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Industrial University of Tyumen, Department of Technosphere Security, Tyumen, Russian Federation

The risk of accidents involving light hydrocarbons is caused by the physicochemical properties of the components,
primarily propane and butane. The most catastrophic accidents involving these substances were on November 19,
1984, in the city of San Juan Ixhuatepec (Mexico) and on June 4, 1989, on the Asha — Ulu-Telyak section (USSR),
in each of which more than 500 people died. The novelty of the study is determined by the requirement to ensure
industrial and fire safety of storage facilities for light hydrocarbons by predicting probable zones of air flow stagnation.
The authors calculated the formation of probable air stagnation zones for various space-planning solutions by using a
three-dimensional modelling system and the finite volume method. The paper developed a methodology for assess-
ing the safety of storage facilities for light hydrocarbons in emergency situations, which is based on the analysis of
probable air stagnation zones by using three-dimensional modelling systems. The practical significance of the study
is determined by the additional development of a parameter for assessing the safety state of a storage facility for light
hydrocarbons (Ks) and a resulting parameter (Kr) for calculating the optimal location of structures and their structural
changes. Integration of stagnation zone sizes into a single formula with the results of other safety calculations is an

urgent scientific and applied problem.

Key words: air stagnation zones, safety, modelling, computational fluid dynamics, light hydrocarbons

INTRODUCTION

Light hydrocarbons are found in oils, natural combusti-
ble gases, and gases from petroleum refining [1]. These
include hydrocarbons with carbon content in the C1-C6
range [2] and are a mixture of the alkane class hydrocar-
bons [3]. Light hydrocarbons of different fractional com-
position are stored in reservoirs both in “pure” form and
in a mixture with other additives [4]. Substances such
as methane and ethane are rarely stored, mostly trans-
ported to consumers immediately after extraction [5]. In
connection with this fact and low values of the gas phase
density, the storage facilities for methane and ethane
were not considered in the paper [6]. Liquefied petro-
leum gas (LPG) and natural gas liquids (NGLs) contain
significant proportions of light hydrocarbons (C3-C6) [7].

One of the tasks solved by numerical modelling is the
search for probable air stagnation zones (areas where
the air flow (wind) speed does not exceed 0.5 m/s) in
the territory of hazardous industrial facilities (HIF) [8-
9]. Options for solving this problem were considered
by scientists R.R. Tlyasheva, A.V. Solodovnikova, N.N.
Krasnogorskaya, V.V. Akhmerov, who used the meth-
od of predicting probable air stagnation zones using a
three-dimensional modelling system. Such studies are of
particular importance for objects containing light hydro-
carbons (C3-C6) [10], which is explained by the physico-
chemical properties of the latter [11]. Reducing the size
of stagnation zones can significantly reduce the volume
of the cloud of the fuel-air mixture and, as a result, re-
duce the explosion and fire hazard of the object [12].

*mo11577.mm@gmail.com

MATERIALS AND METHODS

Currently, there are no studies on detailed investigation
of air stagnation zones for tank batteries on the territory
of gas filling stations and gas processing plants [13]. At
the same time, in the current regulations at the stage
of hazard identification and search for optimal options
for the location of the production site [14], the location
of technological facilities, the layout of installations and
equipment, there is no method for a comprehensive as-
sessment of probable stagnation zones using three-di-
mensional modelling systems. This method allows to
choose the most effective solution to ensure the safety
of light hydrocarbons storage facilities [15]. Therefore,
there is a need to develop a methodology that provides
for the solution not only of this problem, but also the in-
troduction of individual space-planning changes with
their mandatory testing in order to reduce the probability
of air blanketing [16], which, in turn, can increase the
industrial and fire safety of storage bases for light hydro-
carbons and adjacent territories [17].

The paper presents a developed methodology and an
algorithm for it, which make it possible to carry out a
comprehensive assessment of stagnation zones using
three-dimensional modelling systems and select the
most effective safety solution. The proposed method
makes it possible to predict probable stagnation zones
for objects, taking into account the meteorological condi-
tions of the location and provides for an increase in their
safety, including due to volume-planning changes at all
stages of the object’s life cycle. The developed method-
ology for assessing the safety of light hydrocarbon stor-
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Figure 1: Algorithm for assessing the safety at light hydrocarbon storage facilities

age facilities and the algorithm for it are based on the
findings obtained in previous author’s studies [18-19],
and tested for the object of modelling (LPG tank farm)
(Figure 1).

Stage 1. Initial data on the research object. To conduct
research, the following initial data is required:

— general plan of the object and the adjacent territory;
— topography of the terrain;

— information about the number of employees of near-
by organisations, the potential danger of nearby in-
dustries, the number of people living nearby;

— dimensions, shape of all structures of the object;

— location of structures relative to each other;

— basic technological operations at the facility;

— frequency of wind directions in the warm season for
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a given territory;
— wind speed in the warm season for a given territory;

— characteristics of ignition sources at the facility and
the likelihood of their occurrence.

RESULTS AND DISCUSSION

To test the developed methodology, an LPG storage
(LPGS) was chosen, which is one of the widespread fa-
cilities that store a large number of light hydrocarbons
[20]. The presence of significant (up to several hundred
tons) gas reserves at the LPGS and the high potential
hazard of the substance make it possible to classify the
LPGS as a hazardous production facility that can pose
a threat not only to personnel, but also to the popula-
tion [21]. The main technological operations at the LPGS
are loading and unloading operations associated with
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receiving and supplying liquefied petroleum gas (LPG)
to consumers [22]. The movement of the streams of the
liquid and gaseous phase is carried out by creating over-
pressure with the help of compressors in a railway tank
car or tank. The discharge of LPG from railway tanks into
the tanks of the storage facility (if the former are above
the level of the latter) occurs through the discharge posts
by gravity and under gas pressure. Autogas carriers are
filled with a compressor, which extracts vapours from the
tanker to the storage tank. As a result, the pressure in the
tank increases and liquefied gas is poured into the road
tanker. LPG is pumped through gas pipelines. Each tank
contains LPG in a liquid and gaseous (steam) form si-
multaneously. LPG is contained at ambient temperature
at a pressure of 1.6 MPa (maximum).

Stage 2. Identification of probable places of containment
failure with subsequent possible emergency leak of light
hydrocarbons. As part of this stage, it is necessary to
consider the possible causes of emergencies at the fa-
cility, to consider the accident scenarios, including the
most probable and most dangerous. On the territory of
the storage facility under consideration, depressurisation
is possible in the tank farm, at railway drain posts, auto-
gas carriers filling station, in the cylinder filling workshop,
pumping and compressor equipment, pipelines (Figure
2). The most important is the search for probable stagna-
tion zones in the technological zone of the facility, which
includes tanks for storing light hydrocarbons.

Figure 2: Zones of possible emergency leak of LPG

Stage 3. Rendering a 3D model of an object (compu-
tational domain) in CAD. When creating a three-dimen-
sional model, single-running small diameter pipelines
(200 mm or less) can be ignored. This assumption does
not affect the result, since the parameters of such pipe-
lines do not allow the creation of stagnation zones of a
significant size. An example of a three-dimensional mod-
el of the tank storage is shown in Figure 3.

Stage 4. Identification of the prevailing wind directions.
The prevailing wind directions are those in which the
greatest human and material losses are possible. To im-
plement this stage, information is needed about nearby
organisations, the potential danger of nearby industries
and the number of people living nearby.

Stage 5. Conducting simulation experiments to calculate
stagnation zones for prevailing wind speeds in the warm

Istrazivanja i projektovanja za privredu ISSN 1451-4117
Journal of Applied Engineering Science Vol. 20, No. 1, 2022

season. When carrying out simulation experiments, tak-
ing into account the physicochemical properties of light
hydrocarbons, it is necessary to determine the probable
air stagnation zones at a height of 0.2; 0.5; 1.5 m at wind
speeds prevailing in the warm season on the territory
of the facility. Examples of visualisation of air flows and
stagnation zones are shown in the Figure 4.

3 FlowVision

Figure 3: Three-dimensional model of a tank farm and a
railway overpass on the territory of the LPGS

Air stagnation zones

w‘f_ ; eI L

Figure 4: An example of air flows and stagnation zones
visualisation

According to the results of simulation experiments, de-
pending on the direction of the wind and the height of
measurements, the sizes of stagnation zones are found.
It also reveals which wind directions correspond to the
maximum and minimum areas of probable stagnation
zones. To calculate the parameters of stagnation zones,
the FlowVision software package was used, which is
based on the finite volume method. The simulation used
a rectangular adaptive locally refined mesh (Figure 5).
The results of the studies on the dependence of probable
stagnation zone size on the direction and wind speed for
three different heights are shown in the Figure 6.

It is recommended to calculate the mass of evaporated
light hydrocarbons taking into account the functional de-
pendence proposed in the previous studies by the au-
thors [18, 19]:

At 0,01 At
e, | ava (4] vae’ 0
k
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Figure 6: Dependence of the size of probable
stagnation zones on the direction and speed of the wind
at different heights

where m(t) — mass of the substance evaporated from the
beginning of the leak until the moment of time t, kg; m_
— initial mass of the substance, kg; a,, a,, a, — estimated
coefficients (the value of estimated coefficients for some
storage temperatures Tst and ambient temperatures T__
are presented in [18-19]; At — time elapsed since the mo-
ment of leak, s; t, is the time, elapsed from the moment
of leak to the limit of the functional dependence applica-
bility, s (t,=3600).

Stage 6. Calculation of the parameter values for assess-
ing the safety at the light hydrocarbon storage facility.
Taking into account the fact that the safety of an object
is directly proportional to the probability of an ignition
source on the path of cloud propagation and the area of
stagnation zones, a parameter for assessing the safety
state of a light hydrocarbon storage facility for the wind
direction (WD) X has been developed, which can be
used as a comparative criterion (Eq. 2, 3). A decrease
in the parameter values will indicate an increase in the
safety of the object in emergency situations.

PWD)- S, -(+[T I T [ +-@ (1S, /CM)])

PWD)-Sg, -(*+TT.TTY%Q (HS,)-Q (I
KS(WD)= ( ) S.Z.( Hl—11;[n-1[ Q:( n) Q/(n)]) (3)
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where P(WD) — probability of occurrence of the X wind
direction; S_, . — area of stagnation zones at wind direction
.~ — area occupied by the tank farm and auxilia-
ry structures minus the area of equipment, buildings and
structures, m?; Q, (IS /CM) — conditional probability of the
occurrence of a cloud of fuel-air mix on the path of propa-
gation in the i-th element of the object of the n-th ignition
source capable of igniting a combustible medium; Q, (HS )
— probability of the occurrence of the n-th heat source in
the i-th element of the object during the year; Q, () — con-
ditional probability that the ignitibility of the object of the
n-th heat source appearing in the i-th element is sufficient
to ignite the combustible medium in this element.

It is advisable to calculate the probability of a wind in a
certain direction based on long-term statistical data for
the warm season in the area under consideration. It is
recommended to calculate the areas of probable stagna-
tion zones at heights of 0.2, 0.5 and 1.5 m at the lowest
of the air flow rates typical for the warm season of the cer-
tain territory. To calculate the developed parameter Ks,
it is necessary to take the largest of the calculated val-
ues of the stagnation zone area. When calculating the Ks
parameter, the conditional probability of the appearance
of a fuel-air cloud in the i-th element of a heat source
capable of igniting a combustible medium is recommend-
ed to be made based on available methods or to take
ready-made values from the scientific literature. The main
intermediate values for calculating the probability of an
ignition source occurrence are presented in the Table 1.

Table 1: Main intermediate values for calculating the
probability of an ignition source occurrence

Designation Parameter name

Probability of occurrence of atmo-

Q(TS,) spheric electricity discharge

Probability of occurrence of an electrical
spark

Q(TS,) Probability of occurrence of frictional spark

Q(TS,)

Probability of occurrence of open

Q(Ts,) flames and sparks

Probability of occurrence of elements
heated above the permissible temperature

Q(TSy)

In turn, each of these parameters requires detailed anal-
ysis and determination of additional values. The calcu-
lation data of the K_ parameter for the considered LPGS
are presented in Figure 7 and in the Table 2.

The calculation data shows that the highest parameter
value was obtained for the southward wind due to a com-
bination of various factors. In this regard, when making
space-planning and organisational and technical chang-
es, the greatest attention should be paid to the south-
ward wind.

Stage 7. Decision on the sufficiency of the implement-
ed safety measures. This stage is the final one for the
process of assessing the safety of LPGS. If it is possible
to decide on the sufficiency of the implemented safety
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Figure 7: The calculation data of the K_ parameter for

LPGS
Table 2: An example of the calculation data of the K
parameter
Designation Parameter value Ks
K.(N) 0.00529
K.(NE) 0.00134
K.(E) 0.00188
K.(SE) 0.00216
K.(S) 0.00766
K.(SW) 0.00290
K, (W) 0.00505
K (NW) 0.00249

measures for the object in its existing version, then the
remaining stages are not necessary. Otherwise, activi-
ties are required, the ultimate goal of which is to make
such a decision.

Stage 8. There are two main ways to reduce air stagnation
zones on the site: 1) the rational positioning of the object
relative to the wind direction; 2) making space-planning
changes. If the problem of significant sizes of stagnation
zones can be solved only by rational positioning of the
object, proceed to the implementation of stage 9. In other
cases — to stage 11. For the LPGS under consideration,
it is not possible to solve the problem of increasing safety
only by rational positioning of the object relative to the
wind rose, so it is necessary to make changes to the ele-
ments of the object (stages of the algorithm No. 11, 12).

Stage 9. Change object positioning. When choosing a
rational positioning of the object due to the location of
light hydrocarbon storage facilities relative to the prevail-
ing wind directions, it is possible to reduce the likelihood
of gas contamination in general or for the direction con-
sidered. The rational positioning of the object relative
to the wind direction can only reduce the frequency of
occurrence of stagnation zones of significant size, but
does not affect their size and, in this case, will not give
the desired effect in improving the safety of the object.
Therefore, in order to reduce the size of potential areas
of accumulation of substance released, it is necessary
to make possible space-planning changes in the design
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documentation at the design stage. For cases where the
problem of stagnation zones is solved by the rational
placing of the object, it is necessary to abide the rule:
the most prevalent wind directions, from the standpoint
of possible human casualties, should correspond to the
smallest K  parameter value.

Stage 10. Potentially, situations are possible when the
changes introduced lead to a decrease in the parame-
ter value Ks at some wind directions, but at the same
time contribute to an increase in the parameter values
Ks at other wind directions. To solve this problem, it is
proposed to use the resulting parameter for assessing
the safety state of the facility as a test value (4).

KFZLKS:'(WD) 4)
n

where K (WD) — parameter for assessing the safety state
of a light hydrocarbon storage facility at a certain wind
direction; n — the number of considered wind directions
(n=8; 16). At stage 10, a check is carried out as to how the
changes made affect the safety of the object as a whole
by comparing the resulting parameter values before (K )
and after (K ) changes in the object’s positioning

Stage 11. Determination of the elements of the object,
the change of which will have a positive effect on reduc-
ing the size of stagnation zones and will not harm the
technological process. In order to reduce the area of po-
tential zones of accumulation of substances released, it
is possible to make possible space-planning changes at
the design stage. For LPGS facilities, a hypothesis has
been put forward that a reduction in the size of stagna-
tion zones can be achieved by introducing space-plan-
ning changes associated with the following elements: 1)
railway embankment; 2) tank farm; 3) buildings located
in the direction of air masses movement.

Stage 12. Rendering of 3D model, simulation experi-
ments to calculate stagnation zones for an object after
making space-planning changes. Creation of a three-di-
mensional model and conducting simulation experiments
at this stage should be carried out similarly to Stage 3
and 5. In the process of their implementation, both the
space-planning changes separately, and options for their
combination should be considered. Within the frame-
work of the hypothesis indicated at Stage 11, a number
of space-planning changes for the considered LPGS
were modelled. Six options for making space-planning
changes, as well as their combination were considered.
In total, 13 different variants of territory planning were
analysed, for each of which computational experiments
were carried out.

The first change that was studied was the location of
the railway embankment, which has a height of 2.5 m
and a length of about 300 m on the site (including the
length of the embankment under the cold storage ware-
house, which is an inseparable continuation of the rail-
way embankment). The embankment is equipped with
two ramps: the first is located near tanks with a volume of
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100 m?3; the second is near the road tanker filling station.
An embankment with a railway dead end, an embank-
ment under a cold warehouse and two ramps are a single
structural element, so all manipulations with them were
carried out conjointly. The following assumption was put
forward: if the railway embankment was moved further
from the tank farm, then due to this it will be impossible
to reduce the size of the air stagnation zones. Compu-
tational experiments were carried out with a step of dis-
placement of the embankment equal to 2.5 m. Due to the
fact that the largest zones of stagnation are created with
the southward wind (when the wind flow is transversal to
the railway embankment), all computational experiments
related to changing the layout of the object were carried
out for a given wind direction with speed of 1 m/s. Re-
sults are displayed for a height of 1.5 m.

In the absence of the possibility of making space-plan-
ning changes (for example, the facility is already in oper-
ation), then the level of safety can be increased through
a number of other measures. For example, a rational
arrangement of gas analysis sensors or additional diag-
nostic systems of normal and dangerous states of tech-
nical objects, which will reduce the likelihood of unac-
ceptable defects, reveal a thinning of the wall or possible
uneven load on the supports. In combination with techni-
cal measures, it is necessary to carry out organisational
measures aimed at reducing the likelihood of an ignition
source appearing on the route of the fuel-air mix cloud.
Stage 13. Calculation of the Ks parameter values af-
ter making space-planning changes. The calculation
should be done in the same way as in Stage 6 for each
space-planning change made. Figure 8 shows the re-
sults of calculating the parameter for assessing the safe-
ty state of a storage facility for light hydrocarbons for the
considered LPGS before and after making space-plan-
ning changes according to variant 13.

= After making space-planning changes
= Without making space-planning changes
750612
NW s’ d02101713
0.0016852
W et dat 0 004718808
SW IRl © 003036373
S | — 00096317
57
SE [ttt 0 003040155
91
E IRl 002412736
NE IRl 6051503437

TI8 5]
N 0.004971302
Figure 8: Comparison of the Ks parameter values for
the LPGS before and after making space-planning
changes (according to variant 13)

As can be seen from Figure 8, the introduction of
space-planning changes can lead to a decrease in the
parameter value K_ by reducing the size of stagnation
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zones. In turn, decisions of an organisational and techni-
cal nature are an important factor. In particular, due to the
refusal to carry out hot work during the technical exam-
ination of gas cylinders on the site of the facility (refusal
of hot work or transferring them outside the territory of
the enterprise). The probability of the ignition source ap-
pearance and, as a consequence, the value of K_ for the
southward wind decreases by 2.2 times (Figures 9, 10).

As can be seen from Figure 10, in the case of joint imple-
mentation of the proposed space-planning, organisational
and technical changes, the parameter value Ks decreases
in the range from 2.8 to 6.4 times, depending on the wind
direction. In particular, for the southward wind, the param-
eter value is reduced 6.4 times from 0.0077 to 0.0012.

" After making organizational and technical changes
= Without making organizational and technical changes

W 0004718808
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sw | | 0030073
S 0.004318776
L] 335279
SE [ 0003040155
e I 355
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Figure 9: Comparison of K, parameter values for LPGS before
and after making organisational and technical changes

0.0096317

" After making space-planning, organizational and techmical
changes

" Without making space-planning, organizational and technical
changes
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Figure 10: Comparison of the K_ parameter values for the

LPGS before and after the introduction of space-planning
and organisational and technical changes

Stage 14. Checking the safety status of the entire facility
before and after making changes is carried out similar-
ly to Stage 10. For the considered facility, the value of
the resulting parameter K decreased by 3.5 times from
0.0036 to 0.00104, which indicates the effectiveness of

Istrazivanja i projektovanja za privredu ISSN 1451-4117
Journal of Applied Engineering Science Vol. 20, No. 1, 2022



Viadimir N. Permyakov, et al. - Development of methods for assessing the

safety of light hydrocarbon storage facilities in emergency situations

[
@ [ |

the implemented measures.

Stage 15. If, after a complex of space-planning changes,
it is required to position the object relative to the wind
direction, then proceed to the implementation of Stage
9. The result of the safety assessment of the tank field
in emergency situations should be a decision on the suf-
ficiency of the implemented safety measures (stage 7).

CONCLUSIONS

Hence, computational modelling of the formation of
probable stagnation zones with various space-planning
solutions by using a three-dimensional modelling system
and a finite volume method has been carried out. It was
found that for sites of tank farms with light hydrocarbons
in the oil and gas industry, the most effective measures
are to increase the height of the tanks, reduce the angle
of attack to the horizontal axis of the tank, and abandon
the railroad embankment by laying rails at ground level.

A parameter has been developed for assessing the safe-
ty state of a light hydrocarbon storage facility (Ks) for
calculating the optimal location of structures and their
structural changes. It was found that by introducing
space-planning, and organisational and technical chang-
es aimed at reducing the size of air stagnation zones and
reducing the likelihood of an ignition source, it is possible
to increase safety by at least 2.8 times.

For the first time, a methodology for assessing the safety
of storage facilities for light hydrocarbons in emergency
situations has been developed and scientifically substan-
tiated. It allows to conduct a comprehensive assessment
of stagnation zones using three-dimensional modelling
systems and select the most effective safety solution
at all stages of the object’s life cycle. The developed
methodology and algorithm for it take into account the
space-planning features of the object and the likelihood
of a fuel-air mix ignition. The method and algorithm have
been tested for the simulation object (LPG tank farm).
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