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Abstract 

 

During a severe accident in a light water reactor, the core can melt and be relocated to the lower 

plenum of the reactor pressure vessel. There it can form a particulate debris bed due to the 

possible presence of water. Within the reactor safety research, the removal of decay heat from a 

debris bed (formed from corium and residual water) is of great importance. In order to investigate 

experimentally the long-term coolability of debris beds, the down-scaled non nuclear test facility 

DEBRIS (Fig. 1) has been established at IKE. The major objectives of the experimental 

investigations at this test facility are the determination of local pressure drops for steady state 

boiling to check friction laws, the determination of dryout heat fluxes under various conditions for 

validation of numerical models, and the analysis of quenching processes of dry hot debris beds. A 

large number of 1D-experiments were carried out to investigate the coolability limits for different 

bed configurations at various thermohydraulic conditions [1-3], and to validate numerical models 

[4] which can be used in reactor safety studies. Analyses based on one-dimensional configurations 

underestimate the coolability in realistic multidimensional configurations, where lateral water 

access and water inflow via bottom regions are favored. This paper presents 2D experimental 

results, based on various kinds of water inflow conditions into the bed, boiling and dryout tests 

with different bed configurations and different system pressures. 

 

For 2D-experiments, a cylindrical tube or perforated tube (downcomer) with an inner diameter of 

10 mm has been installed inside the debris bed which itself is formed in a cylindrical crucible with 

an inner diameter of 125 mm. Polydispersed bed has been used with a bed height of 640 mm. The 

polydispersed bed is a mixture of 20, 30 and 50 wt % stainless steel spheres with resp. particle 

diameters 2, 3 and 6 mm. The test section is equipped with 60 shielded thermocouples (OD 1 mm, 

Type N), of which 51 are located in the debris bed on 25 levels at different radii of the bed’s cross 

section. The thermocouples measure the temperature in the voids between the particles, which are 

filled by liquid, vapor or a mixture of both. For pressure measurements, 8 differential pressure 

transducers are used (100 mbar, class 0.1). The pressure taps are uniformly distributed in 100 mm 

intervals along the bed height. Experiments are carried out at three different system pressures 1, 3 

and 5 bar under both top-flooding and bottom-flooding conditions. Since the long-term coolability 

of such particle beds is limited by the availability of coolant inside the bed and not by heat 

transfer limitations from the particles to the coolant, the lateral inflow of water improves the 

coolability of the debris bed, and therefore a substantial increase in the dryout heat flux can be 

observed. Preliminary results show that the system pressure has no significant effect on the 

fundamental shape of the pressure gradient inside the bed, whereas with increasing system 

pressure the coolability limits are increased. 
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1.  Introduction 

 

During a severe accident in a light water reactor, the core can melt and be relocated to the lower 

plenum of the reactor pressure vessel. There it can form a particulate debris bed due to the 

possible presence of water. This can lead to the failure of pressure vessel due to the insufficient 

heat removal of decay heat in the debris bed. Therefore, addressing the issue of coolability the 

behavior of heat generating particulate debris bed is of prime importance in the framework of 

severe accident management strategies, particularly in case of above mentioned late phase 

scenario of accident. 

 

Due to the large surface area of porous media, the coolability of a porous bed is normally not 

limited by the heat transfer from the particle to the coolant, viz. the boiling critical heat flux. A 

special feature of boiling beds with volumetric heat sources is a rise of the vapor velocity and the 

void with increasing bed height. At a certain vapor velocity the uprising vapor will block the 

penetrating water from an overlaying water pool (countercurrent flooding limitation). Not enough 

water can then enter the porous bed, and it will dry out. The installation of a downcomer in the 

centre of the bed will offer a low resistance flow path for water. In addition to the water supply 

from top, the water flowing through the downcomer will establish bottom flow which will 

enhance the coolability of the heated bed resp. will increase the dryout heat flux (DHF). In 

bottom-flooding experiments at POMECO test facility [4] an increase in DHF has also been 

observed applying a downcomer. Many experiments have been carried out on counter-current 

flooding limitation and led to the dryout model first presented by Lipinski [5]. In a modified 

experiment performed by Hofmann [6], in which water was supplied by a lateral water column to 

the bottom of the bed, a drastically increased coolability was observed. This increase could not be 

explained by models without interfacial drag [7-8]. Better agreement was found with models 

including interfacial drag [9-11]. But larger number of experimental data is needed to validate 

these models.  

 

In order to gain a deeper insight into boiling phenomena of a debris bed with volumetric heat 

sources, a non-nuclear single effect experiment (test facility DEBRIS, Fig. 1) was built up at IKE 

which focuses on the general understanding of two-phase flows in porous media. The major tasks 

of the experimental investigations are the determination of local pressure drops for steady state 

boiling to check friction laws, the determination of dryout heat fluxes under various conditions for 

validation of numerical models, and the analysis of quenching processes of dry hot debris beds. A 

large number of experiments have been carried out at IKE on particle beds composed of single-

sized spheres and polydispersed spheres [2] as well as for irregularly shaped particles [1]. In this 

paper experimental results, obtained from investigations of coolability limits of polydispersed 

beds with the use of a central tubular downcomer, are presented. 

 

2.  Test Facility DEBRIS 

 

The experimental set-up (Fig. 1) consists of a pressure vessel designed for pressures up to 40 bar 

in which the test section filled with particles is mounted. The pressure vessel is connected to a 

storage tank filled with demineralized water and a pumping system, which allows performing 

boiling experiments with feeding water to the test section at the bottom (bottom-flooding) or at 
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the top (top-flooding). The debris bed is volumetrically heated via an oil-cooled 2-winding 

induction coil by an RF-generator. The RF-generator operates at a frequency of 200 kHz and has a 

nominal output power of 140 kW. 

 

The main test section consists of a PTFE crucible. It has a total height of 870 mm and an inner 

diameter of 125 mm. A downcomer is also installed at the centre of the test section. The tubular 

downcomer made of PTFE has an inner diameter of 10 mm and an outer diameter of 18.5 mm. 

The test section is equipped with 60 shielded thermocouples (OD 1 mm, Type N), of which 51 are 

located in the debris bed on 25 levels at different radii of the bed’s cross section. The 

thermocouples measure the temperature in the voids between the particles, which are filled by 

liquid, vapor or a mixture of both. For pressure measurements, 8 differential pressure transducers 

are used (100 mbar, class 0.1). The pressure taps are uniformly distributed in 100 mm intervals 

along the bed height (pressure transducer dp8 is used for measuring the pressure difference 

between level PL0 and PL7). The exact position of the thermocouples and pressure taps can be 

seen in Fig. 2. Due to the installation of a downcomer in the centre of the bed the thermocouples 

shown in the centre of the test section are bent a little bit laterally. 
 

 
 



NEA/CSNI/R(2010)11 

 168 

 
 

The debris bed is composed of a mixture of pre-oxidized stainless steel balls. The spheres are of 3 

diameters 2 mm, 3 mm and 6 mm with mass fraction 20%, 30% and 50% respectively. The bed 

height is 640 mm and the measured porosity of the bed is 0.37. A water pool of 310 mm is made 

up at the top of the bed, in addition another water pool of height 20 mm is also provided at the 

bottom of the test section. The bed composition is given in Table 1. 
 

 
 

At constant system pressure the bed is heated up to the saturation temperature to steady-state 

boiling condition. Then, the heating power is increased in small steps until the dryout is reached. 

An appreciable fast increase in bed temperature above the saturation temperature is defined as 

dryout. Due to some experimental limitations the power supply is turned off or reduced to small 
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value when the bed temperature is above 180 °C. To reproduce the dryout the procedure of power 

increase and decrease is repeated. 
 

3.  Experimental Results 

 

a.  Heat Input Determination 

 

The heat input curve is calculated from the increase in bed temperature (sensible heating up of 

coolant water) for different applied induction powers (Fig. 3). The average temperature rise is 

used to estimate the power density of heat generation in the polydispersed bed and coolant based 

on an adiabatic assumption: 

 

 

where ε is the measured porosity of the debris bed,  are the densities 

and specific heats of water and steel balls respectively. Downward and lateral heat dissipation  

throughout thermal insulation and PTFE was considered to be negligibly. The effective heat flux q 

was defined as the integral heat generation divided by the cross-sectional area  of 

the cylindrical bed where R2 is the radius of the bed and R1 is the outerradius of the downcomer. 

q(1−ε ) = Q.h                ( 2 ) 

where h is the height of the bed [12]. Figure 4 shows the calculated heat input curve as well as the 

fitted curve for different power levels (heating level). This approximated curve has been used in 

further calculation of the gas superficial velocity Jg. 
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b.  Single-Phase Pressure Drop 

 

For approximation of the effective particle diameter, adiabatic single-phase pressure drop 

experiments have been carried out. The pressure drops are measured at different liquid superficial 

velocities. For a given flow rate, the pressure drops are determined at 6 measurement positions 

(dp1 to dp6, Fig. 2). The experimental data (pressure gradient minus hydrostatic pressure) for the 

bed with polydispersed spheres (diameter 6/3/2 mm, mass 50/30/20 wt. %) are shown in the Fig. 

5. In fact, if an average particle diameter dp = 2.8 mm is used in Ergun’s equation [13], the 

predicted pressure gradients agree well with the experimental data (triangles in Fig. 5). Hence, the 

average particle diameter is considered as 2.8 mm in corresponding theoretical calculations. 
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c.  Top-Flooding Tests 

 

For the first set of experiments the downcomer is closed at the top (see Fig. 2). Driven by gravity 

the water from the water pool above the bed flows down into the heated bed to cool it down, so a 

counter-current flow of water and vapor is established inside the bed. The major aim of the 

boiling experiments is the verification of friction laws which are included in dryout models. This 

is done by measuring the pressure gradients in different bed heights under steady-state boiling 

conditions. 
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Under top-flooding conditions at system pressure 1 bar the measured pressure gradients are 

smaller than the hydrostatic pressure gradient of water (Fig. 6). For small superficial vapor 

velocities Jg in the range of 0 to 0.1 m/s, there is a steep decrease in the pressure gradient. With 

further increasing Jg, an increase in pressure gradient followed by a decrease can be seen. The 

data from previously conducted experiments with polydispersed particle bed without downcomer 

at system pressure 1 bar is also shown as squares in Fig. 6 and the comparison between old and 

new data results in a good agreement. 
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In previous experiments it was found that the change in pressure gradients is an indication of the 

onset of local dryout. The corresponding rise of bed temperature starts after some delay (Fig. 7). 

The time required to get a temperature increase is also dependent on the applied heat input [1]. 

When the heat input is increased in small increments to about 600 kW/m2, the pressure difference 

dp5 and dp6 decrease to a negative value within a few seconds, and then decreases continuously, 

indicating that the counter-current flow limit at corresponding bed height (see Fig. 2) has been 

reached. With ongoing heating, the countercurrent limit establishes at lower bed positions (“dp4” 

and “dp3”). The dryout does not occur immediately after the drop of dp5. The initial dryout 

occurs at position “T33” with a delay after applying DHF. As the heating continues the dryout 

area extends. Immediately after the stop of heating, the temperatures in the dryout area drop 

quickly to saturation condition. 
 

 
 

With increasing system pressure, the pressure drop characteristic of the system does not change 

significantly (Fig. 8-9), but there is a strong increase in DHF, which results in enhanced 

coolability of the bed (Table 2). This can be attributed to the fact that the vapour density increases 
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strongly whereas the decrease in latent heat of vaporization is very less leading to an increase in 

the maximum heat flux. 

 

d.  Bottom-Flooding Tests 

 

In this test case the downcomer is opened both from top and bottom. The top opening is about 30 

mm above the bed, so the height of the water pool above the downcomer is 280 mm (see Fig. 2). 

In Fig. 10 the measured pressure gradients are shown. In comparison to topflooding conditions 

(Fig. 6) no clear trend in the pressure gradient data can be observed. With rising Jg the values 

seem to increase a little bit followed by a drop at higher Jg. This behaviour may be caused by a 

change of flow conditions inside the bed which is expected to be a mixture of co- and counter-

current flow for such kind of bed configuration. Like in previous investigations [1] the system 

pressure does not have a great influence on the pressure drop shape inside the bed. 

 

 
 

Compared to top-flooding tests the bed temperature rises and propagates to the rest of the bed 

very fast when DHF is reached. The onset of dryout inside the bed also indicates an increase in 

void fraction in those sections. The temperature rises in most parts of the bed (Fig. 11) and the 

void increases to maximum inside the bed resulting in an increase of the water pool level above 

the bed. The open downcomer offers a low resistance flow path to the water, and therefore a 

certain amount of water will flow down feeding the bed from its bottom. Due to this bottom-

flooding flow condition the bed will cool down to saturation temperature starting from the bottom 

part of the dried bed, though the heat input is still the same. 
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e.  Lateral-Flow Tests 

 

Now the tubular downcomer is replaced by a perforated downcomer of same diameter and height. 

The perforated downcomer will provide lateral water flow into the bed and hence should improve 

the coolability of the debris bed. Preliminary results of experiments exhibit no improvement in the 

coolability and same dryout heat flux values as that for open tubular downcomer are found (refer 

Table 2). During the experiments it was observed that some vapor flows upwards through the 

perforated downcomer. Due to the small inner diameter of the downcomer this vapor will offer 

resistance to the water flowing downwards and will also affect the flow pattern inside the bed. 

The measured pressure drop inside the bed is also comparatively small (compare Fig. 10 and Fig. 

12). 
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f.  Dryout Heat Flux Data 

 

An increase of DHF under bottom-flooding has been also reported in [1], [4]. As can be seen from 

Table 2 the DHF increases significantly with increasing system pressure and respective flow 

condition. For instance, the DHF of bottom-flooding with open downcomer at 3 bar system 

pressure is nearly 2 times higher than that of top-flooding with closed downcomer. For 5 bar 

system pressure currently no DHF data are available due to experimental limitations of the test 

facility. 

 

 
 

4.  Conclusion 

 

In the framework of reactor safety research on coolability of debris beds in context with numerical 

modeling and verification of simulation results, and in continuation of previous IKE studies 

fundamental experimental investigations with volumetrically heated particle beds in a downcomer 

configuration (vertical tube mounted in bed centre) are performed at different system pressure (1, 

3 and 5 bar). Steady-state boiling as well as transient dryout experiments with a polydispersed bed 

content (mixture of steel balls of 2, 3 and 6 mm diameter) under top- and bottom-flooding as well 

as lateral flow conditions were carried out in order to study the influence of the downcomer on the 

hydraulic and thermal behavior (pressure drop, dryout heat flux) of the bed. 

 

For top-flooding flow condition (downcomer closed), the pressure gradients along the bed height 

are generally smaller than the corresponding hydrostatic pressure gradient due to interfacial 

friction of liquid and vapor in the counter-current flow. For bottom-flooding flow condition 

(downcomer open), the pressure drop behavior of top-flooding is not found because of mixture of 

two-phase co- and counter-current flow inside the bed. In both flow cases no significant effect of 

increased system pressure on the pressure drop characteristics could be found. For lateral flow 

condition (perforated downcomer), the pressure drop behavior, i. e. its decrease/increase, is 

distinctly enhanced compared to bottom-flooding flow condition but the dryout heat flux is more 

and less the same. Therefore, further investigations with perforated downcomer are needed to 

understand this behavior. Comparing the dryout heat fluxes for different system pressures at top- 

and bottom-flooding flow situations it has to be pointed out that with increasing system pressure 

and associated change from top- to bottom-flooding flow condition a strong increase of dryout 
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heat fluxes can be observed which improves distinctly the bed’s coolability. Finally, the presented 

data can serve for validation of numerical models for calculations of coolability limits of debris 

beds. 
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