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ABSTRACT

The deflagration-to-detonation transition (DDT) poses significant risks in the oil, gas, and nuclear industries, capable of causing catastrophic
explosions and extensive damage. This study addresses a critical knowledge gap in understanding the DDT of ethane–air mixtures on a large
scale, amid increasing industrial utilization and production of ethane. A novel computational framework is introduced, utilizing the finite-
volume code named Morris Garages, which incorporates reactive compressible Navier–Stokes equations, adaptive mesh refinement, and correla-
tions of turbulent burning velocities. This model integrates the most recent data on laminar and turbulent burning velocities for premixed
ethane–air mixtures, simulating flame acceleration and DDT within a two-dimensional large-scale setting, measuring 21 m in length and 3 m in
height, with obstacles mimicking pipe congestion. Two mixture scenarios, lean and near-stoichiometric, are analyzed to evaluate the effects of
equivalence ratios on flame propagation and DDT. The simulations, validated against large-scale experimental data from Shell, show reasonable
agreement and provide critical insights into the onset conditions of DDT, such as temperature, pressure, flame speed, and turbulent kinetic
energy. Furthermore, the n–e detonation peninsula diagram is utilized to explore autoignition and detonation behaviors in ethane–air mixtures.

VC 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0222566

NOMENCLATURE

a Acoustic velocity (m/s)
c Progress variable
E Density-weighted average total energy
K Karlovitz stretch factor
k Turbulent kinetic energy (m2/s2)
L Intergral length scale (m)
P Pressure (MPa)
P0 Datum atmospheric pressure (MPa)
Pr Prandtl number
r0 Hot spot radius (m)
R Reaction constant
SE Source term for the energy
Sc Source term for the progress variable
T Temperature (K)
t Time (s)

U Dimensionless parameter with the ratio of ut
u0k

u Velocity vector (m/s)
u0 RMS turbulent velocity (m/s)
u0k Effective rms turbulent velocity (m/s)
ul Unstretched laminar burning velocity (m/s)
ut Turbulent burning velocity (m/s)
x Mesh cell size (m)

Greek symbols

a Numerical constant, thermal diffusivity (m2/s)
b Numerical constant
c Ratio of specific heats
dt Turbulent flame thickness (m)
e Ratio of r0

ase
, excitation factor; turbulent dissipation rate

(m2=s3Þ
� unburned gas kinematic viscosity (m2/s)
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n Ratio of ua/a
nl Lower limits of detonation peninsula
nu Upper limits of detonation peninsula
q Density (kg/m3)
qb Burned gas density (kg/m3)
qu Unburned gas density (kg/m3)
se Chemical excitation time (ls)
si Ignition delay time (ms)
s Stress tensor (N=m2)
l Molecular viscosity [kg/(m s)]
lt Turbulent viscosity [kg/(m s)]
/ Equivalence ratio
x Turbulent dissipation rate (m2=s3Þ
K Eigenvalue value

I. INTRODUCTION

The accidental explosions of fuel–air mixtures within the oil, gas,
and nuclear industries pose significant risks to both life and property.
These explosions can escalate into severe detonations via the deflagra-
tion-to-detonation transition (DDT), a phenomenon where, once initi-
ated, detonations rapidly consume the entire detonable mixture.
Characterized by propagation speeds approximately 1800m/s (super-
sonic) and pressures surpassing 18 bars, such detonation waves present
severe threats. The supersonic propagation of the reaction wave and
the intense overpressure not only endanger lives but also cause exten-
sive damage to properties.

To unravel the mechanisms of DDT on a large scale, comprehen-
sive experimental research has been conducted, particularly focusing
on hydrogen, methane, and ethane.1–5 These studies have utilized vari-
ous obstacles to simulate the congested environments typical of indus-
trial facilities, aiming to accelerate flame speed and foster the
formation of turbulent shock–flame complexes. Additionally, sophisti-
cated instrumentation such as pressure transducers and high-speed
cameras have been deployed to meticulously capture data on overpres-
sure and the velocity of turbulent flame propagation. Recent break-
throughs in computational technology have also paved the way for
employing computational fluid dynamics (CFD) software or codes,
alongside chemical kinetics mechanisms, to simulate the intricate
behavior of turbulent flame propagation and DDT.6–12 This computa-
tional approach has generated detailed insights into critical parameters
such as temperature, pressure, density, flame speed, and the distribu-
tion of flow fields, which are instrumental in understanding the pro-
cess of flame acceleration leading to DDT. The focus of these
investigations, particularly in numerical simulations, has been on
hydrogen, methane, and their mixtures. These studies delineate DDT
into three distinct phases: the initial acceleration of the flame as it
encounters obstacles, which significantly contributes to turbulence
growth; the critical transition phase to detonation, triggered by local-
ized conditions of heightened temperature and pressure; and finally,
the propagation of detonation.

Ethane is an important petrochemical product, primarily used as
a feedstock in the petrochemical industry to produce ethylene, which
is further processed into various chemicals and plastics.13 Ethane is the
second-largest component in natural gas, with its concentration rang-
ing between 0.5% and 13.3% by volume.13 The increasing production,
storage, and utilization of ethane have highlighted the importance of a
thorough understanding of safety measures. This is crucial, especially

considering the potential risks associated with DDT, underscoring the
need for advanced knowledge in managing and harnessing ethane as a
reliable and safe energy source.

Despite the extensive research on DDT, a few studies have yet
presented large-scale simulations of turbulent flame acceleration and
DDT specifically for ethane–air mixtures. This gap in the literature is
likely due to the limited availability of measured laminar and turbulent
burning velocities for ethane, which are crucial inputs for combustion
model. Additionally, the complex nature of ethane chemical kinetics
mechanism, characterized by a large number of dominant reactions
and species, renders such simulations computationally expensive when
detailed kinetic mechanisms are applied. Nevertheless, the recent
experimental work yields measured data for laminar premixed eth-
ane–air14 and turbulent premixed ethane–air burning velocities.15

These valuable experimental data enable the incorporation of accu-
rately measured burning velocity inputs into large-scale simulations of
ethane–air turbulent flame propagation and DDT.

The storage safety concerns and fire hazards associated with eth-
ane have underscored the importance of simulating its DDT behavior
on a large scale. This study proposes a novel framework integrating
CFD coding with a progress variable, which includes a measured tur-
bulent burning velocity correlation from a fan-stirred combustion ves-
sel, to simulate ethane–air flame propagation and DDT. Furthermore,
this research integrates the Zel’dovich hot spot theory16 and the n–e
detonation peninsula diagram17 to meticulously quantify ignition
regimes, including subsonic autoignition and developing detonation
for ethane–air mixtures, aiming to pinpoint conditions under which
DDT occurs. The framework employs the finite volume code named
Morris Garages (MG) developed by Mantis Numerics Ltd.,18 which
leverages a second-order Godunov–Riemann scheme, adaptive mesh
refinement (AMR), and Reynolds-averaged Navier–Stokes (RANS)
techniques to enhance the precision and efficiency of the simulations.
The turbulent flame propagation and DDT for ethane–air simulation
in congested rig are presented, compared, and validated with Shell
large-scale experimental work.2 Additionally, the study delves into the
impact of equivalence ratio variations and different turbulence models
on the simulation results.

II. EXPERIMENTAL AND NUMERICAL SETUP
A. Experimental setup

In order to validate the simulation approach, it is critical to review
the large-scale experimental study of ethane–air mixture is conducted
by Pekalski et al.2 in a congested rig in present study. This large-scale
experimental study aimed to investigate whether the ethane–air can
lead to the transition to detonation. The experimental work has been
conducted within a steel structure, approximately 21m in length, 6m
in width, and 3m in height, stationed on a concrete pad. The con-
gested area contains steel pipes in an arrangement of 16� 16 by
8 pipes, each of which had a diameter of approximately 76mm and
were set at a pitch of 342mm. The congested area was a regular cuboid
array of vertical and horizontal steel pipes with a uniform dimension
of about 5.2m in length, 5.2m in width, and 2.6m in height. A single
polythene sheet, covering the steel frame, was utilized to contain the
ethane–air mixture before igniting. In this experiment, the ignition
was achieved by an electrical spark, which was located at the edge
along the central line of congestion pipe line.
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During the test rig’s filling process, high-purity ethane was used,
with an infrared analyzer employed to monitor and ensure the unifor-
mity of the ethane–air mixture. It was confirmed that the equivalence
ratio for this mixture is near stoichiometric, around 1.05. The tempera-
ture and pressure of the ethane–air mixture are 300K and 0.1MPa,
respectively. Two high-speed video cameras were also used to monitor
the flame progression and measured the reaction wave propagation
speed ran at typically 3000 fps. The development of overpressure
within the test rig was measured using 11 pressure transducers, which
were distributed over a length of 21 m and installed flush with ground
level.

B. Mathematical model

The numerical approach addresses the two-dimensional (2D)
fully compressible, reactive Navier–Stokes (NS) equations along with
ensemble-averaged, density-weighted transport equations for mass,
momentum, total energy, and a reaction progress variable. This
method employs a second-order Godunov–Riemann scheme, derived
from Ref. 18, which is well-suited for solving the Euler equations in
computational fluid dynamics. This approach is particularly effective
in capturing shocks and discontinuities, crucial for accurately simulat-
ing flame dynamics and transitions to detonation processes.

The governing equations are as follows:
Mass conservation

@q
@t

þr � quð Þ ¼ 0: (1)

Momentum conservation

@ quð Þ
@t

þr � qu� uð Þ ¼ �r � P þr � s: (2)

Energy conservation

@ qEð Þ
@t

þr � quEþ Puð Þ ¼r � usþ lþ lT
Pr

� �
c

c� 1
r �T

� �
þ qSE:

(3)

Stress tensor

s ¼ 2 lþ lTð Þ r � uð Þ � 2
3
lT r � uð ÞI � 2

3
qkI: (4)

In above expressions, q represents the density of the fluid, u denotes
the velocity vector, P signifies the pressure, and T indicates the temper-
ature of the mixture. The Prandtl number, Pr , is defined as the ratio of
kinematic viscosity, �, to thermal diffusivity, a. The ratio of specific
heats is represented by c. The symbol, l; represents molecular viscos-
ity, while lT denotes the turbulent viscosity. The standard k–e19 turbu-
lent model is implemented in current simulation. The k–e model is
particularly effective in high Reynolds number turbulent flows, as
reported by the simulation study of Ref. 20, making it suitable for sim-
ulations involving high-speed turbulent flame propagation and deto-
nation transitions. The model is relatively simple to implement and
solve, making it a good choice for large-scale simulations. However,
the k–e model has limitations, particularly in treating boundary layers.
To address this issue, a level 4 AMR mesh is used to refine mesh den-
sity near flame front, walls, and obstacles, thereby enhancing the simu-
lation accuracy in these critical areas.

The turbulent viscosity is calculated as 0:09 qk2

e for k–e model.
The term k and e represents the turbulent kinetic energy and the tur-
bulent dissipation rate, respectively. The toral energy density E is
defined as 0:5ðu2Þ þ P

ðc�1Þq. The source term for the energy, SE; is

defined as Sc P
qu

� �
qu
qb
� 1

� �
c

c�1. Here, qu is the unburned gases density

and qb is the burned gases density.
The interaction between the turbulence and premixed com-

bustion was evaluated by Catlin et al.21 This method incorporates
the experimental measured turbulent burning velocity correlation
with effects of kinetics and turbulence influences upon the turbu-
lent burning velocity of flame, while remaining a realistic flame
thickness throughout the computation. The conservation equations
representing a reaction progress variable of the mixture are defined
as follows:

@

@t
qcð Þ þr � qucð Þ ¼r � Ccr cð Þ þ qSc: (5)

With diffusivity coefficient, Cc ¼ ðlþ lTÞ=rc. In addition, the reac-
tion progress variable is defined as follows:

c ¼ 1� Yf =Yf ;o
� 	

: (6)

The progress variable is used to describe the flame front and so that
c ¼ 0 is the unburned mixture and c ¼ 1 is the burned mixture. The
source term of the progress variable in Eq. (5) can be written as

qSc ¼ qRc4 1� cð Þ qu
qb

� �2

: (7)

The reaction rate constant, R, is a function of the turbulent burning
velocity and turbulent flame thickness and expressed as

R ¼ utK2= dtK1ð Þ; (8)

where flowing the work of Catlin et al.,21 the eigenvalues K1 and K2

are suggested as 0.346 and 3.575, respectively. The symbol dt is the tur-
bulent flame thickness and is taken to the turbulence length scale given
by

dt ¼ l ¼ Cl
3=4k3=2=e; (9)

where Cl is the constant with the value of 0.09.

C. Turbulent burning velocity correlation of ethane–air

Equation (8) indicates that calculating the reaction constant
necessitates a detailed understanding of the turbulent burning velocity
for ethane–air mixtures. Experimental values for turbulent burning
velocity, alongside measurements of temperature, pressure, equiva-
lence ratio, and root mean square (RMS) turbulent velocity for eth-
ane–air, have been documented in a fan-stirred combustion vessel as
found in Ref. 15. This numerical study selects two equivalence ratios:
near-stoichiometric (/ ¼ 1.05) to match the conditions of large-scale
ethane explosion experiments reported in Ref. 2, and lean (/ ¼ 0.8) to
investigate the impact of equivalence ratio on turbulent flame propaga-
tion and DDT. Although the study in Ref. 15 did not provide experi-
mental turbulent burning velocities at an equivalence ratio of 1.05, it
includes data for both laminar and turbulent velocities at stoichiomet-
ric conditions. The minor increase in equivalence ratio to 1.05 is
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unlikely to significantly impact laminar/turbulent burning velocities.
As such, the correlation for turbulent burning velocities at equiva-
lence ratios of 1 and 0.8 for ethane–air mixtures is applied in the
analysis.

In this numerical analysis, a novel approach to estimating turbu-
lent burning velocity for ethane–air mixtures is proposed, building on
the foundational work by Bradley et al.22 This approach introduces a
correlation emphasizing the role of turbulence in enhancing flame sur-
face wrinkling and the influence of strain rate on turbulent flames. The
proposed correlation incorporates two dimensionless parameters: U
that represents the ratio of turbulent burning velocity, ut to the effect
rms turbulent velocity, u0k, and the Karlovitz stretch factor, K .
Additionally, it accounts for the effects of temperature and pressure as
follows:

U ¼ ut
u0k

¼ aKb P
0:1

� �bp T
300

� �bT

(10)

with the initial unburned pressure, P, in MPa and temperature, T, in
K. Here, a and b are constants whose values depend on the mixture
type and equivalence ratio, while bp and bT represent the factors for
pressure and temperature effects, respectively. The Karlovitz stretch
factor is defined by the equation:

K ¼ 0:25 u0=ul
� 	2

u0L=�
� 	�0:5

; (11)

where ul denotes the laminar burning velocity of the ethane–air mix-
ture under specific T and P conditions:

ul ¼ ul0 T=300ð ÞbTl P=0:1ð ÞbPl ; (12)

ul0 is the laminar burning velocity at 300K and 0.1MPa. This value,
along with the factors bTl and bPl that represent the influence of tem-
perature and pressure on the laminar burning velocity, respectively, is
detailed in Table I. The term u0 denotes the rms turbulent velocity, and
L indicates turbulent length scale, and � is the kinematic viscosity of
ethane–air mixture. The initial integral length scale, L, is given as 2 cm
and consistent with the combustion vessel. The kinematic viscosities,
v; of ethane–air at conditions of T and P expressed as

v ¼ v0 T=300ð ÞbTv P=0:1ð Þ�1; (13)

where v0 is the kinematic viscosity at 300K and 0.1MPa, sourced from
GASEQ.23 The constant bTv is the temperature effect factor on the
kinematic viscosity. The best-fit values for the constant factors men-
tioned above, applicable to ethane–air mixtures at equivalence ratios of
/¼ 1 and /¼ 0.8, are detailed in Table I below. The standard k� e
model is implemented in this study, and following the study of Catlin
et al.,21 the rms turbulent velocity, u0, is expressed related to the turbu-
lence kinetic energy, k:

u0 ¼ 2k=3ð Þ0:5: (14)

Given measurements of turbulent burning velocities at a radial dis-
tance rsch ¼ 30mm, within this radius, u0k ¼ 0:7u0. This relationship
allows for the reformulation of Eq. (14) as follows:

u0k ¼ 0:7 2k=3ð Þ0:5: (15)

Figure 1 illustrates the comparison between measured turbulent burn-
ing velocities of ethane–air under various conditions from Ref. 15
(depicted with symbols) and the outcomes of the correlation from
Eq. (10) (shown with solid lines) for two cases of equivalence ratios,
1.0 on the left and 0.8 on the right. The correlation for both equiva-
lence ratios yield high fitting coefficients of determination, R2 ¼ 0.99
and 0.96, respectively.

TABLE I. Value of constant factors for ethane–air mixtures at /¼ 1 and /¼ 0.8.

/¼ 1 /¼ 0.8

a 0.36 0.35
b �0.29 �0.32
bP 0.2 0.18
bT 0.5 0.25
bTl 1.55 1.39
bPl �0.24 �0.3
bTv 1.74 1.72

FIG. 1. Comparison of measured and correlated turbulent burning velocities for ethane–air at equivalence ratio /¼ 1.0 and 0.8 under various temperatures, pressures, and
effective RMS turbulent velocities.
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The findings, as depicted in Fig. 1, demonstrate that the u0k signif-
icantly influences the magnitude of ut , showing a proportional increase
with u0k. This trend is explained by the increased wrinkling of the flame
front area as u0k increases, which in turn elevates the burning velocity.
Additionally, an increase in initial temperature and pressure has been
observed to further enhance ut . This enhancement is attributed to the
elevated heat release rate, which amplifies the reactivity of the mix-
tures. Furthermore, reducing the equivalence ratio from 1.0 to 0.8
results in a decrease in turbulent burning velocity under the same con-
ditions of temperature, pressure, and u0k, due to the diminishing effect
of chemical kinetics on the burning velocity, potentially leading to
flame quenching.

D. Boundary conditions andmesh setup

In the simulation, the focus is on two ethane–air mixture cases
with equivalence ratios of 1.05 and 0.8. The 1.05 ratio aligns with the
Shell experimental setup described in Ref. 2. Fuel and air are uniformly
distributed throughout the channel, and both temperature and pres-
sure meticulously match the experimental conditions, maintained at
300K and 0.1MPa, respectively. Table II below outlines the physical
parameters and initial conditions. The unburned and burned densities,
kinematic viscosity, thermal diffusivity, and Prandtl number for the
ethane–air mixture are calculated using the GASEQ code.23

The simulation is conducted in a 2D channel, oriented along the
x and y axes, with dimensions of 21m in length (x axis) and 3m in

width (y axis). The configuration of the solid walls, cylindrical
obstacles, and the ignition point is schematically depicted in Fig. 2.
These dimensions are consistent with the central cross-section of the
experimental setup illustrated in Ref. 2. Within the simulation, both
the solid walls and cylindrical obstacles are modeled as non-slip,
reflecting surfaces to mimic real-world physical barriers. Specifically,
the solid wall extends along the bottom of the channel to simulate the
ground, aligning with the experimental conditions.

The experimental setup by Shell, which is replicated in the simu-
lation, used thin plastic sheets to enclose the ethane–air mixture. These
sheets are known to rupture upon ignition due to the effects of burning
gases and overpressure. The simulation abstracts away the influence of
these plastic sheets on flame propagation, considering their destruction
as the flame advances. The entire domain is filled with a stationary
unburned ethane–air mixture and the boundary conditions on the left,
top, and right sides of the domain are set as open, adhering to
Neumann boundary condition. As illustrated in Fig. 3, the cylindrical
obstacles are arranged in a uniform 8� 16 grid, each with a 7 cm
radius. The spacing between each row of obstacles is 35 cm, and the
spacing between columns is 37 cm. The first row of obstacles is posi-
tioned 25 cm from the top wall, and the first column is 100 cm from
the left wall. These setups are consistent with the central cross-section
of the experimental setup described in Ref. 2.

Due to limited computing resources, it is challenging to conduct
large-scale 3D simulations of flame propagation and transition to deto-
nation. Consequently, a 2D simulation approach, similar to that
employed in previous studies,6–12 has been adopted. The study by Xiao
and Oran,24 which employed a rectangular domain with circular
obstacles for 2D numerical simulations, is analogous to the configura-
tion in the current work. The results from these 2D simulations show
good agreement with 3D experimental observations in terms of flame
acceleration and detonation propagation. However, Howarth et al.25

noted that during the early stages of flame propagation post-ignition,
flames in 3D experiments expand spherically, while 2D simulations
depict cylindrical propagation. It is important to note that these early
stage flame propagation are not the primary focus of this study.

This simulation employs AMR from level 1 to level 4, specifically
automatically refines regions with physical changes including varia-
tions in density, pressure, and progress variables. This refinement spe-
cifically targets areas such as the flame front, baffles, and wall areas.
This strategy helps in maintaining computational efficiency while

TABLE II. Physical parameters of ethane–air with /¼ 1.05 and 0.8 used in
simulation.

Fuel Ethane–air

Equivalence ratio 1.05 0.8
Temperature (K) 300 300
Pressure (MPa) 0.1 0.1
Laminar burning velocity19 (m/s) 0.407 0.297
Prandtl number 0.807 0.806
Kinematic viscosity (m2/s) 1.51 � 10�5 1.53 � 10�5

Unburned density (kg/m3) 1.175 1.174
Burned density (kg/m3) 0.149 0.169
Thermal diffusivity (m2/s) 1.87 � 10�5 1.9 � 10�5

FIG. 2. Schematic configuration of simula-
tion setup: Solid wall, obstacles region
and ignition point.
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ensuring detailed resolution where it matters most. The differences
between mesh levels 1 through 4 in the burned region are illustrated in
Fig. 4, and detailed mesh information is provided in Table III below.

The mesh is configured in a square shape, and the maximum
skewness values at levels 3 and 4 are less than 0.1. The average yþ value
selected as the mean near the fifth row of obstacles and the Courant
number is consistently set at 0.3 across all cases. The minimum average
yþ near the obstacle area in current simulation is about 3.3, and the
average yþ value is a function with the cell size and from the best fit-
ting can be expressed as follows:

yþ ¼ 0:264x�0:836; (16)

where x represents the cell size with unit in meter.
The numerical study by Mirmotahari et al.26 on wind turbines

showed that simulations of wind turbine blades operating in condi-
tions of relatively low turbulence and low Reynolds numbers required

a yþ value around 1. In contrast, the current simulations involve tur-
bulent flame propagation in subsonic flows (speeds exceeding 300m/s)
and detonation in supersonic flows (speeds over 1800m/s), where
higher levels of turbulence and Reynolds numbers prevail. These con-
ditions suggest that an average yþ value of 3.3 is suitable for effectively
addressing both the buffer layer and the viscous sublayer.

At the level 1 mesh configuration, the cell size is set to 1 cm,
matching the initial turbulent length scale with a resolution of two
cells. This configuration yields a total cell count of approximately
630 000 for the entire channel. Progressing to level 2, the mesh resolu-
tion increases to double the cell density, reducing the cell size to
0.5 cm. This adjustment allows for the turbulent flame thickness to be
spanned by at least four cells, raising the total cell count to approxi-
mately 2 520 000. The level 3 mesh further reduces the cell size to
0.25 cm, aligning with the requirement to resolve the initial turbulent
flame thickness with at least eight cells. The highest resolution, level 4
mesh, decreases the cell size to 0.125 cm. Computations are performed
on the Leeds ARC 4 high-performance computing cluster.

III. RESULTS AND DISCUSSION
A. Near stoichiometric ethane–air mixture

In the present study, the level 4 AMR is applied and the configu-
ration of channel shown in Fig. 2 is used to simulate the flame propa-
gation in the channel with obstacles. It is noticed that the length of the
channel in this simulation is 21m and the domain with length from 0
to 7m is selected with the time sequences of reaction progress variable
field crossing the obstacles region are shown in Fig. 5 where time rep-
resenting the time after the ignition triggered. The red area represents
the burned gases, while the blue area represents the unburned gases.
At the beginning a spherical laminar flame with 5 cm radius expands
freely outwards, as shown at t¼ 13.2ms. As the flame passes crossing
the obstacles at t¼ 37.3ms, the flame front starts to wrinkling and the
propagation speed is accelerated due to the increasing turbulent kinet-
ics energies and thus the turbulent burning velocity. Eventually transi-
tion to detonation at t¼ 54.5ms as flame approaches 6m.

Figure 6 shows the flame front speed in relation to the flame front
position (a), and both the flame front speed and position against with
time (b). It is observed that during the initial phase of laminar flame
propagation, the acceleration remains relatively slow, maintaining a
low speed of approximately 30m/s. This is explained by Refs. 27 and
28 in the early flame acceleration stage of laminar flame in a channel
mainly originates from the thermal expansion of hot products of

FIG. 3. Location of obstacles in simulation setup.

FIG. 4. Comparison of level 1, 2, 3, and 4 AMR computational domain showing the adaptive mesh refined for flame.
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combustion. Once the flame starts to entrain the obstacles region at
position of 1m, a rapid acceleration of the flame front speed is observed.
This speed increases from 40m/s to approximately 750m/s at position
of 5.2m, marking almost the end of the obstacle’s region. DDT occurs
when the flame approaches to 5.5m, approximately 54.4ms following
ignition. Subsequently, it maintains a supersonic propagation speed of
approximately 1830m/s closing to the Chapman–Jouguet (C–J) detona-
tion speed. This observed acceleration of the flame through the obstacles
within the channel and DDT aligns with the findings from experimental
studies28 and simulation research.10,29

Figure 7 provides further insights into the effects of gas compres-
sion ahead of the flame and the enhancement of turbulence levels as
the flame accelerates across the obstacle area. It illustrates this by

depicting the temperature field in the left column and the turbulent
kinetic energy field in the right column at three time points: 34.1, 48.7,
and 54ms. For the turbulent kinetic energy field, k, the scale ranges
from 0 (represented in blue) to a maximum of 14 300m2/s2 (indicated
in red). At t¼ 34.1ms, Fig. 7 shows only a small vortex area with low
turbulent kinetic energy values, located exclusively around obstacles
ahead of the flame. This localized turbulence is primarily generated
due to the dynamic interaction between the flame front and the
obstacles. As the flame continues propagating across the numerous
obstacles, there is a conspicuous amplification in vortex characteristics,
including an escalation in size, a proliferation in quantity, and a surge
in strength, observable within the timeframe from t¼ 48.7 to
t¼ 54ms.

TABLE III. Adaptive mesh refinement details for the current simulation.

AMR mesh level Level 1 Level 2 Level 3 Level 4

Number of elements (103) 630 2520 3000–8000 3200–22 000
Mesh size near the walls (cm) 1 0.5 0.25 0.125
The first near-wall computational cell distance (cm) 0.5 0.25 0.125 0.0625
Average yþ for the unburned mixtures near obstacle 15 7.8 4.5 3.3
Maximum skewness 0 0 Less than 0.1 Less than 0.1
Mesh shape Square Square Square Square
Courant number 0.3 0.3 0.3 0.3

FIG. 5. Time-sequence of progress vari-
able field demonstrating the turbulent
flame acceleration and its interaction with
the cylindrical obstacle rows.
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The generation of turbulent vortex ahead of flame play a key role
in flame acceleration in the channel, and this is supported with the
numerical study of Refs. 6, 7, 30, and 31 and experimental study of
Ref. 32. Di Sarli et al.32 employed particle image velocimetry (PIV)
techniques in the channel with baffles to examine the interaction
between the flame and turbulent vortex. Their result showed that the
turbulent vortex wrinkling the flame surface increasing the flame sur-
face area thus accelerating the flame propagation speed. Bradley et al.31

in the numerical study emphasized the role of turbulence accelerating
the flame in the channel due to the increasing of turbulent burning
velocity. As the Eq. (15) suggests, an increase in turbulent kinetics
energy results in a corresponding rise in u0k, consequently boosting the
value of ut and flame propagation speed. Such rising further enhance
the interaction between the flame and obstacles, resulting in a greater
quantity of turbulent vortices with heightened kinetic energy, thereby
further increasing the value of ut . This is the first feedback mechanism
leading to the high flame speed.

The left column of Fig. 7 displays the temperature field, clearly
illustrating the compression effects on the flow ahead of the flame. The
temperature scale is set from 300 to 600K. At t¼ 34.1ms, the com-
pression effects on the gas are minimal due to the low velocity of the
gas in front of the flame, as evidenced by the temperature staying
roughly 340K ahead of the flame front. However, as the flame acceler-
ating, the rising of gas velocity ahead of the flame enhances the com-
pression effects. By t¼ 48.7ms, these enhanced compression effects
elevate the unburned gas temperature to around 415K. This phenome-
non serves as the second feedback mechanism that leads to high flame
speed. As proposed by Bradley et al.,31 during flame acceleration, high-
speed gas ahead of flame, compressing the unburned mixtures to
higher temperature and pressure. As indicated by Eq. (10), increases in
both temperature and pressure raise the value of ut , consequently
increasing the speed of flame propagation. The average temperature
and turbulent kinetic energy ahead of the flame, prior to DDT, are
depicted in Fig. 8. This average covers the area from the flame front to

FIG. 6. The simulated flame front speed as a function of flame front position (a) and flame front position/speed with time for ethane–air with /¼ 1.05.

FIG. 7. Time-sequence of temperature
(left) and turbulent kinetic energy field
(right) for ethane–air with /¼ 1.05 as
flame crossing the obstacles region.
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20 cm ahead of the flame. As the flame traverses the obstacle-laden
regime, both the temperature and turbulent kinetic energy increase,
primarily due to the acceleration of flame propagation speed. This
acceleration intensifies the compression effects and generates more
turbulence. Notably, at the onset of DDT, the average compressed tem-
perature and turbulent kinetic energy are approximately 675K and
55000m2=s2, respectively.

In this simulation, DDT was observed at 54.4ms after ignition, as
the flame front reached 5.4m. This phenomenon is substantiated by
the measured parameters of density, temperature, and pressure (illus-
trated in the left, center, and right columns, respectively) recorded at
times t¼ 54.4, 54.5, and 54.8ms along the x axis, spanning 4–7 m, as
shown in Fig. 9. At t¼ 54.4ms, the shock wave is generated ahead of
the flame front, compressing the surrounding unburned mixture. The
localized compression peaks at a temperature of 1250K, a pressure of
3MPa, and a density of 12.9 kg/m3, particularly around the lower col-
umn baffle. These conditions could lead to autoignition and subse-
quent transition to detonation, facilitated by the coupling of the flame
front with the shock wave. Furthermore, evidence of DDT is provided
by the flame front speed, which escalates rapidly from 750m/s to max-
imum 2150m/s within the 54.4–54.5ms timeframe, stabilizing around

FIG. 8. The simulated average flame front temperature and turbulent kinetics
energy by flame front position for ethane–air with /¼ 1.05.

FIG. 9. Time-sequence of density (left), pressure (mid), and temperature (right) field showing the transition to detonation for ethane–air with /¼ 1.05.
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1830m/s, approaching the C–J detonation speed. This increase in
speed beyond the C–J threshold confirms the successful transition to
detonation, as noted in Refs. 30 and 33. Subsequently, a steady detona-
tion wave is established by t¼ 54.8ms, as depicted in Fig. 10. This
wave consistently maintains a speed of about 1830m/s as it progresses
toward the right end of the channel.

Moreover, the average flame front pressure is illustrated in Fig. 10
below. In the obstacle region, there is an incremental increase in pres-
sure, demonstrating the growing strength of the compressive effects.
Simultaneously, a sudden surge to a peak value of 2.1MPa in pressure
coincides with the occurrence of DDT. Following this peak, the shock
wave, in conjunction with the detonation wave, maintains a steady
pressure of approximately 1.9MPa, indicative of steady-state detona-
tion propagation. Such overpressure, measuring 19 times atmospheric
pressure, this level of overpressure can also lead to severe injuries or

fatalities among people in the vicinity, as well as widespread disruption
of nearby residential and industrial areas.

B. Lean ethane–air mixture

The second simulation presented in this study examines an eth-
ane–air mixture with an equivalence ratio of 0.8 to explore the influ-
ence of the equivalence ratio on flame acceleration and DDT. This
simulation employed the same setup as depicted in Fig. 2, utilizing
level 4 AMR. The physical and combustion characteristics pertinent to
this ratio are detailed in Tables I and II. In comparison to the near-
stoichiometric mixture, this lean mixture possesses a reduced laminar
burning velocity, specifically 0.297m/s in contrast to 0.407m/s, and
displays a diminished response to increases in temperature, which is
evident from the lower bT and bTl temperature constant factor.
Overall, from the turbulent burning velocity shown in Fig. 2, under the
same conditions of temperature, pressure, and turbulence, the turbu-
lent burning velocity for the ethane–air mixture with/¼ 1.05 is signif-
icantly higher than for /¼ 0.8. This contributes to the lower turbulent
flame propagation speed observed in the simulation.

Figure 11 illustrates the flame front speed against with position
(a), as well as the flame speed and position against with time (b) for an
ethane–air mixture with /¼ 0.8. As the flame front traverses the
obstacle regime, its speed accelerates, reaching a peak of approximately
620m/s at the 7m mark, which marks the end of the obstacle region.
This peak velocity, which is thrice less than the C–J detonation speed,
indicates that the flame does not undergo a transition to detonation.
After this region, the flame front speed begins to diminish as the flame
progresses further. Meanwhile, as illustrated in Fig. 6, the flame in the
ethane–air mixture with a /¼ 1.05 propagates approximately 1.4
times faster through the obstacle region than with /¼ 0.8, and transi-
tions to detonation at around the 5.7 m. The observed pattern of flame
speed increasing and then decreasing in the /¼ 0.8 case is elucidated
in Fig. 11, which shows turbulent kinetic energy accumulating as the
flame interacts with the obstacles. However, once the flame front exits
the obstacle area and the interaction diminishes, a decrease in turbu-
lent kinetic energy occurs, leading to a diminished turbulent flame
propagation speed.

FIG. 10. The simulated average flame pressure against with flame front position for
ethane–air with /¼ 1.05.

FIG. 11. The simulated flame front speed as a function of flame front position (a) and the flame front position/speed with time (b) for ethane–air with /¼ 0.8.
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Figure 12 displays the temperature and turbulent kinetic energy
distribution for /¼ 0.8, respectively, as the flame front reaches
approximately 1.5, 3, and 5m, using the same flame position and scale
as in Fig. 7 for /¼ 1.05, for comparison purposes. Overall, Fig. 7
shows that both the magnitude and the area of high temperature and
turbulent kinetic energy ahead of the flame for /¼ 0.8 are lower com-
pared to /¼ 1.05, indicating weaker compressive and turbulent accel-
erating effects on flame propagation. The quantified average
temperature and turbulent kinetic energy, plotted against the flame
front position for the /¼ 0.8 case, are shown in Fig. 13. The peak val-
ues recorded are 525K for temperature and 34000m2=s2 for turbulent
kinetic energy, which are significantly lower than the DDT threshold
values of 675K and 55 000m2=s2 observed for /¼ 1.05. Furthermore,
Fig. 1 indicates that the ethane–air mixture with /¼ 0.8 needs more

turbulence to reach the ut required for DDT compared to /¼ 1.05,
suggesting that higher temperature and turbulent kinetic energy
thresholds are necessary for /¼ 0.8 to achieve DDT. This discrepancy
underscores the findings of Bradley et al.,31 noting that leaner mixtures
exhibit weaker turbulent acceleration effects and are less likely to
undergo DDT. In contrast, stoichiometric mixtures, with higher ut ,
tend to reach DDT conditions more readily.

In Fig. 14 below, the flame pressure for an ethane–air mixture
with an /¼ 0.8 increases in the obstacle region, culminating in a max-
imum of 0.65MPa at the 7m mark, which marks the end of this
region. This peak pressure is contrasted with the 2.1MPa observed in
Fig. 10, where an acoustic wave interacts with the flame front at
/¼ 1.05. The comparison indicates that under the conditions in
Fig. 14, there is no transition to detonation. As the flame exits the

FIG. 12. Time-sequence of temperature
(left) and turbulent kinetic energy field
(right) for ethane–air with /¼ 0.8.

FIG. 13. The simulated average flame front temperature and turbulent kinetics
energy by flame front position for ethane–air with /¼ 0.8.

FIG. 14. The simulated average flame pressure against with flame front position for
ethane–air with /¼ 0.8.
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obstacle region, the pressure decreases due to the deceleration of the
flame front propagation speed.

C. Mesh refinement test and validated with
experimental results

This study conducted a numerical mesh resolution test across
four distinct grid resolutions to validate simulation accuracy and
improve computational efficiency. Figure 15(a) presents the flame
front speed for an ethane–air mixture with an /¼ 1.05 across these
resolutions. As the mesh resolution increases, a noticeable decrease
and convergence in flame propagation speed are observed, particularly
from level 3 to level 4 AMR, where speeds are nearly identical. This
trend highlights the critical role of mesh cell quantity in accurately
resolving flame thickness and its impact on flame propagation speed.
For the level 4 AMR, at least 16 mesh cells are used to resolve the tur-
bulent integral length scale. DDT occurred at different x-axis positions
for each AMR level. Specifically, for level 1 AMR, the reaction wave
reached an x-axis position of 4m, while for levels 2, 3, and 4 AMR, it
occurred at 4.8, 5.3, and 5.5m, respectively. Following the DDT, all lev-
els maintained a consistent detonation propagation speed of approxi-
mately 1830m/s.

Figure 15(b) compares the flame front speeds from the level 4
AMR simulation with those experimental measurements in Ref. 2, uti-
lizing data captured by a high-speed camera (depicted as a black
dashed line with symbols) and a pressure sensor (depicted as a blue
dashed-dotted line with symbols). Although the simulation results
show the flame front speed to be slightly higher, they generally align
well with the observed data from the high-speed camera as the flame
progresses through the obstacle region.

According to data from the high-speed camera, the deflagration-
to-detonation transition occurs at an x-axis position of 5.7m, reaching
a peak speed of 2100m/s, indicative of an overdriven detonation. This
is followed by a sudden decrease in speed to approximately 1350m/s,
which is below the C–J detonation speed. This drop in speed is most
likely due to a measurement error, as it unexpectedly falls below the
established C–J threshold. This anomaly at the final measurable point
suggests a transient recording error at high speeds. Supporting these
observations, the review study by Oran et al.6 reported that the initial

formation of a detonation wave is typically characterized by an over-
driven state due to complex interactions between the shock wave and
the reactive wave front. Subsequently, there is a slight decrease in the
propagation speed, which then stabilizes near the C–J detonation
speed, maintaining stability and continuing to propagate until the
fuel–air mixture is fully consumed. In contrast, the simulation indi-
cates the DDT occurring at the same x-axis position with high-speed-
camera measurements but reaching a higher peak speed around
2150m/s with overdriven detonation and subsequently maintaining a
stable propagation speed close to the C–J detonation speed. Overall,
the propagation speed of the flame front in this simulation closely
matches the experimental data.

Note that measurements of flame front speed using a high-speed
camera are generally considered more accurate because it directly mea-
sures the speed of the flame front. In contrast, the flame speed cap-
tured by pressure sensors may exhibit oscillations, particularly when
the flame is within the 4–6 m range. This occurs because pressure sen-
sors measure overpressure during flame propagation in combustion
systems, which can be subject to noise and oscillatory behavior, poten-
tially introducing experimental errors. Therefore, the velocity data
from flame propagation measured by these sensors should be consid-
ered as auxiliary verification rather than primary evidence.

D. Detonation peninsula, n and e for ethane–air
mixtures

In this simulation, it is significant to note that DDT occurs in a
localized area near the lower solid wall. This observation is consistent
with the research conducted by Oran et al.6 and Bradley et al.,31 which
indicates that DDT tends to occur in regions where both temperature
and pressure are sufficiently high to trigger autoignition hot spot and
subsequently, detonation. Specifically, the conditions observed at
t¼ 54.4ms in Fig. 9, with the maximum localized temperature and
pressure at 1250K and 3MPa, respectively, appear to be conducive for
this transition. To further quantify these conditions for ethane–air, the
n–e detonation peninsula17 is employed in this study. This detonation
peninsula diagram classifies deflagration, subsonic autoignition, devel-
oping detonation, and thermal explosion based on the values of the
dimensionless parameters n and e. This method has successfully

FIG. 15. Flame front speed against with flame front position for level 1, 2, 3, and 4 AMR (a) and simulation speed compared with the experimental speeds (b).
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quantified DDT in various fuels such as iso-octane,34 coal-based naph-
tha,35 n-butanol,36 and methanol.37

The first dimensionless parameter n is relevant to the develop-
ment of detonation and indicates the proximity of the autoignitive
wave propagation transition to detonation. It is defined by the ratio of
local acoustic velocity to the autoignitive velocity:

n ¼ a
ua

; (17)

where a is the acoustic velocity through the reactive mixture and ua is
the hot spot autoignitive velocity. The latter can be further defined as

ua ¼ @r
@si

¼ @r
@T

� �
@T
@si

� �
: (18)

In this context, @T@si is the inversely proportional to the gradient of igni-
tion delay time with temperature and @T

@r is the temperature gradient
alone the autoignition hot spot with the radius and following the previ-
ous study in Refs. 34–38, a constant @T

@r ¼�2K/mm is applied.
Another dimensionless parameter, e, reflects the rate of energy input
from a reactive hot spot with radius r0, into an autoignitive flow, writ-
ten as

e ¼ r0
ase

; (19)

where r0 is the hot spot radius, and based on numerous observations
from engine and rapid compression machine experiments,34,39 an
average hot spot size of 5mm has been observed and selected for use
in this study. The ratio of r0 over a indicates the residence time of
acoustic wave inside the hot spot. Lutz et al.40 introduced the concept
of chemical excitation time, se, which refers to the period during which
exothermic chemical reactions accelerate and rapidly release thermal
energy. It is the time interval from the point with 5% of the maximum
total volumetric heat release rate to the attainment of that maximum
value. The ethane oxidation kinetics embedded in the detailed Aramco
MECH 1.341 was employed here to calculate the si and se for ethane–air
under closed homogeneous batch reactor conditions using the

CHEMKIN-PRO software.42 This kinetics41 is reliable since it has been
validated using the ignition delay time of ethane–air mixtures from
shock tube experiments conducted over a wide range of temperatures
(833–2500K), pressures (0.06–26MPa), and equivalence ratios (0.06–6).

The computed si and se of ethane–air with /¼ 1.05 and 0.8 as a
function of the inverse temperature 1000/T at pressure 1–3MPa for
ethane–air and correlations are presented in Figs. 16 and 17. A correla-
tion of si and se for ethane–air as a function of T and P proposed by
Kalghatgi and Bradley39 is adopted here:

si; se ¼ A� e B=Tð Þ � PC � /D; (20)

where si in ms, se in ls, T is in K, and P is in MPa. The partial deriva-
tive of Eq. (20) with respect to temperature yields Eq. (21),

@si=@T ¼ B� si=T
2: (21)

To align the computed si and se in Figs. 16 and 17, the multiple-
regression method is used to determine the constants A, B, C, and D in
Eqs. (20) and (21), as detailed in Table IV. For a thorough investigation
of the impact of temperature, pressure, and equivalence ratio on the
transition of ethane–air to detonation in open space, the temperature
and pressure scales extend up to 1300K and 3MPa, respectively.
Overall, increases in temperature and decreases in pressure both reduce
si and se, due to heightened reactivity. Comparatively, ethane–air
mixtures with /¼ 0.8 exhibit longer si and se values than those with
/ ¼ 1.05, although the differences are not significant.

As seen in Fig. 18, the impacts of temperature (ranging from 930
to 1300K) and pressure (varying between 1 and 3MPa) on the values
of n and e on the detonation peninsula diagram are depicted. The tran-
sition to detonation occurred within the area delineated by the dashed
lines, marked as developing detonation. It is observed that temperature
significantly influences the decline in n, while pressure dominates the
increase in e. Both increasing in temperature and pressure will lead to
the decreasing n of and increasing of e indicating the increasing heat
release rate from hot spot. For an ethane–air mixture with /¼ 1.05,
the conditions for entering the detonation peninsula are marked by
specific temperature and pressure thresholds. At 1MPa, the

FIG. 16. Chemical kinetic (symbols) and correlation values (dashed line) of ignition delay time for ethane–air with /¼ 1.05 and 0.8 at pressure from 1.0 to 3.0 MPa.
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temperature required is 1250K, while at higher pressures of 2 and
3MPa, the temperature threshold decreases to 1200 and 1170K,
respectively. For the ethane–air mixture with /¼ 0.8, the conditions
required to enter the detonation peninsula are similar to those for
/¼ 1.05, indicating that the equivalence ratio does not significantly
alter the conditions for the transition to detonation. Instead, tempera-
ture and pressure more dominantly influence this transition. The post-
shock conditions represented in Fig. 9 at t¼ 54.4ms, which

correspond to a temperature of 1250K and a pressure of 3MPa, are
located in the developing detonation regime. This suggests that under
such conditions, the triggering of a detonation becomes feasible.

IV. CONCLUSIONS

In this study, a framework for simulating large scale flame accel-
eration and DDT is presented. The approach utilizes a finite-volume
MG code that integrates both the reaction progress variable and the k-
e turbulence model, along with a correlation for measured turbulent
burning velocity. Using this framework, large-scale simulations of tur-
bulent flame and DDT in ethane–air mixtures with /¼ 0.8 and 1.05
were conducted and compared with experimental results. For the eth-
ane–air with /¼ 1.05, the flame propagates in a laminar fashion at
speeds below 40m/s until it encounters obstacles. These obstacles gen-
erate turbulence, wrinkling the flame front and increasing the turbu-
lent kinetic energy. This results in a flame speed increase from 40 to
750m/s with a maximum turbulent kinetic energy of 55 000m2=s2. A
strong shock wave then forms, compressing the unburned mixture

FIG. 17. Chemical kinetic and correlation values of excitation time for ethane–air with /¼ 1.05 at pressure from 1.0 to 3.0 MPa.

TABLE IV. Constants A, B, C, and D for si and se in ethane–air.

si se

A 7:8� 10�8 0.29
B 18740 3414
C �0.9 �0.66
D �0.6 �0.84

FIG. 18. Detonation peninsulas n–e diagram for ethane–air with /¼ 0.8 and 1.05 at pressure of 1, 2, and 3MPa, temperature from 930 to 1300 K.
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and elevating its temperature and pressure, which triggers a transition
to a stable and continuous detonation, with the flame propagation
speed reaching 1830m/s.

For the ethane–air mixture with /¼ 0.8, the flame speed acceler-
ates to a peak of about 630m/s at the end of the obstacle region. As the
flame exits this area, a continuous decline in both flame speed and
pressure is observed as it propagates further. No DDT is observed for
/¼ 0.8, primarily due to the relatively low laminar and turbulent
burning velocities and the slow flame acceleration, which lead to
insufficient turbulent kinetic energy within the obstacle region. The
ethane–air mixture with /¼ 1.05 was compared with Shell’s large-
scale experimental work, showing a good match in flame propagation
speeds. Additionally, different levels of AMR testing were conducted,
with satisfactory convergence in flame speed observed at level 4 AMR.

The dimensionless n–e detonation peninsula method, paired with
Aramco MECH 1.3 chemical kinetics mechanism, was used to quan-
tify the conditions under which DDT would occur for ethane–air mix-
tures with /¼ 0.8 and 1.05. It was observed that the equivalence ratio
does not significantly alter the required temperature and pressure for
DDT, which remain at approximately 1200K and 3MPa, respectively.
Based on the current numerical analysis, several insights are provided
to prevent fire hazards and explosions: (i) Ethane is not a fuel that
readily undergoes DDT in the current configuration of the rig. It
requires near-stoichiometric conditions and a run-up distance of about
6 m in the obstacle region under the present setup. However, achieving
a homogeneously stoichiometric mixture during an actual leak is diffi-
cult. (ii) Turbulence significantly contributes to creating conditions for
DDT, especially in the obstacle region where the accumulation of tur-
bulent kinetic energy leads to flame acceleration and rising pressures.
(iii) For ethane–air mixtures, reducing the equivalence ratio from
near-stoichiometric to 0.8 in the current setup can significantly decel-
erate the flame acceleration process and the generation of turbulent
kinetic energy, effectively preventing DDT. (iv) Once formed, the deto-
nation wave is strong and robust, continuously propagating. In con-
trast, a subsonic flame, deflagration, experiences a decline in
propagation speed and pressure once it leaves the obstacle region and
is no longer sustained by high turbulence levels, such flame decelerates
to cloud fire.

Regarding future studies, it would be beneficial to develop the
k-x model within the MG code to enhance the treatment of wall
boundary layers. While 2D simulations sometimes do not perfectly
reflect the complexities of 3D experimental work, conducting small-
scale 3D simulations of flame propagation and transition to detonation
for ethane/air mixtures could provide valuable insights. Additionally,
as indicated by the study of Xiao and Oran,12 obstacles play a crucial
role in accelerating turbulent flame propagation, and the distribution
of these obstacles can significantly influence simulation results.
Another promising area of research would be to explore the effects of
the blockage ratio on turbulent flame propagation and the transition
to detonation for ethane–air mixtures.
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