex. The first quantity is proportional to
the plume width shown in Figs, s and 11. Figure 12 shows the total circulation
of each of the vortices for’the two cases shown in ng 6 and 9, 1.e. for
different initial plume height and cross section. As expected, vortrcrtY genera-
tion, and thus enhancement of the eddies, is fastest during the_early stages and
is diminished quickly as the plume settles on the ground. The relationship
between the acceleration of the Plume cross-section, its proximity_fo the
ground and the circulation within its cross-section is shown clearly i Fig, 120
Where for a circular plume, which falls the fastest, the circulation rises at the
highest slope. Later, and as the plume approaches the ground, the circulation
ofa circular plume reaches an asymptotic value earlier'than any other plume.

5. Conclusions

Anovel computational mode] for the simulation of buoyant plumes has been
presented. The madel was aglphed to studg the Elumed namics, the dispersion
and deposrtron ofrtsmaterr Ina omo% neous atmos here and their depend-
ence on the Iume Initial conditions, Results show that:

Startrng from a symmetrrcal elliptical _distribution, the cross-section of
descending smo e Is deformed Into a Kidney-shaped structure due to the
ormatrono acounter rotating streamwise vortex arr These vortices cause
the large-scale engulfment o ambrent air towards their centers. At later
stages smaII scale vortrces deveIo and enhance entrarnment currents
As the plume ar%)roac es, the ground, the arge-scale edd |es acquire
astron cross wind convective motion away romt e symmetry plane. This
leads to horizontal dispersion of the smioke ‘oume and results In the
deformation of its cross-section into two large lumps separated by a thin-
ning crescent. ccor%rn{gg the Hroun smoke dg osrtron IS lower along
the symmetry plane thari at neighboring cross-wind Tocations.

3) Plume trajec orres and dis ersron rates are strongh( dependent on the initjal
plume height and_shape, The correspondrnqvarra lons are correlated with
streamwrse vortrcrtey gatterns Whose generation de?ends on the curvature of

|ume |nter acé and_on the gravitational acceleration field.

(4) PIu es fall mg fromah |? er eIevatron disperse more in the vertical direc-
Ergrnt arrlvhjrljeeéhlOsne falling Trom a lower elevation disperse more in the hori-
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Fig. 12. Variation of the total circulation of each large coherent vortex in the plume cross-
section with downwind distance. Shown is the circulation of the right-hand side of the plume

for (a) the cases shown in Fig. 7, and (b) the cases shown in Fig. 10.

(5) Plumes with a more rounded cross-section reach the ground faster
and  disperse horizontally further _than
section, The shape of the” cross-section has a weak effect on the rate of

vertical dispersjon.

(6) The stro,n(TJ deformation of the plume cross-section, which leads to a
substantial departure of the plume material ground imprint from a

plumes with a™flatter cross

Gaussian, is due to the huoyancy generated “turbulence within the

plume,
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Nomenclature

AR =RylR:, plume aspect ratio

g gravitational acceleration

HT  Initial height of the plume cepter

mp  =\p*(y. 2) Y&A, excess mass flux of the plume

p dimensional perturbation pressure

R square root of the plume cross sectional area _

Ry major (horizontal) axis of the elliptical plume cross section
R: minor ve_rtlcalg axis of the elliptical plume cross section
u v, w  Perturbation vélocity components in x, y, z direction, respectively
U uniform wind speed _ _

A =V eR:g, ve_Iou(tjy scale of the perturbation velocity

X horizontal wind firection _

y horizontal direction normal to the wind

Z vertical direction

t nondimensional form of x»

6 core radius of the vortex and transport element
e =mp/p% URI, plume mass flux ratio

* = rFMp* tofal dim ns_mgal lume density

* urliform background air. density

p* eXCess NPartjcuIate de_nsnz due'to the presence of the smoke
D non-dimensional artlg_ul te density

oj vorticity in the wind direction

Superscript . .
* imensional quantity
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Fluid discharge resulting from puncture
of spherical process vessels

Peter W. Hart and Jude T. Sommerfeld
School of Chemical Engineering, Georgia Institute of Technology, Atlanta, GA 30332 (USA)

Abstract

Risk anal¥_5|s associated with incidents of puncture or rupture of process vessels generally
requires estimation of actual or averagie fluid discharge rates resulting from “such an
incident. Most formulas deve,loi)ed to date for fluid discharge rates from vessels(?enerally
assume that the flow opening is located at the bottom of the vessel; this is undoubtedly due to
the previously predominant interest in computing time requirements forﬁ_ravny drainage of
process or storage vessels. An accidental puncture, however, such as resulting from a,movmg
vehicle, can occur at almost any elevation. Hence, from a risk analysis point of view, it woul

be useful to_have formulas which would estimate, fluid discharge amounts and rates from
a flow opening at any_ arbitrary elevation. In this article, the  differential and alg?ebralc
equations governing liquid discharge from an opening at any point on the surface of
a spherical vessel are solved. This solution is then generalized in terms of dimension-
Ieiss efflux times, liquid volumes and average release rates as functions of dimensionless
elevations.

1. Introduction

The general subject of fluid flow rates from vessels, either storage or process,
has posed numerous problems of engineering interest for many yéars now —to
both practicing engineers concernéd with production, inventory, safety and
other aspects as well as to engmeerm% professors as a source of practical
mathematical material. Thus, papers [1-3] dealing with liquid efflux rates from
some of the mmgler and more common Vessel shapes eg vertical circular
cl¥l|nders (ate hack to as early as 1949, These early efforts Considered drainage
through either a hole (e.P., orifice).or through a piping system, and for the mast
part dddressed gravity flow ongf ignoring any presstre head in the vessel. An
exception here s the early work of Burgreen [3], as well as the much more
recent work of Woodward"and Mudan [4]

Correspondence to: Dr. J.T. Sommerfeld. School of Chemical Engineering, Georgia Institute
of Technology, Atlanta. GA 30332 (USA)

0304-3894/93/S06.00 (O 1993 Elsevier Science Publishers B.V. All rights reserved.
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Significant interest developed in_this subject of tank dramag%e — perhaps
at least partially from safety considerations — durm% the 1980s. Numerous
articles appeared during this decade, many of them Ttreating vessel shapes
of more, complex geometry, wherein the’ cross-sectional drea formed b
the liquid surface varies with the elevation of the latter. In one of the
earlier such articles [5], formulas were summarized to compute the. time
requirements to emP_ty vessels of four different shapes: vertical cylinder,
cone, horizontal cylinder (with flat ends), and sphere, These expressions
were all developed for drainage through™a hole or orifice located at the
bottom of the vessel. Later articles gave similar formulas for drainin
elliptical vessel heads often present at the hottom of vertical cylinders [6
elllﬁncal saturator. troughs (horizontal elliptical cylinders with flat ends)
such as_employed in thé textile finishing industry; and horizontal cylinders
with elliptical dished heads or ends [8]. Some of these formulas are beginning
to find their way into recent textbooks [9] on process safety. _

Also in recent years the more, comP icated Problem of vessel drainage
through a piping System, or;Pmatmg at the bottom of the vessel, has been
studied in considerable detail. Thus, one of the earlier articles [10] on this
sub(Jject pertains to the simplest case of draining a vertical cylindrical tank
and hence of constant cross-sectional area) thfough such a piping system.

ater works gave analogous formulas for draining spherical vessels [11],
conical tanks 112) and horizontal cy]|nders][13], all through a piping system.
Analytical solutions were obtained"in all of these, cases, although the math-
ematical expressions in the latter case include. elliptic functions. A summary
14] of formulas to compute efflux times for drainage, either through a bottom

rain hole or through a piping system originating at the vessel bottom, for
about a dozen different vessel sha?es was recently” prepared.

As indicated above, however, all of these cited works have been concerned
with fluid discharge rates from the bottom of a vessel, such as in a dra!nag{e
situation, Some years aﬂo_there was an article [15], in which an approximate
method for estimating fluid level changes in vertical cylindrical tanks with
a multiplicity of outléts (or leaks), of various sizes and at different elevations,
was presentéd. Because of increasing concerns about safety and loss preven-
tion, there exists today a need for accurate formulas to compute fluid discharge
and vessel emptying rates for an opening of a qlve_n size and at an arbitrary
elevation. Such”a need may arise, for ‘example, in analyzing an accident
scenario resulting from a moving vehicle, e.g., a forklift truck’ being driven
into the side of a_vessel and creating an aperture for fluid d|scharge at some
elevation. Thus, in this article the material and mechanical energy balance
equations describing ||gmd efflux from a spherical tank under the intluence of
g_ravny, are derived and solved. The solution is then generalized in terms of

imensionless variables, i.e., normalized efflux times, liquid volumes and aver-
age release rates as functions of dimensionless elevations.
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2. Balance equations

_The dynamic material balance for the liquid in the tank in this relatively
simple cas? ereLIX reduces to the rate of accumulation being equal to the
negative of the output rate:

dv

or, more specifically:
AN a0 %

For the simpler geometric vessel configuraions, e(I; vertical cylinders, the
cross-sectional area (A) of the liquid surface in the vessel is a constant
quantity and pot a function of the variable liquid level (h). This results in
a very fractable, non-linear differential equation. .

The orifice_equation is generally used to represent fluid discharge rates
throu horg)en_mgs In vessels, irrespective of their size, shape or location. Thus,
the effluent liquid velocity (v2) is represented by the following equation:

V2=C02g(h-h0) o)

where COjs known as the orifice discharge cogfficient; it generally is a function
of the fluid velocity (as incorporated in a Reynolds number) and the down-
stream (orifice)/upstream diameter ratio, although a constant value (between
0.60 and"L0) Is )ipmally_assumed for a given application. As indicated in F|%. .
hOis the vertical elevation of the hole above the bottom ofthe sphere, and T IS
the_variable elevation of the liquid level in the vessel. Equation (3), which
derjves from the Bernoulli equation, essentlaII% Eﬂuates_ the potential energy
of the liguid head in the tank, represented by (1—n0), with the kinetic energy
of the outflowing liquid, with any friction losses accounted for by CO.

3. Mathematical solution

Insertion of eq. 83)[ into eq, (2) and rearrangement then leads to the following

general expression to be integrated:
1 A

S o Y
in order to determine the time (t) required for the liquid level to fall from its
Initial elevation of  x to the elevation of the discharge hole no, The area (A
formed by the liquid level in this case of a spherical essel is %uven by TG4,
where C1s the Ien_%th of the chord formed by the liquid level, IT can 3|mP,Iy he
shown with the aidl of the Pythagorean Theorem that this latter quantity is
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q, v

Fig. 1. Sketch of a spherical vessel with a puncture hole in its side and resulting liquid
drainage.

given by 2(hD—h2)122 Equation (4) then becomes:
hD-h2 4,

COAOyIZQJho\]h'h

as_the specific expression to be integrated.. _ _

The mtegraﬂon of eq. (5) can be Tound in most tables of integrals. In this
particular Case the lower [imit ofh0$correspond_|ng to the elevation ofthe hole
and thus the end of the discharge process) vanishes, and there results:

t= ()

- 1‘560;5\'03&' [5Dh1+ 10Dfio—3/ii —4/ij/io —8/4q] *I>—h0 (6)

When h0=0, as in conyentional drainage from a hole or orifice in the bottom of
a spherical tank, eq. (6) becomes:

= oy (25 0

\é\gt]iigpe IS the same expression as presented by Foster [ in his summary
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4. Generalization of solution

In order to impart greater generality and usefulness to eq. (6) above, let us
convert that equation to diniensionless form by the introduction of several
dimensionless variables, Specifically, let us, define two dimensionless ele-
vations, one corresponding to the imitial liquid level in the spherical vessel:

Xi=hlfD )
and the other representing the elevation of the discharge hole:
Xx2=h0/D 9

It s necessary to define two more dimensionless quantitjes. The first of these is
the dimensionless size of the flow opening, represented as follows:

Xx3=d0ID (10)
and the other is a dimensionless time, given by the following expression:

_ |%
Y= \/; t (11)

After insertion of the dimensionless %uantities from eqs. (8)-L1) into eq. (6),
the latter equation can be written in the following form:

Y= 15 cmg [BReH 102—3x—4xIx2- [V xI~ X2 (12)

There are four independent parameters appearing in eg. (12) —x1(x2, x3and
C0, in addition to the dimensionless dependent variable of the time (Y) re-
quired for vessel drainage. A commonly assumed valye for the orifice discharge
coefficient (CO) 1s 0.60. Thus, for a given dimensionless opening size (x3), one
can construct'a graph which is based upon eq. (12) and which depicfs. the
behavior ofthe time re(éuwed for complete drainage ofthe vessel from an injtial
dimensionless liquid level of xx down to the dimensionless elevation of the
o%enlrb%. Flﬁure 2 represents such a %raph for fixed values of C0=060 and
x3=0.005; the latter value might corr sPon_d for example, to a hole 5¢m in
diameter in the side of a spherical vessel with a diameter of 10m. This graph
shows how the time required for tank drainage increases with the amotnt of
liquid contained in the tank (as measured by Xj), as well as with increased
elevation of the dramage hole gx2)' this latter effect undoubtedIY results from

the reduced hydrostau head a8 X2 increases. The crossover In the curves for
thehlgherv? ues ofx2(f> 0.30) s mterestmﬂi _ .
The "actual amount of fluid"released to the environment is generally of

consideranle interest in any accident scenario. Again hecause of the more



300 PW. Hart and J.T. Sommerfeld;J. Hazardous Mater. 33 (1993) 295 305

100000

80000

—— P

60000 —_— Ql0

t*SQRT(2g/D)

40000

Y

20000

0 < T T T T T
0.0 0.2 0.4 06 0.8 1.0 1.2

X1 = H1/D

F:0. 2. Dimensionless time (Y) for complete drainagie of a spherical vessel as a function of
(élmen%léanless initial liquid elevation (x,) and elevation (x2) of the drainage hole, x, =0.005;

comglex eqmetry of spheres, the calculation of such amounts is somewhat
moré complicated than for vessels of constant cross-sectional areas, such as
vertical circular cylinders. None the less, formulas do exist for calculating the
volume of spherical segments. Thus, the volume (V) of a segment h units high
of a sphere with a diameter of D is:

V=052 ik)
Recognizin%that the complete volume (V) of a sghere of diameter D is given
by Vs=kDJ6,

the segmental volume from e(i. (13) can be normalized to the
complete sphere volume to yield a dimensionless segmental volume;

jg=x2—2 (14

where x=h/D and corresponds to any liquid elevatjon, _

_The total amount of fluid released in a_given incident will then be the
difference n volumes corresponde to the initial spherical segment and that
corresponding to the final spherical” segment at the elevation ot the discharge
ﬂglee enoting this fluid volume, dimensionless and normalized to Vs by U, we

Ve:

U=x\[3-2x{\-x\[3-2x2 (15)

Figure 3 then shows, how this dimensionless volume U varies with the two
dimensjonless elevations —  and x2. Not sur rlsmgl}/, U Increases mono-
tonically with increasing xxand decreases monotonically with increasing x2
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Fig. 3. Dimensionless volume (ft) of liguid stored in a spherical svessel between some
dimensionless initial liquid elevation (x,) and elevation (x2) of a drainage hole.

|

DIMENSIONLESS VOLUME (U)

h

and wm\ the %[eatest slopes occurring near the middle bulge (*=0.5) of the
spherical vessel, . , _ _
The curves of Fig. 3are based solely upon the static geometric calculations
of eqs. (13)—6152. and are thus valid forany spherical vessel. That is, the volume
ofa_PherlcaI egmentwnh two horizontal bases at arbitrary elevations can be
readily computed from these equations. Flow d}(nam_m,s addanother dimension
to the“problem. Consider the related task of determining the time required for
the spherical vessel to drain from some initial liquid levél elevation of h 1down
to some intermediate level of h{through an opening of diameter d located at
a lower elevation ofh2 In this case the volume drained will still be given by
egs. (13)-f15), evaluated for x, and x,=/i/Z); but determination of the time
requitement here necessitates two evaluations of drainage times from eq. (6):

t(hl ~*hi) =t(hl -» hO)t{hi-* ho) (19

Alternately, the above calculations can be done in dimensionless form via two
apghcatmns of eq. (12) _ o ,
ome representative volumetric rate of fluid discharge from the vessel is
often needed in the analysis of puncture accident scenarios. Acgording to
Wooaward and Mudan [4], a reasonable such rate to use.Is rou%hly midway
between the initial and aver_arg]e discharge rates. The initial rate 1s readily
obtained from egs. (I)-(3), with h set equal to_hl. Evaluation of the average
rate, however, requires mte%ratjon of the differential balance equations, as
performed In this article. Specifically, this average rate is given by the total
Volume of liquid contained in the spherical segment. (between  “and h(Q) of
interest divided by the time required'to drain this ligui through the puncture
hole. In dimensionless form, this average rate can be expresséd as follows;

W= Ul ()



302 P.W. Hart and J.T. Sommerfeld/J. Hazardous Mater. 33 (1993) 295-305

A plot of W versus x 1 for various vaIues of x2 §<xg IS shown as Fig. 4 this
figure, like Fig, 2, is for values of CO=0.60 and x3=0,005, Fr ure 41s somewhat
similar to Fig.’3 for the dimensionless volume U, in that the veragedrmensron
less discharge rate (VF) generally increases with increasing xxand decreases
with increasing x2

5. Example calculations

Let us illustrate the calculation procedure outlined aboye with the following
example, We consider a spherical stora%e vessel, vented to the atmosphere,
with a diameter of 10m and rnrtraIIY filled with a corrosive solution to a depth
of 7m. A forklift truck is accidentally driven into this vessel, creating a punc-
ture hole of about 5cm in diameter 2m ahove the vessel bottom. Assumin
uncontrolled release of fluid from this vessel down to the puncture location, i
IS desired to determrne how much fluid is released gver what period of time, and
hence the average disch ar%e rate. Aconstant orifice discharge coefficient of
Co=0.60 Is to_be used for these calculations.

The dimensionless eIevatrons are readily computed as 0 70 and x2=0.20.
Similarly, the dimensionless orifice size rs found t0 be 0.005. For this
Partrcular configuration, the factor of 8/ l 3 rs then computed as 35,556.
nserting these Various values into eg (12), we find a rmensronless drainage
time of Y=79,200. With g=9.807 m/s2and D 10m, this dimensigness drain-
age time translates to a vaI Ue. ot 56,550 . Similarly, from eq. (15) the total
dimensionless volume (1) of fluid drained over his trme interval is 0.680 gofthe
complete volume of a sphere w hadrameter of 10m). Thus, this dimensionless
volume corresponds t0 a flu rd volume of 356m3 astly, the dimensionless

16
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g. 4. Dimensionless avera?e rate (W= UjY) of discharge from a spherical vesse| as a func-
of%mceonsrg%ess initial liquid elevation (xj and elevation (x2) of the drainage hole
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average draining_ rate from eq. (17& is 8.59x10“8, while the actual avera_(%e
draining rate Is (356 m356,5505) = 0.00629 m3s = 22.7 m3h. This latter uantl?{
comparés with an initial discharge rate, as evaluated from eqs. (1)- 321 Wit

=1.0m, of 420m3h. The middle"value between these two disCharge rates is
then about 323 m3h.

6. Discussion

While the mathematmal_ana%ms and derivation presented above are rigor-
ous, several of the assumptions made in the earlg formulation of this proler of
drainage from a ruptured sphere may be questioned. Thus, the selection of
a given value for the orifice discharge coefficient (CQ) and the assumption of
a constant value for this coefficient merit some attention. As can be found in
ny standard text on the unit_operations of chemical englneermg_élq, this
ischarge coefficient varies with the Reynolds number for the fluid stream
_owm? through the oi)enmg as well as with the orifice diameter/upstream
lameer ratio” It is well known |416 that 0,61 is a reasonably constant value for
he discharge coefficient of a sharp-edged orifice when the Reynolds number
hrough the orifice exceeds 30,000, irrespective of the ratig of tfie diameters. If
the orifice is not sharp-edged but rounded at the upstream face (highly unlikely
In the event of a puncturg hole), the discharge coefficient has a valug varyin
from 0.70 to 0.88. Given that any aperture accidentally created in the side 0
a 8rocess vessel is likely to be hlqw {aggred In naturg, a value of 061 for CO
would a?pear 0 be a high-side estimate. The value of 30,000,1s not a terribly
large value for the Reynolds number, and hence the assumption of a constanit
value for COshould be valid for the vast man{ont[y_of all fluids with viscosities
close to water; certainly, exceptions here might include ethylene dgly_col and
kerosene. Also, there might be deviations in thie value of CO&s the drdinage of
fluid neared its termindtion, but such deviations would impact upon only
a small fraction of the total amount of fluid dlsc_har[qed.
One method of addressing the problem of a variable value of COwould be to
break up the problem into Several segments for values of the liquid elevation
gh), and to employ different values of the discharge coefficient for these various
egments. This approach would then re%uwe successive application of eqs. (163
and (16) to these segments, for hu h2, h3. .. Admittedly, this procedure cou
shortly become, very cumbersome, and one might be bétter advised to employ
sortnelcomp%J_tenzed numerical integration schéme to solve the original diffef-
ential equation, . . .
Secon T , estimation of the actual flow area (A() associated with a puncture
hole could prove somewhat difficult, One method for estimating such a punc-
ture area m|ght derive from mechanical calculations mvolvm% e vessel shell
thickness and mass and velocity of the moving object, among other variables. If
puncture %/ a forklift truck is indeed the concern, some estimate of the openm?
might be made from the cross-sectional area of a truck prong. In any even,

et ot O —hO QS
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there is no requirement in this analysis that the puncture hole indeed be
circular, as eg. (10) m|%ht suggest. Given an estimate of the flow area (A0), an
equivalent. diameter (30) for“the discharge opening can always be readily
computed if dimensionless charts are fo h# used. , S

Lastly, there is the question of an internally pressurized fluid, which this
article does not specifically address, In the simpler case wherein this internal
pressure Is constant, such-as resulting from a fank pressure controller or the
vapor phase over avolatile |I(i_UId, thisconstant tank pressure head may simply
be"added to the hydrostatic fiquid head, 2%1(h—hO), In eaf. (3); Woodward and
Mudan [4] employad this procedure to deve OP equations tor calculating liguid
and 9as |scharg1e rates through holes in the hottom of process vessels of
different shapes. 1 this tank pressure head decreases as the vessel drains (as in
the case of an unvented vessel), however, the govern_mq differential equation
In all but the simplest geometric configurations (vertical cylindrical) becomes
quite cumbersome.

7. Conclusions

The engingering e(iuatlons describing fluid discharge from a hole of arbit-
rary size and at any location on a spherical vessel can be readily solved; the
vessel can be of _an>r diameter and |n|t|all>< filled to an arbitrary Tiguid level.

The mathematical solution obtained to these equations can be:generalized in
terms of dimensionless variables. This solution can be useful in risk analyses of
scenarios associated with accidental puncture of spherical storage or process
vessels, such as might result from impaction rt%ya maving vepicle, &.., a forklift
truck. Specifically; this solution allows conputatjon of the amotnt of fluid
discharged to the” environment, duration of such fluid discharge and average
discharge rate over this time period.

Nomenclature

cross-sectional area of the liquid surface n the vesse at any time, m2
A0 cross-sectignal area of the hole for liquid flow out of the vessel, m2
length of chord formed by liquid level in vessel, m
C0 orifice d|schar%e coefficiént
dlameter of spherical vessel, m
diameter of the hole for Jiquid flow out of the vessel, m
acceleration due to gravity, m/s2 ,
elevation, of I|(iU|d |ével In vessel at any time, m
| intermediate elevation of liguid level in vessel, m
0 elevation of hole above the bottom of the spherical vessel, m
| elevation of initial St:OQl liquid level in vessel, m
liquid volumetric flow rate out of the vessel, m3s
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tR {_argéuss of spherical vessel, m

U dimensionless volume of liquid initially contained in vessel
V. liguid volume in the vessel, m3

v2 linear velocity of liquid out of the vessel, m/s

W dimensjonless averaPe rate of vessel drainage (=U/Y)

X dimensjonless elevafjon ofhclmd level (=h 3

X dimensionless elevation of intermediate liquid |evel (=hJD)
X diensionless elevation of initial Jiquid level (=hJD)

X2 dimensionless elevation of hole in"vessel (=n0/D)

x3 dimensionless inside diameter of holg in vessel (:d\D)[

Y dimensionless time for complete drainage of vessel (=1(29/D)1)
A number pi (3.14159....)
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and gas discharges
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Abstract

_An expansion zone model couples a discharge rate model wbh a high momentum jet
dispersion model for sonic or choked flow. Conventional expansion zone modeling, as based
on an overall force balance, predicts large increases in the expansion zone diameter and only
moderate increases in the expansion zone velocity at a ran?e oflow superheat. Alternately, it
is shown that any ar]ah{tlc solution for a discharge model can be used also as an expansion
zone model. In particular, the homogeneous equilibrium model (HEM) for two-phase dis-
charge and the model for isentropic discharge of an ideal gas are used to exemplify eannswn
zone modeling. The new approach predicts, in contrast to the conventional apgroac., large
increases in velocity and onlﬁ_moderate increases in expansion zone diameter. Experimental
data are needed to decide which model is more nearly correct.

1. Introduction

An expansion_zone model couples the predictions of a discharge rate model
and a ert dispersion model as depicted in Fig. . Accidental Jeaks from a vessel or
pipe atten occyr from a noncircular source Such as a loose flange; hut are usually
modeled as a discharge from a round orifice or pipe of equivalént discharge ared.
Such a discharge develops a converging zone and an expansion zone.

Discharge modeling concentrates on the converging zone, since the mass
discharge Tate is determined by the mass flux at thé chioke point, G2, and the
discharge co?ffmlent, CD, in addjtion to the discharge area, At. Alir entrain-
ment IS Usual Xassumed,negll,%lblemboth the copver mq and expansion zones
and 1s treated by the jet di Bersmn model. The iAputs needed by the gnet
dispersion model are Iprowd_ed | 3/ the expansion zone model. These include the
velogities ofthevago and liqui Lljetdmme_ter,_vaporquahty, temperature, and
density or mass discharge rate, The velocity is |_mBortant In establishing the
mean Qrop size by the niechanism of aerodynamic breakup.

Correspondence 10: John L. Woodward DNV Technica Inc., 355 East Campus View
Boulevard, Columbus, OH 43235 (USA) Fax: (614) 848-3955.
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Converging Expansion Air Entrainment
one one Dispersion Zone

MM%/
O~

_/
\

Yo

0. 1 2 3
Stagnation Exit Choke Point  Atmospheric
Fig. 1. Definition of terms for high-momentum jet discharge from an orifice.

Moodie and Ewan [%] explored the expansion zqne and provided a model
for gas jets and some data for two-phase (Jjets. Their gas Jet model made use
of ai empirical centerline momentum model attributed to Kleinstein [2], An
empirical a A)roach was advocated to account for the temperature chan%e
across the shock wave which develops at the choke point as flow hecomes
sonic.

In practice, the expansion_zone model gred|ct|ons are an mt_egral part of
subseciuentd|sper3|o modehn% which are tuned to match available experi-
mental data. Thus, whenever ¢ an%es are made to the expansion zone model,
the dispersion model must be retungd to fit the data. The dpproach recommen-
ded here assumes negligible temperature change across the shock wave. The
validity of this assumption is considered hereafter, but, in any event, a chanﬁe
in this assumgﬁn would likely be “washed out™ by subsequent retuning of the
dispersion model.

2. Converging, expanding flow

As illustrated in Fig. 1 contraction occurs as the fluid accelerates upon
leaving an orifice or entermg a nozzle as pressure droPs from the stagnation

Blr\e/g%uggl PO, to the choked pressure, P2. The area at the choke point; A2, is

12=CdAl (1)
where Axis tne discharge area and CDis the discharge coefficient have a value
typically in the range

0.5 <CDx1.0

BraggP[3] showed that CDcan be calculated considering the acceleration from
POtO°P, once P2is known. For subcooled I|cw]|ds, CD=0.61, but for saturated
liquids and gases, CD*10 using Bragg’s formulas.
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As the pressure in the discharging jet further decreases from P2 to P3,
where P31s usually the atmospheric pressure, Pa, the jet expands. Churchill
gg points out that for compressible flow contraction is characteristic of

celerating subsonic flow (Mach Number <1) and expansion is charac-
teristic of accelerating supersonic flow (Mach” Number™ >1). In addition,
flashing liquids expand because the flashing decreases the two-phase density.
Mo'o 8sle density Is very sensitive to the vapor quality, x, in the range

x<0.01.

3. Conventional model based on force balance

A commonly cited expansion zone moel, used for example by Fauske and
Epstein L Is"attributed to Dryden et al. £6], This model Is defived from an
overall force halance, mcludmg the annulararea A 3—A Las follows.

wui ~wu3 PiAi+P3(A3 Ai) P3A3~0

which, since

w—GiAy —G3A3 (2)
reduces to

u3:ui+PGiP 8
where

G\ —CpG2
The expansion zone area is

A=t @

Us

where v3is given by eq. (12).

4. Expansion zone model for ideal gas discharge

. The well-known solution for the discharge of an ideal gas can he used to
illustrate how to obtain an alternative expansion zone model. For |sentroP|c
expansion of an ideal gas the specific volume and temperature at the end of the
expansion zone are given by

o (=) i 0
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With this equation of state, the momentum balance is integrated in standard
texts (for example Churchill [8]) to give

612= X k(g X B

where N is the dimensionless pressure ratio and G* is the dimensionless mass
flux. Equation (b) applies for subsonic flow when 1j=ria>ric where

*[<*oq)
] ()
and for j=a<c, the flow is choked (sonic) and
S
G*:k k+1 (8)
Figure 2 plots eqs. (6) and (8) using the following dimensionless variables
1
P ) (%)
2\ Pc.
LU * 1G*/rjcy/k (9b)
e 2Gt(plpe)~2G*{~kJ
AS=A2 Sy (%)

The parameter value of k=12 is used in Fig. 2 for which rjc=0.5645. We use
A2=0.75in Fig. 2simply for clarity of plotting. Figure 2 shows G*, u* and A at

2

151

0.5+

0 i 1 Il 1 1 Il 1 I 1
0O 01 02 03 04 05 06 07 08 09 1
P/Po

Fig. 2. Adiabatic gas discharge profiles (fe= 1.2).
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any value of ,=P/P0. In particulay, at .= Pc/P0, the choked conditions are
redched and A is at a minimum value, A2. N _

At values of >a= Pa/P0, the expansion zone conditions are reached, assumlng
only that the solutions given bg eq. (9) apply across a shock wave which coul
develop at the throat. Figure 2 Shows the expansion zone area increasing as the
mirror image to the decreasing G* function, The expansion zone Velocity
ex ressT(d as \_/\F‘()[?) m_creans by’as much as a factor of two over the velocity at
the choke point'it'/ais as low as 0.06.

5. Expansion zone modeling for two-phase discharge

The approach just illustrated is a general one, and can be re,adik apr%Iied to
any analytic sofution for the discharge of a compressible fluid. A number of
such solutions have been deveIoP_ed and expressed as G*(ii), each with the
characteristic that the G*(//) function is zeyo at the extremes ¥=0and 1, and so
reaches a maximum at an intermediate point X giving the choked flux G*(?ﬁ)'
Any such solution can be evaluated at_%:>/ato give Garbpa) = Gawhich, by the
definition G3=u3/v3gives the expansion zone Velocity

u3=v3Ga(fla)= G(>;a) (PoPo)_lI2v3 (10)
where

tA= [*tkjt o - * )ul3 (12)
Mass continuity gives the expansion zone area, As

w—CDA 1Gc—AsGath
or

Go(/0)=
As—CDA| G&?Va T )

For equilibrium models of flashing, liquids, vapor quality is given by an isen-
tropicqflash, assuming vapor-liqur% e%uilibrlur% VALY Qe Y

3=3 1S i

_However, it is well established that equilibrium is not established for orifice
discharge, or for short nozzles or plﬁes Henry [9], Morris [10], Hardekopf and
Mewes {11, and Fauske [12]2. For this reason, It'Is more appropriate to apfl
a nonequiftbrium model, such as that suggested by Henrly and Fauske [13].
They postulate that the nonequilibrium vapor quality is refated to the equilib-
rium vapor quality by

x3=NX'3
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where Fauske in [DIERS, 14] recommends

N=peyge Gt
as_an empirical correlation which matches predictions to observed data.
The temperature In this case is the liquid saturation temperature, Ts(Pa). If

5<t]a, x3=0, and there Is no expansion In the expansion zong. If this case
G= Ge and eq. (13) reduces to

A3=A2=CDAI (15)
for highly subcooled, nonflashing liquid flow.

51 Application with HEM _ _

As an example, the ahove solutions are jllustrated for the homogenequs
equilibrium model (HEM) for flashing and subcooled Tiquid flow by Leting [14]
and Leung and Grolmes T15]. T

The HEM assumes nonslip flow, uG=uL, and thermodynamic_equilibrium
along the flow path. Other assumptions are x =x0=coristant (frozen flow),
isothermal flow, ¢G»cL, HLG=HLGD, CAL= CALO and that c¢d0 can reg_lace
VA(P). In spite of these quite restrictive assumptions, the HEM has E Ined
wide acceptance as an adequate approximation, for examgileb AIChE’s DI-
ERS_((iDe3|gn Institute. of Emergency Relief Systems) [16-18], It is known to
provide a lower boundm? approximation [19] for orifice (nonéquilibrium) flow,
and an adequate model for nozzle or pipe (equmbrlumg flow. _

The HEM mte?rates the pressure derivative of eq. (12) from P0to P to define
a correlating parameter wgiven by

~ X0VGO , TOPOCPLO  weLo
W Hr.in
The first term is x0the initial void fraction. The two-phase specific volume is
related to why
%Q-O)#(I-co)
For frictionless nozzle or orifice flow, the momentum balance is integrated to give
2( - Us)+ otfsIn++ @ —e0)(%-1/
oo 2 P OIngs o)) -

eor-]-l-(l-co)

The critical mass flux is found by setting AG*/di|=0 to ?iv_e the following
transcendental equation which gives the Critical pressure fatio, tc implicitly

C0- 3 0 anllS —
(2 0D2D- (el + -2c0|/s-l) -c0|/sln'>11—0 (18)

(16)
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Once % is found as a root of eq. (18), G* is given by
Ge = iTchwt2 (29)

Equation (18) Pphes when flashing ocgurs before or af the choke point. If
flashing occurs after the choke pomt |t affects the expans|on zone but not the
discharge rate. In this case the disch ar e rafe Is given ?/t e |iquid-phase
Bernoulli equation, Leung ﬁ found tha a criterion for de ermmmgwhether
fIasfhmg occurs before or after the choke point is

>15<1 -%tgijs (20)
té]grr?] Jtlﬁflhgn a%ocHrS in the expansion zone, and mass flux is given by the
Ge=[2(1—=0]12 (213)
with

llc=max(/ls, >A) (21b)

Otherwise, flc is given by eq. (18) and G* by eg. (19).

6. Comparison of models

T p|caI gredmtlons of the alternative models are given for a ﬂashmg liquid
for the new model ﬁeqs 11-15, with the"HEM, eqs. 17-21)and in
forthe conventmnal mode eqs. 3and 4). These depict constant pressure
d|scharge 0 500 r%ane from 8 atm tank pressure with one meter Of|I%UId head
through orifice, For subcooled tank temgeratures (T<231K) the
exIpansmn Z0ne area in either case IS given Oy 3T e models differ'most
temperatures gust ahove the normal badiling point. In this re%mn the
convent|onal mogel plre dicts a Iarge mtcretase in dlamdetler anéj cons qudeenrtIY
a mild increase in velocity. In contrast, the new moel predicts a mo
Increase in da ameter smce/ the ratio G2/G31s hear unity |Fr)1 the low subcoo?ed
regr|on Correspond mg% the new model Rredmts a lar emcrease In velomt%
his behavior occurs ecausethe two-phase density drops rapid an sl
increases in vapor quality as shown in Fig. 4. For the conventional model A3
lipear in_specific vqume v3, whereas for the new model, u3is linear in v3
Thus using the nonequilibrium vapor quality reduces the predicted A3 in
Fig. 6 and the predicted u3in Fig. 3

|n
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[m Expansion Velocity, m/s Expansion Diameter, mm

320 -

220 ~

Fro 3. Expansion velocity and diameter as
unction of tank lemperature, (r )Equi-
librium velocity, (*)nonequilibrium” velo-
TR TR T TrT —— city, and (— Jexpansron diameter, (pro-

20

) a a%arﬁerﬁam)raﬁl}re, A ) pane, 1m head, 50mm hole.)
ity 0
0 iy, kg3 Vaporqaly. % 5
P — — 30
TR D / o
400 - t / ’ .20
300 | / 15
r ¥ /T
200 - / 10

100 - X/ +s  Fig. 4. Expansion zone model for propane
J gas, 1'mhead, 50 mm orifice with constant
0 B = |, pressure discharge. Equrlrbrrum values

200 210 220 230 240 250 260 270 280 200 300  al€ indicated b¥ solid lines, nonequilib-
Tank Temperature, K rium values by the symboled lines.

For the new model, further increases in temperature move G*nbfarther down
the curve from G*. so the expansion zone diameter increases, which tends to
decrease the expansion zone veIocrtg For tem eratures above about 270K the
vaporpressure curve mcreases rapidly, 501 Jswhich equasl—trcrn eq. (Zla)
decreases rapid Z with temp erature The consequent decrease”in G with
tem erature |sp rtgcompensatedb an increase in the drscharge coefficient,
asosown In Fig. 5. The rapid decrease in G* for temperatures above
about 270 K causes th e exPansron zone diameter to peak and then decrease (ee
% and épFlashrn at or before the choke point occurs for temperatures
above about’289 K In this case.
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Disch. Rate, ka/s Disch. Coeff.
50 T 1

109

40 -

30 -

0.8

20 - 407

10 T . et 0.6

0 1 1 1 1 1 1 1 1 1 0.5
200 210 220 230 240 250 260 270 280 290 300

Tank Temperature, K

Ei%.) . Discharge rate predictions for constant pressure discharge (propane, 1mhead. 50 mm
ole).

6.1 Estimation of shock wave _ _

. Theerror in ignoring shock wave effects can be estimated, using the follow-
mg formulas fof the pressure, density, and temperature ratio acfoss a shock
wave given by Nettleton [2]

Ps yMs—y—1

P~2‘~Zy 7:(1y ) (222)

b3 M f

2 (y(YF)dm (220)
Mi—-1" (-1 s

Y 1y, (2

where Ms=Uila is the Mach number, and a2=yRTJM¢ the sonic speed.
Figure 7 plots the pressure and temperature ratios given by eqs. (22a) and
£22c) aga_m t tank temperature. The Iargest_temperature ratiQ is 115, so the
rror 1 ignoring this temperature chafge is at most 15%. The presence of
a shock wave produces a discontinuous decrease in pressure of

23z may P:KP:IP.)

which shortens the length of the expansion zong, but does not, per se, invali-
date the assumptions itherent in applying egs. (11) (1)
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Expansion Dia., m/s Expansion Vel., mm
0 1200
=150
<1100
<50
0 —_— 0

200 210 220 230 240 250 260 270 280 290 300
Tank Temperature, K

Fig. 6. Conventional expansion zone model for constant pressure discharge (propane, Im
head, 50mm holeg. (t ) Nonequilibrium expansion diameter, (—) equilibrium expansion
diameter, and (+) expansion velocity.

1

‘ 1 1 1 1 1 1
240 245 250 255 260 265 270 275 280 285 290
Tank Temperature, K

Fig. 7. Temperature and pressure change across shock wave. (1 ) P'3P,, and (—) Tj/T2
(propane, 1m head, 50 mm' hole).
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7. Conclusions

Two alternative models for the expansion zone \_/elom% and diameter give
predmhonswh_mh_agree for subcooleq liquids, but differ substantially for gases
and flashing liquids. For flashing liquids, both models are sensitive t the
two-ghase specific volume, v3. Afea, A3, is linear in v3for the conventional
model, wheras velocity, u3, is linear in v3 for the new model. Both model
predictions seem moré reasonable when the assumption is made that the
equilibrium vapor quality, x3;, Is achieved only at high degrees of superheat.
Experimental data are needed to decide whict model is more nearly correct.
Fortunately, though, the influence of the exPansmn zone model predictions
upon subséquent dispersion modeling is usually absorbed in tuning the disper-
sion model. If the expansion zong model is chan%ed, the jet dispérsion model
tuning should be checked and adjusted as needed.

8. Nomenclature

| speed of sound, ms-1

CD  discharge coefficient, (-

Cp  heat capacity at constant pressure, Jkg~ 1K«1
Cv  heat capacity at constant volume, Jkg>1K~1
G mass flux, kqm-2s 1

G GI(POgO)ﬁJZ dimensionjess mass flux

Hgl  heat of vaporization, (Hc—Hh) sat, J kg=1

k value equal to or below C[P/Cv _

Ms  Mach number of expansion zone velocity

P pressure, Pa

N entrogy, JKg» 1K~ 1

Sgl  Sg— |,Jkg 1K 1

T temperaturé, K

U velocl_ta/, ms:1

v specific gravity, mskg~ 1
oL

mass discharge rate, kgs»1
vapor quality, kg vapor/kg mixture

W

X

; density, kg/m
) 3

pi PIPo ) :

W) parameter defined by eq. (7)

S

ambjent

a ent . "
C choke point, “critical” flow or Plane 2
G vapor
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L liquid .
0 stagnationconditions

S saturation _
0,1,2,3 planes defined by Fig. 1
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