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Publisher’s Note

Compuscripts

Most authors of scientific articles nowadays use word processors to prepare
their manuscripts. This implies that they are able to submit their articles on
floppy disk, thereby allowing the text of the article to be fed directly into the
typesetting computer. The advantages of this are clear: no typographical
errors will be introduced into the text during the typesetting phase, and
publication of the article can be faster than is normally the case. Elsevier is
therefore Froviding authors with the opportunity to submit their papers to the
Journal ot Hazardous Materials on floppy disk. In order to distinguish between
the traditional manuscript form and papers submitted on floppy disk, the latter
hereafter be referred to as “compuscripts”.
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A quide to the evaluation of condensed phase explosions

P.A. Davies

Four Elements Ltd., Greencoat House, Francis Street, London SW1P 1DH (UK)
(Received March 9, 1992; accepted June 5, 1992)

Abstract

Condensed phase explosives present a hazard to both property and people. This hazard,
which pnm,an!jy manifests as overpressure, fragment generation and/or thermal radiation
can be realised through accidental initiation durln? manufacture, storage, handling and
transport. Much work"has been conducted to understand and quantify the effects of hazard
realisation on property and people, This paper reviews available literature, describes a num-
ber of models, details damage criteria and provides an overview of condensed phase ex-
plosion effects on property and people.

1. Introduction

Damage caused to both property and people, as a result of explosion, often
requires” detailed evaluation so that action can be taken to reduce conse-
quences, measures can be enacted to limit the likelihood of explosion and
credible risk assessments can be performed. The, following chapters describe
exglosmn consequences and illustrate how certain effects can be quantified.

Ince the beginning of the 1950 the majontY of work in condensed phase
CP) explosion”theory and effects has concenirated on nuclear explosions,
owever, the damage caused by nuclear explosions Is not easily extrapolated
to the damage assoCiated with"CP explosions. This js because explosions are
essentially yield related. Consequently, thermal and pressure impulses differ
between riuclear and CP explosions, arid hence each type ,ofe_xP_Iosmn produces
different degire_es of damage. As a consequence of this It is difficult to compare
nuclear explosions, hav_mtg tg ical welds of 100,000 tonnes or more, with low
yield CP explosions of jnterést in the manufacture, transport and storage of
condensed gh_ase_ explosives. In addition, data from nuclear explosions include
the effects of ionising radiation together with other nuclear peculiarities, such

as, thermo-nuclear pulse. As an example of their differences consider the case

Correspondence to: Dr. P,A. Davies, Four Elements Ltd., Greencoat House, Francis Street,
London SW1P 1DH (UKEJ Current address: Europa House. 310 Europa Blvd., Westbrook,
Warrington, WAS 5YQ (UK).
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of nuclear and conventional fireballs, The black body temperatures of nuclear
initiated fireballs are orders of magnitude greater than their CP counterparts.
Radiation temperatures for nuclear explosions approximate to 107K, which is
over 2000 times that of many high explosive and proBeIIant explosions [%J,
Similarly, nuclear weapons émit energy in the range 0.0Lnm to 10 nm com-
pared with 200 nm to 500 nm for convéntional exploSives.

In conclusion, there_are no simple scaling laws which can_be used to relate
CPand nuclear explosions, or simple means of isolating fonising effects etc., so
that data can be readily extrapolated. Conseguently, the following chapters,
where possible, only reter to CP explosions.. This IS because the inclusion of
nuclear data may léad to erronequs assumptions and conclusions being made
on the effects of relatively low yield chemical explosions.

2. Blast damage and injury

The term blast wave is used here to mean the shock wave caused by an
exP_Iosmn and should not be confused with the detonation wave. Upan deto-
nation a detonation shock front travels away from the charge causing the
temperature of the surrounding air to rise [1]. This initial shock front is kiiown
as the detonation wave. After a shart distance of travel the detopation wave is
overtaken by a new shock front which leaves a zone of rarefied aiy immediately
behind it. This new shock front is known as the blast wave and although ifS
peak pressure and initial velocity is lower than that of the detonation wave it
decays much_more gradually and therefore exerts its force over g greater
distance (1], The blast wavefrom all chemical explosions has a definite and
measurable pattern. Upon detonation a sudden and viglent release of energy
causes the surrounding air pressure to rise rag|d|y creating a region of positive
pressure known as “Overpressure”. As the blast wave moves away from its
source at h|g&1 velocity (supersonic) the overpressure increases sharply_to
a peak value,"known as the peak overpressure, and then graduallg recedes. The
overpressure Iphase 15 followed by a1 %1o_n of negative gres_sure I “underpres-
sure”. This pressure Is gene_rally insignificant compared with the overpressyre
ghaie, althou%n su?h n %at|ve pressure can cause moderate damage especially

t_close distances from the charge. _ _

The characteristics of blast waves are discussed by Lees [Zf]f_a_nd detailed
accounts are given by Kinney [3] and Baker et al. Jl, It 15 sufficient here to
simply identify a means by which blast waye characCteristics, in particular
836({55%%5 . (g% can be estimated so that their effects on buildings and people can

Damage and |nAury as a result of explosion i _Iargely a consequence of two
|loading &ffects, knovin as diffraction and drag. Diffraction loading is related to
the peak overpressure of a blast wave as it passes over and around an object or
structure. Peak overpressure refers to the pressure above ambient at a given
location (often termed side-on overpressure). In this instance overpreSsure
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refers to the pressure_above ambient upon blast wave interaction with. an
object or structure. Diffraction loading refers to the force exerted on an object
or structure during blast wave envélopment. The loading consists of two
components; firstly; that resulting from the pressure differential that exists
between the front’and back of an”object/structure prior to enve o(s)_ment and
secondly, static loading (“crushing” forces) due to the pressure differential
between internal and éxternal environments. The process of envelopment is
described in detail by Glasstone and Dolan [4]. Essentially, upon striking an
object or structure blast wave reflection occirs, This not"only changes blast
wave direction byt also its momentum as it collides with the “winds” following
its_passage. Such collision results in a rapid rise in pressure termed the
reflected ‘overpressure. As the pressure drops the blast wave bends or “dif-
fracts” over and around the structure loading other faces. In comparison, drag
loading is related to dynamic pressure. This Is the air pressure behind a shoc
front and unlike overpressure has no reference to ambient ﬁressure. Forces
exerted by dra? loading are the result of transient winds which accompany the
passage 0f a hlast wave.

For very large _exHDIosmns h(geak overpressure greater than about 4.8ba_rg

dynamic pressure is greater than peak overpressure. As a consequence of thi

drag loading tends to"be the main cause of damage in large explosions. This can
also he the Tase where objects and structures present little resistance to blast
waves. For example, buildings whose walls, windpws and daors rapidly fail
during blast wave interaction cause prompt equalisation of interior and ex-
terior environments. This in tyrn can redyce_the duration and magnitude of
diffraction Joading to a n_ergllglble level [érl%,_(Thls IS one means b¥ which the
effects of diffraction loading tan be minimised.) For the types of explosions
considered here peak overpressure is greater than dynamic pressure and
therefore damage is largely the result ofdiffraction loading. However, this is
not always trug. |t should be noted that all objects and Structures simulta-
neously suffer both diffraction and drag loading. This Is because overpressure
and dynamic pressure both exist during, blast™and cannot be separated, The
relative importance of each load type’is Iargely dependent op' size, shape,
weight and resistance of objects and structurés. "Closed or semi-closed struc-
tures, such as buildings with small o'oenmgs or_Iarge tanks, etc, are vuyInerable
to diffraction loading, whereas, tal| thirl_objects and bu_ﬂdes with large
openings, are vulngrable to drag loading. The djscussion %nven ere, together
with Table 1, provides a rough qmde In Jud?mg the type ofToad most important
to particular objects and sfructures. A defailed ag raisal of the behaviour of
obée%s Iand z]tructures to diffraction and drag loading Is given by Glasstone
and Dolan 4] : .

Blast wa e_damage is most commonly related to qverpressure. This is prob-
ab% due to jts ease of measurement and estimation compared with Qther
darmage-relation criteria. However, blast wave damage is also a function of rate
of pressure rise and wave duration. As a consequence of this, impulse is also
used as a measure of blast damage. Impulse is a function of both overpressure
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Principal loading vulnerability of structures and objects (after Glasstone and Dolan [4])

Structures susceptible to
diffraction loading

Multi-storey reinfDreed
concrete buildings with

Structures and objects susceptible to drag loading

Light steel frame industrial buildings, low strength walls
which quickly fail, single storey

concrete walls, small window
areas. 3-8 storeys

Multi_-store%/ wall-bearing
buildings, brick apartment
houses, up to 3 storeys
Multi-storey wall-bearing
buildings, monumental types,
up to 4'storeys

Wood frame buildings, house
types, Lor 2 storeys

Heavy steel frame industrial buildings, lightweight low
strength walls which quickly fail, single storey

Multi-storev steel frame offic_e-t){pe buildin%, Iightwei?(ht
low strength walls which quickly fail, both earthquake
and non-earthquake resistant, 3-10 storeys

Multi-storey reinforced concrete frame office-type
bu_|Id|n?, lightweight low strength walls which quickly
fatul, both earthquake and non-earthquake resistant, 3 "10
storeys.

Telegraph poles, electricity pylons
Transport equipment and vehicles
Trees and vegetation

Highway and railroad bridges

and wave duration and therefore is often considered a better measure of blast
wave damage. However, using impulse as a damage-relation criterion can
cause confusion. For example, based solely on impulse, blast waves may be
assumed to have certain damage potential but in fact be unable to deliver this
due to insufficient overpressure [1. 5]. Overpressure itself is not an entirely
satisfactory measure of blast damage. This fact has been acknowledged and has
led to the development of pressure-impulse correlations commonly known as
| diagrams or curves. Similarly, distance-charge relationships have been
derived (R Weorrelations) relating distance and yield to structural response.
Unfortunately, both of these techniques suffer from lack of usable data. This is
not to say that the techniques are ineffective or unusable, current opinion
suggests that P | and R-W correlations provide improved means of assessing
blast damage compared with the traditional overpressure-damage relation
1,5].
[ It] is apparent that blast damage is not adequately defined by a single
parameter, but P-1 and R-W correlations, have as yet, limited use due to lack
of data. Attempting to relate a number of criteria to the assessment of blast
damage is not new. Limits of damage with respect to peak overpressure were
suggested by Robinson [6] as long ago as 1944, and more recently by the
Explosives Storage and Transport Commmittee [7] (ESTC). The empirical
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relationship devised by the ESTC and described by Jarrett [7] is the foundation
of the British Safety Distances for military and commercial explosives [5].
Basically blast damage is split into various categories and each category
related to yield, distance and housing damage. These relationships and damage
categories are illustrated here in Table 2. Using the work described by Jarrett
and that of Assheton [8], Scilly and High [5] illustrate not only damage with
respect to overpressure and damage category (described by Jarrett [7]) but also
with respect to the mass of explosive consumed. The data given by Scilly and
High are reproduced here in Table 3. For further detail on damage categories
reference should be made to the original work of Jarrett [7].

From the discussion given above, and the fact that much work relating
overpressure and blast damage has been performed and recorded, for most
practical purposes overpressure provides a good estimation of blast wave
damage. An additional reason for the adoption of overpressure as the primary
measure of blast damage is possibly due to the fact that in addition to diffrac-
tion loading, drag loading can also be related to peak overpressure. This is
because the dynamic pressure associated with drag loading is a function of
wind speed and air density (behind the shock front) and both of these can be
related to peak overpressure [4],

TABLE 2

j-lousing[ﬁ)amage categories in relation to the distance from condensed explosions (after
arrett

Damage category Description

(constant K)a

A (38 Almost complete demolition

B (5.6) 50-75% external brickwork destroyed or rendered unsafe, requiring
demolition

Ch (9.6) Houses uninhabitable — partial or total collapse of roof, partial

demolition of one or two external walls, severe damage to load-
bearing partitions requiring replacement

Ca (28) Not exceeding minor structural damage, and partitions and joinery
wrenched from fixings
D (56) Remaining inhabitable after rapair — some damage to ceilings and

tiling, more than 10% window glass broken

aR :'['1'_1"'{37'1757W'2'"'1'6 where R is the distance from condensed explosion (m), W the mass of

explosive k%) and K a constant. Note that “R" defines the average radii for idealised circles
within which dwellings suffer the damage associated with a chosen category. Those dwel-
lings that suffer dama?e fora given category outside the circle are balanced by those within
the circle which do not suffer such damage. {The formula and constants are given in imperial
units by Jarrett.)
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TABLE 3

Explosion damage with resElect to overpressure, degree of damage and mass of explosive

consumed (after Scilly and High [5])
Structure or Damage Approximate peak overpressure (bar)3
object
I Ltonne 10tonne 100 tonne
Window panes 5% broken 0.010 0.007 0.007
50% broken 0.025 0.017 0.014
90% broken 0.062 0.041 0.037
Houses Tiles displaced 0.044 0.029 0.026
Doors and window 0.090 0.059 0.053
frames may be
blown in
Category D damage 0.045 0.030 0.029
Category Ca damage  0.124 0.079 0.076
Category Cb damage ~ 0.276 0.165 0.159
Category B damage 0.793 0.359 0.345
Category A damage 1.827 0.793 0.758
Telegraph poles Snapped 3.585 1.793 1.655
Large trees Destroyed 3.930 1.793 1.655
Primary missiles  Limit of travel 0.014 0.010 0.008
Rail wagons Limit of derailment 1.827 0.793 0.758
Bodywork crushed 1.379 0.600 0579
Damaged but easily 0.793 0.393 0379
repairable
Superficial damage 0.317 0.179 0.172
Railway Line Limit of destruction 1413 6.688 6.412

3All distances (overpressures) from the explosion source are measured to the furthest point
of the structure or object (overpressures originally estimated in imperial units, psi).

As 3 consequence of all the factors discussed abgve overpressure is used
henceforth to escribe blast damage. For further details on the rate of pressure
rrse wave uratron pressure -im uIse and distance- charge correlations (in
re lation 1o b |as damage) ref erenBeks o%ld beGrlnadrte to ertdeb Blaker4et al. [1],

mne aker [9 or Glasstone and Dolan

uIL luge 0 sca?rn avJs has been Aevrsed which relates bIas{ %verpres
sure charﬁe size and tance etc A number ofthese are drscussed V. aker
. Far the most p ogu ar an widely used is based on the “principl
imilarity” proposed XH%P Inson | 1915 (see Turnbuyll and Walter | A
Provrde thescales used to measure blast from'any ex Iosrve are altered by the
same factors as the dimensions of the relative ¢h rg es then, the properties will
be similar. Rather than use the dimensions of the charge it is morepractrcal to

use charge werﬂht and assume that explosive char?es are compact and symmet-
rical. This method has been used to develop what is commonly known'as the
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“cube root” law. Based on the fact that overpressure is related to distance, the
scaled distance, Z, at which peak overpressure Is known can be found.

Z=RIW" | (1)

where Z IS the scale(d distance (m/kg13), r the distance from charge (m) and
w the ch ar%e size (
Strict]y t escalln% Iaw IS based on available energy. However, for simpli-
gg(%lolstt Vtg assumed that the energy released is proportional to the mass of
sing the scaled distance in con%uctton with Fig. 1 the peak overpressure at
distance, r, can_be estimated. The graph of péak. overgressure vs. . scaled
d|stance shown in FI? LS taken from Lees ] and Is based on data given b
Baker 9% or the explosion of TNT, |m|ar”%;rag sare gtven % |nney 3
Brasie and Simpson' [11] and Stull [12] and nor com X ones by Baker
However, the graph presented here i |s con5|dere tohed good apprOX|mat|on of
peak overpressure with respect to scaled distance. This'is because the values
obtalned rom it tend to, correspond well with_other works [‘3 1112,
_ Before further dlscusslng the effects ofblast it should be noted that the terms
‘primary”, “second arg/ terttary are not well defined in the literature.
orker appear to usé the terms differently. So as to avoid confusion, in this
terpnmar refersto all effects directly attributable to the blast wave (eg
haemorrtiage and eardrum rupturey secondary refers to all indlirect
effects such as mtssne impact and tertiary refers to the' damage associated with
bodily translation.

o b

L

|

. 1
lcrl ¢ . n ,
. 10 102 :
SCALED DISTANCE. Z. (m/kg?)

Fig. 1. Peak overpressure vs. sealed distance
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Blast damage can effectively be divided into two discrete categories, namely,
bundmtg dam ?e and human ‘damage. With respect to building damage large
amounts of dafa exist describing and quant|_fy|n? the effects Of querpressure,
Robinson [6] provides an, extensive analgms of minor and serious damage
resulting from blast and Eisenberg et al. [13], using data supplied by Fugelso et
al. [14], derive IJoroblt equations reI,atmg structural damage to peak overpres-
suré. A summary. of blast damage with réspect to peak overpressure is glven by
Clancey [15]. This summary is based on work reloorted by Braise and Simpson

11] and1s reproduced hefe in Tabled. Generally an overpressure of 0.07har

psi) is considered sufficient to cause partial demolition of typical British
drick and concrete constructions, whereas, 0.70bar (10psi) is taken as result-
Ing in total demolition. However, these fl%nes are not agreed upon by all
Turnbull_and Walter [10 quote 15 bar as the onset of corisiderable hui dlnq
damage. This disagreemént may well stem from the omission of certain blas
criteria. Unlike human damage, the estimation ofbundmg damage tends to be
sensitive {0 the response timé of structures and blast reflection. Regardless of
these additional criteria it is generally considered that overpressure Is ad-
equate in assessing building damage. .

_Human damage, or as it 1s moré commonly termed mhurP/, Is either due to
direct blast wave contact or secondary effects, such as, whole bod)( translation
and missile impact. The most susceptible parts of the bod¥ t0 blas dama?_e are
thase organs possessing large density differences amongst neighbouring Tissue
[16]. As & consequence 0f this most deaths from blast overpressure (i.e. primary
effects) are a result of lung haemorrhage and heart failure. In comparison
minor injury js often hased”on eardrum Tupture, since the ear, altholigh not
a vital or%an IS exce t|onal1ly sensitjve to pressure. An increase in pressure of
only 2x 10«3 N/m2 (29 x 1CTo psi) will cause the eardrum to move less than the
diameter of 3 single h%/_drogen molecule ll?]. Eisenberg et al. £13] have derived
probit equations rela mg geak overpressure to the fkelihood of death. The
probit is based on lung faemorrhage and is given by

pr= -17.1469L In p- ?

where pr denotes the probit (originally given as Y), and p° is the peak
OVerpressure ﬁN/mZe?._ _ . L
rugtlurlelarly’ they dérive a probit equation for minor injury based on eardrum

pr= -15.6+1931n pe &)

A sample of the results gained using these eguations is given in Tables 5 and
6. The equations were déveloped for early nsk_asse(fsments and still remain
poFQuIa_r although their accuracy has been” questioned., i,

redicting Iun? haemorrhage”and eardrum rupture is an extremely difficult
task and_many Tesearchers present differing results. In comparison to the
results given by Eisenberg et al. [13] shown'in Tables 5 and 6, Turnbull and
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TABLE 4

Damage produced by blast (after Clancey [15])

Pressure (bar)

0.0014
0.0021
0.0028
0.0069
0.010
0.020

0.028
0.034-0.069

0.048
0.069
0.069-0.138

0.090
0.138
0.138-0.207
0.159
0.172
0.207

0.207-0.276

0.276
0.345

0.345-0.483
0483
0.483-0.552
0.621
0.689

20.68

Damage

Annoying noise (137 dB). if of low frequency (10 15 Hz)
Occasional breaking of large glass windows already under strain
Loud noise (143 dB). Sonic boom glass failure

Breakage of windows, small, under strain

Typical pressure for glass failure

“safe distance” (probability 0.95 no serious damage beyond this value).
lt}lllsksne) limit (some damage to house ceilings; 10%" window glass
roken

Limited minor structural damage

Lar%e and small windows usually shattered; occasional damage to
window frames

Minor damage to house structures
Partial demolition of houses, made uninhabitable

Corrugated asbestos shattered. Corrugated steel or aluminium panels,
fastenings fail, followed by buckling. Wood panels (std. housing)
fastenings fail, panels blown in

Steel frame of clad building slightly distorted

Partial collapse of walls and roofs of houses

Concrete or cinder block walls, not reinforced, shattered
Lower limit of serious structural damage

50% destruction of brick work of house

Heavy machines (3000 ,Ib? in industrial building suffered little damage.
Steel frame building distorted and pulled away from foundations

Frameless, self-framing steel panel building demolished. Rupture of oil
storage tanks

Cladding of light industrial buildings ruptured

Wooden utilities poles snapped (telegraph poles, etc.)
Tall hydraulic press (40,000 Ib) in building slightly damaged

Nearly complete destruction of houses

Loaded train wagons overturned

Brick panels. 8 12 in. thick, not reinforced, fail by shearing or flexure
Loaded train box-cars completely demolished

Probable total destruction of buildings. Heavy machine tools (7000 Ib)
moved and badly damaged. _
Very heavy machine tools (12,000 Ib) survived

Limit of crater lip
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TABLE 5

Prokl)at[)lié%y of fatality from lung haemorrhage for a given overpressure (after Eisenberg
et al.

Probability of fatality Peak overpressure
%
" ) s
1 1.00 145
10 1.20 175
50 140 20.5
90 175 255
9 2.00 29.0
TABLE 6
Probability of eardrum rupture for a given overpressure (after Eisenberg et al. [13])
Probability of Peak overpressure
eardrum rupture .
(%) (bar) (psi)
1 0.17 24
10 0.19 2.8
50 044 6.3
90 0.84 122

Walter élO] quote a fi?ure of 3bar rather than 14 bar as the Eressure needed to
cause 50% fatalities from lung hagmorrha e._S|m|IarI¥, Baker et al. [1] usin
the results of Vadala [18], Henry [19] and Reider [20] have produced a plot 0
the I%ercenta%e of eardrym ruptures vs. peak overpressure. From the plot they
estimate that the probabilit o_feargrum_ rupture at [par g14.f>p3| IS a&proxr
mately 50% and not 90% as given ¥_E|se berg et al. Th F,pot resented by
Bakef et al. is_reproduced here in |gr. 2, More recently Pietersen [1] haS
described protit relations derived by TNO [22] for_the estimation of injury
based on lung haemorrhage and eardrum rupture. The probits are derived in
Part from the’ abundance of work P_erformed on exgl sion effects at the Loye-
ace Foundation [23] in the US during the 1950's and 1960, in particular tne
work performed by Bowen et al, £24] letcher and Bowen é25, hite [16] and
Hirsc £26]. Tne E)robns based on lung haemorrhage and éardrum rupture
IlJustrateéd by Pietersen provide similar results gm rginally lower) to those
given by E|senber? et al. [13] and are therefore not detailed here. _

Deatfi and non-fatal |njur,>r from secondary effects, as previously sfated, is
generally the result of bodily translation or missile contact. Thé effects of
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A Vadala &%
© H
V Reider

(X)

102

Eardrum Rupture

10+ 105 106
Pea* Overpressure. p°, (Nn2)

Fig. 2. Eardrum ruptures (%) vs. overpressure (after [18-20]).

missiles on the human body are dealt with in Chapter 3.0 and are not discussed
here. Bodily translation consists of displacement and subsequent decelerative
Impact with the ground, building materials and/or other objects. _Dama_%e
occurs as a result™of the head orother vulnerable body parts colliding with
hard surfaces causing fracture, concussion and/or haémorrhage (known as
tertiary damage). The degree of injury Is related to impact velocity, duration
terrain, distance throwri, impacting surface_and orientation. “Baker and
Oldham. [27] have developed.a metho ofqua_nnfqu damage caused by bodily
translation”based on specific impulse and incident overpressure. Usm? the
method together with data gained through White [16] and Clemedson et af. [28]
tertiary damage is expressed in terms of |mBact velocity, Abstracted results
from Baker afid Oldham_ [27] are gwen In Ta Ie_s7and8._Lonﬁmow etal. [X
have also estimated tertiary damage. They derive a refationship between th
probability of death and impact velocm(. A graphical representation. of the
relit|onsh|p|s reproduced here in Fig. 3 1t can'be seen that the values glven%f
Baker and Oldnam carrespond well with the relationships given by Ldngino
et al. for skull and whole hod _|mgact., _
Other characteristics assoCiated with blast waves, such as, toxic gases,
round shock and crater are considered here to be |n5|%n|f|cant compared with
ose_ effects described above. This is because such pnenomena only become
a serious hazard in_exceptionally IarI%;e or_confined (toxic gases) explosions,
Additionally, the likelihood of deathi or mdury_fro such effécts is small
compared with death or injury from direct and indirect blast effects. Therefore,
the effects of toxic gases, ground shock and crater are not discussed here.
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TABLE 7

Criteria for tertiary damage (decelerative impact) to the head (after Baker et al. [1,27])
Skull fracture tolerance Related impact velocity (m/s)

MostIK “safe” 3.05

Threshold 3.96

50 percent 549

Near 100 percent 701

TABLE 8

Criteria for tertiary damage involving total body impact (after Baker et al. [1.27])
Total body impact tolerance Related impact velocity (m/s)

Mostl){_ “safe” 3.05

Lethality threshold 6.40

Lethality 50 percent 16.46

Lethality near 100 percent 42.06

/
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Fig. 3. Fatality criterion: Bodily translation (after [29]).
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Further information, with respect to these phenomena can be gained through
Lees [2], Robinson [s], Clancey [15] and Pietersen [21],

3. Missile damage and injury

Fragment_generation, as a result of explosion, can produce significant dam-
age t0 receiving medium. Energy delivered to fragments from blast waves
cause fragmentS to become airjorne and act as missiles characterised b
velocity, range and penetration. Such missiles are often classed as being either
anary or secondary [1], Primary missiles consist of casing angd/or container
ragments from the explosive ftem, whereas, secondary missiles consist of
fragments from objects located close to the explosion source which have
Interacted with the’blast wave. _ _

Unlike the one or two large fragments which result from typical stor_a%e
vessel “bursts” 1, 30], the casings and packages ofh|%hexploswes rupture int
large numbers of small pnmarY fragments. Although the fragments are small
and irregular, they are fgen_eralyofa chunky” appearance %nasmu_ch that all
linear dimensiops are ofa similar magmtu_d_eg and_for typical shell casings we_|rqh
In the region of one gram [3L, 32]. Ir"addition, high explosive primary missifes
have veldcities over tén times that oftypical presstre burst fragments: velocities
apgroachmg several thousand. metres per second are not upcommon [31]

_ eco_ndarg_mmsnes, as mentioned above, are the resylt of blast wave interac-
tion with 0 djects located near to the source of explosion. Such fra%ments_ are
often termed as beln%enher constrained” or “unconstrained”, The terminol-
0gy depends upon whether the blast wave tears them from their fixings [1] or
simply “up-roots” them from their position. The fragments may take a multi-
tude of forms from building materials thro,uqh to végetation, Velocity, range
and penetration of secondary missiles are, inthe mai, much less than those of
primary types. However, it is not unknown for blast waves to accelerate
secondary fragments fo velocities where they become capable of inflicting
serve im a%t amage [L, 32]. . .

. Itisnot the intention of this work to explain.in-depth the means of calculat-
mgi, from accidental explosions, missile projectory, g_enetranon,_ range or
velocity. Much work has already been done on thesé su gects. A brief descrip-
tion 15 given by Lees [ZAand detailed accounts bY Baker ét al. 1], Clancey [1

and Hi h433]; all of these contain references to other workS, However, 1o
completeness™a brief description of the methods used to calculate missile
velocity ran?e and penetration is included fere. . _

Missile vefocity can be estimated through the consideration of explosion
ene_rgsy. For typical fragments from cased ]charges initial fragment energ
varié$ from between 20% and 60% of the explosion energy. Initial fragmert
velocity can be calculated from

E=\MV2 (4)
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where € is the initial kinetic energzy ofthe fragment (J), m fragment mass (kg),
ang v the initial fragment veloci Ty(m/s). . _
Clanc,e\Y [15] estimates, that for the majority of fraﬁments, r_esultm%
from TNT “explosions, fragment velocities aré as follows: Thin cas
?%Jogft/s/ (2438 m/s), medium Case 6000 ft/s (1829 m/s), and thick case 4000 ft/s
mis). ... . . .
T1he ve%o_mhes have been estimated from empirical data on the assumption
that an¥_ size charge will proPeI fragments the same distance. Although this
assumption s untfue, since large explosions P_ropel fragments further than
small explosions, the estimates do assist In preliminary analysis. Clancey [15]
also details an empirical calculation of missile range. Modifying the formula in
order to incorporate SI units, the range is given by

X= (W13 ka)CnU/IV) ()

where x denotes the range l(m)J w fragment mass (k?) u initial fragment
velocity (mfs), v fragmentvelocity (m/s): IS a constant (0.002 velocity Super-
sonic, 0.0014 veocity subsonic) (kgllslmg and a is the drag coefficient.

Drag coefficients” are a function of fragment shapé and orientation
durm? ﬂIPht. Typical drag coefficients range between about 08 and 20,
with requfar symmetric shdpes tending towards the lower values, A number
&fogﬁgrc[%éelfflments for various shapes and flight orientations is given by

Missile pénetration is examined in-depth by Clancey [15Land Baker etal. []
However, the equatjon given below is froni neither of these sources, buf'is
considered suitable for approximating penetration through building materials
by fragments of less than 1 kg (this IS Useful here since casin fragm_ents are
?enera ly much less than 1ktg, as Indicated prewously%. The equation s taken
rom the” High Pressure Safety Code é35] which su?ges s that a safety factor of
between 157and 2 should he agphe to the resulfs, It should be noted that
wreqular fragments may have a penetration capability only half of that cal-
culdted, whereas, pointed fragments may penetrate even further.

t=kMaVb (6)

where_t is the penetration ém), M fra?ment mass (kg), and v fragment velocity
{m/s). The constant =« » and exponents “a™ and “b* |ne% ggva’r\}/ depending on
argetmatenal, as follows; Concrete gcrushm Strength 35 MN/m2) 18 x 10~6,
040, 1.5: Brickwork 23x 10-6, 0.40, 1.5: and Mild stegl 6 x 10~5, 0.33, 10,
Dam_a%e caused _bg missiles, needless to say, can varg/ from S#Per_ﬁmal t
extensive. As a guide the Explosives Storage” and TranSport Committee [36
BES_TC) estimate”that lethal missiles, with“regards to humans, are missles
avm}; a[ﬁprommately 80J of kinetic energy, The ESTC also su%ges,t that
one fragment per 56 Square metres provides’ individuals who are dut in the
oB_en with a 1% chance of bem% hit. B_uﬂ_dma;s and other relativel Iarge
onjects can be crushed or ‘oenetrat d by missiles feading to minor hazards, such
as, falling debris and glass breakage. However, impulsive loading during
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impact, especially from large heavy missiles, presents the greatest indirect
hazard. This is because impulsive loads may instigate or encourage collapse of
structures and/or escalate. the amount and raté of falling. debris and glass
breakage. All of these missile effects may also lead to the initiation of second-
ary firés addun%_further Injury. Secondary fires are discussed in Chapter 4.

he term “intirect hazard™as used above refers to all damage caused to solid
media, such as bundmﬁ materials and vehicles which may then present a haz-
ard to man. It follows that “direct hazard” refers to direct injury.of the. human
body as a result of actual physical missile contact. The meyont of injuries
from direct hazards.relate to skin laceration and open wounds. If'the velocity
ofthe missile is sufficient and contact is made with vital organs then death may
result. Experiments on skin penetration have been performed by Sperrazza and
Kokinakis [37]. They have found that a_relatlonshlﬁ_ exists between missile
mass and expoSed, cross-sectional area. This relationship is based on a limiting
velocity §V5o which corresponds to a 50% probabilit of_sklnge_netratlon. The
tests, performed with steel cubes, spheres and cylm_ ers impacting 3mm thick
human/goat skin, assume that all missile penetration causes severe damage.
Sperrazza and Kokinakis conclude that I|m|t|n% veIouR/ depends linearly on
the ratio of fragment area and fragment mass, as shown by eq. (7).

V50= k(A/M) + b (7

for a /v > 0,09 mﬂk_? and m > 0,015 kg, where Vso is the limiting velocity (m/s),
A the CSA of missife along trajectory (m2). m the mass of fragment (Kg), k Is
a constant (1247.1) and v 15 a constant (22.03). |
From further work Sperrazza and Kokinakis [38] have found that skin jn situ
can be penetrated at lower |mRact velocities than isolated skin. The results are
contrary to that expected when one considers that in situ fragments must
traversé 10 mm of skin and subcutaneous tissue rather than 3m. of isolated
skin in laboratory tests. A number of results based on isolated skin tests are
detailed In Table"9 _ _ _
Other work has been performed on skin penetration. Unfortunately, direct
comparisons with the findings of Sperrazza and Kokinakis are difficult’to make
as a result of the many diffefing approaches to the problem. However, Baker et
al. [t] using a number of simplifying assumptions, have compared results
compiled b;f other researchers, as shown in Fig. 4 It can be seen from Fig. 4
that the re at|onsh|£ estimated by Sperrazza and_Kokinakis_compares well
with the findings of Glasstone [4], White et al. {39]1, Custard and Thayer [40] and
Kokinakis [41]. Mare rec_entI%/ P|etersen_[2% as described a relatioriship
derived by TN JZZ] relatmg he Pro,babmt f fatality with regards to skin
Penetratl n based on fragmént velocity and mass. The relationship is In the
tﬁrm ofa kproblt equation, as shown below, and is applicable to fragments of less
an 0.1 kg.

pr= - 2915+210InS ®)
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TABLE 9

Comparison of methods estimating probability of fatality from non-penetrating missile
impact

Probability of fatality (%) Fragment impact velocity (m/s)

Ahlers® Pietersenh

0.5 kg fragment

10 17 149
50 2 168
90 3 190
10kg fragment

10 8 50
50 il 5.6
90 13 6.3

“Approximate values from Ahlers [42].

bApproximate values from Pietersen [21].

For non-penetrating fragments between 0.1kg and 45kg: Pr= —1756+5.3InS, where
S=\M V2 and for non-penetrating fragments greater than 4.5kg: Pr= —13.19+ 10.54In V.
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WhleretS equals M v 5 115, in which w is the fragment mass (kg), and v fragment
veloci

Not aI fra ments are penetrating. Non-penetrating fragments may cause
m*ur y or g ea?n thuepofthelr mgass andpvelocny bgeln gso great th)gt they
intlict bodily translatmn and/or crushing effects. Such action usually results
in cerebral concussmn fracture, hagmorrhage and/or serve brmsmg of the
victim. Ahlers [£7] has studied :he effect ofnon penetrau Pg missiles on |n |-
viduals, the results of which are presente here in Fig. 5. Pletersen [2] illus-
trates two probit relatlons derived b% 26]for the probability o fata ity
from such ‘missjles. For ra%ments etween 0.1 kg an 45kg the probit |s
related to kinetic energy, such that

pr=-17.56+530InS 9
Wwhere
S=jM V2 (10)

and m and v are as ?lven above for skin Ipenetratlon For fragments greater
than 4.5kg the probit'is related to skull fracture and given by

Pr=—13.19+1054Inv (11)

where v is the fragment velocit 3/
Results obtained using the abdve probits differ from the results presented by
Ahlers [42]. Given the same size fragment, compared with Ahlers, the probit

|
QOX\FATALITY

|

|

‘

50%

Fragment Weight (kg)

Fig. 5. Fragment impact: Human response to non-penetrating missiles (after [41]).
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based on Kinetic eneggy (1. fragments 0.1kg-4.5kg) implies that a greater
Impact velocity is needed {o attain a specific probability of fatality. [n compari-
son, the probjt based on skull fracture (i.e, fragments >4.5 kg) implies a lower
Impact velocity is.needed to attain a specific probability of fatality. However,
there are similarities between the study conducted by Ahlers [42] and the
probits presented by Pietersen [ﬁ suggestmg that they are asymptotic of
a more ?eneral solution. For ex _Ee, oth sUggest that the ?roba_bnny of
fatahtY rom, large fragments (unlike small fragments) is related simply to
|m|_pac veloc%y. _ _ _

yrther information on the effects of missile impact, with respect to humans
can be gained through White [16], TNO [22], Clemedson et al. [28], Sperrazza
and Kokinakis [37] and Kokinakis [41].

4, Thermal damage and injury

Extensive thermal damage from explosions is usuallg/ caused bnyt_he phenom-
enon of fireball growth. Fireballs cause damage as a résult ofuI; |t|n? compus-
tible materials and injuring humans by direct immersion ang intense fadiation.
Thermal damage may also”occur as a'result of secondary fires, These fires are
initiated either by instantaneous combustion of matefials due to radiation
exposure. above material threshold levels or by missile and blast interaction
with ignition sources. The number of secondary fires caused by explosion is
ext_remelg hard to quantify. For propane explosions Geffen et al, %13] have
estimated the number of secondary fires as a factor of heat radiation thréshold
and building density. 1t is suggésted here that a similar analo% could be
employed for commiercial and military explosives, Compared with fireballs,
secondary, fires present only a minor thermal hazard and, as such, their specific
characteristics are not expanded upon here. Detailed information on second-
ary fires can be gained through Lees [2], Geffen [43] and Rausch et al. f[44!

As previously ‘mentioned, the majlor hazard from fireballs 1s the effect of
thermal radiation damage. As a result of this most investigations into_fireball
characteristics have concentrated on radiant rather than conductive and
convective heat transfer, Howevey, it has heen suggestedb Baker et al. [1]
that for small fireballs, in which less than 10 kg of'Substance are consymed,
heat transfer by conduction and convection may pla¥ a substantial part in the
heat transfer process. Regardless of this omission, for the purposes of conse-
guence analyslis, the currént catalogue of research tends to'support historical

ata collectéd on firehall incidents. The most authoritative wark in this field is
Iven by Rakaczky [45] with reqards to munitions explosions, Gayle and
ransford [46], High 47], Bader et al. [48] and Hasegawa and Satq [29] with
regards to I|%u_|d propellants and fuel explasions, and Roberts [50] with régards
toTeleases of liguefied petroleum gas (LPG). It should be noted that much work
in this field relates specifically to nuclear explosions w Unfortunately the
results gained on firefalls from nuclear explosions do not correspond welf with
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data collected on fireballs resulting from chemical explosions. This disparity
should be borne in mind when atteniptin flreballanal SIS, Thlswork 1S ch|efly
concerned with commercial and converitional m||tar explosives, and theré-
fore the following djscussion on fireball growth and damage omits any refer-
ence to nuclear explosions.

Evalyation of fireball consequences, for hazard assessment requires_the
quantification of fireball temperature, fireball duration and firepall size. Tem-
perature. is dependent on the heat capacity of the fuel consumed and means of
combustion (i.e. diffusion flame where aif diffuses into the fuel or pre-mixed
flame where air and fuel exist as a mixture). Fireball temperatures can vary
from approximately 1350 K for flammable gases to about 5000 K for chemicl
explosives. It Is important to note this fact when using fireball models so as tg
avoid erroneous conclusions. For example, High’s [47] predictions for fireball
size and duration are hased on I|qU|d propellanits having fireball temperatures
of 3600 K, whereas, Rakaczky’s [45] estimates are for fllels, such as, propane,
pentane and octane which have Substantially lower fireball temperatures (.e.
apgrommately 2500 K).. Similarly, Roberts tSO] equations relate to propane
fireballs However variations bétween fireball’ models are largely dependent

upon th emasso substance consumed, and as such size and duration estimates

ay vary by as much as 50%.

ssta ed above est|mat|on ofﬂreball size and duration varjes from model to
model t|s suggested by Baker et al. [1] that the results from the various
models, used to t|mate 5|ze and duration, are asymptoncorllmltmlq cases qf
amore general solution. This claim is supported by the mathematicaf similari-
tles between the models and the fact that Some methods are suitable for use on
fireballs consuming small uantltlesge less than 10kg — Hasegawa and Sato
494) whereas, others are best used on fireballs consuming reIa Ively modest

ntities of material (i, more than 20 kg — High [47] and Rakaczkv [49))
However, from a review of fireball models oberts ésuggests that for a Ia Ug
range of releases (1 kg to over 100,000 kg) the following equation provides
a réasonable apprOX|mat|on of firehall sizé.

D=5.8M1s 1)

whereo |sthe flreballd|ameter ? and m the mass consumed (kg).
Similarly, Roberts sufqgnestst at for fire aIIs consuming less thah 5kg fire-

ball durat|on I hest estimated

T=11m 0097 (13)
and for quantities greater than 5kg

110.83 m 0-316 (14)

where T_denotes the fireball duration (s), and m the mass consumed? )b
Duration time, 7, is referred to here as the gerlod durmg which Tirepallg
radiate heat. Further time-scales (of minor importance here) aré those associated
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with duration of combustion with regards to momentum, buoyancy and deflag-
ration and time for fireball “lift-off”. These time-scales are discussed in detail
by Rcl)berts [50] together with three distinct stages of fireball development,
namely:

(a) rapid growth (rapid combustion, dominated by initial momentum of re-

Iea?e, very bright flame), _

(b) little change in size (dominated bY buoyancy and combustion effects, flame
c_oolm(l; from br;ght yellow to dull orangeg,

(c) fireball lift (rapid cooling, dominated by buoyancy effects).

The main difficulty in estimating duration stems from the absence of a dis-
crete point as firehalls lose heat, A %eneral consensus has not been reached on
the estimation of duration and theretore large deviation is often found between
fireball models. In comparison, the estimation of fireball size tends to be more
consistent. This is because most hazardous materials generate fireballs which
expand rafndl}/l reaching a maximum size which is maintained for a measurable
c0

time until collapse. Rakaczk J45_], In a literature review of explosions, ob-
served that fireball size and duration can be expressed by

D=376Mo32s (15)
and

1= 0.258 Mo'349 (16)

Unfortunately, no limits of applicability are given for the equations above
and therefore_they should be used with caution. Baker et al. [1], however,
contend that Rakaczky’s equations are for fireballs with tem geratures a%proxr
mating 2500 K. Other’researchers, namely High J47] and Hasegawa and Sato
[49], have evaluated similar equations, abstraCted results of which are shown
m Tables 10and 11 1t is suggested by Baker et al. that High’s equations should

TABLE 10
Comparison of methods estimating fireball duration (after Baker et al. [1])
Mass (kg) Time ()

Rakaczky High Hasegawa and Sato Roberts

1 0.26 0.30 1.07 1.10
10 0.58 0.63 1.62 172
102 1.29 131 246 3.56
103 2.87 2.74 374 1.36
104 6.42 5.12 5.67 15.00
105 14.00 12.00 8.60 32.00
106 32.00 25.00 13.00 65.00

107 79.00 52.00 20.00 135.00
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TABLE 1
Comparison of methods estimating fireball size (after Baker et al. [1])
Mass (kg) Diameter (m)

Rakaczky High Hasegawa and Sato Roberts

1 3.76 3.86 5.25 5.80
10 1.95 8.06 11.00 13.00
102 17.00 17.00 22.00 27.00
103 36.00 35.00 46.00 58.00
104 75.00 74,00 95.00 125.00
105 159.00 154.00 195.00 269.00
106 335.00 321.00 402.00 580.00
107 708.00 671.00 828.00 1250.00

be used for I|qU|d [0 eIIants havm% fireball temPeratures of a prommately
Kand where more than 20 g azardous material 1s consumed, and that
Hasegawa and Sato’s equations be employed on fireballs consumingless than

10 kg.
High [47] 2)=386mo032. 7= 0.299Mo32 (17)
Hasegawa and Sato [49] bp=5.25m°314,  T=1.07MO8L (18)

The models discussed above have yet to be refined so as to incorporate
conductive and convecnve eat transfér mechanisms, which may %reatly affect
heat loss in small fireballs, as grewously ment|one d. [naddition; the enissivity
of fireballs has notbeenfull ddressed: Most models assume emissivity values
of between Q.7 and 10. H owever some fireballs have extremely low™“plack-
1@ dt))/ IIcapab|I|t|es rendering the above equations inappropriate ég hydrogen
ireDalls

Firepal| size and duration is summarised in Table 12

Fireball consequence analysis takes the form of est|mat|ng thermal radiant
heat flux and, subsequently, radiated thermal ener The treatment and
derivation of these parameters are comg ex and for th e I_Foses of this pa g E
need nofulldescnptmn AsmtableexR nation Is given K |% L ake
et al. [1]. It is sufficient here to notet at t eanal 3|s IS ase f|rebal SIze,
temperature and duration. On the assumgtlont at fireball size and temper-
ature remain constant High derives the following equations for radiant heat
flux, ¢, and radiated energy per unit area, Q.

(q/od)= (GD2IR2)I(F +D 2IR2) (29)
QI(bGM1/30213) = (D2IR2)/(F +D 2IR2) (20)

where q is the heat flux (J/mas—i.e. W/m2), q the radiated ene r? (JIm2), o the
diameter of fireball (m), o the temperatuire of fireball (k). r the distance to
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TABLE 12

Fireball size, D, and duration, T, parameters from D=AMBand T=AMB
Model Diameter (m) Duration (5)
A B A B

High“ 3.86 0.320 0.299 0.320
Hasegawa and Satoh 5.25 0.314 1.070 0.258
Rakaczky' 3.76 0.325 0.258 0.349
Roberts' 58 0.333 0.830 0.316
Roberts' - 1.100 0.097

aHigh [47] - liquid propellants and fuel explosions, fireball temperatures approx. 3600 K,
greaterthan 20 ksq. o _

Hasegawa and Sato [49] - liquid propellants and fuel explosions, less than 10 kg.
cRakaczk
dRoberts 15

45 munition explosions, fireball temperatures approx. 2500 K.
" Roberts [50

- propane, 1kg to over 100,000 kg.
propane, less than 5kg.

fireball (stand-off distance) (m), m the consumed mass (ka), F a transmission
coefficient (161.7), ¢ a transmission coefficient (5.26 x 10“5), and b6 the trans-
mission product (2,04 x 104), o _ ,

Both equations above are based on static fireball diameters. Hllgh (PSJ
(employing a time variant analogy) has shown that equations can be derived t
allow for fireball growth. Howgver, these are not expanded upon here since
thng/ add little to e assessment of fireball damage.

adiated heat, E, s given by Roberts [50] as

E=FMQ/T (21)

where £ denotes a radiated heat (kW), r a fraction of total heat released
(0.2-9.4)6 M2 mass consumed (kg), % a heat of combustion (kJ/kg), and
T a fireball duration (s) (where T=0.45M 13). _

From the above the ntensity of heat radiation on a target perpendicular to
the direction of radiation (i.e."heat flux) Is given by

|=E/4nL2 @)

where 1 is the intensity of heat radiation (kW/m2) (note; “1” is referred to as
«q In the equations ?_lven hy High [33]), £ the radiated heat(kW) and L a dis-
tance from centre of Tireball'to target (m). _ o
The effect of fire on bujldings can be related directly to the intensity of
radiated heat (i.e. heat qux)S._Most research has concentrated on the ignifion of
00d 'Ll,?ll Lawson and Simms [51] estimate spontaneous ignition” of wood
rom the following equation.

(q-q9t*ls=k (23)

D =S — I
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where q is the heat flux (W/m22, gs the critical heat flyx for spontaneous
gnition (25,400 W/m2), « the duration of heat flux (5). and k Is a constant (6730).
The equation qwen above Is based on _emP|r|cal data_and is a general
relationship for all types of wood. The critical radiation intensity (i:e. heat
flux) to cause spontdneous |?n|_t|on of wood Is given as 254 kW/m2 Other
relationships for differing materials exist. However, the vast majority refer to
nuclear explosigns which are not strictly comparable with “chemical ex-
plosions, as previously explained. For further information reference should be
made to Glasstone arid Dolan L4] and Baker et al. [1] ,
. Damage to the human body, from thermal radiation may result in death or
injury from severe burns. Injury caused br radiafion cdn be quantified by
temP,orar%/_ or permanent loss 0 mght. Miller and White, kSZI] have derived
relations IRS linking heat flux and choriorentinal burns with respect to_time,
However, thermal radiation injury is more commonly hased on the burning of
bare skin [1,1353]. Buettner l_esﬂm_ates human pain with respect to heat
flux. Figure s illustrates the relationship derived by Buettner with respect to
heat flux for non-nuclear fires. The two lines shown provide a split between
bearable and unbearable pain (second degree burns). Unbearable pain is said to
occur [53] when a temperature of 448 'C'ls exceeded at a skin depth of 0.1 mm.
Excee |r2]g sych a temﬁe_ratu,re rapidly increases the victim's pain. The pain
then gradually fades indicating that total skin irradiation has occurred. 1t is
statel by_H}/mes o4/ that for each increase of 1 C above the threshold the rate
ofinjury is trebled. For example, compared with the threshold the damage rate

is roughly 100 times greater at 50 C.

Toof observations lie

L between these lines

/

UNBEARABLE

Time (s)

Fig. 6. Threshold of pain from thermal radiation on bare skin (after [58]).
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The probability of death from second degree burns has been estimated by the
US Department”of the Army [55]. They derive a plot of the probability of
fatality vs. the percentage of'second de%ree burns, as shown in Fig. 7. Exposed
skin varjes from seasonto season but 5 estimated to average [Asiabout 21%.
This estimate of skin exposure approximates to the exposute of the head and
both arms. Thus, from Fig. 7t can be seen that the probability of fatality from
second degree burns for average, skrn exposure Is ahout 10%,

A detailed revrew of the ph sroo rca angd patholoorcal effects of thermal
radiation is given by Hymes gether with new In ormatron It i broadly
concluded that those expose to heattuxes capable of infl rctrnp thrrd jegree
burns within 10 seconds are unlikel 1yto SUTVIve. Precrse probabifities of in ury
and survival are difficult to gauge. The effects of radiation burns are reIated to
burnt surface area, depth of urn age ofrecrprentand clothing characteristics,
etc Al of these factors are discussed b eymes

Pronability of death with respect to th proportion_of body surface area
urnt 15 gpven yPretersen 21] an reproduced here in Table 13, As a “rule of
thumb™ it is sug este ymes [54] that for 15% burnt surface area (adult,
head and hands) and rn urg no worse than second_degree- ﬁlus all healthy
adults under 50 Can be expected to survrve whereas, 50% of those over 60 can
be expected to die, Compared with adults the proportron ofrntants surviving is
somewhat lower. This IS due to the greatersur ace area exposed re head and
hanas ap roximate 30% of Infant“area) and the greater medical attention
reqburre he approximate distribution of adult surface area (skin) is given in

1.0

Probability of Fatality

n w

o ——1— T

1 1 1 1 1 | 1 1
i0 20 30 40 50 60 70 80 S0

o

Second Degree Burns (%)

Fig. 7. Fatality criterion: Second degree burns (after [54]).
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TABLE 14
Distribution of skin surface area

Body part Proportion (%)
Head |
Trunk 3
Arms 14
Hands 5
Thighs 19
Legs 13
Feet 1

From_a number of empirical relations [13556] and based on an average
population, Pietersen [21] derives prohits refating’burns and death (an average
population is not defined). The probits assume apRrOX|mateI¥ 20% exposed
surface area. Severity of Injury is categorised b¥t e depth of skin to which
a temperature differénce of' 9 K occurs, such tha

15t degree burns <o.12 mm skin penetration
2nd degree burns <2mm skin penetration (24)
3rd degree burns  >2 mm skin penetration
The probits given by Pietersen are as follows.
pr= —30.83+3.0186In(tqe 3) Lst degree burns
pr=-43.14+3.018B\n(tqe13 2nd degree burns (25)
pr= —36.38+256In(tq43)  lethality (death)
W?n Er IS the probit, t the exposure time (s) and q the heat of radiation

For comB eteness, cergun radiation threshold levels and effects are detailed
here In Tables 15, 16 and 17, , _

Finally, it should be noted that transient and steady state fires Sfor both
materials and humans) require _d|ffer|n9 magnitudes of heat flux for specific
levels ofdamage._For xample, first degree burns from secondary fires (stead
state fires) arg likely from heaf fluxgs approaching 4.5 kWint2 (after 20s
whereas, similar darhage from fireballs (fransjent fires) can be expected af
125kJIm2. 1t should be™noted that due tothe short duration of fireballs total
radiated heat s used to estimate damage levels. Tables 15 and 16, which are
reproduced in-part from the Rijnmond Public. Authority Study [57] into the
Bglzﬁtrsds from a number of chemical installations, serve to iflustrate these
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TABLE 15
Radiation intensity damage: Steady state fires (after Rijnmond Public Authority [57])
Heat flux (kW/m2) Effect

315 Damage to industrial equipment
25.0 Minimum energy required to ignite wood at infinitely long
exposure
45 Sufficient to cause pain to personnel if unable to reach cover
within 20's, 1st degree burns likely
16 No discomfort to long exposure
TABLE 16

Radiation intensity damage: Transient fires (after Rijnmond Public Authority [57])
Heat flux (k/m2) Effect

375 3rd Degree burns
250 2nd Degree burns
125 1st Degree burns
65 Threshold of pain, no reddening or blistering of skin
TABLE 17
Pain and blister thresholds with respect to heat radiation intensity and time*
Heat flux (kW/m2) Time ()
Pain Blister
3T 200 _
4.2 135 338
5.2 101 -
6.2* 100 -
6.3 78 208
84 5.5 134
9.7% 5.0 -
126 2.9 78
168 2.2 5.6
ot 20

°Time to threshold of pain, data from Stoll and Greene [58], except time to unhearable pain.
*Data from Buettner F59].
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5. Aggregated consequence models

As can be inferred from the information and data presented in this paper, the
evaluation of explosion effects is often detailed and. prone to inaccuracy,
Esﬂmatmgi the number of casualties and extent of building damage is hinderéd
by a multitude of factors, namely

a) mass of explosive consumed,
b) distance from source to target,
¢) blast duration,
terrain,
g) exposure, _ _ _
f) fragment %,eneratmn, velocity, range and projectory,
g hedt intensity, T o
structural and material building characteristics.

Furthermore, it is difficylt to distinguish between fatalities 5|mfr]>ly caused b
overpressure effects, bodily translation and missile impact, Other causes of
death which are hard to distinguish include asphyxia following burial, carbon
monoxide i)msonmg and chroic illness aggira_vated by shock: In addition to
these problems the majon[t%/ of urban populations will be indoors durm? an
explosion, Only a limitéd amount of research has been_conducted on the effects
of explosion with regards to “indoor” populations, The U.S, Department of
Transgor_tatlon %14] have attempted to produce credible methodologies in order
to quantify Indoor population damage. However, “indoor” and “outdoor
environments are not easily related and_no simple scaling laws or means of
extragolatmg external blast damage to internal blast damage are_available,
Consequently, the assessment of ddmage to indoor populations is limited and
the accuracy of results Poor. _ _ _

As a copsequence of the differences between indoor and outdooy envirop-
ments, and as a result of the problems outlined agove, there are very few simple
aggre?ated consequence models which are useful in estimating damage and
casualties from explosion. A number of models have been developed for Vapour
cloud explosions but very few, for those explosions of interest here (i.e. conden-
sed explgsions from the accidental initiation of commercial/military e_mplo-
sives). It is apparent from those concerned with explosives safety, that a simple
and accurate means of estimating damage and casualties from condensed
explosions would be very useful.” It is thought here that the best means
of achmvmg this is by the analysis of histofical events to produce empir-
ical methods of evafuation. Workers at the University of Technolog}/,
Lou&hborough [60], have adopted this approach and producéd a model suitable
%r”t uep %sfsé%sssmenf of condensed explosions occurring without warning in

The consequence model| developed at Loughborough by Withers and Lees
60] is Rlophcable only to those explogives whith. have a mass explosion hazard
1.6, UN hazard division 1.1 explosives). Fatalities are estimated from data
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collected on historical events and empirical data collected on the effects of
blast overpressure. Historical events include World War 1 bom_bm(%s, chemical
explosions, domestic gas explosions and a number of natural disasters such, as
earthquakes and tornadoes. Empirical data consist (P_n_man_ly of relationships
linking_injury and blast overpressure. Due. to the aifficultiés encountered in
estimd mg fatalities cause of death is split into pr|mar¥ and secondary types.
Primary deaths are classed as_those which occur in the near field and are
entlreéy due to overpressure. The likelihood of death from overpressure is
related o |m£ulse and duation. In comparison, secondarryﬂ deaths are related
to housing damage, specifically the number of dwellings made uninhabitable.
For eve_% 10 dwellings made (ninhabitable one secondary death is assumed.
Both primary and secondary deaths are related to distance and mass of explo-
sive consumed and hence are categorised by primary and secondary radii.
Individuals who survive within the™radii are”balanced by those who survive
outside the radii. The explosion consequence model is defailed here in Figs. s

and 9

The explosion effects model developed at Loughborough #60] suffers from one
or two omissions, namely the absence of deaths resulting from casing/packag-
Ing fragments and deaths from primary and secondary fires. However, the
mogel &stimates well the number of fatalities from a’number of historical
Incidents. Of particular interest is the estimate of fatalities from low yield
explosions. ~ The  model aRprox|m_ates_ favourably fatalities from ™ V2
rocket/bombing raids and otner similar sized explosions (0.5 tonne-2 tonne).

)

DISTANCE (m

03

1 IJU
M F BALC\VE g
Fig. 8. Primary and secondary causes of death for man: Mass of explosive and distance for
50% mortality” (after [59]).
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Fig. 9. Model for fatalities resulting from an explosion of a condensed phase explosive in
a built-up area (Basis 4000 persons/km2. 2.5 persons/house [59)).

Reglardless of any shortcomings, the author has found no similar “complete”
exi) osion effects models. The model ap?ears to be unique and at present the
only one available for the estimation of fatalities from condensed"explosions
occurring without warning in built-up areas.
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Abstract

Experiments were conducted in a 1m3explosion chamber and the explosibility Parameters for
sulphide dust were determined and compared to other types of dusts. Theseverlt¥ ofthe explosions,
as Indicated by the K value, was scaled by comparing the experimental results from different sizes
of explosion vessels. The Ks, value was found to increase with the volume ofthe explosion chamber,
as expected for systems whose level of turbulence increases with increasing chamber volume.
Explosive limits for a tYpl_ca_I_squhlde dust were obtained by examining the effect of dust
concentration on the explosibility parameters. The lower explosive limit was found to be 300 g/m3
for a sulphide dust with a sulphur content of 29.86% by weight. To simulate the ignition source in
underground mines, explosives were used to ignite sulphide dust clouds in the Im3chamber tests
and an ignition criterion was developed for mining explosives that do not contain aluminum. It
was found that the minimum ignition energy can be exPressed_as_t_he product of the heat of
explosion and the minimum weight of explosive required tor the ignition of the dust.

L Introduction

Sulgh|de dust explosions in underground sulphide mines have been reported
frequently during the las* twenty y&ars. In most cases, dust explosions occur
when b_Iastm? in‘massive sulphide ore bodies. The blasting operations generate
a copsiderable amount of dust by crushmlg the or |mmed|ateI3/ araund the
borenoles and during the fragmentation process of the friable sulphide gres.
The exhausting heat and/or hot particles resultmﬁ from the detonation of the
explosives used for blastmg may provide enough energy to ignite the dust
cloud and create a primary. dust éxplosion. This m|Hht be“followed by a secong-
arZ dust explosion in which the dust I;{)mg on the walls of the opening IS
dispersed by the pressure wave produced by the primary explosion and ignited

Correspondence to: Dr. Q. Liu, CANMET, Mining Research Laboratories, Experimental
Mine, Val D’Or, Quebec JIP 4P8 (Canada). Fax: (819) 736-7251.
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by the flame front. The explosion could ropa?ate long distances as Iong as the
amount of dust to be dispersed is enough to Teed the combustion procgss.

. From the chemical point of view, a sUlphide dust explosion is a rapid oxida-
tion grocess of the sulphide minerals. For instance, the dust exPIo_smn of pyrite
g eS2), which has been found to be frequently related with explosion accurrep-

es, can be expressed by the following reaction under confined condition [1]:

3FeS2+802"Fed4+6S02+6.58k/g of FeSe (1)

This typical reaction indicates three characteristics of a sulphide dust
explosion:

1) Alarge amount of heat is produced. .
2) The number of moles of%as after an explosion is less than the number before,
The gaseous product (S02) is extremely toxic.

The first two characteristics implicate that the explosion pressure rise is
caused bly the temperature rise in the explosion products. The destructive force
to ynderground facilities may be very violent in the region close to the
explosion’but the overpressure will decay when temperature. drops. Further-
more, the generation of S02 gas has been one of the major problems in
underground operations because the S02 gas must be diluted below the regula-
tion Iével (2 ppm) before miners re-enter the mine. _

In this 8a,per the violence of sulphide dust explosions.is compared with other
dust explosions and scaling of the explosion hazard is discussed. The necessary
conditions for a dust explosion are also examined in terms of dust concentra-
tion and ignition energy with explosive type of ignition sources.

Al i
Q O
Trigger Blasting
Circuit @ Machine @
4
/
Dust bag ) Transducer
Explosive Igniter /\
mplifier
Explosicn Chamber

T =

C ] Oscilloscope

Fig. 1. Explosion monitoring system.
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2. Experimental techniques

Experiments on the dust explosibility were conducted in a 1 ms ex‘olosron
chamber The waII of the cubrc chamber is made of 12.7 mm thick steel plates
an reinf orce P/two rows of box-beams at each side in_both directions, The
door can be tightly closed usrn[q 20holts. Arubber gasket is placed at the flange
of the chamber so that no explosion products are feleased after the explosion.

Figure 1 jllustrates the experimental arrangement. The dust is drsgersed
using four bags in whrc selsmic detonators (detonate instantaneously by
means of a high. vo ta?e frrrnP machine (Cordin 470). The explosive cliarge
which is used to ignite the dus rs laced at the centre of the chamber and fired
with a zero delay detopator which grves an actua deIa time of about 5-8 ms
By this time the dust cloud has been formed fuI 3/ as 0 served usrnri high speed
P otography. For the recording of the explosion pressure a Kistler pressure
rans ucer model 603d) mounted at the centre ofasrde waIIofthe chamber IS
ysed. This is connecte vraa low-noise coaxial ca le t0 an amgr ier (Kistler
dual mode 5004) and a Nicolet oscilloscope (model 4094). The recorded pressure
history is corrécted for the effect of the explosive rgnrter

Twao types of sulphide dust were used in the experrments Type | and TY ell.
Type | 1sa typical sulphide dust which was (provre b}/a Canadian sulphide
mine. Its composition is 44.9% pyrite, 158% sphalerite, 4.8% galena, 1.1%
chalcopyrite and 33.4% gangue material by weight. The sulphr content is

Passing Weight %
100 5
90 -
80 O
, o
e // Dust Type |

60 - ‘

Dust Type |
50
40 - )

T

¢
30+ O/
20
10 -
0 I\ 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80

Particle Size, micrometers

Fig. 2. Particle size distribution of the sulphide dusts used in experiments.
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29.86%, the measured density of the dust particles is 3.90 g/cm3and the specific

syrface area is 134 m2lg. The size distributign of the dust sample is shown in

Fig. 2 while the overall’mean size is 14 pm. Sulphide dust Type Il was ground

from a gynte ore sample to < 75 pm (=200 mesh) and had a Sulphur coritent of

47.9% Dy mass, The size distribution of the dust used in the experiment is also

fgown In Fig. 2 The density of the particles is 5.04 g/cm3and the mean size is
pm.

3. Relative explosion severity of sulphide dusts

F|%ure 3 shows tyP|caI recorded pressure_histories for three dust explosions:
cornstarch, wheat tlour and sulphide dust Type 1. Cornstarch and wheat flour
were used to test the explosion chamber, as well as the recording system.
Strong igniters were used to ignite the clouds: 6g Detasheet (3" millitary
explosive consisting of pentaerythrol tetranitrate and a plastic binder) for
cornstarch and whéat flour, and” 15 g for the sulphide dust. The magnitude of
the exRIosmn ressure and_the rate of pressure rise can be obtained directly
from the recorded traces. The relative explosibility is, however, established
through a classification system. L

The' U.S. Bureau of Miries [2] proposed a methodolo_?_y_for estimating indus-
trial dust explosion hazards inferms of three probabilities: The dispersion of
dust, the existence of a flammable dust concentration and the presence of an

Explosion Pressure, KPa

800
700
Corn Starch
600 -
500 -
400 Wheat Flour /
/ /
300 /

Sulphide Dust Type |
200

100

0 t— 1 1 Il 1 1 L 1 1 1 1

o] 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Time, s

Fig. 3. Pressure-time recording of dust explosions.
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effective source o{ mtmg This method |?]Iog|c?l and the asse?sment must be
on [)ystematlcal In orcer to quantify the &xplosion hazard tor a particular

Anothe thod which 1s commanly used [3], uses the ks value which is
obtained [)y tﬁe cubic reIatlonsH] (ﬁ’y g “
(i—f)mx Vil3=KC )

re.(dP/di)na Is the maximum rate of pressure rise; v is the volume of
ex ﬁosén ves)sg?(g (5 kg 1S a constant for g rpv arficular du§/

his formula indjcate afunﬁamer]tal obs? tion that the maximum rate t%f
ngsure rise, wthw rejects eV|o enceo ustF gsmn ecreases Wi

arger volume of ex ust, the ks va e 1S

0slon. vessel. For a partjcu
t e a const nt A our-Class seveyity classii onsste en
|s roupm he ks valye In fo ranges ccordin to 1S
sstem, ss contains non-gxplosive dusts (s eqtial.to 0), StL class
on ms d sts xh| Iting “weak™™ explosion characteristics (ks be een
-/ Class contam ustse 10Itin stro ex
characte '[JCS KS etween 20 and M s an clgss | c
gmpex |S|t|ng “Very strong™ explosion c aracter|st|cs K argert
Itshoul e noted t atdustex I sion hazard classn‘watm 1S estabhshed for
nln su ace fac| |t elieving vents, In.grain and other processin
The magniu xplosicn hazard in this case Is ustially mor
eeret an that 0 de ust| r ou mme owever, the'ra |n
ps to un ergﬁan StSw wo e qust explosjon 1s, compare

(?nt a su &) m
of er combusti signated parameters also nelp to compare the
severi betvveend erent su?bﬁ? usts.

yE"é‘bu asc%vrrgﬁaggsctgreng{ I andtwgg%rﬂ%tgrrs {?{e Sga?hl%er Oélcjfrtnst%\rch ang

TABLE 1

Comparison of explosibility parameters obtained from 1m3explosion chamber

Parameters Cornstarch Wheat Sulphide Sulphide
flour dust Type | dust Type Il
Dl%St/ cg)ncentration 500 500 600-1000 600 1000
m
mg;é 786 603 230-302 330 370
([d Orm MPals) 25.56 7.30 1223 3570
ime of peak 66.5 147 130-170 65 93

ressure (ms)
K9S Value (MPa m/s) 25.6 13 12-2.3 35170
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wheat flou J Were d|r§)ctl read from the recordm s of F|gS% For sulanlc(%g dplu?]ts

ra/h)ﬂ ? p|3/£J erea a%sulsse avear%e ”hre”?%g%? eagnqeterseelnt fsogbwous that
corristarc filﬁ heat flour §ve ﬁxp essure and rate of [ﬁ)ressure
Pl D K VS é*%u (h“get% tsts Hﬁ%@ w0 O s Sffn
tatthe K9 constanps he an m75 forsu? hn!evgﬁ ay

?n/s rsul h| “dust Type I, oot cases

f:?”@éngtrhsjafaﬂﬂﬁe 0l”mneral IS Ioynte owevr econc tratlon of pyrite Is
] @I erenc ge)tween

g ma& |p c?rnsta{ch and the t flour dusts isin t
article ﬂrnstr consISts 0 veﬁy ine parti ean Size m%w |e
eennc edw eat flour consists ofm ch co rse art es (mean Size
ecom”posnmns are, however, similar. It Is ce strate that
explosm rafe of ressur rlse| en the parti

oAt ke
Vﬁ% V?IEI %S %’ﬁ ?‘%GSG Sup |CE USS&I’G concerne g/'pe N

er explosiol % ype ] dust is, howe coars
than Ty %!Idust There rence el nthe g%tes which Is rsy
g ﬂtrheer nc(euln thelr emlca composition would be more marked Tor

antdeofP and (dP/df)max it is apparent that a sulphide dust
[osmn 1S [e gslvlilole ttan tﬂe( ex mxl I? p% naceoF (f P such as
co nst rch and wh at Wlt ot§er com %hbedusts in %‘n er-

roun mlnes st |s so ess hazardous than brtuminoy (‘ﬁ (5
rg qr uttlsc para etolo graeo sda
volatl (}/ 7% an C|te sts [4]" However, fo rsuE st ex-
S|ons the addition I em IS t eto ¢ gas S02 that causes production
ays in undergroun mmg operations.

4, Scaling of sulphide dust explosions

an ca es when ﬁom arin ‘he ﬁxplosmllhtey results obt ed frg smaII
vessesw these Trom arée ves? e ressedg QIS not
C%fsvta I, et s g olune °§'?st i il i Sta”t
K

representative for the evaf<at|on the ust 03|on haza(i
squ Ide Clusts, ex rlments on the eé gfos 10ill hav conducte({

€ ent S10N
thp

Searc E‘I‘S I sever COUH'[I’IGS U nsq
certam necessalq/ fo compare these resujts, an scae azard ot su
0 ew vessel i eS have een used fOI' u I e

Hgtse ?lonher tt\qleeh/eer on% of sta dar methods 0
1S ersmh r]ré gmt Ion, Thef actors ma e|t (ﬁPmﬂt F Iy mveshgatet
scaling of sulphrce aust explosions;
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Table 2 gives the explosion, pressure and rate of pressure rise obtained from
fllﬁerent eg (Fsmn ve{%e%s TH% |Iﬂted values garet eﬁ rromtlp articu-

oo e art|ce5|zes(?ft A ge%UStsci ﬁ s?ef eraLresearc%gm

Since su ust Type | an

ESSL:EEtsa comparabP/anumm scozg dlust Is aTso isted for the purpose oT

For sulphide dust Type I, Jt was found that the peak_ex I03|o rssuredes

not chan egllg l%lcar?/t? Wlth the ililze OH >P losi IDv%ss p Ere
ateo {ﬁ ﬁssuens&does tls\general et at naus

max|mu

gro#uce Loms er vesae owev% the k< value, a ds uent the
rr{ocfsmn 1S found to be. smaller In sma vsse not ods
daervesessem 10 ur]deret|mate tpe ex 03| n hazard. T |s |sac ar
H cation cf at the ks va eso ﬁa ned from es? shflvm VO ume sma er
than 0L, ard rating fo

0 not depre ent the rea I’SH d PS’[S AP roper
Inter retat|on dn SC%] Pag 5 required o corrélate the data for protective
Rp roun CI fles.

esigns. In
alo l‘o cﬂart Fig. est Iue| oteda ain tthesurfac areato

V0 umf rtlo 0 exglos on' vessels for su edu 1S % ar]j &)

A smaller vessel has a greater surface ?rea {0 vqume f\ lt1so VIO rthat

the k vaIu? Incre seﬂwn the shzeo gb?smn vessel. The ks val uea

alm3vessel are the highest in the avall eexpenmental results and they
TABLE 2
Effect of vessel size on explosion parameters
Sample Vessel dP/di)ms,  Igniter * Reference
d size (o) ooy 19 S’
Im3 030 23 Dlgtasheet 2.3 [1]
Sulphide 0L 0.31 24 .I.g)55 kJ} 0.6 b
dust Type | 032 42 C.l. (10kJ) 114 )
030 11 Cl. 0.3 4
032 08 Cl. 0.22 b
8L 036 37 Spark 0.74 7]
Sulphide 1m3 037 469 Detasheet 4.69 [1]
dust Type Il Eng
040 83 1710 ng 2.25 5
8L 05 57 NCb(0.75g LU §
1L 004 07 Spark 0.07 2
Bituminous 1m3 0.87 105 C.l. (10kJ) 105 9
coal (37% 2L 017 121 Cl (5kJ) 33 4
volatile) 1L 072 159 Spar 159 11]

'C.I. = Chemical I?niter.
'N.C. = Nitrocellulose.
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Kst Value (MPa*m/s)

10 -

= Dust Type Il

i Dust Type |

0.1k ' \
F 1000 litres 20 ltres \

8 litres \\

0.01k

\
E \ |
E \
L \
t 1 litrs C\]

| 1 1 1 1 1 L1 1 | 1 1 N I W . T

0.001 |
0.01 0.1 1
Surface Area/volume Ratio, 1/cm

Fig. 4. Scaling of sulphide dust explosions.

e]em to be close to a maximum. However, it IS not certain whefher the 1m3
amber reaches t emr Imum size to ?eneratec nstant ks Va ue Further
mvest'gatron IS _required to clari ornt at Oél% tg) catron of
allles to uFte osr8 sinmin entrre might be aenata auseofthe
cts of turh Fenc
0 accu érte eval é hg {FS value of sy }Jhrde duats the exact same dust
sample needs ta be tested in di erentVﬁsseI S e?] itht ?arr% Pnr(tjron
source. The Igniter must havE enqu stren%t to enafle the dust clou
ex ode In different vessels. T irst estandar |zat|on nrter seemsn
not only for exp‘esrri sca r(Tl U aso or enera rsearc In thrs
Iectrrca spar f ﬁ 8 eause they are no rer
Wenrg If] gaﬁ‘é% e ustcou ﬁ:emca | nrtersschast
niter 1 use ‘1 ?1 esas on over rrvrn
oceur, rwtot eresHts rom 20- |tre andl ds?w errmen H
seems at hrg}h strengt %nrterf are require o %rer vesse t

volume larger than 1 3ach mical igniter not stfong enough
%l action of the chemjcal %nrter ma?takeare %eﬁ

nrtron H)] ‘ t‘ trme

Pare totetrmeo the explosio Vg ds rse In a su &)hr e(f te]x

goson rfc%nrtlon enerqy Is delivered over a time period, nat all of {

nerg in t eche nrter ntributes to the ustr nrtron To amrne
ack er as Use tor nite sul%hr u

p] rQLF ern

ee osron pressure was ound to be muc ow than wi en the
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ame dust wasr nrted by ta?heet A large gortron of non-rez%cted dust was
nd In the explosion residual. 1t 1s believed that thlé Barto the ust pad
e on t ef ore the dust explosron ocfurre ecause of the slow
ow rate ener%

or ﬁ
com ustion rate of the black powder and the s Y(release
%h as detonators an hrdh

re ‘suitable for the. ignition o uﬁ dusts. in large. ex osro,'P vessef
?eg E i this re ndS rt) (fer to srmulategthe gctu nition
0 Jce In U derground sulphicie mlnes eprosrves were used In the Bresent

Ad/other important fa tor IS the h| h s ec|f|c vrt fsu
uLhrde dustprsaout three times he Vig hanc Xce Olt
es th ersusp nsron fime much sh%r er If the same eree tur nce IS
created hus the nrtersenerqg Ivery time IS, re He to be sport g
meaning that faster urning Igniters should be used fo eavy sulphice

usts.

Inthe hazard r trn stem St (l ss ed onﬁ aIue the combustllile

ddstb encountere emr %ln mtote ass For examP
ituminous coal qust, whic ost re ¢ matetial

a ere
Ehm%?gfé?'ﬁt?gsd‘gie an SU?BES e/adﬂgtsa grunce tirs ran"%S fW S<10. 03\413\@ ur%/IS

It appears th?t eﬁlosrve |gn|t r losive

in the lower portion %ss there 15 oFapR rent |erence

etween these materials In ermso ar clﬁssr catrd ermore most of

gecomm nly encountered dusts fa m&ot eSt]f ass, srnce Bartknecht’s

t-) to? aﬁs catron COVErS a Wi Fran%e ues ery W aust

materra] r the St-3 Class. To be able.to Tlassi te Tma g jdusts

S e e
K

Instance, t ecfass% c/atron could be Hrvrded] 9

Weak:  ks=0-5.0 MPa ms;

Moderate: «a="5.0-10.0 MPa m/s;

Strong:  kg=10.0-20.0 MPa ms.
Inthrs case most %uel hide dusés fall in éhe weak range, whereas coal dust lies

on the borcer line een moderate and strong. Protective measures can then
be designed for each class.

5. The explosion limits

For a dust explosion to, occur th st concentration must fall into ther noe
befween i_owgr ngé]osro Limi éand %n ng EX Iosron Limit %II §
With ustc Hcentra |orf] owert LEL or ted 0

cannot exploae with self-sustained tlame propagatrona though part o the Ust
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g%d acent to the ignition so rcegmlg be ignited. The Io¥v§r ex |0?I0n limit is
ractl al Jmportance in ée ontrol an prevent|on ust xg 0SI0NS
or su l0e dusts the L L was oun with the st of the

gnmonsurce Fl re53 wsie

0 Vi
hame en Deta eet Was Used
0 1gnite the sulphide dust ﬁ owst at t ewiowerexpfosmnvrmn or
te ustde en onthewet toftee 05|vecareuse As Indicated |n
f lqure, nimum weigh of et eettot |t th ust N %%?I]dte
owe eéplosmn Imjt 1S abo or su g |. This limit
expected. to vary with the su cont he su us In eera
ustW|t higher sulphur co tent shou havealo rLELvaue Vice

E& I|m| ed ractl al. mtereat in the case of dlust ex glosmns For
3%0% ut] ex 03|on did not cur orﬂcon OPéranon of
m3wit 1gDetas eg ast e |%n|ter whl ean explosion aid occur at
a coricentration of 2 e Same | |er

It is worth mentioning at et]vveen LEL UEL there s optlmum st
concentratio beI?wora Ve W, the ex 05| es urew de rease.
experimental results are shown In v9 r u (!n e ust T %88 %Qﬂeen
h hon or maximum explosibility was found to be abou S

%er than the stoichi metgc oncentranon It 15 wort not| g t at wit

ed dust concentra (J 0sI0n ) Cesgure and the rafe o pressure

8 oth e>ﬂ3
I'ISG ECrease more rapi Iy than with increased dust concentration.

Explosive Primer Weight (g)
5

AR . I I !
15 0 [ 0
10 \3\1 [

[
5 ‘b No Explosion

0O Explosion

0
0 500 1000 1500 2000

Dust Concentration (g/ m3)

ﬁ%ﬁ Lower explosion limit and minimum igniting weight of Detasheet for sulphide dust
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35 EXplosion Pressure, kP  Rate of Pressure Rise, MPals
300 ¢
250 - S\D 13
o
200+ A
. &\ 2
150 + ; / %
100 o “ 1
50 L Am?
0 1 L 1 B G 0
0 500 2000 2500

1000 1500 .
Dust Concentration, g/m

Fig. 6. Effect of dust concentration on peak explosion pressure and maximum rate of
pressure rise.

6. Ignition criterion of sulphide dusts by explosives

From th inves 8“%[] oftp By eﬁplogves |ch |anuence the

nition o squ ust gen o att e secondary

Ios|ono etonailo ro ucts |st mma acto sm dust ignitions
s|n x 0SIVes or exp os vesw

gg{pﬁg is the key fact 00sIng an eproswe or underground mine
Avariety of explosives have be used to ignite the sul hlded st Type | at
the same %usé fcgncentr?tjon ggogm% e tests Involved t reeyﬁﬁ\l%
Fxploswes and four emulsions repa n site fo vary t?ae 0X pen ance
evel. as well as one ommercial “emu shon ? tp]oswe ensity

gﬂﬂgﬁ cﬁj(s% Fwe S“eeraumr%mlwmg t of these explosives to |gn|tete

4 provi est eoret|ca parameters of ﬁ (%S p]swes The cz?]lc -
Iatéon Was carned outb usmg ciompute code, which is a ther q
rodynamic computer code to calculate exp oswes detonation propertlesTl

ne ve X -
aon,umae.eﬁat o i el st 2 R



1 Q Liu and P.D. Katsabanis/J. Hazardous Mater. 33 (19%3) 35-49

TABLE 3
Minimum explosive weight to ignite the sulphide dust cloud

Explosive Weight (g)

ANFO #1 (0OB3=89.4) 130

ANFO #2 (OB = -17.1% 9%

ANFO #3 (OB = -123.6) 130

Commercial emulsion 130

Emulsion #1 03:48.423 158

Emulsion #2 (OB= —4.% 135

Emulsion #3 (OB= -27.2) 130

Emulsion #4 (OB ——102.8) 135

Low density emulsion A 150

{_pzl.Zg/(_:m3) ,

ow density emulsion B 180

(p=0.75 glcm-')

2B Oxygen Balance (g02kg explosive).

TABLE 4

Calculated explosive parameters3

Explosive P 0B VOD B Tc £
d (glem?) ® fe
ANFO #1 0.85 894 4480 187 1968 267 348
ANFQ #2 0.85 -17.1 4800 225 2398 364 30
ANFO #3 0.85 -1236 4980 233 2129 323 40
Emulsion # 1 10 84 4540 214 1618 211 334
Emulsion #2 1.0 -4.5 4810 245 1868 266 359
Emulsion #3 1.0 -27.2 4850 248 1810 257 335
Emulsion #4 . 10 -102.8 4910 253 1714 245 331
Commercial emulsion 115 -0.7 510 355 1888 283 367
Low density 1.20 108 543 349 1618 242 32
emulsion A

Low density 0.75 99 307 093 um 220 396
emulsion B

“Legend: OB oxygen balance (g ofoxggen per kg of explosive); VOD-velocity of detonation
(m/%; Pc explosion state pressure (GPa); Tc explosion state temperature {K); ¢ heat of
ei<pI83|l(()Jn (kg of explosive); and £in minimum ignition energy of the sulphide dust
cloud, kJ.

The minimum energg of ignition was calculated from the minimum welght of
ignition multiplied ¥the heat of explosion at the thermochemical sfaté.

|t can be observed that the |%n|t|o can be explained by the explosion state
temperatures for the ANFO and emulsion explosives with the exce?tlo_n of the
low density emulsion (density equal to 0.75 g/lcm3). To ignite a sulphide dust
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Minimum Weight for Ignition, g
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200
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180 - a Mixed Emulsion

Commercial Emulsion
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160 o Low Density Emulsion
140 -
120
Minimum Ignition
100 - Energy = 360 kJ
80 L | i | 1 | | 1 |

2 2.2 2.4 3.6 3.8 4

26 28 3 32 34
Heat of Explosion, kJ/g

Fig. 7. Minimum ignition energy for sulphide dust Type I ignited by non-aluminized commer-

cial explosives.

cloud, the minimum we|ght of exploswe_char([;e was found to decrease with the
Increase of explosion témperature. Without the low density emulsion, this
trend agreed with the experimental results for the explosives at normal densit-
les. However, the trend was reversed for the case ofthe low density emulsion
explosive. Thus the minimum weight of explosive for a sulphide dust ignition
cannot be_explained by the explosion temperature alone. o

[fthe minimum ignition weight Is plotted versus the heat of explosion, Fig. 7,
the general trend aqrees well“with all the non-aluminized mining explosives
tested.. In general, Tess weight is required to_ignite a dust cloud with an
explosive having a greater [ieat of explosion. This trend suggests an energy
criterion for thé |gn|t|on of the ?ulpmde dust clouds. The regression line 0f
Fig. 7 can e expréssed by the following formula:

E
W',8n Qe (3)

where Wignis the minimum iginition weight of an explosive, g; Qeis the heat of
explosion at thermo-chemical state k/g;E 1 the minimum |?n|t|on ener%y
for a particular dust, e.g. _E|g1:360k for the sulphide dust Type I. The
deviation of the regression is 5.84% for sulphide dust Type .
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1. Conclusions

The severity of sulphide dust explosions was examined using aim 3 ex-
plosion chamber and was found to be less violent than carbonaceods dusts such
as wheat flour. The K value ranges from 12to 2.3 MPa m/s for a sulphide dust
Type | and from 35 to 7.0 MPa m/s for dust Type II. Scaling of the explosion
hazard indicates that the K9 value increases with the size of explosion con-
tainer, and I m3seems to be close to the minimum size which produces constant
K9 values for sulphide dust explosions,

For sulphide dust Type I, the lower explosign limit was found to be 300 g/m3
while the upper explosion limit was between 2000 and_2500 g/m3. The optimum
concentratjon is about 1000 g/m3which [%wes the maximum ‘explosion Pres_sur_e
and rate of pressure rise. With non-aluinized mmm? explosives as the qm-
tion. source, the product of the heat of explosion. of the explosive and the
minimum weight of explosive for a dust ignition is approximately constant
suggesting that it represents a minimum ignition energy criterion.
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Abstract

Supercritical water oxidation (SCWQ) ofacetic acid b%/ potassium permanganate (KMn04
was studied. The experiments were performed in a batch reactor at temperatures an
pressures, respectively, ranging from 400°C to 460 C and from 275bar to 350 har. For
comparison purposes, other oxidants, such as oxygen,_hgdrogen_peromde, Cu-H202 Fe-H20 2
and MnS04-H20 2, were studied. Subcritical tests wit 1potassmm permanganate were also
conducted at temperatures of 250 C. 300 C and 350 C. The order of acetic acid destruction
effectiveness was found to be KMn04> Cu-H20 2> Fe H202>MnS04 H202>H 20 2> 0 2 at
atemperature 0f400 C, density of 0.3 g/ml and reaction time of less than 10 min. The acetic
acid destruction efficiency by potassium permanganate was 77% at a temperature of 400rC,
density of 0.3 g/ml and a reaction time of 25 min. Under similar conditions, only 40% of
acetic acid was destroyed at 250 C. Potassium permanganate was demonstrated to be an
effective oxidant for SCWO of acetic acid.

1. Introduction

Supercritical water oxidation (SCWO) is patentially a means for hazardous
wadee destruction, and sludge volyme reduction Ll% When agueous6 hase
oxidation Is carried out above the critical point of water (374.15°C and
2212 bay), more than 99.99% conversion of complex organic molecules to
carbon dioxide and other stable entities, such as acetic acid, can be achieved
within minutes [4 5], The rate of transformation becomes more rapid as the
temperature increasés. Unfortunately, athl%her temperatures the materials of
construction hecome more costly and reactor designs become more challeng-
mg. Therefore, to achieve comiplete o_r%amc conversion and minimize thie
materials problem, attention must be dirécted to temperature adjustment, an
alternative oxidant and use of catalysts.

*Corresponding author.

0304-3894/93/S06.00 < 1993 Elsevier Science Publishers B.V. All rights reserved.
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First, lower reaction temperatures ranging from 200°C to 350°C have
been explored in wet air_oxidation (WAO). WAO reportedly achieved
about 85% organic. conversion with a réaction time of one_houf [6-8], The
incomplete oXidation products in the efflyent werg primaril Volatile
acids. In particylar, acetic acid was found in' the effluent from WAO of
municipal ‘and biologjcal sludges é9 1& and WAQ of phenol [13], The trans-
foranatlon of acetic acid was studied in SCWO of sludges [14] and dther volatile
acids

Secord, regarding the omdant source 0X q_eln and enriched a|r have heen
studied in conjunction with S OWever, not unt| recently has
hydro%en eroxide been used as the omdant for SCWO'[4 5, 17, 18], Althiugh
oXygen is highly favorable for usg in full-scale SCWO Processes otfier oxidants
maY becomg”attractive for specific applications. Further investigations, such
as {his work are needed.

|r cata XStS have been used in WAO to
a) enhance the conversion of complex orgamc compounds,

b) shorten reaction time, and
c) lower reqwred reaction temperature.

queous ‘o ase catall%/lltm oxidation of organic wastewaters has been studied
extensively [19-21]. More recently, the flndamental, technical, catalytic and
econom|ca| as ects of WAO processes have been cntlcally reviewed (2],

In the resence of h}édro en peroxide, cotp er salts were reported to be the
most actwe catalyst econversmno cefic acid and ammania, res ec
tively, increased two an ejght-fold when cop‘per(ll)nltrate Wwas added [24
chemical oxygen demand OD’) reduction of raw municipal wastewaters was
more than doubled in a WAQ reaction catalyzed by CuS04 and FeAS04)31n
congunctmn with HX0 2 iZOJ The presence ofcatalgsts can enhance the overall
reaction rate as well as the distribution of by-products. For example, addition
of ferric sulfate [Fe2(SO4)3A resulted in a hq er percentage of volatile acids
formic acid and acetic acid) relative to the total acid formed in the WAQ of
oftwood and hardwood [29],

A recent study of homogeneous catala/sts in SCWO showed that manga-
nese(ll? chloride, manganes Ilgacetatea dco perfll’)tetraﬂuoroborate exfib-
ited Tittle effect on the rate of oxidation of p-chlorophenol in supercritical
water [26]. The disadvantages of homogeneous (water-soluble catal¥sts were
found to be the toxicity ofmetal ions ang subseﬂuent post-tréatmen re(iwre
ments, In this respect, hetero?eneous (water-| solubleg catalysts could be
superior hecause 1t was easier to separate them from the effluent. Heterolgen
eous catalysts were either metals or metal oxides, usually coated onto porous
carriers. In addition, heterogeneous catalysts are generally more active as
compared to homogeneous catalysts

Mn/Ce composite oxide has been shown to exhibit higher actwlt?{ than
homogeneous coppergn% nitrate in_the WAQ of acetic 4cid, F lyethylene
glycoll, pyridine and ammonia [24]. The rate of oxidation ofp-chlorophenol in
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supercritical water was enhanced more by increasing the surface-to-volume
[)%trlgteo " e reactor (Inconel 600) than"by adding™ copper(ll) tetrafluoro-

Ofthe precious metals, such as ruthenium, rhodium, palladium, iridium and
platinum when supported by cerlumFIV) oxide, ruthenjum was the most active
catlalyst mI WAOI ofl)rc-p[jopyl talco oé, g-buthl aIc?hloIt,_ phetn_ol_,t ac?tam|dg,r

olypropylene glycol) and dcetic acid [27], The catalytic activity of co
gm f an%ymanggn)ése oxide immobilized (gnql FAIX 3ca¥r|er Was st_hldled mpPhe
WAO of Phenol_ [19]. Of the most refractary compounds, acetic acid was
catalytically_oxidized by various metal salts including Co-Bj complex oxides
and ferric oxide [28]. Similarly, WAO of ammonia catalyzed by cerium-
based composite oxides [29], and WAO of many oxygen and nitroger-contain-
Ing organi¢ compounds catalyzed by cobalt%lllj OXICR éBO]_have béen reported,
These Studies showed that most heterogeneous catalysts increased the rate of
0rganic conversion, N o

eterogeneous catalysts have limited applications. Heterogeneous ca_talklsts
can treat only homogéneous waste streams. The catalyst activity might he
?ecreased_ as 4 result fcont?m_lnateg catalyst surface. Therefore, the cTiteria
or selecting a catalyst should include
1) catalyst rec_ove_rX and regeneration,

catalyst Pmso_m 0,
3) catalyst toxicity, and
4) catalyst costs. _ _ _ _ _

Potassium erma_n?anate is a syitable candidate actm(tq both as an effective
oxidant and a possible catalyst. Potassjym permanganate is a strong, water-
soluble oxidant, easy to handle and readily available. Although the toxicity of
potassium ion that”remaing In the efflyent may pose a practical concém,
calcium permanganate could be used since thé reaction product, calcium
hydroxige, 1s non-toxic and has limited solubility in water.

The effect of potassium permanganate on organic compounds has been well
documented £31, 32]. Potassium é)erman anate"has been used occasionally in
water treatment to Temove refra to%or anic compounds present In a concen-
tration of a few parts per million [33-5] Yet it should be noted that at room
temperatures and atmospheric_pressures potassium permanganate does not
react with most orgamc acids [31, 32]. Potassium permanganate decomposes,
upon heating, into Oxygen and manganese dioxide (Mn02). The latter has been
shown to be catalytically active In WAO [19, 23 24,°36, 37] Man_%anese
compounds have béen uséd extensively as omdmnq aglents for organic com-
pounds [38]. Since mangane_se dioxide’is water insoluble [39], It can be sepa-
rated from'the effluent by filtration or sedimentation,

Recentl¥, an experimental stud5{ on catalytic SCWO was conducted [40], The

urgoseo this, study was to evaluate potassium german anate a%an WO
oxidant for ach|evmgh|gh organic conversion at temperatures of about 400 °C.
Because of the reffactory nature of acetic acid, It was used to test the

u
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effectiveness of potassium permanganate. This paper discusses the results from
the experimental study.

2. Experimental procedures

Experiments were conducted in batch reactors made of 0,635 cm. outside
diameter and 0.0839 cm wall thickness coiled Stamless Steel 316 tubin fg The
Internal volume of the reactor was 20 cm3. A stoichigmetric amount ofpotas-
sium permanganate (8/3 [permanganate]: 1 [acetic acid] mole ratio) was used,
according to gs. (1) and (2).

AKMn04+ 2H:0 —> 4Mn02(s)+ 302g) + 4KOH (0
CH3CO0H +202 — 2C02+ 2H) Q)

In a typical test, an aqueous mixture of acetic acid and potassium permanga-
nate was loaded in the batch reactor The reactor was then submerged in
a fluidized sand bath (Techne Model SBL2) which had been set at a témper-
ature slightly_above the test temperature (15°C for 250°C tests and 30 °C for
400 Ctests% The test temperature was monnoredb ad|%|tal dISR aly Gordon
Model 5072-X-|-P-X-J-C with a readability of t?/ e thermocouple
Omega I) was_in contact with the reaction f d. The fluid pressure was
onifored usmg a Viatran transducer Model 40 5BH3DHA20), nterfaced
with a Viatran digital meter (Model 2002 R After 3 preset reaction time, the
reactor was quenched In a water bath. A Heat-up time of about 0.5 min'was
obgserved in all fests

The test conditions included the following: five densmes (02 0.25, 0.3, 0.3
and 0.4 g/ml); five temperatures (250, 300;. 350, 400, and "460°C); and six
B%a()cg%hmes (25, 45,65, 10, 15°and 30min) mcIudmg the heat-up period

|

The acet|c amd destructlon efficiency was based on total organic carbon

C) ana g/ses corre atlon study on” acetic acid detection usmg TQOC and
asc romatography (GC) was reparted £4] Acetic acid destruction efficiency
ased on JOC analyses was 5% to 10% lower than that based on GC analyses
for the effluent fro subcnhcal tests and less than 1% for the effluent from
supercnnca tests The organic by é)ro duct resulting from acetic acid destruc-
t|on was Jikel Cy to be formlc aC|d nd formic acid Was reportedly less stable
than acet|c acld even in W,

A Beckman model 915A TOC anaI zer was used. The effluents were filtered
using a 045 m membrane filter (Fishér Scientific). Following the filtration, the
sample was acidified according to a ratjo, of 0.1 ml phosphoric acid (Fisher
Scientific, 85%) to b m| sample: The acidified samples were then purged with
nitrogen (Zero-grade) for aout 10 to strip away dissolved carbon"dioxide.
This procedure ‘was Verified in a blank test with™a known concentration of
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acetic.acid. Two or three TOC injections were made for each sample, and the
variations in results were less than 1%.

3. Results and discussion

The variaples that were investigated in this study included density, temper-
ature, reaction time, catalyst, oxidant and pH. Acetic acid concentration inthe
feed solution was_ 1000 mg/l_ for all tests.” All tests were conducted with an
oxidant I_oaqu of 100% stoichiometric demand, unless stated otherwise. The
acetic acid destructjon was related to TOC reduction. Three to Six tests were
made at e%ch specified condition. The average deviations in TOC reduction
were less than +6%.

3.1 Temperature and density effects y y

An increase in temperature from 250 °C (subcritical) to 400°C (supercntlcalg
nearly doubled the destruction efficiency as shown in Table L However, th
destruction efficiency Tevelled off at abott 80% between 400°C and 500 C. To
make sure this limjtéd destruction efficiency was not due to oxidant deficiency,
two parallel experiments were conducted using 50% less than and 100% more
than'stoichiometric requirements of potassium permanganate. A 75% destruc-
tion of acetic acid was observed when excess potassiim permanganate was
present. Conversely, 65%_destruction resulted” when insufficient” potassium
permanganate was, used. These results sug?_ested_ that temperature was the
controlling factor for the destruction of acetic acid below 400°C.

As shown in Table 2, the density change from 0.2 glml_ (subcritical) to 0.4 g/ml
Esupercrlucal) only moderately ‘affected the destruction efficiencies at_both
emperatures. Table 2 also contains the results of SCWO of acetic acid b
h%/dr_ogen peroxide and manganese sulfate (H2 2-MnS0Q4), The destruction
efficiencies of acetic acid bl%;l 22 MnS04at 400 °Cand all five densities were
lower as compared to K n(2)4 at either 250°C or 400°C. The destruction

efﬂuencg/ obtained. from H2) ~MnS04 (35%) was even lower than that from
H2) 2alone (46% Ggwen In Table 3). Manganese sulfate mignt have played a role
of_scavengmg hydroxyl radicals, and hece inhibiting the destruction of acetic
acid under the given"SCWO conditions.

TABLE |

Effect of temperature on destruction of acetic acid by potassium permanganate
Temperature ('C) 20 00 B0 400 40

Destruction (%) 40 o 66 19 s

Notes: Density=0.3 g/ml and reaction time = 6.5 min.
Crltﬁcal temp raturego Water=3a74.15 Cand cr?ticeﬂ density of water =0.322 g/ml [41],



% K-C. Chang et al./J. Hazardous Mater. 33 (19%3) 5162

TABLE 2

Subcritical and supercritical water oxidation of acetic acid by KMn0O4and H202 MnS04 at
different densities

Oxidant/ Destruction efficiency (%) at density (g/ml) of
catalyst

0.2 0.25 03 0.35 04
KMn04 (at 250 C 24 45 40 44 39
KMn04 (at 400 C il 73 79 81 18
H20 2 MnS04 (at 430 C) 2 23 3 28 Rl

Notes: Run time=6.5min: pressures=275-300 bar for supercritical (400 C) tests and
45-50 bar for subcritical (250 C) tests. All effluents from KM n04tests contained some dark
brown particulates The density values for subcritical (250 C) tests only reflect different feed
loadings (i.e. 4. 5. 6. 7 and 8 ¢ of feed solution per 20 ml reactor volume), since water is in
a two-phase reg on at this temperature.

The color of the influent and effluent was a distinguishable feature, For
example, the color of the water soluble Bermanganate on (Mn04) was, violet
tetnsotu ble manganese dioxide (Mn02) was a brownish-black precipitate:
and the water soluble manganese acetat [eCHSCO 2Mn| was pale red [42],

The latter was suspected to'be present in the reaction mixture. A distingujsh-
able yellow color was obseryed in the effluents from most tests at densmes less
than or equal to 0.30 g/ml (resulting from loadings of 4, 5 and 69 of the feed
solution into 20 ml reactors), while the color ofthe effluents from most tests at
densities greater than 0.30'g/ml (resulting from loadings of 7 and 8¢ of feed
solution into 20 ml reactors) was clear. These unaccounted colors nay have
Ler%téltgdsfrom a mixture of different manganese ions or from reactor corrosion

uct

32 Reactlon time and catalytic effects

The reaction Jate experiments were performed at a density of 0.3 g/ml and
atemgerature 0f400°C. The destruction efficiencies given in Table 3showed no
substantial change over the observed reaction times ranging from 25 min to

) min. The |n|t|aI oxidation reaction was fast, but then stabilized at about
0% to 80% destruction of acetic acia.

SCWO of acetic acid bgh drogen eroxide [4] and oxygen J\43A in conttnuous
flow reactors was evaluate OMparison, It was reporte that % and
58/0 acetic acid conversmn respectively, with re5|dence ttmes of 18 min and

3.rmin n{erehobtatne These tests were conducted, at24(())0 %76 bar 10% &

ss (stoichiome en peroxide, premixed in 2500 mo/L acetic aci
? sotutton hngan 43go sgrved ) 35/0 acetic amg des?/uctton using

xygen at 403 C 5mg/l acetic acid feed congentration, oxygen
pr ssure of 12 bar (at the feed tank), and a 34 s residence time.
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TABLE 3
Destruction of acetic acid by different oxidants/catalysts

Oxidant/ Destruction efficiency (%) at time (min) of
catalyst
25 45 6.5 10 15 30
KMn04 m 10 79 76 8 —
H,0, — — 46 — 62 81
H,02-Cu %J.l ) — — 69 84 0 —
H202Fe(.1§% — — 58 68 1 -
Notes: Temperature =400 C; and densities=0.3 g/ml (H2 2 and KMn04) and 0.35 g/ml
(H20 2 Cu and H20 2-Fe).

Table 3 also presents test results on the destruction of acetic acid hy
hydrogen Perqmde, hydrogen peroxide plus coptper (powder), and hydrogen
peroxide plus iron (power). At a reaction time of 6.5 min, the conversion rate
of acetic acid was_5|gn_|f|cantl¥ influenced by the oxidant and catalyst. The
destruction of acetic dcid by potassium permanganate was nearly twicé as high
as that exhibited by hydrogen peroxide, 10% higher than that by hydrogen
peroxide r?Ius coP_per,_and_ 0% h|gher than that by hydrogen peroxide plus
Iron. As the reaction time increased to 15 min, the lével of aCetic acjd destruc-
tion by hydrogen peroxide plus copper increased 21%. Conversely, the conver-
sion for potassium permanqanate Wwas only 4%, for hkd_ro%en peroxide 16%,
and for hydrogen peroxide plus iron 13%. Tnhe results indicated that potassium
gferm_an anaté was the most effective for the shorter reaction times (less than
Omme). he fact that potassium permanganate was more effective than hydro-
gen peroxide in the destruction of acetic acig also suggested that oxidation
Could possibly be catalyzed by manganese dioxide and/or other manganese
Species. _ . .

pT e reactor inner surface was also evaluated for its cafalytic effect on
SCWO ofacetic acid. Dyring the course of these experiments, It was noted that
the reactor surface exhibited a considerable effect on acetic acid destruction,
For example, SCWO experiments were first conducted with five new reactors
(T¥pe ). Later, fifteen modified reactors (Teype II) were made to reduce the dead
volume at the reactor head. To test the performance of the modified reactors,
experiments were re-run at 250°C, and a comparison was made with the
Br vious data. Surprisingly, the destruction efficiencies at all densities Fexcept
2 g/ml) were drastically reduced (about 50%). However, when Type |I reac-
tors were re-used at the"same conditions, the destruction efficiencies became
comparable with the previous data derived from Type | reactors. It was as-
sumed that the oxidizing nature of potassium permarnganate muzht have caused
structural and compositional changes at the inner surface of the reactor (SS
316). These changes created new surfaces and reactive sites which played
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i catal¥_t|c role in the oxidation of acetic acid, permitting an increase in
destruction efficiency. Such conditions did not exist in a New reactor, the
rQeXIIadta“e(in i/(\)/as not catalyzed and, therefore, the destruction efficiency was
Ively low.

Lastly,)/lt was reported that the free permanganic acid (likely to be present at
H 3.2)'was highly corrosive [34], However metallurglcal tests performed b
echnical Inspection Services, Inc. (Houston, TX), found Tittle” evidence of
excessive cqrrosion or cracking in the SS 316 reactor after an accumulative use
g{ }16]00"% with potassium permanganate (the initial concentration = 7022 mg/1)

3.3 Oxidants
In addition to the potassium permanganate experiments, hgdrogen (Peromde,
oxk/gen and potassium permanganate” plus oxygen were évaluateg, In the
potassium permanganate tests and hydrogen pefoxide tests the oxidant was
added in stoichionetric amounts. In ‘the Case of ox%/ge,n, excess oxjdant was
a |P/|“ed' The effect of different oxidants in conjunction with and without
n04 on acetic acid destruction was, studied at selected temperature
400 (I:Z, density (0.30 g/ml) and reaction time (6.5 min). The results given in
able 4 showed that pOtassium permanganate was more effective than oxyge_n
and hydrogen peroxide, Oxygen resulted in lower destruction levels of acétic
acid as compared to hydrogén peroxide, but this difference was probably due to
less effective mixing 0f thé oxygen during the heat-up period which was about
30s. The results |mPI|ed that"potassium permanganate not only provided an
0Xygen source but also promoted the oxidation. The combination of P,otassmm
e_rman?anate and oxy?en rendered the _h|gh_est acetic acid destruction level.
" sltthcoo% dtirt]ieo rp])gesence ofan oxidant, acetic acid remained unchanged under all
_Literature data relatmg f0 the oxjdation of acetic acid ndicated that potas-
siym permanganate was &ffective with a short residence time (6.5 min) even at
subcritical témperatures. For example, at 247°C, 5000 mg/l acetic acid feed
concentration, 10 bar oxg/ﬁ;en ressure, and a 6.5 min reaction time, TOC reduc-
tions by both Cu(NO 32arid Co/Br (5/1) were less than 5%, and TOC reduction

TABLE 4

Comparison of acetic acid destruction efficiencies for potassium permanganate, hydrogen
peroxide, oxygen and potassium permanganate + oxygen

Oxidant None Air 02 h22  KMn04 KMn04+02
Destruction (%) 0 23 R 46 IC) 89
Notes: Temperature =4001C; density =0.30 g/ml; run time=6.5min; initial oxygen pres-

sure =4bar; initial air pressure=71bar, and both H,02 and KMn04 loading=100%
stoichiometric demand.
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by Mn/Ce (7/3) was about 40% [24}i Under similar conditions (except for acetic
acid feed concentration = 1000 mg/1), potassium permanganate alone destroyed
40% of acetic acid. These results further syggest that oxidation of acetic &cid
by potassium permanganate involves relatively Iar?e rate constants. Accard-
Ing to_the power law reaction kinetics, larde rate constants ensure h|%h
oXidation rates even at relatively low reactant concentrations. Based on the
results provided in Table 1, the order of destruction effectiveness was found to
be KMnoa>Cu-H2o02>Fe-H202>MnSoa-Hx2>H202>02 af a temper-
ature of 400°C, a density of 0.3 g/ml and a reaction time of less than 10min.

34 Effect of pH

The RH ot? the solution was an jmportant factor in the oxidation of acetic
acid. The omdmwag ability or catalytic effect of potassium permanganate Was
largely controlled’ by g at the subgritical water conditions. The pH was
reported to affect the'd comP,osnmn of potassiym Permangana_te [34], which In
turn established the oxidation rate. The pH_of feed solutionS Containing
1000 mg/1 acetic acid was about 3.2 As given in Table 1 acetic acid destruction
of 79% was achieved at 400°C. When pH of feed solutions was adjusted with
%%((yum g%%%yhate to 7.and 115, respectively, the destruction efficiencies were

o and 86%. , _

These resylts were in agreement with the fact that most Rermanqa_nate
oxidations of organic compounds are found to be catalyzed by hydroxyl ins.
Furthermore, slightly acidic conditions generally stop”permanganate ‘action,
while In a strong”acidic medium permanganate becomes very oxidative [34].

3.5 Economic analysis _ _

The cost-effectiveness of (Potassmm permanganate, h dro%en peroxide and
oxygen has been compared for an overall evaluatiori of the use of these
oxidants in SCWO processes. Current market prices of the three oxidants are
listed in Table 5. The effective costs have been calculated based on the cost of

TABLE 5

Cost comparison of potassium permanganate, hydrogen peroxide and oxygen

Oxidant Cost" Cost Oxidation efficiency ~ Effective costh
(Stkg) (Skg 02 (%) (Stkg 02)

KMn04 2.66 1751 29.6 59.16

H20 2 (35% solution) 054 3.28 173 18.95

02(Industrial grade) 112 112 11 101.82

“Prices for KMn04 and H20, were based on truck and tank load quantity (Chemical
Marketing Report, April 20, 1992), and price for oxygen was based on cylinder quantity
BBl -Three Industries, Inc.). . o .

Effective cost is defined as Cost/kg 0 2 divided by the oxidation efficiency.
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the actual amount of oxygen generated over the oxidation efficiency defined as,
Oxidation efficiency (%) =ATOC(mg/l)/available 0 2 (mg/L) x 100 (3)

where the values for ATOC have been calculated from_ the destruction effi-
ciency data given in Table 4 and the values for available 02 have been
caIcuaIted from the oxidant Ioadrng In each test.
rluatrons 1and 2 were used f or evaluating the oxny?en e%urvalency of
potassium permanganate Srmrlary simplifie equatro rogen perox-
ide decomposition (H2) 2—20 2+ HA)) was assumed in the calcula lon of the
cost per unit mass of ox%yen generated Oxrﬁ;en appeared to have the lowest
bulk cost among these Xidants, but the ¢ ectrve cost for oxygen was the
hghest naddrtron the use of ox ir/gen required higher capital cost because of
the pressure boosting system. If the destriction efficiency of these oxidants is
consrdered potassrum perman anate may become_ a practical oxidant for
0 of or anrc com ounds ecause of the effectiveness of potassium per-
man anate, this potential may become more attractive when the organic
concentratron IS reIatrver low:

4. Conclusions

At SCWO conditions (400°C and 0.3 %ml ), the destructron of acetic acid by
potassium Perman anate was, about 80 for a residence time of 25 min, while
at a subcritical temperature (250°C) the acetic acid destruction efficiency was
only about 40%. In all SCWO tests, the destructjon efficiencies with potassium
permanganate were higher than those obtained from_either oxygen or hydro-
en peroxide, This fact also suggests that the oxrdatron bé Promoted b
anqanese droxrde an oth er m anese S ecres The order of destruction

effectiveness was found to be KMn04>Cu-H2 2>Fe- HA 2>MnS04 H2), 2>

>()2at a temperature of 400 °C, a density of 0.3 g/ml and a reaction time
of Iess than 10 min. Potassjum permanganate s an effective SCWO oxidant and
under c%rtarn conditigns it max be feasrble This oxidant is particularly appli-
cable when the organic concentration 1s low.
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Abstract

Detoxification hy catalytic hydrotreatment can be a valid alternative to thermal inciner-
ation for the d|s€osal of hazardous organic_waste liquids. With this aim, the hydro-
dechlorination of 1,2, 3-trichlorobenzene on a Ni-Mo/y-AljOj catalyst has been investigated
experimentally and theoretically. The behaviour of this chemical in hydrotreatment is
hopefully representative of that' of many toxic chlorinated compounds. The experimental
reaction runs were conducted in a stirred batch reactor in the presence of hydrogen, at
constant pressure (pH =100 bar), and using hexadecane as a reaction medium. The temper-
ature, kept constant during each run, was varied in the range 200°C* qu350 'C. The
experimental results consisting of concentrations of reactant, reaction products and inter-
mediates vs. time, permit the identification of the reaction network and its modification with
temperature. The kinetic constants (and their temperature dependence) of the reactions
which form the network are also determined.

1. Introduction

. The threat é)osed to the environment by hazardous wastes, means there is an
increasing need for research to be carried out on safe methods for their
disposal. The é)re_sent paspe_r focuses on hazardous waste liquids formed mostly
by organic chemicals. As discussed b¥G|o,|a [1], catalytic hydr%genatjon_ could
be a possible alternative method for the disposal of siich hazardous liquids. In
fact, the toxi naturf of most organic waste I|gU|ds IS due primarily to the
Bresence of chemical compounds contalnm(r] heteroatoms ( nmarllly Cl, N,

and S) in their chemical structure. Cafalytic hydroprocessing would, there-
fore, be an appropriate method for deto_X|fy|r|1_ﬂ:these wastes becalise the hetero-
atoms are eliminated by hydroqeno!yms as HCL NH3, H20 or H2S (which are
ea3|l>{ controlled inorganics), Teaving the host compound non-toxic and fre-
quently in a recyclablg form.

Correspondence to: Prof. F. Gioia, Dipartimento di Ingegneria Chimica, Universita di Napoli
Federico Il, Piazzale Tecchio, 80125 Napoli (ltaly). Fax: (+39) (81) 611-800.

0304-3894/93/S06.00 r 1993 Elsevier Science Publishers B.V. All rights reserved.
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A great deal of research has been devoted to t&ydroprocessmg. However, the
most comprehensive results have been produced keeping in mind the upgrad-
ing of petroleum fractions and coal-derived liquids. Thérefore, attention has
been focused mostly on catalytic hydrotreatment of N-, 0- and S-contamm%
heterocycles (very refractory compounds). Naturally, the results of thes

Investigations car also be uséd to demﬁn processes ajmed at the detoxification
of hazardous organic waste I|gU|ds containing such heteroatoms [1]. Unfortu-
nateI¥J however, catalytic hy rodehalq%enatmn_has not received comparable
attention because the presence of chlorine-containing (or, in general, halggen-
containing) chemical compounds in petroleum and In coal-derived liquids is
a minor problem. Yet the presence of these compounds plays a fundamental
role in the toxicity of organic waste liquids. o ,

The problem of hydrodehalogenation has been dealt with in the literatyre
with reference to both thermal and catalytic processes, even though to a [im-
Ited extent. Loaw et al. [2-4] have invesfigated the thermal hydrodechlorina-
tion of a variety of chlorinatéd compounds, bath aliphatic and aromatic. These
Investigations provide the attainahle conversion of chlorinated compounds for
a ?wen residence time and a number of temperature values. The experiments,
all run in the gas-phase, show that dechlorination takes place to an appre-
ciable extent in"the temperature range 700-1000 CC. On the basis of the kinatic
results, the authors speculate on the mechanism of elimination of chlorine
from the host molecule. _ _ ,

Catalytic hydrodehalogenation, which could be more attractive due to the
lower operating temperatures required, has also received some attention in the
literature. Hagenmaier et al. [5] have studied the catalytic effect of copper on the
decomposition (in the absence of H2 gas) of some polychlorinated aromatics
Eoctac lorodibenzo-p-dioxin Soct_aCDD octachjorodibenzofuran (octaCDF),

exachlorgbenzene, decachlorof and of some aromatics containin
bromine (octabromodibenzo-p-dioxin, “octabromodibenzofuran)). For many Q
these compounds the results are qualitative. Some quantitative results, th %1
limited, are r_QfOVId@d by Hagenmaier et al. [5] on the dechlorination of octaC
and octaCDF. H?Wever, no Information I Prow ed on the reaction netwark.

‘Hiroaka et al. [6] have Investigated the destruction of polychlorinated
dibenzo-p-diox:ns (PCDDs) in the gas phase. They provjde results on the
destruction (%) vs. temperature eith&r with or without catalyst Pt-supgorted).
The temperatures to obtain aé)premable destructions rangé between 700 an
QOP:C without a caéal st apd between 200 and 400 With a catalyst. No
Information IS provided. on the reaction network, _

Mathe et al. 7] describe the catalytic hydrodehalogenation of a few chloro-
benzenes using Pd-supported catalyst. The reaction Intermediates are identi-
fied. However, the results must be considered as qualitative inasmuch as the
kinetics of the rﬁrocess were not analyzed, On the other hand, the results of

obiphenyl)

Mathe et al. [7] cannot be used to “evaluate the kinetic constants of the
dechlorination feactions, inasmuch as some of the necessary operating condi-
tions are not provided Ee.g. the weignt of catalyst).
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Because catalytic hi/dro rocessing of halogenated organics seems tg be
particularly suited for the destruction of such Compounds,_an increased effort
in fundamental research on this topic would be valuable. The catalytic hydro-
processing. of model chlorinated compounds (the most representative ones)
should be“investigated in detail . _

The present ? per follows this line of research. The catalytic hydrode-
chlorination of the model compound 1.2, 3-trichlorobenzene has been investig-
ated usm([; a commercial Ni-Mo/y-Al20 3 catalyst. The studﬁ/ has been accomp-
lished in the,_liquid phase because aftention 1sfocused on the detoxification of
liquid organic wastes. The results ofthe present work RYO\/_Ide an advancement
over those of previous mveshgators Inasmuch as for the first time all reaction
products and Intermediates have been identified and linked quantitatively in
a complex network. Furthermore, the influence of temperature on the kinetic
parameters of the reactions entering the network has heen determined. The
choice of 1,2, 3-trichlorobenzene was made on the assumthn that its behaviour
In hydroprocessing can be considered to be representative of the upper bound
ofd|ff|_cult¥ In hy rodechlormatmﬁ; organic compounds. |n fact, the C6H5-CL
bondd|s[8ﬁe strongest among the most usual organic chlorinated com-
pounds [g],

2. Experimental procedure

The reaction was run in a batch reactor, @ 300ml autoclave with ma?_netjc
stirring (Autoclave Engimeers) eqmpf)ed with a sampling line of the Tiquid
mixture and a catalyst Toader Fa small stainless steel cylindrical vessel) con-
nec%ed to_th? autoclave btya obe valve, :
The main teatures ofthe apparatus and of the experimental procedure are as
follows, A weighed amount (about 175ml) of hexadecang (the reaction me-
dium) is loaded into the autoclave and heating Is started. At the end of the
heatm% period, the catalyst is put into the |oader together with the trich-
lorobenzene (the reacta_ntX and another known amount of hexadecane (about
25ml). Then the loader is assembled and connected to the autoclave. When the
set temperature is reached the loader is pressurized, and the reactant and
catalyst are mHecte% into the autoclave b¥ ogenm? the [%Iobe valve. The set
temperature of the_ heating period 1s about 10°C nigher than the set temper-
ature for the run, in ordef to take into account the temperature drop due to
loading the cool reactant and catalyst. Immedjately after injection, the pres-
sure and temperature are precisely adjusted to the desired valtgs. This is taken
as the zero time of the reaction run. During the run hoth pressure and
temloer_ature are kept constant, . L
Llquid phase samples, averagmq(abo_ut 15ml each, were then periodically
collected, with the Tirst sampl& taken just before the mgectlon Operation 0
check for the hexadecane decomposition products. Th samglms; line was

flushed before each sampling (line volume < flush volume — 15ml). A porous
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seal at the opening of the samphn% line inside the autoclave prevented loss of
catalyst. Sampling frequency’ was adapted to the rate of trichlorobenzene
disappearance. |t ecreased with time and increased with increasing temper-
ature. Table 1 lists the materials used. _ _ _
The_samples were analyzed by GC-FID (Perkin Elmer 8500) equipped with
a capillary column (crosslinked methyl silicone; 50m long). The following
chemical Species were identified in thereactjon samples; théy are reported i
order of increasing elution time: henzene (b; 5); chlorobenzene (cb; 4); 13-
dichlorobenzene_(1,3-dch; 3); 1,2-dichlorobenzene 81,2—dcb; 2); 12 3-trichloro-
benzene (tch; 1). Throughout the rest ofthega?er compounds will be identified
bgrg?]etﬁggegf either the short notation or bold face numbers, as reported in
p The experimental conditions of the reaction runs are reported in Table 2
Run 1, at 200 @ with catalyst, showed no appreciable reaction taking place
16, the conversion of tch after 450min was only 1.8%. The blank run 2 (without
catalyst?1 at 350 °Cwas intended to check on the catalytic activity of the reactor
walls. The results ofthis run showed that some reaction indeed took place, but

TABLE 1
Materials

Reaction medium  hexadecane (Aldrich Co.); vapour pressure at 350 °C« 3.24 bar

Reactants 1,2,3-trichlorobenzene, 98% (Aldrich Co.); the initial concentration
ranged between 191 and 3.13 wt%

Hydrogen GC %rade 99.999% (SSIO ALPHAGAZ); the total pressure
was the same for all runs and equalled 100 bar; the pH was then
dependent on the hexadecane vapour pressure at the temperature of
the run; i.e. 96.76" p Hy$ 99.9. We will assume p H «100 bar

Catalyst HDS-9A (American Cyanamid); %round and sieved 150-200 mesh. The
slurry concentration in the reactor ranged between 0.5 and 0.63 wt%

TABLE 2
Experimental conditions for the rurs (pH =100 bar)

Run no. T we WL Run time

(C) (0 ) 9) (min)

1 200 301 0.794 1576 450

2 350 5.0 0 1596 450

3 350 501 1,060 1673 435

4 320 5.00 0.936 1596 450

5 290 5.05 0.896 1674 450
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its extent coyld be neglected in the runs with catalyst. This point will be
discussed further. _ _ _

Figure 1shows the concentrations of the single compounds vs. time for the
runs-at the highest (350 °Cn) and lowest 8290 [T) temgera ures. All other results,
e, at 320°C, the blank rurt at 350 °Cand the run at 200 C, are given in detail in
a thesis [9]. The curves In Fig. 1are model predictions to be discussed later.

3. Kinetic equations and reaction network

Since we are dealmg with heterogeneous catalytic reactions, it is natural to
assume for the hydrodechlorination reactjons a Langmuir-Hinshelwood-type
kingtic equation, In the assumption _[10,11& that there“are two different types of
active sitg: one for the organic speciés and the other one for the h dro_(T;en; the
rate r'fof the reaction leading from compound ito product can bé written as;

rU=Kijf(p,dc./( 1+ 2K tCi) (1)

where the functional dependence on the h drogen partial Rressure IS left
undetermined. In fact, since all reaction runs were accomplished at constant
val-rlnttgr? gsrpduct k'7f(pHI) is constant during each run. Therefore, eq. (1) can be

fiY=Kicli(l +1K ci) Q)

200 + T
o

150 ¢

100 t

50t

C, x 10° , gmol/g of solution
C, x 10° , gmol/g of solution

o chlorobenzene

t, min t, min

Fig. L Concentration of reactant, intermediates and product vs. time for two runs. OE_erat-
ing conditions: left panel T=350 C.p H = 100 bar; right panel T=290 C, p H = 100 bar. Filled
symbols for checking material balance, they represent Zc¢,(i=1, 2. ..,5) vs. time.
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After a few attempts it became apparent that the adsorption of organic
compounds was not relevant (i.e. 'LKici<0). Thus eq. (2) reduces to:

i) =Kijci (3)
where Kij =Kif (pHI? plays the role of a pseudo-first order kinetic constant.

The experimental data and the chemical structure of the compouynds in-
volved give clear indications on the direct reactions path. However, they are
?_ot sufficient to precisely identify the reaction network. In fact some alterna-
Ives remain. _ _ .

B?/ making use of the req(ressmn technique SHJB) roposed b)( Himmelblau
et al. [12], which is a well-known powerful méthod [L3] for analysing kinetic
data, It was possible, by a trial and error procedure, to defire the global
network shown in Fg. 2'and to evaluate the Kinetic constants  for all’runs.

The procedure is a3 follows. A plausible network is assumed and the kinetic
constants Ku of eq. (3) are evaluated by the HJB method. Then the set of
differential equations describing the network is mte%rated by using the esti-
mated ki, and the resulting_thedretical c, vs. t curves are compared with the
experiméntal ¢, vs. t data.”The procedure is repeated for other possible net-
warks until that which best fits the data is identified.

_The curves shown in Fig. 1are computer-simulated based on the network of
rl*:nlgt'h% aamd on the corresponding kinetic constants k| as evaluated by the HJB

Inverse reactions have_been considered in the statistical analysis of data.
However, only the inclusion of the Inverse reactions 5->4, 4->3 and 4->2 gave
consistent results and improved the fit, but not at all temperatures. This
Inclusion has a theoretical support. In fact, chlorination reactions are revers-
ible. The relative values ofthe equilibrium constants calculated on the basis of
the data available in the literature [14] are reported in Fig. 3. It must be noted

;
ot SSREATEN 0 o0 02 A=t ot
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= -

Temperature, cC

Fig. 3. Equilibrium constant K- (i and j as in Fig. 2) based on activities. Standard state:
ideal gas state.

that inverse reactions, when compared to the direct ones, are favoured at
higher temPer_atures for isothermic reactions. Reaction 5->4 which has_ a
larger equilibrium constant is present at both T=320 and T=350 C while
reactions 4->2 and 4->3 are present only at T=350°C, _

The results of the analysis for the blank run (at 350°C withqut ca_talystg
showed that the k-s ranrqed between 3and 10% of the corresponding K)j of th
run at 350 C with catalyst. The only exception was for reaction 4->5 whose
constant ks without catal}/st was about 40% of that with catalyst. However, at
lower temperatures, due o the Ioresumabl lower activation energy of the
non-catalyzed reactions, their influence wilf be even lower. Thereforg; we will
ne_ﬂlect the influence of the non-catalyzed reactions. Naturally less confidence
will be atributed to the values of k\. _

The kinetic constants k\j were reduced to the weight of catalyst by the
relationship:

kj = (WLWc)Ki [g of solution/g of catalyst emin] @)

_The k{ values _are_regorted in Table 3 Not too much confidence can be
gwen to &4, which is abouyt_one order of ma%mtude lower than. the other
onstants. The constants of Table 3 have beeh regressed according to the
Arrhenjus law. The calculated Arrhenius parameters are included, in"the last
two columns of the table. For an overall gm_ture of the behaviour of the
reaction process with temperature, the Arrhenjus equations for all constants
are reported in Fig. 4. For further details on the kinetic analysis of data see
Famiglietti [9) o :
Inspections of Table 3 and/or Fig. 4 indicate the following trends;
1) For all temperatures in the investigated range, the dechlorination of
chlorobenzene is the slowest step.
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Kinetic constante and Arrhenius parameters
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(2) The dechlorination path 1—2, 2-»4 is preferred with respect to path 1->3,
3->4. However, the gap between the rates of the two paths tends to become
smaller at higher temloeratures. | _

These considerations allow us to draw the main conclusion that the more
chlorine atoms bonded to the benzenic ring the larger is the rate of removal of
a chloring atom. Whether the_chlorine atom to be'removed is in the ortho or
meta Iposmon plays but a minor role on the reaction rate, particularly at
higher temperatures.

4. Overall dechlorination reaction

From a Fractical é)oint of view it may be of interest to synthesize the
dechlorination process, represented in detail by the network of Fig. 2, as:

organic chlorine +4H2->inorganic chlorine (5)

where for “orgamc,chlorm_e” Wwe mean the chlorine atom bonded to the ben-
zenic ring. and for inorganic chlorine we mean HCL _

In.Fig.”5 the weight percentage of these two forms of chlorine are regorted
vs. timé for the run at 350 °C. The overall reaction has been regressed by the
kinetic equation

decl/di= —K0(cc])n (6)

where cd is the molar concentration of organic chlorine and K0 is the kinetic
constant of the overall reaction (5)

T . ‘ -
Y [ )
L [ ]
B\
CRUAY °
O'\\\ ° *
o\
5 O\
JEE
= ;_)\' \ O orcanic chiorine
P \ |® inorganic chiorin ﬂ
= \ \
° 0= O\ N on=1
K=
e 5 N
@ \\
\O N
20 ‘r— =10 O~
@ ~
I ~
| S o
057 I 1 L S i
0 100 20¢ 300 400 500

t, min

Fig. 5. Overall chlorine conversion. Operating conditions T=350 0, pH = 100 bar.
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The regression of data indicate that n=1 is a good approximation for the
overal| dechlorination reaction at all temperatures investigated. The corre-
sponding values of the overal] kinetic cqnstant kQ (for n=1) Have been reduced
to the weight of catalyst and reported in Table 3as kO0.

5. Conclusions

The investigation has shown that catalytic hydrogenation can be a suitable
method for making waste trichlorobenzene inert, producing recyclable chem-
icals (1.e. benzene). At 350°C, which is a reasonably low” temperature, the
conversion of the organic chlorine is more than 90% after 435 min, with only
0.63 wt% of a commercial hydro?enatmn catalyst. _

Itis worthwhile remark|n1g that the 1,2,3-trichlorobenzene can be considered
as a good model compound for loredmtmg the kinetic behaviour of chlorinated
organic compounds n general. The déchlorination rates evaluated for the
trichlorobenzene can just as well be applied to other practical cases.

The overall kinetic copstant kO could be directly and safely adopted for the
design of the detoxification process of non-aromatic organic compaunds con-
taining chlorine. In fact, CoH5CL has the strongest C-Cl bond of the most
usual Chlorinated non-aromatic compounds [8] _ _ _

For the deslgn of the detoxification process for most toxic aromatic organic
compounds with a chloring bond to the benzene r_mgi (e.g. PCDDs,.PCDFs for
which direct experimentation would be more difficult due to the high level of
hazard connected with their handling), kO could still be adopted; but with
a safety coefficient.

Notation

cd concentration of organic chlorine (mollg of solution) o
G 0|il/ concentration of compound 1'in liguid solution (key as in Fig. 2)
mol/g of solution)

AEj| activation energy of the reaction leading from organic compound i to
! product] in theg¥eaction network of Eig.g 2 (kJ/mo(I]) P

Kij  equilibrium constant based on activjties (i and g as above)

Kij Eseudo-ﬁrst-order kinetic constant (i and | as above) (min~1)

kI kinetic constant f(| and | as abo_ve?l g of solutlon/r(g of catal st-mmén

k Pyrgt-ex n?) ential factor (i and j as above) (g of Solution/(g of cata-

KO Kinetic constant of the overall reaction (5) ((gsol/mol) "“*min-1

kO kinefic constant of .the overall reggti((g% (5), )kO:k'O(WI)JWc)
(gso '7(fmoP_1-gcat *min

n  order of overall reaction’(5

Pn2  hydrogen partial pressure (bar)
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R
[‘ru

We

gas law constant (8.314 J/mol ¢K) o
rate of reaction (1andj as above) (mol/(g of solution emin))
temperature (K).

cat_aI%st loaded in the reactor (g)

weight of liquid solution in the reactor (83)

VIR weight of 1,2,3-tch loaded in the reactor
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Abstract

In this paper a simple mathematical model is used to describe the curved, turbulent plume
formed by |njnect|ng_a constant flux of buoyant fluid into a sta_tlonary, unstratified ambient at
an angleto the vertical. The main assumptions are the entrainment assumption: the entrain-
ment Into the turbulent plume is at a rate proportional to the local mean along-plume
velocmé,_ and the Boussinesq ap/grox_lmatlon: the density difference between the plume and
the ambient is relatively small. A unified theory is presented which allows practical predic-
tions to be made of Flume trajectories and concentrations without recourse to complex
turbulent modelling. 1t is found that all such plumes can be traced back to a virtual origin,
and that the shape of the plume depends only on the angle of the plume to the vertical at the
virtual origin. Various properties ofthe plume such as mean velocity, radius and density are
predicted as functions of distance along the ﬁlume. Angled plumes made in laboratory
experiments are described and compared with the theoretical predictions. The applications
and limitations of the theoretical model are discussed.

L Introduction

Forced, angled plumes occur in a varjety of situations, wherever refatively
dense or hﬁwht fluid'is injected at an angle into a large bod¥ of fluid. Thus this flow
occurs bofh natyrally “and due to the action of man; for example in magma
chambers, flows intg lakes and seas (especially where the outflow is below"the
surface), sewage outfalls, ventilation systems, dccidental leaks of gases and other
hazardous materjals and vehicle exhausts. In such flows the plume of refatively
Iquht (or dense) fluid will be turbulent and ambient fluid will be mixed into the
Pume by turbUlent eddies. This paper describes a simple theoretical model of
hese forced, angled plumes which'shows how all such plumes can be traced back
to a virtual ongm. urthermore, the model shows that the shape of the plume
depends only of the angle of the plume to the vertical at the virtual origin.

Correspondence to: Dr. P.F. Linden, Department of Applied Mathematics and Theoretical
Physics, Silver Street, Cambridge CB3 9EW (UK).

0304-3894/93/506.00 © 1993 Elsevier Science Publishers B.V. All rights reserved.
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The nature of plumes rising from sources of buoyancy and momentum has
been discussed and described” by many authors, Morton et al. [1] set out an
analysis of a source of buoyancy, and Morton [2, 3] extended this to allow for
a sodrce of buoyancg,_mass and momentum. Morton only considered the case
where momentim 15 in the vertical direction and of the same sign as the
buoyancy forces: the so called “forced |p!ume”. (Germeles [4l_con5|dered the case
of momeéntum at an angle to the vertical but his analysis breaks down for
horizontal plumes. Nunierical schemes for evaluating forced, angled plumes
from a ?lven set of initial conditions have been desciibed by Schatzmann [5]
and Hofer and_Hutter [6]. This paper sets out a more %ener_al, though simple,
analysis of maintained, forced, angled plumes in an unstratified and Stationary
ambient fluid, with the results given.in a form of practical use. =~
_Inorder to describe this proceSs a simple “entrainment assumption” is made,
first proposed by Taylor '[7]. The analysis in this paper is based on this
assumption and the dévelopment of it by"Morton et al. [1] and Morton L2,3.If
the flow is fully turbulent (i.e. independent of Reynalds numberg then the flow
of ambient fluid into the plume may be described in terms of the relative
velocity of the ‘plume to the ambient fluid. The entrainment assumption states
that the rate of transfer of ambient fluid into the i)lume, characterised by an
inflow speed of ambient fluid perRendmuIar to the plume axis, is proportional to
the mean centre-ine sgeed of the plume (see Fig. 1). The (constant) ratio of
Inflow sEeed to plume Speed will be denoted by & . _

It 15 known that, for a vertical plume, properties such as time-averaged

velocity and density difference follow a Gaussian distribution across the plume
(see List [8], for a review), but it is adequate to assume a “top-hat” profile for
such quanfities, i.e. a uniform value across the plume and zero qutside the
plume. In fact, provided it is assumed that the profiles are similar at all positions
anng the plume, the analysis is not substantially altered by this assumption [2
3]e.T eIen%h-scaIe over which the density difference profilé spreads is known to
be larger than that over which the velocit o,orof_lle spreads. We wil| use 1 to
denoté the ratio oftransverse length scales o ensﬂy and velocity, and take itto
he 1.1 based on the results of the exgenments_ mentioned above. _
. Invertical plumes in unstratified Surroundings the entrainment assumption
IS equivalent to assumm% that the plumes aré self-simjlar 59 We will take
a=0.1 from the results obtained b?/ many experimenters [10-12], The nature of
the entrainment, and thus the value ofa, may vary between different parts of
the flow depending on the relative |mPortance_ ofbuoyancy and momentum, but
we will ignore sych variations since the dominant effect in this problem is the
change in entrainment due to the variations in the plume, speed at different
points on the plume. Thus we are using a somewhat apé)rommate, representat-
Ive value of a We will discuss variations in a in more detail in the concluding
section. We will also assume that fluxes due to variations from the mean flow
(“turbulent transparts”) are |n3|gn|f|can_t compared with the mean fluxes.

We will assume, further, that the density difference between the plume and
the ambient fluid 1s relatively small (the Boussinesq approximation) and that
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& oW

Fig. 1 ldealised view of a vertical plume, with mean centre-line speed W and radius R. The
Flume entrains ambient fluid characterised by a mean entrainment velocity proportional to
he centre-line speed.

the fluid is mcomP_resslbIe. The Boussinesq approximation is not a serious
restriction in practice since many of the applications involve relatively small
density differences. Also the density difference decreases rapidly away from the
source, due to entrainment, and so even when this approximation is not valid
near the source it will be valjd some djstance (usually small) from the source.

The case of forced vertical plumes is re-analysed in Section 2. We develop
a new classification and show that vertical plumes fall into three classes
depending on the direction of the. momentum flux at the virtual origin. The
model fo angled, forced E_Iumes 5 gwen In Section 3 and solutions of the
equations fora comprehensive range ofsource conditions IS Pwen In Section 4,
These solytions are discussed in Section 5. Ex'oe_nments_ on faboratory plumes
are described and compared with, the model in Sections 6 and 7,"and the

conclusions of the work are given in Section 8,

2. Vertical forced plumes

We beﬁin with the case of vertical forced plumes in upiform surroundinlgs.
Although this has heen discussed hefore (see, for example, Ref. [9], chapter6)
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the results will be presented in a new way which clarifies the division of

vertical plumes into three basic categories, namely buoyant jets, mass-sources

and pure_plumes. This anal;rsm also leads more naturally”into the case of
lumes directed at other angles, which will be discussed in the later sections.
Jnder the assumP_tlons detailed above, and taking top-hat profiles, the equa-

tions of conservation of momentum, mass and budyancy are, respectively,

d(W2R2)IdZ=g'(/R)2

d(WR2)ldZ=2RotW, (1)

d(g"WR2)ldZ=0.

Here W is the plume speed, R the plume radjus, Z the vertical position and

) :gZApr_ Is the reduced ravﬂatio_naPacceleration. We will take % to_be positive
and at Z increases

0 Increase annP e directjon of the buoyanc%/_ force, sot
upward for huoyant, ﬁ umes and downward for hegatively buoyant plumes.
It is useful to define

F=g'WR2
K= WR2, 2
P=W2R2

The quantities F, K and P are proportional o the fluxes of buoyancy, mass and
momentum resEectlveIIy. It can be seen immediately from g, (1) that the
buoyancy flux 1S conserved along the plume and thus

F=FS, constant, (3)

and Fsis taken here to be positive., _ _
Equations @ will be non-dimensionalised by the following transformations
(using lower-Cdse to denote non-dimensional quantities):

k=( QOID)FA2P S,
2 =()))Fs P53, 0
r={7)R,

where Fsand_Ps are the values of F and P at the source (the subscript S will
refert cogd gons t the source throughout this analysis). Substitution of (4)
Into (13 an 63 leads to

p'=k
C=\p (%

Wherﬁ the Hrimes indicate differentiation with respect to 2 (except forg'). The
Initial conditions are

p=1 and k=ks=(;(2otyi2)F12Ps 5AKS, (%0)
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Integration of (5a) and applying the initial conditions (5b) gives
()(Ipfo2- 1) = 12-*s2 ()

Curves of p aﬁamst k are plotted in Fig. 2. At the source p=1 and from %Ia) it
can be seen that the momentum flux increases with distance from the source
and this Is represented on Fig. 2 by the region p>1. In the region pel the
solution has been integrated back to a “virttal origin” where the mass flux, K,
and hence the Plume radius are both zero. The momentum flux, p, 1S not, in
%eneral, zero at the virtual origin and the mgn of p at *=0 determines the
ature of the plume. From (6) it Tan be seen that the momentum flux at k=01s
EO.sltlve \5ne ative) when the mass flux ks at the source is less (greater) than the
ritical value ke=2//5.

For small valugs of the mass flux ks<kc, the momentum and buoyancy fluxes
at the virtual origin are in the same direction, and we will refer to'this case as
the buoyant jet. The virtual origin lies behind the source and the initial spread
from the sodrce is Iar%e. At large distances from the source the splution gor
E htggv%n:% tFoI m%gny) asymptotes to that of a pure plume. A sketch ofthis case Is

When k :%<c, the mass and momentum fluxes at the virtual origin are zero and
the flow s that of a rTsjure plume. In this case the éJropertles of thie Rlume can he
derived directly fro (5a3W|th the initial condjtionp =0at k=0. The solution Is
well known: fof the purposes ofthis analysis it is sufficient to note that the plume
is conical with the half-angle at the vertéx being tan " 1(6a/5) as shown in Fig. 3.

p |

4.00 —
4

Fig. 2 Momentum and mass fluxes for vertical plumes (non-dimensionalised with respect to
the buo%ancy and momentum fluxes at the source?. The source initial conditions arep = Land
k=ks; the solutions have been integrated back to the *virtual origin’ where k=0 (and thus
the radius equals zero).
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For larger values ofks. so that kS?k_C.R< 0 at the virtual origin, In this case
the moméntum flux at the virtual origin nas the opposite sqn 0 the buoyancy
flux, and the virtual orlgm may be i front of the source, AT these hlgh values
ofthe source mass flux the plurme behaves as though it |n|t|all¥ flows backward
from the virtual origin, spreading with the same angle as Tor a jet, its mo-
mentum being decelérated by the buoyancy forces until it stops at some Romt
behind the source. It is then accelerated forwards through the source with the
required mass and momentum fluxes. This situation is sketched in Fig. 3¢ and
we shall refer to this flow as a mass source. It should be emphasised that the

(a) - a00 (b) - 4.00

Fig. 3. The shapes of the different plumes
types: (a) buo¥antget, %b) pure plume, (cg_mass
source. The Tengths have been non-dimen-
sionalised with respect to the buoyancy and
momentum fluxes at the virtual origin.” Note
that the horizontal scale is enlarged compared
with the vertical scale.
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region p<0 in Fig. 2 is unphysical. We have nt considered the case where the
momentum and Quoyancy flixes at the source have opposite slgns. This, mogel
does not allow for ‘the plume_overla%)m itself, nor does It allow for the
entrainment of other than ampient flui, The real source may be anywhere on
the upward flowing part of the shape. in Fig, 3c, in particular the” flow may
contract above the Source before W|d,en|n§ a%am. Note that the source diameter

IS never much less than 0.4, in non-dimensioal units, and so the plume shape Is

very close to a huoyant plume only a few diameters from the source. For this
reason the mass-sotirce type flow |s,?enerally re?arded as an unimportant case
for vertical plumes, but vie include it for completeness and for comparison with
downward pointing angled plumes for which the downward flowing part Is
a physical solution”since the plume would then entrain ambjent fluid.

|t is convenient to non-dimensionalise the e%uatlons of motion with respect to
the momentum flux at the virtual origin, PO, rather than that at the source, We

will denote this new set of non-dimensional quantities by the subscript 1, ..

K\ =(//(2a) 1) Fs/2Po H/4f,
2\ =((2a)1/2/)F /2P0 314Z,
ri=(zi/z)R, and SO kis= (/./(2x)112) F 112P 0 5/4Ks.

With this non-dimensionalisation the curves in F|§_. 2 are reduced to the three
curves shown in Fig. 4. Instead of the source conditions being represented b
the point where p =1and k =ks on Fig. 2, they are represented on Fig. 4 by the
point where Pj =Pis=pspo and kJ=kis. This will be on the curve marked

bu_o¥ant jet” Ifks<ke:all curves angve the pure plume curve are mapped onto
the ge -curve. Whereas it will be on the curve marked “mass-source™ if ks>kc:
all Curves below the pure Rlume curve are mapped onto the mass-source curve
(see Fig. 5). The shape.of the plume thus depends only on whether ks is Igreater
Or less’thdn ke. The size of the plume is determined by the length scafe

Lv=(1/(2a)1/2/)F s 1/2P 1, (8)

where P0= |l —ing\2/sps %/wth ks defined in eq. Sb?.

Note that as ks approaches ke, from either direction, the length scale tends to
zero, and hence the extent of the region where the plume shape differs signific-
antlg from that of the pure plume also tends to. zero and the, non-dimensional
distance of the actual spurce from the virtual origin tends to infinity. In Fig. 6
Pi-and kj are plotted against 2. and thus the positin ofthe actual source in Fig. 3
can be found as the Value.of 7] for which k¢=«is. The part of the mass-source
curves where 1S decreasing as p {and kx incregse is not physical, it represents

a downward flowing plume éntraining ambient fluid,
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Fig. 4. Momentum and mass fluxes non-dimensionalised with respect to the buoyancy and
np]omeﬂtum fluxes at the virtual origin. The family of solutions in Fig. 2 is reduced to just
three here.

P, Pq {

2

4.00 —

3.00 —

-1.08 —

Fig{. 5. The non-dimensionalisation fromp = I, k =ks, top, =pls, kx=kls. All solutions in the
fetregion”are mapped to the buoyant jet curve, whilst those in the ‘mass source region’ are
mapped to the mass source curve.

For the case of a E)ure 8Iume, the distance Zv from the source to the virtual
origin Is related to the source radius, Rs, by

Rs=(6x15)Zy,
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P (a) 13 (b)

6.00 —

4.0 —

N

5.0 —

2.2 —

1.20 —

-1.00 0.00 1.00 2.00 3.00 4.0@

Fig. 6. Momentum and mass fluxes as functions of height for the three plume types. (AII
quatmnltles non)d|men5|0nallsed with respect to the buoyancy and momentum fluxes at the
virtual origin

amceen, Ea)s mentioned above, the pure plume is straight sided. Consequently R is
Iven by

R=(Z+ZVv)RSIZv.

Recall that Z is the distance above the actual source, and thus the results
famlll%r from similarity solutions of huoyant aX|symmetr|c plumes are re-
covere

W=Ws(RsIR)II3=Ws(Zw/(Z+Zv))113 9
Ap=pg'lg=Aps(RSIR)SI3=Aps(zvi(z +Z )58

For the other plume types such quantities can be calculated from the values of
pq and kx given in Fig. 6,

Ap=pg'lg=ApskIslkj,
R=Rs(kilkis)(pislpi)12 (10)
W=ws(kislki)(pllpis),

In order to understand the nature of the changmﬁ length scales and shapes
consider a source of buoyant fluid with a fixed tofal flow rate but a varjable exit
size. This fixes buoyancy and mass fluxes, but if the exit radius Is reduced the
efflux velocity an thus the momentum flux must increase. Starting with
aIarge exit rad|us Pswill be small and ks will be large. On changing scales to

ké't can be seen thatp[ém small andk3|s reater than ke, The source
WI|| hav the shape shown in Fig. 3 for a * masss urce”, with a large length
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scale (Lv (33102 gK|/4/,,2a4Fs)l'5 from eq. 8) and with the source position
close to 2!=0. In practice the entrainment assumf)tron IS likely to be Inaccur-
ate near such a source as the plume will not be fu Iy turbulent there. This will
resutrn a more pinched sha ethan that shown in |gn
As th e exit ra us |s reduced so Ps increases. The shape of the plume will

remain the same_but the length scale Lv will decrease, and s0 the plume will
tend to the strarght sided buoyant plume shape closer to the source. Also
2SSwill increase, S0 the actual position of the solrce will be higher on the mass
source shape (Fig. 3). As the radrus I reduced further, ksapproaches kc, a

pis, kisand zis t€nd o rnfrnr ey length scaeLvtends t0 210 410 teshae
erbe that of a straight-sid dpure ume (Fig. 3b). Reducing the radius strII
further, ks becomes Iess than ke, and pis, Klsand" zis are still large and the
shape is still close to that of the buoyant Rlume Now, however, ‘the plume
follows the “buoyant jet” shape (Fru 38) with the plume's readrn% at an‘angle
which decreaseswrth eignt ratherthan increases as for the mass Source shape
compare Figs. 3a and 3c). As the exit radius is further reduced kstends to zero
0.tends to Ps, the length scale, Lv, behaves like P4Mis tends o ks and
z%Sttendsi(tzo)zero to the dpex of the jet'shape) giving an initial spreading angle
of tan - 1(2a

3. The model for forced, angled plumes

Now consider forced Plumes where the initial momentum flux is not purely

vertical but is at an an? e to the vertical, A?arn the entrainment assumPtron S

applied by stating thaf the inflow sPeed Info the plume is proportional to the

sﬁeed along the centre-line of the plume. Ignoring the curvature of the plume
the top hat equations hecome (for flow in an unstratified medium)

Moment
vertrcal WVR2)IdS=g'UR)2,

d(
horizontal  d(UVR2)/dS =0, (11)
Mass d(VR2)/dS=2RxV,

Density d(g'VR2)IdS=0.

In this case U and W are the hor |z ontal and vertical components of the
centre-ling velocity, ] 'R is the radius ofthe plu eandSrsthe
distance ann? th Iume centre Ine (see FM As b eore 1=gAplp is the
reduced qravrx The inclination of the Iume 0 he horrzonta 9 15 given (for
an?/ point on the plume centre- Irne) a

t 15 useful to define

F=g'VR2 Q=VR2 M=VR2 H=UVR2 )

which are proportional to the total buoyancy, mass and momentum fluxes and
the horizontal momentum flux, respectively’ (compare with eqg. 2)
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Fig. 7. An idealised view of an angled plume. Compare this with Fig. L

From %11) it can immediately be seen that the horizontal momentum flux, HO,
and the buoyancy flux, 0, are conserved along the plume,

FO=g'VR2 constant,

HO=UVR2 constant.

These conserved quantities are used to define non-dimepsional variables (in
this case there is no need to integrate back to the virtual origin to find
abrg\e/g)mngful scale for the momenturh flux, unlike the vertical plume described
a

m=MHO,  q= (/2512 HOSF}j2Q)
s=SlLa, r=Rila, Xx=XILA z=ZILA

where the length-scale is given by LA:(/_.A(ct? IHI"Fq10. The remaining
plume equations (L1) then reduce to the pair of equations

m((m2-1) 12y =q,
q'=(m)1Z
where the primes now represent differentiation with respect to s, i.e. along the

lume axis (except again for g')
d T ?s ?orm(of(tchg quatlnons b%e)aks down as 6tends to £ n/2. In this limit, mP 1
and the equations become

mm' =g,
'=(m)l2
which are the equations for a vertical plume given in eq. (5a) above.

13

(14)

(15)

(16)
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Otherwise, however, by substituting t=(m2—)12=tan 0, the equations can
be written

t'=ql(t2+ 112,
J=(i2+ 1) 14,

This is the final form of the equations used in this model. The initial conditions
are

is=tan 95,  qs=(/./(2a)12)Fq2Hq54Q, (17b)
where the dimensionless mass flux is obtained from (14).

(17a)

4. Solutions for forced, angled plumes

Equations (173) were integrated numerically, usmq various initial values of
the inclination §and settm%q Initially to zero. All plumes can be traced back
to a virtual origin where g, the mass, flux, is zero. Hereafter the subscript 0 will
refer to conditions at the Virtual onlgm, the subscript S to those at the actual
source of a plume. (Note that FQ=FSand HO=HSsince these quantities are
conserved throughout the plume.) _

The trajectory”of the plume centre-line can be determined from

xX=c0s8 and Z'=sinfl, (18)
All other plume properties can be recovered from ¢ and 9
Ap=py'lg=Apsasla,

M=H0/cos 9,

19
R =Rs(qlqs)(cos 9/cos )2, ()
V=\&(qslq)(cos Os/cos 9).
Figure 8 shows the values of ¢ and 9 along glumes for varigus values of 90 at
q=0. For any given real plume, qs can” be calculated from (L7h), which,

rearranged, gIves
gs=Ul1(2a)l12)(gR1V)II2(cos 95 54 (20)

The centre-lines_of plumes with different angles at the virtual orlﬁ;m_a,re
plotted in Fig. 9. The values of plume length s measyred from the virtyal origin
are _?_lven on _bO'[h_FIé]. 8 and 9 to facilitate identification between them. The
P05| lon on Fig. 91is determined by the value of s and virtual origin angle, 60,
ound from Fig. 8. For example: if for a given real plyme, qs=25 and 95=10° at
the source then it can be seen gr,om Fig. 8) that this Is equivalent to a position

part way along a plume whose initial”conditions were q=0 and 8= —60°, at
a distance 2.0°(measured along the plume axis) from the source. This is at
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13, 7= —14 on Flﬁ 9, the centre line of the real plume s then %lven b

foIIowmg the curvet routgh (L3, —L4) for h|?her values of s, The Sh P
a plume depends only on it angle at itS virtual origin, though its overall size
varies, depending o the length scale defined in (1 g)
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The shape of the boundaries of plumes with variqus values of 9o are shown i |n
10, though nate the warnings ?wen below in mterpretmg these flqures
|s sometimes useful to know thie Yowest point reached by & buoyant plume
which has a downward component ofmomentum flux a the“source. This can be
estimated by dimensional anaI 3|s see, for example, Fischer et al. [1]
A length-scale can be madefrom e u%nc fuxand the vertical component
of th momentumtux BMOsm 00)34*0 112 and it has e% P oposed that this
length-scale mul t|p||ed y auniversal constant will give the lowest point of the
Elume Figure 11 shows the relationship between elowest ﬁomt zM mea-
ured from the virtual origin, and the valug of 60. Since this distance Is
measured from the virtual Qrigin_this ftgure IS most useful where the actual
source Is close to the virtual origin, i.e. When gsis small. Note that in Fig. 11
the lengths are non- d|men3|onahsed W|th respect to the buoyancy flux and the
total momeptum  flux at the virtual ongm rather thdn the horizontal
momentum flux, so FI% 9|ves the relationship between the lowest point and
0Ofor a given total momentum flux at the virtual origin. The total momentun
flux at the virtual origin, proportional to MO, Is Felated to the (constant)
honzonktal momentum “flux and” thence the total momentum flux at the
source by

M0cos 60 =H0=Hs=Mscos 6s. (20)

It can be seen that the relationship between zMand 00given in Fig. 11 is

| nearté/ inear one an it is significantly different from a“curve of the form

sm ()34 given Syte imensional analysis described above. Also plotted on
0. Ware the results of laboratory expériments, described below. The larger

error bars at | artTter angles to the horizontal are due to features of the flow:

artge eddies develop and though the boundary (of interest) ofthe plume is well
ned at an)i |nstant Its Posmon IS subject’to large fluctuations.

For such plumes it is also useful to Know where the plume returns to its
original level (i Qts range”) and its concentration there. In %eneral It IS neces-
sary to evaluate the behavjour. of the plume from its initigl conditions usmg

5. 8and 9and eq. é 9).. If(1 s Is small, however, the actual source is closet
th vntnal on%m and os is close to s0. Thus the range 1S (aptirommate (e
value of x where the plume returns fo z=0. Again, t0 make clear the dépen
ence on 9o, we will non- d|men5|onahse the mass flux and lengths with respect
to the total momentum flux, M0, so that

3= (M(2a)12)Mo 34F 420 @)

and the new length-scale is glvenb (/Na) IMo/dFo 12

thureﬂshows the ran%e both ot 3 nearestgomt on the plume at 2=0
denoted by 1B and the distance to the centre-ling at 2= 0, denoted by xIC, as It
depends on.so. Figure 13 shows g at these positions, which is proportional to
concentration gsee eql. 19? though note that the model assumes a top-hat form
of the concentration profile and this needs to be considered when evaluating
the value at the near boundary, x1B
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Fig. 10. Shapes of angled plumes showing the
centre-lines and uppér and lower boundaries
200- of the plumes for various initial angles.
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-80.808 -60.00 -40.00 -20.00 0.00

L] | | [ 0.00
}.
— -0.58
— -1.00
— -1.58
_ZM

Fig. 11 Theoretical and experimental results showing the maximum depth that the lower
boundary of a downward angled plume reaches. The lengths have been non-dimensionalised
with respect to the total momentum flux Frather than the horizontal momentum flux) at the
virtual origin. The error bars reflect the uncertainties in the maximum depth due to
fluctuations of the turbulent plume.

| *1
X1C - 1.58
X1B
— 1.00
— 0.58
Ly L B e A T 0.08
-80.08 —60.00 —40.00 -20.00 0.273

Lo}

Fig. 12. The distance from the virtual origin to the point on a downward angled plume where
it returns to its initial height, with ,rB'the distance to the upper boundary, and xic the
distance to the centre-line.
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Fig. 13. The value of lqi at the point where a downward angled plume returns to its initial
height. This is a measure of the concentration at that point (ee text).

h. Discussion of the theoretical results

Figure 14 shows the radius and speed of the plume_as a functton of 805|t|on
anng the plume centre-line for Do=+45 0 , —45 The resu Its for 8
are Similar to_those for a vertical Iume with, initiall )h a momentum et
behavigur tending to a bugyant plumes ape as In Fig. 3 but with th ecentre
line_following a clrved tragector For Oo= O(a honzontal Jet) the results are
again similar’but here the transition from momentum jet, with Spreading angle
tan”'(2a), to buoyant plume, with angle tan~*(6a/5), s somewhat sharper.
For negative 00. however, a differert phenomenan is apparent. The vertical
com onent of the velocny is initially negative and increases through zero as
\Pume turns. T us the total plume speed is decelerated more than in the
ous cases and the plume radius increases more than for a momentuym jet.
he plume 15 then accelerated (the speed of the plume has a minimum in this
case as distinct from the previous cases where the plume speed decreases
monotonicall and the plume radius increases more slow h/ than for t e
buoy ant Iu In fact, for sufficiently steep negative angles the plume radius
actua ecreases The shape 1S similar to thé “mass Source” in Fig, 3..0n
hysical grounds the momentum jet-like  behaviour can onI}/ be exhtbtted
where the pIume momentum flux has a (positive) component in the direction of
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2.22 —

-2.22 —

Fig. 15. Shape of plume when the initial angle is —80' showing the upper and lower
boundaries and the centre line. Notice that the upward flowing part ofthe plume overlaps the
downwtard flowing part, thus only that part of the shape beyond the overlap will be realisable
in practice.

the initial momentum flux. Thus once the EPIume turns and begins to rise it is
(essentially) equivalent to a source of mass and buoyancy and a relatively
small amotint of horizontal momentum, placed at (approxinfately) the position
Wwhere the lume turns.

Figure 1 shows the [oredtcted plume shape for 0o=—80 and here the theo-
rettcal result has the plume over appm%a prewous posmon It is important to
note that the maodel is invalid_in syc reglons since It oes not allow for
re-entrainment of plume fluid. Thus for d0= —80 the mode Is only valid for
s>2 b, where the predicted shape is not overl apg agrewous 5part of the
flow. Th ere IS some overlap for 0o ste%per than P proximat

It shou d also be noted that the top edge of the plume |s unstable |n that there
1S |g ht fluid below heavy fluid. Thus somefmd forme T)r]mt epume W|Ib
etr |ne and rise into ‘the region apove the plume. Thus the stable, lower
edges of the plume shapes shown in FIP 10 will bes arply_defined in practice,
whereas the u%per unstable edges will'be poorly defined.”See, for comparison,
the photograph of a real plume’in Fig. 16, described below.

Fig. 14. The radius and along-axis speed of angled plumes as a function of djstance along the
plume centre-line. Notice that there is a minimum in the speed for the initially downward

pointing plume.
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G
bt it

F:0. 16. Shadowgraph of an angled plume. Here the injected fluid is denser than ambient so
the buoyancy forces act downward.

6. Experiments

Forced plumes were 8roduced by pumping salt water throuqh a circylar p|ﬁe
(L% mm diameter) into a tank Contal mg fresh water. Note that since the
mgected fluid is relatively dense, the buoyancy forces on the glume act down-
wards. rather than ugw rds as was the Case for the theo(rjy bove. The tank
dimensions were 4 m long by 0.3 m wide and it was filled to a depth of ahout 0.5 m
These dimensians are large compared with typical length scales of the flow and so
this conﬂguratlon approximates an infinite, Unstratifiéd environment a rest. The

flow rate nQ, was monitored with a flow meter and the buoyancy flux nFOand the
momentum flux MO were determined from
Fo=§ Qoi
M0=1Q5a"2, )
where a is the pipe radius. _

Tygmc_al p|8e nozzle Reynolds numbers were in the ranﬁe 1000 to 2500 and the
expression for MO1s obtained assuming laminar Poiseuille flow in the pipe. The
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pipe was set at fixed orienfations Oo to the horizontal and the angles were
measured to an accuracy of 0.5, _

The visualisation was"carried out using a shadowgraph and estimates of the
maximum height were made from still pRotographs. ‘A copductivity probe was
placed at a sét of fixed positions In the flow and the salt concentration was
measured to obtain information about the structure and mixing in the plume,

1. Experimental results

An example of the flow with 60=60° is shown in Fig. 16. Close to the source
the plume is symmetrical but a pronounced asymmetty develops downstream.
The ué)per side of the plume remains sharp arid well defined while the lower
side 1S diffuse and lias no distinct edge even In an instantaneous picture as
shown in the shadowgraph. This asymmetry results from the opposite effects of
the buoyancy force on the two sides of the rE),Iume. Onthe y _Ber side, buoyanc
forces creaté a stabilizing stratification which tends to inhibit entrainment of
the environmental fluid, On the lower side the buoyancy forces produce a con-
vectively unstable configuration and there is enfancéd mixing between the
Plume and the environment, Detrainment of plume fluid is obiserved on the
ower side, a feature which is not observed in vertical plumes. =~
. Measurements of the strycture of the plume were made for an initial inclina-
tion of 45° usmrq a conductivity probe. Figure 17 shows the density contours in
a plane normal to the plume axis é)osnloned at the point of maximum glume
height. The asymmetry hetween the upper and lower parts of the plume can be
cledrly seen. Near the top of the plume there is a strong, stable density
gradiént. Below the plume axis the dense fluid is mixing muct more vigorously
with the_surrounde fluid as a result of the ?ravnatl_onal instability. Densﬂg
profiles in a vertical plane containing the plume axis are shown in Fig. 184

T AN
-10 (¢} 10cm

Fig. 17. .ExiJerlmentaIIY observed, time-averaged, measurements of concentration in a plane
perpendicular to the plume axis, at the highest point on the plume. The injected fluid was
denser than ambient, and injected at an angle of 45 above the horizontal. Notice the
detrainment of fluid from the lower, unstable edge of the plume.
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The asymmetry between the uPper and lower garts of the plume is seen to
increase with distance. downstream. The estimated plume axis Flme of max-
Imum density excess) is shown in Fig. 180, as is the theoretically predicted
plume axis. The discrepancy js due arth( 0 eereerentaI errors, in particular
In measuring the source radius accurately and in measuring the relatively
weak concentrations far from the source, and partly due to using a fixed value
of y that is certainly too Iar?e for the jet part of the flow, and may be tgo Iar%e
forthe mass-source part of the flow. The mean value of the density differenCe
on the plume centre-line is E_Iotte_d on F|%. 19, as is the theoretical Predlctlo_n.
Note that the observed density difference is ?enerally larger than the Fredlc-
tion, suggesting less entrainment than predicted (smaller e% which would lead
to greater vertical acceleration,

e maximum height to which the upper plume houndary rose, zM was
measured from photographs,_and non-dimensionalised with” respect to the
length-scale Lx (see eq. 22). These results are shown on Fig, 11, where each
Pomt represents the average over several experiments with different values of
he flow rate. The comparison with the thegretical results was discussed in
Section 4. Some experiments were performed with the tube set vertically, so

Tatlih

—10ep=

F
-
n
3

(o]
4.
-

20 cmT- (b)

theory

-10--

Fig. 18. (a) Vertical, time-averaged concentration profiles measured at various points along
the plume centre-line. The injected fluid is denser than the surrounding fluid and was
injected at 45 . (b, Position oft eP_Iume centre-line estimated from the experimental results
shown in (a[) (peak in density protile), with the expected centre-line for comparison. (Non-
dimensional scales.)
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density

Fig. 19. Density difference between the plume fluid and the ambient fluid from the experi-
ment shown inFigs. 16 to 18 (time-averaged on the plume centre-ling), with the theoretical
result shown for comparison. (Non-dimensional scales.)

that the rlsm? Bart of the plume entrains fluid that is faI_Img back down. This
helg_ht cannot_be predicted by the theory above, since it assumes that only
ambient fluid is entrained. These experiments gave a value of the maximur
hEI?ht of 2M90,)=0.83+ 0.02, in agreement with the valye found by Turper [L2].
Note that this is much smaller thdn the value of approximately L8 predicted b
the model, which does not include re-entrainment of the plume fluid. Thus the
re-entrainment of plume fluid has a substantial effect on the plume.

8. Conclusions

_The_e(i_uatmn_s for a forced, angled plume can_be simplified by non-dimen-
sionalisation with respect to two ¢onserved quantities, namely the uoyancy flux
and the horizontal component of the momentum flux. All such plumes can be
traced hack to a virtual origin, and the shape of the plume depends only on the
anqle of the P]I_ume to the horizontal at this virtual origin. Vertical plumés can be
Inclyded in this scheme, with virtual origin angle +90°. All angled plume shapes
car, be ?rouped into three categories, first introduced to describe vertical plumes:
(i).. 1T the momentum flux t the virtual origin is zerg then no angle can be
defined and we have the sgeual case of tiie vertical, straight-sided, pure
plume, half-angle tan_1(6a%). . _
1) [fthe momentum fiux at the virtual origin is upward (or horizontal) then
he plume spreads initially at a haIf-aane of tan~1(2a). We have referred to
this category as the byoyant jet. The plume centre-line curves towards the
vertical and’the spreading angle tends (downward) to that of the pure glume.
The change from the jet"spreading angle to the plume angle occurs more
s_harpI%/ for plumes directed further from the.ve_rhgal. -
(i11) "Ifthe momentum flux at the virtual origin is downward then the initial
sgread IS as for a get._ In this case the fluid s decelerated bX the_ buoyancy
force and the spréading angle increases. As the plume centre-line curves



% GF. Lane-Serffet al\J. Hazardous Mater. 33 (1993) 7 99

upward the fluid is accelerated and the spreading angle decreases, for plumes

with virtual origin angle less than approximatély —60° the radius actuall

decreases. As the é)lume centre-line curves upward the spreadmg anqle tends

(upward) to that of the pure plume. This category we have refefred 10 as the

mass-source. In this case the mean along-ﬁ)lume velocity has a minimum and

a maximum (See FI%. 14). whereas the Velocity decreases monotonically. for

cases (1) and (i1). Note also. that part of the solution near the virtual origin

will be unphysical for sufﬁuentlY steep values of Qo. due to the model Not
allowing for re-entrainment of plume fluid. In particular, for 0o=—90" the
solution’is unphysjcal until the flow is upward. _

The overall size” depends on the length scale LA defined above. For the
vertical plumes it s, however, necessary to trace the solution hack to the
virtual origin to find a useful scale for the momentum flux, which can be used
to define & length-scale, Lv. Because of this_last feature we regard vertical
plumes as a very sgemal case of the generality of angled plumés. This is in
contrast to the dsual approach which s to consider plumes with a horizontal
component of momentym flux as merely a minor departure from the vertical
case, as is, for example, implicit in the dimensional analysis approach to
Predmtmg maximum depth ofa downward angled buoyant plume, of explicit in
he approach used by Germeles [4]

The virtual origin” angle, and thus the shape of the plume, can be deter-
mined from the source angle and the non-dimensionalised source mass flux.
While the variations of the velocities and densities from the mean and the
details of the eddies and entrainment is beyond the scope of this approach, we
have shown that the theory rgredmts some 0fthe mean properties and the basic
shape of such plumes reasonahly accurateh(. In fact the entrainment assump-
tion describes the flow su_rprlsmgly accura er!¥’ g[n_/en that the_observed velo-
city and density distributions aré heither synimétric nor self-similar. We con-
clude that the average entrajnment into thg IE)Iume I described adequately by
aP average entrainment velocity proportional to the mean velocity in-the

ume,

: In this model we have kePt a constant, though there is evidence that
the nature of the entrainment, and thus the value of a, varies for different
t Pes of plume flow ﬁee, for example, Turner [1%!. Altering the value of a
alters.the local length-scale and. the spreading argle of the plume, and the

exPenmentaI evidence is that this reduces the"difference in spreading angle

between éet and plume flows ﬁredicted_b theories such as the ong given
here. One may r gard different spreadm% angles predicted by our. theor
nges In the nature of the flow, and thus the entrainment,

as p_omtm? out ch _
at different points on'the plume. 1t would be possible to recalculate the results
with a allowed to vary according to the local nature of the flow, It is important
to note_that this would not affect the result thaj the Plume shape is entirely
determined by the virtual origin angle, since different plumes with the same
virtual origi anﬂle WOLHd hﬁve changes, e.g. from jet to plume behaviour,
at equivalent points on the plume.
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This model does not allow for stratification in_the ambient fluid. In many
cases the stratification will not be important until the plume is rising almost
vertically, where previous models (e.g. [2, 3]) can be used. Stratificafion will
not be important in the neighbourhood of thé source provided that the densﬂM
changes in the ambient flUid over the length scale of the ﬁlume are sma
c%mpar_ed with the density difference between the plume and the ambient fluid.
This criterion requires

N<FOHO, 2

where the ambient stratification has buoyancy frequency N = (cplczg_/P)_]JZ

When stratification is impartant this can be taken intd account by mo |y|ng
equation (1%) (the buayancy flux is no longer constanR 50 that the right Han
side of the density difference equation beComes N2VR2 However, this is not
entirely satisfactory since under such strong stratification the (Jo_lume Cr0ss-
sectiori becomes elliptical, with greater spread in the horizonal direction and
reduyced spread in the vertical direction because vertical motions are impeded
by the stratifjcation. The reader is recommended to see Hofer and Hutter FG] for
a‘more detailed analysis,
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A model of the motion of a heavy gas cloud
released on a uniform slope
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Abstract

A model is ﬁresented,ofthe motion of a heavy gas cloud down a uniform slope in calm ambient
conditions. The model is derived from solutions of the shallow water e_%atlons_wnh appropriate
boundary conditions. Its predictions are shown to aFree adequately with experimental results in
calm conditions, and a possible generalisation to allow for the presence of a wind is discussed.

L Introduction

Integral (or box) models, of gas dispersion are now a standard tool for the
analysis of flammable and toXic hazards, posed by major industrial plant.
Recént developments, including work under the r_ecent¥ completed Major
Technological Hazards programme of the Commission of the European Com-
munities, nave been aimed at extending the understanding of heavy gas flows
to situations where the nature of the térrain, or of structures on it; may have
a significant effect on the dispersion.

One such relatively simple situation is that where the ground slopes. Hazard-
ous clouds are ver% often significantly heavier than “air and such sloping
terrain is known to have a important effect. Models of the behaviour of a heavy
cloud released mstantaneousl_{ on a slope have recently been presented by
Deaves and Hall %and by Nikmo and Kukkonen [ ° .= .

Each of these models is"an mtum\_/el}/ agpealm eneralisation of the flat
ground integral model approach to include the eftect of slopes. However, in
eafh case the eff?ct_ of the slope is _onlgf found with a numen_callt}/_ computed
solution to a set of differential equations. Whilst this situation is quite usual, it
1S h|?hly desirable to_have a more direct understanding of the nature and
effects o0f the assumptions involved in such models.

Correspondence to: D.M. Webber, SRD, AEA Technology, Wigshaw Lane, Culcheth,
Warrington WA34NE (UK). Fax: +44-925-254-537.
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The |mportance of such an understanding cannot_be overstated. Credible
hazard analysis can onl comeaboutusm models which arewellvahdated on
ofnecessngsma scale data, and which |ncor orate soun P sical assump-
lons (and accurate calculational methods) i xtra?o ating théir gredmtlos
to larger scales. In situatigns where data are relatively sparse, and the possible
valjdation therefore relatively incomplete, the importance of the sound phys-
ical assymptjons is highlighted still further,

Our objective here, then Is to examme the very simple case of a heavy cloud
released mstantaneously ontoa un| orm sIope ang dlspersmg isothermally in
awa which 1s known t0 conserve uog/ancy We shall focus here on the effect
of th@ slope on the overall motion ofth cloud, rather than on any effect it may
have on dilution rates. In order to do this, we shall start byd|scard|ng all gther
com I|cat|n factors. We therefore restrict ourselvesapnon to the case of zerg
wind, and idealise to the extent that no mmnfg IS assumed. This, as we shall
shﬁw aélows t(}:]ons|derable progress in understanding the effect of the cloud
alling down the slo

In particular an epquanon S denved reIatmtg the cloud’s terminal velocity
down the slope |gwhere gravity hal ances resistance forces) to its_density and
volume, and fo t giradlento the slope. Comparison with data will show that
this assumption yields very plausible results

2. Two-dimensional releases on slopes

2.1 Introduction

Our main purpose is to present results for the case of a three-dimensional
cloud released instantaneously. The derivation of this model, however, relies
strongly on the two-dimensional results already presented by Jones et al. [3]
which e shaII therefore rewew briefly here,

The essential assumpt|on ofour a proach I that it is reasonable to consider
the motion of a cloud on a slope, inae Spen ent¥of|tsm|xm with the ambient
air. Thus we are attempnn 0 assess how a |ct|t|ous cloud of fixed density
might behave on a slope. Ofcurse, any com ete mo eI of gas.cloud behayioyr
[ane st model mixing accurately, and we shall return to & discussion of this

The behaviour cfa cIoud of fixed dens| Oy is readily accesslble via the shallow
water equations, which contain the a ed assum tions that the cloud is of
Iarge horizontal extent compared with its deptn, and that the slope is not too
steep. That is to say, If we designate the fluid depth as H. the horizontal extent
A, and the gradienit of the slope T: we require H«A and T«1. Later we shall
discuss the re%|mesH O?FA and H»0(V A). Let us note here that these are
not incompatible with the formal restrictions Imposed by shallow water theor
For our purposes here, when we refer o a “tall” cloid we, mean H» O(rA)
rather than one which violates the shallow (H «A) assumption.
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2.2 The two-dimensional shallow water model
The shallow water eriuatrons 'n one horizontal dimension (rmplyrn? a two-
drmensronal flow when the vertical, depth-averaged dimension'is counted) are:

il )

du cu  oh
Tt+Ubx+g dx=° @)

Here t is time, and x i the horizontal space coordinate. The fields are_the
horizontal velocity_u and the height h of the top, of the cloyd above a fixed
datum (see Frq 1) The uantrt a IS the height of the ground level above the
datum, so that h=a is the fluid depth. We are consrderrngacloud of density
p spreading In an ambient atmosphere of density paand g" is the reduced
acceleration due to gravity

0"=q(p-p*)/p )
In the case studied here, as mixing is not yet incorporated into the model, g" is

The fact that there erI be si dgnrfrcant resistance exerted by the ambient air
to the cloud spread is embodied’in the boundary conditions. This resistance to
motion can be incorporated [4-7] in the boundary condition

uf=k(J g '(h-a)f (4)
where g" is defined, (slightly differently from g") by
g'=g(P~Pa)IPa ()

and (h—=a)f, uf are the fluid depth andE orma I component of) velocrt% at the
edge of the cloud, and kfis a constant (0(1)) Froude number. (Note that k(s

arctan T

_________ Y R —

Fig. 1. A gas cloud on a slope; definition of geometric variables.
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not identical to the similar quantity used in integral models, which is based on
the mean depth rather than the frontal depth;for self similar flow the two
FroHde cons Ents have a copstant ratio. : .

The above boundary condition expresses a resistance pressure of the ambi-
entba|rtafr|1d_dwe shall”adopt it wherever the cloud edge is moving into the
ambient fluid. . . . .

Wlwere the cloud edge is receding from the ambient fluid we shall adopt the
boundary condition

ht=0 (6)

allowing movement of the trailing edge without resistance. .
. Here Wwe shall consider only a tniform slope, downwards in the direction of
increasing x, given by

a(x) =—Tx U
where the slope V is constant and positive.

2.3 Analytic solution of the shallow water eguations | _

As we have seen [3], there is a very simple analytic solution of the above
roblem, re(Fresentmg a wedge of gas moving downhill at its terminal velocity
corr_esBo_n Ing to a balance 0f gravity and résistance forces). The derivation of

this is briefly ‘as follows. e _ -
. Assume thiere is a “terminal velocity” solution in which the flyid veIocﬂY IS
independent of both time and space. Ifthis is the case, then the first of the two
shallow water equations becomes

(I +HS ) (IIH O)I 0 (a
and the solution must have the form
(h—a)=H(x~ut) 9)

for some function H. At the rear boundary, x =Xh(t), which follows the cloud,
the fluid height is zero, so that

H(Xb—ut) =0 (10

and the origin qf the coordinate system can now be chosen so that Xb= ut. The
boundary condition at the front is

(h—a)[=U[1g'kf (10)
and this can now be rewritten as
HX[—ut)=ullg'kf (12)
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where X{is the_position of the front of the fluid region. The right hand side of
this equatjon is constant, as the velogity is constant (‘by assm tlon%, and
therefore the left hand side of this equation has to be constant. If the extent of
the gas cloud is L =X (—Xhthen:

H(L) =u2lg'k( (13)

and L must therefore be constant, Note %Iso from eqg. (11) that a solution with
constant u implies constant frontal dei)t . _ _
The second equation of the two shallow water equations can be written as

ou _ c(h—a) _
%?J’“Ex“ (cx)r (4

With the velocity u assumed independent of space and time, this equation
reduces to

c(hdx—a) 5

where T=—a/dx Is the %radient ofthe sloge as defined ahove. With h—a of the
above form H(x—ut), then clearly we must have

H(x—ut) =Y[x—uf] (16)
up.to a possible additive constant, (which is simply equivalent to g choice of

origin). The front depth (h—a){is now just YL, and So the front condition gives
the"terminal velocity

u=k{[rg'L]'2 )

It is convenient tq define the two-dimensional volume V of the cloud (the
volume per unit width or side area). For the above solution this is just

V=\L2Y (18)
In terms of this, the cloud moves at a speed
u=214kfY 14[g’2V] 14 (29)

The last factor can be anticipated from dimensional analysis, but this result
does show that the heavly gas cloud (of a given volume and densng MoVes
down the sIoRe with a terminal velocity proportional to the fourth root of the
gradient of the slope.

24 Numen%al solytion of the shallow water equations .

It is worth emphasising that the above analytic solution was originally
found after a numerical_Sqlution had revealed this very simple asymptotic
behaviour at Iarge time. This demonstrates that the solution is Indeed a Stable
one, and is ther&fore valid within the assumptigns. The evolution found for
a wedge released from rest is shown in Figures 2(a-d).
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Fig. 2.(a,b). Motion, in two dimensions, of a “wedge” released from rest, showing the
development of “head” and “tail” regions separated by a hydraulic jump.
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2.5 Comr]went _ : :

. The solution of the shallow water equations discussed above is peculiar
in that the cloud does not spread. This is a consequence of the boundary
conditions, combined with the existence of a slope, The motjon of the down
slope edlqe, IS Just as one would expect for a cloud on flat ground; the collapse of
the upsfope edPe,_and the subsequent H=0 boundary. condjtion, does not
constrain Its vefocity, allowing it simply to follow the fldid motion. In this way
the slumping is turned into a’bulk downhill motion. It is thus_clear how the
assumptions” bujlt into the model can yield this result, which we feel is
eminently plausible.

3. Three-dimensional releases on slopes

3.1 The shallow water model o _ -

The two-aimensional model of Section 2 is interesting but, very restrictive,
More interesting Is the corresponding evolution of a three-dimensional cloud
released on the Slope. Our numerical scheme for solving shallow water equa-
tions cannot yet cope with three dimensions (two horizontal d|_men5|on521 but,
as we shall now show, there does exist an almost equally simple analytic
solution in this case, o , o

Consider first the cross-slope dimension, At first one m|é;ht imagine that the
cloud’s behaviour as regards this dimension is unaffected by the"slope. How-
ever, a cloud which dogs not spread longitudinally on the“slope, but which
continues to spread laterally, seems a littlé outlandish, It would therefore seem
pertinent to assume that a solution exists which spreads neither Iongrltudmally
nor Iaterallg, but moves down the slope with no change in shape. This is the
key to the derivation of the appropriate solution.

311 Shallow water equations o
FoIIowmq the method adopted for the two dimensional case, we take the
shallow water theory in the horizontal plane with coordinates . in the form

G riun a)=0 )
Wy u-Yurgh=0 o)
with ¢" as before, and a uniform slope

a(x)=Txeh (22)

where, in keeping with our earlier two-dimensional formalism, we take
«=(-1,0) )
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\\

Fig. 3. A three-dimensional cloud moving uniformly, at constant velocity with no change in
sr%a% e. ¥he shallow water equations with appropriate boundary conditions admit a solution
0 |s orm.

in the (x,y) plane. We shall now show thaf there is a solution for a cloud of
constant umform velocity, flat top, and fixed shape, exactly as in the two-
dimensional case. Figure 3‘ illustrates this situation.

3.1.2 Solution of the equatio

In fact It is clear that there is a solution of the equations with

u=—un (24)
with constant u, and

(h—a) =H (1 (ut —)) (25)
with

\H = 1 (26)
implying

H=Yn-(ut—x)

M eTrggrbg? ﬂ%rycl%%r&dgi[}oar}nath?se 7610 depth and, at any given time ¢, is
a straight line across the siope given by

x-Xb(t,y) (27)
fory in [—Y, +Y], where

Xefiy)=ui+(0y) v

and v is the overall half-width of the cloud at the trailing edge.
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3.14 The houdnary condition af the front o . .
Havin t?wus satigfied the trallmg boundary condition, it remains to satisfy

the 1‘ronfJ condition. Let us take thé length of the cloud in the direction of the
slope to be L(}Q as illustrated in the plan view of Fig. 4 This is such that
L(=y) =L{y)"L{Y) =0; and we define L{(0)= A The front condition

uf=k{Jg'(h-a)( (29)

Hiy) = . Lly)

Hiy)
SIDE Liy)

Liy)

T0P

Fig. 4. Determination of the shape of the cloud from the boundary conditions.



D.M. Webber et al.jj. Hazardous Mater. 33 (1993) 101 122 111

is now defined for a front velocity component u( orthogonal to the edge of the
cloud. Therefore

/ dL\?
uf(y)=u/ 1+ a;)

%)

(
at a transverse distance y from the centre line. At this point (h—a)t=YL(y),
and so, after a little manipulation, the boundary condition gives the' equation

dL u?
&~ kTl (&)

from which we deduce

A=u2tkfgT (32
and

dL 1-L

N )
where

L=L\A,  y=ylA (34)

The solution of this equation may be written parametrically as
L=c0s2m
y =to+costosinto (35)

This shape is illustrated to_scale, in FiTg. 5. This completes the three-
dimensional generalisation of the simple free-fall cloud presented for two-
dimensions in Section 2

3.L5 Properties of the solution L
As we have already noted, the velocity u is related to the overall length A of

the cloud by

u=k(Jg'y A

As before, it is appropriate to relate this to the volume V of the cloud. This is
given by

*2A L(»)
V= [ dy | dx-[[x]=TA’Qs (36)
0

N
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L a
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Fig. 5. The scaled plan view of the cloud. The full width (Y)is n times the length (X).
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where
j dw oot to:% (37)

Our final result for a cloud of given volume and density is that the free-fall
velocity on a slope T is

u=r 16k(T \g'V' 3 ®)

This is slightly different from the two-dimensional result. The final factor is
again as expected from dimensional analysis, but the slope dependence is now
acube root in place of the fourth rodt wich pertained earlier. 1t is also
|r|1terest|n9 _tolnote the prediction that the cloud Is n times as wide across the
slope as.ifis long. _ _

xamining theg solutjon, we can again see how a non-sPreadm_g cloud can
come about: In the longitudinal direction it is exactly as i the two-
dimensional case. The edge velocity is at all points normal to the cloud
boundary, but is exactly accounted for by the overall motion of the cloyd. At
the outside rear edge where the normal points across the slope, the depth and
the spreading velocity reach zero together, allowing a non-spreading solution.
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3.2 Air entrainment . ]

Modelling air entrainment in the context of the shallow water model is
a fairly complicated exercise. A very practical course, however, which is in
keeping with the lohnosoph of simple integral models, 15 to assume an air
entrainment model into g cloud which continues to move on the slope. in the
above self-similar way. (We shall discuss, the possibility of introducing an
3mb|ent wind_ later.)"This_is not inconsistent with thé sort of behaviour

Iscussed oy Britteret al, [8, _ o

In this case the entrainient is assumed just such that. the relationship

between down-slope velocity u, volume v, -and density (implicit In g~ is
reserved. This allows a ve_rfy natural generalisation of iritegral models on flat
round to the case of a uniform slope.” _

However, if we set out in that direction, any test which we were to apply
to the model would depend both on the entrainment model and on the down-
slope free-fall model considered here. It would be far preferable if we could test
the ideas presented here, independently of the precise details of any entrain-
gnegﬁto rqnodel. In fact we can do this to some extent as is shown irf the next

4, Comparison with data

4.1 The experiments of Schatzmann et al. [5_|
4.1.1 Introduction

As part of their contribution to the CEC Major Technological Hazards
progect, Schatzmann et al. 0[9] used a boundary_ layer wind tunnél to model an
Insfantaneous_release of a dense gas on an inclined plane in conditions of zero
ambient flow. This corresponds as closely as possible to the idealisation in our
model, and so it Is inter stm? to compare the predictions model with these
results. (Steady-continuous refeases were also performed, but consideration of
these 1s outside the scope of the model presented here.)

4.1.2 Experimental set-up . . .
In these experiments instantaneous releases were achieved by filling
a 450 cm3cylinder with a mixture of sulphur hexafluoride (SF6) and dir to thé
reﬂuwed d nsﬂy and then abrugtlx retrac_tmg the side walls into the wind
tunnel floor. Ground level SF6 concentrations were then measured af e_u_iht
points down the_sloéi)e %hree on the centre ling, five off axm? using artificia I%/
aspirated hot-wire anemometers wﬂhasamglmg rate or either 10 or 125 Hz.
The_concentration time history from each of thé sensors is available without
additional filtering or averaging. . L o
Each release was repeated five times using identical initial conditions with
zero ambient wind. Three different inclines;” ranging from 4% to 11.63% (See
Fig. ll)rowere also used. Note that the largest of these, r=0.1163, is still

a Shallow slope in the terms discussed earliér.
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4.2 Comparison of the model with the data
4.2.1. Model considerations L .

It js desirable to compare the predictionsof the model, independently of any
particular entrainment model. As it stands in Section 3 the model relatés cloud
velocity with slope, dens_ﬂK and volume without recourse to any free para-
meters:(apart from kf which is already effectively determined from the Clou
spreading law on flat ground). It is therefore odr objective to extract these
quantities from the data in order to test the predicted relation:

u=Q fUBekfT~3yjg" v (39)
obtained ahove.

4.2.2 Data reduction, .

In order to do this, we need. to know the cloud volume and the relative
density excess as a function of time and sPace. In order to avoid complications
which’might arise from cross-slope density variations, we have chosen in this
studty t?_ Use only the data from the threé sensors which there placed on the
centre ling, s

For all ?n‘t_een instantaneous release onto inclingd planes pure SFewas used
as the working fluid. Assuming onl¥ that this is an isothermal flow of an
approximately Ideal gas, we know that the flow is buoyancy conserving. That is
to say that the cloud-averaged mean density excess

A=(p-pa)/Pa (40)

is directly proportional to the concentration (contaminant mass per unit
volume), and is therefore related to the volume v by

MVO0=A'V (41)

where subscript 0 indicates the initial values. |

For the moment let us make the bold assumption that we can use the
measured concentrations as representative of the mean values, and return to
argue about this later. In this case the concentratl?n_ measurements give
Immediate estimates of density and volume via these relationships, From thiese
we calculate our model prediction for the cloud velocity u, and test to see
whether it agrees with the observed rate of travel. _
. Schatzmarin et al. | Bre_sent volumetric concentration c as fraction of the
initial concentration ( J In the cylinder before the release took place. From
this we estimate the volume as

yly0=(c/c0)-1 (42)
and find the required combination of variables
g'V13=g'0M0V -23 (43)
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TABLE 1

Resuitant estimates of cloud velocity of cifferent slope

Sensor position c/c0 o (s )
ki 26 10 )
i F :
ok 0 1
et 1t oiﬂ% 1
i) ; 030
Gy Wl B

wherein g0V0 can be calculated from the initial conditions. The resultant
estimates of the velocity u are given in Table 1, taking the concentration (C)
from the mean of the maximum concentrations measured by each sensor durlnﬁ
the five repeats, and taking. =107, a mean spreading Fioude number whic
has heen seen 104 to oPt|m|se fits to Thorney Island [1.e. flat-ground) data. .

We cannot measure the cloud advection velocity directly from the experi-
mental data, We can, however, obtain the cloud arrival time at the three sensor
locations. Bg plotting arrival time against distance from the source we do pet
at least somé indication of the cloud Velocity, even though there are only three
data points for each run. In Figs. 6(a-c) we'have plotted arrival times (+) and
drawn a smooth curve (dotted line) through the data to guide the_eye. Our
predicted velocity is shown as a short line With the appropriate gradjent (u) at
each data point.”If our model were exactly correct, and the extraction of the
cloud volume and density accurate, then these lines would be tangents to the
curve. Given the uncertainties in the data extraction grocedure WE regard the
results as sufficiently good to support the shallow water model aPproach.
_Itis worth noting’that the wedge-shaped flow of our model will take some
time to 1(set itself up, and we shoul ther$fore expect the model to be better in
the far field. The near field data must reflect the initial slumping which is not
considered in the model we have presented. It is also interesting that the model
seems best when applied to the shallowest slope.

5. Discussion and conclusions

5.1 Significance of the results . _ :
Our’interpretation of the data is of necessng very cryde. The assumption
that the measurements reflect the average concéntrafion (or more particularly
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the concentration which corresponds to the best choice of density in the
shallow water model)[ looks at first sight to be somewhat cavalier, and to tak
rather. too I|teraIIIy he old box mode| idea that concentration and density
va(ri|at|ons atre_ (\j/velt represented by profiles which are uniform within the cloud
and zero outside tt.

However, let us now _surﬁJpose_th_at the profiles are merel¥ self-similar to some
reasonable apsproxlmatlo_ . This is still an assumption of course, but a much
weaker one. Self-similarity means that the clou -avera?e concentration and
density are smgly constant multiples of the _ground-leve centre-line value. In
particUlar the combination AV, (where A" IS now hased on the groung-level
centre-line density) wauld stjll be copstant in the_ self-similar reglme._ There IS
still some uncertaity in evaluating this from the initial (non-self-similar state)
but this |? r%duced bly the square foot in evgluatmg the velocity.

All'in all then, we regard the comparison shown If Figs. 6(a-c) as successful
to the degree of accuracy which we can expect of the model. In particular the
predicted’r 13dependence Is not unrealistic. It is, however, difiCult to test the
precise form of this slow dependence on a limited data set. Further data on
even shallower slopes m|%ht be more reveal_m(i In this respect, _

Itis also worth noting that slopes of practjcal interest m ¥on| be up to Lin
10 or so (T=0.1) which”are therefore treatable within this framework,

A general insensitivity to the slope is noted by Britter et al. [8],,Theg
howeVer quote a dependence of the cloud velocity on the sIoP,e ofsin 9/
compared to our result of (tan 0)13 Our methods dre inappropriate to large



118 DM. Webber et al.jJ. Hazardous Mater. 33 (1993) 101-122

sIo es, hut clearl therrex ression cannot be valid close to 0=0, and so a direct

arrson rs dr rcult It 1S made more difficult by the fact that our result is for
a cIoud of fixed volume and density, whereas Britter et al. [8] discuss the
velocity of entraining clouds. There’is scope for further work hére.

5.2_Further comments
There are two possible ways of seeking further confirmation of the model,
which we can contemplate here.

5.2.1 Development of integral models

One way is to combinethe rdeas above with a srmPIe computerised model.
Entrainmeént can be rntroduce In the usuaI way although there is clearly
some freedom ahout h ow exact| (Y to do this. The Simp Iest way of allowing for
advection with the wind is to ad thesolpe generatedve ocity discussed here to
the wind-advection velocity gvectorra The predictions of such a model
could be compared with a wider data-set. Let us emphasise, however, that this
approach would be validating a wholg combrnatron ofdrfferent aspects of the
model, including entrainment as well as bulk motion, and there ore, w hilst
having Its own” benefits, loses some of the advantaqes of the simple test
presented here. A combination of the two approaches is therefore desirable. We
Intend to pursue this avenue.

5.2.2 Further qualitative predictions of the model

The model presented here has two %ualrtatrve asldects which drstrngursh it
from the results of ohher é)proache In principle these can be tested if
appropriate data are obtaine

irstly, the aploroach presented here gives rise to a picture of slumping

followed by trans atron fora cloud released from a hrghrsh aspect ratio in calm
conditions, ( B?/ Ish” we mean the régime disCussed earlier where the
cloud 1s tall refativeto the drop in the slope, but still shallow.) This separation
of slumping and translation contrasts with the slumping accompanied bg
downhill motron found n the modeIs of Deaves and Hall [1] and Nikmo an
Kukkonen [2], In our agéaroac this rsaconse%uence of the"boundary condi-
tions: whrlet e uphill gdge depth_and the downhill ed e depth are the same,
the uphill boundary will spread In the same wa e downhill one, The
material will rearran%e itself within the boyndari ssot at the centre of mass
moves downhill, but only when the deﬁth of the cloud Is comparable with the
drop in the slor%e over itS length will the overall downhill translation become
apgarent ately the dravrty sldreadrng IS predicted to stop, and any cloud
q wth erbe ue purely o the relatively slow process of entrainment. This is

|ustrated in a two- drmensronal numerjcal solution ofthe shallow water model
shown in Frgs f(a f). In this illustration the cloud IS started off as close as
possible to the paratiolic-topped, flat-ground simi arr%so ution varrousyd
scribed by Fannelop and Jacobsen [5], Wheatley and Webber [4], Grundy and
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Rottman [6] and Webber and Brl% ton [7], This shows the onset of a significant
deviation from the self S|m|ar ehaV|our introduced by the slope,“and the
transition to the “wedge” behavioyr described here,

Secondlﬁ the cloud width predicted by the model is n times its overall
length. Whilst exact confirmation of this is‘unlikely given the oversimplicity of



120 DM. Webber et al./J. Hazardous Mater. 33 (1993) 101-122

0.6
f ©
I L [
< 0.2
€ +
< oL
=4
‘@
- =
- o 2 -
Sob KEY
F| —— Time is 40.0 seconds
0.6 [|---- Time is 60.0 seconds
ERGR § EEEE Tire is 80.0 seconds
N Time s 100 secon ds
S shallow 3
-0.8 F (MNOL16212291)
| —— Ground
1.0 AR SR U R T | I S
-4 4y Y a4 Qv ) a
Distance ( metres)
0.5
P
£ (d)
a
E oy
=
o
@
T L
-0.5 r
G !
-1.0 KEY . .
F| —— Time is 125 seconds N
| === Tim2 is 150 seconds { N
[|----- Time is 175 seconds A 3
<+ Time is 200 seconds : :
1.5 shallow 1
{TM 3011515991)
Ground
-2.0 [ 1 U DU S S U S T S Sy | I

100 ) 150 200
Distance (metres)

e O 5 1 M M Y

some of our assumptions, any experimental visualisation of this flow which
showed a cloud to be wide compared to its length would be an mteresnnﬁ

support for this approach — we know a priori 0f no other reason why suc
a e%ult should ap%%ar. : Y
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Fig. 7.(e. f). Continuing the flow from Figs. 7(a-d) in the final regime the hydraulic jump
collapses and the cloud reaches the wedge shape which is moving down the hill butno longer
spreading.
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Introduction

Congress.has mandated that the United States shall destroy its stockpile of
exrstrng unitary chemical warfare weapons and bulk stocks of chemical agents
IncorpQrated into such weapons. This destructron IS directed by the Depart
ment of Defense Authorization Act of 1986 (PL 99-145) whrch Was subseqiuent y
amended to require completron of the disposal process by April, 1
Army and on ress have recentI announced that'the current pro ecteddaeof
com Ietron 15 2004.) Although this action does not eliminate U.S. chemical
war are ca abrlrty brnary agents are excluded), the amount of material to be

|s ose of, along with its extreme toxicity, make the task ofdrsposal one
wh |c should be approached prudently. Chemical warfare arltents 0 be dis-

osed of are curren ly stored at eight separate locatjons in the continental

L, Ina varrefy of munitions [L, 2, as well as in hulk storage.

emet od of choice fordrsposa of these agents |sh|gh temperature ﬁllBO
1400°C |ncrnerat|on on-site at each stoCkpile loCation [L Although
the ro apil |t¥ IS low th atarelease of chemical warfare a entmrgi toceur dir-
Ing t e disposal process, the extreme toxicity of these Chemicals raises cop-
cerns regardrn% protectron ofrndrvrduals |n adjacent communities. Civilians in
these communities are unlikely to h ave read access tos ecialized military pro-
tective clothing ensembles, nor is it likely that all civilian emergency response
?Orottﬁps In these neighboring communities wouId have such protection available

Many ty Tpes of chemical protectrve cIothrng #CPC) materials have been
develop ed or protection agarnst a wide variety of poténtially hazardous situ-
atrons mcludrng accrdent | release of hazardous chemicals, via sprIIs fires
exp osions, gaseous releases, efc. The pertrnent question 1s how wel| would

se various protective materials shield humans from exposure to chemical
warfare agents This research group has analarzed the available open-literature
information regardrn% some commercial CPC materjals in a previous publica-
tion [3]. This report has identified wide data gaps in the characterization of
CPC materrals forerther chemrca warfare auents or chemicals with sufficient
tructyra srmrlarrt and ph srca proIJpertres serve as reasonable surroﬁats
L.e., simu ants The research reported In t e current paper Is an Initia
attemgt to see answers to the questron posed above as part of the technical
assistance sup port that Oak Ridge National Laborator?_r 15 providing the Chem-
ical toc p Emergency Preparedness rogram (C

qoa of this study is to assess the protective capacrt of various cIothrng
materidls by mvestrgatrn g their permeabrlrty and uptake wnen they are expose
to various Undiluted liquid simulants. Useo actuala ent entails Such a degree
of hazard to the exp enmentalrstt at only a very ew aboratories are certified
as surety facilities and permitted to per Qorm war are arrrent experiments, Oak
Ri quatronaI Laboratory 1s not a surety facility. Thus It 1S common practice tg
employ the use of simulants, which mimic the chemical agents sufficiently well
to provide useful data, but do not exhibit the extreme toXicity of live agents.
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. The question of what testing Prot_ocol provides the best indication of chem-
ical resistance for a given P_ro ective material IS an jmportant one, Visible
changes in material properties ge.g., swel_lln[g, bI|ster|n%, efc.) provide only
crude indications of the effect of the chemical’on the protective material, and
permeation of the chemical through the material may occur long before visible
outward signs of degradation. This study investigates two important end-
points, viz., breakthrough time, defined as the time required for a detectable
amount of chemical to diffuse through the CPC material: and permeation rate,
which is a measure of amount of chemical permeatln(I; the material as a func-
tion of time. Breakthrough time Browdes an excellent parameter for compari-
son of the resistance of various CPC materials to a given test chemical, i.e., the
longer the breakthrough time, the more resistant'the CPC. The permeation
raté’ s of less obvious application, but provides useful information about the
Ehysmoche,mlcal_re5|stance of the CPC material to the test chemical. This
study also Investigated the effect of a one-hour immersion of each CPC mater-
ial 1n each simuldnt to determine the_ uptake of simulant. Other studies have
used this apgroach #], and it can provide additjonal useful information re%ard-
Ing resistance of laminated materials to solvation, changes in physical proper-
tigs of the protective material following contact with the chemical, etc. [t is
certainly not to be taken as a direct indication, of protective material resis-
tance, since total immersion does not at all mimic the intended apPllcatlon of
the material (1., on pormal application, only the resistant surface of the
material Is exposed to the chem a_IJ. Although this |nf%rmat|on_|s of interest. it
should not receive,primary consideration i rating the effectiveness of CPC
resistance to chemicals. Of course, all these endpoints are_influenced by many
other parameters such as thickness ofthe protective material, congentration of
the challenqe chemical, temloerature, etc. Some permeation studies utilizing
chemical solvent or low-molecular weight organic compounds have been ré-
ported In the literature, hut these do not dirgctly or indirectly relate to the
chemical warfare agents [3] _ o _

This paper describes the resubs of permeation studies using a new, simple
and sensitive procedure recently developed at Oak Ridge National Laboratory
o] to evaluate the efficacy of CPC materials agal_nst_C agent simulants using
oom temperature luminescence quenching of an indicator compound (phenan-
thren_eg on stan_dflrd filter ﬁ]aéper. The Procedure t$sted thirteen protective
cloth] g materjals for Eer ation resistance to four different Simulants,
Breakthrough time, uptake of simulants by the materials, and permeation rate
were deterniined at 25°C.

Materials and methods

ChTeeTBil%aslsl and 2 list the princ

: ipal chemical warfare agents In the unitary
stockpile and the compounds used as simulants for e

ch. The two major
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TABLE 1
Structural formulas and selected physical properties of chemical warfare agents

Parameter Agent
GB VX HD
Chemical name  Isopropyl methyl 0-ethyl-S-(2-diiso- Bis(2-chloroethyl
(formula) phopsptﬁjgnofluor/rdate propyl am(rno -ethyl) sulfide (C4H8(3123)
(CAH 10FO2P) n;le t}yl phosphono-
(CLIH26N 02PS)
0 CH, o CH(CH,),
Structure (CHYXHO p ch3 P S CH CH N ci- dh4 S Can* Cl
. C:H,0/ XCH(CH,),
Molecular weight 1401 2674 159.1
Physical state (at Liquid Liquid Liquid
room temperature)
Boiling point 158 C 298 C 215-217 C
égpgg pressure 2.9 mmHg 7x 104mmHg 0.11 mmHg

cate orres of stockpiled chemrcal warfare agents, nerve agents and blister
agents are re resented in Table 1by GB (Sarin, a nerve agent), VX (nerve
ajent) an varrous caIIed sulfur mustard, mustard 0as, mustard, etc.).

e.simy ant ch emrcasc osen were recommended by th estponsonng agency
&Offrce of Assisfant Secretar of th eArmg ) and researc staff of the Chemicdl
esearch DeveloBment anq nrirneenn enter ( CRDEC? at Aberdeen Provrn%
Ground, MD. Tables 1 and 2 also list pertinent physical properties of agent
and simulants. The various simulants were obtarned from the tollowrn sour-
ces and used without additional purrfrcatron nsopropg meth ){ r% osp onate
DIMP) (98% ure% SJohnson Matth eY Eectronrcs |met eth S-
honase (DMMP) (technical ?rade) (A E)ha Proqucts); malath |on SMA )(96‘V
pure) (K&K Fine' Chemicals, Tnc.); dibuty! sulfide (DBS) (96% pure) (Aldrich);
Phenanthrene the detection’ chemrcal for the permeation Studies, was obtained
rom Matheson Coleman and Bell.

CPC Mat

Thrrtgenrdrtterent CPC materials were chosen as representative materials
from a broad selection_of generic classes e% y one material composed of
butyl/nylon/butyl laminate, one of Viton® polyester Viton laminate, even

Viton® fluoroelastomer is a registered trademark of E.I. du Pont de Nemours & Co.
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TABLE 2

Structural formulas and selected physical properties of simulants used in this study
Parameter  Simulant

DIMP DMMP MAL DBS
Chemical BGB Simulant) VX simulant)  (Organophosphorous  HD simulant)
name iisopropyl imethyl esticide) (C8H 185)
(formula) methyl methyl Dimethoxy-

phosphonate hosphonate Bhosphiho_thioyl)

(CTH'170P) FCSH 03P) utanedioic

acid diethyl ester
(C10H 195206P)

Structure (CH), CI-C\O CH,S\(F)’ o CHO s

(CH32 chel CHOX p}ﬂt@“P C(?oocg:ckrl-se D o
Molecular 180 124 330 146
weight o . o
Physical Liquid Liquid Liquid Liquid
state
(at room
femperature)
Boiling 66 C 181C 156-157 C 188- 189 C
point (3mmHgl
Vapor _a — 4x10“5mmHg —
pressure (30 C)

aNot available.

though there could be several CPC materials made by different manufacturers
em1p oyin tesame abric compasition).
abe (see Resuhs Section) lists the various CPC materials tested, their
manufacturer and pominal thickness of the various materials. A number of the
materrals are laminaes, and are so indicated In Table 3 by naming the indi-
vidual Taminating layers of the laminate “sandwich™ (as butyl/nylon/
but nm In the case ofsomematerrals no rnformatron regardrn com osrtron or
ination was available, and the materra 1S srmp Iy listed. es from
goveswere taken from the palm ofthe glove: samples from sheetmat rial were
ut from the edge, and samples from protectrve surts were taken from the syit
sleeves. Duct taope was added to the original list of 12 CPC materials due to its
extensive use to seal suits to gloves and suits to footwear.

Experrmental protocols
Breakthrough time studies
A-cm digmeter circle of the CPC material was positioned over the open
end ofa glass vial (254 cm long with @ 2mL volume) containing approximately
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1 mL of pure I|%U|d simulant, A 1.0-cm circle of phenanthrene-treated ﬁee
Analytical Procedure Section) filter paper (Whatman 41) was centered over the
bottle mouth on top of the material, and a second larger lmece_ of filter paper
acted to hold the 10-cm circle in contact with the matérjal. This arrangement
of battle plus CPC plus indicator paper was.mounted in a clamp (Fig. 1) to
provide a seal between the CPC and the vial. To initiate a breakthrolgh
measurement, the vial was inverted so that the liquid simulant contacted the
outside surface of the CPC sample. _ _

A series of specially designed exPosure cells using glass vials [5] were set up
and inverted at the same time. After selected inteyvals, individual vials were
returned to the upright position, the clamp was lopsened, and the ingicator
paPer was removed and analyzed. Figure 2'schematically shows the principle
of the fluorescence quenching technique. The time nterval at which individual
vials were selected for meastrement varied considerably, depending uPon the
speed with which the simulant penetrated the CPC material. For extremely
resistant materials, the sampling interval might be 1h or more, while for easily
P_ermeab_le materials, sampling intervals of 30s to Imin were uged. For a par-
icular simulant, the first vial which showed a quenching of the fluorescence of

SUBSTRATE

TREATMENT
WITH

IC COMPOUND

|

EXPOSURE WITH CELL

CHALLENGE LIQUID

ERIAI

STOP EXPOSURE
REMOVE FILTER PAPER
SUBSTRATE

INSERT SUBSTRATE
INTO LUMINESCENCE
READER

Fig. 1. Experimental apparatus schematic for break,thr,ou?h and rate of permeation study
and schematic for fluorescence measurements (IC = indicator compound).
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A) UNEXPOSED IC COMPOUND

410 nm

B) IC COMPOUND EXPOSED TO SIMULANT

E

Fig. 2. Principle of the fluorescence quenching technique: (A) Representation of fluores-
cence emission of phenanthrene (10 2M) coated filter paper, excited at 352 nm and having
a fluorescence maximum at 410 nm. (IC = indicator compound?; SB) Representation of fluores-
cence intensity decrease of the phenar.threne-coated paper following exposure to simulant.

the indicator paper. (?ee Analytical procedure Section) was taken as the

breakthrou%h vial.“ The time at which this,vial was sampled was therefore
the breakthrough time. Each breakthrouqh time indicated in Table 3 was the
average value of triplicate experiments, In the case of a few CPC materials,
there ‘was significant adhesion of the indjcator pa%er to the CPC. In these
circumstances, the indicator gaper was analyzed on the og 0site side from that
which contacted the CPC (see Analytical procedure Section). Breakthrough
times given in Table 3as greater thari some set time (e.g., > 24'h) correspond'to
solutions where the indicator paper/CPC sandwich left in contact with the
chemical for the indicated period of time ﬁrowded no measurable evidence of
chemical contact during the period of 24 h observation.

B._Permeation rate, studies . . .
The hasic expenmental protocol consisted of measuring breakthrough (if
any) of simulants after specific time inteyvals, The eﬂoenmental set_—ug Was the
same as for the breakthrou?h time studies described above. A series of repli-
cate exposure cells were alf inverted at the specific time intervals followin
exposure. The indicator papers were removed from these vials and analyzed:
A curve was constructed in which the amount of chemical which penetrated
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the CPC material was plotted as a function of time after initial breakthrou?h.
Each experiment was carried out in triplicate, and the curve was constructed
using average values.

C. Uptake studies : :

A (E_].(Licm_émmete_r circle of the CPC material was_placed into LmL of the
chemical simulant in a closed vial for Lh [5]. The disc of CPC material was
accurately weighed before and after immersion and the weight gain was
considered an éstimate of simulant uptake. In addition to this measurement,
the change in physical characteristics of the CPC material foII_owm? immer-
sion was note aongz with any other observations (e.g., leaching of colore
dyes/adhesives from the CPC material).

D._Analytjcal procedur : - :

_Thea a|yt|c%5 p_rocegure develo%ed for these permeation studies is described
in detail in"a previous report [5]. Briefly, Whaiman No. 41 filter paRer (12em
cw_clesé} was treated with 125 mL of 1x 1(T2M. phenanthrene in ethanol and
dried at room temperature. This served as our indicator paper. Following the
simulant exposures as described above, the indicator paper circles were re-
moved and dwectlg analyzed for fluorescence. No chemical extraction was
necessary for the. analysis. This lorocedure therefore avoids the cumbersome
separation techniques”that would be required for a gravimetric (classical)

analysis.

AI¥ f?uorescence measurements were made using a Perkin-Elmer Mogel
MPF-43A fluorescence spectrophotometer equipped with a 150-W xenon excita-
tion source. To prepare exposed filter paper samples for measurements, the
discs were mounted on a sample holder previously de5|Pned for surface emis-
sion measurements [6], The indicator paper in the“sample holder was transfer-
red to the spectrofluorometer sample compartment for fluorescence measure-
ment. All four simulants guenched phenanthrene fluorescence, but did so to
differing extents (e.?., MAL caused the ngatest deqree_ of qu?nchmg, for
a given concentration. compared to equal concentrations of the “other
33|mulantsg. Figure 2 illustrates the effect of MAL on the phenanthrene
fluorescence, For a given simulant, the extent of fluorescence quenchmg
on the indicator paper was related to the amount of simulant whic
had been absorbed by the paper. In this study, calibration. curves for each
simulant have been “established, indicating a direct relationship . hetween
simulant concentration and fluorescence quenchm%. Figures 3and 4illustrate
examples of calibration curves for DIMP and DBS, Note that there aﬁge_ars
to pe a linear relationship between the extent of fluorescence que hmg
flgdartl?ﬁm?&mentranon of simulant when this concentration Is expresse

his fluoresgence uen_chmg procedure developed in this work was found to
exhibit excellent sensitivity for detecting simulants. It is noteworthy that this
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DIMP Concentration (M)

Fig. 3. Calibration curve for DIMP, using the fluorescence %uenchmg of phenanthrene (see
EXferlmentaIBrotocols Section D) Aliguots of 2 pL of DIMP, over the concentration range
of 1(T2Mto 10 6M gdlluted in ethanol) were added to the phenanthrene-treated paper, t
paper was dried and the fluorescence was determined.

new quenching technique has been developed because 4 direct fluorescence
measurement method cannot be used CW agents and simulants are not
fluorescent corlr\1/|ooun S such as %o lycyclic arontatic species U!) The limits of
detection for and DMMP were found 0 be: 10~2M,
10~6M, 10 5Mand lO 6M respectwely This level of sensitjvit aIIowsone {0
readlly detect very small amounts of simulant permeating the CPC. It should
eem hasized that, in addmon to phenanthrene, a wide var|et¥ of compounds
% ){rene naphthalene, anthracene, emodin, indole, fluorescein and
d en amme} were aI%o tested as 033|ble indicator compounds, Oply the
|Uorestence 0 henan threne was found to be uniquely quenched when ex-
posed to any of the four simulants, Phenanthrene is"a highly. fluorescent
compound, nd there have been several studjes In which Inves |9ators have
examined the quenchin fR enanthrene fluorescence by other’ chemicals
LS QA However, the effect of these gartlcular chemicals on the fluorescence of

henanthrene has not been reported previously.
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Signal Intensity

DBS Concentration (M)

Fig. 4. Calibration curve for DBS, using the fluorescence quenching of phenanthrene (see
Materials and methods, Section D). Aliguots of 2 pL of DBS, over the concentration range of
10“1M to 10“5M (diluted in ethanol) were added to the phenanthrene-treated paper; the
paper was dried, and the fluorescence was determined.

Results and discussion

Breakthrough times

The CPC materials tested displayed a varret% of responses when tested for
breakthrough time with the four themical si uIants (Table 3). Each of the
srmulants Wwas tested undiluted, ie., neat. Breakth rough time can serve to
reflect relatrve estrmates ofprotectron provrded by prote tive clothrng 14,9,
(f amrent that the CPC materials c?( rou]pe into three fc tg%orr s
e nag on the time required for breakthrougn hematerrasafo the
hrghest e%ree of protection were GPC materials #9-13. For each of these

terials, preakthroughn times were in excess of 24 h, i.e. tetestwas carried
out for at [east 24h ater which the test was terminated., In th ecase of CPC
material # 12 no breakthrough was detected even after 100 hours of ex osure
The composition of the lantinated fabric, and Jts thrckness robab
contribute to the opserved degree of chemical resistance. It Js notewort t
the thicknesses of materials” #9-13 were greater than that of other CP C
materials, Thickness alone, however, js notthe most |mPortant criterion, It
appears that laminates containing Teflon®2 exhibit excellent resistance (see

Teflon® is a registered trademark of E.I. du Pont de Nemours & Co.
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materials, #12-13). There are other laminate comgosmons, however, which
?|S}) h(léXthI'[ excellent resistance  (1.e,, butyl/nylon/outyl” or butyl/polyes-
er/chloroprene).

There Is another group of CPC materials (Table 3) which exhibjt relatively
good resistance to one or more of the chemical simulants Fmatenals #4-7). In
ﬂ]eneral, these materials resisted simulant breakthrough for at least 1h. Note

at the Viton/polyester/Viiton (material #7) provided excellent resistance to
MAL and DBS. It’is also important to note that CPC material #6 (Tyvek®3
Rlolyethylene coated) did not show strong resistance against MAL and DBS.

ofe the different bighaviors of materials #6 and #3. Even though both are
Tyvek, they show differences in resistance to different simulants (see Table 3),
pérhaps due to differences in the coating material used over the Tyvek,. _

The last group of CPC materials In (materials #1-3) investigated in this
stu_dK are those materials which exhibit poor chemical resistance STabI 3)
With one exception, breakthrough occurred in less than 1h. In the case of the
PVC/nylon/PVC laminate, brea throu[(];h occurred in.a matter of a few min-
utes. It'is also mtere_stm? to compare the chemical resistance of the two glove
materials tested against this batter¥ of chemicals. The material #2, commonly
called Playtex™ 4 is widely used for domestic glove materjal in the kitchen
and bath,"while the butyl”nitrile material is Widely used in the chemical
Industry, Because of the extensive availability of Playtex, this material could
be used'for very short-term expedient protection. Howgver, in our experimental
%ystem, the resistance to r%ermeatlon of butgll nitrile is superior to that of
laytex. The tutyl nitrile material provides 4 three-fold longer breakthrough
Pme for DMMP compared to Playtex, and a five-fold longer breakthrough time
or MAL and DBS. , _

Also note that a special duct tape has heen tested in the experimental assa}/.
This_duct tape is commonly used by hazardous material response teams 1
Prowd_e a seal between the protective suit and gloves, or around ankles to seal
he suit to footwear. The experimental assay tested onlly one of many brands of
duct tape, so the data cannot be used to evaluate the refative merits of different
brands. The one particular brand tested demonstrated good resistance to the
chemical simulants. As can be seen from Table 3 duct tdpe resists permeation
of MAL and DBS for >24 h and >7 h, respectively. For the compounds DIMP
and DMMP, duct tape provides greater resjstancé to breakthrough than CPC
materials # l-r. Ruct tape was one _o‘ the 6 inner materials tested (10 mil3vs.
19 mil maximal thickness for material # 10)

Rate of permeation studies _ _
This section briefly discusses data related to the permeation rate, which
refers to how rapidly the chemical simulants diffuse through the CPC

'T¥vek® spun-bonded olefin is a registere trfldemark of E.I. du Pont de Nemours & Co.
4p a)l/texT 1S a trademark of Internationa] Playtex, Inc.
bImil=254x10"5m.
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materjals. This rate measurement provides a quite different index of CPC
effectiveness against the simulants than breakthrough time. For some CPC
materials, as the simulant begins to permeate the material, the resistance to
permeation of the material chianges. Fln fact In certain instances, evidence of
dissolution of CPC materjal constituents was seen, in that simulant solutions
became colored, fresumabl with the material dye.) Therefore, by examm_mg
the slope of the rate of permeation curve, one can deduce valuable informatio

about how the simulant affects, the permeability of the material. Figure 5
shows an example of a_permeation rate curve g IMP against butyl nitrile)
where the slope is initially very shallow, and then aftér 80 min, ‘the slope
increases dramatically. This behavior is in cqntrast to the curves of Figs. 6-9,
where the slope Is Very steep. Representative curves showing the Tate of
permeation through various CPC materials by chemical simulants are shown
In Flgs.Gthroug 9. In Figs. 6 and 7, we compare the rate of permeation, of
DIMP through material #71 (poor res;stance? and material #7 (good resist-
ance). In hoth cases, the steepest portion of the permeation curve shows the
time”at which maximum change In permeability occurs. Almost all of the
permeation curves which we Rave %enerated exhibit a breakthrough time
characterized by a rapid change in permeability with time. For matefial #1,

ooooo

DIMP, Microgram

.

e

*

. /
20 80

Minutes

Fig. 5. Rate of permeation of DIMP through butyl nitrile glove material (#4, Table 3) (see
Materials and methods for description of procedure).
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DIMP, Microgram

T T
20 30
Minutes

Fig. 6. Rate of permeation of DIMP through PVC material (#1, Table 3).

this change occurs about 15-20 min after initial breakthrough, For the resis-
tant matérial (#7), the maximal permeability change occurs 20-30 min after
initial breakthrou%h This difference in time of maximal permeability ehang
IS probabh( consistent W|th the greater re3|stance {0 3|mulant ermeati
emonstra gmaterla #7. 1t71s noteworthy that the permeation curves
ppear to ] eve ffafter a steep mcrease This effect could be due to saturation
gr Cess % ﬁtectmn sy{stem 1e., the Indicator-coated svbstrate became
aturate WI'[ the simulations andcould not ahsor rapidly enough more
simulant apenetratmﬁ through the, materials). Figures 8 and"9 exhibit some
represent five results o P rmeatjon rates of MAL througih the two ?Iove
materials (#2 and #4) tested. In the case of the neo renegovematena the
maximal rate of charige was measured after 20min. These data may be of
Interest to workers who handle pesticides, as if demonstrates differences in
Rermeabl It rates among two common commercial glove materials. This stud
as produced a large nUmber of permeation curv s for all comblnauons f
3|mulantCPC materfial. Athoug general conc usmns from this wealth of ata
cannot readily be made, important-ana useful information can be derjved from
this study. The expenmental results indicate that the breakthrough time could
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Fig. 7. Rate of permeation of DIMP through Viton laminate (#7, Table 3).

be used as a parameter for relative comparisons of CPC protection, Because
most of the rate of permeation measurements show a rapid permeation of the
simulant within a relatively short time of initial break hrough comparisons
based on this parameterprow eonHuahtattve differentiation regarding the
effectiveness of the CPC materials feste

Uptake studies

able 4 presents the results . of uptake studtes where a swatch of CPC
material was |mmerse In undtluted simulant. Alth ouq certain immersion
studtes mtg ht take re%/s to show etectable effects, our studies were limited to
1h. The results from the uptake studies may have some relevance, to the
chemical protection afforded by the materials tested. However, 1t is note-
worthy that, in the uptake studies, chemical |mp|n?es on the, inside of the
material as well as the outside, while in actual uge on the outside Is mtended
0 receive chemical exposure. Even more significantl ny th eprocess of cutttng
a small swatch of material to be immersed in a3|mu a tsolutton for the uptak
study results in exposed edges, which would be expected to exhibit little or no
resistance to_chemical permeation. Therefore, the uptake data can provide
only qualitative information on physical changes of the materials immersed in
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0.8 4

MAL, Microgram

0.4

0.2

0.0 +& Nl A g d \ 4

Minutes
Fig. 8. Rate of permeation of malathion through neoprene glove material (#2, Table 3).

TABLE 4
Uptake of liquid simulant by CPC materials: 1h study3
CPC material Liquid (g/cm2)
DIMP DMMP MAL DBS

1 PVC/nylon/PVC _b 0.00686 0.00410 0.00166
2. Neoprene plastic glove 0.01329 0.00413 0.00349' 0.09487
3. Tyvek®, Saranex®-coated 0.00486 0.00541 0.00592 0.00614
4. Nitrile glove 0.10028 0.00682 0.3163 0.00483
5. Barrlca e® 0.00404 0.00436 0.00737 0.00449
6. T ? 0.00426 0.00754 0.00491 0.00511
g. ton® polyester/Viton 0.064897d 0.q110 0'0e0128 0.00038

: — — —C

9, Butyl/nglon/buty 0.00167 0.00153 0.00201 0.03036
10. Butyl/polyester/chloroprene 0.00859 0.00351 0.02033 0.02033
11 Thermoplastic film 0.01012 0.00914 0.00798 0.00798
12. Teflon®/Kevlar®/Teflon 0.01598 0.01398 0.00994 0.00994
13. Teflon/fiberglass/Teflon 0.00127 0.00209 0.00118 0.00118
“0.86625 cm2 of CPC material used. dEmbrittlement and shrinkage.
bDisintegrated. ‘Adhesive dissolved; weight decreased.

“CPC material expanded in two dimensions.  fNo significant change.
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Fig. 9. Rate of permeation of malathion through butyl nitrile glove material (#4, Table 3).

simulant solutions. Among these changes we note the following. Material # 1
disintegrated in DIMP, i.e., was reduced to a powder. Material #2 (Playtex
glove) swelled in DBS without apparent disintegration. This effect was not
seen with the other glove material (#4). Material #7 showed embrittlement
and shrinkage in DIMP. Duct tape was found to undergo a weight loss upon
immersion in DIMP, MAL and DBS, presumably due to dissolution of the
adhesive. It is worth mentioning the importance of these uptake studies since
they provide useful qualitative indications regarding physicochemical stabil-
ity on the various materials.

Conclusions

The experimental results of this work have produced many important con-
clusions on permeation properties of a wide variety of protective materials.
The data indicate that some commercially available CPC materials provide
excellent protection against permeation by the chemical warfare agent
simulants evaluated. The most useful comparisons of the relative effectiveness
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of the various materials are provided in Table 3. Materials #9-13, (viz., butyl/
nylon/butyl, butyl/polyester/chloroprene, thermoplastic film, Teflon/Kevlar®6/
Teflon, and Teflon/fiberglass/Teflon) all exhibited good resistance to per-
meation of the simulants (i.e., breakthrough times >24 h). All these materials
are laminates and two of these utilize Teflon as a laminating material. The
effectiveness of the other CPC materials tested against permeation by the
simulants varied considerably, but no other material demonstrated the consist-
ency of resistance toward all four simulants as demonstrated by materials
#9-13. Duct tape exhibits reasonable resistance to permeation by the four
simulants, although its resistance to DIMP (210 min) and DMMP (210 min) was
not as good as its resistance to MAL (>24 h) and DBS (>7 h). Due to its wide
availability, duct tape appears to be a useful expedient material to provide at
least a temporary seal against permeation by the agents.

[t should be emphasized that all these results were obtained during simulant
challenge and should be confirmed with the unitary agents themselves. Al-
though the authors expect that the agents will behave similarly to the
simulants, this might not be true for a particular CW agent/CPC material
combination. It is noteworthy that both permeation and penetration (of
simulant through the pores of the materials) combined to account for the flow
of liquid penetrating through the polymer. The results of this study do not
distinguish between penetration and permeation but provide an overall para-
meter that can be related to the protective characteristics of the materials
tested.

Finally, this work deals with an important application of a new analytical
technique for permeation study of chemical agents and simulations through
protective materials. The analytical technique, which is based on spectral
modification of fluorescence, demonstrates high sensitivity, reproducible re-
sults, and simplicity. These features make it an attractive choice for future
permeation studies of field monitors for protective garments.
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Book Reviews

Landfill, by Stuart Finley, Inc., 3428 Mansfield Rd, Falls Church, VA 22041,
16 mm sound color movie, 12 min, available on loan or purchase, $175:

Solid waste (once known as household refuse) has become a serious problem
in many areas. Properly engineered, operated and supervised landfills can be
important parts of the environment as well as presenting little real contami-
nation or threat to residential health. The purpose of a sanitary landfill is to
protect the environment; no air pollution is created; water pollution through
leaching or eroding can be controlled and monitored. The 1-95 Landfill in
Northern Virginia, which serves as the landfill for the million people who
reside in the District of Columbia is shown in detail. No chemical control is
noted; that is covered by other films and tapes. The film is an excellent
introduction to the how and why of proper landfill practices especially for
residents who live nearby.

HOABRDH FAWCETT

Hazardous Waste Options, produced for the U.S. Environmental Protection
Agency by Stuart Finley, Inc., 3428 Mansfield Rd, Falls Church, VA 22041,
1981, 22 min, 1/2 inch VCR tape or 16 mm movie, available from Finley.

Although produced several years ago, this production, either as film or video
tape, contains the fundamentals of disposal methods and procedures in use
today. Its purpose is to dispel tensions about hazardous waste problems and
programs by explaining modern hazardous waste technology in a direct man-
ner. Photographed at the facilities of nine major hazardous waste service
companies, the narration discusses recycling and recovery, hazardous waste
treatment and disposal, and recovery of valuable materials. Landfilling (with
proper safeguards), high temperature incineration for both liquids and solids,
deep well injection, ground water monitoring, and testing are noted. This film
is timely and appropriate for general citizens’ groups, as well as for training
industrial personnel who handle and dispose of hazardous wastes.

HOMRDH FAWCETT
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Propane, Butane, Propylene, by Emergency Film Group, Plymouth, MA,
Hazardous Chemical Series No. 9, 29 min, $395.00.

This well done, beautifully photographed video is designed for emergency
response groups, especially fire departments. The tape jacket notes that the
following topics are covered:

WhY allowing a fire to burn may be the best tactic
Water flow rates for cooling tanks exposed to fire

Boiling liquid expanding vapor exi)_losllo_ns .
Monitoring instruments for LPG (liquified petroleum gases) emergencies
Fire safety analysis for LPG emergencies

Requirements for safe storagze areas

Controlling vapors with water fog

ASME and DOT container types

How vapors behave

The film begins with an introduction to drilling for gas and oil, and a descrip-
tion of how liquified petroleum gas is derived and used. The gases, as noted,
have wide use but can be very dangerous as a result of their flammability and
explosion potentials.

Propaneis discussed first. Propane has awide variety of uses in the home, for
vehicle fuel and as an industrial raw material. The second chemical discussed
in the video is butane. It is used as a propellant, refrigerant, chemical feed-
stock and fuel. Propylene, the third chemical illustrated in the video, is a
man-made gas used mainly in the industrial chemical industry.

Propane is odorless and colorless, but sulfur-containing organic chemicals
are added as odorants. The LEL and UEL of the gas are approximately 2% and
10%, respectively. Burning temperatures exceed 3500 F. LPG is normally
stored as a liquid under pressure. Once released, it expands rapidly to a ratio of
270:1 and through moisture condensation may cause a white water fog. Being
heavier than air, the gas may hug the ground. All three gases in the liquid state
will float on water and boil.

All three gases have an NFPA flammability rating of 4, the highest level, and
a BLEVE can occur with fire-exposed containers. The NFPA health classifica-
tion of all three gases is 1, indicating a material that is an irritant but having
only mild residual injury. All three compounds, however, are asphyxiants as
a result of their excluding oxygen.

The NPEA reactivity rating for propane and butane is 0, indicating mate-
rials that are normally stable and nonreactive with water. The NFPA rating
for propylene is 1, indicating a normally stable material which may hecome
unstable at higher temperature. Propylene also reacts violently with nitric
acid and other oxidizers.

Storage areas and safety considerations thereof are described on the video.
NFPA or API standards should be followed where inside storage is severely
limited. The fire protection needs of large storage facilities are described.
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Areas in which these gases are stored, the video notes, should be fenced.
Proper safety equipmentis described and unloading and loading operations are
shown — itis noted that the escape ofsmall amounts of gas cannot be avoided,
so all sources of ignition must be avoided.

The video shows a devastating fire in Buffalo, New York, which resulted
from a 500 gallon propane tank illegally being used as a storage tank in
a building. While being moved, the tank fell and sheared off the valve. The
resulting fire and explosion, and the fire ball ended in the destruction of 18
buildings and damage to 55 other buildings as well as the deaths of seven
people, five of them the first-arriving fire-fighters. Twenty-five other fire-
fighters were injured.

Fortunately, most incidents involving these gases are not so catastrophic.
Typical spills only involve small amounts of these gases — generally during
transfer operations as a result of overfilling or accidents involving LPG-fueled
vehicles.

Having described the problem, the video goes on to describe the safe re-
sponse techniques for fire fighters — upwind, observation from a distance, use
of turnout gear, identification of the hazardous chemicals, and size and shape
of storage containers, i.e. DOT portable cylinders and large shipping con-
tainers (trucks, railcars).

DOT numbers for these flammable gases (red DOT placed) are:

LPG - 1075
Bropane- 1978
utane - 1011
propylene - 1077

Shipping papers should generally show “liquified petroleum gases” for all of
the chemicals.

In response situations, odor, it is noted, cannot be relied upon for detect-
ion of the gas as the odorant may have been adsorbed by the soil or may
have deadened the respondents’ sensory organs. Gas meters should be
used to measure gas concentrations; respondents should not rely upon the
nose.

The emergency response procedures for LPG-exposed victims are given. The
importance of prevention of source ignition (including responding vehicles) is
noted. How to disperse a cloud using water fog is described. How to stop leaks
is described with the admonition to do it carefully. Response to flame-involved
containers is discussed — with the potential of a BLEVE emphasized. Fire
resulting from leaks, it is said, should not be extinguished unless the leak can
be stopped. A controlled burn may be preferable. Signs of BLEVE — bulge in
the tank, increased noise, increased volume of fire — are noted. As a final note,
decontamination procedures are described.

Although not a fire-fighter, this reviewer does teach a course on hazardous
chemical spills. My review of the video leads me to believe that very little of
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importance was missed. The material was well written and well photographed.
It is an excellent training aid.

GARY F. BENNETT
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GARYF BENNEIT

Environmental Chemistry, by Nigel J. Bunce, Wuerz Publishing Ltd, 895
McMillan Ave., Winnipeg MB R3M 0T2, Canada, 1991, ISBN 0-920063-46-2
(pbk), 340 pp. $33.00; plus answer guide, ISBN 0-920063-38-1, 343 pp.,
SUS17.00 (shipping rate $5 per order).

Thisisan unusually well organized and written book, nicely illustrated with
photographs and diagrams, by Professor Bunce of the Chemistry Department
of the University of Guelph. Intended as a introductory textbook for chemistry
and biology students, it assumes the reader has studied chemistry and biology,
as well as being reasonably fluent in mathematics.

The present status of studies in environmental chemistry are discussed in
detail, with updated references and opinions which reflect a understanding not
always seen in books of this nature. Starting with the earth’s atmosphere, the
text progresses on to stratospheric ozone, tropospheric chemistry, indoor air
quality and remedial measures to improve it, natural waters, acid rain, drink-
ing water, sewage and waste disposal, chlorinated organic compounds, and
environmental metals. Each chapter and section includes questions (that are
answered in the answer guide) and 500 references to current literature, as well
as presenting background history where appropriate.
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Fate of Pesticides and Chemicals in the Environment, by J.L. Schnoor (Ed.),
John Wiley and Sons, New York, NY 10158,1992, ISBN 0-471-50232-4, 430 pp.
plus index, S140.

This book is the product of an international symposium held in lowa
City in November 1987, as a result of a bilateral scientific agreement between
the USA and the former USSR. Over 60 authors from academic institutions,
indudstry and government agencies, both research and regulatory, are repres-
ented.

A substantial book, it has many equations and mathematical treatments of
the various transformation processes undergone by chemicals in the environ-
ment. The introductory chapters emphasize the magnitude of the effect civili-
zation, with its chemical pollutants and pesticides, has had on the environ-
ment. Pesticides and other chemicals may be changed via photolysis, oxida-
tion, hydrolysis, volatilization, absorption, desorption and bioaccumu-
lation. Several chapters consider the problem of the Great Lakes and the major
pollutants, "such as dioxins, PCBs, hexachlorobenzene, polycyclic aromatic
hydrocarbons and heavy metals found in the lakes, and give equations and
data for mass balance calculations.

Even fog acts as a medium aiding in the dissipation of pesticides into the
environment. Transformation of xenobiotics is often mediated by free radicals
in natural waters and sunlight-induced oxidation and reduction reactions.
Several chapters deal with the transformation of halogenated aliphatics in
natural systems, the biorestoration of sites contaminated by such compounds,
and the potential for use of this technique in treating waste sites. Other
chapters discuss computer systems for modeling pesticide runoff and the trans-
formation processes, with extensive mathematical treatment of all the steps.
The final chapter delves into the future of pesticide management and strat-
egies.

Overall, this appears to be a useful and essential book for anyone involved or

interested in pesticide management.
BIZABETHK WHBLRGR
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Sulfuric Acid and Hydrochloric Acid, by Emergency Film Group, Plymouth,
MA, Hazchem Series No. 1, Video Tape, 26 min, S395.00

Designed by a firm whose business is emergency response training, this video
tape describes, for these two acids (according to the descriptive material
accompanying the tape):

How to identify corrosive acids
Hazards

Where they are found
Reactivity problems

Why water may be dangerous
Proper protective cIothmg
Stemming the flow of product
Neutralization operations
Emergency medical treatment
Decontamination
Environmental concerns

The film begins with a view of several types of emergencies and the need for
safe, effective response — creating, as I note, “the need to know” or “the desire
to learn”. Clearly, these chemicals are important products of the chemical
industry with 1991 U.S. production levels being:

H2504: 89 billion pounds
HCL: 5 billion pounds

Next the film graphically illustrates the destructive properties of sulfuric
acid by showing its effect on chicken skin — the effects are obvious, the skin is
destroyed. Then its uses are described — and they are many. Consequently, it is
transported by all modes — truck, barge and rail.

Hydrochloric acid is then described. 1ts major differences from sulfuric acid
are that it is volatile and it attacks all metals except precious metals. It, too,
has numerous uses.

Both acids are toxic; both acids can be fatal. Using the NFPA guide, one
finds the following ratings:

ko4 HC
ealth
|
pemaY y -

stable but in contact with metals it can form neﬁ)los%e [Wdrogen
ré]osrﬁ ere can aQn ra eat In contact wit % cas —

dro or ex ut even water contact generates heat. Bo
F %w an vaporofthes au S are corrosive. Severe Skin burns can result
rom exposure.
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Type of acid DOT shipping number
Sulfuric ﬁmd _ 18

%%%netr;u CLIJ(EIC acid *

Hyéroch?orlc acid 88

Proper storage, marking, protection from water, oxidation and other
reactive chemicals are described. Diking and leak detection are shown,
and proper personal protective clothing for working with these chemicals
is S[so described. Illustrated next are the proper procedures for loading/
oading.

But accidents may still occur, even though all proper precautions are taken.
The problem is illustrated graphically by pictures from a spill/gas evolution
resulting from reacting mixtures of waste acids in California. Evacuation,
response and damage are shown.

The response procedures for a major spill are then shown:

Evacuation

Identification o _ _
Control - the need for acid resistant clothing (Level A protection)
Decontamination

Search and rescue

Discharge control

Diking

Vapor control

Adsorption (fly ash, for example)

Disposal of adsorbent ,

Neutralization: soda acid, soda bicarbonate

Neither material burns, but they could contaminate firewater runoff. Re-
moval of acid containers from fire exposure is best. Small fires can be con-
trolled with COZ, but if water is required (for a large fire) it should be applied
from a distance.

Decontamination after the incident is described for protective clothing.
(After exposure to acids, leather is useless, the video notes.) Victim symptoms
and treatment are shown. You are advised to wash quickly and thoroughly.
Oxygen may be used.

Next comes monitoring methods — by vapor tube, pH meter and pH paper.
W aste disposal, with its legal reporting requirements is noted.

My reaction to the video is very favorable. All the necessary information is
there and it is well described. This film is well worth using in training.

GARY.F BENNEIT
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Handbook of Pollution Cg rocess R. Noyes, Noyes Data Corpora-
tion, Park Ridge, NJ, 19@5 J]% §f2f&)

According to the preface, “this handbook presents a thorough overview of
state-of-the-art technology for pollution control processes”. Itindeed does that,
covering virtually all treatment control technologies for air, water and solid,
and hazardous waste, aswell as the cleanup procedure for hazardous waste sites.

Because the topic areas are so broad, the treatment of each subject was
terribly brief, so brief, I might have titled the book “Encyclopedia of Pollution
Control Processes”, to indicate the limited amount of material on each topic.
Another limitation was the very short bibliography found at the end of each
chapter. This area could have been usefully expanded by an order of magnitude.

In common with most of this publisher’s books, there is a comprehensive table
of contents. In addition, the author has added (much to my liking) an index.

In reviewing the book, I checked several sections of possible interest to me
and in two found material that contained useful and new (for me) information.
In total, my assessment of the book was very high.

Let me end with a list of the chapter titles:

. Regulatory overview

. Inorganic air emissions

. Volatile organic compound emissions
. Municipal Solid waste incineration

. Hazardoys waste incineration

. Indoor air quality control

. Dust collection

. Industrial liquid waste streams

. Metal and cyanide bearing waste streams
10. Radijoactive waste management

11, Medical waste handling and disposal
12. Hazardous chemical spill cleanup

13. Remediation of hazardous waste sites
14. Hazardous waste landfills

15. In situ treatment of hazardous waste sites
16. Groundwater remediation

17. Drinking water treatment

18. Publicly owned treatment works

19, Munjcipal solid waste landfills

20. Barriers to new technologies

21. Costs

OO~ UT WO
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warming and greenhouse effects first largely ignored, but now becoming seri-
ous questions demanding constructive energy policies on an international
basis. It begins with a definition and explanation for “greenhouse effect”; this
Is the trapping of infrared radiation by several gases and vapors, including
naturally occurring water vapor, C02, clouds, ozone, methane and other gases
which contribute 90% to the effect, and several trace gases, including nitrous
oxide and the chlorofluorocarbons, CO, NO* and S02, along with aerosol
emissions, plus several gases whose effect is less well known, that contribute
the remaining 10%. At a global average surface temperature of 288 K or 15 °C,
the longwave outgoing radiation from the surface of the earth is 390 W/m?2
compared to 236 W/m2 from the top layer of the atmosphere. This reduction in
the longwave emission is a measure of the greenhouse effect.

The degree of climatic change the world is likely to experience depends
on future atmospheric greenhouse gas concentrations, and the climate
sensitivity assumed in mathematical models used for calculating warming.
Evena 1-1.5 °C global average warming would represent a climate not experi-
enced since the Holocene period at the beginning of which water would
evaporate more giving an atmosphere of higher humidity and that is wetter
overall.

Global warming would have serious effects on agricultural production, due
to the delicate balance of temperatures, soil conditions and rainfall patterns.
Weeds and plant pests also are encouraged by warmer temperatures, especially
in developing countries. Global warming would also have an effect on the
ability of forests and species to thrive and reproduce. Coastal settlements of
several degrees could within the next 50 to 100 years be threatened by a sea
level rise of 0.5 to 1.5 meters. Coastal settlements, in which half of humanity
lives, would be threatened. In the USA alone, an estimated 12 million people
would become homeless, and salinity would move upstream. Freshwater sup-
plieswould be threatened due to decreased stream flows and increased pressure
on groundwater supplies. Electricity consumption would increase.

It is recognized that past greenhouse emissions make their full impact felt
only with significant delay, and that continually growing emissions cannot be
eliminated instantaneously, due to the inertia of social and economic systems.
Serious attempts to estimate the effect both past and present emissions will
have on the climate in, say, 50 to 100 years, are presented. Once concentration
ceilings are suggested, the issue becomes what policy fields should be explored
in order to implement the suggestions on a global basis, by way of emission
reduction targets and enforcement. Obviously a global compact on climate
stabilization and sustainabie development would be essential.

This volume contains a most complete group of references, tables and graphs
which permit the reader to understand the seriousness and timeliness of the
subject. It should certainly be required reading for anyone who is concerned
about the fate of our world, and is highly recommended.

HOABRDH FAWCETT
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Regulated Chemicals Directory, compiled by ChemADVISOR, published by
Chapman and Hall, 29 West 35th St., New York, NY 10001-2291, 1992,
ISBN 0-412-03481-6, 1409 pp., looseleaf in binder, revised on a quarterly
basis, $375 (includes three quarterly updates). Also available in electronic
form.

This directory is equivalent to the Beilstein reference, in that it contains
essential references with cross references to 8000 chemicals found in many
separate regulatory listings. It appears at a time when many producers,
distributors and academic institutions are checking on the completeness and
validity of Material Safety Data Sheets. The volume begins with CAS Registry
Numbers as the primary means of storing and sorting information. It recog-
nizes the need for general categories in the data base, including hazardous
waste streams and isomers or other crystalline forms. Cross-reference indexes
of chemical names and synonyms follow. It is noted that a substance with
a unique CAS number may be regulated under several chemical names by
different agencies. The major section of the directory is the Regulatory Sum-
mary Section, with the summaries giving the essential data under the most
frequently used requlatory synonym. All the Federal and International lists
are summarized for the particular chemical, as are state laws where
appropriate.

This directory should be available in every industrial office involved with
regulatory affairs, in the library of every academic school where chemistry is
taught, and ir. the health, safety and environmental management of companies
who use or produce chemicals. Itis truly a major step in the attempts to remove
doubts as to whether a material is or is not regulated, and by whom, and when.

We recommend this directory highly.
HOAMRDH FAWCETT

Global Warning - Global Warming, by M.A. Benarde, Wiley-Interscience, New
York, NY, 1992, ISBN 0-471-51323-7, 317 pp., $29.95

This volume furnishes data on both sides of the current global warming
issue, reviewing both the political and scientific aspects. Climate change is the
rule, not the exception, for the earth’s tilt or inclination, the eccentricity of its
orbit around the sun, and the precession due to its wobble have periodicities of
41,000, 100,000 and 23,000 years, respectively. Thus the earth’s climate has
shifted from glacial to interglacial periods at least 10 times during the past one
million years.

The presence of life on earth is linked to the atmosphere which allows solar
radiation to warm the planet but prevents reflection of all radiation back into
space, a concept referred to as a “greenhouse effect” in 1827 by J.B. Fourier.
What is worrisome is the marked increase in levels of carbon dioxide, nitrogen
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oxide and methane, while the levels of ozone, especially over Antarctica, are
decreasing, presumably due to the action of chlorofluorocarbons.

However, besides the increases due to human activities, there are natural
factors which influence climate, from volcanoes to termites (termites release
methane). Models for climate change are discussed thoroughly, but the author
concludes “perhaps at this time forecasting ought to be looked upon as an
exercise for gaining experience rather than as a tool for decision making”.
There is an extensive chapter on the potential dislocations which would occur
if climate changed and the sea rose somewhat, as well as a chapter on energy
efficiency which illustrates how the use of fossil fuel could be lessened, thus
delaying to some extent the problem of global warming. The author concludes
that people can do something about global warning, butitistime to act and not

wait until it is too late.
BIZABETHK WESBLRGR

Hormones and Vitamins in Cancer Treatment, by A. Lupulescu, CRC Press,
Boca Raton, FL, 1990, ISBN 0-8493-5973-2, 287 pp., $159.95.

This volume will appeal to specialists in cancer treatment or to those doing
research on prevention of cancer by dietary means. The topics covered include:
rationale for hormone and vitamin therapy; hormones and their use in therapy;
hormone antagonists and agonists; hormone-like substances such as growth
factors, interferons, interleukins and prostaglandins in clinical applications;
vitamin therapy; chemoprevention of cancer by hormones and vitamins; the
advantages and disadvantages of hormonal and vitamin therapy; while the
concluding chapter discusses the interaction among diet, hormaones, vitamins
and cancer. All of the chapters are almost exhaustively referenced. For anyone
contemplating research in any one of the areas covered, this book would be an

excellent resource.
BIZABETHK WEHSBRGR

Risk Factors for Cancer in the Workplace, by J. Siemiatycki (Ed.), CRC Press,
Boca Raton, FL, 1991, ISBN 0-8493-5-18-2, 325 pp., $99.50

Thisvolume results from interviews with 3730 male cancer patients, between
35and 70 years of age. resident in the Montreal metropolitan area. Diagnoses
were confirmed histologically. The patients were then evaluated for probable
exposure to 183 substances or groups of substances and further stratified into
98 occupational and 77 industry groups, subdivided according to 11 cancer
sites or types oftumors. With all these subdivisions, the actual number of cases
exposed to any one substance often became so small that one questions the
significance of the purported association. Furthermore, actual exposure levels
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were not obtained; based on the interviews, patients were grouped into those
with “substantial exposure” and “any exposure”. Many tables are given with
the calculated odds ratios and confidence intervals for the associations, using
p=0.10 for the level of significance. In the final analysis, often the numbers of
cases in a specific category were rather small, and most epidemiologists use
p =001 or less as a measure of real significance. Thus this book may provide
some leads and serve as a reference source, but its actual value in identifying
workplace hazards is somewhat limited, apart from those which are already

known.
BIZABETHK WHSBURGR
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