Accepted Manuscript -
Prevention

in the process industries

2

Internal and external pressure prediction of vented gas explosion in large rooms by bﬁ

using analytical and CFD methods %

K

Jingde Li, Hong Hao %
PII: S0950-4230(17)30293-0
DOI: 10.1016/j.jlp.2017.08.002

Reference: JLPP 3566

To appearin:  Journal of Loss Prevention in the Process Industries

Received Date: 25 March 2017
Revised Date: 4 July 2017
Accepted Date: 2 August 2017

Please cite this article as: Li, J., Hao, H., Internal and external pressure prediction of vented gas
explosion in large rooms by using analytical and CFD methods, Journal of Loss Prevention in the
Process Industries (2017), doi: 10.1016/j.jlp.2017.08.002.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.jlp.2017.08.002

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Internal and external pressure prediction of vented gas explosion in large rooms
by using analytical and CFD methods
Jingde L' 2 Hong Had'®
Center for Infrastructure monitoring and protectischool of Civil and Mechanical
Engineering, Curtin University, Kent St, Bentley VBA02, Australia

Jingde.li@curtin.edu.althong.hao@curtin.edu.au

Abstract

This paper presents an analytical and a numerietthad to predict the internal and external
pressures from vented gas explosion in a largeosat. The first peak internal pressure near
the venting of enclosure, which is the primary daakelated to the external pressure in far
field, is predicted by using analytical correlasomhe accuracy of the analytical method is
verified by using data from a series of experimenmth idealized conditions. However, the
incapability of external pressure prediction an@reprediction of peak internal pressure are
seen in the realistic scenario by using the ar@lyfapproach. Therefore computational Fluid
Dynamics (CFD) simulations are consequently perémnto accurately estimate both the
internal and external pressures of vented explssighi CFD modelling procedure is
suggested in this paper to model the turbulentdlanside the enclosure by using FLACS
and to calculate the blast wave propagation witi tiarbulence in free air by using ANSYS
Fluent. This combined CFD modelling approach isvpn yielding good predictions of

internal and external pressures from vented exphssi

Keywords. external gas explosion; internal pressure; fddfpgessure; vented gas explosion;

CFD; FLACS; ANSYS Fluent
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1. Introduction

Recent accidents of oil and gas tank explosiornd) a8 Nigerian gas tank explosion (Daily-
News, 2015), Russia’s Far East oil depot explo§idA, 2011) and the USA Kansas City’s
gasoline explosion by lightning strike (Firehoug€08), remind us the potential of blast
loads from vented or confined gas cloud explosionseverely damage and threaten
neighbouring structures and people. The blast tnaalpressure escalation is due to the hot
burnt gas expansion inside the confined enclosiiee a flammable gas mixture is ignited,
the fast energy discharge from a gas explosion tea#y leads to tremendous damage

(Tomlin et al., 2015).

In order to protect the enclosures in which thel@sipn occurs, engineers and researchers
have been developing a series of different expiosidigation methods (Ferrara et al., 2008;
Liang and Zeng, 2010; Janes et al., 2014; Mitu.e2816). Amongst, explosion venting is
one of the most cost efficient protective techngjapplied commonly to discharge the high
overpressure of burned and unburned gas to mitig&tenal explosions (Van Wingerden,
1989). Since early 1970s, numerous analytical nspdehpirical correlations (Bradley and
Mitcheson, 1978; Cooper et al., 1986; Molkov, 199%manini, 2001) and engineering
guidelines (NFPA-68, 2007, 2013) have been develdpeestimate the vented explosion
pressure. More recent studies have also been @Bnsonducted to better understand the
turbulent flame acceleration and combustion ingiechamber (Chao et al., 2011; Fakandu

et al., 2015; Tomlin et al., 2015; Bao et al., 20Q6et al., 2016)

However, compared to the studies on internal pressfi vented explosion, combustion
outside the enclosure has received little attentathough it could also be destructive to
adjacent/far end structures (Palmer and TonkinDL98he external gas explosion can occur
simultaneously or earlier before the flame emerges the enclosure, which eventually

increase the peak pressure (Solberg et al., 1980id8necht and Geiger, 1983). Such effect



51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

of external explosion has been studied least, dpamt an “ideal” vented gas explosion.
Therefore, the basic understanding of the evolutmin external explosion is still

unsatisfactory (Fan et al., 2005). For examplejrtiaence of external explosion on internal
pressure from a 30 hwvented explosion enclosure under different expenita conditions

was discussed by (Harrison and Eyre, 1987), buy dnbad trend of the findings was
provided. (Palmer and Tonkin, 1980) derived veme correlations for external pressure
estimation of vented explosion based on a seriesmi@hane explosion tests, fundamental
models of external explosion calculations were h@awenot provided. Further development
of these correlations was also conducted, the manadf-sight pressure estimated by
ellipsoidal blast wave model predicts better exdaepressure but revision was still required

(Forcier and Zalosh, 2000).

More presently, some experimental findings wereatgd on external explosion research
(Fan et al., 2005; Jiang et al., 2005; Qi et &16) to understand the dynamic processes of
external explosion evolution. However, these tgstuessels were in small scales. For
instance, the cylindrical gas tanks of 180mm inde&meter and 300mm height were
considered in (Fan et al.,, 2005; Jiang et al., 20@milarly small cuboid vessels of
100x100%200 mm were used in the vented gasolinexaiosions tests (Qi et al., 2016). The
correlative pressures due to Helmholtz oscillatiand the Taylor instability initiated from
internal explosion cannot be well-captured in sreallle tests, let alone the further
estimation of external pressures. In order to mately predict the external pressures in near
and far fields from a vented gas explosion, larggesexperiments and numerical simulations

are required.

So far, only limited large-scale external explosexperiments (Palmer and Tonkin, 1980;
Harrison and Eyre, 1987; Van Wingerden, 1989) Hamen performed due to the fact of high

operation cost and risk. The simple relationshipswben the external pressure and the
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distance provided in these studies could be marsd to estimate far field pressure in a
narrow range of conditions (Forcier and Zalosh, @0&ome other empirical approaches,
such as Multi-Energy Method (MEM), was developedetiimate far-field blast-curves
resulted from a potential vapour inside enclosiwan(den Berg, 1985). Baker-Strehlow
method, which is similar to MEM, also incorporatiadings from experiments to provide
basic correlations for combustion energy estimabaoitside the gas source (Baker et al.,
2012). However, these empirical approaches havéelimabilities to predict the actual
explosion source strength in the far field, as thegy incapable of taking into consideration

direction, congestion and confinement effects (l¢aret al., 2010b).

Alternately, Computation Fluid Dynamics (CFD), whiby far is the most detailed approach
for quantifying gas explosion, is able to modelfatiént scale explosions and consider
abovementioned geometrical effects. For exampgewtidely-recognized CFD tool FLACS,

which has been validated against a wide-varietgas explosion tests (Mercx et al., 1994;
Arntzen, 1998; Middha et al., 2009; Hansen et2411,0a; Bleyer et al., 2012), is expected to
yield rationally accurate estimations for explosigource strengths, confinement and
congestion effects at various scales. Howevergimposion pressures predicted by FLACS
are expected to be accurate only inside the coagesgions with gas cloud coverage (Ma et
al., 2014), while the proper resolution and defigign or shock wave modelling outside the

leading edge of congestion becomes a challengesgiagt al., 2010Db).

The sharp front of a shock wave will become smeargdg standard FLACS simulation
procedure. Consequently, under-prediction of trekperessures will be seen. Such weakness
in far-field blast modelling in FLACS was addressedanother work by (Hansen and
Johnson, 2015). The new guidelines indicated that Courant-Friedrich-Levy numbers
based on sound velocity and fluid flow velocity fafme (CFLC and CFLV, respectively)

should be reduced to result in smaller numericaletisteps. In addition, non-reflecting
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boundary condition “PLANE_WAVE” must be applieddwgoid too high pressure prediction
in far-field generated by numerical boundary reftat However, the determination of CFLC
and CFLV is depending on the parameter of DPDX (WMml and Hansen, 2008), which is a
normalized spatial pressure gradient across timeeflfront. The DPDX parameter is capable
of indicating when the flame front captures thesptee front, which is the case when
Deflagration to Detonation Transition (DDT) occ@@&excon, 2015). The DDT-scenarios are
normally in large scale geometries with high cotigas (Thomas et al., 2013; Tomlin and
Johnson, 2013; Johnson et al., 2015), the ovenymessare expected to be over 2 bar at the
flame front in these strong explosions. The FLA@GSv guideline (Hansen and Johnson,
2015) is however not applicable for the externakpure estimation of a vented gas explosion
in open space (i.e. non DDT scenario), as the eal#éar field pressure will be too low to

render a untrustworthy magnitude of DPDX.

In order to model the external turbulent flame @ggtion with low flow velocity and low
pressure from a vented gas explosion, ANSYS Flgeftivare (Fluent, 2009) is another
alternative. So far, most ANSYS Fluent studies entgd gas explosions were focusing on
internal explosion modelling (Di Sarli et al., 200%b Kadir et al., 2016; Luo et al., 2016).
Limited publications on external gas explosion datian by ANSYS Fluent were available.
(Tulach et al., 2015) utilized ANSYS Fluent to gaout vented explosion simulation. By
using the turbulent model “ SST” and the combustion model “Eddy-DissipatiomCapt”,
good agreement between the modelled external pesssind experimental data was seen.
However, only one set of experiment is numericatigdeled, the accuracy of such CFD

modelling needs further verification.

In this paper, the analytical models have beemlyfitavestigated and utilized to predict the
peak pressures inside the enclosure resulted fxtdemnal explosion (Bauwens et al., 2010).

The peak pressures inside the chambers are welllatdd by these correlations, while over-



126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

estimation of internal pressures for explosion frentlosures with layered fuel-air mixture
were also observed. Therefore, in order to moreigely predict external/far-field pressure in
the large rooms, CFD simulation solvers of FLACH &NSYS Fluent are utilized. Due to
the fact that the accuracy of FLACS in estimatidrinternal pressure, which is generated
from a combination of the external explosion, Hehoitz oscillations, and the Taylor
instability, has been verified in the authors’ poess experimental study (Li et al., 2017a), the
peak pressures are firstly calculated by using FEAThe blast wave propagation with low
turbulence starting from the vent opening is theadetled by using ANSYS Fluent.
Satisfactory agreement between CFD estimated pesssu far-field and experimental data

(Palmer and Tonkin, 1980) is obtained.

2. Analytical modelsfor peak pressure calculation

According to the definition of vented explosion ggare by (Harrison and Eyre, 1987), the
overpressures in far field from a vented gas expiosre generated both by the peak
overpressure at the source (e.g. the vented erpl@siclosure) and the effective vent area
size. By taking the factors of flame propagatioresgure buildup and venting etc. into

account, the external explosion influenced pealsque near venting can be estimated by
using simplified analytical models (Bradley and ¢hi¢son, 1978; Tamanini, 2002; Bauwens

et al., 2010).

2.1 Derivation of Analytical model
The analytical correlations derived by (Bauwenalgt2008; Bauwens et al., 2010) are newly
addressed in this study. Assuming the gas is caaetein adiabatic enclosure, ideal gas

equation of state for unburned reactants and bysratlicts becomes
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(gj v="b M (1)

o puo pbo

1y
V(R)rdr_1dm 1 dm @
Poy Po t louo dt Iobo dt

whereP; is the pressure inside an enclosi#gjs the ambient pressur¥,is the enclosure

volume,m, andm, are masses of products and reactanjsand p, are densities of products

and reactants is the effective ratio of specific heats of fuel.

In order to simplify the equations above, a density, is used to represent the mixture of
vented unburned reactants and burned products.tidddily, by balancing the mass

variation and loss due to combustion reaction arting, the equation (2) is then expressed

as.

s A PPl Ay o @)
pbO puo pv

wherem, is the mass flow rating during venting,is the flame area in the enclosure &
the burning velocity of the gas. Assuming smallsptee rises in the beginning of the
combustion inside the enclosure (i@/o.,, ~ 1) and defining the expansion ratio at initial
condition as:

P POMRIT, M,
Poo PIMR/T;, M, T,

(4)

whereM, and M, are the unburned and burned molecular masseedajab,Ty is the initial

temperature, antk,is the adiabatic flame temperature.

The equation (3) is then converted to:
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According to mass approximation during venting (Bami, 1993), the mass flow rate can be

represented as:

e ©

e

RT
NV a7

P-P
where P, is the external pressurd). is the critical pressure given byP, = Pe

[()#1)/2]"Y A, is the vent areaR is the ideal gas constamy, is the discharge coefficient,
M, and T, are the molecular weight and temperature of thateck gas, respectively. By

defining the dimensionless parameter of @ p1)/2]”*%~1, the maximum pressure inside

the enclosure of the vented gas explosion can beedeas:

. :E{“G(suAf (-1 [ 2™, J } -
P Cy RT, /(y+1

It is seen in the equation (7) that the peak irdepressureP; is affected by the external

0|0

pressurd?,, burning velocityS, and flame are#y. Increasing one of the parameters results in
the increment of peak internal pressure. In ordethbroughly investigate the correlation
between the internal pressure and external prestheemaximum flame area and burning

velocity are calculated as shown below:

For far-end ignition away venting, the flame aneahie enclosure is assumed as:

1

ERETIR
3

2 2

Affar—end - 2 (8)

For centre ignition, the flame area is given by



184 A = 4115 (8, ) 9)

185 where L is the enclosure lengt] and W are the height and width of the enclosure,

186  respectively. Fig. 1(a) illustrates the flame arakulation diagram for the equation (8).

Venting Ignition
H H
187 L
188 (a) Far-end ignition (b) Centreignition
189 Fig. 1 Flameareainside the enclosurefor the vented explosion
190

191  For centre ignition explosion,in equation (9) is the flame propagation time flahe with a
192  nose tip moving towards to venting (as seen in Eib)), and the flame grows with a sphere

193  front initiating from the ignition point with a rags of R. The sphere grows &= o [§, .
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According to the acoustic approach of (Strehlow,9)9the peak external pressure due to

flame propagation in the gas explosion is given by:

P ,-_a d
o L mR s,0a,0) (10)

where a, is the velocity of sound in an ideal gaFs an effective dimensionless heat addition,
which equals toy(po, - p,)! p, = ¥(0-1 . Re is the radius of the flame volume in the

enclosure when the flame exits the vent, which lmarcalculated for the example shown in

Fig. 1(b) as:
4 L
L 3 - [R? S
_(3¥ 3 _ 3 2 _(L 2 |3
Re—(émj =| = —(Z(JEEuEﬂ)j (11)

In the equation (10)S, (t) A; (t) is the effective flame surface area growth.

SOA () =4 B R E() (12)

where =(t) is the flame wrinkling factor, which is assumedgi@w linearly with time, i.e.
=(t)=1+=,0. Therefore, by combining the equations of (10) (12), the maximum

external explosion pressure equation becomes:

P, _y(o-)olSR (=,
_1_ 5

Fo a, (13)

The calculation of the flame wrinkling factat, is due to Taylor instability, which is

represented as, =(I;a)">. I'; is a constantwhich can be determined according to different

test results.ais the flame acceleration in the Rayleigh-Taylostable direction (Bauwens et

al., 2008):
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Therefore, the calculation of peak external prest@comes:

1/2

P, y(a—l);i[SuRe FT20(0-31)SEAf A 1 (15)
Po a‘0 2 yr(yr _1)

A?

2.2 Comparison of analytical resultswith experimental data (Enclosurefully filled
with 4.0 vol% propane-air mixture)
The experimental data from (Bauwens et al., 20Q8jviezns et al., 2010) are utilized in the
comparison with the analytical results, as see@dse No.1 to No.13 in Table 1. In the tests,
the gas concentration of propane-air mixture is vbD %, the vented gas is assumed to

consist of 10% unburned reactants and 90% of bupneducts. The ratios of specific heat

for producty,and y, are 1.26 and 1.4, respectively. The expansion ico&itd, which is

the ratio of reactant density to product densisy8i0 at temperature of 298K. The initial
burning velocity of the propane-air mixtuggis estimated as the laminar value of propane of
0.4m/s. The dimensions of the test enclosure & 4.6 x 3.0 m. The testing vent areas are

2.7 nf and 5.4 M, respectively. The constant Bf is chosen as 1.39 x i6or the external

explosion pressure calculation near the vent ogenBack ignition and centre ignition

explosions are investigated in the comparison.

To determine the timg when flame exits the vent opening, the flame toharrival data

recorded in (Bauwens et al., 2011) are used. Ralgcithe time is calculated according to the
recorded flame speed data and corresponding desfaemrm ignition to flame location, as seen
in Fig. 2. However, the data of gas explosionsoatg provided for cases with centre ignition

at 2.73 M vent (i.e. Case No. 2 & 3) and back-wall ignitiain5.43 mM vent (i.e. Case No. 4
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& 5). In Fig. 2(a), the velocity at the vent exitrfcentre ignition with a 2.73 hvent area is
calculated as 44.55 m/s {& 3.3 m/s), while the velocity is determined as757/m/s for
flame exits the vent from a back-wall ignition wigh5.43 m vent area (in Fig. 2(b)). The
flame velocity develops approximately in a lineaowth rate, therefore, a factor of 0.8 is
used to average the developing velocity from ignitio ventv,,,, = 0.8 * v. The exit timet,

is eventually determined as = 2D;gnition—vent/Vavr - Namely, tcen—z73vent = 2 X

2.3 4.6

Soxaigs = 0.129 s, tpack—5.43vent = 2 X Py 0.199s.

For Case No. 1 and 6-13, the flame developing tiares estimated by conducting CFD
simulation as reference. FLACS is used to simuliie back-wall and centre ignition
explosions and to calibrate with experimental d#ia, detail of FLACS simulation will be
introduced in Section 3. All CFD simulation setugp® kept constant expect the varying
ignition locations and obstacle arrangements. A1 3e Fig. 3, from the back-wall ignition
(top figure in Fig. 3(a)) to centre ignition (togdire in Fig. 3(b)), the comparison indicates

the flame exiting vent time decreases from 0.1906.150s. Therefore, 0.150s is used to

0.129

Case No. 6 & 7, and a decreasing factor of 0.7%e@Nt,,ck—273vent = Y 0.172 s is

used for Case No. 1. Furthermore, the top figuk@itom figure in Fig. 3(b) show that the
flame exists the vent nearly at the same time (@)Lfor centre ignition scenarios with and
without obstacles. Hence, 0.150 s is also use@é&se No. 11-13, and 0.129 s is used to Case
No. 8-9 with obstacles that are consistent withedds. 2-3 without obstacles. Lastly, bottom

figure in Fig. 3(a) indicates the flame exiting &raf 0.180s for case No. 10.

In addition to the experiments of (Bauwens et2010), other vented gas explosion data are
also compared with the modelled results. For exaptple 12.5 vol % methane-air mixture
tests in a 2 x 2 x 3.0 m enclosure by (Li et aQl1Zb; Li et al., 2017c), the 18 vol %

hydrogen explosion in an enclosure with dimensibfh ® 1 x 1 m conducted by (Kuznetsov
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et al., 2015) and 30 vol % vented hydrogen explosisting in an small-scale enclosure (i.e.
0.15 x 0.15 x 0.15 m) by (Rocourt et al., 2014) areluded in the analytical model
validation. The time data when flame exits the \agrening recorded from the above tests are
also summarized in Table 1 and utilized to caleuthe sphere radid in the equation (10).
By applying all parameter values into the equaiid®), all internal peak pressures due to
external explosion near the vent are calculatedraidated in Fig. 4.
Table 1 Comparison of analytical resultswith test recorded data
CaseNo. Ignition Vent Enclosure Gas BR Time Measured Modelled
location size dimension  concentration * flame exit P1 (bar) P1(bar)
(m2) (m) vent (9)
1 back 2.73 4.6x4.6x3 4% propane 0 0.172 0.132 0.115
2 centre 2.73 4.6x4.6x3 4% propane 0 0.129 0.035 30.02
3 centre 2.73 4.6x4.6x3 4% propane 0 0.129 0.041 30.02
4 back 5.43 4.6x4.6x3 4% propane 0 0.199 0.056 0.076
5 back 5.43 4.6x4.6x3 4% propane 0 0.199 0.060 0.076
6 centre 5.43 4.6x4.6x3 4% propane 0 0.150 0.025 70.01
7 centre 5.43 4.6x4.6x3 4% propane 0 0.150 0.016 70.01
8 centre 2.73 4.6x4.6x3 4% propane 6% 0.129 0.048 390.0
9 centre 2.73 4.6x4.6x3 4% propane 6% 0.129 0.06 90.03
10 back 5.43 4.6x4.6x3 4% propane 6% 0.180 0.186 0.174
11 centre 5.43 4.6x4.6x3 4% propane 6% 0.150 0.027 300.0
12 centre 5.43 4.6x4.6x3 4% propane 6% 0.150 0.025 300.0
13 centre 5.43 4.6x4.6x3 4% propane 6% 0.150 0.031 300.0
14" back 0.5 1x1x1 18% hydrogen 0 0.085 0.125 0.110
15" back 0.008 0.15 30% hydrogen 0 0.004 0.250 0.220
16"  centre 0.008 0.5 30% hydrogen 0 0.004 0.110 0.078
17" centre 0.064  2x2x3 12.5%methane 0 0.180 0.020 0.039
" BRrepresents the blockage ratio. The effect of alestan peak pressure calculation is increasing
the flame area, which is expressed #°°*%"°=A, [1+1.333%*{2BR)**q 2 for far-end ignition As
obstacle_ A [1+1.333%140.5BRY#9? for centre ignition (Bauwens et al., 2010 ase No.14 data are
from Kuznetsov et al., 2015, Case No.15 & 16 ded¢afram Rocourt et al., 2014, Case No.17 data are
from Li et al., 2017b, and other case results ataeted from Bauwens et al., 2010.
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As shown in Fig. 4, satisfactory agreement is sbetween the experimental data and
analytically calculated results for vented gas esgjins with different vent sizes, ignition

locations and existence of obstacles. Howeverp#tameter of ;. is determined by trial and

error method. For different experiments in différenales, different values & should be

used to achieve a good prediction. Moreover, theeti when flame exists the vent is
determined according to the experimental readingther words, some parameters need be
determined with experimental data for the analytaggroach to achieve good predictions.
For an unexpected explosion in reality, the crittdae when the venting initiates and when
the flame nose tip reaches the vent opening canadtraightforwardly predicted without
using recorded data. Therefore, how to use the elamalytical model to estimate the

explosion pressure without knowing the critical theg time becomes a conundrum.

2.3 Comparison of analytical results with experimental data (Enclosurefilled with 10
vol% layered methane-air mixture)
In the comparison above, the flammable gas-air unixts ideally mixed in all tests and the
correlations are developed based on the well-miwgolosions. In reality, accidental gas
leakage within chambers and buildings are likelygenerate flammable mixtures with
inefficient mixing. Therefore, gas concentratiotydeang is expected to occur. Especially
when the gas mixture is lighter than air, a certaimount of such gas leakage eventually will

lead to layered flammable vapor cloud on the tothefenclosure.

For example, in the experiments performed by (Palared Tonkin, 1980), 10 vol %
methane-air mixture with several different layepits were seen in the large room with
dimensions of 3.9 x 3 x 2.4 m. Same as the congraabove, the analytical models are used
to predict the experimental results with layeredthraee-air mixture to further check their

accuracy and applicability.
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The combustion is assumed under adiabatic prottesthermodynamic parameters of
unburned and burned 10 vol % methane-air mixturechvare obtained according to
(Gordon and McBride, 1994; Ferguson and Kirkpafrkl5), are summarized in Table 2. A

set of different methane-air mixture layer deptreslested in
Table3 . The vent area is 0.91(i.e. 1/8 vent ratio of the front wall).

Table 2 Thermodynamic parameters of unburned and burned methane-air mixture of 10 %
volume concentration

M y T o P
(kg/kmol) (K)
Reactants 27.64 1.39 298.15 7.6 1ATM
Products 27.16 1.21 2225.5 - -

The peak internal pressures in

Table 3 are calculated by substituting all parametersablé& 2 into the equations (8) to (15).
It is seen that the analytically estimated pressare higher than recorded data, especially for
smaller layer depth cases. The main reason isthieatiame area calculation in the equation
(8) is based on the explosion occurring in fulljeti enclosure with stoichiometric gas-air
mixture, as seen in Fig. 1(a) and Fig. 5(a). Howef@ enclosures with layered gas-air
mixture, such as the case in Fig. 5(b), the flax@agsion is not confined in all boundaries.
After ignition on the interface between the fuelxtare and air, the gas-air mixture will
expand into the bottom with a remixing proceduredme degree. Therefore, the combustion
should have a smaller flame area in flame propagatirection towards the vent opening. A
flame area adjusting parameter is defined to caleuthe flame area of layered gas-air

mixture in the enclosure:



12
329 W= (3%) (16)
330 A moa= VA (17)

331 whereD, is the layer depth of the gas-air mixtubg, is the vent opening depths moqiS the

332 modified flame area in the enclosure with layerextane.

333
334 Table 3 Layer depths, recorded peak internal pressures in tests and estimated peak
335  pressures by analytical models
Layer depth# Pi,@(p#E I:)i,a.na,\ Af Af’mod/\
(m) (kPa) (kPa) (m?) (m)
0.50 4.30 10.21 19.29 4.15
0.60 5.60 10.28 19.55 5.23
0.90 6.19 10.53 20.48 8.92
1.20 7.75 10.81 21.59 13.27
1.50 9.29 11.12 22.84 18.35
1.80 11.75 11.44 24.20 24.20
336 At moa is the modified flame are®, 4., is the calculated peak internal pressure by aicalymodels’” the data

337 of layer depths and maximum internal pressure graaed from (Palmer and Tonkin, 1980).
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339 (a) Enclosure fully filled with gas mixture (b) Enclosure with layer ed gas mixture
340 Fig. 5 CFD modelled flame ar easfor demonstration purpose
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Fig. 6 Peak internal pressureswith different layer depths of gas mixture

By using the factor ofV, the peak internal pressures inside the 3.9 *231>m enclosure are
recalculated and shown in Fig. 6. It is observed the analytically estimated peak pressures
agree well with experimental results. However, ¢hmparison above is only based on 6 sets

of experimental data. The determinations of theofacof r, and flame venting initiation

timet are still inconclusive. Moreover, the assumptiaheve are idealized, and these models
are only capable of predicting the internal peaspures near the vent but not the subsequent
external pressures. For a more realistic ventedosiqgn with more uncertainties, for the
cases without the corresponding testing data terahehe the respective parameters for the
analytical models, and for the situations that needetermine the blast wave propagation

outside the enclosures for estimation of externeggures, CFD simulation is suggested.

3 CFD simulation and validation

3.1 Vented explosion simulation by using FLACS
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The CFD-based software FLACS of version 10.4 (Gax@615) , which relies on turbulence
models based on Reynolds-averaged Navier-StokedNfRAquations (i.ek—¢ model for

turbulence simulation), is firstly employed to siate the vented gas explosion. In order to
ensure good representation of flame area insidesénéed explosion, the Simple Interface

Flame (SIF) model (Arntzen, 1998) is applied tacukdte the compressible flows.

In the preprocessor CASD of FLACS, the 3.9 x 34r.explosion enclosures with varying
vent areas are as shown in Fig. 7. All walls ofeéhelosure are modelled as rigid in the CFD
simulation since the roof and walls in the expentsevere made of steel plates and the floor
was of concrete. The depths of the vent are 0.38m @nd 1.2m, giving vent ratios of the
front wall between 12.5% and 50%. The lightweigbtypthylene sheet of 0.05mm thick is
modelled as POPOUT relief panel in FLACS. Vent opgrpressure is set at 0.7 kPa. The
ignition starts at the interface between the uryilegl air and fuel-air mixture layer, and it is
located centrally within the large enclosure néwar Ihack wall remote from the vent area as

seen in Fig. 8.

Fuel e,

gion

Fig. 7 3D models of explosion enclosur e with different vent areas
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Fig. 8 Fud-air mixturelayer depth, ignition and vent area location

Euler boundary condition is applied, room tempemtf 26 degree and atmosphere pressure
101 kPa are used as initial conditions. The fuekakture’s volume concentration is 10%.
Grid cells are cubical inside the enclosure to cedile deviations of flame propagation and
overpressure built-up, whereas grid cells aredtezt from vent panel to outside boundaries
in the air. The aspect ratio of the grid incrememas controlled within 10%. The grid size
within the enclosure is decided as 0.05m basedhengtid cell sensitivity study. Monitor

points are allocated near the wall and the ven¢tord the peak internal pressures.

In the literature of (Palmer and Tonkin, 1980),yotlle maximum pressures were recorded,
which are used in the present study to verify theueacy of the numerical simulations. The
layer depths, internal pressures near the venteatefnal pressure at 9.1m and 18.3m from
experiments are extracted and tabulated in Tablénd.experimental case with 0.6m fuel-air
mixture layer and 12.5% of vent area is numericallydelled by using FLACS. Fig. 9(a)
shows the recorded pressures near the vent ar ifat field, while the corresponding 3D
view of fuel mass fraction of the flame during thented explosion (i.e. the case No. 4 in
Table 4) is shown in Fig. 9(b). It is seen that pnecedure of fuel-air mixture consumption

and the propagation of the mixture cloud are waltslled by using FLACS.
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In terms of the CFD simulated pressure, the pressome history data near the vent of case
No. 4 are extracted from FLACS postprocessor oWwkle and shown in Fig. 10. The venting

of burned products from the enclosure is seenna tf 0.14s with an opening pressure of
approximately 0.8kPa in Fig. 16, and the maximuesgure is monitored at 5.8kPa, which is
close to the experimental data. In order to thonbpgalidate the FLACS estimated results,
all peak pressures extracted from simulation cas@&sable 4 are compared with experimental
data, as seen in Fig. 11. A good agreement betti@emaximum internal pressure estimated
by FLACS and that recorded in experiments is oleskrFurthermore, it is seen that the
maximum pressures increase unanimously with the ratrement of fuel mixture layer

depth to vent opening depth for all simulation sase

Table 4 Recorded maximum internal pressures, external pressures, fue layer depths and
vent areas (Palmer and Tonkin, 1980)

Case Internal peak Gas-air mixture Ventarea External External
No. pressure (kPa) layer depth (m) (m? pressureat 9m pressure at
(kPa) 18.3m (kPa)
1 1.32 1.25 3.60 0.44 0.19
2 1.94 0.72 1.80 0.50 0.22
3 4.27 0.50 0.90 0.66 0.31
4 5.58 0.60 0.90 0.78 0.48
5 6.68 1.80 1.80 1.40 0.71
6 9.33 1.50 0.90 3.19 1.53
7 11.66 1.80 0.90 3.37 2.00
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411 Fig. 10 Pressures monitored near the vent of case No. 4in FLACS smulation
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412 Recorded maximum pressure near vent in experiments (kPa)

413 Fig. 11 Comparison of FLACS modelled pressuresto experimental data recorded near vent
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418  Fig. 12 Plan view (top figure) and side view (bottom figure) of the maximum pressurein case No.
419 4 after the FLACSfar-field pressure guideline by (Hansen and Johnson, 2015)
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The new pressure prediction guideline (Hansen ahdsbn, 2015) is applied in the far-field
blast propagation simulation of FLACS. The sountbeity and flame fluid velocity based
CFLV and CFLV numbers are both reduced to 0.1 bygusn-files, the numerical time step
is therefore decreased to prevent excessive nuaheneearing of blast waves. However, due
to the fact that the external blast waves in thislyg are from low pressure deflagration, the
DPDX factors are much smaller than 0.5, which ie threshold of DDT in the new
guideline. Consequently, the date-dump (Ma et28l14) is decided to start at the time the
burned products exit the vent opening. A new duilgpis then restarted with a non-

reflecting boundary condition of “PLANE_WAVE”".

Comparing to the recorded pressures, namely 2kBa@ai8kPa at the distances of 3m and
9.1m away the vent area in Fig. 9(a), the far-figldssures (i.e. 0.9kPa and 0.1kPa) in Fig.
12 are significantly under-estimated by using FLAG@S$s concluded that without the correct
indication of DPDX parameter, which is commonly dise highly congested gas explosion
simulation, the new far-field blast prediction gelide of FLACS cannot be well utilized for
the vented explosion with slow deflagration. Inertb well simulate the low turbulent flame

propagation in far field, the ANSYS Fluent is wéd in the following section.

3.2 External pressure prediction by using ANSY S Fluent

In accordance with thke—e model used in FLACS, the Navier-Stokes (RANS) ¢igua are
also chosen for turbulent flow simulation in ANSY3uent. In the above comparison of
FLACS simulations with experimental results, théneated internal pressures near the vent
by using FLACS are proved to be accurate. Thergtbee pressure-time curves (e.g. data in
Fig. 16) extracted from FLACS simulations are uasdhe input in ANSYS Fluent to model

the subsequent flame propagation. In other worls, riumerical chemical reaction of
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combustion and the stoichiometric reactions ardopmed in FLACS simulation, but the

vented products and wave propagation after condoustie calculated in ANSYS Fluent.

The geometry of the vented gas explosion with kgeiuel mixture in ANSYS Fluent is
modeled according to the experimental setup (PaimérTonkin, 1980), where the back wall
and the bottom of the vented enclosure room areeftemtlas a concrete wall and ground. The
3D modelled enclosure as shown in Fig. 13 hasdaheesdimensions of 3.9 x 3 x 2.4 m in the
test. The ANSYS CFD preprocessor - ICEM (Ansys,®0Wvhich provided mesh generation
and advanced geometry acquisition, is employed. Reh@hedral cell sizes of 0.05m, 0.1m
and 0.15m stretching from the vent opening arestest the sensitivity study. The 0.1m cell
for the vent area is decided so that about 108 eeitl 200 cells for 12.5% and 25% vent ratio

openings, respectively, are used.

Fig. 13 3D geometry of the vented enclosure with 25% vent area on front wall in ANSY S Fluent

Symmetry boundary is used for half size of the eswmle modelling, which enables

acceleration of computational calculation time. Dwerall boundary and meshing are shown
in Fig. 14 with dimensions of 50 x 30 x 15m, thelesure with dimensions of 3.9 x 3 x 2.4
m is placed in the middle and near the boundaryheneft hand side. The meth stretching

factor is about 1.01 from the vent area in x, y andirections. In total, there are 1 x°10
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hexahedral cells, and 3 x ®lQuadrilateral interior faces for the entire domaiihe mesh

quality is controlled with the maximum Ortho Skefwdos x 10%.

Y 2

Fig. 14 CFD smulation boundary and mesh generation for the vented enclosurein ANSY S
Fluent

The density-based solver and transient solutioruaesl to solve the governing equations of
continuity, momentum and energy etc in the coueplicit formulation. The gravitational
acceleration is irz-direction. Standar#t-¢ model and standard wall functions are applied in
the modelling along with the energy equation mottedal gas material is chosen to simulate
the air outside the enclosure, while concrete aeedl snaterials are selected for the concrete
ground and enclosure walls, respectively. Theahitperating pressure is set as zero pascal,
and overpressures above the ambient air presseiimported to the pressure-inlet boundary.

Operating temperature is 288K.

The enclosure’s walls are modelled as stationarhowi slip, the thermal condition is
assumed as adiabatic with zero heat flux, wallkimess is 0.01m. The concrete wall and
ground are also modelled as adiabatic with thicknefs0.1m. Low back flow turbulent
intensity and viscosity ratio (i.e. 1%) are useuld ghe backflow total temperature is kept

constant at 288K with acoustic wave model turnédarfthe initial pressure outlet boundary.
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The pressure inlet boundary is set at the ventiagemvhere zero initial gauge pressure is

used.

An UDF(Fluent, 2012) file is created to import ghieessure-time history data. The simplified
pressure-time data, as seen in Fig. 16, is compsetie UDF file. The determination of such

simplified pressure-time data as pressure inlattilpbased on the assumptions below:

For a pressure inlet boundary in ANSYS Fluents ikmown that the total pressure should be

determined as the input, namely

P

gaugéstaticpressure

+P

dynamigoressure (18)

R_

otalpressure

ynamic pressure —

P = pv? (19)

P

gauge static pressure

is shown in top figure of Fig. 15 (correspondinghe pressure output in Fig.

10), while P, in Equation 18 and 19 is attributed to the kinethergy at the vent.

ynamic pressure

To calculate the dynamic pressiRg, the flame velocity data extracted from

amic pressure !
FLACS (as shown in bottom figure of Fig. 15) is disk is seen that the peak flame velocity

at the vent exit is about 50 m/s. Therefore, fothraee with density of 0.668 kg/mi, the
peak dynamic pressure due to kinetic energy is legimm 0.835 kPa (i.e.

P, = 050066850 =0.835 kPa). Overall, the dynamic pressure contebuid

ynamic pressure —

about 12.6% in total peak pressure of 6.635 kPae. (iR =

otal pressure

P

gauge static pressure

+P

dynamic pressure

= 5.8 kPa +0.835 kPa).

By integrating all flame velocity converted dynanpiessures into total pressures, the time
history data are summarized and shown in Fig. tL& $een that the total pressures (green

dash line in Fig. 16) are slightly higher than ialitpressures from FLACS output (i.e.
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pressure-time data in Fig. 10 or black solid lineFig. 16). Moreover, in this study, the
pressures of interest are in far field (i.e. 9m a8dh). The kinetic energy with peak flame
velocity of 50 m/s at vent are much less infludntiahe far field compared to the blast wave
propagating with a velocity over sound speed ofn®43 Therefore, to predict the far-field
pressures, the pressure inlet input data are dietplby neglecting the small kinetic energy

near vent.
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Run: 200003
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Fig. 15 Pressures-time history (top figure) and flame velocity-time history (bottom figure)
monitored near thevent of case No. 4in FLACS simulation
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Fig. 16 Pressures monitored near the vent of case No. 4in FLACS smulation, total pressure
data and simplified pressure-timeinput

The pressure propagates normal to the boundary mitdnsity and hydraulic diameter
calculation method for the turbulence modellingic®ithe vent area has a rectangular shape,

the hydraulic diameter is calculated as:

. ab
&= e 29

where a is the width and b is the height of the vent area.

The Advection Upstream Splitting Method (AUSM), whiprovides exact resolution of
contact and shock discontinuities, is used fordtwvective flux calculation. Least squares
cell based gradient is applied for the spatialréiszation. Default relaxation factors are used

with 10 courant number in the solution control.

One of the vented explosions in Table 4 - casedNis.chosen in following demonstration.
The pressure-time history data from Fig. 16 areartgg as the pressure inlet input. The

simulation starts with a fixed time step size of I&* and finishes at time when external
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pressure in far field decreases to zero. Converyémceach time set is guaranteed. In the
CFD post software, the 3D results of external presat time of 0.355s (peak pressure time)
are shown in Fig. 17. Due to the fact that the #gmnopagates perpendicularly to the vent
area, which is modelled as a flat plan in ANSYSefalll the pressure distribution in 3D is

shown in bullet shape with a diminishing trend.

ANSYS

R17.2

Academic

Fig. 17 Total pressurein thefreeair from the vented explosion in 3D modd of ANSY S Fluent

The external pressure monitoring points are plate®.1m and 18.3m perpendicular to the
vent area, as in the experimental test. The predsue history curves at these two points are
shown in Fig. 18. As seen in the figure, the caltad pressure time-history with FLACS at

the venting location is simplified as a seriesioédr curves in red color and used as input to
ANSYS Fluent in the simulation. For the simulateteenal pressures at 9.1m and 18.3m, the
output is recorded at every 40 time steps (timp stee is 0.0001s) and also shown in the

figure. The pressure-time history curves indicate the peak pressure at 9.1m occurs about
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0.02s after the peak pressure at the vent openihie another 0.02s delay is seen for the

pressure wave to reach the peak at 18.3m.

The peak pressures at 9.1m and 18.3m in the CFDapesecorded as 0.82kPa and 0.44kPa,
respectively. By comparing the CFD results with theerimental data in Fig. 9 (a), the

differences between the calculated and recordekl pesssures are 4.88% and 8.33% at the
two points, respectively. For all other vented espn cases, the comparison of peak
pressures is shown in Fig. 19. Overall, the ANS&nt calculated peak pressures in the

free air are close to the experimentally recordegtimum pressures.
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o — #— Pressure input at vent opening
‘ in ANSYS Fluent
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-~ - Pressure monitored at 18.3m in
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Fig. 18 Data of pressure-timeinput near vent opening and exter nal pressure-time output
monitored at 9.1m and 18.3m
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562  Unlike the simple relation between the pressuredistince from the vent in previous work

563 (Palmer and Tonkin, 1980), more complex relatiopstbetween the pressure and distance
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are found in this study (as seen in Fig. 20). Palare Tonkin indicated that external
pressure decreases inversely with the increases@nde from the vent opening to far field.
Specifically, P=kx(d+d,)™?, P is the external pressurk,s a constant depending on the fuel
properties and vent area sidgjs the distance from the far end of chamber td wpeningd

is the distance from the vent opening to far fi@c <d <18m). However, it is seen in Fig.
20 that the power for each curve has a varyingofaitom -0.553 to -0.846 instead of the
constant -1 in the equation above. In other wouwhdike the constant curvature found in
(Palmer and Tonkin, 1980), the curvature of exteprassure-time curve in far field is
varying. The main reason of such difference in axghfindings is that there were only two
distances of the total 7 sets of pressure datardedoby Palmer and Tonkin in the
experimental study. Therefore only a linear attéionaof peak pressure with distance can be
derived. Here using three distance data points filesets of pressure to distance data)
indicates that the peak pressure attenuation vistiartce does not follow a linear relation, but
more like an exponential relation. Neverthelesk,s2ts of data are still limited. More
external explosion experiments and CFD simulatiares required to derive a less biased

correlation, which will be conducted in authorskhpaper.

4 Discussion

Based on pre-existing experimental data (Bauwera. eR010), this study initially aims to
investigate the newly addressed analytical methodpessure prediction from a vented
explosion. The peak internal pressures near thé¢ epening calculated by the analytical

approach are proved to be accurate. However, thTmstability related constant of in

the correlations is determined subjectively, thedlamental relations among the constant,
vent area, ignition location and gas properties, &t not well defined. Moreover, the critical
time when the flammable fuel exits the vent needsdbtermined from the experimental

reading, which means the estimation of the crititaé for a realistic vented explosion where



589 no experimental data is available has to be dotie witelligent assumption, which could be

590 a big challenge because of many factors and umcgesinvolved.

591 In terms of the more realistic vented gas explgsithe gas-air mixture cloud can be
592  concentrated as layered in a large enclosure ifygsefilling time is long enough. For such
593 realistic scenarios with layered fuel mixtures, #malytical correlations are further utilized to
594 calculate the explosion pressure. Compared withréberded data in experimental tests on
505 3.9 x 3 x 2.4 m enclosures with different vent aréBalmer and Tonkin, 1980), it is
596 demonstrated that the analytical method is capablaredicting the peak pressures for the
597 explosion with layered fuel mixture by introducirg new factor. However, the Taylor
598 instability related parameter still needs be deieed with some idealised assumption. The
599 comparisons also show that the correlations ampialale of predicting the propagation of the

600 blast wave in the far field.

601 The CFD simulation is therefore introduced to stillg realistic vented explosion. More
602 uncertainties are taken into account by using thl&D-BGased solver FLACS. The gas
603  properties, ignition location, vent area conditigepmetry congestion and confinement, etc.
604 are well considered in FLACS explosion simulatidhe calculated peak pressures near the
605 vent opening are found in good agreement with ttpeemental results. However, FLACS
606  simulation underestimates the blast wave propagatio the free air even with the
607  application of the new guideline on far-field pressprediction (Hansen and Johnson, 2015).
608 The shortcoming of FLACS simulation no able to gi®d predictions of flame propagation

609 in open space observed in (Ma et al., 2014) i©@srconfirmed in this study.

610 In order to address this problem, especially foffield pressure prediction initiated from a
611 low turbulent flame source, ANSYS Fluent is utitizeThe pressure inlet boundary in

612 ANSYS Fluent is modelled with an UDF file consisikthe vent opening pressure-time
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output obtained in FLACS. By employing the Navid¢ol&s equations (e.g. the Standlare

model), accurate grid cell mesh and proper initiahdition setups, etc., the pressure-time
curves are well predicted in the far field as coredawith the testing results. Overall, the
peak external pressures predicted by ANSYS Flueninasatisfactory agreement with 7 sets

of experimental data.

5 Conclusion

In this paper, the authors have conducted a comeps®e CFD study on internal and
external pressure prediction for a vented exploswth layered gas-air mixture, which is
inspired by the inability of analytical correlat®rto give good predictions of pressure

propagations in the far field from the vent opening

A series of analytical correlations are newly exaadi based on pre-existing experiments of
large-scale vented explosions. Good agreement betwine analytical results and
experimental observations is achieved in the damtaparison. However, the capability of the
analytical correlations is restricted on peak inéipressure prediction, while the time history
curve is not able to be determined. Furthermorenesgarameters of the analytical
correlations need be chosen based on idealizednasisms, and the critical time of vent

opening is determined from testing data, whichasavailable for a real vented explosion.

In order to accurately calculate the internal artémal pressure of a vented explosion, the
authors then offer a thorough CFD simulation pracedy using both FLACS and ANSYS

Fluent. The first peak internal pressure inside @helosure is predicted by using FLACS,
which is specialized in turbulent flame modelindieTinternal and external explosions near
the vent opening simulated from FLACS are thenamtéd and used as input to ANSYS

Fluent for simulating the low turbulent flame prgp#ion in free air. Comparing with the
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experimental data, it is found that this approatltamnbining FLACS and ANSYS Fluent
modelling yields accurate predictions of pressuagevpropagations in free air from the vent

opening.

By taking more external pressure data into conaid®r, the relation between external
pressure and the distance from vent opening tdidéd is seen differently from previous

research’s finding (Palmer and Tonkin, 1980). Hosvethe large-scale experiments so far
are limited, and more CFD simulations are therefequired to derive reliable relations to
predict pressure wave attenuation with distance estdnate the far-field pressures from

vented explosions.
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Highlights

A series of analytical correlations are newly examined based on pre-existing

experiments of large-scal e vented explosions

* Theinability of analytical correlations in the far-field pressure prediction inspires
the CFD study on external explosion simulation.

» Large-scale vented gas explosion, which has rarely been numericaly studied and
indexed in literature, has been investigated.

A combined CFD modelling procedure is proposed to predict the interna and

external pressures separately by using FLACS and Fluent.



