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Study on Severe Accident Fuel Dispersion Behavior in the Advanced
Neutron Source Reactor at Oak Ridge National Laboratory

S.H. Kim, R.P. Taleyarkhan, S. Navarro-Valenti, and V. Georgevich
Engineering Technology Division
Oak Ridge National Laboratory
Oak Ridge, TN 37831-8045

Abstract

Core flow blockage events have been identified as a leading contributor to core damage
initiation risk in the Advanced Neutron Source (ANS) reactor. During such an accident,
insufficient cooling of the fuel in a few adjacent blocked coolant channels out of several
hundred channels, could also result in core heatup and melting under full coolant flow
condition in other coolant channels. Coolant inertia forces acting on the melt surface
would likely break up the melt into small particles. Under thermal-hydraulic conditions
of ANS coolant channel, micro-fine melt particles are expected. Heat transfer between
melt particle and coolant, which affects the particle breakup characteristics, was studied.
The study indicates that the thermal effect on melt fragmentation seems to be negligible
because the time corresponding to the breakup due to hydrodynamic forces is much
shorter than the time for the melt surface to solidify. The study included modeling and
analyses to predict transient behavior and transport of debris particles throughout the
coolant system. The transient model accounts for the surface forces acting on the particle
that result from the pressure variation on the surface, inertia, virtual mass, viscous force
due to the relative motion of the particle in the coolant, gravitation, and resistance due to
inhomogenous coolant velocity radially across piping due to expected turbulent coolant
motions. The results indicate that debris particles would reside longest in the heat
exchangers because of lower coolant velocity there. Also they are entrained and move
together in a cloud.

1 Introduction

The Advanced Neutron Source (ANS) is to be a multipurpose neutron research center and is
currently in the advanced conceptual design stage at the Oak Ridge National Laboratory (ORNL).
Major areas of research will include condensed matter physics, materials science, isotope
production, and fundamental physics [1, 2]. The source of neutrons in the facility is planned to be
a 303-MW(t) heavy-water-cooled and moderated research reactor housed in a large, double-walled
containment dome and surrounded by thermal neutron beam experimental facilities. The reactor
uses U3Sip~Al cermet fuel in a plate-type configuration. Cooling systems are designed with many
safety features, including large heat sinks sufficient for decay heat removal; passive inventory
control by accumulators, pools, and flooded cells; a layout that maximizes natural circulation
capabilities; and fast, redundant shutdown systems. A defense-in-depth philosophy has been
adopted. In response to this commitment, ANS project management initiated severe accident
analyses and related technology development early in the design phase. This was done to aid in
designing a sufficiently robust containment for retention and controlled release of radionuclides in
the event of an accident. It also provides a means for satisfying on- and off-site regulatory
requirements, accident-related dose exposures, containment response, and source-term best-
estimate analyses for Level-2 and -3 Probabilistic Risk Analyses (PRAs) that will be produced.



Moreover, it will provide the best possible understanding of the ANS under severe accident
conditions and, consequently, provide insights for development of strategies and design
philosophies for accident mitigation, management, and emergency preparedness efforts [3].

Past scoping studies have indicated the possibility of core debris recriticality in reactor
coolant system (RCS) piping sections, in a dispersed configuration [4]. Clearly, in order
to provide the basis for closure of this concern and the incorporation of suitable design
fixes if necessary, the likelihood of such dispersed configurations needs to be quantified.
This requires an ability to describe the various material motions and the characterization
of the various energetic phenomena as they are affected by phase change and/or fission
gas release.

In this paper, the modeling and analysis framework for evaluation of ANS core debris
dispersion phenomena are described. For an accident initiated by a core flow blockage
event, several mathematical models have been developed for characterizing debris
particles, statistical distribution of particle size, dispersion, and transport into the coolant
stream. These models are presented along with analyses results conducted to date.

2 ANS System Description

The ANS is currently in the conceptual design stage. As such, design features of the
containment and reactor systems are evolving, based on insights from ongoing studies. Table 1
summarizes the current principal design features of the ANS from a severe accident perspective
compared with the High Flux Isotope Reactor (HFIR) and a commercial light-water reactor
(LWR). Specifically, the ANS reactor will use uranium silicide fuel in an aluminum matrix with
plate-type geometry and a total core mass of about 100 kg. The power density of the ANS will
be only about 2 times higher than that of the HFIR, but about 50 to 100 times higher than that of
a large LWR. Because of such radical differences, high-power-density research reactors may
give rise to significantly different severe accident issues. Such considerations have led to
increased attention being given to phenomenological considerations dealing with steam
explosions, recriticality, core-concrete interactions, core-melt progression, and fission-product
release. However, compared to power reactor scenarios, overall containment loads from
hydrogen generation and deflagration are relatively small for the ANS.

Table 1 Severe accident characteristics of the ANS and other reactor systems

Parameter Commercial LWR HFIR ANS
Power, MW(1) 2600 100 2 303
Fuel U0, U308-Al  Uj3Six-Al
Enrichment (m/o) 2-5 93 93 b
Fuel cladding Zircaloy Al Al
Coolant/moderator H,0O H>0 D20
Coolant outlet temperature, K 590 342 365
Average power density, MW/L <0.1 2.0 4.5
Clad melting temperature, K 2123 853 853
Hydrogen generation potential, kg 850 10 12

2 Currently operating at a reduced power of 85 MW,
b 1992 baseline (reduced enrichment fuel, in a larger core, now being considered)



The reactor core is enclosed within a core pressure boundary tube and enveloped in a reflector
vessel, which is immersed in a large pool of light water. Each element of the core is
constructed with a series of involute fuel plates arranged in an annular array. The involute
design provides uniform coolant gaps at all spanwise positions. Each 1.27-mm-thick fuel plate
consists of 0.254-mm-thick 6061 aluminum cladding material, sandwiching a 0.762-mm
mixture of uranium silicide (U381) and alominum. Each coolant gap is also 1.27 mm in width
and has a span of 70.29 or 87.35 mm (upper or lower core, respectively). Fuel plates are
welded to inner and outer cylindrical side plates with each element having 507 mm of fueled
length. Unheated 10-mm leading and trailing edges complete the fuel plate design.

3 Particle Entrainment During a Severe Fuel Damage Event

Accident progression to the onset of core melting due to flow blockage is described in a
companion paper [5]. Once a fuel plate becomes molten, structural change is expected to
occur due to the presence of the unstable interfaces. Generally, the interaction at an
interface between two media of different densities results in wave formation. Stability of
this interface largely depends on surface tension and coolant inertia forces

(0/8, ~ pu*). Inmost cases of interest, a characteristic length, §,, can be related to the
critical wave length as

o
S ~ |2 1
l 8 Ap M

where Ap is the density difference of two contacting media. Therefore, a critical flow
velocity at which the interface becomes unstable, ue, can be written [6]

. -t {Gpg(p, - pc)J -

where the subscripts, p, ¢ denote the molten fuel plate and coolant medium,
respectively, and p, is the density of the continuous phase for a given stable regime (e.g.,
coolant). At a liquid water-vapor interface, the first waves to appear are small ripples.
Higher vapor velocities lead to an increase in the amplitude of these ripples, and soon
three-dimensional disturbances are generated. For a two-phase system of liquid water
and vapor, it was observed experimentally that the water liquid film abruptly broke up
and was entrained by the vapor at the critical vapor velocity, corresponding to the

stability number (§) of around 3.7 [7]. There is uncertainty in applying this stability
number for a liquid-liquid interface. However, it provides us with an idea about the
critical velocity at which the fuel entrainment would occur.

Using Eq. (2) for the ANS, the critical coolant velocity for the fuel entrainment can be
obtained as 1.3 m/s (based on p, = 1,000 kg/m3, p, = 2,700 kg/m3, o, =0.868 N/m). If
the coolant is saturated steam, then 13 m/s is the velocity obtained based on p, = 12

kg/m3 at 2.5 MPa.
To examine the coolant condition further (in a single channel where significant boiling is

assumed to occur under a hypothetical severe accident), its velocity is evaluated as a
function of channel inlet velocity assuming constant pressure and homogeneous two-



phase flow. By neglecting internal heat generation and viscous dissipation, the local
steam velocity at any axial position, z, is given by [8]

G@)

[4

u, (1) = + Qfz - A(1)] (3)
the parameter, €2, represents the speed at which phase change takes place and is
expressed as

_29"wv,

Q= 4)
hfg Ax—s
The boiling boundary, A(t), is given by
2‘(!) = Gi(t)Ax-s Ahsub (5)
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Figure 1 illustrates fluid velocity at the channel exit (0.507 m) as a function of fluid inlet
velocity for various heat fluxes. As the inlet velocity increases, the exit velocity
decreases because of increased boiling boundary length. The exit velocity eventually
reaches the same value as the inlet velocity when no bulk boiling occurs in the channel
(due to the assumption of constant pressure). In reality, since we have several hundred
channels in parallel, the occurrence of significant boiling in any one channel would cause
parallel channel flow instability [5], which results in flow from the channel with boiling
to be diverted into other non-boiling channels. Nevertheless, as seen in the figure, fluid
velocity in the coolant channel is sufficiently high to entrain the fuel melt whether or not
it boils.
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Fig. 1 Fluid velocity at channel exit versus inlet velocity
under hypothetical, fixed inlet flow conditions



4 Melt Particle Breakup
4.1 Initial particle size

The characteristic length, defined in Eq. (1), is based on an instability at the interface
induced by the density difference of two contacting media. For aluminum, Eq. (1) gives
values of 5 to 7 mm depending on vapor or liquid phase of continuing fluid medium.
This number is substantially larger than the physical thickness of a fuel plate (e.g., 1.27
mm) and of the coolant gap. Initial breakup of the melted plate is thought to be
governed by Kelvin-Helmholtz (KH) instability. A wave is developed at the interface of
two media moving at different velocities. An intact (but molten) plate with coolant
(either vapor or liquid) flowing at a relatively high velocity in ANS conditions is a
configuration similar to melt jet penetrating through a stagnant (or slowly moving) water
pool. Extensive research has been performed in the past to predict this jet penetration
problem. A general agreement is that at the interface between melted jet and water, KH
instability determines the jet breakup behavior. Kocamustafaogullari derived the
maximum stable particle size based on classical KH instability theory for molten drops,
and his predictions were compared reasonably well against breakup data collected by
several other researchers for various gas-liquid and liquid-liquid systems [9]. According
to his predictions and data collected, the maximum stable particle size varies in the range
of 5 to 10 mm for a gas-liquid system and of 6 to 150 mm for a liquid-liquid system.
Initial particle sizes must have been larger than these maximum particle sizes. As
indicated above, however, initial breakup will be limited by the physical size of the
melted plate. Furthermore, any wave growth at the melt-coolant interface must be
limited by the physical size of the coolant gap, which is 1.27 mm. Therefore, in our
study, we assume that the initial melt particle is 1.27-mm-diameter, which is the plate
thickness, instead of expending further efforts to study details of interfacial stability
problems.

4.2 Particle size distribution

Based on Wolfe's extensive data collected for Bis drops (dg = 1.6 mm, 2.7 mm), Pilch
described particle size variations as a log-normal distribution given as [10]

a\_ 1 1d | 1 [ (a)_ T
f(ZJz_Jf_;E7CXP{ 2/3’*[1 (d,,) 7” ©

where B and ycan be determined from Wolfe's data as a function of the Weber number as

B=-0.08791n(We)+1.38  and  y=In(-0.168 We™*) )

The normalized number distribution in Eq. (6) is defined as the fractional number of
fragments per drop per normalized size range. Our molten debris consists of aluminum
mixed with uranium silicide, and thus the statistical distribution of particle size might be
different from the Wolfe's data. Furthermore, a chemical reaction between aluminum and
uranium silicide at the temperature above aluminum melting temperature may change the
material properties due to eutectic formation. Such a change in material properties has
not been studied yet. For the current study, therefore, it was decided to use the Wolfe's
data for particle size distribution. In future, we can probably collect our own data for our

material, and formulate similar expressions for § and vy, as given in Eq. (7). For our



condition, assuming 2700 kg/m3 for debris density, 20 m/s for liquid coolant velocity,
and 1.27 mm for initial particle diameter, the Weber number is estimated as 585. Listed
in Table 2 is the resulting particle distribution discretized into five bins.

Table 2 Discretized Particle Distribution

Bin Size range, diam. (m) Number fraction Mass fraction
1 10810 S x 106 0.47923 0.10999
2 5x 106107 x 106 0.2232 0.23645
3 7x 106 t0 9 x 106 0.1832 0.34797
4 9x 106 to 10-5 0.07699 0.1973
5 10-5 to 104 0.03748 0.10829

4.3 Effect of melt solidification on melt breakup

While the melt (or melted plate) undergoes breakup, the particles will transfer heat to its
surrounding medium. Under certain conditions, the particle breakup process may be
limited by solidification of particles. Such a thermal effect is assessed by comparing the
time for the melt to become solidified against the time for melt breakup to occur.

The melt particles will start to solidify if heat generation becomes less than heat losses.
A solid crust will form at the particle surface and grow inward. As it grows, this crust
shell becomes stronger; at the same time it will be exposed to increased stress because of
pressure buildup due to heat generation inside of the crust shell. At a certain threshold
shell thickness, the crust will break up, and the internal melt will be exposed to
hydrodynamic forces for further breakup. The time for this thermal process (t;) can be
characterized into two periods. One is the time taken for the temperature of the melt
particle surface to decrease to its solidification temperature (tis), and the other is the time
taken for the crust shell to break up due to internal pressure buildup (typ). The effect of
this thermal process can be assessed by comparing this time against the time for the melt
breakup due to hydrodynamic forces (tn). If tig >> t, evaluation of ty, is not necessary,
and we can conclude that hydrodynamics dominate over thermal process for melt particle
breakup.

To evaluate t, transient heat conduction equation for a sphere is written as
1 N4
_l_?ﬁz_;i(,.zé_ﬂi)+g__ ®)
o ot roor or k

where 6 =T —T_, and T_ is the surrounding bulk temperature. With boundary and
initial conditions as the following, ‘

0
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Equation (8) can be solved to give the temperature distribution in a melt particle as

. 27
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where the constant ky is determined as a function of the eigenvalue, Ap. Table 3 lists the

four eigenvalues for various particle diameters with 740 W/m2-K of convection heat
transfer coefficient and 190 W/m-K of thermal conductivity. The first term on the right-

hand side of Eq. (10) becomes zero for n = 1 (A1 = 0). For n = 3,4,..., this term becomes
too small to compare with that for n = 2, due to the large eigenvalues in the exponential
term.

Table 3 Eigenvalues for Various Particle Diameters (d)

n d=4x%x10%m d=8x104m d=127x103m
1 0 0 0

2 241.6 170.8 135.6

3 22,467 11,234 7,077

4 38,626 19,313 12,166

When the melt starts to solidify at its surface, therefore, the corresponding time can be
approximated from Eq. (10) as

"l’R
R|g -4 2
P 34

1
1, = In - , where@, =T  ~T_ 11
oA, k,sin(A,R,) ; (1T)

Hydrodynamic breakup time (ty) is defined as the time when the melt particles are no
longer subject to further breakup. The normalized breakup time was correlated by Pilch,
based on experimental data collected by several investigators for a gas-liquid system, and
given as [10]

1, = a(We — 12)° (12)
Hydrodynamic breakup time is defined from normalized breakup time as

d 0.5
o= T [&- (13)
U = U, \ Py

The constants a and b in Eq. (12) are listed in Table 4.

Table 4 Constants for Pilch's Correlation for Melt Breakup Time for Gas-Liquid System

Range a b
12 < We < 18 6 -0.25
18 < We <45 2.45 0.25
45 < We <351 14.1 -0.25
351 £ We < 2670 0.766 0.25
2670 < We 5.5 0




There are not enough data available to draw a general conclusion for the breakup time for
the liquid-liquid system. Baines' study of the breakup of mercury drops in water revealed

a normalized breakup time for the liquid-liquid system, Ty, of 4 to 5, which is
comparable to that for a gas-liquid system [11] . On the other hand, Theofanous reported
a significantly lower breakup time for a mercury-water system (e.g., 2 to 5 times faster)
[12]. However, if the breakup time from Eq. (12) is estimated to be smaller than the
solidification time, t5, we can still draw a reasonable conclusion that the hydrodynamics
govern the melt break-up process.

With 1.27 mm of initial diameter, the breakup time given by Egs. (12) and (13) is
estimated to be 0.145 ms. Melt solidification time is illustrated in Fig. 2, as a function of
particle size for various levels of power generation and 10 K initial super heat above the
particle melting temperature. One can easily see that the particle breakup due to
hydrodynamic process occurs much earlier, even before the melt surface starts to become
solidified. This leads to the conclusion that the particle breakup process is mainly
governed by hydrodynamic process, at least in the fuel melting accidents in the ANS,
which we currently consider.
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Fig. 2 Melt particle solidification time
5 Particle Dispersion Throughout RCS

It is desirable to know how debris particles originating from the core region in a severe
accident would be dispersed throughout the coolant system at different velocities. To
conduct this evaluation, the entire coolant system was nodalized into several control
volumes, as seen in Fig. 3. Particle density of size bin-1 in control volume-j, nj j can then
be expressed as
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Fig. 3 Schematic nodalization of ANS RCS

dn‘-‘- 1 in
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where the bracket, [ ]:’w, represents inflow subtracted by outflow and where donor cell
properties are used for flow properties, including particle velocity and particle density.

It is realized that the motion of particles in the coolant stream is certainly nonuniform,
and always changing both in direction and magnitude of velocity. However, to obtain an
overall perspective and to capture the essential physics of the transport processes, a one-
dimensional approximation was made. The transient rectilinear motion of a spherical
particle in a turbulent flow, with nonzero mean velocity, can be given as [13,14]

d’p d 3 3 d
a py up=75ch_‘!ﬁg+l_7£‘£_c(éf‘£-_tl—’iJ+3nvcpcd(uc—up)

6 dt 6 d 2 6 dt d 15)
nd® S5nd’p,
+ 2 (p = p,)88 - 2L (1 -,

where v is the kinematic viscosity and subscripts p and ¢ are particle and coolant fluid,
respectively. The first term on the right-hand side of Eq. (15) is the surface force acting
on the particle that results from the pressure variation on the surface, which is a function
of the pressure field in the entraining coolant. The second term is for the inertia of the
virtual mass (entrained with relative motion of the particle in the coolant) and is
equivalent to an increase in particle mass equal to half the mass of the coolant displaced.
The third term describes the viscous force (e.g., Stokes' linear resistance) due to the
relative motion of the particle in the coolant. The fourth term is the gravitational force,

and & in this term is the directional cosine. The last term describes a resistance due to
inhomogeneous coolant motion caused by turbulence. According to Tchen [14], coolant
motion in the radial direction in pipe flow induces additional resistance to the particle
movement and is expressed as

T Ou,
= —chd‘;(uc —_ up)"é';' (16)



For turbulent flow in a round pipe, the coolant velocity profile can be approximated as
[15]

1
r\7
r) = 1 - — 17
u (r) uc,m( R) (17)
Averaging the derivative of Eq. (17) with respect to r for uc,max = Sus/4 yields
du 1 (% du Su
Cly=—| —S£dr=—-—-=% 18
< or ) R% ar “TT 4R (18)

Therefore, Eq. (16) averaged over a pipe cross-sectional area is expressed as the last term
in Eq. (15).

Interactions between particles, and between particles and pipe (or structure) wall, are not
included in Eq. (15) because particle sizes under consideration are small enough to
neglect particle collision. The coolant velocity is assumed to be constant with time in our
calculations and is taken from a separate RELAP calculation (i.e., 25 m/s in core and 6~7
m/s in other regions of the reactor coolant loop). This implies the absence of any
significant influence of debris particles on the bulk coolant flow. This postulate was
based on the significantly larger inertia of the bulk coolant flow relative to inertia of
debris particles.

6 Results and Analysis

A preliminary calculation has been performed to observe the debris particle dispersion
throughout the primary RCS for a very simplistic case; a postulated adiabatic heatup and
melting at the whole core. The entire coolant system was nodalized into 53 control
volumes. Each control volume was set at about 2 m in length. The effective core
diameter (e.g., control volume 1) was determined from the rate of coolant flowing

through the core (1,994 kg/s) and the coolant density of 1,000 kg/m3. Among the four
coolant loops, three loops are normally on-line, with the fourth loop on a standby basis.
The control volumes 16 through 52 represent one of the three loops. One main heat
exchanger and one emergency heat exchanger are in each coolant loop. The primary
coolant is to flow through the shell side of each heat exchanger. Main and emergency
heat exchangers are represented by five and three control volumes, respectively; that is,
control volumes 27 through 31 for main heat exchanger and 35 through 37 for emergency
heat exchanger, as seen in Fig. 3. The control volume length and coolant velocity for the
heat exchangers were obtained to correctly evaluate the residence time of the coolant in
heat exchangers. For the given coolant velocity (e.g., 0.78 m/s for main heat exchangers,
and 1.57 m/s for emergency heat exchangers) and mass flow rate, the diameter of each
heat exchanger was calculated as 1.04 m (41 in.) and 0.73 m (28.9 in.) for main and
emergency heat exchangers, respectively.

Only the first control volume representing the reactor core generates debris particles. For
a test case, the debris particles were generated at the rate of 667.67 kg/s for 0.15 s, which
results in 100 kg of debris particles. This 667.67 kg/s was based on a constant adiabatic
melting of the core; that is 303 MW of power divided by 0.397 MJ/kg of latent heat of
fusion of aluminum. Actually it gives 755.67 kg/s and 0.1323 s of melting period to
generate 100 kg of debris particles. However, the melting rate was adjusted to be 667.67
kg/s during 0.15 s of melting period. The statistical distribution of the particle size is
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given in Table 2. Note that the largest particle size would be (as in Table 2) 104 m,
which is even smaller than the mesh size of the strainer in the cold leg. Therefore, it is
conservatively assumed that the effect of the strainer for capturing the core debris
particles is negligible. Variation in particle size turns out not to affect the debris
dispersion behavior very much because the high coolant velocity leads the particle to
approach the terminal velocity (i.e., coolant velocity) very quickly. It was usually
observed that the particles reach the coolant velocity within the first control volume
where they are introduced. Core debris is a mixture of solid uranium silicide particles
dispersed in molten aluminum. Because uranium silicide is heavier than aluminum (e.g.,
12.8 g/ml for U3Siz vs 2.7 g/ml for Al), it is possible for U3Siz particles to be
segregated. To examine this possibility, calculations were performed as if all the
particles are U3Sip. The resulting particle distribution throughout the coolant system was
compared with that for the case with all aluminum particles. The differences were almost
negligible because the particles reach the equilibrium velocity so quickly in the fast-
moving coolant that we consider here. Therefore, the description of results and the
analysis are provided for the dispersion of aluminum particles.

Figures 4 through 7 demonstrate the results in terms of debris mass and also the temporal
variation of debris mass at a few selected locations. Debris mass distributions at several
different times are shown in Figures 4 (a) and (b). Itis seen that the heat exchangers are
the locations where the particles reside longest. One must note that debris mass in one
actual coolant loop is to be one-third of the value shown in the figures for nodes from 16
through 52. Also, it needs to be pointed out that a particle takes about 27 s to traverse an
entire coolant loop, as evident in Figure 4 (b) for the debris mass at 30, 35 and 40 s.
Figure S shows the same results for an earlier time period, from 0.5 s through 5s. Itis
clearly seen that the debris mass at the moving front diminishes as the particles disperse
farther. Debris mass is also shown in Figure 6 for 0.05 s through 0.5 s. It is seen that the
debris particle mass in the control volume 1 (core) increases during debris particle
generation (0.15 s). In this calculation, one should note that the intact core mass is not
included as a part of debris mass in the control volume 1, which is the core. Upon
completing debris particle production, core debris mass decreases as seen in the figure.
However, debris mass in the next volume (CV-2) keeps increasing to about 90 kg for a
time because the particle takes about 0.28 s to travel through the control volume as
evident from the fact that the particle starts showing up in the third volume at 0.3 s in the
figure (this time difference, 0.28 s vs 0.3 s is due to the finite size of time step). Figures 7
(a) and (b) show the temporal variation of debris mass at control volumes 2,3,4, and two
heat exchanger volumes. It is seen that at the coolant downstream out of the core,
maximum debris mass is predicted to be about 90 kg. This means that the entire core
moves almost together under the assumed conditions of debris particle generation and
introduction into the fast-moving coolant. However, it shows that the debris particles
disperse throughout the coolant loop volumes as they move. The entire debris mass (100
kg) is seen to stay in the main heat exchanger at around 14 s. But, one must recall that
we have three heat exchangers holding this 100 kg of core mass. Therefore, the main
heat exchanger in each coolant lIoop would hold one-third of 100 kg of debris mass if
debris at the branch node 16 is equally distributed among the three loops. To check the
sensitivity of nodalization on the debris mass, the control volume 2 was further divided
into two volumes. The results indicate that the control volume nodalization does not
seem to be very sensitive in debris dispersion, while it may be possible to have locally
higher debris concentration in some instances.
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7 Summary and Conclusion

In this paper, models for debris particle dispersion have been developed and presented.
Along with particle dispersion, debris breakup behavior was also characterized. The
transient model for particle dispersion and transport accounts for the surface forces acting
on the particle that results from the pressure variation on the surface, inertia, virtual mass,
viscous force due to the relative motion of the particle in the coolant, gravitation, and
resistance due to inhomogenous coolant velocity radially across piping due to possible
turbulent coolant motions. Numerical calculations were performed for debris dispersion
throughout the primary coolant system for a postulated adiabatic heatup and melting of
the core..

Coolant inertia force acting on the melt surface will likely break up the melt into small
particles. Under the expected thermal-hydraulic conditions in an ANS coolant channel,
micro-fine melt particles are predicted. Heat transfer between melt particles and coolant,
which affects the particle breakup characteristics, was studied. The study indicated that
the thermal effect on melt fragmentation seems to be negligible because the time
corresponding to the breakup due to hydrodynamic forces is much shorter than the time
for the melt surface to solidify. For the specific case analyzed, the results of particle
dispersion calculations indicate that debris particles would reside longest in heat
exchangers because of the lower coolant velocity there. Also, core debris tends to move
together upon melting and entrainment. Recriticality concerns could be studied in future,
by coupling the breakup and transport models developed here with realistic severe
accident scenarios and core melt progression models.

The current model for the debris dispersion does not account for the interaction between
particles, or for interaction between particles and structure walls, which may slow down
the particle dispersion in some degree. However, further work to include particle
interaction modeling does not seem to be necessary at this stage because its effect is
thought to be small. Also missing from the current model is the feedback to the coolant.
The coolant velocity must be affected by existence of debris in its stream. The current
model, however, assumes that the coolant velocity stays constant, unaltered by debris
particles in it stream. In addition, the model for the particle entrapment in local pockets
where the bulk coolant velocity is nearly zero is missing.
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8 Nomenclature

Aj cross-sectional flow area of control volume j

Ay.s cross-sectional area

d particle diameter

do initial particle diameter

Gi mass flux at channel inlet

g gravitational acceleration

h convective heat transfer coefficient

hgg heat of vaporization of water

k thermal conductivity

njj number density of particle bin i in control volume j
q" heat flux

q" volumetric heat generation

R pipe radius or effective radius of control volume

R, melt particle radius

Sij rate of volumetric particle source of bin i in control volume j
T temperature

th particle break-up time due to hydrodanamic process
1 particle break-up time due to thermal process

tis time taken for the particle surface to be solidified
th time taken for the solidified particle shell to be broken up
u velocity

Ui particle velocity of bin i in control volume j

Vfg difference of specific volumes (= vg - vp)

Vj volume of control volume j

w channel width

We  Weber number (=pu’d, /o)

z channel length

AR, inlet subcooling of coolant channel
o thermal diffusivity

B& y experimentally determined coefficients for particle distribution
) directional cosine

6 characteristic length

A boiling boundary

A, eigenvalue

1 kinematic viscosity

p material density

c surface tension

4 stability number

Q phase change speed
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