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ABSTRACT

This paper presents an analytical and numerical analysis which evaluates the core-structure heat-up
and subsequent relocation of molten core materials during a BWR short-term stalion blackout

accident with ADS. A simplified one-dimensionalapproach coupled with bounding arguments is
first presented to establish an estimate of the temperature differences within a BWR assembly at the
point when structural material first begins to melt. This analysis leads to the conclusions that the
control blade will be the first structure to melt and that at this point in time, overall temperature
differences across the canister-blade region will not be more than 200 K. Next, a three-
dimensional heat-transfer model of the canister-blade region within the core is presented that uses a
diffusion approximation for the radiation heat transfer. This is compared to the one-dimensional
analysis to establish its compatibility. Finally, the extension of the three-dimensional model tel
include melt relocation using a porous media type approximation is described. The results of this

analysis suggest that under these conditions significant amounts of material will relocate to the core
plate region and refreeze, potentially forming a significant blockage. The results also indicate tha_ a
large amountof lateral spreading of the melted blade and canister material into the fuel rod regions

will occur during the melt progression process.
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1. INTRODUCTION

1.1 Backeroundv

J

During hypothetical severe accidents in nuclear reactors, energy released by fission product decay
causes the liquid coolant to boil away in the reactor core. Temperatures then increase and core
structural materials eventually start melting and relocating downward. During the initial phase of
melt relocation, temperatures in lower suctions.of the core remain low due to downward heat
losses, ihe decrease in decay heat near the boundaries of the COl'C,and the possible presence of

some remaining liquid coolant. Large axial.temperature gradicnts can cause the melt to refrcczc and
form a blockage (crust) in the lower core. ,_s happened at the Three-Mile Island Unit 2 (TMI-2)
reactor, melt can subsequently accumulate above this crust and t'_rm a molten pool. Because
temperatures in the pool continue to escalate, the crust will start melting and eventually a large
amount of superheated and well-mixed melt ,,,,'illbe released into the lower plenum.

On the other hand, if the axial temperatur e gradient is sufficiently small, melt will not refreezc in
the core. In this case, core structural materials with low melting points ,will liquefy,' first and
relocate .into the lower plenum with very little superheat. These two behaviors (blockage formation
with the associated holdup of molten materials in the core and the continual dribbling of melt into

the lower plenum) represent a!ternate melt progression paths that, in some sense, bound the range
of possible events. The path that is relevant to a particular accident sequence will be a strong
function of events preceding core melt and will depend on the type of power plant in question.
However, it is evident that the core melt progression path will have a strong impact on the
remainder of the accident sequence.

Of interest in this study is the possible formation of core blockages in boiling water reactors

(BWRs) during short-term station blackoul accidenis in which the automatic depressurization
system (ADS) is operational. Recent safely assessment studies[ 1,2.]have identified this accident
sequence as an important contributor to the overall plant risk of currently operating BWRs. At
present, the outcome of this accident is noi well understood, primarily duc to uncertainty in the
relevant core melt progression path. Previous analysis work using different modeling approaches

has suggested two very, differen! melt protzression paths. Onc possiblility is that a stable blockage
does not form in the reactor core; consequently, melt gradually reh)catcs out of lhc core as
structural materials liquefy [3]. An alternate viewpoint assumes thal the accident pr()ceeds much

like 'FMI-2 [4]. lt should not bc surprizing that these tw,<_very different melt progrcssicm paths
lead to very different predicted eventual outcomes tk)r the same accident sequence.
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1.2 Accident Sequence of Interest

As mentioned above, BWR short-term station blackout accidents with ADS are of interest in this

study. Operation of the depressurization system will cause pressures in the vessel to fall rapidly

until the vessel pressure equilibrates with the containment pressure. At this time, the coolant level
will be well below the lower core support plate and temperatures in the core will be fairly uniform
due to the rapid steam flow caused by the depressurization. Subsequently, core temperatures will
increase clue to decay heating. It will be shown in Section 2.1 that: 1) only a small amount of

steam is available for oxidation because the only source of heat transfer to the liquid coolant,
radiation from the bottom of the core, is sma!l; and 2) gas pha_e convection is negligible at low

pressures. Consequently, in the accident sequence Of interest, core melt progression is insensitive
to the motion oi' the vapor. Since reasonable core boundary and initial conditions can be

prescribed, the problem can be addressed without using detailed accident codes that couple a wide

range of phenomena.

1,3 Previous Studies

Numerous experiments have been conducted to study rnelt progression in geometries representative

of pressurized water reactors (PWRs): the DF-1, DF-2 and DF-3 experiments [7] at Sandia
National Laboratories; SFD [18]and LOFT [9,10] experiments at Idaho National Engineering
Laboratory; CORA experiments [11] ai KfK, Federal Republic of Germany; and FLHT
experiments [12] at the Chalk River Reactor, Canada. In addition, detailed post-accident analyses
of the TMI-2 reactor are available. This extensive data base has lead to an improved understanding

of liquefaction; melt relocation, and blockage formation during hypothetical PWR accidents. This
information has lead to the development of mechanistic accident analysis codes such as
MELPROG[5], SCDAP[6]. These codes consider at most two dimensions and focus primarily on
PWRs (although it is implicitly assumed that many of the same processes will be relevant ;.o
BWRs).

Recently, several experiments have been conducted to investigat e melt progression in geometries

representative of BWRs. A schematic showing a unit cell in a BWR core is shown in Fig. 1. The
cross shaped control blade located in the center is composed of stainless steel and B4C. Four
square zircaloy-4 canisters containing zircaloy clad fuel rods are located around each blade. The
DF-4 experiment at Sandia [13,14] as well as the recently completed CORA-16 and CORA-17
experiments at KfK ( results of which are still in the process of being prepared for publication)
contained fuel rods and structures representing portions of the canister and the blade. These
experiments contained a wall composed of control blade material surrounded by a ::ir'.aloy box',

either fourteen (DF-4) or eighteen (CORA) fuel rods were placed symmetrically aroul _dthe
periphery of the channel box. A significant amount of oxidation occurred during the experiments
and a constant steam flow rate of about 2 gm/cm2s was prescribed at the bottom, lt will be shown
in Section 2 that steam flow rates are more than two orders of magnitude smaller than this during
the core heat-up phase of BwR short-term station blackout accidents with depressurization.
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In ali of these BWR experiments, the control blade started melting at about 1500 K due to a

reaction between the steel and the B4C. As molten blade materials relocated downward into colder

regions with intact geometries, the iron in the melt interacted vigorously with the channel box walls

and dissolved a considerable amount of zircaloy. This steel-B,1C-zircaloy liquid solutiop then

flooded the fuel rod regions and dissolved a considerable alnount of zircaloy cladding. Therct'ore.,.

it is clear that, in BWRs, the formation of metallic blockages is dependent on highly three-

dimensional flow patterns. In PWRs, the core is much more Uniform and the issue of blockagc

formation can be considered without treating melt spreading and the interactions between melt

relocating (or candling) over one structure with adjacent structures. To date, no models have been

developed thal treat lateral melt spreading within the core or' an); of the other three-dimensional

effects that might be important during BWR accidents.

1.4 Present Stu._:

This paper describes analyses that have been performed to investigate the heat-up and subsequent

relocation of metallic constituents in a BWR core during one specific hypothetical accident

sequence; a short-term station blackout in which the automatic depressurization system is

operationaE The goal here is to determine if a metallic blockage can form above the core plate

using reasonable upper bounds t_r melt-structure friction factors and heat transfer coefficients.

Also, emphasis is placed on un. !crstanding BWR-specific three-dimensional effects. The

important heat transfer, melt r( location and chemical processes thal were observed in lhc DE-4 and

CORA experiments are ali co_tsidered.

Sections 2 and 3 focus on heat transfer effects before melting occurs. In Section 2, a simple heat

transfer analysis is used to estimate temperature differences between the fuel rods, zircaloy can islet

and control blade and to determine the timing of liquefaction ot" the various materials. This model

uses approximate values for radiation heat transfer between lhc structures, gas-phasc conduction,

and conduction through the zircaloy canister; all of these heat transfer mechanisms tend to reduce

the lateral temperature differences at a particular axial location.

Because blockage formation depends on axial temperature gradients near the bottom of the core, a

multidimensional heat transfer model is developed in Section 3. Due to the difficulty in

determining three-dimensional view factors, radiation heat transfer is treated using a diffusion

approximation. This is a reasonable assumption because the analyses in Section 2 indicate that

lateral temperature gradients are relatively small.

Melt relocation is modeled in Section 4 and the et't'ects oi'gravity, inertia and drag arc considered.

The melt is allowed to spread laterally whenever materials relocating downward start accumulating

in a given region. ,am energy equation is solved for the temperature of the melt and heat transfer tc_

adjacent structures is rnodclcd using a heat transfer coefficient. Molten control blade materials arc

allowed to interact with the canister whenever lhc local melt volume fraction is large enough t(_ fill a
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given fraction of the space between the blade and the box walls. A number of sensitivity analyses
are also presented in Section 4. . ,

2. SIMPLIFIED HEAT TRANSFER

lt is important to note that the refreezing temperature of the molten malerials that flow downward
first will impact blockage formation. In the reactor core, control blade materials have the lowest

melting point: liquefaction has been observedat temperatures near 1500 K due tOa chemical

reaction between stainless steel and B4C. The canister and the fuel rod cladding, both of which arc
composed of zircaloy, have the next higher melting point (2100 K); while the UO2 fuel has the
highest melting point (3100 K), However, at a given axial level, the fuel and the cladding, will be
at the highest temperature due to fission product decay in the UOo. The control blade, which has

no fission heating but does have significant thermal capacitance, will be at the lowest temperature.
Therefore, lateral temperature differences must be quan!ified in order to determine which structure
melts first during the accident sequence of interest.

The goal of this section is to estimate the temperatures of the..different structures and regions within
a BWR assembly at the point when structural material first begins to melt. To accomplish this, we

will start by establishing an upper and lower bound on the temperatures within the region of
interest. Next, a series of simple one-dimensional problems will be solved in order to quantify the
impact of heat transfer coupling between structures within the region. Radiation, gas-phase heat
transfer, and conduction in the zircaloy canister are ali considered, Finally, the effect of varying
certain parameters within the one-dimensional analy:;is framework will be considered in order to

justify a specific estimate of the temperature differences we can expect to see.

Due to the unique features of the accident sequence of interest and the specific focus of this
analysis, a number of important simplifications are possible, In addition to those discussed in
Section 1.2, the following assumptions ai'e made in this analysis:

1, The effect of gas phase (steam) motion is not considered, At high gas flow velocities,

convective heat transfer from the structures is important and a significanl amount of energy
can be transported from the core to the upper portions of the reactor vessel. In fact, these
processes are very important when the depressurization system is first activated. However,
once pressures in the reactor vessel and the conlainmcnl equilibrate (at about 3.4

atmospheres), gas velocities are very small, Typically, the liquid water level is below the
core plate ai ,hl, time and further vapor flow is due to boiline, in h:,wer sections of the core
only (global natural convection is not important in BWRs until the core loses geometry and
vapor can flow between canisters). An upper bound for the steam flux can be obtained by
balancing the maximum amount of energy that can be transported from the core to the water

wilh the energy consumed by boiling, giving:
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o Tb0!_.. _T,;_.al (1)
is1= ............hrg ,

where

Jst = mass flux of the steam entering the core,
o = Stefa,n-Boltzmann constant,

Tbo t = temperature of the bottom of the core plate,

Tsat = saturation temperature of the water, and

hfg = heat of vaporization.

At a pressure of 3.4 atmospheres the saturation temperature is 410 K and the latent heat is
2.2 MJ/kg. In Section 4 it will be shown thal the maximum temperature ot' the core plate,
before a significant amount of melt relocates downward, is on the order of 575 K, For lhcse
conditions, the above equation gives a steam flux of 0.002 k_m2s, which corresponds to a

Re5_olds number (Re = jsldh/g, where dh is the hydraulic diameter of fuel rod and t-_is the
viscosity of the ._team) of about 106, For such small Reynolds numbers, heat transfer from

the structure surfaces is dominated by gas phase conduction at low temperatures and
radiation at high temperatures (_. 700 K).

Using the above value for the steam flux, the amount of energy that is transported from the
core by vapor convection can also be estimated. The total amount of energy (per unit cross-
sectional area) released by decay heating is on the order of 3 MW/m 2, The maximum amount

of energy that the vapor can transport upward is approximately jstCpAT. Using is_= 0.002
kg/m's, Cp= 2000 J/k_.K and AT= 1000 K _zivesan energy flux due to gas motion of 0.0(/4
MW/m', which is a very small fraction of the energy released, Therefore, gas phase moticm
has a very small effect on core heat transfer in the problem of interest.

2. Energy released by oxidation of the core structures is taken to be small compared to the decay
heat, Two factors justify this assumption, The first is the very low steam flow rates

involved. Oxidation of zircaloy produces 16 MJ of energy per kg of steam consumed;
therefore, the steam flux given above corresponds to a release rate (pcr unit area) of' 0.03
MW/m2 if averaged over the entire height of the core, which is much smaller than the 3

MW/m2 produced by fission product decay, However, the actual distance over which
oxidation will occur is influenced by both the mass flow rate of the steam as well as the
oxidation reaction rate - which is a strong function of temperature, At high temperatures,
oxidation occurs very rapidly and the height over which ali of the steam is consumed
decreases significantly. Locally, the oxidation energy will equal the decay heat if all of the
incoming steam is consumed over a distance of 5 cre. However, even under these conditi_ns

the combustion zc nc will tend to propaga!e downward and reduce the importance ot'

.



oxidation (that is, the energy released will not be deposited in the same.5 cm length oi"rods
for an extended period of time),

Experiments indicate that rapid zircaloy oxidation starts at about 1780 K, when the ZrO 2 that
builds up on the .':,tructureschanges from a tetragonal tctcubic structure (oxygen diffuses

faster through the more open cubic iattice), At temperalures below this value the reaction rate
is very much slower, Ii will be shown in the followine,,,sections lhal significant''' ' mell
formation and relocation will occur before tempcratures become high enough to allow rapid
oxidation, This provides the second factor underlying the assumption that the initial

'

also.relocation of molten metallic materials can'be considered without treating oxidation, Wc ; ' _
notethat if it is determined in Section 4 that these materials refreeze in lower seciions of the

core andblock the further flow of steam, oxidation can be neglected during the entire core

melt progression phase of this accident sequence.

3. Axial temperature gradients are neglected in this section but will be considered in the three-
dimensional model that is developed in Section 3. Such gradients are large only near I/he

boundaries of the core due to radiation heat losses and the presence of steep gradients in
decay heat generation, In the center portions of the core where melting first occurs, lhc
decay heat profile is uniform and axial conduction can be neglected. This can be shown by
comparing the characteristic distance for energy transport with the total height of the reactor

core. For a given time interval, t, energy can be transferred over a distance, &,which is
given by:

= t)1/2b (Cleff

where Cleff = an effective thermal diffusivity, zircaloy has the hi_:hest thermal diffusivity; its
thermal conductivity, density and specific heat are 30 W/ro.K, 6200 kg/m" and :,50 J/kgoK,
respectively, giving a diffusivity of l0 "'_m2/s. Therefore, for time scales on the order of
1000 seconds, energy can be transferred over a distance of only 0.1 meters. Because this

distance is small compared with the height of the core (- 4 m), axial temperature gradients
will be small wherever the decay heat is uniR)rm over a distance appreciably greater than
0.1 m.

4. Lateral heat transfer between canisters at the axial location of interest is neglected, Since the

point of interest is al._sumedto be the canister of maximum temperature, this assumption
neglects heat losses which will occul due to surrounding canisters with lower peaking
factors. These losses ac, to reduce the real temperatures and introduce asymmetry into the

canister thermal response. Since minor asymmetries are not important in this analysis,
neglecting these effects will simply yield a result which tends to slightly over-estimate the
average temperature rise rate at the given location for the specified decay heat,
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5, Temperature differences across the width of the canister and control blade are negligible,
This implies that the Biot number, defined as:

hd
Bi= ..........k

is small (h is the heat transfer coefficient at the surt'acc, d is the thickness of the structure, and

k is its thermal _'onductivity). For high temperatures, where the effective heat transfer
coefficient is largely due to radiation heat transfer, the Biot number is easily shown '_obc
much smaller than one ( Bi << 1) for both of these cases,

2,10._ne-Dimensional Cases CollsiderecJ

In Figure 2 a cross-section of a single canister is shown together with sc_mespecific sub-re_ions
which have been identified with letters A though D. This figure is useful in describing a series _t'
simple one-dimensional problems or cases which will be solved. These cases will provide the
basis for estimating the temperature differences at the point of melting and also clarify the
importance of various separate eftL'cts,

Case I - Adiabatic heat-up of a single !'uet rod. This calculation provides an upper bound on the:

maximum temperature in the canister region. It corresponds to a calculation of region C
with symmetry boundary conditions.

Case 2 - 1 fuel rod interactin_ with a canister and blade section, This calculation provides a lower

bound on the minimum temperature in the canister region, lt corresponds to a calculation
of region D with symmetry boundary conditions,

Case 3 - 2 fue! r.odsinteracting with,a canisler and blade section. This calculation provides an
approximation to the response of the control blade side of the canister, but neglects an)'
coupling with structures on the other side of the canister. It corresponds to a calculation c_l'

region A with symmetry boundary conditions,

Case 4 - 2 fuel rods interacting witb.a canistersection, This calculation provides an approximation
to the response oi' the canister region away from the control blade, but ne.Elects an5,
coupling with structures on the other side of thc canister, lt corresponds t_,._calculation c_l'

region B with symmetry boundary conditions,

Case 5 - Case2 and Case 3 coupled though C_!.nisterheat condu_cticm. This calculation provides an
approximation to the response of both sides of the canister assuming they are only coupled

through the conduction oi' heat along the canister wall,

Case 6 - Case 2 and Cas_:3 coupled thc_ughcanister heat conduc!ion and radiation h_! transt'cr.
This calculation provides an approximation to the response oi'both sides of the canister



assuming they are coupled through both conduction of heat along the canister wall, as well
as direct radiation heat transfer,

Case 7 - Lure.ped parameter analysis of entir.c,region (infinite heat transfer rates betwe.c..nstru.cturc,'_
This calculation simply provides the mean temperature response ot' the entire region, lt
must always lie between the maximum and minimum temperatures found in cases 5 and 6,

In Figure 3 th", various heat transfer paths modeled in Case 6 are shown schematmally, Ali the
other cases (1-5) are subsets of this, with one or more of the heat transfer paths being removed,

For example, Case 2 involves only the blade, canister t, and rod 1, whereas Case 4 involves only
rods 3 and 4 with canister 2,

2.2 !BasicEquations Sol.v.edin the One-Dimensional Analysis

For each structure of interesl ( fuel rod, canister section, or blade section), the following simple

energy equation is solved

MiCPi dTi ndt - _ Qi-j + Qdecay , (2).
j=l

where

Mi = total mass of structure i,

CPt ,Ti = mass average specific heat and temperature of structure i,

Qi-j = heat transfer rate to neighboring structures, and

Qclecay= decay heat energy source (fuel rods only),

The heat transfer between any two neighboring structures "1" and "2" is approximated as follows:

o A T4 _ Tsl - Ts-, .,Q1-2 (W) " --5 ..........cf , ( sl Ts..., ) + ksleamAct' .......................-- ' ("_)
('- - 1) Ax1_2

where

Avr = effective surface area (set equal to the rod pitch * unit length),
e = emissivity, set equal to 0,7,

Tsl, Ts2 = surface temperatures of structures 1 and 2,
. ksteam = thermal conductivity oi'steam, and

AXl.2 = distance between structures 1 and ". d,,,,,
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As explained above, the surface.temperatures of the blade and canister are assumed equal to the
mean temperature of the structure. However, for lhe fuel rods a cladding surface ternperalure is

approximated by the tbllowing relationship:

1 1
- * ..................... + ...................................] , (4)

Tell= Trod,avg fuo2 Q1.21 4zr k uo 2 _ Pu02 hgap
f

where ....

Tro¢ avg= mass averaged temperature of the rod (structure 1 in this case),

fuo2 = mass fraction of UO2 in the rod (fu02 = 0.83),
Q1-2 = heat transfer between the rod (structure 1) and its neighbor,

kuo 2 = thermalconductivity of the UO 2 f,ae],

hgaP= the effective heat transfer coefficient across the fuel-clad gap, and

Puo2 = radius of the UO2 fuel.

In this equation the difference between the rod's mass average temperature and the Cladding
temperature is a function of the heat transfer at the surface and the thermal resistance of the fuel and

the gap, This relationship can be derived by assuming a quadratic temperature profile within the
fuel, a constant heat flux across the gap and the cladding, an adiabatic fuel-rod-centerline

condition, and negligible temperature difference across the cladding, Note that this procedure
allows for a different effective surface temperature to be used on each side of a given fuel rod,

In Cases 5 and 6 described in Section 2.1, there is the need to model conduction heat transfer along
the canister between the two canister sections of interest. This is approximated as:

Qcanl.ca_ (W) ,- kzircAtan -T-c-_n-!--2T-c-a_, (5)
AXcanl.can2

where

kzirc= thermal conductivity of zircaloy,

Acan = cross sectional area of the canister wall ( width = 0.01 m),_and

,'XXcanl..can2= distance between the canister sections ( = 0.15 m).

2.3 .SOlution and Results

A simple finite difference solution technique was used to solve the appropriate equations for each
case of interest, Time derivatives were central differenced and a time step limitation imposed such
that the maximum temperature increase for any structure during a time step was limited to one

degree K. Heat transfer rates during the time step are based on time step average surface
temperatures.
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The initial structure temperatures were set equal to 410 K, which is the saturation temperature of
steam at a pressure of 3,4 atmospheres. The geometric information for BWR cores was obtained
from Ref. [15] for a standard "D-lattice" assembly, Thermal conductivity and Specific heat were
assumed functions of temperature and the values used were adapted from Hagrman [16,J 7], The
surface emissivity for the base calculations was assumed constant and set equal to 0,7 for each
structure. Because the decay heat decreases to about one percent of peak power shortly after the

onset of an accident and stays fixed near this value for an extended period oi' time, Q0ecay was
assumed constant in this analysis, For the base calculalions, Q_cav was set equal to 310 W/(kg of
UO2) , which gives a heat-up rate of about 0.8 K/s for an insulated'(or adiabatic) fuel rod. This
value is considerably higher than the average value of 230 W/(kg of UO2) for a typical BWR
which operates at 3580 MWth and contains 1,55 x 105 kg of UO 2,

In Figure 4 selected results from Gases 1-4, and 7 are shown. Note first the upper bound and

lower bound represented by the Case 1 and Case 2 calculations. These provide a window within
which the actual temperatures must fall. Also shown is the mass average mean temperature for the
entire canister blade region (Case 7).

Now consider the thermal response of the blade and lhc canister for Case 3. For the first few
hundred seconds, the Case 3 bladetemperature is indistinguishable from Case 2, Gradually, the
Case 3 blade temperature rises above Case 2 as the impact of energy from the second rod is felt.
We also see that the canister temperatures for both Cases 3 and 4 are nearly the same during _he
first few hundred seconds, but the Case 3 can temperature falls below the Case 4 temperature as
the heat sink effect of the blade is manifest. At about 600 seconds, the temperature difference
between the blade and the can for Case 3 has reached a maximum of about 200 K. Al this same

point in time the Case 3 rod 2 temperature is about 350 K above the blade temperature. These large

temperature differences develop initially because radiation is rclazively inefficient at low
temperatures. However, as time progresses and the temperatures increase, the results show how
the structure temperatures gradually begin to approach each other asymptotically.

For the Case 4 results, we see how the farthest rod ( see rod 3 in Fig. 3b) initially heats up at
nearly the same rale as an adiabatic rod. Also, as explained above, the Case 4 canister response
early on is nearly identical to the Case 3 canister. As higher tempcratmes are reached and radiation
heat transfer becomesmore effective, the canister and rod Icmperatures draw closer, reaching a
difference of only about 15 K by 2000 sec.

Figure 5 shows temperatures in regions A and B at the time the control blade in Case 3 reaches
1500 K (the temperature at which melting was first observed in both the DF-4 [7] experiments).
Also shown is the adiabatic fuel rod temperature and the average temperature. Note that the

temperatures in each region are fairly uniti_rm, the maximum temperature differences in regions A
and B being 70 K and 14 K respectively. This is indicative of the strong thermal coupling al these
temperatures due to radiation heat transfer. It is importan_ to recall that the Case 3 and Case 4
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calculations are completely independent, in other words, there is no heat transt'er coupling between
the structures in these two calculations. This of Course is not representative of reality, for energy
will clearly be transferred at some rate between these two regions. As a result, we would expect
that the mean temperature for region A (Case 3)to be too low, and for region B (Case 4) to be too
high (however, we cannot make this judgement about the temperature differences within a given
region). Another way of stating this is that we expect the temperature difference between the mean
temperatures in these regions (about 300K) to be larger in these calculations than in reality.

,,

In Figures 6 and 7, temperatures from Cases 5 and 6 are shown. In Figure 6, the effect of
allowing energy to,be transferred between canister regions through conduction (Case 5) can be
seen. Wc see that without any radiation heat transfer coupling at all, this effect alone reduces the
maximum temperature difference across the domain from 300 K to about !60 K. In Figure 7, the
effect of both the conduction path and an approximation of the radiation coupling is illustrated. In
this case the overall temperature di[icrence is reduced to around 90 K. These figures illustrate hove
the addition of coupling bet_'ecn region A and B greatly reduces the temperature difference across
the canister. However, since the actual coupling between these regions is a function of the three-

dimensional geometry of the actual problem, the effective coupling employed in the one-
dimensional analysis must be recognized as only a rough approximation.

To consider the impact of changing the effective coupling between the different structures as well

as the value of the decayheat chosen; a sc=aitivity study was made by repeating the calculations for
Case6 with different values of certain parameters. In Table 1, we show the results at the time of
blade melting for Cases 1-6 together with tile results of re-running the Case 6 calculation with a
number of different parameter changes (identifiedas Cases 6b through 6h). The most important of
these were increasing the decay heat by 50%, decreasing the radiation heat transfer rate by 50 %,
decreasing the conduction heat transfer rate through the canister by 50 %, and the result of the
combination of each of the above 3 changes together. Another variation of interest was the impact
of neglecting the clad-fuel temperature difference within a rod, and treating the each rod in a
lumped parameter type of representation. This is shown to have a noticeable but not dominant
impact on the results. We note that even in the worst case (Case 6h), the maximum temperature

difference thal is calculated across the region is less than 190 K.

3. THREE-DIMENSIONAL HEAT TRANSFER

A three-dimensional hem transfer model has been developed to estimate axial temperature gradients
in the reactor core. Note that such gradients will impact the refreezing of downward flowing
molten materials and the formation of flow blockages. The energy equation is discussed in the
following sec:ion and solutions are compared to the results ot"the previously described one-
dimensional bounding analyses in Section 3.2.

-I

i
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3.1 Mathematical Formulation

In Section 2 it was shown that at a given axial location, conduction and radiation are large enough

to minimize lateral temperature gradients. Because temperature differences between adjacent
structures are expected to be small, heat transfer Can be modeled using a continuum (or porous

medium) approach. Suchporous media methods have previously been used by Moallemi and
Viskanta [18] and bySha et al. [19] to investigate natural convection in pressurized water reactors.
In these models it is implicitly assumed that different control volumes cannot share thesame fuel
rod; consequently, lateral heat transfer between control volumes containing fuel rods is due to
radiation and gas-phase conduction only.

Gas phase convection and oxidation areagain neglected tbr the reasons discussed in Section 2. In
addition, it is assumed that radiation heat transfer can be modeled using a diffusion approximation.
This is a standard assumption in porous media problems and implies that a temperature-dependent

thermal conductivity can be used in the energy equation to account for conduction as well as
radiation. The primary advantage of this method is that complicated three-dimensional view factors
need not be calcula,ed.

Balancing energy stored by the solid heat capacity, diffusion and the energy released by fission

product decay gives the following equation for the temperature of the solid, Ts'

0Ts -
CasPsCPs 0t'- V * kerr vr s +Qs (6)

where

a s = solid volume fraction,

Ps = solid density,

Cps = specific heat of the solid,

kel f = an effective thermal conductivity, and

Qs = decay heat.

The decay heat and the effective thermal conductivity, which is a tensor with diagonal elements
only, must be specified in order to close the above equation. The decay heat is nonzero only in

regions containing UO 2. At very high temperatures (above those of interest in this stud5'), lhc
relocation of 1.IO2 becomes important, and the above equation must be modified to account for the
convection of decay heat. Power generation falls to approximately onc percent of peak power one
hour after reactor shutdown and stays fixed near this value for several days [v2]._ Consequently,

Qs is taken to be independent of time, although ii is allowed to vary with axial position (typica.lly,
Qs is relatively uniform in the center of the core and decreases rapidly near the boundaries). In



Figure 8 the two curves for the axial variation of Os choscn for the calculations to be presented
here are shown. These are approximations of two typical profiles as extracted from Ref. [151.

The effective conductivit,,;, is determined from the followinl2,_relat'_l(n.'

, kel f = ct o (k. + 4 e o @ lR) I + (_ k C (7)_ S S

where

ag = gas phase volume fraction,

kg = gas phase conductivity,

ks = solid phase conductivity,

E= emissivity,

lR = radiation path length;

I = identity matrix, and

C = connectivity tensor.

The path length lR is the average distance radiation travels before being absorbed and is of the same
order of magnitude as the distance between adjacent fuel rods. The quantity I is a matrix with only

diagonal entries (which all equal one). The matrix C is a connectivity tenser with diagonal

elements that determine if adjacent control volumes exchange energy due to solidphase
conduction. In the downward direction, such conduction always occurs and Czz equals one

everywhere, in the lateral directions, Cxx and Cyy vary with position. For example, there is no
lateral solid phase conduction in the fuel rod region and both Cxx and C,,,),equal zero; whereas tbr
control volumes containing portions of the canister and blade, these quantities are often nonzero to
allow for conduction along these walls.

Thegas is assumed tobe pure steam with a thermal conductivity given by [16]:

kg= 4.44x 10.6 T 1,45 + 9.5 x 10.5 /2.1668 x 10x) )1.3 0 3.................T ...............P - 1.283668 x 1 (8)

where kg is measured in W/(m K), T ismeasured in K, and Pis measured in N/m 2.

3.2 .Re_.ultsand Comparisons

The numerical mesh used in the three-dimensional calculalions is illustrated in Figure 9. In the
axial dimension, the mesh is refined near the bottom because of the high temperature gradients in
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this region. In the horizontal plane, note that the mesh is slightly reduced near the boundary, and
that both the canister and the blade are contained within these outer control volumes.

In Figure 10, axial temperatt_re profiles for Qshapel and lp,= (l'rod pitch) al 1800 sec into the
calculation are shown. A comparison with Figure 8 shows how closely the shape of these curves
follows the axial power profile specified. We also note how the temperature differences at a given
axial location remain fairly constant over most of the central region of the core.

,,

To run a calculation, an appropriate value of 1Rmust be specified. As explained in Section 3.1,
the value of lRshould be on the order of the pitch' of the fuel rod (i.e., the distance between

adjacent rods). A larger value of lRincreases the effective heat transfer, reducing !emPerature
differences, while a small value produces just the opposite. In Figures 11 and 12, the results of
the one-dimensional heat transfer analysis are compared with the three-dimensional calculations for

two different values of lR. In Figure 11 the results are for 1R= (1*rod pitch). In Figure 12 the
results are for lR = (2*rod pitch). The axial location corresponds to the location of maximum
temperatures (see Figure 10) and the three temperatures plotted correspond to the maximum rod
temperature, and the maximum and minimum blade temperatures at that axial plane. The maximum

blade temperatur e always occurs at the blade tip, and the minimum always occurs at the blade
center. Note however that because of the numerical mesh employed, the 3-D blade temperatures
are actually averag_-sof the blade and the associated canister section immediately adjacent to the
blade (see Figure 9). This is why the 3-D blade section temperatures initially increase more
quickly than the 1-D calculation temperatures.

Comparison of these results show that, as expected, the smaller 1Rcalculation produced a greater
temperature difference than the larger, yielding a total temperature difference of approximately 190
K as compared to 110K. The 1-D blade temperature falls almost exactly at the 3-D calculation's

blade tip temperature for the smaller 1e case, and falls right between _he two blade temperatures for
the !arger lR ease. The maximum rod temperature did not change significantly with the change in lit
and compares quite well to the 1-D calculation.

Overall, these results compare well with the one-dimensional analysis and provide a basis for
concluding that the approximations inherent in this approach are sufficiently valid for the purposes

of this work. In the calculations to follow in Section 4 the value of lR = (2*rod pitch) will bc used.

4. MELT RELOCATION

In the previous sections it was .;hown that the comrol blade begins melting firs! during the accident

sequence of interest. A model is presented in this section f_,r the downward relocation of molten
blade materials into colder core regions with intact structur_:s. Of particular interest is the possible
formation of a metallic blockage in the vicinity of the core support plate. A number of phenomena
must be considered due to the complicated three-dimensional nature of the problem and the
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possibility of chemical interactions between the melt and structures. For example, the stainless

steel in the blade contains iron, which interacts vigorously with zirconium: as a consequence,
molten blade materials can dissolve a significant portiere oi'the canister wall adjacent to the blade.
Once a breach forms in the can wall, meit has been observed to flood the fuel rod regions

and interact with cladding.

A three-dimensional model has been developed that considers liquefaction of the core structures,
melt relocation, refreezing, attack of the can walls by melt, as well as the lateral spreading of melt
'into the rod bundle. Heat transfer is treated using the methodology discussed in Section 3 and
coupled mass, momentum andenergy equations are solved for the melt. Dissolution of the
zirconium in the canister and fuel cladding by molten blade materials is treated in an approximate
manner. The unit cell shown in Fig. 2 is represented by a collection of control volumes, each of
which contains a fuel rod or a portion of a wall as well as free space. These structures arc
characterized by volume fractions, species fractions, and surface-to-volume ratios.

The following simplifications are employed in addition to those discussed in Section 3'

1. Since the melt is much denser than Steam and gas velocities are low (see Section 2), the
presence of the vapor is assumed to have no impact on the motion of the melt. Although

relocating melt will displace vapor, the detailed motion of the gas is not considered important.

2. Only an average melt velocity is considered in each control volume. Because the melt is

taken to move uniformly between control volumes with a single velocity, a no-slip condition
cannot be applied at solid-melt contact points. However, the flow resistance experienced by
the melt due to direct contact with the structures is modeled through the use of a friction

factor. Drag forces are assumed to vary linearly with the melt velocity and the proportionality
constant, or friction factor, is related to the viscosity of the melt and the thickness of the melt
layer.

3. Lateral spreading is initiated whenever melt fills a given control volume. It is assumed that
such motion is due to hydrostatic forces.

4. As was discussed in Section 3, radiation heat transfer between adjacent structures is modeled

through the use of a diffusion approximation. Radiation and conduction can then be
incorporated using an effective thermal conductivity tensor whose diagonal elements var),
with temperature. Results discussed in Section 3 indicate that such an approach gives
reasonable results, at least until the time that liquefaction first occurs. The presence of melt in

a given control volume can obviously impact radiation heat transfer between structures. In
order to neglect the effect of melt on radiation heat transfer between structures, the residence

time, tres, of the melt in a given region must be small compared to the time scale associated

with radiation heat transfer, tr,xi. The residence time of melt in a control volume with a
characteristic size of 1c is on the order of lc/W,where w is the relocation velocity; velocities
between 1 cm/s and 10 cm/s have been observed experimentally giving a maximum rcsidcncc
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time. of 1 second in a I cm control volume. The time scale ass_ciated with radiation _heat
,._

transfer approximately equals ]c_/Clefl,,rad, where lhc effective thermal conductivity due m
radiation heat transfer is given by

.,,_

oTalR

cteff'racl= "pCp •

m-/s, indicating that it takes about 100 secondsTypically, ¢Xeff,radwill be on the order of 10-6 '_
for radiation heat transfer to haw: an impact on structure temperatures within a 1 cm control
volume.

5. When the melt is in contact with an adjacent structure, energy exchange ismodeled through
the use of a heat transfer coefficient that depends on the solid and melt thermal conductivitics,
the thickness of the melt layer and the thickness of the structure (or equivalently, its surface-
to-volume ratio).

6. ]'he thermal capacity oi'the gas is neglected because it is small relative to the thermal capacity,
of the solid and the melt.

7. Molten control blade materials are allowed to interact wi,h nn adjacent canister wall whenever

the melt volume fraction is greater than a critical threshold value, ctl,cr, Varying this
parameter did not significantly impact the results of this study.

8. Because only a limited amount of phase change information is available tbr BaC-steel-
zircaloy mixtures, a detailed treatment of the chemical interactions between these materials is

not warranted. Instead, a simple approach is adopted th: t accounts for the experimentally;
observed attac!',of zircaloy by molten control blade materials, lt is assumed here that molten

blade materials quickly dissolve zircaloy upon contact due to an interaction between the

zirconium and the iron in the steel-BaC melt. The solubility ot"zirconium in theme!t is
estimated from a Zr-Fe phase diagram given by Hansen [2011and the properties of the liquid
solution are calculated by averaging the properties of the individual components, lt should be
noted that the refreezing temperature of the liquid solution is very uncertain; the presence of
zirconium may lower the phase change temperature by several hundred degrees. The impact
of such uncertainties on the solutions is's .... "dLcussed further in Section 4.._.

9. Properties of individual species are taken as constants and representative values given by
Hagrman [16,17] arc used. Control blacle materials are assumed to melt at 1500 K due to a

eutectic reaction between the steeland the B4C. The melting point of zircaloy is 210()K and
the UO2 liquefies at 3100 K (calculations presented in this study were terminated before the
temperature reached this value because only metallic relocation is of interest here).

i

The governingmass, momentum and energy equations (which are based on the above
assumptions) are discussed in the following section. The solution technique and calculational
results are described in subsequent sections.
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4.1 Mathematical R_rmulation

Conservation of Mass, Control blade materials are treated as a single species', other species of

interest include zirconium and UO2, The following rnass conservation equations, which account
for melting/refreezing and rneltrelocation, are solved tbr each species k:

_e_V f,,) (,-,)_t sk - '

and _.

a
0--[(C_lYlk Ok) + V " ({xI Ylk Pk _' ) = Fk (10)

where

aj = volume fraction occupied by phase j,

Yjk = fraction of phase j occupied by species k,

Pk = density of pure species k,

= velocity of the melt,

Fk = creation/depletion due lo meltin_refr_zing,

and the subscripts l and s refer to liquid and solid, respectively. Fk is determined through the use
of phase diagrams.

Conservation of Momentum. Three momentum equations are solved to determine the x, y and z
components of the melt velocity (ucv and w, respectively). Balancing inertia, viscous drag,
pressure differences, and gravity gives the following relation for the z-component of the melt
velocity:

Ow 0w aw Ow aP r-,

a]Pl_-+{zlPJ(U&-+V_));+_ .......az )=-({-,lKzu)w-B{qa.-- z- -c, lplg-w@ Fk (11)

where

tc = drag coefficient due to solid-melt contact,

ILt= viscosity of the melt, and
i

6 = a coefficient that either equals one or zero depending on the ih_w regime.

The last term on the right hand side ot"the above equation accounts for changes in the momentum
of the melt that are attributable to meltin_refreczing. The quantity 6 is set eNual to zero in regions
containing ali three phases (solid, liquid and gas) because the motion of the gas is a.-;sumedto have
no impact on melt relocation (that is, the pressure P is set equal to a constant value in these
regions). However, when a flow blockage forms, melt will begin to accumulate. In regions!
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where melt is accumulating, w is zero:and the above equation requires the addition of the pressure
gradient term to balance gravily, This hydrostatic head then serves as a driving force for lateral
spreading in the u and v mo:nentum equations.

Balancing inertia, viscous drag, and pressure ditTcrences gives the l'ollow,ing relations for the x and
y direction momentum equations:

Ou ( au au au _,cclpI-bi+ alpI USx+v_f;+ W_z) =- (c,lK__._)u- _ % _ixaP_ u r k (121

and

Ov u_OV Ov Ov OP _.alOl-_/ii-+c_lpl(Ox+V_:+w?z)=-(c_l_:z___)v-6%}i/-v I"k (13)

respectively. The only driving forces for lateral spr,:'ading in the x arid 3'directions are pressure
differences. Therefore, the melt wili flow in the downward direction until a blockage forms and
ca'ases a flow diversion (any melt that accumulates above this blockage will result in formation of a
hydrostatic head). It should be noted that melt is not allowed to flow out of the unit cell shown in

Fig. 2 (that is, the velocity boundary conditions al the periphery oi"the cell correspond to zero
flow).

The drag coefficients (Kz, Kx and Ks,) must be specified in order to close the above equation. The
following relation, which is based on a correlation given by Bird ct al. [21] for flow over
vertical structures, is used to calculate flow drag in the z direction:

3
K z =--g

T_

where r I is the thickness of the liquid layer. The minimum value ot"r I, which results in the highest

value of k z, corresponds to a uniform layer oi"melt in contact with the structure, and is given by:

ot1
Tl'rnin' = <i

where av is the solid surface area per limit w_lume. The thickness T1 will be greater and Kz will bw
lower if the melt flows as a rivulet over the wall (in this case, _, in the above equation must be
multiplied by a factor less than one to account for partial solid-melt contact). Note that reducing _,
lowers the residence time of the melt in a given region and increases the distance melt can flow
before re freezing. The effect of varying 1:on the solutions will bc discussed further in Section 4,4.

The lateral drag coefficients 0cx and _y) vary with spatial position within the unit cell. When
control blade maierials are relocating downward and the zircaloy canister is still intact, the melt is
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not allov,,ed to spread into the fuel bundle and the _lppropriate l,lter_lldrag coe tTicient (either hz×c_r

Ky, depending on the location of the control volurrle along lhc periphery ot' the of the c_m..wall)is
set equal to infinity, Once a breach forms in the can-wall, moll is _llowed to spread into lhc fuel

rod t'egion; however, because the minimum gap between t'l:el rods is sm_lll,the lateral friction
factors in this region are an order ot' magnit,_de smaller th_n in the interstiti_ll region between
canisters, The effect of uncertainties in these friction t'_ctors ,,,,'iiit',cdiscussed later in this p_per,

Conserv_alion _:_t'Energy, Balancing the enth_llpy change of lhc s_lid and melt, ccmvection,
diffusion, and decay heating gives a combined (sc_lidand melt) energy equation:

= V" kelT VTs +Qs + QI (14)

where

hik = the enthalpy ot' species k in phase .j, ,,

Qs = rate of energy release (per volume) in solid, and

Oi = rate of energy release (per volume) in the liquid.

The first term oil the right hand side ot' the above cquati(m accounts for diffusive transport due Ir.'_
conduction and radiation; the thermal col'_ductivily tensor is determined using the methodology
discussed in Section 3. When heat transfer between the melt and adjaccnl structures is fast, the
melt and solid tempcratl._res are equal locally and the above equation can be used to solve for the

temperature, However, because melt relocation usually occurs over short time scales, the solid and
melt can be at different temperatures and a second energy eClU_ltionmust be solved, This second
equation can be expressed in terms of either solid or melt enthalpies because only twc_cquali, 'is arc __

independent out of the total of three (combined, solid and melt) energy equations. In this sludy, a
, melt energy equation is solved. Balancing the amount of energy stored by the melt, convection,

energy generation and heat transfer to the solid gives:

Because the liquefaction or dissolution ot' UO.-,is not o1'interest in this study and oxidation is

neglecte.d, energy release in the liquid phase can be set eclt._alto zero.

The heat transfer coefficient must be specified t_ cl(_st,lhc aN_v_.'equations, Energy exchange
between the solid and the melt is limited by conduction across n melt l_yer c_t'thickness 'rI _ncl_
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solid structure of ttamkne,_''" "ssTs, Because these twc_resistances act ,n series, the heat transfer
eoefficie,nt is given,by..

1 , "rI Ts

lt should be noted that Ts is not an independent quantity and i,,;related to av, lhc surface area ot' tile
solid pcr unit volume, Sensitivity studies conducted to quantit'y the elTect of varyirlg h on the:
solutions will be described later,

4.2 Solution Techniq_

The preceding set oi' partial differential equations were Solved using standard finitc-dilTercnce

solution techniques, A time explicit algorithm was used with a staggered grid. ']'huE,prir_ciplc
variables arc evaluated at the center of a computational cell while vcMcities are calculated at ,he
edges of lhc cell, Convective terms are evaluated using upwind differencing while diffusion terms

' are calculated using central differencing,

4.3 R_ Disc'ussion,

Abase case calculation is presented in the following section and lhc effects of uncertainties in the
lateral and axial friction factors, melt-structure heat iranst'er coefficients, and the ret'reczing

temperature of the B.,_C,-steel-zircorliumliquid solution, are discussed, The et't'ect of varying the
axial power pr(ffile is described subsequently.

4,3.1 Base Cast:. In the calculation presented here, the Oshapel axial power profile in Fig, 9 was
used and it was ,':,,.,umedthat the bottom of the core plate radiates to an envircmmcnl at lhc water
saturation temperature, The extent of lateral melt spreading is shown schematically in Fig, 13 al
various times during lhc calculalion; the cro,_s-hashcd region corresponds m locations where sl)mc
melt has ret'rozen while lhc dark black shading represents regions where a complete blockage has

formed. Note that the perspective of these figures is that of a view from the top, thus the axial
location oi'the various regions cannot be inferred from these illustrations, Melting first occurs at

the tips of the control blade after 1800 seconds elapse, This melt relocates downward into colder
regions and refreczes, It is evident from Fig, 13a that a blockage begins t'orrning near the tips of
the control blade and that a small arnounl oi'material spreads into the rod bundle bcl'ore 19()()
seconds elap, e, Note that no meltln_ has occurred bcl'ore this time in the lower left-hand corner

containing the center of the control blade; this relatively cold rcgk_n ccmtains the greatcsl thermal
mass relative to the amount ot' decay energy released,

By 2000 seec,nds the gap between the blade and ltir. can-wall is almc_stcompletely plugged and
' considerable lateral spreading has occurred, Note that melt pret'crcntially spreads int¢_the
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interstitial region between cllnisters due to tile lower flow resisltlnce in this dircclhm, Thai ts, melt
is more likely lo flow along the outer periphery o1'the ciinister than intc_the fuel rod bundle due t¢,_
differences in the lateral t'rielion factors (in the model, ii is assurrmd that the r_tirrowspacing
between the fuel rods restricts t'low in this direction and leads to a higher l'rlction factor), As

evidenced by Fig, 13d, a complete blockage has forrned by 220()seconds, well before
temperatures reach the melting point of the zircaloy, This figure urlderscores the three-dirncrlsionlll

nature of the problem since a blockage forms in the center t_l'the unit cell due to ret'reezing of the
B4C-steel..zireonium solution, If lateral spreading was not modcl_,d, a blockage could lbrrn in this

region only when lhc zircaloy cladding started melting and rclocatingdc_wr_ward,

-_ _ .lr ,The height Ht'the bl(.ckagc, shown in Fig, 13d is not unil'orrn with lateral i'_osltion, This t'act is
illustrated in Fig, 14 which shows the axial extent of the blocklige along _ldiagonal starling at the
lower left-hand corner of the unit cell, In this l'igure, the cross-hashed region again represents

localions where some melt has _et'rozenwhile in the black zone, enough melt has ret'rozen to li_rrn
a complete blocka_e, Ii is evident thai melt relocating near the cor_trol blade ret'roczes I cl_rc
reaching the core plate, This portion of the unit cell is the coldest because the blade acts as a hctit
sink, However, melt reaches the core plate in the center and upper right hand corner of the unit

cell; in these regions, the blockage forms immediately above the core plate,

4,3,2 L,atcra! Fric!ion Faclors, The base case calculation was repeated with urlitbrrri lateral
friction factors, Results from this calculation are shown in t-:ig,15, The two solutions art:
virtually identical ai 1900 s (see Figs, 1" . ':,a and 15a) because very litllc lateral spreading has

',.,_ s .100occurred at this time. However, significant ditTcrences arise between 2()0()scc¢ nd. and _

seconds, In the calculation with uniform lateral friction factors, lhc melt sprea,.ls in a fairly
symmetric manner and a complc'te blockal.,,edoes not fornluntil about 230(). econds, However,
the axial position of blockage and the amount c_l'rnelt lhat ret'reezes are net atTected much by the
choice oi' friction factors,

t

4,3,3 .d_ial Friclioll Faclc)r_s,,Figure i 6 shows the et't'cct of decreasing the axial t'ricti(m by a

factor of tun on the axial location of the blockage, In this case, melt reaches the vicinity oi' the core
plate everywhere in the unit cell, Since the melt reh_cates faster when the axial friction factor is
decreased, there is less lime for heat transfer ai_dthe melt llov,'s farther before refreezing,

Although the bottom o1'the crust is at a lower axial position when the friction l'actor is decreased,
the top of the crust is al the sarne height because refreezing ,,,',tartsat the same axial location,
Consequently, the crust is thicker, at least near lhc blade region, for lower friction factors,

4,3,4 ^He"'_.,,...."Ii'al_sl'erCocl'_, Increasing lhc melt-structure heat transfer coe t't'icient by two

orders oi'magnitude did not signil'icantly impact the base case calculation, This implies that h_c.al
mell and structure tcmperatures are apprc)ximately equal l()cally in the base case calculation,

4.3.5 Rcfr_e_'zLr_g"Fclnper_, As rnerlti(med earlier, ir¢_n.zirccmium intei'aetions can h_wer the
ret'reezing temperature o1'the melt, Based on ir/l'_rmatior_given by l,ltlnscn 121)i, the lowest



possible refreezing temperature is 1200 K, Changing the rel'reezing temperature tc_this value had _J
major ct'feet on :he solutions, Figure 17 shows that much less melt refreczes in this ease, Alsc_,
the moll reaches the core plate reglori everywhere in the unil cell (see Fig, lbl),

4,3,6 Axi_ilPowell S_, Using Oshape2 in Fig, 9 in piace of Oshapel did not significantly
impact the solutions,

5. CONCLUSIONS

The primary goal of the one.dimensional analysis described in Section 2 was to obtain a good
estimation of the temperature dilTercnees within a BWR assembly at the point when structural
material first begins to melt, Based on the results ct' this analysis, and the st.n,',sitivily to the key
parameters, lhc tbllowing two conclusions seem warranted:

1) The control blade SS-B4C will be lhc first struclural material to melt and relocate,

2) At the point of initial control blade failure, the lemperaturc dit't'crence across an assembly
is estimaicd to bwwithin the range of 10()-2()0 K, Assuming the blade first begins to fail

at 1500 K, this implies a maximum structure temperature within the core region of less
than 1700 K when this occurs,

The three.dimensk_nal hcat-transl'er and material relocation mc)deling described in Sections 3 and 4
was intended to provide guidance about the nature of the matc.rial relocation, Although somewhat
parametric in nature, a number of key conclusions can be listed whose basis arc fairly insensitive to
variations in the key parameters, "I"heseinclude:

3) Melt is predicted to reach the core plate cr,,ei'a considerable portion ot'tllc unit cell, Only
near the blade center is there reasonable uncertainty,

4) Significant lateral spreading o1'the melt into the canister region is predicted to occur,

5) After thtr melt reaches the core plate region, there is a strong potential tbr blockage
formation,

Finally, we note that the parameter within this analysis that has the greatest impact on the solutic_ns
is the reI'reczing temperature of the melt,
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Table 1 Selected Results at the Time of Blade Failure for the One.
Dimensional Calculations

Time Tblade' Tcanl Trodl Tr0 _ TmcB Trod4 Tcan-,
Description (Sce) (K) (K) .(K), (K) (K), (K)(K)-

,Case 1 2533 - - 2358 .....

i .... , , ,, ,, , ,
Case 9 ........... ,_t.--;.,'" 00 i514 15a6- , , , _ ,.._aa 15 " - - - -,, ,, ,,,, ,,,,

Case3 1995' 1500 1518 1549 15:10 - -
'l .................

Case 4 1995 ' ..... lSi'O 18o4 17%

Case 5 18"J9 '15{}{} i521 " I 1543 '1560 i665 1652 1635

Case6 " 1'837 1500 1521 1.551 1579 I59'I "1587'i574

Case6b Incrcasedecayheatby_0% 1'266 15(}{).1..',4 1580' 1.62., 164a 1639 16.19

Case 6c' ""Decrease radiation H.Z by 50% 1854'" 1500 i522 1551 1593 16i'{) 1603 i589 '
Case. 6d'Decreas'econducti0nH.T. in 1848 1500 1522 1'_54. 1.584 i660'1599 1.87S'

Can!ster by 50%
Case6e-Lumpcladwiti_fue'i'in'rods 181.5 1500 'i521 154ai 156.1 1569 i569"1'5'60

Case6f-Elimina'teLgas'"-phaseconduction 1840 150'0 1522 i553 '1581 1593 1590 1576
t..hroughsteam

' Case 6g - Reduce canister thickness from 1798" 1._00 i522 1551 "1578 15gi2 1591 1580
100 to 80 mm

, , ,, ,, ,

Case6h-Combine6bthr0"ugh6dabove 1297 1500 1535 1583 1655 168'9 1687 167(i
(worst case) ..... ! ....
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Figure 1 A cross section of a typical BWR t'our-bundlc fucl module
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Figure 2 A BWR canister cross-section showing the sub-regions considered
and the assumed symmetry
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Figure 3 An illustration of the heat transfer paths modeled in Cases 2, 4, and 6
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(a) 1900 sec. (b) 2000 sec.

(c) 2100 sec. (d) 2200 sec.

Figure 13 Schematic showing the lateral spreading of melt irathe unit cell at various
times in the base case calculation. In each figure, the control blade is in
the lower, left-hand corner, the y-direction is measured toward the top of
the page, and the x-direction is measured t(_vcardthe edge.
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Figure 14 Blockage formation in the base case.



(a) 1900 sec. (b) 2000 sec.

(c) 2100 sec. (d) 2200 sec.

Figure 15 Schematic showing the lateral spreading of moll in the unit cell at various
times for a calculation with uniform lateral friction factors. In each figure,
the control blade is in the lower, left-hand corner, the y-direction is
measured toward the top of the page, and the x-direction is measured
toward the edge.

i



,_' 0.4-
LU

.J

0.3
C) _ refrozen rnaterlal0
ILl blockage
>
O 0.2

<
I--
"r-
O

o.1
"r-

0.0
0.00 0.21

DISTANCE ALONG DIAGONAL (m)

Figure 16 Blockage formation for a calculation in which the axial t'riction factor has
been lowered by a factor of l.O.
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Figure 17 Mass of melt refrozen for the base case (solid line) and for a calculation nn
which the refreezing temperature of the blade-zirconium liquid solution

has been lowered by300 K (dashed line).
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Figure 18 Blockage formation at 220()s t'ora calculation in which the rct'rcczing
temperature of the bladc-zirc(mium liquid soluti(_nhas been lowered by
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