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The Three-Dimensional Transient Two-Phase Flow Computer Programme
BACCHUS-3D/TP

The three-dimensional single-phase flow version of the BACCHUS code, which de-
seribes the thermal behaviour of a coolant in hexagonal bundle geometry, develop-
ped earlier, provided the basis for the development of the two-phase flow version
documented in this report.

A detailed description is given of the two-phase Slip Model (SM), and of the Homo-
geneous Equilibrium Model (HEM) as a subcase, which presents several improve-
ments from both viewpoints of physical modelling and numerical treatment, with
respect to usual models found in the literature. The most advanced Separated
Phases Model (SPM) is then described in all analytical details necessary to fully
understand its implementation in the code. Problems related to the link between
the two above models into an integrated code version are then discussed. The code
provides an additional option for modelling of active or passive, permeable or
impermeable blockages. This option is documented separately. New numerical
methods for solving the algebraic systems of equations derived from the lineariza-
tion of the fundamental equations have completely superseded previous ones and
are explained in detail.

Eventually a section is dedicated to an overview of the code verification, made
over several years, which goes from steady state single-phase unheated bundle ex-
periments up to fast transient two-phase flow experiments in electrically heated
37-pin bundles.

Das Computerprogramm BACCHUS-3D/TP fiir dreidimensionale transiente
Zweiphasenstromungen

Die friuher entwickelte dreidimensionale einphasige Version des Rechenprogram-
mes BACCHUS zur Beschreibung der Thermohydraulik eines Kihlmittels in
hexagonaler Biindelgeometrie lieferte die Grundlage fiir die Entwicklung der
zweiphasigen Version, die in diesem Bericht dokumentiert wird.

Das Zwei-Phasen-Schlupfmodell mit dem Spezialfall des homogenen Gleichge-
wichtsmodells wird detailliert beschrieben. Im Vergleich zu den ublichen Model-
len, die in der Literatur beschrieben werden, enthilt es mehrere Verbesserungen
sowohl in der physikalischen Modellierung als auch in der numerischen Behand-
lung der Grundgleichungen. Das Modell der getrennten Phasen fiir héhere
Dampfgehalte wird in allen analytischen Einzelheiten beschrieben, die zum vol-
len Verstandnis seiner Implementierung im Rechenprogramm nétig sind. Proble-
me im Zusammenhang mit dem Ubergang zwischen den beiden Modellen in einer
integrierten Programmversion werden anschlieend diskutiert.

Das Rechenprogramm enthilt eine zusétzliche Option zur Modellierung von akti-
ven und passiven, durchlédssigen und undurchldssigen Blockaden. Diese Option
wird zusitzlich dokumentiert. Neue numerische Methoden zur Losung des alge-
braischen Gleichungssystems, das durch die Linearisierung der Grundgleichun-
gen entsteht, haben die Methoden, die friher fiir die einphasige Version des Re-
chenprogramms benutzt wurde, vollstindig ersetzt und werden in diesem Bericht
detailliert beschrieben.

AnschlieBend ist ein Abschnitt einem Uberblick tiber die Verifikation des Pro-
gramms gewidmet, die sich iitber mehrere Jahre erstreckt und von stationéren ein-
phasigen unbeheizten Biindelexperimenten bis zu schnellen transienten zweipha-
sigen Experimenten in elektrisch beheizten 37-Stabbiindeln geht,
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Introduction

The three-dimensional two-phase flow version of the computer programme BACCHUS
documented in this report has been developed from the single-phase flow version de-
scribed in 1983 in reference [1]. Beside the new modelling of two-phase flow in bubbly
and annular flow regimes and the provision of an option for blockage simulation, the ba-
sis version of 1983 has undergone a series of improvements concerning mainly: i) a re-
placement of the original explicit formulation of the code, where only friction terms
were treated half-implicitly, by a completely implicit treatment of convective and diffu-
sive terms in the transport equations; ii) the replacement of the numerical solution
methods of the Poisson equations for pressure and enthalpy distributions, which were
then available, with more advanced algorithms based on both direct and iterative meth-
ods; iii) the provision of plotting facilities and HISTORIAN packages for code bookkeep-
ing; iv) the vectorization of the code.

The code version of 1983 has been therefore completely rewritten in the course of the
implementation of the several topics involved. Beside the new physical modelling op-
tions, the code performances have been improved by a factor of 50 in computational
speed with respect to the earlier version.,

For these reasons only few of the topics documented in [1] still retain some actuality.
These are:

1) The geometrical modelling of the bundle, as described in pages 3 - 13 of reference
[1]. Because of the paramount importance of this information,and aiming at mak-
ing the present report a self-contained one, we reproduced in the following "Preface
on bundle modelling” this part of the earlier documentation, with only a few formal

updating.

i1) The calculation of the temperature distribution in the fuel pins, as documented in
pages 25 - 27,45 - 54 and 137 - 147 of [1]. Although the basic algorithm for the nu-
merical solution of the heat diffusion equation in the pins has remained unchanged,
an improvement made in the present code version is worth mentioning. Since we
model equivalent pins for every control volume and since a real pin is split in this
way to belong to several contiguous control cells, we computed several and different
pin temperatures at the axis. This inconsistency has been removed by imposing a
further constraint on the calculation, namely that all computed central tempera-
tures coincide. This in turn implies a more realistic azimuthal temperature distri-
bution in the simulated pins. The better solution for this problem would, however,
be a two-dimensional (radial and azimuthal) solution of the heat diffusion equation.




iii) The modelling of the turbulent exchanges of momentum and enthalpy, as described
in pages 150 - 160 of [1]. This modelling is based on a sophisticated mixing-length
concept which takes into account the anisotropy of the pin bundle and holds for
single-phase flows, Its applicability to two-phase flow is object of current investiga-
tions.

The bulk of this report documents the to-date version of the code. In a few sections, men-
tioned in the following, we document an intermediate stage of the code evolution or give
details about implementation of new modelling. The purpose of documenting some in-
termediate stages is twofold: first it allows one to understand how to proceed step by
step in a code development from a preliminary stage (e.g. explicit) to an advanced stage
(e.g. implicit); second, it allows comparisons of the theoretical background with other
codes which have reached this degree of evolution. Since the to-date version of BAC-
CHUS has reached an operational stage, but is still susceptible of improvements from
both viewpoints of physical modelling and numerical treatment, we also explained the
basis for future work in some sections.

The single-phase flow version of the code is not documented separately, because it is a
subcase of the slip model to which Part1is reserved. Suppressing terms of the slip model
containing the slip velocity one has the single-phase flow modelling. Sections 1 - 6, 9
and 11 - 12 of Part I refer to the to-date code version. Sections 7 and 10 document an in-
termediate evolution stage where diffusion terms in the momentum equation and in the
enthalpy equation, respectively, were not yet treated fully implicitly. Section 8 explains
how the Poisson equation for pressure can be solved for pressure increments §p = pn+1
- pn (over the time step) instead of solving for the pressure values pn+1, The solution for
pressure increments is more precise than the solution for pressure values because one
has to deal with numbers in the range of magnitude of 10 - 102, instead of 105, and the
relative algebraic equations are less stiff. The solution for 6p was available in an earlier
intermediate (now obsu!ete) code variant. It has not been taken over to the new code,
but this could be done easily, if the need for increased precision were felt to be critical.

Part I is dedicated to the model of separated phases, where basically an annular flow
regime is assumed, Sections 1to 7.2 refer to the present code version, Section 7.3 gives
the rigorous theoretical treatment of the problem of calculating the mass of fluid vapor-
izing or condensing per unit time and volume, taking into account not only the power
supplied to the coolant but also pressure variations. When power is suppressed the ef-
fect of pressure variations becomes dominant. This model has not yet been coded. Sec-
tion 8 collects all partial derivatives of thermodynamical quantities for the liquid and
for the vapour phase needed in the model of separated phases. As a pi‘eparation step for
future modelling of superheated vapour and thermodynamic disequilibrium between
the phases we complemented this set of derivatives with those of the vapour considered




as a perfect gas (section 8.4). Section 9 sets the theoretical background for the modelling
of a dispersed annular flow regime. This has not been coded so far, It is important for
simulation of situations where large dry-out regions appear at the pin surfaces and the
cooling effect of transported liquid droplet impinging onto this surface cannot be ne-
glected.

Parts ITI to VI refer to the present code version,

Part VII gives an overview of the programme verifications made over the last ten years,
including the earlier single-phase flow version of 1983, Numerical computations report-
ed in section 1 refer to the calibration of this single-phase version against heated and
unheated experiments in well-instrumented pin bundles. Section 2 refer to the verifica-
tion of the Improved Slip Model (ISM) which has been performed over five years mainly
on the basis of 7 and 37 electrically heated pin bundle experiments. The same experi-
ments served for calibrating the Separated Phases Model (SPM) which has been eventu-
ally linked to the ISM in the combined code version. The verification of the integrated
code version is not documented in this report, but has been explained in reference [39].
Likewise, the verification of the blockage option has been reported separately in refer-
ences [18] and [19].

A quick information about the code is given in the following synopsis.




Synopsis of the BACCHUS-3D/TP code

Description of functions:

The programme describes single- and two-phase flow of coolant in hexagonal bundle
geometry under normal or accident conditions like loss of flow, inlet blockages or reac-
tivity transient. The programme is based on a three-dimensional representation of the
bundle by means of the "porous-body” model. The thermal-hydraulic calculation for the
coolant is coupled to a pin-model describing the temperature distribution in fuel and
cladding. Heat losses out of the hexagonal duct and by-pass flows can be taken into ac-
count. An option is provided for the simulation of active or passive, central or displaced
blockages of arbitrary thickness. The programme can be applied to reactor subassem-
blies as well as for the theoretical interpretation of in-pile or out-of-pile experiments.
The single-phase flow version of the code has been extensively verified (see references
[i] to [iv]).

The two-phase flow version is based on two physical models:
i) aslip model based on three conservation equations for the coolant mixture;

ii) a heterogeneous model of separated phases described by five conservation equations
(two mass, two momentum conservation equations and one enthalpy equation for
the mixture).

The two models have been coupled into an integrated code version which simulates a
bubbly and annular flow regimes, with transition between them. An option is provided
for using the slip model as stand alone code. Verification of the two-phase flow models
has been reported in references [v] to [vii].

Numerical method:

The ICE (Implicit Continuous-fluid Eulerian) technique is used to derive a Poisson-like
equation describing the pressure distribution in the coolant. The Poisson equation is
solved numerically by means of an advanced variant of the ADI (Alternating Direction
Implicit) method or with a fast L-U matrix decomposition technique or Gauss elimi-
nation. When the pressure field is known, the coolant mass flows are derived implicitly
from the momentum equations. The coolant energy equation is also treated implicitly.
It is also reduced to a Poisson-like equation solved numerically with the matrix decom-
position technique or Gauss elimination. Alternatively, for single-phase flow calcula-
tions, a Runge-Kutta method of order four can be used (speed-up by a factor of two).




Vectorization:

The code is available in a version running both on scalar and VP vector computers. The
vectorization degree is about 90% and implies a speed-up by a factor of 4 - 5 on the
vector processor.

Running time:

It depends on the bundle size. For a 37 pin bundle with about 1000 meshes one hour of
CPU time is required on the vector computer VP50 to calculate about 40 s problem time

in single-phase flow or about 5 s in two-phase flow,

Programme size and core requirements:

The programme consists of about 30000 FORTRAN statements. Core requirements
depend on the bundle size and on the axial discretization. For a 37-pin bundle with 40
axial meshes about 2000 K of core region are required including about 870 K for the
matrix decomposition method or the Gauss elimination, When the ADI method is used
about 170 K less are needed. Double precision calculation is compulsory.

Further facilities:

Dump restart files are written automatically with a given frequency and at the end of
every run. A plot facility is available for i) axial, radial or azimuthal distributions of
selected physical quantities at given time points; ii) time-dependent variations; iii) iso-
therms and velocity vectors for a given cut through the bundle.

Related programmes:

PLOTCP for the plotting facility. An independent library of material functions for fuel,
cladding, coolant (sodium or water) and structural material is coupled to the pro-

gramme,

A HISTORIAN package is available for code updating and management,




Documentation:

[i]

[ii]

[iii]

[iv]

[v]

[vi]

[vii]

B. Basque, M. Bottoni et al.:

Thermohydraulic analysis of LMFBR subassemblies with the BACCHUS
programme,

ANS/ENS Int. Topical meeting on LMFBR safety and related design and
operational aspects. Lyon, France, July 19-23, 1982,

M. Bottoni, B. Dorr, Ch. Homann, D. Struwe:
BACCHUS-3D/SP, a computer programme for three-dimensional description of
sodium single-phase flow in bundle geometry. KfK 3376, July 1983

M. Bottoni, B. Dorr, Ch. Homann, D. Struwe:

BACCHUS-3D/SP, a computer programme to describe transient three-
dimensional single phase flow in LMFBR rod bundles.

Nuclear Technology, 71 (1985), pp. 43 - 67.

Ch. Homann, M. Bottoni, B. Dorr, D. Struwe:

Theoretical interpretation of thermohydraulic aspects of the MOL 7C local
blockage experiments with BACCHUS-3D/SP.

Int. Conference on the Science and Technology of Fast Reactor Safety, Guernsey,
UK, May 12 - 16, 1986

M. Bottoni, B. Dorr, Ch. Homann, D. Struwe:

State of development of the computer programme BACCHUS-3D/TP for the
description of transient two-phase flow conditions in LMFBR fuel pin bundles,
Nuclear Engineering and Design 100 (1987), pp. 321 - 349,

M. Bottoni, B. Dorr, Ch. Homann, F, Huber, K. Mattes, F.W. Peppler, D. Struwe:
Experimental and numerical investigations of sodium boiling experiments in pin
bundle geometry, Nuclear Technology, 89 (1990), pp. 56 - 82.

M. Bottoni, B, Dorr, Ch. Homann:

Flow regime dependent modelling of two-phase flow in 3D-subassembly
geometry and its experimental validation, Proc. ANS/ENS Int. Fast Reactor
Safety Meeting, Snowbird, Utah, August 12 - 16, 1990.




Preface on bundle modelling

Some basic information about the geometrical model used for simulating the bundle,
which is essential for understanding the conventions used in this report, is reproduced,

with only slight updating, from reference [1].

i) Control volumes

We assume that the pins of the bundle are arranged on a hexagonal lattice, as shown in
Fig. A.

The conservation equations describing the coolant flow are written first in a local form,
then integrated over appropriate control volumes. A staggered mesh is used for defining
the several dependent variables (components of coolant velocity, pressure, enthalpy
etc.) and correspondingly different cells are used for the macroscopic balances. As
shown in Figs. B1 and B2 the control cells are bounded in radial direction by planes
parallel to the bundle z axis through the pin axes. Let Ar be the distance between the
internal and external bounding planes, i.e. the width of the hexagonal ring. Planes
perpendicular to the z axis define the following control cells of length Az in the axial
direction:

- Control volume V] is bounded in axial direction by two planes perpendicular to the
bundle z axis and a distance Az apart, in radial direction by planes through the pin
axes. This control cell is used for volume-averaging the coolant energy equation, and

the continuity equation,

- Control volume Vjj is obtained by displacing V| by Ar/2 in radial direction. It is
therefore bounded in the radial direction by planes parallel to the bundle axis
passing midway between the pin axes. This control cell is used for volume -
averaging the radial component of the coolant momentum equation.

- Control volume Vyjj is obtained by displacing V| by Az/2 in axial direction, It is used
for volume - averaging the axial component of the coolant momentum equation.

- Control volume Vv is obtained by taking the two adjacent halves of cells like V7.
Viv is used for volume-averaging the azimuthal component of the coolant

momentum equation,

- Control volume Vi to Viy are bounded in the azimuthal direction by two planes
passing through the bundle axis. Up to 48 azimuthal sectors can be considered.
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Fig.Bl: Control volumes used for macroscopic balances.

ii) Indexing conventions

Following conventions are adopted for indexing the control cells:

Axial direction. Index JC = 2, 3, ... MC denotes the control volumes V| of length Az.
Control volumes Vy , displaced by + Az/2 are indexed by JZ = 2,3, ... MZ.

Radial direction. Index IC = 1, 2, ... NC denotes the control volumes V. IC = 1
refers to the inner hexagonal control volume; IC = NC is the control volume
bounded externally by the hexagonal can and internally by a plane through the axes
of the outermost pins. Index IR = 1, 2, ... NR refers to the control volumes V.

IR = NR is the control volume bounded externally by the hexagonal can and

internally by a plane tangent to the outermost pins.

Azimuthal direction. Index IT = 1, 2, ... NTH refers to the azimuthal sectors
bounded by planes passing through the bundle axis. Index ITR = 1, 2, ... denotes
these planes.

Control cells and indexing conventions are shown in Fig. A for the case of a 37-pin
bundle. (IC, JC, IT) is indexed as node (i, j, k). The cells faces are indexed asi * 1/2,j
* 1/2,k £ 1/2, respectively.




f.

Fig.B2: Centred or axially displaced control volume Vjand Vj (top left),
radially displaced control volume Vi (top right),

azimuthal displaced control volume Vv (negative direction)
(bottom left),

azimuthal displaced control volume Vv (positive direction)
(bottom right),




iii) Definition of dependent variables

Space discretization of the conservation equations describing the fluid flow is done with
reference to staggered meshes. Scalar quantities, like coolant pressure, enthalpy and
other physical properties of the fluid, are defined at the centre point (i, j, k) of a control
volume. Velocity components of the coolant (u, w, v for the r,z, s directions, respectively)
are defined at the mid points of the boundary faces. These conventions are shown in
Fig.C.

Vi.jk-1/2
v. .
i,j, k+1/2
) e
Fig.C: Definition of velocity components and scalar quantities

on staggered meshes.

iv) Volume porosit& and surface permeabilities

Conventions used for defining geometrical data are those customary in the so-called
"porous body” approach. All cells are characterized by a total volume V, a volume
occupied by the fluid Vi, an area A, of the solid (wall)-fluid interfaces, by the areas of
the lateral faces, S¢, Sp, (top, bottom, perpendicular to the z axis of the bundle), S, Se
(internal, external, perpendicular to the radial coordinate r),Sy, Sp (bounding the cell
in the azimuthal direction, where the subscripts m (minus), p (plus) denote the sequence
considered in the positive clockwise direction). These geometrical elements are used to

define volumetric porosities and surface permeabilities for every cell.
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Let Sg,, Sy, Sf;, Ste, St Sfp be the cross flow areas of the bounding faces. For every cell
we define surface permeabilities ¢, y, & for the axial, radial and azimuthal directions,
respectively, as the ratio of the respective cross flow area to total area, for instance

Y. = S[./Si

1
2

Eb = Sfp/Sp elc.

The volume porosity of a cell is defined as the ratio of the volume occupied by the fluid to
the total cell volume,i.e.:

g = Vf/V

In an undisturbed geometry the volume porosity is equal to the surface permeabilities
in the axial direction. The definition of the surface permeabilities and of geometry
coefficients for the radial direction is shown in detail in Fig, D with reference to the
centred cells Vi and to the displaced cells Vyj.

In the documentation following symbols are used according to Fig. D2:

y, = PSI{IC) Wi = PSIR (IR)
S./8 . = FACCM(IO S /8 . = FACCPUC)
13 mt € mit
S /S = FACRM(R) S /S = FACRP(R)
mi e me e

Further details are given in Ref, [1].

v) Advantages offered by the porous medium approach

In the last two decades several computer programmes have been developed for the
three-dimensional analysis of the coolant behaviour in fast reactor cores. Their degree
of sophistication has grown together with the improvement of the computing facilities
over the years. Their common feature consists in searching for an approximate solution
of the conservation equations for mass, momentum and enthalpy by treating the
numerical problem as an initial- value problem in time and a boundary value problem
in space. However, some codes differ quite strongly from the viewpoint of the choice of
the control volumes assumed for making the macroscopic balances of the dependent
variables to be conserved.

12




Fig. D1:

Fig. D2:

Definition of surface permeabilities.

Si AC

Smi
\ d
se (| \8
IR F J &
Sme

1 H

Definition of geometry coefficients.

13




Most of the computer codes developed earlier than BACCHUS-3D were based on the
”subchannel—analysis” concept which assumes as control volume the standard
triangular subchannel between three rods. Computer programmes of this category
present some basic limitations:

1) Scalar physical quantities (density, temperature etc.) are considered as constant
in the control volume and velocity components are constant on the bounding
surfaces (lumped parameter approach). Therefore the detailed distributions of
temperature, pressure and velocity fields within a subchannel are ignored. The
adoption of the lumped parameter approach arises from the mathematical
treatment of the conservation equations as made in most codes. They are first
"time-smoothed” to eliminate formally the fluctuations of the dependent variables
due to turbulence (this process introduces however additional terms which are
interpreted as the components of a turbulent stress tensor) then are integrated

over the control cells to obtain volume - averaged physical quantities.

ii)  The transversal components of the momentum equation are not treated with the
same mathematical rigor as the axial component. This is a consequence of the non-
orthogonality of the coordinate system used on a cross section of the bundle.

iii) The number of subchannels is very large in large bundles, thus implying long

computer running times and high costs.

A successful attempt to cope with the drawbacks imposed by the subchannel analysis
has been made by grouping some subchannels together to define a larger control volume
for the macroscopic balance of the conservation equations. According to this, the real
geometrical configurations of the subchannels grouped together to form a computa-
tional cell becomes irrelevant. We account for it, indirectly, by means of the new con-
cepts of volume porosity, surface permeabilities, distributed frictional resistance and
distributed heat source. Moreover, the new computational cells can be so defined that
their bounding surfaces are orthogonal to a system of Cartesian coordinate axes. The
basic limitation imposed by the non-orthogonality of the coordinate system employed by

codes based on the subchannel-analysis concept is thus removed.

The porous-body concept allows one to calculate also real continuum regions like a
reactor plenum or a mixing chamber in experimental assemblies. It is sufficient to
define unity volume porosity and surface permeabilities in these regions. Thus both
continuum and quasi-continuum subdomains can be handled in a single computer

programme,
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The performancies of a fuel assembly may be affected seriously by deformed geometry,
as pin bowing due to power skew. Codes based on the subchannel concept have strong
difficulties in taking into account a deformation properly because the definition of the
control volumes is bounded to the real geometry. In the porous body approach, con-
versely, a deformed geometry can be simply accounted for by a modification of the coeffi-
cients representing the volume porosity and the surface permeabilities of the cells
involved.

As in the case of codes based on the subchannel analysis, the lumped parameter
approach is followed also in the porous body model. However, the following advantages
are offered by the porous-medium formulation:

1) Reduction of the total number of cells considered, therefore of computer time.
Obviously the control volumes should also be - on an average - larger than sub-
channels, but small enough compared with the scale of phenomena to be
investigated.

ii)  Use of an orthogonal coordinate system. This implies that the transverse momen-
tum equations can be treated with the same rigor as the axial component.

ili) Suitability for simulating a continuum as well as an heterogeneous medium and
geometrical deformations.
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‘Part I

Slip Model - (Homogeneous Equilibrium Model) (SM-(HEM))

by M. Bottoni

1. Governing equations for the slip model

The governing equations for the conservation of mass, momentum, and energy of the coolant
for the Slip Model have been derived in reference [2]. Neglecting some terms (like viscous
dissipation in the fluid) which are small compared with the dominant ones (like power
source) these equations can be written as follows:

Continuity Equation

- > (1.1)

Momentum Equation

] - - -
% (pm um>+ v (pmvmvm>+ v

(1.2)
= - Vp + V- (vam) +p 8 - R,
Energy Equation
] - —
(; (thm>+ V- (pmumhm>+ V- |x (1—x> P, (hg— hl) VSl] =
(1.3)
R (- (1) (em0,) ¥ z
~§+Um' Vp + p—-a 1—a pl_pg>VSl - Vp-V- g +@.

m

Indices g, 1, m refer to vapour, liquid, and coolant mixture, respectively. The term R in the
momentum equation represents the drag force per unit volume. The dynamic viscosity p is
the effective one, defined as sum of molecular and turbulent contributions (see Ref. [1] for
details). V is the Nabla operator.

The continuity equation, Eq. (1.1), is formally identical to the continuity equation for single-
phase flow and reduces to it if the void fraction is zero. The energy and momentum equations,
Egs. (1.2) and (1.3), are similar to those for single-phase flow, but contain additional terms,
which depend on the slip velocity VL. In case the slip velocity is zero (i.e. the phases have
the same velocity) the equation obtained are those of the Homogeneous Equilibrium Model
(HEM), as a subcase of the slip model.
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2. Summary of basic relationships between two-phase flow parameters

With reference to the velocity components w, and wy of the coolant liquid and vapour phases
in the z coordinate direction, we define the mass flow rate W, the volumetric flow rate Q, and
the main flux G by:

_ (2.1)
Wp— ppprp ‘Kg/s‘,

w

Q =L { m3/sl, (2.2)
Pp
P

w
G = 7" lKg/mZ/s], (2.3)

respectively. The index p (=1, g) refers to either phase; p and A are the coolant density and
flow area, respectively. Similar definitions are used for the other coordinate directions. The
contribution of each phase being additive, it holds

W=w+w, (2.4)
Q=Q +Q,, and (2.5)
G =G+ Gg. (2.6)

The fraction of either phase is defined as the ratio of the cross-section occupied by the phase
to the total cross section:

A A
w2 e 2.7)
p A A +A

We define the phase weight fraction by

o =2 (2.8)
Pop
m
where
Pp= Opp T a,P, (2.9)
is the mixture density. The flowing quality is defined for either phase by
w w ap w
x. = _P = P - - PP . (2'10)
frw W+W,  apw +apw
It holds
a, + a, = 1, (2.11)
Xytx, = 1, (2.12)
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w,+ @, =1. (2.13)

The total mass flux can be expressed as a function of the flowing qualities by

apw a,p,w
il

G - £¢£8 _
x x

fg fl

(2.14)

The relationship between vapour void fraction and flowing quality is given by
1

a =

g 1—-x, puw ' (2.15)
e P
The inverse relationship is:
1
e T 1 '
—a, wp, (2.16)
1+
Ty WPy

The relationship between vapour weight fraction wg and the vapour flowing

quality xfg is given by
w w w
o L = — 28 (2.17)
fe £ w 0w + ow
m g g [
where
-3 1
YOm = p p%p P (2.18)
m

is the mixture velocity. If wi, = wy = w) (slip ratio equal to 1), one derives xfg = wg.

The following relationships are also worth noting:
1 —x 1—-a wp,

fe _ g (2.19)
fa Y WPy
oo, 1o w (2.10)
h W w B w w
{ g 8
B 1—x W B 1 —x 1 (2.21)
o wo x . H
g

We define slip ratio as the ratio of the vapour velocity to the liquid phase

velocity component in the respective coordinate direction:
w

go e (2.22)

w,
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In the theoretical description of two-phase flow by means of a slip model (H=1), the assump-
tion is made that the slip ratio is constant. This assumption allows strong simplifications in
programming. However, a more refined numerical treatment of two-phase flow, made by
calculating the velocity components of both phases by means of separate systems of
momentum equations in the Separated Phase Model, shows that the slip ratio is not
constant.

From Eq. (2.19) one derives
o Ve M 1% P (2.23)
w, 1 - X 9, Py
We define the thermodynamic quality of the mixture by
hm - hl s

h —h, '
g8 ls

(2.24)

X =

where hijs and hgg are the specific enthalpies of the liquid and vapour phases on the respective
saturation lines and hy, is the specific enthalpy of the mixture defined by

1
hm = p_ (01 plhl + agpghg > . (2.25)

m

From the definition of the vapour flowing quality (Eq. 2.10), one derives:
1
X = ,
fe l—a, p 1 (2.26)
1+

a, P, n

while solving Eq. (2.21) with respect to Xfp gives

1
X, =TT
g 1+_1_1—x (2.27)
H x

Combining Egs. (2.26) and (2.27), one derives the important relationship between the
thermodynamic quality and the vapour void fraction:

_ g L (2.28)
* Y P
which can also be written
L BT A (2.29)
k agpg+alpl pm pm

A useful expression for the mixture density pm, is obtained by combining Egs. (2.9) and (2.15):

xfg+ a - xfg) H

p = .
m _xﬁ . " . (2.30)
—x,,g)
Pg P,
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Introducing Eq. (2.27) into Eq. (2.30) one derives:

1—-x xp,+ (1 —x)pg

Eq. (2.31) holds for every value of the slip ratio H.

20

(2.31)




3. Calculation of liquid and vapour velocity components from given slip velocity
or slip ratio

For every coordinate direction, we define the slip velocity as the difference between the veloc-
ity of the vapour and liquid phase. With reference to the z coordinate direction, we have

Wg=w,—w . | (3.1)

The normalized slip velocity is defined as the ratio of the slip velocity to the mixture velocity

component in the same coordinate direction:

v Vs

Wy = —=
w w

m m

w —w
g

L (3.2)

Similar definitions apply for the r and s coordinate directions.

Relationships between the slip velocity, mixture velocity, and the velocity components of
either phase can be obtained under the assumption of thermodynamic equilibrium between
the phases (Ty = T}). In this case one has x =wg =dgpg/pm, (1 - X) =w®]=0a1p)/pm, and given

Eq. (2.18), one derives
(if Tg:Tl) w,=w —-xW, , (3.3)

G T,=T) wo=w, + 01— Wy . (3.4)

Combining the two previous equations yields the following relationship between the slip ra-

tio H and the slip velocity Wgj:

+0-0W
H:wm YW (3.5)

w,=xWg

oritsinverse,

H-1

WSI :wm m . (3.6)

In the case of H=1 (the Homogeneous Equilibrium Model), the slip velocity vanishes.

The slip velocity can be eiiminated from Egs. (3.3) and (3.4) using Eq. (3.1), thus obtaining
the velocity components of either phase as a function of the mixture velocity wy, and of the
slip ratio H;

w
_ m (3.7)
Y 1—x+x H
w, = Huw, . (3.8)

Two options are commonly used for imposing either the slip ratio or the slip velocity:
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@ Option 1:

The slip ratios are prescribed for the three coordinate directions as

H_=VSLIPR = ug/ul , (3.9a)
H =VSLIPT = ulv ,and (3.9b)
H =VSLIPZ = wg/ w, . ' (3.9¢)

In this case, Eqs. (3.7) and (8.8) and similar ones in the r and s coordinate directions give the
velocity components of either phase (to be used for calculating the "momentum slip”and
“energy slip”, i.e. the terms containing the slip velocity, in the momentum and energy

equations)
u,=u ((l-—x+a H), (3.10a)
v,=v /Q-x+x H), (3.10Db)
w=w l-x+x H), (3.10¢)
u, =H_ - u, (3.11a)
v, =H - v, (3.11b)

w =H - w

g Tz U (3.11¢)

The Homogeneous Equilibrium Model (HEM) is obtained as a subcase of the Slip Model (SM),
setting H.=H;=H,=1.

® Option 2;

In this case, the input parameters VSLIPR, VSLIPT, and VSLIPZ have the meaning of
normalized slip velocities defined as

VSLRN (= VSLIPR) = Ug[ =, —u)lu, (3.12a)
VSLTN (= VSLIPT) = Vg’l =, =)l (3.12b)
VSLZN (= VSLIPZ) = wg’l =, —w)lw, . (3.12¢)

Using Egs. 2, 3, and 4 (as well as the analogous equations for the r and s coordinate
directions), one derives the following velocity components of the two phases:
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w=u, (1-x0l) (3.132)

o=, (1-2vY) (3.13b)
_ N (3.13¢)
wl—wm(l—x WSI> ,
UN
- LI N, (3.142)
u—ul<1+—————N>—-ul+USI u, .
g l_xUSl
v
v, =y, <1+1—§-l-‘-/—§):vl+VgI~ v (3.14h)
—*Vg
WN
_ st \_ N (3.14¢)
w—wl<1+ N)—wl+WSl w . .
& 1'xWSl

The HEM is obtained again as a subcase in this second option setting
N _ 4N _ wN _
Ug=Vg =Wg=0.
In both options, one has

® Forx=0:u, = up,
Vl = Vm,

Wl = Wnmnm,
while the vapour velocity components are not defined (they are set to zero).

® Inthe limiting case x=1, the above equations for the phase velocity components are not
applicable and we set

Ug = Upm,
Vg = Vm,
Wg = Wmnm,

while the liquid velocity components are set to zero.
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4. Finite difference form of the continuity equation

We treat the convective terms in equations (1) fully implicitly. Integrating this equation over
a centred cell, replacing the volume integral of the divergence term by means of surface
fluxes one derives the following finite difference form:

<apm>n+1 1
e. | — + —
ik \ a¢ ijk Azj
1 [( n+1 n+1 ( )
+ — \prU) —<lpru> }+ 41

Ar, Cm M 12,4,k €M1,k

1 £p,0,, \n+1 Ep v \n+1
o G (Sl
As cosB /it 12 cosB /ijr—12

k

ntl n+1
R (T R O S
j+ 12 m - m i1k ] — 12 m- m ij—1/2,k

Equation (4.1) can be written in compact form as

I \n+l 3 1 n+1
"u‘k<_m> t 2 g A <Yi G < Put >> =0 (=rs3 *2)
1 i

at ijk i Al m o mi
with yi = surface permeability,
Cy, = 1,
¢ = F. = FACCM,FACCP
¢cs = 1/cosB; B = angle between r-axis and azimuthal boundary surface of

centred control volume (see Fig. D2).

Equation (4.1) is used to derive a Poisson-like equation for the pressure distribution, as ex-
plained in section 6. It is also used to derive the updated value of the void fraction. Discre-
tizing the time derivative and solving with respect to pm®+1 one has

m m

At 1
Pn+1 = pn - T Zi ~ A <Yi Ci < pmumi >> (4.3)

n+1 _ n+1
ot o P _ (4.4)
B n+l n+l
% Py
1 1 A S n+1
— n n bl -
n+t n+1 Py = P~ Z i Al A <Yi € < Pty > ]
P Py 1 i
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5. Fully implicit treatment of momentum conservation equation

The scalar component of the momentum conservation equation (1.2) in the z-coordinate

direction can be written

9 3 '
B-t— (pmwm>+ oL <pmea>wm+ac<l—-x)pm(Vg—Vl)(l (wg_wl>] -
a

(5.1)

Jw

d ( m > ap

—_— —_— )= = = - - R . L =rs2)
aLQ B 6Lcl 0z P z ( a

L, represent any of the coordinate directions (r, s, z in bundle geometry) and V is the

respective velocity component.

Letting
Gy = xU-ap, (momentum slip) (5.2)
S, = - - -p, 8, R, (source term) (5.3)
awm
meu = <pm qu) W + GSI (Vg_ Vl)ﬂ (wg_wl> — My aLa ' (5-4)

(convective plus diffusive flux of momentum)

equation (1) can be written

d d
5; <pmwm> + :3-[:— meu = Sz (5‘5)
a

Integration over the volume V¢ of the fluid in a control cell yields

d ad
] v 5{ (pmwm> dv + J v GL_ meu dv = [ y Sz dv. (5.6)
f a f

The control volume for the z-component of the momentum equation is obtained displacing a
centred control cell (i j k) by half-mesh in the z direction. Replacing the volume integral of
the divergence term by means of the fluxes through the cell bounding surfaces one derives:

J
[ —-<pw >dV+J (Jw> dA—[
Vf at m mn A m r

(me> dA +
Fit12,j+12,k Ak ’

(me>s dA —  (5.7)

L )], ), e

Ar i vk Ar ik Ap i jriRk +12

_ | (me> dAz] S av .
A ik -1 ; Ve
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We discretize this equation with respect to time treating convective, diffusive, and the pres-
sure gradient term fully implicitly and the friction term half-implicitly. Replacing the sur-
face integrals by the mean values over the surfaces, denoted by the symbols < >, one ob-
tains:

+

ij o+ 12,k

n+1 n+l1
t< (me>r ApZ ivimjrime S (me> Ar> Cipgruze

r

n+1 n+1 (58)
+ < (me)z Af> e TS (me)z A, > ije T

n+1 n+1 -
+ < (me> Ar> iimpee — < (me>s Ac> i ie_e T

S =3 JRUO Cr I (O I [ VI P
Az )ijs1mn Pij+ie "Pij fPm &, iy L2D, 71 m P Yy

The averaged fluxes of the vector Jwy, are evaluated with the upwind discretization scheme
given in eq. (5.13):

ijrU2E

Jrt = [A (0,) @h = < dw, - A > e = (5.9)
[i+12,j+ 12k g

A u
- f -
- {Af Py U Wy T Ay Gy (”g“ ”1) (wg - w1> -7 A (pm wm>} U2+ U2k

= {F pm wm + G (wg— wl> -D- A (pm wm>}i+1/2,j+1/2,k !

with the definitions:

V2 it P u ; 5.10
iTl/ia,jT Lia, 7 m/i+1/2.j+1/2,k ( )
Givvmjrune = [ A Gg <“‘g “”z) i+U2j+ 12k : (5.11)
D= (A _> , (5.12)
P12, 4102,k I, Ar /ivygj+imk

A <pn1 wnz) = (pm wm> - (pm wm) '
i+ U2, j+ 12k i+, + 12k i+ 12k
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For both uj + 1/2, j + 1/2, k positive and negative, formula (5.9) can be written

Jr+ = [O,F, , } <p w > - lO,—F. . ] <p w ) +
i+1/2,j+1/2,k m o m 12,k i+V2,j+1/2,k m m P+1,j+ 12k

+ [O,G‘ ‘ ] (w —w> - [0,—G. . } (w —w) + (5.13)
i+12,/+172,k g ! L+ U2,k i+1/2,j+ U2,k g l 41,4+ 12k

i+12,j+1/2k m m L j+12 m m 1,12k

The symbol [a, b] denotes the maximum of the two real numbers a, b.

Let us introduce the following subscripts to index the central node considered and the six

neighbouring nodes in the three coordinate directions:

for 1i,j+1/2,k
for i-1,j+1/2,k
for i+1,j+1/2,k
for 1,j+1/2,k-1
for 1,j+1/2,k+1
for 1,j-1/2,k

for 1,)+3/2,k.

OB WO

The flux Jr+ and, similarly, the other ones in eq. (5.9) can be written:

Jr4+ = [A (me>r dA = < (me>r ‘ Af >i+1/2,j+1/2,k =
[l 412k

- lo’Fi+l/2,j+l/2,kl <pm ‘”m>0 - [O’ 'Fi+1/2,j+1f1.,k] (pm wm>2 *
+ [O’Gi+1/2,j+1/2,k‘ <wg_wl >0 - [0’_Gi+1/2,j+1/2,k] <wg _wz>2 +

+ Di+l/2‘j+1/2,k{<pm wm>0 - (pm wm>2 } ’

fi—V2,j+12,k

<pm wm>0 +
+ [O’Gi—ll‘z,j+1/2,k] <“’g"wl>1 - [O"’Gi_x/z,jﬂfz,k] <wg _wl>0 *

T D e { <pm wm>l - (pm wm>0 } ’

27

- [O’Fi—1/2,j+l/2,k] (pm wm>1 - IO’“Fi-l/z,jH/z,k

(5.14a)

(5.14b)




Jz+ = | (me>z dA = < (me>2 . Af >i'j+1’k =
fij+Lk
(5.14¢)
(06 ] (s, “”’l>o [0 ] o, ‘“’l>s i
+D,~,J-+1,k{<9m “’m)o } ("m “’m>6 } ’
Jz— = Jw)dA:<<Jw> A, > =
A m f ijk
fijk
= [O’Fijk] (pm wm>5 - [O’ Ft k] (pm wm)o +
(5.14d)
o] (o), - o] (o),
+Duk{<pmwm>5 - (pm wm>0 l ’
Js+ = A me)s dA = < <me>s ' Af >i,j+l/2,k+1/2 =
i, j+1/2 b+ 12
= [O’Fi,j+1/2,k+l/2 <9m wm>0 - [0’"Fi,j+1/2,k+1/2 (pm wm>4 +
(5.14e)

+ [O’Gi,j+1/2,k+1/2

(wg —wl>o - [0’_Gi,j+1/2,k+1/2

Di,j+l/2,k+l/2{<pm wm>0 - <pm wm>4 } ’

(w —wl> +
g 4

4 <me>‘ dA = < (me) CAL e T (5.140)
fij+12k-12 § 8

<pm Y >0 +

[O’Fi,j+l/2,k—l/2} (pm wm>3 - [O’_Fi,j+l/2,k+l/2
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+ O’Gi,j+1/2,k—1/2] <wg "wl>3 - [0’_Gi,j+1/2,k+1/2 <wg “‘“1)0 +
D i ko [ (pm Yo, >3 - (Pm W >0 }
Let

H =u /u,,
r g !

H =v /v, ,
s l

H =w /w
z g {

be the slip ratios for the three velocity components in the radial, azimuthal and
axial directions, respectively.

The slip velocities can be written in terms of the mixture velocity and of the
thermodynamic quality (see (3.6) ) as

H -1 A
U, = - =u L S u —
Sl ug ¥, m 14+x (H —-1) P Y p ’
r m
H -1 H
V. =v —v, =v S — = p v =
Sl g l m 14x (H —1) m m P ?
s m
H -1 H
W, = —-—w, =w — = w L=
Sl wg l m o l14x (H —1) pm m nz’
z
with the definitions:
Hi_l
H = —— (i=rs2).
i T+x (H, - 1)

With this artifice we can calculate the sum of convective terms one and three
in formula (5.14a) as

F.
0, P+1/2,+ 12, k

(pm wm>0 + [O’+ Gi+1/2,j+1/2,kl (wg ‘wz)o =

ot

H
F4
= [O’Fi+1/2,j+1/2,k t Gimjrimk <p_">0| (pm W >0

m

and similarly for the other convective fluxes.
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(5.15a)

(5.15b)

(5.15¢)

(5.16a)

(5.16b)

(5.16¢)

(5.17)

(5.18)




Thus formulas (5.14a) to (5.14f) can be written in more compact form:

(00 0), = on ), | 4
(5.192)

+|o,F G o F G ﬁz——z
iz T G P W 0 0\ Fiyie * Civie” o P W .

Jrt =D,y

(5.19b)

ﬁzl ﬁzO
TOF et Gl < )} <pm “’m>1 ‘[0’“(Fi—u2 G o >l (pm wm>0’

3
=)

Jo— = Dj (pm Yo >5 _<pm Wi )0 +
(5.19d)
Ezs ' ﬁzO
+[O,F,+G‘- (p w) —lO,—(F,+G.- >](p w> ,
! / pmS " ™/s ! ! me " "o
Jst = Dk+1/2 <pm wm )0 _<pm wn1>4] +
(5.19e)

0F ﬁz 3 HzO
TIOE, it Gip P Wy | =1 O=\Fyyp + Gy P Wpy ]
P, 3 P 0

Here and in the following equations indices i, j, and k are partly suppressed.
Recalling the definitions of G (5.11), of momentum slip Gg) (5.2), and using (5.16a),
the terms in brackets can be calculated as follows:
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Hz
Fi vejrime ¥ Gisimjrimn <;)_>1 -
m
. (5.20a)
facd Hz ‘
= Afu > 1+ {x l—-x>p H) ‘ ) )
i, 412, k T iR,k P, /1
FIZ
Fi+112,j+1/2,k + Gi+1/2,j+1/2,k (;—>2 =
m
(5.20b)
_ i,
—“-(Afu) {1+(x(1—x>p H) (——)} ,
M i1, + 12,k ™ T i1,k P, /2
ot
Hz
b Gi’j'k (pm >5 -
(5.20¢)
- H
:<Aw> [1+<x(1-—x>p H) (—)},
fm ijk "2 ik P, /5
ﬁz
itk VG <pm >6 -
(5.20d)
ﬁz
:(Aw> [1+(x(1—x>p H> ( >},
fom i+t ™R Lk p, /6
ﬁz
Fi,j+1/2,k—1/2 t G e ke (;—)3 =
m
(5.20e)
ey
v H,
= (Afu > {1+<x (l—x>p H‘> . (—-—) } ,
12, k=12 SRS RSV B P, /3
~
HZ
Fi,j+1/2, rri T Gi,j+1/2, k4172 (p_">4 =
" Tm
(5.201)

=
‘;\/

= (Afv ) {1+(x (1—x>p ﬁ) . (
T2 k12 ™S iU k1 P
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ot
Hz
Fi+l/2,j+1/2,k + Gi+1/2.j+1/2,k <r>0 -

(Afu ) [1+<x(1—x>p ﬁ) . <
"2, i+ 102, k ™ T i1k
I’}Z
[’i—llz,j+l/2,k + Gi—1/2,j+1/2,k (;_)0 =

<

‘ B ?Iz
Ay 1o (x (1-5)0, 7,) (L
™12, 112, k T ik P, /0

Fi,j+l, k + Gi,j+l, k

F + G

L, Jj+ 12, k+1/2 i, j+1/2,

+ G

(A/,v > [1+(x (1—x>p
T 1R, ket 12 m

m

(%), -

ot
H

H
F = =
i, j+12, k-1 L j+H1R2, k=112 < p >0 -
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(5.20g)

(5.20h)

(5.20i)

(5.20§)

(5.20k)

(5.201)




The diffusion coefficients in formulas (5.19a) to (5.19f) are given by

A p
b, _ ( i m> (5.21a)
EVLJHVRE N\ p Ar /ixim ik
Ap
D :( s ) (5.21b)
i,j+1,k p Az JiJtLk’
(V)] m G)
A n
D _ ( f m> (5.21¢)
b+, k212 p, As Jije1m, kxue
m il
Using V¢ = €V, introducing the convective and diffusive fluxes (5.19) evaluated
at time level n+1 into (5.8) and rearranging, one derives
n+l ( (V) v
0 £ n) (5 22)
+ + .
(pm wm>0 1 At < 2Dh fl wm‘ 0
+1 +1 ﬁz +1 +1 ﬁz
on n R 2 g n R —r
+ IO’Fi+1/2,j+1/2,k G imjr ik <p )O + [0’ (Fi—l/z,j+1/2,k + G i <p >0>l t
m m
+1 +1 ?Iz +1 +1 ﬁz
n n 2 20 n .
+ [O’Fi,j+1,k +G e <p >0]+ [0"<Fu r TG (p >0>} *
m m

7 i

n+1 n+1 o4 n+1 n+l . 2

+ [O’Fi,j+l/2,k+l/2 +Gi,j+l/2,k+l/2 (p >0]+ [0’ _<Fi,j+1/2,k—1/2 +Gi,j+1/2,k—l/2 <p >0>] +
m

n+1 n+1 n+1 n+1 n+1 n+1
+ Di+1/2,j+l/2,k + Di—l/2J+1/2,k + Di,j+1.k + Dij k + DiJ+1/2,k+1/2 + Di,j+l/2,k—1/2 } +

n+l n+1 +1 }12 n+1
nl n _
- (pm wm>1 HO”'i-l/z,jH/z,k +Gi~1/2,j+1/2,k( >1l+Di—1/2,j+1/2,k } +

\n+l [0 /Fn+1 Gn+1 __I—_Ii \ Dn+1 ! +
“\Pm wm)2 l_k vz e T Yt ek 2)I+ i+l/2,j+1/2,kj

pm
ntl n+1 n+1 HZ n+1
"(pmwm>5 {[O’Fijk+Gijk(T>5]+Dijk}+
' m
P
ntl n+1 n+1 HZ n+1
- <pm wm>6 ['0’—(Fi,j+l,k TG <—p—>6> ,+ Dy v ] +
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ntl n+1 +1 Hz n+1
n cxm——
_(pm wm) { [O’Fi,j+1/2,k—1/2 + G e <p >3 I + D iim k-1 } +

~
ntl +1 +1 H, +1
n n _Z n —
_<pm wm>4 { lo’_<Fi,j+1/2,k+1/2 +Gi,j+1/2,k+1/2 (p >4> I + Di,j+1/2,k+1/2 }

eV) n n vV
_ 0 eV n+1 n+1
Y <pm wm>0—<anm g2>0 - < Az>0 (pi-fﬂ»k ~Pijn >

This equation can be written in the compact form

n+1 6 n+1
w w _ W w n+l _ ,ntl 5.23
% (pm wm>0 - ;B % (pm wm>B = by =4, (pi,j+l,k Pijw > (5.23)

with the following definitions of the coefficients :

V)
aw —_ 0

eV
n (5.24a)
0 At < fl wml )0 *

2Dh

2 ot
+1 +1 Hl 1 1 HZ
i i . gt n+ .
+ [O’Fi+1/2,j+l/2,k +Gi+1/2,j+1/2,k ( >Ol+ [O’ (Pi—UZ,j+1/2,k +Gi—1/2,j+l/2,k <p )0)] +

P, m

i

it 1 n+1 i 2 _ n+1 n+l 2

+ [O’Fi,j+1,k + G (p >0]+ {0’ <Fijk TG < >0>] "
m

o o~
+1 +1 HZ +1 +1 H,
n n | n n .
+ lO’Fi,j+1/2,k+1/2 TG g ki <p >0]+ [0' (Fi,j+1/2,k—1/2 G e ke <p >0>] +
m

n+1 n+1 n+1 n+1 n+1 n+1
+ Di+l/2,j+1/2,k + Di—l/2,j+1/2,k + Di,j+1,k + Dij k + Di,j+1/2,k+l/2 + Dij+l/2,k~l/2 } ?
ot
+1 +1 H’- +1 (5.24b)
w o o_ n n n .
al - { [O’Fi—1/2,j+1/2,k + Gi—1/2,j+l/2,k <p >1]+Di—1/2,j+1/2,k } ’
m
ot
+1 +1 HZ +1 (5 24 )
wo_ _ n n n 24c
g {[O’ <Fi+1/2,j+1/2,k +Gi+1/2,j+1/2,k<p >2>]+Di+l/2,j+l/2,k } ’
m
. o H, 1 (5.24d)
wo_ n n _* n .
3 = [ [O’Fi,j+1/2,k—1/2 + Gi,j+1/2,k-1/2 <P )3 ’ + Di,j+l/2,k—l/2 } ’
m
~
+1 +1 HZ 1 (5 24 )
w g n _z n+ 24e
a4 - { [0’ <1'i,j+1/2,k+1/2 +Gi,j+l/2,k+l/2 <p >4> l + Di,j+1/2,k+l/2 } ’
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_ n+1 n+l1 __* n+1 .24
asw—HO,Fijk+Gijk(pm>5]+DUk}, (5.24)
+1 +1 ﬁ +1 (56.24¢g)
wo_ n n 2 n
g = {[0’_<F;‘,J’+1,k +Gi,j+1,k <p )6> ]+ Di,j+l,k } . 438
m
(SV)O n n
_ .24h
by = v (pm wm>0 -<eme g, )0 , (5.24h)
wo_ ?_V._>
@ =(5) - (5.25)
Defining
A 1 6 w n+1 w (5 26)
w6:_w [ Zﬁ a’B (pmwm> +b0 }’ '
ao 1 B
dw
R (i‘i) (5.27)
6 a(!)U an Az /g ’

equation (5.23) can be written

n+1
A w n+1 n+1
(pm wm>ij+1/2k = wg — dg (pi,j+l,k ~Pij > (5.28a)

Similarly one derives for the radial and azimuthal components of the momentum equation

n+1
_ _ u n+1 _ n+1
(pm “m>i+1/2,j,k = U, = d, <pi+1,j,k Pi i ) (5.28b)
ntl A U n+1 n+1
("m ”m>.. 1T % (pi,j,kﬂ T Pije > ’ (5.28¢)
N - L,J,N
with
9“ n+1
iy = " {\ % (p ¢ > * by }’ (629
u “—p 7B m m 0
ay 1 B
6 )
1 bl n+l
T o= = v v 5.30
Vg = v [ g aﬁ (pm Um> + bO } ’ ( )
a, 1 B
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VvV
& - 1 <L ) , (5.31)
i+1/2,j, k

2 u Ar
vk
1 eV
4= —— (%) . .32
s /.
@i k12 b k12

For the three components of the momentum equations, written for control volumes
displaced by half-cell in the respective backward direction, one has (with similar

definitions of symbols):

n+1
oA u n+1 n+1
<pm um>i—1/2,j,k = u -4 <pijk TPy > ’ (5.33a)
ntl A v n+1 n+1
<pm Um>i,j 1 by~ 9 (‘Diik T Pijk-1 > ’ (5.33b)
ntl o w n+1 n+1l
(pm wm>i,j—1/2,k = wy — dg (pijk =Ptk ) (5.33¢)
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6. Poisson equation describing the pressure distribution

The Poisson equation describing the coolant pressure distribution is obtained by combining
the continuity and momentum equations. By introducing egs. (5.28) and (5.33) into (4.1) one
derives:

ap \n+l 1
m e A w n+l _ n+1 _
eijk( at >ijk +Azj { Siv 2 [ws - dg (pi,j+1,k Pijk )]

(6.1)

1 E’ ~ v ( n+1 n+1 > ]
iy { (cosﬁ)k.H/Z l”4 = Ay \Pijber T Pij -

'(5 > A v < n+1 n+1 > I }
- v, — d C = p =0.
( COSB k—1/2 3 3 pU k pl,.ly k-1

The time derivative of the coolant mixture density is calculated by using the equation

of state

P, =P, (p, R > (6.2)
as

‘ n+1 n ( - >
( apm >n+l B <8pm >n pij p T pij b . <8pm ~)n m m m (6.3)
ot ap /p At 3hm p At

m

Therefore the first term in eq. (6.1) is approximated by

ap—m n+t a1 & ik <<3_(-)_n_1 n
Sik\ T S T Pk At o 1T
H m

(6.4)
(e (2e) e ) |
At » /o ik h Jp VM "/ijk
The derivatives of the coolant mixture density with respect to specific enthalpy and
pressure are given [3] by
apm p:l
(-2) = - , (6.5)
ahm P . _Eif_
s dT
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d . dp P
x|h +T 2 & +(1—x BT -2 B
3 g5 s 4T 2 ls s 4T 2
(pm> _ 8 pg 8 Py (6.6)
a4 /h '

T ist the saturation temperature and the derivative dp/dT; is given by the Clapeyron's

equation
Lo_ oA Ml 6
o odr. 1 1\ ¥
Y
P, P
The derivatives h'is and p'js (=1, g) are obtained from the functional expressions of
density and specific enthalpy of the phases on the respective saturation lines
his = his (p, Ts ) ’ (= l’ g) (6.8)
Pis = Piy (‘D’his > : (6.9)
Formal differentiation yields
ah. oh,
dh, = ( ‘“) dp + ( ——‘s-> T, (6.10)
is . dp T BTS p §
ap.. ap.
do = () ap+ (22) an,. (6.11)
15 ap hls ahls p is
Using dTs = T'sdp, dhjs = h'ig'dp and dpjs = p'is*dp one has:
dh, oh. oh. oh,
o= ‘S:<_£> +< > Tg(g) e T (6.12)
s dp p ar /p * o Jr o P F
dp. ap. ap.
p-} _ pL-S - < pzs \ + / p;s \ h'. . (6‘13)
b dp ap /4 dh,, )p k0

The subscript s denotes saturation conditions. The derivativesin eqs (6.7), (6.12) and (6.13)
are calculated as explained in section 9.

Introducing eq. (6.4) into eq. (6.1) and rearranging one derives the following Poisson-like
equation:

e, . ap n
n+1 ijk m 1 ( w w )
. — — — . , d +
Pijk [ Al <3p >h t Az, Grvz %t Goip 9

m
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1 " u
+o— WF - ds o+ (wF |+
¢Ji+1 ¢/ic1p

i [ (G 4 (Gphon €] -

Ask cos f3
4 ¢
n+1 itz oy, n+1 J—172 w
T Pijrik [ A % ]" Pij~1,k [ r ] B
J J
<lch> <lch>
n+1 i+172 u n+1 -2 u
it | Tt - [ -
i i
(6.14)
_ ,ntl [L(g> dul_ n+1 _1_<€> dv]:
Wikt [ a5 \cosB ) puye %017 Pii=t |55, \cosB/y1p

() - () (o), -
ijk 3h » m m ijk

At op hm
¢ ¢ (WF> (WF)
jryz o Zim12 A ¢Jivirp AL ¢/i-1e2 A
Azj 6 Azj 5 Ar, 2 Ar, 1
_ ( & > oL A ( 6 > 5
Ask COSB k+12 4 Ask COSB k—1/2 3
This equation can be written in the compact form
n+1l n+1 n+1 n+1 n+l n+1 n+l n+l n+1 n+1
A Pij, — B Pijoye —C 7 Pijaa—P Piyix— B i+1,j kT
(6.15)
n+1 n+1 n+1 n+1 _ pn+l
- P K ket TR
with the following definitions of the coefficients:
¢ G, ("V>j-1/2 1 (6.16a)
grtl = A2 e ( i1 = CKS- Fwz"*! |
Az, 5 Az, Az, a? J=
J J J=172 j-12
Z. ¢. (eV). 9
crtt = A2 e JER Y L = kN FwzrtL (6.16b)
Az 6 Az Az, w J+12
J J+1/2 aj+l/2

39




En+1 —_

(WFC>,'_1/2 (.Ev>i—1/2

d = = CKW- FWR"'!
Ar. Ar. u i—1/2
i i-12 2, _4p
lPF) (LV)
" ( [ i1/ i+1/2 1 ntl
d2 = = CKE- FWR: ,
Ar. Ar, u i+172
i l+1/2 ai+1/2
(o) 7)
eV
k=182
cos -1 1
> d = ST = CKTM- FWT,*]
E—1/2 Ask Ask—llz aZ—UQ
( ip) (ev> 1
oS
) & = . k+ 172 k+172 U — CKTP- FWTZ::/T
k+172 Sk sy 1o I
CKS = Cj—l/? <8V>j—1/2
Az Azj—1/2
— Sivin (Bv>j+1/2
z Azj+l/2
Wy F >
CRW = €l <8V>i—1/2
ar, AT i
Y p >
CKE - “liv1p <cv>i+1/2
Ar, Tivim
/ f’ \ /
CKTM = (COSB)k—m (Ev>k—1’2
Ask Ask_u2
(i) (
CKTP = cosB /py10 Cv>k+1/2
As, Asy i 1m
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(6.16¢)

(6.16d)

(6.16e)

(6.16f)

(6.17a)

(6.17b)

(6.17¢)

(6.17d)

(6.17¢)

(6.17f)




FWZjirllz = - , (6.18a)
it1
_ 1
FWE g = (6.18h)
t1p
_ 1
FWT, 1 = ’ ' (6.18¢)
12
)
ARTL lAth (%)n + Bttlo4 o entd +Dn+l + gy Jn+l + Kn+1, (6.19)
/Y hm
Rn+l _ ijk [ <ip_m>n p <6pm>n <hn+1 hn> ] _
At ap b ijk ahm p m ™ ik
wr)  (wr)
_ Civye A N G 1 A < Jivie 4 N -V A (6.20)
Azj 6 Azj 5 Arl 2 Arl 1

1 < 3 ) A 1 ( 3 ) A
— — v, + — Us .
Ask cosB/re12 2 Ask cosB/p_12

The complete analytical expressions of the coefficients of the Poisson equation (6.15)
are given, for the three coordinate directions, in Appendix LA,
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7. Alternative half-implicit treatment of diffusion terms in the momentum equation

When convective tems in the momentum equation are treated explicitly the time step con-
straint (At < Al/v) is very restrictive for small mesh lengths Al and large fluid velocity V.
The time step contraint imposed by diffusive terms (At < Al2/v) is, on the contrary, not very
restrictive. It is therefore very important to remove the first constraint by treating the con-
vective terms implicitly while diffusive terms can still be treated explicitly or half-implicitly.

In section 5 we have shown a fully implicit treatment of both convective and diffusive terms,
the latter ones without the turbulent contributions. We now present a half-implicit treat-
ment of the diffusive terms taking into account the turbulent contributions V-tt on the ba-
sis of the generalized mixing length model explained in reference [1].

In this case the numerical treatment of the momentum equations follows the path explained
in section 5, but without including the diffusive terms in the definition of the vector J. The
scalar component of the momentum equation for the z coordinate direction is written

e P P | e T R I ) B (3
ot P W al, ma al. L Mo ol e a A
a a o

me = (pm Vm> w, + GS! (Vg - VI >u <wg - w, ) (7.2)

a a

The same procedure as in section 5 yields the following equation (corresponding to (5.22)):

g n+1 eV eV n
0, 0, —] 4 flol) + | (7.3)
' 0 At /g 2Dh 0
+1 +1 ﬁz +1 +1 ﬁz
n n =z n ML . —
" [O’Fi+1/2,j+1/2,k TG <p >0 " lO, —(Fi“lf2vj+l’2»k RRBTYSTY <P >0>] ¥
m m

+

+1 +1 ﬁz +1 +1 ﬁz
n n .z n n ) Lz
+[O’Fi,j+1,k+Gi,j+1,k‘ (p >Oj+lo»“<Fijk+Gijk (p >O>

n m

+1 1 ﬁz 1 +1 ﬁz‘
n n+ _* n+ n . = _
+ [O’Fi,j+1/2,k+1/2 TG ivken (p >0]+ 10’ _(Fi,j+1/2,k—l/2 G -2 <p >o> I }

m

o~

n+1 +1 1 IIZ\
n n JE— —
—(Pm wm>1 HO’Fi—m,jH/z,k “’t—m,ﬁl/&k(p )1 H
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n+1
i+12,j+ 12,k

n+1
- <pm wm>2

n+1
- (pm wm)s

n+1
(o)

[lo-(#

0 Fn+1 +Gn+1
YTijk ijk

+ Gn+1

n+1
{10’—<Fi,j+l,k ij+1,

n+1
+ Gi+1/2,j+ 172, k

5

A3

nt+l +1 +1 i,
n n —
- <9m wm>3 { [O’Fi,j+1/2,k—1/2 NSy <p >3 ] }
) tm
ad
n+l +1 n+1
n ———
- (pm wm>4 [ [O’_<Fi,j+1/2,k+l/2 TG ke (

_ V), w " oV o (fl ntl_oatl o) L
- At pm m /o pm gz 0 Az 0 pi,j+l,k pijk
ow ow
+<> <<’+‘)—m>,, <> <(‘+‘>— o+
A i1k l'lm l'lm &z iLh,Jj+1,k cA ij ok l'xm l'lm & i,J, k
(qu I t dw ( l ¢ dw
+ S \Ba P ) 3 Tiem e T\PA) S AR TR ) Tl e T
I y ow ! y ow
+ ) < \p, 1, ' Uk 1R T tA) < LR ) N 2512, k= 172
This equation can be written in the compact form
w ntl 3 n+l w w n+1 n+1 (7.4)
%y (pm wm>0 - 21-[3 ag (pm wm>B = b, ~d, <pi,j+1,k ijk ) '
with the following definitions:
V) eV
@ = =2 4 (o rlwl) + (7.52)
0 At 2D, 0
P ~
+1 +1 m, +1 +1 i,
n n __* n n . _z
+ [O’Fi+1/2,j+1/2,k TGk <p >0]+ [0, —<Fi_u2,j+1/2.k G 11k ( )o>] +
m m
o~ ~
+1 +1 HZ +1 +1 Hz
n n £ n n __*
+[O’Fi,j+1.k+Gi,j+1,k' ( >0]+[O"(Fu‘k+ ijk (p >o>l *
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~ o~/
1 HZ 1 1 HZ
n+ n+1 .z n+ n+ .
+ O’Fi,j+1/2,k+1/2 + Gi,j+l/2,k+l/2 < p >0]+ [O’ _(Fi,j+l/2,k—ll2 + Gi,j+l/2,k—1/2 < >0> } ’

m m
+1 +1 ﬁlv (7 5b)
w __ n n - .
49 = {[O’Fi—llz,j+1/2,k TG ek <p >1] } ’
m
+1 +1 ﬁz (7.5¢)
w o _ on n I .0C
4 = {lo’"(FHm,jﬂ/z,k G m vk <p >2>] } '
m
o~
H
a? = {|o0, F"*! 4 gnt! (—" (7.5d)
5 ik iik \p /s ’
m
—
+1 +1 HZ (7.5e)
wo__ n n .0€
% = {[0’_<Fi,j+l,k G <p >6> l } '
m
1 1 ﬁz (7.5)
wo__ i+ n+ — .
9 = [[O’Fi,j+1/2,k—1/2+Gi,j+l/2,k—1/2 (p >3 l } '
m
~
; " " | (7.5g)
wo_ n+ n . .
4 = [[0’—<Fi,j+1/2,k+1/2 TG vz ko1 <p >4> ] }’ &
m
(eV) n n
wo_ 0 7.5h
bO - At <pm wm> - <8me gz >0 + ( )
B A I (2 IR A BV
i,J+1,k }lm pm & i)J+1)k l,J ,k pm pm az i,jyk
WA ) t dw ! t il
+ S \Bn TR ) e e \PA) S\, ) 2 s e T
Vo (W e V™ ( (foy e V™
+ (EA/ S \Ba TEL ) Tk -8 < \Bm ¥ o ) o0 T2
eV
dy = (——> . (7.6)
Az 0

The subsequent treatment is formally identical with that of the section 5 starting from
formula (5.26) on.
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8. Solution for pressure increments

In terms of pressure increments over a time step

8;-6-1 — pn+l _ pn
equation (5.28) can be written
ntl A +1 n+1
_ N U n _
(p"‘ um>i+l/2j P it % (Spl“d-k Pijk >’
n+1
_ R ] n+1 n+1
(pm ’ >ij e 4T % <8p‘»1’k+1 Pije >'
n+1 A
— = w n+1 n+1
<p"‘ w’">i 2k g — dg <8pi»j+1,k B Spiik >'
with:
AKX _ u n n
Uy = Uy— dy (pi+1,j,k pi,jk>’

N w n n
Wy = D - dg <pi,j+l,k - pijk)'

With similar definitions of symbols it holds

n+1 ‘
A u n+1 n+1
p u) =1, -d <6p‘. - 8p 7 . ),
< m m i—12,j, k 1 1 i,J, k i~1,jk
n+1
A v n+1 n+1
pv> =77, — d (Sp.. —8p.“>,
( m m i, k—1/2 3 3 i,j, k i, k-1
n+1
AN w n+l n+1
p w > = W - d <6p,‘ -8p. . >,
( m m i1k 5 5 i,j, k L, j—1,k

with

A oA v n n
vy = Uy = dy (pijk - pi,j,k—l)’

A o w n n
Dy = Wy — dg (pijk - pi,j—l,k)'
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The new form of the Poisson equation for pressure is obtained by inserting equations (8.2)
and (8.4) into eq. (4.1):

ap n+1 1
_m i N w n+l1 n+1 _
Eiik ( Py >ijk +Azj [ G [1/436 - dg (api,jﬂ,k - 8pijk )]
R w n+1 n+1

1 EN u n+1 n+1
' ZZ—J { (lch>i+1/2k [az ~ <6pi+l,j,k = BPiju -

(8.6)
N u n+1 n+1
- <WFC>£—1/2 [’Lll - dl <8pijk - 8pi~1,jk > ] }+

1 ( 3 > [A ( +1 1 >]
o D, - d (8pITE  — 8pT -
As, { cosB/ p+12 %4 4 \"Pij,k+1 Piik

g > ")« v < n+1 n+1 )j } _
- (cosﬁ v 13T B \BPiy 8P =0.

The time derivative of the coolant mixture density is calculated by using the equation of
state yielding

n+1 n (hn+1 _ hll>
(apm>”“ B <apm>" Piiv = Pij N (‘)pm> m "™/ijk
D

at ap At At

m m

(8.7)

n+1 (h"+1 — h">
<apm>" 5P <apm> m " ijk
=|— — 4+
p

ap /p At ahm

m

Introducing (8.7) into (8.6) and rearranging one derives the following Poisson-like equation:

net | Gije ("Pm S A R (8.8)
Piik AL w /s A i+12 % i—ue %
m

+ I(‘PF> d“+<lPF> d“]+
Ar, “Jivye 2 iz !

L v _§_> ’ ] }
" As, [ (COSﬁ)k.‘.l/z dy * (cosg -1z % -

cj- 172

Az
J

n+1 CJJ’_UZ. d? | — § p"t!
Az, 6 Pij—1k
J
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(vr.)
n+l1 i1

u n+1 u
=8P Ar. d, l 8P 1k Ar d ] -
1 £ 1 £
-8 ptt! ——( > d”]_sf“f‘ [—( ) d”}=
Pijret | ag cosB/peip ¢ Pijob=1 | As \cosB/p_ip 3
— i’_J__E ( pm) <hn+1 _ hn > _

At ma p m ijk
¢ ¢ (‘”) (‘”)
Rl S el T Jiv12 3 iz A
Az 6 Az 5 Ar 2 Ar, 1
J J 1 13
1 & PN 1 3 2~
- — | = o, + — 0, .
Ask cosB / p+1p2 Ask cosB/p_1p

This equation can be written in the compact form

n-+1 n+1 n+1 n+1 n+1 n+l n+1 n+1 n+1 nt+1
A 8pije =B 8P iy —CT 8y, m D 8 BT 8
(8.9)
n+1 n+1l n+1 n+1 _ pn+l
- J 8p, , — K 8p iy =R ,
with the following definitions of the coefficients:
_ . cV).
grHl Cj_m o :<CJ_1,2 ( -1 1 _oKS. PWrt (8.10a)
Az 5 Az . Az, w J=12
J J J-12 i e
¢ Cir 12 <3v>'+1/2
crtl = 2w ’ L _ kN pwzrt! (8.10b)
Az 6 Az, Az, w jruz
J J Jt 2 Civin
<\ch> (WFC> (eV)
prttl = (-2 44 = -2 A Ji-12 1 — CKW- FWRn#l (8.10¢)
Ar, 1 Ar, Ar. u J-12
i i i-12 4
(wzrc) ' <WFC> <eV>i+1/2
Ell+1 — _—l+1/2 du — i+1/2 1 = CKE FWRII+1 (8.10d)
Ar, 2 Ar. Ar, at Jtvz
4 i i+1/2 i+12
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§
<cosB>k_1/2 <8V>k—1/2 1

s < : ) dy = _cxra. pwrerr 8109
Bsy NeosB/poup P As, Ay @y e
)V
eV
ntl _ 1 § . <COSB k+12 N Jeviz 1 ‘ ae1  (8.10)
K - As <COSB>k 1 d4 B As As v = CKTP FWTk-’rl/Z’
ko +172 3 b+ 12 %1
and:
1
FWZJ.J_rl/2 = — , (8.11a)
it
1
F . =
WE, i1 v (8.11b)
jt12
1 .
FWT 1y = o ’ (8.11¢)
kt 12
An+l = iAL]t—k (-g-@)n + Bn+1 + C"+l + Dn+l + En+1+ Jn+l + Kll+1 , (8.12)
- op hm
Rn+l — Lk (a_p___)n (hfl+1 _ h!l > _
At \oh /o \'m m )ik
YF > <‘PF )
Zj+1/2 A CJ—I/Z A < “Jivin 4 i A (8.13)
- + W, — z, —
AzJ 6 Azj 5 A,.l 2 Ar; 1

1 1
— ( : > P 4+ — ( : ) % .
As cosB/pr1p 4 As cosP/p_1p 3

A formally identical derivation holds for the half-implicit treatment of the diffusive terms.
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9. Program functions for calculating the partial derivatives of the coolant

mixture density

The partial derivatives of the coolant mixture density with respect to mixture enthalpy and
pressure are calculated using the analytical expressions (6.5) and (6.6), respectively. The fol-
lowing auxiliary program functions are used for this purpose:

DRODHL Derivative of subcooled and saturated liquid density with respect to enthalpy
at constant pressure (dp¢/dhe)p (see Eq. 9.2);

DRODHV  Derivative of saturated and superheated vapour density with respect to
enthalpy at constant pressure (dpg/dhg), (see Eq. 9.5);

DRODPL Derivative of subcooled and saturated liquid density with respect to pressure
at constant enthalpy (dp¢/dp)n, (see Eq. 9.18);

DRODPV Derivative of saturated and superheated vapour density with respect to
pressure at constant enthalpy (apg/ap)hg (see Eq. 9.19);

DPSADT Derivative of saturation pressure with respect to temperature
[dp (Tg) /dTs] (see Eq. 9.20);

DHDPL Derivative of subcooled or saturated liquid coolant enthalpy with respect to
pressure at constant temperature (dh¢/dp)r (see Eq. 9.21);

DHDPV Derivative of saturated or superheated vapour enthalpy with respect to
pressure at constant temperature (dhg/dp)r (see Eq. 9.22).

Details about these program functions are as follows:

Function DRODHL:
Derivative of subcooled and saturated liquid density with respect to enthalpy at constant
pressure (dp¢/dhe)p.

From the functional dependence

) (9.1)
), -G, (3, -G & .2

oh,
¢, = (—’)p. | 9.3)

one derives

with
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Function DRODHYV:
Derivative of saturated and superheated vapour density with respect to enthalpy at constant
pressure (dpg/dhg)p.

From the functional dependence

_ (9.4)
P, = 9, (hg,p),
one derives
(a"_g) _<ﬂ;> <aig_> _ %y 1 (9.5)
‘ ahg p aTg p ahg p a’I‘g cpg
with
ah
. = (_,5_) _ (9.6)
pg aT p
g
For a perfect gas one has
)
( Py ) _ Lt (9.7)
oh p c
g 14

Function DRODPL:
Derivative of subcooled and saturated liquid density with respect to pressure at constant
enthalpy (8p¢/apln, .

Letting v, = 1/p, be the liquid coolant specific volume, we have

<ﬂ> _ (ﬂ) | (9.8)
ap /n L \ap/y
! !

From the thermodynamic formulas of Ref. [3] we obtain:

2
ap p av a, \2 av
( l> =-= Cz<—l> +Tt('l> ( l) } 9
ap by €y p ap T, arl p 6’[‘1 p

For practical applications, Eq. (9.9) can be simplified as follows. We define for either phase

1 (3”} 1 (691 .
o= s a_Ti>,, -- a?),, (l_z,g> (9.10)
and
1 aui 1 apl
P (__> L (—) <i=l,g>. (9.11)
i v, \ap/r p, \op/i
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The liquid specific heat at constant volume is, by definition,

du
l
o, = (5) 9.12)

where u, = h, - pv, is the specific internal energy.

From the tables of Ref, [3]

! e (9.13)

p

hence, using Eq. (9.11)

avl av[ 2
-Kuv, - ¢, = ¢ (—> + T (———-) . (9.14)
[ I ! 1 Y ‘
v b ap T, .8Pl p

Eventually, one derives the following relationship between the specific heats at
constant pressure and at constant volume:
2
T8 v

c, = ¢, + — (9.15)

vl
Kl

Y 2l L
[ - 2 ‘ 9.16
- T By, ( )

KI Cpl
Using Eq. (9.14) and the definitions (9.10) and (9.11), Eq. (9.9) simplifies to
%, P (
! - ! (9.17)
(ap >h, c, Kew + B, vl) '

Using Eq. (9.186), one derives:

ap B '
2) - ome b o)
p hl Cpl :

Assuming that, for the liquid phase, the density is a function of the temperature only
[p, =p,(T) ], the approximation K, = 0 in Eq. (9.18) is justifiable,

51




Function DRODPV:
Derivative of saturated and superheated vapour density with respect to pressure at constant

enthalpy (3pg/dpn, -
The same analytical treatment as before yields:
3
(ﬁ> = o K +—B—g— (1_'1’13) . (9.19)
ap /p g & o £ g
Function DPSADT:

Derivative of saturation pressure with respect to temperature [dp (Tg)/dTs].
This derivative is calculated from the Clapeyron equation

dp(T) h — h .
AN &b (9.20)
aT, 7 (L __1_>
? pgs pls

Function DHDPL:
Derivative of subcooled or saturated liquid coolant enthalpy with respect to pressure at

constant temperature (3h¢/dp)t .
From the thermodynamic formulas of Ref. [3], we have

2, - 2 n ) ) ) o

B, p; VT /p P

Function DHDPV:
Derivative of saturated or superheated vapour enthalpy with respect to pressure at constant

temperature (6hg/dp)r .
Asin the previous case,

(fﬁg) R
ap /1 Py g

- L (1_Tg3g>_ (9.22)
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10. Treatment of energy equation with implicit convective terms and explicit

diffusion terms

Using the identities
v <P5m> - P(V ;nl> + ;m' Vp, (101)

(10.2)
_ a — a =
= p |V- ;):; 1 —a pl—pg VSZ> +-p—"—l 1—-(1> Pl“Pg VSl' Vp
and the following definitions of "enthalpy-slip” and "density-Slip”
Hy = x (1 —x> P, (hg - h1> , (10.3)
qa
b= 2 1-0) -0
the energy conservation equation (1.3) can be written
a<pm hm> _ ap _ -
— + V- (pm hm vm> = " + V. (P vm> - D <V~ vm> +
(10.5)

+ v (p R, s Vsz) —P <V' Rys Vsz>_ Ve g +Q -V Hy Vs:‘
Expressing the heat flux in terms of temperature gradient (§ = -A, VT) and introducing the

definition of the energy flux vector

- _
Jm = Py hm Um + HS[ VS[ J (10.6)

equation (10.5) becomes

a<pm hm> ey ap - -—
————= + V- JE == 4 v {pu = p (Vo )+
at m at m m

(10.7)

+ V. <p R VSI> —p - (\7« R VSI>+ Vo) VT +Q.
Integrating over the control cell occupied by the fluid volume V¢ = ¢ V and denoting n an out-
ward directed vector normal to the cell bounding surfaces one derives, with the application of

the Gauss theorem:

— i{p. h dVv + — J7 dV = — dV + pv - n dA -
v at m m v aLu mu Vf al Af m
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T dA-—<p>JA RoSl VSI- n dA+
f

d aT
+J Qd4dV + ] a_L_ (Am -—)dV.
v, v, oL,

oL (10.8)

Ly represents the general coordinate direction and the symbol <> denotes mean value over
a bounding surface.

Equation (10.8) is discretized as follows:

(8V>
At ijk
+ <JfA >+l

K n+1 E n+1l £ n+1
f 7 ivIR kT <Jr Af >i—1/2,j,k + <Jz Af >i,j+l/2,k ‘<Jz Af > ij—12,k

<p L >n+1 -_(p N >n l N (10.9)
m m ijk m m

ijk

5 n+1 10 n+1 = X n+1
t<IIA > e~ <A > e T <ev>ijk <Q> +

3
+(A<> <\ aT>" (AC) < A 0T o
i+ m g,  LitlU2k PRy m

3z Zij-1ze T
aT n aT R
+ (AW <X —>" ., — AW <A —>" .+
\ i+12 m ar i+12,),k i1 m o gp i-1/2,/, k

+(A£> < A aT>" (Af,) < A 0T »
bt 12 m s iLjk+12 T e 12

m 3e ik —1/2
ijk

n+1 n
+ At (pijk - pijk> +

+

+ <A

FPWL e T AL PW S g S AL PUL > i T S A PR T
< o — A N ~ —-
FPSAp PV ke T SO PYLT
n+1
“Pijk

A, <wm+RoSl<wg_wl>>i,j+lj2,k_ A <wm+RoSl(wg_wl> ij-v2 ke T

tA, <u +R <”g‘“”t)>i+1/2,j,k - A <u, +R g (”g"”z> i—12,j,k T

T A <v, tR g (Ug—vl>>i,j,k+l/2 — Ay <v, R g (vg—vl)>i,j,k—1/2 +
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T <A PR <wg"wz>>i,j+1/2,k - <A PR g (wg_ w1>>i,j—1/2,k *

t <A pR g <ug_ul>>i+l/2,j,k - <A PR g (ug_ul>>i—1/2,j,k +

T <A, PR g <vg_vl>>i,j,k+1/2 - <A PR (”g‘“z>>i.j,k—1/z '

With an upwind differencing scheme and using equations (5.16) the convective enthalpy

fluxes are calculated as follows

1
E n+1 _ E E . —_
< Jr Af >i+1/2,j,k - [0’<Fi+l/2,j,k + Gi+1/2,j,k h >] hm,ijk

m,ijk
~ o, - (rE +gE o —L )|
’ i+ 12,k i+12,4,k myitljk
m,i+1jk
<J%A, >+l = o, FP +a¥ I L -
r f i—1/2;jyk ! l_1/2).]lk 1_1/21j)k h i1k m'i_l’jk
m,i—1,j

1
E E
ol lO; = <Fl—1/2,j,k + Gi—l/2,j,k h )] hm,ljk 4 i
m,ijk

with the definitions:

E
F , = (A P u ) ,
it1/2,5,k f m “m i+1/2,), k

B 3 B _ ~
Gl = <Afx (1 x> Pm <hg hl> uer>iiU2,j,k ’

and similarly for the other coordinate directions.

Introducing these convective fluxes into equation (10.9) one derives

(8V> [( >n+1 ( >n l
— h - h +
At ijk pm m ijk ‘pm m ijk

(10.10)

(10.11)

(10.12)

(10.13)

(10.14)

E E
G q.
B i+1/2 n+1 E (+172 n+1
+ ‘O’Fi+l/2 ] hm,ijk - |9~ Fi+1/2,j,k + h hm,i+1,jk
m,ijk m,i+1,jk
E E
G G
T -12
—{lo, ¥ 4 ——= |t o, —(FE 4+ — pntt
i—1/2,j,k h m,i—1,jk i-12,j,k h m,ijk
myi—-1,j,k m,ij, k
E E
G’ G’
E J+172 n+1 E J+172 n+l1
+ [O’Fi,j+1/2,k + hm,ijk -0 - Fi,j+1/2,k + h hm,i,j+1k -
m,ijk m,i,j+1,k
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E E
G G’
E Jj=-172 n+1 E i—-1/2 n+l1
- [ ’O’Fi,j—llz,k + h ] hm,i,j—l,k - [0"<Fi,j—1/2,k + m,ijk *
m,ij—1,k m,ij,k
E k+1/2 n+l1 \E k+1/2 n+1
+ [O’Fij,k+l/2 + h ] hm,ijk - [0’_<Fi,j,k+1/2 + m,i,j k+1
m,ijk m, i, k+1
E E
G G
E k—172 n+1 E k=172 n+1 _
- [ [O'Fi,j,k—l/z t o ] Poyiiyh=1 = |0 "\ Fijem1e h Pgiin | =
m,i,j,k—l mvi.jyk

cont. (10.14)

A A i on A A >
+ Zj+1/2 <Ay 9z Z ek T Cj—l/Z <A dz  LJ-12k +

+<A‘P> < A aT>" <AW> <y 2o +
12 m gy i+12,j,k 12 mo5p i~1/2,j, k

+<Ag> <A aT>" (Ag> <A T>" +
prye M as | b k12 b1 m gs i k-12

<£V>ijk

n+1i n
+ At (pijk - pijk>+

t <AL pw > ek T SAppw, > e T SALPULZ e —<A,pu > piet
+ <4 Pu, > ihen ~ <4 PULZ k-1
n+1
Pk |4y <wm+Rosl<wg“wz>>i,j+1/2,k — 4 <wm+RoSl(wg_wl>>i,j—1/2,k +

LA ( \ \
FAy <u R g (e )P g Ay St B ()2 ipg t

A <v +R g <vg_vl>>i,j,k+1/2 A <t R (vg_vl)>i,j,k—l/2 J +
+ <A, PR g (wg"wz>>t,j+1/2,k - <A pR g <wg_wl>>i,j—1/2,k +

t <A pR g (“g_ ul>>i+1/2,j,k - <A, PR g (ug_ul>>i—l/2,j,k +
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t <A PR <”g'”z>>i,j,k+1/2 - <A PR g <Ug—ul>>i,j,k—1/2 '

Rearranging one obtains

v GE GE
£ i+12,5k i—172),k
hn+1 { vr o on+1 _ '
m i At Pmo ), 10O e Y T 0\ F e Y T +
/ myijk m.ijk
E E
G, G,
iL,Jj+1/2k iL,j-12,k
+ O’Fi,j+1/2,k l + [0"<Fi,j-1/2,k + ) +
m,ijk m,ijk
E E
G G,
E i,j, k+1/2 ij, k—112
+ O’Fi,j,k+1/2 + h + [0’_<Fi,j,k—l/2 + > } -
m,ijk m,ij k
(10.15)
E E
G G’
NESTN 12,k
= ko, —<Fij+1/2k+ = )] -t [O’Fij-1/2k hu -
AR ' ' P, i+ 1,k hi=1k v myij—1,k
E E
G, , G ,
+12,j, k —12,j,k
- h’;:l 0, "(Fi+1/2,j,k + hl - > ] - h:::l . [O’Fi—llz,jk hl . -
i+1 my i+ 1)k i-1,jk myi—1,jk
E E
G G,
g k12 k172
-k 0’“(Fijk+uz+ - )]"h"mﬂ [0’ Fiibm * 5 -
k+1 o m,ij, k+1 iyjs k=1 ) mij, k=1
— A n+1 E_Y "
B <8V>,'jk <Q 75 * { At <Pm h"') }ijk "
+<AZ> < A or > (A) < A 0T S +
Fany m gy  LitU2k T CJ._M mogy  ij-12k
+ (AW) < A 6—T—>" - <A1P> <r —>" +
12 m o gp © i+1R)k i1 m gy T -1,k
aT aT
+ {A <A —>" (A > <A —>" +
( £>k+l/2 m gg i,J, k+1/2 £k~1/2 m o ogg ij,k—12
ijk n+1 n
* At <pif'k —pi1k>+
F <AL pw S e T <A PR T SAPUL > ey TS A PULZ et
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<A pu > T SALPUS e T

A <v +E g <Ug_ vl)>i,j,k+1/2 — Ay <v,tEg (Ug— vl>>i,j,k—1/2 ] +
(10.15)cont.

PR, (wg - w1>> ijrime — <A PE g (wg = wl>>i,j——1/2,k t

+ <A
f
t <A, PR g (”g" ul>>i+1/2,j,k - <A, PR g (ug‘ ul>>i—1/2,j,k +
T <4, PR <”g - vl)>i,j,k+1/2 - <A PR g ("g - ”z)> i k=12

Equation (10.15) can be written in the compact form

AE;R'FI hn+.l. + BE,I'I‘!"I hn+‘1‘ + CE,n+1 Lo + DE,?I+1 ho . +
m,i,jk m,i,j—1,k m,i,j+1,k m,i~1,j,k
(10.16)
E, n+1 n+1 E,n+1 n+1 E,n+1 _ pk,n+l
t+E hivtje T hosi b1 T K b ijer = B

The coefficients and right-hand side are given by

G¥ GE
B+ :<ﬂ nt1 + o pE PEETaL N LN R PR Y- L izt ]
Az Pm -, 22,k it ’ i— 12, jk n
m,ijk m,le
E E
G . G .
i, j+172,k E L, -1,k
+ [O,Fi,j“/?,k + ] + lo"(Fi,j-uz,k + )] + (10.17a)
m,ijk m,ijk
e | [ Giaen \]
E , i,j, k+172 ~ E iJj, k=12
+ [O’Fi,j,k+1/2 T | T~ Fij-e 3 )|
m,ijk m,ijk
E n+1
E,n+1 E,n+1 Gi—1/21'k
D™ = (o, F2"T —_— |, (10.17b)
1"1/2»Jk hn+l
m,i~-1,jk
E,n+1
bl E,n+1 Zhjruk
EE = [ 0, — Fi+1/2,jk + ; , (10.17¢)
myi+1,jk
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E,n+1

E, n+1 E,n+1 i,j,k—l/Z
J [ 0, Fi,jk—l/Z + P } , (10.174d)
m,i,j, k—1
E n+1
E,n+1 _ E,n+1 i,j,k+1/2
K = [0, —(Fi,j“w + PR > l , (10.17e)
m,i,j, k+1
E,n+1
i j— 12k
BE,nH — 0, FI.E,.n+1 + L=V k ’ (10.176)
,J—1/2,k h
m, i, j—1k
E,n+1
,n+1 E n+1 L+ U2k
c” [0,— (Fi,j+1/2,k === (10.17g)
m,i,j+1,k
E,n+l1 _ ) n+1 ﬂ n
R = <eV>ijk <Q >3 + N <pm hm> g T (10.17h)
aT 8T
+(A<> <A —>f‘.+u2k_(A(> <N, — >0 et
J+1/2 m az 4L s J—U2 m az LJ— A
aT n aT n
+ AW <A — . ) AW <A — : .+
. i1 m gr i+12,j, k i_1 m ap i~1/2,j,k
+<A§> < A 0T on (A) < A 0T +
B+ 12 m gg i,j,k+1/2 ‘ gk—1/2 m gg i,j,k-12
v
ijk n+1 n
T A <"ijk - pijk>+
T <A pw > e T <A PW. > i o b SAPULZ iy <A P et
T <A puL >y e T SAL P T
n+1
Py |4 <wm+RoSl(wg_wl>>i,j+1/2.k -4, <wm+Rosz<“’g““’z>>i,j_uz,k +

TA <u,+R g (ug_ul>>i+1/2,j,k - A<, TR (ug—u'l>>i——1/2.j,k +
A <o, R g (”g'”1>>i,j,k+u2 —Ap<v, R (Ug_vl>>i,j,k-1/2 ] +
(10.15)ct.

T <A, pR g (wg_wl>>i,j+1/2,k - <A, pE g <wg_w1>>i,j_1/2,k +
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+ <A PR g (ug_ul>>i+1/2,j,k — <A, pRg (ug_ul>>i—1/2,j,k +

t <A, pE g (Ug—vl>>i,j,k+1/2 - <A, PR (vg_ul>>i,j,k—1/2 :

The solution of the energy conservation equation is therefore reduced to the numerical
solution of a system of algebraic equations (10.16) formally identical to the Poisson equation
(6.15) describing the pressure distribution and can therefore be carried out with the same
numerical algorithm.

Programming note

For the application in the code, equation (10.9) is devided by the cell volume,
Using the relationships (F. is the coefficient ¢, defined in the Appendix I.A)

A (‘PF)
fixip )ity (10.18)
ik Ar,
A
f. G,
jtwe e , (10.19)
V.. Az .
ijk
A
f 1 13
kriz ( ) , (10.20)
ViJk As, cos B /px1p0
one derives
£ n+1 n
(——) (p h ) --(p h ) ]+ (10.21)
At/iji mom Smm
1 . 1
— n+1 K n+1 —_— E n+1 10} n+1
A {<Jr V> ivmje = <7 Wﬁpuz,j,kj"L Az [ < 6> iirme <9 62 |t
: J
! B E +1 ') E n+1 n+1
n ——— frd .
+ Ask <Js cos f3 >i,j.k+1/2 - <Js cos B >i,j.k—l/2] = Bk <Q>3 +

+ : [(c) <A T o <§> < A T on +
Az 1R m gy Ltk T o1 mo gy  Li-12k
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1 ow) oy 2T on aT
t T <A or T vk T F¥) <A, 5y i—1R )k +

: <g><}‘ aT>" (£><)\ aT>" +
As, cos B m 3s L k12 T\ o5 B m g = hj.k—12
i_ n+1 n
* <Al>ijk <pifk —pijk> +
1
+ ZATZ_ [<prm>1+1/2 <prm>j 1/2] +
J
1
+ " <F1Ppum>i+1/2 - <F‘Ppum>i_1/2]+
= (=) (=5) |
+ — < pv > - < pv_ > -
As cos B Jpprp L im” k12 c0s B p_yy  Flm T k-1

1 .
n+1
~ Py {Az, ‘(<wm+Rosz<wg_wl>>j+1/2_ (<w, +R.g (wg_wl>>j—1/2] +
j

1 £ £
( )k+1/2 <Vt Rog (Ug_ ”z>> k112 _<COSB>k—l/2<Um TR g (”g_”z>> k—1/2 H+

As, cos B
1
t [< cpR,g <wg_wl>>j+1/2 - <¢épl g (wg—wl>> -1 ] +
J
+—1—[F‘P<pR (u —u\> F¥W <pR (u —u)> l+
r 0S| g c'/ 1+ 12 oSl g L i-12
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Equation ((10.21) can be written

e n+1
(220 Ao )
ijk ijk

n
fun),

| +

~E ~F
G G
B i+12 n+l wE i+1/2 n+1
+ [0’ i+1/2 J hm,ijk - lo"‘<Fi+1/2 + m,i+1
m,ijk m,i+1
ot o~
0 FE GIE—I/? prtl 0 TE G?—W n+1
- i Ty mit — |0\ et m,ijk
m,i—~1 m,ij, k
~E ~E
G” G
~F J+ 172 n+1 E J+12 n+1
* [O’F 2 ¥ m,ijk [0’_<F1+1/2 T > Pt
m,ijk m, j+1
~E ~E
G- G
~E Jj=172 n+1 %E Jj=172 n+1
N e N - S
m, j—1 m,ij, k
NE NE
G ¢}
=E k+172 n+1 ~E k+172 n+1
+ [O’Fk+1/2 + hm,ijk - IO'“<Fk+1/2 + h hm,k+1
m,ljk m, k+1
~E L ~E
G G
E k—122 n+t %E k—1/2 n+1
- [ [O’Fk~l/2 + h ] hm,k—l - (0. - Fk—1/2 + m,ijk
m, k-1 miijlk
— n+1
T Tijk <Q >y +
: <c) <r 2w (c) <y L on ]+
Azj J+12 m gz i,j+1/2,k -1 m gz i,j—1/2,k
: (FIP> A oT " (}“‘P> A n
— i
+ Ar . ; < m oap > i+ 12,5,k y < moap > i—-1/2,),k +
1
+1 [<g><}‘ aT>" (£><A 0T +
As, cos f m gs L k12 T\ s B mogs =~ hijk-12

€
+{ = ntl
<At>ijk <p‘~1

k
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(10.22) cont.

1 £ £
+ — ( > <v +R <v —-v>> —<—> <v +R (v—v>> ”+
Ask cos B /12 m oSl \ g l k+172 cos B /p_1m m oSl \ g l k- 12

1
* Az, [< cPE.g (wg_wl>>j+1/2, - <CpR g (wg"w1>> j-12 ] +
J

1
+Zr_. [F‘P <pR0Sl <ug"ul)>i+1/2 - FY¥ <pRoSl (ug—ul)>i—1/2 l +
14

1

Ask

g -
(cos B>k+1/2 PR (Ug— ”z)> k+y2 <0033>k_m <plk,g (”g" ”z>> k172 ]

with the following definition of the fluxes:

;‘iEilﬂ = <I"'c qum um’>:+‘n’ (10.233.)

o = (Conw,) (10.23b)
B - :

kt1e T cos B P Um >kir1/2, (10.23¢)

, (10.24a)
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~ B _
G‘lil/2 [ C ¥ (1 —x) P (hg - hl > wm Hz jt12 ’ (10.24b)
kt1/2 cos g l m s {pe1p .

Eventually equations formally identical with (10.15) to (10.17) are obtained, just
replacing the definitions of FE, GE with those of TE, GE,

The analytical expressions of the coefficients of the enthalpy equation are summarized
in Appendix I.B.
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11. Fully implicit treatment of the energy equation

In the most recent code version diffusive terms are also treated implicitly. The numerical
treatment proceeds from eq. (10.5) as follows.

We express the heat flux in terms of the enthalpy gradient § = -py@m Vhy, with m =
Am/(pm cpm) and introduce the following definitions:

-5 _ _ _ _ _ .
Jm ‘pmhmvm—p vm+ HSLVSL_pRoSL VSL _pmathm’ (111)
—p _ - —
Jm - Um + RoSL VSL' (112)
Equation (10.5) can then be written
o (b, 1) ] s
oLy JE+p<V.JP>:_p+Q. (11.3)
at m m at

Integrating over the control cell occupied by the fluid volume V¢ = ¢ V and denoting
Lj G = r, s, z) any of the coordinate directions one derives

3 3 B [ d p
— h | dV+ — J7. dV + J . dV =
Ivf at (p"l m) Jvf aLJ. mj pr aLj mj (11.4)
9
= £ gv+ Qdv.
v, ot 1%
f f

Let the symbol < p >3 denote pressure mean value over the cell volume, Denoting
n an outward directed unit vector normal to the cell boundary surfaces and replacing
the volume integrals of the divergence terms by means of surface fluxes one derives

a [/ \ - - —_ —
— h ) d B A+ <p> [ JP . nda =
JVf Py kPm m) V+ JA J,. n dA + <p>, Af m n (11.5)

at

ap
:J = dvV + f Qdv.
Yy Vi

The surface fluxes are evaluated at time level n+1 with an upwind scheme as follows:
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Ji~;dA+<p>3I JP . on o dA =

m 11.6
Afi+l/2 A/'i+1/2 ( )
— ,n+1 P _
= < thr Ar > TSPy <d A> i <
~E, n+1 ~E, n+1
_ ,n+l i+1/2 n+l SE,n+1 i+172 n+1
= [O'Fﬁm Eerwanll INCHPEE R RV N B i41 —
h™" ‘ h" 7.
m,i m,i+1
E,n+1 n+1 n+1
= Dl <hm,i+l - hm,i >

where

o+l nt+1
o = <A P u >
i+1/2 fm “m i+ 12

has been defined by eq. (10.12) and

~En+t _ fd s
Gy = (Af Hg u, Hr>l.+1/2 T A, <<p>3 - pi+1/2> {<1+RUSL Hr> “mlioim 11.7)
H = (ug/ul—1>/[l+x(ug/u,l—1)], (11.8)
E,ontl ~
Dille = Pp @y [Ar (11.9)

and similarly for the other fluxes. fIr, and similarly ﬁs, ﬁz, is obtained expressing the
components of the slip velocity as a function of the mixture velocity, by means of

“ei
RE 7 ( ) (11.10)
VLSj = Uy Uy = U — = Uy, Hj J—r,s,z .
1+x<—J —1)
u,

where u is a general velocity component,

We distinguish between two solution methods: the first consists in discretizing as usual the
time dependent term a (py hyy) / 3t and yields a Poisson-like equation which can be solved
numerically by means of standard elliptic solvers; the second consists in retaining the time
dependent term and yields a system of ordinary first order differential equations which can
be integrated with the Runge-Kutta scheme,
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11.1 Derivation of a Poisson-like equation

We now i) introduce the fluxes defined by (11.6) (and similarly for the other boundary
surfaces) into equation (11.5), ii) discretize the time dependent term by

Jvf E?? <pm "m> v = &V |<"m "m>n+1“ ("m "m>n l : (11.11)

and iii) divide the equation (11.5) by the cell volume, taking into account the relationships

Apiz 'V = (‘I’Fc )im /Ar, (11.12a)
Aripin 1V = Gy 182, (11.12b)
A erie 'V = B (A“"sﬁsz) (11.12¢)
Thus equation (11.5) yields
™ [(p hm>"“— <pm hm>" ]+ Ho P+ Gl hiﬂ n T L13)

hn+l _ DE <hn+1 _ hnm+1 >} _

m,i+1 i+1/2 m,i+1

— 1
b E
“{O’_< ivie T 9ine oo >
R
m,i+1

_ — 1
) E n+1 D E o n+1 _
B { [O’ Fiim* Gl ptl l Poyict ~ {0’_(Fiﬂ—1/2 t G hn+l> m
m,i—1 m
E n+1 n+1
= D (hm = b >} *
_ — 1
E n+l B E — ntl
* [0’ FJE'J+1/2 G e+ P~ '0’—(Pj+1/2 t G hrtl ) mJ
m m,j+1
E n+1 n+1
D_]+1/2 (hm,j+l - hm )
— 1 = 1
K E n+1 O E n+1
- { [ , Fj—l/2 + Gj—l/Z prtl l hm,j-l - [0’ _<Fj“l/2 " Gj_m prtl ) mo
m,j—1 m

E n+1 n+1
- Dj—-l/2 <hm - hm,j—l >] +
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n+1 _
m,k+1

E SE
+ {0' Fivve ¥ Chrn et
m

n+1 ~E
b _[O’_<Ff+1/2+ Grir prtl )
m,k+1

E n+1 n+1
= Divin (hm,k+l = P > -

_ 1 — 1
E n+1 E n+1
B { [0’ Ff—lﬂ G i prtl } Pt~ [0’ ‘(Ff_m G prtt > mo
m, k-1 m

ol n+1 n+1 _ £ n+l1 n
_Dk—1/2 (hm ——hm,k_1>}_At <P ""P>+ 8<Q>3.

All convective and diffusive fluxes (F, G and D's) are evaluated at time level n+1,
and relative superscripts have been omitted. Rearranging, equation (11,13) can be
written as a discretized Poisson equation in the form

An+l hn+1 _ Bn+1 hn+1 _ Cn+1 hn+l _ Dn+1 hn+1 _ En+l hn+1 _
m m,j—1 ‘m,j+1 m,i—1 m,i+1
(11.14)
_ Jn+1 hnm+kl——1 _ Kn+1 hzl+kl_H — Rn+l ,
with
AL = ¢ pZIH I At+ (11.15)
» —_ 1
E E K £
0 F et Gl ot + [O’ (Fi—1/2 + G it ] )]
n m
1 —p 1
E E E
0 F i+ Gl el O’“(FJ—UZJ“ G h,m) +
m m
1 — Al 1
E E E
+ 10, Ff+1/2 + Gk+1/2 : prtl + 0’”<Fk-u2 + Gk—l/Z h"“> +
n m
E n+1 E,n+1 E,ntl E,n+1 E,n+1 E, n+1
+ Di+1/2 + Di-—l/2 + Dj+1/2 + Dj—l/2 + Dk+1/2 + Dk—l/2 !
~E
R P o (11.16)
R S V) prtl -2 '
m,j—1
Cn-i—l _ 0 FE 5JE*‘VZ ‘ Dn+1 (11 17)
- » Jj+12 + prtl + jrie :
m,j+1

68




_— 1
n+1 _ E . En+1
D = |0, Fl,, + G, it ]* Dilie (11.18)
m,i—1
— 1
n+1 _ E E . n+1
E = O’—<Fi+1/2 t G e >]+ Divu (11.19)
m,i+1
~E
I P L = I B (11.20)
- » Tk-1p prtl k-12 '
m, k-1
EE
n+l k+1/2 n+1
K - [0"<Ff+1/2 + prtl )J + Dk+1/2’ (11.21)
Lm,k+1
n+1 _ & n+l n N E :L_ " (11.22)
R = (75) (P - P > tes@ry it (Pm"m) '

11.2 Derivation of a system of ordinary first order differential equations

Without discretizing the time dependent term but expanding it with the chain rule

d h

(Pm m> ~ oh, P, (11.23)

—_——— = P — + h
at m at moat

and introducing into equation (11.5), we derive

dh .

— “n+l n+1 n+l n+l n+l ;n+l n+l ;n+l
di n+1 [_A hm + B hm,j—l + C hm,j+l +D ‘ hm,i—l +

(11.24)

]
n+1 n+1 n+1 n+1 n+1 n+1 Dn+l
+ EVTE L ST R KR i + R,

where all coefficients coincide with those defined previously, but
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1 — 1
Antl _ E . E
A =+ lo’ F‘iE+1/2 +Glin prt1 0 “( -z T Gl et )] +
m m
o wah o o, —(F + G% : ) +
SRS JHIZ et ’ j=12 J=12 pntd
m m
(11.25)
v loF®  +6® o — |4+ |o-(FE 1 GE & +
' k+1/2 k+1/2 hn+1 ’ k12 k—1/2 h"+1
m m
E,n+1 E,n+1 B on+1 E n+1 E n+1 E n+1
t Dle D t Dj+l/2 + Dj—1/2 + Dy t Dl
1 ap n
P+l n+1 n E n+1 m
R = o {(p - p >/At +<Q@>y -k < Y ) } (11.26)
m

Equation (11.24) yields a system of ordinary first order differential equations

{%} - [f("m>} (11.27)

which can be integrated with usual ODE solvers. We use Runge-Kutta algorithms of order
four [4] (see also section V.3). Alternatively, a more precise, though time costly, scheme of
order seven [5] might also be used. Experience suggests, however, that the Runge-Kutta
scheme of order four gives nearly the same accuracy as the scheme of order seven but that it
is less computer time consuming. Therefore only the Runge-Kutta scheme of order four is
implemented in the code.
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12. Constitutive equations and thermodynamic disequilibrium

1) Cladding to coolant heat transfer

The cladding to coolant heat transfer coefficient o, is calculated from the Nusselt
number

Nu = - = ¢ + ¢, RS Prt (12.1)
where the Reynolds and Prandtl numbers Re = vy, Dh/ vip and Pr = Cp/ Am
are computed using the mixture physical properties. The coefficients in (12.1) are:
i) For sodium, ¢; = 7,c2 = 0.025, c3 = ¢4 = 0.8;
ii) For water, c; = 0,cg = 0.023,c3 = 0.8, c4 = 0.4.

When the thermodynamic quality is larger than 0.3 dryout is simulated and o
is assumed to drop to 5000 W/m2 K. This assumption is based upon experimental
information.

The heat transfer coefficient o between the coolant in the outermost radial control
volume and the hexagonal canning is calculated by means of the formula

1
s on o (12.2)

ogk 1s the heat transfer coefficient structure to coolant due to convection given by
(12.1) and o_is the heat transfer coefficient due to conduction in the hexagonal can-
ning.o_ is calculated under the assumption of a linear temperature distribution along
the thickness of the hexagonal canning.

ii) Effective dynamic viscosity

The components of the turbulent stress tensor are computed by using the following
half-empirical definitions:

t . Y N2 a;mi azmj
to..o=p u u . =cp [(L u > +<L. u > ] < + ><iJ=U,S,Z> (12.3)
m,iJj m mi mj o m i mjy J mi al. al
j i

where primes and bars denote turbulent fluctuations and time mean values, respectively.
Subscripts i, j refer to the coordinate directions. The dimensionless coefficient (¢, = 0.06) has
been calibrated by comparison with experimental results of turbulent velocity distributions.
The mixing lengths are defined by L; = y; A¢;, where y and Af are surface permeability and
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mesh length, respectively. Thus an effective turbulent dynamic viscosity of the mixture is
defined by

’ — 2 — 2 112
Hoii = 60 |<Li umj> + (Lj umi> ] (12.4)

and takes into account the anisotropy of the porous medium,

iii) Effective thermal diffusivity

A turbulent energy flux vector is defined for the coolant mixture by

oh
¢ . =—p B u =p a ( aln > , (izr,s,z> (12.5)
i

with the definition of the eddy diffusivities for heat transfer

\ 12
a, . = ¢, L, (umj + umk) . (J,k¢t> (12.6)

The dimensionless constant ¢, (coT = 0.01) has been likewise evaluated by experimental
comparison of temperature distributions in turbulent flow fields.

iv) Single- and two-phase pressure drops

a) Single-phase friction pressure drops and pressure drops due to grid spacers

The frictional pressure drops are calculated by means of the relationship by Novendstern [6]
which also takes into account the contribution due to the wire wraps. The friction coefficient
is given by

F=t -t (12.7)
with
fO = q- Re_b, (12.8a)
CFME?2
f =CFM = (CFMl + CFM2 - ReCFMm) , (12.8b)
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1.034

CFM1 = ,
(P12 (12.8¢)

6.94
29.7 - <P/D>

CFM2 = (12.8d)

Re is the Reynolds number of the undisturbed flow. P is the pitch, D the diameter of the pins,
A the pitch length of the wire wraps. For turbulent flow the following values of the
coefficients are suggested: a = 0.316,b = 0.25, CFME1 = 0.086, CFME2 = 0.855.

In case wire wraps are not to be simulated, the input parameter A (= HELIC) is set to a large
value, thus giving CFM2 = 0,

If grid spacers must be simulated, the pressure drops in the grids are calculated as the sum of
two contributions: an irreversible pressure drop at the grid entry and frictional pressure drop
along the grid. The pressure recovery at the downstream edge of the grid is considered as
negligible. Within the grids mass flows in transverse directions are suppressed, therefore
only pressure drops in axial directions are taken into account. These are given by

Apg = <Ap>entry + (A‘D>friction =

2 2
& hg
where:
A = 8g/S = wo/wg ratio of reduced to undisturbed flow area
Dhg = hydraulic diameter of the grid (m)
fy = friction coefficient for the grid
Ke = (1-84/8g)2 = (1-1/A)2resistance coefficient at grid inlet
Lg = grid axial length (m) (Lg = Az)
So = flow area upstream of the grid (m2)
Sg = flow area through the grid (m2)
Wo = flow velocity upstream of the grid (undistrubed bundle) (m/s)
Wg = flow velocity through the grid (m/s)
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p = coolant density (kg/m3).

An equivalent resistance coefficient for the grid is defined by

f L 2 f L pw
K = K + —% = (1_—1-> + —5 = |Ap /( °>] (12.10)
g e D A2 A D A2 g 2
A hg
and an equivalent friction coeffcient by
D,
fo=K, - — (12.11)

Dy is the hydraulic diameter of the channel flow without grid and Az is the mesh length. The
programme user can choose between modelling the grid spacers in their actual position, as
explained above, or simulating the pressure drop by smearing the local contribution
uniformly over all axial meshes. In the latter case, the friction coefficient due to the grid is

D,
fy= K, ' Tiper (12.12)

where DABST is the distance between two consecutive grids.

The roughness of the upstream edge of the grid is taken into account by replacing the flow
areasratioin K = (1-1/A)2 by

A = [c <A2 - 1) " 1] A (12.13)
where ¢ is an input coefficient ranging from 0 to 0.4.

Taking into account the contribution to the pressure drop due to the grid spacers, the total
friction coefficient is calculated as

fp=1+1, (12.14)

which is introduced into the term (Vg2 Dy ) fi | w) |n (p) w))n+1 of equation (5.8).
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b) Two-Phase pressure drop

The two-phase pressure drops are calculated by

Al - oD, P Y Iumil (1 +Ki>' (.i: 1’2’3> (12.15)
i

The factor (1 +K) is thus interpreted as a two phase multiplier, The "drag function” K
is assumed to be proportional to the slip velocity

K =c | Uy = ulil =c | umil Ugli (a) (12.16)

where c is a constant and UNg); = | ugj - uyj | /um;, the normalized slip velocity, is a mono-
tonous and increasing function of the void fraction a. Indices g, 1 refer to the vapour and
liquid phase, respectively. In the applications we choose ¢ = 1-1.5 and UNgp,; (a) = 18a inde-
pendent of i. This approach to the problem of calculating the two-phase pressure drop turned
out to be more convenient for large void fractions than the application of the well known
Lockhart-Martinelli two-phase multipliers. However the factor (1+Kj) in formula (12.15)
can be interpreted as a two-phase multiplier for the slip model. For small void fractions the
two approaches yield comparable results. This depends on the fact that the method by Lock-
hardt and Martinelli is applicable for bubbly flow (when strictly the Slip Model holds) but not
for separated flow at large void fractions. Thus the use of relationships (12.15) and 12.16) al-
lows for the application of the Slip Model, with reasonable results, beyond its normal range of
validity.

v) Thermodynamic disequilibrium between the phases

Formal differentiation of the equation of state py, = pm (p, hy) yields

Qop (0GR 0P dp o
dt \S—IZ;>P dt  \ap Jh, di

The partial derivatives are evaluated at time level t, by means of the analytical expressions
given in section 9. Besides to allow for a smooth transition from single to two-phase flow con-
ditions at boiling inception the derivatives of the rhs in eq. (12.17) are multiplied by smooth-
ing coefficients ¢y, co, respectively, which have been chosen empirically with a numerical
value 0.01. The first of these two coefficients has a direct impact upon the relationship be-
tween the thermodynamic quality and the void fraction given by
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xp
1+x(B-1) (12.18)

with § = ¢y (py/ pg). The assumption ¢; = 1 would imply a thermodynamic equilibrium
between the phases while the assumed plot a = a (x), corresponding to ¢; = 0.01, implies

a thermodynamic disequilibrium, i.e. a relaxation of the vapour production rate. Fig. 1 shows
the void fraction as a function of the quality with ¢) as a parameter.,

The numerical solution of the enthalpy equation (1.3) yields the updated value
of hi, hence the thermodynamic quality

(hm - ’m-) | (12.19)
(hgs - h18>

The mixture density pm, hence the updated value of the void fraction a, are derived by
solving numerically the mixture continuity equation, eq. (4.1).

S T T T
- ./- . = "
.9 // - = ’/_/
L /“ "
@) . - —
o — -
e ¢
s 0sl// /[ J00D .~
i
0.2 0.3 0.4 0.5
Quality x
Fig. 1. Vapour volume fraction a as a function of thermodynamic

quality x with cj as parameter.
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Appendix [.A. Coefficients and right hand side of the Poisson equation (6.15) describing
the coolant pressure distribution (implicit formulation)

The following conventions are used

(1) Surface permeabilities are referred to as ¥, { and  for the radial, axial and azimuthal
directions, respectively. ¢ denotes the volume porosity.

(2) Mesh lengths are Ar, Az, As.

(3) The geometry coefficients cq are defined as follows:

(a) for the radial direction: F = ¢; = Sy/Sp, where Sy, is the area of the inner or outer
boundary surface, Sy, the mid area. We use the FORTRAN symbols FACCM and
FACCP for the area ratios of the inner and outer surfaces of centered cells and the
symbols FACRM, FACRP for the inner and outer surfaces of radially displaced
cells.

(b) for the axial direction:¢c, = 1

(c) for the azimuthal direction: ¢g = 1/cos B; B = angle between r-axis and azimuthal
boundary surface of control volume.

(4) Only indices different fromiorjor k are given,

(5) The bundle axis is assumed to be vertical.
The Poisson eq. (6.15) can be written:

ARt pn+1 _ Bn+1 n+l Cn+1. n+1 Dn+1_ n+1 Entl. n+l

J-1 Pj+t i-1 i+1
(I.A.1)

n+1 n+1 n+1 n+l _ n+1
- J Py — K Prer = B

When both convective and diffusive terms in the momentum equation are treated implicitly,
the coefficients of the Poisson equation (A.1) are as follows:

B"! = CKS - FWZ'L (LA.2)
n+1 __ n+1
C = CKN - FWZJ.H/2 , (I1.A.3)
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D" = ckw . FwWr"t! |
i-1/2

n+1 _ . n+1
E = CKE FWRi+1/2 ,

n+l  _ . mn+1
JN = CckTM - FWTUY

n+l . n+1
K = CKTP FWTk+1/2 ,

n
An+1 — (8/At>(apm/ap> + Bn+1 +Cn+1 + Dn+1 + En+1 +Jn+1 + Kn+1

h
m

with the definitions:
CKS = ¢ i <€V>j—1/2 /<Az' AZJ'-W)’
CKN = Zj+l/2 <8V)j+1/2 /(Az- Azj-i-l/?.) )

CKW = lpi—llz - FACCM - <Bv>i—1/2 /<Ar- Ari—l/Z)’

CKE = lPi+1/2 - FACCP - (8V>‘ /(Ar' Ari+1/2)’
i+1/2
CKTM = Ek_m (3V>k_l/2 /<As~ Ask_m~ cos Bk-uz > ,

CKTP = F’k+1/2 <8V)k+l/2 /(As- Ask+1/2- cos Bk+1/2 >,

n+1 _ w
FWZ,1p =1/,

FWR"'l = 1/q"

i1 it12
n+1 _ v
FWT, L = Vi

with
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(1.A.4)

(I.A.5)

(I.A.6)

(LA.7)

(I.A.8)

(I.A.9)

(I.A.10)

(L.A.11)

(I.A.12)

(I1.A.13)

(I1.A.14)

(I.LA.15)

(I.A.16)

(I.A.17)




w n n+1 n+1
Oy = (sV)J+1/2/At+<er|w| /(ZD")>,~+1/2+ IO'F;'+1/2,1+1/2 +G;+1/2,+1/z (H /p >j+1/2 +
+ [0,_<F’.‘“ NPRE e Lty (H /p > )] [ Fiil+ G"“(H Ip > ‘+
i—-1/2,j+1/2 i—12,j+ 12 1R m J+12
+ 0 _ F'l+1 n+1 3 n+1 n+1
[ ’ ( +a H, /e, Iy O vnaiie T G e H 2P e +
0 — n+1 n+l n+1 n+1
+l ’ (Fj+1/2,k—1/2 +GJ+1/2k 12 H ’?,, i1 +Di+1/2,j+1/2 +Di—1/2,j+1/2 +  (LA.18)
n+1 n+1 n+1 n+1
+ D, + D D ke TP i oo
a;‘+1/2:(ev> /Az+<er|u.|”/<2D,>> +[0,FT‘“ G"“(H Ip ) l +
i+ 12 ") i1 e+l i+ 12
+ |0, — Fn+1 n+1 [ 5 n+1t n+1
[ (' + G H.lp, o T Fivimive Y Civim e e, P
n+1 n+1 7
+ lo"<Fi+1/2,j—1/z TG e (Hr/pm>i+1/2 >] +
n+1 n+1
+ [O’<Fi+1/2,k+1/2 +G.+1/2 k4112 (H /o > )l +
i+1/2
n+1 n+1
+ lO <F1+1/2k vz T i e 1/2<H /p > >] +
i+1/2
Dn+1 n+1 n+1 n+1 n+1 n+1
+ D+ D + Di+1/2,j+1/2 t D e T D ik Tt D (LA.19)
U
v . n n+1 n+1
Q1= <e )k+1/2/At+<LVflUf /(ZDh>>k+1/2+ A S CHAS P 7 . i +

[ / Tn+1 ;s n+1 \]
O e O \H /p >k+1/2 J1 Tt

n+1 n+l1 e
[ O F i hre T G iiim ke (Hs/p’">k+uz ] +
+ [0,—(F’.’+1 +Ggnt! (H Ip > )] lo Frtl oy gntl (?{ Ip ) ]+
J=u2 k12 T i ke ot 12 k+1 bt \ TP )

+[0,—<F"“+G”“<ﬁ_/p > >]+
L) ¥RV

79




n+1 n+l1 nt+l n+1 n+1 n+1 (I.A.zo)
+ Di+l/2,k+1/2 + Di~1/2,k+1/2 + Dj+1/2,k+1/2 + Dj—1/2,k+1/2 + Dk+1 + D ’

The definitions of awj.1/2, auj 1/, avk.1/2 are similar. The symbol [a, b] denotes the maximum
of the two real numbers a and b. Auxiliary symbols F, G, D and H are defined as follows:

F = Af um(1 (a =rz, s) , (uma =u W, vm) , (I.A.21)
G, = A/ Gg, (uga - ula) = Af x <1——x>pm (ugu - ulq> ) (I1.A.22)
D = Af'ﬁm /<pmAlu> (Alﬂ = Ar, Az,As>, (ﬁm = pfn + pfn ) (1.A.23)

?Iq = (Hq _1>/ (1 +x<Hu —1)) (Hu =u ) (I.A.24)

The right hand side of eq. (A.1) is given by

n+1 __ " n n+1 n
R = (a/At> <(apm/ap>h p - (apm/ahm> (hm - hm > ) -
m

p
o] -~
Cjrwe Wirwp /B2 F Gy Wi p /B2
(I.A.25)
~ -~
~w._ . FACCP ¥, . /Ar+W,_  FACCM 2,_,,/Ar -
A -~
~ Srin Uhen /<As' cos Bk+1/2> & e Ve (AS' 08 By_1po )
with
2 v (S W S (.A.26)
Witye :1/0‘1'“/2(2B 9 <pm wm>ﬁ + bj+1/2>’ o
1
5 . (v = L e (LA.27)
itz :1/Gi+l/2(zﬁ % (pm ”m)B + bi+1/2)’ o
1
5 v (v W " (LA.28)
Ut :1/ak+l/2<ZB % <9m "m)B + bk+l/2>’ o
1
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and

bY :( V> ( > /AL -~ ( eV > ) .
Jjt+12 € 12 pm wm 1 & pm gz Frsy) (IA 29)
bY :( V> < > AL, A,
i+1/2 & i+ 12 pm um P12 (IA30)
b :< §v> ( ) e, .
b1 T\ e P g (L.A.31)

and similarly for Wi-1/2, Ui-1/2, Vk-1/2. The coefficients of the sums in (I1.A.26), (1.A.27)
and (I.A.28) are given by:

n+1

Tw_ T w _ pnt+l +1 o
a.; =aqa,. = [O,F +Gn (H /p + Di—l/z,j+1/2 ’ (I.A.BZ)

1 i—1,j+12 i—-1/2,j+1/2 i—-1/2,j+12 z m)i—l,j+l/2

w__ " w _ n+1 n+1l 7
Qg =0t jrin = [O’_<Fi+l/2,j+1/2 +Gi+l/2,j+l/2 (Hz/p

n+l
m>i+l,j+1/2 >] + Di+1/2,j+]_/2 ’(I-A.33)

w_ "w - n+1 n+1 ("" n+1
Q3 = %1 = [O' Fimb1e TG iim e e \_Hz/pm>j+1/2 - ] +D . ime1e 0 (1LAB4)

“w__ Tw _ n+l1 n+1l o . n+1
YT Y T [O’ “(Fj+1/2,k+1/2 G e ke (Hz/pm>j+1/2 b1 )] D s (LA35)

al = a_;f’_m = [O,F”H + g"t! (‘Nz/pm>j_1/2 l+ p"tl (IA.36)

T I PR el G B | R Yo 1A37)

al = ab = lO,F’”“1 + g"t! (ﬁr/pm>i_1/2 +D"FY (1.A.38)

aj = Uan = {0’_(51:1:11 + G (g’r/pm>i+3/2 >] LR (1.A.39)

ay= a:l+1/2,k-—l = [0' F?:l]/z,k_l/z +G?:1i2,k—1/2 <ﬁr/pm>k_1 ] t D?Ll/z,k_m ’ (1.A.40)
‘;Z = a?+1/2,k+1 = [O"‘(F?:;/zkn/z +G1,'1:11/2,k+1/2 (ﬁr/pnz>k+l >] + D?:lllz,k+1/2 v (LA41)
E;‘ = ‘;:'l+1/2,j_1 = [O' F?:JZ,J‘~1/2 + G?:1i2,j—1/2 <ﬁr/pm>j_1 l + D?:J:z,j—uz ’ (1.A.42)
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a |
|
el

u _ n+1 n+l1 T n+1
6~ Tivimj+1 T [0' _<Fi+1/2,j+1/2 G im e <H,-/9m>j+l >] +Divjruz 0 (1LA43)

G_LI, = a?-l,k+l/2 = [0’ F?j11/2,k+1/2 +G?-+11/2,k+1/2 <ﬁs/pm>i__l ] + D?j11/2,k+1/2 ’ (I-A-4‘4)
3= @i = [0 =P + O (ﬁs/pm)m )+ or e @A5)
E; = c:”k_w = [O,F"Jrl + gt <ﬁs/p"’)k—1/2 l + DML (I.A.46)

‘;Z = EZ+3/2 = [0"<F,;:Lll + G';:rll (gs/pm>k+3/2 )I + D'Lill g (I.A.47)

;g = 55»1,k+1/2 = {O' F;jlllz,k+1/2 + G;fllm,sz <ﬁs/pm>j_l ] + D;jll/2,k+1/2 v (LLA.48)

v _ v N n+1l n+l o n+1
Y% T Yjrrere T [0’_<Fj+1/2,k+1/2 * G iim e <Hs/pm>j+] >J D imere - (LA49)

When the diffusion terms in the momentum equation are treated explicitly, the diffusion
coefficients (D's) cancel from the following expressions

a:f’+ - eq. (1.A.18)
a;‘+ " eq.(ILA.19)
a1 eq. (I.A.20)
ay  ($=1,2,..6) eq. (I1.A.32) to (1.A.37)

ay  (B=1,2,..6)  eq.(LA38)to(LA43)

ag  (B=1,2,..6) eq. (I.A.44) to (LA .49).
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The diffusion terms appear then in the definitions of the b's coefficients eqs. (I.A.29) to
(I.A.31) which become:

bY =<8V> <p w > /At—(eVp g) +<ZA<’}1' aw/az>> -
jrue jrie N jan R AESY. m j+1

- (A< T ow/a> +<‘PA<’13 aw/ar>) —(WA<ﬁ aw/ar>> + (L.A.50)
m m i+1/2,j+1/2 m i—1/2,j+1/2
+(§A< T aw/as>> - <§A< n 6w/6s>> ,
" JH12, b+ U2 m JHU2 =172
u et
. = eV> (p u ) /AL + (CA< d au/az>> —
12 ( vz V™ ™ m 412, + 12
—<CA<§ au/62>> +<‘PA<TI 8u/6r>> —WA<TH odulor> + (L.A.51)
m i+ 12,7172 m i+1 m
+(§A<’ﬁ au/as>) - (gA<"p’ au/as>> ,
~ n Jit 12 k112 " Jiv 1/, k- 112
bY :<8V> <p v > /At + <(A< N av/az>> —
k112 k+12 N e " JH U2 R+ 172
_<§A< ’ﬁmau/az>>. +(‘PA< ﬁmav/6r>>. - (I.A.52)
J—12, k+ 172 12 k4172

——(WA<TJmav/ar>> +<F,A< 'ﬁmav/as>> - E,A<T1mau/as> .

i—12,k+112 k+1
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Appendix I.B. Coefficients and right-hand side of the Poisson equation describing
the coolant specific enthalpy distribution (implicit formulation)

We use the same conventions as in Appendix I.A. The Poisson equation for the coolant
enthalpy distribution is

AE,u+1 h,z+1 + BE,n+l hn+l + CE,n+l hn+l +DE,n+1 hn+1 +

m,j_l m»J+1 m’i_l
(I.B.1)
E,n+1 n+1 E n+1i n+1 E,n+1l n+1 _ E,n+1
+ E hm,i+1+J hm,k—l+K hm,k+1 =R ’
with
E,n+1 _ n+1 E,n+1 E n+1 n+1
A = eVp"tlAL + Y [ [O,me + G IR
a
(1.B.2)
E,n+1 E,n+1 n+1 — 3
- [0,-—<F0_U2 + GQ_I/2 /hm )] } <a = l,J,k>,
E n+l _ E n+1 E n+l n+l l
BEt! = [o, SR LA (LB.3)
En+1 _ pE,n+1 E n+1 n+1
¢ - [0’ "<Fj+1/2 + Gj+1/‘2 /hm,j+1 >] : (I.B.4)
E,n+1 _ E,n+1 E,n+1l ,;n+1
b - ‘O'Fi—llz TG i ] ' (I.B.5)
E n+1 _ E n+1 E,n+1 n+1
R A s I (LB.6)
E,n+1 _ E,n+1 E,n+1 n+1
J — [O’Fk——l/z + Gk_uz /hm,k—l ] » (I.B.7)
E,n+1 __ E n+1 E,n+1 n+1
K - [0’_<Fk+1/2 + Gk+1/2 /hm,k+1>l ’ (1.B.8)
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n

REFL = oy <@>3*! +<A <) aT/alu>>

n
p —(Af<)x oT/al >> +
m ¢ Jac1p

a+1/2

+ eV<pn+l__pn>/At +<Af<pu >>" - (Af<pumq>>n - (1.B.9)
a—V2

ma - Jat 1

n+1 " "
- A, < ~ - -
p [( r<tn t By (”g “ >>>a+,,2 (Af<um t R (”g “ >>>a_1,2 ] *

n n
+ <Af< pRoSl <ug— u, >>>a+1/2 - (Af< pRoSl (ug— u, >>>0_V2 <a:L,J,k>, (luzr,z,s>.

In equation (I.B.9) summation upon index a is implied. Furthermore we defined:

FE = (A, pmum)um : (LB.10)
Gl .= (Afx (1—x) P, (hg— h, > u, H>qm , (IB.11)
7 = (ugu lu, - 1> /(l—x (ugu lu, - 1) ) (1B.12)
B =959 (Pz - Pg> /e, (LB.13)
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Part 11
Separated Phases Model (SPM)

by M. Bottoni

1. Governing equations for the separated phases model

The model of separated phases relies upon the following modelling of the two-phase flow
regime. In each control volume for which the conservation equations are applied in the lo-
cal form and then volume-averaged, three "fields” are defined: a solid field consisting of
the fuel pins and, if any, of the hexagonal can, a liquid coolant field and a vapour field. The
calculation of the temperature distribution in the solid field is described in reference [1].

The simulation of a coolant liquid film at cladding and structure surfaces allows a descrip-
tion of dryout and rewetting sequences and the correct calculation of the cladding to cool-
ant heat transfer coefficient which depends strongly on the liquid film thickness. The frac-
tion of the liquid coolant which does not adhere as a film to the walls, is assumed to consist
of droplets carried on by the vapour flow. The dynamics of these droplets is described by
the momentum equation for the liquid phase and by an ordinary differential equation for
the collision rate between droplets. As a result we get the droplet size and concentration.

The flow regimes which are simulated in this way include: (a) slug flow for void fractions
in the range 0.6 - 0.8; (b) annular flow in which the heat transfer between wall and coolant
occurs through the liquid film at the wall; (¢) drop-annular flow, in which dryout has oc-
curred and liquid droplets are driven by a vapour flow; (d) vapour flow, after complete va-
porization of the liquid droplets.

The volume V¢ = £V occupied by the coolant is distributed between liquid and vapour ac-
cording to the following relations:

a + a, + a, = 1, (1.1)

a = a, + a, = 1- aq, (1.2)

where af, ap are the volume fractions occupied by the liquid film and liquid droplets, re-
spectively.

It is assumed that only the liquid phase is in contact with the cladding up to a void fraction
ad which corresponds to dryout. For a < aq heat transferred to the vapour phase comes
from evaporation of the liquid film, and the vapour phase always remains at saturation
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temperature. Conversely, condensation occurs when heat is transferred to the cladding
through the liquid film and the vapour phase always condenses at saturation temperature.

When a > qq (hence, the liquid film is completely evaporated) the vapour is in contact
with the wall and liquid droplets are driven by the vapour flow. The frequency of the colli-
sions of liquid droplets with each other determines their size and concentration, while the
frequency of impacts of droplets with the surface of the cladding determines the amount of
rewetting of the walls. This implies an additional cooling effect after the first dryout.
Therefore, the heat transfer to the coolant is due to evaporation of the liquid also during

this phase.

When the liquid droplets have been completely evaporated, or their concentration has be-
come so small that the frequency of impacts with the walls cannot sustain a liquid film any
longer, it is only the vapour which experiences the gain or loss of energy. At this stage the
residual liquid droplets are driven in an environment of superheated vapour and evapo-
rate rapidly. The void fraction reaches the limit a = 1, and from this time on the super-

heated vapour is treated as a perfect gas.

In the present code version flow regimes a) and b) (slug and annular flow) are fully imple-
mented. The code development for drop-annular flow has been made on the theoretical ba-
sis but not yet coded.

This physical situation can be modelled by means of a six-equations Unequal phase Veloc-
ity, Equal phase Temperature (UVET) seriated two-phase continuum, which we refer to as
the Separated Phase Model (SPM). It relies upon the following governing equations [2].

i) Continuity equations

) o i) -

(ap_g> + V- (p'v > = + M, (1.4)
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ii) Momentum equations

\'’
g

i) o (oyvw) = = [ [ 0.

.5)
; I

Vl——-[O,——M
C L kM
+ V. (prvl>—(l—a)Vp+plg-—K (vl—vg>—Rl,

i), |

1.6)
at v}+ "

p'vv>= + HO,M v —[O,—M
g8 8 !

+ V- (ngvg>—an+p'gg+KM (vl -—vg)—Rg;

iii) Energy equations

a(pl hls)

' \ (1.7)
v + V- <plhlsvl)_~q>l+ U +V - (Al (l—a)VTs>—
K" ( ’ a ar 1 v
- ‘Ivl ——vgl> + (1 -a) YRl t-a)v,- Vp,
a(Pg th) v . (p- (1.8)

+ hv>=¢+U +V-<)\GVT>+
at g 8 & g g g 8

E 2 op
+ K° {|lv, -v|]] +a— + av - Vp.
g at g

In these equations p'}, p'g are the macroscopic liquid and vapour densities defined by
' ( \
o, = (1-9) e, (1.9)

p, = ap (1.10)

where p], pg are the microscopic (physical) densities.

The symbol [a, b] represents the maximum of the two real numbers a, b.
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Uj and Ug are the power sources arising from viscous dissipation, given by terms of
the type (T: Vv). They are negligible compared with the input power sources.

¢1 and ¢g, the power sources to the liquid and vapour phases, respectively, are calculated
by assuming that a fraction Qg = nQ (0=n= 1) of the total power Q released to the coolant
vaporizes a mass M = nQ/hgy of vapour per unit volume and time, while the remaining
power fraction Q) = (1 - ) Q is released to the liquid. Thus the power sources to be insert-
ed into eqgs. (1.7) and (1.8) are

b, = —Mh + QIV,, (1.11)

¢, = Mh + Mh = Mh, (1.12)

for the liquid and vapour phase, respectively. These equations are justified in detail in sec-
tion 7.2. In a first approximation we assumed i = ag. However, the calculation experience
showed that it is more convenient, after solving the liquid enthalpy equation and deriving
the updated liquid saturation temperature T} = Tg, to use the vapour energy equation to
calculate the vapour production M under the constraint Tg = Ts. It turns out that the as-
sumption n = ag tends to be correct for large void fractions, while at boiling inception the
fraction n which implies a thermodynamic equilibrium between the phases is smaller than

(lg.

The terms containing the function KE represent the power generated by drag dissipation
at the phase interface. This contribution is generally modelled as lost by the liquid and ac-
quired by the vapour.

The assumption of thermodynamic equilibrium between the phase (Tg = T} = T) implies
that the two energy eqs (1.7) and (1.8) can be replaced by the energy equation for the mix-
ture thus reducing the model to five equations. In a separate code version we have coded
the energy equations separately for both phases in view of code developments to simula-
tion of superheated vapour with thermodynamic disequilibrium between the phases (T| =
Ts, Tg > T1). However in the following of this report we refer to the enthalpy equation for
the mixture given by equation (1.3) of Part I. The numerical treatment is as explained in
Section 11 of Part 1.
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2.

Finiie difference form of continuity equations

We treat the convective terms in equations (1.3) and (1.4) fully implicitly. Integrating
these equations over a centred cell, replacing the volume integral of the divergence term

by means of surface fluxes one derives the following finite difference forms for the liquid

and vapour phases, respectively.

i) Liquid phase

apl n+1 1
e
Uk \ gt Az,

, n+1 , n+1
¢, (pw> - ¢ (p w> +
JHI2 AT v T2 NTU ek

ijk i
1 [( , n+1 , n+1 (2 1)
+ — \pru) —-(l[JFpU> ]+ .
Ar, U ivim e ke
1 E‘plvlb n+1 ﬁp'lvl n+1
[ S E < B P
As, cosB /i j k1 cosB /i j k-1m ¥ v

ii) Vapour phase

apg n+1 1
g\ T + -
Y at /ijk Azj

, n+1 . n+l1
¢ <p w > - ¢, (p w > +
JHI2 \"878); ivipe JTVENTEE) i 1ok

ol (CLATN o) (2.2)
+ — thpU) —(l[JFpU) l+ .
Ar, ¢ 8 &)1k 88/ ujk

L L [(F’pgug>"” _ (Epgug >"+1 ] = e M
As, cosB /i ke1 cosB /i h-12 ik ik
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3. Implicit treatment of momentum conservation equations

3.1 Liquid phase

The scalar component of the momentum conservation equation (1.5) for the liquid phase in
the z-coordinate direction can be written

at (plwl> ) l(plv’q> wl]_ L, (p’aL‘l iRl UL P :

a

—RZ-KM<wl—w>—<lO,M}w—[O,—M]w> (L =rs,2).
z g l g a

Lq represent any of the coordinate directions (r, s, z in bundle geometry) and V4 is the re-

spective velocity component.

Letting
ap ‘
Slz = —(1-a) Pl P, gz—Rlz - (3.1.2)
- KM (wl—w )—([O,Mjw —[O,—M w ) (source term) ,
g l g

, awl
Jw, = (5 qu) w = W (3.1.3)

a

(convective plus diffusive flux of momentum),

equation (3.1.1) can be written

R g
g( th>+ T (leu> =8, (3.1.4)

a

Integration over the volume Vy of the fluid in a control cell yields

d - a
Jv 5<"l“’l>d"+Jv i () av = JV Sy, 4V (3.1.5)
f f a f

The control volume for the z-component of the momentum equation is obtained displacing
a centred control cell (i j k) by half-mesh in the z direction. Replacing the volume integral
of the divergence term by means of the fluxes through the cell bounding surfaces one de-

rives:
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a L}
— | pw, | dV + Jw dA — (Jw dA +
v oo \Pi 4 ! 4 !
f [i+102,j+112, k Fim12,j+12k

+[ (le>z dA_J (le> dA+f (Jw) dA - (3.1.6)

!
Ar i+ Ap ik 2 Ap i j+12k +12 §

_I (Jw) dA= JV §,dv .

A ls
fi,j+12)k —1/2 f

We discretize this equation with respect to time treating convective, diffusive, and the
pressure gradient terms fully implicitly and the friction term half-implicitly. Replacing
the surface integrals by the mean values over the surfaces, denoted by the symbols < >,
one obtains:

vl O R T

+

ij+ 12,k
n+1l ’ n+1
+ < (le>r A2 ifimjeimg — < (Jw Ar> imjruze t
n+1 n+l (38.1.7)
+ < <le>z Af> e T (le> A > le
n+1 n+1 -
* < <le>s Ar> i mpee — S <Jw) Z i u2k-12

(cV(l —a)> n
_ WAk [ aet e :
- (Pun,k “Pijk >“ <8szg > -

Az 2/ij+12k
eV n . n+1
2D, fy 1wl (pz wl)

(3

ij+ 12k

Lj+ 12,k

() (o] o

w >
8 /i j+12,k
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The averaged fluxes of the vector Jw, are evaluated with the upwind discretization
scheme given in eq. (3.1.11).

Jrt = [A (le>, dA =< Jw, Af Z U2+ 12k (3.1.8)
Fit12,j+12,k

A

¥ :
A w =
<pl I)}i+l/2,j+l/2,k

=Ap‘uw :
{flll o, Ar

! L,
{F pp w, =D A("z wl)}i+1/2,j+l/2,k ’

with the definitions:
! -
P yems = (A u,)im‘jﬂm , (3.1.9)
B
! l
ol <A ' ) . (3.1.10)
V2,4 V2 k I o ar Jivim e,k

For both u) j +1/2, j+1/2, k positive and negative, formula (3.1.8) can be written

. ~ !
Jr+ = [O’Fi+1/2.j+1/2,k] (pl wl>ij+1/2k - (3.1.11)
Z 1
- [0' ‘Fi+1/2,j+1/2,k] (pl wl>i+1j+1/2k *

l t 1]
+ D . { <p w > - (p w ) } .
i+ 12,j+ 172,k Eol )ik Ll vt jvime
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Using again the following subscripts to index the central node considered and the six
neighbouring nodes in the three coordinate directions:

0 for i,j+1/2,k
for i-1,j+1/2,k
for i+1,j+1/2,k
for 1,j+1/2,k-1
for 1,j+1/2,k+1
for 1,j-1/2,k

for 1,j+3/2,k,

S O b O N

the flux Jr+ and, similarly, the other onesin eq. (3.1.7) can be written:

Jr+ = [A <le>r dA = < (le>r . Af >i+1/2.j+1/2,k = (3.1.12a)
fitl2,j+12,k

—_ l ' ! ‘'
- [O’Fi+1/2,j+112,kl <Pz wz>0 - [O'_Fi+1/2,j+1/2,k] <pz wz)z +

l 1 1
+Di+1/2,j+1/2,k{(pl w1>0 - <pz w1>2 } ’

Jr— = IA (le>l' dA = < (le>l‘ . Af >i-—l/2,j+1/2,k = (3.1.12b)
fio12,j+ U2k

— ! ' ! !
= lO’Fi—l/z,jH/z,kl <pl wz>1 - [0’_Fi—1/2,j+1/2,k] <p1 w1>0 +

l L} 1
+Di—1/2,j+1/2,k[<pl “’1>1 - (pz w1>0 } ’

) dA = < (le> - AL > = (3.1.12¢)
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ot = JA (le>s dA = < (le>s CAL T iipprn T
£t k12

= [O,Fl,

' !
P12 k12 (pt w1>0 - lo’_Fi,j+1/2,k+1/2

! ' ‘
+Di,j+1/2,k+1/2l(pl w1>0 - (pz wl>4 ] ’

Js— = JA (le>s dA = < (sz>s CAL ket T
f i+ 12, k=12

— l ' ! '
- [O’Fi,j+1/2,k—1/2] <pz w1>3 - [0’ _Fi,j+1/2,k—1/2} <pl w1>0 *

l ] )
T Dy e k-1 { <pl Y >3 - (pz wz>0 }

The full expressions of the convection terms Fl in the previous equations are
!
F = (A u > = (lp As Az u >
+ . >
PEV2 12,k i g, jeuzk Vit jrint

! ;
o - <A w) = ((ArAsw) ,
i, j+1,k fl L+l k ¢ i+, k

i

!
F (A w> = (CAr Asw) ,
bk F gk Yijk

L - v = Ar Az v .
+
i jF12 k£ 12 P ivum et 1 cos i jeuz e+ 12
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(3.1.12d)

(3.1.12e)

(3.1.12f)

(3.1.13)

(3.1.14a)

(3.1.14b)

(3.1.15)




The diffusion coefficients are given by

A Az As
o (s o s 19
iX1/2, j+ 12,k p,Ar Jixim ik p, Ar it 12,j+ U2,k
A R CAI' As H
o ( P ,>‘ L ( 1> (3.1.17)
LJ » ! LJ ’ ' i, '
) p, Az . p, Az i j+Lk
) ! U ! )
A & Az Ar
o= (), = (2222
Lt Y2, Rt 12 p,As Jij+12, k12 p'l As 7L+ 12,k 112

Introducing the convective and diffusive fluxes (3.1.12) evaluated at time level
n + linto (3.1.7) and rearranging, one derives

n+1( €V), eV
: n ln+1 [ plin+1 3.1.19
(pl wl>0 [ At + ( 2Dh fl lwll >0+ [O’Fi+1/2,j+l/2,k ]+|0’ (Fi—UZ,j+1/2,k>] + ( )

L,n+l L,n+1l | Ln+1 I,n+1
+ IO’Fi,j+1,k ]+ [0’—(Fij k >J+ [O’Fi,j+1/2,k+1/2 ]+ lO, _<Fi,j+1/2,k—1/2)‘ +

Ln+1l l,n+l Ln+1l Ln+l L,n+1l Ln+1 _
+ Di+1/2,j+1/2,k + Di—l/2j+l/2,k + DiJ+l,k + Dij k + Di,j+l/2,k+1/2 + Dij+l/2,k—1/2 }

n+1
! l,n+1 {,n+1 _
- (Pz wz> HO'Fi_m,jH/z.k }“L D vm e }
n+1 )
! l,n+1 l,n+1 _
- (pl w1> 1 0= K o+ 12,k J+ Dk, jv1m e }

! ntl Ln+1
- (pl wz) [0’ Friv

+ phrt! } -

ijk

IR ln+l Lin+l

Wn n _

- (pl wz>6 {IO’_Fi,j+l,k ] Dl }

! ntl L,n+1 Lin+t

J,n n _

_(pz wz) { lO'I'i,jH/z,k—l/z ] D v, k-2 }

Ln+1 _
+ Di,j+1/2,k+1/2 ] -

BAUAE L+t
n
—<pl w1>4 [ lo’—Fi,j+l/2,k+1/2
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' n ) n eV
_ - n+1l n+1 _

n+1

- ev<[o,M]w[ - [0,—M

n+1
o
ij+ 12,k E /i j+12,k

This equation can be written in the compact form

n+1
— pw _gw [ n+l _ o+l 3Jﬂ20
o = by —dp (pi‘j+l,k Pii ) ( )

w . n+1 6 w ,
%o (pz w1> - ZB % <pz wz)

B

with the following definitions of the coefficients :

o V), . < eV £ lw |n> N {0 plint ]+ IO _ plntt ] L (3.1.21a)

10 AL ap, 111 )T D e T ik

e Jorgty [+ fommr e fortyhnn |+ o mith ] +

+ Df‘+nf;2}j+1/z,k + Dﬁ’_n1723'+1/2,k + Df‘],f:-llk + Dﬁ}n:l + Df:j,fl/lz,kn/z + Df:j'fulz,k—l/z ,
a = { O’Fi’—nlgfj+l/2,k l + Dﬁ'—ngtjﬂ/z,k } (3.1.21b)
a, = { O’—Fﬁ,::/;j+1/2,k ] * Dif;?}j*—l/zk } ’ (3.1.21c)
ay = HO’Ff:;:ll/z,k-uz ]+ Dﬁ:;:liZ,k—llz } ’ (3.1.21d)
R | Lo N |entnst i | (3.1.21e)
al = Ho, A Dﬁ'j"k“ } (3.1.216)
@ = HO’—Ff:}‘L‘,k] D } (3.1.21g)
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; ) ) (3.1.21h)
b = g <plwl)_<evplgz> -

(3.1.22)
Defining
A L R (I (3.1.23)
“’1627{ ZB “13(91“’1) + by }’ o
a, 1 g
= Ao _ 1 (L‘M) (3.1.24)
6 = ,
oo M
equation (3.1.20) can be written
( ! w ntl _ l/u\ d® n+1 n+1 (3 125&)
P w ieven s T e Pijerk “Pije - o
Similarly one derives for the radial and azimuthal components of the momentum
equation for the liquid phase
( ! u >n+1 _ Q o < n+1 _ ol > (3 1 25b)
Py Uivimje 27 Pivvrjoe " Piju ) e
<p 0 S S <p',‘+.1 _ ot (3.1.25¢)
l l/i,j,k+1/2 14 14 i, jk+1 ijk / ’ ’
with
b LS (L) (3.1.26)
Y2 T T p Y \Pr % 0 | o
a, 1 B
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6
A 1 , n+1
g {ZB U <"1 "z) + by } : (3.1.27)
%0 1 B
1 1-a)eV
I ( A ) ’ (3.1.28)
G itk r i+172,), k
1 1-a)eV
K . ( As ) : ' (3.1.29)
@i g k12 ij, k+12

For the three components of the momentum equations, written for control volumes

displaced by half-cell in the respective backward direction, one has (with similar
definitions of symbols):

n+1

¢ A u n+l n+1

p u> = u, —-d (p.‘ -p >, (3.1.30a)
( [ i~ 12,k 1 1 ijk i-1,j k

< ' ntl A v ( n+1 n+1

_ 1

Py U’>s,j,k_x/2 = Uy = g \Piji T Pija > ' (3.1.30b)
( ' >"+1 A w [ _n+1 +1

p, w = w, - d (p.'. - p" > (3.1.30¢)

[} 12,k 15 5 \"ijk iL,j-Lk
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3.2 Vapour phase

The scalar component of the momentum conservation equation (1.6) for the vapour
phase in the z-coordinate direction can be written

a [ d [ d awg _ 3p ' (321)

at (pgwg} T [(nggq) wg] T (pgaLu > T 0 TR

- R+ e (wl —wg) + ( [O,Ml w, — IO,—-M‘ wg> (L, = rs2).

Letting
IR
ng = - a— -9, gz—Rgz + (3.2.2)
+ KM(wl—w >+([O,M}w —[0,—-le ) (source term),
; &8 ; ! 8
\ awg

Jwg(1 = <pg Vgu>wg - Y, Ez;' (8.2.3)

(convective plus diffusive flux of momentum),

equation (3.2.1) can be written

d [ ad ‘
at <pgwg>+ oL (Jwgﬂ> = S (3.2.4)

a

Integration over the volume Vy of the fluid in a control cell yields

d ' d
|, & (e )ave |, (g )ave | s av S0

The control volume for the z-component of the momentum equation is obtained displacing
a centred control cell (i j k) by half-mesh in the z direction. Replacing the volume integral
of the divergence term by means of the fluxes through the cell bounding surfaces one de-
rives:
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d '
I —<pw>dv+[ <Jw> dA—[ (Jw) dA +
v, o\ & & A € A £/,
f fi+12,j+1/2,k fi—12,j+12,k

r

(s0,), 4 - @20

§

+ J <Jwg> dA —[ (Jwg) dA+J

AfiitLk A ik z Ar i vk +12

—[ (Jwg) dA= [ ngdV .
Ari itk —12 § Ve

We discretize this equation with respect to time treating convective, diffusive, and the
pressure gradient terms fully implicitly and the friction term half-implicitly. Replacing
the surface integrals by the mean values over the surfaces, denoted by the symbols < >,

one obtains:
()
ij+12,k

+

. n+1 ( . n
<pgwg> - ,pgwg>

At ij+ 12,k
n+1 n+1
t< (Jwg>r Ar> ivimjrime T < (J“’g)r Ar> Cipjrme
n+1 n+1 (327)
+ < Jwg>z Af> Y < (Jwg)z Af> ik +
n+1 ' n+1 _
< (’]“’g>s Ap> jeimpre < (Jwg>s ApZ Ljrini-1n T
eVa> n
ij+12k [ pyy nt ( - )
e ——— v —p. — 174 —
Az <p'J+1’k Pij ) AL P+ 12,k
eV n( ' n+l
N {2Dh fg T " e, “’g> ity T

+ (eV) KM (wl - w ) +
i 12k /i i+12k

+ <8V> . (lO,M]wl—IO,-—M w ) .
i j+12,k & /i j+u2k

The averaged fluxes of the vector Jwy, are evaluated with the following upwind discretiza-
tion scheme:
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v = A (Jwé-’> dA = < dJw, - A > ipivime T (3.2.8)
fi+1/2,j+12k r

A, p .
= A uw - f g Alp w =
B fpg g e ' Pg Wl livi,j+1mk
pgAr

_ lpe . _pE.
B [F Py w, =D A (pg wg)}i+l/2,j+1/2,k .
with the definitions:

FY iimgrime = (Af ug>i+1/2,j+l/2.k s (3.2.9)

)

g (3.2.10)

p'gAr >i+1/2,j+1/2,k

Df+1/2,j+1/2,k - ( A

For both ug i+ 1/2,j+1/2, k positive and negative, formula (3.2.8) can be written

Jr+ = [O’Ff+1/2,j+1/2,k] <pg wg>ij+l/2k - (8.2.11)

- |0, -F% . ] (P' w > *
[ i+12,j+ 12,k E/iv1,j+12,k

+ D% . {(p'w> —(p'w> }
i+112,j+ 12,k 8 8] ivimk € E/iv1,j+1Rk

With the usual indexing conventions the fluxes can be written:

Jr+ = IA (Jwg)r dA = < (Jwg)r : Af >i+1/2,j+1/2,k = (3.2.123)
fi+12,j+1/2,k

o
lO’Fi+i/'2,j+1/‘2,k

(D; w_\ - [0,—F$ ,n/zkl (g g>2

* DY e jeim { (pg wg>0 - (pg wg>2 } ’
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