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Nowadays, for safety purposes and due to the hazard assessment of industrial processes it is
necessary to have a good tool for modelling gas dispersion. CFD modelling has the potential to be
an important tool for more reliable prediction of concentration of dangerous species accidentally
released into the atmosphere. Thus, also gas dispersion in complex-geometry environments can
be solved. Parameters of such model, particularly the turbulent Schmidt number and the surface
roughness length as well as their influence on the CFD modelling of gas (Cl2) dispersion, were
examined. The results were compared with the experimental data for a small release of chlorine gas.
The comparison revealed that the value of turbulent Schmidt number has an essential influence
on the concentration prediction reliability and should be much lower compared to the values used
in literature in the case of the atmospheric boundary layer. Moreover, it was found that the surface
roughness plays a significant role for a realistic prediction of the contaminant concentration.

Dangerous materials, particularly toxic or flamm-
able gases are often used in industry. Production, stor-
ing or piping of such material can lead to accidental
releases of dangerous gases. Therefore, there is a need
for a tool to predict pollutant concentrations in spe-
cific places in the vicinity of damaged apparatus or
pipeline. Mathematical modelling can solve this prob-
lem, but first, these models must be specified and val-
idated. These models are based on equations of mass,
momentum, and energy balance for chosen space ge-
ometry. Actually, CFD modelling is more appropriate
than the simpler models (Gauss model, box models,
K-theory models, etc.) [1], as it is able to solve the bal-
ance equations for any possible geometric situation.
However, it should be noted that the confidence of
CFD simulation of fluid and mass dispersion, even for
a simple geometry, must be checked with experimental
results.
Therefore, this paper is focused on modelling of

a continuous release of gas (chlorine) into the atmo-
sphere. A simple geometry of open country with flat
land was chosen. The main objective of the paper is
to validate the CFD models against experimental ob-
servations [2] in order to provide further insight into

the abilities of CFD models used to predict fluid flow
and mass transport of dangerous substances in the
atmosphere. The study was oriented on validation of
some parameters of the CFD models used, particu-
larly the roughness of the land and the most important
parameter used in the diffusion equation, the turbu-
lent Schmidt number. In this context the turbulent k-ε
model was used.

THEORETICAL

Governing Equations for the Fluid Flow

Since in the atmospheric boundary layer turbulent
fluid flow was assumed a turbulence model approach
was employed. The governing equations of such a flow
are equations of mass balance, momentum balance,
and energy balance. However, in the present study
the model was simplified by introducing isothermal
flow. This assumption is valid when modelling was
performed in 10 m above the ground.
The incompressible airflow in the atmospheric

boundary layer may be mathematically described us-
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ing the following Navier—Stokes equations, see [3]
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where the subscripts i, j = 1, 2, 3 refer to the compo-
nents in the x, y, z of the Cartesian coordinate system,
u is the velocity, p the pressure, ρ the density, µ the
viscosity, g the gravitational constant, and u′ the fluc-
tuation velocity. The product of fluctuation velocities
is the Reynolds stress tensor, which can be modelled
by the Boussinesq hypothesis [4] relating Reynolds
stresses to the mean velocity
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where µt is the turbulent viscosity and δij Kronecker
delta. The most frequently used and relatively simple
turbulence model is the k-ε model [5], in which

µt = cµρ
k2

ε
(4)

where k is the turbulent kinetic energy and ε is its
dissipation rate obtained from the following equations
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Here, Gk represents the generation of turbulent ki-
netic energy due to the mean velocity gradients
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To evaluate Gk in a manner of the Boussinesq hy-
pothesis
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where S is the modulus of the mean rate-of-strain ten-
sor Sij . The model constants cµ, c1ε, c2ε, and σk and
σε (turbulent Prandtl numbers for k and ε) have the
following default values

cµ = 0.09 c1ε = 1.44 c2ε = 1.92

σk = 1.0 σε = 1.3 (9)

Modelling of the roughness of the terrain is
achieved by the well known log-law velocity profile
[3, 6]. The atmospheric boundary layer is, in nearly
all cases, a turbulent flow over aerodynamically rough
surface. Under these conditions, the engineering “law
of the wall” is given by [7]

u

u∗ =
1
κ
ln

z

z0
+B (10)

where κ = 0.40 and B = 5.5 are used for a smooth
terrain (dependent on the roughness height z0), u∗ is
the friction velocity, and u the kinematic viscosity.

Governing Equations for the Contaminant
Transport

Dispersion of gases in the atmosphere typically oc-
curs through the movement of the mean fluid flow, and
diffusion, which is caused by the effect of turbulent
fluctuations of the fluid flow, and molecular diffusion,
which is negligible in turbulent flows. According to the
law of mass conservation the mass balance equation of
a contaminant is defined by the equation
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where w is the mass fraction of contaminant, D the
molecular diffusion coefficient, and Dt the turbulent
diffusion coefficient which can be evaluated by the
equation

Dt =
µt

ρSct
(12)

where Sct is the turbulent Schmidt number. Sct has
been taken to be a constant value, namely 0.7, e.g.
in [8]. However, this value is correct only in the case
of fluid flow where the momentum transport is nearly
as intense as the mass transfer. It is clear that the
momentum transport and the mass transfer are not
constant and they are changing through the boundary
layer.Koeltzsch [9] showed that the turbulent Schmidt
number depends strongly on the height within the
boundary layer. This work was focused on the experi-
mental study of the atmospheric boundary layer (also
other boundary layers) in wind tunnels and the vari-
ation of the turbulent Schmidt number, Sct, with the
height in the boundary layer z/δ was demonstrated.
This dependence is depicted in Fig. 1 in form of a
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Fig. 1. Variation of the turbulent Schmidt number with the
height in boundary layer, eqn (13).

polynomial curve (13) derived from the experimental
results.

Sct =
5∑

i=0

ai (z/δ)i

a = (−0.226, 12.2,−46.2, 81.0,−67.9, 21.5) (13)

It is generally accepted that the height of the at-
mospheric boundary layer is between 600—1000 m
and the CFD modelling of gas dispersion is done for
the layer height of 10—50 m. Then, z/δ ≈ 0.05 and
Sct should not exceed the value of 0.1 as shown by
the circle in Fig. 1. Raupach et al. [10] found that
near the wall the lower values of the Schmidt number
are probably caused by sweeps. Sweeps are coherent
structures, which transport fresh air from the upper
area of the boundary layer into the region close to the
ground, providing it with a high momentum. These
sweeps are more intensive in the case of atmospheric
stability classes A (highly unstable or convective). Sta-
bility is a term used qualitatively for the property of
the atmosphere, which governs the accelerations of the
vertical motion of air. The acceleration is positive in
an unstable atmosphere (turbulence increases), zero
when the atmosphere is neutral, and negative (decel-
eration) when the atmosphere is stable (turbulence is
suppressed). Using eqn (11) it can be shown that for
the turbulent mass transport the following formula-
tion is valid

u′
zC

′ = Dt
dC
dz

(14)

where u′
z is fluctuation of the velocity component nor-

mal to the ground. This means that the turbulent dif-
fusion coefficient should be correlated with the mo-
mentum flux and also the momentum flux decrease
with an increase of atmospheric stability. Further-
more, it is evident that the momentum flux increases

with the decrease of atmospheric stability and there-
fore the turbulent Schmidt number also reflects the
atmospheric stability.
On the other hand, the momentum flux determines

the lateral effect on the value of the vertical entrain-
ment velocity into the plume, ue, which is a function of
the ambient friction velocity (a function of the effect
of the surface roughness length), u∗, and the plume
Richardson number, Ri∗. The plume Ri∗ can be de-
fined by the following equation

Ri∗ =
g(ρp − ρa)h

ρau∗2 (15)

where h is the local plume depth, ρp the local plume
density, and ρa the ambient air density. Hanna and
Steinberg [11] stated for Ri∗ values up to 20 the fol-
lowing relation

ue/u∗ = 0.65/(1.0 + 0.2Ri∗) (16)

From eqns (15), (16) it follows that with increasing
u∗ Ri∗ decreases and the ratio ue/u∗ increases and
vice versa. If the value of vertical entrainment velocity
significantly increases, e.g. due to the high value of
momentum sweeps, the plume Ri∗ decreases, which
means that the plume is more intensively diluted.

Experimental Data and Boundary Conditions

Experiments [2] were carried out for a small re-
lease of chlorine (about 0.5 kg min−1). Gaseous chlo-
rine was released during 4.5 min at 30 cm above the
ground level. The chlorine concentration in air was
measured by UV spectrophotometry. The lowest de-
tectable value was 11 ppm, therefore, contents lower
than 11 ppm were approximated to zero. Sensors were
distributed at 10 m, 20 m, and 30 m from the release
point for Trial 1 and Trial 2 and in the distance of 5
m, 10 m, and 15 m from the source for Trial 3. Ex-
perimental data were compared with those modelled
by CFD. Table 1 gives the meteorological conditions

Table 1. Experimental Data of Chlorine Release [1]

Parameter Trial 1 Trial 2 Trial 3

Release rate/(kg min−1) 0.54 0.45 0.33
Wind speed/(m s−1) 1.1 0.5 1.7
Temperature/◦C 25 26 26
Relative humidity/% 30 30 30

Solar radiation/(W m−2) 715 760 570
Distance from the source/m Measured content/ppm

5 – – 488
10 18 93 54
15 – – 17
20 12 16 –
30 <11 <11 –
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Fig. 2. Geometrical model used in CFD modelling.

and measured concentrations for the three trials done
in this experiment.
The geometrical model used to describe the exper-

iment was a 3D block of the size 30 m × 30 m × 10
m (Fig. 2). This block was meshed using tetrahedral
elements, with a line mesh of 40, 40, and 20 in the x, y,
and z coordinate directions with mesh refining close to
the source of chlorine (small circle in Fig. 2). Accord-
ing to Table 1 the stability category for modelling was
identified as stability category A, i.e. unstable con-
ditions. Thus, the input velocity and its profile [12]
(assuming rural conditions of the land [13]) is defined
on the area A1 as

u = u10

( z

10

)m

m = 0.07 (17)

where 10 is the height in meters above the ground with
corresponding wind velocity u10 in this height. Prior to
applying eqn (11) for calculation of species transport,
kinetic energy and dissipation of kinetic energy profiles
corresponding to the evolved fluid flow were used.
On the area parallel to A1 an outflow boundary

condition is assumed, i.e. the outflow relative pressure
is zero. On the area A2, its parallel area, and area A3
a symmetry boundary condition is used. On the area
parallel to A3 (ground) the wall boundary condition
was applied. Source strength of chlorine was set ac-
cording to each trial.

RESULTS AND DISCUSSION

The influence of the turbulent Schmidt number
on modelled concentration profile for the atmospheric
stability class A and chlorine release correspond-
ing to experimental data for Trial 1 is illustrated
in Fig. 3. It is evident that Sct significantly influ-
ences the chlorine concentration profile. According
to eqns (11)—(14) the turbulent Schmidt number
decrease causes an increase of the turbulent diffu-
sion coefficient due to intensive vertical motion by
sweeps. Then, from eqn (16) it follows that the chlo-
rine plume is more diluted and chlorine is inten-
sively dispersed in both, vertical and horizontal, di-
rections.
Fig. 4 depicts the chlorine concentration at the cen-

treline for the different Sct values. It seems that the
centreline concentration decreases significantly with
the decreasing value of the turbulent Schmidt num-
ber. Therefore, for accurate CFD simulation of ground
level contaminant concentrations the appropriate Sct
should be derived from experimental data.
Tables 2—4 summarize results of experiments,

CFDmodelling, and also results computed by ALOHA
(Aerial Locations of Hazardous Atmospheres, com-
puter program developed by the Environmental Pro-
tection Agency in the USA), for the three trials per-
formed. The best approximation of experimental data
was obtained by CFD modelling using Sct = 0.01.
These results are in a good agreement with experi-
mental observations shown in Fig. 1. For Sct ≈ 0.7
CFD modelling overestimates the chlorine concen-
tration getting values similar to those obtained by
ALOHA.
Direct comparisons of the predicted and measured

concentrations show that although the predicted con-
centrations are of the correct order of magnitude, the
shapes of the concentration vs. distance curves differ
from those measured. This indicates that other fac-
tors are also important, such as z0, or the differences

Fig. 3. CFD calculated concentration
profiles for z0 = 0.1 m. View
from the top, 30 cm above
the ground (1), and from the
side of centreline (2): a) Sct =
0.001; b) Sct = 0.01; c) Sct =
0.1.
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Table 2. Comparison between Measured and Computed Cl2 Concentrations for Trial 1

Downwind distance Content/ppm

m Measured ALOHA CFD Modelling
Sct = 0.001 Sct = 0.01 Sct = 0.1 Sct = 0.3

10 18 43700 58 130 708 1670
20 12 384 37 75 349 805
30 <11 151 34 55 240 519

Table 3. Comparison between Measured and Computed Cl2 Concentrations for Trial 2

Downwind distance Content/ppm

m Measured ALOHA CFD Modelling
Sct = 0.001 Sct = 0.01 Sct = 0.1 Sct = 0.3

10 93 45500 53 142 981 2360
20 16 342 36 75 464 1120
30 <11 141 33 54 310 710

Table 4. Comparison between Measured and Computed Cl2 Concentrations for Trial 3

Downwind distance Content/ppm

m Measured ALOHA CFD Modelling
Sct = 0.001 Sct = 0.01 Sct = 0.1 Sct = 0.3

5 488 233000 134 302 1980 4490
10 54 54000 64 149 887 1990
15 17 27000 50 106 571 1290
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Fig. 4. Centreline concentration profile calculated for rough-
ness z0 = 0.1 m and different turbulent Schmidt num-
ber: Sct = 0.01 (•), Sct = 0.1 (�), Sct = 0.3 (�), and
Sct = 0.7 (�).

between the vertical and horizontal dispersion coeffi-
cients.
Transport and dispersion in the atmospheric

boundary layer are strongly influenced by the friction
velocity, u∗, which is also a function of the surface
roughness length, z0. From eqn (16) it follows that the
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Fig. 5. Centreline concentration profile calculated for Sct =
0.01 and different roughness heights: z0 = 0.5 m (�),
z0 = 0.1 m ( ), and z0 = 0.0 m (•).

vertical entrainment rate is directly proportional to
u∗, i.e. the increasing of the surface roughness length,
z0, increases also the dispersion of the released gas
plume. Fig. 5 shows the dependence of the centreline
chlorine concentration obtained from CFD modelling
on the surface roughness length, z0. One can observe
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that by increasing the roughness length the mean con-
taminant concentration decreases, which is in good
agreement with the theory mentioned above.
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