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Abstract

The study addressed one of the knowledge gaps in compressed gas safety, i.e., a predictive model to analyze
explosive failure of natural gas (CNG) cylinder. The predictive model is a numerical model tested using
experimental data. It accounts for the real gas effects, physical energy and combustion of the flammable
gas. One of the concerns comes from pressurized gas cylinder is energy associated with compression. An
unintentional rupture of a compressed cylinder filled with the natural gas would generates a rapid energy
release in the form of the pressure energy. The result of release energy causes rapid mixing of released gas.
The rapid mixing while may generate high overpressure, it may also cause flash fire. These effects are
nuemriacally simulated and validated using experimental data. This study identify critical points for safer
operation of complex CNG systems.

Keywords: compress, safety, cylinder, predictive, approach, model, energy, experiment, mechanical,
rupture.

Introduction unique properties of CNG raise safety concerns
and pose an essential question if whether the
CNG cars are safe or not. The purpose of the
study is to limit hazards associated with
overpressure applications by adopting a safe
approach. The following key aspects are

addressed:

The use of alternative energies as fuel (i.e.,
hydrogen Ha, liquefied petroleum gas LPG, and
CNG) has become a controversial topic due to the
safety issues associated with overpressure
applications. According to the world statistics
summary tabulated in table 1, there are more than
twenty million natural gas vehicles NGVs on the 1. Developing methods to predict accidents
roads worldwide. Given that the environmental using appropriate modeling techniques.

and economic benefits attracted many industries
to invest in it, and perform in more challenging
environments, with higher energy densities and
power efficiencies over longer lifetimes. These
requirements are placing more pressures on these
industries. However, most of the natural gas cars
stored the fuel in a high-pressurized condition.
Compared with vehicles used hydrogen as fuel,
CNG has narrower flammability range, higher
ignition energy, and lower burning rate. These

© 2022 JPPW. All rights reserved

2. Developing an approach to evaluate the
effects of resultant blast wave pressure
versus the magnitude of the accident
(consequence criteria).

3. Propose an alternative model for blast
wave pressure .

4. Establishment of acceptable level
(threshold  value)for  overpressure
applications.
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Therefore, considering the increased risk
generated by overpressure, as previously
described by prior literature, it is vital to develop
a strategy to stop or mitigate an accident. The
hazard approach found in this study given in
figure 1.

Compressed natural gas hazards

Alternative fuels including compressed natural
gas (CNG), and hydrogen (H.) raises the
controversial safety issues that require to discuss
thoroughly. A blast wave is one of the problems
that need to be measured when a high-pressure
gas cylinder failed, in any fire or non-related fire
accident occurred. Safety engineering for
compressed gases is a new discipline
underpinning the technological safety of
emerging high-pressure systems and
infrastructure. It encompasses previously
acquired, and new knowledge generated by the
international gas safety community published
elsewhere [1].The protection barrier is an
ultimate mitigation measure against hazards and
associated risks during an accident that involves,
in particular, compressed natural gas storage. One
of the technical features that make CNG systems
different from others is very high-pressure
storage up to 20-30 MPa. However, the
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complexity to complete prediction and control of
compressible gases is one of the scientist's
challenges that may result in knowledge
limitation. ~ However, investigating  the
performance of such a CNG cylinder under
different circumstances and configurations can be
obtained by studying the underlying physio-
chemical behavior model of CNG. Using that to
design and optimize the CNG cylinder, fluid flow
simulated concerning safety. CNG made of
(CH4,C3Hs, CoHs, CsHio, CO2, Oz, H3S, Ny, He,
Ne, Xe), recommended by CCPS 2000.
Regardless of the benefits of CNG [2], the safety
concern of overpressure cylinder CNG
considered as a problem. As a result of CNG
operation, about 90% of emission reduction [3],
also, noted that the potential for water pollution
occurred with fossil fuels is at minimal [4]. The
efficiency of any fuel indicated by its octane
number; thus, CNG has a higher octane number
ranged between (120- 130) [5].

Worldwide NGV Statistics

Natural Gas Vehicles: 27,414,984
Na}tural Gas Fueling 32,211
Stations:
NGVs Stations
19,766,181 19,492
2,005,744 5,060
224,500 1,857
5,150,210 5,592
268,349 210

Table 1: “‘NGVs’ is all land-based motor vehicles [1] April 2019

This paper tries to assess the safety and therefore,
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reveal how the properties (pressure, velocity,
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temperature, etc.) of compressed natural gas
affect the risk, which results in overall
consequence differences in a compressed natural
gas vehicle in terms of hazard effect (dispersion
energy) and accident consequences in typical
accident events.

Past studies of accident modeling

CNG fuel is stored onboard at high pressures.
However, all vehicular high-pressure gaseous
storage systems are required to be equipped with
a safety device known as a thermally-activated
pressure relief device (TPRD). For instance,
when the temperature reading is more than 110
centigrade, the TPRD activated, and the contents
of the storage will be released rapidly. This safety
device significantly reduces the risk of the
catastrophic ruptured vessel by venting the excess
pressure outside. However, the released
flammable gas could raise additional safety
problems if it ignited. Therefore, the combustible
gas release from TPRD can be considered as a
typical incident example causing gas released.
Then gas can be ignited immediately in the fire
environment and causes jet fire impinging on the
ground and spreading flame outwards. However,
the lower flammability limit and combustion
temperature are one of the CNG advantageous
prosperities. Such as the light property of CNG in
the air helps to reduce risks. However, high-
pressurized condition and heavy weight of the
CNG cylinder become a source of hazard [6]. The
CNG cylinder storage parameters are selected,
and details of parameters shown in Table 1. There
is number of studies discussed the influence of
overpressure. Janovsky [7] modeled pressure
effects during the accidental explosion of gas.
Olvera [8] analyzed the impact of buildings on
gas diffusion for hydrogen using a fluid model,
and as a result, the hazard of indoor gas release
was more severe than that of indoor CNG release.
Middha [9] carried out a CFD simulation study to
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investigate the risk from hydrogen vehicles while
Houf and his colleagues carried out CFD
simulation on the gas release [10]. However,
modeling gas flow considered one of a challenge
in the field of simulation. Thus, there is no
general flow model for all fluid flow situations.
In traditional fluid flow modeling, all variables
separate into mean values and fluid flow
fluctuations. However, the influence of fluid flow
on the CNG cylinder has not been systematically
discussed. In the current study, a simulation
study aims to investigate the influence of flow
acceleration inside a CNG cylinder on the
pressure drop. An early description of blast wave
events given by Brinkley and Lewis [11], who
also describe Karlovitz’s theory [12]. The
occurrence of overpressure blast most likely
influenced by fluid flows.

Furthermore, this was experimentally studied by
several scholars as Oppenheim and Urtiew [13].
Lee and Moen who have given useful reviews of
mechanisms of the effects flow on overpressure
explosion events [14]. Also, Lewis and VVon Elbe
published their investigations of explosion
mechanisms and the speed of fluid [15].
Furthermore, Kuo studied the principle of
combustion [16], and different mechanisms of the
blast investigated, each including the fluid flow
and formation of shocks [17] given an
explanation of the explosion due to the velocity
of the shock wave.Cheng et al. [18] investigate
the propagation process of the methane
explosion. Using the theoretical calculation,
numerical simulation and physical experiments,
obtaining the initial blasting stress, displacement,
and overpressure of the fluid blast are much better
than that of ordinary blasting. Furthermore, the
probit analysis is a method of analyzing the dose-
effect relation, thermal radiation, and
overpressure, however, can also be a useful
analysis method to determine equipment
damages subjected to blast wave [19, 31]. It is
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studied and confirmed by many researchers [20,
23, and 31]. Eisenberg [23] presented a model
based on experimental analysis of storage tank
deformation, restricted by rigid walls. Then, the
probability of failure derived from the cumulative
expression for a normal Gaussian probability
distribution [20]. Also, Khan and Abbasi [32],
who proposed a probit function similar to the
Eisenberg expression, and gave the same probit
constants of Eisenberg model [23].Thus, the
model proposed by Eisenberg has been used in
this study.

Hazard Assessment

In the framework of the study, particularly hazard
assessment,for the overpressure storage damage
applied. In the following expression model, the
calculation of damage obtained in terms of Probit

Equation (PE). It is given in probit analysis [20],
it is one of the major analysis application of the
method to hazard assessment in the process
industries has been performed by Eisenberg
1975.1t is another way for expressing the
probability P of damage. It is given in the
following equation:

The distribution function (df) = [~ F(x)dx
1.0

Then, the probability P of damage, therefore,
obtained as:

1 Y-5
—mf_w e[—;] du 1.1
Similarly, for log-normal distribution
Y =a+blnx, 1.2

% O 1 2 3

4

5 6 7 8 9

0 - 2.67 295 3.12
10 3.72 3.77 3.82 3.87
20 4.16 4.19 4.23 4.26
30 448 45 453 4.56
40 475 477 48 4.82
50 5 5.03 5.05 5.08
60 525 528 531 533
70 552 555 558 561
80 584 5.88 592 595
90 6.28 6.34 6.41 6.48
-0 01 02 03

99 733 737 741 7.46

3.25
3.92
4.29
4.59
4.85
5.1

5.36
5.64
5.99
6.55
0.4

7.51

336 3.45 352 359 3.66
3.96 4.01 4.05 4.08 4.12
433 436 439 442 445
461 464 467 4.69 4.72
487 49 492 495 497
513 515 518 52 523
539 541 544 547 55

5.67 571 574 577 581
6.04 6.08 6.13 6.18 6.23
6.64 6.75 6.88 7.05 7.33
05 06 07 08 09

758 7.65 7.75 7.88 8.09

Table 2: Transformation of Percentages to Probit, Ref. Source, ref.[20]

The probit is a random variable with a mean of 5
and variable 1. The probability replaced in probit
work by a range of (0 t0100 %) is tabulated in
Table 2 [20]. The author defined the probability
function as (Y) called “Probit Function” to create
a relationship between (E) represents equipment
damage and (P,) represents the maximum
pressure. (Y) represents probit function; (Po)

© 2022 JPPW. All rights reserved

represents peak pressure, P, a and b are constants
(i.e. 23.8 and -2.92) [23]. It is an alternative way
of expressing the probability P of damage. Also,
the estimation of damage can be measured by
Eisenberg expression as:

Po(Pr) = ePr-a)/b 1.3
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Thus, knowing the characteristics of the blasting
wave helps to illustrate a relationship between the
overpressure and damage probabilities. The data
given in following table 3 based on
transformation percentage to probit tabulated in
table 2.The data shows a proportional
relationship  between the probability and
overpreasure. There are a sudden pressure
increase at the range of the points (0.4,17) and
(0.9,29.8) Table 3.

Probability Py Po (mpa)
of failure
0.05 3.36 10.9
0.4 4.75 17.6
0.9 6.28 29.8
Table 3: The shock wave and the damage
probability

Furthermore, thesis research [20] described the
fluctuation of flow as a significant contributor to
flow acceleration and increase the flow surface.
Knut [20], however, mathematically determined
the influence of the fluid flow on reaction rates.
Gas flow may deform the surface area resulting
in which a series of explosion occurs [21]. Also,

the mechanism study of Zeldovich explained the
influence of the fluid flow and induction time. He
mentioned, in most cases, the intrinsic
mechanism triggering a detonation is the
explosion of a non-uniformly preconditioned
region of fuel in which a spatial gradient of
induction time has been created by fluid flow,
shock heating, or both [22]. Wagner and
coworkers [24] have studied the mesh size by
developing experiments in which deflagrations
were passing through screens of specified mesh
sizes. Some analysts suggested that to create
turbulence of the required scale and intensity; a
deflagration could make the transition to
detonation. Therefore, the importance of fluid
flow inside CNG cylinder and controlling the
internal energy may become an essential factor
and key for advanced fueling systems. An
alternative model presented by Pitblado [35],
defining the separation distance but the
probability of failure showed some uncertainties.
In the current study, we try to adopt a hazard
method to get guidance for safe CNG cylinder
design, figure 1. Also, simulation design
approach using highly computational simulation,
COMSOL.

AP°(kPa) Damage

Reference

AP°(kPa) Damage Reference

37.42 Catastrophic failure, pipe [34]
18.70 supports

5.17 Minor damage, floating
25.30 roof tank, cracking(50%
22.10 filled)

39.12 Minor damage, cone roof
4251 tank
61.22 Minor damage, reactor

81.63 chemical

88.44 Catastrophic failure,
108.84 cooling tower

136.05 Minor damage, pressure
vessel horizontal
Catastrophic failure, cone

14.00 Minor damage of the | [40]
20.00 atmospheric tank
25.00 Deformation of
38.00 atmospheric tank
42.00 Atmospheric  tank
53.00 destruction

53.00 Deform of non-

70.00 pressure equipment

95.30 Pressure vessel
deformation

108.90 Pressure vessel
failure

Failure of spherical
pressure vessel

© 2022 JPPW. All rights reserved
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roof tank (100% filled)
Catastrophic failure,
pressure vessel horizontal
Minor damage, pressure
vessel vertical

Catastrophic failure,
pressure vessel vertical
Catastrophic failure, tank
sphere

Catastrophic failure,
floating roof tank (100%

Deformation of steel
structures

99% structural
damage of vertical,
steel pressure vessel
99% structural
damage of spherical,
pressure steel vessel

20.40 equipment
34.00 50% structural damage to

filled)
35.50 Structural  damage  of | [35] 17.00 Minor damage, | [41]
equipment 29.00 tower
Distillation  tower
and cylindrical steel
vertical structure
6.10 1% structural damage to | [23] 20.00 Displacement of | [42]

27.00 steel supports
Failure of the steel

equipment vessel
99% structural damage to
equipment
10.00 5% damage of process plant | [39] 39.00 Structural damage to | [43]
20.00 100% damage, 136.00 pressure vessel
10.00 Atmospheric Tank Structural damage,
50% damage of tank low pressure vessel
9.90 Failure of equipment [37] 70.00 Structural damage of | [36]

equipment

10.00 Failure  of  atmosphere | [38]
30.00 equipment
Failure of pressure vessel

39.00 Structural damage to | [43]
136.00 pressure vessel
Structural damage,
low pressure vessel

7.00 Failure of connection [44]

Table 4: Data reported in the literature for damage caused by overpressure (kPa) Damage Reference.

The Methodology of the Study

Figurel,illustrates the study framework in several
steps, this approach for implementation of the
risk model. In this study, as a central part. The
first step, it aims to identify the hazard related to

© 2022 JPPW. All rights reserved

the system for fire-related or non-fire related to
the internal pressure elevated inside a CNG
cylinder. The identification of hazards relevant to
the accident scenario with overpressure vessel in
a fire. Those were identified based on prior
studies as physical (overpressure) and thermal
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(fire) effects.

The second step is to determine the consequence
of CNG cylinder failure or rupture by presenting
the research method compared with experimental
and theoritical modeling schemes. In the
consequence analysis, an alternative model
adopted [33] for non-related fire. The prior
selected model designed based on a baker
method. It allows the estimation of hazard
distances in which the pressure and thermal
effects cause death, serious and slight injuries
from fire and explosion calculated by best fit-
engineering  model. The  earlier  models
mentioned, including [23], were tested for
estimation of initiating event (overpressure)
frequency, and calculation of the probability
failure resulting in tank rupture. However, the

limitation of physical parameters may be a source
of error in many of those models. In this study, an
appropriate technical method used (i.e., event
tree). The estimation of the effect of pressure on
the surface of the CNG cylinder using cost-
effective model COMSOL. The analyses take
into account the correlations  between
evolutionary  parameters at  high-pressure
assuming that the system is a single phase
thermodynamically closed. Finally, therefore,
risk can be obtained as a function of the tank
rupture probability. The study provides a
systematic engineering model to identify the
effect of the blast wave. It is based on pressure
and potential energy. More details of the study
approach given in the following sections.

Hazard Material Release

Scenario Definition

Hazard
identification

]

Consequence
Analysis

chemical effect
(concentrations)

Effect Model

Physical effect
(overpressure)
Thermal
effect (Temperature)

Probability of
Failuire

Effect
Estimation

“HHHHHIHHIIHH’

hazard Model
f(distance)

Frequency N
Analysis

‘i!}lHHHHHHiP
Y Hazard
B assessment
Modeling
Techniques

Figure 1: Hazard Assessment of Compressed gas on-Board Vehicle

The proposed methods for calculating stored
energy of ideal gas presented theoretically and

© 2022 JPPW. All rights reserved

experimentally. Arrhenius model is well-known
equation used [21] to determine the thermal
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explosion while physical strength [19] obtained
using empirical methods as Brode model,Baker
model,and Kkinetic energy model which are
recommended by the center of Chemical Process
Safety(CCPS) (1994/15). Also, a model studied
by Eisenberg [23] was used and observed by
many scholars.

A numerical simulation approach performed as a
result of a fully wrapped aluminum [solid, bulk]
composite cylinder. The cylinder filled with CH4
(2500-3000 psi) with a single-phase fluid in 3D
Cartesian coordinates (spatial). The CNG
cylinder assembly as specified in global technical
regulation (GTR) on fuel vehicle consists of the
compressed storage system and material
specification. Furthermore, the geometry and
domain of the cylinder illustrated Plotl. It
describes the mesh designed on the cylinder
along the geometric of cylinder maximum
element 0.0795, minimum element size 4.5E-04,
and maximum element rate. The flow reaches its
maximum with an increase in velocity possibly

occurring near the wall Plot 2.

Description Value
Maximum element size 0.0795
Minimum element size 4.5E-04
Curvature factor 0.3
Predefined size Fine
Minimum element quality  0.8661
Average elements 0.964
Triangular elements 264
Width (m) 15
Height (m) 0.4

Table 5: Geometry statistics of CNG cylinder

However, the capture of all physical features,
such as shock waves is a challenge. The aim of
numerical study of CNG onboard is to broaden
knowledge of compressible gas flow in non-
uniform regions with emphasis on the
development of shock waves. We plan to use
COMSOL to design overpressure (CNG)
cylinder rupture.

Plot 1: The 3-D CNG cylinder

The simulation results show the effects on the wall cylinder filled out with CNG Plot 2.

Surface: Wall resolution in viscous units (1) Line: Pressure (Pa)

Plot 2: The result of the simulation study for CNG Cylinder

In the simulation, plot 2 illustrates the
characterization of the impact of the mechanical
energy on the CNG demonstrated, and the

© 2022 JPPW. All rights reserved

probability of failure as a function of internal
pressure can be provided by equation 1.3.

The hazard of Thermal and Physical Energy
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The hazard has been theoretically and
experimentally determined includes physical
energy. Molkov has suggested an alternative
method by adding chemical energy to its model.
In this study, the proposed model provided.
Arrhenius equation, for instance, is one of the
models that can be used to determine the effect of
thermal radiation. However, in the previous
methods, it is denied. However, this study,
determine the effect of the thermal radiation on
people and structure by adopted probability
model, where x = (t.q*%), where t represents the
time, and the q is the heat. A model [33] given as
of mechanical energy of physical explosion
written as  (Ephysica)=  (Etherma/0.052). The
modeling material described through structural
changes due to temperature distribution, causing
structure change and thermal expansion. This
thermal stress contributes unstable behaviour of
fluid affecting the thermodynamic states of the
flow. Zel’dovich and Knut [23,21] have
profoundly discussed the fire and explosion
modeling and risk assessment for determining the
thermal distribution from point to point between
simultaneous heat release and energy transport.

He adopted a mathematical model in his final
thesis for thermal evolution of gas explosion. The
author believes that the thermal explosion
initiated by a sudden increase in temperature
results from mechanical effects (such as,
compression) that trigger the temperature.

Furthermore, also discussion of the process
occurring over significant different time scales.
The time from the gas heated to the exothermal
rate start is called the induction time [26]. Schultz
and Shepherd compiled theoretical and
experimental data on induction times for a large
variety of gases [27]. Shen [49] proposed an
engineering model based on the assumption of
the energy of combustion of gas released into
atmosphere added to the mechanical energy of
CNG. The model created the relationship
between the overpressure in blast wave and
distance. Isothermal expansion model, also
modeling of Kinetick Energy (MKE) used for the
evaluation of the physical effects caused by
fragment. Thus, the affected area and the
magnitude of the consequences of the accident
can be measured.

P1 (pa) Pa pa) Vy Y Mc Mv
=(nRT/P) ko) | (kg
m)
200E05 | 101.3E03 0.047 1.3 | 0.65 | 834
Table 6: cylinder physical parameters
Thus, the parameters obtained as tabulated in the following table 7.
Parameters | Empirical Models Simulation
Model
Velocity (m/s) Energy model 171.1
172.28
Moore model
179.65
Energy (j) 2.281E06 2.067E06

© 2022 JPPW. All rights reserved
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Table 7: The outcomes of studied models, Appendix A

The changes in energy determined. However, an
agreement in the results of both simulation the
empirical models observed, see Table 7. It is vital
to notice, however, existing methods for
determining a blast wave affected by the
coefficient value of the mechanical energy (o)
[33].The uncertainty of the source of energy
stimulating the blast wave as it propagates
outwards. Also, empirical methods in previous
sections were not sufficient to obtain precise
outcomes. The study tried to adopt a reliable
methodology leading to accurate prediction for a
physical explosion of CNG cylinder. The model
proposed by Molkov [33] valid for all
compressed gases and compared to data enerated
experimentally. Therefore, a model application, in
this study, to determine the overpressure storage
CNG in blast wave (rp) used, as shown in
equation 1.5.

rp= 3 r(amTBEz) 1.5

Eiand E, are mechanical energy and chemical
energy, B, and o coefficients (0.09 & 0.12
respectively [33]). Molkov has mentioned that
the blast wave subject to energy release rate more
than on the amount of energy, therefore he added
the energy of combustion of gas released into
atmosphere to the mechanical energy of
compressed gas [33]. In case of CNG if burns in
the presence of oxygen, carbon dioxide and water
produced. This process of combustion releases
energy. If the energy released during a chemical
reaction, an exothermic reaction produced. The
combustion of CNG gas releases (CH4-50.1 kJ/g).
It is an equivalent of 802.3 kJ/mol CNG,
Appendix A.

Mass of No. of No. of mole The total amount of
CNG mole (02) mixture F/A
1.85kg 115.63 275.19 3.38

Table 8: The calculation results of mass, mole, and total mixture

CNG (kJ/mol) = 802.3
CNG (m®) =259

No. of O; (mol) = 275.19

Vp 2/3Tltrb(m3) =62.25

The total mechanical energy Enm = 5.30 MJ,
chemical energy Ecn = 92.5MJ, vy =unburn
volume (2/3mxry),and vy =burned volume (2/3nry).

vy (M) =8.75
H2 H2 H2 CNG
Application 170 L, 33L, 12 L, 841,30
35 MPa 70 MPa 70 MPa MPa
P st(-) 54 80 80 46
rv) 0.069 0.058 0.058 0.0041
rv (m) 0.34 0.2 0.14 0.15
rb (m) 7.91 5.46 3.89 3.08

© 2022 JPPW. All rights reserved



lbrahim A. Altuwair

3020

Table 9: Overpressure P~ as a function of distance r

For comparison, mechanical energy coefficient a
=0.14 used to find out the blast wave
overpressures at different ranges,the maximum
pressures onboard wvehicle tank test are as
follows: 140 KPa at a distance 1.22 m and 80 KPa

at a distance 2.44 m. The determined value of
overpressure used with the radius equivalent
volume spherical vessel given in the following
table.

N
o
o

[any
(%4}
o

Overpressure KPa
[E=Y
(6] o
o o

o

=¢=CNG ata=0.14

== Experiment [50]

0 2 pistance r (m) 4 6

Figure 2: Experimental data and CNG pressure with o =0.14

150

100

50

(KPa)

Overpressures, P

0 2

Different distances, r (m)

=@=CNG,Em at a=0.45

)]

4

Figure 3: Experimental data on the blast wave [33] and CNG with o =0.45

150 +

100 -

50 A

Overpressures, KPa

= Experimental Data
e CNG Em, a0 = 0.21
Ech B=0.18

1 2

Different distance, r(m)

4 5

2022 JPPW. All rights reserved
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Figure 4: Experimental data on the blast wave and CNG with (o =0.45&f =0.18)

Reference Overpressure, P (kPa), at different distance r
(m)
Scaling r=1.22 | r=2.44 | r=4.8 | r=9.7 | r=15.24
8 5
Em, o= 012
143.9 612 | 49.65 | 218 11.96
Ecn B:009
Experiment [50], 140 56-80 | 30-69 14 12
[33] Emat o 140.84 38.5 12.77 | 4.86 2.68
=0.14
CNG, En ata 518.25 | 98.42 | 40.73 | 10.18 6.02
=18
CNG, En at a 127.60 | 34.88 | 10.87 | 4.40 2.43
=0.14
CNG Em, o= 140.34 51.3 471 | 12.63 9.89
0.19
CNG Em, a = 1415 59.62 | 45.12 | 25.42 13.50
0.21
Ecn B:
0.18

Table 10: Comparison of CNG model calculations and experimental data [33]

The analysis shown in figures 2, 3, and 4,
observed the use of methodology of non-related
fire for tank rupture which partially matches the
experimental data in figure 2. The prediction of
energy coefficient (a) for the designated distance
to match the experimental data was defined.
Molkov [33] proposed a methodology to
determine the total energy. The mechanical
energy with the fraction of o= 0.45 illustrated and

© 2022 JPPW. All rights reserved

the amount of mechanical energy contributing to
the blast wave estimated as oEm = 0.84 MJ.The
fraction stored in mechanical energy and
chemical energy contribute to the blast wave can
be estimated as oEn = 0.4 MJ. The total amount
of chemical energy strengthen the blast wave is
BEch= 19.35 MJ. For best results for both (a0 =
0.21 and B = 0.18) fits the experimental data
given in Table 14. Figure 4 provides the best
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curve that matches the experimental results with
mechanical energy coefficients of (0=0.45) and
chemical energy coefficient of (f=0.21).

The Study Energy Model

Due to the limitation of previous methods and do
not provide detailed information about the
contribution of all elements to blast wave.
However, a blastwave approach proposed.In this
study, the integration of total energy of
compressed gas (CNG) descrided as follows:

f(a) = J; Eudr 1.6

E: represents the total energy includes internal
energy and Kinetics energy equation 1.7.
therefore,

E=(5-5) 17

Compressed Natural Gas - CNG
Species: Methane

350 —

| The Threshold Point

300 —

250 —

Press (atms)
N
1)
(<]
|

H

@

S
|

100 —

N

y represents the ratio of specific heats,p
represents pressure, p represents density, and u
represents the velocity. Inthe proposed model,
the correlation between energy and pressure can
be used to define the total energy. The advantage
of proposed model is that it depends on the type
of application. It represents essential parameters
when blasting occurred.

However, it is worthy of mentioning that the
temperature effect on stored energy is a source of
pressurizing a CNG system due to thermal
expansion and can be added to the maximum
pressure. The following graph describes the
threshold for the CNG cylinder corresponding to
the maximum pressure during the simulation and
its corresponding time (251 atm and 9-10
minutes). In case if malfunctioned, the time can
be the critical factor to avoid sudden or
unintentional events (i.e, a burst).

Container Parameter

Pressure In Tanl
Max: 307.7 atm

0.0 0.2 0.4 0.6 0.8 1.0
Time (hrs)

Figure 5: The simulation outcome of resistance time of the CNG cylinder

In figure 5, the prediction of the resistance time
of CNG cylinder investigated. On the other hand,
a steep gradient generated by compression may
affect temperature gradient resulted in a hot
spotty. This helps to predict failure, i.e. burst or
leak of cylinder occurs. It noticed that model

© 2022 JPPW. All rights reserved

gives the possible consequences and the time
required for safe operation. The generated time
indicated that at pressure 251 atmosphere and
0.16 hrs, a pressure fluctuation triggers sudden
onset event is possible. The time and exposure
curve in the following figure gives a possible



3023

Journal of Positive Psychology & Wellbeing

incident scenario for CNG cylinder based on the
given fault tree. It showed the potential damage
initiated at level 2.5 to the maximum damage

level depend on the parameters of the fuel when
an accident occurred i.e., physical and chemical
energies.

Exposure level

Release & propagation Termination
4.5
4 J—
@ 35 / Structuredamage
©
o 3
235 _
§ ) Equipment damage
§ 1.5
w1 Injury
0.5
0 !
0 10 20 30 40 50 60 70

Time-line(min)

Figure 6: The outcomes of exposure model for a blasting wave of CNG cylinder

The above curve,Figure 6, developed as a result
of the simulated outcome described previously in
figure 5. It is important to notice that the
transformation from phases to phase is changed
as discrete function. The shorter time-line can be

observed at the intiated event than propagation at
range (2.0-2.5) given a possible minimum
equipment damage and a mximum as minimum
structural damage.
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Appendix A-1: Determination of overpressure by the squared ratio of the speed of sound and the

the ratio of the initial pressures
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Harmful effect

Threshold for skin laceration from flying

glass

Threshold for serious wound from flying

glass

1% eardrum rupture probability*
50% serious wound from flying glass
50% probability of eardrum rupture

Near 100% serious wound from flying
glass

90% probability of eardrum rupture
1% probability of fatality due to lung

haemorrhage**

50% probability of fatality due to lung 140

haemorrhage

99% probability of fatality due to lung 200

haemorrhage

Appendix A-2: Threshold of harmful pressure effects on people [50]

Element

Window frame

House

© 2022 JPPW. All rights reserved

Overpressure, Impulse,
kPa kPas
6.9-13.8 0.512
13.8-20.7 1.024
16.5 —
27.6-34.5 1.877
435 —
48.3-55.16 3.071
84 -
100 -
Damage Overpressure,
kPa
5% broken [20] 0.69-1.0
50% broken [20] 1.45-25
90% broken [20] 3.7-6.0
Minor damage to 4.8
house
structures [20]*
Failure of doors and 5.3-8.9

window frames [20]
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Element Damage Overpressure,
kPa
Partial demolition of 6.9

the house turns
inhabitable [20]**

A partial collapse of 13.8
walls and roof of the
house [20]

50% destruction of 17.3
brickwork of
house [20]

Almost total 34.5-
destruction of the 48.3
house [20]***

Other Possible total 69
destruction of

building [20]

Industrial building  Break of the 27.6
cladding of light
industrial
building [20]

Heavy steel frame  Blowing-in of 7
industrial building, windows and doors,

single level, low ripping off of the

strength wall [25]  light siding

Distortion of the 49.2
frame (minor to
major)

Severe 61.5

distortion/collapse of
the frame

© 2022 JPPW. All rights reserved
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Element Damage Overpressure,
kPa

Reinforced concrete Blowing-in of doors 7
frame office and windows,
building, 3-10 ripping of light
levels, low strength  siding, cracking of
walls [25] interior partitions

Moderate distortion 55.4—

of the frame, blow- 61.5

down of interior
partitions, spalling of
concrete

Severe distortion of 68.8—
the frame, incipient
collapse

76

Appendix A-3: Threshold of harmful pressure effects on the structure [50]

Object Criterion for ~ Deterministic separation distance,
separation m
Stand- On-board:
alone:
10m3, 170L, 33L, 12L,
100 MPa 35 MPa 70 MPa 70 MPa
Humans No-harm [10] 470 90 57 35
Injury [20] 78 16 11 7.5
Fatality [20] 23 2 1.4 1
Minor 190 36.5 255 18

Buildings [17] damage [20]

© 2022 JPPW. All rights reserved
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Object Criterion for

separation

Partial
demolition [20]

Almost total
destruction [20]

Minor
damage [10]

Buildings [8]
Major
damage [10]

Partial
demolition [10]

Deterministic separation distance,

m
Stand- On-board:
alone:
10mé, 170L, 33L, 12L,

100 MPa 35 MPa 70 MPa 70 MPa

136 29 206 145
49 97 67 48
115 - - -
42 - - -
25 - - -

Appendix A-4: Separation distances for selected typical compressed gas storage applications [50].

Conclusion

Various methods for obtaining solutions for blast
wave were studied however, the inapplicability
of those methods defined. A solution of the
compressed gas model inside a cylinder
satisfying the experimental results obtained.

The primary instances those stimuli an
overpressure event are exceeding the design
failure pressure or material imperfection failure at
the operating pressure. A comparison of the
performance of the proposed models of
mechanical energy for the CNG cylinder obtained
with regards to experimental data. The pressures

© 2022 JPPW. All rights reserved

used for determining the internal energy in the
overpressure system (i.e. CNG) defined as
follows:

e Possible maximum pressure
e Burst pressure (worst case scenario, i.e.,
even tree)

The problem of the propagation of blast waves in
a compressed gas mixture has been studied, both
theoretically and experimentally. The theoretical
investigation primarily concerned on the
development of analytical solutions while in the
experimental studies including simulation and
prior studies, focus on gaining a comprehensive
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understanding of the process of blast wave inside
the cylinder.
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