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1. Introduction

In the case of a nuclear power plant (NPP) severe
accident, the explosion of hydrogen generated inside the
containment building must be prevented, but it is very
important to predict the extent of the explosion in case of
emergency.

Very large amount of experiments and simulations of
hydrogen flame are still ongoing, among which the
THAI-HD series experiments was also carried out at
OECD-NEA. Among the THAI-HD (Thermal-
hydraulics, Hydrogen, Aerosols and lodine — Hydrogen
Deflagration) tests, HD-15 measured the behavior of 10%
concentration (equivalent ratio ¢ = 0.26) of hydrogen-air
flame in cylindrical vessel, with a height 0f 9.2 m, and a
diameter of the main part of 3.2m. The ignition was in
the center at the 0.5 m height from the vessel bottom.
Detailed experimental condition can be found in Table 1.

(1]

Table 1. Experimental condition
Hydrogen + air
(H2 10%, Air 90%)

Reactant

Equivalent ratio 0.26
Pressure 1.46 bar
Gas temperature 90C

The laminar speed of 10 % hydrogen-air mixture
flame in the reference condition (Sup) measured in the
experiment is 0.2 m/s. [2]

As the flame propagates, the temperature and pressure
of the surrounding environment increase, and the speed
of the flame also changes as the temperature and pressure
change rate. This can be expressed as following equation.

[3]

Su = Sug (Tw/To)*(p/po)” (D
Where, T, — unburnt gas temperature, To — reference
temperature (300 K), p — pressure, po — reference

pressure (1 bar),
a=2.18-0.8(p-1) 2)
L=-0.16+0.22(p-1) 3)
This simulation study benchmarked the HD-15

experiment by applying the above equation (1) to the
XiFoam solver in OpenFOAM. [4]

2. Methods

In XiFoam, the propagation of the flame surface,
temperature and pressure are calculated by using
flamelet combustion model.

2.1. Governing equation

In the flamelet model, the flame front is determined
according to the regress variable b. The regress variable
can be obtained by solving the follow equation (4).

5 (ob) + V- (pib) ~ V- (£ ) = —ps. ()

Where, b - combustion regress variable, Sc; - turbulent
Schmidt number, S. - reaction regress source term. And
source term can be written as equation (5).

—pSc = puSu§|Vb| Q)

Where, S, — laminar flame speed (eq. 1), pu — density
of unburnt mixture, and & — flame wrinkling. The laminar
flame speed multiplied by flame wrinkling is the
turbulent flame speed transitioned as the flame surface
propagates.

The flame wrinkling can be calculated by solving the
transport equation (6).

‘;_f+U-V§:Gf—R(f—l)‘l‘(O's_O't)f (6)

Where, U is the average velocity at the flame surface,
o, is the strain rate, the subscript s means the surface. G
and R are given by :

G=R?a? ™
$eq
= 028 %%
R= T T (8)
and,

§y =1+ 0.62\/%&, )
£ = 1+2(1 = b)(Ey — 1) (10)

where :

u’ is the turbulence intensity, R, is the Kolmogorov
Reynolds number, 7 is the Kolmogorov time scale.
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2.2 Simulation set-up

Using snappyHexMesh, a utility of OpenFOAM, the
mesh of the same geometry as the HD-15 experimental
vessel was generated. The simulation domain consists of
1.17 million cells with 78% of hexahedral elements. (Fig.
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Fig. 1. Cross section of geometry, location of measuring
points and mesh generation

The simulation was carried out by selecting k-omega
SST model as the turbulence model, and additionally,
buoyant k-omega SST model considering the effects of
gravity and buoyancy was used. Specifically, in the
buoyant k-omega SST model, the buoyancy term is
added to the turbulence kinetic energy term in the k-
omega SST model as shown in the following equations.

The turbulence kinetic energy term of the k-omega
SST :

dpk +6pujk d w+ )ak
a " ox  ox |0 T T ey

= ppr — pB wk (11)

The turbulence kinetic energy term of the buoyant k-
omega SST :

ok
o T ox o [P OV a]

= ppr — pB wk + Gy (12)

dpk  Opujk 0 [

The buoyancy term
G =22y, (13)

ot 6}6]' J
In which g, = 0.85. More details can be found in
reference [5].

As in the experiment, the temperature was measured
at a total of 13 measurement points at 0.7 m intervals
along the central axis (0.7 m ~ 9.1 m), and the flame
propagation speed was inferred from the flame arrival
time.

3. Results
3.1 Flame propagation speed

In the experiment, same as the simulation set-up, 13
thermocouples were installed at 0.7 m intervals along the
center of the vessel (0.7 m ~ 9.1 m). The temperature of
each thermocouple was measured as the flame passed,
and the propagation speed of the flame was compared
based on the time when 1000 K was measured in each
thermocouple.

In Figure 2, the flame propagation speed in the
simulation using the two turbulence models and in the
experiment are compared. The gradient of each graph
indicates the speed of the flame.

In the simulation using the k-omega turbulence model,
the predicted result was that the propagation speed of the
flame was faster than that in the experiment. The mesh
size used in the simulation was coarse, so the ignition
size was relatively large (d = 0.25 m), and accordingly,
the initial flame speed was predicted to be faster.

In the buoyant k-omega SST model, the results were
close to the experiment by considering the interaction
between the buoyancy of the flame and the gravity.
However, due to the initial ignition size, the propagation
speed of the flame was predicted to be faster until 0.5 s
after ignition.
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Fig. 2. Flame front propagation

3.2 Pressure

Fig. 3 is a graph showing the pressure change inside
the vessel.

As in the result of 3.1, in the simulation, the initial
flame propagation speed was fast due to the ignition size,
and the pressure rise also tended to be faster than in the
experiment.
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The maximum pressure measured inside the vessel
was predicted to be around 5 bar in both experiment and
simulations. However, in the experiment, the maximum
pressure was recorded at 2.5 s after ignition, but the
buoyant k-omega SST case showed a tendency to bend
the pressure rise at 2 s after ignition, and the maximum
pressure was recorded at 3 s. The k-omega SST model
recorded the highest pressure at 2.7s.
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Fig. 3. Pressure rise trend
3.3 Temperature

In Figure 4, the flame temperature was compared with
the results recorded at the center of the vessel (h =4.9 m).
In all cases, the highest temperature was recorded at this
height. In k-omega SST case, the maximum temperature
was recorded 970 C at 3 s after ignition, and in both the
experiment and buoyant k-omega SST case, the
maximum temperature was 950 C at 3.5 s.
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Fig. 4. Temperature change comparison ath =4.9 m

4. Conclusions

Simulation was performed using an OpenFOAM
flamelet combustion model(XiFoam) to predict the
hydrogen flame propagation speed. As a result of
comparison through the HD-15 test and the case of using
the buoyant K-omega SST model that added the effects
of gravity and buoyancy was the closest to the test result.

However, due to the large ignition size, the initial flame
acceleration was overestimated. When simulated using a
finer mesh, it will be able to expect better results.
Through this study, it will be applicable to prediction of
hydrogen flame behavior inside NPP containment in the
case of severe accident.

REFERENCES

[1] OECD/NEA THAI Project, Hydrogen and Fission Product
Issues Relevant for Containment Safety Assessment under
Severe Accident Conditions, Final report,
NEA/CSNI/R(2010)3, 2010

[2] G. W. Koroll, R. K. Kumar, and E. M. Bowles, Burning
Velocities of Hydrogen-Air Mixtures, Combustion and Flame,
94(3), pp-330-340, 1993.

[3] M. Metghalchi and J. C. Keck, Burning velocities of
mixtures of air with methanol, isooctane, and indolene at high
pressure and temperature, Combustion and Flame, 48, pp.191-
210, 1982.

[4] OpenFOAM Web site, “https://openfoam.org

[5] B. Devolder, p. Rauwoens, P. Troch, Application of a
buoyancy-modified k-omega SST turbulence model to simulate
wave run-up around monopole subjected to regular waves
using OpenFOAM, Coastal Engineering, 125, pp.81-94, 2017.



