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1. Introduction

Hydrogen gas in the severe accident can be generated
by various phenomena and can greatly affect the
integrity of the containment building due to its gas
characteristics (light density, high heat of combustion)
[1-3]. In the severe accident, hydrogen combustion may
occur due to a certain hydrogen concentration, oxygen
concentration, and ignition source in the containment
building, and the flame generated by combustion may
be accelerated or decelerated depending on the
surrounding geometric characteristics, temperature and
pressure, etc. If decreasing of flame speed continues,
quenching will finally occur, and if increasing of flame
speed proceeds, a detonation can occur at the end [1-3].
Therefore, it is necessary to assess the flame
acceleration due to hydrogen combustion in the
containment building (IRWST, Upper dome and Cavity
etc.) according to accident sequence in order to prevent
the detonation in the severe accident.

2. Methods and Results

2.1 Methodology of flame acceleration assessment

Many researchers have written a state-of-the-art
report on flame acceleration and deflagration to
detonation transition in OECD/NEA, and it has been
confirmed that the factor that has the greatest influence
on flame acceleration is the expansion ratio (density
ratio between product and reactant) [1]. The expansion
ratio is expressed as Equation (1) according to the
definition [4].
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where, o is the expansion ratio, p is density, u and b

are unburned gas (reactant) and burned gas (product).
When calculating the density, it is independent of the
pressure, and it is assumed that there is no change in
mass and enthalpy before and after the reaction, so
Equation (1) can be expressed as Equation (2) through
the ideal gas equation.
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where, m ismass, V isvolume, n is mole number, R
is universal gas constant, T is temperature and P is
pressure.

Meanwhile, looking at the OECD/NEA state-of-the-art
report, GASFLOW, a detailed analysis program for
thermal hydraulic phenomena in the containment
building, calculates the flame acceleration assessment
through o, .. asshown in Equation (3).
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Through Equation (3), if o4, IS less than 1, the
possibility of flame acceleration is excluded, and if it is
greater than 1, it is evaluated that there is a possibility

of flame acceleration. The critical expansion ratio
(= Ogiiea ) in Equation (3) was determined according to

the gas temperature and hydrogen-oxygen concentration
as shown in Table 1. In addition, in the hydrogen hazard
assessment program (DDTINDEX) developed by AECL
[5], the critical expansion ratio under the hydrogen-lean
condition is expressed as Equation (4) based on Table 1.

O iieas = 3.75—-0.0115x(T, —298)

+0.00002x (T, —298)° &
2.2 Calculated Adiabatic Flame Temperature
model

In order to calculate the expansion ratio in the
previous chapter, the number of moles and
temperature of unburned gas and combustion gas
are needed. In the hydrogen combustion, since 1
mole of hydrogen gas and 0.5 mole of oxygen gas
produce 1 mole of steam, the number of moles of
unburned gas and combustion gas can be
calculated relatively simply. The combustion gas
temperature is calculated through CAFT
(Calculated Adiabatic Flame Temperature) model
considering conservatism [7-8]. The assumptions
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applied to the CAFT model are as follows:

Table 1 o, according to temperature and
concentration [5]

O-critical
Temperature
9 Cy <2:Co, G, >2:C,
300 3.75 3.75
400 2.80 3.75
500 2.25 3.75
650 2.10 3.75

(1) During the combustion, all hydrogen gas or oxygen
gas is completely combusted.

(Concentration of hydrogen or oxygen gas after
completion of combustion is 0 vol.% according to the
hydrogen-oxygen concentration ratio in unburned gas)
(2) All energy generated from combustion is transferred
to the surrounding flame, and there is no heat loss.

(3) The combustion process is isobaric and isoenthalpy.

According to the above assumption and the 1st law of
thermodynamics (the law of conservation of energy), the
enthalpy between the burned gas and the unburned gas
is the same, so it can be expressed as Equation (5).
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where, unburned is unburned gas, burned is burned
gas, n; is the number of moles of i gas in unburned gas

and burned gas, AH?,H20 is standard heat of formation

of water vapor, c,; is specific heat at constant pressure

of i gas, T, is temperature of unburned gas, T, is
temperature after completion of combustion and T, is

ref

reference temperature (= 298K).

2.3 Comparison with ANSYS CHEMKIN program

The ANSYS CHEMKIN program is a commercial
combustion analysis program considering detailed
chemical reactions. Through the ANSYS CHEMKIN
program, it is possible to calculate the temperature,
enthalpy, volume and pressure of the gas after
completion of combustion by considering all detailed

chemical reactions [9]. When calculating the gas status
after completion of combustion, various reaction stages
and various radicals are considered, and some hydrogen
gas is present in the mixed gas after combustion due to a
complex dissociation reaction, which leads to relatively
non-conservative results in terms of combustion
compared to the CAFT model. Therefore, in terms of
the regulation, it is necessary to calculate through the
CAFT model for flame acceleration assessment in
severe accident. Also, the conservatism of the CAFT
model should be checked through comparison with the
ANSYS CHEMKIN program. To check the
conservatism of the CAFT model, the expansion ratio
should be calculated and compared for the same case as
the ANSYS CHEMKIN program. The cases applied to
the calculation are as shown in Table 2, where the
hydrogen mole fraction is 0.01 to 0.15 (#11), the
oxygen mole fraction is 0.005 to 0.10 (#11), the water
vapor mole fraction is 0.0 to 0.5 (#9), and the
temperature is 285 to 500K. (#5), for a total of 5,445.
Figure 1 shows the expansion ratio calculated through
the CAFT model and the ANSYS CHEMKIN program
for all cases. o, is the value calculated using the

CAFT model and oy 1S the value calculated using

the ANSYS CHEMKIN program. The solid line shown
in the graph means that the expansion ratio calculated
using the CAFT model and the ANSYS CHEMKIN
program in the same case are equal, and the area below
the solid line means that the CAFT model results are
larger than the ANSYS CHEMKIN results. As shown
graph, it was confirmed that the expansion ratio
calculated using the CAFT model are similar to the
results of the ANSYS CHEMKIN program considering
the detailed chemical reaction within an average error of
8%. Also, for all cases, the expansion ratio calculated
using the CAFT model is always larger than that of
using the ANYSYS CHENKIN program. Considering
the detailed chemical reaction, as the heat of
combustion increases (high concentration of hydrogen
gas), the rate of the reverse reaction in which hydrogen
gas is generated during various dissociation reactions
increases [9-10], so the expansion ratio is relatively
small.
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Fig. 1. Calculated o using the CAFT model and the
ANSYS CHEMKIM program

Table 2 Factor and value in case

Factor Value

Hydrogen mole 0.01, 0.02, 0.04, 0.06, 0.08, 0.10,

fraction (-) 0.11,0.12, 0.13, 0.14, 0.15 (#11)
Oxvaen mole 0.005, 0.01, 0.02, 0.03, 0.04,
yQe 0.05, 0.06, 0.07, 0.08, 0.09, 0.10
fraction (-)

(#11)
0.0, 0.025, 0.05, 0.10, 0.15, 0.20,
0.30, 0.40, 0.50 (#9)

Water vapor mole
fraction (-)

Temperature (K) 285, 300, 350, 400, 500 (#5)

3. Conclusions

In this study, the assessment of flame acceleration
due to hydrogen combustion in the containment building
in the severe accident was analyzed. Among the flame
acceleration assessment methodologies analyzed in the
OECD/NEA report, in GASFLOW and DDTINDEX,
flame acceleration is determined based on the ratio
between the expansion ratio and the critical expansion
ratio. The expansion ratio can be calculated from the
number of moles and temperature of unburned gas and
combustion gas, and the critical expansion ratio is
calculated from the hydrogen and oxygen
concentrations and the mixed gas temperature. When
calculating the expansion ratio, the combustion gas
temperature can be obtained by applying the CAFT
model in consideration of conservatism. Finally, as a
result of comparing the results of flame acceleration
assessment using the ANSYS CHEMKIN program, a
commercial detailed combustion analysis program, and
the CAFT model, the expansion ratio calculated using
the CAFT model was always calculated to be larger than
the expansion ratio calculated using the ANSYS

CHEMKIN program, within the average error range of
8% due to the conservatism of the CAFT model.
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