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Past accidents have demonstrated that vapor cloud explo-
sions (VCEs) are the most severe threat to refining and petro-
chemical industries. In order to estimate the air blast parame-
ters at any given distance from a possible explosion source, a
variety of prediction methods have been developed. A brief
description of these prediction methods is first  presented. Then,
the focus of this paper is on an engineering method based on
blast curves, which is the most frequently used pre d i c t i o n
m e t h o d .

Knowledge of blast effects from vapor cloud explosions has
g reatly improved due to the efforts of investigators in many
countries during the last three decades; however, blast curves
have not been reexamined. One of the aims of this paper is to
p resent a new set of blast curves which have been validated with
available experimental results and analytical solutions.  Anoth-
er aim is to present a comprehensive set of blast curves includ-
ing blast parameters for both positive and negative phases.

The new blast curves, which are a modification of the Baker-
S t rehlow curves, improve the prediction for detonations and
supersonic deflagrations as well as for subsonic flames. By
changing the slope of the blast pre s s u re versus distance curve,
the overly conservative blast pre s s u re predictions by the pre v i o u s
B a k e r- S t rehlow curves at large standoff distances for detona-
tions and supersonic deflagrations are reduced. By clarifying
the labeling of the flame Mach number for each blast curve, the
overly conservative pre s s u re and impulse preditions for subson-
ic flames are also avoided.

The new blast curves have been validated against VCE
experiments including detonations, fast deflagrations, and slow
deflagrations. Particular attention was given to large scale
deflagration experiments, which became available only re c e n t-
ly. Good agreement is shown between the new blast curves and
the experimental blast data for vapor cloud detonations and
subsonic deflagrations. For supersonic deflagrations, the blast
curve predictions are overly conservative in that blast pre s s u re
decays more rapidly with distance in experiments than the cal-
culated curves.

I N T RO D U C T I O N
Since the Flixborough disaster, which occurred in

June, 1974, it has been realized that the most severe
t h reat to chemical and petrochemical industries is the

hazard of vapor cloud explosions, which have been
the predominant causes of the largest losses in these
industries [1]. Unfortunately, these types of devastat-
ing accidents still occur. The focus of this paper is on
the prediction of blast effects from vapor cloud explo-
sions because the air blast parameters at any given
distance from a possible explosion source must be
estimated in order to evaluate the risk associated with
a given installation or activity. Furtherm o re, with
p roper safety guidelines, appropriate structural design
and safe distancing considerations, blast hazards fro m
vapor cloud explosions may be reduced to acceptable
levels.

VAPOR CLOUD EXPLOSION BLAST PREDICTION METHODS 
Blast prediction methods for vapor cloud explo-

sions (VCEs) may be grouped into three types of cate-
gories according to their nature and complexity.

TNT Equivalence Method
It had been common practice for many years to com-

p a re the air blast effects of a VCE with the blast from a
TNT charge. The available combustion energy in the
vapor cloud is converted into an equivalent charg e
weight of TNT. This approach was attractive since the
blast effects of TNT as a function of distance from the
explosion source are well known. However, case stud-
ies revealed that there is almost no correlation between
the amount of fuel involved in a VCE and the total
quantity of fuel released and/or the yield. Reported
yield factors generally range from 0.1 to 10% with the
majority less than 1 to 2% according to accident investi-
gations; a limited number of higher yield values have
been reported. Various institutions have re c o m m e n d e d
markedly diff e rent of yield factor [2] values. A portion of
this spread in yield factor values is due to uncertanties
in the amount of fuel released. In addition, some inves-
tigators have developed yield factors based on the total
amount of fuel released, whereas others have used only
that in the flammable range or even a portion of the
flammable range (i.e. that assumed to be capable of
supporting an explosion). However, a significant por-
tion of the spread in yield factor values is due to diff e r-
ences in the vapor cloud combustion mode. The major
drawback of the TNT equivalence method is that the
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blast yield is only associated with the amount of fuel
involved and not the combustion mode.

It is now well understood that blast effects fro m
vapor cloud explosions are determined not only by the
amount of fuel burned, but more importantly by the
combustion mode of the cloud. A wide spectrum of
flame speeds may result from flame acceleration under
various confinement and congestion conditions in
industrial environments. In energy scaled coordinates,
the TNT blast re p resents a single curve, whereas the
blast waves generated by vapor cloud explosions are
re p resented by a family of curves corresponding to vari-
ous cloud combustion modes. Furtherm o re, there are
dramatic diff e rences between explosions involving
vapor clouds and high explosives at close distances; for
the same amount of energy, the high explosive blast
o v e r p re s s u re is much higher and the blast impulse is
much lower than that from a VCE [3]. 

Since control rooms and other blast resistant struc-
t u res on plant sites are usually located close to potential
explosions, we strongly recommend that the TNT
equivalence method not be used for close-in VCEs blast
load predictions. However, the TNT equivalence
method is reasonable for far-field predictions of VCE
o v e r p re s s u re except for very low flame speeds. Impuls-
es from TNT blast curves are generally over- p redicted in
the far field.

Methods Based on Blast Curves
The use of a gas charge explosion to replace the TNT

c h a rge detonation has greatly improved the accuracy of
VCE blast predictions. One-dimensional numerical stud-
ies of gas change explosions were carried out by several
g roups of re s e a rchers using diff e rent numerical tech-
niques, which resulted in several sets of blast curves.
Among these, the most frequently used and widely
accepted are the Baker- S t rehlow [4] blast curves for
spherical free air explosions and TNO [5] blast curves
for hemispherical explosions.

The Baker- S t rehlow curves provide positive pre s s u re
and impulse as a function of distance. The pre s s u re ,
impulse and distance are non-dimensionalized u s i n g
Sach’s scaling law as follows:

W h e re p0 i s atmospheric pre s s u re ;
a0 is acoustic velocity at ambient 

c o n d i t i o n s ;
p is absolute peak pre s s u re ;
R i s s t a n d - o ff distance;
Et is total energy release from the

explosion sourc e ;
i is specific impulse.

Both overpre s s u re and impulse versus distance
relations are presented as a famies of curves, with the
flame speed diffentiating the curves within each fami-
ly. In the non-dimensional form, flame speed is the
only factor to determine the blast pre s s u re and
impulse at a given distance. A vapor cloud detonation
is, of course, the worst case and produces the most

severe blast effects. 
The TNO curves consist of positive pre s s u re and

time duration as functions of distance. The parameters
w e re also non-dimensionalized using Sach’s scaling
law with pre s s u re and distance as defined above, and
the positive phase duration as follows:

w h e re tt is the time duration of the positive phase.
Each curve in the TNO blast curve set is labeled by
the initial explosion strength, ranging from 1 to 10,
with 10 re p resenting the worst case of a vapor cloud
detonation. 

In both Baker- S t rehlow and TNO methods, the
s o u rce energy is defined by a stoichiometric fuel/air
m i x t u re located within the confined and/or congested
region. The flame speed or initial explosion stre n g t h
is determined by empirical approaches based on the
d e g ree of confinement and obstruction within the
s o u rce region as well as the distance available for
flame acceleration [6-7]. As discussed above, one-
dimensional numerical curves based on gas charg e s
p rovide a better re p resentation of VCE blast parame-
ters than the TNT equivalence method. However, the
one-dimensional curves are idealized symmetric re p-
resentations that cannot describe the impact of non-
symmetric vapor cloud shape, the location of turbu-
lence generating obstacles, or the ignition location.
Nevertheless, by simplifying real world scenarios,
blast curve methods are still most frequently used as
the engineering tool.

The Detailed Numerical Simulations 
The application of three-dimensional numerical

simulation based on computational fluid dynamics
(CFD) to model vapor cloud explosions has devel-
oped rapidly during recent years. This approach has
the potential of providing higher accuracy and directly
a d d ressing the details of real world scenarios without
drastic simplifications; as a result, the empirical deter-
mination of the flame speed can be avoided. Howev-
e r, there are still significant difficulties in establishing
combustion models capable of accurately representing
the flame and flow field turbulence interactions in
order to correctly simulate the flame acceleration
process.

As a result of several intensive re s e a rch pro g r a m s ,
CFD codes are being developed and improved. How-
e v e r, the accuracy of a CFD simulation is limited by
the accuracy of the numerical method and the under-
lying physical sub-models. Experimental validation is
critical because the model employed to simulate the
positive feedback loop for turbulent combustion re l y
to a great extent on empirical coefficients. There f o re ,
the application of any computer code for the detailed
numerical VCE modeling should be limited to the type
of problems for which the code has been validated by
experiments. Also, a number of variables, such as grid
and time resolution, have significant effects on the
results, hence a high level of user expertise is
required. It should also be noted that this type of sim-

236  Winter 1999 Process Safety Progress (Vol.18, No.4)

P = p – p0

p0
i = ia0

Et
1/3p0

2 /3 R = R
( Et / p0 )1/3

P = p – po

po
R = R

( Et /po )1/3 t+ = t+a0

( E/ p0 )1/3



Process Safety Progress (Vol.18, No.3) Winter 1999  237

ulation may also re q u i re a significant amount of time
to setup and execute: this is particularly re l e v a n t
where a number of scenarios must be investigated.

I M P ROVEMENTS TO THE BA K E R - S T R E H L OW BLAST CURVES 
As discussed above, although detailed numerical

methods are being developed, there is still a gre a t
need for less complex approaches which can be used
on a routine basis to predict VCE blast effects for a
l a rge number of scenarios. The type of detailed infor-
mation re q u i red for CFD modeling may not be avail-
able. Furtherm o re, the requisite experimental valida-
tion is not available for many cases. More o v e r, blast
curve methods are comparatively cost effective and
easy to use. Therefore, concurrent with promoting the
development of sophisticated CFD numerical simula-
tions, ef forts have been undertaken by WBE to
improve the one-dimensional blast curves.

Two basic improvements have been made to the
B a k e r- S t rehlow blast curves. The first is a change in
the slope of blast pressure decay curve that resulted in
a considerable reduction of the predicted blast pre s-
s u re at large standoff distances for supersonic flames.
The other is a clarification in the labeling of the indi-
vidual blast curves that resulted in a nearly two-fold
decrease of blast pressure and impulse at all distances
for subsonic flames. Here, the terms “supersonic” and
“subsonic” refer to the flame Mach numbers with
respect to the ambient sound velocity. 

The comparison of the blast curves obtained by sev-
eral numerical methods showed that the Baker-
S t rehlow supersonic curves decay too slowly in the far
field and depart significantly from the other curves [8-9]
in this range. Actually, the numerical calculation associ-
ated with the original Baker- S t rehlow curve was only
carried out to scaled distance of about two and was
extrapolated to ten. The TNO curves give higher blast
p re s s u res at close distances, but decay more rapidly to
p rovide the lowest blast pre s s u res at medium and far
distances. 

The new blast curves were obtained by optimizing
the numerical calculations. They are denoted as the
B a k e r- S t re h l o w - Tang blast curves in order to distin-
guish them from the previous Baker- S t rehlow curves.
The Baker- S t re h l o w - Tang curves are similar to other
numerical results, but still conservative in that a com-
paratively slow blast wave decay is maintained.

The other improvement in the Baker- S t re h l o w -
Tang curves relative to the Baker- S t rehlow curves is
the labeling of each blast curve. The previous Baker-
S t rehlow curves were labeled by Mw, which refers to
the velocity of heat addition in the numerical calcula-
tions in a Lagrangian coordinate system. However, the
flame speed, M f, measured in experiments is the
velocity relative to a fixed observer (i.e., the velocity
in an Eulerian coordinate system). As a consequence,
a misuse of the blast curve often occurs due to the
m i s i n t e r p retation of the flame Mach numbers. Nearly
twice of the blast overpre s s u re is predicted when an
empir ical flame speed is used to select the blast
curves for subsonic flames labeled according to Mw.

The blast curves obtained by one-dimensional

numerical calculations, such as the Baker- S t re h l o w
and TNO curves, were published in 1970’s and have
since been frequently used in a variety of plant safety
applications. However, since systematic experimental
data became available only in recently years, they
have not been validated by experiments. As part of
this work, the Baker- S t re h l o w - Tang curves were vali-
dated by experiments. The validation was carried out
in three diff e rent combustion mode regimes: vapor
cloud detonation, supersonic deflagration and subson-
ic deflagration. The primary sources of experimental
data for VCE detonation are the publications by
B rossard et al. [10] and the empirical equations sum-
marized by Dorofeev [11]. The experimental data used
in the comparison for supersonic and subsonic vapor
cloud deflagrations were taken from the MERGE
(Modeling and Experimental Research into Gas Explo-
sions) [12] and EMERGE (Extended Modeling and
Experimental Research into Gas Explosions) [13] sum-
mary reports. The validation comparisons were pre-
sented in previous papers [9, 14] and are omitted here
for the sake of brevity.

R E L ATIONSHIP BETWEEN FLAME VELOCITIES 
The following relationship between Ms u and Mf i s

derived from the mass conservation for low flame
velocities:

where Mf is apparent flame Mach number 
relative to a fixed observer 
(flame speed)

Msu is flame Mach number relative to the
moving gas ahead of the flame
(burning velocity;

ρb are gas densities behind (burnt)
ρu and ahead of the flame 

unburnt), respectively;

The Mach number, Mw, refers to the Lagrangian
velocity of the heat addition in numerical calculations
and a correction factor to relate Mw and Ms u w a s
derived by Stehlow and Luckritz [4] is given below:

Thus, the relation between Mw and Mf is:

The above relations are invalid when Mf a p p ro a c h e s
unity. For supersonic flames, Mf = Mw. For near sonic
flames, the relationship between Mf and Mw was estab-
lished by using the approximate equation for the appar-
ent flame Mach number and the overpre s s u re at the
flame front. Assuming an expansion ratio, α = (ρb /ρu) of
7 for stoichiometric mixtures of commonly used hydro-
carbon - air mixtures and a specific heat ratio of 1.4
(ambient air), this equation can be written as:

M f = ( u / b)M su

Msu = ( b / u )2/3 Mw

M f = ( u / b)
1/3 M w

pmax – p0

p0
= 2.4

M f
2

1 + M f

(1)

(2)

(3)



w h e re pm a x is the maximum pre s s u re at the flame
f ront. Although the above equation was derived fro m
acoustic theory [15], comparison with experimental
m e a s u rements shows that it is valid for a wide range
of flame speeds [16]. The pro c e d u re employed was to
d e t e rmine the maximum overpre s s u re for a range of
Mw values of by numerical calculations. Then, Mf w a s
calculated for a given pm a x using equation (3). The
p revious Baker- S t rehlow curves were labeled by Mw
while the new Baker- S t re h l o w - Tang curves are
labeled by Mf. Table 1 presents the re l a t i o n s h i p s
among Mw, Mf and the scaled value of pmax.

P R E S E N TATION OF THE BA K E R - S T R E H L OW- TANG CURV E S
The families of blast curves for the positive and

negative overpre s s u re, positive and negative impulse,
arrival time of the shock front and the maximum parti-
cle velocity versus distance for a spectrum of flame
Mach numbers are presented in Figures 1 - 6. The
blast curves for negative phase parameters are includ-
ed in this presentation due to the importance of nega-
tive phase blast loading on structure response. A brief
discussion of the blast curves characteristics in diff e r-
ent flame speed regimes is presented in the following
sections:

Detonation and Fast Deflagrations
As can be seen from Figures 1 and 2, the overpre s-

s u re versus distance curves merge into a single curve

for various flame speeds in the supersonic regime for
locations outside the vapor cloud. The overpre s s u re s
inside the vapor cloud are nearly uniform and the
p re s s u re increases with the flame speed for positive
o v e r p re s s u re. As can be seen by comparing Figures 1
and 2 the negative overpre s s u re (absolute value)
never exceeds the positive overpre s s u re for superson-
ic flames. This generalization does not hold true for
subsonic flames.

The impulse versus distance curves for the super-
sonic regime also merge outside the cloud, as shown
in Figures 3 and 4. The highest flame speed (detona-
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TABLE 1. Mf and Mw Relations

Mw Mf Pmax

0.037 0.07 0.010

0.074 0.12 0.028

0.125 0.19 0.070

0.250 0.35 0.218

0.500 0.70 0.680

0.750 1.00 1.240

1.000 1.40 2.000

FIGURE 1. Positive Overpressure vs. Distance for Various
Flame Speeds

FIGURE 2. Negative Overpressure vs. Distance for Various
Flame Speeds

FIGURE 4. Negative Impulse vs. Distance for Various
Flame Speeds

FIGURE 3. Positive Impulse vs. Distance for Various Flame
Speeds
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tion with Mf = 5.2) generated the lowest positive
impulse inside the cloud. The negative impulse versus
distance curves for various flame speeds in the super-
sonic regime merge at all distances. The magnitude of
the negative impulse is comparable with that of the
positive impulse for locations outside the combustion
zone (about R/(EPo)1/3 > 0.4). 

Good agreement between numerical calculations
and experimental measurements was achieved for the
detonation mode [ 9,14], as expected. In the detona-
tion experiments, a strong ignition at the cloud center
was applied which resulted in a detonation involving
the entire cloud. In the numerical calculations, con-
stant flame propagation at the maximum flame speed
is assumed, which provides a good simulation of the
detonation experiments. 

Although the detonation combustion mode, which
p roduces the most severe damage, is extre m e l y
unlikely to occur, fast deflagrations of the cloud can
result from flame acceleration under confined and
congested conditions in industrial environments. A
comparison was made between the EMERGE experi-
mental data and the Baker- S t re h l o w - Tang blast pre s-
s u res in the supersonic deflagration regime [14]. The
decay of the experimental blast pre s s u res is much
faster than the calculations in this regime. This may be

explained by the fact that a constant flame speed at
the maximum value was used in the calculations,
w h e reas in the experiments a large portion of the
cloud burned at very low velocities before the flame
accelerated to the maximum speed. There f o re, the
fraction of the source energy released at a rate suff i-
ciently high to support the shock wave is much less in
the experiments than in the calculations. This arg u-
ment is supported by the fact that the deviation of
experimental data from the calculated blast curve is
more pronounced for less reactive mixtures, for which
flame acceleration is slower than with more re a c t i v e
fuels.

Sonic Deflagrations
For a VCE with a flame Mach number close to

unity, the overpre s s u recurves merge into a single
curve outside the vapor cloud, the magnitude of
which is only marginally below the supersonic curve
(see Figure 1). This can be explained by the shock
f o rmation due to a piston moving at subsonic speed.
In fact, the blast waves produced by sonic flames
have the features of a shock wave that decays faster
than the acoustic waves generated by subsonic
flames. The comparison of the blast curves with
experimental data in the sonic regime is similar to that
in supersonic regime. The decay of the experimental
p re s s u res is also much faster than the calculations in
this regime.

Subsonic Deflagrations
Unlike the blast waves generated by supersonic

and sonic flames the pre s s u re versus distance curves
p roduced by slow subsonic flames do not merge. The
flame propagation speed has a significant influence
on the blast parameters both inside and outside the
s o u rce volume. The fact that the blast curves for vari-
ous flame speeds are nearly parallel indicates that the
blast waves produced by slow subsonic flames (Mf
less than 0.7 or Mw less than 0.5) follow the acoustic
decay law and the decay rate is not influenced by the
flame speed. 

Good agreement was found between the numerical
results, analytical solution by acoustic theory, and
experimental data in the subsonic regime. According
to the acoustic solution, the overpre s s u re is inversely
p roportional to the distance. Thus, the inverse-radius
law, can be used to extend the blast curves to far dis-
tances. 

C O N C L U S I O N S
A newly developed set of VCE blast curves pro-

vides an improved re p resentation of blast parameters
in both the positive and negative phases. Labeling of
the curves has been modifed to allow direct use of
empirical flame speed data to select a blast curve. Val-
idation against VCE experiments has shown good
a g reement in the supersonic and subsonic re g i m e s ,
and conservative predictions in the sonic deflagration
regime.

FIGURE 5. Arrival Time vs. Distance for Various Flame
Speeds

FIGURE 6. Maximum Particle Velocity vs. Distance for
Various Flame Speeds
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