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INTRODUCTION 

In this paper, the main physical phenomena occuring during a 
LOCA are reviewed. They are presented in a chronoljgical order. Their 
place in the LOCA sequence will be found in the lecture of W. RIEBOLD 
or. the accident scenario. For each phenomena, a detailed physical descrip 
tion is given followed by the review of the general modelling problems. 
For some of these phenomena, modelling details are given in the lectures 
of H. STADTKE for critical flox*, J.G. COLLIER for two-phase flov; and 
heat transfer, D.C. GROENEVELD for critical heat flux and post critical 
heat flux heat transfer, F. MAYINGFR for veflood and rewet heat transfer 
and of S. FABIC in the survey on LOCA computation codes. 

i 



I - BLOWDOWN PHASE 

1.- Wave propagation 

1.1.- DescijipJL ion 

The opening of a break in the primary circuit which initiates a 
loss of coolant accident, puts suddenly in communication the coolant which 
is at high pressure with the containment which is at low pressure. This 
creates pressure waves which propagate in the loops and in the vessel During 
the first milliseconds the propagation takcsplace in single-phase liquid 
flow. Due to the small compressibility of liquid the propagation velocities 
depend on the elasticity of the piping and structures . This propagation is 
specially complicated in the vessel where a 3-D behavior is expected with 
complex wave reflections and interactions with the internal structures, as 
for example with the core barrel which by deformation relates the waves in 
the downcomer and in the core. 

During the early phase of the accident, the pressure waves may 
induce large forces on the internals. The determination of these forces is 
very important in order to knox* if there is any damage and if the coolability 
of the core is maintained. 

1.2.- MoÛSlilîiS 

The description of the wave propagations in single phase liquid 
flow does not raise any physical difficulties. One knows also how to take 
into account the elasticity of piping and structures. The only difficulties 
are numerical as structure deformation calculations have to be coupled to 
fluid calculation and as these calculations must be 2 D or 3 D. 

2.- Flashing propagation 

2.1.- Description 

After the phase of wave propagation where the average pressure 
in the circuit drops very rapidly, there is a stabilization of the pressure 
at the saturation value corresponding to the hottest temperature in the 
circuit that is in the upper plenum and in the hot leg. This is clue to the 
flashing process in these parts of the circuit. It induces a strong expan
sion of the fluid which limits the pressure decrease. 

In all blowdown experiments, at small scale as CANON /""ROUSSEAU, 
1975_7, EDVJARDS's pipe /^EDWARDS, 1970 7 or at large scale as BATTELLE 
^ ~ vessel. Blowdown, H D.R '-(^GERMAN PROGRAMS) , MARVIKEN 

/"ERICSOK, I978_7, this stabilization of the pressure has been measured 
with some specific behavior which consists in a pressure undershoot follo
wed by a pressure recovery. The undershoot corresponds to a first decrease 
of the pressure from the initial value to a value lower than the. saturation 
pressure. The pressure then recovers the saturation value within up to 
2 to 3 seconds. The physical explanation is a flashing delay of the liquid 
which presents first an increase of superheat followed by a resolution of 
the thermal non equilibrium. This phenomenon may also occur in the reactor 
dépressurisâtion. 



- 5 -

After the flashing of the hottest part of the circuit, the pressure 
continues to decrease and reaches gradually the saturation pressure of the 
regions at lower temperature.There is then a propagation of a flashing 
boundary. This boundary goes down the core to reach the lov/cr plenum and 
downcomcr and goes through the steam generator to reach the cold leg. This 
propagation occurs also with flashing delay. This does not induce pressure 
undershoot as observed when the first bubble appeared in the circuit because 
of the large expansion of the fluid which is «already vaporizing in the 
circuit. 

This flashing causes large flow reversals due to the expansion 
of the two-phase fluid. This is particularly important at the time when-
vaporizing starts in large volumes for examples in the upper and the lower 
plenum. The flow reversals induce propagation of the stagnation point. If 
this point travels through the core, the heat transfer becomes very low 
and consequently the cladding temperature increases strongly. For this 
reason, the flashing process and the possibility of flashing delay can be 
very important for the accident sequence prediction. 

2.2.- Modelling 

The modelling of these phenomena needs of course non equilibrium 
models. This means that all the codes used now practically as RELAP (and 
specially for licensing) which are equilibrium codes, are completely unable 
to describe the flashing delay, the superheat of the liquid and the resolu
tion of this superheat by vaporization. 

One of the first goals of the advanced codes is to try to take 
into account these non equilibrium effects. This is generally obtained 
by writing two phasic continuity equations where the mass transfer appears 
explicitly The non equilibrium of the liquid is the result' of the mass 
transfer laws. To describe the flashing process, these laws must take into 
account : 

- the germination process which is the predominant effect in the 
undershoot phenomena and in the flashing delay ; 

- the fully established flashing in non equilibrium conditions 
which induces the pressure recovery and the dynamic of flashing 
propagation. 

Different approaches are used to determine the mass transfer laws. 
They can be divided into three types : 

- the analytical approach : the laws derivation is based on com
pletely theoretical consideration. It consists for example in starting from 
a population of bubble nuclei and describing the evolution of the bubble 
sizes by theoretical conduction-convection calculations around the bubble. 
This approach is very attractive as it looks very general and seems tc be 
easy to extend to all scale experiments. In fact, there remains always 
parameters to be adjusted (as number and distribution of bubble nuclei) for 
which there is a lack of experimental data in different flows and at diffe
rent scale. This approach is also obliged to use some simplifying assumption-
(as no interaction between bubblep)which limit the validity of the theore
tical calculations. 
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- the global approach : this approach is the correlation type 
approach. It is very simple in its principle but extrapolation to other 
types of experiments can be very doubtful. 

- the mixed approach : this approach tries to combine the advantages 
of > two preceding ones. By theoretical consideration one determines 
the ^aneral form of the laws which is then adjusted globally on experiments. 

2.3.~ Discussion 

All these approaches have been used,specially the first and the 
third approach. As examples of the first approach one can mention the deve
lopments of /"ARDRON, 1976_7 and in DRUFAN code the development of 
/ WOLVERT, 1976_/. Using the third approach, there is the mass transfer 
laws elaborated~by / BAUER et al, 1976_/. 

In all these developments, it appears that, even if there is a 
strong effort to have the most physical description, there is a necessity 
of having more qualification on experimental data. The germination descrip
tion needs specially more development as it depends of many factors 
(water quality, impurities, wall effects,...) which are difficult to 
quantify. 

3.- Two-phase flow 

3.1.- Description : Jftain features 

In the preceding paragraph, we have seen how two-phase flow 
appears in the circuit. After this 'ime, two-phase flow will be always 
present during the accident. Two-phase flew modelling is then a crucial 
point in the description and the understanding of all the phenomena. 

The description of a two-phase mixture requires the prediction 
of the thermal and dynamic state of each phase and of the ratio ' v 
between vapor and liquid. The phases'state is generally referred to an 
equilibrium state which is defined by considering the two kinds cf pheno
mena, the thermal and the mechanical phenomena. The mixture is said in 
thermal equilibrium when the two-phases are at saturation. This equilibrium 
state is reached for very slow transient. The mechanical equilibrium 
consists of the equality of the velocities of each phase. This state can be 
reached for very slow transient in flow configurations where the two-phases 
are strongly coupled by interphase friction. When these two equilibrium are 
reached, the flow is said homogeneous (equal velocities) equilibrium (pha
ses at saturation). 

In fact, these equilibrium states are practically never reached, 
and the departure from non equilibrium can be important as the fluid parti
cles are submitted to strong transient. 

The thermal non equilibrium can be due as we have seen in the 
flashing propagation, to the deprcssurisation itself which tends always 
to lower the pressure under the saturation pressure corresponding to the 
phases temperatures. These temperatures then tend to decrease towards the 
saturation equilibrium by the vaporization process. Thermal non equilibrium 



is occuring also when there is a strong heating at the wall which super
heats the fluid in the vicinity of the wall. This fluid tends to go back 
to equilibrium by vaporizing or condensing in the core of the flow, or 
by inducing vaporization in this core. 

Mechanical non equilibrium is mainly due to the difference of 
the phase densities which with the gravity in the low velocities flow or 
with the acceleration effects in high velocities flow induces «inequality 
of the phase velocities. This unequality of velocities is called usually 
the slip effect. This slip tends to be decreased by the friction between 
phases. 

In this two types oe. non equilibrium, there are driving forces 
which are for example the depressurization, or the heating for thermal 
non equilibrium and acceleration or gravity for the mechanical non equi
librium. These forces induce exchanges between the phases which tend •• to 
make the phases go back to equilibrium. These exchanges are mass and 
energy transfer for thermal equilibrium and momentum transfer for r̂ -.hani-
cal equilibrium. 

The main problems for describing two-phase . flow is then the de
termination of these transfers between phases and also of the transfers 
between phases and the boundaries of the flow (pipe walls, fuel cladding, 
steam -generator tubes...). 

As in single-phase, the flow can present a one-two or three 
dimensionnal behavior which has to be described in the most correct way. 
It is clear that going to 2 D or 3 D calculations implies computing 
modules which are complicate and heavy to handle. 

One important feature of the flows in the reactor has finally 
to be emphasized. This feature concerns the establishment of the flow. 
In a reactcr the straight parts of the pipes have lengths which lead to 
L/D ratio always lest than around 10. This means that the flow is never 
established and this raises questions for the flow modelling which is 
generally checked on experiments (analytical as well as global) where the 
flows are established. No models arc actually able to take completely into 
account this effect. 

3.2.- Modelling 

A short review of the existing and developed modelo will be 
given here. The same types of models are used for all the phases of the 
accident (blowdown, refill, rcflc ! ) . The specific characters of these 
models are in fact the transfer ..aws which take into account the differences 
encountered during the accident in parameters range (pressure, velocities), 
in flow patterns, in interaction with t\-.i walls (heat transfer, radiation, 
friction). 

3.2.1- Models used in the codes of the first generation 

The most well-known code of the first generation t„pe is KEhAP. 
The basic two-phase, flow model for this type of codes is the homogeneous 
equilibrium model.. The two phases are then assumed at saturation and with 
equal velocities. The circuit is represented by chains of volumes which 
arc connected by junction.,. The mass and energy balance is written in the 
volumes. The momentum equation is used to determine the flow in the 
junctions. This procedure is équivalent in fact to make volume averaging 



- 8 -

for the momentum. If we make this averaging,one can see that relations bet
ween volume averaged parameters and area averaged parameters (volume bounda
ries) are requested. These relations are generally equality or arithmetic 
average. 

Some mechanical non equilibrium can be added to this basic model. 
ïn RELAP for example this is done by a bubble rise model and by a slip 
model. In the bubble rise model a mixture level is calculated. In the 
mixture the void fraction is given by a profile. The level variations are 
calculated by mass balance using a correlation for the bubble rise velo
cities in the mixture. For the slip model, a correlation gives the slip 
at the junction which is taken into account only for the mass and energy 
balance in the volume. No effect is. taken into account in the momentum 
equation. 

3.2.2- Models used in the advanced codes 

These models try to be as physical as possible. Within this goal 
they have to describe the main features of two-phases flow, i.e. the 
thermal and mechanical non equilibrium effects. They have also to use 
OD, ID, 2D or even 3D description if the phenomena present a 0,1,2 or 3D 
behavior. 

Writing such models raises 'many fundamental questions as for 
example the significance of time and spatial averaging which has to be 
made to get practical set of equations. A rational . derivation leads then 
to list a number of assumptions which are more or less questionnable 
(see /~B0URE, 1972_7 /~RE0CREUX, 197A_7 / B0UUE, 1975_7>. 

The last and the most important problem is the determination of 
the transfer laws which, physically, determine the non-equilibrium of the 
two-phase mixture. We will focus now on these transfer laws which constitute 
the main differences between the different advanced codes models. 

For the thermal non equilibrium description, mass transfer and 
energy transfer are now quite always taken into account. This implies that 
two phasic continuity equations and two phasic energy equations are 
written. Sometimes only one energy equation is written which needs to 
make one additional assumption as for example that the vapor in the 
blowdown phase is at saturation. On the thermal non equil ibrium aspect, 
the considered models differ by the form they use for the mass and energy 
transfer laws. The way to derive these laws and some examples have been 
already discussed in the flashing propagation paragraph. 

For mechanical non-equilibrium description, two main types of 
models can be distinguished : 

- the drift models where mechanical non^equilibrium is given by 
algebraic correlations / ZUBER, 1965_/. These correlations 
take also into account profile, effects. 

- the two-fluid models where the momentum transférais explicitely_ 
written by using two phasic momentum equations /~DKT,ll/."i'E, 1968/ 
/"HOUDAYER, 1978_7. 
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3.3.- Discussion 

It is cle.r that the models used in the cones as KïïLAP are not 
able to predict correctly the phenomena where large non equilibrium 
occur. Nevertheless these codes have been used very extensively so that 
one knows "how to use them". One can then consider these codes as practi
cal tools which give not so bad results in the blowdown phase. For physi
cal calculations of refill and reflood, their applicability is more 
questionnable. 

The advanced models are of course an improvment. It begins now 
to be admitted that the two .-fluid nodel is more able to describe the 
dynamic of phase velocities difference variations than the drift flux, 
which by using a correlation, can only take into account quasi steady 
established flow conditions. Nevertheless the drift correlations have been 
extensively checked on experiments which awards great values to these 
correlations. Links between drift flux and two-fluid models / ISHII,1979_/ 
/ ROUSSEAU,1979_/ will permit the use of the physical knowledge accumulated 
in the drift correlations. Any way, the momentum transfer as well as the 
mass and energy transfer laws require a lot of qualification on many expe
riments to cover all the range of parameters. This is now the main point 
where effort and improvment have to be made in two-phase modelling. 

A. - Ctitical flow 

4» 1 •"* 2£ s c rÎ2ÎÎ2D 
The concept of critical flow which is also called "choked" or 

"sonic flow" is well known. If we consider two communicating volumes 
containing fluid and if we lower the pressure in one of these volumes 
with fixed conditions in the other, the flowrate between the two volumes 
increases until it reaches a maximum. The flowrate is then independent of 
the conditions in the downstream volume. This independence can be shown 
to be due to the fact that in some cross-section called critical section, 
sound waves are stationnary and cannot go upstream, i.e. some average 
velocity of the fluid is equal to the sound velocity. This corresponds 
in single gas flow to the sonic conditions when Mach number is equal to 
one. 

In loss of coolant accident, the difference of pressure between 
the primary circuit and the containment remains very high during almost 
all the blowdown phase. This induces during all the time where the primary 
pressure remains higher than approximately 5 bars that the flow at the 
break fulfils the above conditions and is then critical. Choked flow can 
occur also in every place where high velocities are reached (around 50 tn/s 
to 100 m/s). This can be the case of the recirculation pumps in PWR or 
jet pumps in BWR. 

As in single phase gas flow, the governing phenomena of the 
choked flow are : 

a) what is occuring in the critical section (critical condition) 
b) what is the: upstream evolution of the flow leading to the 

critical conditions. 
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If in single phase gas flow these phenomena are quite well- known 
and predicted, in two-phar.e flow their understanding and prediction raise 
many problems. 

The determination of the state of the fluid in the cricical 
section needs the elaboration of conditions which have to be verified by 
the flow parameters and which express that the flow is critical.In single 
phase flow two equivalent conditions are most often used. The first one 
is the expression of a maximum for the specific mass velocity G i.e. 
3G (•5—)_ = 0. In two phase flow this condition cannot be "extrapolated" easily 
as the flow is defined by up to seven parameters p„, p T, V 0 > V. , S,,, S¥ , a 

C> L. b L G L 
instead of the three parameters,p , V, S in single phase flow. The second 
single phase condition expresses that the fluid velocity is equal to the 
sound velocity. The "extrapolation" to two-phase flow requires the deter
mination of an average velocity as the phase velocities are generally 
unequal. The usual way to handle the problem of the critical condition 
vill be seen in the next paragraph on models. 

Due to the large acceleration of the fluid to reach the critical 
state, the evolution of the flow parameters upstream the critical section, 
shows very steep gradients. In these conditions, the thermal and mechani
cal non equilibrium, which are the main problems in the two-phase flow 
calculation become very important. This importance has been demonstrated 
in many critical flow experiments (see for example / HENRY, 1968_7, 
/"REOCREUX , 1974_7). These non equilibrium are difficult to predict as 
the fluid particles are submitted to very strong transients which makes 
questionnable the use of non equilibrium relationships elaborated in 
established flow conditions. 

4.2.~ Incidence of critical flow on the evolution of the loss of coolant 
accident 

The main effects of critical flow are related to the property 
of "maximum possible flov;". 

At the break, the critical flow determines by limiting it, the 
leakage mass flow rate and controls by that way the rate of depressuriza-
tion. This depressurizafion rate is particularly important as it is the 
leading phenomena and as it determines especially the time when the 
safety injections start (accumulator first, low-pressure pumps in second). 
Changes in critical flew induce very large changes in the maximum clad 
temperature as it is shown in all the sensitivity studies made by Vfirying 
the break area in PV7R Loca prediction. 

Another possible effect of critical flow, which is generally 
less emphasized is the influence on the .partition of the flows between 
the part of the broken loop located on each side of the break. Aft it can 
be deduced from the basic definition of critical flow, the critical flow 
rate depends only on the upstream conditions. In case of a double ended 
cold leg break, for example, the fluid coming from the downcomer and the 
fluid coming from the steam generator are in different thermodynamic states. 
The flow ratesare then different on each side of thf break. This difference 
will influence the position of the stagnation point whose position is 
given by the equality of pressure drops on the two flow paths going to each 
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side of the break. As the position of the stagnation point is the most 
important factor on the core cooling one can u iderstand the importance 
of having a good determination and discrimination of the critical flows. 

Critical flow which can occur in the pump impeller in two-phase 
conditions may have similar effects on the repartition of the flows in 
the broken loep and also in the unbroken loop and consequently may have 
a large effect on the cladding temperature by changing the position of the 
stagnation ^ int. In this special case, the prediction of critical two-
phase flow is particularly difficult as it is mixed with 2D and 3D effects. 

The last incidence of critical flow concerns the forces on the 
containment structures. The total force is given by the momentum flux 
in the critical section. The jet description gives then the spatial repar
tition of this total force. The knowledge of mass forces ils. of course 
important tc determine if there is any damage on containment and.pipes 
specially in the first seconds of.the depressurization where the momentum 
flux is maximum. 

A.3.- Practical models used in the codes 

A.3.1- Analytical models 

The main models will be reviewed here by giving only their principal _ 
characteristics. More details can'be found in the lecture of STADTKE / 1980 

Homogeneous equilibrium model (HEM) / WALLÏS, 1969_7 

In this model the two-phase mixture is assumed to be in thermal 
equilibrium (T =TT-T .) and in mechanical equilibrium (V,,-V.~V ). The G L sat, l> L m 
description of this mixture is then equivalent to the description of a 
single-phase fluid, the properties of which are obtained by special equa
tions of state. It is then possible to use the single-phase theory for 
critical flow calculation. The HEM model is very often used in many 
•nodal codes such as RELAP. 

Frozen model 

In this model mechanical equilibrium is generally assumed but 
in the opposite of HEM it is assumed that near the critical section the 
evolution of the mixture is so fast that no phase change can occur. This 
leads to the additionnai condition d_x _ n in the homogeneous critical 

condition. This model is generally used for short pipes where the transit 
time of the fluid is very short. 

MOODY and FAUSKE models /"MOODY, 1965, 1966_7 /~FAUSKE, 1962_7 

These models assume thermal equilibrium but allow mechanical • non 
equilibrium. To determine the additionnai variable which is the slip, 
ratio Y a second critical flow condition is added to the usual 3G n . 

This condition gives values for the slip' ratio in the critical section : 
for FAUSKE model the maximizing of momemtutn gives a slip ratio 

VQ 1/9 
y a ( — ) , F o r MOODY model the maximizing of energy gives a slip ratio 

V L 
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V L 

MOODY model has been widely used in many nodal codes. 

HENRY and 1IENRY-FAUSKE i-.odels /~HEKRY, 1968_7 /"lIENRY et al 197J.7 

Tliese models assume thermal non equilibrium. They use only one 
critical condition ( 3G).fO where H is the stagnation enthalpy. The thermal 

•7.— H o dp o 
non equilibrium is taken into account by an empirical relation which 
relates in the expression of the flow rate the actual quality to the equi
librium quality. 

Models related to fluid flow model 

In the preceding models, the critical flow modelling is made' 
independently of the general fluid flow modelling. This means that the 
fluid flow evolution can be calculated by a model which can use completely 
different assumptions than the critical flow model. For example a slip 
critical flow model as MOODY can be used with a homogeneous flow descrip
tion. In fact, on a rationnai basis the choked flow properties must be 
part of the properties of the fluid flow model. It has been shown 
/ REOCREUX, 197W that for every I-D models which lead to a system of 
first order partial derivative equations, the critical flow occurs when the 
déterminent of the matrix of Jl_ derivatives is zero and when simultaneously 

3z 
some coherence condition is satisfied which gives the position of the 
critical section. These conditions are rigorous and by using them each flow 
model incorporates its own choked flow results. 

The critical flow is then obtained by the description of the 
flow evolution till the critical section vriiere the preceding conditions 
are fulfiled. This allows to take into account the non equilibrium effects 
by the proper transfer laws. 

The ir.v'St advanced model of this type is the two-fluid model where 
thermal and mechanical non equilibrium are described by the mass, momentum 
and energy transfers between phases. It has been shown / REOCREUX, 1974_7 
that for this model it is necessary to express these transfers with 
algebraic terms which mainly govern the behavior of the fluid in established 
conditions and with derivative terms which expresr. the dynamic interactions 
between phases. These interactions have a direct influence on the critical 
cor'lition as the corresponding terms are included in the déterminent. 

In other types of modelling, some of these interactions are impli-
citely taken into account. In the drift flux model these interactions are 
obtained by the drift relation between the velocities of each phase. 

4.3.2- Practical use of critical flow models 

The first category of models (HEM, Frozen model, MOODY, HENRY-
FAUSKE) are mainly used in the first generation nodal codes whose RELAP 
is the most well -known example. In these codes the flow rate which is calcu
lated by the flow model (most often homogeneous equilibrium model) is 
compared at each time step to the flow rate given by the critical flow 
model. If the calculated flow rate is lower than the critical flow rate, the 
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flow is declared subcritical and the calculation is continued. If the 
calculated flow rate is greater than the critical flow rate, the flow is 
declared critical and the flow rate is imposed at the critical value. As 
the flow model can be different than the flow model used in the critical 
condition, some inconsistencies may appear. They are generally erased 
by a "proper" recommended noding near the break. 

These models are often used with a "contraction" coefficient 
which is claimed to correspond to some vena contracta at the break. 
But as these contraction coefficients are not the same for all the models, 
it seems that it has to be considered more as an adjusting coefficient. 
For example a coefficient of 0.6 to 0.8 is recommended for MOODY model 
to match the experimental data whereas a coefficient of 1 has to be 
used with HEM. 

In the s.econd type of models (related to fluid model) the criti
cal condition (déterminent = 0)corresponds, to a singularity of the model. 
In these models two procedures are used : 

-the first one is similar to the one used in the nodal codes : 
when the critical condition is reached, the flow rate is imposed and this 
imposed value is substituted as bound ary condition to the usual condition 
on the exit pressure. 

~ the second procedure (used in TRAC for example) maintains the 
boundary condition on the exit pressure. The choked behavior of the flow 
is obtained by the numerical behavior of the system. This procedure induces 
in some cases inconsistencies particularly in the position of the critical 
section (in nozzles for example). 

_ In this second type of models, a difficulty can appear / LATROBE 
1976,,/ which is due to the fact that the discretized system can have a 
singular condition (determinent--0) which is not the same than the analyti
cal condition before discretization. Special care has then to be taken, in 
the numerical analysis. 

4.A.- Discussion 

The needs for a good knowledge of critical flow is sometimes 
discussed for the application to reactor calculation. As it is necessary 
to make sensitivity studies on the break area, it is felt that these 
studies can cover the uncertainties on choked flow and particularly on 
the contraction coefficient. This is partially true for two reasons : 

- the first reason is the possible influence of flow repartition 
between each side of the break ; 

- the second reason is that this procedure cannot be used for 
experiments. The real flow rate is there absolutely needed to compare 
the calculation of the whole system and the experimental results. 

We will not discuss_here the verification of the models on cri
tical flow experiments (see / STADTKE, 1980_7. Nevertheless we can say 
that for the first category of models the calculation can be generally 
fitted with experimental data. Some rules are established to obtain 
"rcasonnablc" results. For large break experiments it is generally admitted 



that : 

- MOODY model with a contraction coefficient between 0.6 and 0.8 
can fit the experimental data when the upstream conditions are two-phase. 

- the série of model HENRY-FAUSKE followed by HEM with a transi
tion quality of 0.02 and with a contraction coefficient of 1 can give 
reasonnablc results in subcooled and two-phase upstream conditions. 

For small break experiments there are some difficulties in the 
use of these models. For LOFT L3-1, or SEMISCALE S02-6 for example, the 
calculated depressurization rate is too small. The fitting of this rate 
by the contraction coefficient will need contraction coefficient greater 
than one. 

For the second category of models, the results are very dependent 
on the physical realism of the transfer laws. Some sets of transfer laws 
are beeing developed which give, reasonnable results. But in that case 
the critical flow models cannot be dissociated of the flow evolution tnodel 
where improvment are still to be made in the evaluation of the transfer 
laws. 

5 ~ Pump behavior 

5.1.- Description 

Three parameters characterize the behavior of pumps : 

- the flow rate, the pressure difference between inlet and outlet, 
the rotation speed. During the blowdown phace of LOCA, these parameters 
are taking all possible values from negative to positive. Let us consider 
for example the behavior of the pump in the broken loop. Generally, it is 
assumed that at the beginning of the accident, there is a loss of electrical 
power supply so that the pumps are rotating only on their inertia. In the 
case of a cold leg break, the initial positive flow rate will increase in 
the pump of the broken loop due to the leakage at the break. This flow will 
increase the rotation speed of t*>e pump. Depending on the design of the 
pump this overspeed can make the rotor explode which then blocks the pump. 
In the case of a hot leg break the flow will reverse. The following state 
of the pump will be successively encountered : 

- negative flow with positive speed. Due to the sign of the flow 
the speed will decrease ; 

- depending on the design of the pump, at zero speed the pump 
can be blocked by special devices ; 

- if these devices do not exist or. work, the speed will become 
negative with flow remaining negative. 

During a lo.ss of coolant accident, the behavior of the pump in 
two-phase flow conditions has then to be predicted practically in three 
quadrants. 
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As mention.ed. before, and specially in case of speed acceleration, critical 
flov can occur because of the high values which can be reached by the tangential 
velocities at the outlet of the impeller. 

5.2.— Incidence of the pump behavior on the evolution of the loss of coolant 
accident 

As it has been said before, one important parameter in the evolution 
of a loss of coolant accident is the position of the stagnation point which 
depends mainly on the pressure drops distribution. In this distribution, 
the pumps constitute important singularities. As sensitivity studies show, 
a good knowledge of the pump behavior is needed to predict correctly the 
flov; distributions and then th . core cooling. 

5.3.- Modelling 

The main usual models arc point models : they give the 
pressure head and the torque, of the pump by using two-phase multipliers 
applied to the single-phase characteristics. The rotation speed of the 
pump is obtained by solving the mechanical equation of the rotating part 
to which the preceding torque is applied. 

This type of models requires the knowledge of the single-phase 
pump characteristics in all the concerned quadrants and the adjustement 
of the two-phase multipliers on experiments in two-phase flow conditions. 
Such models are then dependent on the geometry of the pump. Even if the 
experiments are made at different scales,the transposition to the full 
size pumps is questionable. The similitude factors for small scale expe
riments are also difficult to determine, depending on what phenomena is 
wanted to be kept unchanged. For example the pump speed cannot be chosen 
so that the velocities of the fluid at the inlet and at the outlet of 
the impeller of the small scale pump are the same as the velocities in the 
full size pump. For the investigation of critical flow in pumps, this 
means that if the real pump rotation speed is kept unchanged, critical flow 
has almost no chance to occur because of the too low tangential velocities 
at the outlet of the impeller in the small scale pump. If the rotation speed 
is increased, critical flow can occur but this will induce distorsions 
at the inlet of the impeller and on the transit time of the fluid. 

In order to try to solve the.transposition problem, some attempts 
to more sophisticated models are being done. One idea is to write an 
axial model /" M. KEOCREUX et al, 1978._7 where one calculates the transient 
evolution of a fluid particle along the path followed in the pump. The pump 
is then represented by a variable area pipe with singular cross sections 
where are taken into account the sudden direction changes of the fluid. The 
momentum transfer in the impeller is modelled by momentum transfer at the wall 
of the corresponding part of the pipe. The flow evolution in this geometrical 
representation of the pump is calculated by an axial two-phase flov; model 
which can take into account thermal and mechanical non equilibrium. 

Such a model has been already written in single-phase and has made 
with success the transposition between two pumps of different scale and 
different geometry. In two-phase flow conditions qualification ip still 
needed but encouraging results have been already obtained for choked flow 
prediction. 
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5.4.- Discussion 

The pump behavior prediction raises, as we have seen, many problems 
and specially transposition problems. In fact the real phenomena which take 
place in the pumps in two-phase accidental condition:; are 2D and 3D phenomena 
involving interaction with rotating parts. As, in the present state of know
ledge, such 2D or 3D calculations are practically impossible to make, all types 
of modelling are faced to the transposition problems. 

In the point ' models, the values of two-phase multipliers hide by a 
global approach all kinds of effects and specially geometrical effects. In 
the transposition these models can be used only for one type of pumps. If 
the pumps are changed the t\;o-phase multipliers have to be changed and adjus
ted specifically. In the attempt to write an axial model, the geometrical 
dimensions are input parameters. By that way this model is hoped to be 
able to take into account the difference in geometries. If this can be 
obtained by checking the models on different types of small scale experiments, 
more confidence in the transposition will be gained. Nevertheless it is 
possible that this goal will not be reached completely as we know that the 
1-D approximation is very severe regarding the real 2D and 3D aspects of 
the phenomena. 

If we consider finally the large consequences that the pump beha
vior may have in the prediction of the LOCA, the pump modelling still requi
res important improvements which justify the present studies.. 

6.- Heat transfer during blowdown 

6.1.- Description 

During the blowdown phase the cladding temperature results from the 
balancé between two phenomena : 

- the heat generation from the rod which in a first time is 
constituted mainly by the heat stored in the fuel pellets and which after 
equalization of the temperature is due to the decay heat of the fission 
products. 

- the heat removal to the fluid flowing through the core. 

If the stored heat and the decay heat are determined inputs 
for the problem of heat transfer during blowdown, the heat removal depends 
directly on the flew evolution in the core. This flow evolution results 
from the overall system response. This explains the large differences in 
the temperature evolutions which can be encountered in different scenarios 
of the accident (see RIEBOLD lecture / 1980_/).One important parameter 
which has been mentioned . before is the position of the stagnation point. 
If this point is travelling through the core, the flow becomes almost zero 
and the heat transfer is quite negligible which induces a quasi adiabatic 
increase of the cladding temperature. 

The position of the stagnation point is very sensitive to all the 
factors which can influence the flow behavior and in the preceding paragraphs 

• we have emphasized on the influence of flashing propagation, pumps 
behavior, choked flow repartition on each side of the break. This sensitivity 
can be illustrated by the influence of the temperature of the fluid in the 
upper part of a PWR vessel (dome). This température can be comprised between 
colcl lor, and hot Iff, rrmpernt urcr. depending on tlio c1o<;if,n. Tlic flashing of 
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this volume can then take place at different times in the accident and this is 
enough in some cases to get very near the criteria on cladding temperature. 
This high sensitivity to flow conditions leads us to consider that a good 
prediction of heat transfer during blowdoun starts first by a good predic-
t5.on of the flows in the circuit. 

As a function of these flow conditions, the heat transfer mechanisms 
present in two-phase conditions a qualitatively well knrvm typical behavior. 
The different régira s arc reported on the figure 1 where ^he heat flux is plotted 
as a function of the difference between the wall temperature and the 

saturation temperature (used as fluid temperature). These regimes are : 

1) subcooled liquid forced convection ; 

2) nucleate boiling (i.e. vaporisation at the wall and condensation in '^e 
core of the fluid which in the average remains subcobled) ; 

3) forced convection vaporization (-.he fluid in the average has reached 
saturation). 
- Critical heat flux appearance in point C : this corresponds to the dry 
out of the vail. 

4) transition boiling : beyond the critical heat flux po.i.nt a rapid decrease 
of heat transfer occurs due to the presence of vapor at the wall. 

5) stable film boiling - A vapor film stays at the wall. The liquid in the 
core vaporizes in contact of this film. This induces a slow increase of the 
heat flux as a function of T ,, - T .. 

wall . sat 
6) the forced convection in superheated steam when all the liquid is 
vaporized. 

During the flow decreases and reversals'.which can occur in the 
core all these heat transfer regimes are encountered. For safety purposes 
one important event is the occurrence of critical heat flux beyond which 
the flux is decreasing drastically, inducing large cladding temperature 
increase. 

6.2.- Modelling 

Modelling of heat transfer during blowdown requires as we have 
mentionned : 

- the determination of precise flow conditions ; 
- the elaboration of heat transfer coefficient package. 

The first requirement meets the needs for a realistic two-phase 
flow description developed in the preceding paragraphs. 

The second requirement has led to very extensive studies whose 
results are detailed in the lectures of J.G. COLLIER /~1980_/ and of 
D.C. GROENEVEID /"" 1980_7- However two comments have to be done concerning 
the elaboration of the heat transfer package : 



- the heat transfer correlations have been generally established by inter
preting experiments where the fluid conditions are often determined with 
homogeneous equilibrium models. This explains for example the reference in 
two-phase conditions to the saturation temperature which is considered as 
fluid temperature. The heat flux in this formulation is also transmitted to 
the mixture without any distribution between the phases. If we want t_ u s e 

these results with the advanced codes flow models, it is necessary to make a 
partition of the total heat flux between the phases which will in a second 
time exchange heat and mass. Even if the saturation temperature can always 
be used as reference temperature in the total heat flux formulation one can 
be obliged for coherence in the flux partition and in the interphase transfers 
to use the phase temperatures. 

- one important physical parameter of heat transfer is the volumetric flow 
rate. It can be then clearly understood that the use of a slip model instead 
of an homogeneous model can have by changing this flow rate a strong in
fluence on the heat transfer calculation. 

These two comments show that, to avoid errors, a heat transfer 
package must be used with the flow model which has been employed for his 
elaboration. The use of new advanced flow models requires then some modifi
cation and new assessment of the heat transfer models. 

II - REFILL PHASE 

1.- Safety injection 

The safety injection starts during the refill phase. It is why it 
is described in this chapter. But it continues during the reflood phase 
with the same typical behavior. 

1.1.- Description 

There are generally three modes of injection : 

- injection by the high pressure pumps which is specially impor
tant in the case of small leaks where the primary pressure remains high. 

- injection by accumulators, which occurs when the primary pres
sure falls below a fixed level (25 to 40 bars depending on the design). 

- injection by the low-pressure pumps which happenswhen the pri
mary pressure is approaching the containment pressure. 

» 
In all these types of injections, there is a strong interaction 

between the injected water which is at low temperature and the fluid in 
the primary circuit which is at high temperature and can be almost pure steam 
during some phases of the accident. The large differences in temperatures 
induce strong condensations. As very often in condensation processes there 
may be delays and the condensation is occurring suddenly in some "explosive 
manner". These sudden and local condensations induce large accelerations 
of the interacting fluids and consequently large pressure fluctuations. In 
some range of parameters it has been shown that a water plug can oscillate 
ups:rcam and downstream the injection point. These oscillations have a 
period of 1 to 3 Hcrz and are accompanied with pressure oscillations of 
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some bars. The oscillation phenomena may have important effects on the system 
response, specially by changing the pressure drops vhich can be very different 
in steady and oscillating flows. As it is well known in condensation processes, 
the presence of incondensible gas changes drastically the phenomena qualitative
ly and quantitatively. In the safety injections main sources of inconJensible 
gas are the dissolved gas in the water of the accumulator and the accumulator 
'pressurising gas. The presence of incondensiblcs generally reduces the pres
sure fluctuations and can make disappear the water plug" oscillation "phenomena. 

1.2.- Modelling 

Modelling of the safety injections is more or less just a specific 
aspect of two-phase flow modelling in the sense that one has to describe 
thermal and mechanical non equilibrium phenomena in a specific area inclu
ding : 

- condensation of steam by cold liquid 
- large variations of fluid velocities related with the condensation. 

It is then clear that the homogeneous equilibrium model used in 
the first generation code»; is not able to describe adequately injection 
processes. For the advanced codes the capability exists but the transfer laws are 
vnt very.well known.Specially "explosive" condensation following periods 
when water and steam are placed side ! y side without any apparent interaction, 
seems very difficult to predict. Influence of incondcnsible gas is also 
very difficult to quantify. 

Models for the oscillations have been written. They describe the 
motion of the water plug by the -sual dynamic equation. The oscillatory 
motion is then the consequence of different heat and mass transfer processes 
which occur during the oscillation at the boundary of the plug in contact 
with steam. These models are able to predict the periods and amplitudes of 
the oscillations, but they did not give any criteria of appearance of these 
oscillations. These criteria vhich are difficult to establish because of the 
hysteresis effects can only be obtained by correlation of experimental results. 
As always with correlation procedure this raises of course prcl-lrms of extra
polation in scale. 

An important problem encountered in all types of injection models 
is a numerical problem. Injecting cold water in hot steam causes a thermal 
shock which is very difficult to handle on a numerical point of view. This 
induces generally in the codes very large numerical and non physical oscilla
tions which either decrease the time steps and make the computation very 
costly (1 hour calculation for some seconds of transient) or make the compu
tation impossible. Presently, very often, the computation can only be made 
by increasing artificially the injected water temperature up to sometimes 
the saturation temperature. This way to handle the calculation is of course 
unsatisfactory. 

The physical and numerical difficulties in predicting the safety 
injection phenomena show that improv$inents are still to be made specially 
on the condensation transfer laws, oscillations criteria and numerics. 
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2.- Downcbmer : By-pass phenomena 

2.1.- Description 

When, in the LOCA sequence, safety injection starts with the 
accumulator discharge, there is a strong steam flow going upwards in the 
downcomcr.. The gravity forces arc then not sufficient for the injected water 
to go down in the downcomer. The injected water in the intact loops goes 
through the upper part of the downcomer annulus towards the break on the 
broken loops. This water is then lost in the filling of the lower plenum. _ 
This phenomenon is called ECC by-pass (see the lecture of W. RIEBOLD / '080/)» 

When the steam flow decreases, some counter-current flov? of water 
begins to reach the lover plenum downwards the downcomer. The ECC by-pass 
is terminated when the steam flow has decreased sufficiently so that all the 
injected water can flow down to the lower plenum. 

This phenomenonis particularly important because it delays the 
filling of the lower plenum and so the beginning of the reflooding of the 
core. During this phase, the core is badly cooled and each second of delay 
causesa substantial increase of the cladding temperature and then a higher 
initial temperature for the reflood phase. 

As for all processes involving one-component two-phase flow, 
this phenomenon presents physically mechanical and thermal aspects : 

- for the mechanical aspect, we are faced to the well known 
flooding mechanism. In anupttfai-d steam flow and downward water flow, there is 
a limit on the steam flow rate beyond which the water cannot goes down due 
to interphase friction and below which a countercurrent flow can be established. 

- for the thermal aspect, condensation occurs between the steam 
coming from the core and the water coming from the injection point. 

The geometrical configuration of the downcomer and of the loops 
connections makes that the above flows present a strong 2-D behavior. The 
erratic "explosive" condensation effects superimpose to this 2-D behavior 
very large-accelerations which makf>s the flow very agitated and chaotic. 

2.2.- Modelling 

Modelling of the two-phase flow in the downcomer during the 
considered phase needs the description of thermal and mechanical non-
equilibriura in the following specific areas : 

- flooding mechanisms ; 
- condensation effects. 

It is clear in that case that the homogeneous equilibrium model 
used in the first generation codes is not able to describe these phenomena. 
In these codes, two different approaches arc used : 

-- in the evaluation versions (for licensing) complete by-pass is 
assumed during a certain time, and no countcrcurrcnt flow is taken into 
account. The duration of complete by-pass is chosen long enough in order 
to have conservative results on clad temperature ; 
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- in the best estimate version, the delay is obtained by a proper 
noding of the downcotncr • : if the number of volumes representing the 
dovmconier is changed the arrival time of water in the lower plenum is 
varying. Comparisons with experiments lead then to an empirical number 
of nodes. This is not, of course, satisfying on a physical point of view 
and does not give any confidence for scale extrapolation. 

In the advanced codes, more sophisticated description can be 
attempted.2D calculations can try to take into account the 2D effects and 
some codes like TRAC already makes this type of calculation. The remaining 
problem, in fact, is ..he determination of the transfer laws. The flooding 
mechanism is governed by the momentum transfer between the phases. These 
momentum transfers depend on the flow patterns and if they are already not 
quite well known in the smooth flooding and counter current flow, they are 
very difficult to determine in the flow configuration which occurs in the 
downcomer because of the large disturbance induced by the condensation 
effects. The description of condensation has to be done through the heat 
and mass transfer laws, the determination of which encounters the same type 
of difficulties than the ones discussed in the safety injection modelling. 
Interaction between the mechanical and thermal phenomena makes then the 
downcomer modelling very difficult. 

Therefore, simplified models are being developed. These models 
use generally flooding correlations which are adjusted on experiments. 
The model of WALLIS is one example of this procedure. As it occurs almost 
every':time with this correlation type procedure, there is a problem in the 
scale extrapolation because the experiments (for example CREARE experiments 
/'^ROWLEY, 1979_7 or BATTELLE Columbus experiments fcvmiï, 1978_7) on 
vhich the models can be checked are always small scale experiments.The 
complexity of the phenomena raises large doubts on the ability of such 
simplified models in extrapolating. This is the reason why full scale expe
riments are envisaged in an international cooperation (2D-3D reflood 
program). 

Ill - REFLOOD PHASE 

1.- Core reflood 

Ï.1.- Description 

At the end of the refill period, the steam flow through i „ core 
vhich has decreased during the ECC by-pass phase becomes very low as it is 
only due to the condensation by the water in the lower plenum. The heat 
transfer in the core is then very bad and the fuel rod temperatures increase 
almost ndiabatically. When the water which has filled the lower plenum reaches 
the bottom of the core these temperatures can be quite high (up to 800oC-900°C) 
The water arriving in the core is then instantaneously vaporized. It induces a 
large upwards flow of steam and droplets which increases strongly the heat 
transfer from the rods. The strong vaporization at the lower part of the core 
decreases the cladding temperature. When this temperature is sufficiently 
low, the cladding surface is rewetted. 



It appears then what is called a quench front below which the 
wall is rewetted and above which the wall is dry. The axial temperature 
presents then a typical profile given on figure 2. One can notice the 
very steep gradient at the quench front where in some centimeters the 
temperature goes from the high upstream values (from 40O°C to 900°C) to 
values near the saturation (between 100°C and 150°C). At the quench front 
the heat flux is very important. This allows the removal by the fluid of 
the heat stored in the downstream part of the rod adjacent to the quench 
front. Consequently the wall temperature decreases inducing the rewetting 
of the wall : the quench front moves up progressively in the core. 

If we consider now the temperature evolution in one point (see-
figure 3) the increase which before the beginning of reflood corresponded 
to heating with almost no heat transfer to the fluid, presents an inflexion 
when reflood starts. This is due to the steam and druplet flow resulting 
from the strong vaporization at the quench front. The heat transfer by this 
steam and droplet flow is continued as the quench front moves up in the core 
The temperature increase becomes lower till the temperature reaches a maxi
mum. This maximum value (turn around temperature) is the highest temperature 
reached during the LOCA and is then particularly important as it must not 
exceed the criteria (1200°C). After this maximum has been reached, there is 
a.small decrease of the temperature followed by the steep front occurring 
when the considered point is quenched. 

The reflooding process is characterized by very complex heat 
transfer and flow mechanisms. To detail these mechanisms and have a better 
understanding of them, we can consider the different regimes which can be 
distinguished along a channel. Depending on the value of the equilibrium 
quality at the quench front, two types of configuration can happen. The 
first one where the equilibrium quality is negative corresponds to fast 
reflood. In this configuration (see figure 4) the different flow and heat 
transfer regime1? which are encountered are : 

1) a single phase liquid region at the entrance of the channel ; 

2) a nucleate boiling region : vaporization occurs at the wall because of 
its temperature, the vapor condenses in the subcoolcd liquid •. bulk. 

3) the quench front region where the wall temperature increases and where 
the wall goes from the wetted state to .the dry state. 

A) an inverted annular region : because of the high values of the wall 
temperatures, the wall exchanges heat through a vapor film to an important 
bulk of liquid and vapor bubbles, resulting from the negative equilibrium 
quality flow upstream the quench front. 

5) a dispersed region corresponding to a change of flow pattern as the vapor 
quality is increasing by vaporization. In this region the vapor becomes 
superheated with liquid droplets. 

In the inverted annular and the dispersed region the heat transfer 
is occurring' not only by the usual convection process, but also by radiation 
because of the high values of wall temperatures. The different heat fluxes 
which occur arc then : 
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- heat fluxes by convection and radiation from wall to vapor ; 
- heat fluxes by convection and radiation from wall to liquid ; 
- heat fluxes by convection and radiation between liquid and vapor. 

In the second configuration (see figure 5) which corresponds to 
positive equilibrium quality at the quench front and slow reflood the diffe
rent flow and heat transfer regimes arc : i 
1) single phase ; 
2) nucleate boiling ; 
3) forced convection vaporization with bubble or churn-turbulent flow ; 
A) forced convection vaporization with annular flow ; 
5) quench front region ; i 
6) dispersed flow. 

t 
The difference between the two configurations is in the fact that, ; 

in the second one,the slow reflood rate allows the usual heat transfer and ; 
vaporization regimes to occur before the wall dries out. [ 

One has to note that the presented configurations are schematic ! 
and that some variation from this schema can be found in the real flow j 
and heat transfer regimes. But this gives an idea of what are the physical 
processes in reflood. i 

In these processes the quench front progression is particularly j 
important. As said before»this progression is governed by the way the heat 
stored in the hot downstream part of the quench front is removed. Two ; 
mechanisms are taking part in this removal ? j 

i 

- heat transfer to the fluid : this heat trarsfer is particularly important. 
The rewetting phenomena is in fact the reverse phenomena of . the dry-out 

and one knows that in this last process there is at this point a maximum j 
in the flux curves (see figure 1). As some modelling interpretation shows I 
/ CLEMENT, 1977_/ it seems that this maximum heat transfer phenomena is \ 
increased by boundary layer effects which physically correspond to the i 
observed non established character of the flow in the vicinity of the quench 
front. t 
- axial conductions : the steep gradient of the wall temperature at -.the quench 

front makes that the axial conduction in the rod from the dry region to the 
wet region can play a non negligible role in the heat removal from the 
hottest part. 
1.2.- Modelling ' 

The_details of modelling will be found in the lecture of 
Pr MAYINGER / 1980_/. We will just give some comments in relation with 
the other modelling problems which lave been already discussed. 

From the heat transfer and flow description, it is clear that equili
brium homogeneous models are not able to take into account any of the descri
bed phenomena. Calculations using correlations can of course be made. These 
correlations can be entirely global as the FLECHT correlations or partly 
global, as it is done in sonic first generation codes (UELAV h mod 6 for example). 
Thin procedure rair.es as alw.-tvn transposition problems. In the reflood case 

http://rair.es
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the transposition problems are not scale problems because it is possible 
to make experiments in the real flow geometry. The only obligation for the 
geometrical aspects is that if any changes (as grids, lengths ...) are 
made, one must proceed to new experiments including these changes. The trans
position problems are in fact that the experiments are generally done with 
electrical simulators for the rods. It is then impossible to know what will 
be the effects in the real fuel rods of the differences in physical pro
perties between the clad, the oxide layer, the gap, the fuel pellets because 
these differences cannot be easily represented in the electrical simulator. 

A mechanical and thermal non equilibrium model has then necessa
rily to bt- used. With this model, the rcflood description can be resumed 
to the transfer laws determination. The specific aspects of this determina
tion are ; 

- the particular range of parameters : for example, many data exist in 
nucleate boiling at high pressures and very few at the low pressures 
existing in the reflood process ; 

- the radiation heat transfer which generally is negligible in other 
conditions and which is impossible to separate from the convection heat 
transfer by measurements. 

The quench front modelling raises also very specific problems 
because of the very sharp heat transfer to the fluid in non established 
conditions and the superimposition to this heat transfer of. 2D conduction 
in the rod. The transposition problem is -here very difficult.lt has been 
shown / CLEMENT, 1977_7 for example that it is possible to have two dif
ferent models which are able to agree with experimental data and which 
give different results when thay are applied to the real fuel rod. 

2.- System response during reflood 

2.1.- Description 

The first parameter which has to be looked at in the system responr 
se ib the flov; entering in the core (reflood rate). The driving force of th 
flow is the gravity head of the water which fills the downcomer. The re
sistance force is the pressure drop in. the core and in the circuit leading 
to the break. The flow-rate entering the core is then determined by the 
equality of these two forces. 

The pressure drop in the core depends on the reflood process 
which has been described before. The pressure drop in the circuit from 
the core to the break depends oh the two phase flow characteristics. This 
flow at the outlet of the core is constituted of steam and droplets. In 
the upper plenum there is an entrainment de-entraimnent effect on this 
flow : the droplets are caught by the structures which are in the upper 
plenum and constitute water films on these structures ; the steam flow 
then entrains droplets from these water films. The net balance of these 
two opposite phenomena governs the quality of the two phase flow entering 
the hot leg on the broken loop. If the breaV. is located on the hot. leg, the 
pressure drop till the break is very reduced. But if the break is located 
on the cold leg, the two phase flow has to go through the steam generator, 
the U -tube and the pump.In the steam generator, due to the hot temperature 
on the secondary ni.de, there is vaporization of the droplets inducing a 
large pressure drop due to acceleration. In theU-tube a water plug in 

http://difficult.lt
http://ni.de
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from the steam generator. The steam has then to go through the pump. Con
sequently, in case of cold leg break, the pressure drop from the outlet 
of the core to the break can be substantial. This pressure drop is very dcpen 
dent on the quality of the two-phase flow coming in the hot leg. Increase 
of this quality induces increase of the pressure drop giving what is called 
the steam binding effect which by increasing the resistance force, reduces 
the reflood rate (the driving force being fixed by the downcomer height). 

The entrainment de-cntrainment effect in the upper plenum by 
governing the quality of the two phase flov; entering the hot leg is then 
very important for the reflood rate. Another consequence of this effect 
is that the water films on the structures fall down and can cause water 
accumulation on the upper plate of the core. This water can enter the 
core and create a foiling quench front in the upper part of the core. This 
entering of water in the core may induce very complex multidimensional. -
effects. The water will first enter the assemblies which present the lowest 
steam flow and which are the coldest assemblies. The reflooding of these 
assemblies will then be facilitated and this will increase the multidi-
inensionnal disparities between the hot and cold assemblies in the core and 
by that way will increase the possible 3D effects in the reflood process. 

A last characteristic of the system response during reflood 
concerns the oscillations. The sources of oscillations are constituted 
of : 

- the safety injection which, as it has been discussed before, may gene
rate in some cases pressure oscillations ; 

- the U-tube where accumulated water may let the steam pass through in 
an oscillatory manner ; 

- the driving force nature which is gravity head controlled and which can 
lead to oscillations of same type than the oscillations of water -filling 
partially a U-tube. 

2.2.- Modelling 

The problems of system modelling during reflood are the usual 
two-phase flow problems except for two specific phenomena : 

- the entrainment de-entrainment phenomena in the upper plenum and the 
3D effects which are induced in the core ; 

- the U-tube oscillations if some water remains in it. 

Details of these modelling problems may be found in the lecture 
of Pr MAYINGER /*~1930_7. We will insist only on the very complex character 
of these two phenomena which are multidimensional'. Their complexity makes 
that correlation types calculations have to be used. This procedure raises 
transposition problems and leads to envisage full scale experiments as it 
is done in the 2D-3D reflood program. 
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IV - SMALL LEAK SPECIFIC PROBLEMS" 

1.- Identification of"the"problems : examples'of sequence 

During the first phase of a small leak» the pressure decreases 
till the high pressure pumps start- to inject. If the injection rate is 
higher than the break flow rate, there is a stabilisation of the pressure 
and of the water mass inventory in the primary circuit. In that case, the 
core is always flooded. If the injection rate is lover that the break flow 
rate, there is a global mass leakage, this phenomenon continues till the 
injection rate compensates the break flow rate. This compensation can occur 
only if the break flow rate decreases. If the primary pumps are still 
running there are chances that the break flow rate will not decrease 
enough as the forced convection feeds the break with two-phase flow. Consi
dering now in order to simplify our physical problems identification that 
the primary pumps are stopped, there is a formation of a mixture level. This 
level goes down as the mass inventory decreases and there is a moment 
when the mixture level arrives at the elevation of the break. The flow 
at the break becomes vapor flow and a drastic decrease of the flow rate 
occurswhich then may become lower than the injection rate. In that case, 
the mass inventory of the primary circuit is stabilized and the mixture 
level oscillates near the break elevation. If the break flow rate remains 
higher than the injection flow rate, the level will continue to go down 
with the possibility of deflooding the core. As ve are considering small 
leaks and not intermediate breaks where this mass leakage continues till 
tVa circuit will be empty, there will be a pressure for which the break 
flov rate (which decreases with the pressure) will be low enough to be compen
sated by the injection rate. The mixture level will be stabilized at some 
location in the vessel. 

In all these types of sequences,one important problem is to know 
how the energy produced in the core can be removed. Two ways play in fact 
an equivalent role. That is first the break flow and secondly the steam 
generators which constitute the cold points in the circuit. The steam gene
rators behavior is particularly important because, if the primary pumps are 
stopped, they are part of the driving force in the natural circulation. In 
some designs (KWU) discharges on the secondary.side of the steam generator 
are made in order to lower the secondary temperature and then increase the 
cooling efficiency of the steam generators. 

The preceding examples of events are of course not exhaustive 
hut they allow to outline the main physical phenomena which have to be des
cribed for the small leak prediction. These phenomena are : 

- natural circulation in two-phase flow; 
- mixture level formation and evolution ; 
- break flow ; 
- deflooding of the core at relatively high pressures ( (V 70 bars) ; 
- steam generator behavior. 

The break flow determination may not be very different from the 
ones used in the large break prediction. Therefore we will just review 
shortly the other phenomena. 



2.- Natural circulation in two-phase flow - Mixture level 
formation and evolution 

The two-phase flow occurring in these phenomena is characterized 
by low velocities. In these types of flow, the mechanical non equilibrium 
is mainly due to gravity effects on the vapor bubbles. In the vertical 
parts, there is slip due to bubble rise and possibility of phase separa
tion and mixture level formation. In the horizontal parts, there may be 
stratifications. 

The modelling of these phenomena needs of course non equilibrium 
models. The difficulty of such modelling is the determination of the 
transfer laws specially momentum transfer because of the lack of experimen
tal data in the range of high pressures where these two-phase flows occur. 

3.- Deflooding of the core 

This situation may not be very different £ r o m. the reflood situa
tion in large breaks. The needs are the same for two-phase flow modelling 
vhich has to take into account mechanical and thermal non equilibrium. The 
heat transfer problems are also the same wiih the determination of the dif
ferent heat transfer regimes and of convection and radiation heat transfers. 
The difficulty is in the availability of experimental data at the encountered 
pressures. 

4.- Steam generator behavior 

All types of two phase flows can be found on the primary side 
of the steam generators. We can have bubble flow at low qualities, slug 
flow, flow with a mixture level in the upper part of the u -tubes, steam 
flow with condensing liquid which can form falling films on the wall. Be
cause of the diversity of flow regimes the heat transfer on the primary 
side is difficult to evaluate. There is also few experimental data on the 
condensing heat transfers which are particularly important in that case 
because the steam generators constitute <"ne important way to evacuate the 
energy of the core. The influence of non condensible gas on condensation 
process is also well known but', is difficult to quantify. 
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