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Based on the dissipation rate conservation equations of turbulent kinetic energy in the k-¢ turbulence model, a complicated three-
dimensional finite element model of a kitchen filled with gas mixture is developed by using the open source field operation and
manipulation (OpenFOAM). Two representative kitchens were used to investigate the propagation law of the shock wave of a gas
explosion inside a building by considering the key characteristics of the blast shock wave. The influence of some crucial parameters,
such as initial conditions and kitchen parameters, on the properties of the blast shock wave is investigated. The basic steps to predict
the peak pressure of the blast shock wave are given in consideration of the initial condition and the kitchen whilst the injury effect of
the blast shock wave on the humans and animals is evaluated. The research results indicate that the pressure time history and the peak
pressure space distribution are greatly influenced by the kitchen design layout. The coupled interaction between the initial tem-
perature and gas volume concentration, especially at the upper and lower explosion limits of the gas, significantly affects the peak
pressure. The peak pressure varies significantly with the opening and the buffer; however, it has little relation with the width, length,
and height of the kitchen. The proposed method can accurately and effectively predict the peak pressure of the blast shock wave inside
buildings. In terms of the peak pressure space distribution of the explosion shock wave, the peak pressure is much higher than the
threshold of the killing pressure, which is unsafe for the humans and animals in the building.

1. Introduction

With the acceleration of the urbanization process, urban gas
gradually becomes an important part of the energy in cit-
izen’s daily life over the last few decades [1, 2] resulting from
its irreplaceable advantages, such as high efficiency, clean-
ness and cheapness. Urban gases mainly include natural gas,
manufactured gas, liquefied petroleum gas and marsh gas
which are flammable and explosive. Urban gas leakage in the
process of being used is very likely to cause an explosion
inside a building and easily leads to a chain of disastrous
consequences [3, 4]. Therefore, the research into the
propagation law of the shock wave of a gas explosion inside

buildings has been widely concerned by the researchers and
engineers in this field [5].

Many theoretical analyses, experiment studies and nu-
merical simulations have been conducted to investigate the
injury effect on the living beings based on North Atlantic
Treaty Organization and Department of Defense specifica-
tions [6, 7]. The basic characteristics of the blast shock wave
in free air have been investigated, such as the time and space
attenuation model of the pressure [8] and the impulse [8, 9].
However, the researches concerning the propagation law of
the blast shock wave caused by an explosive charge or gas
explosion inside a building are few. As far as the building
structures are concerned, considering the multiple
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propagation patterns of the blast shock wave and the geo-
metrical conditions of the underground transportation in-
frastructure, Pennetier et al. [10] determined the position of
this transition spherical-to-planar wave propagation in a
tunnel using both numerical simulations and scale model
tests and verified the dedicated law proposed by himself. By
considering the effects of stairs, pillars, and wall materials,
Ma et al. [11] discussed the propagation law of the blast
shock wave in a metro station, and estimated the harm on
the human health. A few prevention measures against an
explosion scenario to reduce the killing effect on the humans
were proposed. Edri et al. [12] conducted experimental,
analytical, and numerical studies to investigate an explosion
in an enclosed space, which significantly benefitted the
advancement of knowledge regarding this subject.

Additionally, the studies regarding the propagation law
of the blast shock wave resulted from a gas explosion are very
few. By using the reliable commercial computational fluid
dynamics (CFD) software FLACS, Ji and Wang [13, 14]
successfully predicted the formation process of the natural
gas cloud due to the pipeline leakage inside and outside the
building and accurately reproduced the gas explosion ac-
cident scene that had happened. With the help of the CFD
numerical simulation method, Wang et al. [15] mainly
analyzed the gas leakage and diffusion, blast shock wave, and
flame propagation process of a real gas explosion inside the
building, and discussed about the reason for this accident
through it. Based on the characteristics of the building
structure, Li et al. [16] proposed a hybrid method that
combines the numerical simulation and the analytical so-
lutions to predict the internal and external pressures from
the vented gas explosion in a large enclosure, and verified the
reliability and accuracy of this method by the experimental
data.

From the aforementioned reference review, the existing
researches on this subject mainly concentrate on the
propagation process of the blast shock wave in a particular
space, but lack of the properties of the blast shock wave itself.
Concurrently, several research problems associated with the
propagation law of the blast shock wave caused by a gas
explosion remain unclear as a result of the limitations of the
study subjects and the experimental conditions.

In view of the above and some typical urban gas ex-
plosion incidents [13-15, 17] in recent years, a series of
numerical simulation analyses are conducted on kitchen to
investigate the influence of the initial condition on the
properties of the blast shock wave. A new method is pro-
posed herein to estimate the properties of the blast shock
wave inside the building. This present study can provide the
technological support and theoretical basis for the potential
risk assessment on the living beings [18].

2. Finite element model of the kitchen

2.1. Kitchen scheme. In order to explore the propagation law
of the shock wave of a gas explosion inside a building, two
representative kitchens [19-22] are introduced in this study,
as shown in Figure 1. As far as Scheme 1 is concerned, the
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kitchen is enclosed on three sides by the filling wall and faces
the dining and living room on the fourth side. It can be
defined by three parameters: kitchen width, w; = 2500 mmy;
kitchen length, I, = 2500 mm; and kitchen height, h; =
3600 mm. As for Scheme 2, three sides are also surrounded
by the filling wall and one side is adjacent to the buffer zone,
which is often used as the toilet, storage room, etc. It can be
defined by four parameters: kitchen width, w;, = 2500 mm;
kitchen length, [, = 2500 mm; kitchen height, /; = 3600 mm;
and buffer length, I, = 2000 mm. The dimensions of the door
and window openings are 1000 mm X 2400 mm and
900 mm x 1800 mm, respectively. Thus, the window hole
ratio of the wall is as follows: A, = 18%. The air is mixed with
the urban gas in certain proportion to form the gas mixture
with the initial temperature of 25 °C and initial pressure of
101.325 kPa. The kitchen is filled with the gas mixture that is
ignited with temperature of 2000 °C at the center of it.

2.2. Basic theory. Along with the development of modern
computers, the computational fluid dynamics is widely used
in solving a variety of complicated problems in fluid me-
chanics. It can accurately predict a wide range of physical
phenomena of the fluid, such as fluid flow, heat transfer,
mass transfer, chemical reaction and so on.

2.2.1. Governing equations. Urban gas explosion in the
kitchen can be regard as a swift and violent combustion process
[23]. This section describes the mathematical model for it,
which mainly includes a set of the governing equations [24, 25],
such as the equations for conservation of mass, momentum,
energy, chemical specie, turbulent kinetic energy and its dis-
sipation rate. In the Cartesian coordinate system, these
equations are presented in partial differential form as follow.

The mass conservation equation (continuity equation) is:

0 0
E(P)ﬂLafxi(PVi):o’ (1)

where p is the mass density; v; is the velocity component in
i-direction; x;is the global Cartesian coordinate; and ¢ is the
time.

The momentum conservation equation (Navier-Stokes

equation) is:

2 2 2 2 N
= (i) + aTCi(P"i"f) = ax, (p)+ ‘—Txi(fij) + Pk; Yifip

(2)

where p is the static pressure; 7;; is the deviatoric stress
tensor; Yy is the mass fraction of chemical specie k; and
fkj is the volume force acting on the chemical specie k in
j-direction.

In the above equation, the deviatoric stress tensor can be
defined as follows:

2 0 dv; v,
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FiGure 1: Kitchen prototype. (a) Scheme 1 (b) Scheme 2

where u is the dynamic viscosity; and §;; is the Kronecker
Delta function.
The energy (enthalpy) conservation equation is:

0 0 _Dp og ou; S
5 (Ph) + o (pv;h) = D ax Tija—xj +Q+p Y VifiiVii

k=1
(4)

where h is the enthalpy; D/Dt is the substantial derivative
operator; g; is the energy flux; Q is the heat source term; and
Vi is the i-component of the diffusion velocity Vi of
chemical specie k.
The conservation equation of mass fraction of chemical
specie is:
0 0 .
5 (PYi) 5 [p(vi + Vis)Yi] = o (5)
1
where w,. is the reaction rate of chemical specie k.
In addition, the turbulent kinetic energy and its dissi-

pation rate conservation equations [26] need to be satisfied
in the k-¢ turbulence model, and can be written as follows:

d d 0 u,\ ok
E(Pk)Jra—xi(PVik) _$[<#+_>D_xi] + Py~ pe,

i Ok

0 0 0 U\ oe | e
5 (Pe)+ ax, (pvie) = ox, [(# + U:) a—l] + 1 (CiPi = Cope),
(6)

where k and & are the turbulent kinetic energy and its
dissipation rate, respectively; ox and o, are the k-¢ model
constants, respectively; y; is the turbulent viscosity; Py is the
production rate of the turbulent kinetic energy; and C; and
C, are all the non-dimensional constants.

The un-burnt gas is pushed ahead of the flame and the
flame consumes the un-burnt gas. It produces a large

amount of high temperature and high pressure gases in
accompany with the complicated chemical kinetic equilib-
rium processes between these detonation products. Thus, the
turbulent flow field is generated. The explosion pressure rises
sharply and the detonation products expand dramatically.
After that, the explosion pressure decreases greatly with the
increase in volume expansion of the detonation products.
Simultaneously, they are converted gradually to the ideal gas.
This expansion can be up to 8-9 times the initial volume.

The equation of state of the detonation products is a
complicated function of pressure, density and temperature.
Up to now, the empirical or semi-empirical equation of state
is mainly used. The main reason for this is that it is difficult
to be determined directly by using the test method. The
BKW equation of state [27] is introduced in this study and
can be described as follows:

% =1+ xe™, (7)
where
k
YTV T o)
(8)

N
k=x Z x,k,.
n=1

Here V,, is the molar gas volume; R is the universal gas
coefficient; T is the absolute temperature; x, is the mole
fraction of component n; and «, f3, k, 0, and k,, are the
constants.

The ideal gas is used in many applications of the existing
finite element analysis software, for instance, FLACS,
AutoReaGas, LS-DYNA and AUTODYN. The corre-
sponding equation of state is derived from the laws of Boyle
and Gay-Lussac [28] and can be expressed as follows:



pW,, = pRT, (9)

where W, is the molar weight of the gas mixture.

2.2.2. Other details. The solution algorithm used in the
software OpenFOAM is the PIMPLE (merged PISO-SIM-
PLE) algorithm that is a combination of the pressure-im-
plicit with splitting of operators (PISO) algorithm [29] and
the semi-implicit method for pressure-linked equations
(SIMPLE) algorithm. This algorithm has one predictor and
two or three correctors. Thus, the mass and momentum
conservation equations can be better satisfied, and simul-
taneously the convergence is accelerated at each iteration
step. It is iterative procedure for solving the governing
equations for the velocity and the pressure, which are used as
the dependent variables. The practice has proved that it
requires some extra storage space, but it is very fast and
efficient. It is well-suited for the gas explosion scenario in
OpenFOAM.

The turbulence models (e.g. standard k-¢ model, RNG
Turbulence model, NKE Turbulence model, GIR Turbulence
model, SZL Turbulence model, standard k-w model, SST
Turbulence model, etc.) are invalid immediately adjacent to
the wall, since the viscous force dominates the inertial effect.
Therefore, the wall function is introduced in this context to
improve the modeling of the flow field in the near-wall
region. The wall function has been tested on the low Rey-
nolds number benchmark cases, and the good agreement
between the published benchmark results and the Open-
FOAM results is obtained [30].

The boundary conditions of the gas and air computation
domain next to the filling wall and floor slab are the wall
boundary for the velocity, meaning a fixed or stationary wall.
All the others (including the door and window openings) are
the zeroGradient boundary for the pressure, with the im-
plication that the normal gradient of the pressure is the zero.

3. Model validation

In order to verify the validity of the finite element model and
the corresponding analysis method, the propagation process
of the shock wave of a methane/air or hydrogen/air mixture
explosion reported in the reference [31] is simulated by using
the finite element analysis method mentioned above.

In this validation study, there are two test chambers,
which are measured to be 4.6 m x 4.6 m x 3.0 m and about
64 m® in volume. They all have a square vent on the wall.
Chamber I is 2.7 m* and Chamber II is 5.4 m>. They are
filled with the premixed hydrogen/air, methane/air or
propane/air mixture, and the hydrogen, methane or pro-
pane gas volume concentration is about 18%, 9.5% or 4%,
respectively. There is one pressure sensor (PS) to monitor
the pressure on the wall. PS is attached to the wall at a
height of 1.5 meters above the ground, as depicted in Fig. 2.
In addition, there are two ignition points (IP1 for Chamber
I and IP2 for Chamber II) that are all at a height of 1.5 m
above the ground, as shown in Figure 2. The electric ig-
nition system is used in the gas explosion experiment, and
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FiGure 2: Test chamber.

the energy of the ignition is around 1000 J. High-speed line-
scanning cameras are applied to capture more details of the
gas explosion experiment.

Figure 3 describes the pressure time histories from ex-
perimental data and numerical simulation results. The
maximum relative deviations between them are all less than
5% indicating that the numerical simulation results are in
good agreement with the experimental data. There are three
main reasons accounting for the difference between the test
and simulated results. Firstly, the chamber is easy to deform
slightly due to the gas explosion, thus affecting the mea-
surement accuracy of the pressure sensor. Secondly, the
ignition system is very hard to be simulated perfectly by
using an ignition temperature. Thirdly, in general, a tiny
quantity of the combustible and explosive gases of other type
except the methane or hydrogen gas exists in the test.

4. Characteristics of the blast shock wave

Figure 4 describes the pressure time history of the blast
shock wave of the measured point O in Fig. 1. The pressure
increases immediately and reaches a maximum, after then it
decreases rapidly, and gradually fluctuates around the zero,
and finally tends to zero. It usually lasts for no more than
0.30 s. The peak pressures of Schemes 1 and 2 are 160 kPa
and 97 kPa, respectively, and the peak pressure of Scheme 2
is only 61% of that of Scheme 1. Hence, it can be concluded
that the pressure time history is greatly influenced by the
kitchen design layout [32].

Figure 5 depicts the peak pressure space distributions of
Schemes 1 and 2 whilst x and y are the Cartesian coordinates,
and z = p/ po,, where p and pg,, are the peak pressures of the
measured point (x, y) and the measured point O, respec-
tively. It can be seen that the peak pressure decreases sig-
nificantly with the distance away from the measured point
O. In addition, the peak pressure space distribution is greatly
influenced by the kitchen design layout [33].
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FIGURE 3: Pressure time histories from experimental data and simulated results. (a) Chamber I with a 2.7 m* vent (Hydrogen): IP1
(b) Chamber II with a 5.4 m? vent (Hydrogen): IP2. (c) Chamber I with a 2.7 m? vent (Methane): IP1 (d) Chamber II with a 5.4 m? vent
(Methane): IP2. (e) Chamber I with a 2.7 m? vent (Propane): IP1 (f) Chamber II with a 5.4 m? vent (Propane): IP2.
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5. Parametric studies

Different from explosive charge explosion, the shock wave of
gas explosion is easily affected by the surrounding envi-
ronment, such as initial conditions (initial temperature
[34, 35] and gas volume concentration [34-36]) and kitchen
parameters (width, length, height, opening, and buffer)
[37, 38]. Therefore, it is necessary to have a deep under-
standing of these interfering factors.

5.1.Initial condition. In the section, a series of finite element
analyses are conducted on the premixed methane/air mix-
ture explosion in the kitchen to investigate the influence of
the initial temperature and gas volume concentration on the
peak pressure.

5.1.1. Initial temperature. Figure 6 illustrates the relation
between p;. and T under different initial gas volume con-
centration environments, where p;. is the peak pressure
considering the initial condition and T is the initial
temperature.

According to the basic theory of combustion, the higher
the initial temperature is, the higher the gas combustion
reaction rate becomes. However, the gas is expelled from the
kitchen with the increase in the initial temperature, and the
corresponding total mass of the gas in the kitchen is smaller
at higher initial temperature. It can be observed from figure 6
that the peak pressure is mainly determined by the latter.
Therefore, the peak pressure decreases gradually as the initial
temperature increases.

5.1.2. Initial gas volume concentration. Figure 7 describes
the relation between p;. and C under different initial tem-
perature environments, where p;. is the peak pressure in
consideration of the initial condition and C is the initial gas
volume concentration.

The gas complete combustion occurs at the lower initial
gas volume concentration, and directly determines the peak
pressure. Nevertheless, the gas incomplete combustion oc-
curs at higher initial gas volume concentration. The main
reason for this is the limited oxygen volume concentration,
which governs the peak pressure in such case. Hence, with
the increase in the initial gas volume concentration, the peak
pressure first increases and reaches a maximum, then de-
creases gradually. Additionally, the initial gas volume
concentration corresponding to the highest pressure is close
to the stoichiometric volume concentration [39] which is
about 10%.

Figure 8 depicts the relation among y,., T and C, where
¥ is the influence coefficient of the initial condition, T'is the
initial temperature and C is the initial gas volume con-
centration. The initial temperature has an important in-
fluence on the gas detonation parameters [40]. The upper
explosion limit of the gas increases but the lower explosion
limit of the gas decreases as the initial temperature increases.
Consequently, there is a significant influence on the peak
pressure by the coupled interaction between the initial

temperature and the initial gas volume concentration, es-
pecially at the upper and lower explosion limits of the gas
[41].

In view of the relevant researches and the results from
finite element analyses of this study, an empirical relation
among ;. T and C can be obtained through the nonlinear
regression and expressed as equation (10). It can be seen
from Figures 6-8 that the results predicted by (10) coincide
very well with the numerical simulation results.

The influence coefficient of the initial condition can be
gained by dividing p;. by po,. Thus, the difference in the
kitchen design layout is eliminated. The corresponding
suggested equation can be expressed as follows:

pic

Yie =T —
Pop

= (3.56 x 10T — 0.0356)

. [1ooooc2 — 1980C + 4.44 x 10T + 84.52] +0.57.
(10)

5.2. Kitchen parameter. In order to explore the influence of
the kitchen on the peak pressure, a range of numerical
simulation analyses are conducted on the kitchens of different
sizes, openings, and buffers. All the parameters under con-
sideration are illustrated as follow: kitchen width w from 1.20
to 4.80 m; kitchen length /; from 1.20 to 4.80 m; kitchen height
h from 2.40 to 6.00 m; wall hole ratio A from 0.00 to 0.60; and
buffer length [, from 1.20 to 4.80 m. The relation between p;
and kitchen parameters is displayed in figure 9, where py is the
peak pressure with taking into account the kitchen.

5.2.1. Width, length, and height. It can be observed from
Figures 9(a)-9(c) that the peak pressure increases slowly but
linearly with the increase in the width, length, and height.
Furthermore, the width, length, and height of kitchen en-
hance the peak pressure in different extents [42]. Because of
the gravity effect, the height show slightly significant effect
than other parameters.

5.2.2. Opening. Once there is a gas explosion in the kitchen,
the glasses in the window is easy to be destroyed. The
window opening just plays the role of pressure relief and
releases a large amount of explosive energy quickly, greatly
reducing the peak pressure [43]. It can be seen from Figure
9(d) that the peak pressure decreases significantly with in-
crease in the hole ratio of the wall.

5.2.3. Buffer. If a gas explosion occurs in the kitchen, first of
all, the blast shock wave first gets into the buffer zone, and
then it continues to propagate in a building. Consequently,
the buffer zone plays the buffer role and reduces the peak
pressure [44]. It can be found from Figure 9(e) that the
longer the length of the buffer is, the smaller the peak
pressure becomes.
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To sum up, the peak pressure varies significantly with the
opening and the buffer. However, it has little relation with
the width, length, and height of kitchen.

From the associated documents and the numerical
simulation results in the present study, an empirical relation
between y; and kitchen parameters can be gained through
the nonlinear fitting by using the ordinary least square
method and expressed as (11). It can be seen from Figure 9
that the fitting results are in good accordance with the
simulated results, regardless of any kitchen parameter.

The influence coefficient of the kitchen can be gained by
dividing py by po,. Thus, the difference in the kitchen design
layout is eliminated. It can be given by:

I h
ve=2 —0.05( L+ 4008t
Pop we hye
1.15 (11)
—0.24(i> 01024 116,
M Ly

6. Proposed method to predict the properties of
the blast shock wave

6.1. Basic step of the proposed method. Through the analysis
and the research on the gas explosion inside the building, a
new method is proposed herein to predict the peak pressure
of the blast shock wave. The flow chart is depicted in Figure
10 below, and its basic steps are as follows:

(1) Give the basic information that needed in this study,
such as gas type, initial conditions (initial temper-
ature and gas volume concentration) and kitchen
parameters (width, length, height, opening, and
buffer). If not the methane gas, the equivalent mass
can be calculated according to equation (12), and the
corresponding initial gas volume concentration is
also obtained. Repeat steps (2) through (4).

The equivalent mass of other gas can be defined as
follows:

E
_ Other
Mpg =7

= (12)
1 E Methane

MOther>

where Eyjethane and Egger are the initial internal
energy of methane and other gas, respectively; Momer
is the mass of other gas.

(2) The two influence coefhicients y,, and y; can be
obtained according to equations (10) and (11), re-
spectively. Thus, the maximum pressure considering
the initial conditions and the kitchen parameters is
YicYkPOp-

(3) The peak pressure of the explosion shock wave is not
uniformly distributed in the building, and it is
needed to calculate the peak pressure at any position.
Calculate it based on Figures 5(a) and (b).

(4) If the blast shock wave spreads to the wall, the pressure
increases immediately and generates a reflective high-
pressure zone near the blast side. Use equation (13).
Henrych [45] derived an empirical relation between
the peak pressures of the reflected and incident wave.
It can be expressed as follows:

p,_8pi+14
pi pi+72

pi<4MPa, (13)

where p, and p; are the peak pressures of the reflected
and incident wave, respectively.

(5) Draw the peak pressure nephogram under different
working conditions.

The calculation formulas used in the proposed method
are based on the previous researches and the numerical
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FiGure 10: Flow chart of the proposed method.

simulation results. The analysis procedure is comprehen-
sive whilst the results are reliable. Furthermore, it indicates
that the proposed method can accurately and effectively
predict the peak pressure of the blast shock wave inside the
building.

6.2. Example study. In order to estimate the killing power
of the explosion shock wave accurately, it is urgent to
present some quantitative killing criterions, such as the
pressure, the impulse and the combination of the above
two. The U.S. military standard [7] specifies the pressure
criterion of 45.7 kPa for eardrum rupture with a proba-
bility of 10% and 103.4 kPa in the duration of 50 ms for
lung damage. Using the above two kitchens as the

examples, the propagation processes of the gas explosion
are simulated using the CFD analysis software Open-
FOAM to analyze the space distribution of the blast shock
wave.

The peak pressure nephograms under different working
conditions: Schemes 1 and 2 are illustrated Figures 11 and
12, respectively. The lower the initial temperature is, the
higher the peak pressure is. The peak pressure first increases
and then decreases gradually with the increase in the initial
gas volume concentration. Additionally, the kitchen design
layout seriously affects the peak pressure.

In terms of the peak pressure space distribution of the
explosion shock wave, the peak pressure is much higher than
the threshold of the killing pressure which is unsafe for the
humans in the building.
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7. Conclusion

In this research, a new method has been developed herein to
predict the peak pressure of the blast shock wave of a gas
explosion inside a building. A series of numerical simulation
analyses are conducted on this problem. From the research
results of this present study, the main conclusions are drawn
as follows:

(1) The pressure time history and the peak pressure
space distribution are greatly influenced by the
kitchen design layout. There is a significant influence
on the peak pressure by the coupled interaction
between the initial temperature and the initial gas
volume concentration, especially at the upper and
lower explosion limits of the gas.

(2) The peak pressure varies significantly with the opening
and the buffer. However, it has little relation with the
width, length, and height of the kitchen. The proposed
method can accurately and effectively predict the peak
pressure of the blast shock wave inside the building.

(3) In terms of the peak pressure space distribution of
the explosion shock wave, the peak pressure is much
higher than the threshold of the killing pressure,
which is unsafe for the humans in the building.
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