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MITIGATION STRATEGIES

• INERTISATION

• FLAME QUENCHING

=⇒ PRESSURE RELIEF VENTING
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The basic idea behind pressure relief venting
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Deflagration parameters
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Deflagration parameters
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Experimental deflagration pressure curves of hydrogen-air mixtures at initial conditions
T0=298.15 K and P0=1 bar.
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Deflagration parameters
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Deflagration parameters

Dahoe & de Goey, 2003). Despite this similarity the

inflection point occurs for a different reason in the 169 ml

vessel used in the present work. As discussed previously by

Dahoe and de Goey (2003), the duration of an explosion in a

20-l sphere is long enough to allow the flame ball to rise in the

vessel due to buoyancy. As a result, there is still a layer of

unburnt mixture present below the lower hemispherical part

of the flame, after all reactants ahead of the upper

hemispherical part of the flame have been consumed.

Because the surface area of the lower hemispherical part of

the flame decreases progressively during the consumption of

the remaining part of the reactants in the final stage of the

explosion, the accompanying rate of pressure rise also

decreases progressively. Although the role of buoyancy is

negligible in the 169 ml vessel, there is still the effect of a

progressively decreasing flame surface area in the final stage

of the explosion. Initially, the flame ball grows with a

progressively increasing flame surface area, until it reaches

the wall of the vessel. From that moment onwards, the flame

surface area, and hence the rate of pressure rise, decreases

progressively as the reactants in the corners of the vessel are

being consumed.

It may also be observed from Fig. 2 that, unlike with

methane–air mixtures, the pressure–time curves of hydro-

gen–air mixtures exhibit oscillations whose magnitude may

vary up to about 0.25 bar. These oscillations arise with both

fuel-lean and fuel-rich mixtures, and tend to become zero

when the mixture strength approaches the flammability

limits. Their onset occurs before the maximum explosion

pressure is reached, after an initial period of smooth

pressure buildup, and their presence continues after the

explosion has completed. The cause of this phenomenon is

described by Garforth and Rallis (1976) and Lewis and von

Elbe (1961), Chapter 15, and will be discussed in Section 3.

To enable a comparison with results presented by other

researchers, the maximum explosion pressure, Pmax, and the

maximum rate of pressure rise, (dP/dt)max, were determined as

illustrated by the upper part of Fig. 3. Since the experimental

Fig. 3. An illustration of the determination of the maximum explosion pressure, Pmax, and the maximum rate of pressure rise, (dP/dt), from the measured

explosion curve (top), theoretical values of the maximum explosion pressure (middle), and the behavior of the maximum explosion pressure and the maximum

rate of pressure rise as a function of the equivalence ratio (bottom).

A.E. Dahoe / Journal of Loss Prevention in the Process Industries 18 (2005) 152–166 155

Determination of explosion parameters from experimental deflagration pressure curves.
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Scaling an explosion: a matter of invariance across size?
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Scaling an explosion: a matter of invariance across size?
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Scaling an explosion: a matter of invariance across size?
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Scaling an explosion: a matter of invariance across size?

Dahoe & de Goey, 2003). Despite this similarity the

inflection point occurs for a different reason in the 169 ml

vessel used in the present work. As discussed previously by

Dahoe and de Goey (2003), the duration of an explosion in a

20-l sphere is long enough to allow the flame ball to rise in the

vessel due to buoyancy. As a result, there is still a layer of

unburnt mixture present below the lower hemispherical part

of the flame, after all reactants ahead of the upper

hemispherical part of the flame have been consumed.

Because the surface area of the lower hemispherical part of

the flame decreases progressively during the consumption of

the remaining part of the reactants in the final stage of the

explosion, the accompanying rate of pressure rise also

decreases progressively. Although the role of buoyancy is

negligible in the 169 ml vessel, there is still the effect of a

progressively decreasing flame surface area in the final stage

of the explosion. Initially, the flame ball grows with a

progressively increasing flame surface area, until it reaches

the wall of the vessel. From that moment onwards, the flame

surface area, and hence the rate of pressure rise, decreases

progressively as the reactants in the corners of the vessel are

being consumed.

It may also be observed from Fig. 2 that, unlike with

methane–air mixtures, the pressure–time curves of hydro-

gen–air mixtures exhibit oscillations whose magnitude may

vary up to about 0.25 bar. These oscillations arise with both

fuel-lean and fuel-rich mixtures, and tend to become zero

when the mixture strength approaches the flammability

limits. Their onset occurs before the maximum explosion

pressure is reached, after an initial period of smooth

pressure buildup, and their presence continues after the

explosion has completed. The cause of this phenomenon is

described by Garforth and Rallis (1976) and Lewis and von

Elbe (1961), Chapter 15, and will be discussed in Section 3.

To enable a comparison with results presented by other

researchers, the maximum explosion pressure, Pmax, and the

maximum rate of pressure rise, (dP/dt)max, were determined as

illustrated by the upper part of Fig. 3. Since the experimental

Fig. 3. An illustration of the determination of the maximum explosion pressure, Pmax, and the maximum rate of pressure rise, (dP/dt), from the measured

explosion curve (top), theoretical values of the maximum explosion pressure (middle), and the behavior of the maximum explosion pressure and the maximum

rate of pressure rise as a function of the equivalence ratio (bottom).

A.E. Dahoe / Journal of Loss Prevention in the Process Industries 18 (2005) 152–166 155
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Application of deflagration parameters to vented explosions
Tamanini H. Scaling parameters for vented gas and dust explosions. Journal of Loss Prevention in the Process
Industries, 14:455–461, 2001.

Define Π =
P − P0

Pmax − P0
and Γ = Cdcu

√
γ + 1

2

Av

V 2/3

Pmax − P0

KG
460 F. Tamanini / Journal of Loss Prevention in the Process Industries 14 (2001) 455–461

3.3. Application to constant-K explosions

3.3.1. Case 3 — DustCalc-type correlation
The reactivity of dust explosions has been conven-

tionally characterized through the normalized peak rate
of pressure rise, K. During the development of the vent
sizing methodology incorporated in the DustCalc pro-
gram (Tamanini & Valiulis, 1998), the FMR isothermal
model was used by assuming that the normalized quench
distance, x∗

q , remains invariant with respect to changes
in other conditions of the system. This choice is signifi-
cant because, unlike the case of constant-uf explosions,
the predictions are now strongly dependent on the value
of x∗

q . For this type of explosions, the normalized
reduced pressure, �, and the vent parameter, �, (cf. Eq.
(2)) have been found to be the appropriate correlation
variables.

The assumption of the approximate inverse square
proportionality between � and � leads to the following
dependence of the reduced pressure rise on the
maximum unvented pressure:

�pr	�p−1
m . (15)

This result has been under challenge on the basis of the
fact that it goes counter to what intuition would suggest
(i.e, that the reduced pressure should increase if the peak
unvented pressure increases). Unfortunately, this is an
example of a situation where intuition can be misleading,
as illustrated by the discussion of the fourth and last sca-
ling method presented in the next section.

3.3.2. Case 4 — Correlation for invariant inflection
point

The scaling method introduced in the preceding sec-
tion relies on assigning a constant value to a parameter,
the quench distance x∗

q , whose physical significance may
not be as evident as that of other characteristic properties
of the explosion. This conclusion is reinforced by the
observation that a constant value of x∗

q does not translate
into constant values for other salient features of the
explosion, such as the point of inflection in the pressure
rise curve. In fact, such a point, represented by the corre-
sponding fraction, iK, of the total pressure rise at which
it occurs, is a function of p∗

m at constant x∗
q . In the way

of example, the cases plotted in Fig. 1, which are all for
x∗

q=0.95, have calculated values for iK of 0.618, 0.554,
0.507 and 0.472, for p∗

m equal, respectively, to 5, 7, 9
and 11. If similarity of the pressure profiles is chosen as
a reasonable modeling assumption, the question then
arises of its implications in terms of the choice of appro-
priate scaling parameters and, ultimately, of the reduced
pressure vs. peak unvented pressure relationship.

The results of calculations done to answer this ques-
tion are presented in Fig. 3. Even though the variable
used in the abscissa is different, the curve corresponding
to p∗

m=9 is the same as the curve for the same value of

Fig. 3. Normalized reduced explosion pressure variation as a function
of the vent parameter, �, for a constant value of the fraction, iK.

peak unvented pressure in Fig. 1. For the other three
curves, the parameter x∗

q was adjusted to yield the same
value of 0.507 for iK. As can be seen, the four curves
are separate from each other, reflecting the fact that the
two parameters used for the plot axes are not appropriate
to correlate reduced pressures obtained when the shape
of the pressure profile is assumed to be invariant. By
analyzing the functional relationship between the nor-
malized peak rate of pressure rise, K, and the flame
propagation velocity, uf, one can show that an appropri-
ate correlation parameter for this situation is given by:

�iK��p∗
m(�p∗

m)−1/2. (16a)

The result of replotting the curves in Fig. 3 using �iK

instead of � is shown in Fig. 4. As can be seen, the
quality of the correlation is excellent. The implication
of this form of the correlation in terms of the �pr vs.
�pm relationship is:

�pr	p−2
m . (17a)

Note that the above equation is correct as written: the
term in the right-hand side is the absolute pressure, pm,
and not the pressure rise �pm. Over the range of peak

Fig. 4. Normalized reduced explosion pressure variation as a function
of the vent parameter, �iK, for a constant value of the fraction, iK.
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Derivation of a simple deflagration model

SfSe
Sur f

burnt
mixture

unburnt
mixture

SfSeSur f

r r
=
r f
− δ

burnt
mixture

unburnt
mixture

δ

ℓt/δL

v
, rm

s
/
S
u
L

1 10

1

10

laminar
flames
Re < 1

wrinkled flames
Re > 1, Da > 1, Ka < 1

corrugated flames
Re > 1, Da > 1, Ka < 1

distributed reaction
zones Re > 1,
Da > 1, Ka > 1

well stirred reactor
Re > 1, Da < 1, Ka > 1

R
e
=
1

Ka =
1

D
a
=
1

la
m
in
a
r
fl
a
m
el
et
s

DUST EXPLOSIONS:
A  S t u d y  o f  F l a m e  P r o p a g a t i o n

Arief Dahoe

laminar
flame

velocity
profile

un
bu

rn
t m

ix
tu

re burnt m
ixture

S

S

u

f

L

fixed
observer

moving
observer

13



Derivation of a simple deflagration model

Objective:
Find a dynamic equation to predict the pressure evolution

Approximate expression Lewis and von Elbe which relates the mass fraction of burnt mixture in the vessel to the
fractional pressure rise:

mu

mu0
=
Pmax − P
Pmax − P0

(1)

Differentiation with respect to time:
dP

dt
= −Pmax − P0

mu0

dmu

dt
(2)

The mass consumption rate of the unburnt mixture can be expressed as

dmu

dt
= −4πr2

fρuSu (3)

The combustion wave moves with a velocity that is the sum of the expansion velocity, Se, the conversion velocity,
Sn, and the burning velocity Su. Since the unburnt mixture immediately ahead of the flame front moves with
velocity Se + Sn, the velocity at which the unburnt mixture enters the combustion wave is minus the burning
velocity. Therefore, the mass consumption rate of the unburnt mixture can be expressed as

dmu

dt
= −4πr2

fρuSu (4)

A relationship can be established between the rate of pressure rise and the burning velocity. By substitution of
equation (4) into equation (2):

dP

dt
= 4π

Pmax − P0

mu0

r2
fρuSu (5)

14



Derivation of a simple deflagration model

The next step is to express the density of the unburnt mixture, ρu, and the location of the flame front, rf , in terms
of known variables. For adiabatic compression of the unburnt mixture, Pρ−γ = constant and hence

ρu0

ρu
=

(
P0

P

) 1
γ

(6)

Furthermore, Vb = Vvessel − Vu, which can be rewritten as

4

3
πr3

f = Vvessel −
muRTu
P

(7)

Since ρ−1 = R̂T/P where R̂ denotes the specific gas constant in J kg−1 K−1, the volume of the unburnt mixture
can be expressed as

muR̂Tu
P

= Vvesselρu0
Pmax − P
Pmax − P0

ρ−1
u = Vvessel

(
ρu0

ρu

)
Pmax − P
Pmax − P0

(8)

= Vvessel

(
P0

P

) 1
γ Pmax − P
Pmax − P0

and equation (7) yields the following expression for the location of the flame front:

rf = Rvessel

[
1−

(
P0

P

) 1
γ Pmax − P
Pmax − P0

]1
3

(9)

15



Derivation of a simple deflagration model

By inserting equations (9) and (6) into equation (5) and by noting that mu0 = ρu0Vvessel, the following ordinary
differential equation is obtained for the rate of pressure rise:

dP

dt
=

3 (Pmax − P0)

Rvessel

[
1−

(
P0

P

) 1
γ Pmax − P
Pmax − P0

]2
3 (

P

P0

) 1
γ

Su (10)

From equation (10) it can be seen that (dP/dt) increases monotonically with P and hence the maximum rate of
pressure rise is attained when P = Pmax. By substituting P = Pmax into equation (10) and multiplying both sides
by the cube root of the vessel volume, the following expression is found for the KG-value:

KG =
(
dP
dt

)
V 1/3 = (36π)1/3(Pmax − P0)

(
Pmax
P0

) 1
γ
Su (11)

which is a normalization of the maximum rate of pressure rise with respect to the vessel volume.

16



Derivation of a vented deflagration model

Bradley D. and Mitcheson A. The venting of gaseous explosions in spherical vessels. I - Theory. Combustion and
Flame, 32:221-236, 1978.
Bradley D. and Mitcheson A. The venting of gaseous explosions in spherical vessels. II - Theory and experiment.
Combustion and Flame, 32:237-255, 1978.

Model developed for centrally ignited fuel-air mixtures in a spherical vessel with vent flow expressions for the rate
of change in the mass of unburnt mixture:

dmu

dt
=





−4πr2fρuSu − CdAvρ
[
γP
ρ

(
γ + 1

2

)1+γ
1−γ
]1/2

if Pa
P ≤

(
2

γ + 1

) γ
γ−1

(sonic)

−4πr2fρuSu − CdAv





2γPρ
γ − 1

(
Pa
P

) 2
γ

[
1−

(
Pa
P

)γ−1
γ

]1+γ
1−γ





1/2

if Pa
P >

(
2

γ + 1

) γ
γ−1

(sub-sonic)

(12)

where ρ is the density of the vented mixture, Pa the ambient pressure, Cd a discharge coefficient and Av the vent
area. Substitution into (2), and repeating steps (4) to (10) results in

dP

dt
=





3 (Pmax − P0)
Rvessel

[
1−

(
P0
P

) 1
γ Pmax − P
Pmax − P0

]2
3 (

P
P0

) 1
γ
Su + CdAvρ

[
γP
ρ

(
γ + 1

2

)1+γ
1−γ
]1/2

3 (Pmax − P0)
Rvessel

[
1−

(
P0
P

) 1
γ Pmax − P
Pmax − P0

]2
3 (

P
P0

) 1
γ
Su + CdAv





2γPρ
γ − 1

(
Pa
P

) 2
γ

[
1−

(
Pa
P

)γ−1
γ

]1+γ
1−γ





1/2 (13)
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Derivation of a vented deflagration model

Assume that the density of the vented mixture, ρ, is equal to
that of the burnt mixture, ρb. With this assumption, the density
of the vented mixture, ρ, in equation (13) can be computed from

ρ ≡ ρb =
Tu
Tf
ρu = ρu0

Tu0

Tf

(
P

P0

)γ−1
γ
(
P

P0

) 1
γ

(14)
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second peak dominates. For each value o f P  v there 
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3 o is defined by Eq. (10). Each curve represents a 
different vent opening pressure, which is equal to 
the maximum pressure at the asterisked point. For 
values of  AIS o greater than the value at the aster- 
isk. the pressure subsequent to the vent opening 
falls below that at opening and never rises above it. 
Along the curve to the left of  an asterisk the maxi- 
mum pressure, Pro. is that of  the second peak. 

Solutions were obtained for values of  P,. between 
I and 6 atmospheres. The solutions for Pv equal to 
one atmosphere represent an open explosion in 
which the vent is initially uncovered. The full line 
curve for this condition is marked "open." For 
values of  Pv less than 1.25 atmospheres the maxi- 
mum pressure attained is almost indistinguishable 
from that of  the open vent solutions. Above this 
value, the maximum pressure rise increases with 
the vent opening pressure and yields a family of  

curves which are similar to those recorded experi- 
mentally in Refs. 18 and 24. 

Three regimes for the velocity of  the discharging 
gas may be discerned, and the boundaries for these 
are shown by the dotted hnes in Fig. 4. The first 
regime in which Pa/P,,t and Po/Pv are greater than 
the critical pressure ratio P,u.  is one of  wholly 
subsonic venting. In the second regime, when the 
vent opens the flow is sonic, bul may subsequently 
become subsonic. In the third regime, the flow is 
initially subsonic, but at the maximum pressure it 
is sonic. Some workers [36] have sought to obtain 
a linear dependence of a single maximum pressme 
parameter with A,. oyez the entire range of values 
of  maximum pressure P,,t. The existence of  such a 
relationship seems unlikely in view of  the com- 
plexity imposed by the existence of different 
venting regimes. 

Figure 5 has been constructed from Fig. 4 to 
show the effect of  changes in ,.XP,., equal to (Pv - 
Po), upon the maximum pressure, Pro, for eight 
different values o1 A/S o. Equality of P,, and the 
second pressure peak is indicated by the broken 
line. To the left of  this line lies a regime in which 
the pleasure at the second peak is greater than the 
vent opening pressure. Here. Ihe horizonlal parts 
of the curves indicate thai for values of  ..XP t, less 
than approximately 0.25 atmosphere the maxi- 

The figure shows the solution of equations
(13) and (14) for two area ratios (vent area di-
vided by total surface area of enclosure) and
four different vent opening pressures.

From: Bradley D. and Mitcheson A. The
venting of gaseous explosions in spherical ves-
sels. I - Theory. Combustion and Flame,
32:221-236, 1978.
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Peculiarities of vented deflagrations

RESULTS AND DISCUSSION 
Figure 2 shows an example of the simulation results as a sequence of 3D representations of the flame 
surface.  Data was extracted from the B0X simulation in two forms: pressure traces and rate of heat 
release, dH+/dt, traces in time.  The pressure traces were generated for a number of virtual pressure 
transducers evenly spaced within the enclosure.  The pressure within the enclosure was averaged over 
all the transducers, eliminating high frequency local pressure oscillations.   
 

 
Figure 2 3D Representations of the flame propagation for a trial with center ignition, AR = 8, Av = 5.76 
m2, ST = 14.8 m/s shown at 4 times (0.03, 0.07, 0.10, and 0.14 s) in the development of the explosion. 

AR = 4, Av = 1.44m2, ST = 8m/s
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Figure 3 Typical dH+/dt and pressure trace for higher aspect ratios 

Proceedings of the 5th International Seminar on Fire and Explosion Hazards, Edinburgh, UK, 23-27 April 2007

295 www.see.ed.ac.uk/feh5

From: Bauwens C.R., Dorofeev S. and Tamanini F. Effects of
aspect ratio and ignition location on vented explosion pressures.
Proceedings of the 5th International Seminar on Fire and
Explosion Hazards, Edinburgh, UK, 23–27 April 2007

• Enclosure geometry/aspect ratio

• Ignition location

• Varying pressure and temperature

• Varying turbulence

• Changes in flame shape

• Flame stretch and flame curvature

• Darrieu-Landau instability

• Hydrodynamic instability

• Raleigh-Taylor instability

• Richtmeyer-Meshkov instability

• Flame distortion at outflow boundaries

• Vent cover inertia
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Peculiarities of vented deflagrations: flame distortion by vent ducts

Ponizy B. and Leyer J.C. Flame dynamics in a vented vessel connected to a duct: I. Mechanism of vessel-duct
interaction. Combustion and Flame, 116:259-271, 1999.
Ponizy B. and Leyer J.C. Flame dynamics in a vented vessel connected to a duct: II. Influence of ignition site,
membrane rupture, and turbulence. Combustion and Flame, 116:272-281, 1999.

Experimental setup used by Ponizy & Leyer (1999). IGN, ignition (electrically heated wire); VP, vacuum pump;
MI, mixture inlet; V, valves; PM, photomultipliers; PC, P1, P2, . . . Pn, pressure gauges; IIGN, I0, I1, . . . Im,
ionization gauges. The tube diameter is 53 mm.
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Peculiarities of vented deflagrations: flame distortion by vent ducts

Flow pattern inside the duct. After Ponizy & Leyer (1999).
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Peculiarities of vented deflagrations: flame distortion by vent ducts

Flow patterns in vessel before and after combustion in the duct, effect of flame front distortion; a) narrow ducts,
b) wide ducts. After Ponizy & Leyer (1999).
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Peculiarities of vented deflagrations: flame distortion by vent ducts

Deflagration to detonation transition (detonation onset at 1.7 m from duct entrance). After Ponizy & Leyer (1999).
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Vented deflagrations with hinged inertial vent covers

Molkov V.V., Grigorash A.V., Eber R.M., and Makarov D.V. Vented gaseous deflagrations: Modelling of hinged
inertial vent covers. Journal of Hazardous Materials, A116:1-10, 2004.
Höchst S. and Leuckel W. On the effect of venting large vessels with mass inert panels. Journal of Loss Prevention
in the Process Industries, 11:89-97, 1998.

4 V.V. Molkov et al. / Journal of Hazardous Materials A116 (2004) 1–10

the vent cover mass is distributed uniformly over the surface
of the cover, with surface density or inertiaw (kg/m2). Letϕ
be the angle between the vent opening and the hinged door.
It is assumed that the current venting areaF(ϕ) is the gap
area between the edges of the cover and the vent opening.
The gap, as shown inFig. 1, is formed from one rectangular
region, based on the door edge opposite to the hinge and two
triangular regions, based on the pivoting edges of the door.
The venting area is then:

F (ϕ) = min
{
FN,2L sin

(ϕ
2

) [
b + L cos

(ϕ
2

)]}
(8)

This area is zero for a closed vent (ϕ = 0) and is allowed to
increase untilϕ =ϕN; it reaches the maximum value equal to
the nominal vent areaFN. Also assume that for anglesϕ >ϕN,
the venting area stays equal toFN. Furthermore, assume that
the door is inelastically arrested atϕ = 90◦.

3.2. Pressure distribution for F(ϕ)≤FN

When the vent is closed, the gas pressure is uniform
throughout the door surface, and is equal top(t), the pres-
sure inside the enclosure (Pa). Furthermore, the gas mass
discharge rate is zero. When the vent is open, the picture
changes. First, the static pressure of the escaping gases on the
door is smaller than the pressure at ‘stagnation’ conditions in-
side the enclosure. Second, the pressure is not uniform along
the door surface any more.

The first issue is addressed by using the Bernoulli or mass
conservation law for the gas flowing between the enclosure
inside the vent cross-section and the current venting area. At
the vent cross-section, letp=p1, andu=u1 (whereu1 is the
flow velocity through the vent cross-section (m/s)), and flows
are low enough to warrant the assumption of incompressibil-
ity. The Bernoulli’s equation for these two levels allowsp1
to be expressed as:

p1 = p(t) − ρ u2
1

2
, (9)

whereρ is the gas density constant (kg/m3).

Fig. 1. Hinged door.

Outside the vessel the gas pressure isp=pa, and the aver-
age gas velocity in the changing venting area isu=uL. From
the Bernoulli’s equation relating the inside and the outside of
the vessel,uL can be expressed as:

uL =
{

2(p(t) − pa)

ρ

}1/2

(10)

The mass conservation law between the vent opening and the
outside of the vessel gives an expression foru1:

u1 = uLF (ϕ)

bL
(11)

Substituting(10) in (11)and the results in(9) the pressurep1
in the vent cross-section becomes

p1 = p(t) − (p(t) − pa)
F2(ϕ)

(bL)2
(12)

This pressure depends on both the current explosion pressure
and the current angle of the door opening.

The second issue is dealt with by assuming that the pres-
sure along the door surface changes as a linear function of
the position on the width of the door:

p(l, t) = p1 − p1 − pa

L
l (13)

Herel ≤L is the current position, andp1 is defined by(12).
The assumption of a linear pressure distribution along the
width of an inertial hinged vent cover is a simplification of a
more complex three-dimensional distribution. A simple mod-
elling including a portion of an enclosure, hinged vent cover,
and a portion of the surrounding environment, was performed
using FluentTM. A constant internal pressure of 1.3 atm and
external pressure of 1.0 atm were assumed. The problem was
solved using a 2D approach, and the steady pressure dis-
tribution along the cover was determined for several cover
opening angles. The results are shown inFig. 2. Ultimately

Fig. 2. Pressure distribution on inertial hinged vent cover as a func-
tion of cover opening angle for constant enclosure pressure. Steady-
state problem,p/p0 = 1.3, 2D segregated solver, k–ε turbulence model,
♦,
,©—transients ‘below’ the cover, i.e. at cover surface hit by the es-
caping gases;�,�,�—transients ‘above’ the cover.Dynamic venting area:

F (φ) = min

[
FN , 2Lsin

(
φ

2

)[
b+ Lcos

(
φ

2

)]]
(15)

FN = vent cross-sectional area. Dynamic vent area
F (φ) → FN for φ = 0 → φN and F (φ) ≡ FN for
φN ≤ φ ≤ 1

2π.

90 S. Höchst, W. Leuckel / Journal of Loss Prevention in the Process Industries 11 (1998) 89–97

categories. One category comprises the vent area, the
vent activation pressure, and the inertia of the device
as well as the design of the vent. All other parameters,
especially the turbulence level of the mixture, will
influence the burning velocity of the mixture. For each
mixture a planar laminar burning velocityS0, defined by
the chemical composition of the dust and the gaseous
atmosphere, can be attributed. Particle size distribution
and particle shape (determining the specific particle sur-
face area) as well as the spatial distribution of the par-
ticles in the explosion volume are of major importance
for dust cloud explosions.S0 is also affected by the ther-
modynamic state of the gas phase, i. e. initial pressure
and temperature. In practical situations,S0 is greatly
enhanced by turbulence, either by acceleration of trans-
port phenomena or due to distortion of the flame front.

Our numerical calculations indicated that in some situ-
ations venting by rather heavy venting devices, such as
panels or explosion doors, will lead to substantial
increase of the peak pressure in the considered enclosure
compared to venting with burst disks or membranes of
negligible mass. To study the effect of mass inertia of
explosion doors and panels in case of venting large ves-
sels at low activation pressures and comparatively large
vent areas, a set of experiments was carried out in a
50 m3 silo with a height to diameter ratioH/D = 4.
Maize-starch and methane were used as fuels. The
movement of the panels occurred by vertical displace-
ment against gravity, whereas the explosion doors per-
formed vertical rotation around horizontal shafts, again
against gravity. The activation pressure of the devices
was given by their mass to area ratiomP (range about
27–110 kg m22). An effect of this mass to area ratio
upon the time dependence of the vent area size and,
consequently, on the explosion pressure was expected.

2. Experimental set-up

The experiments were performed in a silo of
reinforced concrete with a diameter of 2.5 m and a height
of 10 m. Schematics of the silo and the vent devices are
shown in Figs 1 and 2. The vent opening is located at
the top of the silo. The vent area is expressed as percent-
age of the silo cross section. PE-diaphragms (vent acti-
vation pressure< 20 mbar), panels (steel plates) or
explosion doors (activation pressure= weight of the
device/vent area varied in the range of about 3–10 mbar
by attaching additional mass to the panels or explosion
doors) with low activation pressures were used as vent-
ing devices. The panels were arrested at a distance of
0.25 vent diameter above the vent opening. The instant
of failure of the diaphragms was recorded via the inter-
ruption of an electrical circuit through two copper strips,
one fixed across the relief diaphragm and the other
placed in the zone of the free jet emerging from the vent

Fig. 1. Experimental set-up.

opening. In the case of panels, the motion of two
opposite points of the panel above the silo was recorded
by a displacement transducer, whereas for the explosion
doors the angle of opening was recorded by a poten-
tiometer as a function of time.

Fans (diameter= 0.42 m) were used to generate a
fairly homogeneous mixture prior to ignition in the silo,
and to induce different turbulence levels at the instant
of ignition by varying the rotational speed. Leisenheimer
(1994) measured the turbulence intensityu’ and the tur-
bulent length scaleLt for the used fans with hot wire
anemometry in a 1.16 m3 spherical vessel. The turbu-
lence intensity is proportional to the rotational speed of
the fansu’ | n.1023. For the turbulent length scale, a
value of Lt = 0.024± 0.002 m was found. Assuming a
proportional increase ofLt with the diameter of the
enclosure, a value of aboutLt = 0.045 m can be esti-
mated for the silo. For dust explosions, a turbulent
motion of the air is necessary to mix the particles
(maize-starch 10–22mm, 12% moisture) with air and to
keep them in suspension. By varying the time (ignition
delay) and the pressure (from 10 to 20 bar) of the 12
dust storage vessels arranged at different positions on

Experimental apparatus (H/D=4, 10.7 vol% methane).
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Vented deflagrations with hinged inertial vent covers

Equations for prediction of dynamic deflagration pressure (τ = tSu
◦
L/Rs, Π = P/P0, nu = mu/mu0 and nb =

mb/mu0). Su
◦
L is the laminar burning velocity at reference conditions and Rs is the radius of a sphere with a

volume equal to that of the enclosure.

dΠ

dτ
= 3Π

χ(τ)ZΠε+ 1
γu

(
1− nuΠ−

1
γu

)2
3 − γbWΣ(τ)RΣ

Π
1
γu −

(
γu −

γb
γu

)
nu

(16)

dnb
dτ

= 3




χ(τ)Πε+ 1

γu

(
1− nuΠ−

1
γu

)2
3 −R#

b WΣ(τ)

∑

j

Aj(τ)µjFj(τ)

∑

j

µjFj(τ)





(17)

dnu
dτ

= 3




χ(τ)Πε+ 1

γu

(
1− nuΠ−

1
γu

)2
3

+R#
uWΣ(τ)

∑

j

[1− Aj(τ)]µjFj(τ)

∑

j

µjFj(τ)





(18)

RΣ = R#
uWΣ(τ)

∑

j

[1− Aj(τ)]µjFj(τ)

∑

j

µjFj(τ)
+R#

b WΣ(τ)

∑

j

Aj(τ)µjFj(τ)

∑

j

µjFj(τ)
(19)
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Vented deflagrations with hinged inertial vent covers

R#
u∨b =





[
2γ
γ − 1Πσu∨b

[(
Pa
P0Π

) 2
γ −

(
Pa
P0Π

)γ+1
γ

]]1
2

(sub-sonic outflow)

[
γΠσu∨b

(
2

γ + 1

)γ+1
γ−1

]1
2

(sonic outflow)

(20)

where σu = ρu/ρu0 = Π
1/γ
u and σb = ρb/ρu0 = Π

1/γ
b .

Z = γb

[
E − γu

γb

γb − 1

γu − 1

]
Π1−γbu +

γb − γu
γu − 1

(21)

where E is an expansion coefficient of the combustion products. For the transient venting parameter WΣ:

WΣ =
1

3
√

36π

1√
γ

c0

Su
◦
L

∑

j

µjFj(τ)

V 2/3
(22)

A detailed analysis for F (φ) to include torque and pressure forces is given in Molkov, Grigorash, Eber & Makarov
(2004).
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Vented deflagrations with hinged inertial vent covers
8 V.V. Molkov et al. / Journal of Hazardous Materials A116 (2004) 1–10

Fig. 4. (a). Ḧochst and Leuckel, experiments 3-B, 3-D: opening angle,µ= 1.2 (©–vent starts to open,�–vent 100% open). (b). Ḧochst and Leuckel, experiments
3-B, 3-D: pressure,µ= 1.2 (©—vent starts to open,�—vent 100% open).

whenAjet shifts±10%,χ shifts±1.5%. Similarly, whenCjet
shifts±10%,χ shifts in opposite direction±6%. From this,
it would seem that the enclosure turbulence is more sensitive
to the amount of force applied to the vent cover than to the
amount of time that force is applied.

The discrepancies between the experimental and simu-
lation results in pressure dynamics, especially those in the
peak areas, could be explained by heat losses to enclosure
walls, which were not modelled in this study. From explo-
sion safety engineering point of view it is acceptable as calcu-
lated pressure peaks are conservative relative to experimental
data.

4.2. Validation 1: Höchst and Leuckel’s experiments

The model has been validated against Höchst and
Leuckel’s experiments[17]. For translation panels, a detailed
description of that validation was presented in[14]. Their ap-
paratus consisted of a 50 m3 silo of reinforced concrete with
H/D= 4. The vent covers for these experiments were a pair
of hinged vent covers arranged in a ‘butterfly’ configuration
on the top surface of the silo. The edge of each cover most
remote from the hinges was padded so that when the cov-
ers opened to 90◦, the impact of the covers on each other
was minimised. Experiment 3-B was a quiescent mixture of
10.7% methane–air, with a total venting area (for the two
covers)F= 1.91 m2, an inertiaw= 124 kg/m2, and torque of
532 N m. Experiment 3-D was a turbulent mixture (mixed
by a fan within the enclosure for the purpose) of 10.6%
methane–air, with a total venting area (for the two covers)
F= 1.91 m2, an inertiaw= 73 kg/m2, and torque of 314 N m.
The mixtures were ignited by an electric match with energy
of 75 J, located 3.5 m from the floor at the silo centre line.Sui
was 0.38 m/s;Ei was 7.4;γu was 1.39;γb was 1.25;cui was
353 m/s;F was 2.45 m2; ε was 0.3; and the molecular mass
(M) was 27.24 kg/kmol.

Fig. 4a compares the calculated opening angle transients
with the experimental results, whileFig. 4b compares the
calculated enclosure pressures with the experimental results.
A good match of both displacement and pressure has been
achieved, using theCjet andAjet coefficient values of 1.4
and 0.05, respectively. As expected, the pre-mixed enclosure

gases in experiment 3-D results in faster opening of the cover,
and higher and earlier pressures than those experienced by the
quiescent mixture in experiment 3-B. These results are well
matched by the CINDY computations.Fig. 5 shows howχ
varied as the calculations progressed, and the best fit values
of χ for experiments 3-B and 3-D. The enclosure gases were
initially turbulent in experiment 3-D—thus the higherχ was
needed to backfit the pressure and displacement are not sur-
prising.

In the CINDY code,χ is implemented as piecewise-linear;
over some ranges of backfitted values, many small increments
in χ can be replaced by a few longer segments with little or
no detrimental change to the backfit for either pressure or
displacement. Data from future experiments will be required
to further determine if a two- or three- stepχcurve established
by simple rules could predict deflagration dynamics.

4.3. Validation 2: Zalosh’s experiment

The model has also been validated against an ex-
periment of Zalosh [18]. His apparatus consisted of
a rectangular concrete bunker with interior dimensions
H×W×L= 3.1 m× 2.0 m× 5.4 m and a volume of 33.5 m3.
The only relief was a pair of wall-mounted blowoff panels,
arranged vertically in parallel, hinged on the bottom edges,
opening outwards and downwards, arrested by cables in the
90◦ opened position. Each door was sized to be 1.29 m2, for
a total venting area of 2.58 m2. An initially quiescent near
stoichiometric 10.0% mixture was ignited by a 12 J spark

Fig. 5. Höchst and Leuckel, experiments 3-B, 3-D:χ, µ= 1.2 (©—vent
starts to open,�—vent 100% open).

Comparison between equations (16)–(22) and experiments; ◦ vent starts to open; • vent 100% open.
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Correlations for the laminar burning velocity
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Correlations for the laminar burning velocity
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Correlations for the laminar burning velocity
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Correlations for the laminar burning velocity
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Correlations for the laminar burning velocity
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Correlations for the laminar burning velocity
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Correlations for the laminar burning velocity

Objective:
Find an expression for the pressure and temperature dependence of the laminar burning
velocity and the laminar flame thickness

Governing equations:
∂ρ

∂t
+∇ · (ρv) = 0 (23)

∂ (ρv)

∂t
+∇ · (ρvv) = −∇p+∇ · τ +

N∑

i=1

ρYif i (24)

∂ (ρYi)

∂t
+∇ · (ρvYi) = −∇ · [ρYiV i] + ẇi (25)

∂ (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

(26)

p

ρ
=
γ − 1

γ

N∑

i=1

Yi


h◦f i +

T∫

T ◦

CPi(T ) dT


 (27)

where τ = µ
[
∇v + (∇v)†

]
+
(
κ− 2

3
µ
)

[∇ · v] I (28)

and q = εσT 4 (29)

Assumptions:

• Steady state

• Uniform pressure field

• Neglect viscous dissipation in energy
equation

• Neglect effect of body forces in momen-
tum and energy equation

• Neglect Dufour effect in energy equa-
tion

• Keep Soret effect in species and energy
equation
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Correlations for the laminar burning velocity

Step 1: Make use of the fact that h =
∑
Yihi to restate equations (25) and (26)

as:

∇ · [ρYi (v + V i)] = ẇi (30)

∇ ·
[

N∑

i=1

ρYihi (v + V i)− λ∇T
]

= 0 (31)

Step 2: Use

hi = h◦f i +

T∫

T ◦

CPi dT (32)

to rewrite equation (31) as

∇ ·




N∑

i=1

ρYi (v + V i)h
◦
f i

+
N∑

i=9

ρYi (v + V i)

T∫

T ◦

CPi dT − λ∇T


 = 0 (33)

and apply equation (30) to the first term of the left hand side to obtain

∇ ·


ρv

N∑

i=6

T∫

T ◦

YiCPi dT + ρ
N∑

i=1

V i

T∫

T ◦

YiCPi dT − λ∇T


 = −

N∑

i=1

h◦f iẇi (34)
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Correlations for the laminar burning velocity

Step 3: Assume a background fluid so that
ρYiV i = −ρID∇Yi (35)

Since
CP =

∑
YiCP (36)

it is possible to rewrite equation (34) as

∇ ·


ρv

T∫

T ◦

CP dT + ρID
N∑

i=1

(∇Yi)
T∫

T ◦

YiCPi dT − ρID
λ

ρCPID
CP∇T


 = −

N∑

i=1

h◦f iẇi (37)

and because of the equality,

∇
T∫

T ◦

CP dT = ∇
N∑

i=1

Yi

T∫

T ◦

CPi dT =
N∑

i=1

(∇Yi)
T∫

T ◦

CPi dT +
N∑

i=1

Yi∇
T∫

T ◦

CPi dT (38)

=
N∑

i=1

(∇Yi)
T∫

T ◦

CPi dT +
N∑

i=1

YiCPi∇T =
N∑

i=6

(∇Yi)
T∫

T ◦

CPi dT + CP∇T (39)

equation (37) may be rewritten as

∇ ·


ρv

T∫

T ◦

CP dT + ρID∇
T∫

T ◦

CP dT − ρID [Le− 1] CP∇T


 = −

N∑

i=1

h◦f iẇi (40)
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Correlations for the laminar burning velocity

Step 4:
velocity
profile

laminar
flame

T = Tf

dT/dx = 0

T = Tu

dT/dx = 0

ṁ
,,

ρu

SuL

Sf

δL
v

temperature
profile

reaction
zone

preheat
zone

ẇF

ẇOx

Assume unity Lewis number in equation (40): ∇ ·


ρv

T∫

T ◦

CP dT + ρID∇
T∫

T ◦

CP dT


 = −

N∑

i=1

h◦f iẇi (41)

If Le = 1 then ρID may be replaced by λ/CP ! From figure with simplified flame structure: ρuv = ρuSuL = ṁ” =
constant.

Finally ṁ”CP∇T +∇ · [λ∇T ] = −
N∑

i=1

h◦f iẇi (42)
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Correlations for the laminar burning velocity

Step 5:

Express the combustion reaction in terms of a mass balance:

1 kg Fuel + ν kg Oxidizer −→ (ν + 1) kg Products (43)

Then

−ẇF = −1

ν
ẇOx =

1

ν + 1
ẇPr (44)

and hence,

N∑

i=1

h◦f iẇi = h◦fF
ẇF + h◦fOx

ẇOx + h◦fPr
ẇPr

=
(
h◦fF

+ ν h◦fOx
− (ν + 1)h◦fPr

)
ẇF

= ∆cH ẇF (45)

where ∆cH denotes the fuel’s heat of combustion.
Equation (40) may then be restated as:

ṁ”CP∇T +∇ · [λ∇T ] = −∆cHẇi (46)

Step 6:

Integrate the one-dimensional form of equation (46)
from x → −∞ to x → ∞ for the simplified flame
structure,

ṁ”CP
dT

dx
+

d

dx

(
λ
dT

dx

)
= −∆cH ẇF (47)

subjected to the boundary conditions,

x→ −∞ : T = Tu x→∞ : T = Tf (48)

and the subsidiary conditions,

x→ −∞ :
dT

dx
= 0 x→∞ :

dT

dx
= 0 (49)

Inside the flame zone,

x ∈ δL :
dT

dx
=
Tf − Tu
δL

(50)

Integration of equation (47) gives:

ṁ”CP T |TfTu + λ
∂T

∂x

∣∣∣∣
dT/dx=0

dT/dx=0

= −∆cH

∞∫

−∞

ẇF dx (51)
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Correlations for the laminar burning velocity

Step 7:

Apply a change of variables to the right hand side of equation
(51) on the basis of the assumed temperature profile (50):

dT

dx
=
Tf − Tu
δL

⇐⇒ dx =
δL

Tf − Tu
dT (52)

Hence,

ṁ”CP (Tf − Tu) = − δL∆cH

Tf − Tu

Tf∫

Tu

ẇFdT = −δL∆cHẇF (53)

or, equivalently,

ṁ”CP (Tf − Tu) + δL ∆cH ẇF = 0 (54)

=⇒ A single algebraic equation with two unknowns:
• the mass flux ṁ” (≡ ρuSuL),
• and the laminar flame thickness δL.

Step 8:

Find a second algebraic equation by integrating equation (47)
from x → −∞ to x → δL/2, subjected to the boundary con-
ditions,

x→ −∞ : T = Tu x =
δL
2

: T =
Tu + Tf

2
(55)

and the subsidiary conditions,

x→ −∞ :
dT

dx
= 0 x→ δL

2
:

dT

dx
=
Tf − Tu
δL

(56)

Integration of equation (42) results in

ṁ”CP T
∣∣(Tu+Tf )/2
Tu

+ λ
∂T

∂x

∣∣∣∣
(Tf−Tu)/δL

dT/dx=0

= −∆cH

δL/2∫

−∞

ẇF dx

(57)
and hence,

1
2
CPṁ

” (Tf − Tu)− λ
Tf − Tu
δL

= 0 (58)

since ẇF is practically zero in the preheat zone.
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Correlations for the laminar burning velocity

Step 9:

Solve equations (54) and (58) for SuL and δL:

SuL =

[
−2

λ

ρuCP

∆cH

CP (Tf − Tu)
ẇF

ρu

]1
2

(59)

δL =

[
−2

λ

ρuCP

CP (Tf − Tu)
∆cH

ρu

ẇF

]1
2

(60)

Express the heat of combustion of the fuel as

∆cH = (ν + 1)CP(Tf − Tu) (61)

and substitute this into equations (59) and (60):

SuL =

[
−2

λ

ρuCP

(ν + 1)
ẇF

ρu

]1
2

(62)

δL =

[
−2

λ

ρuCP

1

ν + 1

ρu

ẇF

]1
2

(63)

Step 10:

Assume a generalized overall reaction,

N∑

i=1

ν ,iMi −→
N∑

i=1

ν ,,i Mi (64)

with a an overall reaction order n =
∑N

i=1 ν
,
i

Mass consumption rate of each individual species:

d (ρYi/Mi)

dt
= (ν ,,i − ν ,i)BTmexp

(
− Ea

RT

) N∏

j=1

(
ρYj
Mj

)ν,j
(65)

=⇒ ẇF ∝ ρnBTmexp

(
− Ea

RT

) N∏

j=1

(Yj/Mj)
ν,j (66)

Since
ρu ∝ T−1u P (67)

and most of the combustion occurs in the reaction zone,

ẇF ∝ T−nf P nTmf exp

[
− Ea

RTf

]
(68)
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Correlations for the laminar burning velocity

Step 11:

Substitute equations (67) and (68) into equations (62) and (63) to obtain:

SuL
Su
◦
L

∝
√

λ(Tu)

λ(Tu0)

Tu
Tu0

(
P

P0

)n−2
2
(
Tf
T ◦f

)−n2 (Tf
T ◦f

)m
2

exp

[
−Ea

2R

(
1

Tf
− 1

T ◦f

)]
(69)

δL
δ◦L
∝
√

λ(Tu)

λ(Tu0)

(
P

P0

)−n2 (Tf
T ◦f

)n
2
(
Tf
T ◦f

)−m2
exp

[
+

Ea

2R

(
1

Tf
− 1

T ◦f

)]
(70)

where Su
◦
L, δ◦L and T ◦f are the laminar burning velocity, the laminar flame thickness and the flame temperature of

the unburnt mixture at a reference state P0 and Tu0.

When the variation in Tu is caused by adiabatic compression, equations (69) and (70) can be approximated by:

SuL
Su
◦
L

=

(
P

P0

)c+γ−1
γ −1+α

(71)

δL
δ◦L

=

(
P

P0

)c−α
(72)

41



Effect of flame morphology on the laminar burning velocity

H /O /N
2 2 2

P= 1 atm

� = 0.70

H /O /N
2 2 2

P= 1 atm

� = 2.25

H /O /He
2 2

P= 60 atm

� = 0.70

8.0 ms3.0 ms 5.5 ms 10.5 ms

5.0 ms4.0 ms 6.0 ms3.0 ms

13.0 ms

7.0 ms

34.0 ms24.0 ms 44.0 ms14.0 ms 54.0 ms

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, Pittsburgh, 2000. The Combustion
Institute.
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Effect of flame stretch and flame curvature on
the laminar burning velocity
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Effect of flame stretch and flame curvature on the laminar burning velocity.
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Effect of flame stretch and flame curvature on
the laminar burning velocity

Stretch rate of a surface element in a strained fluid:

ṡ =
1

A

dA

dt
(73)

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

(74)

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
)

(75)

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
)

(76)

= Lṡ+O
(
ε2
)

(77)
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Effect of flame stretch and flame curvature on
the laminar burning velocity

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 + . . . (78)

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

(
ε2
)

(79)

Combine equations (74), (77) and (79):

SuL = Ls [nn:∇v −∇ · v] + [1− Lc∇ · n]Su
◦
L (80)

= Ls [nn:∇v −∇ · v] +

[
1 +

Lc
κ1 + κ2

]
Su
◦
L (81)

= Ls [nn:∇v −∇ · v] +

[
1 +
Lc
R

]
Su
◦
L (82)

The quantities denoted by Ls and Lc are called Markstein lengths.
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Unstretched laminar burning velocity
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Correlations for the turbulent burning velocity

Damköhler:
SuT
SuL

= 1 +
v,rms

SuL
(83)

Schelkin:
SuT
SuL

=

√
1 +

(
v,rms

SuL

)2

(84)

Karloviz:
SuT
SuL

= 1 +
v,rms

SuL
(weak turbulence) (85)

SuT
SuL

= 1 +
√

5
12

v,rms

SuL
(intermediate turbulence) (86)

SuT
SuL

= 1 +
√
2

(
v,rms

SuL

)1
2

(strong turbulence) (87)

Gülder:
SuT
SuL

= 1 + 4

√(
2
15

)
Re

1
4
`t

(
v,rms

SuL

)1
2

(88)

Bradley:
SuT
SuL

= C (Da/PrLe)0.3 Re−0.15
`t

(
v,rms

SuL

)
(89)

Yakhot:
SuT
SuL

= exp
[
v,rms

2 /Su
2
T

]
(90)
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Correlations for the turbulent burning velocity
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Damköhler’s correlation for the turbulent burning velocity

Equate mass flux, ṁ, through cross sectional
area of flame brush, AT to mass flow of unburnt
mixture through wrinkled laminar flame area,
AL:

ṁ = ρuATSuT = ρuALSuL (91)

⇒ SuT
SuL

=
AL

AT
(92)

Damköhler approximated the ratio of the area
of wrinkled laminar flame and the cross section
of the turbulent flame brush by

AL

AT
=
SuL + v,rms

SuL
= 1 +

v,rms

SuL
(93)

Substitution into equation (92) leads to

SuT
SuL

= 1 +
v,rms

SuL
(94)

In the limit v,rms � SuL, equation (94) implies that
the turbulent burning velocity becomes independent
of the laminar burning velocity

SuT ∼ v,rms (95)

This is known as Damköhler’s hypothesis.
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Schelkin’s correlation for the turbulent burning velocity

Schelkin assumed:

• Turbulence creates conical bulges in a laminar flame.

• Increased flame surface is proportional to the average

cone area divided by the average cone base.

• If the radius of the cone base and the apothem are

denoted by R and h, then the surface area of the

cone base and the cone mantle are equal to πR2 and

πR
√
R2 + h2.

• When a circular element of a planar laminar flame

is bulged into a cone, the surface area increases by a

factor
√
R2 + h2/R.

• Diameter of the cone base is proportional to the

average length scale of the turbulence, R ∝ 1
2
`t.

• Diameter of the cone base is proportional to the

average length scale of the turbulence, R ∝ 1
2
`t and

that the apothem scales as h ∝ v,rms`t/SuL.

• Apothem to be proportional to the average fluctuating

velocity v,rms and the time during which an element of

the flame interacts with an eddy, `t/SuL.

These assumptions lead to

AL
AT

=

√
R2 + h2

R
=

√
1 +

(
2v,rms

SuL

)2

(96)

and substitution into equation (92) gives:

SuT
SuL

=

√
1 +

(
2v,rms

SuL

)2

(97)

h =
v,
rms
SuL
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Karloviz’s correlations for the turbulent burning velocity
Define a turbulence macro velocity scale, a
turbulence macro time scale and a turbulence
macro length scale:

vt = v,rms = (v
,2)

1
2

τt =

∞∫

0

ρ(τ)dτ where ρ(τ) =
v

,
(t)v

,
(t+ τ)

v
,2(t)

`t = vtτt = v,rmsτt

Karlovitz assumed that an additional velocity
produced by the turbulent diffusion, Su

t, has
to be added to the laminar burning velocity:

SuT = SuL + Su
t (98)

The additional velocity is taken into account
by dividing the root-mean-square displacement
due to the turbulence by the average time in-
terval during which a flame element interacts
with an eddy, T = `t/SuL:

Su
t =

(x
,2)

1
2

T (99)
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Karloviz’s correlations for the turbulent burning velocity

The root-mean-square displacement and root-mean-square ve-
locity are interrelated through:

dx
,2

dt
= 2 v

,2

t∫

0

ρ(τ) dτ = 2 (v,rms)
2

t∫

0

ρ(τ) dτ (100)

Weak turbulence: v,rms� SuL. Hence T (≡ `t/SuL)� τt (≡
`t/v

,
rms). Consequently, ρ(τ) ≈ 1 if t ≤ T so that the root-

mean-square displacement within the interaction time between
a flame element and a turbulent eddy becomes (by integrating

equation (100)): (x
,2)

1
2 = v,rmsT

=⇒ Su
t =

(x
,2)

1
2

T =
v,rmsT
T = v,rms (101)

Substitution into equation (98) and division by SuL results in

SuT
SuL

= 1 +
v,rms

SuL
(102)

Strong turbulence: T (≡ `t/SuL) � τt (≡ `t/v
,
rms). The

integral on the right hand side of equation (100) assumes a
definite value which is equal to the time scale of the turbulence,
τt. This leads to

(x
,2)

1
2 =

√
2`tv

,
rmsT (103)

and

Su
t =

(x
,2)

1
2

T =

√
2`tv

,
rmsT

`t/SuL
=
√

2SuLv
,
rms (104)

Insertion into equation (98) and division by SuL yields:

SuT
SuL

= 1 +
√

2

(
v,rms

SuL

)1
2

(105)

Intermediate turbulence: T (≡ `t/SuL) ≈ τt (≡ `t/v
,
rms),

the root-mean-square displacement depends on the shape of
the correlation function. If the shape of the correlation func-
tion is approximated by an osculation parabola, where τm de-
notes the Taylor microscale,

ρ(τ) = 1− 1

2

τ 2

τm
2 (106)

the integral in (100) may be solved for the variance of the
displacement to give

x
,2 = v

,2
[
1
2
T 2 − 1

12
(T 4/τ 2m)

]
≈ v

,2
[
1
2
T 2 − 1

12
T 2
]
≈ 5

12
v
,2T 2

(107)
Consequently,

Su
t =

(x
,2)

1
2

T =

√
5
12
v,rmsT
T =

√
5
12
v,rms (108)

and
SuT
SuL

= 1 +
√

5
12

v,rms

SuL
(109)
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