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Summary

PORFLO is a computational fluid dynamics code that utilizes porous medium approach for
solving two-phase flow problems encountered in nuclear power plant thermal hydraulics.
Models suitable for the simulation of porous core debris beds (particle beds) have been
incorporated into the code. Using the new code version, the coolability and three-dimensional
dryout behavior of this type of particle beds can be estimated. The flow and heat transfer
solutions of the PORFLO code have been significantly revised during the work.

Models have been generated of particle beds of two different geometries, a cylindrical and a
conical particle bed. Experimental studies addressing both of these geometries have been
conducted in the past or present experimental programs at VTT. In the present study, the focus
is on the modelling of the new COOLOCE (Coolability of Cone) test facility. Results of the
first PORFLO simulations and comparisons to the results given by the MEWA-2D code are
presented. The different comparisons indicate that the PORFLO code is capable of

reproducing the main features of the particle bed dryout process.
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NOMENCLATURE

A coefficient in the Ergun equation
B coefficient in the Ergun equation
Cp specific heat capacity

dp particle diameter

Dy bubble diameter

g gravitational acceleration
F volumetric friction force

h enthalpy

| superficial velocity

k thermal conductivity

K permeability

Ky relative permeability

L length

m model parameter

n model parameter

p pressure

Q volumetric heat flux

S saturation (liquid fraction)
T temperature

u velocity

Greek

a void fraction

Os volume fraction of particles
oh volume fraction of heaters
r phase change rate

e porosity

n passability

N relative passability

U dynamic viscosity

p density

Subscripts

eff effective

g gas

h heater

IF interfacial

| liquid

p particle

PC phase change

PL particle-liquid

PG particle-gas

r relative

S solid

sat saturation, gas-liquid interface
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Introduction

PORFLO is a computational fluid dynamics code that utilizes porous medium
approach for solving problems encountered in nuclear power plant thermal
hydraulics. In the present study, models that simulate the behavior of a decay
heat-generating core debris bed have been created. At the Olkiluoto BWRs, the
coolability and possible dryout of ex-vessel core debris bed is an important issue
since the flooding of the lower drywell of the containment, and the subsequent
discharge of corium into the deep water pool, is a key part of severe accident
management strategy. Heat has to be removed from the solidified corium in order
to stabilize the material and prevent possible re-melting.

The application of the PORFLO code to particle bed coolability was included in
the code development during 2010, simultaneously with the assembly of the new
COOLOCE experimental facility. Using the COOLOCE facility particle beds of
different geometries, such as heap-like (conical) set-ups, may be investigated. The
planned COOLOCE test series continues the work done within the STYX test
programme (see e.g. Takasuo et al. 2010) which examined coolability in
cylindrical particle beds.

In a cylindrical particle bed, the coolability (dryout behavior) is usually governed
by top flooding flow configuration. In these cases, one-dimensional models are
often considered adequate for predicting dryout power. In the conical
configuration, multi-dimensional flows from the sides of the particle bed are
present, and they play a significant role in the dryout process. Thus, multi-
dimensional modelling is needed in the case of complex particle bed geometries.

Several friction and heat transfer models suitable for the particle bed application
have been selected based on previous analysis by e.g. Schmidt (2004) and Birger
et al. (2006) and incorporated into the PORFLO code. For the most part, these
models are the same as used in the MEWA-2D severe accident analysis code,
developed by Stuttgart University (Burger et al. 2006). The approach used in the
MEWA-2D code has been used as a starting point for the programming of the
PORFLO heat transfer models with the permission given by the MEWA-2D
developers.

It should be noted that during this application-specific work, the PORFLO code
has gone through significant revisions within the frame of the overall code
development. The solutions of the basic conservation equations have been revised
and attention has been paid to improving the convergence of the numerical
methods. This is a long-term effort that aims at code improvement independently
of the application. More information can be found in llvonen et al. (2010).

In this report, brief descriptions of the STYX and COOLOCE test facilities and a
more detailed description of the computational models are presented. The results
of the first PORFLO 3D simulations of the cylindrical and conical particle beds
are included. The PORFLO results are compared to the results obtained by
MEWA-2D, and a preliminary comparison to the first COOLOCE experimental
results is also given.
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The experimental facilities

The coolability of cylindrical porous beds that consist of irregular particles has
been investigated within the STYX test programme. The experiments were
conducted between 2001 and 2008. The test bed consists of relatively small
irregular alumina particles arranged in a cylindrical configuration that is 30 cm in
diameter and 60 cm in height in the basic test configuration. The schematic of the
main components of the STY X facility is presented in Fig. 1. The particle bed for
which the dryout power and location is measured is installed inside a custom-
made pressure vessel that allows testing up to 7 bar. The internal heat generation,
which in reactor scenarios results from the decay of the fission products, is
achieved by resistance heating.
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Fig. 1. The schematic of the STYX facility. Figure 1. Schematic of the STYX test
facility: 1) feedwater tank, 2) feedwater pump, 3) pre-heater 4) feed water valve,
5) pressure gauge (measurement), 6) heating element, 7) power input and
measurement, 8) pressure vessel 9) pressure valve (control), 10) pressure gauge
(control), 11) water level indicator (control), 12) condenser, 13) impurities sifter,
14) valve (condensate line), 15) condensate level indicator, 16) condensate
separator, 17) thermocouples (measurement), 18) flow meter (mass or energy
flow), 19) inner vessel, 20) test bed, 21) downcomers.
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The COOLOCE (Coolability of Cone) test facility was designed in 2009 and
assembled in 2010 for investigations of dryout power in a conical particle bed
within the frame of the HYBCIS and HYBCIS2 projects in the SAFIR2010
research programme. A cylindrical test bed will be assembled later, and is used as
a reference for the conical test bed. The feed water and steam removal systems as
well as the power supply are in principle the same as the ones in the STYX test
but the pressure vessel and its interior have been replaced by completely new
components.

Detailed descriptions of the STYX test rig can be found in the publication by
Lindholm et al. (2006) and Takasuo et al. (2010). The description of the
COOLOCE facility is found in the report by Takasuo et al. (2010). Table 1
summarizes the different specifications of the STYX and COOLOCE test
facilities. The presented COOLOCE specifications are those that were used in the
start-up phase of the test rig.

Table 1. Comparison of the STYX and COOLOCE particle bed coolability test

facilities.
STYX COOLOCE
Pressure range 1-7 bar 1-7 bar
Particle bed geometry Cylindrical Conical (flexible)
Flow condition Top inflow Multi-dimensional inflow
(downcomers
possible)
Porosity (approx.) 0.37 0.37
Particle size distribution 0.25-10.0 mm 0.8-1.0mm
Particle shape Irregular Spherical
Particle material Al,O3 Zr0, 65% / SiO, 35%

Heating method

Wire resistance
elements in nine
horizontal levels

137 vertical custom-
length cartridge heaters

Nominal maximum power

63 kW

63 kKW

Temperature transducers

50 K type

69 K type thermocouples

thermocouples
Visual observations -

3 sightglasses, video
recorder

A photograph of the COOLOCE pressure vessel is shown in Fig. 2(a). The
pressure vessel has a volume of 270 dm® and inner diameter of 600 mm. The
vessel is equipped with three sightglasses, one on the upper head to provide
lighting and two in the walls at 135° division. Cameras can be mounted to the
sightglasses to monitor the particle bed.

The COOLOCE particle bed consists of ceramic spheres that are being held in
conical shape by a dense wire net. The particle bed is heated by resistance heating
system using 6.3 mm heaters of different lengths which are installed in a “square
mesh” at 3 mm distance from each other. The configuration aims at achieving a
uniform temperature distribution within the test bed. The nominal maximum
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power of the heaters is 55 kW. Fig. 2(a) and (b) demonstrate the heating
arrangements inside the conical heap of particles.

K type thermocouples are installed between the heaters at different heights in the
test bed. The thermocouples are used to determine dryout heat flux and its
location: an increase from saturation temperature somewhere in the bed interior
indicates local dryout. The heaters and thermocouples are connected through the
pressure vessel bottom that contains a total of 215 tapered holes for the different
connections.

(b)

(©)

Fig. 2. The COOLOCE pressure vessel (a) and the conceptual design of the heating
configuration (b, c).

The test procedure is similar in both COOLOCE and STYX experiments. In the
beginning of the experiments the vessel is filled with demineralised water that is
heated up to the saturation temperature at the respective pressure. After this first
steady-state has been established, a stepwise power increase is conducted until
local dry-out is observed. Sufficient waiting time (20-30 minutes) is applied
between the power increments in order to see whether the particle bed stabilizes to
a coolable state or dryout is reached. The numerical simulations which aim to
determine the dryout power follow a similar logic: We need to find out 1) the
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heating power at which the particle bed just stays coolable and 2) the minimum
heating power that leads to dryout (from which dryout heat flux or volumetric
dryout power can be calculated).
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The particle bed models

The particle bed model in the PORFLO code is based on the 3D solution of the
conservation equations for mass, momentum and energy. The closure models for
friction and heat transfer have been selected from the literature. The friction
models are based on well-known approaches used to simulate porous media. The
selection of many of the heat transfer models in the present code version is based
on the approaches used in MEWA (code distribution of 2008) with the permission
of the code developers. The models are described in the following sections.

Heat transfer models

In this Section, a review of the heat transfer models incorporated into PORFLO
for the particle bed calculations is given. The energy conservation equations for
liquid (Eq.1) and gas (Eq.2) have the following form:

o[ e(1-a)ph |

ot +V.[8(1_a)plhlu|:|=Qh,l +Qs,| _Ql,sat _rhl (1)
0 h
%+V-(sapghgug)= Qug+Qsg —Que Ty (2)

where hg is vapor enthalpy [J/kg] and h; is liquid enthalpy [J/kg]. On the right
hand side Qp, is the volumetric heat flux from heaters to liquid [W/m?] , Q, is the
heat flux from the solid particles to liquid [W/m®], Qisat is the heat flux from the
liquid phase to the interface of gas and liquid [W/m?] and T'h the enthalpy flux
resulting from boiling [J/m%]. The heat fluxes Q for the gas phase in Eq. 2
correspond to those of the liquid phase. Porosity is denoted by ¢ and void fraction
by a.

The most important heat transfer mechanism inside the particle bed is (usually)
boiling. Assuming steady-state conditions, the heat generated by the solid phase is
consumed by the phase change of the coolant water that is in contact with the
solid particles. Convection from the solid particles plays an increasing role only
after local dryout when there is no liquid available in the bed interior and the
particles are in contact with the vapour phase.

In investigating the effect of the experimental heating arrangement, as compared
to the homogenous heating present in reactor applications, it is useful to estimate
the effectiveness of heat transfer from the heating elements into the test bed. This
should take into account the heat transfer inside the solid matrix and across the
local inhomogeneity of the bed geometry formed between the heater surfaces and
the bulk of particles. The heat transfer correlations selected for the different
convective, conductive and boiling mechanisms in the porous bed aim at
reproducing the experimental situation with a high accuracy. This also facilitates
the modelling of power plant scenarios in a detailed fashion.
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The model of the Loviisa steam generator (Hovi and Ilvonen, 2010) was used as a
starting point for the heat transfer solution of the particle bed model. In this case
the temperature of the tubes was taken as a boundary condition. In the COOLOCE
model, however, the solid temperature distribution has to be solved while heating
power is the control parameter. The heaters are taken into account separately from
the bed particles. This way, we can specify the heat source directly to the heaters,
and examine heat transfer from the heaters to the particles.

Heat conduction equations are solved for the heaters and porous particles, as well
as the heat flux from the heaters to the particles. The presence of the fluid phases
in the pores of the particle bed is implicitly included in the effective thermal
conductivity. The effective thermal conductivity is calculated according to the
Imura and Takegoshi (1973) model combined to the Vortmeyer (1978) radiation
model. The heat equations for the heaters and solid particles are

*+V .(_keffVTS) = Qh,s _Qs,l _Qs,g _Qs,sat (3)

oT.
gspscp,s ot

oT,
ghphcpvh G_th +V- (_thTh ) = Qsource _Qh,s _Qh,l - Qh,g - Qh,sat (4)

The thermal conductivities ke and k, [W/mK] are given for the bulk of particles
and the heaters, respectively. In Eqg. (3) Q,, is the conduction heat flux from the

particles to the heaters, Q,, and Q ,are the heat fluxes from particles to the fluid
phases and Q, ., is the heat flux to the interface of gas and liquid (boiling). In Eq.
(4) Qe Is the heat flux generated by the heaters, Q, , is the conduction heat flux
from the heaters to the particles, Q,, and Q, ;are the heat fluxes from heaters to
the fluid phases and Q, ., is the heat transferred directly to boiling. &s denotes the
volume fraction occupied by the particles and ¢, the fraction of heaters.

The heat transfer mechanisms in the modelled case are illustrated in Fig. 3 (next
page). The flow regimes (indicative) in which the different heat transfers are
active from bottom to top in the figure are single-phase liquid, bubbly flow,
droplet flow and single-phase gas. Accordingly, the heat fluxes between the fluid
and the interface are given separately for three flow regimes: bubbly, droplet and
transition between the two. Boiling heat flux at the particle and heater surfaces is
divided to pool and film boiling and a transition regime. Note that, for the sake of
clarity, the transition regime heat fluxes are omitted from the illustration of Fig. 3
and only one boiling heat flux for each of the solid phases (heater and particles) is
indicated.

The mass transfer rate is obtained by dividing the heat fluxes directed to the
interface of gas and liquid with the latent heat of evaporation:

Qs,sat + Qh,sat + Ql,sat + Qg,sat
hl

I'=

()

g
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This is present as a source term in the mass and energy balance of gas and liquid.
To clarify the general picture further, the heat fluxes and the references to the
original models are listed in Table 2 and Table 3. In the calculation of the heat
transfer coefficients, the applied model is selected based on the flow regime. The
presently available models for the different regimes are given in the tables. Table
2 lists the heat fluxes from the solid phases to the fluids and between the two
solids. Table 3 presents the heat fluxes to the interface of gas and liquid, based on
which the boiling rate is calculated for both the fluid and solid “side”. The
procedure of calculating the heat transfer rates in PORFLO is shown in Fig. 4.

Qs,g

. :E
[EATEF

Fig. 3. Heat fluxes in the porous medium configuration which includes two-phase
flow and the local heating method used in experimental facilities.
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Table 2. The conductive and convective heat fluxes from the solid phases and the
corresponding heat transfer models in the PORFLO code.

Heat transfer mechanisms Notation | Model reference
Particles to gas convection Q.
Heaters to gas convection Qg MEWA default model
- —— . : (Buck et al. 2009)
Particles to liquid convection Q,,
Heaters to liquid convection Q.
Heaters to particles conduction Q.. _ _
- - - : 3D conduction equation
Particles to particles conduction Q..

Table 3. The heat fluxes and heat transfer models that contribute to the mass
transfer rate (boiling) in the PORFLO code. The applied model depends on the
flow regime.

Solid-interface heat fluxes

Heat transfer mechanisms Notation | Model reference
Particles to interface pool boiling Q, s Rohsenow (1952)
Heaters to interface pool boiling Qhsat

Particles to interface film boiling Q, st Lienhard and Dhir
Heaters to interface film boiling Qhsat (1973)
Particle to interface transition boiling | Q, ., Weighting function
Heaters to interface transition boiling | Q, .,

Fluid-interface heat fluxes

Heat transfer mechanisms Notation | Model reference
Liquid to interface in bubbly flow Q

Gas to interface in bubbly flow Qg sat Lee and Ryley (1968)
Liquid to interface in droplet flow Q et

Gas to interface in droplet flow Qy sat

Liquid to interface transition regime Q Weighting function
Gas to interface transition regime Qg st
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v
Calculate heat transfer
coefficients using correlations

N

Solve the Solve the solid Solve the
temperatures of temperature temperatures of
the heaters (3D gas and liquid
conduction)

A 4

Update all temperature
values

Proceed to the next
iteration

Fig. 4. Heat transfer calculation steps in PORFLO.

Friction models

In the case of dense porous particle beds, the flow is dominated by frictional
forces between the three phases. These appear as source terms in the momentum
equations. PORFLO solves the following basic momentum equations for liquid
and gas phases:

6[8(1—a)p,u,]

ot +V'{[8(1—a)P.u|]®U|}2‘5(1‘0‘)Vp+5(1‘0‘)V'T (6)

+e(l-a)pg+F +Fp+Fy

ol eap,u
%+V-[(sapgug)®ugJ=—gan+gaV-T+ cap,d—Foc — Fip + Fag (7)
where Fe is the interfacial friction force [N/m®], ¢ is porosity, Fec is the
momentum transfer due to phase change [N/m®] and Fp_ and Feg represent the
frictional forces [N/m®] between the fluids and the solid matrix.

These friction terms are case-dependent. For the particle bed case, we need the
drags between the gas and solid, and liquid and solid phases as well as the
interfacial friction. The role of interfacial friction is pronounced in the case of
multi-dimensional flows that are present in complex geometries. For a classical
particle bed that consists of a column into which water infiltration is from the top
(or bottom) only, models without explicit consideration of interfacial friction are
adequate. Both the classical model and a model with explicit interfacial friction
have been implemented and tested.
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Models without interfacial friction

The friction models for the three phases available in PORFLO before the present
work were adjusted for flows across tube bundles in the simulations of Loviisa
steam generator and the fuel rods of the BFBT benchmark. In a densely packed
particle bed consisting of small particles the order of mm, however, the pressure
loss is significantly greater than in typical tube systems. The pressure loss in
porous media can be estimated using the Ergun equation:

Ap _ ML P
3 KJ+n|J|J Jolv (8)

The parameters K and 7 are called permeability and passability and they are
calculated by

g%d?
K=—-—2"_, A=150 9)
All-¢)
_ &% gy (10)
T=Ba=g) =

The velocity j is superficial velocity, i.e. the velocity that corresponds to the total
mass flow rate across the particle bed. The phase velocities can be obtained by
dividing the superficial velocity by the fraction of the phase in the system. Two-
phase flows are taken into account by introducing relative permeability and
passability for the gas phase

K — KK, (a)
n—nn,(a)

and for the liquid phase

K — KK, (1-a)
n—>nn,1l-a)

The relative permeability and passability are parameters that quantify the effect of
the reduced flow area of each phase, and separate the pressure drop of the two
phases. Usually, these are defined as Kyy = o, Ky =(1-a)" and 5rg= o™, nr1=(1-
a)". Inserting the aforementioned expressions into the Ergun equation an estimate
of the two-phase flow pressure drop is obtained:

Ap _ uAL-¢)? " pB(l-¢)
L g'da" g'd "

il i-rg (11)
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The volumetric friction force is

This can be written for both fluid phases (Fp. and Fpg) and inserted into the
momentum equations of gas and liquid. The powers m and n are chosen based on
experiments (see e.g. Schmidt, 2004). The common approaches are listed in Table
4.

Table 4. Exponents for relative permeability (n) and passability (m) according to
different experiments.

n m
Lipinski 3 3
Reed 3 5
Theofanous 3 6

In this model, the interfacial friction is implicitly included in the relative
permability and passability, and the term Fr is omitted from the momentum
equations which yields:

6[8(1—a)p,u,] .

" V-{[s(l—a)p,u,]@u,}=—g(1—a)Vp+g(1—a)V-T (13)

+ g(l—a)p,g+ Fo, +Foc

a(eapgug)

p +V-[(eapgug)®ug]=—8an+gaV~T+ gap,g+Fog —Foc (14)

Models including interfacial friction

It is well established experimentally and analytically (e.g. Tutu et al. 2004) that in
order to capture the pressure gradient inside the porous bed correctly, it is
necessary to include a separate model for interfacial friction. It was chosen to use
the Tung and Dhir model (1988) including the modifications for smaller particle
size range proposed by Schmidt (2004). The implementation of the models into
PORFLO utilizes the presentation given by Buck et al. (2009).

In the modified Tung and Dhir model, the friction forces depend on the flow
regime through separate expressions for relative permeability and passability for
bubbly, slug and annular flow. The correlations for the relative permeability and
passability of the fluid-particle drags and for the interfacial friction Fr in the
different flow regimes are presented in Table 5. The bubble diameters used in
bubbly and slug flow regimes are given in Table 6, and the void fraction
boundaries below which the different flow regimes are applicable in Table 7.
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Table 5. Summary of the Tung and Dhir two-phase friction model.
Fricti;)er;ianrqwg flow Correlation
Liquid-solid (all U 3
regimes) Ky =1, =01-0a)
1—8 4/3
Ky :( j at
Gas-solid (bubbly 1-ea
and slug flo 2/3
ug flow) - 1—g .
Y 1-éa
W (§)=¢£%(3-28)
Gas-solid a—-q,
(transition) =
Uiy — G
4/3
Krg :( l-¢ j o
Gas-solid (annular 1-ea
flow) 1 2/3
Ny =| —— | o
0 (l—eaj
Gas-liquid L ) . [A-a)p +ap,] —
(bubbly flow) Fr=18a -5 (1-a)j, +0.34(1-a)’a = @-a)?| il b
Db Db
g2
Gas-liquid W(£)=£"(3-2¢)
(bubbly-slug o—o
transition) &=
Ay ~ &
i . l-a)p + -
Coolald 609 | £ 5210 11 (1), +0920-aV a0 Pl gy
b

b

Gas-liquid (slug-

W (&) =¢£"(3-2¢)

annular transition) | & — a—g
Oiy — G

u . Py 1.1
Gas-liquid Fie = KKg (1-a)j, +@-a)a— ]|,
(annular flow) rg rg

d 2

Hy : Py (- o || === :d, <6mm
Gas-liquid Fe = (-a)j, +(Q-a)a—|j|], |[@-a)*s| 6*10
(modiified KK MMy

annular)

1:dp>6mm
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Table 6. The expressions of bubble diameter in the original and modified Tung and Dhir

RESEARCH REPORT VTT-R-09376-10

Bubble diameter

Original model (Tung and Dhir, 1988)

D, =135 |———
g(p. Pq)

Modified model (Schmidt, 2004)

D,=min|1.35 |—— 041d
—Pg)

Table 7. The void fraction boundaries of the different flow regimes in the original and

modified Tung and Dhir models.

Flow regime

Void fraction upper limits for
the original model

Void fraction upper limits for the modified

model (small particles)

Bubbly flow

=min{03,06-(1-7)}

o =”T/6(d —8mm) +a,

Transition from

bubbly flow a, == ol = ”—/6(d —8mm) +a,
to slug flow 6 S
Slug flow o,=0.6 a; = %m(d -8mm) + a,
Transition from
slug flow a, =ﬂ a, :ﬂ—/6(d —-6mm) +a,
to annular flow 6 S
Annular flow a;=1.0 a; =1.0

3.2.3

The following list summarized the updates that have been done to the code during

List of PORFLO updates 2010

the development work of the particle bed model.

1. The particle bed geometry routine has been implemented into the code

2. The heat transfer solution routine has been modified so that the heating
power may be given as input value

3. The heat transfer models for the particle bed application have been included
(the state-of-the-art models utilized in the MEWA code were taken as the

starting point)
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The particle bed friction models were included (the state-of-the-art models
utilized in the MEWA code were taken as the starting point)

The possibility to use different friction models for the particle bed and the
pool region have been included, making it possible to model and investigate

the pool dynamics in detail

A heat transfer model for pure conduction has been implemented in order to
examine the heat transfer inside and between different types of solids

A possibility for explicit temperature solution has been added which
improved convergence of the particle bed calculations

Several additional output options have been included

The possibility to create animations of the results by the StarNode
visualization tool have been included
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Simulation set-up

Two different flow configurations are investigated in the simulations:

1) A cylindrical reference particle bed with top flooding
2) A conical particle bed (a model of the COOLOCE facility)

The first case approximates the flow configuration of the STYX experiments
while the second case estimates the behavior of the COOLOCE, or a conical
(heap-like), particle bed. The cases are modelled by both the PORFLO and
MEWA codes. In order to make the comparison of the two codes possible, the
simulation parameters are selected to be as similar as possible in the two codes.

However, it should be noticed that, here, the aim of the top-flooding simulations is
not to produce a detailed model of the STYX experimental set-up but to point out
and identify the differences between the codes, with the focus being on PORFLO
development and validation. Previous, comprehensive studies indicate that the
MEWA model is capable of reproducing the results of the STYX top flooding
experiments with good accuracy by using models based on the Ergun equation
and appropriate selection of parameters (Takasuo et al. 2010).

Cylindrical particle bed

A subroutine has been implemented in the PORFLO code that generates a full 3D
Cartesian grid for the calculation cases. In the base case the grid has 21x21x28
cells. The cell size is 30mm x 30 mm x 30 mm. A 2D model that has the same cell
size has been generated using the MEWA code, resulting in a 10 x 12 grid. In
addition, a denser grid of 60 x 72 cells has been generated in order to distinguish
the possible grid effect and to better evaluate the dryout power. In MEWA, the
grid generation is done by the standard input file of the code.

The PORFLO and MEWA grids for the top flooding cases are illustrated in Fig. 5
and Fig. 6, respectively. The fluid volume inside the pressure vessel is modelled
in the PORFLO case, and a possibility to include different friction models for the
porous bed and the “open” water pool is available. Thus, the pool dynamics can
be taken into account in PORFLO. In the MEWA model, the pool is modelled by
the same friction models as the porous bed (with the approximation of free flow
conditions done by adjusting the porosity and particle size when necessary). This
means that there is no separate consideration of the water pool from the particle
bed in MEWA, resulting in a rather artificial representation of the fluid flow in the
water region.

Pressure boundary conditions with the possibility of liquid inflow are given at the
top of the computational domain in both the PORFLO and MEWA cases. The
other boundaries are adiabatic and no flow is allowed through them.
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In PORFLO, porosity in each cell is given according to the volumes occupied by
the different structures in each cell, which results in smoothing of sharp porosity
changes at the interfaces of the fluid and the structures. Because the ratio of heater
diameter to the cells size is roughly 6 mm / 30 mm and one heater is contained in
each cell column, the heat source is effectively homogenous in the particle bed
cells in the present grid.

Contrary to PORFLO, in MEWA the grid is built in such a way that the boundary
of the structure coincides with the cell boundary. Porosity for each cell is stated in
the input file. If smoothing of the boundaries is required (e.g. for numerical
stability of the model) this may be done by manually setting the porosity in the
input file.

Fig. 5. Vertical central cross-section (left) and horizontal cross-section at the
level of the particle bed (right) of the PORFLO grid for the top flooding
calculations.
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Fig. 6. The MEWA 2D grids for the top flooding calculations. The blue area is the
particle bed (37% porosity).

The important physical parameters that govern the dryout behavior of porous
particle beds - and usually contain the largest uncertainties - are porosity and
particle size. In the calculations, default values of 0.8 mm for particle size and
0.37 for porosity were assumed. The simulation parameters for the codes are
summarized in Table 8.

The ambient pressure in all the presented simulations is taken to be 1 bar. This is a
reference pressure aiming for an easy comparison of the different simulations. It
should be noticed that in the COOLOCE and STY X experiments, several pressure
levels have been investigated, and the actual pressure may vary depending on the
steam flow and the capabilities of the control system.
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Table 8. The simulation set-up for the PORFLO and MEWA calculations of the

cylindrical particle bed.

Simulation parameter PORFLO (2010) MEWA (2008)

Coarse grid 21 x 21 x 28 (3D) 10 x 12 (2D)

Dense grid - 60 x 72

Particle bed height 270 mm 270 mm

Particle bed radius 306.5 mm 300 mm

Particle bed volume 0.07969 m® 0.07634 m®

Cell size 30 mm 30 mm

Porosity ~0.36 (calculated based on 0.37 (given as input)

structure dimensions)

Pool porosity 0.90 0.99

Particle size 0.8 mm 0.8 mm

Pool particle size 2.0 mm 10.0 mm

Porosity transition zone Yes No

from pool to particles

Porous friction model Reed Reed

Pool friction model Reed Reed

Upper boundary Pressure, liquid flow only Pressure, liquid flow

condition only

Wall boundary conditions | Adiabatic, no flow-through Adiabatic, no flow-
through

Heat conductivity model | Imura-Takegoshi/\VVortmeyer | Imura-
Takegoshi/VVortmeyer

Heated fraction of the ~100% 100%

porous bed

Simulation time-step 0.02-0.05 s Controlled by the code

The COOLOCE particle bed

The PORFLO cell size and number in the conical particle bed are similar to those
of the cylindrical bed. The PORFLO 3D grid is illustrated in Fig. 7 and the
MEWA 2D grid in Fig. 8. The conical reference MEWA case is slightly different
from the cylindrical case with its 11 x 12 cells grid. Similarly as in the cylindrical
case a denser MEWA grid is also created in order to better approximate realistic
values of dryout power. The dense grid has 25 x 89 cells.

The parameter selections are the same as in the cylindrical case. The models and
parameters are listed in Table 9. For the particle bed friction, the modified Tung
and Dhir model is used as explained in Chapter 3.
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Fig. 7. Central vertical (left) and bottom horizontal (right) cross-sections of the
conical PORFLO case for the COOLOCE calculations.

Height [m]
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Radius [m] Radius [m]

Fig. 8. The MEWA 2D grids for the COOLOCE calculations. The blue area is the
particle bed (37% porosity).
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Table 9. The simulation set-up for the PORFLO and MEWA calculations of the

COOLOCE particle bed.

Simulation parameter PORFLO (2010) MEWA (2008)
Coarse grid 21 x 21 x 28 (3D) 11 x 12 (2D)
Dense grid - 25 x 89 (2D)
Particle bed height 267 mm 270 mm
Particle bed radius 250 mm 270 mm
Particle bed volume 0.01748 m® 0.02061 m®
Cell size 30 mm 30 mm

Porosity

~0.36 (calculated based on
structure dimensions)

0.37 (given as input)

Pool porosity 0.90 0.99
Particle size 0.8 mm 0.8 mm
Pool particle size 2.0 mm 10.0 mm
Porosity transition zone Yes No

from particles to pool

Porous friction model

Tung and Dhir

Tung and Dhir

Pool friction model

Tung and Dhir

Tung and Dhir

Upper boundary condition

Pressure, liquid flow only

Pressure, liquid flow only

Wall boundary conditions

Adiabatic, no flow-through

Adiabatic, no flow-through

Heat conductivity model

Imura-Takegoshi/Vortmeyer

Imura-Takegoshi/\VVortmeyer

Heated fraction of the
porous bed

~100%

100%

Simulation time step

0.01s

Controlled by the code
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Simulation results

The results are presented of simulations in which the dryout power is searched by
stepwise increases of the heating power. The saturation (void fraction) and flow
field inside the porous bed is examined in the pre- and post-dryout conditions.
Based on this, estimations on the capabilities of the codes to model the dryout
process can be made.

Cylindrical particle bed

A set of heating power levels applied in the PORFLO simulation is presented in
Table 10. For each power level, the minimum saturation (which corresponds to
maximum void fraction, a=1-g) is given. The minimum saturation is a constant
value for the steady-state conditions into which the particle bed stabilizes for
power densities below the dryout heat flux.

When the heating power corresponds to the minimum dryout power, no coolable
steady-state can be established and a transient which will lead to water depletion
in the particle bed, and eventually to dryout, occurs. Dryout is considered to occur
when the void fraction anywhere in the particle bed permanently reaches 1.0
(saturation reaches 0.0). The accuracy of the dryout power calculation is directly
determined by the magnitude of the power increase.

Because it takes some time for the dryout to develop after a power increase to the
dryout power, nominal waiting time of 500 s (simulation time at constant power)
is applied between the power increases in all the simulations. When the dryout
and coolable conditions have been “pin-pointed” with these 500s power
increases, the results have been verified by longer simulations of at least 1000 s.

Table 10. The simulation input power, power density, the resulting minimum
saturation and maximum temperature in the PORFLO simulations.

Heating ge%\/s\,lii; Minimum | Maximum solid
power [kKW] [KW/m] saturation [-] | temperature [K]
80 1004 0.212 373
90 1129 0.200 373
95 1192 0.0 Transient

The contours of void fraction and particle temperature in coolable conditions are
presented in Fig. 9 (2D vertical cross section in the centre of the particle bed). The
velocity vectors of vapour and liquid are shown in Fig. 10. In coolable conditions,
the void fraction is highest in the upper section of the particle bed which is in
accordance with theoretical expectations of void (saturation) profile in the particle



_‘/LV’T RESEARCH REPORT VTT-R-09376-10

26 (41)

bed. The interpretation of the dryout process as a saturation transient within the
particle bed is explained e.g. in Hoffman (1987).

7.994e-01 ] 1.0026+02[C]

I 0.000e+00 [C]

Fig. 9. Void fraction (left) and particle temperature (right) in coolable conditions
(90 kW heating power).
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Fig. 10. Gas velocity (left) and liquid velocity (right) in coolable conditions
(90 kW heating power).

The void fraction and particle temperature in dryout conditions are illustrated in
Fig. 11 and the velocity vectors of gas and liquid in Fig. 12. In this case, dryout
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has just been reached and a zero-saturation zone has been formed in the bottom
cell row where temperature has started to increase from the saturation
temperature. Dryout in the bottom suggests that the applied power is close to the
exact dryout power.

9.999e-01 [-] 2.719e+02[C]

0.000e+00 [ 0.0006+00 [C]

Fig. 11. Void fraction (left) and particle temperature (right) in dryout conditions
(95 kW heating power).
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Fig. 12. Gas velocity (left) and liquid velocity (right) in dryout conditions (95 kW
heating power).



WT RESEARCH REPORT VTT-R-09376-10

28 (41)

The development of the saturation profiles towards dryout in the PORFLO
simulation is shown in Fig. 13. The power in the presented case is 95 kW which is
close to the exact dryout power based on the location of the incipient dryout in the
cells near the bottom of the particle bed. The profiles are taken in the centre of the
geometry. Because the simulation shows highly symmetric results, the saturation
profile is very similar throughout the particle bed and the dryout process can be
considered to be effectively one-dimensional. In this sense, the present cylindrical
particle bed model in PORFLO approximates the predictions that may be obtained
by 1D and 2D models.

PORFLO saturation profile (Cylinder) P=95kW
0.3 T T !

0.25

_ G T=810s ——

g T=1010s

Y T=1210s ——

= 015 T=1410s —— |

%’3 T=1610s

T T=1810s ——
" T=2500s ——
0.05

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Saturation [-]

Fig. 13. The saturation development to dryout in the PORFLO simulation of the
cylindrical particle bed at constant power.

It is noteworthy that the symmetric result was obtained with the model that
utilizes the Reed friction model in both the particle bed and the pool, similarly as
in the MEWA code. In this approach, the pool region is also modelled as a
particle bed with a high porosity and a large particle size which gives a reduced
friction and a high liquid content compared to the particle bed region. No
consideration of interfacial friction is included in the Reed model. Because of
these issues the pool model can not be considered realistic.

Several of the earlier development versions of PORFLO showed asymmetrical
conditions and fluctuating void profiles in the pool area which apparently had an
effect on the water infiltration into the particle bed. This, in turn, led to highly
asymmetric behavior in the particle bed interior and to dryout in localized regions,
even close to the surface of the particle bed. In these earlier versions, separate
friction models were tested for the pool region (variations of the Tung and Dhir
model) and the particle bed region (Reed model). Currently, the reason to the
asymmetrical behavior is somewhat unclear and further studies investigating the
effect of the pool dynamics using the latest PORFLO version would be of interest.
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For the MEWA simulation, the heating power, the corresponding power density,
the minimum saturation and maximum particle temperature for the coarse mesh
are given in Table 11. For the dense mesh, this information is given in Table 12.
The last row in the tables gives the dryout power.

Table 11. The simulation input power, power density, the resulting minimum
saturation and maximum particle temperature in the MEWA simulations (coarse

grid).
Heating geonvs\,lii; Minir_num Maximum solid
power [kKW] [KW/m’] saturation [-] temperature [K]
20 262 0.490 375
25 327 0.453 375
30 393 0.417 375
35 458 0.385 375
40 524 0.355 375
45 589 0.327 375
50 655 0.299 375
55 720 0.272 375
60 786 0.217 375
65 851 0.00 Transient

Table 12. The simulation input power, power density, the resulting minimum
saturation and maximum particle temperature in the MEWA simulations (dense

grid).
Heating geonvs\,li?;/ Minir_num Maximum solid
power [KW] [KW/m] saturation [-] temperature [K]
20 262 0.471 375
25 327 0.432 375
30 393 0.392 375
35 458 0.354 375
40 524 0.316 375
45 589 0.270 375
50 655 0.149 375
55 720 0.00 Transient

The contours of liquid saturation and particle temperature in post-dryout
conditions for the coarse mesh are presented in Fig. 14. The velocity vectors of
vapour are shown in the saturation map and the velocity vectors for liquid in the
temperature map. The contours of liquid saturation and particle temperature in
post-dryout conditions for the dense mesh are presented in Fig. 15. Note that the
saturation map corresponds to the void fraction maps of the PORFLO simulations

since | = 1-a.
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It is seen that prior to dryout, the solid temperature as well as the temperature of
the other phases remains close to the saturation temperature. The temperature
starts to increase after the first dry spot appears at the power level corresponding
to the dryout heat flux. As can be seen in the contour figures, the saturation and
particle temperature do not change as a function of the radius of the geometry
which means that the system behavior is effectively one-dimensional similarly to
the PORFLO results.

A difference of 10 kW in the dryout power predicted by the two MEWA grids
indicates that the solution is grid-dependent, and for dryout power estimations in
realistic cases, a denser grid should be used.
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Fig. 14. Saturation (top) and particle temperature (bottom) in post-dryout
conditions (MEWA coarse grid).
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Fig. 15. Saturation (top) and particle temperature (bottom) in post-dryout

conditions (MEWA dense grid).

The saturation profiles within the particle bed during the development towards
dryout (water depletion inside the particle bed) are plotted in Fig. 16. The result is
typical to a top-flooded bed which is heated by a constant power slightly
exceeding the dryout power. It is also seen that the general development towards
dryout is rather similar in the PORFLO results (Fig. 13) suggesting that PORFLO
is a potentially useful tool for detailed simulations of particle bed coolability as a
result of the code development.
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MEWA saturation profile (Cylinder) P=65kW
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Fig. 16. The saturation development to dryout in the MEWA coarse mesh
simulation of the cylindrical particle bed at constant power.

5.2 The COOLOCE particle bed

The heating power levels in the PORFLO simulation of the COOLOCE
geometry and the resulting minimum saturation and maximum solid temperature
are presented in Table 13.

Table 13. The simulation input power, power density, the resulting minimum
saturation and maximum solid temperature in the PORFLO simulations.

Heating power Power density Minimum Maximum solid
[kW] [kW/m®] saturation [-] temperature [K]
15 858 0.139 373
20 1144 0.111 373
25 1430 0.0872 373
30 1716 0.051 373
35 2002 0.0 Transient

The void fraction distribution inside the particle bed in pre-dryout conditions is
illustrated in Fig. 17. The highest void is observed in the central topmost cell of
the cone. In the beginning of the simulation, the cone is surrounded by pure
liquid. Steam travels upwards after the heating is started as seen in the void
fraction in the pool region above the particle bed. The void fraction distribution
in post-dryout condition is shown in Fig. 18. The vectors of gas and liquid
velocities at 25 kW power (coolable) are presented in Fig. 19 and Fig. 20,
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respectively. The velocity field is very similar in post-dryout conditions at
35 kW just after dryout has been reached.

9.14384e-001 [

0.00000e-+000 [

Fig. 17. Void fraction in the PORFLO simulation in pre-dryout conditions at the
power level of 25 kW.

100024000 |-]

0.000e+000 [-]

Fig. 18. Void fraction in the PORFLO simulation in post-dryout conditions at
the power level of 35 kW.
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Fig. 19. The vectors of gas velocity in the PORFLO simulation of the
COOLOCE particle bed in pre-dryout conditions at the power of 25 kW.
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Fig. 20. The vectors of liquid velocity in the PORFLO simulation of the
COOLOCE particle bed in pre-dryout conditions at the power of 25 kW.

The saturation profiles during the development towards dryout in the conical
particle bed are shown in Fig. 21. The profiles are taken from the centre of the
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cone where the dryout is first seen. Because of the complexity of the geometry
and the multi-dimensional flow configuration, the saturation profiles change
depending on the location inside the particle bed. This means that no universal
saturation profile such as in the cylindrical case exist for the conical case. In this
case, dryout is by definition local while in the cylindrical top flooding
configuration, it may be considered global, i.e. the full cross-section of the
particle bed is dried out at the same time.

The lowest saturation (highest void) is located in the topmost cells throughout
the simulation. This appears to be a reasonable result because the lateral flows
from the sides of the cone maintain the liquid reservoir in the lower bottom parts
of the cone. On the other hand, the highest mass flux of vapour inside the
particle bed is present in the top central part of the cone. The mass flux increases
according to the volumetric heating power. As a result, this zone is dried out
when the vapour flow is high enough to replace the liquid flow in the full cross-
section of the conical geometry.

PORFLO saturation profile (Cone)
0.3 T T T T T
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0.1 ]
0.05

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Saturation [-]

Fig. 21. Saturation development to dryout in the PORFLO simulation of the
COOLOCE particle bed (increasing heating power).

The heating power levels in the simulation and the corresponding minimum
saturation and maximum solid temperature in the MEWA simulations are
presented in Table 14 (coarse grid) and Table 15 (dense grid). The coarse grid
case reaches dryout with the input power of 260 kW, and the dense grid at
20 kW.
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Table 14. The simulation input power, power density, the resulting minimum
saturation and maximum particle temperature in the MEWA simulations (coarse

grid).

Heating geonvs\,li?;/ Minir_num Maximum solid

power [KW] [KW/m’] saturation [-] | temperature [K]
200 9703 0.211 379
210 10188 0.188 379
220 10673 0.160 380
230 11159 0.118 381
240 11644 0.0751 383
250 12129 0.0165 416
260 12614 0.00494 681

Table 15. The simulation input power, power density, the resulting minimum
saturation and maximum particle temperature in the MEWA simulations (dense

grid).
Heating geonvgﬁ; Minimum Maximum solid
power [KW] [KW/m] saturation [-] temperature [K]
10 485 0.215 392
15 728 0.101 392
20 970 0.0 Transient

The contours of saturation and solid particle temperature of the MEWA
simulation at 250 kW total power are presented in Fig. 22. The vectors of liquid
velocity are indicated in the temperature map. Fig. 23 presents the
corresponding graphs for the dense grid case.

In the dense grid case, the dryout power predicted by the simulation is
remarkably lower than in the coarse grid case. Previous analysis and the first
results of the COOLOCE experiments (Takasuo et al. 2010) indicate that the
power of 20 kW is within the reasonable range for the expected dryout power of
the conical system.

The measured dryout power in the COOLOCE-1 experiment was 46 kW at
1.9 bar pressure (according to the power control). In the COOLOCE-2
experiment, the dryout power was 43.8 kW at 1.6 bar pressure. Taking into
account the heat losses of the test facility, the dryout power values are
approximately 40 kW for COOLOCE-1 and 38 kW for COOLOCE-2.
Apparently, the resolution of the MEWA coarse mesh is not adequate to capture
the onset of local dryout correctly. Nevertheless, the approximate dryout
location predicted by the PORFLO and MEWA codes correspond to the one
measured in the experiments.
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Fig. 22. Saturation (top) and particle temperature with liquid velocity vectors

(bottom) just after dryout has been reached (MEWA coarse grid).
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Fig. 23. Saturation (top) and particle temperature with liquid velocity vectors
(bottom) just after dryout has been reached (MEWA dense grid).

The saturation profiles at different power levels (200 kw — 270 kW) in the
COOLOCE simulation using MEWA are plotted in Fig. 24. Contrary to the
cylindrical case (Fig. 16) and similarly to the PORFLO simulation, dryout is
initiated in the topmost cells of the geometry, with very little change of the
saturation profile at different power levels before and after dryout. During the
stepwise power increase, the steam generation (boiling rate) increases accordingly
until the steam flux is great enough for the formation of the first dry zone. This
occurs in the top region of the cone because water infiltration through the sides of
cone ensures that coolant is available near the bottom of the geometry.
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Fig. 24. The saturation development to dryout in the MEWA coarse grid
simulation of the conical particle bed (increasing heating power).

Conclusions

The PORFLO code has been set-up for calculating fluid flow and heat transfer in
porous debris beds that generate decay heat. For this purpose, appropriate heat
transfer and friction models have been selected and incorporated into the code.
During the work, the solutions of conservation equations implemented into the
code have been completely revised as part of the application-independent
PORFLO code development.

A 3D model of the new COOLOCE test facility investigating a conical (heap-like)
particle bed has been generated, and test simulations have been run. Top flooding
cases with a simple cylindrical particle bed have also been tested. Comparisons of
the void fraction development in the particle bed interior during the simulations to
theoretical expectations and 2D simulations by MEWA have been done. The
results suggest that the main features of the dryout process of the particle bed are
qualitatively well captured by the latest version of the PORFLO code. However,
discrepancies still appear in the predictions of dryout power by the different codes
which should be further investigated by e.g. grid sensitivity studies and
comparisons to the COOLOCE experimental results.

In addition, it would be of interest to further investigate the possibilities to
combine the two-phase flow models for the particle bed and the water pool above
the bed in order to develop physically detailed 3D models for both the particle bed
and the pool. This is because the friction model of the pool flow seems to have an
effect on the water infiltration into the particle bed in the case of cylindrical bed.
In the present model of the cylindrical bed in both codes, the pool region is
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modelled as a type of high-porosity particle bed with no gas-liquid friction. The
model produces realistic saturation profiles for a top-flooded bed while the model
which includes the interfacial friction in the pool region does not seem to capture
the dryout process correctly. Since interfacial friction is expected to play an
important role in two-phase flow in the pool and it might be expected that a model
including the gas-liquid friction would produce better results than the high-
porosity pool approximation, this is a rather curious observation. Simulations with
more variations of the friction models and the grid are needed to clarify the issue.
For the conical particle bed, the pool conditions appear to be clearer as the gas is
lead upwards above the particle bed and liquid flows down near the perimeter of
the geometry, according to the model utilizing the Tung and Dhir interfacial
friction.
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