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bstract

Vent devices for gas and dust explosions are often ducted to safe locations by means of relief pipes. However, the presence of the duct increases
he severity of explosion if compared to simply vented vessels (i.e. compared to cases where no duct is present). Besides, the identification of the
ey phenomena controlling the violence of explosion has not yet been gained. Multidimensional models coupling, mass, momentum and energy
onservation equations can be valuable tools for the analysis of such complex explosion phenomena. In this work, gas explosions vented through
ucts have been modelled by a two-dimensional (2D) axi-symmetric computational fluid dynamic (CFD) model based on the unsteady Reynolds
veraged Navier Stokes (RANS) approach in which the laminar, flamelet and distributed combustion models have been implemented. Numerical

est have been carried out by varying ignition position, duct diameter and length. Results have evidenced that the severity of ducted explosions is

ainly driven by the vigorous secondary explosion occurring in the duct (burn-up) rather than by the duct flow resistance or acoustic enhancement.
oreover, it has been found out that the burn-up affects explosion severity due to the reduction of venting rate rather than to the burning rate

nhancement through turbulization.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Vent devices for gas and dust explosions are often ducted to
afe locations by means of relief pipes, for the discharge of hot
ombustion products – even toxic – or blast waves [1,2]. Relief
ipes are specifically required when the hot jet flowing violently
rom the vent area has to be avoided, e.g. within buildings. On
he other hand, the presence of a duct is likely to increase the
everity of the explosion with respect to simply vented vessels
2–5].

In the last two decades a number of works have addressed

he issue of gas explosions vented through relief pipes [4–9].
everal phenomena were identified as affecting the increase of

he overpressure with respect to simply vented vessels such as
econdary explosion in the duct (burn-up), frictional drag and

Abbreviations: BML, Bray Moss Libby (model); CFD, computational fluid
ynamic; CFL, Courant–Friedrich–Levy (relaxation factor); RANS, Reynolds
veraged Navier Stokes (equations); 2D, two dimensional
∗ Corresponding author. Tel.: +39 0817682947; fax: +39 0817622915.
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nertia of the gas column in the duct, acoustic and Helmholtz
scillations.

Acoustic oscillations are deemed to be involved in the gen-
ration of later strong pressure peaks in simply vented vessels
10]. Kordylevski and Wach [7] detected acoustic oscillations in
he pressure records of their experiments on small-scale ducted
ent explosions suggesting this phenomenon could be some-
ow responsible for the unusual pressure rise in the vessel.
ctually the link was quite loose as they observed stronger pres-

ure rises (with respect to simply vented vessels) also in the
bsence of oscillatory behaviour. Moreover, Ponizy and Leyer
5] reported an increased violence of the duct-vented explosion
n a small scale with stoichiometric propane–air mixtures which
oes not constitute a suitable condition for acoustic enhancement
f explosion [11]. Helmholtz oscillations in small explosion
hambers fitted to venting ducts were observed early by Cub-
age and Marshall [12]. Also, McCann et al. [13] clearly detected
elmholtz oscillations in the final stages of explosions in small-
cale vessels fitted to duct of different lengths. They pointed out
hat such oscillations could play an important role in triggering
aylor instability. Nevertheless, this effect cannot be considered
ecessary condition for the increase of the explosion violence,

mailto:dibenede@irc.cnr.it
dx.doi.org/10.1016/j.jhazmat.2006.03.037
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Nomenclature
A area (m2)
c progress variable
c1 constant (see Table 1)
c2 constant (see Table 1)
CL constant (=0.5)
Dt duct diameter (m)
e internal energy (J kg−1)
f empirical function in Abu-Orf and Cant [33]
F friction factor for the flow in the duct
g constant (=1.5)
GM geometrical mean
Io mean stretch factor
k turbulent kinetic energy (m2 s−2)
K pressure loss coefficient
Ka Karlovitz number
lL laminar flame thickness (m)
lT integral length scale of turbulence (m)
Lt length of duct (m)
Ly flamelet wrinkling length scale (m)
ṁ mass flow rate (kg s−1)
P pressure (bar g)
R2 regression factor
SL laminar burning velocity (m s−1)
t time (s)
T temperature (K)
u gas velocity (m s−1)
u′ root mean square velocity (m s−1)
uF flame speed with respect to a fixed observer

(m s−1)
V volume (m3)
x space coordinate (m)
Y propane mass or molar fraction

Greek symbols
αI inertial relaxation factor
α constant (see Table 1)
β constant (see Table 1)
χ flame area enhancement factor due to turbulent

wrinkling
� difference across different sections of the rig
ε dissipation rate of turbulent kinetic energy

(m2 s−3)
ϕ analytical function determined in Molkov [19]
ν kinematic viscosity (m2 s−1)
ρ density (kg m−3)
σ variance
σy constant (=0.5)
Σ flame area to volume ratio (m−1)
τ heat release factor
ω̇ reaction rate (kg s−1 m−3)
ξ constant (Eq. (11))

Subscripts and superscripts
b burned
cell computational cell value

exp experimental
F flame
in tube entrance
L laminar
max maximum value
o reference conditions
out referred to the exit section of the duct to the

atmosphere
t tube
T turbulent
u unburned
v venting
0 time at which the flame enters the duct
– Reynolds average quantity
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s the occurrence of this flame front instability is well acknowl-
dged even in simply vented vessels [14]. Besides, as pointed
ut by the same authors, such oscillations should have more
ronounced effects on larger scale explosions as confirmed by
umar et al. [15], who detected severe Helmholtz type oscil-

ations for middle scale lean hydrogen–air explosions vented
hrough a duct.

The turbulent mixing of hot and fresh gases in the initial
ection of the duct after the flame entrance promotes a violent
urning therein (an explosion-like combustion or “burn-up”).
ence, the pressure impulse in the duct induces the backflow
f gases from the duct to the vessel with the possible conse-
uent turbulization of residual combustion in the vessel and the
lockage of the gas efflux [4,5]. This violent explosion in the
uct named as burn-up was addressed by some authors as the
ain responsible for the dramatic increase of the pressure in the

essel [4,5,9,16].
Other authors indicated additional pressure drops due to the

esistance of the gas flow in the vessel–duct assembly as main
esponsible for the higher pressure rise in the vessel with respect
o simply vented vessels [17,18]. Mechanical, steady-state type
ressure drops for the present configuration can be substantial
ue to the very high flow velocities attained in the duct and the
oncentrated losses in the sudden flow area changes (respec-
ively, at the duct entrance and exit).

On the theoretical side, some efforts have been devoted to
et insights into the phenomenon by developing mathematical
odels. Zero-dimensional models proved effective in advanc-

ng the comprehension and the formalization of data gained for
imply vented explosions [19–21]. Zero-dimensional and one-
imensional models [4,17] were also proposed to represent an
xplosion vented through a duct but result in a scarce predic-
ive capability as they rely strongly on empirical parameters.
n fact, it could not be expected that such models provided a

ound description of the phenomenon due to the assumption of a
pherical flame propagation whatever the geometric complicacy
here included the presence of a discharging duct). According to
hese models the enhancement of the burning rate through tur-
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ulization [4] and the friction losses [17] are the most important
henomena affecting overpressure.

The available guidelines for the design of ducted vents for gas
xplosions are those proposed by Bartknecht [3], also reported
n NFPA 68 [1], which gives barely an empirical correlation
ased on simply vented vessels indications presented in the same
eference. Due to their empirical foundation, NFPA correlations
re to be used very carefully as they can lead to gross errors [20].

Prior to any correlation development, a sensible approach
hould be trying to understand the relative contribution of all
bove reported events to the whole phenomenon. This step
ppears to be preparatory (if not mandatory) for the selection
f the ruling parameters and for the making of the necessary
pproximations aiming at developing sound engineering corre-
ations.

To this regard it must be noticed that, when care is used in ana-
yzing their results, computational fluid dynamic (CFD) models
an be valuable tools in assessing explosion scenarios provided
hat a satisfactory validation is carried out [22–26]. CFD mod-
ls can in principle take into account much more physics than
ero-dimensional models as they can, for example, relieve the
everely restrictive hypothesis on the geometry of the system
nd of the propagating flame.

In this work a theoretical model for the gas explosion vented
hrough a duct has been developed and numerically solved by

eans of the CFD-ACE+ code by CFDRC [27]. The model has
een validated and tested against the comprehensive set of exper-
mental data of Ponizy and Leyer [5,9]. Comparison of model
redictions with experimental data is presented and explana-
ions of experimental observed trends are proposed on the basis
f model results. More specifically, the effects of varying the
uct geometry (length and diameter) and the ignition position
ave been studied and analysed with the aid of the numerical
omputations. Detailed field data gained from the calculations
ave allowed to evaluate selectively the relative contribution of
he mechanical (hindered gas efflux) and chemical (enhanced
ombustion) contributions to the final pressure load recorded in
he system.

. The model

The analysis of ducted vented explosion has been performed
y means of a finite-volume CFD two-dimensional (2D) axis-
ymmetric model based on the unsteady Reynolds Averaged
avier Stokes (RANS) approach.

.1. Model equations

The model is based on the following unsteady Reynolds aver-
ged mass, momentum and energy balance equations.

∂ρ̄

∂t
+ ∂

∂xj

(ρ̄ũj) = 0, continuity equation (1)
∂(ρ̄ũi)

∂t
+ ∂

∂xj

(ρ̄ũjũi) = − ∂P̄

∂xi

− ∂

∂xj

(ρu′′
j u

′′
i ),

momentum balance equation (2)

m
s
t
l

Materials A137 (2006) 654–665

∂(ρ̄ẽ)

∂t
+ ∂

∂xj

(ρ̄ũj ẽ) = −P̄
∂ũj

∂xj

− ∂

∂xj

(ρu′′
j e

′′),

energy balance equation (3)

∂(ρ̄c̃)

∂t
+ ∂

∂xj

(ρ̄ũj c̃) = ¯̇ωc − ∂

∂xj

(ρu′′
j c

′′),

progress variable equation (4)

here ρ, P, u, c, e and ω̇c are, respectively, the density, the
ressure, the gas velocity, the progress variable, the internal
nergy and the rate of reaction. The over-bar (−) and symbol
∼) denote Reynolds and Favre average quantities, respectively,
nd (′′) represents fluctuating variables. In order to solve the sys-
em of partial differential Eqs. (1)–(4) the averaged flux terms
ρu′′

j u
′′
i , ρu′′

j c
′′, ρu′′

j e
′′) and the mean reaction rate ( ¯̇ωc) have to

e modelled.
Reliability of RANS predictions strongly depends on relia-

ility of sub-models used to describe the effects of combustion,
urbulence and their interactions at the scales not resolved by
he numerical grid. In the following the chosen turbulence and
ombustion models are described.

.2. The turbulence model

In this work the k–ε model [28] has been used to model
he turbulent flow. A number of shortcomings of k–ε mod-
ls when applied to turbulent combustion problems are known
nd is generally accepted that more complex second moment
eynolds stress models should be able to describe more of the

urbulence–combustion interaction [29]. Nevertheless, at least
or the current level of development, the widespread use of sec-
nd moment models is prevented by their lack of numerical
obustness [22], which makes un-worthy their much higher com-
utational cost with respect to traditional two-equations models.

Classical wall functions have been employed for the deter-
ination of the flow velocity in the viscous layer adjacent to

he walls. To this regard is worth noticing that the use of wall
unctions is expected to give poor results in the region of flow
eparation and reattachment, at the duct entrance. Nevertheless,
s this region is confined to a very small section at the beginning
f the duct, modelling errors related to this choice have been
eemed to be not dramatic [30].

.3. The combustion model

The explosion phenomenon is intrinsically unsteady: starting
rom ignition in the first vessel, a laminar flame propagates. Due
o the turbulence induced by gas expansion and interaction with
eometry, in particular with the duct entrance section, transition
rom laminar flame to turbulent flame may occur trough different
ombustion regimes.

The starting point in the development of the combustion

odel was the lack of a universal expression for the averaged

ource terms valid in all the combustion regimes. To this aim
he source term has been adapted at each time step referring to
ocal non-dimensional quantities related to the flow and combus-
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Table 1
Parameters used for the combustion models, propane–air mixture
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ion characteristics (such as the ratio of the turbulent fluctuating
elocity to the laminar burning velocity and the Karlovitz num-
er). Different expressions have been used to allow for the
ifferent combustion regimes experienced during the explosion:

u′

SL

)
≤ 1, laminar or wrinkled combustion regime (5)

u′

SL

)
> 1 and Ka ≤ 100, flamelet combustion regime

(6)(
u′

SL

)
> 1 and Ka > 100,

distributed reaction zone combustion regime (7)

n the above expressions u′ is the root-mean-square (rms) veloc-
ty fluctuation defined by u′ = √

2/3k where k is the turbulent
inetic energy, SL the laminar burning velocity of the mixture
nd Ka is the Karlovitz number calculated according to Veynante
nd Vervisch [31]:

a =
(

lL

SL

)( ε

ν

)0.5
(8)

here ν and ε are, respectively, the kinematic viscosity and the
ate of dissipation of turbulent kinetic energy, and lL is the lam-
nar flame thickness calculated as:

L = ν

SL
(9)

he combustion models were implemented in the CFD code by
eans of user-subroutines. Description of the chosen model for

ach regime follows.

.3.1. Laminar flame propagation
A phenomenological approach has been used for the laminar

hase propagation [32]:

¯̇ Vcell = YuρuSLAF (10)

here Vcell is the volume of the computational cell, Yu the
ropane mass fraction in the unburned gases and AF is the flame
rea in the computational cell. It is worth noticing that all CFD
odes which rely on expressions like Eq. (10) to represent the
aminar phase combustion [25,26], involve corrections and/or
djustable parameters to estimate the flame area. In the present
ork the flame area in each computational cell in the laminar
hase has been calculated as:

F = ξV
2/3
cell (11)

here the constant ξ (=5/3) has been evaluated by matching
he calculated pressure curves in the laminar phase propagation
ith the experimental trend for a single experimental case and in

articular for the rear ignition base test case by [5,9] described in
etails in Section 3. Any numerical test case or model validation
eported in this work has been obtained by using the constant
alue of ξ reported above.

l
l
l
f

.77 −0.25 0.42 0.5 2.6 4 1.5 0.5

The acceleration of combustion due to the pre-compression
f unburned gases ahead of the flame has been taken into account
llowing a dependence of the laminar burning velocity on pres-
ure and temperature:

L = So
L

(
T

T o

)α(
P

Po

)β

(12)

here So
L is the laminar burning velocity at the reference pressure

nd temperature Po and To (assumed to be the room conditions),
nd α and β are constants which vary with fuel. The values of
he constants are given for propane in Abu-Orf and Cant [33]
nd are reported in Table 1.

.3.2. Flamelet combustion regime
Eddy break up models [34] and algebraic flamelet mod-

ls [35] have been traditionally the most widely used due to
heir simplicity and low computational cost. Both these models
nvolve an expression of the type:

¯̇ ∝ 1

lT
(13)

here lT is the local integral length of turbulence. Expressions
ike Eq. (13) lead to not bounded values for the burning rates
hen combustion spreads near walls as lT approaches zero near

olid surfaces. Due to the particular relevance of combustion
nto boundary layers in our configuration, a modified form of
he algebraic flamelet expression has been used [33]. In this
quation the turbulence length is replaced by a laminar length
hat preserves a finite value close to solid surfaces.

The general algebraic flamelet expression as proposed in Bray
nd Libby [35] is:

¯̇ = ρuSLIoΣ (14)

here Io is the “mean stretch factor”, assumed as 1 in the present
ork and Σ is the flame area density expressed as:

= g
c̄(1 − c̄)

σyLy
= g

σyLy

1 + τ

(1 + τc̃)2 c̃(1 − c̃) (15)

here the constants g and σy are, respectively, 1.5 and 0.5, τ

he heat release factor (τ = Tb/(Tu − 1)) with Tu and Tb, respec-
ively, the temperature in the unburned and burned gases, and
y is the characteristic flamelet length expressed in the original
ersion of the model as proportional to the integral turbulence

ength. In Abu-Orf and Cant [33] the expression for the flamelet
ength is expressed as a function of the characteristic laminar
ength and is fitted with an experimentally determined function
which returns the turbulent burning velocity as a function of
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he normalized rms velocity (u′/SL):

y = CLlLf

(
u′

SL

)
(16)

here CL is a model constant.
Another major issue of this expression is that the empirical

unction f allows the extension of the validity of the starting
xpression beyond the flamelet regime to regimes characterized
y high strain rates. This characteristic has been of fundamental
mportance for our configuration as high strain rates and sub-
equent (temporary) flame quenching are attained in the first
ections of the duct [36], thus playing a crucial role in the devel-
pment of the whole combustion process. It is here important
oticing that no adjustable parameter has been fitted in the mod-
fied flamelet expression to evaluate the turbulent cell flame area
s this value is calculated by the model as a flame area density
Σ).

.4. Numerical solution

Resolution of the discretized set of Eqs. (1)–(4) has been
arried out by means of the SIMPLEC algorithm extended to
ompressible flows [37]. Pressure-correction methods, extended
o allow for arbitrary Mach numbers, are effective in treating
he viscous compressible fluid dynamic equations in both the
igh and low Mach number limits, which both occur in vented
xplosions.

A fully unstructured grid has been used to mesh the physi-
al domain whose cylindrical shape has allowed the choice of a
D axi-symmetric numerical domain (see Fig. 1). Non-uniform
nstructured grids have been preferred to structured grids aiming
t minimizing discretization errors [30] and at avoiding artifi-
ial preferential direction of flame [26]. Triangular cells have
een used whose characteristic linear dimension (diagonal) lies
n the range: �x = [10−3, 10−2 m]. The smallest cells have been
equired in correspondence of the vessel–duct restriction while
ell size has been relaxed in the bulk of the main chamber and in

he external (virtual) chamber the latter being meshed with the
oarsest cells. The smallest cells have been required to capture
teep gradients characterizing the flow restriction. On the other
and, in the same cells, high flow velocities were attained result-

w
T
v
A

ig. 1. (a) Experimental set-up of Ponizy and Leyer [4]. The major monitor points are s
rid used for simulation. Detail of the duct entrance.
Materials A137 (2006) 654–665

ng in critical conditions for the numerical convergence. Hence,
ur choice has been oriented toward a fully implicit scheme
nd the fully implicit first order Euler algorithm has then been
hosen.

The time step is controlled by a Courant-like criterion:

teffective = CFL × min(�tconv, �tdiff , �tchem) (17)

here �ti are the characteristic times of the different phenomena
n each computational cell (convection, diffusion and reaction)
nd the CFL parameter is given by the following relationship:

FL = 1

αI
(18)

here αI is the inertial relaxation factor.
The presence of the steep temperature and progress variable

radients at the flame front together with severe gradients of
ow velocity and turbulent variables in the boundary layers,
as led to the choice of first order upwind differences in the
patial discretization scheme for all the variables in order to
void numerical instabilities of the computed solutions.

The accuracy of the numerical solutions has been checked by
tudying three mesh sizes obtained by refining a starting grid:
he finer grids have been obtained reducing the cell size of the
oarse starting grid (about 12,000 cells). Discretization error has
een estimated to be lower than 10% on the finest grid (about
8,000 cells) and about 20% on the coarsest grid (percentage is
eferred to the estimated exact numerical solution). This differ-
nce has been deemed to be not dramatic for the purposes of the
resent work and all calculations have then been carried out on
he intermediate refined grid.

Numerical computations have been carried out on a par-
llel cluster employing eight processors AMD Opteron 200
2.4 GHz). Run-times were approximately 6 h for the interme-
iate grid (24,000 cells).

.5. Simulation conditions set-up

Validation of the model has been addressed by comparison

ith the experimental results obtained by Ponizy and Leyer [5].
hey reported tests carried out in a cylindrical vessel of fixed
olume (V = 0.0036 m3) connected to a coaxial cylindrical duct.
sketch of the base case experimental set-up is shown in Fig. 1,

hown. Dimensions are in meters. (b) Non-uniform fully unstructured numerical
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here the experimental monitor points corresponding to numer-
cal monitor points, for the sake of comparison, are also reported.

Experiments were performed for propane–air stoichiometric
ixtures (Yu = 4.0 vol.%) and by varying the tube length Lt, the

uct diameter Dt and the ignition position (either in the geomet-
ical center of the main vessel or in the rear side, opposite to duct
ntrance). Initial conditions consisted in atmospheric pressure
nd temperature for all performed test.

. Results and discussion

In the following, the model results are compared with the
xperimental results of Ponizy and Leyer [5,9]. Hence, insights
nto the phenomena affecting the dramatic increase of pressure
n the case of ducted venting are given.

A base case is first defined as the case with tube length
t = 2.6 m and diameter Dt = 0.036 m and rear ignition.

For this configuration, Fig. 2 shows the pressure histories in
he vessel (monitor 3 in Fig. 1) as obtained by the experiment
5] and by the numerical simulation. For the same case, Table 2
eports the comparison between the peak pressure (Pmax), the
ime at which the flame enters the duct (t0) and the corresponding
essel pressure (P0), for both numerical and experimental tests.

The experimental pressure trace of Fig. 2 shows that before
he flame enters the duct (t < 39 ms), a laminar-like flame propa-

ation occurs and that the pressure reaches a quasi-steady-state
s the pressure trend seems to reach a plateau: before the flame
nters the duct, the combustion rate is balanced by the venting
ate. Soon after the flame enters the duct, a steep increase of the

ig. 2. Pressure at monitor 3 (see Fig. 1, x = 0.35 m) as measured experimentally
nd calculated by CFD simulation. The correspondent pressure history obtained
n the absence of duct is also reported.

able 2
omparison between the experimental and the calculated values of pressure and
rrival time of flame to the duct entrance

Pmax (bar g) P0 (bar g) t0 (ms) Pmax − P0 (bar)

xperimental 1.90 0.69 37 1.21
odel 2.02 0.9 39 1.12

ear ignition; Lt = 2.6 m; Dt = 0.036 m.

d
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ig. 3. Flame speed as a function of the axial position in the duct. Experimental
nd model results for the base test case: Lt = 2.6 m, Dt = 0.036 m, rear ignition.
lame speed values are referred to a fixed frame of reference (laboratory frame).

ressure occurs and the peak pressure is reached. This qualitative
ssue featuring the experimental traces has also been captured
y the numerical results.

Shortly after the flame entrance in the duct, the vessel pres-
ure shows an oscillating behaviour. The computed amplitude
≈30 kPa) and frequency (≈1500 Hz) of the pressure oscilla-
ions are close to the experimental values reported by Ponizy
nd Leyer [5,9]. To this regard, it must be noticed that the fun-
amental resonant frequency of the cylindrical vessel under
onsideration is about 1200 Hz [38]. The observed pressure
scillations could then be related to the acoustic modes of the
essel when the flame has already entered the duct leaving an
lmost completely burned mixture in the combustion chamber.

In Fig. 3, the flame speed relative to a fixed observer (uF) as
function of the duct axial position is plotted as obtained by the
xperiments and by simulation of the base case. For both trends
wo quenching points are found, as the flame speed shows two
elative minima.

The first point is observed in a section close to the duct
nlet (xduct ≈ 0.1 m), whereas the second quenching point is
ound at xduct ≈ 1 m by the experiments and slightly upstream,
duct ≈ 0.6 m, by the numerical model. It is here worth noticing
hat the flame quenching at the beginning of the duct is a key
henomenon in the subsequent development of combustion in
he duct. The flow restriction at the duct entrance induces a flow
eparation zone at the beginning of the duct followed by a reat-
achment zone where turbulent mixing occurs between cold and
ot gases [36]. This fast mixing suddenly withdraws heat from
he propagating flame temporarily quenching it but at the same
ime poses conditions for the subsequent violent local combus-
ion (burn-up).

The agreement between model and experimental results has
een deemed to be satisfactory standing the ability of the model
o reproduce both the pressure history, a global variable, and,
ore effectively, the dynamics of flame propagation. Hence,
he numerical results have been exploited to assess the effect of
ifferent phenomena on the vented explosion.

In Fig. 2, the model pressure trend obtained in the absence
f the duct is also reported. The presence of the duct causes a
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ramatic increase of the peak pressure from 0.9 to 2.02 bar g,
hus approximately doubling the peak pressure.

The reason for the dramatic increase of the pressure has to be
larified. As cited above, Ural [17] and Lunn et al. [18] assumed
rictional losses in the vessel–duct assembly as the main mech-
nism responsible for the increase of the vessel pressure with
espect to the corresponding simply vented vessel. Conversely,
onizy and Leyer [5,9] and Molkov [4] addressed the combus-

ion in the duct (in particular the secondary explosion occurring
n the initial sections of the duct). The two hypotheses are dis-
ussed and analysed in the following.

.1. Burn-up related effects

In Fig. 4, for the base case defined previously, the pressure
istory in the vessel P3 is compared to the pressure in the initial
ections of the duct P7, and to the pressure difference between
he vessel and the duct �P = P3 − P7 (all computed values).
rom the figure, it is clear that during the flame propagation

n the vessel (t < 39 ms) P3 is higher than P7, thus promoting
he mass flow rate from the vessel to the duct. After the flame
nters the duct (t > 39 ms), a sharp increase of the pressure in
he duct occurs (burn-up) inducing a temporary sign reversal of
he pressure difference across the duct entrance (backflow). The
lot of the venting rate against time suggests that this inversion

s accompanied with an effective flow reversal.

It is known that the peak pressure reached in a vented vessel is
he outcome of a competition between the combustion rate and
he venting rate that, following Molkov [19], can be formalized

ig. 4. Vessel (P3, x = 0.35 m) and duct (P7, x = 0.47 m) pressure, venting rate,
ressure difference across the duct entrance and turbulization factor in the vessel
s a function of time.
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s:

max = ϕ

(
combustion rate

venting rate

)
(19)

here ϕ is a function determined by means of a zero-dimensional
odel.
On this basis, it has to be still understood if the overpressure

nside the ducted vessel is the result of the mechanical effects,
ue to a low effectiveness regime of venting or rather to chem-
cal effects, because the flux shot from the duct to the vessel
urbulizes the flame and promotes a more intense combustion.

.1.1. Mechanical effect: venting rate
When burn-up occurs (t = 39 ms), the velocity of flow is

irected from the duct toward the vessel. In Fig. 4 venting rate
nd the pressure drop are shown as function of time. The venting
ate was calculated according to the following formula:

˙ v =
∫

Av

ρu dAv (20)

here ṁv is the mass flow rate through the vent section, Av the
enting section (which corresponds to the duct section) and u is
he axial component of velocity. From Fig. 4, it is possible to see
he inversion of the flow rate when the duct pressure becomes
igher than the vessel pressure (�P < 0). When negative venting
ate occurs, combustion in the vessel proceeds as in a closed
quipment and the pressure increases as burnt products are not
ented.

.1.2. Chemical effect: turbulization
In Fig. 5, the propane mass fraction field is plotted in

he vessel–duct configuration before the flame enters the duct
t = 30 ms), when the flame enters the duct (t = 38.4 ms) and in
orrespondence of burn-up, i.e. when the pressure in the initial

ection of the duct (x = 0.47 m; monitor 7) reaches a peak value
t = 39.8 ms).

At t = 30 ms the flame is still in the vessel and the flame prop-
gation is laminar. At t = 38.4 ms the flame is just entering the

ig. 5. Propane mass fraction field in the vessel–duct configuration before flame
nters the duct (t = 30 ms, top), when the flame enters the duct (t =38.4 ms, center)
nd in correspondence of burn-up (t = 39.8, bottom).
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uct. The backflow following the burn-up (t = 39.8 ms) interacts
ith the flame in the vessel causing both a flame deformation

grid-resolved) and a turbulence-induced flame wrinkling (sub-
rid). From this time on the combustion in the vessel proceeds in
he flamelet regime and the burning rate experiences an effective
ncrease as a consequence of the overall flame area increase.

In order to quantify the increase of the burning rate taking
nto account the subgrid increase of the flame surface due to the
urbulence, we have evaluated the turbulization factor χ defined
n analogy with Molkov [19]:

= turbulence − wrinkled flame surface

smooth flame surface
(21)

n Fig. 4, the value of χ averaged on the whole flame surface
s plotted as a function of time together with the pressure drop.
t turns out that when backflow occurs (�P < 0), χ increases
rom 1 (laminar flame propagation) to about 7, suggesting that
hortly after the burn-up the combustion rate exhibits a great
nhancement.

It is here worth noting that the effective pressure rise enhance-
ent depends not only on the burning rate but also on the actual

mount of residual unburnt mixture present in the vessel at the
oment of back-flow. In Fig. 5, it is shown that at the instant after

he burn-up cold unburnt mixture is still present in the vessel.
Model results have been exploited to assess the relative effect

f mechanical and chemical phenomenon on pressure rise. Fig. 6
hows the vessel pressure as a function of time in the standard
ase (RUN 1) and in the simulation performed by eliminating
he effect of turbulence on the residual combustion in the vessel
laminar flame). The results obtained for the un-ducted vented
essel (RUN 2) are also reported for the sake of comparison. In
his way, we have intended to eliminate the combustion effect

i.e. enhanced burning rate in the vessel due to turbulization) and
o take into account only the mechanical effect (i.e. the reduced
ffectiveness of venting due to combustion in the duct). It is
orth noting that in the case of a purely laminar flame propaga-

ig. 6. Calculated pressure histories in the vessel (monitor 3); vessel with duct,
ase case (RUN1); vessel with duct in the absence of turbulent enhancement of
he burning rate in the vessel; vessel without duct (RUN2); vessel with duct in
he absence of combustion in the duct (RUN3).
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ion in the vessel the peak pressure is slightly lower (1.72 bar g
ather than 2.02 bar g) but it is considerably higher than that
eached in the corresponding simply vented vessel. This result
as allowed us to quantify the relevance of turbulization with
espect to the mechanical effect on the final vessel overpressure,
uggesting that the mechanical effect (again, here intended as a
educed venting effectiveness due to combustion in the duct) is
at least in the investigated conditions – more relevant than the

urbulization effect.

.2. Gas column inertia and frictional losses

To assess the weight of the gas column inertia and the fric-
ional losses with respect to burn-up on the pressure rise we have
un simulations by assuming as zero the source term for reaction
ate in the duct, i.e. numerically suppressing the burn-up (RUN3,
ig. 6). We have then compared the results with the standard
imulation results and with the simply vented vessel results. In
he ductless simulation (RUN 2), the slope of pressure history
hanges earlier than the other two cases thus suggesting that the
ame reaches the vent section earlier with respect to the pres-
nce of the duct (t0 = 30 ms instead of t0 = 39 ms). Earlier arrival
f the flame at the venting opening brings an earlier start of the
isturbing effects related to the venting process and that affects
arlier the slope of the pressure trace.

Nevertheless, the flame propagation in the vessel without the
uct, before the flame entrance into the duct, induces a lower
ressure rise with respect to combustion in the presence of the
uct. This difference (≈0.064 bar) could be attributed to the
dditional frictional losses that arise in the presence of the duct.

More important is noticing that in the absence of reaction in
he duct (RUN 3), the peak pressure is significantly lower than
hat reached in the standard simulation (RUN 1 where combus-
ion in the duct was allowed) and it is almost equal to the simply
ented vessel pressure peak (RUN 2).

In conclusion, frictional losses and the gas column inertia
ave a relevant role in affecting the pressure rise only during the
nitial laminar flame propagation in the vessel, while combustion
n the duct (and more specifically the burn-up related effects as
iscussed above) seems to be the key mechanism affecting the
eak pressure.

This result also confirms the hypothesis of Molkov [4] and
onizy and Veyssiere [16], who proposed that the peak pressure

n this venting configuration could be mitigated by reducing the
ntensity of combustion in the duct (by means, respectively, of
ater sprinklers or flame arresters).

.3. Effects of ignition position

When explosion occurs in simply vented systems, the igni-
ion position strongly affects the peak pressure reached in the
essel. In a very comprehensive review of vented explosion data,
radley and Mictheson [39] showed that central ignition has to

e considered as the worst case (i.e. the one giving the highest
aximum pressure) with respect to other ignition positions.
In the presence of venting ducts, Ponizy and Leyer [9] also

howed that the vessel overpressure is highest when ignition
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Table 3
Effect of ignition position

Ignition Pmax (bar g) P0 (bar g) t0 (ms) Pmax − P0 (bar)

Rear
Experiment 1.76 0.66 33.9 1.1
Model 1.73 0.87 38 0.73

Central
Experiment 2.01 0.37 22.9 1.64
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vessel–duct assembly causes a pressure drop that adds to the
combustion-related pressure rise in the vessel.

Ponizy and Leyer [5,9] carried out tests varying the duct
length between 0.6 and 2.6 m. In Fig. 8, the comparison between
Model 2.32 0.24 22 2.07

omparison between the experimental and the model values of pressure and
ime. Lt = 1.7 m and Dt = 0.036 m.

ccurs at the centre with respect to both the cases of rear and
ear vent ignition.

Table 3 reports the comparison between the major variables as
alculated by the model and experimentally obtained by Ponizy
nd Leyer [5], for rear and central ignition for a 1.7 m duct length
nd a 0.036 m diameter.

It is here important noting that even if the rear ignition case
s characterized with higher rates of pressure rise in the vessel
dP/dtrear > dP/dtcentral), the final pressure peak is higher in the
entral case ignition (Pmax,central > Pmax,rear) and the model is
ble to follow the experimental trends.

Model results have been employed to assess the hypothe-
is formulated by Ponizy and Leyer as an explanation of the
bserved trends.

Ponizy and Leyer [5,9] proposed that in the case of rear igni-
ion most of the unburned mixture is combusted in relatively mild
onditions before the burn-up related events (i.e. the backflow
nd the subsequent turbulization and low effectiveness venting
egime). In these conditions, even if the rear ignition case is char-
cterized with higher reactivity after the burn-up (i.e. higher rates
f pressure rise in the vessel), a low amount of unburned mix-
ure is available for the residual combustion eventually leading
o lower maximum pressure than central ignition.

Plots of Fig. 7 give evidence that the rear ignition case is
haracterized with a more prolonged, quasi-steady, laminar-
ike (χ = 1) combustion before the backflow occurs (negative
enting rate) and before pressure build up effects commence
n the vessel. Moreover, Fig. 7 confirms that a more intense
urning rate enhancement is to be expected in the rear case as
rear,max > χcentral,max. On the other hand, the same figure sug-
ests that the enhanced combustion phase in the rear case is of
ery short duration while it stands for a quite longer time in
he central ignition case. It is just worth noticing that the latter
ssue is the definite indication of a higher quantity of residual
nburned mixture in the vessel in the central ignition case that
ventually leads to higher peak pressure.

.4. Effect of duct length

The effect of the duct length on explosions vented through
elief pipes was extensively studied in the literature [3,5–7,40]

llowing to establish quite a clear trend. The maximum pressure
xperiences a very rapid increase with the initial increase of the
uct length, while increasing (or even decreasing) with lower
ates as the duct length is further increased. Effects related to

F
t
b
(

ig. 7. Effect of ignition position. Comparison between calculated turbu-
ence factors and venting rates for rear and central cases ignition. Lt = 1.7 m;

t = 0.036 m.

he duct length were traditionally dealt with guessing a role for
he additional pressure drops related to the presence of the duct
3,18]. Indeed, as already mentioned, the flow resistance in the
ig. 8. Duct length effect. Comparison between calculated and experimen-
al maximum pressure in the vessel as a function of duct length; comparison
etween calculated pressure drops and duct related pressure rise in the vessel
P3,max − P3,max,ductless vs. Lt) following burn-up effects.
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Table 4
Effect of diameter

Diameter (m) P3,max (bar g) P3,0 (bar g) t0 (s)

0.016
Experiment 1.75 1.25 65
Model 2.14 1.67 66.5

0.021
Experiment 1.4 0.9 51
Model 1.55 1.1 51.3

0.036
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Increasing the duct diameter is always accompanied with the
increase of the venting rate, which tends to relieve the pressure
in the vessel. On the other hand, larger diameters result in more
pronounced flame distortions, thus promoting the pressure rise
G. Ferrara et al. / Journal of Haza

odel and experimental results for a 0.036 m duct diameter is
eported. Both the experimental and the model data show an
ncreasing trend as function of the duct length. Numerical results
ave been used to gain some insights into the shape of the max-
mum pressure in the vessel as a function of the duct length
rying to ascertain the role of purely mechanical pressure drops.
alculated flow gas velocities (averaged values along the duct
xis) have been collected for the various duct lengths aiming at
stimating the additional pressure drops due to the presence of
he duct. Fig. 8 reports the evaluated pressure drops as a func-
ion of the duct length relative to instants following the burn-up.
teady-state pressure drops have been evaluated by means of
q. (22):

Psteady = �Pin + �Pduct + �Pout

= 1

2
ρu2

(
Kin + 4F

Lt

Dt
+ Kout

)
(22)

n Eq. (22), �Psteady is the overall pressure loss across the duct,
Pin and �Pout the concentrated pressure losses at the duct

ntrance and exit, �Pduct the distributed pressure loss along the
uct, Kin and Kout, respectively, the pressure loss coefficients for
sudden flow area restriction and a sudden flow area enlarge-
ent (compressibility effects have been taken into account using

alues suggested in Benedict et al. [41]) and F is the friction
actor for the flow in the duct evaluated from traditional rela-
ionships [42].

In Fig. 8, the pressure drop calculated according to Eq. (22)
nd the difference between the peak pressure in the vessel in the
resence of the duct and that in the corresponding ductless vessel
P3,max = 0.9 bar g) are plotted versus the duct length. It is worth
oting that the order of magnitude of these pressure differences
s the same suggesting that the effect of length is mainly related
o the pressure drop. As a consequence by increasing the duct
ength, the overpressure in the vessel is increased according to
he pressure drop.

.5. Effect of diameter

The effect of vent area on the maximum pressure reached
n a simply vented gas explosion was thoroughly investigated
20,39]. Analysis of very large data collection in such works
llowed to derive empirical correlations reporting an always
onotonic decrease of the maximum pressure with vent area.
To the authors’ knowledge, studies of the vent area effects for

as explosions vented through relief pipes were only performed
y Ponizy and Leyer [5,9] and by Molkov [4].

An interesting issue was shown in the paper of Ponizy and
eyer [5] as the vessel overpressure displayed a non-monotonic
ehaviour with respect to the vent area (i.e. the duct diameter).
n particular the maximum pressure was observed to exhibit a
inimum in correspondence of an intermediate value of the duct

iameter for all the investigated duct lengths.

In the present work, the experimental results of Ponizy and

eyer [5] for a 1.1 m duct length and three duct diameters (0.016,
.021 and 0.036 m), have been numerically reproduced. As seen
n Table 4, the model is able to predict the experimental non-

F
b
D

Experiment 1.9 0.6 34.9
Model 1.67 0.71 36.1

omparison between calculated and experimental values.

onotonic behaviour. In Fig. 9, the propane mass fraction is
hown for the three diameters in correspondence of the backflow
ime (i.e. when the burning rate enhancement is expected to occur
n the vessel).

Fig. 10 reports the venting rates and the flame averaged
nhancement factors (χ) as function of time, for the three diam-
ters. It can be seen from the latter that flame propagation in
he vessel vented through the smallest duct diameter is almost
n-disturbed with respect to the larger diameters (the χ factor
alue is definitely lower than the other two). At the same time,
ven if no substantial combustion enhancement is observed, the
enting effectiveness is so low that it prevails in determining the
ressure rise.

Therefore, even if venting effectiveness is higher for the
ighest diameter (Dt = 0.036 m), the burning rate enhancement
revails, leading to higher pressure rise, as also hypothesized by
onizy and Leyer [5] for the observed trend.

The non-monotonic trend can be explained as the outcome of
he competition between the burning rate and the venting rate.
ig. 9. Effect of diameter. Visualization of the progress variable field after
urn-up for different diameters: Dt = 0.016 m (top); Dt = 0.021 m (central);

t = 0.036 m (bottom). Lt = 1.1 m.
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ig. 10. Effect of diameter. Comparison between calculated venting rates and
urbulent enhancement factors for different diameters.

n the vessel. This issue can possibly allow the definition of opti-
um design for vent sizing, at least at the scale of the reproduced

xperiments.

. Model performance evaluation

In order to verify the CFD model used we have applied the
est based on MEGGE Protocol by European Community for
as explosion model evaluation [43]. According to this test, it is
ossible to evaluate the performance of the model by calculating
he bias and the variance. We have then represented our model
esults in comparison with the experimental results of Ponizy
nd Leyer [5,9] in the mean-variance diagram. The geometric
ean (GM) and the variance (σ) have been calculated as follows:

M = exp

(〈
ln

(
Pmodel

Pexp

)〉)
(23)

= exp

(〈
ln

(
Pmodel

Pexp

)2
〉)

(24)

here Pmodel and Pexp are, respectively, the model value and the
xperimental value, and the term 〈x〉 represents the mean expec-
ation value. In Fig. 11, the geometric mean is plotted versus the
ariance as obtained by averaging the seven simulation results
n term of the overpressure reached in the vessel. It is shown
hat the resulting simulation point (•) lies in the zone where the
ystematic error of the over or under prediction of the overpres-
ure is absent (GM = 1) and the confidence level (variance) is
cceptable.

In the bottom of Fig. 11 the overpressures obtained by the

imulations are shown as function of the overpressure obtained
n the experiments. It is shown that almost all the results lie in
he 50% with a mean relative error equal to 8.6% and a standard
eviation of the relative error equal to 13.3%.

r
t
t

ig. 11. Model evaluation: geometric mean variance vs. geometric mean bias
top) and predicted vs. experimental overpressure (bottom).

This comparison has been performed for a set of only seven
imulations. However, it suggests that the performance of the
FD model with respect to the explosion simulation in such
onfiguration is satisfactory.

. Conclusions

A CFD model based on the unsteady RANS approach for the
umerical simulation of a gas explosion vented through a duct
as been proposed.

In this model an adjustable parameter is present for the cal-
ulation of the flame area of the laminar combustion rate. This
arameter has been identified by matching the computed and the
xperimental pressure of the rear ignition case. The model has
hen been validated by comparing the simulation results with the
xperimental values of peak pressure and flame speeds, keeping
xed this value. The satisfactory agreement between the model
esults and the experiments has allowed to use the developed
FD code as a numerical tool able to give reliable prediction of

he observed experimental trends and it has been then exploited
o gain some insights into the phenomenon.
The comparison between simulations of the ductless configu-
ation and by neglecting the source term in the ducted configura-
ion has allowed to ascertain that, the burn-up related effects are
he key phenomena in determining the pressure rise in the ducted
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[41] R.P. Benedict, N.A. Carlucci, S.D. Swetz, Flow losses in abrupt enlarge-
G. Ferrara et al. / Journal of Haza

enting configuration, in agreement with Ponizy and Leyer, and
olkov findings.
Among the effects of burn-up on the explosion severity it has

een shown that the reduction of venting rate (mechanical effect)
ather than the burning rate enhancement through turbulization
combustion related effect) is responsible for the recorded over-
ressure.

Numerical tests have been carried out by varying the duct
eometry (diameter and length) and the ignition position. The
atter has been found to affect strongly the vessel overpressure
hrough the combustion of the residual unburnt mixture in the
essel after burn-up. With respect to geometrical parameters,
umerical flow field representations have indicated that larger
uct sections are not a priori beneficial to relieve the pressure in
he vessel, due to the flame distortion effects.
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