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1. INTRODUCTION
Industrial accidents involving chemical installations and 
chemical transportation occur with relative frequency and 
may result in large numbers of fatalities when they involve the 
release of hazardous gases with density values larger than that 
of the ambient air (the so-called “heavy” or “dense” gases) 
because the resulting clouds lay close to the ground for large 
distances from the release point.
In the last years, attention has been focused in particular on

the so-called TICs (toxic industrial chemicals)1−5 and on the
emerging risks related to LNG regasification plants.6−15 With
respect to the former, the large-scale production of TICs and
their potential for widespread exposure and significant public
health impact makes accidental releases of TICS an important
area of concern, while for LNG regasification plants, the main
concern is related to the relatively new technologies involved
and to the large increase in new installations foreseen for the
near future.
The release of TICs or large spills of LNG may occur either

inside the production plants or even in an urban context (e.g.,
in case of accidental release from a rail tank); in both cases, the
atmospheric dispersion of the resulting hazardous cloud
happens in environments with an intrinsically complex
geometry. However, the risk assessment of accidental releases
of hazardous gases is still largely performed using integral
models, such as DEGADIS, SLAB, ALOHA, and UDM.16−18

Integral models are lumped-parameter models, usually pseudo-
one-dimensional, which account for some physical phenomena
using semiempirical relationships whose parameters are tuned
on field test data.19 They are relatively easy to use and do not
require large computational resources, but their accuracy
depends upon the experimental tests used for tuning the
model parameters. Because the experimental setup of these
field trials usually does not involve any significant obstacle,
these models can provide reliable results only in open field
conditions, that is, when almost no obstacles are present in the
cloud region.
For simulating the atmospheric dispersion of hazardous gas

clouds in geometrically complex environments, mathematical

models developed in the frame of computational fluid dynamics
(CFD) have to be used. In fact, CFD models perform a fully
three-dimensional simulation of the involved geometry, thus
accounting for the influence of the environment’s geometry on
the gas cloud dispersion.20−23 Clearly, in open field conditions
(that is, when no obstacles are present), both integral and CFD
models are expected to give similar results, at least when
considering situations close to those used for tuning the integral
model parameters. This has been shown in a previous work,24

considering for the sake of example some experimental data
involving open field SO2 releases.

25

However, the use of CFD models requires a much larger
amount of resources, both in terms of time and analyst skill, to
perform the cloud dispersion simulations. As a consequence,
the use of a CFD model should be restricted to cases where the
gas cloud dispersion is significantly influenced by the
environment’s geometry because using an integral model in
geometrically complex environments could lead to significant
errors in determination of the hazardous area dimensions, while
using a CFD model when simple geometries are involved could
lead to a meaningless waste of resources. Given the large
number of simulations usually involved in the quantitative risk
analysis of an industrial plant, even the last problem plays a
fundamental role in guaranteeing reliable results of risk analysis
and therefore plant safety. This highlights how important is to
evaluate and choose appropriate numerical models and
boundary conditions through the understanding of their
strengths and possible drawbacks.23

Over the past few years, several CFD studies applied to
complex environments have been carried out.3,5,26−36 Most of
these studies underly the influence of obstacles on gas
dispersion, but none of them delineating a criterion able to
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foresee when the influence of an obstacle on the dispersion of a 
dense gas cloud cannot be disregarded. Such a criterion would 
be important at least for three practical reasons: First, it would 
permit for deciding a priori when integral models can be safely 
used in performing a quantitative risk analysis, avoiding the 
aforementioned problems (large errors using integral models 
when CFD models should be used or large waste of resources 
using CFD models when integral models could be used). 
Second, the same criterion could be used to simplify the 
representation of the real environment’s geometry in the 
computational domain by considering only the obstacles that 
are relevant for cloud dispersion, therefore strongly reducing 
the numerical problems related to the ratio between the 
smallest computational grid size (required to mesh correctly the 
smaller geometrical detail considered) and the largest 
dimension of the integration domain. Third, the criterion 
would allow for foreseeing at first glance the size of a mitigation 
wall aimed to reduce the hazardous area arising from the 
accidental release of a hazardous compound because the 
dimension of the mitigation wall should be at least equal to that 
able to influence significantly the dispersion of a dense gas 
cloud.
Therefore, the main aim of this work is to provide a criterion 

able to define how large an obstacle should be to influence 
significantly the dispersion of a cloud of dense gases. Such a 
criterion was deduced from the results of a large number of 
heavy gas dispersion simulations carried out with a CFD model 
in the presence of a wide range of different obstacles.

2. MATERIALS AND METHODS

Among the approaches recently proposed to describe the 
neutral atmospheric boundary layer in CFD studies,24,37−39 in 
the present study, the ASsM method24 was used to represent 
the effects of turbulence. The ASsM approach is based on the 
standard k−ε model, with the standard Jones and Launder 
values40 for the constants, and requires an additional source 
term in the ε balance equation, Sε, to ensure consistency 
between k−ε model predictions and Monin−Obhukov 
similarity theory profiles across the integration domain.
Fully developed vertical profiles of velocity, temperature, 

turbulence intensity, and dissipation rate coherent with the 
Monin−Obhukov similarity theory were used as boundary 
conditions at the wind inlet boundary. Standard boundary 
conditions were used for all the other boundaries. The 
commercial package Fluent 1241 was used for all the 
computations.

3. RESULTS AND DISCUSSION
As previously mentioned, the aim of this work is to develop a 
general methodology to discriminate between situations where 
CFD or integral models should be used to assess the 
consequences of heavy gas dispersions with obstacles on the 
cloud pattern.
To develop such a methodology, a parametric analysis was 

performed, using as a target function the difference between the 
gas cloud size in the open field and in the presence of an 
obstacle with a given geometry. Steady-state releases of an 
intrinsic heavy gas with an obstacle located downwind of the 
release point were considered as a case study; the dense gas was 
released vertically at 10 m/s from a circular section with a 
diameter of 0.6 m located on the symmetry plane of the 
considered domain and 350 m downwind of the wind inlet

section. The cloud dispersion was studied over a computational
domain of 1500 m × 250 m × 400 m, which represents half of a
full 3D symmetric domain with a vertical symmetry plane
directed as the wind flow and passing to the center of the gas
source.
A standard procedure for mesh generation was used,

imposing unstructured triangular elements on both the inlet
section and the obstacle; tetrahedral elements were obtained
with a vertical growth of the base mesh. A uniform size function
was imposed, starting from the meshed surfaces and attached to
the whole domain; growth rate was set 1.2 with a maximum cell
size of 20 m. The domain was discretized by a tetrahedral
unstructured grid with a total mesh size of 800,000 elements.
Grid independence of the results was checked by repeating the
simulation of a reference case using halved size elements; no
significant differences in the target function were found
between the two simulations. A typical computational domain
realized to perform the parametric study is shown in Figure 1.

The boundary conditions used in all the simulations are
summarized in Table 1. Frontal, lateral, and upper boundary

faces were set as velocity inlet, introducing wind, k, and ε
profiles by means of dedicated user-defined functions. The back
face was set as a pressure outlet, while the gas inlet was imposed
through a velocity inlet on the circular source section. Finally,
for the wall surfaces, a roughness value of 0.05 m was used. All
the simulations were carried out considering a neutral
stratification of the atmosphere with 5 m/s wind at a reference
height aboveground of 10 m, which is one of the most common
atmospheric conditions used in risk assessment studies.

Figure 1. Detail of the computation domain realized for one of the
investigated cases.

Table 1. Boundary Conditions Used in All the Simulations

boundary type

wind inlet velocity inlet, 300 K
wind outlet pressure outlet
top boundary velocity inlet, 300 K
external lateral
boundary

velocity inlet, 300 K

internal lateral
boundary

symmetry

ground wall, 300 K; roughness, 0.05 m
gas inlet during the atmospheric stabilization: wall, 300 K;

roughness, 0.05 m
during the release: velocity inlet, 300 K

walls wall, roughness, 0.05 m



Table 2. Configurations Investigated in the Parametric Study

case # ρgas (kg/m
3) xobs (m) hobs (m) wobs (m) Cref (ppmv)

1 2.77 open field 0.00 0.00 2000/1000/750/500/250
2−45 2.77 400 2.50 7.50 500/250a

3.75
15.00
5.00 15.00
7.50
15.00
30.00
10.00 30.00
15.00
30.00
60.00
20.00 60.00
30.00
60.00
120.00
15.00 45.00
22.50
45.00
90.00
45.00 90.00
60.00 120.00
75.00 150.00

46−60 5.44 400 7.50 15.00 750/500/250a

15.00 30.00
30.00 60.00
45.00 90.00
75.00 150.00

61−80 8.31 400 7.50 15.00 1000/750/500/250a

15.00 30.00
30.00 60.00
45.00 90.00
75.00 150.00

81−100 2.77 150 7.50 15.00 2000/1000/750/500/250
15.00 30.00
30.00 60.00
45.00 90.00

101−120 5.44 150 7.50 15.00 2000/1000/750/500/250
15.00 30.00
30.00 60.00
45.00 90.00

121−140 8.31 150 7.50 15.00 2000/1000/750/500/250
15.00 30.00
30.00 60.00
45.00 90.00

141−216 2.77 250 2.50 4.50 1000/750/500/250a

3.75
15.00
5.00 9.00
7.00
7.50
30.00
10.00 18.00
14.00
15.00
60.00
15.00 27.00
22.50
90.00
20.00 36.00
28.00



The parameters whose influence was investigated in the
sensitivity analysis are obstacles geometry (except for the
thickness, which was equal to 5 m for all the obstacles; this
value from one side does not affect significantly the results and
on the other side does not require thickening strongly the mesh
close to the wall); obstacle downwind distances from the
release source (xobs); gas density; and cloud dimensions, varied
by changing the threshold concentration value (Cref). The full
set of the investigated cases (nearly 250 cases, with an aspect
ratio, defined as the ratio between the two relevant dimensions
of the obstacle, ranging from 0.3 to 3.0) is summarized in Table
2.
To synthesize the characteristics of the different parameters

investigated, which are relevant for the sensitivity analysis
carried out, a simple dimensionless parameter comparing the
characteristic dimensions of the cloud and the obstacle was
used. Considering an obstacle completely embedded in the

cloud, two characteristic dimensions of the obstacle are
expected to play a role in modifying the cloud size, namely,
the obstacle height, hobs, and the obstacle width, wobs. Such
characteristic dimensions of the obstacles should be compared
with the respective characteristic dimensions of the cloud in
open field, that is, the cloud height, hcld, and the cloud width,
wcld, as shown in Figure 2. The ratios between the
corresponding characteristic dimensions of the obstacle and
the cloud can be defined as dimensionless parameters whose
values represent the relative importance of the obstacle size to
the cloud size in the horizontal and lateral direction,
respectively

=R
h
hh

obs

cld (1)

Table 2. continued

case # ρgas (kg/m
3) xobs (m) hobs (m) wobs (m) Cref (ppmv)

30.00
120.00
42.00 54.00

217−242 2.77 85 3.50 4.50 2000/1000/750/500/250
7.00 9.00
14.00 18.00
28.00 36.00
42.00 54.00

aOnly threshold concentrations at which there is a significant interaction between the obstacle and the gas cloud have been evaluated.

Figure 2. Schematic representation of the interaction between gas cloud and obstacle. (A) Vertical section (upper part) and footprint (lower part) of
the cloud in open field conditions together with the vertical (upper part) and horizontal (lower part) view of the obstacle. The main characteristic
dimensions of both the obstacle and the cloud in open field conditions are identified. (B) Footprint of the cloud both in open field conditions and in
the presence of the obstacle. The target function representing the effect of the obstacle on the cloud size is identified.
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It should be noted that the cloud dimension refers to a given
gas concentration. Therefore, the Rh and Rw values change with
the chosen concentration of interest. Moreover, because Rh and
Rw have generally different values, a global parameter,
accounting for the relative cloud/obstacle ratio in both the
directions, should be defined. This definition can arise from the
observation that a very tall and thin (with respect to the cloud
size) obstacle has an almost negligible influence on the cloud
size because the cloud can easily turn around it without raising
in the vertical direction; conversely, a very large but low (with
respect to the cloud size) obstacle can be stepped over with
negligible lateral spreading of the dense gas cloud. Therefore,
the smaller value of the parameters Rh and Rw is expected to
determine whether an obstacle plays a major role or not,
leading to the following definition of the overall parameter, R*

* =R R Rmin( , )h w (3)

Situations characterized by small values of R* are expected to
behave similarly to open fields releases, while when the value of
R* is large the cloud behavior with obstacles present is
expected to be quite different from the cloud behavior in open
field conditions.
The target function used to synthesize the change in cloud

behavior due to the presence of an obstacle is related to the
variation of the cloud length from the obstacle position, as
shown in Figure 2. This choice reflects the assumption that
only situations where the cloud in open field reaches the
obstacle location were considered in this work. In particular, the
dimensionless relative change in the cloud length from the
obstacle position, Δ, was used

Δ =
−
−

l l
l x

of obs

of obs (4)

where lof is the maximum downwind length reached by the
cloud in open field, and lobs the maximum length reached by the
cloud when the obstacle is present. Δ is positive when the
obstacle reduces the cloud length, while it is negative when the
cloud length is enhanced by the presence of the obstacle.
From a qualitative analysis of the interaction between the gas

cloud and the obstacle carried out for different cases, several
characteristic cloud behaviors can be identified, as shown for
the sake of example in Figure 3, where the same source term,
both in terms of mass flow rate and position, was considered;
only the wall dimensions were varied in the four situations
shown in the figure while keeping the same downwind position.
For low R* values, two main behaviors were observed, which
were that very large and low obstacles have a small and
sometimes negative influence on the gas plume dispersion.
Actually, the gas dilution can be reduced in the region close to
the upwind face of the obstacle, where wind speed is almost
zero, and then the obstacle itself can act as a kind of launching
pad for the gas cloud, slightly increasing the maximum distance
reached by the cloud in comparison with the open field gas
cloud behavior (Figure 3A). When very small obstacles (with
respect to the cloud size) are involved, the obstacle produces
small variations in the cloud maximum distance (Figure 3B).
Therefore, in order to ensure a significant effect of the obstacle
on the gas cloud behavior, both the characteristic obstacle
dimensions have to be increased, thus increasing the R* value
as shown in Figure 3C. Finally, very large and tall obstacles,

characterized by high R* values, produce a sort of “barrier
effect”, producing a strong variation in the cloud behavior
(Figure 3D).
The sensitivity of the cloud behavior with respect to all the

parameters investigated can be summarized using the
aforementioned target function, Δ, and overall parameter, R*.
We can see that the general trend is coherent because the value
of Δ increases with R* as shown in Figure 4. Moreover, the Δ
values are generally positive; this means a reduction in the
cloud maximum length when the obstacle is present. Only for
small values of the parameter R* are negative Δ values
observed, meaning that these obstacles, as previously
mentioned, can raise the cloud slightly and consequently can
increase its maximum downwind length with respect to open

Figure 3. Typical interactions between gas cloud and obstacle. In all
cases, the same source term, both in terms of mass flow rate and
location, was considered, and only the wall dimensions were varied at a
constant downwind position. (A) Large and low obstacles are not able
to stop the cloud. They can either have a small influence on the gas
plume dispersion or behave like a launch pad. (B) Very small obstacles
are involved. The obstacle produces small variations in the cloud
maximum distance. (C) The wall is high enough but not large enough
to stop the cloud. (D) The wall acts as a mitigation barrier and stops
the cloud.

Figure 4. Effect of the obstacle on a dense gas cloud dispersion
expressed in a Δ vs R* plot.



field conditions (Figure 3A). For the sake of generality, all the
data summarized in Figure 4 have been obtained using CFD
simulations to evaluate the hazardous distances both in open
field conditions and in the presence of the wall. However,
similar results can be obtained using an integral model to
estimate the gas cloud size in open field conditions (that is,
without the presence of obstacles), provided that the intrinsic
limitations of the integral model allows its use for simulating
the considered release scenario. This has been confirmed for
the data reported in Figure 4 using the ALOHA integral model
when the chemical species were included in the ALOHA
database.
From the data reported in Figure 4, three regions can be

identified where the sensitivity of the cloud behavior to the
presence of an obstacle changes significantly, as shown in
Figure 5.

The first region, labeled “A” in Figure 5, is characterized by
values of R* lower than 0.25 (that is, the cloud size is four times
wider and/or higher than the obstacle), where all the Δ values
lie in the range from −0.2 to 0.2. This means that the presence
of the obstacle can induce a (positive or negative) change of the
cloud length lower than ±20%, that is, quite negligible in
comparison with the uncertainties in the estimations of the
hazardous distances.
The second region, labeled “C” in Figure 5, is characterized

by values of R* larger than 1 (that is, the obstacle is larger than
the cloud size), where all the Δ values are larger than 0.2. This
means that the presence of the obstacle always induces a
reduction of the cloud length larger than 20%, which can be
considered not negligible.
These two regions are connected by a sort of transition

region, labeled “B” in Figure 5, where both negligible (that is,
lower than ±20%) and not negligible (that is, larger than
±20%) changes in the maximum cloud length can be induced
by the presence of an obstacle in the cloud pattern.
The gray areas in Figure 5 are not allowable regions. Two of

them would be representative of small obstacles with respect to
cloud size (0 < R* < 0.25) and large variation in the cloud
dimensions (Δ > 20% in absolute values), and the other one is
representaive of large obstacles with respect to cloud size (R* >
1) and small variations in the cloud dimensions (Δ < 20% in
absolute values).
These results, which cannot be rationalized in terms of either

Rh or Rw because the situations where one or the other
parameter controls are randomly distributed on the diagram,
lead to a simple screening methodology to decide a priori when

integral models can be safely used in performing a quantitative
risk analysis. Region A in Figure 5 is representative of small
obstacles (with respect to the cloud size) that produce small
variations of the gas cloud length with respect to the open field
situation (where integral models are expected to be reliable, at
least in situations not too different from those used to tune
their parameters); therefore, a dense gas dispersion scenario
characterized by R* < 0.25 can be safely simulated through
integral models with an expected error on the hazardous
distance estimation not larger than 20%. Conversely, region C
in Figure 5 is representative of large obstacles (with respect to
the cloud size) associated with large cloud length variations
with respect to the open field situation; an accidental scenario
represented by R* > 1 strictly requires CFD simulations in
order to obtain reliable predictions of the hazardous distances.
Finally, Zone B is characterized by intermediate values of R*,
where the qualitative effect of the obstacle cannot be predicted,
and consequently, the use of CFD simulations is conservatively
suggested.
Thus, summarizing, the following step-by-step procedure is

proposed to discriminate when an integral or a CFD model
should be used: (1) Compare the characteristics of the
accidental release of interest with the intrinsic limitations of
the chosen integral model (apart from those related to the
presence of obstacles), which are strongly related to the
experimental window used for tuning the adjustable parameters
of the integral model itself. This should be always the first step
because if the more relevant characteristics of the considered
release scenario (apart from those related to the presence of
obstacles) cannot be reasonably reproduced by the integral
model, a CFD approach is required. (2) If the integral model
can be used to reproduce the accidental scenario in open field
conditions (that is, without the presence of obstacles), then
estimatation of the gas cloud size using such an integral model
can occur (obviously, also a more reliable CFD model can be
used to estimated such a size). The size of the cloud is that
related to the concentration value of interest (e.g., IDLH or
LFL). (3) Evaluate the characteristic geometrical parameter R*
through eqs 1 −3 for all the relevant obstacles fully embedded
in the cloud. If all the values of R* are lower than 0.25, an
integral model can be safely used, otherwise a CFD approach is
required.
Moreover, the same criterion can be used to simplify the

representation of the real environment’s geometry in the CFD
computational domain because obstacles characterized by
values of R* < 0.25 can be neglected without compromising
the simulation reliability. In particular, also for this purpose, the
size of the cloud in open field conditions can be obtained using
an integral model if it can be used to reproduce the accidental
release without the presence of obstacles. However, because in
this case a CFD model will be used in any case, a better choice
is to carry out a more reliable CFD simulation of the cloud
dispersion without the presence of obstacles for estimating the
size of the cloud in open field conditions. Therefore, the real
CFD simulation domain can be designed by neglecting all the
obstacles fully embedded in the cloud while having a R* value
lower than 0.25.
Finally, the proposed criterion also allows the definition of

the minimum size of a mitigation wall, which should be
characterized by a value of R* > 1 to induce a significant change
in the cloud length. Operatively, the size of the cloud without
the presence of the mitigation barrier should be obtained from
a CFD simulation because as in the previous case, a CFD

Figure 5. Classification of different regions that highlight the effect of
the obstacle on a dense gas cloud dispersion.



model will be used in any case for designing the mitigation wall.
Moreover, the presence of large obstacles in an industrial plant
usually prevents the use of integral models. Once the size of the
cloud without the presence of the mitigation barrier is
computed, the position and size of the mitigation barrier can
be defined by fulfilling the criterion R*>1.
As a further validation of the proposed methodology, some

literature data were reprocessed on the proposed Δ vs R* plot.
The first set of data considered refers to a realistic case study
involving a large release of LNG in a typical regasification
plant.6 In this case, the hazardous concentration value
considered is relative to the flammable properties of natural
gas and therefore equal to the LFL/2 value. This paper reports
the hazardous distances for the dispersion of a large spill of
LNG in the plant both without the presence of the mitigation
barrier and with the presence of several wide mitigation barriers
(wobs = 350 m) with different heights (hobs = 3−12 m) through
CFD simulations. From the data reported in the paper, the
effects of such mitigation barriers are reported on the proposed
Δ vs R* plot as shown in Figure 6 (full symbols). We can see

that in spite of the complex environment considered in this case
study (apart from the mitigation barrier, several other large
obstacles such as LNG tanks and various equipment have been
considered) and the much larger threshold concentration value
considered, the methodology proposed in the present work is
able to correctly determine the effect of the downwind wall on
the gas cloud behavior because all the data lie in the allowable
regions as previously defined. As previously mentioned, in this
case, using an integral model would not be meaningful because
the situation without the large mitigation barrier involves
several large obstacles (namely, the regasification plant units
and tanks).
The second set of data considered refers to an ammonia

release from an aqueous ammonia pool.42 In this case, the
threshold concentration value considered in the CFD
simulations is relative to the toxic properties of ammonia and
therefore equal to the IDHL value. The authors evaluated the
effect of the presence of a large obstacle downwind of the pool
(wobs = 48 m, hobs = 12 m) for different wind velocities. From
the data reported in the paper, the effects of such an obstacle
with various wind speeds are reported on the proposed Δ vs R*
plot as shown in Figure 6 (empty symbols). We can see that
also in this case the methodology proposed in the present work

is able to correctly determine the effect of the downwind 
obstacle on the gas cloud behavior because all the data lie in the 
allowable regions as previously defined. In this case, no other 
significant obstacles are involved; therefore, the hazardous 
distance in open field conditions can be computed using an 
integral model. Also, in this case, no significant deviations 
between the CFD and ALOHA predictions in open field 
conditions have been evidenced, which would lead the data 
computed with CFD and ALOHA results to be almost 
superimposed in Figure 6.

4. CONCLUSIONS
In this paper, a general criterion to foresee whether the 
presence of an obstacle on the cloud pattern can influence 
significantly the hazardous distance resulting from a heavy gas 
dispersion was proposed. This criterion requires comparing the 
characteristic dimensions of the obstacles with those of the 
cloud estimated in open field conditions on a Δ vs R* plot, with 
Δ and R* being two suitable dimensionless parameters.
It was found that when R* < 0.25, the presence of the

obstacle can be disregarded. This means that the cloud
dispersion can be safely simulated using an integral model, at
least when the considered accidental scenario is not too
different from those used to tune the parameters of the integral
model itself. On the other hand, this also means that the
obstacle can be safely neglected when representing the real
environment’s geometry in the CFD computational domain
without compromising the simulation reliability. Moreover, it
follows that mitigation barriers characterized by R* < 0.25
cannot perform properly because they cannot induce a
significant change in the cloud length.
However, when R* > 1, the presence of the obstacle cannot

be disregarded. This means that the cloud dispersion cannot be
safely simulated using an integral model and that the obstacle
cannot be safely neglected when representing the real
environment’s geometry in the computational domain. More-
over, mitigation barriers characterized by R* > 1 can perform
properly because they induce a significant change in the cloud
length.
The proposed methodology was also validated using

literature case studies that involve large LNG releases in a
regasification plant and ammonia evaporation from an aqueous
ammonia pool. In all cases, the proposed methodology was able
to foresee correctly the literature findings.
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