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Guest Editorial

Safety technology advances should not depend 
on major disasters

Historically, major disasters have provided the driving force for sponsoring 
research into improving the technology of safely processing, storing, and 
transporting hazardous materials. Learning by experience is a costly mode. 
Fortunately, there are farsighted organizations and individuals willing to 
sponsor research in the technology of safety on a preemptive rather than 
a reactive basis.

Industrial consortia dedicated to safety issues are to be commended and 
encouraged. The Emergency Response Planning Guideline Committee of the 
American Industrial Hygiene Association is one such organization, and their 
work is highlighted in this issue. The Center for Chemical Process Safety 
(CCPS) of the American Institute of Chemical Engineers (AIChE) is another, 
along with AIChE’s Design Institute of Emergency Relief Systems (DIERS) and 
the Joint Research Center at Ispra sponsored by the European Economic 
Community (EEC). Recently my own company, DNV Cechnica Inc., has been 
able to assemble a confederation of industrial sponsors to develop an Offshore 
Hazard and Risk Analysis toolkit (OHRA) as well as the confederation of 
sponsors for SAFETI-92 (Software for Assessment of Flammable. Explosive, 
and Toxic Impact). These organizations provide more than economic support. 
They provide encouragement and intellectual stimulation as well as “real 
world input” to the entire community of safety professionals, researchers, and 
practicing engineers.

A related development is also to be commended, the application of quality 
control methodology to assess and improve the management in the processing 
industry. Recently, with sponsorship by the European Economic Community, 
TNO in The Netherlands and 3RD in the UK have begun developing the 
S M A R T  mode and associated tools. SMART is based on the ISO 9004 guideline 
for quality control, thereby emphasizing that safety and quality are achieved 
concomitantly . The DNV ISRS auditing system is a similar methodology, just 
coming into application.

This special issue focuses on process and transportation safety. The issue is, 
in fact, a product of research sponsored by a variety of industrial consortia, 
governmental bodies, and academic institutions. Among these sponsors are 
the 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 
papers come from interactions within the DIERS program.

Some of the issues addressed in this special edition are: Why are detonations 
a sometime occurrence? How are ERPG values established? What is the best 
way to calculate a “toxic load” representing a specified level of toxicity for 
risk analyses? Does rail or road transportation of hazardous materials pose 
the greater risk in the UK? Should a particular reactor vessel be insulated 
or not?

In addition, important new models are discussed for the phenomena of 
a descending smoke plume from a large fire, for discharge from a spherical 
vessel, and for the “expansion zone” portion of a discharging jet. I wish to 
thank and commend the contributing authors for the quality of their work.

John L. Woodward 
D N V  Technica Inc.

Columbus, Ohio
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Transition to detonation in fuel-air explosive clouds

1.0. Moen
Research and  Development Branch, D epartment o f N ational Defence, Ottawa, 
Ontario K 1A  0K2 (Canada)

Abstract
Several ex perim en tal observations of tran s itio n  to  de ton atio n  in  fu e l-a ir  m ixtu res have 

c learly  dem onstrated  th a t  tran s itio n  phenom ena, s im ilar to those identified in m ore sensitive 
fuel-oxy gen  m ixtures, can also occur in fuel - a ir  m ixtures. This m eans th a t  the  w orst case 
d e ton a tio n  scenario  can n o t be excluded a priori in  assessing th e  hazards from v apour cloud 
explosions. The p resen t paper describes th e  considerable progress th a t  h as been m ade 
tow ards quan tify ing  the  p o ten tia l for tran s itio n  to d e to na tio n  in  a fu e l-a ir  cloud.

1. Introduction
The accidental release of combustible gases or evaporating liquids can lead 

to devastating explosions. The most dangerous situation occurs 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 over-pressures in excess of 1.5 MPa. Because of 
the large energies required to directly initiate detonations in common fuel-air 
mixtures, this worst case scenario is typically excludec. in hazard assessments. 
However, during the past decade several experiments have shown that 
transition to detonation can occur, even in relatively insensitive fuel-air 
mixtures [1-7],

A sequence of photographs from an experiment which illustrates the worst 
case scenario is shown in Fig. 1. In this experiment, a lane 1.8 mx 1.8 m in 
cross-section and 15.5 m long, with an array of obstacles simulating pipes in 
a chemical plant, was filled with acetylene-air and then ignited by four weak 
sparks at one end. As the flame encounters the turbulent flow around 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: I.O. M oen, R esearch  and D evelopm ent B ranch, D epartm en t of N a tio na l 
Defence, O ttaw a, O n tario  K lA  0K2 (Canada).
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e) 120.1 ms f) 120.4 ms

Fig. 1. Ignition , f.ame accele ra tio n  and tran s itio n  to  de to n atio n  w ith acety lene a ir  in 
a 1.8m x 1.8m lane. 15.5m long [4].

flame brush in both Frames a and b, but it is the local explosion near the flame front in Frame c, which grows into the detonation wave seen in Frame f.
A similar transition process is revealed with good clarity in the sequence of schlieren photographs from a laboratory experiment shown in Fig. 2 [8], The 

first two frames in Fig. 2 (0 and 5gs) clearly show a fast deflagration with
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TRANSITION FROM DEFLAGRATION TO DETONATION 

( 2  H2 + 0 2 , Pj = 1 3 5  to r r  )
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Fig. 2. Sequence of sch lieren  pho tographs illu s tra tin g  th e  tran s itio n  from deflagration  to 
d e to na tio n  phenom enon [8].
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a precursor shock wave diffracting over an obstacle. A local explosion occurs 
at about 15 ps when the flame rolls up into the turbulent vortex ahead of the 
obstacle. The growth of the explosion bubble and its merger with the precursor shock wave to form a detonation wave can be seen in the subsequent frames.

These two examples show that the key feature associated with the onset of 
detonation is the formation of localized explosions somewhere in the turbulent frame-shock wave region. For direct initiation of detonation the initiating 
explosion is provided by an external high-energy source (e.g., a high explosive 
charge). The strong shock waves produced by such explosions directly initiate a self-sustained detonation without going through a deflagration phase.

Deflagration to Detonation Transition (DDT) refers to the phenomena where 
the critical conditions for the onset of detonation are established by the combustion process itself without an external high-energy source. There are several ways by which the conditions necessary for transition to detonation 
can be achieved. These include: (i) flame acceleration to some critical speed,
(ii) ignition of a turbulent pocket, and (iii) jet ignition.One of the proposed transition mechanisms is Shock Wave Amplification by 
Coherent Energy Release (SWACER) [9, 10], where the chemical energy is 
released in such a manner that the resulting shock waves are amplified to strengths sufficient to initiate detonation. The SWACER mechanism and other mechanisms for transition from deflagration to detonation were reviewed by 
Lee and Moen [11] in 1980, and more recently by Shepherd and Lee [12], The qualitative ‘picture’ of the transition phenomena presented in the 1980 review 
paper remains essentially unchanged. However, considerable progress has been made in quantifying the flame acceleration phenomena, and in quantify
ing the requirements for initiation and propagation of detonations.The aim of the present contribution is to describe some of the new develop
ments which impact on the DDT problem. In particular, theoretical and experi
mental results on the nature, behaviour and initiation of gaseous detonations are reviewed. Observations of transition to detonation in fuel-air mixtures are 
also summarized, and the influence of mixture composition, experimental configuration and scale on flame acceleration and transition phenomena are discussed. Some of the proposed models for transition to detonation are also discussed, and proposals are made for future research to obtain a better understanding of the DDT phenomena.

2. General considerations
All of the complex phenomena involved in the accidental release of fuels with subsequent ignition cannot be quantified. However, a general description of the events leading to explosions can be given. The sequence of events begins 

with a spill of combustible fuel. If ignition occurs immediately, the result will be a diffusion flame whose rate of burning is controlled by the mixing of fuel 
with air. In this case, the hazards due to thermal effects from the burning
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fireball are more important than the blast effects. These hazards will not be 
discussed here, rather we shall assume that ignition is delayed so that a poten
tially explosive fuel-air cloud has been formed through the mixing of the 
spilled fuel with air. Depending on the nature of the ignition source and the reactivity of the fuel, such a cloud can either burn as a deflagration or 
detonate. For a deflagration, the explosion pressure depends on the rate of combustion and the degree of confinement. Laminar flames are typically asso
ciated with low flame velocities (AlOm/s) and small pressure changes (~ 1 kPa). Completely confined explosions can produce damaging overpres
sures (~ 0.8 MPa), and detonations produce overpressures in excess of 1.5 MPa.Weak ignition of an explosive cloud in an unobstructed, unconfined environ
ment is unlikely to lead to a damaging explosion. There is no mechanism for flame acceleration to high flame speeds or for producing pockets with rapid 
enough energy release to cause transition to detonation within such clouds. 
However, the influence of obstacles in the cloud can be quite dramatic, particularly repeated obstacles. Confined and partially confined regions within the 
cloud are also hazardous, and jet ignition from explosions in such regions can dramatically increase the severity of the explosion in an external unconfined cloud.

It is not necessary to have a detonation for severe damage to occur. In many 
cases, industrial structures will fail under loadings that result from fast flames. However, the damage from detonations will be much more severe and exten
sive; the detonation pressure is higher and the detonation will propagate through the detonable parts of the cloud at the detonation velocity, whereas 
the speed of a flame adjusts to the environment and will decrease to nondamaging levels in unconfined areas without obstacles.

In the present paper we are concerned with the onset of detonation from localized explosions (or regions of violent combustion) within the cloud. As 
will be discussed later, localized explosions can occur in the turbulent flame brush of fast flames, in the flame jet from confined explosions, and in highly 
turbulent burning vortices. In order for such explosions to cause the onset of detonation, a high rate of energy release in a sufficiently large volume is 
required. The rate of energy release and the minimum explosion volume depend 
on the susceptibility of the explosive mixture to detonation. The nature of detonations and methods for characterizing this susceptibility are described in the next section.

3. Detonation waves
3.1 Equilibrium detonation propertiesA detonation wave can be described as a coupled reaction zone-shock wave complex which propagates through a uniform combustible mixture at a con
stant supersonic velocity. The shock wave heats up the mixture to a temperature above the ignition temperature, thus providing the ignition source for
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the combustion to begin, and the chemical energy released in the reaction zone 
provides the energy required to maintain the shock wave.

The velocity of a detonation can be calculated from the total chemical 
energy released. The corresponding thermodynamic conditions (i.e., pressure, 
temperature, etc.) at the end of the reaction zone, or the so-called Chap- 
man-Jouguet (CJ) point, can also be calculated from equilibrium chemistry 
alone. Standard numerical codes which combine chemical equilibrium calcu
lations with the gasdynamic CJ conditions are available for this purpose (e.g., 
the nasa [13] and tiger [14] codes). Detonation pressure ratios and velocities for 
some common fuel-air mixtures at stoichiometric composition are given 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

TABLE 1
Equilibrium detonation parameters for fuel air mixtures (stoichiometric composition; atmospheric initial pressure, 101.3 kPa; initial temperature 298.15 K)
Fuel % Fuel by volume Detonation pressure ratio Velocity(m/s) Energy release (MJ/kg Mixture)
Acetylene(C2H2) 7.75 19.1 1864 2.44
Hydrogen(H2) 29.6 15.6 1968 2.82
Ethylene(C2H4) 6.54 18.4 1822 2.35
Ethane(C2H6) 5.66 18.0 1825 2.31
Propylene(C3h6) 4.46 18.5 1809 2.31
Propane(C3H8) 4.03 18.3 1798 2.29
n-Butane(C3H10) 3.13 18.4 1796 2.28
Methane(CH4) 9.48 17.2 1801 2.31
Hydrogensulphide(H2S)

12.3 15.3 1647 1.96

n-Hexane Aerosol 18.6 1795 2.28
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finite-difference numerical codes are available for calculating the blast field 
associated with ideal clouds of uniform composition. Inside such 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 equilibrium detonation parameters provide no information on 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-Doring (ZND) model, includes an induction zone separating the 
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 propagation, the ZND model provides 
a useful first approximation to the detonation structure. This model has been 
used, together with detailed chemical kinetic models, to calculate a ZND 
induction zone length, A, which is then assumed to be directly proportional to 
the cell size, S, characteristic of the cellular structure of the detonation 
[17-20].

The cellular structure of gaseous detonations can be attributed to instabili
ties in the reacting flow behind the leading shock wave. When the level of 
instability is relatively mild, the detonation wave consists of two families of 
shock waves moving in opposite directions transverse to the leading shock 
wave. As illustrated in Fig. 3a, the triple-point shock trajectories trace out 
a “fish scale” pattern, which can be recorded by placing a lightly-sooted 
polished metal (or mylar) foil, commonly referred to as a smoked foil, parallel 
to 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 irregu
lar pattern such as that shown in Fig. 3b [21], Although the identification of 
a characteristic cell size is 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-air mixtures 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 propagation and transition limits

The detonation cell size is a characteristic length scale that can be used to 
assess the geometric propagation and transition limits of detonations. Knys- 
tautas and co-workers [23-25] found that DDT in a 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 ce llu la r s tru c tu re  of de tonatio ns in  fu e l-a ir  m ix tu res [21].

detonation will fail if the tube is sufficiently small so that the transverse waves 
are suppressed. For systems with regular cellular structure (e.g., acety
lene-oxygen highly diluted with argon), failure occurs when the tube diameter 
is approximately equal to the cell size. However in irregular systems, typical of 
fuel-air, the detonation wave merely adjusts its structure and continues to 
propagate in round tubes with diameters much smaller than the dominant cell 
size [26]. In square tubes, however, failure is observed near the cell size limit 
even in fuel-air mixtures [27].

A detonation wave also fails when its 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 
reflective surfaces that help to maintain the transverse waves. Once these 
reflective surfaces are removed, by using an absorbing material or by removing 
the tube walls, the detonation will fail unless the transverse wave structure 
can be self-supporting.
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TABLE 2
Detonability parameters for fuel-air mixtures at stoichiometric composition (atmospheric initial pressure, 101.3 kPa; initial temperature 298 K)
Fuel Cell size (mm) Critical tubediameter(m)

Detonation initiation energy (g Tetryl)
Critical explosiondiameter(m)

Acetylene 9.8 0.15 1.25 0.15Hydrogen 15 0.2 1.1 0.16Ethylene 28 0.43 10-15 0.36Ethane 54-62 0.9 30-40 0.48Proplyene 52 — 45-52 0.54Propane 69 0.9 50-55 0.54n-Butane 50-62 0.9 50-80 0.62Hydrogensulphide 90-130 — — —
Methane 250-310 — 22000 4.0

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. [29]. 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, 
depending on the explosive mixture. For most fuel-air mixtures, <dc~13S 
[22, 26],

The critical tube diameter is determined from “Go-No Go” experiments, in 
which the fate of the detonation is monitored as it emerges from a tube into an 
unconfined explosive cloud. Selected frames from high-speed photographic 
records illustrating successful transmission and failure to transmit from 0.9 m 
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 sweeps through the pre-shocked region just 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 formed and the detonation is quenched when the head of the expansion 
wave reaches the centre at about one tube diameter from the tube exit.

The critical tube diameters for several fuel-air mixtures at stoichiometric 
composition are given in Table 2. The values range from 0.1-0.2 m for 
acetylene- and hydrogen-air mixtures to almost 1 m for propane-, ethane- and 
butane-air mixtures. Critical tube diameters for other compositions can be 
found in Refs. [22] and [23],
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DETONATION DETONATION
TRANSMISSION FAILURE

Fig. 4. Selected frames from high-speed photographic records illustrating successful transmission and failure when a detonation emerges from a 0.9 m diameter tube.
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3.4 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 
of energy is required to establish a detonation wave in this explosive cloud. For 
unconfined fuel -air clouds, the critical initiation energy is usually character
ized by the minimum mass of high-explosive required to initiate a spherical 
detonation wave. Bull [30] proposed that tetryl be used as the high-explosive 
standard. The equivalent energy of tetryl is approximately 4.3MJ/kg. 
Unless otherwise specified we shall adopt this standard and use this energy 
equivalency.

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

For most fuel-air mixtures, the variation in critical 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 systems are plotted vs. the equivalence 
ratio 4>, where <j> is the volume ratio of fuel to air relative to that at stoichiomet
ric composition.

The earliest theoretical concept of critical initiation energy is due to 
Zeldovich and co-workers [29], Their concept still remains the simplest 
and most direct. The rapid release of energy results in a decaying blast 
wave. The heuristic limiting 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 spherical geometry, 
this assumption leads to the relationship Ecx A3, between the critical 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 unchanged. All the models predict that 
Ec~xLl where Lc is one of the chemical length scales (i.e., A, S or dQ). If 
it is also assumed that the chemical length scales are linearly related, it 
is then possible to determine the variation of detonability with composition 
through chemical kinetic calculations [17-19]. Some indication of the reliabil
ity of such estimates can be obtained by referring to Fig. 6, where Ec is 
plotted vs dQ. The general Ec x d * trend is valid for a given fuel. However, the 
proportionality 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 properties has emerged during the past decade. This understand
ing, together with the empirical relationships that have been derived from 
a large pool of new data, has provided a good background against which the 
DDT problem can be addressed.



170 7.0. MoenjJ. Hazardous Mater. 33 (1993) 159 192

Fig. 5. Critical initiation energy vs. equivalence ratio, </>, for selected fuel-air mixtures [30, 31].

5. Transition to detonation
5.1 Mechanisms and criteria

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 
initiate detonation is provided by combustion of the mixture. This “self
initiation” requires a rapid release of combustion energy to produce a blast 
wave of sufficient strength to cause detonation. As described by Lee and Moen 
[11], such shock waves can be produced by prescribing a spatial and temperal 
coherence of the energy release. Theoretically, the required coherence can be 
achieved by pre-conditioning the explosive mixture so that the induction time
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t (i.e., time to ignition) increases in a prescribed manner away from an initial 
ignition point to produce an energy source which propagates at a velocity 
Vn = (f‘zlrx) Numerical calculations indicate that a source velocity close to 
the Chapman-Jouguet detonation velocity produces the best shock wave 
amplification [11],

Spatial gradients in induction time are due to gradients in temperature 
and/or free radical concentrations. The so-called SWACER mechanism was 
first proposed to account for photochemical initiation in H2 + C12 mixtures [9]. 
In these experiments, the induction time gradient was produced by irradiating 
the explosive mixture with a strong short-duration flash. Photo-dissociation 
thus produces a gradient in free radical concentration (Cl) which decreases 
exponentially in the direction of the incident light.

Gradients in temperature and free-radicals are also produced by turbulent 
mixing of hot combustion products with unburned gas in turbulent eddies 
associated with flame propagation around obstacles or in turbulent flame jets. 
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 
explosive fuel-oxygen mixture.

Coherent energy release by itself is not enough 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 to initiate detonation 
in the surrounding unburned mixture. A lower bound on the volume required 
for transition to occur in an unconfined cloud can be obtained by equating the 
chemical energy in a spherical volume to the critical initiation energy by an 
external source:
Ec = np0QDl /6, (5.1)
where Q is the chemical energy release per unit volume, p0 is the density of the 
unburned mixture, and Dc is the 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 magnitude larger than 
for fuel-oxygen, so that field experiments are required to clarify the potential 
for DDT in unconfined fuel-air clouds.

There are several ways by which the conditions necessary for transition to 
detonation can be achieved. These include: (i) flame acceleration to some 
critical speed, (ii) ignition of a turbulent pocket, and (iii) 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, both large and small scale, have been per
formed so that there is now a considerable data base on flame acceleration and 
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 identified as those which are heavily 
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 confined on top and bottom. Such clouds could be produced by a release 
into an area which is covered by a roof. Explosions in confined spaces can also 
serve as strong ignition sources for external clouds, greatly enhancing the 
potential for DDT. Weak spark ignition of unconfined clouds in a relatively 
unobstructed environment is unlikely to result in transition to detonation or 
damaging explosions, even for sensitive fuel-air mixtures such as acetylene- 
and hydrogen-air. However, transition can be expected to occur in long 
channels or tubes for most fuel-air mixtures, provided the channel or tube is 
large enough and long enough.
5.2 Flame acceleration

One method of creating the conditions necessary for transition to detonation 
is flame acceleration to some critical speed. Flame acceleration is particularly 
dramatic in repeated obstacle environments. In such environments, the flame 
is repeatedly perturbed, so that a positive feed-back mechanism is established, 
resulting in high flame speeds after only a short distance of flame travel.

The mechanisms of transition in fast turbulent flames were revealed with 
unsurpassed clarity by the stroboscopic laser-schlierer. photographs of Urtiew 
and Oppenheim [33]. Their photographs clearly show that localized explosions 
somewhere 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 
due to a localized explosion immediately behind the precursor shock wave is 
shown in Fig. 7.

In order for transition to occur, sufficiently high flame speeds must be 
reached. The flame speeds observed prior to the rapid acceleration phase, 
characteristic of the transition phase, are between 500 and 800 m/s [24, 25, 34]. 
Since most flame acceleration mechanisms are very effective in confined tubes, 
acceleration of the flame to speeds sufficient to cause onset of detonation can 
be expected, provided the tube is long enough. Transition to detonation will 
then occur if the detonation cell size is not larger than the tube diameter. The 
run-up or transition distance depends on many factors, including: fuel-air 
mixture, tube diameter, ignition source, obstacles, etc. In stoichiometric hydro
gen-air, for example, the transition distances observed by Bartknecht [35] in 
smooth tubes are 7.5-12.5 m, whereas Knystautas et al. [25] observe transition 
just after a 3m long obstacle section. The transition distance observed in pipes 
was reviewed by Steen and Schampel in 1983 [36]. In pipes with no obstacles, 
the transition distance increases with increasing tube diameter. In pro
pane-air mixtures, for example, the transition distance was found to be about 
8 m in a 50 mm diameter pipe and more than 30 m in a 400 mm diameter pipe.

Flame propagation in tubes has been studied experimentally by several 
authors [24, 25, 34-39], and Hjertager and co-workers [39-42] have developed 
numerical methods for describing the flame acceleration phenomena 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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Fig. 7. Stroboscobic schlieren record of the onset of detonation in a low pressure hydro- gen/oxygen mixture, with localized auto-explosion immediately behind the precursor shock- wave at about 5ps [33].

tube configurations which produce flame speeds in excess of 500 m/s can be 
expected to lead to the onset of detonation in mixtures whose detonation cell 
size is less than the tube diameter. Long tubes or channels therefore represent 
the most hazardous configurations for DDT. The consequences of such 
transitions will be particularly devastating if the detonation is transmitted 
into a large external cloud. As discussed in Section 3.3, this will occur if the 
tube diameter is greater than the critical tube diameter.

Flame acceleration and transition phenomena were studied on a relatively 
large scale at SANDIA in their FLAME apparatus (a channel 30.5 m long. 2.4 m 
high and 1.8 m wide) designed to investigate hydrogen combustion relevant 
to nuclear reactor safety [3, 43]. Transition to detonation was observed in
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n e a r -s to ic h io m e tr ic  h y d r o g e n - a ir  m ix tu r e s  w ith  n o  o b s ta c le s  fo r  a  c lo se d -to p  
c h a n n e l  a n d  w ith  13%  to p  v e n t in g . H o w e v e r , w ith  50%  o f  th e  to p  o f  th e  
c h a n n e l  o p e n , c o n t in u o u s  fla m e  a c c e le r a t io n  le a d in g  to  t r a n s i t io n  to  d e to n 
a t io n  w a s  n o t  o b se r v e d .

T h e  r e s u lt s  from  th e  F L A M E  e x p e r im e n ts  co n firm  t h a t  th e  fla m e  a c c e le r 
a t io n  a n d  t r a n s i t io n  p h e n o m e n a  o b s e r v e d  o n  a  s m a lle r  s c a le  a ls o  o c c u r  o n  
a la r g e  s c a le .  T h e y  a ls o  s h o w  th a t  th e  d e g r e e  o f  c o n f in e m e n t  p la y s  a n  im p o r t
a n t  r o le  ir_ c o n t r o l l in g  th e  fla m e  a c c e le r a t io n . T h is  is  c o n s i s t e n t  w ith  th e  
la b o r a to r y  r e s u lt s  o b ta in e d  b y  C h a n  e t  a l. [44] in  a n  in v e s t ig a t io n  o n  th e  
in f lu e n c e  o f  to p  v e n t in g  o n  fla m e  a c c e le r a t io n  in  a  c h a n n e l  w ith  r e p e a te d  
o b s ta c le s .  T h e y  fo u n d  th a t  th e  m a x im u m  fla m e  sp e e d  o f  350 m /s  w ith  a  c lo s e d  
to p  d e c r e a s e d  to  5 m /s  w h e n  50%  o f  th e  to p  w a s  o p en . A  s im ila r  in f lu e n c e  o f  to p  
v e n t in g  o n  fla m e a c c e le r a t io n  w a s  a ls o  o b s e r v e d  b y  V a n  W in g e r d e n  a n d  
Z e e u w e n  [45] in  th e ir  p ip e -r a c k  o b s ta c le  a r r a y s . T h e s e  r e s u lt s  s h o w  t h a t  th e  
fla m e  a c c e le r a t io n  a n d  th u s  th e  p o s s ib i l i ty  o f  t r a n s i t io n  to  d e to n a t io n  is  
r e d u c e d  s ig n if ic a n t ly  b y  r e m o v in g  c o n f in e m e n t .

T h e  fir s t o b s e r v a t io n s  o f  t r a n s i t io n  to  d e to n a t io n  in  la r g e  p a r t ia l ly  c o n f in e d  
c lo u d s  w e r e  m a d e  b y  P fo r tn e r  e t  a l. [1 ,4 6 ], w h o  u s e d  a  fa n  to  g e n e r a te  tu b u -  
l e n c e  in  a  h y d r o g e n - a ir  c lo u d  c o n t a in e d  in  a n  o p er .-to p  la n e , 3 m x 3 m  in  
c r o s s - s e c t io n  a n d  10 m  lo n g . W ith  n o  o b s ta c le s  o r  tu r b u le n c e  g e n e r a to r s , th e  
m a x im u m  fla m e  sp e e d  w a s  200 m /s ,  w ith  a n  a s s o c ia te d  m a x im u m  p r e s su r e  o f  
2 0 k P a . H o w e v e r , w h e n  a  fa n  (1 .2 5 m  in  d ia m e te r  a t  2 2 5 rp m ) w a s  p la c e d  l m  
fro m  th e  ig n i t io n  en d  to  g e n e r a te  tu r b u le n c e , t r a n s i t io n  to  d e to n a t io n  o c c u r r e d  
a b o u t  2 m  d o w n str e a m  o f  th e  fa n .

T r a n s it io n  to  d e to n a t io n  fo l lo w in g  fla m e  a c c e le r a t io n  in  a  la n e  w ith  r e p e a t 
ed  o b s ta c le s  w a s  o b se r v e d  b y  M o e n  e t  a l. [4, 47]. T h is  p h e n o m e n a  w a s  d e sc r ib e d  
in  th e  I n tr o d u c t io n . T h e  t e s t  s e c t io n  w a s  a  c h a n n e l  1.8 m x  1.8 m  in  c ro ss-  
s e c t io n , 15.5 m  lo n g , c o n f in e d  o n  th r e e  s id e s  w ith  a  p la s t ic  e n v e lo p e  c o v e r in g  
th e  to p . T h e  o b s ta c le  a r r a y s  c o n s is t e d  o f  500  m m  o r  220 m m  d ia m e te r  p ip e s  
m o u n te d  a c r o s s  th e  c h a n n e l  a t  r e g u la r  in te r v a ls  a s  i l lu s tr a t e d  in  F ig . 8. 
E x p e r im e n ts  w e r e  p e r fo rm ed  w ith  a c e ty le n e ,  p r o p a n e  a n d  h y d r o g e n  s u lp h id e  
fu e ls .

T h e  p o te n t ia l  fo r  fla m e  a c c e le r a t io n  a n d  t r a n s i t io n  to  d e to n a t io n  is  c le a r ly  
i l lu s t r a t e d  b y  th e  r e s u lt s  o b ta in e d  in  n e a r  s to ic h io m e tr ic  a c e t y l e n e - a ir  m ix 
tu r e s . F o r  th e s e  m ix tu r e s , th e  fla m e  a c c e le r a t e s  d o w n  th e  c h a n n e l  a n d  r e a c h e s  
sp e e d s  b e tw e e n  250 a n d  400  m /s  p r io r  to  th e  o c c u r r e n c e  o f  lo c a l iz e d  e x p lo s io n s  
w h ic h  tr ig g e r  th e  o n s e t  o f  d e to n a t io n . T h e  fla m e  v e lo c i t y  a n d  p e a k  o v e r p r e s 
s u r e  o b s e r v e d  a s  th e  fla m e  p r o p a g a te s  d o w n  th e  c h a n n e l  a r e  s h o w n  in  F ig . 9. 
W ith  th e  la r g e r  (500  m m ) o b s ta c le s ,  th e  le a d in g  fla m e  fr o n t  r e a c h e s  th e  en d  o f  
th e  c h a n n e l  w ith  a  v e lo c i t y  o f  a b o u t  400 m /s ,  a t  w h ic h  t im e  a n  e x p lo s io n  n e a r  
th e  b o tto m  o f  th e  c h a n n e l  t r ig g e r s  d e to n a t io n  o f  th e  r e m a in in g  u n b u r n e d  
m ix tu r e . A ls o  s h o w n  in  F ig . 9 a re  th e  r e s u lt s  o f  n u m e r ic a l  c a lc u la t io n s  (fo r  th e  
la r g e r  o b s ta c le s )  u s in g  a  k-e tu r b u le n c e  m o d e l, w h ic h  in c o r p o r a te s  tu r b u le n t  
c o m b u s t io n  th r o u g h  a  m ix in g  m o d e l l im ite d  b y  a  s in g le - s t e p  in d u c t io n  t im e  
[4 0 -4 2 ],
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PLASTIC BAG

CHANNEL SIZE: 1.8m x 1.8m IN CROSS-SECTION 
X 15.5 m LONG

■  PRESSURE TRANSDUCERS: SPACING = 1.27 m

—)oBSTACLES DIAMETER = 500 mm 
SPACING(S) = 1.27 m 
HEIGHT(H) = 0.90 m

—  SUPPORT FRAME: DIAMETER = 60 mm

SIDE VIEW OF FLAME ACCELERATION CHANNEL

WITH 500 mm DIAMETER OBSTACLES
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CHANNEL SIZE: 1.8 m x 1.8 m IN CROSS SECTION 
X 15.5 m LONG

I PRESSURE TRANSDUCERS: SPACING = 1.27 m 

©  OBSTACLES 

—  SUPPORT FRAME: DIAMETER = 60 mm

DIAMETER = 220 mm 
SPACING (SI = 0.63 m

SIDE VIEW OF FLAME ACCELERATION CHANNEL 
WITH 220 mm DIAMETER OBSTACLES

Fig. 8. Flame acceleration channel with: 500-mm diameter obstacles; and 220-mm diameter 
obstacles [4, 47],

W ith  th e  s m a lle r  220 m m  o b s ta c le s ,  t r a n s i t io n  to  d e to n a t io n  o c c u r s  a b o u t  
1 1 m  d o w n  th e  c h a n n e l ,  a g a in  d u e  to  a  lo c a l iz e d  e x p lo s io n  a t  g ro u n d  le v e l .  T h e  
fla m e  sp e e d  r e a c h e s  a b o u t  250 m /s  p r io r  to  a  ra p id  a c c e le r a t io n  p h a s e  w h ic h  
s ta r ts  9 m  d o w n  th e  c h a n n e l  a n d  r e s u lt s  in  a  fu ll- f le d g e d  d e to n a t io n  w ith
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Fig. 9. Experimental and numerical results for acetylene air mixtures: (a) flame velocity vs. 
distance: (b) peak overpressure vs. distance [4. 47],

a velocity close to the theoretical value by the end of the channel (see Fig. 9a). 
Prior to the rapid acceleration phase, the peak pressure is less than 2 bar 
(0.2 MPa). The peak pressure quickly increases to a detonation-like pressure of 
about 15 bar (1.5 MPa) at 10.6 m (see Fig. 9b). Selected frames from a high-speed 
film record showing the flame propagation and 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 less dramatic. The flame speeds range 
from about 25m/s up to 200 m/s, with associated pressures typically less than 
5 kPa. The flame speeds observed in propane air mixtures are up to four times 
larger than the maximum flame speed observed in the same mixtures in a similar 
laboratory scale channel (0.9 m long by 0.3 x 0.15 m2) with repeated obstacles [48].

Similar results are reported by Harris and Wickens [7] in a larger open-sided 
rig (3m x 3m in cross-section and 45 m long) with a similar array of obstacles. 
Using an 18 m length of the test section, they obtain maximum flame speeds of 
70m/s in cyclohexane-air, 65m/s in butane-air and 50m/s in natural gas air, 
with associated maximum pressures between 3 and 7 kPa. In ethylene-air. 
flame speeds of over 200 m/s were recorded and maximum pressures were up to 
80kPa. By extending the length of the test section to the full 45 m with 
obstacles throughout, flame speeds of 230 m/s with pressures up to 70kPa were 
recorded in cyclohexane-air. The corresponding values for natural gas-air 
were 80 m/s and lOkPa. These values are somewhat higher than those pre
dicted by scaling the results of Moen et al. [4, 47] using the numerical model of 
Hjertager and co-workers [40, 42], As seen in Fig. 10, the peak explosion 
pressure is predicted to increase with scale, but for a channel scaled up by 
a factor of about 3 in length, the peak pressure in propane-air is predicted to be 
less than 0.1 bar (lOkPa). Yet these pressure levels are observed in a much less 
sensitive mixture of natural gas and air.



178 7.0. MoenjJ. Hazardous Mater. 33(1993) 159-192

SCALE I )

Fig. 10. V a ria tio n  of peak pressure w ith  lin e a r  scale. Scale of one corresponds to
1.8 m x 1.8 m cross-section channe l, 15.5 m long, w ith  500-mm d iam eter obstacles [4],

Nevertheless, the scaling predictions shown in Fig. 10 indicate that 
transition to detonation is unlikely in mixtures such as propane-air in config
urations with similar obstacle densities, ignition source and confinement to 
the experimental configuration used by Moen et al. [4, 47], The fact that flames 
in acetylene-air and hydrogen-air do produce detonations in such partially 
confined environments show that the potential for very damaging explosions 
does exist. However, in order for such explosions to occur in less sensitive 
mixtures, the cloud must be: (i) more highly confined; (ii) ignited by a strong 
ignition source (e.g., strong ignition from a confined explosion); (iii) in 
a denser obstacle environment; or (iv) highly turbulent prior to ignition.

Transition to detonation in propane-air has been observed in highly con
fined vessels, and by strong ignition from a confined explosion. Bjorkhaug and 
Hjertager [6] observed transition to detonation in propane-air in a 10 m 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 [7] 
report transition to detonation in propane-air mixtures in their 45 m-long test 
rig with obstacles when the first 9 m 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

T ran sitio n  to  d e tona tio n  in fu e l-a ir  m ixtures by flame acce le ra tion  in  p a rtia lly  confined 
configurations

% Fuel 
by volum e

d c
(m)

W
(m/s)

C onfiguration v maib
(m/s)

P  c* max
(bar)

R eference

H ydrogen
( H ,) 
24.8%

0.23 14.2 30.5 m x 2.4 m x 1.8 m 
13% Top venting

230 0.65 S herm an et al. [3]

H ydrogen
'(H 2 )
36 & 38%

0.23 21.9
23.2

1 0 m x 3 m x 3 m  
Open-top lane  w ith fan

220
240

1.0 P fö rtner e t al. [1]

A cetvlene
(C2H 2)
7.8%

0.12 12.1 15m x 1.8m x 1.8m 
Open top  lane w ith 
obstacles

435

375
>0.15 M oen et al. [4, 47]

C yclohexane
(C6H 12)
2.3%

3.6 4 5 m x 3 m x 3 m  
Open-sided lane  w ith 
obstacles

600 H arris  and 
W ickens [7]

P ropane
(C2H 8 )
4.0%

0.9 3.7 4 5 m x 3 m x 3 m  
Open-sided lane w ith 
obstacle
(first 9 m of lane  confined)

600 H arris  and 
W ickens [7]

P ropane 
(C3H 8 )

0.9 3.7 10 m rad ia l vessel w ith  
obstacles

500 — B jorkhaug  and 
H je rtag er [6]

4.0%

“L am inar flame speed assum ing velocity  of burned  gas is zero. 
“M axim um  flame speed p rio r to  tran s itio n  to  de tonation . 
c M axim um  overp ressure p rio r to  transitio n .

detonation in natural gas - air was not observed even with a flame speed of 
1000 m/s in the confined region.

The reported observations of transition to detonation in large partially
confined fu el-a ir clouds by flame acceleration are summarized in Table 3. 
Flame speeds just prior to ignition range from about 230m/s in hydrogen-air 
mixtures to between 500 and 600m/s for propane -air and cyelohexane-air 
mixtures.
•5.d I g n i t i o n  o f  a  t u r b u l e n t  p o c k e t

A nother mode of transition to detonation was observed by Moen et al. [4, 47] 
m one of their experiments with acetylene air in t.ie open-top lane with 
repeated obstacles. In this experiment, the turbulent pocket at the end of the 
channel was ignited by a hot wire used to cut the plastic. The phenomena is 
illustrated in Fig. 11 by a sequence of frames from a high-speed film record. The 
turbulent burning :n the end-pocket (Frames a ana b) produces an explosion 
near ground level (Frames c and d) that leads to a detonation prior to the 
arrival of the main flame front.
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el 170.8 ms f) 171.1 ms

Fig. 11. Selected fram es from high-speed film record  show ing explosion and tran s itio n  to  
d e tona tio n  in a tu rb u le n t end-pocket of a c e ty le n e -a ir  p rio r to  th e  a rriv a l of th e  m ain flame 
fron t [4, 47].

The maximum velocity of the main flame front, prior to the onset of deton
ation, was 180 m/s with an associated overpressure of 13.2 kPa. 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. It is the ignition of this pocket which triggers an 
explosion of a sufficiently large volume to cause transition to detonation.

A similar transition to detonation phenomenon in a less sensitive mixture 
(5% C2H2-air), was observed in a jet-ignition experiment [2]. In that experi
ment, a fast flame emerging from a 0.64 m diameter tube produced violent 
turbulent burning in a cloud contained in a 2 m diameter plastic bag. Selected 
frames from a high-speed movie showing flame propagation, explosion, and 
transition to detonation are included in Fig. 12. The trajectories of the flame 
and detonation fronts are plotted in Fig. 13. The first frame in Fig. 12 shows the 
flame just as it emerges from the tube. The next frame shows the flame 2 ms 
later. The flame is highly turbulent and unstable, with a flame tongue running 
ahead at a speed of about 600 m/s near the bottom of the bag. This flame tongue 
reaches the lower corner at the end of the bag about 5.4 ms after the flame 
emerges from the tube. The resulting burning in this corner is seen in Frames 
c and d. In Frame d, a curled up flame vortex can be seen in the corner. The type 
of burning seen in these last two frames incubates for about 1.2 ms, at which 
time a localized explosion occurs in the corner (Frame e). The subsequent 
growth of an explosion bubble into a detonation front propagating backwards 
along the bottom of the bag can be seen in Frames f and g. As seen in Frame h, 
the resulting detonation wave engulfs the remaining unburned gas in the bag.

These two observations show that the gradients in temperature and free 
radicals required for transition to detonation can be established in turbulent 
eddies or pockets. In both cases, the turbulent eddies are produced ahead of the 
main flame front and transition to detonation occurs before the main flame 
front arrives. One of the observations is for a relatively insensitive mixture of 
5% acetylene in air, with a critical tube diameter of 0.6 m and a minimum 
detonation initiation energy of about 20 g of tetryl high-explosive. Both hydro
gen and ethylene can produce fuel-air clouds which are more sensitive to 
detonation, and there is no reason to exclude similar transition to detonation 
in less sensitive mixtures provided the turbulent pocket is large enough.
5.4 Jet ignition

The first demonstration that the conditions for onset of detonation can be 
achieved by turbulent mixing between hot combustion products and unburned 
mixture was made by Knystautas et al. [10]. In their experiment a turbulent jet 
of combustion products was injected into a cloud of explosive mixture. A se
quence of schlieren photographs illustrating the transition to detonation in 
the flame jet is shown in Fig. 14. The turbulent structure of the hot jet of 
combustion products is clearly evident in the first four frames (10-95 ps). At 
114 ps, a detonation “bubble” resulting from an exploding eddy somewhere 
within the turbulent mixing region can be seen. This bubble expands and 
eventually sweeps the entire surface of the turbulent region to form a 
detonation.

The jet initiation experiments of Knystautas et al. were performed with an 
initial flame jet diameter of 40mm, and various turbulence inducing obstacles
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a) 0.4 ms e) 6.6 ms

b) 2.4 ms f)  7.0 ms

c ) 5.4 ms g } 7.2 ms

DETONATION
FRONT

d) 5. / ms 8.1 ms
Fig. 12. Flame propagation and transition to detonation in a 2m diameter plastic bag with ignition by a flame jet emerging from a 0.64m diameter tube (5% v/v. CFH.-air) [2],
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DISTANCE (ml

Fig. 13. T ra jecto rie s  of th e  flame and d e tona tio n  fronts in 5% C; H 2-a ir  m ix tu re ign ited  by 
a  flame je t  [2].

in the orifice plate connecting the flame chamber and the larger detonation 
chamber. Detonation was obtained in equimolar acetylene-oxygen at an ini
tial pressure of 150 torr. The critical tube diameter for this mixture at this 
pressure is about 5 mm. The smallest critical tube diameter of fuel-air mixtures 
is about 80 mm for rich acetylene-air. Based on linear scaling with the critical 
tube diameter, a minimum jet diameter of about 0.6 m would therefore be 
required in order to begin observing similar jet initiation phenomena in 
fuel-air mixtures.

In an investigation of flame-jet ignition in acetylene-air clouds, Moen et al.
[5] confirmed that transition also occurs in fuel-air flame jets provided the 
scale is large enough. The first series of experiments were performed at a large- 
scale, fuel-air facility at Raufoss, Norway. The experimental configuration 
consisted of a 0.66 m diameter steel tube, 11m long, connected to a large plastic 
bag 2 m in diameter (see Fig. 15). Experiments were performed with the end of 
the tube connected to the plastic bag completely open, partially blocked by 
circular discs with diameters 0.55 m and 0.36 m, and with an orifice plate (50 mm 
holes, open area ratio 0.25).

An example of transition to detonation in a flame jet from an open tube is 
shown in Fig. 16. In this case, the flame accelerates down the tube producing 
a flame jet with an exit velocity of almost 600 m/s. The intense turbulent 
burning in the jet can be clearly seen in the first two frames (0.33 and 1.33 ms). 
The intensity of the burning appears to increase in the next frame (2.33 ms). At
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Fig.
 14.
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PLASTIC BAG

f

o
OPEN TUBE CENTRAL ORIFICE 3LATE

BLOCKAGE

Fig. 15. Sketch  of experim en tal co nfiguration  for investig a tion  of flame je t ign itio n  of 
a c e ty le n e -a ir  clouds [5].

2.67 ms, a localized explosion near the tube exit leads to the onset of deto
nation. This detonation then propagates through the remaining unburned 
mixture in the bag.

The second series of jet ignition experiment were performed at the Defence 
Research Establishment (DRES) Fuel-Air Explosive facility [49], The experi
mental configuration that was filled with explosive gas is shown in Fig. 17. It 
consisted of a 7.8 m long tube, 0.9 m in diameter, with a 1.8 m (or 2.4 m) diameter 
plastic bag, 8 m in length, attached to the open end of the tube. The end of the 
tube attached to the plastic bag was either unobstructed or partially blocked 
by a central circular disc 0.43 m or 0.58 m in diameter. Various arrays of 
obstacles were used to accelerate the flame which was ignited by a spark at the 
closed end of the tube. The test fuels were acetylene, ethylene, propane and 
vinyl chloride monomer.

Transition 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
city, Vj, versus mixture sensitivity expressed in the form dJD , where dc is the 
critical tube diameter of the mixture and D is the tube diameter, is shown in 
Fig. 18. The data indicate that a minimum velocity of about 600 m/s is required 
for initiation in the most sensitive fuel-air mixtures (dc/Z)~ 0.1). This min
imum Vj increases as the mixture sensitivity decreases. At dc/D ~  0.5, for 
example, the minimum flame jet velocity is about 700m/s.

Some of mechanisms which can trigger transition to detonation 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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0.33 ms 2.67 ms

1.33 ms 3 ms

2 33 ms 4.33 ms

Fig. 16. Sequence from high-speed film show ing tran s itio n  to  de to n atio n  in the  flame je t 
(7.9% C2H 2) from an open 0.66-m d iam eter tube, 11 m long [5].

With etylene-, propane- or vinyl chloride-air mixtures, the critical condi
tions for transition were not realized in the outside cloud. The flame-jet 
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 observed in ethylene-air mixtures producing overpressures in excess of
0.5 MPa in the outside cloud, significantly larger than the maximum pressure 
in the tube.

In summary, the results of these large scale jet ignition tests confirm that the 
phenomena of transition to detonation in fuel-air mixtures are identical to 
those in fuel-oxygen mixtures, but on a much larger scale due to the less
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Fig. 17. T he experim en tal ap p ara tu s  used in  flame-jet in itia tio n  s tud ies [49],

Fig. 18. P lo t of in itia l flame je t ve locity  ag a in s t the  sensitiv ity  of the  m ix tu re  to  de tonatio n . 
(Tube d iam eter D  =  0.66 m from Ref. [5]; D  = 0.9 m from Ref. [49]; and 0.82 m x 0.82 m orifice 
from Ref. [50].)

sensitive nature of the fuel-air mixtures. These results were obtained with 
acetylene fuel, but there is no reason to exclude similar phenomena in other 
fuel-air mixtures provided the scale is sufficiently large. With an initial flame 
jet velocity of 600m/'s, for example, a critical tube to flame jet diameter (d J D )
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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, 9.0 m and 40m for hydrogen-, 
ethylene-, propane- and methane-air mixtures, respectively. These scale re
quirements could be reduced significantly by increasing the flame jet velocity. 
According to Fig. 18, an increase to 700 m/s, could decrease the minimum flame 
diameters by a factor of five.

6. C onclusions
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 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 assessing the potential for DDT. Weak ignition of vapour 
clouds in an unconfined, relatively unobstructed environment is unlikely to 
result in DDT, even for relatively sensitive fuel-air mixtures. On the other 
hand, DDT can be considered likely in highly confined clouds, particularly if 
there are obstacles present to accelerate the flame. Explosions in confined 
spaces can also serve as strong ignition sources for external clouds, greatly 
enhancing the potential for DDT. In partially confined regions, more typical of 
chemical plants, the potential for DDT is less than in the heavily confined 
regions, and depends critically on the degree of confinement, the obstacle 
configuration, the ignition source, the initial turbulence and the fuel-air 
mixture. Any configuration which can produce large turbulent burning 
pockets or eddies is susceptible to localized explosions which can trigger 
transition to detonation.

At the present time, it is not possible to predict whether transition can occur 
in a given spill scenario, but considerable progress has been made towards 
quantifying both the flame acceleration processes and the relative detonability 
of fuel-air mixtures. The qualitative ‘picture’ of the transition phenomena 
presented by Lee and Moen [11] in 1980 remains essentially unchanged. New 
data which lend further support to this ‘picture’ have been described. Of 
particular relevance are the observations of DDT in large scale experiments. 
These observations confirm that the essential requirement for transition is 
a high rate of energy release associated with rapid burning or explosion of 
a sufficiently large volume. The minimum volume required depends on the 
sensitivity of the mixture to detonation. This sensitivity can be characterized 
by the detonation length scales (i.e., the detonation cell size and the critical 
tube diameter). Typically, the detonation length scales for fuel-air mixtures 
are at least an order of magnitude larger than those for fuel-oxygen, so that 
large scale experiments were required to clarify the potential for DDT in 
fuel-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; (ii) ignition of a turbulent pocket; and (iii) jet ignition. Better control
led and diagnosed experiments supported by numerical calculations are 
required to quantify the mechanisms responsible for DDT. Such investigations 
are particularly important for clarifying the potential for DDT in less sensitive 
fuel-air mixtures such as methane-air. Since, the scale of the experiments 
required to confirm this potential becomes prohibitively large (e.g., 10-40 m 
diameter flame jets for methane-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.
c  Canadian Crown 1993
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planning guidelines
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Abstract
In 1988, th e  E m ergency R esponse P lan n in g  G uideline C om m ittee w as form ed to  review  

a  series of docum ents sum m arizing chem ical tox ic ity  w hich had  been developed by a  com 
bined in te rin d u s try  effort. T his Com m ittee, is a  p a rt  of th e  A m erican In d u s tria l H ygiene 
A ssocia tion  and is com posed of rep resen ta tives  from academ ia, governm ent an d  indu stry , 
w ith  backgrounds in  in d u str ia l hygiene, m edicine and toxicology. Since its  founding, the  
Com m ittee mas pub lished  35 review  docum ents co n ta in in g  recom m endations for em ergency 
exposure p lann ing  levels. C urren tly , th e  C om m ittee is w ork ing on an o th e r 25. M ost of the  
chem icals selected  for th is  process a re  on the  SARA T itle  III E xtrem ely H azardous Sub
stan ce  L ist or th e  OSHA H ighly  H azardous C hem ical List.

1. Introduction
The tragic accidental release of methylisocyanate m Bhopal, India under

scored the need for the chemical industry to pool its resources and work with 
local and national authorities in the development of emergency response plans 
[1-3]. These activities have been occurring at many levels around the world. In 
Europe for example, the European Chemical Industry Ecology and Toxicology 
Centre (ECETOC) has formed a task force which has produced a guide for 
reviewing chemicals and estimating the hazard associated with an accidental 
release [4E

In the U.S., under SARA Title III and similar regulations, local communities 
are required to set up emergency response plans in locations where potential 
hazards exist such as nuclear power plants or chemical manufacturing opera
tions [5]. These plans frequently include utilization of emergency response 
teams which may include fire fighters, first aid professionals, and police. 
Representatives from industry and members of the community are working 
together to develop emergency response plans. Where chemicals are involved,
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it is important 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 to 
have an idea of the area that could be 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 emergency response teams can make 
estimates of dispersion in the event of a catastrophic release and make appro
priate plans for evacuation of the local community, if necessary. In addition, 
the teams need to know how to monitor for these chemicals in the air; what 
type of protective equipment is required; what is appropriate breathing protec
tion; when to administer first aid; what constitutes an effective first aid 
treatment; and if there is an effective way to disperse the cloud or neutralize 
the chemical.

Much of this information should be well known to the plant safety personnel, 
especially current information on protective equipment, monitoring, respi
rator selection, and containment practices. Information on air-flow modeling 
must be developed locally. Information on the toxicity of the chemical and 
treatments for exposure should be obtained from expert sources.

There are many references and guides which offer recommendations for 
maximum permissible exposure levels for a variety of chemicals. For work
place standards, one can refer to the OSHA-Permissible Exposure Levels 
(PELs) [8], the American Conference of Governmental Industrial Hygiene’s 
Documentation for the Threshold Limit Values (TLVs) [9]; the American 
Industrial Hygiene Association’s (AIHA) Workplace Environmental Exposure 
Level Guides [10] or the NIOSH Recommended Exposure Levels [11]. None of 
these, however, are designed for emergency 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 exposure scenarios such as 8 to 10 hours 
per day, 5 to 6 days per week for several years. In contrast, the emergency 
exposure should, by definition, be a rare event of short duration, possibly at 
a high or unknown concentration, but one which could involve a heteroge
neous population.

Currently, there are two reference sources available for emergency expo
sures. The first was developed by the National Research Council (NRC) for use 
by the military. These are called Emergency Exposure Guidance Levels or 
EEGLs [12]. While these can be very helpful, they have been developed for 
a population of healthy young adults and are not applicable to the general 
public. They provide a single value which is the estimate for the highest 
exposure which will not interfere with one’s ability to perform specific tasks. 
While Short Term Emergency Guidance Levels (SPEGLs) have also been 
developed by the NRC to address exposures to civilians living in and near 
military installations, these cover only a few chemicals.

The second series of publications deal with the toxicity associated with 
potential exposures to acutely toxic chemicals [13], that is, possible community 
exposure resulting from the accidental release of a chemical. These series of
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documents are called Emergency Response Planning Guides (ERPGs) and are 
published by the American Industrial Hygiene Association’s Emergency 
Response Planning Committee. The development of these decuments will be 
described in the balance of the paper.
1.1 History

Following Bhopal, the chemical industry increased its efforts to develop 
comprehensive 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 question.

Many companies already had toxicology information on their major prod
ucts and most had developed contingency plans to address accidents. While 
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 available in the published literature. In this way, companies 
could pool their information and scientific expertise to develop a comprehens
ive understanding of the chemicals in question. This forum was provided 
in 1987 through the Organization Resources Counselors (ORC) [14]. Working 
through the ORC, member companies sent scientific representatives to form 
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, number of companies using the 
substance, whether it appeared to be a highly toxic substance, and the physical 
properties of the chemical (i.e. gas or volatile liquid which could lead to 
widespread distribution, or a solid with limited potential for dispersion). 
In addition, the chemicals listed on the Hazardous Substance List from 
SARA Title III were considered. Recently, consideration has been extended to 
include those chemicals on the new OSHA list of Highly Hazardous Chemicals 
[15].Member companies were then asked to write review documents, modeled 
after the AIHA’s WEEL guides and NRC EEGLs, on compounds for which they 
had extensive knowledge. They also included recommendations for emergency 
exposure limits. These documents were then reviewed by the full ORC Commit
tee for completeness, accuracy and quality.

As the process evolved, it was recognized that there would be a significant 
advantage to having these documents peer reviewed by an interdisciplinary 
group of occupational health professionals. To this end, the members of the 
ORC committee worked with the American Industrial Hygiene Association 
(AIHA) to create a review committee. The AIHA has members from academia, 
government and industry and broadly represents the area of occupational 
health. This led to the formation of the AIHA’s Emergency Response Planning 
Committee in 1988, as an Ad Hoc Committee within the Workplace Environ
mental Exposure Level (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 industry. While some members may write Emergency Response Planning 
documents for their institutions, the Committee is a Review Committee. Its 
function is to take documents written by others, review them, edit them, and 
make recommendations for emergency exposure planning levels based on the 
available toxicology information. The guidelines by which the Committee 
functions are described in the preface document reproduced below.

PREFACE TO EMERGENCY RESPONSE PLANNING GUIDELINES
T he em ergency  R esponse P la n n in g  G uideline 

(ER PG) v a lu es  a re  in ten d ed  to  p rovide e s ti
m ates of co n ce n tra tio n  ran g es  above w hich  one 
could  reaso n ab ly  a n tic ip a te  observ in g  adverse 
effects as described  in th e  d efin itions for ERPG- 
1, ERPG-2, and  ERPG-3 as a co n sequence of 
exposure to  th e  specific sub stan ce .

T he ERPG-1 is th e  m axim um  a irb o rn e  con
ce n tra tio n  below  w hich  it  is believed th a t  
n ea rly  all in d iv idu a ls  cou ld  be exposed for up 
to  1 h r  w ith o u t ex p erien cing  o th e r th a n  m ild 
tr a n s ie n t ad v erse  h e a lth  effects o r p erceiv ing  
a  c lea rly  defined o b jec tio n ab le  odor.
T he ERPG-2 is th e  m axim um  a irb o rn e  con
c e n tra tio n  below  w hich  it  is believed th a t  
n ea rly  all in d iv id u a ls  cou ld  be exposed fo r up 
to 1 h r  w ith o u t ex p erien cing  o r develop ing  
irrev e rs ib le  o r o th e r serio u s  h e a lth  effects o r 
sym ptom s th a t  cou ld  im p air th e ir  ab ilitie s  to  
ta k e  p ro tec tiv e  ac tion .
T he ERPG-3 is th e  m axim um  a irb o rn e  con
c e n tra tio n  below  w hich  i t  is believed th a t  
n ea rly  a ll in d iv idu a ls  cou ld  be exposed fo r up 
to  1 h r  w ith o u t ex p erien cing  o r develop ing  
life -th re a te n in g  h e a lth  effects.
T he com m ittee  recognizes (and  all w ho m ake 

use o f th ese  v a lu es  should  rem em ber) th a t  h u 
m an  responses do n o t o ccu r a t  p rec ise  exposure 
levels b u t can  ex tend  over a w ide ra n g e  o f con
c e n tra tio n s . T he v a lu es  derived  fo r ER PG s 
should  n o t be expected  to  p ro tec t ev eryone b u t 
should  be ap p licab le  to  m ost in d iv id u a ls  in  th e  
g en era l p op u la tio n . In  a ll p o p u la tio n s  th e re  are  
h y p erse n s itiv e  in d iv id u a ls  w ho w ill show  
ad v erse  responses a t  exposure co n ce n tra tio n s  
fa r below  levels w here m ost in d iv idu a ls  w ould  
n o rm ally  respond . F u rth erm o re , s ince th ese  
v a lu es  h av e  been derived  as p lan n in g  and

em ergency  response g u ide lines , not as exposure 
g u ide lines, th ey  do n o t c o n ta in  th e  safe ty  
fac to rs  n o rm ally  in co rp o ra ted  in to  exposure 
guide lines. In stead , th ey  a re  es tim ates, by th e  
com m ittee , of th e  th re sh o ld s  above w hich  th e re  
w ould  be an  u n a cc ep tab le  like lih o od  o f o bserv 
ing th e  defined effects. T he es tim ate s  a re  based 
on th e  av a ilab le  d a ta  sum m arized  in  th e  d ocu
m en ta tio n . In som e cases w here th e  d a ta  a re  
lim ited, th e  u n c e rta in ty  o f th ese  es tim ate s  is 
la rge. U sers of th e  ER PG  valu es  a re  s tro n g ly  
en cou raged  to  review  care fu lly  th e  d o cu m en ta 
tion  before ap p ly in g  th ese  values.

In develop ing  th ese  ERPG s, h um an  ex p eri
ence h as  been  em phasized to  th e  ex te n t d a ta  a re  
av a ilab le . S ince th is  type of in fo rm a tio n  is 
ra re ly  av a ilab le , how ever, and, w hen  av a ilab le , 
u su a lly  is only  for low level exposures, an im al 
exposure d a ta  m ost freq uen tly  form  th e  basis 
for th ese  values . T he m ost p e r tin e n t in fo rm a
tion  is derived  from  ac u te  in h a la tio n  to x ic ity  
s tu d ie s  th a t  h av e  included  c lin ica l o b serv a
tion s  and  h istop atho lo g y . T he focus is on th e  
h ig h e s t levels n o t show ing  th e  effects described  
by th e  defin itio n s o f th e  E R PG  levels. N ext, 
d a ta  from  re p e a t in h a la tio n  exposure s tud ies  
w ith  c lin ic a l o b serv a tio n s  and  h is to p a th o lo g y  
a re  considered . F o llow ing  th ese  in  im p o rtance  
a re  th e  basic, ty p ica lly  acu te , s tu d ie s  w here 
m o rta lity  is th e  m ajo r focus. W hen in h a la tio n  
to x ic ity  d a ta  are  e ith e r u n a v a ila b le  o r lim ited, 
d a ta  from  s tu d ie s  inv o lv in g  o th e r ro u te s  o f ex
p osure w ill be considered . M ore v a lu e  is g iven  
to th e  m ore rigo rously  co nducted  s tud ies, and 
d a ta  from  short-te rm  s tud ies  a re  considered  to  be 
m ore useful in  es tim ating  possible effects from 
a sing le 1-hr exposure. F inally , if  m echan istic  o r 
dose-response d a ta  a re  available , th ey  are  
applied, on a case by case basis, as appropriate .
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I t is recognized th a t  th e re  is a  ra n g e  o f tim es 
th a t  one m igh t consider fo r these guidelines; 
how ever, it  was th e  com m ittee’s decision  to 
focus its  efforts on only one tim e period, 
T his decision  w as based on th e  av a ilab ility  of 
tox icology in fo rm ation  and  a  reason ab le  e s ti
m ate  for a n  exposure scenario . Some u sing  th ese 
guide line levels will p refer o ther, u su ally  sh o r
ter, exposure periods and  w ill seek w ays of ex 
trap o la tin g  ERPG s for o th e r exposure d u ra 
tions. The usu al m ethod for such  ex trap o la tio n  
is to  use  th e  H ab er re la tio nsh ip , expressing 
th e  co n stancy  o f th e  p ro du ct o f exposure concen
tra tio n  an d  exposure d u ra tio n  (C t = K ). 
H ow ever, u sers  a re  cau tio ned  a g a in s t such  ex
trap o la tio n . The H aber re la tio nsh ip , w ith  or 
w ith o u t som e o f th e  proposed m odifications,

does n o t hold  over m ore th a n  sm all d ifferences 
in exposure time.

U se o f th ese  ER PG  values fo r exposure pe
riods sh o rte r th a n  1 h o u r should  be safe; use for 
longer periods is not. E x trap o la tio n  to  h ig he r 
gu idance  levels for sh o rte r  exposure periods 
should  n o t be attem pted  by use of th e  H aber 
re la tio n sh ip  o r m odifications th e reo f w ith o u t 
specific v a lid a tin g  data . T his cau tio n  ab o u t ex
trap o la tio n s  applies to  exposures to  m ost toxic 
sub stan ces th a t  a re  dose-lim iting substances, 
b u t n o t genera lly  to  sensory  ir r i ta n ts  th a t  a re  
concen tra tio n -lim itin g  substances. W ith  some of 
th ese la t te r  substances, exposure should  be lim
ited  to  a  given co n ce n tra tio n  regard less  o f th e  
exposure tim e because of th e  sensory  response 
produced.

Initially, the Committee was exclusively reviewing documents prepared 
by the ORC member companies. However, from the outset, it was felt that 
the Committee should consider documents from all reliable sources. The deci
sion to review a document would be based on: (1) The need for a document on 
the substance in question; these criteria are similar zo those used by ORC.
(2) The existence of adequate toxicology information to develop exposure guide
lines. (3) The quality of the document submitted for review. The Committee has 
also taken a practical, advocacy role. It has reviewed both the SARA Title III 
and OSHA Highly Hazardous Chemical lists and is encouraging members of the 
ORC and the Chemical Manufacturers Association as well as other organiza
tions to draft documents on the most important chemicals on these lists.

Additionally, the Committee is working with the Department of Energy, 
reviewing Emergency Response Planning Guides developed by DOE on sub
stances of concern to them. The Committee has also reviewed documents 
written by some of its members, but in those cases the author does not serve in 
any direct review capacity.

The scope of the Committee was described in “Concepts and Procedures for 
the Development of Emergency Response Planning Guidelines”, published by 
the AIHA in December, 1989 [16]. The exposure parameters to be included in 
the development of these guides were considered at great length. Two key 
questions were: (1) the number of time intervals, and (2) criteria for and 
number of exposure levels. There were good arguments for considering both 
short and long time intervals. The Committee recognized that, while no one 
time interval would accommodate all needs, nor would two or three. Therefore, 
it is decided to consider a single one-hour exposure interval. As most acute 
inhalation toxicity studies utilize exposure periods of from one to four or six 
hours and most accidental exposures are for periods of less than one hour, the 
one-hour 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 three. These have been defined in our preface, and correspond 
to the threshold for recognition of adverse exposure (ERPG-1); the threshold 
for possible toxic action resulting 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 during the review 
process, emphasis is on those endpoints that can be associated with single short 
term exposures. Thus, acute toxicity and lethality data, which rarely are critical 
in the risk assessment process, 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. R e v i e w  p r o c e s s

The procedure followed during the reviewing process is outlined in Fig. 1. 
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 Committee review. Additionally, suggestions may be made by either the 
author or one of the reviewers for ERPG levels.

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 vapors from highly volatile liquids represent the 
greatest exposure potential. Some substances can form fumes which can also 
travel large distances, while other fumes quickly coalesce and settle out.

Next, the acute toxicity data are considered. Of greatest importance is any 
information on inhalation toxicity. Using this information, the Committee at
tempts to estimate the one-hour lethal threshold and slope of the dose response 
curve. Data from all species and time intervals are considered and compared for 
consistency. The greater the consistency, the greater the confidence one has in the 
data. Naturally, more recent studies and those with good analytical data are 
considered first. Unless there is something 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 longer time 
periods than covered by ERPGs, therefore, their primary use is in the identi
fication of possible target organs. This provides better insight on the possible 
effects that could result from exposure to the chemical. These data can also 
provide the physician with help in determining treatment. This information is 
compared to any information on systemic toxicity in the acute studies to see if 
the target organs are the same.
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F ig . 1. E m e rg e n c y  re sp o n s e  p la n n in g  g u id e lin e  re v ie w  p ro cess .

Next, any information on reproductive or developmental toxicity and possible 
teratogenicity is considered. Because birth defects may arise from a relatively 
short term exposure to high levels of a chemical, these findings are of great 
concern and the studies are used in determining the ERPG-2 level. Other 
information on reproductive or developmental toxicity is considered more 
generally, along with the subchronic data. If, however, one noted signs of 
severe embryo toxicity or lethality, it would be considered carefully in the 
development of estimates of exposure levels for both ERPG-2 and ERPG-3 levels.

Mutagenicity data is generally used only to enhance understanding of the 
chronic data when it is available. If there are no chronic data, a high, reproduc
ible level of mutagenic activity would be taken as a caution sign. Chronic data 
again serve primarily to help identify target organs, and to a lesser degree, to 
look for cumulative effects. Compounds that show carcinogenic activity are



200 G.M. RuschiJ. Hazardous Mater. 33 (1993) 193 202
T A B L E  1

C u r re n t ly  a p p ro v e d  E R P G s (1992)

C h e m ic a l ER PG -1 E R PG -2 E R PG -3

A c ro le in 0.1 ppm 0.5 ppm 3 ppm
A c ry lic  ac id 2 ppm 50 ppm 750 ppm
A lly l c h lo r id e 3 ppm 40 ppm 300 ppm
A m m o n ia 25 ppm 200 ppm 1000 ppm
B ro m in e 0.2 ppm 1 ppm 5 ppm
1 .3 -B u tad ie n e 10 ppm 50 ppm 5000 ppm
C a rb o n  d isu lf id e 1 ppm 50 ppm 500 ppm
C h lo r in e 1 ppm 3 ppm 20 ppm
C h lo ro a c e ty l c h lo r id e 0.1 ppm 1 ppm 10 ppm
C h lo ro p ic r in N A a 0.2 ppm 3 ppm
C h lo ro s u lfo n ic  ac id 2 m g /m 3 10 m g /m 3 30 m g /m 3
C h lo ro tr if lu o ro e th v le n e 20 ppm 100 ppm 300 ppm
C ro to n a ld e h y d e 2 ppm 10 ppm 50 ppm
D ik e te n e 1 ppm 5 ppm 50 ppm
D im e th y la m in e 1 ppm 100 ppm 500 ppm
E p ic h lo ro h y d r in 2 ppm 20 ppm 100 ppm
F o rm a ld e h y d e 1 ppm 10 ppm 25 ppm
H e x a c h lo ro b u ta d ie n e 3 ppm 10 ppm 30 ppm
H y d ro g e n  c h lo r id e 3 ppm 20 ppm 100 ppm
H y d ro g e n  flu o rid e 5 ppm 20 ppm 50 ppm
H y d ro g e n  su lfid e 0.1 ppm 30 ppm 100 ppm
Is o b u ty ro n i tr i le 10 ppm 50 ppm 200 ppm
M e th y l io d id e 25 ppm 50 ppm 125 ppm
M e th y l m e rc a p ta n 0.005 ppm 25 ppm 100 ppm
M o n o m e th y la m in e 10 ppm 100 ppm 500 ppm
P e rf lu o ro iso b u ty le n e N A 0.1 ppm 0.3 ppm
P h e n o l 10 ppm 50 ppm 200 ppm
P h o s g e n e N A 0.2 ppm 1 ppm
P h o s p h o ru s  p e n to x id e 5 m g /m J 25 m g /m 3 100 m g /m 3
S u lfu r  d io x id e 0.3 ppm 3 ppm 15 ppm
S u lfu r ic  ac id  (o leum , s u lfu r  

tr io x id e , a n d  s u lfu r ic  ac id )
2 m g /m J 10 m g /m 3 30 m g /m 3

T e tra f lu o ro e th y le n e 200 ppm 1000 ppm 10 000 ppm
T ita n iu m  te t r a c h lo r id e 5 m g /m 3 20 m g /m 3 100 m g /m 3
T r im e th y la m in e 0.1 ppm 100 ppm 500 ppm
V in y l a c e ta te 5 ppm 75 ppm 500 ppm

:'N A  =  n o t  a p p ro p r ia te .

evaluated using the multistage linear model at a risk level of one in ten 
thousand. Since the actual exposure period is so short, one hour in a lifetime, 
carcinogenicity is rarely a significant factor.

Any human experiences are also considered. 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 odor threshold or irrita
tion thresholds can be very helpful in estimating the ERPG-1 level.

Although occupational exposure limits are generally developed for exposures 
of eight hours or more per day, and for extended periods of time, the basis for 
these is reviewed very carefully. Frequently, they, along with information on 
human exposure experiences, are very helpful in determining ERPG-1 levels.

As the review process is going on, the Committee considers all the data in 
light of the definitions for ERPG-1, -2 and -3. Each value is independently 
considered, and is based on the data most suitable for that level. For example, 
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 deriving 
one ERPG value from the others, considering the definitions associated with 
each category the slope of the dose response 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 

guides for 35 chemicals and is currently working on another 25. Table 1 lists 
the chemicals for which ERPGs have been developed and the corresponding 
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. If the recommendations were too high, people could be injured. Also, 
if the levels were set too low, the consequence could be unnecessary fear and 
concern or even large scale, unnecessary disruption associated with an evacu
ation. By providing this information and making it available to local communi
ties, they can make better informed decisions in the event of an emergency.

ERPGs are not designed as exposure guides, but as planning guides. The 
exposure limits together with the supporting information are intended to be 
one part of a package used by emergency response teams.

T A B L E  2

E R P G s c u r r e n t ly  u n d e r re v iew

A c r y lo n itr i le
A rs in e
B en zy l c h lo r id e  
C a rb o n  m o n o x id e  
C a rb o n  te t r a c h lo r id e  
C h lo r in e  tr if lu o r id e

D im e th y ld isu lf id e  
D im e th y lfo rm a m id e  
D im e th y lsu lf id e  
E th y le n e  o x id e  
H e x a f lu o ro a e e to n e  
H y d ro g e n  c y a n id e

M e th a n o l
M e th y lb ro m id e
M e th y lc h lo r id e
M e th y lis o c y a n a te
n -B u ty la c ry la te
N it r ic  ac id

N itro g e n  d io x id e
P e rc h lo ro e th y le n e
P h o s p h e n e
S ty re n e
T o lu e n e
T r ic h lo ro e th y le n e  
U ra n iu m  h e x a f lu o r id e
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Reactive monomer tank—A thermal stability analysis
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a B e c h te l  C o r p o r a tio n , H o u s to n , T X  7 7 252  ( U S A )
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Abstract
C h e m ic a l p ro d u c t io n  p ro c e sse s  s h o u ld  a lw a y s  b e  ex a m in e d  to  id e n tify  a n d . w h e n  n ee d e d , 

m o d ified  to  p re v e n t  ru n a w a y  r e a c tio n s . A  th e r m a l  s ta b i l i ty  a n a ly s is  w as  th e re fo re  c o n d u c te d  
o n  a n  e x is tin g  p ro c e ss  fo r p ro d u c in g  a  re a c t iv e  m o n o m er. T h e rm a l d e c o m p o s it io n  k in e t ic s  
w e re  d ev e lo p e d  from  A c c e le ra t in g  R a te  C a lo r im e te r  (A R C ) d a ta . D u e  to  a  lo w  S e lf-A c c e le ra t
in g  D e c o m p o s itio n  T e m p e ra tu re  a n d  s h o r t  T im e  to  M a x im u m  R a te , th e  p re v e n tio n  o f 
a  ru n a w a y  re a c t io n  d u e  to  a  p ro c e ss  u p s e t w as  fo u n d  to  be m o re  im p o r ta n t  th a n  p ro v id in g  th e  
n o rm a l fire  e x p o s u re  p ro te c tiv e  in s u la t io n . R u n a w a y  r e a c t io n  c o m p u te r  s im u la t io n s  d e m o n 
s t r a te d  t h a t  a n  u n in s u la te d  v esse l w o u ld  h a v e  a  lo w e r r is k  o f  v e n tin g  to x ic  a n d  f lam m ab le  
m a te r ia l s  th a n  a n  in s u la te d  v esse l. L e sso n s  le a rn e d  from  th is  a n a ly s is  w ill b e  d isc u ssed .

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 
M. The byproduct acid gas G is scrubbed and excess alcohol is refluxed 
to the kettle. Upon completion of the batch, the contents of the kettle are 
neutralized.

Excess alcohol is stripped from the kettle, condensed and collected in 
a lights receiver. The alcohol, however, forms an azeotrope with the product 
and also reacts with the product to form another bifunctional monomer T and 
a flammable gas H. The lights, which are a reactive mixture of the primary 
alcohol and the monomer, are transferred to a portable dumpster for inciner
ation. The remaining product is transferred to intermediate storage. All 
process equipment is vented to prevent the build-up of non-condensible gas 
pressure at production conditions. Emergency relief was also to be provided 
for all process equipment to prevent overpressure due to a runaway reaction. 
Figure 1 is a schematic of the process.

C o r r e s p o n d e n c e  to: D r. T. C h a k ra v a r ty ,  B e c h te l C o rp o ra tio n , H c u s to n , TX 77252 (U SA ).
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Water

To Intermediate Storage
F ig . 1. P ro c e ss  flow  s k e tc h .

2. Process hazards
The product M is a flammable, toxic material of moderate volatility (NBPT 

85 °C). A rapid, exothermic, uncatalyzed reaction between the alcohol and the 
product occurs at around 55°C. A highly flammable, non-condensible gas 
H and a heavy product T are produced. The operating conditions are such that 
a process upset is more likely than fire exposure to induce a runaway reaction 
in the lights receiver. 3

3. Objective
Emergency relief was to be designed [1] for the lights receiver based upon 

a model of the thermal runaway reaction of the product with the primary 
alcohol. Our investigation into the safety of the process led us to conclude that 
various reactive mixtures in the lights receiver could undergo a runaway 
reaction at abnormally high process or ambient temperatures. Our goal was to 
reduce the risk of venting toxic 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 strategy could 
be developed [1],

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 lights receiver. Development of the kinetic model and the 
thermal stability criteria for these reactive mixtures are discussed below.

To develop a 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 
degrees C/min and pressure of a few thousand psig can be generated in an 
industrial vessel.

A second order kinetic model for the thermal runaway reaction was de
veloped using the ARC data. The rate of the uncatalyzed reaction was assumed 
to be first order with respect to the concentrations of alcohol and monomer, 
respectively.
Reaction Rate (lb mol/ft3h) = kC ACM (1)
where k is the specific rate constant (ft3/lb mol h), CA is "he alcohol concentra
tion (lb mol/ft3), and CM is the monomer concentration (lb mol/ft3).

Arrhenius kinetic 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 
property models were then checked by simulation of the ARC data using the 
UCC&P Runaway Reaction Emergency Relief Sizing Program. This digital 
simulation computer program uses numerical integration to solve the mass and 
heat balance differential equations, kinetic models and physical property 
relationships required to model plant production processes and provide solu
tions to the equations required to size emergency relief systems. The DIERS 
s a f i r e  computer program [5, 6] has similar capabilities.

Figures 2, 3 and 4 compare the predictions of the heat rate, temperature and 
pressure, respectively, with the raw data. Our computer simulation agrees well

T A B L E  1

S u m m a ry  o f  k in e tic  p a ra m e te rs  fo r th e  r e a c t io n  A  +  M -> T  +  H

/  f t 3 \A ------------ E  (c a l/m o l) A H  (B tu /lb  m ol)
\  lb  m o l h  )

1 .8 9 x 1 0 14 23630 31770
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HEAT RATE (t/MIN)

TEMPERATURE (C)

F ig . 2. E x p e r im e n ta l d a ta  vs. s im u la t io n  s to ic h io m e tr ic  A +  M -> T  +  H (g ) (P H I =  1.7).

with the experimental data and accounts for the variable thermal inertia (heat 
capacity effect) of the ARC bomb. Nevertheless, a few comments are worth 
making regarding fitting of the data.
1. The kinetic parameters were fitted based upon the assumption that the 

reaction rate is equal to kCACM.
2. The kinetic model was not verified against isothermal rate data.
3. The assumption of equimolar decomposition stoichiometry and a negligible 

gas solubility fit the pressure data.
4. Extrapolation of model results beyond the temperature range of the data 

must be done with caution.

5. Effects of contamination
Possible effects of contaminants such as the acid gas and iron in ppm 

quantities have also been investigated. ARC tests conducted using tantalum 
bombs show significant effects of iron on the experimental onset temperature 
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 peak heat 
rate increased tenfold. The effect of iron is believed to be catalytic. The
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TEMPERATURE (t)

TIME (MIN)
F ig . 3. E x p e r im e n ta l d a ta  vs. s im u la t io n  s to ic h io m e tr ic  A +  M->-T +  H (g ) (P H I= 1 .7 ) .

presence of acid gas, on the other hand, tends to raise the onset temperature, 
perhaps by preferentially reacting with the primary alcohol.

The best 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 great, we decided to design the system with materials such that 
iron contamination is not possible. Since acid gas contamination is beneficial, 
no action has been taken to avoid its presence.

6. Thermal stability analysis
The kinetic parameters presented above were used to determine the stability 

of the reactive mixture in terms of the Self-Accelerating Decomposition Tem
perature (SADT) and the Temperature of No Return (TNR). The SADT and 
jTnr and 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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PRESSURE (PSIA)

F ig . 4. E x p e r im e n ta l d a ta  vs. s im u la t io n  s to ic h io m e tr ic  A +  M -> T  +  H (g ) (P H I =  1.7, fill 
r a t io  =  0.3).

Semenov theory of thermal explosions [9]. The relations used to calculate the 
SADT and TNR are briefly described below.

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 less. While the term SADT applies strictly to commercial 
packages, the thermal stability concepts discussed herein also apply to com
mercial vessels.

At the temperature of no return (TNR) the heat generation from an exother
mic reaction equals the heat loss from the vessel. A runaway reaction is 
expected 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 T NR and SADT.
T i E (AH )(V )A exV(-E i(R T NR))C M C„0 

NR R(U)(1.8)S
SADT = Tn r- R (T nr) 2

E

(2)

(3)
where TNR is the temperature of no return (K), E the activation energy 
(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 uni
versal gas constant (1.987 cal/mol K), CA0 the initial concentration of alcohol, 
(lb mol/ft3), CM0 the initial concentration of monomer (lb mol/ft3), U the heat 
transfer coefficient (Btu/h ft2 CF), S  the heat transfer area (ft2), and SADT the 
self-accelerating decomposition temperature (K).

Another quantity of interest is the Time to Maximum Rate (tm), which is 
a measure of how long the reaction takes to reach the peak rate. The following 
equations can be used to calculate tm.
k 0 =M( V )(A  extp(—E/(RT0))CM CMo (4)

m (R )(T 0) 2 C P
tm = E(AH )k0 (5)
where k 0 denotes the initial decomposition rate (lb mol/h), tm denotes the time 
to maximum rate (h), m denotes the mass of monomer (lb), T 0 denotes the 
initial temperature (K), and CP denotes the specific heat (Btu/lb°C).

Parameters such as the temperature of no return, SADT and time to max
imum rate can be used to select alarm levels and “never exceed points” for 
a process.

7. Safety investigation
At the end of a production reaction in the kettle, the azeotropic mixture of 

alcohol and monomer is taken overhead and condensed into the lights receiver. 
After all of the primary alcohol is stripped from the reaction mixture, the 
volatile monomer boils over to the lights receiver. Table 2 summarizes the 
thermal stability parameters for the lights receiver. Calculations were done for 
both stoichiometric and azeotropic mixtures because the material in the lights 
receiver can vary in composition from azeotropic (55 wt% monomer) to 
stoichiometric (79 wt% monomer). The TNR, SADT and tm thermal stability 
parameters for the lights receiver using the relationships (eqs. 2-5) discussed 
previously are summarized in Table 2.

The Semenov theory of thermal explosions assumes zero order kinetics (i.e. 
reaction rate is independent of the concentration of the reactants). The accu
racy of the predictions decreases as the kinetic activation energy and/or heat 
of reaction decrease. The effect of reactant depletion or_ the thermal stability 
parameters for the lights receiver as determined by digital simulation is shown 
in Table 3.

Each of the temperatures increases about 4°C compared to the results 
from Semenov theory (Table 2). The critical temperature difference, 
T»r-R (T nr) 2IE, remains constant, however, at about 8°C. The combined 
effects of higher temperatures and depletion of reactants decrease the time to
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TABLE 2
L ig h ts  re c e iv e r  th e r m a l  s ta b i l i ty  p a ra m e te rs  from  S em e n o v  th e o ry

P a r a m e te r S to ic h io m e tr ic  m ix tu re  
(79%  M )

A z e o tro p ic  m ix tu re  
(55%  M )

In s u la te d U n in s u la te d In s u la te d U n in s u la te d

tnr. c 28.0 45.7 24.7 42.0
SA D T , C 20.4 37.2 17.2 33.6
m̂- h, (s Tnr 75.2 9.4 52.6 6.6

T A B L E  3

L ig h ts  re c e iv e r th e r m a l  s ta b i l i ty  p a ra m e te rs  from  d ig ita l  s im u la t io n

P a r a m e te r S to ic h io m e tr ic  m ix tu re A z e o tro p ic  m ix tu re
(79%  M ) (55%  M )

In s u la te d U n in s u la te d In s u la te d U n in s u la te d

r NR. c 32 50 29 46
SA D T , °C 24 41 21 38
^m> h , (a T nr 68.0 8.5 65.2 9.1

maximum rate (tm) for the stoichiometric mixture and increase the value for
the azeotropic mixture.

Tables 2 and 3 serve to quantify the responses anticipated for this system. The
values of TNR and SADT are higher and tm is shorter for an uninsulated
compared to :an insulated vessel. Also, the azeotropic mixture has a shorter tm
and lower TNR and SADT in a given situation . This means that if indeed we have
an azeotropic mixture, the possibility of a runaway reaction is increased. Driving 
the composition toward stoichiometric, however, means a greater loss of product.

The effect of the mixture composition on the tm is shown in Fig. 5. The 
azeotropic mixture reaches the peak reaction rate faster than the stoichio
metric mixture. The values for tm shown in Fig. 5 are different than those from 
Table 3 because we selected a common initial temperature of 50°C and an 
adiabatic 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 measures were 
considered to prevent a runaway reaction in the lights receiver.
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F ig . 5. T im e  to  m ax  r a te  c o m p a riso n  fo r  a n  a z e o tro p ic  vs. s to ic h io m e tr ic  m ix tu re  o f  A  a n d  
M  (A d ia b a tic  c o n d i tio n  -  in i t ia l  te m p e ra tu re  50 ; C).

1. Remove insulation from the lights receiver to facilitate heat loss and in
crease the values of TNR, SADT and tm.

2. Install temperature-indicator-alarms (TIA) in the condensate line from the 
water condenser and in the lights receiver to warn of high process temper
atures.

3. Limit the amount of reactive mixture in the 200 gallon lights receiver 
to 10-20 percent of the capacity to improve the surface 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 
occurring.

7. Convert the lights receiver into a reactor to reduce the alcohol and mono
mer concentration in a controlled manner.

We will discuss each of these measures separately. Of course, the most effective
measure(s) will be adopted.



212 T. Chakravarty et al./J. Hazardous Mater. 33 (1993) 203-214
A fault-tree risk analysis established that the threat of a runaway reaction 

from an abnormal process or a high ambient temperature was more probable 
than one related to fire exposure. Therefore, removal of the fire protection 
insulation was recommended. However, it should be noted that adequate 
emergency relief protection was provided for the uninsulated vessel in the 
event of a 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 to volume ratio) in the lights receiver was 
considered. Figure 6 shows the variation of TNR and 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 insulation has a 
much greater effect on the thermal stability of the mixture than reducing the 
inventory.

Cooling the vessel to maintain a low temperature introduces 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 (fc)

F ig . 6. V a r ia t io n  o f  T NR a n d  S A D T  w ith  l ig h ts  re c e iv e r  in v e n to ry  a z e o tro p ic  m ix tu re  o f 
A  a n d  M .
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T A B L E  4

L ig h ts  re c e iv e r  r e a c t io n  o f  a z e o tro p ic  m ix tu re  o f  A  +  M -> T  +  H

T e m p e ra tu re  (°C ) R e s id e n c e  tim e  (h )

70 39
100 2.5
150 0.25

The concept of quenching the reaction with a non-reactive solvent or 
excess alcohol did not prove to be an attractive approach from both 
an operational and a cost viewpoint. This approach was not pursued 
further.

An effective inhibitor was known for this reaction. But this was not a cost- 
effective measure. First, the inhibitor addition system was expensive. Second, 
the inhibitor generates an additional hazard by creating toxic fumes when 
incinerated.

We used digital simulation and our kinetic model to design an isothermal 
recirculating batch reactor for the reaction of the alcohol with the monomer 
utilizing the 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 reducing 
the vessel inventory will minimize the risk of having to vent toxic and 
flammable materials. This recommendation is independent of whether the 
composition of the mixture in the lights receiver is azeotropic or stoichio
metric. Furthermore, by using our kinetic model in runaway reaction simula
tions, we can show that either reaction mixture will be inherently stable at 
ambient temperature if the lights receiver is filled to no more than 20 percent of 
its capacity.

The principal conclusion of this study is that a detailed investigation of 
a process can allow straightforward selection of cost-effective solutions to 
improve process safety by identifying and preventing runaway reactions. Our 
recommendations will reduce the risk of venting toxic and flammable mate
rials. The predicted thermal stability differences between Semenov theory and 
digital simulation are not significant for the cases investigated.
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Toxicological assessments in relation 
to major hazards

S. F a irh u rs t and R.M. T urner
H e a lth  a n d  S a f e ty  E x e c u tiv e ,  M a g d a le n  H o u s e , S ta n l e y  P r e c in c t ,  B o o t le ,  M e r s e y s id e ,  
L 2 0  3 Q Z  ( U K )

Abstract
T h is  p a p e r  o u t l in e s  a  g e n e ra l a p p ro a c h  fo r d e te rm in in g  th e  to x ic o lo g ic a l h a z a rd  p o se d  by 

th e  re le a s e  o f  a  s u b s ta n c e  fro m  a  M a jo r  H a z a rd . T h e  a im  o f  th e  to x ic o lo g ic a l a s s e s s m e n t is  to  
d e r iv e  a  “ to x ic  lo a d ” v a lu e  a n d  re la t io n s h ip  w h ic h  w ill be r e p r e s e n ta t iv e  o f a l l  s e ts  o f 
e x p o s u re  c o n d i t io n s  p re d ic te d  to  p ro d u c e  a  c h o se n  S p ec ified  L ev e l o f T o x ic ity  (SL O T). T h is  
“ to x ic  lo a d ” c a n  th e n  be u se d  as  th e  b a s is  fo r c a lc u la t in g  th e  r i s k  fro m  th e  M a jo r  H a z a rd . 
S u c h  r i s k  c a lc u la t io n s  a r e  c u r r e n t ly  a n  in te g r a l  p a r t  o f  th e  a s se s s m e n t o f  M a jo r  H a z a rd s  
c a r r ie d  o u t  by  th e  H e a l th  a n d  S a fe ty  E x e c u tiv e  o f  G re a t  B r i ta in .  E m p h a s is  is  p la c e d  o n  th e  
im p o r ta n c e  o f  o b ta in in g  a n d  e v a lu a t in g  d a ta  fro m  o r ig in a l  re p o r ts  a n d  o n  m a in ta in in g  
a  so u n d  b io lo g ic a l b a s is  fo r th e  a s se ss m e n t. T h e  a p p ro a c h  is  a  p ra g m a tic  o ne , in  t h a t  i t  is  
in te n d e d  to  r e p r e s e n t  th e  b e s t t h a t  c a n  b e  a c h ie v e d  u n d e r  th e  u s u a l  p re v a i l in g  c i rc u m s ta n c e s  
o f  s p a rs e  d a ta ,  w ith  l i t t l e  o r  n o  d ir e c t  in fo rm a tio n  o n  h u m a n  effec ts . T h e  l im ita t io n s  o f  th e  
a p p ro a c h  a n d  th e  a s su m p tio n s  m ad e  in  i t s  a d o p t io n  a r e  d isc u ssed , a n d  re fe re n c e  is  m a d e  to  
to x ic o lo g ic a l a s se s s m e n ts  p ro d u c e d  fo r  sp ec if ic  s u b s ta n c e s .

1. Introduction
In the United Kingdom, a considerable number of installations (chemical 

plants, warehouses, etc.) are designated as Major Hazards because of the 
presence of substantial quantities (individual or aggregate) of one or more 
substances having the potential to produce significant toxicological effects in 
the surrounding general human population in the event of an accidental 
release. Having identified that such a potential exists at a particular site, the 
crucial issue is 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,

C o r r e s p o n d e n c e  to: S. F a i r h u r s t ,  H e a l th  a n d  S a fe ty  E x e c u tiv e , M a g d a le n  H o u se , S ta n le y  
P re c in c t ,  B o o tle , M e rse y s id e , L20 3QZ (U K ).
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proposed developments in the vicinity of the site, provision of information to 
the general public, and arrangement/planning of emergency services. In order 
to provide advice in these areas, the Health and Safety Executive (HSE) in 
Great Britain is making increasing use of quantified 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.

One of HSE’s principal concerns in this field is the calculation of risks in 
the vicinity of Major Hazard sites in order to provide advice for land-use 
planning decision-making [1], This paper focusses on the assessment and 
provision of toxicity data such that it can be used as the basis for calculating 
these risks.

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 is appropriate to state at the outset three 
principles which we feel are very important:

(i) The toxicological assessment should be regarded as a regulatory toxicol
ogy issue and on this basis the approach adopted should follow as closely 
as possible the best principles and standard, widely accepted practices of 
“mainstream” toxicology.

(ii) The results of risk analyses are frequently used as a basis for decision by 
people who are not experts in the fields of toxicology or risk analysis. 
Therefore, the various steps used in the analysis should be transparent 
and the end-result of each part of the analysis, including the toxicological 
assessment, should be easy to trace back to the original supporting data. 
This is also an essential element in achieving harmony between different 
risk analysts.

(iii) The objective 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 available option. Clearly, we 
recognise that frequently the extent of the data available falls well short 
of ideal, and various assumptions are required if the above objective is to 
be realised.

This paper only addresses direct effects on human health arising from 
a substance released into the atmosphere. Adverse effects on the environment 
or indirect effects on human health mediated via the environment are not 
discussed.

2. Criteria defining the level o f tox icity  on w hich  
risk calcu lations are based

Calculations of individual risk from Major Hazards are based 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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(SLOT). The particular SLOT on which risk calculations are based may vary, 
depending on the situation under consideration, and in some cases risk calcu
lations relating to several different SLOTs may be appropriate.

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 
land-use planning, criteria defining a SLOT which were based solely on lethal
ity may not be sufficiently stringent; there would be no allowance made for any 
serious but sublethal effects on health, which may be of great concern (effects 
such as marked impairment of organ or tissue function or serious disfigure
ment). On the other hand, if risk calculations were based on only a low level 
of sublethal effects within the population, this approach could appear to be 
too stringent, especially for an accidental release which is in itself a rare 
phenomenon.

Such considerations indicate that for land-use planning, criteria defining 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 one where there is:

(i) Severe distress to almost everyone in the area;
(ii) A substantial fraction of the exposed population requiring medical 

attention;
(iii) Some people being seriously injured, requiring prolonged treatment;
(iv) Highly susceptible people possibly being killed.

The choice of these criteria, reflecting a range of individual health effects 
and a somewhat imprecise level of overall effect on the population, is set out in 
terms intended to be understood readily by the general public and in particular 
by those involved in the decision-making process. Some flexibility is necessary 
to 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 impression of accuracy, particularly 
when one reflects on the extent and quality of toxicity information available 
for most of the substances that need to be considered.

We feel that the level of toxicity given above is a more comprehensive 
description of the likely overall impact on a population and allows greater 
flexibility, particularly when faced with poor quality data, when compared 
with probit expressions generated from and descriptive of mortality data only 
[2, 3]. Furthermore, the future trend in acute toxicity testing will be towards 
studies in which the maximum level of toxicity produced should be serious 
sublethal effects with, at most, only a small percentage of deaths [4]. Conse
quently, an approach based on a SLOT such as the one described above will be 
more receptive than a mortality-based probit approach to the type of data 
likely to emerge from future acute toxicity studies.

In defining a level of toxicity on which risk calcu.ations will be based, 
attention has focussed on toxic effects which become apparent soon after 
exposure. It should be acknowledged that there is also the possibility of effects 
being produced, the consequences of which only become manifest a long-time
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after exposure. In animal studies germ cell mutations, teratogenicity and even 
cancer have arisen following a single exposure to certain substances [5-7]. 
However, for almost all substances with such properties, single exposure 
dose-effect data are not available. In addition, at least for carcinogenicity, in 
view of the envisaged mechanisms of tumour production it is likely that for 
most substances the risk of cancer arising from a single exposure is very low. 
Therefore it is generally not possible to include these aspects of toxicity in the 
overall quantitative approach described here.

3. Identification o f appropriate toxicological data 
for use in the assessm en t

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 single exposure to the airborne substance. It 
is necessary to attempt to relate the estimated atmospheric concentrations and 
durations of exposure following a release to the level of toxicity produced 
within the surrounding population. The data used should therefore be princi
pally those contained in reports of accidental single exposure of humans to the 
airborne substance, or generated in single exposure inhalation studies in 
animals.

Toxicity data relating to routes of exposure other than inhalation should 
be used only with great 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 exposure 
conditions. However, care should be taken to ensure that the toxicokinetics 
(absorption, distribution, metabolism and excretion) and sites of toxic action 
are (or are judged likely to be) comparable for the two routes. Such compari
sons between routes cannot be made if substantial differences in toxicokinetics 
appear possible, or if the sites of toxic action differ between the two routes; 
the latter point is particularly important for substances exhibiting predomi
nantly local effects (e.g. irritation, corrosion) on the respiratory or digestive 
tracts.

Some issues must be raised concerning the quality of toxicological data used 
in the analysis. Experience has shown that commonly used secondary sources 
of information may be unreliable, in that the toxicological values given may be 
inaccurate representations of the original results, or that the primary sources 
of such values are either difficult to verify or of doubtful quality. Therefore, in 
a thorough 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 
evidence 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 toxicological assessment is to define all the sets of 

exposure conditions (all pairs of values for atmospheric concentration and 
exposure duration) predicted to produce the SLOT of interest. This require
ment can be satisfied most easily by developing a functional relationship 
between the exposure concentrations (c) and durations (?) producing the SLOT, 
such that tne end-product of this relationship is a constant numerical value,
i.e.
f  (c,t) = constant (in appropriate units) (1)
The form of this equation and the units of the constant will vary according to 
the substance under consideration. The value emerging is not invariably 
equivalent to the administered “dose” which, in inhalation toxicology, is 
expressed as concentration x time. Therefore the above numerical constant has 
been termed the “TOXIC LOAD”. Furthermore, the toxic load relating to the 
particular SLOT used by HSE in land-use planning considerations has been 
designated the “DANGEROUS TOXIC LOAD” (DTL).

The Dangerous Toxic Load relationship and constant are used by HSE 
in risk analysis, in terms of calculating the probability that the Major 
Hazard could create conditions satisfying the DTL in the area surrounding the 
site.

5. D eriving the toxic load and the relationship  betw een c and t ,  
for the chosen  “ SLOT”
5.1 Interpretation of results in humans and in atiimals 

In theory, at least, the ideal assessment of the toxicity of Major Hazard 
substances would be based on accurate observations of effects in humans. 
However, for most substances, existing reliable data on acute effects arising 
from a single exposure in humans are sparse. In some cases, information is 
available on sublethal effects (e.g. carboxyhaemoglobin levels produced by 
exposure to carbon monoxide, sensory irritation to eyes or mucous membranes 
by irritant gases). In addition, for a few substances some information is 
available from their use in warfare (e.g., chlorine, phosgene), although the 
usefulness of the available information has been disputed [9, 10]. However, for 
most substances the data are limited to a few reports of accidental exposures, 
often involving only a few people and rarely containing accurate 
measurements or even estimates of exposure concentrations and times.
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Consequently, heavy reliance has to be placed on the results of experiments 

on animals in attempting to predict the responsiveness of a 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 higher exposure levels in animals, would 
be the best way of extrapolating to effects in man at higher exposure levels. 
However, at present there are insufficient data for Major Hazard substances to 
enable such approaches to be used in practice.

Another possible approach in animal-to-human extrapolation is the use of 
scaling factors based on physiological parameters to develop a relationship 
which can then be extrapolated to man by incorporating the appropriate 
value(s) for humans. However, the generality of such relationships and the 
validity of extrapolation is often in doubt.

Thus in general, extrapolation from laboratory animals to humans with any 
assurance of accuracy and reliability is fraught with difficulties, principally 
because of the absence of adequate information. Hence considerable caution 
and judgement are required in adapting animal results for use in risk analysis. 
For many substances it may be necessary to make the assumption that results 
from animal experiments 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 observed.

The approach described in this paper is therefore a pragmatic one, represent
ing the best 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 situations 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 [8],
5.2 Gathering animal LC50 data

For the vast majority of Major Hazard substances the most readily available 
information on the toxic effects of the airborne substance is the atmospheric 
concentrations and exposure times producing deaths in laboratory animals. For 
certain substances, particularly where studies have been conducted to current 
internationally-agreed protocols, there may be more complete details relating 
exposure conditions to both death and to more specific toxicological end-points. 
However, some of the older toxicity studies contain only lethality information.

Therefore, the first stage in the process should be the gathering of animal 
LC50 values, each with an associated exposure time. Most animal experiments 
involve the use of small groups. The response of the group at the 50% mortality 
level will most accurately reflect the likely response of the population from 
which the group is drawn.

Collation of these LC50 and exposure time values will permit comparisons to 
be made between different species and between different strains within the
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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 respon
siveness, unless there is information indicating that other animal results will 
serve to model human responsiveness more reliably.
5.3 Transition from the LC50 and t values in the animal model to c and t values 
representing one set of exposure conditions for the chosen SLOT in the same 
animal model

Most acute inhalation toxicity studies have been (and are still) performed 
under conditions where the exposure concentration has been (is) varied but the 
exposure period has been (is) fixed. In the Major Hazard context one is 
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 up to several (4-6) hours.

Therefore, at this point in the toxicological assessment we will have selected 
an animal model represented by an LC50 value and associated exposure period. 
The next stage is to extrapolate from the exposure concentration producing 
50% mortality to that producing a degree of toxicity comparable to the chosen 
SLOT, for the same exposure period and in the same animal species and strain. 
In the case of land-use planning considerations, this entails deriving a pair of 
c and t values estimated to produce serious toxic effects and a low percentage 
(normally taken to be 1-5%) of deaths in the animal model.

As exposure conditions producing a low mortality level within a population 
cannot, in practice, be observed directly because of the very large groups of 
animals required, the conventional method of deriving such parameters is by 
probit analysis [11]. Note that here we are referring to subjecting to probit 
analysis data from a specific study, where the exposure period is fixed and one 
is simply moving along a concentration axis from one level of effect to another.

With probit analysis, “best estimate” values relating to a low percentage 
mortality should be used, because the size of the confidence interval is very 
much influenced by factors inherent in the design and conduct of experimental 
studies, in addition to influence from the results obtained.

If the data on the selected animal species and strain are inadequate for such 
probit analysis, then the extrapolation to a set of c and t values relating to the 
SLOT in these animals must be approached more empirically, from a simple 
visual examination of the data.

Occasionally, substances may be encountered where the only available 
information is a tabulated LC50 value, with an associated exposure time. In 
such cases a possible approach is to estimate, for the species and strain under 
consideration, the ratio between the LC50 and LC*, where x is a lower percent
age of deaths, i.e. around 1-5% in the case of the SLOT used for land-use 
planning. The slope of the dose-effect curve, and hence this ratio, will vary 
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, many pesticides had an LC50ILCl ratio of between 1.5 and 4 [12]. 
Ratios of a similar magnitude have also been obtained in studies with various 
lung damaging gases [cf. 13-15], In addition a new classification system for 
acute toxicity has recently been proposed, in which the criterion determining 
classification was a dose level producing serious toxic effects but minimal 
lethality, rather than the LC50. In a subsequent study designed to examine the 
proposal, most of the substances considered were placed in the same category 
using either criterion, when the boundaries for classification on the basis of 
LD50 were four to five times the corresponding boundaries for classification on 
the basis of serious toxic effects but minimal lethality [16],

However, ratios of this type should be used to extrapolate from a dose 
producing 50% mortality to one producing a lower level of toxicity only in the 
absence of any other useful data, and even then only with full acknowledge
ment of their very general and approximate nature.
5.4 Adaptation of one set of c 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 population

Having derived one set of c and t values relating to the appropriate SLOT in 
the chosen animal model, it is then necessary to examine whether such values 
can be considered representative of the corresponding parameters in the 
general human population.

At this stage any collateral evidence available on effects in humans, usually 
in the form of isolated case reports of accidental exposures or anecdotal 
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 available on human responsiveness, or whether 
some adjustment of the c and t values is required on the basis of such 
information.

Another issue to be raised at this point is that of population heterogeneity. 
Animal experiments, particularly those performed in more recent years, will 
have been conducted using groups of animals bred especially to limit the 
variability in response. In general such animals will be healthy young adult 
members of that population. By comparison, the general human population is 
extremely heterogeneous. Therefore if, for example, the LC50 in the general 
human population has been equated with the LC50 in a particular species and 
strain of animal, then given the increased spread in responsiveness within the 
human population it may be suggested that for levels of toxicity significantly 
below 50% mortality, the exposures producing these levels of effect 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 of a toxic substance [17,18]. Generally these are people 
at the extreme ends of the age range and people with physiological disabilities 
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 heterogeneity of the human population must remain one of toxicolo
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 is 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 
c and 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 c and t, 
such that, if possible, the end-product of this relationship (the “toxic load”) can 
be represented by a constant numerical value. This constant, together with the 
relationship between c and t , 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 c and t [19]. The manner in which 
c and t are functionally related in producing a toxic load value for a particular 
SLOT should only be examined within a collection of data from the same study 
involving the same animal species and type of toxic effect. In addition, the 
toxic effect should be the same as that on which the c and t values are based. 
These are very important points. If data from different studies and/or different 
animal species are combined in a single analysis, then inter-species, inter
strain and inter-laboratory 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 c and t. In fact, the relationship 
thus obtained may be predominantly an expression of such variations and far 
removed from an expression of the true toxic load relationship. The importance 
of maintaining a constant type of toxic effect (such as mortality) lies in the fact 
that different toxic effects may show different degrees of dependency on c, 
relative to t. For instance, sensory irritation of the eyes and mucous mem
branes may be much more heavily dependent on c, 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 = c x t (2)
(The Haber Rule)

More recently, a literature survey of more than 30 substances, for which LC50 values had been determined in the same species for at least three different 
exposure periods, suggested two groups of substances, showing empirical 
relationships of [21]:
Toxic Load = ci (3a)
Toxic Load = c2i (3b)

Overall, experimental observations suggest that in many cases the following 
general relationship may hold for acute lethality [8,22]:
Toxic Load = c'7 (4)

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 4.9 for 
individual studies on particular substances and animal species, although 
the strength of evidence underlying some of these values is questionable [22]. 
To introduce a note of caution, some of the values of n quoted in the risk 
assessment literature for particular substances must be regarded as very 
dubious [3, 18, 23]. Such values have often been derived from studies using 
non-lethality end-points or from combined treatments of vaguely-defined 
data.

The requirement at this stage is, therefore, a knowledge of the value of 
n which will relate variations in c and t to a constant, experimentally observed 
level of mortality within an individual animal species. The most suitable 
reference point is usually 50% mortality, since exposure conditions relating to 
this level of mortality are most readily available. A simple (logarithmic) plot of 
In c against In t, each pair of c and t values relating to the production of 50% 
mortality, may permit derivation of n from the slope of the resulting line 
( —1 /n), since:
cnt = constant, k (5)
can be rearranged to:
lnc=  — — lnf + — Ink  n n (6)

However, it must be recognised that the general applicability of the c"t 
relationship is based on empirical observation more than fundamental biolo
gical principles. If the data available for a specific substance do not appear to 
fit such a relationship, then there may be very good reasons why this is the case
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(e.g. the particular mechanism(s) of toxicity operating) and these should be 
explored further.

An alternative approach at this stage is to use probit analysis and the 
method of Maximum Likelihood to produce a description of the relationship 
between c, n and t in the form of a probit equation [11, 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 method may be 
preferable because there is no requirement for computer programmes and 
visual presentation of the data allows one to readily observe deviations from 
a cnt relationship. However, the method of Maximum Likelihood will allow all 
experimental data points to be taken into account, whether or not reliable 
LC50 values can be calculated. It may therefore be applicable to a wider range 
of data sets and provide a more comprehensive description of the relationship 
between c, n and t.

Occasionally, 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 readily or justifiably. In 
this situation, comparison of the relative standards of the studies under consid
eration may suggest that one 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 may have to be derived, by taking an 
average of the values derived for individual species.

In some cases the data available on a substance may be insufficient to permit 
the derivation of n. In such situations, although use of the Haber Rule has been 
common practice in toxicology, consideration of the mechanism of toxicity of 
the substance in question and its similarity in this respect to other substances 
with better defined c:t relationships may be a better basis for choosing a value 
for n. On occasion, it may also be appropriate to perform and compare separate 
risk analyses based on toxic load expressions obtained using the two values of 
n (1 and 2) commonly observed.

We now have one c and one t value representing one set of exposure 
conditions predicted to produce the chosen SLOT. We also have the exponent 
n which can be used to define a “toxic load” equation describing variation in 
c and t in relation to the production of this SLOT. Insertion of the values for c, 
t and n into the equation:
Toxic Load = c"t (7)
will produce a numerical value for the “toxic load” constant

6. U se o f th is approach to tox ico logica l assessm en t
Detailed assessments for a number of specific substances (acrylonitrile, 

ammonia, chlorine, hydrogen fluoride, hydrogen sulphide, nitrogen dioxide,
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sulphuric acid mist) have been prepared using the approach described in this 
paper. The “dangerous toxic load” (DTL) values so derived have been used in 
quantified risk analyses of Major Hazards and the toxicological assessments 
have been (or are soon to be) published [24-30],
Disclaimer
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Risk analysis of the transportation of 
dangerous goods by road and rail

G r a n t  P u r d y
D N V  T e c h n ic a  L td . ,  H ig h b a n k  H o u se , E x c h a n g e  S tr e e t ,  S to c k p o r t  S K 3  O ET, 
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Abstract
In  a n y  d e b a te  a b o u t th e  t r a n s p o r t  o f  d a n g e ro u s  goo ds w h e re  th e  e f fe c tiv e n e ss  o f  e x is tin g  

le g is la t iv e  c o n tro ls  is  c h a lle n g e d , i t  is  v e ry  im p o r ta n t  t h a t  th e r e  is  a  fu ll u n d e r s ta n d in g  o f  th e  
m a g n itu d e  o f th e  r i s k s  in v o lv e d  a n d  th e  c a u se s  a n d  m a jo r  c o n tr ib u to r s  so  t h a t  p ro p e r ly  
in fo rm e d  d e c is io n s  c a n  b e  m ad e. T h is  p a p e r  g iv es  d e ta i ls  o f  th e  m e th o d o lo g y  d ev e lo p e d  fo r 
th e  a n a ly s is  o f  th e  r is k s  a r is in g  fro m  th e  c a r r ia g e , in  b u lk , o f  to x ic  a n d  f lam m ab le  s u b s ta n c e s  
by  ro a d  a n d  r a i l  a s  p a r t  o f  a  m a jo r  s tu d y  in to  th e  r is k s  faced  by  th e  B r i t is h  p o p u la t io n  fro m  
th e  t r a n s p o r t  o f  d a n g e ro u s  s u b s ta n c e s . T h is  p a p e r  c o n c e n t r a te s  on  th e  n o v e l a s p e c ts  o f  th e  
s tu d y  a n d  in  p a r t i c u la r  c o n se q u e n c e  a n d  h u m a n  im p a c t m o d e llin g . M o d e ls  a r e  g iv e n  fo r  th e  
in te r a c t io n  o f p a s s e n g e r  a n d  d a n g e ro u s  g oo ds  t r a in s  ta k in g  in to  a c c o u n t th e  a b il i ty  o f 
s ig n a ls  a n d  o th e r  sy s te m s  to  d e te c t  a n d  s to p  a p p ro a c h in g  tr a in s .  In  th e  c a se  o f ro a d  
t r a n s p o r t ,  th e  m o d e ls  a l lo w  fo r th e  c h a r a c te r is t ic s  o f d if fe re n t ro a d  ty p e s  a n d  th e  b e h a v io u r  
o f  m o to r is ts  to  be s im u la te d . T h e  re la t iv e  r i s k s  o f t r a n s p o r t in g  h a z a rd o u s  m a te r ia l s  by  ro a d  
o r  r a i l  a r e  e x p lo re d  a n d  i t  is sh o w n  t h a t  th e  in c lu s io n  o f m o to r is t  a n d  r a i l  p a s s e n g e r  
p o p u la t io n s  s ig n if ic a n tly  a ffe c ts  th e  c a lc u la te d  r is k  leve ls . I t  is  c o n c lu d e d  t h a t  th e  safe  
ro u t in g  o f  m a te r ia l s  w ith  la rg e  h a z a rd  ra n g e s  m ay  be m o re  e a s i ly  a c h ie v e d  by  ro a d . W h ile , 
th e  n a tu r a l  s e p a ra t io n  a ffo rd ed  by  th e  r a i l  sy s tem  m ay  m a k e  th is  m ode m o re  s u i ta b le  fo r 
lo w e r h a z a rd  m a te r ia ls .  H o w e v e r, i t  is  c o n c lu d e d  t h a t  in  B r i ta in ,  th e r e  a p p e a rs  to  b e  n o  
e v id e n c e  to  s u p p o rt , o n  s a fe ty  g ro u n d s , a  g e n e ra l  t r a n s f e r  o f h a z a rd o u s  goo ds fro m  ro a d  to  
r a i l  o r  th e  re v e rs e .

1. Introduction
In recent years the issue of whether or not the transport of dangerous goods 

by road is less safe than by rail or inland waterway has been raised in Europe. 
A series of road vehicle accidents in Germany in the late 1980’s prompted that

C o r r e s p o n d e n c e  to: G. P u rd y , D N V  T e c h n ic a  L td ., H ig h b a n k  H o u se , E x c h a n g e  S tre e t ,  S to ck - 
p o r t  S K 3 OET, C h e s h ire  (U K ).
T h e  v iew s  e x p re s se d  in  th is  p a p e r  a r e  th e  a u th o r ’s a n d  do n o t  n e c e s s a r i ly  r e p r e s e n t  th o s e  o f 
D N V  T e c h n ic a  o r  o f  th e  H e a l th  a n d  S a fe ty  E x e c u tiv e .

0 304-3894/93 /S 06.00  ©  1993 E ls e v ie r  S c ie n c e  P u b l i s h e r s  B .V . A ll  r i g h t s  r e s e rv e d .



230 G. Purdyj J. Hazardous Mater. 33 (1993) 229-259

country’s government to implement measures aimed at transferring certain 
long-haul dangerous good traffic from the road to the railways and inland 
waterways. 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 legislation dealing with ‘safe routing’, placarding, 
driver training and vehicle standards. This legislative activity is, in 
some cases, being pursued without the benefit of a rigorous study of the 
risks or benefits involved and much research is now starting to be under
taken in this area. In most cases, methods and models derived for 
onshore chemical plant risk analysis are now being deployed but those 
who are undertaking this work soon find that there are crucial differ
ences which need to be respected when the risk from a transport activity 
is analysed.

This paper 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, 
conversely, more precise treatments are not warranted. This understanding is 
based on the experience gained during participation in a five-year study into 
the transport of dangerous goods in Britain. That study, by a subcommittee of 
the UK’s Health and Safety Commission’s Advisory Committee on Dangerous 
Substances, considered the risks to the British population from the carriage of 
dangerous goods by rail, road and by sea in the light of the present regulatory 
and voluntary controls and the need for and possible nature of additional 
controls [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 suitable methods 
of analysis. Further research was also needed to understand the results 
which the analysis produced. While studies looking at the risks from trans
porting hazardous materials have been and are being carried out else
where (and all these were reviewed), none of these methodologies 
were found to be fully appropriate for the UK study. In general this was 
because:
• elements of the methodology could be considered ‘obsolete’;
• they had been developed to reflect a transport system or a system of regula

tory control that was somewhat different to that in the UK;
• they had been developed specifically to investigate one aspect of transporta

tion, for example, the safe routing through a city area, and did not have
wider applicability.
For these reasons a ‘new’ approach was necessary: specific to the British 

situation, which sought to minimise uncertainty while providing ‘transpar
ency’ of the risk calculation process so that the decision makers could under
stand 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 gauging 
the effectiveness of changes to the system of control. The approach was 
developed by two technical working parties (one for marine, the other for land



G. Purdy! J. Hazardous Mater. 33 (1993) 229-259 231

based transport) on which sat members of the Health and Safety Executive, its 
contractors, industry, the emergency services and academia.

This paper is concerned with the work of a technical working party for 
land-based transport and the modelling associated with the transport of 
non-explosive substances in bulk (called ‘the UK Study’ throughout the 
rest of this paper). 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 especially addresses the 
question of whether it is safer to convey hazardous substances by road or by 
rail.

2. Objectives of the risk analysis
The choice of consequence and impact models and indeed the manner of 

conducting a risk analysis depends on the eventual use of the results; who will 
use them and for what purpose. Both the needs of the user and the needs and 
capabilities of the analyst need to be considered. In the case of the UK Study, it 
would not have been useful to expend effort developing complex and indepth 
analyses 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 expense of 
unnecessary precision.

Similar considerations applied to the types of risk measured and the pre
sentation of the results. Some transportation studies have concentrated on 
individual risk calculations, presenting the results as contours or risk transect 
diagrams showing individual risk against distance from the transport route. 
While such studies may be useful for routing exercises, where a new transport 
corridor is being selected, unless there is good evidence on the relative distri
bution of failure events along the route (i.e., ‘high spots’), individual risk 
results can add little to the understanding of risk from a transport operation. 
The risk numbers produced are normally so small as to be beyond the normal 
range of human comprehension. Most importantly, this type of treatment fails 
to address the public’s (and the politician’s) major concerns; not the risk to 
individuals, but that to society at large: the risk of a disaster. This involves not 
only consideration of the potential for transported hazardous substances to 
cause multiple fatalities but also the likelihood that these might occur because 
a loss of containment accident coincides in time and space with a human 
population. Societal risk is therefore not only a more appropriate measure but 
it also seems to yield more useful results. It leads naturally, via the generation 
of expectation values (average number of lives lost), 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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inconsistent with the ‘smeared out’ nature of the risk associated with transport 
along a route.

3. F r e q u e n c y  a n a l y s i s

For those countries or regions with a history of hazardous goods accidents, 
consulting the historical record is normally the first step in any study of risk. 
Indeed, if enough incidents have (unfortunately) occurred, the modelling of the 
possible consequences and impact of such events may be of secondary import
ance. In Britain, however, we have suffered few such incidents. Those that 
have occurred have normally involved flammable liquids and no person has yet 
died as the consequence of a leak from a damaged tanker (road or rail) holding 
liquefied flammable or toxic gases such as LPG or chlorine. For this reason, the 
UK Study adopted a somewhat different approach to obtaining the release 
frequencies for hazardous substances in transit.

One approach possible would have been to use an event tree such as that in 
Fig. 1. This is similar to that developed by Hubert et al. [2] from French data. 
This builds on data from all road accidents, and in particular, those involving 
other goods vehicles, to synthesise a puncture rate for a hazardous goods 
tanker. However, there is no evidence to suggest that the drivers of hazardous 
goods vehicles will act in a similar manner to drivers of other vehicles nor that 
such vehicles will suffer equipment and other failures at the same rate as other 
similar vehicles containing other bulk materials. The value given to the 
critical probability associated with ‘escalation’ to puncture is critical 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 involving 
tankers containing hazardous materials showed that releases could occur from 
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 walled’ wagon accidents to 
generate a frequency for punctures and equipment leaks directly. Over six 
years, 80 cases of spills due to ‘equipment leaks’ and four incidents involving 
substantial spillage following puncture were found. These data suggested 
a puncture frequency of 6.3 x 10~ 8 per tank wagon km.

For road transport, 25 incidents were found over a four year period. Analysis 
of these data yielded a spill frequency of 1.4 x 10“ 8 per loaded tanker km for 
large spills (>1500 kg) from collisions etc and 0.7 x 10~ 8 per loaded tanker km 
for large spills arising out of equipment failure.

While motor spirit spill frequencies could be obtained directly from this 
analysis, there are no incidents recorded in the UK where properly designed 
road or rail tankers for pressurised liquefied flammable or toxic gases 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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Impact Accident? Fixed Obstacle? Mobile Obstacle? Overturn? Perforation? Fire?

statistical techniques from an ‘accident free’ history provides a useful ‘upper 
bound’ check. For transport by rail, the technical working group considered 
a study by ICI Transport Engineering Division and agreed spill frequencies for 
ammonia, chlorine and LPG. This study considered the historical accounts of 
puncture of ‘thin walled’ wagons and estimated in each case the conditional 
chance of failure if the vessel concerned had been a ‘thick walled’ 
LPG/ammonia or chlorine containing vessel.

Although data on US rail incidents are easily available, it was felt the 
differences between the design standards and operating practices made these 
data inapplicable to the British situation. However, for road transport, the 
differences were less important and could be identified with some confidence. 
Because of this, US road data could be used and, by appropriate modification to 
exclude those events which could not or were unlikely to occur in Britain, spill 
frequencies were derived. Fault tree analysis was used to develop the possible 
causes and events which could lead to equipment leaks. These were then used 
to derive appropriate equipment spill frequencies for both rail and road trans
port of LPG, ammonia and chlorine.

In summary, the spill frequencies and ignition probabilities listed in Tables 
1 and 2 were derived for this work.

Table 1 gives base event frequencies. For flammable events, it is also neces
sary to consider the probability that a spill will then be ignited and whether
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this will take place initially or at some later time once a flammable cloud 
has developed. In some cases it was possible estimate ignition probabilities 
from accident data, but the under-reporting of spills which have failed 
to ignite makes these figures unreliable. In most cases, ignition probabilities 
have to be estimated using synthetic techniques or by expert judgement. 
This is simplified in transport situations as often the spill-causing event 
involves sufficient energy to cause ignition, or other sources (for example other 
road vehicles) are nearby. For the UK study we used the values as listed in 
Table 2 .

T A B L E  1

F re q u e n c y  o f  sp ills  a g a in s t  c a u se , s u b s ta n c e  a n d  t r a n s p o r t  m ode

S u b s ta n c e R o ad  t r a n s p o r t R a il t r a n s p o r t

P u n c tu r e /  
r u p tu re  
( x 10" 10 p e r 
w a g o n  km )

E q u ip m e n t
le a k
( x  1 0 " 10 p e r 
w ag o n  jo u rn e y )

P u n c tu r e /  
r u p tu r e  
( x 10" 10 p e r 
w a g o n  km )

E q u ip m e n t
le a k
( x 10" 10 p e r 
w ag o n  jo u rn e y )

M o to r  s p i r i t “ 190 70 630 _b
C h lo r in e 0.8 36 9 310
A m m o n ia 4.8 70 25 130
L PG 4.8 52 25 83

a F o r  la rg e  sp ills  o n ly .
b N o t c o n s id e re d  as  s u c h  sm a ll sp ills  a r e  u n l ik e ly  to  a ffe c t m em b ers  o f th e  p u b lic .

T A B L E  2

Ig n it io n  p ro b a b i l i t ie s  fo r f lam m ab le  s u b s ta n c e s

S u b s ta n c e T y p e  o f 
ig n it io n

R a il R oad

S m all
sp ill

L a rg e
sp ill

S m all
sp ill

L a rg e
sp ill

M o to r  s p ir i t Im m e d ia te 0 .1 “ 0 .2 “ 0.03 0.03
M o to r  s p ir i t D e la y e d 0.0 0.1 0.03 0.03
M o to r  s p ir i t N o n e b 0 .9 “ 0.7 0.94 0.94
L PG Im m e d ia te 0.1 0.2 0.1 0.2
L PG D elay ed 0.0 0.5 0.5 0.8
L PG N o n e b 0.9 0.3 0.4 0.0

“ D e riv e d  from  h is to r ic a l  d a ta . 
b D eriv ed  from : 1 -  (Im m e d ia te  +  D elay ed ).
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4. Consequence analysis
As with all forms of such quantified risk analysis, the selection of a repres

entative set of failure cases and assignment of the corresponding spill 
sizes/rates are the most important steps to producing an accurate characterisa
tion of risk. An optimum set of cases has to be found which while minimising 
computational effort does not unduly compromise accuracy. Fortunately in the 
transport situation there are several constraints which act to limit the range of 
possible events:
• for multi-compartment tankers, the simultaneous loss of contents from all 

compartments is extremely unlikely;
• 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;

• above 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;

• in the rail environment, ignited jets of LPG are unlikely to create signi
ficant hazard unless they impinge on other LPG tankers which then BLEVE. 
However, the BLEVE frequency 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 accuracy in the 
risk analysis but was justifiable given the limited data available here to 
suggest how the overall failure rate could be partitioned between difficult 
failure cases. In the absence of any corroborative data, it was assumed that 
1 0 % of the releases from pressure vessels were instantaneous and could be 
modelled as the entire loss of contents. Sensitivity testing to a 99%/l% split 
or a 50%/50% split showed that this assumption was not critical. In the case of 
toxic materials the cloud was assumed to contain 1 0 0 % of the tanker contents, 
for LPG twice the adiabatic flash fraction was assumed to enter the vapour 
cloud.

Particular care is needed to take into account the physical aspects of the 
spill environment when the consequences are modelled. Factors such as the 
containment effect of roads and drains can significantly affect the shape and 
dimensions of the hazard zone. This is particularly true of spills of flammable 
liquids where the hazard zone is only slightly greater than the area of confine
ment provided by the road or rail corridor. Furthermore, on the road, surface 
water drains will limit the size of any liquid pool.

For motor spirit spills we therefore considered two cases: either the tanker 
remained on the highway 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 is equal to the spill rate. Spreading pool expressions 
such as those given by Shaw and Briscoe [3] can be coupled with a ‘drain model’ 
and a fire model [4] to estimate the maximum area of road affected. As the 
thermal hazard decays rapidly as a receptor moves away from a burning pool, 
most people who were exposed outside the pool could escape and the area of the 
pool can be taken as the hazard zone. For example, we calculated that 
a 25 k g s ' 1 continuous release from a leaking rail wagon (32 te) would produce 
a pool of radius 24 m. The release would persist for about 20 minutes. If 
the vapours ignited during this time, the pool size would regress to 1 2  m. 
Table 3 shows similar results for road tanker spills.

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 
maximum.

The immediate ignition cases were calculated by assuming that the 
release occurred over a finite time and that the pool size was the maximum 
possible after regression. In the delayed case, the pool was allowed to 
spread to its maximum before ignition took place. These seemed to be realistic 
assumptions.

The possibility of a ‘soft’ BLEVE fireball due to heating of a motor spirit 
tanker in a fire has been considered but does not seem likely. Analysis of the 
Summit Tunnel Fire incident [5] has shown that even under severe heating 
conditions, motor spirit tankers will not rupture if three out of four relief 
valves work or will take at least an hour of prolonged heating if only two 
operate.

For LPG the type and extent of the hazard depends on the mode of release 
and whether and when it is ignited. Figure 2 in an example, for continuous 
LPG releases, of the event trees which can be drawn to rationalise this 
potential for escalation. Similar trees exist for instantaneous releases of LPG 
and for spills of motor spirit.

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

T A B L E  3

M o to r  s p ir i t  t a n k e r  poo l a r e a s

S p ill s ize P o o l a r e a  (m 2)

Im m e d ia te  ig n it io n D e la y e d  ig n it io n

2 5 k g s ~ 1 314 908
4000 k g 707 1018
8000 k g 1385 1964
12000 k g 2124 3019
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• for BLEVEs, the resulting fireball will contain a large proportion of the 
vessel contents as the vessels are always conveyed full;

• BLEVEs are much less likely on the road as one of the primary causes, jet fire 
impingement from one tanker to another, is highly improbable;

• Vapour Cloud Explosions (VCEs) are very unlikely on both road or rail given 
the open aspect and limited amount of confinement available. Given the 
small contribution they will therefore make to the overall risk, a simple 
consequence model (such as TNT equivalence) is appropriate;

• outside the flammable cloud, the probability of death due to the effects of 
overpressure from a VCE is low and can be ignored.
The risk from released toxic gases such as ammonia and chlorine is very 

dependent on the accuracy of the dispersion modelling. As societal risk is to be 
calculated, the crosswind extent of the cloud is as important as the downwind 
hazard range. The societal risk estimation involves the calculation of the 
numbers of fatalities 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 cross and up wind spreading will therefore 
produce inaccurate (likely to be optimistic) 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.

There is also a strong dependency between the crosswind and downwind 
extent of the cloud and the level of atmospheric turbulence. This is character
ised by the use of appropriate parameters to represent different Pasquill 
stability categories. For the UK Study, only two categories; D with a wind- 
speed of 5ms~'  and F at 2 m s-1, were used for reasons of computational 
efficiency. This choice may have had a significant effect on accuracy, and more 
categories — four or six are usual — are to be preferred for toxic gases. Given 
the relatively short range of flammable hazard zones, two categories are 
probably adequate in this case.

The above discussion only applies strictly to above ground, open air releases 
on a flat, unobstructed terrain. There has been considerable interest recently 
about the carriage of hazardous materials through tunnels, and the assessment 
of the associated risks needs special consideration. In the confined space of 
a tunnel, the spread of the hazardous consequences is very much affected by 
the air flow and the channelling effect of the tunnel. For example, the blast 
wave from a vapour cloud explosion 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 significant distances along the roof of the tunnel away from a fire. The 
UK Study did not pay particular attention to tunnels as they did not constitute 
a large proportion of any of the routes studied and, in general, the only 
members of the public who would be affected would be those using 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 involving the control 
of dangerous goods through tunnels seem to be based on any form of risk 
assessment.

5. Im pact analysis
While the modelling of consequences and the estimation of frequencies 

are important components of the risk analysis approach, of equal 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 particular 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 a road where 
an incident occurs, or members of the public travelling as passengers on 
trains which become involved in an accident. If only those people who live 
near the transport route are considered in the analysis, an incomplete picture 
may be presented of the risk and its major contributors. This could lead to 
erroneous conclusions about the nature of, and benefits from, risk reduction 
strategies.

5.1 Off-route population density measurement
For long transport routes, the population distribution along the route has to 

be characterised by a limited number of population categories, each represent
ing an average situation. For the UK study we chose the four categories shown 
in Table 4.

The length of the transport route alongside which each category of popula
tion exists can be obtained using computerised techniques for handling census 
and other demographic information. Much use is now being made of Geo
graphical Information Systems (GIS) to handle such data, although we found

T A B L E  4

O ff-ro u te  p o p u la t io n  c a te g o r is a t io n  sch em e

P o p u la t io n  c a te g o ry A v e ra g e  d e n s i ty  (km  2)

U rb a n 4210
S u b -u rb a n 1310
B u ilt-u p  r u r a l 210
R u ra l 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 refine
ment of the approach was to note those lengths of track or road alongside 
which population 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 
circular hazard ranges such as BLEVE fireballs, the number of fatalities is 
halved.

It is also important to take into account the natural separation that 
occurs between off-route populations (typically residential) and the road 
or rail line. In Britain, there are very few locations where there is a 
residential population within 25 m of a rail line and so when the impact 
of an event is being calculated, this 25 m ‘swathe’ must be excluded. This 
approach also acts to ‘screen out’ small, low consequence events from the 
analysis.
5.2 Off-road and motorist population modelling

In the road situation there is a smaller but nevertheless important separ
ation between the road and the off-road population. The width of the separ
ation depends essentially on the class of road. It may be only the width of 
a pavement on an urban single carriageway road, but it may be much larger for 
a motorway. Furthermore, there are large sections of some routes where 
‘ribbon development’ in a narrow strip alongside the road produces a very high 
population density (for example shopping areas), with open, low population 
density land beyond. To accommodate all these situations, and to encompass 
the variation in the on-road road user population density, a zoning scheme was 
developed. This is shown in Fig. 3 for a dual carriage way road. The zone 
structure is described in Table 5.

This scheme also allowed us to model the response and density variations in 
the motorist population following an accident involving the release of hazard
ous material. We find that even at night, on main roads and especially motor
ways and dual carriageways, traffic rapidly builds and behind an accident 
leading to a very high population density on that carriageway. On the opposite 
carriageway, the traffic slows down due to the ‘ghoul’ effect; again increasing 
the population density. By assuming that 10% of traffic comprises heavy goods 
vehicles that occupy 20 m of lane length while other vehicle are 4 m long, an 
average vehicle population of 1.5 gives a Zone d population density of
0.056 n T 2 for motorways and 0.05 m “ 2 for other roads. Zone d ahead of the 
accident is essentially clear. For the other carriageway, we have assumed that 
the curiosity of the motorists produces a density of 0.5 that of Zone d, but in 
both directions.

T h is  s c h e m e  a ls o  a llo w e d  u s  to  m o d e l th o s e  e v e n t s  w h ic h  h a v e  d ir e c t io n a l 
ity , fo r  e x a m p le  a  t o x ic  g a s  r e le a s e  in f lu e n c e d  b y  w in d  d ir e c t io n  a n d  i t s
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Offroad Population - Zone a 
Dense Population - Zone b 

Clear - Zone c
Motorists Zone d

Other Side Motorists - Zone e
Clear - Zone f

Dense Population - Zone g 
Off-road Population - Zone h

F ig . 3. P o p u la t io n  z o n in g  sch em e  fo r d u a l  c a rr ia g e -w a y  ro ad s .

T A B L E  5

P o p u la t io n  z o n in g  s t r u c tu r e  fo r ro a d s

Z one N am e D e s c r ip tio n

a O ff-ro u te  p o p u la t io n T h is  is  s im ila r  to  t h a t  u se d  in  th e  r a i l  s tu d y  b u t  m ay  be 
‘d e p le te d ’ i f  th e r e  is  r ib b o n  d e v e lo p m e n t

b D en se  p o p u la t io n T h is  a llo w s  fo r a  h ig h  p o p u la t io n  d e n s ity  im m e d ia te ly  
a d ja c e n t  to  th e  ro a d

c C le a r  zo n e M o to rw a y s  a n d  D u a l C a r r ia g e w a y  ro a d s  a r e  l ik e ly  to  
h a v e  a  s ig n if ic a n t  g ap  b e tw e e n  th e  ro a d  ed g e  a n d  th e  
p o p u la t io n

d M o to r is ts , a c c id e n t  
s id e

R o ad  u s e r  p o p u la t io n  w h ic h  ‘b a c k s -u p ’ b e h in d  th e  
a c c id e n t

e M o to r is ts , o th e r  s id e R o a d  u s e r  p o p u la t io n  o n  o th e r  s id e  o f  c a r r ia g e w a y
f C le a r  zo n e S am e  a s  Z on e c
g D en se  p o p u la t io n S am e  a s  Z on e b
h O ff-ro u te  p o p u la t io n S am e  a s  Z on e a

momentum driven phase. 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 
carriageway. In the along the carriageway case, the plume can either travel in 
the direction of the affected carriageway or opposite 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 instantaneous re
leases of dense gas where we would predict some gravity driven movement of 
the cloud up-wind.
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F ig . 4. M o del fo r m o to r is t  f a ta l i t ie s ,  w in d  a c ro ss  (a) a n d  a lo n g  (b) c a r r ia g e w a y .

5.3 Human impact measurement — Flammable substances
For flammable and explosive events, we find that consequence models pre

dict a fairly sharp cut-off between the point where people exposed will suffer 
very serious injuries which are likely to be fatal. For flammable events we 
therefore adopted an impact model which had two ‘steps’:
• within the LD50 hazard range, all die;
• between the LD50 and LD0i ranges 25% of people die;
• beyond the LD01 range all survive.

Where the LD50 and LD01 are very close together, this can be simplified to 
a single step where everyone inside the LD50 hazard range dies. This is 
particularly true for motor spirit where only those within the pool fire are 
assumed to die.

This approach is only true for the impact of overpressure 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 
fire.

For motorists, it can be assumed that vehicles provide very little protection 
against fires and explosions. Those in cars are effectively trapped, and escape 
from the road is not easy in congested traffic.
5.4 Human impact measurement — Toxic gases

To allow 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-route populations, it was necessary to use a graduated approach to 
dose-effect modelling for toxic gases. The normal manner of doing this is to use 
‘probit’ equations which seek to represent that variation in the percentage of 
a population that will die against a received ‘toxic load’ assuming a log-normal 
relationship. These have the general form:
Pr = a +  b \n ( C " t )  (1)
We used three levels of impact, LD90, LD50 and LD10 for this study, and 
assumed that the proportion of the population that will die in the area between 
LDy and LDy will be (X+ Y)/2%.

It has been shown [6] that going, or being, indoors provides considerable 
mitigation against the effects of toxic gases. The impact on people indoors can 
be calculated by 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:
C(I) = C(O) [1 — exp (— At)] (2)
where C(0) is the outside concentration, /  is the ventilation rate and t the 
duration of exposure. This is followed by a decay phase once the cloud has 
passed but people still remain indoors:
C(I) = C(M)(-;.f) (3)
where C(M) is the maximum indoor concentration reached. The integration of 
these expressions with respect to time with the concentration raised to a power 
n (taken from the probit equation) yields a toxic load (JC"df). This can be 
compared with the probit relationship to give an expected percentage fatali
ties.

Figure 5 shows some of the potential options available to a person who is 
affected by a toxic gas. For people out-of-doors this can be rationalised into 
a simple model:
• at or above a concentration (Cy) a person will be unable to take any action 

and is likely to die;
• below this concentration, down to C2, there is a chance that he or she can 

escape indoors. C 2 can be set so that this chance is (say) 0.2;
• below that concentration there is a higher probability of escape, but of those 

who remain outside the proportion who die is given by (X+ Y)/2 where the 
area falls between the LDX and LDy hazard ranges.
This model is shown in Fig. 6. Therefore, for hazardous event E in weather j, 

the number of people out-of-doors likely to be killed is:
No. E . j  = DqPo.j [-̂ Cl +4l’l (1 — Pel) + (1 — T>e2)(0.95A'2 + 0.7A3 +O.3A4)] (4)
where PO J is the proportion of the people who might be out of doors in weather 
j, Pei is the chance of escape within concentration C2, P c2 is the chance of
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F ig . 5. R a n g e  o f o p tio n s  a v a ila b le  to  in d iv id u a l  a ffe c te d  by  to x ic  gas.

escape within concentration C3, area A\ is A C2 — AC1, A'2 is AC3 90 — A C2, A3 is 
AC3 so- AC3 90, A 4 is AC3 10 —AC3 so, and Dq is the population density.

In reality, this expression is more complex as for some releases, AC3 90 < AC2 
or even AC3 90 < Ac, and AC3>50 < AC2.

Once people have escaped indoors, they may still be subjected to a fatal toxic 
load of gas. The number of fatalities indoors therefore comprises those who are 
already indoors and perish together with the proportion of the ‘escapees’ who 
also die. It is given by:
N i,e,j — Dq(l — Po.j) + D'q(0.95AD go + 0.7A'5 + 0.3A'6) (5)
where AD 90 is the area covered by the indoor LD90 isopleth, A'5 is 
^D. 50 — ̂ D.90i and A'6 is Ad, 10— Ad 50 .
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The proportion of those who escape indoors who subsequently die will 
depend on whether they escape from > Cl concentration, i.e. Pe2 go indoors, 
or > C3 concentration, i.e. Pe2 go indoors. D'q is the average population 
density of escapees.

For motorists, the protection afforded by their vehicles is very limited. Work 
by Cook [7] shows that the ‘Ram’ effect of the car, even without a fan switched 
on, provides a very high level of ventilation. Therefore we have assumed that 
these people are effectively out-of-doors and the expression given above, with
out the terms for escape, can be used:
■ m̂.£.j = -Dm[0-95A9O + 0.7 (A50 —A90) + 0.3(A10 —A50)] (6)
where DM is the motorist population density, and A x is the area of carriageway 
(one side) which will experience toxic load LDX or more. This area is given by:
Area A x = hazard range to LD v x carriageway width (7)
5.5 Rail users (passengers) interactions 

In Britain, the rail network is used for both goods and passenger transport. 
This raises the possibility that one or more passenger trains may interact with 
a hazardous goods incident causing fatalities on the passenger train. Most 
other studies have failed to consider this ‘extra’ population but our work shows 
that they can make a significant contribution to the risk and that steps to 
prevent and minimise such interactions need to be considered.



246 G. Purdy IJ. Hazardous Mater. 33 (1993) 229-259

On British Rail, the signalling system is principally concerned with preven
ting collisions between trains running on the same track. Signalling 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 December 
1984 when a passenger train ran into the back of a 14-wagon goods train 
hauling ‘gas oil’. Three tanks ruptured forming pool fires and a ‘fireball’ which 
caused three fatalities and 76 injuries.

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 involving rail tanks containing these materials. These 
materials have long range effects which could affect a passenger train properly 
stopped by the signalling system, the so called ‘obedient’ train. Moreover, 
there is a possibility, although more remote, that the passenger train might 
collide with the hazardous goods train and cause the release, or might collide 
with a previously derailed train, or might, as this is specifically not prevented 
by the signalling system, be affected as it attempted to pass by the scene of 
a hazardous goods incident on an adjacent line.

This is a complex study which requires that the signalling and emergency 
systems on British Rail be understood and adequately represented. Using 
a combination of fault and event trees, the p a s s t r a m  model was developed to 
allow the frequency and consequences of such interactions to be calculated for 
a route that involves sections along which different passenger train 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 . C a s e  s t u d y  —  A  c o m p a r i s o n  o f  t r a n s p o r t i n g  c h l o r i n e  
b y  r o a d  a n d  b y  r a i l

To demonstrate the use of the models described in this paper and to bring out 
many of the points made above, we have carried out calculations of the societal 
risks associated with the transport of the same annual tonnage of chlorine 
between two locations by road or by rail. At present, this trade is conducted by 
road between these two sites, approximately 100 km apart. However, a change 
of mode is a realistic possibility.

The route, in the northwest of England, is at present served by road tankers 
several times a day. This one route constitutes 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 mostly 
single carriageway. The route travels past, but not through, three large towns, 
and only about 1 km of the route has ‘urban’ population on at least one side 
with 19 km with suburban population on one or both sides. Most of the rest is 
rural. The exact breakdown is shown in Table 6.
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T A B L E  6

P o p u la t io n  d is t r ib u t io n  a lo n g  s tu d y  ro a d  ro u te

R o ad
ty p e

P o p u la t io n
ty p e

D e n s ity
(k m ” b

N o. o f 
s id es

L e n g th
(km )

M o to rw a y U rb a n 4210 2 0.0
1 1.0

S u b -u rb a n 1310 2 1.0
1 13.0

B u ilt-u p  r u r a l 210 2 2.0
1 17.5

R u ra l 20 2 45.5
1 31.5

S in g le  c a r r ia g e w a y U rb a n 4210 2 0.0
1 0.0

S u b -u rb a n 1310 2 4.0
1 1.0

B u ilt-u p  r u ra l 210 2 4.0
1 0.5

R u ra l 20 2 13.5
1 1.5

The road tankers which travel this route make 1,743 journeys a year carry
ing 17.5 te each time.

The alternative delivery by rail would require 1,052 29-te tankers a year. 
The rail route is about 97 km long but passes through 3 major towns 
with populations of 176,000, 81,700 and 126,000, respectively. The route in
cludes 6  km of urban and 20 km of sub-urban population. Most of the route 
is also used extensively by passengers trains; part is the West Coast main 
line between London and Scotland. The passenger train traffic is shown in 
Table 7.

Using the techniques described above, we have calculated the following 
levels of societal risk for the different modes in Tables 8  and 9.

T A B L E  7

P a s s e n g e r  t r a in  tra ffic  o n  s tu d y  ro u te

S e c tio n In te rc i ty P ro v in c ia l

D ay N ig h t D ay N ig h t

W a r r in g to n 47 18 32 3
K irk h a m 10 1 125 11
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T A B L E  8

S o c ie ta l  r is k  re s u l t s  —  T ra n s p o r t  by  ra i l

G ro u p  a t  r isk F re q u e n c y  o f N o r  m o re fa ta l i t ie s  ( x 10 6 y~

1 10 30 100 300 1000

P a s se n g e rs 39.5 39.5 39.5 10.6 0.0 0.0
O ff-ra il p o p u la t io n 105.0 47.8 27.8 26.8 11.9 5.2
T o ta l 107.3 68.0 56.8 41.5 13.6 5.7

T A B L E  9

S o c ie ta l  r is k  r e s u l t s  —  T ra n s p o r t  by ro a d

G ro u p  a t  r is k F re q u e n c y  o f N o r  m o re fa ta l i t ie s  ( x 10 6 y~■ ')
1 10 30 100 300 1000

M o to r is ts 16.7 10.5 8.8 4.8 1.7 0.0
O ff-ro ad  p o p u la t io n 15.5 5.9 2.9 1.4 0.9 0.0
T o ta l 19.0 13.6 10.3 6.2 2.6 0.1

These results are also shown in Fig. 7 as FN curves.
It can be seen that:

• the risk by rail is approximately five times that by road;
• the risk to rail users is about double that to motorists;
• the risk to off-rail population is approximately 8 times higher than that to 

the off-road population;
• the road risk is dominated by that due to motorist involvement.

These results are due to a common factor in British transport systems; most 
of our rail system was built over 100 years ago and was intended to go from 
town to town while most of our major roads have been built over the last 20 
years and have been specifically routed to take traffic away from centres of 
population.

It would be possible to construct a route which would be more favourable to 
rail, but in reality the historical legacy of our transport systems will always 
tend to produce lower risks for the transport by road of materials with long 
hazard ranges. The risks from the transport of these substances will be lower if 
the route followed avoids centres of population and this is more easily achieved 
in Britain by road rather than rail. Substances with a shorter range effect such 
as motor spirit, should normally be more safely transported by rail since there 
is already a very worthwhile separation between the rail line and people who
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F ig . 7. S o c ie ta l  r is k  r e s u l t  fo r  ro a d /r a i l  co m p a riso n .

live nearby, and passenger train involvement is likely to be restricted to direct 
collisions when, at worst, only a few passengers may be affected.

It is clear that in Britain it is not possible to say that transport of hazardous 
substances by rail is safer than by road or, indeed, 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 situation in other countries such 
as Germany, where legislation now requires transfer to rail for longer journeys.

7. C o n c l u s i o n s

Throughout Europe, concern is being voiced about the transport of danger
ous goods and the risks posed to members of the public. Legislators are 
widening their attention from the problems of fixed major hazard installations 
to identify the most appropriate means to control the risk from hazardous 
materials in transit.
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It is very important that there is a full understanding of the magnitude of the 
risks involved, and the causes and major contributors, so that properly in
formed decisions can be made. In this paper we have described the methodology 
that was developed as part of a major study into the risks faced by the British 
population from the transport of dangerous substances.

We have concentrated on the novel aspects of the study and in particular 
consequence and human impact modelling. In the case of consequence models, 
we have suggested that the choice of model and the depth of the analysis must 
be driven by an understanding of the overall uncertainties of the risk analysis, 
and the contribution each element makes to that uncertainty. Where it mat
ters, the most accurate models are appropriate; 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 decision making body. The analysis methodology must be sufficiently 
transparent so that the results can be understood and used with confidence.

The modelling of human impact has been a feature of this paper reflecting 
the need perceived by those conducting the UK Study to be more rigorous in 
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 passenger populations can 
significantly affect the calculated risk levels, and can therefore have 
a profound effect on any conclusions which are drawn on the need for further 
legislative controls and the nature of those controls.

In support of these points, and to demonstrate the use of the models that were 
built, the relative risks of transporting chlorine by road or rail have been 
explored in a realistic case study. From this it can be concluded that the safe 
routing of materials with large hazard ranges may be more easily achieved by 
road. For materials with a smaller hazard range, the natural separation af
forded by the rail system may make this mode more suitable. However, in 
Britain, there appears to be no evidence to support, on safety grounds, a g e n 
e r a l  transfer of hazardous goods from road to rail or the reverse.

The potential hazards from the transport of dangerous substances is a very 
emotive issue; the hazards are brought close to where people live, work and 
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 derive any immediate 
benefit from the tanker passing our homes, but we can do little to dissociate 
ourselves from the risks it may present. It is therefore essential that any debate 
about the level of the risks, their tolerability, and the possible need for risk 
reduction, is conducted with the benefit of a full understanding of those risks 
based on a rigorous and appropriately accurate analysis. It is also incumbent 
on the analyst to consider how best the results of his analysis can be commun
icated to prevent mis-understanding; this may well influence the manner in 
which he conducts the analysis.

To ensure consistency and to stimulate quality in such studies, it would seem 
that some form of code of practice is desirable. This was one of primary
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c o n c lu s io n s  o f  a  r e c e n t  I n te r n a t io n a l  C o n s e n s u s  C o n fe r e n c e  o n  th e  T r a n s p o r 
t a t io n  o f  D a n g e r o u s  G o o d s  h e ld  in  T o r o n to  w h o s e  p a r t ic ip a n ts  a g r e e d  t h a t  th e  
c o d e  s h o u ld  c o n s id e r :
•  s ta n d a r d s  fo r  th e  d e f in it io n , m e a s u r e m e n t  a n d  r e p o r t in g  o f  r isk ;
•  a  s ta n d a r d  a p p r o a c h  to  r isk  a n a ly s is  fo r  th e  tr a n sp o r t  o f  d a n g e r o u s  g o o d s;
•  th e  n e e d  fo r  a n y  r e s u lt s  to  b e  c o m p a r e d  w ith  o b s e r v e d  d a ta  to  p r o v e  r e a lism ;
•  a  s ta n d a r d  a p p r o a c h  to:

(i) r e le a s e  r a te  a n d  s iz e  e s t im a t io n ;
( ii)  lo a d in g  a n d  u n lo a d in g  r isk s;

( i i i )  w e a th e r  m o d e llin g ;
(iv ) in c lu s io n  o f  a ll  a f fe c te d  p o p u la t io n s ;
(v) th e  u s e  o f  s ta n d a r d is e d  in c id e n t  a n d  o th e r  d a ta b a se s ;

•  a n  e x p l ic i t  s ta te m e n t  a b o u t  th e  s iz e  a n d  s o u r c e s  o f  u n c e r t a in ty  in  a n y  
a n a ly s is ;

•  th e  n e e d  to  m a tc h  th e  c o m p le x ity  a n d  p r e c is io n  o f  a n y  a n a ly s is  to  th e  n e e d s  
a n d  c a p a b il i t ie s  o f  th e  en d  u ser ;

•  c r it e r ia  fo r  q u a l i ty  r e v ie w  a n d  a s s u r a n c e  o f  th e  r is k  a n a ly s is  p r o c e s s .
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Appendix
p a s s t r a m  —  A  m o d e l  to  c a l c u l a t e  th e  f r e q u e n c y  a n d  i m p a c t  o f  h a z a r d o u s  g o o d s  
e v e n t s  o n  p a s s e n g e r  t r a i n s

B a c k g r o u n d
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 
same set of tracks. However, in the event of an incident involving a train 
conveying hazardous goods, the correct operation of the signalling system may 
not. in itself, prevent passenger trains being affected. It is entirely possible, 
although unlikely, for releases of materials with long hazard ranges to affect 
trains properly stopped at signals up the line from the hazardous goods 
incident.

Normally, a following train would not be allowed into a section of track until 
the first train has cleared an average 2 0 0  yards ‘overlap’ beyond the next set of 
signals. However, events with hazard ranges greater than this could impact on 
trains behind which have properly stopped.

In the event of an incident, the train crew’s duty is to protect their train 
from approaching trains on their track. Many routes in Britain are equipped 
with automatic ‘track circuiting’ 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 nearby tracks to simulate the presence of a train and so provide 
further protection. In addition, the train crew can place detonators 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 warn. If these 
safeguards fail, passing passenger trains on adjacent tracks may still enter 
the hazardous area and become affected. Furthermore, the passenger train 
(PT) itself may be in collision with a hazardous goods train (HGT) under 
normal running conditions or after a derailment and this could itself lead 
to a loss of containment with consequential impact on the passenger train 
population.

P o s s i b l e  i n t e r a c t i o n s
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 of a previously derailed PT;

• the PT entering a hazard zone after an earlier puncture 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 by an equipment leak on the HGT; and
• the hazard range from a punctured tanker on the HGT affects a PT properly 

stopped at signals (an ‘obedient’ train).
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This can be further expanded into six impact cases which take into account 
directionality:
Case 1 -  PT drives into the cloud, the wind is along the track
Case 2 -  PT drives into the cloud, the wind is across the track
Case 3 -  PT collides with a derailed HGT and punctures a tank
Case 4 -  PT collides with HGT and, as a consequence of the collision, a tank is
punctured
Case 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
nearby, the wind is along the tracks
Obedient perp -  The PT is stopped at signals but is affected by a HG release 
nearby, the wind is across the tracks

The frequency of N  or more fatalities — Toxic materials 
Cases 1 to 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 Britain, the length of the ASL will vary between 3/4 and 20 
miles. For non-track circuited line, there is an average of five miles between 
stations or signal boxes. The likelihood of causing passenger train fatalities in 
Cases 1 to 5 is a function of the spill or puncture frequency, the probability of 
a particular wind direction, and the probability that given an HGT incident the 
PT will enter the ASL and, furthermore, will not stop until it is within the 
hazard range. Figures 8, 9 and 10 show event trees that have been used to 
derive an interaction frequency for Cases 1 to 5 above. The probability that the 
PT will enter the ASL (P2) can be derived from quantifying the fault trees 
shown in Fig. 11 (for track circuited) or Fig. 12 (for non-track circuited line). 
The value of the top gate probability (Gl) is calculated from the probability 
that the PT will fail to stop at signals (G2, which is a constant for all similar 
lines) and the probability that a PT will be ‘nearby’ when the HG incident 
occurs (E5, which is a function of the PT traffic along that line). For this study 
we obtained values of G2 of:
• 0.011 for track circuited line;
• 0.22 for non-track circuited line.
Therefore, the frequency of PT fatalities in Cases 1 to 5 are given by:

^Case \~ F \ P 1P lP  3P4 (8)
F c ^ F . P . P A l - P ^ (9)
Fcasei=F l(l — P xlPxP^P 7 (10)

Fcase4 = F 2P 8 (ID
Fq ase5 = F1P 2P 3 P 10 (12)
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H G T  and  .  
P T  c o ll id e  (F2)

H G T  tank  
is p u n c tu red ?

P8
P asse n g e r tra in  
ca su a ltie s  (4)

R ail acc id en t 
ca su a ltie s

P F  c a su a ltie s  (4) =  F2>P8 
F ig . 9. E v e n :  t r e e  fo r ru n n in g  c o llis io n s .

H G T P T  en te rs P T  en te rs
s tops A S L h az a rd  zo n e

P a sse n g e r tra in  
ca su a ltie s  (5)

S afe

S afe

S afe

P T  ca su a ltie s  (5) = F 3 'P 2 -P 9 -P 1 0  
F ig . 10. E v e n t t r e e  fo r P T  in te ra c t io n  w ith  e q u ip m e n t le ak .

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 train carriage, and the duration of exposure. Rail passengers are effectively 
‘indoors’ and are provided with a measure of protection against the ingress of 
toxic gases. Modern British trains are, however, provided with mechanical 
ventilation and the controls are not accessible to train staff (other than the 
driver) or to passengers. The ventilation rate at 13 air changes an hour is 
relatively high, and the protection afforded is significantly less than they 
would experience in a normal house. Train drivers are provided with an 
extremely high air exchange rate and can effectively be considered as ‘out of 
doors’.

For Case 1, the fraction of the train affected is given by:
X \  — L H I  L t (13)
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F ig . 12. F a u l t  t r e e  fo r P T  e n te r in g  A S L  w ith o u t  t r a c k  c i rc u i t .

where LH is the hazard length and LT the length of the train, and XA < 1.
The number of carriages affected (integer) will be given by:

N c a  =  i n t ( A tc X a  +  0 .5 )  ( 1 4 )

where Nc is the number of carriages on the train. Using a uniform density (QP) 
of passengers per carriage, for a given level of harm x. the number of people 
experiencing that level of harm or more will be:
Nx — QP { int(/VcXx + 0.5)} (15)
Then, if three hazard ranges of LD10, LD50, and LD90 are used, the number of 
fatalities for event E in weather j  is given by:
NEj  = 0.95NEj, 90 + 0-7(NEJ 50~ N Ej 90) + 0.3(7V£j- 10~^Ej. so) (16)

For Case 2, the proportion of the train affected will be:
Xa =W hILt (17)
where WH is the width of the hazard zone and the number of passenger 
fatalities is given by the expression (16) above.

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 dispersion of dense 
gases, these cases can be treated as for Case 1 by ignoring any tendency for the 
gas to drift across the rails under the influence of the wind.

The ‘obedient train’ cases, Cases 6 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 6) is given by:

Fc,= F lPlP3(l-G 2 )E ;,LH 
2(Ll + 2LT) (18)

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

F lP l( \ - P 3)(l-G 2 )E 5(WJ2) * •
2 (Ll + 2Lj) (19)

The frequency of N  or more fatalities — Flammable materials 
Because of the very small hazard range, the interaction of passenger trains 

with flammable liquid spills and fires is only likely to lead to a small number of 
fatalities. This study therefore concentrated on liquefied flammable gases, 
notably LPG, which have significantly greater hazard ranges. The treatment 
for toxic gases given above can be extended by the exclusion of some events on 
the basis 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 ‘non-obedient’ trains as the interaction probability is 

small;
• VCEs in the case of ‘obedient’ trains as the interaction probability is very 

low;
• BLEVEs for ‘non-obedient’, ‘passing’ trains as the interaction probability is 

very low.
The cases for LPG interactions are:

Case 1 -  PT drives into the flammable cloud, the wind is along the track. 
Ignition causes a flash fire
Case 2 PT drives into the flammable cloud, the wind is across the track. 
Ignition causes a flash fire
Case 3 -  PT collides with a derailed HG train and punctures a tank. Ignition 
of the resulting cloud causes a flash fire
Case 3a PT collides with a derailed HG train and punctures a tank. Ignition 
causes a fireball of the tank contents
Case 4 -  PT collides with a HG train and, as a consequence of the collision, 
a tank is punctured. Ignition of the resulting cloud causes a flash fire 
Case 4a -  PT collides with a HG train and, as a consequence of the collision, 
a tank is punctured. Ignition causes a fireball of the tank contents
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TABLE Al
Ig n i t io n  p ro b a b i l i t ie s  u se d  in  PASSTRAM

E v e n t P ro b a b i l i ty

Im m e d ia te  ig n it io n 0.3
D e la y e d  ig n it io n 0.5
F ire b a ll 0.3
B L E V E  a f te r  flash -fire 0.1

O b e d i e n t  l o n g  -  The PT is stopped at signals but is affected by a flash fire 
caused by a LPG release nearby, the wind is along the tracks 
O b e d i e n t  l o n g , a  -  The 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 is along the tracks
O b e d i e n t  p e r p  -  The PT is stopped at signals but is affected by a flash fire 
caused by a LPG release nearby, the wind is across the tracks 
O b e d i e n t  p e r p ,  a  -  The 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 is across the tracks.

Domino events, where fires spread between tank cars leading to several flash 
fires/BLEVEs, will not extend overall hazard ranges and will only increase 
slightly the interaction frequencies. For these reasons, they were not con
sidered further.

For flammable events, rail passengers can be considered to be ‘indoors’ in 
terms of impact and we have adopted the same assumptions as with ‘off-rail’ 
populations; that is:
• 50% of rail passengers 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 
probabilities used for the main analysis were judged inappropriate. In this case 
the ones listed in Table Al were used.

Event frequencies and the corresponding numbers of passenger fatalities can 
be calculated in the same manner as for toxic events as described above.
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Relief vent sizing and location 
for long tubular reactors

M .A . G r o lm e s 3 a n d  M .H . Y u e b
aF a u sk e  & A sso c ia te s , In c ., 16W 070 W est 8 3rd  S tree t, B u r r  R id g e , I L  60521 ( U S A )  
bM e rck  & C o m p a n y, In c ., 126 E a s t L in c o ln  H ig h w a y , R a h w a y , N J  07065 ( U S A )

Abstract
T h e  D IE R S  (D esig n  In s t i tu te  fo r E m e rg e n c y  R e lie f  S y s te m s) m e th o d o lo g y  fo r e m e rg en cy  

re l ie f  e v a lu a t io n  is  re c o g n iz e d  as a  s ta te -o f - th e -a r t  p ro c e d u re  fo r  r e a c t in g  sy s tem s  o p e ra te d  
in  b a tc h  o r  s e m i-b a tc h  m o de p ro cess  v esse ls . B y c o m p a riso n , th e  e v a lu a t io n  o f  em e rg e n c y  
r e l ie f  r e q u ir e m e n ts  fo r  tu b u la r  r e a c to r s  h a s  re c e iv e d  l i t t l e  c o n s id e ra t io n . T h is  p a p e r  a d 
d re s se s  th e  q u e s t io n s  o f  lo c a tio n  a n d  s ize  r e q u ir e m e n ts  fo r  lo n g  tu b u la r  r e a c to rs .  M u c h  o f  th e  
D IE R S  m e th o d o lo g y  is  a p p lic a b le  in  p r in c ip le , a n d  th is  p a p e r  su g g e s ts  w h e re  c e r ta in  k ey  
d e ta i l s  m ay  b e  m od ified  fo r tu b u la r  r e a c to r  c o n s id e ra t io n s . T h is  p a p e r  p re s e n ts  em e rg e n c y  
r e l ie f  e v a lu a t io n  p ro c e d u re s  fo r b o th  te m p e re d  a n d  p u re  g assy  r e a c t in g  sy s te m s  a n d  p ro v id e s  
e x a m p le  i l lu s t r a t io n s  o f e a c h  case .

1. Introduction
Tubular reactors (sometimes referred to as plug flow reactors) are geomet

rically quite different from batch reactors. For the purpose of this paper we will 
consider a typical tubular reactor as a continuous flow reactor system made up 
of a relatively small diameter pipe but having a very long length-to-diameter 
ratio (L j D ), perhaps ranging from several hundred to several thousand. Such 
reactors are rarely straight, and often consist of a sequence of straight seg
ments and reversing “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 and temperature control
(b) Reagent feed error
(c) External fire
(d) Other site specific considerations

C orrespondence to: M .A . G ro lm e s, F a u s k e  & A ss o c ia te s , In c ., 16W 070 W e s t 83rd  S tr e e t ,  B u r r  
R id g e , IL  60521 (U SA ).

0 304-3894/93 /S 06.00  ©  1993 E ls e v ie r  S c ie n c e  P u b l i s h e r s  B .V . A ll r i g h t s  r e s e rv e d .
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As is often the case for a batch reactor process, the necessary information 
required 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 adequately 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 reagents) or generates 
non-condensable gas (gassy). In either case, the test data for the specific 
chemical system should provide the relevant reaction rate data required for 
vent sizing analysis.

This background information is an essential and well-established part of the 
DIERS methodology 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 is 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 the 
concept, serves to illustrate several features. Relative to batch reactors, the 
in-reactor inventory is usually quite small. Depending on specific material of 
construction, the pressure rating is usually quite high owing to the usually 
small diameter. If this is indeed the case, then relative to a batch reactor, the 
thermal inertia or so-called phi factor may be significant in slowing the rate of 
a postulated run away reaction. This point will be addressed later in the paper.

Section A -A  
(En larged)

F ig . 1. I l lu s t r a t io n  o f  a  lo n g  tu b u la r  re a c to r .
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In spite of the long length of the reactor, locations for emergency relief may 

be limited due to concentric heat exchange equipment. Therefore, one essential 
question regarding pressure relief for tubular reactors is the maximum length 
of reactor which can be protected by a single pressure relief device, when the 
relief vent area is limited by the cross-section area of the reactor itself.

The last significant characteristic of tubular reactors which will be men
tioned here is that the relief vent flow rate will be significantly affected by 
length of the reactor. Fortunately, prior analysis of the two-phase discharge of 
long pipes may be utilized to enable the batch reactor vent sizing evaluation 
models to be adapted to tubular reactors.

3. D ischarge rates in long tubes
The two-phase discharge of non-reacting flashing liquids was evaluated in 

Ref. [6 ] by means of a detailed numerical model which considered sensitivity to 
flow regime assumptions as well as numerical nodalization of the pipe line. 
Pipe lengths of several kilometers were considered. This analysis set the stage 
for a one-step analytical approximation developed in Ref. [7]. Grolmes and 
Fauske [7] showed how the long-pipe two-phase discharge coefficient models 
established in Ref. [8 ] could be utilized to provide good agreement with detailed 
numerical models. These methods are adopted here.

A discharge coefficient, or flow reduction factor F ,  may be defined as
F=G/Gmax (1)
where G is the actual discharge mass flux and Gmax is the two-phase discharge 
mass flux for an ideal no-loss geometry. For flashing liquids characteristic of 
tempered reacting systems, Gmax may be approximated by [9]:

^max / " ~Gg / C T
or the equivalent form when the Clausius-Clapeyron equation holds,

(2 a)

<2b)
For non-flashing, two-phase discharge of a gassy system, the more rigorous 

formulation for Gmax, found in Ref. [10], may be approximated by

2  —a V aGmax = v /p o(l-a)P f 
where
>/= [2.016+ [ (1 — a)/2 a]0/7]

(1 — ̂ 7> In
1/2

1/)/ + (1 — a)/a (3)

0.714 (4)
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The terms in eqs. (2) and (3) are defined as follows: /  is the latent heat of 
vaporization, i>fg is the difference between vapor specific volume v i and liquid 
specific volume v f, C  is the liquid heat capacity, T  is the absolute temperature, 
dP/dTis the slope of the vapor pressure-temperature relation, P 0 is the source 
pressure, p { is the liquid density, a is the gas volume fraction, and 77 is the 
choking pressure ratio (see Ref. [10]).

If the ambient pressure ratio, defined as 77amb = Pamb I P o , is greater than 
7/ defined by eq. (4), for gassy systems, Gmax may be represented by the incom
pressible form
G™ = v /2 (l-a )p f(P o -P amb). (5)
Grolmes and Fauske [7] showed that the discharge coefficient for flashing flow 
in long horizontal tubes in the subsonic region could be represented by

127 co1/2(l +ca)~1/3
T aF

where

(6 )

v) =  P 0 p ( ! G 2max (eq. 2 ). (7)
In eq. (6 ), the friction length parameter N  is defined 

M=4/'(L/P))equivalcnt (8 )
and for two-phase turbulent flow a constant value of 
f =  0.005
is often assumed for the friction factor.

For a non-flashing two-phase gassy system at void fractions a, approaching 
zero, the incompressible form of the discharge coefficient F  is given by
F = ( l + N ) ~ 1/2 (9)
where N  has the same meaning as defined by eq. (8 ) above.

Figure 2 shows the above relations for flashing and non-flashing discharge 
flows in the long L/Z) range. As a further simplification, one can represent an 
arbitrary flashing system whose to value lies in the range of 10<co<30 and for 
L j D >  1000, by the relation
F = 2 N ~1/2. (1 0 )
Equations (10) and (6 ) are also compared in Fig. 2 .

Equations (9) and (10) provide two convenient representations for the vent 
flow discharge coefficient for systems of interest. Note that for batch type 
process vessels, the effective discharge coefficient is rarely less than 0 .5 . 
However, for long tubular reactors, the effective relief discharge coefficient 
might well be less than 0 .1 .
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RATIO, N = 4fL /D
F ig . 2. F lo w  re d u c t io n  f a c to r  fo r  la rg e  f r ic t io n  le n g th - to -d ia m e te r  ra t io s  re p r e s e n t in g  
s u b so n ic  d is c h a rg e  o f  s a tu r a te d  liq u id  f la s h in g  flow , a n d  n o n -f la sh in g  g a ssy  sy s tem s . S o lid  
l in e s  re p r e s e n t  eq. (6) fo r f la s h in g  sy s tem s . D a sh e d  lin e s  re p r e s e n t  a p p ro x im a tio n s  g iv e n  by 
eqs. (9) a n d  (10).

4. A daptation o f DIERS vent sizing relations 
to the problem o f tubular reactors

The analysis presented here takes the approach that defining the maximum 
length of tubular reactor, which can be relieved by a vent area equal 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 gassy 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 
regarding temperature, concentration and/or extent of reaction within the 
tubular reactor that in most cases is far from reality. It is also true that, in most 
cases, the results of the proposed analysis will be more conservative due to real 
non-uniformities. For example, consider a flow cessation in a tubular 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 relief activation. The expansion or relief of this zone will 
lead to pressure mitigation more quickly than if the total length of the tubular 
reactor were at uniform conditions. None-the-less, it is felt that the net conser
vative features of the proposed methods are justifiable in view of the essential 
absence of reported performance experience on emergency relief of tubular 
reactors.
4 .1  T e m p e r e d  s y s t e m s

For tempered systems we cite the well established model of Leung [11], as the 
reference formulation. We choose to represent Leung’s formulation in the 
following way:
A  =  P * A 0 (1 1 )
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where A is a required vent area and A0 is a reference vent area based on 
reacting system characteristics and / )* is a dimensionless term which collects 
all parameters important to the allowance for pressure increase after relief 
activation as:

/?* = T ‘sct +  T  •„ 
2 T ‘ 1 + P { C ( T max Tst,) 

Tse,(dP/dT)
1/2 ' (1 2 )

In eq. (12) the new terms are: Tset and Tmax, 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*el and T 'max, which 
refer to the rate of temperature change (non-vented basis) at the same pressure 
conditions.

In eq. (11), the reference area A0 is defined as

An = M M C /7L )3/2 TS%
F ( d P / d T ) 2

where M is the tubular reactor inventory defined as
(13)

M — p f Lr Ar (14)
and Ar is the cross section area of the tubular reactors.

The flashing discharge mass flux of eq. (2b) has already been incorporated 
into eq. (13). Now, if one sets the vent area A in eq. (11) equal to the reactor 
area, AR, then on combining (14), (13) and (11), one finds a relation for the 
maximum reactor length L0 which can be vented by a single device which is 
given in dimensionless form as
Lo= _  F ( d P / d T ) 2
D r / ) * D Rp f  (C/Tscl) 3/2 T*et ( '

Equation (15) can be cast in more convenient form by considering the 
following additional details. First, recall F  will be given by eq. (10) and N  can 
be related to L0 by the expanded form below.

y/ Y K l +  4 f L 0 I D R

The loss coefficients K t may represent any relevant fitting factor. For example, 
one may encounter a 180° pipe bend which may be represented by 50 equivalent 
length-to-diameter ratios. On this basis the K  factor for a 180° bend would be 
4x0.005x50 = 1 .0 .

A second detail applicable to eq. (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 + 6 /T) (17)
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where T  is the absolute temperature and a  and fr are the parameters that fit 
eq. (17) to specific data. The term exp(a) will have pressure units and the term 
b  will have units, K.

With the above, the slope of the vapor pressure-temperature equation can be 
represented as
d P _ ~ b P
dT" T 2 G$)
and with eqs. (16) and (18) we can represent (15) in the form

2  Pie.fr2 ( T n y /2
Lp V7!  jf,. + 4/L0 I D r D r T f tt {  C  )
P r P *  P(  P ’et

(19)
In the implementation of eq. (19) the important related terms of Tset and T’et will 
be obtained from empirical test data in the same manner as for batch reactor 
applications. Examples will be illustrated later in the paper.

If the actual reactor length L R is less than the length L 0 defined in eq. (19), 
then a relief vent size less than the reactor cross section area would be 
adequate. The previous relations may be manipulated to show that to a first 
order the relative relief vent area is given by

= Lr 
^R Po (2 0 )
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.
4 . 2  G a s s y  s y s t e m s

Gassy systems may 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

Qa —
F G A  

(1 — ot )pf
with the volumetric gas generation rate, Q g , given by

(2 1 )

M Vt P*m ;tg Mt Pm‘ max’ (2 2 )
The required vent area for a batch reactor is given by the combination of (21) 

and (2 2 ) as
(1 —a) pf MVjPmax 

PGM ,Pm (23)
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The new terms introduced in the above relations are found in the Q 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 ’m3tX is the maximum 
pressure rise rate in the test volume V t , and P m is the maximum pressure 
allowed during relief activation.

We assume that the tubular reactor inventory M = p A RL R and that G  is given 
by eq. (5) for non-flashing flow. The discharge coefficient F  is represented by 
eq. (9) in the modified form F = (l + ZK’I + 4/L/Z)R) _1 2. We further assume the 
initial void fraction x =  0.

With the above one finds the maximum length for a single relief device of 
area AR given by
P q _  M, P m (  2 p f ( P m — P amb) V 2
D R ~  p i V l P ^ W R { l  +  I . K i +  4 f L 0 I D j  '  ̂ 1

In the same manner as pointed out for tempered systems, if the actual reactor 
length L r is less than L 0 , then the relative reduction in vent area is given to 
a first order by

P q

Other comments relative to required correction to the internal friction resist
ance as noted previously also apply here.

The maximum length for a single relief device for a gassy system, as defined 
by eq. (24), should be conservative relative to other possible evaluations for 
certain scenarios. For example, we note the possibility that a flow blockage 
with continued reaction for a gassy system can lead to early relief activation, 
and therefore allow time for venting the reactor inventory prior to reaching 
the maximum reaction rate assumed in eq. (24). However, completion of an 
empty time evaluation will typically require more test information than 
needed for eq. (24).

5. Illustrative exam ples
The following examples will illustrate use of the previous tubular reactor 

evaluation models.
5 . 1  T e m p e r e d  s y s t e m  c a s e

We will set up a basis for evaluation of a tempered system as if certain 
information were available from test data.
5 . 2  M a x i m u m  r e a c t i o n  t e m p e r a t u r e  a n d  p h i - f a c t o r

It is assumed that an estimate of the heat of reaction can be obtained directly 
from appropriate calorimetry data in which the reaction temperature increase
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is measured,

0M wC A r
x (25)

where 8 is the heat of reaction [J/mol]; 0 is the test cell thermal inertia, where 
it is assumed that 0 = 1.08; Mw is the molecular weight of the reactant, where it 
is assumed that Mw = 120 g/mol; C  is the liquid heat capacity, where it 
is assumed that C = 2.1J/g°C; A T  is the measured temperature rise, where 
it is assumed that A T =  310 °C; and x  is the reactant weight fraction, where it is 
assumed that x = 0.5.

With the above assumed values, one finds

<5 = :1.08x 120x2.1x310 
05 = 169 x 103 J/mol.

However, with a known heat of reaction, inversion of eq. (25) allows one 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 = 1.0, eq. (25) would define the adiabatic reaction temperature increase.

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

0 = 1  + (MC)tes, cen
(MC)test sampje (26)

A good approximation of eq. (26) for a steel wall vessel and an organic sample is
0ssl + lOf/D
where t and D  are the vessel wall thickness and diameter respectively. A typi
cal value for a 1 inch schedule 40 pipe, tubular reactor (i = 0.133 inch, D  =  1.049 
inch) would be 0 = 2.27. With the previously estimated heat of reaction, 
5 =  169 x 103 J/mol and other property values previously assumed, eq. (25) in
verted for reaction temperature rise for various cited values of the 0  factor are:

0 A T

1.0 335 °C
1.08 310 °C
2.27 148 °C

5 . 3  R e a c t i o n  k i n e t i c s  a n d  P - T  r e l a t i o n  
The reaction self-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: 
~  ( T m -  T ) u  exp [-  w l ( T +  273.15)] (27)dtp
where dT/d0 is the reaction self-heat rate (°C/min); T m is the maximum reac
tion temperature (°C); T  is the instantaneous reaction temperature (°C); 
u is the pre-exponential rate constant parameter, here assumed to be 
« = 7.266 x IO7 min“ and w  is the activation energy parameter, here assumed 
to be u; = 9148 K.

The kinetics parameters, « and w ,  represent a hypothetical reaction having 
an onset temperature of ^ 7 6 :C where the self-heat rate will approximately 
double with every 10 °C temperature increase. A hypothetical pressure temper
ature relation given by
P(psia) = 5.9 x 105 exp [—4167.5/(7’+ 273.15)] (28)
will have a normal boiling point temperature of 1 2 0  °C.

Figure 3 shows the self-heat rate (d7’/d</>) for three cases along with the 
pressure temperature relation. The three reaction cases correspond to 0 fac
tors of 1.0, 1.08 and 2.27 with the corresponding values of T max relative to 76 C 
as also indicated in Fig. 3.

Note the profound effect of the assumed 0 factor for the 1 inch schedule 40 
pipe (0 = 2.27). In fact. Fig. 3 suggests that if the relief set pressure or reactor 
design pressure is greater than 150 psia, the reaction path defined by case 
3 could perhaps be contained without pressure relief. Also note that the 
differences in self-heat rate between the adiabatic case, 0  = 1 . 0  and the hypo
thetical calorimeter case, 0 = 1.08, are small. With respect to case 3 in Fig. 3,

Fig. 3. Self-heat rate(s) and pressure-temperature relations for tempered system exampleproblem.
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any similarly large </> factor can often result in a significant reduction in 
pressure relief requirement. However, each case should be examined carefully 
since the effect of the heavy containment wall is always overstated in the static 
lumped heat capacity model considered here. The effect of the wall will also be less 
for flowing systems. However, the potential benefits may justify a more detailed 
thermal evaluation. These considerations having been noted, the calorimetry test 
case, 0 = 1.08 and Tm = 386°C, will be used for the example evaluation.
5 . 4  E v a l u a t i o n  c a s e

Consider the following evaluation case: Psel = 150psig or 164.7 psia 
(1.136 x 106 N/m2), Pmax = 197.6 psia (20% overpressure) (1.363 x 106 N/m2), 
Tset = 236°C (509 K), T U t =  171.6 °C/min (2.86 °C/s), Pmax = 248 °C (521 K), and 
Tmax = 237°C/min (4°C/s). In addition, we assume that pf = 900kg/m3, 
C = 2100J/kg, D r =  2.54 x 10~2m (1 inch) and XK t +  4 î L 0 / D R =  0.025L 0 / D R. 

Using eqs. (15) through (19) and the above parameter list leads to
f  L 0 y /2 12.65 x (1.136 x 106)2(4167.5)2(509/2100)3/2 
\ W R )  ~  2.54 x H T 2 5094/?*9002171.6/60 '
The term /?* must be evaluated using eq. (12). If one evaluates the term
dP b P  4167.5 x 1.1356 x 106 
d f ~  5092 = 18267 N/m2 K
then one finds, using the previous parameters,

(171.6 + 236.9)
^ 2x171.6

/ 900 x 2100(247.7 -  236) \ 1/2 
+ ' 50918267 )

or
=  0.184.

Therefore, completing the evaluation, one finds
T  \ 3/2 =46429 or “  = 1282.

d J d r

For a 1 inch (2.54cm) diameter reactor, L k 32.5m.
5 . 5  G a s s y  s y s t e m s

An example illustration of the use of eq. (24) for gassy systems can be 
presented on the basis of the following assumed property, test data, and case 
specific data:
C a s e  s p e c i f i c .  Pm = 400 psia or 27.6 x 105 Pa 

Pamb = 14-7 psia or 1 . 0  x 1 0 5 Pa 
D r =  1 inch or 2.54 x 10 " 2 m 
p f = 900kg/m3
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T e s t  d a t a :  Mt = 0.01kg
VJ = 0.4 x10“ 3 m3

•Pmax = 400psi/min or 6.67psi/s
A s s u m p t i o n :  1 + E/i’i + 4/L/Z)%0.025 L J D

With the above, one can evaluate eq. (24) to find

( 0.01 x 400 x (2 x 900 x 26.6 x 105 ) 1/2 = 318909002 x 0.4 x 10“ 3 x 6.67 x 2.54 x 10“ 2 x 0.0251/2
or
L0 /Dr = 999 or L 0 =  25.4 m.

6. Concluding rem arks
We have shown how the conventional vent sizing relations for batch reac

tors, as often used in implementation of the DIERS methodology, can be 
adapted to long tubular reactors. In specific instances, a tubular reactor may 
have a significant thermal inertia effect which can further mitigate the sever
ity of a run-away reaction. This should be evaluated carefully since there may 
also be cases where the thermal inertia effect is less significant. For long 
reactors, it is likely in most cases that a non-reclosable relief device will 
be preferred. One implication of the relatively large friction effect on the 
discharge flow rate may be the inability to satisfy the requirements of reclos- 
able safety relief valves for minimum upstream pressure drop.

The evaluations presented here indicate a maximum length which can be 
protected by a single relief device without indicating an explicit preference for 
location. However, as a practical matter, preference should be given to a relief 
device location nearest the presumed 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 where feed reagents are introduced. In 
circumstances where the normal product represents a potentially unstable 
hazard, the exit location may be preferred.

Highly viscous systems may also generate special requirements. While the 
methods presented here are generally applicable, use of turbulent flow, con
stant friction factor is not recommended for laminar flow discharge.

Finally, the important aspects of the DIERS methodology requiring system 
characterization for run-away reaction scenarios through empirical test data 
are equally important for tubular reactor consideration.
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Dispersion and deposition of smoke plumes 
generated in massive fires
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Abstract
M a ss iv e  fires  r e s u lt in g  from  th e  u n c o n tro l le d  b u rn in g  o f  c ru d e  o il fro m  sp ills  o r  in d u s tr ia l  

a c c id e n ts  p ro d u c e  la rg e  sm o k e-lad en  b u o y a n t p lu m es  w h ic h  r is e  in  th e  w in d  d ire c t io n  b efo re  
th e y  e q u il ib ra te  w ith in  a  s ta b ly  s tra tif ie d  a tm o sp h e re . B ey o n d  th is  p o in t, th e  p lu m e m a te r ia l  
co o ls  by e n tr a in m e n t  a n d  th e  p lu m e  becom es n e g a tiv e ly  b u o y a n t d u e  to  th e  h e a v y  sm o k e  
lo ad in g . T h e  tr a je c to r y  o f  th e  d e sc e n d in g  p lu m e, w h ic h  d e te rm in e s  th e  g ro u n d  d is t r ib u tio n  o f 
sm o k e, is  th e  s u b je c t o f th is  p ap e r. A c o m p u ta tio n a l m o de l fo r th e  s im u la tio n  o f  la rg e -sc a le  
sm o k e p lu m es  r e s u lt in g  from  s u c h  fires is  d ev e lo p ed  a n d  ap p lie d  to  in v e s tig a te  th e  e ffec ts  o f  th e  
p lu m e in i t ia l  p ro p e rtie s  o n  its  t r a je c to ry  a n d  sm o k e  d e p o s itio n  p a tte rn s . A tte n tio n  is  fo cu sed  
o n  th e  d e s c e n t a n d  d isp e rs io n  o f w in d -d riv en  p lu m es  in  a  h o m o g e n e o u s  a tm o sp h e re , a n d  th e  
sm o k e d e p o s itio n  o n  f la t  t e r r a in .  R e s u lts  sh o w  t h a t  th e  p lu m e d y n am ics  in  th e  cro ss-w in d  
d ire c t io n  a re  d o m in a te d  by  tw o  b u o y a n tly  g e n e ra te d , c o h e re n t, s tre a m w ise  v o r tic e s  w h ic h  
d is to r t  th e  p lu m e c ro ss  s e c tio n  in to  a  k id n e y -sh ap ed  s tru c tu r e .  T h e  s tre n g th  o f th e  tw o  v o r tic e s  
a n d  th e i r  s e p a ra t io n  in c re a se  as th e  p lu m e fa lls . T h e  p lu m e w id th  g ro w s u n d e r  th e  a c t io n  o f 
th e s e  v o r tic e s  a t  a  r a te  w h ic h  in c re a se s  as  th e  p lu m e s e tt le s  o n  th e  g ro u n d , le a d in g  to  a  sm o k e 
fo o tp r in t w h ic h  does n o t  re se m b le  th e  p re d ic tio n  o f G a u ss ia n  d isp e rs io n  m odels. T h e  e ffec ts  o f 
th e  in je c t io n  a l t i tu d e  a n d  th e  in i t ia l  s h a p e  o f th e  p lu m e c ro ss  s e c tio n  o n  th e  t r a n s p o r t  a n d  
d isp e rs io n  o f th e  n e g a tiv e ly  b u o y a n t sm o k e p lu m e a re  in v e s tig a te d . P lu m e s  fa ll in g  from  h ig h e r  
e le v a tio n s  d isp e rse  m o re  in  th e  v e r t ic a l d ire c t io n  w h ile  th o se  fa llin g  from  lo w e r e le v a tio n s  
d isp e rse  fu r th e r  in  th e  h o r iz o n ta l  cro ss-w in d  d ire c t io n . P lu m es  w ith  c i rc u la r  c ro s s-se c tio n s  
re a c h  th e  g ro u n d  fa s te r  a n d  d isp e rse  h o r iz o n ta l ly  f u r th e r  th a n  p lu m es  w ith  e l l ip tic a l cross- 
s e c tio n s  w ith  th e  m in o r ax e s  in  th e  v e r t ic a l  d ire c t io n . V e r tic a l p lu m e d isp e rs io n  is  w ea k ly  
d e p e n d e n t o n  th e  s h a p e  o f i ts  in i t ia l  c ro ss-se c tio n .

1. Introduction
Wind-driven buoyant plumes are responsible for the long-range 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 fought or left to burn, is determined by the plume trajectory. While 
the horizontal motion of the plume is governed by the prevailing wind, its 
vertical motion is determined by buoyancy and is a function of the initial 
density distribution within the plume cross-section and atmospheric stratifica
tion. Typically, the density of the plume* is determined by the temperature and 
the smoke concentration of the fire plume. Both vary during the plume rise due 
to entrainment and mixing with the surrounding air. At a certain height, the 
plume becomes buoyantly stable [5-7] and as it cools further, it starts to fall 
due to the smoke concentration. Plumes generated by oil fires are of particular 
interest due to their high smoke loading (10-15 percent of the original fuel 
burned). The large smoke particulate matter increases the environmental 
hazard and complicates 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 [8 - 1 2 ], 
scale, or integral models; and numerical, or field models. In the former cat
egory, dimensional arguments and/or integral conservation expressions are 
used to derive relations among characteristic, global parameters, such as the 
maximum plume rise, as a function of the source and ambient conditions. These 
relationships contain constants, e.g. entrainment rates, which are determined 
using scaled experiments. In most cases, the plume concentration distribution 
is assumed to be Gaussian in the plane normal to the plume axis [6 , 1 0 ]. This 
simplification limits the applicability of integral models since, as shown below, 
the underlying assumptions may not hold in many relevant cases. On the other 
hand, numerical models offer the possibility of more detailed and accurate 
predictions of the plume dynamics. Typically, these models rely on the numer
ical integration of the averaged conservation equations, supplemented with 
turbulence-closure schemes, to describe the field in detail. The application of 
these models has been limited by the uncertainty associated with the validity 
of turbulence models in buoyant flows, and the high computational expense 
associated with using fixed-grid integration schemes.

In this work, a comprehensive numerical model of smoke dispersion and 
deposition is developed as an effective alternative to both approaches. The 
model does not rely on experimentally-fitted constants or closure models, and 
is endowed with efficiency by relying on grid-free, Lagrangian numerical 
methods to integrate the equations of motion. In this formulation, Lagrangian 
elements are naturally convected and redistributed in regions of high strain, 
thereby adapting to severe and rapid changes in the plume structure [13-17], 
Far-held and normal boundary conditions are easily applied by using the 
appropriate form of the Greens function used to represent the velocity induced

* The plume is defined as the mixture of fine combustion products, including smoke
particulates, and air entrained and mixed with these products during plume rise.
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by a given Lagrangian element. The capability of the model is illustrated by 
computing the dispersion of a wind-transported dense plume in a uniform 
atmosphere and its deposition on a flat terrain.

The quantity that is of direct environmental impact is the downwind “foot
print” of the smoke plume as a function of fire strength, smoke loading, and 
wind pattern. This quantity is directly related to the trajectory of the descend
ing plume, a problem which has so far received less attention than rising 
thermal plumes. Attention is therefore focused on negatively buoyant, de
scending smoke plumes and their interaction with a flat ground. Much, al
though not all, of the information required to assess the environmental hazard 
of the smoke generated from large fires can be obtained from this analysis of 
the descending 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 determining the plume trajectory and the 
distribution of smoke within its cross section. We also show that this distribu
tion differs greatly from the conventionally assumed Gaussian due to the 
formation of strong streamwise vorticity.

The paper is organized as follows. In Section 2, we describe the formulation 
of the model including the major assumptions used and the non-dimensional- 
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 trajectory and the smoke distribution 
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. F orm ulation o f the problem

We consider the evolution of an isothermal smoke plume initially at the 
thermally stabilized height H T .  The plume is characterized by the (excess) 
particulate mass flux
m „ p* U d A ,

the integration is over the plume cross-wind section, where p *  is the density of 
the particulate phase, with the total density p *  = p *  +  p *, and p *  is the ambient 
density. The initial plume cross section is taken to be an elliptical cross section 
of semi-major (horizontal) axis R y and semi-minor (vertical) axis R ~ .  The major 
direction of motion is the horizontal %-direction, with a uniform ambient wind 
velocity U.  The geometry is illustrated in Fig. 1 . The specification of initial 
altitude and shape of the plume cross section is obtained from a plume rise 
analysis which will be described elsewhere.

The present analysis is based on the following assumptions:
(i) the large-scale plume motion of interest here can be regarded as steady;

(ii) molecular diffusion of mass and momentum are negligible compared with 
vorticity-induced entrainment;
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U (wind speed)
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F ig . 1. A sc h e m a tic  r e p r e s e n ta t io n  o f  th e  in i t ia l  p lu m e  c ro s s -se c tio n  a n d  h e ig h t ,  i ts  t r a je c t 
o ry  in  th e  in d  d ire c t io n , th e  c o o rd in a te  sy s te m  a n d  th e  v e lo c ity  co m p o n en ts .

(iii) the ambient-wind speed U  is uniform and much larger than plume-induced 
velocity components ( u , v,  w )  in the (x , y ,  z )  coordinate directions;

(iv) the smoke particulate can be treated as a continuum fluid;
(v) the stratification and turbulence in the atmosphere can be neglected. 

The first four assumptions are quite reasonable and widely adopted in most 
plume modeling. The last assumption is used as a first-order model for atmo
spheric conditions. It will be systematically relaxed in future work.

Given the above assumptions, the plume evolution can be described in 
a transverse ( y * ,  z *) plane perpendicular to the ambient wind direction. We 
introduce dimensionless transverse coordinates, (y, z ) ,  and streamwise coordi
nate, t , as follows:

where V =  ^ J e R - g ,  e= mp/p* U R z  1, and g  is the acceleration of gravity. The 
dependent variables are the transverse velocity components, ( v * ,  w * ) ,  the 
perturbation pressure relative to its ambient hydrostatic value, p * ,  and the 
particulate density p * .  They are made dimensionless as follows:

( y ,  z ) = ( y * , z * ) I R ;

(l)

(u ,  w ) = ( v * ,  w * ) / V
U R _

P  =  ~

U R l

(2 )
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The conservation of mass, particulates and momentum in the transverse plane 
then take the form:
d v  d w  
d y  + d z
c p  d p  d p
- t + l ' T y + W 7 z - °

(1 +ep) d v  d v c v
d t  + % + W Y z  + Y y - °

d p

( 1 + £ p ^ _  + v _  + w ^ y p + ° £ _ 0

(3)

The quantity e is a measure of the particulate-to-ambient-air density ratio, 
proportional to p*/p*, if p* is uniformly distributed over the plume cross- 
section. This ratio is quite small, typically 0(0.01), making the Boussinesq 
approximation valid in most practical cases. Invoking this approximation, the 
problem then contains only two non-dimensional parameters, the plume initial 
stabilization height H T / R , ,  and the initial plume aspect ratio A R  =  R y I R , .  
Initially, the particulate density profile within the ellipse must be specified, 
together with the transverse components of the induced velocity field. In what 
follows, the initial smoke density is assumed constant, and the transverse 
velocity components are zero. The velocity components must vanish as (y , z )  
->», and the normal component of the velocity w  =  0 at the ground 2  = 0. For 
later use in connection with the vortex method, we note that eq. (3) leads to the 
following evolution equations for the streamwise component of vorticity co.
dco dco dco 1 d p
d t  d y  d z  (1 + ep) 2 c y

s
(1 +ep ) 2

d p  d p  
d y  d z

d p  c p  
d z  d y (4)

where the vorticity is defined as follows:
d w  d v  

W =  ~ f y ~ d z
The non-Boussinesq terms in the equation are retained mainly for use in 

future work directed at the near-source plume-rise problem. They play no role 
in the present problem. Using the vorticity transport equation, the mathemat
ical formulation of the problem is completed by invoking the pressure gradient 
from the momentum equations,
d p
d y

- ( l  +  e p ) da 
df ’

and,
d p
d z - p - ( l  + sp) du;

dt (5)



280 A .F . G h on iem  et a l . /J .  H a za rd o u s  M a ter . 33 (1993) 27 5 -2 9 3

and satisfying the conservation of species and incompressibility condition, 
respectively:
dp
di
and

= 0

d v  d w  „
dy + = (6 )

3. N u m e r ic a l  s c h e m e

The vortex element method is used to integrate the vorticity transport 
equation, eq. (4). The method is based on the discretization of the support of 
vorticity into vortex elements, and the transport of these elements along 
particle trajectories. The vorticity of an element is radially distributed in 
a small neighborhood of its center according to Gaussian core function with 
a characteristic radius, S. The velocity field is computed by discrete convolu
tion over the fields of the vortex elements using the desingularized Biot-Savart 
law. Details of the method, as applied to the plume problem, are described in 
Refs. [14] and [17]. Vorticity source terms appearing in eq. (4) are evaluated 
using the transport element method. Similar to the vortex method, the latter 
relies on the discretization of the density gradient into a finite number of 
Lagrangian transport elements which move with the local velocity. The den
sity gradient changes with the stretching and tilting of material lines, while 
the density is obtained by direct summation over the field of transport ele
ments. Details of this method, which has also been applied in combustion 
problems [15, 16], are given in Ref. [14],

Normal boundary conditions at the ground, 2  = 0, are satisfied by accounting 
for the image system of the vortex/transport elements. We discretize the zone of 
finite density gradient between the plume and the surrounding using two 
layers of elements. Both the vortex and transport element methods invoke 
a redistribution scheme which introduces new elements, as necessary, to 
maintain the spatial resolution of the computations. This results in an efficient 
and adaptive solution scheme which captures severe and rapid distortions of 
the flow map while concentrating the computational effort in zones of finite 
vorticity and density gradient. The accuracy of this scheme and of the asso
ciated plume predictions have been extensively investigated [14, 17].

4. R e s u lt s

The global structure of descending plumes and of their vorticity field are 
discussed first for a plume with H T j R . =  5, A R  =  3 a n d  p  =  0.106. The results are
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illustrated by plotting, in Figs. 2 and 3, respectively, three-dimensional sur
faces of constant smoke concentration and streamwise vorticity. Both figures 
were obtained by assembling the instantaneous, or local constant smoke 
density or vorticity contours into a three-dimensional plot, using the computa
tional i-coordinate as a physical 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 concentration and 
vorticity at the corner of a uniform mesh, that leads to the break-off of some of 
the plume material into separate blobs. These three-dimensional plots are 
meant to delineate what a laboratory experiment of a descending plume would 
show. The results indicate that the initial elliptical plume cross-section is 
rapidly reshaped into a kidney shaped object and that close to 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 deposition of dense plumes can be 
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 
distinguish each of these stages are interpreted in terms of the correspondence 
between the plume structure and the vorticity field, as summarized below. The 
purpose of devising this way of describing the numerical results is to facilitate

i Z

F ig . 2. A th re e -d im e n s io n a l p e rs p e c tiv e  p lo t d e p ic t in g  a  s u r fa c e  o f  c o n s ta n t  sm o k e  c o n c e n 
t r a t i o n .  p =  0.03. g e n e ra te d  fo r a  c a se  w ith  H T = o R _ ,  R y =  3 R _ ,  a n d  p =  0.106. D ue to  sy m 
m e try  w ith  re s p e c t  to  th e  x  z  p la n e , c o n to u r s  ly in g  in  th e  v < 0  re g io n  h a v e  n o t  b e e n  
re p ro d u c e d . T h e  lo c a tio n  o f  th e  o b s e rv e r  is th e  sam e as  t h a t  in  F ig . 1.
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F ig . 3. A th re e -d im e n s io n a l p e rs p e c tiv e  p lo t o f  s tre a m w is e  v o r t ic i ty , o) =  0.2. fo r th e  sam e  
p lu m e  sh o w n  in  F ig . 2.

their use in formulating future integral models of plume motion. The plume 
descent starts with an initial 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 second stage, the streamwise vorticity on each 
side of the plume centerline intensifies and rolls into a large-scale eddy thus 
generating a counter-rotating vortex structure (x = 6 - 1 2 , in Fig. 4). The in
duced motion of this vortex pair deforms the plume’s smoke distribution into 
a kidney-shaped cross-section. The structure of the plume at large elevation is 
in qualitative agreement with the experimental measurements of Hewett et al. [5] 
who observed a similar kidney-shaped cross-sections downwind the plume source.

With further intensification of the streamwise vorticity under the action of 
baroclinic torques, small-scale roll-up occurs (jc = 18—24, in Fig. 4). This third 
stage is characterized by the generation of streamwise vorticity of opposite 
signs on both sides of the symmetry plane, and by the increasing complexity of 
the smoke distribution. Vorticity generation and roll-up transforms some of 
the plume’s potential energy into kinetic energy which is distributed between 
the plume and its surrounding. The rotational velocity field induced by the 
vorticity of the plume sets up an entrainment field towards the plume cross- 
section. Most entrained fluid is engulfed by the large-scale eddy roll-up, while the 
secondary small eddies induce smaller entrainment currents. 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 approaches the ground, a fourth, ground-settlement stage is 
observed ( x  =  24-30, in Fig. 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 widening of the plume structure and its 
cross-wind straining into two large blobs of smoke connected by a thin cres
cent. This mechanism is similar to the straining of thermals colliding with 
walls placed perpendicular to their direction of motion, observed and clearly 
recorded in laboratory experiments [18, 19]. (Note that mathematically, the 
behaviour of the plume cross-section in the wind direction is 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 point of the thermal/plume is, the more concentrated 
its material becomes in the two large structures. The early formation of the 
large-scale features is also depicted by the numerical results of Meng and 
Thomson [20], who computed the motion of thermals.

One of the important implications of this side roll-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 necessarily possess 
a maximum at the center y = 0. This is contrary to classical plume dispersion 
models which assume that the smoke distribution is Gaussian both in y -  and
2 -directions, and that the smoke ground imprint follows Gaussian function 
centered at the x-axis of the plume. We note that this departure from a 
Gaussian distribution 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  T h e  e n t r a i n m e n t  f i e l d

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 
strength 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. Figure 4 shows a superposition of the plume cross-sections and the 
velocity field 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 generated along the boundary between the plume 
material and the surrounding establishes two strong coherent vortices at the 
far ends of the horizontally expanding plume cross-section. The figure in
dicates that the field of the large eddy resembles that of a Rankine vortex in 
which the maximum velocity is reached close to but not at the center of the
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1

F ig . 4. A s u p e rp o s i t io n  o f th e  b o u n d a ry  b e tw e e n  th e  p lu m e  a n d  th e  s u r ro u n d in g , a n d  th e  
v e lo c ity  in d u c e d  by th e  p lu m e m o tio n . T h e  c h a r a c te r i s t ic  v e lo c ity  o f  th e  g ra v ity  in d u c e d  flow  
is sh o w n  by  th e  h o r iz o n ta l  a r ro w  o n  th e  to p  r ig h t-h a n d  c o rn e r . T h e  v e lo c ity  fie ld  is  sh o w n  by 
a  v e c to r  w h o se  le n g th  is p ro p o r t io n a l  to  th e  v e lo c ity , s ta r t in g  from  th e  p o in t  w h e re  th e  
v e lo c ity  is  co m p u ted .

eddy. The maximum entrainment velocity, which as shown in the figure is of 
the order of magnitude of V , occurs close to the center of the large eddy and 
stays around the same value for the majority of the plume’s journey.

Two interesting observations can be made using these results: The centers 
of the large eddies stay farther away from the ground than the rest of the plume 
cross section even as part of the plume material settles on the ground. This 
means that the turbulent field produced by the plume is not likely to be 
dissipated quickly as the plume approaches the ground and, at least for some 
time following the settlement, some circular wind motion will be felt close to 
the area of plume touch-down. The second observation concerns the waves 
developing on the lower side of the plume as it touches the ground. The evolution 
of these waves lead 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  M e c h a n i s m  o f  v o r t i c i t y  g e n e r a t i o n

Detailed flow computations 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 high. 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 Boussinesq approximation. With 
£ = 0 , the vorticity generation term in the transport equation is proportional to 
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 opposite horizontal density gradients, Fig. 5a, with its maximum 
absolute value at the far ends. This vorticity layer rolls up to form two 
large-scale counter-rotating streamwise vortices, so that two additional areas 
with opposite horizontal density gradients are established on both sides of the 
plume-air interface, Fig. 5b. Thus, at later stages, vorticity with opposite signs 
forms on either side of the symmetry plane. The evolution of the vorticity 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 the plume dynamics 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 investigate 
the dependence of the results on the initial conditions and plume con
figurations, the only two parameters left in the problem specification. 
The dynamics of falling plumes and details of the expected smoke-deposition 
process are further examined in the following sections. In particular, the 
effects of initial plume height and shape are discussed in detail. The depend
ence of the plume width on 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 motion 
induced by the plume.

z

F ig . 5. S c h e m a tic  i l lu s t r a t io n s  sh o w in g  (a )  th e  m e c h a n ism  o f  b a ro c l in ie  v o r t ic i ty  g e n e ra 
t io n , a n d  (b ) th e  ro ll-u p  o f  th e  s tre a m w is e  v o r t ic e s  a n d  th e  re s u l t in g  d e fo rm a tio n  o f  th e  
p lu m e  c ro ss-se c tio n .
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4 . 3  E f f e c t  o f  t h e  i n i t i a l  p l u m e  h e i g h t
Results depicting the plume cross-sections along its trajectory, shown in 

Fig. 6  for H T / R : =  3 and 30, keeping all other parameters the same, suggest 
that plumes released from a height close to the ground produce a ground smoke 
distribution with higher concentration on the sides than at the center. We also 
find that higher initial elevations lead to more uniform ground-smoke distribu
tion. Moreover, the vertical dispersion is larger for plumes released from 
higher elevations, while the opposite is true for horizontal plume dispersion. 
These assertions are illustrated in Figs. 7 and 8  which, respectively, show the

- J )

x = 6 x = 14 x = 22 x = 30

( b)
F ig . 6. T h e  p lu m e  c ro s s - se c tio n  a t  d if fe re n t d o w n w in d  s ta t io n s  fo r  th e  c a se  w ith : (a ) 
H T / R , = 3 ,  a n d  (b ) H T / R , =  30. B o th  c a se s  s t a r t  w ith  sam e c ro s s -se c tio n  a n d  sam e sm o k e  
d is t r ib u tio n .

: , I N I T I A L  HE I uH I F !-1- 1

F ig . 7. S tre a m w is e  e v o lu tio n  o f  th e  h e ig h t  o f  sm o k e  p lu m es  w ith  R y =  3 R z , a n d  p =  0.106. 
C u rv e s  a re  g e n e ra te d  fo r in i t ia l  h e ig h ts  H T  =  3R  ( +  ), 5R  (O ) ,  1 R  (A) 9R  (*) a n d  
30R .  (O ) .  ‘ ‘ ‘ ‘
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Ry/Rz = 3, INITIAL HEIGHT EFFECT

F ig . 8. S tre a m w is e  e v o lu tio n  o f th e  w id th  o f  th e  sm o k e  p lu m e  in  F ig . 7. S ym b o ls  as  in  F ig . 7.

trajectories of descending plumes with initial heights in the range 
3 R : ^ H T ^ S O R - and the corresponding horizontal dispersion, defined as the 
horizontal spread of the plume cross-section.

The plume descent occurs such that most of the horizontal dispersion devel
ops at later stages, when the plume motion is strongly affected by the presence 
of the ground. When the plume falls from high altitude, its width exhibits an 
oscillatory behavior. This is due to the intermittent roll-up of large eddies 
which entrain plume fluid towards their centers as they propagate in the 
cross-wind direction away from the symmetry plane.

The motion of these large 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 
total peripheral length of the interface separating the plume from ambient air 
at a given cross-section. During the initial acceleration stage, there is little 
entrainment as the plume suffers a mild deformation. The entrainment rate is 
higher following large-eddy roll-up which causes the engulfment of a large 
amount of ambient fluid, and increases further during the later stages when 
small-scale vortices, generated along the plume surface, induce local 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 by 
the total positive circulation, total negative circulation, and the sum of the 
two, all computed on one side of the symmetry plane (y>0). While the positive 
circulation, which constitutes most of the vorticity in this region, grows 
steadily during the early stages, the negative vorticity increases only after 
large scale roll-up has occurred. Thus, during the first and second 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 single large eddy on each side of the plume 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 entrainment rates.
4 . 4  E f f e c t  o f  i n i t i a l  p l u m e  s h a p e

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, A7? = l, 3, 6 . In all cases, the 
initial height H T = 5 R ,  R  being the square root of the initial plume cross- 
sectional area. Figure 9 shows a comparison between the shape of the plume 
cross-sections at three cross-sections for A R =  1 and 6 . Figures 10 and 11 show 
the heights and widths for all three cases, plotted against the downwind 
coordinate, t , which is defined as the normalized distance travelled from the 
initial source location.

Examination of these results indicates that different initial cross- 
sections produce different plume trajectories. This dependency is explained 
by noting that the rate of vorticity generation, which governs the strength 
and shape of the large-scale vortices, is strongly dependent on the curvature 
of the plume boundary. Plumes with small A R ,  i.e. rounded cross-sections, 
get more distorted, reach the ground earlier, and disperse horizontally faster 
than plumes with flatter cross-sections. However, in all cases, the plume 
tends to break-up into two parts symmetrical about y = 0. For A R  =  l ,  this 
observation is confirmed by experimental results [18, 19]. Moreover, the 
shape of the initial plume cross-section appears to have a weak effect on 
the rate of vertical dispersion.

F ig . 9. T h e  p lu m e  c ro s s -se c tio n  a t  d if fe re n t d o w n w in d  s ta t io n s  fo r p lu m es  w ith : (a )  A R  
=  1 a n d  (b ) A R  =  6. B o th  c a se s  h a v e  th e  sam e  in i t ia l  h e ig h t  a n d  sm o k e  d e n s i ty  d is t r ib u t io n  
w ith in  th e  p lu m e  c ro ss-se c tio n .
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SHAPE EFFECT II

X/U*SQRT(E"g/R)
F ig . 10. T h e  s tre a m w is e  e v o lu tio n  o f th e  h e ig h t  o f sm o k e  p lu m es  w ith  p  =  1, H T  =  5R  an d  
sam e  in i t ia l  c ro s s - se c tio n a l a r e a . C u rv e s  a r e  g e n e ra te d  fo r a s p e c t  ra t io s  o f in i t ia l  p lu m e 
s e c t io n s  o f  A R  =  6 ( +  ), S ( O ), a n d  1 (A ).

SHAPE EFFECT HT=5.0

. ij-'j .i-'T i f ]  i-
F ig . 11. S tre a m w is e  e v o lu tio n  o f  th e  w id th  o f  th e  p lu m es  in  F ig . 10. S ym b o ls  a s  in  
F ig . 10.

4 . 5  G l o b a l  s t r u c t u r e  p a r a m e t e r s
Results presented here, which are supported by other results reported in the 

literature, show that the motion of the plume, when atmospheric turbulence 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 the 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 energy is shared by the plume 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 parameters and to study the dependence of these 
parameters on the initial plume conditions. These characteristic plume para
meters could then be used in future plume studies.

A vortex pair can be described by the distance between the centers of the two 
vortices and the strength of each vortex. The first quantity is proportional to 
the plume width shown in Figs. 8  and 1 1 . Figure 12  shows the total circulation 
of each of the vortices for the two cases shown in Figs. 6  and 9, i.e. for 
different initial plume height and cross section. As expected, vorticity 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 to the 
ground and the circulation within its cross-section is shown clearly in Fig. 12b 
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 
of a circular plume reaches an asymptotic value earlier than any other plume.

5. Conclusions

A novel computational model for the simulation of buoyant plumes has been 
presented. The model was applied to study the plume dynamics, the dispersion 
and deposition of its material in a homogeneous atmosphere, and their depend
ence on the plume initial conditions. Results show that:
(1) Starting from a symmetrical elliptical distribution, the cross-section of 

descending smoke is deformed into a kidney-shaped structure due to the 
formation of a counter-rotating streamwise vortex pair. These vortices cause 
the large-scale engulfment of ambient air towards their centers. At later 
stages, small-scale vortices develop and enhance entrainment currents.

(2 ) As the plume approaches the ground, the large-scale eddies acquire 
a strong cross-wind convective motion away from the symmetry plane. This 
leads to horizontal dispersion of the smoke plume and results in the 
deformation of its cross-section into two large lumps separated by a thin
ning crescent. Accordingly, the ground smoke deposition is lower along 
the symmetry plane than at neighboring cross-wind locations.

(3) Plume trajectories and dispersion rates are strongly dependent on the initial 
plume height and shape. The corresponding variations are correlated with 
streamwise vorticity patterns, whose generation depends on the curvature of 
the plume interface and on the gravitational acceleration field.

(4) Plumes falling from a higher elevation disperse more in the vertical direc
tion while those falling from a lower elevation disperse more in the hori
zontal direction.
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TIME X/U»SQRT(E-g/RJ
SHAPE EFFECT HT=S.0

TIME « ''U'SORT(E*g'Ri
F ig . 12. V a r ia t io n  o f  th e  to ta l  c i r c u la t io n  o f  e a c h  la rg e  c o h e re n t  v o r te x  in  th e  p lu m e  cross- 
s e c t io n  w ith  d o w n w in d  d is ta n c e . S h o w n  is  th e  c i r c u la t io n  o f  th e  r ig h t-h a n d  s id e  o f  th e  p lu m e 
fo r (a )  th e  c a se s  sh o w n  in  F ig . 7, a n d  (b ) th e  c a se s  sh o w n  in  F ig . 10.

(5) Plumes with a more rounded cross-section reach the ground faster 
and disperse horizontally further than plumes with a flatter cross 
section. The shape of the cross-section has a weak effect on the rate of 
vertical dispersion.

(6 ) The strong deformation of the plume cross-section, which leads to a 
substantial departure of the plume material ground imprint from a 
Gaussian, is due to the buoyancy generated turbulence within the 
plume.
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N o m e n c la t u r e

A R  = R y I R : , plume aspect ratio
g  gravitational acceleration
H T  initial height of the plume center
mp = \ p * ( y ,  z )  U & A ,  excess mass flux of the plume
p  dimensional perturbation pressure
R  square root of the plume cross sectional area
R y major (horizontal) axis of the elliptical plume cross section
R : minor (vertical) axis of the elliptical plume cross section
u,  v,  w  perturbation velocity components in x ,  y ,  z  direction, respectively
U  uniform wind speed
^  = v e R : g ,  velocity scale of the perturbation velocity
x  horizontal wind direction
y  horizontal direction normal to the wind
z vertical direction
t  nondimensional form of x *

G r e e k
6 core radius of the vortex and transport element
e = m p / p % U R l , plume mass flux ratio
P* = p* + p *, total dimensional plume density
p *  uniform background air density
p * excess particulate density due to the presence of the smoke
p  non-dimensional particulate density
o j vorticity in the wind direction
S u p e r s c r i p t
* dimensional quantity
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Fluid discharge resulting from puncture 
of spherical process vessels

Peter W. Hart and Jude T. Sommerfeld
School o f Chemical E ngineering, Georgia Institu te  o f Technology, A tlan ta , GA 30332 (U S A )

Abstract
Risk analysis  associated  w ith  inc iden ts  of pu n c tu re  or ru p tu re  of process vessels generally  

requ ires  estim ation  of ac tu a l or average fluid d ischarge ra tes  resu ltin g  from such an 
inciden t. M ost form ulas developed to da te  for fluid d ischarge ra tes  from vessels generally  
assum e th a t the  flow opening is located  a t  the  bottom  of the  vessel; th is  is undoubted ly  due to 
the  previously p redo m inan t in te re st in com puting tim e requirem ents for g rav ity  d ra inag e  of 
process o r sto rage  vessels. An acciden ta l pun ctu re , how ever, such as resu ltin g  from a moving 
vehicle, can  occur a t a lm ost any elevation . Hence, from a risk  analysis po in t of view, it would 
be useful to  have form ulas w hich would estim ate fluid d ischarge am ounts and ra te s  from 
a flow opening a t any a rb itra ry  elevation . In th is  artic le , the  differential and algebraic  
eq uations govern ing  liqu id  d ischarg e from an  opening a t any po in t on the  surface of 
a spherica l vessel are  solved. This so lu tion  is then  generalized in term s of d im ension
less efflux tim es, liquid volum es and average release ra te s  as functions of dim ensionless 
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 years now — to 
both practicing engineers concerned with production, inventory, safety and 
other aspects as well as to engineering professors as a source of practical 
mathematical material. Thus, papers [1-3] dealing with liquid efflux rates from 
some of the simpler and more common vessel shapes (e.g., vertical circular 
cylinders) date back to as early as 1949. These early efforts considered drainage 
through either a hole (e.g., orifice) or through a piping system, and for the most 
part addressed gravity flow only, ignoring any pressure head in the vessel. An 
exception here is the early work of Burgreen [3], as well as the much more 
recent work of Woodward and Mudan [4],

Correspondence to: Dr. J .T . Som merfeld. School of C hem ical E ngineering, G eorgia In s titu te  
of Technology, A tlan ta . GA 30332 (USA)
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Significant interest developed in this subject of tank drainage — perhaps 

at least partially from safety considerations — during the 1980s. Numerous 
articles appeared during this decade, many of them treating vessel shapes 
of more complex geometry, wherein the cross-sectional area formed by 
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 empty 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 draining 
elliptical vessel heads often present at the bottom of vertical cylinders [6], 
elliptical saturator troughs (horizontal elliptical cylinders with flat ends) [7] 
such as employed in the 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 complicated problem of vessel drainage 
through a piping system, originating at the bottom of the vessel, has been 
studied in considerable detail. Thus, one of the earlier articles [10] on this 
subject pertains to the simplest case of draining a vertical cylindrical tank 
(and hence of constant cross-sectional area) through such a piping system. 
Later works gave analogous formulas for draining spherical vessels [11], 
conical tanks [12] and horizontal cylinders [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 
drain hole or through a piping system originating at the vessel bottom, for 
about a dozen different vessel shapes 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 drainage 
situation. Some years ago there was an article [15], in which an approximate 
method for estimating fluid level changes in vertical cylindrical tanks with 
a multiplicity of outlets (or leaks), of various sizes and at different elevations, 
was presented. 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 given 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 discharge at some 
elevation. Thus, in this article the material and mechanical energy balance 
equations describing liquid efflux from a spherical tank under the influence of 
gravity are derived and solved. The solution is then generalized in terms of 
dimensionless 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
297

The dynamic material balance for the liquid in the tank in this relatively 
simple case merely reduces to the rate of accumulation being equal to the 
negative of the output rate:
d V

or, more specifically:
A hA— - —A 0v2 (2)

For the simpler geometric vessel configurations, e.g., vertical cylinders, the 
cross-sectional area (A) of the liquid surface in the vessel is a constant 
quantity and not a function of the variable liquid level (h). This results in 
a very tractable, non-linear differential equation.

The orifice equation is generally used to represent fluid discharge rates 
through openings in vessels, irrespective of their size, shape or location. Thus, 
the effluent liquid velocity (v2) is represented by the following equation:
v2 = C0j 2 g ( h - h 0) (3)
where C0 is known as the orifice discharge coefficient; 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 1.0) is typically assumed for a given application. As indicated in Fig. 1, 
h0 is the vertical elevation of the hole above the bottom of the sphere, and h is 
the variable elevation of the liquid level in the vessel. Equation (3), which 
derives from the Bernoulli equation, essentially equates the potential energy 
of the liquid head in the tank, represented by (h — h0), with the kinetic energy 
of the outflowing liquid, with any friction losses accounted for by C0.

3. Mathematical solution
Insertion of eq. (3) into eq. (2) and rearrangement then leads to the following 

general expression to be integrated:
1 Ch' At = -------- -¡= .--- =— d h  (4)

C o A o y/2 g  J h0 ^ Jh  — h 0

in order to determine the time (t) required for the liquid level to fall from its 
initial elevation of h x to the elevation of the discharge hole h 0. The area (A) 
formed by the liquid level in this case of a spherical vessel is given by 7rC2/4, 
where C is the length of the chord formed by the liquid level. It can simply be 
shown with the aid of the Pythagorean Theorem that this latter quantity is
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Fig. 1. Sketch  of a spherica l vessel w ith  a pun c tu re  hole in  its side and re su ltin g  liquid  
drainage.

given by 2(hD — h2)1!2. Equation (4) then becomes:

t =
C 0A 0y/ 2 g Jh o J h - h

h D - h 2 d h (5)

as the specific expression to be integrated.
The integration of eq. (5) can be found in most tables of integrals. In this 

particular case the lower limit of h0 (corresponding to the elevation of the hole 
and thus the end of the discharge process) vanishes, and there results:

2nt = ---------15C0A0
When h0 = 0, as in conventional drainage from a hole or orifice in the bottom of 
a spherical tank, eq. (6) becomes:

s fe Ì [5Dh1 + 10Dfio —3/ii — 4/ij/io —8/iq ] *Jĥ —h0 (6)

t = 3C0A0 ̂ fg  _ (7)

which is the same expression as presented by Foster [5] in his summary 
article.
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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 dimensionless form by the introduction of several 
dimensionless variables. Specifically, let us define two dimensionless ele
vations, one corresponding to the initial liquid level in the spherical vessel:
Xi = hlfD  (8)
and the other representing the elevation of the discharge hole:
x2 = h0/D  (9)
It is necessary to define two more dimensionless quantities. The first of these is 
the dimensionless size of the flow opening, represented as follows:
x 3 = d0ID (10)
and the other is a dimensionless time, given by the following expression:

After insertion of the dimensionless quantities from eqs. (8)—(11) into eq. (6), 
the latter equation can be written in the following form:

Y= 8
15C0%3 [5xx + I0x2 — 3x2l —4xlx2- \] V x l ~ X2 (12)

There are four independent parameters appearing in eq. (12) — x1( x2, x3 and 
C0, in addition to the dimensionless dependent variable of the time (Y) re
quired for vessel drainage. A commonly assumed value for the orifice discharge 
coefficient (C0) is 0.60. Thus, for a given dimensionless opening size (x3), one 
can construct a graph which is based upon eq. (12) and which depicts the 
behavior of the time required for complete drainage of the vessel from an initial 
dimensionless liquid level of x x down to the dimensionless elevation of the 
opening. Figure 2 represents such a graph for fixed values of C0 = 0.60 and 
x3 = 0.005; the latter value might correspond, for example, to a hole 5 cm in 
diameter in the side of a spherical vessel with a diameter of 10 m. This graph 
shows how the time required for tank drainage increases with the amount of 
liquid contained in the tank (as measured by Xj), as well as with increased 
elevation of the drainage hole (x2); this latter effect undoubtedly results from 
the reduced hydrostatic head as x2 increases. The crossover in the curves for 
the higher values of x2 ( > 0.30) is interesting.

The actual amount of fluid released to the environment is generally of 
considerable interest in any accident scenario. Again because of the more
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F;g. 2. D im ensionless tim e (Y )  for com plete d ra inage of a spherical vessel as a function  of 
dim ensionless in itia l liquid e levation  (x,) and elevation  (x2) of the  d ra inage  hole, x , =0.005; 
C , = 0.60.

complex geometry of spheres, the calculation of such amounts is somewhat 
more 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:

nh2V= ----[3D — 2h] (13)
6

Recognizing that the complete volume (Vs) of a sphere of diameter D is given 
by Vs = kD3/6, the segmental volume from eq. (13) can be normalized to the 
complete sphere volume to yield a dimensionless segmental volume:

j z  = x2 [3 — 2a] (14)Vs
where x = h/D and corresponds to any liquid elevation.

The total amount of fluid released in a given incident will then be the 
difference in volumes corresponding to the initial spherical segment and that 
corresponding to the final spherical segment at the elevation of the discharge 
hole. Denoting this fluid volume, dimensionless and normalized to Vs, by U, we 
have:
U = x \[ 3 -2 x { \-x \[3 -2 x 2\ (15)
Figure 3 then shows how this dimensionless volume U varies with the two 
dimensionless elevations — and x2. Not surprisingly, U increases mono- 
tonically with increasing x x and decreases monotonically with increasing x2,



P.W. Hart and -J.T. Sommerfeld/J. Hazardous Mater. 33(1993) 295 305 301

Fig. 3. D im ensionless volum e (ft) of liquid sto red  in a spherica l • vessel betw een some 
dim ensionless in itia l liquid elevation  (.x,) and e levation  (x 2) of a d ra inag e  hole.

and with the greatest slopes occurring near the middle bulge (û  =0.5) of the 
spherical vessel.

The curves of Fig. 3 are based solely upon the static geometric calculations 
of eqs. (13)—(15). and are thus valid for any spherical vessel. That is, the volume 
of a spherical segment with two horizontal bases at arbitrary elevations can be 
readily computed from these equations. Flow dynamics add another dimension 
to the problem. Consider the related task of determining the time required for 
the spherical vessel to drain from some initial liquid level elevation of h 1 down 
to some intermediate level of h{ through an opening of diameter d located at 
a lower elevation of h2. In this case the volume drained will still be given by 
eqs. (13)—(15), evaluated for x, and x, = /i,/Z); but determination of the time 
requirement here necessitates two evaluations of drainage times from eq. (6):
t(hl ~^hi) = t(hl -» h0) — t(hi-* h0) (16)
Alternately, the above calculations can be done in dimensionless form via two 
applications of eq. (12).

Some representative volumetric rate of fluid discharge from the vessel is 
often needed in the analysis of puncture accident scenarios. According to 
Woodward and Mudan [4], a reasonable such rate to use is roughly midway 
between the initial and average discharge rates. The initial rate is readily 
obtained from eqs. (l)-(3), with h set equal to h l. Evaluation of the average 
rate, however, requires integration 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 h0) of 
interest divided by the time required to drain this liquid through the puncture 
hole. In dimensionless form, this average rate can be expressed as follows:
W= U/Y (17)
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A plot of W versus x 1 for various values of x2 (< x 3) is shown as Fig. 4; this 
figure, like Fig. 2, is for values of C0 = 0.60 and x3 =0.005. Figure 4 is somewhat 
similar to Fig. 3 for the dimensionless volume U, in that the average dimension
less discharge rate (VF) generally increases with increasing xx and decreases 
with increasing x2.

5. Example calculations
Let us illustrate the calculation procedure outlined above with the following 

example. We consider a spherical storage vessel, vented to the atmosphere, 
with a diameter of 10 m and initially filled with a corrosive solution to a depth 
of 7 m. A forklift truck is accidentally driven into this vessel, creating a punc
ture hole of about 5 cm in diameter 2 m above the vessel bottom. Assuming 
uncontrolled release of fluid from this vessel down to the puncture location, it 
is desired to determine how much fluid is released over what period of time, and 
hence the average discharge rate. A constant orifice discharge coefficient of 
Co = 0.60 is to be used for these calculations.

The dimensionless elevations are readily computed as Xj =0.70 and x2 = 0.20. 
Similarly, the dimensionless orifice size (x3) is found to be 0.005. For this 
particular configuration, the factor of 8/(15C0x3) is then computed as 35,556. 
Inserting these various values into eq. (12), we find a dimensionless drainage 
time of Y =79,200. With g = 9.807 m/s2 and D=10m, this dimensionless drain
age time translates to a value of 56,550 s. Similarly, from eq. (15) the total 
dimensionless volume (17) of fluid drained over this time interval is 0.680 (of the 
complete volume of a sphere with a diameter of 10 m). Thus, this dimensionless 
volume corresponds to a fluid volume of 356 m3. Lastly, the dimensionless

H0/D
0.000.05
0.10
0.200.300.400.500.600.70

Fig. 4. D im ensionless average ra te  (W =  UjY) of discharge from a spherica l vessel as a func
tio n  of dim ensionless in itia l liqu id  e levation  ( x j  and e levation  (x2) of th e  d ra inag e  hole 
x3 =0.005; C0 =  0.60.
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average draining rate from eq. (17) is 8 .59xl0“ti, while the actual average 
draining rate is (356 m3/56,550 s) = 0.00629 m3/s = 22.7 m3/h. This latter quantity 
compares with an initial discharge rate, as evaluated from eqs. (l)-(3) with 
h = 7.0 m, of 42.0 m3/h. The middle value between these two discharge rates is 
then about 32.3 m3/h.

6. Discussion
While the mathematical analysis and derivation presented above are rigor

ous, several of the assumptions made in the early formulation of this problem of 
drainage from a ruptured sphere may be questioned. Thus, the selection of 
a given value for the orifice discharge coefficient (C0) and the assumption of 
a constant value for this coefficient merit some attention. As can be found in 
any standard text on the unit operations of chemical engineering [16], this 
discharge coefficient varies with the Reynolds number for the fluid stream 
flowing through the opening as well as with the orifice diameter/upstream 
diameter ratio. It is well known [16] that 0.61 is a reasonably constant value for 
the discharge coefficient of a sharp-edged orifice when the Reynolds number 
through the orifice exceeds 30,000, irrespective of the ratio of the diameters. If 
the orifice is not sharp-edged but rounded at the upstream face (highly unlikely 
in the event of a puncture hole), the discharge coefficient has a value varying 
from 0.70 to 0.88. Given that any aperture accidentally created in the side of 
a process vessel is likely to be highly jagged in nature, a value of 0.61 for C0 
would appear to be a high-side estimate. The value of 30,000 is not a terribly 
large value for the Reynolds number, and hence the assumption of a constant 
value for C0 should be valid for the vast majority of all fluids with viscosities 
close to water; certainly, exceptions here might include ethylene glycol and 
kerosene. Also, there might be deviations in the value of C0 as the drainage of 
fluid neared its termination, but such deviations would impact upon only 
a small fraction of the total amount of fluid discharged.

One method of addressing the problem of a variable value of C0 would be to 
break up the problem into several segments for values of the liquid elevation 
(h), and to employ different values of the discharge coefficient for these various 
segments. This approach would then require successive application of eqs. (6) 
and (16) to these segments, for h u h2, h3 . . . Admittedly, this procedure could 
shortly become very cumbersome, and one might be better advised to employ 
some computerized numerical integration scheme to solve the original differ
ential equation.

Secondly, estimation of the actual flow area (A 0) associated with a puncture 
hole could prove somewhat difficult. One method for estimating such a punc
ture area might derive from mechanical calculations involving the vessel shell 
thickness and mass and velocity of the moving object, among other variables. If 
puncture by a forklift truck is indeed the concern, some estimate of the opening 
might be made from the cross-sectional area of a truck prong. In any event,
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there is no requirement in this analysis that the puncture hole indeed be 
circular, as eq. (10) might suggest. Given an estimate of the flow area (A0), an 
equivalent diameter (d0) for the discharge opening can always be readily 
computed if dimensionless charts are to be used.

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 tank pressure controller or the 
vapor phase over a volatile liquid, this constant tank pressure head may simply 
be added to the hydrostatic liquid head, 2g(h — h0), in eq. (3); Woodward and 
Mudan [4] employed this procedure to develop equations for calculating liquid 
and gas discharge rates through holes in the bottom of process vessels of 
different shapes. If this tank pressure head decreases as the vessel drains (as in 
the case of an unvented vessel), however, the governing differential equation 
in all but the simplest geometric configurations (vertical cylindrical) becomes 
quite cumbersome.

7. Conclusions
The engineering equations 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 any diameter and initially filled to an arbitrary liquid 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 by a moving vehicle, e.g., a forklift 
truck. Specifically, this solution allows computation of the amount of fluid 
discharged to the environment, duration of such fluid discharge and average 
discharge rate over this time period.

Nomenclature
A cross-sectional area of the liquid surface in the vessel at any time, m2
A0 cross-sectional area of the hole for liquid flow out of the vessel, m2 
C length of chord formed by liquid level in vessel, m 
C0 orifice discharge coefficient 
D diameter of spherical vessel, m
d diameter of the hole for liquid flow out of the vessel, m 
g acceleration due to gravity, m/s2 
h elevation of liquid level in vessel at any time, m 
hi intermediate elevation of liquid level in vessel, m 
h0 elevation of hole above the bottom of the spherical vessel, m 
hi elevation of initial (t = 0) liquid level in vessel, m 
q liquid volumetric flow rate out of the vessel, m3/s
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R radius of spherical vessel, m 
t time, s
U dimensionless volume of liquid initially contained in vessel
V liquid volume in the vessel, m3
v2 linear velocity of liquid out of the vessel, m/s 
W dimensionless average rate of vessel drainage ( = U/Y) 
x dimensionless elevation of liquid level ( = h/D)
Xi dimensionless elevation of intermediate liquid level ( = hJD)
X! diensionless elevation of initial liquid level (= hJD ) 
x2 dimensionless elevation of hole in vessel (= h0/D) 
x3 dimensionless inside diameter of hole in vessel (= d\D)
Y dimensionless time for complete drainage of vessel ( = t(2g/D)112) 
7i number pi (3.14159 . . . . )
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Expansion zone modeling of two-phase 
and gas discharges

John L. Woodward
DNV Technica Inc., 355 East Campus View Boulevard, Columbus, OH 43235 (USA)

Abstract
A n ex pansion  zone m odel couples a  d ischarge ra te  m odel w b h  a  h ig h  m om entum  je t 

d ispersion  m odel for sonic o r choked flow. C onventional expansion zone m odeling, as based 
on an  overa ll force ba lance , p red ic ts la rg e  increases in  th e  expansion zone d iam eter and  only 
m oderate  increases in  th e  expansion zone velocity  a t  a ran g e  of low  su p erheat. A lte rn ate ly , i t  
is show n th a t  any  an a ly tic  so lu tion  for a  d ischarge m odel can  be used also as an  expansion 
zone model. In  p a rtic u la r , th e  hom ogeneous equilib rium  model (HEM ) for tw o-phase d is
ch arge  and  th e  m odel for isen trop ic  d ischarge of an  ideal gas a re  used to  exem plify expansion 
zone m odeling. The new approach  predicts, in  c o n tra s t to  th e  co nven tional approach , large 
increases in  velocity  and only  m oderate  increases in  expansion zone d iam eter. E xperim ental 
d a ta  a re  needed to  decide w hich m odel is m ore n early  co rrec t.

1. I n tr o d u c t io n

An expansion zone model couples the predictions of a discharge rate model 
and a jet dispersion model as depicted in Fig. 1. Accidental leaks from a vessel or 
pipe often occur from a noncircular source such as a loose flange; but are usually 
modeled as a discharge from a round orifice or pipe of equivalent discharge area. 
Such a discharge develops a converging zone and an expansion zone.

Discharge modeling concentrates on the converging zone, since the mass 
discharge rate is determined by the mass flux at the choke point, G2, and the 
discharge coefficient, CD, in addition to the discharge area, A t . Air entrain
ment is usually assumed negligible in both the converging and expansion zones 
and is treated by the jet dispersion model. The inputs needed by the jet 
dispersion model are provided by the expansion zone model. These include the 
velocities of the vapor and liquid, jet diameter, vapor quality, temperature, and 
density or mass discharge rate. The velocity is important in establishing the 
mean drop size by the mechanism of aerodynamic breakup.

Correspondence to: Jo h n  L. W oodw ard DNV T ech nica Inc., 355 E ast Cam pus View 
B oulevard , Colum bus, OH 43235 (USA) Fax: (614) 848-3955.
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0Stagnation
Fig. 1. D efin ition of term s for high-m om entum  je t d ischarg e from an orifice.

Moodie and Ewan [1] explored the expansion zone and provided a model 
for gas jets and some data for two-phase jets. Their gas jet model made use 
of an empirical centerline momentum model attributed to Kleinstein [2], An 
empirical approach was advocated to account for the temperature change 
across the shock wave which develops at the choke point as flow becomes 
sonic.

In practice, the expansion zone model predictions are an integral part of 
subsequent dispersion modeling which are tuned to match available experi
mental data. Thus, whenever changes are made to the expansion zone model, 
the dispersion model must be retuned to fit the data. The approach recommen
ded here assumes negligible temperature change across the shock wave. The 
validity of this assumption is considered hereafter, but, in any event, a change 
in this assumption 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 entering a nozzle as pressure drops from the stagnation 
pressure, P0, to the choked pressure, P2. The area at the choke point, A 2, is 
given by
■̂ 2 = CdA 1 (1)

where A x is the discharge area and CD is the discharge coefficient have a value 
typically in the range
0.5 <CD<1.0
Bragg [3] showed that CD can be calculated considering the acceleration from 
P0 to P, once P2 is known. For subcooled liquids, CD = 0.61, but for saturated 
liquids and gases, CD -*• 1.0 using Bragg’s formulas.
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As the pressure in the discharging jet further decreases from P2 to P3, 
where P3 is usually the atmospheric pressure, Pa, the jet expands. Churchill
[4] points out that for compressible flow contraction is characteristic of 
accelerating 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. 
Two-phase density is very sensitive to the vapor quality, x, in the range 
0<x<0.01.

3. Conventional model based on force balance
A commonly cited expansion zone model, used for example by Fauske and 

Epstein [5] is attributed to Dryden et al. [6], This model is derived from an 
overall force balance, including the annular area A 3 — A 1 as follows.
wui ~ wu3 Pi A i -j- P3(A 3 A i ) P3A 3~0
which, since
w — G i Ay — G3A 3 (2)
reduces to

u3 = u i + P  P
Gi (3)

where
G\ — CpG2

The expansion zone area is

where v3 is given by eq. (12).
(4)

4. Expansion zone model for ideal gas discharge
The well-known solution for the discharge of an ideal gas can be used to 

illustrate how to obtain an alternative expansion zone model. For isentropic 
expansion of an ideal gas the specific volume and temperature at the end of the 
expansion zone are given by [7]
Vo
v3 =nljki/(fc - 1 > (5)
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With this equation of state, the momentum balance is integrated in standard 
texts (for example Churchill [8]) to give
G*z = 2k

k ^ l rj2/k (1 — tj(k - 1 )/* x (6)
where r\ is the dimensionless pressure ratio and G* is the dimensionless mass 
flux. Equation (6) applies for subsonic flow when rj = rja>ric where
>1 c  =

2 '*/<*-1)
k + l (7)

and for rj = rja < rjc, the flow is choked (sonic) and
G* = k k +1

(k+1 >/(k - 1)
(8)

Figure 2 plots eqs. (6) and (8) using the following dimensionless variables
1 / f P_
2  \\  Pc  .

! /
(  U

2 ' \ U C

Hi)"
1 G* 1 G */rjcy /k
2G t(p lpc)~ 2G *{~ kJ

A 3 = A 2 G*
G*M

(9a)

(9b)

(9c)
The parameter value of k = 1.2 is used in Fig. 2 for which rjc = 0.5645. We use 
A2 = 0.75 in Fig. 2 simply for clarity of plotting. Figure 2 shows G*, u* and A  at

2

Fig. 2. A d iabatic  gas d ischarge profiles (fe =  1.2).
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any value of j? = P /P 0. In particular, at f/c = P c/P 0, the choked conditions are 
reached and A is at a minimum value, A 2.

At values of >7a = Pa/P0, the expansion zone conditions are reached, assuming 
only that the solutions given by eq. (9) apply across a shock wave which could 
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, 
expressed as w*()/a) increases by as much as a factor of two over the velocity at 
the choke point if //a is as low as 0.06.

5. Expansion zone modeling for two-phase discharge
The approach just illustrated is a general one, and can be readily applied to 

any analytic solution for the discharge of a compressible fluid. A number of 
such solutions have been developed and expressed as G*(ii), each with the 
characteristic that the G*(//) function is zero at the extremes >/ = 0 and 1, and so 
reaches a maximum at an intermediate point >/c giving the choked flux G*(rjc). 
Any such solution can be evaluated at tj = >/a to give Gamb(>7a) = G3 which, by the 
definition G3 = u3/v3 gives the expansion zone velocity
u3 = v3 G3(f/a) = G*(>;a) (P0Po)_ ll2v3 (11)
where
tA = [*tkj + 0 - * ) ul]3 (12)
Mass continuity gives the expansion zone area, A3

w — CDA 1 Gc —A3Gamb 
or
A3 — CDA l Gg()/C) = 7T

G* (l/a) 4 3
(13)

For equilibrium models of flashing liquids, vapor quality is given by an isen- 
tropic flash, assuming vapor-liquid equilibrium

Si n — Six 3 = - (14)
->GL

However, it is well established that equilibrium is not established for orifice 
discharge, or for short nozzles or pipes (Henry [9], Morris [10], Hardekopf and 
Mewes [11], and Fauske [12]). For this reason, it is more appropriate to apply 
a nonequilibrium model, such as that suggested by Henry and Fauske [13]. 
They postulate that the nonequilibrium vapor quality is related to the equilib
rium vapor quality by
x3 = NX'3
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where Fauske in [DIERS, 14] recommends
N = i Xe3/°'14 X' 3 -O  X4[ 1.0 xe3 > 0.14
as an empirical correlation which matches predictions to observed data.

The temperature in this case is the liquid saturation temperature, Ts(Pa). If 
r/s<t]a, x3=0, and there is no expansion in the expansion zone. If this case 
G?mb = Gc and eq. (13) reduces to
A 3 = A 2 = CDA l (15)
for highly subcooled, nonflashing liquid flow.
5.1 Application with HEM

As an example, the above solutions are illustrated for the homogeneous 
equilibrium model (HEM) for flashing and subcooled liquid flow by Leung [14] 
and Leung and Grolmes [15].

The HEM assumes nonslip flow, uG = uL, and thermodynamic equilibrium 
along the flow path. Other assumptions are x = x0 = constant (frozen flow), 
isothermal flow, cG» c L, HLG = HLG0, CPL = CPLO, and that cGLO can replace 
vGL(P). In spite of these quite restrictive assumptions, the HEM has gained 
wide acceptance as an adequate approximation, for example by AIChE’s DI
ERS (Design Institute of Emergency Relief Systems) [16-18], It is known to 
provide a lower bounding approximation [19] for orifice (nonequilibrium) flow, 
and an adequate model for nozzle or pipe (equilibrium) flow.

The HEM integrates the pressure derivative of eq. (12) from P0 to P to define 
a correlating parameter co given by

X o VGO  , T 0 P 0 C p LO
CO = ---------------1--------------------------Uo v0
The first term is x0 the initial void fraction. The two-phase specific volume is 
related to co by

UGLO 

Hr. i n (16)

V O ) ,— = -  + (l-co)Vo 0
For frictionless nozzle or orifice flow, the momentum balance is integrated to give

1/2

G* =
2 ( (1 - i/s) + oit]sIn — + (1 —co)(i?s-i/)  0 (17)

eo--l-(l-co)n
The critical mass flux is found by setting dG*/di| = 0 to give the following 
transcendental equation which gives the critical pressure ratio, t)c implicitly

3 \  i/s-co i/s-l -coi/sln— = 0 2 )  >1
(co-1)2

2co>7s r]2-  2(co-l)»/ + (18)
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Once ?/c is found as a root of eq. (18), G* is given by
Gc = i7c/wt/2 (19)

Equation (18) applies when flashing occurs before or at the choke point. If 
flashing occurs after the choke point, it affects the expansion zone, but not the 
discharge rate. In this case the discharge rate is given by the liquid-phase 
Bernoulli equation. Leung [15] found that a criterion for determining whether 
flashing occurs before or after the choke point is 

If

>1s< 2tos
1 -(- 2 o js

(20)

then flashing occurs in the expansion zone, and mass flux is given by the 
Bernoulli equation
Gc = [2(1 —>7C)]1/2 (21a)
with
//c = max(//s, >/a) (21b)
Otherwise, t]c is given by eq. (18) and G* by eq. (19).

6. Comparison of models
Typical predictions of the alternative models are given for a flashing liquid 

in Figs. 3-5 for the new model (eqs. 11-15, with the HEM, eqs. 17-21) and in 
Fig. 6 for the conventional model (eqs. 3 and 4). These depict constant pressure 
discharge of propane from 8 atm tank pressure with one meter of liquid head 
through a 50 mm orifice. For subcooled tank temperatures (T<231K) the 
expansion zone area in either case is given by eq. (15). The models differ most 
for temperatures just above the normal boiling point. In this region, the 
conventional model predicts a large increase in diameter and, consequently, 
a mild increase in velocity. In contrast, the new model predicts a moderate 
increase in diameter, since the ratio G2/G3 is near unity in the low subcooled 
region. Correspondingly, the new model predicts a large increase in velocity.

This behavior occurs because the two-phase density drops rapidly with slight 
increases in vapor quality as shown in Fig. 4. For the conventional model A 3 is 
linear in specific volume, v3, whereas for the new model, u3 is linear in v3. 
Thus, using the nonequilibrium vapor quality reduces the predicted A3 in 
Fig. 6 and the predicted u3 in Fig. 3.
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Expansion Velocity, m/s Expansion Diameter, mm420 —

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

J 50
Fig. 3. E xpansion velocity  and d iam eter as 
a function  of tan k  tem pera tu re . (■ )E qu i
lib rium  velocity , (*)non equilib riu m  velo
city, and (— ) expansion d iam eter, (pro
pane, 1m head, 50 mm hole.)

Density, kg/m3 700 -----  - Vapor quality. % -----  35

500 - ............. p /  - 25

Tank Temperature, K

Fig. 4. E xpansion zone model for propane 
gas, 1 m head, 50 mm orifice w ith  co n stan t 
p ressure discharge. E quilibrium  values 
are  ind icated  by solid lines, non equilib 
rium  values by the  symboled lines.

For the new model, further increases in temperature move G*mb farther down 
the curve from G*. so the expansion zone diameter increases, which tends to 
decrease the expansion zone velocity. For temperatures above about 270 K, the 
vapor pressure curve increases rapidly, so 1 — tjs which equals 1 — tjc in eq. (21a) 
decreases rapidly with temperature. The consequent decrease in G* with 
temperature is partly compensated by an increase in the discharge coefficient, 
CD, also shown in Fig. 5. The rapid decrease in G* for temperatures above 
about 270 K causes the expansion zone diameter to peak and then decrease (see 
Fig. 3 and 4). Flashing at or before the choke point occurs for temperatures 
above about 289 K in this case.
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Disch. Rate, kg/s Disch.Coeff.

Tank Temperature, K
Fig. 5. D ischarge ra te  p red ic tions for c o n sta n t p ressu re  d ischarg e (propane, 1 m head. 50 mm 
hole).

6.1 Estimation of shock wave
The error in ignoring shock wave effects can be estimated, using the follow

ing formulas for the pressure, density, and temperature ratio across a shock 
wave given by Nettleton [20]
P 3 _ 2yM’s — (y — 1)
P~2~ 7 + 1
p '3 (y +  l ) M f  
p 2 ( y - l ) M f  +  2

(22a)

(22b)

T)
T2

7 M i —(7-1)" '(7 -1 ) M j  + 1

7 + 1 M i
(22c)

where Ms = Uila is the Mach number, and a2 = yRTJM c the sonic speed.
Figure 7 plots the pressure and temperature ratios given by eqs. (22a) and 

(22c) against tank temperature. The largest temperature ratio is 1.15, so the 
error in ignoring this temperature change is at most 15%. The presence of 
a shock wave produces a discontinuous decrease in pressure of
P'3 = max P2 KP3 IP2 )

which shortens the length of the expansion zone, but does not, per se, invali
date the assumptions inherent in applying eqs. (11) (15).
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Expansion Dia., m/s Expansion Vel., mm

Tank Temperature, K
Fig. 6. C onventional expansion zone model for co n stan t p ressure d ischarge (propane, 1 m 
head, 50mm hole). (■ ) N onequilibrium  expansion d iam eter, (— ) equilibrium  expansion 
d iam eter, and ( + ) expansion velocity.

Ratio

Tank Temperature, K
Fig. 7. T em peratu re  and pressure change across shock wave. (■ ) P '3/P , ,  and (—) Tj/T2
(propane, 1 m head, 50 mm hole).
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7. Conclusions
Two alternative models for the expansion zone velocity and diameter give 

predictions which agree for subcooled liquids, but differ substantially for gases 
and flashing liquids. For flashing liquids, both models are sensitive to the 
two-phase specific volume, v3. Area, A3, is linear in v3 for the conventional 
model, wheras velocity, u3, is linear in v3 for the new model. Both model 
predictions seem more reasonable when the assumption is made that the 
equilibrium vapor quality, x3e, is achieved only at high degrees of superheat. 
Experimental data are needed to decide which model is more nearly correct. 
Fortunately, though, the influence of the expansion zone model predictions 
upon subsequent dispersion modeling is usually absorbed in tuning the disper
sion model. If the expansion zone model is changed, the jet dispersion model 
tuning should be checked and adjusted as needed.

8. Nomenclature
a speed of sound, m s-1
CD discharge coefficient, ( —)
Cp heat capacity at constant pressure, J k g ” 1 K “ 1
Cv heat capacity at constant volume, J k g ” 1 K ” 1
G mass flux, kgm - 2s 1
G* GI(P0p0)112, dimensionless mass flux
Hgl heat of vaporization, (Hc — Hh) sat, J  kg* 1 
k value equal to or below Cp/Cv
Ms Mach number of expansion zone velocity
P  pressure, Pa
S  entropy, J k g ” 1 K” 1
S gl Sq — S i , J  kg 1 K 1
T  temperature, K
u velocity, m s” 1
v specific gravity, m3 kg” 1
UGLw mass discharge rate, k g s” 1
x vapor quality, kg vapor/kg mixture
Greek
p density, kg/m3
>1 PlPoco parameter defined by eq. (7)
Subscripts 
a ambient
c choke point, “critical” flow or Plane 2
G vapor



L liquid
0 stagnation conditions
s saturation
0,1,2,3 planes defined by Fig. 1
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