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A guide to the evaluation of condensed phase explosions
P.A. Davies
F our Elem ents L td., Greencoat House, Francis Street, London S W 1P  1DH (UK) 
(Received M arch  9, 1992; accepted  Ju n e  5, 1992)

Abstract
C ondensed phase explosives presen t a hazard  to  bo th  property  and people. T his hazard , 

w hich p rim arily  m anifests as overp ressure, fragm ent gen era tion  an d /o r th e rm al rad ia tio n , 
can  be rea lised  th ro u g h  acciden ta l in itia tio n  during  m anufactu re , sto rage, h an d lin g  and 
tran sp o rt. M uch w ork has been conducted  to  un d erstan d  and quan tify  th e  effects of hazard  
rea lisa tio n  on property  and people. This paper review s availab le  lite ra tu re , describes a  num ­
ber of models, de ta ils  dam age c rite r ia  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 
explosion consequences and illustrate how certain effects can be quantified.

Since the beginning of the 1950’s the majority of work in condensed phase 
(CP) explosion theory and effects has concentrated on nuclear explosions. 
However, the damage caused by nuclear explosions is not easily extrapolated 
to the damage associated with CP explosions. This is because explosions are 
essentially yield related. Consequently, thermal and pressure impulses differ 
between nuclear and CP explosions, and hence each type of explosion produces 
different degrees of damage. As a consequence of this it is difficult to compare 
nuclear explosions, having typical yields of 100,000 tonnes or more, with low 
yield CP explosions of interest in the manufacture, transport and storage of 
condensed phase 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, F ou r E lem ents Ltd., G reencoa t House, F ran c is  S treet, 
London SW 1P 1DH (UK). C u rren t address: E uropa House. 310 E uropa Blvd., W estbrook, 
W arring ton , WAS 5YQ (UK).
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2 P.A. Davies/J. Hazardous Mater. 33 (1993) 1 33
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 107 K, which is 
over 2000 times that of many high explosive and propellant explosions [1], 
Similarly, nuclear weapons emit energy in the range 0.01 nm to 10 nm com­
pared with 200 nm to 500 nm for conventional explosives.

In conclusion, there are no simple scaling laws which can be used to relate 
CP and nuclear explosions, or simple means of isolating ionising effects etc., so 
that data can be readily extrapolated. Consequently, the following chapters, 
where possible, only refer to CP explosions. This is because the inclusion of 
nuclear data may lead to erroneous assumptions and conclusions being made 
on the effects of relatively low yield chemical explosions.

2. B last dam age and injury
The term blast wave is used here to mean the shock wave caused by an 

explosion and should not be confused with the detonation wave. Upon 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 known 
as the detonation wave. After a short distance of travel the detonation wave is 
overtaken by a new shock front which leaves a zone of rarefied air immediately 
behind it. This new shock front is known as the blast wave and although its 
peak pressure and initial velocity is lower than that of the detonation wave it 
decays much more gradually and therefore exerts its force over a greater 
distance [1], The blast wave from all chemical explosions has a definite and 
measurable pattern. Upon detonation a sudden and violent release of energy 
causes the surrounding air pressure to rise rapidly creating a region of positive 
pressure known as “overpressure”. As the blast wave moves away from its 
source at high velocity (supersonic) the overpressure increases sharply to 
a peak value, known as the peak overpressure, and then gradually recedes. The 
overpressure phase is followed by a region of negative pressure or “underpres­
sure”. This pressure is generally insignificant compared with the overpressure 
phase, althougn such negative pressure can cause moderate damage especially 
at close distances from the charge.

The characteristics of blast waves are discussed by Lees [2] and detailed 
accounts are given by Kinney [3] and Baker et al. [1], It is sufficient here to 
simply identify a means by which blast wave characteristics, in particular 
overpressure, can be estimated so that their effects on buildings and people can 
be quantified.

Damage and injury as a result of explosion is largely a consequence of two 
loading effects, known 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 envelopment. 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 envelopment and 
secondly, static loading (“crushing” forces) due to the pressure differential 
between internal and external environments. The process of envelopment is 
described in detail by Glasstone and Dolan [4]. Essentially, upon striking an 
object or structure blast wave reflection occurs. This not only changes blast 
wave direction but 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 shock 
front and unlike overpressure has no reference to ambient pressure. Forces 
exerted by drag loading are the result of transient winds which accompany the 
passage of a blast wave.

For very large explosions (peak overpressure greater than about 4.8 bar) 
dynamic pressure is greater than peak overpressure. As a consequence of this 
drag loading tends to be the main cause of damage in large explosions. This can 
also be the case where objects and structures present little resistance to blast 
waves. For example, buildings whose walls, windows and doors rapidly fail 
during blast wave interaction cause prompt equalisation of interior and ex­
terior environments. This in turn can reduce the duration and magnitude of 
diffraction loading to a negligible level [4], (This is one means by which the 
effects of diffraction loading can be minimised.) For the types of explosions 
considered here peak overpressure is greater than dynamic pressure and 
therefore damage is largely the result of diffraction loading. However, this is 
not always true. It 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 largely dependent on size, shape, 
weight and resistance of objects and structures. Closed or semi-closed struc­
tures, such as buildings with small openings or large tanks, etc. are vulnerable 
to diffraction loading, whereas, tall thin objects and buildings with large 
openings are vulnerable to drag loading. The discussion given here, together 
with Table 1, provides a rough guide in judging the type of load most important 
to particular objects and structures. A detailed appraisal of the behaviour of 
objects and structures to diffraction and drag loading is given by Glasstone 
and Dolan [4].

Blast wave damage is most commonly related to overpressure. This is prob­
ably due to its ease of measurement and estimation compared with other 
damage-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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P rin c ip a l load ing  vu ln erab ility  of s tru c tu re s  and objects (after G lasstone and D olan [4])
TABLE 1

S tru c tu re s  suscep tib le  to  S tru c tu re s  and objects susceptib le to  d rag  loading
diffrac tion  loading
M ulti-sto rey  reinfDreed 
co ncrete  build ings w ith  
co ncrete  w alls, sm all window 
areas. 3- 8 storeys 
M ulti-sto rey  w all-bearing 
build ings, brick  ap artm en t 
houses, up to  3 storeys
M ulti-sto rey  w all-bearing 
build ings, m onum ental types, 
up to  4 storeys
W ood fram e build ings, house 
types, 1 or 2 storeys

H ighw ay and ra ilroad  bridges

L ight steel fram e in d u stria l build ings, low s tre n g th  w alls 
w hich quick ly  fail, single storey

H eavy steel fram e in d u stria l build ings, ligh tw eig h t low 
s tre n g th  w alls w hich quickly  fail, s ingle storey

M ulti-sto rev  steel fram e office-type build ing, ligh tw eigh t 
low s tren g th  w alls w hich quickly  fail, both  ea rth q u ak e  
and non -earthquak e re s is tan t, 3-10 storeys
M ulti-sto rey  reinforced concre te  fram e office-type 
build ing, ligh tw eigh t low s tren g th  w alls w hich quickly  
fail, bo th  ea rth q u ak e  and n on -earthquake re s is tan t, 3 10 
storeys.
T eleg raph  poles, e lec tric ity  pylons 
T ran sp o rt equipm ent and vehicles 
T rees and vegeta tion

a n d  w a v e  d u r a t io n  a n d  th e r e fo r e  is  o f te n  c o n s id e r e d  a  b e t te r  m e a s u r e  o f  b la s t  
w a v e  d a m a g e . H o w e v e r , u s in g  im p u ls e  a s  a  d a m a g e -r e la t io n  c r ite r io n  c a n  
c a u s e  c o n fu s io n . F o r  e x a m p le , b a se d  s o le ly  o n  im p u ls e , b la s t  w a v e s  m a y  b e  
a s su m e d  to  h a v e  c e r ta in  d a m a g e  p o te n t ia l  b u t in  fa c t  b e  u n a b le  to  d e liv e r  th is  
d u e  to  in s u f f ic ie n t  o v e r p r e s su r e  [1. 5]. O v e r p r e s su r e  i t s e l f  i s  n o t  a n  e n t ir e ly  
s a t is fa c to r y  m e a s u r e  o f  b la s t  d a m a g e . T h is  fa c t  h a s  b e e n  a c k n o w le d g e d  a n d  h a s  
le d  to  th e  d e v e lo p m e n t  o f  p r e s s u r e - im p u ls e  c o r r e la t io n s  c o m m o n ly  k n o w n  a s  
P I  d ia g r a m s  o r  c u r v e s . S im ila r ly , d i s t a n c e - c h a r g e  r e la t io n s h ip s  h a v e  b e e n  
d e r iv e d  (R W c o r r e la t io n s )  r e la t in g  d is ta n c e  a n d  y ie ld  to  s tr u c tu r a l  r e s p o n s e .  
U n f o r t u n a t e ly ,  b o th  o f  th e s e  te c h n iq u e s  su ffe r  from  la c k  o f  u s a b le  d a ta . T h is  is  
n o t  to  s a y  th a t  th e  t e c h n iq u e s  a re  in e f f e c t iv e  o r  u n u s a b le , c u r r e n t  o p in io n  
s u g g e s t s  th a t  P I  a n d  R -W  c o r r e la t io n s  p r o v id e  im p r o v e d  m e a n s  o f  a s s e s s in g  
b la s t  d a m a g e  c o m p a re d  w ith  th e  tr a d it io n a l  o v e r p r e s s u r e -d a m a g e  r e la t io n
[1 ,5 ] .

I t is  a p p a r e n t  th a t  b la s t  d a m a g e  is  n o t  a d e q u a te ly  d e fin e d  b y  a s in g le  
p a r a m e te r , b u t P -I  a n d  R -W  c o r r e la t io n s ,  h a v e  a s  y e t , l im ite d  u s e  d u e  to  la c k  
o f  d a ta . A t te m p t in g  to  r e la te  a  n u m b e r  o f  c r ite r ia  to  th e  a s s e s s m e n t  o f  b la s t  
d a m a g e  is  n o t  n ew . L im its  o f  d a m a g e  w ith  r e s p e c t  to  p e a k  o v e r p r e s su r e  w e r e  
s u g g e s te d  b y  R o b in s o n  [6] a s  lo n g  a g o  a s  1944, a n d  m o re  r e c e n t ly  b y  th e  
E x p lo s iv e s  S to r a g e  a n d  T r a n s p o r t  C o m m m itte e  [7] (E S T C ). T h e  e m p ir ic a l
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r e la t io n s h ip  d e v is e d  b y  th e  E S T C  a n d  d e sc r ib e d  b y  J a r r e t t  [7] is  th e  fo u n d a t io n  
o f  th e  B r it is h  S a fe ty  D is t a n c e s  fo r  m il i ta r y  a n d  c o m m e r c ia l  e x p lo s iv e s  [5]. 
B a s ic a l ly  b la s t  d a m a g e  is  s p l i t  in to  v a r io u s  c a te g o r ie s  a n d  e a c h  c a te g o r y  
r e la te d  to  y ie ld ,  d is ta n c e  a n d  h o u s in g  d a m a g e . T h e s e  r e la t io n s h ip s  a n d  d a m a g e  
c a te g o r ie s  a r e  i l lu s tr a t e d  h e r e  in  T a b le  2. U s in g  th e  w o r k  d e sc r ib e d  b y  J a r r e t t  
a n d  t h a t  o f  A s s h e t o n  [8], S c i l ly  a n d  H ig h  [5] i l lu s t r a t e  n o t  o n ly  d a m a g e  w ith  
r e s p e c t  to  o v e r p r e s su r e  a n d  d a m a g e  c a te g o r y  (d e sc r ib e d  b y  J a r r e t t  [7]) b u t a ls o  
w ith  r e s p e c t  to  th e  m a ss  o f  e x p lo s iv e  c o n s u m e d . T h e  d a ta  g iv e n  b y  S c i l ly  a n d  
H ig h  a re  r e p r o d u c e d  h e r e  in  T a b le  3. F o r  fu r th e r  d e ta il  o n  d a m a g e  c a te g o r ie s  
r e fe r e n c e  s h o u ld  b e  m a d e  to  th e  o r ig in a l  w o r k  o f  J a r r e t t  [7].

F ro m  th e  d is c u s s io n  g iv e n  a b o v e , a n d  th e  fa c t  t h a t  m u c h  w o r k  r e la t in g  
o v e r p r e s su r e  a n d  b la s t  d a m a g e  h a s  b e e n  p e r fo rm ed  a n d  r e c o r d e d , fo r  m o s t  
p r a c t ic a l  p u r p o se s  o v e r p r e s su r e  p r o v id e s  a  g o o d  e s t im a t io n  o f  b la s t  w a v e  
d a m a g e . A n  a d d it io n a l  r e a s o n  fo r  th e  a d o p t io n  o f  o v e r p r e s su r e  a s  th e  p r im a ry  
m e a s u r e  o f  b la s t  d a m a g e  is  p o s s ib ly  d u e  to  th e  fa c t  t h a t  in  a d d it io n  to  d if fr a c ­
t io n  lo a d in g , d r a g  lo a d in g  c a n  a ls o  b e  r e la te d  to  p e a k  o v e r p r e ssu r e . T h is  is  
b e c a u s e  th e  d y n a m ic  p r e s su r e  a s s o c ia t e d  w ith  d r a g  lo a d in g  is  a  f u n c t io n  o f  
w in d  sp e e d  a n d  a ir  d e n s ity  (b e h in d  th e  s h o c k  fr o n t)  a n d  b o th  o f  th e s e  c a n  b e  
r e la te d  to  p e a k  o v e r p r e s su r e  [4],

TABLE 2
H ousing dam age ca tegories in  re la tio n  to  the  d is tance  from condensed explosions (after 
J a r re t t  [7])
Dam age category  
(co nstan t K )a

D escrip tion

A (3.8) A lm ost com plete dem olition
B (5.6) 50-75%  ex te rn a l brickw ork  destroyed or rendered  unsafe, req u iring  

dem olition
Cb (9.6) H ouses u n in h ab itab le  — p a rtia l o r to ta l co llapse of roof, p a rtia l 

dem olition  o f one o r tw o ex te rn a l walls, severe dam age to  load- 
bearing  p a rtitio n s  requ iring  replacem ent

Ca (28) N ot exceeding m inor s tru c tu ra l  dam age, and p a rtitio n s  and jo inery  
w renched from fixings

D (56) R em ain ing in hab itab le  a fte r  ra p a ir  — some dam age to  ceilings and 
tiling , m ore th a n  10% window glass broken

a R = ------------------------- , w here R  is the  d is tan ce  from condensed explosion (m), W  th e  m ass of[1 +  (3175/W2)]1 6
explosive (kg) and K  a constan t. N ote th a t  “R "  defines the  average rad ii for idealised  circles 
w ith in  w hich dw ellings suffer th e  dam age associated  w ith  a chosen category . Those dw el­
lings th a t  suffer dam age for a  given ca tegory  outside th e  circle are  ba lanced  by those  w ith in  
the  c ircle  w hich do no t suffer such  dam age. (The form ula and co n stan ts  a re  given in  im perial 
u n its  by J a r re tt .)
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Explosion dam age w ith  respec t to  overp ressure, degree of dam age and m ass of explosive 
consum ed (after Scilly  and H igh [5])

TABLE 3

S tru c tu re  o r Dam age
object

A pproxim ate peak overp ressure (bar)3

1 tonn e  10 tonn e 100 tonne
W indow 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 d isplaced 0.044 0.029 0.026
Doors and window 
fram es may be 
blow n in

0.090 0.059 0.053

C ategory  D dam age 0.045 0.030 0.029
C ategory  Ca dam age 0.124 0.079 0.076
C ategory Cb dam age 0.276 0.165 0.159
C ategory B dam age 0.793 0.359 0.345
C ategory  A dam age 1.827 0.793 0.758

T elegraph  poles Snapped 3.585 1.793 1.655
L arge trees D estroyed 3.930 1.793 1.655
P rim ary  m issiles L im it of trav e l 0.014 0.010 0.008
R ail w agons L im it of dera ilm ent 1.827 0.793 0.758

Bodyw ork crushed 1.379 0.600 0.579
Dam aged bu t easily  
repa irab le

0.793 0.393 0.379

Superficial dam age 0.317 0.179 0.172
R ailw ay Line Lim it of destru ctio n 14.13 6.688 6.412

3 All d is tances (overpressures) from the  explosion source are  m easured to th e  fu rth es t po in t 
of the  s tru c tu re  or object (overpressures o rig ina lly  estim ated  in  im perial un its , psi).

As a consequence of all the factors discussed above overpressure is used 
henceforth to describe blast damage. For further details on the rate of pressure 
rise, wave duration, pressure-impulse and distance-charge correlations (in 
relation to bias: damage) reference should be made to either Baker et al. [1], 
Kinney [3], Scilly and High [5], Baker [9] or Glasstone and Dolan [4],

A multitude of scaling laws has been devised which relates blast overpres­
sure, charge size and distance etc.. A number of these are discussed by Baker
[9]. Far the most popular and widely used is based on the “principle of 
similarity” proposed by Hopkinson in 1915 (see Turnbull and Walter [10]). 
Provided the scales used to measure blast from any explosive are altered by the 
same factors as the dimensions of the relative charges then the properties will 
be similar. Rather than use the dimensions of the charge it is more practical to 
use charge weight and assume that explosive charges 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 = R I W ' , i  (1)
where Z is the scaled distance (m/kg1/3), R  the distance from charge (m) and 
W  the charge size (kg).

Strictly the scaling law is based on available energy. However, for simpli­
city it is assumed that the energy released is proportional to the mass of 
explosive.

Using the scaled distance in conjuction with Fig. 1 the peak overpressure at 
distance, R ,  can be estimated. The graph of peak overpressure vs. scaled 
distance, shown in Fig. 1, is taken from Lees [2] and is based on data given by 
Baker [9] for the explosion of TNT. Similar graphs are given by Kinney [3], 
Brasie and Simpson [1 1 ] and Stull [12] and more complex ones by Baker [9]. 
However, the graph presented here is considered to be a good approximation of 
peak overpressure with respect to scaled distance. This is because the values 
obtained from it tend to correspond well with other works [3, 11,12].

Before further discussing the effects of blast it should be noted that the terms 
“primary”, “secondary” and “tertiary” are not well defined in the literature. 
Workers appear to use the terms differently. So as to avoid confusion, in this 
chapter primary refers to all effects directly attributable to the blast wave (e.g. 
lung haemorrhage and eardrum rupture), secondary refers to all indirect 
effects such as missile impact and tertiary refers to the damage associated with 
bodily translation.

icr1

Fig. 1. P eak  overp ressu re vs. sealed d istance



P.A. Davies IJ. Hazardous Mater. 33 (1993) 1-33

Blast damage can effectively be divided into two discrete categories, namely, 
building damage and human damage. With respect to building damage large 
amounts of data exist describing and quantifying the effects of overpressure. 
Robinson [6 ] provides an extensive analysis of minor and serious damage 
resulting from blast and Eisenberg et al. [13], using data supplied by Fugelso et 
al. [14], derive probit equations relating structural damage to peak overpres­
sure. A summary of blast damage with respect to peak overpressure is given by 
Clancey [15]. This summary is based on work reported by Braise and Simpson
[1 1 ] and is reproduced here in Tabled. Generally an overpressure of 0.07bar 
(1 psi) is considered sufficient to cause partial demolition of typical British 
brick and concrete constructions, whereas, 0.70 bar (10 psi) is taken as result­
ing in total demolition. However, these figures are not agreed upon by all. 
Turnbull and Walter [10] quote 1.5 bar as the onset of considerable building 
damage. This disagreement may well stem from the omission of certain blast 
criteria. Unlike human damage, the estimation of building damage tends to be 
sensitive to the response time 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 is more commonly termed injury, is either due to 
direct blast wave contact or secondary effects, such as, whole body translation 
and missile impact. The most susceptible parts of the body to blast damage are 
those organs possessing large density differences amongst neighbouring tissue 
[16]. As a consequence of this most deaths from blast overpressure (i.e. primary 
effects) are a result of lung haemorrhage and heart failure. In comparison, 
minor injury is often based on eardrum rupture, since the ear, although not 
a vital organ is exceptionally sensitive to pressure. An increase in pressure of 
only 2 x 10“ 3 N/m2 (2.9 x 1CT9 psi) will cause the eardrum to move less than the 
diameter of a single hydrogen molecule [17]. Eisenberg et al. [13] have derived 
probit equations relating peak overpressure to the likelihood of death. The 
probit is based on lung haemorrhage and is given by
P r =  -77.1 +6.91 In P °  (2)
where P r  denotes the probit (originally given as Y), and P °  is the peak 
overpressure (N/m2).

Similarly, they derive a probit equation for minor injury based on eardrum 
rupture.
P r =  -15.6 + 1.93 In P °  (3)

A sample of the results gained using these equations is given in Tables 5 and
6 . The equations were developed for early risk assessments and still remain 
popular although their accuracy has been questioned.

Predicting lung haemorrhage and eardrum rupture is an extremely difficult 
task and many researchers 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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Dam age produced by b la s t (after C lancey [15])

TABLE 4

P ressu re  (bar) Dam age
0.0014
0.0021

A nnoying noise (137 dB). if of low frequency (10 15 Hz) 
O ccasional b reak in g  o f larg e  g lass w indows already  u nd er s tra in

0.0028
0.0069
0.010

Loud noise (143 dB). Sonic boom glass fa ilu re  
B reakage of windows, sm all, und er s tra in  
Typical p ressure for glass fa ilu re

0.020 “safe d is tance"  (probab ility  0.95 no serious dam age beyond th is  value). 
M issile lim it (some dam age to  house ceilings; 10% window glass 
broken)

0.028 L im ited m inor s tru c tu ra l  dam age
0.034-0.069 L arge and  sm all windows usually  sh a tte red ; occasional dam age to  

w indow fram es
0.048 M inor dam age to house s tru c tu res
0.069 P a rtia l dem olition  of houses, m ade u n in h ab itab le
0.069-0.138 C orru gated  asbestos shattered . C orrugated  steel or alum inium  panels, 

fasten ings fail, followed by buckling . W ood panels (std. housing) 
fasten ings fail, panels blow n in

0.090 Steel fram e o f clad bu ild ing  sligh tly  d is to rted
0.138 P a rtia l collapse o f w alls and  roofs o f houses
0.138-0.207 C oncrete or cinder block w alls, n o t reinforced, sh a tte red
0.159 Lower lim it of serious s tru c tu ra l dam age
0.172 50% destru c tio n  of brick  w ork of house
0.207 H eavy m achines (3000 lb) in  in d u str ia l bu ild ing  suffered lit t le  dam age. 

Steel fram e build ing  d is to rted  and pulled aw ay from foundations
0.207-0.276 Fram eless, self-fram ing stee l panel bu ild ing  dem olished. R up tu re  o f oil 

s to rage tan k s
0.276 C ladding of ligh t in d u stria l build ings rup tu red
0.345 W ooden u tilitie s  poles snapped (te leg raph  poles, etc.)

T all hyd rau lic  press (40,000 lb) in  bu ild ing  sligh tly  dam aged
0.345-0.483 N early  com plete destru c tio n  of houses
0.483
0.483-0.552

Loaded tra in  w agons overtu rn ed
B rick  panels. 8 12 in. th ick , no t reinforced, fail by sh earin g  o r flexure

0.621 Loaded tra in  box-cars com pletely dem olished
0.689 P robable to ta l destru c tio n  o f build ings. Heavy m achine tools (7000 lb) 

m oved and badly dam aged.
Very heavy m achine tools (12,000 lb) survived

20.68 Lim it of c ra te r  lip
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TABLE 5
P robab ility  of fa ta lity  from lung  haem orrhage for a given overp ressure (after E isenberg  
e t al. [13])
P robab ility  of fa ta lity  
(%)

P eak overp ressure

(bar) (psi)
1 1.00 14.5

10 1.20 17.5
50 1.40 20.5
90 1.75 25.5
99 2.00 29.0

TABLE 6
P robab ility  of eard rum  ru p tu re  for a given overp ressure (after E isenberg  e t al. [13])
P robab ility  of 
eard rum  ru p tu re  
(%)

Peak overp ressure

(bar) (psi)
1 0.17 2.4

10 0.19 2.8
50 0.44 6.3
90 0.84 12.2

Walter [10] quote a figure of 3 bar rather than 1.4 bar as the pressure needed to 
cause 50% fatalities from lung haemorrhage. Similarly, Baker et al. [1] using 
the results of Vadala [18], Henry [19] and Reider [20] have produced a plot of 
the percentage of eardrum ruptures vs. peak overpressure. From the plot they 
estimate that the probability of eardrum rupture at lb a r  (14.5 psi) is approxi­
mately 50% and not 90% as given by Eisenberg et al. The plot presented by 
Baker et al. is reproduced here in Fig. 2 . More recently Pietersen [2 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 performed on explosion effects at the Love­
lace Foundation [23] in the US during the 1950’s and 1960’s, in particular the 
work performed by Bowen et al. [24], Fletcher and Bowen [25], White [16] and 
Hirsch [26]. Tne probits based on lung haemorrhage and eardrum rupture 
illustrated by Pietersen provide similar results (marginally lower) to those 
given by Eisenberg et al. [13] and are therefore not detailed here.

Death and non-fatal injury from secondary effects, as previously stated, is 
generally the result of bodily translation or missile contact. The effects of
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LU

10+ 10s 106 
Pea* Overpressure. p°, (N/m2)

A  Vadala (1S30) 
<•> Henry (1£45) 
V Reider (1£68)

Fig. 2. E ard rum  ru p tu res  (%) vs. overp ressu re  (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. Damage 
occurs as a result of the head or other vulnerable body parts colliding with 
hard surfaces causing fracture, concussion and/or haemorrhage (known as 
tertiary damage). The degree of injury is related to impact velocity, duration, 
terrain, distance thrown, impacting surface and orientation. Baker and 
Oldham [27] have developed a method of quantifying damage caused by bodily 
translation based on specific impulse and incident overpressure. Using the 
method together with data gained through White [16] and Clemedson et al. [28] 
tertiary damage is expressed in terms of impact velocity. Abstracted results 
from Baker and Oldham [27] are given in Tables 7 and 8 . Longinow et al. [29] 
have also estimated tertiary damage. They derive a relationship between the 
probability of death and impact velocity. A graphical representation of the 
relationship is reproduced here in Fig. 3. It can be seen that the values given by 
Baker and Oldham correspond well with the relationships given by Longinow 
et al. for skull and whole body impact.

Other characteristics associated with blast waves, such as, toxic gases, 
ground shock and crater are considered here to be insignificant compared with 
those effects described above. This is because such phenomena only become 
a serious hazard in exceptionally large or confined (toxic gases) explosions. 
Additionally, the likelihood of death or injury from such effects 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
C rite ria  for te r tia ry  dam age (decelerative im pact) to  th e  head (after B aker et al. [1,27])

Skull fra c tu re  to le rance R elated im pact velocity  (m/s)

M ostly “safe” 3.05
T hreshold 3.96
50 percen t 5.49
N ear 100 percent 7.01

TABLE 8
C rite ria  for te r tia ry  dam age involving to ta l body im pact (after B aker e t al. [1.27])

T otal body im pact to le rance R elated im pact velocity  (m/s)

M ostly “safe” 3.05
L eth a lity  th resho ld 6.40
L eth a lity  50 percent 16.46
L eth a lity  n ea r 100 percen t 42.06

Fig. 3. F a ta lity  criterion : Bodily tra n s la tio n  (after [29]).
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Further information, with respect to these phenomena can be gained through 
Lees [2], Robinson [6 ], Clancey [15] and Pietersen [21],

3. M issile dam age and injury
Fragment generation, as a result of explosion, can produce significant dam­

age to receiving medium. Energy delivered to fragments from blast waves 
cause fragments to become airborne and act as missiles characterised by 
velocity, range and penetration. Such missiles are often classed as being either 
primary or secondary [1], Primary missiles consist of casing and/or container 
fragments from the explosive item, 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 storage 
vessel “bursts” [1, 30], the casings and packages of high explosives rupture into 
large numbers of small primary fragments. Although the fragments are small 
and irregular, they are generally of a “chunky” appearance (inasmuch that all 
linear dimensions are of a similar magnitude) and for typical shell casings weigh 
in the region of one gram [31, 32]. In addition, high explosive primary missiles 
have velocities over ten times that of typical pressure burst fragments; velocities 
approaching several thousand metres per second are not uncommon [31].

Secondary missiles, as mentioned above, are the result of blast wave interac­
tion with objects located near to the source of explosion. Such fragments are 
often termed as being either “constrained” or “unconstrained”. The terminol­
ogy 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 through to vegetation. Velocity, range 
and penetration of secondary missiles are, in the main, much less than those of 
primary types. However, it is not unknown for blast waves to accelerate 
secondary fragments to velocities where they become capable of inflicting 
serve impact damage [1, 32].

It is not the intention of this work to explain in-depth the means of calculat­
ing, from accidental explosions, missile projectory, penetration, range or 
velocity. Much work has already been done on these subjects. A brief descrip­
tion is given by Lees [2] and detailed accounts by Baker et al. [1], Clancey [15] 
and High [33]; all of these contain references to other works. However, for 
completeness a brief description of the methods used to calculate missile 
velocity, range and penetration is included here.

Missile velocity can be estimated through the consideration of explosion 
energy. For typical fragments from cased [2] charges initial fragment energy 
varies from between 20% and 60% of the explosion energy. Initial fragment 
velocity can be calculated from
E = \M V 2 (4)
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where E  is the initial kinetic energy of the fragment (J), M  fragment mass (kg), 
and V  the initial fragment velocity (m/s).

Clancey [15] estimates that for the majority of fragments, resulting 
from TNT explosions, fragment velocities are as follows: Thin case 
8000 ft/s (2438 m/s), medium case 6000 ft/s (1829 m/s), and thick case 4000 ft/s 
(1219 m/s).

The velocities have been estimated from empirical data on the assumption 
that any size charge will propel fragments the same distance. Although this 
assumption is untrue, since large explosions propel 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 = ( W 113/ k a ) C n U / V )  (5)
where X  denotes the range (m), W  fragment mass (kg), U  initial fragment 
velocity (m/s), V  fragment velocity (m/s), k  is a constant (0 .0 0 2  velocity super­
sonic, 0.0014 velocity subsonic) (kg1/3/m), and a  is the drag coefficient.

Drag coefficients are a function of fragment shape and orientation 
during flight. Typical drag coefficients range between about 0.8 and 2.0, 
with regular symmetric shapes tending towards the lower values. A number 
of drag coefficients for various shapes and flight orientations is given by 
Hoerner [34].

Missile penetration is examined in-depth by Clancey [15] and Baker et al. [1], 
However, the equation given below is from neither of these sources, but is 
considered suitable for approximating penetration through building materials 
by fragments of less than 1 kg (this is useful here since casing fragments are 
generally much less than 1 kg, as indicated previously). The equation is taken 
from the High Pressure Safety Code [35] which suggests that a safety factor of 
between 1.5 and 2 should be applied to the results. It should be noted that 
irregular fragments may have a penetration capability only half of that cal­
culated, whereas, pointed fragments may penetrate even further.
t  =  k M a V b (6 )
where t is the penetration (m), M  fragment mass (kg), and V  fragment velocity 
(m/s). The constant “ k ” and exponents “a” and “ b ” in eq. (6 ) vary depending on 
target material, as follows: Concrete (crushing strength 35 MN/m2) 18 x 10~6,
0.40, 1.5; Brickwork 23 x 10-6, 0.40, 1.5; and Mild steel 6  x 10~5, 0.33, 1.0.

Damage caused by missiles, needless to say, can vary from superficial to 
extensive. As a guide the Explosives Storage and Transport Committee [36] 
(ESTC) estimate that lethal missiles, with regards to humans, are missiles 
having approximately 80 J of kinetic energy. The ESTC also suggest that 
one fragment per 56 square metres provides individuals who are out in the 
open with a 1% chance of being hit. Buildings and other relatively large 
objects can be crushed or penetrated by missiles leading 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 rate of falling debris and glass 
breakage. All of these missile effects may also lead to the initiation of second­
ary fires adding further injury. Secondary fires are discussed in Chapter 4.

The term “indirect hazard” as used above refers to all damage caused to solid 
media, such as, building 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 majority of injuries 
from direct hazards relate to skin laceration and open wounds. If the velocity 
of the 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 relationship exists between missile 
mass and exposed cross-sectional area. This relationship is based on a limiting 
velocity (V50) which corresponds to a 50% probability of skin penetration. The 
tests, performed with steel cubes, spheres and cylinders impacting 3 mm thick 
human/goat skin, assume that all missile penetration causes severe damage. 
Sperrazza and Kokinakis conclude that limiting velocity depends linearly on 
the ratio of fragment area and fragment mass, as shown by eq. (7).
V 50 =  k ( A / M )  +  b  (7)
for A / M >  0.09 m2/kg and M >  0.015 kg, where V50 is the limiting velocity (m/s), 
A  the CSA of missile along trajectory (m2), M  the mass of fragment (kg), k  is 
a constant (1247.1) and b  is a constant (22.03).

From further work Sperrazza and Kokinakis [38] have found that skin i n  s i t u  
can be penetrated at lower impact velocities than isolated skin. The results are 
contrary to that expected when one considers that i n  s i t u  fragments must 
traverse 10 mm of skin and subcutaneous tissue rather than 3 mm 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 differing approaches to the problem. However, Baker et 
al. [1] using a number of simplifying assumptions, have compared results 
compiled by other researchers, as shown in Fig. 4. It can be seen from Fig. 4 
that the relationship estimated by Sperrazza and Kokinakis compares well 
with the findings of Glasstone [4], White et al. [39], Custard and Thayer [40] and 
Kokinakis [41]. More recently Pietersen [21] has described a relationship 
derived by TNO [2 2 ] relating the probability of fatality with regards to skin 
penetration based on fragment velocity and mass. The relationship is in the 
form of a probit equation, as shown below, and is applicable to fragments of less 
than 0 .1  kg.
P r =  -  29.15 + 2.10 InS (8)
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TABLE 9
C om parison of m ethods estim ating  p robability  of fa ta lity  from non -p enetra ting  m issile 
im pact
P robab ility  o f fa ta lity  (%) F ragm ent im pact velocity  (m/s)

A hlers“ P ie te rsen b

0.5 kg  fragment 
10 17 14.9
50 23 16.8
90 30 19.0
10 kg fragment 
10 8 5.0
50 11 5.6
90 13 6.3

“ A pproxim ate values from A hlers [42]. 
b A pproxim ate values from P ie te rsen  [21].
For non -p enetra ting  fragm ents betw een 0 .1kg  and 4.5 kg: P r=  —17.56 + 5 .3In S , w here 
S = \ M V 2: and for no n -p enetra ting  fragm ents g rea te r  th a n  4.5kg: P r=  —13.19+ 10.54In V.

A/M (mVkg)

Fig. 4. B allistic  lim it (V 50) vs. fragm ent area /m ass for iso lated  hum an and goat sk in  (after 
[1]).
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where S equals M V 5 115, in which M  is the fragment mass (kg), and V  fragment 
velocity (m/s).

Not all fragments are penetrating. Non-penetrating fragments may cause 
injury or death by virtue of their mass and velocity being so great that they 
inflict bodily translation and/or crushing effects. Such action usually results 
in cerebral concussion, fracture, haemorrhage and/or serve bruising of the 
victim. Ahlers [42] has studied :he effect of non-penetrating missiles on indi­
viduals, the results of which are presented here in Fig. 5. Pietersen [21] illus­
trates two probit relations derived by TNO [2 2 ] for the probability of fatality 
from such missiles. For fragments between 0.1 kg and 4.5 kg the probit is 
related to kinetic energy, such that
P r =  -17.56 + 5.30 In S (9)
where
S = j M V 2 (10)
and M  and V  are as given above for skin penetration. For fragments greater 
than 4.5 kg the probit is related to skull fracture and given by
P r=  —13.19+ 10.54 In V  (1 1 )
where V  is the fragment velocity.

Results obtained using the above probits differ from the results presented by 
Ahlers [42]. Given the same size fragment, compared with Ahlers, the probit

Fig. 5. F ragm ent im pact: H um an response to  non -p enetra ting  m issiles (after [41]).
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based on kinetic energy (i.e. fragments 0.1kg-4.5kg) implies that a greater 
impact velocity is needed to attain a specific probability of fatality. In compari­
son, the probit 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 [21] suggesting that they are asymptotic of 
a more general solution. For example, both suggest that the probability of 
fatality from large fragments (unlike small fragments) is related simply to 
impact velocity.

Further 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. Therm al dam age and injury
Extensive thermal damage from explosions is usually caused by the phenom­

enon of fireball growth. Fireballs cause damage as a result of igniting combus­
tible materials and injuring humans by direct immersion and intense radiation. 
Thermal damage may also occur as a result of secondary fires. These fires are 
initiated either by instantaneous combustion of materials 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 
extremely hard to quantify. For propane explosions Geffen et al. [43] have 
estimated the number of secondary fires as a factor of heat radiation threshold 
and building density. It is suggested here that a similar analogy could be 
employed for commercial 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. [44].

As previously mentioned, the major hazard from fireballs is 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. However, it has been suggested by Baker et al. [1] 
that for small fireballs, in which less than 1 0  kg of substance are consumed, 
heat transfer by conduction and convection may play a substantial part in the 
heat transfer process. Regardless of this omission, for the purposes of conse­
quence analysis, the current catalogue of research tends to support historical 
data collected on fireball incidents. The most authoritative work in this field is 
given by Rakaczky [45], with regards to munitions explosions, Gayle and 
Bransford [46], High [47], Bader et al. [48] and Hasegawa and Sato [49] with 
regards to liquid propellants and fuel explosions, and Roberts [50] with regards 
to releases of liquefied petroleum gas (LPG). It should be noted that much work 
in this field relates specifically to nuclear explosions [4]. Unfortunately the 
results gained on fireballs from nuclear explosions do not correspond well with
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data collected on fireballs resulting from chemical explosions. This disparity 
should be borne in mind when attempting fireball analysis. This work is chiefly 
concerned with commercial and conventional military explosives, and there­
fore the following discussion on fireball growth and damage omits any refer­
ence to nuclear explosions.

Evaluation of fireball consequences for hazard assessment requires the 
quantification of fireball temperature, fireball duration and fireball size. Tem­
perature is dependent on the heat capacity of the fuel consumed and means of 
combustion (i.e. diffusion flame where air 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 chemical 
explosives. It is important to note this fact when using fireball models so as to 
avoid erroneous conclusions. For example, High’s [47] predictions for fireball 
size and duration are based on liquid propellants having fireball temperatures 
of 3600 K, whereas, Rakaczky’s [45] estimates are for fuels, such as, propane, 
pentane and octane which have substantially lower fireball temperatures (i.e. 
approximately 2500 K). Similarly, Roberts [50] equations relate to propane 
fireballs. However, variations between fireball models are largely dependent 
upon the mass of substance consumed, and as such size and duration estimates 
may vary by as much as 50%.

As stated above, estimation of fireball size and duration varies from model to 
model. It is suggested by Baker et al. [1] that the results from the various 
models, used to estimate size and duration, are asymptotic or limiting cases of 
a more general solution. This claim is supported by the mathematical similari­
ties between the models and the fact that some methods are suitable for use on 
fireballs consuming small quantities (i.e. less than 10 kg — Hasegawa and Sato 
[49]), whereas, others are best used on fireballs consuming relatively modest 
quantities of material (i.e. more than 20 kg — High [47] and Rakaczkv [45]). 
However, from a review of fireball models Roberts [50] suggests that for a large 
range of releases (1 kg to over 1 0 0 ,0 0 0  kg) the following equation provides 
a reasonable approximation of fireball size.
D = 5.8M 1/3 (12)
where D  is the fireball diameter (m), and M  the mass consumed (kg).

Similarly, Roberts suggests that for fireballs consuming less than 5 kg fire­
ball duration is best estimated by
T= 1.1 M 0 0 9 7  (13)
and for quantities greater than 5 kg
71=0.83 M 0-316 (14)
where T  denotes the fireball duration (s), and M  the mass consumed (kg).

Duration time, T ,  is referred to here as the period during which fireballs 
radiate heat. Further time-scales (of minor importance here) are 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 Roberts [50] together with three distinct stages of fireball development, 
namely:
(a) rapid growth (rapid combustion, dominated by initial momentum of re­

lease, very bright flame),
(b) little change in size (dominated by buoyancy and combustion effects, flame 

cooling from bright yellow to dull orange),
(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 fireballs lose heat. A general consensus has not been reached on 
the estimation of duration and therefore 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 rapidly reaching a maximum size which is maintained for a measurable 
time until collapse. Rakaczky [45], in a literature review of explosions, ob­
served that fireball size and duration can be expressed by
D = 3.76 M0 ’325 (15)
and
T =  0.258 M0'349 (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 temperatures approxi­
mating 2500 K. Other researchers, namely High [47] and Hasegawa and Sato 
[49], have evaluated similar equations, abstracted results of which are shown 
in Tables 10 and 11. It is suggested by Baker et al. that High’s equations should

TABLE 10
C om parison of m ethods estim ating  fireball d u ra tio n  (after B aker e t al. [1])
M ass (kg) Tim e (s)

R akaczky H igh H asegaw a and Sato R oberts
1 0.26 0.30 1.07 1.10

10 0.58 0.63 1.62 1.72
102 1.29 1.31 2.46 3.56
103 2.87 2.74 3.74 7.36
104 6.42 5.72 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 11

C om parison of m ethods estim ating  fireball size (after B aker et al. [1])

M ass (kg) D iam eter (m)
R akaczky H igh H asegaw a and  Sato R oberts

1 3.76 3.86 5.25 5.80
10 7.95 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
IO6 335.00 321.00 402.00 580.00
107 708.00 671.00 828.00 1250.00

be used for liquid propellants having fireball temperatures of approximately 
3600 K and where more than 20 kg of hazardous material is consumed, and that 
Hasegawa and Sato’s equations be employed on fireballs consuming less than 
1 0  kg.
High [47] Z) = 3.86 M 0 32. T =  0.299 M0 3 2  (17)
Hasegawa and Sato [49] D  =  5 . 2 5 M ° 314, T=1.07M O181 (18)

The models discussed above have yet to be refined so as to incorporate 
conductive and convective heat transfer mechanisms, which may greatly affect 
heat loss in small fireballs, as previously mentioned. In addition, the emissivity 
of fireballs has not been fully addressed. Most models assume emissivity values 
of between 0.7 and 1.0. However, some fireballs have extremely low “black- 
body” capabilities rendering the above equations inappropriate (e.g. hydrogen 
fireballs).

Fireball size and duration is summarised in Table 12.
Fireball consequence analysis takes the form of estimating thermal radiant 

heat flux and, subsequently, radiated thermal energy. The treatment and 
derivation of these parameters are complex and for the purposes of this paper 
need no full description. A suitable explanation is given by High [33] and Baker 
et al. [1]. It is sufficient here to note that the analysis is based on fireball size, 
temperature and duration. On the assumption that fireball size and temper­
ature remain constant High derives the following equations for radiant heat 
flux, q ,  and radiated energy per unit area, Q.
( q / o 4) =  ( G D 2I R 2) l ( F + D 2I R 2) (19)
Q I ( b G M 1/3o 213) = ( D 2I R 2) / ( F + D 2I R 2) (20)
where q  is the heat flux (J/m2s—i.e. W/m2), Q  the radiated energy (J/m2), D  the 
diameter of fireball (m), o the temperature of fireball (k), R  the distance to
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TABLE 12
F ireba ll size, D, and du ra tio n , T, pa ram eters  from D  = A M B and T = A M B

M odel D iam eter (m) D u ra tio n  (s)

A B A B

H igh“ 3.86 0.320 0.299 0.320
H asegaw a and S a to b 5.25 0.314 1.070 0.258
R akaczky ' 3.76 0.325 0.258 0.349
Roberts'1 5.8 0.333 0.830 0.316
R oberts ' - - 1.100 0.097
a H igh [47] -  liquid p rope llan ts  and fuel explosions, fireball tem pera tu res approx. 3600 K, 
g rea te r th a n  20 kg.
b H asegaw a and Sato  [49] -  liquid p rop e llan ts  and fuel explosions, less th a n  10 kg. 
c R akaczky [45] m un ition  explosions, fireball tem pera tu res approx. 2500 K. 
d R oberts [50] -  propane, 1 kg to  over 100,000 kg.
'  R oberts [50] propane, less th a n  5 kg.

fireball (stand-off distance) (m), M  the consumed mass (kg), F  a transmission 
coefficient (161.7), G  a transmission coefficient (5.26 x 10“ 5), and b G  the trans­
mission product (2.04 x 104).

Both equations above are based on static fireball diameters. High [33] 
(employing a time variant analogy) has shown that equations can be derived to 
allow for fireball growth. However, these are not expanded upon here since 
they add little to the assessment of fireball damage.

Radiated heat, E, is given by Roberts [50] as
E  =  F M Q / T  (21)
where E  denotes a radiated heat (kW), F  a fraction of total heat released 
(0.2-0.4), M  a mass consumed (kg), Q  a heat of combustion (kJ/kg), and 
T  a fireball duration (s) (where T=0.45M 1/3).

From the above the intensity of heat radiation on a target perpendicular to 
the direction of radiation (i.e. heat flux) is given by
I=E/4nL2 (22)
where I  is the intensity of heat radiation (kW/m2) (note; “I ” is referred to as 
“ q ” in the equations given by High [33]), E  the radiated heat(kW) and L  a dis­
tance from centre of fireball to target (m).

The effect of fire on buildings can be related directly to the intensity of 
radiated heat (i.e. heat flux). Most research has concentrated on the ignition of 
wood [1 , 51]. Lawson and Simms [51] estimate spontaneous ignition of wood 
from the following equation.
( q - q s)t*ls = k (23)
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where q  is the heat flux (W/m2), gs the critical heat flux for spontaneous 
ignition (25,400 W/m2), t the duration of heat flux (s). and k  is a constant (6730).

The equation given above is based on empirical data and is a general 
relationship for all types of wood. The critical radiation intensity (i.e. heat 
flux) to cause spontaneous ignition of wood is given as 25.4 kW/m2. Other 
relationships for differing materials exist. However, the vast majority refer to 
nuclear explosions which are not strictly comparable with chemical ex­
plosions, as previously explained. For further information reference should be 
made to Glasstone and Dolan [4] and Baker et al. [1 ].

Damage to the human body from thermal radiation may result in death or 
injury from severe burns. Injury caused by radiation can be quantified by 
temporary or permanent loss of sight. Miller and White [52] have derived 
relationships linking heat flux and choriorentinal burns with respect to time. 
However, thermal radiation injury is more commonly based on the burning of 
bare skin [1,13,53]. Buettner [53] estimates human pain with respect to heat 
flux. Figure 6  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 44.8 ’C is exceeded at a skin depth of 0 .1  mm. 
Exceeding such a temperature rapidly increases the victim's pain. The pain 
then gradually fades indicating that total skin irradiation has occurred. It is 
stated by Hymes [54/ that for each increase of 1 C above the threshold the rate 
of injury is trebled. For example, compared with the threshold the damage rate 
is roughly 100 times greater at 50 C.

50% of observations lie

Fig. 6. T hreshold  of pain  from therm al rad ia tio n  on bare sk in  (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 degree burns, as shown in Fig. 7. Exposed 
skin varies from season to season but is estimated to average [43] about 27%. 
This estimate of skin exposure approximates to the exposure of the head and 
both arms. Thus, from Fig. 7 it can be seen that the probability of fatality from 
second degree burns for average skin exposure is about 1 0 %.

A detailed review of the physiological and pathological effects of thermal 
radiation is given by Hymes [54] together with new information. It is broadly 
concluded that those exposed to heat fluxes capable of inflicting third degree 
burns within 10 seconds are unlikely to survive. Precise probabilities of injury 
and survival are difficult to gauge. The effects of radiation burns are related to 
burnt surface area, depth of burn, age of recipient and clothing characteristics, 
etc. All of these factors are discussed by Hymes [54].

Probability of death with respect to the proportion of body surface area 
burnt is given by Pietersen [21] and reproduced here in Table 13. As a “rule of 
thumb” it is suggested by Hymes [54] that for 15% burnt surface area (adult, 
head and hands) and injury no worse than second degree-plus all healthy 
adults under 50 can be expected to survive, whereas, 50% of those over 60 can 
be expected to die. Compared with adults the proportion of infants surviving is 
somewhat lower. This is due to the greater surface area exposed (i.e. head and 
hands approximate 30% of infant area) and the greater medical attention 
required. The approximate distribution of adult surface area (skin) is given in 
Table 14.

Fig. 7. F a ta lity  criterion : Second degree burns (after [54]).
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TABLE 14
D istribu tion  of sk in  surface area
Body p a rt  P rop o rtion  (%)

Head 7
T ru nk 35
Arms 14
H ands 5
Thighs 19
Legs 13
Feet 7

From a number of empirical relations [13,56], and based on an average 
population, Pietersen [21] derives probits relating burns and death (an average 
population is not defined). The probits assume approximately 20% exposed 
surface area. Severity of injury is categorised by the depth of skin to which 
a temperature difference of 9 K occurs, such that
1st degree burns < 0 .1 2  mm skin penetration
2nd degree burns < 2 mm skin penetration (24)
3rd degree burns >2 mm skin penetration 
The probits given by Pietersen are as follows.
P r =  —39.83 + 3.0186 In ( t q 4 3) 1st degree burns
P r =  -43.14 + 3.0188\ n ( t q 413) 2nd degree burns (25)
P r =  — 36.38 + 2.56 In ( t q 4 3) lethality (death)
where P r  is the probit, t the exposure time (s) and q  the heat of radiation 
(kW/m2).

For completeness, certain 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 (for both 
materials and humans) require differing magnitudes of heat flux for specific 
levels of damage. For example, first degree burns from secondary fires (steady 
state fires) are likely from heat fluxes approaching 4.5 kW/m2 (after 20 s), 
whereas, similar damage from fireballs (transient fires) can be expected at 
125 kJ/m2. It should be noted that due to the short duration of fireballs total 
radiated heat is used to estimate damage levels. Tables 15 and 16, which are 
reproduced in-part from the Rijnmond Public Authority Study [57] into the 
hazards from a number of chemical installations, serve to illustrate these 
points.
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TABLE 15

R ad ia tion  in ten sity  dam age: S teady s ta te  fires (after R ijnm ond Pub lic A u tho rity  [57])
H eat flux (kW /m 2) Effect
37.5 Dam age to in d u stria l equipm ent
25.0 M inim um  energy required  to  ign ite  wood a t infin ite ly  long 

exposure
4.5 Sufficient to  cause pain  to  personnel if unab le  to  reach  cover 

w ith in  20 s, 1st degree burns likely
1.6 No discom fort to  long exposure

TABLE 16

R adiation  in tensity  dam age: T ran sien t fires (after R ijnm ond Public A u tho rity  [57])
H eat flux (k J /m 2) Effect
375 3rd D egree burns
250 2nd Degree burns
125 1st D egree burns
65 T hreshold  of pain , no reddening o r b lis te rin g  of sk in

TABLE 17

P ain  and b lis te r th resho ld s w ith  respect to  h ea t rad ia tio n  in tensity  and tim e“
H eat flux (kW /m 2) Tim e (s)

P ain B liste r
3.7* 20.0 _

4.2 13.5 33.8
5.2 10.1 -
6.2* 10.0 -
6.3 7.8 20.8
8.4 5.5 13.4
9.7* 5.0 -

12.6 2.9 7.8
16.8 2.2 5.6*O00 2.0
° Tim e to  th resho ld  of pain , d a ta  from Stoll and G reene [58], except tim e to  unb earab le  pain. 
* D ata  from B u e ttn e r [59].
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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. 
Estimating the number of casualties and extent of building damage is hindered 
by a multitude of factors, namely
(a) mass of explosive consumed,
(b) distance from source to target,
(c) blast duration,
(d) terrain,
(e) exposure,
(f) fragment generation, velocity, range and projectory,
(g) heat intensity,
(h) structural and material building characteristics.

Furthermore, it is difficult to distinguish between fatalities simply caused by 
overpressure effects, bodily translation and missile impact. Other causes of 
death which are hard to distinguish include asphyxia following burial, carbon 
monoxide poisoning and chronic illness aggravated by shock. In addition to 
these problems the majority of urban populations will be indoors during an 
explosion. Only a limited amount of research has been conducted on the effects 
of explosion with regards to “indoor” populations. The U.S. Department of 
Transportation [44] 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 
extrapolating external blast damage to internal blast damage are available. 
Consequently, the assessment of damage to indoor populations is limited and 
the accuracy of results poor.

As a consequence of the differences between indoor and outdoor environ­
ments, and as a result of the problems outlined above, there are very few simple 
aggregated 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 explosions from the accidental initiation of commercial/military explo­
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 achieving this is by the analysis of historical events to produce empir­
ical methods of evaluation. Workers at the University of Technology, 
Loughborough [60], have adopted this approach and produced a model suitable 
for the assessment of condensed explosions occurring without warning in 
built-up areas.

The consequence model developed at Loughborough by Withers and Lees 
[60] is applicable only to those explosives which have a mass explosion hazard 
(i.e. 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 II bombings, chemical 
explosions, domestic gas explosions and a number of natural disasters such as 
earthquakes and tornadoes. Empirical data consist primarily of relationships 
linking injury and blast overpressure. Due to the difficulties encountered in 
estimating fatalities cause of death is split into primary and secondary types. 
Primary deaths are classed as those which occur in the near field and are 
entirely due to overpressure. The likelihood of death from overpressure is 
related to impulse and duration. In comparison, secondary deaths are related 
to housing damage, specifically the number of dwellings made uninhabitable. 
For every 10 dwellings made uninhabitable 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 detailed here in Figs. 8  
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 
model estimates 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 approximates favourably fatalities from V-2 
rocket/bombing raids and other similar sized explosions (0.5 tonne-2 tonne).

:o- 10
MASS OF EXPLOSIVE :xg!

Fig. 8. Primary and secondary causes of death for man: Mass of explosive and distance for
50% mortality (after [59]).
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FATALITIES
Fig. 9. M odel for fa ta litie s  re su ltin g  from an explosion of a condensed phase explosive in 
a built-up  a rea  (Basis 4000 persons/km 2. 2.5 persons/house [59]).

Regardless of any shortcomings, the author has found no similar “complete” 
explosion effects models. The model appears 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 1 m3 explosion chamber and the explosibility param eters for 

sulphide dust were determined and compared to other types of dusts. The severity of the explosions, 
as indicated by the K St value, was scaled by comparing the experimental results from different sizes 
of explosion vessels. The K s, value was found to increase with the volume of the explosion chamber, 
as expected for systems whose level of turbulence increases with increasing chamber volume. 
Explosive limits for a typical sulphide dust were obtained by examining the effect of dust 
concentration on the explosibility param eters. 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 1 m3 chamber tests 
and an ignition criterion was developed for mining explosives tha t do not contain aluminum. It 
was found th a t the minimum ignition energy can be expressed as the product of the heat of 
explosion and the minimum weight of explosive required for the ignition of the dust.

1. Introduction
Sulphide dust explosions in underground sulphide mines have been reported 

frequently during the las* twenty years. In most cases, dust explosions occur 
when blasting in massive sulphide ore bodies. The blasting operations generate 
a considerable amount of dust by crushing the ore immediately around the 
boreholes and during the fragmentation process of the friable sulphide ores. 
The exhausting heat and/or hot particles resulting from the detonation of the 
explosives used for blasting may provide enough energy to ignite the dust 
cloud and create a primary dust explosion. This might be followed by a second­
ary dust explosion in which the dust lying on the walls of the opening is 
dispersed by the pressure wave produced by the primary explosion and ignited
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by the flame front. The explosion could propagate long distances as long as the 
amount of dust to be dispersed is enough to feed the combustion process.

From the chemical point of view, a sulphide dust explosion is a rapid oxida­
tion process of the sulphide minerals. For instance, the dust explosion of pyrite 
(FeS2), which has been found to be frequently related with explosion occurren­
ces, can be expressed by the following reaction under confined condition [1]:
3FeS2 + 8 0 2^ F e 30 4 + 6 S 0 2 + 6.58kJ/g of FeS2 (1)
This typical reaction indicates three characteristics of a sulphide dust 
explosion:

(1) A large amount of heat is produced.
(2) The number of moles of gas after an explosion is less than the number before.
(3) The gaseous product (S02) is extremely toxic.
The first two characteristics implicate that the explosion pressure rise is 

caused by the temperature rise in the explosion products. The destructive force 
to underground 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 S 0 2 gas has been one of the major problems in 
underground operations because the S 0 2 gas must be diluted below the regula­
tion level (2  ppm) before miners re-enter the mine.

In this paper 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.



Q. Liu and P.D. Katsabanis/J. Hazardous Mater. 33 (1993) 35 49 37

2. Experimental techniques
Experiments on the dust explosibility were conducted in a 1 m3 explosion 

chamber. The wall of the cubic chamber is made of 12.7 mm thick steel plates 
and reinforced by two rows of box-beams at each side in both directions. The 
door can be tightly closed using 20 bolts. A rubber gasket is placed at the flange 
of the chamber so that no explosion products are released after the explosion.

Figure 1 illustrates the experimental arrangement. The dust is dispersed 
using four bags in which seismic detonators detonate instantaneously by 
means of a high voltage firing machine (Cordin 470). The explosive charge 
which is used to ignite the dust is placed at the centre of the chamber and fired 
with a zero delay detonator which gives an actual delay time of about 5-8 ms. 
By this time the dust cloud has been formed fully as observed using high speed 
photography. For the recording of the explosion pressure a Kistler pressure 
transducer (model 603B), mounted at the centre of a side wall of the chamber, is 
used. This is connected via a low-noise coaxial cable to an amplifier (Kistler 
dual mode 5004) and a Nicolet oscilloscope (model 4094). The recorded pressure 
history is corrected for the effect of the explosive igniter.

Two types of sulphide dust were used in the experiments; Type I and Type II. 
Type I is a typical sulphide dust which was provided by a Canadian sulphide 
mine. Its composition is 44.9% pyrite, 15.8% sphalerite, 4.8% galena, 1 .1 % 
chalcopyrite and 33.4% gangue material by weight. The sulphur content is

Passing Weight %

Fig. 2. P a rtic le  size d is trib u tio n  of the  sulphide dusts used in experim ents.
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29.86%, the measured density of the dust particles is 3.90 g/cm3 and the specific 
surface area is 1.34 m2/g. The size distribution of the dust sample is shown in 
Fig. 2 while the overall mean size is 14 pm. Sulphide dust Type II was ground 
from a pyrite ore sample to < 75 pm ( — 200 mesh) and had a sulphur content of 
47.9% by mass. The size distribution of the dust used in the experiment is also 
shown in Fig. 2. The density of the particles is 5.04 g/cm3 and the mean size is 
43 pm.

3. Relative explosion severity of sulphide dusts
Figure 3 shows typical recorded pressure histories for three dust explosions: 

cornstarch, wheat flour and sulphide dust Type I. 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: 6 g Detasheet (a military 
explosive consisting of pentaerythrol tetranitrate and a plastic binder) for 
cornstarch and wheat flour, and 15 g for the sulphide dust. The magnitude of 
the explosion pressure and the rate of pressure rise can be obtained directly 
from the recorded traces. The relative explosibility is, however, established 
through a classification system.

The U.S. Bureau of Mines [2] proposed a methodology for estimating indus­
trial dust explosion hazards in terms of three probabilities: The dispersion of 
dust, the existence of a flammable dust concentration and the presence of an

Explosion Pressure, KPa

Fig. 3. P ressu re -tim e  reco rd ing  of dust explosions.
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effective source of ignition. This method is logical and the assessment must be 
done systematically in order to quantify the explosion hazard for a particular facility.

Another method which is commonly used [3], uses the KSt value which is obtained by the cubic relationship [3]:
Vil3= K c (2)

where (dP/di)max is the maximum rate of pressure rise; V is the volume of explosion vessel; and KSl is a constant for a particular dust.
This formula indicates a fundamental observation that the maximum rate of 

pressure rise, which reflects the violence of a dust explosion, decreases with a larger volume of explosion vessel. For a particular dust, the KSl value is 
expected to be a constant. A four-class severity classification system has been established by grouping the KSt value in four ranges [3]. According to this 
system, St-0 class contains non-explosive dusts (KSl equal to 0), St-1 class 
contains dusts exhibiting “weak” explosion characteristics (KSt between 0 and 20 MPa m/s), St-2 class contains dusts exhibiting “strong” explosion 
characteristics (KSt between 20 and 30 MPa m/s), and St-3 class includes dusts exhibiting “very strong” explosion characteristics (KSl larger than 30 MPa m/s).

It should be noted that dust explosion hazard classification is established for designing surface facilities, e.g. relieving vents, in grain and other processing 
industries. The magnitude of an explosion hazard in this case is usually more severe than that of sulphide dust in underground mines. However, the rating 
helps to understand how violent a sulphide dust explosion is, compared to 
other combustible dusts. The designated parameters also help to compare the severity between different sulphide dusts.

Table 1 compares the explosibility parameters for sulphide dust Type I and Type II, as well as cornstarch and wheat flour. The data for cornstarch and

TABLE 1

C om parison of explosib ility  pa ram eters  ob ta ined  from 1 m 3 explosion cham ber

P aram eters C ornsta rch W heat
flour

Sulphide 
d ust Type I

Sulphide 
dust Type II

D ust co n cen tra tion 500 500 600-1000 600 1000
(g/m 3)

P ma,(kPa) 786 603 230-302 330 370
(dP/dOma,(M Pa/s) 25.56 7.30 1.2-2.3 3.5 7.0
Tim e of peak 66.5 147 130-170 65 93

p ressu re  (ms)
K Sl V alue (M Pa m/s) 25.6 7.3 1.2-2.3 3.5 7.0
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wheat flour were directly read from the recordings of Fig. 3. For sulphide dusts 
Type I and Type II, because a large number of tests has been conducted, the 
range of typical readings is given for the major parameters. It is obvious that 
cornstarch and wheat flour give higher explosion pressure and rate of pressure rise than sulphide dusts. According to the dust explosion classification system 
based on the Ks, values [3], sulphide dusts fall into the St-1 class. It was found 
that the KSl constant is in the range of 1.2-2.3 MPa m/s for sulphide dust Type 
I and in the range of 3.5-7.0 MPa m/s for sulphide dust Type II. In both cases the major sulphide mineral is pyrite. However, the concentration of pyrite is 
larger in sulphide dust Type II.The major difference between cornstarch and wheat flour dusts is in the 
particle size. Cornstarch consists of very fine particles (mean size 22 pm) while 
the enriched wheat flour consists of much coarser particles (mean size 80 pm). 
The compositions are, however, similar. It is clearly demonstrated that the explosion pressure and the rate of pressure rise increase when the particle size 
is decreased. This, however, has been well established for a variety of other materials [3,13]. As far as the tested sulphide dusts are concerned, Type II dust 
shows higher explosibility than Type I dust. Type II dust is, however, coarser 
than Type I dust. Therefore the difference between the dusts, which is a result of the difference in their chemical composition would be more marked for a finer Type II dust.

From the magnitude of Pmax and (dP/df)max, it is apparent that a sulphide dust 
explosion is less violent than the explosion of carbonaceous dusts such as 
cornstarch and wheat flour. Compared with other combustible dusts in under­
ground mines, sulphide dust is also less hazardous than bituminous coal dust and higher grade oil shale dust, but it is comparable to low grade oil shale and 
higher volatility (7%) anthracite dusts [4], However, for sulphide dust ex­
plosions, the additional problem is the toxic gas S02 that causes production delays in underground mining operations.

4. Scaling of sulphide dust explosions
In many cases when comparing the explosibility results obtained from small vessels with these from large vessels, the KS{ value, as expressed by eq. (2) is not constant. There is a minimum volume of explosion vessel to produce a constant 

Ks| value [3]. In other words, the explosibility results from small vessels may 
not be representative for the evaluation of the dust explosion hazard. For sulphide dusts, experiments on the explosibility have been conducted by re­searchers in several countries using different sizes of explosion vessels. It is certainly necessary to compare these results and scale the hazard of sulphide 
dust explosions. However, only few vessel sizes have been used for sulphide dusts and further, there is a lack of standardization on the methods of dust 
dispersion and ignition. These factors make it difficult to fully investigate the scaling of sulphide dust explosions.
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Table 2 gives the explosion pressure and rate of pressure rise obtained from 

different explosion vessels. The listed values are the highest from the particu­
lar source. The particle sizes of these sulphide dusts are all finer than 75 pm. 
Since sulphide dust Type I and Type II have been used by several researchers, 
results are comparable. Bituminous coal dust is also listed for the purpose of comparison.

For sulphide dust Type I, it was found that the peak explosion pressure does 
not change significantly with the size of the explosion vessel, whereas the maximum rate of pressure rise does. It is generally true that higher (dP/di)max is 
produced from smaller vessels. However, the KSi value, and subsequently the explosion hazard, is found to be smaller in small vessels. In other words, 
smaller vessels seem to under-estimate the explosion hazard. This is a clear indication that the KSt values obtained from vessels having volume smaller 
than 20 L, do not represent the real hazard rating for sulphide dusts. A proper interpretation and scaling is required to correlate the data for protective 
designs in underground facilities.

On a log-log chart, Fig. 4, the KSl value is plotted against the surface area to volume ratio of explosion vessels for sulphide dusts Type I and Type II. 
A smaller vessel has a greater surface area to volume ratio. It is obvious that 
the KSl value increases with the size of explosion vessel. The KSi values from a i m 3 vessel are the highest in the available experimental results and they

TABLE 2

Effect o f vessel size on explosion param eters

Sam ple Vessel
size

Pmax(M Pa)
(dP /di)ma, 
(M Pa m/s)

Ig n ite r *s, R eference

1 m 3 0.30 2.3 D etasheet 2.3 [1]
(15 g)

Sulphide 20 L 0.31 2.4 C.I.a (5 kJ) 0.65 [5]
dust Type I 0.32 4.2 C.I. (10 kJ) 1.14 [5]

0.30 1.1 C.I. 0.3 [4]
0.32 0.8 C.I. 0.22 [6]

8 L 0.36 3.7 Spark 0.74 [7]
Sulphide 1 m 3 0.37 4.69 D etasheet 4.69 [1]
d u st Type II (15 g)

20 L 0.40 8.3 C.I. (10 kJ) 2.25 [5]
8 L 0.56 5.7 N.C.b (0.75 g) 1.14 [8]
1 L 0.04 0.7 Spark 0.07 [2]

B itum inous 1 m 3 0.87 10.5 C.I. (10 kJ) 10.5 [9]
coal (37% 20 L 0.77 12.1 C.I. (5 kJ) 3.3 [4]
vola tile) 1 L 0 72 15.9 Spark 1.59 [11]

'C.I. =  Chem ical Ign iter. 
’N.C. =  N itrocellu lose.
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Fig. 4. Scaling  of su lph ide d ust explosions.

seem to be close to a maximum. However, it is not certain whether the 1 m3 chamber reaches the minimum size to generate constant KSi values. Further 
investigation is required to clarify this point although the application of 
KS{ values to dust explosions in mine entries might be debatable because of the 
effects of turbulence [9,10],To accurately evaluate the Ks, value of sulphide dusts the exact same dust sample needs to be tested in different vessel sizes with the same type of ignition 
source. The igniter must have enough strength to enable the dust cloud to 
explode in different vessels. Thus the standardization of igniters seems neces­sary not only for explosion scaling but also for general research in this field.

Electrical sparks should no longer be used because they are not reliable when igniting a sulphide dust cloud [12]. Chemical igniters, such as the Sobbe 
igniters [13], could be used in small vessels as long as “overdriving” does not occur. According to the results from 20-litre and 10.3 m3 experiments [12,14], it seems that higher strength igniters are required for larger vessels. With volume larger than 1 m3, a chemical igniter may not be strong enough. The 
ignition and reaction of the chemical igniter may take a relatively long time compared to the time of the explosion pressure rise in a sulphide dust ex­plosion. Since the ignition energy is delivered over a time period, not all of the 
energy in the chemical igniter contributes to the dust ignition. To examine this, 20 g black powder was used to ignite sulphide dust Type I in the 1 m3 chamber. The explosion pressure was found to be much lower than when the
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same dust was ignited by Detasheet. A large portion of non-reacted dust was 
found in the explosion residual. It is believed that this part of the dust had fallen on the floor before the dust explosion occurred because of the slow 
combustion rate of the black powder and the slow rate of energy release. 
It appears that explosive igniters, such as detonators and high explosives, 
are suitable for the ignition of sulphide dusts in large explosion vessels 
(e.g. > lm 3). For this reason and in order to simulate the actual ignition source in underground sulphide mines explosives were used in the present 
study.

Another important factor is the high specific gravity of sulphide dusts (sulphide dust is about three times heavier than carbonaceous dusts) which 
makes the suspension time much shorter if the same degree of turbulence is created. Thus the igniter’s energy delivery time is required to be shorter 
meaning that faster burning igniters should be used for the heavy sulphide 
dusts.In the hazard rating system (St-class) [3] based on KSi values, the combustible dusts encountered in the mining industry fall into the St-1 class. For example, 
the bituminous coal dust, which is the most reactive and energetic material among mining dusts, has a KSl value about 10.0 MPa m/s, while the value is 
lower for oil shale and sulphide dusts. Since this range, f Sl<10.0 MPa m/s, falls in the lower portion of the St-1 class, there is no apparent difference between these materials in terms of hazard classification. Furthermore most of 
the commonly encountered dusts fall into the St-1 class, since Bartknecht’s 
St-0 to St-3 classification [3] covers a wide range of KSl values. Very few dust 
materials reach the St-3 class. To be able to classify the majority of dusts, particularly those encountered in the mining industry, a finer classification 
seems to be necessary for the KSt values ranging from 0 to 20.0 MPa m/s. For 
instance, the classification could be divided as follows:
Weak: KSt =0-5.0 MPa m/s;
Moderate: KSl = 5.0-10.0 MPa m/s;
Strong: KS{ = 10.0-20.0 MPa m/s.
In this case, most sulphide dusts fall in the weak range, whereas coal dust lies 
on the border line between moderate and strong. Protective measures can then 
be designed for each class.

5. The explosion lim its
For a dust explosion to occur, the dust concentration must fall into the range between a Lower Explosion Limit (LEL) and an Upper Explosion Limit (UEL). 

With dust concentrations lower than LEL or higher then UEL, the dust clouds cannot explode with self-sustained flame propagation although part of the dust
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(adjacent to the ignition source) might be ignited. The lower explosion limit is 
of practical importance in the control and prevention of dust explosions.For sulphide dusts the LEL was found to vary with the strength of the 
ignition source. Figure 5 shows the result obtained when Detasheet was used to ignite the sulphide dust Type I. It follows that the lower explosion limit for 
the dust depends on the weight of the explosive charge used. As indicated in the figure, the minimum weight of Detasheet to ignite the dust is 6 g and the lower explosion limit is about 300 g/m3 for sulphide dust Type I. This limit is 
expected to vary with the sulphur content of the sulphide dust. In general, 
a dust with higher sulphur content should have a lower LEL value, and vice 
versa.The UEL is of limited practical interest in the case of dust explosions. For sulphide dust Type I, an explosion did not occur for a concentration of 
2500 g/m3 with 15 g Detasheet as the igniter, while an explosion did occur at 
a concentration of 2000 g/m3 with the same igniter.

It is worth mentioning that between LEL and UEL, there is an optimum dust concentration below or above which the explosion pressure will decrease. The 
experimental results are shown in Fig. 6. For sulphide dust Type I the concen­tration for maximum explosibility was found to be about 1000 g/m3. This is 
higher than the stoichiometric concentration. It is worth noting that with 
reduced dust concentration, both explosion pressure and the rate of pressure rise decrease more rapidly than with increased dust concentration.
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Fig. 5. Lower explosion limit and minimum igniting weight of Detasheet for sulphide dustType I.
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Fig. 6. Effect of dust co n cen tra tio n  on peak explosion pressure and m axim um  ra te  of 
p ressu re rise.

6. Ignition  criterion  of sulphide dusts by explosives
From the investigation of the key explosives properties which influence the ignition of a sulphide dust cloud, it has been found [15] that the secondary 

explosion of detonation products is the dominant factor causing dust ignitions 
when using aluminized explosives or high explosives with very negative oxy­gen balances. With non-aluminized mining explosives such as ANFO (am­
monium nitrate-fuel oil) and emulsion explosives, the temperature of ex­plosion is the key factor in choosing an explosive for underground mine blasting.A variety of explosives have been used to ignite the sulphide dust Type I at the same dust concentration (1000 g/m3). The tests involved three ANFO 
explosives and four emulsions prepared on site to vary the oxygen balance level, as well as one commercial emulsion explosive and two low density 
emulsion explosives. The minimum weight of these explosives to ignite the sulphide dust cloud is listed in Table 3.Table 4 provides the theoretical parameters of these explosives. The calcu­lation was carried out by using a computer code, TIGER, which is a thermohyd- rodynamic computer code to calculate explosives detonation properties [16,17].
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TABLE 3
M inim um  explosive w eight to  ign ite  th e  sulphide dust cloud

Explosive W eight (g)

ANFO # 1  (OB3 = 89.4) 130
ANFO # 2  (OB = -1 7 .1 ) 96
ANFO # 3  (OB = -123 .6) 130
C om m ercial em ulsion 130
Em ulsion # 1  ( 0 3  = 48.4) 158
Em ulsion # 2  (O B =  —4.5) 135
E m ulsion # 3  (O B =  -27 .2 ) 130
E m ulsion # 4  (OB — —102.8) 135
Low density  em ulsion A 
(p = 1.2 g/cm 3)

150

Low density  em ulsion B 
(p = 0.75 g/cm-')

180

30 B  Oxygen B alance ( g 0 2/kg explosive).

TABLE 4
C alcu la ted  explosive param eters3
Explosive P

(g/cm 3)
OB VOD Be Tc Q= £¡g„

ANFO #  1 0.85 89.4 4480 1.87 1968 2.67 348
ANFO # 2 0.85 -1 7 .1 4890 2.25 2398 3.64 350
ANFO # 3 0.85 -1 2 3 .6 4980 2.33 2129 3.23 420
Em ulsion #  1 1.0 48.4 4540 2.14 1618 2.11 334
Em ulsion # 2 1.0 -4 .5 4810 2.45 1868 2.66 359
Em ulsion # 3 1.0 -2 7 .2 4850 2.48 1810 2.57 335
Em ulsion # 4 1.0 -1 0 2 .8 4910 2.53 1714 2.45 331
C om m ercial em ulsion 1.15 -0 .7 5510 3.55 1888 2.83 367
Low density  

em ulsion A
1.20 10.8 5443 3.49 1678 2.42 362

Low density  
em ulsion B

0.75 9.9 3407 0.93 1777 2.20 396

“Legend: OB  oxygen ba lance  (g of oxygen per kg of explosive); V O D -velocity  of de to n atio n  
(m/s); P c explosion s ta te  p ressu re (GPa); Tc explosion s ta te  tem pera tu re  (K); Qc h e a t of 
explosion (kJ/g  of explosive); and £ ign m inim um  ign ition  energy of the  su lph ide dust 
cloud, kJ.

The minimum energy of ignition was calculated from the minimum weight of 
ignition multiplied by the heat of explosion at the thermochemical state.

It can be observed that the ignition can be explained by the explosion state 
temperatures for the ANFO and emulsion explosives with the exception of the 
low density emulsion (density equal to 0.75 g/cm3). To ignite a sulphide dust
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Minimum Weight for Ignition, g

Heat of Explosion, kJ/g
Fig. 7. M inim um  ign itio n  energy for su lphide dust Type I ignited  by non-alum inized com m er­
cia l explosives.

cloud, the minimum weight of explosive charge was found to decrease with the 
increase of explosion temperature. Without the low density emulsion, this 
trend agreed with the experimental results for the explosives at normal densit­
ies. However, the trend was reversed for the case of the low density emulsion 
explosive. Thus the minimum weight of explosive for a sulphide dust ignition 
cannot be explained by the explosion temperature alone.

If the minimum ignition weight is plotted versus the heat of explosion, Fig. 7, 
the general trend agrees well with all the non-aluminized mining explosives 
tested. In general, less weight is required to ignite a dust cloud with an 
explosive having a greater heat of explosion. This trend suggests an energy 
criterion for the ignition of the sulphide dust clouds. The regression line of 
Fig. 7 can be expressed by the following formula:

Ew.
,8n Qe (3)

where Wign is the minimum ignition weight of an explosive, g; Qe is the heat of 
explosion at thermo-chemical state, kJ/g; Eign is the minimum ignition energy 
for a particular dust, e.g. Eign = 360 kJ for the sulphide dust Type I. The 
deviation of the regression is 5.84% for sulphide dust Type I.
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7. Conclusions

The severity of sulphide dust explosions was examined using a i m 3 ex­
plosion chamber and was found to be less violent than carbonaceous dusts such 
as wheat flour. The KSl value ranges from 1.2 to 2.3 MPa m/s for a sulphide dust 
Type I and from 3.5 to 7.0 MPa m/s for dust Type II. Scaling of the explosion 
hazard indicates that the KSi value increases with the size of explosion con­
tainer, and 1 m3 seems to be close to the minimum size which produces constant 
KSl values for sulphide dust explosions.

For sulphide dust Type I, the lower explosion limit was found to be 300 g/m3 
while the upper explosion limit was between 2000 and 2500 g/m3. The optimum 
concentration is about 1000 g/m3 which gives the maximum explosion pressure 
and rate of pressure rise. With non-aluminized mining explosives as the igni­
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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Supercritical water oxidation of acetic acid 
by potassium permanganate
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(R ece iv ed  F e b ru a ry  10, 1992; a c c e p te d  in  re v ise d  fo rm  M a y  12, 1992)

Abstract
S u p e r c r i t ic a l  w a te r  o x id a tio n  (SC W O ) o f  a c e t ic  ac id  by p o ta s s iu m  p e rm a n g a n a te  (K M n 0 4) 

w as s tu d ie d . T h e  e x p e rim e n ts  w e re  p e rfo rm e d  in  a  b a tc h  r e a c to r  a t  te m p e ra tu re s  a n d  
p re s s u re s , re sp e c tiv e ly , r a n g in g  from  400 °C to  460 C a n d  from  275 b a r  to  350 b a r . F o r  
co m p a riso n  p u rp o se s , o th e r  o x id a n ts , s u c h  a s  o x y gen , h y d ro g e n  p ero x id e , C u - H 20 2, F e - H 20 2 
a n d  M n S 0 4- H 20 2, w e re  s tu d ie d . S u b c r i t ic a l  te s t s  w ith  p o ta s s iu m  p e rm a n g a n a te  w e re  a lso  
c o n d u c te d  a t  te m p e ra tu re s  o f  250 C. 300 C a n d  350 C. T h e  o rd e r  o f  a c e t ic  a c id  d e s tru c t io n  
e f fe c tiv e n e ss  w as  fo u n d  to  b e  K M n 0 4 > C u - H 20 2 > F e H 20 2 > M n S 0 4 H 20 2 > H 20 2 > 0 2 a t  
a  te m p e ra tu re  o f  400 C, d e n s i ty  o f  0.3 g /m l a n d  re a c t io n  tim e  o f le ss  th a n  10 m in . T h e  a c e t ic  
a c id  d e s tru c t io n  effic iency  by  p o ta s s iu m  p e rm a n g a n a te  w as  77%  a t  a  te m p e ra tu re  o f  400 r C, 
d e n s i ty  o f  0.3 g /m l a n d  a  r e a c t io n  tim e  o f  2.5 m in . U n d e r  s im ila r  c o n d itio n s , o n ly  40%  o f 
a c e t ic  a c id  w as  d e s tro y e d  a t  250 C. P o ta s s iu m  p e rm a n g a n a te  w as  d e m o n s tra te d  to  be a n  
e f fe c tiv e  o x id a n t  fo r  SC W O  o f  a c e t ic  ac id .

1. In troduction
Supercritical water oxidation (SCWO) is potentially a means for hazardous 

waste destruction and sludge volume reduction [1-3]. When aqueous phase 
oxidation is carried out above the critical point of water (374.15 °C and
221.2 bar), 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 increases. Unfortunately, at higher temperatures the materials of 
construction become more costly and reactor designs become more challeng­
ing. Therefore, to achieve complete organic conversion and minimize the 
materials problem, attention must be directed to temperature adjustment, an 
alternative oxidant and use of catalysts.

* C o r re sp o n d in g  a u th o r .
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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 reaction time of one hour [6-8], The 
incomplete oxidation products in the effluent were primarily volatile 
acids. In particular, acetic acid was found in' the effluent from WAO of 
municipal and biological sludges [9-12] and WAO of phenol [13], The trans­
formation of acetic acid was studied in SCWO of sludges [14] and other volatile 
acids [4],

Second, regarding the oxidant source, oxygen and enriched air have been 
studied in conjunction with SCWO [1, 15, 16]. However, not until recently has 
hydrogen peroxide been used as the oxidant for SCWO [4, 5, 17, 18], Although 
oxygen is highly favorable for use in full-scale SCWO processes, other oxidants 
may become attractive for specific applications. Further investigations, such 
as this work, are needed.

Third, catalysts have been used in WAO to
(a) enhance the conversion of complex organic compounds,
(b) shorten reaction time, and
(c) lower required reaction temperature.
Aqueous phase catalytic oxidation of organic wastewaters has been studied 
extensively [19-21]. More recently, the fundamental, technical, catalytic and 
economical aspects of WAO processes have been critically reviewed [22].

In the presence of hydrogen peroxide, copper salts were reported to be the 
most active catalyst [23], The conversion of acetic acid and ammonia, respec­
tively, increased two and eight-fold when copper(II) nitrate was added [24], The 
chemical oxygen demand (COD) reduction of raw municipal wastewaters was 
more than doubled in a WAO reaction catalyzed by CuS04 and Fe2(S04)3 in 
conjunction with H20 2 [20]. The presence of catalysts can enhance the overall 
reaction rate as well as the distribution of by-products. For example, addition 
of ferric sulfate [Fe2(S04)3] resulted in a higher percentage of volatile acids 
(formic acid and acetic acid) relative to the total acid formed in the WAO of 
softwood and hardwood [25],

A recent study of homogeneous catalysts in SCWO showed that manga- 
nese(II) chloride, manganese(II) acetate and copper(II) tetrafluoroborate exhib­
ited little effect on the rate of oxidation of p-chlorophenol in supercritical 
water [26]. The disadvantages of homogeneous (water-soluble) catalysts were 
found to be the toxicity of metal ions and subsequent post-treatment require­
ments. In this respect, heterogeneous (water-insoluble) catalysts could be 
superior because it was easier to separate them from the effluent. Heterogen­
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 activity than 
homogeneous copper(II) nitrate in the WAO of acetic acid, polyethylene 
glycol), pyridine and ammonia [24]. The rate of oxidation of p-chlorophenol in
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supercritical water was enhanced more by increasing the surface-to-volume 
ratio of the reactor (Inconel 600) than by adding copper(II) tetrafluoro- 
borate [26],

Of the precious metals, such as ruthenium, rhodium, palladium, iridium and 
platinum when supported by cerium(IV) oxide, ruthenium was the most active 
catalyst in WAO of rc-propyl alcohol, n-butyl alcohol, phenol, acetamide, 
polypropylene glycol) and acetic acid [27], The catalytic activity of copper 
oxide and manganese oxide immobilized on a }’-Al20 3 carrier was studied in the 
WAO of phenol [19]. Of the most refractory compounds, acetic acid was 
catalytically oxidized by various metal salts including Co-Bi complex oxides 
[23] and ferric oxide [28]. Similarly, WAO of ammonia catalyzed by cerium- 
based composite oxides [29], and WAO of many oxygen and nitrogen-contain­
ing organic compounds catalyzed by cobalt(III) oxide [30] have been reported. 
These studies showed that most heterogeneous catalysts increased the rate of 
organic conversion.

Heterogeneous catalysts have limited applications. Heterogeneous catalysts 
can treat only homogeneous waste streams. The catalyst activity might be 
decreased as a result of contaminated catalyst surface. Therefore, the criteria 
for selecting a catalyst should include
(1) catalyst recovery and regeneration,
(2) catalyst poisoning,
(3) catalyst toxicity, and
(4) catalyst costs.

Potassium permanganate is a suitable candidate acting both as an effective 
oxidant and a possible catalyst. Potassium permanganate is a strong, water- 
soluble oxidant, easy to handle and readily available. Although the toxicity of 
potassium ion that remains in the effluent may pose a practical concern, 
calcium permanganate could be used since the reaction product, calcium 
hydroxide, is non-toxic and has limited solubility in water.

The effect of potassium permanganate on organic compounds has been well 
documented [31, 32]. Potassium permanganate has been used occasionally in 
water treatment to remove refractory organic 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 organic 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]. Manganese 
compounds have been used extensively as oxidizing agents for organic com­
pounds [38]. Since manganese dioxide is water insoluble [39], it can be sepa­
rated from the effluent by filtration or sedimentation.

Recently, an experimental study on catalytic SCWO was conducted [40], The 
purpose of this study was to evaluate potassium permanganate as an SCWO 
oxidant for achieving high organic conversion at temperatures of about 400 °C. 
Because of the refractory nature of acetic acid, it was used to test the
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effectiveness of potassium permanganate. This paper discusses the results from 
the experimental study.

2. E xperim ental procedures
Experiments were conducted in batch reactors made of 0.635 cm outside 

diameter and 0.0889 cm wall thickness coiled Stainless Steel 316 tubing. The 
internal volume of the reactor was 20 cm3. A stoichiometric amount of potas­
sium permanganate (8/3 [permanganate]: 1 [acetic acid] mole ratio) was used, 
according to eqs. (1) and (2).
4KMn04 + 2H;0 —> 4M n02(s) + 302(g) + 4K0H (1)
CH3C00H + 202 — 2C02 + 2H20 (2)

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 temper­
ature slightly above the test temperature (15 °C for 250 °C tests and 30 °C for 
400 °C tests). The test temperature was monitored by a digital display (Gordon 
Model 5072-X-l-P-X-J-C with a readability of 1 °C). A J-type thermocouple 
(Omega) was in contact with the reaction fluid. The fluid pressure was 
monitored using a Viatran transducer (Model 3405BH3DHA20), interfaced 
with a Viatran digital meter (Model 2002AE). After a preset reaction time, the 
reactor was quenched in a water bath. A heat-up time of about 0.5 min was 
observed in all tests.

The test conditions included the following: five densities (0.2, 0.25, 0.3, 0.35 
and 0.4 g/ml); five temperatures (250, 300, 350, 400 and 460 °C); and six 
reaction times (2.5, 4.5, 6.5, 10, 15 and 30 min) including the heat-up period 
of 0.5 min.

The acetic acid destruction efficiency was based on total organic carbon 
(TOC) analyses. A correlation study on acetic acid detection using TOC and 
gas chromatography (GC) was reported [4]. Acetic acid destruction efficiency 
based on TOC analyses was 5% to 10% lower than that based on GC analyses 
for the effluent from subcritical tests, and less than 1% for the effluent from 
supercritical tests. The organic by-product resulting from acetic acid destruc­
tion was likely to be formic acid, and formic acid was reportedly less stable 
than acetic acid even in WAO [12].

A Beckman model 915A TOC analyzer was used. The effluents were filtered 
using a 0.45 m membrane filter (Fisher Scientific). Following the filtration, the 
sample was acidified according to a ratio of 0.1 ml phosphoric acid (Fisher 
Scientific, 85%) to 6 ml sample. The acidified samples were then purged with 
nitrogen (Zero-grade) for about 10 s 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 variables that were investigated in this study included density, temper­

ature, reaction time, catalyst, oxidant and pH. Acetic acid concentration in the 
feed solution was 1000 mg/1 for all tests. All tests were conducted with an 
oxidant loading of 100% stoichiometric demand, unless stated otherwise. The 
acetic acid destruction was related to TOC reduction. Three to six tests were 
made at each specified condition. The average deviations in TOC reduction 
were less than +6%.
3.1 Temperature and density effects

An increase in temperature from 250 °C (subcritical) to 400 °C (supercritical) 
nearly doubled the destruction efficiency as shown in Table 1. However, the 
destruction efficiency levelled off at about 80% between 400 °C and 500 C. To 
make sure this limited 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 potassium permanganate was 
present. Conversely, 65% destruction resulted when insufficient potassium 
permanganate was used. These results suggested 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 g/ml (subcritical) to 0.4 g/ml 
(supercritical) only moderately affected the destruction efficiencies at both 
temperatures. Table 2 also contains the results of SCWO of acetic acid by 
hydrogen peroxide and manganese sulfate (H20 2-M nS04). The destruction 
efficiencies of acetic acid by H20 2 MnS04 at 400 °C and all five densities were 
lower as compared to KMn04 at either 250 °C or 400 °C. The destruction 
efficiency obtained from H20 2-M nS04 (35%) was even lower than that from 
H20 2 alone (46% given in Table 3). Manganese sulfate might have played a role 
of scavenging hydroxyl radicals, and hence inhibiting the destruction of acetic 
acid under the given SCWO conditions.

T A B L E  l

Effect of temperature on destruction of acetic acid by potassium permanganate
Temperature (' C) 250 300 350 400 460
Destruction (%) 40 51 66 79 75
Notes: Density = 0.3 g/ml and reaction time = 6.5 min.
Critical temperature of water = 374.15 C and critical density of water = 0.322 g/ml [41],
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TABLE 2
S u b critica l and su p ercritica l w ater ox idation  of acetic  acid by K M n 0 4 and H 20 2 M n S 0 4 a t  
d ifferen t densities

O xidant/
ca ta ly s t

D estruc tion  efficiency (%) a t  density  (g/ml) of
0.2 0.25 0.3 0.35 0.4

K M n 0 4 (a t 250 C) 24 45 40 44 39
K M n 0 4 (a t 400 C) 71 73 79 81 78
H 20 2 M n S 0 4 (at 430 C) 22 23 35 28 30
Notes: R un tim e =  6.5 min; p ressures =  275-300 ba r for sup ercritica l (400 C) tes ts  and 
45-50 bar for subcritica l (250 C) tests. All effluents from K M n 0 4 tes ts  con ta ined  some d ark  
brow n p a rtic u la te s  The density  va lues for subcritica l (250 C) tests  only reflect d ifferen t feed 
loadings (i.e. 4. 5. 6. 7 and 8 g of feed so lu tion  per 20 ml reac to r  volume), since w a te r is in 
a tw o-phase reg  on a t th is  tem peratu re .

The color of the influent and effluent was a distinguishable feature. For 
example, the color of the water soluble permanganate ion (Mn04), was violet; 
the insoluble manganese dioxide (M n02) was a brownish-black precipitate; 
and the water soluble manganese acetate [(CH3C 02)2Mn] was pale red [42], 
The latter was suspected to be present in the reaction mixture. A distinguish­
able yellow color was observed in the effluents from most tests at densities less 
than or equal to 0.30 g/ml (resulting from loadings of 4, 5 and 6 g of the feed 
solution into 20 ml reactors), while the color of the effluents from most tests at 
densities greater than 0.30 g/ml (resulting from loadings of 7 and 8 g of feed 
solution into 20 ml reactors) was clear. These unaccounted colors may have 
resulted from a mixture of different manganese ions or from reactor corrosion 
products.
3.2 Reaction time and catalytic effects

The reaction rate experiments were performed at a density of 0.3 g/ml and 
a temperature of 400 °C. The destruction efficiencies given in Table 3 showed no 
substantial change over the observed reaction times ranging from 2.5 min to 
30 min. The initial oxidation reaction was fast, but then stabilized at about 
70% to 80% destruction of acetic acid.

SCWO of acetic acid by hydrogen peroxide [4] and oxygen [43] in continuous- 
flow reactors was evaluated. As a comparison, it was reported that 44% and 
58% acetic acid conversion, respectively, with residence times of 1.8 min and 
3.7 min were obtained [4]. These tests were conducted at 400 °C, 276 bar, 10% 
excess (stoichiometric) hydrogen peroxide, premixed in 2500 mg/1 acetic acid 
feed solution. Wightman [43] observed a 32% acetic acid destruction using 
oxygen at 403 C, 421 bar, 525 mg/1 acetic acid feed concentration, oxygen 
pressure of 12 bar (at the feed tank), and a 34 s residence time.
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TABLE 3

D estruc tio n  of ace tic  acid by d ifferen t o x id an ts /ca ta ly s ts

O xidant/
ca ta ly s t

D estruc tion  efficiency (% ) a t  tim e (min) of
2.5 4.5 6.5 10 15 30

K M n 0 4 77 70 79 76 83 —

H ,0 , — — 46 — 62 81
H ,0 2-C u (0.1 g) — — 69 84 90 —

H 20 2 Fe (0.1 g) — — 58 68 71 —
Notes: T em peratu re  =  400 C; and densities =  0.3 g/ml (H 20 2 and K M n 0 4) and 0.35 g/ml 
(H20 2 Cu and H 20 2-Fe).

Table 3 also presents test results on the destruction of acetic acid by 
hydrogen peroxide, hydrogen peroxide plus copper (powder), and hydrogen 
peroxide plus iron (powder). At a reaction time of 6.5 min, the conversion rate 
of acetic acid was significantly influenced by the oxidant and catalyst. The 
destruction of acetic acid by potassium permanganate was nearly twice as high 
as that exhibited by hydrogen peroxide, 10% higher than that by hydrogen 
peroxide plus copper, and 20% higher than that by hydrogen peroxide plus 
iron. As the reaction time increased to 15 min, the level of acetic acid destruc­
tion by hydrogen peroxide plus copper increased 21%. Conversely, the conver­
sion for potassium permanganate was only 4%, for hydrogen peroxide 16%, 
and for hydrogen peroxide plus iron 13%. The results indicated that potassium 
permanganate was the most effective for the shorter reaction times (less than 
10 min). The fact that potassium permanganate was more effective than hydro­
gen peroxide in the destruction of acetic acid also suggested that oxidation 
could possibly be catalyzed by manganese dioxide and/or other manganese 
species.

The reactor inner surface was also evaluated for its catalytic effect on 
SCWO of acetic acid. During 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 
(Type I). Later, fifteen modified reactors (Type 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 
previous data. Surprisingly, the destruction efficiencies at all densities (except
0.2 g/ml) were drastically reduced (about 50%). However, when Type II reac­
tors were re-used at the same conditions, the destruction efficiencies became 
comparable with the previous data derived from Type I reactors. It was as­
sumed that the oxidizing nature of potassium permanganate might 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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a catalytic role in the oxidation of acetic acid, permitting an increase in 
destruction efficiency. Such conditions did not exist in a new reactor, the 
oxidation was not catalyzed and, therefore, the destruction efficiency was 
relatively low.

Lastly, it was reported that the free permanganic acid (likely to be present at 
pH 3.2) was highly corrosive [34], However, metallurgical tests performed by 
Technical Inspection Services, Inc. (Houston, TX), found little evidence of 
excessive corrosion or cracking in the SS 316 reactor after an accumulative use 
of 1 hour with potassium permanganate (the initial concentration = 7022 mg/1) 
at 400 °C.
3.3 Oxidants

In addition to the potassium permanganate experiments, hydrogen peroxide, 
oxygen and potassium permanganate plus oxygen were evaluated. In the 
potassium permanganate tests and hydrogen peroxide tests the oxidant was 
added in stoichiometric amounts. In the case of oxygen, excess oxidant was 
applied. The effect of different oxidants in conjunction with and without 
KMn04 on acetic acid destruction was studied at selected temperature 
(400 CC), density (0.30 g/ml) and reaction time (6.5 min). The results given in 
Table 4 showed that potassium permanganate was more effective than oxygen 
and hydrogen peroxide. Oxygen resulted in lower destruction levels of acetic 
acid as compared to hydrogen peroxide, but this difference was probably due to 
less effective mixing of the oxygen during the heat-up period which was about 
30 s. The results implied that potassium permanganate not only provided an 
oxygen source but also promoted the oxidation. The combination of potassium 
permanganate and oxygen rendered the highest acetic acid destruction level. 
Without the presence of an oxidant, acetic acid remained unchanged under all 
test conditions.

Literature data relating to the oxidation of acetic acid indicated that potas­
sium permanganate was effective with a short residence time (6.5 min) even at 
subcritical temperatures. For example, at 247 °C, 5000 mg/1 acetic acid feed 
concentration, 10 bar oxygen pressure, and a 6.5 min reaction time, TOC reduc­
tions by both Cu(N0 3)2 and Co/Bi (5/1) were less than 5%, and TOC reduction

TABLE 4

C om parison of acetic  ac id  destru c tio n  efficiencies for potassium  perm anganate , hydrogen 
peroxide, oxygen and po tassium  perm ang anate  +  oxygen
O xidant None A ir o 2 h 2o 2 K M n 0 4 K M n 0 4 +  0 2
D estruc tion  (%) 0 23 34 46 79 89
Notes: T em peratu re  =  4001C; density  =  0.30 g/ml; ru n  tim e =  6 .5m in; in itia l oxygen pres- 
su re  =  4 bar; in itia l a ir  p ressu re =  1 bar; and bo th  H ,0 2 and K M n 0 4 load ing  = 100% 
sto ich iom etric  dem and.
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by Mn/Ce (7/3) was about 40% [24]. Under similar conditions (except for acetic 
acid feed concentration = 1000 mg/1), potassium permanganate alone destroyed 
40% of acetic acid. These results further suggest that oxidation of acetic acid 
by potassium permanganate involves relatively large rate constants. Accord­
ing to the power law reaction kinetics, large rate constants ensure high 
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 KMn04>C u-H 202>Fe-H 202>M nS04-H 202> H 202>02 at a temper­
ature of 400 °C, a density of 0.3 g/ml and a reaction time of less than 10 min.
3.4 Effect of pH

The pH of the solution was an important factor in the oxidation of acetic 
acid. The oxidizing ability or catalytic effect of potassium permanganate was 
largely controlled by pH at the subcritical water conditions. The pH was 
reported to affect the decomposition of potassium permanganate [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 
sodium phosphate to 7 and 11.5, respectively, the destruction efficiencies were 
73% and 86%.

These results were in agreement with the fact that most permanganate 
oxidations of organic compounds are found to be catalyzed by hydroxyl ions. 
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 potassium permanganate, hydrogen peroxide and 
oxygen has been compared for an overall evaluation 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
C ost com parison of po tassium  pe rm anganate , hydrogen  peroxide and oxygen

O x idant C ost“ Cost O xidation  efficiency E ffective co stb
(S/kg) (S/kg 0 2) (%) (S/kg 0 2)

K M n 0 4 2.66 17.51 29.6 59.16
H 20 2 (35% solution) 0.54 3.28 17.3 18.95
0 2 (In du stria l grade) 1.12 1.12 1.1 101.82

“P rices for K M n 0 4 and H 20 ,  w ere based on tru c k  and tan k  load q u an tity  (Chemical 
M arketing  Report, A pril 20, 1992), and price for oxygen was based on cy linder q u an tity  
(Big-Three Industries , Inc.).
bE ffective co st is defined as C ost/kg 0 2 divided by th e  ox idation  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/1) 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 0 2 have been 
calcualted from the oxidant loading in each test.

Equations 1 and 2 were used for evaluating the oxygen equivalency of 
potassium permanganate. Similarly, a simplified equation for hydrogen perox­
ide decomposition (H20 2—>20 2 + H20) was assumed in the calculation of the 
cost per unit mass of oxgyen generated. Oxygen appeared to have the lowest 
bulk cost among these oxidants, but the effective cost for oxygen was the 
highest. In addition, the use of oxygen required higher capital cost because of 
the pressure boosting system. If the destruction efficiency of these oxidants is 
considered, potassium permanganate may become a practical oxidant for 
SCWO of organic compounds. Because of the effectiveness of potassium per­
manganate, this potential may become more attractive when the organic 
concentration is relatively low.

4. Conclusions
At SCWO conditions (400 °C and 0.3 g/ml), the destruction of acetic acid by 

potassium permanganate was about 80% for a residence time of 2.5 min, while 
at a subcritical temperature (250 °C) the acetic acid destruction efficiency was 
only about 40%. In all SCWO tests, the destruction efficiencies with potassium 
permanganate were higher than those obtained from either oxygen or hydro­
gen peroxide. This fact also suggests that the oxidation be promoted by 
manganese dioxide and other manganese species. The order of destruction 
effectiveness was found to be KMn04>Cu-H20 2>Fe- H20 2>M nS04 H20 2> 
H20 2 > 0 2 at a temperature of 400 °C, a density of 0.3 g/ml and a reaction time 
of less than 10 min. Potassium permanganate is an effective SCWO oxidant and 
under certain conditions it may be feasible. This oxidant is particularly appli­
cable when the organic concentration is low.
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Abstract
D etoxification  by ca ta ly tic  hyd ro trea tm en t can  be a va lid  a lte rn a tiv e  to  the rm al in c in e r­

a tio n  for th e  disposal of hazardous o rgan ic w aste liquids. W ith th is  aim, th e  hyd ro ­
d ech lo rin a tio n  of 1,2,3-trichlorobenzene on a N i-M o/y-A ljO j ca ta ly s t has been investig ated  
experim en tally  and theo re tica lly . The behav iour of th is  chem ical in  h yd ro trea tm en t is 
hopefully  rep resen ta tiv e  of th a t  of m any toxic ch lo rin a ted  com pounds. The experim en tal 
reac tio n  runs w ere conducted  in  a s tirred  b a tch  reac to r  in  the  presence of hydrogen, a t 
co n stan t p ressure (p H, =100 bar), and using  hexadecane as a  reac tio n  medium. The tem per­
a tu re , kep t co n stan t d u ring  each  run , was varied  in th e  range 200 °C ^  Tsg350 'C. The 
ex perim en tal resu lts  consisting  of co n cen tra tio n s  of re ac tan t, reac tio n  products an d  in te r­
m ediates vs. tim e, perm it th e  iden tifica tion  of th e  reac tio n  netw ork  and its  m odification w ith  
tem p eratu re . The k ine tic  co n stan ts  (and  th e ir  tem p era tu re  dependence) of th e  reac tion s  
w hich form  the  ne tw ork  are  also determ ined.

1. In troduction
The threat posed 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 present paper focuses on hazardous waste liquids formed mostly 
by organic chemicals. As discussed by Gioia [1], catalytic hydrogenation could 
be a possible alternative method for the disposal of such hazardous liquids. In 
fact, the toxic nature of most organic waste liquids is due primarily to the 
presence of chemical compounds containing heteroatoms (primarily Cl, N, 
0  and S) in their chemical structure. Catalytic hydroprocessing would, there­
fore, be an appropriate method for detoxifying these wastes because the hetero­
atoms are eliminated by hydrogenolysis as HC1, NH3, H 20  or H 2S (which are 
easily controlled inorganics), leaving the host compound non-toxic and fre­
quently in a recyclable form.

Correspondence to: Prof. F. G ioia, D ipartim en to  di Ing eg n eria  Chim ica, U n iv ers ità  di N apoli 
Federico  II, P iazzale Tecchio, 80125 N apoli (Italy). Fax: ( +  39) (81) 611-800.
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A great deal of research has been devoted to hydroprocessing. However, the 

most comprehensive results have been produced keeping in mind the upgrad­
ing of petroleum fractions and coal-derived liquids. Therefore, attention has 
been focused mostly on catalytic hydrotreatment of N-, 0- and S-containing 
heterocycles (very refractory compounds). Naturally, the results of these 
investigations can also be used to design processes aimed at the detoxification 
of hazardous organic waste liquids containing such heteroatoms [1]. Unfortu­
nately, however, catalytic hydrodehalogenation has not received comparable 
attention because the presence of chlorine-containing (or, in general, halogen- 
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.

The problem of hydrodehalogenation has been dealt with in the literature 
with reference to both thermal and catalytic processes, even though to a lim­
ited extent. Loaw et al. [2-4] have investigated the thermal hydrodechlorina­
tion of a variety of chlorinated compounds, both aliphatic and aromatic. These 
investigations provide the attainable conversion of chlorinated compounds for 
a given 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 kinetic 
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 H 2 gas) of some polychlorinated aromatics 
(octachlorodibenzo-p-dioxin (octaCDD), octachlorodibenzofuran (octaCDF), 
hexachlorobenzene, decachlorobiphenyl) and of some aromatics containing 
bromine (octabromodibenzo-p-dioxin, octabromodibenzofuran)). For many of 
these compounds the results are qualitative. Some quantitative results, though 
limited, are provided by Hagenmaier et al. [5] on the dechlorination of octaCDD 
and octaCDF. However, no information is provided on the reaction network.

Hiroaka et al. [6] have investigated the destruction of polychlorinated 
dibenzo-p-diox:ns (PCDDs) in the gas phase. They provide results on the 
destruction (%) vs. temperature either with or without catalyst (Pt-supported). 
The temperatures to obtain appreciable destructions range between 700 and 
900 :C without a catalyst and between 200 and 400 CC 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 a Pd-supported catalyst. The reaction intermediates are identi­
fied. However, the results must be considered as qualitative inasmuch as the 
kinetics of the process were not analyzed. On the other hand, the results of 
Mathe et al. [7] cannot be used to evaluate the kinetic constants of the 
dechlorination reactions, inasmuch as some of the necessary operating condi­
tions are not provided (e.g. the weight of catalyst).
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Because catalytic hydroprocessing of halogenated organics seems to 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 paper follows this line of research. The catalytic hydrode­
chlorination of the model compound 1,2,3-trichlorobenzene has been investig­
ated using a commercial Ni-Mo/y-Al20 3 catalyst. The study has been accomp­
lished in the liquid phase because attention is focused on the detoxification of 
liquid organic wastes. The results of the present work provide an advancement 
over those of previous investigators 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 been determined. The 
choice of 1,2,3-trichlorobenzene was made on the assumption that its behaviour 
in hydroprocessing can be considered to be representative of the upper bound 
of difficulty in hydrodechlorinating organic compounds. In fact, the C6H 5-C1 
bond is the strongest among the most usual organic chlorinated com­
pounds [8],

2. E xperim ental procedure
The reaction was run in a batch reactor, a 300 ml autoclave with magnetic 

stirring (Autoclave Engineers), equipped with a sampling line of the liquid 
mixture and a catalyst loader (a small stainless steel cylindrical vessel) con­
nected to the autoclave by a globe valve.

The main features of the apparatus and of the experimental procedure are as 
follows. A weighed amount (about 175 ml) of hexadecane (the reaction me­
dium) is loaded into the autoclave and heating is started. At the end of the 
heating period, the catalyst is put into the loader together with the trich­
lorobenzene (the reactant) and another known amount of hexadecane (about 
25 ml). 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 injected into the autoclave by opening the globe valve. The set 
temperature of the heating period is about 10 °C higher than the set temper­
ature for the run, in order to take into account the temperature drop due to 
loading the cool reactant and catalyst. Immediately after injection, the pres­
sure and temperature are precisely adjusted to the desired values. This is taken 
as the zero time of the reaction run. During the run both pressure and 
temperature are kept constant.

Liquid phase samples, averaging about 1.5 ml each, were then periodically 
collected, with the first sample taken just before the injection operation to 
check for the hexadecane decomposition products. The sampling line was 
flushed before each sampling (line volume < flush volume 1.5 ml). A porous
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seal at the opening of the sampling line inside the autoclave prevented loss of 
catalyst. Sampling frequency was adapted to the rate of trichlorobenzene 
disappearance. It decreased 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; 50 m long). The following 
chemical species were identified in the reaction samples; they are reported in 
order of increasing elution time: benzene (b; 5); chlorobenzene (cb; 4); 1,3- 
dichlorobenzene (1,3-dcb; 3); 1,2-dichlorobenzene (1,2-dcb; 2); 1,2,3-trichloro­
benzene (tcb; 1). Throughout the rest of the paper, compounds will be identified 
by means of either the short notation or bold face numbers, as reported in 
parentheses.

The experimental conditions of the reaction runs are reported in Table 2. 
Run 1, at 200 CC with catalyst, showed no appreciable reaction taking place,
i.e. the conversion of tcb after 450 min was only 1.8%. The blank run 2 (without 
catalyst) at 350 °C was intended to check on the catalytic activity of the reactor 
walls. The results of this run showed that some reaction indeed took place, but

TABLE 1 
M ateria ls

R eac tion  m edium hexadecane (A ldrich  Co.); vapour pressure a t  350 °C «  3.24 bar
R eac tan ts  1,2,3-trichlorobenzene, 98% (A ldrich  Co.); th e  in itia l co n cen tra tion

ranged  betw een 1.91 and 3.13 wt%
H ydrogen GC grade, 99.999% (SIO ALPHAGAZ); the  to ta l p ressure 
was th e  sam e for a ll runs and equalled  100 bar; th e  p H w as then  
dependent on the  hexadecane vapour pressure a t the  tem p era tu re  of 
the  run ; i.e. 96.76 ̂ p Hy$ 99.9. We w ill assum e p Hj «100  bar

C ata ly st HDS-9A (A m erican Cyanam id); g round and sieved 150-200 m esh. The
slu rry  co n cen tra tio n  in th e  reac to r  ranged  betw een 0.5 an d  0.63 w t%

TABLE 2

Experimental conditions for the runs (pHi = 100 bar)
R un no. T w c. WL R un tim e

( C) (g) (g) (g) (m in)
1 200 3.01 0.794 157.6 4502 350 5.00 0 159.6 4503 350 5.01 1.060 167.3 4354 320 5.00 0.936 159.6 4505 290 5.05 0.896 167.4 450
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its extent could be neglected in the runs with catalyst. This point will be 
discussed further.

Figure 1 shows the concentrations of the single compounds vs. time for the 
runs at the highest (350 °C) and lowest (290 DC) temperatures. All other results,
i.e. at 320 °C, the blank run at 350 °C and the run at 200 C, are given in detail in 
a thesis [9]. The curves in Fig. 1 are model predictions to be discussed later.

3. K inetic equations and reaction  netw ork
Since we are dealing with heterogeneous catalytic reactions, it is natural to 

assume for the hydrodechlorination reactions a Langmuir-Hinshelwood-type 
kinetic equation. In the assumption [10,11] that there are two different types of 
active site: one for the organic species and the other one for the hydrogen; the 
rate r';j- of the reaction leading from compound i to product j  can be written as:
r'u = k'i'jf (p„2 ) c , / (  1 + Z K tC i) (1)
where the functional dependence on the hydrogen partial pressure is left 
undetermined. In fact, since all reaction runs were accomplished at constant 
pH,, the product k'7f (pHl) is constant during each run. Therefore, eq. (1) can be 
written as:
r'i}=k'ijcli(l + IK ,c i ) (2)

Fig. 1. C o n cen tra tio n  of re ac tan t, in te rm ed ia te s  and product vs. tim e for two runs. O p era t­
ing conditions: left panel T =  350 C. p Hi = 100 bar; r ig h t panel T=  290 C, p H, =  100 bar. F illed 
sym bols for checking  m a teria l ba lance , they  rep resen t Z c ,( i= l ,  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 <̂ 1). Thus eq. (2) reduces to:
r'ij = k'ijci (3)
where k'ij = k"jf  (pHl) plays the role of a pseudo-first order kinetic constant.

The experimental data and the chemical structure of the compounds in­
volved give clear indications on the direct reactions path. However, they are 
not sufficient to precisely identify the reaction network. In fact some alterna­
tives remain.

By making use of the regression technique (HJB) proposed by Himmelblau 
et al. [12], which is a well-known powerful method [13] for analysing kinetic 
data, it was possible, by a trial and error procedure, to define the global 
network shown in Fig. 2 and to evaluate the kinetic constants for all runs.

The procedure is as follows. A plausible network is assumed and the kinetic 
constants k'u of eq. (3) are evaluated by the HJB method. Then the set of 
differential equations describing the network is integrated by using the esti­
mated k'ij, and the resulting theoretical c, vs. t curves are compared with the 
experimental c, vs. t data. The procedure is repeated for other possible net­
works until that which best fits the data is identified.

The curves shown in Fig. 1 are computer-simulated based on the network of 
Fig. 2 and on the corresponding kinetic constants k\j as evaluated by the HJB 
method.

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 of the equilibrium constants calculated on the basis of 
the data available in the literature [14] are reported in Fig. 3. It must be noted

2

3
Fig. 2. Reaction network for 1,2,3-trichlorobenzene. Arrows: solid = at all temperatures;dotted = significant at 320 and 350 3C; dashed = significant at 350 °C.
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Fig. 3. E quilib rium  co n stan t K -  (i and j  as in Fig. 2) based on ac tiv ities. S tan dard  state: 
ideal gas s ta te .

that inverse reactions, when compared to the direct ones, are favoured at 
higher temperatures 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 without catalyst) 
showed that the k-s ranged between 3 and 10% of the corresponding k\j of the 
run at 350 C with catalyst. The only exception was for reaction 4->5 whose 
constant k'A5 without catalyst was about 40% of that with catalyst. However, at 
lower temperatures, due to the presumably lower activation energy of the 
non-catalyzed reactions, their influence will be even lower. Therefore, we will 
neglect the influence of the non-catalyzed reactions. Naturally less confidence 
will be attributed to the values of k \ 5.

The kinetic constants k\j were reduced to the weight of catalyst by the 
relationship:
kjj = ( WL/Wc)k'ij [g of solution/g of catalyst • min] (4)

The k {j values are reported in Table 3. Not too much confidence can be 
given to &54., which is about one order of magnitude lower than the other 
constants. The constants of Table 3 have been regressed according to the 
Arrhenius law. The calculated Arrhenius parameters are included in the last 
two columns of the table. For an overall picture of the behaviour of the 
reaction process with temperature, the Arrhenius equations for all constants 
are reported in Fig. 4. For further details on the kinetic analysis of data see 
Famiglietti [9].

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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TABLE 3
K inetic  constan te  and A rrhen ius param eters

kij 350 ( l C) 320 r o 290 (°C ) K(gsol/gcat • m in)
A E U
(k j/m o l)

h\ ■) 7.53 1.99 0.50 8 .2 4 x 1 0 11 131
k \ i 2.70 0.59 0.14 3 .5 4 x 1 0 12 145
*24 3.92 1.28 0.41 6.01 x lO 9 110
^34 2.77 1.11 0.11 7 .3 9 x 1 0 13 159
*45 0.85 0.55 0.19 1.38 x lO 6 74

0.15 — — — —
^43 0.18 — — — —
^54 0.03 0.17 — — —
ko 1.15 0.75 0.20 2 .0 2 x 1 0 7 86

k 0 is the  k ine tic  co n stan t of the  overa ll reac tio n  (5) for n = 1.

Fig. 4. A rrhen ius p lo ts for th e  k^s .
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(2) The dechlorination path 1—2, 2-»4 is preferred with respect to path l->3,

3->4. However, the gap between the rates of the two paths tends to become 
smaller at higher temperatures.

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 chlorine atom. Whether the chlorine atom to be removed is in the ortho or 
meta position plays but a minor role on the reaction rate, particularly at 
higher temperatures.

4. Overall dechlorination  reaction
From a practical point 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 “organic chlorine” we mean the chlorine atom bonded to the ben­
zenic ring, and for inorganic chlorine we mean HC1.

In Fig. 5 the weight percentage of these two forms of chlorine are reported 
vs. time for the run at 350 °C. The overall reaction has been regressed by the 
kinetic equation
dccl/di= —k'0(cc])n (6)
where ccl is the molar concentration of organic chlorine and k'0 is the kinetic 
constant of the overall reaction (5).

Fig. 5. O verall ch lo rin e  conversion. O perating  conditions T =  350 0 , p H =  100 bar.
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The regression of data indicate that n = l is a good approximation for the 

overall dechlorination reaction at all temperatures investigated. The corre­
sponding values of the overall kinetic constant k'0 (for n = 1) have been reduced 
to the weight of catalyst and reported in Table 3 as k0.

5. Conclusions
The investigation has shown that catalytic hydrogenation can be a suitable 

method for making waste trichlorobenzene inert, producing recyclable chem­
icals (i.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 hydrogenation catalyst.

It is worthwhile remarking that the 1,2,3-trichlorobenzene can be considered 
as a good model compound for predicting the kinetic behaviour of chlorinated 
organic compounds in general. The dechlorination rates evaluated for the 
trichlorobenzene can just as well be applied to other practical cases.

The overall kinetic constant k0 could be directly and safely adopted for the 
design of the detoxification process of non-aromatic organic compounds con­
taining chlorine. In fact, C6H 5-C1 has the strongest C-Cl bond of the most 
usual chlorinated non-aromatic compounds [8].

For the design of the detoxification process for most toxic aromatic organic 
compounds with a chlorine bond to the benzene ring (e.g. PCDDs, PCDFs for 
which direct experimentation would be more difficult due to the high level of 
hazard connected with their handling), k0 could still be adopted, but with 
a safety coefficient.

Notation
cc| concentration of organic chlorine (mol/g of solution) 
c,- molar concentration of compound i in liquid solution (key as in Fig. 2) 

(mol/g of solution)
AEjj activation energy of the reaction leading from organic compound i to 

product j  in the reaction network of Fig. 2 (kJ/mol)
Kjj equilibrium constant based on activities (i and j  as above) 
k'ij pseudo-first-order kinetic constant (i and j  as above) (min ~~1) 
ktj kinetic constant (i and j  as above) (g of solution/(g of catalyst • min)) 
k° pre-exponential factor (i and j  as above) (g of solution/(g of cata­

lyst • min))
k'0 kinetic constant of the overall reaction (5) ((gsol/mol) "“ ‘m in-1 ) 
k0 kinetic constant of the overall reaction (5), k0=k'0(W L/W c) 

(gsol'7(moP_ 1 • gcat • min)) 
n order of overall reaction (5)
P h2 hydrogen partial pressure (bar)
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R gas law constant (8.314 J/mol • K)
r'ij rate of reaction (i and j  as above) (mol/(g of solution • min)) 
T  temperature (K)
Wc catalyst loaded in the reactor (g)
WL weight of liquid solution in the reactor (g)
VTR weight of 1,2,3-tcb loaded in the reactor (g)
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Abstract
In  th is  paper a  sim ple m a th em atica l model is used to  describe the  curved, tu rb u le n t plum e 

form ed by in jec ting  a  co n stan t flux of buo y an t fluid in to  a s ta tio n a ry , u n stra tified  am bien t a t 
an  an gle to  th e  vertica l. The m ain  assum ptions are  th e  en tra in m en t assum ption: th e  e n tra in ­
m ent in to  th e  tu rb u le n t plum e is a t a ra te  p rop o rtio n a l to  th e  local m ean along-plum e 
velocity , and th e  B oussinesq approxim ation: the  density  difference betw een th e  plum e and 
the  am bien t is re la tiv e ly  sm all. A unified theo ry  is p resen ted  w hich allow s p rac tica l p red ic­
tions to  be m ade of plum e tra jec to rie s  and co ncen tra tion s  w ith o u t recourse to  complex 
tu rb u le n t m odelling. I t is found th a t  all such  plum es can  be traced  back to  a v ir tu a l origin, 
and th a t  th e  shape  of th e  plum e depends only on th e  angle of th e  plum e to  th e  v e rtic a l a t the  
v ir tu a l origin. V arious p roperties of th e  plum e such  as m ean velocity , rad iu s  and density  are  
p red ic ted  as functions of d is tance  along  th e  plum e. Angled plum es m ade in  lab o ra to ry  
experim ents a re  described and com pared w ith  th e  theo re tica l predic tions. The ap p licatio ns 
and lim ita tion s  o f th e  th eo re tica l m odel a re  discussed.

1. Introduction
Forced, angled plumes occur in a variety of situations, wherever relatively 

dense or light fluid is injected at an angle into a large body of fluid. Thus this flow 
occurs both naturally and due to the action of man; for example in magma 
chambers, flows into lakes and seas (especially where the outflow is below the 
surface), sewage outfalls, ventilation systems, accidental leaks of gases and other 
hazardous materials and vehicle exhausts. In such flows the plume of relatively 
light (or dense) fluid will be turbulent and ambient fluid will be mixed into the 
plume by turbulent eddies. This paper describes a simple theoretical model of 
these forced, angled plumes which shows how all such plumes can be traced back 
to a virtual origin. Furthermore, the model shows that the shape of the plume 
depends only on the angle of the plume to the vertical at the virtual origin.

Correspondence to: Dr. P.F. L inden, D epartm en t of A pplied M athem atics and T heore tica l 
Physics, S ilver S treet, Cam bridge CB3 9EW (UK).
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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 source of buoyancy, mass and momentum. Morton only considered the case 
where momentum is in the vertical direction and of the same sign as the 
buoyancy forces: the so called “forced plume”. Germeles [4] considered the case 
of momentum at an angle to the vertical but his analysis breaks down for 
horizontal plumes. Numerical schemes for evaluating forced, angled plumes 
from a given set of initial conditions have been described by Schatzmann [5] 
and Hofer and Hutter [6]. This paper sets out a more general, 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.

In order 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 development of it by Morton et al. [1] and Morton [2, 3]. If 
the flow is fully turbulent (i.e. independent of Reynolds number) 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 plume, characterised by an 
inflow speed of ambient fluid perpendicular to the plume axis, is proportional to 
the mean centre-line speed of the plume (see Fig. 1). The (constant) ratio of 
inflow speed to plume speed will be denoted by a.

It is 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 quantities, i.e. a uniform value across the plume and zero outside the 
plume. In fact, provided it is assumed that the profiles are similar at all positions 
along the plume, the analysis is not substantially altered by this assumption [2,
3]. The length-scale over which the density difference profile spreads is known to 
be larger than that over which the velocity profile spreads. We will use 1 to 
denote the ratio of transverse length scales of density and velocity, and take it to 
he 1.1 based on the results of the experiments mentioned above.

In vertical plumes in unstratified surroundings the entrainment assumption 
is equivalent to assuming that the plumes are self-similar [9]. We will take 
a = 0.1 from the results obtained by many experimenters [10-12], The nature of 
the entrainment, and thus the value of a, may vary between different parts of 
the flow depending on the relative importance of buoyancy and momentum, but 
we will ignore such 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 approximate, 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 transports” ) are insignificant compared with the mean fluxes.

We will assume, further, that the density difference between the plume and 
the ambient fluid is relatively small (the Boussinesq approximation) and that
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Fig. 1. Idealised view of a v e rtica l plum e, w ith  m ean cen tre-line speed W  and rad ius R. The 
plum e e n tra in s  am bient fluid ch arac te rised  by a m ean en tra in m en t ve locity  propo rtio nal to 
the  cen tre-line speed.

the fluid is incompressible. 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 valid some distance (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 for angled, forced plumes is given in Section 3 and solutions of the 
equations for a comprehensive range of source conditions is given in Section 4. 
These solutions are discussed in Section 5. Experiments on laboratory 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 begin with the case of vertical forced plumes in uniform surroundings. 

Although this has been discussed before (see, for example, Ref. [9], chapter 6)
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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 analysis also leads more naturally into the case of 
plumes directed at other angles, which will be discussed in the later sections. 
Under the assumptions detailed above, and taking top-hat profiles, the equa­
tions of conservation of momentum, mass and buoyancy are, respectively,
d(W 2R2)ldZ=g'(/.R)2,
d(WR2)ldZ=2RotW, (1)
d(g'W R2)ldZ=0.
Here W is the plume speed, R the plume radius, Z  the vertical position and 
g' = gApfp is the reduced gravitational acceleration. We will take g' to be positive 
and Z  to increase along the direction of the buoyancy force, so that Z  increases 
upward for buoyant plumes and downward for negatively buoyant plumes.

It is useful to define
F=g'W R2,
K= WR2, (2)
P= W2R 2.
The quantities F, K  and P are proportional to the fluxes of buoyancy, mass and 
momentum, respectively. It can be seen immediately from eq. (1) that the 
buoyancy flux is conserved along the plume and thus
F=FS, constant, (3)
and Fs is taken here to be positive.

Equations (1) will be non-dimensionalised by the following transformations 
(using lower-case to denote non-dimensional quantities):
P  =  P / P S,

k = (/./ (2x)ll2)F ^ 2P s SIAK,
z = ((2y.)112/.)Fs 2P s 3l*Z, (4)
r = {z/Z)R,
where Fs and Ps are the values of F  and P at the source (the subscript S will 
refer to conditions at the source throughout this analysis). Substitution of (4) 
into (1) and (3) leads to
pp’ = k.
k' = \p\u2, (5a)
where the primes indicate differentiation with respect to 2 (except for g'). The 
initial conditions are
p = 1 and k = ks = (;.l(2otyi2)F ll2Ps 5AKS. (5b)
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Integration of (5a) and applying the initial conditions (5b) gives 
(!)(|p |5/2- l )  = fc2-*s2. (6)
Curves of p against k are plotted in Fig. 2. At the source p=  1, and from (la) 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 > l .  In the region p e l  the 
solution has been integrated back to a “virtual origin” where the mass flux, k, 
and hence the plume radius are both zero. The momentum flux, p, is not, in 
general, zero at the virtual origin and the sign of p at ^ = 0 determines the 
nature of the plume. From (6) it can be seen that the momentum flux at k = 0 is 
positive (negative) when the mass flux ks at the source is less (greater) than the 
critical value kc = 2/^/5.

For small values 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 source is large. At large distances from the source the solution (for 
k tending to infinity) asymptotes to that of a pure plume. A sketch of this case is 
shown in Fig. 3a.

When ks = kc, the mass and momentum fluxes at the virtual origin are zero and 
the flow is that of a pure plume. In this case the properties of the plume can be 
derived directly from (5a) with the initial condition p = 0 at k = 0. The solution is 
well known; for the purposes of this analysis it is sufficient to note that the plume 
is conical with the half-angle at the vertex being tan " 1 (6a/5) as shown in Fig. 3b.

Fig. 2. M om entum  and m ass fluxes for ve rtic a l plum es (non-dim ensionalised w ith  respec t to 
th e  buoyancy  and m om entum  fluxes a t  th e  source). The source in itia l conditions a re  p  =  1 and 
k  = k s ; th e  so lu tion s have been in teg ra ted  back to  th e  ‘v ir tu a l o rig in ’ w here k = 0 (and th us  
th e  rad iu s  equals zero).
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For larger values of ks. so that ks>kc.p < 0 at the virtual origin. In this case 

the momentum flux at the virtual origin has the opposite sign to the buoyancy 
flux, and the virtual origin may be in front of the source. At these high values 
of the source mass flux the plume behaves as though it initially flows backward 
from the virtual origin, spreading with the same angle as for a jet, its mo­
mentum being decelerated by the buoyancy forces until it stops at some point 
behind the source. It is then accelerated forwards through the source with the 
required mass and momentum fluxes. This situation is sketched in Fig. 3c and 
we shall refer to this flow as a mass source. It should be emphasised that the

Fig. 3. The shapes of the  d ifferen t plum es 
types: (a) b uoyan t je t, (b) pure plum e, (c) mass 
source. The len g ths have been non-dimen- 
s ionalised  w ith  respect to the  buoyancy and 
m om entum  fluxes a t  the  v irtu a l origin. Note 
th a t the  horizo n ta l scale  is en larged  com pared 
w ith  the  v e rtica l scale.
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region p < 0  in Fig. 2 is unphysical. We have not considered the case where the 
momentum and buoyancy fluxes at the source have opposite signs. This model 
does not allow for the plume overlapping itself, nor does it allow for the 
entrainment of other than ambient fluid. 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 widening again. Note that the source diameter 
is never much less than 0.4, in non-dimensional units, and so the plume shape is 
very close to a buoyant plume only a few diameters from the source. For this 
reason the mass-source type flow is generally regarded as an unimportant case 
for vertical plumes, but we 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 ambient fluid.

It is convenient to non-dimensionalise the equations of motion with respect to 
the momentum flux at the virtual origin, P0, rather than that at the source. We 
will denote this new set of non-dimensional quantities by the subscript 1, i.e.
P i  — P / P o i

k\ = (//(2a)1/2)Fs/2Po 5/4if,
(V)

Z\ = ( ( 2 a ) 1/2/ ) F s /2 P o  3/4Z ,

r i= (z i/ Z )R , and so k ls = (/./(2x)ll2) F l l2P o 5/4Ks.

With this non-dimensionalisation the curves in Fig. 2 are reduced to the three 
curves shown in Fig. 4. Instead of the source conditions being represented by 
the point where p  = 1 and k = ks on Fig. 2, they are represented on Fig. 4 by the 
point where Pi =Pis = Psl Po and k l = k is. This will be on the curve marked 
“buoyant je t” if ks < k c : all curves above the pure plume curve are mapped onto 
the jet-curve. Whereas it will be on the curve marked “mass-source” if ks> k c : 
all curves below the pure plume curve are mapped onto the mass-source curve 
(see Fig. 5). The shape of the plume thus depends only on whether ks is greater 
or less than kc . The size of the plume is determined by the length scale
L v =  ( l / ( 2 a ) 1/2/ ) F s- 1/2P r ,  (8)

where P0 = |l  — ih§\2/5Ps (with ks defined in eq. 5b).
Note that as ks approaches kc , from either direction, the length scale tends to 

zero, and hence the extent of the region where the plume shape differs signific­
antly from that of the pure plume also tends to zero and the non-dimensional 
distance of the actual source from the virtual origin tends to infinity. In Fig. 6, 
Pi and ki are plotted against z , , and thus the position of the actual source in Fig. 3 
can be found as the value of Zj for which k {= k is. The part of the mass-source 
curves where is decreasing as p { and kx increase is not physical, it represents 
a downward flowing plume entraining ambient fluid.
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Fig. 4. M om entum  and m ass fluxes non-d im ensionalised w ith  respec t to  the  buoyancy  and 
m om entum  fluxes a t  th e  v ir tu a l origin. The fam ily of so lu tions in Fig. 2 is reduced to  ju s t 
th ree  here.

Fig. 5. The non-d im ensionalisa tion  fro m p  =  l, k = k s , t o p ,  = p ls , k x = k ls . All so lu tions in  the  
‘je t  reg io n ’ a re  m apped to  th e  buoyan t je t  curve, w h ilst those in  the  ‘m ass source reg io n ’ are 
m apped to  th e  m ass source curve.

For the case of a pure plume, the distance Zv from the source to the virtual 
origin is related to the source radius, Rs, by
Rs = (6xl5)Zy,
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Fig. 6. M om entum  and m ass fluxes as functions of h e ig h t for th e  th ree  plum e types. (All 
q u a n titie s  non-d im ensionalised  w ith  respect to  th e  buoyancy and m om entum  fluxes a t  the  
v ir tu a l origin.)

since, as mentioned above, the pure plume is straight sided. Consequently R is 
given by
R  =  ( Z + Z v ) R s /Z v .
Recall that Z  is the distance above the actual source, and thus the results 
familiar from similarity solutions of buoyant axisymmetric plumes are re­
covered,
W= Ws(RsIR)ll3=Ws(Zw/(Z+ Zv))113,

(9)
A p = pg'lg = A ps (RSIR)5I3= A ps (Z v / ( Z + Z v ) ) 5/3.

For the other plume types such quantities can be calculated from the values of 
pq and k x given in Fig. 6,
Ap = pg'lg = Apsk lsl k j ,
R = Rs(k il k is)(p islp i)1'2, (10)
W =ws(k islk i )(p l lpis),

In order to understand the nature of the changing length scales and shapes, 
consider a source of buoyant fluid with a fixed total flow rate but a variable exit 
size. This fixes buoyancy and mass fluxes, but if the exit radius is reduced the 
efflux velocity and thus the momentum flux must increase. Starting with 
a large exit radius, Ps will be small and ks will be large. On changing scales to 
p, and k j it can be seen that p [S is small and k ls is greater than kc. The source 
will have the shape shown in Fig. 3 for a “mass source”, with a large length
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scale (Lv = (53 10 /2) (Ki /4/„2 a4Fs)1'5, from eq. 8) and with the source position 
close to 2! =0. In practice the entrainment assumption is likely to be inaccur­
ate near such a source as the plume will not be fully turbulent there. This will 
result in a more pinched shape than that shown in Fig. 3c.

As the exit radius is reduced so Ps increases. The shape of the plume will 
remain the same but the length scale Lv will decrease, and so the plume will 
tend to the straight-sided buoyant plume shape closer to the source. Also 
21S will increase, so the actual position of the source will be higher on the mass 
source shape (Fig. 3c). As the radius is reduced further, ks approaches kc, and 
p is, k is and zis tend to infinity, the length scale Lv tends to zero and the shape 
will be that of a straight-sided pure plume (Fig. 3b). Reducing the radius still 
further, ks becomes less than kc, and p is, k ls and zis are still large and the 
shape is still close to that of the buoyant plume. Now, however, the plume 
follows the “buoyant jet” shape (Fig. 3a) with the plume spreading at an angle 
which decreases with height rather than increases as for the mass source shape 
(compare Figs. 3a and 3c). As the exit radius is further reduced ks tends to zero, 
P0 tends to Ps, the length scale, Lv, behaves like P | 4,^is tends to ks and 
21S tends to zero (to the apex 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 angle to the vertical. Again the entrainment assumption is 
applied by stating that the inflow speed into the plume is proportional to the 
speed along the centre-line of the plume. Ignoring the curvature of the plume 
the “top-hat” equations become (for flow in an unstratified medium)
Momentum

vertical
horizontal

Mass
Density

d(W VR2)ldS= g'U R)2, 
d(UVR2)/dS = 0, 
d(VR2)/dS=2RxV, 
d(g'VR2)ldS=0.

(11)

In this case U and W are the horizontal and vertical components of the 
centre-line velocity, V= (U 2+ W2)1 2, R is the radius of the plume and S is the 
distance along the plume centre-line (see Fig. 7). As before g1 =gAp/p is the 
reduced gravity. The inclination of the plume to the horizontal, 9, is given (for 
any point on the plume centre-line) by tan 9=W/U.

It is useful to define
F= g'VR2, Q = VR2, M= V 2R 2, H = U VR2, (12)
which are proportional to the total buoyancy, mass and momentum fluxes and 
the horizontal momentum flux, respectively (compare with eq. 2).
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Fig. 7. A n idealised  view of an  angled  plum e. C om pare th is  w ith  Fig. 1.

From (11) it can immediately be seen that the horizontal momentum flux, H0, 
and the buoyancy flux, F0, are conserved along the plume,
F0=g'VR2, constant, 
H0= U VR2, constant. (13)

These conserved quantities are used to define non-dimensional variables (in 
this case there is no need to integrate back to the virtual origin to find 
a meaningful scale for the momentum flux, unlike the vertical plume described 
above)
m = MjH0, q = (2 / (2*)1 '2) H~0 5/4 F}j2 Q,
s = S/La , r = R/ La, x = XI LA , z = Z /LA,

(14)

where the length-scale is given by LA = (/.A/ct) 1 H I^F q 112 . The remaining 
plume equations (11) then reduce to the pair of equations
m((m2- l ) ll2y = q, (15)
q' = (m)112,
where the primes now represent differentiation with respect to s, i.e. along the 
plume axis (except again for g ').

This form of the equations breaks down as 6 tends to ± n/2. In this limit, m P 1 
and the equations become
mm' = q, 
q' = (m)l!2,
which are the equations for a vertical plume given in eq. (5a) above.

(16)
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Otherwise, however, by substituting t = (m2 — l )1/2 = tan 0, the equations can 

be written
t' =  q l ( t2 + 1)1/2, (17a)
<7' =  (i2 +  l ) 1/4,
This is the final form of the equations used in this model. The initial conditions 
are
is = tan 9S, qs = (/./(2a)1'2)Fq2Hq 5,4Qs, (17b)
where the dimensionless mass flux is obtained from (14).

4. Solutions for forced, angled plumes
Equations (17a) were integrated numerically, using various initial values of 

the inclination 8 and setting q initially to zero. All plumes can be traced back 
to a virtual origin where q, the mass flux, is zero. Hereafter the subscript 0 will 
refer to conditions at the virtual origin, the subscript S  to those at the actual 
source of a plume. (Note that F0 = FS and H0 = HS since these quantities are 
conserved throughout the plume.)

The trajectory of the plume centre-line can be determined from
x' = cos 8 and z' = sinfl. (18)
All other plume properties can be recovered from q and 9:
Ap = pg'lg = Apsqs/q,
M = H 0/c os 9, (19)R = Rs(qlqs)(cos 9/cos 9S)U2,
V= Vs(qslq)(cos 0s/cos 9).
Figure 8 shows the values of q and 9 along plumes for various values of 90 at 
q = 0. For any given real plume, qs can be calculated from (17b), which, 
rearranged, gives
qs = UI(2a)ll2)(gR IV )ll2(cos 9Sr 5/4. (20)
The centre-lines of plumes with different angles at the virtual origin are 
plotted in Fig. 9. The values of plume length s measured from the virtual origin 
are given on both Fig. 8 and 9 to facilitate identification between them. The 
position on Fig. 9 is determined by the value of s and virtual origin angle, 60, 
found from Fig. 8. For example: if, for a given real plume, qs = 2.5 and 9S = 10° at 
the source then it can be seen (from 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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Fig. 8. Non-dimensionalised mass flux as a function of plume angle for various values of the plume angle at the virtual origin. The solutions have been marked at points corresponding to regular intervals measured along the plume centre-line to ease identification between this figure and the next.

Fig. 9. Shapes of the centre-lines of angled plumes with the same range of initial angles as for Fig. 8. The marks on each solution are at regular intervals measured along the plume centre-line.

x = 1.3, z=  —1.4 on Fig. 9, the centre-line of the real plume is then given by 
following the curve through (1.3, —1.4) for higher values of s. The shape of 
a plume depends only on its angle at its virtual origin, though its overall size 
varies, depending on the length scale defined in (14).
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The shape of the boundaries of plumes with various values of 9 0 are shown in 

Fig. 10, though note the warnings given below in interpreting these figures. It 
is sometimes useful to know the lowest point reached by a buoyant plume 
which has a downward component of momentum flux at the source. This can be 
estimated by dimensional analysis: see, for example, Fischer et al. [11]. 
A length-scale can be made from the buoyancy flux and the vertical component 
of the momentum flux, (M0sin 0o)3/4̂ o 112, and it has been proposed that this 
length-scale multiplied by a universal constant will give the lowest point of the 
plume. Figure 11 shows the relationship between the lowest point, zM, mea­
sured from the virtual origin, and the value of 60. Since this distance is 
measured from the virtual origin this figure is most useful where the actual 
source is close to the virtual origin, i.e. when qs is small. Note that in Fig. 11 
the lengths are non-dimensionalised with respect to the buoyancy flux and the 
total momentum flux at the virtual origin, rather than the horizontal 
momentum flux, so Fig. 11 gives the relationship between the lowest point and 
0O for a given total momentum flux at the virtual origin. The total momentum 
flux at the virtual origin, proportional to M0, is related to the (constant) 
horizontal momentum flux and thence the total momentum flux at the 
source by
M0 cos 6 0 = H0 = Hs = Ms cos 6 S. (21)
It can be seen that the relationship between zM and 0O given in Fig. 11 is 
a nearly linear one and it is significantly different from a curve of the form 
(sin 0O)3/4 given by the dimensional analysis described above. Also plotted on 
Fig. 11 are the results of laboratory experiments, described below. The larger 
error bars at larger angles to the horizontal are due to features of the flow: 
large eddies develop and though the boundary (of interest) of the plume is well 
defined at any instant its position is subject to large fluctuations.

For such plumes it is also useful to know where the plume returns to its 
original level (its “range”) and its concentration there. In general it is neces­
sary to evaluate the behaviour of the plume from its initial conditions using 
Figs. 8 and 9 and eq. (19). If qs is small, however, the actual source is close to 
the virtual origin and 9 S is close to 6 0 . Thus the range is (approximately) the 
value of x where the plume returns to z = 0. Again, to make clear the depend­
ence on 9 0 , we will non-dimensionalise the mass flux and lengths with respect 
to the total momentum flux, M0, so that
<7 i = (A/ (2a)1 /2) Mo 5/4 F q'2 Q, (22)
and the new length-scale is given by L i = ( / N/a )_1Mo/4F o 1/2.

Figure 12 shows the range, both to the nearest point on the plume at z = 0, 
denoted by x1B, and the distance to the centre-line at z = 0, denoted by x iC, as it 
depends on 9 0 . Figure 13 shows 1/qq at these positions, which is proportional to 
concentration (see eq. 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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-2.00 -
Fig. 10. Shapes of angled  plum es show ing th e  
centre-lines and upper an d  low er boundaries  
of the  plum es for various in itia l angles.
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e O

Fig. 11. T heore tica l and experim en tal resu lts  show ing th e  m axim um  depth  th a t the  low er 
boundary  of a dow nw ard angled  plum e reaches. The len g ths have been non-dim ensionalised 
w ith  respect to  the  to ta l m om entum  flux (ra th e r  th a n  th e  ho rizo n ta l m om entum  flux) a t  the  
v ir tu a l origin. The e rro r  bars  reflect th e  u n c e rta in tie s  in th e  m axim um  depth  due to  
fluctua tions of the  tu rb u le n t plume.

Fig. 12. The d istance  from the  v ir tu a l o rig in  to  th e  po in t on a dow nw ard angled plum e w here 
it re tu rn s  to  its  in itia l heigh t, w ith  ,r1B th e  d is tan ce  to  th e  upper boundary , and x ic the 
d is tance  to  the  centre-line.
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®0
Fig. 13. T he value of 1 lq i a t  th e  poin t w here a dow nw ard angled plum e re tu rn s  to  its in itia l 
he igh t. T his is a  m easure of the  co n cen tra tio n  a t th a t  poin t (see text).

5. Discussion of the theoretical results
Figure 14 shows the radius and speed of the plume as a function of position 

along the plume centre-line for 0o= +45 ,0 , — 45 . The results for 80 = +45 
are similar to those for a vertical plume with, initially, a momentum jet 
behaviour tending to a buoyant plume shape as in Fig. 3, but with the centre­
line following a curved trajectory. For 0o = 0 (a horizontal 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), is somewhat sharper.

For negative 0o. however, a different phenomenon is apparent. The vertical 
component of the velocity is initially negative and increases through zero as 
the plume turns. Thus the total plume speed is decelerated more than in the 
previous cases and the plume radius increases more than for a momentum jet. 
The plume is then accelerated (the speed of the plume has a minimum in this 
case as distinct from the previous cases where the plume speed decreases 
monotonically) and the plume radius increases more slowly than for the 
buoyant plume. In fact, for sufficiently steep negative angles the plume radius 
actually decreases. The shape is similar to the “mass source” in Fig. 3. On 
physical grounds the momentum jet-like behaviour can only be exhibited 
where the plume momentum flux has a (positive) component in the direction of
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Fig. 15. S hape of plum e when th e  in itia l ang le is —80' show ing the  upper and low er 
boundaries  and the  cen tre  line. N otice th a t  the  upw ard flowing p a rt of the  plum e overlaps the 
dow nw ard flowing part, thus  only th a t p a rt of th e  shape beyond the  overlap  will be realisab le  
in practice.

the initial momentum flux. Thus once the plume turns and begins to rise it is 
(essentially) equivalent to a source of mass and buoyancy and a relatively 
small amount of horizontal momentum, placed at (approximately) the position 
where the plume turns.

Figure 15 shows the predicted plume shape for 0o = —80 and here the theo­
retical result has the plume overlapping a previous position. It is important to 
note that the model is invalid in such regions since it does not allow for 
re-entrainment of plume fluid. Thus for d0= — 80 the model is only valid for 
s>2.5, where the predicted shape is not overlapped by a previous part of the 
flow. There is some overlap for 0o steeper than approximately — 75 .

It should also be noted that the top edge of the plume is unstable in that there 
is light fluid below heavy fluid. Thus some fluid formerly in the plume will be 
detrained and rise into the region above the plume. Thus the stable, lower 
edges of the plume shapes shown in Fig. 10 will be sharply defined in practice, 
whereas the upper, unstable edges will be poorly defined. See, for comparison, 
the photograph of a real plume in Fig. 16, described below.

Fig. 14. T he rad iu s  and along-axis speed of angled  plum es as a function  of d is tan ce  along  the 
plum e centre-line. N otice th a t  th e re  is a m inim um  in th e  speed for the  in itia lly  dow nw ard 
po in ting  plume.
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F:g. 16. Shadow graph of an angled plume. H ere the  in jected  fluid is denser th an  am bien t so 
th e  buoyancy forces ac t dow nward.

6. Experim ents
Forced plumes were produced by pumping salt water through a circular pipe 

(1.95 mm diameter) into a tank containing fresh water. Note that since the 
injected fluid is relatively dense, the buoyancy forces on the plume act down­
wards. rather than upwards as was the case for the theory above. The tank 
dimensions were 4 m long by 0.3 m wide and it was filled to a depth of about 0.5 m. 
These dimensions are large compared with typical length scales of the flow and so 
this configuration approximates an infinite, unstratified environment at rest. The 
flow rate nQ„ was monitored with a flow meter and the buoyancy flux nF0 and the 
momentum flux nM0 were determined from
F o = §  Q o i
M0 = fQ 5a”2, (23)
where a is the pipe radius.

Typical pipe nozzle Reynolds numbers were in the range 1000 to 2500 and the 
expression for M0 is obtained assuming laminar Poiseuille flow in the pipe. The
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pipe was set at fixed orientations 0o 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 photographs. A conductivity probe was 
placed at a set of fixed positions in the flow and the salt concentration was 
measured to obtain information about the structure and mixing in the plume.

7. 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 asymmetry develops downstream. 
The upper side of the plume remains sharp and well defined while the lower 
side is 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 plume. On the upper side, buoyancy 
forces create 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 enhanced mixing between the 
plume and the environment. Detrainment of plume fluid is observed on the 
lower side, a feature which is not observed in vertical plumes.

Measurements of the structure of the plume were made for an initial inclina­
tion of 45° using a conductivity probe. Figure 17 shows the density contours in 
a plane normal to the plume axis positioned at the point of maximum plume 
height. The asymmetry between the upper and lower parts of the plume can be 
clearly seen. Near the top of the plume there is a strong, stable density 
gradient. Below the plume axis the dense fluid is mixing much more vigorously 
with the surrounding fluid as a result of the gravitational instability. Density 
profiles in a vertical plane containing the plume axis are shown in Fig. 18a.

Fig. 17. E xperim entally  observed, tim e-averaged, m easurem ents of co n cen tra tio n  in a  p lane 
pe rp end icu la r to  th e  plum e axis, a t  th e  h igh est po in t on th e  plume. The in jected  fluid was 
denser th a n  am bient, and in jected  a t  an  angle of 45 above the  horizo ntal. N otice the 
d e tra in m en t of fluid from the  low er, unstab le  edge of the  plume.
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The asymmetry between the upper and lower parts of the plume is seen to 
increase with distance downstream. The estimated plume axis (line of max­
imum density excess) is shown in Fig. 18b, as is the theoretically predicted 
plume axis. The discrepancy is due partly to experimental 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 large for the jet part of the flow, and may be too large 
for the mass-source part of the flow. The mean value of the density difference 
on the plume centre-line is plotted on Fig. 19, as is the theoretical prediction. 
Note that the observed density difference is generally larger than the predic­
tion, suggesting less entrainment than predicted (smaller a), which would lead 
to greater vertical acceleration.

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

-10--

Fig. 18. (a) V ertical, tim e-averaged co n cen tra tio n  profiles m easured a t  variou s po in ts along 
th e  plum e centre-line. The in jected  fluid is denser th a n  the  su rro u n d in g  fluid and was 
in jected  a t  45 . (b, P osition  of the  plum e centre-line estim ated  from the  experim en tal resu lts  
show n in (a) (peak in density  profile), w ith  th e  expected cen tre-line for com parison. (Non- 
d im ensional scales.)
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Fig. 19. D ensity  difference betw een the  plum e fluid and th e  am bien t fluid from th e  experi­
m ent show n in  Figs. 16 to  18 (tim e-averaged on th e  plum e centre-line), w ith  th e  th eo re tica l 
re su lt show n for com parison. (N on-dim ensional scales.)

that the rising part of the plume entrains fluid that is falling back down. This 
height cannot be predicted by the theory above, since it assumes that only 
ambient fluid is entrained. These experiments gave a value of the maximum 
height of 2M(90 ) = 0.83+ 0.02, in agreement with the value found by Turner [12]. 
Note that this is much smaller than the value of approximately 1.8 predicted by 
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 equations for a forced, angled plume can be simplified by non-dimen- 

sionalisation with respect to two conserved quantities, namely the buoyancy flux 
and the horizontal component of the momentum flux. All such plumes can be 
traced back to a virtual origin, and the shape of the plume depends only on the 
angle of the plume to the horizontal at this virtual origin. Vertical plumes can be 
included in this scheme, with virtual origin angle +90°. All angled plume shapes 
car. be grouped into three categories, first introduced to describe vertical plumes:

(i) If the momentum flux at the virtual origin is zero then no angle can be 
defined and we have the special case of the vertical, straight-sided, pure 
plume, half-angle tan _1(6a/5).
(:i) If the momentum flux at the virtual origin is upward (or horizontal) then 
the plume spreads initially at a half-angle of tan~ 1 (2a). We have referred to 
this category as the buoyant jet. The plume centre-line curves towards the 
vertical and the spreading angle tends (downward) to that of the pure plume. 
The change from the jet spreading angle to the plume angle occurs more 
sharply for plumes directed further from the vertical.
(iii) If the momentum flux at the virtual origin is downward then the initial 
spread is as for a jet. In this case the fluid is decelerated by the buoyancy 
force and the spreading angle increases. As the plume centre-line curves
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upward the fluid is accelerated and the spreading angle decreases, for plumes 
with virtual origin angle less than approximately —60° the radius actually 
decreases. As the plume centre-line curves upward the spreading angle tends 
(upward) to that of the pure plume. This category we have referred to as the 
mass-source. In this case the mean along-plume velocity has a minimum and 
a maximum (see Fig. 14), whereas the velocity decreases monotonically for 
cases (i) and (ii). Note also that part of the solution near the virtual origin 
will be unphysical for sufficiently steep values of 0o. due to the model not 
allowing for re-entrainment of plume fluid. In particular, for 0o= —90" the 
solution is unphysical until the flow is upward.
The overall size depends on the length scale LA defined above. For the 

vertical plumes it is, however, necessary to trace the solution back to the 
virtual origin to find a useful scale for the momentum flux, which can be used 
to define a length-scale, Lv. Because of this last feature we regard vertical 
plumes as a very special case of the generality of angled plumes. This is in 
contrast to the usual approach which is to consider plumes with a horizontal 
component of momentum flux as merely a minor departure from the vertical 
case, as is, for example, implicit in the dimensional analysis approach to 
predicting maximum depth of a downward angled buoyant plume, or explicit in 
the 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 predicts some of the mean properties and the basic 
shape of such plumes reasonably accurately. In fact the entrainment assump­
tion describes the flow surprisingly accurately, given that the observed velo­
city and density distributions are neither symmetric nor self-similar. We con­
clude that the average entrainment into the plume is described adequately by 
an average entrainment velocity proportional to the mean velocity in- the 
plume.

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 
types of plume flow (see, for example, Turner [12]). Altering the value of a 
alters the local length-scale and the spreading angle of the plume, and the 
experimental evidence is that this reduces the difference in spreading angle 
between jet and plume flows predicted by theories such as the one given 
here. One may regard different spreading angles predicted by our theory 
as pointing out changes in the nature of the flow, and thus the entrainment, 
at different points on the plume. It 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 that the plume shape is entirely 
determined by the virtual origin angle, since different plumes with the same 
virtual origin angle would have 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. Stratification will 
not be important in the neighbourhood of the source provided that the density 
changes in the ambient fluid over the length scale of the plume are small 
compared with the density difference between the plume and the ambient fluid. 
This criterion requires
N < F0/H0, (24)
where the ambient stratification has buoyancy frequency N = (—g(cplcz)/p)112.

When stratification is important this can be taken into account by modifying 
equation (11) (the buoyancy flux is no longer constant) so that the right hand 
side of the density difference equation becomes N 2VR2. However, this is not 
entirely satisfactory since under such strong stratification the plume cross- 
section becomes elliptical, with greater spread in the horizontal direction and 
reduced spread in the vertical direction because vertical motions are impeded 
by the stratification. The reader is recommended to see Hofer and Hutter [6] for 
a more detailed analysis.
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A b stra c t

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

1. 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. 
Recent developments, including work under the recently completed Major 
Technological Hazards programme of the Commission of the European Com­
munities, have been aimed at extending the understanding of heavy gas flows 
to situations where the nature of the terrain, 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 very 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 instantaneously on a slope have recently been presented by 
Deaves and Hall [1] and by Nikmo and Kukkonen [2].

Each of these models is an intuitively appealing generalisation of the flat 
ground integral model approach to include the effect of slopes. However, in 
each case the effect of the slope is only found with a numerically computed 
solution to a set of differential equations. Whilst this situation is quite usual, it 
is highly desirable to have a more direct understanding of the nature and 
effects of the assumptions involved in such models.
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The importance of such an understanding cannot be overstated. Credible 

hazard analysis can only come about using models which are well validated on 
(of necessity) small scale data, and which incorporate sound physical assump­
tions (and accurate calculational methods) in extrapolating their predictions 
to larger scales. In situations where data are relatively sparse, and the possible 
validation therefore relatively incomplete, the importance of the sound phys­
ical assumptions is highlighted still further.

Our objective here, then, is to examine the very simple case of a heavy cloud 
released instantaneously on to a uniform slope and dispersing isothermally in 
a way which is known to conserve buoyancy. We shall focus here on the effect 
of the slope on the overall motion of the cloud, rather than on any effect it may 
have on dilution rates. In order to do this, we shall start by discarding all other 
complicating factors. We therefore restrict ourselves a priori to the case of zero 
wind, and idealise to the extent that no mixing is assumed. This, as we shall 
show, allows considerable progress in understanding the effect of the cloud 
falling down the slope.

In particular an equation is derived relating the cloud’s terminal velocity 
down the slope (where gravity balances resistance forces) to its density and 
volume, and to the gradient of 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 we shall therefore review briefly here.

The essential assumption of our approach is that it is reasonable to consider 
the motion of a cloud on a slope, independently of its mixing with the ambient 
air. Thus we are attempting to assess how a (fictitious) cloud of fixed density 
might behave on a slope. Of course, any complete model of gas cloud behaviour 
must model mixing accurately, and we shall return to a discussion of this 
below.

The behaviour cf a cloud of fixed density is readily accessible via the shallow 
water equations, which contain the added assumptions that the cloud is of 
large horizontal extent compared with its depth, 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 gradient of the slope T: we require H « A  and T«1. Later we shall 
discuss the regimes H= O(FA) and H » 0 (V  A). Let us note here that these are 
not incompatible with the formal restrictions imposed by shallow water theory. 
For our purposes here, when we refer to a “tall” cloud 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 equations :n one horizontal dimension (implying a two- 

dimensional flow when the vertical, depth-averaged dimension is counted) are:
5(h — a) d(u(h — a))—-=o a)ct cx
du cu oh 
T t +UJ~x+g dx = ° (2)

Here t is time, and x is the horizontal space coordinate. The fields are the 
horizontal velocity u and the height h of the top of the cloud above a fixed 
datum (see Fig. 1). The quantity a, is the height of the ground level above the 
datum, so that h — a is the fluid depth. We are considering a cloud of density 
p spreading in an ambient atmosphere of density pa and g" is the reduced 
acceleration due to gravity
g"= g(p-p*)/p  (3)
In the case studied here, as mixing is not yet incorporated into the model, g" is 
constant.

The fact that there will be significant 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 (5)
and (h — a)f , uf are the fluid depth and (normal component of) velocity at the 
edge of the cloud, and kf is a constant (0(1)) Froude number. (Note that k( is

Fig. 1. A gas cloud on a slope; defin ition  of geom etric 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 
Froude constants have a constant ratio.)

The above boundary condition expresses a resistance pressure of the ambi­
ent air and we shall adopt it wherever the cloud edge is moving into the 
ambient fluid.

Where the cloud edge is receding from the ambient fluid we shall adopt the 
boundary condition
h t =  0  (6)
allowing movement of the trailing edge without resistance.

Here we shall consider only a uniform slope, downwards in the direction of 
increasing x, given by
a(x) = — Tx (7)
where the slope V is constant and positive.
2.3 Analytic solution of the shallow water equations

As we have seen [3], there is a very simple analytic solution of the above 
problem, representing a wedge of gas moving downhill at its terminal velocity 
(corresponding to a balance of gravity and resistance forces). The derivation of 
this is briefly as follows.

Assume there is a “terminal velocity” solution in which the fluid velocity is 
independent of both time and space. If this is the case, then the first of the two 
shallow water equations becomes

( I +“s ) (''“ 0)' 0 (8)
and the solution must have the form
(h — a) = H (x ~ u t) (9)
for some function H. At the rear boundary, x = X b(t), which follows the cloud, 
the fluid height is zero, so that
H(Xb — ut) = 0 (10)
and the origin of the coordinate system can now be chosen so that Xb = ut. The 
boundary condition at the front is
(h — a)[ = U[ Ig'kf (11)
and this can now be rewritten as 
H(X[ — ut) = u l I g' k f (12)
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where X{ is the position of the front of the fluid region. The right hand side of 
this equation is constant, as the velocity is constant (by assmption), and 
therefore the left hand side of this equation has to be constant. If the extent of 
the gas cloud is L = X ( — X b then:
H(L) = u21 g' k( (13)
and L must therefore be constant. Note also from eq. (11) that a solution with 
constant u implies constant frontal depth.

The second equation of the two shallow water equations can be written as
cu cu^7 + u ~  = ~ g  ct cx

c(h — a) 
cx - r (14)

With the velocity u assumed independent of space and time, this equation 
reduces to
c(h — a)

dx (15)
where T = — da/dx is the gradient of the slope as defined above. With h — a of the 
above form H(x — ut), then clearly we must have
H(x — ut) = Y[x — ut] (16)
up to a possible additive constant, (which is simply equivalent to a 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 ] '12 (17)
It is convenient to 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 = \L 2Y (18)
In terms of this, the cloud moves at a speed
u = 214kfY 1,4[g’2V ]14 (19)
The last factor can be anticipated from dimensional analysis, but this result 
does show that the heavy gas cloud (of a given volume and density) moves 
down the slope with a terminal velocity proportional to the fourth root of the 
gradient of the slope.
2.4 Numerical solution of the shallow water equations

It is worth emphasising that the above analytic solution was originally 
found after a numerical solution had revealed this very simple asymptotic 
behaviour at large time. This demonstrates that the solution is indeed a stable 
one, and is therefore valid within the assumptions. The evolution found for 
a wedge released from rest is shown in Figures 2(a-d).
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Distance ( metres )
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Fig. 2 .(a ,b ). M otion, in tw o dim ensions, of a “w edge” released  from rest, show ing th e  
developm ent of “h ead ” and “ta i l” regions separa ted  by a  h yd rau lic  jump.
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Fig. 2.(c, d). C ontinued  m otion, in  two dim ensions, of a “ w edge” released  from rest, show ing 
th e  co llapse of the  hyd rau lic  jum p and th e  form ation  of a  wedge m oving uniform ly.
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2.5 Comment

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 motion of the down 
slope edge, is just as one would expect for a cloud on flat ground; the collapse of 
the upslope edge, and the subsequent H= 0 boundary condition, does not 
constrain its velocity, allowing it simply to follow the fluid motion. In this way 
the slumping is turned into a bulk downhill motion. It is thus clear how the 
assumptions built 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

The two-dimensional 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 dimensions) but, 
as we shall now show, there does exist an almost equally simple analytic 
solution in this case.

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

3.1.1 Shallow water equations
Following the method adopted for the two dimensional case, we take the 

shallow water theory in the horizontal plane with coordinates jc in the form
d(h — a)V a '  + \- (u (h  a)= 0ct (20)

du-  + (u - \ )u + g 'V h  = 0ct (21)

with g" as before, and a uniform slope
a(x) = Tx  • h (22)
where, in keeping with our earlier two-dimensional formalism, we take 
« = (-1 ,0 )  (23)
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\

Fig. 3. A three-d im ensional cloud m oving uniform ly, a t  co n stan t velocity  w ith  no change in 
shape. The shallow  w a ter equations w ith  ap p ro p ria te  boundary  conditions adm it a  so lu tion  
of th is  form.

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

3.1.2  Solution of the equation
In fact it is clear that there is a solution of the equations with

u = — un (24)
with constant u, and
(h — a) = H (n ■ (u t — x )) (25)
with
\ H = —Tri (26)
implying
H = Y n -(u t — x )

3.1.3  The boundary condition at the rear
The rear of the cloud again has zero depth and, at any given time t, is 

a straight line across the slope given by
x = X b( t ,y ) (27)
for y in [ — Y, + Y], where
Xb(i,y) = ui + (0,y) (28)
and Y is the overall half-width of the cloud at the trailing edge.
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3.1.4 The boudnary condition at the front

Having thus satisfied the trailing boundary condition, it remains to satisfy 
the front condition. Let us take the length of the cloud in the direction of the 
slope to be L(y), 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 {J g '(h - a ) ( (29)

Fig. 4. D eterm ination  of th e  shape of th e  cloud from the  boundary  conditions.
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is now defined for a front velocity component u( orthogonal to the edge of the 
cloud. Therefore

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

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

3.1.5 Properties of the solution
As we have already noted, the velocity u is related to the overall length A of 

the cloud by
u = k (J g 'Y  A
As before, it is appropriate to relate this to the volume V of the cloud. This is 
given by

(30)

(31)

from which we deduce
A = u 2tk fg T (32)
and

(33)

where
L = L\ A, y= yl A (34)
The solution of this equation may be written parametrically as
L = cos2co
y = to + cos to sin to (35)

(36)



112 D.M. Webber et al./J. Hazardous Mater. 33 (1993) 101 122

Fig. 5. The scaled p lan  view of th e  cloud. The full w id th  ( Y ) is n tim es the  len g th  (X).

where

f t fi 071I dw cos to = — J 16 (37)

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

u = ̂ l 6k (T'  \ / g ' V '  3 (38)
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 
a cube root in place of the fourth root wich pertained earlier. It is also 
interesting to note the prediction that the cloud is n times as wide across the 
slope as it is long.

Examining the solution, we can again see how a non-spreading cloud can 
come about. In the longitudinal direction it is exactly as in 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 cloud. 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  A ir entrainm ent
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 philosophy of simple integral models, is to assume an air 
entrainment model into a cloud which continues to move on the slope in the 
above self-similar way. (We shall discuss the possibility of introducing an 
ambient wind later.) This is not inconsistent with the sort of behaviour 
discussed by Britter et al. [8],

In this case the entrainment is assumed just such that the relationship 
between down-slope velocity u, volume V, and density (implicit in g ’) is 
preserved. This allows a very natural generalisation of integral models on flat 
ground 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
ment model. In fact we can do this to some extent as is shown in the next 
section.

4. Comparison with data
4.1 The experiments of Schatzm ann et al. [5]
4.1.1 Introduction

As part of their contribution to the CEC Major Technological Hazards 
project, Schatzmann et al. [9] used a boundary layer wind tunnel to model an 
instantaneous 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 interesting to compare the predictions model with these 
results. (Steady-continuous releases were also performed, but consideration of 
these is 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 cm3 cylinder with a mixture of sulphur hexafluoride (SF6) and air to the 
required density and then abruptly retracting the side walls into the wind 
tunnel floor. Ground level SF6 concentrations were then measured at eight 
points down the slope (three on the centre line, five off axis) using artificially 
aspirated hot-wire anemometers with a sampling rate or either 10 or 12.5 Hz. 
The concentration time history from each of the sensors is available without 
additional filtering or averaging.

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. 1), were also used. Note that the largest of these, r  = 0.1163, is still 
a shallow slope in the terms discussed earlier.
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4.2 Comparison of the model with the data
4.2.1 Model considerations

It is desirable to compare the predictions of the model, independently of any 
particular entrainment model. As it stands in Section 3 the model relates cloud 
velocity with slope, density and volume without recourse to any free para­
meters (apart from kf which is already effectively determined from the cloud 
spreading law on flat ground). It is therefore our objective to extract these 
quantities from the data in order to test the predicted relation:
u = Q f1/6 • kfT ~'3 y j g' VXi3 (39)
obtained above.
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 
study to use only the data from the three sensors which there placed on the 
centre line.

For all fifteen instantaneous release onto inclined planes pure SF6 was used 
as the working fluid. Assuming only 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 - p a)/Pa (40)
is directly proportional to the concentration (contaminant mass per unit 
volume), and is therefore related to the volume V by
M V 0 = 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 concentration measurements give 
immediate estimates of density and volume via these relationships. From these 
we calculate our model prediction for the cloud velocity u, and test to see 
whether it agrees with the observed rate of travel.

Schatzmann et al. [9] present volumetric concentration C as fraction of the 
initial concentration (C0) in the cylinder before the release took place. From 
this we estimate the volume as
y /y 0= ( c / c 0) - 1 (42)
and find the required combination of variables 
g 'V 1 3 =g'0 V0 V - 23 (43)
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TABLE 1
Resultant estimates of cloud velocity of different slope
Sensor position c /c 0 u (ms ')
4 .0%  Slope(61.3.0.0) 5.826 10"2 0.080(122.61.0.0) 1.624 10"2 0.052(183.91,0,0) 0.962 10"2 0.044
8 .6%  Slope(61.3,0,0) 8.282 10"2 0.361(122.61,0,0) 3.188 10"2 0.263(183.91,0,0) 1.616 10"2 0.209
11.63%  Slope(61.3,0,0) 8.242 10"2 0.399(122.61,0,0) 3.540 10"2 0.301(183.91,0,0) 1.464 10" 2 0.224

wherein g'0 V0 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 during 
the five repeats, and taking = 1.07, a mean spreading Froude number which 
has been seen [10] to optimise fits to Thorney Island (i.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. By plotting arrival time against distance from the source we do get 
at least some 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 gradient (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 procedure, we regard the 
results as sufficiently good to support the shallow water model approach.

It is worth noting that the wedge-shaped flow of our model will take some 
time to set itself up, and we should therefore 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. D iscussion  and conclusions
5.1 Significance of the results

Our interpretation of the data is of necessity very crude. The assumption 
that the measurements reflect the average concentration (or more particularly
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Fig. 6. (a) Centre-line distance travelled versus time for the front of a cloud released at rest on a uniform slope of 0.04. (b) As for (a) but with uniform slope of 0.086. Data are marked (+) and interpolated with a dotted line to guide the eye. The short solid lines indicate the predicted velocity, which if exactly correct, should be tangent to the curve.
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Fig. 6. (c) As for (a) but with uniform slope 0.1163.

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 take 
rather too literally the old box model idea that concentration and density 
variations are well represented by profiles which are uniform within the cloud 
and zero outside it.

However, let us now suppose that the profiles are merely self-similar to some 
reasonable approximation. This is still an assumption of course, but a much 
weaker one. Self-similarity means that the cloud-average concentration and 
density are simply constant multiples of the ground-level centre-line value. In 
particular the combination A'V, (where A' is now based on the ground-level 
centre-line density) would still be constant in the self-similar régime. There is 
still some uncertainty in evaluating this from the initial (non-self-similar state) 
but this is reduced by the square root in evaluating the velocity.

All in all then, we regard the comparison shown in Figs. 6(a -c) as successful 
to the degree of accuracy which we can expect of the model. In particular the 
predicted r 1 3 dependence is not unrealistic. It is, however, difficult to test the 
precise form of this slow dependence on a limited data set. Further data on 
even shallower slopes might be more revealing in this respect.

It is also worth noting that slopes of practical interest may only be up to 1 in 
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], They 
however quote a dependence of the cloud velocity on the slope of sin 9/0 
compared to our result of (tan 0)1 3. Our methods are inappropriate to large
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slopes, but clearly their expression cannot be valid close to 0 = 0, and so a direct 
comparison is difficult. It is made more difficult by the fact that our result is for 
a cloud of fixed volume and density, whereas Britter et al. [8] discuss the 
velocity of entraining clouds. There is scope for further work here.
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 combine the ideas above with a simple computerised model. 

Entrainment can be introduced in the usual way, although there is clearly 
some freedom about how exactly to do this. The simplest way of allowing for 
advection with the wind is to add the slope-generated velocity discussed here to 
the wind-advection velocity (vectorially). 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 whole combination of different aspects of the 
model, including entrainment as well as bulk motion, and therefore, whilst 
having its own benefits, loses some of the advantages 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 qualitative aspects which distinguish it 

from the results of other approaches. In principle these can be tested if 
appropriate data are obtained.

Firstly, the approach presented here gives rise to a picture of slumping 
followed by translation for a cloud released from a highish aspect ratio in calm 
conditions. (By “highish” we mean the régime discussed earlier where the 
cloud is tall relative to the drop in the slope, but still shallow.) This separation 
of slumping and translation contrasts with the slumping accompanied by 
downhill motion found in the models of Deaves and Hall [1] and Nikmo and 
Kukkonen [2], In our approach this is a consequence of the boundary condi­
tions: while the uphill edge depth and the downhill edge depth are the same, 
the uphill boundary will spread in the same way as the downhill one. The 
material will rearrange itself within the boundaries so that the centre of mass 
moves downhill, but only when the depth of the cloud is comparable with the 
drop in the slope over its length will the overall downhill translation become 
apparent. Ultimately the gravity spreading is predicted to stop, and any cloud 
growth will be due purely to the relatively slow process of entrainment. This is 
illustrated in a two-dimensional numerical solution of the shallow water model 
shown in Figs. 7(a f). In this illustration the cloud is started off as close as 
possible to the parabolic-topped, flat-ground similarity solution variously de­
scribed by Fannelop and Jacobsen [5], Wheatley and Webber [4], Grundy and
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Distance ( metres )
Fig. 7.(a, b). A cloud released from rest on a slope — in two dimensions. The cloud is released spreading in a way which would continue indefinitely in a self-similar way if the ground were flat. Differences from the symmetric self-similar flow begin to appear as the cloud aspect ratio becomes close to the gradient of the slope, but in this regime the cloud is largely unaffected by the slope.
Rottman [6] and Webber and Brighton [7], This shows the onset of a significant 
deviation from the self-similar behaviour introduced by the slope, and the 
transition to the “wedge” behaviour described here.

Secondly, the cloud width predicted by the model is n times its overall 
length. Whilst exact confirmation of this is unlikely given the oversimplicity of
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Fig. 7.(c,d). Continuing the flow from Figs. (7a. b) a hydraulic jump appears separating a "head” and a "tail" region. The slope is having a noticeable effect here, but this is a transition to the final regime.
some of our assumptions, any experimental visualisation of this flow which 
showed a cloud to be wide compared to its length would be an interesting 
support for this approach — we know a priori of no other reason why such 
a result should appear.
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180 200 220 240 260 280 300 320
Distance (metres)

Distance ( m e t r e s )

F ig . 7 .(e . f). C o n t in u in g  th e  flow  fro m  F ig s . 7 (a -d )  in  th e  f in a l  r e g im e  th e  h y d r a u l i c  ju m p  
c o l la p s e s  a n d  th e  c lo u d  r e a c h e s  th e  w e d g e  s h a p e  w h ic h  is  m o v in g  d o w n  th e  h i l l  b u t  n o  lo n g e r  
s p re a d in g .
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Abstract
Effective procedures associated with storage and disposal of chemical warfare (CW) agents are important for the protection of civilian populations from inadvertent release of these agents. Emergency groups as well as citizens in surrounding communities need to know the relative effectiveness of various chemical protective clothing (CPC) ensembles in the unlike­ly event of such releases. A method has been developed for studying permeation of chemical warfare agent simulants through CPC materials. The experimental results characterize some commercially available CPC materials. Thirteen different CPC materials having widely differing compositions were chosen to study the permeation of four different liquid CW simulants (dimethyl methyl phosphonate, diisopropyl methyl phosphonate, malathion, and dibutyl sulfide) through these CPC materials at 25 °C. This permeation study involved a newly developed analytical technique employing room temperature fluorescence quench­ing of an indicator compound, phenar.threne, on filter paper. Various experimental factors such as breakthrough time, rate of permeation and uptake were investigated. On the basis of breakthrough time, the 13 CPC materials could be divided into three groups: most resistant, moderately resistant, and least resistant. Materials in the most resistant category exhibited no permeation by any of the simulants for at least 24 hours. Breakthrough occurred in the least resistant materials in generally less than an hour, and sometimes as soon as a few minutes.
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Introduction

Congress has mandated that the United States shall destroy its stockpile of 
existing unitary chemical warfare weapons and bulk stocks of chemical agents 
incorporated into such weapons. This destruction is directed by the Depart­
ment of Defense Authorization Act of 1986 (PL 99-145) which was subsequently 
amended to require completion of the disposal process by April, 1997. (The 
Army and Congress have recently announced that the current projected date of 
completion is 2004.) Although this action does not eliminate U.S. chemical 
warfare capability (binary agents are excluded), the amount of material to be 
disposed of, along with its extreme toxicity, make the task of disposal one 
which should be approached prudently. Chemical warfare agents to be dis­
posed of are currently stored at eight separate locations in the continental 
U.S., in a variety of munitions [1, 2], as well as in bulk storage.

The method of choice for disposal of these agents is high-temperature (1130- 
1400 °C) incineration on-site at each stockpile location [1]. Although 
the probability is low that a release of chemical warfare agent might occur dur­
ing the disposal process, the extreme toxicity of these chemicals raises con­
cerns regarding protection of individuals in adjacent communities. Civilians in 
these communities are unlikely to have ready access to specialized military pro­
tective clothing ensembles, nor is it likely that all civilian emergency response 
groups in these neighboring communities would have such protection available 
to them.

Many types of chemical protective clothing (CPC) materials have been 
developed for protection against a wide variety of potentially hazardous situ­
ations, including accidental release of hazardous chemicals, via spills, fires, 
explosions, gaseous releases, etc. The pertinent question is how well would 
these various protective materials shield humans from exposure to chemical 
warfare agents. This research group has analyzed the available open-literature 
information regarding some commercial CPC materials in a previous publica­
tion [3]. This report has identified wide data gaps in the characterization of 
CPC materials for either chemical warfare agents or chemicals with sufficient 
structural similarity and physical properties to serve as reasonable surrogates 
(i.e., simulants). The research reported in the current paper is an initial 
attempt to seek answers to the question posed above as part of the technical 
assistance support that Oak Ridge National Laboratory is providing the Chem­
ical Stockpile Emergency Preparedness Program (CSEPP).

The goal of this study is to assess the protective capacity of various clothing 
materials by investigating their permeability and uptake when they are exposed 
to various undiluted liquid simulants. Use of actual agent entails such a degree 
of hazard to the experimentalist that only a very few laboratories are certified 
as surety facilities and permitted to perform warfare agent experiments. Oak 
Ridge National Laboratory is not a surety facility. Thus it is common practice to 
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 protocol provides the best indication of chem­
ical resistance for a given protective material is an important one. Visible 
changes in material properties (e.g., swelling, blistering, etc.) 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 permeating the material as a func­
tion of time. Breakthrough time provides 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 
rate is of less obvious application, but provides useful information about the 
physicochemical resistance of the CPC material to the test chemical. This 
study also investigated the effect of a one-hour immersion of each CPC mater­
ial in each simulant to determine the uptake of simulant. Other studies have 
used this approach [4], and it can provide additional useful information regard­
ing resistance of laminated materials to solvation, changes in physical proper­
ties of the protective material following contact with the chemical, etc. It 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 application of 
the material (i.e., on normal application, only the resistant surface of the 
material is exposed to the chemical). Although this information is of interest, it 
should not receive primary consideration in rating the effectiveness of CPC 
resistance to chemicals. Of course, all these endpoints are influenced by many 
other parameters such as thickness of the protective material, concentration of 
the challenge chemical, temperature, etc. Some permeation studies utilizing 
chemical solvent or low-molecular weight organic compounds have been re­
ported in the literature, but these do not directly or indirectly relate to the 
chemical warfare agents [3],

This paper describes the resubs of permeation studies using a new, simple 
and sensitive procedure recently developed at Oak Ridge National Laboratory
[5] to evaluate the efficacy of CPC materials against CW agent simulants using 
room temperature luminescence quenching of an indicator compound (phenan- 
threne) on standard filter paper. The procedure tested thirteen protective 
clothing materials for permeation resistance to four different simulants. 
Breakthrough time, uptake of simulants by the materials, and permeation rate 
were determined at 25 °C.

Materials and methods
Chemicals

Tables 1 and 2 list the principal chemical warfare agents in the unitary 
stockpile and the compounds used as simulants for each. The two major
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TABLE 1
S tru c tu ra l form ulas and selected physical p roperties  of chem ical w arfare agents

P aram eter A gent

GB VX HD

C hem ical nam e 
(form ula)

Isopropyl m ethyl
phosphonofluoridate
(C4H 10F O 2P)

0-ethyl-S-(2-diiso- 
propyl am ino-ethyl) 
m ethyl phosphono- 
th io la te  
(C 11H 26N 0 2PS)

B is(2-chloroethyl) 
sulfide (C4H 8C12S)

S tru c tu re
0

(CH3)XH O  p c h 3 

F

CH, o  CH(CH,), \  /
P S CH, CH, N

C:H ,0 /  X CH(CH,),
c i- c\ h 4 S Can.* Cl

M olecu lar w eight 140.1 267.4 159.1
Physical s ta te  (at 
room  tem pera tu re)

Liquid Liquid Liquid

B oiling poin t 158 C 298 C 215-217 C
V apor pressure 
(25 C)

2.9 mmHg 7 x 104 mmHg 0.11 mmHg

categories of stockpiled chemical warfare agents, nerve agents and blister 
agents [1] are represented in Table 1 by GB (sarin, a nerve agent), VX (nerve 
agent) and HD (variously called sulfur mustard, mustard gas, mustard, etc.). 
The simulant chemicals chosen were recommended by the sponsoring agency 
(Office of Assistant Secretary of the Army) and research staff of the Chemical 
Research Development and Engineering Center (CRDEC) at Aberdeen Proving 
Ground, MD. Tables 1 and 2 also list pertinent physical properties of agents 
and simulants. The various simulants were obtained from the following sour­
ces and used without additional purification: Diisopropyl methyl phosphonate 
(DIMP) (98% pure) (Johnson Matthey Electronics); dimethyl methyl phos­
phonate (DMMP) (technical grade) (Alpha Products); malathion (MAL) (96% 
pure) (K&K Fine Chemicals, Inc.); dibutyl sulfide (DBS) (96% pure) (Aldrich); 
phenanthrene, the detection chemical for the permeation studies, was obtained 
from Matheson Coleman and Bell.
CPC M aterials

Thirteen different CPC materials were chosen as representative materials 
from a broad selection of generic classes (e.g., only one material composed of 
butyl/nylon/butyl laminate, one of Viton®1 polyester/Viton laminate, even

Viton® fluoroelastom er is a reg istered  tradem ark  of E.I. du P o n t de N em ours & Co.
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TABLE 2

S tru c tu ra l form ulas and selec ted  physical p roperties  o f sim ulan ts  used in th is  study
P aram eter S im u lan t

DIM P D M M P MAL DBS
C hem ical (GB S im ulant) (VX sim ulan t) (O rganophosphorous HD sim ulan t)nam e D iisopropyl D im ethyl pesticide) (C8H 18S)
(form ula) m ethyl

phosphonate
(C7H 17OP)

m ethyl
phosphonate
(C3H , 0 3P)

(Dim ethoxy- 
phosphinothioyl) 
bu taned io ic  
acid d ie thy l ester 
(C 10H 19S 2O6P)

S tru c tu re (CH,), CHC 0 \ CH,3 0 \ CH ,0 s
P CH;

(CH3)2 chc/
P CH,

CH,0X P S—CH COOC,HsCH.O^ 1lt1jU CH, COOC,H5
C4H9 s c4h„

M olecular
w eight

180 124 330 146

Physical 
s ta te  
(a t room  
tem peratu re)

L iquid L iquid L iquid L iquid

B oiling
poin t

66 C 
(3 mmHgl

181 C 156-157 C 188- 189 C

V apor
pressure

__a — 4 x 10“ 5 mmHg 
(30 C)

—

a N ot available .

though there could be several CPC materials made by different manufacturers 
employing the same fabric composition).

Table 3 (see Resuhs Section) lists the various CPC materials tested, their 
manufacturer and nominal thickness of the various materials. A number of the 
materials are laminates, and are so indicated in Table 3 by naming the indi­
vidual laminating layers of the laminate “sandwich” (as butyl/nylon/ 
butyl). In the case of some materials, no information regarding composition or 
lamination was available, and the material is simply listed. Samples from 
gloves were taken from the palm of the glove; samples from sheet material were 
cut from the edge, and samples from protective suits were taken from the suit 
sleeves. Duct tape was added to the original list of 12 CPC materials due to its 
extensive use to seal suits to gloves and suits to footwear.
Experimental protocols
A. Breakthrough time studies

A 2.54-cm diameter circle of the CPC material was positioned over the open 
end of a glass vial (2.54 cm long with a 2 mL volume) containing approximately
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1 mL of pure liquid simulant. A 1.0-cm circle of phenanthrene-treated (see 
Analytical Procedure Section) filter paper (Whatman 41) was centered over the 
bottle mouth on top of the material, and a second larger piece of filter paper 
acted to hold the 1.0-cm circle in contact with the material. This arrangement 
of bottle 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 breakthrough 
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 intervals, individual vials were 
returned to the upright position, the clamp was loosened, and the indicator 
paper was removed and analyzed. Figure 2 schematically shows the principle 
of the fluorescence quenching technique. The time interval at which individual 
vials were selected for measurement varied considerably, depending upon the 
speed with which the simulant penetrated the CPC material. For extremely 
resistant materials, the sampling interval might be 1 h or more, while for easily 
permeable materials, sampling intervals of 30 s to 1 min were used. For a par­
ticular simulant, the first vial which showed a quenching of the fluorescence of

Fig. 1. E xperim ental ap p ara tu s  schem atic for b reak th ro u g h  and ra te  of perm eation  study 
and schem atic for fluorescence m easurem ents (IC = in d ica to r compound).
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A) UNEXPOSED IC COMPOUND

410 nm

B) IC COMPOUND EXPOSED TO SIMULANT

Fig. 2. P rinc ip le  of th e  fluorescence quench ing  techn iqu e: (A) R epresen ta tion  of fluores­
cence em ission of p h e n an th ren e  (10 2 M)  coated  filter paper, excited a t  352 nm  an d  hav ing  
a fluorescence m axim um  a t 410 nm. (IC = in d ica to r com pound); (B) R epresen ta tion  o f fluores­
cence in ten sity  decrease of th e  phenar.th rene-coated  paper follow ing exposure to  s im ulan t.

the indicator paper (see Analytical procedure Section) was taken as the 
“breakthrough vial.“ The time at which this vial was sampled was therefore 
the breakthrough time. Each breakthrough 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 indicator paper to the CPC. In these 
circumstances, the indicator paper was analyzed on the opposite side from that 
which contacted the CPC (see Analytical procedure Section). Breakthrough 
times given in Table 3 as greater than 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 provided no measurable evidence of 
chemical contact during the period of 24 h observation.

B. Permeation rate studies
The basic experimental protocol consisted of measuring breakthrough (if 

any) of simulants after specific time intervals. The experimental set-up was the 
same as for the breakthrough time studies described above. A series of repli­
cate exposure cells were all inverted at the specific time intervals following 
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 breakthrough. 
Each experiment was carried out in triplicate, and the curve was constructed 
using average values.

C. Uptake studies
A 0.6-cm diameter circle of the CPC material was placed into 1 mL of the 

chemical simulant in a closed vial for 1 h [5]. The disc of CPC material was 
accurately weighed before and after immersion and the weight gain was 
considered an estimate of simulant uptake. In addition to this measurement, 
the change in physical characteristics of the CPC material following immer­
sion was noted along with any other observations (e.g., leaching of colored 
dyes/adhesives from the CPC material).

D. Analytical procedure
The analytical procedure developed for these permeation studies is described 

in detail in a previous report [5]. Briefly, Whatman No. 41 filter paper (11 cm 
circles) was treated with 1.25 mL of 1 x 1(T2 M  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 directly analyzed for fluorescence. No chemical extraction was 
necessary for the analysis. This procedure therefore avoids the cumbersome 
separation techniques that would be required for a gravimetric (classical) 
analysis.

All fluorescence measurements were made using a Perkin-Elmer Model 
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 designed 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 quenched phenanthrene fluorescence, but did so to 
differing extents (e.g., MAL caused the greatest degree of quenching, for 
a given concentration compared to equal concentrations of the other 
3 simulants). Figure 2 illustrates the effect of MAL on the phenanthrene 
fluorescence. For a given simulant, the extent of fluorescence quenching 
on the indicator paper was related to the amount of simulant which 
had been absorbed by the paper. In this study, calibration curves for each 
simulant have been established, indicating a direct relationship between 
simulant concentration and fluorescence quenching. Figures 3 and 4 illustrate 
examples of calibration curves for DIMP and DBS. Note that there appears 
to be a linear relationship between the extent of fluorescence quenching 
and the concentration of simulant when this concentration is expressed 
logarithmically.

This fluorescence quenching procedure developed in this work was found to 
exhibit excellent sensitivity for detecting simulants. It is noteworthy that this
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Fig. 3. C alib ra tion  cu rve for DIM P, using  th e  fluorescence quench ing  of p h e n an th ren e  (see 
E xperim ental protocols. Section  D). A liquots of 2 pL of DIM P, over the  co n cen tra tio n  range 
of 1(T 2 M to  10 6 M  (d ilu ted  in  ethano l) w ere added to  th e  p h en an th ren e-trea ted  paper, the  
paper w as dried  and th e  fluorescence was determ ined.

new quenching technique has been developed because a direct fluorescence 
measurement method cannot be used; CW agents and simulants are not 
fluorescent compounds such as polycyclic aromatic species [7], The limits of 
detection for MAL, DIMP, DBS, and DMMP were found to be: 10~12 M, 
10 ~ 6 M, 10 5 M  and 10 ~ 6 M, respectively. This level of sensitivity allows one to 
readily detect very small amounts of simulant permeating the CPC. It should 
be emphasized that, in addition to phenanthrene, a wide variety of compounds 
(e.g., pyrene, naphthalene, anthracene, emodin, indole, fluorescein and 
diphenylamine) were also tested as possible indicator compounds. Only the 
fluorescence of phenanthrene was found to be uniquely quenched when ex­
posed to any of the four simulants. Phenanthrene is a highly fluorescent 
compound, and there have been several studies in which investigators have 
examined the quenching of phenanthrene fluorescence by other chemicals 
[8, 9]. However, the effect of these particular chemicals on the fluorescence of 
phenanthrene has not been reported previously.
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Fig. 4. C a lib ra tion  curve for DBS, using  the  fluorescence quench ing  of p h e n an th ren e  (see 
M ateria ls  and m ethods, Section  D). A liquots of 2 pL of DBS, over th e  co n cen tra tion  ran g e  of 
10“ 1 M  to  10“ 5 M  (d ilu ted  in  ethano l) were added to  the  p h en an th ren e-trea ted  paper, the  
paper was dried, and th e  fluorescence was determ ined.

R e s u lt s  a n d  d is c u s s io n

Breakthrough times
The CPC materials tested displayed a variety of responses when tested for 

breakthrough time with the four chemical simulants (Table 3). Each of the 
simulants was tested undiluted, i.e., neat. Breakthrough time can serve to 
reflect relative estimates of protection provided by protective clothing [4, 5], It 
is apparent that the CPC materials can be grouped into three categories, 
depending on the time required for breakthrough. The materials affording the 
highest degree of protection were CPC materials #9-13. For each of these 
materials, breakthrough times were in excess of 24 h, i.e., the test was carried 
out for at least 24 h, after which the test was terminated. In the case of CPC 
material #  12, no breakthrough was detected even after 100 hours of exposure. 
The composition of the laminated fabric, and its thickness probably both 
contribute to the observed degree of chemical resistance. It is noteworthy that 
the thicknesses of materials #9-13 were greater than that of other CPC 
materials. Thickness alone, however, is not the most important criterion. It 
appears that laminates containing Teflon®2 exhibit excellent resistance (see

Teflon® is a reg istered  tradem ark  of E.I. du P on t de N em ours & Co.
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materials #12-13). There are other laminate compositions, however, which 
also exhibit excellent resistance (i.e., butyl/nylon/butyl or butyl/polyes- 
ter/chloroprene).

There is another group of CPC materials (Table 3) which exhibit relatively 
good resistance to one or more of the chemical simulants (materials #4-7). In 
general, these materials resisted simulant breakthrough for at least 1 h. Note 
that the Viton/polyester/Viton (material #7) provided excellent resistance to 
MAL and DBS. It is also important to note that CPC material #6  (Tyvek®3, 
polyethylene coated) did not show strong resistance against MAL and DBS. 
Note the different behaviors of materials #6  and #3. Even though both are 
Tyvek, they show differences in resistance to different simulants (see Table 3), 
perhaps due to differences in the coating material used over the Tyvek.

The last group of CPC materials in (materials #1-3) investigated in this 
study are those materials which exhibit poor chemical resistance (Table 3). 
With one exception, breakthrough occurred in less than 1 h. In the case of the 
PVC/nylon/PVC laminate, breakthrough occurred in a matter of a few min­
utes. It is also interesting to compare the chemical resistance of the two glove 
materials tested against this battery of chemicals. The material #2, commonly 
called Playtex™ 4, is widely used for domestic glove material 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. However, in our experimental 
system, the resistance to permeation of butyl nitrile is superior to that of 
Playtex. The tu ty l nitrile material provides a three-fold longer breakthrough 
time for DMMP, compared to Playtex, and a five-fold longer breakthrough time 
for MAL and DBS.

Also note that a special duct tape has been tested in the experimental assay. 
This duct tape is commonly used by hazardous material response teams to 
provide a seal between the protective suit and gloves, or around ankles to seal 
the suit to footwear. The experimental assay tested only one of many brands of 
duct tape, so the data cannot be used to evaluate the relative merits of different 
brands. The one particular brand tested demonstrated good resistance to the 
chemical simulants. As can be seen from Table 3, duct tape resists permeation 
of MAL and DBS for >24 h and >7 h, respectively. For the compounds DIMP 
and DMMP, duct tape provides greater resistance to breakthrough than CPC 
materials #  1-7. Duct tape was one of the thinner materials tested (10 mil3 vs. 
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
'Tyvek® spun-bonded olefin is a registered trademark of E.I. du Pont de Nemours & Co.
4Playtex™ is a trademark of Internationa] Playtex, Inc.
51 mil = 2.54 x 10 “ 5 m.
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materials. 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 changes. (In fact in certain instances, evidence of 
dissolution of CPC material constituents was seen, in that simulant solutions 
became colored, presumably with the material dye.) Therefore, by examining 
the slope of the rate of permeation curve, one can deduce valuable information 
about how the simulant affects the permeability of the material. Figure 5 
shows an example of a permeation rate curve (DIMP against butyl nitrile) 
where the slope is initially very shallow, and then after 80 min, the slope 
increases dramatically. This behavior is in contrast to the curves of Figs. 6-9, 
where the slope is very steep. Representative curves showing the rate of 
permeation through various CPC materials by chemical simulants are shown 
in Figs. 6 through 9. In Figs. 6 and 7, we compare the rate of permeation of 
DIMP through material #  1 (poor resistance) and material #  7 (good resist­
ance). In both 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 have generated exhibit a breakthrough time 
characterized by a rapid change in permeability with time. For material #1,

Minutes

Fig. 5. R ate  o f perm eation  of D IM P th roug h  bu ty l n itr ile  glove m a teria l (# 4 ,  T able 3) (see
M ate ria ls  and  m ethods for descrip tion  of procedure).
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Fig. 6. R ate  of perm eation  of DIM P th roug h  PVC m ateria l (# 1 ,  Table 3).

this change occurs about 15-20 min after initial breakthrough. For the resis­
tant material (#7), the maximal permeability change occurs 20-30 min after 
initial breakthrough. This difference in time of maximal permeability change 
is probably consistent with the greater resistance to simulant permeation 
demonstrated by material #7. It is noteworthy that the permeation curves 
appear to level off after a steep increase. This effect could be due to saturation 
process of the detection system (i.e., the indicator-coated substrate became 
saturated with the simulations and could not absorb rapidly enough more 
simulant penetrating through the materials). Figures 8 and 9 exhibit some 
representative results of permeation rates of MAL through the two glove 
materials (#2  and #4) tested. In the case of the neoprene glove material, the 
maximal rate of change was measured after 20 min. These data may be of 
interest to workers who handle pesticides, as it demonstrates differences in 
permeability rates among two common commercial glove materials. This study 
has produced a large number of permeation curves for all combinations of 
simulant/CPC material. Although general conclusions from this wealth of data 
cannot readily be made, important and useful information can be derived from 
this study. The experimental results indicate that the breakthrough time could
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0 1 0 0  2 0 0  3 0 0

Minutes

Fig. 7. R ate  of perm eation  of DIM P th ro u g h  V iton lam ina te  (# 7 ,  T able 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 breakthrough, comparisons 
based on this parameter provide only qualitative differentiation regarding the 
effectiveness of the CPC materials tested.
Uptake studies

Table 4 presents the results of uptake studies, where a swatch of CPC 
material was immersed in undiluted simulant. Although certain immersion 
studies might take days to show detectable effects, our studies were limited to 
1 h. The results from the uptake studies may have some relevance to the 
chemical protection afforded by the materials tested. However, it is note­
worthy that, in the uptake studies, chemical impinges on the inside of the 
material as well as the outside, while in actual use, only the outside is intended 
to receive chemical exposure. Even more significantly, the process of cutting 
a small swatch of material to be immersed in a simulant solution for the uptake 
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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Fig. 8. R ate of perm eation  of m a la th ion  th ro u g h  neoprene glove m a teria l (# 2 ,  Table 3).

TABLE 4
U ptake of liqu id  s im u lan t by CPC m aterials : 1 h s tudy3
CPC m ateria l L iquid (g/cm 2)

DIM P DM M P MAL DBS
1. PV C/nylon/PV C _b 0.00686 0.00410 0.00166
2. N eoprene p lastic  glove 0.01329 0.00413 0.00349' 0.09487
3. Tyvek®, Saranex® -coated 0.00486 0.00541 0.00592 0.00614
4. N itrile  glove 0.10028 0.00682 0.3163 0.00483
5. Barricade® 0.00404 0.00436 0.00737 0.00449
6. Tyvek QC 0.00426 0.00754 0.00491 0.00511
7. V iton® /polyester/V iton 0.04897d 0.0110 0.00128 0.00038
8. D uct tape _e __f e —c
9. B u ty l/ny lon /bu ty l 0.00167 0.00153 0.00201 0.03036

10. B u ty l/po lyester/ch lo rop rene 0.00859 0.00351 0.02033 0.02033
11. T herm oplastic  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 cm 2 of CPC m ateria l used. dE m brittlem en t and shrinkage.
bD isin tegrated . 'A dhesive dissolved; w eight decreased.
“CPC m ateria l expanded in  two dim ensions. fNo sign ifican t change.
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Fig. 9. R ate  o f perm eation  of m a la th ion  th ro u g h  bu ty l n itr ile  glove m a teria l ( # 4 ,  T able 3).

s im u la n t  s o lu t io n s .  A m o n g  th e s e  c h a n g e s  w e  n o te  th e  fo l lo w in g . M a te r ia l  #  1 
d is in te g r a te d  in  D IM P , i .e . ,  w a s  r e d u c e d  to  a  p o w d er . M a te r ia l  # 2  (P la y te x  
g lo v e )  s w e l le d  in  D B S  w it h o u t  a p p a r e n t  d is in te g r a t io n . T h is  e f fe c t  w a s  n o t  
s e e n  w ith  th e  o th e r  g lo v e  m a te r ia l  ( # 4 ) .  M a te r ia l  # 7  s h o w e d  e m b r it t le m e n t  
a n d  s h r in k a g e  in  D IM P . D u c t  ta p e  w a s  fo u n d  to  u n d e r g o  a  w e ig h t  lo s s  u p o n  
im m e r s io n  in  D IM P , M A L  a n d  D B S , p r e su m a b ly  d u e  to  d is s o lu t io n  o f  th e  
a d h e s iv e .  I t  i s  w o r th  m e n t io n in g  th e  im p o r ta n c e  o f  th e s e  u p ta k e  s tu d ie s  s in c e  
th e y  p r o v id e  u s e fu l  q u a l i t a t iv e  in d ic a t io n s  r e g a r d in g  p h y s ic o c h e m ic a l  s t a b i l ­
i ty  o n  th e  v a r io u s  m a te r ia ls .

Conclusions
T h e  e x p e r im e n ta l  r e s u lt s  o f  th is  w o r k  h a v e  p r o d u c e d  m a n y  im p o r ta n t  c o n ­

c lu s io n s  o n  p e r m e a t io n  p r o p e r t ie s  o f  a  w id e  v a r ie ty  o f  p r o t e c t iv e  m a te r ia ls .  
T h e  d a ta  in d ic a t e  t h a t  so m e  c o m m e r c ia l ly  a v a i la b le  C P C  m a te r ia ls  p r o v id e  
e x c e l le n t  p r o t e c t io n  a g a in s t  p e r m e a t io n  b y  th e  c h e m ic a l  w a r fa r e  a g e n t  
s im u la n ts  e v a lu a te d . T h e  m o s t  u s e fu l  c o m p a r is o n s  o f  th e  r e la t iv e  e f f e c t iv e n e s s
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o f  th e  v a r io u s  m a te r ia ls  a re  p r o v id e d  in  T a b le  3. M a te r ia ls  # 9 - 1 3 ,  (v iz ., b u ty l /  
n y lo n /b u ty l, b u ty l/p o ly e s te r /c h lo r o p r e n e , th e r m o p la st ic  film , T e flo n /K ev la r® 6/ 
T e flo n , a n d  T e f lo n /f ib e r g la s s /T e f lo n )  a ll  e x h ib ite d  g o o d  r e s is t a n c e  to  p e r ­
m e a t io n  o f  th e  s im u la n ts  ( i .e ., b r e a k th r o u g h  t im e s  > 2 4  h ). A ll  th e s e  m a te r ia ls  
a re  la m in a t e s  a n d  tw o  o f  th e s e  u t i l i z e  T e flo n  a s  a  la m in a t in g  m a te r ia l.  T h e  
e f f e c t iv e n e s s  o f  th e  o th e r  C P C  m a te r ia ls  t e s t e d  a g a in s t  p e r m e a t io n  b y  th e  
s im u la n ts  v a r ie d  c o n s id e r a b ly , b u t n o  o th e r  m a te r ia l  d e m o n s tr a te d  th e  c o n s i s t ­
e n c y  o f  r e s is t a n c e  to w a r d  a ll  fo u r  s im u la n ts  a s  d e m o n s tr a te d  b y  m a te r ia ls  
# 9 - 1 3 .  D u c t  ta p e  e x h ib it s  r e a s o n a b le  r e s is t a n c e  to  p e r m e a t io n  b y  th e  fo u r  
s im u la n ts ,  a lt h o u g h  i t s  r e s is t a n c e  to  D IM P  (210  m in ) a n d  D M M P  (210  m in ) w a s  
n o t  a s  g o o d  a s  i t s  r e s is t a n c e  to  M A L  ( > 2 4  h ) a n d  D B S  ( > 7  h ). D u e  to  i t s  w id e  
a v a i la b i l i t y ,  d u c t  ta p e  a p p e a r s  to  b e  a  u s e fu l  e x p e d ie n t  m a te r ia l  to  p r o v id e  a t  
le a s t  a  te m p o r a r y  s e a l  a g a in s t  p e r m e a t io n  b y  th e  a g e n ts .

I t  s h o u ld  b e  e m p h a s iz e d  th a t  a l l  th e s e  r e s u lt s  w e r e  o b ta in e d  d u r in g  s im u la n t  
c h a l le n g e  a n d  s h o u ld  b e  c o n fir m e d  w ith  th e  u n ita r y  a g e n ts  th e m s e lv e s .  A l ­
th o u g h  th e  a u th o r s  e x p e c t  t h a t  th e  a g e n ts  w il l  b e h a v e  s im ila r ly  to  th e  
s im u la n ts ,  th is  m ig h t  n o t  b e  tr u e  fo r  a  p a r t ic u la r  CW  a g e n t /C P C  m a te r ia l  
c o m b in a t io n . I t i s  n o te w o r t h y  t h a t  b o th  p e r m e a t io n  a n d  p e n e tr a t io n  (o f  
s im u la n t  th r o u g h  th e  p o r e s  o f  th e  m a te r ia ls )  c o m b in e d  to  a c c o u n t  fo r  th e  flo w  
o f  l iq u id  p e n e tr a t in g  th r o u g h  th e  p o ly m e r . T h e  r e s u lt s  o f  th is  s tu d y  d o  n o t  
d is t in g u is h  b e tw e e n  p e n e tr a t io n  a n d  p e r m e a t io n  b u t p r o v id e  a n  o v e r a ll  p a r a ­
m e te r  th a t  c a n  b e  r e la te d  to  th e  p r o t e c t iv e  c h a r a c te r is t ic s  o f  th e  m a te r ia ls  
te s te d .

F in a lly ,  th is  w o r k  d e a ls  w ith  a n  im p o r ta n t  a p p lic a t io n  o f  a  n e w  a n a ly t ic a l  
t e c h n iq u e  fo r  p e r m e a t io n  s tu d y  o f  c h e m ic a l  a g e n t s  a n d  s im u la t io n s  th r o u g h  
p r o t e c t iv e  m a te r ia ls .  T h e  a n a ly t ic a l  t e c h n iq u e , w h ic h  is  b a se d  o n  s p e c tr a l  
m o d if ic a t io n  o f  f lu o r e s c e n c e , d e m o n s tr a te s  h ig h  s e n s i t iv i t y ,  r e p r o d u c ib le  r e ­
s u lt s ,  a n d  s im p lic i ty .  T h e s e  f e a tu r e s  m a k e  i t  a n  a t t r a c t iv e  c h o ic e  fo r  fu tu r e  
p e r m e a t io n  s tu d ie s  o f  fie ld  m o n ito r s  fo r  p r o t e c t iv e  g a r m e n ts .
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Landfill, b y  S tu a r t  F in le y ,  In c ., 3428  M a n s f ie ld  R d, F a l ls  C h u r c h , V A  22041,
16 m m  s o u n d  c o lo r  m o v ie , 12 m in , a v a i la b le  o n  lo a n  o r  p u r c h a se , $175:

S o l id  w a s te  (o n c e  k n o w n  a s  h o u s e h o ld  r e fu s e )  h a s  b e c o m e  a  s e r io u s  p r o b lem  
in  m a n y  a r e a s . P r o p e r ly  e n g in e e r e d , o p e r a te d  a n d  s u p e r v is e d  la n d f il ls  c a n  b e  
im p o r ta n t  p a r ts  o f  th e  e n v ir o n m e n t  a s  w e l l  a s  p r e s e n t in g  l i t t l e  r e a l  c o n t a m i­
n a t io n  or  th r e a t  to  r e s id e n t ia l  h e a lth .  T h e  p u r p o se  o f  a  s a n ita r y  la n d f il l  i s  to  
p r o te c t  th e  e n v ir o n m e n t;  n o  a ir  p o l lu t io n  is  c r e a te d ; w a te r  p o l lu t io n  th r o u g h  
le a c h in g  o r  e r o d in g  c a n  b e  c o n t r o lle d  a n d  m o n ito r e d . T h e  1-95 L a n d fil l  in  
N o r th e r n  V ir g in ia ,  w h ic h  s e r v e s  a s  th e  la n d f il l  fo r  th e  m i l l io n  p e o p le  w h o  
r e s id e  in  th e  D is tr ic t  o f  C o lu m b ia  is  s h o w n  in  d e ta il .  N o  c h e m ic a l  c o n t r o l  is  
n o te d ; t h a t  is  c o v e r e d  b y  o th e r  film s  a n d  ta p e s . T h e  film  is  a n  e x c e l le n t  
in tr o d u c t io n  to  th e  h o w  a n d  w h y  o f  p r o p er  la n d f il l  p r a c t ic e s  e s p e c ia l ly  fo r  
r e s id e n ts  w h o  l iv e  n e a r b y .

HOWARD H. FAWCETT

Hazardous Waste Options, p r o d u c e d  fo r  th e  U .S . E n v ir o n m e n ta l  P r o te c t io n  
A g e n c y  b y  S t u a r t  F in le y ,  I n c ., 3428  M a n s f ie ld  R d, F a lls  C h u rch , V A  22041, 
1981, 22 m in , 1 /2  in c h  V C R  ta p e  or  16 m m  m o v ie , a v a i la b le  fro m  F in le y .

A lth o u g h  p r o d u c e d  s e v e r a l  y e a r s  a g o , t h is  p r o d u c t io n , e i th e r  a s  film  o r  v id e o  
ta p e , c o n t a in s  th e  fu n d a m e n ta ls  o f  d is p o s a l  m e th o d s  a n d  p r o c e d u r e s  in  u s e  
to d a y . I ts  p u r p o se  is  to  d is p e l  t e n s io n s  a b o u t  h a z a r d o u s  w a s te  p r o b le m s  a n d  
p r o g r a m s b y  e x p la in in g  m o d e r n  h a z a r d o u s  w a s te  t e c h n o lo g y  in  a  d ir e c t  m a n ­
n er . P h o to g r a p h e d  a t  th e  f a c i l i t i e s  o f  n in e  m a jo r  h a z a r d o u s  w a s te  s e r v ic e  
c o m p a n ie s , th e  n a r r a t io n  d is c u s s e s  r e c y c l in g  a n d  r e c o v e r y , h a z a r d o u s  w a s te  
t r e a tm e n t  a n d  d is p o s a l,  a n d  r e c o v e r y  o f  v a lu a b le  m a te r ia ls .  L a n d f i l l in g  (w ith  
p r o p er  sa fe g u a r d s ) , h ig h  te m p e r a tu r e  in c in e r a t io n  fo r  b o th  l iq u id s  a n d  s o lid s ,  
d e e p  w e l l  in je c t io n , g ro u n d  w a te r  m o n ito r in g , a n d  t e s t in g  a re  n o te d . T h is  film  
i s  t im e ly  a n d  a p p r o p r ia te  fo r  g e n e r a l  c i t i z e n s ’ g r o u p s , a s  w e l l  a s  fo r  t r a in in g  
in d u s tr ia l  p e r s o n n e l  w h o  h a n d le  a n d  d is p o s e  o f  h a z a r d o u s  w a s te s .

HOWARD H. FAWCETT



144 Book Reviews/J. Hazardous Mater. 33 (1993) 143-154
Propane, Butane, Propylene, b y  E m e r g e n c y  F ilm  G rou p , P ly m o u th , M A , 

H a z a r d o u s  C h e m ic a l  S e r ie s  N o . 9, 29 m in , $395 .00 .

T h is  w e l l  d o n e , b e a u t ifu l ly  p h o to g r a p h e d  v id e o  is  d e s ig n e d  fo r  e m e r g e n c y  
r e s p o n s e  g r o u p s , e s p e c ia l ly  fire  d e p a r tm e n ts . T h e  ta p e  ja c k e t  n o te s  t h a t  th e  
f o l lo w in g  to p ic s  a r e  co v ered :

•  W hy allow ing a  fire to  b u rn  m ay be th e  best tac tic
•  W ater flow ra te s  for cooling tan k s  exposed to  fire
•  B oiling liquid expanding vapor explosions
•  M onito ring  in s trum en ts  for LPG (liquified petro leum  gases) em ergencies
•  F ire  safety  an alysis for LPG em ergencies
•  R equirem ents for safe s to rage areas
•  C on tro lling  vapors w ith  w a te r fog
•  ASM E and DOT co n ta in e r types
•  How vapors behave

T h e  film  b e g in s  w ith  a n  in tr o d u c t io n  to  d r il l in g  fo r  g a s  a n d  o il ,  a n d  a  d e s c r ip ­
t io n  o f  h o w  liq u if ie d  p e tr o le u m  g a s  is  d e r iv e d  a n d  u sed . T h e  g a se s , a s  n o te d ,  
h a v e  w id e  u s e  b u t c a n  b e  v e r y  d a n g e r o u s  a s  a  r e s u lt  o f  th e ir  f la m m a b il ity  a n d  
e x p lo s io n  p o te n t ia ls .

P r o p a n e  is  d is c u s s e d  first. P r o p a n e  h a s  a  w id e  v a r ie ty  o f  u s e s  in  th e  h o m e , fo r  
v e h ic le  fu e l  a n d  a s  a n  in d u s tr ia l  ra w  m a te r ia l.  T h e  s e c o n d  c h e m ic a l  d is c u s s e d  
in  th e  v id e o  is  b u ta n e . I t  is  u s e d  a s  a  p r o p e lla n t , r e fr ig e r a n t , c h e m ic a l  f e e d ­
s to c k  a n d  fu e l. P r o p y le n e , th e  th ir d  c h e m ic a l  i l lu s tr a t e d  in  th e  v id e o , is  a 
m a n -m a d e  g a s  u s e d  m a in ly  in  th e  in d u s tr ia l  c h e m ic a l  in d u s tr y .

P r o p a n e  is  o d o r le s s  a n d  c o lo r le s s ,  b u t  s u lfu r -c o n ta in in g  o r g a n ic  c h e m ic a ls  
a re  a d d ed  a s  o d o r a n ts . T h e  L E L  a n d  U E L  o f  th e  g a s  a r e  a p p r o x im a te ly  2%  a n d  
10% , r e s p e c t iv e ly .  B u r n in g  te m p e r a tu r e s  e x c e e d  3500 F . L P G  is  n o r m a lly  
s to r e d  a s  a  l iq u id  u n d e r  p r e ssu r e . O n c e  r e le a s e d , i t  e x p a n d s  r a p id ly  to  a  r a t io  o f  
2 7 0 :1  a n d  th r o u g h  m o is tu r e  c o n d e n s a t io n  m a y  c a u s e  a  w h ite  w a te r  fo g . B e in g  
h e a v ie r  th a n  a ir , th e  g a s  m a y  h u g  th e  g r o u n d . A ll  th r e e  g a s e s  in  th e  l iq u id  s ta te  
w il l  f lo a t  o n  w a te r  a n d  b o il.

A ll  th r e e  g a s e s  h a v e  a n  N F P A  f la m m a b il ity  r a t in g  o f  4, th e  h ig h e s t  le v e l ,  a n d  
a B L E V E  c a n  o c c u r  w ith  fir e -e x p o se d  c o n t a in e r s .  T h e  N F P A  h e a l th  c la s s i f ic a ­
t io n  o f  a ll  th r e e  g a s e s  is  1, in d ic a t in g  a  m a te r ia l  t h a t  is  a n  ir r ita n t  b u t  h a v in g  
o n ly  m ild  r e s id u a l  in ju r y . A ll  th r e e  c o m p o u n d s , h o w e v e r , a re  a s p h y x ia n t s  a s  
a  r e s u lt  o f  th e ir  e x c lu d in g  o x y g e n .

T h e  N P E A  r e a c t iv i t y  r a t in g  fo r  p r o p a n e  a n d  b u ta n e  is  0, in d ic a t in g  m a te ­
r ia ls  t h a t  a re  n o r m a lly  s ta b le  a n d  n o n r e a c t iv e  w ith  w a te r . T h e  N F P A  r a t in g  
fo r  p r o p y le n e  is  1, in d ic a t in g  a  n o r m a lly  s ta b le  m a te r ia l  w h ic h  m a y  b e c o m e  
u n s ta b le  a t  h ig h e r  te m p e r a tu r e . P r o p y le n e  a ls o  r e a c ts  v io le n t ly  w ith  n it r ic  
a c id  a n d  o th e r  o x id iz e r s .

S to r a g e  a r e a s  a n d  s a fe ty  c o n s id e r a t io n s  t h e r e o f  a re  d e sc r ib e d  o n  th e  v id e o .  
N F P A  or  A P I  s ta n d a r d s  s h o u ld  b e  fo l lo w e d  w h e r e  in s id e  s to r a g e  is  s e v e r e ly  
l im ite d . T h e  fire  p r o te c t io n  n e e d s  o f  la r g e  s to r a g e  f a c i l i t i e s  a re  d e sc r ib e d .
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A r e a s  in  w h ic h  th e s e  g a s e s  a r e  s to r e d , th e  v id e o  n o te s ,  s h o u ld  b e  fe n c e d .  
P r o p e r  s a fe ty  e q u ip m e n t  i s  d e sc r ib e d  a n d  u n lo a d in g  a n d  lo a d in g  o p e r a t io n s  a re  
s h o w n  —  i t  is  n o te d  t h a t  th e  e s c a p e  o f  sm a ll  a m o u n ts  o f  g a s  c a n n o t  b e  a v o id e d , 
so  a l l  s o u r c e s  o f  ig n i t io n  m u s t  b e  a v o id e d .

T h e  v id e o  s h o w s  a  d e v a s ta t in g  fire  in  B u ffa lo , N e w  Y o r k , w h ic h  r e s u lte d  
fro m  a  500 g a l lo n  p r o p a n e  ta n k  i l l e g a l ly  b e in g  u s e d  a s  a  s to r a g e  ta n k  in  
a b u ild in g . W h ile  b e in g  m o v e d , th e  ta n k  f e l l  a n d  s h e a r e d  o f f  th e  v a lv e .  T h e  
r e s u lt in g  fire  a n d  e x p lo s io n , a n d  th e  fire  b a ll  e n d e d  in  th e  d e s t r u c t io n  o f  18 
b u ild in g s  a n d  d a m a g e  to  55 o th e r  b u i ld in g s  a s  w e l l  a s  th e  d e a th s  o f  s e v e n  
p e o p le , f iv e  o f  th e m  th e  f ir s t -a r r iv in g  f ir e -f ig h te r s . T w e n ty -f iv e  o th e r  f ir e ­
f ig h te r s  w e r e  in ju r e d .

F o r tu n a te ly ,  m o s t  in c id e n t s  in v o lv in g  th e s e  g a s e s  a r e  n o t  s o  c a ta s tr o p h ic .  
T y p ic a l  s p i l ls  o n ly  in v o lv e  s m a ll  a m o u n ts  o f  th e s e  g a s e s  —  g e n e r a lly  d u r in g  
tr a n s fe r  o p e r a t io n s  a s  a  r e s u lt  o f  o v e r f i l l in g  o r  a c c id e n t s  in v o lv in g  L P G -fu e le d  
v e h ic le s .

H a v in g  d e sc r ib e d  th e  p r o b lem , th e  v id e o  g o e s  o n  to  d e sc r ib e  th e  s a fe  r e ­
s p o n se  te c h n iq u e s  fo r  fire  f ig h te r s  —  u p w in d , o b s e r v a t io n  fro m  a  d is ta n c e ,  u s e  
o f  tu r n o u t  g e a r , id e n t i f ic a t io n  o f  th e  h a z a r d o u s  c h e m ic a ls , a n d  s iz e  a n d  s h a p e  
o f  s to r a g e  c o n t a in e r s ,  i .e . D O T  p o r ta b le  c y l in d e r s  a n d  la r g e  s h ip p in g  c o n ­
ta in e r s  ( tr u c k s , r a i lc a r s ) .

D O T  n u m b e r s  fo r  th e s e  f la m m a b le  g a s e s  (red  D O T  p la c e d )  are:

•  LPG -  1075
•  p ropane -  1978
•  b u tan e  -  1011
•  propy lene -  1077

S h ip p in g  p a p e r s  s h o u ld  g e n e r a lly  s h o w  “ l iq u if ie d  p e tr o le u m  g a s e s ” fo r  a l l  o f  
th e  c h e m ic a ls .

In  r e s p o n s e  s i t u a t io n s ,  o d o r , i t  i s  n o te d , c a n n o t  b e  r e l ie d  u p o n  fo r  d e t e c t ­
io n  o f  th e  g a s  a s  th e  o d o r a n t  m a y  h a v e  b e e n  a d so r b e d  b y  th e  s o i l  o r  m a y  
h a v e  d e a d e n e d  t h e  r e s p o n d e n ts ’ s e n s o r y  o r g a n s . G a s  m e te r s  s h o u ld  b e  
u s e d  to  m e a s u r e  g a s  c o n c e n tr a t io n s ;  r e s p o n d e n ts  s h o u ld  n o t  r e ly  u p o n  th e  
n o s e .

T h e  e m e r g e n c y  r e s p o n s e  p r o c e d u r e s  fo r  L P G -e x p o se d  v ic t im s  a r e  g iv e n . T h e  
im p o r ta n c e  o f  p r e v e n t io n  o f  s o u r c e  ig n i t io n  ( in c lu d in g  r e s p o n d in g  v e h ic le s )  is  
n o te d . H o w  to  d is p e r s e  a  c lo u d  u s in g  w a te r  fo g  i s  d e sc r ib e d . H o w  t o  s to p  le a k s  
i s  d e sc r ib e d  w ith  t h e  a d m o n it io n  to  d o  i t  c a r e fu l ly .  R e s p o n se  to  f la m e - in v o lv e d  
c o n t a in e r s  i s  d is c u s s e d  —  w ith  th e  p o te n t ia l  o f  a  B L E V E  e m p h a s iz e d . F ir e  
r e s u lt in g  fro m  le a k s ,  i t  is  s a id , s h o u ld  n o t  b e  e x t in g u is h e d  u n le s s  th e  le a k  c a n  
b e  s to p p e d . A  c o n t r o lle d  b u rn  m a y  b e  p r e fe r a b le . S ig n s  o f  B L E V E  —  b u lg e  in  
th e  ta n k , in c r e a s e d  n o is e ,  in c r e a s e d  v o lu m e  o f  fire  —  a re  n o te d . A s  a  f in a l  n o te ,  
d e c o n ta m in a t io n  p r o c e d u r e s  a re  d e sc r ib e d .

A lth o u g h  n o t  a  f ir e -f ig h te r , th is  r e v ie w e r  d o e s  t e a c h  a  c o u r s e  o n  h a z a r d o u s  
c h e m ic a l  s p i l ls .  M y  r e v ie w  o f  th e  v id e o  le a d s  m e  t o  b e l ie v e  t h a t  v e r y  l i t t l e  o f
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im p o r ta n c e  w a s  m isse d . T h e  m a te r ia l  w a s  w e l l  w r it te n  a n d  w e l l  p h o to g r a p h e d . 
I t  is  a n  e x c e l le n t  t r a in in g  a id .

GARY F. BENNETT

I n te r n a t io n a l  D ir e c to r y  o f  E m e rg e n c y  R e sp o n se  C e n tre s , OECD Environment Monograph No. 43, UNEP-1F/PAC Technical Report Series No. 8, United 
Nations Environment Programme, 1991, 77 pp., Free.
Listed are all the agencies, both governmental and private. This provides assistance and/or information for chemical spill response. Beginning with 

Brazil and ending with the United States, data are given for:
•  te lephon e num ber
•  telefax/telex
•  address
•  type of in s titu tio n
•  leng th  of service
•  nam e of co n tac t
•  fee
•  inform ation provided
•  o th e r services

GARY F. BENNETT

Environmental Chemistry, b y  N ig e l  J . B u n c e , W u erz  P u b lis h in g  L td , 895  
M c M illa n  A v e ., W in n ip e g  M B  R 3M  0T 2, C a n a d a , 1991, I S B N  0-920063-46-2  
(p b k ), 340 pp. $33.00; p lu s  a n s w e r  g u id e , IS B N  0-920063-38-1, 343 pp., 
S U S 1 7 .0 0  (s h ip p in g  r a te  $5 p er  o rd er).

T h is  is  a n  u n u s u a l ly  w e l l  o r g a n iz e d  a n d  w r it t e n  b o o k , n ic e ly  i l lu s tr a t e d  w ith  
p h o to g r a p h s  a n d  d ia g r a m s, b y  P r o fe s s o r  B u n c e  o f  th e  C h e m is tr y  D e p a r tm e n t  
o f  th e  U n iv e r s i t y  o f  G u e lp h . In te n d e d  a s  a  in tr o d u c to r y  t e x tb o o k  fo r  c h e m is tr y  
a n d  b io lo g y  s tu d e n ts , i t  a s su m e s  th e  rea d e r  h a s  s tu d ie d  c h e m is tr y  a n d  b io lo g y ,  
a s  w e l l  a s  b e in g  r e a s o n a b ly  f lu e n t  in  m a th e m a tic s .

T h e  p r e se n t  s ta tu s  o f  s tu d ie s  in  e n v ir o n m e n ta l  c h e m is tr y  a re  d is c u s s e d  in  
d e ta il ,  w ith  u p d a te d  r e fe r e n c e s  a n d  o p in io n s  w h ic h  r e f le c t  a  u n d e r s ta n d in g  n o t  
a lw a y s  s e e n  in  b o o k s  o f  th is  n a tu r e . S t a r t in g  w ith  th e  e a r th ’s  a tm o sp h e r e , th e  
t e x t  p r o g r e ss e s  o n  to  s tr a to s p h e r ic  o z o n e , tr o p o s p h e r ic  c h e m is tr y , in d o o r  a ir  
q u a li ty  a n d  r e m e d ia l m e a s u r e s  to  im p r o v e  it , n a tu r a l  w a te r s , a c id  ra in , d r in k ­
in g  w a te r , s e w a g e  a n d  w a s te  d is p o s a l,  c h lo r in a te d  o r g a n ic  c o m p o u n d s , a n d  
e n v ir o n m e n ta l  m e ta ls .  E a c h  c h a p te r  a n d  s e c t io n  in c lu d e s  q u e s t io n s  ( th a t  a re  
a n s w e r e d  in  th e  a n s w e r  g u id e )  a n d  500 r e fe r e n c e s  to  c u r r e n t  l i t e r a tu r e ,  a s  w e ll  
a s  p r e s e n t in g  b a c k g r o u n d  h is to r y  w h e r e  a p p r o p r ia te .
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The cover photograph of the thirteenth century statue in Salisbury 
Cathedral, England, and the blue haze scene which illustrates the role of 
terpene aerosol pollution in the Great Smoky Mountains of Tennessee should 
convince even the cynical that such problems are real and significant. The book should have wide appeal, especially in schools and colleges which are 
supplementing chemistry, biology and mathematics courses with “real world” issues. It deserves wide circulation.

HOWARD H. FAWCETT

F a te  o f  P e s t ic id e s  a n d  C h e m ic a ls  in  th e  E n v ir o n m e n t, b y  J .L . S c h n o o r  (E d .), 
J o h n  W ile y  a n d  S o n s , N e w  Y o rk , N Y  1 0 1 5 8 ,1 9 9 2 , I S B N  0-471-50232-4, 430  pp. 
p lu s  in d e x , S140.

T h is  b o o k  is  th e  p r o d u c t  o f  a n  in t e r n a t io n a l  sy m p o s iu m  h e ld  in  Io w a  
C ity  in  N o v e m b e r  1987, a s  a  r e s u lt  o f  a  b i la te r a l  s c ie n t i f ic  a g r e e m e n t  b e tw e e n  
th e  U S A  a n d  th e  fo rm er  U S S R . O v er  60  a u th o r s  from  a c a d e m ic  in s t i t u t io n s ,  
in d u s tr y  a n d  g o v e r n m e n t  a g e n c ie s ,  b o th  r e s e a r c h  a n d  r e g u la to r y , a re  r e p r e s ­
e n te d .

A  s u b s t a n t ia l  b o o k , i t  h a s  m a n y  e q u a t io n s  a n d  m a th e m a t ic a l  t r e a tm e n ts  o f  
th e  v a r io u s  tr a n s fo r m a tio n  p r o c e s s e s  u n d e r g o n e  b y  c h e m ic a ls  in  th e  e n v ir o n ­
m e n t. T h e  in tr o d u c to r y  c h a p te r s  e m p h a s iz e  th e  m a g n itu d e  o f  th e  e f fe c t  c i v i l i ­
z a t io n , w ith  i t s  c h e m ic a l  p o l lu ta n t s  a n d  p e s t ic id e s ,  h a s  h a d  o n  th e  e n v ir o n ­
m e n t. P e s t ic id e s  a n d  o th e r  c h e m ic a ls  m a y  b e  c h a n g e d  v ia  p h o to ly s is ,  o x id a ­
t io n , h y d r o ly s is ,  v o la t i l iz a t io n ,  a b s o r p t io n , d e so r p t io n  a n d  b io a c c u m u ­
la t io n . S e v e r a l  c h a p te r s  c o n s id e r  th e  p r o b lem  o f  th e  G r e a t  L a k e s  a n d  th e  m a jo r  
p o llu ta n t s ,  "such a s  d io x in s ,  P C B s , h e x a c h lo r o b e n z e n e , p o ly c y c l ic  a r o m a tic  
h y d r o c a r b o n s  a n d  h e a v y  m e ta ls  fo u n d  in  th e  la k e s ,  a n d  g iv e  e q u a t io n s  a n d  
d a ta  fo r  m a s s  b a la n c e  c a lc u la t io n s .

E v e n  fo g  a c t s  a s  a  m e d iu m  a id in g  in  th e  d is s ip a t io n  o f  p e s t ic id e s  in t o  th e  
e n v ir o n m e n t . T r a n s fo r m a tio n  o f  x e n o b io t ic s  is  o f te n  m e d ia te d  b y  fr e e  r a d ic a ls  
in  n a tu r a l  w a te r s  a n d  s u n lig h t - in d u c e d  o x id a t io n  a n d  r e d u c t io n  r e a c t io n s .  
S e v e r a l  c h a p te r s  d e a l w ith  th e  tr a n s fo r m a t io n  o f  h a lo g e n a te d  a l ip h a t ic s  in  
n a tu r a l  s y s te m s , th e  b io r e s to r a t io n  o f  s i t e s  c o n t a m in a te d  b y  s u c h  c o m p o u n d s , 
a n d  th e  p o te n t ia l  fo r  u s e  o f  th is  t e c h n iq u e  in  t r e a t in g  w a s te  s it e s .  O th e r  
c h a p te r s  d is c u s s  c o m p u te r  s y s t e m s  fo r  m o d e l in g  p e s t ic id e  r u n o ff  a n d  th e  t r a n s ­
fo r m a tio n  p r o c e s s e s ,  w ith  e x t e n s iv e  m a th e m a t ic a l  t r e a tm e n t  o f  a ll  th e  s te p s .  
T h e  fin a l c h a p te r  d e lv e s  in t o  th e  fu tu r e  o f  p e s t ic id e  m a n a g e m e n t  a n d  s t r a t ­
e g ie s .

O v e r a ll ,  th is  a p p e a r s  to  b e  a  u s e fu l  a n d  e s s e n t ia l  b o o k  fo r  a n y o n e  in v o lv e d  o r  
in te r e s te d  in  p e s t ic id e  m a n a g e m e n t .

ELIZABETH K. WEISBURGER
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S u lfu r ic  A c id  a n d  H y d r o c h lo r ic  A c id ,  b y  E m e r g e n c y  F ilm  G rou p , P ly m o u th ,  

M A , H a z c h e m  S e r ie s  N o . 1, V id e o  T a p e , 26 m in , S395.00

D e s ig n e d  b y  a  firm  w h o s e  b u s in e s s  is  e m e r g e n c y  r e s p o n s e  tr a in in g , th is  v id e o  
ta p e  d e sc r ib e s , fo r  th e s e  tw o  a c id s  (a c c o r d in g  to  th e  d e s c r ip t iv e  m a te r ia l  
a c c o m p a n y in g  th e  tap e):
•  How to  identify  co rrosive acids
•  H azards
•  W here they a re  found
•  R eactiv ity  problem s
•  W hy w a ter m ay be dangerous
•  P roper p ro tec tive clo th ing
•  Stem m ing the  flow of p roduct
•  N eu tra liza tio n  opera tions
•  Em ergency m edical trea tm en t
•  D econtam ination
•  E nv ironm ental concerns

T h e  film  b e g in s  w ith  a  v ie w  o f  s e v e r a l  ty p e s  o f  e m e r g e n c ie s  a n d  th e  n e e d  fo r  
s a fe , e f f e c t iv e  r e s p o n s e  —  c r e a t in g , a s  I n o te ,  “ th e  n e e d  to  k n o w ” o r  “ th e  d e s ir e  
to  le a r n ” . C le a r ly , t h e s e  c h e m ic a ls  a re  im p o r ta n t  p r o d u c ts  o f  th e  c h e m ic a l  
in d u s tr y  w ith  1991 U .S . p r o d u c t io n  le v e l s  b e in g :
H 2S 0 4 : 89 b i l l io n  p o u n d s  
HC1: 5 b i l l io n  p o u n d s

N e x t  th e  film  g r a p h ic a l ly  i l lu s t r a t e s  th e  d e s t r u c t iv e  p r o p e r t ie s  o f  s u lfu r ic  
a c id  b y  s h o w in g  i t s  e f fe c t  o n  c h ic k e n  s k in  —  th e  e f f e c t s  a re  o b v io u s , th e  s k in  is  
d e s tr o y e d . T h e n  i t s  u s e s  a re  d e sc r ib e d  —  a n d  th e y  a r e  m a n y . C o n s e q u e n t ly , i t  is  
tr a n sp o r te d  b y  a ll  m o d e s  —  tr u c k , b a r g e  a n d  r a il.

H y d r o c h lo r ic  a c id  is  th e n  d e sc r ib e d . I ts  m a jo r  d if fe r e n c e s  from  s u lfu r ic  a c id  
a re  th a t  i t  is  v o la t i l e  a n d  i t  a t ta c k s  a l l  m e ta ls  e x c e p t  p r e c io u s  m e ta ls .  It, to o , 
h a s  n u m e r o u s  u s e s .

B o th  a c id s  a re  to x ic ;  b o th  a c id s  c a n  b e  fa ta l .  U s in g  th e  N F P A  g u id e , o n e  
fin d s th e  f o l lo w in g  r a tin g s :

h2so4 HC1Health 3 3Flammability 0 0Reactivity 2 0Special — —

HC1 is stable, but in contact with metals it can form an explosive hydrogen atmosphere. H2S04 can generate heat in contact with many chemicals — sodium hydroxide, for example, but even water contact generates heat. Both the liquid and vapor of these acids are corrosive. Severe skin burns can result from exposure.
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Shipping informa-ion, including a description of the containers, is given as DOT numbers (all are corrosives) as follows:

P r o p e r  s to r a g e , m a r k in g , p r o t e c t io n  fro m  w a te r , o x id a t io n  a n d  o th e r  
r e a c t iv e  c h e m ic a ls  a re  d e sc r ib e d . D ik in g  a n d  le a k  d e te c t io n  a re  s h o w n ,  
a n d  p r o p er  p e r s o n a l p r o t e c t iv e  c lo t h in g  fo r  w o r k in g  w ith  th e s e  c h e m ic a ls  
i s  a ls o  d e sc r ib e d . I l lu s tr a t e d  n e x t  a re  th e  p r o p er  p r o c e d u r e s  fo r  lo a d in g /  
lo a d in g .

B u t  a c c id e n t s  m a y  s t i l l  o c c u r , e v e n  th o u g h  a ll  p r o p er  p r e c a u t io n s  a r e  ta k e n .  
T h e  p r o b le m  is  i l lu s tr a t e d  g r a p h ic a l ly  b y  p ic tu r e s  from  a  s p i l l /g a s  e v o lu t io n  
r e s u lt in g  from  r e a c t in g  m ix tu r e s  o f  w a s te  a c id s  in  C a lifo r n ia . E v a c u a t io n ,  
r e s p o n s e  a n d  d a m a g e  a r e  s h o w n .

T h e  r e s p o n s e  p r o c e d u r e s  fo r  a  m a jo r  s p i l l  a re  th e n  sh o w n :

•  E v acua tion
•  Iden tifica tion
•  C ontrol -  th e  need for acid re s is ta n t c lo th ing  (Level A p ro tec tion)
•  D econ tam ina tion
•  S earch  and rescue
•  D ischarge contro l
•  D iking
•  V apor contro l
•  A dsorption  (fly ash, for exam ple)
•  D isposal of ad sorbent
•  N eu tra liza tion : soda acid, soda b icarbona te

N e it h e r  m a te r ia l  b u r n s , b u t  th e y  c o u ld  c o n t a m in a te  f ir e w a te r  r u n o ff . R e ­
m o v a l o f  a c id  c o n t a in e r s  from  fire  e x p o s u r e  is  b e st . S m a ll  f ires  c a n  b e  c o n ­
tr o l le d  w ith  CO2, b u t i f  w a te r  is  r e q u ir e d  (fo r  a  la r g e  fire) i t  s h o u ld  b e  a p p lie d  
fro m  a d is ta n c e .

D e c o n ta m in a t io n  a fte r  th e  in c id e n t  is  d e sc r ib e d  fo r  p r o t e c t iv e  c lo th in g .  
(A fte r  e x p o s u r e  to  a c id s , le a th e r  is  u s e le s s ,  th e  v id e o  n o te s .)  V ic t im  sy m p to m s  
a n d  tr e a tm e n t  a r e  s h o w n . Y o u  a r e  a d v is e d  to  w a s h  q u ic k ly  a n d  th o r o u g h ly .  
O x y g e n  m a y  b e  u sed .

N e x t  c o m e s  m o n ito r in g  m e th o d s  —  b y  v a p o r  tu b e , p H  m e te r  a n d  p H  p a p er . 
W a s te  d is p o s a l,  w ith  i t s  le g a l  r e p o r t in g  r e q u ir e m e n ts  is  n o te d .

M y  r e a c t io n  to  th e  v id e o  is  v e r y  fa v o r a b le . A l l  th e  n e c e s s a r y  in fo r m a t io n  is  
th e r e  a n d  i t  i s  w e l l  d e sc r ib e d . T h is  film  is  w e l l  w o r th  u s in g  in  tr a in in g .

T y p e  o f  a c id  
Sulfuric acid 1830183227961789

D O T  s h ip p in g  n u m b e r

Spent sulfuric acid Battery acid 
Hydrochloric acid

GARY. F. BENNETT
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H a n d b o o k  o f  P o l lu t io n  C o n tr o l  P ro c e sse s , b y  R . N o y e s ,  N o y e s  D a ta  C o r p o r a ­

t io n , P a r k  R id g e , N J , 1992, 758 p p ., S127.00.
A c c o r d in g  to  th e  p r e fa c e , “ th is  h a n d b o o k  p r e s e n ts  a  th o r o u g h  o v e r v ie w  o f  

s ta te -o f-th e -a r t  t e c h n o lo g y  fo r  p o l lu t io n  c o n t r o l  p r o c e s s e s ” . I t in d e e d  d o e s  th a t ,  
c o v e r in g  v ir t u a l ly  a l l  tr e a tm e n t  c o n tr o l  t e c h n o lo g ie s  fo r  a ir , w a te r  a n d  s o lid , 
a n d  h a z a r d o u s  w a s te , a s  w e ll  a s  th e  c le a n u p  p r o c e d u r e  fo r  h a z a r d o u s  w a s te  s ite s .

B e c a u s e  th e  to p ic  a r e a s  a re  s o  b ro a d , th e  tr e a tm e n t  o f  e a c h  s u b je c t  w a s  
te r r ib ly  b r ie f , s o  b r ie f , I m ig h t  h a v e  t i t le d  th e  b o o k  “ E n c y c lo p e d ia  o f  P o l lu t io n  
C o n tr o l P r o c e s s e s ” , to  in d ic a te  th e  l im ite d  a m o u n t  o f  m a te r ia l  o n  e a c h  to p ic .  
A n o th e r  l im ita t io n  w a s  th e  v e r y  s h o r t  b ib lio g r a p h y  fo u n d  a t  th e  e n d  o f  e a c h  
c h a p ter . T h is  a r e a  c o u ld  h a v e  b e e n  u s e fu lly  e x p a n d e d  b y  a n  o rd er  o f  m a g n itu d e .

In  co m m o n  w ith  m o s t  o f  th is  p u b lis h e r ’s  b o o k s , th e r e  is  a  c o m p r e h e n s iv e  ta b le  
o f  c o n te n ts . In  a d d it io n , th e  a u th o r  h a s  ad d ed  (m u ch  to  m y l ik in g )  a n  in d ex .

In  r e v ie w in g  th e  b o o k , I c h e c k e d  s e v e r a l  s e c t io n s  o f  p o s s ib le  in t e r e s t  to  m e  
a n d  in  tw o  fo u n d  m a te r ia l  t h a t  c o n t a in e d  u s e fu l  a n d  n e w  (fo r  m e) in fo r m a tio n .  
In  t o ta l ,  m y  a s s e s s m e n t  o f  th e  b o o k  w a s  v e r y  h ig h .

L e t  m e en d  w ith  a  l i s t  o f  th e  c h a p te r  t it le s :
1. R egula tory  overview
2. Inorgan ic  a ir  em issions
3. V o latile  o rgan ic com pound em issions
4. M unicipal solid w aste  in c inera tion
5. H azardous w aste  inc inera tion
6. Indoor a ir  qua lity  co n tro l
7. D ust co llection
8. In d u s tria l liquid w aste  stream s
9. M etal and cyanide bearing  w aste stream s

10. R adioactive w aste  m anagem ent
11. M edical w aste hand ling  and disposal
12. H azardous chem ical spill c leanup
13. R em ediation  of hazardous w aste sites
14. H azardous w aste landfills
15. In  s i tu  tre a tm en t of hazardous w aste  sites
16. G roundw ater rem ediation
17. D rink ing  w ater trea tm en t
18. Publicly  ow ned trea tm en t w orks
19. M unicipal solid w aste landfills
20. B arrie rs  to  new technologies
21. Costs GARY F. BENNETT

Energy Policy in the Greenhouse, by F. Krause, W. Bach and J. Koomey, A Report of the International Project for sustainable Energy Paths (IPSEP), Wiley, Interscience. New York, NY, 1992, ISBN-0-471-55663-7 (pbk), 328 pp. S29.95.
Recent events, including the collapse of world oil prices, the acid rain damage, Chernobyl and other disasters, have increased interest in the global
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w a r m in g  a n d  g r e e n h o u s e  e f f e c t s  f ir s t  la r g e ly  ig n o r e d , b u t  n o w  b e c o m in g  s e r i­
o u s  q u e s t io n s  d e m a n d in g  c o n s t r u c t iv e  e n e r g y  p o l ic ie s  o n  a n  in t e r n a t io n a l  
b a s is .  I t b e g in s  w ith  a  d e f in it io n  a n d  e x p la n a t io n  fo r  “ g r e e n h o u s e  e f f e c t ” ; th is  
i s  th e  tr a p p in g  o f  in fr a r e d  r a d ia t io n  b y  s e v e r a l  g a s e s  a n d  v a p o r s , in c lu d in g  
n a tu r a l ly  o c c u r r in g  w a te r  v a p o r , C 0 2 , c lo u d s , o z o n e , m e th a n e  a n d  o th e r  g a s e s  
w h ic h  c o n t r ib u te  90%  to  th e  e f fe c t ,  a n d  s e v e r a l  t r a c e  g a s e s ,  in c lu d in g  n itr o u s  
o x id e  a n d  t h e  c h lo r o f lu o r o c a r b o n s , C O , N O * a n d  S 0 2 , a lo n g  w ith  a e r o s o l  
e m is s io n s ,  p lu s  s e v e r a l  g a s e s  w h o s e  e f fe c t  is  le s s  w e l l  k n o w n , t h a t  c o n t r ib u te  
th e  r e m a in in g  10% . A t  a  g lo b a l  a v e r a g e  s u r fa c e  te m p e r a tu r e  o f  288  K  o r  15 °C, 
t h e  lo n g w a v e  o u t g o in g  r a d ia t io n  fro m  th e  s u r fa c e  o f  th e  e a r th  is  390  W /m 2 
c o m p a r e d  to  236 W /m 2 fro m  th e  to p  la y e r  o f  t h e  a tm o sp h e r e . T h is  r e d u c t io n  in  
th e  lo n g w a v e  e m is s io n  is  a  m e a s u r e  o f  th e  g r e e n h o u s e  e ffe c t .

T h e  d e g r e e  o f  c l im a t ic  c h a n g e  th e  w o r ld  is  l ik e ly  to  e x p e r ie n c e  d e p e n d s  
o n  fu tu r e  a tm o s p h e r ic  g r e e n h o u s e  g a s  c o n c e n tr a t io n s ,  a n d  th e  c l im a te  
s e n s i t iv i t y  a s su m e d  in  m a th e m a t ic a l  m o d e ls  u s e d  fo r  c a lc u la t in g  w a r m in g . 
E v e n  a  1 -1 .5  °C g lo b a l  a v e r a g e  w a r m in g  w o u ld  r e p r e s e n t  a  c l im a te  n o t  e x p e r i­
e n c e d  s in c e  th e  H o lo c e n e  p e r io d  a t  th e  b e g in n in g  o f  w h ic h  w a te r  w o u ld  
e v a p o r a te  m o r e  g iv in g  a n  a tm o sp h e r e  o f  h ig h e r  h u m id ity  a n d  t h a t  is  w e t te r  
o v e r a ll .

G lo b a l w a r m in g  w o u ld  h a v e  s e r io u s  e f fe c t s  o n  a g r ic u ltu r a l  p r o d u c t io n , d u e  
to  th e  d e l ic a t e  b a la n c e  o f  te m p e r a tu r e s , s o i l  c o n d it io n s  a n d  r a in fa l l  p a tte r n s .  
W e e d s  a n d  p la n t  p e s t s  a ls o  a re  e n c o u r a g e d  b y  w a r m e r  te m p e r a tu r e s , e s p e c ia l ly  
in  d e v e lo p in g  c o u n tr ie s .  G lo b a l w a r m in g  w o u ld  a ls o  h a v e  a n  e f fe c t  o n  th e  
a b i l ity  o f  fo r e s t s  a n d  s p e c ie s  to  th r iv e  a n d  r e p r o d u c e . C o a s ta l  s e t t le m e n t s  o f  
s e v e r a l  d e g r e e s  c o u ld  w it h in  th e  n e x t  50  to  100 y e a r s  b e  th r e a te n e d  b y  a  s e a  
le v e l  r is e  o f  0 .5  to  1.5 m e te r s . C o a s ta l  s e t t le m e n ts ,  in  w h ic h  h a l f  o f  h u m a n ity  
l iv e s ,  w o u ld  b e  th r e a te n e d . In  th e  U S A  a lo n e , a n  e s t im a te d  12 m i l l io n  p e o p le  
w o u ld  b e c o m e  h o m e le s s ,  a n d  s a l in i t y  w o u ld  m o v e  u p s tr e a m . F r e s h w a te r  s u p ­
p l ie s  w o u ld  b e  th r e a te n e d  d u e  to  d e c r e a s e d  s tr e a m  flo w s  a n d  in c r e a s e d  p r e s su r e  
o n  g r o u n d w a te r  s u p p lie s . E le c t r ic i t y  c o n s u m p t io n  w o u ld  in c r e a s e .

I t  is  r e c o g n iz e d  t h a t  p a s t  g r e e n h o u s e  e m is s io n s  m a k e  th e ir  fu ll  im p a c t  fe l t  
o n ly  w ith  s ig n if ic a n t  d e la y , a n d  t h a t  c o n t in u a l ly  g r o w in g  e m is s io n s  c a n n o t  b e  
e l im in a t e d  in s t a n t a n e o u s ly ,  d u e  to  th e  in e r t ia  o f  s o c ia l  a n d  e c o n o m ic  s y s te m s .  
S e r io u s  a t te m p ts  to  e s t im a te  th e  e f fe c t  b o th  p a s t  a n d  p r e s e n t  e m is s io n s  w il l  
h a v e  o n  t h e  c l im a te  in , s a y , 50 to  100 y e a r s , a r e  p r e s e n te d . O n c e  c o n c e n tr a t io n  
c e i l in g s  a r e  s u g g e s te d , th e  i s s u e  b e c o m e s  w h a t  p o l ic y  f ie ld s  s h o u ld  b e  e x p lo r e d  
in  o r d e r  t o  im p le m e n t  th e  s u g g e s t io n s  o n  a  g lo b a l  b a s is ,  b y  w a y  o f  e m is s io n  
r e d u c t io n  ta r g e t s  a n d  e n fo r c e m e n t . O b v io u s ly  a  g lo b a l  c o m p a c t  o n  c l im a te  
s t a b i l iz a t io n  a n d  s u s t a in a b ie  d e v e lo p m e n t  w o u ld  b e  e s s e n t ia l .

T h is  v o lu m e  c o n t a in s  a  m o s t  c o m p le te  g r o u p  o f  r e fe r e n c e s , ta b le s  a n d  g r a p h s  
w h ic h  p e r m it  th e  r e a d e r  to  u n d e r s ta n d  th e  s e r io u s n e s s  a n d  t im e l in e s s  o f  th e  
s u b je c t . I t  s h o u ld  c e r t a in ly  b e  r e q u ir e d  r e a d in g  fo r  a n y o n e  w h o  is  c o n c e r n e d  
a b o u t  th e  fa te  o f  o u r  w o r ld , a n d  i s  h ig h ly  re c o m m e n d e d .

HOWARD H. FAWCETT
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Regulated Chemicals Directory, c o m p ile d  b y  C h e m A D V IS O R , p u b lis h e d  by  

C h a p m a n  a n d  H a ll , 29 W e s t  3 5 th  S t ., N e w  Y o rk , N Y  10001-2291, 1992, 
I S B N  0-412-03481-6, 1409 p p ., l o o s e l e a f  in  b in d er , r e v is e d  o n  a  q u a r te r ly  
b a s is , $375 ( in c lu d e s  th r e e  q u a r te r ly  u p d a te s ) . A ls o  a v a i la b le  in  e le c tr o n ic  
form .

T h is  d ir e c to r y  is  e q u iv a le n t  to  th e  B e i l s t e in  r e fe r e n c e , in  t h a t  i t  c o n t a in s  
e s s e n t ia l  r e fe r e n c e s  w ith  c r o s s  r e fe r e n c e s  to  8000  c h e m ic a ls  fo u n d  in  m a n y  
s e p a r a te  r e g u la to r y  l is t in g s .  I t  a p p e a r s  a t  a  t im e  w h e n  m a n y  p r o d u c e r s , 
d is tr ib u to r s  a n d  a c a d e m ic  in s t i t u t io n s  a r e  c h e c k in g  o n  th e  c o m p le te n e s s  a n d  
v a l id i t y  o f  M a te r ia l  S a fe ty  D a ta  S h e e ts .  T h e  v o lu m e  b e g in s  w ith  C A S  R e g is tr y  
N u m b e r s  a s  th e  p r im a ry  m e a n s  o f  s to r in g  a n d  s o r t in g  in fo r m a tio n . I t  r e c o g ­
n iz e s  th e  n e e d  fo r  g e n e r a l  c a te g o r ie s  in  th e  d a ta  b a se , in c lu d in g  h a z a r d o u s  
w a s te  s tr e a m s  a n d  iso m e r s  o r  o th e r  c r y s ta l l in e  fo rm s. C r o ss -r e fe r e n c e  in d e x e s  
o f  c h e m ic a l  n a m e s  a n d  s y n o n y m s  fo l lo w . I t  is  n o te d  th a t  a  s u b s t a n c e  w ith  
a u n iq u e  C A S  n u m b e r  m a y  b e  r e g u la te d  u n d e r  s e v e r a l  c h e m ic a l  n a m e s  b y  
d if fe r e n t  a g e n c ie s .  T h e  m a jo r  s e c t io n  o f  th e  d ir e c to r y  is  th e  R e g u la to r y  S u m ­
m a ry  S e c t io n , w ith  th e  su m m a r ie s  g iv in g  th e  e s s e n t ia l  d a ta  u n d e r  th e  m o s t  
fr e q u e n t ly  u s e d  r e g u la to r y  sy n o n y m . A ll  th e  F e d e r a l  a n d  I n te r n a t io n a l  l is t s  
a re  su m m a r iz e d  fo r  th e  p a r t ic u la r  c h e m ic a l ,  a s  a re  s ta te  la w s  w h e r e  
a p p r o p r ia te .

T h is  d ir e c to r y  s h o u ld  b e  a v a i la b le  in  e v e r y  in d u s tr ia l  o ffice  in v o lv e d  w ith  
r e g u la to r y  a ffa ir s , in  th e  l ib r a r y  o f  e v e r y  a c a d e m ic  s c h o o l  w h e r e  c h e m is tr y  is  
ta u g h t ,  a n d  ir. th e  h e a l th ,  s a fe ty  a n d  e n v ir o n m e n ta l  m a n a g e m e n t  o f  c o m p a n ie s  
w h o  u s e  o r  p r o d u c e  c h e m ic a ls . I t i s  tr u ly  a  m a jo r  s te p  in  th e  a t te m p ts  to  r e m o v e  
d o u b ts  a s  to  w h e th e r  a  m a te r ia l  is  or  is  n o t  r e g u la te d , a n d  b y  w h o m , a n d  w h e n . 
W e r e c o m m e n d  t h is  d ir e c to r y  h ig h ly .

HOWARD H. FAWCETT

Global Warning -  Global Warming, b y  M .A . B e n a r d e , W ile y -I n te r s c ie n c e ,  N e w
Y o r k , N Y , 1992, I S B N  0-471-51323-7, 317 pp., $29.95

T h is  v o lu m e  fu r n is h e s  d a ta  o n  b o th  s id e s  o f  th e  c u r r e n t  g lo b a l  w a r m in g  
is s u e ,  r e v ie w in g  b o th  th e  p o l i t ic a l  a n d  s c ie n t i f ic  a s p e c t s . C lim a te  c h a n g e  is  th e  
r u le , n o t  th e  e x c e p t io n , fo r  th e  e a r th ’s  t i l t  or  in c l in a t io n ,  th e  e c c e n t r ic i t y  o f  i t s  
o r b it  a r o u n d  th e  su n , a n d  th e  p r e c e s s io n  d u e  to  i t s  w o b b le  h a v e  p e r io d ic it ie s  o f
41 ,00 0 , 100 ,000  a n d  23 ,000  y e a r s , r e s p e c t iv e ly .  T h u s  th e  e a r th ’s  c l im a te  h a s  
s h if te d  from  g la c ia l  to  in t e r g la c ia l  p e r io d s  a t  le a s t  10 t im e s  d u r in g  th e  p a s t  o n e  
m ill io n  y e a r s .

T h e  p r e s e n c e  o f  l if e  o n  e a r th  is  l in k e d  to  th e  a tm o sp h e r e  w h ic h  a l lo w s  s o la r  
r a d ia t io n  to  w a rm  th e  p la n e t  b u t p r e v e n ts  r e f le c t io n  o f  a l l  r a d ia t io n  b a c k  in to  
s p a c e , a c o n c e p t  r e fe r r e d  to  a s  a  “ g r e e n h o u s e  e f f e c t ” in  1827 b y  J .B . F o u r ie r .  
W h a t is  w o r r is o m e  is  th e  m a rk e d  in c r e a s e  in  l e v e ls  o f  c a r b o n  d io x id e , n it r o g e n



Book Reviews! J. Hazardous Mater. 33 (1993) 143-154 153

o x id e  a n d  m e th a n e , w h i le  th e  l e v e l s  o f  o z o n e , e s p e c ia l ly  o v e r  A n t a r c t ic a ,  a re  
d e c r e a s in g , p r e s u m a b ly  d u e  to  th e  a c t io n  o f  c h lo r o f lu o r o c a r b o n s .

H o w e v e r , b e s id e s  th e  in c r e a s e s  d u e  to  h u m a n  a c t iv i t i e s ,  th e r e  a re  n a tu r a l  
fa c to r s  w h ic h  in f lu e n c e  c l im a te ,  fro m  v o lc a n o e s  t o  te r m ite s  ( te r m ite s  r e le a s e  
m e th a n e ) . M o d e ls  fo r  c l im a te  c h a n g e  a re  d is c u s s e d  th o r o u g h ly ,  b u t  th e  a u th o r  
c o n c lu d e s  “ p e r h a p s  a t  t h is  t im e  fo r e c a s t in g  o u g h t  to  b e  lo o k e d  u p o n  a s  a n  
e x e r c is e  fo r  g a in in g  e x p e r ie n c e  r a th e r  th a n  a s  a  to o l  fo r  d e c is io n  m a k in g ” . 
T h e r e  is  a n  e x t e n s iv e  c h a p te r  o n  th e  p o t e n t ia l  d is lo c a t io n s  w h ic h  w o u ld  o c c u r  
i f  c l im a te  c h a n g e d  a n d  th e  s e a  r o s e  s o m e w h a t , a s  w e l l  a s  a  c h a p te r  o n  e n e r g y  
e ff ic ie n c y  w h ic h  i l lu s t r a t e s  h o w  th e  u s e  o f  fo s s i l  fu e l  c o u ld  b e  le s s e n e d , th u s  
d e la y in g  to  s o m e  e x t e n t  t h e  p r o b le m  o f  g lo b a l  w a r m in g . T h e  a u th o r  c o n c lu d e s  
t h a t  p e o p le  c a n  d o  s o m e th in g  a b o u t  g lo b a l  w a r n in g , b u t i t  i s  t im e  to  a c t  a n d  n o t  
w a it  u n t i l  i t  i s  to o  la t e .

ELIZABETH K. WEISBURGER

Hormones and Vitamins in Cancer Treatment, b y  A . L u p u le sc u , C R C  P r e ss ,
B o c a  R a to n , F L , 1990, I S B N  0-8493-5973-2 , 287 p p ., $159 .95 .

T h is  v o lu m e  w i l l  a p p e a l  to  s p e c ia l i s t s  in  c a n c e r  tr e a tm e n t  o r  to  t h o s e  d o in g  
r e s e a r c h  o n  p r e v e n t io n  o f  c a n c e r  b y  d ie ta r y  m e a n s . T h e  to p ic s  c o v e r e d  in c lu d e :  
r a t io n a le  fo r  h o r m o n e  a n d  v it a m in  th e r a p y ; h o r m o n e s  a n d  t h e ir  u s e  in  th e r a p y ;  
h o r m o n e  a n t a g o n is t s  a n d  a g o n is t s ;  h o r m o n e - l ik e  s u b s t a n c e s  s u c h  a s  g r o w th  
fa c to r s , in te r fe r o n s , in t e r le u k in s  a n d  p r o s ta g la n d in s  in  c l in ic a l  a p p lic a t io n s ;  
v it a m in  th e r a p y ; c h e m o p r e v e n t io n  o f  c a n c e r  b y  h o r m o n e s  a n d  v ita m in s ;  th e  
a d v a n t a g e s  a n d  d is a d v a n ta g e s  o f  h o r m o n a l a n d  v it a m in  th era p y ; w h i le  th e  
c o n c lu d in g  c h a p te r  d is c u s s e s  th e  in t e r a c t io n  a m o n g  d ie t , h o r m o n e s , v ita m in s  
a n d  c a n c e r . A l l  o f  th e  c h a p te r s  a re  a lm o s t  e x h a u s t iv e ly  r e fe r e n c e d . F o r  a n y o n e  
c o n t e m p la t in g  r e s e a r c h  in  a n y  o n e  o f  th e  a r e a s  c o v e r e d , th is  b o o k  w o u ld  b e  a n  
e x c e l le n t  r e s o u r c e .

ELIZABETH K. WEISBURGER

Risk Factors for Cancer in the Workplace, b y  J . S ie m ia ty c k i  (E d .), C R C  P r e s s ,
B o c a  R a to n , F L , 1991, I S B N  0-8493-5-18-2, 325 p p ., $99 .50

T h is  v o lu m e  r e s u lt s  from  in t e r v ie w s  w ith  3730  m a le  c a n c e r  p a t ie n t s ,  b e tw e e n  
35 a n d  70 y e a r s  o f  a g e . r e s id e n t  in  th e  M o n tr e a l  m e tr o p o li ta n  a r ea . D ia g n o s e s  
w e r e  c o n fir m e d  h is t o lo g ic a l ly .  T h e  p a t ie n t s  w e r e  t h e n  e v a lu a te d  fo r  p r o b a b le  
e x p o s u r e  to  183 s u b s t a n c e s  or g r o u p s  o f  s u b s t a n c e s  a n d  fu r th e r  s tr a t if ie d  in to  
98  o c c u p a t io n a l  a n d  77 in d u s tr y  g r o u p s , s u b d iv id e d  a c c o r d in g  to  11 c a n c e r  
s i t e s  o r  ty p e s  o f  tu m o r s . W ith  a l l  th e s e  s u b d iv is io n s ,  th e  a c t u a l  n u m b e r  o f  c a s e s  
e x p o s e d  to  a n y  o n e  s u b s t a n c e  o f te n  b e c a m e  s o  sm a ll  t h a t  o n e  q u e s t io n s  th e  
s ig n if ic a n c e  o f  th e  p u r p o r te d  a s s o c ia t io n .  F u r th e r m o r e , a c t u a l  e x p o s u r e  le v e ls
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w e r e  n o t  o b ta in e d ;  b a se d  o n  th e  in te r v ie w s , p a t ie n t s  w e r e  g r o u p e d  in t o  t h o s e  
w ith  “ s u b s t a n t ia l  e x p o s u r e ” a n d  “ a n y  e x p o s u r e ” . M a n y  ta b le s  a re  g iv e n  w ith  
th e  c a lc u la te d  o d d s  r a t io s  a n d  c o n f id e n c e  in te r v a ls  fo r  th e  a s s o c ia t io n s ,  u s in g  
p  =  0 .1 0  fo r  th e  l e v e l  o f  s ig n if ic a n c e .  In  th e  f in a l a n a ly s is ,  o f te n  th e  n u m b e r s  o f  
c a s e s  in  a  s p e c if ic  c a te g o r y  w e r e  r a th e r  s m a ll , a n d  m o s t  e p id e m io lo g is t s  u s e  
p  =  0.01 or  le s s  a s  a  m e a s u r e  o f  r e a l s ig n if ic a n c e .  T h u s  th is  b o o k  m a y  p r o v id e  
s o m e  le a d s  a n d  s e r v e  a s  a  r e fe r e n c e  s o u r c e , b u t  i t s  a c tu a l  v a lu e  in  id e n t i fy in g  
w o r k p la c e  h a z a r d s  is  s o m e w h a t  l im ite d , a p a r t fro m  th o s e  w h ic h  a r e  a lr e a d y  
k n o w n .

ELIZABETH K. WEISBURGER
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Announcements

The International Symposium on Hazardous Waste Management in Economically Developing Countries, June 24-26, 1993, Istanbul, Turkey

Scope
The Turkish National Committee on Solid Wastes being aware that solid 

waste in general but in particular hazardous waste management has become an important problem for the economically developing countries, has decided to 
organize jointly with the International Solid Wastes and Public Cleansing 
Association (ISWA) this Symposium.

Themes
The themes to be covered in this Symposium are:

•  Hazardous Waste Generated in Developing Countries•  Simple Technology for Hazardous Waste Management and Disposal
•  Collection and Transportation of Hazardous Waste
•  Sanitary Landfilling and Hazardous Wastes•  Advancements in Appropriate Incineration Technology for Developing 

Countries•  Advantages and Disadvantages of use of Cement Kilns for the Disposal of 
Hazardous Wastes•  Limits in the use of Cementation in the Disposal of Hazardous Wastes

•  Management of Special Wastes (Batteries, Hospital Wastes, Treatment 
Plant Sludges etc.)•  Advantages and Disadvantages of Co-disposal•  Environmental Ethics, Economy and Legislation Related to Hazardous 
Wastes•  Health Problems Caused by the Improper Management of Hazardous 
Wastes•  Hazardous Waste Minimization Methodology

• Case Studies
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Contact
All correspondence should be addressed to: The Turkish National Commit­

tee on Solid Wastes Attn: Prof. Dr. Kriton Curi 
Bogazigi University 80815 Bebek, Istanbul-Turkey 
Telephone: 90-1-263 15 0090-1-263 15 40-1439 
Telefax: 90-1-265 84 8890-1-265 84 88 or 90-1-257 35 68 
Electronic Mail CURI @TR BOUN bitnet

Symposium on Hazardous Waste Treatment, 
August 29-September 3, 1993,
Prague, Czechoslovakia

Aims and scope

The Symposium on Hazardous Waste Treatment is a special event of 
CHISA ’93 the 11th International Congress of Chemical Engineering, Chemical Equipment Design and Automation organized by the Czech Chamber of the 
Czechoslovak Society of Chemical Engineering.

The aim of the symposium is to inform scientific and research workers dealing with the problems of high technology for the environment, managers and firms engaged in purchasing and transferring technologies for the environ­
ment, leaders and experts of the state department that decides on state ecologi­cal policy, and also experts in the field responsible for the problems of local environments affected by industrial production of modern high technologies for 
the liquidation of toxic and hazardous waste from the chemical, biochemical, foodstuffs and other branches of the processing industry.

In view of the decisive and irreplaceable contribution made by chemical engineering to the creation of new high technologies for the liquidation of 
toxic components, this Symposium is being held as a special event of the CHISA ’93. It is proposed to present brief information in the form of both 
lectures and posters. There should also be a mini-exhibition of the technologies offered.

The Symposium will be aimed especially at:
•  Theoretical principles of membrane (filtration) processes of the selective separation of toxic components from liquid and gas phases
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•  Sorption selective separation of toxic and hazardous components from liquid and gas phases
•  Principles of processes of thermal decomposition of toxic components
•  Processes of the extraction of toxic components from liquid and solid phases including industrial and sewage sludge
• Bioreactors for environmental biotechnology
• Application of chemical-engineering procedures in the detoxification of soils 

in situ.
•  Presentation of successful existing high technologies•  Case histories
•  Exchange of information in the sphere of the supply and demand of environ­mental technologies.

Call for papers
Detailed instructions and submission dates for abstracts, full papers and posters can be obtained from:

F. Kastânek
Scientific Secretary CHISA ’93
P.O. Box 857 
C.S.-11121 Praha 1 
Czechoslovakia
Fax: 422-342-073
Telex: 121339 ucavE-mail: CHISAfa CSEARN



S U B M IS S IO N  OF PAPERS
Submission of a manuscript implies tha: it is not under consideration for publication elsewhere and 
further that, with the exception of review papers, original work not previously published is being 
presented.

Papers should be submitted to Dr. G.F. Bennett, Department of Chemical Engineering, University of 
Toledo, 2801 W. Bancroft Street, Toledo, OH 43606, U.S.A. or Dr. R E. Britter, Department of 
Engineering, University of Cambridge, Cambridge CB2 1 PZ, Great Britain. Authors in the Far East 
should submit papers to Dr. T. Yoshida, Chemical Engineering Laboratory, Department of Mechanical 
Engineering, Faculty of Engineering, Hosei University, 7-2 Kajino-cho 3-chome, Koganei-shi, Tokyo 
184, Japan.
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followed by the volume number, year (in parentheses), and page number.
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the same size as, or smaller than, the main text, to prevent damage in transit. Photographs should be 
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Legends to the illustrations must be submitted in a separate list.
All tables and illustrations should be numbered consecutively and separately throughout the paper.

LANGUAGE
The principal language of the journal is English, but papers in French and German will be published.

PROOFS
Authors will receive page proofs which they are requested to correct and return as soon as possible. 
No new material may be inserted in the text at the time of proofreading.

REPRINTS
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copies can be ordered at prices shown on the reprint order form which accompanies the proofs.

A pamphlet containing detailed instructions on the preparation of manuscripts for 
JOURNAL OF HAZARDOUS MATERIALS may be obtained from the publishers.

i 1993. ELSEVIER SCIENCE PUBLISHERS B V. ALL RIGHTS RESERVED 0304-3894 93 S06.00

No part of this pjblicotion may be reproduced, stored in a retrieval system or transmitted in any form or by any means, electronic, 
mechanical, photocopying, reco'ding or otherwise, without the prior written permission of the publisher, Elsevier Science Publishers 
B.V, Copyright and Permissions Department. P.0. Box 521. 1000 AM Amsterdam, The Netherlands.
Upon acceptance of an article bv the journal, the author(s) will be asked to transfer copyright of the article to the publisher. The transfer 
will ensure the widest possible dissemination of information.
Special regulations for readers in the U.S.A.— This journal has been registered with the Copyright Clearance Center, Inc. Consent is 
given for copying of articles for personal or internal use. or for the personal use of specific clients. This consent is given on the condition 
that the copier pay through the Center the per-copy fee for copying beyond that permitted by Sections 107 or 108 of the U.S. Copyright 
Law. The per-copy fee is stated in the code- ine at the oottom of the first page of each article. The appropriate fee, together with a copy of 
the first page of the article, should be forwarded to the Copyright Clearance Center. Inc., 27 Congress Street, Salem, MA 01970, U.S.A. If 
no code-line appears, broad consent tc copv has not been given and permission to copy must be obtained directly from the author(s) All 
articles published prior to 1980 may be copied for a per-copy fee of US S2.25. also payable through the Center. This consent does not 
extend to other kinds of copying, such as for general distribution, resale, advertising and promotion purposes, or for creating new 
collective works. Special written permission must be obtained from the publisher for such copying.
No responsibility is assumed by the publisher for ary injury and or damage to persons or property as a matter of products liability, 
negligence or otherwise, or from any use or operation of any methods, products, instructions'or ideas contained in the material herein. 
Although all advertising material is expected to confo'm to ethical (medical) standards, inclusion in this publication does not constitute 
a guarantee or endorsement of the quality or value cf such product or of the claims made of it by its manufacturer.

This issue is printed on acid-free paper

PRINTED IN THE NETHERLANDS



VOL. 33, NO. 1 JA N U A R Y 1993

JOURNAL OF HAZARDOUS MATERIALS  

CONTENTS

A guide to the evaluation of condensed phase explosions
P. A. Davies (London, UK) .................................................................................................  1

Hazard evaluation of sulphide dust explosions
Q. Liu (Val D or, Que, Canada) and P.D. Katsabanis (Kingston, Ont., Canada).................  35

Supercritical water oxidation of acetic acid by potassium permanganate
K.-C. Chang, L. Li and E.F. Gloyna (Austin, TX, USA) .......................................................  51

Catalytic hydrodechlorination of 1,2,3-trichlorobenzene
F. Gioia, V. Famiglietti and F. Murena (Napoli, Italy)........................................................... 63

Forced angled plumes
G. F Lane-Serff, P.F. Linden and M. Hillel (Cambridge, U K )............................................  75

A model of the motion of a heavy gas cloud released on a uniform slope
D.M. Webber, S.J. Jones and D. Martin (Warrington, UK) ................................................ 101

Permeation measurements of chemical agent simulants through protective clothing materials
T. Pal, G.D. Griffin, G.H. Miller, A.P. Watson, M.L. Daugherty and
T. Vo-Dinh (Oak Ridge, TN, USA).......................................................................................  123

Book Reviews...............................................................................................................................  143
Announcements............................................................................................................................  155

SUBSCRIPTION INFORMATION

1993 Subscription price: Dfl. 1400.00 plus Dfl. 132.00 ( p.p.h.) = Dfl. 1532.00 (approx. US $850.00). 
This covers volumes 32-35. The Dutch guilder price is definitive. The U.S. dollar price is subject to 
exchange-rate fluctuations and is given only as a guide. Subscription orders can be entered only by 
calendar year (Jan.-Dec.) and should be sent to: Elsevier Science Publishers B.V., Journals Depart­
ment, P.O. Box 211,1000 AE Amsterdam, The Netherlands, Tel. (020) 5803642, Telex 18582 ESPA 
NL, Fax (020) 5803598, or to your usual subscription agent. Claims for missing issues will be 
honoured, free of charge, within six months after publication date of the issue. All back volumes are 
available. Our p.p.h. (postage, package and handling) charge includes surface delivery of all issues, 
except to the following countries where air delivery via S.A.L. (Surface Air Lifted) mail is ensured: 
Argentina, Austral a, Brazil, Canada, Hong Kong, India, Israel, Japan, Malaysia, Mexico, New Zealand, 
Pakistan, P.R. China, Singapore, South Africa, South Korea, Taiwan, Thailand, and the U.S.A. For 
Japan, air delivery by S.A.L. requires 25% additional charge; for all other countries airmail and S.A.L. 
charges are available upon request. Customers in the U.S.A. and Canada wishing information on this 
and other Elsevier journals, please contact Journal Information Center, Elsevier Science Publishing 
Co., Inc., 655 Avenue of the Americas, New York, NY 10010, Tel. (212) 633-3750, Fax (212) 
633-3764.

0304-3894(199301>33:1;1-U


	JOURNAL OF HAZADOUS MATERIALS 1993 Vol.33 No.1
	CONTENTS
	A guide to the evaluation of condensed phase explosions
	Hazard evaluation of sulphide dust explosions
	Catalytic hydrodechlorination of 1,2,3-trichlorobenzene
	Forced, angled plumes
	A model of the motion of a heavy gas cloud released on a uniform slope
	Permeation measurements of chemical agent simulants through protective clothing materials3
	Book Reviews
	The International Symposium on Hazardous Waste Management in Economically Developing Countries, June 24-26, 1993, Istanbul, Turkey

