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ABSTRACT

An experimental investigation is reported whose objective is to provide an
understanding of the thermal interaction between superheated core debris and
water during postulated light-water reactor degraded core accidents. The ex-
periment was designed to study the heat transfer characteristics of superheated
spheres as they are quenched in a packed bed configuration by an overlying pool
of water. The results of the experiment are applied to understanding of the
containment " steam spike" phenomenon.

#
.Three-millimeter stainless steel spheres were heated in an oven to tem-

peratures between 533 K and 977 K, and subsequently transferred to a vertical
108.2 mm 1.d. stainless steel vessel . Water at temperatures between 274 K and
360 K was released on to the spheres and the resulting thermal interaction was
observed. Packed beds were studied whose nominal heights were in the range 200
mm to 400 mm. The experiments were carried out at constant pressure, with the
steam vented to the atmosphere. The wall of the test vessel could be pre-
heated, if desired, to match the initial sphere temperature. The test section
was instrumented with an array of thermocouples, both within the vessel 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.

Bed and wall temperature traces are presented for a range of experimental
conditions. The bed thermocouples show a sequence of step changes in tempera-
ture, beginning with the uppermost one in the bed and proceeding downward. The
temperatures suddenly drop from their initial values to the liquid saturation
temperature. This sequential pattern of temperature reductions is interpreted
to be indicative of a frontal cooling pattern which propagates down the column.
The position of the front as a function of time is obtained from analysis of

,

the temperature traces and are presented as frontal propagation plots for each |experimental run. I
1

The temperature traces and frontal propagation plots indicate that the
downward-moving front arrives at the base of the bed after a time delay which
depends on the bed depth and initial particle temperature. In many of the ex-
periments the thermocouples indicate that a second front then moves up the col-
umn. The position of this front vs. time is extracted from the thermocouple
data. The particle quench process is complete after passage of the upward-
propagating front.

The heat transfer rate from the particle bed to water is estimated to have
been in the range 1.0 x 106 to 2.5 x 106 W/m2, independent of the initial
particle temperature. The higher figure is an upper bound estimate of the heat
transfer rate. The lower number of 106 W/m2 represents an estimate of the
average heat transfer rate over the duration of an experiment. This quantity
is in reasonable agreement with predictions based upon steady-state debris bed
heat transfer models and experimental data, suggesting that two-phase counter-
current flow is also a limiting factor in the transient heat removal from
debris beds.

- 111 -
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The data suggest that the cooling rate of superheated particle beds, and
hence the rate of steam generation, is limited by supply of liquid to the dry
region of the bed. It is plausible that the supply of liquid, in the transient
cooling, experiments, is limited by a countercurrent two-phase flow mechanism.
Additional data are required for further substantiation of this hypothesis.

These transient particle bed quenching experiments suggest that the LWR
containment steam spike pressurization rate would be limited by supply of
liquid to the dry region of the debris bed. The bed behavior observed in this
work, however, implies that solid particle debris would thermally attack the
concrete basemat upon contact. The gases released from the concrete may fur-
ther limit or preclude further bed cooling. ,
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NOMENCLATURE

A Particle bed cross-sectional area

A Single particle surface areap

c Particle specific heat

d Particle diameter
'

fd Fraction of stored energy transferred during downward-frontal period

hfb Film boiling heat transfer coefficient

H Bed height
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,M. 1. INTRODUCTION

. - t

'

1.1 Motivation' for Reselrch
&

Analyses of core meltdown accidents in light water reactors (LWRs) are be-
ing performed to develo~p an understanding of the consequences of such postu-t

lated accidents. Stuales of meltdown accidents are being sponsored by the
Nuclear Regulatsy Commission in conjunction with their program on Severe Ac-
cident MitigatirpFeatures for the Zion and Indian Point pressurized water re-

' actor (PWR) pwer plantOIDenton,1980; Meyer,1981). Analysis of containment>

building pressurization as i result of loadings imposed by the core melt is an
* integral feature of. these studies. A source of containment pressurization of

major concern is that of stew generation as a result of quenching (removal of
stored energy) of the' hot core debris with available cooling water. The phe-
nomenology of the quench precess, sometimes referred to as the " steam spike",
is incompletely understoo(s The objective of the work described here is to
develop and eveluate mechanistic models which characterize the thermal interac-
tion between core' debris' and water. These models will be incorporated into
containment analysis compdter codes.

.
,

1.2_ Background
,

( 1.2.f A' LWR Meltdown Accident Sequence

fA number af LWR accident sequences have been identified which lead to com-
plete core incitdown (Rasmussen,1975).; Among these, the "TMLB'" accident pro-
gression has been most widely studied. TMLB' is considered here because of the

,

potential importance of the steam spike phenomenon to the consequences of the
accident, and because of its importance to the Zion - Indian Point Study. The
accident sequence outlined below is discussed in detail by Meyer (1981) and
Pratt (1981). -

The TMLD' accident progression is initiated by loss of of fsite electrical
power, followed by fail'ure to recover either onsite or offsite power. This
results in loss of secondary heat removal capability and leads to primary
system pressurization under decay heating conditions. The pressurizer relief
valves open at their pressure set point and blowdown of primary steam to the
containment building occurs Core uncovery ensues, followed by heatup and
relocation of fuel and structural material within the reactor vessel . Mol ten
fuel and structural materia 1' eventually slump into the lower plenum and ther-
mally interact with the available water. The water would be completely vapor-
ized and the fuel and metal partially quenched. The steam produced would pro-
vide an additional loading on the containment building.

;

figure 1.1 is an accident sequence flow chart for the time period subse-
quent to vaporization of remaining water from the reactor vessel . The hot de-
bris would heat the reactor vessel, which would fail by one of the modes pos-
tulated in Fig.1.1 and shown graphically in fig.1.2 (Corradini,1980). The
debris would drop out of the vessel into the reactor cavity. Following vessel
failure, the remaining primary water would flash into the containment building.
Primary systen pressure would be reduced, the accumulators would release their
water to the vessel and thereby to the reactor cavity. The core debris would

-1-
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interact with water available in the cavity, producing steam and pressuri2.ing
the containment building. The debris would attack the concrete and decompo-
sition gases would provide an additional pressure loading on the containment
building if cooling water is not available to cool the cavity concrete basemat.
Following _ quenching of the core debris, decay heating would continue to
pressurize the containment building if cooling water is available.

Figure 1.1 shows two paths for the interaction between water and core melt
in the reactor cavity: (i) a steam explosion, or (ii) " slow" non-explosive
thermal interaction. It is known that steam explosions may accompany the ther-
mal interaction between molten core material and water (Corradini,1980). Un-

'certainties exist, however. in the prediction of the conditions required for a
steam explosion, and of the rate processes involved in the interaction.
Whether or not a steam explosion occurs under given conditions would signifi-
cantly influence the subsequent thermal characteristics of the debris. The
extent of de,bris fragmentation, for example, appears to depend on whether the
interaction is explosive or not. Steam explosions lead to much smaller frag-
ment sizes than debris characteristic of " slow" thermal interactions (Mitchell,

1981). The present work focuses on the description of non-explosive thermal
interaction between core debris and water. Containment loading mechanisms due
to steam explosions are beyond the scope of the present work.

The t%RCH code (Wooton,1980), which incorporates simplified models for
the various phenomena, has been used to compute the containment pressure his-
tory resulting from postulated TMLB' accidents in the Zion and Indian Point
plants (Yang, 1981). A typical calculation result is shown in Fig.1.3. The
segment a-b of the pressure history corresponds to the blowdown phase, during
which primary steam is discharged through the pressure relief valve. At 'b'
the core is uncovered and vaporization can no longer proceed. Condensation
leads to the small drop in pressure in segment b-c. The molten core is assumed
to drop into the lower plenum at 'c', leading to steam generation and a 0.09
MPa (13 psi) pressure rise in the containment building. The reactor vessel is
assumed to fail two minutes following deposition of the core on the lower ves-
sel head. The remaining primary system water flashes, leading to an additional
0.1 MPa (15 psi) loading on the containment building. The segment c-d includes
pressure rises from the lower plenum interaction and the primary water depres-
surization. The containment building pressure at this point is approximately
0.48 MPa (69 psia). The core debris falls from the vessel into the reactor
cavi ty . For the calculation of Fig.1.3, it was assumed that the cavity would
contain primary water which would be diverted to the cavity rather than routed
to the containment sump. The thermal interaction between the debris and water
leads to the pressure rise of 0.26 MPa (38.0 psia), represented by segment d-e |

of Fig.1.3. At 'e' the debris is quenched to the water saturation tempera-
'

ture. Further pressurization beyond 'e' occurs as a result of decay heating.

The pressure rise of 0.26 MPa resulting from the quenching of core debris
is accompanied by vaporization of 8.5 x 104 kg of water in 42 seconds. This '

vaporization rate was computed using the HOTDROP model of the t%RCH code to
represent the thermal interaction. This model assumes that the core debris is
fragmented into a collection of suspended spheres. Each sphere transfers
energy independently to the water at a rate which is limited by boiling heat

-4-



transfer and radiation externally, and by thermal conduction internally. The
large surface area of the debris leads to the large vaporization rates.

It was recognized (Yang,1981) that the debris would eventually reach a
settled bed configuration on the reactor cavity floor and that the steam gen-
eration rate from a bed qonfiguration could be much lower than from suspended
spheres. A factor of 10J lower surface area for debris beds of millimeter-
scale diameter was expected to lead to lower containment pressurization rates.
Debris bed limiting heat transfer models (Lipinski,1980; Dhir,1977; Dhir,
1979) were incorporated into the MARCH code by Yang (1981) and by Corradini
(1980) and containment pressurization calculations were performed.

Typical calculational results taken from Yang (1981) are shown in Fig.
1.4, in which the HOTOROP results are compared with the debris bed model re-
sults. It is observed that the pressurization rate predicted by the single-
particle and debris bed models is strongly model-dependent and is also a strong
function of assumed particle size. The results also indicate, however, that
the magnitude of the pressure rise due to the thermal interaction in the re-
actor cavity is nearly independent of the model used to represent the inter-
action. These two observations are explained by the fact that the PWR contain-
ment building is fabricated of reinforced concrete, which effectively insulates
the containment volume. The pressure rise attributable to the steam spike
occurs on a time scale which is too small for heat losses to reduce the peak
pressure attained during the transient.

The assumption of mode of thermal interaction between debris and water,
i.e., MARCH single-particle vs. debris bed, is seen to significantly affect the
time to reach peak pressure. In the case of the MARCH model the interaction is
completed (particles are quenched to water saturation temperature) in 10's of
seconds, whereas the debris bed models predict that peak pressures are attained
in approximately 20 to 150 minutes, depending on the model. If PWR containment
buildings are designed or modified to allow venting to reduce pressures during
postulated accidents, then this difference in time scales could be of major im-
portance in specifying vent design criteria. Similarly, the pressurization rate
would strongly influence design parameters of active or passive containment
cooling systems if they should be chosen to mitigate the consequences of melt-
down accidents. It is important, therefore, to characterize the thermal inter-
action between core debris and water using models which have been verified
against experimental data.

1.2.2 Accident Sequence Uncertainties

The two models discussed in Section 1.2 have been applied using the MARCH
code in order to bound the containment pressurization problem. The details of
the preceding phases of the accident and their inpact on the thermal interac-
tion process have been ignored in prior analyses. In actuality, however, the
mechanism of thermal interaction between debris and water upon release from the
reactor vessel is expected to be closely tied to several factors which define
the initial conditions for the interaction. These factors, some of which are
identified below, depend on the details of earlier phases of the meltdown ac-
cident:

-5-

-

. _ . , 7 . (:, .g . ; - ( ,, +. z _y , ; o s. , z., , ; g y _ g.a, ;, , p- sw, , . w g. ; . . n ,. . ; .; 8. ..: . .
_

,

,
.



12 0 , , , , , , , , , , i
*

|g
3 100 --

|*
"

1

w 1

$ 80 - -

!
e
y d, ,

E 60 --

g b

W C
3 40 --

E .

$ |
'

8 20 ~--

u o

' ' ' ' ' ' ' ' ' ' ' '
O
O 10 0 200 300 400 500 600

TIME (min)

FIG. 1.3 tiARCl! Calculation of " Wet Cavity" Steam Spike4

i

llsing HOTDROP ttodel (Yang, 1981)

14 0
'

, , , , i i , , i i , ,

I MARCH HOTOROP MODEL,

,g 120 2 DHIR-C ATTON MODEL
--

3 3 LIPINSKI MODEL
_''

g 100 --

a 1 2 3
m

0 80 - -

E

y 60 - -

W -

* 40 -

3
-

2

0 20 --

8 ' ' ' ' ' ' ' ' ' ' '
O
O 10 0 200 300 400 500 600

TIME (min)

FIG. 1.4 Comparison of Il0TDROP with Debris Ded Models
,

for 5 mm Spheres (Yang,1981)

-6-
i

|

|

l

.-. . . . - - . .. - .. . - - . , .- - .-- .. _ -



. _ _ _ _ _ _ _ _

,

(i) temperature and melt-solid composition of the debris prior
to failure of the vessel;

(ii) mode of failure of the reactor vessel, e.g., local vs. massive
failure;

(iii) extent of fragmentation of molten debris upon contact with
water;

(iv) mode of contact of molten debris with water, e.g., jet pene-
tration vs. well-mixed contact;

(v) inventory of water in the reactor cavity.

The factors listed above represent uncertainties which render detailed modeling
of the thermal interaction process difficult. Sets of assumptions need to be
made and several alternative accident sequences analyzed, in order to bound the
consequences of the postulated accident.

Three basic debris-water thermal interaction sequences can be envisioned:

(i) Core debris drops into a dry reactor cavity, followed by intro-
duction of water:

The melt woula spread along the concrete flocr of the cavity and
would begin to interact with the concrete, as represented in Fig.
1.5(a). The subsequent behavior of the molten pool with gas
evolution from concrete and with water available above the melt is
not understood. Whether or not the molten pool configuration would
cool as a pool or would mix with water, fragment and subsequently
cool as particulate debris, as shown in Fig.1.5(b), is not known.

(ii) Molten core falls into a water-filled cavity as a jet (diameter u
lateral cavity dimensions):

This sequence could result from local vessel failure. If molten
material penetrates the water as a jet with little breakup and mix-
ing, then the melt could spread along the cavity floor, leading to
a sequence similar to (i) above.

(iii) Molten core debris falls into an initially water-filled cavity and
is followed by extensive mixing with water on a lateral scale on
the order of that of the reactor vessel or reactor cavity.

This sequence postulates extensive intermixing between water and
melt with fragmentation of the debris during the fall to the re-
actor cavity floor. This mode of contact would result in greater
steam generation rates than (i) and (ii) above.

Of the three sequences characterized above, it is hypothesized that the
third would lead to the largest rate of containment pressurization due to steam

-7-
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eration.

aracterize the thermal interaction postulated by this sequenceThe work reported here is directed to development of models whi h
,nis thermal interaction is discussed in Section 2.1.

c
A model for.

1.2.3
Thermal Interaction Model Uncertainties

tainties exist inherent in the use of two limiting models which hIn addition to the accident sequence uncertainties discussed above, uncer-

to characterize the interaction between debris and waterave been used
.

is suspended in an infinite sea of water and that the heat transfeThe MARCH HOTDROP model assumes that each of the fragments ofcore debris
by debris internal and external resistances. r is limited
governed by the total surface area of the fragments. Steam production is assumed to be
are likely to be suspended in the fluid only for a limited time and wouldThe fragments, however,settle under gravity.
velocities produced by the thermal interaction.The liquid pool is likely to be disrupted by large steam
likely to be less than assumed in the HOTDROP modelDebris-liquid contact is
rate could, therefore, be less than that predicted by HOTDROP, and the steam generation

.

duction rate of packed beds of particles were developed bas dThe debris bed models which have been used to characterize thesteam pro-
considerations and were evaluated against steady state experiments with ie
ternally heated particles. upon steady state

transient cooling of debris beds has not been established bThe validity of these models when applied to the
n-

suitable transient experiments. y comparison with

thereby preventing thermal attack and consequent gas releareactor cavity is flooded at all times, then water would wet theIn addition, it has been assumed that if theconcrete,established, however,

ditions would permit water penetration to the bottom of ththat the debris bed behavior under transient quench conIt has not been
se.

e bed.
-

1.3 Outline of Remainder of Report

The objective of the remainder of this report is to describe
analysis and experimentation to develop models to predict the steaa program of
rate during quenching of core debris in water. m generation

experimental program. Chapter 2 presents the analysis which led to the conceptual de i
The results of the experiments are presented in Chapter 4The experimental apparatus and procedure are presented

s gn of thein Chapter 3.
discussed in Chapter 5.
safety are discussed in Chapter 6.The implication of the results with respect to reactorand

lights conclusions of the experimental study reported hereChapter 7 summarizes the results and high-
.

I
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2. ANALYSIS

2.1 Thermal Interaction Stages

Molten core debris which discharges from the reactor vessel is assumed to
interact with the cooling water in the reactor cavity in four stages:

(i) initial fragmentation and mixing;

(ii) fall of fragments through pool of water;

(iii) debris bed sensible heat removal (quenching);

(iv) debris bed decay heat removal .

Stored energy is removed in the first three stages, while decay heat is removed
in stage-(iv). These stages are considered below.

2.2 Initial Fragmentation and Mixir:g

This stage is not considered in detail in this work. It is assumed, how-
ever, that the initial mixing process leads to fragmentation of the debris into
particulates which are subsequently free to fall through the available liquid
pool to the floor of the reactor cavity, where they establish a debris bed con-
figuration.

Figure 2.1 shows fragment size distributions resulting from interactions
of molten thermite with water. Interactions which lead to steam explosions re-
suit in fragments which are typically hundreds of microns in diameter. On the
other hand, interactions which are non-explosive are found to lead to particle
sizes which are in the millimeter diameter range. Consistent with the objec-
tive of the present study, it is assumed that the fragment size is character-
istic of non-explosive interactions, i.e., millimeters in dimension. The frag-
ments are modeled as a collection of spheres of characteristic diameter 'd'.

2.3 Fragment Fall Period

It is assumed that the fragments fall through the pool of water as a col-
lection of spheres and transfer energy to boiling water at a rate determined by
the total particle surface area and the heat transfer resistances internal and
external to the fragments. (This mode of heat transfer parallels that modeled
by the HOTDROP model of the MARCH code.) Figure 2.2 shows the assumed geometry
for the interaction. The falling fragments are spread across a cross-sectional
area, A. They are assumed to interact with the water in a one-dimensional
mode, that is, the fragments fall through the water beneath them. It is as- |

sumed that the water within the volume, V, cannot be displaced to other regions
of the pool. This one-dimensional constraint is felt to be conservative, since
it does not allow water to be diverted away from the thermal interaction re-
gion.

|
,
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The fragmented debris lose a fraction of their initial stored energy dur-
ing their fall to the floor of the reactor cavity. It is assumed that a "typi-
cal" fragment spends a time, tfall, suspended in water prior to settling into
a particle bed. The energy that can be removed from the particle during this
period depends on the heat flux history of the fragments and on the fall time,
t all-f

The energy transferred during the fragment fall period can be significant.
Calculations indicate, for example, that the time constant of a 3 mm U02
sphere in film boiling is on the order of seconds. If the initial temperature
is 2477 K (4000 F), then half of the stored energy can be transferred to water
in four seconds. This time scale corresponds approximately to the time re-
quired for the sphere to fall through 3-5 m of water available in the reactor
cavity. It follows, then, that a significant fraction of the particle stored
energy can be transferred to the water during the fall period.

Description of the particle-water heat transfer rate during the fragment
fall period requires:

(1) a model for heat transfer between a collection of spheres falling
through a pool of water, where the particles are initially in film
boiling regime and where radiation is significant;

(ii) specification of the time scale that particles are suspended in the
water prior to settling into a bed configuration.

Much information is available in the literature pertinent to boiling heat
transfer from single spheres to infinite pools of water. There is no informa-
tion, however, on the behavior of collections of spheres in bounded flow
fields, where regions of the flow field are voided due to relatively large
vapor fluxes.

The velocity of spheres falling through a two-phase liquid is probably not
simply a function of the terminal velocity of the spheres in the pure liquid
phase. A method for computation of the time period that particles are sus-
pended in the two-phase flow prior to settlement must be developed.

2.4 Debris Bed Quench Period

The debris are assumed to settle into a packed bed configuration, having
retained a fraction of their initial stored energy. The debris temperature is,
for millimeter size fragments, likely to be above the minimum film boiling
temperature upon establishment of the debris bed configuration. The debris are
cooled by an overlying pool of water.

The steady state heat removal characteristics of internally heated debris
beds have been widely studied. Modcls for the maximum heat removal rate from
debris beds have been developed [see Gronager (1981) for summary]. There is
general agreement that the heat removal rate is limited by two-phase counter-
current flow mechanisms. The specific dominant mechanisms, however, are not
agreed upon, and the various models differ in their formulations. Table 2.1

- 12 -
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TAttt 2.1 1

Dominant Forces in Debris Bed Heat Removat l'odels

Forces Considered

Liquid- Vapor- Surface Liquid / Flow
Model particle particle Tension Vapor Regime Consents

Dhir-Catton(1979) X Lartner

Llpinski(1980) X X X Laminar /
Turbulent

Hardee-Nilson(1971) X X Lantner

Gabor(1980) X X Laminar

Ostenson(1981) X* Turbulent Based on flooding data
from packed columns

$hlres Stevens X X X Laminar

Theofanus (1981) X* Turbulent . Based on flooding data froee

packed columns

Zuber(1959) X*" Based on critical heat flus
for flat plate

*

Formulations for force models not given
**

Not esplicit, but apparently turbulent regime
* " Hydrodynamic Instability model used in analysis

,
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i

lists the various models and dominant mechanisms considered. Figure 5.2 com-
'

pares the maximum cooling rate of the various models.

The transient cooling behavior of superheated debris beds (To >> TSAT)
has not been previously studied. Previous calculations (Yang,1981), however,

.have assumed that the heat removal rate during bed quenching is limited by-the
same countercurrent flow mechanisms as discussed above for steady state condi-
tions. The models listed in Table 2.1 were used to compute the steam genera-
tion rate during quench conditions. The prior calculations have also assumed
that the concrete basemat on which the debris bed rests is adequately cooled,
and that no gases are released. The implicit assumption is that water contacts ,

the concrete during the quench process and provides the concrete cooling. The
validity of these assumptions has not been evaluated.

A mathematical model for the transient quench behavior of superheated de-
bris beds which are cooled by an overlying pool of coolant is required. The
model should provide the steam generation rate for calculation of the contain-
ment building pressurization. It should, in addition, provide a basis for
evaluation of the coolability of the concrete floor if liquid is available to
the particle bed.

2.5 Debris Bed Decay Heat Removal

This stage of the interaction process is not of direct interest to this
work. A brief discussion of relevant models is presented in Section 2.4 which
refers to the relevant prior work in the area.

2.6 Combined Model

This work is directed to development of a model to characterize two phases
of the thermal interaction between water and core debris -- the particle fall
period and the debris bed quench period. The model will include:

(i) a description of heat transfer from a collection of superheated
spheres falling through a two-phase pool of coolant, and the re-
sulting steam generation rate;

(ii) a method for estimation of time-of-flight of spheres through the
water prior to establishment of a debris bed;

(iii) a description of the heat removal characteristics of superheated
debris beds.

This report is directed towards development of a model to characterize the heat
removal from superheated debris beds.

|

|

|
|
,
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3. EXPERIMENTAL APPARATUS.AND PROCEDURE
,

,

3.1 Description of Test Apparatus

An experimental facility was designed to study the characteristics of
superheated spheres as they are either:

(i) quenched during fall through a pool of water and as they are sub-
sequently cooled in a packed bed configuration, or

(ii) quenched while in a packed bed configuration only, by an overlying
pool of water.

The experiment was designed to provide conditions of constant pressure boiling.
This report focuses on case (ii). The apparatus used in the transient debris
bed cooling experiments is described below.

Figure 3.1 presents a photographic view and a schematic diagram of the
test apparatus. The basic systems of the apparatus are:

(i) heaters for establishment of initial sphere temperature, for
preheating the test section wall and for heating the water;

(ii) a sliding gate shutter and actuation electronics and hydraulics;

(iii) test container;

(iv) test instrumentation;

(v) data acquisition and recording devices.

These systems are discussed individually below.

3.1.1 Heating Systems
1

The spheres are heated in a stainless steel container which is positioned
in the furnace shown in Fig. 3.1(a). A schematic representation of the heating
arrangement is shown in Fig. 3.1(b). Air delivered from a compressor flows

| through two high power density electrical resistance heaters, each rated at 2.4
kW, and connected in series. The hot air is directed to the furnace. The hot
air stream flows past the spheres, heating them by forced convection. In addi-
tion, the oven itself is heated. The oven is rated at 4 kW and the oven tem-
perature can be raised to 982 K. The air stream can be heated in the resis-
tance heaters to an outlet temperature to approximately 871-982 K. The sphere
temperatures are adjusted by a combination of air flow rate and temperature,
and oven power level . This combination of heating techniques was found to be
optimal in tenns of providing sphere temperature uniformity.

A heating system was designed to preheat the test section wall to the de-
sired temperature prior to an experimental run. The active portion of the test

- 15 -
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; vessel is wrapped with Nichrome heater wire. Four independent powerstats are
i used, each of which can supply up to 0.7 kW to the heaters.

3.1.2 Shutter System
L

While in the oven, the particles rest on a sliding gate shutter. The
' shutter plates are connected to compressed air-powered, spring-loaded pistons.

An electrical impulse activates a solenoid valve to supply the pressure which
drives the piston outward, thereby opening the shutter. This motion also com-
presses a spring on the cylinder. Upon relief of pressure, again by electrical;

' signal actuation, the compressed spring drives the piston back and the shutter
to its normally closed position. The open-close cycle can be chosen to be
automatically timed, or can be operated manually. The shutter can be retracted
completely from a closed position in approximately 50 milliseconds.

3.1.3 Instrumented Test Container

The test vessel shown in Fig. 3.1 is a Schedule 10 stainless steel pipe,
1.219 m long,108.2 mm inside diameter, with a 3.05 mm wall' thickness. It is
closed at the bottom with a stainless steel flange which contains a drain port
for draining water and removing the spheres. The pipe is coupled to a length
of Pyrex glass pipe above it to permit visual observation of boiling in the
pool of water above the particle bed.

The test section is instrumented with thermocouples which penetrate
through the wall into the test container. The thermocouple junctions are lo-
cated at the center of the pipe. Thermocouples are also mounted on the outer
wall of the pipe. The vessel is wrapped to a height of 0.45 m with 20 gauge
Lewis Engineering Heater wire, in order to preheat the test vessel wall.

3.1.4 Test Instrumentation

The test instrumentation includes:

(1) thermocouples in the oven to monitor and record sphere temperature,

(11) a thermocouple to record initial water temperature,

(iii) thermocouples in the interior of the test container to record
particle bed temperature and water pool temperature,

(iv) themocouples on the test vessel wall,
:

1

(v) a pressure transducer mounted on the wall of the test vessel,

(vi) a shutter activation signal to record opening and closing of the
shutter.

This instrumentation is discussed below. The data acquisition system is de-
scribed following the instrumentation description.

|

|

- 17 -

i

I



. . . .. _ . . . . . . . . - .. ... ... . . . . . .. .. . . . .
.

i

I

Four thermocouples are used in the oven to monitor the sphere temperature
distribution while heating is in progress. These temperatures are used to es-
tablish the sphere temperature initial condition. These sensors contain i
chromel-alumel grounded junctions with 3/16 inch diameter Inconel 600 sheaths.

~

Limits of error on these thermocouples, specified by the manufacturer, are + 2F
for 32-530 F and + 3/8% for 530-2300 F.

--

_

An additional thermocouple is used to measure water temperature prior to j
its release into the test vessel. 3

The test section instrumentation is shown schematically in Fig. 3.2.
Swagelok fittings are mounted in a staggered fashion on the wall of the vessel
to permit penetration of thermocouples to the interior. These thermocouples
are used to monitor particle bed temperatures and water tempe tture above the
bed. All of these thermocouples are exposed junction chromel 'alumel sensors.
They are 3.18 mm (1/8 inch) diameter, stainless steel sheathed elements. In
practice, as is shown in Chapter 4, these thermocouples primarily provide an
indication of the availability of water at the position of the sensor. The |
wall thermocouples are also chromel-alumel sensors whose junctions were flat- {
tened by impact and fastened to the outer wall of the test vessel. !

|One of the Swagelok fittings is used to mount a piezoelectric pressure 1

transducer to the wall of the test vessel. This sensor is used to measure
pressure fluctuations in the two-phase pool above the particle bed. This sig-
nal is used to identify the times of initiation and termination of boiling
within the test vessel.

The shutter actuation system provides a d.c. output signal which indicates
shutter actuation and closure times.

3.1.5 Data Acquisition and Recording

Table 3.1 summarizes all the data recording channels used in the experi-
ments reported here. All of the data channels are routed to a Hewlett-Packard
Model 21MX Data Acquisition System. Two data acquisition devices are used. A
Hewlett-Packard Model 3495 Scanner in combination with a Model 3455A Digital j

Voltmeter, and a Neff System 620, Series 100 Amplifier / Multiplexer. Both sys-
tems have integral analog-to-digital converters. The scanner was used to re-
cord sphere and water initial temperatures. The Neff system was used to record
all events during the transients. Data recording speeds of up to 50 kHz are
possible with the Neff system. In these experiments a 1 kHz filter was used to
remove high frequency noise, and the 16 available channels were sampled at a
rate of 20 channels per second. The digital output from both devices was tem- |

porarily stored on disc memory and was transferred to magnetic tape at experi-
mental run termination.

Subsequent to each run, the magnetic tape was played back using suitable
software and the signals were plotted on paper.

- 18 -
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Data Channels

Data
Channel NOs.

Shutter Signal
0

Pressure Transducer
1
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3.2 Test Procedure

Prior to an experiment, a prescribed mass of spheres is measured out,
loaded into the oven, and heated to the desired temperature. The sphere tem-
perature distribution is monitored to assure heating uniformity. The measured
temperature variation at a nominal sphere temperature of 533 K is approx-
imately + 10 K. For spheres heated to 977 K, the temperature variation is
typically + 20 K. Heating the spheres (15 kg typically) generally takes 2-4
hours, depending on the desired temperature.

While the spheres are heating, a selected mass of water is measured out
and is heated (or cooled) to the desired temperature. In addition, the test
section wall is heated to the prescribed temperature. Several of the wall tem-
peratures are monitored on a strip-chart recorder prior to a run in order to
allow adjustment of the temperature distribution along the wall .

An experimental run is initiated as soon as the initial sphere, water and
wall temperatures are established. The water is then loaded into the water
holding vessel . At this point, the shutter mechanism is activated by pressur-
ization of the compressed air system. A computer data acquisition program is
brought up on a computer tenninal adjacent to the apparatus. This program
first records the initial sphere and water temperatures, using the scanner sys-
tem. Transient data acquisition is then initiated for a selected data sampling
time interval . The shutter release mechanism is actuated and the spheres are
dropped into the (dry) vessel, where they form a packed particle bed. All
power, to the test apparatus, oven and test section wall, is turned off. A
30-60 second wait period is allowed for the bed thennocouples to heat to the
sphere temperatures. After .this wait period, the water is released from the
holding vessel and flows into the test container and on to the bed of parti-
cles. Data acquisition continues for the duration of the preset sampling time
period. This time period is chosen to assare data collection well beyond
termination of boiling activity in the test vessel. The experiment is termi-
nated at the end of the data sample period.

3.3 Test Parameters

Table 3.2 sunmarizes the range of experimental parameters considered thus
far in this study. The conditions and parameters characteristic of each exper-
1 mental run are listed in Chapter 4.
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TABLE 3.2

Test Parameter Ranges

Parameter Range

Packed Ded Particles 3_mm Q 0.25 mm) spheres-

Particle Material 302 stainless steel

Bed Diameter 108.2 m (test vessel 1.d.)
;

Mass Particles 10-20 kg

Mass Water 8.-14 kg

Particle Temperature' 533 K - 972 K (500 F-1300 F)'

Water Temperature 274 K - 360 K

Farticle Ded Height 218 - 433 mm
|
4

1

,
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4. PARTICLE BED QUENCHING EXPERIMENTAL RESULTS

4.1 Experimental Run Parameters

Table 4.1 presents the-run parameters of the packed particle bed quenching
experiments. All experiments were performed using 3.18 m diameter 302 stain-
less steel spherical particles. The sphere temperatures listed in Table 4.1-
represent the average of four temperatures fra thermocouples distributed
within the particle container in the furnace described in Section 3.1.1. The
test vessel wall was heated to the initial sphere temperature in all cases but 1

those indicated by asterisks. |
The particle bed porosity was not measured during the quenching experi-

ments. The porosity was measured, however, in separate effects tests with
Spheres at room temperature. These tests indicate that the bed porosity was in
the range 0.35 - 0.40.

4.2 Characteristic Qualitative Features of Results

The range of parameters considered in the experiments listed in Table 4.1
has led to a spectrum of observations which, to some extent, depend on specific
conditions. The results, however, have some qualitative features in common.
Therefore, before discussing the differences in behavior which depend on spe-
cific conditions, a " representative" experimental run is considered in detail.
The data are presented and features of the data are discussed. ,

Consider Run No.116, the initial conditions of which are listed in Table
4.1. The sphere and wall temperatures are both 818 K (nominally 1000 F) for
this run. Figures 4.1(a)-(d) presents the data for this experiment. Figure
4.1(a) is a plot of the shutter actuation signal and the pressure transducer
trace. Figures 4.1(b) and (c) show the particle bed temperatures on two dif-
ferent scales. The wall temperature traces are shown in Fig. 4.1(d). In these
and all such subsequent plots, zero time corresponds to the initiation of data
acquisition.

Figure 4.1(a) indicates that the shutter was opened at approximately 5
seconds af ter data acquisition was initiated, at which time the spheres were
dropped into the test vessel . The bed thermocouples, which were initially
heated by conduction from the hot walls of the vessel, began to respond to the
surrounding hot spheres at approximately 5 seconds. These thermocouples were
allowed about 30 seconds to equilibrate to the sphere temperature, after which
the water was released on to the spheres. The pressure transducer shows a
first indication of activity at 38.6 seconds, while thermocouple (TC) number 8
(TC8) responded to the presence of water at 39.5 seconds.

The outstanding feature of Figs. 4.1(b) and (c) is the sequence of step
changes in temperatures, beginning with TC8 located near the top of the bed.
This sequence then 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. The thermocouples
read nearly constant temperature until a step change occurred. The initial

:

i
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TABLE 4.1

Experimental Run Parameters

Sphere
Temperature Water Mass f4 ass Bed

T -TRun To Temperature o SAT Spheres Water Height
Number (K) (K) (K) (kg) (kg) (mm)

107 537.0 356 164.0 15. 8 327

108 538.3 362 165.3 15, 8 327
l 109 535.3 296 162.3 15. 8 327

'
110* 538.5 297 165.5 15. 8 327

111 814.3 296 441.3 15, 8 327

112 817.0 298 444.0 15. 8 327

113* 820.0 298 447.0 15, 8 327

114* 821.8 364 448.8 15. 8 327

115 808.5 362 435.5 15. 8 327

116 818.0 361 445.0 15. 8 327

117 537.3 294 164.3 15. 8 327

118 536.5 274 163.5 15. 12 327

119 815.8 274 442.8 15. 14 327

120 535.0 363 162.0 15. 8 327

121 534.3 274 161.3 15. 12 327

123 971.8 364 599.8 14.1 12 307

124 538.0 274 165.0 15. 12 327

125 540.0 276 167.0 15, 8 327

126 816.3 364 443.3 15, 8 327

127 682.8 363 309.8 15. 8 327

128 674.0 364 301.0 15, 8 327

129 815.3 361 442.3 15. 8 327

13J 672.3 362 299.3 15. 8 327

132 808.0 361 435.0 20. 12 433

133 820.8 355 447.8 10. 8 218

i
i

*

Test vessel wall initially at room temperature

| - 23 -
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drop in temperature is usually observed to be very sharp. This . sequential pat-
tern of temperature reduction is indicative of a frontal cooling behavior which
propagates down the column. It is a characteristic--feature of nearly all of
the nota acquired in the experiments reported here. It is believed (further
discussion is found in Chapter 5) that the sudden drop in temperature is
indicative of the first arrival of water to the site of the thermocouple.

Figure 4.1(b) indicates that several of the thermocouples partially re-
cover their initial temperature subsequent to the first arrival of liquid. In
this case four channels (TC Nos. 4, 6, 7, 8) exhibit this behavior. The tem-
perature recovery characteristic of Run No.116 occurred in many, though not
all, of the experiments. In some runs more of the thermocouples showed re-
covery, while in other runs all of the thennocouples recovered to nearly their
initial temperatures. This feature of the results will be discussed in sub--
sequent sections.

At 500 seconds, Fig. 4.1(b) indicates that TC8 is quenched, i.e., its tem-
perature is reduced to the liquid saturation temperature. No subsequent
thennocouple reheat is observed. This suggests that the particle bed is com-
pletely quenched at this point. The pressure transducer, however, indicates
boiling activity to 565 seconds. Figure 4.1(d), which presents the outer wall
surface temperatures, suggests that the final boiling activity in the test ves-
sel is due to quenching of the test vessel wall . The pressure transducer indi-
cates boiling took place in the test vessel for 527 seconds.

A sequential pattern of wall quenching is observed in Fig. 4.1(d). The
first wall thermocouple to indicate significant wall cooling is TC13, located
above the bed (see Fig. 3.3). Aside from TC13, however, the sequence of
quenching proceeds from the bottom thermocouple, TC10, to the top of the bed at
TC12.

Three " frontal" particle bed cooling patterns are suggested by Figs.
4.1(b)-(d). The first, observed in Fig. 4.1(b), is a downward-progressing
front which is interpreted as being related to the first arrival of liquid to
the site of the thermocouples. The times of arrival of this front to each of
the thermocouples can be deduced from Fig. 4.1(b) by observing the departure of
the temperatures from the nearly horizontal initial temperature lines. A
second frontal pattern is suggested by Fig. 4.1(b) but is not quite convincing-
ly displayed. This is a sequence of an upward-propagating front which leads to
final quenching of the thermocouples. Additional data are presented in Section
4.4 which further support the existence of such a front under some circum-
stances. The times associated with arrival of such a front can also be picked
off the abscissa of Fig. 4.1(b). The third frontal pattern, suggested by Fig.
4.1(d) is associated with quenching of the test vessel wall. The time of ar-
rival of this front at the wall thermocouple sites is associated with the
" knee" in each of the curves plotted in Fig. 4.1(d) which is followed by the
steepest drop in temperature for each curve. This rapid drop in wall temper-
ature is believed to be associated with the transition from film to nucleate
boiling heat transfer.

The times of arrival of each of the three cooling fronts as a function of
axial position in the test column are presented in Fig. 4.2. Time in all

;
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frontal propagation plots of this type is measured from initial water-sphere
contact time, which is deduced from the pressure transducer reskonse traces.
This front propagation data sumarizes the obsentations discussed chove.
Figure 4.2 shows the advance of the downward-propagating front which ' reaches
the bottom of the bed at 165 seconds. At this point an upward-propagating
front is observed which is responsible for " final" cooling of the thermocouples
within the particle bed as well as the vessel wall .

The position vs. time curve for the downward-propagating front in Fig. 4.2
appears to follow a linear trend. A least-squares analysis on these data
yields a propagation speed of 1.92 m/s. The behavior of the "up-front" is
more complex. A least-squares analysis of the " wall" data .gives a propagation
speed of 0.69 mm/s. An insufficient number of points are available to perform
a similar calculation on the "up-front" data of Fig. 4.2. Taking the wall and
up-front data points together (and excluding the wall point at 250 m and up-
front point at 200 mm), a least-squares analysis leads to a propagation speed
of 0.87 mm/s. It is a characteristic feature of the data that the epward-
directed front speed is less than the downward-directed speed. A more detailed ,

discussion of front propagation speeds is p' resented in Section 4.7, and of heat
transfer rates in Section 4.8. v

4.3 Effect of Test Container Wall Temperature

A series of experiments was performed to determine the effect of wall tem-
perature on the mode of particle bed quenching. These tests were conducted as
a consequence of preliminary experiments (Ginsberg, 1981), which suggested that
the wall temperature boundary condition could drastically affect the mode of
bed cooling.

Run No.114 was performed under the same nominal conditions as Run No.116
discussed above, except that the wall was not heated prior to the test. The
wall, therefore, was initially at roon temperature. The results of this test
series are presented in Figs. 4.3(a) and (b).

The spheres were dropped into the vessel at approximately 10 seconds fol-
lowing initiation of data acquisition. The pressure transducer indicates water
contact with the bed at 38 seconds. TC8, the uppermost thermocouple in the
bed, shows two cycles of cooling and reheating before finally remaining at ele-
vated temperature until the final quench. Following TC8, the next thermocouple
to show contact with water is TC2, the one closest to the base of the test col-
unn. From the time that TC2 shows water contact, the remaining thennocouples
sequentially quench from the bottom upwards, i.e., from TC2 at the bottom to
TC8 at the top. In this experiment there was no evidence of a downward-
directed cooling front. The mode of particle bed quenching suggested by the
data is via an ut: ward-propagating cooling front. This behavior is in marked
contrast to that observed in Run No.116 and discussed in Section 4.2. Figure
4.4 sunnarizes the frontal behavior discussed above.

All of the experimental runs listed in Table 4.1 with unheated test vessel
wall exhibited the upward-propagating cooling front behavior discussed above.
None of these runs exhibited the early downward progression of liquid as dis-
cussed in Section 4.2. This result is interpreted to imply that while the
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water began to penetrate the bed from the top downward, liquid subsequently by-
passed the central portion of the bed (where the bed thermocouples were 10-
cated) and flowed to the base of the column along the outer perimeter of the
bed adjacent to the vessel wall. The initial downward-propagating cooling
frontal motion was arrested and bed cooling then proceeded in the upward direc-
tion.

The interpretation of these results is discussed in Chapter 5. To summar-

f ize, however, it was concluded that the behavior characterized above was caused
s by the presence of the cold vessel wall. The experiment was designed to simu-
L late a large debris bed where the influence of bounding walls would be minimal.
! In the small-scale simulation experiments performed here, the wall condition
|

was designed to simulate, as closely as possible, layer of particles. It was
decided, therefore, to conduct all experiments with identical wall and sphere
initial conditions.

4.4 Data Reproducibility

Experiments 116,126 and 129 were performed under nominally identical con-
ditions, as indicated in Table 4.1. The results of Run Nos. 126 and 129 are
presented in Figs. 4.5 and 4.6, while those of No.116 are down in Fig. 4.1.

The temperature traces all show the characteristic sequential pattern of
temperature drop. beginning at the top of the bed and proceeding downward. The
only major deviation from this pattern is that of TC8 of Run No.126 in Fig.>

4.5. The response of this thermocouple is distinctly slower than the others.

The downward frontal behavior is represented for each run in Figs. 4.1,
4.5 and 4.6. Table 4.2 presents the downward propagation speeds which, in
general, lie within + 10% of each other. The scatter in this data has been
found to decrease as the initial sphere temperature increases. This will be
discussed in further detail in Section 4.8.

|

The major noticeable distinction between Runs 116, 126 and 129 is the ex-
tent of thennocouple temperature recovery following passage of the downward-
propagating front. In Run 129 only one thermocouple recovers. TC6 in this
case shows a very small temperature increase, i.e., the temperature rise above
saturation is small compared to initial sphere temperature difference (To-
TSAT). All other thermocouples remain at saturation temperature af ter pas-
sage of the first front. Four of the thermocouples in Run 116 and 6 thermo-
couples in Run No.126 show some degree of recovery. The quench pattern of the>

thermocouples which show recovery indicates passage of an upward-moving front
in Runs 116 and 126, which closely follows the quench of the test vessel wall.
The wall quench frontal speeds f or these cases are shown in Table 4.2.

The reproductallity of Experiments 116,126 and 129 is typical of the data
obtained thus far in the experimental program. The downward propagation cool-
ing pattern is quite consistent and reasonably reproducible. The data indi-

,

cate, however, that the thermocouples recover their temperature following pas-
sage of the downward-moving front in a manner that is not reproducible, either
in number of thermocouples indicating this behavior or in magnitude of the tem-
perature rise. Occause of this lack of consistency, it is sometimes dif ficult
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TABLE 4.2 1

Summary of Computed Time Scales, Propagation Speeds and Neat Fluxes *

PT TC ** a
T -T t t t t, d u 9" avg)

max !v Vo SAT d g n
(W/m -(W/m2}Pun No. (K) (s) (s) (s) (s) (mm/s) (m/s)

6 6
107 164.0 44.4 189.6 193.9 149.5 6.55 1.92 .82x10 3.57x10

108 165.3 43.9 217.9 204.3 166.4 7.09 1.97 .78 3.65

109 162.3 .39.0 183.7 158.5 119.5 7.64 2.64 .99 4.03

110 165.5 8.9 131.7 118.9 110.0' 2.27 1.34 ----

111 441.3 154.0 507.9 455.1 301.1 2.22 .94 2.76--

112 444.0 151.0 486.5 450.7 299.7 1.87 ,- .95 2.83

113 447.0 41.9 375.8 367.3 325.4 0.77 1.18 ----

114 448.8 48.3 379.1 365.9 317.6 1.01 1.19 ----

115 435.5 160.6 558.5 472.7 312.0 1.96 .88 2.59--

116 445.0 166.5 526.9 472.7 306.2 1.92 0.98 .90 2.57

117 164.3 39.5 155.1 160.0 120.5 7.65 .99 4.41--

118 * 163.5 50.5 187.0 131.7 81.2 5.52 1.20 3.12--

119 442.8 129.9 346.3 216.4 2.01 1.23 3.28-- --

120 162.n 41.7 171.7 164.9 123.2 6.70 -- .95 3.74

121 161.3 33.8 144.4 121.9 88.1 8.46 3.72 1.27 4.59

123 599.8 230.3 640.0 535.6 305.6 1.41 1.01 2.35--

124 165.0 34.1 142.4 121.0 86.9 8.70 1.32 4.67--

125 167.0 44.7 151.5 123.6 83.9 6.03 1.25 3.60--

126 443.3 175.7 521.0 407.0 311.3 1.91 0.40 .88 2.45

127 309.8 142.3 361.4 335.1 192.8 2.25 1.40 .89 2.10

128 301.0 119.2 -- -- -- 2.77 -- -- --

124 442.3 174.4 4R7.8 382.5 208.1 1.94 1.11 2.44--

130 299.3 108.5 354.1 324.8 216.3 3.09 -- 89 2.67

132 435.0 256.4 651.2 578.0 321.6 1.92 0.57 .97 2.19

133 447.8 95.4 350.3 299.0 203.6 2.07 -- .97 2.19

.

Refer to Table 4.1 for experimental conditions

*. I

Blanks indicate insufficient number of data points for least-squares analysis j
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to discern an upward-rising front from the bed thermocouples. These aspects of
the data are discussed in Section 5.1.

4.5 Effect of Sphere Temperature

4.5.1 Temperature Trace Characteristics

This section focuses predominantly on the observed features of the tem-
perature traces and their variation with initial sphere temperature. Some con-
sideration, however, is given here to the quench front results. Section 4.5.2
examines the quench front results in more detail .

The ef fect of initial sphere temperature is examined by comparing Run Nos.j

! 107, 127, 116 and 123. Except for the sphere initial temperature, these exper-
iments were carried out under nominally identical conditions. As indicated in'

Table 4.1, the water temperature in thse runs was approximately 363 K, or 10 K
subcooled. The temperature traces for Runs 107, 127 and 123 are presented in
Figs. 4.7 - 4.9, together with the frontal progression results. The results
for Run No. 116 are shown in Figs. 4.1 and 4.2.

With only one exception, the experimental results exhibit the downward-
directed cooling front behavior. This behavior is indicated by the sequential
sharp temperature drops exhibited by the bed thermocouples. This pattern is
evident in the temperature traces of Figs. 4.1, 4.2, 4.7 and 4.9, and in their
associated frontal propagation plots. The one exception to this behavior is
shown in Fig. 4.8, which shows the results of Run No.127. This run is dis-
cussed below in further detail .

Following the initial downward cooling progression, the data show that all
runs exhibit some degree of temperature rise of the bed thermocouples. This
temperature " recovery" suggests that, in all the runs discussed in this sec-
tion, the initial downward-directed cooling front does not remove all of the
stored sphere energy as it progresses down the particle bed. The magnitude of
the observed temperature rise and the number of thermocouples which exhibit
such a rise are not reproducible quantities, as discussed in Section 4.2.
There is, however, a general trend discernable in the temperature traces which
suggests that the extent of temperature recovery decreases as the initial
sphere temperature increases. Thus, for an initial sphere temperature of 533 K
nearly all the thermocouples represented in Fig. 4.7 show some degree of re-
covery. Furthermore, those that do recover remain at temperatures close to the
initial sphere temperature until later in the transient. On the other hand,
for an initial sphere temperature of 972 K, Fig. 4.9 shows only two thermo-
couples which recover. The magnitude of the recovered temperatures are smaller
than tnose characteristic of, for example, Run No. 107 shown in Fig. 4.7 for
the 533 K sphere temperature.

particle bed quench propagation results were extracted from the tempera-
ture traces in the manner described in Section 4.2. The results are presented
along with the temperature traces in Figs. 4.2 and 4.7-4.9. Data are shown for
three frontal patterns: bed downward- and bed upward-propagation, and wall
cooling. These figures display the discernable pattern of frontal cooling ob-
served in the temperature traces. These data further suggest that the wall of
the test vessel and the thennocouples within the particle bed were both finally
quenched to the saturation temperature during the final upward-directed frontal
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cooling progression. The quench propagation results are discussed further in
Section 4.6.2.

As discussed earlier in this section, Run No.127 was an exceptional case
in which a downward-progressing front was not clearly discernable from the tem-
perature traces. Figure 4.8 shows the results of this experiment. Only two of
the seven particle bed thermocouples showed an initial temperature drop associ-
ated with the arrival of a downward-directed cooling front. The temperature
drops, however, were incomplete (i.e., the temperatures did not fall to the
liquid saturation temperature). The two thermocouples subsequently reheated to
nearly the initial temperature of the spheres. TC8 in this case responded very
little to passage of the downward-moving front. At approximately 114 seconds
(see Fig. 4.8), the slope of the TC8 temperature trace changed and the trace
suggests a subsequent slow cooling behavior. A sharp temperature drop associ-
ated with liquid contact is absent. The arrival of the downward-moving front
to TC8 is taken as 114 seconds. A downward-directed front is discernable in
Fig. 4.9, but it is not as distinct as it is for most of the experimental runs.
The upward-directed front is clearly defined in Fig. 4.8(b), which shows that
the wall and the bed underwent a final quench process with little time lag
between them.

Because of the " peculiarity" of Run No.127, two additional experiments,
Run Nos.128 and 130, were performed under nominally identical conditions. The
temperature traces, not shown here, are similar to those shown in Fig. 4.6 for
Run No. 129. A clear pattern of a downward-directed front is observed in each
case, followed by the upward-moving cooling front. All thermocouples in the
particle bed responded sequentially from top (TC8) to bottom (TC2) in distinc-
tion to the result of Run No.127. The frontal behavior of the results for the
three runs is summarized in Fig. 4.10. The data show a consistent and repro-
ducible pattern of bed cooling. The data of Run No.127 are consistent with
those of Run Hos.128 and 130, even though not all of the thennocouples indi-
cated passage of a cooling front.

4.5.2 Particle Bed Ouench Propagation Data

Figures 4.10-4.13 present the particle bed quench-front propagation re-
sults for each of the four initial particle temperatures considered, with a
fixed water temperature of 363 K. Each figure represents a composite (except
for Fig. 4.13) of two or more experiments repeated under the same nominal con-
ditions. The figures show the wall-cooling frontal progression as well as the
upward- and downward-directed frontal progression.

The quench front data presented in Figs. 4.10-4.13 suggest a clear pattern
of frontal cooling behavior for all the experimental conditions. A downward-
moving front progresses to the bottom of the particle bed, at which time a
front begins to propagate upwards. The test section wall and the particle bed
usually quenched together in the upward quench progression when the initial
wall temperature matched the initial bed temperature. When the wall temper-
ature was initially larger than the bed temperature (Run No.108), the wall
quenched in a separate quench pattern. This is observed in Fig. 4.10, where
the shaded square data points represent conditions in which the wall tempera-
ture was initially 672K, while the sphere temperature was initially 533K.
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This delayed wall quench mode did not affect the prior downward- and upward-
directed bed quench behavior.

Passage of the upward-directed cooling front past any axial location was
coincident with the final quench of the thermocouple at that location. In no
case is there any indication of subsequent thermocouple temperature rise af ter
this front had passed.

; In some of the individual experiments, especially at the higher sphere
temperatures, only 2 or 3 thermocouples indicate passage of the upward-directed
front. When plotted on the same figure, however, the superposition of several
sets of data run under identical conditions reveals a clear pattern of frontal
behavior.

4.6 Effect of Water Temperature

Experiments were performed with cooling water temperature in the range
274 K - 363 K (34 F - 190 F). Observation of the temperature traces suggest a
trend whereby the lower the water temperature, the lower the likelihood of
thermocouple temperature recovery following passage of the downward-directed
cooling front. The temperature rise associated with recovery also tends to be
smaller for the lower water temperatures.

In order to exaggerate the effect of water temperature, experiments were
performed using ice water, at approximately 274 K. The most marked effect was
observed with initial sphere temperature at 533 K. Of the four experiments
listed in Table 4.1, which were run at 274 K under the same conditions, only
one, Run No. 121, showed significant temperature recovery. The temperature
traces for this run were similar to those of Run No.107, presented in Fig.
4.7. The remaining three experiments, Run Nos. 118,124 and 125, showed little
or no temperature recovery. The temperature traces of Run No.124 are shown
in Fig. 4.14. Only TC3 shows signs of recovery. The remaining thermocouples
stay at saturation temperature or show signs of incursions of cold water from
the pool above the particle bed.

The other experiments listed in Table 4.1, which were conducted with water
temperature less than 363 K, all show less temperature recovery following pas-
sage of the downward-directed front than the experiments with water temperature
at 363 K.

4.7 Effect of Particle Bed Height

The effect of bed height was investigated in a series of three runs with
initial sphere temperature 810 K and water temperature 363 K. The bed heights
for Run Nos. 133,116 and 132 were 200, 300 and 400 nun, respectively. The re-
sults of these experiments are summarized in Fig. 4.15, which show the frontal
propagation data.

The data shown in Fig. 4.15 include the down-front and wall-cooling front
information. The effect of bed height is simply to shif t the time and position
intercepts. The slopes of the frontal position vs. time lines are not appre-
ciably influenced by the bed height. The magnitude of the frontal speeds is
discussed further in Section 4.7.
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4.8 Particle Bed Quench Times

This section discusses various time scales useful for characterization of
the quench characteristics of particle beds. The information is presented in
tabular form in Table 4.2.

The " quench time", t , is defined as the time, measured from initialq
particle-water contact, required for the spheres to reach thermal equilibrium
with the cooling water. At this time the particles will have been cooled to
the liquid saturation temperature and boiling will have ceased. lhe time re-
quired for quenching of the particle beds was obtained (i) from observation of
the pressure transducer (PT) signal, and (ii) from the temperature trace re-
sults. The pressure transducer provides an estimate of the time interval dur-
ing which boiling occurred within the test vesel. The temperature traces give
an indication of the time lapse between the first contact of liquid with the
uppermost thermocouple and the final passage of the upward-directed cooling
front past the thermocouples. Figure 4.16 compares the pressure transducer and

TC),thermocouple estimates of the bed quench time, PT-TIE and TC-TIME (tq
The pressure transducer estimate is consistently larger than the thermocouple-
derived measurement of the overall quench time. It is believed that the reason
for the larger values of the pressure transducer time scale (PT-TIE) are the
result of continued boiling in the test section due to stored energy in the
test vessel wall . It is felt that the thermocouple-derived quench times are
more representative of activity within the bed than the transducer-derived
times. Figure 4.17 presents the bed quench times plotted against the initial
particle temperature difference. All runs are plotted except for Nos. 24 and
25. The bed quench time increases with temperature difference, or particle
stored energy. These quench times are used in Section 4.10 to compute the av-
erage bed cooling rate.

Two additional time scales may be defined from the frontal propagation re-
(i) the time, t , required for the downward-moving front to reach thesults: d

bottom of the test vessel, and (ii) the time, tu, for the upward-moving front
to traverse the bed from top to bottom. The quantities, t , were obtainedd
from the frontal propagation data, e.g., from Fig. 4.15. A linear least-
squares analysis was performed on the dcwn-front position vs. time data. The
time td for the front to reach the bottom of the vessel is obtained from the
least-squares fit equation. Since the downward-propagating frontal pattern was
relatively easy to identify, evaluation of td for each experiment was
straightforward. This time scale, furthermore, is reasonably reproducible.
The time tu, however, was somewhat more difficult to accurately specify.
This quantity was obtained for each experiment by subtracting td from the

TC,overall quench time tq

The quantities tu and td extracted from the data are presented in Ta-
ble 4.2. Figure 4.17 presents the frontal traverse times for all experiments
with water temperature approximately 360 K. The results presented in Fig. 4.17
are used in particle bed heat transfer calculations presented in Section 4.10.
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4.9 Cooling Front Propagation Speeds

The temperature traces for each of the experiments were analyzed and a
frontal propagation plot was constructed, as described in prior sections. In
nearly all cases a clearly identifiable pattern of a downward-moving front was
observed. The position vs. time data associated with the frontal pattern ap-
peared linear. As a result of this observation a lirmar least-squares fit was
performed for each set of down-front data and the sped of the front, vd, was
thereby obtained. Each experiment provided a well-defined vd-

The frontal propagation plots also suggest the existence of an upward-
propagating cooling front. This front, however, must be identified by a com-
bination of wall and particle bed position-time data. Observation of the bed
thermocouples alone in many cases does not suggest the existence of a frontal
cooling pattern. The speed of the upward-directed cooling front, v , wasu
obtained for each experiment in which three or more bed thermocouples appeared
to suggest cooling front behavior.

The computed values of cooling propagation speeds are tabulated in Table
4.2. A vd is presented for each experiment. For the reasons described
above, however, it was not possible in many cases to compute a value of v -u
In most of the low initial sphere temperatiare experiments it was possible to
compute a v . Most of the cases where a value of v could not be calcu-u u
lated occurred for high sphere temperature. This observation is consistent
with the experimental results described in Section 2.5.

The frontal propagation speeds for all experiments are presented in Fig.
4.18. The results indicate that:

(i) the downward frontal speeds are 2-3 times greater
than the upward speeds;

(ii) the frontal speeds fall off with initial stored sphere
energy (proportional to TZER0-TSAT);

(iii) the frontal speeds are more reproducible at the higher
sphere temperatures;

(iv) the speeds are independent of cooling water temperature.

4.10 Particle Bed Heat Transfer Rates

The major objective of this situiy is to develop models for prediction of
the steam generation rate resulting f rom the thermal interaction between cool-
ing water and hot core debris.

In this section, the rate of heat transfer between the particle beds and
water is estimated from the data presented in previous sections. Thus, while
the particle-water heat transfer rate was not directly measured in this study,
various estimates of the characteristic heat transfer rates are presented
below.
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4.10.1 Average Bed Heat Flux

The average rate of heat transfer is defined by assuming that the initial
stored energy of the spheres is transferred to the water in a time equal to the
particle quench time, t . The heat flux based upon the test vessel cross-q
sectional area is, then

MC(T -TSAT)o
9 avg ' TC (4.1)At

q

Average heat fluxes were computed for each of the experiments using the quench
times tabulated in Table 4.2. The resulting heat fluxes are presented in Table
4.2 and are also shown in Fig. 4.19.

The average heat flux data presented in Fig. 4.19 are, within experimental
scatter, independent of the initial particle bed temperature difference To -
TSAT (or stored energy). This observation suggests that the particle bed
heat transfer rate is independent of temperature driving potential . The data
also suggest that the ice water experiments led to higher heat transfer rates
than those conducted at higher temperatures.

4.10.2 Maximum Bed Heat Flux

The cooling front propagation data discussed in prior sections suggest
that bed cooling occurs in two stages, corresponding to the time periods of the
downward- and upward-propagating cooling fronts. It is likely that the heat
transfer rates during the two time periods differ from each other and from the
average heat transfer rates defined in Section 4.9. Since the instantaneous
heat transfer rate was not measured in this experiment, it is not possible to
directly evaluate the heat fluxes during the two time periods. An upper limit
estimate of the heat transfer rate during bed quenching can be obtained by as-
suming that all of the heat transfer occurred during the time of passage, t .d
of the downward cooling front. The maximum heat flux can then be contputed as

PC(T -TSAT)g
9,, max " At (4.2)d

A value of q" max was computed for each experimental run, using the val-
ues of t own listed in Table 4.2. The resulting q" max are listed in Tabled
4.2 and are shown in Fig. 4.20. Except for the lowest sphere temperature data,
the results also suggest that the bed cooling rate is independent of the
driving temperature difference. There is some evidence of a water temperature
ef fect, as observed in Section 4.10.1. Data scatter, however, precludes a
clear conclusion.

4.10.3 Summary of Computed Heat Transfer Estimates

The heat transfer information presented in Sections 4.10.1 and 4.10.2 are
calculational estimates based upon several quantities which were measured.
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Particle bed heat transfer rates were not directly measured. This~section sum-
marizes the computed heat transfer estimates.

. . The calculated average and maximum heat fluxes .are compared in Fig. 4.21.
They . indicate that the particle bed heat flux is in the range 1.0 x 100 to
2.5 x 106 W/m2 for the conditions of_the experiments. Except for the ex-
periments with the lowest sphere temperatures, the estimated particle bed heat
removal rate is independent of spiere temperature.
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5. DISCUSSION AND INTERPRETATION OF RESULTS . ." ,
; .

.n., .

This chapter synthesizes the experimental observations presented in Chap- '

ter 4 into a picture of the particle bed quenching process. Section 5.1 pre- ', (~
sents an interpretation of the experimental results. A mathematical model for '

the physical processes involved in particle bed quenching is discussed in Sec-
,

tion 5.2. j f,

5.1 Heat Transfer Characteristics of Superheated Particle Beds Under Transient
.. . .

Quench Conditions
r T p

The experimental evidence presented in Chapter 4 suggests that two cooling ^

7.
frontal patterns propagate sequentially through a superheated bed when flooded . i -

'

;

from above with water. A downward-propagating cooling front begins to traverse ' . . .
.

the particle bed immediately upon introduction of cooling water. This frontal L.''-
behavior is characterized schematically in Fig. 5.1(a). The cooling front. '?
located at z*, is postulated to separate an upper region into which water has . 9. .
penetrated and in which the spherical particles are partially quenched, from a *

lower region into which water has not yet penetrated. The advance of the cool- ',"

*ing front is observed experimentally by the initial pattern of thennocouple -

temperature drops, described in Chapter 4 and characteristic of nearly all of , 1
the experiments. The upper layer is not completely quenched, i.e., not all of - c-

'

the particles are reduced to the water saturation temperature, as indicated by - -
'

<

the thermocouple " recovery" observed in many of the experiments. This down- . , -1

ward-propagating front is postulated to be associated with the first arrival of 4.' f . 4
liquid to the thermocouple locations. Prior to arrival of the front, the . . '.
particles are dry. The downward-propagating cooling front advances with speed s ,

*

,

vd. The speed vd is a decreasing function of the initial stored energy, as b
3

shown in Fig. 4.18. The downward-moving front reaches the lower boundary of ,,
-

the test vessel at time td following initial contact of the water with the c ..

i"bed. This time increases with bed height and initial stored sphere energy, as
' i ,>

i

shown in Fig. 4.17.

The experimental evidence suggests that upon arrival of the downward- I i .
directed front to the lower boundary of the particle bed the particles were in- .''D.

completely quenched. This is clear from observation of the thermocouple traces ' '-

. ' . . .
-

from most of the experimental runs. Exceptions to this behavior occurred for ^

.

runs with water temperature near the ice point. In some of these cases quench- q .

ing of the particle bed, as indicated by the bed thermocouples, was complete .-fupon passage of the initial water front. It is noted, however, that some 294 K
.

H
water runs exhibited only partial quenching. ' W

v .. ;A

A direct evaluation of the energy removed during passage of the downward- '. . .
propagating front is not possible from the data of this experiment. The tem- i'''.
perature and liquid-fraction distributions within the bed at any instant are ?-/
not known. The thermocouples are used only to provide an indication of the *

.: . , .

presence or absence of water at the site of the thermocouples. A thermocouple r
reading above TSAT was used to infer that the spheres surrounding the thenno- ;

*couple were above the liquid saturation temperature. The actual sphere temper-
''';''atures were not inferred from the thermocouple traces. As a consequence, the -

. :
;, +

y * . -
' '4 ,_

w
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total energy removed from the spheres during passage of the downward cooling
_

front cannot be directly obtained from the bed thermocouples. All that is --

known directly from the data is that some fraction of the initial stored energy -

was retained in the spheres after passage of the downward cooling frcnt. It is
-

postulated that there existed pockets or channels of spheres which were lef t
unquenched subsequent to passage of the downward-progressing coolant front. }

A second cooling front is postulated to develop upon arrival of the ini-
-

tial frcnt to the bottom of the test column. This frontal pattern propagates si
in the upward direction, as shown schematically in Fig. 5.1(b), at a speed [
v. The existence of this front is suggested by the observed sequences of Tu
final bed thermocouple temperature drops in many of the temperature traces. ?
This pattern of sequential temperature drops is most apparent in the experi-

~

ments performed with 533 K initial sphere temperature and with 360 K water. In _j

these experiments nearly all thermocouples show temperature rises following G
passage of the downward cooling front. These thermocouples are finally reduced
to the saturation temperature in a sequential pattern from bottom to top of the a

test vessel . The thermocouples subsequently exhibit no departure from the lig- A

uid saturation temperature. At the higher sphere temperatures, and with 360 K j
water, this behavior becomes less pronounced. Only a fraction of the bed 3]

-

thennocouples exhibit temperature rises following passage of the downward
--front. In general, these thermocouples then show a final temperature drop in a

'

sequential pattern which suggests the passage of an upward. cooling front. The -

pattern, however, is not as clear as for the 533 K sphere temperature experi-
fments.

' d
The wall thermocouple traces support the hypothesis of the passage of an i

upward-directed cooling front. In the experiments with heated test wall, the ,

wall temperatures remained close to the initial tempcrature durinq passsage of -

the downward cooling front. The final, rapid temperature drop of these thErmo-
couples, associated with the transition from film-to-ntcleate-boiling, occurs -g
in a sequential pattern from bottom to top of the test vessel. With the wall E
temperature preheated to the sphere temperature, the final quench of the bed . -%

'

thermocouples coincides in time with that of the wall thermocouples. With the M
wall heated above the sphere temperature, the wall quenches later than'the Y
corresponding bed thermocouples.

The combination of particle bed and wall thermocouple temperature traces
suggests that a second cooling front propagates up the column subsequent to ar- /

rival of the downward-moving front to the bottom of tre vessel . It is hypothe- M
sized that the final quench of the particle bed occurs during passage of this 1,

cooling front up the test column. That is, it is postulated thpt the passage -

of the upward-propagating quench front, indicated by final luench of the
~

thermocouples within the packed bed, coincided with the final quench of the
spherical particles as well . If the spheres had retained significarvt internal -

energy af ter passage of the upward-directed cooling fro 1t, it is argued that 4

the thermocouples would have dried out and would have in ficated the presence of %
superheated spheres, as they did following passage of the downward-df rected
front. This hypothesis will be further evaluated in future experiments.

The upward-propagation front is assumed to move at speed v and to takeu ,

tu seconds to traverse the particle bed. The propagation velocity is a 1
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decreasing function of To-TSAT. The speed of the upward-propagating front,
derived from the particle bed thermocouples, is approximately half that of the
downward-directed front.

The heat transfer rate between the particle bed and cooling water was not.

directly measured in the experiments. Estimates of the heat transfer rate,
however, were made ush:g- the time scales tu and t , together with the ini ~d
tial stored energy. The average particle bed heat flux, defined by Eq. (4.1),
was shown to be independent of particle temperature difference, To-T

W/m$.as
SAT

shown in Fig. 4.24. The magnitude of the observed heat flux is 106
,

The particle bed cooling rate, then, is independent of the driving temperature
j dif ference for particle-water heat transfer, for AT up to 600K.
I

5.2 Transient Particle Bed Heat Transfer Mechanisms

The experimental results reported here are used to provide insights into
the limiting particle bed. heat transfer mechanisms operative during the tran-
sient bed cooling process. lhe discussion presented here is preliminary, how-
ever, since- the range of parameters studied thus far is limited, and a direct
mear.urement of^the.perticle bed-water heat transfer rate has not yet been made.

-o .
insight Into possible heat transfer mechanisms can be gained by comparison

of , single-particle hett transfer time scales to the measured particle bed
quench time scales. Assume that the particle bed has been completely submerged
in water, such' that each; particle .is surrounded by water. The particles are

' assumed to transfer heat to the surrounding water through a film-boiling heat
! transfer process. A lumped-parameter heat transfer equation for a particle in

,

flim boiling is
" '

fb p(T - TSAT) (5.1)bmc =h
;

,

,
_

u
.a,

. s where'it is assumed'that tne water is at the saturation temperature and that'

- the-internal resistance to heat transfer is negligible. The time constant for
_

a sphere is
,

''

y f-. g
"

(5.2>,
,o fb p fb,

.
; ,

using the Bromley'(1950) film boiling heat transfer correlation, the hgat
transfer cr.ef ficient for a'3 m sphere is approximately constant at 350 W/m2K
for temperatures ep Jo 1300 K at atmospheric pressure. The time constant,
then, fpr e.3 mm' stainless steel sphere is 6-7 seconds. This time scale is in-
.terpreted.to;.be tbg drcer-of-magnitude of time which would be required to.

; ,

querch the particle bed f f water were available to all the particles in the bede ,

( Immediately_upon intr # uction of cooling water.
+s ,

r The par,ticly bed quench times measured in the experiments were in thes.
range 120'to'600 secor.ds for'foltlal particle temperatures in the range 533 K
to 971 K, sp isbon in 1chie 4.2.

,'
' ;\ ;'

'

; O-

s.

- -; { \s - ,
'

t
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The large disparity in the computed particle film-boiling time scale and
the measured bed quench times suggests that the controlling rate process is not
related to individual particle-water heat transfer resistance.

The computed average heat flux results presented in Fig. 4.19 indicate
that the particle heat removal rate is independent of To-TSAT, the driving
temperature differential for particle-water heat transfer. This observation
provides further evidence that particle-water film boiling heat transfer is not
the mechanism which controls the particle bed cooling rate.

The frontal characteristics of the experimental data suggest that the par-
ticle bed heat transfer rate is limited by the rate of supply of water to the
dry, yet unquenched, regions of the bed. A process which would limit the flow
of water to the dry regions of particle beds during transient heat removal ',s
countercurrent two-phase flow flooding. The flooding phenomenon is suggested
by prior work involving maximum steady-state heat removal from internally
heated particle beds, discussed in Section 2.4.

The heat removal rates predicted by steady-state debris bed maximum heat
transfer models are presented in Fig. 5.2 for the packed particle bed condi-
tions of the experiments reported here. Figure 5.2 also presents the steady-
state experimental data of Darleon (1981) for 100 mm-depth particle beds with
particle sizes greater than 1 mm. The transient quench data from the present
experiment are presented in Fig. 5.2 as a black band. The band represents a
range of heat transfer rates bounded by q" max and q" avg, which were estab-
lished from the experimental data. This range of estimates arises, rather than
a simple quantity, because of the uncertainty in the fractions of particle
stored energy transferred to water during the two frontal propagation periods.
(This uncertainty will be resolved in future work.) Figure 5.2 indicates that
the average heat flux q" avg agrees reasonably well with the models of Lipin-
ski (1980) and Gabor (1980). It also agrees well with the steady-state data of

2Darleon (1981) . The "d "-dependence of the heat flux characteristics of the
laminar regime model of Gabor, however, does not well-characterize the Barleon
data. The best agreement with the available data, both steady-state and
transient, in magnitude and trend is provided by the counterflow turbulent
regime model of Lipinski. This model predicts a "d /2"-dependence of the1

heat flux on particle diameter.

The steady-state models are all countercurrent two-phase flow packed bed
flooding criteria. The mechanism which governs the maximum heat removal rate
is a hydrodynamic limitation which governs the supply of liquid to the bed from
the overlying pool. It is plausible, although sufficient data have not yet
been developed to make a conclusive case, that similar flooding criteria apply
to the transient particle bed cooling process. Based upon the experiments
reported here, the average particle bed heat removal rate under transient
quench conditions encountered in the experiments are predicted using the
steady-state model of Lipinski. Additional experimental data are required in
order to allow a more definitive conclusion.
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6. IMPLICATIONS WITH RESPECT TO LWR DEGRADED CORE ACCIDENTS

6.1 Accident Analysis Implications

6.1.1 LWR Steam Spike Containment Pressurization

Meyer (1981) has argued that the rate of containment pressurization as a
result of core-debris-water-thermal interaction in TMLB' accident sequences can
be conservatively bounded using the MARCH code's HOTDROP single-particle heat
transfer model . Yang (1981) and Corradini (1981) substantiated this argument
by arguing that the core debris would settle into a packed bed in the reactor
cavi ty . They showed that if the transient heat removal rate from the bed is
computed on the basis of steady-state debris bed heat transfer models, then the
containment pressurization rate due to steam generation would be substantially
lower than predicted by HOTDROP.

As discussed in Chapter 2, the thermal interaction between core debris
would occur in several stages, two of which are the particle fall period and
the packed bed period. MARCH treats the entire interaction using the HOTDROP
model. Data have been obtained in this experiment for the packed bed period.
The data obtained from the experiment support the above arguments, albeit for a
restrictive set of experimental conditions.

Table 6.1 summarizes the various estimates of the experimental particle
bed heat transfer rates. The quantity q"fb in Table 6.1 is an estimate of
the heat flux based on assumptions which are directly analogous to those of the
HOTDROP heat transfer calculation. The Bromley (1950) film boiling heat trans-
fer model for spherical particles is used to compute the total rate of heat
transfer, assuming all particles are surrounded by water and participate in the
interaction. Thus, the total particle surface area is used in the calculation.
The heat flux q"fb is then expressed in terms of unit bed cross-sectional
area, as are the other heat fluxes in Table 6.1. The heat fluxes computed from
various steady-state debris bed models are compared with those of the (tran-
sient) experiments.

The following conclusions are drawn from the comparison:

(i) The single-particle film boiling model, with assumptions
analogous to HOTDROP, provides an overestimate of the
experimentally determined transient particle bed heat
removal rate. The film-boiling heat flux is an order-
of-magnitude greater than any of the experimental heat
fluxes.

(ii) Estimates of the average transient packed bed heat removal
rates determined experimentally are predicted reasonably
well by the steady-state countercurrent-flow limited heat
transfer models. The qua itity q" max, an upper-bound es-
timate of the experimental heat flux, is, however, approx-
imately a factor of two above the predictions.
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TABLE 6.1

Particle Red Heat Removal Rates

..

Particle Ofameter .3 m
Porosfty . 0.4,

Bed Height- 200-400 m'

,

' Pressure 0.1 MPa. (1 Bar)
:

*

| This . Steady-State Sphere rtim Rotilng
. Transient E eriment

DebrisBeg)Model ' AT=165K,lg)kgSteel(W/m (W/n
'

.(W/m
.

6 0 7
q",yg = 1.0 x 10 Shires- H.0 x 10 q"fb = 2.6 x 10;

0 6q",, - ?.5 x 10 ifardeo 7.9 x 10
,

.

7! Ohir 1.3 x 10

6Theofanus 1.3 x 10
I Lipinski 1.3 x 106

6
. Tuber 1.1 x 10
i

6Cabor 1.5 x 10
5

] Ostensen ,5.5 x 10

i

1

0

h

|

$'
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Thus, the data support the contention that the HOTDROP model assumptions
provide an overestimate of the heat transfer during the packed bed period of
the thermal interaction. Data for the particle fall period are required in
order to generalize the conclusion to the entire thermal interaction process,
including both fall and bed periods.

The conclusions discussed above are based upon the data presented in this
report, the conditions of which do not encompass those of prototypic interest.
Further data and model development are required in order to more confidently
extrapolate the conclusions to prototypic conditions.

6.1.2 Transient Debris Bed Heat Removal: . Basic Model Assumptions

|
Calculatioh of the core debris-water thermal interaction using either the

HOTDROP model or debris bed models implicitly assume that if the debris are
fragmented, then they are coolable in the sense that their stored energy can be
successfully removed while in a debris bed configuration. Based upon the as-
sumption of coolability, it is then further assumed that the debris bed cannot
attack the reactor cavity basemat. This set of assumptions rules out the pos-
sibility of concrete decomposition and gas release during the time period of
transient heat removal from the debris bed. It also implies that bed heat re-
moval is not influenced by concrete decomposition gases. The results of the
experiments reported here suggest that these assumptions and implications may
be invalid.-

The discussion in Section 5.1 of transient cooling of packed bed 'aggests
that debris bed cooling occurs as a frontal process. Debris bed cool ag would
begin at the top of the bed and would proceed downward in a frontal pattern.
Debris at any axial location would be devoid of cooling water until the down-
ward propagating front reaches that location, and would therefore remain at its
initial temperature until that time._ Heat transfer from the debris bed to the
concrete would occur until water penetrates to the bottom of the bed and
reaches the concrete.

,

Consider a packed bed of core debris of uniform height which is initially
at the steel melting temperature, whose characteristics are shown in Table 6.2.
Cooling water must remove both decay heat and sensible heat from the debris. A
model is being developed to account for both effects. A lower bound on the
time period td for water to penetrate to the base of a superheated debris bed
can be obtained by neglecting the effect of decay heating. Assume that the
heat removal rate during the entire quench period is q" avg. During the down-
ward frontal period the frontal propagation speed vd can De computed from the
energy balance equation

(6d)-TSAT) Vdq" avg * I ocO-c) (Td g

The quantity fd is the fraction of initial sphere internal energy which is
removed during the downward front period. Since the heat removal rate is
assumed constant throughout the quench period, fd can be computed from the
times td and tu as

t
d

(6.2)fd"td+tu

!
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TABLE 6.2

Representative Debris Bed Characteristics *

Bed Depth 0.94 m (3.1 ft)

Porosity 0.4

Particle Size 3 mm

Initial Temperature (TZERO). 1723 K

Containment Pressure 0.5 MPa (5 bars)

Water Saturation Temperature 425 K

.T -T 1298 K1

g SAT

Heat Removal Rate ** 2.4 x 106 W/m2

Specific Heat 600 J/kg K

Density 8000 kg/m3

*

Conditions characteristic of Indian Point reactors
(fieyer,1981). Debris includes all steel. Bed covers
entire reactor cavity area.

<

**
Computed using the Lipinski model.
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The data from Table 4.2 indicate, for the experiments with sphere temper-
ature greater than 535K, fd is approximately 0.35 to 0.40. That is, based

upon the above assumptions, 35 to 40 percent of the initial particle internal
energy is removed during the passage of the downward-propagating front.

For the conditions of Table 6.2, the speed vd is computed as 1.61 mm/s.
With a bed height of 0.94 m, the minimum time for the front to reach the cavity
floor would be td = 589 seconds. For the time period td, the concrete
would be heated by the debris above it, and the dry debris would reheat by de-
cay heating. Remelting of at least the metallic component of the debris,
therefore, must be considered.

The above calculation assumes that no gases are released from the con-
crete. During the time period td, however, the concrete would be attacked by

'

,

the particulated core debris, and gases would be released. If the resulting
gas flux is "sufficiently large", the gas may further limit bed heat removal by
the countercurrent two-phase flow mechanism. |

|

The implications of the above discussion are that:

(i) core-concrete interactions would begin simultaneously
with bed formation, even though water is available
for cooling;

(ii) it may not be possible to remove the stored energy
from the fragmented core debris without remelting the
debris, even if water is available.

At this point it is not known whether the core-concrete interactions described
above would preclude eventual successful cooling of the core debris without
prior remelting.

It should be noted that Meyer (1981) has computed the containment pressur-
ization under assumptions which consider the above implications. He has as-
sumed that the debris is not coolable and immediately interacts with the con-
crete, producing combustible gases. This calculation, using the MARCH code,
" bypasses" the HOTDROP model. Steam is not produced and this leads to what is
felt to be a lower-bound estimate of the containment pressure load.

6.? MARCH Code Modifications Recommended

The experimental data and their interpretation suggest that modifications
to the MARCH code are required to provide a more accurate description of the
interaction between core debris and water following failure of the reactor ves-
sel . The following issues should be addressed:

(i) The H0TDROP single-particle model should be coupled to
a transient debris bed quenching model in order to al-
low calculation of the thennal interaction time periods
discussed in Chapter 2.
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i (ii) A transient debris bed cooling.model should be Lincor-
'

porated in MARCH to allow for tracking of the frontal: '

propagation observed in the experiments.
|

! (iii) The transient debris bed should allow for simultaneous
heat transfer to concrete and gas evolution from the
concrete.

|

f

I

i -

,

i

|
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7. SUMMARY AND CONCLUSIONS

7.1 Summary

An experimental investigation is reported whose objective is to provide an
understanding of the thermal interaction between superheated core debris and
water during postulated light-water reactor degraded core accidents. The ex-
periment was designed to study the heat transfer characteristics of superheated
spheres as they are either quenched by passage through a pool of water or as
they are quenched in a packed bed configuration by an overlying pool of water.
The work reported here was directed to the latter, i.e., to study the packed
bed quenching process.

Stainless steel spheres, 3 mm in diameter, were heated in an oven to tem-
peratures between 533 K and 977 K, and subsequently transferred to a vertical
108.2 mm 1.d. stainless steel vessel . Water at temperatures between 274 K and
360_K was released on to the spheres and the resulting thermal interaction was
observed. Packed beds of 40% porosity were studied, whose nominal heights were
in the range 200 mm to 400 mm. The experiments 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 . The interior thermocouples were posi-
tioned at the center of the pipe. A pressure transducer was mounted on the
test vessel wall to monitor pressure fluctuations indicative of continued boil-
ing within the vessel. All signals were recorded by a computer data acquisi-
tion system, were subsequently stored on magnetic tape, and eventually trans-
ferred to graphical paper output.

The thermocouple traces were used to infer the presence of either water or
.superheated spheres at the site of th? thermocouples. The pressure transducer
,

provided an estimate of the time that the water first contacted the bed, and
the time period during which boiling continued within the test vessel.

Bed and wall temperature traces are presented for a range of experimental
conditions. The bed thermocouples show a sequence of step changes in tempera-
ture, beginning with the uppennost one in the bed and proceeding downward. The
temperatures suddenly drop from their initial values to the liquid saturation
temperature. This sequential pattern of temperature reductions is interpreted
to be indicative of a frontal cooling pattern which propagates down the column.
It is a feature of nearly all of the data acquired in the experiments. It is
believed that this initial sudden reduction in temperature is indicative of the
first arrival of liquid to the site of the thermocouples. The wall tempera-
tures generally show little temperature change during passage of the front. The
position of the front as a function of time is obtained from analysis of the
temperature traces and are presented as frontal propagation plots for each ex-
perimental run.

The temperature traces and frontal propagation plots indicate that the
downward-moving front arrives at the base of the bed after a time delay which
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depends on the bed depth and initial particle temperature. In many of the ex-
periments the thermocouples indicate that a second front then moves up the col-
umn. The position of this front vs. time is extracted from the thermocouple
data. The wall temperature also indicates passage of the upward-propagating
front at times closely corresponding to the bed temperatures at the same axial
locations, if the wall was initially heated to the bed temperature. The parti-
cle quench process is complete af ter passage of the upward-propagating front.

A direct measurement of the heat transfer rate between the bed and water
was not made in these experiments. Several estimates of the heat transfer
rate, however, are presented based upon the initial stored energy and various
time scales which were extracted from the temperature traces and frontal propa-

,

j gation results. In addition, downward- and upward-frontal propagation speeds
were computed from the data and are presented.

'

The heat tranrfer rate (per unit bed area)6from the pargicle bed to wateris estimated to have been in the range 1.0 x 10 to 2.5 x 10 W/m2,inde-
pendent of the initial particle temperature. The upper figure is an upper
bound estimate of the heat transfer rate. The lower number of 106 W/m2
represents an estimate of the average heat transfer rate over the duration of
an experiment. This quantity is in reasonable agreement with predictions based
upon the Lipinski (1980) steady-state debris bed heat transfer model, suggest-
ing that two-phase countercurrent flow may also be a limiting factor in the
transient heat removal from debris beds.

The data suggest that the superheated particle bed cooling rate, and hence
the rate of steam generation, is limited by supply of liquid to the dry region
of the bed. It is plausible that the supply of liquid, in the transient cool-
ing experiments, is limited by a countercurrent two-phase flow mechanism. Ad-
ditional data are required for further substantiation of this hypothesis.

7.2 Conclusions

The experiments reported here represent the first series in the program.
The conclusions presented here are preliminary and will be evaluated further in
future work.

The following major conclusions are drawn from the experimental work and
their interpretation presented in this report:

e Superheated debris beds of uniform height which are cooled
by an overlying pool of water transfer heat to the water in
a two-stage frontal process. A cooling front first propa-
gates down the bed. Upon reaching the bottom of the bed, a
second front propagates upward.

; e The lower region of the bed is dry and remains at the initial
i temperature until the first cooling front advances to that

region.

e It is estimated that the average heat transfer rate (per unit
bed area) over the quench time period was 106 W/m2 for the

- 67 -

- - - .. --_ - -.



3-mm spheres used in the experiments. This heat transfer' rate
was independent of initial bed temperature and bed height.

e The magnitude of the average particle bed cooling rate in the
transient quench experiments is consistent with the Lipinski
(1980) steady-state debris bed heat removal model.

e The data suggest that the bed cooling rate is limited by the
supply of liquid to the dry region of the bed. A plausible
hypothesis is that the flow of liquid is limited by a two-
phase counterflow mechanism similar to that which limits

.

decay heat removal from beds under steady state conditions.

e The MARCH HOTDROP single-particle heat transfer model assump-
tions lead to a conservative prediction of the estimated bed
heat transfer rate (by one order-of-magnitude).

e A debris bed which settles in the reactor cavity with appre-
ciable stored energy will immediately thermally attack the
concrete basemat. The gases which are released from the
concrete may further limit particle bed cooling.

.

6
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