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bstract

The aim of the present study is the simulation of the dispersion of natural gas issuing from the silencer of compressor stations during vent
perations. The objective is to analyze the dispersion of the gas emitted under different conditions of mass flow rate at the exit and ambient
ross-flow velocity. We have considered a silencer with an upper cover to protect it from the rain and the fall of objects. The influence of the upper
over of the silencer on the dispersion of natural gas has also been studied, and non-dimensional approaches of the model have been proposed

o simplify the problem. Seven different cases have been solved, using two models: a 3D model based on the commercial code FLUENT, and a
implified quasi-one-dimensional model. The results obtained in both cases have been compared, and the range of validity of the one-dimensional
odel in non-dimensional form has been discussed.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Natural gas compressor stations are installed in natural gas
etworks to compensate the pressure drop caused by the move-
ent of the gas in the pipeline. In the operation of the compressor

tations, it is necessary to accelerate the gas compressor by
ean of an auxiliary system prior to start up the engine or

as turbine that drives the gas compressor (mechanical issues
o not allow to start up the engine/gas turbine from zero rpm
t the compressor). Traditionally, the easy and simple way to
o this has been venting high pressure natural gas from the
ipeline (normally more than 30 bar) through the compres-
or itself, where the expansion of the gas accelerates it to the
equired initial circular speed. This low pressure natural gas,
bout 6 bar, is venting to the atmosphere through a silencer that

ometimes has an upper cover to protect it from the rain and
all of objects. This start up procedure is now been substituted
y the utilization of start up electrical engines due to the envi-

∗ Corresponding author. Tel.: +34 91 336 4156; fax: +34 91 336 3006.
E-mail address: garcia@etsii.upm.es (J. Garcı́a).

n
a
o
fl
i
g
e

304-3894/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2007.07.089
onmental concerns caused by the emission of methane to the
tmosphere.

Additionally, sometimes it is necessary to empty all the pres-
urized piping in the compressor station for maintenance works
r any other cause. This is equally done through the silencer.

The analyzed silencer is shown in Fig. 1. The natural gas
xits through two concentric circular rings; the diameter of the
argest ring is 1.57 m approximately, and that of the inner one is
.18 m. The passage of the gas is hindered by the upper cover,
hich has the shape of an inverted cone, in such a way that the
as leaves the silencer with a radial component of velocity.

This kind of silencer with the upper cover has been utilized
afely in compressor station for more than 20 years. The aim
f the silencer is to reduce the noise in vent operations to a
evel below the regulations requirements and acceptable to the
eighbors to the facility. The silencer is located in the middle of
n exclusion zone, inside the limits of the compressor station, in
rder to provide enough space to disperse the gas cloud below the

ammability limit without causing any hazard to the surround-

ngs. However, in very particular operation and wind conditions,
as has been detected near the ground outside the limit of the
xclusion zone; although the gas concentration is well below the

mailto:garcia@etsii.upm.es
dx.doi.org/10.1016/j.jhazmat.2007.07.089
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Nomenclature

A, B, C constants
b plume radius
d parameter for the Gaussian profile
g gravity
F0 buoyancy flux
m0 plume flow rate at the source
M0 plume momentum at the source
r radial coordinate
s centre line
u velocity
U ambient air velocity
x streamwise coordinate
y transversal coordinate
Y mass fraction
z vertical coordinate

Greek letters
α (0.12), β (0.5), ε (0.125) entrainment coefficients
θ angle between the horizontal and plume centre

lines
Λ non-dimensional momentum flux, Eq. (9””)
μ, μ1 non-dimensional mass flux at origin, Eqs. (14) and

(8””)
ρ density
ϕ scalar variable

Subscripts
0 source of the plume (s = 0)
1 non-dimensional value for cases without upper

cover
2 non-dimensional value made for cases with upper

cover
a ambient air
c centre line
N natural gas
< > average value in the plume
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plumes shapes. They concluded that they are due to two different
causes: the modification of the entrainment rate due to changes
ammability limit (<1 vol.%), it is high enough to produce mal-
unctions of the gas turbine driving the compressors, if mixed
ith the combustion air of the turbine.
The generally accepted lower flammability limit (LFL) of the

atural gas is the one of methane (main component, >90 vol.%
ormally, of natural gas), which is set at a 5 vol.% in the liter-
ture related to industrial safety, see Lees’ [1] and Santamarı́a
nd Braña [2]. Recently, experiments have been reported in the
iterature to determine the flammability limits of the mixture
f natural gas and air (Liao et al. [3,4]). They found that the
ammability region is from 5.0% to 15.6% of natural gas by
olume at ambient conditions, which is comparable with that of
ure methane in air. For standardization and certification pur-

oses, the official LFL for methane is established at 4.4 vol.%,
ee EN 61779-1:2002 [5].

i
d
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The objective of the present study is to analyze the dispersion
f the gas emitted under different conditions of mass flow rate at
he exit and of ambient cross-flow velocity, assuming steady state
onditions. Seven different cases are solved, using two models: a
hree-dimensional model using the commercial code FLUENT,
nd a quasi-one-dimensional model, based on the work of Castro
t al. [6] and Servert et al. [7]. The results obtained in both
ases are compared, both in dimensional and non-dimensional
orm, and the range of validity of the two models is discussed.
pecial attention is paid to the influence of the presence of the
pper cover of the silencer on the dispersion of natural gas. The
ehavior of the flow near the upper cover is simulated exactly
ith the 3D model and is implemented in the one-dimensional
odel by means of an artificial enlargement of the exit area.
1D models have been frequently used before to calculate the

lume dispersion characteristics, because they were the only
ay to obtain results of engineering interest in reasonable com-
uting times; but nowadays CFD codes are relatively quick to
un and provide more accurate answers and can handle more
omplex flow and boundary conditions. However, the comput-
ng times of 3D models are still much larger than those of 1D

odels, and besides the times needed to run and reduce the data
rom a 1D model are also much shorter. In spite of the higher
delity answer obtained with CFD calculations, the additional

ime requirement may not always be fully justified. The 1D mod-
ls can provide quick answers for parametric studies, and later
he obtained results can be confirmed with the 3D calculations.
ecause of this we have introduced in this paper a comparison
f both 1D and 3D results, and suggested boundary condition
or the releases with an upper cover, so that they can be studied
ith the 1D model. Besides, algebraic correlations giving plume

rajectories and gas concentrations are also given in the paper for
ituations both with and without upper lid; these correlations are
ore easily deduced and justified with the 1D model equations.
he parametric dependence of the results is also made more
bvious by the non-dimensional analyses that have been intro-
uced for cases both with and without upper cover, and can also
e more easily deduced and justified with the 1D model equa-
ions. Another reason to use 1D models is that this can be used
y any engineer with knowledge on gas dispersion phenomena
hile 3D model requires a specialist with a high degree of skills
n CFD, both to create the grid and initial contour condition and
o interpret the data, besides the fact that the software for CFD

odels is quite more complicated to use than the one of a 1D
odel.
The dispersion of plumes has been studied previously by

any authors, analytical plume rise models can be found in
riggs [8] and Ooms and Mahieu [9] that, in order to evaluate
lume trajectories, relate the plume mass and momentum fluxes
o the forces acting on a plume and the entrainment rate of exter-
al fluid. A good review on turbulent jets and plumes was made
y List [10]. Contini and Robins [11] and MacDonald et al. [12]
nvestigated the factors that modify both plume trajectories and
n speed relative to the cross-flow and to changes in plume shape
uring the mixing phase, and the velocity induced by the counter
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Fig. 1. (a) Side view of the silencers with

otating vortex pair. Seifert and Shemer [13] showed that using
on-circular nozzles at various orientations with respect to the
ross stream can alter the jet penetration into the free stream; they
ound that when an elongated exit cross section is oriented along
he wind direction, the chimney effective height is increased as
ompared to a circular exit cross section. In this article, we will
ocus on the influence of upper lid in the diffusion of the plume.

. One-dimensional model

The model uses a quasi-one-dimensional treatment (see
ig. 2), assuming self-similar profiles for fluid magnitudes in
lanes perpendicular to the centre line of the plume, as described
n Castro et al. [6] for natural gas dispersion and in Servert et al.
7] for jet fires. In planes normal to the middle line, the pertur-
ations over the ambient values of all dependent variables are
argest at the centre line itself and decay and tend to zero for
arge enough values of the radial distance to the middle line.
he profiles of fluid magnitudes are assumed to be Gaussian in
ections normal to the plume trajectory:

− ϕa = (ϕc − ϕa) exp

(
−2r2

b2

)
(1)

here the variable ϕ is: any of the velocity components or the

as mass fraction. Subscript c in ϕc, means the value at the centre
f the plume, and subscript a in ϕa the ambient external value;
is the distance to the centre line and b the equivalent top-hat

adius. As shown in Servert et al. [7], the Gaussian distributions

ig. 2. Schematic showing the main parameters of the one-dimensional model.

w
v
a
f
b

pper cover. (b) Detailed view of the exit.

an be related to a top-hat profile (Fig. 3), and the following
elationship between the top-hat values of the variables and the
entre values of the Gaussian distribution is assumed:

ϕc − ϕa) = 2(〈ϕ〉 − ϕa) (2)

here 〈ϕ〉, is the averaged value of the variable ϕ in a plane
ormal to the centre line. In the following the equations to cal-
ulate 〈ϕ〉 and b will be given, and the brackets of 〈ϕ〉 will be
mitted. For the average value of the velocity modulus the sym-
ol u will be used; the velocity components will be obtained
rom the plume inclination respect to the horizontal, θ, so that
x = u cos θ, vz = u sin θ; the other velocity component is zero
ecause the average velocity vector is supposed to be in a verti-
al plane that contains the exit axis. The average density will be
enoted by ρ. The Boussinesq approximation will be used so that
he density perturbations will be small compared to the ambient
ensity: |ρ − ρa| � ρa. This assumption is not valid very near
he exit, and will not be used in the 3D model. All the density
ariations are assumed to be due to changes in concentration, so
hat the mass fraction of natural gas will be given by:

N = ρa − ρ

ρa − ρN
, (3)

here ρN is the density of the natural gas. Obviously, the ambient
alue of the gas concentration is zero: YNa = 0. For the air an

verage density of ρa = 1.2 kg/m3 has been assumed, whereas
or the natural gas an average density of ρN = 0.847 kg/m3 has
een considered.

Fig. 3. Main parameters of the Gaussian and top-hat profiles.
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.1. Governing equations and boundary conditions

.1.1. Mass conservation

d(πb2u)

ds
= 2πbα|u − U cos θ| + 2πbβ|U sin θ|

+ 2πbε |U cos θ| (4)

here u is the velocity of the plume, b, the radius of the plume,
, the coordinate along the centre line, U, the wind velocity, and
is the angle between the centre line and the horizontal line

see Fig. 1). The parameters α, β, and ε are the entrainment
oefficients. The first two terms in the right hand side represent
ntrainment due to the relative velocities, parallel and normal to
he plume, respectively, see Escudier [14]; the following values
ave been used α = 0.12, β = 0.5. The last term has been added
o take into account the plume dispersion due to ambient turbu-
ence, that occurs even when the plume is horizontal and the wind
nd plume velocities are equal. The value of the corresponding
oefficient has been taken as ε = 0.125, and has been estimated
rom the numerical results obtained with the 3D code described
ater: it is also in agreement with classical values suggested by
asquill and Smith [15] for neutral atmospheric conditions.

The sensitivity of the model results to parameter α can be
nferred from the dimensional analysis of Section 5. The sensi-
ivity to β is important for cases in which the plume trajectory
s very vertical; variations of β leading to relative variations in
oncentrations and trajectories of the same order of the variation
f β. On the other hand, the sensitivity to ε is important for cases
n which the plume trajectory is very horizontal, for high winds
nd low mass flow rates.

.1.2. Momentum conservation along the plume
d(πb2u2)

ds
= U cos θ

d(πb2u)

ds
+ πb2g

ρa − ρ

ρa
sin θ (5)

here g is the gravity. The term on the left hand side represents
he net momentum flux between two consecutive sections, the
rst term on the right hand side represents the momentum flux

nside the plume due to entrainment, and the other one is due to
uoyancy.
.1.3. Momentum conservation in a direction normal to the
lume

b2u2 dθ

ds
= −U sin θ

d(πb2u)

ds
+ πb2g

ρa − ρ

ρa
cos θ (6)

a
a
a
a

able 1
ass flow rates, wind velocity, geometry, and non-dimensional parameters μ1, μ2, Λ

ase number Wind velocity (m/s) Mass flow rate of natural gas (kg/s

2 70
2 70
5 70

10 5
10 5
10 70
10 70
Materials 152 (2008) 1060–1072 1063

he term on the left hand side represents a centrifugal force, and
n the right hand side the first term represents the momentum
ux inside the plume due to entrainment, and the other one is
ue to buoyancy.

Eqs. (5) and (6) can be combined, and the resulting equation
an be integrated, yielding the following algebraic relation that
an substitute either of these two equations:

b2u(u cos θ − U) = constant

his equation expresses global conservation of horizontal
omentum

.1.4. Conservation equations of mass of gas and of
uoyancy

The conservation of mass of natural gas can be expressed as:

d(πb2uYN)

ds
= 0 ⇒ πb2uYN = constant

ultiplying both sides of this last equation by g[(ρa − ρN)/ρa],
nd on using Eq. (3), it is obtained that

πb2ug
ρa − ρ

ρa
= F0 (7)

his equation expresses that there is not variation of buoyancy
ux, that is equal to its value at the exit, F0.

.1.5. Boundary conditions
The boundary conditions at the exit for the previous equa-

ions express that the mass and momentum fluxes, G = ρam0 and
2/ρNAeff, respectively, are known, and that the jet is vertical:

= 0 → πb2u = m0 = G

ρa
(8)

= 0 → πb2u2 = M0 = G2

ρNρaAeff
(9)

= 0 → θ = π

2
(10)

here G is given in Table 1, and for the cases without cover,
eff = 0.882 m2 is the area between two concentric circles of

adius 0.785 m and 0.680 m for the exterior ring, and 0.590 m

nd 0.470 m for the interior one. For the cases with cover, it is
ssumed that the lid eliminates most of the initial momentum flux
nd that the initial area is very large, in particular it has been taken
s one hundred times larger than its real value, Aeff = 88.2 m2.

2 corresponding to the simulated cases

) Upper cover μ1 μ2 Λ2

Yes – 2.14E−04 1.00E−05
No 1.61E−02 2.14E−04 1.00E−02
No 1.61E−02 2.09E−02 3.91E−01
Yes – 9.39E+00 6.25E−03
No 2.26E−01 9.39E+00 6.25E+00
Yes – 6.67E−01 6.25E−03
No 1.61E−02 6.67E−01 6.25E+00



1064 J. Garcı́a et al. / Journal of Hazardous Materials 152 (2008) 1060–1072

F
p
w

T
t
M
c
b
w
a
e
u
o

3

t
c
o
h
M
i
a
c
d
e
h
t
o

F
r

d
t
c
g
m

b
c
s
h

d
h
o

l
h
n
T
b
t
r
s

ig. 4. Velocity vectors and mass concentration of natural gas at the symmetry
lane for the case 6 (mass flow rate is 70 kg/s and the wind velocity is v = 10 m/s,
ith upper cover).

he results obtained do not change if this area is increased fur-
her. In the dimensional analysis carried out later in this work,

0 will be assumed to tend to zero. It will be shown, that for this
ondition to be satisfied the outgoing velocity (after the flow has
een decelerated by the lid) should be much smaller than the
ind velocity, u0 � U. In Fig. 4 it is shown how the effective

rea of the plume is highly increased by the upper cover, this
ffect may justify the assumption made for Aeff. The initial val-
es of u = u0 and b = b0, needed for numerical integration, are
btained from Eqs. (8) and (9).

. Three-dimensional model

The three-dimensional simulations have been performed with
he commercial code FLUENT that solves the equations dis-
retized by means of the finite volume method. The equations
f conservation of mass and momentum in the three directions
ave been solved. It is assumed that outside the silencer the
ach number is small enough, and the effects of compressibil-

ty induced by the pressure variations have not been taken into
ccount. In addition, the temperature variations are not signifi-
ant either and its influence has been neglected to calculate the
ensity. Consequently, it has not been necessary to solve the

quation of conservation of energy. The k–ε turbulence model
as been used for turbulence closure that implies the resolu-
ion of two additional equations, the equation of conservation
f turbulent kinetic energy (k) and the corresponding one to its

t
t
b
C

Fig. 5. (a) Computational grid at the symmetry p
ig. 6. Computational domain and reference system. The dimensions are
eferred to the diameter D = 2 m of the silencer.

issipation (ε). To calculate the natural gas concentration also
he equation of conservation of that species had to be solved,
onsidering the system as a binary mixture of air and natural
as. The coefficient of turbulent diffusion is also estimated by
eans of the k–ε turbulence model.
The numerical resolution of the Navier–Stokes equations has

een carried out using a second order upwind scheme for the
onvective terms and a central difference scheme for the diffu-
ion terms. The coupling between equations through the pressure
as been solved using the SIMPLE method.

The results provided by the FLUENT code have been vali-
ated against experiments by the authors in problems concerning
ydrogen dispersion (Gallego et al. [16]) and concerning winds
ver complex topography (Migoya et al. [17]).

Regarding the mesh, with the exception of a small zone
ocated under the upper cover that has been meshed with tetra-
edral cells (Fig. 5b), in the rest of the computational domain a
on-uniform structured hexahedral mesh has been used (Fig. 5a).
he size of the used mesh was 2.1 million cells. This grid size has
een chosen after performing a grid independence analysis of
he solution. It has been checked that finer grids produce similar
esults. The domain dimensions, referred to the diameter of the
ilencer D = 2 m, were 100D × 50D × 75D in the x, y and z direc-

ions, respectively (see Fig. 6) to assure that the plume leaves
he computational domain horizontally. The computations have
een carried out in a two-processor server (SunFire 280R), the
PU times were about 1 week.

lane. (b) Mesh at the outlet of the silencer.
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Fig. 7. Isosurface of concentration equal to 5%. Mass flow rate is 5 kg/s and the wind velocity is 10 m/s: (a) without upper cover and (b) with upper cover. The
distance between lines is 10 m.

F the w
d

o

F
d

ig. 8. Isosurface of concentration equal to 5%. Mass flow rate is 70 kg/s and
istance between lines is 10 m.

The boundary conditions imposed have been the following
nes:

(a) Inlet conditions for the ambient wind. In the zone where the
wind enters into the domain it has been assumed a logarith-
mic profile of speed, corresponding to the law of the wall
(Fig. 6):

vx = 2.5u∗ ln

(
z

z0

)
(11)

where z is the distance to the ground, z0 the roughness sur-
face, in our case equal to 0.01 m, and u* is the friction

velocity, that has been adjusted to obtain at the height of
the exit of the silencer, located at 8 m above the ground, the
three different incident velocities considered in this work,
2 m/s, 5 m/s, and 10 m/s.

ig. 9. Isosurface of concentration equal to 5%. Mass flow rate is 70 kg/s and the w
istance between lines is 10 m.
ind velocity is 2 m/s: (a) without upper cover and (b) with upper cover. The

The inlet values of turbulent kinetic energy k and its
dissipation ε, are given by the following expressions:

k = 1√
Cμ

u∗2 = 3, 33u∗2 (12)

ε = 2.5
u∗3

z
(13)

where Cμ = 0.09. The values of the defined variables in Eqs.
(11)–(13) are an exact solution of the k–ε model, therefore
the effect of natural gas dispersion can be considered as
a non-linear perturbation of the inlet boundary condition

for the ambient wind. For this reason, the values given in
Eqs. (11)–(13) have been considered as the initialization
values for the whole domain, this assumption accelerates
the convergence of the numerical solution.

ind velocity is 10 m/s: (a) without upper cover and (b) with upper cover. The
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Fig. 10. Three-dimensional view of the cloud corresponding to a concentration
equal to 5%. Mass flow rate is 70 kg/s and the wind velocity is v = 2 m/s: (a)
without upper cover and (b) with upper cover.
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b) In the ground a null perturbation of the basic flow has been
imposed.

(c) The exit of the silencer consists of two concentric circu-
lar rings, of dimensions indicated in the introduction. Two
different mass flow rates have been considered 5 kg/s and
70 kg/s. At the exit a uniform velocity has been assumed
corresponding to each mass flow rate and the mass fraction
of natural gas equal to one.

d) In the remaining boundary surfaces the ambient pressure
has been fixed.

. Results, discussion and comparison of the two models

The dispersion of the natural gas has been calculated for seven
ifferent cases as it is shown in Table 1. In the table are indicated
he wind velocity, mass flow rate of natural gas, the geometry
whether they have or not upper cover) and finally several non-
imensional parameters that will be explained later.

.1. Plume description obtained from the 3D model

In Figs. 7–9 the isosurfaces corresponding to a mass concen-
ration equal to 5%, YN = 0.05, are presented. The isosurfaces are
ut by the vertical symmetry plane and also include a view of the
socontour surface on the back. In both Figs. 7 and 8a, that there
s no bifurcation both views are undistinguishable. In these fig-
res we can compare the effect of two different mass flow rates
5 kg/s and 70 kg/s), two different wind velocities (2 m/s and
0 m/s) and the influence of the upper cover. For comparison a
rid is included in these figures, the distance between lines is
0 m, except the first horizontal line located at 8 m above the
round. As expected the upper cover deflects horizontally the
lume, and enhances the dispersion in the streamwise direc-
ion, producing slightly higher natural gas concentrations in that
irection. Therefore, according to the simulations carried out
ith FLUENT, it is clear that the upper cover has an obvious

nfluence in the dispersion pattern of the gas cloud. The local dis-
urbances produced by the upper lid can be seen in Fig. 4 where it

s shown in the vertical symmetry plane the velocity vectors and
he mass concentration of natural gas. The upper cover makes
he cloud disperse almost parallel to the ground, being this effect

ore accentuated in case of high wind velocity, making less

A
j
l
t

ig. 12. Profiles of the plume, corresponding to a mass concentration equal to 1%
btained with the 1D and 3D model are compared. (a) Case without the upper cover
ig. 11. Three-dimensional view of the cloud corresponding to a concentration
qual to 5%. Mass flow rate is 70 kg/s and the wind velocity is v = 10 m/s: (a)
ithout upper cover and (b) with upper cover.

pparent the buoyancy properties of natural gas. This simula-
ion confirmed the detected presence of low concentrations of
atural gas outside the exclusion zone in the compressor station.

In Figs. 10 and 11, three-dimensional views of the plume
re given, both with and without upper lid and the same mass
ow rate, but each figure with a different wind velocity. As indi-
ated by List [10] the cross-flow appears to see the jet as a solid
bject occurring vortex shedding, that induces stream-wise vor-
icity which may become sufficiently strong to bifurcate the flow,
ee Scorer [18], Turner [19], Crabb et al. [20], Diez et al. [21].
ccording to Abdelwahed and Chow [22] buoyancy within the
et exacerbates the splitting. According to our results, the two-
obule structure is more apparent for the high wind velocity, and
he tendency for bifurcation is higher when there is the upper

and 5% (mass flow rate 5 kg/s, wind velocity 10 m/s). The numerical results
and (b) case with the upper cover.
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Fig. 13. Profiles of the plume, corresponding to a mass concentration equal to 1% and 5% (mass flow rate 70 kg/s, wind velocity 2 m/s). The numerical results
obtained with the 1D and 3D model are compared. (a) Case without the upper cover and (b) case with the upper cover.
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ig. 14. Profiles of the plume, corresponding to a mass concentration equal to
btained with the 1D and 3D model are compared. (a) Case without the upper c

id, as can be seen in Figs. 10 and 11. In our case, the natural
as is released trough two concentric rings, but in order to check
he influence of the exit geometry on the shape of the cloud,
imulations with a unique equivalent exit surface are carried out
nd a similar shape of the cloud is obtained.

.2. Plume trajectories and comparison of results obtained
ith the two models
In Figs. 12–14, the iso-concentration lines, for 1% and
%, calculated with the one-dimensional and three-dimensional
odels are compared. As it is obvious the 1D model can never

F
m
3
b

ig. 15. (a) Three-dimensional view of the cloud corresponding to a concentration equ
howed in (b). Mass flow rate is 70 kg/s and the wind velocity is v = 2 m/s. With uppe
and 5% (mass flow rate 70 kg/s,wind velocity 10 m/s). The numerical results
nd (b) case with the upper cover.

eproduce the three-dimensional aspects, such as the two-lobule
tructure or the different diffusion in vertical and horizontal
irections. However, taking into account these limitations the
greement is reasonably good. The results represented corre-
pond to the centre line value in the one-dimensional model.

Some of the discrepancies appearing in these Figs. 12–14
ay be explained because the distribution of natural gas con-

entration is seldom similar to a Gaussian distribution (see

igs. 15–17). In particular, the centre line value used in the 1D
odel may not coincide with the centre value calculated with the

D model, see for example, the case where there is obviously
ifurcation, presented in Fig. 17b. In the following sections,

al to 5%. A black line indicates the section used for the mass fraction distribution
r cover.
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ig. 16. (a) Three-dimensional view of the cloud corresponding to a concentratio
howed in (b). Mass flow rate is 70 kg/s and the wind velocity is v = 2 m/s. With

hen comparing the 1D and 3D results, the centre line values
ill be used for the 1D model and the maximum value of the

oncentration of the cross section for the 3D results. In Fig. 13a
t can be observed that the 1% contour calculated with the 1D

odel is more vertical than the one obtained with the 3D model;
his may be explained because the wind velocity considered in
he 1D model is uniform, equal to the one corresponding to the
xit whereas, in the 3D model the wind velocity increases with
eight.

. Non-dimensional representation of the results

In cases in which the initial mass flux is low enough so that
he following condition is satisfied:

1 = m0F
1/2
0

πα1/2M
5/4
0

� 1 (14)

where α, m0, M0 and F0 have introduced in Section 2) it can be
ssumed that there is no mass flux, but there is a net momentum
ux, M0, at the exit, so that Eqs. (8) and (9) become:

= 0 → πb2u = 0 (8’)

= 0 → πb2u2 = M0 (9’)
This means that for typical distances downstream of the exit
he mass entrained is much larger than the actual mass flow rate
t the exit. Condition (14) is not always satisfied, and then these
oundary conditions are applied at a virtual origin, which does

a
b
s
w

ig. 17. (a) Three-dimensional view of the cloud corresponding to a concentration equ
howed in (b). Mass flow rate is 70 kg/s and the wind velocity is v = 10 m/s. With upp
al to 5%. A black line indicates the section used for the mass fraction distribution
pper cover.

ot coincide with the real exit. For cases 2, 3 and 7 of Table 1,
ithout the upper cover the above condition is satisfied. For

ases with upper cover, in which, as indicated in Section 2, most
f the initial momentum is taken away by the lid, M0 will be
ery small and condition (8’) will not be necessarily satisfied;
separate analysis will be made in the next subsection for the

ases in which there is an upper cover.
If condition (14) is satisfied the following change of variables

uggested by Morton [23] (see Turner [24]) for vertical plumes,
an reduce considerably the number of parameters appearing in
he solution of the previous system of equations:

= α−1/2M
3/4
0 F

−1/2
0 s1 (15)

= α1/2M
3/4
0 F

−1/2
0 b1 (16)

= α−1/2M
−1/4
0 F

1/2
0 u1 (17)

= α−1/2M
−1/4
0 F

1/2
0 U1 (18)

ρa − ρ

ρa
= α−1/2M

−5/4
0 F

3/2
0 YN1 (19)

here, s1, b1, u1, U1, YN1 are the non-dimensional plume coordi-
ate, the plume radius, the plume velocity, the wind velocity and
he natural gas concentration, respectively. If these new variables

re introduced in the system of Eqs. (4)–(7), and the simplified
oundary conditions (8’) and (9’) are used, the solution of the
ystem of equations turns to depend only on the non-dimensional
ind velocity U1, and the ratio of entrainment coefficients β/α

al to 5%. A black line indicates the section used for the mass fraction distribution
er cover.
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dimensional variables these results can be expressed as b = As ,
J. Garcı́a et al. / Journal of Hazar

nd ε/α. In particular, the boundary conditions (8) and (9) will
ecome in the new variables:

1 = 0 → b2
1u1 = μ1 � 1, (8”)

1 = 0 → b2
1u

2
1 = 1

π
, (9”)

hus confirming the hypothesis of Eq. (8’) if condition (14) is
atisfied. In Table 1 the values of μ1 are given.

Using the non-dimensional variables previously defined, we
an reduce the problem of the silencer without the upper lid with
ifferent mass flow rates and wind velocities to one depending
nly of the non-dimensional wind velocity, U1. However, this
pproach can be only applied to mass flow rates high enough,
o that condition (14) is satisfied, and the distance between the
xit and the virtual origin is small, otherwise the plume obtained
ith non-dimensional variables will deflect before the real exit.
or the cases studied in this work, only those corresponding to
mass flow rate equal to 70 kg/s satisfy this condition.

The non-dimensional plume trajectories are given in Fig. 18,
or different values of U1, where x1 and z1 have been made
on-dimensional as s1 in Eq. (15). As expected the trajectories
ecome more inclined as the wind velocity increases. The agree-
ent between one-dimensional model and three-dimensional

esults is quite good for the cases 3 and 7 that satisfy the con-
ition (14). Case 5 (μ1 = 0.23) has been included in the figure;
owever the agreement is not good because condition (14) is
ot satisfied. In case 2, the trajectory calculated with the 1D
odel is more vertical than the one obtained with the 3D model;

s in Fig. 13a this may be explained because the wind veloc-
ty considered in the 1D model is the one corresponding to the
xit whereas, in the 3D model the wind velocity increases with
eight.

The non-dimensional parameter U1 may be written as
1 = α1/2(zM/zB)1/2, where zM = M
1/2
0 /Uis a typical length

ssociated to momentum dominated jets, and zB = F0/U3 is a
ypical length associated to a buoyant dominated plume. List
10] indicates that when zM > zB jet momentum is dominant,

ig. 18. Non-dimensional centre lines of the plumes for different non-
imensional velocities and without the upper cover.
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nd when zM < zB jet buoyancy is important. In our case this
eans that when U1 > α1/2 = 0.35 momentum dominates, and
hen U1 < α−1/2 = 0.35 buoyancy is more important. So, all the

ases studied may be considered as momentum dominated. For
his situation List [10] proposes a correlation z/zM = C2(x/zM)1/3

alid for moderately large values of z/zM, and z/zB = C4(x/zB)2/3

alid for very large values of z/zM. Using the change of variable
iven in Eqs. (15) and (18), these correlations may be expressed
s:

1 = C2

(
α

U1

)2/3

x1
1/3, for x1 � 1 (20)

1 = C4
α2/3

U1
x1

2/3, for x1 ≈ 1 (21)

The trajectories indicated in Fig. 18 correspond approxi-
ately with these correlations taking C2 ≈ 1.3 and C4 ≈ 1.3,
2 is slightly lower than that indicated in List [10] but C4 if of

he same order of that proposed by List.
In Fig. 19 is presented the evolution of the non-dimensional

atural gas concentration with non-dimensional coordinate, s1,
or different values of U1, it can be observed, as expected,
hat the concentration decreases with U1. In this figure, are
lso presented for comparison results from the 3D analysis, the
greement is good. The values calculated with the 3D model
orrespond to the maximum ones in each cross-section, and
hose obtained with the 1D model are those at the centre.
esides, the classical result for the evolution of mass con-
entration in vertical plumes, when U = 0, has been added to
he figure. This limit result can be obtained from the follow-
ng solution of Eqs. (4)–(7): b = Aαs, u = B(F0/α2)1/3(1/S1/3),
N = C[ρa/(ρa − ρN)](1/g)(F0

2/3/α4/3s5/3), where A = 6/5,
= [75/(144π)]1/3 = 0.55, and C = 1/(A2Bπ) = 0.40. In the non-
1 1

1 = B(1/s
1/3
1 ), YN1 = C(1/s

5/3
1 ). The value presented in

ig. 18 is the centre value, that according to Eq. (2) should
e twice the average one: YNc1 = 2C(1/s5/3). This result coin-

ig. 19. Evolution of the non-dimensional mass concentration of natural gas,
or different velocities and without the upper cover. The 1D results are centre
ine values and the 3D results maximum values.



1 dous Materials 152 (2008) 1060–1072

c
i
t
t
c
U

Y

m

5

i
c
l
t
f
q
c
f

s

s

t
(
w
o
v
o

s

b

u

Y

a
d
d
(
m

s

s

t

F
o

t
s
o

s
h

w
o
d
t
a
t
l
o
b
F
v
t
d
s
v
q
s
u
t
b
d
m
t

A comparison between the one-dimensional model and three-
dimensional trajectories is presented in Fig. 21 (cases 4 and 6)
and Fig. 22 (case 1). The agreement is reasonably good for the
lower values of μ2, however, for the case 4 (μ2 = 9.39) the non-
070 J. Garcı́a et al. / Journal of Hazar

ides with the one obtained from the 1D model for U1 = 0 given
n Fig. 19, only for large values of s1, this is due to the fact
hat this analytical solution does not satisfy the initial condi-
ion (9”). If the origin of s1 is slightly displaced the following
orrelation is obtained that fits approximately the 1D model for
1 = 0:

Nc1 = 2C
1

(s1 + 0.16)5/3 (22)

This analytical result can be interpreted as an upper limit and
ay be useful for safety purposes.

.1. Simulation of cases with upper cover

From Eq. (5) it can be seen that the momentum flux
ncreases with s, because of the buoyancy term, so that there
an be situations in which the total momentum is much
arger than its initial value, M0, within short distances from
he exit. This has been found to be a good approximation
or cases in which there is the upper cover and conse-
uently the values of M0 are small. We are going to consider
ases in which boundary conditions (8) and (9) will be the
ollowing:

= 0 → πb2u = m0 (8”’)

= 0 → πb2u2 = 0 (9”’)

If the initial momentum flux is low enough because of
he presence of the cover, the boundary conditions (8”’) and
9”’) will have to be used, and the initial momentum M0
ill not appear. Therefore, eliminating M0 from the previ-
us non-dimensional variables and using instead the wind
elocity U, the following new non-dimensional variables are
btained:

= F0

α2U3 s2 (23)

= F0

αU3 b2 (24)

= Uu2 (25)

N = ρaα
2U5

g (ρa − ρN) F0
YN2 (26)

Now the wind velocity has been used to make the vari-
bles non-dimensional, and all the independent plume variables,
epend only on the non-dimensional coordinate, s2, and the non-
imensional mass flux μ2. Using this change of variables in Eqs.
8) and (9), the initial values of the non-dimensional mass and
omentum fluxes will be:

2 = 0 → b2
2u2 = μ2 = m0α

2U5

πF2
0

, (8””)

M α2U4
2 = 0 → b2
2u

2
2 = Λ2 = 0

πF2
0

� 1 (9””)

Condition (9””) Λ2 � 1 can always be satisfied if the lid
akes out enough momentum from the outgoing jet. In Table 1

F
4
c

ig. 20. Non-dimensional centre lines of the plumes for different values of �2

btained with the one-dimensional model for cases with upper cover.

he values of �2 and 
2 are given. Cases 1, 4 and 6 from Table 1
atisfy this condition. If μ2 is of order one or much smaller than
ne, the condition (9””) will be satisfied if:

Λ2

μ2
= u0

U
� 1,

o that the effect of the lid, decreasing u0, will be reinforced in
igh winds.

In Fig. 20 the non-dimensional plume trajectory, obtained
ith the one-dimensional model, is given for different values
f parameter μ2, where again, x2 and z2 have been made non-
imensional as s2 in Eq. (23). As it can be seen in the figure, when
he parameter μ2 increases (high wind velocity and low buoy-
ncy) the plume tends to disperse horizontally. It can observed
hat, using the buoyancy length zB = F0/U3 in Eq. (23), the fol-
owing relationship holds s2 = (s/zB)α2, then for values of s2 of
rder one (s/zB) ≈ α−2 	 1, and the flow can be considered as
uoyancy dominated, see List [10]. The trajectories indicated in
ig. 19 correspond approximately with the law z2 = CBx

2/3
2 , the

alue of CB being of the order of 0.2 for μ2 = 0. List [10] gives
he following correlation, mentioned previously, for buoyancy
ominated flows, z/zB = C4(x/zB)2/3, then, the following relation-
hip holds between the two coefficients CB = C4α

2/3, yielding a
alue of C4 ≈ 0.8 for μ2 = 0, that is within the range of the values
uoted by List. For larger values of μ2, this coefficient becomes
maller and for μ2 = 10, C4 ≈ 0.25, much smaller than the val-
es cited by List [10]. As can be seen in Fig. 20, as μ2 increases
he trajectories become more horizontal; this can be explained
ecause μ2 (Eq. (8””)) increases with the wind velocity, and
ecreases with the buoyancy and both factors should tend to
ake the trajectories more horizontal. For large values of x2 all

he trajectories tend to become independent of μ2.
ig. 21. Comparison of the non-dimensional centre lines of the plumes, for cases
and 6, obtained with the one-dimensional model and the three-dimensional

ode.
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Fig. 24. Comparison of the non-dimensional centre line of the plume, for cases
4 and 6, obtained with the one-dimensional model and the three-dimensional
code. The 1D results are centre line values and the 3D results maximum values.

F
1

ig. 22. Comparison of the non-dimensional centre line of the plume, for case
, obtained with the one-dimensional model and the three-dimensional code.

imensional treatment fails at the initial stages, but far enough
he tendency seems to be correct.

The variation of the non-dimensional concentration, YNc2,
ith non-dimensional downstream distance, s2, is represented

n Fig. 23 for different values of μ2. A good correlation for the
ariation of concentration for μ2 � 1 is:

Nc2 = 0.2

s
5/3
2

,

hat is undistinguishable from the curve of Fig. 23. In both
igs. 24 and 25, are also presented for comparison results
rom the 3D analysis, the agreement is quite good for cases
(μ2 = 0.0002) and 4 (μ2 = 9.39), but for case 6 (μ2 = 0.67), the

greement is good only for distances large enough. In all cases
he tendencies predicted by the two calculation procedures are
n agreement.
As in the previous section, the values calculated with the 3D
odel correspond to the maximum ones in each cross-section,

nd those obtained with the 1D model are those at the centre.

ig. 23. Evolution of the mass concentration along the centre line for different
alues of μ2 obtained with the one-dimensional model for cases with upper
over. The 1D results are centre line values and the 3D results maximum values.
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ig. 25. Comparison of the non-dimensional centre line of the plume, for case
, obtained with the one-dimensional model and the three-dimensional code.

. Conclusions

According to the simulations carried out with the three-
imensional model, it is clear that the upper cover has an obvious
nfluence in the dispersion pattern of the gas cloud. The upper
over makes the cloud disperse almost parallel to the ground,
eing this effect more accentuated in case of high wind velocity,
anceling the buoyancy properties of natural gas. This simula-
ion confirmed the detected presence of low concentrations of
atural gas outside the exclusion zone in the compressor station.
onsidering our results, the two-lobule structure is more appar-
nt for the high wind velocity, and the tendency for bifurcation
s higher when there is the upper lid.

A one-dimensional model is proposed that reproduces
easonably well the behavior and tendencies of the plume dis-
ersion. To compare the 1D and 3D results non-dimensional
ariables have been introduced. For the cases without the upper

over the variables have been made non-dimensional with the
nitial momentum flux and the buoyancy flux, then, the non-
imensional wind velocity is considered as a parameter, and
he non-dimensional mass flux is considered as a very small
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uantity. On the other hand, for the cases with the upper cover
he variables have been made non-dimensional with the wind
elocity and the buoyancy flux, then, the non-dimensional initial
ass flux is considered as a parameter, and the non-dimensional

nitial momentum flux is considered as a very small quantity.
his assumption permits to take into account the effect of the
pper cover in the diffusion of the plume in the 1D model. This
ondition Λ2 � 1 is satisfied if the lid takes from the outgoing
et enough momentum, so that, the resulting velocity is much
maller than the wind velocity.

For both cases with and without the upper cover, and low
nough values of the initial mass flux, μ2 � 1 and μ1 � 1,
espectively, the one-dimensional model predicts reasonably
ell the natural gas concentration. However, for the cases with

he upper lid and moderate values of the non-dimensional ini-
ial mass flux, μ2, the gas concentration values obtained with
he one-dimensional model are larger than those calculated with
he FLUENT code. The behavior of the plume trajectory is well
eproduced downstream, but near the exit there are discrepancies
or some cases when there is an upper lid, this may be due to the
hree-dimensional interactions between the silencer and plume
hat cannot be reproduced by the one-dimensional model.
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