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Question 3.a
Figure 1 shows a picture of an enclosure containing a fuel-cell stack. The stack is operated by continuous

stream of hydrogen and air. There is a concern that the continuous hydrogen stream may leak into the

enclosure to form a combustible mixture. The dimensions of the enclosure are 0.7m by 0.8m by 1m. And

the concern is that 5 to 15 grams of hydrogen might mix with the air contained by the enclosure.

effect only in the first sampling period (0.2e2.2 s) significant

hydrogen concentrations were measured close to the lower

vent opening of the enclosure (STC7). In most of the other

sampling positions in- and outside the enclosure model the

highest hydrogen concentrations were measured in the two

sampling periods between 2.0 and 6.0 s, and in most of the

experiments the highest concentrations inside the enclosure

were measured by the STCs 3 and 8, located close to the rear

and front wall. The concentrations in the centre of the grid

cube (STC6) and in the centre of the enclosure (STC4) were

lower. Compared to case 1a the distribution inside the enclo-

sure is more homogeneous in all other cases, and compared to

case 1a a faster transport of the released hydrogen to the

outside of the enclosure was observed in the cases 1b (active

venting) and 3 (additional chimney). H2-concentrations above

the flame acceleration limit were detected 30 s after its injec-

tion in the additional STC-position 700 shortly below the centre

of the lid of the enclosure in the cases 1a and 2, while consid-

erably lower H2-concentrations were found after the same

time for case 1b (7 vol.%) and especially for case 3 (5 vol.%).

3.1.2. High obstruction (layout 2)
In the experiments with layout 2 the chimney effect described

above was not observed, and compared to the experiments

with layout 1 only small H2-concentrations were measured

outside the enclosure. Inside it an inhomogeneous mixture

distribution with very high hydrogen concentrations close to

the walls and beneath the top was observed.

Table 1 summarises the release rates leading to local

H2-concentrations above the flammability (4 vol.%H2) and the

Fig. 3 e Photo of the enclosure with sampling positions in the distribution experiments (layout 1, left) and sketch of the

ignition and sensor positions used in the combustion experiments (right).

Table 1 e Release rates leading to H2-concentrations higher than 4, 10, and close to 30 vol.% in- and outside the enclosure
model (Release time: 1 s).

H2-conc. inside model [vol.%] H2-conc. outside model [vol.%]

>4 >10 w30 >4 >10 w30

Layout 1 (Low Obstruction)

Case Release rates [g H2/s] Release rates [g H2/s]

1a �1.5 �5 15 �3 �10 e

1b �3 �4 15 �3 �5 15

2 �3 �5 15 �3 �6 e

3 �3 �4 15 �3a �4a 15a

Layout 2 (High Obstruction)

Case Release rates [g H2/s] Release rates [g H2/s]

1a �1.5 �3 �6 �4 10 e

1b �1.5 �3 �6 �6 e e

a in additional position 20 above chimney.

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 6 ( 2 0 1 1 ) 2 6 7 8e2 6 8 7 2681

Figure 1: Enclosure containing a fuel-cell stack.

From: Friedrich A., Veser A., Stern G., and Kotchourko N. Hyper experiments on

catastrophic hydrogen releases inside a fuel cell enclosure. International Journal of

Hydrogen Energy, 36:2678-2687, 2011.



Question 3.a
THE QUESTION

When 5 to 15 grams of hydrogen would mix with the air in the enclosure would like to know which amounts

would cause the combustion to remain in the deflagration or pose a detonation risk. Apply your knowledge

of flammability and detonation limits to calculate the amount of hydrogen below which combustion can

only occur in the deflagration mode, and, beyond which detonation may occur.

• Flammability limits hydrogen-air mixtures at 298.15 K and 1 bar: 4 vol% - 75 vol% H2 in air.

• Detonation limits hydrogen-air mixtures at 298.15 K and 1 bar: 18 vol% - 59 vol% H2 in air.

Volume of the enclosure is V =0.56 m3; so it contains 0.56 m3 air.

Volume occupied by hydrogen can be computed from the ideal gas law: pVH2 = nH2RT .

Hydrogen concentration:
mH2 [10−3 g] 5 5.5 6 6.5 7 7.5 8 8.5 9 9.5 10 10.5 11 11.5 12 12.5 13 13.5 14 14.5 15

nH2 [moles] 2.5 2.753.0 3.253.5 3.754.0 4.25 4.5 4.75 5.0 5.25 5.5 5.75 6.0 6.25 6.5 6.75 7.0 7.25 7.5

VH2 [10−3m3] 62.068.274.480.686.893.099.2105.3111.5117.7123.9130.1136.3142.5148.7154.9161.1167.3173.5179.7185.9

VH2/V [%] 11.112.213.314.415.516.617.718.8 19.9 21.0 22.1 23.2 24.3 25.5 26.6 27.7 28.8 29.9 31.0 32.1 33.2

LDL = 18% = VH2/V =⇒ VH2 = 0.1008m3 =⇒ mH2 = 8.13g



Question 3.a
FLAMMABILITY LIMITS; CONFINED AND UNCONFINED DETONATION LIM-
ITS OF HYDROGEN AND OTHER FUELS

Detonation limits (vol %) of confined and unconfined mixtures and flammability limits

(vol %) in oxygen and air (after Grossel (2002) [1], Kuo (2005) [2], and Nettleton (1987) [3]).
Fuel Confined Confined Unconfined Unconfined Flammability Flammability

detonation limit detonation limit detonation limit detonation limit limit limit
O2 air O2 air O2 air

lower upper lower upper lower upper lower upper lower upper lower upper
H2 15.0 90.0 18.3 58.9 4.0 95.0 4.0 75.0
CH4 5.7 14 5.3 15
C2H6 3.60 46.4 2.87 12.20 11.0 39.0 4.0 9.2 3.0 66.0 3.0 12.4
C3H8 2.50 42.5 2.57 7.37 7.0 31.0 3.0 7.0 2.1 9.5
nC4H10 2.05 38.0 1.98 6.18 2.5 5.2 1.8 8.4
nC8H18 1.55 17.3 1.45 2.85 0.95
C2H4 4.10 60.0 3.32 14.70 9.2 51.0 2.9 80.0 2.7 36.0
C3H6 2.50 50.0 3.55 10.40 6.7 37.0 3.5 8.5 2.1 53.0 2.4 11.0
C2H2 2.90 88.8 4.20 50.0 6.7 68.0 2.5 80.0
CH3OH 9.50 64.5 6.7 36.0
C2H5OH 5.1 9.8 3.3 19.0
C2H5OC2H5 2.6 >40 2.8 4.5 14.7 29.0 2.0 82.0 1.9 36.0
gasoline 1.1 3.3 1.4 7.6
CO 38.0 90.0 15.5 93.3
NH3 25.4 75.0 13.5 79
C6H6 1.55 36.0 1.60 5.55 1.3 7.9
xylene 1.05 26.5 1.1 6.4
CH3COCH3 3.3 40.0 2.6 13.0



Detonation cell size λ; sustained detonation possible when geometry > 7λ; (7λ-rule)



Run-up distance for deflagration-to-detonation-transition

flame
front
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From: Dahoe A.E. Lecture Notes on Explosions. Delft University of Technology. 1997.



Question 3.b
THE QUESTION

What is the Rankine-Hugoniot diagram? Describe the features of this diagram i.e. derive expressions for

Hugoniot curve, the Rayleigh lines, the detonation and deflagration branches and the Chapman-Jouget

points. Using the Rankine-Hugoniot diagram point out the differences between deflagrations and detona-

tions, and, explain why detonations are more dangerous than deflagrations.
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shock wave

ṁ = ρ0v0

p0, h0, ρ0, v0

ṁ = ρ∞v∞

p∞, h∞, ρ∞, v∞

Figure 3: Left: Hugoniot-diagram. Right: Change of properties across a combustion

wave.



Question 3.b

shock wave

ṁ = ρ0v0

p0, h0, ρ0, v0

ṁ = ρ∞v∞

p∞, h∞, ρ∞, v∞

Figure 4: Change of properties across a

shock wave.

The Hugoniot relations are:

ρ0v0 = ρ∞v∞ ≡ ṁ (1)

p0 + ρ0v
2
0 = p∞ + ρ∞v

2
∞ (2)

ρ0v0h0 + ρ0
v3

0

2
= ρ∞v∞h∞ + ρ∞

v3
∞
2

(3)

• Relationships exist between the variables on

the two sides of a shock wave. These are

known as the Hugoniot relations.

• The Hugoniot relations establish the connec-

tion between eight quantities: four variables

on the left (low pressure) side of the shock

wave (p0, h0, ρ0, v0) and four variables on the

right (high pressure) side (p∞, h∞, ρ∞, v∞).

• These variables are the solution to the inviscid

conservation equations for mass, momentum,

and energy for waves in a steady, constant

area flow.

• There are three Hugoniot relations connect-

ing eight quantities (four on either side of the

shock wave).



THE RANKINE-HUGONIOT RELATION Question 3.b
Equations (1) to (3) may be combined into the Rankine-Hugoniot relation

γ − 1

γ

(
p∞
ρ∞
− p0

ρ0

)
− p∞ − p0

2

(
1

ρ∞
+

1

ρ0

)
= −(h∞ − h1) (4)

The difference between a detonation and the shock in an inert gas is in the form of h∞.

In a shock the chemical composition remains unchanged, whereas in a detonation the chemical composition

changes so that energy is released. Chemical equilibrium is attained after the gas passes through the wave.

• A plot of p∞ versus 1/ρ∞ for a given value of

(p0, 1/ρ0) and the heat release −(h∞− h1) is

called the Hugoniot curve.

• The Hugoniot curve is the locus of all possi-

ble solutions of equations (1) to (3), or equiv-

alently, equation (4).

• The point (p0, 1/ρ0) is called the origin of the

Hugoniot plot.

• There are two Chapman-Jouget points. They

arise from drawing tangents to the Hugoniot

curve through the origin of the Hugoniot plot

(p0, 1/ρ0).
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Figure 5: The Hugoniot-diagram.



THE RAYLEIGH-LINE RELATION Question 3.b
Equations (1) and (2) may be combined into the Rayleigh-line relation

ρ2
0v

2
0 =

p∞ − p0

1/ρ0 − 1/ρ∞
≡ ṁ2 (5)

The Rayleigh-line relation is a criterion to identify regimes within the Hugoniot curve where deflagration

and detonation are possible.

• Region I, strong detonation regime.

• Region II, weak detonation regime.

• Region III, weak deflagration regime.

• Region IV, strong deflagration regime.

• In region V, it is seen that 1/ρ0 − 1/ρ∞ <

0 and in p0 − p∞ > 0. The Rayleigh-line

relation implies imaginary values for v0 (i.e.

impossible for deflagration or detonation to

exist).
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Figure 6: The Hugoniot-diagram.



DEFLAGRATION AND DETONATION WAVES Question 3.b

Deflagrations are subsonic combustion waves:

• Typical deflagrations propagate at speeds on the order of 1-100 m s−1.

• Across a deflagration, the pressure decreases while the volume increases: p∞ < p0 and 1/ρ∞ > 1/ρ0.

• For deflagrations, the structure of the wave, and, turbulent and diffusive processes, determine the

propagation speed.

Detonations are supersonic combustion waves:

• Typical detonation waves propagate at a velocity in the order of 2000 m s−1.

• Across a detonation, the pressure increases while the volume decreases: p∞ > p0 and 1/ρ∞ < 1/ρ0.

• For detonations in stoichiometric hydrogen and hydrocarbon fuel-air mixtures: p∞/p0 = 15− 20. For

detonations, gas dynamic considerations are sufficient to determine the solution. Chapman (1899) [4]

and Jouguet (1905) [5] proposed that detonations travel at one particular velocity, which is the minimum

velocity for all the solutions on the detonation branch (the Chapman-Jouget velocity).

• Zeldovich (1940) [6], von Neumann (1943) [7] and Döring (1943) [8] postulated independently that a

detonation is a combustion wave being sustained by a shock wave.



THE CHAPMAN-JOUGET POINTS Question 3.b
Differentiate the Rankine-Hugoniot relation (4) with respect to ρ∞ to obtain:

1

ρ∞

(
γ

γ − 1

)
dp∞

d(1/ρ∞)
+

(
γ

γ − 1

)
p∞ −

1

2
(p∞ − p0)− 1

2

dp∞
d(1/ρ∞)

(
1

ρ∞
+

1

ρ0

)
= 0 (6)

and hence:
dp∞

d(1/ρ∞)
=

(p∞ − p0)−
(

2γ

γ − 1

)
p∞(

2γ

γ − 1

)
1

ρ∞
−
(

1

ρ∞
+

1

ρ0

) (7)

The slopes at the Chapman-Jouget points are:

dp∞
d(1/ρ∞)

∣∣∣∣
CJ

=
p∞ − p0

(1/ρ∞)− (1/ρ0)
(8)

From (7) and (8):

p∞ − p0

(1/ρ∞)− (1/ρ0)
= −γρ∞p∞ − p0 (9)

The Rayleigh-line is tangent to the Hugoniot

curve at the Chapman-Jouget points. From (9)

and the Rayleigh-line relation (5):

v2
∞ =

γp∞
(ρ∞)

= c2
∞ or |v∞| = c∞ (10)
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Figure 7: The upper Chapman-Jouget

point and the tangency condition between

the Rayleigh-line and the Hugoniot curve.

Equation (10) implies that the Mach number behind the shock wave is unity (Ma∞ = 1) at the Chapman-
Jouget points.



Question 3.b

Experimentally observed conditions of pressure (p∞), tem-
perature (T∞), and velocity (v∞) at the upper Chapman-
Jouget point. Initial conditions p0 = 1 bar and T0 = 291 K.
After: Hirschfelder, Curtiss & Bird (1967) [9].

Explosive mixture pressure temperature velocity

p∞ (bar) T∞ (K) v∞ (m s−1)
(2 H2 + O2) 18.1 3583 2819
(2 H2 + O2) + 5 O2 14.1 2620 1700
(2 H2 + O2) + 5 N2 14.4 2685 1822
(2 H2 + O2) + 4 H2 16.0 2976 3527
(2 H2 + O2) + 5 He 16.3 3097 3160
(2 H2 + O2) + 5 Ar 16.3 3097 1700



ITERATIVE PROCEDURE FOR CALCULATING Question 3.b
UPPER CHAPMAN-JOUGET CONDITIONS

A procedure for estimating the Chapman-Jouget velocity from the thermodynamic properties of the unre-

acted mixture may be derived as follows. The sonic velocity behind a detonation wave is:

c∞ =

√[
∂p∞
∂ρ∞

]
s

(11)

Because u∞ = c∞ at the upper Chapman-Jouget point, the condition of mass conservation (1) across the

shock wave and equation (11) lead to:

u0 =
1

ρ0
c∞ρ∞ =

1

ρ0

√
ρ2∞

[
∂p∞
∂ρ∞

]
s

=
1

ρ0

√
−
[

∂p∞
∂(1/ρ∞)

]
s

(12)

Differentiation of the isentropic relation for the burned gas,

p∞

(
1

ρ∞

)γ∞
= constant =⇒ −

[
∂p∞

∂(1/ρ∞)

]
s

=
γ∞p∞
1/ρ∞

(13)

and substitution into equation (12) gives

u0 = p∞
1/ρ0

1/ρ∞

√
γ∞p∞

1
ρ∞ =

ρ∞
ρ0

√
γ∞R∞T∞ or ρ2

0u
2
0 = γ∞p∞ρ∞ (14)

after application of the ideal gas law.



ITERATIVE PROCEDURE FOR CALCULATING Question 3.b
UPPER CHAPMAN-JOUGET CONDITIONS

Derive an equivalent Rankine-Hugoniot relation by combining Kirckhoff’s law with the ideal gas law,

p

ρ
=
γ − 1

γ

N∑
i=1

Yi

h◦f i +

T∫
T ◦

CPi(T ) dT

 =⇒ h = h◦ +

(
γ

γ − 1

)
p

ρ
(15)

and substituting this into the conventional Rankine-Hugoniot relation (4):

h∞ − h0 =
1

2
(p∞ − p0)

(
1

ρ∞
+

1

ρ0

)
(16)

Because h = e + (p/ρ),

h∞ − h0 = (e∞ − e0)(p∞ − p0)

(
p∞
ρ∞

+
p0

ρ0

)
(17)

so that (16) becomes

e∞ − e0 =
1

2
(p∞ − p0)

(
1

ρ∞
+

1

ρ0

)
−
(
p∞
ρ∞

+
p0

ρ0

)
(18)

e∞ − e0 = 1
2(p∞ − p0)

(
1
ρ0
− 1
ρ∞

)
(19)



ITERATIVE PROCEDURE FOR CALCULATING Question 3.b
UPPER CHAPMAN-JOUGET CONDITIONS

Substitute equation (14) into the

Rayleigh-line relation (5): 1

ρ∞
+

1

ρ0
= − p∞ − p0

γ∞p∞ρ∞
(20)

and combine this result with

equation (19) to obtain
e∞ − e0 =

p2
∞ − p2

0
γ∞p∞ρ∞ (21)

Multiply equation (20) by (p∞ + p0) to have

(p∞ − p0)
(

1
ρ∞ + 1

ρ0

)
=

(p2
∞ − p2

0)
γ∞p∞ρ∞ (22)

Equations (19), (21) and (22) form the design basis of an iterative procedure to deter-

mine the Chapman-Jouget velocity from the thermodynamic properties of the unre-

acted mixture.

For a detonation wave p∞ � p0 so that equations (21) and (22) may be rewritten into an approximate

Rankine-Hugoniot relation (23) and an approximate Rayleigh-line relation (24):

e∞ − e0 ≈ p2
∞ − p2

0
γ∞p∞ρ∞ = R∞T∞

2γ∞
(23)(

ρ∞
ρ0

)2 (
1 + 1

γ∞ −
R0T0

R∞T∞

)(
ρ∞
ρ0

)
− R0T0

R∞T∞
= 0 (24)



ITERATIVE PROCEDURE FOR CALCULATING Question 3.b
UPPER CHAPMAN-JOUGET CONDITIONS

The iterative procedure to determine the Chapman-Jouget velocity from the thermodynamic properties of

the unreacted mixture is as follows.

1. Assume p∞.

2. Assume T∞.

3. Calculate the equilibrium composition based

on p∞ and T∞.

4. From the equilibrium composition, determine

γ∞, R∞ and e∞.

5. Verify whether γ∞, R∞ and e∞ at the as-

sumed temperature T∞ satisfies the approx-

imate Rankine-Hugoniot relation (23).

• If equation (23) is satisfied, proceed to

step 6.

• If not, then reassume a new p∞ and return

to step 2.

6. Solve the approximate Rayleigh-line relation

(24) for ρ∞/ρ0.

7. Find p∞ from the equation of state, e.g. the

ideal gas law

p∞ =

(
ρ∞
ρ0

)(
R∞T∞
R0T0

)
p0 (25)

• If the calculated p∞ equals the assumed

p∞, the iteration sequence has completed.

Proceed to step 8.

• If not, then return to step 1 and assume a

new p∞.

8. Calculate the Chapman-Jouget velocity, v∞,

from equation (14).



THE ZELDOVICH-VON NEUMANN-DÖRING Question 3.b
THEORY OF DETONATION

The simplest model of the structure of a detonation wave (the ZND structure) consists of a shock wave

coupled to a reaction zone. Zeldovich (1940), von Neumann (1943) and Döring (1943) were the first who

postulated this view.

• The shock wave compresses and heats up the gas, which reacts after an induction period.

• The reaction triggers a volumetric expansion of the gas, which drives the shock wave.

5

ZND model of detonationZND model of detonation

• The simplest (ZND) model of a detonation wave consists of a shock wave 
coupled to a reaction zone.

• The shock wave compresses and heats up the gas, which reacts after an 
induction period. The reaction triggers a volumetric expansion of the gas, which 
drives the shock wave.

ZND profile of a detonation wave in stoichiometric hydrogen-air mixture at 1 atm and 300 K.Figure 8: ZND profile of a detonation wave in stoichiometric hydrogen-air mixture

ignited at 1 bar and 300 K. ∆ denotes the induction zone length.



MULTI-DIMENSIONAL WAVE STRUCTURE Question 3.b
Detonation waves have a multidimensional structure.

• They consist of a leading shock waves, triple points, and transverse waves.

• The wave structure has a cellular pattern.

• The structure of a detonation wave is correlated with the induction length.

• The cellular structure left behind on sooted foils is a record of the triple point trajectory.

• Empirical correlations exist between cell width and induction length.

6

Detonation structureDetonation structure

• Detonation waves have a multi-
dimensional cellular structure.
– Transverse waves
– Cellular pattern
– Empirical correlation of cell width with 

propagation limits

2H2+O2+20Ar, 20 kPa, 295 K (R. Akbar)

2H2+O2+17Ar, 20 kPa, 295 K (J. Austin)
Figure 9: Cellular structure imprinted on a sooted foil record by the detonation of a

2H2 + O2 + 17Ar mixture, ignited at 20 kPa and 295 K. After Austin (2003) [10].



MULTI-DIMENSIONAL WAVE STRUCTURE Question 3.b
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Detonation structureDetonation structure

• Detonation waves have a multi-
dimensional cellular structure.
– Transverse waves
– Cellular pattern
– Empirical correlation of cell width with 

propagation limits

2H2+O2+20Ar, 20 kPa, 295 K (R. Akbar)

2H2+O2+17Ar, 20 kPa, 295 K (J. Austin)

6

Detonation structureDetonation structure

• Detonation waves have a multi-
dimensional cellular structure.
– Transverse waves
– Cellular pattern
– Empirical correlation of cell width with 

propagation limits

2H2+O2+20Ar, 20 kPa, 295 K (R. Akbar)

2H2+O2+17Ar, 20 kPa, 295 K (J. Austin)

Figure 10: Left: Structure of a detonation wave in a 2H2 + O2 + 20Ar mixture at 20 kPa and 295 K

(after Akbar (1997) [11]). Right: Formation of the cellular structure on a sooted foil record by a

detonation wave (after Winterberger & Shepherd (2004)).



MULTI-DIMENSIONAL WAVE STRUCTURE Question 3.b
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Transverse 
waves

Lead shock

Triple points

Shear layer

(a) (b)

Figure 4.2: Schlieren images of detonation in (a) 2H2-O2-12Ar, P1=20kPa (Shot nc77)
(b) 2H2-O2-17Ar, P1=20kPa (Shot nc81). The field of view is about 146 mm. Detonation
is propagating from left to right in the narrow channel facility.

4.1.1 Keystones

The induction time is known to be a strong function of the lead shock strength and the

sudden changes in the location of the reaction front are linked to spatial oscillations in

the lead shock which result from the instability of the detonation. As observed in Fig 4.2,

triple points occur at the junction of the transverse wave and lead shock, linking portions

of the lead shock of alternating strength. The local triple point structure is analyzed using

gas dynamics and zero-dimensional chemical species calculations to explain the keystone

features apparent in PLIF images from Pintgen (2000).

Shock and detonation polar calculations (Appendix B) are carried out to analyze

the triple point configurations. This technique has been used previously by several re-

searchers: Oppenheim et al. (1968), Urtiew (1970), Barthel (1972), Subbotin (1975). The

shock polar is calculated using the oblique shock jump relations and assumes a perfect

gas, with the ratio of specific heats taken to be that of the reactants, γ1. The deto-

Figure 11: Schlieren images of (left) a 2H2-O2-12Ar detonation, p0=20 kPa, and (right) a 2H2-O2-

17Ar detonation, p0=20 kPa (after Austin (2003) [10]).
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cycle is shown in Fig. 1.2 (b). This data is from a numerical study by Eckett (2000);

experimental measurements have also been made by Voitsekhovskii et al. (1963), Lund-

strom and Oppenheim (1969), and Dormal et al. (1979). The instability of the front is

a coupled longitudinal-transverse instability, involving periodic oscillations of the lead

shock and the transverse waves in space and in time.

Triple-Point Tracks

Transverse Waves

Shear Layers
Leading Shock

l

1500

1600

1700

1800

1900

2000

0.0 0.2 0.4 0.6 0.8 1.0

Sh
oc

k 
ve

lo
ci

ty
, m

/s

(x-xo)/L

(a) (b)

Figure 1.2: (a) 2-D schematic of detonation front propagating from left to right. Triple
point tracks (dashed lines) form a cellular pattern as the detonation propagates forward.
(b) Lead shock velocity along the centerline of one cell as a function distance from the
apex at the collision of two triple points, from two-dimensional numerical simulation by
Eckett (2000) in 2H2-O2-7Ar, P1=6.67 kPa.

Triple points exist at the junction of the leading shock front and a transverse wave and

the pattern observed on soot foils is a history of the triple point tracks in the propagating

detonation front. Urtiew and Oppenheim (1966) have shown that the tracks are closely

associated with the triple points on the detonation front, although the precise physical

mechanism by which the tracks are made in the soot layer is still unclear. The width of

cells that appear on the foil are a measure of the spacing of the transverse waves in the

Figure 12: Morphology of a multi-dimensional detonation front propagating from left to right. After:

Austin (2003) [10], Eckett(2000) [12], and Pintgen, Eckett, Austin & Shepherd (2003) [13].
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Morphology of a multi-dimensional detonation front:

• Triple points exist at the junction of the leading shock front and a transverse wave.

• The pattern observed on soot foils is a history of the triple point tracks in the propagating detonation

front. Urtiew and Oppenheim (1966) [14] have shown that the tracks are closely related with the triple

points on the detonation front.

• The precise physical mechanism by which the tracks are made in the soot layer is still unclear!

• The width of cells that appear on the foil are a measure of the spacing of the transverse waves in

the detonation front. This global length scale, referred to as the detonation cell width, λ, can not in

general be calculated a priori but may be related to the induction zone length, ∆, by a constant of

proportionality ,A. More specifically,

λ = A∆ (26)

• The constant A depends on the fuel-oxidiser-inert type (Westbrook (1982) [15]) and also varies with

the equivalence ratio (Shepherd (1986) [16,17]).

• The induction zone length can be empirically related to dynamic parameters such as the critical

initiation energy (Lee (1984) [18]).



MULTI-DIMENSIONAL WAVE STRUCTURE Question 3.b

foils makes the selection of the dominant lines, which are subsequently

used in the determination of the average cell size, more subjective and

more so for the 500 K foil, since the finer lines are more defined. In the

650 K there is little substructure present and thus the measurement of the

average is less subjective.

The measured average detonation cell size for the various critical

mixtures at the three initial temperatures are given in Table 1. Also given

are the smallest and largest cell size measured on each foil. In Figure 5 the

average cell size measurements for the 300 K and 650 K tests are plotted

in conjunction with previously reported data (Ciccarelli, Ginsberg, and

Boccio 1997a). Also shown in Figure 5 are cell size predictions using the

calculated one-dimensional ZND reaction zone length multiplied by a

proportionality constant ‘‘A.’’ The agreement between the present mea-

surements and those made in the previous study is very good and satis-

factorily reproduced by the ZND predictions. Based on the values given

in Table 1, the average deviation from the average cell size is �22%. This

is in very good agreement with the results found for the cell size data from

Shepherd et al. (1986) where an average deviation of �25% was reported.

Figure 5. Average cell size measurements.
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Figure 2.3.2-1  Detonation cell size for hydrogen-air mixture at different initial temperatures 
[2.18, 2.19] 

2.4   Mechanisms Involved in FA 
 
Although the various flame and detonation propagation regimes are relatively well established, the 
underlying mechanisms can be complex and, in some cases, poorly understood. 

2.4.1  Laminar Flame and Flame-folding Regimes 
 
The early stage of flame propagation involves a laminar flame regime followed by a wrinkled or 
cellular flame. The laminar flame velocity is determined by thermal and mass transport across the 
flame front and the heat released because of combustion. It can be predicted using readily available 
chemical kinetics codes. The more important wrinkled flame regime is controlled by a variety of 
diffusion and hydrodynamic instabilities that are much more difficult to model. The cellular flame 
propagation has been described by Markstein and Somers [2.20] and by Markstein [2.21] and 
theoretically analyzed by numerous authors, including Clavin and Williams [2.22], Joulin and Clavin 
[2.23], Pecle and Clavens [2.24]. The flame cell size typically varies between 0.5 cm and 3.5 cm and 
increases with the square of the burning velocity. Figure 2.4.1-1 displays typical flame structures as a 
function of the Lewis and Zel’dovich numbers [2.25]. A detailed view of the flame structure is also 
provided in Figure 2.4.1-2, which displays a laser-induced predissociation fluorescence (LIPF) image 
of a cellular flame front [2.26, 2.27]. From a modelling point of view, the flame-folding regime is 
usually addressed by adopting a flame surface enhancement factor that is derived from flame 
propagation experiments for  a particular mixture composition. 
 
 

Figure 4: Average detonation cell-size of hydrogen-air mixtures. Left: Ciccarelli (2002)
[20]. Right: Breitung et al.(2000)) [21].

1.25m. With hydrogen-air mixtures being more sensitive to the onset of detonation, and
venting into the open atmosphere ful�lling the requirement for sustained detonation, this
becomes the explosion mode which de�nes the design basis for mitigation. Alternatively,
vented hydrogen explosions could be captured by ducts of a diameter less than the critical
diameter for sustained detonation, in which case the problem of an external explosion of
the vented unburned gases in the ducts needs to be addressed.

Apparently, Swedish scientists were the �rst to undertake an experimental investi-
gation in 1957, emphasising the importance of the external explosion during a vented
de�agration [25]. They found that in some cases the maximum explosion overpressure
outside a 203-m3 enclosure exceeded the maximum overpressure within the enclosure.
Solberg, Pappas & Skramstad (1987) [26] further highlighted the danger of external ex-
plosions. They found that during vented de�agrations in a 35-m3 vessel, the �ame front
propagation velocity could reach 100 ms−1 in a lateral direction outside the vent. In their
experiments the �ame propagated up to 30 m outside the enclosure while the vessel was
only 4m long. Harrison and Eyre (1987) [3] came to conclusion that for large vents, where
internally generated pressures are low, the external explosion can be the dominating in-
�uence on the internal pressure and hence very important for large volume, low strength
structures such as buildings or o�-shore modules. Harrison and Eyre (1987) [3], and
Swift and Epstein (1987) [27], independently suggested that the mechanism of external
explosion in�uence on the internal pressure dynamics is due to the decrease of the mass
�ow rate through the vent. Theoretical analysis performed by Molkov (1997) [28], based
on the processing of experimental data by Harrison and Eyre (1987) [3] con�rmed that
the turbulence factor inside the enclosure was practically una�ected by the occurrence
of the external explosion. Instead, a substantial decrease of the generalised discharge
coe�cient, i.e. mass out�ow, was found for tests with a pronounced external combustion.
It was concluded that the decrease of the pressure drop on the vent due to combustion
outside the enclosure was the main reason for reduced venting of gas outside the enclo-
sure. Catlin (1991) [29] studied the scaling of external explosions. He found that the
external overpressure grows proportionally to the velocity of the �ow and �ame emerging
from the vent.

The physics of the phenomenon of coherent de�agrations, i.e. coupled internal and
external explosions, has been recently clari�ed [4�6] through application of the large

4

Figure 13: Detonation cell-size for hydrogen-air mixtures at different initial temperatures (after

Breitung et al.(2000) [19]) and Ciccarelli (2002) [20].
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Consequently, a DDT process is probably required for practical detonation initiation of hydrocarbon-air mixtures 
without excess oxygen.  Hydrocarbon-air DDT has been achieved by Santoro and co-workers who have had some 
success with ethylene-air mixtures[5] and by Smirnov et al.[6] who utilized confinement to promote DDT of gasoline-
air.  
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Figure 1.  Detonation cell width versus critical initiation energy.[2] 

 
Researchers at the Pulsed Detonation Research Facility in the Air Force Research Laboratory at Wright-

Patterson AFB have had some success in achieving DDT in hydrocarbon-air mixtures within research PDEs.  The 
focus of this paper is detonation initiation of hydrocarbon-air mixtures using a Schelkin-type spiral in a PDE. 

 
II.  Theory and Background 

 
Dorofeev et al.[7] have shown that the minimum DDT distance scales by 7λ.  For many practical 

stoichiometric hydrocarbon fuel-air mixtures near STP, including the fuels discussed herein, the cell width is on the 
order 50 mm,[8] very similar to that of propane-air.  In theory then, it should be possible to obtain DDT inside the 
lengt a typical 1 m long detonation tube with hydrocarbon-air mixtures. 

Given that the detonation cell width scales by the total-heat-release induction time,[9] it follows that any 
decoupling of heat release will result in increased cell width and a corresponding impact upon initiation 
requirements.  Contributors to the total-heat-release induction time include:  chemical-induction and heat-release 
time, droplet breakup, evaporation, and mixing.  Consequently, large droplets and poor mixing will significantly 
increase cell width and dramatically impact initiation energy or DDT distance. 

Figure 2 shows the impact of equivalence ratio upon cell size for several hydrocarbon-air mixtures that 
have cell sizes similar to those of fuels of interest.[10]  The resultant impact upon critical detonation initiation energy 
is dramatic as the equivalence ratio departs from stoichiometric, as indicated in Fig. 2.[11]  It is clear that there is a 
narrow minimum of cell width/initiation energy near stoichiometric.  The critical detonation-initiation energy for 
equivalence ratios that are not near unity is measured in megajoules or kilograms of solid-explosives equivalent.  
Meyer and co-workers have shown via laser absorption measurements of fuel that significant variations in PDE 
equivalence ratio can occur in practice.[12]   

Though hydrocarbon-air mixtures should be readily detonable in theory, for the reasons cited above the 
proper nearly homogeneous mixture with an equivalence ratio near stoichiometric is required; otherwise the 
detonation initiation requirements can quickly become impractical.  In PDE applications, it is extremely difficult to 
produce an unsteady flow with the proper equivalence ratio.  Perhaps it is fortuitous that the difficulty in creating the 
proper mixture and conditions for detonation serves to reduce the explosive hazard of practical fuel-air mixtures. 

 

Figure 14: Detonation cell-size of different fuels (after Schauer et al.

[21]).
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produce yellow-coloured flame. Generally 10 to 12 piezo-resistive Kistler pressure sensors having 1 
bar range and natural frequency 14 kHz were used. They were mounted in a steel case having a mass 
of 20 kg in a way that their pressure-sensitive surfaces were fitted flush with the surface of the ground 
and covered with 2 mm thick layer of silicone grease on the membrane to protect from influence of 
temperature and heat radiation. One sensor at a distance of R=5m was protected on a trial basis by 
means of a laminated plastic plate screwed to the steel casing and having in the middle an opening of 
4-mm diameter. Besides of this specially protected sensor the pressure signal of all the other sensors 
being within the range of the combustion products do not return to zero after the negative pressure 
phase. This can be attributed to the fact that at high temperatures as present in the flame area the 
sensors indicate too low pressures. Obviously the additional protection of the R=5m sensor is 
sufficient to prevent the sensor from being influenced by high temperature combustion products, 
whereas silicon grease alone is not. On the other hand the pressure measurement seems not to be 
distorted by the additional shielding. 

Figure 1. The hemispherical balloon with hydrogen-air mixture, R0=10 m

There is a sharp pressure peak superimposed on the pressure time history of all the sensors installed 
inside the balloon. This peak occurs at the moment when the flame passes the sensor on the ground. 
The cause for the occurrence of this peak is not clear, but it seems to be the result of some mechanical 
impact associated probably with the mounting of the PE foil in the sensor housing. The energy of the 
ignition source was 150 J. An initial value of laminar burning velocity was estimated from the 
experimental data as Su=2.39 m/s (combustion products expansion coefficient estimated by authors of 
experiment was 7.26 with density 0.8775 kg/m3 and speed of sound 397.3 m/s) [7]. Video-records 
show the developed turbulent flame front structure at later stages of the explosion (see Figure 2). It is 
seen that a thickness of the turbulent flame is of the order of meters.

3.0 LARGE EDDY SIMULATION MODEL

The LES model developed at the University of Ulster and described elsewhere, e.g. [8,9], was applied 
to simulate the flame front propagation in the considered experiment. The model comprises filtered 
three-dimensional mass, momentum and energy conservation equations in fully compressible form [8]. 
The flame front propagation is modelled using the progress variable equation:
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Figure 16: Hemispherical balloon mock-up (10 m radius) containing a 29.7 vol%

hydrogen-air mixture.

From: Pförtner H. and Schneider H. Ballonversuche zur Untersuchung der Deflagration

von Wasserstoff Luft Gemischen (Abschlussbericht). PNP-Sicherheitssofortprogramm:

Prozessgasfreisetzung - Explosion in der Gasfabrik und Auswirkungen von Druckwellen

auf das Containment. ICT Internal Report, Fraunhofer Institut für Chemische Tech-

nologie, Pfinztal, Germany, 1983.
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Figure 1. Snapshots of test GHT 34 in a 20 m diameter hemisphere.

Burnout of the cloud occurs approximately at two initial
diameters corresponding to the cubic root of the products
expansion coefficient. After burnout the peak overpressure
decays with distance from the initiation point. The duration
of the positive and the negative phases is independent of the
distance for any given size of balloon. The amplitude of
negative pressure peak was usually somewhat larger than that
of the positive pressure phase and the negative phase being of
shorter duration. For spherical sonic waves the authors [2]
cited a theoretical result obtained by Landau that at any
distance the integral of overpressure in time should be equal
to zero. This theoretical result complies with experimental
records of the outward propagating pressure wave outside
the combustion area (see pressure transients at 35 and 80 m
below). Processing of visual images of the flame propagation
yielded a continuous increase in flame propagation velocity
up to a maximum value, which was reached at a distance
between the initial radius of the cloud Rhsph and 1.5 Rhsph.
For initially quiescent stoichiometric hydrogen–air mixture
this upper limit was estimated as 125 m s−1 with a peak
overpressure 13 kPa assuming the validity of the authors’
approach [2] based on simple turbulent combustion models of
Damkohler and Karlovitz. The experimental results indicate
that the flame propagation velocity approaches an upper limit
with an increase in the cloud size.

In test GHT 34, with hydrogen–air mixture 29.7% by
volume in a 20 m diameter hemisphere, the maximum flame
propagation velocity was 84 m s−1 with the initial burning
velocity estimated by authors [2] as 2.39 m s−1 (the expansion
coefficient of combustion products was calculated as 7.26
with a density of combustible mixture 0.8775 kg m−3 and a
speed of sound 397.3 m s−1). Errors in velocity measurements
were assessed as +5% without taking into account certain
asymmetries in flame propagation. In the 2094 m3 hemisphere
experiment, GHT 34, a rhombus-shaped wire net was laid over
the hemispherical balloon which was fastened to the ground at
16 points to compensate the buoyancy force. In order to make
the hydrogen–air flame visible in daylight finely ground NaCl
powder was dispersed inside the balloon at the end of the filling
process to produce a yellow-coloured flame. Generally 10
to 12 piezo-resistive Kistler pressure sensors (100 kPa range,
natural frequency 14 kHz) were used. These were mounted
in a steel case having a mass of 20 kg in a way that their
pressure-sensitive surfaces were fitted flush with the surface
of the ground and covered with a 2 mm thick layer of silicone

grease on the membrane to avoid the influence of temperature
and heat radiation. In addition a sensor, located at a 5 m
distance from the ignition source, was protected by means
of a laminated plastic plate screwed to the steel casing and
having an opening of 4 mm diameter in the middle. For the
GHT 34 test an additional pressure sensor was installed at
right angles to the axis with main sensors and mounted on a
vertical timber wall 1 × 1 m2 (head-on measurement). The
explosion pressure was measured at distances 2.0, 3.5, 5.0,
6.5, 8.0, 18, 25, 35, 60 and 80 m from the initiation point.
The mixture was ignited by pyrotechnical charges with total
ignition energy 150 J. The pressure transients of sensors inside
the combustion products did not return to zero after the negative
pressure phase, except for the sensor installed at 5 m. This can
be attributed to the fact that the transducers were thermalized
to high temperatures during the explosion. Since they did not
remain at the temperature at which they were calibrated, they
were no longer calibrated and did not return to the baseline.
This is an indication that the protective measures taken by the
experimenters to insulate these transducers were insufficient
for this large test.

Experimental results for flame propagation and pressure
dynamics for test GHT 34 are presented in figures 4 and 6
and discussed further in the paper. The flame propagated
in an almost hemispherical form. The balloon shell first
stretched slightly outwards until it burst when the flame had
reached about half of the original radius of the balloon 0.5R0

(figure 1).
The explosion overpressure of about 6 kPa was practically

the same within the cloud distances in GHT 34 test. A
sharp overpressure peak �pF of about 10 kPa in the pressure
transients followed flame propagation. This peak occurs
when the flame passes the sensor on the ground. The cause
for the occurrance of this peak is not clear, but is probably
associated with the mounting of the PE foil in the sensor
housing.

3. The LES model description

3.1. Governing equations

The main governing equations of the LES model were
described elsewhere [34–36]. The equations were obtained
by the filtering (filter size is CV size) of three-dimensional
conservation equations for mass, momentum, energy, progress
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Figure 3. Snapshots of numerical simulation of flame front propagation in test GHT 34 (dark grey—flame front iso-surface c = 0.5, light
grey—unburnt hydrogen–air mixture).
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Figure 4. Comparison between experiment and simulations by the RNG combustion sub-model: (a) flame front propagation dynamics:
solid line—leading flame edge (averaging through CVs with the progress variable within the range 0.01–0.10), hatched area—numerical
flame front thickness; (b)–(d) pressure dynamics at R = 5 m, R = 35 m and R = 80 m, respectively.

exercise in the framework of activities of the European
Network of Excellence HySafe [45]. Two similar grids with a
characteristic CV size in the area of flame propagation 1.0 m
and 0.5 m, respectively, were used. The difference in the flame
front propagation dynamics, i.e. the growth of the flame front
radius in time, was about 5%. This difference is due to better
resolution of the flame front wrinkling by the hydrodynamic
instability for a finer grid, which provides a larger mass burning
rate and, thus, faster flame propagation.

3.3.3. CFD solver and numerical scheme. The FLUENT
6.2.16 solver was employed as a platform for the realization
of the LES model. The double precision parallel version of
solver was used with explicit linearization of the governing
equations. The second order upwind scheme was used
for convection terms and the central difference scheme for
diffusion terms. The 4-stage Runge–Kutta scheme was applied
for time stepping. The Courant–Friedrichs–Lewy number was
equal to CFL = 0.8 to ensure stability. Simulation of real
time of deflagration and pressure wave propagation up to 0.63 s

takes about 6 days on a workstation IBM630 (12GB RAM,
2CPUx1.2GHz Power 4, 1CPU SPECfp=961).

4. Simulation results

4.1. Flame shape

The simulated flame front propagation for experiment GHT 34
is shown in figure 3. Distinctive large-scale wrinkling of the
flame front by the hydrodynamic instability can be seen. The
cascade of characteristic wrinkles above a LES filter size, i.e.
a cell size in the numerical LES approach, of 1 m is close in
size to the experimentally observed [2] wrinkles as presented
in our paper [46], where the simulated flame front profiles are
compared against experimental data.

4.2. Flame front propagation and pressure dynamics

Figures 4–6 show a comparison between the experimental
results of test GHT 34 and the numerical simulations for the
two applied combustion sub-models.
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Figure 17: Snapshots of the propagating flame during an explosion of the 10m radius

hemisphere filled with a 29.7 vol% hydrogen-air mixture.

From: Molkov V., Makarov D., and Schneider H. LES modelling of an unconfined large-

scale hydrogen-air deflagration. Journal of Physics D: Applied Physics, 39:4366-4376,

2006.



Question 3.g

V Molkov et al

Figure 3. Snapshots of numerical simulation of flame front propagation in test GHT 34 (dark grey—flame front iso-surface c = 0.5, light
grey—unburnt hydrogen–air mixture).
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Figure 4. Comparison between experiment and simulations by the RNG combustion sub-model: (a) flame front propagation dynamics:
solid line—leading flame edge (averaging through CVs with the progress variable within the range 0.01–0.10), hatched area—numerical
flame front thickness; (b)–(d) pressure dynamics at R = 5 m, R = 35 m and R = 80 m, respectively.
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front propagation dynamics, i.e. the growth of the flame front
radius in time, was about 5%. This difference is due to better
resolution of the flame front wrinkling by the hydrodynamic
instability for a finer grid, which provides a larger mass burning
rate and, thus, faster flame propagation.

3.3.3. CFD solver and numerical scheme. The FLUENT
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for convection terms and the central difference scheme for
diffusion terms. The 4-stage Runge–Kutta scheme was applied
for time stepping. The Courant–Friedrichs–Lewy number was
equal to CFL = 0.8 to ensure stability. Simulation of real
time of deflagration and pressure wave propagation up to 0.63 s

takes about 6 days on a workstation IBM630 (12GB RAM,
2CPUx1.2GHz Power 4, 1CPU SPECfp=961).

4. Simulation results

4.1. Flame shape

The simulated flame front propagation for experiment GHT 34
is shown in figure 3. Distinctive large-scale wrinkling of the
flame front by the hydrodynamic instability can be seen. The
cascade of characteristic wrinkles above a LES filter size, i.e.
a cell size in the numerical LES approach, of 1 m is close in
size to the experimentally observed [2] wrinkles as presented
in our paper [46], where the simulated flame front profiles are
compared against experimental data.

4.2. Flame front propagation and pressure dynamics

Figures 4–6 show a comparison between the experimental
results of test GHT 34 and the numerical simulations for the
two applied combustion sub-models.

4372

Figure 18: (a) Flame radius. (b) Over-pressure at 5 m from centre of explosion. (c)

Over-pressure at 35 m from centre of explosion. (d) Over-pressure at 80 m from centre

of explosion.

From: Molkov V., Makarov D., and Schneider H. LES modelling of an unconfined large-

scale hydrogen-air deflagration. Journal of Physics D: Applied Physics, 39:4366-4376,

2006.



Question 3.g

THE QUESTION

For unconfined spherical deflagrations, [Dorofeev S.B. A flame speed correlation for unconfined gaseous

explosions. Process Safety Progress, 26(2):140-149, 2007] provides a correlation of the form

Sf = CSu
4/3
L χ−1/3R

1/3
f (27)

for the flame speed. Refer to [Dorofeev S.B. A flame speed correlation for unconfined gaseous explosions.

Process Safety Progress, 26(2):140-149, 2007] for the meaning of the symbols in this expression. Use the

data in Figure 18.a to determine the value of C and χ in equation (27).

Since Sf is the time derivative of Rf , equation (27) can be rewritten as:

dRf

dt
= CSu

4/3
L χ−1/3R

1/3
f (28)

which may be integrated to give:

Rf∫
0

dRf

R
1/3
f

=

t∫
0

CSu
4/3
L χ−1/3 dt ⇐⇒ 3

2R
2/3
f

∣∣∣Rf

0
= CSu

4/3
L χ−1/3

∣∣∣t
0

(29)

=⇒ Rf = (2
3)3/2C3/2Su

2
Lχ
−1/2t3/2 = βSu

2
Lt

3/2 with β = (2
3)3/2C3/2χ−1/2 (30)



Question 3.g

Rf = βSu
2
Lt

3/2

β = ( 23 )
3/2C3/2χ−1/2 = 28.301± 0.073

SuL = 2.1m s−1
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Figure 19: Flame radius as a function of time.



Difference between flame speed and burning velocity

smallest length scales
of turbulence are larger
than laminar flame thickness

largest length scales
of turbulence are smaller
than laminar flame thickness
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From: Dahoe A.E. Lecture Notes on Explosions. Delft University of Technology. 1997.



Difference between flame speed and burning velocity

SfSeSur f

r r
=
r f
− δ

burnt
mixture

unburnt
mixture

δ
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Figure 25: The laminar burning velocity of hydrogen-air mixtures as a function of

equivalence ratio at T0=293.15–298.15 K and P0=1 bar.

From: Dahoe A.E. Laminar burning velocities of hydrogen-air mixtures from closed

vessel gas explosions. Journal of Loss Prevention in the Process Industries, 18:152-166,

2005.
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Figure 23: Flame morphology of propagating hydrogen-air flames.

From: Tse S.D., Zhu D.L., and Law C.K. Morphology and burning rates of expanding

spherical flames in H2/O2/inert mixtures up to 60 atmospheres. In Proceedings of

the Twenty-Eighth Symposium (International) on Combustion, pages 1793-1800, Pitts-

burgh, 2000. The Combustion Institute.
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Stretch rate of a surface element in a strained fluid:

ṡ =
1

A

dA

dt
(31)

Universal expression which relates the stretch rate of a flame surface element to the velocity field, v, of a

non-uniform flow-field:

ṡ = −nn:∇v +∇ · v︸ ︷︷ ︸
ṡs

+ Su
◦
L∇ · n︸ ︷︷ ︸
ṡc

(32)

When a planar laminar flame with a thickness δ◦L is distorted into a bulge of size Λ, the local laminar

burning velocity at each point can be related to the local stretch rate as

Su
◦
L − SuL
Su
◦
L

=
L
Su
◦
L

(
1

A

dA

dt

)
+O

(
ε2
)

(33)

where ε = δ◦L/Λ. When Λ � δ◦L, ε is a small number so that:

Su
◦
L − SuL = L

(
1

A

dA

dt

)
+O

(
ε2
)

(34)

= Lṡ +O
(
ε2
)

(35)



Express Lṡ as a linear combination of quantities that account for the separate effects of the strain rate,

flame curvature, pressure, etc., each having its own Markstein length:

Lṡ ≡ Lsṡs + Lcṡc + . . . (36)

=⇒ Su
◦
L − SuL = (Lsṡs + Lcṡc + . . .) +O

(
ε2
)

(37)

Combine equations (32), (35) and (37):

SuL = Ls [nn:∇v −∇ · v] + [1− Lc∇ · n]Su
◦
L (38)

= Ls [nn:∇v −∇ · v] +

[
1 +

Lc
κ1 + κ2

]
Su
◦
L (39)

= Ls [nn:∇v −∇ · v] +

[
1 +
Lc
R

]
Su
◦
L (40)



0.5 1 1.5 2 2.5 3

20 30 40 50

0

0.5

1

1.5

2

2.5

3

3.5

4

equivalence ratio, φ

vol.% hydrogen

S
u
L
(m

s−
1
)

×
×
××××××× × × × × × ×

�
�

�

�
�

�
� � � � � �

�
�

�
�

�

�

�

� � �

�

♦♦
•

•

•

• •

•

�
�

�
�

�

�
� �

��
��

��
�
��

�
�

◦◦◦◦◦
◦◦◦
◦
◦◦◦◦

◦◦ ◦◦◦◦◦◦
◦◦

◦◦

��
���
���
�
����

��
������ ��

��

�

�

�
� �

�
�

⊗⊗
⊗⊗
⊗
⊗⊗
⊗

⊗⊗
⊗

�
��

�
�

� � � � �
�

�

⊕
⊕

⊕
⊕

⊕
⊕

⊕⊕ ⊕ ⊕ ⊕ ⊕
⊕

0.5 1 1.5 2 2.5 3

20 30 40 50

0

0.5

1

1.5

2

2.5

3

3.5

4

equivalence ratio, φ

S
u ◦L

(m
s −

1)

vol.% hydrogen

⊕
⊕

⊕
⊕

⊕
⊕

⊕⊕ ⊕ ⊕ ⊕ ⊕
⊕

�

�
�

�

�
�

�
� � � � � �

�
�

�

�

�
� �

�
�

Figure 25: The unstretched laminar burning velocity of hydrogen-air mixtures as a

function of equivalence ratio at T0=293.15–298.15 K and P0=1 bar.

From: Dahoe A.E. Laminar burning velocities of hydrogen-air mixtures from closed

vessel gas explosions. Journal of Loss Prevention in the Process Industries, 18:152-166,

2005.



Flame structure
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cally resolved flame

structure by solving

governing equations

with a detailed ki-

netic scheme.



Reaction mechanism due to [Miller J.A., Mitchell R.E., Smooke M.D., and Kee R.J. Toward a compre-
hensive chemical kinetic mechanism for the oxidation of acetylene: comparison of model predictions with
results from flame and shock tube experiments. In Proceedings of the Nineteenth Symposium (Interna-
tional) on Combustion, pages 181–196, Pittsburgh, 1982. The Combustion Institute] for the hydrogen-air
reaction. The reaction rate coefficients are in the form kf = AT βexp (−Ea/RT ). Units are in moles, cubic
centimeters, seconds, Kelvins and calories.

Reaction A β Ea

1 H2 + O2 
 2OH 1.70 · 1013 0.0 47780.
2 OH + H2 
 H2O + H 1.17 · 109 1.3 3626.
3 H + O2 
 OH + O 5.13 · 1016 -0.816 16507.
4 O + H2 
 OH + H 1.80 · 1010 1.0 8826.
5 H + O2 + M 
 HO2 + Ma 2.10 · 1018 -1.0 0.
6 H + O2 + O2 
 HO2 + O2 6.70 · 1019 -1.42 0.
7 H + O2 + N2 
 HO2 + N2 6.70 · 1019 -1.42 0.
8 OH + HO2 
 H2O + O2 5.00 · 1013 0.0 1000.
9 H + HO2 
 2OH 2.50 · 1014 0.0 1900.
10 O + HO2 
 O2 + OH 4.80 · 1013 0.0 1000.
11 2OH 
 O + H2O 6.00 · 108 1.3 0.
12 H2 + M 
 H + H + Mb 2.23 · 1012 0.5 92600.
13 O2 + M 
 O + O + M 1.85 · 1011 0.5 95560.
14 H + OH + M 
 H2O + Mc 7.50 · 1023 -2.6 0.
15 H + HO2 
 H2 + O2 2.50 · 1013 0.0 700.
16 HO2 + HO2 
 H2O2 + O2 2.00 · 1012 0.0 0.
17 H2O2 + M 
 OH + OH + M 1.30 · 1017 0.0 45500.
18 H2O2 + H 
 HO2 + H2 1.60 · 1012 0.0 3800.
19 H2O2 + OH 
 H2O + HO2 1.00 · 1013 0.0 1800.
a Third body efficiencies: k5(H2O) = 21 k5(Ar), k5(H2) = 3.3 k5(Ar).
b Third body efficiencies: k12(H2O) = 6 k12(Ar), k12(H) = 2 k12(Ar), k12(H2) = 3 k12(Ar).
c Third body efficiency: k14(H2O) = 20 k14(Ar).



Governing equations compressible reacting flow:

∂ρ

∂t
+∇ · (ρv) = 0 (41)

∂ (ρv)

∂t
+∇ · (ρvv) = −∇p +∇ · τ +

N∑
i=1

ρYif i (42)

∂ (ρYi)

∂t
+∇ · (ρvYi) = −∇ · [ρYiV i] + ẇi (43)

∂ (ρh)

∂t
+∇ · (ρvh) =

∂p

∂t
+ v · ∇p + τ :∇v −∇ · [λ∇T ] +∇ · q

+∇ ·

 N∑
i=1

ρYihiV i + RT

N∑
i=1

N∑
j=1

(
Xjαi
MiDij

)
(V i − V j)

 +

N∑
i=1

ρYif i · V i

(44)

p

ρ
=
γ − 1

γ

N∑
i=1

Yi

h◦f i +

T∫
T ◦

CPi(T ) dT

 (45)

where τ = µ
[
∇v + (∇v)†

]
+
(
κ− 2

3µ
)

[∇ · v] I (46)

and q = εσT 4 (47)



Question 3.h

THE QUESTION

Compute the overpressure of the vapour cloud explosion of the hemispherical hydrogen-air cloud in Figure

16 at stand-off distances of 35m and 80m. Use equation (27) with the values for C and χ obtained under

g) for the flame speed. Apply the methodology given by [Tang M.J. and Baker Q.A. A new set of blast

curves from vapor cloud explosion. Process Safety Progress, 18:235-240, 1999] to calculate the overpressure

at stand-off distances of 35m and 80m. Compare your flame trajectory and overpressure with the data

given in Figure 18.

• The methodology by [Tang M.J. and Baker Q.A. A new set of blast curves from vapor cloud explosion.

Process Safety Progress, 18:235-240, 1999] rests on the so-called Sach scaling law.

• The Sach scaling law states that the pressure and impulse generated by an explosion can be rescaled in

such a manner that they become unique functions of a appropriately rescaled distance from the origin

of the explosion.

• These unique functions form a set of blast curves when the scaled pressure p and the scaled specific

impulse i are expressed as a function of an energy-scaled distance, R. These scalings are as follows:

p =
p− p0

p0
(scaled pressure), i =

ic0

E1/3p
2/3
0

(scaled impulse), R =
Rp

1/3
0

E1/3
(scaled distance) (48)

• For each value of the flame Mach number, Maf , there exists a unique curve.



Question 3.h

Figure 27: Blast curves for the scaling of explosions.

From: Tang M.J. and Baker Q.A. A new set of blast curves from vapor cloud explosion.

Process Safety Progress, 18:235-240, 1999.



Question 3.h

Calculation of the flame Mach number

In Question 3.g) we determined the constants C and χ by integrating equation (27)

Rf = (2
3)3/2C3/2Su

2
Lχ
−1/2t3/2 = βSu

2
Lt

3/2 with β = (2
3)3/2C3/2χ−1/2 (49)

and we found that β=28.301 when SuL = 2.1 m s−1.

To find the flame Mach number, equation (50) can be differentiated to give

Sf =
dRf

dt
= βSu

2
Lt

3/2 = 3
2βSu

2
Lt

1/2 (50)

From Figure 19 it is seen that the flame speed attains its maximum value at t = 0.32 s so that equation

(50) gives Sf=105.9 m s−1. With the sonic velocity of the ambient air being c=343.2 m s−1, the flame Mach

number becomes Maf = Sf/c = 0.31.

Calculation of the energy scaled stand-off distance

To calculate the energy scaled stand-off distance we need to know (i) how much energy is released by the

combustion of hydrogen, and, (ii) how much hydrogen is contained by the combustible gas cloud.

The combustion energy released by hydrogen is 140 MJ kg−1.

The volume of the combustible cloud is 4
3πR

3=4188.8 m3 with 29.7% of it being hydrogen; that amounts



to 1244.07 m3 hydrogen and hence 102.1 kg of hydrogen. So the total energy release is E=14294 MJ.

According to equation (48) the energy scaled distance becomes

R =
Rp

1/3
0

E1/3
= 0.67 (R=35 m) and R =

Rp
1/3
0

E1/3
= 1.53 (R=80 m) (51)

Application of the blast curve to predict over-pressures

Then, from Figure 27, using the curve Maf = 0.35 it is seen that

p =
p− p0

p0
= 0.102 (R=35 m) and p =

p− p0

p0
= 0.02 (R=80 m) (52)

Hence, p= 0.102 bar = 10.2 kPa at R= 35 m and p= 0.02 bar = 2 kPa at R= 35 m. A comparison with

the experimental and simulated over-pressures in Figure 18 shows that the blast curve over-predicts by a

factor > 2 at R= 35 m. At R= 80 m the blast curve prediction is in agreement with the experimental and

simulated over-pressures.



Question 3.i

THE QUESTION

Explain how the pressure profiles in Figure 5 can be used to assess the potential of an explosion to cause

mechanical damage.
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Figure 28: Blast wave structure. Left: pressture-time trace when the flame speed is less

than the sonic velocity of the ambient air. Right: pressure-time trace when the flame

speed is equal to or greater than the sonic velocity of the ambient air.



Question 3.i

Blast wave properties are expressed in terms of (i) the blast wave amplitude, (ii) the blast wave duration,

and, (iii) the blast wave specific impulse. These quantities are illustrated by Figure 28. Prior to wave front

arrival, the pressure is equal to the ambient pressure, p0. At arrival time ta, the pressure rises rapidly (when

the flame speed is equal to or greater than the sonic velocity of the ambient air then this pressure rise is

a discontinuity) to a peak value equal to p+
s + p0 (i.e. the sum of the side on pressure and the ambient

pressure). After this the pressure drops back to the ambient pressure in a time span equal to T+ (the

positive phase duration), followed by a partial vacuum whose amplitude equals p−s and which lasts for a

period T− (the negative phase duration) until the pressure resumes the ambient value again. The potential

of a blast wave to cause mechanical damage is usually expressed in terms of the amplitude of the positive

phase, p+
s , the amplitude of the negative phase, p−s , and the specific impulse (that is the total impulse per

unit area). For the latter purpose, positive and negative specific impulses are defined as

i+s =

ta+T+∫
ta

[p(t)− p0] dt (positive impulse) (53)

i−s =

ta+T++T−∫
ta+T+

[p(t)− p0] dt (negative impulse) (54)



Question 3.j

Pressure amplitudes and specific impulses can be used in conjunction with Pressure-Impulse (P-I) diagrams,

or in probit functions to estimate the degree of damage to structures. Peak values of overpressure can be

translated in to levels of structural damage: e.g. light damage < 3.5 kpa, moderate damage > 17 kpa,

severe damage > 35 kpa, total destruction > 83 kpa, etc.

There are also correlations to assess potential damage using pressure amplitudes and specific impulses. For

example:

(p+
s − pcrit)(i

+
s − icrit) ≥ k (55)

where pcrit, icrit and k are parameters characterising the type of damage (see Table 1).

Table 1: Parameters for damage criteria to be used in equation 55. From: Dorofeev S.B. A flame

speed correlation for unconfined gaseous explosions. Process Safety Progress, 26(2):140-149, 2007.
Damage description pcrit (Pa) icrit (Pa s) k (Pa2 s)

Total destruction of buildings 70100 770 866100

Threshold for partial destruction 50-75% of walls destroyed 34500 520 541000

Threshold for serious structural damage; some load bearing members

fall

14600 300 119200

Border of minor structural damage 3600 100 8950



Question 3.i

Figure 29: Pressure-impulse diagram. From: Baker W.E., Cox P.A., Westine P.S., Kulesz J.J., and

Strehlow R.A. Explosion Hazards and Evaluation, volume 5 of Fundamental studies in engineering.

Elsevier Scientific Publishing Company, New York, 1983.



Question 3.j

THE QUESTION

Refer to [Ngo T., Mendis P., Gupta A., and Ramsay J. Blast loading and blast effects on structures -

An overview. Electronic Journal of Structural Engineering, 7:76-91, 2007. Special Issue: Loading on

Structures]. Explain the Single Degree of Freedom (SDOF) model and describe how it is applied to assess

the response of a structure to a blast load. In your answer, address the idealisation of the waveform, the

equation of motion for the SDOF, the inclusion of the structural mass and resistance in the equation of

motion, and how the solution of this equation of motion can be used to assess structural response to blast

waves.

EJSE Special Issue: Loading on Structures (2007) 
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Figure 2:  Blast wave pressure – Time history 

2 EXPLOSIVE AIR BLAST LOADING 
 

The threat for a conventional bomb is defined by 
two equally important elements, the bomb size, or 
charge weight W, and the standoff distance R be-
tween the blast source and the target (Figure 3). For 
example, the blast occurred at the basement of 
World Trade Centre in 1993 has the charge weight 
of 816.5 kg TNT. The Oklahoma bomb in 1995 has 
a charge weight of 1814 kg at a stand off of 4.5m 
(Longinow, 1996). As terrorist attacks may range 
from the small letter bomb to the gigantic truck 
bomb as experienced in Oklahoma City, the me-
chanics of a conventional explosion and their effects 
on a target must be addressed.  

 
The observed characteristics of air blast waves 

are found to be affected by the physical properties 
of the explosion source. Figure 2 shows a typical 
blast pressure profile. At the arrival time tA, 
following the explosion, pressure at that position 
suddenly increases to a peak value of overpres-
sure, Pso, over the ambient pressure, Po. The pres-
sure then decays to ambient level at time td, then 
decays further to an under pressure Pso

- (creating a 
partial vacumn) before eventually returning to am-
bient conditions at time td + td

-. The quantity Pso is 
usually referred to as the peak side-on overpres-
sure, incident peak overpressure or merely peak 
overpressure (TM 5-1300, 1990). 

 
The incident peak over pressures Pso are ampli-

fied by a reflection factor as the shock wave encoun-
ters an object or structure in its path. Except for spe-
cific focusing of high intensity shock waves at near 
45° incidence, these reflection factors are typically 
greatest for normal incidence (a surface adjacent and 
perpendicular to the source) and diminish with the 
angle of obliquity or angular position relative to the 

source. Reflection factors depend on the intensity of 
the shock wave, and for large explosives at normal 
incidence these reflection factors may enhance the 
incident pressures by as much as an order of magni-
tude. 

 
Throughout the pressure-time profile, two main 

phases can be observed; portion above ambient is 
called positive phase of duration td, while that be-
low ambient is called negative phase of duration, 
td

-. The negative phase is of a longer duration and 
a lower intensity than the positive duration. As the 
stand-off distance increases, the duration of the 
positive-phase blast wave increases resulting in a 
lower-amplitude, longer-duration shock pulse . 
Charges situated extremely close to a target structure 
impose a highly impulsive, high intensity pressure 
load over a localized region of the structure; charges 
situated further away produce a lower-intensity, 
longer-duration uniform pressure distribution over 
the entire structure. Eventually, the entire structure 
is engulfed in the shock wave, with reflection and 
diffraction effects creating focusing and shadow 
zones in a complex pattern around the structure. 
During the negative phase, the weakened structure 
may be subjected to impact by debris that may cause 
additional damage. 
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Figure 3:  Blast loads on a building 
 
If the exterior building walls are capable of 

resisting the blast load, the shock front penetrates 
through window and door openings, subjecting the 
floors, ceilings, walls, contents, and people to 
sudden pressures and fragments from shattered 
windows, doors, etc. Building components not 
capable of resisting the blast wave will fracture and 
be further fragmented and moved by the dynamic 
pressure that immediately follows the shock front. 
Building contents and people will be displaced and 
tumbled in the direction of blast wave propagation. 
In this manner the blast will propagate through the 
building. 

77

Figure 30: Example of a blast-structure

interaction . From: Ngo T., Mendis P.,

Gupta A., and Ramsay J. Blast load-

ing and blast effects on structures - An

overview. Electronic Journal of Struc-

tural Engineering, 7:76-91, 2007. Special

Issue: Loading on Structures
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The general solution can be expressed as: 
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in which ω  is the natural circular frequency of vi-
bration of the structure and T is the natural period of 
vibration of the structure which is given by equation 
11. 

M
K

T
==

πω 2  (11)
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Figure 4:  (a) SDOF system and (b) blast loading 
 
The maximum response is defined by the maximum 
dynamic deflection ym which occurs at time tm. The 
maximum dynamic deflection ym can be evaluated 
by setting dy/dt in Equation 10 equal to zero, i.e. 
when the structural velocity is zero. The dynamic 
load factor, DLF, is defined as the ratio of the 
maximum dynamic deflection ym to the static deflec-
tion yst which would have resulted from the static 
application of the peak load Fm, which is shown as 
follows:  

  

( ) ⎟
⎠
⎞

⎜
⎝
⎛Ψ====

T
t

t

K
F
y

y
y

DLF d
d

mst

ωψmaxmax  
(12)

The structural response to blast loading is signifi-
cantly influenced by the ratio td/T or dtω  (td/T 
= πω 2/dt ).  Three loading regimes are categorized 
as follows: 

- 4.0<dtω  : impulsive loading regime. 
- 4.0<dtω  : quasi-static loading regime. 
- 404.0 << dtω : dynamic loading regime.   

4.2 Elasto-Plastic SDOF Systems 

Structural elements are expected to undergo 
large inelastic deformation under blast load or high 
velocity impact. Exact analysis of dynamic re-
sponse is then only possible by step-by-step nu-

merical solution requiring a nonlinear dynamic fi-
nite-element software. However, the degree of 
uncertainty in both the determination of the loading 
and the interpretation of acceptability of the result-
ing deformation is such that solution of a postu-
lated equivalent ideal elasto-plastic SDOF system 
(Biggs, 1964) is commonly used. Interpretation is 
based on the required ductility factor μ = ym/ye 
(Figure 5). 
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Figure 5:  Simplified resistance function of an elasto-plastic 
SDOF system 

 
For example, a uniform simply supported beam 

has first mode shape φ(x) = sin πx/L and the 
equivalent mass M = (1/2)mL, where L is the span 
of the beam and m is mass per unit length. The 
equivalent force corresponding to a uniformly dis-
tributed load of intensity p is F = (2/π)pL. The re-
sponse of the ideal bilinear elasto-plastic system 
can be evaluated in closed form for the triangular 
load pulse comprising rapid rise and linear decay, 
with maximum value Fm and duration td.  The result 
for the maximum displacement is generally pre-
sented in chart form (TM 5-1300), as a family of 
curves for selected values of Ru/Fm showing the re-
quired ductility μ as a function of td/T,  in which Ru 
is the structural resistance of the beam and T is the 
natural period (Figure 6). 
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Figure 6:  Maximum response of elasto-plastic SDF system to 

a triangular load. 
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Figure 31: (a) Single degree of freedom model (SDOF). (b) Idealised blast curve (positive phase).

From: Ngo T., Mendis P., Gupta A., and Ramsay J. Blast loading and blast effects on structures

- An overview. Electronic Journal of Structural Engineering, 7:76-91, 2007. Special Issue: Loading

on Structures



Question 3.j

Single Degree of Freedom Model (SDOF): the actual structure is represented by an equivalent

system consisting of one concentrated mass, M and one weightless spring representing the resistance, K,

of the structure against deformation.

The response of the structure can then be described by an equation of motion of the form

M
d2y

dt2
+ Ky = F (t) (56)

where M is the mass of the stucture, K the stiffness of the structure, and, F (t) the time-dependent load by

the blast wave. The blast load can be idealized as a triangular pulse with an amplitude Fm and a positive

phase duration td (see Figure 31) so that the forcing function becomes

F (t) =

[
1− t

td

]
(57)

and hence the equation of motion becomes

M
d2y

dt2
+ Ky =

[
1− t

td

]
(58)



Question 3.j

The equation of motion (58) can be solved for the displacement y and the the time rate of displacement

dy/dt (velocity):

y(t) =
Fm
K

[1− cos(ωt))] +
Fm
Ktd

[
sin(ωt)

ω
− t
]

(59)

dy(t)

dt
=
Fm
K

[
ωsin(ωt)− 1

td
(cos(ωt)− 1)

]
(60)

(61)

where ω denotes the natural frequency of the structure.

The natural frequency ω and the natural period T are defined by the mass and stiffness of the structure

as:

ω =

√
K

M
T =

2π

ω
= 2π

√
M

K
(62)

The structural response to blast loading depends on the ratio td/T or ωtd. There are three loading regimes:

ωtd < 0.4 : impulsive loading regime

0.4 ≤ ωtd ≤ 40 : dynamic loading regime

ωtd > 40 : quasi-static loading regime
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Influence of the structure stiffness

EJSE Special Issue: Loading on Structures (2007) 
 
 
 
The general solution can be expressed as: 
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in which ω  is the natural circular frequency of vi-
bration of the structure and T is the natural period of 
vibration of the structure which is given by equation 
11. 

M
K

T
==

πω 2  (11)
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Figure 4:  (a) SDOF system and (b) blast loading 
 
The maximum response is defined by the maximum 
dynamic deflection ym which occurs at time tm. The 
maximum dynamic deflection ym can be evaluated 
by setting dy/dt in Equation 10 equal to zero, i.e. 
when the structural velocity is zero. The dynamic 
load factor, DLF, is defined as the ratio of the 
maximum dynamic deflection ym to the static deflec-
tion yst which would have resulted from the static 
application of the peak load Fm, which is shown as 
follows:  

  

( ) ⎟
⎠
⎞

⎜
⎝
⎛Ψ====

T
t

t

K
F
y

y
y

DLF d
d

mst

ωψmaxmax  
(12)

The structural response to blast loading is signifi-
cantly influenced by the ratio td/T or dtω  (td/T 
= πω 2/dt ).  Three loading regimes are categorized 
as follows: 

- 4.0<dtω  : impulsive loading regime. 
- 4.0<dtω  : quasi-static loading regime. 
- 404.0 << dtω : dynamic loading regime.   

4.2 Elasto-Plastic SDOF Systems 

Structural elements are expected to undergo 
large inelastic deformation under blast load or high 
velocity impact. Exact analysis of dynamic re-
sponse is then only possible by step-by-step nu-

merical solution requiring a nonlinear dynamic fi-
nite-element software. However, the degree of 
uncertainty in both the determination of the loading 
and the interpretation of acceptability of the result-
ing deformation is such that solution of a postu-
lated equivalent ideal elasto-plastic SDOF system 
(Biggs, 1964) is commonly used. Interpretation is 
based on the required ductility factor μ = ym/ye 
(Figure 5). 
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Figure 5:  Simplified resistance function of an elasto-plastic 
SDOF system 

 
For example, a uniform simply supported beam 

has first mode shape φ(x) = sin πx/L and the 
equivalent mass M = (1/2)mL, where L is the span 
of the beam and m is mass per unit length. The 
equivalent force corresponding to a uniformly dis-
tributed load of intensity p is F = (2/π)pL. The re-
sponse of the ideal bilinear elasto-plastic system 
can be evaluated in closed form for the triangular 
load pulse comprising rapid rise and linear decay, 
with maximum value Fm and duration td.  The result 
for the maximum displacement is generally pre-
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quired ductility μ as a function of td/T,  in which Ru 
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natural period (Figure 6). 
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Figure 32: Example of a resistance function (elasto-plastic material; ym = maximum deflection).
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The general solution can be expressed as: 
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in which ω  is the natural circular frequency of vi-
bration of the structure and T is the natural period of 
vibration of the structure which is given by equation 
11. 
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The maximum response is defined by the maximum 
dynamic deflection ym which occurs at time tm. The 
maximum dynamic deflection ym can be evaluated 
by setting dy/dt in Equation 10 equal to zero, i.e. 
when the structural velocity is zero. The dynamic 
load factor, DLF, is defined as the ratio of the 
maximum dynamic deflection ym to the static deflec-
tion yst which would have resulted from the static 
application of the peak load Fm, which is shown as 
follows:  
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The structural response to blast loading is signifi-
cantly influenced by the ratio td/T or dtω  (td/T 
= πω 2/dt ).  Three loading regimes are categorized 
as follows: 

- 4.0<dtω  : impulsive loading regime. 
- 4.0<dtω  : quasi-static loading regime. 
- 404.0 << dtω : dynamic loading regime.   

4.2 Elasto-Plastic SDOF Systems 

Structural elements are expected to undergo 
large inelastic deformation under blast load or high 
velocity impact. Exact analysis of dynamic re-
sponse is then only possible by step-by-step nu-

merical solution requiring a nonlinear dynamic fi-
nite-element software. However, the degree of 
uncertainty in both the determination of the loading 
and the interpretation of acceptability of the result-
ing deformation is such that solution of a postu-
lated equivalent ideal elasto-plastic SDOF system 
(Biggs, 1964) is commonly used. Interpretation is 
based on the required ductility factor μ = ym/ye 
(Figure 5). 
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Figure 33: Response of an elasto-plastic structure to a tiangular load. From: Ngo T., Mendis P.,
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Abstract

Detonation cell widths, which provide a measure of detonability of a mixture, were measured for hydroc
air and hydrogen–air–diluent mixtures. Results were obtained from a 0.43-m-diameter, 13.1-m-long heat
nation tube with an initial pressure of 101 kPa and an initial temperature between 25 and 100◦C. The cell widths
of simple cyclic hydrocarbons are somewhat smaller than those of comparable straight-chain alkanes. C
drocarbons tested generally had similar cell sizes despite differences in degree of bond saturation, bo
energy, oxygen substitution, and chemical structure. There was a significant reduction in the cell width
tane, a straight-chain alkane, when it was mixed with small quantities of hexyl nitrate. The effect of a d
such as steam and carbon dioxide, on the cell width of a hydrogen–air mixture is shown over a wide r
mixture stoichiometries. The data illustrate the effects of initial temperature and pressure on the cell wid
compared to previous studies. Not only is carbon dioxide more effective than steam at increasing the mix
width, but also its effectiveness increases relative to that of steam with increasing concentrations. The det
limits, which are dependent on the facility geometry and type of initiator used in this study, were measu
fuel-lean and fuel-rich hydrogen–air mixtures and stoichiometric hydrogen–air mixtures diluted with stea
detonability limits are nominally at the flammability limits for hydrogen–air mixtures. The subcellular stru
within a fuel-lean hydrogen–air detonation cell was recorded using a sooted foil. The uniform fine structur
self-sustained transverse wave and the irregular structure of the overdriven lead shock wave are shown a
point path that marks the boundary between detonation cells.
Published by Elsevier Inc. on behalf of The Combustion Institute.

Keywords: Detonation cells; Detonability limits; Subcellular structure
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1. Introduction

The detonation cell width is associated with t
ease with which a mixture can detonate. The ene
required to initiate a detonation directly by a sphe
cal initiation source is proportional to the cube of t

* Corresponding author. Fax: +1 812 488 2780.
E-mail address: ds38@evansville.edu(D.W. Stamps).
0010-2180/$ – see front matter Published by Elsevier Inc. on
doi:10.1016/j.combustflame.2005.06.016
cell width [1]. A more likely mode of detonation ini
tiation is through the deflagration-to-detonation tra
sition (DDT) mechanism, since the large energies
quired for direct initiation of a detonation are gen
ally not available in postulated accidents. Criteria
DDT also employ the detonation cell width[2,3].

Detonation cell width information is critical to as
sess the hazards associated with potential accid
in hydrocarbon processing plants, in petrochem
plants, and within nuclear power plant containmen
behalf of The Combustion Institute.
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The production of plasticizers, elastomers, adhesi
and fertilizers often involves higher-molecular-weig
hydrocarbon intermediates produced from petrole
feedstocks. A safety analysis in the hydrocarb
processing industry[4] concluded that explosions, n
fire, are the primary threat to be avoided and more
formation on the hazards of mixtures is required
prevent accidents. Likewise, detonable concentrat
of hydrogen and air may build up in postulated
vere accident scenarios in light-water-reactor nuc
power plants. Steam is released into the containm
as the coolant (water) is released from an accid
tal break in the reactor coolant system and hydro
is released if the nuclear core is uncovered and
hot fuel cladding oxidizes. Carbon dioxide and c
bon monoxide can be produced if the molten c
breaches the reactor pressure vessel and spreads
the concrete in the reactor cavity of the containme
The detonability of hydrogen–air–diluent mixtures
therefore, of significant interest for the area of nucl
reactor safety.

The susceptibility of a mixture to detonate is i
fluenced strongly by the mixture stoichiometry a
fuel structure. The mixture is most sensitive at
equivalence ratio slightly greater than stoichiomet
which is when the cell width is a minimum. The ce
width increases rapidly for both fuel-lean and fu
rich mixtures. The effect of mixture stoichiomet
on hydrogen–air mixtures[5–7] and hydrocarbon–ai
mixtures[8–12]was determined using measureme
of detonation cell width, critical tube diameters, a
critical initiation energies. The effect of stoichiomet
on fuel–oxygen mixtures and mixtures vitiated w
nitrogen were determined using the critical initiati
energy and critical tube diameter[13–17].

The ranking of relative detonation hazards[8,13],
as determined by the detonation cell width or one
its equivalents, shows that all saturated alkanes h
similar sensitivity regardless of molecular weight e
cept for methane, which has a unique tetrahe
molecular structure with large C–H bond energies
a propensity to produce methyl radicals. The uns
urated alkenes are more sensitive than the alka
Triply bonded alkynes, like acetylene, are more s
sitive than alkenes, like ethylene. Hydrogen is s
ilar to acetylene in hazards ranking. Because of
heated facilities, early testing of most fuels was li
ited to low-molecular-weight compounds (four ca
bons or less) to maintain sufficient vapor pressu
More recent studies[18,19] used heated facilitie
that allow fuel–air mixtures with up to 10 carbo
atoms per fuel molecule to be tested. Previous c
clusions based on low-molecular-weight fuels w
confirmed although the degree of sensitization du
bond unsaturation decreased with increasing mole
lar weight. Furthermore, it was determined that mo
r

cular structure, such as a ring compound, or the
dition of functional groups, such as epoxides or
trates, can significantly increase the hazards ran
of these structures over the parent molecule. Howe
these studies did not determine the effect of fuel m
tures.

Mixtures become less sensitive to detonation w
inert gases are added. This result is especially im
tant in hypothetical nuclear reactor accidents wh
large quantities of steam may exist in the conta
ment, from the release of coolant through a break
carbon dioxide may exist in the lower compartmen
when the molten core attacks the concrete. Dilut
of a hydrogen–air mixture with an inert gas, such
steam or carbon dioxide, provides significant mitig
tive benefits[20,21], although the effectiveness of th
diluent can be greatly diminished at elevated temp
atures[22–24]. Similar effects have been observ
for hydrogen–oxygen–diluent mixtures[25]. A direct
comparison of the efficacy of steam and carbon di
ide for hydrogen–air mixtures at the same initial co
ditions has not been reported.

Cell width data are often correlated using
Zeldovich–von Neumann–Doering (ZND) model
a detonation with detailed chemical kinetics. T
one-dimensional ZND model cannot describe
three-dimensional physical structure behind a d
onation wave. However, Shelkin and Troshin[26]
proposed that the experimentally measured deto
tion cell width could be correlated with the inductio
zone thickness. This approach has been success
correlating the detonation cell size, critical tube dia
eter, and critical initiation energy for a large numb
of fuels with a wide range of equivalence ratios a
diluents[5,10,18,20,22–24,27–35].

The ZND model assumes that a shock wave tr
els at the Chapman–Jouguet (CJ) velocity. The sh
wave elevates the postshock gas temperature
pressure to the von Neumann state on the sh
Hugoniot and initiates the chemical reaction. The
action zone behind the shock consists of an induc
zone during which the temperature and pressure
nearly constant followed by a rapid release of che
ical energy as the state of the gas moves along
Rayleigh line from the von Neumann point (no rea
tion) to the CJ point (reaction proceeds to chem
equilibrium) on the Hugoniot curves. The release
chemical energy is governed by a set of elemen
chemical reactions. A reaction mechanism propo
by Miller et al. [36] consisting of 23 elementary rea
tions and 11 species was used for the chemical kin
model for hydrogen oxidation in this study. A com
parably reliable chemical kinetic reaction mechani
was not available for the hydrocarbons tested in
study. The reaction zone structure is obtained by
multaneously solving the conservation equations
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hind the shock as a function of distance. A detai
discussion of the model is given by Shepherd[27].

The present study reports experimental meas
ments on the effects of fuel molecular structure, fu
tional groups, and fuel mixtures on the detonation
widths of stoichiometric hydrocarbon–air mixtures
1 atm initial pressure and 100◦C for common in-
dustrial hydrocarbons. The detonation cell widths
hydrogen–air mixtures at 1 atm initial pressure a
100◦C diluted with steam and carbon dioxide a
reported, correlated with the ZND model, and co
pared directly to illustrate the efficacy of the two dil
ents. The detonability limits for hydrogen–air mi
tures with and without dilution are also reported. T
limits data are not an absolute measure of the mix
composition or stoichiometry over which detonati
can occur, but are dependent on the scale and ge
etry of the facility and the initiator used in this stud
Furthermore, the fine structure within a detonat
cell has been recorded for a mixture near the de
ability limits, which exhibited large cellular structur

2. Experimental method

The detonation cell width data were obtained i
0.43-m-diameter, 13.1-m-long detonation tube hea
by resistive electrical heaters applied evenly along
tube’s surface. A 3.66-m-long by 1.22-m-wide a
minum sheet was coated uniformly with a thin lay
of soot to record the tracks of the detonation ce
lar structure. The sheet was rolled into a cylinder a
placed in the terminal end of the tube as a liner.

The experimental procedure varied slightly d
pending on whether the fuel was a liquid or a g
For liquid hydrocarbon fuels, the tube was heated
100◦C and then evacuated. A premeasured amo
of fuel was placed in a small boiler and the boi
was heated 20–40◦C above the tube temperature. T
fuel vapor was introduced into the tube through a
circulation line and the pressure inside the tube w
allowed to equilibrate. Heated, dry, compressed
was introduced slowly into the recirculation line a
allowed to mix. For hydrogen, the tube was hea
to 100◦C and then evacuated. Dry air was first
troduced, then hydrogen, and finally steam or car
dioxide depending on the experiment. The mixt
was continuously circulated during the introducti
of new gases. Each gas was introduced slowly o
the period of time required to circulate one to tw
tube volumes. The final mixture was circulated t
to three tube volumes to provide additional mixing

The temperature and pressure were measure
ter each gas was introduced and the equivalence
and diluent concentrations were determined using
method of partial pressures. The uncertainty in
equivalence ratio is less than±4%. The gas pressur
was measured using a Wallace and Tiernan 0–800
Hg absolute gauge with an uncertainty of±0.5 mm
Hg and the gas temperature was measured usi
Chromel–Alumel (Type K) thermocouple with an u
certainty of±1◦C. Mixtures were initially heated t
nominally 100◦C and 101 kPa.

The detonation was typically initiated using a 40
planar charge of EL506C1 Detasheet high exp
sive in a “wagon wheel” arrangement, although
to 106 g of high explosive was used for mixtur
that were marginally detonable. Detonation tim
of-arrival was measured by up to 12 fast-respo
piezoelectric pressure transducers (either PCB Mo
113A20 or Kistler Model 211B3) spaced appro
mately uniformly along the length of the tube. A co
stant detonation velocity along the latter 10 m of
tube verified a self-sustained wave.

The detonation cell widths,λ, were measured b
selecting high-contrast long-running parallel lines
the sooted sheet. Two observers measured the de
tion cells widths independently and the ratios of
two sets of independent measurements were use
estimate the uncertainty. Two standard deviation
the cell widths are estimated to be±0.25λ (e.g., a
95% confidence interval).

3. Results and discussion

3.1. Hydrocarbon–air detonations

The effect of molecular structure, bond saturati
and functional groups were investigated for comm
industrial high-molecular-weight hydrocarbons.Ta-
ble 1 lists the fuels that were tested, their chemi
purity, formula, and structure, and the detonation
widths for the stoichiometric fuel–air mixtures show
in order of increasing sensitivity to detonation. W
the exception of benzene, a stable six-carbon ring,
2,5-dihydrofuran, an unsaturated cyclic ether, all
the cyclic fuels have similar cell widths in the range
40–50 mm, in spite of significant differences in mo
cular structure, strain energies in the rings, and de
of saturation. For example, quadricyclane, a satur
cyclic alkane with highly strained three-carbon rin
has the same cell width as cyclohexane, with a m
stable six-carbon ring. Likewise, the saturated qua
cyclane has nearly the same cell width as monoun
uratedα-pinene or polyunsaturated methylcyclope
tadiene.

Benzene is a very stable cyclic compound. In sp
of the double bonds between the carbon atoms,
detonation cell width is 126 mm. This large cell wid
is likely a result of the stability resonance establish
by the sharing of the electrons in theπ bonds, which
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fuel–air

)

Table 1
Chemical purity, formula, and structure of each hydrocarbon fuel and the detonation cell widths for stoichiometric
mixtures at 1 atm initial pressure and 100◦C initial temperature

Fuel Purity Formula Structure Cell width (mm

Benzene 99% C6H6 (Hexagon) 126
α-Methylstyrene 99% C9H10 C6H5C(CH3)=CH2 (Hexagon) 50
Decalin (decahydronaphthalene) 98% C10H18 (Dual hexagonal ring) 49
Tetrahydrofuran 99% C4H8O (Pentagon) 46
n-Octane 99% C8H18 (Straight-chain alkane) 42[18]
α-Pinene 98% C10H16 (Complex cyclic alkene) 42
Quadricyclane 95% C6H5 (Highly-strained cyclic alkane) 41
Cyclohexane 99% C6H5 (Hexagon) 41
Methylcyclopentadiene 93% C6H8 C5H5(CH3) (Pentagon) 40
2,5-Dihydrofuran 97% C4H6O (Pentagon) 21
Ethyl hexyl nitrate 97% C8H17NO3 CH3(CH2)3CH(C2H5)CH2ONO2 15
Hexyl nitrate 95% C6H13NO3 CH3(CH2)5NO3 11 [18]

Note. The 95% confidence interval on the detonation cell width(λ) is ±0.25λ.
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increases the difficulty in initiating the chemical r
action. The large cell width of the benzene ring c
be contrasted with a cell width of 50 mm for that
α-methylstyrene, which has an unsaturated hexa
nal cyclic ring like that of benzene. However, unli
benzene,α-methylstyrene has a methyl radical (CH3)
and a methylene radical (CH2) attached to a carbon
carbon bond as shown inTable 1. Breaking bonds
between these radicals and the carbon atom woul
easier than breaking bonds in the benzene ring
could contribute to a smaller cell size.

Cyclohexane, with a cell size of 41 mm, has
larger cell size than cyclooctane, which has a cell s
of 29 mm[18]. The more stable six-carbon ring stru
ture of cyclohexane as compared to the eight-car
ring structure of cyclooctane may be responsible
the larger cell size. It is interesting to note that t
ratio of the detonation cell widths of hexane to c
clohexane is similar to that of octane to cycloocta
Using cell widths of 55 and 42 mm for hexane and
tane[18], respectively, the ratios of the straight-cha
alkane to cyclic alkane cell widths are approximat
1.3 and 1.4 at the C6 and C8 levels, respectively. The
sensitizing effect of the ring structure is similar
each straight-chain alkane.

The degree of bond saturation also affects the
size. Tieszen et al.[18] showed a substantial redu
tion in the cell width as the degree of saturation
creased in straight-chain alkanes. A similar effect w
observed in the present study in cyclic ethers. Tetra
drofuran and 2,5-dihydrofuran have the same che
cal structure except that 2,5-dihydrofuran has a d
ble carbon bond. A cell width of 46 mm was measu
for tetrahydrofuran as compared to 21 mm for 2
dihydrofuran.

The replacement of a single H atom by a nitr
functional group can substantially decrease the
width. As an example, the cell width of 11 mm me
sured for mixed primary hexyl nitrate is five time
smaller than the 55-mm cell width for hexane[18].
The cell width of 15 mm for ethyl hexyl nitrate,
slightly larger than that of mixed primary hexyl n
trate although that is consistent with earlier obser
tions that the degree of sensitization resulting from
nitro or epoxy group decreased with increasing mo
cular weight[18]. The reduction in cell width come
from three factors[18]: (1) a lower bond energy be
tween the ONO2 functional group and remaining fue
radical as compared to the original C–H bond in
parent molecule, which allow the fuel to decompo
rapidly, (2) the production of large quantities of alk
radicals and ONO2 groups that accelerate the over
reaction rate, and (3) a higher heat of reaction, wh
increases the postshock temperature and pressur

The addition of relatively small amounts of hex
nitrate to octane yielded a large decrease in the
width of the mixture. For example, the cell width of
stoichiometric mixture of an octane/hexyl nitrate fu
blend and air is reduced by nearly a factor of 2, fr
42 to 23 mm, when 10% hexyl nitrate is added to
fuel blend as compared to pure octane. The remai
of the octane would have to be replaced in the f
blend, from 10 to 100% hexyl nitrate, to reduce t
cell width by approximately another factor of 2, fro
23 to 11 mm, as shown inFig. 1. Another study[37]
showed a linear reduction in the detonation cell wi
as isopropyl nitrate was added to hexane in stoic
metric fuel blend–air mixtures. However, it should
pointed out that in both studies, there was a conti
ous reduction in the cell width of the fuel blend–a
mixture as increasing amounts of the nitrated f
were added. Zhang et al.[37] suggested that the e
fect an additive has on a fuel–additive blend depe
on the differences between the heats of reactions
the activation energies of the overall reactions of
additive–air mixture and the fuel–air mixture.
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Fig. 1. The detonation cell width for overall stoichiomet
mixtures of mixed primary hexyl nitrate (C6H13NO3) and
n-octane (C8H18) at 101 kPa initial pressure and 100◦C ini-
tial temperature.

3.2. Hydrogen–air–diluent detonations

Guirao et al.[38] and Tieszen et al.[20,39] re-
port the effect of steam and carbon dioxide diluti
on the detonation cell width of hydrogen–air mi
tures using different scales of test facilities althou
neither of the these studies provide a direct comp
son of the two diluents at the same initial conditio
Both studies report variations in the detonation c
widths in hydrogen–air mixtures at an initial tem
perature of 25◦C and one atmosphere pressure w
carbon dioxide dilution and different equivalence
tios. They also report the effect of steam diluti
and equivalence ratio on the detonation cell size
hydrogen–air mixtures at 100◦C with an air density
of 41.6 mol/m3, which corresponds to the density
air at 1 atm and 20◦C. The tests were conducted b
heating air, initially at 20◦C and 1 atm, to 100◦C,
adding hydrogen to the desired equivalence ratio,
then adding steam to the desired percentage. The
mixture temperature was constant at approxima
100◦C for all tests but the initial pressure varied fro
1.46 to 2.89 atm depending on the amount of hyd
gen and steam added. This testing procedure was
to study nuclear reactor safety issues and simul
the heating of air within a rigid containment whi
steam and hydrogen were released during a hypo
ical accident. Stamps and Tieszen[22] have shown
that initial temperature and pressure influence the
onation cell size. Therefore, the effect of steam a
carbon dioxide dilution could not be compared
rectly since the tests were conducted at different t
peratures and pressures.

Ciccarelli et al.[23,24] report the effect of steam
dilution on the detonation cell width of hydrogen–a
mixtures at elevated temperatures but did not perf
any tests with carbon dioxide. The reported results
primarily for steam-diluted stoichiometric mixtures
initial pressures of 1 atm and initial temperatures
to 650 K, although a limited number of data are giv
for steam-diluted fuel-lean mixtures.

Detonation cell width data from the present stu
have been obtained at conditions different from pre
ous studies and the tests have been designed to
a direct comparison between the effect of steam
carbon dioxide dilution. Tests were conducted w
both carbon dioxide- and steam-diluted hydrogen–
mixtures at initial conditions of 100◦C and 1 atm
pressure. The effect of carbon dioxide and steam
lution on the hydrogen–air detonation cell widths
shown inFigs. 2 and 3. The addition of 10 and 20%
carbon dioxide to stoichiometric mixtures increas
the cell width by factors of approximately 4.6 a
34 over a stoichiometric mixture with no dilution an
by factors of 4 and 24 when steam was used as
diluent. Because the critical initiation energy is p
portional to the cube of the cell width, this mea
that the addition of carbon dioxide decreases the l
lihood of a directly initiated detonation by appro
imately factors of 100 and 40,000 over a stoich
metric hydrogen–air mixture and factors of 64 a
13,000 for steam dilution. From a comparison of
data, carbon dioxide was not only a better inhibi
of a detonation than steam, but also its effectiven
increased relative to steam with increasing concen
tion.

The data inFigs. 2 and 3are qualitatively similar
to those reported by Tieszen et al.[20,39], yet quanti-
tative differences exist. Both sets of data show that
cell widths increase for off-stoichiometric hydroge
air mixtures and for all equivalence ratios with t
addition of an inert gas. However, for a given m
ture composition, the present data for carbon diox
diluted hydrogen–air mixtures show smaller deto
tion cell widths than those reported by Tieszen et
[20,39]. This is due to the higher initial temper
tures used in the current study. This is consistent w
the results of Stamps and Tieszen[22] and Ciccarelli
et al. [23,24], which show a reduction in the deton
tion cell size of diluted hydrogen–air mixtures ov
a similar range of temperatures. Also, for a giv
mixture composition, the data reported by Tiesz
et al.[20,39]for steam-diluted hydrogen–air mixture
show smaller detonation cell widths than the curr
study. This is because the tests performed by Ties
et al. [20,39] were conducted at higher initial pre
sures, as discussed in Stamps and Tieszen[22].

The detonation cell widths shown inFigs. 2 and 3
are correlated with results from the ZND model. T
ZND model is first used to calculate a reaction zo
length. Then, the detonation cell width is predict
by multiplying the calculated reaction zone leng
by an empirical constant. Shepherd[27] examined
the use of several different definitions of the re
tion zone length to predict the detonation cell wid
These definitions include the location of the ma
mum temperature gradient and the location where
gaseous products’ velocity reached a Mach numbe
0.75 and 0.9 for the ZND model and the location
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Fig. 2. The effect of inert gas dilution on the detonation c
width of hydrogen–air mixtures at 100◦C initial temperature
and 101 kPa initial pressure. The 95% confidence interva
the detonation cell width(λ) is ±0.25λ. Symbols represen
data for steam and continuous lines represent ZND pre
tions.

Fig. 3. The effect of inert gas dilution on the detonation c
width of hydrogen–air mixtures at 100◦C initial temperature
and 101 kPa initial pressure. The 95% confidence interva
the detonation cell width(λ) is ±0.25λ. Symbols represen
data for carbon dioxide and continuous lines represent Z
predictions.

the maximum temperature gradient and a length
lated to the effective activation energy for a const
volume combustion approximation. Shepherd fou
that the location where the gaseous products’ velo
reached a Mach number of 0.75 was most succes
in predicting the change in cell size for hydroge
air mixtures diluted with steam and carbon dioxi
at temperatures between 25 and 100◦C, which are
the conditions of the mixtures tested in this stu
This length scale was multiplied by a constant f
tor of 22 to correlate with the detonation cell widt
since this method has successfully correlated prev
hydrogen–air–diluent data under similar initial con
tions[20]. The predicted cell widths are shown as
solid lines inFigs. 2 and 3.

3.3. Detonability limits of hydrogen–air–diluent
mixtures

Experiments were conducted to determine
range of mixture compositions that would supp
detonations in this facility, since detonability limi
are scale-dependent. The detonability limit is repor
on a “go–no go” basis. For example, the detonabi
limit for a fuel-lean hydrogen–air mixture at 20◦C
and 101 kPa was between 11.4 and 11.6% hy
gen. That is, a self-sustained detonation wave
observed at 11.6% hydrogen and the detonation fa
at 11.4% hydrogen. The self-sustained detonat
left tracks on the sooted foils while the failed de
nations did not. Furthermore, since cell width d
larger than the facility dimension are not independ
measurements that the detonation may be margin
failing, the experimentally measured wave velocity
reported inTable 2and compared to the calculate
Chapman–Jouguet (C–J) detonation velocity. The
perimentally measured wave velocities agree wit
4% at worst, and typically within less than 1%, wh
compared to the C–J detonation velocities for
self-sustained waves. For the failed detonations,
measured values are lower than the C–J values
an average of 26%.Table 2summarizes the data an
compares the detonability limits to the flammabil
limits.

Typically two flammability limits are reported fo
fuel-lean hydrogen–air mixtures: one each for dow
ward and upward propagation of the flame. For
ample, at 20◦C and 101 kPa, the downward prop
gation flammability limit is 9.4% hydrogen and th
upward propagation flammability limit is 4.3% hy
drogen[40]. The directional difference in the fue
lean flammability limit is because of a process cal
selective diffusional demixing[43]. Small hydrogen
molecules easily diffuse through the air and loca
enrich the fuel in the mixture near the flame, pro
agating upward by buoyant convection. However
detonation time scales, selective diffusional demix
is not possible and it can be argued that the do
ward propagation limit is the appropriate benchm
for comparison.
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1 atm

initial

s air
Table 2
Comparison of the flammability limits and detonability limits for various hydrogen–air mixtures at an initial pressure of

Mixture Initial temp.
(◦C)

Flam. limit Detn. Exp. vel.
(m/s)

C–J detn.
vel. (m/s)

No detn. Exp. vel.
(m/s)

C–J detn.
vel. (m/s)

Lean H2–air 20 9.4% H2 [40] 11.6% H2 1375 1367 11.4% H2 1058 1354
Rich H2–air 20 75.0% H2 [40] 74.9% H2 2316 2330 75.9% H2 1530 2333
Lean H2–air 100 8.7% H2 [40] 9.4% H2 1276 1267 8.8% H2 1002 1237
Rich H2–air 100 77.4% H2 [40] 76.9% H2 2337 2361 77.9% H2 1815 2365
Stoich. H2–air–H2O 100 59.4% H2O [41] 38.8% H2O 1641 1706 40.5% H2O 1114 1693
Stoich. H2–air–CO2 20 56.0% CO2 [42] 24.8% CO2 1458 1518 No test No test No test

Note. Detonability limits were obtained in a 43-cm-diameter tube.

Table 3
Comparison of the flammability limits and detonability limits for stoichiometric hydrogen–air–diluent mixtures at an
pressure of 1 atm

Mixture Init temp.
(◦C)

Diluent Detn. limit
(% diluent)

Flam. limit
(% diluent)

Detn. limit
(% flam. limit)

Cp
(kJ/kmol K)

H2–air 20 H2 64.4 64.5 99.8 30.0
H2–air 100 H2 67.2 67.9 99.0 30.2
H2–air 20 Air 60.6 68.2 89.0 33.0
H2–air 100 Air 68.1 70.6 96.4 32.8
H2–air–H2O 100 H2O 38.8 59.4 65.3 44.2
H2–air–CO2 20 CO2 24.8 56.0 44.3 56.8

Note. The fuel-lean and fuel-rich mixtures inTable 2are viewed alternatively as stoichiometric mixtures diluted with exces
and hydrogen, respectively.
et-
s
i-
ss
el-

io-
e
nd

f
n
ugh

he
lity
ty
it

m-
–
m-
air
s)
).
n–
ter

ts
a

at

n-
d

ce
m-
of
m-
sults
cell
spe-
es,
ts

s He.
i-
r at

t of

re
r

eats
f the
ra-
ergy
the
nce
Of

ility
To compare the effect of the diluent on the d
onability limits, the fuel-lean and fuel-rich mixture
shown inTable 2can be viewed alternatively as sto
chiometric hydrogen–air mixtures diluted with exce
air and hydrogen, respectively. For example, a fu
lean mixture with an equivalence ratioφ = 0.314, or
11.6% H2, has the same composition as a stoich
metric H2–air mixture with 60.6% excess air. Th
conversion was done for both the detonability a
flammability limits shown inTable 3. For the sake o
comparison, the “go” detonability limits were take
as mixtures that supported a detonation even tho
the actual limits lie within the “go–no go” ranges. T
ratio of the diluent concentration at the detonabi
limit to the diluent concentration at the flammabili
limit is a measure of how close the detonability lim
is to the flammability limit.

The data show that the detonability limits are no
inally at the flammability limits for some hydrogen
air mixtures. For example, the detonability and fla
mability limits are nearly the same for hydrogen–
mixtures diluted with hydrogen (fuel-rich mixture
and very close for air dilution (fuel-lean mixtures
Similar results have been reported in hydroge
oxygen–helium mixtures tested in a 15-cm-diame
tube, where detonability and flammability limi
nearly coincided. A detonation was observed in
stoichiometric hydrogen–oxygen–helium mixture
9.4% hydrogen at the ambient conditions of 22◦C
and 101 kPa[25], while the flammability limit for a
stoichiometric hydrogen–oxygen–helium mixture u
der similar initial conditions is 9% for both upwar
and downward propagation of the flame[41].

The heat capacity of the diluent has an influen
on how close the detonability limits are to the fla
mability limits for a given apparatus. The addition
the diluents inTable 2decreases the postshock te
perature, which reduces the reaction rates and re
in larger reaction-zone lengths and detonation
sizes. The effect of the diluent increases as the
cific heat of the diluent increases. Triatomic gas
such as CO2 and H2O, have larger specific hea
than diatomic gases, such as H2, O2, or N2, which
have larger values than monatomic gases, such a
Ultimately, the detonation limits for a fixed tube d
ameter, such as those in the current study, occu
lower diluent concentrations as the specific hea
the diluent increases. This effect can be seen inTa-
ble 3, which shows that the detonability limits a
progressively farther from the flammability limits fo
diluents with greater specific heats. The specific h
are reported at a temperature that is the average o
initial temperature and the C–J detonation tempe
ture. This temperature was chosen because the en
absorbed by the diluent can be approximated by
average specific heat times the temperature differe
between the detonation and initial temperatures.
course chemical factors, such as the diluent’s ab
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to participate in or enhance some reaction rates,
also affect the cell size and ultimately the detonat
limits within a given tube diameter. However, She
herd[27] showed that the primary effect is the therm
effect for hydrogen–air–diluent detonations shown
Table 3.

Larger-diameter tubes allow a wider range
mixture compositions to detonate. For example,
range of detonable mixture compositions was fou
to lie between 20.3 and 57% hydrogen in a 1-c
diameter tube[44] as compared to the wider rang
11.6–74.9% hydrogen in the current 43-cm-diame
tube for hydrogen–air mixtures at ambient tempe
ture and pressure. Because the scale of the fac
influences detonability limits, this means that the
trinsic detonability limit for steam-diluted and carbo
dioxide-diluted mixtures may ultimately be high
than the reported values of 38.8 and 24.8%, resp
tively, perhaps reaching the flammability limits
59.4 and 56%, respectively, if the results from t
hydrogen-lean and hydrogen-rich mixtures shown
Table 3hold for the higher heat capacity diluents.

3.4. Subcellular structure of a detonation

The subcellular structure of a detonation cell b
came evident for hydrogen–air mixtures near the d
onability limits because of the large size of the ce
associated with these mixtures. For example, the
width was 1320 mm for a hydrogen–air mixture
100◦C and 101 kPa with 10.4% hydrogen. The v
locity of this self-sustained detonation wave was m
sured at 1383 m/s compared to a calculated C–J d
onation velocity of 1317 m/s. An idealized schemati
of a cell from this test is shown inFig. 4a. The struc-
ture of the detonation wave is superimposed at
location. The photograph inFig. 4b is an enlargemen
of a region depicted by the rectangle inFig. 4a along
the path of the triple point. The track angle betwe
the tube axis and the path of the triple point is 4◦
at the location of the subcellular structure shown
Fig. 4b. The average detonation velocity and the tra
angle are all that are required to calculate comple
the shock structure using the technique of Hua
et al.[45].

Oppenheim[46] describes how Mitrofanov, Sub
botin, and Topchyan deduced the structure of a
onation wave, which was obtained independently
Schott[47]. As illustrated inFig. 4a, the leading edg
of a detonation wave is composed of an oblique sh
FA and an overdriven wave AE. Because of the vel
ity of the oblique shock FA, the temperature of the g
behind the wave is insufficient for fast ignition an
the reaction front separates from the shock. A s
sustained transverse wave BC propagates into the
compressed by the oblique shock FA and the reac
(a)

(b)

Fig. 4. The subcellular structure of a hydrogen–air deto
tion at 100◦C and 101 kPa with 10.4% hydrogen: (a) ide
ized schematic of the detonation cells with a detonation w
superimposed and (b) photograph of the rectangular re
depicted in part (a).

is rapid behind the second compression. The exp
sion of the products of the transverse wave distorts
primary wave to create the overdriven wave AE. T
gases react rapidly behind the overdriven wave
but the reaction eventually separates from the w
DE as the effects of the gas expansion from the tra
verse wave disappear.

Two types of subcellular structure were record
The fine structures in the photograph to the left of
path of the triple point are tracings left in the wake
the transverse wave BC depicted inFig. 4a. The uni-
formity of the fine structure is a consequence of
self-sustained nature of the transverse wave. The
cellular structure is small (approximately three ord
of magnitude smaller than the cell width) since the
is precompressed to high densities by the oblique
shock FA. The average spacing between the lines
allel to the triple point path is 1.4 mm. The subcellu
structures to the right of the triple point path are tr
ings in the wake of the overdriven lead shock wa
AE. The increase in the size of the subcellular str
ture normal to the triple point path shown inFig. 4b is
a consequence of the loss of strength in the lead sh
from point A to E inFig. 4a. The subcellular struc
ture in Fig. 4b provides a quantitative experimen
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basis for assessing the physical and chemical mo
and computational schemes in numerical simulati
of detonations.

4. Conclusions

The detonability of stoichiometric hydrocarbon
air mixtures has been studied experimentally w
emphasis on high-molecular-weight fuels, whi
have particular importance for the transportation a
chemical process industries. For example, among
fuels tested,α-pinene is a main constituent in turpe
tine, benzene is a natural fuel constituent, methy
clopentadiene is an unleaded gasoline additive,
hexyl nitrate and ethyl hexyl nitrate are used as die
additives. The detonation cell widths were measu
primarily for stoichiometric cyclic and unsaturate
hydrocarbons in air at 100◦C and 1 atm initial tem-
perature and pressure. The detonability of hydrog
air mixtures was also studied with emphasis on
effects of diluents, like steam and carbon dioxi
The detonation cell widths of hydrogen–air–dilue
mixtures at 100◦C and 1 atm initial temperature an
pressure were measured for a wide range of mix
stoichiometries. The detonability limits were me
sured and the fine subcellular structure of the de
nation was recorded.

The detonability of the cyclic hydrocarbon fue
tested is similar except for benzene, a very sta
six-carbon ring, and 2,5-dihydrofuran, an unsatura
cyclic ether. The detonation cell widths of most cyc
hydrocarbon fuels are within the range of 40–50 m
despite differences in their chemical structure,
strain energies in their rings, or the degree of sa
ration. This finding has important implications for th
petrochemical industry, where it was noted that th
was a statistical correlation between cyclic or unsa
rated fuels and the occurrence of blast[48].

Molecular structure, bond saturation, and fun
tional groups can increase the detonability of a hyd
carbon fuel. For example, a cyclic fuel is more deto
able than the corresponding straight-chain alkan
the same carbon level, an unsaturated cyclic eth
more sensitive than a saturated cyclic ether, and
substitution of a nitrate functional group is more d
onable than the parent alkane.

The addition of a small amount of hexyl nitrate
octane substantially increases octane’s susceptib
to detonate. Further addition of the nitrated fuel co
tinues to increase the detonability of the alkane f
but to a lesser extent.

The addition of a diluent, such as steam and c
bon dioxide, decreases the detonability of hydrog
air mixtures at all mixture stoichiometries. For equ
concentrations, carbon dioxide is not only a be
inhibitor of a detonation than steam, but its effe
tiveness increases relative to steam with increa
concentrations. These results may be important w
respect to accident mitigation strategies in hypoth
cal nuclear power plant accidents.

Detonability and flammability limits of hydrogen
air–diluent mixtures can be nearly identical, depe
ing on the diluent and size of the test apparatus.
results show the detonability limits coincided with t
flammability limits for hydrogen–oxygen mixture
diluted with monatomic helium[25] and hydrogen–
air mixtures diluted with diatomic hydrogen. The lim
its were also close for mixtures diluted with air. T
discrepancy between flammability and detonabi
limits was greatest for hydrogen–air mixtures dilut
with the triatomic gases steam and carbon diox
although the two limits may be closer at larger ge
metric scales, since detonability limits widen with i
creasing scale. This result may have important co
quences for severe accident analyses at nuclear
tor scales, which can be an order of magnitude la
than the present experiments.

The uniform fine structure of the self-sustain
transverse wave and the irregular structure of the o
driven lead shock are shown together along the p
of the triple point as part of the subcellular structure
a detonation wave. Recent numerical computation
detonations with a detailed chemical reaction mec
nism investigated the structure and energy releas
the triple point region and transverse wave[49]. The
present measurements can ultimately provide an
perimental basis for assessing the physical and ch
ical models and computational schemes in deta
numerical simulations of detonations.
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1 EXPLOSIONS AND BLAST PHENOMENON 
 
An explosion is defined as a large-scale, rapid and 
sudden release of energy. Explosions can be catego-
rized on the basis of their nature as physical, nuclear 
or chemical events. In physical explosions, energy 
may be released from the catastrophic failure of a 
cylinder of compressed gas, volcanic eruptions or 
even mixing of two liquids at different temperatures. 
In a nuclear explosion, energy is released from the 
formation of different atomic nuclei by the redistri-
bution of the protons and neutrons within the inter-
acting nuclei, whereas the rapid oxidation of fuel 
elements (carbon and hydrogen atoms) is the main 
source of energy in the case of chemical explosions. 

Explosive materials can be classified according to 
their physical state as solids, liquids or gases. Solid 
explosives are mainly high explosives for which 
blast effects are best known. They can also be classi-
fied on the basis of their sensitivity to ignition as 
secondary or primary explosive. The latter is one 
that can be easily detonated by simple ignition from 
a spark, flame or impact. Materials such as mercury 
fulminate and lead azide are primary explosives. 
Secondary explosives when detonated create blast 
(shock) waves which can result in widespread dam-
age to the surroundings. Examples include trinitro-
toluene (TNT) and ANFO. 

The detonation of a condensed high explosive 
generates hot gases under pressure up to 300 kilo bar 
and a temperature of about 3000-4000C°. The hot 
gas expands forcing out the volume it occupies. As a 
consequence, a layer of compressed air (blast wave) 
forms in front of this gas volume containing most of 
the energy released by the explosion. Blast wave in-
stantaneously increases to a value of pressure above 
the ambient atmospheric pressure. This is referred to 
as the side-on overpressure that decays as the shock 
wave expands outward from the explosion source. 
After a short time, the pressure behind the front may 
drop below the ambient pressure (Figure 1). During 
such a negative phase, a partial vacuum is created 
and air is sucked in. This is also accompanied by 
high suction winds that carry the debris for long dis-
tances away from the explosion source. 

 

Shock velocity
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su
re

Distance from explosion  
  Figure 1:  Blast wave propagation 

 

 

Blast Loading and Blast Effects on Structures – An Overview 

T. Ngo, P. Mendis, A. Gupta & J. Ramsay 
The University of Melbourne, Australia 
 

 
 

ABSTRACT: The use of vehicle bombs to attack city centers has been a feature of campaigns by terrorist or-
ganizations around the world. A bomb explosion within or immediately nearby a building can cause catastro-
phic damage on the building's external and internal structural frames, collapsing of walls, blowing out of large 
expanses of windows, and shutting down of critical life-safety systems. Loss of life and injuries to occupants 
can result from many causes, including direct blast-effects, structural collapse, debris impact, fire, and smoke. 
The indirect effects can combine to inhibit or prevent timely evacuation, thereby contributing to additional 
casualties. In addition, major catastrophes resulting from gas-chemical explosions result in large dynamic 
loads, greater than the original design loads, of many structures. Due to the threat from such extreme loading 
conditions, efforts have been made during the past three decades to develop methods of structural analysis 
and design to resist blast loads. The analysis and design of structures subjected to blast loads require a de-
tailed understanding of blast phenomena and the dynamic response of various structural elements. This paper 
presents a comprehensive overview of the effects of explosion on structures. An explanation of the nature of 
explosions and the mechanism of blast waves in free air is given. This paper also introduces different methods 
to estimate blast loads and structural response. 
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Figure 2:  Blast wave pressure – Time history 

2 EXPLOSIVE AIR BLAST LOADING 
 

The threat for a conventional bomb is defined by 
two equally important elements, the bomb size, or 
charge weight W, and the standoff distance R be-
tween the blast source and the target (Figure 3). For 
example, the blast occurred at the basement of 
World Trade Centre in 1993 has the charge weight 
of 816.5 kg TNT. The Oklahoma bomb in 1995 has 
a charge weight of 1814 kg at a stand off of 4.5m 
(Longinow, 1996). As terrorist attacks may range 
from the small letter bomb to the gigantic truck 
bomb as experienced in Oklahoma City, the me-
chanics of a conventional explosion and their effects 
on a target must be addressed.  

 
The observed characteristics of air blast waves 

are found to be affected by the physical properties 
of the explosion source. Figure 2 shows a typical 
blast pressure profile. At the arrival time tA, 
following the explosion, pressure at that position 
suddenly increases to a peak value of overpres-
sure, Pso, over the ambient pressure, Po. The pres-
sure then decays to ambient level at time td, then 
decays further to an under pressure Pso

- (creating a 
partial vacumn) before eventually returning to am-
bient conditions at time td + td

-. The quantity Pso is 
usually referred to as the peak side-on overpres-
sure, incident peak overpressure or merely peak 
overpressure (TM 5-1300, 1990). 

 
The incident peak over pressures Pso are ampli-

fied by a reflection factor as the shock wave encoun-
ters an object or structure in its path. Except for spe-
cific focusing of high intensity shock waves at near 
45° incidence, these reflection factors are typically 
greatest for normal incidence (a surface adjacent and 
perpendicular to the source) and diminish with the 
angle of obliquity or angular position relative to the 

source. Reflection factors depend on the intensity of 
the shock wave, and for large explosives at normal 
incidence these reflection factors may enhance the 
incident pressures by as much as an order of magni-
tude. 

 
Throughout the pressure-time profile, two main 

phases can be observed; portion above ambient is 
called positive phase of duration td, while that be-
low ambient is called negative phase of duration, 
td

-. The negative phase is of a longer duration and 
a lower intensity than the positive duration. As the 
stand-off distance increases, the duration of the 
positive-phase blast wave increases resulting in a 
lower-amplitude, longer-duration shock pulse . 
Charges situated extremely close to a target structure 
impose a highly impulsive, high intensity pressure 
load over a localized region of the structure; charges 
situated further away produce a lower-intensity, 
longer-duration uniform pressure distribution over 
the entire structure. Eventually, the entire structure 
is engulfed in the shock wave, with reflection and 
diffraction effects creating focusing and shadow 
zones in a complex pattern around the structure. 
During the negative phase, the weakened structure 
may be subjected to impact by debris that may cause 
additional damage. 
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Figure 3:  Blast loads on a building 
 
If the exterior building walls are capable of 

resisting the blast load, the shock front penetrates 
through window and door openings, subjecting the 
floors, ceilings, walls, contents, and people to 
sudden pressures and fragments from shattered 
windows, doors, etc. Building components not 
capable of resisting the blast wave will fracture and 
be further fragmented and moved by the dynamic 
pressure that immediately follows the shock front. 
Building contents and people will be displaced and 
tumbled in the direction of blast wave propagation. 
In this manner the blast will propagate through the 
building. 
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2.1 Blast Wave Scaling Laws 

All blast parameters are primarily dependent on 
the amount of energy released by a detonation in 
the form of a blast wave and the distance from the 
explosion. A universal normalized description of 
the blast effects can be given by scaling distance 
relative to (E/Po)1/3 and scaling pressure relative to 
Po, where E is the energy release (kJ) and Po the 
ambient pressure (typically 100 kN/m2). For con-
venience, however, it is general practice to express 
the basic explosive input or charge weight W as an 
equivalent mass of TNT. Results are then given as 
a function of the dimensional distance parameter 
(scaled distance) Z = R/W1/3, where R is the actual 
effective distance from the explosion. W is gener-
ally expressed in kilograms. Scaling laws provide 
parametric correlations between a particular explo-
sion and a standard charge of the same substance.  

2.2 Prediction of Blast Pressure 

Blast wave parameters for conventional high 
explosive materials have been the focus of a num-
ber of studies during the 1950’s and 1960’s. Esti-
mations of peak overpressure due to spherical blast 
based on scaled distance Z = R/W1/3 were intro-
duced by Brode (1955) as: 

17.6
3 +=

Z
Pso  bar ( soP  > 10 bar) 

019.085.5455.1975.0
32 −++=

ZZZ
Pso  bar 

(0.1 bar < soP  < 10 bar)
 

(1)

Newmark and Hansen (1961) introduced a rela-
tionship to calculate the maximum blast overpres-
sure, Pso, in bars, for a high explosive charge deto-
nates at the ground surface as: 
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Another expression of the peak overpressure in 
kPa is introduced by Mills (1987), in which W is 
expressed as the equivalent charge weight in kilo-
grams of TNT, and Z is the scaled distance: 
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(3)

As the blast wave propagates through the at-
mosphere, the air behind the shock front is moving 
outward at lower velocity. The velocity of the air 
particles, and hence the wind pressure, depends on 
the peak overpressure of the blast wave. This later 
velocity of the air is associated with the dynamic 
pressure, q(t). The maximum value, qs, say, is 
given by 

)7(2/5 2
ososos pppq +=

 
(4)

If the blast wave encounters an obstacle perpen-
dicular to the direction of propagation, reflection 
increases the overpressure to a maximum reflected 
pressure Pr as: 
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A full discussion and extensive charts for pre-
dicting blast pressures and blast durations are given 
by Mays and Smith (1995) and TM5-1300 (1990). 
Some representative numerical values of peak re-
flected overpressure are given in Table 1. 

 
Table 1. Peak reflected overpressures Pr (in MPa) with differ-
ent W-R combinations  

 
           W 
 R 

100 kg 
TNT 

500 kg 
TNT 

1000 kg 
 TNT 

2000 kg
TNT 

1m 165.8 354.5 464.5 602.9 
2.5m 34.2 89.4 130.8 188.4 
5m 6.65 24.8 39.5 60.19 
10m 0.85 4.25 8.15 14.7 
15m 0.27 1.25 2.53 5.01 
20m 0.14 0.54 1.06 2.13 
25m 0.09 0.29 0.55 1.08 
30m 0.06 0.19 0.33 0.63 

 
For design purposes, reflected overpressure can 

be idealized by an equivalent triangular pulse of 
maximum peak pressure Pr and time duration td, 
which yields the reflected impulse ir 

drr tPi
2
1

=
 

(6)

Duration td is related directly to the time taken 
for the overpressure to be dissipated. Overpressure 
arising from wave reflection  dissipates as the per-
turbation propagates to the edges of the obstacle at 
a velocity related to the speed of sound (Us) in the 
compressed and heated air behind the wave front. 
Denoting the maximum distance from an edge as S 
(for example, the lesser of the height or half the 
width of a conventional building), the additional 
pressure due to reflection is considered to reduce 
from Pr – Pso to zero in time 3S/Us. Conserva-
tively, Us can be taken as the normal speed of 
sound, which is about 340 m/s, and the additional 
impulse to the structure evaluated on the assump-
tion of a linear decay. 

 
After the blast wave has passed the rear corner 

of a prismatic obstacle, the pressure similarly 
propagates on to the rear face; linear build-up over 
duration 5S/Us has been suggested. For skeletal 
structures the effective duration of the net over-
pressure load is thus small, and the drag loading 
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based on the dynamic pressure is then likely to be 
dominant. Conventional wind-loading pressure co-
efficients may be used, with the conservative as-
sumption of instantaneous build-up when the wave 
passes the plane of the relevant face of the build-
ing, the loads on the front and rear faces being 
numerically cumulative for the overall load effect 
on the structure. Various formulations have been 
put forward for the rate of decay of the dynamic 
pressure loading; a parabolic decay (i.e. corre-
sponding to a linear decay of equivalent wind ve-
locity) over a time equal to the total duration of 
positive overpressure is a practical approximation. 

3 GAS EXPLOSION LOADING AND EFFECT 
OF INTERNAL EXPLOSIONS 

In the circumstances of progressive build-up of 
fuel in a low-turbulence environment, typical of 
domestic gas explosions, flame propagation on ig-
nition is slow and the resulting pressure pulse is 
correspondingly extended. The specific energy of 
combustion of a hydrocarbon fuel is very high 
(46000 kJ/kg for propane, compared to 4520 kJ/kg 
for TNT) but widely differing effects are possible 
according to the conditions at ignition. 

 
Internal explosions likely produce complex pres-

sure loading profiles as a result of the resulting two 
loading phases. The first results from the blast over-
pressure reflection and, due to the confinement pro-
vided by the structure, re-reflection will occur. De-
pending on the degree of confinement of the 
structure, the confined effects of the resulting pres-
sures may cause different degrees of damage to the 
structure. On the basis of the confinement effect, tar-
get structures can be described as either vented or 
un-vented. The latter must be stronger to resist a 
specific explosion yield than a vented structure 
where some of the explosion energy would be dissi-
pated by breaking of window glass or fragile parti-
tions. 

 
Venting following the failure of windows (at 

typically 7 kN/m2) generally greatly reduces the 
peak values of internal pressures. Study of this 
problem at the Building Research Establishment 
(Ellis and Crowhurst, 1991) showed that an explo-
sion fuelled by a 200 ml aerosol canister in a typi-
cal domestic room produced a peak pressure of 9 
kN/m2 with a pulse duration over 0.1s. This is long 
by comparison with the natural frequency of wall 
panels in conventional building construction and a 
quasi-static design pressure is commonly advo-
cated. Much higher pressures with a shorter time-
scale are generated in turbulent conditions. Suitable 
conditions arise in buildings in multi-room explo-

sions on passage of the blast through doorways, but 
can also be created by obstacles closer to the re-
lease of the gas. They may be presumed to occur on 
release of gas by failure of industrial pressure ves-
sels or pipelines. 

4 STRUCTURAL RESPONSE TO BLAST 
LOADING 

Complexity in analyzing the dynamic response of 
blast-loaded structures involves the effect of high 
strain rates, the non-linear inelastic material behav-
ior, the uncertainties of blast load calculations and 
the time-dependent deformations. Therefore, to sim-
plify the analysis, a number of assumptions related 
to the response of structures and the loads has been 
proposed and widely accepted. To establish the prin-
ciples of this analysis, the structure is idealized as a 
single degree of freedom (SDOF) system and the 
link between the positive duration of the blast load 
and the natural period of vibration of the structure is 
established. This leads to blast load idealization and 
simplifies the classification of the blast loading re-
gimes. 

4.1 Elastic SDOF Systems 

The simplest discretization of transient problems 
is by means of the SDOF approach. The actual struc-
ture can be replaced by an equivalent system of one 
concentrated mass and one weightless spring repre-
senting the resistance of the structure against defor-
mation. Such an idealized system is illustrated in 
Figure 4. The structural mass, M, is under the effect 
of an external force, F(t), and the structural resis-
tance, R, is expressed in terms of the vertical dis-
placement, y, and the spring constant, K. 

 
The blast load can also be idealized as a triangu-

lar pulse having a peak force Fm and positive phase 
duration td (see Figure 4). The forcing function is 
given as 

( ) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=

d
m t

tFtF 1  (7)

The blast impulse is approximated as the area un-
der the force-time curve, and is given by 

dmtFI
2
1

=  (8)

The equation of motion of the un-damped elastic 
SDOF system for a time ranging from 0 to the posi-
tive phase duration, td, is given by Biggs (1964) as 
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The general solution can be expressed as: 
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( ) ( ) ⎟
⎠
⎞

⎜
⎝
⎛ −+−= tt

Kt
F

t
K
F

ty
d

mm

ω
ωω sincos1  

(10)

Velocity  

( ) ( )⎥
⎦

⎤
⎢
⎣

⎡
−+== 1cos1sin t

t
t

K
F

dt
dyty

d

m ωωω  

in which ω  is the natural circular frequency of vi-
bration of the structure and T is the natural period of 
vibration of the structure which is given by equation 
11. 

M
K

T
==

πω 2  (11)

 
 

Stiffness, K 
Displacement 

y(t) 

M 

Force 
F(t) 

Time 

F(t) 

td 

Fm 

(a) (b)  
Figure 4:  (a) SDOF system and (b) blast loading 
 
The maximum response is defined by the maximum 
dynamic deflection ym which occurs at time tm. The 
maximum dynamic deflection ym can be evaluated 
by setting dy/dt in Equation 10 equal to zero, i.e. 
when the structural velocity is zero. The dynamic 
load factor, DLF, is defined as the ratio of the 
maximum dynamic deflection ym to the static deflec-
tion yst which would have resulted from the static 
application of the peak load Fm, which is shown as 
follows:  
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The structural response to blast loading is signifi-
cantly influenced by the ratio td/T or dtω  (td/T 
= πω 2/dt ).  Three loading regimes are categorized 
as follows: 

- 4.0<dtω  : impulsive loading regime. 
- 4.0<dtω  : quasi-static loading regime. 
- 404.0 << dtω : dynamic loading regime.   

4.2 Elasto-Plastic SDOF Systems 

Structural elements are expected to undergo 
large inelastic deformation under blast load or high 
velocity impact. Exact analysis of dynamic re-
sponse is then only possible by step-by-step nu-

merical solution requiring a nonlinear dynamic fi-
nite-element software. However, the degree of 
uncertainty in both the determination of the loading 
and the interpretation of acceptability of the result-
ing deformation is such that solution of a postu-
lated equivalent ideal elasto-plastic SDOF system 
(Biggs, 1964) is commonly used. Interpretation is 
based on the required ductility factor μ = ym/ye 
(Figure 5). 

 
 

Deflection 

Ru

ye 

Resistance

ym 
 

Figure 5:  Simplified resistance function of an elasto-plastic 
SDOF system 

 
For example, a uniform simply supported beam 

has first mode shape φ(x) = sin πx/L and the 
equivalent mass M = (1/2)mL, where L is the span 
of the beam and m is mass per unit length. The 
equivalent force corresponding to a uniformly dis-
tributed load of intensity p is F = (2/π)pL. The re-
sponse of the ideal bilinear elasto-plastic system 
can be evaluated in closed form for the triangular 
load pulse comprising rapid rise and linear decay, 
with maximum value Fm and duration td.  The result 
for the maximum displacement is generally pre-
sented in chart form (TM 5-1300), as a family of 
curves for selected values of Ru/Fm showing the re-
quired ductility μ as a function of td/T,  in which Ru 
is the structural resistance of the beam and T is the 
natural period (Figure 6). 
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Figure 6:  Maximum response of elasto-plastic SDF system to 

a triangular load. 
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5 MATERIAL BEHAVIORS AT HIGH STRAIN-
RATE 

Blast loads typically produce very high strain 
rates in the range of 102 - 104 s-1. This high straining 
(loading) rate would alter the dynamic mechanical 
properties of target structures and, accordingly, the 
expected damage mechanisms for various structural 
elements. For reinforced concrete structures sub-
jected to blast effects the strength of concrete and 
steel reinforcing bars can increase significantly due 
to strain rate effects. Figure 7 shows the approxi-
mate ranges of the expected strain rates for different 
loading conditions. It can be seen that ordinary static 
strain rate is located in the range : 10-6-10-5 s-1, while 
blast pressures normally yield loads associated with 
strain rates in the range : 102-104 s-1. 

 
 

10-6 10-5 10-4 10-3 10-2 10-1 100 101 102 102 103 104 

Quasi-static Earthquake Impact Blast 

Strain rate (s-1)  
Figure 7: Strain rates associated with different types of loading 

5.1 Dynamic Properties of Concrete under High-
Strain Rates 

The mechanical properties of concrete under dy-
namic loading conditions can be quite different from 
that under static loading. While the dynamic stiff-
ness does not vary a great deal from the static stiff-
ness, the stresses that are sustained for a certain pe-
riod of time under dynamic conditions may gain 
values that are remarkably higher than the static 
compressive strength (Figure 8). Strength magnifica-
tion factors as high as 4 in compression and up to 6 
in tension for strain rates in the range : 102–103 /sec 
have been reported (Grote et al., 2001). 
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Figure 8: Stress-strain curves of concrete at different strain-

rates (Ngo et al., 2004a) 
For the increase in peak compressive stress (f’c), a 

dynamic increase factor (DIF) is introduced in the 

CEB-FIP (1990) model (Figure 9) for strain-rate en-
hancement of concrete as follows: 
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where:  
 ε   = strain rate  
 sε   = 30×10-6 s-1 (quasi-static strain rate) 
 log γ = 6.156 α - 2 
 α  = 1/(5 + 9 f’c/fco) 
 fco  = 10 MPa = 1450 psi  
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Figure 9: Dynamic Increase Factor for peak stress of concrete  

5.2 Dynamic Properties of Reinforcing Steel under 
High-Strain Rates 

Due to the isotropic properties of metallic materi-
als, their elastic and inelastic response to dynamic 
loading can easily be monitored and assessed. Norris 
et al. (1959) tested steel with two different static 
yield strength of 330 and 278 MPa under tension at 
strain rates ranging from 10-5 to 0.1 s-1. Strength in-
crease of 9 - 21% and 10 - 23 % were observed for 
the two steel types, respectively. Dowling and Hard-
ing (1967) conducted tensile experiments using the 
tensile version of Split Hopkinton's Pressure Bar 
(SHPB) on mild steel using strain rates varying be-
tween 10-3 s-1 and 2000 s-1. It was concluded from 
this test series that materials of body-centered cubic 
(BCC) structure (such as mild steel) showed the 
greatest strain rate sensitivity. It has been found that 
the lower yield strength of mild steel can almost be 
doubled; the ultimate tensile strength can be in-
creased by about 50%; and the upper yield strength 
can be considerably higher. In contrast, the ultimate 
tensile strain decreases with increasing strain rate.  

Malvar (1998) also studied strength enhancement 
of steel reinforcing bars under the effect of high 
strain rates. This was described in terms of the dy-
namic increase factor (DIF), which can be evaluated 
for different steel grades and for yield stresses, fy, 
ranging from 290 to 710 MPa as represented by 
equation 15. 
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where for calculating yield stress fyαα = ,  
 )414/(04.0074.0 yfy f−=α  (16)

 
for ultimate stress calculation fuαα =  

)414/(009.0019.0 yfu f−=α  (17)
 

6 FAILURE MODES OF BLAST-LOADED 
STRUCTURES 

Blast loading effects on structural members may 
produce both local and global responses associated 
with different failure modes. The type of structural 
response depends mainly on the loading rate, the ori-
entation of the target with respect to the direction of 
the blast wave propagation and boundary conditions. 
The general failure modes associated with blast 
loading can be flexure, direct shear or punching 
shear. Local responses are characterized by localized 
bleaching and spalling, and generally result from the 
close-in effects of explosions, while global re-
sponses are typically manifested as flexural failure.  

6.1 Global Structural Behavior 

The global response of structural elements is gen-
erally a consequence of transverse (out-of-plane) 
loads with long exposure time (quasi-static loading), 
and is usually associated with global membrane 
(bending) and shear responses. Therefore, the global 
response of above-ground reinforced concrete struc-
tures subjected to blast loading is referred to as 
membrane/bending failure. 

 
The second global failure mode to be considered 

is shear failure. It has been found that under the ef-
fect of both static and dynamic loading, four types of 
shear failure can be identified: diagonal tension, di-
agonal compression, punching shear, and direct (dy-
namic) shear (Woodson, 1993). The first two types 
are common in reinforced concrete elements under 
static loading while punching shear is associated 
with local shear failure, the familiar example of this 
is column punching through a flat slab. These shear 
response mechanisms have relatively minor struc-
tural effect in case of blast loading and can be ne-
glected.  The fourth type of shear failure is direct 
(dynamic) shear. This failure mode is primarily as-
sociated with transient short duration dynamic loads 
that result from blast effects, and it depends mainly 
on the intensity of the pressure waves. The associ-

ated shear force is many times higher than the shear 
force associated with flexural failure modes. The 
high shear stresses may lead to direct global shear 
failure and it may occur very early (within a few 
milliseconds of shock wave arrival to the frontal sur-
face of the structure) which can be prior to any oc-
currence of significant bending deformations.  

6.2 Localized Structural Behavior 

The close-in effect of explosion may cause local-
ized shear or flexural failure in the closest struc-
tural elements. This depends mainly on the distance 
between the source of the explosion and the target, 
and the relative strength/ductility of the structural 
elements. The localized shear failure takes place in 
the form of localized punching and spalling, which 
produces low and high-speed fragments. The 
punching effect is frequently referred to as bleach-
ing, which is well known in high velocity impact 
applications and the case of explosions close to the 
surface of structural members. Bleaching failures 
are typically accompanied by spalling and scabbing 
of concrete covers as well as fragments and debris 
(Figure 10).  

 
 

Figure 10: Breaching failure due to a close-in explosion of 
6000kg TNT equivalent  

6.3 Pressure-Impulse (P-I) Diagrams 

The pressure-impulse (P-I) diagram is an easy 
way to mathematically relate a specific damage level 
to a combination of blast pressures and impulses 
imposes on a particular structural element. An ex-
ample of a P-I diagram is shown in Figure 11 to 
show levels of damage of a structural member. 
Region (I) corresponds to severe structural damage 
and region (II) refers to no or minor damage. There 
are other P-I diagrams that concern with human re-
sponse to blast in which case there are three catego-
ries of blast-induced injury, namely : primary, sec-
ondary, and tertiary injury (Baker et al., 1983).  
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Figure 11: Typical pressure-impulse (P-I) diagram 

7 BLAST WAVE-STRUCTURE INTERACTION 

The structural behavior of an object or structure ex-
posed to such blast wave may be analyzed by deal-
ing with two main issues. Firstly, blast-loading ef-
fects, i.e., forces that are resulted directly from the 
action of the blast pressure; secondly, the structural 
response, or the expected damage criteria associated 
with such loading effects. It is important to consider 
the interaction of the blast waves with the target 
structures. This might be quite complicated in the 
case of complex structural configurations. However, 
it is possible to consider some equivalent simplified 
geometry. Accordingly, in analyzing the dynamic 
response to blast loading, two types of target struc-
tures can be considered: diffraction-type and drag-
type structures. As these names imply, the former 
would be affected mainly by diffraction (engulfing) 
loading and the latter by drag loading. It should be 
emphasized that actual buildings will respond to 
both types of loading and the distinction is made 
primarily to simplify the analysis. The structural re-
sponse will depend upon the size, shape and weight 
of the target, how firmly it is attached to the ground, 
and also on the existence of openings in each face of 
the structure. 

 
Above ground or shallow-buried structures can be 

subjected to ground shock resulting from the detona-
tion of explosive charges that are on/or close to 
ground surface. The energy imparted to the ground 
by the explosion is the main source of ground shock. 
A part of this energy is directly transmitted through 
the ground as directly-induced ground shock, while 
part is transmitted through the air as air-induced 
ground shock. Air-induced ground shock results 
when the air-blast wave compresses the ground sur-
face and sends a stress pulse into the ground under-
layers. Generally, motion due to air-induced ground 
is maximum at the ground surface and attenuates 

with depth (TM 5-1300, 1990). The direct shock re-
sults from the direct transmission of explosive en-
ergy through the ground. For a point of interest on 
the ground surface, the net experienced ground 
shock results from a combination of both the air-
induced and direct shocks. 

7.1 Loads from Air-induced Ground Shock 

To overcome complications of predicting actual 
ground motion, one-dimensional wave propagation 
theory has been employed to quantify the maximum 
displacement, velocity and acceleration in terms of 
the already known blast wave parameters (TM 5-
1300). The maximum vertical velocity at the ground 
surface, vV , is expressed in terms of the peak inci-
dent overpressure, soP , as: 

p

so
v C

P
V

ρ
=  (18)

where ρ  and pC  are, respectively, the mass density 
and the wave seismic velocity in the soil.  

By integrating the vertical velocity in Equation 
18 with time, the maximum vertical displacement at 
the ground surface, vD , can be obtained as: 

p

s
v C

i
D

ρ1000
=  (19)

 
Accounting for the depth of soil layers, an em-

pirical formula is given by (TM 5-1300) to estimate 
the vertical displacement in meters so that 

( ) ( )3
26.06

1

50/09.0 sov PHWD =  (20)

where W is the explosion yield in 109 kg, and H is 
the depth of the soil layer in meters. 

7.2 Loads from Direct Ground Shock 

As a result of the direct transmission of the ex-
plosion energy, the ground surface experiences ver-
tical and horizontal motions. Some empirical equa-
tions were derived (TM 5-1300) to predict the 
direct-induced ground motions in three different 
ground media; dry soil, saturated soil and rock me-
dia. The peak vertical displacement in m/s at the 
ground surface for rock, 

rockVD and dry soil, 
soilVD are 

given as 
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The maximum vertical acceleration, Av, in m/s2 

for all ground media is given by 

28
1

1000

ZW
Av =  (23)

8 TECHNICAL DESIGN MANUALS FOR 
BLAST-RESISTANT DESIGN 

This section summarizes applicable military design 
manuals and computational approaches to predicting 
blast loads and the responses of structural systems. 
Although the majority of these design guidelines 
were focused on military applications these knowl-
edge are relevant for civil design practice.  

 
Structures to Resist the Effects of Accidental 

Explosions, TM 5-1300 (U.S. Departments of the 
Army, Navy, and Air Force, 1990). This manual 
appears to be the most widely used publication by 
both military and civilian organizations for design-
ing structures to prevent the propagation of explo-
sion and to provide protection for personnel and 
valuable equipment. It includes step-by-step analysis 
and design procedures, including information on 
such items as (1) blast, fragment, and shock-loading; 
(2) principles of dynamic analysis; (3) reinforced 
and structural steel design; and (4) a number of spe-
cial design considerations, including information on 
tolerances and fragility, as well as shock isolation. 
Guidance is provided for selection and design of se-
curity windows, doors, utility openings, and other 
components that must resist blast and forced-entry 
effects.  

  
A Manual for the Prediction of Blast and 

Fragment Loadings on Structures, DOE/TIC-
11268 (U.S. Department of Energy, 1992). This 
manual provides guidance to the designers of facili-
ties subject to accidental explosions and aids in the 
assessment of the explosion-resistant capabilities of 
existing buildings.  

 
Protective Construction Design Manual, ESL-

TR-87-57 (Air Force Engineering and Services 
Center, 1989). This manual provides procedures for 
the analysis and design of protective structures ex-
posed to the effects of conventional (non-nuclear) 
weapons and is intended for use by engineers with 
basic knowledge of weapons effects, structural dy-
namics, and hardened protective structures.  

 
Fundamentals of Protective Design for Con-

ventional Weapons, TM 5-855-1 (U.S. Depart-
ment of the Army, 1986). This manual provides 
procedures for the design and analysis of protective 

structures subjected to the effects of conventional 
weapons. It is intended for use by engineers in-
volved in designing hardened facilities.  

The Design and Analysis of Hardened Struc-
tures to Conventional Weapons Effects (DAHS 
CWE, 1998). This new Joint Services manual, writ-
ten by a team of more than 200 experts in conven-
tional weapons and protective structures engineer-
ing, supersedes U.S. Department of the Army TM 5-
855-1, Fundamentals of Protective Design for Con-
ventional Weapons (1986), and Air Force Engineer-
ing and Services Centre ESL-TR-87-57, Protective 
Construction Design Manual (1989).  

 
Structural Design for Physical Security—State 

of the Practice Report (ASCE, 1995). This report 
is intended to be a comprehensive guide for civilian 
designers and planners who wish to incorporate 
physical security considerations into their designs or 
building retrofit efforts.  

9 COMPUTER PROGRAMS FOR BLAST AND 
SHOCK EFFECTS 

Computational methods in the area of blast-
effects mitigation are generally divided into those 
used for prediction of blast loads on the structure 
and those for calculation of structural response to the 
loads. Computational programs for blast prediction 
and structural response use both first-principle and 
semi-empirical methods. Programs using the first-
principle method can be categorized into uncouple 
and couple analyses. The uncouple analysis calcu-
lates blast loads as if the structure (and its compo-
nents) were rigid and then applying these loads to a 
responding model of the structure. The shortcoming 
of this procedure is that when the blast field is ob-
tained with a rigid model of the structure, the loads 
on the structure are often over-predicted, particularly 
if significant motion or failure of the structure oc-
curs during the loading period.  

 
For a coupled analysis, the blast simulation mod-

ule is linked with the structural response module. In 
this type of analysis the CFD (computational fluid 
mechanics) model for blast-load prediction is solved 
simultaneously with the CSM (computational solid 
mechanics) model for structural response. By ac-
counting for the motion of the structure while the 
blast calculation proceeds, the pressures that arise 
due to motion and failure of the structure can be pre-
dicted more accurately. Examples of this type of 
computer codes are AUTODYN, DYNA3D, LS-
DYNA and ABAQUS. Table 2 summarizes a listing 
of computer programs that are currently being used 
to model blast-effects on structures.  
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Table 2. Examples of computer programs used to simulate 
blast effects and structural response 

 
Name Purpose and type of 

analysis 
Author/Vendor 

BLASTX Blast prediction, CFD 
code 

SAIC 

CTH Blast prediction, CFD 
code 

Sandia National 
Laboratories 

FEFLO Blast prediction, CFD 
code 

SAIC 

FOIL Blast prediction, CFD 
code 

Applied Research As-
sociates, Waterways 
Experiment Station 

SHARC Blast prediction, CFD 
code 

Applied Research As-
sociates, Inc. 

DYNA3D Structural response + CFD 
(Couple analysis) 

Lawrence Livermore 
National Laboratory 
(LLNL) 

ALE3D Coupled analysis Lawrence Livermore 
National Laboratory 
(LLNL) 

LS-
DYNA 

Structural response + CFD 
(Couple analysis) 

Livermore Software 
Technology Corpora-
tion (LSTC) 

Air3D Blast prediction, CFD 
code 

Royal Military of Sci-
ence College, Cran-
field University  

CONWEP Blast prediction (empiri-
cal) 

US Army Waterways 
Experiment Station 

AUTO-
DYN 

Structural response + CFD 
(Couple analysis) 

Century Dynamics 

ABAQUS Structural response + CFD 
(Couple analysis) 

ABAQUS Inc. 

 
Prediction of the blast-induced pressure field on a 

structure and its response involves highly nonlinear 
behavior. Computational methods for blast-response 
prediction must therefore be validated by comparing 
calculations to experiments. Considerable skill is re-
quired to evaluate the output of the computer code, 
both as to its correctness and its appropriateness to 
the situation modeled; without such judgment, it is 
possible through a combination of modeling errors 
and poor interpretation to obtain erroneous or mean-
ingless results. Therefore, successful computational 
modeling of specific blast scenarios by engineers 
unfamiliar with these programs is difficult, if not 
impossible. 

 
10 CASE STUDY – RC COLUMN SUBJECTED 

TO BLAST LOADING 
 
A ground floor column (6.4m high) of a multi-storey 
building (modified from a typical building designed 
in Australia) was analysed in this case study (see 
Fig. 12).  

The parameters considered were the concrete 
strength (40MPa for NSC column and 80 MPa for 

HSC column) and spacing of ligatures (400mm for 
ordinary detailing-OMRF and 100mm for special 
seismic detailing-SMRF). It has been found that 
with increasing concrete compressive strength, the 
column size can be effectively reduced. In this case 
the column size was reduced from 500 x 900 mm for 
the NSC column down to 350 x 750 for the HSC 
column (Table 2) while the axial load capacities of 
the two columns are still the same. 

The blast load was calculated based on data from 
the Oklahoma bombing report (ASCE 1996) with a 
stand off distance of 11.2m. The simplified triangle 
shape of the blast load profile was used (see Fig. 
13). The duration of the positive phase of the blast is 
1.3 milliseconds. 

The 3D model of the column (see Fig. 14) was 
analysed using the nonlinear explicit code LS-Dyna 
3D (2002) which takes into account both material 
nonlinearity and geometric nonlinearity. The strain-
rate-dependent constitutive model proposed in the 
previous section was adopted. The effects of the 
blast loading were modelled in the dynamic analysis 
to obtain the deflection time history of the column.  

 
Table 3. Concrete grades and member sizes ___________________________________________ 
Column  Sizes    f’c (MPa)  Ligature Spacing   ___________________________________________ 
 NSC  500x900  40   400mm and 100mm  
 HSC  350x750  80   400mm and 100mm ___________________________________________ 

 

 
Figure 12. Cross section of the NSC column – Ordinary detail-
ing (400 mm ligature spacing). 

 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 13. Blast loading 
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Figure 14. 3D model of the column using Explicit code LS-
Dyna 

The lateral deflection at mid point versus time 
history of two columns made of NSC and HSC are 
shown in Figs. 15 and 16. The graphs clearly show 
the lateral resistance of the columns. It can be seen 
that under this close-range bomb blast both columns 
failed in shear. However, the 80MPa columns with 
reduced cross section have a higher lateral deflec-
tion, which shows a better energy absorption capac-
ity compared to that of the 40 MPa columns (see 
Fig. 17 and Table 4).   

It can be seen from Figs. 15 and 16 that the effect 
of shear reinforcement is also significant. The ulti-
mate lateral displacements at failure increase from 
45mm (400 mm ligature spacing) to 63mm (100mm 
ligature spacing) for the HSC column. Those values 
for the NSC column are 20mm and 32mm, respec-
tively. 
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Figure 15.  Lateral Deflection -Time history at mid point of 
column with 400mm ligature spacing (OMRF). 
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Figure 16.  Lateral Deflection -Time history at mid point of 
column with 100mm ligature spacing (SMRF). 
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Figure 17.  Comparison of energy absorption capacities 
(100mm ligature spacing). 
 
Table 4.  Energy absorptions at failure of HSC and NSC col-
umns ___________________________________________ 
Column    400mm spacing   100mm spacing ___________________________________________ 
 NSC      12.0 kNm      33.9 kNm     
 HSC     27.6 kNm      43.5 kNm     ___________________________________________ 

 

10.1 Effect of strain-rate on ductility  
 
It is evident that increasing the rate of loading will 
result in increases in strength and stiffness of con-
crete, yield strength of steel and load-carrying ca-
pacity of reinforced concrete flexural members. A 
parametric study has been carried out to investigate 
the effects of high strain-rate on the ductility of rein-
forced concrete members, and on their flexural and 
shear capacities. The proposed strain-rate dependent 
model for concrete is adopted in this study. As 
shown in Fig. 18 the flexural capacity and the ductil-
ity of a reinforced concrete column were signifi-
cantly increased due to the increase in yield strength 
of steel and compressive strength of concrete at high 
strain rate. The shear capacity of the column was 
calculated using the Modified Compression Field 
theory (Vecchio and Collins, 1986).  
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Figure 18. M-φ curves of a cross-section of a column at differ-
ent strain rates 

Fig. 19 shows the increased ratio of flexural ca-
pacity (Mu.dyn/Mu.stat) and shear capacity 
(Vu.dyn/Vu.stat) at high strain rate compared to those 
capacities under static loading. It can be observed 
from Fig. 19 that the increase in flexural strength 
was greater than that of shear strength. Thus, the in-
crease in the material strengths under dynamic con-
ditions may lead to a shift from a ductile flexural 
failure to a brittle shear failure mode.  
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Figure 19. DIFs for flexural strength and shear strength of a 
column at different strain rates 

 
11 CASE STUDY - PROGRESSIVE COLLAPSE 

ANALYSIS 
Design recommendations on progressive collapse 

analysis have been introduced in British Standards 
since 1968, after the collapse of 22-storey Ronan 
Point apartment building. In recognition of this is-
sue, a number of European countries, USA and Can-
ada have incorporated progressive collapse provi-
sions in their building codes. The American National 
Standards Institute (ANSI) Standard A58.1-1982, 
“Minimum Design Loads for Buildings and other 
Structures” recommends the alternative path 
method, in which the local failure is allowed to oc-
cur but an alternative path must be provided around 
the failed structural elements.  

A 52 storey building (modified from a typical tall 
building designed in Australia) was analyzed in this 
study. The plan view and structural configuration of 

the building are shown in Fig. 20. The typical story 
height is 3.85m. Perimeter columns are spaced at 
typical 8.4m centers and are connected by spandrel 
beams to support the facade. The lateral loads are re-
sisted by 6 core boxes located at the centre of the 
structural plan. The building is designed to resist lat-
eral loads due to wind and seismic ground motion 
specified by Australian Loading Standards 
AS1170.2 and AS1170.4. The slab, columns and 
core walls are all cast-in-place concrete. The lateral 
load resistance system (LLRS) of the building relies 
mainly on the lateral load capacity of the core walls 
which account for about 80% of the overall capacity. 

 
 

 

          
 
  
            
 
 
 
 
 
 
 
 
 
 
 

                  

 
Fig. 20  Structural configuration 

 
In this study which is based on the local damage 

assessment due to bomb blast at ground level, pro-
gressive collapse analyses was performed on the ex-
ample building. The structural stability and integrity 
of the building were assessed by considering the ef-
fects of the failure of some perimeter columns, span-
drel beams and floor slabs due to blast overpressure 
or aircraft impact. The main purpose of the analysis 
is to check if failure of any primary structural mem-
ber will cause progressive collapse propagating be-
yond one story level above or below the affected 
member vertically, or to the next vertical structural 
member. 

Blast pressure 

Pmax=4.1MPa 

 

Direction of attack8.4m typical 

1 2 3 4 5 6 7
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Fig. 21  Direct column loading (Blast pressure) 

 

Net upward 
pressure on slab 

 
Fig. 22  Uplifting of floor slabs (Blast pressure) 

 
Figs. 21 & 22 show the effect of direct blast pres-

sure on perimeter columns, beams and floor slabs. 
The concrete slabs in this example building are 
125mm thick supported by prestressed wide band 
beams. The portion of floor slabs in close proximity 
to the blast were directly hit by the blast overpres-
sure. The normal glazing façade offers insignificant 
resistance to the blast wave so after the failure of 
glazing, the blast fills the structural bay above and 
below each floor slab. The pressure below the slab is 
greater than the pressure above and causes the net 
upward load on each slab (Fig. 22). 

To detect local damage, the blast analysis was 
carried out for perimeter columns, beams and floor 
slabs based on the actual blast pressures on each 
element. Results plotted in Fig. 23 show column 
lines 4, 5 of the ground and 1st levels failed due to 
the direct impact of the blast wave. Slabs and beams 
from column line 3 to 6 also collapsed. Member as-
sessment was carried out using program RE-
SPONSE (2001) based on the Modified Compres-
sion Field theory and LSDYNA (see section 10). 
More details are given elsewhere (Mendis & Ngo, 
2002). The calculation also showed that if the col-
umns were detailed using requirements for special 
moment resisting frames (SMRS) as given in ACI-
318 Section 21, the shear capacity and the ductility 
would be improved significantly, thus improving the 
blast and impact resistance of the member. The 
damaged model of perimeter frame, in which failed 
elements were removed (Fig. 23), was analyzed to 
check if progressive collapse would propagate be-
yond one story level above or below.  
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1st Level
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1 2 7 

 

 

Fig. 23  Progressive collapse analysis of perimeter frame (dam-
aged by blast load) 

 
As seen from Figs. 23, the alternative load paths 

go through columns surrounding the damaged area 
where the vertical loads are transferred. Beams and 
floor slabs above that area become critical due to the 
loss of the supporting columns. The overall stability 
of the structure will rely on continuity and ductility 
of these elements to redistribute forces within the 
structure. The falling debris of the collapsed mem-
bers also imposes severe loading on the floors be-
low. It is essential to check whether that overload 
can be carried without causing further collapse.  

Parametric studies were also undertaken to inves-
tigate the impact resistance of the floor slab, assum-
ing a floor above had collapsed onto it. The collaps-
ing floor was treated as falling debris, i.e. the energy 
applied to the floor below was the weight of the col-
lapsing floor multiplied by the height through which 
it fell. To obtain an estimate of the impact 
load-bearing capacity of the floor slab, the structure 
was analyzed using program LSDYNA. In addition 
to material and geometric nonlinearities, the analy-
ses considered membrane action, inertia effects, and 
other influencing factors. The results show that the 
ultimate capacity of the floor slab is approximately 
16.5kPa which is 2.75 times the total floor load 
(dead load plus 0.4 live load). Therefore in this case 
study if more than two floor collapsed, the falling 
debris of the collapsed members may impose an 
overload for the floor below and trigger a progres-
sive collapse of the example building. 

12 BLAST EFFECTS ON BUILDING’S FAÇADE 

When a terrorist bomb explodes in an urban area, air 
blast pressure typically fractures lightweight façades 

 

Critical beams 
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such as windows, causing catastrophic results. As a 
consequence of façade failure, the blast enters build-
ings, causing relatively superficial structural dam-
age, but great disruption to the working environment 
and the mechanical and electrical services. Falling 
window glass shards cause injuries in addition to 
those resulting from blast pressure. Office fixtures 
and fittings are destroyed, and suspended ceiling and 
partitions are disturbed. Broken glass is projected 
everywhere, with particularly severe consequences 
for air conditioning systems. 

Past events have shown that even relatively small 
explosions can cause significant window glass 
breakage, requiring as a minimum, window glass re-
placement and significant cleanup. Ideally, properly 
designed blast-resistant glazing should minimise, if 
not eliminate, flying and falling glass shards in any 
explosion. In addition, under air blast pressure load-
ing, properly designed blast-resistant glazing should 
maintain closure of its fenestration, reducing 
cleanup costs and reducing pressure-related injuries. 
Even with blast-resistant glazing, air blast pressure 
will fracture windows, necessitating replacement. 
However, blast-resistant glazing should remain in its 
openings and reduce the urgency for immediate re-
placement. 

Advanced computer codes such as CFD have 
been used to simulate the blast effects in the urban 
environment (Figs. 23, 24). A typical tall building 
subjected to a bomb blast detonated at different 
stand-off distances from the ground level was ana-
lysed in this study. The peak overpressure is 4.1MPa 
at the ground level and reduces rapidly up the height 
of the building. The average duration of loading was 
adopted as 15 milliseconds. Façade damage at dif-
ferent levels was assessed based on the blast pres-
sure distribution and also using other in-house pro-
grams. 

 
Fig. 24  CFD modelling of blast pressure on building structures 

(Mendis & Ngo, 2002) 
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Fig. 25  Distribution of blast pressure on building façade 

(Mendis & Ngo, 2002) 
 

There are only few guidelines developed to de-
sign blast-resistant façades. One of those is TM 5-
1300, Structures to Resist the Effects of Accidental 
Explosions. In Section 6 of TM 5-1300, guidance is 
provided for the design, evaluation, and certification 
of windows to safely survive a prescribed blast envi-
ronment described by a triangular-shaped pressure-
time curve (Fig. 25). Window designs using mono-
lithic (un-laminated) thermally tempered glass based 
on these guidelines can be expected to provide a 
probability of failure equivalent to that provided by 
current safety standards for safely resisting wind 
loads. 

An example of a glazing system is illustrated in 
Fig. 25. The glazing is a rectangular, fully thermally 
tempered glazing panel having a long dimension, a; 
a short dimension, b; and thickness, t. The glass 
pane is simply supported along all four edges, with 
no in-plane and rotational restraints at the edges. 
The bending stiffness of the supporting elements of 
the panel is assumed to be an order of magnitude 
higher than that of the glass pane. Recent static and 
blast load tests indicate for a case in which the sup-
porting frame deflects by up to 1/264 of the span 
distance,  the glass pane resistance will not be sig-
nificantly different to the ideal conditions of infi-
nitely rigid supports.  

The blast pressure loading is described by a peak 
triangular-shaped pressure-time curve as shown in 
Fig. 25. The blast pressure rises instantaneously to a 
peak blast pressure, B, and then decays linearly with 
a blast pressure duration, T. The pressure is uni-
formly distributed over the surface of the pane and 
applied normal to the pane. 

The resistance function, r(X) (static uniform load, 
r as a function of centre deflection, X) for the plate 
accounts for both bending and membrane stresses. 
The effects of membrane stresses produce a nonlin-
ear stiffness of the resistance-deflection function 
(Fig. 25). The design deflection, Xu is defined as the 
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centre deflection where the maximum principle ten-
sile stress at any point in the glass first reaches the 
design stress, fun. Typically, as the deflection of the 
plate exceeds a third of its thickness, the points of 
maximum stress will migrate from the centre and 
towards the corners of the plate. 

The model, illustrated in Fig. 25 uses a single-
degree-of-freedom system to simulate the dynamic 
response of the plate. The model calculates the peak 
blast pressures required to exceed the prescribed 
probability of failure. The model assumes that fail-
ure occurs when the maximum deflection exceeds 
ten times the glazing thickness. More details of dy-
namic analysis of the glazing system can be found in 
TM5-1300. 

 

 
Figure 26 – Blast analysis for a glazing system 

 

Design Charts 

In TM5-1300, guidelines are also provided in the 
form of load criteria for the design of both the glass 
panes and framing system for the window. The crite-
ria account for both the bending and membrane 
stresses and their effect on maximum principle 
stresses and the nonlinear behaviour of glass panes. 
The criteria cover a broad range of design parame-
ters for rectangular-shaped glass panes. Design 
charts (see Fig. 26 as an example) are presented for 
monolithic thermally tempered glazing with blast 
overpressure capacity up to 690 KPa, an aspect ratio 
of 1.00 ≤ a/b ≤ 4.00, pane area 0.1 ≤ ab ≤ 2.3 m2, 
and nominal glass thickness 6mm ≤ t ≤ 20mm. An 
alternative method for blast capacity evaluation by 

calculation is also provided in TM5-1300. This can 
be used to evaluate the blast capacity of glass when 
interpolation between charts is unadvisable, when 
design parameters are outside the limits of the chart. 
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Figure 27 - A design chart for tempered glass panel (TM5-

1300) 

13 CONCLUSIONS 

For high-risks facilities such as public and com-
mercial tall buildings, design considerations against 
extreme events (bomb blast, high velocity impact) is 
very important. It is recommended that guidelines on 
abnormal load cases and provisions on progressive 
collapse prevention should be included in the current 
Building Regulations and Design Standards. Re-
quirements on ductility levels also help improve the 
building performance under severe load conditions.  
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Abstract

A simple approximate method for evaluation of blast effects and safety distances for unconfined hydrogen explosions is presented. The
method includes models for flame speeds, hydrogen dispersion, blast parameters, and blast damage criteria. An example of the application of
this methodology for hydrogen releases in three hypothetical obstructed areas with different levels of congestion is presented. The severity
of the blast effect of unconfined hydrogen explosions is shown to depend strongly on the level of congestion for relatively small releases.
Extremely large releases of hydrogen are predicted to be less sensitive to the congestion level.
� 2007 International Association for Hydrogen Energy. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Hydrogen releases that can be expected in various accidents
can result in formation of combustible mixtures of hydrogen
with air. It has been shown by many investigators that weak
ignition in these mixtures can easily result in efficient flame
acceleration (FA), development of fast combustion regimes,
and, under certain conditions, in the transition from deflagration
to detonation. Pressure effects associated with fast combustion
regimes can be very severe. This suggests that it is important to
pay a special attention to explosion effects related to potential
hydrogen releases.

It is generally agreed that hydrogen releases in confined
and semi-confined geometries (tunnels, parking, garages, etc.)
represent a significant safety problem, because of the princi-
pal possibility of hydrogen accumulation, and because of the
promoting role of confinement for FA and pressure build-up.
Unconfined hydrogen explosions can also represent a signifi-
cant safety concern in situations where hydrogen releases take
place in obstructed areas (refuelling stations, hydrogen pro-
duction units, etc.). In these cases, relatively fast dilution of
hydrogen–air mixtures at open air and inefficiency of FA with-
out confinement can principally reduce possible consequences

∗ Tel.: +1 781 255 4920; fax: +1 781 255 4024.
E-mail address: sergey.dorofeev@fmglobal.com.

0360-3199/$ - see front matter � 2007 International Association for Hydrogen Energy. Published by Elsevier Ltd. All rights reserved.
doi:10.1016/j.ijhydene.2007.04.003

of the explosions. On the other hand, these effects can be eas-
ily overbalanced by relatively large quantities of hydrogen re-
leased.

Potential consequences of unconfined hydrogen explo-
sions are the factors that should determine safety distances
for various units of hydrogen infrastructure, which deal with
significant quantities of hydrogen. The major consequences
of unconfined explosions are connected with blast effects,
thermal effects and effects of explosion-generated fragments.
Although thermal and fragment effects may be of considerable
importance in some cases, the blast effects of explosions are
usually of the prime interest for determination of the safety
distances. This may be especially important for hydrogen be-
cause of potentially severe blast effects. Unconfined hydrogen
explosions and their blast effects are the focus of the present
study.

A detailed analysis of the blast effects of accidental explo-
sions of hydrogen should generally include studies of hydro-
gen release and dispersion; an analysis of flame propagation,
pressure build-up and blast generation in complex three-
dimensional (3D) geometry; a study of the blast wave propa-
gation and its effect on the surrounding objects. Because of the
nature of the problems involved, this would generally require
an application of 3D computational fluid dynamics simulations,
which would be difficult or impossible to apply for all variety
of the cases/applications. A simple approximate analytical
tool should be useful in most cases. It can be also applied as

http://www.elsevier.com/locate/ijhydene
mailto:sergey.dorofeev@fmglobal.com
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a screening tool to select the cases where the detailed analysis
may be necessary.

The objective of this study is to develop a simple approxi-
mate method for evaluation of blast effects and safety distances
for unconfined hydrogen explosions. The proposed method in-
cludes:

(i) a model for evaluation of hydrogen flame speeds in ob-
structed areas;

(ii) a model for properties of “worst case” hydrogen distribu-
tion;

(iii) a model for blast parameters;
(iv) a set of blast damage criteria.

The following presentation includes a description of the method
and an example of its application for hydrogen releases in three
hypothetical obstructed areas with different levels of conges-
tion.

2. Methodology

2.1. Evaluation of flame speeds in obstructed areas

It is well known (see, e.g., [1,2]) that the amplitude of the
pressure waves generated by gaseous explosions essentially
depends on the maximum flame speed achieved during the
combustion process. It is therefore important to have a reliable
estimate for the flame speed as a function of the propagation
distance and obstacle geometry.

In the following model an initially spherical flame is con-
sidered, which propagates from an ignition source through an
obstructed area. The flame speed relative to a fixed observer at
a distance R from ignition, Vf , depends on the burning veloc-
ity (generally turbulent), ST, flame area, Af , and on the ratio
of densities between the reactants and products, �:

Vf = �ST
Af

AR
, (1)

where AR = 4�R2 is the area of the spherical flame at R.
The flame speed increases due to the increase of the flame

area (flame folding) in an obstacle field and due to the increase
of the turbulent burning rate during flame propagation. The
latter effect should also describe the increase of the flame speed
with distance in a system without obstacles.

The flame folding effect can be approximately described ap-
plying simple geometrical considerations as it was suggested
in [3,4]. If one considers a uniform obstacle field with distance
between obstacles, x, and their characteristic size, y, the follow-
ing assumptions can be made. The flame is considered to be
folded due to interactions of the flame with obstacles and forms
a flame brush. Each obstacle inside the brush contributes the
value of 4xy to the total flame surface. Up to a certain distance
from the ignition point, R0, the flame brush width is equal to
the flame of radius R. This yields:

Af

AR
= 1 + 4

3

yR

x2 . (2)

Flame propagation at R > R0 results in a situation where the
flame brush width is smaller than the flame radius R. The width
of the brush can be estimated as �x because the flame tips ex-
tend with velocity �ST in the direction of the flame propagation
and disappear at the rear of the brush, because of burning with
the velocity ST in the perpendicular direction. Thus at some
R?R0, one should expect:

Af

AR
= 1 + 4�y

x
. (3)

If one assumes that Eq. (2) is valid for R = R0 = �x, Eq. (3)
is valid at R = n�x, where n?1, and that the increase in the
flame area with distance can be described with a power law:

Af

AR
= 1 + AR�, (4)

then the parameters of Eq. (4) can be expressed as

A = 4

3

�y

x(�x)�
, (5)

� = logn 3. (6)

The exponent � may be considered as an unknown parameter
of the order of 0.5 (for example, � ≈ 0.48 for n = 10) and Eq.
(1) becomes:

Vf = �ST

(
1 + 4

3

�y

x

R�

(�x)�

)
. (7)

The effect of turbulence can be accounted for by applying
Bradley correlation [5] for turbulent burning velocity, ST:

ST

SL
= a

(
u′

ST

)1/2(
LT

�

)1/6

, (8)

where u′ is turbulent fluctuation velocity; SL is the laminar
burning velocity; LT is the integral length scale of turbulence;
� = �/SL is the laminar flame thickness; � is the viscous diffu-
sivity; and a is a coefficient. The turbulent fluctuation velocity,
u′, can be considered as a small portion of the flow speed, V,
ahead of the flame:

u′ = bV = bV f
� − 1

�
, (9)

where b is a coefficient of the order of 10−2. Eqs. (7)–(9) yield:

Vf = a2b�(� − 1)SL

(
1 + 4

3

�y

x

R�

(�x)�

)2(
LT

�

)1/3

. (10)

Eq. (10) gives an approximate description of the flame speed as
a function of distance in an area with or without obstacles. It is
seen that a significant increase of the flame speed with distance
can be only expected in a system with obstacles, y �= 0. In this
case the contribution of parameter (LT/�) is relatively weak.
In the case of no obstacles, y = 0, the only estimate for LT is
a fraction of the flame radius, and the flame speed increases
as R1/3, which should be considered as a reasonable outcome
for spherical flames without obstacles. Mixture properties are
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accounted for in Eq. (10) through the values of the laminar
burning velocity, SL, and expansion ratio, �.

An application of the correlation (10) for the flame speed
requires determination of two unknown parameters a2b and �.
For the purposes of the present analysis, these parameters were
evaluated using experimental data on the flame speeds as a func-
tion of distance inside obstacle arrays [4,6] and data on flames
with no obstacles [7,8]. Data for relatively high reactive fuels,
including hydrogen, ethylene and propylene were selected for
a wide range of distances and flame speeds (see Fig. 1). Pos-
sible values for the parameters a2b and � were determined by
fitting experimental data with the function given by Eq. (10).
An example of the result of the fitting procedure is presented
in Fig. 2.

The model for the flame speed presented here appeared to be
in a good agreement with the results of large-scale experimental
data [9], presented recently in [10]. The flame speeds of about
40 and 80 m/s are reported in [10] for unconfined deflagrations
in 29.7 vol% of hydrogen in air at distances of 3 and 14 m
from ignition correspondingly. Eq. (10) gives 50 and 84 m/s
for these distances (3 and 14 m), which is in agreement with

10

100

1000

0.01 0.1 1 10 100

Distance, m

E
x
p

e
ri

m
e
n

ta
l 
fl

a
m

e
 s

p
e
e
d

, 
m

/s x=45, y=4 mm H2

x=33, y=4 mm H2

x=31, y=4 mm H2

x=18, y=1 mm H2

x=12, y=1 mm H2

x=10, y=1 mm H2

x=9,y=0.65 mm H2

x=7,y=0.65 mm H2

x=6,y=0.65 mm H2

x=39, y=5 cm C2H4

x=22, y=5 cm C2H4

no obstacles H2

no obstacles C3H6

Fig. 1. Range of experimental data on flame speed versus distance used in
flame speed correlation.

0

50

100

150

200

250

300

0 50 100 150 200 250 300

Model flame speed, m/s

E
x
p

e
ri

m
e
n

ta
l 
fl

a
m

e
 s

p
e
e
d

, 
m

/s

x=45, y=4 mm H2 x=33, y=4 mm H2

x=31, y=4 mm H2 x=18, y=1 mm H2

x=12, y=1 mm H2 x=10, y=1 mm H2

x=9, y=0.65 mm H2 x=7, y=0.65 mm H2

x=6, y=0.65 mm H2 x=39, y=5 cm C2H4

x=22, y=5cm C2H4 no obstacles H2

no obstacles C3H6

Fig. 2. Comparison of flame speed correlation (a2b = 8.5e − 3, � = 0.63) with experimental data.

the experimental data within the limits of accuracy of the
model.

2.2. Hydrogen dispersion

The amplitudes of the pressure waves generated by hydrogen
explosions are expected to depend on the dispersion of hydro-
gen in air and resulting hydrogen concentration distribution.
The pressure waves generally become stronger with increase of
the total energy of combustion. The blast effect also becomes
more severe with the increase of the flame speed.

The focus of this section is to determine the conservative case
of hydrogen dispersion for fast or nearly instantaneous releases
of hydrogen. We do not consider relatively slow hydrogen re-
leases here as they are not capable of creating a combustible
mixture under unconfined conditions. Neither the assumption
that all the released hydrogen forms a stoichiometric mixture
with air is regarded here as a credible conservative, or “worst
case” as this is considered here to be practically impossible un-
der conditions of an unconfined accidental release of hydrogen.

There is clearly a variety of release scenarios, which can af-
fect the resulting hydrogen dispersion. Instead of considering
specific scenarios here, a simple general model will be anal-
ysed. This approximate general model assumes that the released
hydrogen forms a cloud with a non-uniform hydrogen concen-
tration. The form of the cloud is assumed to be semi-spherical,
for simplicity. Hydrogen concentration is considered to reach
the maximum in the centre of the semi-sphere and decreases
linearly with radius. Linear decrease of the concentration with
radius is chosen for simplicity as well.

The postulated properties of the hydrogen distribution are
used here only for the purpose to limit the number of param-
eters that determine average cloud properties, and, thus, to be
able to select the “worst case”. With the above assumptions,
properties of hydrogen cloud are fully defined by two parame-
ters: the maximum hydrogen concentration, Cmax, in the cloud
centre, and the total hydrogen mass in the cloud, m. As soon as
the “worst case” is selected, only the average cloud properties
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Fig. 3. Average properties of hydrogen clouds, E, 〈SL〉, 〈�〉, and 〈�〉 presented
as fractions of their maximum achievable values versus maximum hydrogen
concentration in the clouds.

are used to evaluate the explosion effect, making the assumed
details of the distribution relatively unimportant.

One can define the following parameters of hydrogen distri-
bution, which affect the severity of the blast effect. These are
the total combustion energy released, E; average laminar flame
speed, 〈SL〉; average expansion ratio, 〈�〉; and average value of
parameter � = �(� − 1)SL, 〈�〉, which defines the flame speed
according to Eq. (10). A comparison of these parameters cal-
culated as functions of the maximum hydrogen concentrations,
Cmax, for the same total hydrogen mass is presented in Fig. 3.

The average values of the parameters were defined using
integration over the volume of the flammable cloud, W. This is
illustrated by the following equation for 〈SL〉:

〈SL〉 = 1

W

∫
W

SL(C) · 2�r2 dr , (11)

where C = C(r) is the hydrogen concentration, r the radius
from cloud centre.

Fig. 3 shows that the total energy reaches maximum at
Cmax ≈ 50% vol, while the value of 〈�〉 at Cmax ≈ 88% vol.
It is reasonable to assume that the “worst case” is close to
the case where 〈�〉 reaches maximum (Cmax ≈ 88% vol), be-
cause the variation of E is relatively small compared to that
of 〈�〉. Also, the blast effect can be shown (see Section 2.3) to
be determined by 〈�〉2 and E1/3 as parameters. The average
properties of this “worst case” are given by 〈SL〉 = 1.4 m/s;
〈�〉=3.75; and explosion energy, E, is 0.6 of the total chemical
energy of hydrogen in the cloud.

The estimated value for the energy, E, does not mean that the
explosion effect would be equivalent to that of an ideal (TNT)
explosion with the energy of 60% of the total chemical energy
of hydrogen released. This would be extremely conservative
assumption. We should emphasise that in the model presented
here the explosion effect is a function of the flame speed, which
is proportional to the parameter �, which, in its turn, is estimated
to be only of about 0.1 of its maximum value for our “worst
case”.

2.3. Blast parameters

Calculations of blast parameters are based on the method-
ology presented in [2]. Maximum blast overpressure, P, and
positive impulse, I, are calculated as a function of distance, R,
from the blast epicentre using dimensionless Sach’s variables
for distance, R*, overpressure, P* and impulse, I*:

R∗ = Rp
1/3
0

E1/3 , (12)

P ∗ = P/p0, (13)

I ∗ = Ic0

E1/3p
2/3
0

, (14)

where p0 and c0 are pressure and sound speed in the surround-
ing air.

According to [2], dimensionless overpressure and impulse
are considered to be functions of dimensionless distance and
the flame speed, Vf :

P ∗ = min(P ∗
1 , P ∗

2 ), (15)

I ∗ = min(I ∗
1 , I ∗

2 ), (16)

P ∗
1 = 0.34/(R∗)4/3 + 0.062/(R∗)2 + 0.0033/(R∗)3, (17)

I ∗
1 = 0.0353/(R∗)0.968, (18)

P ∗
2 = V 2

f

c2
0

� − 1

�
(0.83/R∗ − 0.14/(R∗)2), (19)

I ∗
2 = Vf

c0

� − 1

�

(
1 − 0.4

Vf

c0

� − 1

�

)
(0.06/R∗ + 0.04/(R∗)2

− 0.0025/(R∗)3). (20)

Eqs. (17)–(20) are presented with coefficients applicable for air
explosions. These equations can be applied for ground explo-
sions as well by doubling the value of the explosion energy in
Eqs. (12) and (14).

For the purposes of the present analysis, the above descrip-
tion of the air blast parameters can be applied for the range of
dimensionless distances 0.33 < R∗ < 3.77, and for visible flame
speeds Vf �500 m/s. For higher flame speeds, transition to det-
onation might be possible in principle. Description of the crit-
ical conditions for transition to detonation is beyond the scope
of the present model. It is worthwhile to note, however, that the
blast effects from detonations and from fast flames with flame
speeds of more than 500 m/s relative to a fixed observer are
similar in the far field, where P ∗ < 1. For this reason, formulas
for gas detonations, Eqs. (17) and (18), may be used directly
for flame speeds exceeding 500 m/s.

Although experimental data for hydrogen were not used in
[2] to derive the above descriptions for blast parameters, it is
worthwhile to compare the maximum overpressures generated
by spherical flames without obstacles with prediction of the
present model. Experimental data of Fraunhofer ICT [9], which
were recently released in [10] may be used for this purpose. The
ICT experiments were made with stoichiometric hydrogen–air
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Table 1
Parameters of (P, I ) diagrams for selected levels of damages

Damage description Pa (Pa) Ia (Pa s) k (Pa2 s)

Total destruction of buildings 70 100 770 866 100
Threshold for partial destruction; 50–75% of walls destroyed 34 500 520 541 000
Threshold for serious structural damage; some load bearing members fall 14 600 300 119 200
Border of minor structural damage 3600 100 8950

mixtures in a hemi-spherical plastic envelope with radius of
10 m, which was cut before ignition. The maximum flame speed
of 80 m/s was reported. The maximum overpressure recorded
in the air blast wave was about 6 kPa. According to Eq. (10),
the maximum flame speed is estimated to be 73 m/s and the
maximum overpressure given by Eq. (11) is 5.1 kPa, which is
in good agreement with the experimental data.

2.4. Blast damage criteria

An assessment of damage potential is made here using
pressure–impulse (P, I ) damage criteria:

(I − Ia)(P − Pa)�k, (21)

where Ia , Pa , and k are parameters characterising levels of
equal damage. The values of parameters Ia , Pa , and k char-
acterising different levels of damages from an air blast are
collected in Table 1 [1,11]. As suggested in [11] these (P, I )

diagrams are applicable for houses, and light-frame industrial
buildings (factories, main offices, and main engineering work-
shops). These diagrams form the basis for evaluation of safety
distances adopted in the UK.

3. Results and discussion

The methodology described in the previous section is applied
here to calculate standoff distances from the blast epicentre at
selected levels of damages. The main variable in the calcula-
tions is the total mass of hydrogen released. The methodology
is applied to three hypothetical cases of obstacles surrounding
the release location:

(A) High congestion: Characteristic distance between obsta-
cles, x = 0.2 m; characteristic size of obstacles, y = 0.1 m.
This situation may be typical for a unit with multiple tubes
and pipelines.

(B) Medium congestion: Characteristic distance between ob-
stacles, x =1 m; characteristic size of obstacles, y =0.5 m.
This situation may be typical for a technological unit sur-
rounded by other units/boxes.

(C) Low congestion: Characteristic distance between obstacles,
x = 4 m; characteristic size of obstacles, y = 2 m. This sit-
uation may be typical for a large technological unit sur-
rounded by other large units (e.g., refueling station)

Fig. 4 shows the maximum flame speed in the hemispherical
cloud as a function of the total mass of hydrogen released.
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Fig. 4. Flame speed in hydrogen cloud as a function of total mass of hydrogen
released.
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damages versus total mass of hydrogen released for low congestion.

It is seen that the obstacle geometry affects significantly the
maximum flame speed. It would be necessary, e.g., to release
1, 40, and 1000 kg of H2 in high, medium, and low congestion
correspondingly to achieve the flame speed of 300 m/s.

Radii from the blast epicentre to locations where selected
levels of building damages can be observed versus total mass
of hydrogen released for the three levels of congestion are pre-
sented in Figs. 5–7. It is seen that a release of 10 kg of hydro-
gen, e.g., would not result in building damages for the case of
the low congestion. The same release in the medium conges-
tion case would result in building damages at distances of up
to 40 m. In the case of the high congestion the same release
would be very severe, potentially resulting in building damages
at distances of up to 70 m.

The minimum building damage criterion may be used as an
option for defining safety distances. It should be noted that this
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is not the only choice and different criteria defining safety dis-
tances may be selected. This may depend on the type of the
technological unit, the type of surrounding, and/or on the ap-
plicable standards and regulations. The choice of the minimum
building damage may be reasonable in many practical cases,
however, it is used here as an illustration.

Fig. 8 shows the safety distances (defined by the minimum
damage for buildings) versus total mass of hydrogen released
for the selected levels of congestion. It is seen that there are
certain threshold values of the mass of hydrogen released for

each level of congestion that may be considered as potentially
damaging. These threshold values may be used as the target
values to be achieved by safety systems designed to limit the
release amount. It is seen also that for very large quantities of
hydrogen released, the level of congestion becomes unimpor-
tant. Releases of about 1000 kg of hydrogen would certainly be
very dangerous for any obstacle geometries.

Fig. 8 also shows the curve for an ideal explosion (TNT
explosion is used as an ideal source) with the energy equal
to the total chemical energy of hydrogen released. This curve
gives the upper bound for the safety distances based on the
total energy content. It is seen that the methodology presented
here suggests the safety distances that are significantly smaller
than the absolute maximum values. The difference is up to an
order of magnitude for the masses of hydrogen released above
the threshold values for each level of congestion.

If one defines an explosion yield as a fraction of the energy
of TNT-explosion that produces the same damage at a specified
distance, such an energy yield for unconfined hydrogen explo-
sions considered here varies from about 2% to 50% depending
on the congestion level and mass of hydrogen released (for the
masses of hydrogen released above the threshold values). This
suggests that the methodology presented here is able to give
more accurate estimates for safety distances compared to those
based on the average explosion yield, or “TNT-equivalency”
values.

It should be noted here that the data presented in Fig. 8
are calculated for the purpose to illustrate the methodology
proposed. They cannot be used directly as safety distances for a
particular hydrogen application. Each application would require
a set of calculations to be performed with account for specific
density of congestion and damage criteria to be used in the
definition of the safety distances.

It should be also noted that the total mass of hydrogen re-
leased is not the same as the total mass of hydrogen stored on
the site. Most of applications include special safety measures
designed to limit the amount of hydrogen released. It is impor-
tant to mention once again here that the model for hydrogen
dispersion and the respective “worst case” scenario is appli-
cable to nearly instantaneous releases of hydrogen. It is very
probable that relatively weak hydrogen releases would not be
capable of creating the combustible mixture under unconfined
conditions.

4. Conclusions

A simple approximate method for evaluation of blast effects
and safety distances for unconfined hydrogen explosions has
been presented. The proposed method includes: (i) a model for
evaluation of the flame speeds depending on the cloud size,
composition, and obstacle geometry; (ii) a model for average
parameters of “worst case” hydrogen distribution for cases of
relatively fast hydrogen releases; (iii) a model for evaluation
of air blast parameters; and (iv) a selection of blast damage
criteria.

This set of models may be used as a simple approximate
analytical tool for evaluation of the blast effects and safety
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distances for unconfined hydrogen explosions. It can be also
applied as a screening tool to select the cases where a detailed
analysis may be necessary.

In accordance with available observations the method pre-
dicts that the blast effect of unconfined hydrogen explosions
strongly depends on the level of congestion.

It was shown that certain threshold values of the mass of hy-
drogen released may be defined as potentially damaging. This
minimum of the mass of hydrogen released varies by several
orders of magnitude depending on the level of congestion. It
was also shown that large hydrogen releases, of the order of
1000 kg, and more, become less sensitive to the obstacle ge-
ometry and can be dangerous for any level of congestion.
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Comparison of blast curves from vapor cloud explosions
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Abstract

Several sets of blast curves are frequently used in the prediction of blast effects from vapor cloud explosions. However, they
have not been validated by experiments since systematic experimental data have only become available in recent years. The aim
of this paper is to present a comparison between the calculated blast curves and available experimental data. Also presented is a
comparison between several blast curves. The comparison showed that for detonations and subsonic flames, the blast curves produced
by one-dimensional numerical calculations are generally in agreement with experimental data. However, there is great difference
between the measured and calculated overpressures for supersonic deflagrations. The experimental overpressures fall well below
the calculated values and decay much faster. The discrepancy is more pronounced for less reactive mixtures. It can be concluded
from the comparison that the prediction using one-dimensional numerical calculations is conservative and may be overly conservative
for supersonic deflagrations. 2000 Published by Elsevier Science Ltd. All rights reserved.

Keywords:Blast curves; Vapor cloud explosions

1. Introduction

Although detailed numerical simulations of fuel
vapor/air combustion and the resulting blast wave propa-
gation are being developed, there still is a great need for
simple approaches which can be used on a routine basis
to predict blast effects from vapor cloud explosions
(VCEs). Several sets of blast curves were developed by
different groups of researchers. Among them, Baker–
Strehlow (Strehlow, Luckritz, Adamczyk & Shimp,
1979) and TNO (Van den Berg, 1985) blast curves are
most frequently used and well accepted in safe sitting
and other applications. Nevertheless, these blast curves
have not been validated by experiments since systematic
experimental data have only become available in recent
years. Due to the efforts of investigators in many coun-
tries during the last two decades, knowledge of blast
effects generated by VCEs has greatly improved. There-
fore, the aim of this paper is to present a comparison
between the calculated blast curves and available experi-
mental data. Also presented is a comparison between
several numerical results. In order to make a comparison,
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TNO’s blast curves, which are for hemispherical gas
charges exploding on the ground, were converted to the
blast curves for spherical, free air explosions.

The primary source of experimental data for VCE det-
onations is the publication by Brossard, Hendrickx,
Garnier, Lannoy & Perrot (1984). The results from three
different sets of experiments, which covered a volume
range from 5.2×1024 m3 up to 1.45×104 m3, were sum-
marized. Since the effect of ground reflection was care-
fully minimized as stated in their paper, Brossard et al’s
experimental data were directly used as free air
explosions. However, the dimensional parameters
employed by Brossard et al. were converted to Sach’s
scaling in order to make a comparison. The comparison
on blast overpressure and positive impulse is presented
in this paper while comparisons of other blast wave
properties, such as negative overpressure, negative
impulse, durations of positive and negative phases were
presented in a previous paper (Tang & Baker, 1998).

Also presented in the comparison for VCE detonations
is the empirical equations which were summarized by
Dorofeev (1995) from spherical explosions in free air
and expressed in Sach’s scaling. Only overpressure and
positive impulse data are available from Dorofeev’s
empirical equations.

The experimental data used in the comparison for
supersonic and subsonic deflagrations were taken from
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Fig. 1. Blast overpressure by various numerical techniques for vapor
cloud detonations.

the EMERGE (Extended Modeling and Experimental
Research into Gas Explosions) report (Mercx, Popat &
Linga, 1997). The overpressures measured at four stand-
off distances were also converted to Sach’s scaling.
Unfortunately, only overpressure data were available
from the EMERGE report.

2. Vapor cloud detonations—comparison with
experimental data

The comparison of the blast overpressures for the det-
onation case by using different numerical schemes is
presented in Fig. 1. A discussion on several numerical
schemes was presented in a previous paper (Tang, Cao &
Baker, 1996). It can be seen in Fig. 1 that the Baker–
Strehlow curve decays too slowly in the far field and
departs significantly from the other curves. The modified
Baker–Strehlow curve, which is named the Baker–
Strehlow–Tang curve in order to distinguish it from the
original Baker–Strehlow curve, is close to the other
curves but still conservative in maintaining the slowest
blast wave decay.

Comparisons of several blast curves with experi-
mental data are presented in Figs. 2 and 3 for overpres-

Fig. 2. Overpressure versus distance curves for vapor cloud deton-
ations.

Fig. 3. Positive impulse versus distance curves for vapor cloud deton-
ations.

sure and positive impulse versus distances, respectively.
(In Figs. 1–3 the Baker–Strehlow–Tang curve is
presented by a solid line). In these figures the scaled
overpressure, impulse, and distance are given by the fol-
lowing expressions:

P̄5
p−p0

p0

ī5
ia0

E1/3p2/3
0

R̄5
R

(E/p0)1/3

wherep0 is atmospheric pressure,a0 is the acoustic velo-
city at ambient conditions,p is the absolute peak press-
ure,R is stand-off distance,E is the energy release from
the explosion source, andi is specific impulse.

The source energy in distance scaling for TNO blast
curve was doubled in order to compare with free air
explosions. Published experimental data were compiled
and, where necessary, scaled or converted to Sach’s sca-
ling for a free air blast. Dorofeev’s empirical equations
are as follows:

P̄5
0.34
R̄4/31

0.062
R̄2 1

0.033
R̄3

ī5
0.0353
R̄0.968

for 0.21,R̄,3.77

It is shown in Fig. 2 for blast overpressure that the orig-
inal Baker–Strehlow curve decays too slowly atR.2;
consequently, blast pressures are over-predicted in the
far field. TNO’s overpressures are considerably above
all VCE data at close-in distances but decay faster and
fall below experimental data at largerR. The Baker–
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Strehlow–Tang curve is in good agreement with experi-
mental data over the entire range of standoffs and still
conservative in the far field as shown in Fig. 2. Over-
pressures produced by high explosives are much higher
at close-in distances as would be expected. The decay
rate of the HE curve is considerably faster than for a
VCE, causing the curves to cross atR>1.5. In the far
field, the HE curve provides good approximation for
VCE blast effects.

As shown in Fig. 3 for the positive impulse versus
distance, the positive impulse predicted by the original
Baker–Strehlow curve is slightly higher but still in the
band of the empirical data and the Baker–Strehlow–Tang
curve is in good agreement with Brossard’s and Doro-
feev’s data. The positive impulses produced by high
explosives are in general higher except very close-in to
the explosion. AtR less than about 0.3, the HE curve is
much lower than those produced by vapor cloud
explosions. This may be attributed to the much longer
time duration of vapor cloud explosions.

Comparisons of other blast wave properties, such as
negative maximum overpressure, negative impulse, dur-
ations of positive and negative phases with experimental
data, were presented in a previous paper (Tang & Baker,
1998). Unfortunately, only Brossard’s data are available
for these parameters. Good agreement is shown between
the calculation and experiments except for negative time
duration, for which the experimental data are quite scat-
tered.

The good agreement between numerical calculations
and experimental measurements is expected for deton-
ation cases. In detonation experiments, strong ignition
at the cloud center was applied which resulted in the
detonation of the whole cloud. In the numerical models,
constant flame propagation at the maximum flame speed
is assumed which provides good simulation of the deton-
ation experiments.

3. Fast deflagration of vapor clouds—comparison
with experimental data

Although the detonation mode of combustion, which
produces the most severe damage, is extremely unlikely
to occur, fast deflagrations of the cloud may result from
flame acceleration under confined and congested con-
ditions in industrial environments. As the result of the
MERGE (Modeling and Experimental Research into Gas
Explosions) and EMERGE (Extended Modeling and
Experimental Research into Gas Explosions) program,
systematic experimental study was carried out for vapor
clouds under various confined and congested conditions.
The aim of this paper is not to study the effects of con-
finement and congestion on blast parameters but rather
to study the blast decay from vapor clouds with various
flame speeds.

A comparison was made between the experimental
data and the Baker–Strehlow–Tang blast curve. Over-
pressures from vapor cloud explosions measured at four
stand-off distances were converted to Sach’s scaling.
The source energies were calculated from obstructed
regions in the cloud and a factor of 2 was included to
account for ground reflection. Several types of combust-
ible mixtures were tested in the EMERGE experiments.
The symbols M and P denote stoichiometric mixtures of
methane/air and propane/air; M+ and P+ denote stoichio-
metric mixtures of methane and propane with 22.5%
oxygen enriched air; M++ and P++ denote stoichiometric
mixtures of methane and propane with 24% oxygen
enriched air, respectively. Heat of combustion for each
type of mixture was calculated according to the stoichi-
ometry and oxygen concentration in air. This resulted in
slight differences in scaled distances.

The details of obstacle configuration, which is the
dominant factor in flame acceleration, and other experi-
mental details are neglected and only the maximum of
flame speed and the pressure achieved in the cloud are
presented as the variables since the flame acceleration
process is not of concern in this paper. Obstacle con-
figurations and other experimental details can be found
from the EMERGE report since the same test number is
used in the figures (the letters, S (small) and M (medium)
are added to the test number to illustrate the test scale).

The location of the largest distance from the ignition
point where flame speed and pressure remain at their
maximum values does influence the blast decay curve.
Unfortunately, the location at which pressure began to
decay was not provided in the EMERGE report. It is
assumed for this paper that the maximum was at the
cloud edge before expansion.

The blast curves for various flame speeds in the super-
sonic regime merge into a single one outside the cloud
in energy scaled coordinates, as presented by the authors
in a previous paper (Tang & Baker, 1998). Only inside
the cloud does the overpressure and impulse vary with
flame speed. Comparison of Baker–Strehlow–Tang blast
curves with EMERGE data for supersonic flames is
presented in Figs. 4 and 5 for the medium and small
scale tests since overpressure outside the cloud was not
obtained in large scale tests.

Blast curves corresponding to flame Mach numbers 1
and 2 are presented in the comparison since the meas-
ured maximum overpressures were in the range between
flame Mach numbers 1 and 2.

The decay of the experimental blast curves is much
faster than the calculations, as shown in Figs. 4 and 5.
This may be explained by the fact that the constant flame
speed at the maximum value was used in the calculations
whereas in the experiments a large portion of the cloud
burned at very low burning velocities before the flame
accelerated to the maximum speed. Therefore, the frac-
tion of the source energy which is released at sufficiently
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Fig. 4. Baker–Strehlow–Tang Curves and EMERGE medium scale
supersonic flames.

Fig. 5. Baker–Strehlow–Tang curves and EMERGE small scale
supersonic flames.

high rate to support the shock wave is much less in the
experiments than in the calculations.

Comparing Figs. 4 and 5, it can be seen that the decay
of the experimental blast curves from medium scale tests
is much faster than that from the small scale tests. This
may be attributed to the fact that more reactive mixtures
were used in the small scale tests in order to achieve
high flame speed in a much shorter propagation distance.
The fast flame acceleration in small scale tests also indi-
cated that the fraction of the source energy which is
effective in supporting the shock waves is relatively
greater than in medium scale tests where the mixture
reactivity is relatively lower.

4. Subsonic deflagration of vapor clouds—
comparison with experimental data

Unlike the blast curves from supersonic flames, the
speed of flame propagation has a significant influence on
blast parameters both inside and outside the source vol-
ume for subsonic flames. Here, the terminology “super-
sonic” and “subsonic” are with respect to the ambient
sound velocity. Comparison of the calculated and the

Fig. 6. Baker–Strehlow–Tang curves and EMERGE large scale sub-
sonic flames.

Fig. 7. Baker–Strehlow–Tang curves and EMERGE medium scale
subsonic flames.

measured overpressures in large scale and medium scale
experiments are presented in Figs. 6 and 7.

Only two test runs were conducted in the large scale
experiments for a methane/air mixture and the maximum
flame speeds achieved in the cloud were between flame
Mach number of 0.7 to 0.8. The maximum overpressures
were about 1 bar. The blast decay of these two runs is
shown in Fig. 6 which is comparable with the Baker–
Strehlow–Tang blast curves of Mw between 0.5 and 1.0;
however, the experimental blast data decay faster.
Unfortunately, there are not enough experimental data
to draw any conclusions. In two other large scale runs
using a more reactive mixture, propane/air, higher flame
speeds and overpressures were measured inside the
cloud. The flame Mach number was about 1.3 and over-
pressures were about 3 bar. The data of overpressure at
locations outside the cloud were not available.

The maximum flame speeds and overpressures
obtained in the cloud in medium scale experiments are
much lower than those measured in large scale experi-
ments. Flame Mach numbers were between 0.25 and 0.4
and the maximum overpressures were about 0.15 to 0.3
bar. The decay of the blast waves obtained in medium
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Fig. 8. Baker–Strehlow–Tang curves and EMERGE small scale sub-
sonic flames.

scale experiments is shown in Fig. 7, which is compara-
ble with the Baker–Strehlow–Tang blast curves of Mw
between 0.125 and 0.25.

The experimental blast curves for individual runs and
the calculated curves are nearly parallel. This indicates
that they follow the same decay laws. The explanation
is that in this regime the disturbance is weak and the
blast waves are close to sound waves. It is also shown
in Fig. 7 that overpressures are higher at all distances
for the propane/air mixture.

In order to present more experimental data in Figs. 8–
10, each symbol represents several test runs under the
same experimental conditions. The effects of the number
of obstacles and mixture reactivity are clearly shown in
these figures. However, the focus of this paper is on the
blast decay outside the cloud. As can be seen in these
figures, the experimental blast curves agree well with
the calculated ones in the subsonic regime. This may be
explained by the fact that the blast waves generated by
slow deflagrations are not much stronger than a sound
wave so that they follow the same decay law.

Fig. 9. Baker–Strehlow–Tang curves and EMERGE medium scale
subsonic flames (methane).

Fig. 10. Baker–Strehlow–Tang curves and EMERGE medium scale
subsonic flames (propane).

5. Conclusions and discussions

The following conclusions were drawn as a result of
the comparisons presented between numerical calcu-
lations and experimental data.

1. For vapor cloud detonations, the blast curves pro-
duced by one-dimensional numerical calculations are
generally in agreement with experimental data. This
is due to the fact that a constant flame speed at the
maximum value is assumed in the calculations, which
is consistent with the detonation experiments.

2. Among various numerical methods, the Baker–
Strehlow–Tang blast curves were found to be in good
agreement with available experimental data. It
appears that the original Baker–Strehlow curves
decay too slowly with distance, particularly for the
overpressure curve, resulting in over-prediction in the
far field. Conversely, TNO’s overpressures were too
high at close-in distances and lower than experimental
data at far distances.

3. An overall conclusion could not be developed for the
comparison between calculated blast curves and
experimental data for vapor cloud deflagrations due
to the complication of VCE deflagrations. In order
to draw meaningful conclusions, the comparison was
made for supersonic and subsonic deflagrations,
respectively.

4. For supersonic deflagrations, the calculated blast
curves for various flame speeds merge with the deton-
ation curve once outside the cloud. The EMERGE
experimental overpressures fall well below the calcu-
lated values and decay much faster. This may be
explained by the difference in flame propagation. A
constant flame speed is assumed for the whole cloud
in numerical calculations, whereas in experiments the
maximum flame speed was only achieved after flame
acceleration. In other words, a large fraction of the
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cloud was burned at much lower rate which is not
sufficient to support the shock wave.

5. The discrepancy between the measured and calculated
overpressures is more pronounced for less reactive
mixtures. This may be due to the longer distance
required for flame acceleration with less reactive mix-
tures, causing a larger percentage of the cloud to burn
at a low rate.

6. For subsonic flames, the flame speed plays a dominant
role in determining blast effects both inside and out-
side the cloud. In the subsonic regime, experimental
and calculated blast waves agree well because both
follow the decay law of a sound wave.

7. An overall conclusion is that the prediction using one-
dimensional numerical calculations with a constant
flame speed is conservative for compact clouds
(dimensional effects for elongated clouds will be dis-
cussed in another paper), and may be overly con-
servative for supersonic deflagrations.

8. The conclusions on vapor cloud deflagrations are
based on the comparison between experimental data
and blast curves on overpressures only because
impulse data are not available.
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Abstract
This paper describes the large eddy simulation modelling of unconfined
large-scale explosions. The simulations are compared with the largest
hydrogen–air deflagration experiment in a 20 m diameter hemispherical
polyethylene shell in the open. Two combustion sub-models, one developed
on the basis of the renormalization group (RNG) theory and another derived
from the fractal theory, were applied. Both sub-models include a sub-grid
scale model of the turbulence generated by flame front itself based on
Karlovitz’s theory and the observation by Gostintsev et al on a critical
distance for transition from laminar to self-similar flame propagation regime.
The RNG sub-model employs Yakhot’s formula for turbulent premixed
flame propagation velocity. The best fit flame propagation dynamics is
obtained for the fractal sub-model with a fractal dimension D = 2.22. The
fractal sub-model reproduces the experimentally observed flame
acceleration during the whole duration of explosion, accurately simulating
the negative phase of the pressure wave but overestimating by 50% the
positive phase amplitude. The RNG sub-model is closer to the experiment in
predicting the positive phase but under-predicts by 30% the negative phase
amplitude. Both sub-models simulate experimental flame propagation up to
20 m and pressure dynamics up to 80 m with reasonable accuracy.

(Some figures in this article are in colour only in the electronic version)

Nomenclature

A Flame area, m2

CFL Courant–Friedrichs–Lewy number
C Hydrogen concentration in a mixture, % by volume
c Progress variable (normalised product mass fraction)
cp Specific heat capacity of mixture at constant pressure,

cp = ∑
m cpm

Ym

D Fractal dimension
E Total energy, J kg−1 E = h − p/ρ + u2/2
Eact Activation energy, J mol−1

Ei Expansion coefficient, Ei = ρu/ρb

∗ This paper was presented at the Second International Synposium on
Nonequilibrium Processes, Combustion, and Atmospheric Phenomena
(Dagomys, Sochi, Russia, 3–7 October 2005).

3 Author to whom any correspondence should be addressed.

Eign Ignition energy, J
g Gravitational acceleration, m s−2

H(x) Heaviside function
Hc Heat of combustion, J kg−1

h Enthalpy, J kg−1, h = ∫ T

298.15 cp dT

M Molecular mass, kg kmole−1, M = ∑
m VmMm

m0 Temperature index in dependence of burning velocity
on temperature

n0 Baric index in dependence of burning velocity on
pressure

Pr Prandtl number, Pr = µcp/k, where k is thermal
conductivity W/m/K

p Pressure, Pa
R Radius, m
R0 Characteristic radius for onset of fractal, self-similar

regime of the turbulent flame front propagation, m
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Rsph Initial radius of the hydrogen–air cloud (radius of
polyethylene balloon), m

Runiv Universal gas constant, 8314.4 J K−1 kmol−1

Sc Source term in conservation equation for progress
variable, kg m−3s−1

SE Source term in energy conservation equation,
J m−3s−1, SE = ScHc

S̃ij Rate of strain tensor, s−1

Sc Schmidt number, Sc = µ/ρD, where D is the
diffusion coefficient, m2 s−1

St Turbulent burning velocity, m s−1

Su0 Laminar burning velocity at initial conditions, m s−1

Su Laminar burning velocity, m s−1

T Temperature, K
t Time, s
ui,j,k Velocity components, m s−1

u′ Root-mean square of SGS velocity component, m s−1

V Volume, m3

xi,j,k Spatial coordinates, m
Y Mass fraction

Greek

�pF Peak overpressure associated with flame propagation
through pressure transducer location, kPa

�CV Control volume characteristic size, m
�t Time step, s
λo Outer cut-off of the fractal structure, m
λi Inner cut-off of the fractal structure, m
ε Overall thermokinetic index, ε = m0 + n0 − m0/γu

γ Specific heat ratio
µ Dynamic viscosity, Pa s
ρ Density, kg m−3, ρ = (pM)/(RunivT )

�SGS SGS flame front wrinkling factor
�MAX Maximum SGS flame front wrinkling factor

due to turbulence generated by the flame front itself

Subscripts and superscripts

a Air
b Burned mixture
c Source term in progress variable equation
E Source term in energy conservation equation
eff Effective value
f Fuel
hsph Hemispherical
H2 Hydrogen
i, j, k Spatial coordinate indexes
m m-th component of gas mixture
MAX Maximum
SGS Sub-grid scale
Stoich Stoichiometric
t Turbulent
u Unburned mixture
0 Initial conditions

Bars

¯ LES filtered quantity
˜ LES mass-weighted filtered quantity

1. Introduction

The use of hydrogen as an energy carrier and its
wide introduction into the market throughout the world,
especially transportation and storage, raises many questions if
compromising safety is to be avoided. Explosion of hydrogen–
air mixtures in the open atmosphere is one of the likely
scenarios. Analysis of unscheduled releases, followed by
disastrous explosions, can be performed through examination
of on-site blast data, infrasound and ionosphere effects and
their numerical simulations. But first the physics of the process
should be understood and computational fluid dynamics
models need be developed and validated against large-scale
experiments to provide predictive tools for hydrogen safety
engineering. Ten years ago predictive modelling of turbulent
deflagration was not possible [1]. In this paper we demonstrate
the capability of the large eddy simulation (LES) model
developed from the first principles to simulate dynamics
of the largest unconfined hydrogen–air deflagration ever
performed [2].

The emphasis in combustion research for energy
applications differs from that in accidental combustion
research, i.e. fire and explosion safety research. Significant
flow turbulence, high flame strain rates and relatively small
scales of inhomogeneous regions are characteristic for most
combustion devices. These features can differ significantly
from those in large-scale unwanted combustion. The initial
flame propagation after accidental ignition usually takes place
in a quiescent or moderately agitated mixture in a quasi-laminar
mode. While the combustion community is mainly focused
on the aspects of flame behaviour to increase the efficiency of
combustion devices, explosion safety researchers are focused
on combustion mitigation through a proper prediction of flow,
pressure and temperature dynamics during unwanted flame
propagation in complex geometries under various conditions,
usually attributed to essentially larger scale experiments.
Conventional models, used to design combustion devices, may
not be appropriate to analyse large-scale explosions as the
regularities and physical phenomena for freely propagating
accidental flames are different from those for stabilized flames,
e.g. burner flames. In particular larger scale and/or low stretch
rate are typical for large-scale unconfined explosions [3].

LES technique is promising for deflagration simulation
as it avoids time averaging and allows better prediction of
highly non-isotropic turbulent flows and large-scale flame flow
interaction at the resolved level [4, 5]. In most approaches to
LES of premixed combustion there is a numerical requirement
for a minimum number of computational grid points within
the simulated flame front thickness, normally 4–5 points [4],
independent of the mesh size. Unstructured grids are
recommended for LES in complex geometries [6]. For
tetrahedral unstructured grids 4–5 points through the numerical
flame front thickness can be ‘collected’ at a distance equal to
2–3 edges of tetrahedral control volume (CV). It means that
LES can resolve elements of a flame front structure with a size
larger than about 4–6 edges of the tetrahedron of the applied
mesh, and smaller sub-grid structures can be only modelled.

There are different views on the possibility of the
deflagration to detonation transition (DDT) in fuel–air
mixtures initiated by a weak source such as a spark. Literature
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Table 1. Experimental conditions and results for different tests [2].

Hemisphere Maximum flame
Test No. C, % vol. Ti , K pi , kPa Eign, J V , m3 diameter, m speed, m s−1

GHT 23 29.1 282 98.1 10 7.5 3.06 43
GHT 26 29.2 281 99.1 1000 7.5 3.06 43
GHT 39 29.4 279 98.5 1000 50 5.76 50
GHT 40a 29.5 279 98.5 150 50 5.76 54
GHT 11 31.0 281 100.7 314 262 10.0 60
GHT 13 25.9 283 100.9 314 262 10.0 48
GHT 34a 29.7 283 98.9 150 2094 20.0 84

a Experiments with rhombus-shaped wire net over the hemispherical balloon.

review [7] indicates that there is no reliable data on DDT
in unconfined clouds of combustible gases. Theoretical
considerations [8] admit DDT of free spherical premixed
combustion due to flame front instabilities and acceleration.
Hydrogen–air deflagrations in unconfined conditions (rubber
balloons) were studied experimentally in Russia in 1983 [9].
A spark with energy of 1 J was used to ignite a mixture in the
centre of a balloon with a volume of 35 or 86 m3 (diameter
about 4 m and 5.5 m, respectively). Experiments in a 4 m
diameter balloon demonstrated that flame front acceleration at
the initial stage of combustion ceased and the flame propagated
with a practically constant velocity of 38 m s−1 (35% by
volume of hydrogen). In a 5.5 m diameter balloon test the flame
propagation velocity was continuously increasing to 105 m s−1

for the mixture with the same concentration of hydrogen. The
authors [9] concluded that the maximum velocity is increasing
with diameter of an initial cloud, and for volume larger than
500 m3 (diameter larger than 10 m), DDT is possible. In the
same year experimental studies with hemispherical volumes
of up to 2094 m3 were performed in Germany [2,10,11]. Tests
were conducted with ignition sources of energy within the
range from 10 to 1000 J in near stoichiometric hydrogen–air
clouds with diameter of hemisphere up to 20 m, but no DDT
was registered.

The characteristics of blast waves, from unconfined
deflagrations, are determined by gaseous cloud combustion
and differ from that of high explosives. For example,
in the near-field the overpressure from the positive phase
of gaseous explosion is much less compared with that
from high explosives, while the duration of the phase is
greater. In the far-field, pressure waves from deflagrations
decay more slowly with distance from a source of initiation
and cannot be described by means of the TNT-equivalence
concept [12, 13]. The TNT-equivalence concept is inadequate
to describe the large amplitude of the negative phase of
gaseous explosions [13], which is larger than the positive phase
amplitude for deflagrations [12].

In 1999 Bradley suggested that in the case of large-scale
explosion flames ‘the fractal analyses is probably valid because
of the large length-scales and small flame stretch rates, unlike
turbulent flames in many engineering applications where the
flame stretch rate usually reduces the burning rate’ [3]. This
is in line with the analysis of 20 unconfined explosions carried
out earlier by Gostintsev et al [14]. They described the
behaviour of spherical turbulent premixed flames propagation
as a self-similar process in which a total flame front surface
area grows R1/3 times faster (theoretical fractal dimension
D = 2.33) than the surface of a sphere with the same radius.

According to the fractal theory a ratio of the turbulent flame
front area At to the area of the smooth laminar spherical
flame Au0 is equal to At/Au0 = St/Su = (λi/λ0)

(2−D) [15],
where Su is laminar and St is turbulent burning velocities,
respectively. Bearing in mind, that for freely propagating
flames, the outer cut-off λ0 is growing proportionally to the
flame front radius R and the inner cut-off λi is a constant,
the turbulent burning velocity St is a function of the average
flame front radius R : St/St0 = (R/R0)

(D−2), where St0 is
the burning velocity at radius R0. It was reported [14] that for
stoichiometric hydrogen–air mixtures a self-similar regime of
flame propagation is established at a critical radius of 1.0–
1.2 m. Different values have been proposed for the fractal
dimension, D. Gouldin [15] usedD = 2.37 adopted from [16].
A wide range of experimental values of fractal dimension D =
2.11–2.36 was cited for premixed combustion by Gulder in
1990 [17]. In 1999 [3] Bradley suggested a theoretical value
D = 2.33 for freely propagating flames. Gostintsev et al [18]
demonstrated in 1999 that for self-similar freely propagating
flames the fractal dimension is within the range D = 2.2–2.33.
In 2000 Gulder reported, for turbulent premixed combustion
in Bunsen-type burners, the fractal dimension within the range
D = 2.14–2.24 [19].

This study is devoted to LES modelling and validation
of the model, with two combustion sub-models, one based
on the renormalization group (RNG) theory and another
on the fractal theory, against the largest ever performed
experiment on stoichiometric hydrogen–air deflagration in the
open atmosphere GHT 34 [2]. In this paper simulation results
are compared against experimental data on flame propagation,
flame shape and overpressure transients at different distances
from ignition source. The value of fractal dimension
for use in LES of large-scale explosions is determined.
More information relevant to this study could be found in
[20–33].

2. Largest hydrogen–air deflagration test in
atmosphere

A series of experiments with near stoichiometric hydrogen–
air deflagrations, in unconfined hemispherical volumes, was
performed in 1983 by the Fraunhofer Institute for Propellants
and Explosives [2]. The experimental conditions and main
results are presented in table 1. The principal aim of
these experiments was to investigate the dependence of flame
propagation velocity on the cloud size. Mixtures were ignited
on the ground level inside the shell made of thin polyethylene
(PE) film to exclude the effect of reflected pressure waves.
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Figure 1. Snapshots of test GHT 34 in a 20 m diameter hemisphere.

Burnout of the cloud occurs approximately at two initial
diameters corresponding to the cubic root of the products
expansion coefficient. After burnout the peak overpressure
decays with distance from the initiation point. The duration
of the positive and the negative phases is independent of the
distance for any given size of balloon. The amplitude of
negative pressure peak was usually somewhat larger than that
of the positive pressure phase and the negative phase being of
shorter duration. For spherical sonic waves the authors [2]
cited a theoretical result obtained by Landau that at any
distance the integral of overpressure in time should be equal
to zero. This theoretical result complies with experimental
records of the outward propagating pressure wave outside
the combustion area (see pressure transients at 35 and 80 m
below). Processing of visual images of the flame propagation
yielded a continuous increase in flame propagation velocity
up to a maximum value, which was reached at a distance
between the initial radius of the cloud Rhsph and 1.5 Rhsph.
For initially quiescent stoichiometric hydrogen–air mixture
this upper limit was estimated as 125 m s−1 with a peak
overpressure 13 kPa assuming the validity of the authors’
approach [2] based on simple turbulent combustion models of
Damkohler and Karlovitz. The experimental results indicate
that the flame propagation velocity approaches an upper limit
with an increase in the cloud size.

In test GHT 34, with hydrogen–air mixture 29.7% by
volume in a 20 m diameter hemisphere, the maximum flame
propagation velocity was 84 m s−1 with the initial burning
velocity estimated by authors [2] as 2.39 m s−1 (the expansion
coefficient of combustion products was calculated as 7.26
with a density of combustible mixture 0.8775 kg m−3 and a
speed of sound 397.3 m s−1). Errors in velocity measurements
were assessed as +5% without taking into account certain
asymmetries in flame propagation. In the 2094 m3 hemisphere
experiment, GHT 34, a rhombus-shaped wire net was laid over
the hemispherical balloon which was fastened to the ground at
16 points to compensate the buoyancy force. In order to make
the hydrogen–air flame visible in daylight finely ground NaCl
powder was dispersed inside the balloon at the end of the filling
process to produce a yellow-coloured flame. Generally 10
to 12 piezo-resistive Kistler pressure sensors (100 kPa range,
natural frequency 14 kHz) were used. These were mounted
in a steel case having a mass of 20 kg in a way that their
pressure-sensitive surfaces were fitted flush with the surface
of the ground and covered with a 2 mm thick layer of silicone

grease on the membrane to avoid the influence of temperature
and heat radiation. In addition a sensor, located at a 5 m
distance from the ignition source, was protected by means
of a laminated plastic plate screwed to the steel casing and
having an opening of 4 mm diameter in the middle. For the
GHT 34 test an additional pressure sensor was installed at
right angles to the axis with main sensors and mounted on a
vertical timber wall 1 × 1 m2 (head-on measurement). The
explosion pressure was measured at distances 2.0, 3.5, 5.0,
6.5, 8.0, 18, 25, 35, 60 and 80 m from the initiation point.
The mixture was ignited by pyrotechnical charges with total
ignition energy 150 J. The pressure transients of sensors inside
the combustion products did not return to zero after the negative
pressure phase, except for the sensor installed at 5 m. This can
be attributed to the fact that the transducers were thermalized
to high temperatures during the explosion. Since they did not
remain at the temperature at which they were calibrated, they
were no longer calibrated and did not return to the baseline.
This is an indication that the protective measures taken by the
experimenters to insulate these transducers were insufficient
for this large test.

Experimental results for flame propagation and pressure
dynamics for test GHT 34 are presented in figures 4 and 6
and discussed further in the paper. The flame propagated
in an almost hemispherical form. The balloon shell first
stretched slightly outwards until it burst when the flame had
reached about half of the original radius of the balloon 0.5R0

(figure 1).
The explosion overpressure of about 6 kPa was practically

the same within the cloud distances in GHT 34 test. A
sharp overpressure peak �pF of about 10 kPa in the pressure
transients followed flame propagation. This peak occurs
when the flame passes the sensor on the ground. The cause
for the occurrance of this peak is not clear, but is probably
associated with the mounting of the PE foil in the sensor
housing.

3. The LES model description

3.1. Governing equations

The main governing equations of the LES model were
described elsewhere [34–36]. The equations were obtained
by the filtering (filter size is CV size) of three-dimensional
conservation equations for mass, momentum, energy, progress
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variable and air concentration for compressible Newtonian
fluid:

∂ρ̄

∂t
+

∂

∂xj

(ρ̄ũj ) = 0, (1)

∂ρ̄ũi

∂t
+

∂

∂xj

(ρ̄ũj ũi) = − ∂p̄

∂xi

+
∂

∂xj

×
(

µeff

(
∂ũi

∂xj

+
∂ũj

∂xi

− 2

3

∂ũk

∂xk

δij

))
+ ρ̄gi, (2)

∂

∂t
(ρ̄Ẽ) +

∂

∂xj

(ũj (ρ̄Ẽ + p̄))

= ∂

∂xj

(
µeffcp

Preff

∂T̃

∂xj

−
∑
m

h̃m

(
− µeff

Sceff

∂Ỹm

∂xj

)

+ ũiµeff

(
∂ũi

∂xj

+
∂ũj

∂xi

− 2

3

∂ũk

∂xk

δij

))
+ S̄E, (3)

∂

∂t
(ρ̄c̃) +

∂

∂xj

(ρ̄ũj c̃) = ∂

∂xj

(
µeff

Sceff

∂c̃

∂xj

)
+ S̄c, (4)

∂

∂t
(ρ̄Ỹa) +

∂

∂xj

(ρ̄ũj Ỹa) = ∂

∂xj

(
µeff

Sceff

∂Ỹa

∂xj

)
− Ya

Yf + Ya

S̄c.

(5)

The model is of the numerical type, as defined by Pope
for a case of equivalence between filter and cell size, and does
not include an ‘artificial, i.e. non-physical, parameter �’ [37]
applied in some LES models in a source term of the progress
variable equation.

The RNG turbulence model by Yakhot et al [38]
was employed to model sub-grid scale (SGS) turbu-
lence. In this model the effective viscosity is equal
to µeff = µ[1 + H(µ2

sµeff/µ
3 − 100)]1/3, where µs =

ρ̄(0.157V
1/3

CV )2
√

2S̃ij S̃ij , H(x) is the Heaviside function and

the rate of strain tensor is S̃ij = 1/2((∂ũi/∂xj ) + (∂ũj /∂xi)).
The RNG model is similar to the Smagorinsky’s model [39],
but does not contain adjustable or ad hoc parameters and is ca-
pable to describe transitional and laminar flow regimes: in the
laminar flow the Heaviside function argument is negative and
the effective viscosity recovers molecular viscosity, µeff = µ.
In present simulations the values of molecular Prandtl and
Schmidt numbers were chosen equal to those characteristic for
air: Pr = 0.7, Sc = 0.7. The effective Prandtl number was
calculated according to the RNG theory [38] for non-reactive
flows and was equal to the effective Schmidt number:

∣∣∣∣1/Preff − 1.3929

1/Pr − 1.3929

∣∣∣∣
0.6321∣∣∣∣1/Preff + 2.3929

1/Pr + 2.3929

∣∣∣∣
0.3679

= µ

µeff
.

The conservation equation for air concentration (5) is
introduced into the model to account for dilution of initial
stoichiometric hydrogen–air cloud with ambient air.

3.2. The combustion model

The combustion model is based on the equation for the progress
variable (4) and the gradient method. The source term in the
energy equation (3) is a heat release rate due to combustion,
SE = Hc · Sc. The mass burning rate is modelled similar
to [34–36] using the gradient method S̄c = ρu · St · |∇ c̃|.
The gradient method allows decoupling between the physical
requirement to keep the turbulent mass burning rate equal to
ρuSt and a numerical requirement for a simulated flame front
to occupy 4–5 CVs, when the gradient method is applied,
independent of a mesh size and a scale of a problem. However,
the integral of the source term throughout a numerical flame
front thickness always gives a physically correct value for
the mass burning rate per unit area, i.e. ρuSt , independent of
the numerical flame front thickness. As a result, simulations
(flame propagation and pressure dynamics) will not be affected
noticeably, regardless of the fact that the structure and size
of a numerical flame front are not actual characteristics of
the prototype. Furthermore, by tackling real problems with
a scale of tens and hundreds of metres, there is no chance
of resolving a whole structure of real turbulent flame front,
where the turbulence generated by the flame front itself plays
a role at scales comparable to the thickness of real flamelets
of the order of millimetre. Nevertheless, the giving up of a
fine flame front structure resolution allows one to reproduce
reasonably hydrodynamics of flows ahead and behind the
numerical flame front, overall flame propagation and explosion
pressure dynamics because energy release in a flame front is
kept physically correct.

The following general form for dependence of burning
velocity on hydrogen concentration, YH2 , temperature, T ,
and pressure, p, is a general feature of the model (in the
approximation of adiabatic compression/expansion ε = m0 +
n0 − m0/γu):

Su(YH2 , T , p) = Su0(YH2) ·
(

T

Tu0

)m0(YH2 )(
p

p0

)n0(YH2 )

= Su0(YH2) · (p/p0)
ε(YH2 ). (6)

This equation is a convenient and widely used approximation
of the theoretical formula for burning velocity Su ∝ k · pn0 ·
exp(−Eact/2RunivTb), where k is the pre-exponential factor,
in a comparatively narrow range of temperatures between the
temperature of combustion products at initial conditions, Tbi,
and at the end of combustion, Tbe. It was demonstrated that an
error of the approximation does not exceed 15% [40].

The dependence of burning velocity on hydrogen
concentration was accounted for by using a linear function
f (YH2), equal to 1 in the stoichiometric mixture (29.7% by
volume of hydrogen) and 0 at the lower flammability limit
(4% by volume of hydrogen): Su0(YH2) = SStoich

u0 · f (YH2).
Two combustion sub-models applied in this study, i.e.

the RNG combustion sub-model and the fractal combustion
sub-model, are described below. For both models a common
component, giving some augmentation to flame propagation
velocity in simulations, is partially resolved flame front
wrinkling due to hydrodynamic instability. The initial value of
global (stretched) laminar burning velocity Su0 = 1.91 m s−1,
obtained by Lamoureux et al [41] through direct registration
of flame propagation by a schlieren system and a high speed
camera system, was applied in this study in equation (6) for
29.7% hydrogen–air mixture.
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3.2.1. RNG combustion sub-model. The first model applied
to model turbulent burning velocity St is based on the RNG
premixed turbulent combustion model [42] and the theoretical
analysis of self-turbulized flames by Karlovitz et al [43].

Based on the analysis by Karlovits et al [43] the maximum
value of the flame wrinkling factor due to the turbulence
generated by flame front itself can be estimated as �MAX =
(Ei −1)/

√
3. For stoichiometric hydrogen–air mixture it gives

the value �MAX = 3.6. The following dependence of the SGS
flame wrinkling factor on flame front radius was assumed in
this study to model a smooth increase in flame front surface
area during transition from laminar to fully developed turbulent
flame:

�SGS(R) = 1 + (�MAX − 1)(1 − exp(−R/R0)), (7)

where R0 is a characteristic radius at which transition to the
self-turbulized regime takes place. Gostintsev et al [14]
reported previously that the characteristic radius for the onset
of a self-similar regime of flame propagation for stoichiometric
hydrogen–air mixture is R0 = 1.0 − 1.2 m and the value
R0 = 1.2 m was adopted here.

The joint effect of ‘large-scale’ flow turbulence and SGS
‘small-scale’ turbulence generated by the flame front itself on
the turbulent burning velocity was accounted for through the
implementation of Yakhot’s formula for premixed turbulent
combustion, based on the RNG analysis [42], into the LES
model in the following form:

St = [Su · �SGS(R)] · exp(u′/St )
2. (8)

The difference with the original Yakhot’s formula is the
use of SGS turbulent burning velocity [Su · �SGS(R)] in our
study instead of laminar burning velocity Su. This is to account
for a physical phenomenon of turbulence generated by flame
front itself, acting at SGS, in the LES model.

3.2.2. Fractal combustion sub-model. The second
combustion sub-model, applied to simulate the open
atmosphere hydrogen–air explosion, is based on the fractal
analysis of the freely propagating premixed flames and was
described previously [44]. Following the conclusions of the
fractal theory the burning velocity is modelled as

St = S
R0
t · f (YH2) · (R/R0)

D−2, (9)

where S
R0
t is the burning velocity at radius R0 of the onset

of self-similar (fractal) regime of flame propagation and D

is a fractal dimension. The theoretical value D = 2.33
corresponds to the upper limit of the experimentally observed
range D = 2.20–2.33 reported by Gostintsev et al [28] for
freely propagating flames in the open atmosphere.

Self-similar (fractal) regime of flame propagation takes
place at flame radii above critical R > R0. Hence, the fractal
combustion sub-model can be applied only after that. The
simulations of the transitional stage of the deflagration (flame
radius R < R0) were performed by the RNG sub-model.
The value of burning velocity, extracted from the RNG sub-
model at R = R0 for implementation in formula (9) of the
fractal sub-model, was calculated as S

R0
t = 6.44 m s−1 by the

following procedure. The location of a simulated flame front,
at any moment of time, was determined by the averaging of
coordinates of all CVs with values of the progress variable
within the range c = 0.01–0.99. At the moment when the

Figure 2. Cross section of the central part of the calculation domain.

radius of the flame front became equal to R0 a total mass
burning rate in the flame front was calculated. Then, to obtain
the sought burning velocity, the mass burning rate was divided
by the product of a combustible mixture density and the area
of the hemisphere with radius R0. The obtained value S

R0
t =

6.44 m s−1 is � = 6.44/1.91 = 3.37 larger compared with the
laminar burning velocity for the hydrogen–air mixture 29.7%
by volume. This augmentation of burning velocity is due to the
effects of turbulence generated by flame front itself and flow
turbulence. The augmentation of burning velocity for radii
R > R0 was calculated in the fractal sub-model by equation
(9) in place of equations (7) and (8) in the RNG sub-model.

3.3. Numerical details

3.3.1. Initial and boundary conditions. Initial temperature
and initial pressure were equal to 283 K and 98.9 kPa,
respectively, as in the experiment. Mixture was quiescent at
ignition, u = 0. The progress variable was equal to c = 0 all
over the domain. Air concentration was equal to Ya = 0.9713
within the hydrogen–air cloud (R � Rhsph) and Ya = 1.0
beyond it (R > Rhsph).

The no-slip impermeable adiabatic boundary condition
was used on the ground. Non-reflecting boundary conditions
were used on the boundaries representing the far-field in the
atmosphere.

Ignition was modelled by the increase in the progress
variable from c = 0 to c = 1 in one CV during the period
t = 22 ms calculated as a time of flame propagation through
spherical CV equal by volume to the ignition tetrahedral CV.
The value c = 1 was kept in the ignition CV until the
moment 29 ms. No adjustment of simulation results in time
was required with this procedure.

3.3.2. Calculation domain. The calculation domain with
sides L × W × H = 200 × 200 × 100 m was created
to simulate both the flame front and the pressure wave
propagation. The characteristic size of the tetrahedral CVs
in the flame propagation area (R � 22 m) was about 1 m
and the characteristic size of the hexahedral CVs in the rest
of the domain (R � 30 m) was 4 m. The transitional area
(22 < R < 30 m) was meshed using a tetrahedral mesh with
the CV size changing from 1 to 4 m. The total number of
CVs was 294296. The cross section of the central part of the
calculation domain (0 < R < 30 m) is shown in figure 2.

The grid sensitivity analysis was conducted for the RNG
combustion sub-model, as a part of a standard benchmark
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Figure 3. Snapshots of numerical simulation of flame front propagation in test GHT 34 (dark grey—flame front iso-surface c = 0.5, light
grey—unburnt hydrogen–air mixture).
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Figure 4. Comparison between experiment and simulations by the RNG combustion sub-model: (a) flame front propagation dynamics:
solid line—leading flame edge (averaging through CVs with the progress variable within the range 0.01–0.10), hatched area—numerical
flame front thickness; (b)–(d) pressure dynamics at R = 5 m, R = 35 m and R = 80 m, respectively.

exercise in the framework of activities of the European
Network of Excellence HySafe [45]. Two similar grids with a
characteristic CV size in the area of flame propagation 1.0 m
and 0.5 m, respectively, were used. The difference in the flame
front propagation dynamics, i.e. the growth of the flame front
radius in time, was about 5%. This difference is due to better
resolution of the flame front wrinkling by the hydrodynamic
instability for a finer grid, which provides a larger mass burning
rate and, thus, faster flame propagation.

3.3.3. CFD solver and numerical scheme. The FLUENT
6.2.16 solver was employed as a platform for the realization
of the LES model. The double precision parallel version of
solver was used with explicit linearization of the governing
equations. The second order upwind scheme was used
for convection terms and the central difference scheme for
diffusion terms. The 4-stage Runge–Kutta scheme was applied
for time stepping. The Courant–Friedrichs–Lewy number was
equal to CFL = 0.8 to ensure stability. Simulation of real
time of deflagration and pressure wave propagation up to 0.63 s

takes about 6 days on a workstation IBM630 (12GB RAM,
2CPUx1.2GHz Power 4, 1CPU SPECfp=961).

4. Simulation results

4.1. Flame shape

The simulated flame front propagation for experiment GHT 34
is shown in figure 3. Distinctive large-scale wrinkling of the
flame front by the hydrodynamic instability can be seen. The
cascade of characteristic wrinkles above a LES filter size, i.e.
a cell size in the numerical LES approach, of 1 m is close in
size to the experimentally observed [2] wrinkles as presented
in our paper [46], where the simulated flame front profiles are
compared against experimental data.

4.2. Flame front propagation and pressure dynamics

Figures 4–6 show a comparison between the experimental
results of test GHT 34 and the numerical simulations for the
two applied combustion sub-models.
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Figure 5. Comparison between experiment and simulations by the fractal combustion sub-model with fractal dimensions D = 2.22 and
2.33: (a) flame front propagation dynamics: lines—leading flame edge (averaging through CVs with the progress variable within the range
0.01–0.10), hatched area—numerical flame front thickness (only partially reproduced for D = 2.33); (b)–(d) pressure dynamics at R = 5 m,
R = 35 m and R = 80 m, respectively.

Experimental data on flame propagation dynamics are
represented in figures 4 and 5 as a change in the time position
of a leading flame front edge. The thickness of a simulated
flame front is shown in figure 4(a) by the hatched area with the
leading flame edge depicted by a solid line. At final stages of
deflagration the thickness of the numerical flame front is about
4 m which is close to experimental observations [46].

Both combustion sub-models reproduce the deceleration
of flame at the final stage of the explosion, when the initial
hydrogen–air mixture is diluted by atmospheric air that leads to
a decrease in the burning rate (figure 5(a)). The deceleration of
the numerical flame front is more pronounced compared with
the experiment. This could be attributed to noticeably large
cell sizes used in the simulations in the areas of mixture non-
uniformity. Performing simulation on an adaptive grid in the
area of large hydrogen concentration gradients could improve
predictive capability of the model at final stages of deflagration.
Some insignificant change in rear flame front edge dynamics
can be seen in figure 4(a) at radius 10 m. This is apparently due
to the numerical grid structure as the grid was generated having
a sphere at radius 10 m in the calculation domain to separate
the combustible mixture area from the ambient air area.

For the RNG combustion sub-model the maximum
deviation of the simulated from the experimental leading flame
front edge does not exceed 1 m. With this obviously good
correlation between LES and experiment, the acceleration
of the real flame front is reproduced only in the initial
stage of the deflagration. At later stages simulations give
practically constant flame propagation velocity (figure 4(a)).

The simulated pressure dynamics (figures 4(b)–(d)) is close
to experimental pressure transients at locations of properly
functioning transducers at 5, 35 and 80 m. Both positive and
negative phases of the pressure wave are reproduced by the
numerical experiment, including arrival time, duration and
decay of the pressure wave with distance. The amplitude
of the positive phase of the pressure wave is reproduced in
simulations exactly with a bit faster arrival time in a far-field.
However, amplitude of the negative phase is up to 30% less
than in experiment. The simulated rear front of the positive
phase overpressure wave passes ahead of the experimental one
due to significantly stronger deceleration of the flame front
in simulation at the end of the deflagration compared with
experiment.

Simulation results of the flame front propagation for
two fractal dimensions, i.e. D = 2.33 and D = 2.22,
are presented in figure 5(a). As expected the fractal sub-
model simulations reproduce the monotonic increase in flame
propagation velocity similarly to the experimental study [2].
Overpressure dynamics for both fractal dimensions are shown
in figures 5(b)–(d). The simulation with theoretical fractal
dimension D = 2.33 obviously over-predicts both flame
propagation and overpressure dynamics. During numerical
experiments it was found that a best fit value for the flame
propagation dynamics for the fractal sub-model is D = 2.22,
which is within the range D = 2.20–2.33 reported by
Gostintsev et al [14]. One of the reasons for the optimum
fractal dimension to be below the theoretical value is partial
resolution of the flame wrinkling structure by LES. Indeed, it
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Figure 6. Comparison between experiment and simulation by the RGG combustion sub-model for pressure transients at the positive phase
of the explosion pressure wave at locations 2 (a), 5 (b), 8 (c) and 18 m (d) from the ignition source.

was reported previously that for spherical flames the resolved
fractal dimension is within the range 2.02–2.15 [34]. Along
with good agreement in the prediction of the amplitude of the
negative phase of the pressure wave the fractal sub-model over-
predicts the amplitude of the positive phase by up to 50%. The
reason for over-prediction of the positive pressure peak by the
fractal model is not clear. This could be due to the effect of
the PE balloon on the pressure wave. Indeed, segments of a
balloon could ‘consume’ part of the energy in the pressure wave
in the test. The effect of PE balloon segments is weakened at
later stages and as a result the negative phase amplitude could
be less affected.

The positive phase of the pressure wave at transducer
locations inside the combustion zone, i.e. 2, 5, 8 and 18 m, is
shown in figure 6. Transducers located at 2, 8 and 18 m from
the ignition source were affected by the combustion products
as their pressure transients did not return back to atmospheric
pressure after the explosion. Still, pressure readings from these
transducers may be used for explosion analysis until the time
of flame arrival. A distinctive overpressure peak �pF of about
10 kPa in the pressure transients followed flame propagation
(see figures 6(b) and (c)). The simulations reproduced an
overpressure peak at the moment when the flame front arrived
at the location of a sensor. Experimental pressure peak appears
somewhat earlier compared with simulation results. It is in
agreement with experimental data [2] where it was reported
that the flame proliferates along the pressure measurement
axis much more rapidly than in other directions. The fact of
higher �pF at 5 and 8 m transducers could be explained by the
intensification of combustion after the balloon shell had burst
when the flame reached about half of the original radius of the

balloon 0.5R0 (see figure 1). This is in line with results on easy
DDT in hydrogen–air mixtures during venting of deflagration.

5. Conclusions

The LES model of large-scale accidental combustion is
advanced further and applied to simulate the dynamics
of the largest unconfined hydrogen–air deflagration ever
performed. Two combustion sub-models were applied to
analyse experimental data, one derived from the RNG theory
and another from the fractal theory. Both sub-models include a
SGS model of a transition from laminar to self-similar turbulent
regime of flame propagation, which is based on a theoretical
consideration by Karlovitz et al of the maximum turbulence
generated by flame front itself and the results by Gostintsev
et al on a critical radius of 1.0–1.2 m for the transition for
stoichiometric hydrogen–air mixture.

Both combustion sub-models were applied in the
calculation domain 200 × 200 × 100 m on an unstructured
tetrahedral grid with a moderate number of CVs less than
300 000. Grid sensitivity analysis demonstrated that the LES
model predictions vary to less than 5% for two unstructured
tetrahedral grids with a difference in the characteristic cell size
of 2.

Formation and decay of the pressure wave are reproduced
in simulations, including the experimental observation that a
negative phase has a shorter duration and a higher amplitude
compared with a positive phase.

There is a more pronounced deceleration of simulated
flame front at the end of deflagration compared with
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experiment. It is thought to be due to insufficient resolution of
the grid and affects slightly the duration of the positive phase of
the pressure wave. Simulations on the adaptive grid in the area
of hydrogen concentration gradients would better reproduce
experimental data.

In the RNG combustion sub-model the effect of flow
turbulence on the turbulent burning velocity is taken into
account by the implementation of Yakhot’s formula for
turbulent premixed flame propagation velocity, which does not
include either adjustable parameters or empirical coefficients.
The RNG sub-model simulations reproduce initial flame
acceleration and after that give practically constant flame
front propagation velocity. The RNG sub-model is closer to
experimental results in prediction of the positive phase but
under-predicts by up to 30% the negative phase amplitude.

The fractal combustion sub-model gives a best fit to
experimental flame propagation dynamics with a fractal
dimension D = 2.22, which is within the range 2.20–
2.33 reported by Gostintsev et al for large-scale unconfined
explosions. Simulation with D = 2.22 reproduces accurately
the experimentally observed flame front acceleration during
the whole process of deflagration, the negative phase of the
explosion pressure wave and overestimates by up to 50% the
positive phase. Higher pressure peak of the positive phase
in simulation compared with experiment could be attributed to
the effect of the PE balloon. Simulations with theoretical value
D = 2.33 apparently over-predicts both flame propagation and
pressure dynamics.

Numerical simulations partially resolve flame front
wrinkling due to hydrodynamic instability. This contributes
by a factor of the order of 1.1 to the flame propagation velocity.
The flow turbulence in the RNG sub-model contributes by an
additional factor of the order of 1.15 to the burning velocity.
Fractals increase the flame surface area in the fractal sub-model
by a factor of the order of (R/1.2)0.22 depending on the flame
front radius, e.g. 1.74 for a radius R = 15 m. The turbulence
generated by flame front itself is the main contribution to the
augmentation of the turbulent burning velocity and equals to
3.6 for stoichiometric hydrogen–air mixture.

Both sub-models reproduce experimental flame front
propagation dynamics up to 40 m diameter and pressure
dynamics up to 80 m, i.e. at scales characteristic for hydrogen
safety engineering problems. The agreement between
numerical simulations and experimental data demonstrates the
merits of the developed LES model for large-scale accidental
premixed combustion.
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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-
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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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An approximate method for description of flame
acceleration in congested areas filled with combusti-
ble gases is presented. The method takes into account
both the flame folding arising from interactions with
obstacles of the flow produced by the flame and the
increase of the burning rate resulting from turbu-
lence generated in the flow ahead of the flame. A
simple analytical expression for the flame speed is
suggested. Coefficients in this correlation are deter-
mined by fitting the model predictions with a set of
experimental data. This correlation is then used to
evaluate the maximum flame speed that may be
developed in vapor cloud explosions as a function of
scale and obstacle density. As an example of applica-
tions, the flame speeds are evaluated for four typical
fuels: methane, propane, ethylene, and hydrogen,
and for three different levels of congestion. Both ideal
stoichiometric mixtures of the four fuels with air and
clouds with nonuniform concentration distributions
are considered. The method is shown to take appro-
priate account of mixture properties. In particular,
the well-known difference in combustion behavior of
methane, propane, ethylene, and hydrogen was well
captured by the method. On the basis of the maxi-
mum flame speeds, the severity of the blast effect from
unconfined gaseous explosions is evaluated. The
results are compared with other methods for evalua-
tion of the blast effect from unconfined vapor cloud
explosions. � 2006 American Institute of Chemical
Engineers Process Saf Prog 26: 140–149, 2007

1. INTRODUCTION
It has been shown by many investigators (for

example, see Strehlow et al. [1] and Baker et al. [2])
that the amplitude of the pressure waves generated
by gaseous explosions essentially depends on the
maximum flame speed achieved during the combus-
tion process. There are several vapor cloud explosion
(VCE) prediction methods that are essentially based
on the flame speeds. The TNO multienergy method
[3] provides ten numerically defined curves for both
pressure and duration. The curves are evenly spaced
based on maximum overpressure, with a severity
number specified for each curve. The severity num-
ber depends on the maximum flame speed. The
Baker–Strehlow–Tang (BST) method [4–7] uses a con-
tinuum of numerically determined pressure and
impulse curves that are based on the flame speed or
Mach number. The method presented in Dorofeev [8]
provides analytical approximations for the pressure
and impulse curves as functions of flame speeds and
the mixture expansion ratio.

Applications of the VCE prediction methods men-
tioned above require reliable estimates for the flame
speed as a function of the propagation distance and
obstacle geometry. For this purpose, the BST method
uses flame speed tables [4–7] based on experimental
data. Applications of the TNO multienergy method
rely on a correlation for flame speeds based on the
specific geometrical configuration used in the project
MERGE (Modeling and Experimental Research in-
to Gas Explosions), a cooperative European project
[9,10]. These two methods address geometries with
relatively heavy obstructions. At the same time there
are more experimental data available on flame speeds
[11–16]. These data include unconfined cases without
obstacles, where significant blast effects were
observed [11–15].

The present study is aimed at the development
and evaluation of an analytical model for the maxi-
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mum flame speeds for unconfined explosions in
regions both with and without obstacles. The follow-
ing presentation includes a description of the meth-
od, its validation, and examples of its application for
simplified VCE predictions.

2. METHODOLOGY

2.1. Evaluation of Flame Speeds
In the following model, an initially spherical flame

is considered, which propagates from an ignition
source through an obstructed area. The flame speed
Vf, relative to a fixed observer at a distance R from
ignition, depends on the burning velocity (generally
turbulent) ST, the flame area Af, and the ratio of den-
sities between the reactants and products �:

Vf ¼ sST
Af

AR
(1)

where AR ¼ 4�R2 is the area of the spherical flame at R.
The flame speed increases as a result of the

increase of both the flame area (flame folding) in an
obstacle field and the turbulent burning rate during
flame propagation. The latter effect should also
describe the increase of the flame speed with dis-
tance in a system without obstacles.

The flame folding effect can be approximately
described by applying simple geometrical considera-
tions as was suggested in Grune et al. [16] and Veser
et al. [17]. If one considers a uniform obstacle field
with distance between obstacles x and their charac-
teristic size y, the following assumptions can be
made:

• The flame is folded, as a result of interactions of
the flame with obstacles, and forms a flame
brush.

• Each obstacle inside the brush contributes the
value of 4xy to the total flame surface.

• The brush width is variable so that it is equal to
the flame radius at small R and is close to �x at
large R.

• The flame area changes with R can be described
by a power law.

Based on these assumptions Eq. 1 becomes

Vf ¼ �ST 1þ 4

3

�y

x

R�

ð�xÞ�
� �

(2)

where the exponent � may be considered as an
unknown parameter of the order of 0.5.

The effect of turbulence can be accounted for by
applying Bradley’s correlation [18] for turbulent burn-
ing velocity (ST):

ST
SL

¼ a
u0

SL

8>: 9>;1=2 LT
�

8>: 9>;1=6

(3)

where u0 is turbulent fluctuation velocity; SL is lami-
nar burning velocity; LT is the integral length scale of
turbulence; � ¼ �/SL is the laminar flame thickness,
where � is kinematic viscosity; and a is a coefficient.
The turbulent fluctuation velocity u0 can be written as
a fraction of the flow speed V ahead of the flame:

u0 ¼ bV ¼ bVf
�� 1

�
(4)

where b is a coefficient of the order of 10�2. Equa-
tions 2–4 yield

Vf ¼ a2b�ð�� 1ÞSL 1þ 4

3

�y

x

R�

ð�xÞ�
� �2 LT

�

8>: 9>;1=3

(5)

Equation 5 gives an approximate description of the
flame speed as a function of distance in an area
with or without obstacles. It is seen that a significant

Figure 1. Range of experimental data on flame speed vs. distance used in flame speed correlation.
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increase of the flame speed with distance can be
expected only in a system with obstacles, y = 0. In this
case the contribution of parameter (LT/�) is relatively
weak and may be considered unimportant. In the case
of no obstacles, y ¼ 0, the only value with the dimension
of length, which affects LT, is the flame radius R. Thus, LT
may be considered to be proportional to R, and the
flame speed increases as R1/3, which should be regarded
as a reasonable outcome for spherical flames without
obstacles. Mixture properties are accounted for in Eq. 5
through the values of the laminar burning velocity SL
and expansion ratio �.

An application of the correlation in Eq. 5 for the
flame speed requires determination of two unknown
parameters: a2b and �. These parameters were eval-
uated here using experimental data on the flame
speeds as a function of distance inside obstacle arrays
[7, 16] and data on flames with no obstacles [14, 15].
Data for relatively high reactivity fuels, including
hydrogen, ethylene, and propylene were selected for
a wide range of distances and flame speeds (see Fig-
ure 1). Another set of experimental data with
obstacles [9, 10] and without obstacles [11, 13] is used
here for model validation.

Possible values for the parameters a2b and � were
determined by fitting experimental data with the
function given by Eq. 5. An example of the result of
the fitting procedure is presented in Figure 2.

2.2. Loss of Expansion
The expansion of the combustion products, which

act as a piston driving the flame, is known to be
extremely important for flame acceleration. It is this
expansion that actually leads to the flame folding and
generation of turbulence ahead of the flame. In the
cases where the combustion products are enveloped
within the flame and surrounded by reactants, or par-
tially confined with rigid surfaces, full expansion is
available to drive flame acceleration. In other cases,

combustion products may expand or vent directly
into surrounding air. This is possible, say, in cases
where vapor clouds are characterized by large aspect
ratios, such as elongated clouds or thin layers of
combustible vapors. In these situations full expansion
is not available to contribute to flame acceleration.

To account for the loss of expansion, the reduced
effective value of the expansion ratio (�eff) should be
used in the flame speed correlation instead of �. This
effective value depends on the relation between the
flame area and the area through which the combus-
tion products vent into air. It should be noted that
the value of �eff generally varies during flame propa-
gation. Some average value may be estimated for
practical applications.

In the cases where obstacles occupy a part of a
combustible cloud, open boundaries of the congested
region may effectively play the same role as open
mixture boundaries for loss of expansion. This is
explained by the fact that the products (and expan-
sion) are mostly generated in the congested areas.

In summary, the approach presented here suggests
that a reduced effective expansion ratio should be
used in the flame speed correlation to account for
the loss of expansion effect. The same effect is
addressed in studies reported by Baker and col-
leagues [4–7] using the options of 1D, 2D, and 3D
expansion in the flame speed tables. It may be sug-
gested that the latter options do not always accurately
represent the situation. For example, a semispherical
uniform obstacle array with central ignition allows for
full expansion potential, similar to the 1D geometry.
On the other hand, 1D flame propagation in an elon-
gated cloud without any confinement represents the
smallest potential for flame acceleration.

2.3. Blast Parameters
The model for the flame speed is developed here

as part of a methodology to calculate blast effects

Figure 2. Comparison of flame speed correlation with experimental data.
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from VCEs. A model for evaluation of blast parame-
ters should also be defined to provide a complete
methodology. The models presented in the TNO Yel-
low Book [3], in works by Baker and various col-
leagues [4–7], and in Dorofeev [8] all give similar
results for the blast overpressures and impulses as
functions of distance for a given flame speed. Here,
the method presented in Dorofeev [8] is adopted.
This method includes simple analytical expressions
for blast parameters and refers to the mixture expan-
sion ratio, which is consistent with the flame speed
correlations described in the previous section.

Maximum blast overpressure P and positive im-
pulse I are calculated as functions of distance R
from the blast epicenter using dimensionless Sach’s
variables for distance R *, overpressure P *, and im-
pulse I *:

R� ¼ Rp
1=3
0

E1=3
P� ¼ P=p0 I � ¼ Ia0

E1=3p
2=3
0

(6)

where E is explosion energy and p0 and a0 are,
respectively, pressure and sound speed in the sur-
rounding air.

According to Dorofeev [8], dimensionless overpres-
sure and impulse are considered to be functions of
dimensionless distance and the flame speed Vf :

P� ¼ minðP�
1 ;P

�
2Þ (7)

I� ¼ minðI �1 ; I�2 Þ (8)

P�
1 ¼ 0:34=ðR�Þ4=3 þ 0:062=ðR�Þ2 þ 0:0033=ðR�Þ3 (9)

I�1 ¼ 0:0353=ðR�Þ0:968 (10)

P�
2 ¼ V 2

f

c20

�� 1

�
½0:83=R� � 0:14=ðR�Þ2� (11)

I�2 ¼ Vf

c0

�� 1

�
1� 0:4

Vf

c0

�� 1

�

8>: 9>;
� 0:06=R� þ 0:04=ðR�Þ2 � 0:0025=ðR�Þ3� � ð12Þ

Equations 9–12 are presented with coefficients ap-
plicable for air explosions. These equations can be
applied for ground explosions as well by doubling
the value of the explosion energy in Eq. 6.

For purposes of the present analysis, the above
description of the air blast parameters can be applied
for the range of dimensionless distances 0.33 < R * <
3.77, and for visible flame speeds Vf � 500 m/s. For
higher flame speeds, transition to detonation might
be possible in principle. Description of the critical
conditions for transition to detonation is beyond the

scope of the present model. It is worthwhile to note,
however, that the blast effects from detonations and
from fast flames with flame speeds of >500 m/s rela-
tive to a fixed observer are similar in the far field,
where P * < 1. For this reason, formulas for gas deto-
nations (Eqs. 9 and 10) may be used directly for
flame speeds exceeding 500 m/s.

3. EXPERIMENTAL VALIDATION

3.1. Unconfined Spherical Deflagrations
An analysis of a representative set of experimental

data on unconfined spherical deflagrations presented
in Gostintsev et al. [11] included mixtures of C2H2,
H2, C2H4, C2H4O, C3H8, and CH4 with air and oxy-
gen, and their experiments were carried out with ini-
tial mixture radii ranging from 0.3 to 10 m. These
same investigators suggested that the self-similar re-
gime of flame propagation is attributable to the
hydrodynamic flame instability named after L. Lan-
dau. This led to the following expression for the
flame speed (� ¼ 8):

Vf ¼ 0:4 � S4=3L ��1=3R1=3 (13)

where � is the temperature diffusivity of the mixture
and the coefficient was determined from experimen-
tal data. Using the approximate expression, � & �/SL,
our correlation of Eq. 5 may be rewritten as

Vf ¼ 0:47 � S4=3L ��1=3R1=3 (14)

It is seen that the functional dependencies of the
flame speed in Eqs. 13 and 14 are the same and the
coefficients are similar, which signify substantial
agreement and reflect much better accuracy than that
of the empirical coefficients in Eqs. 13 and 14.

It is remarkable that our approach, based on the
assumption of flame self-turbulization and on the tur-
bulent velocity correlation of Bradley [18], and the
analysis [11] based on the Landau instability and frac-
tal theory, both resulted in similar functional depend-
encies of the flame speed on propagation distance
and on mixture properties. The coincidence of the
results of these two approaches to the same phenom-
enon gives a strong argument for applicability of the
correlation expressed in Eq. 5 for unconfined flames
without obstacles.

In addition to the flame speeds, it is worthwhile
comparing the maximum overpressures generated by
spherical flames without obstacles with prediction of
the present model. Experimental data of Fraunhofer
ICT [12], which were recently released in the report
by Molkov et al. [13], may be used for this purpose.
The ICT experiments were made with stoichiometric
hydrogen–air mixtures in a hemispherical plastic en-
velope with radius of 10 m, which was cut before
ignition. The maximum flame speed of 80 m/s was
reported. The maximum overpressure recorded in the
air-blast wave was about 6 kPa. According to Eq. 5,
the maximum flame speed is estimated to be 73 m/s
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and the maximum overpressure given by Eq. 11 is
5.1 kPa, which is in good agreement with the experi-
mental data.

3.2. Flames in Congested Areas
A substantial amount of experimental data on

combustion behavior in congested area was gener-
ated through project MERGE (Modeling and Experi-
mental Research into Gas Explosions). Here we com-
pare the maximum overpressures reported in Mercx
et al. [9] and Mercx and van den Berg [10] for me-
dium- and large-scale tests with predictions of our
method based on the flame speed correlation (Eq. 5).
We use the data only for propane and methane with
air. Methane/propane mixtures and mixtures with ox-
ygen-enriched air are not included in the present
comparison because of the uncertainties in the lami-
nar burning velocities for these mixtures. For the
MERGE geometry, the reported pitch is taken here as
the characteristic distance x, and the cubic root of the
volume blockage times x is used as a characteristic
obstacle size y in Eq. 5.

A comparison of the maximum overpressures
obtained from the MERGE data and data from the
model is presented in Figure 3. Data from the uncon-
fined ICT tests discussed in the previous section are
also plotted in Figure 3. It is seen that there is good
agreement of the experimental and predicted values
of the maximum overpressures. The deviation is
about 50% over the range from 6 to 300 kPa. Gener-
ally, this should be considered as a very good agree-
ment for predictions of the pressure effect from gase-
ous explosions in congested areas. We should also
note that the only parameters used to calculate model
values were fundamental fuel properties, such as the
laminar burning velocities and the expansion ratios.

4. APPLICATIONS—ASSUMPTIONS
Definitions and assumptions concerning mixture

properties, levels of congestion, and damage cri-
teria are given in this section. These definitions are

intended to be used here only for the purpose of
illustrating the methodology. They are not universal
and should be appropriately chosen for each specific
application.

4.1. Fuel–Air Mixtures
The following fuels, known to behave differently

in VCEs, were chosen here as typical examples:

• Methane
• Propane
• Ethylene
• Hydrogen

The fuel properties necessary for application of
Eq. 1 for these four fuels are presented in Table 1.
These properties are calculated for stoichiometric
fuel–air mixtures. The values of the laminar burning
velocities in Table 1 and thermodynamic parameters
were taken from Egolfopoulos et al. [19], Vagelopou-
los and Egolfopoulos [20], Aung et al. [21], and Reyn-
olds [22]. Also given in Table 1 are the values of
parameter �, which defines the magnitude of the
flame speed in Eq. 5:

Figure 3. Maximum overpressures from the MERGE data and from Eqs. 1 and 5.

Table 1. Combustion properties of stoichiometric
fuel–air mixtures.

Fuel �0*
S *L0,
(m/s)

104 �0*,
(m)

�0*,
(m/s)

CH4 7.52 0.37 0.44 18.1
C3H8 7.99 0.40 0.35 22.3
C2H4 8.10 0.65 0.23 37.4
H2 6.89 2.10 0.10 85.2

*Subscript 0 refers to stoichiometric mixture with air.

� ¼ SL�ð�� 1Þ ð15Þ
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4.2. Worst-Case Vapor Clouds
It is hardly possible to expect that the entire

fuel mass will form a stoichiometric mixture after it
is released. Such a situation is practically impossible
and should be considered as overly conservative.
There is clearly a variety of release scenarios that
can affect the resulting composition of vapor
clouds. In the present section we suggest a simple
approximate method for the determination of
‘‘worst-case’’ compositions, based on a model for a
smooth and monotonic distribution of fuel with dis-
tance in vapor clouds. The form of the cloud is
assumed to be semispherical, for simplicity. Fuel
concentration is considered to reach the maximum
in the center of the semisphere and to decrease
linearly with radius. A linear decrease of the con-
centration with radius is chosen for simplicity as
well.

The postulated properties of the composition dis-
tributions are used here only for the purpose of limit-
ing the number of parameters that determine average
cloud properties and, thus, to be able to select the
‘‘worst case.’’ With the above assumptions, properties
of vapor clouds are fully defined by two parameters:
the maximum fuel concentration Cmax, in the cloud
center, and the total fuel mass in the cloud m. As
soon as the ‘‘worst case’’ is selected, only the average
cloud properties are used to evaluate the explosion
effect, making the assumed details of the distribution
relatively unimportant.

One can define the following average properties
of vapor clouds that affect the severity of the blast
effect. These are the ratio E/E0 of the total combus-
tion energy in the cloud over the total energy of the
released fuel; average laminar flame speed, hSLi; aver-
age expansion ratio, h�i; and average value of param-
eter �, h�i. The average values of the properties were
defined using integration over the volume of the
flammable cloud W. This is illustrated by the follow-
ing equation for hSLi:

hSLi ¼ 1

W

Z
W

SLðCÞ � 2�r2dr (16)

where C ¼ C(r) represents fuel concentration and r is
the radius from the cloud center.

With a constant mass of fuel in the cloud, the aver-
age fuel properties depend on the maximum fuel
concentration Cmax. The ‘‘worst case’’ is selected as
the case where h�i reaches maximum. The average
properties of ‘‘worst-case’’ vapor clouds are presented
in Table 2.

Table 2 shows that only a portion of the total
chemical energy is available for combustion in the
‘‘worst-case’’ vapor clouds. Also the average flame
speed parameter h�i is an order of magnitude smaller
than that for stoichiometric mixtures. It is interesting
to note that h�i is further reduced for methane, mak-
ing it significantly different from propane, although
the laminar burning velocity and the expansion ratio
of stoichiometric mixtures are both similar for meth-
ane and propane. On the contrary, ethylene comes

closer to hydrogen in terms of h�i, whereas the avail-
able energy appears to be relatively small. This rela-
tively small E/E0 for ethylene is explained by the fact
that the worst case is selected to have maximum av-
erage flame speed but not the maximum available
energy.

These interesting observations arise from the fact
that the average properties of vapor clouds depend
on a number of parameters including the lower and
upper flammability limits and on the dependency of
the laminar burning velocity on fuel concentration. It
may be suggested that h�i, or a similar parameter,
may be used as the basis for classification of fuel
reactivity for VCEs.

4.3. Geometry
For cases with obstacles, typical levels of conges-

tion should be defined to simplify the choice of input
parameters in applications. The effect of obstacles in
Eq. 1 is accounted for through the parameters y/x
and R/x. The first one is proportional to the square
root of the blockage per plane cross section or to the
cubic root of the volume blockage. The second is
defined by the number of layers of obstacles in the
flame path. Definitions of congestion levels based on
the number of layers would mean that the same ge-
ometry would be classified differently for different
cloud sizes. Definitions based on obstacle sizes and
pitches are independent of the cloud size. It is sug-
gested to use the latter option here with the follow-
ing typical cases (which are similar to those used in
Pierorazio et al. [7]):

• Low congestion is defined as less than 2% of vol-
ume blockage and more than 2 m between
obstacles. This is represented by y/x ¼ 0.25 and
x ¼ 4 m.

• Medium congestion is defined as between 2 and
6% of volume blockage and from 0.5 to 2 m
between obstacles. This is represented by y/x ¼
0.33 and x ¼ 1 m.

• High congestion is defined as more than 6% of
volume blockage and less than 0.5 m between
obstacles. This is represented by y/x ¼ 0.5 and
x ¼ 0.25 m.

The typical levels of congestion presented above are
relevant to obstructed regions with nearly uniform
congestion.

Table 2. Combustion properties of worst-case vapor
clouds.

Fuel h�i hSLi (m/s) E/E0 h�i (m/s) h�i/�0
CH4 3.8 0.18 0.59 1.81 0.10
C3H8 4.7 0.21 0.52 3.74 0.17
C2H4 5.5 0.42 0.25 10.5 0.28
H2 3.7 1.41 0.49 14.5 0.17
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5. APPLICATIONS—EXAMPLES
Examples of the results concerning maximum

flame speeds in vapor clouds and pressure effects of
VCEs are given in this section. These examples are
intended to be used only as illustrations of the
methodology. The conclusions are not universal and
possible applications would require calculations to
be made with assumptions appropriate for these
applications.

5.1. Flame Speeds in Stoichiometric Mixtures
Maximum flame speeds for stoichiometric mixtures

as a function of flame propagation distance for differ-
ent obstacle geometries and mixtures are given here
as an illustration of what can be expected in a given
obstructed region with known mixture composition.

Maximum flame speeds for stoichiometric ethyl-
ene–air mixture are shown in Figure 4. It is seen that
congestion significantly influences the flame speeds.

It takes about 1, 6, and 23 m for the flame to reach
the speed of about 300 m/s propagating through
high, medium, and low levels of congestion, respec-
tively. Figure 5 shows maximum flame speeds for the
four fuels for a medium level of congestion. It is seen
that the fuel properties strongly affect the flame
speeds. For the flame radius of 3 m and medium con-
gestion, for example, flames reach speeds of about
50, 75, 130, and 400 m/s, respectively, for methane,
propane, ethylene, and hydrogen mixtures with air.

It is seen that the flame speeds are not linear func-
tions of distance in Figures 4 and 5. Tentatively, pre-
dictions of Eq. 5 (without loss of expansion) are in
between the 2D and 1D cases of the BST tables [4–7],
depending on the actual value of R and on the fuel
chosen to represent one of the reactivity classes from
the BST tables. Lower flame speeds would be esti-
mated for cases with loss of expansion, such as the
3D cases in the BST tables.

Figure 4. Flame speeds for stoichiometric ethylene–air mixture as a function of flame propagation distance for
different levels of congestion.

Figure 5. Flame speeds for stoichiometric fuel–air mixtures as a function of flame propagation distance for me-
dium congestion.
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5.2. Flame Speeds in Vapor Clouds
Flame speeds for the ‘‘worst-case’’ clouds are given

here as an illustration of the maximum flame speeds in
a given obstructed region with a nonuniform cloud.

Flame speeds for ‘‘worst-case’’ ethylene clouds as
functions of fuel mass for different obstacle geome-
tries are shown in Figure 6. It is seen that congestion
significantly influences the flame speeds. It is neces-
sary to have 1, 100, and 10,000 kg of ethylene
released to be able to reach the flame speed of about
100 m/s for high, medium, and low levels of conges-
tion, respectively.

Figure 7 shows flame speeds for the four fuels in
the ‘‘worst-case’’ clouds in an obstructed region with a
medium level of congestion. It is seen that fuel proper-
ties strongly affect the flame speeds. The minimum
masses of fuel necessary to reach a given level of flame
speed differ by orders of magnitude for different fuels.

5.3. Pressure Effects from Vapor Clouds
Pressure effects for the ‘‘worst-case’’ clouds are

presented here as an illustration of what can be

expected from deflagrations in a given obstructed
region occupied by a nonuniform cloud.

For illustration of pressure effects and damage
potential from VCEs we use here the following pres-
sure (P)–impulse (I) damage criterion for the border
of serious structural damages to buildings [3]:

ðI � IaÞðP � PaÞ � k (17)

where the parameters are given by: Ia ¼ 300 Pa�s, Pa
¼ 14,600 Pa (2 psig), and k ¼ 119,200 Pa2�s.

Figure 8 shows distances from the explosion epi-
center to locations with serious building damages for
medium congestion as a function of fuel mass. Figure
9 shows the distances as a function of total released
energy. The plots are presented for wide ranges of
the mass of fuel released. It should be noted that all
the clouds are assumed to be inside obstructed
regions with the specified level of congestion. This
may be difficult to occur in practice for released
masses of >104 kg, which correspond, for CH4, for
example, to cloud radii of >50 m.

Figure 6. Flame speeds vs. fuel mass in ‘‘worst-case’’ ethylene cloud for different obstacle geometries.

Figure 7. Flame speeds for different fuels vs. fuel mass in ‘‘worst-case’’ clouds for medium level of congestion.
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It is seen that there are certain threshold values of
the mass (or energy) of fuel released that may be
considered as potentially damaging. These threshold
values depend on both the congestion level and the
fuel type. For the low level of congestion the thresh-
old masses of fuel are about 100-fold larger for all
the fuels than for the medium congestion.

Figure 9 shows for comparison the radii for the
serious building damages from TNT explosions
with energy equal to the total fuel energy. Explo-
sion efficiency factors of VCEs or explosion yields
may be defined as the ratio of the TNT explosion
energy and the fuel energy in the VCE cloud that
give the same damage radius. The efficiency fac-
tors for serious building damages at R ¼ 100 m are
estimated to be 0.23, 0.18, 0.05, and 0.01 for H2,
C2H4, C3H8, and CH4, respectively. For R > 500 m
the efficiency factors become about 0.25 for all the
fuels. Thus these factors depend on the release
amount. This is difficult to account for within the

framework of the simplified TNT equivalency
methods for VCE predictions (see, for example, the
CCPS guidelines [23]).

6. CONCLUSIONS
An approximate correlation has been suggested for

the flame speed as a function of distance and obsta-
cle geometry. It was shown that this correlation and
the predictions of blast effect based on it agree well
with a representative set of experimental data for
unconfined deflagrations with and without obstacles.

It was shown that the flame speed correlation sup-
plemented with blast curves gives a simple and effi-
cient method for VCE predictions. The method is
based exclusively on the fundamental fuel properties
and level of congestion. It may be applied both as a
plant-specific method for separate obstructed regions
and as a simplified screening tool for ‘‘worst-case’’
clouds and geometries.

Figure 8. Radii from blast epicenter to locations with serious building damages vs. total mass of fuel released
for medium congestion.

Figure 9. Radii from blast epicenter to locations with serious building damages vs. total energy of fuel released
for medium congestion.

148 June 2007 Published on behalf of the AIChE DOI 10.1002/prs Process Safety Progress (Vol.26, No.2)



The method was shown to give an appropriate
account for mixture properties. In particular, the well-
known difference in combustion behaviors of meth-
ane, propane, ethylene, and hydrogen was well cap-
tured by the method. The method was also shown to
be able to predict that certain threshold amounts of
fuel may be considered as potentially damaging. As a
simplified tool, it was shown to reproduce accidental
observations in terms of average explosion efficiency
factors for various fuels.
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