
'

. m
"

NURE'3/CR 33/9
SAND 83 7114
R7
Printed December 1983
CONTRACTOR REPORT

SLAM - A Sodium-Limestone
! Concrete Ablation Model

i

,

i

!

j A. J. Suo Anttila
l Sandia National Laboratories
'

Albuquerque, NM 87185

w 6 Luermore, Cahturrua 945$0

urwint Contract DC AC04-7rIJf 9)te9

Prepared for
U. S. NUCLEAR REGULATORY COMMISSION

g5gff6e4043o
CR-3379 g poq



- #1 . . . _ _ _ . .._.....i._. . , , ,

y

M e
*

.

I

NOTICE
This report was prepa.ed as se aitount of we rk epineored by an
agency of the Ur ted States Covernment Nc6ther the United
Stateo Governmers por any aftnty therost, or any of the6r ema
playees, makes any warran*y, ear +ese J e r 6mpimt, or auumee
en / legal 164bihty or triponsibts ty for i nt third pai Ye use. or the
resulte of outh uma, of any in orma Mr. appaistu product or
pros est diaelel 6n thee re vrt or repre snto that 6te une by ow h
third party would not lnfrir se pr*,4.elv owned rights.

Available from
LPO %4 lee frugre.n
Division of Teihnical Inform.tton and !< mis.nsnt Control
U % Nuclear Regulatory (;ommiuton
Wash 6egten. D C 20W,

and
Ne'innel Te<hn val information Serete e
%prieglield V6rginia 22161

.

- _mm- .~
_.



_ _ _ - _ - _ _ _ _ _ _ _ _ -________ - _ _ _ _ _ _ _ _ _ - _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ - _ _ _ _ _ - - _ _

'

i
|

|

I

'

; NUREG/CR-3379
| SANG 83-7114

R7 .

|

SLAM - A SODIUM-LIMESTONE CONCRETE
ABLATION MODEL

A. J. Suo-Anttila

Printed: December 1983

Sandia National Laboratories
: Albuquerque, New Mexico 87185
j Operated by |
| Sandia Corporation '

i for the
U.S. Department of Energy

i

Prepared for
Division of Reactor Safety Research,

i Office of Nuclear Regulatory Research
| U.S. Nuclear Regulatory Commission,
'

Washington, DC 20555
; Under Memorandum of Understanding DOE 40-550-75
'

NRC FIN No. A1054

|

|

1

'

|
1

|
l



--__.---- -------- ---- --- r

i

l

I

|
|

Abstract

The Sodium Limestone Ablation Model (SLAM) is described in
detail in this report. SLAM is a three-region model, containing
a pool (sodium and reaction debris) region, a dry (boundary layer |and dehydrated concrete) region, and a wet (hydrated concrete)

I
region. The model includes a solution to the mass, momentum, and
energy equations in each region. A chemical kinetics model is
included to provide heat sources due to chemical reactions
between the sodium and the concrete.

Both isolated model as well as integrated "whole code"
evaluations have been made with good results. The chemical
kinetics and water migration models were evaluated separately,
both with good results. Several small and large-scale sodium
limestone concrete experiments were simulated with reasonable
agreement between SLAM and the experimental results.

The SLAM code was applied to investigate the effects of
)mixing, pool temperature, pool depth and fluidization. All these
iphenomena nere found to-be of significance in the predicted i

response of the sodium concrete interaction. Pool fluidization |
is predicted to be the most important variable in large scale I

interactions.
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Sodium-Limestone-Ablation-Model

1. Introduction

Liquid 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
chemicalreactionshavebeenobserveQetweenliquidsodiumandconcrete in a number of experiments Tk: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
rateandextentofinteractiondyndsuponthetypeofconcrete;i.e., siliceous or carbonaceous

Experimentally observed sodium concrete interactions often
displayawelldefinedbehaviorpatternprgvidedtheexperiment
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 f
SNLAinvestigators.grsometimeandhasbeentermedPhase1byIf the aggregate is of a reactive type, then
a transition to Phase 2 often occurs. Phase 2 of sodium-concrete

1

1
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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 Seen found to have some
effect upon limestone concrete interactions. The transition from

pooldepthinsomeearlySNLAlimestoneexperiments(Pl-P3).jth
the mild phase to the energetic phase seemed to correlate w

However the correlation could not be 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

0threshold temperature around 550 C below which energetic,

occur.gngreactionswillnotoccurandabovewhichtheywilllimest
The existence of a threshold temperature is not as well*

established for silicate concretes. Indeed an experiment
conductedinpermanybecameenergeticatasodiumtemperatureas0low as 250 C. The concrete in this case was a very high silica

i 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 (~1m 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
j 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 -

I consistent model.

A sodium concrete interaction 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

2-
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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 guide 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
effortsforsodiumconcreteintgractions: HagfordEngineering
Development Laboratories (HEDL) , the French , and Sandia
National Laboratories (SNLA) all have ongoing analytical efforts
in developing sodium concrete interaction models. The purpose of;

j this paper is to describe the current SNLA model for sodium-
limestone concrete interactions, and to present some preliminary
model evaluations and applications.

!

| The current modeling effort at SNLA is an exte
nowcompletedSodiumConcreteAblationModel(SCAM)gionofthedevelopment
project. The SCAM model was developed by the author to model

i 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 thei

i 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.
ThisseegstoexplainsomeofthedifferencesbetweensomeSNLA2
and HEDL large-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 systematic 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 model 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 phase transport were of the same

;order or greater than slurry diffusional resistances. If vapor I

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

|

3
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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. SodiumLimestoneAblationModel(SL@lDescription

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. Bya

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 ai

set of continuity equations 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.
i
i 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 composition profiles can be achieved without
i defining a separate (4th) region. The size of the dry region is

calculated by integrating the effects of growth due to4

evaporation and migration of liquid water at the wet region4

boundary, and shrinkage due to ablation of the dehydrated-
concrete. The size of the 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
l greatly enhanced penetration rates will occur.due to steepening

L

4
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Figure 1. Schematic diagram of the sodium limestone ablation
model.
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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 CO2 gases. This degassing phenomena is2
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

1 temperature distribution, and a momentum equation that describes
4 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.3 !

; distribution of air in the wet zone combined with the liquid '

water and porosity distribution determines the pressure
distribution. Two momentum 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.

6

_-



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 pher.omena 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

i
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
egaal to the negative 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
caused by 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 zone is somewhat nr.ique in concrete ablation i
problems because its behavior is always the same, that is, it

i

dries up and disappears. Because its behavior is always the '

I 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

I 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-

8
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boundary. The skewed node size was chosen so that temperature
= gradients at the origin could be resolved to a high degree of

accuracy. Temperature resolution at the origin is important in
determining the motion of the boundary as well as the migration
of liquid water. At the cold (opposite) boundary virtually

r nothing happens, therefore the last node is allowed to shrink and
disappear from the calculation as motion of the coordinate system

: occurs. Note that node sizes do not change in this region, with
the exception of the last node.

.

:
1 6. Solution of_ Conservation Equations
_

'

The SLAM code consists of a simultaneous solution in time of
- a large number of conservation equations that describe the most

important aspects of sodium-concrete ablation. The conservation-
'

equations are of three main types; continuity, momentum and
E energy. The conservation equations are solved in each of the
? three regions. There is one continuity equation for each of the
y 15 possible chemical species, and an overall continuity equatior

for total mass conservation. Thus since there are three ragions_

one might expect (15 + 3) x 3 = 54 simultaneous partial
- differential equations. However, some of these equations can be
e deleted from the set. For example, most of the chemical species
_ do not exist in the wet zone so they can be deleted. The

pressure distribution in the pool region is irrelevant unless
- sodium vaporization is considered. Thus the final tally of
_ relevant conservation equations are: 17 pool (15 spcies, 1

overall continuity, 1 energy): 18 dry region (15 ;pecies, 1"

[ overall continuity, 1 momentum, 1 energy): and 5 wet region (2
; continuity, 2 momentum, 1 energy): or 40 conservation equations
v in all. Of these equations, all but two are solved using

finite-difference techniques. The two equations that are not4

solved by finite difference are: the momentum equation in the dry'

: region which is solved by numerical integration and the energyi

( equation in the dry region which is solved by the Galerkin
method.

-

6.1 The Continuity Equations

EF

There are currently 16 continuity equations, one for each,

i species and one overall continuity equation to insure
g- conservation of total mass. The 15 chemical species that are

treated are SiO , H 0, Na, H , Na0H, Na2SiO , NapC0 , Na2 , Ca0,02 7 3 3CaC0 , C0 , C, MgC0 , Mg0 and inert material. The inert material3 g_

p is the sum of all o her chemicals that have a significant mass
E but negligible chemical reaction. The general continuity
{ equation for each chemical species is:
!=

'
9b
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api , api dx + y api , a api + 3 iat ax dt ax ax ax

Summing these equations results in an overall mass conservation
equation

Div V =

which simply states that the divergence of the material velocity
(V) is equal to the rate of volume generation due to chemical
reaction or other sources and sinks.

The macroscopic density of material 1 (Pi) is defined as the
mass of material i in a unit volume, whereas the microscopic
densityDirefersgothedensityofpurematerial. In both cases
the units are Kg/m . Tha five terms which appear in the general
continuity equation are:

8I is the net rate of change of macroscopic density
.

of species i

h is the rate of change due to coordinate system swelling0P
3

or shrinkage
.

OP
V is the rate of change due to coordinate system motion

(ODI is the rate of change due to turbulent diffusion,

where Y is the mass exchange coefficient

10



ES is the sum over sources and sinks due to chemical reactionj

The continuity equatinns 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

.
i

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

api , v .
at L '1

\
~

! 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

Sj=VPB id where VB is the material velocity crossing
the boundary and pid is the density of material i in
the donor cell. A donor cell is defined ~as the finita,

'
difference nede 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.

api = 1 0#i
Yat ax ax

11 .
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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~

api ,yapi , api g = 0
3t ax ax dt

,

where b is the local rate of coordinate system growth. In
solvingtthe finite-difference form of the continuity equation,
the growth term is included 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 1

change in the extent of the coordinate system. |

In semi implicit finite difference form the advection i
!equation is

'

p] 93 1 V} - p3 h V3+1
p +1 , at 3x

(V+1-V3)+6/6
'

1 j+
At Ax

;

i

"

where .j is the finite difference node and the velocities.are
defined according to a donor cell formulation with a.

swelling / shrinking coordinate system.

Vj = max ( 0 , V(j) k x(j) )

| V]= min (0,V(j)-kx(j) )

,
12

.
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Vt+1 = max ( 0 , V(j+1) h x(j+1) )
'

3

V]+1 = min ( 0 , V(j+1) h x(j+1) ) )
|
'6 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.

Thehtermissettozerointhepoolandwetregions
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+1

=1

i

in other words a velocity at the .1 F 1 interface is found such
that the sum of the voluine fractions of all the components within.
a node equals 1. This is equivalent to conserving mass because
the Aterials are treated as fully incompressible and therefore

! the volume fractions are directly related to the macroscopic
densities through the microscopic densities- Numerically the.

velocity is fcund n ina a Newton-Raphson technique. A function
is defined

n+1

F=1-

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

13
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Vhh*Vh+1-F/h
1

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 dae 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

i

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 !semi-implicit difference method is used to solve the energy Iequation. I

6.2.1 The Pool Region:
;

The bulk temperaturc of the pool, T , can be determined by;

summing the energy sources and sinkE. The resulting equation is
;

!
,

,

!

BT
= go + h (T - T ) + cc (TA - T|) - Ain hfg + Q + Pwpc6 p p

where
3p = average pool density (Kg/m)

14
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c = average pool specific heat (J/Kg-K)

6 = pool depth (m)p

2go = the heat flux at the top of the dry region (W/m )

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

c = radiant emissivity of the pool surface

o = Stefan Boltzman constant (5.76 x 10-8 W/m g )24

T = ambient temperature above the pool surface (K)
4

2Am = the evaporative mass flux of sodium (Kg/m -sec)

2Q = the heat generation due to chemical reaction (W/m )

2Pw = the external heater power level (W/m )

hfg= the latent heat of sodium vaporization (J/Kg)

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 H2 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 P is thessatitration pressure of sodium vapcr, then the additional mass
flux of soaium vapor from the pool is

.

Amg
2 rs,,

U" ~ W P - Ps "Na
,,

H2

where AmH2 is the net mass flux of H2 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 i

because sodium evaporation, chemical reaction heat sources, and

15
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; 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. All of these
phenomena will have a significant influence upon the final
solution so they must be fully accounted for in the solution

j technique.

The energy equation in the dry region is-
:
,

. gg, , h3T_ yg , 1 a

at ax pc ax ax pc
,

i

,

where T is the temperature (K)

V is the negative coordinate system velocity (m/sec)
3 Ip is the material density (Kg/m )

c is the material specific heat (J/Kg-X)

K is the thermal conductivity (W/m-K)--

3Q is the volumetric heat source or sink (W/m )y

The boundary conditions are |
.

'

at x = 0 T=T =Tp pooj
.j

at x = 6(t) T=T |3
f !

At 6(t), which is the dry zone.- wet zone interface location, the.,

i temperature (T ) is the saturatica temperature of water becauses
this is where the liquid water evaporates. T is not the boilingspoint 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.
i
'

.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
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taking place. In utilizing the Galerkin method the temperature
is approximated by a series representation that satisfies the,

boundary conditions. The series chosen for the dry region is

N

T(x,t) = Tp + (T -T) + A (t) sin ***s p m
m=

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

Substituting this series into the energy equation results
in:

N -

ip + (T -T) - (T -T) is + E sin (***)s p s p m

l
-

.

) cos(*"6 ).
'

m(6
-A +V =

2 6

j _I_ dK Ts - Tp , N
~

mn
cos(*")pc dx- 6 6 6

_ m=1 ,

i

- A, (* * ) sin ("") + $
2; pc = 1 6 6 ocm

,

, ,

,

The dots above the symbols imply time derjvative. Note that time
derivatives of the boundary temperatures T and T as well as the
regionsize6appearnaturallyfromthedifferentSation.

In order to solve for the unknown coefficients A ,(t) theequation is weighted by

sin (""*)dx
6

17
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and. integrated over the region dimensions. The result is N
simultaneous ordinary differential equations for the unknown
coefficients A (t). The equations arem

+A - I) + Y I I3+ I4m 6 2 pc6

1

~(T -I)s p '.

_T 1- p 5- 6.

5 (s-T)~ 6+gp I-T)/+(Ts p pc6
_

pc
,

|

where the I's are the following integrals
;

|

| |

b . - _ -

*"* ""*
!- Il = J x cos

- - -

sin dx
o -

r6

12=Jcos sin dx j""*
'

o _ - L

; _ , ,.
_ |6

* ""*

o _""6_
cos sin dx13*Jdx _6_

6
|

_ _ ,_ _

"" ""*'

I4=J
- * - -

K sin sin dx

0
6

|
""*

f 15= sin dx

6

"
I6= x sin dx

0 - 0 -

18
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17= Qv sin ~"* dx
o -

-

All of the integrals except 3, 4 and 7 can be evaluated
analytically. In order to improve the speed of the numerical
integrations of I3 and I4 the thermal conductivity can be -
redefined as4

K = K'(x) + K

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

~* ~"*~
j I3= cos sin dx

.o - - -

14=k "+ K' sin
.s .

sin " [ dx
- ,c .-

These integrals are quicker to evaluate numerically because the
limits of integration are only over the range where variations in
thermal conductivity occur (from 0 to x'). In the dry region
this corresponds to the reaction zi.u (boundary layer). Large
variations in thermal conductivity occur 11 the reaction zone
because it consists of entirely different material than 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
differencingandsubsequen$(ma)trixinversion.

Thgmequationfortheendoftimestepcoefficient(Ay.I) atrixis:

19
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1

1

22 -

A"+I - ""5 I + Vmn ;2 , pc6mn ;3 + m 3 I
*" I

6 2 4m _2 2
6

,

1- -(i i ) (T -T )- + _7 '
*

-(T -T ) [6
s p ys p.

+= at -TIp5 - 6 S P pc6 - oc I

.

U "+A
,

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 A +I i

the heat flux at the boundaries as well as the$
are solved for,

temperature
i distribution can be evaluated. The heat flux at the boundaries

is
i
4

~

'(T*-T )-

= - K E| 0
_

6-P + {Am **=-KqO ax x= . 6 _|

'
.

,

46'-K | =-K +{Am *" cos(mn)-
S

6ax x=6 6: -

The temperature distribution can be evaluated at any location|

from its definition.:

|

| 6.2.3 The Wet Region

I 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.,

20|
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3 = K .3+ Vw

where Vw is the negative of the wet zone coordinate system
velocity

The boundary conditions in the wet zone are

At x =0 T=Tg s

A t x, = 6, = 0, or T = Tw

As mentioned earlier the coordinate system in the wet zone moves
with the recession of the wet / dry interface at velocity (-V ).wAlthough this region does shrink in size, the part that
disappears is at the cold boundary. At this boundary the nodes
are allowed to shrink and disappear from the calculation. No
special shrinkage terms are included in the calculation because
the thermal response of the cold boundary node has negligible
impact upon the rest of the problem.

The energy equation is finite differerced semi-implicitly
for the end of time step temperature. A semi-implicit
formulatia is limited in time stee size by the Courant
ccndition. However, for most problems this poses no limitation
because other facters, such as chemical reaction rate, require a
smaller tliqe step.

6.3 The Momentum _ Equations

The momentum equations in SLAM are in reality very simple;
i.e. they have a Darcy's Law form. They relate the motion of a
substance, steam, liquid water or air to the pressure gradient
and the permeabilities of the porous medium. There are three
momentum equations in SLAM, one which governs the flow of gases
in the dry zone and two which govern the flow of liquid water and
air in the wet zone.

21
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6.3.1 The Dn Zone-

i The momentum equation in the dry zone can be solved
; independently of any gas continuity equations because any gas

that is formed by evaporation or chemical release will flow to
the reaction zor,e in less time than all other 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 alone the way. Thus

,. 6
1

m(x) = my + J S dx = k P dP |

i
|. . -

gg
X

!
'

where,

i
i

the evaporable water mss flux from the wet / dry interface; m =w

2k = the permeability (m ) |
;

'

p = viscosity (Kg/m-sec)

!
P = pressure (pascal) !

i !

2 2
j R = gas constant (m /sec g)
:

: T = temperature (K)
t

S = the source rate of gases (H 0 and CO ) due to chemically
|2 2.

i.
'

i
3j bound releas'e (Kg/rr)

!
; *

f Rearranging and integrating yields the pressure at the wet / dry.
| interface

f

'r

n
i

..

22
'

.

i .

, _ f' r

e < .1



~

6 e6 g6
~

g

P2+2 kD dx + 2 Sdx' dx"P =
s

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
6 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 voids. 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.

Thas at aqy location in the wet zone the material velocity
V, is determined by

V, =

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

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

:

P RTA

P = [c - a j ) + P5

23
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where
a) = liquid water volume fraction = pg 0/DH0

2 2

P = water saturation pressure at temperature T
s

e = porosity

pA = the macroscopic air density

T = the temperature from the energy eqn (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. hnstitutive 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 |

|

I

aA + bB cC + dD + ...
I

The assumed chemical kinetics equation is I

4 /RT- (X - P /aW ) (X - P /bW )=Ae k A A B Bk

Where X is the amount of A.or B that has been consumed in reduced
/ is the driving force of material A,molar units, and pA aWA

24
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;

.

-A e-E /RT is a kinetics rate coefficient of reaction k. In
'

kg
finite difference form the equation becomes,

1-
.i _

X" -X" = A e-E N (Xd /
Ud-pA aW ) (X -pB/bW )

.

k k A B

the value of X at the end of the time step is found'from the:

; quadratic formula

!

X +I = -B' (B'2 - 4A'C')1/2U

-2A'
.

where B' = -(P /aWA + P /bW .+ 1/(A e-Ek/RT At))j

A' = 1. A B B k
|

j C' = (P /aW ) (P /bW )A A B B

When the end of time step value of X"+I is known then the final
! density of the reactants and products can be' calculated from the
j formulas;
i

;
'

n+1
~PA=-aWA XnH + pg[

! P" -bW X +1' + p y .R
B B

.

P" c'W XN+PC C C

'

d dWXd +bD
D D

i

j . Where Xn has been'setato 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_firstflaw of thermodynamics-
for a chemically reacting system.-

-25
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p (Hfp+h)-{nR(HfR + h )Qy = n p R

where nR is the reactant coefficient
n is the product coefficientp

H is the heat of formation of the material at the
f

standard state

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

3Qy 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 j
concrete have been simplified to the following set: |

1) H O + Na -Na0H + 1/2 H2 2

2) C02 + 2 Na : 4Na20+C

3) 3 CACO 3 + 4 Na : 2Na2CO3 + 3Ca0 + C

4) 3MgC03 + 4 Na -2Na2CO3 +.3Mg0 + C,

5) 2Na0H + CaC03 -Ca0 + H O + Na2CO2 3

6) 2Na0H + SiO2 -Na2SiO3+H02
SiO , have-Other possible reactions, such as those which form Na4 4

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.

26
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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 H2 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 th'at 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

+ =0

can be simulated by an equivalent diffusion equation

M = 13PEy
at ax ax

if the mass exchange coefficient has the value

27
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4

y = UAx
2

.

4

where Ax 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 t he
superficial gas velocity V times the bubble velocity Vbg

The bubble velocity Vb is assumed to be governed by Stokes
,

; law.

;

2y,2r pg
b gp

] where r is the bubble radius
:

g is gravitational acceleration
'

p is the mixture density *

u 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.

,

!

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

i-

Y(x) = box + Yo g bax (1 + Y) (1-e-Y X))) VV 2
!

where b, Y , Y , Y2 are user input constants, and x is-o 1
the distance from the concrete interface.*

i' Y , allows the user to input.a constant mass exchange
coefficient that is independent of position-and gas fluxes. .Yo

! allows the user to adjust the strength of the bubble. wake drag.
i Yi and Y2 allow the user to vary the strength of mixing due'to

. convection within the pool.

f
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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 Ax 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 Yi
and Y2 coefficients. These coefficients cause the materials to
be well 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 layer 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 thermal
conductivity of the reaction zone.
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The thermal conductivity of the reaction zone (boundary
,

. layer) is a function of the materials that are present. In turn,
the materials that are present depend upon other phenoment such
as chemical reaction, turbulent diffusion, and the ablatien 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.

mix""lb"i(Ki + YP C )K ig

where a j is the volume fraction of material i

aj is the liquid volume fraction

j is the thermal conductivity of material iK

j is the macroscopic density of material ip

C is the specific heat of material i.j
|

j Y is the local mass exchange coefficient

| The term Yp C
materials. j j accounts for the turbulent mixing of the| This term assumes that the turbulent Schmidt number
is equal to 1.

7.5 Source Term for CO2 and H 0 Gas Releaseg

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 H 0.is2released from the cement paste. As temperatures are raised
higher, C09 gas is released from the complex calcium and
magnesium darbonates that are present. The gas release mechanism
is actually an imbalance between the rates of absorption and
release. The rates are a function of temperature and pressure.
If only the release rcte is used.and the pressure effect ignored,

[ a simple formula will result. The formulas for water relea and

| CACO 3 decomposition are the same as those in the-USINT code
!

I
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The formula for MgC03 decomposition is estimated from the CACO 3'

formula with the understanding at it decomposes at a
significantly lower temperature

3)S 8
C02 CaC03

3)S P:

C02 MgC03

10 -20560/T3.3 x 10 e (Bound water)S PH0H2 2

; where

3S is the release rate in Kg/m sec

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

T is the temperature in degrees Kelvin.

i

All 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 Na0H.is the solvent and solid CACO -3is the solute. Thus the formula for the ablation rate is

V= Y
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g
N.where V is the ablation rate

p is the macroscopic density of CACO 3 in the concrete Ic
at the interface l

Y is the mass exchange coefficient at the interface

is the concentration gradient of CaC03 at the interface.

In finite-difference form the equation becomes

V= (PSat - P )i

where Ax is the node width
pj is the macroscopic density of CACO 3

'

in the node'
adjacent to the interface

PSat is the macroscopic density of CaC03 dissolved to
its saturation point in the free Na0H. 1

,

Y 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 Na0H 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

J

I 1,Na0H " P a0H ~ f P ,NaN 1

where

l,Na0H is the concentration of free Na0Hp

|
pNa0H is the local concentration of Na0H

f is a user input constant

; l,Na is the local concentration of liquid sodium.p

ThesaturationconegntrgionofCaC0 dissolved in the freeNa0HdependsupontheNa,Ca},0H,CO~~3
3 phasegiagram.. A smallportion of the phase diagram has been measured . A linear fit
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F to the experimental data for the solubility of CaC03 in Na0H to
20 mole % yields

N FP ,Na0H CACO 31p" _

WNa0H (I-f)

F = 3.8 x 10-4 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-r/(T-823)) 0.9202 + 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

i free ablation by chemical reaction option.

7.6.2 Ablation b_y 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.

V= A e-E/RT a/WNa NaaP

where V is the ablation rate

A and E are the kinetic coefficients for calcium carbonate-
sodium reactions
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W is the molecular weight of sodiumNa

aNa is the stoichiometric coefficient for sodium (4)

PNa is the macroscopic density of liquid sodium at the
interface

For all the simulations in this report the ablation by
chemical reaction option is used.

It should be pointed out that the ablation rate (or
penetration rate) is not a parameter in the SLAM code, but rather
determined entirely by the physics of the ablation rate models
described above.

7.7 The Temperature at the Wet / Dry Interface

The interface between the wet zone and the dry zone is the
location where the liquid water evaporates. The pressure at this
location is governed by the resistance to flow of the evaporated
water as it leaves the dry zone. Thus by combining the set of
equations that describe the heat fluxes into this interface, the
temperature-pressure relationship for saturated water, and the

j
pressure-mass flux relation for flow through the porous dry zone,
an interface temperature can be solved for.

The mass flux of evaporated water can be fo"nd by an energy
balance at the wet / dry interface.

T -T T (1)-T )
k=h

S w s-K P+[A cos(mn) +2Km w j)

where subscript w implies wet zone and hfg is the latent heat.

The pressure at the wet / dry interface is the saturation
pressure of water at temperature T .

3

P = P* exp(-T*/T )
s 3

P* = 1.758 x 1010 pascals

T* = 4500 K
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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

6 6 6
2 2 #

- 2k
Df=P -P dx - 2 S dx'dx

is equal to zero at the correct value of T *
s

7.8 The Wet Zone Recession Rate V ,

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 the wet zone plus the rate at which
the interface recedes due to evaporation. Thus

( kj kpj(P - P (1))s gy
W _P (l) , p) x (l)

,

g g

-

1-uj - 3

kj= 1-
r

_ c _

where,
m is the evaporative water fluxg

p (l) is the macroscopic density of water in the firstg
wet zone node

kj is the permeability of the concrete

P is the pressure at the interface
s

P (l) is the pressure in the first wet zone nodeg
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x (1) is the width of the first wet zone node3

p) is the viscosity of water

krj is a liquid watg fraction weighting factor
from the USINT code

c is the porosity

aj 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

Aseriesoflaboratoryscalechemicajexperimentshavebeen
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 cn in diameter, was filled with
20 g of reactants. The reactants consisted of some combination
of limestone concrete and sodium such that the total mass was 20

0g. 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 were 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
chemical kinetics as the only undetermined parameters.

The SLAM code is set up to model molten sodium overlying
concrete. With a few modifications the code is able to model the
experiments 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 Ag 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 i

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,

i 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'

H 0 - 5%2

CACO 3 - 53.9%

MgC03 - 23.1%,4

SiO2 - 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 limestone concrete.

CACO 3 + Na Ek = 60,000 cal /gm-mole

and

12
MgC03 + Na Ak = 8.85 x 10 jf a < 0.6a

11
Ak = 6.85 x 10 if aNa > 0.6

where aNa = sodium volume fraction

A e-E /RT 4 0.1 (m /Kg-mole sec)3
k k

6
CACO 3 + Na0H Ak = 3 x 10

Ek = 34,000 cal /gm-mole
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The need for using a multi-valued pre-exponential coefficient |
(A ) is probabl due to a transition from one dominant chemicalk
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 parametersq

! would need to be introduced in the correlation.
t.

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.
4

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
i 'ound that tests 1, 2, 3, and 4 are in very good agreement when
~; camparing peak size, shape and vertical slope. From these curves

it can be concluded that the chemical kinetics model is a
j 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 rich 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 turning 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 (anditswater)wasinitiallypresent. The water
release is correctly accounted for in the whole code because of
the existence of the wet and dry zones. (Thewetanddryzones
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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that exist in large scale interactions. The driving force of
macroscopic molar density divided by the reaction coefficient
seems appropriate because it correlates the reaction rate over
the full range of sodium density. The resulting coefficients
were not single valued but gave the best correlation with
experiment if the pre-exponential coefficient A was allowed tog
depend upon the liquid-sodium volume fraction and the total
Agrheniuscoefficientwasnotallowedtoexceedavalueof0.1
m /Kg-mole sec.

8.2 Water Release From Heated Concrete.

Several years ago some water release experiments were
conducgdatHanfordEngineeringDevelopmentLaboratories
(HEDL) Among these experiments was WRD-1, in which a right.

circular cylinder of magnetite concrete was heated at one end for
a period of many hours. The rate of water release, and the
temperature and pressure at several locations within the concrete
block were measured for the duration of the experiment. The
results of these experiments are published in reference 12, and
they can be compared directly with the SLAM code predictions.

Ideally a comparison of water release from limestone
concrete should be compared with SLAM. However data from a
similar experiment for limestone concrete does not exist to the
author's knowledge. The difference between limestone and
magnetite concrete is primarily in the thermophysical properties.
The permeability of the two concretes is no doubt different,
however, as will be shown, this does not lead to a significant
discrepancy in the water release.

Since there are no chemical reactions, and no ablation, only
those code modules that calculate water migration and
distributions of temperature and pressure can be validated. By
setting the A 's to zero (see 7.1), all chemical reactions willk
be turned off, and therefore ablation cannot occur. All that

remains is to define a pool region of a suitable mass and supply
power to it at a rate that matches the boundary condition in the
experiment. A calculation of this type has been performed and
the results are reported herein.

The thermophysical properties of the concrete are held
constant during the calculation in SLAM. In the experiment, the
properties are a function of temperature and the degree of
dehydration. This difference is expected to cause a deviation in
the predicted vs measured response. Thermal conductivity has.the
greatest variation of all the variables. The variation in
thermal conductivity is from 3.75 W/mK at room temperature to
1.25 at the highest temperature (500 C) reached during the course
of the calculation (10 hours). In SLAM a constant everage
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thermal conductivity is used in each region (except in the
boundarylayer). The conductivity can vary in time, as the
averagetemperaturevaries,butnotspge. The same temperature
dependence as was chosen for the USINT calculation of the
experiment was used in the SLAM calculation.

3
Thethermophysicalgropertiesofdensity(3600Kg/m)and

specific heat (800 J/Kg K) are used and held constant throughout
the calculation. Although these properties are a function of
temperature, their variation is not as great as the thermal
conductivity.

ThepermeabilityinSLAMdoeshaveatemperagredependence.
In the dry zone the permeability is assumed to be

2k = 3.949 x 10-18 exp (0.0416 T) (m )

12and in the wet zone

k = 2.94 x 10-28 exp (0.069 T) T< 83 K
k = 2.27 x 10-22 exp (0.0336 T) T> 83 K

8.2.2 Results and Conclusions

Thermocouple Traces.

Figure 9_ displays the measured and SLAM-predicted
thermocouple responses at various locations in the concrete. As
can be seen from the figures, there is reasonably good agreement.
Deviations are seen in the dry zone concrete and this is expected
because of the use of constant properties throughout the
calculation.

PRESSURE Traces

Figure 10_ shows the predicted vs measured pressure response.
The predicted pressure has the correct shape but the wrong
magnitude at late times. This deviation can be directly traced
to an incorrect permeability-temperature relationship in the dry
zone. The relationship that is used has too great a permeability
at high temperatures. Thus the pressure drop will be too low at
late times when the temperature is hotter. The early time
pressure response compares very well, most likely because the
permeability relationship is reasonable at the lower
temperatures.

The deep pressure response shows a considerable discrepancy
between the measured and predicted values. This discrepancy is
most likely due to experimental difficulties encountered in
measuring the pressure as described in ref 12. The SLAM
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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 ootained. The second curve corresponds to a fully
incompressible assurrption for the liquid water within the voids.
In using the fully incompressible assumption, the liquid water
velocity is simply

24
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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
: P is the pressure at the wet / dry interface

P.3 is the ambier.t pressure*

'

uj is the liquid water viscosity
6 , is the thickness of the wet zone,,

~
As can be seen, there is very little difference in the predictedj

response. This is a very fortunate situation because it implies
j that the details of the wet zone water migration have very little

impact upon the net water release. Thus the simultaneous;

j solution of the continuity and momentum equations in the wet zone
(sec 6.3.2) can be deleted altogether, and the equation above1

] used instead. In fact, if the liquid water is assumed completely
i stationary, the calculated result is not significantly different.

Summary a_nd Conclusi_ons
,

A calculation was performed of the HEDL WRD-1 experiment to1

i see how well SLAM compares with experimental data. This
?

calculation tests the heat / mass transfer modules for the case of
i 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
i late times. The discrepancy is due to an incorrect permeability
3 relationship in the dry zone. The pressure response at deep
i levels has a large deviation compared to measured values and is
{ due most likely to experimental difficulties, although inadequate
1 modeling of phenomena that occur in the wet zone is also a
j 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
j evidenced by the good agreement in the integrated water release
4 curve.

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

.

; Virtually identical results for water release can be
obtained by using an incompressible assumption for the liquidi

water motion. Thus the concrete water migration problems can be
modeled with sufficient accuracy if it is reduced to a transient
dryout problem and liquid water is treated as incompressible

|

|
'
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!

within the voids. This option has been included in the SLAM
code.

8.3 Simulation of Sodium Limestone Experiments
.

A large number of sodium limestone concrete interaction
experiments have been performed to date. Most of these have been
at small scale (~1/3 m diameter) and few at large scale (~1 m
diameter).

SLAM simulations of these experiments require the use of all
parts of the code in a fully integrated fashion. Of the various
parts of the code, it is the mass exchange coefficients that lack
a comprehensive model. Although there are various functional
forms (see Sec. 7.3), there is no direct physical basis for
relating the various forms to each other and other properties of
the system such as pool depth and aspect ratio. Thus the user is
left with selecting numerical values that best simulate the
behavior in the experiments.

Of the variois functional forms of the mass exchange

from one experiment to the next.j and Yp are expected to vary 2 represent the mixingcoefficients (Sec. 7.3), only Y
Y j and Y

due to convective cells that are formed by the viscous drag
between the rising Hp and Na gas bubbles and the liquid slurry.
The cell size and velocity depends upon the bubble rise velocity,
viscosity, pool depth, shape, and aspect ratio.

8.3.1 Results

tracesforSandiatestsSNL-T28(small-scale)ghethermocouple
Figures 12-14 display the comparisons of

, P2-P3
3large-scale tests and the AA/AB small-scale test.

In generating these results, the following mass exchange
cobfficients were utilized

Table 1. The mass exchange coefficients that were used in
the SLAM simulations of various sodium limestone-concrete
interactions.

All tests T28 P2 P3 AA/AB

Y ,= 10-d 2m /s yj = 200 Y1= 200 Yj = 200 Yj = 200

Y0 = 0.08 Y2- 0.0 Y2= 2.0 Y2= 2.0 Y2 = .04

As stated earlier, Yj and Y2 vary from one experiment to the
next. In the small-scale experiments (T28 and AA/AB), the
diameter was 0.3 m and embedded within the pool were heaters and
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thermocouple wires. All of these will tend to inhibit convection
within the pool, therefore smaller values of Y are used. Tests
P2 and P3 were large-scale (approx. I 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 11
part of the interaction. The AA/AB tests have a very different
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i Table 2. A Comparison of Measured and Calculated
,

t Penetrations in Various Sodium Concrete Interaction Tests.

l

Total Penetration (m)
Test fleasured SLAM

T20 .042 + 0.029 .023~

P2 .09 .1
; P3 .15 .18

AA/AD .07 + 0.05 .07;

;

!

4

i behavior. It seems that the penetration may occur in short
i 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. All 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
is 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 if the continuity equation
solution technique is modified to account for velocities that are
species (and property) dependerrt.

The extension of SLAM to account for more complex cyclic
long-term behavior is not being undertaken at the present time,
because it is the vigorous Phase II 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 previous sections led to good
agreement 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 mixing, 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

Jtherefore 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 othrough Y . Physically, pool mixing is caused by convective2
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 SNL-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
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Figure 19. The effect'of. mixing upon the penetration rate. All
other parameters are hel constant. Y2 is defined in the test
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mixing, the pool temperature was held fixed at the set point of
0650 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 Y2 parameter was varied. This parameter simulates the effect ;

of the mixing due to convective cells. Increasing the value of 1

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 constant,
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 penetration.
All 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,
YO 1 2 were all set to zero and only L was retained. In this
slaulation 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

0temperature 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 C0
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

0sodium. Cases with pool temperatures 500 C or below have
negligible penetration, because the interface temperature is
always below the threshold temperature.

,

8.4.3 The Effect of_ Pool Depth. (Sodium Inventor _y)

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 model
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

i

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 inhibitory effect of a reaction

.
product barrier can be simulated. Conversely by using a single

| node a completely fluidized pool can be simulated.

Figure 25showsthepredictedpenetrationrateangextentgf
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 the pool
is.

These calculations used 10 composition nodes in the pool
region. Physically this corresponds to local fluidization 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 s>dium concentration is
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| due to the large nodes in the pool (the sodium inventory effect
I sec 8.4.3). Since these results are significantly different from

the experimental results, the model predicts that pool
fluidization is the most important parameter in large-scale
interactions.

9.0 Summary and Conclusions

The Sodium Limestone Ablation Model (SLAM) is described in
detail in this report. SLAM is a three-region model, containing
a pool (sodium and reaction debris) region, a dry (boundary layer
and dehydrated concrete) region, and a wet (hydrated concrete)
region. Each region changes its dimensions and position as time
passes. All the important changes are accounted for implicitly
in the solution to the system of equations that describe SLAM.
Each region consists of a simultaneous solution to the
conservation equations of mass, (including chemical species)
momentum, and energy. A set of constitutive relationships are
included that couple the equations and regions together, so that
closed form solutions can be obtained. Of the various
constitutive relationships, it is the thermophysical property
dependence upon reaction product concentration, penetration rate
and other factors that pose the greatest uncertainty upon the
results. Of the thermophysical properties, it is the mass
exchange coefficients and mixture thermal conductivity that has
the greatest impact upon the nature of the solution.

Both isolated as well as integrated "whole code" evaluations
have been made with good results. The chemical kinetics and
water migration models were evaluated separately, both with good
results. Several small and large-scale sodium limestone concrete
experiment simulations were made also. The sodium-concrete
simulations required user adjusted mass exchange coefficients in
order to match the data. This implies the need to develop a mass
exchange coefficient model that would predict an appropriate
value based upon the pool depth, aspect ratio and extent of
reaction.

The SLAM code was applied to investigate the effects of
mixing, pool temperature, pool depth and fluidization. All these
phenomena were found to be of significance in the predicted
response of the interaction.
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!
Appendix A |

Thermophysical and Chemical Properties '

This appendix includes a list of thermophysical and chemical
i 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 properties and a list of sources appears after
the table. All material properties are assumed constant except
where noted otherwise.
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Definitions, Discussions and Sources i

W Moleculargeightfromaperiodicchartofthe
elements.

P* and T* Vapor pressure parameters (see Section 7.7.) The
numericalvalueswerederivedbytheguthorbycurve
fitting to saturation pressure data.

4
p Viscosity N/m-sec Randich et al. measured the

non-Newtonian viscosity of the reaction products
resulting from a sodium-limestone concrete interaction4

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
valueofviscgsity,equaltothatmeasuredathigh !
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 ;

Na0H are present in significant proportions. J

D Slurry microscopic density. In the absence of porosity,j
Dj 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 prguct
volumes and masses. Sodium has its published value
of microscopic density.

16T, The melting temperature
'l6

T The 1 atm saturation temperature
3

i H The heat of formation (J/Kg-mole)l6,17,18 at standard
f

! conditions. A value of zero in this row indicates the
! actual value.

h The latent heat of vaporization (J/Kg)l6fg

H The latent heat of fusion _(J/Kg)l6,17,18sf
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K 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.

Cs,e,g Thematerialgpgigcheatforsolids(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

3 19Density - 2250 Kg/m

l9Specific heat - 800 J/Kg-K

Thermal conductivity K = 1.375 x 10-3T + 1.6218 W/m-K'

K > 0.1 W/m-K

Chemical composition - See Section 8.1.1
|

Permeability - See Section 8.2
3Water Content - Free water 110 Kg/m

3Bound water 72 Kg/m

1
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