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ABSTRACT

If a complete Failure of normal an. emergency cool -
ant flow occurs in a light water 2actor, fission
heat would eventua’ Y cause meiting
reactor fuel, and eventua contact with
water. This mixing produces steam and hydrogen as
the fuel breaks apart. Previous analysis of mixing
only looked at the limits to fuel-coolant mixing
based on quasi-steady assumptions. This paper de=
scribes a dynamic mixing madel Predicting fuel
dreakup as it fallg through a water pool producing
Steam and possibly hydrogen, Calculations indicate
that in the absence of an energetic fuel-coolant
interaction very small amounts of hydrogen are
jenerated during mixing (less than a few percent

of metallic fuel reacted).

Introduction
e ——————

——

During the past few years the
Commission (NRC) has
low probability=high
water reactors (LWR),

Nuclear Regulatory
intensified its evaluation of
consequence accidents in light
The principal purpose of

this work is to assess the reactor containment
Suilding response following a Severe accident where
a significant proportion of the core radicactive
inventory

sink to the core and subse-
quent meiting of the core materials. Containment
response includes assessment of the accident pro-
gression, identification of mechanisms which mnay
threaten containmenc integrity, and available means
to mitigate the consequences associated with these
events. These current efforts are an outgrowth of
the Reactor Safety Study (RSS), the accident at the
Three Mile !sland Unit 2 Nuclear Power Station, and
the reexamination of the capabilities of oresent
generation LWR's to accommocate the effects of de=
iraded-core and core-meit accidents,

Containment integrity may Se
frocesses that

threatened by shysical
involve contac: Setween the avers

fuel) and other materials present in the contain-
Tent such as water, steel, or concrete. In this
Pacer consideration is given to fiel-coolant inters
actions both in-vessel and ex-vesse!, under the
srodadle scenario of fuel-coolant concace [1-5].
Soecifically, we present a dynamic model for fuel=
c2olant mixing when Corium fuel pours into o water
scc! and breaks apar: Arogucing steam and nydrogen
f the fuel is metallic), prior to or in the ab-
sence of an energetic fuel-coolant interaction,
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Past research into fuel ~coolant mixing (sometimes

called 'premixing') has been directed at predicting "
the physical limits for which mixing could or could »
not occur. Fauske [6,7) originally proposed that

the fuel-coolant interface temperature upon liquid= -
liquid contact TSt exceed the spontaneous nuciea~

tion temperature to allow premixing for an e~

tic FCI. The physical picture was that stable film
boiling is established above this limit for a
liquid=liquid System and this allows the fuel time

t0 penetrate and mix with the coolant. For the LWR
System, the fuel ang coclant easily satisfy this
first criterion, Cho et al. (8] considered the
energy used in fuel-coolant mixing that creates
more surface area and Overcomes frictional effects.
He concluded that frictional effects dominate the
energy mixing requirements. For this pair of fuel
and coolant, the mixing energy requirements are
very small compared to the available energy in the -
fuel. Fauske and Henry [9,10] subsequently pro-

posed the physical concept that the fuel can break

Up and premix with the water to a uniform size no
smaller than thae which would prevent liquid from
entering the mixture zone as the steam flows out.

The minimum diameter was given by
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where aiue is the critical heat flux, used as the
limit for steam outflow and water inflow.

More recently Corradini [11] suggested that the
limit to fuel=coolant mixing was determined by fuel
or coolant liquid Fluidization; e.g.
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and vapor volume frac-

where 2, and 3 are the fuei
This

tion at any tife as the mixture evolves.
limit may never ne reached because it takes time i
for the fuel to dynamically break up to this size, :
and an energetic fuel-coolant interaction or agg lam=

eration of the fuel on the base may first occur.

This final criterion on the limit o fuel-coolant
mixing only makes sense if one knows the dynamic be-
havior of the fuel-coolant mixture, so that we can
calculate the volume fraction of each constituent,
Actually the Henry and Fauske criterion for a limie
to mixing should also be a dynamic quantity, be- ’
Cause the actual area for steam outflow and water i
inflow would be the time-dependent surface area f
of the fuel-coolant Mixture. Because of these
concerns we are developing a dynamic fuel=-cooliant ¥
mixing modei for a fuel Pouring or injection mode I
of contact. To sur knowledge, no ather dynamic :H



fuel -zoclant mixing model has been developed.

This mode! can be used to calculate the rate of
steam and hydrogen generation due to oxidation of
molten metal [12] and the initial conditions for a
fuel-coolant interaction. The mixing mode! has
already been used in a defacto manner to analyze
the FITS MO and MOC experimental series [13]. we
plan to utilize it in the analysis of the FITS in-
chamber experiments (FITSA, FITSB, FITSC and
FITSG). This computer mode! is also being incor-
porated into the MEDIC| computer code to mode |

the fuel discharge phase into the reactor cavity
after a reactor vessel failure. |In this paper, we
describe the current mode! and present some sample
calculations.

Mixing Model Assumptions

The fuel is considered to fall or be injected into
a coolant pool (Figure 1), mix with the coolant,
and, in the absence of an energetic fuel-coolant
interaction, settle on the base as either a molten
pool, debris bed or both. The primary assumptions
of the present model are:

(1) The liquids are model led as incompressible,
and the gases and steam vapor are model led as
perfect gases with constant thermophysical
and transport properties; these approximate
equations of state were considered acceptable
for this initial modelling of the phencmena.

(2) Chemical reactions between molten metals and
water are treated sequentially; i.e. first o
zirconium, if present, is reacted with the
water, then chromium, then iron. This assump=
tion reduces the complexity of the chemical
reaction equations but still preserves the ex-
pected integral behavior.

(3) The fuel melt is considered to be subdivided
into Lagrangian material volumes which fall
through the gas atmosphere into the w~ater
pool, eventually accumulating in a debris bed,
molten pool, or undergoing an enerjetic fuel-
coolant interaction.

(4) The water pool and gases in the atmosphere
and generated by the fuel-coolant interaction
are considered to be contained In fixed con-
trol volumes; e.g. in the FITS chamber there
would be a coolant and gas control volume
with no cutlet, while in a reactor cavity an
expansion path through an access tunne! would
be available.

(§) Within each contro! volume and material vol-
ume the materials are described by lumped
sarameter mass and energy dalance equations.

(6) we utilized empirical fuel-coolant mixing
correlations derived from the FITS M0 and M0C
test series [13] to describe the dynamic dis-
persion of the fuel as it falls through the
coolant. These correlations replace the de-
tailed multi-dimensional momentum nalances
one would require to theoretically predict
this behavior.

(7) |f an expansion path is available for the
fuel ~coolant mixture, we model it as a one<
dimensional expansion of either liquid coclant
or gas flow.

This analysis allows us to calculate the amount of
hydrogen and steam sroduced, the fue! melt char-
acteristic size and temperature, and the neat up
of the coolant poo! as a function of time.

Fuel Injectica and Mix'ng

The fuel injection is conceptually model led by
breaking up the flowing stream of fuel into 2
finite number (N) or ‘narcels' (Figure 2). A new
fue! melt parcel can enter the problem on each
major time step with an imposed injection velocity,
ve (e.g. free fall velocity from a FITS melt cru=
cible). The parcel then falls through the atmos=
phere and water podl at this constant velocity.
The fuel is considered to bde a homogeneous mixture
of melt constituents (e.g. Fe, U0y, ZrQ2) with &
specified initial diameter, Dfy, and temperature,
T.. As time advances, the fue! melt parcels con~
:{nuc to fall through the water pool. Once a new
fuel parce! has entered the calculation each of
the other N=| parcels are then 'updated'. This is
accompl ished by moving the fuel melt in parcel N
at the bottom of the coolant pool out of the par-
cel vectors and accumulating its mass and energy
into the molten pool or dedbris bed, while moving
the remaining parcels downward 2s they fall
through the water pool. This time step for the
fuel injection process is chosen such that a par~
cel will always have fallen through its fall
height to the coolant poo! base in less than or
equal to N time steps. A fuel parcel may reac:
the mo.ten fuel pool or the dedbris bed before

this time after release when the pool and debris
bed height have risen significantly above the
cavity floor.

As each fuel parcel falls into the water pool, it
begins to distort inshape and mix while in film
boiling. Tne fuel continues to break apart into
smaller pieces with the surrounding water. These
smaller molten droplets may subdivide further as
the steam produced in film boiling flows out the
top of the fuel-coolant mixture and escapes the
sool as water flows in from the sides. This mix=
ture grows radially as the fuel now mixed with
water and steam continues to fall., This multi~
dimensiona! process is quite difficult to model ;
therefore w~e have developed a set of empirical
correlations based on the FITS MD and MDC experi=-
ments [13] to describe the mixing phenomena in
place of detailed momentum balances. We have
correlated the growth of the fuel-coolant mixing
volume, steam volume in the mixture, and fuel and
steam volume fractions to 3 dimensionless time
(Figure 3). Past analysis of these experiments
[11] indicated that one reason for the fuel break-
up were inertial forces generated by the initial
fuel relative velocity and differences in density.
4s the fuel enters the water its characteristic
Weber number (ratio of destabilizing inertial
force, oo ¢°, to stabilizing surface tension
force, :q/D;QJ will be greater than a critical
value (U'-ri ~7-12). The mechanism for this
breakup i§ Srodably due to Rayleigh=Taylor insta=
nilities. Based on this assumption we correlated
teh data based on two derived dimensionless times
(13]
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Qur results Currently indicate that both dimension=
less times adequately correlate the data; we now
use T* as the dimensionless time where t is the
time after the fuel parcel has entered the water
pool. |If Taylor instabilities are truly the main
mixing mechanism then p= may be a more general
formulation. The fuel-coolant mixture volume for
@ parcel | is given by

Vmy ® Vg, (T9)2 (5)

where the fuel volume is given by

.’i

Vfi - E'— (8)

The volume fractions of fuel and steam in the vol-
ume are given by

]
g, ® Vg/V_ = )]
and
ay - L - ) (8)
o 17 Ju?

Because these correlations are based on the FITS
experiments performed at one ambient pressure, we
must also include a correction term for pressure

P 2§ (P)
aw, = o, (32) (rinr) (®)

where P, and To,, (Py) are based on the FITS
reference pressure. The coolant volume fraction
is then

-

g, =1 - ag, - a"i

Finally, the fuel melt fragment size Is taken to
be

O¢;, ® Dgg; exp (-T%) (10)

where we have assumed 2 mathemarical form similar
to that used by 3uchanan [14],

Now there are two physical limits to this mixing
Shenomena that ~e must consider. As previously
mentioned (11], cne is due to fluidization of the
fuel particles by the steam produced by heat trans-
fer to the coolant liquid (ean. 2). This limit is
2 function of the fuel temperature, the water
depth, since W, vet, the fuel initial size, D¢ _,
and the mixing phencmena as empirically given by
eans, 3-10. If we combine these equations and
solve for the fuel diameter after mixing as a
function of M. and D¢, the result is Figure &,

In this figure the fudl diameter after mixing Is
given for a specific depth, He and diameter, D¢ .
we also plot the fluidization limic for di'fcrogt
fuel temperatures assuming dlack body radiation,

All the dianeters to the left of the fluidization
mixing limit for a given fuel temperature can mix
without fluidization while those diamerers to the
right of the limit for a given He and O¢_ will
begin to .'uidize. Notice that as He inlreases
the minimum diameter for mixing (given by the
intersection of the diameter curve and the mixing
limit temperature curve) increases significantly.

The other limit is that the fuel-coolant mixture
volume will not always continue to grow in size.
At some point in time it will reach an upper limit
value. To understand why, consider the physical
reason for the fuel parcel dispersion. As the
fuel breaks apart due to Weber forces the axial
pressure gradient across the mixture in imbalanced
with the axial pressure gradient within the water
pool. This creates a radial pressure gradient
causing the fuel droplets to be pushed radially
Outward Dy the steam being produced in the mixture.
This radial outward growth will continue until the
axial pressure drop within and without the mixture
is equal. |f we equate these axial pressure drops
using a homogeneous mode! we get for fuel parcel |

af, ) : bcucz (e,% )g
o= map) By =

af, \2
. e (Tfiij) n

(1)
where
(ov*ac)
_—1 v (12)
and %% is the axial quality gradient
Gq"
dx OROP
@ Th Iy (13)

9
and '2 I's the acceleration pressure drop parameter

v <

4(]=x 2 . iﬁi]
Dc Dv

Given a specific fuel-conlant combination, fuel
diameter, fall velocity, and temperature and am-
bient pressure we can solve for the fuel volume
fraction, 24,, when the fuel-coolant mixture stops
expanding, e result for the FITS tests is

given in Figure 5. Notice that as the velocity
increases or the fuel diameter decreases the mini=
mum fuel volume fraction decreases (i.e. max i mum
mixture volume increases). Both an increase in
Vf OF 3 decrease in D¢ cause the axial pressure
gracient to se larger therery causing a larger
radial expansion; i.e. larger Vm anc smaller ag.
This physical limit can also be included in the
mixing model.

(14)
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Mass and Energy Balances

fach fuel parcel can transfer energy with the
gases and water as it falls to the water pool base;
this may be due to heat transport, chemical reac-
tion, and decay heating. We model each fuel parcel,
i, in a lumped parameter fashion

aTe¢.

i b az' * ~Qur; * duu; *+ Qcy; (15)

where the Lagrangian parcels masses are constant
in time. The energy lost by the fuel due to heat
transfer, Qour, is 9iven by

5707‘ ® Mror; M (Te; = Tsate) (16)

where the fue! surface area, As,, is

‘ﬂf‘

st o

and the total heat transfer coefficient, hygy: is
composed of radiative, hrad, convective, Neilms
and conductive, h,. parts

-1

Mo = Mey * (Mrady * Pepig) (18)

The coefficient of heat transfer in the fuel is
given by

ik K

f £

hé. = max r | — (19)
i [ fi "'f‘i]

where t; Is the time after the fuel parcel has
een submerged. The radiative component is given
by a standard gray body formulation

“ 4
Fo (T, =T )
sat
Moas T (20)
. f sate
where
F = : (21)
Teg Ac; L1°€g)
(.—-ﬁ) + 1+ .‘___.———-
< "5 %t
for heat transfer through the film, we assume
conduction dominates the process
N, - i (22)
hlm‘ :i
~here
Sy: Vi O¢,
§, = max [ M (23)
0o, ' 176
k u D¢, (T,=T )
:o o3 [q\. y - l' ' i.t: (2“)
i o e °, s "g 4
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Now the energy gained by chemical reactions, 6'"‘1'
would be present if the fuel is partially metallic
and steam oxidizes it producing ir0,, Cr 03 or
Fe203. We have modelled this quite simp;y by

Un; * N ‘fi Xty 'reac (25)

where Ag. has been previously defined, X¢_ is the
fraction of metal, and (..., is the heat of re-
action per kg of hydrogen produced for one of the
three oxides mentioned above. Now the mass flux
of hydrogen, -‘h'ﬁ. is equal tothe molar flux, .,
times the molecular weight where

d(N/A 0
el (26)

where we have modelled the mass transfer coefficient
0 by
°.

0,
Dy = - (27)
This model for hydrogen production is based on the
observation [15] that the majority of hydrogen
produced occurs while the fuel is molten. Finally,
qocv. is the decay heat energy inthe fuel, given
by correlations.

The fuel parcels release their energy to the water
pool as they fall through it. The water pocl mass
balance is then

dm

=T

where

(28)

& 4 Qyr - 8¢
v ifg . ‘c(llltg'lcs

and Qv and éc are the summation of the heat
trans !I rates from all submerged fuel parcels;
i.e. Qour * % Qqur; and Q. = ¢ d" for

&, * Meite; (Tage T (29)
where

—e (30)

““"i * °’i)vmix

(31)
(in*lﬁ)

The water cooclant energy balance is

du _ .
— -nv:c(vc-rr.') *Q (32)

RNT T PO

b

]



where U_ s total coolant internal energy and the
coolant “temperature is found by an equation of
state

T, ® flug,m) (33

The steam and hydrogen produced by the fuel-
coolant mixing flow into the jgas atmosphere
#dding to its mass and energy,

dm
—a.ﬁv - M

dt
au

'iil NP

* P Con(TeTrar) = moaurig

30uT (34)

H
s * (Tsat."Traf))

(35)

where we back calculate for 'I’g

T’ . '(U,. m’) (36)

and recalculate the new properties for the gas;
mixture specific heat, mixture gas constant,
pressure and water coolant saturation temperature

P smacT

g se's 31—~

/N
k)

r‘.!( * Tsar(P9) (38)

The volume of the gas atmosshere is determined by
the initial geometry and updated By the momentum
equation if the water pool s displaced, or |f
some of the gas flows sut of the volume, *OUT'

The fuel parcel which eventually falls to the
coolant pool is either accumulated in a debris

bed or moiten pool. If the fuel parcel temperature
is above its malting point !t is added to the
molten pool; if not it is added to the debris bed.

Momentum Balance

As steam and hydrogen are generated and flow into
the 3as atmosphere during fuel discharge into the
water pool, the pressure wi!! rise. This rise in
pressure will cause a pressure imbalance with
©lumes connected to :this ‘cavity', and gas or
liquid flow would be induces. This is especially
important to consider when ~odelling ex-vessel
phenomena. There are two possible configurations
in this cavity (Figure 6). T e Firse i3 that the
water pool depth does not couer the flow path exit,
‘tunnei ', to an adjoining volume. In this case
one would excect orimarily a zar flow out of the
Cavity region. For this case we have mode! led the
flow rate out of tre Cavity 2v a simple incom-
oressidle flow 3ernoull| equation

25 (P P 172
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“our | O (39)

‘W;Ou? k3
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where K, is the flow loss coefficient and Aror Is
the flow area. If the water poco! covers the exit
tunnel then one would expect a Jiffarent behavior.
The gas pressure wo '+ probably push out some
fraction of the water pool first as a coherent siug
of material. At this time we are developing a sim=
ple expansion mode! far this situation,

Numerical Solution

The balance equations ang constituitive relations
just discussed are writtan in conservative differ~
ence form and integrated numerically using,
currently, a simple Euler integration technique.
This method of solution requires vary small time-
steps ( | msec for heat transfer calculations),

but has the great advantage of being quite trans-
parent for future modifications of heat transfer
models and mixing correlations. In future versions
of the computer mode! more sophisticated numerical
techniques will be used. We also have incorporated
into the computer mode! mass and energy conserva-
tion=check calculations to verify that at each time
step the total mass and energy of each component is
conserved. This then reduces our concerns to the
rate of mass and energy partitioning rather than
their overall conservation in our calculations.

Model Sample c!lcglcgiggs

A sample calculation was performed using this
transient model. We chose the Sandia FITS=1G ex~
periment [13] as our test problem; it involved a
simulant fuel m ss poured (iron-alumina, 20.4 kg)
into nearly saturated water (44.4 kg & 367K, Tsat =
368.5 X). This experiment is a good first test
problem because the geometry is relatively simple
(square plexiglas water chamber, 0.46 m square and
0.21 m water depth) and an energetic fuel-coolant
interaction (steam explosion) did not occur;

rather the fuel poured 'nto the water pool, mixed
with the water, fell to the chamber base, and
quenched. Becavse an energetic fuel-coolant inter~
action was purposely avoided in this experiment

the fuel mass entered the water pool at a relative~
ly high velocity ( 8 m/s) and as a long thin
stringy mass (L/DNi5). We modelled the entering
fuel mass as consisting of a number of Lagrangian
fuel parcels (12) with a diameter of 0.08 m and a
total length of 1.05 m. The initial fuel tempera-
tura was approximately 2700 K, and the fuel was
assumed to be a homogeneous mixture of molten iron
and alumina. Because the water mass was small and
the depth quite shallow fuel-coolant mixing occurr-~
ed in about 0.2 se~. After this time the fuel
settled on the chamber base and slowly quenched.

For our sample calculation, the calculated fuel
temperature decreases slightly during its falls
through the water pool. This result is ressonable
if one compares the energy loss rate from the fuel
(gominated dy radiation) to the energy gained by
the exothermic oxidation of iron. One finds that
the fue! temperature should decrease, hut only
slightly compared to its initial temperature. OQur
mode! for fuel mixing and breakup indicates that
the fuel breakup from 2.08 m to 0.015 m during its
fall through the water posl. This result is con~
sistent with the post-test examination of the fuel
debris where fragments of this final size range
were neasured.

. .hl“.rku‘....,-

.

.



water. The computer mode! i3 based on a lumped
parameter control volume modelling approach which
ytilizes explicit aumerical solution technigues
and successfully conserves mass and energy at
every time step. [t currently uses empirical
correlations to model the fuel-coolant mixing de
havior.

Sample calculations af the FITS-I1G test at Sandia
indicate that in the absence of an explosion very
smal! amounts of hydrogen are generated (less than
a few percent of metallic fuel reacted) The
node! |s now being developed to consider fuel-
coolant interactions afrer mixing has occurred.

it can be ssed to model ex-vesse! cavity shenomend
that occur during fuel discharge into the reactor
cavity and related steam spike phenomera and oro~
vide initia! conditions for s0ssible molten core~
concrete (nteractians.

some of the results of the calculation are pre= Nomenclature
sented in Figures 7 and 8, gas pressure anc w~ater
leve! as a finction of time, anu the amount of 4 thermal diffusivity
steam and hydrogen jenerated. Notice that the A area
pressure and water level rise monotonically as the 3 specific heat
fuel pours into the water pool and mixes with it. - drag coefficient for sphere (~1)
After all the fuel has settled on the interaction On diffusion coefficient detween Ny and H30
chamber base the water swell heignt decreases, as 0 diameter
does the pressure sligntly. The change in the € mixing energy
siope of the pressure history after the fuel has G view factor for radiative energy transfer
settled on the chamber base is physical, because 3 gravitational acceleration
the water level has decreased slightly; what n heat transfer coefficient
is not physical Is that the pressure remains con= He deoth of the water pool
stant at this point. In the current model w~e have | enthalpy
neglected energy transfer from the accumulated i latent heat of vaporization
molten fuel pool and the overlying water or the W9 thermal conductivity
chamber base. Actually the pressure rise rate m mass
would change, because of the change in the heat N nunber of moles
transfer area, but would not remain constant. B steam partial pressure difference bDetween
the ambient and at the fuel surface

Figure 8 indicates that the amount of stean pro- P pressure
duced during the fuel fall through the water pool P ambient pressure
s much larger than the hydrogen mass generated. q" heat flux
in fact, for this specific case the hydrogen pro~ aPRoP Fe (T -T,.‘“)Ohv(T,-T‘.‘)
duced corresponds to much less than one percent of Ro ~ universal gas constant
the metallic fuel mass reacted. The reason for T temperature
this is that the calculated vapor fllm thickness Ty (Tgae*Te)/2
around the fuel droplets is rather large ( 1=10 mm) y internal energy
and therefore, the rate of diffusion of steam v velocity
through the hydrogen to the fuel surface is small v volume
(remember the diffusion rate is inversely pro= x mass fraction
portional to the film thickness). Now tnis calcu= 3 void fraction
lated thickness may be an overestimate of the s vagor film thickness
correct film thickness, because we have assumed in € emissivity
the model that all of the steam remaining in the 3 density
fuel ~coolant mixture as the fuel falls through the 3, Stephan Boltzman constant
water pool surrounds the fuel dropiets. This P
simplification can be relaxed and we could con= Subscripts
sider only a laminar flowing film layer; Nowever,
because the amount of hydrogen produced during > breakup
this time so small it is our selief this is not < coolant
warranted at this time, q displaced

FR fue! fragment
Current Conclusions f - fuel

3 - gas
A dynamic model for fuel-coolant interactions is "2 hydrogen
being deveioped to describe the transient process El initial
when fuel mixes with water in a process ~hen fuel " mixture
mixes with water in a pouring mode of contact. MIN minimum
The mode! currently can calculate the rate of steam v coolant vapor
and hydrogen generation as the fuel mixes with sat saturated
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Figure § - The Minimum Fuel Volune
Pigure 4 - Puel-Coolant Mixing and Fraction as a function of the Puel
the Fluidization Limit as a Function Velocity and the Diametar
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Figure 7 = FITS-1G Gas Chamber Pressury
and Water Mixture Level as a Function
of Time
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