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ABSTRACT

NUPEC has been improving a hydrogen combustion model in MELCOR code for severe
accident analysis. In the proposed combustion model, the flame velocity in a node was predicted
using six different flame front shapes of fireball, prism, bubble, spherical jet, plane jet, and
parallelepiped. A verification study of the proposed model was carried out using the NUPEC
large-scale combustion test results following the previous work in which the GRS/Battelle multi-
compartment combustion test results had been used. The selected test cases for the study were
the premixed test and the scenario-oriented test which simulated the severe accident sequences of
an actual plant.

The improved MELCOR code replaced by the proposed model could predict sufficiently both
results of the premixed test and the scenario-oriented test of NUPEC large-scale test. The
improved MELCOR code was confirmed to simulate the combustion behavior in the multi-
compartment containment vessel during a severe accident with acceptable degree of accuracy.
Application of the new model to the LWR severe accident analysis will be continued.
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1. INTRODUCTION

In order to simulate the hydrogen mixing and combustion behavior in a containment

vessel two kinds of analytical model have been considered. One is the multi-dimensional (or

field) model, applied in GASFLOW(1) and CFX-F3D(2) for example, which allows simulating

the local hydrogen behavior mechanistically. But it requires considerable CPU resources, as

well as memory resources, which makes the precise multi-dimensional simulation of the

complete containment geometry be difficult. The other is the lumped-parameter model,

applied in MELCOR(3) and RALOC(4> for example, which has an advantage that a complete

geometry can be represented by a series of nodes and junctions, and that the simulation can

cover the whole physical time of a severe accident in a limited CPU time. However, due to

the limitations of the model, it is generally difficult to simulate the local hydrogen behavior

in a node, such as the flame propagation. For example, MELCOR hydrogen combustion

model, which consists of empirical models based on experimental data from single-chamber

premixed combustion tests, can not track a propagating flame front in a node. That is, the

burning rate is defined as the flame velocity multiplied by the constant cross sectional area

and the time lag for flame propagation between adjacent nodes, specified as user input.

Thus the calculated pressure as well as burning time in a node (compartment) is depending
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on the input data of time lag arbitrarily specified.

Therefore NUPEC proposed a new model MCFLASH (Multi-Compartment Flame

Shape Model) which replaced a combustion model in MELCOR code to simulate local

combustion behavior in a multi-compartment containment vessel with acceptable accuracy

and CPU time. In the previous work, the proposed model was already verified by

premixed test of GRS^Battelle (B). To verify the model installed in MELCOR code, the

NUPEC scenario oriented large-scale combustion test results as well as premixed test

results were used.

2. COMBUSTION MODEL

(1) Node geometry

The proposed model calculates the laminar and turbulent burning velocity. The burning

rate is denned as the flame velocity multiplied by the front surface of the growing fire shape,

considering the three dimensional geometry of the nodes and the connection junctions.

Figure 1 shows the node geometry of the combustion model. The node geometry is

rectangular, in which flame is generated and propagates. The node dimensions are

characterized by length (L), height (H), and width (W) and the node is interconnected by several

junctions to other nodes. The location of an igniter and the flame front are specified by

Cartesian coordinate of X, Y and Z.

(2) Flame propagation model

The flame velocity in each node is predicted using six different flame front shapes of

fireball, prism, bubble, spherical jet, plane jet, and hypothetical parallelepiped, as shown in

Fig.2.

Figure 3 summarizes schematically the flame propagation in six different shapes described

above. The upward flame front velocity Sr of the fireball is the sum of the propagation velocity,

the upward velocity Ubt and the. expansion velocity caused by combustion. The upward velocity

Ub| is determined by a force balance as follows:

L-?\-lc ML
dt \pb ) 8 D pb rb

where, p b: burned gas density CD: drag coefficient

p u: unburned gas density rb: radius of the fireball

The prism, contacted with a ceiling, has two flame propagation velocities Sh and Sd in

horizontal and downward directions. The horizontal velocity Sh includes the expansion velocity

and the spreading velocity due to the buoyancy force. The downward velocity Sd includes the

expansion velocity and the upward velocity due to buoyancy force. In the bubble flame, the

upward and downward velocities Su and Sd are determined by the expansion velocity and the

upward velocity Ub expressed as follows:

Ub = 0.48 gR——— R: hydraulic radius
I Pu )
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The shape of spherical jet and plane jet is determined by the upper stream gas conditions

mainly dependent on junction velocity Uj.

Propagated flame coming from a compartment into a large free volume, which is divided to

small nodes and connected each other with paths, changes into a parallelepiped flame. The

parallelepiped flame is characterized by gas conditions in the node and the upper stream

gas velocity. The vertical velocity Su, Sd include the expansion velocity and the upward velocity

due to buoyancy force. The horizontal velocity Sh includes the expansion velocity and the

spreading velocity due to the buoyancy force in addition to an average fluid velocity in the node.

(3) Burning velocity

In the combustion model, a laminar burning velocity derived from experiments'6' and

the turbulent burning velocity reported by AECL(7) are adopted. This turbulent burning

velocity consists of the laminar burning velocity Su and multiplier of the turbulence

intensity factor 4>, as follows:

where,

(j>: turbulence intensity factor u': turbulence velocity of the flame front

Su: laminar burning velocity u": turbulence velocity generated by the flame

B: constant value of 16 „ _ Su " j" ][ puu =vn "Ju"
3. NUPEC LARGE-SCALE COMBUSTION TEST

For the validation of the proposed model, the results of the NUPEC Large-scale

hydrogen combustion test were used. Figure 4 shows the NUPEC model containment

vessel and the compartment configuration. The model containment vessel is spherical

(inner diameter: 8m, free volume: 270m3) and has eleven compartments. The selected test

cases for the study were the premixed test B-4-6, and the scenario-oriented test B-ll-3 and

B-ll-4.

Table 1 shows the test conditions. In the premixed test B-4-6, the gas composition was

hydrogen-air mixture, and the initial temperature and pressure were room temperature

and atmospheric pressure, respectively. A spark type igniter was installed at the lower

general compartment and actuated at the beginning of the test. In the scenario-oriented

test B-ll-3 and B-ll-4, the initial gas compositions and the hydrogen and steam mixture

gas release rates were arranged simulating the accident scenario of small LOCA and

transient, respectively. Model containment spray and four igniters (glow-plug type) were

continuously actuated during the test.
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4. ANALYTICAL RESULTS

Figure 5 shows the nodalization of the large-scale test facility for the premixed test B-

4-6. The model containment vessel and compartments were divided into 78 nodes in axially

symmetrical in two-dimension. The heat sink of the spherical vessel and the internal

structure were considered. The calculated results by the proposed model were compared with

the NUPEC test results focussed on the pressure behavior in the compartments. Figure 6

shows the calculation results of B-4-6 in comparison with the test results. The calculated

pressure was slightly higher than the measured data.

Figure 7 shows the nodalization of the large-scale test facility for the scenario-oriented

test B-11-3 and B-ll-4. The model containment vessel and compartments were divided into

113 nodes in axially symmetrical in two-dimension. Figure 8 shows the calculation results

of B-11-3 in comparison with the test results. Ignition occurred at H2 concentration of about

5.5 vol % at the upper vessel (®) and then the flame shifted down to the gas injection

region (®) and remained there. No combustion occurred in the torus regions(©). The

proposed model could predict sufficiently the combustion behavior of the scenario-oriented

test B-11-3. Figure 9 shows the calculation results of B-ll-4 in comparison with the test

results. Since the steam flow rate and steam concentration was relatively high in test B-

11-4, ignition occurred at relatively high H2 concentration of about 7.5 vol % at the upper

vessel (®) and the flame remained there until H2 gas flow rate was decreased to nearly

zero. No combustion occurred in the torus regions((D). Though slightly underestimated the

H2 concentration, the proposed model could predict sufficiently the combustion behavior of

the scenario-oriented test (B-ll-4).

5. CONCLUSIONS

• NUPEC proposed a new combustion model to simulate combustion behavior in a

multi-compartment containment vessel.

• The improved MELCOR code replaced by the NUPEC model (MCFLASH) for the

combustion model could predict sufficiently both results of the premixed test and the

scenario-oriented test of NUPEC large-scale test.

• The improved MELCOR code was confirmed to simulate the combustion behavior in

the multi-compartment configuration.

® Application of the new model to the LWR severe accident analysis will be continued

focused on the sensitivity analysis of a number of nodes.
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Fig. 1 Node model of the proposed
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Table 1 Test conditions

Test case

Initial temperature

Initial pressure

Initial H2 concentration

H2 flow rate

Steam flow rate

Spray flow rate

Ignition point

(Note)

Premixed
homogeneous

conditions

40 °C

101 kPa

15 vol%

—

—

—
Lower general

compartment: Ig—2
(Spark type)

RUN B-4-6

Scenario-oriented
(LOCA with spray)

85 °C

140 kPa

0 vol%

0-0.94 g/s

20 -0 g/s

4.3 mVh
Four points:
Ig—1 ~Ig-4

(glow plug type)

RUNB-11-3

Scenario-oriented
(Transient with spray)

85 °C

125kPa

0 vol%

0-1.2 g/s

107-25 g/s

4.3 mVh
Four points:
Ig-1 — Ig-4

(glow plug type)

RUN B-11-4

/SoartTi,
/ " " " \ / I

\ /Gas F«»d Lin.
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Fig. 4 NUPEC model
containment vessel
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Fig. 5 Nodalization of the NUPEC Large-
scale Test Facility (Premixed test)
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Fig. 6 Analytical results comparing
with test results (B-4-6)
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Fig. 7 Nodalization of the NUPEC Large-scale
Test Facility (Scenario-oriented test)
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Fig. 8 Analytical results comparing
with test results (B-ll-13)
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Fig. 9 Analytical results comparing
with test results (B-ll-14)
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