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ABSTRACT

This research seeks to improve the prediction efficiency of gaseous explosions
realized by numerical simulations in a full-scale underground network using a decoupled
method. To provide quick predictions of overpressure distribution of methane explosions
in underground airway networks, a two-section theory is employed. The explosion space
is divided into a driver section and a blast-wave section. Governing equations including
conservation of mass, momentum, and energy, together with chemical reaction and
turbulence models are solved for the driver and the blast-wave sections using
computational fluid dynamics (CFD) solver ANSYS Fluent (3D-based) and Flowmaster
(1D-based) respectively. The three dimensional (3D) and one dimensional (1D)
numerical analyses are preceded separately (decoupled). In the driver section, the
numerical calculation results with three variables (FLSF, HDSF, and concentration)
considering the size of explosion space and methane concentration level for the driver
section are stored in a database tool Microsoft SQL Server Express aims to generate a
methane explosion source database. To validate the selected combustion and turbulent
models, a series of lab-scale methane explosion experiments were conducted. In the blast-
wave section, the influences of geometric changes are quantified by using 2D Euler
equations, whereas the simulation results are used to adjust the 1D network-based
modeling. The decoupled method is applied in two case studies and proved capable to
predict the pressure distribution of methane explosions that occurs in a complex airway

network.
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1. INTRODUCTION

1.1. BACKGROUND

Methane explosions are one of the most dangerous mining accidents that can
cause tens, even hundreds of deaths per incident, resulting in devastating loss of life as
well as financial loss to the mining industry. In 1906, 1,099 miners were killed in the
Courrieres Coal Mine explosion in France. In December 1907, the Monongah Numbers
Six and Eight explosions in West Virginia, USA, claimed 362 lives, the worst American
mine disaster. Moreover, in May 1928, 195 miners were killed in the Mather Number
One mine explosion in Pennsylvania, USA. The most catastrophic explosion ever
recorded was the Honkeiko Colliery disaster of 1942, in China, in which 1,549 miners
lost their lives (McPherson, 1993). Despite the attention to mining safety brought by
methane explosions, accidental deaths in the coal industry continued through the mid-20™
Century. For example, in December 1951, a methane explosion in Orient Number Two
Mine, Illinois, resulted in 119 fatalities. From 1900 to 2010, 10,390 miners lost their lives
in 420 explosions in USA alone. Methane explosions continue to be the number one
killer amongst all mining accidents (Brnich and Kowalski, 2010).

With the development of detection and prevention techniques, the number of
methane explosion events decreased sharply since 1970. The enactment of the Federal
Coal Mine Health and Safety Act of 1969 also contributed to this improvement. However,
in 2006, the Sago Mine disaster in West Virginia rocked the mining industry with 12
fatalities. The exact source of ignition is still under debate (McAteer, et al., 2006). This
and several subsequent mine explosions renewed research interests in explaining and
preventing mine explosions.

Methane explosions will probably never be completely eliminated, but they must
be better understood and controlled through effective detection and prediction methods,
as well as more stringent regulations. It is the intent of this study to improve current

prediction methods through a more practical approach to the problem.



1.2. DEVELOPMENT OF METHANE EXPLOSION RESEARCH

Significant efforts have been made to understand methane explosion mechanisms
over the past one hundred years. The period of high rates of deaths due to explosions,
sometimes considered to be the Dark Age in US mining, occurred in the early-to-mid 20
century. In 1907 alone, more than 600 miners were killed by gas explosions in US coal
mines (Taylor and Karacan, 2012). In 1910, the US Bureau of Mines (USBM) was
created to conduct research on mine accidents and improve mining safety. Its major goal
was to mitigate methane explosion occurrence. Since then, researchers from USBM and
other organizations methodically explored the nature of methane explosions and
developed techniques to mitigate its destructiveness, with emphasis on four major
aspects: (1) ignition sources, (2) methane concentration and degasification, (3) methane
monitoring, and (4) understanding explosion mechanisms. The majority of this research
can be categorized into aspect (4), the understanding of explosion mechanisms, but both
ignition processes and methane concentration control are also involved. Each aspect will
be described in details below.

1.2.1. Control Ignition Sources. Early understanding of ignition control can be
traced back to the early 20" century. It was believed that quantity of airflow from
ventilation is commonly enough to serve as an ignition source. The control of the ignition
source was often considered to be the most effective way to decrease the possibility of
methane explosions until the mechanical fan was widely employed by the mining
industry.

The most critical ignition source before the 1950s was flame lighting (also called
open flame). The early electric cap lamp could not provide as much light as did flame
light; yet its usage was not regulated. Consequently, the usage of flame became a
potential hazard in gassy mines. The flame light provides enough energy to ignite a
methane/air mixture when its concentration falls within explosion limits (between 5% to
15%). Despite its danger, this ignition source could not have been eliminated until the
development of a new generation electric cap lamp and relevant legislative action
prohibited the usage of open flame lamp in coal mines (Fieldner, 1950).

With the introduction of continuous mining equipment (CM), the resultant

frictional heating became a new ignition source. Researchers recognized this issue and



sought to understand the antecedents of explosions related to CM. In the process of
continuous mining it was found that the cutting bits on a rotational drum could become
heated during normal operation. Ignition could then occur when heated air came into
contact with a methane/air mixture. Frictional ignition can be mitigated by two measures.
First, use of bits with larger carbide inserts reduce contact between bits and rock and
thereby reduce friction. Second, the rock surface can be cooled with directional water
spray. Documented mining applications show that frictional ignition has been effectively
controlled with the use of either method, or by a combination of the two measures in the
CM cutter head design (Courtney, 1990).

After 2000, studies on ignition sources focused on the influences of ignition
energy and the location of ignition sources. The major ignition source at that time became
an electric spark accidentally exposed to a methane/air mixture. Kindracki (2007)
conducted an explosion experiment in a closed-end vessel and found that the position of
the ignition affected maximum combustion pressure and the rate of pressure rise. In
Zhang’s (2011) similar research, it was noted that maximum deflagration overpressure,
maximum deflagration temperature, and maximum rate of deflagration pressure rise with
the increase of spark durations. In his later study, minimum ignition energy of a
methane/air mixture was found to be at a volumetric concentration around 8.5%, which
deviated from the stoichiometric concentration of 9.5% (Zhang and Li, 2013).

In addition to experimental research into the phenomenon, with the development
of personal computers and numerical theories, research on ignition processes became
feasible through the application of numerical techniques. The spark model, designed to
simulate the ignition process of internal combustion engines, was successfully employed
to simulate an ignition process in a methane explosion (Heywood, 1988; Alla, 2002;
Bayraktar & Durgun, 2003; 2004). Research on the nature of ignition sources will remain
an important aspect in predicting and preventing gaseous explosions. Numerical tools
will be an effective alternative to the traditional experiment for exploring its mechanism.

1.2.2. Ventilation and Degasification. Methane/air mixture has lower and upper
explosion limits between 5% and 15%. Therefore, keeping the methane concentration off
this range is an effective way to prevent explosions. To meet this goal, providing

adequate ventilation for effective dilution as well as use of a degasification system to



lower methane emissions are common techniques used by the coal industry. Mine
ventilation is effective in reducing methane concentration in working places and gob
areas. Coalbed methane can also be degasified through extensive methane drainage
system effectively controlling methane emissions.

1.2.2.1 Ventilation. In the early 1900s, ventilation as an effective methane control
measure did not receive enough attention. Because of a lack of mechanical ventilation
equipment available at that time, only limited air quantity was provided. Ventilation
provided, in fact, barely enough air to sustain mining operations. With the introduction of
the mechanical fan, air quantity significantly increased and much more airflow could be
provided to the working faces (Taylor & Karacan, 2012). The dilution of methane became
feasible with increased airflow.

In the 1970s, research on ventilation had been focused on leakage prevention and
efficiency of airflow patterns. Consequently, plastic materials were applied to the
ventilation curtain to reduce porosity. During that time, auxiliary fans were introduced to
ventilate the face with tubing, to increase vent efficiency in face area (Dalzell, 1966;
Peluso, 1968). Both blowing and exhausting systems were investigated with a result that
blowing systems were found to be more efficient in diluting methane in the face area
(Luxner, 1969). The exhausting method, on the other hand, left “blind region” (or
pockets) in which methane tended to accumulate. The introduction of Federal Coal Mine
Health and Safety Act of 1969 highlighted the importance of mine ventilation for
combating methane and respirable dusts underground. With the increase in required air
quantity by ACT of 1969, methane can be more effectively diluted.

After 1980, the study on ventilation and dilution mainly focused on operations in
the face area, especially in longwall mines. This research suggested that a narrower entry
will cause methane concentration to increase and a water spray system will facilitate the
face ventilation, if the airflow is directed towards return-air side (Taylor, 1997; Chilton,
2006).

As numerical techniques became more sophisticated, research after year 2000
tended to be more often model-based rather than experimental. Flow patterns in working
panels and faces were detailed in simulation using Computational Fluid Dynamics (CFD)

methods. The transient methane concentration distribution and its variation can be



simulated and recorded with the help of CFD tools (Brechtel and Thimons, 1989; Petrov
& Wala, 2013).

1.2.2.2 Degasification. Degasification is another means to control the risk of
methane explosion. At an early stage, boreholes were drilled directly into the coalbed
and/or roof above the seam in gassy mines to release methane pressure. However, the
amount of methane removed in this manner was limited (Lawall & Morris, 1934). It was
found in the 1960s that, degasification efficiency could be significantly improved by
hydraulic stimulation operation (Maksimovic, Elder, & Kissell, 1977; Spindler &
Poundstone, 1960). Despite this, hydraulic stimulation approaches have had only a small
impact in longwall panel studies (Maksimovic, Elder & Kissell, 1977). This problem was
solved by adding foam and proppant sands into boreholes, which significantly reduced
methane emission in longwall face areas (Steidle, 1978).

In the past decade, the most important improvements in degasification have
become numerical modeling of methane emissions using a variety of borehole patterns
and the employment of directional drilling (Schwerer, et al., 1984; Karacan, Diamond, &
Schatzel, 2007; Karacan, 2007; Ruban, Zaburdyaev, & Kharchenko, 2011). The
contribution of better understanding of methane dynamics and more accurate drilling
supported by advanced equipment has made degasification more effective.

1.2.3. Methane Monitoring. The methane concentration should always be kept
out of the known explosion ranges and be under continuous monitoring. Methane
monitoring systems are indispensable for protecting miners’ safety. Before the 1950s, a
safety lamp was widely used for methane detection. At that time, survey and monitoring
instruments were unsophisticated; and the ventilation condition was mainly based on
observation (Taylor & Karacan, 2012). This condition was not improved until 1958, when
USBM initiated a program to provide continuous monitoring of methane in face areas
(James, 1959). From the regulator’s standpoint, all mining machines were mandated to
mount methane sensors by 30 CFR § 75.342(a). The new procedure allows ventilation
effectiveness to be evaluated by analyzing the data collected by monitors.

Research in the last decade of the 20" century recommended that methane sensors
be placed in the return side of the mining machine, and stated that they also should be

mounted on roof bolting machines as well (Taylor, 1997; 2001).



Around the year 2000, research demonstrated that the response time of the
existing methane monitoring systems were too slow to capture accurate methane peak
values. In most cases, methane concentration was found to fluctuate quickly, rising and
falling rapidly during mining. A potential risk of a methane explosion exists when the
methane monitor is not able to respond to a rapid change in methane concentration,
allowing it to quickly reach the explosive range without being detected. The dust cap was
later redesigned to improve the system so that higher methane peak values could be
detected during monitoring (Taylor, 2008). In addition to methane monitoring on the
mining machines, a personal monitoring system was developed to provide local methane
concentration information. An alarm system was embedded in the personal methane
monitoring system that could alert the user when concentration approached or and/or
exceeded the safety limit (Chilton, 2005). A modern methane monitor, with its improved
sophistication of detection technology, provides an early and continuous warning.
Therefore, the emphasis today should be on the practice of periodical maintenance and
stringent execution of existing monitoring strategies.

1.2.4. Explosion Characteristics. A method that brings clarity to an
understanding of explosion characteristics is through an actual methane explosion
experiment. Early explosion tests conducted at the Experimental Mine in Bruceton
(Taylor & Karacan, 2012), though interesting, do not contribute much to the accurate
understanding of explosion mechanisms. There is a gap in knowledge, in that the process
and its specific mechanism of methane explosion is still not completely clear. A thorough
study through a series of explosion experiments can be expected to provide valuable
information that will enable researchers to gain clarity on explosion characteristics and
add to the body of knowledge, building towards a fuller understating of this complex
event.

Research methods on explosion characteristics can be categorized into theoretical,
experimental, and numerical approaches. All three, at varying degrees, will be included in
this study. Out of necessity, all theories on interrelationships of explosion parameters
have been based on assumptions and simplifications. Chapman and Jouguet (1905)
described a simplified model called CJ detonation theory with an infinitesimally thin

detonation front propagating at a local sound velocity. All flow parameters downstream



of the shock front are the same as the shock. Twenty years later, Zel'dovich, Neumann,
and Doring’s (ZND detonation theory) provided physical exploitation of the detonation
process. In the ZND theory, the reactant (explosive) is compressed by the infinite thin
shock front and forms a high density, high pressure layer. The layer is called the VVon
Neumann Spike. Exothermic reactions start at the Von Neumann Spike and shock wave
propagates at local sound speed. Afterward, the products expand back to CJ state
(Zel'dovich & Ya, 1940; Neumann, 1963; D&ing, 1943). Details of the CJ theory will be
described in detail in Section 2.

The experiment-based body of research is extensive, and seeks to develop
empirical relationships that can be used directly for engineering purposes. Explosion tests
were carried out by numerous researchers after the Bruceton test. These explosion tests
sought to reveal the flame acceleration mechanism and measure the impact of site
conditions (e.g. environmental temperature, pressure, and site geometry) on the
representative explosion parameters such as peak overpressure and arrival time (Zipf, et
al., 2010; Jia & Lin, 2009; Jia, Liu & Jin, 2011; Kordylewski & Wach, 1988; Lin, Zhou,
& Zhang, 1999).

Due to the advent of computing technology and increasingly powerful and
reliable computers available over the last two decades, the emphasis of research has
shifted to a numerical approach. With increasing numbers of turbulent and combustion
modeling techniques being developed, CFD codes based on fluid dynamics and chemical
equivalence theories have become capable of providing greater detail than can
experimental methods. The cost of numerical modeling has decreased, and is now lower
than the cost of traditional, physical experimentation in a lab environment. Increasingly,
since numerical methods provide greater detail and are less expensive, they are
commonly used for studying shock wave propagation, flame acceleration mechanism, site
geometric influences, deflagration to detonation transition (DDT), and other aspects of
methane explosion (Dai, et al., 2011; Jia & Lin, 2009; Jiang, et al., 2011; Lea, 2002; Lin,
Jiang, & Zhou, 2003; Makarov, Verbecke, & Molkov, 2007).



1.3. MODELING OF TURBULENT COMBUSTION AND INFLUENCES OF
GEOMETRIC CHANGES

As described in Section 1.2, the trend in methane explosion research is to apply
more numerical techniques. Therefore, numerical techniques will be a major approach of
this study as well, and will be used to model turbulent combustion and site geometric
influences.

1.3.1. Turbulence Modeling. The selection of turbulence modeling is critical
when simulating a turbulence reactive flow such as methane explosion. There are two
major categories of a turbulence model: time-averaged and filtered, with the former being
more common. The time-averaged turbulence model is also referred to as the Reynolds-
averaged turbulent model; and is a two-equation standard k-¢ model. The rationale of this
model is to treat the randomly fluctuating fluid parameter as a combination of a mean
value and a fluctuation value. Standard k-¢ model has been widely used within the
computational fluid research field for many years, due to its stability and high
computational-efficiency. This model has also been employed by the majority of research
to simulate a gaseous explosion (Makarov, Verbecke, & Molkov, 2007). However, time-
averaged models have an inherent drawback in resolving transient turbulent structures.

The Large Eddy Simulation (LES) method, on the other hand, is a reasonable
alternative to the time-averaged approach. Eddy structures and the associate fluid
parameters can be better predicted when turbulence is highly time dependent, such as in
turbulent combustion (Makarov, Verbecke, & Molkov, 2008). The LES method has
proven efficient to simulate hydrogen combustion, but has thus far had very few
applications in methane combustion. The capability of LES to simulate methane/air
combustion in underground coal mines is yet unknown, and needs to be investigated to
fill a gap in theoretical body of knowledge. Methods and applications of the two models
will be described in detail in Section 2.

1.3.2. Geometric Change Influences. In this research, two major geometric
influences on a methane explosion are known as scaling effect and geometric change
effect. The control and implementation of a full-scale experiment underground is often
difficult and expensive to conduct (Catlin, 1991; Zhang, Pang, & Zhang, 2011); therefore,
numerical methods and lab-scale experiments are good alternatives. However, there are

uncertainties regarding numerical models, such as that numerical model need to be



validated. In addition, it is not yet known if the results of lab-scale experiments are
statistically representative of larger scale studies. Therefore, efforts are now being made
to investigate effects of scale during a gaseous explosion.

In Van Wingerden’s (1989) work, scale effect is related to normalized flame
speed. However, this relationship breaks when turbulence is incorporated in the analysis.
Catlin and Johnson explored feasibility for compensation of the scale effect by enriching
oxygen concentration in air (1991, 1992). The results are theoretically correct when the
turbulence Reynolds number is smaller than 10,000. However, this Reynolds number is
smaller than typical cases in practical problems. Zhang, et al. (2011) on the other hand,
tested the scale effect on methane explosion using a CFD commercial package,
AutoReaGas, in which three scales (1:1, 1:10, and 1:100) were tested (Zhang, Pang &
Zhang, 2011; Zhang, Pang & Liang, 2011).

It was found that when the length to diameter ratio is less than 80, the explosion
parameters do not yield the geometric similarity law, which means the explosion
overpressure is promotional to the explosion diameter. In addition to the scaling effect,
geometric changes along an airway could have significant impact on the propagation of
blast wave as well. The influences should be understood and quantified when
investigating an explosion in an underground ventilation system (airway network). The
most representative geometric changes in longwall or room-and-pillar operations are
bends, branches, obstacles, and cross-sectional changes (Jia & Lin, 2009). Some
experimental studies have provided qualitative data on the influences brought by
geometrical changes (Jia, Liu, & Jin, 2011; Kordylewski & Wach, 1988; Lin, Zhou &
Zhang, 1999). Prior studies demonstrated that the bend of a duct would result in two
opposite effects on the overpressure produced by an explosion. It could increase the
overpressure if it is located in a gas-filled region and otherwise attenuates it (Lin and
Zhu, 2009). Branching of a duct and sudden area increase in cross-sections will decrease
the flame speed induced by the methane explosion, as well as overpressure (Lin, et. al.,
2008). The impacts of obstacles are similar to bends; hence, the presence of obstacles in a
methane-filled site could increase overpressure, but decreases it during blast-wave
propagation (Lin, Zhou, & Zhang, 1999). In summary, geometrical changes at an

explosion site will either accelerate the flame or attenuate it and, in turn, affect its
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overpressure. A model using an unsteady 2D compressible Euler Scheme has been

developed to quantify these influences will be illustrated in details in Section 5.

1.4. MOTIVATIONS AND OBJECTIVES

1.4.1. Motivations. An accurate prediction of methane explosion is essential in
providing a safe working environment for miners underground. To be effective, this
prediction must be considered from both the mine planning and emergency planning
perspectives. The prediction will provide an influencing region of a methane explosion.
Continuing emissions of methane into the airways and the presence of coal dust on the
ground could ignite a secondary explosion with a higher severity causing even more
damage. A knowledgeable understanding of methane emission patterns could also assist
mine rescue teams in identifying and assessing possible atmospheric conditions
underground, enabling a more efficient rescue plans, in advance. However, most available
predictions methods are either slow in producing alerts or time extensive depending on
the complexity of the mine. Therefore, only a geometric model, or simplified local
explosion geometry, can be managed. An efficient prediction tool that can cover the
entire explosion region is therefore needed.

As stated in Section 1.3, either numerical tools or experimental methods can be
used to characterize a methane explosion. The experimental methods are used to obtain
empirical relationships between explosion parameters and experimental conditions.
However, outcomes are commonly limited to a specific experimental condition and are
therefore difficult to extrapolate to describe different situations with different parameters
(Jing, Shi, & Jia, 2011). Meanwhile CFD tools have become sophisticated and been
widely used in many engineering practices. There are some commercial codes available
on the market for combustion simulation such as AutoReaGas and SCOPE (Jiang, et al.,
2011). The available commercial packages currently available lack the flexibility needed,
and only limited sub-models are available that can be used to simulate given
circumstances.

CFD packages are commonly used among popular programs there are ANSYS
CFX and Fluent. These codes take advantage of the latest numerical techniques and the

computational power of modern computers, which provides significant flexibility and
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speed for user-defined algorithms. However, simulations using these general codes are
computationally demanding. Hence, the cost is excessive when an entire mine is
considered. In addition to cost, general code requires meshing of a computational
domain, which could be time consuming, on the front end of conducting a simulation.
These deficiencies of available numerical methods call for a new numerical method that
can model methane explosion in a relatively short time with awareness of each of the
considerations described above.

1.4.2. Objectives. The overall objective of the current research is to develop an
accurate and efficient prediction model without losing sentential details. To achieve this
objective, the strategy is to consider two different sections of a methane explosion
separately. The first section is physically complex and model simplification is necessary.
Thus, in this section a database will be developed to cover a wide range of explosion
sources. The second section is relatively simple in nature where turbulence and chemical
reaction are neglected. A One-Dimensional (1D) simplification in this section allows
simulations of geometry with higher complexity possible. The details of the two-section
approach will be introduced and discussed in details in Section 2.

Based on this strategy approach, the research is broken down into five main
Obijectives/steps, which are as follows:

(1) To establish a basic methane explosion model and explosion mechanism

(2) To investigate and validate numerical formulation of turbulence and
combustion models using ANSYS Fluent

(3) To develop a methane explosion source database based on 3D simulations

(4) To characterize influence on blast-wave propagation due to geometric changes

(5) To establish a 1D-3D decoupling prediction method based on explosion
source database and the result of geometric influence study

Methane explosion is a rapid combustion that can be described by Navier-Stokes
equations coupled with turbulence and chemical reaction equations. Customizations of
these equations are necessary before they can be used in this study. The detailed
hypotheses will be discussed in Objective (1) and detailed in Section 2. After the
governing equations are determined, a commercial package ANSYS Fluent will be used to

solve numerically this set of equations. ANSYS Fluent provides a platform that



12

incorporates numerical techniques capable of modeling computational fluid problems.
Gaseous combustion is one of its major applications. In this study, the turbulence and
combustion models used will be validated by experiments. Therefore, a set of lab-scale
methane explosion experiments have been conducted with the intention to evaluate the
selected numerical models. In Objective (2), the accuracy of the numerical schemes,
when specific turbulence and combustion models are employed, will be investigated. The
most accurate numerical scheme will be used in the research that follows validation.
After the validation, 3D numerical simulations will be conducted using different
explosion conditions, such as site-dimensions and methane concentration. The database
in Objective (3) will both record and compile the simulation results. Objective (4) aims to
investigate the impact of geometrical changes on the blast-wave propagation within the
second section. The results of both objectives (3) and (4) will be used in Objective (5) to
simulate a whole mine, using a one-dimensional (1D) model complemented by the results

of a three-dimensional (3D) simulation and geometric change study.

1.5. STRUCTURE OF RESEARCH

According to the five objectives stated above, the structure of this research is
summarized with the technology roadmap shown in Figure 1.1. The Figure 1.1 illustrates
the sequence and interrelationships among three main parts of this research: lab
experiments, explosion source database development, and geometric influence
investigation. Each of these research categories will occupy three independent sections,
which are Sections 3, 4, and 5, respectively. Section 2, 6, and 7 will cover numerical
theory derivation, one-dimensional (1D) simulation and case study parameters, and

conclusions, respectively.
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2. METHANE EXPLOSION MODELING

2.1. PROBLEM STATEMENT

According to Needham and Dai, the methane explosion influence region can be
divided into two sections (Needham, 2010; Dai, et al., 2011): driver section and blast-
wave section, as represented in Figure 2.1. This research will be based on a two-section
theory where the characteristics of each section will be discussed in details in this

Section.

Driver Section Blast-wave Section
I - ~
Blast-wave
Igniter [ Gas-filled Flame —n-

Section

Flame Blast-wave Interface

Figure 2.1. Regions of methane explosion process in a duct (Dai et al., 2011)

2.1.1. Driver Section. The Driver section extends from the explosion source to
the interface between the flame and the blast-wave edge where the flame dies, as shown
in Figure 2.1. In this region, which is filled with gases, methane/air mixture can be
ignited by a high energy source to initiate chemical reactions. As unburned gas
downstream the flame keeps feeding into the flame, the reaction is exacerbated where the
flame becomes self-sustained. Blast-wave transmit from the source of ignition to the
space is filled with unburned gases. After fuel is exhausted, the flame quenches, but the

blast-wave will keep propagating forward in the blast-wave section.
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2.1.2. Blast-wave Section. The Blast-wave section shares the same boundary with
the driver section, it is also assumed to be separate from the flame front at the flame
blast-wave interface, and propagates forward independently in the airflow. In this section,
a simplified one-dimensional (1D) model will be used. As Rankine-Hugoniot relationship
suggests, explosion parameters differ between two sides of the blast-wave front, which

propagates at the local sound speed D as illustrated in Figure 2.2.

D

pPvT o Povo To
¢ P> e

Shock front

Figure 2.2. Propagation of a shock wave

Following this relationship, undisturbed properties downstream the wave front,
are typically known. If the overpressure at the shock front P is also known, the rest of
shock characteristics could be calculated (Needham, 2010). Therefore, the overpressure is
a key index to express a methane explosion in the blast-wave section.

Based on the two-section theory (Needham, 2010; Dai, et al., 2011), different
numerical techniques will be applied in two sections. In the driver section, interaction
between chemical reactions and turbulence is important, a three-dimensional (3D)
numerical model with turbulent and combustion subroutines are used in this section. A
methane explosion source database will be developed to record overpressure/time
relationships (overpressure histories) of an explosion in different conditions. These

conditions can be the gas-filled length in an airway, the scale of explosion tube, the
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methane concentration, etc... A series of lab-scale experiments will be conducted to
validate the selected numerical results.

In the blast-wave section, however, 1D assumption will be applied as turbulence,
and combustion can be safely neglected (Qu, et al., 2008). The pre-developed database
can provide the initial and boundary conditions, such as overpressure histories, to the 1D
model, in order to analyze the pure blast-wave propagation and the overpressure
distribution in the blast-wave section. Attributing to the 1D simplification applied in the
blast-wave section, the computational cost is lower, which allows the researchers to use a
complex geometry in conducting simulations. Thus, a complex airway network, which
can be commonly found in underground mines, can be simulated. Another reason for
applying a network-based simulation model is the availability of geometric data. The 1D-
based ventilation network models are commonly employed by mine operations for
ventilation planning purpose and can be used in the 1D simulation. A ventilation network
model also offers such information as airway layouts, location of blast source, air
velocity, and methane concentration; which can be used as initial conditions for the 1D
model.

Within a ventilation network, the presence of geometric changes (e.g. bend,
branching, or obstacles) on the explosion tube has considerable influence on peak
overpressure of a methane explosion. Therefore, these influences must be investigated.

This research seeks to provide an explosion source database in a driver section
and a network-based 1D model of methane explosions considering the presence of
geometric changes. Although these two sections will be modeled simultaneously and
independently, they are coupled and functioned as one combined unit. The governing
equations and numerical techniques relevant to this approach will be discussed in the

following sections.

2.2. FLUID GOVERNING EQUATIONS

As stated in Section 2.1, the space (region) where methane explosion occurs can
be separated into a driver section and a blast-wave section. Chemical reactions and
turbulence dominate in the former section, whereas blast-wave propagation plays a key

role in the blast-wave section. This research includes three main parts corresponding to
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the three objectives listed in Section 1.4.2: Objective (3) explosion source database for
the driver section, Objective (4) geometric attenuation factor identification, and Objective
(5) 1D entire mine compressible flow analysis for the blast-wave section.

In Objective (3), a methane explosion source database is required based on the 3D
Computational Fluid Dynamics (CFD) simulation results. This database is designed to
provide a set of initial and boundary parameters for the 1D compressible flow analysis
mentioned in Objective (5). Detailed simulations will be conducted using commercial
CFD package ANSYS Fluent. These simulations are based on conservation equations
including conservation of mass, momentum, energy, and species. Turbulence and
combustion models used in this research will be described in details in Sections 2.3 and
2.4, respectively. The last section of this section will discuss in details the numerical
solution for the governing equations.

2.2.1. Governing Equations in the Driver Section. The methane explosion is
highly time dependent, the fluid field in the driver section should therefore be treated as
transient and compressible flow where the Mach number could reach as high as 4
(Needham, 2010; Anon, 2011). As a result, the general form of Navier-Stokes and energy
equations with changing density are employed (Equations (2.1) ~ (2.3)). Equation (2.1) is

the general form of conservation of mass.

2L+ (pP) = Sn 2.1

where V is divergence operator, p denotes density, ¥ is velocity vector, t is time, and S,,,
IS mass increment due to phase interchanges.

Equation (2.2) represents the conservation of momentum where p is pressure,
while 7 denotes stress tensor due to molecular viscosity, pg and F are gravitational force

and body force, respectively.

2 (pi) + V- (p9¥) = —Vp+ V- (D) + pg + F 2.2)

Equation (2.3) is the conservation of energy equation where E is total energy,
k.s¢ is the effective conductivity, VT is the temperature change. hj]_j ,and Tz, - U are

species diffusion and viscous dissipation, Sj, is the heat generation of chemical actions.
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Note that S}, is the source term that contributes to the temperature increment of

methane/air combustion.

%(pE) +V-(V(pE+p))=V- (keffVT —Sihd, + (Topr ﬁ)) + S, (2.3)

In addition to the governing equations above, the contribution of turbulence and
combustion also need to be included in the analysis in the driver section. Additional
equations are required to address turbulence and combustion, both of which will be
discussed separately in Sections 2.3 and 2.4.

2.2.2. Governing Equations in the Blast-wave Section. The main task of
Objective (5) in Section 1.4.2, is the development of a 1D model used to predict blast-
wave propagations within the blast-wave section where the flame has been quenched
within this region. However, the disturbances (overpressure discontinuity) will keep
propagating until the blast-wave is attenuated to a sound-wave. The major reason for
using the 1D simplification is to reduce computational time and thus cost significantly. In
this section, the behavior of the blast-wave overwhelms chemical reactions and
turbulence; thus, the contribution of turbulent acceleration and reaction-turbulence
interaction on the overpressure can be neglected without causing much error (Qu, et al.,
2008). Therefore, only the fluid parameters and their gradient on stream-wise direction
are included. The Overpressure change along the airflow direction is greater than the
pressure in in the transverse direction. For practical purposes, the cross-section of
underground mine airways can be treated as either constant or as a function of distance
along the direction of airways. Thus, the behavior of the blast-wave in this region can be
simplified into a 1D problem (Needham, 2010).

The 1D simulation will be conducted using CFD code Flowmaster where the flow
is considered transient, compressible, inviscid (flow of ideal fluid that is assumed to have
no viscosity) and is one-dimensional. Therefore, the tailored governing equations are

used in the 1D simulation. Specifically, from Equations (2.1) to (2.3), all divergence
operators V are replaced by the partial derivative respects to x direction, %. The two

viscous terms, i.e. T in Equation (2.2) and 7, ¢in Equation (2.3) are neglected.
Turbulence equations and chemical reaction will also be excluded from the 1D simulation

analysis.
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Since pressure drops due to geometrical changes along an airway, it must be
included in a 1D simulation. Thus, quantitative analyses of the pressure drops will be
investigated in Objective (4). The most representative geometrical changes of a longwall
or a room-and-pillar mine are bends, branches, obstacles, and cross-sectional changes (Jia
& Lin, 2009). A 2D numerical model has been developed to quantify these influences.
The results are used to validate geometric change effects in the 1D simulation. The
modeling and calculations of the geometric changes influences will be shown in details in
Section 5.

2.3. TURBULENCE FORMULATIONS

In a methane explosion process, turbulence tends to stretch and wrinkle the flame
front. Thus these effects significantly accelerate the flame and, in turn, result in large
overpressure and temperature incremental change. Therefore, turbulent modeling is one
of the most important factors for a successful methane explosion simulation.

Turbulence will not be directly modeled because the computational cost of direct
numerical simulation (DNS) is prohibitive. One feasible way is to use time-averaged or
filtered values to represent the actual unsteady flow parameters. Standard k-¢ and Large
Eddy Simulation (LES) models are the most representative of time-averaged and filtered
models, respectively.

The introduction of turbulence to both models adds a new term to the right hand
side of the momentum (shown in Equation (2.2)) called turbulent stress. Both, the LES
and the standard k-¢ are turbulence viscous models, which yield to the Boussinesq
hypothesis (Tannehill, Anderson, & Pletcher, 1997). According to this hypothesis,
turbulent stress is related to velocity vectors of the flow field by turbulent viscosity ur.
The difference between time-averaged model and LES model lays in different
expressions of - in addition to their averaging operation. The standard k-¢ model has
been widely used within computational fluid research field for many years, due to its
stability and high computational efficiency. This model has also been employed by the
majority of researchers to simulate a gaseous explosion (Makarov, Verbecke, & Molkov,
2007). However, time-averaged models have an inherent drawback when resolving
transient turbulent structures (eddies). The LES model, on the other hand, is a reasonable



20

alternative for time-averaged schemes. This model has also been employed by majority
vast number of researchers to simulate a gaseous explosion (Makarov, Verbecke, &
Molkov, 2008). The LES method has only been applied in research areas such as
hydrogen combustion, whereas few applications have been found in methane combustion
In hydrogen combustion simulations, the LES model was found to better predicts the
peak overpressure rather than the time-averaged models (Moureaua, Fiorinab, & Pitscha,
2009). Therefore, the capability of LES to simulate methane/air combustion in
underground coal mines need to be validated. The current study seeks to broaden the
application of LES method while providing an alternative tool to simulate a methane
explosion. Thus, the formulation of standard k-¢ and LES models will be demonstrated in
details later in this section.

2.3.1. Standard k-¢ Model. The most commonly used time-averaged (also called
Reynolds-averaged) model is the two-equation, standard k-¢ model. The rationale for this
model is to treat the randomly fluctuating fluid parameter as a combination of a mean
value and a fluctuation value.

According to the Boussinesq hypothesis, the contribution of turbulence
momentum in standard k-¢ model is adding a new term d/ ax(Tulu}) on the right hand

side of the momentum Equation (2.2). Since =pu,u; cannot be solved directly, the

turbulence viscosity - can be related to the strain rate S_ij (S_ij = 1/2(aai/axj +

— 2 ou =
_puiuj :zﬂTSij_gé‘ij(ﬂT g:‘i‘pkj (24)

The ur can be solved by Equations (2.5) to (2.7) below. (Tannehill, Anderson, &
Pletcher, 1997):

Dk o ok 2 _—_\éou

2o (e 113 4 208 £ pks . | S 25

P o axj[(“ Hr )ale (ﬂT T ”]axj pe  (25)
De 0 oe P 2 —_\ou g2
=22 (a4 ) 14009E 2008 —Zpks. | Sio18pL 26
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_ 2
p =0.090k* | & 27)

where K is turbulence kinetic energy and ¢ is turbulent dissipation rate. %i denotes

Kronecker delta, S;; = 1/2(0u;/dx; + 0u;/dx;), and turbulent viscosity s

2.3.2. Large Eddy Simulation (LES). Another turbulent closure used in this
research is LES, which seeks to resolve a large eddy structure and model the sub-grid

eddy using turbulent viscosity theory. The contribution of turbulence can be represented
by a new term d/ aX(Ti j) in right hand side of momentum Equation (2.2). Based on the

Boussinesq hypothesis, 7;; can be related to strain-rate S; ;j by (Anon, 2011):

1 —_
Tij = 3Tk 0ij = —2Urs6sSij (2.8)

where S_l-j is sub-grid scale (SGS) strain rate and pyg¢s IS sub-grid scale turbulent
viscosity.

Smagorinsky (1963) proposed an expression to solve ursqs that is shown below.)

Urses = pLs® [25,;S;; (2.9)

where L, is the SGS mixing length in meter and can be computed by L, =

min(kd, Cs A ). k represents K&mén constant; d is the normal distance to the nearest
wall in meter and C, is Smagorinsky constant, respectively. A is the characteristic volume
of cells which equines to cubic root of the a cell volume, in meter (Anon, 2011). The

universal constant x is assigned as 0.41 and C is 0.12 in this research.

2.4. COMBUSTION FORMULATIONS

To incorporate chemical reaction formulation into the methane explosion
simulation, a combustion model should be developed. The eddy-breakup and premixed c-
equation models were used in this research, and will be explained in detail, in the section

below.



22

2.4.1. Eddy-breakup Model. The chemical reaction incorporated in a methane
explosion yields conservation of species. Therefore, species transport equation
(conservation of species) should be used as shown in Equation (2.10). Combining the
proceeding mentioned governing equations and the turbulent closure model, the turbulent
reaction flows can be modeled by applying finite volume method (FVM) using ANSYS
Fluent.

5 (PY) 4V (p3Y) =~V J + R +5, (2.10)

where Y; is mass fraction of species i, R; is production of species, and S; is user-defined
source term.
For a turbulent flow, fl in equation (2.10), which is the diffusion flux of species i,

yields:

? vT
Ji= = (D +EL) V¥ = Dy T (211)

where S, is turbulent Schmidt number equals to 0.7, D,,, ;and Dy ; are mass diffusivity
and thermal diffusivity for species I, respectively.

For the standard k-¢ model, the production rate R; in Equation (2.10) can be
obtained by the smaller of the two Equations (2.12) and (2.13):

R, = vi’r'MW_iApiminR ( Yr ) (2.12)

VRr'Mw,R

£ Xp Yp
N YR
k 2]- My, jVjrtt

Riy = Vi,r’Mw,iABp (2.13)

where Y, is the mass fraction of product species P and Yy is the mass fraction of a
specific reactant R. A and B are model constants equal to 4.0 and 0.5, respectively. These

equations indicate that the chemical reaction rate is governed by the large eddy mixing

time scale, as in the eddy-breakup model of Spalding (1970). For the LES model, % IS

required to be replaced by sub-grid mixing rate:
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2.4.2. Premixed C-equation Model. Premixed assumption can be used as
reasonable assumptions for modeling methane explosion in a wide range of conditions.
This leads to the spices transport equation incorporating the progress variable ¢, which

¢=0 for unburnt and c=1 for burnt gas:

d - _ . ﬁ
> (pc) + V- (pvc) =V (Sct Vc) + pS, (2.15)

The TFC mean reaction rate pS,. = p, U;|Vc|. Where p,, and U, are density of
unburnt gas and turublent flame speed, respectively (Zimont, et al., 1998). In Ewald’s
work, U, = U;(1 + o) (2006). U, represents the laminar flame speed related to

equvilence ratio of fuel/air (LondofD, et al., 2013). and for LES model:

2 2 1/2
o, = ——1 l_f+[(b_§l_f) +LL] (2.16)

2b1C¢pSct 6 2b1C¢pSct 6 2CeaSce UrSpe

where C;, is schemit number modifier which equals to 0.7. and b1 and bz are constant

equal to 2.0 and 1.0, respectively. § is laminar flame thickness equals to /(A/Cp)/Ulp;

where I is the flame brush thickness equals to J(CS Afu’ )/ (berr/pSce);u’ and pesy

are the turbulent velocity scale and the effective viscosity, respectively (Anon, 2011).For
highly compressible detonations, Favre averaged flow parameters should be applied as
¢ = p@/p in which ¢ can be any flow parameter except density itself. The over-bars

represent the SGS filtered values.

2.5. CJ-DETONATION THEORY

Although over 90% of methane explosion incidents in underground mines are
deflagration, and in some extreme cases, deflagration to detonation transformation (DDT)
would still be triggered (Zhou, Wu and Xu, 2002). This calls for a criterion to judge if
detonation occurs rather than deflagration. Chapman-Jouguet (CJ) detonation theory
provided the criterion to define the minimum overpressure generated by a detonation.

The derivation of CJ detonation pressure is illustrated below.
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According to the CJ detonation theory, the flow parameters upstream state p;; uy;
p,of the blast front and downstream state p,; u,; p,. The density and pressure
downstream are also the detonation density p.; and pressure p.;when detonation occurs.
pc; and p¢;can be calculated with the following relationships (Needham, 2010;
Zeldovich, 1940):

D2/ 0 +c?
Pcj = 26—22 (2.17)
Pcy = 2(y — Dpqe (2.18)

where C is speed of sound and y is the gas-specific heat ratio which is considered a
constant of 1.4 in both deflagration and detonation scenarios. e denotes energy per unit

mass of explosives. The speed of sound downstream a detonation front C¢; can be

obtained using c¢; = fypcj/ St Subsequently, the minimum CJ-detonation

overpressure can be calculated by:

- a+y)
p(o) = pey D) ”CC;) L+ (2.19)

where ¢, is initial detonation speed can be obtained by 0.5(—s + cC])(l +y)+s;sis

the shock speed which equals to c(p,/p1).

As observed from Equations (12.17) to (12.19), the CJ-detonation theory is a
general rule that does not take into considerations geometric effects, and therefore cannot
provide accurate predictions. The scenarios that have a larger overpressure than CJ-
detonation overpressure were investigated by CFD simulations, and are presented using

the eddy-breakup combustion model, introduced in Section 2.4.1.

2.6. NUMERICAL SOLUTION OF GOVERNING EQUATIONS

The equations introduced in previous sections cannot be solved analytically due to
the presence of non-linear terms. Therefore, spatial discretization techniques must be
employed to transfer the integral of governing equations used in control volumes into a
discrete form. The change of fluid variables over a continuous time duration and is

considered in a time-dependent problem (in differential forms), which also needs to be
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separated into a finite number of time-steps. This operation is called temporal
discretization. After both discretization operations are completed, the discrete equation
system can then be solved by a liner mathematical process.

In this current research, a second-order upwind scheme is used for the convection
terms governing equations. A least squares cell-based scheme is used for the gradient
treatment. Also, a second-order upwind scheme is used in diffusion terms for the
governing equation and an implicit scheme is used for temporal discretization. These
discretization techniques will be discussed in the following section.

2.6.1. Finite Volume Method. The spatial numerical discretization and
linearization technique used by ANSYS Fluent is based on the finite volume method
(FVM). This method seeks to segment the entire fluid domain into a finite number of
small control volumes or cells, in a process called meshing. Each of the control-volumes
or cells yields a set of governing equations as illustrated in Sections 2.2 to 2.4. The
governing equations are in integral form and can be expresses in a universal form as

follows:
0 d) N > -
J,755dV + § pdpv - dA=$ T4V - dA + [, Se AV (2.20)
where ¢ represents a specific fluid scalar (such as density or enthalpy) which is stored in
the centroid of a small control volume. T4 and S, are diffusivity and source term of the

scalar ¢. This equation needs to be discretized into a discrete control equation, as shown
in Equation (2.21):

Ly + 3N ppyv- A=EN TGV - A+ SoV (2.21)

The first term on the right hand side (RHS) of Equation (2.21), called an unsteady
term, needs temporal discretization to transform it from differential form into algebraic
form. The second term, RHS, is a convection term. The variable ¢ in this formula
denotes a value of a fluid variable on a cell face. It is a new unknown and needs to be
related to given center values ¢ of the cell itself and its neighbors. This operation can be
done by using a second-order upwind scheme. The first term on the LHS, called the

diffusion term, includes a gradient of a scalar V¢, another new unknown. To obtain V¢, a
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gradient treatment is required. In addition to the diffusion term, a scalar gradient is also
needed in the second-order upwind scheme. The discretization process of each term will

be introduced in following section.
2.6.2. Temporal Discretization. The differential form of Z—‘f is set equal to a

function of all of the special discretization terms (move the convection term to the LHS)
F(é):
n+i_ pn
= F (@) (2.22)

where n+1 represents the value of ¢ at the next time interval; and, t + At and n represents
the value of ¢ at the current time t. In this research, both explicit and implicit temporal
discretization techniques are used. For the explicit method, the RHS of Equation (2.22)
becomes F(¢™) which represents function relates to current time level. For implicit
method, on the other hand, the LHS is F(¢™*1).

2.6.3. Second-Order Upwind Scheme. As stated in Section 2.6.1, the facial value
¢ is unknown and needs be calculated. In a second-order upwind scheme, ¢ is

expressed as (Barth & Jespersen, 1989):
¢r = ¢+ Ap.7 (2.23)

where 7 is the displacement vector point from the cell centroid to the face centroid. Note
that the gradient, A¢, is still unknown and that therefore, gradient treatment is required.
2.6.4. Least-Square Gradient Treatment. The gradient of a fluid scalar A¢
needs to be solved by the gradient treatment operation. Node-based methodology and the
least-square gradient treatment are the most common methods utilized. However, the
least-square model is less expensive computationally, and thus will be selected. The

gradient term can be expressed by the least-square gradient treatment shown as below:

(v¢)c0 A = ((pcl- - ¢c0) (2.24)

where the subscript of the scalar terms represents the cell centroid of the cell selected, co
and its neighbor c; (Figure 2.3). r; is the displaced vector from the selected cell at a

centroid point to its neighbor’s centroid.
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Figure 2.3. Least square gradient treatment

After the above mentioned discretization operations are done, a set of algebraic
governing equations are solved in each cell belonging to the computational domain
selected. As the transportation nature of the governing equations themselves, the fluid
scalars can propagate with mass flux, called conviction, and the scalars’ gradient called
diffusion. Diffusion can be categorized into thermal diffusion and mass diffusion, which
attribute to temperature and density gradient, respectively.

The governing equations introduced in this Section will be applied in numerical
studies in Section 4, 5, and 6 and will be revisited many times. Section 3, on the other hand,
will provide experimental validations for the numerical models used to predict methane
explosions in explosion duct. Details of the design, conduction, and results of the methane

explosions will be illustrated in Section 3.
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3. EXPERIMENT

3.1. INTRODUCTION

As described in the statement of Objective (2) in Section 1.4.2, numerical models
used in both 3D and 2D simulations must be validated. Therefore, an experiment based
on the methane explosion limits and the two-section theory was designed and conducted.
Details of the design of this experiment, facilities, procedure, and results are provided in
this Section.

3.1.1. Explosion Limit Theory. Methane is a known flammable gas that has both
a lower-explosive-limit (LEL) and an upper-explosive limit (UEL). LEL refers to the
lowest concentration of flammable gas that can be ignited by either an ignition source of
flame, sparks or heat.

For a flammable gas mixture with a concentration lower than LEL, the fuel will
be too lean to be ignited. As for the upper limit, the oxygen will be too lean to support
combustion with a concentration higher than UEL. In such case the methane/air mixture
has a LEL of 5% and UEL of 15% (Zhou, Xu & Wu, 2002). However, if methane/air
mixtures were mixed with other flammable gases, LEL and UEL will change accordingly.

The LEL can be calculated using Le Chatelier's mixing rule (Hustad & Sonju, 1988):

1
LELmix = =7 (3.1)

LEL;

where x; is volume fraction of flammable gas which is added to the original mixture.
The UEL of a mixture can be calculated by substituting LEL; for UEL; in Equation (3.1).
The combustibility of the methane/air mixture is also affected by oxygen concentrations
which yield to the explosive triangle theory. The conditions of the methane/air mixture in
different regions in the methane to oxygen concentration relationship map are shown in

Figure 3.1 (Anon., 1994).
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Figure 3.1. Explosive triangle of methane/air mixture (Anon., 1994)

As Figure 3.1 illustrates, the methane/air mixture is not combustible when the
oxygen concentration is lower than 12.5% or higher than 19.5%. As a result, controlling
the methane and oxygen concentration will be an effective way to prevent or mitigate
gaseous explosions.

In the USA, the methane concentration for underground mines is closely
monitored and controlled, as required by 30 CFR § 75.323. The regulations require that
when 1.0 percent or more methane is present in a working place, all electronically
powered equipment in the affected area shall be de-energized, and other mechanized
equipment shall be shut off, except for the intrinsically safe atmospheric monitoring
systems (AMS)”. If the methane concentration is higher than 1.5%, all personnel shall be

withdrawn from the affected area except for persons listed in §104(c) of the Act, and all
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electrically powered equipment shall be disconnected at the power source
(30CFR§75.323(1) and (2)).

In the current study, three methane concentrations are planned in the experimental
design: 8%, 9.5%, and 12% which represent fuel lean, stoichiometric, and fuel rich
conditions, respectively. Mixtures made with other flammable gases are beyond the scope
of this research.

3.1.2. Environmental Conditions. It is known that both LEL and UEL are
affected by environmental factors such as ambient temperature and pressure (Chen &
Hou, 2008). Based on previous studies, the LEL decreases while UEL increases as the
ambient temperature increases. The experimental relationship among ambient

temperature, LEL, and UEL are shown in Table 3.1 below.

Table 3.1. LEL and UEL vary with ambient temperature (Chen & Hou, 2008)

Ambient
Temperature (C) LEL(%) VEL()

20 6.00 13.4
100 5.45 135
200 5.05 13.8
300 4.40 14.2
400 4.00 14.7
500 3.65 15.3
600 3.35 16.4
700 3.25 18.7

As can concluded from Table 3.1, LEL and UEL remain relatively independent of
ambient temperatures in a normal experimental environment (no outside heat sources).
UEL is sensitive to initial pressure while LEL is not. Moreover, UEL increases as the

increment of initial pressure as summarized in Table 3.2.
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Table 3.2. LEL and UEL vary with initial pressure (Chen & Hou, 2008)

Initial Pressure
LEL(%) | UEL(%)
(KPa)
101.3 5.6 14.3
1013 5.9 17.2
5,065 5.4 29.4
12,662 5.7 457

Although the impact of ambient temperature and pressure on combustibility of a
methane mixture is insignificant, they were still measured and recorded during each test
conducted. The average ambient temperature and pressure were 38 <C and 101.5 KPa,
respectively; both were used in the numerical modeling.

3.1.3. Effect of Geometric Changes. Presence of geometric changes, such as
bends or branches have significant influence on overpressure. Therefore, this influence
should not be neglected during simulations. A 2D CFD model will be developed to
quantify this influence. The code used in the model is also validated through
experimentation, providing an excellent overpressure variation history of impact due to
geometric changes. The results of this analysis are described in details in Section 3.5,

below.

3.2. EXPERIMENTAL DESIGN

3.2.1. Experimental Scenarios. In this study, a detailed plan for the experiment
is developed to characterize methane explosion characteristics under different geometric
configurations along with varying methane concentrations. Two factors are chosen within
the driver section, methane concentration, and airway blockage condition (geometric
change). Three methane concentrations of 8%, 9.5%, and 12% were chosen to represent
fuel-lean, stoichiometric, and fuel-rich conditions, respectively. Under each
concentration, nine groups of tests were conducted with and without geometrical
changes. The geometric changes tested include four major types of bends with four

bending angles, obstacles with three Blockage Rations, a t-branch, and a cross-sectional



32

change component, respectively. Tests with methane concentration of 9.5% were
repeated with an “acceleration spiral” used to characterize the explosion in airways with
obstructions within the gas-filled section. The flame could be accelerated due to a further
stretching of the flame front in the vicinity of the obstacles (Zhou, Wu, & Xu, 2002). The
results of the experiments with the presence of an acceleration spiral will not be included,
but will be used as a reference to the 2D numerical simulations. Table 3.3 summarizes the

experimental scenarios where each scenario was repeated three times to increase

accuracy.
Table 3.3. Experimental Scenarios
Methane 8% 9.5% 12%
Blockage ratios 259, 50% 750,
(BR)
Bending 50° 90° 120° 140°
Cross-sectional change 80mm X 80mm to 145mm X 145mm

*Repeat the tests with acceleration spiral for 9.5% cases

3.2.2. Experimental Layout. The experiment was conducted at the Institute of
Methane Safety Control and Utilization, China University of Mining and Technology
(CUMT), Xuzhou, Jiangsu Province, China. The instruments used in the experiments
were customized and specifically re-configured for the purpose of this research. The
experimental system consisted of six main parts: igniter, main explosion ducts,
detachable duct with geometric change, gas source, sensors, and data collection system
(Figure 3.2). The explosion test duct has a square cross-section of 80 mm % 80 mm, and a
length of 11.35 m. The duct was built to withstand a maximum overpressure of 20 MPa.
The data collection system (model: CS20182-32) was connected to the pressure and light-
sensitive sensors, which are used to capture overpressure and flame signals along the

duct.
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Figure 3.2. Schematic of the methane explosion experimental system (Not to scale)

3.2.3. Experimental Equipment. The experimental system is illustrated in Figure
3.2. The main experimental components are shown in Figure 3.3. These components are a
gas bag (Figure 3.3 (a)), an igniter (Figure 3.3 (b)); an explosion duct with geometric
change (Figure 3.3 (c)); a pressure sensor (Figure 3.3 (d)); and the data collection system
(model: CS20182-32) (Figure 3.3 (e)), respectively.

(@) (b)

Figure 3.3. Instruments used in the explosion experiment; (a) gas bag, (b) igniter, (c)
explosion duct with t-branching, (d) pressure sensor and (e) data collection unit
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Figure 3.3. Instruments used in the explosion experiment; (a) gas bag, (b) igniter, (c)
explosion duct with t-branching, (d) pressure sensor and (e) data collection unit (cont.)

3.2.4. Experimental Procedure. The experiment setup consisted of six major
steps: (1) install the duct with various different duct configurations (e.g., bend, branch,
obstacle, and duct expand); (2) premix methane and air in gas bag; (3) fill the mixture
into the gas-filled section through a pressure valve; (4) setup the data collection system;
(5) ignite the mixture, and (6) collect data. Each test occurred over 30 minutes; and more
than 120 tests were conducted and tests were repeated when there were unexpected

experimental failures.
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3.3. EXPERIMENTAL RESULTS

Roughly 1.3 sec (seconds) of overpressure histories were collected by the data
collection system for each of the scenarios. The time duration of the collection system
which was 0.5 ms (milliseconds), which generated more than 600,000 data points per
test. The unprocessed overpressure histories of six pressure sensors (the first channel
initialized the collection) for the three concentration levels in a straight airway are shown
in Figures 3.4 to 3.6. The layout of pressure sensors (14 Channels in total for each test, 8

channels on the straight duct) may be found in Appendix A.
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Figure 3.5. Raw data of overpressure for #3 methane explosion test, 9.5%

Figure 3.6. Raw data of overpressure for #2 methane explosion test 12%
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As Figures 3.4 to 3.6 illustrate, in a comparison between the three concentration
levels, faster wave propagation and earlier blast-wave arrival were observed in the 9.5%
case compared to the 8% and 12 % cases. However, the 8% and 12% cases have a higher
peak overpressure compared to the 9.5% case. Furthermore, because Channel 1 is used to
initialize the data capturing, Channel 2 which is located closer to explosion source was
observed to have the highest level of reporting among all channels. Thus it will be used to
validate the selected numerical models in the corresponding location for future models. In
all tests, the overpressure values were adjusted by subtracting their arithmetic mean, in
order to eliminate the background noise and systematical deviations.

In the experiment, data collected before the eliminations of the background noise
and after it are referred to as “global values” and “adjusted values”, respectively. These
values are shown in Table 3.4. The peak overpressure was recorded when methane
concentration are at 8%, and found to be the greatest among the three concentration
levels. The peak overpressure recorded in the same setup when methane concentration
was equal to 12% is close to that of 9.5%. The result leads to a conflict with Hjertager’s
50 m? explosion (tube) test and Zhang’s 10 m® vessel test, which for instance reported
that a 12% concentration explosion has lower peak overpressure than both 8% and 9.5%
concentration levels (Hjertager, 1984; Zhang et al., 2014). This contradiction might be
due to the scale effect of the explosion tube. In smaller tubes such as the one in this
experiment, the peak overpressures might be less sensitive to the concentration. The
absolute energy difference among the three selected concentrations of the methane/air
mixture is relatively small when an explosion occurs in a smaller accumulative volume.
This assumption was supported by the observations of simulation results when larger

dimensions of a duct were used. The details of simulations will be discussed in Section 4.

Table 3.4. Global and adjusted global values for three concentrations

8% 9.5% 12%
Global max (Pa) 68,800 | 158,200 | 66,700
Global min (Pa) -26,900 | 57,900 | -32,500
Global mean (Pa) 5,229 | 98,611 | 3,593
Adj. global max (Pa) | 63,570 | 59,588 | 61,887
Adj. global min (Pa) | -32,130 | -40,711 | -37,313
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3.4. INFLUENCE OF GEOMETRIC CHANGES

As stated in Objective (4) of Section 1.4.2, impact of geometric changes on the
blast-wave overpressure must be quantified. Experiments have been conducted based on
the configuration shown in Section 3.1. A comparison study has been done between
numerical results and measured data to validate the numerical code. More scenarios have
been examined using numerical prediction. Results of impacts of geometric change on
overpressures during an explosion using numerical simulation will be provided in detail
in Section 5.

In the geometric change study, only 9.5% level of methane/air mixture was used.
The overpressure captured by pressure sensors located both upstream and downstream
with a selected set of different geometrical configurations were recorded. In the case of a
t-branch configuration (Figure 3.7), methane is ignited at the dead end of a pre-duct. The
blast-wave propagates to the location of pressure sensor P12. The arrows in Figure 3.7
demonstrated the direction of the blast-wave propagation. In this case, pressure sensor
P12 was assigned to capture the overpressure history upstream of the t-branch. The red
block represents the high overpressure region. The overpressure history downstream was
recorded continuously by two other pressure sensors, P13 and P14, at two arms of the
branch downstream. For the bend, cross-sectional change, and blockage-ratio (BR) cases,
only one downstream overpressure sensor was assigned. The locations of all pressure

sensors for all other geometrical changes are shown in Appendix A.
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Figure 3.7. Locations of pressure sensor for airway with a t-branching
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Attenuation Factor 1 in Equation 3.2 is used to quantify the influence from these
geometrical changes (Jia, Liu, & Jing, 2011).
_AR

77 - Y
AR (3.2)

where Py and P; are overpressures upstream and downstream of a specific geometrical
change. The peak overpressures recorded by sensors located upstream and downstream of

the selected geometric changes are listed in Table 3.5.

Table 3.5. Experimental and predicted overpressure and Attenuation Factors (Pa/Pa)

Upstream Downstream n

50°Bending 90,604 50,098 1.726
90°Bending 43,037 41,284 1.131
120°Bending 213,920 304,181 0.703
140°Bending 76,571 85,128 0.945
. 59,248 (top) 1.615
T-branching | 105,899 103,828 (bottom) 0.998

BR 25% 99,981 90,871 1.1
BR 50% 93,003 70,116 1.326
BR 75% 33,224 18,878 1.759
Cross-section 59,439(within expansion) | 1.232

73,244

change 74,458 0.984

*n refers to Attenuation Factor defined in Equation 3.2
BR represents Blockage-ratio

As shown by the experimental Attenuation Factor (1) for bends in Table 3.5, this
factor is observed to be inversely proportional to bending, with ranges between 0° and
120°. The blockage effect is more obvious in smaller angles, and the Attenuation Factor
drops below one in bending angles of 120° and 140°, before it increases back to one at
180°. The maximum Attenuation Factor value of 1.726 is observed at a 50° bend, since
the blast-wave can hardly go through it, and reflections are also constrained by this

geometry.
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For obstacles with different blockage ratios (BR), the trend of Attenuation Factor
change is simpler than those found in bends, it increases with the BR monotonically. The
largest 1 is 1,759, which is obtained when BR is equal to 75%. The observation suggests
that larger blockage ratios tend to attenuate a blast-wave more significantly.

In the case of t-branching, overpressure distributed to the main arm (at the
bottom) is higher than the branch arm (on the top) which has a relatively larger
Attenuation Factor due to having more energy transported through the main arm than the
branch arm. As shown on Table 3.5, the Attenuation Factor downstream of the selected
cross-sectional change is 0.984, which is close to one; therefore it does not have notable
impact on the propagation of the blast-wave. Further future work investigation needs to
be conducted for cases having a larger ratio of the expanded to original area, which is
beyond the scope of this research.

Figure 3.8 illustrates the change of the Attenuation Factor with bending angles and
blockage ratios, and provides a clear view for the relationship bends and obstacles and

their impact on the Attenuation Factor.
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Figure 3.8. Attenuation Factor change with bending angles and blockage ratios
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Figure 3.8 suggests smaller bending angle and larger BRs can greater mitigate a
blast-wave. The cross point of the two curves implies that a 80° bending angle has an

equivalent attenuation effect as an obstacle with 40% area blocked.

3.5. SUMMARY

The maximum overpressure recorded in explosion tube experiments are 63,570
Pa., 59,589 Pa, and 61,887 Pa for 8%, 9.5%, and 12% concentrations, respectively. Note
that there are contradictions with Hjertager’s 50 m® explosion tube and Zhang’s 10 m*
vessel tests at the 12% concentration level. This contradiction might be due to the scale
effect of the explosion tube. In quantifying the effect of geometrical changes, four main
conclusions are drawn from the discussions in Section 3.4. These conclusions are: (1)
Attenuation Factor decreases with the angle of bend, ranging between 0° and 120° and
increases close to one at 140°;. The maximum Attenuation Factor is obtained when
bending is 50° with a value of 1.726, and the minimum is obtained at 120° with a value
0f 0.703; (2) in t-branching, overpressure distributed to the bottom branch is higher than
the top branch; (3) Attenuation Factor increases with BR for obstacles; (4) cross-sectional
change has an insignificant impact on the propagation of blast-wave.

These experiments have been conducted to validate the numerical models. The

same results presented in this section will be revisited in the following three sections.
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4. NUMERICAL MODELING IN DRIVER SECTION

4.1. INTRODUCTION

For effective network-based modeling, an explosion source database is highly
recommended. The database must include overpressure histories and blast-wave arrival
time under a wide range of explosion site conditions. In the driver section, two major
factors that characterize an explosion site are the methane concentration and the geometry
of a gas-filled region. Scenarios with three selected methane concentrations and forty
different geometries for each concentration of the gas-filled region are investigated.

The governing equations of the driver section introduced in Sections 2.2, 2.3 and
2.4 are used to conduct the numerical simulations. In this Section, both spatial and
temporal discretization of the selected governing equations will be introduced. The
applied numerical models, namely, turbulence and combustion models were also
validated by the experimental results introduced in Section 3 when a methane explosion
falls in the deflagration range. A set of literature data was used to validate the numerical
model used for methane detonations. After the validations, the selected numerical models
were utilized to provide predictions of methane explosions for different methane
concentrations and accumulation geometries. The simulation results will be demonstrated
in Section 4.4.

4.1.1. Contributions of Turbulence and Combustion. The driver section
consists of a gas-filled section and the part of the blast-wave propagation region where
flames can reach (refer to Figure 2.1). In this current research, the driver section was
isolated from other sections due to its complexity of turbulence fluid dynamics and
chemical reactions. As introduced in Section 2.2, the dynamics of the reactants and
products in the driver section are governed by three conservation laws, namely,
conservation of mass, momentum, and energy. To account for turbulence and combustion
phenomena, turbulence and combustion models are needed in addition to the basic
conservation equations, all of which have been described in details in Sections 2.3 and
2.4.

Turbulence has two opposite effects on the combustion rate. The first effect is that

turbulence could facilitate the mixing of fuel and air while enlarging the total reaction
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and the contacting face area, which, in turns increases the combustion rate. The second
effect referred as turbulent quenching, is the shear stress generated by turbulence that
could quench the flame when combustion rate or reaction rate are relatively low. The size
of the reaction zone has great impact over turbulent quenching. The quenching effect is
less significant in larger scale explosions since a smaller strain rate will be generated
(Catlin, 1991). In this research, the quenching effect only appears in a few extreme cases
when the combustion rate of the selected scenarios is high enough to sustain combustion.

Combustion also plays a key role when simulating a methane explosion in the
driver section. Section 2.4 introduced a combustion formulation based on premixed and
general assumptions where the fuel and air are perfectly mixed before ignition; but
caution should be taken when using these two models as they are based on a simplified
one-step chemical reaction formula. The elementary chemical reaction formula consists
of thirty-two steps which is too complicated to be used in numerical simulation directly
(Zhen & Chow, 2006). To apply the combustion model appropriately, the following
simplified one-step formula is used:

CH, + 20, = CO, + 2H,0 (4.1)

A total of 891 KJ of heat is generated in the combustion of 1 mole of CH,. The
heat generation will be accounted for by the source term S, in the Equation (2.3).

4.1.2. Averaged Flow Variables. Turbulence is a highly transient phenomenon,
thus the flow parameters are highly unstable with the respect of time. Averaged variables
are used for the turbulence flow modeling throughout the analysis. In Equations (2.1) to
(2.3), scalar and vector variables are substituted with three main types of averaging
operations depending on the turbulent formulation used.

For the standard k-¢ model, time averaged variables are used. The expression of a

time averaged value is shown as Equation (4.2).

$(x) = - [, p(x) dt (4.2)

where ¢ represents time-averaged variables (¢ can be any fluid variables). At is the

increment of time which normally expressed as time step size in numerical calculations.
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For Large-Eddy-Simulation (LES) model, filtered variables are used which have

universal form as (Tannehill, Anderson, & Pletcher, 1997):

¢(x) = %fv @ (xsgs) dxscs (4.3)

where xg.¢ represents Sub-Grade values. V is the volume of the filter size which is the
mesh size for the Finite Volume Method (FVM) used by ANSYS Fluent.

When considering a compressible flow field as in the driver section, Faver-averaged
values, ¢ can simplify in a numerical formulation process and can be expressed as a
filtered or time-averaged of the product of density and a flow variable divided by the
filtered or time-averaged value of the density expressed as below (Anon, 2011):

¢=2 (4.4)

| |$|

where ¢ is time-averaged or filtered value expressed in Equation (4.2) or (4.3)

In the following sections, the time-averaged Faver-averaged flow variables will be used
for standard k-¢ modeling and the Filtered Faver-averaged variables will be applied in
LES modeling.

4.1.3. Numerical Tool. ANSYS Fluent is selected as the CFD package for the
simulations in the driver section. ANSYS is an engineering simulation software company
located in Pittsburgh, Pennsylvania, founded in 1970. ANSYS acquired Fluent Inc. in
2006 and integrated it into ANSYS code package. ANSYS Fluent contains multiple
physical modeling modules are capable of simulating turbulence, heat transfer, and
chemical reactions. The cortex version used in this research is ANSYS 14.5.0 released in
September, 2012.

ANSYS Fluent has been widely used in the aerospace industry, engineering design,
and the energy/safety disciplines (Anon, 2012). It can provide abundant turbulent and
chemical reaction subroutines and sophisticated User Defined Functions (UDFs) based on
the popular C language. In a flow modeling process, the definition of the initial or
boundary conditions are highly flexible. Varying the spatial and temporal discretization
methods are also part of ANSYS Fluent features. The software is stable and robust with

sophisticated advancing algorithms.
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ANSYS Fluent has also been used in the numerical study of geometrical change
influences in Section 5. However, ANSYS Fluent does not support the one-dimensional
(1D) modeling that is used in simulations of a blast-wave section. A 1D CFD code

flowmaster is selected for the one dimensional study instead.

4.2. NUMERICAL DETAILS

4.2.1. Discretization. The solution of governing equations requires both temporal
and spatial discretization processes, which are discussed in details in the following
sections.

4.2.1.1 Meshing. The spatial discretization (meshing) process is accomplished by
a pre-processing tool called Gambit, the graphing platform of ANSYS. As the base
geometrical model, a duct with dimensions of 4.25 m in length and 0.08 m by 0.08 m
cross section is used with both Gas-fill Length Scaling Factor (FLSF) and Hydraulic
Diameter Scaling Factor (HDSF) are equal to one, Figure 4.1 represents the base

geometric model for this study.

0.08 m

Figure 4.1. Mesh of the geometrical model of base case
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Resolution analysis on the base case (FLSF=1 and HDSF=1) under the methane
concentration of 8% was conducted to investigate the influence of the mesh size to the
predicted overpressures. The mesh with cells size of 2 mm width is assumed to give the
most accurate prediction, with the relative error equal to zero. This mesh size is the
highest mesh density among all selected and tested meshes. The relative error is
expressed by the following statement, 2(P — Py)/(P + Py); where P and Py are the
predicted peak overpressures of coarsened meshes (cell width of 4 mm, 6 mm, 8 mm, and
16 mm) and the mesh cell width of 2 mm, respectively. Compared to the mesh with cells
of 2 mm width, the relative error is found to increase as the cell number decreases.

Table 4.1 illustrates the comparison of the mesh size and its cells number versus
the relative errors. The mesh with 4 mm cell width has a relative error of 4% and a lower
cell number compared to the finer mesh (2 mm). Thus, the 4 mm cell width mesh is
selected for the analysis. The selected meshed geometrical model shown in Figure 4.1 has
245,939 nodes and 217,600 hexahedral cells. As the FLSF or/and HDSF increase or
decrease, the relative mesh size will not change, and the error is proven to be acceptable
up to the scale of 1:100 in both longitudinal and horizontal directions (Zhang, Pang, &
Zhang, 2011). The mesh dimensions change with scaling factors; e.g. for a geometry with
FLSF equals 2 and HDSF equals 4, the mesh size will be 0.8 mm by 1.6 mm by 1.6 mm.
The combined effect of eight HDSFs (1, 2, 4, 8, 16, 32, 64, and 100), and five HDSFs

(0.5, 1, 2, 4, and 8), were investigated and will be introduced in Section 4.4.

Table 4.1. Influence of cell size on simulation result

Width of Cell (mm) 2 4 6 8 16
Cell Size (mm?) 8 64 216 512 4,096
Number of Cells 1,740,800 | 217,600 | 119,652 | 53,100 | 6,650

Number of Nodes | 1,852,389 | 245,939 | 138,964 | 64,372 | 9,612
Relative Error (%) 0 4 28 85 138
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4.2.1.2 Time step size. Since methane explosion is highly transient, the time step
size must be investigated. Figure 4.2 shows the peak overpressure and the time step size
relationship of explosions with the 9.5% methane concentration level that occurred in the
base model. In these calculations, twenty iterations were assigned per time step and the

residuals are averaged at e level.
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Figure 4.2. Time step size analysis

As observed in Figure 4.2, the peak overpressure decreases monotonically as the
time step size increases. The peak overpressure starts to stabilize when the time step size
approaches 13 ms. The Courant-Friedrichs-Lewy number (CFL = Atu/Ax;

u is the characterastic flame speed) is around 1.3 for the base case; when At =
0.013 sec. During modeling of the driver section, the numerical solutions are
unconditionally stable since an implicit temporal discretization scheme is used
(Tannehill, Anderson, & Pletcher, 1997). In addition, the converged peak overpressure

prediction is in agreement with experimental result under the same scenario.
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4.2.2. Numerical Details. To simulate methane deflagration in the driver section,
the numerical solver ANSYS Fluent (Cortex Version 14.5.0) was used. Smagorinsky-Lily
LES model and C-equation model were adapted as the turbulence and combustion
models, respectively, based on comparison studies detailed later in Section 4.3. For the
governing equations, bounded central-difference scheme was used in the convection term
and second order upwind scheme was applied in the diffusion terms. SIMPLE
velocity/pressure correction method was incorporated and least squares cell based scheme
was used for gradient treatment in the deflagration cases. On the other hand, the presence
of turbulence can be safely neglected in the detonation cases (Escanciano, et al., 2011).
Instead, phenomena as blast-wave generation and propagation are critical for the analysis.
The detonation scenarios, which have peak overpressure greater than the calculated CJ-
detonation overpressure, will be calculated using the compressible solver with explicit
time matching. The detonation modeling is similar to deflagration model except the
absence of the turbulence factor and the change of temporal discretization approach.

In addition, the computers used in this research are INTEL quad-core 17 3770K
and 16 Gb raw. Eight parallel processes were used for ANSYS Fluent. The residuals in
this part of numerical study after 800 iterations for the continuity equation, x-velocity, y-
velocity, z-velocity, and C-equation (progress variable) are in e, e, ¢4, e, and e
levels, respectively. The residual of the continuity equation is relatively high because
there is a closed end to the geometry. Reversed flow is observed on the open boundary,

which is connected to the atmosphere.

4.3. BENCHMARCH OF SUBMODELS AND VALIDATION

4.3.1. Benchmark of Turbulence Models. The scenarios with the base geometric
model were validated by experiments where the experimental instruments have been
described in details in Section 2. The customized experimental system for turbulence
model validation in the driver section is shown in Figure 4.3. The system consists of five
main parts: igniter, main explosion duct without geometric change, gas bag, pressure
sensors, and a data collection system. Note that the study of geometric changes will use

the same system with geometric change components installed at the vent (outlet).
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Figure 4.3. Schematic of the methane explosion experiment system (Not to scale)

Experimental results could be helpful in the selection process of an appropriate
turbulence model for methane explosion simulations. The governing equations used for
each turbulence model were introduced in Sections 2.2 and 2.3. Proper peak
overpressure, impulse arrival time, and duration of impulse were selected as criteria to
evaluate the turbulence models (Makarov, Verbecke, & Molkov, 2011; Zhou, Xu, & Xu,
2012). A record of actual overpressure history at a scaled distance (distance from ignition
source to divide diameter) of 9.5 was used to compare with the predicted results using
different turbulence models.

Figure 4.4 illustrates the comparison of overpressure histories predicted by the
standard k-¢, LES model combined with the C-equation combustion model and Zimont
turbulent flame speed, which is the default premixed combustion model for ANSYS
Fluent. The simulation results were compared to the filtered experimental results by a 2

KHz signal filter.
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Figure 4.4. Overpressure histories at D/L of 9.5 from ignition source using selected
turbulent models, data shows the comparison of overpressure histories of experimental
results and two selected turbulence models

The filtered experimental results are used to demonstrate the wave arrive-time and
shape. The global maximum overpressure was used for comparison purposes and shown
as a blue horizontal line in the figure above. As clearly shown, the LES model gives a
better prediction than standard k-¢ model. This could be due to the inherent drawback for
time-averaged turbulence models to resolve a highly transient flow and the requirement
of resolving boundary layer is more stringent in the standard k-¢ model than the LES
model (Sarli, Benedetto & Russo, 2010). A finer boundary layer mesh for the k-¢ model
could help increasing the prediction accuracy; but as a tradeoff, it would be
computationally expensive. Both the standard k-¢ model and the LES model failed to
resolve the negative phase and the instabilities after the main impulse. The LES model
provides a predicted peak overpressure of 63,553 Pa compared to 59,663 Pa in the
experiment; a difference of around 7%. The LES model also gives a reasonable
prediction of arrive-time of overpressure impulse. However, an approximate 30% relative
error was found in predicting the duration of the positive phase by comparing

experimental and prediction data using the LES model. According to the comparison
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analysis, the LES has a better performance on both the peak overpressure and the arrival
time than the standard k-¢ model. As a consequence, the LES model will be applied in
future studies throughout this research.

In the Moureaua, Fiorinab, and Pitscha’s study (2009), the LES model was also
proven to have a better prediction on flame structures. Figure 4.5 provides the static
temperature contours of 9.5% methane explosion using the LES model. The flame
propagating away from the ignition source is clearly shown as time advances. The flame
front is irregular at the developing regime and becomes almost fully-developed toward

the far end of the domain.

I . 130ms
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Figure 4.5. Propagation of flame in explosion tube for 9.5% methane using LES model
data shows the evolution of the flame through the explosion duct in different time instants

4.3.2. Benchmark of Combustion Models. The governing equations of selected
combustion models were introduced in Section 2.4. In this section, the premixed models
C-equation and G-equation describing a gas chamber with premixed methane/air mixture
combined with Peters and Zimont’s turbulent combustion formulations were compared.
In addition, another process-variable-based combustion model called Extended Coherent
Flamelet Model (ECFM) was also used. ECFM is theoretically more accurate than the C-
equation and G-equation models but less robust, which is more difficult to converge. The

transport equation of ECFM model is shown as:
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%+V-(ﬁ£)=V-<S”—;V(§))+(P1+P2+P3)Z+P4—D (4.5)
where X is mean flame area density, P; is source due to turbulence/flame interaction, P,
is source due to dilatation in the flame, P; is source due to expansion of burned gas, P, is
source due to normal propagation, and D is flame dissipation area (Candel & Poinsot,
1990).

Turbulent flame speed is required to be modeled by both C-equation and G-
equation for the premixed combustion models. The Zimont model is the default option of
ANSYS Fluent. Turbulent flame speed in the Zimont model is calculated as (Zimont, et
al., 1998):

U, = A(u)3/4U, Y2 g1/ M4 (4.6)

where A is a model constant, u’ is root-mean-square (RMS) velocity, « = k/pc,, and [,
is turbulent length scale equals to Cp, (u')3/«.

The Zimont turbulent flame speed can be substituded into the transport equations
for both C-equation and G-equation models. The comparison of overpressure hsitories
among the five premixed combustion schemes are demonstrated in Figure 4.6. As was
also found in the comparison study of turbulence models, overpressure is recorded at
length to diameter (L/D) scaled distance of 9.5 (m/m) from ignition source. A 9.5%

methane concentration level and 100J ignition energy are used.
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Figure 4.6. Overpressure histories at D/L of 9.5 from ignition source using selected
combustion models

Figure 4.6 illustrates that the C-equation model combined with the Peters
turbulent flame speed provides the best prediction of the peak overpressure which is the
closest to the measured value of 59,589 Pa. At the given initial and boundary conditions,
models using the G-equation significantly underestimates the peak overpressure while
ECFM model diverged after around 0.08 sec. ECFM and G-equation did not perform as
well as the C-equation model using the selected spatial or temporal discretization. As a
result, C-equation combined with Peters turbulent flame speed provided a prediction with
reasonable accuracy (within a 10% range) and will be used in this study.

4.3.3. Validation of Detonation in a Large Scale Explosion. For the scenarios
with peak overpressure lager than CJ-detonation overpressure, the Finite-rate chemical
reaction solver was employed because of the limitation of the premixed combustion
models which should not be used in modeling detonation (Anon, 2011). The LES
turbulence model and Eddy-break-up combustion model introduced in Sections 2.3.2 and

2.4.1 were used instead.
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Another objective for this research study was to investigate the performance of
the selected numerical models in large scale explosions; therefore, literature with
experimental results from a large scale experiments with detonation cases were chosen.
The literature data was collected from experiments conducted by NIOSH (National
Institute of Occupational Safety and Health) at the Lake Lynn Laboratory (Zipf, et al.,
2010). The detonation tube used in the experiment was cylindrical with 73 m long and
1.05 m in diameter. One end of the tube was closed. The test gas was 97.5% methane
with about 1.5% ethane. Thirty-eight methane concentrations ranging from 4% to 19%
were tested. The experimental layout with baftles (GETF system) is shown in Figure 4.7
(Zipf, et al., 2013).
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Figure 4.7. Schematic of GETF with baffles (Zipf, et al., 2013)
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A numerical model with the same dimensions and baffle layout was developed to
evaluate the behavior of the Euler Solver without considering the effects of fluid viscosity
terms in the governing equations. These terms were used to predict the detonation
scenarios with greater peak overpressures than CJ-detonation overpressure. The meshed
geometric model based on the LLL GETF system was developed shown in Figure 4.8. A

total of 15 transverse baffles are present in the model as shown inside the explosion tube.

Figure 4.8. Geometric model and mesh for LLL detonation test

When conducting a methane detonation simulation, the initial computational field
used laminar flow with a finite-rate-laminar (FRL) combustion closure based on
Arrehenius Chemical Reaction Rate theory, as required. Since FRL is only used to
calculate an initial field, its theoretical details are beyond the scope of the analysis and

will not be stated. The formulations can be referred to in Section 5.1.5 of the book:
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Computational Fluid Mechanics and Heat Transfer (Tannehill, Anderson, & Pletcher,
1997).

The simulated propagation of flames along the explosion tube is shown in Figure
4.9:
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Figure 4.9. Flame propagation in the explosion tube in different time instants

As shown in Figure 4.9, the flame speed is relatively slow at the beginning, with
acceleration starting after 260 ms (milliseconds) and then slowing down again after 520
ms. Acceleration is due to the turbulence generated by the baffles which wrinkle the
flame, increase the reaction surface area, and therefore accelerate its propagation. This
effect disappeared after the flame front had gone through the baffle area. The impact of

baffles on the flame propagation can be shown more clearly in Figure 4.10:
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Figure 4.10. Effect of baffles on flame propagation at (a)130 ms, (b) 260 ms
and (c¢) 390 ms
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Figure 4.10. Effect of baftles on flame propagation at (a)130 ms, (b) 260 ms
and (c) 390 ms (cont.)

Figure 4.11 illustrates the comparison overpressure history between the LLL

experimental and predicted values immediately after the fifteenth baffle.
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Figure 4.11. Comparison between simulation and LLL experiment, three horizontal lines
represent peak overpressure measured in LLL experiments at three methane
concentrations
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In Figure 4.11, three horizontal lines in red, blue, and green represent peak
overpressure measured in LLL experiments at 9.54%, 8.25%, and 12%, respectively.
Three curves with the corresponding colors represent the predicted overpressure histories.
A comparison study between the peak of the curves and the measured peak values are
preceded. It can be observed that the predicted peak overpressure (the peak of red curve
with 1,690,628 Pa) has an excellent agreement with the LLL experiment result
(1,760,000 Pa) for the 9.5% case and the relative error is 3.9%. With a methane
concentration of 8%, however, a relative error over 30% is detected by comparing the
peak of blue curve and line in Figure 4.11. The experimental value around 8% of methane
explosion is more unstable, a peak overpressure as high as 7.6 MPa was obtained under
8% and 8.8% when blockage ratio of baffles equal to 25%. In these two cases, sustainable
detonations other than normal detonation were triggered. However, this trend is in
agreement with Hjertager’s and Zhang’s experiments (Hjertager, 1984; Zhang, et al.,
2014) in which explosions with 8% methane have a greater peak overpressure than the
9.5% methane concentration. In the LLL test, scenarios were not repeated for a same
configuration. A higher peak overpressure could be obtained closer to the predicted value
for 8% methane. In the 12% case, detonation failed to be triggered in all LLL tests and
simulation cases. All experimental tests and simulations are in deflagration regime. In the
LLL test, the peak overpressure reached as large as 0.26 MPa while the predicted
maximum value was 0.0137MPa. This suggests the weakness of Eddy-break-up model to
simulate a deflagration. As a result, all scenarios under deflagration are simulated using

premixed combustion models in Sections 4.2 and 4.3.2.

4.4. SCALING EFFECT

To develop an explosion source database, a reasonable range of geometric
dimensions in an explosion site is necessary. In this section, the scale effect of the driver
section of an explosion tube is simulated using the LES turbulence model combined with
the premixed C-equation model for deflagration cases and the EDM combustion model
for detonation cases. Meanwhile, three representative methane concentrations, 8%, 9.5%,
and 12%, were selected to examine the combined effect of scale and concentration which

are considered as the two major factors affecting methane explosion.
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4.4.1. Introduction. Methane explosion incidents could occur in both unconfined
space, such as combustion due to flammable gas leakage; and confined spaces, such as an
inner-combustion in process equipment or in underground airways. The destruction of a
confined gaseous explosion is much greater than the destruction of explosions in an
unconfined space. According to Catlin’s research, the size of a confined space has
significant impacts on the explosion strength and explosion characteristics (Catlin &
Johnson, 1992). Research pertaining the scaling effect of an explosion site is therefore
necessary. In addition, the experimental study on explosions with large scale parameters
would be costly and dangerous. Numerical methods and lab-scale studies are effective and
viable alternatives. However, whether the lab-scale experiments results still hold for larger
scales must be investigated. CFD is a sophisticated technique to evaluate such scaling effect
on gaseous explosions, and it has already been applied extensively in other studies,
especially on hydrogen combustion which has a higher reactivity than does methane
(Bauwens, Chaffee, & Dorofeev, 2002; Kindracki, et al., 2007).

Efforts have been made to investigate the scale effects of gaseous explosions. In
Van Wingerden’s work, scale effect is related to the normalized flame speed. However,
the relationship breaks when turbulence is incorporated (1989). Catlin and Johnson
(1991, 1992) were looking for feasibilities to compensate the scale effect by enriching the
oxygen component of air in their experiments. The results are theoretically correct when
the turbulence Reynolds number is less than 10,000, which is often not the case in
practical problems. Zhang, et al., tested the scale effect on methane explosion using a
CFD commercial package AutoReaGas in which three scales (1:1, 1:10, and 1:100) were
tested (Zhang, Pang, & Zhang, 2011; Zhang, Pang, & Liang, 2011). Therefore, there is a
need to further study the scaling effect for scenarios of lower longitudinal to horizontal
ratio. This research provided a wider range of geometries and shed some light on the
scaling effect on DDT with all three selected methane concentrations (8%, 9.5%, and
12%). The Gas-fill-length Scaling Factor (FLSF) and Hydraulic Diameter Scaling Factor
(HDSF) were used to adjust dimensions of an explosion site in longitudinal and
horizontal directions, respectively. The FLSF represents the factor equals to the gas-fill
length tested divided by the base model, which is 4.25 m. Similarly, HDSF is the factor
equal to the tested hydraulic diameter divided by the base model, which is 0.08 m. The
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results of methane explosion simulations with all FLSF-HDSF combinations for each
methane concentration are demonstrated in the following sections below.

4.4.2. Results and Discussion - 9.5% Concentration. The first methane
concentration analyzed was the 9.5% level which represents the stoichiometry of a
methane/air reaction. Peak overpressure/time relationships at the scaled distance of 9.5
for the combinations of eight HDSF (1, 2, 4, 8, 16, 32, 64, and 100) and five FLSF (0.5,
1, 2, 4, and 8) with a methane concentration of 9.5%, were tested and will be presented
and discussed in details below.

4.4.2.1 FLSF. Peak overpressures for FLSFs equal 0.5, 1, 5, 4, and 8 when

combined with eight HDSFs in a logarithmic coordinate system are shown in Figure 4.12.
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Figure 4.12. Peak overpressures for five FLSFs combined with eight HDSFs for a 9.5%
concentration methane explosion

As observed in Figure 4.12, the peak overpressure for all HDSF curves generally
increases with FLSFs except when HDSF equals 16 (the cyan curve with * sign). This
case shows slightly decrement at FLSF of 8 at the right end of the chart. This suggests the

increment of gas-fill length would generally facilitate the overpressure generated by
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methane/air explosions regardless of gas-fill space cross-sections. In addition, cases with
larger HDSFs reproduced lower peak overpressures than the smaller HDSFs. In #32 and
#64 cases with HDSF, significantly low overpressures were detected. This might due to
the laminar flame velocity being low (0.42 m/s) and the flame takes longer distance to
reach the walls leading to a delay in the laminar -turbulence transition. On the other hand,
the space is less confined in cases with larger diameters and thus, the overpressure is
attenuated. Note that in the six cases with smaller FLSFs, detonation is triggered instead
deflagration, which has higher overpressure than theoretical minimum CJ-detonation
pressure. This result is in good agreement with the experimental results that high length-
to-diameter ratio is required by DDT (Zipf, et al., 2013).

4.4.2.2 HDSF. The variation of the overpressure with HDSFs when combined
with selected FLSFs does not follow the monotonic trend as observed in FLSF cases.

Peak overpressures for each FLSF are shown separately in Figure 4.13.
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Figure 4.13. Peak overpressure (Pa) vs eight HDSF (m/m) combined with five FLSFs for
9.5% methane explosion; (a) pressure histories when FLSF=0.5; (b) peak overpressures
when FLSF=0.5; (c) pressure histories when FLSF=1; (d) peak overpressures when
FLSF=1; (e) pressure histories when FLSF=2; (f) peak overpressures when FLSF=2; (g)
pressure histories when FLSF=4; (h) peak overpressures when FLSF=4; (i) pressure
histories when FLSF=8; (j) peak overpressures when FLSF=8
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Figure 4.13. Peak overpressure (Pa) vs eight HDSF (m/m) combined with five FLSFs for
9.5% methane explosion; (a) pressure histories when FLSF=0.5; (b) peak overpressures
when FLSF=0.5; (c) pressure histories when FLSF=1; (d) peak overpressures when
FLSF=1; (e) pressure histories when FLSF=2; (f) peak overpressures when FLSF=2; (g)
pressure histories when FLSF=4; (h) peak overpressures when FLSF=4; (i) pressure
histories when FLSF=8; (j) peak overpressures when FLSF=8 (cont.)
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Figure 4.13. Peak overpressure (Pa) vs eight HDSF (m/m) combined with five FLSFs for
9.5% methane explosion; (a) pressure histories when FLSF=0.5; (b) peak overpressures
when FLSF=0.5; (c) pressure histories when FLSF=1; (d) peak overpressures when
FLSF=1; (e) pressure histories when FLSF=2; (f) peak overpressures when FLSF=2; (g)
pressure histories when FLSF=4; (h) peak overpressures when FLSF=4; (i) pressure
histories when FLSF=S8; (j) peak overpressures when FLSF=8 (cont.)
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Figure 4.13. Peak overpressure (Pa) vs eight HDSF (m/m) combined with five FLSFs for
9.5% methane explosion; (a) pressure histories when FLSF=0.5; (b) peak overpressures
when FLSF=0.5; (c) pressure histories when FLSF=1; (d) peak overpressures when
FLSF=1; (e) pressure histories when FLSF=2; (f) peak overpressures when FLSF=2; (g)
pressure histories when FLSF=4; (h) peak overpressures when FLSF=4; (i) pressure
histories when FLSF=8; (j) peak overpressures when FLSF=8 (cont.)
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Figure 4.13. Peak overpressure (Pa) vs eight HDSF (m/m) combined with five FLSFs for
9.5% methane explosion; (a) pressure histories when FLSF=0.5; (b) peak overpressures
when FLSF=0.5; (c) pressure histories when FLSF=1; (d) peak overpressures when
FLSF=1; (e) pressure histories when FLSF=2; (f) peak overpressures when FLSF=2; (g)
pressure histories when FLSF=4; (h) peak overpressures when FLSF=4; (i) pressure
histories when FLSF=S8; (j) peak overpressures when FLSF=8 (cont.)
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Figure 4.13. Peak overpressure (Pa) vs eight HDSF (m/m) combined with five FLSFs for
9.5% methane explosion; (a) pressure histories when FLSF=0.5; (b) peak overpressures
when FLSF=0.5; (c) pressure histories when FLSF=1; (d) peak overpressures when
FLSF=1; (e) pressure histories when FLSF=2; (f) peak overpressures when FLSF=2; (g)
pressure histories when FLSF=4; (h) peak overpressures when FLSF=4; (i) pressure
histories when FLSF=8; (j) peak overpressures when FLSF=8 (cont.)

Figures 4.13 (a), (¢), (e), (g), and (i) show overpressure histories under all eight
HDSFs given one selected FLSF. Figures 4.13 (b), (d), (f), (h), and (j) show the peak
overpressures under each HDSF. For example, the FLSF 0.5 group (Figure 4.13 (b)),
peak overpressure decreases sharply as HDSF increases until it reaches 0, when the
HDSF equals to 8. The curve rebounds after HDSF 8 and keeps increasing until the peak
value is attained at the HDSF 64. Afterwards, a small decrement is observed. In the
FLSFs equal to 1, 2, and 4 groups (Figures 4.13 (d), (f), and (h)), the peak overpressures
yield a similar trend and have two local peak values at both ends when HDSFs are equal
to 0.5 and 100. Four detonation scenarios are detected close to the left end of the curves.
The FLSF 8 group shows a slight incremental change when the HDSF changes from 0.5

to 1 (Figure 4.13 (j)). Then, the peak overpressure decreases to a very low value until it
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reaches the minimum, when HDSF equals to 32. This indicates that a larger cross-section
of gas-fill space will not always reproduce a larger overpressure and could be opposite in
most cases. The overpressure tends to be significant in FLSFs of 2, 4, and 8 groups which
depicts that a certain level of gas-fill length is required to produce a violent gaseous
explosion. Therefore, detonation is less likely to occur when the length, width, and height
of a gas filled space are close to each other in value.

Figure 4.14 summarizes the change of predicted peak overpressures with HDSFs

for all five selected FLSFs in a logarithmic coordinate system.
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Figure 4.14. Peak overpressure for 9.5% methane explosion change with HDSFs for five
FLSFs (curves)

As shown from the chart above, the six data points that transformed to detonation
regime are located in small HDSF region close to the left end of the figure. However,
larger FLSFs will also give rise to an increment of overpressure which already has been

seen in the FLSF analysis.
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4.4.2.3 Combined effects. The scaling effect of longitudinal and horizontal
directions has been analyzed separately. The combining effect for both FLSFs and
HDSFs is illustrated in Figure 4.15.
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Figure 4.15. Effects of FLSF and HDSF on peak overpressure for 9.5% concentration
methane explosion (Pa)

The region with the lightest red color on the bottom of the figure represents the
deflagration scenario (0-1,600,000 Pa). Whereas, the region of peak overpressure higher
than 1,600,000 Pa is the detonation region (layers with darker red colors). As noticed
from the location of the high peak overpressure regions in HDSF/FLSF plane, the
detonation regime is located in larger gas-fill length to hydraulic diameter ratios with low
HDSFs and high FLSFs at the same time. The minimum value of this ratio is 54 for
methane explosions at 9.5% concentration levels. The overpressure also shows a slight
increment for larger length to diameter ratios when HDSFs are larger than 64. This is
because the enlargement of gas-fill space leads to an increase in fuel quantity. This

generates an increase of the total energy of explosives.
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Table 4.2 below lists the peak overpressures for selected combinations of eight
HDSFs and five FLSFs when methane concentration is at 9.5%. The bold values are
detonation cases. As noticed, six detonation cases (with pressures exceeding 1,600,000
Pa) are all located at the right top corner of the table, and the maximum overpressure is
12 MPa when FLSF=8 and HDSD=1. This suggests sustainable detonations were

triggered in two of the largest length to diameter ratios.

Table 4.2. Peak overpressure for selected combinations of HDSFs and FLSFs for 9.5%
methane explosion (Pa)

FLSF

Do 0.5 1 2 4 8
1 9606 | 66389 | 418271 | 3139192 | 12540373
2 6219 | 26094 | 193489 | 1707092 | 14923139
4 4154 | 24451 | 111417 | 751765 | 7199514
8 1 19348 | 72218 | 332517 | 2570226
16 6650 17979 | 37333 | 25758 | 1448854
32 7855 | 22398 | 55832 | 402319 | 81297
64 11694 | 28760 | 106454 | 205202 | 525808
100 6829 | 77150 | 174292 | 363850 | 1132997

4.4.3. Results and Discussion - 8% Concentration. The second methane
concentration under analysis is the 8% level which represents a lean fuel case. However,
although it deviates from stoichiometry, the laminar flame speed of 8% methane is the
largest among all three concentrations under investigation. As a result, the peak
overpressures obtained are the largest. Peak overpressure/time relationships at the scaled
distance 9.5 for the combinations of eight HDSFs (1, 2, 4, 8, 16, 32, 64, and 100) and five
FLSFs (0.5, 1, 2, 4, and 8), with 8% methane concentration were tested and will be
presented in the section below.

4.4.3.1 FLSF. Peak overpressures for FLSFs equal to 0.5, 1, 5, 4, and 8 when

combined with eight HDSFs are shown in Figure 4.16 in a logarithmic scale.
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Figure 4.16. Peak overpressures for five FLSFs combined with eight HDSFs for an 8%
methane explosion

Similar to the 9.5% concentration level cases, the peak overpressure increases
monotonically with the increase of FLSF except when HDSF equals to 8. In this case, a
slight decrement is shown at FLSF of 1. Similarly, the larger the HDSF the lower the
peak overpressure is observed for the 8% concentration level cases. The lowest peak
overpressure among all selected cases is obtained when HDSF equals to 64 and the
diameter of duct is 5.12 m. Among the scenarios with 8% methane concentration, eight
detonation combinations are found compared to six for an explosion with a 9.5% methane

concentration.

4.4.3.2 HDSF. Peak overpressures for each FLSF of an 8% methane explosion is

demonstrated in Figure 4.17.
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Figure 4.17. Peak overpressure (Pa) vs eight HDSF (m/m) combined with five FLSFs for
8% methane explosion; (a) pressure histories when FLSF=0.5; (b) peak overpressures
when FLSF=0.5; (c) pressure histories when FLSF=1; (d) peak overpressures when
FLSF=1; (e) pressure histories when FLSF=2; (f) peak overpressures when FLSF=2; (g)
pressure histories when FLSF=4; (h) peak overpressures when FLSF=4; (i) pressure
histories when FLSF=S; (j) peak overpressures when FLSF=8
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Figure 4.17. Peak overpressure (Pa) vs eight HDSF (m/m) combined with five FLSFs for
8% methane explosion; (a) pressure histories when FLSF=0.5; (b) peak overpressures
when FLSF=0.5; (c) pressure histories when FLSF=1; (d) peak overpressures when
FLSF=1; (e) pressure histories when FLSF=2; (f) peak overpressures when FLSF=2; (g)
pressure histories when FLSF=4; (h) peak overpressures when FLSF=4; (i) pressure
histories when FLSF=S8; (j) peak overpressures when FLSF=8 (cont.)
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Figure 4.17. Peak overpressure (Pa) vs eight HDSF (m/m) combined with five FLSFs for
8% methane explosion; (a) pressure histories when FLSF=0.5; (b) peak overpressures
when FLSF=0.5; (c) pressure histories when FLSF=1; (d) peak overpressures when
FLSF=1; (e) pressure histories when FLSF=2; (f) peak overpressures when FLSF=2; (g)
pressure histories when FLSF=4; (h) peak overpressures when FLSF=4; (i) pressure
histories when FLSF=S8; (j) peak overpressures when FLSF=8 (cont.)
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Figure 4.17. Peak overpressure (Pa) vs eight HDSF (m/m) combined with five FLSFs for
8% methane explosion; (a) pressure histories when FLSF=0.5; (b) peak overpressures
when FLSF=0.5; (c) pressure histories when FLSF=1; (d) peak overpressures when
FLSF=1; (e) pressure histories when FLSF=2; (f) peak overpressures when FLSF=2; (g)
pressure histories when FLSF=4; (h) peak overpressures when FLSF=4; (i) pressure
histories when FLSF=S8; (j) peak overpressures when FLSF=8 (cont.)
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Figure 4.17. Peak overpressure (Pa) vs eight HDSF (m/m) combined with five FLSFs for
8% methane explosion; (a) pressure histories when FLSF=0.5; (b) peak overpressures
when FLSF=0.5; (c) pressure histories when FLSF=1; (d) peak overpressures when
FLSF=1; (e) pressure histories when FLSF=2; (f) peak overpressures when FLSF=2; (g)
pressure histories when FLSF=4; (h) peak overpressures when FLSF=4; (i) pressure
histories when FLSF=S8; (j) peak overpressures when FLSF=8 (cont.)
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The layout of Figure 4.17 is similar to Figure 4.13 which is below the methane
concentration level of 9.5%. Figures 4.17 (a), (¢), (e), (g), and (i) show overpressure
histories under all eight HDSFs, given one selected FLSF under the 8% concentration
level; Figures (b), (d), (f), (h), and (j) show the peak overpressures under each HDSF. As
observed in Figure 4.17 (b) when FLSF equals 0.5, the peak overpressure fluctuates at
smaller HDSFs then reaches a maximum value around 14,000 Pa, followed by a drop in
the overpressure value. When the FLSF equals to one (Figure 4.17 (d)), the peak
overpressure decreases slightly and then increases monotonically. Similar trends are
found for FLSFs cases of 2, 4 and 8 (Figures 4.17 (f), (h), and (j)). This trend shows a
sharply decrement of peak overpressure at the beginning and, after a small fluctuation, it
1s sustained to a certain level. Similar to 9.5% cases, the detonation cases are found close
to the left end of the curves which means that the detonation can only be triggered for a
duct with a relatively small cross-sectional dimension.

Figure 4.18 summarizes the interrelationships among predicted overpressure of all

five FLSFs in a logarithmic coordinate system.
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Figure 4.18. Peak overpressure for 8% methane explosion change with HDSFs for five
FLSFs (curves)
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As can be seen in Figure 4.18, a total of eight data points which are transformed
to detonation regime fall into the small HDSF region (close to left end of the figure). An
8% concentration has more detonation cases than the 9.5% concentration level and the
maximum peak of the concentration 8% overpressure recorded is also larger (14,829,484)
compared to the 9.5% level (12,540,373 Pa).

4.4.3.3 Combined effects. Figure 4.19 illustrated the combined effect of both the

FLSFs and HDSFs on overpressures with 8% methane concentration.
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Figure 4.19. Effects of FLSF and HDSF on peak overpressure for 8% concentration
methane explosion (Pa)

The region with light red on the bottom represents a deflagration scenario (smaller
than CJ-detonation value 1,600,000) and otherwise in a detonation regime. As can be
seen, similar to 9.5% concentration level, the detonation regime located in the region with

a large gas-fill length to hydraulic diameter ratios on the right top corner of the



79

HDSF/FLSF plane. The minimum ratio is 13.3 when the methane concentration is 8%
compared to a value of 54 with the methane concentration of 9.5%. This result suggests
that for a methane concentration of 8%, detonation can be triggered at a relatively lower
length to diameter ratio compared to the 9.5% case. The maximum peak overpressure
recorded is also the highest among the three (14,829,484 Pa). The shape of the surface
shown in Figure 4.19 is similar to that in Figure 4.15. The difference between these two
figures is that in the Figure 4.19, the surface shows a fluctuation on the far side of the
figure (FLSLs greater than 4) while the peak overpressures increases monotonically with
the decrease of HDSF shown in Figure 4.15.

Table 4.3 below illustrates the peak overpressures for each selected HDSF-FLSF
combination when the methane concentration is 8%. Bold numbers represent detonation
cases. As noticed, eight cases at the right top corner of the table are detonation cases and
their peak overpressures are the greatest among the three selected methane concentrations
under study. The maximum overpressure recorded is around 14.8 MPa and the second
largest is 13.8 MPa. In these two cases, sustainable detonations, which will generate
significantly higher overpressures than normal detonations, are triggered. As a
consequence, the fuel lean methane explosions actually has higher overpressures than the

stoichiometric scenarios.

Table 4.3. Peak overpressure for selected combinations of HDSFs and FLSFs for 8%
methane explosion (Pa)

FLSF
DR 05 1 2 4 8

1 3415 | 30389 | 353183 | 2084215 | 14829484
2 9384 | 30158 | 147993 | 1637268 | 13887314
4 4712 | 31733 | 92466 | 586447 | 4527823
8 7049 | 8919 | 77053 | 301280 | 3533682
16 6650 | 20091 | 92244 | 221914 | 1699870
32 6552 | 25569 | 68172 | 356974 | 2934727
64 14075 | 33043 | 94123 | 221022 | 447618
100 7325 | 48366 | 129056 | 350589 | 912405
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4.4.4. Results and Discussion - 12% Concentration. The third methane
concentration in this research is the 12% level, which represents fuel lean scenarios. The
laminar flame speed is the smallest among the three and, the peak overpressures obtained
are the smallest as well. Peak overpressure histories of 12% methane explosion at the
scaled distance of 9.5 were tested, under all selected HDSF -FLSF combinations

4.4.4.1 FLSF. Peak overpressure for FLSFs equal 0.5, 1, 5, 4, and 8 when

combined with eight HDSFs is shown in Figure 4.20 in a logarithmic coordinate system.

10000000
1000000
100000
10000
1000

100

10

1

0.1

0.01

Overpressure (Pa)

Gas-fill length scaling factor (m/m)

Figure 4.20. Peak overpressures for five FLSFs combined with eight HDSFs for 12%
methane explosion

Similar trends of overpressure histories between the 9.5% concentration and the
12% concentration levels are observed. The peak overpressure for all FLSF-HDSF
combinations increases monotonically with the increase of FLSF except when HDSF
equals to 16 (cyan curve with * sign). In this case, the overpressure history curve shows a
slight decrease at the FLSF of 2. The peak overpressures predicted for diverse FLSFs can
be divided into two groups. The first group includes HDSFs of 1, 2, 4, and 16 which
results of higher peak overpressures. The second group includes HDSFs of §, 32, 64, and
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100, which shows relatively lower peak overpressures. Note that only two detonations are
triggered with higher overpressures than the theoretical minimum CJ-detonation pressure.
This result suggests that, compared to the 9.5% and 8% cases, the detonation is unlikely
to be triggered at 12% methane concentration regardless of geometric dimensions.

4.4.4.2 FLSF. Peak overpressures for each selected FLSF are demonstrated
separately in Figure 4.21. The first figure in each FLSF case shows overpressure history
under all eight HDSFs while the second figure shows the peak overpressures under each
HDSF.
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Figure 4.21. Peak overpressure (Pa) vs eight HDSF (m/m) combined with five FLSFs for
12% methane explosion; (a) pressure histories when FLSF=0.5; (b) peak overpressures
when FLSF=0.5; (c) pressure histories when FLSF=1; (d) peak overpressures when
FLSF=1; (e) pressure histories when FLSF=2; (f) peak overpressures when FLSF=2; (g)
pressure histories when FLSF=4; (h) peak overpressures when FLSF=4; (i) pressure
histories when FLSF=S; (j) peak overpressures when FLSF=8
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Figure 4.21. Peak overpressure (Pa) vs eight HDSF (m/m) combined with five FLSFs for
12% methane explosion; (a) pressure histories when FLSF=0.5; (b) peak overpressures
when FLSF=0.5; (c) pressure histories when FLSF=1; (d) peak overpressures when
FLSF=1; (e) pressure histories when FLSF=2; (f) peak overpressures when FLSF=2; (g)
pressure histories when FLSF=4; (h) peak overpressures when FLSF=4; (i) pressure
histories when FLSF=8; (j) peak overpressures when FLSF=8 (cont.)
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Figure 4.21. Peak overpressure (Pa) vs eight HDSF (m/m) combined with five FLSFs for
12% methane explosion; (a) pressure histories when FLSF=0.5; (b) peak overpressures
when FLSF=0.5; (c) pressure histories when FLSF=1; (d) peak overpressures when
FLSF=1; (e) pressure histories when FLSF=2; (f) peak overpressures when FLSF=2; (g)
pressure histories when FLSF=4; (h) peak overpressures when FLSF=4; (i) pressure
histories when FLSF=8; (j) peak overpressures when FLSF=8 (cont.)
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Figure 4.21. Peak overpressure (Pa) vs eight HDSF (m/m) combined with five FLSFs for
12% methane explosion; (a) pressure histories when FLSF=0.5; (b) peak overpressures
when FLSF=0.5; (c) pressure histories when FLSF=1; (d) peak overpressures when
FLSF=1; (e) pressure histories when FLSF=2; (f) peak overpressures when FLSF=2; (g)
pressure histories when FLSF=4; (h) peak overpressures when FLSF=4; (i) pressure
histories when FLSF=8; (j) peak overpressures when FLSF=8 (cont.)
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Figure 4.21. Peak overpressure (Pa) vs eight HDSF (m/m) combined with five FLSFs for
12% methane explosion; (a) pressure histories when FLSF=0.5; (b) peak overpressures
when FLSF=0.5; (c) pressure histories when FLSF=1; (d) peak overpressures when
FLSF=1; (e) pressure histories when FLSF=2; (f) peak overpressures when FLSF=2; (g)
pressure histories when FLSF=4; (h) peak overpressures when FLSF=4; (i) pressure
histories when FLSF=8; (j) peak overpressures when FLSF=8 (cont.)
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Figure 4.21. Peak overpressure (Pa) vs eight HDSF (m/m) combined with five FLSFs for
12% methane explosion; (a) pressure histories when FLSF=0.5; (b) peak overpressures
when FLSF=0.5; (c¢) pressure histories when FLSF=1; (d) peak overpressures when
FLSF=1; (e) pressure histories when FLSF=2; (f) peak overpressures when FLSF=2; (g)
pressure histories when FLSF=4; (h) peak overpressures when FLSF=4; (1) pressure
histories when FLSF=S8; (j) peak overpressures when FLSF=8 (cont.)

Figure 4.21 uses the same layout as Figure 4.13 and Figure 4.17 where Figures
4.21 (a), (c), (e), (g), and (1) show overpressure histories under eight HDSFs given one
selected FLSF and Figures 4.21 (b), (d), (f), (h), and (j) show the peak overpressures
under each HDSF. In Figure 4.21 (b), the peak overpressure decreases slightly to around
zero and then increases monotonically in cases where FLSF equals to 0.5. In the FLSFs
of 0.5, 1, and 2 groups (Figures 4.21 (b), (d), and (f),), the peak overpressures yield the
same trend. For the FLSFs of 4 and 8 (Figures 4.21 (h) and (j)), the peak overpressures
decrease sharply at first and then, after small fluctuations, sustain to a certain level. In the
FLSF of 4 case, the overpressures in HDSF of 1 are much higher than other HDSFs
where DDT is about to be triggered. The two detonation scenarios occur when FLSF

equals to 8 that are close to left end of the curves shown in Figure 4.21 (j).
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Figure 4.22 summarizes the relationships among predicted overpressure of all five

FLSFs in a logarithmic coordinate system.
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Figure 4.22. Peak overpressure for 12% methane explosion change with HDSFs for five
FLSFs (curves)

From Figure 4.22, two data points within detonation regime (peak overpressure
larger than 1,600,000 Pa) are found when the HDSF is small. It is located at the left end
of the figure. Significant decreases of peak overpressure are found when HDSF is smaller
than 16 for all scenarios except when FLSF equals to 4 (see the purple curve with x sign).

The FLSF curves rise back to a high level before the HDSF of 20.
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4.4.2.3 Combined effects. The combined effects considering both FLSFs and
HDSFs are illustrated in Figure 4.23.

0-1600000 1600000-3200000 m3200000-4800000
4800000 '
8 3200000
g
=
S
)
=
g
& 1600000

HDSF

Figure 4.23. Effects of FLSF and HDSF on peak overpressure for 12% concentration
methane explosion (Pa)

The bottom layer of the surface with light red in Figure 4.23 shows the peak
overpressures for the 12% methane concentration within a deflagration regime (0-
1,600,000 Pa). The part of the surface above the bottom layer is in the detonation regime.
As can be seen in this figure, the detonation regime is located in the right-top corner of
the FLSS-HDSF plane, where large gas-fill length to hydraulic diameter ratio is reached.
The minimum length to diameter ratio for a detonation is 212.5 in the 12% concentration.
This result suggests DDT is the most unlikely to happen under the 12% methane
concentration among the three selected concentrations.

Table 4.4 below shows the peak overpressures for all selected HDSF-FLSF

combinations when the methane concentration equals to 12%. The detonation cases are
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represented in bold numbers. As observed from this table, only two detonation cases at
the right top corner are recorded. Compared to 8% (14.8 MPa) and 9.5% (12.5 MPa)
methane concentrations, smaller maximum peak overpressure is generated by the 12%

(4.2 MPa) concentration methane explosions.

Table 4.4. Peak overpressure for selected combinations of HDSFs and FLSFs for 12%
methane explosion (Pa)

FLSF
HDS 0.5 1 2 4 8
1 490 8959 86233 987772 | 4268920
2 175 7439 64934 22446 | 1778456
4 149 4876 1566 14752 | 1326657
8 1 751 923 148550 48136
16 1963 3573 1996 20263 729814
32 3134 8403 11732 21117 29052
64 3310 15258 27637 20592 26178
100 6828 22690 55580 55525 50531

Results can be drawn from the analysis above as follows: at the concentration of
8%, DDT is most readily to be triggered among three selected concentrations. The
maximum detonation overpressure for 8% methane explosion is also the largest. The 12%
concentration level, however, has the most stringent requirement to trigger DDT. The
detonation pressures at the 12% level are also significantly smaller than those observed

for the 8% and 9.5% concentration levels.

4.5. CONCENTRATION INFLUENCE
Figure 4.24 compares the overpressure histories for 8%, 9.5%, and 12% when

their maximum overpressures are reached.
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Figure 4.24. Overpressure histories for 8%, 9.5%, and 12% (curves in blue, red, and
green) under maximum cases

Figure 4.24 shows the overpressure fluctuation curves recorded in a length to
diameter ratio of 9.5 of the explosion duct with methane concentrations of 8%, 9.5%, and
12%, respectively. As can be seen in this figure, the 8% case (blue curve) has the largest
peak overpressure which is larger than 14 MPa; while the 9.5% case reaches around 12
MPa (red curve). As for the 12% concentration (green curve), no sustainable detonation
has been found. The maximum overpressure within the range of dimensions under all
three concentration levels is around 4 MPa which is the smallest among the three.
Additionally, the blast-wave under a concentration of 9.5% has a smaller arrival time than
do the other two concentrations. The compressive wave takes the longest time under the
12% concentration level to reach the pressure sensor at about 0.04 s when the green

curve start to go up.

4.6. SUMMARY
In order to develop the explosion source database, the methane explosion

characteristics in the driver section were first investigated. Methane concentration and
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explosion site geometry are considered two of the major factors to affect the explosion
overpressure. As shown, methane explosion has three possible conditions: deflagration,
detonation, and sustainable detonation, with different explosion mechanisms. From the
simulation results, three methane concentrations provided different orders of magnitude
of peak overpressures. In this Section, methane explosion characteristics have been
examined for three methane concentration levels (8%, 9.5%, and 12%) and specific site
geometries by using scaling-factors. Detonation and sustainable detonation cases were
obtained in 