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bstract

A number of models have been proposed to calculate overpressure and impulse from accidental industrial explosions. When the blast is produced
y ignition of a vapour cloud, the TNO Multi-Energy model is widely used. From the curves given by this model, data are fitted to obtain equations

howing the relationship between overpressure, impulse and distance. These equations, referred herein as characteristic curves, can be fitted by
eans of power equations, which depend on explosion energy and charge strength. Characteristic curves allow the determination of overpressure

nd impulse at each distance.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Vapour cloud explosions (VCEs) are serious hazards in refin-
ng and petrochemical industries [1]. Since the 1970s, when
everal devastating vapour cloud explosions occurred, a consid-
rable degree of attention and research effort has been focussed
n this subject [2]. A number of examples of VCE accidents can
e found in the literature [3,4], amongst them the Flixborough
xplosion of June 1, 1974, which was especially destructive.
t was caused by the uncontrolled leakage of about 30 tons of
yclohexane at the Nypro plant in Flixborough, UK. A few min-
tes after the leakage started, the cyclohexane cloud ignited
nd a violent explosion occurred, causing the death of 28 men
nd severe damage to on-site infrastructure [5]. Another seri-

us industrial accident occurred at Beek in The Netherlands
n November 7, 1975, when a violent VCE occurred within
naphta-cracker installation. The explosion resulted in sev-
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ral fatalities, destroyed the installation and resulted in severe
amage to the immediate surroundings with window break-
ge up to 4.5 km from the source [6]. Apart from these two
xamples, many other VCEs have occurred and, unfortunately,
hese types of devastating accidents still happen. Regarding the

agnitude of an explosion, the two most important and danger-
us factors are overpressure and impulse (the latter depending
n overpressure and positive phase time duration), which are
hiefly responsible for injury to humans, and structural and envi-
onmental damage. Table 1 shows some damages for different
verpressures and impulses.

To assess damage, models are necessary to calculate the mag-
itude of an explosion as a function of distance from the centre.
urthermore, with proper safety guidelines, appropriate struc-

ural design and safe distance considerations, blast hazards from
CEs could be reduced to acceptable levels [1].
For vapour cloud explosions, the TNO Multi-Energy model is

ften used to determine overpressure and positive phase duration
ime as a function of distance [7]. Lees [3] makes reference

o this method in his textbook. The Multi-Energy concept is
ased on the observation that the explosive potential of a vapour
loud is primarily determined by the obstructed and/or partially
onfined parts of the cloud [8]. Some data have been obtained and
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Nomenclature

a parameter used in fitted scaled overpressure equa-
tion – Eq. (8)

b exponent of the fitted scaled overpressure equa-
tion – Eq. (8)

c parameter used in fitted scaled impulse equation
– Eq. (9)

c0 sound velocity in air (340 m/s)
d exponent of the fitted scaled impulse equation –

Eq. (9)
Eexp explosion energy (J)
i impulse (Pa s)
i′ scaled impulse (dimensionless)
K constant overpressure value from Eq. (10) (Pa).
Ps side-on overpressure (Pa)
P0 atmospheric pressure (Pa)
P′ scaled overpressure (dimensionless)
R′ scaled distance (dimensionless)
tp positive phase duration time (s)
t′p scaled positive phase duration time (dimension-

less)
z distance to the explosion’s centre (m)

Greek symbols
α parameter used in characteristic equation – Eq.

(11)
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β exponent of the characteristic equation – Eq. (11)

nalysed from explosion experiments [9,10] and several authors
ave proposed methodologies to select the appropriate charge
trength [11–14]. The Multi-Energy model is widely used for
onsequence analysis [15–19], also for domino hazards [20].

This model uses the following parameters:

′ = Ps

P0
(1)
′ = z

(Eexp/P0)1/3 (2)
i
z
w

able 1
amages on humans and buildings produced by different overpressures and impulses

Effect

umans Eardrum rupture Thr
50%

Lung damage Thr
Sev

Lethality (lung haemorrhage) Thr
50%
100

uildings Partially demolished 80%
Moderated damage 25%
Minor damage (repairable) 10%
s Materials A137 (2006) 734–741 735

p = t′p(Eexp/P0)1/3

c0
(3)

= 1/2 Ps tp (4)

here P′ (dimensionless) is the scaled overpressure; Ps (Pa) is
he side-on overpressure; P0 (101 000 Pa) is atmospheric pres-
ure; R′ (dimensionless) is the scaled distance; z (m) is the
istance from the explosion centre; c0 (340 m/s) is sound veloc-
ty in air; i (Pa s) is the wave’s impulse; tp (s) is the positive
hase duration time; t′p (dimensionless) is the scaled positive
hase duration time and Eexp (J) is the explosion energy.

The TNO Multi-Energy model does not solve the relationship
etween impulse and scaled distance. Since this relationship is
ecessary for the aim of this paper, Eqs. (1), (3) and (4) are
ombined to obtain:

= 1/2(P2/3
0 E1/3

exp/c0)P ′ t′p (5)

A new dimensionless parameter called scaled impulse is
efined, as follows:

′ = P ′ t′p (6)

nd from Eq. (5), the following is obtained

′ = 2

[
c0

(P2/3
0 E

1/3
exp)

]
i (7)

howing the relationship between impulse (i) and scaled impulse
i′). From each R′ value (corresponding to each distance), the
caled impulse is calculated (Eq. (6)) using the TNO curves
Fig. 5.8A and C in [7]), and the curves in Fig. 1 are obtained.

. Characteristic overpressure–impulse–distance curves
or VCEs

For every explosion, it is possible to obtain the
verpressure–impulse–distance relationship, called here the
characteristic curve’. Fig. 2 shows, graphically, the char-
cteristic curve, traced from the overpressure–distance and
n [7] and 3, respectively). Distances to the explosion centre (z1,
2,. . ., zn) can also be included to display all the information
ithin the same diagram.

[3]

Ps (Pa) i (Pa s)

eshold 34500 –
103000–138000 –

eshold 83000–103000 16600–21000
ere 255000 51000
eshold 255000–359000 51000–72000

359000–497000 72000–99000
% 497000–690000 99000–138000

35000 13000
28000 11000
12000 6000
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Fig. 1. Scaled impulse versus scaled distance for the Multi-Energy method.

However, it is not necessary to draw overpressure and impulse
rofiles to obtain the characteristic curves, as they can also be

btained analytically. To perform this operation, the relation-
hips P′ versus R′ and i′ versus R′ (from Fig.5.8A [7] and Fig. 1,
espectively) are fitted using power equations. To obtain good

ig. 2. Characteristic curve of an explosion: obtained from overpressure and
mpulse profiles.
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ig. 3. Characteristic curves and iso-distance lines of VCEs with different ener-
ies and a charge strength of 1. Obtained using the TNO Multi-Energy model.

orrelations, each curve is divided into several intervals, that are
elected to optimize the R-squared values (which are considered
y the authors to be good enough when they are higher than
.98). It means that each curve is successively divided into 1, 2,
,. . ., n intervals until all their R-squared values are higher than
.98. These equations have the following general form:

or scaled overpressure : P ′ = a R′b (8)

or scaled impulse : i′ = c R′d (9)

here a, b, c and d depend on charge strength and the selected
nterval. Tables 2 and 3 show the fitted equations for scaled
verpressure scaled impulse, respectively.

. Results and discussions

Depending on the interval and using Eqs. (1) and (7), the
haracteristic equations are obtained from the corresponding
verpressure and impulse equations. They have the following
eneral form:
for the first interval of every charge strength (except strength 10) :

Ps = K (10)
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Table 2
Fitted equations for scaled overpressure from Fig. 5.8A of [7]

Explosion level Interval for R′ a b Interval for R′ a b

1 0.23 ≤ R′ < 0.6 10−2 0 0.6 ≤ R′ ≤ 7 6.40 × 10−3 −0.97
2 0.23 ≤ R′ < 0.7 2 × 10−2 0 0.7 ≤ R′ ≤ 12 1.32 × 10−2 −0.98
3 0.23 ≤ R′ < 0.6 5 × 10−2 0 0.6 ≤ R′ ≤ 30 6.05 × 10−2 −0.99
4 0.23 ≤ R′ < 0.5 10−1 0 0.5 ≤ R′ ≤ 70 6.44 × 10−2 −0.99
5 0.23 ≤ R′ < 0.6 2 × 10−1 0 0.6 ≤ R′ ≤ 90 1.17 × 10−1 −0.99
6 0.23 ≤ R′ < 0.6 5 × 10−1 0 0.6 ≤ R′ ≤ 100 3.01 × 10−1 −1.11
7 0.23 ≤ R′ < 0.5 1 0 0.5 ≤ R′ ≤ 100 4.06 × 10−1 −1.20
8 0.23 ≤ R′ < 0.5 2 0 0.5 ≤ R′ < 1 4.76 × 10−1 −2.08

1 ≤ R′ < 2 4.67 × 10−1 −1.58 2 ≤ R′ ≤ 100 3.18 × 10−1 −1.13
9 0.23 ≤ R′ < 0.35 5 0 0.35 ≤ R′ < 1 4.87 × 10−1 −2.03

1 ≤ R′ < 2 4.67 × 10−1 −1.58 2 ≤ R′ ≤ 100 3.18 × 10−1 −1.13
10 0.23 ≤ R′ < 1 4.41 × 10−1 −2.39 1 ≤ R′ < 2 4.67 × 10−1 −1.58

2 ≤ R′ ≤ 100 3.18 × 10−1 −1.13

Table 3
Fitted equations for scaled impulse from Fig. 1

Explosion level Interval for R′ c d Interval for R’ c d

1 0.23 ≤ R′ < 0.6 4.41 × 10−2 −0.20 0.6 ≤ R′ ≤ 7 2.96 × 10−2 −0.94
2 0.23 ≤ R′ < 0.7 5.22 × 10−2 −0.27 0.7 ≤ R′ ≤ 12 4.03 × 10−2 −1.05
3 0.23 ≤ R′ < 0.6 8.74 × 10−2 −0.20 0.6 ≤ R′ ≤ 30 6.05 × 10−2 −0.99
4 0.23 ≤ R′ < 0.5 1.4 × 10−1 0 0.5 ≤ R′ ≤ 70 6.77 × 10−2 −0.97
5 0.23 ≤ R′ < 0.6 1.25 × 10−1 −0.26 0.6 ≤ R′ ≤ 90 8.46 × 10−2 −1.00
6 0.23 ≤ R′ < 0.8 1.28 × 10−1 −0.45 0.8 ≤ R′ ≤ 100 1.14 × 10−1 −1.03
7 0.23 ≤ R′ < 0.6 1.98 × 10−1 −0.49 0.6 ≤ R′ ≤ 100 1.14 × 10−1 −1. 03
8 0.23 ≤ R′ < 0.6 1.66 × 10−1 −0.90 0.6 ≤ R′ ≤ 100 1.14 × 10−1 −1. 03
9 0.23 ≤ R′ < 0.3 1.11 0.89 0.3 ≤ R′ < 0.4 3.08 × 10−1 −1.08

0.4 ≤ R′ < 0.8 8.08 × 10−2 −2.26 0.8 ≤ R′ ≤ 100 1.14 × 10−1 −1.03
10 0.23 ≤ R′ < 0.3 10.82 1.14 0.3 ≤ R′ < 0.4 3.15 × 10−1 −1.79
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0.4 ≤ R′ < 0.5 1.30 × 10−3

or the remaining intervals : i = α E1/3
exp Pβ

s (11)

here α and β depend on the selected interval and charge
trength. Table 4 shows the constant K values from Eq.
10), while α and β values (from Eq. (11)) are shown in

able 5.

It can be deduced from Eq. (11) that, for each interval, the
elationship between overpressure and impulse depends only
n released energy Eexp and charge strength. The greater the

able 4
-values for Eq. (10)

xplosion level Interval for R′ K (Pa)

0.23 ≤ R′ < 0.6 1013
0.23 ≤ R′ < 0.7 2030
0.23 ≤ R′ < 0.6 5070
0.23 ≤ R′ < 0.5 10130
0.23 ≤ R′ < 0.6 20260
0.23 ≤ R′ < 0.6 50650
0.23 ≤ R′ < 0.5 101300
0.23 ≤ R′ < 0.5 202600
0.23 ≤ R′ < 0.35 506500

l
c
c
e
o
E

P

s

i

t

7.52 0.5 ≤ R′ ≤ 100 1.14 × 10−1 −1.03

xplosion energy for the same charge strength, the higher the
mpulse for the same overpressure. It can also be deduced from
he characteristic equations that parameter β, which is the slope
f the characteristic curve in a log–log diagram, is constant for
ach interval. This means that characteristic curves are parallel
ines whose position depends on explosion energy. If the points
orresponding to the same distance on different characteristic
urves are joined, iso-distance lines are obtained. To obtain the
quations of these iso-distance lines for each interval, the fitted
verpressure equation for that interval is taken (Eq. (8)). From
qs. (1) and (2), we have:

s = a P0

[
z

(Eexp/P0)1/3

]
b (12)

Finding E
1/3
exp from Eq. (12) and substituting it into the corre-

ponding characteristic equation, we have:(
a P

)1/b
= α P
1/3
0

0

Ps

z Pβ
s (13)

If the distance z is set at a constant value, the rela-
ionship between overpressure and impulse for that distance
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Table 5
�- and �-values for Eq. (11)

Explosion level Interval for R′ α β

1 0.6 ≤ R′ ≤ 7 1.76 × 10−4 0.97
2 0.7 ≤ R′ ≤ 12 5.76 × 10−5 1.07
3 0.6 ≤ R′ ≤ 30 5.24 × 10−5 1.02
4 0.5 ≤ R′ ≤ 70 3.96 × 10−5 0.98
5 0.6 ≤ R′ ≤ 90 2.07 × 10−5 1.01 Interval for R′ α β

6 0.6 ≤ R′ < 0.8 1.14 × 10−1 −1.03 0.8 ≤ R′ ≤ 100 2.51 × 10−5 0.93
7 0.5 ≤ R′ < 0.6 8.24 × 10−3 0.41 0.6 ≤ R′ ≤ 100 3.99 × 10−5 0.86
8 0.5 ≤ R′ < 0.6 4.60 × 10−3 0.43 0.6 ≤ R′ < 1 1.59 × 10−3 0.50

1 ≤ R′ < 2 3.26 × 10−4 0.65 2 ≤ R′ ≤ 100 2.83 × 10−5 0.91
9 0.35 ≤ R′ < 0.4 3.13 × 10−3 0.53 0.4 ≤ R′ < 0.8 1.54 × 10−6 1.11

0.8 ≤ R′ < 1 1.51 × 10−3 0.51 1 ≤ R′ < 2 3.26 × 10−4 0.65
2 ≤ R′ ≤ 100 2.83 × 10−5 0.91

10 0.23 ≤ R′ < 0.3 5.71 × 103 −0.48 0.3 ≤ R′ < 0.4 3.31 × 10−4 0.75
0.4 ≤ R′ < 0.5 9.70 × 10−18 3.15 0.5 ≤ R′ < 1 3.61 × 10−3 0.43
1 ≤ R′ < 2 3.26 × 10−4 0.65 2 ≤ R′ < 100 2.83 × 10−5 0.91

i
i
v
u
t

F
g

g
s obtained, which is the iso-distance equation. Introduc-

ng the constant values (a, b, α and β) for each inter-
al, plotting the characteristic curves for different Eexp val-
es (black lines) in the same diagram and tracing the lines
hat join the same distances (iso-distances, represented by

ig. 4. Characteristic curves and iso-distance lines of VCEs with different ener-
ies and a charge strength of 2. Obtained using the TNO Multi-Energy model.

e
p
t
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F
g

rey lines), the curves in Figs. 3–12 are obtained (one for
ach charge strength). These plots allow a quick and sim-

le determination of overpressure and impulse at each dis-
ance for an explosion whose energy and charge strength are
nown.

ig. 5. Characteristic curves and iso-distance lines of VCEs with different ener-
ies and a charge strength of 3. Obtained using the TNO Multi-Energy model.
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Fig. 6. Characteristic curves and iso-distance lines of VCEs with different ener-
gies and a charge strength of 4. Obtained using the TNO Multi-Energy model.

Fig. 7. Characteristic curves and iso-distance lines of VCEs with different ener-
gies and a charge strength of 5. Obtained using the TNO Multi-Energy model.

Fig. 8. Characteristic curves and iso-distance lines of VCEs with different ener-
gies and a charge strength of 6. Obtained using the TNO Multi-Energy model.

Fig. 9. Characteristic curves and iso-distance lines of VCEs with different ener-
gies and a charge strength of 7. Obtained using the TNO Multi-Energy model.
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Fig. 10. Characteristic curves and iso-distance lines of VCEs with different
energies and a charge strength of 8. Obtained using the TNO Multi-Energy
model.

Fig. 11. Characteristic curves and iso-distance lines of VCEs with different
energies and a charge strength of 9. Obtained using the TNO Multi-Energy
model.
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ig. 12. Characteristic curves and iso-distance lines of VCEs with different
nergies and a charge strength of 10. Obtained using the TNO Multi-Energy
odel.

. Conclusions

In an industrial accident caused by ignition of a vapour cloud,
he TNO Multi-Energy model is often used to calculate overpres-
ure and positive phase duration time from the released energy,
nd setting the explosion strength depending on the fuel involved
nd surrounding characteristics. From the model, the relation-
hips between overpressure and impulse are obtained, depending
n the explosion energy. Here, they are referred to as charac-
eristic curves and, if represented in the same diagram, allow
he determination of overpressure and impulse at each distance.
sing characteristic curves simplifies the approach, as both
verpressure and impulse can be determined in one step, avoid-
ng any calculation of scaled magnitudes. This model, based on
haracteristic curves, allows an overview of the evolution and
elationship of all variables involved in vapour cloud explosions.
n summary, using this new methodology, simulation of explo-
ions is simpler and faster.
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