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Abstract

This thesis focuses on the development of the two-fluid model of the APROS
simulation program. The system of constitutive equations and how equations are
related to basic equations have been presented and discussed. The new non-
condensable gas model, which was implemented to the two-fluid model, has
been described in detail. The extension of the non-condensable gas model to the
two-fluid system and the validation of the model have also been presented. The
changes made to the six-equation model when the model has been applied to
supercritical pressure calculation have been depicted. Finally, the author de-
scribes how the whole complicated system is verified and validated. Through the
simulations, the applicability of the two-phase model for the analyses of real
plant applications is substantiated and verified.

In addition to this summary, the thesis consists of four publications. The first
paper deals with how the CCFL (Counter Current Flow Limitation) correlations
have been implemented to the code and how these correlations have been veri-
fied. In the second paper, the non-condensable gas model and its implementation
to the two-fluid model have been presented. The third paper describes how the
sharp temperature distribution can be maintained in the liquid flow through the
aid of simple higher order discretization. In the fourth paper, the modifications
carried out to the two-fluid model when applied to the calculation of the super-
critical pressure flow are described and discussed.
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Tiivistelma

Taméd véitoskirja kuvaa APROS-simulointiohjelmistoon kuuluvan yksi-
dimensioisen veden kaksifaasivirtauksen laskentaan tarkoitetun kuusi-
yhtdlomallin kehityksen. Korrelaatiotyyppiset lisdyhtdlot kuvataan ja samalla
kerrotaan, kuinka ne liittyvit perusyhtéldiden muodostamaan ratkaisuun. Perin-
teisen kaksifaasilaskentamallin lisdksi vditoskirja kuvaa lauhtumattomien kaasu-
jen laskentamallin, sen kelpoistamisen ja kuinka tdmé laskentamalli liittyy kaksi-
faasivirtauksen ratkaisujarjestelmiin. Kaksifaasimallia on myds muutettu siten,
ettd sitd voidaan soveltaa ylikriittisen paineen laskentaan. Kaksifaasimalli muo-
dostaa hyvin monimutkaisen jérjestelmén, jonka toimivuus pitdd varmentaa aina
kun jokin uusi osamalli liitetdén kokonaisuuteen tai jotakin mallin osaa muute-
taan. Viitoskirjassa kuvataan erdiden kaksifaasivirtaukseen ja limmonsiirtoon
liityvien kelpoistamiseen kéytettyjen kokeiden laskentaa. Néilld kokeilla osoite-
taan kaksifaasimallin toimivuus ja se, etti laskentatulokset vastaavat todellisuutta.

Johdannon lisdksi véitoskirja siséltdd liitteend olevat neljd julkaisua. Ensim-
madisessd kuvataan faasien vastakkaissuuntaisen virtauksen rajoittamiseen kéy-
tettyjen CCFL-korrelaatioiden (Counter Current Flow Limitation) liittdminen
laskentajirjestelmédn seké ndiden korrelaatioiden kelpoistamiseen liittyvat simu-
loinnit. Toisessa kerrotaan yksityiskohtaisesti lauhtumattomien kaasujen lasken-
tamallista, sen kelpoistamisesta ja soveltamisesta todelliseen laitostransientin
laskentaan. Kolmannessa julkaisussa kuvataan ohjelmaan kehitetty vaihtoehtoi-
nen korkeamman kertaluvun diskretointimenetelma, jolla pystytddn vdhenta-
médn numeerista diffuusiota. Neljannessd julkaisussa tarkastellaan ylikriittisen
paineen laskennan vaatimia muutoksia kaksifaasimalliin ja kuvataan mallin toi-
mivuutta mittaavien laskentatapauksien simulointeja.
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Author’s contribution

In Publication I, the author describes how the CCFL (Counter Current Flow
Limitation) -correlations have been implemented to the six-equation model of
APROS code. In addition, how these correlations have been verified is de-
scribed.

In Publication II the the non-condensable gas model made and implemented by
the author has been presented. In addition, the co-author describes the simulated
application in a real nuclear power plant.

In Publication III, the author has developed and implemented the higher order
discretization model. It has been shown that by the aid of this model the sharp
temperature distributions can be better maintained in the liquid flow. The co-
authors have validated the model.

In Publication 1V, the author modified the two-fluid model in such a way that it
can be applied to the calculation of the supercritical pressure flow. The co-author
has taken part in improving and testing the model developed.
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Nomenclature

PESQ v pRN /e oW NTCNXRIIEAN T Semm P

area, flow area (m°)

Bond number

friction factor

rate of entrainment

friction (N/m’)

acceleration of gravitation (m/s”)
enthalpy (J/kg)

superficial velocity (m/s)

interface heat transfer coefficient, Kutatelaze number
mole weight

mass flow (kg/s)

pressure (Pa)

heat flow/volume

universal gas constant (8.314kJ/kmol K)
temperature (°C or K)

time (s)

velocity (m/s)

volume (m”)

space coordinate in flow direction (m)
mass fraction

gas volume fraction

ratio of specific heats (ideal gas)
density (kg/m?)

mass transfer (kg/s m®)

time step (s)

time constant (s)

Surface tension (N/m)

Interfacial friction (N/m?)

velocity difference of phases (m/s)
mesh spacing in flow direction (m)
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Subscripts

boron

dissolved
entrainment

gas

isenthalpic

node i

branch after node i
branch before node i
isentropic

phase k (either gas or liquid)
liquid

mole
non-condensable gas
release

saturation

static

stratified
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1. Introduction

In analyzing various processes of energy production, the behaviour of processes
in varying states must be known. Therefore, computational simulations are em-
ployed increasingly for these purposes. Especially in nuclear power plants
(NPP), the accurate knowledge of the process state in various normal and ab-
normal situations has fundamental importance. The behaviour of NPPs in a state
of emergency cannot be secured by means of small scale experiments. There-
fore, the functioning of NPP processes must be modelled computationally with
large computer codes. The basic part of these codes consists of the models which
describe the coolant flows and heat transfer in the core. Core neutronics are
simulated with one-dimensional or nowadays more commonly with three-
dimensional models. The secondary side — especially steam generators, which
have the strong effect on the coolability of the nuclear core — are part of the cal-
culation model. Also, the tightness of the containment in accident situation must
be ensured computationally. The development of computer technology has cre-
ated new possibilities to expand and improve on the simulation models and thus
respond to the new more stringent requirements of safety authorities. The codes
have also been developed to be user-friendlier. In addition, some codes are cur-
rently able to simulate the entire power plant, thereby enabling their use for
training purposes.

In this thesis, the six-equation model of APROS developed is described. The
author has been involved in the development of this model from its first begin-
nings at the outset of the 1990s. The author has deducted the discretized linear
equations for solving pressures, enthalpies and void fractions in accordance with
the concepts shown in the reference (Siikonen, 1987). The system of constitutive
equations and how equations are related to basic equations are presented and
discussed in the reference (Hanninen & Ylijoki, 2005). The basic system of con-
stitutive equations was originally conceived by Ylijoki (Ylijoki, 1991). In Publi-
cation I the author describes with how the CCFL correlations have been imple-
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1. Introduction

mented to the code and how these correlations have been verified. The later-
developed non-condensable gas model and its implementation to the six-
equation model are presented in the summary and in more detail in Publication
II. The author has developed the higher order discretization model. It has been
shown that by the aid of this model, the sharp temperature distributions can be
better maintained in the liquid flow. The changes carried out to the six-equation
model when applied to supercritical calculation are depicted in Publication IV.
Finally, how the robustness of the complicated system is verified and how the
correctness of the simulation results is validated are described and discussed.

At present, APROS is used to make safety analyses of Finnish NPPs. In the
calculation of the safety analysis, only the reactor and its main cooling systems
are customarily described. With APROS, however, the simulation of the whole
plant including the turbine and the condenser can be modelled, and simulations
can be done together with the automation system. Also, the containment can be
modelled and simulated as one simulation component simultaneously with the
primary circuit and the turbine plant.

1.1 Background

In the nuclear technology starting from the 1970s, the safety analysis called for
thermal-hydraulic models that were reliable enough to calculate the complex
phenomena related to the normal and accident situations of the water-cooled
reactors. These codes were developed in many countries where the nuclear reac-
tors were taken into use. In the USA, several versions of the RELAP-codes
(Ransom et al., 1985) were developed and were gradually improved by using
more detailed physical description. In France, the CATHARE (Barre & Bestion,
1995) and in Germany, the ATHLET (Teschendorff et al., 1996) codes were
used for safety analyses.

In Finland, the code APROS was developed as a joint effort between VTIT
Technical Research Centre of Finland and Imatran Voima Oy (nowadays For-
tum). It was in many respects similar to other thermal-hydraulic codes, but al-
ready from the very beginning the aim was to develop the multipurpose code.
Even if the APROS is capable of simulating the reactor thermal hydraulics, it
can be applied to many other processes, because in addition to thermal hydrau-
lics, it also includes many other program packages. The extensive models for
automation and electrical systems and the possibility to simulate the flue gas

14



1. Introduction

flow and burning reactions enable the simulations of whole power plants — nu-
clear or a different type of combustion power plants.

The development of the APROS one-dimensional code was already started
during the latter part of the 1980s. From the very beginning, the aim was that the
code should be able to simulate the two-phase flow of the water. Due to the lim-
ited computer power, the two-phase flow and related heat transfer model was
first based on the homogeneous model. In this model, the steam and water were
modelled as a homogenous mixture, i.e. the steam and liquid had same tempera-
ture and they flowed with the same velocity. The main principles of this model
have been presented in reference (Hanninen, 1989).

The same principles as in the homogeneous model were used in developing
models for the flows of the gas mixture. In the flow and energy solutions of the
flue gas, it is assumed that the flowing medium composes of gas mixture that
consists of various gas components. This requires that the concentrations of the
gas components in the model are solved every time everywhere along the flow
network. Also, the concentration changes due to burning reactions are calcu-
lated. Even if the flue gas flow in the model is assumed to be in the gas phase, it
is possible to take into account that part of the water may be in the form of liquid
droplets. This happens by calculating the dew point temperature and then iterat-
ing the proportions of steam and liquid. Also, the effect of the water droplets on
the flue gas mixture density is taken into account.

In the homogeneous model, the interface phenomena are omitted, i.e. there is
no need to calculate the transfer of mass, momentum and heat between phases.
This provides the possibility to also apply the basic equations to the two-phase
flow of other fluids than water. When applying the homogeneous model to other
fluids, the same type of fluid material properties as those used in the APROS
water homogeneous model should be developed for the fluid in question.

Even if the homogeneous model could be used in many applications, it was
clear that more sophisticated two-phase models were needed. At present, the
thermal-hydraulics can be simulated with a homogeneous model, with a 5-
equation drift-flux model and with a 6-equation two-fluid model. The 5-equation
model is based on the separate SMABRE code (Miettinen, 1999) which is
largely used for analyses of Finnish NPPs. All the models can be used in the
same simulation exercise, so that the parts of the process simulated with one of
the models can be connected to other parts simulated with various two-phase
flow models. This thesis focuses on the six-equation part of APROS thermal
hydraulics.

15



1. Introduction

1.2 Six-equation model

The one-dimensional two-fluid flow model of APROS (six-equation model)
simulates the behavior of a system containing gas and liquid phases. The system
is governed by six partial differential equations, from which the pressures, void
fractions, phase velocities and phase enthalpies are solved. The phases are cou-
pled to each other with empirical friction and heat transfer terms which strongly
affect the solution. The partial differential equations are discretized with respect
to time and space, and the resulting linear equation groups are solved by the
matrix equation-solving system of APROS (Juslin & Silvennoinen, 1986).

The six-equation model is based on the ideas shown in reference (Siikonen,
1987). The basics of the model were prepared already at the beginning of the
1990s, but the work in implementing new physical models and increasing the
accuracy of existing models has been continued up to the present day.

Even if the numerical calculation of the flows, enthalpies and pressures in the
APROS thermal hydraulic models is based on the finite difference scheme, the
definition of the simulated process is made by using the process component
modules and the graphical user interface. A user provides data to process com-
ponents that exist in real power plants. The typical process components used in
APROS are pipes, pumps, valves and heat exchangers. Also, process compo-
nents specific for nuclear or combustion power plants can be used. At the same
time that a user specifies the necessary data of a process component, she/he de-
fines how many finite difference elements the process component is to be di-
vided into. The APROS initialization program automatically creates the calcula-
tion nodalization on the basis of the process components input data and the
graphically made connections between the components.

The water and steam material properties needed in simulations are interpo-
lated using a table as a function of pressure and enthalpy. In the six-equation
model, property values are separate for steam and liquid. Also, the material
property values at saturation state are required (Lilja and Juslin, 1987). The
problems in using the two dimensional table for the calculation of material prop-
erties are possible discontinuities. In addition, the solution system requires that
the density increases monotonically with increasing pressure. After the first ver-
sion of the material property table, the table points have been increased several
times in order to fulfil the accuracy requirements. The material property tables
have also been enlarged over the supercritical pressure area. In updating the
steam and water tables, the latest data was used (International Association for
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1. Introduction

Properties of Water and Steam, 2007). Especially for values near the critical
pressure point, a very dense network of the tabulated pressure and enthalpy
points was needed.

The two-fluid model has also been further developed to cover the simulations
of non-condensable gas flows. In this model, the non-condensable gas can be
one of gases air, nitrogen, helium or hydrogen. The non-condensable gas can be
as mixed with steam in the gas phase or it can be dissolved in liquid phase, and it
can be transferred from one phase to another.

17



2. State of art

In simulation of the nuclear power plants with the system codes APROS and
other similar codes like RELAPS5 (RELAPS5-3D Code Development Team,
2005), TRACE (Spore et al., 2000), ATHLET (Teschendorft et al., 1996) and
CATHARE (Barre & Bestion, 1995), several problems are encountered. Various
approaches have been developed to overcome these problems or at least to im-
prove the results of simulations. In the following, the recent developments in
simulating two-phase flow have been discussed.

2.1 Momentum transfer between phases

One of the problems in the one-dimensional two-phase flow models is the trans-
ferring of momentum between phases. The interfacial friction is very strongly
dependent on the flow regime. In instances of stratified flow, the gas and liquid
phases do not communicate much with each other. On the other hand, the small
droplets in gas phase and small bubbles in the liquid phase flow with almost the
same velocity as the bulk phase flows.

One promising approach to overcome problems in one-dimensional two-phase
flow related to momentum transfer between phases is to divide the flow fields
according to velocities. As an example, the annular flow usually consists of the
liquid flow at the wall and of the gas flow in the middle of the pipe. At the same
time, the liquid flow may include the small bubbles and the gas flow may in-
clude small droplets. These small particles flow nearly with the same velocity as
the prevailing phase. In the reference (Rajaméki and Narumo, 1995), the SVAF
model (Separation of the Flow According to Velocities) has been described. In
this model, the momentum equations describe two fluids which consist of both
phases. This kind of approach simplifies the interfacial momentum transfer
models between phases, but on the other hand new types of models for the mo-
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2. State of art

mentum transfer are needed. The present interface correlations have been devel-
oped for the system where the liquid and gas form their own mass, momentum
and energy balances.

2.2 Numerical diffusion

The other problem in the one-dimensional codes based on partial differential
equations is the numerical diffusion. This turns up, for instance, as a tendency to
even out the sharp distributions of the solved variables. In the reference (Ra-
jamiki & Saarinen, 1994), the shape-preserving characteristic method PLIM
(Piecewise linear interpolation method) has been described. In this method, the
unknown variables at mesh boundaries are represented using a piecewise linear
approximation.

In the six-equation model of APROS, the numerical diffusion in liquid en-
thalpy calculation has been reduced by incorporating a simple higher order up-
wind scheme (Vihavainen et. al., 1999). The same method was also applied in
solving the concentrations.

2.3 Three-dimensional phenomena

One difficulty in modelling the nuclear power plants with a one-dimensional
model is the large volumes, which cannot always be modelled one-
dimensionally. The one-dimensional system codes are used for the simulation of
the reactor pressure vessel and steam generator secondary side, which also in-
cludes the volumes that cannot be considered as one-dimensional flow channels.
Recently, various approaches have been applied to simulate the 3-dimensional
two-phase flow.

One possibility to cope with the 3D problem is to add the two-phase models to
existing CFD codes. The problem is that mass transfer (boiling or condensing) is
difficult to properly model. One approach is that the gas inside the liquid is as-
sumed to be always in the form of bubbles, i.e. the other flow regimes are not
modelled. Realistic three-dimensional CFD modelling would need a three-
dimensional net with very small calculation meshes. This would lead to the use
of an extremely small time step, and consequently the computation time would
be too large even for efficient modern computers.

The other approach is to add all three momentum equations to the one-
dimensional system code (Glantz and Freitas, 2008). In this case, the closure
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2. State of art

laws of the one-dimensional model with minor modifications can be applied.
The problem is that the three-dimensional model only allows similar large nodes
to that of the one-dimensional code. Due to large volumes any turbulence mod-
els can not properly be applied. Also, in using this approach not all the flow
regimes can be simulated.

One promising approach applied to the simulation of the three-dimensional
two-phase flow is a two-fluid porous media method (Stosic and Stevanovic,
2002). In this method, a control volume can be occupied by one or both phases
as well as by a fraction of volume due to tube walls or rods. This way, the mo-
mentum balance automatically takes into account the fact that part of the junc-
tion is occupied by the solid structure. The conservation of liquid and gas is ap-
plied only to the fractions of control volume occupied by a corresponding phase.
The advantage of the method is that it can be applied to complex geometries
using relatively large control volumes. On the other hand, the effect of small
details is lost in this approach.

2.4 Simulation of supercritical pressure thermal
hydraulics

At present, NPPs also call for simulation capabilities in the supercritical pressure
area. With the higher pressure and temperature, the efficiency of the plant can be
considerably increased. Present nuclear power plants do not require such a fea-
ture, but already at this point concepts of nuclear power plants working at super-
critical pressure have been designed. Safety analysis of the supercritical pressure
plants require the analysis tool, which works both at supercritical pressure and at
sub-critical pressure. At present, many system codes are developed in such a
way that they could also be used at supercritical pressure. The APROS six-
equation model already currently includes readiness for the simulation of ther-
mal hydraulics at supercritical pressures.

One difficult problem is related to heat transfer at supercritical pressure. If
the ratio of the heat flux to mass flux exceeds a certain value and the flow is
upward, the heat transfer rate may suddenly be reduced and considerable heat
transfer deterioration may occur. The same phenomena may occur due to accel-
eration. The present heat transfer correlations are unable to properly predict this
phenomenon. In Jackson’s new semi-empirical correlation (Jackson, 2008), the
effect of both acceleration and buoyancy has been taken qualitatively into ac-
count. According to Jackson, both flow acceleration and buoyancy may exert
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2. State of art

substantial impact in the turbulent heat transfer of the variable properties. In the
following, Jackson’s ideas for impairment of heat transfer in the case of accel-
eration and in instances of buoyancy in upward flow have been described.

When the bulk fluid enthalpy is increased due to heating, density falls. This
causes acceleration of the flow in the middle of the channel, which increases the
pressure gradient in the middle. Near the wall, the velocity is lower than in the
bulk flow, and in this case the smaller part of the pressure difference is needed
for acceleration. The excess pressure gradient aids the flow near the wall and
thus reduces shear stress near the wall, and as a consequence the viscous sub-
layer becomes thicker and heat transfer is reduced.

In the vertical pipes, buoyancy affects the efficiency of heat transfer. The
fluid is heated near the wall, and as a consequence density is reduced. In the
upward flow, the force due to buoyancy near the wall aids the mean motion. The
force aiding the flow reduces shear stress and may thus reduce the turbulence.
This results in impairment of the heat transfer. Later on, when the flow near the
wall is further affected by the buoyancy, the shear may become negative. The
flow profile can become unstable, more turbulence is generated and the heat
transfer is again improved. In the downward flow, buoyancy always enhances
heat transfer.
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3. Principles of the six-equation model

The six-equation model of the APROS code is based on the one-dimensional
conservation equations of mass, momentum and energy (Siikonen, 1987). When
the equations are applied to both the liquid and gas phases, a total of six partial
differential equations are used. The equations observe the following form:

ola ola
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In the equations, the subscript £ is either / (= liquid) or g (= gas). The subscript i
refers to interface. The term /" is the mass change rate between phases (evapora-
tion as positive). The terms F and q refer to friction force and heat transfer (sub-
script w stands for wall). In the energy equation (3), the term % (solved enthalpy)
is the total enthalpy including kinetic energy, i.e. h=h,,, +1/2u’. The poten-
tial energy is considered small and has been omitted in the energy equation.

The equations in the one-dimensional form include an unsteady term (time de-
rivative), a convection term (space derivative) and the right-hand source term.
The source term includes all the quantities that are not directly related to the
basic thermal-hydraulic flow solutions, such as the heat flows from or to the
solid structures (energy equation), pump head and valve/pipe wall friction losses
(momentum equation). The external mass injection to the system is usually made

through the mass equation convection term (as a mass flow boundary). In solving
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3. Principles of the six-equation model

pressures and enthalpies, the external flow is taken as constant. This same mass
flow is also taken into account in the source terms of momentum equation.

The equations are discretized with respect to space and time, and the non-
linear terms are linearized. In the space discretization, the staggered discretiza-
tion scheme has been applied. This means that the control volumes of mass and
energy are different from those of momentum. The state variables (such as pres-
sure, enthalpy and density of both phases) are calculated in the middle of the
mass mesh cells and the flow-related variables (such as gas and liquid velocities)
are calculated at the border of two mass mesh cells. In solving enthalpies, the
first-order upwind scheme has been utilized normally. In the mesh cell, the
quantities are averaged over the whole mesh. Only in the case of stratified flow
is the liquid head taken separately into account in the pressure solution.

The main idea in the solution algorithm is that the liquid and gas velocities in
the mass equation are substituted by the velocities from the linearized momen-
tum equation. In the momentum equation, the linearization has been made only
for the local momentum flow. For the upwind momentum flows, the values of
the previous iteration are used. In addition, the phase densities are linearized
with regard to pressure. The density linearization is made using Equation (4)

P = P +a&(p” -p) 4)
p
The superscript n refers to the unknown quantity. When this linearization is
made together with eliminating phase velocities through the aid of the linearized
momentum equation, a linear equation group where the pressures are only un-
known variables is formed. The solving of the system requires that the density
derivatives are always positive. It is also required that the phase densities ob-
tained from the table as a function of pressure and enthalpy must increase mono-
tonically with increasing pressure. Problems may occur especially with the lig-
uid density. The liquid density does not change much as a function of pressure
but depends more strongly on enthalpy. This feature makes it sometimes diffi-
cult to fulfil the condition of increasing density with increasing pressure. In or-
der to fulfil this requirement, the tabulated pressure values at low pressure must
be quite dense.
After the pressures have been solved, the velocities are calculated from the
linearized phase momentum equations using the new pressures. The void frac-
tions can be solved from the mass equations where the new velocities are used.
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3. Principles of the six-equation model

The phase enthalpies are solved using the discretized phase energy equations.
For nuclear applications, the boron concentrations are solved using the mass
flows of liquid. It is assumed that boron stays always dissolved in the liquid
phase and that the boron effect on the material properties is omitted.

In the solution, APROS applies a method where the linear equation groups of
pressures, void fractions and phase enthalpies are solved one after the other. The
densities and other water material properties are updated as a function of the
solved pressure and enthalpy. The solution procedure also includes the calcula-
tions of interfacial friction and heat transfer as well as the wall friction and wall
heat transfer. The procedure is repeated iteratively as long as the mass errors of
both phases (calculated from the mass balance equation) have been converged.
The size of the convergence criterion can be defined by the user. The thermal
hydraulic solution of the two-fluid system has been described in detail in the
reference (Hanninen & Ylijoki, 2008).

The present solution includes the following steps:

1. The state of the pumps, valves and turbines are calculated. The calcu-
lated values are used in the source terms of momentum and energy
equations.

2. Interfacial heat transfer coefficients, interfacial friction and wall fric-
tion coefficients are calculated.

3. The pressure equation is formed and pressures are solved.

4, The phase velocities are calculated.

5. The densities, saturation enthalpies and temperatures are updated us-
ing the new pressures.

6. The void fraction equation is formed and void fractions are solved.

7. Non-condensable gas distributions in gas and liquid phase are solved,
partial pressures are calculated (Hénninen & Ahtinen, 2009)

8. The heat flows from heat structures are calculated and the tempera-

tures of the heat structures connected to the flow model are solved.

9. The phase enthalpies are solved.

10. Ifnon-condensable gas is present, the gas temperature is iterated.

11. Interfacial mass transfer rates are calculated using the interfacial heat
transfer coefficients and the new enthalpies.

12.  The convergence of the iteration is checked by comparing the mass
errors to the maximum allowed values. If the mass error in some
node is too large, the iteration cycle is repeated.
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3. Principles of the six-equation model

13.  If the iteration has converged, boron concentrations are solved using
the new state of the flow system.

After every iteration step, the gas and liquid mass errors are calculated from the
gas and liquid mass equations where the calculated new values for densities void
fractions and velocities are used. The user is able to define the allowed relative
mass errors for both gas and liquid in each node. For larger nodes, a tighter mass
error criterion should be used. Also, the maximum time step used in calculation
is defined by the user. In practical cases, the maximum time step of 0.001 to 0.1
s is typically used. If no convergence problem is encountered, the relative mass
error below 107 is usually achieved. If the allowed mass error criterion is not
reached, the model reduces the time step to half of the presently used time step.
Subsequently, the iteration is restarted from the previous (converged) time point.
If the desired accuracy is not reached, the reason usually lies in very fast pres-
sure and temperature changes which may cause large oscillating mass transfer
rates between phases. The time step is not limited by the Courant criterion, but
in fast transients the reduced maximum time step should be used, e.g. 0.001 s or
less in large break LOCAs.

3.1 Constitutive equations

The phenomena, which depend on transverse gradients such as friction and heat
transfer between the gas and liquid phases and between the wall and phases, are
described in one-dimensional flow models with empirical correlations. These
additional equations are needed to close the system formed by six discretized
partial differential equations. The correlations are usually based on the empirical
measurements and they form a complex system depending on many variables
such as phase velocities, void fraction, pressure and fluid temperature, as well as
saturation and wall temperatures. Because individual correlations are based on
experiments made in specific test facilities, they usually cover only a limited part
of the pressure, velocity, void fraction and temperature space. Therefore, various
correlations for various parameter ranges are required.

In addition, the correlations are strongly dependent on the flow regime, and
various correlations are usually needed for varying flow regimes. The flow re-
gimes treated in the six-equation model are bubbly, annular, droplet and strati-
fied flow regimes. In the code, the selection of flow regimes is based on flow
velocities, steam volume fractions, rate of stratification and rate of entrainment.
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3. Principles of the six-equation model

In the calculations, the real prevailing flow mode usually consists of more than
one individual flow regime. When the correlations are applied, the various flow
regimes are taken into account using the weighting factors.

One problem in using the system of correlations is that correlations of differ-
ent areas are not continuous. Therefore, the shape functions are used for the nu-
merical reasons in transitions between correlations. These functions must be
such that they ensure the smooth transition from one correlation to another.

Another problem occurs in the cases where one of the phases disappears. In
that case, the friction or heat flow to the disappearing phase must be faded out
smoothly. If, for instance, the heat transfer from the disappearing gas phase is
too small, the phase does not disappear. In the opposite case, when the heat
transfer from the tiny mass of the disappearing gas phase is large, numerical
problems may arise.

In the following, the constitutive equations and how they are used in the
APROS six-equation model are described and discussed (Hénninen & Ylijoki,
2005).

3.1.1 Interface heat and mass transfer

In two-phase flow, the heat and mass transfer between liquid and gas must be
calculated by taking the energy flows from both phases to the interface into ac-
count. The calculation of interfacial mass transfer is then based on the require-
ment that the energy balance over the interface is zero. When it is assumed that
the interface is in a saturated state, the following relationship is obtained

di; +4dig, —dwi
h . —-h

g,sat 1,sat

I'=- s (5)

In equation (5), g, represents the heat flowing from the wall directly to the inter-
face. The interfacial heat transfer rates are calculated separately for the liquid
and gas side — g and g, respectively.

From the liquid side, the heat transfer is calculated as

q4; =K, (hl,stat - hl,sat) (6)

From the gas side, the interface heat transfer is calculated respectively
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3. Principles of the six-equation model

qig = _Kig, (hg,stat - hg,sat) (7)

Depending on the sum of heat flows, the mass transfer is either positive (evapo-
ration) or negative (condensation).

The interfacial heat transfer coefficients K; and K;, depend strongly on both
the void fraction and the phase flow velocities. Moreover, the various correla-
tions must be used for evaporation and condensation. The interface heat transfer
is usually strongly non-linear, and therefore the interfacial heat transfer is lin-
earized with regard to the void fraction in solving the void fractions. In calculat-
ing the interface mass transfer rate, the under relaxation must be used, especially
in the event of fast depressurization cases.

3.1.2 Interface friction, Publication |

In the six-equation model, the interface friction (friction between the liquid and
gas phases) using the interface friction coefficient C, is calculated as

F, = f(a)CAulAy ®)

i.e. the interface friction depends strongly on the velocity difference of the
phases. The function f(a) is a numerical shape function which ensures that the
interface friction becomes large when either phase begins to disappear.

In the two-phase flow, the interfacial friction is strongly dependent on the pre-
vailing flow regime. Various interfacial friction correlations are used for the vari-
ous flow regimes. The modelled flow regimes are stratified flow and non-stratified
flow consisting of bubbly, annular and droplet flow. The final value for the inter-
facial friction is then obtained as a weighted average of the various correlations.
Void fraction, rate of stratification and rate of entrainment are used as weighting
coefficients. With the aid of the weighting factors, the whole flow regime can be
covered. The final interfacial friction is calculated using the interfacial friction of
the various flow regimes and the weighing factors for stratification R and entrain-
ment E.

F, =RF, +(1-R){(1- B[ - )F, +aF, ]+ EF,} ©

The varying interfacial friction coefficients used in equation (9) are F; for strati-
fied flow, F;, for bubbly flow, F;, for annular flow and F;,; for droplet flow. All
the various interfacial friction correlations as well as weighting factors depend
on the phase velocities. Therefore, the quantities have been linearized with re-
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gard to phase velocities when they are used in the momentum equation. In addi-
tion, the phase velocities depend strongly on void fraction, which makes the
derivation quite complicated.

Special case for the interface friction is a Counter Current Flow Limitation
(CCFL). The CCFL models are based on experiments and the CCFL correlations
are usually correlated by using dimensionless Kutateladze or Wallis numbers.

In the case of Kutateladze numbers, the CCFL correlations have the general

form
K)?+M,K"* =C, (10)
The variables K, and K, are dimensionless Kutateladze numbers for gas and
liquid.
12 ;
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Where j,and j,are the superficial gas and liquid velocities, p, and p, are gas
and liquid densities and o is the surface tension of water.

As indicated in the reference (Freitas and Bestion, 1993), the interfacial fric-
tion coefficient C; corresponding to Kutateladze correlation can be calculated in
the form

B
C, :a(l—a)é[ P, +M,f(1—a)\/;,]2 (13)

In equation (13), the Bond number is in the form

Bo=Dlglp,-p,)/ )| (14)

The formula gives the interfacial friction in a single position corresponding to
the values obtained from the Kutateladze type correlation.

The CCFL correlations are usually based on experiments performed at small-
scale test facilities. At the real nuclear power plants, the dimensions of the reac-
tor pressure vessel are very large, and therefore the downcomer and the upper tie
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plate of the core call for special CCFL correlations. In the APROS six-equation
model, the Glaeser CCFL correlations for a downcomer and an upper tie plate
have been implemented in the code (Glaeser, 1992). The correlations are based
on the downcomer and upper tie plate experiments of the UPTF (Upper Plenum
Test Facility). The dimensions of the UPTF test facility correspond to the full
scale, large PWR plant. The CCFL correlations for the reactor tank downcomer
and for the upper tie plate of the reactor has been discussed in more detail in
Publication I.

During validation, the proper coefficients C, and M, using the correlations
were defined. The coefficients were chosen in such a way in the calculation that
there was a small bias in the direction of the smaller K,. This means that the flow
downwards towards the core both in the upper tie plate case and in the down-
comer case was smaller than in the experiment.

The coefficients used in APROS calculations differ from those in the original
Glaeser correlations. Especially in the case of the upper tie plate, the defined
coefficients were clearly smaller than the original values. In Equation (13) it can
be seen that the interfacial friction depends on the void fraction in the junction
formed by the holes of the upper tie plate. In the upper tie plate experiment the
volumetric flow of liquid is much smaller than the volumetric flow of steam.
Therefore the void fraction calculated from flows is near one. This makes the
first term in Equation (13) small and consequently the smaller Kutateladze coef-
ficient had to be used. The applicability of the used Kutateladze coefficients C,
and M, should be validated with the data of the other large scale test facilities,
but the problem is that such data is not in general available.

3.1.3 Wall friction

The wall friction calculation in two-phase flow is based on the single phase fric-
tion, which is then expanded to the two-phase area with the two-phase multipli-
ers. The wall friction for the single phase flow is calculated as follows:

_ _l fkpk”k|”k|
wk — 2 DH (15)

In equation (15), the friction factor f; has been defined as
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2Ap
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The single phase friction factor of laminar flow (low Reynolds numbers) is cal-
culated as follows:

64

fvp,k - Re \

(16)

The Blasius equation is used to calculate the single phase friction factor for
smooth pipes in the turbulent area (Wallis, 1969).

0.316

/s k=
sp Reg.zs

(17)
For smooth pipes, subscript sp, the maximum of the values obtained with formu-
las 16 and 17 is used.

If roughness is important, the Colebrook equation can be used.

For the rough pipes (subscript 7p), the single phase wall friction factor using
the original Colebrook equation is in the following form:

L 174-210g 18.7 +2— ¢ (18)

frp,k . \l Rek Dy,

The variable ¢ is the relative roughness of a pipe.

As the friction factor cannot be solved explicitly from formula (18), it is used
in more practical form as presented in the reference (Ransom et al., 1985).

In this approach, the approximated formula for the fully turbulent flow has
been developed. In the fully turbulent flow, the Reynolds number becomes large
and the friction factor is no longer dependent on the Reynolds number.

-2
2
forx = {1 74— 2log(Diﬂ (19)

The critical Reynolds number represents the state after which the flow is fully
turbulent. The critical Reynolds number is calculated with equation (20) using
the friction factor of equation (19).
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If the Reynolds number is less than 4000, the maximum of the laminar friction
factor or the Blasius friction factor is used. Between the Reynolds number 4000
and the critical Reynolds number, the friction factor is interpolated using the
Blasius equation with the Reynolds number of 4000 and the friction factor for
fully developed turbulent flow. Above the critical Reynolds number, the values
of equation (19) are used.

The final-phase wall friction factor is obtained by multiplying the one-phase
friction factor with coefficients ¢, (gas) and ¢; (liquid) which take into account
the effect of two-phase flow. In the calculation of these coefficients, the flow
regimes are taken into account.

The purpose of the two-phase friction multipliers is to expand the pressure
drop calculation of single phase flow to two-phase flow and to estimate the
phase distribution on the wall of the flow channel. The multiplier is defined
separately for the following flow regimes: stratified flow, non-stratified flow
without droplet entrainment and non-stratified flow with droplet entrainment.
The rate of stratification and rate of entrainment are used as weighting coeffi-
cients when the multiplier is calculated. For gas, the multiplier is used as
c,=R-c,, +(1—R)cgjm 1)
The subscript ns means non-stratified, sz is for stratified flow, ne is for non-
entrainment regime and en stands for entrainment. The coefficient R takes into
account the rate of stratification and coefficient E the rate of entrainment. In the
case of stratified flow the steam two-phase multiplier is taken proportionally to
the perimeter occupied by the gas. In the case of non-stratified flow it is assumed
that mainly liquid touches the wall. Only when the void fraction approaches to 1,
the gas two-phase multiplier is taken into use. In the calculation, the liquid and
steam multipliers are taken as the proportion to mass fractions.

The liquid multiplier is calculated as

c, = R- Crs + (1 - R){(l - E)Cl,ne +E- cl,en} (22)

In the case of stratified flow, the liquid two-phase multiplier is taken as propor-
tionally to the perimeter occupied by the liquid. For the non-stratified and non-
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entrained flow, the mass fraction of liquid is used as the liquid two-phase multi-
plier. In the case of entrainment, the modified Lockhardt-Martinelli model is
used for the two-phase multiplier (Lockhardt & Martinelli, 1949).

3.1.4 Wall heat transfer

The wall heat transfer consists of many separate heat transfer modes, and as a
consequence the wall heat transfer must be calculated using the various correla-
tions. In the case when the wall is hotter than the fluid temperature, the fluid is
heated up through one-phase convection or through the various boiling proc-
esses. The one-phase heating to liquid or steam is calculated using the largely
used Dittus-Boelter forced convection correlation. The ideas of the correlation
can be found in the reference (Dittus and Boelter, 1985), which is a reprint of
their original research paper. The forced convection value is compared to the
natural convection heat flux, and the larger of these two is then used. The heat
transfer is limited with the minimum Nusselt number 3.66, which represents the
laminar convection value. The nucleate boiling is calculated using Thom correla-
tion (Groeneveld and Snoek, 1986).

The heat transfer model of the hot wall also includes the treatment of the boil-
ing crisis and quenching of the over-heated heat structure. In the case of the boil-
ing crisis calculation, the definitions for wet (zone 1), dry (zone 3) and transition
heat transfer zones (zone 2) are needed. The prevailing heat transfer zone is se-
lected according to the wall surface temperature, fluid temperature, saturation
temperature and void fraction. Also, the critical heat flux and minimum film
boiling temperature are needed in selecting a heat transfer zone. If enough liquid
water is present and the critical heat flux is more than the calculated heat flux,
the wall, participating heat transfer is assumed to be wet. If the wall temperature
is higher than the minimum film boiling temperature, the wall is assumed to be
dry. If the critical heat flux is less than the calculated heat flux but the minimum
film boiling temperature is larger than the wall temperature, it is assumed that
the transition heat transfer zone is prevailing. If the heat transfer is changing
from the wet zone to the dry zone, the return to the wet zone is not directly al-
lowed, but a certain hysteresis is assumed.

Rewetting occurs when water enters an area, where the wall temperature is
above the minimum film boiling temperature. The quench front position is on
the elevation of the boundary between the wetted and dry or transition heat
transfer zones. The heat transfer is enhanced above the quench front due to the
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dispersed droplet cooling. The quenching process ejects droplets and thus the
flow is accelerated, increasing the heat transfer rate (Clement & Regnier, 1978).
If the quenching front propagates downwards, the heat transfer enhancement is
not calculated. In order to be able to better simulate the rewetting phenomena,
the heat conduction inside the wall should be calculated two-dimensionally (in
radial and axial directions). In this case, a dense nodalization also in axial direc-
tion should be used.

When the heat transfer zone is 3 (dry wall), heat transfer is calculated between
the wall and the gas phase. The zone 3 is prevailing either when the heat transfer
is higher than the critical heat flux (Departure from nucleate boiling, DNB) and
the wall temperature is higher than the minimum film boiling temperature or
when the fluid includes very little liquid water (Dry out). In the case of DNB the
Berenson correlation (Berenson, 1961), is used for pool boiling which is domi-
nant for low void fractions and low mass flows. In the case of dry out, the Dit-
tus-Bolter correlation for steam flow is applied.

In the case when the wall is colder than the fluid, the fluid is cooled down
through one-phase convection or through condensation heat transfer. In the case
of condensation, the heat transfer is calculated either with Shah, Chen or with
the correlation, which is based on Nusselt theory on falling film of condensate
flow. In calculating the condensation, the orientation of the heat structure must
be taken into account. Also, the condensation occurring inside or outside a pipe
as well as the condensation occurring on tube banks are considered in the con-
densation model.

3.2 Non-condensable gas model, Publication Il

In the two-fluid APROS model, the treatment of non-condensable gases has also
been included. In the present model, it is assumed that there is only one non-
condensable gas present in the simulated system at a time, but a user can choose
between four different gases. The simulated gases are air, nitrogen, helium and
hydrogen. For each gas, the necessary material properties are calculated as a
function of temperature. The gas density is calculated using an ideal gas equa-
tion.

In this model, the non-condensable gas can be either a part of the gas phase or
it can be a dissolved component in the liquid phase.

In the gas phase, the non-condensable gas and the steam form the homogene-
ous mixture, i.e. they have the same temperature and the same velocity. The non-
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condensable gas density in the gas phase is solved after the pressures, velocities
and void fractions have been solved.

In the dissolved gas model of the six-equation model, the maximum concen-
tration of the dissolved gas as a function of pressure and temperature is calcu-
lated. On the basis of the maximum and the real concentration, the model calcu-
lates the released gas flow. This released gas is then taken into account in the gas
phase solution and in the concentration solution of the dissolved gas.

If the maximum concentration is larger than the real concentration, and at the
same time the gas phase includes a considerable amount of non-condensable gas
with higher gas partial pressure than the corresponding partial pressure of dis-
solved gas, the gas is gradually dissolved and the small gas flow from gas to
liquid is calculated.

3.2.1 Non-condensable gas density, pressure and gas temperature

In the following, how the solution of the non-condensable gas is related to the
pressure flow solution of the six-equation model is presented. The mass equation
for the non-condensable gas is

XNeupi) , A Aepitty) _
ot oz ’

In equation (23), the subscript g refers to the gas mixture and nc refers to non-

(23)

condensable gas. The variable 71, is the released or dissolved mass flow/volume
of a non-condensable gas. For the numerical solution, the partial differential
equation (23) must be discretized with regard to time and space. The following
linear equation is obtained (H&nninen & Ahtinen, 2009):

k k k
AiPrci = A Prcinn T A1 Preis T bi (24)

In equation (24), the following abbreviations have been used:
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Ay = Ai+1/2ag,i+1/2 l_ Ugin2 ,OJ (26)
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a,, = Ai—l/Zag,i—l/Z lug,i—l/Z’OJ 27)
—At
(04 )
bi:ViMJrVimr (28)
At

In equations 24 to 28 the branch void fractions are calculated as upwind values,
i.e. using the values of the node where flow comes from.

In the solution of the total pressure, the gas density derivative with regard to
the pressure is used. When the non-condensable gas is present in the gas phase,
the density derivative of gas is calculated as follows

0
& = xm,nc (%] + (l o 'xm,nc {%] (29)
ap g ap ne Jis ap S /h

The density derivative of non-condensable gas is calculated from the isentropic
gas equation, i.e.

apnc — MYIC (30)
op,. ¥RT

The mole fraction of non-condensable gas x,, , is calculated with the formula (31).

xmnc — pl‘lC / pl‘lC + pS (31)
, M M}’IC MS

nc

After the total pressure of gas p, has been calculated, the partial pressures can
be calculated by utilizing the mole fraction of the non-condensable gas.

After the gas total enthalpy and steam and gas densities have been solved, the
gas temperature can be iterated, using the condition that after the solution of the
total gas energy the following energy balance equation must be valid

pghg (Tg): pshS(Tg)-i_pnchnc (Tg) (32)
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3.3 Dissolved non-condensable gas

The purpose of the model is to simulate the amount of non-condensable gas that
may be released from the liquid phase to the gas phase as a consequence of the
pressure decrease. Also, the slow dissolution of the gas to the liquid phase is
taken into account. The release of gas is usually much faster than the dissolving
process. In the release process, numerous bubbles are formed on the wall. These
bubbles are detached from wall and coalesced and they start to flow upwards. In
the dissolution process, the interface area between liquid and gas is usually small
(stratification), and as a consequence the process is slow. In the reference (Sar-
rette, 2003), the modelling of release and dissolution is described.

At the moment, the effect of dissolved non-condensable gas on the liquid den-
sity is omitted, due to the fact that the density increase resulting from the dis-
solved gas is small. The amount of the dissolved gas at the initial state is defined
using a parameter that defines the proportion of given dissolved gas to the maxi-
mum amount.

In the model, the maximum concentration of the dissolved non-condensable
gas as a function of pressure and temperature is calculated. On the basis of the
maximum and the real concentration, the six-equation model calculates the re-
leased gas flow. If the real concentration is larger than the maximum concentra-
tion, the released nitrogen mass flow is

mr = (xd _xmax)(l_a)pl /Tr (33)

In the formula (33), x,is the mass fraction of dissolved gas, x, the maximum
mass fraction of dissolved gas, 7, the time constant for dissolved gas release and
At the time step.

If the maximum concentration is larger than the real concentration and, at the
same time, the gas phase includes a considerable amount of non-condensable gas
(high gas partial pressure), the gas is gradually dissolved and the small gas flow
from gas to liquid is calculated.

md = (xd - xmax )a(l - a)pn /Td (34)

In equation (34), m, is the dissolving mass flow/volume (71, = —m, in equation
33), p,.1s the non-condensable gas density, 7, the time constant for dissolution.
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The solution of the dissolved gas mass fraction is based on the mass balance
of liquid.

o(1-a)py,) , A0 -apup,) _
ot Oz .

(35)

The dissolved mass fraction distribution is solved using the standard APROS
matrix solver.

The release or dissolving mass flows of the non-condensable gas are taken
into account in the void fraction solution, the mass balance of gas phase, the
energy balance of the gas phase, the mass balance of dissolved gas, the energy
balance of the liquid phase and the calculation of mass errors. The non-
condensable gas model has been tested and validated. It works robustly and it
does not excessively increase the simulation time.

3.4 Higher order upwind discretization scheme for liquid
enthalpy model, Publication lll

In the APROS six-equation model, solved quantities such as phase enthalpies
and concentrations are calculated using the first-order upwind scheme. In this
scheme, the average value of the solved quantity is used in the convection term,
i.e. the flow out of the mesh cell transports all the time the quantity with the
average value. The drawback of the method is that sharp distributions of solved
quantities are non-physically smoothened, when the fluid flows ahead over cal-
culation meshes. The phenomenon can be attenuated by using dense nodalization
and small time steps, but the problem cannot be fully eliminated.

Due to this numerical diffusion, the accurate simulation of thermal stratifica-
tion is not possible using the first-order discretization. In the six-equation
APROS model, the author modified the discretization of the liquid enthalpy
model. The model was improved by adopting a simple higher order upwind
scheme capable of decreasing the numerical diffusion over the sharp layer of the
hot and cold water in vertical tanks. This model has been described in Publica-
tion III (Vihavainen et. al., 1999). For the validation of the model, experimental
data from VIT’s PACTEL experiments with a passive core make-up tank was
calculated (Purhonen et al., 2006).
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3. Principles of the six-equation model

3.4.1 Modified discretization of the liquid energy equation

The main idea in the higher order upwind model is to use the values of three
nodes for defining the distribution function for the out-flowing liquid enthalpy.
In this model, the transported liquid enthalpy h, is defined with three latest iter-
ated liquid enthalpies 4;;, A;;.; and k;;+;, and hy is calculated as follows:

hx = hl,i+1 + f(hl,i—l > hl,i > hz,m ) (hl,i—l - hz,m) (if u; > 0) (36)
or
B = gy o By By Dy =D Gey 0 37)

With the aid of the function f, the desired behaviour for the change of the en-
thalpy to be transported from node i is obtained (in the case u; > 0, 4;; is chang-
ing from /;;+; to A;;.; , and in this case, u; < 0 hy; changes from /4;;.; to /;;+;). The
idea in choosing a proper function was to find the sort of function that delays the
change of the upwind enthalpy. Various alternatives for function f were tested,
and the power function with exponent 4 was simply selected. The power func-
tion is continuous, it delays enthalpy transition sufficiently and did not cause any
numeric problems (see Figure 1).
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Figure 1. Behaviour of function x4, when 0 <x<1.
In the case when u,>0, the following function is used:
4
hy; —hyig
f=|—L I (38)
hyi 1 —hyjg

The function f changes from 0 to 1 when the enthalpy #;; changes from #;;.; to
hy;;.;. In the case when u; < 0, the following function is used:

" =|: hyj—hyig T (39)
hyivr—hyig
The function f changes from 0 to 1 when the enthalpy #4;; changes from #4;; ; to
h;i+;. Because the transported enthalpy is a solved quantity, the equations (36)
and (37) cannot be used directly in the enthalpy solution. The desired enthalpy
change is obtained by manipulating the convective term in the liquid enthalpy

equation. In the case of positive flow, the convective term of junction i+1/2 is
modified as
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3. Principles of the six-equation model

h

ﬁAm/z((l - G)P)i+1/2 Ujy1/2hT (40)

,1

where 4, is calculated from the equation (36) or (37) and #4;; is the latest iterated
enthalpy.

The new model is applicable for simulation of thermal stratification in verti-
cal pipes and tanks, such as the passive core make-up tank or conventional hot
water storage tanks. It can also be used for simulation of a hot or cold water
pulse in a horizontal or vertical pipeline. The developed model is able to handle
positive and negative enthalpy changes and the flow direction may change dur-
ing simulation. The user must define the flow path where the sharp enthalpy
change is to be followed, i.e. where the new discretization scheme is used. Oth-
erwise, the normal pure upwind scheme is used. Each node should be connected
only to two junctions where the modified upwind calculation scheme is applied,
but one node can be connected to several ordinary junctions without the higher
order discretization treatment. The model presumes that the distribution does not
proceed through a whole calculation node in the one time step, i.e. v < Al/At.
Even if the new model considerably improves the treatment of the sharp tem-
perature distribution, the real sharp distribution is maintained only if sufficiently
dense nodalization is used. This is partly because the temperature is calculated as
a function of the solved enthalpy #4;; , which still represents the average enthalpy
of a node.

The concentration transport equation has the same form as the liquid enthalpy
equation and the model therefore has also been applied to solve the concentra-
tions of liquid flow. Especially solving the boron front propagation, the model
has practical meaning in analysing the reactivity transients.

3.5 Supercritical pressure flow model, Publication IV

Fossil-fuelled power plants have been operated with water at supercritical pres-
sures for decades due to the high thermal efficiency achievable by increasing the
system temperature and pressure above the critical point. In recent years, there
has also been increasing interest in developing water-cooled nuclear reactors
which work above the supercritical pressure conditions. When such reactor con-
cepts are studied, it is necessary that the simulation codes are also able to simu-
late water flows above the critical pressure. At the moment, the nominal pressure
of the new PWR type power plants is about 160 bar. It is thus quite realistic to
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expect that, in some transients, the supercritical pressure may be achieved. Con-
sequently, the simulation capabilities at supercritical pressure area may be
needed for the present NPPs. APROS was one of the first system codes where
the six-equation model was extended to the supercritical pressure calculation.

3.5.1 Description of APROS model

At supercritical pressures, the distinction between the liquid and gas phases dis-
appears: boiling and condensation are not observed, but instead the properties of
the fluid vary smoothly from those of a liquid-like fluid to those of a gas-like
fluid. From the macroscopic point of view, the supercritical-pressure fluid can
always be considered a single-phase fluid. Therefore, the homogeneous model
would be ideal for the thermal hydraulic simulation at and above the critical
pressure. However, in nuclear power plant applications, the homogeneous model
is seldom sufficient for the calculation of two-phase flow below the critical pres-
sure, and thus the six-equation model must be used under general conditions.

When the six-equation model is applied to supercritical-pressure calculation,
problems with regard to how the model behaves near and above the critical pres-
sure and how the phase transition through the supercritical-pressure region is
handled are inevitably encountered. Above the critical pressure, the heat of
evaporation disappears, and the whole concept of phase change is no longer
meaningful. The set of constitutive equations needed in the six-equation solution
includes friction and heat transfer correlations developed separately for both
phases. The capability of constitutive equations and the way they are used must
be carefully examined.

One particular problem encountered is due to the water and steam material
properties. Especially for values near the critical pressure point, a very dense
network of the tabulated pressure and enthalpy points was needed. The heat ca-
pacities of the liquid and steam approach to infinity simultaneously with the
latent heat of evaporation approaching zero. These difficulties can usually be
overcome by limiting the values to a certain finite sensible value.

In the present APROS six-equation model, the pseudo liquid and gas phases
have been maintained. In the supercritical model, the concept of the pseudo-
critical line is used to define the state of fluid. The pseudo-critical line is an
extension of the saturation curve to the supercritical pressure region: it starts
from the point where the saturation curve ends (the critical point), and it can be
thought to approximately divide the supercritical pressure region to sub-regions
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of pseudo-liquid and pseudo-gas; for at the same point where c, is maximized, the
variation of density p as function of temperature is also steepest (see Figure 2).
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Figure 2. Saturation enthalpies of steam and liquid at sub-critical pressure and pseudo
saturation enthalpy at supercritical pressure (Hanninen & Kurki, 2008).

In order to preserve separate liquid and gas phases in the model, a small evapo-
ration heat is assumed at the pseudo-critical line. Using minimal evaporation
heat, the phase change from liquid to gas can be calculated using the normal
mass transfer formula. In this model, if the enthalpy is above the pseudo-critical
line, the fluid consists of gas; whereas if enthalpy is below the pseudo-critical
line, the fluid consists of liquid. The interface heat transfer coefficients are kept
large enough to ensure rapid transition from liquid to gas and vice-versa. The
thermo physical properties of water/steam undergo rapid changes near the
pseudo-critical line, and therefore the quality and accuracy of the steam tables
are essential in calculating the flows at supercritical conditions. The steam tables
used in APROS are based on the IAPWS-IF97 recommendation. The new steam
table defines the properties of water with a sufficient accuracy over a wide range
of parameters, including supercritical pressures.

The changes made in the constitutive equations of the APROS two-fluid
model have been discussed in Publication IV. The applicability of the numeric
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model is demonstrated by simulating instant emptying of a horizontal pipe, i.e.
Edward’s pipe experiment initially at supercritical pressure. Several cases with
various initial conditions are calculated and discussed. The calculation of the
wall-to-fluid heat transfer is examined with a model of supercritical water flow-
ing through a heated pipe.

The six-equation model thermal-hydraulics model has been used to simulate
the High Performance Light Water (HPLWR) -reactor concept developed in the
EU-project (Kurki & Seppéld, 2009). In this concept, the cooling flow is through
path, which goes three times through the core — two times up and once down. In
particular, the heat transfer calls for the well validated the heat transfer correla-
tions.

3.5.2 Heat transfer at supercritical pressure

The heat transfer at the supercritical pressure differs from the heat transfer in the
sub-critical pressure area. The Dittus-Boelter type heat transfer correlations may
predict the heat transfer rate quite well if the heat flux/mass flux is not very
large. The heat capacity near the critical point increases considerably, which
increases the Prandtl number and hence the heat transfer coefficient. However,
if the ratio of the heat flux to mass flux exceeds a certain value and the flow is
upward, the heat transfer rate may suddenly be reduced and considerable heat
transfer deterioration may occur. The material properties of fluid (density, vis-
cosity, heat capacity) usually undergo rapid change near the pseudo-critical line.
In the correlations, this change is taken into account by calculating the material
properties both at wall temperature and at the fluid bulk temperature, and then
the ratio of the property at two temperatures is used in the correlation. The wall
friction in the APROS two-fluid model is calculated with the correlation of
Kirilow (Pioro et al., 2004). In this correlation the fast density change due to
temperature is taken into account.

In the two-fluid model of APROS, the heat transfer correlation of Bishop
(Bishop et al., 1965), as well as the correlation of Jackson and Hall (Jackson and
Hall, 1979) is used above the critical pressure area. These correlations predict
heat transfer quite well when the heat flux ratio to mass flux is not very large,
but they do not predict the impairment of the heat transfer in upward flow. The
impairment of heat transfer can be caused as a result of acceleration or buoy-
ancy, or both.
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The six-equation model forms of a complex system of six linearized and discre-
tized partial differential equations, empirical correlations and steam and liquid
material properties. The six-equation model and other models of APROS are
being gradually developed on a continuous basis, and the new features are
adopted in new APROS versions. In order to ensure the right function of the
code, the continuous validation of the system is needed.

In the following, the developmental assessment of the six equation model has
been shortly described. Also, simulations of selected important integral tests and
real plant cases have been depicted.

4.1 Developmental assessment

When new correlations or other models are implemented in the six-equation
model or in other parts of APROS, a certain procedure must be performed. The
new model is verified by the person who has made and programmed the model
in APROS. This verification includes an adequate number of tests which ensure
that the new model functions as expected under various circumstances. The new
feature is properly documented in the APROS documentation. It is particularly
important to describe what changes have been done and why these changes have
been made. Each time a new version of APROS is released, the list of changes
made for the new version is also provided. This is important to ensure the trace-
ability of changes.

Purpose of the validation is not only to see that the correlations provide realis-
tic values but also to ensure cooperation between correlations. The problem in
using the system of correlations is that the various correlations are not continu-
ous. Varying correlations are needed for varying flow regimes. In heat transfer,
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various correlations are needed, depending on the heat transfer mode. Therefore,
in transitions between correlations, shape functions are used for numerical rea-
sons. These functions have to be such that they ensure the smooth transition
from one correlation to another.

In validation of the APROS two-fluid model, three varying categories of test
cases have been used. The individual correlations have been validated using
separate effect tests. These are the tests which have been performed at simplified
test facilities. The advantages of these tests are that certain properties can be
measured accurately, and the comparison between calculated and measured val-
ues can subsequently be carried out reliably.

The integral test facilities are those that simulate the larger systems: often
these are small-scale models of real plants. These can be used to validate how
the simulation model is able to predict the behaviour of the whole plant system.
The advantage of these tests is that the necessary quantities for the comparison
can be measured. The disadvantage is that the scale effects cannot be confirmed.

The best tests would be real plant transients, but due to high requirements on
plant safety, tests cannot be carried out on an intentional basis. Also, due to the
high reliability of plants, plant incidents are rare.

In the following, the validation using different types of test cases is described.
The validation of the APROS two-fluid model includes many more cases, but
here a selected part of the cases has been chosen to describe the principle of
continuous validation work. The new features described in the dissertation, such
as supercritical pressure and non-condensable gas calculations, are not yet a part
of continuous validation, but the proper tests will be included in the validation
procedure. The applications calculated with APROS are also briefly described.

4.1.1 Separate effect tests

In the validation procedure of the new versions of APROS, certain separate ef-
fect tests are calculated each time a version is released. In the following, some of
these tests are described (Ylijoki et al., 2008).

4.1.1.1 Interface correlations, rapid depressurization

The purpose of the Edwards pipe test is to examine the phenomena related to
sudden depressurization of a horizontal pipe. The Edwards pipe test facility
(Edwards and O’Brien, 1970) is a horizontal pipe closed at the beginning of the
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test, which contains water under high pressure (6.895 MPa). The initial water
temperature is 242 °C. The length of the pipe is 4.096 m and diameter 0.073 m.
One end of the pipe is punctured, after which water begins to evaporate and flow
out of the tube under high velocity. At the very beginning of the test, the pres-
sure in the pipe decreases rapidly and subsequently it stays almost constant. Af-
ter about 0.25 seconds, the decrease becomes steeper until the pressure finally
drops to the air pressure. During the test, the state of the fluid changes from 70
bar liquid to 1 bar steam, i.e. it covers a large area from one-phase liquid through
two-phase flow to steam flow. Therefore, the test reveals possible deficiencies
and coding errors in the interface heat transfer well, together with interface fric-
tion correlations and wall friction correlations. Also, this test has indicated the
misbehaviour of steam and water material properties on several occasions. In
Figure 3, the measured and calculated pressures near the closed end of the
APROS six-equation model have been compared.

Edwards pipe, six-equation nodel; pressure of closed end {APROS 5.88)
7 T T T T

T
version 5,06
version 5.07
version 5,08

neasured ®

Pressure [HPal

Figure 3. Calculated and measured results of the Edwards pipe: pressure at closed end
of pipe.
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4.1.1.2 Top blowdown experiment

The Battelle top blowdown experiment (Holzer, 1977) is the test for the rapid
depressurization for the vertical system. This experiment demonstrates the rise
of water level in a boiling water reactor in the event that the pressure is suddenly
decreased. In particular, the interface friction correlations in the vertical flow
channels affect the calculation results. Because the flow through the discharge
valve is critical most of the time, the critical flow models of the six-equation
model for steam and two-phase flow are tested. The test vessel has an inner di-
ameter of 0.77 m and a height of 11.19 m. The initial pressure is 7.07 MPa, tem-
perature 285 °C and height of water level 7.07 m. At the beginning of the test, a
break orifice in the discharge nozzle (at the height of 10.01 m) is opened. The
area of the orifice is 0.064 m. The nozzle is modeled with a small node.

When the break orifice is opened, the water level begins to rise. When the lev-
el rises to the discharge height, the total break flow, because of the greater
amount of liquid water, increases sharply. The calculated mass flow begins to
increase almost at the right time and the maximum flow is a little higher than in
the measurements. The more calculation nodes are used, the sharper the increase
becomes. In Figure 4, the measured and calculated discharge mass flows of the
APROS six-equation model have been compared. In version 5.08 (Ylijoki et al.,
2008), the critical flow model of the steam was modified, and as a consequence
the water level reaches the discharge level earlier than in calculating with earlier
versions.
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Figure 4. Calculated and measured results of the Battelle blowdown experiment: break
mass flow.

4.1.1.3 Wall heat transfer tests

The wall heat transfer must be tested by means of several tests. The Becker ex-
periments (Heat Transfer Correlations in Nuclear Reactor Safety Calculations,
1985) have been used to test the heat transfer correlations for dry out and post
dry out at steady state conditions. The test section is a vertical tube filled with
water at the beginning of the test. The wall of the tube is directly heated with a
uniform power distribution and the tube is insulated on the outer surface. The
inside diameter of the tube is 0.0149 m and the heated length 7 m. Water flows
into the system at a constant rate from below.

The experiments have been calculated by dividing the tube into 100 nodes and
into corresponding number of heat structures. The boundary conditions were
defined by an external branch with the desired mass flow into the system and an
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external node with the correct exit pressure. The tests were carried out by simu-
lating the system until it reached a steady state. This took about 50-100 seconds
of simulation time. In the case calculated, pressure was 2.98 MPa, inflow mass
flux was 498 kg/m?s, sub-cooling 8.9 °C and heating rate 0.562 MW/m’.

A dry out phenomenon occurs in the upper part of the tube, i.e. where the heat
flux exceeds the critical heat flux. A sharp increase in the wall temperature dis-
tribution is noticed on the border of the wetted and dry wall. The height of the
border in the calculation results is quite close to that obtained in the measure-
ments. However, the shape of the distribution differs somewhat above the bor-
der. In general, the point for the dry out position was difficult to predict. In the
case shown in Figure 5, the position was well calculated, but in some other cases
the calculated position for the dry out was clearly too high. In the present calcu-
lation, the critical heat flux was simulated with Biasi correlation. The calculation
results of this experiment are sensitive to changes in heat transfer models. The
results using version 5.08 were changed compared to those of previous versions,
because the discretization in heat conduction calculation was slightly modified.

Becker experinent case 3, six-equation nodel: wall temperature (APROS 5,08)
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Figure 5. Calculated and measured results of Becker's experiment: wall temperature at
various elevations inside the heated pipe.
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One of the important applications where APROS is used is the simulation of
LOCA accidents. Especially in large break LOCAs of PWRs, the core is over-
heated and reflooding and quenching phenomena are encountered. For the vali-
dation of the APROS reflooding models, the ERSEC reflooding test is used
(Deruaz & Tellier, 1979). In this experiment, the 3.325 m long pipe — which has
a constant initial temperature 600 °C and a constant heating 6267.5 W — is
cooled down by injecting water at 23 °C with a constant mass flux of 52 kg/s/m’
to the bottom of test section. The transient was simulated by means of the simu-
lation model, where the heated pipe was divided into 500 nodes. A dense nodali-
zation is needed due to special models used in the vicinity of the quench front. In
this type of transient the axial heat conduction must be calculated. The axial
temperature distribution is needed to find the quench front position. Also the
axial temperature gradient near the quench front is needed to enhance the quench
front propagation. In Figure 6, the calculated and measured quench front propa-
gation rates are compared to each other. The simulated behaviour of the experi-
ment is quite close to the measured values. At the beginning of the experiment,
the simulated quench front moves somewhat too fast, and at the end of the ex-
periment too slowly. Above the quench front the heat from the wall is trans-
ferred only to steam. At the end of transient the steam temperature at outlet was
too high. At the same time the liquid flow out was higher than the measured
flow. This implies that liquid droplets do not cool steam sufficiently, i.e. heat
transfer between phases was too small
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ERSEC reflood test, sisx=equation model: elevation of quench front (APRDS 5.08)
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Figure 6. Calculated and measured results of ERSEC reflooding test: propagation of
quench front.

4.1.2 Testing with power plant models

As part of continuous validation, some power plant transients are also calculated.
The APROS six-equation model has been used for the simulation of Finnish
nuclear power plants in Loviisa (VVER) (Puska and Porkholm, 1991) and in
Olkiluoto (BWR) (Norrman, 1995 and Ylijoki, 2003), and therefore the proper
models of these plants are available for validation. The model of Loviisa consists
of all major systems of primary and secondary circuits. Also, the most important
part of the automation system has been modelled. The simulation model of
Olkiluoto includes the reactor core and tank with main components, steam lines
and feed water lines up to the turbine and dump valves. The auxiliary systems
and controllers of plant have been modelled to the extent needed for typical
safety analyses.

During the development assessment, the Loviisa model is used to calculate
two transients — the stopping of one recirculation pump and the reactor trip. The
calculated values are compared to the measured values. The validation cases of
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the Olkiluoto model are the steam-line break and the reactor trip. The calculated
values are compared with the results calculated by means of the Goblin code
(Mitchell and Zhao, 1996).

4.2 Integral tests

The partial differential equations, correlations, steam properties and process
component models (valves, pumps, turbines and heat exchangers) form a com-
plicated system that must be validated together. Therefore, in addition to sepa-
rate effect tests where only one part of the correlations is tested, the integral tests
are important to validate how the various correlations work together in the whole
two-fluid model. The PACTEL-test facility simulating the VVER-440 plant has
been a valuable tool for validating the APROS two-fluid model. In the reference
(Plit et al., 1997), the small-break LOCA experiments of the PACTEL test facil-
ity have been simulated with the APROS two-fluid model. In the small-break
experiments, the main problem is related to the liquid water distribution in the
test facility. In particular, the amount of liquid water in the loops affects how
well the core can be cooled. In this case, the results correspond well to the meas-
ured values. This kind of testing also proves the accuracy of the nodalization that
should be used in various parts of the test facility.

4.3 Validation with a real nuclear power plant transient

Due to the high safety level required for real nuclear power plants, there are
usually no real plant transients available for validation. One real plant transient
simulated with the APROS six-equation model was a transient in which the tur-
bine-by-pass valve of the Loviisa 2 was stuck open (Puska et al. 1994). In this
transient, the measured data and operator actions were available, and a sensible
comparison between the calculated results could be performed. The calculated
results and the measured data in general correspond well with each other. The
simulation of this transient also proved that, in order to be able to simulate real
power plants, the whole system of the plant including all essential automation
systems must be modeled.
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4.4 Applications for real plants

The main application that the developed model is intended for is to prove that
the NPPs behave safely in unexpected events. Examples for these kinds of
events are the various sizes of LOCAs, various sizes of secondary leakages,
leakage from the primary to the secondary side, disturbances in steam pressure
or flow and disturbances in feed water flow or feed water temperature. Often the
loss of off-sidepower is assumed to take place simultaneously with these events.
Safe behaviour should be shown not only for new NPPs but also for NPPs that
have been in use for many years, especially if the power is upgraded or some
other major modifications are performed at the plant. A typical example of
safety analysis procedures is shown in the reference (Plit et. al 2000). In the
paper, the safety analysis calculations using the APROS code performed for the
Loviisa NPP in the connection of the modernization and power upgrading are
described and discussed.

In addition to Finnish companies and organizations, APROS is utilized at
present in about 20 countries. Both in the combustion and nuclear power plant
code packages of APROS, the six-equation two-phase model is the main tool for
thermal hydraulic simulations.
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In the dissertation, the two-fluid model has been described to such extent that the
basics of the APROS six-equation model can be understood. The main goal in
this presentation is to prove that the whole complicated two-fluid model with the
constitutive equations, aided by the non-condensable gas model, can be used for
the various analyses of NPPs.

An important part of the two-fluid system is constitutive equations needed to
close the system of partial differential equations. Most correlations are based on
the small scale tests, and their ability to predict large-scale phenomena is not
always sufficient. The Glaeser CCFL correlations implemented in the APROS
six-equation model are based on the full-scale experiments of the UPTF test
facility.

In the thesis, it has been shown that with the aid of the new discretization
model the sharp distribution of hot and cold water in tanks can be maintained,
even if in this case it did not have much effect on the overall course of transient.
The same higher order discretization model has also applied for the boron con-
centration simulation. The possibility to follow the propagation of the boron
front in the primary circuit is very important in analyzing reactivity transients.

In the power plants, the non-condensable gases can be present in two-phase
flow, and often they may affect the behaviour of the processes. Especially in
emergency situations of NPPs, the effect of the gases must be known. The im-
plemented non-condensable gas model of APROS also includes the treatment of
the dissolved gas. This feature is needed especially when emergency cooling
water is injected into the primary circuit and the release of gas from liquid to gas
phase is possible.

At present, NPPs are not working at supercritical pressure. However, because
the nominal pressure of the new NPPs is about 160 bars, it is quite possible to
postulate transients where the supercritical pressure may be achieved. Thus, the
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simulation capabilities at supercritical pressure area may be needed. The APROS
six-equation model already currently includes readiness for the simulation of
thermal hydraulics at supercritical pressures.

With the developed configuration, the two-fluid model of the APROS code is
a well-validated and versatile tool and is ready for many types of nuclear and
combustion power plant applications. In particular, it is a practical instrument for
the safety analyses of new NPPs and for examinations of plant safety in the case
of plant modifications.

In many cases, the one-dimensional two-phase flow simulation provides re-
liable results. However, in large volumes of the reactor pressure vessel and the
core, three-dimensional two-phase flow simulations are often required. Already
at this time, advanced computer technology enables the use of three-dimensional
two-phase flow models in certain parts of the reactor circuit. Therefore, in the
APROS six-equation model as well, the possibility for calculation of three-
dimensional two-phase flow should be developed.
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ABSTRACT

At the moment the two-fluid system code APROS
has CCFL (Counter Current Flow Limitation) correlations
that are designed only for a single pipe or for bundle
geometry. In the reactor pressure vessel the downcomer
and the upper tie plate of the core are components that call
for special CCFL correlations. In the present task the
Glaeser CCFL correlations for a downcomer and an upper
tie plate have been implemented in the code. The
implemented correlations have been validated by
calculating several downcomer and upper tie plate test
cases of the UPTF (Upper Plenum Test Facility). In the
tests the steam flow, the emergency core cooling flows,
injection locations and the pressure levels were varied. In
the validation the UPTF facility has been modeled with a
nodalization, which is normally used in the corresponding
calculations. Because the calculation results do not depend
merely on the CCFL correlations the new Kutateladze
coefficients of the Glaeser correlation had to be specified
during the validation. With the selected coefficients, good,
slightly conservative results were obtained.

In the paper the work done with the correlations and the
results of the validation calculations are described.

1 INTRODUCTION

The six-equation solution system of APROS is in a normal
way based on the one-dimensional conservation equations
of mass, momentum and energy. When the equations are
applied for the liquid and gas phases, all together six
partial differential equations are used. In the six-equation
model the gas phase may contain also non-condensable
gas. The non-condensable gas is assumed to stay in the
gas phase, i.e. the dissolution in liquid phase is not taken
into account. In addition, it is assumed that non-condens-
able gas and steam form a homogeneous mixture having
the same temperature and the same velocity.

/1

With the assumptions presented above only the mass
conservation equation for the non-condensable gas is
needed in addition to the normal conservation equations of
the six-equation model. Constitutive equations for wall
friction, interfacial friction, wall heat transfer and
interfacial heat transfer are needed to couple the
conservation equations.

At the moment APROS has CCFL (Counter current flow
limitation) correlations, which are meant for single pipe or
for bundle geometry. In the reactor pressure vessel the
downcomer and the upper tie plate of core are components
which call for special CCFL correlations. In the present
task the Glaeser CCFL correlations for a downcomer and
a upper tie plate are implemented in APROS. These
correlations are of the Kutateladze-type based on the
experiments of the UPTF (Upper Plenum Test Facility).
UPTF is a full scale test facility for investigating the
counter-current flow through the upper tie plate and
through the downcomer in case of emergency cooling as a
consequence of large break LOCA/3/. When implement-
ing the CCFL correlation it is changed to the form of the
interface friction coefficient. In the model the limiting
void fraction has been taken into account.

The implemented correlations have been validated by
calculating several downcomer and upper tie plate test
cases of the UPTF/6/. In the tests the steam flow, the ECC
(Emergency Core Cooling) flows, injection locations and
the pressure levels were varied. In the validation the
UPTF facility was modelled with a nodalization, which is
normally used in the corresponding calculations. Because
the calculation results do not depend merely on the CCFL
correlations the new Kutateladze coefficients of the
Glaeser correlation had to be defined during the
validation. With the selected coefficients good slightly
conservative results were obtained, i.e. the liquid flows
down to the core were in general somewhat less than the
in the experiment.
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2 DESCRIPTION OF CCFL CORRELATIONS
The CCFL correlations are usually correlated by using the
dimensionless Kutateladze numbers, i.e.

K% +M K/ =C, (1)

The variables K and K are dimensionless Kutateladze
numbers for gas and liquid.

1/2 %

Py Jg

K. = @)
" logle o )"

K — P|1/2j| 3)
" loglo - )"

where the jjand jare the superficial gas and liquid

flows, pjand p, are gas and liquid densities and o is
the surface tension of water.

Glaeser correlation for Downcomer

The original Glaeser downcomer correlation has the form
1/2

+0.011K"? =0.0245 (4

2/3

1/2 g
Kg 2/3
gl

The coefficients have been obtained by correlating
Kutateladze numbers for the whole downcomer area A, ,
ie.
m
K, = X
1/2 14
Px Adclgo-(pl _pg)

where subscript x is g or I.

®)

2/3 2/3
9 _ g -
The term e =—p5 73] takes into account the
g Py 9

ratio of the local gas velocity to superficial gas velocity.

The parameter | represents the distance between the
emergency injection cold leg and the broken cold leg and
it is calculated as

| = 0'5ﬂdouter SinZ(O'SQECC—BCL) (6)

The term Oc.._gc, Means the angle between emergency
injection loop and broken cold leg.

1/2

If the injection comes from several hot legs the arithmetic
average of all distance parameters calculated with
Equation (6) is used.

When the Glaeser downcomer correlation is presented in
the common form of the Kutateladze type CCFL
correlation it is

K%+ My K2 =C, 7

Where the Kutateladze coefficients are

2/3 1/2
]75/3 1/2

The correlation is valid when
1/3|

5400< 3

2/3
Vg

Glaeser correlation for Upper tie plate

The Glaeser correlation for the upper tie plate has the
form

v2/3 1/2
K“Z[ g J +0.014K,"* =0.027 (10)
g

9 1/3|

The parameter | is calculated as

| =d, sin(0.50:cc g )- 11)
The term Ogcc_ gy Means the angle between the

emergency injection hot leg and broken hot leg. If the
injection comes from several hot legs the arithmetic
average of all angles is used in Equation (11).

The common form of Kutateladze type correlation is

KI?+M K" =C, (12)
Where the coefficients are
2/3 1/2
M, =0.014/| —8 __ (13)
Py 91
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Cp = 0.027/{ (14)

1/2
2/3
My
1/3 41/3
Py 91
The parameter | is calculated

I =d, Sin(o'SQECC—BHL)

where Ogcc gy is the angle between the emergency
injection loop and the broken hot leg.

The characteristic length d_ (diameter of tie plate) is
calculated as

dc = (4ATP /ﬂ-)llz’
when y > 0.5(d,, —d,).

The variable Y is calculated as

1/2
22
Y = Ve (—j , i.e. Yy is an estimate for how far the
9

emergency coolant flows in the upper tie plate. The
parameter Z is the height difference between the bottom
of hot leg and upper tie plate.

If y<0.5(dup—dc) the characteristic length is
calculated

d, =05@4A, /z)"* +05d,, - y.

When the countercurrent flow limitation of the tie plate is
calculated the problem is the void fraction in the position
of the limiting area. The void fraction above and below
the tie plate may be very different and the void fraction of
the tie plate is not necessary near to either of them.

In reference /4/ the proper way to calculate the flooding
void fraction has been presented.

The formula for the limiting void fraction can be

calculated with one of two formulas either using the
superficial flow of gas or the superficial flow of liquid

X = R —1)\/f+1 (15)
Qi = R@_\/JT*) (16)

RIL— /3] )+ /37

1/3

The dimensionless phase velocities are defined as

J _J (17)
g ‘]0
* \]

3r = 18
| 3, (18)

The variables Rand Jare obtained from Kutateladze
CCFL —correlation (see Eq 1)

J _Cz(g(pl _pg)dJllz
0~ “~n

19
o Bo (19)
The variable R is calculated as follows
1/2
R=M2| 2L (20)
Py

Finally the void fraction used for the branch limiting the
counter current flow is chosen

o, = Min[a,ow, Max(aup,a,im )J (21)
The void fraction «,, is the input void fraction for the
flow from the lower node of the junction. In APROS
a,,, 18 calculated from gas and liquid flows.

As indicated in reference /4/ the interfacial friction
corresponding to Kutateladze correlation can be calculated
in form

Tis za(l—a)(g(p'(;i—gg)/z[ Py + Mf‘(l—a)\/z]z

(22)

The formula gives the interfacial friction in a single
position corresponding to the values obtained from the
Kutateladze type correlation.

In the formula it can be seen that the effect of the coef-
ficient M on the interfacial friction coefficient is the

larger the more liquid is present. The coefficient C , on

the other hand, effects on the whole interfacial friction
coefficient without dependence on the void fraction.

3 Copyright © 2008 by ASME



3 VALIDATION

3.1. Simulation model

In Figure 1 the simulation model of UPTF used for the
validation of CCFL correlations in downcomer and upper
tie plate is shown. The downcomer has been divided
horizontally into eight equal channels. In vertical direction
the downcomer has been divided into five nodes. This
kind of node division represents the typical system code
nodalization of downcomer. In the upper part of the
downcomer the flow area reduction due to the hot leg
penetrations has been taken into account.

UPTF model for validation of
CCFL in downcomer and upper tie plate

+16.295

Upper

ssso  tie plate

EXPERIMENT

..... EelRh

(ECEOY

The upper tie plate of core has been simulated with one
branch. The upper tie plate was simulated in a simple way
in order to avoid the three dimensional effect of water
separation in upper plenum. In the model the form loss
coefficient 0.5 has been used for the junction describing
the flow through the upper tie plate.

Vertical branches of downcomer
=3 = = =

o Y e ! =
- R e Y Y e e e e | e |
o CE CE L CE == I

CL1 CL4

CL3

Steam and water supply

Figure 1. Simulation model of UPTF: used for validation of the CCFL correlation in downcomer and upper tie plate.

3.2. Validation of downcomer CCFL correlation

In validating the CCFL correlations of downcomer seven
selected cold leg LOCA experiments of the UPTF facility
were calculated. In these experiments the emergency
cooling water was injected into downcomer via one or
several cold legs. The validation cases were calculated as
steady state by keeping the steam flow into the core and
the ECC flows into the downcomer as a mass flow
boundary. The pressure was tuned by controlling the out
flowing leakage mass flow.

During the validation the proper coefficients C_ and

M, for the correlations were defined.

1/4

In the calculation the geometric length parameter | value
was depended on the ECC injection position. In the
experiments 200/1, 200/11 and 200/11l the injection was
from cold leg 1 (near the broken loop) and value of 1.102
was used for geometric length parameter |. In the
experiments 201/l and 202/11 the value of 6.973 was used
for the parameter | (injection from CL2 and CL3). In the
experiments 201/111 and 203/1V the value of 5.016 was
used for parameter | (injection from loops CL1, CL2 and
CL3).

4 Copyright © 2008 by ASME



The results achieved are shown in Tables 1 and 2. In
Figures 2, 3 and 4 the results have been plotted using
square roots of the liquid and gas Kutateladze numbers. In
general the calculated liquid down flow is close to but less
than the experiment values. The measurement uncertainty
of down flows is not known accurately. In reference/7/ it
is estimated that in loops the uncertainty for liquid density
is less that 10 % and for velocity 2 %. These values may
be used as estimation to the magnitude of downcomer

In RUN 200/111 the relative difference is large (6 kg/s in
the experiment versus 57 kg/s as calculated) and the
calculated flow is larger than the measured flow.
However, if the values of the liquid down flow are
compared to the total injection rate 735 kg/s, the relative
difference is not very large. It can be stated that when the
ECC injection is only into the cold leg near the break, this
type correlation applied to the whole downcomer cannot
predict properly the down flow.

down flow uncertainty.

Table 1. Data of the calculated downcomer experiments (Cn =0.026215, M n = 0.0044).

Run No. | Steam into ECC flow | Down flow | Down flow ECC water sub- Pressure
DC (kg/s) into DC calculated experiment | cooling (kPa)

(kg/s) (kgls) (kgls) AT (°C)

200/1 104 494 3.0 5 22 451

200/11 54 736 222 351 9 330

200/111 102 735 57 6 23 498

201/1 102 CL2: 487 845 861 CL2:10 330
CL3.490 CL3:11

202/11 128 CL2.486 512 714 CL2:13 416
CL3.491 CL3:14

201111 102 CL1:493 737 942 CL1:14 414
CL2.487 CL2:14
CL3.489 CL3:15

2031V 51 CL1:493 1017 1031 CL1:3 337
CL2:485 CL2:3
CL3:487 CL3:6

Table 2. Comparison of calculated and experiment Kutateladze numbers (related for the whole downcomer area 3.6285 mz).

1/5
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Run No. | Steam into | Down flow | Down flow Calcula- | Experiment | Calcula- | Experi-
downcomer | calculated | experiment | ted K" ted ment
(kg/s) (kg/s) (kg/s) Kp" ®)"” | ®)"”
200/1 104 30 5 2.0 2.0 0.0775 0.100
200/11 54 222 351 1.54 1.54 0.657 0.826
200/11 | 102 57 6 1.94 1.94 0.340 0.110
2011 102 670 861 212 212 1.141 1.293
202/11 128 512 714 2.26 2.26 1.004 1.186
201111 102 737 942 2.02 2.02 1.204 1.362
2031V 51 1017 1031 1.49 1.49 1.406 1.416
5




UPTF DC data, CL1 injection
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Figure 2. Comparison of calculated and experiment
Kutateladze numbers in DC tests with injection from CL1.

UPTF data,DC, CL2 and CL3 injection
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Figure 3. Comparison of calculated and experiment
Kutateladze numbers in DC tests with injection from CL2
and CL3.

UPTF DC data,CL1, CL2 and CL3 injection
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Figure 4. Comparison of calculated and experiment
Kutateladze numbers in DC tests with injection from CL1,
CL2 and CL3.

3.3. Validation of Upper tie plate CCFL
correlation

In the upper tie plate experiments the water level at
several positions in the upper plenum was measured. It
was found that there was no continuous water level above
the upper tie plate. More water was measured in front of
the hot legs where water was injected into the upper
plenum of the reactor vessel. At other parts of the upper

plenum water was carried out to the broken hot leg by the
steam flow.

The Glaeser correlation was correlated for the whole
upper tie plate and also in the validation the upper tie plate
was treated as one junction. During the testing of the
model it was found that by using the coefficient 0.027 and
0.014 the calculated down flow was much higher than
those in the experiment. According to Glaeser (private
communication) there was no pronounced water level
above the upper tie plate. More water was measured in
front of the hot legs where water was injected via the hot
leg ECC nozzles. At the other parts of the upper plenum

water was carried out to the broken hot leg by the steam
flow.

In the validation, however, the uniform water level above
the tie plate was assumed. The same water level of 15 cm

was used in each experiment when the liquid down flow
was recorded.

Copyright © 2008 by ASME
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Before the final determination of liquid down flow, each
validation case had been run into such a steady state that
the pressure, ECC injection flows and steam flows had
been calmed down. Then the water level was manually
reduced slightly below 15 cm and was let to increase
again back.

In Tables 3 and 4 the calculated experiments are described
and calculated liquid down flows are shown. In the
experiments with injection from hot legs HL1 and HL3
(Part 1 experiments) the geometric length parameter used
was 1.498. In the experiments with injection from hot leg
HL2 (Part 2 experiments) the geometric length parameter
of 2.187 was used. The steam flows in the tables are the

flows measured in the experiments. The calculated steam
Kutateladze numbers are smaller than those from the
experiments, because they have been affected by the
condensation. The measurement uncertainty of down
flows below the upper plate is not known accurately. In
reference/7/ it is estimated that in loops the measurement
error for density is less that 10 % and for velocity 2 %.
These values may be used as estimation to the magnitude
of down flow uncertainty.

In Figures 5 and 6 the results have been plotted using
square roots of the liquid and gas Kutateladze numbers. In
Figure 7 two experiments were calculated with different
water levels.

Table 3. Description of the calculated upper tie plate experiments ( Cn =0.005, M , = 0.00695).

Run No. Steam ECC flow Down flow Down flow | AT P (kPa) Water
flow into upper calculated experiment | (°C) calc/exp level
through plenum (kg/s) (kg/s) above tie
upper tie (kg/s) plate
plate
(kg/s)

Partl: 1 172.98 2x100 65 76 29 603/600 0.150

Part 1:2 151.48 2 x100 83 87 28 585/588 0.150

Part 1:3 127.46 2x100 100 135 24 542/539 0.150

Part 1:4 103.15 2x100 124 142.8 21 496/496 0.150

Part 1:5 76.54 2 x100 167 182 19 464/463 0.150

Part 2:1 215.0 400 96 109 30 624/620 0.150

Part 2:2 198.33 400 153 243 35 704/704 0.150

Part 2:3 163.54 400 202 243 33 674/673 0.150

Part 2:4 130.83 400 235 354 32 650/652 0.150

Part 2:5 98.48 400 336 324 26 586/588 0.150

Part 2:6 68.25 400 402 390 24 520/527 0.050*

Table 4. Comparison of calculated and measured Kutateladze numbers (related for the whole upper tie plate area 3.755 m? ).

Run No. Steam flow ECC flow into [ [
through upper plenum K 9 \/K—' K 9 \/K—'
upper tie (kg/s) calculated calculated experiment experiment
plate (kg/s)
Partl:1 172.98 2x100 241 0.358 2.39 0.380
Part 1:2 151.48 2x100 2.26 0.405 2,25 0410
Part 1:3 127.46 2x100 211 0.443 2.10 0510
Part1: 4 103.15 2x100 1.92 0.492 1.92 0530
Part 1:5 76.54 2x100 1.66 0570 1.68 0.590
Part 2:1 215.0 1 x 400 2.66 0.437 2.65 0.460
Part 2:2 198.33 1 x 400 2.45 0.553 248 0.690
Part 2:3 163.54 1 x 400 2.26 0.636 227 0.660
Part 2:4 130.83 1 x 400 2.01 0.683 2.05 0.710
Part 2:5 98.48 1 x 400 1.72 0.813 1.81 0.800
Part 2:6 68.25 1 x 400 140 0.886 1.54 0.870
7 Copyright © 2008 by ASME
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Figure 5. Comparison of calculated and experiment
Kutateladze numbers in upper tie plate tests with injection

from HL1 and HL3.

In Figure 7 the effect of the water level is examined by
calculating two experiments with different water levels.
As it can be seen from the figure the liquid down flow
achieves its steady values when the liquid level reaches
about 0.07 m. This linear increase of the liquid down is
caused by the void fraction change from 1 to 0 above the
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Figure 6. Comparison of calculated and experiment
Kutateladze numbers in upper tie plate tests with injection
from HL2.

upper tie. The value of stabilizing point depends on the
dimensions and space discretization. Thereafter the mass
flow increases only slightly with increasing water level,
i.e. the uncertainty of water level above the upper tie plate
has not significant effect on the calculation results.

UPTF tie plate, ECC 200 and 400 kg/s
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Figure 7. Effect of water level on the down flows: experiments Partl: 3 and Part2:3.
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4 CONCLUSION

The new CCFL correlations for the downcomer and the
upper tie plate have been implemented in APROS. The
correlations are based on the correlations presented by
Glaeser /2/. These correlations take into account the
distance between the ECC injection cold leg and the
broken cold leg in case of the downcomer, and the
distance of the ECC injection hot leg and the broken hot
leg in case of the upper tie plate. The correlations were
validated by simulating several downcomer and upper tie
plate tests that had been carried out in UPTF test facility.
The test facility was constructed to simulate the ECC
cooling in the reactor scale downcomer and upper tie
plate. In the tests the steam flow, ECC flows and injection
locations and the pressure level were varied. With the aid

of calculations the proper coefficients M, and C_ for

the Kutateladze type correlations were defined. The
coefficients differed from those given by Glaeser. In case
of the upper tie plate the difference between the validated
coefficients and those of Glaeser was large. It is expected
that the Glaeser correlation represents more phenomena
above the upper tie plate. In the validation the correlation
was focused on the junction representing solely the upper
tie plate. The validation results show that the correlation
gives good results in all cases and the predicted liquid
down flows are conservative.

NOMENCLATURE

a Steam volume fraction

Bo Bond number

C Coefficient

C..M, Coefficients in Kutateladze correlation
d Diameter

d, Hydraulic diameter

0 Angle

g Acceleration of gravitation
CLn Cold leg loop n
HLn Hot leg loop n

Ji Liquid and gas superficial velocities
Jo Parameter used in calculation of
dimensionless phase velocities

K : Gas Kutateladze number

K, Liquid Kutateladze number

| Geometric distance

m Mass flow

p Pressure

R Dimensionless variable

Pis Py Liquid and gas densities

9 Average density

n Dynamic viscosity

14 Kinematic viscosity
o Surface tension
Ti
u

Interfacial friction
Velocity

Subscript

BCL Broken cold leg
BHL Broken hot leg
c characteristic
cc countercurrent
dc downcomer
ECC emergency core cooling
f friction

g gas

| interface

| liquid

lim limited

low lower

tp tie plate

up upper
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In Loviisa VVER-440 type nuclear power plant the nitrogen used to pressurize hydro-accumulators and
other passive safety systems is gradually dissolved to the accumulator water during the long period of
normal plant operation. If a primary circuit leakage takes place, the accumulator water is injected into
the primary circuit, where lower pressure is prevailing and as a consequence the dissolved nitrogen is
released from the liquid phase to gas phase. It is also possible that after the liquid has run out of the accu-
mulator the gaseous nitrogen may flow into the primary system and may thus disturb the circulation in
the primary circuit. It is important that the system codes that are used in safety analysis work are capable
to simulate flows of non-condensable gases and that they can take into account the release of the dis-
solved gases. In this paper the non-condensable gas model of the APROS two-fluid safety analysis system
code is described. The model has been validated using one experiment carried out in the PACTEL VVER-
440 test facility, where the release of the nitrogen dissolved in the accumulator water has been studied.
The model has been used to analyze the primary-secondary leakage (PRISE) in the Loviisa nuclear power
plant. In this leakage incident the dissolved nitrogen from the accumulator was assumed to flow into the
primary circuit of the plant.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

In light water reactors (LWR) the non-condensable gases may
affect the behavior of the transients, especially in primary circuit
leakages of different break sizes. Thus, the treatment of non-con-
densable gases has to be taken into account in system codes that
are used to analyze the core cooling.

During the long period of normal operation the nitrogen that is
used to pressurize hydro-accumulators and other passive safety
systems is dissolved into the liquid phase. In case of primary
breaks the accumulator water is injected into the primary circuit,
where lower pressure is prevailing, and as a consequence the dis-
solved nitrogen is released from liquid to gas phase.

The two-fluid model of APROS includes separate mass, energy
and momentum equations for both liquid and gas phases. The
material properties of steam and water are calculated separately
for steam and liquid as a function of pressure and as a function
of phase enthalpies. By assuming that non-condensable gas forms
a homogeneous mixture with steam so that steam and non-con-
densable gas have the same temperature, and that they flow with
the same velocity, only a partial differential equation for the non-
condensable gas density is needed for the simulation of the non-

* Corresponding author. Tel.: +358 40 593 8641; fax: +358 20 722 5000.
E-mail address: markku.hanninen@vtt.fi (M. Hinninen).

0306-4549/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.anucene.2009.07.018

condensable gas. In the present thermal-hydraulic model of APROS
the non-condensable gas can also be in the form of a dissolved
component in the liquid phase. The release of the non-condensable
gas from the liquid to gas is calculated if the concentration of the
dissolved non-condensable gas is larger than the maximum (satu-
ration) concentration at certain pressure and liquid temperature.

The model has been tested by calculating an experiment carried
out in the PACTEL test facility, where the vessel at high pressure in-
cluded water and steam as well as nitrogen in gaseous form and as
dissolved in liquid. In the experiment the gas was let to flow
through the orifice, and as a consequence pressure in the vessel de-
creased. Due to pressure decrease the dissolved gas was released
from liquid phase to gas phase, and consequently this caused the
water level rise in the tank.

2. Non-condensable gas model

The non-condensable gas model and its relation to the APROS
six-equation model is presented in the following. The six-equation
model is based on partial differential equations of mass, momen-
tum and energy for liquid and gas phases. By discretizing and lin-
earizing the differential equations four linear equation groups are
obtained. With the aid of these discretized equations the pressures,
void fractions, phase enthalpies and phase velocities in the
simulated system can be solved. The detailed description of the
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Nomenclature

flow area (m?)
matrix coefficient
heat capacity (J/kg°C)
hydraulic diameter of the flow channel (m)
mass flux (kg/m? s)
acceleration of gravity (m/s?)
specific enthalpy (J/kg)
T) polynomial used to calculate maximum dissolved gas
mole fraction (Pa)

P AN TS

~

m specific mass flow rate (kg/m? s)
M molecular weight of the gas (kg)
p pressure (Pa)

R universal gas constant

S source term

T temperature (°C)

t time (s)

u velocity (m/s)

v volume (m?>)

X mass fraction

X mole fraction

z space coordinate (m)

Az length of junction (m)

o volume fraction of a phase

n expansion efficiency

r mass phase change rate (kg/m>s)
Y Y= E—'; isentropic exponent

] discharge function

Ah enthalpy change (J/kg)

Ap pressure loss or pressure change (Pa)
At time step (s)

Subscripts

d dissolved, dissolving

g gas phase, gas mixture

h constant enthalpy

i node i, interface

i—1/2  junction between nodes i—1 and i
i+1/2  junction between nodes i and i+ 1
k gas or liquid phase
l liquid phase
max maximum value
nc non-condensable gas
p constant pressure
r release
steam
sat saturation
stat static
v constant volume
Superscripts
n new iteration step
t—At old time step

Special notations
[u,0] greater of u and 0

two-fluid model of APROS system code has been presented in
Hanninen and Ylijoki (2008). In addition to six basic equations
the modeling of the non-condensable gas includes the mass equa-
tion of the non-condensable gas and the equation for the dissolved
gas concentrations. With the aid of these equations the non-con-
densable gas densities and the dissolved gas concentrations can
be solved.

In the model the simulated non-condensable gases are air,
nitrogen, helium and hydrogen. For each gas the necessary mate-
rial properties are calculated. The code has the limitation that only
one gas at a time can be simulated.

In the model it is assumed that in gas phase the non-condens-
able gas and the steam form the homogeneous mixture, i.e. they
have the same temperature and velocity. In the dissolved gas mod-
el the maximum concentration of the dissolved gas as a function of
pressure and liquid temperature is calculated. On the basis of the
maximum and the real concentration obtained solving the dis-
solved concentrations, the released gas flow can be calculated. This
released gas is then taken into account in solving the gas phase
quantities and the dissolved gas concentrations. On the other hand,
if the maximum concentration is larger than the solved concentra-
tion, and simultaneously the gas phase includes a large amount of
non-condensable gas, the gas is gradually dissolved and the non-
condensable gas flow from gas phase to liquid phase is calculated.

In addition to the non-condensable gas densities, the gas tem-
perature has to be calculated iteratively using the calculated gas
mixture enthalpy and the densities of steam and non-condensable
gas in the gas mixture.

2.1. Solving non-condensable gas in gas phase

For calculating the non-condensable gas densities and pressures
in the simulated system the mass transport equation for the non-

condensable gas density in gas phase is needed. It can be presented
as:

0(0gPyc)
ot | oz

In Eq. (1) the subscript g refers to the gas mixture and nc refers
to non-condensable gas. The variable m, is the released specific
mass flow of the dissolved gas (positive for release, negative for
dissolving). For solving numerically the partial differential equa-
tions they have to be discretized in respect of time and space. In
space discretization the staggered grid is used, i.e. the momentum
control volume is different from those of mass and energy. For the
space discretization the Eq. (1) is multiplied with flow area A and
is integrated over the mesh length Az, i.e. the mesh volume
Vi=AAz.

For the time discretization the time derivative is taken in
form

a(agpncug) — mr (1)

(o Phe)i — (‘xgpnc)fim
v, Calich = ( @

In Eq. (2) the subscript i refers to the mass control volume
(node), nc refers to non-condensable gas and g refers to gas mix-
ture. The superscript n is for a new iteration step and t—At means
the previous time step.

Then applying the upwind approach to the convective term in
the partial differential Eq. (1), Eq. (3) presented here in discretized
form is obtained

t—At
% Prei — Vi % + Ai1/2%.i41/2[Ugiv1/2, 0] Ppe
— Ai1p0gi2[Ugi-1/2,01Pnc iy + Aic12%gi12[—Ugi-1/2, 0] e,

—Aii12% i1/2[—Ugiva2, 0] Preinq = Vi,

Vi
3)

/2
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In Eq. (3) the non-condensable gas densities with superscript n
are unknowns. The subscripts i—1/2 and i+ 1/2 refer to junctions
coming to or leaving the node i. By rearranging terms in Eq. (3)
the matrix type Eq. (4) is obtained. After the total pressures, gas
mixture void fractions and phase velocities have been solved the
non-condensable gas densities can be solved using Eq. (4).

afpgc,i = ain?lc,iH + aiflp:]lc,i—l + b (4)

In Eq. (4) the following abbreviations have been used

a .
a=V; ﬁ + Ai120g i1 /2[Ugiv1/2, 0] + Ain120gi12[~Ugi12,0]  (5)

Aiy1 = Aip120gi11/2[~Ugir1/2, 0] (6)

ai_1 = Ai_120gi-1/2[Ugi-1/2, 0] (7)
g P, ) A )

bi = Vf% + Vimr (8)

In Egs. (5)-(8) the junction void fractions are calculated as upwind
values, i.e. using the values of the donor node.

When the total pressure, steam and non-condensable gas den-
sities have been calculated the non-condensable gas partial pres-
sure can be solved using simple thermodynamic relations.

The total pressure is the sum of partial pressures of steam and
non-condensable gas, Eq. (9).

pg = Ps + Pnc (9)

The mole fraction of non-condensable gas X, is calculated with
Eq. (10).

_ Pnc Prc | Ps
Xne = Mnc/ (Mnc - M5> (10)

After the total pressure of gas p, has been calculated, the partial
pressures can be calculated utilizing Eq. (9) and the mole fraction
of the non-condensable gas.

In the six-equation model of APROS the linearization of the gas
density in respect of pressure is one of key linearizations in solving
pressures. When the gas consists of steam and non-condensable
gas, the gas density derivative in respect of pressure is calculated
as follows:

o, e (3p), 020 (35)
e _x e ) b (1= Xpe) [ =22 11
apg " apnc h ( HC) aps h ( )

The density derivative of non-condensable gas is calculated
from the isentropic gas equation, i.e.

apnc — MHC
Opnc  YRT

(12)

In the basic six-equation model of APROS the phase enthalpies
are solved using the enthalpy equations of liquid and gas mixture.

After the gas mixture enthalpies, and steam and non-condens-
able densities have been solved the following enthalpy balance
can be formed (13).

pghg(Tg) = pshs(Tg) + ppchne(Te) (13)

The Eq. (13) is needed because the gas mixture temperature Tg
cannot be calculated explicitly, but it has to be iterated. The steam
temperature is given as a function of steam pressure and enthalpy,
while the non-condensable gas enthalpy is calculated using the
specific heat capacity (a function of temperature) and the gas
temperature.

The non-condensable gas model is a part of the six-equation
model, which is calculated iteratively. After every iteration step
the gas and liquid mass errors are calculated using the discretized
gas and liquid mass equations. The user is able to define the al-
lowed relative mass errors for both gas and liquid individually in
each node. For nodes clearly larger than average nodes, a tighter

/3

mass error criterion should be used. Usually the relative mass er-
rors below 1d-5 to 1d-6 are achieved. If the mass error criterion
is not reached, the model reduces the time step to the half of the
presently used time step. Then the iteration is again started from
the previous (converged) time point. Also the non-condensable
gas mass error is calculated. However, because the non-condens-
able gas is solved using its own mass equation, the mass error of
non-condensable gas is much smaller than the gas mixture mass
error providing that the iteration of the whole system has been
converged. If the desired accuracy is not reached, the reason is usu-
ally in very fast pressure and temperature changes, which may
cause large oscillating mass transfer rates between phases.

2.2. Simulation of dissolved non-condensable gas

One goal of the new non-condensable gas model is to simulate
the spreading of dissolved gas with liquid flow and to calculate the
amount of nitrogen that may release from the liquid phase to gas
phase as a consequence of the pressure decrease. Also the slow dis-
solving of the nitrogen to liquid phase is taken into account.

The dissolved gas in liquid phase is treated as a concentration,
i.e. as mass fraction of dissolved gas in liquid phase.

The mass transport equation for dissolved gas can be written in
the form

Ol(1 — o) pXnc] i I(1 — o) pyUiXnc] _
ot 0z

When Eq. (14) is discretized in respect of time and space coor-
dinate the numerical model is obtained for solving the spreading of
the dissolved gas concentrations. The dissolved gas mass fractions
are solved using the standard matrix solver in the APROS code.

In the present model the effect of non-condensable gas on the
liquid density is omitted, since the density increase due to the dis-
solved gas is small compared to the liquid density.

For the model initialization the node related parameter, which
defines the initial concentration of the dissolved gas in the liquid
phase, is used. The parameter may have values from 0 to 1. The va-
lue one means that maximum amount of gas is dissolved in the li-
quid phase. On the basis of the maximum saturation concentration
and the real concentration the six-equation model calculates the
released gas flow. If the real concentration is larger than the max-
imum saturation concentration, the released gas mass flow is

m, = (Xdne — Xmaxnc)(1 — 00)p, /Ty (15)

In Eq. (15) m, is the released mass flow in respect of volume
unit (positive direction is for release and negative for dissolving),
Xdnc is the mass fraction of nitrogen or other dissolved gas, Xmaxnc
is the maximum (saturated) mass fraction of dissolved gas, o is
the volume fraction of gas, p; is the liquid density and 7, is the time
constant for the release of the dissolved gas.

If the maximum concentration is larger than the real concentra-
tion and at the same time the gas phase includes a large amount of
non-condensable gas, the gas is gradually dissolved and the small
gas flow from gas to liquid is calculated as

Mg = (Xanc — Xmaxnc) (1 — &)y /Ta (16)

i, (14)

In Eq. (16) my is the dissolving mass flow rate in respect of vol-
ume unit, p, is the non-condensable gas density and z, is the time
constant for dissolving.

The maximum mass fraction of the non-condensable gas in li-
quid phase can be calculated as

X _ Xmaanc
max Xmaanc + (1 - Xmax)MH20

(17)

The maximum mole fraction (saturated) can be calculated
according to Henry’s law
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_ pnc
X = g5 (18)

The term K(T;) can be presented as a polynomial based on the
experimental results (Pray et al., 1952). In reference (Sarrette
et al., 1999) the polynomial has been presented in form

K(T;) = 0.57541 x 10" + 0.13803 x 10°T, + 0.94804 x 10°T;
—0.13955 x 10°T;} + 0.68700 x 10°T; — 0.95821 x 10 'T;

The release or dissolving mass flows of the non-condensable gas
is taken into account in solving the void fractions, in the mass bal-
ances of gas mixture and non-condensable gas, in energy balance
of gas mixture, in solving the concentrations of dissolved gas, in
the energy balance of liquid phase and in the calculation of gas
mass errors.

The presented calculation model has been qualitatively verified
with a model which describes a simple de-aerator. In the de-aera-
tor model liquid containing plenty of dissolved gas is flowing
through a valve into a tank. Due to pressure loss across the valve
the liquid is partly evaporated in the de-aerator tank. The mixture
of steam and released gas is flowing out from the upper part of the
tank. The liquid with lower dissolved gas content is flowing out
from the bottom of tank.

2.3. Critical mass flow of non-condensable gas

The critical flow in the APROS six-equation model in water is
limited to the value calculated with the Moody model. This works
well when the upwind node includes liquid or two-phase water.
For non-condensable gas the Moody model is not applicable.

When the flow consists of non-condensable gas the critical
mass flow for the gas flow can be calculated as (Linnaluoto, 1965)

M = M‘//A\/ITPO (19)

The orifice coefficient i takes into account friction and contrac-
tion of the jet. For well rounded nozzle it is near unity, and for
sharp holes in plate it can be as small as 0.59-0.62 (Bohl, 1982).
In the equation the discharge function ¥ is calculated as a function
of the pressure ratio z = z%’ where pg is pressure at upwind state
and p; is pressure at position of the minimum flow area, i.e. where
the laval pressure may be achieved.

Y =/2¢01 - Zl/C’) =D/ (20)

The quantity ¢ is calculated as a function of isentropic
exponent y

v y
C=59 (21)

If necessary the friction can be taken into account with the
expansion efficiency #., which obtains usually values in the range
of 0.94-1 for short pipes. The term ¢’ in Eq. (20) is then calculated
by dividing ¢’ with the expansion efficiency. The critical pressure
ratios and other quantities of common gases related to the calcula-
tion of the gas critical flow have been presented in Table 1 (Linn-
aluoto, 1965). The values of helium differ from those of air,
nitrogen and hydrogen, because helium is a monoatomic gas.

In the APROS code the maximum non-condensable gas flow is
calculated using Eq. (19). In practical applications the gas flow in-
cludes always some steam. Thus, the effect of steam on the critical
mass flow must be taken into account and the critical flows for
steam and non-condensable gas are calculated separately. For
steam as

mcr.s = MWSA\ / pO,spo,s (22)

and for non-condensable gas as

/4

Table 1
Critical pressure ratios and other properties related to the critical flow of different
gases.

Gas pu/po (7 v2 Yimax
Steam 0.546 4.30 13 0.667
Helium 0.487 2.50 2.5 0.726
Air 0.528 3.50 14 0.685
Nitrogen 0.528 3.50 14 0.685
Hydrogen 0.528 3.50 14 0.685

mcr,nc = ,uancA\/po.ncpo,nc (23)

The total critical mass flow is then calculated as the sum of the
partial gases mass flows.

3. Validation of the model with PACTEL experiment

In the validation of the non-condensable gas model of APROS
one experiment of the PACTEL test facility has been used. The test
facility has been originally designed to model the VVER-440 type
pressurized water reactor currently in use at Loviisa nuclear power
plant in Finland. Nowadays PACTEL is used to model other designs,
too. The calculated case simulates transient where the dissolved
nitrogen is released in an emergency accumulator due to pressure
decreases.

3.1. PACTEL test facility

PACTEL is a volume scaled model in proportion 1:305. To ensure
that the gravitational forces remain equal to those in the reference
plant, the components preserve the elevation equivalence 1:1 to
the reference plant. The test facility consists of primary circuit with
a pressurizer, secondary side with steam generators and the emer-
gency core cooling system (Purhonen et al., 2006).

The non-condensable gas model of APROS has been validated
against RUN1 experiment where the PACTEL pressurizer was used
as a vessel with liquid water and nitrogen at high pressure (Sar-
rette et al., 1999). The pressure and liquid temperature in the PAC-
TEL pressurizer correspond closely to the conditions in the
emergency accumulator of the Loviisa nuclear power plant. The
pressurizer was connected to the relief tank with 5 m pipe and re-
lease valve. In the pipe there was also a plate with a small hole
which was used to measure gas mass flow. The orifice was so small
that the flow was assumed to be critical during major part of the
experiment. The principle of the test arrangement has been shown
in Fig. 1 (Ahtinen, 2008).

In the calculation model the PACTEL pressurizer with the height
of 8.8 m was divided into seven nodes with equal lengths in verti-
cal direction. The node center levels from the pressurizer bottom
were 0.628 m, 1.885m, 3.14m, 440m, 5.66m, 6.91 m and
8.17 m. In the orifice junction the critical flow limitation with the
orifice coefficient of 0.62 was applied. The experiment was calcu-
lated using different time constant for nitrogen release. The use
of different time constant had no observable effect on the pressure
and temperature behavior in the pressurizer tank.

The pressures in the pressurizer and in the relief tank as well as
the gas temperature in the upper part of pressurizer have been
shown in Figs. 2 and 3, respectively. The calculated results corre-
spond well with the measured values. The pressure decrease in
measured data before the opening of the valve was expected to
be caused by the leakage.

By comparing the released nitrogen mass flow and the gas mass
flow through the orifice in Figs. 4 and 5 it can be seen that the re-
leased nitrogen mass flow is less than 1% of value of the mass flow
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Fig. 1. The arrangement of the test facility.
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Fig. 2. Simulated and measured pressures in PACTEL pressurizer and relief tank.

through the orifice, and therefore it has practically no effect on the
pressure behavior of the pressurizer.

In order find out the effect of the time constant on the release
rate of the nitrogen the test RUN1 was calculated using three dif-
ferent time constants 1s, 50 s and 100 s. The best available mea-
sured data which can be used to observe the release rate was the
void fraction. Due to pressure decrease the dissolved nitrogen is re-
leased and results in increases of gas volume fraction. The volume
fraction behavior is also affected by bubble flow upwards in the
pressurizer, but it is expected that main effect on void fractions
comes from the gas release rates.

Gas temperatures in pressurizer
50 T T T T T T

sim o+
dat x
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20

Temperature [C]
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Fig. 3. Calculated and measured gas temperature in upper part of the pressurizer.

In Figs. 6 and 7 the calculated and measured void fractions of
the pressurizer on levels 2m and 3 m in the test facility are
shown. It can be seen that during the first nitrogen discharge
the measured increase of void fraction is relatively large. None
of the calculated cases was able to predict this first fast increase.
However, later on, the calculated case with the time constant of
50 s gave the best results in comparison with the measurements.
Also in reference (Sarrette et al., 1999) where the release time
constant was examined in more detail, the time constant of
50 s was suggested.
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Fig. 6. Calculated and measured gas volume fractions in pressurizer (level of 2 m).

4. Loviisa steam generator collector break simulation

The goal in simulating the steam generator collector break in
the Loviisa VVER-440 plant was to examine how the inadvertent
injection of one hydro-accumulator, and the possible release of
the dissolved nitrogen affect the course of the transient. Loviisa
VVER-440 plant has four hydro-accumulators. The total volume
of each accumulator is 70 m® with 45 m® borated water and

Steam volume fractions in pressurizer, node 3
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Fig. 7. Calculated and measure gas volume fractions in pressurizer (level of 3 m).

25 m? nitrogen gas cushion at 35 bar pressure. Part of the gaseous
nitrogen is gradually dissolved to the accumulator water during
the long period of normal plant operation. Two of the hydro-accu-
mulators are at 100 °C and other two are at 25 °C temperature. The
main task of these passive water tanks is to inject coolant water at
rapid rate into the pressure vessel to prevent core uncovering dur-
ing early phase of a large-break LOCA. During smaller primary cir-
cuit leaks, the accumulator injection is not necessarily needed
because primary circuit mass balance can be maintained with
the help of the high pressure (HP) and low pressure (LP) injection
pumps. However, when the pressure is below 35 bar, there is the
possibility of an inadvertent injection of one hydro-accumulator.
In order to test the new non-condensable gas model of APROS,
one of hydro-accumulators is assumed to inject its water into the
primary circuit. The injecting accumulator is isolated a few seconds
before the water runs out and gas mixture starts to flow into the
primary circuit (Ahtinen, 2008).

4.1. Description of the simulated PRISE transient

In the simulated accident the break of 15 cm? was assumed in a
steam generator cold collector due to the lift up of the steam gen-
erator cold collector cover. The primary to secondary type of loss-
of-coolant-accidents (PRISE) may result in radioactive coolant flow
into the secondary system. If safety valves on the secondary side
are stuck open, this radioactive coolant might be released to the
environment.

Effective management of the postulated PRISE accident requires
certain operative actions. One of the main actions is that in order to
terminate the PRISE leak operator has to reduce the primary pres-
sure all the way down to two bar. The depressurization is done by
using feed and bleed cooling, i.e. by repetitively varying the pres-
surizer water level between maximum and minimum allowed lim-
its with the aid of HP or LP injection pumps.

The present simulation begins from the time point, when the
primary pressure is below 35 bar and the non-isolated accumula-
tor starts to inject water into the primary circuit. The main param-
eters describing this depressurization process are shown in the
Figs. 8-11. Calculated primary circuit pressure and average tem-
perature are presented in Figs. 8 and 9. Figs. 10 and 11 present
the calculated pressurizer water level and PRISE leak mass flow
rate. The feed and bleed operations are seen in all calculated values
as regular oscillations.

Concerning the new non-condensable gas transport model in
APROS code, the main goal was to investigate the behavior of the

11/6
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Fig. 8. Primary circuit pressure.
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Fig. 9. Primary circuit average and core outlet temperature.
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Fig. 10. Pressurizer level.

dissolved nitrogen that is injected from the accumulator into the
primary circuit. The main concern is that the primary circuit pres-
sure could decrease so much that the saturation conditions of the
dissolved nitrogen are reached in the primary circuit. This would

LOVIISA - SG Cold Collector Break
Total break mass flow from SG

[ke/s]

Simulation time [h]

Fig. 11. Break mass flow rate from damaged steam generator.

result in release of the dissolved nitrogen from the liquid to gas

phase, and as a consequence the prevention of the core cooling.
In order to make appropriate nitrogen mass inventory calcula-

tions, following parameters are monitored during the simulation:

Nitrogen mass in the accumulator gas phase (kg).
Dissolved nitrogen mass in the accumulator (kg).
Cumulative nitrogen injection into the primary circuit (kg).
Cumulative nitrogen leak from damaged SG (kg).
Total nitrogen mass in the primary circuit (kg).
Local dissolved nitrogen concentration vs.
concentration.

saturation

The PRISE simulation was performed using different release
time constants. The selected time constants were 10s, 50 s and
250 s. The dissolution constant was set to 10,000 s in all three cases
which practically eliminated dissolution process. As initial condi-
tion for the nitrogen inventory calculations the non-isolated accu-
mulator water was assumed to be saturated with dissolved
nitrogen. According to Henry’s law at 35 bar pressure and 100 °C
temperature the dissolved nitrogen mass to be about 21 kg. The
mass of the gas phase in the accumulator is about 608 kg. Figs.
12-14 present how the 21 kg of nitrogen gas initially dissolved
in accumulator water is divided between the accumulator gas
phase and the primary circuit during the injection period. Each fig-

LOVIISA - SG Cold Collector Break
Cumulative N2 distribution in accumulator (TC=10s)
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Dissolved nitrogen remaining
35 o Primary injection
Phase change + Primary injection
30 F Total

[kg]
8
|

0.8 1 12 14 1.6 1.8 2 22 24
Simulation time [h]

Fig. 12. Distribution of initially dissolved nitrogen with 10 s release time constant.
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LOVIISA - SG Cold Collector Break
Cumulative nitrogen distribution in accumulator (TC=50s)
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Fig. 13. Distribution of initially dissolved nitrogen with 50 s release time constant.
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Cumulative nitrogen distribution in accumulator (TC=250s)
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Fig. 14. Distribution of initially dissolved nitrogen with 250 s release time constant.

ure corresponds to a certain release time constant value. The non-
isolated accumulator starts to inject water when the primary pres-
sure is below 35 bar.

It can be observed that the cumulative nitrogen injection into
the primary circuit increases from 10 kg to 11 kg when time con-
stant is increased from 10 s to 250 s. Thus, greater amount of the
initially dissolved nitrogen is released to the gas phase of the accu-
mulator during the injection period with greater release time con-
stants. The 1 kg difference is rather small and thus the amount of
injected nitrogen mass is not very sensitive to size of release time
constant. When accumulator water runs out, there is about 618 kg
of nitrogen gas remaining in the accumulator. The calculated nitro-
gen transfer between liquid phase and gas phase is presented in
Fig. 15. The time integral of this release flow is the difference be-
tween blue and green lines shown in Figs. 12-14.

Fig. 16 presents the cumulative nitrogen mass, which has
leaked out from the damaged steam generator during the depres-
surization period. The cumulative nitrogen leakage is obviously
greater with greater release time constant because of the greater
cumulative nitrogen injection from the accumulator. One can eas-
ily calculate the dissolved nitrogen mass remaining in the primary
circuit by subtracting the cumulative nitrogen leakage (Fig. 16)
from the cumulative injection presented with green lines in Figs.
12-14.

LOVIISA - SG Cold Collector Break
Nitrogen release flow from liquid to gas in accumulator
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Fig. 15. Nitrogen release mass flow during accumulator injection period.
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Fig. 16. Cumulative dissolved nitrogen leakage from the damaged steam generator.

LOVIISA - SG Cold Collector Break
Dissolved gas mass fractions in different locations (loop 1, TC=10s)

0.0002 T T T T I T r T T
: : : : yal1j020
”””” yallj070
: § § e yb11w001_no27
0.00015 [k T S yallj120
; ) ; [ yallj180
g — saturation line
B 1 o
& 00001
:
56005 | b

1 2 3 4 5 6 7 8 9 10 11
Simulation time [h]

Fig. 17. Local dissolved nitrogen concentrations vs. primary circuit saturation
(105).

Figs. 17-19 present local dissolved nitrogen concentrations vs.
the minimum saturation concentration in the primary circuit with
different time constants. As can be noticed, the local dissolved
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LOVIISA - SG Cold Collector Break
Dissolved gas mass fractions in different locations (loop 1, TC=50s)
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Fig. 18. Local dissolved nitrogen concentrations vs. primary circuit saturation
(505).
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Fig. 19. Local dissolved nitrogen concentrations vs. primary circuit saturation
(250 s).

nitrogen concentrations remain well below saturation concentra-
tion. Thus, there is no nitrogen gas release during PRISE accident
and no potential threat to accident management.

The simulation case presented in this paper was relatively sim-
ple since the accumulator was isolated immediately when the
water ran out. This assumption caused the cumulative nitrogen

injection to be from 10 kg to 11 kg depending on the assumed re-
lease time constant. Further simulations where the 618 kg gaseous
phase of the accumulator is assumed to be injected into the pri-
mary circuit are planned.

5. Conclusions

The two-fluid model of APROS safety analysis code is able to
simulate the different non-condensable gas which can be as gas-
eous form or as dissolved in liquid phase. In the paper the model
and its validation have been described in detail. The release time
constant which has been used in the model has been estimated
with the aid of an experiment made in the PACTEL test facility.
The validated model has been applied to calculate a PRISE transient
for the Loviisa VVER type nuclear power plant. In the transient one
of hydro-accumulators is expected to inject its water including dis-
solved nitrogen into the primary circuit. The simulations con-
firmed that the local dissolved nitrogen concentrations remained
well below saturation concentration during primary circuit depres-
surization period. This means that there was no gas release and
thus, natural circulation and accident management was not in
danger.
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