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ABSTRACT

A porous media solution PORFLO has been developed
for the 3-dimensiona two-phase flow by describing the
process facility with Cartesian or cylindrical coordinates.
The local porosity fraction is applied for distinguishing the
fluid filled volumes from the solid structures. The solid
structure contribute the two-phase flow through the wall
friction, flow area and heat transfer. The solid structure may
contain heat input by steam generator tubes, steam
condenser tubes or interna heating of solid particles. The
first phase of the model development has included the
modelling for these applications.

The thermohydraulic solution is based on 5-equation
approach, where the conservation equations are solved for
the liquid and gas mass, mixture momentum, liquid and gas
energy.

Thefirst application for the modd was the calculation of the
particle bed dryout cooling experiments. In experiments
the core debris coolability on the containment
pedestal floor has been studied to verify the severe
accident management strategy adapted in Olkiluoto
BWRs. The decay power heating of the real core
debris is generated by electrical resistance heaters.

The second application is related to passive safety systems
of BWR plants. In the isolation condenser the steam from
the reactor vessd is flows through the heat transfer tubes.
The tube bundle has been submerged into the cold water
pool. After a short heating period vigorous boiling takes
place in the poll creating strong two-phase circulation. The
3-dimensional flow two-phase flow circulation was
calculated for the pool. The work was a part of the new
nuclear plant evaluation concept for the nuclear power plant
candidates for Finland. After the EPR plant was sel ected, the
more detailed analyses were not continued. The steam
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condensation insde the hesat transfer tube may be model led
by using an 1-dimensional modd.

As a future application the characterigtics of the
horizontal steam generator is studied. The primary fluid flow
insde the heat transfer tubes creates the heat transfer
boundary condition. Some scattered data from the local void
fractions exists for the facility and at least the shape of the
two-phase level during the steady state operation has been
recorded.

The present PORFLO modd is based on the drift-flux
mode with five conservation equations, when the complete
two fluid mode includes six conservation equations, mass,
momentum and energy equations for both phases. The
question is, would the drift flux model be too limited for the
3D two-phase flow? The author’s opinion is that the
approach gives just for the large facilities a good modelling
possibility. The drift-flux formalism with two input
parameters is a clear-cut formulation, and rather much
experimental data has been formulated by using the
drift-flux formalism. In the three reference facility of the
PORFLO application theloca void fractions arein the range
of 0 to 0.4, where liquid is continuous phase and vapour
exigs in the form of bubbles. For this flow regime the
vapour phase does not transmit any momentum. Additionally
the drift flux model is capable for modelling the sharp void
fraction gradient at the two-phase level.

The three applications demonstrate that the porous media
approach based on the drift-flux mode is applicable for
modelling the real process facilities, where the water level
exigts and the two-phase flow patterns is generated mainly
by the local gravitational pressure differences. The particle
bed dryout experiment, the BWR isolation condenser and
the horizontal VVER steam generator are examples of such
facilities.
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1. INTRODUCTION

In the first PORFLO applications the modelling of the
two-phase mixture in the large process facilities have been
studied, where the heat input inside the liquid pool
evaporates liquid and the generated vapour tendsto rise
upwards and separate from the liquid on the water level. The
heat inputting section includes heat transfer tubes or
internally heated particles submerged into the liquid. Only
30 to 50 % from the local volume may be available for the
fluid flow in this sections and the solid material created
additional frictional pressure drop in the circulating flow. A
part on the facility may be fully open space for the fluid flow
and there easily strong turbulent circulation may existsin the
two-phase mixture. The water level separatesthe single
phase steam flow from the two-phase mixture, where the
liquid is the continuous phase and vapour exists mainly as
bubbles. Additionally isolating walls may exists for
controlling the coolant circulation

Thefirst application with the PORFLO model was related to
the dryout testing facility of theinternally heated particle
bed.
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Figurel. STYX particle bed dryout experimental
facility at VTT

A facility has been constructed at VTT to measure dryout
heat flux in aheterogeneous particle bed, Figure 1. Theinner
cylindrical vessel is enclosed into the pressure vessdl,
making experimentsat 1 — 7 bar pressure possible, The
particle bed isimmersed into water and water level is
maintained congtant. The dectrica heating coils are located

on 6 elevation in the bed. When the heating power is
increased over athreshold value, the bottom of the bed is
overheated, in spite the water above the bed top. The dryout
mechanism is caused by the counter-current-flow-limitation,
when rising vapor presents the water falling down and
cooling lower parts of the bed.

The experimental bed dimensionsare 0.3 min diameter
and 0.6 min height, with amixture of 0.1 to 10 mm particles.
The facility has a pressure range from atmospheric to 7 bar.
The bed is heated by spirals of aresistance band. A series of
experiments have been carried out, and the analysis with
several multidimensonal analysistoolsisin progress.

The PORFLO code could predict the genera parameters
trendsin the facility. The dryout-power and system power
can be predicted properly when the drift flux parametersare
adjusted giving the CCFL conditions at the power level of
the experiment. The adjustment of the analysis mode by
using the drift flux parameters was considered so special,
however, that before more fina anayses and fina
conclusions other 2D analysistools for the analysis of
experimental data systematically. After these analyses the
proper criteriafor the PORFLO drift flux model are can be
formulated.

The isolation condenser isa passive safety component
related to the BWR 90+ reactor concept (Haukeland, 2000).
Itsroleisheat removal from the reactor system during
transient conditions and reactor shutdown. The main
component of the condenser are depicted in Fig. 2. Theinlet
collector of the condenser is connected into the upper
plenum. During shutdown steam flows into the collector and
entersthe heat exchanger tubes. The tubes are submerged
into the cold water pool and steam condenses on the tube
inside. The condensate flows from the outlet collector to the
reactor downcomer. By controlling the outlet flow rate the
water level in the outlet collector isregulated. By low water
level the condenser isfunctioning with full effect. When the
water level isincreased, the condensation efficiency is
reduced.
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Figure 2 Main component of theisolation condenser, the
cylindrical pool filled with cold water (I€ft), the tube bundie
(right top) and itstubes (right bottom).
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Therated power of the condenser is 145 MW and
outside surface area for 176 tubes with 25 mm O.D. is 83 m*.
The heat flux rate 1.75 MW/m? means 0.8 m*/s boiling and
immediate condensation on the tube shell side.

In modelling of the condenser the most essentia section
isthe heat transfer tubes, both their primary side and
secondary side. On the primary side hot steam is condensed
on thewalls, and the conducted through the heat transfer
tubes creates the heat source for the secondary water pool.
The void fraction from boiling creates a massive circulaion
in the pool.

Figure 3 Horizontal steam generator used in the Loviisa
VVER-440 plant.

In the horizontal steam generator of VVER-reactorsthe
heat transfer tubes having high pressure single phase water
inside are submerged into the secondary water pool. The
heat transported by the primary tubing creates boiling on the
outer surface of the tubes, and consequently a strong
circulation of the secondary water dueto a gravitational
effect of the void generation. In this steam generator type all
the phase separation is based on the gravitation separation in
the secondary water poal. In the vertical steam generation
the gravitational phase separation is strengthened by the
steam generator wide circulation between theriser and
downcomer aress.

In Figure 3 the Loviisa steam generator is depicted. If the
two mixture conditions on the secondary side can be
simulated including the void fraction and temperature
distribution, the plant characteristics may be studied more
accurately. The heat transport by the primary tubes hasto be
described with a sufficient accuracy for the primary
convection and heat transfer through the tubes. The
operational pressure of the steam generator is 45 bar, the
flow through the primary tubes 1400 kg/s and vapour
generation rate 130 kg/s.

The secondary side of an entire steam generator can be
analyzed 3-dimensionally with areasonable amount of
secondary nodes in aporosity model. The cross section
described by 20 x 20 nodes, and axial length by 50 nodes
results as 20000 nodes, where each of them includes heat
transfer tube structures and free volume for fluid circulation.
The porosity moded is just proprietary for the described
process facilities, where the gravitational forces arethe main
reason for the two-phase circulation and the void fraction
inside the water pool is reasonable low.

2. TWO-PHASE SOLUTION FOR THE
TWO-PHASE WATER POOL

2.1 Basc conservation equations

In the porous media model the most important two-phase
flow solution takes place in the gravitationally circulating
water pool. The modd solves three-dimensional theliquid —
vapour conservation equations. The porosity means that only
apart of the volume isavailable for the fluid. The wall
friction between the fluid and solid materia is essential. The
solid material may be the source of the liquid heating and
the vapour generation as well.

The existence of tubes or internaly heated particlesin
individual volumesis considered through the porosity,
which for the particle bed istypically 30-40 % from the total
volume, and for the steam generator or condenser it depends
on pitch between heat transfer tubes. In theisolation
condenser the heat transfer tubesfill only a small fraction on
the water filled volume. In the steam generator the hegt
transfer tubes occupy the major part of the water filled
section. Above the tubes a layer of free circulating water
exists making possible of phase separation. In addition to
that the gaps exists a ends and on the s des between the tube
bundle and cylindrical tank.

The thermohydraulic solution is based on 5-equation
approach, where the conservation eguations are solved for
the liquid and vapour mass, mixture momentum, and liquid
and gas energy. Thefriction isapplied only between the
heaters. The heat transfer model between the tubes and fluid
includes convection into liquid, boiling, convection into gas,
cooling of gas by existing liquid, flashing dueto liquid
superheat and condensation dueto liquid subcooling.  The
system pressure is used for gas densities and saturation
temperature for stabilising the solution, but the saturation
temperature includes the gravitational pressure effect (not
the dynamic pressure effect). The phase separation is solved
using the drift flux model. In the drift-flux model the
pressure-velocity solution isneeded only for the average
mixture vel ocity, not for each phase separately.

The mass conservation for the 3D two-phase model is
written for the gas phase through:

7(ar,) . f(ar,u,) . 7[(argvg)+
7t 77 x Ty
T(ar w,) _
e

and for the liquid phase through

1(@-ay) , 1(@-ayu)

D

7t 7 x 2
rd-arv) - 1d-arw)_ . ?
Ty 7z

For the solution the equations are summed into the
mixture mass conservation equation and the resulting
mixture mass conservation equation reads

7(r.)  fCr,u.) 1(r.v.)
7t 7 x Ty
7(r,w,)

7z

3
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Thelocal porosity in not included into these equations. It
isincluded into theintegral form, where the fluid volume
equal s with the free volume, and flow area equals with the
available flow connection between junctions. In the
staggered grid approach the flow vel ocities arerelated to the
interface between nodes. Thetime derivative of the densty
iswritten by using the time derivative for the pressure, after
the enthalpy related part of the density is assumed constant
during solution of the pressure-vel ocity equation.

The momentum conservation for the 3D two-phase
modée in the primitive form for the mixturein the vertical
direction is defined through

T(rw,)  Tr.w,)_ fp o, @
7t 7 x 1z 1z

in one horizontd directions through

T(rou.) , 10ru) _ o, o -
7t 7 x v Ty

7(rv.) TV) _ o, o, ©
7t 7 x v Ty

Thefrictional pressureloss between the solid and fluid
may be formulated to give in the vertical direction with the
gravitational preﬁsurelossaswell intheform

ﬂ&:-05 ( )r W W |- g (7)
91z
and in the horizontal x —direction, and in the y-direction
issimilarly
Tp, _ . f
i 0.5 (de)rmum|um| (8)

In the solution of the pressure-vel ocity equation the
momentum equation is discretized and the velocities in the
mass conservation equation are replaced by the solutions of
the momentum equation. Asaresult of thisreplacement the
mass conservation equation isreduced to asingle pressure
solution.

The liquid and gas energy conservation equationsare
derived from phase enthal py equations. The primitive forms
of the equationsis used for theintegration, where the
enthal py changes are small. The enthal py conservation
equations are expressed for the gas enthal py through

Aar 7a,) +Aar_u 7a,) +Aar_v 70,) +
[*] ”t 979 ”X g9 g ”y

1, ©
Aar v,—2= Aq, +Aq,

7z
and for the liquid enthalpy as
A(l' a)rl ”(II) | ”(II)+

/A 7 xz

Al-a)r,v, 77/[( )+A(1 a)r,v, 7/7[(|) (20)
Aqwl +-Aqlg

2.2 Heat transfer from tubesinto the pool

The heat input into the fluid is cal culated with the
surface heat transfer function from the surface of the heater
tubes.

The heat transfer modes between the heaters and fluid
include convective heat transfer to liquid (only heating of
liquid), boiling heat transfer, if wall temperatureis
superheated (T, > Ts) (all heat used for liquid evaporation),
convective heat transfer to gas (only heating of gas) and
condensation of steam into the subcooled wall (Ty, < Te).
Theinterphasia hest transfer includes flashing, if liquidis
superheated, and condensation, if subcooled liquid isin
contact with steam. The wall heet transfer mode s include
the porosity, and consequently it the heat flow from
structures approaches zero by the porosity equal to zero (no
structure in the volume) and equal to one (volumefilled with
solid structure).

After dryout the heater wallsarein contact to gasand are
heating only the gas phase. In the model the contact area
with steam is proportiond to the void fraction. The heat
transfer rate for the unit volume is formulated as

4, =h,(T,- T,)ae(l- e) (11)
The correlation for theliquid heating read
q,=h,(T,- T)1- a)e(- ) (12)

The boiling is added into the heat transfer when the solid
heater temperature exceeds the saturation temperature. The
effect of the void fraction is described by using anonlinear
function. The boiling correlation reads

9 =N max(T, - T,,0* (1- a)* e(1- ) (13)

The boiling and convection heat transfer is consumed to
the evaporation through, if the water subcooling is below the
given limit

g=max(30.+T, - T,,0)(a;, +q; ) h, (14)

and therest isused for theliquid heating. Thevalue 30is
the selected ramp parameter for the incipience of boiling in
the present model.

The flashing hest transfer becomes significant, when
water is superheated due to hot heatersor hot gas.  The
flashing term is expressed through

ql“.lfla: hl,ﬂa maX(T| - TS.O) (1' a)e (15)

The condensation heat transfer is possible, if seamisin
contact with subcooled liquid. By considering all
precautionsin the heater bundle the formulation may be
defined by

G on™ N oo MaX(T, - T.0) €2 (1- @) (16)

The mass transfer due to flashing and condensation is
defined through

g=- ql“:con/ hg and g= ql“:fla/ hlg (17)

The gascooling is possible, when liquid contacts
superheated gas and the correlation is given through

a, =h, max(T, - max(T,,T,) , O)a e(1- e) (18)

In most conditions, the accuracy of the critical heat flux
(CHF) correlation on the pool sideisnot essential. If dryout
conditions are encountered, however, if insufficient water
existslocally in the heater section. Thissituation is
encountered in specially in the particle bed dryout
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experiment. By applying the Zuber CHF correlation the
following form for the critical heat flux may be derived

0.25
q;HF - %(I’I-fv)gg
s, 0. 131§7rv2 : - a) (19)
When the heat transfer coefficients are expressed by
using the porous media formalism, the heat structures are not
considered through the heat source per tube surface area.
The coolant volume isrelated to the heater area through the
equivalent diameter defined through

d, = had (20)
A,
and with thisrelation the surface heat flux is converted
into the volumetric heat flux.
The volumetric heat transfer coefficients are derived
from pool bailing correations. The order of magnitude for
the selected coefficients are presented in Table 1.

Table 1. Heat transfer coefficient for different heat
transfer modes.

Mode Basis

Liquid heating hui Convection, Dittus-Bodlter
Gas heating hwg Convection, Dittus-Bodlter
Boiling hwb Boiling heat transfer, Thom
Condensation hen User constant

Flashing hy No liquid superheat

In the further modd testing the refinement of the wall
heat transfer model may expected. One exampleisthe CHF
—correlation. The deficiency in many correlationsisthat they
arevalid only the single tube or for the flow along the tube
bundle. The correlation of Kezios, discussed in (Tong, 1972)
is mentioned as a useful correlation for the cross flow
conditions in the tube bundle and it is written through

..053

O, =737 10° %ei% DTS X, % 21)

3600 &

where the British units have to be applied. Thus T asF,
G as|b/hr/ft*> and q as Btu/hr/ ft%. The X, coefficient defines
theratio between therod pitch and rod diameter. The
correlation can be considered representative only for the
DNB —type of CHF. Because the shortage of water should
be considered as well, the correlation could be combined

together with that of extended Zuber.
2.4 Phase separation by using the drift-flux model

The drift flux formalism, which isknown asthe
Zuber-Findlay drift-flux model is applied. It defines the
steam velocity as afunction of the total mixture velocity and
two empirica parametersthrough

u,=C.(a) j, +V,(a) (22)

Thefitting parameter C, is called the distribution
parameter and V4 the drift flux velocity. The drift-flux
parameters are defined by the user, and for the full scale
pool calculation the values C, = 1.2 and V4 = 0.90 m/s have
been used.

By applying this formulathe volumetric gasflow is
given by

J,=a(CJ, +AV,)=a(CJ,+J)+AV,) (23

By extracting the void fraction from (22) an expression

for thevoid fraction in the quasi-stationary flow is achieved
J
a= 3 (24)
C,(J,+J)+Av,

The drift flux model can be modified for thereative
vel ocity between phases us quasi-stationary flow through

C,-1j,+V,
Du:ug-ulz( o )Jm gj

d-a)

In theliterature study described in the beginning no
applicable data was found, which could be used to match the
phase separation with the experimenta data. But the work
will be continued in this area.

But in addition to the heat transfer and frictional loss, the
shell side conditions are strongly affected by the phase
separation as well. The phase separation model in the
computer codes is typically so tightly coupled into the
conservation equationsfor the mass, momentum and energy,
that alternative void fraction prediction formulas would be
welcome at least for the model validation.

One example the void fraction model from
(Schaffrath ,1999) can be mentioned. The vaid fraction in
the cross flow conditionsinsde the tube bundle is expressed

as afunction of the dimensionless gas velocity
r /2 ;

- J
jlm—o e (26)
’ \[ gD(r| - rg)
where j; means the dimensioned superficial velocity of
gas (m/s) and D the tube diameter. By using this
dimensionless superficial velocity thelocal void fractionis
expressed through
1

a=1- (27)
\/1+C1J; +C2j;2

For thein-lined bundlewith P/D = 1.3-1.75, the
coefficient C, = 35. The coefficient C, =1when j; < 0.2
andC, =30when j; > 0.2. For the staggered bundle,
with P/D =1.3C, =80andwith P/D=1.75 C,=220. The
result proves that the phase separation conditionsare
strongly varying as a function of the bundle pitch and
staggering of tube rows. The result are not directly giving
the drift-flux parameters. But the drift-flux model may fitted
giving the same result.

(25)

2.4 Friction in thetube filled nodes

No friction existsin the sections not filled with tubes. In
the tube bundle area the most essentid friction isneeded for
the cross flow conditions. If the tube bundle istight, one
possihility is using of a porous mediafriction model. In
(Feng, 2001) tube bundle friction applicable for the
secondary sides of the steam generators is described by
using the Darcy-Forcheimer drag force expressed through

_m Fru?
DF k \/E

The permeability k and theinertia coefficient Fare

defined as a function of the porosity e and tube diameter as

F

(28)

e*d? 1.75
k=———, F= 29
150(L- &)’ Ji506" (29)
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In (Dowlati, 1992) a cross flow friction loss for the
bundle has been derived by combining the friction loss
coefficient for asingle tube and summation effect resulting
from the several tube layers. The single tube cross flow
friction correation is expressed through the general form

f=ARe™ (30)

For thevalue pairs A andn agood match into different
experiments: A=3.29/n=0.18; : A=7.76 / n=0.28 ; : A=0.4/
n=0.06; A=45./n=0.53. The superposition principle
combining together the effect of several tuberowsis
expressed through

_ Nf(c@- »)
R T
rl

Where N= number of piperows. In the work the pitch to
diameter radio P/D =1.3 ... 1.75 were found well presented
by the correation for the mass flux range 100 to 800 kg/m?/s,
mixture quality 0 to 0.15 and liquid Reynolds number 700 to
15000.

In the present version the bundle friction isgiven by the
user through a constant parameter, and when the user
parameter 0.02 is selected, it directly used asf = 0.02,

(31)

3. ONE-DIMENSIONAL TWO-PHASE
SOLUTION FOR THE HEAT TRANSFER TUBES

3.1 conservation equationsfor the heat transfer tubes

The physical characterigtics of the condensation process
inside the heat transfer tubes was not modelled in the first
version of the model. But for more accurate heat transfer the
condensation profile in the tubes has to be derived. In the
same way the local heat transfer from the steam generator
tubes is based on the integration a ong the heat transfer tube
length.

Ins de the heat transfer tubes the one-dimensiona
conservation equationsis solved for the two-phase mixture.
The condensed steam may contain noncondensable gas as
well. The phase separation inside the tube can be expressed
with the drift-flux formalism as well.

The one-dimensional mixture mass conservation
equation reads

MAr,) ) W) _ =As +As, (32
7t 7z

and the mixture momentum conservation equation

2
Ty o LAV TP TPy
/A 7z A I Tz Tz (33
- Ar_gcosq

The gas enthal py conservation equation is defined

through

i T Tp_

”t(Arghg) (W hy) - Aa -~ 7t (34)
Pg, Asg +Qg

and theliquid enthal py conservation equation

§a 7 p _

Tt (Ar, h.)+ (W h)- Al- a) (35)
hi; As +Q.

The non-condensable gas content in the steam may be
defined aswell, and by this concentration is weakening of
the heat exchanger function.

3.2 Phase separation in the condensing horizontal
tubes

The phase separation outside the heat transfer tubesis
based on the drift-flux model with large tube diameter
parameters. The calculation result for the system isnot
sensitive with respect to these parameters.

A special emphasisisneeded not the phase separation
inside the dightly inclined heat transfer tubes. Although the
basic formalism is based on the drift flux modd, the
formalism is used in amodified way. Theliquid velocity
downwardsin the existence of steam is calculated from the
shear and gravitational balance, where for the liquid the
shear with gas and tube wall is defined, and the differenceis
defined asthe gravitationa effect. But the modd is applied
only for the stratified flow conditions. The stratification
criteriais based on the Tandon’s flow regime map. Tandons
flow regime map (Tandon, 1983) was recommended by
(Schaffrath, 2001) in their analyses of condensation in
horizontal tubes. They conclude that Tandons flow regime
map is one of the newest flow maps for condensation inside
horizontal tubes and it agrees excellently in annular and
stratified flows with data of other researchers. Themapis
based on the Wallis dimensionless steam velocity 4, which
isdefined as

i xG
-9 (36)

J
’ Y gD(r| - rg)
where x = gasmass fraction, G = total mass flux,
kg/sm?, D = tube diameter.
Tandon defined the boundaries between the different
flow regime maps, table 2.

Table 2 Boundaries of flow regimesin Tandons flow
map.

gratified [ j4<1 and (1-a)/a < 0.5
annular | 1< j <6 and (1-a)/a <05
spray j g> 6 and (1-0)/o. < 0.5
bubble |j4>0. 5 and (1-a)/o.> 0.5
dug 0.01<j,<05 [ and (1-a)/o.> 0.5
plug j4<0.01 and (1-a)/a > 05

Thusthe criteriaj*g < lisapplied as the criteriatogether
with (1-a)/a < 0.5 for simulating the liquid film flow with
the shear model. After film flow is defined, the gas velocity
may be calculated from the total mixture flow.

3.3 Heat transfer in the condensing horizontal tubes

The heat transfer from the tube inside to the shell side
includes three phases, and the total heat transfer is defined
through, where the hesat transfer from gasto liquid, liquid to
wall, through the wall, and on the shell sde are
differentiated and the effective heat transfer coefficient is
derived for the heat transfer chain as.
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T 4w o4 tbe 4 T
he 1y e hu

In the condenser isassumed asa film over thewall. The
thickness is defined from the local mass, and the heat
transfer chain is solved for defining the film inside
temperature.

In the stratified flow regime the wall surface above the
water level isassumed condensing steam in the film-wise
mode. The heat flux downwardsis cdculated through the
water layer on the bottom of the tube. The key question is
the condensation heat transfer between steam and subcool ed
liquid.

The condensation heat transfer coefficient in accordance
with the Nusselts theory for the laminar filmisgiven
through

(rf . rg)g 90..33
Mm%
In the steam generator the single phase forced convection
heat transfer of Dittus-Bodter is applied.

aa
h, =1.1025/, Re;*® G (38)

4. NUMERICAL SOLUTIONOF THE 3-D
TWO-PHASE MIXTURE EQUATIONS

The selected discretization grid for the 2-D model of the
experimental facility isillustrated in Figure 4 for the
Cartesian coordinates.

‘ 3-D Cartesian discretization for thermohydraulics ‘

(ij.k+1)

XY Taso (i,j k)
YZ Taso (i-1,j,k) Az= DXDY
Ax=DYDZ
7 XZ Taso (i,j k)
9 A=
(-LiK) A A
S

XZ Taso (i} - i+1,jk)

Ay = DXDZ -
—
Y .
Aso (ij k-1 YZ_Taso @ij k)
/ Az= DXDY Ax=DYDZ

\i (iik-1)

Figure 4. Numerical schemein the solution of the
three-dimensional two-phase flow equation in Cartesian
coordinates.

The"“i” —and “j” indexes are used in the horizontal
direction and “k” —index in the vertical direction. The state
variables, temperatures, pressure, enthalpies, void fraction,
phase mass, heat capacity, heat conductivity over the cell
and all heat transfer quantities are attached to the mesh cell
center points. The flow and flux variable are attached to cell
boundaries and the vertical direction and horizontal direction
are separated from each other. The flow variables include the
mass flow rates, vel ocities and volumetric flow rates. The
flux variable include the conduction heat flux between mesh

cells. Theindexing of cell boundariesis shown in Figure 6.
The “next” boundary in the vertical and horizontal direction
has the same index asthe center point has.  In addition to
the traditional (i,j) indexing the notation used in the
numerical solutions of matrices are pointed out. These
notations areidentified through cardinal points

The numerical solution of discretized equationsis based
on the ADI (altering-direction-implicit) method where for all
X-, y- and z-direction diagonal s alternately the new pressure
guessis solved and the solution isrepeated so many times
the iteration converges. For the geometries with less than
30000 mesh pointsthe direct sparse matrix inversion is used
optionally.

The ADI method is used for the void fraction and
enthal py solutions as well, but for these iterations only two
sweeps are used systematically. The original matrix set-up
for the pressure velocity iteration is weakly diagona
dominant, and that is why the convergence is difficult for
thismatrix inversion.

The void fraction and enthal py equations include a
significant diagonally dominance and the equations are
formulated using semi-implicit donor-cell discretization that
even in the case having iteration not fully converged, the
solutions have a self-stabilising character.

The essential feature in the numerical solution isthat the
enthal py equations (9) and (10) are solved separately,
because the enthal pies are loosely coupled together and to
the flow dynamic equations. Inside the water pool steamis
practically saturated, but its solution isincluded into the
model for other possible code applications.

The mass and momentum conservation are coupled
together through the discretized equation for al directions as

eV, & Try, 1-a1r 9.
~¢ S+ l%pi,j,k' Pi,j,k)+
Dt 8rg i r ‘ﬂp-ﬂ

((‘]mz)i,j,k - (‘]mz)i,j-l,k)* +((‘]mr)i,j,k - (‘]mr)i-l,j,k ) (39)
+((‘]mr)i,j,k ol S P ) :G,j,k(ri' I’i)

derived from the mass conservation equation and the
momentum equations written for different coordinate
directions.

The effect of the phase separation may be solved outside
the pressure solution, which is directly giving the volumetric
flow componentsin different directionsin an arithmetic
form.

The void fraction hasto be predicted for the new by
using the equation

n+l n+l — n n+l
ai il gk = @l gVt

i+1

i

2 n+l n+l

A <Jgixik0> a5 Mk *
ix=i-1
ixx=i-1

j+1

i
fod n+l n+l
A <Jgix0>ai ik t

(40)
x=j-1
-1
kel
% 1 1 1
n+: n+ n
A <Jgii0>a Vi ik TG kD

kx=k-1
loo=k-1
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The void fraction in the node depends on the
neighbouring nodes as well. After solving the phase
separation the mass flow rates may be cal cul ated

The energy equations may be solved outside the
volumetric flow and mass flow equations.

l PORFLO FLOWCHART ‘

|

INITIALIZATION OF THE CALCULATION
Geometric data as data sentences for the fixed geometry
to be modelled

Reading user parameters for the cal culation options
Reading user input for the transient control.

Initialize geometrical quantities and specify materials
in different section.
Initialize thermohydraulic parameters form the pressure.
Define drift flux parameters.
Printout of inital parameters. Set titles for plot-files.

|
‘ START CALCULATING A NEW TIMESTEP

I
‘ Calculate process control: pressure control, feedwater control ‘

‘ Calculate solid-fluid and fluid-fluid heat and mass transfer ‘

Set boundary conditions for heat conduction: heating power, heat Ios%

Integrate solid structure and gas gap temperatures.
Upgrade heat fluxes for the new solid temperatures.

Solve pressure and volumetric flow distribution in the inner vessel.
The pressureis solved by matrix inversion or iteratively..

‘ Add drift flux contributions into the volumetric flow ‘

I
Solve the prediction for the void fraction distribution to be used for
calculating the liquid and vapour mass flow rates.
Matrix inversion or iferative method Define mass flows.

\
Integrate mass and fluid temperature distributions. ‘
[
If needed, write the listing output, transient plot output, distribution
plot output, deq)uggl ng output and restart file.

Yes

No
GUTPUT , END

Figure 5. Solution structurein the PORFLO code.
The solution in PORFLO is organised as shown in Fig.5.

5. SIMULATION OF THE ISOLATION
CONDENSER

In thefirst applicationsthe cylindrical pool was
modelled as arectangular volume having equivalent
dimensions. The model contains 10260 grid points. The heat
transfer tubes are described with porous areawith 8:7-8 grid,
figure 6.

Theinitial temperature of the pool was 90 °C and
pressure was 2 bar. A constant heat generation of 100 MW
was st to heat exchanger tube area.

Fig. 7 shows that the smulated void fraction and
temperature distribution in the cut j=4 at 95 s. The pool has
started to heat up, but water is saturated only in the tube
bundle area. Saturation temperature in this areais about
120°C. Thereisvigorous boiling in the tube bundle area,
but it is surrounded by subcooled water and bubbles rising
from the tube bundle condense dmost immediately. This
fast condensation needs further analyses, since condensation
efficiency depends, among other things, on bubble size. The
possible bubble sizes have to be evaluated and their effect on
condensation has to be analysed with varying model
parameters and correlation.

water level

k.
e
1

heat exchanger tubes

Figure6. Modd of IC pool in the simulations with
PORFLO.

TIME= 95635 CUT 4FOR VOID

TIME= 9535 CUT 4FCR Tiq

Figure7. Pool void fraction and temperature
distribution in PORFLO simulation.

CONCLUSIONS
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The porous mediamodel PORFLO is under development
at VTT for diverse multidimensional flow applications.

Thefirst applications were related to the STY X
experiments for the dryout of the internally heated particle
bed, simulating the coolahility of the corium released from
the BWR reactor to the water pool in the containment floor.
The analyses are ill in progress and more final conclusions
can be drawn after comparing against other analytical tools .

As a second application the model was used for
two-phase flows in poals, where strong circulation is created
by the evaporation caused by the released from the
condensing steam flow inside the tube bundle. The model
allows more detailed modelling for the condensing heat
transfer ins de the horizontal tubes as well.

In the analysis of the horizonta steam generator isone of
future applications. In this case the solution for the single
phase liquid flow solution inside the primary tubesis
included into the mode as a boiling heat source for the
secondary side.

The development of the PORFLO model demonstrates
needs for understanding the multidimensional two-phase
flow in the large process facilities. In the first phase the
solution based on a drift-flux model has makes the solution
rather stable with respect to the pressure and volumetric
flow distribution and with respect to the phase separation.
The solution of the pressure distribution together with the
volumetric flow distribution is most challenging solution in
this formalism, but the matrix inversion methods of the
single phase multidimensional flow may be applied for this
matrix inversion as well. The formulation of equations for
the full two-fluid solution is much more complex.

NOMENCLATURE

Flow or surface area, m?
Concentration, coefficient
Diameter, m

Friction factor

Acceleration of gravity , 9.81 ms?
Total mass flux, kgs* m?

Heat transfer coefficient, Wm>K™
Enthal py, kJkg™

Superficial velocity, ms*

Wallis dimensionless gas velocity, -
Volumetric flow, m® s*

Nusselt Number (hD/K), -
Pressure, Pa

Heat flux, W/m’K

Heat flux, W/mK

Temperature, K, °C

vandw, x-, y-, z-velocity, ms*

Volume, m®

Drift flux velocity, m/s

X, y and z, Cartesian coordinate, m

Greek symbols

SSOe Tonr

[ —
«
*

c

< <K< -H400T zZ2<

Q.

a Volume fraction of gas phase, -
€ Porosity (=fluid volume per total volume)
y Vapour generation rate, kgm'3s™
u Dynamic viscosity, Pa*s

A Therma conductivity, W/mK
P Density, kgm*

o Surface tension of liquid, kg s?
Subscripts

b boiling

CHF critical heat flux

con condensation

eq equivalent

lg evaporation

fla flashing

fl fluid

fric friction

g gas phase (vapour)

h hested

I liquid phase

m mixture

S saturation

w wall
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