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Summary

The computer programme BLOW-3A describes sodium boiling phenomena in sub-
assemblies of fast breeder reactors as well as in in-pile or out-of=-pile
experiments simulating different failure conditions. This report presents
a complete documentation of the code from three main viewpoints: the theo-
retical foundations of the programme are first described with particular
reference to the most recent developments; the structure of the programme
is then explained in all details necessary for the user to get a rapid
acquaintance with it; eventually several examples of the programme valida-
tion are discussed thus enabling the reader to acquire a full picture of
the possible applications of the code and at the same time to know its

validity range.

BLOW-3A, ein theoretisches Modell zur Beschreibung transienter Zweiphasen-—

bedingungen in KiithlkanZilen natriumgekiihlter schneller Brutreaktoren

Zusammenfassung

Das Rechenprogramm BLOW-3A beschreibt Natriumsiedeph#nomene sowohl in
Brennelementen von schnellen Brutreaktoren als auch in Experimenten, in
denen in Testreaktoren oder Versuchsstidnden unterschiedliche Fehlerur-
sachen der Kiihlung simuliert werden. Der vorliegende Bericht stellt eine
vollstdndige Dokumentation des Rechenprogramms dar. Drei Bereiche wer=
den hervorgehoben: Darstellung der theoretischen Grundlagen des Rechen-
programms unter besonderer Beriicksichtigung neuerer Entwicklungsarbeiten;
Detaillierte Erklirung der Programmstruktur, um den Benutzer mit BLOW-3A
bekannt zu machen; Diskussion einiger Anwendungsbeispiele des Programms,
die zur Programmvalidierung herangezogen wurden. Dadurch kann der Leser
einen vollen Uberblick iiber den moéglichen Anwendungsbereich des Programms

und seine Grenzen bekommen.
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Introdu

ction

The com
in fast

conditi

puter programme BLOW-3A aims at describing sodium boiling phenomena
breeder reactor subassemblies as consequence of different failure

ons. These concern especially integral mass flow reduction, single

subassembly inlet blockages and mild or rapid reactivity transients. The

programme is based on a theoretical approach assuming a multiple bubble

slug ej

concent

ection model as documented in /1/. Originally the BLOW-3 programme

rated on the theoretical description of boiling initiated after

achievement of moderate up to large superheat of single phase sodium. The

current

regard

version BLOW-3A preserves this feature but has been improved with

to several aspects. These are:
allowance of negligible superheat prior to boiling onset,

calculation of the behaviour of liquid film remaining

on structure surfaces after boiling initialization,

modified calculation of vapour pressure distribution inside

large continuous two phase flow regions,.

application of different approximations for the determination
of the two-phase friction coefficient at the liquid-vapour

interface,

calculation of single phase compressibility effects in case

of extreme rapid coolant heat-up,

calculation of heat and mass exchange between upper liquid

slugs or vapour regions with an upper plenum,

allowance for clad melting phenomena after dry-out.

The new code version has been used extensively for theoretical interpreta-

tion of
special
ditions
from te

to the

in-pile and out-of-pile experiments /3,5,19,26,30/. These required
extensions of the programme to simulate various experimental con-
appropriately. Examples are capabilities to simulate heat losses
st sections to outer structures as well as leakage flows parallel

main mass flow through the test section.




To allow for easy comparison of calculated and experimental results of the
various experiments investigated in detail, special plotting capabilities
were linked to the programme as well as an independent function library

for material data.

This report gives a detailed documentation of the theoretical model upon
which the code BLOW-3A is based as well as programming details. It should
enable potential ueers to get acquainted with the code and servesas well as
a basis for introduction of modifications if found to be necessary. For the
sake of completness, the full set of equations describing the temperature
distributions.in fuel, clad, coolant and structure is given as well as the
equations describing the transient single-phase and two-phase flow be-
haviour. The numerical treatment as well as programming details are given.
References /1/ and /4/ nevertheless still serve as the basic documentation

of the theoretical background of the model.

In part II of this report details about specific aspects of the theoretical
approximation of the code are presented. Special attention has been given
to topics which have been either basically revised or newly implemented in
the BLOW-3A version if compared to the BLOW-3 code. Part III affords to

the user a description of the overall sfructure of the BLOW-3A programme
and detailed explanations of individual subroutines. A list of all FORTRAN-
symbols used in the code can be found in section ITII-3. Several examples

of applications of the BLOW-3A code are given in part‘IV.

Though extensive effort has been put into the theoretical development and
the experimental validation of the current code version, application of the
code still has some limitations. First of all successful application needs
careful determination of input: variables according to the use of these data
for approximation of real conditions in reactor subassemblies or test sec—
tions. Second, verification of experimental results can only be expected,

if the flow regime in the two-phase flow zone quickly approachesa churn-
turbulent, an annular or dispersed annular flow. Quickly in this sense means
in time periods which are short if compared to the overall boiling time
sequence of interest. Due to our experience'this is. fullfilled in all cases
in which bulk coolant temperatures cross * saturation conditions of the
coolant quickly and in which radial coolant temperature distributions inside
the simulated test sections or subassemblies are small or moderate. Difficul-
ties might arise when transient conditions are investigated in which satura-

tion of the bulk coolant is just reached and kept constant. Beyond that it is




prudent to list some deficiencies of the current model. These are:
- sodium vapour superheat cannot be taken into account,

~ radiative heat transfer from dried-out regions to enclosing

structures is not modelled,

=~ heat transfer from dried-out regions to the vapour flow is only

crudely approximated,

- in cases of fuel pins no fission gas release as consequence of

potential clad failures.is gimulated,

- hydraulic coupling of the two-phase flow phenomena to neigh-
bouring coolant flow paths (by-pass flow, subassemblies etc.)
can only be taken into account by appropriate specification of

input data.

These items limit to some extent the application of the BLOW-3A programme.
Nevertheless, if proper cafe'is taken on these limitations, BLOW-3A has
been proven to be an excellent tool for the investigation of two-phase
flow phenomena either for predictive analysis or to support interpreta-

tion of experimental results.




Part I) Summary of the main topics implemented in the BLOW-3A programme

The main programme improvements with respect to the previous BLOW-3 programme

version, concern the following topics:

i) Applicability to reactor or experimental conditions characterized

by small superheat at boiling inception

The BLOW-3 version worked optimally in case of large superheat when at
boiling inception a long vapour bubble is generated. In case of small super-
heat a short vapour bubble is produced at the top end of the heated zone of
the coolant channel and rapidly drawn upwards into the upper cooler region
where it may totally recondense. The code structure had therefore to be
revised by allowing the calculation to switch from two-phase to sin—

gle phase flow. with subsequent re-initialization of respective subroutines.
Moreover, setting on of boiling with small superheat is characterized by

the formation of a number of small bubbles (in a flow regime modelled as
slug flow) which may either collapse or coalesce in a great variety of cases
which are not normally described by modelling an annular flow. A number of
subroutines have therefore been revised to describe all possible cases of
interactions among small bubbles in the same or adjacent axial mesh zones.
The initial boiling sequence is dealt with by the new code version with

greater accuracy.

ii) Correct solution of continuity equation for coolant single phase flow

In a loss of flow experiment simulating rapid mass flow reduction tempera=
ture gradients along the coolant may change rapidly. In these cases an exact
solution of the continuity equation for the coolant 3p(z,t)/3t+3G(z,t)/3z=0
is necessary. The space-time dependent density variation leads to an axial
mass flow redistribution. For relative slow mass flow variations the in-
fluence of time dependent density variations on single phase mass flow di-
stributions can be neglected. On the contrary, with quick coolant temperature
and density variations the exact solution of the continuity equation leads
to a mass flow axial distribution which differs locally some percents from
the worth obtained by simply assuming G = const. This difference might be
not negligible if very great accuracy should be reached in the single phase

flow domain to simulate the proper initiating conditions for boiling. In the




theoretical interpretation of experiments where the ratio power to coolant
mass flow is very close to the critical worth which allows boiling the

correct solution of the coolant continuity equation may be compulsory to meet

the conditions for boiling initialization.

The subprogram ITCl, which solves the continuity equation f£or the coolant

in the single phase flow domain, as explained in section II-C-2.2.3 has been
improved to afford its exact solution., The modified version of this subprogram-
me introduces the computed value of the mass flux G into the momentum equation
on the basis of an iteration process which will is explained in detail in sec-
tion II-C.2.2.2. In case the coolant temperature varies slowly with time, the
iteration acheme provides very quickly the solution of the approximate equa-

tion 9G/9t=0, without a remarkable increase of the required computing time.

iii) Determination of heat losses in radial direction

One of the most salient characteristic of experiments, which distinguish
them from a typical reactor channel, is the presence of heat losses beyond
the outer structure wall to the bounding medium. Taking into account in the
code BLOW-3 the power losses,implied dropping the limiting assumption of
adiabatic structure and implementing the subprogrammes dealing with the
stationary and transient temperature distributions. Moreover, in practical
cases, an overall heat transfer coefficient from the structure to the outer
medium must be either estimated or calculated taking into account the physi-
cal characteristics of the experimental rig. A typical example of such a cal-
culation for an experiment where the pin structure looses power to a by-pass
flow through a series of intermediate layers comprising a vacuum gap is pre-
sented in section II-C-3,3.3.

iv) Representation of a leakage flow in parallel to the main coolant

flow through the test section

Some experimental test sections are characterized by an undesired leakage
flow in parallel to the channel flow. The leakage is normally negligible
under single phase flow conditions but rises after boiling inception due
to the increased frictional pressure drops in the two phase flow region.
The leakage flow has a destabilizing effect on the coolant mass flux in-

ducing large amplitude variations which superimpose on the slug oscilla-



tions due to boiling phenomena. These effects have been taken into account
by introducing a variable pressure drop coefficient for the inlet valve
under the assumption that friction pressure gradients in the leakage path
dominate the acceleration pressure drops. Details of this calculation are
presented in section II-C-3.4. The programme provides an option for the
user to calculate either with the standard version or with the simulation

of the leakage path.

V) Clad temperature distribution during melting or solidification

The discrete approach used to calculate the temperature distribution in the
fuel pin during fusion or solidification has been applied to the clad material,
If a calculated node temperature exceeds the fusion temperature by AT the
account of energy AQ = cp AT is assumed as part of the latent heat necessary
to melt the clad material associated to the node. A correction of the node
temperature is applied which resets it back to the fusion temperature as long
as the sum of the latent heat made available over comsecutive calculations
does not exceed the heat necessary to melt the mass of material associated
to: the mode. Similar considerations apply obviously in case the clad tempera-
ture decreases below the fusion temperature, the latent heat being in this
case liberated during the solidifying process. Programming details about

this mechanism are given in section II-C=2.4,

The above computation model is essentially discontinuous, as it assumes time
and space discretization. An alternative calculation method, based on an
analytical treatment of the problem of the temperature distribution in a

melting clad has been presented in /6/.

vi) Calculation of two phase pressure drop multipliers for low quality

sodium vapour flow

In a well developed annular flow regime, the thickness of the liquid film
separating clad or structure surfaces from the flowing vapour increases in
the upper non heated section of the test channel, due to vapour condensation
on the cold surfaces. The resulting void fraction is small. A new calcula-
tion of two phase pressure drop has been performed which applies the concept
of two phase multipliers, normally introduced for homogeneous flow, to the

multiple bubbles model upon which the BLOW code is based. The application




of the Lockhart-Martinelli correlation /7/ has afforded in case of low quality

better fitting of theoretical pressure distribution with experimental data.

Details of the above calculation are given in section II-C-2,3.5.

vii)  Calculation of liquid film velocity

The above mentioned calculation of two phase pressure drop multipliers has

been carried out applying an iterative scheme which computes at the same time
the interfacial shear stresses between liquid film and vapour and the velocity
distribution across the liquid film. The latter calculation is based upon the
application of the relationships of the boundary layer theory under the assump-

tions that the two phase flow can be represented by the separate cylinders model.

Details of this calculation are given in section II-C-2.3.5. The knowledge of
the velocity distribution across the liquid film, hence of the mean liquid
film velocity has allowed the correct solution of the continuity equation

for the liquid phase in the two phase flow region and the

viii) Calculation of liquid film thickness taking into account the liquid

film velocity

The calculation of liquid film thickness was based, in the BLOW-3 code, on
the model of "static" film, in which the film velocity is considered to be

negligible, Actually, the film velocity was not computed.

The calculation of two phase multipliers, explained in section II-C-2.3.5,
affords also the axial distribution of liquid film velocity. This allowed

a new computation of space and time distribution of film thickness which
takes into account the film velocity and therefore replaces the "static"
film model. The new model of moving liquid film has been coupled to BLOW-3A

and can be used as a new option.

ix) Revision of the numerical scheme to solve the c¢oupled eénergy and

momentum equations for the wvapour phase

The numerical solution of the coupled energy and momentum equations which
determine the time and space distributionsof vapour pressure and temperature
in the vapour bubbles represents the most arduous task of all numerical pro-

cedures used in the code. Numerical instabilities may arise when bubbles ex-




tend over a large section of the channel, from the hot central region with
high vapour production rate to colder upper regions where strong vapour con—
densation occurs. Another source of instabilities may be the passage of a

liquid slug through dried out clad regions with large vapour production rate,

As the rate of mass emchange by vaporization or condensation depends strongly
on the temperature, small numerical fluctuation of the temperature may have
large effects on the mass exchange between the phases, thus amplifying small
numerical inaccuracies which otherwise would be negligible., These difficul-
ties are enhanced when the exchange of mass varies rapidly with time as it

may occur when the phase boundaries moving in axial direction pass an eulerian
mesh boundary and reach a new mesh zone with structure or clad temperature

which differ considerably from those of the adjacent zone.

The numerical scheme used to solve the energy and momentum equation for the
vapour phése has been revised. An automatic procedure has been set up which
allows a more refined calculation (with three axial nodes within every mesh
zone) in case the axial pressure gradients in the vapour exceed a given thres-—
hold. Furthermore the Reynolds flux concept /8/ to describe the momentum ex-—
change between the vapour and liquid phases by vaporization and condensation
has been revised from the viewpoint of its applicability in the momentum

equation.

Details about this improved numerical scheme are given in section II-C-2.3,2.

x) Calculation of heat and mass exchange between upper liquid slug

and coolant in upper plenum

The coolant temperature in the uppermost cells of the test section depends

on the upper plenum temperature when flow oscillations determine the re-entry
of the uppermost liquid slug. The assumption of constant plenum temperature
has been dropped and replaced by a:calculation model which takes into account
the heat and mass exchange between a properly defined control volume laying
above the uppermost liquid slug and the bulk of the liquid in the plenum it~

self. Details of this calculation are given in section II-C-3.2,

xi) Radial power distribution in the fuel

With respect to the BLOW-3 version, a new representation of radial power di-
stribution in the fuel has been introduced. It is compulsory in case of theo-—

retical interpretation of electrically heated experiments where the power




generation is normally concentrated on a fraction of the heaters radius.

Details are given in the input description.

xii) Evaluation of numerical results by means of a plotting facility

An optional automatic plotting facility has been linked to the BLOW-3A code.
It allows to produce on request three sets of plots referred to as "standard",
"bubbly" and "optional" plots. The standard set of plots, which is quite in-
dependent on the particular calculation performed includes inlet mass flow
and fuel, clad, coolant, structure temperatures against time., All tempera-
tures are plotted for the node with the stationary top power generation
(refered toas NMP) and the node with the stationary largest coolant tem—

perature (MPEAK).

7

The bubbly plot produces one large scale plot showing the bubble boundaries
against time. It allows following with large accuracy the bubble generation

and evolution.

The optional plot has to be programmed by the user for its particular pro-—
blem. It may be used for instance to plot the precise temperature corres-
ponding to the positions of the thermocouples which do not coincide in
general with the nodes locations. Further application can be made to plot
channel characteristics as pressure drops against channel flow (and similar

plots) assuming time as parameter.

xiii) Independent functions library

A small library for materials physical properties has been built up in-
cluding the only functions of interest for BLOW-3 calculations. The pro-
gram has therefore been made independent from the large library called
MAPLIB /9/ which was organized with several levels of calling subprograms.
Fast access to the new small library has increased the program speed of
calculation by a factor 2. Information about the functions available in

the standard BLOW-3A version are given in section III-2.3.
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Part II) The physical model and its application

A) Description of the test section

For applications of the calculation model to reactor conditioms, the reactor
core is ideally divided in concentric annular regions, where, for symmetry
reagons, the temperature fields are equal for all pin elements and coolant
subchannels. An annular region can therefore be represented by a single fuel
pin with an equivalent annular coolant flow area bounded by a cylindrical
layer of structural material, The symmetry around the axis lets dropping the
azimuthal coordinate. As the temperature gradients in radial directions are
far stronger than those in axial directions, only heat diffusion in radial
direction is considered. The channel length is divided in a number of axial
segments for which one-dimensional (in the r—coordinate) equations of heat
diffusion are applied. In the coolant neither radial ner axial heat conduc-
tion are taken into consideration as this energy transfer is negligible with
respect to the ftransport due to the coolant flow. The energy transfer from
coolant to clad and structure affords therefore the coupling between the

axial meshes of the channels.

Application of the model to different conditions, for instance in pile or
out of pile experiments, is straightforward in case of single pin expefi—
ments with powered central pin (electrically heated or with nuclear fuel)
and annular flow channel for the coolant. Otherwise, when the experimental
geometry is different, as in the case of pin bundles, the programme user
must first define an equivalent cylindrical channel where the masses of
the materials involved (fuel, clad, coolant and structure) and the sur-
faces for heat exchange are representative of the real experimental con-
ditions. An example of definition of an equivalent channel from a bundle

geometry is given in section II-C-3.,5,

A typical equivalent channel configuration is shown in the scheme of Fig. 1,
with reference to the geometry of SNR type reactor having a lower fission
gas plenum. As shown in this figure, a mixing chamber at pin outlet with

a different flow area and surface to volume ratio for the structure can be

modelled.

The channel is divided in up to 30 meshes in axial direction. Radial heat
conduction is considered in fuel, clad and structure. In the coolant heat
conduction is negligible with respect to convective heat transfer which
affords the coupling between the axial meshes of the channel. Within an

axial mesh up to 11 nodes are considered in radial direction in the fuel,
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Fig. 1: Geometrical «configuration of the tast section modelled in the

BLOW-3A programme.
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3 nodes in the clad, 1 for the coolant and 1 for the structural material.
The one-dimensional heat diffusion equations are solved rigorously for
fuel and clad while the assumption of a linear temperature profile in

the structure is made.

In case of coolant reentry, the calculation of the temperature in the upper-
most axial mesh requires the knowledge of coolant temperature in the region
above it., This is computed modelling the heat and mass exchange between the
upper liquid slug and the coolant in a suitable control volume in the upper

plenum.

The up to ten equivalent channels are coupled by the pressure boundary con-
ditions at inlet and outlet and by the common inlet temperature and steady
state outlet temperature. Radial interaction of :the channels cannot be simu-
lated. The coupling between the cannels and the coolant primary loop is

provided by the consideration of upper and lower inertial reduced lengths.

The main accident conditions which can be modelled by appropriate choice

of the boundary conditions are lossvof flow (LOF), simulating pump failure
or pipe rupture, or a whole core power perturbation resulting from reacti-
vity insertion. Partial'flowﬁblockage can be simulated by increasing the

coefficient for the calculation of the pressure drop in the inlet orifice.

. B) The basic equations

The complete set of equations describing the temperature distributions in
the fuel, clad, coolant and structure material as well as the dynamic of
the coolant are reported in this section. The reader is remanded to /1/

for details and their derivation.
1) Fuel

The equation describing the space and time temperature distribution in

the fuel is (without taking into account heat conduction in axial direc-
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tion):
aT 9T .. oT .
9 B 1 B - . B
. J— — N = [ —— 0
5w P83 ) TT M o T 9T P ch —oF (x#0)
where TB = TB(r,t)
= AB(r:t)
pg = pglr,t)
c. = c_ (r,t)
RS Py
- and qp = qB(r,t) is a given input function

with the boundary condition

oT
B - wn
(AB 5t RB = Opy L_TB(t,RB) TH(t,RHi)_J
and the initial condition
TB(r,o) = TBo(r)
On the fuel axis it holds:
32TB , T
2\, —= + q, = p_ ¢ — (r=0)
B 8r2 B B Py ot

with a symmetry condition

oT
=2)

or “r=0

|
@]

In the above equations symbols are defined as follows:

cPB = fuel specific heat (J/kgOC}

g = specific power generated in the fuel (W/m3)

r = radial coordinate (m)

R, = fuel outer radius

Ry = radius of the inner clad surface

t = time (s)

TB = fuel temperature;(oC)

T = clad temperature o)

dpy = fuelwclad heat transfer coefficdent (W/m2 °c)
A = fuel thermal conductivity (W/m°C)

= fuel density (kg/ms)

(1)

(2)

(3)

(4)

(5)
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2) GCladding

The equation describing space and time temperature distribution in the clad

is
D ¢ 8Tgy . 1. 3Ty _ dTH
or (AH ar) * b AH ot * Iy pHCpH at (6)
with the boundary conditions
o, [T (E,R) = T (£,R )7 = - (A 2iby )
gy L Tp(tsRp) = Ty(E,Ryy) H 30 R,
i
oy By = o [TT(e,R )T (6)_] 8)
H O or'Ry, i £ Tp(EsRy,) T (B)
and the initial condition
Ty(r,0) = T, (x) %)
Symbols are defined as follows:
Cp = gpecific heat of clad material (J/kgoc)
R
ay = gpecific power generated in the clad (W/m3)
RB = fuel outer radius (m)
RHi = yadius of inner-clad surface (m)
RHa = radius of outer clad surface (m)
TB = fuel temperature °c)
TH = c¢lad temperature (°c)
TK = coolant temperature °c)
Gpy = fuel-clad heat transfer coefficient (W/m2°C)
Ay = thermal conductivity of clad material (W/m°C)

= density of clad material (kg/m3)

3) Coolant
a) Single phase flow

The continuity, momentum and energy equations for the coolant single phase

flow are:

d
pK(z,t) SGK(z,t)

= ' 10
at * YA 0 (10)
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2 G

-a-i(- + L (EK_) = = .?.B < f Jﬁ(l K f— gp R (11)
ot 3z Px 52 2 D_ e UK

oH 9,

K

_K _K 12
’k 3t T Sk 32 ok (12)
with

ZWRHa - = 'ansi ' - 5

= —e————— . . o . - ]

b T omE o ETR(Es Ry) - Tp(e) o+ qp - o LT (E) - T(e) /0 (13)

The above set of equations (10) to (12) is closed by the equation of state

i (2,8) = € oy (2,8), pp (2,8) /. (14)

Boundary conditions are the inlet and outlet pressures

pei (z =0, t) (15)
pa (Z = L, t)

while the initial conditions

Px (z,0)
Px (z,0) (16)
UK (Z,O)

HK (z,0)
are supplied by the solution of the stationary equation (see section II-€-1)

The coolant transient temperature distribution TK (z,t) is known from iK (z,t)

and P (z,t).
b) Two phase flow
For a liquid slug between two vapour bubbles of index K, K + 1 the above

equations (10) to (13) hold.

The continuity equation is anyway always solved under the approximating
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assumption that the time derivative of the coolant density in the slugs is

negligible, hence:

dGg
— =0 (12)

dz

Integration of the momentum equation over the slug length LK gives

de
R ) s I o
' o T Puzx T Puiren T Ok -
Pg1, k+1 PR2,K
(18)
L L
G, | G Ly g4
R £
- J Al, K f dz - g f Pg dz
2 Dy O e 0

where P, is the vapour pressure and the indexes 1,2 refer to the lower and
upper phase interface respectively.

Similar equations yield for the inlet and outlet slugs.where obviously in-
let and outlet pressures are involved in the boundary conditions, and the
reduced ‘upper and lower lengths are taken into considerationm.

The energy equation referred to Lagrangian meshes simplifies to:

p =
K —; o (19)

where the energy transfer ¢, is calculated taking into account that the

K
Lagrangian mesh may face different Eulerian (fixed) meshes (see section

II-C. 2.3.3)

The continuity equations for the liquid film and the vapour phase are

a(I-0) p 3(1=a) pqu; _ _ U
____]_- + .‘11 = —-A—-/&_m (20)
ot 3z
000 Jop_u
V.o vV = H/Jm (21)
at 3z A

where m, considered positive by vaporization, is the mass of coolant
transferred from one phase to the other through the unit surface in the unit

time by vaporization or condensation.
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The momentum equations for the liquid andvapourphases are:

du Ju L
1. _2

T Pge T Y o 3z P18 7 A(l-a) 2 |“I(
(22)
P ' m
U ALY u u R
oy | v v =
oy L S e A T P
Py 7ot Y 9z Py® A 2Py lug Uy T w7 (23)
The energy equations for both phases are:
2 -0 o, T o+ X [T(1-0) pquE ] = @ (24)
3t 171- ] = > 17171~ 1
Yap H) + —%— /_ P U v_/ =0, (25)

when 91’ @V are the amounts of energy transferred to either phase for unit

volume and time.

Combining the continuity and energy equation for the liquid phase one de-

rives.an'equation for the mass transfer between the phases:

cme-X 5 W Shpy OH ' 26)
he, | Bg, ot he, oz

which inserted into (20) yields the basic equation describing the space

and time distribution of the liquid film thickness:

ot oz p.h h ot h 9z

1 fg fg fg




- 18 =

In the above equations symbols are definéd as follows:

-

e +mh O
=

| =2
B?‘_‘ <:ﬁHﬂ?§-"0? Nﬁ

o
=~

=

§i

o & € H H H mt ®m
< H R B R @m

c

Area of coolant ¢hannel cross section (m?)

Hydraulic diameter (m)

friction coefficient for single phase fdow

gravity acceleration (m/sec?)

codlant (single phase) mass flux (kg/m?sec)

vaporization enthalpy (j/kg)

enthalpy of coolant (single phase) (J/kg)

enthalpy of liquid film (J/kg)

enthalpy of vapour (J/kg)

channel length

length of liquid slug above bubble k

mass flux by phase change (vaporization’or condensation ) (kg/i2sec)
coolant pressure (= p,equal in either phase) (N/m?)

channel outlet pressure (N/m?)

channel inlet pressure ahead of the inlet valve (N/m?2)
specific power generated in the coolant (single phase ) (W/m3)
power flux released by the clad outer surface (W/m?)

radial coordinate (m) |

radius of clad outer surface (m)

radius of structure inner radius (m)

liquid film thickness (m)

time (sec)

clad temperature ( °c)

coolant temperature (single phase) ( °C)

structure temperature( °C)

coolant velocity (single phase) (m/sec)

liquid film velocity (m/sec)

vapour velocity (m/sec)

perimeter of clad outer surface or of structure inner surface (m)
axial coordinate (m)

void fraction

' -clad-coolant heat transfer coefficient (W/m? °c)

coolant=-structure heat transfer coefficient (W/m2 °C)
coolant density (single phase) (kg/m3)
liquid film density (kg/m3)
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vapour density (kg/md) '

p -~

® : power transferred s#¢ the coolant (single phase) for unit volume (W/m3)
® 1 specific power transferred to the liquid film (W/m3)

LI specific power transferred to the vapour (W/m3)

¥ i interfacial liquid-vapour friction coefficient

¥ w friction coefficient at the channel wall (clad or structure) for

single phase flow.

4 . Structural material

Assuming the structural material of an axial mesh zone concentrated into
one’. node, the equation describing the time dependence of its temperature

»

18

F F - -
dys V? Z_TK(t) - Ts(t)_7 + e vﬁ / TS(t) - Tw(t)_/

{28)
dTS(t)
+qS(t) = pscps Tt

where the first two terms at the ieft.side represent the boundary con-
ditions, i.e. the energy transfer from coolant to the:structure and from
the structure surface to a surrounding medium (for instange to a by-pass
flow with temperature Tw(t)).

In the above equation symbols are defined as follows:

specific heat of structure material (J/kg oC)

e .

Fzs inner surface of structure per unit axial length (m)

F outer surface of structure per unit axial length (m)

dg energy produced in structural material per unit volume and time
W/m3)

t time (sec)

TK coolant temperature ( oC)

Ty  ‘structure temperature ( °c)

Tw surrounding medium temperature ( °c)

VS volume of structural materidl per unit axial length (m?)

Opg Heat transfer coefficient coolantvstzucture'(WXm2 °c).

o heat transfer coefficient structure-surrounding medium (W/m? °c)

density of structural material (kg/m3)’
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Q) Numerical treatment of the basic equations and programming details

1) The stationary calculation

A summary description of the subroutine STATO, which performes the
stationary calculationd, is given in section III-2 with particuiar re-
ference to some marginal tasks like reading imput data, editing results
and selecting information for the use of the plotting facilities.

In this section the solution &f the basic equations describing the sta-
tionary situation is explained together with numerical and programming

details which concern the following topics:

1.1 éalculation of further geometrical data

1.2 power normalization

1.3 calculation of total power generation in the channel

1.4 calculation of mass flow

1.5 calculation of coolant temperature distribution

1.6 calculation of coolant pressure distribution

1.7 calculation of temperature distribution in fuel, clad, structure

1.8 calculation of gap width in the stationary hot state.

The basic equations describing the stationary temperature distribution
in fuel, clad, coolant, structure and the coolant flow are straightly

derived by the equations of section B:

i) Fuel
3T 3T
3 B 1 "B _
T TR ¥ TApgs * =0 r#0 (1)

with the boundary condition

oT
“B - i
"B (aT) = gy [TR(0, Ry) - Ty(0, Ryp) / (2)
RB
and
82TB
2 A + q, =0 r=0 (3)
B 3r2 B

with the symmetry condition

or

r=0

(4)

[
o
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ii) Cladding

T . oT
H e ] __]i + - = 0
+ (*n I > *T MO T
with the boundary conditions:

3T
_ , B
ogy L Tp(0,Rg) = Ty(0s Ryy) /= '_(Ilar > -
| - R

AL e

5T - _ 5
_ ( H> e (5,00, R - T
H or

a

iii) Coolant

Continuity equation

BGK(z,o)
K __ = 0
3z"
Momentum equation
2 G, |G
a_ (_EE > L - EBQ -t l;g 1 K, -8 Py
3z Pr ¥4 2Dh PKT
Energy equation
0i
K
% T "%

Equation of state

iK(Z,Ol‘) = f/:pK(Z,O), PK(Z’O)_Z

The boundary conditions are

p {z,0) = Poi (ahead of the inlet valve, z = z)
p(z=1,0)=p,

Tg (0,0) =T .

(5)

(6)

(7)

(8)

(9

(10)

(11)
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iv) Structure

i

F

- = B ¥ S -
[_TK(O) - TS(O)_! - o v;» [_TS(O) - TW(O)_/ + q = 0 ({2)

S

O ——
\'
KS g

Beyond the inlet and outlet coolant pressures and temperatures main input

data for the stationary calculation are:
-~ power generation in fuel, clad, coolant and structure material, the latter
owing (if any) to irradiation.

= the inlet and outlet reduced lengths which provide the coupling of the test

section to the primary circuit.

The above listed topics are explained hereafter in detail.

1.1 Calculation of further channel geometrical daté, namely:

HSPALT = Length of lower fission gas section (length of axial mesh
zones from 1 to NMO—-1)
HKUEKA = Length of the axial breeder zone (section between axial

zones NMO and NMI inclusive)

HTOP = Length of upper coolant mixing section (axial zones from
NMl+1 to NM2) .
HCORE = HSPALT + HKUEKA = length of test section from inlet to mesh

zone NM! inclusive
AR(M) = Area of flow cross section in the axial mesh zone M.
AR(M) = mw(RKUE(M)2 - (RBR(M) + DCAN(M))2) in the mesh zones

without grid.

XBRKT(M) = 2n (RBR(M) + DCAN(M)/AR(M) = ratio of pin circumference to
area of flow cross section for axial mesh zone M

XSTKT(M) = VSTRUK(M)/ (VDUF (M) % AR(M)) = ratio of structure inner cir-
cumference to area of flow cross section

DH (M) = 4/(XBRKT(M) + XSTKT(M)) = hydraulic diameter of flow cross

section

The above formula for the calculation of the hydraulic diameter is equivalent

to (dropping the mesh index M)
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r a ° AR ...... | v‘ a-.. .......... 4AR ----- l . NMOSMfNM]
27 (RBR+DCAN) +\_(_"s’_'g‘1}_gx_ 27/~ (RBR+DEAN) +RKUE /
PE = ﬂ
_AAR ‘ M<NMO
VSTRUK M>NMl
. VDUF .

The different definition of DH in the lower fission gas section and in the

upper coolant mixing section depends on the fact that in this zones XBRKT(M) = O
and the values of VDUF, VSTRUK are calculated by taking into account, beyond

the structural material, also the volume and surface of the can. Hence in

these zones

VSTRUEY = (VSTRUK + 7 (RBR + DCAN)2)

VSTRUK®

%
VDUF ,
27 (RBR + DCAN) + RKUE

where the star is used to distinguish between these equivalent worths and the

real volume of structure alone.

With reference to the sketch of Fig. 2 one defines the following geometry

values for the fuel and’cldddding:

DRBR = R /NN
DRBR2 = DRBR¥}2
R(N) =r (N=1, NN) = radial coordinate of fuel nodes (except fuel axial
node)
RONN) =1 ) = r, DRBR/2
QRMIN(N) = rn—l/Z/rn
QRPL(N) = rn+1/2/rn
QRMIV = (RB - DRBR/4)/RB
DRC =y - r, = DCAN/2
m i
DRC2 = DRCk#2
RCIL = r,
i
RCM =r =vr, + DRC
m i
RCA =y = r, + DCAN
a i

QRPLV = (r, + DRC/4)/r;
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QRPLH = (r; + DRC/2)/r;
QRCA = (ra - DRC/4)./ra
QRCH = (ra - DRC/2)/ra
QRCMS = (r_ - DRC/2)/r
QRCPL = (r_ + DRC/2)/r
GAP
’ |
Zm.l/z,L: — T T
BRI NElIRINT
| ey | [chaor | coouawt
z | I o | o ! ! ° ol o lo
L AN / L
| | | | | |
Z l l 1 i 1 ; 1 % I ; : !
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"2 "™nel2 i "m'a

Fig. 2: Sketch showing the definition of radial meshes in fuel

and clad.
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1.2 Power normalization (axial distribution)

These are four possible ways of defining the pin power according to the four
possible combinations of the input parameters ML = 1/2 and MAX = -1/1 (See
Input Description, Section III.4) The normalization of the axial power distri-

bution is accordingly performed in one of four distinct branches,

a) Case I

ML = 1 Total power generation QSUM is defined for the full channel (W)
MAX =-1 Node-wise power distribution is given (W) in the array FAX(M),
M=1,2.....NM2. That means: FAX(M) contains the total power, in

Watts, generated in the volume of the mesh M, of length DELTZ (M)
The total power generation in the channel is (see also Section 1.3.)

NM2 4
QSUM = %M QGESO (M) - %iANTi ) v, () =
NM2
=7 ZM QGESO (M) + XKK(M) « DELTZ(M) (W)
] .

with 4
ZiANTi )V, ()

1

XKK(M) = (m

mDELTZ (M)

where the index i refers to the fuel, clad, coolant and structural materials
of volume Vi (in the mesh M) and ANTi defines the distribution of power

in the four materials.

Defining a form factor

QSUM

NM2
%M FAX (M)

FAK =

the normalized specific power distribution is

ZM FAX(M) + mXKK(M) DELTZ (M)

FAK - FAX (M) (W/m3)
L; ANT, (M) V, ()




b)

c)

d)
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Case II

ML

1 Total power generation QSUM is defined for the full channel (W)
MAX

1 Node-wise specific power distribution (W/ms) is given in the

array FAX(M), M = 1,2,...NM2,

Defining the form factor

FAR = QSUM

NM2
m ZM FAX(M) + XKK(M) + DELTZ (M)
1

the axial specific power distribution is

QGESO (M) = FAK - FAX(M) (W/m3)

Case III

ML = 2 Peak power density QQSO (W/m3) is given
MAX =-1 Node-wise power distribution is given (W) in the array FAX(M),
M=1,2,...NM2.

Defining MAX(FQS) the maximum for every M of

FAX (M) _ __ FAX(M) w/ad)

FQS (M) =
T+ XKKK(M) - DELTZ(M)  ).ANT, (M) V, ()

and

pAK = —QQSO
MAX (FQS)

the axial specific power distribution is

QeESO () = Q080 . FAX (M)
MAX(FQS) ). ANT, () V, (M)
= FAK - FQS (M) (W/m>)
Case IV

M, = 2 Peak power density QQSO (W/ms) is given.
MAX = 1 Node-wise specific power distribution is given (W/m3) in the

array FAX(M), M =1, 2, ...NM2,
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Defining

FAK = — 3250
MAX, (FAX (M) )

the axial specific power distribution is

QGESO(M) = FAK « FAX(M)

W/m>)
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1.3 Calculation of total power generation in the channel /QSUM(KKN)/

NM2
QSUM = z M (Power generated in fuel + clad + coolant + structure)M
1
NM2 4 - (13)
= ) y QGESOQD) ) ; ANT, V, [/

] 1
where the index i refers to the four materials of volume Vi among which
the specific power generation (QGESO) is distributed according to the

values of ANTi.

Letting
XKK(M) = ANTB(M) . RBR(M)2
+ ANTC(M) + /(RBR(M) + DCAN(M))2 - RBR(M)2/ "
+ ANTK(M) * /RKUE(M)2 - (RBR(M) + DCAN(M))Z2/
+ ANTS(M) *+ VSTRUK(M)/m = LZ‘ i ANTi(M)Vi(M)
1 -2-
™ DELTZ(M) [m_/
one has

NM2 - -
QSUM = 7 Z y QGESO(M) + XKK(M) « DELTZ(M) [ W_/

1
NM2 (15)

= 2 y Q. (D » DELTZ (M)

letting Qc(M) denote the total power gemerated petunit length in the

channel mesh zone M.

1.4 Calculation of mass flow

-Applying the first equation of thermodynamic in the form

dq = di ~ Av dp (16)

(where A is the transformation factor from mechanical to thermal units)
to the mass flow GK (kg/sec) and assuming that the coolant undergoes a

transformation at constant pressure one has
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4Q = dI = G, 4i = g, (%;-)P ar = G o (17)
hence
Cg = S—? = deT (18)
P
In the programme
XMAST = %%%% [kg/sec/ (19)

where the enthalpy difference between outlet and inlet DXIG is calculated
from the known pressures and temperatures. This first evaluation of the

mass flow is later refined by taking into account the power losses beyond
the structure outer surface which can be calculated when the temperature

distribution is known. The stationary power losses are

NM2
Q, =1 L (TS0 - T o GOF, 008200 [w_] (20)
1

Ts = structure temperature

Tw = temperature of surrounding medium (for instance by-pass flow
temperature)
o, = heat transfer coefficient from the structure outer surface té the

surrounding medium

F = outer structure surface per unit axial length

>
N
]

length of axial mesh zone

The refined valu%u%f the mass flow is:

xMaST = QUM = 1 (Tg(M) = T )a ODF (1) Az (M)
1 M (21)

DXIG

Equation (]9) could have been obtained straightly integrating the stat-
ionary equation 53

G .—I'(. = §
K 9z K

over the channel length, keeping in mind that in stationary conditions
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the full power generated (detracted the thermal losses) is supplied to

the coolant, hence

fo dz = QsuM P
Channel
length

1.5 Calculation of coolant temperature distribution

The temperature distribution of the coolant is calculated starting from the
known inlet value Tei and applying to every mesh zone M in upwards di-

rection the relationship

TRoye = TR+ AT (M) (22)
where
Qk ¢%)
AT (M) = — , (23)
K c G
PK-K

QK is the energy transferred to the coolant in the unit time (in the
mesh zone M), given by the difference between the total power generated in
the channel QC(M) and power lost beyond the structure uw(M). Dropping the

index M one has

Q = Q- Q) Az (24)

with

[

o F (TS 'TW) (25)

%

From the equation (12) determining the stationary structure temperature

one derives
QW = Oy FS (TK - TS) + QS (26)

with Q= dg V; hence

Q = (Q = g F(Ty = T) = Q) bz (27)

Introducing into (23) one derives for the coolant temperature increment

over half mesh length




_31_

T -7 I S e Cur s S U T (28)
K K inn 2¢c G 2c . G
pK K pK K

from which the middle-point coolant temperature is derived:

25k%k TR inn ¥ (Q 7 Qg) Az + oy F T Az

K 2 CpﬁGK + aKSFSAz
Letting
cdl = 2 ¢ G
PK K
c62 = op Fghz (30)
c43 = (Q_ - Qg)Az = QGESO (XKK - ANTS; VSTRVKy  raz
one has
- cdl TK son T cd3 + cgd2 Té (31)
K cdl + cé2
The ratio of power lost in the axial mesh zone to the power generated in
the same zone is
- - 2¢c__g@ - .
() = Q0 Q= Oy, Qb2 S S S T (32)
w QC(M) Qc QCAz

The ratio of power losses over the full channel length to total power genera-

tion 4
NM2
Ty 0,00

1 .

Le = ~osmwm (33)

1.6 Calculation of coolant pressure distribution

Integrating equation (8) over the channel length with the boundary con-
ditions p = p : ahead of the inlet valve and p = p, at channel outlet
e

one derives the pressure drop in the channel:

‘ NM2 G, |G
¢ K \Py P J M2 00 e

(34)

+ APA
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where s Py are the coolant densities at channel outlet and inlet respec-—
tively, f the wall friction coefficient, g the gravity acceleration, and
ApA is the pressure difference due (if any) to enlargement of croés sec—
tion in the upper mixing region.

The coefficient f takes into account the power losses due to friction and

an additional contribution due to the grid spacers, homogenized over the

channel length, It is calculated by

D
£ = a ReP + W-E;l—— (35)
ABST
where default values of the coefficient are a = 0183, b = =0°25, ¥ = 1-15

and DABST is the distance between two consecutive spacers (see also Input

Description, section III-4).

The pressure difference due to variation of the cross flow area is givén,

taking into account the irreversible pressure drop, by /1/

2 2
G ARl AR
0p, = —— |-le, |& 1 - — rg, [1-—% (36)
A 2 K 0¥ AR3 K 2
K AR
where Kj = | if Ge2z O
Ky = 0.5 if G < 0

and AR; is the flow area upstream, AR, downstream the cross section enlargement.

Subtracting the pressure drops in the channel from the (input) driving pres-

sure (pei - pa) one has the pressure drop in the inlet valve

APBI = <pei - Pa) - APC (37)
Application of equation (34) or integration of equation (8) over every axial
mesh, from the top downwards to the bottom of the channel, yields the coolant

pressure distribution, as shown in the following sketch:
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|
’ vl Axial Length z

—={HSPALT k=——— HKUEKA ———=1=—HT0
HCORE

Fig. 3 Sketch showing qualitatively the stationary pressure distribution

in the coolant versus axial length,
The pressure drop in the inlet valve being also given by

G2
K
= e 8
ApBl Z;o o) (38)
one derives the coefficient Co ( = ZETADO) as output of the stationary cal-
culation and initial value for a time variation of the type r = Qof(t) which
lets simulating a transient mass flow reduction (see description of sub-

routine FZETAD).

Calculation steps 1.4 - 1.6 (mass flow, coolant temperature and pressure dis—
tribution) are carried out simultaneously with an iteration precedure which
stops when a temperature distribution has been found which is consistent

with the power and the given boundary conditioms.
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1.7 Calculation of temperature distributions in fuel, clad, structure

a) First evaluation of temperature distributions in fuel and clad

The calculated temperature distribution in the coolant is assumed as bound-
ary condition for a first estimation of temperature in clad and fuel. This
occurs by integrating equations ( 1 ) and ( 5 ) assuming the thermal con-
ductivity constant., The integration constants are determined imposing the
boundary condition that the heat flux through any cylindrical surface in fuel
and clad is equal (in stationary condition) to the total power generated

inside that surface.

Proceeding from the clad outer surface, where the boundary condition given by
the coolant temperature is known, inwards, one has for the clad outer node
temperature
) ) 0 ) )
1 - = = +
% ug (THr TR Sy =t (39)
a

where Sr is the clad outer surface per unit axial length and Qb’ QH are
a [
the powers generated in fuel and clad respectively. This boundary condition

yields T°

H,I'a’a

Writing equation ( 5°) in the form

" 4T q
LI (R § A @)
H

under the assumption that the thermal conmductivity is constant, and inte-
grating one has (for an hollow cylinder)
Iyt

TH(r) =a+blnr = —ZXE (41)

where a,b are integration constants.

Assuming that the influence of the power geﬁeration in the clad onto the
temperature distribution is negligible (hence neglecting the term quz/AA),
the temperature of the clad middle node isderived from the above equation

imposing the boundary conditions:
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dTH o o
Ta(rg) = Ty, = 2mry \gr . Qp * (42)

a

which determines the constants a, b and yields:

0 0
Q, +Q r
0 _ mO B H a
TH (rm) B THra+ 2nXH ’ }n r (43)
m

where the thermal conductivity is calculated with reference to the known

temperature TH(ra),

The temperature of the clad inner node is derived imposing the boundary

conditions
TH(rm) = THm
dTH' o o
Ty \E ) T %t Gy “h
-~
m
which yields
o
Q
o, 0 Q; * ZH rm
= [ L In e
Tylry) = Ty * 2y N (45)

The temperature of the outermost fuel is given by the boundary condition

0 /O 50 = n°
opy Ty wy = Tq ri) Qp {46)

The temperature distiibution in the fuel is described under the assumption of

constant thermal conductivity by the equation

dT q
1 d B\ - B _ ;
v?a‘?(r ‘&;‘) O “n
Integrating one has

2

qpr
= g - 8
Tg) =a-33 “8)

B

The integration constant a represents the fuel axial temperature (a = Tao )

and is determined by imposing the boundary condition

y = 7° (49)

L B NN

(]
B Ty

which yields
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q, T
o o B NN
Bo =Tsww * (50)
B
The fuel temperature in any internal node N (N = 1,2...,NN-1) 1is then
given by
o 0
o 0 (Thn = Too) (x20 = r2)
TB(rn) TBNN+ BO BNN NN N (51)
2
NN

This estimation of the temperature distribution in clad and fuel is not de-
finite because the thermal conductivities were calculated with reference
to a temperature different from the yet unknown temperatures of the re-
spective nodes. This temperature distribution is therefore used only as
first approximation to start the refined calculation performed iteratively

by means of the Gauss—Seidel iteration scheme, as explained hereafter.’

b) Refined temperature'distributionsin fuel and clad and calculation
of structure temperature with the Gauss-Seidel iteration method.
i) Fuel

Taking the annulus delimited by the cylindrical surfaces

Sn—1/2, Sn+1/2 with radii Ya-1/2° Tn+1/2 88 control volume, and in-

tegrating equation (1) over the outer surfaces of this control volume one

has
o o
oT oT
o B ds o B ds o
- A [ [ — =
é B or * £ AB or * qn Vn 0 (52)
n-1/2 n+l/2
or
BTg aTg
- A — S__ + A S S + o°
B’rn—1/2 dr : n-1/2 B,rm_l/2 or n+1/2 9, Vn
n-1/2 Th+1/2

(53)

0
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where Vn is the volume of the annular section belonging to the considered

axial mesh zone. Space discretisation of this equation yields %he algebraic

equation
0 ,.0 o .0 0 0 _ a0
A Tt B T 1 * G Tpner = 4 (54)
with
r r
- +
Ag =2y r nr]/z * g,y L (55a)
**n=1/2 n *"n+1/2 r
0 r _
Bn & - XB . _%_lig (55b)
*"n=1/2 n
r
+
Cm gy /2 (55¢)
>“n+1/2 n
(o] = (o] 2
Q, q Arg (55d)
and = -
n ArB Yae1/2 " Ta-1/2 (55e)
The above equation is applicable to all fuel internal nodes (n = 1,2.,,,NN-1),

’

For the fuel outermost node, taking as control volume the annulus delimited

by the cylindrical surfaces with radii

TNN-1/2° Iy one has

T
B
é *pooor 98 7 opy Siw g 7 Tai) Y Yy T ©
-1
NN-1/2 (56)
which yields the algebraic equation
(o] (o] o [o] (o] [o] ]
+ =
A Tew * By Teoun-1 7t Onw Tmi T Qe (57)
with
o = )\r M o= A (["8,)
AN NN-1/2 p %gH T Joa

NN
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r

) NN-1/2
B = =)\t _ e (58b)
NN NN-1/2 -
e = - Ar {58¢)
NN BH B

Ar.?2 r
o _ "B 'NN-1/4
R T S NN (58d)

NN

For the fuel ¢entral node, taking as control volume the cylinder of radius

r]/z, one has

ABTB
- f <-— ds + q V =0 (59)
g o 0

which yields the algebraic equation (the superscript "o refers to the

stationary cakculation, the subscript to the axial fuel node)

0 [o] (o] (o] [o]
= , 60
Ao TB,o * Co TB,l QO (60)
with:
o)
61
A >‘r1/2 (61a)
° . 61b
c, Arl/2 (61b)
Ar_2
Q°% =q 2 (61c)

ii) Cladding

For the clad inner node, taking as control volume the annulus delimited by

the cylindrical surfaees with radii oy ri+]/2’ one has

aT
B
- - - ) R , o= 62
“n Tg,my ~ ) Si ( i 3r ‘) ds *dy; Vg =0 (62)
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which yields thé algebraic equation

o .0 o 0 o .0 o
. , + . + . = .
AHl THl BHl TB,NN CHl THm QHl

with
(e} (o] [s] .
. o= q Ar,. + A i+l1/2
Aui BH “H Hatyy /o ,_.;;__
o _ _ o
Byi = ~opg LTy
o _ .o ri+]/2
CHi B —AH Ty,
'Tiey/2 Ty
2
Qo a ri+l/4 ArH
Hi T 7 yi

For the clad middle node, taking as control volume the annulus delimited

by the cylindrical surfaces with radii rm&l/Z’ rm+1/2 one has

OT, BT
- f My 5o ds * / Ay —— ds *qy Vg =0
or m m

Su-1/2 Swr1/2

which yields the algebraic equation

o .o o ,0 o .0 _ .0
T Bom Toi " Cum THa = U
with .
o _ o n-1/2 + 0 m+1/2
AHm, H,m=1/2 T ml/2 T
m m
B0 -0 mm1/2
Hm H,m=1/2 r
m
& = o “ml/2
Hm Hym+1/2 rm

[0} _ [} 2
QHm qu ArH

For the clad outer node, taking as control volume the annulus delimited by

the cylindrical surfaces with radii r one has

m+1/2° Ta

(63)

(64a)

(64b)

(64¢c)

(64d)

(65)

(66)

(67a)

(67b)

(67¢)

(67d)
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BTH
—g >‘H or ds - 0LHK (THa - TK) Sra * qya VHa =0
m+1/2

which yields the algebraic equation

o o 0 .0 0 .0 o
+ R =
AHa THa * BHa THm CHa TK QHa

With
r
o a-1/2
= A Sl VA Ar
AHa H,ra_]/2 r, HK "H
B O o )0 Ta-1/2
Ha H’ra—1/2 ra
o o
Cha = "Oyg 4Ty
Q.° = Ary Ta-1/4 )
Ha 2 ra Ha

iii) Structure

Equation (12) can be straightforward written in the form

o) o o) o 0 o _ o)
AS TS + BS TK + CS Tw = QS
with
A0= O+aOiﬂ
S %gs voFg
o_ _ o
Bg™ = —ogg
C ° = =0, ° Eﬂ
S
WoTg
\
o _ o S
Q@ = 45 Fg

The above equations form a system of NN+5 linear algebraic equations:

which can be written in matrix form as

(68)

(69)

(70a)

(70b)

(70¢)

(70d)

(71)

(72a)

(72b)

(72¢)

(724)
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AT = Q (73)

whereA is a tridiagonal square matrix formed by the A, B, C 's coefficients.
T is a column vector containing the unknown node temperatures and Q a column
vector with the power generation terms.

The solution of this linear system yields the stationary temperature distri-
bution., It is carried out with the iterative CGauss-Seidel method assuming as
initial distribution in fuel and clad that supplied by the analytical
solution of the respective equations under the assumption of constant material
properties, as explained in the first part of this section,

A detailed description of the Gauss-Seidel iteration scheme is given in
section II-C-2.1d, where the same problem is dealt with under transient con-

ditions introducing both space and time discretizations.

1.8 Calculation of gap width in the stationary hot state (a simplified

gap conductance model)

A simple calculation of the gap width , which takes into account only ther-
mal strains, is available in the BLOW-3A programme. Accordingly, the fuel =
clad heat transfer coefficient can be calculated in dependence on the gap

width, making use of the results supplied by the SATURN-1 programme /10/.

The simplified gap width calculation is split into a stationary and a tran-
sient part. The stationary one is based on the following algorithm:

Let 8§ be the input worth of the gap width in the cold state and ATB, ATHi
the temperature increments of fuel outer surface and clad inner surface
respectively corresponding to the transition from the cold state to the
stationary state which preceeds the initiation of a simulated accident. The

fuel and clad inner radii in the (hot) stationary state are, for the axial

mesh m:
Rg = Rg (142, ATg) (74)
n _m n
Rygi = Ry (+Agg ATy) (75)

where, in the cold state,

6 =Ry - Ry (76)




_42_

The axial dependent gap width is then in the stationary state:

m m

" = Ry, - RV (77)

Hi B

and its deviation from the mean value over the full axial length ZAZm is:

m
ye™ az"®
R L — (78)

Let h be the input worth of the fuel-clad heat transfer coefficient which
corresponds to the input gap width. It is used for the iterative calcula~-
tion to determine fuel and coolant stationary temperature fields., One has
therefore to find a value of the gap width consistent with the input worth
h of the heat transfer coefficient. To this purpose the above calculated
deviation AS" from the mean value is assumed to hold with respect to the

input worth. The stationary gap width is therefore assumed as:

J 8"z
g = S +a8" =T+ & - B (79)
' m
) Az
m

Thermal strains during the transient calculation are then derived taking

the stationary (hot) temperature as reference.
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2, Transient calculation

The methods used for the solution of the basic equations describing the
transient temperature distribution and the transient coolant behaviour are
illustrated. in this section.

Two focal points are considered, according to the single-phase or two-phase
flow conditions of the coolant, and are described separately in sections

two and three respectively. The first section deals with the numerical so-
lution of the heat diffusion equations in fuel, clad and structural ma-
terial. This is essentially the same for the single phase flow and for the

two phase flow calculations and therefore treated in a single section. As

far as the calculation of temperature distribution is the solid materials

is concerned, the main difference between single and two-phase flow com-
putation consists in the calculation of the clad (or structure) to coolant
heat transfer coefficients which is straightforward in one case but rather
complicated in the other, because the location of the vapour bubbles must be
considered. Accordingly, the solution of the energy equation for the coolant in
the single phase flow is treated together with the heat diffusion equations
for fuel, clad and structure in the same subroutine FBRT, while it is treated
separately for the two phase flow and does not therefore appear in the sub-
routine FBRTB. Apart from this the two subroutines are equal. A fourth section
explains the calculation of temperature distribution in fuel and clad

during melting.

2.1 The numerical treatment of the differential equations describing the

transient temperature distributions in fuel, clad and structure.

Numerical solution of the set of equations (II-B-10) to (12) for the coolant
single phase flow or of equations (II-B-17) to (27) for the two phase flow

is performed first at the beginning of every time step and yields the mass
flow, the axial pressure and temperature distribution in the coolant. The
latter is assumed as boundary condition for the subsequent numerical solution
of :the equations (II-B-1) to (9) and (II-B-28) describing the transient

temperature distributions in fuel, clad and structural material.

Referring to a given axial mesh zone with index M (M=1,...NM2) space and
time discretisation of the above equations is done as follows. With reference

to sketch shown in Fig. 2, the fuel radius Ry is divided into NN segments
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of length Arp = defining the position of NN+1 radial nodes:rO = 0,

Renn?

rn(n=1,NN)w1th o™ Rpe

fuel material comprised in the annulus of radii To-1/2° Tne1/2° represented

To every internal node is associated the mass of

by the shaded area around the node of coordinates (ZM+1/2, rn) in the
sketch., To the axial node is associated the mass within the cylinder of
radius r]/z; to the oute?most node the mass in the annulus with radii
rn~l/2’ RB. The clad material is associated to three nodes of radial co-
ordinates Loy Ty ¥, (inner, middle, outer node) (with ro= (ri + ra)/2)°
Let ArH = (ra - ri)/2. The mass of clad material associated to the middle
node is therefore roughly twice the masses associated to the lateral nodes.
The problem time is discretized in a sequence of macroscopic time steps

Ath =t =t . Time discretisation may be grafically represented in the above

n n-1
sketch by a set of horizontal lines thus giving a lattice of rectangular
cells, Let refer with indexes h, h-1 to the symbols of physical magnitudes

calculated at the time points ts £y respectively.

a) Fuel

i) Inner node

+

With reference to the annulus (rn-1/2’ rn+]/2) of unit axial length as

control volume, equation (II-B-1) may be written:

. 3Tg(x,t) 3Ty (1)
- A___E;—___' ds + q, Vn = pncp Vn St
Sn n

vherth denotes the volume of the annulus and the integral is calculated

for both lateral surfaces (Sn = Sn—1/2 U Sn+1/2)'

Hence:
=-A EEE 27nr + A EEE 2nr +
T-1/2\3T /. n-1/2 To+1/2 ar /. n+l/2
n-1/2 n+l/2
(2)
BTB
qn2wrnAr = pncp 21Trn Ar Y

n

Terms of this equation are approximated by
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5T o, h 5T h-1
Ay E—B =8 1A Br + (1-0) }‘r 3t
n-1/2 \°% /¢ -1/2 n-1/2 \°F . n-1/2 T -1/
n n-1/2
(3)
h h h-1 h-1
_ o |yh "B,n” "Byn-1 ], (1-oy P! T8,n ~ TB,n-1
rn~1/2 Ar Th-1/2 Ar
aT,) 5T h - ’T, h-1
Ay or =06 1A arB + (-0) |, 3T
“n+l/2 Toe1/2 n+1/2 rﬁ+]/2 n+l1/2 /2
(4)
h h h-1 h-1
<9 Ah TB,n+1 TB,n + (1-8) >\h—l T'B,n+1 TB,n
Tat1/2 Ar n+1/2 Ar
q_ =0 Q> +<r~e)q1r‘l" (5)
3T o pP-l
B . B,n B,n (6)
at Ath

where 0 is a parameter. For 6 = O .one has the ordinary explicit'scheme,and for 0=l
a fully implicit scheme. 8 = 1/2 was first used by Crank and Nicolson /11/

and yields an half-implicit scheme.

Introducing equations (3) to (6) in (2) one has:

Ad b 4 P L
n n n-1 n n+l (7)
- Ah 1 Th 1 + Bh 1 Th 1 rC Th 1 +Q
n B n B n n
n n=1 n+l
with
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ArB2 ( h _h h-1 h-1
+ Bp . + (1-8)p c (8a)
At B,n pB,n B,n pB,n
Y
B = o n=1/2 (8b)
n 'To-1/2  In
h h The1/2
Cn = -0 AB T r (8e)
*Tatl/2 n
T
I e N RN Lz, bt ntl/2 >
*“n-1/2 n *Tn+l1/2 n
Ar_? (
B h h h-1 h-1
4 == | 0p c + (1-8) p c,
At B,n P, B,n Py, (8d)
Bg b= (1) Ag ! —3;113 (8e)
**n=1/2 n
cg_l =(1-0 Ag_i ntl/2 (8£)
2The1/2 T
.2 ,.h .\ _h-1 ’
Q, Ary (eqn + (1 e)qn ) (8g)

ii) Outermost node

Applied to the outermost fuel node NN; making a thermal balance for the annulus

T = ] i i E1

( NN-1/2° N RB), taking into account the boundary condition for the heat

transfer to the clad, equation (II-B-1) yields

| B 3r = g Sy Tp, v~ Tui? * GV~
- T

NN=1/2 ) e v ) B (9)

PNNpyy NN Bt

with the same space and time discretization as above, the following

algebraic equation is obtained

h h h _h h . h
Ao, * B T, wv-17 G Thi
(10)
-l _h-1 h-1 _h-1 h-1 _h-1
= T * Byw Teywv-1 YO Tmi t Qw
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with
T
NN-1/2 NN
Ar,2 T
B NN-1/4 ( h h
+ By ¢ +(1-8)p
2At N NN Pyn NN
T
B;Ng R NN-1/2
NN-1/2 NN
h h
Cyn= = 0 oy Arg
) |
Agﬁl = = (1-8) xi Nz-l/z - (1-8) ug;] e,
NN-1/2 NN
Mp?  Tyne1/4 h h h-1 _h-1
MY T 0 oy S, F(1-0) ot ©
n NN PN PN
h-1 h-1 NN-1/2
Byy = (170) A AL
TNN-1/2 NN
h-1
h-1
CNN = (1=0) - ArB
Ar_ 2 r
S ThN-1/4 h oy hel
Wy = 7 . (eqNN+ (1-6) ayy )

iii) Central node

Similarly, for the fuel central node one

equation

derives the algebraic

h-1 h-l]
c

|

)

(11a)

(11b)

(11c)

(114d)

(11e)

(11£)

(11g)

(12)
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with
AY = 46 A? + %E“’ epg M (1-0) pg—l ch"> (13a)
° 1/2 n P Py
CZ = —4p AP (13b)
1/2
Az—l = —401-8) A1 4 K%‘ epz ¢+ (1-8) p:_l ch"1> (13c)
1/2 n Py Py
02-1 = 4(1-p) A7 (13d)
/2
- h - h-1 2
Q, = (8 q_ + (1-0) q_ )br, (13e)

b) Cladding

i) Inner node

Application of the heat diffusion equation to the clad inner node yields,

with the same space and time discretigation as above, the algebraic

equation
h Th + Bh Th -+ Ch Th =
Bgi Twi ¥ Bms Teow t Cui TEnm
(14)
_h=1 _h-1 _ .h=1 _h-1 h-1 , h-1
Ay Twi TP T, T Cmi Tm * Omi
with
h r.,
AHi = eagH ArH + 6 Ah - —E?lig (15a)
ri+l1/2 i
+ - /s Y oo, P+ (1-e) N1 M
. Atn r, 2 Hi ui Hi Py
h h
BHi = =0 - ArH (15b)
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h h Tiv1/2
CHi =8 AHr' r,
i+l/2
r
- - - i+1/2
AB.I = -(1-8) agﬂl br, = (1-6) x; ! — /
t ri+1/2 i
T Ar ‘
B i+1/4 H h _h _ h-
Y Re T, 2 (;pHi Cp T (1-6) Pui
n 1 Hi

h-1 h-1

BHi = (l-e)aBH ArH

el o (1-gy AP7 Tiv1/2

Hi Hr r,
i+l/2

ii) Middle node

'

For the middle clad node one has:

h h h h h ,h
AHm THm * BHm THi * CHm THa =

_ ,h=1 _h-1 h-1 _h-1 h-1 _h-1
AHm THm * BHm THi * CHm THa * QHm
with
r T
h o (xh m-1/2 , ,h m+1/2>
Hm Hy r Hr T
m_l/z m m+1/2 m

1 h h h=1 h-=1 2
+ —_Atn (GpHm Cp +(1-9) Pym © ) ArH

m PHm
r
B =0 N R
m-1/2 m
h h “u+1/2
CHm 0 XH T

rm+l/2 m

(15¢)

el > (15d)
(o4
Pyj

(15e)

(15£)

(15g)

(16)

(17a)

(17b)

(17¢)
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r T
m m-1/2 m Tn+1/2 m

1 ( h h h-1 h-1\,_ »

+— (6 p, c + (1-8) p c Ar
Atn Hm Hm Hm pHm H
r
B (1-0 }\E—l Y
m Tm-1/2 “m

r
Cl}; 1 = (1-0) AE ! m+1/2
m Tm+1/2 Tm
_ h L hely
Q= (6 Q. (1 s)qu )ArH

iii) Outer Node

For the outer clad node one has:

h h h h h h _
AHa THa * BHa THm * CHa TK "

_ ,h=1 h-1 h-1 . h=1 h=1 _h~1]
B AHa THa * BHa THm * CHa TK * QHa

with
Al - g ,B -ra—'—1£+ehAr+
Ha H T %k “'H
ra-1/2 a
LA T h h hel hel
+ X > - epH c + (1-8) Pua ©
th a pHa pHa
Y
o,
a-1/2 a
C = =0 dh Ar

Ha HK ""H

(174d)

(17e)

(17£)

(17g)

(18)

(19a)

(19b)

(19c)
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h-1 h-1 h-1 Ta-1/2
Aga = ~(-8) oy Ary = (1-0) AHra_l/z "‘?;‘"
(19d)
poAyE Ty h h h-1 h-l
* It 5 T Oopa . T U0 oy ©
h a a pHa a PHa
B! < (1-0) -1 Ta-1/2 (19¢)
Ha Hr T ©
a=1/2 a
h-1 h-1
Cag = (1-0) o Ary, (19£)
Ar _ r
_ "H “a-1/4 h _ay b1
QHa T T T (6 Ay * (1-6) Yya ) (19g)
c) Structure
Similarly, discretization of equation (II-B-27) for the structure node
yields
B h=1 ,.h-1 _h-1
vg GOLKS(TK - TS) + (]—G)GKS (TK - TS ) +
S op R e A I N
VS 0Lw S w w S W
h “« h-l h h h-1 h-l Tg - Tg_l
+ 6 q, + (1-6) q = (8p, c. *+ (1-8)p c. )
S S 5 “pg S Pg At
which can be written:
h  h h,h h _h _
Ay Ty + By T+ Cg T = (21)
Ah—l Th—l + Bh—l Th-l + Ch~1 Th—l + Q
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with:
F v
h (h W h\ 1S < h hl h-1
A, =0lo,.., +=o0 |+ -— = [(6p L (128) o c (22a)
S KS FS AN Ath S S Pq Pg
h h
= - 22b
Bg ® oxs (22b)
F
- g P (22¢)
S F W
S . .
¥ \Y
h-1 h=1 w h=1 1 S 5. h h h=1 h-1
A = =(1-6) (a + = g > + =— == (Bps c_ + (1-8) p e
S KS FS W Ath FS S pS S PS
(224d)
h=1 h-1
= (I- 2
BS (1 e)aKS (22e)
o (1ot R ol (22£)
S
Vs ‘h h-1
Qg = Ty (6 q + (1-6) q4 ) (22g)

In the above equations, the coefficient A always refers to the node under
consideration, the coefficient B refers to the adjacent node at the fuel

axis side, C refers to the adjacent node in the outward direction.

d) The Gauss—-Seidel solution method

The above difference equations may be written in matricial form as
AT = B (23)

Where‘Als a tridiagonal matrix containing the coefficients A Cg up to

h h _h _h . ,
AHa H . C and AS’ BS’ CS all calculated at time tnf Taklng NN+1 nodes
in the fuel, 3 in the clad and 1 in the structure A becomes a square matrix
with NN+5 rows. T is a column vector containing the unknown temperatures at
time tn'B is a column vector formed by the right hand side of the above dis-

cretized equations.It is not completely known because, beyond all temperatures
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and physical quantities at time t (with index h-1) it also contains the

unknown terms phch. A direct solution of the above matrix equation by inversion

of the matrix A yielding

T =4 B (24)

is not therefore possible unless the unknown terms phcp are replaced by
some extrapolated worths. Extrapolation is avoided by solving the above
system of difference equations with the Gauss-Seidel iteration scheme. To
this purpose, the unknown terms containing phcg, which are multiplied by the
temperature of the:node under consideration at time tn—l’ are brought to the
left side of the above equations and treated as the other termswith index h.
(Let refer to this term with the symbol D, for the node i). Let r be a
running index of the iteration scheme which allows to derive the temperatures
at time t (index h). from the known temperature at the end of the previous
time step t o (index h~-1), Letting i-1, i, i+l denote any three consecutive
nodes in radial direction, the Gauss~Seidel iteration is lased on a scheme

of the type:

r . r+1 r+l1 _r+l r ..t r , =
. . = - . . = . . + , + 3

Al Tl ’ Bl T1~l Cl T1+1 D1 1 (25)
where Ai’ Bi’ Ci have the same meaning as in the above algebraic equations,

. h - . . . ,
Di contains the p c_ term, and}iilndlcates all known quantities at time

tn—l'

Equation (25) is applied consecutively for all nodes from the fuel axis

to the clad outer node. The already determined (r+l) estimation of the
temperature of the inner node (i-1) is thus used for the new estimation
(r+1) of node i, together with the previous value (r) of the outer node
(i+1).(This is the typical feature of the Gauss-Seidel iteration scheme.)
For the first iteration step (r=0) the temperature distribution at the end

of the previous time step (tn-l) is used to calculate the coefficents Az,
o o
Ci+1’Di'
node) the term (i-1) does not exist, according to equation (12). This

6ne has further to remark that for the first node i=1 (fuel axial
allows triggering the iteration scheme with the above formula.

e) Programming details

To facilitate the comprehension of the use of the above equations in the

numerical scheme of the subroutines EBRT (single phase flow calculation)
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and FBRTB (two phase flow calculation), FORTRAN symbols are given hereafter,

with reference to

1) equation (7) for inner fuel nodes
ii) equation (16) for the clad middle node

iii) equation (21) for the structure node

For simplicity are omitted the axial dimensions of the FORTRAN symbols
(like TBNR (M,N) or TCMNR (M) where the index N refers to the radial node

considered and the index M to the axial mesh).

i) TFuel inner node

Letting:

DRBR = RBR/NN

DRBR2 = DRBR&#2

QRMIN(N) = r, /v

QRPL(N) = rn+l/2/rn

R@B = fuel density at node N

CPB = fuel specific heat at node N
XLBN1(N) = fuel thermal conductivity at node N
DTKUE = At

and letting indexes h-1, r, r+! indicate the time point at which the worths

are calculited, equation (7) becomes

or”. TeNR'*! - e{.QRMIN(N)e (XLENI(N) - TBNR(N-1)) T+ 4

+ QRPL(N) © (XLBNI(N+1) » TBR2(N+1))* (26)

r h-1
+ DRBR2 + 6 +|ROB Cp TBN1(N)  /DTKUE
B
+ REB(N)h_l

with

QOT = A: = e{éRMIN(N)~ XLBN1T(N) + QRPL(N) - XLBNlr(N+1)1
' (27a)
+ DRBR2 K-e (R@ «cPB)T + (1-8) (@B +cPBY! /pTRUE




ii) .

_.55_

r

6p r
C
Bn Py, h-1 _h=1

- h"‘l - h"l 2
REB(N) = { A = Tgn * B, Ty +C  Tp +6 Yar
n-1 n+l
=(1=9) {?RMIN(N) « XLBNI(N) o (TBNI(N-1) - TBNI(N))
+ QRPL(N) » XLBNI(N+1) * (TBNI(N+1) - TBNI(N){) (27b)
+ (1-6) * DRBR2 *(R¢B'CPB)h_1t TBN1 (N) /DTKUE +
+ANTB - DRBR2 (6:QGMN + (1-6) » QGMNI)
€lad middle node
Letting
DCAN =1 =--r
a i
DRC = r = r, = DCAN/2
m i
DRC2 = DRC%%2
r, + (xr_ - r,)/4
QRPLY = —t m i
T,
i
r. + (r =-r.)/2
r,
i
RCMI =
Q rm—l/2 /rm
QRCPL = x . » [r,
R¢H = middle node clad density
CPH = middle node clad specific heat
XLCINI= inner node clad thermal conductivity
XLCANI= outer node clad thermal conductivity
equation (16) becomes:
+
Qot®- Tomnr't! = e[éRCMI « (XLCINI » TCINR) ™! +
+ QRCPL + (XLCAN1 ¢ TCARZ)r] (28)

- h-1
+ 6+ DRC2 * (RgH CPH)T » TeMN1PT1/DTRUE  + REC2
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with
QOT = 8(QRCMI . XLCINI® + QRCPL . XLCAN1®) + (298)
r r h-1 h~1
+ DRC2 | 8-R@H" - CPH + (1~6) R@H . CPH /DTKUE
T T
REC2 = { (AP! - fEEEL-EEEE ) SRS Lt LSl | b S P
AHm At Hm Hm “Hi Hm “ha Hm’ ™ H

(1-8) L QRCMI * XLCINI + (TCIN] - TCMN1!)

+ QRCPL - XLCAN1 (TCAN1 - TCMNI)} + (29b)
h-1 h-1

+ (1-6) + DRC2 « ROH"~ "« CPH + TCMN!/DTKUE +

+ ANTC « DRC2 (6 - QaMN® +(1-8) QaMN1)D™!

iii) Structure node

Letting:

FWEFS =F_/Fg
VDUF =
VS/FS

R@S

density of structure material
CPS = specific heat of structure

WWSTR (WWST1) = o._ = heat transfer coefficient from the structure

W
outer surface to the surrounding medium.
HKST = Opg = heat transfer coefficient coolant-structure
equation (21) becomes:
+
o1t . TsTNR®T! = 6 [(HKST TRNR) Y1+ FWES . (WWSTR ‘TBYPSR)%]/VDUF

i _ (30)
+0  (rgs - cps)t. TstN1™!/pTRUE  + REST!
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with:
QOT = 6 (HKST® + FWFS « WWSTRY) /VDUF +
+[%(R¢S . cPS)Y + (1-98) (R@S e CPS) h’ﬂ/nTKUE
. h h
6o, C
S P \'
_ h-1 _ s '8 h~1
REST = {é\s BT FS> Ty + B

]

+ (1-8) (ROS * cps)h'1 TSTN1/DTKUE +

+ANTS (6 QeMN® + (1-0) qamn1)P!

At the end of the iteration scheme, which is carried out simultaneously

for all radial nodes of the mesh zone M, worths with index r+l yields

the new "h" values at time £

F
s
+ Q) 5>

(31a)

(1-9) [HKST « (TKN! - TSTN1) + FWFS « WWST1 . (TBYS! - TSTNI%/VDUF

(31b)
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2.2 Single Phase Flow Calculation

The solution of the basic equations (II-B-10) to (12) is discussed in
this chapter from both theoretical and numerical viewpoints. The subject
is divided into five sections: in the first one the fundamental equa-
tions, written in the conservation-law form, are set-up in matrix form
and dealt from a general aspect which allows stability considerations

to be developed in a further section. Section two explains in details

the numerical method adopted for the solution of the momentum equation.
Sections three and four report about the numerical solution of the con-
tinuity and energy equations respectively. Obviously, the numerical
Procedure works out a contemporary solution of all basic equations at the
time. The subdivision in four sections is therefore only adopted for
sake of clarity. Section five presents an analysis of the stability of the
hyperbolic system of basic equations based on the application of the

Von Neumann (Fourier Transform) method.

2.2.1 Basic numerical scheme and preliminary considerations for

stability analysis

Let us recall the system of basic equations describing the single phase

flow coolant behaviour:

9py (z,t) \ 3G, (z,t) - o (1)

3t oz

2
BGK(Z,t) . 5 GK(Z,t) _ _ 3 _ f IGKlGK - gp, (z,t) (2)
9 k" ]
ot 9z o (z,t) 9z 2Dy P :
9H oH
K K

FIEAS = ’

P 3t * O Tz *x ?

Letting e be tha coolant internal energy per unit of mass [g =~I/kg],

E = pKe the internal energy per unit of volume [pe =.I/m3], H the coolant

enthalpy per unit of mass, it holds
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e=H-pv=H- % 4)

Equation (3) can be written in terms of internal energy:

9 E GK ,3_ (E'+ p) = &
E' .+ B; Yz TP K (5)

where 9p/3t z O is assumed.

Equations (1), (2) and (5) represent the 'conversation-law" form of the

(single phase flow) fluid dynamic. They can be written in vectorial form as

) 9 =
s Y+ FOO) +R(Y) =0 (6)
where
N ¢
Y = GK €))
E

is a vector having for components the three dependent variables,

GK
E(Y) = | G2/o, * P (8)

(E + p)GK/pK

is a vector whose components are functions of the dependent variables and

R(Y) = + oy 9
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is the vector whose components do not contain time and space derivatives.
The third component of the vector R [?K = W/m3] is given by the boundary
conditions (clad and structure surface temperature) while the second com~

ponent contains only dependent variables and known coefficients.

The coolant pressure is not included as a component of the vector Y as it

is given by the equation of state
p = £(e,p) (10)

The stability analysis of the system of equations (6) is strictly connected
to the behaviour of the relative characteristics which do not depend on
the inhomogeneous term R(Y). This does not therefore need to be taken into

consideration and the homogeneous form

3Y )
5t EE-F(Y) =0 (11)

can be analyzed. The vector R(Y) contains a dissipative term, depending on
the friction coefficient, and a source term, which takes into account the heat
exchange between coolant and the channel wall surfaces. Dropping R(Y)
implies that the stability analysis of the system of homogeneous equations
(11) can be performed under the simplifying assumption that the entropy s

of the fluid remains constant, hence
=49 _ 1 Iyl -
as =94 - 1 [de +p d(p)l 0 (12)

and the adiabatic sound speed

(13)

0
N
[}
[aR N
o g
T

may be used to simplify the energy conservation equation (see 2.2.5)

Let m be an index for discrete spatial meshes in the axial direction, and
n for the time discretization. A Taylor expansion of the unknown vector Y

with respect to time at the fixed point m yields:

f3y\™ 2
yHooym At{§§> + %-AtZ(i—X o (14)
A
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The first and second order time derivatives are given' by

ot 3z F(Y)
32Y 5 (3F(Y) =__§__(g_ ‘)=_a_(A§_Xé
5 ot ( 0z 9z \9dt F(D) %z \ dt
at (16)
=2 [p2F
3z (A 9z )
where the matrix
BFi .
A= AY) aij Y8 (17)
: J
is the Jacobian of F(Y) with respect to Y.
Inserting into (14) yields
pR _pn
n+1 n m+1 m-1
= - +
Ym Ym At 2Az
n n n n n n
- - - F
+ At? Am+1/2 (Fm+1 Fm) Am--l/Z (Fm m—l) (18)

2 Az?

whete A;+]/2 for instance is calculated as
y® oo+ yn
A m+1 ml.
2 .

In case the functional matrix A(Y) can be assumed ' constant over the axial

mesh m, the above equation simplifies to:

2
n+l _ on _ At n 0 1 At n _ no g0
Ym Ym A 2Az (Ym+1 Ym—l) 7 QA Az) (Ym+1 2 Ym m—l)

(19)
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Rearranging one has

' A2 pe2 2
o] =<__é,é£.,. é_é\t_>Yn b - a2 A2y
2 2
Az
(20)

where I is the (3x3) identity matrix.

Equation (19) is used indirectly by means of a two-steps formula which makes
it possible to avoid the direct calculation of the matrix A. In the first
step a provisional value of the unknown Y is derived truncating the Taylor

expansion (14) after the first two terms

n n
F - F
n+l _ .n _ m+1 m
Ym = Ym At 2 (21)
The second step refines these values by means of the formula
n+l _ on At n+i _ n+l
Y =Y 78z Pt ) (22)

1

+ + . . . . .
where F; = F(Y; ]) is calculated by using the preliminary values supplied .

n+l

I)'

by the first step (and similarly for Fm_
Under the assumption of constant matrix A, therefore letting F(Y) = A ¢ Y,
insertion of (21) into (22) yields (19). This shows that, in spite of

the truncation of the Taylor series after the first order term in the
first step, the two steps formula is a second order one, the truncation
error being of the order 0(At3). The detailed application of the above
numerical scheme in the computer programme is shown in the next section,

with respect to the solution of the momentum equation.
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mula ("Predictor = Corrector" schern

The solution of the momentum equation (2) is based on the application

of the two-steps formula (21). and (22) which is equivalent in the order
of accuracy to (19). As the numerical treatment of the basic equations
is presented in distinct sections, we refer here to the dependent vari-
able under.consideration with the symbol G (mass flux) (instead of |
using the vectorial notation Y as before).

Obviously, the non-homogeneous terms at the right side of equation (2)
which were provisionally dropped in the previous section for intro-
ducing stability analysis considerations, must now be taken into con-
sideration. The symbols F in equations (21), (22) is therefore replaced
by say FF where it is meant that this takes also into account the non-

homogeneous terms.

Moreover, following the "Integral-Momentum" model, the mean value of the
mass flux over the channel length L is considered, thus eliminating the

dependence from the spatial coordinate z

G(t) = fl

G, (z,t) dz (23)
K K

O [

and the momentum equation is integrated over the channel length, yielding

iG—c(lE—) = % { pg(0,8) = pp(Lpst) - G(£)2 (la - ;—eij *

(24)
i« [G(z,t) |
- _ f G(z,t) |G(z,t)| _
P, A2y £ lr_ZDh - "gx i}

where the pressure drops in the inlet valve (ApBl) and eventual pressure
drop due to enlargement of the test section (ApA) are also taken into

account. The integral is calculated summing up the contributions of the

axial meshes m (m = 1,2 ... NM2).
£ G |G
T e@oleEol - e (oo Sl 1 s
o FDh P [ 20, P "
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The right hand side of (24) represents the sum of the terms which have
been previously indicated with the symbol FF, and, apart from the divi-
sion by the channel length, it yields the time derivative of the integral

mass flux., Hence, synthetically

dG . _ =
T LEFF L= {ap} (26)

where {Ap} denotes the total pressure drop in the channel. With the simpli-
fication introduced by the integral momentum model, the application of

the two-steps formula is carried out as follows:

a) First (predictor) step

n
el oy (%%) C At = G o+ (FE)T At (27)

with

n _ 1 _ -GS T T _
(FF)" = I, { Pei 7 Py ¢ (—— ) .) ApBl APA

K pa el (28)
n n
NH2 £ G |G
Z m| m pmg }
n 2Dhm pm

The tilde ~ indicates that the value of the mass flux G at time n+l is

a provisional one. The use of the index m, referring to the axial meshes,
is justified by the fact that, beyond the integral mass flux G, there ex-
ist a spatial distribution of G along the axial coordinate z which is
supplied by the contemporary solution of the continuity equation, as ex-
plained.in next section.

It is important to remark that the space derivative —(AF/Az)which appears
in formula (21) of the previous section has been replaced in (27) by the
time derivative (dG/dt). The same is done for the second step. This is

legitimate by equation (24).

b) Intermediate calculation

An intermediate step consists in the calculation of the time derivative

of the mass flux at time n+! using the provisional value of the mass
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flux at the same time

n+l

dG . el +12 (1 1\ _
(ﬁ?) = (FF) = i-lz {pei P, & o by Apgy ~ APy
(29)
Ne2 £ 0l qetl
m m m | }
T &¢m 2D 0 P

c) Second Gorrector) step

The final value of the mass flux is given by

1/2
n+1 n d n+
G G + (-&-E-> At

n n+1
n 1 dG dG
- =2 Al 30
G+ (dt> +(dt) At (30)

"+ {FE“ + ] ‘X At

@

]

This represents the mean value of the mass flux over the axial length.
Its axial distribution about the mean value is found by the solution of

the continuity equation as explained in the next section.

Finally, application of (24) over every mesh length (z, z + Az) proceeding
from the top of the channel downwards to the bottom yields the axial pres-

sure distribution. For a single mesh length onel has, at time t ol

p (z+Az)
. (31)
N f G(t) IG<t)’ - p(z+Az/2) g‘XAz

n+1
p(z) = p(z+Az) + Az(%gé%i> + G%t) ( I - ‘:;(z))

2Dh p(z+Az/2)

where the term ApA has been dropped, as it appears only for one mesh.



- 66 ~

2.2.3 Solution of the continuity equation

An input flag allows the user to choose between an approximate solution of
the continuity equation, married out in the subroutines ITCl and ITCl!, and

an exact solution which is performed in the subroutines ITCIR, ITCIIR.

In the first case, neglecting the time derivative of the coolant density,
the continuity equation yields 3G(z)/3z = O hence G(z) = constant. This

solution is acceptable in case of slow transient conditions.

In case of fast transient conditions the exact solution of the continuity
equation (1) should be preferred. Numerical details of this solution are

given hereafter.

The coolant mass flux G(z,t) can be split into two terms; an average value

- L
G(t) == [ G(z,t) dz (32)
(o]

d

L
N

constant over the channel length L, and a space dependent term G(z,t) re-

presenting local deviations of the actual mass flux from its mean value.

Hence:

G(z,t) = (?(t) + C(z,t) (33)

This formal representation of the mass flux offers the advantage that the

~e
continuity equation has to hold only for the component G(z,t):

3p 3¢ i,

T + o 0 (34)
Introducing space and dime discretization letting index m refer to a mesh
of length Azm in the axial direction z and index n refer to the time step,

(34) yields

Az
~n o _~n _~n _ _¢.n_ n-l Cm
Al = Cner/2 T Cp-122 (P~ Py ) at_ (35)

The segmented curve (a) in Fig. 4 shows the consecutive increments

~

AmG; as provided by equation (35). Let introduce an iteration 'index r




- 67 -

. [ 3 N
(whose meaning will be explained next) and denote G% to the local devia-
tion fromthe mean value G at the inlet of the channel. The sélution provided
by (35) does not, in general, satisfy the physical condition that the mean

PR - . . .
value of the local variation G from G is zero; it must therefore be shifted

by an amount, say Gx allowing for

LN
[ 6(z,t) dz = 0 (36)
o}

)

Assuming a value G, is known, the local deviations from G are given by:

Pard
o~ ~~ m—] G
G _=Ge , +Gx_, +) . A G +—0
m, ¥ =1 r-1 i 71 1 2
1 (87)
I 2 C
~ m=
= Ge  + z . A %: b
b3 TR 2
with
~/ ~F
= +
6¢ =Gy *Gx,y (38)
These values are represented by curve (b) in Fig. 4.
Imposing condition (36) onto equation (37), and iterating over r
until Eq.!1(36) is satisfied within a chosen limit of accuracy, yields
the required value Gx. For the iteration step r one has:
NM2 NM2 NM2 m-1 NM2
Z Ge 1z + X Gx_, Az_ + z Z t. G Az + 1 z Az =0
| m -1 m §m -1 mn 5 1 1 71 2 {mmmom
(39)

(NM2 is the number Sf meshes in the axial direction 2), from which Gy -1
M

is derived:

N N
B 1 L ad 1 ~
Gx =1 Ge + g n ( z i Ai Gi) AZm + 0 % A Gm Azm (40)
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Pt A d
Eq. (38) gives now G% as G%_ is known from the previous iteration (for

1
GS an arbitrary value can be assumed, for instance zero). Eq. (37) gives
+ 6’ . The
r-1. Tmyr

N .

Gm,r for every m = 1,2 ....N, and Eq. (33) gives Gm = G
H

is known from the previous iteration and for Gg the approxi-

~

value of G-
r-1

mate sdution of the continuity equation is obtained without accounting for

further mass flow variations with regard to further transient density varia-

tions.

The iteration scheme is coupled to the solution of the momentum equation. In

fact time derivative of coolant mass flux is expressed in terms of Gm . by
9

7\ g (D
n 1 G% G%
= e - - <4 - -
FFr L { Pei " Py ) p ApBl ApA
a e
(41)
N f‘m r JGm rIGm r n
- 3 3 ) -
z m 2D n AZm pm,r gAZm }
1 h p
m
as explained in the previous section.
Eq.(26) allows to derive a new mean value
& - gl P e Y (42)
r 2 r n
which yields a new value of Gm . consistent with both continuity and mo-
b
mentum equations:
G LT
— G+ Gm,r ) (43)

The iterative process is repeated from equation (37) to (43) as long as
the "new" Gm’r‘differs from the "old" value by less thana given figure. In
practice, convergence is achieved quite rapidly after 5 to 10 iteration
step. The iteration process represented by the formulas (37) to (43) is sche-

matically shown in Fig. 5.
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Symbols used in this section

t = time (sec)
z = axial coordinate (m)

NM2 = number of meshes in z direction

L = channel length (m)

p = density (kg/m3)

P = pressure (N/m?)

G = coolant mass flux (kg/m?sec)

G = mean value of G (kg/m?sec)

T = local deviation of mass flux fromits mean value (kg/mZsec)

Gx = correction to be applied to inlet mass flux according to equation

(36) (kg/m?sec)

F = time derivative of mass flux (kg/m?sec?)
= friction coefficient (dimensionless)
g = gravity acceleration (m/sec?)

SubscriEts

m refers to a mesh of the z axis

refers to time step t

T iteration index
e refers to channel inlet

a refers to channel outlet




_70_

6 _—"1b)

e wa LA
g b3,r /( )
“ iy .
—1—— 7 Ibg /Aaﬁa
B = ——
Oy, r-1 el 1.
My
be,r-1
]

5 g




_.71._

Fig. 5: Scheme of the iteration method used to solve the single phase

flow cortinuity equation.

GO = solution of the continuity equation 98G/3z=0

Input for A G = first solution of % .8
v : m m ot 9z
iteration:
~ . e . ~
Ge = initial value, for instance Gg = 0,
v r=1
Vo' d [sd *n "
> Ge Ge . + Gx_, > Ge = + Ge
r r—1 -1 r =1 r
m= 1 A
+C =Ce +).4,C +—2
m,r r o1t 2

| = function of Gm,r
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2.2,4 Solution of the energy equation

The energy equation for the single phasé flow is solved in the subroutine
FBRT together with the heat diffusion equations describing the temperature
distribution in fuel, clad and structure material. The solution is based on
the Gauss-Seidel iteration method and follows the calculation stheme ex-

plained in section 2.1,

Inserting in the energy equation (3)

and
U U

“T)

"B - _S - T)
k=1 %m Tma " T "% %ks T~ T) * 9

K g

where qg represents the intrinsic specific power generation in the coolant,
and discretizing with respect to time one has with reference to a given
axial mesh of length Az and using the indexes h, h-1 to refer to time t

t -1 for analogy with séction 2.1:

h o hel
h-1/2 T8 - T U U
R~ 'K _ Y h_ .h, . Us h _ .h
(ey) At & ok e ~ T YT ks 0T T TR)

4

o h h
h _h Tx ™ Tx,e
e OO\ T )"

P
v, h-1 _ . h-1 (44)
e S SDICHEE
L8 _ h-1 _  h-1
* 5 %s (1 9)(TS T )
S i phol
Ko Ke "

L iiey omri1gh™?

. f(? 8) ep € Az
_ h h-1
8aqp + (1-96) U

Cre

o+

In this formula TK represents the coblant’femperature in the middle of

the considered axial mesh, while T 'and-TK o Fepresents the coolant -

K,e
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temperatures at the mesh inlet and ocutlet respectively.

Calculating the term pcp at time h-1/2 and rearranging , the above equation

can be written

h,h, h.h, h h _h h _
Ag T * By Tya* Oy Tg + Dy Ty =
h-1 .h-1 _h-1 _h-1 _ _h-1 h=1 . _h=1 _h=1 _h-1 _h-1
Ag Ty By Tye O Tgo * D Ty tE Ty, *Q
with:
L h-1/2 U, U 2¢ Bgh
Ag = 7¢ (Pep) YOlE MR YR s Y A
U
h H
B == 0 % opg
U
h s
CK = 0 yy uKS
h__2 h h
DK - Az cp G
P A A
U
h=1 _ , Yy
By = (1-6) 3= oy
U
h-1 . s
CK = (1-9) T O%ks
h-1 _ (1-0) h-1 h-1
DK Az p ¢
h-1 _ _ (1-8) h-1 h-1
EK = Az cP G

(45)

(46a)

(46Db)

(46¢)

(46d)

(46e)

(46f)

(46g)

(46h)

(461)

(461)
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This equation is similar to those derived by the equatioms describing the
temperature distribution in fuel , clad and structure. The only difference
consists in the presence of additional terms for the coolant temperature

deriving from the discretization of the spatial derivative.aiklaz.

The Gauss-Seidel method supplies the solution of the above equation by

iterating according to .the scheme

r v+l r+l . r+l r

AK TK = ~ BK THa - CK =D + R (47)

ND‘
Pi'::!"
=~

. . . . h- . .
when r is the iteration index, RK ! contains all known terms at time h~-l

and the term DE T;e is known from the solution for the previous axial mesh.

2.2.5 Stability analysis of the system of basic equations

The analysis of the stability of a numerical scheme based on the appli-
cation of equation (19) can be performed by applying the Fourier integral to
the vector of the dependent variable Y by letting

Y(z,t) = -—f Vik,t) e K 4k (48)
(o)

which represents the solution vector by armonics of wavenumber K (O<K<wx).
In fact this is the inversion formula applied to the Fourier Transform
V(K,t). Although continous in z, it only needs to be evaluated at the
gitter nodes m, mtl which yields the exponential terms exp (iKz) and

exp (iK(z*Az)). After differentiation and elimination of the common factor

exp (iKz) from all terms, equation (20) yields

2 2 s
Py = (_%2_;+%_i_zz> Pt oKz
AL2 A A2 At2 ,
+ (I - A2 Ez.)Vn(k,t':) + (2 -%; TA_Z-Z>Vn(k,t) e1K(—Az)
(49)
which can be written
vV, = Qr,ae) VP (K, t) (50)
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with the "amplification matrix" given by
2
At . At .,
Q(K,At) =1 = (A K;) (1-cos(KAz)) - i A T sin (KAz) (51)

By successive application of (50) to an initial value V° (K,t) one has

VK, t) = Q(K,At)VO(K,t) (52)

and the stability condition requires that the matrices Qn(K,At) be uniforme-

ly bounded (for every wavenumber K) with increasing time steps n.

If S(K,At) denotes the spectral radius of the matrix Q(K,At) the spectral radius
of Qn(K,At) is Sn(K,At), since the eigenvalues of Qn are the n-th powers of

the éigenvalues of Q. Since the spectral radius of a matrix does not ex-

ceed its norms /12/ it holds

n n
s(R,at) < ||Q" ®,a0) || < [lQ (x,at)]] (53)

This implies that a necessary condition for Qn(K,At) to be bounded is
S(K,At)" to be bounded for every K, with increasing number of time steps n.
For the eigenvalues 4 (1=1,2,3) of the matrix Q(K,At) it must therefore
hold:

| qll <1 (for every wavenumber K) (54)

As Q(K,At) is a function of the matrix A, its eigenvalues g, are related

to the eigenvalues Al of the matrix A by the same functional expression.

2
-1 - Bty oo - 1y At . -
q, = 1 (Al Az) (1=-cos (KAz)) 1A1 A, Sin (KAz) 1=1,2,3 (55)
Letting r, = Al «~At/Az one has
. 2
lag[2 = |t - ¥2 (-cos(kaz))| + r¥ sin®(Kbz) (56)
2 L’KA'Z
= |- s TN BN - 2
1=4 r, sin ( 5 ) (1 rl)

which shows that (54) is satisfied when
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| At
=I5 2 (57)

|

Deriving the eigenvalues of the matrix A from its definition (17) would be
quite a difficult task. They can anyway be found indirectly by writing the

system of the homogeneous conservation equations in the alternative form

ap du ., 39p _ (38)
t e 0z *u EA 0
a—‘;l + u .a_u o+ l ER = Q0 (59)
ot 9z p 0z
3 2 (oeud = / (60)
T (pe) + — (peu) 0
with

e = e(p,p) (61)

Differentiating further the equation (60) expressing 9p/3t by means of

the continuity equation and introducing the adiabatic sound speed

Cde
c2 =(§£) - :jéi_iﬂl_ (62)

dp . e
Ip
the energy equation reduces to
3p 2 34 3p . 63
=+ pe? = v u B 0 (63)

The system of equations (58), (59) and (63) can therefore be written as

aw aw 64
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with
u Y
B(W) = | O w
0 pc2

O [

(65), (66)

The eigenvalues of the matrix B(W) are the same as those of the above defined

matrix A(Y) because in both cases they are the reciprocal of the characteris-

tic directions in the (t,z) plane.

By solving the third grade algebraic equation

det (B - AI) =0

one has

Al = od
12 ='u+(‘.
A3 = u-c

- (67)

(68)

The fact that the eigenvalues of B(W) are real and distinct reflects the

hyperbolicity

of the system of basic equations (58) to (60).

Alternatively, the characteristic directions of the above system are

given by

det (I -~ uB) =0

which yields

Ul = 1/u
W, = 1/(+c)
Hg = 1/(u—c)

(69)

(70)

The differential equation of the characteristics in the (t,z) plane are

1=1,2,3 (71)
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which represent three one-parameter families of curves. Inserting (68) into

(57), the stability condition of the numerical scheme becomes

(lu] +e) &5 <1 (72)

This represent the Von Neumann necessary condition for stability. It can
be proved that the condition lqll < 1 is also sufficient for the stability
of the numerical scheme represented by equation (19).

In fact the matrix Q possesses three distinct eigenvalues, therefore a set

of three linearly independent eigenvectors
1=1, 2, 3 (73)

They are pairwise orthogonal and their Euclidean length

3 (e
U i (v) X (74)

can be normalized to 1.

These eigenvectors form the columns of a non-singular matrix P such that

p"lgp = D (75)

is a diagonal matrix whose main dimgonal is formed by the eigenvalues of G.

It holds

q = ppp~! (76)
Q"= pp7p”] (77)

and for the norms

QT < el l - 1M1= 11 e 1 < Hell -+ 1l1 -11e7']]

(78)

To show that the matrix Q is uniformely bourided for every wavenumber K is
therefore sufficient 8é show that the norms of the three matrices at the
right side are bounded. The norm of P is bounded by the maximum norm of its

columns which are the normalized eigenvectors with Euclidean length 1. The
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elements of P_] are

P..
—ﬁ— i,j = 1,2,3 (79)

(=1) _ _qyit]
Pij (-1
when Pij are the cofactors of the elements pij and d is the determinant

of P, It holds

=1 1 d =det P ¢0 80
| by ! <3 d = det P #0) (80)
because the absolute value of Pij (as of any determinant) does not exceed

the product of the Euclidean lengths of the vectors forming its columns/13/
and these are bounded by 1.

The norm af any (nxn) matrix is bounded by n times the absolute value of

its largest element, therefore
27| < 374 | (81)
The elements of the matrix Dn are the n—th power of the eigenvalues of Q

and tend to the limit zero with increasing number n of time steps if |q1| < 1,

The norm of D" is in any case bounded by three times its largest element

n
D] <3 max a0 <3 (82)

The condition |q1| <1 (1 =1,2,3) is therefore sufficient for Qn to be

bounded, hence sufficient for the stability of the numerical scheme.
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2.3 Two phase flow calculation

The most difficult problem concerning the theoretical description of coolant
behaviour during the two-phase flow regime consists in the solution of the
coupled continuity and momentum equations for the vapour phase, which deter=
mine the space and time temperature and pressure distributions in the vapour
bubbles. The method adopted for the solution of these equations has been
described in detail in reference /1/ (Section 4.2.2.1 and Appendix Al). As
the numerical scheme has not been basically changed, it will not reported
here extensively. Some additional information is given concerning the use

of the basic equations frpm the programming viewpoint and the application

of the "Reynolds-flux'" concept /8/ for the calculation of pressure drops

by vaporization or condensation.

Beyond some general information about bubbles initialigation, coalescence,
growth and collapse, given in section 2.3.1 and the above mentioned solution
of the basic equations for the vapour and liquid phases, sections 2.3.2 and
2.3.3, two items are dealt with in detail, . because they have been basically
modified with respect to the BLOW-3 programme version documented in re-
ference /1/. These items are: time and space variation of liquid film thick-
ness, which may optionaily take into account the film entrainment by flowing
vapour (section 2.3.4) and the related calculation of liquid film velocity

and of interfacial shear stresses between liquid and vapour (section 2.3.5).

The solution of the heat diffusion equations describing the temperature dis-
tribution in fuel, clad and structural material during the two-phase flow
calculation, although performed in a separate subroutine (FBRTB), is based
on the same numerical method (Gauss—Seidel iteration scheme) adopted for the

calculation during single phase flow conditions and documented in section 2.1,

A general information about the sequence of the calculations performed during
a time step in the two-phase flow analysis is given in the description of

subroutine ITCB.
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2.3.1 General information about bubbles initialization, coalescence, growth

and collapse.

During the single phase flow calculation, at the end of every time step the
programme checks whether the peak coolant temperature has exceeded the sa-
turation temperature by the given (input specified) amount of superheat. In
this case the precise time point is determined, within the previous time
step, in which boiling inception occured and the previous time step is cor-
respondingly reduced.

Initialization of the first bubble occurs at the lower boundary of the mesh
zone in which the boiling criterion was satisfied. The initial bubble length

is assumed 0.5 mm.

The bubble is assumed to fill instantaneously the full cross section of the
coolant channel, apart from an input specified film thickness on both clad
and structure surfaces. Experimental investigations /14/ suggest to assume

the initial film thickness to correspond to about 0.80 - 0.85 void fraction.

According to a theoretical investigation by Schlechtendahl /15/ the descrip-
tion of the bubble growth in spherical form up to the size which fulls the
cross section occurs in a very short time and its modelling can be skipped

in the computer code without affectirig the practical resutts.

The initial bubble temperature is the coolant temperature of the same mesh
node; the pressure is assumed to be the saturation pressure corresponding
to its temperature. The initialiszation of a bubble with large superheat
thus implies a pressure peak in the node of the bubble formation. This ex~
pands rapidly pushing the inlet and outlet slugs away. The pressure .peak
broadens at the same time and drops in amplitude thus allowing a liquid film
evaporation which sustains the pressure inside the bubble. Boiling inception
with a large amount of superheat is therefore characterized by a formation
of a large bubble which normally prevents for a while the formation of new
ones. On the other side, boiling inception without or with negligible super-
heat is characterized by the nearly simultaneous formation of several bub-

bles over a relatively large section of the test channel.

As a programming rule, no more than one bubble can be initialized for every
time step. A maximum of ten bubbles is allowed for every channel. Initiali-
zation of new bubbles after the first ome occurs with a newly specified

amount of superheat.
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Bubbles displacement and growth or shrink is determined by the solution of

the momentum equations for the liquid slugs between the bubbles, as well

as for the inlet and outlet slugs. For this solution pressures at the phase
interfaces are assumed as boundary conditions. When the new axial positions
of the phase interfaces are known the energy and momentum equationsfor the

vapour inside the bubbles are solved.

A bubble is considered to be "small" if it does not stretch over three axial
mesh zones. It is "long" when it overlapps at least partially three axial
mesh zones, thus containing at least two mesh zone boundaries. For short
bubbles only integral values of vapour pressure and temperature are calcu-
lated. For long bubbles the programme switches to a module which allows a
numerical solution of energy and momentum equations for the vapour. The
phase boundaries and the internal mesh boundaries yield the nodes neces-
sary for the numerical discretization of the above‘equations. In case a
bubble shrinks, due to vapour condensation, from a long to a short onme the

programme resets the integral calculation.

Two consecutive bubbles coalesce when either of the following conditions

is satisfied:
=~ the length of the intermediate liquid slug is less than 2 mm,

- the pressure gradient in the intermediate liquid slug exceeds a given

threshold (depending on the length of the slug itself)

~ the mass flow in the intermediate liquid slug exceeds a given threshold

(depending on the pressure gradient).

A bubble is considered to vanish when its length shrinks below 0.4 mm. The
programme switches from the two phase flow calculation back to the single

phase flow calculation in case the very last bubble collapsed.
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2.3.2 Remarks about the solution of the basic equations for the vapour

phase and the application of the '"Reynolds flux" concept to the

two-phase flow.

As explained in the introduction to section 2.3 it is remanded to Refer-
ence /1/, section 4.2.2.1 for details about the numerical solution of the
basic equations for the vapour in the two phase flow region. In this sec-
tion a theoretical discussion is presented about a refinement of the nu-
merical solution of the coupled momentum and continuity equations based

on application of the Reynolds flux concept to calculate the liquid-
vapour interfacial shear stresses in presence of phase change. The related
programme modification has contributed to get rid of instability in the

numerical scheme. Some programming details conclude this section.

a) Theoretical analysis

Let us introduce
G =pu n

into the momentum equation for the vapour phase

du ou 9p Y,
\ v v U 1 . U. m
s e A - - - .
°v 3t v 3z 3z R L Bl d S g (2)
U m ..
The term 2 u = represents the additional pressure drop due to mass

trandfer from one phase to the other with mass flux m (m is considered

positive by vaporizationm).

One has
296G du ap
v v v
S = m— ©acmam— 3
3t Py 3e. T Y% Tt 3)

an auv BGV U
= o X et 4
e Pv e Y Y 5z A ()
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Combining (2) and (4) and taking into account that

v v
= e i 5
'} pv 3z * uv DE )
G 2 Ju 3 dp
d v v v
[— et = [ PR A . 6
0z ( Pv> 2Ulvpv 92 Yy 92 (6)

3G G 2 op Y G |G G G
o k() mrd gt
z pV z pV \' pV
=P8

The second and third terms at the right side represent (apart fromthe factor
U/A) the real shear stresses at the liquid-vapour interface and an addi-
tional shear stress which results from the phase change. The foutth

term, which must not be'confused with the third one, derives simply by

the use of the continuity equation for the change of dependent variable

from uv(z,t) to Gv(z,t).

The physical interpretation of the second and third terms, to which we re-
fer as total "equivalent" shear stresses, can be illustrated by recalling
the concept of "Reynolds—flux" /8/. This allows to represent in a one-
dimensional flow a transversal mass and momentum transfer by means of a
macroscopic representation which models the microscopic process of tur-—

bulent mixing.

In absence of phase change the shear stress at the liquid-vapour inter-
face can be represented by a mass flux € from the main vapour stream strik-
ing the phase interface and bouncing back after transfering its momentum

to the liquid. The shear stress at the interface can therefore be written

-
T, = o= =
i 2 Wipv uv'uv| fo Vv ®)
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Letting u be the average transverse vapour flow velocity (from the main
vapour flow to the interface and viceversa) occuring through 1/2 of the
transverse flow area in each direction, the mass flux €, can be written

(9

1
€ = oe= ]

o~ 72 %Py

Consider now the mass transfer m due to vaporization or condensation and

let U be the velocity component normal to the interface. It holds

(10)

The velocities of vapour striking the interface and flowing back to the
main stream are u, T ouy and u, + Uy respectively and the relative mass

fluxes stransfering momentum to the liquid and to the vapour are

1 m
= e + = € o+ 11
m =2 Py (uo - un) 6~ 2 an
when the minus sign can.be suppressed with the convertion that m<o by
condensation.

Hence

ml ™
o B

m
= b —— 12

represents the ratio of the mass fluxes with and without mass transfer due

to phase change.

The equivalent shear stresses can be written

ET =H \{ll GVGV . GV _IE =—K— (T +T)
A'e A \2 P 0. 2
v v
(13)
U - E =.!-J-.’
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with

According to the physical interpretation of the Reynolds flux concept, the

equivalent shear stress

e
Ly e D
T (l+Tm/Ti) ;. T, (15)

,-]
[

1

must always take the same sign as:Gv. Remarking that T, has always the same

sign as Gv one must have

T > =T, or m > =-2¢ if G >0 (t. > 0) (16a)
m - 1 - o v - i-
(e, 2 0)
T, < Tl er ms< 2|e| if G <O (; < 0) (16b)
(e, < 0)

The way in which this constraint is imposed in the numerical solution of

the momentum equation (7) is shown hereafter. From the theoretical view-
point it is worth to remark that the necessity to impose the above constraint
arises from the assumption that iuo be the average transverse vapour ve-
locity, which leads to the ratiowem/eo given by (12). In reality the trans=—
verse velocity has some probability distribution about a mean value ug- This

assumption would lead to replace (12) by a formula of the type

€
-2 cexp (m/2e ) an
€ o

)

which shows that the ratio Em/Eo = 1+Tm/Ti is always positive, therefore
automatically satisfying the physical condition that t_  has the same sign

as the vapour mass flux Gv'

Space and time discretization of the momentum equation (7) yields the follow=

ing relationship for the vapour pressure drop between two mesh nodes j-1/2,

j+1/2 distant Azj (see reference /1/, section 4.2.2.1 for details)
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Py,i=1/2 " Py,je1/2 T Ay Ay YAy H (A 4 A - 24 (18)
where
Azj n+l n
Al = Atn (GV,j - V,j) (19a)
n+1 2 n+l 2
a2 i) (Gy,5-1/2) (19b)
2 n+1 n+l /
Py,i+1/2 Pe,i-1/2
1
A, = o™ o 19¢
3 pV,J & j ( )
1 n+l o+l  n+l
Y, e el , ,
A = i Az V)J—l/Zl v’j_l/z.l_ Vsl | V,l ‘
4 3D, ] p“” 0+
V’j_]/z V’j
(19d)
n+1 n+1
GVsj+1/2 IGv,j+]/2L
n+]
Ov,j+1/2
Gn+1
_{U vej 1 n+1 n ‘
Ag = (A ; ol 2 Az (m, + mj) /2 (19e)
vy ]

The sum A4 + A5 represents the pressure drop due to the equivalent shear
stresses, while the term -2A5 arises from the change of dependent variable
and the application of the continuity equation. The physical condition im-
posed previously on Tgs leading to (16a) and (16b) is equivalent to require
that A4+A5 be always of the same sign as Gv' Remark again that A4 has always
the same sign as GV while the sign of A5 depends on both the signs of GV
and m. With reference to the sketch of Fig. 6 showing qualitatively the de-
pendence of (A4+A5) on m, with GV as parameter, four possible cases can
occur. They are summarized in Table I were DPR,,c = PVI-PV@ represents the
contribution to the vapour pressure drop over a given axial mesh due only to

the above terms A, and AS' Considering, for instance, case III (GV>0, m>0)

4
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it is clear, that both terms A4 and AS are positive, hence A4+A5>0 and the

required physical condition is always satisfied. In case I on the contrary
(Gv>0’ m<0) is A4>O, but A5

A.4+A5 negative, just imposing the sum to be zero, if it were negative. The

table shows clearly that only in two of the four possible cases one has to

<0 and the computer programme must avoid taking

take care whether the physical constraint must be applied.

Obviously, the physical constraint would be automatically satisfied if a for-

mula like (17) were used.

To distinguish in equation (18) between the two terms containing m and ha-
ving as above explained different physical meaning let denote the first, which
takes into account the pressure drops due to phase change, with the symbol A5D.

and write equation (18) as

Py,i-1/2 = By, je1/2 = AT + A2 + A3 + A4 + ASD - 245 (20)

The factor m contained in the term A5, which actually represents the mass
continuity by phase change, may be positive (vaporization) or negative (con-
densation). The only constraint on it is that it cannot be positive in dry-

out zones.

The above explained constraints on the term A5D are complemented by im-
posing A5D<0 if m>0 and GV>O (in practice summing up only negative contri-
butions, if any, to A5D). Physically this means that, by

vaporization, the vapour is assumed to be generated with zero velocity and

no additional pressure drop is calculated at the time of generation. The

last of momentum due to acceleration of the vapour from zero to the bulk
velocity follows then automatically by solving the momentum equation, due

to the time and space variation-of the term sz/pv. If m<O0, Gv>0, on the con-
trary, the momentum released by the condensing vapour is taken into account
determining a diminution of the equivalent shear stresses. In practice it
holds A5D = 0 (in case m>O0, GV>O) and this means that in Fig.6 the branch ABD is
followed, instead of A'B'C'.

Conversely, . if m>0, Gv<0 one must have A5D>0 implying that the branch:

A' B' D' is followed , instead of A'B'C’'.

The above discussion can be summarized by stating that

By evaporation (m>0) the equivalent shear stress is equal to the real shear

stress (no further contribution occurs because the vapour is assumed to be
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generated with zero velocity).

By condensation (m<0) the absolute value of the equivalent shear stress is
lower that the absolute value of the real shear stress but the sign of the

equivalent shear stress must remain equal to the sign of the real shear stress.

Statement a) implies that no momentum is lost at the moment of vapour ge-—
neration. Momentum is lost subsequently as vapour is accelerated in the mean
stream., Statement b) implies that momentum is given back at the moment of

vapour condensation.

Fig. 6 Sketch showing qualitatively the dependence of the sum A4+A5
of terms defined by equations (19d) and (19e) on the coolant mass

flux m by phase change,




TABLE I
CASE
% A4>0 DPR,, . = PVI-PV(20 A4+A550
A5<0 *
{G <0 A4<0 DPR, . = PVI-PV#<0 A4+A5<0
A550 *
II G >0 A4>0 DPR,,s = PVI-PV#>0 A4+A5>0
A5>0
G, <0 A4<0 DPR, o = PVI-PV@<0 A4+A5<0
A5<0
% Physical condition to be imposed in the programme.

Table I - Summary of the possible cases illustrating the dependence of vapour
pressure drop due to "equivalent' shear stress (DPRﬁ+5) on the algebraic

sign of Gv (vapour axial mass flux) and m (coolant mass flux by phase

change).
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b) Programming details

The coolant mass flux by phase change m is.derived by combining the

continuity and energy equations for the liquid phase as

I s W
he,  Bg dt
with
9 = oy (T = Ty) + agg (Tg = T)
where hfg = vaporization enthalpy (J/kg)
H; = liquid film enthalpy(J/kg)
= liquid film thickness at either clad surface (SH) or
structure surface (SS) (m)
Ty, = clad surface temperature (°c)
Tg = structure surface temperature( °C)
TV = vapour temperature(oC)
Oy = clad to coolant heat transfer coefficient (W/mzoC)
Aoy = gtructure to coolant heat transfer coefficient (W/mZOC)
p; = liquid density (kg/m3)

Calculating the

aH d
1 dH, T } dH¥ dp dTl
dt dT, de  dp dT; dt

time detivative of the liquid enthalpy as

(21)

(22)

(23)

where T, and p are liquid temperature and pressure, assumed equal to those

of the vapour phase, one has

a -
% 5 Hy 4Ty
= % ‘ I Tt
aT
fg hfg - 1
P

The source term m is calculated for the time step tn’ t

(mn+1

n
+ m,)/2.
J mJ)/

+1

at node j as

(24)




Letting

hence

XM is programmed as follows, with separate contributions from the liquid

films at the clad and structure surfaces (dropping the index j for sim~

plicity)

where

XMIR

XM2R
XM2

and

Bl

A5
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n+l

G .

V]
pn+1
v, j

M = 1 XMIR + XMl +
h 2
fg
) n+1 n
XM2R + XM2 Ly T dH,
2 T
dp " "n+l
n+1 . Un+]
_| Ha n+l n+l _  n+l S n+l n+l _  n+l
2 %k T ~ Ty ) Y AR %k (Ts Ty )4z
= as above with index n
- Eﬂ Sn+l + E§ Sn+1 . n+1 Az
AR°H - ARs |71
= as above with index n

(25)

(26)

(27)

(28a)

(28b)

(28c)

(284)

XBRKT is the ratio of pin circumference to area of flow section
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= XSTKT is the ratio of structure inner circumference to area of

Bl o™

flow section

The two terms comparing in XMIR and XM! within brackets are zeroed in case the

S, are zero (dry-out) because in this case no

respective film thickness SH’ g

mass transfer can occur.

2.3.3 Solution of the basic¢ equations for the liquid slug

a) Continuity equation
The simplified continuity equation for a liquid slug, above a bubble of
index K, QGK/az = 0 yields G, = const.

b) Momentum equation

The integral value of the mass flux is calculated in the subroutines

IMGL and TRANS explicitely by means of

n
dG
n+1 n K
%k =% +(E't—> bty (29)
with
n

dGK 1 { n _.n _ Gn2 1 _ 1

dt - Ly Pyo, kK Pyp, kel K n on
Pri1,k+1 P2,k (30)

Gn Gn LK LK
S EIEL T E g, L) M)
2D n K
h (o} DK (o}

when P, is the vapour pressure, the indexes K, K+l refer to the lower
and upper bubbles bounding the liquid slug, and the indexes 1,2 refer to

the lower, upper phase interfaces.
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The vapour pressure at the phase interfaces which form the boundary
conditions is supplied by the vapour “pressure distribution calculation
(subroutine DPDA for "long" bubbles and subroutine ENBL! for "short"
bubbles). The axial position ZL of the phase interfaces, hence the slug
length LK’ is calculated by

n+1/2

7L, = 7L+ = bt (31)

For the inlet and outlet slugshold equations similar to (30), where the
reduced inlet and outlet lengths and the inlet and outlet pressures are
taken into consideration. Finally, application of the momentum equation

to every Eulerian mesh within a liquid slug yields the pressure distribution

in the liquid coolant. For a mesh between z, z + Az one has
n

(dGK) 1 1
= [— 2 - !
p(z) p(z+Az) « It Az +,GK p(z+Az) )
(32)
G, |G, |
f K' K
* 2D, pg(2+z/2) - e(athz/2) g | bz
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c) Energy equation

The solution of the energy equation, written for the liquid slugs with re-

ference to a Lagrangian mesh of index i

dHy;

T T (33)
is carried out by means of the half-implicit time discretization scheme
n+1 n
T, . =T,
Ki Ki | n+1 . n
a3t T T ariyr | %%k (70 oy (34)
n (pc )
p
4
with 0<6<l and
U U
= H - S -
*ki T Tay, Dol o Tma ™ T v 5 %ks Ts ™ Tggd *
v (35)
W
+ 8 - = | ——
qK .zKl,_] {m3X
]
when Az . 1is the length of the i-th Lagrangian mesh, &z, ; is the length
H

of the segment of Lagrangian mesh i overlapping the Eulerian mesh j and the
sum extends to all Eulerian meshes facing the considered Lagrangian mesh.

Ik takes into account the heat generation in the coolant.

Letting
UH n n n,

CCl = = oy (T = Ty, D) (36a)
US ! n n

S81 = 2= apg (Tg = Tp. ) (36b)
UH n+l n+l ~ n+l

CCR = o= opp (Tp = Tpo ) (36¢c)
US n+l n+l N n+l

SSR = T-ogg (Tg ~ Ty ) (364)




d)

- g6 -

where the tilde ~ denotes provisional values at time towl provided by the

iteration scheme within the driving subroutine ITCB, one has

n+l

Txi

Atn 1

n+l/2 Az

2.
Ki

(pcp') Ki.’ (37)

)

J[G(CCI + 8S1) + (1-6) (CCR + SSR) + qK] GzKi,j

Remark on the calculation of the terms QQI (M) to QQ6(M) (1<M<NM2)

The coupling

between the thermal-hydraulic calculation for the coolant and

the calculation of temperature distributions in fuel, clad and structure

materials is
terms QQl to
coefficients
Referring to

cal meaning,

QQl

@z

QQ3

QQ4

QQ5

QQ6

provided, both for the single and two phase flows, by the

QQ6 which are either heat fluxes (QQ! to QQ4) or heat transfer
used for calculating heat fluxes (QQ5 and QQ6).

the list of symbols given in section III.3 for their physi-

these terms are defined for every FEulerian mesh as

e (Tp = Tp) (W/m2) (38)
ags  (Tg = Tg) (W/m2) (39)
o T§+] (W/m2) (40)
ang! TE+1 (W/m?) (41)
o Gi/m2 °C) (42)
o (W/m2 °C) 43)

In the definition of QQl to QQ4 TK may be either liquid or vapour temperature.

For the single phase flow calculation the terms QQl to QQ6 are computed in

the subroutine ITC1! (or ITC1IR).
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In the two phase flow the calculation is done as follows:

a) At the very first boiling initialization in subroutine SETUP the terms

QQ! and QQ2 are initialized.

b) Terms QQ3 to QQ6 are calculated in subroutine TLKM, referringto the
bubbles configuration at time t e only for the meshes partially or

completely filled with liquid coolant.

¢) The calculation of terms QQ3 to QQ6 is completed in subroutine ITCB for -

the meshes partially or completely filled with vapour.

The calculation of temperature distributionsin fuel, clad and structure

occurs at this stage in subroutine FBRTB.

d) Terms QQ! and QQ2 are calculated in subroutine TLKMS using values at time
t +1° After time step advancement they yield the "old" values referring

to the beginning of the time step.
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e) Definition of the Lagrangian meshes in the liquid slugs

Once a bubble is initialized the mass, momentum and energy equations for the
liquid slugs above and below it are solved in a Lagrangian mesh. Dafi-
nition of the Lagrangian meshes of liquid slugs are‘slightly modified depen-—
dent on wether boiling has already progressed and several vapour bubbles
have been produced or only one single vapour bubble is initialized inside

the coolant channel.

At boiling onset the Lagrangian mesh for the ﬁpper slug is initialized equi-
valent to the Eulérian mesh of the single phase coolant calculation. If
boiling has already progressed, the Lagrangian meshes of the slug which is
located between the upper boundary of the newly formed bubble and the lower
boundary of the next bubble in upward direction define the Lagrangian mesh

of the uppér slug of the newly formed bubble. If the uppermost slug moves

in downward direction and it happens that the sum of Lagrangian mesh sizes

of this slug is less than the distance between the end of the coolant channel
and the upper boundary of the sodium vapour interfaée a new Lagrangian mesh

is gemerated. Its length is Z and-ifs initial values of coolant tempera-

SLUG
ture and pressure correspond to the upper plenum mixing temperature and to

the outlet pressure.

For the lower slug special measures are taken to define the Lagrangian meshes.

At boiling onset firstly a reference mesh size is determined as follows:

L E .,
Az = (Az B oagt )4
ref max min
L . .
where AZref - reference Lagrangian mesh size
E . . S
AZ - maximum Eulerian mesh size
max ST
E . . . .
AZ . - minimal Eulerian mesh size
min

If an Eulerian mesh size of the lower slug is larger than this reference mesh
size the value of the respective mesh is subdivided into a number of NT
Lagrangian meshes according to

+ 1

L L. L
NT:i (Az /Azref)
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Initial values of coolant temperatures and pressures are set assuming a

linear profile along the mesh to be subdivided.

The length of a Lagrangian mesh located just below a vapour bubble might
be further modified. If its length is larger than Zsr e it is subdivided
into NT Lagrangian meshes according to

+
SLUG 1

NT = AZL/Z
In this case initial values for coolant temperatures and pressures in the
newly built-up Lagrangian meshes are set to the value of the original Lag-
rangian mesh located just below the new liquid-vapour interface. By this
procedure calculation of coolant temperatures and pressures in the vicinity
of a liquid-vapour interface is sufficiently detailed to allow for multiple
bubble formation in case of flat temperature and pressure gradients in the

vicinity of the boiling front.

If the lowermost slug moves upwardsand the distance between the lower vapour
boundary and the entrance into the coolant channel is larger than the sum
of all Lagrangian meshes of the lowermost slug, a new Lagrangian mesh is

defined. Its length normally is Z G,its coolant temperature and pressure

SLU
corregpond to the respective inlet input data.

Initialization and/or modifications of the Lagrangian meshes are performed
in the subroutines SETUP and/or TRANS. Procedures for definition of Lagrangian
meshes allow for proper simulation of slug ejection as well as total re-

wetting of voided regions.
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2.3.4 Time and space variation of liquid film thickness

The analytical and numerical treatment of the equations for the liquid

phase in the two phase flow region are presented for the programme BLOW-3

in section 4.2.2.3 and Appendix A2 of reference /1/. For the sake of clarity
these equations are hereafter rewritten and discussed together with other
programme improvements which have been introduced in the BLOW-3A version.

These are mainly:

a) Drop the limiting assumption that the liquid film velocity is negligible

with respect to the vapour velocity. The model of "static" film (applied
in BLOW-3) may be optionally replaced by the modéel of moving film in

BLOW-3A., (See section 2.3.5)

b) The calculation of velocity distribution within the liquid film, which
determines the interfacial shear stresses between film and vapour, has been
carried out assuming a "universal velocity profile" through the film and ap-
Plying to the heterogeneous multiple bubble slug ejection model the con-
cept of two-phase multipliers and the correlations of Lockhart-Martinelli /7/.
(See section 2.3.5)

c) The calculation of heat transfer coefficient clad-vapour and vapour struc-
ture through the liquid film has been revised taking into account the con=

tributions of a laminar sublayer and of a turbulent layer (see section 2.3.6).
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a) Theoretical analysis

The basic equations for the calculation of the space and time variation of

liquid film thickness at the clad and structure material are:

i) Continuity equation:

D . 9 ") (44)
5t (1-a) Pyt Py (1-a) pyuy X Yo, m

ii) Energy equation:

— - -2 - = (45)
e (7o) pgHy  + 5 (1-0) pyuyHy 2
iii) Momentum equation:
du du P
1 , 1 3 1 1 1 Cl. .om
PLBE * PN 5 T T e T ee m g Y, 5 lupley tg vl vag T g

Assuming that for a film of thickness small compared with the hydraulic

diameter it holds

l=q = %-S (47)
and assuming Vo = 1, equation (44) can be rewritten,
g4 - - (48)
5t 5t e )

Pl

Combining continuity and energy equations one derives:

Sp Efl + Sp, u EEL =g -mh (49)
1 ot 11352 % fg
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from which the mass flux m exchanged between the liquid and vapour phases

can be derived. Introducing m into the continuity equation (48) one has

s M (50)
ot oz 1 plhfg hfg ‘ot hfg 9z

<
—~
=
(72
~

[}

which is the basic eqﬁation describing the time and space variation of liquid
film thickness at both clad and structure material surfaces.

In case the model of static film is applied, the above equation reduces to

(imposing u, = 0)

1

-a—s— = e qw + S aHl (51)
at plhfg hfg ot .

With reference to the film at the clad surface the heat flux clad to vapour is
given by

9y = %pg (THa - Tv) (52)

The heat transfer coefficient clad=-vapour o K has been calculated taking in-

H
to account the diffusivity for turbulent heat exchange as explained in section

2.3.6.
For bubbles stretching into the upper liquid plenum the heat flux is calcu-
lated by

(T T ) (53)

9% = %k e T Yy

The plenum temperature T,. is not constant (as in the BLOW-3 code version) but

PL
is calculated by means of an input value and taking into account the enthalpy
exchange between condensing vapour and liquid in a given control volume (see

section 3.2).

As explained in reference /1/ the time variation of the liquid film thickness

is corrected for the end mesh zones of a vapour bubble by means of

EI_S_* =§ + Iu ' .S_o.__S (54)
dt dt PG' AAz
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where AAz is the bubble length in the lower or upper axial mesh zone, and

Upe is the velocity of the interface between vapour bubble and liquid slug.

Equation (50) is descretized with forward differences with respect to time
and with upwind differences for the space derivatives. Letting the index n
refer to time, j refer to the central node of an Eulerian axial mesh,

j *# 1/2 to the upper and lower mesh boundaries one has:

n+1 n n ,n . n° n n+tl, n
S, - 8, u,, S, = u,. S, q . +q.,
j 1, 11 79 13-1 "3-1 _ _ 'wj wl o,
At Az, + Az, n
n 3 =1 2hfg pij : (55)
55
L n+l o n n ™ - P
i 1,n v vi i 1] .n vj vi-1 .
+ (577). + € .82 fu .,>o0
hf BTV 3 Atn fg pl Azj + Azj_1 1]
g2l - g0 o, st -l 8t g
”lZ“‘*“l 4 p LI+l 4l iy 1 - M3 w1,
tn Bz ¥ B2y he, %4 (56)
n n+l n n n n n
S. oH .= . . T, T,
b ( 1)n TVJ TV1 - SlvulJ Mo vi+l vi if u1j <o
hf aTv” j Atn hfg plj Azj+1 + Azj

under the assumption of thermodynamicbequilibrium of liquid film and

vapour over the cross section.

Dropping the last term at both sides of these equations leads to the appli-

cation of the static film model (discretization of above equation (51)).

b) Comparison with previous model of static film

Comparison of results obtained with the application of the models of static
and moving film shows that

transport of liquid film mass in axial direction due to vapour drag may ex-
ceed by a large factor the mass exchanged between the two phases due to va-
porization or condensation.

dryout spots may occur shortly after boiling inception but they are rapidly
rewetted (when using the moving film model). These two results confirm the

conclusions reported in references /16/, /17/
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V)

vi)

vii)
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when using the static film model rewetting may only occur due to bubbles
axial displacement and passage of a liquid slug over dried-out zones. When
the moving film model is applied rewetting is continuously occuring (at
least in the first boiling phase, before total voiding of the channel)

owing to liquid mass transport in axial direction.

when using the static film model a minimum film thickness is normally set
to a value which corresponds to about 0.95 void fraction in the channel. If
in some axial mesh zone the calculated liquid film thickness drops below
the specified value dryout is assumed. This feature, which was originally
introduced by Schlechtendhal in the BLOW-2 programme /18/, was maintained
in the BLOW-3 code to compensate for the fact that the static film is not
drained by the vapour. It implies the disadvantage that the total coolant

mass balance is not rigorously respected.

In the moving liquid film model the minimum liquid film thickness is set to

zero and the continuity equations of both phases are satisfied rigorously.

in both static and moving film models the overall energy balance in the
channel is preserved. Clad and fuel temperatures may be anyway overestimated
and burn-out prédicted too soon in the static film model due to insufficient

rewetting of dried-out zones.

in case the problem to be simulated is characterized by a rapid overpower
transient or severe loss of flow conditions (or combination of these two
simulated accidents) and voiding of the coolant channel is rapidly obtained,
the difference between results gained with the application of the two meth-
ods is not very relevant. On the contrary, in case the problem to be modelled
is characterized by mild transients and quasi stationary boiling conditions
are maintained over a long time interval the moving liquid film model leads
to results which are appreciably different from those supplied by the static
film model and closer to the reality as the analysis of SCARABEE single pin

in-pile experiments has shown /19/.

the additional numerical effort necessary to solve equation (50) instead

of equation (51) is negligible.
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2.3.5 Calculation of liquid film velocity and of interfacial shear stress

between liquid and vapour.

Statement of the problem

In Appendix C of reference /1/ is discussed the opportunity of calculating
the interfacial friction factor between liquid film and flowing vapour by

means of the Wallis correlation /20/

L= 1+ 100 S 7
¥io= ¥, (14300 2-) (5%)
h
where
v, = friction coefficient for the vapour flowing alone in the channel
S = liquid film thickness
Dh = hydraulic diameter

This correlation is assumed to hold for "rough annular flow" conditions.

In a one-dimensional two-phase annular flow the film is smooth as long

as the vapour velocity does not exceed a critical value. Above it the fric-
tion:factor rises rapidly because of the formation of waves and the annular
flow becomes '"rough". At higher vapour velocities liquid droplets are en—
trained and the flow regime tends to become homogeneous (mist) flow, charac-

terized by large friction factors.

The theoretical interpretation of the SCARABEE in-pile boiling experiments
/3, 19/ has shown that the above Wallis formula is acceptable for well de-
velopped two-phase flow regime, but is not satisfactory (giving too large
pressure drops) for the first boiling phase immediately after boiling in-
ception, when the void fraction is about 0.8 (as it corresponds to the ini-
tialized liquid film thickness) nor in the condensation region where the

void fraction becomes , in the BLOW model, as low as about 0.6.

Preserving the possibility of using optionally the above formula (57), the
problem of calculating the pressure drops in the two-phase flow region has
been re-examined and a new module has been introduced in the BLOW-3A code.
This alternative calculation method provides results which are in good agree-
ment with the Wallis formula for large void fractions, but yields lower pres=

sure in case of low void fractions. The new approach consists in applying
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the concept of two-phase multipliers, normally used in calculation
methods based on homogeneous flow theories,to the heterogeneous multiple

bubble slug ejection model upon which the BLOW-3 code is bhased.

Owing to the original structure of the BLOW-3 code, the calculation of two-
phase pressure drops is performed with reference to the vapour phase, by
nemerically solving the momentum equation (2), which describes the space and

time distribution of the vapour mass flux G, in the bubbles.

The coupling between liqiiid and vapour phases is represented by the second
term at the right hand side of this equation, where the interfacial factor
Y. is computed either with the Wallis formula (57) or alternatively with the
method explained hereafter.

Theoretical formulation and assumptions

The method used for calculating the liquid film velocity and the inter-

facial friction factor is based upon the following assumptions:

i) the two-phase flow can be represented by the "separate cylinders model"

ii) The pressure drop in the separate cylinders equals the actual pres-

sure drop, which implies no pressure drop in radial direction.

iii) the pressure drop is due only to friction, i.e. acceleration forces

are negligible.

iv) the pressure drop can be calculated for either phase from the single-

phase flow theory.

Let the two phase multiplier, referred to the vapour phase, be defined by:

02 = —3p/dz (58)
v (dp/dz)
v
where dp/dz represents the actual pressure drop and (dp/dz)V the pressure

drop which would occur if the vapour. phase were flowing alone in the channels

Calculating the actual préssure drop dp/dz by means of the interfacial friec-
tion factor ¥; and (dp/dz)v by means of the friction factor for the vapour

phase Y, and introducing into (53) one has /20/:

Y, = y p2 OLS/Z (59)
1 v Vv
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where o is the void fraction and Wv is a known function of the vapour Rey-

nolds number

Y, = f (Rev) (60)
Let ' 009 005 001
o (1=x fv_ N
XM x 0 m (61)
) 1 v

be the Lockhart-Mattinelli parameter.

The usual application consists in considering the two-phase flow as homo-
geneous, deriving by thermal balance the (average) quality x for a given
channel axial section, hence the Lockhart-Martinelli parameter XLM' Em-
pirical correlations allow then to derive the two-phase multiplier o, in
dependence on the flow regimes (laminar/turbulent) in either phase. Equation
(58) yields the actual pressure drop dp/dz, as (dp/dz)v can easily be cal-
culated for the vapour phase flow. This usual approach cannot be followed

in case of a multiple bubble model. The quality of the two phase flow cannot
be derived by thermal balance as average value for a given axial section
because this would assume a model of homogeneous flow which does not hold
for the BLOW-3 code. The alternative approach is to define, for a given
axial section, a "local" quality as ratio. of the vapour mass flux to the

mass flux of both phases:

Gy oPyly (62)

+ G1 ap U+ (l—a)plu1

X="G
v

and to calculate, beside the vapour velocity U, the liquid phase velo-
city U
Both velocities could be derived by solving simultaneously the momentum

equations (2) and (46) for the vapour and liquid phases respecitvely. Al-
though possible, this method implies a considerable numerical effort. The

theoretical formulation of the problem has therefore been simplified with

the following approach:

a) for a given axial mesh, the liquid film thickness, hence the void frac-

tion o, is known;

b) solution of equation (2) has afforded the axial distribution of vapour

velocity along a bubbles
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c) axial distribution of liquid film velocity is not derived by solving
the momentum equation for the liquid phase, but accepting the simpli-
fying equations of the boundary layer theory. To this purpose two fur-

ther assumptions are necessary:

V) acceleration forces are negligible with respect to shear stresses

(assumption compatible with iii) above)

vi) The shear stress is constant across the liquid film and equal to the

interfacial shear stress

iy

T, = 4§-p lu = u,| (u_ - ui) (63)
where ui represents the film velocity at the interface with the vapour
phase.

For the calculation of the dimensionless quantities of the boundary layer
theory, the shear stress has to be known. As it depends, like the quality x,
on Ul it is evident that the sdélution of the problem illustrated above
requires the calculation of the liquid film velocity. A numerical solution
has been attained by means of an iterative computing scheme which is ex-—

plained hereafter.

Iterative calculation scheme

For a cross section of a bubble where the vapour velocity ug has been

previously calculated, let

&t =pgu (64)

1 v

(0<B<1) be a trial film velocity. Assuming that space distributionsof pres-
sure and temperature, hence the vapour physical properties are known along
a bubble (as previously calculated in the subroutine DPDA), equations (58)
to (62) yield a trial figure for the quality, the Lockhart-Martinelli para-

meter XLM’ and the interfacial friction factor Wi'

Let an experimental relation be known between the Lockhart-Martinelli para-
meter and the two phase multiplier referred to the liquid phase
0, = ((dp/dz)/(dp/dz);) /?

2, = £(Xp (65)
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According to the "separated cylinders model" the following theoretical re-
lation exists between the two-phase multipliers referred to the vapour and

liquid phase:

1 t/n 1 t/n (66)

R, + e = |

2 2
Qv ®1

where n=2 for laminar flow, 2.375 to 2.5 for turbulent flows analyzed on a
basis of friction factor, and 2.5 to 3.5 for turbulent flows calculated on
mixing-length basis. Equation (66) supplies a family of curves relating

¢V to ®1, which can be used to fit experimental data. Wallis /20/ suggests

n=3.5 as a good choice for all flow regimes.
Equation (66) yields @V from the previously determined (trial) 915 hence

(59) and (63) yield the interfacial friction factor"l’i and the shear stress

T Following the notation of the boundary layer theory, let

T,
K

i
u; = — (67)
1 q
be the friction velocity, and
% ,
ot o Suy ey (68)
M1
u.
+ 1
ul = 'LIT (69)
1
the dimensionless liquid film thickness and velocity.
The mass flow of the liquid phase is given by
S .
= = . = T k
W, £ pyu, dA £ 21t pywy dr = p U, A [g/s (70)

where A1 (1-0)A is the area of the cross section A occupied by the film

and ﬁl represents the mean value of the film velocity over the: area Al'

Defining the dimensionless mass flow as
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W
WI = 2"r;ﬁ (71)
where r, is the radius of the outer wall of the flow channel one has:
+
W) = £ (1-:%;_) u as” (72)

with =y -,
y w

Assuming that the dimensionless velocity distribution over the film thick-

ness is given by the '"universal velocity profile" /21/

u'{ = g" S+v<5
uI == 3,05 + 5 1n . s+ 5§S+<30 (73)
W= 55 +25Ins 30<s”

and introducing into (72) one has for the dimensionless mass flow in the
. .. +
laminar layer (S+<5), the transition zone (5<S <30) and the turbulent layer

: +
(30<5 ') respectively:

2
+ ‘
W, = - 8.05 st + 5 8% 1ns™ + 12,45 - iéf 2.5 s* st - 2.77 s* + 10) (7%)
+ + L+ + . 1 +? 2 +
W= 38 4258 Ins' - 63.75 - =5 (2125 8" + 1.25 8" 1Ins’ - 574.6)
with "
u-r
L 1 "w :
Re = " (75)

From (65) and (66) one derives for the mean,film velocity

+
Wy
T . 1t (76)
1 pls
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This figure can be used to replace (64) as a new trial and the calculation
repeated till a desired accuracy has been attained. This iterative scheme
affords results independent from the initial trial and converges rapidly.

A few iterations are sufficient to calculate the mean film velocity with

a relative error smaller than 10—4. After completing the iteration,equa-

tion (63) yiélds the interfacial friction coefficient to be inserted in equa-

tion (2) for calculating the pressure drop in the two-phase flow region.

The above explained iterative method is summatrized in the scheme of Fig. 7.
The method has been extensively checked in the framework of the theoretical
interpretation of the SCARABEE single pin in-pile experiments /19/ and of

sodium boiling experiments in out-of-pile seven pin bundles /5/, /26/.

d) Numerical Results

The results of the iterative scheme explained in the previous paragraph
depend strongly on the choice of the correlation (65) between the para-
meter XLM and the two-phase pressure drop multiplier. Results obtained by
the original experimental work of' Lockhart and Martinelli /7/ have been
approximated by assuming different plots for the two phase multiplier

according to the flow regime in either phase, namely

. -0.590 + 0.0855 1g
0, = b X, 10 X for X, < |1
- -0.590 + 0,231 lg 1<x... < 10 (77)
o, = b X 10 X1 Xim
o, = 1.75 10<X;

for turbulent regimes in both liquid film and vapour and

~ -0.516 + 0.142 1g < 1
Gy, = 2.66 X 10 XM XM
~ =0.516 + 0,276 1
= 2,66 X 810 iy I<X y s 10 (78)
™
= 1,53 10<XLM

for laminar flow regimes in both phases. In case only one phase is laminar

it has been assumed
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o = £(Xp)
-
-1 2
= - 2 n
o, 1 (@1)
y, vy 92 m5/2
1 = VvV v
ot N2
r=r+l T T2 Py (uy = up)
* T )
u =_}- e >3
1 p .
1 o
+ +
gy = f(y )
+
S
+ +
o=y
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Fig. 7 Iteration scheme for calculation of liquid

(n = 2.5-4)
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.. t%, | (79)

For most practical purposes a simplification may be introduced by assuming

for XLM<1 and for every flow regime in both phases

- -0.764
¢1"‘ 306 XLM 1

(80)
A parametric analysis has been performed to assess the validity of the nu-
merical approach explained previously. Results obtained with the application
of the correlation (80) are shown in Fig /8/ which plots the interfacial fric-
tion coefficient against the film thickness assuming the vapour mass flux as
parameter. The film thickness ranges from O to 150 pum which corresponds, in
case of the SCARABEE geometry /3/ for which the results were obtained, to a
void fraction in the range 1 - 0.6.

The temperature, upon which the physical properties of both phases depend,
does not play a relevant role and has been fixed to 1000 °c. 1In this fi-
gure the friction coefficient derived with the iterative method is compared
with the values supplied by the Wallis formula (57). One can remark the good
agreement in' the range 0 - 70 ym film thickness, while in the range 70 - 150 um

the values given by the Wallis formula are considerably larger.

Fig.s 9 and 10 show results obtained with application of the correlations
(77), (78) and (79), i.e. taking into account the flow regimes in both phases,
for vapour mass fluxes 10 and 50 kg/m? sec respectively. These figures show
the transition between :different flowregimes as the critical Reynolds number

(Rec = 2000) in either phase has been reached.

The ratio vapour to liquid film mean velocity is shown in Fig. 11 against

the 1liquid film thickness for several values of the vapour mass flux.

The numerical investigations have been completed by applying, as alternative
to the above correlations by Lockhart-Martinelli, the results obtained by

Peppler with sodium boiling tests performed at KfK /22/. Evaluation-of these
tests has. led to the following correlations for the two phase pressure drop

multipliers referred to the liquid and vapour phases respectively

_ -0.55 : (81)
9 8.2 X
0. 405 (82)
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These correlations do not satisfy equation (66) with n in the range 2.5-4.
For X between 0.1 and 1 equation (66) is approximately satisfied taking
n = 6. Application of the above correlations in the iterative calculation
of the interfacial friction factor leads to results which lay for above
those supplied by either the Wallis formula or the Lockhart-Martinelli cor-
relation., A éomparison of some worths is shown in Table II. The ratio vapour
velocity to liquid film mean velocity as derived with application of the -

Peppler correlation is shown in Fig. 12.

g
j
Interfacial friction factor Wi
, ; T
VAPOUR Film Peppler Lockhart- Wallis
MASS thickness| Equation(8%)| -Martinelli - Equation (57)
FLUX Jum_/ Equations - : |
(kg/m?sec) N 1¢77), (78)
30 4.08 0.29 0.93
Gv = 10 _ 60 7.83 0.75 1.70
100 9.98 0.72 2.74
140 9.72 1.24 3.77
30 1.02 0.08 0.30
Gv = 50 60 1.92 0.085 0.55
100 2.46 0.094 0.89
140 2.42 0.19 1.22

Table II Comparison of interfacial friction factors obtained with appli-~
cation of the Peppler, Lockhart-Martinelli and Wallis correla-

tions.
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12 1 Peppler correlation
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Fig. 12 - As above (Results obtained with the Peppler

correlation)
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2.3.6 Some considerations about turbulent heat transfer Ehroqgh liquid film

According to the model discussed in reference /23/, the liquid film can be
separated into a laminar sublayer flowing at the wall (called base-film) and
a turbulent layer moving over the base film. The transition between laminar
and turbulent subregions has been assumed to correspond to the critical
dimensionless distance from the wall y:r = y&?v = 20, For a film of dimen-
sionless thickness S+ = dev smaller than y:r the heat transfer coefficient

is determined by conduction through the laminar sublayer:

- A
h, = g (83)

For a fully developed liquid film, consisting of both laminar and turbulent

subregions, the equations for momentum and heat transfer can be written as:

T =P (v + vg)'§% (84)
dT
= y 2 2y dI
q = pycyy (0% + ae) dy (85)

where ve‘and ag are the eddy diffusivities for momentum and heat transfer

respectively.

Letting TH and Tv be the clad (or structure) surface temperature and the

vapour temperature, integration of (85) over the film thickness S yields:

S Tv
1
q f —_— dy = f p,c dT = p.c (T = T.) (86)
o a? + “2 TH 1 Py 1 p1 v H

when the physical properties of the liquid film are considered constant

over its thickness.
Defining an overall heat transfer coefficient h through the liquid film by

q = h(T, - T) | (87)

and comparing with (86) one has
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p, ¢ vV pyC
b & Lpy ~ s
: = (88)
‘ - . .
o a? + g2 o 'l 0$ v
€ e
Pr Prt

where Pr ="v/02 and Prt = ve/ag are the molecular Prandtl number and the

turbulent Prandtl number respectively.

In terms of dimensionless quantities the above equation becomes:

*
. pl Cp1 u
h = (89)

S+

1
{ i7Fr + (v er, ¥

+

Equation (88) reduces to (83) for a thin film consisting only of the laminar
sublayer as in this case aé is negligible compared to a?. The heat transfer
coefficient h can therefore be split into two terms, the laminar one hl,and

a "turbulent" term ht defined by

vV pyC
17 p
1 (90)

f—tr
| NIV
Cp o €

P
r Prt

y

where the integral is computed over the thickness of the turbulent layer of

the film. It holds then

(91)

==

1
Tt

1
bbby

which is equivalent to the direct application of equation (89). Equation
(89) has been applied in test cases under the assumption that the ratio of
the eddy diffusivity for momentum transfer v, to that for heat aé (the tur-
bulent Prandtl number) is co;stant. A parametrical analysis has been perfor-—
med varying the turbulent Prandtl number in the range 0.8 - 1.5 and compar-

ing the resulting overall heat transfer coefficient with the value which
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would be derived by applying eq. (83) to the full film thickness. It has been
shown that the resulting heat transfer coefficient is very sensitive to
relatively small changes of Prt, increasing rapidly as Prt decreases. The
value Prt = 1.5 has been eventually chosen as it is applicable for fluids
with low molecular Prandtl numbers. Results of test calculations performed
with Prt = .5 are shown in the following Table III for some values of the

vapour mass flux and of the liquid film thickness.

These results show that the heat transfer coefficient through a turbulent
liquid film with Reynolds number between 103 and 2 x'103, calculated taking
into account the contribution of the laminar and turbulent sublayers may
exceed by roughly 10 to 50 per cent the figures obtained by applying the
simple cénduction law (h = A/S) to the full film thickness.

In the liquid film model discussed in the above mentioned reference /23/
which anyway refers to fluids with molecéilar Prandtl number >1, a wavy film
shape is also taken into account. This leads to the conclusiémiithat "'the
turbulent contribution to the overall heat transfer coefficient ranges from
about 45 - 90 percent of the total". The influence of the wavy film shape
has not been investigated at KfK as its modelling would not be applicable

(without large programme modifications) to the BLOW-3A code.

The above results must be interpreted only as a qualitative indication of
the influence of turbulence of the liquid film on the overall heat transfer
coefficient. It must be remarked once again that results are very sensitive to

some parameters like the turbulent Prandtl number and the eddy diffusivity.




/ c_/
p.uD 4Sp_u
o u u e = vV hv Re, = 11 h, = l—x h from (89)
v 1 v " 1 Uy 1 S
v =5
(m/sec) (m/sec) x = 155 x 10
2
G_ = 50kg/m” sec B}
v
S = 100 0.73 75.5 3.41 6375 6869 5.64 5.93
S = 150 0.60 75.5 3.65 5885 11021 3.77 4,34
2
GV = 100kg/m  sec
S = 100 0.73 150.9 6.34 12752 12777 5.64 6.81
S = 150 0.60 150.9 6.56 11769 19824 3.77 5.57

Table III Comparison between heat transfer coefficient across liquid film based on the conduction approxi-

mation (hl = X/S) and based on the separate contributions of laminar and turbulent sublayers.

- 1¢T -
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2.4 Calculation of temperature distributionsin.fuel and clad during

melting or solidification

The temperature distributiomsin the fuel and clad during melting or soli-
dification are calculated in the subroutines KOPHI and KOPHIH respectively

using essentially the same model, as explained hereafter.

Let the fuel or clad material of an axial mesh be concentrated in N discrete
nodes and
m, = ini (1= 1l500c000easN) (1)

be the mass corresponding to one node. Let F1 denote the fusion heat ne-

1
cessary to melt therunit mass of material. The total amount of energy ne-

cessary to melt the material associated to node i will then be

Vi (2)

Let Tf denote the fusion temperature and Ti,n the temperature of node i

resulting from normal computation of the temperature distribution at time
step e If Ti,n is greater than the melting temperature Tf a correction
is applied as long as the energy production in that node integrated since
start of melting is smaller than the fusion heat. In this case it is as-

sumed that Ti remains at the melting temperature Tf. The computed tem-

9
perature increment

AT, =T - T (3)

(positive while melting, negative during solidification) corresponds to

an amount of energy

e . ® . 4
i,n 1cp1 A Tl,n )

per unit volume which is not spent by rising the clad temperature, but

absorbed as latent heat during the melting process. The energy AQ..

computed for time step tn is normally far below .the total energy Ei ne-
cessary to melt the mass of material associated to node i; it is there-
fore stored from the very first time step, say n,, at which AT,  was

S
found to be positive and the resulting sum for the volume Vi
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8; = gn %o Y (5)
()

is compared to Ei' When Si becomes greater than Ei the mass m, is completely

molten; the clad temperature Ti 0 so far corrected down to Tf, from
3

this time on rises again, and the energy amount Si - Ei accounts for a tem—

perature increment

i °

The percentage of the material associated to the node i, which is molten

at time t 1is
n
w, = 8./E, (7)
i i"Ti

The mean value over the volumes Vi gives the percentage of molten material

for all the nodes of a given radial mesH:

(8)

A comparison between this discrete calculation model and an analytical treat-
ment for the temperature distribution in the clad during melting has been

presented in reference /6/.

Symbols used in this section

N number of radial nodes of the fuel or clad mesh
m mass (kg)

V  volume (m3)

p  density (kg/mB)

c_ specific heat (J/kg °c)
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T Temperature (OK)

T, Fusion temperature (°K)

t time (sec)

F, Latent fusion heat (J/kg)

E  Energy (J)

S  Energy absorbed by the clad material during melting (or liberated
during solidification) (J)

Q Energy absorbed or liberated per unit volume (J/m3)

w  percentage of molten clad material associated to a node (dimensionless)

 percentage of total molten clad material of a radial mesh

(dimensionless)
Subcripts
i @{d=1,2, ........N) refers to a mesh node

n  refers to time step tn.
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3. Further programme details

In this chapter are explained some topics which regard in general the pro-
gramme organisation, like the time step control, or its applicability to
peculiar experimental conditions. The simulation of a typical experimen-
tal rig is shown in section 3.3 together with the calculation of the equi-
valent heat transfer coefficient from the structure outer surface to a sur=
rounding medium. The way of simulating a (generally undesired) leakage of
coolant through a path in parallel with the main flow is dealt with in
section 3.4,

The calculation of geometrical Hata for an equivalent channel representing in
the one-dimensional approximation a subchannel of a bundle is explained

in section 3.5 on the basis of a practical case. This example of applica-
tion is intended to serve as a guideline for the user in the preparation of

input data regarding the geometrical configuration.

Further programm details are explained in Section III.2 together with the
description of the Subroutine in which the calculation is performed. The most

important among these are:

= Numerical treatment of the vapour energy equation for the determination
of integral values of vapour pressure and temperature. See description

of Subroutine ENBL.

- Correction of vapour pressure and temperature distributions along the
bubble length to achiewve consistency with integral values. See descrip-

tion of Subroutine TTS@L.

= Calculation of heat transfer coefficient coolant-structure assuming a li-
near temperature distribution across the structural layer. See descrip-

tion of Subroutine AKTST.

- An explanation of data printed-out onto the paper hard copy is given in
the description of the Subroutines STATO (steady state data) and AUSGAB

(transient data).
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3.1 Time step control

For numerical integration of the transient equations two different time step
levels have been introduced in the BLOW-3A programme: A macro and a micro
time step level. The macro time step defines those time-points in which all
variables are calculated which determine input and boundary coenditions by
time dependent functions e.g. power density, inlet/outlet pressure of the
coolant channel, coolént-inlet temperature, pressure drop coefficient of

the inlet ofifice,’thermal conditions at an external by-pass. Along a macro
time step a linear variation of the relevant variables between the calcula-
ted point values is assumed. The macro time step is determined by input.
Three different values can be chosen dependent on the integration time. Two
refer to the macro time step in single phésefflow conditions, One is applied

for times less than an input value t and the other one if the actual

Rampe

time is larger tham t . The third macro time step refers to times during

m
the integration if twgaph:se flow conditions have been achieved. The macro
time step is internally modified if single phase flow conditions approach
boiling onset at the prespecified value of superheat at one axial mesh of
the coolant channel. To reach this time as exactly as possible it is checked
in a predictor step wether the prespecified superheat may be exceeded local-
ly at any axial location in the coolant chamnnel. For this predictor step it
is assumed that the time derivative from the last integration step remains
constant along the next macro time step. If the prespecified superheat is
exceeded at any local position of the coolant channel, the macro time step

is reduced in such way that at the end of the macro time step the conditions

for boiling initialization are just met.

Each macro time step can be subdivided into several micro time steps which
are applied for integration of the mass conservation, energy and momentum
equations. In single phase flow conditiens the micro time step has been
fixed to be not larger than 0.05 sec. Though the numerical solution scheme
of the single phase flow equations is unconditionally stable in case of con~
stant properties it has been proven necessary to limit the integration time
step. This is due to numerical reasons as propagation of round-off errors
and due to non-linearities introduced by temperature dependent properties.
In case of calculations for two-phase flow conditions an automatic procedure
has been implemented adjusting an optimum micro time step for integration of
the mass conservation, enmergy and momentum equations. Two types of criteria

are applied:
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1. Adjustment of the time step due to physical phenomena

2, Adjustment of the micro time step due to the convergence

behaviour of the integration scheme.

To 1) Determination of an appropriate micro time step due to physical

phenomena refers to four criteria:

%

= the maximum volume change of a bubble during one micro time

step normally should not be larger than 107%

—~ a bubble interface should not move axially in one micro time
step more than the length of the smallest axial Euleria mesh

of the coolant channel

= if axial pressure gradients in the two phase flow zone are
larger than 1.0E + 05 N/mz/m the micro time steps should not

exceed 1 msec

- if the average pressure inside one bubble is expected to change
by more than 5% during a micro time step, the micro time step

is halfed.

To 2) Determination of an appropriate micro time step for integration due

to the convergence behaviour of the integration scheme:

= if more than five iterations of the energy and momentum equations
have been necessary ‘in the preceding micro time step the next

micro time step is halfed.

~ if less than three iterations of the energy and momentum equations
have been necessary in the preceding micro time step the micro

time step is doubled.

Relevant checks for the micro time step control are made in the subroutines
ITCB and LTITCB respectiveiy. The micro time step is calculated in the sub-
routine STEP in such a way that it exactly fits into the macro time step

sequence.,
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3.2 Heat and mass exchange between upper liquid slug and coolant in

upper plenum..

For determination of the temperature variation in the uppermost axial

segment of the test section, it is necessary to calculate coolant tem-

peratures in the plenum above it. In BLOW-3A the following procedure has

been adopted:

].

Above the test section a control volume V is defined, charac-
‘ c
terizing the amount of liquid sodium in the upper plenum tak-

ing part in the heat and mass exchange process
Vc = RLA » AR (NM2)

RLA: effective reduced length taking inte account the inertia of
the liquid sodium above the test section (input para-

meter)

AR(NM2): flow cross section of the uppermost axial segment of

the test section.

As initial coolant temperature in the control volume is taken

the stationary coolant outlet temperature.

It is assumed that enthalpy and mass exchange of the control
volume with the moving upper slug takes place only via con-

vective mass flow variations in axial direction. Mixing effects

in radial direction inside the upper plenum are neglected.

Above the control volume a coolant plenum temperature is speci-

fied by input and is kept constant during the transient phase.

Along the control volume the coolant temperature variation is
taken to be S shaped with upper and lower boundary values which

depend on the mass flow direction (see following sketch).

If a bubble extends into the upper control volume its tempera-
ture is kept at the last calculated value. This means that the
enthalpy change in the control volume due to vapour flow is neg-

lected.
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6. If liquid sodium enters the test section from the upper plenum the
coolant temperature is set to the transiently calculated temperature

in the control volume.

coolant
plenum

—={ AR (NM2) |=-

control
RLA | volume "Tﬁ
Ve |

] B

f /n outlet
Tk

Fig. 13: Sketch showing the control volume Vc for heat and mass

exchange in upper plenum.

With these assumptions the energy equation for the upper control volume is

solwved:
(o4 C
0 ok - B;HL = 0 (1)
K 9t K 9z

Integration over the control volume Vc and an implicit time discretization

lead to the following expression:

n+l ¢ +1
p Gl

T O - Py

n+1
K ¢ 6

(n+l c,U _ n+l]

c,L
Fc HK ) =0 (2)
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wilth Fc = Vc / AR, The indexes U, L refer to the upper and lower coolant

volumes bounding the control volume Vc.

Taking all values of specific heat to be the same and constant over the

time step this equation reduces to:

n+l ¢ n+l,c ngcC n+l n+l_c,U n+l_c,L
- = e - T = 0
g Vo O Tg = T/t Gy F O Ty K
hence:
n+1
n+ch < D GK Fc Aty (n+1Tc,U _ n+ch,L)
B (¢ K n+l ¢ Ve K K
P e
As initial condition ittholds:
c _ moutlet
TK (t=0) = TK (t=0)
The boundary conditions are:
n, c ,
TK if GK “3 0
n+1T ¢, U =
K P
TK if GK <0
n+l_outlet .
Ty if G 2 0
n+l_¢,L
TK
“TKC if G < 0

P, '
where TK 18 the coolant plenum temperature.

(3)

(4)

(5)

(6)

(7)
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3.3 Simulation of a typical experimental test rig and calculation of the

An important problem which has to be solved for the correct interpretation

of in-pile or out-of-pile experiments is the simulation of the experimen-

tal test rig'by calculating an equivalent heat transfer coefficient for the
heat losses beyond the structure outer surface. As an example of this cal-
culation, let a numbér 1=1,2,.....L of layersof known physical properties
sepatate the pin (or bundle) from a by pass flow as represented in the sketch
of Fig. 14, the layer 1 = | being the pin structure itself. Let one of this

layers (for 1 & y) be a vacuum gapi

Ty TpT13 T, T5 T6 Ty Tg Tp

™ e
SIAlalT g By Pass
DYl = o = O fo
ZIN| <] O [IZ W Flow
—— e : Y e
4 6 8 r [mm]

Fig. 14: Sketch showing a typical experimental test rig to be simulated for
the calculation of the heat transfer coefficient from structure to

a by-pass flow. This geometrical configuration is typical for the
SCARABEE experiments /3/.

For a steady state situation with heat flux q flowing outside the

structure outer surface.the overall heat transfer coefficient can be cal-
cutated as follows: let o Ti be the radius and temperature of the inmer
cylindrical surface of the i-th layer and A, its thermal conductivity;

Tb the temperature of the by pass flow. Assuming that the vacuum gap sur-=
faces behave like a gray body with integral emissivities ey, €y+l’ the over—

all thermal resistance per unit axial lemgth is given by
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L+1
with
In (r,,  /r.) T, = T,
T i+’ "1 i i+l . Lo
R, = ZWAi = g (i=1,2...L; i#y) (9
and
R = (T - / (10)
v = Ty TRl

The radiative heat flux is:

4 4
- - 11
q_ = 27r Feq (T T 1) (1)

when o is the Stefan Boltzmann constant and

(12)

is the emissivity factor of the gap surfaces. In stationary conditions
q= 9.
Assuming that the boundary temperatures T1 and Tb are known, equation (11)

together with

v=1
q Z . R, =T, =T (13a}
g1 i Y
q g : Ry =T - T (13b)
Y+11 1 Y+] b
forms a system of three equations for the unknowns q, TY’ TY+1. Eliminating
TY+l and q one’has:
Lo o (14)
.c, T- =0 14
EJ Ty

where cj depend only on the layers thermal resistances and on the boundary
temperatures. Equation (14) can be solved numerically for TYzassuming the by-
pass temperature constant and varying the structure inner temperature step=
wise in the range expected to be covered during the transient calculation of
a simulated accident (for instance, in the range 600 - 1200 °C). Results may
be plotted as function of the variable x = T] - Tb and approximated by means
of a polyneme in x. From the known TY equations (13) then yields the station-

ary heat flux q. An overall heat trandfer coefficient can then be defined by
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- 9 15
5 2mRg(Tg = Ty) e

where RS = (R1+R2)/2 is the radius of the cylindrical surface through the
structure mid point and TS=Tl is the bulk structure material temperature cal-
culated in the code. Calculations for ¥éal cases are normally performed as-

suming . # 0.8 which applies to strongly oxidized gap surfaces.

y+1
In some cases the pin structure consists of several layers, for instance

oxide shoop layers coating the structure material in order to reduce the
thermal losses. As the code allows for only one structural material, the
layers can be replaced by an equivalent one with the seme thermal inertia

and the physical properties of the main structural material. Letting Ri,

Ri;i be the radii of the inner and outer surfaces of the i-th layer and pi,'
cai its dengity and specific heat (i=l referring t¢ the main structural layer),

the outer radius Re of the equivalent structure is given by:

N
e 2y L 2 2 o
chﬁl(Re V R)) % P Pic R,y ~ RY) i=l, 2.....N (16)

where N represents the number of 1éyers to be replaced by the equivalent one.

In case of a bundle structure similar considerations apply to the geometry
of a properly defined equivalent channel (see section 3.5 for the definitdon

of equivalent channels).

Due to the fact that the above calculation of the heat transfer coefficient
refers to a steady state situation a correction must be appliéd for a tran~
sient calculation to take into account the thermal inertia: of the structure
material. To this purpose a modified time varying heat transfer coefficient
is defined as follows: with reference to the symbols used in section II-0-2.1,
the heat loss beyond the structure is given in the stationary case and per

unit axial length by

aWFW
Qo - A (TSO - rw) (7
, S
where TSo is the steady state structure temperature. In the transient state

the heat loss is (assuming TW constant)

Oinw

Q) = —42 [Tsm : Twmx., (18)
S

Q(t) may be split into two terms, by introducing * TS0 into brackets:

awa ‘ awF
Q(t) = _V;— [TSO - T;] + "Vzm To(t) - Tsél = Q, + Q(v) (19)
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where Ql(t) represents the increment of heat losses due to the temperature

rise above the stationary value Tso

a correct valkue of the heat transfer coefficient o, and therefore a good

. A correct computation of TS(t) implies

-8t

estimation of Ql(t). Let introduce a time dependent parameter B = 1 = e ’

where § is a constant to be estimated, and write the total heat losses as

Q) = q + BQ, (1) = q_ + (1= °%) q, (b). (20)

§ = 0 implies Q(t) = QO and therefore represent the limiting case of very
large thermal inertia of the structure. Its temperature would not increase

abave TSO and the thermal losses would be kept to a minimum.

Large § imply B = 1, hence the highest thermal losses, corresponding to

a minimum of the structure thermal inertia.

Introducing B into (19) and re-arranging one derives:
F T (t) - T
_w _ _ s So -6t
Q(t) A [Ts(t) TW] o [l n-T ° ] 21

Comparison with (18) shows that introducing the parameter g is equivalent

to assume as heat transfer coefficient instead of oy, the corrected value:

e . (22)

A good evaluation of the heat transfer coefficient has been reached in most
cases with 6§ ranging from 0.01 to 2.
This time-dependence of the heat transfer coefficient has to be programmed

in the subroutine WWST.
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3.4 Leakage Flow representation

The presence of an unwanted leakage flow in parallel to the main coolant
flow, which may characterize some eiperiments, can be taken into account in
a separate submodule of the programme (called BYPASS, with some related sub-
routines). It calculates the effects of the leakage flow by considering a
variable pressure drop coefficient in the inlet valve under the assumption
that friction pressure drops-in. the leakage path dominate the accelera-

tion pressure drops.

Letting G, G
it holds

1° Gt be the channel, leakage and total mass flow rate respectively,

- 23
G, =G, *G (23)

Without representation of the leakage flow the inlet valve pressure drop

would be calculated as

C |
= i i 24
ApBl t 2p ( )

while the real pressure drop is

A L Glel . G * Gl * &) (25)
PBl,real e 2p 2p
which can be written
GCIGCI
- L e 26
ApBl, real ‘e 2p 26)

with the definition of an "equivalent" inlet valve pressure drop coeffi-

cient

G +e)lc, + GLL

= 2
L, = L CTE T (27)
C c

The pressure drop across the inlet valwe is therefore larger than it would

be calculated if the leakage path were neglected.
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3.5 Definition of one-dimensional channels equivalent to several sub-

channels of a pin bundle.

This section illustrates with a practical example the épplication of the
computer programme BLOW-3A to the calculation of a multi-pin bundle by means
of a proper definition of one~dimensional channels equivalent to several
subchannels of the bundle. Emphasis is given to the calculation of equiva-
lent geometrical data. The following explanation is intended to serve as

a guide-line for a user willing to use the programme for similar applica-

tions.

Data for the following example are taken from the out-of-pile 7-pin bundle
experiments carried out in the NSK loop at KfK and documented in refer-

ence /24/. Results of the theoretical interpretation of these electrically
heated experiments with the computer programme BLOW-3A have been presented
in /5/. The experiments belong to a series of test runs performed in the
framework of the SNR-300 development and simulating a failure of the electri-
cal .power supply to the pumps of a fast reactor. The way of defining equiva-
lent channels is essentially the same also for in-pile experiments arid for
reactor subchannels.,

Let refer, for convénience, to a particular experiment, 7-2/16, of the

above series characterized; in the steady state, by the following data:

outlet pressure 1.52 bar
inlet pressure 4.18 bar
inlet flow velocity 3.0 m/sec
inlet temperature 562 °C
outlet temperature 735 °C

pin power 16.8 KW
heated section length 0.6 m
linear power 281 W/cm
heat flux 150.3 W/cm2

Geometrical data:

pin diameter 6 mm

pitch 7.9 mm

thickness of hexagonal wrapper 1.5 mm

central subchannels cross section/hy- 12.88 mmg/5.47 mm

draulic diameter'Dh
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peripheral subchannels cross section/Dh 18.72 m?2/4.32 mm
corner subchannels cross section/Dh 5.05 mm2/2.61 mm
Full bundle cross section/Dh 219,90 mm /4.25 mm
unheated pin length above the heated section 455 mm

One wants to define two equivalent channels for the simulation with the compu-
ter programme, the first (referred to as KKN = 1) equivalent to the six central
subchannels of the bundle, the second (referred to as KKN = 2) equivalent to the

full bundle.

A) Calculation of input data for the equivalent channel KKN = 1

The six inner subchannels are powered by the central pin, plus six time one
third of the peripheral pins thus making three times the power of a single pin.
The area of the six inner subchannels is therefore divided by three to get the
area of one equivalent channel (powered by one pin). The area of the peripheral
subchannels (also divided by three) is considered as "structure' material and
replaced for the calculation by an "equivalent steel" volume (Vg) with the same
thermal inertia of the flowing sodium

(28)

\ c

s Ps % T YNa PNa Py

The electrical heaters are replaced for the calculation by an ideal fuel ma-
terial with physical properties carefully determined by volume averaging the
properties of the several material with which the heaters were built. Details
of the calculation of the physical properties of the equivalent fuel material
are not reported here as they are not essential for the definition of geometri-

cal data of the equivalent channels.

In the’ following the superscript "t'" refers to total number of real subchanmels
and the superscript "e" refers to the equivalent subchannel. The index K refers
to the coolant and S to the structural material.

With reference to the input description (Card 17 of the Input Data, see Section

ITI.4) the equivalent geometrical data are defined as follows.

i) Meshes between NMO and NMI inclusive (NMO<M<NM1)
= RBR = 2,4 x lO--3 m (real value)

— -3
= DCAN = 0.6 x 10 . m (real value) s

=  RKUE is calculated as follows:
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The cross section of the inmer six.subchannels is

6 6 2

FC =6 x12.88 x 100 =77.28 x 100

K

The cross section of the equivalent channel is

Ft
e _ 'K _ -6 2 _
FK = —3——— = 25,8 x 10 m AR

The outer radius of the equivalent ring channel is given by the equation

7 (RKUEZ - (RBR +.DCAN)2)/='F§ = 25.8 x 10 0 n?

which yields

RKUE = 4.15 x 10_3 m

= VSTRUK

The volume of steel equivalent to the sodium in the six peripheral subchan-

nels is given per unit axial length by

t
Voo, ¢ =V p c .
S S Pg Na "Na pNa

Inserting the values of p and cp calculated at a proper reference temperature

and
-6 m3 Che e
\Y =6 x 18.72 x 10 —_
Na ‘ m
one has 3
Ve = 26.6 x 100 I
S m
hence
t
V -
VSTRUK = V§ = 35 = 8.9 x 100 n?
-~ VDUF

The energy exchange between the coolant in the six inner subchannels and the
equivalent structural material occurs thfough the surface of separation bet-
ween inner and peripheral subchannels which, per unit axial length is
2
3 m

FC =6x1.9x 10° &
S m
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hence ¢
e ‘ FS o -3
FS =3 = 3.8 x 10 " m
and by definition
e
Y L6 _
VDUF = —g- §;2-§—19:§— = 2.3 x 10 > m
F 3.8 x 10
S
- DBEND = 1.0 x 100 o (assumed value)
- FWFS = 1.14 (as for chanpnel KKN = 2 (see later) for which a geometrical

definition is straightforward).

ii) Meshes with index M<NMO

Geometrical data are calculated as above, apart from VSTRUK and VDUF for which
the volume of the central pin is also taken into account. Indicating within

apices the modified values one has:

] ] . -
- VSTRUR = Vg = V5 + e (RBR + DCAN)” = 37.2 x 10 6 n?
1 B "
Y -3
- VDUF = = 1.64 x 10

FZ + 2m(RBR + DCAN)

iii) Meshes with index M>NMI

These meshes simulate the experimental rig above the top end of the unheated
section of the pins. The area corresponding to three times the pin cross sec-
tion becomes now available for the coolant flow, in addition to the area of

the inner subchannel.

= RBR input as in case i) but not used for these meshes
- DCAN input as in case i) but not used for these meshes

= RKUE

One has

- 2 =
6 x 12.88 x 10 6 + 3 x m(RBR + DCAN)

xj
]

6

162,1 x 10
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Ft
e K _ -6 2 -
?K = T = 54.05 X 10 m AR

and the equation

2

1(RKUE® - (RBR + DCAN)Z)' = ¥°

K

yields ' 3
RKUE = 5.12% 10 m

~ VSTRUK

To the area of the peripheral channels must now be added the area correspon-—
ding to four times the pin cross section. This vesulting area has to conver-

ted into equivalent steel surface (volume per unit length) by multiplying it

S

by the ratio PNa cp /o cP = 0,237. Taking also into account the corner sub-
' Na S

channels one has

V; = {6x (Area of peripheral channel) + 6x (Area of corner channel)
\ Y "Na cpNa
+ 4x (Pin cross section)} — =
S pS
_6 2 _6
= {6 (18.72 + 5.05) x 10 + 4 o« o 34 x 10 7} 0.237
= 60.6 x 10 0 m?
hence
e Vg -6 2
VSTRUK = VS‘? 3 = 20.2 x 10 m
- VDUF

Considering that the surface through which the heat exchange occurs is now (per

unit axial length) six times the pitch one has:

F; =6x7.9%x 103
B -3
Fg =3 =158x10"m




- 141 -

hence v © -6 _
VDUF = —— = 20:2x10 _ 4 .8 10700

F.° 15.8 x 10 °

- DB@ND input as in case i) but not used for these meshes,

- FWFS = 1,14 (see explanation for KRN = 2)

B) Calculation of input data for the equivalent channel KKN = 2°

i) Meshes between NMO and NM1 inclusive - (NMOSMENM1)

- RBR 2.4 % 10—3 m (real value)

1]

- DCAN 0.6 x 10—“3 m (real value)
-  RKUE
The full bundle cross section is

t
Fr = 219.9 x 1070 n?

which must now be divided by seven to get the cross section of one

equivalent channel -

= 31.4 x 10°% 02 = AR

o
s ]
~N{R e

The equation

’IT(RKUE2 - (RBR + DCAN)Z = F; = 31.4 x ].O-6
yields -3
RKUE = 4.36 x 10 " m
= VSTRUK

The real volume of the hexagonal wrapper (1ength ~ 6 x 12.7 mm; thickness

= 1.5 mm) is now taken into account:

vg = 6 x 12.7 x 1.5 x 10>
¢
VSTRUK = Ve = Y o 16.3 x 10 6 m2

7
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The structure inner surface is

BC=6x12.7x 10 m
hence
e Fz -3
g =10.9x10 " m
L
e
-6 -3
vouF < 8- Lle3xi0” o
e e -3
5 10.9x 10

- DB@ND = 1.0 x 10—6 m (assumed walue)

-~ FWFS

The outer and inner structure surfaces are distant 12.5 and 11.0 mm

respectively from the central pim axis, hence

12.5
11

FWFS =

= 1.14

ii) Meshes with index M<NMO

Geometrical data are calculated as above, apart from VSTRUK and
VDUF for which again the volume of the central Pin is now taken

into account. Indicating with apices the new values one has:

- VSTRUK = "V§' = Vg + T(RBR + DCAN)® = 44.6 x 107 n’
L e'
. Ve s
UF = = 1.50 x 10

FS + 2m(RBR + DCAN)
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) Meshes with index M>NMI

The only input value which differs from the previous ones is RKUE which is

calculated taking into account that the full cross section is now available

for the coolant flow.

= RKUE
t . . -6 2

FK = (Bundle cross section) + 7 x (pin cross section) = 420 x 10 m
t
F e

F; = —% -~ 60.x 10°%% = ar
7

and the equation
2

mT(RKUE - (RBR + DCAN)Z) = F§

yields
RKUE = 5.28 x 10 °m




Input

Data

STATO Steady-

—-State Calculation

ITC1/1ITC11

Soclution of coolant momentum

(t=0)

. MATN Programme

STAT1

FBRT Solutiomn of

energy eqs.

- T -

e . .
Single phase and continuity eqs. with
flow dp/3t M O
ITCIR/ITC11R
L Solution of coolant momentum
and continuity eqs. with
3p/3t # O
—ee
t>0
SETUP ITCB
Two phe_l_s_:a—_—. Vapour Bubble Driving
flow initialization Subroutine

Fig. 15: General block diagram of BLOW-3A

)

See Description of Subroutine ITCB for further details)

ENBL/ENBLR Vapour

TLKM/TLRMS Liquid

IMGL

TRANS

INIT

DPDA

FBRTB

Liquid
Bubble
Bubble

Vapour

energy eqs.

slug enrergy eq.

slug momentum eq.

displacement
initialization

momentum and

continuity eqs.

Fuel temp. distribution




1.

1.1

1.2

- 145 -

PART III - CODE STRUCTURE

General Structure of the Computer Programme

Main organization

The block diagram of Fig.l5 shows the programme organigation.

The main driving programme, called STAT1, transfers the control to other
subprogrammes according to the stage of the calculation, drives the manage-
ment of data for the different channels as well as the print-out of data,
creation of files for plotting facilities and terminates the calculation

when the allowed CPU time is running out.

The programme control is transferred to the Subroutine STATO for reading

input data and performing the stationary calculation.

For the single phase flow calculation the programme control is transferred
to the Subroutines ITCIR, ITC1IR (or alternatively ITCl, ITC1l if a simpli-
fied solution of the continuity equation is sufficient) which are coupled

to the Subroutine FBRT for the calculation of the fuel temperature distri-

bution.

The very first bubble initialization, at boiling inception is performed in

Subroutine SETUP.

The main driving subprogramme for the two-phase calculation is the Subrou-
tine ITCB. At the end of the explanation of the tasks performed by Subrou-
tine ITCB (section 2.1) is given a list which shows the sequence of sub-

programmes called by it.

List of Subroutines and Functions

The subroutines of BLOW-~3A are listed hereafter in two groups, in alphabe-

tical order within each group.

GROUP 1 contains all the "basic'" subroutines which do not need to be modi-

fied by the programme user for simulating his peculiar problem.
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GROUP 2 contains the "problem oriented" subroutines which must be modified
by the user for his problem, unless the optional version is applicable. This

group is split into two subgroups:

a) containing "general" problem oriented subroutines, most of

them defining initial or boundary conditions;

b) containing the subroutines which must be used for the simu-

lation of leakage flow as explained in Section II.C.3.4.

GROUP 1 =~ Basic Subroutines

AKTCL ENBLR ITCB PRELI ST@FF
AKTST FBRT ITCI PR@BR TIP
ATPM FBRTB ITC11 PR@CA TLKM
AT@MI FBRT2 ITCIR RESET TLKMS
AUSGAB FITHI ITC1IR REZ@N TRANS
BL@PLS IDENT K@PHI SETZ IR XCFI
B@RN INIT K@PHIH STATO XFF1
DIED IMGL LHTCL STAT1

DPDA IMPACT LHTST SETUP

ENBL ITS@L MIDI STEP

GROUP 2 - Problem oriented Subroutines

a) General | b) Leakage flow option
BL@PL@ BYPASS (MAIN Programme)
FPRAUT FZETAI
FPKO FZETA2
FPKINN LITCB
FZETAD LITCI
TBPS ’ LITC11
WQDT s LITCIR
WWST ‘ LTC11IR

XABRC LZETAD
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In GROUP 3 are listed the programme functions for the calculation of material
properties. These are split into four subgroups héaded by the underlined names
of the Members in which they are organized: a) (Member UPUO) Functions for ca-
culating fuel material properties; b) (Member CAN4981) Functions for calcula-
ting the properties of canning (Steel 4981); c) (Member NATRIUM) Functions for
calculating the properties of sodium; d) Functions for calculating the proper-
ties of structural material, either Niobium (d1) Member STRUNI@B) or Steel
(d2) Member STRU4981). Obviously, the user must link to the programme either
the functions of subgroup dl) or those of subgroup d2).

GROUP 3 = Finctions

a) UPUG b) CAN4981 , c)  NATRIUM
RPUPUP '~ WLCAN RGNAL  EHNAL
WLUPU@ R@CAN RPNAVS EHNALS
CPUPU® FTCAN CPNAL  VPNA
FTUPU@ CPCAN CPNALS VTNA
FHUP U@ RHCAN WLNAL  VHNH
RHUPU@ FHCAN PRNAL  V@NAV
GAUPUG@ GACAN ZDNAL  X1X2X4

ZDNAV

dl) STRUNI@B d2) STRU4981
RPSTRU R@STRU
CPSTRU CPSTRU
WLSTRU WLSTRU
FTSTRU FTSTRU

In the same order in which Subroutines and Functions are listed here, they are
explained in the following Sections 2.1 to 2.3. Emphasis has been given to the
description of the most important insofar they allow the understanding of the
general programme structure and of the numerical methods involved. In many of
the Subroutines details of interest from the theoretical viewpoint are also
given-as far as the related topic was not covered in the theory part of this
report. Conversely, some Subroutines hawe been treated in less detail when the
relative explanation can be found in other sections.

As a rule, for all Subroutines of GROUP 2a (and a few others as well), the
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arguments transferred between calling programme and Subroutine have been

defined, thus enabling the user to adapt it to hig' problem.

Organisation in Members

The above listed Subroutines are organized in the following Members. Un-
derlined is the Member's Name (generally the name of the first Subrou-
tine in the Member) followed by the names of the other subroutines (if

any) in the Member itself.

BYPASS, LZETAD, FZETAl1, FZETA2, LITCIlj, LITC!l, LITCIR, LTCIIR, LITCB
DPDA

ENBL, ENBLI, SETZIR

FBRT, FBRTB, FBRT2, K@PHI, K@PHIH, PRPBR, PR@CA
FITHI, MIDI, PRELI, REZ@N

FTKINN, FPK@UT, FPKO, FZETAD, WQDT, TBPS, WWST
IMGL, TLKM, TLKMS, TRANS, IDENT, INIT

IMPACT, AT@M, AT@M1, RESET, B@RN, DIED

ITCB

ITcl, 1TC!!, ITCIR, ITCIIR

SETUP

STATO

STAT! (MAIN Programme)

ST@FF, STEP, ITSPL, XFFl, XCFI

TI@, BL@PLS, BL@BL@, AUSGAB

XABRC, LHTCL, LHTST, AKTCL, AKTST

The organization of programme Functions in Members is shown in GROUP 3

above,

Overlay Structure

The following Overlay Structure can be used:

Branch ALPHA-1
Subroutine STATO
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= Branch ALPHA-2
Subroutines WQDT, FPKO, FPK@UT, FTKINN, FBRT2, K@PHI, K@PHIH, PR@CA;
PR@BR
—~ BranchBETA-1
Subroutines ITC!1, ITC11, ITCIR, ITC11R, FBRT
- Branch BETA-2
Subroutines ENBL, ENBL1, SETZIR
= Branch GAMMA-1
Subroutines TLKM, TLKMS, FBRTB, TRANS, IDENT, STEP, ST@FF, XCFI, RESET,
INIT

— Branch GAMMA-2
Subroutines B@RN, AT@M, AT@MI, FITHI, MIDI, REZ@N, PRELI, IMPACT

Remarks for the user

Subroutines of GROUP 1 above have not. to be modified by the user.

Subroutines of GROUP 2a must be adapted to the particular problem consid-

ered, unless the standard version is already applicable.

Subroutines of GROUP 2b must be used in case leakage of coolant flow is

simulated. In this case the three Members STAT1, ITCl, ITCB must be re-
placed by Member BYPASS.

The standard double precision programme version (without Overlay) requires
about 700 K of core region. The full programme consists of about 15000

statements,

During the single-phase flow the code calculates roughly 2 seconds problem
time in one minute CPU time on the computer IBM 3033. During the two-phase
flow one can compute in one hour CPU time from 5 to 12 seconds problem time,
according to the axial extension of the bubble region. The larger the zone

with annular flow, the longer is the calculation time.
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2. DESCRIPTION of Subroutines

2.1 Basic Subroutines

Subroutine AKTCL (HKCL, SCL, TKK, TCA)

This subroutine computes the clad-vapour heat transfer coefficient in the bubble

region by means of the formula

A

_ Na
% = ScL (1)

where ANa is the thermal conductivity of sodium.

List of parameters:

2 o

HKCL heat transfer coefficient (output parameter) (W/m~ ~C)
SCL liquid film thickness at the clad surface (m)
TKK vapour temperature °c)
TICA clad superficial temperature (OC)

Subroutine AKTST (STRUK, VDUF, HKTST, SST, TKK, TST)

This subroutine computes the structure material - vapour heat transfer

coefficient in the bubble region by means of the formula:

Lo oL, ]
o o o (2
o Ogre o, )
where
ANa
aSK =3Sg7 = heat transfer coefficient due to con;egtlon (KNa =
thermal conductivity of sodium) (W/m~ ~C)
a, = heat transfer coefficient which takes into account the conduction

in the structure, under the assumption of a linear temperature

distribution through its thickness.(W/m2 °0)
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The conductive term is calculated as follows. Let

s
VSTRUK &

F =

be the bulk sodium temperature °c)

be the structure temperature (calculated in only one node
)

at the centre of the structural layer) ( C)

be the structure thickness (m)

the radius of the inner structure surface (m)

. . 2
ZwRS + S the structure volume per unit axial length (m )
21rRS the structure inner surface per unit axial length (m).

VSTRUK/FLS  (m)
2
heat flux through the structure (W/m™)

) o
structure thermal conductivity (W/m "C)

a coordinate axis with origin at the structure inner surface

and oriented outwards. (m)

In case a linear temperature distribution through the structure is assumed

T(x) =T, - 2

the heat flux

(Ty=Tg) (3)
K s X

q is given by

2 )

q=- AS grad T = AS ~s7z
which can be written

q = o, (T-Tg) (5)
with

= 'AS o AS

% T 872 ~ VDUF/2 (6)
The overall heat transfer coefficient will therefore be given by

1 ! ! (7).

o

=z F Xg/ (VDUF/2)

SK
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List of parameters:

STRUK dummy

VDUF see input description (m)

HKTST heat transfer coefficient (output parameter) (W/m2 °c)
SST liquid film thickness at the structure surface (m)
TKK vapour temperature ( C)

TST structure material temperature (OC)

Subroutine ATOM

This subroutine is used to define the physical situation which occurs when

two vapour bubbles coalesce,

The logical decision to join two adjacent bubbles is taken by the programme
when the slug between them has become shorter than 2 mm. When the upward
vapour mass flux in the uppermost mesh zone of the lowermost bubble ex~
ceeds 1000 kg/mzsec coalescing may occur provided the pressure difference
across the interlaying liquid slug does not exceed 0.75 bar and provided
the bubble distance does not exceed a given figure which depends on this

pressure difference.

Following the gathering of two bubbles in a given Eulerian zone, all phy-
sical quantities characterizing the newly formed bubble must be defined or
calculated for that zone, mainly: vapour pressure, temperature, density,
mass flow and liquid film thickness at clad and structure. The mass of the
liquid slug between the bubbles is taken into account and equally distri-
buted to clad and structure liquid films. This effect contributes largely

to rewetting of dried-out zones in combination with the application of the
model of moving liquid film. Furthermore, the integral pressure and tempera-

ture of the new bubble are calculated by calling the subroutine ATOMI.
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The subroutine ATOM is split into four main branches according to the four
possible combinations of the two indexes NDAM(K) and NDAM(KP1) of the bub-
bles K and kPl (it is reminded that NDAM(K) = O means that the bubble length
covers less than three zones, hence only integral values of pressure and
temperature are calculated for it; NDAM(K) = | means that the bubble stretches
over at least three zones, hence pressure and temperature distributions are
computed for it). Coalescing of two bubbles with both indexes NDAM equal to
zero may or may not produce a bubble with NDAM equal to one, while one index

equal to one obviously assures that the resulting bubble has index one.

When two bubbles K, KP! coalesce, the index KPl of the uppermost one is pre-
served for the new bubble, while index K becomes free for a new bubble ini-
tialization. At the end of subroutine ATOM the index IDKR of the new bubble
is defined (see subroutine IDENT for the meaning of the index IDKR) and the
bubble configuration in the coolant channel is updated by calling subroutine

DIED.

The sketches of Fig. 16 show the configuration of the coalescing bubbles X,
KP1 according to the four possible combinations of the indexes NDAM(K),
NDAM(KP1). In the sketch I,J are the indexes of the mesh zones with the
lower and upper phase boundaries of the lowermost bubble; II, JJ are the
zone indexes of the phase boundaries of the uppermost bubble. It holds ob-
viously: I<J<II<JJ,

It must be remarked that coalescence of bubbles separated by one full Eu-
lerian mesh zone, as shown in sketch 4.la, is possible only when the vapour

mass flux in the lowermost bubble exceeds!the above mentioned threshold.

Subroutine AT@MI

This subroutine is called by subroutine AT@M to calculate the integral
Pressure and temperature of a bubble produced when two adjacent bubbles
coalesce. The method used for this calculation is explained in the

description of subroutine ITS@L.
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Fig. 16.1: Sketch showing the possible configurations of coalexing bubbles

as programmed in the Subroutine ATOM

lst case: Coalescingbubbles:  NDAM(K) = 1 J-I 22
NDAM(KP1)=1 JJ-11 > 2
Resulting bubble : NDAM(KP1)=1 JJ-1 > 2

Remark): The bubbles length is immaterial as long as the bubbles strech

over at least three meshes.
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2nd case

Coalescing bubbles:
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Fig.
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16.3 3rd case
Coalescing bubbles: NDAM(K) J-I
NDAM(KP1)=0 JJ-I1I
Resulting bubble NDAM(KP1)=1 JJ-I
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4.1 Resulting bubble: NDAM(KP1)=1 JJ-1 > 2
KP1 JJ
- JJ
P
. JJ
KPT 13 11 KP1
11
1T
K J J
I 1
K J K
K J I
I
II4J II#J 1I#J 11=J
JI#IT JJ#1T JJ=11
J#I J=1 J=1
4.1la 4,1b 4,lc 4,1d
4.2 Resulting bubble: NDAM(KP1)=0 JJ-1 < 1
5 - 11,JJ JJ
11,J3J J ’ -
’ kp1 J =3 TP
1I K — J

m iy | . P

JJ=1I=J=T II=1=J IT=J IT#J
.24 JJI#IT J#1 4. 2d
4.,2b 4,2c

Fig, 16.4 Ath case

Coalescing bubbles: NDAM(K) =0 J-1 <1
NDAM(KP1)=0 JI-II <1
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Subroutine AUSGAB

This subroupine is driven by the main program (subroutine STAT!) to print-
out data on the paper hard-copy with the frequency determined by the input
parameter LP1 for the single phase flow calculation and LP2 for the two-
phase flow calculation (see Input Description, Section III.4). Every LPI
(LP2) time steps a full print-out is made available (for every channel KKN)

with the following information:

i) During single phase flow calculation
A heading containing

~ problem time (T) (sec)

= channel number (KKN)

= channel type (KONT) (see also Input Description)
= coolant temperature in upper plenum (TPLEN) (OC)
- inlet coolant temperature (TKIN) °c)

- outlet coolant temperature (TK@UT) (OC)

- inlet coolant pressure (N/mz)

- outlet coolant pressure (N/mz)

~ mean value of mass flux (XXMANI) (kg/mzsec)

Data for every mesh node M =1, 2 ,.,..NM2 (at the mid-point of every mesh

zone) consisting of:

= mesh index (M)

- axial coordinate (z) of bottom boundary of the M~th zone (m)

. coolant'velocity (VKMN) (m/sec)

- coolant mass flux (XMAN) (kg/mzseC)

~ coolant pressure (PKMN) (N/mz)

= coolant saturation temperature (TSAT) (OC) corresponding to the
pressure PKMN

= structure temperature (TSN) (OC)

=~ coolant temperature (TKN) (OC)

- clad temperatures in the outer (TCA), middle (TICM) and inner (TCI)
nodes (OC)

~- specific power generation (QGEST) (W/m3)




Fuel temperatures follow for the axial nodes NMO to NMI inclusive:

- average fuel temperature (TBM) (°C)
= central fuel temperature (TBO) °c)
-~ radial fuel temperatures in the NN radial nodes (TB(1) to TBQN)) (°C)

Calculated pressure drops

- in the channel, from inlet of mesh M = | to outlet of mesh M = NM2
(DPGNR) (N/m°)
= in the inlet valve (DLPBLI) (N/mz)

and coefficient (ZETAD) for the calculation of pressure drop in the inlet

valve.

The thickness of fuel-clad gap (SPALT) and the heat transfer coefficient through
this gap (HBRC) follow for every axial mesh.

Information about flow conditions (NBOIL(KKN) = O for single phase flow,
NBOIL(KKN) = | for two phase flow) complete the print-out.

ii) During the two-phase flow calculation

The set of data is presented in quite the same arrangement as above, the dif-
ference consisting in the suppression of the column of the saturation tempera-
tures (TSAT) and the insertion of two column for liquid film thickness at the
clad(SCL) and at the structure surfaces (SST) in the bubbles region, and the

information about time elapsed since boiling inception (TBOIL).

Between two consecutive full sets of data (appearing LP2 time steps apart)

a concise set of information is given every time step, containing:

= channel number (KKN)

- problem time at the end of a macro-time-step (TT)

- problem time at the end of a micro-time-step (TTKU) (TITKU = TT at the
instant of printing data)

-~ time elapsed since boiling inception (TBOIL)

= last micro-time-step (DTKUE)

- number of iterations performed in the Subroutine ITCB during last micro-

time~step (ITER)
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- bubble index (K)

~ mean value of vapour pressure (inside bubble K) (PV) (N/mz)

- mean value of vapour temperature (TV) (OC)

-~ mass flux inithe slug below (GL(K,1)) and above (GL(K,2)) bubble K

= velocity of liquid-vapour interfaces at the lower (VL(K,1)) and upper
boundaries (VL(K,2)) of bubble K.

- Axial position of lower (ZL(k,1)) and upper (ZL(X,2)) boundaries
of bubble K

~ vapour pressure distribution inside bubble K (in case NDAM(K) = 1).

When the problem time lies in the interval (N,9) =+ (N+1) (where N is a po-
sitive integer) information about power losses beyond the structure outer sur=-
face is printed out with the same presentation as far the stationary case

(see description of Subroutine STATO).

Subroutine BL@WPLS

It writes onto the file FT1100]1 (see Section III.5) data for the generation of
the "Standard" Plots which include inlet mass flow, fuel, clad, coolant and 'struc-
ture temperatures against time, as well as time variation of liquid film thick-
ness at clad and structure and spreading of two-phase flow region. The tem~
peratures are plotted for the node with the stationary top power generation
(referred to as NMP) and the node with the stationary largest coolant tem-
perature (MPEAK). The percentage of clad and fuel molten materials in these
nodes are also plotted against time.

Data for the plot generation are written first onto an array named VCPS which
contains 80 alpha-numeric characters followed by the specific information for
up to ten channels. The block of data written every IDELTT time steps has
length NZS and is stored onto the above file from which it can be agsessed
with the plot programme PLOTCP /25/ to produce the diagrams via a plotting de-

vice.,




- 161 - |

Subroutine B@RN

Preliminary general remarks:
a bubble is characterized by an index K (ranging from | to NB = maximum number
of bubbles in the channel) which is stored in the L-th word of the array IND,

L being the ordered position occupied by the bubble in the channel counting

from the channel inlet upwards. Therefore: K = IND(L).
The bubble K is further characterized by a number stored in the K-th word of
the array IDK, defined by NM2 x J + I + | where: NM2 = number of axial zones
(NM2 < 30); I = lowermost zone covered at least partially by the bubble;
J = uppermost zone covered by the bubble,
Therefore:

IDK(K) = NWM2 x J + I + 1
The integer number IDK(K) defines implicitly the indexes I, J hence the bound-
ary zones of the bubble. They can be explicitly derived as:

J = (IDR(K) - 2)/NM2
1 + MOD (IDK(K) - 2, NM2)

The subroutine BPRN is called after every initialization of a new bubble.

I

It a) looks for the lowest free index K, and assigns it to the bubble;

b) defines IDK(K) as function of the indexes I = J of the zone in which the

bubble has been initialized; c) increases the number KB of existing bubbles

by a unity; d) determines the new bubble configuration rearranging the array

IND in which bubble indexes are ordered from the channel inlet upwards.

Subroutine DIED

(see general remarks in the explanation of subroutine BORN). This subroutine
is called when a vapour bubble vanishes or disappears by coalescing with the
bubble above it. The subroutine a) makes the bubble index K free; b) decreases
the number KB of existing bubbles by a unity; c¢) rearranges the array IND in

which bubbles indexes are ordered from the chanmel inlet upwards.



- 162 -

Subroutine DPDA

This subroutine solves the coupled energy, continuity and momentum equations
for the vapour phase, dealing separately with every bubble present in the
channel.

Details of this calculation are given in Appendix Al of reference /1/. It

can be summarized as follows:

for every bubble vapour velocities at the upper and lower phase interfaces
are assumed as known boundary conditions. These velocities are derived by
a previous solution (performed in subroutine IMGL) of the momentum equation

for the adjacent liquid slugs.

The coupled energy and continuity equations are solved, with the above bound-
ary conditions, to find the new vapour mass flow axial distribution. Vapour
production due to film vaporization and vapour condensation in the colder
bubble region represent the source term of the above equations. Vapour pro-
duction does not depend only on the thermal heat flux to the vapour but may

also be determined by vapour pressure oscillations ("flashing').

Solution of the momentum equation to find the vapour axial pressure distri-
bution assuming as boundary conditions the pressure at the phase inter-
faces.

The mesh zone with the maximum vapour pressure is first determined, hence the
pressure increments in the adjacent zones in the upward and downwards direc-
tions are calculated.

Shear stresses between vapour and liquid film phase are calculated by taking
into account the liquid film velocity. An input flag (ICFI3) allows choosing
between a calculation of the average shear stresses in a zone or a calcula-
tion of three values, in the middle of the zone and at its boundaries.

The shear stress calculation, driven by the subroutine DPDA, is performed in

the subroutine XCFI.

The vapour axial temperature distribution is calculated by assuming saturation

conditions.

A check of the physical consistency of the pressure and temperature axial
distributions is performed by comparing the mass of vapour present in the

bubble as deduced from the calculated distribution with the mass derived by
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the average pressure. Should the discrepancy in the vapour mass exceed a
given threshold, a correction of the pressure and temperature distribution

would be performed. This consistency check is performed in the subroutine ITSOL.

Details of the calculations performed in DPDA are given in reference /1/ and

in Section II1.C.2.3.2.

Subroutine ENBL

Calculates the source terms X@1(XK), X@2(K), XMI1 (M), XM2(M), XUI(K), XU2(K)
for the bubble K as explained in Section II.C.2.3.2.b and solves the coupled
energy and continuity equations for the vapour phase to derive the integral
vapour pressure,
Values referred to time level t -1 are used.
The mean value of vapour pressure at time €, is calculated as

n=1

dp
n _ n-l v (8)
P, =P, +(—-——dt > At.

The time derivative of the pressure vapour is given by (see Reference /1/,

section 4.2.2.1, formula (48))

U — dL
[ $adz-n_ o 5 (9)
b, ;o B fg Pv Jt
dt L ESS dH1+h pr
A 1 P, fg op,
where
8 = liquid film thickness (m)
A = cross flow area (mz)
hfg = vaporization enthalpy (J/kg)
Hl = liquid enthalpy (J/kg)
L = bubble length (m)
Ev = mean value of vapour pressure (N/mz)
q = heat flux to vapour (W/mz)
t = time (sec)
U = perimeter of clad outer surface (U_) or structure inner surface (US)
ET— = mean value of vapour density (kg/m”)
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With reference to the list of symbols given in section III.3 the above terms

are calculated as:

L = ZL(K,2) = zZL(K,1) (10)
dL 1

L‘U UH US (12)
= = ] - — - 12

£ A dz zM { A % (Tca Tv) YR % <TS TV) } dz

dH - U U :
Us— 1 _ ) H s
T 1 _pl. = Dl « DHLDP XM{ T SCL + 5= SST boodz (13)

DHLDP (= dHl/dpi)and DR@PDP (= dp/dp) are calculated in :the subroutine ST@FF.
a,s0g are the heat transfer coefficients clad-vapour and structure-vapour

through the liquid film.

Subroutine ENBLR

Performs the same calculation as the Subroutine ENBL, but using values re-

ferred to time level tn.




Subroutine FBRT

This subroutine computes the transient temperature distributionsin fuel, clad,
coolant and structure material during the single phase flow. Heat losses from
the structure material to the external medium are taken into account. The dif-
fusion equations for the heat transfer can be solved with an implicit or expli-
cit scheme, according to the choice of input parameter TETA (see input descrip-
tion). Solution is attained by means of the Gauss-Seidel iteration method.
Letting i-1, i, i+l indicate any three consecutive ndédes in radial directionm,

the Gauss-Seidel iteration scheme is based on a formula of the type

T =B, T +C, T + Di + R (14)

r . rt+l r+l _r+l r T
i i i i-1 i i+l 1

where r is an iteration index within the actual time step, Ai’ Bi—]’ Ci+l’ D,
are coefficients depending on material properties and geometry,Ri is a known
quantity depending on the temperature distribution at the end of the previous
time step. Applying thisequation. from the fuel axial node outwards, conse-
cutively for all radial nodes of an axial mesh zone, the already determined
temperature of the adjacent node -1 (T ) is used for the estimation of the
new temperature of node i (T; ) together w1th the previous temperature of the

adjacent node i+l (T ). The calcualtion starts computing once and for-all

i+l

the known values (variables referred with index 1 - see list of symbols) and

then iterates simultaneously the temperatures for all radial nodes as long
r+l T

as the maximum difference between two consecutive values T - T, ex-

ceeds a given threshold.

Details about the derivation of the above equation and the Gauss-Seidel

iteration scheme are given in section II.C.2.1,.

Owing to the fact that coolant temperatures are calculated in this subroutine
within the same iteration scheme as clad and structure temperatures, heat
fluxes from coolant to clad and structure are always recalculated (symbols

QQ3 to QQ6 - see list of symbols).

After completing the iterative procedure, the average fuel temperature is cal-
culated (subroutine FBRT2). In case the melting temperature has been-attained
in some nodes in either fuel or clad material the temperature distribution is
calculated differently for these nodes, taking into account the latent trans-

formation heat (subroutines KOPHI and KOPHIH for fuel and clad respectively).
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Subroutine FBRTB

This subroutine computes the transient temperature distributionsin fuel, clad
and structure material during the two-phase flow calculation. The main dif-
ference with respect to the subroutine FBRT is that the coolant temperatures
are not calculated in FBRTB but in other subroutines (TLKM, TLKMS for the
liquid slugs, DPDA for the vapour temperatures in the bubbles) driven by the
calling programme ITCB. The coolant temperature distribution is therefore as-
sumed in FBRTB as boundary condition. Heat fluxes from coolant to clad and
structure are constant in FBRTB, but recalculated within the calling programme
ITCB accounting for bubble displacements, variation in vapour temperature and

liquid film thickness.

The heat diffusion equations are solved for fuel, clad and structure material
with the same Gauss-Seidel iteration method as explained for the subroutine

FBRT (Details are given in section II.C,2.1).
Contrary to Subroutine FBRT; calculation of mean fuel temperature and of tem~

perature distribution in fuel and clad in case of melting are not performed

in FBRTB but in the calling subroutine ITCB.

Subroutine FBRT2

This subroutine calculates the average fuel temperature for every axial zone
by taking into account the mass of fuel material associated to each radial

node.

Subroutine FITHI

]

This subroutine calculates the axial distribution of liquid film thickness
at clad and structure. An input flag (IFLAG2) allows choosing between the

application of the model of static liquid film and the model of moving film.

The first model assumes the liquid film velocity as negligible with respect
to the vapour velocity. The moving film model solves rigorously the con-
tinuity equation for the liquid phase using the axial liquid film velocity

distribution calculated in the subroutine XCFI.
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In case the static film model is applied, the liquid film is considered to ‘3
vanish (dry-out) when its thickness decreases below a given threshold (in-
put parameter SMIN) which is normally set to one half up to two-thirds of the
initial film thickness (S0). This accounts implicitly for the fact that the
film would be drained by the flowing vapour. In case the moving film model

is applied the calculation proceeds up to dry-out (SMIN can be set as low as

1 um).

From the programming viewpoint the subroutine is split into two main branches
according to the fact that the film is in front of a "short" (NDAM(K) = 0)
or of a "long" (NDAM(K) = 1) bubble.

Let I be the index for the lowermost zone of a bubble, M (ranging from I + 1

to J = 1) for all the inner bubble zones, J for the uppermost zone.

In case NDAM(K) = O are calculated either
a) SCL(M), SST(M) for a bubble contained in one Eulerian zone (I = J = M)

or

b) SCL1(K), SST1(K), SCL2(K), SST2(K) for a bubble K stretching over two

zones (J =1 + 1)

In case NDAM(K) = | are calculated:

=]

SCL1(K), SSTI1(K) for the lowermost zone L
SCL(M), SST(M) for every inner zone M
SCL2(K), 8ST2(K) for the uppermost zone J,

Subroutine IDENT

This subroutine is called when a liquid-vapour phase boundary moves from a
zone to an adjacent one. It defines for the bubble K the integer number IDK(K),
thus implicitely giving the zones in which the lower and upper phase bound-
aries lie (see remark made in the description of subroutine BPRN).

In case a bubble is ejected into the upper coolant plenum and vapour conden-
ses there, the subroutine calculates the momentum of the resulting upper slug
from the momentum of the previous upper slugs and that of the upper reduced

length.
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Subroutine INIT

This subroutine is used to initialize the symbols defining the physical state
of a bubble in an Fulerian mesh to which it has moved or to which it has

stretched.

The subroutine is split into two main branches dealing respecitvely with
"short" bubbles (NDAM(K) = O) and with "long" bubbles (NDAM(K) = 1) i.e.
bubbles stretching over at least three- Eulerian meshes. Transitions from one

case to the other are obviously foreseen in both directions.

The symbols which have to be initialized are those summarized in Table I
following the description of subroutine SETUP and the symbols defining the
energy vapour to clad and structure, namely: X@1(K), X@2(K), XMI(M), XM2(M),
XU1(K), XU2(K).

Subroutine IMGL

Solves the momentum equation for the liquid slugs between vapour bubbles as ex~

plained in Section II.C.2.3.3.b, determining the time derivative of the coo-

4G .
lant mass flow in the slugs (_3%)n' The updated value of the mass flow is

then calculated by 4G n
Gn+1 = e K) At (15)
K K dt n

The coolant momentum equation is also solved for the inlet and outlet liquid
colnmns, taking into account the respective reduced lengths (RLE, RLA) which

represent the coupling between the test section and the primary coolant loop.

Subroutine IMPACT

It is called by the driving subroutine ITCB when a bubble collapses and the
two adjacent liquid slugs coalesce. It calculates the momentum of the new
slug taking into account the contributionsof the previously existing slugs,
the resulting mass flux, its time derivative, and the new distributionsof

coolant pressure and temperature.
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Subroutine ITCB

This subroutine is the main driving programme for the two-phase calculation.

It accomplishes to the following functions:

)

2)

3)

4)

5)

Time step control (by calling subroutine STEP). The specified macro-
time step (DELTT) may be divided in an even number of micro-time steps
in case same convergence criterion requires it. Conversely, the micro-

time step may be increased without exceeding the macro—time step.

Calculation of new power generation and boundary conditions, namely:
inlet (upstream of the inlet valve) and outlet coolant pressures (sub-
routines FPKO and FPK@UT), coolant inlet temperature (subroutine FTKINN)

and inlet valve pressure drop coefficient (subroutine FZETAD).

At the beginning of a mew micro-time step, before the actual calcula-
tion starts, variables of the previous time step are fetched to be used
for the following iteration scheme.Particularly, energy exchange between
vapour and adjacent clad and structure are determined from the solution
of the energy equation for the vapour phase (subroutine ENBL). Programme
symbols referring to the previous time step are characterized by the in-

dex "1" (see list of variables).

Following the calculation of the energy exchanged by the vapour phase,
new bubble dimensions are calculated hence new phase boundaries deter-—
mined (subroutine TRANS). Every bubble, characterized by an index K, re-
ceives a new label IDKR(K) which implicitly identifies the zones over

which it stretches (subroutine IDENT).

The most important characteristic of the two phase flow calculation is
the solution of the momentum equation of the vapour phase which determines

the axial distribution of pressure and temperature within every bubble.

This calculation is made only (see subroutine DPDA) when a bubble stretches

Over at least three mesh zones, partially covered zones being also taken

into account. As long as a bubble is "short" (covers less than three zones)

only its average pressure and temperature are calculated. A flag (NDAM(K))

first initialized to 0, is turned to ! when the bubble length has been
reached which requires axial pressure and temperature distributions to

be calculated.




6)

7)

8)

9)

10)

11)
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When a long bubble shrinks and becomes shorter than three mesh zones the
flag is turned bgck to zero and axial distributions replaced by integral

pressure and temperature values (subroutine RESET),

When a bubble moves to a new zone, some variables (like film thickness,
vapour mass flow, pressure and temperature) are initialized in that zomne

(subroutine INIT).

Temperature distribution in the liquid slugs between bubbles and in the
lower and upper liquid columns are calculated in Lagrangian meshes in
the subroutine TLKM. Heat fluxes coolant-clad and coolant-structure re-
ferring to the actual time step (variables QQ3 to QQ6) are also calcu-
lated in TLKM for the zomes which are totally or partially filled by a
liquid slug. For the zones which are partially covered by a liquid slug
(and partially contain a vapour bubble) the contributions to the total
heat fluxes arising from the vapour to clad and structure exchange are

added before the subroutine FBRTB is called (see later).

The energy equation for the vapour phase is newly solved iteratively with
reference to the actual bubble configuration (hence using variables with

index "R'") (subroutine ENBLR). A control of the convergence of the adopted
method is made by comparing subsequent values of the integral bubble pres-—

sure.

In case the above iterative scheme does not converge, the programme auto-—
matically restores the situation valid at the very beginning of the ITCB
calculation by performing a "back-initialization" (subroutine INIT) and
halves the actual time step by going back to subroutine STEP (Point 1).

Otherwise the calculation proceeds as follows.

The axial pressure and temperature distributions are calculated in every
bubble stretching over at least three zones (partial zomes included) by sol-

ving the momentum equation for the vapour phase in Eulerian meshes. Pres-—

~ sures at phase boundaries are assumed as boundary conditions (subroutine

DPDA).

The momentum equation for the liquid slugs is Solved to determine the slug

velocities (subroutine IMGL).




12)

13)

14)

15)
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Heat fluxes clad-coolant and coolant-structure (QQ3 to QQ6) are calcu-
lated as explained at point 7) by taking into account the contributions
arising from the zones which are totally or partially filled with vapour.

Radial temperature distributionsin fuel, clad and structure material are

then calculated for the axial zones which are in the two-phase flow re-

gion (subroutine FBRTB).

Steps 3) to 12) are organized in an iterative calé¢ulation which proceeds
as long as it is necessary to achieve full consistence of the pressure
profile in the bubbles with heat fluxes, hence temperature distributions
in fuel, clad and structure. When this situation has been reached next

step is performed, namely:

Calculation of temperature distributionsin fuel, e¢lad., structure for the
full channel (subroutine FBRTB) particularly for the zones in the single
phase flow domain for which the above explained iteration procedure does
not apply. In the zones where fuel or clad fusion temperature has been
reached, the temperature distribution is corrected by taking into ac-
count the latent transformation heat {(subroutines K@PHI and KPPHIH for

fuel and clad respectively) and the percentage of molten material is cal-
culated (subroutine PRPBR, PROCA). Eventually the average fuel temperature

is calculated (subroutine FBRT2).

With reference to the newly achieved bubbles and liquid slugs configura-
tion (hence using variables with index "R'" in the programme) the tempera-
ture distribution in the liquid slugs and heat fluxes QQl, QQ2 are cal-
culated. These values are first used by next time step, thus making the

heat fluxes iteration scheme half-implicit.

Disappearing of bubbles and/or slugs. When a bubble shrinks and its length
becomes smaller than a given figure (0.4 mm) the bubble is considered as
vanished. The adjacent liquid slugs are connected (subroutine IMPACT)

and the number of existing bubbles is reduced by one unity (subroutine
DIED). Conversely, when the length of a liquid slug between two bubbles
becomes smaller than 0.5 mm the bubbles coalesce and their number is al-
so reduced by one unity (subroutine AT#M, DIED). In both eases the mo-
mentum equation for the remaining liquid slug is solved again to find

the boundary conditions (velocity at the liquid-vapour interfaces) for

next time step (subroutine IMGL).
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In case only one bubble exists, and it vanishes, the impulse of previous
lower and upper liquid columns, weighted with the respective lengths,
are averaged to find the resulting impulse of the restored single-phase
flow. Programme control is transferred to the subroutine STATI and a

single phase calculation follows.

16) Film thickness calculation. The axial distribution of film thickness at
clad and structure is calculated for every bubble, regardless of its
length (subroutine FITHI). An input flag allows choosing between the mo-—
del of static liquid film (in which the liquid film velocity is consid-
ered negligible with respect to the vapour velocity) and the model of
moving film which solves rigorously the continuity equation for the liq-

uid phase.

17) New pressure distribution is calculated in the liquid slugs (subroutine

PRELI).

18) Initialization of new bubbles. In case the saturation temperature has
been attained in a zome of a liquid slug a new bubble is initialized at
the zone lower boundary with length 0.5 mm (subroutine SETUP). The bub-
ble number is updated {subroutine BPRN), new Lagrangian meshes are ini-
tialized and the momentum equation for the resulting liquid slugs confi-

guration is solved again. (subroutine IMGL).

19) The average coolant density is calculated taking into account the vapour
density in the voided region (subroutine MIDI). This step is of impor-

tance for coupling the programme to reactor kinetiec calculations.

20) A transformation of coolant and pressure temperature distributions from
the Lagrangian to Eulerian meshes (subroutine REZ@N) ends the calcula-
tion for the micro-time step. In case the assigned macro—time step had
been halved, the programme goes back to step 1 (time step control) and

the calculation proceeds up to the end of the macro-time step.

21) Print-out of results occurs in a reduced extent at the end of every
macro-time step and to a full extent every LP2 macro time.steps (see Input

Description and Subroutine AUSGAB).

The following scheme shows in a compact form the succession of subroutines

called by ITCB and the main iteration loops.
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FPKO, FPK@UT, FTKINN, FZETAD

ENBL

TRANS
IDENT
RESET
INIT
TLKM
ENBLR
INIT

DPDA

IMGL

FBRTB

FBRTB

Bubbles displacement

} updating of bubbles indexes

Initialization of bubbles in new zones
Liquid Slugs Temperature
Bubbles energy equation

Back-Initialization

Vapour pressure distribution

Liquid slugs moment equation

Fuel, clad, structure temperature distributions

KPPHI, KPPHIH Fuel/clad melting

PRPBR, PRPCA Percentage of fuel/clad molten material

FBRT2

TLKMS

IMPACT
DIED
IMGL
FITHI

Film thickness calculation

AT@M, (DIED)IMGL

IMGL

PRELT
SETZIR
SETUP,
IMGL
REZ@N
MIDI

AUSGAB

Scheme: Sequence and main functions of Subroutines called by ITCB

Time Step control
Boundary conditions

Bubbles energy equation at el

calculation for the two-phase

flow domain at t

Temperature distributions in
fuel, clad, structure for

the full channel

Liquid slugs temperature

Vanishing of slugs or bubble

Liquid slugs pressure distribution

Transfer data to next time step

Initialigation of new bubbles

From Lagrangian to Eulerian meshes

Mean coolant density

Print-out of data
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Subroutines ITCI1/ITC11

These subroutines are described together as they are strictly coupled to

solve numerically the momentum equation for the single phase flow by means

of a Predictor-Corrector iteration scheme.

ITCI is the driving subprogramme for the single phase flow calculation and

accomplishes the following functions:

1

2)

3)

Time step control. In case the assigned macro-time step (DELTT) is greater
than 0,05 sec it is divided into an even number of micro-time steps
(DTKUE). Print out of results occurs only at the end of the assigned

macro-time step.

Power generation is calculated for the actual time (TT) and boundary con-
dition are newly imposed: inlet (upstream of the inlet valve) and outlet
pressures (subroutines FPKO, FPK@UT), inlet temperature (subroutine
FTKINN) and the new coefficient for pressure drop in the inlet valve (in
case an inlet-valve-driven mass flow reduction has to be imposed - sub-

routine FZETAD).

The momentum equation is solved by means of a Predictor-Corrector method
for deriving the coolant mass flow. The Predictor step is done by calcu-
lating the time derivative of the inlet mass flow at the previous time in-

1 1"

terval (variables with index in the programme) and extrapolating over

the length DTKUE of the actual micro-time step.

The Corrector step is performed in the subroutine ITCll by iterating the
discretized momentum equation within the actual micro-time step. The heat
transfer coefficients clad-coolant and coolant-structure are calculated
at temperatures derived by extrapolating the gradient at the previous

time step.

Once the heat fluxes have been calculated, the temperature distribution
in fuel, clad and structure is computed (see subroutine FBRT) and con-
trol is transferred back to the subroutine ITCl. The subroutine ITCl1 al-
so computes the variables QQl to QQ6 (above called simply '"heat fluxes")
which are either physical heat fluxes or heat transfer coefficients used
4o calculate heat fluxes. Two of them (QQl and QQ2) are quantities re-

ferred to the previous time step, while the other (QQ3 to QQ6) refer to




4)

5)

6)
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the actual time step and are updated in subroutine FBRT within the itera-
tion scheme for calculating the temperature distribution. (During the two-
phase flow calculation the terms QQl to QQ6 are computed in the subrou-
tines SETUP (initialization of QQl, QQ2), TLKM(QQ3 to QQ6), TLKMS (QQl,
QQ2) and ITCB (QQ3 to QQ6)).

The coolant pressure distribution is next calculated in subroutine ITCI.

Once the calculation is finished for the actual time step, variables with
index "R" are loaded into the memory locations of variables with index "1"

(for example: TKNI1(M) = TKNR(M)) which are used for next time step.

In case the saturation temperature, plus a given superheat, is exceeded

in the coolant a "boiling flag" (NBOIL(KKN)) is turned to 1.

At the end of a macro-time step the programme control is transferred to the

calling subrcutine STAT! and variables (with index "1") are written onto the

intermediate data set (subroutine TI@) to be assessed for next macro-time step.

The solution of the continuity equation for the coolant is coupled to the

solution of the momentum equation in step 3 above. It is simplified by as-

suming that the time variation of the coolant density is negligible. This ap-

proximation is acceptable when relatively slow mass flow variations have to

be modelled., For these cases the use of the subroutines ITCI1/ITCl11 is there-

fore suitable. Otherwise, for fast coolant temperature transients, they are

better replaced by the couple of subroutines ITCIR/ITCIIR. An input flag

(IFLAG1) allows choosing between them.

Subroutines ITCIR/ITCIIR

These subroutines are formally identical to the above explained subroutines

ITC1/ITC11 apart from the solution of the continuity equation for the coolant.

It is solved numerically taking into account the time variation of the coolant

density. These subroutines must therefore be used, in alternative to the above

ones, in case fast coolant temperature transients have to be calculated.

For numerical details see Section II.C.2.2.3.
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Subroutine ITS@L

Following the calculation of the vapour pressure distribution in the bubbles
one has to guarantee that the mass of vapour corresponding to this pressure
and temperature distributionsis consistent with the mass of vapour correspon-
ding to integral values (averaged over the bubble length) of pressure and
temperature. In general a mass unbalance exists which must be got rid of by
applying a small shift to the pressure (and temperature) distributions, taking
the mass of vapour which corresponds to integral values as reference. This
correction is performed in the subroutine ITS@L together with the calling

subprogrammes which are

- Subroutine ITCB, after solving the vapour energy equation (call of Subrou-

tine ENBLR) with values referring to time level £

—~ Subroutine DPDA, after calculating the new (time level tn) vapour pres-~
sure and temperature distributions.
—~ Subroutine AT@M, after calculating the vapour pressure and temperature dis-—

tributions following a bubble coalescence.

The correction of vapour pressure distribution to get rid of the mass unbal=-

ance is carried-out as follows.

Let
m be an index running over the vapour bubble axial meshes
v - be the vapour pressure in the mid point of mesh m
TVm the vapour temperature in the mesh m
Vm the volume occupied by the vapour in the mesh m
5& the integral value (averaged over the bubble length) of the vapour
pressure
T& the integral value of vapour temperature
M the mass of vapour in the bubble considered.

XXV = Zme (16)

is the total volume occupied by the bubble, while
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XK = ¥ vm m = MR (17)

vm
represent, apart from the gas constant R, the mass of vapour in the bubble.
If the vapour pressure and temperature distributions were consistent with

the integral values 5;, T; the ratio

P \)
z vm m
XXK - m Tvm (18)
XXV z v
m m

would be equal to

. (19)

me Vm
by ——
m T pV
§ = - - (20)
r vV T
m m v

for the fyll bubble and a local (mesh dependent) unbalance ém, defined by

the relationship

pmv m
Y T
m m - vm
§5 V ) (21)
m m P \Y
5 vm m
m T
m

This states that the ratio of the local unbalance to the integral unbalance
(both multiplied by the respective volumes) is equal to the ratio of the va-
pour mass present in the mesh m to the total mass of vapour.

The local unbalance is hence given by

T m m (22)
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In the subroutine ITSPL the local vapour pressure is slightly shifted with
an iterative process which stops when the local unbalance has been compen-

sated for.

Subroutine K@PHI

In case the fuel temperature calculated with the Gauss-Seidel iteration meth-
od in the Subroutine FBRT or FBRTB exceeds in a mesh node the fusion tempera-
ture, a correction is applied in the subroutine K@PHI. It consists in re-
setting the calculated node temperature back to the fusion temperature and
storing the energy which corresponds to the previously calculated temperature
increment above the fusion temperature. This process goes on as long as the
stored energy, integrated over the subsequent time steps, does not exceed the
latent fusion heat necessary to melt the mass of fuel material associated to
the node. Similar procedure applies in case the fuel temperature decreases be-
low the fusion temperature, the latent fusion heat being in this case liber-
ated during the solidifying process.

Details of the calculations performed in this subroutine are given in section

11.C.2.4.

Subroutine K@PHIH

The same process used for the correction of fuel node temperature, in case it
exceeds the fusion temperature (explained in the description of subroutine
K@PHI), is applied in subroutine K@PHIH for the correction of a clad node tem-

perature - see section II.C.2.4 for details.
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Subroutine LHTCL (HCKUE, VKK, DH, TKK, TBULK, TWAND, PKK, CNNI, CNN2, CNI,
CN2, CN3)

This subroutine computes the heat transfer coefficient clad-coolant for the

single phase flow regime.

List of parameters:

HCKUE heat transfer coefficient (output parameter) (W/m °c)
VKK coolant velocity (m/sec)
DH hydraulic diameter of the flow cross section (m)
TKK coolant temperature (°C)
TBULK Reference bulk temperature °c)
TWAND Reference wall temperature (in the actual code version
set equal to the coolant temperature) (OC)
PKK coolant pressure (N/mz)
CNN | see input description (I.D.)
CNN2 I.D.
CN1 I.D.
CN2 I.D.
CN3 I.D.
The Nusselt number is calculated by:
@ Dy Nl . cN2 [ TWAND o (23)
Nu = ANa = (CNNI + CNN2- Re . Pr (Tﬁﬁfﬁ}

where o = HCKUE, AN is the thermal conductivity of sodium and with the de-
a

fault wvalues

CNN1 = 7,

CNN2 = 0,025 (24)
CN1 = 0.8

CN2 = 0.8

CN3 = 0,




- 180 -

Subroutine LHTST (STRUK, HCKUE, VKK, DH, VDUF, TKK, TBULK, TWAND, TST, PKK,
CNNI, CNN2, CN1, CN2, CN3)

This subroutine calculates the heat transfer coefficient coolant-structure
for the single phase flow regime. It takes into account the convective heat
transfer at the structure inner surface and the heat transfer due to conduc-
tion through the structure material, under the assumption of a linear tem-
perature distribution in the structure. The convective term is calculated as
in the Subroutine LHTCL, while the contribution due to conduction is calcu-

lated as in Subroutine AKTST.

List of parameters:

STRUK dummy

HCKUE heat transfer coefficient (output parameter)(W/m2 OC)
VKK coolant velocity (m/sec)

DH hydraulic diameter of the flow cross section(m)
VDUF see input description (I.D.)

TKK coolant temperature (°C)

TBULK reference bulk and wall temperatures (in the actual
TWAND code version set equal to the coolant temperature)
TST Structure temperature (°c)

PKK coolant pressure (N/mz)

CNN1 I.D.

CNN2 I.D.

CN1 I.D.

CN2 I.D.

CN3 I.D.
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Subroutine MIDI

It calculates the average coolant density separately in the liquid slugsand

in the mesh zones partially or totally covered by the two phase flow region.

Subroutine PRELI

Calculates the pressure distribution in the liquid slugs by applying zone by

zone the formula (32) of Section II.C.2.3.3.

Subroutine PR@BR

In case the temperature of at least one fuel node equals or exceeds the fu-
sion temperature, this subroutine calculates the percentage of molten fuel
material for the full axial zome. In a node where the melting (or solidi-
fying) process is progressing the percentage of molten material is given by
the ratio of the stored energy (see subroutine K@PPHI) to the latent fusion

heat necessary to melt the fuel material associated to the node.

Subroutine PRPCA

In case the temperature of at least one clad node equals or exceeds the fusion

temperature, this subroutine calculates the percentage of molten clad material

for the full axial zone. The percentage of the molten material in a single node
is given by the ratio of the stored energy (during melting or solidification)

to the latent fusion heat necessary to melt the material associated to the

node,

Subroutine PRPVW

This subroutine calculates for every axial zone the percentage of power gener-
ated which is lost beyond the structure material to the adjacent medium (for
instance by-pass flow). In a zone out of the fuelled region, which is only pow~
ered by irradiation, the heat losses may be a large fraction of the heat gener-

ated in the zone itself. P

Furthermore, the subroutine calculates the percentage of heat losses for the

full channel.
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Subroutine RESET

It is called when a "long'" vapour bubble (for which calculation of local
pressure and vapour temperatures were performed) collapses to a 'short'" one
(stretching over less than three meshes) and it calculates updated integral

values of vapour pressure and temperature.

Subroutine REZ@N

This subroutine is used at the end of a macro-time step to transfer, by making
a linear interpolation,some physical quantities from the Lagrangian meshes in
which they were calculated to the Eulerian meshes for which results are out-
put. The physical quantities involved are: coolant pressure, temperature,mass
flow rate and velocity in the liquid slugs. In the bubbles region the corres-
ponding physical quantities (vapour pressure and temperature, flow rate and
velocity) have been previously calcualted (in Subroutine DPDA) in an Eulerian
mesh and need only be formally transferred to the arrays containing values

to be output. For the Eulerian meshes containing phase boundaries (between
vapour bubbles and liquid slugs) values referring to either liquid or

vapour are output according to the fact that either liquid or vapour occupies
the mesh mid-point. The output values always refer to mid point of the Eule-—

rian meshes. Vapour or liquid temperatures are next used in the Subroutine

MIDI to calculate the coolant density, taking into account the volume occu-
pied by the vapour.

The Subroutine REZ@N may also be used in the calling subprogramme ITCB before
the end of a macro-time step, in case only a vapour bubble is present in the
channel and it vanishes, due to total vapour condensation. (In practice a
bubble is considered to vanish when its axial length decreases below 0.5 mm).
In this case REZ@N defines in the coolant the initial conditions for the sub-

sequent single phase flow calculation.

PROGRAMMING REMARKS

The following Fortran symbols must be defined for every Eulerian mesh M filled
by the coolant: TKNI1(M), PKMNI(M), XMANI(M), VKMNI(M), by making a linear in-
terpolation between suitably chosen values referring to Lagrangian meshes,
stored in the arrays TL(K,ML), PL(K,ML), GL(X,2) for the liquid slug above the
bubble K or TLE(K,ML), PLE(K,ML), GL(K,!) for the inlet liquid slug. ML in an
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index, running from 1 to MS>!, which identifies in ascending order the La-
grangian meshes in the liquid slug above bubble K (or running from 1 to LME>]
to identify in descending order the Lagrangian meshes in the inlet 1liquid
slug).

For a given Eulerian mesh M, the Subroutine first looks for the indexes of
the Lagrangian meshes which overlap partially or totally the mesh M. Let MLI,
ML2 (ML2>ML1) be the indexes of the first and last Lagrangian meshes over-
lapping the mesh M., If ML1=ML2 (i.e. the Eulerian mesh is fully overlapped by
only one Lagrangian mesh) the values of the physical variables of this La-
grangian mesh are transferred to mesh M.

If ML2=ML1+1 a linear interpolation between these two Lagrangian meshes de-
termines the values of the physical variables at the mid-point of mesh M.

If ML2>ML1+1 (three or more Lagrangian meshes cover the Eulerian mesh M) the
programme looks for the two Lagrangian meshes .(with index ML3, ML4) close

to the mid-point of mesh M and interpolates linearly between them.

The above procedure applies also to the inlet slug, with the only difference
that in this case the Lagrangian meshes are indexed from the top to the bottom

(inlet).

Subroutine SETZIR

This subroutine is called by subroutine ITCB after ending the calculation for
the current time step ot . It transfers the content of the storage locations
referenced by programmi;; symbols ending with the letter R (for instance
TCANR(M)) to storage locations referenced by programming symbols ending with
the integer 1 (for instance TCAN!(M)).

The content of the latter storage locations is transferred, via the subrou-
tine TIP, to a sequential file to be assessed at next time step tn+1’ after

ending the calculation for all channels at time step tn.

Subroutine STATO

This subroutine performs the stationary calculation. Its main tasks can be

subdivided as follows:

1) Reading input data. These can be split into a) data of general validity
for the calculation (channel-independent data) and b) data referring to

a single channel, mainly geometrical data, specific power and boundary




2)

3)

4)

5)

6)

7)

8)

9)

10)
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conditions. (Detailed information is given in the input—data description).

Calculation of further geometrical data and linear power generation. A
full list of these geometrical data referring to clad and fuel discreti-

zation are given in section II-C-1.1.

Calculation of mass flow from the given temperature boundary conditions

and channel power.

Calculation of axial temperature distribution taking into account heat

losses beyond the structure material.

Calculation of coolant pressure drop in the channel. This pressure drop
has to be smaller than the specified pressure drop between inlet (up-
stream of the inlet valve) and outlet, the difference being the pressure

drop in the inlet valve.

Assuming the temperature distribution in the coolant as boundary condition,
the heat diffusion equations are solved for fuel, clad and structure with
the Gauss-Seidel iteration scheme. Three nodes are considered in the clad
(associated to inner, middle and outer surfaces) and up to eleven nodes

in the fuel (a central node and up to ten nodes in radial direction).One

node is taken in the structural material.

Calculation of stationary fuel-clad gap width accounting for thermal

strains.

Determination of the axial zones with peak coolant temperature and peak
power generation (see input description for further details) to be used

for "standard" and "bubble" plot initialization.

Initialization of variables for subsequent . transient calculation. A
number of variables have to be zeroed before the . transient calculation

starts.,

Writing stationary results for the calculated channel onto an external

file.
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Stationary results are printed out in the following order:

- physical dimensions used
- channel number (KKN)
= channel type (K@NT) (see also input description)
= number of nodes in axial direction (NM2)
= last axial mesh of fuelled zone (NM1)
=~ number of axial nodes in fission gas region (NMO-1)
=~ number of radial nodes in fuel (NN) (beside the node on the fuel axis)
=~ length of fission gas region (HSPALT), length of core region (with-
out HSPALT: HKUEKA = HCGRE - HSPALT)
- grid distance (DABST)

- pressure drop coefficient PST (see input description)

Geometrical data for the NM2 axial nodes are next printed out in the

following order:

= axial node index M

- axial coordinate Z of the bottom boundary of the M—th zone
= length DELTZ of the M~th zone

=~ outer coolant channel radius (RKUE)

- fuel outer radius (RBR)

= clad thickness (DCAN)

—- stationary gap width (DB@ND)

= ratio structure volume to inner surface area (VDUF)

— structure volume (VSTRUK)

= hydraulic diameter of the coolant channel (DH)
For the axial zones from NMO to NMl inclusive are then printed out:

~ percentage of power generated in fuel, clad, coolant and structure
(ANTB, ANTC, ANTK, ANTS respectively)

- specific power (QGES) (in W/m3)

= linear power (CHIST) (W/m)

— ratio real fuel density to theoretical density (DPO)

~ percentage of Plutonium in fuel (CNPU)

=~ stoichiometric Oxigen to metal ratio of the fuel (STPE)

~ ratio of pin circumference to area of flow section (XBRKT)
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- ratio of structure inner circumference to area of flow section (XSTKT)
- area of flow section (AR)

= Reynolds number of the flow (RE)

The radial power distribution in the fuel pellet and the total pin power

are printed next.
Temperature distributions are headed by following information:

- number of iterations (ITM) performed to calculate the coolant
temperature distribution

- coolant mass flux (XXMAN!). Remark that in the calculation the mass
flow (kg/ sec) 1is used, while the mass flux (kg/mzsec) is printed out.

- coolant inlet temperature (TKINNO) and pressure upstream of the in-
let valve.

- coolant outlet temperature (TKPUT) and pressure.
These are followed by:

- axial node index (M)

- axial coordinate (Z) of bottom boundary of the M-th zone

— coolant velocity (VKMN)

= coolant pressure (PKMN)

~ -structure temperature (TST)

- coolant temperature (TKN)

=~ «clad temperatures in the outer (TCA), middle(TCM) and inner radial

nodes (TCI).
Fuel temperatures follow for the axial nodes from NMO to NM! inclusive:
- average fuel temperature (TBM)
- central fuel temperature (TBO)
- radial fuel temperatures in the NN radial zones, TB(l) to TB(NN).
All above values refer to the mid-point of an axial zome.

Calculated pressure drops and heat losses follow in the order:

~ channel pressure drop (DPGNR) (without accounting for inlet valve

pressure drop)
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inlet valve pressure drop (DLPBLI)

coefficient for pressure drop calculation in the inlet valve (ZETADO)
(see description of subroutine FZETAD)

thickness of fuel-clad gap (SPALT) and assumed heat transfer coeffi-
cient through the gap (HBRC)

power loss in every axial mesh (W)

percentage of power losses in every axial mesh

linear power losses (W/m) in every axial mesh

calculated structure temperature (TSTNR), assumed temperature of by-
pass flow (if any) (TBYPSR) and their difference (TSTNR-TBYPSR), which
determines the power losses to the By—pass flow.

total power losses in the channel

percentage of power lost in the full channel.

"Standard" and "Bubble" plots information follow:

length in 4-Bytes words of vectors containing data to be plotted (NZS,
NZB respectively). Apart from a few heading words these lengths depend
on the number of channels NKKN.

zone with peak power (MPEAK) and with coolant peak temperature (NMP)
specific power (QGES) in the MPEAK zone.

inlet pressure (PKOO), outlet pressure (PKONO) and pressure drop (DPS)

(values transferred to the plotting subroutines).

Subroutine STAT! (MAIN Programme)

This subroutine drives the stationary and transient calculations. Its main

functions are performed in the following order:

1)

2)

3)

Reading input data of interest for transient calculation (see input

description)

In case the problem time is zero, the stationary calculation is performed
by means of subroutine STATO (see description of subroutine STATO) and
subsequently files are initialized for data to be plotted. This step 2 is

skipped in case the problem time is greater than zero.(restart).

Data from the previous (stationary or .transient ) calculation are read
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from the apposite data set (see input description and data sets manage-

ment).

4) Time dependent power generation and by-pass flow temperature are fetched

by calling the subroutines WQDT, TBPS.

5) The logical decision of carrying on a single phase or a two-phase calcu-
lation is then taken on the basis of the results from the calculation of
previous time step. In the first case the subroutine ITCl or ITCIR is
called, in the second case the subroutine ITCB. An input flag (IFLAG) al-
lows choosing between the subroutines ITC! and ITCIR for the single phase
calculation. The continuity equation is solved in ITCIR accounting for the
time derivative of coolant density, which is neglected in ITCl. ITCIR has
therefore to be preferred for fast coolant temperature transients while

ITCl may be used for slow transients.

6) In case a single phase calculation has been performed and the saturation
temperature has been reached in the coolant, the two phase flow calcula-

tion is initialized by calling the subroutine SETUP,

7) At the end of a time step results for the computed channel are written

on an external data set.

Steps 3) to 7) are repeated for all the channels, afterwards time is incre-
mented by a time step. The calculation stops when either the maximum problem
time has been exceeded or the CPU time left available is less than three
times the duration of the calculation for last time step. In both cases a re-

start file is written.

Subroutine SETUP

This subroutine initializes the symbols characterizing a vapour bubble in a
coolant zone where the saturation temperature has been exceeded by the given
amount of superheat. The subroutine is called for the first time by the subrou-
tine STATIfor the initialization of the first bubble at the transition from
single phase flow to two phase flow. Subsequently it is called by subroutine
ITCB, the driving subprogramme for the two phase flow calculation. As the

treatment of the Lagrangian meshes in the coolant is different in the two
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cases (depending on whether separated liquid slugspreviously existed or not)

the subroutine is correspondingly split into two main branches: the first ini-

tializes the very first bubble, the second every subsequent one. In any case

the bubble is initialized at the lower boundary of a coolant zone with a length

of 0.5 mm. Following sketch (1) shows the meaning of some symbols character—

izing its position. Basically initialization of a bubble implies:

a)
b)

c)

d)

e)

£)

g)

h)

definition of
determination
definition of

(only for the

definition of

its position with respect to the Eulerian meshes.
of average vapour temperature and pressure
initial film thickness

very first initialization of the bubble (call from STATI1))

heat fluxes from vapour to clad and coolant (symbols QQl,

QQ2). This heat fluxes initialization is not required for subsequent bub-

bles, as it occurs in subroutine ITCB.

solution of momentum equation for the upper and lower liquid slugs de-

termining the liquid slug velocities and the time derivative of the coo-

lant mass flow for the slugs.

definition of Lagrangian meshes in the liquid slugs and calculation of

temperature and pressure distributions

calling the subroutine B@RN which.I) determines the new bubble configu-

ration ordered from inlet to outlet of the channel and assigns to the new
bubble an index K stored in the array IND; II) assigns to the bubble of

index K a number stored in the array IDK which implicitly determines the

lower and upper phase boundaries(see subroutine IDENT)

set the index NBOIL (KKN) to a value greater than zero (thus indicating

boiling inception), and initialize the time since boiling TBOIL (KKN).

The symbols to be defined when a bubble with index K is initialized in the

zone MB are listed hereafter: (see also list of symbols for the physical

meaning)

ZL(K,1), ZL(K,2)
DZK (K, 1), DZK(K,2)
DDELTZ (K, 1), DDELTZ(K,2)

PV(XK)
TV(K)

SCL(MB), SST(MB)
SCL1(K), SCL2(K)
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SST1 (K), SST2(K)
GL(K,1), GL(K,2)
FF(K,1), FF(K,2)

For the liquid slug above the bubble:

TL(K,T)

PL(K,I) I ranging from ! to LM(K) (= number of

DZK(K,I) Lagrangian meshes in the slug above the bubble K)
VDZK(K,I)

For the liquid slug below the bubble (assuming it is the lowermost slug):

TLE(I)

PLE(I) for I ranging from 1 to LME (number of Lagrangian
DZKE(I) meshes in the lowermost slug)

VDZKE (I)

Following sketch I shows the meaning of some symbols characterizing a bubble

just after initialization. Sketch II shows the same symbols for a bubble stretch-
ing over three Eulerian meshes. Sketch II is complemented by the list of sym-
bols given in Table IV, which summarizes the words which have to be defined in

a bubble with reference to vapour mass flow, pressure, temperature, density

and liquid film thickness).

(Remark: symbols shown in sketches I, II refer to time to» while symbols

of TableIV,ending with the letter R refer to time tn).




TL(K, 1)
PL(X,I)
DZK(K,I)
VDZR(X,I)
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boundary of Eulerian meshes

DELTZ (MB+1)

ZL(MB+1)

Zo MB
ne SCL

SCL1
SCL2

ZL(BM)

FF(K,2)
GL(K,2)

J
DZK(K,1) DDELTZ(K,1)

} PV
-

SST
5ST1
SST2

7L(K,1)

DDELTZ(K,2)

Bubble K

GL(K,1)
FF(K,1)

TLE
PLE
DZKE
VDZKE

Fig. 17: Sketch I - Symbols characterzing a bubble initialized

in Subroutine SETUP




Fig. 18:
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Sketch II - Symbols characterizing the configuration of a bubble

stretching over at least three Eulerian meshes-

(See also Table IV)

kel boundary of Eulerian meshes
PL(K,I) 1=1,M8
TL(K,I)
DZK(X,I)
VDZR(K,I)
DZK(K,1)
FF(K,2)
J 1, —]—88T2(K)
ZL(M+1) DDELTZ(K,2)
|}
M SCL(M) ———1f— K —— SST(M) DELTZ(M)
ZL(M) |
SCL1(R) —1— —+— SST1(K) DDELTZ(K,1)
I
ZL(K,1) §
GL(K,1)
FF(X,1)
PL(KM1,I)
TL(KM1,1) KP1 = IND (L+1)
VDZR(KM1,T) RM1 = IND (L-1)
(L. = Bubble number from

bottom to top of
channel)
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TABLE 1V - Symbols which define the physical state of a bubble K stretching
over at least three Eulerian meshes with reference to vapour mass
flow (G), pressure (P), temperature (T), density (R), liquid film
thickness at clad and structure (S). (Symbols refer to time tn).

e P T R S
I? the bub- GVFR(K,2) PVFR(K,2) TVFR(K,2) RPVRK (K, 2) SCL2 (K)
"ble uppermost
Eulerian mesh GV2R(K) PV2R(K) TV2R(K) REV2R(K) SST2(K)
{
i
In all bubble GVPR (M) , ! %
inner h ; i !
meshes GVMR (M) | PVMR (M) ¢ TVMR(M) RGVMR(M) | SCL(M)
GVIR(M) § : . SST(M)
; | :
In the bub- ; : }
ble lowermost GVIR(K) . PVIR(K) © TVIR(K) RVIR(K) | SCLI(K)
N 1
Eulerion moch GVFR(K, 1) i PVFR(K,1) . TVFR(K,1) ROVFR(K, 1) ; SST1 (K)
! i

Integral va-

lues PVR(K) TVR(K)

(Symbols without the end letter R, for instance GVF(K,2), refer to the previous
time .
step tn-l)
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Subroutine STEP

Performs the time step control during the two-phase flow calculation. Deter-
mines the micro-time step as a fraction of the given macro-time step, taking
into account convergence criteria and time derivatives of some parameters

characterizing the bubbles pressure and volume. See section II.C.3.1 for de-

tails.

Subroutine ST@FF

It calculates the following derivatives

- dTV/dpv (DTDP) derivative of vapour temperature with respect to pressure
at saturation
- dpv/dpV (DR@GDP) derivative of vapour density with respect to pressure
at saturation
- dHl/dpl (DHLDP) derivative of liquid specific enthalpy with respect to

pressure.

Subroutine TI@

At the end of a macro-time step it writes channel dependent data onto a con-—
temporary disk and reads then back at the beginning of next macro-time steps

(see also section III.5).

Subroutine TLKM

Solves the energy equation for liquid slugs with reference to Lagrangian
meshes as explained in Section II.C.2.3.3.c and using values referred to the

actual time level tn'

Subroutine TLKMS

As for Subroutine TLKM, but using values referred to the time level t—1°
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Subroutine TRANS

Tt calculates the updated axial position of the liquid-vapour interfaces ZL

(lower and upper bubble boundaries) by

n

n+tl _ .. n dz (25)
ZL = ZL + (&F) Atn

where the time derivative of the interface displacement is given by

A0 A\
dt Px (26)

The mass flux in the liquid slugs G, is provided by the calculation per-

K
formed in the Subroutine IMGL.

Subroutine XCFI (CFI, TK, GG, DH, SCL, SST, CH21, CH22, IFLAG!, IFLAG2,
VKMR, ALPHA, M, PSI', DABST, SSS, NGRID, NMI)

This subroutine computes the friction coefficient at the interface liquid-
vapour in the two-phase flow region. The flag IFLAG2 allows choosing bet-
ween the application of the Wallis formula (57) or of the two-phase multi-
plier concept with the Lockhart-Martinelld (57) correlation(77). (See Section
IT.C.2.3.5). In the first case the liquid film velocity may be optionally
calculated (and applied to solve the continuity equation for the liquid

film phase in subroutine FITHI); in the second case the liquid film velo-

city is always calculated.
List of parameters

CFI Interfacial friction coefficient

(output parameter)

TK Vapour temperature (°C)

GG Vapour mass flux (kg/mz.oC)

DH Hydraulic diameter of flow cross section (m)

SCL Thickness of liquid film at the clad surface (m)

SST Film thickness at the structure surface (m)




CH21
CH22
IFLAGI
IFLAG2
VKMR

ALPHA

PST
DABST

SSS

NGRID

NM1
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see input description (I.D.)
I.D.

I.D.

I.D.

Liquid film velocity (m/sec)
Void fraction

axial mesh index

I.D.

I.D.

Equivalent liquid film thickness (resulting from the
contributionsof both SCL and SST) used for calculating

the interfacial friction coefficient.

I.D.

Subroutine XFF! (NGRID, KUEL, XFFl1, DH, TKNN, VKK, PKNN, CH21, CH22, PSI,

DABST, NM1, M)

This subroutine computes the friction coefficient for the single phase flow

as function of the flow Reynolds number. Additional pressure drops due to

the spacers are taken into account.

List of parameters

NGRID
KUEL

XFF1

DH

TKNN

see input description (I,D.)
I.D.

friction coefficient for single phase flow pressure

drops (output parameter)
hydraulic diameter of flow cross section (m)
coolant temperature (OC)

coolant velocity (m/sec)




PKNN
CH2]
CH22
PSI
DABST

NM1
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coolant pressure
I.DQ
I.D.

I.D.

I.D.

axial zone index

(9/m?)
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2.2 Problem oriented Subroutines

a) Subroutines of GROUP 2a (Geneéral)

Subroutine BL@PL@ (VCP®)

It allows the user to write every IDELTT time steps onto file FTI3F00! (see
Section III.5) an array of data for option plot generation. The array VCP@
of length 273 words has to be filled partially or totally by the user with
any data transferred to this Subroutine by means of the COMMON Blocks.

Subroutine FPK@PUT (NKKN, KKN, TTKU, PK@NO, PK@N1, PK@N)

This subroutine allows programming the time variation of coolant outlet

pressure.

List of parameters:

NKKN number of equivalent channels

KKN channel index

TTKU actual problem time (sec)

PK@NO stationary outlet coolant temperature (N/mz)

PK@N1 coolant pressure in the zone M=NM2 at timet . (N/m?)
PR@N coolant pressure in the zone M=NM2 at timetn

(time TTKU) (N/mz)

Subroutine FPKO (NKKN, KKN, TTKU, PKOO, PKON1, PKON, PK@NO, PKONI, PK¢N,
PDEC!, PDEC2, PDEC3)

This subroutine allows programming the time variation of coolant inlet

pressure, upstream of the inlet wvalve.

List of parameters:

NKKN number of equivalent channels
KKN channel index
TTKU actual problem time (sec)

; \ 2
PKOO stationary inlet coolant pressure (N/m")
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2
PKON1 coolant pressure in the zome M=l at timet _, (N/m™)
PKON coolant pressure in the zone M=1 at timetn
2
(time TTKU) (N/m")
) 2
PK@NO stationary outlet coolant pressure (N/m")
2
PK@N1 ~ coolant pressure in the zone M=NM2 at timet _, (N/m™)
PK@N coolant pressure in the zone M=NM2 at time £

(time TTRU) (N/m)

PDECI
PDEC2 coeffivients for programming a pump coast down
PDEC3 (see input description)

Subroutine FTKINN (NKKN, KKN, TTKU, TKINNO, TKIN!, TKINR)

This subroutine allows to programme the time variation of the coolant in-

let temperature.
List of parameters:

NKKN number of equivalent channels

(see input description)

KKN channel index

TTRU actual problem time (sec)

TKINNO stationary coolant inlet temperature (°c)

TKINI coolant temperature in the zonme M=l at time t _, °c)
TKINR coolant inlet temperature in the zone M=l at time

t_ (time TTKU) °c)
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Subroutine FZETAD (NKKN, KKN, TTKU, ZETADO, ZETAD)

This subroutine allows to simulate a coolant mass flow reduction by pro-—

gramming the time variation of the inlet valve pressure drop coefficient.

List of parameters:

NKKN number of equivalent channels

KKN channel index

TTKU actual problem time (sec)

ZETADO stationary inlet valve pressure drop coefficient

(this value is calculated by the subroutine STATO

and must not be modified)

ZETAD inlet valve pressure drop coefficient at time TTKU.

The pressure drop in the inlet valve is calculated by

2 27
Apy; = ZETAD - —(2-;3 (27)

where G is the coolant mass flow and p the coolant density at inlet.

Subroutine TBPS (NM2, TT, DELTT, TKINNO)

This subroutine is used to programme the time variation of the by-pass flow

temperature.

List of symbols:

NM2 number of axial zones

IT problem time at the end of the macro-time step (sec)
DELTT macro-time step (sec)

TKINNO stationary coolant inlet temperature (°¢)

The by-pass temperature TBPSR(M) and TBPPS1(M), referred to time level t
| n
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and t - respectively, are transferred through a COMMON block. Unless other-

1
wise programmed by the user the by-pass temperature is taken constant and

equal to the stationary inlet temperature of the coolant (TKINNO).

Subroutine WQDT (NKKN, NM2, KKN, QGESO, QGES, QGEST, T, DELTT, TEND)

This subroutine is used to programme the time variation of the specific

power generation.

List of parameters:

NKKN number of equivalent channels

NM2 number of axial zones

KKN channel index

QGESO stationary specific power generation (W/m3)

QGES specific power generation at the beginning of the

] 3
macro-time step (W/m™)

QGEST specific power generation at the end of the macro-

. R 3
time step (time T) (W/m”)

T problem time at the end of the macro-time step (sec)
DELTT macro-time step (sec)
TEND problem end-time (sec).

Subroutine WWST (M, NMO, NMI, T1, TS1, XKS, INDEX)

This subroutine computes the heat transfer coefficient from the structure
material to an external medium (for instance to a by-pass flow) for calcu-
lating the power losses. In case the heat transfer coefficient is set to zero

the channel structure is considered to be adiabatic.

List of parameters:

M axial zone index

NMO first fuelled axial zone

NMI1 last fuelled axial zone (see input description)




b)
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Tl by-pass flow temperature °c)

TS1 structure material temperature (OC)

XKS heat transfer coefficient (output parameter) (w/m2 °c)
INDEX index allowing to choose between a formula valid for the

stationary case (INDEX = 0) and a (time dependent) for-

mula for the transient case (INDEX = 1),

Subroutine XABRC (HBRC, HGAP, TCINN, TCCM, DBGND, RBR, B@ND, M)

This subroutine computes the fuel-clad heat transfer coefficient,

List of parameters:

HBRC fuel-clad heat transfer coefficient (output parameter)
HGAP see input description (I.D.) (w/m2 OC)
TCINN superficial fuel temperature °c)

TCMM inner clad superficial temperature (°c)

DBGND fuel-clad gap (See input description) (m)

RBR outer fuel radius (m)

B@ND ~ dummy

M axial zone index,

Subroutines of GROUP 2b (Leskage flow option)

With the exception of LZETAD, the Subroutines of this group replace correspon-
ding standard subroutines, the difference just concerning programme details

which are too laborious to be reported.

BYPASS.'is the Member name and contains the MAIN programme (thus replacing

STAT1)

Subroutines FZETA! and FZETA2 are used together with LZETAD (see later) to

calculate a very smooth time variation of the pressure drop coefficient in

the inlet valve. They are basically equivalent to Subroutine FZETAD).
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Subroutine LITCB replaces ITCB -

Subroutine LITCI replaces ITCI

Subroutine LITCi1l replaces ITCl!

Subroutine LITCIR replaces ITCIR

Subroutine LTCIIR replaces ITCIIR

Subroutine LZETAD (NKKN, KKN, TTKU, ZETADO, ZETAD)

For the list of parameters see Subroutine FZETAD.

This subroutine is used in case a leakage flowin parallel to the main coolant
flow must be simulated. It allows toimpose a mass flow reduction by programm-

ing the time variation of the inlet valve pressure drop coefficient.

With reference to the formulas (23) to (27) of section II.C.3.4 the calculation

performed in this subroutine goes through the following steps.

1) ¢ is calculated first by means of a time function supplied by the user,
of the type ¢ = L, exp (at) where Zo is the stationary value of the pres-
sure drop coefficient for the inlet valve (automatically computed in sub-

routine STATO),'a' is a suitable constant and t is time.

ii) The pressure drop across the channel Apc is calculated by using the chan-
nel mass flow rate Gc from the previous time step.
iii) An analytical or empirical relationship between the channel pressure drop

and the leakage flow has to be supplied by the user on the basis of the

characteristics of the experimental facilities. From this relationship

the leakage flow rate is derived.
iv) Equation (25) of section II.C.3.4 supplies the equivalent pressure drop

coefficient ;e.

v) Equation (24) is then applied by introducing To instead of r:

IGC IGC | (28)

ApB1 =7 7o

e
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2.3. Functions

The Functions of the following list are essentially the same as in the
MAPLIP (See reference /9/), the only difference consisting in that they

are organized in seperate Members and are directly accessed by the programme.
The Functions are listed in the same sequence as they are included in

the respective Members (see Group 3 in Section 1.1).

a) Member UPU(¢

It contains functions used for calculating physical properties of fuel.

Function RPUPU@ (TK, P@RV@L, CNPU)

It calculates the fuel density (kg/m3) as function of:
TK fuel temperature (°K)
PPRVPL  fraction of fuel volume occupied by pores

CNRU concentration of Plutonium oxide in the fuel.

Function WLUPU@# (TK, XP@R, CNPU, S)

It calculates the thermal conductivity (W/m oK) of the fuel as function of:

TK fuel temperature (OK)

XPgR fraction of fuel volume occupied by pores
CNpU concentration of plutonium oxide in the fuel
S stoichiometry (oxygen to metal O0/Me ratio),

Function CPUPU¢ (TK)

It calculates the specific heat at constant pressure (J/Kg %K) of fuel

as function of its temperature TK (OK).

Function FTUPU¢@ (CNPU)

It calculates the fuel fusion temperature (°x) depending on the concentration

of plutonium oxide (CNPU).

Function FHUPU@ (DUMMY)

It calculates the latent heat of fuel (J/Kg),




b)
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Function RHUPU@ (DUMMY)

It calculates the latent heat released by the fuel material during

solidification (J/kg).

Function GAUPU@ (TK)

It calculates the thermal linear expansion coefficient for fuel material

(OKml) as function of its temperature TK (OK).

Membey CAN4981

It contains Functions for calculating physical properties of cladding

(Steel 4981)

Function WLCAN (TK)

It calculates the thermal conductivity of the clad material (W/mZOK)

as function of its temperature TK (OK)o

Function R@PCAN (TK)

It calculates the clad density (kg/mg) as function of its temperature

TR (°K).

Function FTCAN (DUMMY)

It calculates the clad fusion temperature(oK)

Function CPCAN (TK)

It calculates the specific heat of clad material (J/kg OK) at constant

Pressuxre, as function of its temperature TK °K).

Function RHCAN (DUMMY)

Lt calculates the latent heat released by the clad material during

solidification (J/kg).

Function FHCAN (DUMMY)

It calculates the clad latent fusion heat (J/kg).




c)
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Function GACAN (TK)

It calculates the thermal linear expansion coefficient for clad material

(OK_l) as function of its temperature TK (°K).

Member NATRIUM

It contains Functions for calculating physical properties of sodium.

Function R@NAL (TK)

It calculates the sodium density (Kg/m3) at saturation

temperature TK (°K).

Function R@NAVS (TK)

It calculates the density (kg/m3) of sodium vapour at saturation

temperature TK (OK).

Function CPNAL (TK, PNM2)

It calculates the specific heat (J/kg °K) of sodium at constant pressure

PNM2 (N/m2) as function of its temperature TK (°K).

Function CPNALS (TK)

It calculates the specific heat (J/kg °K) of sodium vapour at saturation

temperature TK (°K).

Function WLNAL (TK)

It calculates the thermal conductivity (W/m °K) of liquid sodium as

function of its temperature TK °x).

Function PRNAL (TK, PNM2)

It calculates the Prandtl number of sodium as function of its temperature

TK (OK) and pressure PNM2 (N/mz).

Function ZDNAL (TK)

. . . . 2 .
It calculates the dynamic viscosity of sodium (N sec/m” ) as function of

its temperature TK (°K),
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Function ZDNAV (TK)

It calculates the dynamic viscosity of sodium vapour (N sec/mz) as

function of its temperature TK (OKX

Function EHNAL (TK, PNM2)

It calculates the specific enthalpy (J/kg) of liquid sodium as function
. 2
of its temperature TK (OK) and pressure PNM2 (N/m ).

Function EHNALS (TK)

It calculates the specific enthalpy (J/kg) of sodium vapour at

temperature TK(OKL

Function FPNA (TK)

It calculates the pressure (N/mz) of sodium vapour at saturation

temperature TK (°K)

Function VINA (PNM2)

. (o] .
It calculates the saturation temperature ( K) of sodium vapour

2
corresponding to the pressure PNM2 (N/m"),

Function VHNA (TK)

It calcutes the vaporization enthalpy (J/kg) of sodium at temperature

Tk (°K).

Function V@NAV (TK, PNM2)

It calculates the specific volume (m3/kg) of sodium vapour at

2
temperature TK (OK) and pressure PNM2 (N/m"),

Subroutine X1X2%4

Auxiliary subroutine, called by Function VHNA, to calculate the mole-

cular weigth of sodium.




d1)

d2)
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Member STRUNI@GB

It contains Functions for calculating physical properties of Niobium

as structural material.

Function R@PSTRU (TK)

. . 3 . .
It calculates the structural material density (kg/m”)as function of its

temperature TK (OKL

Function CPSTRU (TK)

o
It calculates the specific heat at constant pressure (J/kg K) of

. . o
structural material as function of its temperature TK ( K),

Function WLSTRU (TK)

It calculates the thermal conductivity (W/m °K) of structural material

, , o}
as function of its temperature TK ( K),

Function FTSTRU (DUMMY)

It calculates the fusion heat (J/kg) of structural material.

Member STRU4S 81

This Member contains Functions with the same name as those of the
previous Member, but calculating physical properties of Steel 498l

as structural material.




List of FORTRAN Symbols

Symbol and

dimensions Common Block Definition and Units

A AZDM Parameter used to programme the time variation of the inlet valve pressure
drop coefficient according to the formula ZETAD = ZETADO exp (A-TTKU) (to
be supplied by the user in the Subroutine LZETAD and (not in common) in
the subroutine FZETAD (sec—l)

ANTB(30) DTIT7? Percentage of channel power density produced in the fuel (dimensionless)
(see input description)

ANTC€30) DTIT7 Percentage of channel pdwer density produced in the clad material (dimen-
sionless) (see input description)

ANTK (30) DTIT7 Percentage of channel power density produced in the coolant (dimensionless)
(see input description)

ANTS (30) DTIT7? Percentage of channel power density produced in the structure material (di-
mensionless) (see input description)

AQG - Flow rate through inlet valve (m3/h)

. . . 2
AR(30) DTIT5 Area of flow cross section in axial mesh zone M (@)
. . . . . 2
AR1 AlFA2F Area of flow cross section in the first (inlet) axial mesh zome (=AR(1)) (m )
AV DTITS Ratio of flow cross section area in axial mesh zone NMI to cross section

area in axial mesh zone NM2

- 60T -




Symbol and

dimensions Common Block Definition and Units

AlF - Coefficient which relates the pressure drop APDyn across the leakage flow path to
the leakage mass flow rate Mf by means of the formula
BPpyn = 21 T Mg Toaye M T M
(to be supplied by the user in case leakage path has to be simulated) (m__1 sec_l)

A2F AIFA2F Coefficient which relates the pressure drop across the leakage flow path to the
leakage flow rate by means of the above formula (to be supplied by the user in
case leakage path has to be simulated (m.-1 kg_])

BETA2 (M) DITCB2 Auxiliary coefficient (ratio of wvelocity of phase boundary to length of bubble par-
tial end mesh zone) to calculate the film thickness in the end meshes of a bubble

. -1

(see equation (61) of /1/ (sec ")) (See also equation 54 of section II.C.2.3.4)

B@ND DTITS8 Name of bonding (see input description)

CAN DTITS Name of clad material (see input description)

CHIST(30) DTIT7 Channel linear power in axial mesh M (W/m)

CH21 DTITS8 Coefficient used to calculate the friction factor for single phase flow (see in-
put description) (dimensionless)

CH22 DTIT8 Coefficient used to calculate the friction factor for single phase flow (see in-
put description) (dimensionless)

CNN1 DTITS8 Coefficient used to calculate the clad—-coolant heat transfer coefficient (see in-
put description) (dimensionless)

CNN2 DTIT8 Coefficient used to calculate the clad-coolant heat transfer coefficient (see in-

put description) (dimensionless)

- OI¢ -




Symbol and

dimensions Common Block Definition and Units

CN1 DTITS8 Coefficient used to calculate the clad-coolant heat transfer coefficient (see in-
put description) (dimensionless)

CN2 DTITS8 Coefficient used to calculate the clad-coolant heat transfer coefficient (see in-
put description) (dimensionless)

CN3 DTITS Coefficient used to calculate the clad-coolant heat transfer coefficient (see in-
put description) (dimensionless) '

CNPU(30) DTITS8 Percentage of PuO in the fuel (see input description)

CPK (30) DTITIO (In this Common block only in Subroutine STATO) Coolant specific heat (J/kg oC)

DABST DTITS Distance between grid spacers (see input description) (m)

DB@ND(30) DTIT5 Width of gap between fuel and clad (m)

DCAN(30) DTITS Clad thickness (m)

DDELTZ(10,2) DTIT4 Distance between lower/upper (I=1/2) phase boundary of bubble with index K and
Eulerian mesh boundary above/below (I=1/2) it (m)

DELHA (30) DTITIO Parameter which characterizes the phase state of clad material associated to the
outer surface node in the axial mesh zone M (DELHA(M)=1 1f the material is com-
pletely molten; DELHA(M)=0 if the material is either solid or not completely
molten (dimensionless)

DELHI (30) DTITIO Parameter characterizing the phase state of clad material associated to the inner-
surface node in the axial mesh zone M (dimensionless)

DELHM(30) DTITIO Parameter characterizing the phase state of clad material associated to the middle

surface node in the axial mesh zone M (dimensionless)
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Symbol and

dimensions

Common. Block

Definition and Units

DELMBN (30, 10)

DELMBO (30)

DELTN(10)

DELTT
DELTZ (30)
DH(30)

DHLDP (10)

DLPBLI

DPDT (10)

DPDTR(10)

DPDTRI (10)

DPGN

DTIT8

DIITS

DFBRT

DTVAR2
DTITS5
DTIT5

DITCBI

DTITI

DTIT4

DITCBI

DITCBI

DTITI

Parameter which characterizes the phase state of fuel material in the axial mesh
zone M, radial node N (DELMBN(M,N)=1 if the material is completely molten;
DELMBN(M,N)=0 if the material is either solid or not completely molten) (dimension-—

less)

Parameter characterizing the phase state of central node fuel material in the axial

zone M (dimensionless)

difference  of radial fuel temperatures between consecutive iterations (if the

maximum value exceeds 0.5 °C a new iteration is started)
Macro-time step (sec)

Length of axial mesh zones M.(m)

Hydraulic diameter of axial mesh zones M (m)

ratio of liquid enthalpy increment over the micro—time step to the increment of

vapour pressure of bubble K (m3/kg)
Coolant pressure drop in the inlet valve at time t (N/mz)

Increment of the mean value of the vapour pressure of bubble K in the micro-time

step at time t (N/mzsec)

-1
Increment of the mean value of the vapour pressure of bubble K in the micro—time

2
step at time £ (N/m sec)

Increment of the mean value of the vapour pressure inside the bubble K in the micro-

. . _ . . 2 '
time step. Worth used for iteration within the micro-time step (N/m sec)

. . , 2
Coolant pressure drop in the channel at time tn {(N/m"™)

- Tl¢ -




Symbol and

- ¢l¢ -

dimensions Common Block Definition and Units
DPGN1 DTITI Coolant pressure drop in the channel at time t I (N/mz)
n—-

DPS DTVAR3 Stationary coolant pressure drop between channel inlet (upstream of the throttle
valve) and outlet (N/mz)

DP0O(30) DTIT8 ratio of fuel density to theoretical density .(see input description)

DBRB DTIT6 Thickness of the radial mesh zones in fuel column (m)

DRBR2 DTIT6 - DRBR % %2  (m?)

DRC DTIT6 Half clad thickness (m)

DRC2 DTTT6 - DRCk %2 (@)

DRGDP (10) DITCRI ratio of increment (over the micro-time step) of vapour density to increment of
vapour pressure of bubble K (secz/mz)

DTBN(30,10) DTIT! Increment of fuel temperature in the axial mesh M, radial node N (M,N) in the
micro-time step (°C/sec)

DTBO(30) DTITI Increment of the fuel axial temperature in the axial mesh M in the micro-time
step (OC/sec)

DTCA(30) DTITI Increment of clad temperature at the outer surface of axial mesh M in the micro-
time step (OC/sec)

DTCI(30) DTITI Increment of clad temperature at the inner surface of axial mesh M in the micro-
time step (°C/sec)

DTCM(30) DTITI Increment of clad temperature at the middle surface of axial mesh M in the micro—
time step (OC/sec)

DTDP (10) DITCBI ratio of rest liquid film temperature increment over the micro-time step to in-

crement of the integral vapour pressure of bubble K (°c mg/J)
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dimensions Common Block Definition and Units

DTK (30) DTIT2 Increment of coolant temperature in the axial mesh M in the micro-time step (OC/sec)

DTKUE DTVAR2 Micro-time step (sec)

DTSH(10) DTVARI Superheat assumed for boiling initialization in the coolant channel KKN at time tn (OC)

DTSHA(10) - Superheat assumed for initialization of the very first bubble in channel KKN (see
input description) (OC)

DTSHB(10) - Superheat assumed for initialization of subsequent bubbles in channel KKN (see in-
put description) (OC)

DTST(30) DTITI Increment of structure temperature in the axial mesh M in the micro-time step (°c/sec)

DXIG(10) - Coolant enthalpy difference between outlet and inlet of channel KRN (J/kg)

DZ(10,2) DITCB2 Displacement of lower/upper (I=1,2) phase boundary of bubble K (K,I) during the
micro-time step (m)

DZK (10, 30) DTITé Length of Lagrangian meshes in the liquid slug above bubble K at time tn_l (m)

DZKE (50) DTIT4 Length of Lagrangian meshes in the inlet 1iquid slug at time t -1 (m)

DZKER(50) DITCB2 Length of Lagrangian meshes in the inlet liquid slug at time t (m)

DZKR(10,30) DITCB2 Length of Lagrangian meshes in the liquid slug above bubble K at time t (m)

FACR(11) DTIT7 Radial power distribution in the fuel pellet (central node and NN radial nodes) in
relative units (sée input description) (dimensionless)

FAX(30) - Axial channel power distribution (see irnput description for meaning and units)

FF(10,2) DTITS4 Time derivative of coolant mass flux at the lower (I=1) or upper (I=2) phase in-

(kg/mzsecz)

terface of bubble K (K,I) at time tn—l

- %1z -
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FFNR DTIT3 Time derivative of integral coolant mass flux at time tn (kg/mzsecz)

FFN1 DTIT3 Time derivative of integral coolant mass flux at time tn—l (kg/mzsec%)

FFR(10,2) DITCR2 Time derivative of coolant mass flux at the lower (I=1) or upper (I=2) phase in-

terface of bubble K (¥X,I) at time tn (kg/mzsecz)

FFR1(10,2) DITCB2 Time derivative of coolant mass flux at the lower/upper (I=1/2) phase boundary

of bubble K (K,I). Worth stored for iteration within the micro-time step (kg/mzsecz)
GL(10,2) DTIT4 Coolant mass flux in the slug below/above (I=1/2) bubbleKat time t (kg/mzsec)
GLR(10,2) DITCR2 Coolant mass flux in the slug below (I=1) or above (I=2) the bubble K (X,I),at time

2

t_ (kg/m sec)

n
GVF(10,2) DTITY Vapour mass flux at the lower (I=1) or upper (I=2) phase interface for bubble K

(K,I), at time £ (kg/mzsec)
GFR(10,2) DITCB2 Vapour mass flux at the lower or upper phase interface for bubble X, at time tn

2

(kg/m sec)
GVI(31) DTITY Vapour mass flux at inlet of the axial Eulerian mesh M at time tn_1 (kg/mzsec)
GVIR(31) DITCB2 Vapour mass flux at inlet of the axial Eulerian mesh M at time tn (kg/mzsec)
GVM(30) DTITY Vapour mass flux in the middle of axial Eulerian meshM at time tn_ﬁkg/mgsec)

. . . . . 2

GVMR(30) DITCB2 Vapour mass flux in the middle of axial Eulerian mesh M at time tn (kg/m sec)
GVMR1 (30) DITCB2 Vapour mass flux in the middle of axial Eulerian mesh M. Worth stored for iteration

. g . . 2
within the micro-time step (kg/m sec)

- §1I¢ ~
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GV¢(30) DTITY Vapour mass flux at outlet of the axial Eulerian mesh M at time tn_1 (kg/mzsec)
GVOR(30) DITCB2 Vapour mass flux at outlet of the axial Eulerian mesh M at time tn (kg/mzsec)
GV1(10) DTITY9 Vapour mass flux in the lowermost (partial) mesh of bubble K at time tn_1 (kg/mzsecI
GVIR(10) DITCB2 Vapour mass flux in the lowermost (partial) mesh of bubble K at time tn (kg/mzsec)
GVIR1(10) DITCB2 Vapour mass flux in the lowermost (partial) mesh of bubble K. Worth stored for

. . . g . . . 2

iteration within the micro-time step (kg/m sec)
GV2(10) DTITS Vapour mass flux in the uppermost (partial) mesh of bubble K at time tn_1 (kg/mzsec)

. . . 2

GV2R(10) DITCB2 Vapour mass flux in‘the uppermost (partial) mesh of bubble K at time tn (kg/m" sec)
GV2R1(10) DITCB2 Vapour mass flux in the uppermost (partial) mesh of bubble K. Worth stored for

iteration during the micro-time step (kg/mzsec)
HBRC(30) DTITIO Fuel-clad heat transfer coefficient (W/m2 0C)
HBRCN (30) DFBRT . Heat transfer coefficient through the fuel-clad gap in axial mesh zone M at time £

2

w/m” °c)
HBRCN1 (30) DFBRT Heat transfer coefficient through the fuel-clad gap in axial mesh zone M at time

t . W/m® °c)

n—1
HCF(10) DITCBI Auxiliary parameter (clad and structure film thickness weighted over the respective

circumferential length and multiplied by the bubble length) used to solve the energy

and continuity equations for the vapour phase at time tn—l (m)

HCFR(10) DITCBI Auxiliary parameter used to solve the energy and continuity equations for the vapour

phase at time t (m)
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HCKUE - Clad-Coolant heat transfer coefficient (W/m2 0C)

HCPRE DTITS Length of the test section from inlet to mesh zone NMI inclusive (HC@RE=HSPALT+
HKUEKA) (m)

HFG(10) DITCRB! Vaporization enthalpy for bubble K (J/kg)

HGAP DTITS Stationary fuel-clad heat transfer coefficient (see input description) (W/m2 oC)

HGAPM(30) WIDTH Transient fuel-clad heat transfer coefficient (W/m2 °c)

HKCL(30) DITC11 Heat transfer coefficient cladfcoolant in the axial mesh zone M, at time tn (W/m2 °c)

HKCL1 (30) DITCI1 Beat transfer coefficient clad-coolant in the axial mesh zome M, at time tn-l (W/m2 °0)

HKST(30) DITC11 Heat transfer coefficient coolant—structure in the axial mesh zone M, at time tn
w/m” °c)

HKSTI (30) DITC!! Heat transfer coefficient coolant-structure in the axial mesh zone M, at time tn_1
W/n’ °c)

HKUEKA DTITS Length of the axial breeder zone above the core (section between axial mesh zones
NMO and NM! inclusive) (m)

HSPALT DTITS Length of the fission gas section (m)

HT@P DTITS Length of the coolant mixing section (m) (test section above mesh zone NM! to NM2
inclusive)

I - Index normally used to identify the Eulerian axial mesh zome of the lower phase

boundary of bubble K.
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IBV(10) - Array used to store the indexes I (identifying the lower phase boundaries) of bub-
bles upon which some calculation has to be performed later in the programme.

IDELTT - Flag determining the frequency with which, at the end of the macro-time steps, data
for plots generation are written onto intermediate data files (see input description)

IDK(10) DTVARI Index which implicitly determines the axial meshes of the two phase boundaries for
bubble K at time t1° (Lower phase boundary is in mesh zome I=1+M@D(IDK(K)-2), NM2)).
Upper phase boundary is in mesh zome J=(IDK(K)-2)/NM2. (See alsc description of Sub-
routine B@RN).

IDKR(10) DITCB2 Index which implicitly determines the axial meshes of the phase boundaries for bub-
ble K at time t (see description of Subroutine B@RN)

IERR@R DTVARI Identifier for additional output selection during the two phase flow calculation
(see input description)

II - Index normally used to identify the first Eulerian axial mesh zone above the zone
containing the lower phase boundary of bubble K (IT =1 + 1)

IND(10) DTVARI Array containing the bubble indexzes K ordered from the bottom to the top of the
channel (see also description of Subroutine IDENT)

IPL@T(10) - Flag for channel KKN, used for writing with frequency IDELLT data for plots generation.

IPVR - Index used in ITCB (LITCB) to iterate the solution of the vapour energy equation per-—
formed with the Subroutine ENBLR.

J - Index normally used to identify the Eulerian axial mesh zone of the upper phase

boundary of bubble X.
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JBV(10) - Array used to store the indexes J {(identifying the upper phase boundaries) of bub-
bles upon which some calculation has to be performed later in the programme.

JJ - Index normally used to identify the first Eulerian axial mesh zone below the zone
containing the upper phase boundary of bubble K (JJ=J-1).

K - Index normally used to identify a bubble.

KB DTVARI Actual number of bubbles in channel KKN

KBV(10) - Array used to store the indexes K of bubbles upon which some calculation has to
be performed later in the programme.

KKN DTVARI Index of channel which is actually being calculated.

KK11KK(10) - Index used to select the frequency of printing results of the single phase flow
calculation at the end of the macro—time step

KK22KK (10) - Index used to select the frequency of printing results of the two phase flow cal-
culation at the end of the macro—time step

KMU(26) DTVAR3 Index defined in subroutine STATO to count the elements of the half dynamic ar-
rays VCPS and VCP@, used for data plotting in the subroutines BL@PLS and BL@PLG.

K@GNT DIVARI Type of coolant channel (see input description)

KUEL DTIT8 Name of coolant (see input description)

LM(10) DTVARI Number of Lagrangian meshes in thie 1iquid slug above bubble with index K.

1LME DTVARI Number of Lagrangian meshes in the inlet liquid slug.

M DTVARI Index normally used to identify the Eulerian axial meshes from channel inlet to

outlet
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MPEAK DTVAR3 Index of axial mesh zone with the stationary peak power generation (used for plot
generation)

MS - Index normally set equal to LM(K) (see LM)

NB DTVARI Maximal number (=10) of bubbles allowed in a coolant channel

NBDTR - Unit number of disk storage from which channel dependent data are read sequentially
(see input description)

NBDTW - Unit number of disk storage to which channel dependent data are written sequen-—
tially (see input description)

NBLASE(10) BLASET Flag used to re—initialize single phase flow conditions after vanishing of all bub-
bles in coolant channel KKN.

NB@IL(10) DTVARI Flag characterizing the phase flow in channel KKN (NB@IL(KKN)=0 for single phase
flow, NB@IL(KKN)=2 for two phase flow).

NDAM(10) DTVARI Flag for bubble K which either drives the calculation of vapour axial pressure
distribution inside the bubble (NDAM(K)#0) or the calculation of mean value of
vapour pressure (NDAM(K)=0).

NDAMO (10) - Array storing the bubble flags of array NDAM at the beginning ,of the macro-time
step. These flags have to be accessed in case time step halving is required.

NDR DTVARI Number of printouts since boiling inception

NKKN DTVARI Number of cooclant channels (see input description)

NGRID DTVARI] Identifier for spacers (see input description)
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NMP DTVAR3 Index of axial mesh with the peak stationary coolant temperature (used for plot
generation)

NMT@P WIDTH Index of axial mesh inside the zone (NMO, NMl) beyond which only very little heat
production is assumed (see input description)

NMO DTVARI First axial mesh of fuel column (see input description)

NM1 DTVARI Last axial mesh of fuel column (see input description)

NM2 DTVARI Number of axial zones in the coolant channel (see input description)

‘NN DIVARI Number of radial mesh nodes inside the fuel pellets (see input description)

NNMIN DTVARI = NN - 1

NPL@TB DTVAR3 Flag for "bubble plot" option (see input description)

NPLGT@ DTVAR3 Flag used for driving the optional plot facility (see input description)

NPL@TS DTVAR3 Flag for standard plot option (see input description)

NSAUL DTVARI Identifier of the solution of the heat transfer equation in the pin (see in-
put description)

NTFB(30) DITCB2 Flag used to drive the solution of the heat transfer equations in Subroutine
FBRTB for the axial mesh zone M. For NTFB(M)=1 "0ld" and "new" terms (referring to
time points t o and t respectively) of the discretized equations are
calculated. Subsequently, for NTFB(M) > 1, only "new'" terms are calculated within
the Gauss-Seidel iteration scheme.

NTKU - Number of micro-time steps which, at time point TTKU, have already been calculated

within the macro-time step DELTT

- 12T -
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NTKUE - Number of micro-time step which, at time point TTKU, have still to be calculated,
within macro-time step DELTT.

NTMAT DTVARI Iteration index for the solution of the momentum equation. If the difference of
the mass flow (XXMANR-XXMANI/XXMANR) or its time derivative ((FFNRI-FFNR/FFNR)
between two iterations is less than a given threshold the iteration stops. If the
iteration index becomes greater than 30 or the ratio walve pfessure losses to test
channel pressure losses (DLPBL1/DPGN) is greater than 15 an approximate solution
of the momentum equation is obtained (used only for single phase flow calculation).

NZEIT DTVARI] Number 6f macro—time steps calculated since boiling inception.

NZB DTVAR3 Length of data array to be written every IDELLT time steps onto file FTI2F001 for
"bubble plot'" generation.

NZg DTVAR3 Length of data array to be written every IDELLT time steps onto file FTI2F00! for
option plot generation.

NZS DTVAR3 Length of data array to be written every IDELLT time steps onto file FT11F00l for
standard plot generation.

PDECI DTVARI Coefficient to describe time variation of coolant inlet pressure (see input descrip-
tion) (sec-])

PDEC2 DTVARI Coefficient to describe time wvariation of coolant inlet pressure (see input descrip-—

: . -2

tion) (sec 7)

PDEC3 DTVARI Coefficient to describe time variation of coolant inlet pressure (see input descrip—

tion) (sec_3)
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PELLET DTIT8 Name of fuel (see input description)

PERB(30) DTVAR4 Percentage of molten fuel material in the axial mesh zone M (dimensionless)

PERCA(30) DTVARSL Percentage of molten clad material in the axial mesh zone M (dimensionless)

PKIN(30) DTITI Coolant pressure at inlet of Fulerian axial mesh M at time tn (N/mz)

PKIN1 (30) DTITI Coolant pressure at inlet of Eulerian axial mesh M at time tn—l (M/m?)

PRMN (30) DTITI Coolant pressure in the middle of Fulerian axial mesh M at time tn (N/mz)

PRMNI (30) DTIT! Coolant pressure in the middle of Eulerian axial mesh M at time t o1 (M/mz)

PRON(30) DTIT! Coolant pressure at outlet of Eulerian axial mesh M at time tn (N/mz)

PKENO DTITI Stationary channel outlet pressure (N/mz)

PKPN1 (30) DTIT! Coolant pressure at outlet of Eulerian axial mesh M at time tn?l (N/mz)

PKON ‘ DTITI Channel inlet pressure at time £ (N/mz)

PKONI DTIT! Channel inlet pressure at time t__, (N/mz)

PKOO DTITI Stationary channel inlet pressure (N/mz)

PL(10,30) DTIT4 Coolant pressure of Lagrangian mesh MS in the liquid slug above the bubble with
index K (X,MS) at time t (N/mz)

PLE(50) DTIT4 Coolant pressure in the Lagrangian meshes of the inlet slug at time t (N/mz)

PSI DTITS Coefficient used for the simulation of spacers (see input description)

PV{10) DTIT4 Average vapour pressure inside the bubble with index K at time t -1 (N/mz)

PVF(10,2) DTITO Vapour pressure at the lower (I=1) or upper (I=2) phase interface for bubble with

index K (X,I) at time tn (N/mz)

-1
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PVFR(10,2) DITCBI Vapour pressure at the lower/upper (I=1/2) phase interface of bubble K(K,I) at time
2
t (N/m™)
PVFRI(10,2) DITCBI Vapour pressure at the lower/upper (I=1/2) phase interface of bubble K. Worth stored
: . . o . . 2
for iteration within the micro—time step (N/m )
PVM(30) DTITY Vapour pressure in the axial Eulerian mesh zone M at time t -1 (N/mz)
PVMR (30) DITCBI1 Vapour pressure in the axial Eulerian mesh zone M at time tn (N/mz)
PVR(10) DITCRBI Mean value of vapour pressure inside the bubble K at time t (N/mz)
PVRO(10) DITCEI Mean value of vapour pressure inside the bubble K-.at the beginning of a micro-time
step (N/mz)
.. . 2
PVRI(10) DITCBI Mean value of vapour,pressure inside the bubble K at time t ®N/m")
PVI(10) DTITO Vapour pressure in the lowermost (partial) mesh of bubble K at time t (N/mz)
. - . 2
PVIR(10) DITCBI Vapour pressure in the lowermost @artial) mesh of bubble K at time t (N/m"™)
. . . 2
PV2(10) DTITY Vapour pressure in the uppermost (partial) mesh of bubble K at time tn_1 MN/m")
. . . 2
PV2R(10) DITCBI Vapour pressure in the uppermost (partial) mesh of bubble K at time tn (H/m™)
P2 AlFA2F Coefficient used to find the mass flow rate in the leakage path in dependence on the
pressure drop across the test section.
. . 3
QGEMN (30) DTIT7 Specific pin power in the axial mesh M at the end of a micro-time step W/m™)
. .. } . 3
QGEMN1 (30) DTIT7 Specific pin power in the axial mesh M at the beginning of a micro—time step (W/m™)
. . . o, 3
QGES (30) DTIT7 Specific pin power in the axial mesh M at time t (W/m™)
QGEST (30) DTIT7 Specific pin power in the axial mesh M at time tn (W/m3)
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QGESO(BO)v DTIT7 Stationary specific pin power axial distribution (W/m3)
QGESOM DTVAR3 Peak stationary power density (in axial mesh zone MPEAK) (W/m3)
QQ1(30) DTIT7? Power transferred per unit area between coolant (both vapour and liquid phases) and
clad surface in the axial mesh M at time tn—l (W/mz)
QQ2 (30) DTIT7 Power transferred per unit area between coolant (both vapour and liquid phases) and
structure surface in the axial mesh M at time t o (W/mz)
QQ3(30) DTIT7 Coefficient used to calculate the power transferred per unit area between
clad surface and coolant (both vapour and liquid phases) in the axial mesh M at time
2
t W/m™)
QQ4 (30) DTIT7 Coefficient used to calculate the power transferred per unit area between structure
inner surface and coolant (both vapour and liquid phases) in the axial mesh M at time
2
t (W/m)
QQ5(30) DTIT7? Heat transfer coefficient between coolant and structure, calculated for the axial mesh
M taking into account the bubbles configuration at time t (W/mz OC)
QQ6 (30) DTIT7 Heat transfer coefficient between clad and coolant, calculated for the axial mesh M
. . . . 2
taking into account the bubbles configuration at time tn {W/m °0)
QRCA DTIT6 Defined by QRCA =(RCA-DRC/4.)/RCA where: RCA = clad outer radius; DRC = half clad thick-
ness (see Subroutine STATO)
QRCH DTIT6 Defined by QRCH=(RCA-DRC/2.)/RCA with the above meaning of the symbols (see Subroutine
STATO)
QRCMI DTIT6 Defined by QRCMI=(RCM-DRC/2.)/RCM where: RCM = radial coordinate of the clad middle node;

DRC = half clad thickness (see Subroutine STATO)
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QRCPL

QRMIN(10)
QRMIV
QRPL(10)

QRPLH

QRPLV

QXMAN1
QXMB (10}
QXMBR(10)
R(10)

RBR(30)

RCA(4)

RKUE (30)
RLA

RLE

DTIT6

DTIT6

DTIT6

DTIT6

DTIT6

DTIT6

DITCBI

DITCBI

DTIT6

DTIT5

DTIT5

DTIT5

DTITS

Defined by QRCPL=(RCM+DRC/2.)/RCM with the above meaning of the symbols (see Sub-
routine STATO)

Defined for the radial mesh zone N by QRMIN(N)=(R(N)-DRBR/2.)YR(N) (see Subroutine STATO)
Defined by QRMIV=(RBR(1)-DRBR/4.)/RBR(1) (see Subroutine STATO)
Defined for the radial mesh zone N by QRPL(N)=(R(N)+DRBR/2.)/R{(N) {(see Subroutine STATO)

Defined by QRPLH=(RCI+DRC/2.)/RCI where RCI = clad inner radius, DRC = clad half thick-

ness (see Subroutine STATO)

Defined by QRPLV=(RCI+DRC/4.)/RCI with the above meaning of the symbols (see Subroutine
STATO)

Volumetric flow rate through the channel (ms/h)

. 2
Integral heat flux from clad and structure to vapour for bubble K at time t W/m™)

-1
Integral heat flux from clad and structure to vapour for bubble X at time tr (W/mz)

Radius of the outer cylindrical surface of the radial mesh zones in the fuel column (m)

Fuel pellet outer radius, assumed to be equal to the clad inner radius (see input

description) (m)

Radius of the four cylindrical surfaces bounding the three clad nodes (only used in

Subroutine PR@CA) (m)
Equivalent coolant channel radius (see input description) (m)
Reduced inertial length at channel outlet (see input description) (m)

Reduced inertial length at channel inlet (see input description) (m)
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RMIN(10) DTIT6 Radius of the middle cylindrical surface of the radial mesh zones in the fuel column (m)
RAL(10) DITCBI Liquid film density at the temperature which corresponds to the mean value of vapour
pressure in bubble K,(kg/m3)
ROV(10) DITCB! Mean value of vapour density inside bubble K at time £ (kg/mS)
RGVF(10,2) DTITO Vapour density at the lower (I=1) or upper (I=2) phase interface for bubble K (X,I)
at time to_ (kg/m3)
RAVFR(10,2) DITCBI Vapour density at the lower (I=1) or upper (I=2) phase interface for bubble K (K,I)
at time £ (kg/mB)
RHVM(30) DTITY Vapour density in the axial Eulerian mesh M at time tn—l (kg/m3)
RGVMR(30) DITCB1 Vapour density in the Eulerian axial mesh M at time tn (kg/ms)
RGVI(10) - DTITO Vapour density in the lowermost (partial) mesh of bubble X at” time t o (kg/m3)
RAVIR(10) DITCBI Vapour density in the lowermost (partial) mesh of bubble K at time t (kg/m3)
RGV2(10) DTITY Vapour density in the uppermost (partial) mesh of bubble K at time t o1 (kg/m3)
RGV2R(10) DITCRI Vapour density in the uppermost (partial) mesh of bubble K at time £ (kg/m3)
SCLR(30) DTITA Clad film thickness in the axial mesh zone M at time tn (m)
SCL1r(10) DTIT4 Clad film thickness in the lowermost (partial) mesh of bubble K at time tn (m)
SCL2R(10) DTITL Clad film thickness in the uppermost (partial) mesh of bubble K at time tn (m)
SMAX - Maximum film thickness at both clad and structure material (see input description) (m)
SMIN DTIT4 Minimum film thickness at both clad and structure material (see input description) (m)
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SPALTO(30) WIDTH Stationary fuel-gap width <calculated on the basis of linear thermal expansion with-

out accounting for the initial gap width (m)

SPALTI1(30) WIDTH Stationary fuel-gap width calculated taking into account the initial gap width in cold

state. For the transient calculation it represents the gap width at time tn_1 (m)

SPALT2 (30) WIDTH Transient fuel-gap width at time tn (m)

SSTR(30) DTIT4 Structure film thickness in the axial mesh zone M at time t (m)

SSTI1R(10) DTIT4 Structure film thickness in the lowermost (partial) mesh of bubble K at time tn (m)
SST2R(10) DT1T4 Structure film thickness in the uppermost (partial) mesh of bubble K at time tn (m)
STDP A1FA2F Stationary pressure drop including the pressure losses in the inlet valve

and in the inlet and outlet reduced lengths (N/mz)

ST@E (30) ST@ECH Fuel stoichiometry of O/Me ratio in axial zone M (see input description)

STRUK DTITS Name of structural material (see input description)

S0 DTIT4 Film thickness for bubbles initialisation (see input description)

TBMNR(30) DTIT2 Average fuel temperature at time tn (OC)

TBMN1 (30) DTIT2 Average fuel temperature at time tn“l (OC)

TBNR(30,10) DTIT2 Fuel temperature at time t in the node (M,N). (M=1, 30 index for axial mesh zones,

N=1, 10 index for radial nodes) (OC)

TBN1(30,10) DTIT2 Fuel temperature at time t e

TBOIL(10) DTVAR2 Time since start of boiling in channel KKN. It is set to zero in case single phase

flow reestablishes (sec)
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TBR2 (30, 10)

TBYPSR(30)
TBYPS1(30)
TBONR(30)
TBON1 (30)

TBORZ2 (30)

TBOT (30)

TCANR(30)
TCAN1 (30)

TCAR2 (30)

TCINR(30)
TCINI (30)

TCIR2 (30)

TCMN1 (30)

Common Block

DFBRT

FWFST

FWFST

DTIT2

DTIT2

DFBRT

DTIT10

DTIT2

DTIT2

DFBRT

DTIT2

DTIT2

DRBRT

DTIT2

Fuel temperature in the node (M,N) (M=1,30 index for axial mesh zones, N=1,10 index

for radial nodes). Used for iteration with the Gauss—Seidel method within the micro-

time step (OC)

o

Temperature of by—pass flow at time t e

Temperature of by-pass flow at time t

Axial

Axial

Axial

-1

fuel temperature at time t (OC)

fuel temperature at time t (OC)

o)

fuel temperature used for iteration with the Gauss-Seidel method within the micro-

time step (OC)

Axial

vious

Quter

Outer

fuel temperature used in the Gauss-Seidel iteration scheme referring to the pre-

iteration step (r—-1) (OC)
clad surface temperature at time t
n

clad surface temperature at time tn

o)

-1

o)

- 6CC -

Outer clad surface temperature in axial mesh zone M. Used for iteration with the Gauss-—

Seidel method within the micro-time step (OC)

. o
Inner clad surface temperature at time tn (c)

. (¢}
Inner clad surface temperature at time t__, o

Inner clad surface temperature in axial mesh zone M. Used for iteration with the Gauss=

Seidel method within the micro—time step °c)

Temperature of clad middle surface at time tn-l o



Symbol and

dimensions Common Block Definition and Units

TCMNR(30) DTIT2 Temperature of clad middle surface at time tn (OC)

TCMR2 (30) DFBRT Temperature of clad middle surface in axial mesh zone M. Used for iteration with the
Gauss—Seidel method within the micro—time step o)

TETTA(10) DTVARI1 Identifier for the solution of the heat transfer equations in channel KKN. (see in-
put description)

TEXT (20) - Text identifying the problem to be calculated also used for headings of plot data sets
(see input description)

TKINNO DTIT2 Stationary coolant inlet temperature (OC)

TKINR(30) DTIT2 Coolant temperature at inlet of an axial Eulerian mesh zone at time tn (OC)

TKIN1(30) DTIT2 Coolant temperature at inlet of an axial Eulerian mesh zone at time tn_](oc)

TKNR(30) DTIT2 Coolant temperature in the middle of an axial Eulerian zone at time tn (°0)

TKN1 (30) DTIT2 Coolant temperature in the middle of an axial Eulerian zone at time tn—l (OC)

TK¢NR(30) DTIT2 Coolant temperature at outlet of an axial Eulerian zone at time tn (OC)

TK@N1(30) DTIT2 Coolant temperature at outlet of an axial Eulerian zone at time tn-l (OC)

TL(10,30) DTIT4 Coolant temperature of the Lagrangian mesh MS in the liquid slug above the bubble K
(K,M5) at time t__ o)

TLE (50) DTIT4 Coolant temperature in the Lagrangian meshes of the inlet liquid slug at time to (OC)

TLER(50) DITCBI Coolant temperature in the Lagrangian meshes of the inlet liquid slug at time t (OC)

TLR(10,30) DITCBI Coolant temperature of the Lagrangian mesh MS in the liquid slug above the bubble K

(K,MS) at time t_ )

- 0€¢C
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dimensions Common Block Definition and Units

TPLE(10) - Temperature in coolant upper plenum above channel KKN at time t (OC)

TPLEN DTVARI Stationary temperature in coolant upper plenum (see input description) °c)

TRAMPE - Time instant after which the time step for single phase flow calculation may be changed
(see input description)

TSAT (30) - Coolant saturation temperature. Only used in Subroutines ITCI, ITCIR (OC)

TSBR DTIT2 Fuel fusion temperature (OC)

TSCA DTIT2 Clad fusion temperature (°c)

TSST DTIT2 Structure material fusion temperature (OC)

TSTNR(30) DTIT2 Temperature of structure material at time tn (OC)

TSTNO(30) DTIT2 Stationary temperature of structure material (OC)

TSTN1(30) DTIT2 Temperature of structure material at time tn—l (OC)

TSTR2 (30) DFBRT Temperature of structural material. Used for iteration with the Gauss-Seidel method
within the micro-time step (OC)

TT DTVARZ Problem time at the end of the actual time step (sec)

TTKU - Actual problem time referring to the end of a micro-time step (sec)

TTKUH AZDM Time point atwhich the coefficient ZETAD for the pressure drop in the inlet valve, pro-
grammed as function of time, exceeds ZDM/2. For times greater than TTKUH a smooth
curve for the time variation of the inlet valve pressure drop coefficient is used (only
used for leakage flow).

TV(10) DTIT4 Average vapour temperature inside the bubble K at time tn—] (OC)

- g -




Symbol and

dimensions Common Block Definition and Units
TVF(10,2) DTIT9 Vapour temperature at the lower (I=1) or upper (I=2) phase interface for bubble K (K,I)
)
at time t (C
n—1
TVFR(10,2) DITCBI Vapour temperature in the lower or upper phase . interface for bubble K (K,I), at time
0
e (0 |
TVM(30) DTITY9 Vapour temperature in the axial Eulerian mesh zone M at time tn—l °c)
TVMR(30) DITCBI Vapour temperature in the axial Eulerian mesh zone M at time tn (OC)
TVMRI (30) DITCBI Vapour temperature in the axial Eulerian mesh zone M. Worth stored for iteration with-
in the micro-time step (OC)
TVR(10) DITCBI Average vapour temperature inside the bubble K at time tn o
TV1(10) DTITY Vapour temperature in the lowermost (partial) mesh of the bubble K at time tn_1 (OC)
TVIR(10) DITCRBI Vapour temperature in the lowermost (partial) mesh of bubble K at time tr (OC)
L
TVIRI(10) DITCBI Vapour temperature in the lowermost (partial) mesh of bubble K. Worth stored for
iteration within the micro—time step (OC)
TV2(10) DTITY Vapour temperature in the uppermost (partial) mesh of bubble K at time tn-l (OC)
. . . . o
TV2R(10) DITCBI Vapour temperature in the uppermost (partial) mesh of bubble K at time € e
TV2R1(10) DITCRBI Vapour temperature in the uppermost (partial) mesh of bubble K. Worth stored for
iteration within the micro~time step (°C)
ULCIR(30) UFILM Velocity of clad liquid film at the lower boundary of Eulerian axial mesh zone M at

time tn (m/sec)

ULCMR(30) UFILM Velocity of clad liquid film in the middle of Eulerian axial mesh zone M at time t (m/sec)

= CEC -
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dimensions Common Rlock Definition and Units

ULCOR(30) UFILM Velocity of clad liquid film at the upper boundary of Eulerian axial mesh zone M at
time t (m/sec)

n

ULCIR(10) UFILM Velocity of clad liquid film in the middle of the lowermost (partial) mesh zomne of
bubble K at time t {m/sec)

ULC2R(10) UFILM Velocity of clad liquid film in the middle of the uppermost (partial) mesh zone of
bubble K at time £ (m/sec)

ULCFR(10,2) UFILM Velocity of clad liquid film at the lower/upper (I=1/2) phase interface of bubble K
(X,I) at time T (m/sec)

ULSIR(30) - Velocity of structure liquid film at the lower boundary of Eulerian axial mesh zone M
at time tn {m/sec)

ULSMR (30) - Velocity of structure liquid film in the middle of Eulerian axial mesh zone M at time
tn (m/sec)

ULSPR(30) - Velocity of structure liquid film at the upper boundary of Eulerian axial mesh zone M
at time tn (m/sec)

ULS1R(10) - Velocity of structure liquid film in the middle of the lowermost (partial) mesh zone
of bubble K at time £ (m/sec)

ULS2R(10) - Velocity of structure liquid film in the middle of the uppermost (partial) mesh zone
of bubble K at time t (m/sec)

ULSFR(10,2) - Velocity of structure liquid film at the lower/upper (I=1/2) phase interface of bubble K

(X,I) at time T (m/sec)

- £€€C -
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UNBN (30, 10) DTIT8 Specific fusion heat stored in the fuel material of axial mesh zone M, radial node N,

during melting or solidification at time tn (J/mg)

UNBO(30) DTITS8 Specific fusion heat stored in the fuel central node of axial mesh zone M during mel-

. L s . . 3
ting or solidification at time t (3 /m™)

UNHA (30) DTITIO Specific fusion heat stored in the clad material of the cuter surface node in axial

. . e e s . . 3
mesh zone M during melting or solidification at time t (J/m™)

UNHI (30) DTITI1O Specific fusion heat stored in the clad material of the inner surface node in axial

mesh zone M during melting or sclidification at time tn (J/ms)

UNHM(30) DTITIO Specific fusion heat stored in the clad material of the middle surface node in axial

mesh zone M during melting or solidification at time t (J/m3)

UOBN (30,10) DTITS8 Specific fusion heat stored in the fuel material of axial mesh zone M, radial node N,

- during melting or solidification at time t _, (J/m3)
UOB0O(30) DTITS Specific fusion heat stored in the fuel central node of axial mesh zone M during mel-

ting or solidification at time £ (J/m3)

VCBL(201) - Array used to store data to be written onto file FTI12F00! for "bubble Plot" generation
VCP¢ - Array used to store data to be written onto file FT13F00! for option plot generation
VCPS(273) - Array used to store data to be written onto file FTI1FO0O1 for standard plot generation
VERH - ratio of the mass flow through the leakage path to the mass flow through the test channel
VKMN (30) DTIT3 Coolant velocity in the axial mesh M at time tn (m/sec)

VEMN1 (30) . DTIT3 - Coolant velocity in the axial mesh M at time t - (m/sec)

- %¢C -




Symbol and

dimensions Common Block Definition and Units
VDUF (30) DTITS Ratio of volume to inner surface area of structure per unit length (see input de-
scription) (m)
VDZK (10,30) DTITL Volume of coolant in the Lagrangian meshes of the liquid slug above the bubble with in-
. 3
dex K at time tn__1 (m™)
VDZKE (50) DTIT4 Volume of coolant in the Lagrangian meshes of inlet liquid slug at time t (m3)
VDZKER(50) DITCB2 Volume of coolant in the Lagrangian meshes of inlet liquid slug at time tn (m3)
VDZKER(10,30) DITCB2 Volume of coolant in the Lagrangian meshes of the liquid slug above the bubble with in-
dex K at time tn (m3)
VSTRUK(30) DTITS Volume of structural material per unit length (see input description) (mz)
V@LNN (30) DTIT6 Volume of fuel material associated to the peripheral node (node NN) in axial mesh zone M (m3)
V@LN1(30,10) DTIT6 Volume of fuel material associated to the nodes N (N=1,...,...NN) in axial mesh zone M (m3)
VO (30) DTIT6 Volume of fuel material associated to the pin axial nodes (ms)
WWSTR(30) TWES Heat transfer coefficient from structure outer surface to the adjacent medium at time
£ (/n” °0)
WWST1(30) FWFS Heat transfer coefficient from structure outer surface to the adjacent medium at time
20
t oy W/m ")
. . -1
XBRKT (30) DTITS Ratio of pin circumference to area of flow section for axial mesh zone M (m )
XKK(30) - Ratio of the linear power generated in the channel axial mesh zone M to 7 times the
volumetric specific power (m2)
XLBN1(30,10) DFBRT Thermal conductivity of fuel at mesh node (M,N) (M=1,30 index for axial zones, N=1,10

. . 2
index of radial nodes) at time (tn + tn)/Z. (W/m OC)

-1
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dimensions Common Block Definition and Units
XL.CAN1(30) DFBRT Thermal conductivity of clad material of the outer surface of axial mesh zone M at
. o
time (tn_1 + tn)/2. (W/m™C)
XLCIN1(30) DFBRT Thermal conductivity of clad material at the inner surface of axial mesh zone M at
. 0
time (tn_1 + tn)/Z. (W/m C)

XLCMI(30) DTITIO (In this Common block only in Subroutine STATO). Thermal conductivity of clad material
in the mid point between inner and middle clad nodes. (W/m"C)

XLCPL(30) DTITIO (In this Common block only in Subroutine STATO). Thermal conductivity of clad material
in the mid point between middle and outer clad nodes. (W/mpc)

2

XMANR(30) DTIT3 Coolant mass flux in the axial mesh M at time t (kg/m " sec)

XMAN1 (30) DTIT3 Coolant mass flux in the axial mesh M at time tn-l (kg/mzsec)

XMAST(10) - Stationary mass flow in chanmel KKN (kg/sec)

XM1(30) DITCBI Heat flux from clad and structure to vapour in axial mesh node M at time tn—l (used for
calculating the source term in the solution of the continuity and energy equations of

2
the vapour phase) (W/m.)

XMIR(30) DITCBI Heat flux from clad and structure to vapour in axial mesh node M at time tn' (Used for
calculating the source term in the sclution of the continuity and energy equations of
the vapour phase) (W/mz)

XM2 (30) DITCBI Auxiliary parameter to calculate the source term for axial zone M at time t -1 in the
solution of the continuity and energy equations for the vapour phase (kg/m")

XM2R(30) DITCRBI Auxiliary parameter to calculate the source term for axial zone M at time t_ im the

. .. . i ,
solution of the continuity and energy equaticns for the vapour phase (kg/m™)

- 9¢¢ -~
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X¢1(10) DITCBI Heat flux from clad and structure to vapour in the uppermost (partial) zome of bubble
with index K at time t 1 (used for calculating the source term in the solution of the
energy and continuity equations of the wapour phase) (W/mz)

XGIR(10) DITCBI Heat flux from clad and structure to vapour in the uppermost (partial) zone of bubble
with index K at time t, (W/mz)

X92(10) DITCBI Auxiliary parameter to calculate the source term for the solution of energy and con-
tinuity equations of the vapour phase in the uppermost (partial) zone of bubble with in-
dex K at time t oo (kg/mz)

X@P2R(10) DITCBI Auxiliary paramter to calculate the source term for the solution of energy and conti-
nuity equations of the vapour phase in the uppermost (partial) zone of bubble with
index K at time t (kg/mz)

XSTKT(30) DTIT Ratio of structure inner circumference to area 6f flow section for axial mesh zone M (mf])

XU1(10) DITCBI Heat flux from clad and structure to vapour in the lowermost (partial) zone of bubble
with index K at time t 1 (used for calculating the source term in the solution of the
energy and continuity equations of the vapour phase) (W/mZ)

XUIR(10) DITCBI Heat flux from clad and structure to vapour in the lowermost (partial) zone of bubble
with index K at time £ (W/mz)

XU2(10) DITCBI Auxiliary parameter to calculate the source term for the solution of energy and con-
tinuity equations of vapour phase in the lowermost (partial) zone of bubble with in-

. 2
dex K at time t__, (kg/m™)
XU2R(10) DITCBI Auxiliary parameter to calculate the source term for the solution of energy and conti-

nuity equations of the vapour phase in the lowermost (partial) zone of bubble with in-

dex K at time t (kg/mz)
n




Symbol and

dimensions Common Block Definition and Units

XX WIDTH Correction factor of mean fuel temperatures used for radial fuel expansion calculation
(see input description)

XXMANR DTIT3 Mean value of the coolant mass flux through the channel at time tn (kg/mzsec)

XXMAN 1 DTIT3 Mean value of the cooclant mass flux through the channel at time tn_1 (kg/mzsec)

Z(31) DTITS Axial coordinate of the upper boundary of Eulerian meshes, including an additional
mesh in outlet plenum (m) '

ZDM AZDM Maximum value of the inlet valve pressure drop coefficient used to simulate a mass flow
run down (to be supplied by the user in Subroutine ZETAD) (dimensionless)

ZETAC DTIT5S Coefficient for calculation 6f coolant pressure drop at flow section enlargement
(dimensionless)

ZETAD DTITS Coefficient for calculation of coolant pressure drop across the channel inlet valve
at time tn (dimensionless)

ZETADO DTITS Coefficient for calculation of stationary coolant pressure drop across the channel
inlet valve (dimensionless)

ZL(10,2) DTIT4 Axial coordinate of the lower/upper (I=1/2) phase boundary of bubble K (m)

ZSLUG DIVAR1 Length of generated Lagrangian meshes at channel inlet or outlet by reentry (see in-

put description) (m). In some cases, depending on the length of the Eulerian meshes,

Lagrangian meshes may be generated with a length equal to a fraction of ZSLUG.

- 8¢€C -
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4. Input and output descriptions

A) Input Description

By the card numer is indicated in brackets the format for reading input data.

Options which are suggested (as corresponding to the most advanced code version)

are underlined.

Card 1

TEXT

Card 2
NPL@TS

NPL@TB

NPLAT®

IDELTT

LP1

LpP2

Card 3
NBDTR

NBDTW

Card 4
NKKN
NM2
NSAUL

(18A4)
identification text of the case considered. This text is used as

well for identification of the PLOT-data sets

(614)

identification for the standard plot option.

If NPLOTS = O no standard plot prepared

If NPLOTS > O relevant data for the standard plot are written on file
number FT11F00I

identification for the bubble plot optionm.

If NPLOTB = O no bubble plot prepared

If NPLOTB > O relevant data for the bubble plot are written on file
number FTI12F001

identification for the optional plot to be.specified by the user.

If NPLOTO = O no optional plot prepared

If NPLOTB > O specified plot data are written on file number FT13F001

frequeﬁcy for plotting data (IDELLT > O). Every IDELTT time steps plot

data are Qritten on the respective files.,

for the single phase coolant conditions every LPlth time step output

is written (LP1 > 0)

for the two phase flow situation every LP2th time step output is

written (LP > 0)

(214)

unit number of disk storage from which channel dependent data are read
sequentially (NBDTR = 1)

unit number of disk storageto which channel dependent data are written

sequentially (NBDTW = 3)

(914)

number of coolant channels (lg NKKN g 10)

number of axial zones in the coolant channel (NM2 g 30)
identifier for the solution of the Fourier—equation in the pin
NSAUL = 1 Saulyev method

NSAUL = 0 implicit solution




IFLAG

ICFI

IFILM

ICFI3

IERR@R

IFILM
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identifier for single phase coolant solution of the

momentum equation

IFLAG ¢ O axially constant mass flow distribution
(ITC1, ITC1I)
IFLAG > O axially dependent mass flow distribution

(iTCIR; ITCIIR)

identifier for two phase flow pressure drop corre-

lation
ICFII ¢ O Wallis eorrelation
ICFIl > 0O Lockhart-Martinelli correlation

identifier for the liquid film simulation
IFILM < O quiescent film
>

0 moving film

identifier for two phase flow pre