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Abstract

The purpose of the FEUMIX3 calculation programme is to study the
consequences of an accidental leak of sodium circulating under pressure in a circuit
composed of pipes and tanks.

It mainly allows the thermal and mechanical consequences of a sodium fire
accompanying the leak to be evaluated :

- evolution of the pressure in the room,
- evolution of the gas temperature, of the internal structures and walls,
- nature and quantities of aerosols produced in the room or released
outside.

FEUMIX3 uses the global approach to the sodium/oxygen reaction interfacial
area.

The FEUMIX3 calculation programme mainly concerns the sodium jets
characterized by a Reynolds number higher than 105 for breaks with a cross section
exceeding several mm2, a variable sodium flowrate (experimental conditions ranging
from 0 to 250 kg/s) and for the time being, a sodium temperature of around 500°C.

FEUMIX3 moreover contains ventilation options allowing the parallel
simulation of several systems (ventilation, extraction, gas leak, valves, pressure relief
valves). The connection of several rooms to one another (100 maximum in the
present version) is also predicted.

The programme allows the interpretation of analytical experiments and the
pre-calculation of demonstration experiments to be carried out. Within the framework
of FR facility sizing, it supplies the data necessary to assess the integrity of the
structures, of the behavior of systems and materials and the harmful effects on the
outside or in the adjoining rooms. The model treats nearly all the scenario linked to a
sodium leak, from ignition, including the establishment time of the jet, to the
propagation of fire and up to the extinguishment of the fire. It is even able to take into
account the release of water coming from the over-heated concrete walls and to
simulate the new chemical reactions of water-sodium and water-aerosols.

1. OBJECTIVES OF FEUMIX PROGRAMME

FEUMIX 3 is a global code. This programme was designed to calculate the
consequences of an accidental sodium leak circulating under pressure in a circuit
made of pipes and tanks.

It helps to evaluate, in a room, the thermal consequences of a sodium fire
which occurs with the leak by calculating :

- the evolution of pressure in the room,
- the evolution of the gas and wall temperature,
- the nature and quantities of aerosols produced in the room.
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2. PHYSICAL MODELLING

2.1 DESCRIPTION OF THE SYSTEM

The configurations studied (cf. Figure 1) are generally composed of
- a room in which the sodium leak occurs,
- possible secondary rooms connected to the first,
- systems of openings to the outside or to adjoining rooms.

Water vapour

>— Sodium pool -

FIRE ROOM CONNECTED ROOM

Figure 1 : System studied

This geometry is modelled in thermodynamic systems, conducting systems
and mechanical ventilation systems.

2.1.1 Thermodynamic systems

The thermodynamic systems exchange mass among each other by chemical
reaction or transportation.
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2.1.1.1 The sodium jet

This system includes :
- all of the liquid sodium present in the jet, in other words the unburned part

and the fragmented part subjected to combustion ; this system has a mSj
mass and a Tj average temperature ;

- the liquid sodium / sodium vapour interface on the jet surface ; this interface
is assumed to be without mass at the Tj temperature ; under certain
conditions, there can be accumulation of sodium vapour but the latter is not
taken into account in FEUMIX : the hypothesis is made that all the vapour
produced is consummed by combustion.

2.1.1.2 The sodium pool

This system includes :
- the unburned sodium in the jet, which has fallen back onto the floor,
- the sodium streaming down the walls .

This pool has a msn mass and a Tn. temperature. In the present version of
FEUMIX, the sodium deposited forms a pool which is assumed to be inert : it does
not react with the oxygen of the room, nor with the water vapour released by the
concrete walls.

2.1.1.3 The flame

The « flame » zone is where combustion occurs. It is made up of the sodium
vapour/ gas interface. It is a zone without mass characterized by its temperature Tf.

2.1.1.4 The gases

The «gas » system is mainly composed of the nitrogen and oxygen present in
the room. Carbon dioxide is neglected.

The water vapour released from the overheated walls joins up with the gases
but instantaneously reacts with the sodium oxide aerosols, and with the sodium in
suspension. Its mass is however constantly accounted for as all the chemical
reactions are written in the form of equilibriums.

During the chemical reaction sodium / water, there is release of hydrogen
which is accounted for in this system before it reacts with oxygen.

This system has the properties of a perfect gas and occupies the volume of
the room minus the volume of sodium and aerosols present in this room. It is
characterized by its pressure Pg, , its temperature Tg and by the masses of nitrogen
mng, of oxygen mog and possibly hydrogen mhg and of water vapour meg.
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2.1.1.5 The aerosols

The « aerosol » system groups the sodium monoxide formed during
combustion and the sodium peroxide formed in the gas environment.

In the long term, there can be formation of soda by chemical reaction with the
water vapour released by the concrete walls. This soda is integrated in the
« aerosol » system.

This zone is characterized by its temperature Ta and the respective masses of
the aerosols : monoxide mma, peroxide mpa and soda

2.1.2 Conductive systems

Each wall or each internal structure forms a conductive system which is
characterized by its geometry, its mass and its thermal properties.

A wall can be composed of several layers of different materials, each layer
can eventually be meshed.

2.1.3 Ventilation systems or openings

A room can be connected to the outside environment or to another room by
openings. Many openings are foreseen as for example :

- a known section hole and charge loss ;
- an inlet or outlet valve ; a valve can open instantaneously at a given

pressure ;
- a pressure relief valve with thresholds of beginning and end of opening.

2.2 THERMAL EXCHANGES

2.2.1 Radiation

The « gas » and « aerosol » environments are considered as being semi-
transparent. They receive the energy radiated from the flame.

The direct flame/wall exchange takes into account the instantaneous
concentration of aerosols. During the first seconds of the fire, the aerosol
concentration is low ; the radiation of the flame towards the wall is then direct.

Simplified formulations are applied to evaluate the fluxes radiated between :
- the flame and the walls,
- the flame and the aerosols,
- the aerosols and the walls.

2.2.2 Conduction

The conduction phenomena are taken into account inside the conductive
systems (walls and internal structures). They are ruled by the Fourrier law.
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The sodium pool exchanges with the floor by conduction.

2.2.3 Convection

The convection phenomena condition part of the thermal exchanges between
different systems. There is heat convection between :

- the sodium jet and the flame,
- the flame and the gases,
- the gases and the aerosols,
- the gases and the walls,
- the sodium pool and the gases.

2.3 MASS EXCHANGES

Mass exchanges occur between systems to supply the chemical reactions or
to obey the dynamic laws (sodium deposit or ejection through the openings). There
are mass exchanges :

- from the sodium jet to the flame,
- from the sodium jet to the sodium pool (deposit of unburned sodium),
- from the oxygen to the flame (combustion),
- from the water of the walls to the gases (water desorption of concrete),
- from the water of the gases to the aerosols (water / aerosol reaction),
- from the water of the gases to the sodium jet (sodium / water reaction),
- from the hydrogen to the gases (H2 produced by the sodium/water

reaction),
- from the soda produced at the « sodium jet » system level which joins up

with the « aerosol » system,
- aerosols produced in the flame towards the gaseous environment,
- sodium supply through the break,
- transportation of gases, aerosols and sodium between the fire room and

the other rooms or the outside.

The mass transfers between the sodium jet and the flame and between the
flame and the gases present an analogy with the convective thermal exchanges.
This analogy is used to evaluate the mass flowrates.

2.4 MASS AND ENERGY TRANSFER ANALOGY

A very important parameter of FEUMIX is the Sjh thermal factor. This term
comes from the equation of exchange by convection between the flame and the
gases :

Qf^g=SLh(Tf-Tg)

in which
is the power released by convection from the flame to the gases (W),

is the interfacial surface between the flame and the gases (m2),
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h is the convection coefficient between the flame and the gases (W. K :. m^),

Tf is the temperature of the flame (K),

To is the temperature of the gases (K).-

Many of the equations in the programme are written with this parameter in
mind as FEUMIX is based on the similarity hypothesis between mass and energy
transfer. That is why the term Sjh can be found both in the energy results and in the
mass results.

For example, the diffusion flowrate of oxygen can be expressed :

in which
Fo is the oxygen flowrate from the gases to the f lame, consummed by

g~* combust ion (kg. s"1),
Yo is the mass fraction of oxygen in the gases (0.23 g. g'1),

CD0 is the heating capabil ity of gases (J. kg"1. K"1)

This parameter is an entry data of the programme. Several possibilities are
given the user to introduce this variable : the user can, among other choices, enter
the t ime evolution of Sjh or give a combust ion efficiency. The qualif ication (Cf. § 4)
and the AIRBUS tests [1] have the same purpose : help the user to evaluate this
term according to the configurations studied.

3. ENTRY DATA AND RESULTS OF PROGRAMME

The entry data describe :
- the geometry studied : nature and surface of walls, volume of the room and

eventually description of openings,
- the initial state of the room : temperature, pressure and gaseous

composition,
- the boundary conditions as the characteristics of the break (section,

flowrate of sodium ejected) or the thermo-dynamic state of the outside
environment,

- some physical models which have been parameterized such as the value of
the Sjh coefficient, the thermal exchange coefficient between the gases and
the walls, the chemical reactions which must be taken into account.

The FEUMIX programme calculates at any time :
- the temperatures of the thermodynamic systems,
- the wall temperatures,
- the concentrations of chemical compounds in each room,
- the mass flowrates per chemical compound going through the openings,
- the pressure in each room.

362



4. QUALIFICATION

The FEUMIX programme is presently qualified in its 3 c.O version.

4.1 EXPERIMENTAL AREA

The experiments used for the qualification reproduce the conditions of a
sodium leak accompanying a clean break in the pipes [2] [3].

Thirty experiments conducted in Cadarache (IPSN / DRS France) and in KZK
(Germany) have been taken into account. The experimental conditions of the tests
are presented in Tables 1 and 2.

Vessel

JUPITER
3600 m3

MERCURE

22 m3

POLLUX
3.7 m3

4.5 m3

PLUTON

400 m3

Tests

IGNA 3602
IGNA 3604

FJ02
FJ03
FJ04
FP21
FP22
FP24

IGNA +2
IGNA 2.2
IGNA 3.2
IGNI3.2

IGNI +2
FP209
FP245

FMA23

IGNA 400

IGNA 402

Ejection
flowrate

kg.s'1

90
225
3.22
0.7
1.57
0.31
1.05
1.23
8.5
1.44
5.4

5.65

8.53
0.387
1.02

variable
from

0.316 to
0.625

variable
from

0.08 to
0.325

variable
from 5 to

17

Jet
temperature

°C

550
550
500
500
500
500
500
500
550
550
550
550

550
550
550

550

Cf. Remarks

345

Diameter of
the nozzle

m

0.1053
0.182
16 1O'J

16 10'-1

16 10"J

3.2 10"°
7.5 -\0"*
7.5 10""
26 10""
10 10"1*
26 10"J

26 10"J

26 10"J

10 10'J

10 10"J

10 10'J

5 10"J

41.6 10"J

Duration
of

ejection

s
4

8.8
4

26
3.5
6

3.5
6

15.3
90
20

20.3

15.2
1
2

117

700

82

Remarks

Helicoidal

nozzle

Jet in inert
atmosphere

nozzle with
397 holes of

0.5 mm
in diameter

Flowrate
and variable
temperature

oblique jet

Tableau 1 : Experiments conducted at the IPSN (France)
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Tests

FCA 2.2
FCA 3.2

FCA 6.2

FCA+2
FCA ++2
FCA 150

FS6

FS 14
FS 18

FS21

FS31

FS35

FCI 3.2

Ejection
flowrate

kg.s"1

1.76
5.05

5.41

7.85
15.5
150
50

1.2
1.41

0.8

2.8

5.4

5.15

Jet
temperature

°C
550
550

550

550
550
550
500

500
500

500

500

500

550

Nozzle
diameter

m
1 o 1 cr5

26 10'J

26 10"J

26 10"J

35 10"J

15 1O'J

6.6 10"'

8 10"*
8 ^0"i

8 10"J

11.3 10"J

19.6 1O'J

26 10"J

Duration
of ejection

s
52
21

21

15
25.5
10
1

25
43

108

38

19

23

Remarks

Influence of the
distance between the

break and the
obstacle

nozzle with 271 holes
of 4 mm in diameter
nozzle with one hole
nozzle with 4 holes of

4 mm in diameter
rectanglular nozzle

1 mm x 50 mm
nozzle with 8 holes of

4 mm in diameter
nozzle with 6 holes of

8 mm in diameter
Jet in inert

atmosphere

Tableau 2 : Experiments conducted at KZK (Germany) in a vessel of 220 m

tests :
The qualification area is represented by the experimental conditions of these

- the sodium jets are upwards ;
- the temperature of the sodium ejected is 500-550°C ;
- the ejection flowrate varies between 0.15 kg.s'1 and 230 kg.s"1 for a

Reynolds number of 7.4 104 to 2.1 105;
- the tests were conducted in vessels of 3.7 m3, 4.5 m3, 22 m3, 220 m3,

400 m3 and 3600 m3.

4.2 CALCULATION / EXPERIMENT COMPARISON

The qualification allowed us to evaluate the values of the Sih coefficient. In
terms of combustion efficiency, it is interesting to note that :

- the efficiency is maximum, of roughly 90 %, when the jet is finely divided
and of low flowrate (0.3 kg s"1),

- the efficiency does not exceed 30 % for the ejection flowrates higher than
90 kg. s"1.
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Concerning the FEUMIX programme, the results of the calculation /
experiment comparisons highlight the following points :

- the pressure is actually calculated by the code,
- the temperature of the gases calculated is an average temperature of the

experimentally measured temperatures,
- the temperature of the walls is under-estimated because there is no

discretisation of walls in FEUMIX ; a single temperature is calculated for a
given wall,

- the oxygen concentration calculated by the code is an average value of the
concentrations measured during the tests.

As an example, curves are shown in Figures 2 to 5. The IGNA 3.2 experiment
was conducted at Cadarache (France) in a confined vessel of 22 m3. The sodium
ejection flowrate was of 5.4 kg. s"1 for 20 s. The jet was directed upwards and was at
a temperature of 550°C.

kcession (hPa)
0. 5. 10.

Pcession (hKa)
252000

1500

1000.

500.

0

15 20

10 15 20.

'ihfe'tah't' ' (s) ' -

i n s t an t ( s )

150C

100C

500

25

FEUMIX3C.0

* P—EXD
AXES X2Y2

B P-calcul

IGNA 3.2 - 5.4 k g / s during 20
Gas Pressure

Figure 2 : Gas pressure
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I empsratute CC7
0. 5. 10.

i emperatu.ce CC7
20 25.900 15.

800

instant (s ):
I&00

800

FEUHIX3C 0

* Texp_rnin

•+• Texp_max

C Tg-calc

IGNA 3.2 - 5.4 kg /s during 20
Gas Temperatures

Figure 3 : Gas temperature

100 U
F

i emperature
0 5.

FEUHIX3C 0

+ T=xo_max

* Texp_min

C Tw-calc

IGNA 3.2 - 5.4 kg /s during 20
Wall Temperature

Figure 4 : Wail temperature
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Figure 5 : Oxygen concentration

5. CONCLUSION

The FEUMIX programme treats practically all of the scenario linked to sodium
leaks, from inflammation including the time of establishment of the jet to propagation
of combustion, to extinguishment. In the present version, the pool fire has not been
modelled. The model takes into account the release of water from the overheated
concrete walls and can simulate the chemical reactions of water/ sodium and water/
aerosols. The connection of several rooms among each other allows to measure the
effect of adjoining rooms on the accident kinetic and to monitor the consequences of
the leak in the neighbouring areas.

Within the framework of the design of FR rooms, FEUMIX provides the
necessary data to estimate the integrity of the structures (resistance to pressure and
temperature), the behaviour of systems and damage inflicted on the outside
environment or on contiguous rooms.

Its global approach to the system can be refined in the future by a finer
approach as that used in PULSAR.
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