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Background of coolability research
• Ex-vessel debris coolability has been
adopted as part of the severe accident
management strategy of the Nordic
BWRs (Finland: Olkiluoto 1 & 2)
• Corium is discharged from the
broken RPV into a deep water pool
(flooded lower drywell)
• The melt jet is fragmented and
solidified → particles settle as a
heap on the floor
• Particles may have variable sizes
and shapes
• Removal of decay heat to the pool
and long-term stabilization
• Can the heat be removed or not?
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Olkiluoto 1 & 2 containment
(TVO)
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Introduction to the coolability studies in COOLOCE
• The COOLOCE project within SAFIR2014 is a combination of
• Laboratory scale debris coolability experiments with the COOLOCE test facility
• Analytical work: Validation and development of simulation codes applied to
investigate debris coolability using physical models
• Main objectives
• To produce data on the coolability and dryout behavior of debris beds with more
realistic shapes than in previous (cylindrical shape) studies
• Variable debris bed shapes & multi-dimensional flooding
• Measurement of dryout power in test beds of different geometries
• To conduct validation of simulation codes against the experiments
• Focus on ”CFD-type” 2D (MEWA) and 3D (Fluent) simulations, not on
integral severe accident codes (e.g. MELCOR)
 VTT has conducted 13 series of COOLOCE experiments in 2011-2014
 Dryout power has been measured for containment-typical pressures
 Shown that 1D analysis of top-flooded beds is not adequate for reactor scenarios
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Overview of the COOLOCE test facility
Practically all other test facilities in existence are pipelike (flooded from top or from botton or with
downcomer arrangement) > COOLOCE is unique
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4) Feedwater control valve
6) Resistance heaters
7) Power input and measurement
8) Pressure vessel
9) Pressure control valve
12) Condenser
13) Temperature measurements
14) Scale for condensate mass
17) Pressure measurement
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The test matrix

Dark = closed

EXPERIMENT

FLOW
TEST BED
CONFIGURATION

COOLOCE-1 – 2

Conical,
multi-dimensional

COOLOCE-3 – 5

Cylindrical, top
flooding

COOLOCE-6 – 7

Conical, multidimensional

COOLOCE-8
COOLOCE-9

COOLOCE-10

Cylindrical, top
flooding
Cylindrical, top
flooding*

PARTICLE
MATERAIL

PRESSURE
RANGE [bar]
1.6-2.0

Spherical beads

1.0-7.0

1.0-3.0

1.0-7.0
Irregular gravel
1.0

Cylindrical, lateral and
top flooding

1.3-3.0
Spherical beads

COOLOCE-11

Cylindrical, lateral
flooding

COOLOCE-12

Cone on a cylindrical
base, flooding through
conical part

COOLOCE-13
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Truncated cone

1.0-7.0

Spherical beads

1.0-4.0

1.25
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Example: Dryout phase in COOLOCE-13R

39 kW

40

41

37

Coolability limit (39.2 kW) is recognized by increase in temperature at 80 min
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Dryout heat flux DHF (kW/m2)
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DHF

800

Cylinder: top < lateral < both
Top-flooded cylinder < cone

CHF

700

Heat flux (kW/m2)
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500
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P
(bar)

1,1 1,6 2,0 3,0 4,0 5,0 7,0

1,1 1,6 2,0 3,0

Top-flooded cylinder

Cone
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1,3 2,0 2,9
Fully flooded cylinder

1,1 2,0 3,0 3,9 4,9 6,9

Laterally flooded cylinder

1,1 2,0 3,0 3,8

Cone on a base

1,3

Truncated
cone
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COOLOCE experimental results in brief
 Measurement data of dryout power of six (3 cylindrical, 3 at least partly
conical) geometrical shapes of test beds in a pool
 Coolant infiltration mode into debris is dependent on the debris bed shape

 The largest heat fluxes were obtained for the cone on a cylindrical base,
the fully flooded cylinder and the fully conical bed, and also for the
truncated cone
 Common to these geometries is that some form of multi-dimensional
infiltration of water is present: water can flood the bed through lateral
surfaces to replace steam which exits upwards through the top of the bed.

 Lower dryout heat flux is seen for the top-flooded cylinder and the
cylinder with lateral flooding only
 According to the experimental results these modes are almost equally
efficient (or inefficient) in removing the heat generated by the test bed
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Experimental results (contd.)
 Coolability of the conical debris bed is improved
by 50%-60% compared to the cylindrical bed in
case the beds are equal in height
 In a real NPP, we have fixed radius (lower
drywell) and fixed volume of corium
 If the test beds have equal radius and volume
(flat-shaped cylinder) the coolability of the
conical bed is poorer by about 50%

Conical test bed

Cylindrical test bed

 The effect of the increased height (and thermal
loading near the tip of the cone) is greater than
the effect of lateral flooding

 Top-flooded cylinder is not always the most
difficult to cool
 In a real NPP, we may expect heap-like beds
17/04/2015
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Porous medium modelling principles
 Models for two-phase flow in porous media are
applicable
 The simulation codes solve the mass,
momentum and energy conservation for the
fluid phases (and the energy conservation also
for solid particles)
 Closure laws based on Ergun’s equation
 Several heat fluxes considered

•
•
•
•

Solid particles
Electric heaters
Liquid water
Steam

 E.g. Qh,l = heat flux from heaters to liquid

 The combination of porosity and two phases >
tough problem from fluid dynamics viewpoint
 Commonly used drag force models applied:
• Classical models with no interfacial drag
(Lipinski, Reed, Hu & Theofanous)
• With interfacial drag (Tung and Dhir, MTD)
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What has been simulated?
 We have used MEWA 2D (a dedicated code developed by Stuttgart
University / Saidur Rahman) to simulate all the experiments and
compared the simulated and experimental dryout power density
 Certain geometries also using Fluent (CFD 3D) with the objectives of:
 Capability of geometries not representable by axisymmetric 2D models
 Better understanding on
 Dryout behavior and the differences in experiments and simulations
 Modeling approaches and codes (not achievable by user experience only)
 The effect of the modeling choices by the user (→ best practice guidelines)

 The physical models have VTT implementation in Fluent as udf
• Simulations with free-flow models for the water pool (Schiller and Naumann
interfacial drag, k-ε turbulence model)

 The main variables of interest: power level that leads to the incipient dryout
(measured in experiments), void fraction in the debris bed and particle
temperature
17/04/2015

12

E.g. truncated cone (COOLOCE-13)
 Modeled with MEWA with homogenous heating
and with partial heating
 MEWA version change in 2014
 Modifications especially in the MTD model

 A study on the effect of the numerical solver
options was done with the FLUENT model
 As a rule, we have applied the Reed model if
the flooding is 1D or if we want to reduce the
simulation time, otherwise the MTD model is
Partial heating: MEWA grid, void fr.
applied
 Particle diameter 0.95 mm
 Porosity 0.39
 See VTT report ”E. Takasuo, V. Taivassalo.
Coolability of heap-shaped debris bed (2015)”
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Truncated cone COOLOCE-13 with Fluent
 Left: time-averaged void fraction at 40 kW power with realistic
pool model (Schiller and Naumann interfacial drag)
 Right: Instantaneous void fraction at 42kW power with ”MEWA
pool”
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Simulation results in brief
 MEWA 2D simulations have been performed of all the experimental
geometries thus far
 3D simulations have been performed of selected geometries
 In most cases, FLUENT results were qualitatively similar to MEWA.
 The agreement between simulation results and experiments varied
from very good to reasonable in the cases of the top-flooded cylinder
and the variations of the conical bed
 It was shown that the dryout power is mainly dependent on the height of
the bed because the flooding modes are almost equally effective in
removing the heat from the debris

 In the cases of the cylindrical test beds with full flooding and lateral
flooding only, the models had difficulties in capturing the flow behavior
and the different drag force models yielded inconsistent results
 Not surprising taking into account that the applied models are originally
developed based on experiments in either top- or bottom flooded beds in
which the flow is effectively one-dimensional
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Environmental consequence analysis:
Phenomena affecting atmospheric dispersion
and dose assessment
 Radioactive source term
 Activity inventory
 Time & height distribution

 Advection
 Wind fields (3D & time)

 Turbulent dispersion
 Atmospheric stability

 Decay chains
 Daughter nuclides

 Deposition
 Dry
 Wet (by rain)
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 Results to calculate:
 Nuclide concentrations in air,
depositions on ground
surface
 Doses and dose rates in
various pathways:
 External (cloud & ground shine)
 Internal (inhalation, ingestion)

 Harms caused by radiation:
 Health effects
 Economical effects

 Possible countermeasures
17

NWP data interpolated for Fukushima by FMI
 Interpolated from NWP fields for the location
141 E, 37.4 N
 Time period 10.3.2011 klo 0:00 – 9.5.2011
klo 23:00
 Data is available at 1 h intervals
 Available quantities:
 Wind speed (heights 20 m and 100 m)
 Spread direction (heights 20 m and 100 m)
 Intensity of rain
 Cloud coverage
 Stability class (Pasquill)

 Changing weather conditions, but only at the
source point (no CFD-like 3D flow field as
function of time)
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Cs-137 deposition
(Nagai et al. 2012)
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VALMA-simulated Cs-137 deposition around
Fukushima (13.3. / 16.3. / 20.3.2011)

 Yellow color = 10 kBq/m2
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After Fukushima, a new question: ranges >
20 km & frequency distributions of the dose ?
 Also STUK has some new interest in farther distances
 Better preparedness for dose rates & concentrations farther away
from NPP, resulting from atmospheric release of a severe accident
 Realistically calculated dose frequency distributions at certain
distances > 20 km, possibly nuclide-per-nuclide
 Difficulty: changing weather conditions, as a 3D field and function
of time; can be input from an NWP model
 Complicated models need a lot of CPU time per case
 Other option: choose some representative weather situations; or
resort to very conservative methods
 Work in COOLOCE-E in 2014: Review of current tools & feasibility
study of producing long-range CCDFs
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Zones A & B are used in present planning;
C & D are based on new IAEA recommendations
• A: Protection zone
(’suojavyöhyke’), 5 km
• B: Emergency planning
zone (’varautumisalue’),
20 km
• C: Extended planning
zone (EPZ), 100 km
• D: Ingestion and
commodities planning
zone (ICPZ), 300 km
Emergency preparedness zones around a nuclear power plant (not in scale)

What countermeasures may be relevant outside 20 km ?
17/04/2015
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IAEA: EPZ (extended planning zone, C)

Identify areas within a period that would be effective in
reducing the risk of stochastic effects by taking:
1) urgent protective actions and other response
actions (e.g. evacuation) within a day following a
release and
2) early protective actions and other response actions
(e.g. relocation) within a week to a month following a
release
-Study if the dose level of 100 mSv is exceeded in a
week or year(with food restrictions)
17/04/2015
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IAEA: ICPZ (ingestion and commodities planning
zone, D)
Is there a need to perform response actions
1) for protecting the food chain and water supply
systems as well as for protecting commodities
other than food from contamination following a
significant release and
2) for protecting the public from the ingestion of
food, milk and drinking water and from the use of
commodities other than food with possible
contamination following a significant release.
-Study if the dose level of 10 mSv is exceeded per
year from ingestion
17/04/2015
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Calculations with ARANO, 5…20…300 km

Weather data: Olkiluoto 2009…2013
Source term specified by STUK:
- Olkiluoto-3 inventory
- severe accident, 3 nuclide groups
-release magnitude 1, 10 ,100 * 100 TBq
-decay time 4 h after SCRAM, release duration 3 h
-comparison with VALMA
-more extensive ARANO / VALMA calculations in 2015
-check availability of better weather data
17/04/2015
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Groundshine / ingestion; top: 95 % fractile, bottom: CCDF

Groundshine

95 %

95 %

50 km

100 km

Ingestion
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VALMA example & conclusions
• Thorough validation of predictions is difficult
• ARANO needs very little CPU time for the whole 5 years period,
but is based on rather simple modeling (constant one-point
weather)
• Use of VALMA for continuation of this study is recommended
with the following developments:
• Addition of ingestion dose pathways
• Reduction of CPU time
• more than 40000 cases
• Use of SILAM dispersion data

17/04/2015

27

TECHNOLOGY FOR BUSINESS

