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Abstract

An investigation into the reactor core accident cooling, which are associated with the power
grow up or switch off circulation pumps in the event of the protective equipment comes into action,
results in the problem of liquid metal boiling heat transfer. Considerable study has been given over
the last 30 years to alkaline metal boiling including researches of heat transfer, boiling patterns,
hydraulic resistance, crisis of heat transfer, initial heating up, boiling onset and instability of boiling.
The results of these investigations have shown that the process of liquid metal boiling has substantial
features in comparison with water boiling. Mathematical modeling of two phase flows in fast reactor
fuel subassemblies have been developed intensively. Significant success has been achieved in
formulation of two phase flow through the pin bundle and in their numerical realization. Currently a
set of codes for thermohydraulic analysis of two phase flows in fast reactor subassembly have been
developed with 3D macrotransfer governing equations. These codes are used for analysis of boiling
onset and liquid metals boiling in fuel subassemblies during loss-of-coolant accidents, of warming up
of reactor core, of blockage of some part of flow cross section in fuel subassembly.

1. INTRODUCTION

Regarding to physical and thermal dynamic properties of liquid metal coolants,
choosing the sodium as a coolant in fast breeder reactors was to be an ideal decision. The
nominal performance outlet sodium temperature is much less than its boiling temperature.
However, boiling is possible in improbable severe accident. Among the consequences of such
a process may be the pin superheating, loss of pressure. Furthermore, it can cause the
reactivity to enhance due to positive void reactivity factor of sodium.

Specific problems arise in studying coolant boiling. Vapor generation in any part of
subassembly, taking into account the great difference between specific volumes of vapor
and liquid, is a strong disturbing factor responsible for a realignment of hydrodynamics,
causing the flow to become insatiable. Study of possible failures calls for the problems
concerned with fuel pin cooling under conditions of low flow rate or natural circulation.

In this connection to the liquid metal boiling was given much attention over the last
three decades. Heat transfer, flow patterns, hydraulic resistance, crisis, mechanism of boiling,
problems of stability were being discussed. Results of studies presented, for example in [1-
10] have shown that boiling in liquid metal has specific features in comparison with water
boiling, among these are:
- the growth of liquid metal vapor bubble is of explosion character, with the rate of bubble

growth being in order of 10 m/s and the process of growth defined by iterative forces;
- the main two-phase flows in liquid metal are the same as those in common liquids, with the

disperse-annular flow dominating at the pressure close to atmospheric;
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- two-phase friction with the energy supplied is lesser than those in adiabatic flows, that is
connected with the vapor pushes the interface out of the main flow;

- phase transition in disperse-annular liquid metal flow is, as a rule, performed by
evaporation of near wall film provided bubbles do not generated at the wall (boiling is
absent), heat transfer coefficient is as great as hundreds of kW/m2, an influence of mass
velocity and quality appears to be moderate.

Attention in studying bundle liquid metal boiling focuses on the analysis of transient
and emergency performance caused by the drastic changes in power and by the various
blockages, by pump shut-down.

Most general approach for solving these problems, which was realized in many
scientific works, is two-liquid model of two phase flow within pin bundle. This model
represents two system of governing conservation equations for mass, momentum and energy
written for each phase. As far as averaged fields of parameters for phases are interdependent,
it is necessary to account an interaction effects.

Two-fluid model is a power apparatus for study two phase phenomena, especially in
flow areas, where phases are "weakly" bounded: stratification including different direction of
phase flows, sudden mixing, sudden acceleration of the flow etc.

In practical applications because of high level of commonness of two-fluid model,
especially due to large numbers of closing parameters, one can assume some simplifications:
lowering of equation step and/or partial or full refusal from two liquid description.

The important aspect of subchannel model is description of mechanisms and
parameters of mass, momentum and energy exchange (mixing) between two adjacent
channels: microtransport (turbulent exchange), caused by the gradient of phase concentration,
momentum or energy gradient; macrotransport (convection exchange), caused by pressure
disbalance, drift (or diffusion) of steam phase, which are proportional to gradient of mass
velocity in adjacent channels.

2. MODELING OF TWO PHASE LIQUID METAL FLOW.

2.1 Dynamic approaches in two phase liquid metal coolant.

The analysis of transient coolant flows in pin bundle has become especially urgent in
connection with investigating transient operating conditions of reactor and the analysis of
various emergency situations as well. The first models for calculating sodium boiling in the
reactor channel were based on consideration of a single bubble expansion [11]. It was due to
sodium tendency to superheating which was initially estimated as very high and, also, due to
very fast transition to slug, annular flow pattern. Further development of calculation models
were carried out towards increasing the number of bubbles generated in the channel. In this
case, in modern model sodium superheating above the saturation temperature is, as a rule,
taken to be no more than 20°C.

It should be noted that these models are in good agreement with experimental data.
Up-to date codes for calculating the ULOF and UTOP type accidents- SAS 4A, SAS 3D,
EAC-1, FRAX. CAPR-1, CARMEN - most often represent boiling with the use of version of
well known multi-bubble models as SAS-2A (USA) and BLOW-3 (Germany). Later the
models were made more complicated due to improvement in an account of friction, liquid
film motion and its separation, and due to an added criterion of pin dryout. In the framework
of such a model the initial thickness of liquid film is taken on the base of the liquid fraction
over the channel cross section, as equal. Crisis occurs when 1/3 of its initial thickness
remains. The first code developed in Russia for fast reactor channel dynamic calculations
taking into account sodium boiling was also based on a single-bubble model.
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The main content of up-to-date models is conservation equations for mass, energy and
momentum for the two-phase non-equilibrium flow, closing relations and inherent boundary
conditions. A delay in the development of such models for sodium is concerned with large
great non-linearity and a discontinuity of derivative at the liquid-steam interface, as for
sodium the ratio between liquid density to steam density is larger than for water. Of
importance is also the relationship between the absolute pressure of the medium and pressure
drop over the channel.

A 3D two-liquid model has been obtained by using temporal or statistical averaging.
The model is expressed in terms of two sets of conservation equation governing the mass,
energy and momentum balance in each phases. However, since the average fields of one phase
are not independent on the other phase, the interaction term appear in the field equations as
source term. For the most general dynamic problems such models were developed previously
[12].

A similar system of governing equations can be used also in subchannel analysis of
nuclear reactor core. In this case, a surface of the control volume is determined by the
subdivision of reactor core into elementary channels. For doing so, as a rube, additional
equation of momentum balance in transverse direction, as well as respective modeling notions
on substance transport between the channels. Ignoring these effects and also analyzing the
process going on in simply connected domain a system assume the terms mentioned to be left
out.

Interphase exchange terms are derived from the balance conditions at the interface. It
requires the local phase parameters on each side of the interface to be averaged with the
mixture satisfying the mutual exchange conditions. Initial and boundary conditions, relations
of turbulence transport of heat and momentum should be amplified by governing relations for
each of interaction terms in two-fluid model. At present, technical difficulties restrict
obtaining experimental information, as the established relations under development are
defined by the significant uncertainties.

It should be marked that the system of equations is either only possible nor totally
validated. The local transient equations are being derived and studying in a number of R&D
centers.

Two-liquid model is a very powerful procedure and is best capable of describing the
two-phase phenomena where the flow areas are available with the loosely held phases. Flow
stratification (in particular, in horizontal channels) including those under counter-current
motion of the phases as well as sudden mixing (one phase injects into another) and two phase
flow under acceleration are an examples. Let us notify that these phenomena are far of the
whole list of events attended on loss of coolant accidents. That is why the two-fluid model is a
basis of the majority of developments in this direction. In practice, because of a high level of
generality of the equations and a large amount of closing relations a simplification are needed
to define numerical results. The first way to simplify equations is connected with the
reduction of dimension (number of space coordinates), the second assumes the abandonment
of the two-liquid description (reduction of phase number).

2.2. Two-phase non-equilibrium flows.

In order to have analyzed transient and accident flow in ID approximation a large
amounts of codes were developed, basically, concerned with steam generators design [13-15].

Quality and efficiency analysis of codes developed are of prime interest for practice.
Reference [16] can be presented as an example, although it is based on the traditional, simple
homogeneous slip model but containing detailed analysis of numerical efficiency of the
models. The algorithm TRANS [17] uses a "hybrid" approach introduce the combining a
finite difference implicit process (for mass and momentum balances) and the method of
characteristics (for energy balance).
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The use of the formal average conservation equations is a reasonable expedient to the
transition to the ID description. This results in the appearance of averaged factors (C=0,l, ...)
referred to as distribution parameters. Representation of ID equation containing distribution
parameters which are equal to 1 is appropriate to the assumption on the plane profiles of phase
parameters to be accepted. Forms and number of distribution parameters depend on the kind
of two-fluid model. Analytical relationships for averaged factors were gained in [18].

2.3. Subchannel two-phase codes.

A great variety of subchannel codes is conditioned by, on the one hand requirements
on researches for the specific reactor cores, and on the other hand, attempts to develop
specific codes capable of processing as various structures, and different performances.
Accepted description of two-phase flows can be classified by types of the model, namely,
homogeneous, of separate flow and drift flow.

A very important feature of two-phase models is the description of the following
exchange mechanisms between the adjacent channels:
(1) Microtransport referees to as turbulent mixing which arises from the random turbulence

in the clearance between channels. Energy transport direction in this event is set so that
the enthalpy gradient between channels is reduce. Analysis of the data available is
presented in [19].

(2) Macrotransport referees to as transverse (or convective) flow which is governed by the
difference in axial pressure gradients in the channels under consideration (change in the
channels geometry, dissimilar heat fluxes and other irregularities). Physical prerequisites
accepted in deriving mathematical models, empirical relationships as well as native and
abroad codes are discussed in [19].

(3) Drift (or diffusion) of steam phase is taken as proportional to gradient of mass velocity in
adjacent channels. Using this opperach it has become possible to explain the observed
during experiments tendency to the steam runs into the high-velocity channels of
subassembly.

2.4. Two-phase codes taking into account axial diffusion.

Recently, a number of codes has been developed on the basis of 3D macrotransport
equations in terms of axial diffusion (momentum and energy) partially, in the framework
subchannel analysis and, basically in the frame of a porous body model [20-22]. The main
group of the codes was developed to analyze two-phase thermohydraulics but some of them
have a single-phase versions including those applied to reactor fuel subassemblies cooled by
liquid metal, as a rule. Two-phase flow is simulated, by homogeneous model, basically. To
solve liquid dynamic equations the methods ICE [23], SIMPL [24] and their modifications are
used. The codes applied to fast breeder reactors have been developed to analyse loss of flow
accidents, blockades of subassembly cross section, subassembly warming up (Table 1).

2.5. Three-liquid models (heat transfer crisis).

To analyze heat transfer crisis in disperse-annular flow the three-liquid models are
currently used [21], in which three interacting phases are under consideration, namely: liquid
film, vapor core and disperse (drop) flow. In this case, as a rule, the following assumptions are
allowed: the phase temperatures is equal to saturation temperature, velocities of vapor and
drops are equal.

A considerable gain in physics and mathematics of three-liquid models turns into a
serious problems associated with a rich variety (in comparison with two-liquid models) of
closing relations and difficulties in their numerical realisation.

110



TABLE I. THE SYSTEMATISATION OF COMPUTER CODES FOR REACTORS SUBASSEMBLIES WHICH WORK
IN NON-STATIONARY MODES WITH SINGLE- AND TWO-PHASE COOLANT FLOWS

References Code Approximation Single-
phase flow

Two-phase flow

Hotnogenius Non-homogenius

Non-
stationary flow

Numerical method Country

[38]

[39]

[40], [41]
[42]
[36]

[43], [44]

[45]

[46]

[47]

[48]

[49] .

SABRE-1
SABRE-2
SABRE-3

SABRE-3B

BACCHUS

TOPFRES
UZU

COBRA-IV
COMMIX-

1

1
COMM1X-

la
COMMIX-

PORTER

BACCHUS
-3D/TP

COMMIX-
2/KFK

SABENA

TEMP-MF

Porous body model
Porous body model
Porous body model

Porous body
model; subchannel
2-D Porous body

model

Subchannel
Porous body model

Subchannel
Porous body model

Porous body model

Porous body model

Porous body model

2-D Porous body
model

Subchannel

Subchannel

Subchannel

ICE

IMPL based
on SIMPLE

Implicit scheme on biased
mesh, interative Newton

method (ICE type)
ICE
ICE
ICE
ICE

Great Britain

France

Japan
Japan
USA
USA

IMF

Semi-implicit scheme,
interative method

ICE

Interative method using
upper relaxation

Semi-implicit scheme,
interative Newton method

Semi-implicit scheme,
interative method

Russia

Germany

Germany

Japan

Russia



3. SOME RESULTS OF EXPERIMENTAL INVESTIGATIONS.

Experimental investigations of liquid metal boiling in fuel bundles were carried out in
Germany, Japan, USA, France and Russia. The large serious of experiments were carried out
by Japanese scientists. Typical results show that in transient states with sodium boiling in a
37-fuel element assembly with coolant flow rate drop we observed [25] (fig. 1):
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Fig. 1. Development of boiling area in fuel assembly with fuel assembly coolant flow rate reduction

- The maximum value of near-wall superheating 36 C independent on heat flow density,
system temperature and pressure enhancement rate.

- First the bubble was farmed at the end of the heated area, then it expanded basically in an
up flow direction in the central cells and down flow in the non heated area according to
saturation temperature area propagation.

- When the bubble covered all the flow cross-section, the inlet flow rate fell drastically.
- The inlet flow velocity was pronouncedly oscillated as a shell-shaped blister grew and

collapsed and inlet flow rate variation (reversing) was observed.
- Liquid film dry-out crisis the fuel element surface occurred after the flow rate reversing

outset.
- Recurrent wetting terminated the film dry-out, but dry-out occurred again at a subsequent

flow rate reverse. This recurred a few times. Step-by-step the film region expanded
resulting in fuel element surface temperature elevation.

Last time experiments on liquid metal boiling continues in IPPE (Russia) for the
regime of natural convection.

3.1. Experimental contour and test section.

Fig. 2 presents a schematic diagram of experimental contour to study eutectic Na-K
alloy (22% Na; 78% K) boiling in the 7-pin bundle when coolant moves under the action of
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natural circulation. The contour represents two vertical channels of 3m length connected in
top and bottom parts. The left (downwards) channel is made of the pipe 0 30x2 mm, and the
right (upwards) — of the pipe 0 50x1,5 mm. In the bottom part of the upwards channel the test
section itself is positioned, which is the bundle of the 7 pin-simulators.

Acoustic

Air outlet

Argon, Vacuum

1=1.61

T=616°C

F-001

F-002

!=(44.1;9.7;2.2;0)-
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>D001.
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i

Dy=25 Helium

-IV

-T=745°C

— TOOT
—1=0.25
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=3 Current supplied
to the gauges

4

3

Fig. 2. Schematic diagram of 7-pin test section.
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The bundle consists of 7 simulators and 12 pin-displacers, arranged in triangular
manner with relative pitch s/d=1.185 and being jacketed for stainless steel tube of 50x1.5 mm
in diameter and 3 m in length. The pin-simulators represent standard made pipes of stainless
steel X18H10 of 8x1 mm in diameter, inside of which the helical heaters of molybdenum wire
of 1 mm in diameter are inserted. Helix diameter is 4 mm, length is 420 mm. The clearance
between heater and pin cladding is filled with the powder of magnum oxide.

The fact that the model bundle is equipped by a lot of measurement channels,
containing various primary converters (gauges), transition apparatus (shielded or not shielded
wires, current feeds, cable joints and so on), normalising converters which serves to receive,
amplify, filtrate and compensate readings, measurement apparatus allows obtaining
voluminous experimental data on liquid metal boiling in the bundle.

3.2. Experimental results.

A series of experiments to study process of liquid metal boiling (eutectic alloy of
sodium and potassium) in fast reactor out-of-pile subassembly under conditions of natural
convection at various mass velocity due to variation in hydraulic resistance of the contour
have been carried out. Experimental technique is that the power supplied to the bundle
increases while coolant does not move, that is natural convective motion of coolant occurs. As
power increases, coolant temperature increases up to saturation temperature and onset of
boiling is observed (Fig. 3). Three modes of boiling have been observed:

- Nucleate mode, which initiates at the beginning of the process. Its feature is a stable values
of all parameters (coolant temperature, pin wall temperature, pressure drop over the bundle,
inlet and outlet coolant flows). Enhancement of power causes the nucleated mode to
transfer to slug one.

- Slug mode arises at heat flux from 125 to 170 kW/m2. Specific feature of this mode is its
pulsating character. Large-scale bubbles (slugs) are generated at 40 seconds and more
intervals, which at the instance of coming to the surface result in drastically increase of
inlet flow and significant pulsations in all measured parameters. Thus, pulsations of
parameters are of hydrodynamic nature and are defined by not only boiling in the bundle,
but processes in circulation contour as a whole. It is significant that pin wall temperature
does not exceed saturation temperature, that indicates the liquid film is placed at the pin
surface. As the bundle power increases, frequency of the slug generation increases and
temperature pulsation amplitude reduces. At heat flux from 210 to 230 kW/m2 the
transition to disperse-annular flow is observed.

- Disperse-annular flow incorporates a stable behaviour of parameter to be measured.
Evaporation of liquid and drop entertainment from the pin surface causes dryout heat
transfer crisis being attended with melting of pin cladding and onset of severe accident.

Disperse-annular mode is limiting boiling mode, which provides reasonable heat
removal.

Experiments have shown that in transition from nucleate to disperse-annular flow,
coolant flow through the contour increases by a factor of three. At heat flux above 250 kW/m2

coolant flow reduces and disperse-annular pattern transfers into disperse one (post dryout
mode).

Results of the experimental data processing as a relationship between mass velocity
and void fraction are presented in Fig. 4. Average values processed in co-ordinates mass
velocity-void fraction indicate areas of stable (nucleate) flow - A, unstable (slug) flow - B,
and stable (disperse-annular) flow - C. Approximate borders can be drawn between these
areas (Fig. 3). In order to refine inter-flow boundaries the further experiments are required.
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Fig. 3. Heat flux, wall temperature, coolant temperature in section IV, coolant flow rate in the
experiment with the spacer d=20 mm.

3.3. Pool boiling.

In boiling of mixture representing an ideal solution (as it has been shown above,
eutectic Na-K alloy is just such a solution) dependence of heat transfer coefficient a on
concentration of low boiling component c' ( in our case it is potassium, 7j0/-/ = 1033 K) has
one extremum (minimum). In this event, heat transfer coefficient of mixture may be lesser
than its additive value:

a^<a^-4+aA/a(l-4) (1)
where a^a, ax - boiling heat transfer coefficients for pure Na and pure K at the same pressure.

Experimental data on potassium pool boiling and boiling in pipes [26] and on sodium-
potassium boiling in pin bundles presented in form of the heat transfer coefficient as follows:

a = A-qm-P" (2)
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are in a good agreement (Fig. 5). Factors A, m, n are of the same values as Na and in Na-K
alloy: A = 4.5+7.5, m = 0.7, n = 0.1*0.15.

In criterion form the heat transfer coefficient is generalised by the following equation
[26], [27]:

Nu = 8.7-104Pe°-7Kp0J . (3)
where:

Nu-i.1 °
rvp- -ft

- Nusselt Number;

qcp a= ^ ^ f c - p e c l e t N u m b e r ;

Kp =

Fig. 6 presents data on liquid metal boiling heat transfer generalised in accordance
with (3). It is apparent that experimental data gained by the authors on Na-K alloy are
consistent with the relation, that indicates that there is possibility to convert NaK data to
sodium.

Thus, eutectic Na-K alloy and Na are similar substances and data on boiling of one
coolant can be transferred to other one.
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Fig. 5. Comparison of experimental data on liquid metal boiling heat transfer.

Potassium:
1 - pool boiling
2 - tube D= 10 mm (heat exchanger)
3 - tube D= 6 mm (electrical heating)
4 - tube D= 10 mm (electrical heating)
5 - tube D= 22 mm (electrical heating)
6 - tube D=8.3 mm (electrical heating)
7 - tube D= 4 mm (electrical heating)

Eutectic alloy Na-K:
IPPE - 7-pin bundle D=35.2 mm (electrical heating)

3.4. Crisis of heat transfer in liquid metal.

The experimental data on critical heat flux [9], [28-30], received at round tube Na and
K boiling, as well those at pin bundle boiling were analysed in the following range of
parameters: mass flow rate 1.69 - 402 kg/m2s; pressure 0.01 - 3.0 bars; hydraulic diameter of
the channel 4.0 - 9.0 mm; length of a heated section 200 - 1000 mm. For this area of
parameters the value of critical heat flux (CHF) varied within 32.3 - 7370 kW/m2.
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Pe

1 ,2 ,3 ,4 ,5 - potassium pool boiling at p= 1.2; 1.1; 0.7; 0.4; 0.04 x 105

Pa.
6, 7 - sodium pool boiling at p= 1.0; 0.472 x 105 Pa.
8, 9 - sodium pool boiling at p= 0.26; 1.0 x 105 Pa.
10 - sodium pool boiling.
11 - sodium, slot d=2 mm.
12 - sodium, slot d=4 mm.
1 3 - sodium, slot d=l mm.
14, 15 - potassium, tube d=22 mm; 8.3 mm.
16 - 7-pin bundle IPPE (authors data).
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As a result of generalisation of the available data the relationship is received:

G0,95

Qcr
= 0,312-

L/D
• r , (4)

where G - mass velocity, kg/s; r - specific heat of vaporisation, kJ/kg; L - length of heated
section, m; D — hydraulic diameter of the channel, m.

From a fig. 13 it is observed, that the relationship obtained describes rather well all the
data, without regard to the experimental operating conditions.

3.5. Some numerical analysis.

With the use of the code THB an experiments to be performed have been predicted,
with the contour geometry, inherent hydraulic resistance, value and distribution of the power
supplied to the bundle being input. Predicted distributions of pin wall temperature, coolant
temperature, coolant flow are close to those observed in experiments (Fig. 8). Code THB
allows a dynamics of the process of natural circulation boiling to be calculated.
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Fig. 8. Comparison between experimental and calculated data on wall and coolant temperature
(for experiment with spacer d=20 mm).
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4. NUMERICAL MODELING

Numerous investigations in different countries (FRG, USA, Japan, Belgium,
Netherlands, USSR) were carried out for the case when a section of flow area in a fuel
assembly is plugged [31]. The onset of plugging is related to the availability of oxides in the
flow, coolant contamination, fuel element failure.

Plugging involves essential variation in velocity, pressure and temperature of coolant.
Even insignificant plugging is a potential source of local coolant boiling, fuel element failure
and accident propagation. The basic issue is elucidation of fuel element cool-down limits in
the post-blockage boiling area, the nature of two-phase flow development. However, in
addition to thermohydraulic factors This process is affected by the geometry of the total
assembly and circuit, which makes the insight into the experimental results considerably
difficult. The work by Votani, Haga [32] appears representative: 29% flow area blockade in
the center of a 37-rod assembly with a relative spacing pitch ~ 1.2, the thermal flow density at
an initial period of time was 127 W/sm. At the initial instant of time boiling was not observed.
In 16 seconds with the thermal flow density on the elements increased to 135 W/sm, a local
coolant boiling emerged directly outside the blockade. As power augmented by the instant of
time 70 s, its size enlarged and continued growing subsequently (fig. 9). However, the dry-out
area was restricted locally, the flow reduction was barely perceptible. Temperature and
pressure fluctuations were detected since the instant of boiling onset.

With a section of flow area plugged in the peripheral fuel assembly region, coolant
boiling was observed in the recirculation area center and when propagating it did not cover the
area in the direct vicinity of blockage surface for a long time. The superheating value required
for coolant boiling-up is as low as 30 C and it drops as the flow velocity in fuel assemblies
increases.

Three types of non-stationary conditions were identified from the initiation of boiling
to the crisis (dry-out) onset:
(1) - dry-out takes place in boiling variations,
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(2) - dry-out follows the transition from the oscillatory to steady-state conditions,
(3) - dry-out is encountered during steady-state boiling irrespective of fluctuational boiling

occurrence. For heat transfer mechanism explorations between the two-phase flow and
the fluid region the experiments were made on a water test rig with visualization of gas
injection flow directly to the post-blockage area [33]. A liquid film was observed, which
wraps around the rods (fig. 10).
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10Fig, Illustration to heat mass transfer in coolant boiling

in the region onside the blockage of fuel assembly flow area

section.

The two-phase flow occurs solely in the region around a gas cavity. The fluid/gas
interface is not fixed, is subjected to occasional variations, particularly in the region "A".
Observation is made of the waves moving down flow in the liquid film. A detailed
consideration is also given to the mechanisms of film dry-out on the rods, entrainment of
drops and their precipitation in the two-phase flow, liquid film recovery due to boiling region
fluctuation. The results obtained show, that the local blockage does not result in rapid
propagation of failure in fuel element bundles.

In fission gas escape accidents an occurrence of any (or all within the fuel assembly) of
the two-phase flow forms ranging from the bubble to dispersion-annular conditions [34] is
feasible. With the gas released in the region out side the blockage with a flow velocity below
the lower critical value (~ 2 m/s). The gas readily escapes from the wake region. As the
velocity grows, a gas cavity is formed which is capable of filling the total recirculation region.
The flow velocity exceeding the upper critical value (~ 5 m/s), the gas cavity is subdivided to
small bubbles circulating in the wake region (fig. 11).

As the external flow velocity rises fuel assembly cool-down deteriorates. Post-
blockage superheating essentially rises as the evolving gas flow rate increases. With the
maximum attained, a certain reduction in superheating is observed (fig. 12).

Post-blockage gas release as a result of fuel element failure may be responsible for the
further failure of fuel elements in fuel assemblies. For the failure of elements adjacent to the
failed fuel element the perturbations should be prolonged for the fuel element to get heated up
to the damage threshold temperature. It depends on the fuel element time constants, local
thermal and hydraulic characteristics of coolant.
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CONCLUSION

Thus the following items should be noted:
(1) Nowadays the complete correct statement of a set of macrotransport equations have

been developed describing hydrodynamics and heat transfer in two-phase flows of reactor fuel
assemblies. The experimental results available can be a basis for design code development for
liquid-metal coolant boiling fuel assemblies.

Currently a set of codes for thermohydraulic analysis of two phase flows in fast reactor
subassembly have been developed with 3D macrotransfer governing equations taking into
account axial diffusion: TOPFRES, BACCHUS-3D/TP, C0MMIX-2/KFK, SABENA with
phase separation, SABRE-3(3B), COBRA-4, COMMIX-l(lA), BACCHUS in the framework
of homogeneous model. Method ICE and its modifications are used for solving two phase
flow dinamics in the codes mentioned above.

These codes are used for analysis of boiling onset and liquid metals boiling in fuel
subassemblies during loss-of-coolant accidents, of warming up of reactor core, of blockage of
some part of flow cross section in fuel subassembly. The use of separated phase flows and
account of inter-channel exchange lead to significanty better coincidence of calculation results
with experimental data than in case of homogeneous flow model. This results are confirmed
for coolant flow rate through the subassembly, for void fraction distribution and finally for
critical heat flux.

(2) The information acquired as a result of experimental and calculated activities
demonstrates a physical pattern of temperature fields formation, onset and evolution of boiling
in fuel assemblies and dry-out under such circumstances as dramatic coolant flow rate drop in
fuel assemblies, augmentation of fuel element power rating in fuel assemblies, plugging in a
section of fuel assembly flow area.

The results obtained show the post-local blockage boiling not to result in fast
propagation of fuel rot bundle failure. Post-blockage gas release due to fuel element failure
can be the cause of the further fuel element failure in fuel assemblies. Investigation of
regularities in the effect of diverse factors of temperature fields formation (flow or power
variation rate, values of Reynolds and Peklet numbers, fractions of plugged flow are of fuel
assemblies requires additional systematic experimental and calculated studies.

(3) Comparing the results of calculation with experimental data under fuel assembly
coolant boiling indicates their difference in individual situations. Experimental and calculated
fundamental investigations of flow pattern and liquid-metal coolant fuel assemblies under
coolant boiling, derivation of complete relations, further development of numerical models
and non-stationary heat transfer problem solution techniques with coolant boiling in a three-
dimensional approach are a requirement.

(4) There are only limited experimental data available on liquid metal natural
circulation boiling at low heat fluxes. An influence of many factors is in essence not studied,
such as pressure, densities ratio, geometry, length of heated section, relation between
hydraulic resistances over parts of contour and others. Stability of liquid metal boiling in the
system of parallel bundles is not understood. Further investigations will allow obtaining a
required validation of stable heat removal in fast reactor core.
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