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Experiments for two-phase pressure drop in flooded packed bed at high air velocity
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1. Introduction

If a severe core degradation arises and is relocated to
a pre-flooded reactor cavity in a light water reactor
(LWR), the ex-vessel debris bed may be formed with
settled corium particles rather than molten phase due to
FCI (Fuel Coolant Interaction). Therefore, the cooling
limitation of particulate debris bed has to be reliably
assessed for analyzing its possibility of re-melting that
may lead to MCCI (Molten Core Concrete Interaction)
threatening containment integrity.

One of the key parameters to represent the debris bed
cooling limit is the Dryout Heat Flux (DHF), defined as
the maximum heat flux through the bed without dryout.
One of the dominant phenomenological factors of
dryout occurrence is the flow resistance in the packed
particles. Therefore, many researches[1-6] have
attempted to model the two-phase friction terms to
predict DHF precisely. Various previous models[2, 3, 5,
6] show relatively good agreement with DHF
experimental data conducted with a 1D top flooding
condition[7]. On the other hand, most of those models
encounter to difficulties of predicting DHF at the co-
current flow conditions[6] expected to be observed in
ex-vessel debris bed with lateral water ingression. Some
models are, however, able to precisely predict DHF
results at the co-current conditions, while tending to
underestimate the pressure gradient. Therefore, none of
models are able to predict both DHF and pressure drop
in the packed bed so far.

In our previous work[8], the cause of disagreement
between experimental data and previously suggested
models were analyzed. From the analysis, it is found
that the most pressure drop experiments in literature
were validated with pressure drop experiment up to
relatively moderate void fraction (~0.6), while a recent
pressure drop experiment[9] conducted at 2 mm and 3.5
mm implies the sudden increase of interfacial friction at
high void fraction condition (0.6<a<1). Based on the
experimental observation, we proposed a new model
that shows the potential capability to predict both DHF
and pressure drop at the same time.

The aim of this work is to gather experimental data
base on two-phase flow pressure drop at high void
fraction range to extend capability of model into wider
range of particle sizes which will be used to predict
DHF of ex-vessel debris bed.

2. Methods and Results
2.1 PICASSO Facility

The two-phase pressure drop experimental facility,
named as PICASSO (Pressure drop Investigation and
Coolability =~ ASSessment  through  Observation)
illustrated in Fig.1., is used in this work. The PICASSO
facility consists of the test section, pressure differential
transducer and air flow switch.

The test section is fabricated of an acrylic tube with
the inner diameter of 200 mm and the height of 700 mm.
The pressure ports are drilled on the side wall of the test
section at the heights of 100 and 600 mm. The
manufactured acrylic air distributor is installed at the
bottom of the test section to hold particle bed and
distribute air flow uniformly through bed.

| —
o
Water Water
Regulator Flow Meter
Filter
Water i Differential
Source i Pressure
@ Transmitter
Air Air
Regulator Flow Meter

Filter
- Separator

Pneumatic Water
Source Drain

Fig. 1. Schematic of the experimental facility[10].

The air flow rate was measured by the calibrated
PFMB series manufactured by SMC (2~200 LPM,
5~500 LPM and 10~1000 LPM) with the accuracy of
+3% at full span. The pressure difference between two
pressure ports was measured by the Rosemount 3051S
series (-62.3~62.3 kPa) with accuracy of +0.025% at
full span.
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2.2 Experimental procedure

Before the experiment, the total mass of particles in
the test section was measured to obtain the porosity of
the bed. The particles with the diameter of 4.05 mm are
packed in the test section and provides the porosity of
0.40 and the pressure impulse lines and the test section
are filled with either air or water single-phase fluid
depending on the experimental condition (the air phase
at air single-phase experiment and the water phase at
air/water two-phase experiment, respectively). Finally,
the upward air is injected from the bottom of the bed.

All experimental data except the test at the flow
velocity of 0.8 m/s was measured twice for repeatability.
The exception was made due to its exceedingly long
time to reach the steady state condition which is
explained in the Section 2.4.

2.3 Post processing of experimental data

In the analysis, the pressure gradient in the packed
bed is normalized by the hydrostatic pressure
represented as a non-dimensional form defined as

P" =(-dP/dz)/(p,9) 1)
where p,g is the hydrostatic pressure.

In the experiment, the amplitude of measurement data
is sometime exceeding the measurement accuracy.
Therefore, the magnitude of fluctuation is also
considered in the uncertainty analysis as the standard
deviation of measured data is used for random error
(e ). The systematic error, e, , is obtained by
manufacturer’s specification. The uncertainty of the

measured velocity and pressure difference is calculated
by the equation (2) with 95% of confidence.

e=.e’+e’ )

In some experiment cases, the times to reach steady
state condition exponentially increase at high air
velocity region before the air single phase flow
formation in the test section. In order to analyze the
characteristic time to reach steady-state condition ( At,, ),

it is defined as the time when the pressure gradient starts
to be within the range of E(VP,)+0.25c(VP, ), where

the E(VPR,) is the average value of a pressure gradient
at steady-state condition and o(VP,) is the standard

deviation of a pressure gradient at the steady-state
condition for the last 6 minutes of experiments.

2.4 Characteristic time to reach steady-state condition
(Aty,)

At the relatively low and moderate air velocity range
(0~0.6 mfs), the system reaches the steady-state
condition within 10 minutes. On the other hand, as the

air velocity increases, the time to reach the steady-state
condition takes several hours. The trend of pressure
gradients during experiment until the steady-state
condition with different velocities are shown in Fig. 2.
In order to analyze the trend of At increase at the

high velocity region, At is plotted with respect to the
superficial air velocity as shown in Fig. 3. At starts

exponentially increasing at the superficial velocity
above approximately 0.6 m/s. In the experimental cases
with the high superficial velocity, almost no water flow
channel was visually observed when the trend is at
decrease. While the formation of water flow channels is
clearly observed at a certain location after it reaches to
steady-state condition.
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Fig. 2. The measured pressure gradient data
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Fig. 3. The trend of At increase

2.5 Two-phase flow pressure gradient

The measured pressure gradient data is plotted in Fig.
4. The abbreviation TPF and SS state Two-Phase Flow
and Steady State condition, respectively.
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Fig. 4. Measured two-phase pressure gradient

At the low and moderate air velocity region, where
At stays within 10 minutes, the measured pressure

gradients fits well with the experimental data in
literature [11] conducted with 4 mm glass beads. The
pressure gradient decreases at the low velocity region
and increases up to hydrostatic head at the moderate
velocity region. At the stagnant water condition, the
difference between the hydrostatic head and the
pressure gradient in test section is proportional to the
interfacial friction force[12] as written in Eq. (3).
Therefore, the increase of pressure gradient can be
analyzed as the interfacial friction decreases with the air
velocity increase from 0.1 to 0.6 m/s. In the previous
researches, this is explained as the channel-like flow
formulation which diminishes the interfacial area
between air and water.

F=-e(1-a)(-VR -p0) @)

On the other hand, at the high air velocity region
between 0.7 and 0.8 m/s, where At exponentially

increases, the pressure gradient slightly decreases again
at the steady-state condition. Before their steady-state
condition, the pressure gradients decrease closely to the
value obtained at the single phase flow. The visual
observation during the experiment also confirms the
single phase flow formation as mentioned in the section
2.4.

At the higher air velocity, the pressure gradient
measured at two-phase flow condition reaches to the
pressure gradient measured air single phase flow. At this
point, no water was visually observed.

3. Conclusions

The two-phase pressure drop experiment in the
spherical particles (@ 4.05 mm) packed bed with
stagnant water is conducted from with the air superficial
velocities ranged from 0 to 1.2 m/s of air superficial
velocity. The trend of data is suddenly changed when
the air velocity exceeds 0.6 m/s. Below 0.6m/s, the
measured pressure gradients show good agreement to
the preceding research and the characteristic time to
reach the steady state condition (At ) is less than 10

minutes. On the other hand, above 0.6 m/s of air
velocity, the At increases exponentially and the

pressure gradient start to decrease. In the end, over 0.9
m/s of air velocity, the water phase does not exist in the
test section as can be confirmed by its pressure gradient
value and visual observation during the experiment.
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