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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 i.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 thermoceuples, 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 1iquid 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.

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 10% to 2.5 x 106 w/m?, 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.
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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.

- iv -
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1. INTROGUCTION

i.1 Motivation for Reseirch

Analyses of core meltdown accidents in light water reactors (LWRs) are be-
ing performed to develop an understanding of the consequences of such postu-
Toted accidents. Stuaies of meltdown accidents are being sponsored by the
Nuclear Regulatory Comnission in conjunction with their program on Severe Ac-
cident Mitigaticn Features for the Zion and Indian Point pressurized water re-
actor (PWR) pwer plants [Denton, 1980; Meyer, 1G81). Analysis of containment
building pressurization as a result of loadings imposed by the core melt is an
integral feature of these studies. A source of containment pressurization of
major concern 1s that of s*¢am generation as a result of quenching (removal of
stored energy) of the hot core debris with available cooling water. The phe-
nomenology of the quanch process, sometimes referred to as the "steam spike",
Is *ncompletely underctood. The objective of the work described here is to
develop and evaluate mechanistic models which characterize the thermal interac-
tion betweer core debris and water, These models will be incorporated into
containmen® analysis computer codes.

1.2 Background
1.2.0 A LWR Meltdown Accident Seauence

A number of LWR accident sequences have been identified which lead to com-
plete core neltdown (Rasmussen, 19/%). Among these, the “TMLB'" accident pro-
gression has been most widely studied. TMLB' is considered here because of the
potential ifmportance of the steam spike phenomenon to the consequences of the
accident, and because of its fmportance to the Zion - Indian Point Study. The
accident sequence outlined below is discussed in detail by Meyer (1981) and
Pratt (1981).

The TMLE' accident progression is initiated by loss of of ‘site electrical
power, followed by failure 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 ana structural material within the reactor vessel. Molten
fuel and structural material eventually slump into the lower plenum and ther-
mally interact with the available water. The water would be completely vapor-
fzed and the fuel and metal partially quenched. The steam produced would pro-
vide an additional loading on the containment building.

Figure 1.1 1s 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
fatlure, the remaining primary water would flash into the containment building.
Primary system pressure would be reduced, the accumulators would release thefr
water to the vessel and thereby to the reactor cavity. The core debris would
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interact with water available in the cavity, producing steam and pressurizing
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 debris 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 werk 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 MARCH code (Wooton, 1980), which incorporates simplified models for
the various phenomena, has been used to compute the containment pressure his-
torv 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 seament b-c. The molten core is assumed
to drop into the lower plenum at 'c¢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

Ml E nei)

; loading on the containment building. The segment c-d includes

s from the lower plenum interaction and the primary water depres-

The containment building pressure at this point is approximately

psia). The core debris falls from the vessel into the reactor
cavity. 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

the pressure rise of 0.26 MPa (38.0 psia), represented by segment d-e

1.3. At 'e' the debris is quenched to the water saturation tempera-
urther pressurization beyond 'e' occurs as a result of decay heatinag.

pressure rise of 0.26 MPa resulting from the quenchina of core debris
mpanied by vaporization of B.5 x lwa ka of water in 42 seconds. This
vaporization ra.e was computed using the HOTDROP model of the MARCH code to
represent the thermal interaction. This model assumes that the core debris is
fragmented into a collection of suspended spheres. Each sphere transfers

enerqy independently to the water at a rate which is limited by boiling heat
i y y )




yver and radiation externally, and by thermal conduction internally. The

urface area of the debris leads to the large vaporization rates.

was recognized (Yang, 1981) that the debris would eventually reach a
1 configuration ) the reactor cavity floor and that the steam qen-

from a bed « juration could be mu-h lower than from suspended

factor of | ower surface area for debris beds of millimeter-
ter was expected to lead to lower containment pressurization rates.

‘x‘l"]?]"’; heat transfer models (| ipinski, 198( - 'h)y‘ 197 . Dhir.
incorporated into the MARCH code by Yang | 1981) and Dy orradini
ontainment pressury { alculations were performed.

iken from Yang (198 ire shown 1in
ired with the bris bed model

redicted by the sing
dent d is also a strong

indicate, however, that

the thermal interaction in the re-

the model used to represent the inter-
explained by the t that the PWR contain-
1 concrete, \ ) effectively insulates

the steam spike

reduce the peak

Ir1s and water

"l"‘!, ittect the
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(1)

(i)

(iii)

(iv)

(v)

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

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

extent of fragmentation of molten debris upon contact with
water;

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

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)

(i1)

(ii1)

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

The melt wou: 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.

Molten core falls into a water-filled cavity as a jet (diameter <<
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.

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.

0f the three sequences characterized above, it is hypothesized that the
third would lead to the largest rate of containment pressurization due to steam



B i V™ iy it o

Pt 2/ VP s
O O

e e sl P
Omomo Momm OO
VAAAAAAS AL VAL O wa

O a0 w0 Wb g O GAS BUBBLING THROUGH
o) O wasna N
aad Ko M (@)

MOLTEN CORE MATERIAL

GASES RELEASED FROM CONCRETE

(a)

Py ,v FROZEN CORE DEBRIS
'.: ...l.‘ a
P SaAy e ‘
O eI Do o oliiTe o
CONCRETE

(b)

Schematic Representation of Core Debris Resting
on Concrete Basemat: (a) Molten Pool on Concrete;
(b) Particulate Debris on Concrete (Meyer, 1981)



fration. The work reported here ijs directed to development of models which
aracterize the thermal Interaction postulated by this sequence. A mode] for
nis therma) Interaction isg discussed in Section 2.1.

Therma) Interaction Model Uncertainties

In addition to the accident sequence uncertainties discussed above, uncer-
tainties exis Inherent in the use of two ?imitinq models which have been used
to Characterize the interaction be tween debris and water,

The MARCH HOTDROP mode] assumes that each of the fragments of ore debris
5 Suspended in an Infinite sea of water and that the heat transfer is 1imi ted
by debris internal and external resistances. Steam production is assumed to be
governed by the tota) surface area of the fragments. The fragments however,
ire 11Lu!, to be suspended in the fluid only for a 1imi ted time and would
settie under qr Y« The liquid pool is likely to be disrupted by large steam

velocities produced by the thermal Interaction. Debris-1iquid contact is
likely to pe less than 1Ssumed in the HOTDROE model, and the steam generation
rate could, therefore, be less than that predicted by HOTDRO»

The debr V€d models which have been used to Characterize the steam pro-
luction rate I packed beds of particles were developed based upon steady state
Onsiderations and wer evaluated against steady state ExXperiments with in-

heated particles. The validi Ly of these mode]s when applied to the
ent cooling of debris beds has not been established Dy comparison with
transient experiments. In qﬁd}tinh, 1t has beer 1%:umri that if the
avity is f1 led 3 | nes, then water would wet the concrete
preventing therma acl 'd consequent qgas release. t has no
d, however K tha '€ debris bed behavior under transient quenc

It water O the bottom of the bed.




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) 1initial fragmentation and mixing;

(i1) fall of fragments through pool of water;
(i11) 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 Mixirg

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-
sult in rragments which are typically hundre#s 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 i1s assumed that a "typi-
cal” fragment spends a time, tga11., suspended in water prior to settling into
a particle be:l. 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,

Lfall.

The energy transferred during the fragment fall period can be significant.
Calculations indicate, for example, that the time constant of a 3 mm UOp
sphere in film boiling 15 on the order of seconds. If the initial temperature
is 2477 K (4000 F), then haif of the stored energy can be transferred to water
in four seconds This time scale corresponds approximately to the time re-
quired for the spheroc 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 inftially in film
boiling reqgime and where radiation is significant;

(11) 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

. where reqions of the flow field are voided due to relatively large
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

ended in the two-phase flow prior to settlement must be developed.

Debris Bed Quench Period

Ine debris are assumed to settle into a packed bed confiquration, having
retained a fraction of their initial stored enerqy. The debris temperature is,
for millimeter size fragments, likely to be above the minimum film boiling

temperature upon establishment of the debris bed confiquration., The debris are

y an overlying pool of water.

The steady state heat removal characteristics of internally heated debris
have been widely studied. Models for the maximum heat removal rate from
bheds have been developed | see Gronager (1981) for summary]l. There 1s
jeneral aqreement that the heat removal rate is limited by two-phase counter
current flow mechanisms. The specific dominant mechanisms, however, are not

iqreed upon, and the various models differ in their formulations. Table 2.1
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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 (T, >> Tgar)
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 nct 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:

(1) 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;

(i1) a method for estimation of time-of-flight of spheres through the
water prior to establishment of a debris bed;

(111) 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.

u 5k -



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:

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

(i1) 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
preneating 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

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

3.1.2 Shutter System

While in the oven, the particles rest on a sliding gate shutter. The
shutter plates are connected to compressed air-pcwered, spring-lcaded 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 de chosen to be
automatically timed, or can be operated manualiy. 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:

(i) thermocouples in the oven to monitor and record sphere temperature,
(ii) a thermocouple to record initial water temperature,

(ii1) thermocouples in the interior of the test container to record
particle bed temperature and water pool temperature,

(iv) thermocouples on the test vessel wall,
(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.
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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
chromel-alumel qrounded 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 s used to measure water temperature prior to
its release into the test vessel.

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 ‘ture 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
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.

Data Acquisition and Recording

fable 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
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.

ubsequent to each run, the magnetic tape was played back using suitable
software and the signals were plotted on paper.
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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 terminal 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 thermocouples 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 assure 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 summarizes the range of experimental parameters considered thus
far in this study. The conditions and parameters characteristic of each exper-
imental run are listed in Chapter 4,
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TABLE 3.2

Test Parameter Ranges

Parameter

Packed Bed Particles
Particle Material
Bed Diameter

Mass Particles

Mass Water

Particle Temperature
Water Temperature

Farticle Bed Height

e a—

Jom (+ 0.25 mm) spheres

302 stainless steel

108.2 mm (test vessel i.d.)
10-20 kq

8 -14 kg

533 K - 972 x (500 F-1300 F)
274 K - 360 K

218 - 433 nm
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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 particie bed quenching
experiments. A1)l experiments were performed using 3.18 mm diameter 302 stain-
less steel spherical particles. The sphere temperatures listed in Table 4.1
represent the average of four temperatures fre 1 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
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 testures 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 plet 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.

Fiqure 4.1(a) indicates that the shutter was opened at approximately 5
seconds after 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 