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BNL PROGRAM IN SUPPORT OF LWR
DEGRADED CORE ACCIDENT ANALYSIS

T. Ginsberg and G. A. Greene

1. INTRODUCTION

The U.S. Nuclear Regulatory Commission currently sponsors analyses of the
response of light water reactor containment buildings to degraded core acci-
dents (Murfur, 1980; Meyer, 1981; Pratt, 1981). Two major sources of loading
on dry pressurized water reactor containments are:

(i) Steam generation from core debris water thermal interactions.

Quenching of hot debris by cooling water leads to steam generation
and containment pressurization. Interaction of hot, unquenched de-
bris with concrete can lead to simultaneous gas release. Hydrogen
continues to be generated until debris is finally quenched.

(ii) Molten core-concrete interactions.

The interactions lead to pressurization of the containment as a re-
sult of generation of concrete decomposition products and potential
combustion of flammable gaseous products. In addition these inter-
actions lead to penetration of the core melt into the containmentt
basemat.

Experiments are in progress at BNL in support of analytical model develop-
ment related to aspects of the above containment loading mechanisms. The work
supports development and evaluation of the CORCON (Muir, 1981) and MARCH
(Wooton, 1980) computer codes. Progress in the two programs is described be-
low.

2. CORE DEBRIS THERMAL-HYDRAULIC PHENOMENOLOGY

Light water reactor degraded core accident sequence studies have been per-
formed which postulate the existence of a high temperature core debris bed
within the reactor cavity (Meyer, 1981). The debris bed would be cooled by an
overlying pool of water. Two models have been used to characterize the inter-
action between hot core debris and water. The MARCH code's "HOTDROP" model
(Wooton, 1980) assumes that the core debris is suspended in an infinite sea of
water and that heat transfer is limited by the particle debris internal and
external thermal resistances. Steam production is governed by the total sur-
face area of the fragments. On the other hand, steady state debris bed cool-
ing models have been used to predict the steam production rate resulting from
quenching of packed beds of solid core debris (Yang, 1981). The containment
pressurization rates based upon the two models are significantly different
(Yang, 1981). The validity of these models when applied to the transient
cooling of debris beds has not been established by comparison with suitable



transient quench experiments.

Presented below are recent results of an experimental investigation whose
objective is to provide an understanding of the thermal interaction between
superheated core debris and water during postulated light water reactor de-
graded core accidents. The experiment was designed to study the heat trans-
fer characteristics of superheated spheres as they are quenched in a packed
bed configuration by an overlying pool of water. A model based upon the ex-
perimental results is presented and implications with respect to reactor
safety are discussed.

The test apparatus is shown in Figure 1. Stainless steel spheres, 3 mm in
diameter, were heated in the oven shown at the top of Figure 1 to temperatures
between 533 K and 977 K. They were subsequently transferred to a vertical
108.2 mm i.d. stainless steel pipe, flanged at the lower end. Water at tem-
peratures between 274 K and 360 K was released on to the spheres and the re-
sulting thermal interaction was observed. Packed beds of 40% porosity were
studied, whose nominal heights were in the range 200 mm to 400 mm. The ex-
periments were carried out at constant pressure, with the steam vented to the
atmosphere. The wall of the test vessel could be preheated, if desired, to
match the initial sphere temperature. The test section was instrumented with
an array of thermocouples, both within the pipe and on its outside wall. A
pressure transducer was mounted on the test vessel wall to monitor pressure
fluctuations indicative of continued boiling within the vessel. In the early
stages of the work the,steam was vented to the atmosphere via the steam vent
shown in Figure 1. The apparatus was subsequently modified to incorporate the
turbine flowmeter shown in Figure l(b). This flowmeter was used to monitor
the flow of steam during the particle quench process. In these latter experi-
ments all of the piping which led to the flowmeter was preheated to the water
saturation temperature prior to a run.

A typical set of bed temperature traces is shown for Run. No. 116 in
Figure 2. The temperature traces are labeled by the thermocouple (TC) identi-
fication number. TC2 was located at the base of the bed. The remaining
thermocouples were spaced in ascending order every 50 mm. TC8 was the upper-
most thermocouple located 300 mm from the base of the bed. The key feature of
Figure 2 is the sequence of step changes in temperature, beginning with TC8
located near the top of the bed. This sequence proceeded in the downward
direction to each thermocouple in the bed. The temperature at each position
suddenly fell from the initial sphere temperature to the liquid saturation
temperature. Figure 2 also indicates that several of the thermocouples par-
tially recovered their superheated temperatures subsequent to the first arriv-
al of liquid. In this case four channels (TC Nos. 4, 6, 7, 8) exhibit this
behavior.- The temperature recovery characteristic of Run No. 116 occurred in
many, though not all, of the experiments. These four thermocouples were
finally quenched in a sequential pattern from the bottom upwards. A sequen-
tial pattern of wall quenching was also observed to proceed from the bottom
upwards (not shown).

Three "frontal" particle bed cooling patterns are suggested by the bed and
wall temperature traces. The times of arrival of each of the three cooling
fronts are presented in Figure 3 as a function of axial position in the test
column. Figure 3 shows the advance of a downward-propagating front which



reaches the bottom of the bed at 165 seconds after i n i t i a l water/bed contact.
At th is point an upward-propagating front is observed which is responsible for
" f i n a l " cooling of the particle bed as well as the test wall ( third front was
wall quench).

Prior to instal lat ion of the turbine flowmeter system for the steam flow-
rate measurement, an estimate of the time-average bed heat transfer rate was
made. The time period during which boi l ing was observed in the test vessel
was determined from the piezoelectric transducer traces.

The average bed heat flux was computed from the known in i t i a l bed stored
energy (temperature), the boi l ing time and the bed cross-sectional area. The
results of these calculations are shown in Figure 4. They indicate that the
time-average rate of heat transfer from the particles to the water was ap-
proximately 106 W/m2. The heat transfer rate was independent of bed
temperature fot i n i t i a l bed temperatures in the range 530 K to 970 K.

The turbine flowmeter data substantiate the magnitude of the heat flux de-
termined as described above. In addition the flowmeter data indicate that the
bed cooling rate is identical during the downward and upward frontal time
periods.

The frontal progression speeds were obtained from the. frontal propagation
data (such as Figure 3) for each set of experimental conditions. These data,
calculated using a linear least squares analysis, are shown in Figure 5. Data
from Armstrong, et al (1982) are also presented. The results indicate that
the frontal speeds decrease with increasing temperature and that the downward
frontal speed is consistently larger than the corresponding upward f ronta l t
speed.

A mrJ9l has been developed to characterize the debris bed quench behavior
as observed in the experiments. Based upon the above observations i t is as-
sumed that the packed bed heat transfer occurred at the quench front during
both the downward and upward frontal periods. The rate of heat transfer with
l iquid supplied from an overlying pool is assumed to be limited by maximum
rate at which vapor can be removed from the bed under conditions of counter-
current two-phase vapor-liquid flow in or to the packed bed. A coupled set of
equations were developed which include ( i ) a lumped parameter bed energy
equation and ( i i ) countercurrent flow hydrodynamics equations. Three hydro-
dynamics models were used to characterize the two phase countercurrent flow
processes: ( i ) the Zuber "CHF" model (Zuber, 1959), ( i i ) a modified version
of the Lipinski debris bed model (Lipinski, 1981) and ( i i i ) a modified version
of the Ostenson flooding model (Ostenson, 1981). The set of equations was
solved simultaneously for the part icle bed heat flux and the downward- and
upward-frontal speeds.

The data are compared with model predictions in Figures 4 and 5. Figure 4
indicates that the heat transfer rate is characterized reasonably well by
either the CHF model or the TRANSBED (quasi-steady Lipinski) model. The cool-
ing front data shown in Figure 5 agree with the model over the"entire range of
temperature with the possible exception of the lowest bed temperature.

The results of the program suggest that:



(i) A superheated particle bed quenches in a two-step bi-frontal process.
A partial quench front first propagates downward removing a fraction
(fd) of the stored sensible heat of the bed. A second upward-
directed quench front starts when the downfront reaches the bed bot-
tom. The upward front removes the balance (1-fn) °f tne stored en-
ergy. Experimental data suggest that f^ * 0.3-0.4.

(ii) The net rate of energy removal from the bed is, within the scatter of
the data, independent of initial bed temperature and is identical
during both the downward and upward frontal periods.

(iii) The above observations strongly suggest that the phenomenon which
limits the net heat removal from a superheated bed is hydrodynamic in
nature. This is consistent with the hypothesis that the heat trans-
fer is limited by the hydrodynamics of countercurrent two-phase flow,
either just above the bed or within the bed.

Major implications of the results with respect to LWR reactor safety are:

(i) The rate of containment building pressurization resulting from
quenching of superheated beds of core debris by overlying pools of
liquid would be limited by the hydrodynamics of countercurrent two
phase flow to or within the beds. The data and models indicate that
this conclusion is independent of initial bed temperature.

(ii) The observed frontal characteristics, however, suggest that the de-
bris ahead of the initial cooling front would remain dry until arriv-
al of the downward front. Attack of the concrete by the hot solid
debris must be considered during this time period.

3. HEAT TRANSFER IN CORE-CONCRETE INTERACTIONS

The phenomena of core-concrete interactions impact upon containment integ-
rity of a light water reactor {LWR) following postulated complete meltdown of
the core by containment pressurization due to condensable and non-condensable
gas generation, possible ignition of combustible gases, and concrete basemat
penetration. In order to develop a predictive capability to analyze such com-
plicated interactions, the CORCON code (Muir, 1981) has been developed at San-
dia Laboratory under USNRC sponsorship. Modeling of core-concrete interac-
tions involves many poorly understood and complicated heat transfer phenomena
for which there exists a sparse data base. In support of the CORCON code, one
heat transfer aspect of core-concrete interactions has been investigated which
had been found to have significant impact upon the results of generic code
calculations, namely the phenomenon of heat transfer between overlying
immiscible liquid layers whose interface is agitated by gases liberated -from
the underlying concrete.

The model used in CORCON to characterize liquid-liquid heat transfer to an
interface agitated by transverse gas flow is a correlation developed by
Konsetov (1966) to model heat transfer from a horizontal surface with gas
injection. Other models which have been applied to liquid-liquid interfacial



heat transfer with bubble agitation are a model by Grief (1965) as well as the
surface renewal model of Szekeley (1963). When these models were compared to
a limited amount of experimental data taken with an oil-water f luid pair
(Werle, 1978), i t was found that the models seriously underpredicted both the
magnitude and the trend of the heat transfer data, deviating from the data by
as much as two orders of magnitude at a superficial gas velocity of only 1
cm/sec. As a result of this poor agreement between the data and the models, a
parametric sensi t iv i ty analysis was performed to determine the impact of this
phenomena upon integrated code calculations of core-concrete interactions.

The effect of interfacial heat transfer was examined parametrically, by
increasing the heat transfer coefficient by a factor of 10 and 100, chosen on
the basis of comparison of the heat transfer models to the limited experiment-
al data. I t was found that the integrated results of the core-concrete inter-
actions were signif icantly affected by these parametric variations on the in-
terfacial heat transfer coeff ic ient. The Konsetov heat transfer model in
CORCON always resulted in an upper bound to the generation rates of combust-
i b l e , condensable and non-condensable gases from the concrete. However, i n -
creasing th is magnitude of the coefficient by factors of 10 and 100 reduced
these gas generation rates by as much as a factor of from two to five (Greene,
1982).

The reason for th is effect on the gas release rates from the concrete is
that the downward heat flux into the concrete from the heavy core oxide layer
was reduced due to the increased upward heat flux into the overlying l ighter
metallic layer. This reduced downward heat flux similarly reduced the con-
crete ablation rate and reduced the rate of d i lut ion of the lower oxide layer
by concrete slag. Accompanying the reduced gas generation rates and reduced
concrete ablation rate by increasing the interfacial l iquid- l iquid heat trans-
fer coeff ic ient, i t was found that the layer temperatures themselves would de-
crease signif icantly faster with the increase in the magnitude of the inter-
facial l iqu id- l iqu id heat transfer coeff icient. An example of the reduced gas
generation rates and reduced layer temperatures due to enhancing the inter-
facial heat transfer coefficient is shown in Figure 6a-f. On the basis of
these observations, the experimental and analytical program about to be de-
scribed was performed.

Mercury-Water Bubbling Interfacial Heat Transfer: Non-Entraining

Two sets of bubbling heat transfer data were taken with mercury-water
f lu id pairs, Series 300 and Series 400 data. The bubble radi i were in the
range 0.3 to 0.5 cm and the superficial gas velocity was varied over the range
from zero to 1.4 cm/sec. These data are presented in Figure 7 along with the
Wood's metal-oil data of Werle (1978, 1981). In the l imi t of zero gas flow
rate, these data converged asymptotically to a lower l im i t calculated by the
natural convection model of Haberstroh (1974). As the superficial gas velo-
c i ty increased, the heat transfer coefficient similarly increased due to the
periodic bubble-induced disturbances at the l iquid- l iquid interface. The
vertical tenperature distr ibution demonstrated a sharp gradient in the v ic in-
i t y of the f lu id - f lu id interface, suggesting that the interface did maintain
i t s approximate spatial integrity and that mixing and entrainment were absent.
These observations were further supported by visual and photographic evidence



of the absence of entrainment of mercury even under intense interfacial
disturbance.

The mercury-water heat transfer data were found to be greater in magnitude
than the Wood's metal-oil data (Werle, 1978; 1981) by a significant margin.
The observed superiority of the water layer to the oil layer in transferring
heat is evident from the data in Figure 8 and the ratio is roughly a factor of
five increasing to as much as ten. On the basis of the surface renewal formu-
lation shown in Figure 7, th is ratio should be approximately four. However, as
will become evident in the discussion, there are factors absent from this
formulation which, when included, may account for this discrepancy.

The regime of heat transfer between two fluid layers enhanced by inter-
facial disturbances generated at their interface by rising bubbles with the
absence of entrainment is referred to as the surface renewal regime. When the
gas flux is ini t ia ted, the interfacial heat transfer coefficient is found to
increase above the value characteristic of pure steady natural convection.
For the mercury-water case, no large scale entrainment of the mercury is ob-
served into the overlying water layer. In this case, the bubble acts only to
disrupt the temperature gradients at the interface and transient conduction
acts to renew the gradients until the arrival of a subsequent bubble. The
mercury-water and Wood's metal-oil data are characterized by the surface
renewal model.

The major assumptions of the surface renewal model are that a rising bub-
ble totally destroys the temperature gradients on both sides of the interface
only in the area of impact projected by the bubble, no influence is felt out-
side the bubble area, and surface distrubances do not enhance the transport
mechanisms or the interfacial surface area. As is evident from Figure 7, the
surface renewal heat transfer model of Szekeley (1963), modified by Blottner
(1979),

hSZE = 1.69 k U g / « r b ) 1 / 2 (1)

where k is the thermal conductivity, K is the thermal diffusivity, and r^ is
the bubble radius, represents a lower bound to both the mercury-water data as
well as the Wood's metal-oil data. In both cases the deviation between the
measured and calculated heat transfer coefficient increases with increasing
superficial gas velocity, indicating the effect of the increasing disturbance
intensity and interfacial wave propagation on the magnitude of the heat trans-
fer. The fact that the discrepancy is greater for the water-mercury data than
for the oil-Wood's metal data may indicate the presence of a Prandtl number
effect in addition to the hydrodynamic interfacial stretching mechanism due to
surface waves. ~~*

Nevertheless, for fluid pairs that do not mix or entrain even under the
influence of transverse gas bubbling through their interface, the simple
transient conduction surface renewal model is found to predict a lower limit
to the magnitude of the interfacial heat transfer coefficient, differing from
the measured data by up to a factor of four over the range of conditions cov-



ered by these experiments,

Water-Oil Bubbling Interfacial Heat Transfer: Entraining

In addition 1o the l iquid metal-oil/water interfacial heat transfer ex-
periments which did not exhibit entrainment over the entire range of gas
velocity covered, experiments were also performed with zinc sulfate-sil icone
o i l (Series 100) and copper sulfate-si l icone o i l (Series 200) f lu id pairs
which demonstrated entrainment end mixing when their interface was agitated by
r is ing bubbles from below. The bubble radi i and superficial gas velocity were
in the same range as for the l iquid metal-oil/water experiments. The data for
the Series 100 and 200 oil-water experiments are presented in Figure 8 along
with the oil-water data of Werle. These experiments, a l l experiencing l iquid-
l iquid entrainment effects, are compared to the Wood's metal-oil data pre-
viously discussed.

In the l im i t that the superficial gas velocity asymptotically goes to
zero, these data converge to the natural convection l imi t represented by the
Haberstroh model. As the superficial gas velocity was increased, a
dramatically different behavior was observed than for the f lu id pairs which
did not exhibit entrainment. Instead of a gradual increase in magnitude, the
heat transfer coefficient is seen to suddenly jump almost a factor of ten at
the onset of bubbling and steeply increase u n t i l , at a gas velocity of 1 cm/s,
i t is greater than the silicone oil-Wood's metal data by more than two orders
of magnitude. The measured vertical temperature distr ibution exhibited
characteristics of an intermediate mixing zone in which the temperature
gradually changed from one layer to the other. This is in contrast to the
sharp temperature gradient measured with non-entraining fluids previously. t
These observations were further supported by visual and photographic evidence
of the severe mass entrainment rate even at modest superficial gas velocities
bel ow 1 cm/sec.

The signif icant increase in interfacial heat transfer for the silicone
oil-water f lu id pair over that measured for the silicone oil-Wood's metal
f lu id pair (KFK) is attributed direct ly to the effect of mass entrainment of
the hot lower f lu id across the interface into the cold upper f l u i d . This re-
gime of heat transfer is referred to as the entrainment heat transfer regime
(Greene, 1982).

As the bubble penetrates the l iquid- l iquid interface, a finger of the
lower heavy- f lu id is sucked upward into the upper layer in the bubble wake.
At some location, th is l iquid finger is observed to pinch of f ; the f lu id below
the point cf the break returns downward through the interface, while the f lu id
above this point continues to entrain upwards in the wake region of the bub-
ble. In the case of large entrained drops, they are also observed to fragment
in the vortex region behind the bubble into smaller droplets, greatly increas-
ing the surface area for heat transfer. On the basis of simple analysis of
transient convective heat transfer around a sphere, i t can be shown that for
the conditions of these experiments, the droplets essentially transfer a l l
their excess enthalpy to the upper f lu id prior to sett l ing back to the lower
f lu id layer from whence they came. On the basis of these observations, i t is
argued that one only need to know the l iquid entrainment rate in order to



calculate the entrapment heat transfer rate. In this fashion, the overall
heat transfer coefficient can be written as the sum of the interfacial surface
renewal contribution and the entrainment contribution as

heff = hSZE + J*2p2Cp2 (2)

where p£ and Cpg are the density and specific heat of the entrained phase,
respectively, and jg is the volumetric entrainment rate of the lower fluid
per unit cross sectional area. At present, calculation of the entrainment
rate, J2» is treated parametrically as a function of the gas superficial
velocity, J2x^2Jq* In reality it is recognized that Cg is not a con-
stant but is a function of j g itself. For this discussion, C? is assigned
the values 0.3 and 1.0 awaiting further attempts to improve, trie entrainment
rate model which are currently underway in recognition of the obvious non-
linear relationship between j g and J2«

The results of the comparison of Equation (2) to the oil-water entrainment
data are shown in Figure 8. Note that the choice of C 2 in the range of 0.3
to 1.0 appears to bracket the available data. The development of a more re-
fined entrainment rate model will enable a more mechanistic calculation of
entrainment heat transfer rate.

Nevertheless, for ifluid pairs that exhibit interfacial mixing and entrain-
ment under the influence of transverse gas bubbling through their interface, a
simple entrainment rate heat transfer model is seen to reasonably bracket the
available experimental data when appropriate assumptions regarding the mas;
transfer rate are incorporated. This limitation is expected to be relaxed*
when a mechanistic entrainment rate model for J2 is available.
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FIGURE 5 - Particle Bed Heat Transfer Rate: Measured and Calculated
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FIGURE 6a
CORE OXIDE LAYER TEMPERATURE HISTORY, ZION PLANT PARAMETRIC CALCULATIONS

KONSETOV MODEL • KONSETOV X 10

KONSETOV X IBB —
26BB.

1SB3.
7BBB. BBSS.

TIMS <SEC>

11 CEO '15C0O. 17BBIS.

FIGURE 6b

FIGURES 6a-f - Sensitivity 9f CORCON Calculations to Interfacial
Liquid-Liquid Heat Transfer
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FIGURE 6c

MASS OF CARBON MONOXIDE EXITING POOL
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FIGURE 6e
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FIGURE 6f
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FIGURE 7 - Interfacial Heat Transfer Coefficient vs.
Superficial Gas Velocity: Non-Entrainment Regime
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FIGURE18 - Interfacial Heat Transfer Coefficient vs.
Superficial Gas Velocity: Entrainment Regime


