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Abstract

A CFD (computational fluid dynamics) calculationr fthe SRI's hydrogen explosion test was
performed to establish an analysis methodologyafdnydrogen explosion phenomenon. A spark
ignition model to simulate an electric spark of #40fhe SRI's hydrogen explosion test was developed
based on an energy conservation law. The CFD asalgs reasonably predict the peak overpressure
and flame front TOA (time of arrival) if proper wes for the pressure and the radius for the spark
ignition model are chosen. A sensitivity calculatior the spark ignition model and grid distributio
should be performed to establish the CFD analysitadology for the hydrogen explosion. However,
it is know that the CFD analysis may be used as@urate evaluation tool to provide the 3-
dimesnional information of an overpressure andna fistory of the overpressure variation.

1. INTRODUCTION

A Very High Temperature Reactor (VHTR) connectedatdwydrogen production facility is being
developed at KAERI (Chang, 2007). The VHTR andhdrogen production facility will be designed
and constructed according to Korean regulationstedighical standards. One of the regulations may
be the safety distance between the VHTR and theobgt production facility. This distance is
generally determined by the peak overpressuredibed not damage a structure or the people near by
it (Kang, 2009). A Computational Fluid Dynamics @Fcode may be a useful tool to predict an
overpressure due to a gas explosion because thec@fBimulate a gas leakage from a storage tank, a
dispersion into an air environment and the explogibenomenon continuously (Inba, 2004a; Inba,
2004b; Kang, 2009). The CFD can also analyze tlyenaetric explosion phenomenon due to a
complicated geometry and a wind effect (Inba, 2Q0dka, 2004b). Another advantage of the CFD
analysis is that it can provide valuable informatam an impulse which is defined as the overpressur
times the duration of a pressure wave (Bjerketve@®7; Kanninen, 1985; Popat, 1996; Wingerden,
1999). The quantity of the impulse may be useddnsieration of the dynamic load (Kanninen,
1985; Wingerden, 1999). A the peak overpressura egrtain location in the CFD analysis can be
determined from a time history of the overpressiata.

The CFD analysis was performed to start the devedop work for the analysis methodology for a
hydrogen explosion phenomenon and to predict tladk peerpressure distribution inside the tent in
the 5.6 mixture volume of hydrogen and air case of the BRIrogen explosion tests (SRI, 2002).
As a first step, the pressure buildup process byctmbustion flame acceleration due to the obstacle
inside the tent should be accurately simulatede®itse, the pressure wave propagation from the tent
region into the far field may not be predicted wé&he final goal of the CFD analysis is to devetop
complete evaluation tool for a gas leakage fromdrdgen production facility, a hydrogen dispersion,
a hydrogen explosion and a blast wave propagaticmommercial CFD code CFX-11 (Ansys, 2008)
was used.



2. SRI HYDROGEN EXPLOSION TEST

The SRI performed the hydrogen explosion test iropen space by varying the mixture volume of
hydrogen-air, the hydrogen gas concentration, ghé&ion method and the existence of an obstacle,
and they measured the peak overpressure and the flant Time-Of-Arrival (TOA) inside the tent
where the hydrogen gas was located and aroundethte (Fig. 1) (SRI, 2002). Also, the peak
overpressure at 11m, 21m and 41m from the tentmeessured. After the start of the ignition in the
experiment, the tent was quickly removed. For aanison of the measured peak overpressure with
the predicted value the CFD results, the sele@stidases are a 5.8wolume mixture of hydrogen
(about 30 vol. %) and air with an obstacle undspark ignition of 40JThe stoichiometry reaction of
hydrogen and air is expressed as Eq. (1).

H, + 1/2G — H,0 (1)
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Fig. 1: SRI Hydrogen Explosion Test Facility (SR002)

3. SRI HYDROGEN EXPLOSION TEST

3.1 Grid Model and Boundary Conditions

A 3-dimensional and half symmetric grid model (F¥y.for simulating the tent and its environment
was generated based on SRI's test facility (SR)220A total of 27,808,481 hexahedral mesh cells in
the grid model were produced, and a dense meshisgilbution with a 1cm cell length was located
around the tent region (2.51m x 5m x 2.51m) to lxesthe rapid propagation of the flame due to the
obstacle structure. A coarse mesh cell distributigth a 4cm cell length from the tent region
boundary to the far distance of 10m was generatgdto assure the pressure wave propagation. This
course mesh may not exactly catch the pressure wagagation. The mesh for the obstacle tube
inside the tent was not generated, and the contactdace of computational domain in the tent ® th



obstacle tube was treated as a wall boundary dondi shape of the cylindrical pipe was treated as a
rectangular pipe to simplify the grid generatiorrkvto maintain the volume of the obstacle in thiel gr
model the same as that of the test. An opening itond(Ansys, 2008) was applied to all the
surrounding surfaces except for the bottom surfabéch can simulate the pressure wave passing and
allows for an inflow and outflow of a fluid throudhe surfaces.

Opening Condition

Symmetric
Condition

7.9Cm

2.1Cm

7.5m P 7.4¢m
2.51m

(a) Computational domain (1/2 symmetric model)

Ty Ty Ty Yy Ly iy Ry

I D=21.3mm

(b) Obstacle model

Fig. 2: Grid Model and Boundary Conditions for tBED analysis

3.2 Development of a Spark Ignition Model and Initial Condition

An electric spark device was used to ignite a metof hydrogen and air in the SRI explosion test.
The equivalent energy for the spark operation vegp®nted as 40 J (SRI, 2002). This value is very
large when compared to the spark ignition energytdut 10 mJ in an ordinary combustion test
(Heywood, 1988)The excessive energy may enlarge an activatedrrégiavhich the temperature and

pressure of the mixture of hydrogen and air is tiyeacreased from the initial values of 1bar and
283.75K (SRI, 2002)rhen the combustion may simultaneously take plasz the whole activated

region. The combustion at the enlarged region medyce the transition time from the laminar flame



to the turbulent flame because an instability pinegwon may be easily developed in case of the large
radius of combustion flame (Bradly, 2007).

In order to model this ignition process, the effeespark ignition model representing the pressines,
temperature and the volume of the activated rediom to a spark was introduced because the local
phenomena of the spark and the ignition procedbeflame are too complicated to exactly model
(Heywood, 1988; Kang, 2009). Therefore, a sphericdivated region model based on the energy

conservation under the assumption of an adiabBticahfined condition was introduced in Eq. (2)
(Kang, 2009).
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The ideal gas law (RT) is used in the derivation of Eq. (2) to repreésbe spark energy in terms of
two unknown variables of the pressurg) (@d the spherical volume £y of the activated mixture of
hydrogen and air. The local temperature range efattivated volume due to the spark may be
assumed to be from 2,000K to 6,000K based on tperexental results (Heywood, 1988). However,
from the available specific heat capacity dataagonixture of hydrogen and air it is from 2,000K to
3,000K (Turns, 2000)Thus, the specific heat capacity of the mixturédngdrogen and air at 2,000K

and 3,000K are substituted separately into Eq.td23et up a sensitivity calculation conditions as
shown in Fig. 9.
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Fig. 3: Calculated Range of Pressure and Radigstofated Spherical Volume due to spark (40J)

As the first calculation of sensitivity conditiofBig. 3), the selected radius, temperature andspres

of the activated region are 4cm, 2,000K and 11%Bpectively. These values are given as the initial
condition of CFD calculation such Fig. 4. The CFHmalgsis with this spark ignition model will be
validated through comparison work of the test déth the CFD results for the peak overpressure and
the flame speed around the teAtso, thestoichiometry gas distribution of hydrogen, oxygemd
nitrogen was given to the tent volume in the griobel as the initial condition.
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Fig. 4: Initial conditions for the CFD analysis
(H2 vol.% =30, R=119kPa, R=4cm, T=2,000K)

3.3 Flow Field M odels and Combustion M odel

The hydrogen combustion phenomenon in the obsshicleture was treated as a compressible flow, a
combustion flow, a turbulent flow, a buoyant flowdaa transient flow. The governing equations (Eq.
(3) ~ (7)) used in this study are the Navier-Stokles energy and the species transport equatiahs wi
a coupled solver algorithm (Ansys, 2008). Turbulbow was modeled by the standard kuarbulent
model (Eg. (8) ~ (9)), and the buoyancy flow waddeled by the full buoyancy model (Ansys, 2008).
And also, the discrete transfer model (Eqg. (10fhwine gray spectral model (Ansys, 2008; Coelho,
1997; Modest, 1993) was used for the simulatiorthef radiative heat transfef radioactive gas
absorption by the diatomic elements ofCHwas considered with the Plank-mean gas absorption
coefficient (Modest, 1993). The transient calcaatfor a total time of 0.05 seconds with a timgste



of 0.0001~0.005 seconds was performed to captueeptlessure wave phenomenon which may
disappear in a very short time.

The Eddy Dissipation Model (EDM) (Ansys, 2008; Hgger, 1982), modified from the Eddy Break-
Up (EBU) model (Spalding, 1976), was used for the step combustion reaction of the hydrogen and
air mixture. The global reaction rate of the EDMsw@nosen as the slowest reaction rate of a fuel, an
oxidant and a product. Each reaction rate was ptiopal to a turbulent quantity ratie/k), a mass
fraction (Y;, Yo, Yy), model constants (A=8, B=0.75) and a stoichioynetefficient (f) (Ansys, 2008).
The global reaction rates and the reaction ratheffuel, the oxidant and the product were defined
such as Eq. (11) ~ Eqg. (13).
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3.4 Discussion on the CFD Analysis Results

A CFD calculation with the developed spark ignitimodel was performed to find a proper analysis
methodology for the hydrogen explosion phenomemoouigh a comparison of the CFD results with
the test results for the peak pressure and theeflaomt TOA around the tent. All the residuals loé t
Navier-Stokes, the energy, the standakdtirbulent and the gas species equations were oget/¢o
below 10°. The CFD results of temperature distribution (Fpaccording to the time pass show that
the combustion flame slowly propagates over a dggtaf about 0.4m from the point “A” to “B” for



0.005 ~ 0.03 seconds, but is accelerated alondisii@nce from the point “B” to “C” for 0.03 ~ 0.04
seconds. The reason of this acceleration may béaiagd by the flame speed being directly
proportional to a force developed behind the fldroat surface, where the force is produced by the
product of the pressure due to the combustion greamg the surface area took up by the flame front.
Thus, the flame acceleration may be easily devel@sdong as there occurs a flame area splittieg du
to the obstacle structures.

The overpressure results of the CFD calculatioigs @) show that the peak overpressure is gradually
increased from the initial value of 119 kPa to kP4 at 0.03 seconds as the combustion phenomenon
takes place. However, the peak pressure peakdti&&Pa at 0.04 seconds because most of hydrogen
located inside the tent is burnt out at time stef.03 ~ 0.04 seconds. The overpressure histotlyeat
pressure sensor locations of P1, P2, P4 and PBedCED results are shown in Fig. 7. The passing
time of all pressure waves at each location areutated to be about 0.0037 ~ 0.0041 seconds. The
calculated magnitudes of all pressure waves arataiaed around 500 kPa, and the pressure build-up
phenomenon between the pressure sensors is nat ifotiee CFD calculation.

In the test results, the pressure build-up prodessa short distance of 0.1 ~ 0.3m was clearly
measured at very small time duration of about 08€€conds (Fig. 7). This difference between the
CFD results and test results may be resolved byeshnsensitivity calculation with a denser grid
model because the propagation of an instant pressave may depend on the cell length in the grid
model. Also, the comparison of the flame front TB&ween the CFD results and the test results (Fig.
8~9) indicate that the predicted value by the CRBIysis are about 0.015 seconds slower than those
measured in the test. Moreover, the passing tiora the ionization sensor 6 to the ionization sefsor
predicted by the CFD analysis is as much as 7 tioreger than that of the test results.

The CFD results and the test data of the averadghemaximum peak overpressure and the flame
front TOA are shown in Table 1. As a result of toeparison of the CFD results and the test data, we
can see that the physical phenomena of the ovarpeesnd flame front TOA in the CFD results with
the spark ignition model (r = 4cm,  119kPa, = 2,000K) simulate well the physical behaviour of
the test results, but the CFD results do not atelyraredict the measured value in the test resttis
difference between the CFD results and the test ftatthe overpressure and flame front TOA is
about 100 ~ 150 %. Thus, as a first thing, theitieity CFD calculation by varying the parameteffs o
spark ignition model should be performed to aca&lyapredict the flame front TOA of test results
because the pressure distribution is usually détexinby an amount of volume and time span for
completing the combustion in a certain spakiger finding the best parameter of the spark iignit
model, the grid sensitivity calculation may be rsszgy because the decay of pressure wave
magnitude is generally dependent on the mesh laisitoin.
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Fig. 5 : Temperature distributions on the centanglby the CFD analysis
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Table 1. Comparison of overpressure and flame sjpesatk tent region between CFD results and Test
Results (SRI, 2002)

Overpressure Flame Speed*
CED -Average : 441.8 kPa -Average : 27.0 m/s
-Maximum : 473.1 kPa -Maximum : 34.1 m/s
Test -Average : 781.3 kPa -Average : 62.3 m/s
-Maximum : 1,072.3 kPa -Maximum : 79.1 m/s

*Definition of Flame Speed : distance from ignitipaint to ionization sensor location is dividedftame
front TOA

4. CONCLUSIONS AND FURTHER WORK

According to the CFD analysis results for the SRiyslrogen explosion test, it is concluded that the
CFD analysis can reasonably predict the peak ogsspre and flame front TOA if proper values for
the pressure and the radius for the spark ignitiodel are chosen. Therefore, the CFD analysis may
be used as an accurate evaluation tool to provide 3-dimesnional information on a peak
overpressure and the time history of an overpresganiation. However, the sensitivity calculatian f
the spark ignition model and grid distribution shbbe performed to establish the CFD analysis
methodology for the hydrogen explosion.
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