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The Zion Probabilistic Safety Study (ZPSS) envisions acci-
dent sequences that cculd lead to failure of the reactor vessel
while the primary system is pressurized. The resulting ejection
of molten core material into the reactor cavity followed by the
blowdown of steam and hydrogen is shown to cause the debris to
enter into the containment region.

The High Pressure Melt Streaming (HIPS) program has been
developed to provide an experimental and analytical investigation
of the scenario described above. One-tenth linear scale models
of the Zion cavity region will be used to investigate the debris
dispersal phenomena. Smaller-scale experiments (SPIT-tests) are
also used to study high-velocity jets, jet-water interactions,
and 1/20th scale cavity geometries. Both matrices are developed
using a factorial design approach.

The document describes certain aspects of the ZPSS ex-vessel
phenomena, the experimental matrices, test equipment, and instru-
mentation, and the program's analytical efforts. Preliminary
data from SPIT testing are included.
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P Introduction

Until the late 1970's the WASH-1400 Reactor Safety Study
(RSS) (Ref. 1) represented the most thorough analysis of reactor
safety ever conducted. The report demonstrated the use of event
tree analysis to show the relationship between the sequence of
events and the consequence of each. A number of critiques have
judged the basic methodology to be sound for application to other
plants (Refs. 2 and 3).

Since the publication of the RSS, the Nuclear Regulatory
Commission has explored ways of applying probabilistic risk as-
sessments (PRA) to specific nuclear power plants. The key prod-
uct of these analyses is a quantification of the risk to the
public in operating the plant. The intent is to provide a clear
indication of the events and equipment contributing to the risk
and thus provide a means for assessing actions designed to reduce
the risk.

A PRA involves the identification of the events and sequence
of events conceptionally possible during an accident. Each of
these events is quantified in terms of frequency of occurrence
during plant operation. Contained within the quantification
process is the determination of the uncertainty associated with
the assigned values. Sophisticated mathematical techniques are
then emplcyed to develop the risk associated with each accident.

This report is organized into eight sections: Section I
provides a general review of the Zion Probabilistic Safety Study
(zpPSS) (Ref 4) and the objectives of the HIPS Program, Section II
reviews the major ex-vessel events and analyses as given in the
ZPSS, Section III contains a discussion of other phenomena that
may be important to the ex-vessel events, and Section IV is the
scaling analysis used to design the HTIPS experiments. Section V
presents the test matrices for the HIPS experiments and the
smaller scale SPIT tests. Sections VI and VII give detailed
descriptions and analysis of the SPIT and HIPS equipment and test
techniques. GSection VIII concludes the report.

Very little is presently known about the phenomena involved
in high-pressure melt ejection accident scenarios. It is antici-
pated that the combined experimental and analytical work under-
taken in the HIPS program will likely cause the direction and
scope of the effort to be altered. This document attempts to
consider all aspects of the problem to avoid large scale changes.



I.1 Zion Probalistic Safety Study

The ZPSS was performed primarily in response to the NRC's
perception that sites near high-population centers create unusual
and excessive risk. This perception resulted principally from
the transfer of the base PWR case of the RSS analysis to a high-
population location. The stated objectives of the ZPSS are:
quantify the risk of the Zion plant as constituted and operated,
identify the key contributors to risk, and evaluate the potential
risk reduction if alternate features are considered.

The study considers three primary areas: the plant, its
containment, and the site. The ZPSS develops a set of scenarios
for eaca of these areas and matches the resulting sequence to
achieve outputs. The outputs are then used to develop a quanti-
tative assessment of risk. The goal is to assemble the analyses
intn a set of risk curves crepresenting each of the identified
health etteccs (eariy latalities, thyroid cancers, man-rems,
etc.). Each curve then gives the frequency I cxr~-%=n a nre-
scribed level of damage.

The ZPSS is the resitlt of an extensive analysis development
and evaliation effort. 7ie authors of the document believe that
it advances the state of the art in the probabilistic risk
assessment in several areas beyond the basis provided by the RSS.
In particular, the development and quantification of the contain-
ment evert tree recognizes diffecrences in the response of the
system t¢ different core melt scenarios. The study also shows
that the uncertainty in the fission product source term is the
major contributor to the uncertainty in the risk analysis.

The RSE identified a number of initiating events that would
cause loss of coolant and result in heating and possible melting
of the core. The assumption was made that the degradation of the
core structure proceeds uniformly to give a molten pool in the
lower plenum of the reactor pressure vessel. The highest proba-
bility event was assumed to be loss of system pressure (large
break LOCA) and eventual thermal weakening of the lower head,
ultimately causing a "hinge-type" failure. With the failure of
the vessel, the molten core material pours into the cavity under
the acceleration of gravity., The study did identify other fail-
Jres that could occur while the system was at elevated pressure,
but the results of these sequences did not significantly deviate
from the large~break LOCA behavior. A key feature of the RSS is
that containment failure can be caused by steam explosion or
missile generatiun. If these mechanisms do not cause failure,
then the long-term core/concrete interaction or the hydrogen gas
burning will eventuaily overpressurize the containment or pene-
tration of the basema® structure will occur. The analysis sug-
gests a very low probability that the accident will terminate
short of containment failure.



The 2ZPSS 'cognized several differences from the RSS in the
key phenomena associated with the events leading to vessel fail-
ure. Detailed analysis of the core melt progression showed that
coherent downward movement of large quantities of molten core
material is unlikely. This conclusion results in a probability
of 0.9 that less than 25% of the melted core will be in the lower
plenum early in the accident. The analyses also recognize that
core degradation (incoherent melting) can occur for transient and
small-break LOCA sequences where the primary system will be at
elevated pressure.

Failure of the vessel by steam explosion or by overpressuri-
zation is assumed to be physically unrealizable with a very low
frequency of occurrence. The ZPSS conservatively estimates a
probability of 0.1, that the accident will be terminated by in-
vessel cooling of the core debris. Without permanent cooling,
the debris will attack and fail the weld of one or more instru-~
mentation tube penetrations in the lower head of the vessel. The
loss of weld integrity causes the tube to slip out of the lower
head and the molten debris to be ejected under pressure into the
reactor cavity.

If the accident proceeds to the point where molten core
material ies ejected under pressure into the cavity, the ZPSS
predicts the material will be "dispersed" into the containment
building. The analysis considers that the wide distribution of
the material, combined with the availability of water, assures
that the configuration is coolable. By minimizing concrete at-
tack and consequently gas release, the probability for the loss
of containment integrity is considered low.

The ZPSS containment event tree is comprised of 19 nodes or
branch points chosen in an iterative process during which the
principal phenomena affecting containment integrity are address-
ed. Each node represents a decision charactcr?zed by a "yes-no"
input, Probabilities assigned to each of the branches are in-
cluded in the determination of the ultimate risk associated with
the paths emanating from the branch. The probability of each
node is conditional on preceding events, including the ingfg
plant state. The resulting event tree is comprised of
(524,288) output nodes. During the analysis, many of the branch-
es were removed (pared) as being "technically lllogical® for the
path followed. After the "paring" process, the containment event
tree is reduced to a total of 1050 output nodes.

In order to disperse the core debris, the ZPSS proposes a
number of hydrodynamic mechanisms induced by the blowdown of the
primary system. The principal driving force is the energy pro-
vided by the high-pressure jet of steam and hydrogen from the
primary system following the ejection of the core material.
Establishing the existence of the diswersal mechanism is essen-
tial in verifying the calculated risk factors.



1.2 HIPS Program Objectives

The HIPS program is an experimental and analytical investi-
gation of the phenomena associated with the behavior of molten
core debris streaming into reactor cavity configurations. The
experiments will involve high-temperature melts created at real-
istic pressure levels and injected into scaled reactor cavity
geometries. The objectives of the HIPS program are as follows:

) O Confirm the existence of the debris dispersal mecha-
nism,

2. Determine and assess other melt jet phenomena such as
jet geometry, gas solubility, and aerosol generation.

3, Assess events discounted in the 2ZPSS, such as
melt/water interaction, energetic concrete decomposi~-
tion, and the combined effect of one or more events.

4. Reduce uncertainty in probability estimates of the fis-
sion product source term and dispersal mechanism.

The ZPSS analysis is hampered by the lack of experimental
information concerning the ejectior and behavior of high-tempera-
ture materials in confined geometries. The first objective of the
HIPS program is to experimentally confirm the debris dispersal
mechanisms given in the ZPSS. Despite the lack of confirmatory
information, the authors of the ZPSS have assigned a probability
of 8.9 with a range of 0.8 to #.99 that material dispersal will
occur (positive branch of the event tree at Node I). All
sequences Lhat proceed from the negative branch at Node I are
assigned the "placekeeper"” probability of 9.0001, causing their
calculated frequencies to be small and thus consideration of
subsequent events is neglected,

If the probability of dispersal is shown ~ imentally to
be lower than (0.9), then the values assigned the negative
branches must be correspondingly increased. Higher frequencies
for the negative, non-dispersed branch will then require congid-
eration of the probability of a non-coolable debris bed conf igu~
rition in the cavity and ultimately, overpressurization of con~-
tainment from concrete decomposition. The HIPS tests are specif-
ically directed to confirm the existence of material dispersal
mechanisms, and to establish probability estimates for complete
dispersal.

If the experimental results show that the material is com-
pletely dispersed, then the uncertainty associated with this node
can be verified or reduced. Conversely, if no material exits the
’avity region, the results can then be used directly to reasusess
the probabilities associated with the node branches. Partial
dispersal cannot be treated in the same manner.



Because the ZPSS event tree is constructed of binary (yes-no
only) decision points (nodes) a partial or incomplete dispersal
of material is not directly considered in the node probability.
If the experiments show that only partial dispersal occurs, the
results of the HIPS tests can be used to suggest a probable
outcome by applying the ZPSS "gravity-drop" analyses to the
portion of material not removed.

The second objective of the HIPS program will be to identify
damage modes other than the 19 possibilities in the ZPSS con-
tainment matrix. Failure to consider a damage mode may mean that
paths at subsequent nodes in the analysis are not representative
of the actual events. Partial dispersal of the debris is an
example of this possibility. The exact yes-no decision logic
used in the ZPSS does not account for situations where portions
of the debris are not removed from the cavity.

Melt crust formation is not considered within the context of
the 19 damage modes presented in the ZPSS. The analyses assumes
that coolability is guaranteed during a Large-Break LOCA se-
gquence. Formation of a stable crust over the dispersed debris
that may prevent cooling, despite the presence of water. Li-
mited experimental evidence exists (Ref. 5), to suggest that the
formation of a stable crust of decomposed concrete could prevent
coolant from reaching the lower portions of the debris bed.

The effect of melt aerosol isa thirdexample of a possible
event not considered in the ZPSS. Experiments reported heire have
shown that high-pressure melt ejection sequences are accompanied
by large aerosol generation. In an accident, these aerosols
will contain radioactive fission products that will enter into
the containment atmosphere. The aerosols will also pose a
threat to containment safety features because of their potential-
ly high heat content and may diminish the effectiveness of heat
transfer processes within containment, Sufficiently large con-
centrations of aerosols could ultimately eliminate containment
heat removal capabilily.

The third objective of the HIPS program is to determine if
ex-vessel phenomena neglected in the ZPSS are of consequence to
the calculated risk, Specifically, the ZPS8S ascertains that a
water-filled cavity has no effect on the dispersal of debris
during transient and small-break LOCA scenarios. The analysis
assume that the water is "pushed" out of the cavity by a steanm
bubble formed by quenching the melt jet, A large number of
assumptions are made in this analysis including: heat transfer
between the melt and water is instantaneous, inteference of
expansion waves does not occur, and steam generation is isother-
mal. Experimental evidence of these assumptions is not provided
in the ZPSS.

The ZPSS analysis does not consider the effect of concrete
decomposition or the debris removal mechanism, Numerous



experimental investigations (Refs. 6, 7) have shown that molten
material contacting concrete is accompanied by vigorous gas gene-
ration and concrete spallation. As a consequence, the dynamic
debris configuration envisioned in the ZPSS may not form and
subsequent dispersal may not occur.

Within the context of identified, but neglected, phenomena
is the combined effect of two or more phenomena. The ejection of
the core material under pressure from the vessel will likely
involve a simultaneous vessel blowdown (of steam/water/hydrogen),
steam explosion, concrete decomposition, core debris quenching,
and oxidaction of Zirconium and iron. The ZPSS considers all of
these phenomena separately except the possibility of oxidation in
the cavity environment (100% Zr oxidation in-vessel is assumed).

The effects of chemical oxidation are threefold: (1) the
oxidation of Zr and steel is an additional hydrogen source, (2)
the heats of reaction cause additional pressurization, and (3)
the particles may, act as a distributed hydrogen ignition source.
These effects will combine to cause more hydrogen to be available
than the ZP5S assumes and the likelihood of burning to be great-
er.

The fourth objective of the HIPS program is to reduce uncer-
tainties in the ZPSS analyses. The largest source of uncertainty
in the ZPSS analysis is identified as the radionucl ide source
term for the site matrix calculations. Both the RSS and ZPSS
assume that the major portion of the fission product source term
is in the form of fine particles generated during ex-vessel steam
explosions. Concrete decomposition aerosols are assumed to con-
tribute very little to the radiocactive source term. Neither
study identifies the possibility of aerosols formed during melt
deposition. The HIPS program will address this area by including
fission product mocks in the melt composition, studying the
aerosol formation mechanism, and analyzing the behavior of the
particulate material in the cavity region,

1.3 Scope of HIPS Program

The scope of the HIPS program considere the ex-vessel events
occurring during the small-break LOCA and transient accident
scenarios, The large-break LOCA or "gravity-drop" sequence does
not involve gas-driven debris dispersal and is therefore not
considered in the program. The in-vessel processes of fuel
melting and vessel attack are assumed to occur in the manner
outlined in the ZPS8S. The single-tube failure assumption will be
used as the starting point in initiatiing the experimental
sequence,



Phenomena outside the cavity region are highly dependent on
the details of the containment structure. The behavior of the
debris, gas, and aerosols escaping the cavity will be monitored
to assess their contribution to the containment loading. Decay
heating and long-term coolability of the debris will not be
included in the initial HIPS test matrix.



II. Review of ZPSS Ex-Vessel Analyses

A PRA such as the ZPSS involves an extensive analysis of the
many processes and events that may occur during a postulated
reactor accident. The resulting document is therefore highly
involved and lengthy. This section presents a review of the

arts of the ZPSS document pertinent to the sequence of events
rom vessel failure to final debris disposition. The intent is to
provide a convenient basis for subsequent discussion., Following
a brief description of tne plant, the ordering is the same as
that used in the ZPSS beginning with "Section 3.2, Accident
Sequences."

I1.1 Description of the Zion Reactor Plant

The two-unit Zion nucl2ar plant is located approximately 40
miles north of Chicago, Illinois, near Lake Michigan. Commercial
service dates for the urits are in December 1973 and September
1974 (Ref. 10). The nuclear-steam-supply system for each of the
Zion units consists of a four-loop Westinghouse pressurized water
reactor. Each reactor is rated at 3250 megawatts (thermal) and
produces 1085 megawatts of electrical output.

Each reactor is housed in an individual containment building
(Figure 1) consisting of a post-tensioned concrete shell over
1/4-inch-thick (6-mm) steel liner. The internal volume of ti e
containment structures is approximately 77,000 cubic meters wi 2
a design pressure of 0.5 MPa (62 psia). The lower bound ultimate
strenglh 15 ¢stimated in Appendix 4.4.1 of the ZPSS to be 1.0 MPa
(149 psia). The concrete consists of Portland-type cement incor=-
porating limestone coarse aggregate and common-sand fine aggre-
gate (Ref. 6).

The reactor pressure vessel (RPV) of each unit is placed in
a cavity located in the floor of the containment building. The
cavity allows access to the lower head of the RPV for instrumen-
tation-tube placement. The access tunnel connects the cavity to
the inclined "keyway" leading to the floor of the containment
structure., Figure 2 gives two views of these features, showing
the tapered cross-section of the access tunnel. Much of the in-
containment equipment has been omitted from Figures 1 and 2 to
improve clarity of the major features.

The ex-vessel interactions described later in this section
are postulated to occur in the cavity, tunnel, keyway, and con~
tainment building., Figure 3 is a more detailed view of these
areas showing the instrumentation tubes and sump pit. The 56
inltrumontatzon tubes emanating from the RPV are arranged in a
rectangular array that terminates in the cable seal room in the
containment building. Not obvious in the figures is a continuous
stainless-steel biological shield (6-mm thick) liner in the cavi-
ty and tunnel regions at a depth of 0.5 to 0.75 m below the
concrete surface,
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I1.2 Accident Sequences

The ZPSS considers a total of 68 accident-initiating events,
that are assigned to one of 13 initiating event catagories in
the event logic diagram. The sequence of events leadin: to
degraded core scenarios are varied and depend on the initiating
event and the operation cr failure of plant safety systems. A
common characteristic is the loss of coolant from the primary
cooling system, causing overheating of the core.

In general, accidents are classified in one of three cate-
gories, depending upon the primary system pressure during the
time of the accident. With one exception (interface LOCA), the
sequences are: Large-Break LOCA (pressure < 1.4 MPa), small-
break LOCA (pressure < 7 MPa), or transient events (up to the
set-point of the pressurizer relief valves - 17 MPa) The ZPSS
analysis recognizes differences in the behavior for the various
classes of accidents, such as the timing of events, the amount of
material involved, and the resulting interactions.

For the large-break LOCA sequence, a failure in the primary
system is assumed to cause rapid depressurization allowing the
primary system to discharge to an equilibrium condition with the
containment atmosphere. Hydrogen generated by the oxidation of
the core cladding is also released into the containment building.
For this sequence, the ZPSS considers the primary system and con-
tainment building pressure following blowdown to be 0.3 MPa (44.1
psi) .

The small-break LOCA sequence analysis assumes that the core
is uncovered by loss of coolant through a smaller break. For
this case, core degradation (loss of coherent structure) can
occur while pressure exists within the primary system. The gas
released through the break raises the containment atmospheric
pressure slightly. The range of pressures in the primary system
proposed in the ZPSS for this accident is 1.4 to 7.0 MPa (200 to
1029 psia) with the value of 7.0 MPa used for the calculations.

The transient event occurs when safety systems fail to
respond to an accident-initiating event. In this situation, the
system pressure and temperature continue to rise until the relief
valves open. If sufficient coolant is lost through the valves,
the core may become uncovered. The transient sequence results in
exposure of the core at pressures close to system operating
conditions. Pressures of 7.0 to 17.0 MPa (1029 to 2500 psia) are
considered for this sequence. The upper limit corresponds to the
set point of the pressurizer safety valves, and is used for the
ZPSS analysis.

The three accident sequences result in two event chains in
the transient analysis section of the ZPSS. A "Gravity Drop
Model" is used for accidents where the system pressure is less
than 1.4 MPa (large~break LOCA). 1In the analysis, the release

12



rate of core material into containment is related to the static
head of moitan material in the vessel. This treatment parallels
that associated with the lower head failure given in the WASH-
1400 analysis. The second event chain, the "Time-Phased Disper-
sive Model"” is used where the primary system pressure is above
1.4 MPa. The sequence of events and their relative time scales
characterize the small-break LOCA and transient events. In
general, the model considers the high-velocity gas/melt stream
exiting the RPV breach, combined with the steam hydrogen blow~
down, has a significant affect on the final debris configuration

and distribution.

I11.3 Vessel Failure

The onset of vessel failure represents the culmination of
the in-vessel events and the entry state leading to the ex-vessel
interactions. The ZPSS finds that portions of the core will melt
causing material to fall or flow into the reactor vessel's lower
plenum. If the supply of coolant to this region is inadequate,
the large thermal energy of the core mass will cause attack of
the vessel's steel wall. Internal structures such as the lower
core lugport and the in-core instrumentation supports may also be
attacked.

The ZPSS theorizes that molten core material entering into
the lower plenum region immediately begins to attack the vessel
wall, Any existing water will be vaporized or displaced by the
core debris and additional water will vaporize off the upper
debris surface. In order to consider the range of possible
system characteristics, the ZPSS analysis considers a range of
variables including: system pressure levels of 0.1, 7.0 and 17.0
MPa, heat_fluxes on the inside surface of the vessel of 315 and
630 kwWw/m* (100,000 and 200,000 B/hr-ft“), and three separate
debris accumulation scenarios. Two types of failure modes are
identified; the first considers the partial nenetration welds
retaining the instrumentation tubes (Figure 4) that fail when the
temperature of the weld material exceeds 1100°C (2000°F). The
force exerted by the static debris head and the system pressure
(if present) causes the tube to "slip out" of the vessel head.

The second failure sequence occurs when a portion of the
vessel head wall is heated to a temperature above 1100°C (2000°F)
causing a plastic flow zone to emanate horizontally from the
weakest location along a circumferential line around the bottom
head. The wall begins to tear along this line from the weakest
point and causes the head to "hinge" downward as the tear pro-
gresses.

The ZPSS analysis finde that the molten core material will
be uniformly distributed in the vessel head. The authors of the
Z2P8S point out that a uniform distribution is unlikely due to the
influence of non-coherent rvelting and the core support structures.

13






They further state that their expectation is that the core mate-
rial will accumulate primarily in the central portion of the
plenum region. The combination of core debris accumulation in
the central region, the thickness of the partial penetration
welds (relative to the head-thickness), and the shear stress
loading on the welds will result in the failure of one or more
instrument tubes long before other vessel failures can occur.
Thus, the instrumentation tubes provide the principal manner and
location for vessel failure.

In the eighteen cases analyzed, all but one showed "tube
penetration” failures to occur. In twelve cases, only the in-
strumentation tubes fail, with the debris dispersed through the
holes created by the tube ejection. 1In four other cases, tube
ejection is followed by bottom head failure. For these latter
cases, debris is lost through a combination of the holes in the
head and the tear in one side of the vessel. In the one remain-
ing case, bottom failure precedes tube failure.

A failed in-core instrumentation tube will cause an initial
vesse! breach 4 cm in diameter. The ZPSS analysis indicates that
the heat flux of the flowing core debris will be sufficient to
cause additional melting of the steel structure surrounding the
breach. As a result of the ablation process, the available flow
area of the breach will increase substantially during the period
of discharge. For the sequences considered, the final breach
size is assumed to be approximately 40 cm.

I1.4 Jet-Stream Configuration

The ZPSS does not give a detailed description of the con~
figuration of the jet stream emanating from the breach in the
reactor pressure vessel. The analysis predicts that the jet will
be composed of completely liquid core material with a diameter
equivalent to the breach dimension. Additionally, the stream
does not expand from the point of discharge till contact with the
cavity floor. Bernoulli's equation is used to calculate the
stream velocity with values of 70 m/sec for the transient se-
quence (17.0 MPa), 42 m/sec for the small-break LOCA (7.0 MPa)
and 3 m/sec for the depressurized, large-break LOCA case.

11.5 Ex-Vessel Melt/Water Interactions

The design of the Zion plant will cause, in ceneral, an
accumulation of water in the reactor cavity during accident
sequences, The amount of water accumulated is dependent on a
number of circumstances during the accident such as the size of
the break in the primary system (if any) and the availability or
use of engineered safety systems. Conceivably, the extent of the
water pool can range from a dry to a fully-filled cavity region.
The ZPS5S surmises that knowing the exact amount of water is not
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necescary. It is only required to know if & “substantial amouat"
of water exists below the reactor vessel. Calculations are
presented in the ZFSS for a fully-filled cavity and also a water
depth of 0.5 m (6400 gal) for the partially-“illed cavity case.
The former is discussed in Section II.10.

The ZPSS cites several references to establish that a steam
explosion will occur when the melt stream exits the RPV, pene-
trates the pool, and contacts the cavity floor. The amount of
melt in the water at the time of floor contact is calculated to
be approximately 7 kg for all partially-filled cases (0.5-m water
depth). The interaction of this quantity of material with the
water results in mechanical work (water vapor expansion) of
negligible consequence to the containment integrity. The inter-
action may displace the water and a portion of the debris from
the cavity region. The ZPSS concludes that the major influence
of the limited work will be on the detailed disposition of water
and core debris in the lower regions of the containment building.

The dispersal of core debris and water out of the cavity
will result in rapid quenching and steam production. It is
assumed in the analysis that all core debris material outside the
vessel at the time of the interaction is involved in the gquench-
ing process. For the sequence analyzed, this amounts to approx-
imately 70 kg. Additional steaming will occur as more core mate-
rial and additional water enter the cavity.

11.6 Jet-Concrete Interaction

In the dry cavity case or when displacement of the water
pool occurs, the melt jet stream will impinge directly on the
concrete basemat. The extent of concrete ablation is evaluated
using the imposed heat flux of the jet, The heat flux is highest
for the transient event (22,200 kW/m?) because the convective
heat transfer coefficient is proportional to the square root of
the jet velocity. The coefficient is also inversely related to
the diameter of the stream, but an average diameter is used in
all calculations., The imposed heat flux is assumed to cause
rapid heating and melting of the concrete surface.

The depth of melt jet erosion determined in the ZPSS analy-
sis varies from4 to 18 cm for the transient and large~break LOCA
sequences, respectively. The longer duretiocn ¢f the melt dis-
charged at the lower driving pressure (80 seconds versus 4 sec~
onds), causes a larger depth in the latter case. The authors
state that the analysis is conservative and overpredicts the
extent of erosion because the heats of decomposition and heat of
fusion of the concrete are neglected. Also, the concrete melting
temperature is assumed to be 1100°C, representing a lower bound
of the expected spectrum of melt temperatures.
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The amount of concrete decomposed by the jet ig assumed to
be the volume of material represented by the product of twice the
jet diameter (to allow reversal of the jet) multiplied by the
calculated depth of erosion. The pressure rise due to the amount
of non-condensable gas released is negligible compared to the
total containment capacity.

11.7 Dynamic Configuration of Molten Core Debris

The ZPSS ascertains that material discharged from the ves-
sel impinges as a high-velocity jet on the concrete cavity floor
and spreads outward. Initially, the flow is radial, but then the
influence of the cavity walls causes the material to be directed
into the instrument tunnel. It is estimated that, for the tran-
sient sequence, a @.l-meter-deep flow on the cavity floor will
achieve a maximum velocity of 17 m/sec upon entering the tunnel.
The ZPSS finds that the high velocity of the flow will cause a
"hydraulic jump" to occur somewhere in the instrument tunnel
region. The jump is depicted as a transition from a high-velo-
cit{. low-head state to a low-velocity, high-static-head be-
havior. The calculetions ghow the jump height to be relatively
insensitive to the initial depth of the flow. The small-break
LOCA and transient sequences demonstrate similar behavior. The
wave amplitude in the large-breax LOCA case is considerably
diminished relative to the other .e2quences. The configuration of
the debris following the "jump" is used in all subsegquent anal~-
yses.

11.8 Core Debris Relocation

A unique aspect of the ZPSS analyses relative to previous
PRA's is the assumption that the high-pressure discharge of steam
and hydrogen from the primary system will strongly affect the
final disposition of the core debris. Four hydrodynamic phenom-
ena are prorosed that can result in debris material deposition
outside the reactor cavity. The mechanisms have been character-
ized as: narticle levitation, film sweepout, film entrainment and
gsplashout. These mechanisms are shown schematically in Figure 5
and are discussed in more detail in subsequent paragraphs. As a
result of these mechanisms, the ZPSS containment model assumes
that the degraded core material is removed from the cavity very
shortly (on the order of one second) after the initiation of 'he
gaseous discharge.

The large-break LOCA, however, does not produce a high-
velocity gas discharge to disperse the material. Consequently,
except for the material potentially displaced during a stear
explosion, the core material will accumulate on the floor of the
cavity and instrument tunnel during this sequence.
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Figure 6. Material Removal Mechanisms
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D. Splashout

Figure 5. (Continued)
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I1.8.1 Particle Levitation

Particle levitation occurs when the high-velocity gas mix-
ture impinges on the surface of the melt pool causing the flow
to stagnate and divert at right angles (Figure 5a). Tre downward
pressure displaces the liquid to form a high-amplitude “ring" of
melt material. The greatly distorted liquid surface combined
with the high-velocity gas flow causes the ring to breakup and
form particles. If the hydrodynamic drag force exceeds the
gravity force, then particles can be entrained within the gas
stream. The ZPSS analysis indicates that large particles (25-cm
diameter in one example) can be entrained.

II.8.2 Film Sweepout

Film sweepout will occur when the hydrodynamic drag force
exerted by gas blowing across the melt surface is greater than
the surface tension of the degraded core material (Figure 5¢).
Small fragments of melt entrained in the gas stream are carried
into the containment where they fall out of suspension as the gas
slows.

I1.8.3 Film Entrainment

Film entrainment arises when the gas stream causes waves on
the melt pool surface. If amplitude of the wave crest is too
large, erosion or breakup of the wave tip will occur and the
fragments will be entrained in the stream (Figure 5c).

I11.8.4 Splashout

Splashout occurs when the pressure exerted by the jet in-
duces a radial movement at the base of the pool (Figure 5b). The
movement may cause a major fraction of the degraded core material
to be transported down the instrument tunnel to the upward slop-
ing keyway. Velocities greater than 12 m/sec are needed to
cause material to leave the tunnel region and enter the contain-
ment area. Calculations in the ZPSS give velccities of tens of
meters per second under the conditions of small-break LOCA or
transient accidents.

I1.9 Debris Cooling on Containment Floor

The ZPSS assumes water (up to 15 cm deep) exists on the
floor of the containment building when the degraded core material
is dispersed from the reactor cavity. Large quantities of steam
are produced as the debris material is quenched. A combination
of localized steam explosions, normal water boiling processes,
and radiation to the condensate on the walls and structures and
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to the entrained water droplets will cause energy to be lost.
The major influence of the steam explosions will be to disperse
the water and core debris from the locality of the occurrence
yielding a major relocation of the constituents around the con-
tainment floor. During the explosion process, a substantial
amount of thermal energy is transferred from the melt to the
water. The estimated energy extraction is about 3400 MW (time
interval of 1 millisecond).

The fraction of the melt not participating in the steam
explosions is assumed to be submerged in the water pool or have a
line-of-sight path to airborne water droplets or to the contain-
ment structures covered by condensate. Based on the plajer
surface area of the containment inside the crane wall (700 m€),
the energy transfer rates by these mechanisms are estimated to
range from 688 to 1908 MW/sec. These rates result in quenching
times of 33 to 93 seconds for the small-break LOCA and transient
cases, respectively. in all cases (except gravity-drop), the
ZPSS finds that quenching will occur over an interval comparable
to the plowdown of steam and hydrogen from the breach in the
reactor vessel (i.e., less than a few tens-of-seconds).

11.18 Debris Interaction for a Water-Filled Cavity

In sequences where extended water injection occurs (with
failure ot recirculation), the reactor cavity and instrument
tunnel could be filled with water. The discharge of core debris
directly into the water results in substantial hydrodynamic frag-
mentation of the melt. The ZPSS model assumes that the core
material is rapidly quenched to form a high-pressure steam bubble
in the immediate vicinity of the vessel failure. The growth of
the bubble causes compression waves in the water to initiate
water movement away from the failure location. The release of
degraded core materials from the pressure vessel is predicted to
generate sufficient steam flow to extensively void the instrument
tunnel before the high-pressure steam/hydrogen gas flow begins.
The ZPSS conciudes that the behavior of the water-filled cavity
will essentially be the same as the fully-voided (dry) cases
described in previous sections.

For the large-break LOCA sequence, the debris would pene-
trate the water and remain in the reactor cavity and quench at a
rate governed by a critical-heat-flux limitation at the surface
of the debris bed.
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I1I. Alternative Ex-Vessel Accident Phenor:zna

Experimental evidence concerning some of the aspects of ex-
vessel interactions was not available to the authors of the ZPSS
at the time of the document's inception. Little is known about
the discharge of dense molten material at high temperature and
pressure. Most published reactor-safety analyses and experiments
(Refs. 6 and 10) consider only interactions of gravity-driven
melts with water or concrete. Therefore, experiments specifical-
ly designed to study a pressure-driven interaction scenario may
identify other phenomena not recognized by the ZPSS analysis.
The material in this section identifies potentially pertinent
phenomena, primarily as an aid to developing a comprehensive test
plan for the experimental programs.

III.1 Melt Temperature

The condition of the melt in the RPV directly affects the
potential vessel failure modes and consequently the input condi-
tions for the subseguent ex-vessel interactions. The ZPSS analy-
sis for tube failure and thermal attack of the vessel structure
does not explicitly indicate the melt temperature. The valuz can
be inferred by reviewing the ZPSS plot of the non-dimensional
parameters invclved in the vessel attack (Fig. 3.1.7-2). Using
300°C and 15¢0°C for the initial and melting temperature of the
pressure ves<:1, respectively, indicates that the core debris
temperature s on the order of 2108°C. This value corresponds to
that used in othe- sections of the report,

Catton of UZLA (Ref. 11) has proposed that the temperature
of the dejraded core material may, in fact, be just above the
steel melting t=mperature. This opinion is based on the assump-
tion that the¢ energy required to melt the reactor internals,
combined with the dilution of the fuel/clad mixture will cause
the debris temperature to be depressed.

A lower debris temperature than assumed in the ZPSS will
influence subsequent accident events, First, the reduced heat
flux will cause the vessel attack to be slower than visualized in
tiie ZPSS, lengthening the time to failure. The increase in time
may then cause the vessel temperature profile (both laterally and
axially) to be more uniform increasing the potential for more
thah one cube penetration to fail. The possibility of multiple,
gimvltaneous *tube penetration failures cannot be discounted. If
a wuabker of instrument tubes fail, the initial and possibly the
-inal Srecch diameters and hence flow rates will be greater than
the values assumed in the ZPSS. The longer time to failure will
a.s0 ailnw Jurther depressurization of the primary system.

A s2cond consequence of a lower melt temperature is the

«ffurct on the debris relocation mechanism. Although the exact
compwsition of the debris is not known, it is expected that the
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mixture properties will behave similarly to other ternary compo-
sitions. Thus, the density, viscosity, and surface tension will
be related to the melt temperature. Each of these terms is
considered in the equations governing the relocation mechanism.
A lower melt temperature will also reduce the heat flux of the
jet stream after exit from the vessel. Thus, the potential and
energetics of steam explosions, concrete decomposition, and steam
generation will decrease with lower temperatures.

A lower debris temperature will also increase the potential
for forming a stable crust above the molten material. A stable
crust layer will disrupt the dispersal mechanisms that rely on
removing material from the surface of the molten pool. The crust
will also form an effective insulating layer that will reduce the
heat transfer from the upper surface of the pool. This will
cause the downward and sideward heat flux to increase and the
concrete interaction to be more vigorous and longer., A longer
concrete interaction period will increase the pressure load on
containment by the release of water vapor and non-condensable
(possibly flammable) gas species.

II1.2 Gas Solubility in Melt

Several of the Zion accident sequences depict the devel-
opment of a molten pool of core debris while pressure exists in
the reactor vessel. The pressurizing gas is assumed to be prin-
cipally water vapor and hydrogen from the oxidation of fuel
cladding and structural materials. The ZPSS analysis does not
consider the potential for gas in solution with the melt and the
effect of the dissolved gases on the ex-vessel phenomena.

Gas solubility for metals and metal oxides is generally a
function of both temperature and pressure. Reactor accidents
must ccnsider the potential for both hydrogen and oxygen disso-
ciated from water to be soluble in the molten debris species. As
an examp e, consider the solubility of hydrogen in iron that is
known t ,» obey Sievert's law:

1/2 Hy (gas) = |[H] dissolved in Fe
where:
[H] = concentration of dissolved atomic hydrogen.

The equilibrium constant is:

(H]

BN pedees

PH2)1/2
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or

-1637 (sH) x 104
log K = ~ +2.3126-log———-72—-
Phy

where:

T = the melt temperature (K)

PH2 = the partial pressure of hydrogen (atms).
Then:
- 1
log (104 ) = 1631 4 2.31% + 5 log Py,

The ratio PHg /Peotal May range from #.81 to 1.6 for an
accident situation:? &epresentative values for conditions of
interest to the accident are given in Table 1.

TABLE 1
Dissolved Hydrogen in Molten Iron

Temp 2 [Hy] [Ho]
(K) 42 cn® (stef/100 g Fe cm? (sTEf/cnd Fe
(MPa)

1810  15.8 383 26.8
7.8 271 19.0
4.1 200 14.0
0.1 31 2.2

2800  15.0 800 55.9
7.5 565 29.5
4.1 418 29.
0.1 65 4.5

It is apparent from the results in Table 1 that the solu-
bility of hydrogen is a strong function of the melt temperature.
The concentration is less affected by the variation in system
pressure. The amount of dissolved gas re; ~sents a large volu-
metric fraction of the melt composition at ambient conditions.
Upon release to the atmosphere during ejection, the gas will
nucleate as bubbles and attempt to migrate towards the boundary
of the jet.
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The data given in Table 1 are prototypic considering the
guantity of steel expected to be present in the molten core
debris composition. Reactor accident studies must also consider
gas solubility in the oxidic phase of the melt. Data are scarce
on the subject of gas solubility in molten oxides, but Blander's
correlation (Ref. 12) for gas solubility in molten salts can be
used as a first approximation:

r2o

1n re8 . 914 x 1816 —

P T
where:
R = gas constant
T = absvlute melt temperature
[C] = concentration of gas dissolved in the oxide

P = partial pressure

r = radius of the gas molecule

0 = melt surface tension.

Assuming the radius of an H,0 and H; molecules to be 2 A and
1.2 A, respective.y and the surface tension of a prototypic
oxidic melt to be 490 dynes/cm, estimated solubilities can be
obtained. The results of the analysis (assuming no chemical
interaction between the gas and oxide) are given in Table 2.

TABLE 2
Solubility of Hy and H,0 in an Oxidic Melt
Concentration

Tem?:gature PHZ PHZO H2 Hzo
(MPa) (MPa) (1 STP/1 of oxide)

28080 7.5 7.5 327 8.59

35 13.5 .65 1.06

0.2 14.8 0.07 337

1800 75 y 3.11 .22

1.5 13.5 0.62 8.39

0.2 14.8 0.06 0.43

The smaller size of the hydrogen molecule causes it to be more
soluble than water vapor at equivalent conditions. The solubili-
ties estimated by this correlation are lower than that for iron.
The amounts appear; however, to be adequate to cause disruption
of the melt if the gases come out of solution.
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The implication of the above analysis is that molten core
materials, under pressure, have a significant potential for the
cover gas to go into solution with the melt. The dissolved gas
will cause disruption of the melt stream as the gas bubbles
nucleate and attempt to diffuse out of the melt and into the
environment. The melt stream must then be modeled as a two-phase
mixture of gas and liquid. The gas diffusion may also cause
portions of the melt to be removed from the stream as the gas
bubbles expand, burst and fragment. The fragments represent a
source term for aerosol particles and fission products, discussed
in more detail in Section III.4.

IX1.3 Vessel Failure

In the ZPSS analysis, the bottom head was assumed to be
covered uniformly by the core debris. The 56 instrument-tube
penetrations are concentrated in the central portion of the lower
plenum, where the drainage and accumulation of debris is expected
to occur. The ZPSS predicts that all tubes are attacked in a
similar manner, with only a slight variation in the debris static
head at the individual locations. Because the tube penetrations
are identical, it is logical to assume that the thermal attack of
the partial welds is nearly equivalent at all locations. This
behavior seems to be supported by the ZPSS results given in
Appendix 3.4.6 that indicate for at least 12 (possibly 16) of the
cases studied, the mode of failure is when instrument "tubes"
slip out of the vessel.

The consequence of two or more tubes failing simultaneously
will be to alter the ZPSS assumption of a single jet emanating
from the vessel. For multiple failures, one or more jets will
develop, depending on the relative locations of the failures.
The attack of the vessel wall, or breach growth, will then pro-
ceed at more than one location and the flow area available to the
debris will be initially larger and will increase in size at a
higher rate than assumed in the analysis. The flow area for
vessel blowdown will be changed in a similar manner. The subsec-
tions below attempt to determine the effect of these changes on
the debris dispersal.

III1.3.1 Mnass Flow Rate

The mass discharged out of the vessel, m, for a jet stream
can be estimated by:

-

m = DFACU

where:
Pp = density of melt

2

A.= t* = m(ry + Bt)2 = the area of the breach

Cc
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B = dr/dt = constant = the breach growth rate

= jnitial breach radius

fo

= jet discharge velocity

P,/P, = pressure of vessel and containment, respectively.

The expression for A, is developed from the form given in
the ZPS3 analyses while U is determined from Bernoulli's equation
for incompressable steady flow.

The total mass discharged at any point intime is then found
by integrating m from time @ to time t;

e
my = f op m(r, + Bt)Z U(t) at
0

where U(t) may be a function of time if flow through the breach
is not choked.

For multiple failures, the area term in the above equation
must be modified according to:

, n
A, = iéi A =non(rg+ Bt) 2

where n = number of tubes failed.

To determine the total mass discharged at any point in time,
the integral egquation becomes:

' ti 2
my = { Pp N n(ro + Bt)“ U(t) dt

The effect of additional tube failures is to cause an inte-
ger-multiple increase in the area available for material dis-
charge as compared to the single-failure case. Assuming that the
density and velocity of the stream are constant, the mass dis-
charge is then given by:

(e« eper + 75
My = PpnT \L, | < rBt + 3 U

where t' is the time from start of discharge (t=u).
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This behavior is illustrated in Figure 6 for a small-break
LOCA accident, comparing mass discharge versus time for n = 1,
2, 4 and 10. The plot indicates that increasing the number of
failed tubes greatly shortens the discharge time. The most
significant change occurs when ngoes from1l to 2 with the effect
becoming less pronounced as n increases, approaching an asymptot-
ic value as represented by n=10.

III.3.2 1Interaction of Multiple Breach Locations

The behavior modeled in Figure 6 assumes that the various
tube failures do not interact. If two or more adjacent tubes
fail, the breach patterns may grow to intersect. The average tube
spacing is approximately 48 cm, so that failures in adjacent tube
locations will overlap in less than 0.5 second for the transient
case (dr/dt = 41 cm/sec) and slightly over 1 second for a small-
break LOCA (dr/dt = 26 cm/sec). Assuming this behavior occurs,
adjacent tube failures will evolve into an asymmetric single
breach with a somewhat smaller effective flow area than two
independent failures.

If the diameter of the jets emanating from multiple loca-
tions is equivalent to the size of the breach (as the ZPSS as-
sumes), the jets will not interact until the breach locations
grow to intersect. Upon impact with the cavity floor, the be-
havior of the jets becomes more complex. Motions in the melt
pool induced by the stagnation of multiple jets may destructively
or constructivcly interact, so that the dynamic configuration of
the debris may be affected.

II1.3.3 Vessel Blowdown and Material Removal

The average pressure exerted by the jet on the concrete
floor provides the driving force that induces the radial movement
of the debris and subsequent splashout. This pressure is in-
versely related to the area of the jet. Multiple failures will
involve more surface area and hence a reduced mean pressure and
less radial force on the debris pool. The decreased radial
movement causes the wave height growth to be lessened and the
traveling velocity of the wave to decrease. These changes would
also serve to mitigate the material removal by causing the trav-
eling velocity of the wave to decrease relative to the material
velocity.

Multiple tube failures will also alter the blowdown of the
vessel following melt ejection because the flow area for the
discharge is increased. The increased flow out of the vessel
will cause the gas velocity in the tunnel area to increase di-
rectly affecting the film sweepout, particle levitation, and
film entrainment mechanisms. Each mechanism is prqportional to

the dynamic pressure of the gas, i.e., DgUg where Ug
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and ¢, are the velocity and density of the gas in the tunnel,
respegtively. Thus, an increased flow of gas out of the vessel
will cause enhancement of three of the material removal mecha-
nisms, but the duration of the blowdown will be correspondingly
reduced.

The ZPSS considers breakup and entrainment of the molten
material to be the principal removal mechanism. Following the
initial dynamic processes, the velocity required for entrainment

is given by:
3.7[9 u(Pp - ogil /4

1/2
(°g)

where u is the surface tension of the molten material and g is
the acceleration due to gravity. If the gas velocity in the
tunnel, Ug, exceeds U, then material will be entrained in the gas
stream.

In order for the particle to escape intact, its horizontal
velocity must be converted to a nearly vertical velocity in the
sloping instrument tunnel. For this to occur, the gas stream
velocity must not change during the transition from the tunnel to
the exit into containment. The criteria for escape is given by

13
Iy < 4

where L, and L, are horizontal dimensions of the tunnel and Lj is
the vertical distance to the containment floor.

The material entrainment mechanism is only dependent on the
gas velocity in the tunnel exceeding the entrainment velocity.
Multiple tube failures will cause higher gas velocities in the
tunnel than a single tube failure at corresponding pressure
conditions, thus enhancing the material entrainment removal mech-
anism,

In summary, the net effect of multiple tube failures on the
debris relocation appears to increase the likelihood of exceeding
the criteria for material removal. This effect is balanced by a
corresponding decrease in the duration of the blowdown of the
RPV. Both effects must be considered when attempting to deter-
mine the extent of material removed. The ZPSS analysis showed
only that the criteria for each mechanism were met, but did not
carry out the calculations necessary to show that the combined
influence is sufficient to cause all the material in the cavity
to be removed.
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I11.4 Aerosol Production During Melt Discharge

The ZPSS considers aerosol production during in-vessel pro-
cesses, steam explosions and core/concrete interactions in the
cavity region. Aerosol formed during the melt discharge is not
mentioned during the analyses. The high-pressure melt ejection
experiments (SPIT tests) .described in Appendix A have shown
significant aerosol generation during the melt ejection sequence,
The formation mechanisms active in the melt jet have tentatively
been identified as condensation of vaporized melt species, bubble
nucleation and breakup, and atomization. These processes may
also be active in accident sequences.

Melt jet aerosols are .mportant because of their potential
for releasing fission products into the containment atmosphere.
Secondary effects include the potential heat load from rapid
oxidation of metallic particles, the burden placed on engineered
safety devices by aerosol deposition, and the added potential to
act as ignition sources for flammable gas species within the
containment atmosphere.

III.5 Energetic Concrete Decomposition

High-temperature melts in contact with concrete produce very
energetic reactions (Refs. 6 and 7). Gases thermally released
from the concrete rapidly expand and are forceably driven through
the melt to produce turbulent mixing, The magnitude of the
forces has been observed to cause levitation of large melts.

Violent decomposition will affect the heat transfer in the
cavity and the dispersal of the debris. A simple stagnation
heat transfer correlation, as employed in the ZPSS, does not
account for the influence of gas generation nor does it include
the mechanical energy (velocity) of the impinging stream. The
combination of large heat transfer rates and the high veiocity of
the jet may prove to be very efficient in eroding the basemat
material. Enhanced erosion will increase gas generation and
potentially disrupt the hydrodynamics of melt dispersal.

Melt/concrete interactions in other areas of the cavity can
also influence the accident phenomena. As the melt flows over
the cavity floor, the emerging gyas from the floors and walls may
cause disruption of the established flow patterns increasing the
pressure loading on the containment. The upper sidewalls above
the melt and the roof of the tunnel and keyway will also decom-
pose due to the radiant heat flux from the melt, contributing
to the overall pressure loading. If the gases react with the
melt, the inventory of flammable gas species will be significant-
ly altered.
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I11.6 Dynamic Debris Configuration

The ZPSS debris relocation mechanisms for the transient and
small-break LOCA analyses are very dependent upon achieving a
spe:ific configuration for subsequent removal of material by the
dir,charge of steam and hydrogen. The energetics of the melt/con-
c.ete interactions may be capable of disrupting the formation of
a quiescent pool. The two-phase nature of the pool (with emerg-
ing gases) may make it capable of dissipating the jet pressure
forces without relocation of the debris. The dynamic pool
configuration shown in the ZPSS document (Fig. 3.2.8-1) may never
form because of Helmholtz instabilities. If multiple jets exist,
the stagnation pressure will be reduced and destructive inter-
ference of the pool dynamics may occur.

I11.7 Geometric Features

The purpose of the reactor cavity, tunnel, and keyway is to
provide access for the instrumentation tubes to the bottom of the
RPV. The array formed by the tubes occupies a portion of the
cross-sectional area of the tunnel and keyway. The presence of
the tube array and its influence on the behavior of the debris
and gas stream are ignored in the ZPSS. Viscous drag of the
fluid over the tube walls removes energy from the flow, eventual-
ly reducing the mean velocity of the material.

The ZPSS analyses imply that the sump pit located at the end
of the tunnel near the junction with the keyway does not in-
fluence the dispersal mechanism because the size of the sump
(6.6m by 8.6m) is small compared to the width of the tunnel at
that location. Only splashout should be affected because the
other three mechanisms are predominant on the surface of the
debris pool.

The annular gap between the RPV and concrete cavity could
provide a short-circuit flow path for the blowdown gases. A
biological shield and associated insulation are placed around the
vessel, effectively minimizing the available flow area. If these
materials were damaged or displaced during the accident, diver-
sion of the flow could result, Flow into the containment from
the gap would reduce the energy available for debris removal.
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IV. Scaling Analyses

The main objective of the HIPS experiments is to verify the
debris relocation mechanism, and therefore the scaling analzsis
is based on satisfying the debris removal criterion. The high-
pressure ejection of molten material into a concrete cavity
involver a number of physical processes occuring within the same
time frame. These processes include, but are not limited to; the
movement and dispersal of the core debris, aerosol generation
from the jet and from the melt/concrete and melt/water interac-
tions, gas generation due to the decomposition of concrete and
steam evolution, and the water quenching process.

IV.1l Program Strategy

The SPIT and HIPS test programs involve 1:20 and 1:10
linear scaled experiments, respectively. The results from the
tests provide experimental information concerning the debris
dispersal arguments presented in the ZPSS and will allow valida-
tion of the scaling analyses. The data will also furnish insight
into other phenomena of interest and how they scale to the reac-
tor situation.

IV.2 Summary of Scaling Analyses

Sections IV.3 through IV.5 contain detailed scaling analyses
of the phenomena expected to be important during a high-pressure
melt ejection into a reactor cavity. The analyses are presented
for the 1:10 linear scaled model, with additional information
concerning the 1:20 scale where required. Table 3 summarizes the
phenomena and results of the analyses. All of the information,
except debris removal mechanisms, are given in terms of scaling
ratios. The removal mechanisms are evaluated in terms the cri-
teria established by the ZPSS. The evaluations are based on the
parameter values for the experiments and accidents (given in
Table 4).

TABLE 3
Summary of Scaling Analyses

Phenomena Scaling (Test/Accident)

SPIT HIPS
Length 1/20 1/10
Area 1/400 1/100
Volume 1/8000 1/1000
Mass 1/6000 1/1000
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TABLE 3 (Cont.)
Summary of Scaling Analyses

Phenomena Scaling (Test/Accident)
SPIT HIPS
Time:
Melt Ejection 1/1975 1/150 to 1/1400
Blowdown 1/20 1/10

Erosion Rate 1/(0.2 to 0.7) 1/(0.3 to 0.7)

Total Erosion:

By Jet 1/(6 to 14) 1/(3 to 7)

By Pool 1/400 1/100
Thermal Mass 1/3200 1/398
GCas Generation:

Jet Contact 1/1788 1/316

Pool Contact 1/8000 1/1000
Aerosol Particle 1/4.5 1/3.2

Size Escaping

Cavity

Debris Removal Mechanism

Film Sweepcut:

Film Entrainment:

Particle Levitation:

Splashout:

Exceads Criteria
Exceeds Criteria

Exceeds Criteria

Exceeds Ciriteria
if wave thick-
ness less than
27 cm

Exceeds Criteria
Exceeds Criteria
if Po 21.8 MPa

Exceeds Criteria

Exceeds Criteria
if wave thick~-
ness less than
54 cm

—— -

— - —

The results show that the dimensions, mass and time are
correctly scaled., The thermodynamic processes are less accurate
with the test underpredicting all but one of the accident pheno-
mena. Erosion rate is slightly over-influenced in the experi-
ments, but when combined with the time scaling, the scaled total
erosion is less in the experiment.

The aerosol particle size scaling is significant because the
material escaping the cavity will have a smaller size range in
the experiment than in the accident., This leads to the conclu~
sion that the size :istribution measured in the experiment will
most probably be a luwer bound on that expected for the accident,

Scaling of the debris dispersal mechanism insures that the
ZPSS cutoff criteria are exceeded in the experiments. The ZPSS
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TABLE &

Parameter Values From the ZPSS and Experiment

Parameter (Symbol) ZPSS Value Experiment (Note a)

Density of Melt (pp) 7000 kg/m3 5900 kg/m3
Pressure in Tunnel (P) 0.3 MPa 0.1 MPa
Melt Surface Temsion (o) 0.5 N-m 0.6N-m
Ratio of Specific Heats (k) 1.28-steam and Hj 1.30 - €Oy

1.40 - Ny
Acceleration of Gravity (g) 9.8 m/sec? 9.8 m/sec?
Height from Cavity to Containment Floor (h) 8, (maximum value) 0.4 m (0.2m)
Initial Area of Breach (A) 1.9 x 1073 to 1.25m2* 5.1 x 10 %m2»*
Impact Area of Jet (Aj) 2 Times jet diameter 1.7 times jet diameter
Cross-sectional area of the Tunnel (A) 7.2 - 10.0m? (varies 0.06 - 0.09m?

Thickness of Wave (1/2)
Width of Tumnel (w)
Height of Tunnel
Density of gas (08)

Temperature of Gas (Ty)
(M

Pressure in Vessel (P,)
Particle Fragmentation Constant (C)
Aerodynamic Drag Coefficient (Cy)

with length)
0.3m
3.2 - 2.3m (tapered)
3.1m
600 kg/-3

625 K (In-vessel)
573 K (In tunnel)

lo‘ - 17.0 WJ
12
0.5

?

0.3 - 0.2m (0.15 - 0.1)

0.3m (0.15m)

+1790 kg/m3 (C0Oy)
1250 kg/m3 (Ny)

?
?

106 - 17.0 m.
12
?

* Dependent on breach size, assuming breach grows with time

*k Can be varied to fit scaling criteria

t STP.

Notes:

a. - Values are given for 1/10th scale, 1/20th scale values when different are given in ( )



considers that exceeding the criteria is sufficient to insure
debris removal from the cavity.

IV.3 Scaling of Debris Dispersal Mechanisms

The four debris relocation mechanisms identified in the ZPSS
are described briefly in Section II.8. The analyses given in the
ZPSS establishes cutoff criteria for each mechanism to determine
if the conditions for existance are met in the accident situa-
tions. The calculations are made based on specifics of the plant
and postulated accident conditions.

The cutoff criterion for each mechanism is expressed in
terms of dimensionless parameters in Table 5. Film sweepout,
film entrainment, and particle levitation are all based on one
dimensionless grouping while the remaining mechanism, sweepout,
is based on a second parameter. The definition of the dimension-
less terms show that they are comprised of parameters related to
the geometry of the cavity, the conditions in the RPV at the time
breach occurs, and the thermophysical properties of the molten
debris and gas. Subsequent sections discuss the scaling of each
of the removal mechanisms.

IVv.3.1 Time Scaling

Evaluating the cutoff criteria for each mechanism does not
by itself establish the amount of material removed. It is as-
sumed that the extent of material removed from the cavity is
directly related to length of the time the cutoff criteria are
exceeded. This suggests that the experiment not only must exceed
the criterion but that the length of time the value is exceeded
must also be scaled to that of the accident. The experiment to
accident time scale can be determined by considering the dis-
charge of the melt and the blowdown of gas. For the melt ejec-
tion period, the total mass discharged is given by:

me = J[t' PeVeh dt (Iv-1)
o

where:
P¢g = density of the melt
Vg = velocity of the melt through the breach
A area of the breach
te time required for melt ejection

Assuming that the pressure in the vessel is unchanged during
the discharge period, the density and velocity are considered
constant. Using the relationship developed for the breach growth
rate, then equation (IV-1l) becomes:
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TABLE 5
Cutoff Criteria for Debris Removal

Mechanisms

Removal Mechanism

Dimensionless Group

—— ————

Cutoff Criterio;—

g

aerodynamic drag coefficient
constant

Film Sweepout Ry Rj 29
Film Entrainment Ry Ry 2 13.7
3 [ 4 ]1/2
Particle Levitation R B R
1 1 3 Cp
Splashout Ry Ry 2 1
2
Mo e 0 [E] o w
[QOOL] /2 [QUDL] 12 A
LI L O S
kel
k-1
Fo 2
s T T X k[kﬂ]
Definition of Terms

P - density

V - velocity

g - acceleration of gravity

A - area

P - pressure Subscripts:

T - temperature g - gas stream

w = width of tunnel L - liquid

K - ratio of specific heats r - breach

h - height from tunnel to containment 0 - in-vessel

o - liquid surface tension j - jet impact area

A - wave thickness

o O

gas constant
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t
]nf = Of (VOI)f = prff . ﬂ(ro + &)2dt (N-Z)
(o]

where:
Volg = volume occupied by the mass
Lo = initial breach radius
B = breach growth rate

Performing the integration yields:

(IV=3)

B%t,3 )

Volg = Vg n(rozte + ety + —3

The scaling criterion can then be established by taking the
ratio of equation (IV-3) for the experiment and accident.

3
3 ( 2 2 Pt ))
Eo—) E é vo.].f)E Vf ” tote + roBte + '——‘—3 E

L3)A V‘nf)A Vg W(rozte + tOBtez + the3 ﬁ
3 A

(IV-4)

Equation (IV-4) suggests that the time scaling for the
experiments is dependent on the length scale, initial breach
radii and growth rate. The equation can be solved for the
various accident and experiment conditions. The results of the
analyses show that the scaling is principally dependent on the
length scale and the size of the breach opening. These results
are summarized as follows:

1:20 scale tg/t, = 1/1975 for ro = 1.25 cm
1:10 scale tg/t, = 1/245 for ry = 1.25 cm
tE/tA = 1/981 for ry, = 2.5 cm

The resulting scaling ratios are strongly influenced by both
the length dimension ratios and the initial size of the breach.
The two values of the breach growth rate (4.1 and 2.6 cm/sec)
have an insignificant influence on the calculated ratios.

The time scaling analysis indicates that the desired time
scale ratio at a given size scale may be achieved Ly adjusting
the experimental initial breach radius. The HIPS experimental
apparatus allows a range in the radius of approximately 1 to 3
c¢m. This range results in time scale ratios of 1/150 to 1/1400,
respectively. This variation may be employed to adjust the
scaling values of phenomena in the experiment.
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A second time scale can be found by considering the blowdown
of the pressure vessel to be given by the expression for the
mass flowrate through the breach:

m, = Dg Ve A (IV-5)
where:
m, = mass flowrate through the breach
og = density of gas
Vi = velocity of gas
A, = breach cross-sectional area

The time required for blowdown can be found from the
total mass in the system:

mtotal".{tt m,dt
e

where:
ty = time when dispersal criteria are no longer
exceeded

Assuming isentropic process, the density and velocity are
constant for nearly the entire blowdown interval.

. Lt
Meotal = My t . = PgVehr(te = te) = PV Ar(ty) oudown)  (TV-6)
e

Scaling is based on assuming that the linear dimensions of
the experiment (E) are a known fraction of the accident (A) :

Meotal ) a o'thrblovdoun) A

- (IV=7)
“%otdl)g ogvﬂﬁtbbaukvn) E

The gas density in the experiment and accident are nearly
equivalent. Assuming that the pressure in the system is the same,
then the velocity (from choked flow) through the breach is the
same for both situations. Cancelling the common terms and rear-
ranging to solve for ty, . gqowr. ©4quation (IV-7) becomes:

tblcmlown)E R “r)A . "‘totalx:; LZ)A. L3)E- L)E
thlowdown )y  Pr)y  Meotal)y,  1?)g 12 )a —Lja
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The gas blowdown time is therefore scaled in the same manner

as the length ratio, either 1:20 or 1:10 to that of the reactor
accident.

IV.3.2 Fiim Sweepout

Film sweepout is identified as a liquid film that is dragged
up and out of the cavity by the high-velocity gas stream caused
by the reactor vessel blowdown. This mechanism occurs when the
drag force on the wavy film surface is sufficient to lift the
film against gravity. The necessary condition for initiation of
film sweepout is obtained from the ZPSS as follows:

2
e\

ord] 7

2 9 (IV-8)

where:
oq = gas density in the tunnel

Vg = gas velocity in the tunnel
a = acceleration due to gravity
o = liquid surface tension
Pp, = density of the molten core material
Equation (IV-8) can be written to solve for Vg:
1/2
[ 2
9 goOL] v
Vg 2> et (IV-9)

°g

Equation (IV-9) should be evaluated at the pressure, temper-
ature, and gas species conditions existing in the tunnel during
the experiment. By way of example, it is assumed that nitrogen
at 100 psig and 570K is a typical lower bound of the possible
range. Using Table 4 for the appropriate material properties
gives:

Vg 2 1.2 my/sec

This value represents the gas velocity in the tunnel neces-
sary to insure film sweepout and can be used to determine a
corresponding system pressure., Using conservation of mass and
the dimensions of the system:

Meunnel = Mpreach
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Meynnel = °gPr Vg) tunnel

k+l
k-1 (TV-10)

Myreach = Por | k ( 2 )

where:
P, = pressure in the vessel
k = ratio of specific heats
R = universal gas constant

Solving for the vessel pressure gives:

p v.)
B § 'y el 75 (1v-11)
k+1
k=1
k 2
Ae | ®r (m)

Using the resultant above for Vg from above and values from
Table 4 yields:

1:10 Scale P > 0.028 MPa = 4 psi
1:20 Scale P 2> 0.007 MPa = 1 psi

Thus, all pressures included in the test range (1.4 - 17.0
MPa) will cause the gas velocity to exceed the film sweepout
criterion.

IV.3.3 Film Entrainment

Waves will form on the liquid pool in the cavity if the gas
velocity is sufficiently large. Liquid entrainment intc the gas
results from wave crest erosion by the high-velocity gas stream.
According to the 2ZPSS, film entrainment occurs when the following
criterion is satisfied.

2
oV,
99 "
/2 2 13.7 (1Iv=12)
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where:
0= surface tension of the melt

This differs from the film sweepout criterion only by the
constant of proportionality, so that equation (IV-9) becomes:
2

YV
13.7 EODL Ve
Vg 2 (IV-13)

°g

Solving equation (IV-13) for an initial nitrogen pressure of
1.4 MPa (200 psig) gives:

Vg 2 1.4 n/sec

This criteria is easily satisfied for the range of system
conditions under consideration (P > 1.4 MPa).

IV.3.4 Particle Levitation

Entrained particles can be swept out of the instrument
tunnel if hydrodynamic drag forces are sufficient to 1ift the
particle against gravity. This occurs when the following
criterion is satisfied:

2
3 PV
- Gl )21 (IV-14)

L

where:
Cq = aerodynamic drag coefficient
D = entrained particle size

The entrabned particle size is dependent on the dynamic
pressure, PgV,%. A reasonable approach is to assume the fol-
lowing:

D= —C—"z— (1v-15)
® 9%

The constant C is unspecified for particles initially en-
trained into the gas stream, but once particles are entrained,
they are subject to hydrodynamic fragmentation. The maximum
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stable fragment sizes can be estimated with Equation IV-15 when
the constant C is about 12 (Ref. 13).

Substituting Equation IV-15 into the particle levitation
criterion yields the same variable grouping shown in the film
sweepout and film entrainment criteria.

2 2
ko]l 6)

Therefore, the gas velocity can be found from:

V4 1/2 V3
( 4 C ) (90°y, ) /
v - = — (IV=17)
g 3 Cd Og

Evaluating the expression containing C can be done using
values from the ZPSS.

Ve , (V4
&) -

'—.g') = 2,34

Comparing this result to the constant in equation (IV-9) and
(Iv-13) shows that the particle levitation criterirn will also be
exceeded for experimental conditions.

WI‘
—

—
ula
=

IV.3.5 Splashout

The ZPSS proposes that the dynamic configuration of the
debris will cause a high-amplitude, small-wavelength wave to be
accelerated down the instrument tunnel. Film mass is converted
to wave mass which has an ever-increusing material velocity.
Splashout will occur when the wave impacts the far tunnel wall if
the wave mass has sufficient kinetic energy to overcome the
gravity potential associated with lifting material up and out of
the instrument tunnel. The necessary condition for sweepout is:

Vi
—2;“ > -3 (IV-18)
where:
Vy = the material velocity when the wave impacts the
slanted keyway at the end of the tunnel
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h = height which material must be lifted to remove it
from the instrument tunnel.

In order to determine if the necessary criterion for mass
removal is met in the tests, the dynamic gas pressure in the
tunnel and material velocity for splashout must be related to
known quantities.

The gas velocity in the tunnel can be written in terms of
the mass flow rate (m) in the tunnel.

2
- M .
ogvg og [ ogA] (IV-19)

Where, A is the -.oss-sectional area for gas flow in the tunnel.

The mass flow rate in the tunnel is equal to the choked-
flow condition exiting the reactor vessel.

- ]/2
s
k-1
) (IV-20)

L]

i = BA LMLO (k

1

+

The gas density in the instrument tunnel is given by the
ideal gas law:

) (Iv=-21)

& nbes
9 Rr

where the terms (P,T) are obtained at a specified location in the
tunnel.

Combining Equations IV-19 through IV-21 yields an expression
for the dynamic pressure in terms of known quantities in the
reactor vessel and instrument tunnel.

] k+l |
k-1

2
2 At] Po T ( 2 )
P - bl Lo e -2
a'g P°[A P T, ! adiue

- - -
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The material velocity of the high-amplitude, small-wave-
length wave considered in the splashout model can also be related
to known quantities. This is accomplished by applyin; Newton's
Law to the wave. The resulting differential equation aescribing
the wave position in the tunnel is given in the ZPSS as:

d?x _ 24P
dt? APy,

where the A P term is the driving pressure (P, - P)

(Iv-23)

The ZPSS expression for the position-dependent driving pres-
sure is simplified by using a constant pressure equal invalue to
the actual driving pressure half-way down the tunnel.

. 2 . 2
AP = - : 24 (IV-24)

°qPaly Py

A, = impact area on the instrument tunnel floor of the
gas jet emanating from the reactor vessel

L = distance traveled by the wave at the point where it
impacts the far tunnel wall

W = width of the tunnel

The mass flow rate in the tunnel is given by Equation IV-20 and
the gas density in the tunnel is given by Equation IV-21.

The material velocity for the wave impacting the far wall
og the instrument tunnel is obtained by integrating Equation IV-
2 -

kel
k-1

2 2

P A

2 6] [ r ] 4 T 2

Vil = - (IV-25)
L PP A J AW T, -

Combining equations (IV-18) and (IV-25) gives an expression
for scaling based on known variables:

ktl
k-1
2 2
P 2 2
‘ [ﬁ"] o Kler] 2 1 avee
gho P Aj o



All of the terms in the above expression can be easily
established, except for the wave thickness ()). Rearranging
equation (IV-26) and solving for ) using typical values for the
other parameters yields:

For Po = 1.4 MPa Ny: A £ 1.0 m
For Po = 17.0 MPa No: X £ 127 m

For the lowest pressure value, the required wavelength thickness
would be greater than the largest dimension of the scaled cavity
in order to not satisfy the splashout criterion. Therefore, the
pressure range of the experiments will cause the splashout cri-
terion to be exceeded.

IV.4 Scaling Thermodynamic Phenomena

The previous Section considered only the hydrodynamic as-
pects of the debris removal mechanisms involved in the accident
and experimental sequences. Scaling of the thermodynamic crite-
ria are evaluated in this section.

IV.4.1 Concrete Erosion

Concrete erosion is thermal decomposition caused by contact
with material at elevated temperature. Two types of interactions
are defined for the high pressure discharge of material into a
scaled reactor cavity:

(a) Pressurized ejection of the melt onto the concrete
below the reactor vessel.

(b) Flow of melt over the concrete in the tunnel and keyway.

The rate and extent of erosion in the HIPS tests are important
aspects of the ex-vessel debris behavior. Concrete erosion may
influence the development and magnitude of the key hydrodynamic
processes being studied in the tests.

Melt streaming onto a concrete surface will impose a heat
flux that may be estimated by a stagration heat flux correlation
(Ref. 14) for a fluid impacting an ablating solid surface.

1/2

0.35
2Vo
Q = oss(sg) x('r-'r)( L) (IV-27)
r K ) Cc dm\)

where:
Cp = heat capacity
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V = yviscosity
K = thermal conductivity
Ty = temperature of the melt stream
T. = melting point of concrete
V = stream velocity
d, = stream diameter
All the terms in the above equation are roughly equivalent
in both the accident and experiment cases, except for the stream
diameter. The appearance of terms involving the stream geomectry
distort the rate of concrete erosion from that expected in the
accident. To a first approximation, the rate of concrete erosion

(¢) will be proportional to the imposed heat flux as given by
Equation (IV-27).

. . 1/2 1/2

€E Qe da ) ( Dp )

— a — a|—) a [— (TV-28)
€A O dg D

where D is the breach diameter and the subscripts E and A refer
to the experiment and accident, respectively. Equation IV-28
suggests that concrete erosion is inversely proportional to the
square‘root of the breach diameter. For the dimensions given in
Table 4:

: _( 2.5)1/2 )

H 2.5)1/2

1.4 or (-2—?

£

= 1.'

?A

These results are appropriate only for the initial rate,

where the breach diameters are established by the geometry of the

RPV and experimental apparatus. Ablation of the breach aperture

may cause the scaling to change at later times. Erosion rate

scaling taking into account the possible growth of the breach
during ejection is of the form:

dr 2
‘e at A
a (IV=29)
L™ dr 1/2
Iy + —(t)
de E
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where:
Lo = jinitial breach radius

dr/dt = breach growth rate

- = time

For t = o, the breach growth rate term is not operative and
the equation reduces to equation (IV-28). For later times in the
sequence, the breach growth becomes significant. Assuming the
growth rates are nearly equilvalent for the test and accident,
then the scaling is dependent on the initial breach radii and the
duration of the event. Because the tim: scales fogr the ejection
period are estimated to be in the range 1/150 to 1/1400, the
second term in the denominator (dr/dt)ty is small relative to the
accident. The erosion rate scaling then becomes a non-iinear
function of t.

Equation (IV-29) then becomes:

1/2
- dr
CE " (ro + — tA)
éA (IO)E 1’/2

Thus, the ratio of test to accident erosion rates varies between
3.8 and 4.2 depending on the duration of the event. For the
limiting case of the small-break LOCA tp = 7 seconds, so that
the equation yields: :

1/2

£
E 4 ( 2.5 + 2.6(7)

‘A (1.2) V2

3.8

where the pirameter values are stated in cgs units.

The total extent of concrete erosion (¢) is the product of
the erosion rate and the duration of melt streaming:

€eg €g . tg
. _E_
€A A ta

= (1.4 to5.1) x (1/150 to 1/1428) = (1/3@ tc 1/1000)

Thus, the total concrete erosion by the jet in the tests will
significantly underpredict (he accident value.
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The se:>nd area of consideration for scaling erosion is the
effect indu—<d by melt flowing along the tunnel floor and keyway.
Previous mwelt/concrete interaction experiments (Refs. 6, 14)
have shown chat concrete erosion is dependent in a nearly linear
manner on the depth or static head of the melt pool. The ratio
of test to accident erosion in the tunnel location, is then

given by:

€ h t M oA t
. P_ o E . 2 - ) » _L_) . _E._ (1IV=30)
“A . oA /g R

where M is the amount of melt deposited on the tunnel floor (area
A).

If the density of the melt in the accident and experiment is
nearly the same, then:

M Lt
A 2
€ L Lt
E E
. = (IV-31)
A 3

For 1:18 linear scale:

€g 1 1 1 1 1
Ep 10 (150 .o mn)"' 1500 °° 14000

For 1:20 linear scale:

A 300 28000

The results of the above calculations indicate that the
erosion caused by the melt pool in the experiment will greatly
underpredict the accident behavior.

IV.4.2 Thermal Mass

The total thermal energy of the melt mass at the time of
vessel failure can be found by using values given in the ZPSS.
For an assumed temperature of 2200°C and a mass of 8 x_10% kg,
the thermal energy of the melt is approximately 1.02 x 18° MJ.
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The thermazl mass of thermite is estimated to be on the order
of 3.2 to 3.6 MI/kg, depending on the degree of completion of the
reaction and the heat losses in the melt generator apparatus.
Usino the lower value gives a total energy content of 256 MJ (80
kg mass) or 32 MJ (10 kg mass). The higher specific energy of
the thermite comrared to the accident is due principally to its
higher reaction Lemperature.

Because stored energy of a system is based upon the mass of
the system, then proper scaling for the 1:10 scale test should be
of the form:

Eg Mg, 1
5 - Syt (1:10 scale) (TV-32)

Using values from above, the estimated scaling ratio is:

L)

Esuzssil

Ep 1.02 x 10° 400

“his result suggests that the energy content of the test in
both scales is roughly 2-1/2 times greater than desired. The test
value can be altered by lowering the temperature of the melt or
increasing heat losses prior to ejection.

Degraded core material will continue to heat after ejection
due to the decay of fission products. The decay heating curve
can be used to estimate the amount of additional energy that is
contributed by fission product heating during the accident
sequence. This value can then be used to compare to the experi-
ment to evaluate the adequacy of thermite as a debris simulant.

The expression for the decay power level at any point in
time is given by (Ref 15):

P(t) = PAt™® (IV-33)
where:
P(t) = power level
P, = power at time of shutdown
A, a = constants used to fit the data
It is reasonable to use P, = 2400 MW (80% of 3000 MW) by
assuming that some of the fissfon products are lost during the

melting process priog to ejection. For the time interval from
150 seconds to 4 x 10° seconds after shutdown, the constants for
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the expression are: A = 0.130, a = 0.283. The power generated
during an accident is then obtained by integrating the power
history over the duration of the event.

t

Eejection = / 2 (130) (200067028 g (1v-34)
b

where:

t1, t = the start and end times for the discharge.

The integration yields:

3
(1v-35)

.. [t exp(l - 0.283) ]
Eejection = 3.2 [ 1-9.283

Bl

The values for t; and t) are determined by estimating the
time after the start of the accident that the ejection occurs and
the expected interval for thermal interactions. Most of the
accident sequences in the ZPSS indicate vessel failure between 1
and 10 hours after shutdown. The melt ejection and gas blowdown
processes have a combined duration on the order of 50 to 100
seconds, depending on the type of failure and initial system
pressure.

Evaluating equation (IV-35) for the two bounding times and
using a conservative 100@-second duration:

Eejection | pp = 435 (361.7 -354.7) =30 x 18w

Fejection 19 n 435 (1852.4 - 1848.7) = 1.6 x 1% WJ

These values represent the amount of decay heat generated
during the ejection interval. Given the larger value at 1 hour
after shutdown, the decay heating represents a 3.9% additional
contribution to the total thermal mass (1.02 x 107 MJ).

The result above indicates that decay heat provides only a
small additional contribution to the total energy content of the
system, for the time interval representing the discharge of the
vessel. For the small-break LOCA and transient sequences where
the time duration is even shorter than above, the added energy
due to decay heating will be less than 2%. Thus, the lack of
additional heating when using a thermite melt simulant is not a
significant source of error.
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IV.4.3 Gas Generation

The thermal decomposition of concrete releases water and
carbon dioxide from within the matrix of the material. These
releases occur over distinct temperature ranges allowing the gas
generation to be related to the propagation of isotherms into the
material. The velocity of propagation can be estimated from the
relationship (Ref 5):

V= - ; (1v-36)

T2
DFJ- + / Dcpdl‘
Bl

where:

isotherm velocity

heat flux incident on the surface

density of concrete

specific heat

enthalpy of decomposition of jth species
temperature limits of the decomposition process

C
F
Tl r Tz

g D 0e<

If the heat flux is suddenly imposed, as would be the case
in the accident or the test, the above relationship suggests that
the isotherm velocities are dependent only on the thermophysical
properties of concrete. Table 6 lists the main three concrete
constituents that contribute to gas generation and their asso-
ciated decomposition enthalpy values (From Ref. 6).

TABLE 6

Thermal Processes in the Decomposition of Concrete”

Decomposition
Weight Percent Enthalpy Temperature Range
Constituent (%) (J/gm) (C)
Free Water 2.7 81.6 30-230
Bound Water 2.0 120 360-485
Carbon Dioxide 22.0 960 600-1000

* Generic Limestone-~Common Sand

52



Comparison of the data in Table 6 indicates that the two
water loss mechanisms occur over different temperature ranges of
nominally equivalent span. Thus, enthalpies for these events are
approximately the same. The velocities associated with these
two mechanisms will be nearly equal for the same imposed heat
flux. The isotherm associated with the decarboxylation process
will proceed at a slower rate because of its relatively larger
temperature range and enthalpy of reaction.

The above analysis implies that the quantity of gas gene-
rated from concrete is related to the applied heat flux and the
duration of the event. Using equation (IV-27) gives:

: t a2 ¢
:Eﬂi o % ’ % o A) X ' X _f? (IV=37)
tA Ap

-— .—.x-——

gy, 9 f M g

where:
m = mass of gas released

A = area covered by jet stream

In order to evaluate equation (IV-37), the stream diameter
must be known. One approach is to assume that the stream dia-
meter is equivalent to the breach diameter in the reactor vessel
or melt generator. Thus, for the 1:10 scale model:

m

1/2
m:: . (%) . (1; " 14:0)" 1:40 '(m:n s 59—:53

The gas released during the experiment will vastly under~-
predict that expected during an accident.

This result is also subject to tne same reservations stated
previously concerning the dependence of the incident flux and
time scales on the breach diameter. Variations in breach radius
and growth rates will cause the ratio to vary within the indi~-
cated range.

The gas generation from the floor and sides of the tunnel in
contact with the pool can also ve related to the heat flux from
the melt. As the melt moves across the tunnel floor, the heat
flux is assumed to be a combination of conduction and convection.
After the initial movement ceases, the heat transfer will be
principally conduction with gas-injection induced turbulence in
the pool. 1In both cases, the heat flux is proportional to the
temperature difference (AT) between the melt and the concrete,
The scaling is then:
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In this case the time scaling is obtained from the mecha-
nisms controlling melt dispersal (blowdown of the vessel). If
the temperature of the pool in the accident and experiment are
nominally equivalent for 1:10 scale, equation (IV-38) becomes:

"gg 3 3 1

— — X =

mgh 10 "~ 1oe 1000

The result indicates that the amount of gas generated in the
test due to contact by the melt pool will scale in the same
ratio as that desired for the relative masses of the melt,

IV.5 Scaling Aerosols

The aerosol/fission product source term to containment
building is defined by:

1. Mass of aerosol input to containment (penetration)
2. Size distribution of aerosol

3. Size-dependent composition of the fission products and
bulk material of the aerosol

The melt ejection aerosol/fission product source term is in
addition to and distinct from source terms arising from in-vessel
fuel disruption and melting (the so-called in-vessel source term)
and from ex-vessel melt-concrete interaction (the so-called ex-
vessel source term)., The aerosol source term is important be~-
cause it presents a potential radiological hazard and may affect
the containment response to the accident.

Experiments (Appendix A) have demonstrated the formation of
aerosols upon high-pressure ejection of a thermitically-generated
melt. In the accident case, aerosols ejected into the reactor
cavity must traverse the tunnel and keyway before they are re-
leased to containment. Material that does not escape the keyway
is ot little significance to the containment aerosol source term
because it settles out onto the cavity floor or impacts on the
bend of the keyway and is returned to the melt., Figure 7 illus-
trates the relationship between the melt ejection aerosol dis-
tribution, the size-dependent keyway penetration function, and
the resulting aerosol source term to containment.
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An aerosol source term to containment has two aspects of
importance - radiological and physical - which are difficult to
separate from one another. The melt ejection aerosol has a
fission product component which presents a radiological hazard.
These products are associated with bulk particles whose physical
properties determine transport charcteristics and residence time
in the containment atmosphere. It is therefore necessary to know
the particle size distribution and associated fission product
inventory to assess the radiological bhazard for the accident
scenario.

Physical properties of the aerosol may have a significant
effect on containment response. At large concentrations, aero-
sols can plug filters and vents and interfere with the function
of fan coolers, pumps, and heat transfer surfaces. In the melt
ejection case, unoxidized metal in the aerosol particles may
rapidly oxidize upon entering the containment atmosphere, provi-
ding an additional heat load., The particles could act as an
ignition source for the hydrogen released during the blowdown
process. In the event of an early containment failure, the
aerosol would be the principal radiological hazard.

The existing data on melt ejection aerosol generation is
inadequate to fully address the potential consequences of the
above issucs. The Phase I SPIT test data are of a qualitative
nature that prove useful in suggesting phenomena which have not
been considered in the ZPSS.

The scaled cavity tests have been formulated to study the
melt relocation mechanisms of the ZPSS and are sized with these
phenomena in mind. It is possible, however, to make some obser-
vations on the test scaling with respect to aerosol formation.

1, Aerosol generation due to bubble nucleation and
diti:lion will scale with path length through the melt
(1:10) .

2. Material aerosolized by pneumatic atomization is pro-
portional to the material remaining in the pressure
vessel and the surface area wetted by the melt, These
functions are dependent upon the vessel geometry which
is not scaled. Scaling for this mechanism is unclear
but can be agssumed to be between 1:100 and 1:1000.

3. Vaporized mater&al from an undisrupted jet scales with
surface area (L“) and time of propagation. The kine~-
tics of aerosol generation are dependent on the un-
scaled parameters of temperature and pressure. The
time of propagation is dependent on jet velocity (un~
scaled) and the height of the vessel to the concrete or
water pool surface, It is not «certain that the aero~
sol generation scales linearly with jet height (1:10).
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4. The velocity of the particles in the tunnel is depen-
dent on slip and residence time., The smaller size of
the experiments may reduce the extent of aerosol re-
moved because of the shorter length scale.

These scaling observations lead to the conclusion that aero-
sol formation in these tests will not scale in a straightforward
linear manner. 1f aerosol generation scales with melt volume,
the concentrations will be at realistic levels because the cavity
volume is scaled by the same factor. This does not consider the
effect of the shorter jet height, which would act to decrease
aerosol mass.

Another important issue to be addressed by scaling is the
inertial impaction of particles at the end of the keyway. Aero-
snl size-dependent transport through the keyway in the scaled
tests will not correspond directly to that expected for the
accident case. Inertial 1mpuction of particles at the transi-
tion from the tunnel to the keyway is assumed to be the principal
removal mechanism during transport through the keyway. The
Stokes Number (Stk) is the appropriate scaling parameter for
impaction., Physically, it is the ratio of particle stopping
distance to some characteristic length of the impaction geometry
and 1s defined as:

0. D2 qub)q
Stk = BoL (IV=39)
where:
op = particle material density
Dp = particle diameter

C(Dp) = Cunningham slip correction
g = acceleration due to gravity
v = absolute viscosity of gas

L = characteristic linear dimension of impaction
geometry

For similiar geometries of unequal size, it is reasonable to
assume that the penetration (fraction of material into contain-
nent) as a function of Stokes number will be nominally the same,
Therefore, the scaling relationship from equation (IV-39) be-

comes:

Stk L
3 o m: (—(D%—L_—l‘): (1v-40)
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where the equivalent terms n the accident and experiment have
been deleted. From equation (IV-40) the particle size dependency
can be found:

oy _(l-z)m

(1Iv-41)

For 1:20 scale:

Based on the Stokes number equivalency, the diameter of the
particle entering the containment region is much larger in the
experiments than in the accident. Thus, any material escaping
the cavity in the scaled tests will almost certainly also esca
in the reactor case. This behavior is illustrated in Figure 8,
showing the loss of particles by impaction as a function of
Stokes number.

If accurate data are obtained on the aerosol distributions
generated from free jet experiments and scaled cavity experiments
at equivalent conditions, penetration estimates for the test
article can be made, These data will allow estimation of the
Stokes Number dependence of penetration and estimation of the
aerosol sizes leaving the reactor keyway,
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V. Experimental Programs
V.l Program Overview

The results from the Phase I SPIT tests (described in
Appendix A) have shown the behavior of a molten stream ejected at
high pressure to be uncharacteristic of that hypothesized in the
ZPSS. The SPIT jet geometry appears to be highly dynamic, depen-
dent on the degree of gas in solution, ranging from coherent and
stable to expanded and finely fragmented. The tests have demon-
strated an unexpected aercsol source term accompanying the jet
propagation, assumed to be caused by three or more separate
mechanisms.

The Phase II SPIT test program is designed to perform the
following experiments:

1) Perform jet and aerosol characterization tests.

2) Study the interaction of the jet stream with a water
pool.

3) Conduct 1/20th-scale concrete cavity tests.

These test results will provide the majority of data con~
cerning the dynamics of high-pressure melt ejection. The Phase
IT SPIT test matrix is outlined in the following section (V.2).
Section VI di: -usses the experiments in more detail including the
ldentification of the independent system variables and the de-
velopment of ' & characterizat »n test matrix using a factorial
design approach.

The HIPS experiments are intended to provide experimental
verification of the ZPSS' debris relocation mechanisms in a
realistic, scaled geometry. The dimensions of the HIPS apparatus
and test article represent a 1/10th linear scaling of the Zion
slunt geometry. The test matrix presented in Section V.3 is

esigned to provide data over the range of poseible accident

conditions. A limited number of characterization experiments are
also included, to allow correlation to the more extensive results
obtained from the Phase II SPIT tests.

The HIPS apparatus and equipment are discussed in Section
VII along with the strategy used to develop the test matrix. The
complexity and resources required for the HIPS experiments pre-
vent using a large factorially designed test program.

V.2 BSPIT Test Matrix
The SPIT characterization test matrix (Table 7) is based on
a factorial design approach considering four independent input

variables identified duriny the Phase I SPIT tests. The results
of the matrix should demonstrate the influence of these variables



and their interactions on the behavior of the ejected selt stream
and aerosol generation. The data will allow models to be devel-
oped and verified.

TABLE 7
SPIT Phase 11 Jet and Aerosol
Characterization Matrix

Pressure Approx. Temp. Jet
Test (MPa) Gas (°¢) Height (m)
1 6.3 N,/ €O, 2250 0.9
2 17.0 N, 3000 1.6
3 1.4 Ny 1000 0.2
4 17.0 0o, 1000 0.2
5 1.4 0, 3000 1.6
6 17.0 N, 1500 0.2
7 17.0 N, 1500 1.6
i 17.0 Oy 1500 1.6
9 1.4 0, 1500 0.2
10 6.3 N,/ €O, 2250 9.9

- e - — e ——— - - -

The Phase Il jet-water experiments are shown in Table 8,
The tests are designed to identify the type of interactions and
quantify their extent. The results are intended to be used for
the selection of instrumentation devices for subsequent SPIT and
HIPS scaled cavity experiments, The specific design and number
of additional tests involving water is not known due to the
uncertainty in the response of the system,
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fPIT Jet/Water Interaction
and 1/20th Scale Cavity

Test Matrix
Test Pressure Conf iguration Purpose
(MPa)

1 6.3 Deep water pool, Determine steam
directly contacting bubble growth in
exit aperature "solid" water cavity

2 6.3 Aluminum 1/20th Study dispersal of
scale cavity, pool water pool and hy-
contacting exit draulic forces in a
aperature "rigid" cavity

3 6.3 Concrete 1/20th Debris dispersal
scale cavity (dry cavity)

4 6.3 Concrete cavity Debris dispersal
with water pool (water present)
contacting exit jet/water inter~
aperature action

5 6.3 Concrete 1/20th Interaction in
scale cavity shal- partially filled
low water pool cavity

The scaled concrete cavity test (Test 3) will provide infor-
mation at 1/20th scale for use in subsequent modeling efforts,
The experiment will also allow the verification of instrumenta~
tion techniques to be used on the HIPS tests. The damage incur-
red by the test articlewill determine {f other tests on the same
unit can be accomplished.

Additional test conditions for the matrix in Table 8 have
not been defined, rondtng analysis of the results of the jet and
aerosol characterization test matrix. The type of gas and the
desired melt temperature will be chosen to obtain the maximum
l‘lt.' response i.e. the most energetic jet/water interaction or
the highest probability of debris dispersal. The results of
either test matrix may dictate that additional experiments be

c':!o‘uod in order to reduce uncertainties or study unexpected
avior,



V.3 HIPS Test Matrix

Scaling analyses of the mechanisms proposed in the ZPSS
(Section IV) indicate that material dispersal is most influenced
by the initial vessel pressure and temperature. The ZPSS disper-
sal mechaniasms discount the presence of water in the cavity and
do not allow for the influence of gas dissolved in the melt,
Analysis of these latter two effects suggests that they may have
a significant influence on the debris relocation phenomena,
Table 9 identifies the critical variables influencing debris
dispersal and their expected range.

TABLE 9
Critical Debris Dispersal Characteristics

Characteristics Range (Extremes)
Pressure: 1.4 - 17.0 MPa
Melt Temperature: 1500°C - 2800°C
Water in Cavity: dry - water filled

Gas Solubility:

— — i — - — -

low = high

- s —

A simple two-factorial test matrix of the input characteris-
tics given in Table 9 would require 16 tests total, more than
could be handled in a convenient manner. A fractional factorial
scheme to find just main nffects and not interactions of effects,
and with no replication of dat. would require at least 8 tests.
This number is also impractical under the scope of the Phase 1
HIPS testing.

The HIPS test strategy Ls therefore based on establishing
the existence of the dispersal mechanisms by isolating main
effects. The technique for accomplishing this is i{llustrated by
a logiec decislion circuit given in SBection VI (Pigure 28), The
intent of the circuit is to provide a method of ungtnq the range
of test conditions where the ZPSS material dispersal mechanisms
exist (or do not exist)., The test matrix based on the logic
elirculit is given in Table 12,
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TABLE 10
HIPS Test Matrix

Expected
Melt  Tempera-
Pressure

Mass tgro
(*C)

Test (kg)

(MPa)

Gas

Cavity

Remarks

1 80

3 80

7 6o

W+ 80

-

2400

1800

2400

2400

1800

1800

2400

2400

2400

results.

-

S ———— A

* Possible inclusion in matrix depending on Phase 11 SPIT test

17.0

1.4

17.0

17.0

17.90

i7.0

N2
€02

No cavity

No cavity

MgO

Concrete

Concrete

Concrete

Concrete

Concrete

Concrete

Jet and aerosol
characterization

Jet and aerosol
characterization

Most probable de-
bris dispersal

conditions, MgO

cavity

Most probable
dispersal condi~-
tions, concrete
cavity

Least probable
dispersal condi-
tions

Determine effect
o temperature

Determine effect
of pressure

Water-filled
cavity

Partially-filled
cavity

- —— ———— - — —— -

The matrix is initiated

-

o

performing two characterization

tests that bound the expected temperature, pressure, and gas
solubility ranges. They are followed by a test using initial
conditions assumed to be most favorable for the existance of the
relocation mechanisms, For the purpose of illustration, these
conditions are the highest temperature, pressure, and gas solu~
bility values within the prescribed range. Presumably, the SPIT
jet characterization tests will provide a basis for establishing
the degree of gas solublility associatedwith a set of test condi~
tions, and the influence of dissolved gas on the dispersal

64



mechanisms. The cavity will be constructed of magnesium oxide to
eliminate energetic concrete decomposition phenomena to minimize
disruption of the dynamic debris configuration. The presence of
water in the cavity is considered in another portion of the logic
network.,

The results from the HIPS tests numbers 3 through 7 will
establish the principal main effect on debris dispersal mecha-
nisms. The Phase II SPIT data will be used in conjunction with
these results to quantify the secondary effects that are also
involved.

The "dry-cavity" teste described above represent a lower
bound on the possibilities regarding the presence of water. The
opposite extreme is when the cavity is completely filled with
water, to the lower oztrtnit{ of the pressure vessel, Test HIPS-
8BW is designed to study this condition where melt is ejected
under high pressure into a "water-locked" cavity. The objective
of the test is to determine the influence water has on debris
dispersal. All previous paths in the logic circuit are subse~-
quently directed along this branch, regardless of previous out-
comes.

The HIPS-8W test is applicable only to a completely filled
cavity, a  partially-filled cavity may behave quite differently
from either this or the dry cavity case. The behavior of a
shallow water pool will be addressed in the jet/water test matrix
of the Phase II SPIT experiments. The results of the SPIT tests
maz suggest that a partially-filled cavity must be considered as
a distinct, third class of experiments. 1In that event, HIPS Test
9W will be conducted to study the effect of a limited-water

pool.

Included in the HIPS test matrix are jet and aerosol charac~-
terization experiments to provide correlation with similar SPIT
experiments, Characterization tests are necessary to confirm the
existence of the SPIT mechanisms at a larger scale and to provide
data for scaling analyses., If significant differences are noted
in the larger 1/10th scale HIPS jet and aerosol tests, additional
characterization tests may be required.

The test matrix is not intended to provide definitive infor~-
mation about all possible combinations of accident conditions,
only those factors that appear to be most critical to the debris
dispersal mechanisms. By studying the extremes of the spectrum
of possibilities for these factors, statements concerning the
bounds of potential test outcomes can be made.
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VI. System Pressure Ejection Tests (SPIT)

The results from the Phase I SPIT tests (described in Appen-
dix A) have shown that the ejected melt jet is not a coherent,
stable stream as hypothisized in the ZPSS. The behavior of the
jet appears to be highly dynamic and dependent in part on the
initial conditions within the melt generator. The results also
suggest a number of aerosol generation mechanisms are active
during the ejection process. These aerosols may cause a signifi-
cant source term separate, and distinct from the in-vessel or
melt/concrete mechanisms.

The second phase of the SPIT testing is designed to provide
a cost effective study of the behavior of high pressure melt
ejection., It is also a method for obtaining quantative results,
in scale, concerning jet/water and jet/concrete cavity interac-
tion. The following subsections describe the SPIT apparatus and
instrumentation and the salient features of the test matrices.

VI.1  SPIT Apparatus Description

This section describes the SPIT melt gererator and the
associated facility components. It also includes a discussion of
the melt composition and temperature.

VI.1l.1 Melt Generator Assembly and Testing

The SPIT melt generator is designed to create a high-tem~
perature melt within a pressurized, confined volume., The re-
quirement for the high strength associated with pressure vessels
is generally not compatible with devices capable of withstanding
high temperature. To accomplish the design cbjective, it is
necessary to separate the melt from the pressure-bearing compo-
nent,

The SPIT generator design is shown in Figure 9. The pres-
sure vessel is fabricated from a 12.,7-cm=0D by 11.4-cm=ID mild
steel pipe section capped on each end by welded flanges and
bolted covers. The rated maximum working pressure of the vessel
is 17.0 MPa., The melt crucible consists of a mild steel pipe
section (18.2-cm OD x 8.9-cm ID) capped by graphite plates on
each end, placed inside the pressure vessel. The annular volume
between the melt crucible and pressure vessel wall is filled with
a refractory, alumina~based, dry-ram powder. The lower vessel
flange cover is threaded to accept a fusible brass plug normally
3/4" NPT. The lower graphite plate (6-12-mm thick) is designed
to surround the melt plug and expose only the top surface to the
melt. The top graphite plate is drilled to allow gas to enter
into the melt crucible.
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Assembly of the melt generator is performed with the top
flange cover removed. After the brass pluc is installed and the
lower graphite plate dropped into place, the steel inner liner is
lowered atop the lower graphite disk. The dry-ram powder is
poured into the gap between the two vessels. The thermite powder
is then gradually poured into the inner liner and lightly tamped
to improve settling. The capacity of the melt gyenerator is
approximately 10.5 kilograms using an Fe;04/Al thermite mixture
(nominal density 2.2 g/cc). When the thermite is in place, an
igniter wire is embedded into the top surface of the powder to a
depth of 1-2 cm. The igniter leads are kept sufficiently long
("20 cm) to allow attachment to electrical feed throughs placed
in the top flange cover. After the top graphite cover is placed
in position, the top flange cover is bolted onto the pressure
vessel.

The test sequence is initiated by charging the accumulator
and melt generator to the desired pressure. A transducer located
in the upper flange cover monitors the pressure in the vessel
with the output of the device recorded on a transient digitizing
recorder, a high-speed FM recorder, and active readout panels.
When the preset pressure level is achieved, the pressure source
is terminated and the thermite reaction is initiated. A 28-vDC
battery is used to cause an intermetallic reaction of the igni-
ter, creating localized temperatures (in excess of 2700°C) in the
vicinity of the igniter. The thermite requires temperatures
greater than 800°C for the reaction to proceed.

The burn fron' propacutes downward with a typical velocity
of nominally 2.5 c¢1  sec, althcugh this value can vary depending
partly on the ext¢ t of tamping performed during the loading
operation. A high .ogree of t:mping apparently improves the heat
transfer within t!¢ powder bed, ~ausing the reaction front to
propagate at a higher velocity. | en the reaction front reaches
the bottom of the c-icible, the me¢it plug quickly fails and the
molten material is forceably ejected from the vessel.

Post-test inspection of the melt generator shows the inte-
rior to be virtually devoid of any melt remains. Visual esti-
mates indicate less than 5% of the melt left in the generator.
Some additional residue is found in the expansion volume between
the top graphite cover and the upper flange. This material
appears to be ash~like and is assumed to be made up of contami~
nants from the melt or nonstoichiometric compounds and comprises
less than 0.5% of the total melt mass. The inner steel liner is
usually penetrated in several locations, but the dry ram is an
effective protection for the vessel wall. In general, the aper-
ture in the bottom flange corresponds to the outer diameter of
the plug, approximately 2.5 cm. Slight erosion of the steel
insert normally occurs, sufficient to obliterate the internal
threads in the aperature. Small amounts of residual melt are
deposited in this location, possibly by material dripping down
into this area after the ejection process is completed,



VI.l.2 Interaction Chamber

For the Phase II testing, the melt generator will be placed
in a large steel chamber similiar to that shown in Figure 10.
The chamber allows containing and measuring the products, par~-
ticularly aerosols, of the experiment. The melt generator is
mounted on three load cells that are supported by the "roof" of
the chamber. Thus, the top flange of the device is cutside the
chamber for ease of assembly while the lower flange and exit
aperature are within the structure. The height of the generator
also permits longer jet propagation distances, a desirable
feature in the study of aerosol generation (see discussion in
Section VI.2.)

The chamber is constructed of 1/4" thick steel plate with 6"
I-beams on 26" centers for reinforcement. The large round open-
ing in the side of the structure is used to house a junction box
for instrumentation and control wiring. The cables terminate in
the control center building located approximately 20 meters from
the apparatus. The large covers on either end of the chamber are
bolted into place with gaskets between the mating surfaces to
insure sealing. The floor of the structure is comprised of a
reinforced concrete pad, nominally 6" thick. A relief valve is
used to prevent internal pressures from exceeding 0.2 MPa., The
maximum working pressure of the chamber is estimated to be 0.3
MPa.

For the 1/20th scale cavity tests, the melt generator will
be removed from the roof of the chamber and bolted to the test
article. The test article will then be placed near one end of
the interaction chamber. The exit of the cavity will be directly
away from the near end so that the ejected debris will be free to
expand away from the test device.

Vi.1l.3 Pressurization System

The SPIT apparatus uses either nitrogen or carbon dioxide to
pressurize the melt generator. The gases are supplied by com-
merical storage bottles feeding separate manifolds. The output
of each manifold passes through a manual shutoff valve to a
common pressure regulator (see Figure 11). The regulator in turn
feeds into an accumulator volume and then to the melt generator
through a remote control shutoff valve. The accumulator is
included in the system to mitigate potential pressure increases
caused by liberated gas during the thermite reaction.

Experiments requiring pressures higher than can be con-
viently provided by the gas bottles will use a gas intensifier
incorporated into the system, The pressure rating of the
intensifier is much greater than the maximum required for the
testing. The device will charge the accumulator and melt genera-
tor directly when test presgsures above 10 MPa are needed.
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The pressurizing system is operated from the control center
via remotely controlled valves. Remote transmitters for monitor-
ing pressure levels are used at the gas manifolds and at the melt
generator.

VI.1.4 Melt Composition and Temperature

The melt used in the SPIT tests is produced by the metal-
lothermitic reaction of iron oxide and aluminum:

3!030‘ + B8AlL — 9Fe + 4Al,03 + heat (VI-1)

the energy equivalence of a stoichiometric reaction is approxi-
mately 876 cal/g. The reactants are in the form of powders that
are mixed just prior to the test. The temperature achieved by
the mixture is assumed to be limited by the vaporization of one
of the reaction products (Ref. 16). The completeness of the
reaction depends on the details of mass, geometry, containment
and pressure imposed on the reactants. For reactions that pro-
ceed to less than £25% completion, the behavior of the excess
aluminum controls th¢ maximum temperature. Reactions beyond this
point liberate sufficient energy to vaporize the excess aluminum.
The reaction must proceed to 94% for the boiling of the iron to
control the temperature, At pressure, the boiling of iron is
suppressed and temperatures as high as 3300 K may be achieved.

Considering the above reaction, the amount of heat liberated
can be used to determine the maximum temperatures of the reac~
tants,

3?.30‘ + BAl -~ 9Fe + ‘Alea + HRXD(Z’O) (VI-2)

where "axn(zsa) is the enthalpy of reaction at 298 K.

The maximum temperature can be found by:

T T
" Hran(298) * "u*"n/cpd“ﬂmzo, /cpdt (V1-3)
Ty ef TRet
where

Hret = Mpe ( H(p, o) “zsa) L P (Bereep) - ":um)mz03 (VI=4)

where:
Mpe = moles of iron

"A1203 = moles of alumina
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Handbook values (Ref. 17) are used to give:
Hpan(298) = ~797900 cal
cplPe) = 10.74 + 4 x 1074 (T - Tpep)
cpmzoa) = 34.63 cal/mole K.

Assuming the reaction goes to completion,

797%80 = 9 (H(T Ref) - %s)" + 4 (ﬂ(or Ref) - %93) nﬁ

T T
+9/ (1!.74+4:1|"‘ ('r-'rw))dta-l/ 34.63 at

T m
" Ref  (vi-5)
1f Tref is selected to be 2400 K
(uw, - um)“ = 23917 cal/mole Fe
- = 91929 cal/mole Al
(Y2000 - "298) 0, cal/mole Al0,
and
797900 = 9 [23917 +9.78 (T - 2400) + 2 x 1074 (12 - 24003)]

’ 4[ 91929 + 34.63 (T - 2«0)] (VI-6)

If the process is assumed to be adiabatic, then the maximum
energy released is 876 cal/g. This value could cause up to 5% of
the iron to be boiled, if the pressure does not suppress the
process.

Maximum melt temperature above the iron boiling point is a
concern if the iron "flashes" as the melt is discharged into the
ambient envitonment., 1Iron flashing could then serve as potential
source of non-prototypic aerosol-like material during the melt
discharge. Non-reactive materials can be added to the thermite
mix to insure that the maximum melt temperature is below the iron
boiling point. Ten percent, by weight, of iron powder will lower
the temperature by an additional 150 K, a reduction in heat
output sufficient to insure that flashing does not occur.
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VI.2 Jet and Aerosol Characterization Tests

The jet and aerosol characterization test matrix given in
Table 7 is developed to obtain the response of the system over
the range of conditions considered possible in reactor accident
scenarios. The results will be used to develop and verify an
analytical model of the jet behavior that can be used to predict
behavior at larger scales.

Vi.2.1 Information Sought

The purpose of the characterization test matrix is to pro-
vide a correlation of the jet behavior to the initial conditions
of pressure, temperature, and melt and gas composition. The
results will be used to develop an analytical model to predict
the jet behavior over the input range under consideration. The
tests are also designed to determine the extent of aerosol gener-
ation during melt ejection and the ability of these aerosols to
transport fission products out of the melt. The characterization
test matrix will determine the extent of aerosol in the experi-
ments and the type and quantity of fission products in the aero-
sol, over the projected range of accident conditions.

Table 11 presents the types of information sought from the
jet and aerosol characterization test matrix. The list is com-
piled by reviewing the variables involved in the analytical
models describing melt removal mechanisms, aerosol transport in
containment, and the effect of aerosols on engineered safety
features.

TABLE 11
Information Sought from the SPIT Jet
and Aerosol Characterization Test Matrix

Variable Phenomena Affected

Gas Pressure in Melt Generator Gas solubility
Jet velocity
Gas velocity

Gas Temperature in Melt Gas solubility
Generator Gas velocity
Melt Temperature Gas solubility

Melt density
Incident heat flux

Gas Solubility Aerosol source term,
Dynamic jet configuration
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TABLE 11 (Cont.)
Information Sought from the SPIT Jet
and Aerosol Characterization Test Matrix

Variable Phenomena Affected

Jet Velocity Dynamic pressure
Mass flow rate
Debris configuration
Incident heat flux
Aerosol source term
*Penetration velocity

Jet Configuration Incident heat flux
Dynamic debris configuration
*Water interaction
*Fragmentation

Incident Heat Flux Jet/concrete interaction
Concrete decomposition/gas
generation

*Jet/Water interaction

Reaction Forces Mass discharge rate
Jet density

Gas Velocity Debris removal
Aerosol transport
*Water purge

Aerosol Composition, Size, Fission product transport
Mass, Concentration Aerosol source term
*Water pool scrubbing

* Applicable to situations involving a water pool.

V1.2.2 Instrumentation

Melt-ejection experiments involve a combination of events
with time durations ranging from tens of seconds (thermite reac~
tion) to submillisecond (flash x-ray exposure). This character~
istic, coumbined with the high temperature and pressure of the jet
stream, requires the use of a number of unique devices to perform
the required measurements, Table 12 summarizes the devices that
will be used and the paragraphs below describe them in detail.
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TABLE

INSTRUMENTATION FOR SPIT CHARACTERIZATION TESTS

Measurement Device Range Number-Location Rema' k
Gas Pressure Pressure 2000 psi or 1 - gas line Placed near accumulator
transducer 10,000 psi 1 - vessel flange cover Thermally Shielded
Gas Temperature Thermocouple 1400°C 1 - Generator expansion Shielded
volume
1 - Gas Line
Melr Temperature Thermocouple 1400°¢C 6 - Crucible sidewall Used to infer iemperature
via inverse heat-conductior
analysis
Jet Temperature Pyrometer 3300°C 2 - Exit aperature Focus#1 on melt jet at
aperatuve
Jet Velocity Framing Camera - 3 - Outside chamber
Jet Configuration Flash x-ray - 4 - Film cassettes near 70-nsec exposure time
(1 m) apparatus
Framing Camera - 3 - Outside chamber View obstructed by vapor
ad aeivwsol cleouds
Reaction Forces Load cells 8896 Nt 3 - Supporting generator
Incident he2t flux Calorimeter - I - Target plane - directly Multiple elements,

Aerosol *

under jet stream

Tewperature data used to
infer heat flux

* See Table 13




VIi.2.2.1 Gas Pressure and Temperature

A transducer placed in the top flange cover of the melt
generator (Figure 9) measures the pressure of the gas in the
expansion volume above the melt. The record obtained from this
device gives a precise indication of the gas pressure forcing the
melt out of the vessel. A second, duplicate transducer is placed
in the gas line near the accumulator (Figure 11). This location
is chosen for two reasons; one, the device is physically isolated
from the high temperature source so that thermal effects on the
gauge are minimized and two, the recorded pressure history pro-
vides an indication of the flow restriction caused by the small
diameter gas line.

Appendix B contains an analysis that shows the gas line acts
as a low-pass acoustic filter during blowdown of the melt genera-
tor. The results indicate that the accumulator volume does not
contribute significantly to the gas flow out of the melt gene-
rator for the period immediately following melt ejection.

Gas temperature is obtained by placing thermocouples in
locations adjacent to the pressure transducers described above.
The thermocouple in the gas line is a standard type K with a 1.6
mm diameter stainless steel sheath. The hostile environment
existing in the expansion chamber during the thermite reaction
requires that the second thermocouple be shielded by placing it
within a6 mm diameter stainless steel tube. The end of the tube
is sealed and numerous 1-1/2 mm diameter holes are drilled in
the side of the tube to permit gas flow to the sensor. The
design is effective in mitigating damage to the thermocouple
caused by molten thermite particles. The mass of the shield
combined with the small diameter of the gas holes causes the
response c¢f the device to be slower than the comparable, un-
shielded device.

vVi.2.2.2 Melt Temperature

Melt temperature cannot be measured directly in the genera-
tor because of the rapid evolution of very bigh temperatures and
the corrosive nature of the melt composition. Common thermo-
couple materials such as stainless steel cannot survive the high
temperatures. Sheath materials capable of resisting the chemical
attack are typically thermally shock-sensitive and will fail
mechanically during the thermite reaction. Limitations in access
to the melt crucible and the presence of opagque gases precludes
the use of optical pyrometry. The alternative to direct measure-
ment is the use of some other technique to infer the temperature
of the melt.

Thermite reactions have been observed to be highly agitated,
probably because of the rapid expansion of trapped gas through
the melt pool. Thus, it is assumed that the thermite reaction
time is short relative to the time required for the melt to calm
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and develop large thermal gradients. The temperature of the
mixture is then nearly isothermal. Because the thermal conduc-
tivity of the steel shell is on the same order as the molten
thermite, monitoring the crucible wall temperature may allow
inferring the melt temperature. Thermocouples are inserted into
the crucible wall at several depths and at various elevations, to
obtain the temperature gradient as a function of time. The thick-
ness of the steel between the melt and the thermocouple is ade-
gquate to protect the sensor during the thermite reaction. The
mass of the steel also causes the initial temperature transient
imposed on the steel to be delayed in time at the locations of
the thermocouples. The delay limits the maximum temperature at
the sensor location and reduces the slcpe of the temperature-time
curve.

The steel crucible tube can be modeled as an infinite cylin-
der with a time-varying heat flux imposed on the inner radius and
an adiabatic outer surface. It is also assumed that the melt is
highly turbulent during the reaction, so that the heat transfer
at the inner surface is dominated by conduction across the inter-
face. Applying an energy balance to the control volume defined
by the cylinder wall gives:

Ein = Eout = Estored (Iv=7)

For an adiabatic outer surface, E,,; = @ and the equation

can be written:

aT
K27l — =

a ( 2 2

aT
o * ti)L OCP Y (VI-8)

Converting the differentials to a finite difference notation
gives:

2 [ b [2- dlony 2 - 4] won

where:
k(T)

thermal conductivity of steel as a function of
temperature

T = temperature of the shell
r = cylinder radius
subscript o,i = outside, inside cylinder surfaces
superscript t+l,t = time interval

P, cp = density and specific heat of steel
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The analysis considers the temperature at the inner surface
of the liner is to be approximately the same as that of the melt
and that melting of the steel does not occur. Placing thermo-
couples in the steel shell allows obtaining the temperature
history T(t) at various radial and axial locations. These data
can then be fit numerically to obtain T;(t) to infer melt tem-
perature.

A numerical technigue (Ref. 18) is used to solve the equa-
tion (VI-9) by using a boundary condition of the form:
T(to, t) = Yi(t) i = l' 2' .. N
where:

N the number of thermocouples.

The above equation is solved numerically using finite control
sizes and a fully implicit technique. When multiple thermocou-
ples and/or future temperatures are considered, the heat flux
that minimizes the following least-squares error is determined:

nH4 n 2
E= ¥y [y - A (VI-10)
Fn i1

where:

n = the number of future times considered

The output from the code is either the heat flux or tempera-
ture at the inner surface of the crucible wall.

VIi.2.2.3 Jet Stream Temperature

The temperature of the jet stream and/or vapor cloud outside
the vessel is difficult to measure because of the high tem-
peratures involved and the rapidly changing nature of the stream.
Most direct contact thermometry technigques will not function at
the anticipated temperatures (>2500 K) and may be hampered by
slow response times. The response time requirement for the SPIT
jet stream measurements can be established by considering the
gage behavior to a step-change in temperature. Assuming an
exponential form for the governing equation:

Theas = Tact [1 - -y ’%P] (VI-11)

where:

;

meas’ Tact = Measured and actual stream temperatures
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t = point in time when T,... is obtained

T = time constant of the device

The time constant is defined as the period corresponding to:
.1 T;ct £ qu?s £ 0.9 Ty.¢. Substituting these values into
on

equat (VI- gives:
9.1 Tact: tl = 0.1

T

0.45 (ty-t))

The above analysis shows that in order to measure a step
change in T, .., the time constant of the pyrometer must be less
than half tﬁe risetime of the pulse to insure proper fregquency
response.

If all the melt passing the sensor location is at the same
temperature, then the device need only respond in the period of
time required to eject all the material. Temperatures varying
with time within the stream will require that the time constant
be proportionally smaller.

At the highest ejection velocity, the total melt ejection
period is on the order of 50 ms. For illustration, assume that
the pyrometer should have response to changes in time intervals
corresponding to 1% of the total ejection time:

t = 0.01 (50 ms) = @0.05 ms

The time constant and natural frequency (f,) (Ref. 19) required
for this example is then:

T = 0.45 (t-0) = 0.45 5x107% = 0.2 ms

R S : = 144 Iz

o 2wt 27(0.2 x 1873)

A commercial pyrometer* selected for the SPIT experiments
has a 1 microsecond response time with a temperature range up to

* Model 8000-1, Thermogage, Inc., Frostburg, MD.
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3300°C. The device is 1limited, however, in that it assumes the
source is radiating as a blackbody. The spectral emissivity of
the melt stream must be known to correct the measured result.
The relationship between the measured and actual temperature
measurement is given by:

BoMactual = €2 (A T) Ep(T)  crea ~ 52 (2T ™ neas

or
Tneas = ‘E;ji%}ﬁ“’ act
where:
E,(T) = total emissive power
o = Stephan-Boltzman constant
T = absolute temperature
ey( 2 ,T) = spectral emissivity

The spectral dependence of €, (A, T) for a molten thermite
jet must be known to evaluate the error associated with assuming
a constant emissivity. If the pyrometer is sensitive to all
wavelengths, then measured temperature is related to the true
temperature by the expression:

Theas = Tact (sx).l/4 (VI-12)

The uncertainty in the data is a function of the difference
between the assumed and actual emissivity value. This is given
by the expression:

= C (€) (VI-13)

where:

E
C = constant = (7?—

The error in temperature is then:

ET, (Eact =€)
<t . 2 (B - [———“t T] (VI-14)

A 5
- 4 T
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where:
Ee = uncertainty in the emissivity value

Tact = actual temperature

€Ep = assumed emissivity

€act = actual emissivity

Over the range of temperature 1500-3000° K, and assuming
that 0.3 < €< 0.8, the maximum temperature error (ET/T) can be as
high as 42%. Thus a good estimate of the emissivity is needed to
insure accurate temperature measurement.

Pyrometric measurements in the SPIT tests are also compli-
cated by the presence of the vapor cloud surrounding the mel’
stream. If the device is placed at a distance from the appara-
tus, the view may be obscured by the vapor cloud accompanying the
melt stream. Placing the device on the lower flange cover allows
an unhindered observation of the jet as it emerges from the
vessel.

Measuring the temperature of the jet as it emerges from the
vessel should provide data to correlate with the in-vessel mea-
surements. As the jet propagates downward, the loss of energy by
radiation and convection to the environment may cause the temper-
ature to be significantantly reduced prior to impacting the
target or cavity floor. An estimation of the jet temperature as
a function of various experimental conditions is given in Appen-
dix C. The results of the analysis indicate that the energy loss
via radiation and convection from the melt jet to the environment
is insignificant for all but the limiting case of a purely grav-
ity-driven melt. Measuring the stream temperature at the exit
aperature should then provide a good overall indication.

VIi.2.2.4 Jet Velocity

The velocity of the jet stream is important because it
determines the dynamic configuration of the debris on the cavity
floor. It also determines the time for aerosol evolution to
occur. It is assumed in the ZPSS that the velocity can be esti-
mated by applying Bernoulli's equation across the vessel aper-
ture. The equation is of the form:

(P-+ 1/2 oW 4 DgY) 1 " (P + 1/2 o 4+ °gY)2 (VI-15)

where:

pressure

densivcy

velocity

elevation

acceleration of gravity

Ox<<oww
nwuounm
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Subscripts 1 and 2 refer to the inside and outside of
the vessel, respectively

If the change in elevation is neglected, and the density is
assumed unchanged, the above equation reduces to:

2(p) - P;)] Ve [2Pi] Ve

V2 = vjet = [——'—o-—— 5 (VI-16)

where the velocity in the vessel is assumed to be negligible, and
P{ is defined in gage pressure.

Using the two extremes of pressure (1.4 and 17.0 MPa) gives
the following:

For 1.4 MPa:
1/2
21.6 m/sec

e o] 204 x 105 ]
jet 5900

For 17.0 MPa:

2(1.70 x 197
jet ©

1/2
)
5990 ] = 75.9 n/sec

These results represent the upper and lower bound for the
prescribed set of accident conditions. The ZPSS predicts that
the calculated velocity at the breach remains unchanged until
impact with the floor or water pool.

Vi.2.2.4.1 Turbulent Jet Theory

The analysis in the preceeding section does not consider the
possibility of turbulent mixing of the jet and free-stream gas.
Relative movement between a liquid and a gas will induce
tangential separation surfaces at the interface. Resulting in-
stabilities in the surface cause exchange of matter, momentum,
and thermal energy. As a result, a region of finite thickness
with continuous distribution of velocity, temperature, and spe-
cies concentration is formed along the boundary of the two mate-
rials. The region is termed the turbulent jet boundary layer
(Ref. 280).

A turbulent jet discharging into a stationary fluid is

called a submerged jet. If the velocity field at the initial
cross-section is uniform, the boundaries of the mixing layers

83



form diverging surfaces which intersect at the edge of the noz-
zle. The outside surface of the boundary is defined where, at
all points, the velocity with respect to the direction of propa-
gation is zero. The inner boundary is given by a constant velo-
city core that eventually disappears at some distance from the
nozzle. Beyond this point, the velocity everywhere in the flow
is a function of propagation distance. Figure 12 illustrates the
appearance of an idealized submerged jet.

For a submerged, axially-symmetric jet of a single consti-
tuent, the length of the polar (core) region (Xp) and the thick-
ness of the boundary layer (Y) are given by:

)
. ry-y
*p c(.214) /2
(VI-17)
(cx) 2 )
Y = ox (0.415 +0.021
Lo

where:

length of polar region

a

Lo = radius of nozzle

0
1

empirical proportionality factor

axial distance from nozzle

The value of ¢ is typically 0.2-0.3 with 0.22 commonly used
for submerged liquid jets (Ref. 20).

Considering, as an example, the calculation for 17.0 MPa,
and rg, = 12.7 mm, the length of the transition region is:

12.7
X = 9.22) 0.463 - 147 mm

The length of the core region is therefore roughly 10 diam-
eters. At this limiting value, the boundary thickness is:

9.021 (9.22°124.7)2
12.7

Y

P ] = 45.6 mm

= 0.22 (124.7) [é.‘lG +

This result suggests that the turbulent jet expands several
times its initial size within the transition region. Beyond this
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point, the centerline velocity (U,) is given by the expression:

0.96 U,

ax
Lo

Up = (VI-18)

where:
Uy, = initial velocity of jet
a - constant such that axp/ro = 0.96

For the example above,

0.96 (12.7) L

124.7 0.098

Equation (VI-18) reduces to:

124 .4 Up
Up = e for x> 124.7 mm

The axial velocity is then inversely related to the propaga-
tion distance, for positions beyond the initial region of the
flow. These results indicate that the melt stream may rapidly
diverge from its initial diameter upon entering the atmosphere.
The central, constant velocity core will diminish within a short
distance beyond the exit aperature. The velocity field then
becomes a function of both axial and radial position.

VI.2.2.4.2 Measurement Techniques

If the melt stream behaves as a turbulent jet, then velocity
measurements must be referenced to the location of the aperature.
Such measurements .ve complicated by the rapidly-expanding vapor
cloud and a large radiant-heat energy accompaning the discharge.

Fast-framing motion picture techniques are commonly used to
resolve the motion of high-velocity objects. 1In the case of the
jet emanating from the melt generator, the expanding vapor cloud
quickly obscures visual access to all but the leading edge of the
melt stream. It is not certain that the behavior of the remaining
portions of the melt stream correlates with the leading surface.

A flash x-ray technique is used primarily to obtain the
configuration of the melt stream. The flash x-ray technique
typically uses four separate heads in conjunction with corre-
sponding filr cassettes. The firing of each unit is accomplished
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by individual trigger delay units referenced to a common signal
such as a probe under the generator. The pulse width of the
exposure is on the order of 70 ns, adequate to “"freeze" the
motion of even the highest-velocity jet. Velocity can be found
by obtaining the propagation distance on two consecutive x-ray
image photographs and dividing the resultant by the difference in
the delay times for the two units.

The flash x-ray method is most applicable to observing a
discrete portion of the melt, such as the leading edge of the
jet. Distinct geometric features, later in time, rapidly evolve
so that the resolution becomes increasingly more difficult to
obtain. The technique also suffers in that only average velocity
over the interval is obtained. 1If the jet is de-accelerating
rapidly as turbulant jet theory predicts, then time-resolved
velocity would be much more appropriate than average velocity.

VI.2.2.5 Jet Configuration

The dynamic jet configuration is obtained by penetrating the
melt vapor and aerosol cloud that accompanies the ejection pro-
cess. As described above, flash x-ray generatocs and film cas-
settes can be used for this purpose.

The resolution of an x-ray film image is based upon the
geometric and film unsharpness. The former is caused by slight
dislocation of the x-ray field near the edge of an object, such
as the melt boundary. The latter effect is caused by movement of
the object during the exposure period and the "graniness" of the
film.

The geometric unsharpness, X;,, is given in Reference 21 as:
D
xlz = F(‘“— ) (VI-19)

Do

where:
F = X-ray source spot-size
D; = object to film distance

D, = source to object distance

o

For typical experiments:

(0.559) _

/l
(1.83) 3.1x10" m

-3
xlz =]1x10
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The film employed in the tests is very fine-grained so that
the film unsharpness factor is dominated by the expression for
movement of the melt., The jet movement is greatest for the
highest predicted velocity:

Xj3 = Vt (VI-20)

where:

V = jet velocity
t, = exposure time (x-ray pulse width)

Xy3 = 75.9 (70 x 107%) = 5.3 x 1075 m

The combined resolution of the x-ray image is then given by:

he' [(xu) 2 (xn)2]w- 30 %10 n

The analysis suggests that geometric features of the melt
jet less than 8.3 mm will not be detectable on the x~ray images
Thus, the small particles within the vapor cloud will not be
detectable. The calculation also shows that the short pulse
width of the x-ray exposure is very effective in "freezing" the
jet stream,

V1.2.2.6 Reaction Forces

Expulsion of the melt from the vessel will cause a reaction
force in the direction opposite the jet stream propagation. This
force is monitored by three compression/tension load cells lo-
cated between the chamber structure and the melt generator mount-
ing plate. A simple free-body analysis shows that each cell is
measuring one-third the difference between the weight of the
vessel and the thrust produced by the expulsion of mass from the
vessel.

The thrust on the vessel can be derived from conservation of
momentum to be:

dn 2
FT = V) * = °A2V2 (VI-21)

where:
Fp = thrust
Vo, = exit velocity

A, = Area of aperture



Knowing the quantities Fq, A, and V, permits the above
relationship to be used to infer that the nsity of the molten
jet stream as it exits the vessel., Because the equation is
applied at the aperture, before significant expansion of the jet
occurs, the thrust on the vessel should accurately determine the
density of the melt in the stream.

The duration of the thrust forces is roughly equivalent to
the period of time required to discharge the melt mass. Some
force will be developed during gas discharge following the melt,
but the gas density (and the force) is approximately 150 times
less than the melt. The time required to expel 10 kg of melt can
be estimated by assuming a constant mass flow (this is not
strictly correct, because only the volumetric flow rate is con-
stant for choked flow) through the aperture.

t
M otal -/ el i s a /tﬁ"‘l V(t)dt (VI-22)
) )

where:
My otal = ejected mass during the interval @ to t
m = mass flow rate
t = time

For the highest pressure case, assuming constant velocity and the
bulk melt density:

tfinal "
otal
Yfinal = @& = <5 (V1-23)
0
10 kg

5900 kg/m (5.12 x 107%) (75.9)
= 4.36 x 1072 sec

The thrust can be calculated for the same conditions using
Eq. (VI-22).

d‘ & - & 2 ki-
Fp=Vg = Vil = 75.9 (n/sec) 2.19 x 107 (<L)

Fp=1.66 x 104 Nt = 3737 1b
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Each cell will measure approximately one-third of the gbove
quantity minus the weight of the pressure vessel (2.2 x 107 Nt)
or about 4.8 x 107 Nt,

VI.2.2.7 Heat Flux Calorimeter

In the high-pressure accident sequence proposed in the ZPSS,
the melt ejected from the vessel impinges directly upon the
concrete basemat. The heat flux transferred from the jet to the
concrete is related to the extent of erosion and, hence, the
amount of gas released. The resulting decomposition of the
basemat and the quantity of gas rcleased will affect the subse-
guent behavior of melt in the cavity. Extenrive erosion may
prevent debris configurations susceptable to removal by the pro-
posed mechanisms. Likewise, gas emerging from a molten pool may
be highly disruptive causing a very agitated, unstable configura-
tion. The response of the concrete to the jet stream can then be
an important parameter in Jetermining the ultimate configuration
of the core debris.

The incident heat flux will be measured during the SPIT
tests using a slug-type heat flux calorimeter of the type shown
in Figure 13. The device consists of up to four elements placed
in a graphite body so that the front surface of each element is
expcsed. A close fit is maintained between the elements and the
body to accurately simulate a semi-infinite body. A graphite
face plate is attached to the body so that the front surface of
each element is flush with the face plate. The sacrificial face
plate and elements undergo extensive Aanuye and are replaced ius
each test.

Each elemcut is instrumented with three Type-K thermocouples
constructed of AWG-32 gauge wire (0.18-mm dia) inserted into
radially-drilled holes. The thermocouples are bgnded into the
element with a high-temperature graphite coating, designed to
insure good thermal contact between the thermocouple and the body
of the element o All of the graphite parts are fabricated from
fine-grain ATJ graphite with the grain oriented perpendicular
to the heat flow. The bod” and face plate serve to one-dimen-
sionalize the heat transf:r patterns through the elements to
simplify the analysis.

Placing the thermocouples at three depths relative to the
exposed surface gives the temperature distribution in the ele-
ment as a function of depth and time. Multiple elements provide
redundancy in the data, and allow determination of spatial varia-
tions in the incident heat flux across the face of the

.:Graphi-aond 551 (TM), Aremco Products, Inc., Ossining, NY.
(TM)Graphite Products Division, Union Carbide Corporation,
Cleveland, OH.
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calorimeter. Thermocouple response is recorded on a FM tape
recorder with a frequency response of 40 khz. The data are
subsequently stored on a floppy disk for analysis.

Analysis of the frequency response of the embeded sensor and
an estimate of the error in the recorded temperature values is
given in Appendix D.

The method of determining incident heat flux from tempera-
ture distribution within a body involves the solution of an
inverse heat conduction problem to derive the boundary condition
at the front surface of the element. Assuming the calorimeter
body has a one-dimensional temperature distribution in the indi-
vidual elements, the heat transfer can be represented as heat-
flow in a semi-infinite slab. If the front surface is exposed to
constant heat flux, then the temperature within the body at any
location and time is given by:

(VI-24)
( | o (2
s . 2Q a(T)t/y ( . - X —“L’—’)
B =Tt m *® \ame/ " km e"'fc(z(m('r)tll/ .

where:
erf = Gaussian error function
erfc (z) =1 - erf(z)
Q = incident heat flux

T, = initial temperature of element

=
=)
[

thermal diffusivity = k('r)/ocp

=
=3
"

thermal conductivity

P = density
¢, = specific heat

x = location from exposed face

This equation can be solved if the heat flux is constant for
the duration of the event and the functional relationship of the
material properties with temperature is known. A solution is
obtained numerically at discrete intervals in time because the
incident heat flux from the impinging jet is not expected to be
constant. The analysis uses an approach similar to that proposed
by Beck (Ref. 22) by applying a least-squares method to damp the
inherent instability of the numerical solution of the problem.
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The quantity:

R N ( obs calc) -

52 = ;} 2 Ti,j - Tipj (VI-25)
= ?1

represents the error between the observed (???? and calculated

ﬁﬁ??ﬂ temperatures where N denotes the number of embedded ther-

mocouples and R is the number of future temperatures employed to
oBtain a useful heat flux. The technigque attempts to reduce the
S term in Equation (VI-25) with respect to the calculated heat
flux.

The calculated temperatures are found using a modified
Crank-Nicholson numerical routine that accounts for temperature-
dependent thermophysical properties (Ref. 23). The procedure is
applied piecewise over the data assuming the heat flux values to
be constant over each specified time interval.

For the temperature range of interest (<1500°C), the data of
Ref. 24 were fit to obtain an analytical expression for k(T) of
the form:

K(T) = 0.07918 + 670.85/(T + 126.718)
- 0.5199(t/100) " ?-7877 (cal/sec-cm-K) (VI-26)

Over the same range, the density and specific heat are given
by :

p= 1,73 (g/cc)
(VI-27)
cp = 0.3058 + 0.1589 x 10737

- 0.03107 x 107672 - 9.1684 x 10°/7% (cal/q)

Figure 14 gives the comparison between the calculated k(T)
values versus those recommended in Ref. 24. The greatest scatter
occurs in the temperature interval above 2000K (0.1 to 0.06
cal/cm-sec-K) where the observed values have been estimated or
extrapolated from lower temperature data.

The number of future temperatures (R) to be used in Equation
(VI-25) is determined by comparing the time associated with the
maximum temperature in the element to the time when the maximum
change in temperature occurs.
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Maximum Temperature:

tl U - — (VI“ZB)

Maximum Change in Temperature:

x? !
g = 55 A-¥) = 3 (VI-29)

Using an average value for a, the time intervals for the
three thermocouple locations used in the calorimeter elements are
listed below.

Maximum Maximum
Depth Temperature Change
X = 5 mm ty = 14.6 ms ty = 4.9 ms
X9 = 10 mm £t = 58.6 ty = 19.5
X3 = 15 mm t‘l = 131.8 ".2 = 4.4

Based on these results, the calorimeter elements respond to the
imposed flux in times comparable to the discharge of the genera-
tor. Multidimensional effects such as the cooling from the sides
of the block and the presence of a non-infinite dimension in the
direction of propagation are therefore minimized. The results
obtained from these data will be used to compare to those pro-
posed in the ZPSS and to assess the attack on concrete by melt
streams.

VIi.2.2.8 Jet Aerosol Instrumentation

The SPIT free jet aerosol characterization tests provide an
empirical basis for developing a model of aercsol generation by
melt ejection in the accident scenario. The size distribution
and mass concentration measurements of aerosols generated by a
free jet or the debris exiting a scaled test article provide a
basis to calculate the amount of aerosol material leaving the
scale model's keyway (penetration). It may provide the means to
back out the Stokes Number dependence of penetration to be ap-
plied to the accident case.

Doping the melt with appropriate fission product mocks and
analyzing the sampled aerosol for those mocks provides a basis
for assessing fission product aerosolization and transport to
containment.
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The SPIT aerosol characterization 3t:etst:s will be conducted in
a closed chamber (approximately 43 m”). The controlled volume
permits the assumption of an instantaneous source of well-mixed
aerosol. This assumption is facilitated by the less than 108-
msec ejection time and the use of a mixing fan to evenly distri-
bute the airborne material. Sample collection over various time
intervals will provide distribution decay information. A summary
of the devices to be used and the types of information obtained
from each is given in Table 13.

Six Anderson Mark III cascade impactors will be used on each
test. These cascade impactors give a particle mass distribution
as a function of aerodynamic diameter. The pre-separator col-
lect's particles above approximately 18- micrometer aerodynamic
diameter and will collect a relatively large mass of material to
prevent overloading the subsequent impactor stages. Four impac-
tors will be used in stationary positions sampling at 14 lit/min
over sampl2 times of 0-1, 1-3, 3-7 and 15-20 minutes.

Two additional impactors will be placed on a rotary device
designed to sample isokinetically, by matching the impactor's
airstream velocity to the velocity of the inlet as the impactor
moves. The net effect is that large particles are obtained
without having to significantly divert them from their natural
paths (Ref. 25). These samples will be taken concurrently with
the first two stationary impactor samples. Comparison of the
stationary and rotary impactor samples, together with calculation
of sampling efficiency for the stationary impactors from sampl ing
theory, will provide information on sampling efficiency and the
airborne size distribution. These instruments will directly
provide size distributions, information on each of the modes,
total concentration, and total mass aerosolized. The data will
indirectly give the elemental distribution as a function of size
when coupled with data from cascade cyclones.

Two Sierra cascade cyclones will be used on each test.
These instruments consist of a series of cyclones to give an
aerosol mass distribution as a function of aerodynamic diameter,
as does the cascade impactor. The advantage of the cyclone is
that larger amounts of macerial can be collected in each size
class (each cyclone) for chemical analysis. One cascade cyclone
will be operated from time -3 minutes. The other will be op~-
erated for a longer duration to assure that enough material is
collected for the analysis. The first cyclone will provide the
same information as the impactors. Size distribution informatio:r
from the second cyclone will be distorted by the different decay
times for concentration in each size class over the duration of
the test. The elemental composition of each size class from the
second cyclone coupled with the size distributions from the
impactors and the other cyclone, will give the elemental compo-
sition distribution as a function of aerodynamic diameter.
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TABLE 13
Aerosol Measurements and Instrumentation

Instrument Measurement
Filter Samples 1,2,5
Photometer 1
Cascade Impacter 1,2,3,4,6
Cascade Cyclone 1,2,3,4,5,6
Deposition Samples 1,2,5
Meesuremestss ..

1. Total aerosol mass concentration

2. Total fraction of melt aerosolized

3. Size distribution of aerosol

4. Mass, mean size, and spread of each mode
5. Elemental composition of aerosol

6. Size-dependent elemental composition

Six Millipore 47-mm filter holders will be used on each test
to collect total mass samples for elemental analysis. The sample
times of 0-1/2, 1/2-1, 1-2, 2-3, 3-7, and 15-20 minutes give
time resolution of mass concentration. They are taken concur-
rently with other samples to permit inter-instrument comparisons.

A photometer is a light penetration device that continuously
monitors the intensity of a light beam across an aerosol sampling
tube. It is strictly an empirical measurement device with in-
Situ calibration accomplished by filter collection of the mea-
sured aerosol. Six filters, operated concurrently with the six
filter samples previously mentioned, are used for calibration.
The device is placed in a large diameter (15 cm) duct utilizing a
fan to draw in the airborne material. The duct serves to
straighten the flow into the photometer so that the collected
material is representative of the entire aerosol size distribu-
tion. The photometer is used principally to give a continuous
aerosol concentration measurement as a function of time.

Deposition samplers placed on the chamber floor and walls
are used to give tocal and time resolved deposition. The total
deposition sample collection will be used to calculate total
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aerosolized mass and elemental composition of aerosolized mate-
rial. The results will be compared to the filter samples to
assess sampling efficiency. The time-resolved deposition sampler
exposes deposition surfaces at different times. Five surfaces
are available with the sampling times: 0-1/2, 1/2-1, 1-2, 2-3
minutes, and 3 minutes to test end. The time-resolved deposition
samples enhance the concentration decay information and may be
used for elemental analysis.

vi.2.2.9 Fission Product Mocks and Elemental Analysis

Doping the melt with fission product mocks (nonradioactive
isotopes or chemically similar simulants) serves the following
purposes:

1. Correlating the concentration of fission products in
the aerosol will determine if fission product concen-
tration is enhanced or retarded in the aerosol, and the
particle sizes associated with the various fission
products give an indication of the aerosol formation
mechanisms.

2. The size and species distribution of the aerosol
establishes a data base for empirical estimates and
mechanistic modeling of fission product release from
the melt ejection process. When used with keyway
aerosol transport behavior, the distribution yields a
radiological source term to the containment, as well as
particle size information necessary to calculate
residence time and transport.

The chemical analysis techniques used to measure fission
product mocks can also be used to measure the size-dependent bulk
composition of the aerosol. This is important in assessing the
possible effects of unoxidized metal in the aerosol and the
potential of the aerosol to act as a hydrogen ignition source.

Ideally, every fission product of interest would be repre-
sented in the melt and would be analyzed in the aerosol, however,
the number of fission product mocks that can be included is
limited. If the amount of non-reactive material in a thermite
mix exceeds 1 w/o, it will tend to retard the reaction, slowing
the reaction rate and limiting the maximum melt temperature.
Detectability limits (see Table 16) dictate that minimum amounts
of material are required as dopants. The small amount of aero-
sol material typically collected limits the available analytical
techniques and, for some cases the number of elements that can be
analyzed.

Selection of candidate fission products for simulation has
been done by taking the total dose ranking at 1 and 10 hours from
Ref. 26 and arbitrarily selecting the top 11 species from each
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time frame. This procedure provides the field (see Table 14)
from which to select the important fission products for this type
of accident sequence.

TABLE 14

Importance Ranking of Fission Products
(Total Dose)

Rank 1 Hour 10 Hours
1 I I

2 Np Np

3 Te Te

4 Tc Mo

5 Mo Tc

6 Sr Ce

7 Ba Nb

8 Cs Ba

9 Y Sr
10 La Y or La
11 Ru Ru

Table 15 gives the simulant selection for the fission pro-
ducts obtained from Table 14. Iodine and cesium are not included
because they are volatilized early in the accident. Technetium
(Tc) and Neptunium (Np) have no nonradiocactive isotopes and are
simulated by Manganese (Mn) and Cerium (Ce), respectively.

TABLE 15

Fission Product Simulants

Fission Product Simulant
Np Ce
Te Te
Tc Mn
Mo Mo
8¢ St
Ba Ba
Y La or Y
La La or Y
Ce Ce
Nb Nb
Ru Ru
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Identifying the fission products and their simulants allows
determining the analytical techniques to be employed. The three
techniques considered for the SPIT aerosol analysis are X-ray
fluorescence (XRF), neutron activation (NA), and inductively-
coupled atomic absorption (ICP). The first of these (XRF) is a
nondestructive elemental analysis method which can be used for
aerosols deposited on a filter or collected in bulk. Larger
particles (>10 micrometer) in the distribution have potentially
adverse affects on sensitivity and precision. For the filter
sample, detection limits are on the order of 1 microgram per
square centimeter of filter surface area. Lower mass concentra-
tion on the filter gives lower sensitivities.

Neutron activation is an additional nondestructive elemental
analysis method. It is limited by low sensitivity to some ele-
ments of interest, such as Te and Al.

Inductively coupled plasma atomic absorption is a destruc-
tive elemental analysis method. 1Its primary limitation is that
the sample material is consumed for each element analyzed. Typi-
cally, 100 mg of sample dissolved in 10 ml of solvent provides
enough solution for analysis of 3 to 5 elements. There are also
interference problems among elements such as Mn interfering with
Zr. Table 16 lists the sensitivities and precision for each of
the three analytical techniques, for the fission product simu-
latives being considered.

VI.2.3 Factorial Design Approach

The jet and aerosol characterization experiments are being
performed to generate a data base for the development of analyti-
cal models. The models can then be used to predict jet and
aerosol behavior for other system conditions and extrapolations
to larger scale. The number of variables involved in the melt
ejection and aerosol generation processes are large, complicating
the correlation of input conditions to output results. The
following paragraphs discuss the methods employed to develop a
systematic approach to obtaining the required test outcomes.

The first step in developing a test matrix using a "statis-
tical" approach is to identify the physical mechanisms that may
affect the process. From these mechanisms, the experimental
factors can be listed and their range of influence evaluated.
Those variables that have a significant influence are carried
forward in the test matrix, while the less important are held
constant. The Phase I SPIT tests served to screen the physical
mechanisms of the melt ejection process.

The SPIT test results determined that the dominant variables

are pressure, gas solubility, melt temperature and the elapsed
time from ejection to contact with a structure or water pool.
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TABLE 16
Aerosol Analysis Techniques
Method
(Sample Size)
m(” ICP
100-mg Sample on Neutron Activation 100-mg Sample Dissolved
47-mm Filter 200-mg Sample in 10-ml Solvent

' Limit Precision Limit Precision(z) Limit Precision
! Element __Appm) (%) (ppm) (%), (ppm) (%)
| Ba * 100 +5 10 + 10
f Sr 100 + 25 100 +5 10 + 10
| la . 10 +5 50 + 10
! Y 100 + 25 t+ 10 + 10
| Ce * +5 50 + 10
l Te * 4 100 + 10

Mn * ++ 10 + 10
! Ru 100 + 25 t 50 + 10

Mo 100 + 25 1 +5 10¢? + 10

Np * - -

Nb 100 + 25 10 + 10

Nd * 6 +5 100

Zr 100 + 25 100 +5 10 + 10
. Fe * 100 +5 10" + 10
| Al * - 50 + 10
f U 100 + 25 100 + 10

* Particle-size distribution may adversely affect sensitivity.
*%* Al not easily detected.
; + Not sensitive to this element.

++ Involved procedure or 3anida Laboratories lacks facilities.

|
1 (l ) Particle size distribution affects sensitivity and precision. Precision of + 25 relative
1 percent Is assumed.

|

(2.) Precision of + 50% at detection limits.
(3.) May have problems with interference.
(4,) Interference from Mn, Ga, Rh, and Tm.

———— -
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Melt mass can also be considered, but the limited capacity range
cf the SPIT apparatus cannot significantly alter the dependent
variables (test outcomes). The 1/19th scale test matrix does
provide an eight-fold increase in the mass. Table 17 identifies
the range of each of these variables and the dependent variables
that they influence.

TABLE 17
Independent and Dependent Test Variables
Independent “Influenced
Variable Pange Dependent Variable
(Responges)
Pressure 1.4 to 17.0 MPa Jet velocity

Incident heat flux

Gas Solubility Low, High Aerosol generation
Jet disruption

Temperature 1500°C to 3000°C Heat flux
Aerosol generation

Jet height P to 4.1 m Incident Heat Flux
Jet configuration
Aerosol generation

The pressure used for the experiments is easily controlled
and measured. The principal difficulty is the possible increase
in the initial value induced during the thermite burn. Gas solu-
bility is related to the types of materials involved, the pres-
sure, and to a lesser extent, temperature (see Section $11.3).
Establishing a value of gas solubility for each test is therefore
complicated by the factors involved and by the uncertainty of
their interrelationship. For the Phase II SPIT tests, two dis-
crete values of gas solubility will be employed. Carbon dioxide
represents a lower bound on the conditions expected for proto-
typic situations (i.e., steam and hydrogen over molten corium).
Selecting nitrogen as the second gas provides an upper bound on
the expected behavior.

The temperatures achieved during the thermite reactions ap-
pear to be a function of the constituents involved (particularly
contaminants), pressure and the length of time the material
resides in the vessel. The observations during the Phase I tests
indicate that reducing the porosity by tamping the powder bed
causes improved heat transfer and hence, a faster burn rate and
less heat loss. Thus, the highest temperatures will be achieved
for highly-tamped charges containing only the stoichiometric
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material composition. Conversely, the melt temperature can be
lowered by adding iron powder to the thermite charge to cause
energy to be absorbed in heating the non-reacting materials.

The aerosol generation appears to be a function, in part, of
the length of time the jet is exposed to ambient atmospheric
corditions. The influence of this effect will be studied by
experiments with widely varying distances from the exit aperature
to the incident surface. This variation, combined with the range
in jet velocity will provide a large spread in the total time of
jet propagation.

The existence of four factors at two levels (low and high)
allows a factorial strategy (Ref. 27) to be implemented. The
range of each of the independent variables defines its response
surface i.e. the geometric plane over which all other variables
are held constant. The intersection of all the response surfaces
represents the factor space, or all possible combinations of the
factors variables. For three independent factors, the response
volume is a cube, for four or more factors the shape is a "hyper-
cube."

The intersections at the corners of the geometric volume
represent design points or condit.ons where the factors are at
their extremes. This design pattern is called a "two-level"
factorial -- four factors at two levels each. The two-level
factorial can determine the "main effect" of each factor, plus
the "interactions" of the factors, in combination. A full facto-
rial test matrix would require 24 tests (16 total) to yield both
main offects and interactions of the factors in combination.

¥ain e€ffects are defineu hy considering the response of the
system for two different values of factor X,, while holding
factors X5, X3, & X; constant. The estimate of the effect of X,
at these %wo points can then be considered with other estimates
obtained at other values of X,;, X3, & X4. The main effect of X;
is then the average of all the estimates of the effects of X;.
In the same manner, the effect of X;, X3, and X; can be obtained.

The procedure above requires the use of all data to obtain
an estimate of the main effect of a particular variable. This is
called the "hidden replication” in a factorial experiment, be-
cause each factor effect and each interaction effect is based
upon a difference between averages.

The improved precision of the factorial approach due to
hidden replication can be estimated from the precision ratio
(PR):
°FE _ 2

— (VI-30)
(n) ¥/ 2

PR =
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where:
Opg = standard deviation of a factor effect
0 = standard deviation of a single observation
n = total number of observations = K2P
K = number >f replicates
P - number of factors

This expression applies to all balanced two-level factorial
experiments; both multiple replicates (K = 1,2,3..) and balanced
fractional replicates (K = 1/2, 1/4, 1/8,...).

The PR depends only on the value of n, whether it is
achieved through the number of factors (P) or the number of
replicates. The PR required in a given experiment depends on
three parameters that can be specified.

The parameter a specifies the confidence level (1 - a)
that will be used for the t-statistic in testing the
data for minimum significant factor effects.

- The parameter A is the cize of the facter effect it is
desired to detect.

3. The parameter (1 - 8) is the desired probability of
concluding that a factor has a significant effect when
it has a true effect of size A.

The probability level (1 - a) establishes how close the
average value is to the real value, within a certain confideace.
The factor often used for this purpose is the "t-distribution"
given in Table 18. The t-factor cun be used to determine which
factor effects are statistically significant.

For the experiment under constideration, K =1 (no replica-
tion of data points) and P = 4 (pressure, gas solubility, tem-
perature, jet height). Thus,

2 2
R = - = 0.50
(16)1/2 4

Performing one replication at any data point would improve
the precision ratio markedly:

R = g = @.35

(2‘2‘)V2
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TABLE

18

Probability Points if the t-Distribution

U W N

-
SOWwWoodO

11
12
13
14

16
17
18
19
20

21
22
23

25

26
27
28
29
30

40
60
120

Double~Sided Test

¥
.995 .99 .95 .90
127 63,7 12.7 6.31
14.1 9.92 4.30 2.92
7.45 5.84 3.18 2,35
5.60 4.60 2.78 2.13
4.77 4.03 2.57 2.01
4,32 3.71 2.45 1.94
4.03 3.50 2.36 1.89
3.83 3.36 2.36 1.89
3.69 3.25 2.26 1.83
3.58 3.17 2.323 1.81
3.50 3.11 2.20 1.80
3.43 3.05 2.18 1.78
3.37 3.01 2.16 1.77
3,33 2,98 2.14 1.76
3.49 2.95 2.13 1.75
3.25 2.92 2.12 1.75
3.22 2.90 fsdl 1.74
3.20 2.88 2.10 1.73
3.17 2.86 2.09 1.73
3.15 2.85 2,09 1.72
3.14 2,83 2.08 1.72
3.12 2.82 2.07
3.10 2.81 2.07 1.71
3.09 2.80 2.06 1.71
3.08 2.79 2.06 1.71
3.07 2,78 2.06 1.73
3.06 2.77 2.05 1.70
3.05 2.76 2.05 1.70
3.04 2.76 2,05 1.70
3.03 2.75 2.04 1.70
2,97 2.70 2,02 1.68
2.91 2.66 2.00 1.67
2.86 2.62 1.98 1.66
2.81 2.58 1.26 1.64
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Defining the response of the system using only the extreme
values of a particular variable does not indicate the behavior of
the system between the two values. Obtaining the response for
values intermediate to the two extremes allows estimating the
deviation from linear (curvature) or obtaining a functional form
for the response.

In order to estimate the curvature of each response indivi-
didually would require an increase in the number of tests by 50
to 100 percent. An estimate of curvature can be made economical-
ly by performing tests at the middle points of all factors. The
severity of curvature can then be estimated by the difference
between the average of the design points (corner intersections)
and the average of the center points. If the curvature is se-
vere, linear model assumptions will only be accurate near the
corners of the cube.

Factor effects can be calculated from response data and
compared to the "minimum significant factor effect" to determine
if the factor is important to the response. The curvature effect
can be calculated and compared to the "minimum significant curva-
ture effect" in a similar manner. The formulas for the minimum
significant factor effect (MIN) and minimum significant curvature
effect (MINC) are as follows:

MIN = T'(s) (2/mK)1/2 (VI-31)
MINC = T'(s) (1/mK + 1/¢)1/2 (VI-32)
where:

T' = t-distribution statistic for the desired probability
level and degree of freedom in the estimate

s = pooled standard deviation of a single response observa-
tion

m = 2P"1 yhere p is the number of degrees of freedom

K = number of replicates of each trial

O
"

number of center points

Comparing the individual factor effects to MIN establishes
the relative importance of that factor. Typically, the probabil-
ity (1 - 8) 2 0.95 is used. The largest factors (in absolute
value) are the most important, relative to the response of the
system. Similarly, if the computed curvature effect is larger
than MINC, then at least one variable has a non-zero curvature
associated with it.
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cavity due to mitigation efforts or natural plant response. Only
a limited amount of experimental data exist for this regime
(Ref. 28), mostly for low temperature molten materials.

The SPIT jet/water interaction tests are directed towards
providing the design and instrumentation requirements for ex-
periments involving a high-pressure melt ejected into a scaled
reactor cavity containing » water pool. The data will also be
used to verify the ZPSS hypotheses concerning jet/water interac-
tions.

The ZPSS analyses consider the range of water depth to be
from a dry cavity to one that is fully filled with water. The
extent of water in the cavity is dependent on the mitigation
efforts and the natural plant recponse. To address all the
possibilities in the SPIT matrix is beyond the scope of the
program. The test strategy is simplified by assuming that the
behavior of all jet/water interactions can be identified with one
of two catagories: 1) fully-filled cavities or 2) cavities with a
partial water pool. Quant tative differences are expected in the
latter case depending on the depth of the pool, but the range
should not affect the specifying of instrumentation.

VI.3.1 water-Filled Cavity Analysis

The ZPSS analysis for a fully-water-filled cavity concludes
that the water pool will have no effect on the debris dispersal
process. This assumption is based on the theory that a large
steam bubble will be created at the breach in the RPV that subse-
quently forces all of the water out of the cavity.

VI.3.1.1 ZPSS Analysis

The ZPSS estimates bubble growth by assuming that all the
core material coming out of the pressure vessel is instantane-
ously quenched. The steam generated during the quenching pro-
cess creates a bubble, with additional steam generation causing
the pressure and hence the size of the bubble to increase. The
rate of bubble growth as derived from the basic equations given
in the ZPSS is:

P

dr ‘ - By
2,2 ] 2 (ﬁh"%)°%l§(i?{*)‘ (VI-34)

dt tb 2 rbZ

where:
Iy = bubble radius

R = gas constant
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T = absolute temperature
t = time
m, = steam formation rate
m, = condensation rate
P, = pressure in the bubble (instantaneous)
P = atmospheric pressure

P, = pressure in the water away from the bubble
The steam formation and condensation rates are given by:
h, = Al20p(P, = Pp)1Y/2 co(Tp = Teae)/ (VI-35)
q = Asl20p(Py = Py p(Tp = Tgat)/Nggq

e = hy(2mep?) (Tgae = Tg)/hgg (VI-36)
where:
Ap = area of breach in melt generator
Pp = density of melt
P, = primary system pressure
cp = melt specific heat
Tp = temperature of melt
= saturation temperature in the bubble
hg, = heat of vaporization
hy, = heat transfer coefficient at the surface of the bubble
Ty = temperature of the water away from the bubble

The ZPSS derivation of the dr,/dt expressipn from the same
basic equations mistakenly omits the (1/2 r,“) factor in the
first term in the equation.

The pressure in the water (Py) must be known to allow calcu~
lating the pressure in the bubble. For the qoomotr{ in the
reactor, the expansion wave created by the steam bubble is trans-
mitted to the walls of the cavity and reflected back at approxi-

mately twice the incident pressure. The velocity of the propaga-
tion is assumed to be given by the compressive wave velocity.
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The interactions of the reflected wave patterns are complicated
by the geometry of the cavity; waves returned by the side walls
will be out-of-phase with those returned from the floor and
instrumentation tunnel. Wave interactions are not considered in
the ZPSS analysis, only the wave propagation in the instrument
tunnel to the free surface at the containment floor. The calcu-
lated bubble and cavity pressure histories are given in Figure 15
(Ref. ZPSS Figure 3.2.9-6). The influence of the open instrument
tunnel is predicted to cause the cavity pressure to d-~rease
after the initial rise.

VI.3.1.2 SPIT Experiment Design

Two jet/water tests are proposed to satisfy the purposes
stated above. The first test will use a large square box (#.6 m
lateral dimension) of plexiglass to contain a water pool that is
in contact with the melt generator. The transparent structure
allows hi-speed framing cameras to be used to monitor the inter-
action of the jet and water and the growth of the steam bubble,
if present. The important result will be to determine if the
steam bubble growth occurs in the manner postulated by the ZPSS.

The walls of the box are not prototypic of the reactor in
composition, dimensions or strength. Compressional waves emanat-
ing from the interaction zone will cause prompt failure of the
box structure. The free water surface will allow expansion waves
to be absorbed as movement of the water surface. These differ-
ences will cause the influence of water pressure on bubble
growth to be less than in the reactor; the bubble growth rate
should be greater in the experiment than in the acc.dent.

To a first approximation, the response of the shock waves
within a system can be evaluated by considering the mechanical
impedances of the materials involved. The shock impedance of a
material is given by (Ref. 29):

2 =0u
o
where:

Z = impedance
p = density
Mo = longitudinal bulk sound speed

A compressional wave in water incident on an interface will
cause a "partitioning"” of the incident stress based upon the
relative impedances of the materials. A simple approximation of
the relative magnitudes can be found from the expressions:

22,
% > po zA * zB (VI"'37)
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In equation (VI-38) P, represents the pressure that is
reflected back into the inciénnt material (water). If the source
of P, is continuous, then the reflected pressure P, is super-
imposed on P from the interface to the point where P, has
propagated. fﬁtee limiting cases are considered to illulérate
how these equations can be used to predict the wave interactions
that will occur in the experiment and accident., The results of
the calculations using equations (VI-37) and (VI-38) are given
below:

Interface Condition

Free Surface Like Materials High Impedance
Py 3 P P, "0
», - Py 0 P,

The free surface condition represents the situation where a
gas exists above the water pool. The results show that an expan-
sion (tensile) pulse will be reflected back into the water pool.
A liquid can support a tensile wave only in absence of other
disturbances that cause shear stresses to destroy the wavefront.
Other wave interactions will undoubtably exist in both the ex~-
periment and accident, therefore causing the reflected pressure
to rapidly return to zero. The transmitted stress (2P,) will
cause a portion of the water surface to expand away from the
interface. The expansion will continue until P, goes to zero, at
which time the expanded portion of the pool will be "spalled
off." This behavior supports the ZPSS assumption that the con-
tinually expanding steam bubble will cause all of the water pool
to exit the cavity.
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The second case involves similiar materials on both sides of
the interface. This represents a hypothetical interface, reflec-
tion of the pressure is predicted to be zero and the transmitted
pressure is unchanged.

The last example involves a second material that is of
significantly higher impedance than the incident material. This
situation is somewhat approximated by water in contact with the
steel pressure vessel., For the limit 25 >> Z,, the transmitted
pressure is essentially zero, but the refﬁectea pressure is equal
to and superimposed on the incident pressure, The direction of
the reflected pulse is away from the interface and towards the
source. This behavior will be maintained as long as the pressure
source is constant, The pressure at the interface and in those
regions encompassed by the propagation of P, will be at roughly
double the initial pressure,

Loads placed on the structure used to contain the water
pools by the wave interactions are thus dependent upon basic
material properties., Four materials are of interest in the
experiments and accident: water, plexiglass, steel, and concrete.
Standard material properties are obtained from References 30 and
31 and are given in Table 19.

TABLE 19

Material Properties for Impedance Calculations

Density Sound Speed =
Material (kg/m”) (m/sec) Impedance
water 1000 1500 1.5 x 106
Plexiglass 1180 2680 3.2 x 10
Steel (Stainless) 7850 5960 46 .8 x 106
Concrete 2340 4000 9.4 x 10°

The ability of a plexiglass box to simulate the influence of
a concrete cavity can be estimated by comparing t*» reflected
pressure levels for both situations,

For Plexiglass:

(3.2 o 1.5)
(3.2 +1.5)

P, = P, 0.36P,
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For Concrete:

= P (90‘ - 1-5)

’ 0 (9.4 +1.5)

k 0.728,

The calculation shows that the plexiglass will reflect ap-
proximately 50 percent less pressure from the interface than
concrete. Because the pressure in the water is inversely related
to the bubble grow*h rate (Egn. VI-34), the plexiglass wall will
cause the experim 't to overpredict the bubble growth relative to
the accident. Thus, if the bubble is not observed in the experi-
ment, it will likely not exist in the accident.

Pressure pulses propagated to a free surface interface will
not reflect pressure into the pool. This is contrasted to the
reactor case, where the steel RPV will cause a pressure pulse to
return to the pool. The reduction in the reflected pressure
caused by the free surface in the experiment will also serve to
overpredict the steam bubble growth. The presence or absence of
trapped air pockets will affect the magnitude of the reflected
wave,

Forces acting on the initial bubble generation suggest the
ceometry to be hemispheric. Compression waves emanating from the
bubble will then be curvilinear as opposed to planar. Reflec~
tions from plane interfaces will be returned as curvilinear waves
80 “hat the return times of all portions of the wave front to the
bubble are staggered. Likewise, waves incident at other than
normai to a plane surface will reflect at a complementary angle
and not back towards the source location. Plane or curved-wave
fronts incident on curved surfaces such as the cavity wall will
be reflected in a distorted manner. Thus, the interactions of
the various pressure pulses within any geometry will become very
complex.

The time interval in the experiment prior to wave inter-
actions can be estimated by considering wave transit times.
Considering the initial steam generation as a point source, the
wave transit time is given by the dimensions of the box and the
sonic water velocity:

20x 2(30 an,
t, = C 9,15 on/usec 0.4 ms (Horizontal)
(VI-39)
g o B, W g0 (Wetical)

C 9.15 cn/usec
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The dimension in ty (30 c¢m) represents the horizontal dis~-
tance from the cent2r of the stream to the nearest edge of the
box. The times, t; and t;, represent the transit times of the
initial compressional wave front. As the bubble expands, the
distance will become less, depending on the relative growth of
the bubble and the motion of the side walls. The calculated
transit times are short compared to the discharge time of the
generator, suggesting that the walls of the structure will very
promptly distort and fail. The results can be compared to that
expected during an accident where the transit time corresponds
to the radius or depth of the reactor cavity.

2(260 cm)
(VI-40)
2(450 cm) & us

u 0.15 cn/usec

Comparing the experimental and accident times indicates a
scaling ratio in the range of 1 to 10 to 1 to 4.

The second purpose of the jet/water tests is to show the
effect of the interaction in a scaled cavity. To do this, the
wave 1interactions within the cavity must be properly scaled. In
the reactor cavity, the compressional waves will propagate away
from the boundary of the steam bubble until an interface is
contacted, either the cavity walls, floor, RPV, or the free
surface of the pool. The interactions of the waves are very
complex due to the differences in the geometry of the bubble,
cavity, floor, and vessel. Focusing of the reflected waves may
cause instabilities in the bubble, inducing destructive fragmen-
tation and dissipation of the bubble energy. The waves may also
constructively interact at an interface boundary to concentrate
pressure loadings on portions of the cavity.

The second jet/water interaction test is designed to cause
wave interactions to occur in a prototypic manner. The test will
determine the structural loads placed on the cavity by the
hydraulic pressure in the water pool and the amount of expelled
water. A 1:20 scaled-cavity geometry will be used to maintain
the correct wave interaction transit times. Linear scaling can
be used because the wave transit time is proportional to first
power of the distance traveled. The cavity will be constructed
of aluminum to simulate the impedence of concrete without being
susceptable to rapid decomposition and gas generation. Using the
relationship for reflected pressure (Egn. VI-38) and material
properties for aluminum from Ref. 30 gives:

(1703 = 105)
(17.3 + 1.5)
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The strength of the reflected shock waves is approximately 10%
higher than that predicted for concrete (.72 P.). The influence
of the reflected wave on bubble growth may %o slightly more
detrimental compared to the reactor case.

The hydraulic loads on the cavity structure will be obtained
by pressure transducers placed in the sidewall and floor of the
cavity., The devices will measure the value of (P, + P,) at that
location. Mapping the measured values for all locations should
allow inferring the total load placed upon the structure.

VI.3.1.3 Predicted Loads

The magnitude of the hydraulic pressure-pulse can be esti-
mated from a presumed thermal-to-mechanical conversion effi-
ciency. Typical values of conversion efficiency for energetic
interactions are estimated to be on the order of 1 percent or
less (Ref. 32). Using 1 percent as a basis and assuming that all
of the melt contributes to the mechanical energy in the form of
pressure/volume work, yields the following:

Total adiabatic thermal energy = 10 kg x 3.6 MJI/kg = 36 MJ
Mechanical work = 0.01 x 36 MJ = .36 MJ

For an expansion process, the work is equal to the applied
force (F) integrated over the distance of displacement (ds)

work = JPds = JS(PAV + VdP) = JSvdp (VI-41)

where the PdV term is zero for a closed system in which the
volume does not change. When the expanding pressure wave reaches
the cavity wall or floor, the existence of the free surface at
the end of the keyway is not yet a factor and the volume (V) can
be approximated by the cylindrical cavity alone. Therefore:

work = V S AP = V(Py=-P)) = VAP

... . L2 "‘; « 1.69x120' X . 16.9 M
v 2.13 x 1072 P s

This value represents the incident pressure on the sidewall, P..
The pressure the cavity must withstand is given by the sum of ﬁ;
+ Py

Pyall = Po + Pp = Po(l » 0.84) = 16.9(1.84) = 31,1 MPa
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This result establishes that the forces exerted Ll.cough the
water pool can be significant. The appara-us will be designed
where possible to withstand loadings of tais order to permit
accurate pressure readings to be obtained.

Vi.3.1.4 Instrumentation

For the two tests described above, the melt generator and
aerosol instrumentation will be supplemented by high-speed motion
picture cameras and multiple pressure transducers placed on the
water container. For the plexiglass box, two pressure trans-
ducers will be used, one in the sidewall and the other in the
base. Wall motion will cause these devices to register propor-
tionally lower values than actually applied at the interface.

The aluminum scaled cavity will be monitored Dy a total of
six pressure transducers. The devices will he placed in pairs in
the cavity, tunnel and keyway regions. The individual pai:~ will
be situated with one gauge mounted on a horizontal surface «: 1
the second on a vertical surface., Pairing the transducers pro-
vides redundancy in the data and an indicator of spatial resolu~
tion.

The motion picture cameras will be used to record the motion
of the jet in the plexiglass water box and the resulting behavior
of the water., Visual access to the aluminum cavity is not possi-
ble, but the cameras will follow the movement of water and melt
from the exit of the keyway.

VI.3.2 Partially-Water-Filled Cavity Analysis
The interactions between the jet and water in osartialle

filled reactor cavities differ from fully-filled o slgnif e
cant ways:

1) Aerosol generation and hydrodynamic forces are active
during the jet propagation through the ambient
atmosphere

2) The free upper surface allows unconfined expansion of
the pool

The first of these aspects is important in that the charac-
ter of the jet may be altered depending on the distance between
the RPV and pool surface. An unstable or divergent jet may be
highly fragmented before reaching the surface causing it to be
more susceptable to melt/water mixing. Better mixing may promote
a vigorous vapor explosion,

The presance of a free pool surface allows only nartial
confinement of the pool expansion caused by steam geners*ion.
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Structural loading through the water is similiar to the filled
cavity situation, but the loadings above the pool surface are
significantly reduced. The lack of a coherent water structure
throughout the cavity may prevent a complete purging of the
water into the containment region.

The principal interest in the test results is the amount of
water ond melt displaced from the cavity region and the extent of
aerosol 7eneration. If the results are roughly equivalent to
those obse,ved for the fully-water filled cavity, it will be
assumed that ~ignificant differences are not detectable. This
outcome will then 'ictate that only one type of jet/water inter-
action test need be couwid. ' i{» the HIPS test matrix.

If detectable difterences are observed between the two types
of jet/water tests, then additional tests may be required to
discern the source of the differences. It may be necessary to
consider an additional experiment with a transparent water con-
tainer to permit visualizing the type of interaction that occurs.
The present state of knowledge of this interaction does not allow
predicting what type of additional experiments may be required to
understand the interactions in a partially-filled water cavity.
The test matrix is developed to consider the possibility of one
to three additional tests, although the specifics of the individ-
ual experiments are not yet developed.

7.4 Scaled Cavity Tests

"he SPIT scaled cavity test will be the first opportunity to
study achris removal mechanisms in a realistic geometry, using
prototypic materials. The test provides important information,
together wi'h the HIPS tests, to determine the scaling of the
mechanisms t¢ the reactor geometry. Quantative data on the
aerosol source turm and concrete decomposition processes will
also be obtained.

VI.4.1 Apparatus Description

A schematic drawing of the concrete test article is given in
Figure 16. The internal dimensions of the cavity represent a
1:20 linear scaling of the cavity, tunnel and keyway regions of
the Zion plant. The concrete is the generic limestone-common
sand composition given in Table 20 (from Ref. 6). Exact repre-
sentation of the RPV and the instrumentation tube bundles are not
included in the model. A flat steel plate holding a fusable plug
is cast into the concrete at the scaled height of the RPV (22.5
¢m) and is used as the bottom flange cover of the melt generator.
The plate 2lso prevents upward gas flow from the cavity, simu-
lating the insulating shield around the Zion reactor.
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Figure 16. SPIT 1/20th Scale Cavity
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TABLE 20

CHEMICAL COMPOSITIONS OF CONCRETE
(Weight Percent)

" Limestone /Common T Raealtic
Oxide Sand Concrete Concrete
Fe,0, 1.44 6.25
Crzo3 0.014 ND
Mn 0 0.03 ND
Tio0, 0.18 1.05
K,0 1.22 5.38
Nazo 0.82 1.8
Ca0 31.2 8.8
Mg0 0.48 6.2
810, 35.7 54.73
A1203 3.6 8.3
co, 22 1.5
H,0 4.8 5.0
80, <0.2 <0.2

ND = not determined
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The parting surface located along the ceiling of the tunnel
allows convenient access before and after the experiment. The
two mating surfaces are gasketed so that a good pressure seal is
obtained when the long through-bolts are secured. After the two
halves are bolted together, the melt generator is lowered into
place and secured to the embedded steel plate.

The experiment will be performed with the test fixture
placed in a interaction chamber as depicted in Figure 17.
The remaining assembly steps proceed in the same manner as de-
scribed in Section VI.1.l.

V1.4.2 Information Sought from the Cavity Tests

In order to be useful in establishing scaling criteria, the
results from the SPIT cavity tests must identify and measure the
phenomena involved in the debris dispersal, aerosol generation,
and concrete decomposition processes. Table 21 lists the infor-
mational requirements and the dependent phenomena of importance
during the SPIT cavity tests. The term "debris" is used in the
table to refer to the portion of the melt that is dispersed after
the jet contacts the cavity or water pool.

TABLE 21

SPIT Cavity Tests Informational Requirements

Measurement Phenomena

Pressure in Vessel Gas solubility
Jet velocity
Gas velocity

Melt Temperature Gas solubility
Melt density
Incident heat flux
*Bubble growth

Gas Solubility Aerosol source term
Dynamic jet configuration

Jet Velocity Dynamic pressure
Mass flow rate
Debris configuration
Incident heat flux
Aerosol source term
*Penetration velocity
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TABLE 21 (Cont.)

SPIT Cavity Tests Informational Requirements

Measurement

Phenomena

Jet Temperature

Jet Configuration

Incident Heat Flux

Concrete Erosion

Dynamic Melt Configuration

Gas velocity

Cavity Pressure

Aerosol Composition, Size,
Mass, Concentration

Melt Disposition

Incident heat flux
Aerosol generation
Debris configuration

Aerosol generation

Incident heat flux

Dynamic debris configuration
*Water interaction
*Fragmentation

Concrete erosion
Gas generation
*Water interaction

Gas release/composition
Aerosol generation
Debris configuration

Concrete decomposition

Heat flux to surface, floors
Removal mechanisms

*Water interaction

Debris dispersal
Aerosol transport, generation
*Water purge

Debris dispersal
*Hydrostatic pressure

Fission product transport
*Water pool scrubbing

Removal mechanisms
Concrete erosion

* Applicable for experiments involving water pool.

Many of the informational needs arise from the discussion of
debris dispersal and aerosol generation mechanisms given in Sec-
tion IV.3 and IV.5. The following section discusses in more
detail the instrumentation techniques that will be used.
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VI.4.3 Cavity Instrumentation

Instrumentation for the SPIT cavity tests is more difficult
to implement because of the lack of access within the test arti-

cle an

the need for unobtrusive devices.
the instrumentation used for the
inappropriate for the cavity tests.

Consequently, most of

characterization testing is
The proposed instruments are

given in Table 22 and are detailed in the paragraphs following.

TABLE 22

SPIT Cavity Tests

Instrumentation for the

Measurement Device Comment
Melt Gen. Pressure Pressure 1- Expansion chamber
transducer l- gas line
Melt Temperature TC Placed in crucible
cidewall, inverse heat
conduction analysis
Gas Solubility none Estimated
Jet Temperature none Estimated from charac-
terization tests
Jet Velocity none : . . . i
Jet Configuration none Estimated from charac-
terization results
Incident Heat Flux none . . v . .
Concrete Erosion Embedded Also post-test obser-
sensors vations
Debris position/ Embedded Optical detectors and
velocity sensors electrical probes

Gas Pressure and
Velocity

Gas Temperature

Gas Composition

Pitot-static
tube/Pressure

gage
Thermocoupl e

Sampl ing tube
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TABLE 22 (Cont.)

Instrumentation for the
SPIT Cavity Tests

Measurement Device Comment
Cavity Aerosol Sampling Tube Filter sample
Debris Disposition Catch pans Located fixed dis-
tances from apparatus
Framing Camera Film record
X-ray At exit aperture
Chamber Aerosol Impactor, filter, Same as characteri-
photometer, cy- zation test
clone, deposition
surfaces
Chamber Gas Time-phased Post-test gas
Composition grab samples chromotography

The first seven measurements given in Table 22 (through
Incident Heat Flux) are either done in the same manner or use the
same data, as the jet characterization experiments.

Vi.4.3.1 Concrete Erosion

Concrete erosion by the jet or debris pool is inferred from
the output of thermocouples placed at various depths and loca-
tions in the concrete., Total erosion and erosion rate can be
obtained using the time of failure and knowing the position ot
the thermocouple with respect to the initial melt interface.

Figure 18 illustrates a typical installation pattern for the
embedded thermocouples placed in the SPIT scale model. The
devices are commercial Type K sensors in ungrounded 1.6~mm-
diameter stainless-steel sheaths. The size of the sheath has
been selected for its relatively rugged construction. Sheaths of
smaller diameter or bare thermocouples have been shown to be in-
capable of withstanding the pressures exerted during the concrete
casting operations, The array is formed using .6 mm thick
stainless steel shim stock between each unit and then spot
welded. The arrays are positioned prior to the casting opera-
tion by thin (0.4 mm) steel wires stretched across the void
formed by the concrete forms, This technique 1is estimated
to give a positioning accuracy of + 1 mm or better.
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The arrays are placed in numerous locations on the floor and
ceiling of the cavity. In all cases, the first sensor in the
array is placed flush with the surface of the concrete so that
an accurate reference for the other sensors is achieved.
Each thermocouple is routed out of the concrete before terminat-
ing in a connector.

The ability of the thermocouple devices to measure erosion
is dependent upon the accuracy of the device's placement, the
response of the measuring system (including the sensor) and the
ability of the experimenter to discriminate the onset of erratic
behavior induced by the contact with the melt. The uncertainty
in the position of the probes prior to casting is estimated to be
+1 mm, but the forces exerted by the concrete mixture combined
with snifting of casting forms make the accuracy of the final
position less certain, Experience with similar casting opera-
tions has shown that individual thermocouples can shift as much
as 6 mm from their original position. The mean displacement
appears to be on the order of 1 mm. The high-strength of the
steel shim insures that the sensors in the array will not be
separated, displacements are therefore restricted to bending of
the sheath between the sensor tip and the steel strap. In-
spection via X-rays is not practical because the resolution of
the technique is inadequate to image specimens of small size.

Estimating the expected erosion rate allows quantifying
the uncertainty associated with using thermocouples to monitor
concrete attack., Reference 6 indicates that molten steel at-
tacking limestone/common sand concrete has erosion rates varying
from about 12 em/hr to 20 ¢m/hr. Thes» values probably repre~
sent a lower bound on the erosion caused by jet deposition, but
are representative of that to be expected if the melt remains in
the cavity in the form of a molten pool. For the purpose of
this analysis, a mean value of 16 cm/hr is used.

Erosion rate determined by the failure of embedded thermo-
couples is given by:

Erosion rate (6) = Distance between two sensors (D) + the
time interval between failures (TF)

The uncertainty in the erosion rate (ED) is then given by
the expression:

o  atl”

B = D] =— ¢+ — (V1-42)

o

The time interval between failures at 16 ¢cm/hr corresponds
to approximately 0.063 hour, For time periods on this order, the
error in time measurement (accuracy of interval counter) is very
small (0.01% of full scale) and is considered negligible compared
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to the ability to discriminate the exact time the failure occurs.
Typical values for the error in discriminating failure time are
on the order of 10% if multiple sensors are employed. The error
in the position of the sensor is estimated to average 1.5 mm.
Using these values in equation (VI-42), the uncertainty in the
erosion rate becomes:

1/2
cm

o

8.15
1

u‘:-u(

This value represents an error as given by:

Error = 59 « 28 18%
5 16

The above analysis suggests that embedded thermocouples
cannot give accurate ecosion rate data unless significant im-
prevement can be made in the detection of the failure time. The
potentially high heat flux involved in the jet ejection could
conceivably make the thermocouple failures more certain than the
value used in the calculations. Conversely, the failures may
occur 80 quickly that the response of the individual detector
becomes the predominant source of error.

VI.4.3.2 Debris Position/Velocity

The ZPSS analysis proposes that the melt jet from the vessel
stagnates at the cavity floor and forms a radially-expanding pool
that travels down the instrument tunnel. If the velocity is
sufficiently high, "splashout" of the melt will occur. Instru-
mentation capable of monitoring the initial movement of the melt
would allow verifying the ZPSS hypothesis.

The sensor employed on the SPIT device relies on measuring
the position of the melt with respect to time. The device,
shown in Figure 19, consist of a thin strip of aluminum-oxide
ceramic substrate imprinted with a network comprised of thick-
film conductive and resistive paste, One side of the ceramic
substrate has a continuous strip of conductor, while the other
has a continuous resistor strip. At nrocttiod intervals, conduc~
tive "fingers" emanate from the resistive strip to locations
opposite the continuous conductor. Bridging across the ceramic
from the conductor strip to a "finger" will give a specified
resistance when measured from the conductive tabs. An electri-
cally insulating paint is used to cover the entire device except
for small portions of the conductive tabs., The devices are
placed into the concrete so that only the top portion of
the continuous conductor and opposing fingers are exposed with
the resistive strip buried in the concrete.
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Each device is connected to a DC power supply so that a
circuit of the type shown in Figure 20 is formed. The output of
the circuit is given by the ratio of the resistance of the ele-
ment to the shunt resistance:

Rs

BO‘t = Ein = (VI-43)

R.+§j&

where:
Eoue = output voltage

E{n = power supply voltage

Rg = shunt resistance

Ry = resistance between element (i-1l) and (i)

j = element number representing the position of
melt front

n = total number of elements

When the melt front causes the last finger to be bridged,

(i.e. Jj=n) then the output voltage is equal to the input. The
n

gquantity 151 Ry is on the order of 2000 ohms so that choosing Rg

= 100 ohms gives a system sensitivity of approximately 0.1
E per step. In this manner, multiple discrete voltage steps
w§11 be obtained as the melt passes over the device and shorts
across each finger in turn. Plotting the data in terms of
finger position as a function of closure time will yield
velocity as the slope of the line fit to the individual points,

The error associated with measuring velocity in this manner
is found by considering the accuracy of the position of each
finger and the time measurement. This procedure is detailed in
Appendix E. The analysis indicates that melt velocity determined
by the ceramic sensors is reasonably accurate, on the order of
1.6%. This resultant is based on the assumption that the melt is
well-behaved and that shorting of the elements will occur in a
consistent manner. Observation of the free-jet experiments sug-
gests that the melt will not behave as a fluid pool expanding
along the cavity floor. Interaction between the hot melt jet and
concrete is most likely to be highly energetic with liberation of
significant quantities of aerosols and gases. These products are
not conductive, so that deposition of the materials on the sensor
ahead of the melt may insulate th2 elements. The expanding
cloud of vapor observed with the melt stream may also move
through the cavity to cause premature shorting of the elements
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prior to arrival of the melt. Likewise, melt sparged out oi
the pool may precede the melt front and cause erratic readings
if deposited on the sensors.

The 1/20tk scale cavity provides the opportunity to evaluate
the me’t velocity sensors under circumstances similar to that
expected in the HIPS cavities. Failure of the devices or erratic
results from the SPIT test may require othes methods of making
the measurement or modification to the existing technigue.

VI.4.3.3 Gas Pressure and Velocity

The cavity shape determines the flow channel through which
the blowdown gases from the melt generator mus’. pass. The velo-
city and density of the gases give the dynamic pressure head
term that is used in all of the hypothesized debris dispersal
mechanisms. Thus, obtaining the gas velocity as a function of
time is important in assessing the debris dispersal mechanisms.

The 1,/20th scale cavity will be instrumented with a pitot
static tube to determine the velocity of the gas stream. Apply-
ing conservation of energy to a section of the tunnel gives an
equation for the velocity of the gas:

1/2
2]
Vg = Cp v A (VI-44)
9
whera:
Cp = correction factor for the pitot tube to account for

friction and turbulance
F, = total or stagnation pressure
Py, = static pressure of gas

Pq = gas density

The quantity (P, - Pg) will be. obtained directly by using a
differential pressure gauge between the stagnation and sta-
tic pressure ports. The differential pressur~ data is then
used in Equation (VI-44) to give the local velocity at a
particular location in the tunnel as a function of time. A
highly turbulant flow is necessaiy to cause the velocity profile
to be constant across the tunnel section. The velocity field
is expected to be generated principally by the gases from the
pressure vessel, plus gases released from the concrete. The
resulting flow pattern is undoubtedly highly turbulent because of
the high velocity <zf the ejected gas and the many obstruc-
tions provided by the cavity geometry.
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Reference 34 is used to estimate the time constant for this
type of configuration. For velocities on the order of 2 m/sec
and a thermocouple element approximately 1.6 mm in diameter,
the time constant is on the order of 20 msec. The device should
then be capable of resolving step changes in temperature with
rise-time as fast as 50 msec. Therefore, the thermocouple
configuration is expected to be only marginally adequate to
respond to a step change in temperature occuring during the
discharge interval. The device will not be capable of resolv-
ing rapid variations in the gas temperature that occur in times
shorter than 50 msec.

VIi.4.3.5 Gas Composition

The composition of the gas flowing through the tunnel is
necessary for the equations governing the melt removal process.
"Grab" samples are typically used to obtain composition via gas
chromatography. The composition is expected to derive princi-
pally from the gas used to charge the melt generator, plus the
gases released from the thermal decomposition of the concrete.
Gasses released from the concrete are important because they
will aid in the development of models to predict the type and
amount of noncondensable gas that can be expected in a reactor

accident.

The traditional method of gas sampling is to draw the compo-
sition into a pre-evacuated chamber that is subsequently sealed
by remotely-operated values. The time required to equilibrate
the pressure in the sample volume with the experimental apparatus
is dependent upon the flow through the interconnecting piping.
The flow can be estimated using the Colebrook equation to obtain
the friction in the pipe (Ref. 35):

(VI-46)

V2 v 2.51 )

where:
f = friction factor
f§= relative pipe roughness
D = pipe diameter
Re = Reynolds number
Equation (VI-46) can be solved by evaluating the mass

velocity term G between the reservoir (1) and sample volume (2)
connected by a length of pipe (L):
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where V is the velocity of the gas in the tube. The mass veloc-
ity can also be given in the form of the Reynolds number:

Ru

G = =3 (VI-48)

where u is the dynamic viscosity of the gas.

If Py >> P, then the first term in the denominator of
Equation I-47) can be neglected and equating Equations (VI-47)
and (VI-48) gives:

Re\/F=§D3:;z1 1 - (%) ‘ (VI-49)

|7

The mase velocity can be used to determine the mass flow rate (m)
through the pipe.

GD?
4

m = (VI-50)

Solving Equations (VI-46) through (VI-50) simultaneously
will give the mass flow into the sample chamber. The interval
required for the sample is then obtained by determining the point
in time at which the pressure in the sample container is equal
to the pressure in the tunnel. For the nominal conditions of
the test, the sampling time required is on the order of 10
seconds, or roughly the same time frame as the blowdown of the
system. The response time of this technique will not be ade-
guate to resolve details of gas release process. It may; how-
ever, be capable of resolving the melt/concrete interactions that
occur over a longer period, depending on the extent of debris
material removed from the cavity region.

A continuous sampling technique provides a alternative ap-
proach to filling gas bottles. This method also uses a sample
tube but the pressure differential would be provided by a vacuum
puilp diawing on a manifold of parallel saaple containers. Valves
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placed on the inlet and outlet of each bottle are connected to a
time sequencer to control valve activation. All of the con-
tainers are initially open to allow gas to pass through unre-
stricted. At preselected times during and after the ejection
sequence, the valves on the individual containers are closed
to trap the gas within. Sequential valve closures allow the
variation in composition with time to be assessed. The time
delay of the sampling tube is a factor but it should cause the
same time shift to occur in each of the samples.

Vi.4.3.6 Debris Deposition

Debris deposition or displacement refers to the amount of
material that is removed from the scaled cavity during the ex-
periment. The two questions that must be addressed are: 1) the
guantity and size distribution of material ejected out of the
cavity and 2) the time-frame of melt dispersal relative to jet
ejection, water pool contact, or gas blowdown.

The first gquestion can be answered by simply measuring the
amount of material that is outside the model at the end of the
experiment. This amount is then compared to the original maszs of
the thermite constituients and any residual material remaining in
the melt generator. The collected material will include dis-
placed melt, aerosols, and possibly concrete particles that have
settled onto the chamber floor. Mechanical screens can be used
to separate the smaller aerosolized material, giving a size
distribution of the displaced melt. Chemical analyses will be
done on the residue.

The ejected melt stream is typically accompanied by a lumi-
nous cloud of vaporized melt that darkens as it cools and con-
denses. This cloud will undoubtably also be ejected from the
cavity, along with the molten debris. Conventional photo-
graphic techniques will not penetrate the <cloud to show the
debris dis_ersal process. X-ray detection is capable of resolv-
ing the position of the dense melt within the luminous cloud.
The x-ray record should show good contrast between the dense
(melt) and the other, less-dense materials. Time-resolved
estimates of the amount of melt material ejected will be
uncertain because the image 1is a two-dimensional view of a
three-dimensional object.

Post-test inspection of the test article will also indicate
the extent of material removed from the cavity. Melt material
remaining in the cavity will probably be tightly adhered to the
concrete surface. If the gquantity remaining appears to be large,
then obtaining the mass of the entire test article before and
after the experiment will be used to estimate the mass of debris
remaining in the cavity. This method does not account for the
mass lost by concrete decomposition, which is expected to be
small in comparison.
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VII. HIPS Experimental Program

The main objective of the HIPS tests is to provide experi-
mental confirmation of the debris removal mechanisms postulated
in the Z2ZPSS. The results will also be used to describe the
aerosol generation mechanisms and fission product source term
during melt ejection and vessel blowdown. The data will be used
in developing scaling criteria to full-size reactor geometries
and a model for predicting the ex-vessel portion of the acci-
dent process.

The HIPS test matrix has been developed with the assumption
that the results from the SPIT aerosol and jet characterization
tests can be scaled to larger geometries. Similiar tests in
the larger, HIPS geometry will be limited to the number neces-
sary to confirm the scaling hypothesis. The program also
assumes that the SPIT 1/20th scale cavity experiment will demon-
strate the type and location of the interactions, and the in-
strumentation needed to diagnose the resulting behavior.

The following sections cover the description of the experi-
mental apparatus and instrumentation, the information sought from
the tests and the test strategy employed.

VIi.l Experimental Apparatus

The HIPS apparatus consists of a melt generator, concrete
test article, and the same interaction chamber as that used in
the SPIT program. The test article represents a 1/10th 1linear
scaling of the Zion reactor cavity.

VII.1l.1 Melt Generator

The HIPS melt generator incorporates improvements based on
the experience gained during the SPIT program. The dimensions
of the HIPS generator are significantly larger, with avail-
able volume for gas expansion representing an 18-fold increase
over the SPIT equipment. A second advantage of the relatively
larger diameter is that the distance between the melt crucible
and vessel wall is increased. The increased thickness of
refractory powder provides greater protection to the vessel in-
tegrity.

A schemati_. drawing of the pressure vessel to be used as the
melt generator is shown in Figure 22, The wall is made of 16
inch (41 cm) OD, Schedule 60, mild-steel pipe casing (1.6 cm
wall thickness) with bolted flanges welded to each end. The
flange covers are sealed with flat, reinforced gaskets. The
internal length _of the device (1.34 m) gives an approximate
volume ot 0.146 m3. The assembled apparatus has a rated maximum
allowable working pressure of 2500 psia (17 MPa), sufficient to

cover the expected range for the HIPS test matrix.
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Figure 22. Schematic of HIPS Melt Generator
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Unlike the heavy pipe section used in the SPIT apparatus,
the HIPS melt generator will use a thin-wall melt crucible. As
shown in Figure 23, the crucible is constructed of inner and
outer shells separated by a 2 cm thick layer of refractory wet
ram material, designed to sinter when exposed to a high surface
heat flux. The ramming material will form the prime barrier to
the molten thermite, and it is anticipated that the heat flux
from the melt will cause sintering to a depth of several centi-
meters. The sintered shell will then be used as the crucible on
subsequent tests with the apparatus.

Graphite piate, 12 mm thick, is used to cap the upper and
lower ends of the melt crucible. The upper plate has a central
50 cm diameter to allow gas passage between the crucible and
expansion volume above. The lower plate is machined to expose
the brass fusable melt plug in the bottom flange cover. The
bottom flange cover has been modified to accept a small-diameter
"insert" plate that is replaced for each test. The insert
permits the size of the exit aperature to be selected and mini-
mizes damage to the flange cover. The insert is sealed to the
flange cover by an O-ring and retaining bolts.

Assembly of the melt gencrator process is similar to the
pattern used for the SPIT device. First, the size of the exit
aperature 1s determined and the insert machined to accept a melt
plug of corresponding dimension. The insert is then placed in
the lower flange cover and the flange and insert assembly placed
into the recepticle located in the concrete test article. The
melt generator is lowered onto the lower flange plate and secure-
ly bolted into position. The lower graphite plate is then placed
in position so that the melt plug is exposed. The crucible is
lowered onto the graphite plate and held in position. After
extraneous material is removed from inside the shell, the ther-
mite powder is placed into the crucible.

The thermite is lightly tamped during placement to reduce
the porosity and overall volume, The ignitor is placed into the
thermite to a depth of nominally 2 cm and extension wires are
brought out through the upper gruohite cover. The leads are then
crimped to the electrical feed:hroughs in the vessel side wall
and the cover is bolted in place. Attaching the gas feed line
and instrumentation leads completes the assembly process.

VII.1.2 Test Article

The internal dimensions cf the HIPS test article are based
on a 1:10 linear scaling of the Zion cavity, tunnel, and keyway
regions. Figure 24 shows details and dimensions of the HIPS
test article. The external dimensions have been selected to
allow the structure to withstand the strains imposed during melt
ejection and vessel blowdown.
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Figure 24b. Cross - Section of HIPS Cavity Region (Dimensions in cm)



The test article is formed in two sections with the parting
line located alcag the upper tunnel surface. Each section is
constructed using large steel channel members welded together to
form the outer periphery. The steel provides added strength to
the concrete structure and a convenient means for handling the
apparatus. The concrete is generic limestone/common-sand (see
Table 20) similiar to that used at the Zion plant. Some rein-
forcing steel is placed in the lower section (approximately 8
cm from tunnel floor) to strengthen the structure. The melt
generator mounting ring in the upper section is placed to
locate the exit aperature at a scaled height equivalent to the
bottom of the RPV.

Iastrumentation in ¢he cavity is similiar to that of the
1:20th scale SPIT test fixture. The larger dimensions of the
HIPS cavity permit the number of instruments to be increased,
with three pitot-static tubes and temperature sensors and two
additional gas and aerosol sample tubes. The cavity also incor-
porates additional diagnostics in the form of optical probes to
monitor initial movement of the melt in the cavity. These de-
vices consist of a 6 mm diameter fiber optic prcbe placed flush
with the exposed concrete surface. The opposite end of the probe
is monitored with a photodector to give an electrical output
when the melt passes over the exposed surface. Time-correlating
the position and signal from the various probes gives melt dis-
placement and velocity within the cavity.

Figure 25 shows a conceptial drawing of the assembled HIPS
apparatus consisting of the melt generator and test article. The
melt generator mounting prevents gas escaping out of the cavity.
The assembled apparatus placed in the interaction chamber is
shown in Figure 26. The device is placed on the concrete floor
of the chamber, near one end with the exit of the cavity directed
towards the opposite end. Ejected debris, aerosols, and
gases will be retained and measured while in the chamber. Two
large fans driven by air motors are used to stir the air-
borne products of the reaction to obtain a homogenous mix-
ture for sampling.

VII.2 Test versus Accident Characteristics

The ex-vessel behavior of the ejected core debris represents
a complicatec interaction of chemical, hydrodyrnamic, and thermal
processes. Identifying these phenomena and their possible range
of wvariation 1is necessary to insure that the experiment
accurately models the accident. Table 23 presents the correla-
tion of the experimental and accident characteristics, and the
effect on the outcome of the test. The results indicate thet the
conditions present in the experiment will tend to overpredict
the amount of debris dispersed from the cavity. The following
paragraphs present the 1logic that was used to assess the
effect of test conditions.
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TABLE 23

CORRELATION OF ACCTDENT AND TEST PHENCMENA AND THE EFFECT ON TEST OUTCOME

Phenomena Accident Experiment Effect on Test Conditions on Outcome
Pressure 1.4 to 17,0 MPa 1.4 to 17.0 MPa None.
Gas Volume Primary System Melt Generator Linear scaling approximately 1:12; slightly less total energy in blowdown gas.

Gas Composition

Melt Composition

Melt Temperature

Melt Vessel

Breach Dimensions

Cavity Geometry
Concrete
Containment
Structure
Containment

Atmosphere

Water Pool

Steam and
Hydrogen

Corium
= 7.0 g-lt:-3

1500-2800°C

4=40 cm

Zion Plant

Limestone-
Common Sand

Containment
Building

Possible Elevated
Pressure (4 atm)
Steam, Hydrogen

Dry to 5-m
Depth

Nitrogen/Carbon
Dioxide

Iron and Alumina
- 5.9 /cmd

1800-2500°C

Melt Generator

2.5 cm
(Variable)

Same

Interaction
Chamber

Ambient

Dry to 0.4-m
Depth

Higher dynamic head due to Nz density (factor of 10); will enhance material removal mech-
anisms. Gas solubility effects in accident unknown. Nz and CO, probably provide upper
and lower bounds on solubility, respectively. CO2 may provide good simulation of steam
condensation at blowdown.

Hydrodynamic mechanisms only slightly affected unless metal/oxide stratification occurs
before ejection. Gas solubility, aerosol production, and debris configuration unknown.
Freezing point of alumina only slightly lower than Zr-ZrOp-U0, mixtures. Experiment tem-
perature a function of non-reactive mass and time in crucible. Teo high a temperature may
overpredict decomposition and disruption of debris configurations.

May overpredict concrete decomposition compared to lower temperature range. Density and
viscosity may be too low--will enhance material removal.

Length- o~diameter different (2 to .35), causing higher static head; melt depth nominally
the same - "punchthru" of gas will not be overpredicted. Flat bott m may enhance atomiza-
tion and jet breakup.

Exceeds 1/10th scale; will cause initially higher mass flow of melt and gas enhancing
material removal. Thickness to aperature radius approximately 8:1, radial growth of apera-
ture may be slightly underpredicted.

1/10th linear scaling; geometric features not included (ladders, sump, instrument tubes,
etc.). Should allow more efficient material removal.

Aggregate size not scaled; relative amount of "surface" material greater. Initial gas gene-
ration and erosion may be enhanced.

Free-expansion out of keyway; no obstruction to material dispersal. Linear scaling approxi-
mately 1:13,

Creater pressure differential will enhance melt transport out of cavity region,

Mixing length (time to initiate) and fragmentation not scaled. Rigid walls will simulate

reactor cavity. Growth of steam bubble should be scaled if steam generation is rapid compared

to transit times.



The geometry of the reactor pressure vessel is a cylinder
with flanged and dished upper and lower heads; the melt generator
is a cylindrical pipe section with flat flange covers on each
end. Based on the present design, the experiment and accident
have nominally equivalent melt depths. This causes the static
head to be improperly scaled, but this is no consequence for
pressures above 1.4 MPa. But relatively deep melt pool in the
experiment could prevent the overlying gas from ‘“punchirg"
through the melt. This effect would contribute to aerozol
generation by causing pertions of the melt to be entrained by the
gas passing through the melt pool. Mechanical breakup of the
melt in this manner should cause large particles to be formed.
If this process is observed in the experiment it is likely to
also occur in a reactor accident.

A second effect of the experimental geometry is the possible
atoaszation of the melt caused by stagnation of the melt flow
iniuced by the flat-bottom geometry of the melt crucible. Atom-
ization of the jet can result in a less coherent stream and
enhanced aerosol generation via the production of fine droplets.
The curvature of the dished head of the reactor pressure
vessel is not significantly different from a flat-bottom vessel.
The radius of the Zion RPV is approximately 2.2 meters. For
breach diameters up to 1@ times the initial hole size, the devia-
tion from a flat plate is less than 2% of the head radius.
Atomization of the melt induced by the flat-bottom geometry of
the vessel appear to be nearly as likely in the accident as in
the experiment.

The above i)’ ..trates a situation where the characteristics
of both the accident and the experiment are well establihed.
In contrast, some of the accident phenomena are not well known
or a range of possibilities must be considered in the design of
the experimental matrix. As an example, melt temperature in
the accident is not well established, but is assumed to be in
the range from 1500°C (steel solidification) to 2868°C (U0,
melting). Approaching ti.e lower bound, melts are more viscous
and resistive to displacement. The reduced superheat causes the
material to be more prone to forming a solid crust layer by
energy loss from the pool surface. At least three of the
melt displacement mechanisms are dependent on an exposed liquid
surface. The experimental melt temperature has not been mea-
sured, but may be as high as 3800°C, depending on the extent of
reaction and the heat losses involved. The uncertainty of the
accident melt temperature and the possible consequence of a
lower temperature requires that a range of temperatures be
considered within the experimental test matrix. Comparing
behavior at the high and low extremes of the temperature range
permits studying the influence of the melt condition on the
debris dispersal and other phenomena.
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VII.3 HIPS Test Strategy

The results of the analyses in the previous section suggest
that accident characteristics can vary and may change the out-
come of the event. Corresponding changes in the test condi-
tions can also be used to better simulate the accident phe-
ncmena. The essential step in the test procedure is to deter-
mine the accident characteristics that are most influential in
the event outcome, while identifying those variables that do not
contribute significantly. Addressing each accident charac-
teristic and its range of variation in the experiment would
require a large number of tests.

A basic two-factorial test matrix of the critical input
characteristics given in Table 9 would require 16 tests total,
more than could be handled in a convenient manner. Even a frac-
tional factorial scheme would require at least 8 tests. The HIPS
test strategy must Lherefore be based on performing the experi-
ments that will best satisfy the objective of the program: to
verify and quantify the debris dispersal mechanism.

The scaling analysis (Section IV) of the mechanisms hy-
pothesized 1in the ZPSS indicates that they are most influenced
by the initial vessel pressure and temperature. The ZPSS
analyses do not account for gas dissolved in the melt or the
influence of water in the cavity. Analyses of these latter two
effects show that they may also have a significant influence on
the debris relocation phenomena.

Lacking the resources to consider a systematic test ma-
trix, the HIPS test strategy will concentrate on establish-
ing the existence of the dispersal mechansims by isolating only
the main effects. The technique is illustrated by the logic
decision circuit given in Figure 27. The circuit is designed to
determine the range of test (and accident) conditions where the
ZPSS material dispersal mechanisms exist (or do not exist).

The matrix is initiated by performing the test using condi-
tions considered to be most probable for causing relocation of
the melt (HIPS-1). For the purpose of this illustration, the
conditions are assumed to be: the highest temperature and pres-
sure values within the prescribed range, and a cavity constructed
of a non-reacting material. The test article will be identical
to that described in Section VII.1.2 except the cavity region is
formed using a layer of magnesium oxide (minimum 5 cm thick).
The cavity is constructed by casting the MgO around a Styrofoam
form of the cavity dimensions. The material is then baked at a
temperature of 400°C for ten hours. The remaining form is then
filled with limestone/common sand concrete. The concrete
provides rigid support to the ceramic and strength to the overall
structure. Additional heating (>150°C) is done just prior to the
test to drive off the water absorbed in the MgO material.
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The second test is identical to the first except that the
cavity is concrete. The two te3ts can then be compared direct-
ly to show the influence of concrete decomposition on debris
dispersal. It 1is expected that reducing gas generation from
the basemat should inhance material removal by minimizing the
disruption of the dynamic debris configuration. The comparison
will also show the extent of gas and aerosol generation produced
by the concrete decomposition.

Following the second test, the logic path leads to a deci-
sion block to decide subsequent tests. If material was not
removed from the cavity during both the HIPS-1 and HIPS-2 tests,
then the removal mechanisms do not exist. If the melt was dis-
placed in HIPS-1l and not in HIPS-2, then the influence of con-
crete decomposition on removal mechanisms requires study. Like-
wise, if material was displaced in both tests, then a lower
bounding condition for removal must be established.

Test HIPS-3 is designed with minimum values for pressure and
temperature to determine if material removal occurs for the lower
bound of the accident conditions. If removal occurs at the these
values of pressure and temperature, then the mechanisms are
assumed to be active over the entire range of system conditions.
If material is not displaced in this test, then one or twe addi-
tional experiments are required to determine if pressure or
temperature is the dominating influence.

The results from the HIPS tests numbered 1 through5 (or 1
through 3) will establish the principal main influence on
debris dispersal. The data from the tests will be used to model
the processes of debris dispersal, aerosol generation and trans-
port, concrete decompocsition and gas production, and the
fission product source term. The Phase II SPIT data will also
be used in conjunction with these results to aid in developing
appropriate scaling criteria.

The second portion of the decision circuit considers the
effect of a cavity water pool on debris dispersal. The Phase II
SPIT matrix is planned to investigate the influence of water
using structures constructed of benign materials. The results of
the SPIT experiments will determine the differences, if any,
between fully and partially-filled cavities and the magnitude of
the resulting interactions. If significant differences are noted
between the two cases, then the HIPS test matrix will also
consider the two situations. The logic circuit incorporates
both classes of experiments, the decision to pursue both paths
will be based on the analysis of the SPIT tests.

Test HIPS-1W is designed to study the condition where melt
is ejected under high pressure into a "water-locked" cavity. The
objective of the test is to confirm the ZPSS hypothesis that melt
will initiate a steam bubble causing explusion of the water from
the cavity. Because this test represents a new condition within
the spectrum of possibilities, all previous paths in the logic
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circuit are subsequently directed along this branch, regardless
of previous outcomes. If necessary, HIPS-2W will also be con-
ducted at identical conditions except for a shallow pool depth.

The HIPS test program described above will not provide
definitive information about all possible combinations of acci-
dent conditions, but only those main factors that appear to be
most cricical to the debris dispersal mechanisms. Conducting
tests at the extremes of the spectrum of possibilities for these
factors will permit statements to be made concerning the bounds
of potential test outcomes and modeling to be initiated.
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VIII. Summary

The Zion Probabilistic Safety Study represents an extensive
and innovative analysis of the risks involved in operating the
Zion plant. Within the context of the ex-vessel interactions,
the document proposes a number of unique mechanisms that may
result in removal of the core debris from the cavity region.
The resulting distribution is considered coolable by the exis-
ting plant mechanisms.

The High Pressure Melt Streaming program has been developed
to experimentally and analytically study the phenomena as-
sociated with the ex-vessel accident sequences. Tests are plan-
ned at two different scales with initial conditions varied over
the entire range expected in the accident. The results will
form a data base for describing the ejected jet stream, jet-
concrete interactions, debris removal processes, and aerosol
generation.

The System Pressure Injection (SPIT) test matrix is de-
signed to characterize the jet behavior and aerosol generation
during melt ejection. Thermitic melts up to 10 kg will be
generated under pressures of 1.4 to 17.0 MPa. Carbon dioxide
and nitrogen will be used to determine the influence of gas
solubility on jet and aerosol behavior. A statistical approach
is used to develop the test matrix to insure that the influ-
ence of the significant variables is considered over the range
of conditions.

The SPIT matrix will also include a limited number of tests
investigating the interaction of the melt jet and water pools.
The results of these tests will be used to design instrumentation
and equipment for subsequent, larger scale tests. The data will
also check the validity of the ZPSS hynotheses concerning the
influence of water pools on the debris dispersal processes.

A 1/20th linear scale model of the Zion cavity will be
tested using the SPIT apparatus. The prototypic concrete compo-
sition is used to construct the test article. The test will be
performed at initial conditions most likely to cause dispersal of
the debris out of the cavity region.

The results from the SPIT testing provide the basis for
conducting the larger scale HIPS experiments. The HIPS test
matrix concentrates on verifying the existance of the debris
dispersal mechanisms over a range of conditions. The geometry
of the HIPS apparatus represents a 1/10th linear scale of the
Zion cavity. The melt generator contains up to 80 kg of a ther-
mitically-generated iron-alumina mixture, at pressures up to
17.0 MPa. The concrete test article is instrumented to measure
the varibles needed to support verification and modeling analy-
ses, Placing the apparatus in a large interaction chamber
allows retaining and sampling the products of the interaction
process.
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The HIPS test matrix is designed to isolate the main factors
contributing to the debris dispersal mechanisms. A logic deci-
sion circuit is used to determine the progression of test condi-
tions. The influence of water within the cavity is also included

within the logic circuit,

The results of the SPIT and HIPS tests are expected to be
used in developing analytical tools for describing the jet propa-
gation, aerosol generation, and debris dispersal processes. The
experiments will also provide data for scaling analyses to extra-
polate the phenomena to reactor scales. Ultimately, the models
will be wused to predict behavior for other cavity geometries
and differing system conditions.
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APPENDIX A
Phase I SPIT Test Program

The Phase I SPIT test program was initiated to devlop a
high pressure melt generation and delivery technique. During the
course of the program, unexpected phenomena were observed that
required the design of specialized instrumentation and caused
the tests to become progressively more complex. This section
provides a brief overview of the test results with the discussion
principally concerning the nature of the jet stream and the
aerosol samples. A listing of the pertinent test details is
given in Table 24.

A.l Jet Characteristics

The nature of the jet emanating from the reactor vessel will
have a direct influence on the subsequent behavior of the melt
within the cavity. The initial shape and velocity of the jet
forms the dynamic debris configuration that is hypothesized to
promote removal of the material from the cavity. The assumption
in the ZPSS analysis is that a stable, single phase jet is
formed so that no geometric expansion occurs during passage to
the cavity floor. A solid jet maximizes the unit pressure
loading that, in turn, causes the material to traverse rapid-
ly across the cavity floor. An analysis given elsewhere in
this report suggests that gas solubility and mechanical breakup
may cause the material leaving the vessel to be an unstable,
two-phase mixture.

The Phase I SPIT tests show that the appearance of the melt
stream is radically different than that presumed in the ZPSS.
Figure 28 is a series of representative photographs taken during
the SPIT-3 test. The times stated are referenced to the first
appearance of the jet and are accurate to + 0.02 second. The
melt jet at 0.05 second is characterized as a highly luminous,
divergent cone (35-40° half-angle) emanating from the vessel.
The brightness of the cloud prevents resolution of any details
other than the outer shape. The material within the cone ap-
pears to be vaporized melt. At 0.1 second, the cone is still
apparent, but the lower portion is masked by material that has
condensed and darkened. Some of the condensed material has
deflected off the brick bed as indicated by its upward and
outward direction. Approximately 1 second later (t = 1.15
sec), the aerosol cloud completely envelops the apparatus.
The dark-brown appearance indicates that the material has cooled
significantly. The behavior within the cloud interior is not
discernable.

Figure 29 shows two flash X-ray photographs of the melt
stream taken during two separate SPIT tests. The experiments
were conducted at nominally the same conditions except for the
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TABLE 24

Details of SPIT Tests

Melt
Mass Pressure (MPa)

Test Date (kgs) Initial Final Cas Comment x

SPIT-1 25 May 82 2.15 Amb 0.69 Ar No melt thru, relief valve set at 0.69 MPa.

SPIT-2 26 May 82 2.3 Amb 0.67 Ar Relief valve opened prior to melt thru, gaseous
melt.

SPIT-3 3 Jun 82 2.50 1.03 1.88 Ny Gas did not vent, melt "sprayed" sequentially in
3 direccions.

SPIT-4 23 Jun 82 10.35 1.03 8.10 No No melt thru, relief opened at 7.24 MPa, 350 gm
Lap0q mixed in thermite.

SPIT-5 24 Jun 82 10.35 0 ? N2 350 gm Lap04, no pressure record, instrumented
MgO brick bed.

SPIT-6 28 Jul 82 10.6 3.45 5.16 Ny Pressure vessel failure

SPIT-7 20 Sep 82 10.4 2.99 4.77 N2 10 cm deep Alp03 gravel bed, melt penetrated and
removed bed.

SPIT-8 29 Sep 82 10.4 7.24 7.62 Ny 30 cm deep Alj03 gravel, melt penetrated 20 cm
into bed, no displacement of particles. Steel
calorimeter.

SPIT-9 3 Nov 82 5.0 3.45 ? No Real time x-ray of thermite reaction

SPIT-10 10 Nov 82 5.0 2.52 3.16 No Real time x-ray of thermite reaction

SPIT-11 7 Mar 83 10.0 6.32 8.40 CO, First CO, test, no trigger on x-ray units

5PIT-12 11 Mar 83 10.0 5.71 5.52 Coy Coherent stream with ligament instabilities, max
heat flux 400 cal/cm?-sec

SPIT-13 17 Mar 83 10.0 5:13 17.24 COp Extreme pressure increase during reaction, highly

fragmented melt.
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TABLE 24 (CONT.)
Details of SPIT Tests

Melt
Mass Pressure (MPa)
Test Date (gﬁy) Initial Final Gas Comment
SPIT-14 6 Jun 83 10.0 1.59 1.68 €Oy Lowest pressure value, large aerosol generation
SPIT-15 27 Jun 83 10.0 6.87 11.67 N2 Solid water pool, jet penetrated water at approx.
16 m/sec, no vapor explosion, box destroyed
SPIT-16 22 Jul 83 10.0 9.08 10.54 Ngy 1/20 scale aluminum cavity, water filled, melt
failed to vent
SPIT-17 25 Jul 83 10.0 8.76 10,21 Ny Repeat test 16, over 200 MPa pressure spike in
water pool (approx. 13 msec after jet entry),
cavity destroyed
SPIT-18 9 Nov 83 10.3 10.62 12,26 Ny Alumina brick cavity, placed in 42 m3 chamber,
approx. 58% of debris dispersed from cavity,
several psi overpressure of recorded in chamber
SPIT-19 16 Dec 83 10.3 10.76 12.77 Ny Scaled (1/20) Zion reactor cavity, limestone/common

sand concrete, placed in 42 m3 chamber, significant
overpressurization of chamber caused extensive
damage. Approx. 95% of debris removed
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Figure 28. Melt Ejection Sequence
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type of gas. SPIT-8 was charged with nitrogen while SPIT-11 used
carbon dioxide. The outward apparance of the jet was very
similar to that seen in Figure 29. The time given in each photo
is referenced to a signal generated by a break-wire trigger
placed under the melt plug. The response of the trigger to the
melt is estimated to be approximately 4.5 ms. Four x-ray units
are typically used on each test, located at a radius of approxi-
matelg 2 meters from the melt stream and positioned approximate-
ly 25% apart. Film cassettes are placed diametrically opposite
the corresponding X-ray head, approximately ©.46 meter from the
stream center.

Both photos show the melt jet at 45 milliseconds after the
break-wire signal. The large nuts securing the lower melt gener-
ator flange are obvious in the upper portion of the figures. The
photo from SPIT-8 shows slightly over half of the melt stream.
The boundary of the stream is clearly defined, suggesting that
the surrounding cloud seen in the photographs of Figure 29 is
significantly less dense. The half-angle of the jet stream is
on the order of 10-12° Using the position of the stream front
and the time of exposure gives an estimated velocity of 20 m/sec.

The estimated velocity can be compared to that obtained
using Bernoulli's equation to determine if the jet behaves as
isentropic fluid flowing through an orifice.

[ 2(P, = P,)

—

pressure in the melt generator (gage pressure)

density of melt (fluid)

12

- _[207.62 x 105 Nr/n? e
U =| — = 1 n/sec
i 5900 kg/m> o

For this example, the discharge coefficient of the orifice
ls assumed to be unity. The comparison is resonable considering
the large uncertainty in the experimental value.

As th2 jet expands and moves downward, the density of the
strzam appears to decrease, as evidenced by the appearance of
voids within the structure. A pattern of density concentrations
in the form of horizontal bands is apparent in the lower third of
the stream. These bands may be caused by Helmholtz instabilities
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that occur as the internal pressure of the stream equilibrates
with the surrounding environment.

Helmholtz instabilities arise when two immiscible fluids
flow relative to each other alohg a surface of separation. There
exists a maximum relative velocity above which a small distur-
bance on the surface will grow and amplify. The SPIT geometry
can be approximated using a correlation (Ref. 36) for a downward
liquid jet and an upward vertical vapor blanket. The velocity of
propagation of surface wave is given by:

omg, p,pP 2
P o s (V= ¥ )
P+ 0y (on+ov)

where:
o = surface tension of liquid

m= 2 /) wave number

9c proportionality constant

A = wavelength of disturbance

Per Py = density of liquid and vapor

V;r» Vy = velocity of liquid and vapor

The condition for a stable jet requires that c? 2 B, or

2°gc P,0
Pv 2
= % = V,)
A (Pg+Py) 'V L

- A |

This criteria can be evaluated for SPIT-8 by assuming
that o = 1000 dyne/cm, V; = 20 m/sec, Vy = 8, and that the
wavelength of the observed disturbances is on the order of 2 cn.

3141
m = 0.65<1

The result suggests that for the jet in the SPIT-8 test, the
ctelative velocity of the stream is high enough to induce insta-
bility on the surface of the stream. Instability effects
should become even more pronounced at higher driving pressures
due to the dependence on the square of the relative velocity
term.

The second radiograph in Figure 29 shows the appearance of a
COp-driven melt. In this case, the jet appears as a nearly
cogerent stream with ligament-type instabilities emanating from
the surface. No large voids or lower density areas are obvious
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within the stream, as would be expected without gas in solution.
The estimated velocity is nearly equivalent to that seen in SPIT-
8 with the higher density apparently offsetting the increased
system pressure.

A.2 Aerosol Generation

Cascade impactors and filter samples were employed on SPIT
tests 3, 5, 6, and 8. The devices are placed near the apparatus
so that they are enveloped by the aerosol cloud. Remotely
controlled valving permits samples to be drawn into the devices
at predetermined time intervals. Typically, the devices are
activated at ignition and closed after the aerosol cloud dissi-
pates. Cascade impactors allow the sample to be sized
according to aerodynamic diameter based on seven size ranges
incorporated into each device. Filters are used to obtain a
mass of aerosol over a fixed time period. Using a known flow
rate allows inferring a mean concentration. The captured mate-
rial from both types of devices can be used in chemical analyses
to determine speciation.

Cascade impactors of the type used on the SPIT tests are
most efficient in sampling aerosols in the range of slightly less
than one-half micrometer to about 15 micrometers (aerodynamic
diameter). The low mass of smaller particles causes them to be
carried through the device without impacting on a collection
surface. Large particles behave in an opposite manner; their
momentum may be too great to be deflected out of the aerosol
cloud into the apparatus. Filters are similarly affected in the
large size range but are more efficient in capturing the 1lower
size range.

Cascade impactor data from the SPIT-3 test are presented in
Figure 30 in the form of frequency of occurrence as a function of
particle diameter. The curve fit to the data suggests two
distinct modes, 0.5 and 5 micrometer aerodynamic diameter.
The smaller mode is assumed to be formed by the condensation of
the vaporized species in the highly luminous cloud surrounding
the melt jet. The larger mode is attributed to mechanical break-
up of the melt, possibly by fragmentation induced by atomization
of the melt at the exit aperature of the vessel.

As the jet enters the atmosphere, the surface material is
exposed to a high relative velocity gas stream that causes hydro-
dynamic fragmentation. The droplets can undergo a multistage
breakup process until a stable fragment size is achieved. For
this situation, the fragment diameter size is given by (Ref. 13):

-2

Va
d = We, — [1 -—]

949
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where:
We, = critical Weber number

d = maximum fragment size when the processes are
complete

Vg = fragment clovd velocity after the fragmenting
process

V, = density and velocity of the gas stream
o = droplet surface tension

This equation accocunts for Weber number reduction by both
particle size reduction and relative velocity reduction. Ap~
plying typical values from the SPIT-type tests indicates that the
atomization process can yield stable particles in the 10- to 100-
micrometer size range. Material recovered from the impactor
pre-filter used during the SPIT-8 test are consistent with these
results. Microscopic examination of the particles shows a mean
size of nominally 65-micrometer aerodynamic diameter. This
material was not found on the impaction stages of the
sampler, probably because of the device's low collection effi-
ciency for larger particles.

Electron microscopic examination is used to determine the
geometry of the aerosol particles. Representative samples of the
three sizes mentioned above are shown in Figure 31. The smallest
particles (@.5-micrometer average diameter) appear to be composed
of aggregates of small (<@.l1-micrometer) primaries. The 0.1-
micrometer particles probably represent the material formed
during the condensation process with the aggregates created by
collisions, while the individual particles settled out or were
lost during the sampling. The 5-micrometer and 65-micrometer
particles appear to be principally single, spherical shapes,
consistent with the proposed generation mechanisms of aerodynamic
fragmentation

Energy dispersive spectroscopy of the samples shows the two
smaller size ranges to be selectively either iron- or aluminum-
bearing. None of the samples that were analyzed showed aluminum
and iron coexisting in the same particle. Quantitatively, more
iron-bearing particles were observed than aluminum. The relative
lack of aluminum composition particles in the smaller size range
may be due to the higher vapor pressure of iron compared ¢to
aluminum (Figure 32). The 65-micrometer samples do show both
iron and aluminum within the particle. Figure 33 illutrates the
results of this type of analysis on the 65-micrometer sample.
The silica and zirconium are assumed to be impurities existing in
the melt. The lanthanum is derived from an oxide form placed in
the thermite charge prior to the test.
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APPENDIX B
Gas Blowdown of SPIT Apparatus

The pressurized components of the SPIT apparatus are the
melt generator, accumulator reservoir and interconnecting
plumbing. The accumulator provides an expansion volume for the
gases liberated and heated during the thermite burn. ghe gas
volume of the melt generator is estimated to be 5.9 x 18~3 m3 and
the reservoir volume is approximately 2.8 x 1074 m°, The inter-
connecting piping represents a neglible contribution in volume.
The two volumes should not be considered to be additive because
the interconnecting tubing may be too restrictive to insure
simultaneous blowdown. This point can be illustrated by a simple
isentropic flow analysis of the discharge from the melt generator
and the flow through the interconnecting piping.

For an ideal gas, the mass flow rate of a reversible adia-
batic expansion through an orifice is given by (Ref. 35):

k-1/k k-1/k 1/2
Counfi e (3 (@7 -

m= - 2
r 2/k

() )

where:

C = orifice discharge coefficienc
Ap = area of orifice
P, = ambient pressure
R = gas constant
Ty = temperature of gas in the melt generator
k = ratio of specific heats
P, = pressure in melt generator
A; = cross-sectional area of melt generator
The discharge coefficient (C) can vary from @ to 1.0, the

final value depends on the ratio of Al/A2, type of gas, velocity
through the orifice, and other factors.
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Flow through a pipe is governed by the inertial, viscous,
pressure, and elastic forces. Assuming isothermal flow the mass
flow rate through the interconnective piping is given by (Ref.
35):

where:

Py P = pressure in accumulator and melt generator,
respectively

°0, 1 = density of gas in accumulator and generator

D, L, A = diameter, length, and area of pipe, respec-
tively

g = acceleration due to gravity
£f' = pipe friction factor
If the Reynold's number in the pipe exceeds 4,000, turbulent

flow can be assumed and the friction factor is given by the
Colebrook equation (Ref. 35):

2
Y
SRRy -1
g
1 €/D 2.51
= n 3
Y 10910 (3.7 3 a,Y)

¢ = empirical value for surface roughness
Re = Reynold's number = %P
V = velocity of flow
u = wviscosity of gas
In order to obtain the blowdown history of the SPIT appara-

tus, the above three equations must be solved simultaneously.
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The initial conditions of the problem are given by the pressure,
temperature, and type of gas in the pressure system. The pres-
sure in the generator at any point intime is determined by the
amount of mass that has flowed out of the vessel through the melt
plug orifice minus the mass that has entered the generator via
the interconnecting plumbing.

For the purpose of illustrating the behavior of the system,
the following values are selected for the base case:

Pl - 15.2 MPa Tl S 1670 K T2 - 330 K
A, = 5 x 1074 m? C = 0.8

The sensitivity of the calculation to changes in the values of
the variables is illustrated by comparing the base case response
to the variation in the system parameters. The range in
values is assumed to be representative of the possible variation
in the experiment, 1In Figure 34a, the discharge coefficient and
the effective flow area are varied. As shown, the calculated
blowdown times are inversely proportional to the change in the
parameters. In all three cases, the accumulator pressure does
not change significantly during the blowdown of the melt genera-
tor. The small flow area of the interconnecting plumbing is too
resistive to allow significant gas flow from the accumulator to
the melt generator. A pressure decrease on the order of only 10
kPa in the accumulator pressure is predicted for these cases.

Figure 34b provides a comparison to the base case for varia-
tions in the gas temperature, pressure, and species. Both tem-
perature and species are significant contributors to the response
of the system, basically dve to the influence of the (RT) product
in both flow equations. The major effect of the decrease in
system pressure is to cause a longer discharge time by decreasing
the mass in the system. The results for all cases show that the
accumulator volume does not significantly contribute to the blow-
down response of the system.

To further assess the effect of the piping on the response
of the system, a calculation was made where the piping was con-
sidered to have the same volume, but of an infinitesimally small
length. In this hypothetical situation, the system volume is
maintained, but the entire contents are essentially availablie for
discharge through the orifice in the melt genertor. Figure 35
illustrates the comparison between the hypothetical situation
and the base case of Figure 34,

Figure 35 shows that the additional volume contributes
significantly to the time required for the melt generator to
equilibrate with the ambient conditions. Because the mass flow
rate is the same for both cases, the comparison illustrates that
the interconnecting piping is functioning as an acoustic low-pass
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filter, preventing a rapid discharge of the accumulator. Like-
wise, the large orifice in the melt generator prevents signifi-
cant additional pressurization after blowdown by the flow of gas
from the accumulator. An equilibrium pressure of just under 2
atms is maintained until the accumulator is discharged. The
implication of these results is that the accumulator volume
should not be included in calculations involving a blowdown of
the system volume.

Considering the generator volume alone gives an approximate
1/40 linear scaling ratio to the Zion primary system volume. This
means that the SPIT apparatus may underpredict the phenomena that
are dependent on the duration of the blowdown sequence. The ZPSS
analysis of the primary system blowdown indicates that approxi-
mately 40 seconds are required for equilibration in a tran-
sient sequence (P, = 17.0 MPa). This analysis is influenced,
liowever, by a time-dependent variation in the breach diameter,
and the composition of the gases (steam and hydrogen). In order
to maintain the proper time scaling, the SPIT blowdown should
last approximately 2 seconds. This time interval is far greater
than what is predicted from the flow analysis. Efforts are
underway to improve the flowpath from the accumulator to the
generator in order to overcome the present limitation.
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APPENDIX C
Jet Stream Heat Loss

During the melt ejection process, the temperature o¢f the
stream is governed by the energy losses that occur during the
propagation through the air. Energy is lost from the jet stream
by radiative and covective heat transfer to the environment.
The energy losses can be estimated by assuming the jet stream
acts like a small surface totally enclosed by the surroundings at
ambient temperature. The net rate of energy exchange (q) may be
expressed as:

4 4
9 = € Agtream °(Tb = 7Bux)" he Agtream (Ts = Tgur)
where:

€

emissivity of melt

‘‘stream = surface area of jet

o = Stefan-Boltzman constant

T. = jet surfac» temperature
T = temperature of surroundings
h, = convective film coefficient

Performing an energy balance on the entire jet geometry
shows that the energy stored is equivalent to the net energy
change in the system:

Ein = Bout ® Egtored

The E n term represents the mass influx into the system as jet
ejection continues; the Ej term is the loss due to radiation
and convection from the surface. Calculations can be performed
by defining a control volume represented by the cross-sectional
area of the jet of an incremental length. In this manner, the
Ein term can be neglected by assuming no net heat or mass
transfer from adjacent control volumes. The energy loss then
occurs at the outer boundaries exposed to the ambient atmo-
sphere., Thus,

Eout = “Egtored

where the minus sign represents a decrease in the initial stored
energy. This equation can be expressed in terms of the jet
stream parameters as follows:
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CABO(T: o Tiur) + he Ag (T: = Tgu) = P (Agg ) gg
where:
dx = incremental length
P = density
¢, = specific heat
t = time
A.. = cross-sectional area of the jet -ﬁPz
Ay = exposed surface area of the jet = wD dx,
D = the average diameter

Rearranging to remove common terms:

ar 4 4 4
=" " Do [“’(Ts - Tsut) +h (Ta"Tsur)]

This equation represents the change in temperature as a function
of time for an incremental control volume within the melt jet.
The equation assumes that, at a given point intime, the dimen-
sions of the jet and the properties of the material are fixed.
To determine the temperature of the stream as a function of time,
the relationship of D, ¢, cp and h, with time must be known.

The discussion of the previous SPIT tests (Appendix A)
showed that the melt stream may diverge, so that the diameter at
any point is a function of propagation distance. If the cone
angle remains constant, then the dx term in the control volume
scheme must decrease with propagation distance in order to main-
tain a constant mass. Taking this behavior into account and
aseuming constant density causes the area terms to take the form:

2

TD(x)
- T Te
Ay * mD(x)dx

the ter. D(x) is given as:

D(x) = D, + 2(x tano)
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where:
D, = diameter at aperture
X = propagation distance
© = melt stream half-angle

For the initial portion of the stream, including the front
face of the propagating jet, the exposed surface area becomes:

' 2
mD(x)
Ag = nD(x)dx + T

The jet is then characterized using two different equations,
one for the initial portion and another for the remainder of the
jet. The two equations can be solved numerically using a forward
differencing representation of the time derivative of the form:

Initial Stream Portion:

D(x) '

At (4 + )
i+l dx it 4 i i
g = - s [eo('rs - 'rsut)+ he (Tg - 'rsur)]+

Main Stream Portion:

i+l ant 4 4 i i
g = = oy [w(Ts " Tsur) he ‘Ta'Tsur)] + T

the superscripts represent the time step interval as given by:

t = jAt: i =1 to P

At is established by:
At = x/PVjqp
where:
v B velocity of the jet stream (assumed to be
jet
constant)

X = total propagation distance

P = total number of increments
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The equations are then solved independently by initializing

i+l

T T s &, P, h, and dx to give Tg for each case. A

Cpy ¢
P
second dx value is then calculated using the constant control
volume size and an assumed expansion angle (9). The process
continues by setting Tg equal to the just calculated T§+1 in the
above equations and a new set of T§+l

s’ sur

values are obtained.

The procedure is continued until the sum of the dx; increments is
equal to the total propagation distance.

A parametric study was performed using the above procedure
to assess the extent of temperature loss that could be expected
from the SPIT experiments. The procedure involves varying the
values for emissivity, initial melt temperature, velocity, film
coefficient and cone angle to determine the influence of each
factor. The base case for the calculations is:

i=0

Ty = 3000 K

Tgyr = 300 K
€= 0.8
h, = 20,000 W/nfK
o= 120

The range of values for the five variables considered is
given in Table 25.

TABLE 25
Parametric Values for Jet Temperature Calculations
Range
Variable Initial Value Low High
i=1

Tg 3000 K 2500 K X" R
Tgur 300 K 300 K

0.8 0.5 0.8
Velocity 45 m/sec 2.8 (Gravity) 76
Film Coefficient 20,000 W/mK 1000 50,000
Cone Angle 12° 9° 20°
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Calculations were made for separate situations wherein the
base case was modified to exercise one variable over its entire
range. The results of the calculations are given in the form of
non-dimensionalized relations for graphical comparison:

Non-dimensional Temperature:

. _ Tg(t) = Tgyur
Tg(@) . Tgyr

T

Non-dimensional Distance:

xa - VAt
X
where:
Tg(t) = Tg i=1¢toP
Tg(0) = Tg

Figures 36 through 38 present the results of the jet-temper-
ature calculations. Figure 36 shows the influence of the ini-
tial melt temperature. The largest energy loss is associated
with the highest melt temperatures because of the larger thermal
potential. The spread between the lowest and highest cases is
less than 0.5%. Figure 37 shows how the melt stream emissivity
affects the energy loss term. Changing the value from 0.8 (base-
line) to 0.3 causes approximately a 0.5% increase in the calcu-
lated temperature ratio (compare curves 1 and 3 in Figure 37).
Figure 37 also shows how the cone angle of the stream changes the
ratio between surface area and volume. A larger angle will give
a propo:-tionally larger surface area and consequently enhance the
loss terms. Curves 2 and 4 in Figure 37 demonstrate the calcu-
lated response to the extremes in the cone angle selection. The
fourfold difference in the cone angle gives less than 0.5% change
in the calculated temperature response. The results of Figure 37
suggest that the emissivity and cone angle variations are also
not signficant contributors to the temperature losses of the melt
jet.

The velocity range considered in Figure 38 represents the
expected values extending from the lowest, gravity-driven case to
the opposite situation where the generator is above the normal
system operating pressure. For the parameters of the SPIT appara-
tus, the range of velocities varies from 2.8 m/sec (gravity
only) to over 70 m/sec. The calculated temperature results given
show that the gravity driven case has almost a 5% change in
temperature. This behavior is caused principally by the longer
time required to traverse the distance. The lower bound velocity
for the pressure~driven melt in the SPIT tests, 21 m/sec, shows
less than a 1% deviation in the non-dimensional temperature
ratio.,
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Varying the convective film coefficient from 1000 to 50,000
w/m2 causes less than 0.5% change in the non-dimensional tempera-
ture ratio.

The results of the energy loss calculations indicate that
the jet stream temperature will not change significantly for
distances up to 0.45 meter. This conclusion means that measuring
the temperature at any point in the stream cduring the experiment
will give an accurate estimate of the jet temperature.
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APPENDIX D
Frequency Response of Embedded Thermocouples

The response of embedded thermocouples is dependent on the
ability of the devices to follow the rapidly changing temperature
history. Ref. 37 suggests that the time response of an intrin-
sic thermocouple can be determined from the expression:

"R
a

t95 =
where:

tgg = time required to reach 95% of the steady-state EMF

R = radius of the thermocouplc junction (assumed to be
spherical)

a = thermal diffusivity of substrate (graphite)
t* = dimensionless time

The dimensionless time can be estimated by the relationship:

t* = 5380 e -8.52a

the parameter a is a thermal property given by:

-1
1/2

a = 1l +
( (k0 ¢)gybstrate

where:
k = thermal corductivity
p = density
¢ = gpecific heat

The expression for t* is accurate to a few percent in the
range:

0.3 £ a £ 0.7
For the case of a small diameter type k thermocouple placed
in a graphite calorimeter element:

a = 0.89
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t* = 2.7

t = 0.004 sec

The result shows that the sensor will respond to a step-
change in temperature in times less than the response of the
recording instrumentation.

For thermocouples embedded in the concrete used to form the
test cavity, the parameters are:

a = 0.2

t* = 934

t = 11 sec

The very low thermal conductivity of concrete increases the
response of the sensor significantly. This behavior means that
the thermal pulse is being conducted along the sheath of the
thermocouple, away from the sensing location. The concrete also
has the effect of slowing the isotherm velocity in depth, so that
the seemingly long response time may be adequate for the deeper
placed sensors.
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APPENDIX E
Error In Melt Velocity Measurement
Melt velocity along the cavity floor and up the inclined
keyway will be measured using detectors constructed to give
sequential resistance changes. Average velocity can be deter-
mined using the equation:

X
i
Vi = E;

where:
Vi = average velocity during the ith interval
Xy = distance between two consecutive fingers
ti; = time interval between voltage steps

The error in the velocity is then:

ﬂ.(f’f}_)z,(g.:%z 1/2

L |

where EZ represents the uncertainty in parameter 2.
The error in x; is the variation in the center-to-center
t based on the mean value (‘1) and the total

spacing for an elemen
number of fingers on the element (n):

n

e

Xi n

2 . (!11 - X % + (xiz - 31)2 >t $ (Xin" Xi)z
(EX{) =1

n-1

s 2
Y A
=1
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The term (Exi)z represents the variance for a single
element; the uncertainty for all sensors used in the apparatus
can be based on the "pooled variance" given by the expression:

(=1 (B P? + (D) (Bxp) + *** + (ny-

1) (Ex) 2

e 3 2
e L pooled

(M-1) 4 (ng=1) , +.. 4 (g =1)

where Ny, Ny, sk ID _1), ny represent the number of fingers
on each sensor. If aEl the sensors have the same nuwmber of
elements (k), then the above equation reduces to:

(Ex))? + (sx2>2_ +

S

+ (Ex)?

Evaluating the above equations for an arbitrary selection of
6 sensors (k = 5) yields the following numerical values:

2

; -4
{ ) = 1. 10 .
Lxlyxxﬂed 1.384 x am

:
:E: (%)% =

i=1

2
(E‘xi’
~ ~?9°}¢@2- 2.706 x 1074

[ X3
‘ lnmmn

The uncertainty in the time interval can be found as the
oclute error for a given time increment or as a percentage of
.1 scale. It is convenient to assume the latter, so that the
mcertainty in a given velocity is applicable at all velocities.
For the device employed to record the velocity sensor output, the
vncertainty is given as + 1 units for the entire sample
period. Therefore, for 409 samples (number of time samples
for tie instrument) in a period:




= 5.96 x 187°

Substituting the results of the calculations above into the

equation for the error in velocity:

% V.

|
| (2706 x 167¢  + 5.96 x 10'8)J

= 1.64 x 107 = 1.64%

The above analysis indicates that the melt velocity deter-
mined by the sensors is reasonably accurate. The assumption must
be made that the melt is well behaved and that shorting of the
elements occur in consistent, sequential manner.
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