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Sodium-L imestone-Ablation-Model

1. Introduction

Liguid Metal Fast Breeder Reactors (LMFBR's) utilize large
quantities of liquid sodium as the coolant. Because liquid
sodium is highly chemically reactive, safety issues concerning
the possible contact between the coolant and the concrete used in
the reactor containment building, are being addressed. Vigorous
chemical reactions have been observe? Retween ligquid sodium and
concrete in a number of experiments.'”™ T* :se chemical inter-
actions ultimately result in concrete ab ation, heat and hydrogen
generation, and aerosol production. All of these phenomena must
be considered when evaluating containment safety margins,
especially if the chemical interaction is rapid and extensive.

2. Sodium-Concrete Interaction Experiments

A large number of experiments concerning the interaction of
sodium and concrete have been conducted. Variables in these
experiments include concrete type, sodium depth and temperature,
external heat sources, and experiment size (scaling effects).

Concrete type is an important parameter, because it deter-
mines the nature of the chemical reactions that occur. Typically
the structural concrete used in a reactor will consist of
portland cement mixed with local sand and gravel. The chemical
composition of the sand and gravel (aggregate) will depend upon
the geographical location of the quarry and therefore is expected
to vary considerably from one reactor to the next. Fortunately
from the available experimental evidence it appears that there
are only two main types of interactions that will occur, unless
the concrete is of a special type. The two main interactions
that have been seen are those between sodium and silicates and
those between sodium and carbonate containing materials. The
rate and extent of interaction d?psnds upon the type of concrete;
i.e., siliceous or carbonaceous.*”

Experimentally observed sodium concrete interactions often
display a well defined behavior pattern provided the experiment
is conducted at a high enough temperature.’ Initially when hot
sodium contacts concrete, the high temperatures cause water to
evaporate from the concrete. The evolving steam reacts with the
liquid sodium to produce sodium hydroxide and hydrogen gas. This
activity persists fgr some time and has been termed Phase 1 by
SNLA investigators.® If the aggregate is of a reactive type, then

a transition to Phase 2 often occurs. Phase 2 of sodium-concrete




interactions is characterized by concrete ablation, sodium-
aggregate reactions and hydrogen, aerosol and heat production,
all at rates of about an order of magnitude greater than those
found in Phase 1. Typical ablation rates are on the order of 1
mm/min., with variations as large as a factor of four. Ablation
(or penetration) refers to the rate at which the concrete is
chemically and physically degraded. The degradation occurs in a
planar mode, where the reaction plane moves into the concrete at
the ablation velocity (or penetration rate).

Sodium depth and temperature have Heen found to have some
effect upon limestone concrete interactions. The transition from
the mild phase to the energetic phase seemed to correlate with
pool depth in some early SNLA limestone experiments(P1-P3).
However the correlation could not he extended to later tests that
were conducted in a different manner (i.e. inert atmospheres,
pool heaters, and different sodium pour temperatures). This
seems to indicate that many parameters are involved in addition
to pool depth. Many small-scale experiments have indicated a
threshold temperature around 550°C below which energetic
limestgng reactions will not occur and above which they will
occur.”*? The existence of a threshold temperature is not as well
established for silicate concretes. Indeed an experiment
conducted in §ermany became energetic at a sodium temperature as
low as 250°C.” The concrete in this case was a very high silica
type (quartz aggregate) reacting in an open air environment.

Scale is apparently an important variable, since several
large-scale experiments have behaved differently than small-scale
experiments. The rate and extent of penetration (ablation) has
often been found to be greater in large-scale (~1Im dia) compared
to small-scale (~1/3m dia) experiments in short-term tests (less
than 4 hours).

3. Sodium-Concrete-Models

The results of the experiments lead to confusing and some-
times conflicting results. Even when an experiment is repeated
exactly as possible, the result is only approximately repro-
ducible. Thus, the nature of sodium-concrete interaction seems
to depend upon many parameters some of which are so subtle that
investigators may overlook them altogether. The best way to
correlate the existing experimental data and to understand the
nature of the many parameters involved is to develop a self-
consistent model.

A sodium concrete interacticn model, when completed, should
provide a detailed mechanistic understanding of the most relevant
phenomena. It should be flexible enough so that different
theories concerning the details of the interaction can be



included, and therefore quantitatively evaluated. A quantitative
comparison with experiment allows the analyst to discard
phenomena that are irrelavent to the model, and more importantly,
it will act as a quide in selecting phenomena that are very
important. Finally, if the model is quantitatively correct, then
it can be used as a predictive tool in guiding future research in
the area, and in making LMFBR safety evaluations.

Presently to the authors knowledge there are three modeling
efforts for sodium concrete intgractions: Hagford Engineering
Development Laboratories (HEDL)®, the French , and Sandia
National Laboratories (SNLA) all have ongoing analytical efforts
in developing sodium concrete interaction models. The purpose of
this paper is to describe the current SNLA model for sodium-
limestone concrete interactions, and to present some prelircinary
model evaluations and applications.

The current modeling effort at SNLA is an extefaion of the
now completed Sodium Concrete Ablation Model (SCAM) development
project. The SCAM model was developed by the author to model
sodium attacking basaltic concrete in a steady state mode. The
main features of the SCAM model are that the sodium is trans-
ported to the reaction zone in the vapor phase. The rate of
energy production by chemical reaction is balanced by the energy
required to heat the concrete and evaporate the sodium. Thus the
penetration rate is governed by a complex combination of sodium
vapor transport and chemical kinetics. Since the sodium vapor
transport is affected by pressure, the model predicts a
penetration rate that is dependent upon the system pressure.

This seeTs to explain some of the differences between some SNLAZ
and HEDL® Targe-scale experiments with basaltic concrete because
they were conducted at significantly different altitudes, and
also between some HEDL large-scale (at ambient pressure) and
small-scale experiments which were conducted in a self-
pressurizing apparatus. To date a systomatic experimental effort
to quantify the predicted pressure effect has not been initiated
because silica concretes are currently a lower priority than
carbonate concretes.

The SNLA mode' for limestone concrete interactions described
herein is called Sodium-Limestone-Ablation Model (SLAM). SLAM in
its current formulation does not consider vapor phase transport
of sodium, instead the major resistance to sodium transport is by
turbulent diffusion within a liquid slurry. Vapor phase
transport of sodium would be important in SLAM if the mass
transfer resistance of vapor phasz trans>ort were of the same
order or greater than slurry diffusional resistances. If vapor
phase transport is in fact important then one would expect a
similar dependence upon the pressure as is predicted by SCAM,
thus there is an experimental way of determining whether or not




vapor phase activity is important. Lastly if pressure effects
are found to be significant experimentally then the SLAM would
need to be modified by adding a vapor diffusion resistance in
series with the slurry diffusional resistance.

4. Sodium Limestone Ablation Model (SLAM) Description

SLAM was chosen to be a fully transient model in order to
account for the transition from phase 1 to phase 2, reactant
depletion, and reaction product accumulation effects. By
modeling all of these effects direct comparisons with existing
experimental data can be made.

In the Transient SLAM code there exist three distinct
regions as depicted in Figure 1. The pool region, as the name
implies, contains the sodium pool and all of the reaction
products from the sodium-concrete reaction. It can also contain
unreacted concrete. The purpose of the pool region is to supply
a thermal and composition boundary conditions for the dry region
directly below it. The temperature of the pool region is assumed
to be uniform and so its time behavior is calculated by a bulk
energy equation. The pool composition is tracked in time by a
set of continuity equctions that describe the distribution of
each important chemical species. Chemical reactions with their
accompanying heat production are allowed to occur in the pool
region. The same rate equations that are used in the reaction
zone are also used in the pool region.

The dry region contains the dehydrated concrete region and
the boundary layer of the pool region. The boundary layer is
included in the dry region so that a fine resolution of the
temperature and comrosition profiles can be achieved without
defining a separate (4th) region. The size of the dry region is
calculated by integrating the effects of growth due to
evaporation and migration of liquid water at the wet region
boundary, and shrinkage due to ablation of the dehydrated
concrete. The size of tne boundary layer is chosen by the user
as some fraction of the dry zone and will be discussed further in
section 7.3.

At the interface between the dehydrated concrete and the
pool boundary layer, ablation is presumed to occur by one of two
mechanisms. The first is dissolution; that is, the concrete is
assumed to dissolve to its saturation point in the liquid
material of the boundary layer and is then transported away by
turbulent diffusion. Since the dissolved concrete constituents
are chemically reactive with the sodium in the boundary layer
greatly enhanced penetration rates will occur due to steepening
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of the concentration gradients caused by chemical reaction with
sodium. The second mechanism of concrete ablation is chemical
reaction. If sodium is present at the concrete interface, a
chemical reaction is assumed to occur with the concrete. The
reaction products are of a liquid slurry nature and by definition
now belong to the pool region. Thus, ablation has occurred. The
ablation rate in this case depends upon the kinetics of the
chemical reaction between sodium and the concrete constituents.

Some of the heat generated within the boundary layer is
conducted into the dehydrated concrete which releases the
chemically bound H,0 and C02 gases. This degassing phenomena is
accompanied by the absorbtion of heat energy. Thus in the dry
region there are both volumetric heat sources due to chemical
reaction within the boundary layer and heat sinks due to gas
generation in the dehydrated concrete.

In the dry region there are three basic equations that are
solved; a set of continuity equations that describe the
composition distributions, an energy equation that describes the
temperature distribution, and a momentum equation that describes
the pressure distribution. The pressure distribution is not
important in itself, with the exception of the pressure at the
dry zone - wet zone interface. Since liquid water exists at this
interface and thermodynamic equilibrium between phases is assumed
to prevail the pressure is tied directly to the temperature at
this interface. The interface pressure also provides a driving
force for liquid water migration in the wet zone.

The wet zone is that region of concrete that contains liquid
water. The distribution of liquid water is important because it
determines the amount which can be evaporated. The evaporated
water is then available for chemical reaction in the boundary
layer. The liquid water can move through the pores of the
concrete under the influence of a pressure gradient. It can also
evaporate at the wet-dry interface thereby leaving the wet zone.
There are three types of equations that are solved in this
region: continuity, momentum and energy. The continuity
equations in this region are those for liquid water and air. The
distribution of air in the wet zone combined with the liquid
water and porosity distribution determines the pressure
distribution. Two morentum equations (Darcy's Law) are solved
based upon the pressure distribution. The momentum equations
determine the relative motions of the water and air within the
wet zone.



5. Coordinate Systems

In SLAM there exist three distinct regions; the pool, the
dry zone, and the wet zone. As time passes and penetration
occurs, each region will change its size and position. There are
two classical coordinate systems with which one can describe
distributions within a region, Eulerian and Lagrangian. The
Eulerian system is typically fixed in space with material flowing
through it. The Lagrangian system is usually attached to the
material that is flowing and moves with it. In the SLAM model
the material remains fixed but the boundaries of each region
change position with time. A fixed Eulerian system is a poor
choice, because nodes must be added or subtracted as the
boundaries move. This causes jumping and jolting of the
distributions within the boundaries, which can be especially
severe if the most important phenomena are close to a boundary,
such as in the boundary layer region. A Lagrangian system does
not apply because the material is fixed in space.

A moving Eulerian system turns out to be a good choice for
concrete ablation problems. In this case the coordinate system
is attached to the boundaries of the region or to some
significant point within the region and moves with it according
to the physics of the problem. This choice of coordinate system
reduces many of the numerical diffusion and mass loss problems
encountered in multi-component problems because distributions
tend to become stationary within the coordinate system as motion
occurs. The transformation from fixed to moving coordinates
amounts to adding an advective term with the material velocity
equal to the regyative of the coordinate system velocity.

Figure 2 shows the coordinate systems used in SLAM.

In the pool region the material is assumed to be well mixed
and virtually isothermal. During penetration the pool changes in
composition which results in swelling with time. The swelling is
cavsed ty the addition of gases and reaction products of lower
density than the reactants. The coordinate system within the
pool is fixed to its boundaries, and the nodes within are of
variable size according to their fixed number and the amount of
swelling that has occurred.

Almost all of the important activity occurs within the
boundary layer of the dry region. This region can swell or
shrink, and it moves with the penetration front. These various
motions can be quite rapid, especially at early times, so they
must be completely embodied within the equations that are solved.
The coordinate system in this region is attached to the interface
between the concrete and the liquid boundary layer. This
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Figure 2. The SLAM Coordinate Systems
Subscripts p, d, and w refer to pool, dry, and wet respectively

location was chosen because the coordinate system velocity is the
penetration rate regardless of the degree of swelling or
shrinkage that takes place.

The wet zore is somewhat urigu: in concrete ablation
problems because its behavior is always the same, that is, it
dries up and disappears. Because its behavior is always the
same, though the rates may differ from problem to problem,
certain advantages can be taken to improve the accuracy and speed
of calculation. The coordinate system is attached to the liquid
water evaporation plane. Since this is the hottest location in
the wet zone, a skewed coordinate system is utilized. The node
size distribution is chosen by an inverse power law applied to a
given thickness of concrete and a given number of nodes. A
typical problem results in nodes that are a few millimeters next
to the origin, growing to fractions of a meter at the other









2:51 is the sum over sources and sinks due to chemical reaction

The continuity equations are solved using a three-step procedure
to improve numerical stability. The steps are solved
sequentially with the intermediate density appearing as the
beginning of time step density in the next step. By summing the
finite-differenced steps the original equation is obtained. The
error that is introduced by this scheme comes from using
intermediate time step densities to describe the various
processes. The magnitude of the error can be made small if small
time steps are used, even though the procedure is stable for any
time step size.

Step 1: calculate the change due to sources/sinks

The sources and sinks are due to chemical reaction, gas
generation or motion across a region boundary. In solving the
continuity equations no flow boundary conditions are used, and
hence material that crosses a region boundary is treated as a
source or sink depending upon the direction of flow. For
material that crosses a region boundary the mass source/sink term

is
53 = Vgrjq where Vg is the material velocity crossing
the boundary and °3d is the density of material i in
on

the donor cell. A or cell is defined as the finita
difference ncde that donates material i.

Tnis step is solved by implicit finite-difference (see sec 7.1)
Step 2.

Diffuse the intermediate end of time step density from step 1.

901 , 3 301
at ax ax

1



This step is solved by a fully-implicit finite-difference method.
A forward-elimination backward-substitution algorithm is
employed.

Step 3.

Solve simultaneously the species advection and the overall
continuity equation.

a) The species advection equation is

9pi . yaei , apf dx |
it 3x ax dt

where ax is the local rate of coordinate system growth. In

solvinﬂtthe finite-difference form of the continuity equation,
the growth term is ‘ncluded in the definition of the velocities
of the cell boundaries. Physically, the growth term accounts for
material that appears in the coordinate system because of a
change in the extent of the coordinate system.

In semi implicit finite difference form the advection
equation is

S 4 + -
o3 , 001 Vi - o Vim
n+]l _ At
& v Ax.
R - B §/6
At AX

where § is the finite difference node and the velocities are
definad according to a donor cell formulation with a
swelling/shrinking coordinate system.

V= max (0, V(3) - 6 x(3) )

Vj = min (0, V(3) - 6 x(3) )

12



[l

V},l =max ( 0, V(j+1) - é x(j+1) )
Ver = min (0, V(3#1) = 6 x(§+1) )

§ is the region thickness and the dot implies time derivative

Note that in the above equation the material subscript i has been
deleted so that the node subscript j can be shown more
explicitly.

The § term is set to zero in the pool and wet regions
because it is negligible in comparison to the other terms. In
the dry region it is quite significant especially at early times
when growth rates are large.

Step 3b. Solve the overall mass continuity equation. The
simplest method is to select a velocity V(x) such that mass is
conserved. For each node j, the velocity at the j + 1 interface
is calculated such that

n+l

25
s %]
05

in other words a velaciry at “ke i + 1 interface is found such
that the sum of the volume tractions of all the components within
a node equals 1. This is equivalent to conserving mass because
the \aterials are treated as fully incompressible 2nd therefore
the volume fractions are directly related to the macroscepic
densities through the microscopic densities. Numerically the
velocity is fcuni usina a Newton-Raphson technicue. A function
15 defined

n+l

rsx-z:ob_:

which is differentiated numerically by iteration k and a new
velocity is calculated




k+1 _ uk dF
#1 = Vyn - Pl

Steps 3a and b are repeated at each node J until F is suitably
small; ~0.0001. Although Step 3 insures overall continuity of
mass, it does not prevent mass loss due to numerical diffusion,or
error accumulation. Mass loss due to numerical diffusion is well
known in multicomponent problems and can best be avoided by the
use of small nodes and short time steps if finite-difference
methods are employed. Error accumulation occurs because F is not
reduced to zero; hence, a small mass error is created each time
step. Error accumulation can be minimized by running problems
that do not exceed a couple of thousand time steps or by reducing
the error criterion on F even further. Note that smaller values
of F requires greater numerical precision which is computing
machine dependent. In all of the simulations that appear in this
report a VAX 11-780 computer was used in the single precision
mode giving 7 digits of accuracy.

6.2 The Energy Equations

There are three energy equations in SLAM and each one is
solved in a different manner. In the pool region a bulk energy
equation appears because it is assumed that good mixing occurs in
this region and hence the temperature is uniform. In the dry
zone the Galerkin method is used to solve the energy equation
because it minimizes numerical diffusion. In the wet zone a
sami-implicit difference method is used to solve the energy
equation.

6.2.1 The Pool Reqgion:

The bulk temperature of the nool, T » Can be determined by
summing the energy sources and sink®. The resulting equation is

aT .
ocan3§=qo+nw(rw-rp)+eo(r;‘°-rg)-Amhfg+Q+Pw

where
0 = average pool density (Kg/m’)

14



¢ = average pool specific heat (J/Kg-K)
= pool depth (m)
gy = the heat flux at the top of the dry region (H/mz)

h, = a convective heat transfer coefficient at the top
of the pool

€ = radiant emissivity of the pool surface
o = Stefan Boltzman constant (5.76 x 10-8 N/mZKa)
T, = ambient temperature above the pool surface (K)

the evaporative mass flux of sodium (Kg/mz-sec)

=
=
"

the heat generation due to chemical reaction (H/mz)

L
"

Pw = the external heater power level (H/mz)
hfg= the latent heat of sodium vaporization (J/Kq)

The evaporative mass flux of sodium is the additional evaporation
of sodium vapor that occurs in the pool. At the bottom boundary
of the pool region, hydrogen gas saturated with sodium vapor
enters. The H, comes from reactions that take place within the
boundary layer region. Since hydrogen forming reactions can
occur within the pool region, there will be additional sodium
evaporation to maintain the gases that leave in a saturated
state. If P, is the pressure in the pool region and Ps is the
saturation prassure of sodium vaper, then the additional mass
flux of souium vapor from the pool is

_ O™,

.:l‘ o ——— F‘ . k
Mg P = Ps N2

where Am 2 is the net mass flux of H, gas generated within the
pool region by chemical reaction, and W is the molecular weight.

The pool thermal energy equation is finite differenced in
time, and solved implicitly by iteration. Iteration is required
because sodium evaporation, chemical reaction heat sources, and

15




the thermal radiation are nonlinear functions of pool
temperature.

6.2.2 The Dry Region

The energy equation in the dry region is subject to a large
number of variations. The region moves, changes size, has both
heat sources and sinks, time dependent boundary conditions, and
variable properties due to chemical reactions. A1l of these
phenomena will have a significant influence upon the final
solution so they must be fully accounted for in the solution
technique.

The energy equation in the dry region is

LAY L IR (O

——

3t 3x pc ax 3x  pc

where T is the temperature (K)
V is the negative coordinate system velocity (m/sec)
P is the material density (Kg/m3)
¢ is the material specific heat (J/Kg-K)
K is the thermal conductivity (W/m-K)
Q, is the volumetric heat source or sink (N/m3)
The boundary conditions are

at x =0 T = Tp - TDOO]

at x = &(t) T =T,
At &(t), which is the dry zone - wet zone interface location, the
temperature (T.) is the saturalicn temperature of water because
this is where ghe liquid water evaporates. T1_ is not the boiling
point because the evaporated water must first pass thru a
frictional material before reaching the reaction zone which is at
the sum of atmospheric pressure plus the pool head.

The Galerkin method is used to solve the energy equation in

the dry region since it can be applied without any loss of
generality or accuracy in spite of the many variations that are

16



taking place. In utilizing the Galerkin method the temperature
is approximated by a series representation that satisfies the
boundary conditions. The series chosen for “he dry region is

N
X . mmx
T(x,t) = Tp + (TS - Tp) s +m§ Am(t) sin -+

Wwhere N is a user chosen number of terms - typically 6 to 12
depending upon the solution accuracy desired, and & is the
thickness of the dry zone.

Substituting this series into the energy equation results
in:

N
Tp » (fs g Tp) g‘ b (TS - Tp) 6% 8 +'; [Am Sin(ing—x)

mnxé mmn mirx w

N
1 dK [Ts - Tp mm mmx
‘—[“s ) “m?”‘“?]

:g; 2.2
_ K mew (o gmmX Qv
o fm Am 2 oot $ $ie pc

The dots above the symbols imply time derjvative, Note that time
‘erivatives of the boundary temperatures and T, as well as tre
region size § appear naturally from the di?ferentQation.

In order to solve for the unknown coefficients Am(t) the
equation is weighted by

sin(ﬂgi)dx




and integrated over the region dimensions. The result is N
simultaneous ordinary differential equations for the unknown
coefficients A (t). The equations are

Smn mmé vm mn menl ]
“MT*“m[‘?‘l*T‘z'm‘V;?“

g . (Ts'Tp)]IG*h

S p) ? och pc

where the I's are the following integrals

é
= mmx .| nmx
Il fx cos[——6 ] sm[——(S ] dx

0

é
12 = fcos{m] sin{m‘ dx
§ 5 |

O 7
.5 2
13 = jﬁ’_ﬁ cos[mi]. sin{m] dx
2 dx § | §
6 1
14 = JK sin[m—:ll sin[[‘%i] dx
LA

15 ='/sin[1"—’-‘-} dx
A é
§
I =f sinm]d
6 X [6 X

0
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17 = J Qv sin[ﬂﬂf] dx
0

A1l or the integrals except 3, 4 and 7 can be evaluated
analytically. In order to improve the speed of the numerical
integrations of I3 and I, the thermal conductivity can be -
redefined as

K =K'(x) + K

where K' is a position dependent thermal conductivity and i is a
constant average thermal conductivity. Utilizing this definition
of thermal conductivity the integrals become

+  [mox . fnnx)
K's1r[ ] suwFlﬁ'dx
. 3 o

These inteqrals are quicker to evaluate numericaily because the
limits of integration are only over tne range where variations in
thermal conductivity occur (from 0 to x'J. In the dr region
this corrisponds to the reection z312 [boundar / layer{. Large
variations in thermal conductivity occur i1 the reaction zone
because it consists of entirely different material *han the
concrete, and ongoing chemical reactions are continuously
changing the composition. In the concrete part of the dry zone,
the thermal conductivity is assumed spatially constant, though it
is allowed to vary in time with the average temperature of this
region.

The simultaneous set of ordinary differential equations for
the unknown coefficients A_(t) are solved by implicit finite
differencing and subsequenw matrix inversion. Th; matrix
equation for the end of time step coefficient (AR N is:
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§ Vmm m menl
AN+l [ mno_mm§ o, VMW, T o I ]
LI O 2 2 T

(ts-1p) i (TeTy) I,
= at [ tyls - [ -15Ty) r 4 —oc'sg'] ! 5'5]
#A"'"ﬁznﬂ

Note that in this equation superscript n refers to time step,
whereas subscript n refers to the n'th equation.

After the end of time step coefficients Ag" are solved for,
the heat flux at the boundaries as well as the temperature
distribution can be evaluated. The heat flux at the boundaries
is

NP (R R ok

X x=0 5 ¢ |
. (T.=T.)
L JTl - . l‘ s D mm ]
q; * = K — 2 o K | === +) Am — cos(mn
¢ IX x=4 8 Z 8 ( )

The temperature distribution can be evaluated at any location
from 1ts definition.

6.2.3 The Wet Region

The energy equation in the wet zone is the same as that in
the dry zone except that there are no heat sources, i.e.,
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6.3.1 The Dry Zone

The momen.um equation in the dry zone can be solved
independently of any gas continuity equations because any gas
that is formed L. evapora.ion or chemical release will flow to
the reaction zore in less time than all othe~ significant changes
in the system.

The mass flux of gas at any location is equal to the
evaporated flux from the wet/dry interface plus any sources
accumulated alonc the way. Thus

é
: : ok PP
m(x)&il\"j‘?u--i-k-.ra-i

<

where

m, = the evaporable witer miss flux from the wet/dry interface

k = the permeability (m’)

b = yiscosity (Kq/m-sec)

P = pressure (pascal)

R = gas constant (mZ,secz-r\
T = temperature (k)

§ = the source rate ot gases (Hp) and CO,) due te chemically

bound release (Kg/m3)

Rearrangiing and integrating yields the pressure at the wet/dry
interface
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X

The integrals above are carried out numerically. The pressure at
any location within the dry zone can be evaluated from the same
equation simply by changing the limit of the outer integrals from
& to the desired location.

6.3.2 The Wet Zone

The wet zone momentum equations must be solved
simultaneously with the continuity equations for water and air.
At any location within the wet zone the pressure is determined by
the amount of air present within the vcids. The volume of the
voids is determined by the total porosity less the volume
occupied by the water. If the temperature is high the pressure
is the sum of the air pressure plus the steam pressure. If the
available void volume shrinks to zero then the pressure
distribution is assumed to be determined entirely by Darcy's Law
applied to incompressible liquid water. In this case the
pressure distribution is simply a linear interpolation between
the locations where the pressure is defined by air and steam
pressures. The liquid water velocity is uniform for the case
where the voids are completely filled with water. In contrast if
voids are present the material velocity is determined by the
local pressure gradient.

Thus at any location in the wet zone the material velocity
Vp is determined by

=« “K

B

where k is the permeability and v is the material viscosity.

The pressure at any location is determined by the air
density and steam pressure in the available void volume

DART

v (C i G]j ¥ Ps
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where
ay = liquid water volume fraction = DH20/0H20

P. = water saturation pressure at temperature T

S
€ = porosity

Pp = the macroscopic air density
T = the temperature from the energy egn (sec6.2.3) solution

The solution procedure is carried out in four steps, three
of which are iterative. Step 1 is to solve the energy equation
for the temperature distribution. Step 2 a pressure distribution
is evaluated based upon temperature and the air-water-void
distribution. Step 3 the velocities of air and water are
calculated from Darcy's law. Step 4 the continuity equations for
air and water are updated with the velocities from step 3. An
error check is made and steps 2,3,4 are repeated until a solution
of adequate convergence is obtained.

7. Constitutive Relationships and Miscellaneous

The three sections above describe the system of conservation
equations in SLAM. The equations described above cannot be
solved without a set of relationships that couple the equations
together. In this section the required relationships will be
discussed.

7.1 Chemical Kinetics and Heat Generation

The sources/sinks due to chemical reaction are calculated
from a general chemical reaction equation of the form

aA + bB == cC + dD + ...
The assumed chemical kinetics equation is

%% " Ake‘Ek/RT (X - pp/aWy) (X - pg/bg)

where X is the amount of A or B that has been consumed in reduced
molar units, and op/aW, is the driving force of material A,
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A e'Ek/RT is a kinetics rate coefficient of reaction k. In
finite difference form the equation becomes

n+l_yn
. AtlL'= Age Sk /RT (XM 1ogp7akg) (X™1-0g /biig)

the value of X at the end of the time step is found from the
quadratic formula

xn*‘ L _B| i (B.Z = 4A|C|)1/2
2A"

-(QA/GHA + CB/bHB + ]/(Ake-Ek/RT Lt))
(OA/aHA) (QB/DHB)

When the end of time step value of )("4’1 is known then the final
density of the reactants and products can be calculated from the
formulas;

where B!
Al

L

LU ]

N

Op = = a Wy ) UM oR
- n+l n
DB - b “B X + OB

n+l n
“C X + Qc

o
"
O

XMl 4 °of

©
o
"
Q

L)

Where X" has been set to zero because only the change in X is of
concern.

The heat release (or absorbtion) due to the chemical
reaction can be calculated from the first law of thermodynamics
for a chemically reacting system.
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n+1

| X
QO = [Z"p (Hep + Np) =Y ong (Heg + "R)] it

where nR is the reactant coefficient
n, is the product coefficient

Hf is the heat of formation of the material at the
standard state

h is the actual enthalpy of the material at the reaction
temperature relative to the standard state

3

Q, is the volumetric heat source (J/m”sec)

7.2 The Chemical Reactions

Concrete consists of a mixture of sand, aggregate, cement,
water plus a few other materials that aid in curing. Each of
these materials, in turn, consists of a mixture of several
different chemicals (except of course water). For example,
limestone concrete contains mixtures of dolomite, calcite,
orthosilicates, aluminates, clays and a variety of other complex
minerals. Sodium can react with possibly all of the different
chemicals to some extent, leading to a system of chemical
reactions that is extremely complicated. However as far as the
model is concerned, only those reactions that have a major impact
upon the heat balance, ablation rate, and reactant diffusion need
be of concern. Therefore the chemical reactions for limestone
concrete have been simplified to the following set:

1) Hy0 + Na—NaOH + 1/2 H,

2) C0p + 2 Na——=4Na,0 + C

3) 3CaC03 + 4 Na —=2Na,C05 + 3Ca0 + C

4) 3MgCO; + 4 Na —=2Na,C05 + 3Mg0 + C

5) 2NaOH + CaC03—Cal + Hy0 + Na2C03

6) 2NaOH + Si0y, —=Na,5i05 + H,0
Other possible reactions, such as those which form Na45104. have
been ignored because silicates are not present in large enough

quantities in limestone concrete to provide a significant heat
source in comparison to the carbonates.
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7.3 The Mass Exchange Coefficients

The mass exchange coefficients are utilized in the
continuity equations to model the diffusion of a material due to
turbulent mixing. The mixing occurs primarily due to agitation
of the pool by the escaping H, and Na gases. The gases are
expected to cause large scale convection in the pool which will
result in fairly good mixing. The convection diminishes near a
solid boundary such as the concrete interface. It does not
disappear completely at a solid boundary because gases emerge
from the concrete and they will stir the materials locally due to
entrapment in the wake of the rising bubbles. Therefore it is
expected that the mass exchange coefficient that governs these
phenomena should have a significant position dependence.
Unfortunately an effective mass exchange coefficient that governs
phenomena like those described above has not been measured,
therefore one is left with selecting a number and its position
dependence that best simulates the behavior that is observed
experimentally.

Since the SLAM formulation is one-dimensional, it is
possible to derive a crude dependence of the mass exchange
coefficient upon the gas velocity. The mixing of materials
results from motion upward at one location and an equivalent
volumetric flow downward at another in order to conserve total
volume at any horizontal location. If U is the average upward
and downward velocity of material then a finite-difference
formulation of the advective continuity equation

can be simulated by an equivalent diffusion equation

R1S .2
JREEEL 2

—

‘) 3
at ax ax

if the mass exchange coefficient has the value
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2

where /x is the finite-difference node size.

For material that is dragged along in the wake of rising
bubbles the average upward velocity (U) is proportional tflthe
superficial gas velocity Vg times the bubble velocity V, *".

The bubble velocity Vy is assumed to be governed by Stokes
Taw.

where r is the bubble radius
g is gravitational acceleration
p is the mixture density
L is the volume weighted mixture viscosity

In addition to wake transport of material, large convective cells
will be set up that have an average velocity (U) that is
proportional to the superficial gas velocity. Since the effect
of large circulation cells drops to zero at any solid boundary,

an exponential dependence was arbitrarily chosen to simulate this
dependence.

Thus by substituting and summing the effects mentioned above
the final form for the mass exchange coefficient is

Y (%) = vax + yoVgVpax (1 + vy (1-e772%))

where Y., Yo» Y)» Yp are user input constants, and x is
the distance from the concrete interface.

(™ allows the user to input a constant mass exchange
coefficient that is independent of position and gas fluxes. ¥
allows the user to adjust the strength of the bubble wake drag.
¥y and ¥, allow the user to vary the strength of mixing due to
convection within the pool.
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The penetration rate is determined by both the magnitude of
the mass exchange coefficient and the thickness of the boundary
layer. The thickness of the boundary layer is chosen by the user
as some fraction of the dry zone. In turn, the dry zone
thickness varys with the penetration rate in a reciprocally
related fashion. Although this development seems to be getting
somewhat complex , it turns out that the competing effects cancel
out because of the ix multiplier in the macs exchange coefficient
formula. Although the continuity equation solution does depend
upon the choice for the boundary layer thickness fraction, the
dependence turns out to be weak because of the effect of the N
and Y, coefficients. These coefficients cause the materials to
be we%l mixed away from the interface, and therefore the
concentration distribution is independent of the boundary layer
thickness (which is user selected). It should be noted that the
boundary layer thickness must be chosen to be thick enough so
that the solution becomes independent of the fraction chosen. A
number of SLAM calculations indicate that boundary layer
fractions on the order of 1/3 to 1/2 of the dry region are thick
enough for good solutions. In the calculations that appear in
this report a boundary .ayer fraction of 0.42 was used.

The mass exchange coefficients are chosen in an iterative
fashion by the user where many calculations are compared with a
number of experiments. Further model development in this area is
needed such that the mass exchange coefficients would only be a
function of the physical properties of the system.

7.4 Variable Thermal Conductivity

Variations in thermal conductivity in sodium-concrete
ablation problems are very large. The variations will go from
the high conductivity of liquid sodium ~50 w/m'k to the low
conductivity of hot dehydrated concrete ~0.1 w/m*k or even lower
if vapor phase activity is occurring. Including the variable
conductivity is essential if the proper thermal and chemical
response of the system is to be calculated.

In the reaction zone the rate of chemical reaction, and its
consequent heat production, is a function of the reactant
concentration and the temperature. If the thermal conductivity
is high, such as when a significant amount of liquid sodium is
present, then any heat that is generated will be conducted away
rather than causing a temperature rise. In contrast, if the
thermal conductivity is low, high temperature and reaction rates
will result and this could lead to reactant depletion which
terminates the interaction. Thus the behavior of the sodium
concrete interaction is very sensitive to the therma)
conductivity of the reaction zone.
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The thermal conductivity of the reaction zone (boundarv
layer) is a function of the materials that are present. Ia turn,
the materials that are present depend upon other phenomeni such
as chemical reaction, turbulent diffusion, and the ablatiun rate.
Thus changing a single parameter, such as the mass exchange
coefficient, can lead to a calculated behavior that is
significantly different than what may be expected.

A number of SLAM calculations have indicated that the
response of the sodium concrete interaction is very sensitive to
the mixture rule that is used in calculating the thermal
conductivity. Several mixture rules were tried, but most of them
resulted in temperatures that were too low when compared to
experiment.

In the current version of SLAM a simple volume fraction

weighting method of calculating the thermal conductivity has been
found to give the best agreement with experimental data.

Kmix = %1 20005 Ky + v04Cy)

where o is the volume fraction of material i

@y is the liquid volume fraction

Ky is the chermal conductivity of material i

P4 is the macroscopic density of material i

C; is the specific heat of material i.

Yy is the local mass exchange coefficient
The term vo,C; accounts for the turbulent mixing of the
materials. This term assumes that the turbulent Schmidt number

is equal to 1.

7.5 Source Term for CO, and Hy0 Gas Release

The heat that is generated in the reaction zone is partially
conducted into the concrete. When the concrete temperature
reaches a few hundred degrees Celcius, chemically bound Hy0 is
released from the cement paste. As temperatures are raised
higher, C0, gas is released from the complex calcium and
magnesium carbonates that are present. The gas release mechanism
is actuall¥ an imbalance between the rates of absorption and
release. The rates are a function of temperature and pressure.
If only the release rzte is used.and the pressure effect ignored,
a simple formula will result. The formulas for water releais and
CaC03 decomposition are the same as those in the USINT code®”,
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The formula for MgCO3 decomposition is estimated from the CaCO4
formula with the understanding &hat it decomposes at a
significantly lower temperature’.

|

i 5 _-19362/T
SCOZ PC5C03 3.3 % ]08 e ]9362/T (C8C03)
Sco, = Pmgeo, 4+2 X 10° € (MgCO3)

S,0 = Py,0 33 X 1010 o-20560/T  (Bound water)
g

where
S is the release rate in Kg/m3 sec

o is the macroscopic density of the bound gas, or binding
material.

T is the temperature in degrees Kelvin.

A1l of the above formulas cause the concrete to degas at any
temperature. However, the rate of decomposition is much too slow
to be detected at low temperatures. For sodium concrete
calculations, the formulas are quite adequate because of the high
temperatures and short time scales of the calculations. Finally,
it is possible to put in the reverse adsorbtion reactions if
problems are encountered where the forward reactions lead to
unphysical results.

7.6 The Ablation Rate

The assumed ablation mechanisms in SLAM are dissolution or
chemical reaction. The user can choose which mechanism is
operative.

7.6.1 Ablation by Dissolution

Dissolution occurs whenever a soluble material is placed in
a solvent. At the interface, the material dissolves to it's
saturation point and is then transported away by diffusion. In
SLAM it is assumed that free NaOH is the solvent and solid CaCO3
is the solute. Thus the formula for the ablation rate is

lQ)

1
0C

¥y b
X

[>%)
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where V is the ablation rate

f. is the macroscopic density of CaC03 in the concrete

at the interface

Y is the mass exchange coefficient at the interface
3p

n

JaX

In finite-difference form the equation becomes

2 vy '
Ve kX gy -0y

where /x is the node width
pj is the macroscopic density of CaCO3 in the node
adjacent to the interface
Pgat is the macroscopic density of CaC05 dissolved to
its saturation point in the free NaOH.
Yy is the diffusivity at the interface

The free sodium hydroxide is that which remains undissolved
in the liquid sodium. The macroscopic density of sodium
hydroxide is calculated by its continuity equation. Some
fraction of the calculated NaOH is dissolved in the liquid
sodium. For simplicity it is assumed that the fraction is a

constant, generally 5 to 20%, and is user input. Therefore the
concentration of free sodium hydroxide is

“1,Na0H = PNa0H = F ©1 Na
where
P1,NaOH is the concentration of free NaOH
PNaoH 18 the local concentration of NaOH
f is a user input constant
pl,Na is the local concentration of liquid sodium.
The saturation concentration of CaCOy dissolved in the free

NaOH depends upon the Na',Ca »OH™,C04” phaselgiagram. A small
portion of the phase diagram has been measured*”. A linear fit

32

— is the concentration gradient of CaC0y at the interface.




to the experimental data for the solubility of CaCO3 in NaOH to
20 mole % yields

A W
°1,NaoH Cac03 F
Wnaon (1-F)

lSat

F=3.8x10%T-0.23294 if T < 823 K.

For solubilities greater than 20 mole % the phase diagram must be
assumed. For flexibility and simplicity the following
formulation is chosen.

F=(1-e"/(T-823)y 9.9202 + 0.0798 if T>823 K

By varying the input constant r the user can vary the phase
diagram in an exponential manner. The numerical constants in the
expression above are chosen such that the phase diagram is
continuous and covers the full range of miscibility.

In all the simulations that appear in this report the
ablation by dissolution option is not used. Calculations
indicate that the behavior is quite similar to the ablation by
chemical reaction (next section). However, since most of the
phase diagram must be assumed, the dissolution option requires
unknown parameters to be selected in contrast to the parameter
free ablation by chemical reaction option.

7.6.2 Ablation by Chemical Reaction

A second possible mechanism for concrete ablation is
chemical reaction. When the concrete at the interface reacts, it
is chemically transformed into a liquid slurry and hence
penetration is taking place. It is assumed that the rate of
chemical reaction is governed by the same chemical kinetics
equation that applies in the pool region (sec 7.1) A moving
control volume analysis applied to the materials at the interface
yields the following formula for the rate of penetration.

A e-E/RT

S ONa/"NaNa

where V is the ablation rate

A and E are the kinetic coefficients for calcium carbonate-
sodium reactions






The T* and P* values were determined by curve fitting the
above formula to steam table data.

The pressure at the wet dry interface is also defined by the
-arcy equation in Section 6.3.1. Thus a Newton Raphson

functional f can be defined which is the difference in the two
formulations for pressure, hence the functional

8 8 )
- o 2 . uURT URT
f - PS - P»g -1 Zw'o[k— dx - Z[T! S dx'dx

is equal to zero at the correct value of Ts'

7.8 The Wet Zone Recession Rate !“

The maximum pressure in the system is at the wet-dry
interface. Thus all flows are away from that location. The wet
zone recession rate is equal to the sum of the rate at which the
liquid water is moving into 'he wet zone plus the rate at which
the interface recedes due to evaporation. Thus

_ hw " kpkpy(Pg - Pu(1))
% ¢ ) S ¢ )

1‘(‘ 3
Kep = | 1 - e

where
m, is the evaporative water flux

Pu(1) is the macroscopic density of water in the first
wet zone node

ki is the permeability of the concrete

PS is the pressure at the interface

Pw(l) is the pressure in the first wet zone node




xw(l) is the width of the first wet zone node
uy is the viscosity of water

k.7 is a liquid watfs fraction weighting factor
from the USINT code

€ is the porosity
@y is the volume fraction of liquid water in the first node.

8. SLAM Validations, Simulations and Applications

8.1 Chemical Kinetics Experiment Simulations.

8.1.1 Introduction

A series of laboratory scale chemical experiments have been
conducted at Sandia National Laboratories®. The experiments were
performed in order to develop chemical kinetics correlations that
could be used in more comprehensive sodium concrete interaction
models.

The experiments were conducted in the following manner. A
small crucible, approximately 3 cm in diameter, was filled with
20 g of reactants. The reactants consisted of some combination
of lTimestone concrete and sodium such that the total mass was 20
g. The crucible was then placed in a preheated furnace at 600°C,
and the temperature of the reaction mixture was recorded as a
function of time. Several tests were run, each time the ratio of
sodium to concrete was varied.

In addition, a few calibration tests weros executed. The
calibration tests consisted of pure sodium, of various masses,
heated in the oven in the same manner. Since there were no
chemical reactions in the calibration tests, the thermal response
was a function only of the thermal mass and heat transfer to the
crucible. The calibration tests allow the analyst to adjust the
heat transfer parameters in the model thereby isolating the
chemica! kinetics as the only undetermined parameters.

The SLAM code is set up to model molten sodium overlyin
concrete. With a few modifications the code is able to model the
exper iments directly. In doing so only the pool region is
retained, and the chemical reaction rate is governed by the
reactant concentration only. Although reactant diffusion does
occur, as is evidenced by a particle size dependence, it is
assumed that this effect can be absorbed into the AK coefficient
described in section 7.1.
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The particle size that was used in the experiments was
fairly large (- .5 cm) and was felt to be representative of a
sodium-concrete ablation process. Thus it is hoped that the
coefficient; that were derived from these experiments are
accurate in simulating large-scale sodium-concrete interactions.

Among the more important evaluations provided by this series
of expe-iments is the suitability of the chemical kinetics
equation (sec. 7.1) in its present form. By varying the ratio
of sodium to concrete the full range of driving force is
encountered, hence a first order evaluation is possible.

In the simulations the composition of the limestone concrete
was assumed to be

Hy0 - 5%
CaC0y - 53.9%
MgCO3 - 23.1%
$i0, - 10.5%
inert - 7.5%

8.1.2 Results and Conclusions

A comparison of the calculated and measured temperature-time
histories of the simulated experiment appears in figures 3
through 8.

From these experiments, the following constants were derived
for the reaction of sodium and ]imestone concrete.

CaCO; + Na €, = 60,000 cal/gm-mole
and
MgCO3 + Na A, = 8.85 x 1012 if 4y < 0.6
A = 6.85 x 1011 ir oy, 5 0.6
where ay, = sodium volume fraction
Ake'Ek/RT < 0.1 (m/kg-mole sec)
CaCOy + NaOH A, = 3 x 106
Ec = 34,000 cal/gm-mole
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The need for using a multi-valued pre-exponential coefficient
(Ak) is probably due to a transition from one dominant chemical
reaction to another as discussed in reference 6. The transition
is not modeled in SLAM because there are only two data points
that straddle the transition and more than two unknown parameters
would need to be introduced in the correlation.

The accuracy of the sodium hydroxide reaction coefficients
is unknown because it was present in such small concentrations
that its impact upon the heat balance was overwhelmed by the more
dominant sodium-carbonate reactions.

A comparison of the experimental and calculated calibration
curves indicates the expected degree of error in the heat
transfer simulations. The degree of error in the heat transfer
simulations was found to be no larger than the experimental error
that results when a calibration test is rerun.

In comparing the experimental vs calculated curves it is
“nund that tests 1, 2, 3, and 4 are in very good agreement when
comparing peak size, shape and vertical slope. From these curves
It can be concluded that the chemical kinetics model is a
suitable one for these types of reactions.

A calculation of test 10 was initially different in peak
size. This case was very lean in scdium (2.5 gms) and ricn in
concrete (17.5 gms). The discrepancy was caused by the sodium
reacting with the water that was initially present in the
calculation. The water raised the temperature almost
instantaneously and consumed a significant fraction of the sodium
in doing so. The rapid initial rise in temperature does not
occur in the experiments because the water is released at a much
higher temperature and over a longer period of time. The second
curve was generated by turnin? off the sodium-water reactions.
Without water reactions, excellent agreement is obtained because
all of the sodium is available to react with the carbonates when
the threshold temperature is reached. The water effects are
negligible in the other experiments because significantly less
concrete (and its water) was initially present. The water
release is correctly accounted for in the whole code because of
the existence of the wet and dry zones. (The wet and dry zones
were deleted from the code for the chemical kinetics verification
simulations).

In conclusion it appears that the simple-model approach is
suitable for sodium-concrete kinetics. It is assumed that the
kinetics model resulting from these simulations is applicable to
large-scale interactions because the experiments were conducted
with particle sizes that were felt to be representative of those
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prediction is very similar to the USINT prediction which is
expected because the SLAM water migration model is based upon the
USINT model, with the major difference being in the numerical
methods employed.

Integrated Water Release

The comparison between the measured integrated water release
and the predicted water release is shown in Figure 11. Two SLAM
predictions are shown. The first uses the water migration as
described in Section 6.3.2. As can be seen, excellent agreement
is ontained. The second curve corresponds to a fully
incompressible assunption for the ligquid water within the voids.
In using the fully incompressible assumption, the liquid water
velocity is simply

24
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14 COMPRESSIBLE
.3 WATER MIGRATION

10 EXPR. DATA
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Figure 11. Comparison of SLAM and HEDL WRD-1 test integrated water
release. SLAM calculations include the complex (compressible) and
simplified (incompressible) water migration solutions.
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where R is the average permeability of the wet region
Ps is the pressure at the wet/dry interface
P. is the ambient pressure
Uy is the liquia water viscosity
8y 1s the thickness of the wet zone.

As can be seen, there is very little difference in the predicted
response. This is a very fortunate situation because it implies
that the details of the wet zone water migration have very little
impact upon the net water release. Thus the simultaneous
solution of the continuity and momentum equations in the wet zone
(sec 6.3.2) can be deleted alto?ether. and the equation above
used instead. In fact, if the liquid water is assumed completely
stationary, the calculated result is not significantly different,

Summary and Conclusions

A calculation was performed of the HEDL WRD-1 experiment to
see how well SLAM compares with experimental data. This
calculation tests the heat/mass transfer modules for the case of
no penetration and no chemical reaction. Results are shown in
figures 9-11. Good agreement was found for the temperature
response and integrated water release. The pressure response at
shallow levels and early times was good but deviated somewhat at
late times. The discrepancy is due to an incorrect permeability
relationship in the dry zone. The pressure response at deep
levels has a large deviation compared to measured values and is
due most likely to experimental difficulties, although inadequate
modolin? of phenomena that occur in the wet zone is also a
possibility., The HEDL report stated that there were difficulties
in measuring the pressure and that some of the measurements
seemed incorrect. In spite of the pressure discrepancies in the
wet zone, the amount of water migration is reasonable as
evidenced by the good agreement in the integrated water release
curve,

As far as sodium-concrete calculations are concerned, the
heat/water transfer modules in SLAM are adequate.

Virtually identical resu'ts for water release can be
obtained by using an incompressible assumption for the liquid
water motion. Thus the concrete water migration problems can be
modeled with sufficient accuracy if 1t is reduced to a transient
dryout problem and 1iquid water is treated as incompressible
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Figure 12. Comparison of thermocouple traces predicted by SLAM and
the Sandia small-scale test number 28. The upper figure is the SLAM
calculation and the lower figure is the experimental result.
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Figure .3. Comparison of the pool thermocouple traces predicted by
SLAM and the Sandia large-scale tests P2 and P3.

thermocouple wires. All of these will tend to inhibit convection
within the pool, therefore smaller values of 7y are used. Tests
P2 and P3 were large-scale (approx. 1 m diameter) without pool
heaters. The only inhibitory effect upon convection in these
tests is the increasing viscosity of the reaction products, an
effect that is only crudely modeled in SLAM.

Figures 15-18 display the predicted penetration rates for the
same tests. Penetration rates cannot be compared directly,
because they cannot be measured in the experiments. The extent
of penetration can be compared by post-test examinations, and
this comparison is shown in table 2 below:

The AA/AB tests were long-term tests extending in some cases to
20 Hrs. Figures 14 and 18 shows the predicted thermocouple
traces and penetration rate as a function of time.

8.3.2 Discussion and Conclusions

Tests T28, P2 and P3 show reasonably good agreement with
experiment. This is attributed to SLAM modeling the Phase Il
part of the interaction. The AA/AB tests have a very different
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Table 2. A Comparison of Measured and Calculated

Penetrations in Various Sodium Concrete Interaction Tests.

Total Penetration (m)

Test Measured SLAM
T28 042 + 0,029 023
p2 .09 «d
P3 «10 .18
AA/AD 07 + 0,05 07

behavior. [t seems that the penetration may occur in short
cyclic pulses with a period from one to four hours. This
behavior is inferred from the irregular thermocouple activity
shown in the experimental part of figure 14. A1l SLAM
calculations indicate a direct correspondence between penetration
and irregular thermocouple activity. Assuming the same
correspondence to occur in the experiment, one is led to the
conclusion that the penetration is cyclic, rapid, and of short
duration. This behavior is not reproducible with SLAM in its
current formulation. It is believed that the cyclic penetration
s probably due to a complex interaction of property variations,
reaction product settling due to immiscibility and density
differences, and sudden fluidization due to the accumulation of
gas bubbles within the viscous reaction product layer. Phenomena
such as this can be modeled with SLAM {f the continuity equation
solution technique is modified to account for velocities that are
species (and property) dependent.

The extension of SLAM to account for more complex cyclic
long-term behavior is not being undertaker at the present time,
because it is the vigorous Phase Il interaction that seems to
pose the greatest safety hazard in LMFBR's insofar as
sodium-concrete reactions are concerned.

8.4 Applications

The simulations in the grovious sections led to good
reement with experiment., Thus it seems reasonable to apply
SLAM to situations that have not been tested yet, at least in a
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strictly controlled sense. The effects which can be explored are
pool mixina, temperature, and depth. Although many experiments
have been performed where these parameters have been varied, it
has not been possible to hold the other variables constant and
therefore isolate the effect of the phenomenon being
investigated.

8.4.1 The Effect of Pool Mixing

The effect of pool mixing in SLAM is simulated by varying
the magnitude of the mass exchange coefficient parameters Y
through Yv,. Physically, pool mixing is caused by convective
cells created by the rising gas bubbles. Therefore for any given
experimental conditions a single set of y's is applicable. By
varying the y's the user can gain an enhanced understanding of
how mixing affects sodium concrete interactions.

For the purpose of demonstration, test SN.-T28 will be used
as the base case. As mixing is increased, more rapid penetration
and heat release is observed. This would normally cause a rapid
rise in the pool temperature; however, to isolate the effect of

5IYY'YITITYTTIYI'IT7ﬁI"‘TI['IT"I"II‘
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Figure 19. The effect of mixinc upon the penetration rate. A1l
other parameters are he]? constant. v, is defined in the test
and has dimensions of m™'.
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mixing, the pool temperature was held fixed at the set point of
650°C. Figure 19 shows the effect of mixing upon penetration
rate, and Figure 20 shows the effect of the same levels of mixing
upon the total extent of penetration. In these simulations only
the Y, parameter was varied. This parameter simulates the effect
of the mixing due to convective cells. Increasing the value of
Y2 simulates a more vigorous cellular flow. From the figures it
can be seen that by increasing the level of mixing, a greater
penetration rate is observed. This effect is eventually offset
by colder interface temperatures due to increased thermal
conductivity within the boundary layer. The increased thermal
conductivity is caused by a greater concentration of liquid
sodium at the interface.

8.4.2 The Effect of Pool Temperature

By holding the initial pool depth and mixing level corstant,
the effect of pool temperature in isolation can be simulated.
Since increased pool temperature leads to enhanced chemical
kinetics, a greater rate of penetration is expected. More rapid
penetration leads to a greater gas release rate which in turn
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Figure 20. The effect of mixing upon the extent of penctration.
A1l other parameters are held constant.
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causes the mass exchange coefficient to vary according to the
formula in Sec. 7.3.

In order to prevent superposition of mixing and temperature,
Yg. 1.2 were all set to zero and only Y, was retained. In this
s?ﬁu1ation the base case does not correspond to any experiment
and therefore the variations demonstrate the effect of pool
temperature only. Figures 21 and 22 show the effect of pool
temperature in isolation. Note that for the 600°C case the
penetration rate has a delay time. This is caused by the
interface temperature being below the threshold temperature for
carbonate chemical reactions. The results for the 700 and 800°C
cases are essentially the same. Penetration starts immediately,
because the temperature of the interface is above the threshold.
This result seems to imply that the phase 1 to 2 transition is
related to the concrete-pool interface temperature. The
interface temperature is not the same as the pool temperature,
because a thermal and composition boundary layer exists between
them. Typically the boundary layer is of low thermal
conductivity because of the presence of bubbles and other low
conductivity materials that displace the high conductivity
sodium. Cases with pool temperatures 500°C or below have
negligible penetration, because the interface temperature is
aiways below the threshold temperature.

8.4.3 The Effect of Pool Depth. (Sodium I[aventory)

Pool depth is a very misleading parameter to vary in
isolation because by holding all other parameters constant the
only effect will be that of sodium inventory. In reality pool
depth affects the mixing level and the pool temperature through
its thermal inertia. The effect of all three phenomena
simultaneously will be addressed in the next section; therefore,
only pool depth as it affects sodium inventory will be addressed
in this section. In order to isolate the effect of sodium
inventory, a well mixed (fluidized) pool is used. This allows
all of the sodium in the pool equal access to the boundary layer.
In SLAM this is easily simulated by using a single node, in the
pool region. By using a single node the pool region is of
uniform composition; hence, termination of the reaction occurs by
the combined effects of sodium depletion and dilution of the
sodium by the reaction products. Figure 23 and 24 show the
effect of pool depth (sodium inventory). As expected the effect
is very dramatic for deep pools. Again note that both pool
temperature and the mixing level were held constant in this
calculation.
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8.4.4 Very Large Scale Interactions

In this section a preliminary calculation of a very large
sodium concrete interaction will be presented. The purpose of
the calculation is to give the reader some idea of what the model
would predict for a severe accident in an LMFBR., Since the model
in its present form is incomplete (that is, it has no
comprehensive mass exchange coefficient model), the results
should be interpreted as qualitative rather than a quantitative

approximation.

There are two main sets of parameters that must be selected
for this calculation. The first is the mass exchange coefficient
parameters that are appropriate for a very deep pool (5.5 m).

The second is the degree of pool fluidization.

The selection of mass exchange coefficient parameters would
be automatic if a comprehensive mass exchange coefficient mode
were incorporated in SLAM. Since such a model isn't available,
an arbitrarily chosen mass exchange coefficient based upon table
1 will be utilized. From table 1 the same mass exchange
coefficients as were used in the T28 and the AA/AB tests were
utilized in the calculations. The P2 and P3 exchange
coefficients were not used because the AA/AB coefficients result
in a similar though less severe calculation.

Since a fluidization model is also not available in SLAM, it
can be simulated by varying the number of nodes in the pool. By
using many nodes in the pool the ‘nhibitory effect of a reaction
product barrier can be simulated. Conversely by using a single
node a completely fluidized pool can be simulated.

Figure 25 shows the predicted penetration rate an extent
penetration for the case with a 5.5m deep pool, 2 x 10 watts/m
decay heat, and the mass exchange coefficients mentioned above.
As can be seen in figure 25, the maximum rate of penetration is
quite large in both cases (T28 and AA/AB). The rate of
penetration does decrease to zero after 6 hrs with the T28
coefficients. With the AA/AB coefficients the penetration
continues for the entire calculation. The difference in these
results indicates how important mixing between nodes in th2 rool

is.

These calculations used 10 composition nodes in the pool
region. Physically this corresponds to local fiuidization to a
.55 m length scale. The penetration rate in these calculations
is significantly larger than that which is predicted for the
experiments (T28 and AA/AB). The larger penetration rates is
caused by having more sodium at the edge of the boundary layer
for a greater length of time. The higher s2dium concentration is
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Figure 25. The predicted penetration rate and extent of
penetration in a very deep sodium pool with decay heat.
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Appendix A
Thermophysical and Chemical Properties

This appendix includes a list of thermophysical and chemical
properties of the materials used in SLAM. Table Al is a list of
the properties for each chemical species that occurs in the pool
region and the boundary layer. A set of symbol definitions, a
discussion of the preperties and a list of sources appears after
the table. A1l material properties are assumed constant except
where noted otherwise.
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P* and T*

Definitions, Discussions and Sources

Molecular]geight from a periodic chart of the
elements.

Vapor pressure parameters (see Section 7.7.) The
numerical values were derived by the1guthor by curve
fitting to saturation pressure data.

Viscosity N/m-sec Randich® et al. measured the
non-Newtonian viscosity of the reaction products
resulting from a sodium-limestone concrete interaction
as a function of temperature. The measurements did not
include the presence of sodium nor did they depend upon
the species present. A volume weighted viscosity
mixture rule was arbitrarily adopted to ?gcount for the
presence of sodium and sodium hydroxide.'” A constant
value of viscgsity, equal to that measured at high
temperatures,” is used for all of the remaining
chemical species. The volume weighting mixture rule
reduces to the measured value when Na and NaOH are not
present, and it decreases the viscosity when Na and
NaOH are present in significant proportions.

Slurry microscopic density. In the absence of porosity,
D; would be identical to the published microscopic
density for each material. However, measurements of

the mass and volume of cold reaction products indicates
that porosity is present. Therefore, all materials
except sodium have hypothetical microscopic densities
that are consistent with measured reaction pr?guct
volumes and masses. Sodium has its published'” value
of microscopic density.

The melting temperatur'e]6

The 1 atm saturation tempev‘ature]6

The heat of formation (J/Kg-mole)w’”']8 at standard
conditions. A value of zero in this row indicates the
actual value.

The latent heat of vaporization (J/l(g)]6

The latent heat of fusion (J/Kg)16+17,18
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Cs,e,q

The thermal conductivity. The thermal conductivity of
the slurry mixture is unknown. It was assumed to be
0.05 W/mK for all materials except sodium because of
similar conductivities for other salts and ceramics.
The mixture rule in Section 7.4 accounts for the
presence of liquid sodium.
The materiallgp?siféc heat for solids (s), liquid (1),
and gas (g).'”*""»'® Values of zero indicate that that
material does not exist in that phase in the current
version of SLAM,

Concrete Properties
Density - 2250 Kg/m3 19
Specific heat - 800 J/Kg-K 19
Thermal conductivity K = 1.375 x 10737 + 1.6218 W/m-K

K> 0.1 Wm-K

Chemical composition - See Section 8.1.1
Permeability - See Section 8.2

Water Content - Free water 110 Kg/m3

Bound water 72 Kg/m3
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