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Abstract

A dynamic model for hygrogen generation by Fuel-Coolant Interactions(FCI) is developed with

separate models for each FCI stage, coarse mixing and stratification. The model includes the
physical concepts of FCI, semi-empirical heat and mass transfer correlation and the concentration

diffusion equation with the general non-zero boundary condition. The calculated amount of hydro-

gen, which is mainly generated in stratification, is compared with the FITS experiments. The model
developed in this study shows a good agreement within a range of 10 % fuel oxidation rate and
predicts the controlled mechanism of the chemical reaction very well. And this model predicts more

accurately than the previous works. It is shown from the sensitivity study that the higher initial tem-
perature of fuel particle is, the larger the reaction rate is. Up to 2700 K of temperature of the par-
ticle, the reaction rate increases rapid, which can lead to metal ignition.

1. Introduction

In severe accidents where the reactor suffers from
the core-melt, the molten fuel called corium may
come into contact with the water remained in-vessel
or exwvessel. If the corium falls into the water,
fuel-coolant interactions(FCls) will occur. These FCls
can lead to the production of large amount of steam
and hydrogen that may cause the containment over-
pressurization and threat its integrity under some con-
ditions. Moreover, the hydrogen generated during
FCls poses an additional threat from deflagrations or
detonations of this combustible gas.

Basically, the interactions between molten metal
and water during FCls are familiar as a well-known

problem for many chemical reacting processes (e. g.,

in metal and paper industries) which the reaction tak-

es place only at solid or liquid surfaces. But, due to

temperature gradient, the prediction of the oxidation
rate of molten metal in FCI is complicated by the dif-
fusion resistance through stable vapor film, which is
determined by the heat and mass transfer inside the
vapor film. In the case of heterogeneous reaction like
as for a FCl of nuclear severe accidents, there are
complicated thermodynamic and mechanical phen-
omena which may produce significant effects on the
convective heat and mass transfer.

A number of experimental studies with molten zr-
conium (Zr) metal quenched in water have been rep-
orted. Among these, experiments by Crooks et al. [1]
and Baker and Justi2] were only carried out under
controlled conditions. These two experiments used
with more or less a pure metal of single species, but
the FITS(Fully Instrumented Test Site)[3] experiment
was carried out with the corium and the thermite

under circumstances which consider accident condi-
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tions.

Baker and Just[2] developed a simple theoretical
model for a molten Zr metal sphere in water. With
mass and heat transfer around and inside the metal
sphere, heat and mass transfer coefficients were de-
rived to treat the physical model of FCI, which under-
estimates the steam reactant taking part in chemical
reaction. It was assumed that the Nusselt number
was 2, which is the minimal value for a sphere, and
the Lewis number was 1 based on the equality be-
tween the diffusion coefficient and thermal diffusivity.
For the reaction mechanism, the chemical reaction
was simply assumed to be controlled by only one
stage of the two. One stage is chemical processes lim-
ited by steam diffusion through a steam/hydrogen
mixture, the other is steam diffusion through zr-
conium oxide layer. The latter is often called “para-
bolic law”. Thus, a better fundamental understanding
of the heat and mass transfer processes is needed.

The analysis of Epstein et al. [4] was also divided
into two parts. Epstein et al. were the first who pres-
ent a more complete boundary layer treatment of
film boiling around a hot sphere for steam diffusion
through steam/hydrogen mixture. A steady-state the-
ory based on mass, momentumn, and energy conser-
vation for axisymmetric stagnation flow over a cirt‘:u-
lar disk was developed. For parabolic law, Epstein
used the empirical correlation introduced by Baker
and Just.

The model developed by Epstein et al. [4] is com-
plex but incomplete because the empirical correlation
developed by Baker and Just was directly used when
the steam diffusion through the oxide layer controls
the chemical reaction. The complexity of the initial
phase seems incompatible with the empirical treat-
ment of the second phase.

Corradini et al. [5] developed the different models
for three FCI cases separately, based on the obser-
vation of FITS experiments. In their model, it is as-
sumed that, since the molten fuel has very high tem-
perature surrounded by stable vapor film, the steam
diffusion through the vapor film will govern the chem-
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ical reaction mechanism for oxidation. Using the gov-

eming equation for equimolar counter-diffusion of

two perfect gases, they obtained the comparable res-

ults with that of the FITS experiments for each of
three FCI cases. However, the calculated amount of
hydrogen is much larger than that of the experimen-

tal results, and the model no longer describes a sig-

nificant difference between the FCI phases. In ad-

dition, comparing with the CWTI experiments in whic-
h the smaller hydrogen generation showed due to
the subcooled water, the model over-predicted the
amount of generation.

To more accurately predict the amount of the hy-
drogen generation in FCI, three parts of the model
must be presented. First, the physical processes of
FCI should be treated in tractable ways. Most pre-
vious models assumed a single particle with constant
size, which does not simulate the FCI situation. Thus,
in this study, the dynamic mixing of fragmentation
process will be included. Second, it might be emphas-
ized that the reactant supplies rely on the amount of
the steam transferred through the vapor film, and
therefore it is imporant to analyze the heat and
mass transfer in film boiling. In this study the
semmmpn'iml heat and mass transfer model for
each of FCI cases are introduced. Third, it has been
known that the reaction front of the metal-water in-
teraction may be anywhere between the steam/oxide
layer boundary and the oxide layer/fresh metal boun-
dary. The assumption of previous works that the re-
action front lies on either the steam/oxide layer boun-
dary or the oxide layer/fresh metal needs to be cor-
rected. By the concept of the coupled rate-controlling
reaction mechanism, the general chemical reaction
model will be described with considering the thermal

"and diffusional effects.

2. Model Descriptions
2.1. Physical Processes

A FCI is a phenomenon where a hot liquid(fuel)
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Fig. 1. The Schematic of FCI Physical Process

contacts a cold and more volatile liquid(coolant) and
the hot liquid rapidly fragments with transferring its
heat to the cold liquid to generate the steam, and
lead to a locally high pressure. This phenomenon
can be a form of energetic(steam explosion) or non-
energetic(steam spike) reaction. Fig. 1 depicts the
physical process of the fuel-coolant mixing. Recent
researches into FCI have been directed at predicting
the physical limits of mixing and the dynamic beh-
avior of mixture[6]. But in previous works for pred-
icting of hydrogen generation, the fuel was presumed
the constant size of a fragmented particles, which
does not consider the dynamic mixing process of
FCL

In FITS experiments, some cases showed the
steam explosion but others not even though the
amount of hydrogen generation was measured. How-
ever, the general trend of the effect of steam ex-
plosion for hydrogen generation was not obtained.
Since the explosion occurs in very short period with

huge amount of heat transfer and do not show the
physical process of stratification, this study treats only

non-explosive case where coarse mixing is followed
by a stratification of the molten fuel over the cavity
floor, as shown in Fig. 1, and implements the analy-

sis separately for each stage.

Vapor Film

MO, Oxide

Water

Dissociated O Atom

Diffusion Layer

Fig. 2. The Physical Concept of a Coarse Mixing Stage

2.1.1. Coarse Mixing

In the coarse mixing, a spherical molten fuel drop-
let immerses in an infinite pool of subcooled water
and falls at its terminal velocity with film boiling. Fig.
2 depicts the realistic representative of this concept,
where the molten droplet is falling with a prescribed
sizz and then undergoing the fragmentation(or,
breakup) during the dynamic mixing. Furthermore,
the minimum break-up size of droplet particles is
adopted by results of previous works as discussed be-
low.

For a break-up of the fuel droplet, Fauske and
Henry{7,8] proposed the physical concept that the
fuel can break up and premix with the water to a
uniform size no smaller than that which would pre-
vent the liquid from entering the mixture zone as the
steam flows out. The minimum diameter was given
as

6 m G prop

D = .
e oA Qcnr

1

where qar is the critical heat flux, used as the
limit for steam outflow and water inflow. Corradini[9]
suggested that limit to fuel-coolant mixing was deter-
mined by fuel or coolant liquid fluidization ; e. g.,
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where o and oy are the fuel and vapor volume frac-

tion at any time as the mixture evolvwes. Generally,
this limit may never be reached because it takes time
for the fuel to dynamically break up to this size, and
an energetic fuel-coolant interaction or a agglomer-
ation of the fuel may occur at the bottom having a
finite depth.

The dynamic mixing is modeled by the modified
Chu’s correlation[10] developed for a water/air sys-
tem as,

DA = Dy exp(—C, r W"™). (3
We is Weber number which is defined by

We = p. U:Dy/ o, @)

where p. is the coolant density, U, D and o are the
velocity, initial diameter and surface tension of the
droplets, respectively. t is the dimensionless time
which is defined by,

r = (Ust/ Dy (o./ pp"% (5)
And constant Ci is given by
C, = 0.1232 — 0.149 (o, / 02 (6)

Assuming the constant velocity, {U}, Eq. (3) can
be converted to a function of the elevation of the
pool surface, zroot, as,

DAH = Dy exp{(—2)

for 2 BOT <z = 2 poolL- (7)
where the variable Z is

Z=C (W"® [ Dy)
(00 07" (zpoor — 2). 8)
2.1.2. Stratification

When fragmented fuel falls down the cavity floor,
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‘it may be begun to be stratified. In this study, simple
conceptual picture for the stratification is assumed as
followings. The molten fuel is underlying the coolant
water, and the stratification stage is delayed until the
last part of fuels falls down the cavity floor.

2.2. Heat and Mass Transfer

For each of FCI stages, the appropriate heat and
mass transfer models should be established and will
be described below.

2.2.1. Coarse Mixing

The energy generated as a result of exothermic
chemical reaction would be transfered by the con-
vection and radiation away from the fuel particle,
and by the conduction into the bulk particle. For very
high temperature of particles surrounded by the va-
por film, the heat transfer by radiation through the
vapor film is comparable to that by the convection. It is
assumed that the temperature is uniform into the
molten fuel droplet since the characteristic Biot num-
ber is below 0.1 for most sizes. Then, by the lumped

parameter approach, the energy balance is given as,

d
mc,.,—d—t]: = hconvecrion A +

hrapiaTion A — eOXIDATION'%:L'- 9)

There are several different heat transfer coefficien-
ts for the film boiling around a sphere. The heat tran-
sfer comelation developed by Dhir and Purohit[11]
for film boiling around a sphere on subcooled water
is used in this study because it gives a good predic-
tion of their data over a wide range of subcooled lig-
uid temperatures. These correlations are comected as
follows:

— Natural Convection
Pr, Scc
Nu gvection = 11:VD = Nu, + Nu, Pr.Sopz
(10)
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Pr, o(T{— Tén)D

Nuggiain = Ci Spp Ty v (11)
—Forced Convection
Nuconveclion = Nuo +
Scc Pr
1/2 v
0.8 Re)™ (1455 ) (12)
where
Scc = C—"Kjﬂ“—" (13)
g
14
— poh D3 1/4
Nu, = 0.8[ gp”(Z‘k frr), fg ] (15)
2 3 4 1/4
c c ATsu
Nu, = 0.9[ L Cfl'f D ] (16)

Total heat transfer coefficient used in this study is
the maximum of heat transfer coefficient by natural
and forced convection plus radiation heat transfer
coefficient for the conservatism.

For mass transfer, a consistent model is developed
by the heat and mass analogy[12], which is based on
the assumption that the physical properties are con-
stant and the mass transfer rate is small. For this
study, the physical properties of steam and water
with film boiling are assumed to be at a saturated
condition, and mass transfer rate in FCI is generally
very low. Besides, this analogy has been confirmed
experimentally for a number of flow systems[12].

— Natural convection

k*D
Shcvanv - T*Hz - ShO
Sc, * Sccp,
+ She*| TS S, # # 17

Scy * Gry, * hy
— v m
Shy = 0.8 » (Fg R ) (18)
Shpe = 0.9 * (Gry * Sc. )" (19)

—Forced convection

Shem = Shy + 0.8 * Re'” x
Sc, * Scc
(1 e #) (20)

2.2.2. Stratification

As mentioned in Sec. 2.1.2, the flat-shaped molten

fuel pool contacts with and is cooled by overlying
water. Thus, the same approach as in the coarse mix-

ing is used except a modified Berrenson’s corre-

lation[13] for film boiling on a horizontal flat surface

is used, and the transient heat conduction equation

is used instead of lumped parameter equation due to

its finite dimensions. The following equations are

obtained with the heat and mass analogy.
—Convective heat transfer

hCONV = (.531 [k?m Ofm (pc - pfm)ghlg/

(D, gy ATH1™ (21)
—Radiative heat transfer

hrap = ell/ess +1/e.—1]7"

(Tlurr — Téar)/4Tar  (22)

—Mass transfer
kD Sc, Gryhge 17
- —m SDev i mofg
Sh=p= > 0.531x[ Cp_mﬂm] (23)

2.3. Reaction Mechanism

To solve the transport of the reactants to the sur-
face of molten metal, i. e. the chemical reaction fron-
t, the position of the chemical reaction front needs to
be determined. In previous studies, it was assumed
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that this would be a initial surface of metal with a
rate-controlling mechanism of the two diffusion rates,
or a determined surface depending on which the re-
actant{metal or oxygen) has the higher diffusion rate
within oxide layer. But, the actual metal/water inter-
action in FCl would be a heterogeneous reaction
and, in this case, can be treated by unreacted-core-
shrink model[14] as described below.

A spherical particle or a flat pool in stratification,
having an initial radius R or height H, respectively, is
reacted by the steam. At first, this reaction takes plac-
e at the outside surface of the particle. As the reac-
tion proceeds, the surface of the reaction will move
into the interior of the particle. During the process,
the reaction surface moves inward forming an unreac-
ted core which shrinks with time, even though the
external radius of the particle still remains the same
because of assuming no deformation of the oxide lay-
er that has been formed. Thus, in order for the
steam to reach the surface of the unreacted core, it
must move through various layers of resistances in
series ;the steam/hydrogen mixture around the sur-
face of the particle, the porous oxide layer, and then
the reaction surface at the core. Fig. 2 illustrates this
concept of the reaction.

When the steam reaches the reaction surface, prac-
tically the reaction can take place under the
thermo-chemical conditions. In other word, the reac-
tion rate is determined the surface reaction rate con-
stant governed by the reaction type. Corradini[15]
assumed the surface reaction be occurred instan-
taneously and all steam be reacted. This assumption
leads to a owverestimated results in hydrogen gener-
ation. Thus, in this study, the general non-zero reac-

tion rate boundary conditions are applied on the con-

centration diffusion equation.
A pseudo-steady-state counter-diffusion equation
relating with the steam is written as,

%C, aC,
D°"(¢9r2 %T)=O, x <1< x,

(24)
at solid particle surface x,
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D“( agrv )x, = km (Cyv.o — Cy.surr) (25)
at the moving interface x,
Dox (_?('(i:r_v)x = akscfcv.ox (26)
D°*(a§rv)x = aci () (27)

where kn is the mass transfer coefficient of steam
across the steam/hydrogen mixture, and C: is the
concentration of metal reactant. The initial condition
is x=x att=0.

Applying the boundary conditions, Egs. (25) and
(26), to Eq. (24), the concentration profile of steam
can be obtained as,

- = (28)
_ D 1 _ 1
(1 + akCs, % )x‘, X

_ D\ 1 _ _ D \1

(1 + akCs % ) Xe (1 KX )x

And then, integrating the boundary condition, Eq.
(27), from zero to the present time t, the time requir-
ed for particle to reduce the unreacted core from x
to x is given by,

= 2%Cef171 X ) x}
t= Cv.o [3(km Dox )( Xg)

1 X Xo [1_x2
e (1% ) o (13 )] (@9)
In other word, for a given time t, the reaction fron-
t of the particle is calculated by Eq. (29). Finally, the
amount of steam reacting per unit time at the reac-

tion front, M can be obtained from Egs. (28) and
(29), ‘

4nCy o

1 1 1 (1_1
X‘Z,km + X2 akSC( + Dox(x xo)

M, =

(30
From Egq. (30) and the stoichiometry of the chemi-
cal reaction, the generated amount of hydrogen is
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calculated. On the other hand, the amount of hydro-
gen generation for stratification is derived in similar

manner as :
Cow
M= Do + X — X + Dox (31)
km aks Cf
3. Results

3.1. Calculation Methods

The calculation for hydrogen generation during

the coarse mixing begins with the commencement of

FCI at the water surface and ends if last fragmented -

particles touch the cavity floor. Next, the calculation
for stratification continues until saturated reaction
rate reaches. The initial cylindrical column of the fuel
determined by falling velocity and the vessel rupture
size, is poured from the vessel into the coolant pool.
At every time, the position of column is determined.
As mentioned earlier, it is assumed that the stratifi-
cation starts when the tail of column touches the
cavity floor.

For a stage of the coarse mixing, since the position
of column varies with time and the radius of particles
varies with height, it is not easy to treat numerically
the particle fragmentation and heat/mass transfer at
the same time. Thus, for this study it was taken nu-
merically that the fuel column might be fallen down
into coolant pool, where meshes of coolant pool are
discretized finely below 1.0x107*m. When the fuel
column contacts the coolant, it can be fragmented
into the particles with radius calculated by Eq. (7).
Thereafter, the fragmented particles fall down exactly
one mesh during one time step and the radius of
particles changes with the representative value for
each mesh of coolant pool by Eq. (8). So the
particles have the same size within same mesh. When
the fuel particle enters new mesh of the coolant
pool, it is assumed that the “fresh” surface is ex-
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Fig. 3. Calculational Flow Chart for Hydrogen Gener-
ation

posed and surrounded by the steam reactant. And
the physical data and properties of upper mesh are
transferred in lower mesh at the same time. On the
other hand, thermodynamic and transport properties
of fuel, coolant, and steam vary with temperature.
For a calculational time step, the rate of oxidation
reaction is determined by Eq. (29). Since Eq. (29) is
non-linear for spatial variable, the reaction front, x, is
calculated numerically by modified linear interp-
olation method{16]. The amount of hydrogen
generated is determined by Eq. (30). Fig. 3 is the
flow chart for the calculation of hydrogen generation.

3.2. Results

Calculational results compare with FITS experi-
ments. FITS is an acronym for a test facility used to
experimentally investigate FCls. Among several FITS
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Table 1. FITS Series Experimental Results
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Test Fuel Water Mass Water  Ambient  Water ~ Water Meit  Hydrogen Percnet M
Mass Mass Ratio Temp Presue Side Depth Entrdy Generated Oxidized
Deliv Dimension Velocity FeO|Fe:0s
kg kg me/my K MPa m m m/s gn
ATSSC 196 1104 56 3B 0510 061 031 60 49 13 9
FITS2D 180 95.7 53 289 1103 038 066 73 91 2 16
ATSSD 195 213 11 368 0083 038 015 73 120 31 21

series, the two series, FITSC and FITSD[3] are inter-

mediate-scale tests aimed at measuring hydrogen gen-

eration during FCls. While two fuel compositions
iron-alumina(55 w/o Fe and 45 w/o Al) and corium
A+R were employed in experiments, the cases using
iron — alunima composites are compared since this
composite consists of pure metals. Table 1 summar-
ies experimental conditions and results of the suc-
cessful FITSC and FITSD series.

Table 2 shows the comparison of the experimen-
tal data with the predictions of this study and pre-
vious study{5]. Results indicate that the model devel-
oped in this study gives more or less overestimated
results over data, but much closer results than the
previous model. The predicted quantities of hydro-
gen is mainly generated in stratification stage. Since,
for time scale occupied in each of FCl stage, the
time interval of coarse mixing is much shorter than
that of stratification, the portion of coarse mixing is
below about 1%. Fig. 4 shows the percent of fuel
oxidized by the reaction;

Fe + H,O0 — FeO + H, (32)

The calculated value is slightly higher than the ex-
perimental data which is obtained from a final
post-examination of the grab samples at times. When
the FCI with high temperature particles{up to 2000
K) progresses, the oxidation rate rises rapidly. But as
the particles cool down, the rate is gradually diminis-
hed and finally shows saturated oxidation rate.

In this study, the effect of initial fuel temperature
on the amount of hydrogen generated is examined.
Fig. 5 shows the same behavior as Just and Baker's

Table 2. Results of Calculations with Experiments

Water Mass of Hydrogen Generated
Test  Suboooling Measurement Calculation {g)
K @  Coarse Ming Stratification
.FITS5C 75 49 011 685
et es)
FTS 2D 168 91 109 1382
(0.18) (183)
TS 5D 0 120 09 1768
(001) (207)

*: the cakculated results of Corradini et-al. [5]

Calculated Results for FITS-2D

3 T T
£ x|
I
:6; 15}
£ ol ]
] e
I J
E 0.290 sec

] / . . .

10 20 30 "40
Time (sec)

Fig. 4. The Calculated Percentage of Fuel Oxidized

experiments predicted, that is, the higher the tem-
perature of particle is the more violent the reaction
becomes. But, over a certain temperature the reac-
tion increases rapidly and leads to the metal ignition,
which was also observed in previous study{15]. As
seen in Fig. 5, this threshold temperature is about
2700 K and over.

Additionally, the reaction mechanism controlling



Development of a Mechanistic Model for Hydrogen Generation -+ B.C. Lee, et al 107

Initial Temperature in FITS Calculation
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Fig. 5. The Effect of Initial Temperature of Fuel on Hy-
drogen Generation

the reaction rates can be described by the calculated
results of this study. Three terms appearing in the
denominator of Eq. (30) represent resistances in ser-
ies for the reaction considered. The time behavior of
these resistances is shown in Fig. 6, where the ellap-
sed times of the reaction extended arbitarily for the
coarse mixing stage. The result confirns that the
rate-controlling mechanism could be changed with
time. At first, the steam/hydrogen mixture resistance
controls the reaction, and then chemical reaction re-
sistance supercedes the steam/hydrogen mixture. But
the oxide layer takes a negligible role in rate-control-

ling mechanism.

4. Conclusions

In this study, a mechanistic model is developed to
analyze the hydrogen generation of FCls. Consider-
ing the physical concept of FCI, the amount of hy-
drogen generated is predicted for each of FCI stages.
It is concluded that results show better agreement to
experiment data than that of previous works. The
metal-water interaction is controlled by both heat and
mass transfer and counter-diffusion with non-zero
boundary condition in the circumstance of high pres-
sure and low reactant concentration. The increase of

initial fuel temperature shows the rapid increase in
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a e
Z 1E6 1 L 1
2 L ) L L
&7 100 200 300 400
Time (sec)

Fig. 6. The Reaction Mechanism Controlling the Chem-
ical Reaction

the reaction rate beyond the ignition temperature of
metal.

Additional work is needed in order to improve the
results of the model. The following recommendations
for future work might help to improve the prediction
of hydrogen generation.

(1) Through the comparision with the numerous
experimental results using single particle of the
fuel, the effects of several conditions in coarse
mixing stage of FCls might be investigated
more precisely.

(2) The diffusion coefficient of the fuel and steam
through the oxide layers needs to be determined
more accurately. The transport of the reactants to
the reaction front is important for analyzing
metal-water interactions, since some oxygen phase
diagrams of the oxide layer are very changeable dur-
ing the chemical reaction.

Nomenclature
=area
a =stoichiometry
C =concentration
C =empirical constant in eq.(11)
Co =drag coefficient for fuel
Co = specific heat of fuel
D =equivalent diameter
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Das =diffusion of A species in B species

Di =L aplace reference length
=energy

g =gravitational acceleration

Gr =Grashof number

h =heat transfer coefficient

H., ZrooL = depth of water pool

he = latent heat of vaporization

k =thermal conductivity

km =mass transfer coefficient

ke =reaction rate constant

M =mass rate of steam

m =mass of fuel

Nu =Nusselt number

Pr =Prandtl number

q” =heat flux

R =radius of particle

r =raidal coordinate

Re =Reynold number

Sc =Schmidt number

Scc =liquid subcooling parameter

Spp =vapor superheat parameter

T =liquid temperature

t =time

U =falling velocity of

We =Weber number

X x = coordinate variables

Z =nondimensional axial falling distance

z =axial position

Greek

o =void fraction

B =thermal coefficient of volumetric expan-

sion )

u = viscosity, ratio of viscosites

£ =surface emittance

p = density

o =surface tension

osB = Stefan-Boltzmann constant

T =nondimensional time variable

Subscripts

BOT  =bottom of cavity

c =coolant
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CHF =aitical heat flux
CONV =convection
DROP, f =fuel or its particle

fm =vapor film

m =mass

min =minimum

o =initial

ox =oxide layer

POOL - =water level of coolant
RAD  =radiation

S =steamn

SAT  =saturation

SUB  =subcooling

=surface of fuel

v =vapor
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